
ABSTRACT 

 

JACUZZI, ERIC ANTHONY. Unsteady Aerodynamics and Flow Control for Race Car 

Applications. (Under the direction of Dr. Kenneth Granlund). 

 

This research sought to investigate developments related to the three primary 

aerodynamic contributors related to race cars: drag, side force and its resultant yawing moment, 

and finally negative lift, or downforce. Drag behavior was investigated for platooning race cars, 

with the use of passively blown ducts to modify the vehicle wake shown to yield enhanced drag 

reduction for the trailing vehicle and a reduction in the drag peak observed at 0.5-1.0 car lengths 

(x/l).  The base behavior of two platooning race cars was evaluated at x/l from 0 – 5 using steady 

state RANS CFD.  Results indicated that the trailing vehicle’s drag was reduced at distances 

greater than x/l = 2 behind the leading vehicle. The platooning performance of the trailing 

vehicle was shown to be enhanced with a reduction in the drag peak of 5%. 

Second, side force and the resultant yawing moment were investigated. The generation of 

yawing moment via passive rear blowing was shown to effectively replicate the yawing moment 

of an asymmetric body in a single car by passively ducting air from a lateral duct on the vehicle 

and blowing out of the right rear of the tail of the vehicle.  Wind tunnel testing confirmed the 

effectiveness of the concept.  Further study of the yawing moment behavior of a vehicle near 

another at high speed showed significant variation in yawing moment. Geometric changes 

including body symmetry, length and quarter panel region area were evaluated in multicar CFD 

simulations, finding that each had a negligible impact on the yawing moment experienced by 

each vehicle.  

Finally, the behavior of a three-dimensional wing was simulated in static and sinusoidal 

heaving motion at various reduced frequencies in both freestream and extreme ground effect 



conditions. A well-studied inverted single element wing geometry with end plates was validated 

in static freestream and ground effect using both Reynolds Averaged Navier-Stokes (RANS) and 

Delayed Detached Eddy Simulations (DDES). The wing was then subjected to a sinusoidal 

heaving motion for both cases with the ground effect simulations oscillating in various states of 

interaction with the peak lift ride height of the wing. Though peak negative lift during the 

heaving cycle was greater than the static values at the same ground clearances, time and 

ensemble averaging showed an overall reduction in the lift coefficient of  10-22%. An analytical 

model was created by combining potential flow lift predictions from Rozhdestvensky and 

implementing a variation of the Goman-Khrabrov state space model to reasonably predict the lift 

coefficient of the wing in ground effect based on reduced frequency and ground clearance.  
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DEDICATION 

 

 

 

 

 

 

 

“It is not the critic who counts; not the man who points out how the strong man stumbles, or 

where the doer of deeds could have done them better. The credit belongs to the man who is 

actually in the arena, whose face is marred by dust and sweat and blood; who strives valiantly; 

who errs, who comes short again and again, because there is no effort without error and 

shortcoming; but who does actually strive to do the deeds; who knows great enthusiasms, the 

great devotions; who spends himself in a worthy cause; who at the best knows in the end the 

triumph of high achievement, and who at the worst, if he fails, at least fails while daring greatly, 

so that his place shall never be with those cold and timid souls who neither know victory nor 

defeat.” 

 

 

 

― Theodore Roosevelt 
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CHAPTER 1 
 

 

Introduction 
 

 

The importance of aerodynamics for road and race vehicles has a long history, dating 

back nearly to the first automobiles. Aside from mechanical cornering forces generated by tire 

interaction with the road surface, aerodynamics is typically a dominant performance 

differentiator, impacting all facets of the vehicle’s performance envelope. Drag resists the 

forward motion of the vehicle, impacting rate of acceleration and maximum achievable velocity. 

Negative lift, or downforce, creates increased normal force on the tires, allowing greater 

cornering ability. Finally, side force and yawing moment is the lateral distribution of 

aerodynamic forces that play a key role in stability. Conventions for aerodynamic forces are 

shown in Figure 1.1. 

 

Figure 1.1:  Aerodynamic coordinate conventions for race cars. 

+Z

+X (drag)

+Y

Side Force (-)

Lift (-)

Yaw Moment (+)
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1.1 Aerodynamics in Racing Cars 
 

 

In racing, the importance of drag was realized long before the effect of negative lift, or 

downforce with streamlining evident in the earliest history of the Indy 500 (Katz, Aerodynamics 

of Racecars, 2006). Streamlining of race cars to reduce drag eventually made its way into 

production vehicles as both a practical and stylistic theme. One of the first examples of 

streamlining in a passenger vehicle was the Rumpler Tropfenwagen from 1924 which featured a 

streamlined body and appendages (Figure 1.2). 

 

Figure 1.2:  1924 Rumpler Tropfenwagen.  Courtesy of Detlef Garbrecht.  

https://en.wikipedia.org/wiki/Rumpler_Tropfenwagen#/media/File:Rumpler_Tropfenwagen.jpg 

 

Since race cars run near one another at high speeds, the effect of drag reduction when 

traveling behind another vehicle (known as drafting or slipstreaming) is an important factor. The 

drag reduction a trailing vehicle experiences results in a higher speed than would otherwise be 

achievable. However, the advantageous effect is not solely limited to the trailing vehicle – the 

trailing vehicle in most cases reduces the drag of the leading vehicle as well, particularly in 

https://en.wikipedia.org/wiki/Rumpler_Tropfenwagen#/media/File:Rumpler_Tropfenwagen.jpg
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passenger car derived racing formulae. This results in the phenomenon of several vehicles being 

a lower drag configuration than an isolated vehicle and forms the basis for platooning research 

related to autonomous commercial and passenger road vehicles (Ghawre, Jacuzzi, & Granlund, 

2020). 

While the realization of the importance of drag came early in the development of the 

automobile, the importance of downforce (or negative lift) followed much later. Cornering 

performance of a race car, while an immensely complex topic, is entirely dependent on the 

interface between the tires and the track surface: 

𝐹𝑙𝑎𝑡𝑒𝑟𝑎𝑙 = 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 ∙ 𝜇 

where Fnormal is the vertical load on the contact patch and µ is the coefficient of friction for the 

given surface and loading conditions. Increasing the normal force via the generation of 

downforce increases the vertical force on the car and thus the tires, increasing the lateral force 

generation potential of the vehicle while the mass of the vehicle to be accelerated remains the 

same, resulting in higher cornering speeds. 

Early forays into understanding the importance of reducing lift typically dealt with high 

speed stability at the rear of the vehicle simply to maintain control of the vehicle.  Production-

based vehicles, which typically must compromise aerodynamics for practical or stylistic reasons, 

were and remain problematic. More direct attempts to harness downforce via intentional 

aerodynamic devices followed. Front and rear wings and later underbody treatments first began 

appearing in the 1960s (Figure 1.3), though with limited success early on due to structural or 

aerodynamic issues with the cars. Eventually, once more stable systems were developed, the 

ability of downforce to increase cornering speed and lap time became evident and contributed to 

a significant increase in lateral acceleration capability. An example is the 1977 Lotus 79, which 
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is considered one of the first Formula One cars to harness the  advantage of ground effect with 

the floor of the car, leading to wins at every race in the 1978 season (MotorSport Magazine, 

2019). 

 

Figure 1.3:  1968 Lotus 49. The car competed in the Formula One World Championship and was the first car to use 

aviation derived airfoil sections. The rear wing assembly was later banned as it proved structurally unsound. Image 

courtesy of Brian Snelson, https://commons.wikimedia.org/wiki/File:Lotus_49B_2008_Goodwood.jpg.  

 

 

Figure 1.4:  1977 Lotus 79, the first ground effect Formula One car and one of the most dominant cars in the 

history of Formula One. By Mike Powell from United States - Lotus 79 at Lime Rock - 3, CC BY-SA 2.0, 

https://commons.wikimedia.org/w/index.php?curid=6890616 

https://commons.wikimedia.org/wiki/File:Lotus_49B_2008_Goodwood.jpg
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Today, generating downforce is one of the most readily available and cost-effective means to 

improve vehicle performance for most series with restrictive engine, tire or chassis regulations. 

Several series, including NASCAR’s Monster Energy NASCAR Cup Series, Formula One, and 

IndyCar, can generate downforce in excess of the weight of the vehicle at appropriate speed; in 

some cases, total downforce can approach double the vehicle weight. 

In race cars, the ability to generate downforce equally at the front and rear of the vehicle 

is crucial to overall performance since aerodynamic loading increases exponentially with speed. 

The design features used to generate downforce are typically limited by series regulations or the 

base vehicle design. For open wheeled cars such as Formula One or IndyCar, the aerodynamic 

performance distribution is composed of a front wing (30% of total downforce), a floor section 

and diffuser on the bottom of the car (50% of total downforce), and a rear wing assembly (25% 

of total downforce), with the approximate downforce contributions representing a 2009 Formula 

One car (Toet, 2013). Production derived vehicles such as sedans and coupes typically utilize 

underfloor geometry (referred to as an underwing) to generate downforce along with top surface 

treatments such as wings or spoilers. 

For nearly all downforce generating race cars, ground effect behavior dominates all other 

considerations regardless of whether the vehicle is winged or not. The nature of race cars is to 

operate in and around the optimal force generating regions, and that requires running in ground 

effect as effectively as possible. However, it is impossible to maintain a perfect vehicle attitude 

in the real world, due to track undulations and forces exerted on the unsprung mass of the vehicle 

due to cornering, braking or accelerating. While technological developments in computerized 

active suspension can alleviate these concerns, most racing series prohibit these types of systems 

in the interest of cost and competition. Thus, managing the aerodynamics of the vehicle becomes 



 

6 

 

an exercise in attaining peak performance across numerous conditions or limiting the possible 

movements of the vehicle (i.e. stiffening suspension to prevent movement). Overall, the shift to 

downforce as a primary driver of performance has had a stark impact on the appearance of the 

race cars, none more evident than in Formula One (Figure 1.5). 

 

Figure 1.5:  Mercedes Formula One cars – past and present.  Courtesy of Bradley Lord, Daimler AG. 

https://blog.daimler.com/en/2019/04/12/formula1-history-f1-china/  

 

 

 Finally, while the smallest in magnitude of the forces discussed, side force plays an 

important role in stability at high speeds. The distribution of side force from front to rear of the 

car results in a yawing moment exerted on the car. In the cases of wind gusts, an unexpected 

change in yawing moment can necessitate abrupt corrective action by the driver, leading to 

potential loss of control. In oval racing, yawing moment is used to provide stability to the driver 

when entering banked corners which can be as steep as 30 degrees. This is especially important 

when entering the corner, since the car has not yet fully loaded the tires and is thus reliant on 

aerodynamic stability. The presence of other cars nearby affects yawing moment by altering the 

https://blog.daimler.com/en/2019/04/12/formula1-history-f1-china/
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flow field around the car and can result in extreme yawing moment variations that are spatially 

dependent for both vehicles. 

 

1.2 Current Work 
 

 

The current work performed seeks to address aspects of these three critical areas related 

to racecar aerodynamics. Broadly, the three topical areas addressed in the following chapters are: 

1. The study of platooning using a NASCAR Xfinity Series race car and the use of passive 

flow control to alter the wake of the vehicle and enhance the drag advantage of the 

trailing vehicle using passively blown ducts. 

2. The generation of side force and yawing moment via passive tail blowing in order to 

replicate the aerodynamic behavior of an offset body geometry on a NASCAR race car, 

and the use of passive or active blowing to mitigate changes in yawing moment caused 

by the presence of another vehicle. 

3. The study of a single element inverted wing in ground effect undergoing heaving motion 

in both freestream and around its peak force generating region in ground effect. 

The introduction and literature review are included in the relevant chapter for clarity due to the 

diversity of topical areas. 
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Chapter 2 
 

 

Passive Flow Control for Drag Reduction in Vehicle Platoons 
 

 

2.1     Introduction and Literature Review 
 

 

Across many industries where aerodynamics plays a significant role, optimization of a 

single vehicle occurs as part of the design process, typically to enhance desirable aerodynamic 

characteristics. However, both in nature and in the real world, operating conditions typically 

involve the presence of other animals or vehicles which can have numerous effects on the 

efficiency or effectiveness of these aerodynamic characteristics.  In cases where drag is a 

determining factor in aerodynamic performance, various leading and following configurations 

offer increased efficiency. Examples in the sporting world include cycling pelotons, where riders 

at the tail end of the peloton can experience drag of only 5-10% that of an isolated rider 

(Blocken, et al., 2018). Whereas the act of riding in a peloton is a deliberate tactic to reduce drag, 

solo time trialing cyclists were found to gain an advantage by having a trailing camera 

motorcycle following in close proximity to them, which over the course of a race distance could 

result in a substantial time savings via drag reduction (Blocken & Toparlar, Aerodynamic benefit 

for a cyclist by a following motorcycle, 2016). In nature, the common sight of birds flying in a 

’V’ formation has been shown to allow greater glide distances (Weimerskirch, Martin, Clerquin, 

Alexandre, & Jiraskova, 2001) and increases in flight efficiency via reduced energy expenditure  

(Cutts & Speakman, 1994). For ground vehicles seeking to obtain maximum efficiency and 

range such as hybrid and electric passenger cars and tractor trailers, the use of platooning has 

been studied to increase the overall efficiency of the platoon. This is particularly relevant with 

the increasing likelihood of automated platoons that could safely travel at any following distance. 
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Platooning using Ahmed bodies (a highly studied research geometry similar to a van (Ahmed, 

1981)) and other simplified geometries of passenger cars, trucks, and tractor trailers exhibited 

drag reductions of up to 50% depending on vehicle type and inter-vehicle spacing when studied 

in CFD and experiments at scale (Schito & Braghin, 2012). Early studies of 1969 Dodge race 

vehicles at 3/8 scale and found that the drag of the trailing car was reduced by 37% at normalized 

spacing x/l=1.1 and did not vary significantly as spacing approached zero (Romberg, Chianese, 

& Lajoie, 1971). 

The beneficial effects for a trailing vehicle vary in effectiveness depending on vehicle 

spacing. The use of co-linear Ahmed bodies showed that in close proximity (0.1 < x/l <1) the 

drag on the trailing car increased significantly, even beyond the drag of the isolated vehicle 

(Watkins & Vino, 2008). A similar behavior was found using 1/8 scale studies of a 1991 

Chevrolet Lumina van, determining that at spacings of 0 < x/l < 0.35 the trailing vehicle drag 

exceeded that of the leading vehicle. This inflection point between leading and trailing vehicle 

drag varied depending on model geometry, altering both the intensity and spacing at which it 

occurred (Zabat, Stabile, Frascaroli, & Browand, 1995). 

While the homologation process ensures aerodynamic parity between vehicles in isolated 

aerodynamic conditions, less well understood was the effect of design changes on the racing 

performance of the vehicles. Previously, less understood was the impact of vehicle design on 

multi-vehicle interactions, particularly with effect to slipstreaming. Ideally, a trailing vehicle 

would be at a drag advantage over the lead vehicle in as great of a range of following spacings. A 

significant impediment to this is the requirement that the vehicles remain as stock appearing as 

possible, ruling out the use of appendages or otherwise detracting from the appearance of the 

race vehicle compared to its production counterpart. 
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Investigations into production vehicle shapes and generic counterparts have shown strong 

recirculation zones behind the vehicle, with a pair of counter-rotating longitudinal vortices 

extending in the wake past the vehicle (Ahmed (1981), Pagliarella et al. (2006), Vino et al. 

(2005) ). Wake characteristics of NASCAR sedan and coupe body types share similarities with 

production vehicles and even generic testing shape such as the Ahmed body. Specific wake 

characteristics of a NASCAR Generation 5 car were observed in CFD and at 1/5 scale, noting the 

twin counter-rotating vortices and upwash that dominate the wake. The presence of the 

downforce generating spoiler creates a substantial increase in upwash by reducing the effective 

back glass angle and created a low-pressure region behind the car. Asymmetry of the wake was 

observed and attributed the overall asymmetry of the car, which has the tail of the car offset to 

the right for the generation of yawing moment (Dominy & LeGood, 2009).  

 

Figure 2.1:  Rendering of Detached Eddy Simulation transient CFD case showing Q-criterion. The A-post 

vortices and upwash in the wake due to downforce generation are apparent.  

 

In an effort to enhance passing opportunities on track, NASCAR began investigating how 

to increase the drafting effect on track to enhance passing, specifically at Indianapolis Motor 

Speedway. Indianapolis is a 2.5 mile (4.02 km) four-turn track with two 5/8-mile main 
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straightaways and two 1/4 mile "short chutes" between turns at each end of the track. With 

straightaways comprising a large proportion of the track distance, the drag advantage of a trailing 

car can play a significant role in the ability to pass a leading car. For NASCAR "stock" cars, 

aerodynamic performance in this regard has been a consequence, rather than driver, of the design 

of the vehicles. Due to this, some undesirable aerodynamic characteristics have been produced; 

one of which is what drivers refer to as the "drag bubble." 

Observable on track, the effect manifests itself when a trailing car approaches the rear of 

a leading car in a drafting situation. As the distance between the cars closes to less than one car 

length, the trailing car would begin to slow down or stall, while the lead car would accelerate 

away. This would clearly have an effect on the amount of passing during a racing event. 

Though full-scale wind tunnel testing is a common practice and there are several high quality 

wind tunnels locally, none can adequately capture vehicle performance of a trailing vehicle due 

to test section size and limitations on rolling road size or boundary layer control. Scale testing is 

also a possibility; however, the Reynolds number effects and cost of producing two scale models 

are limiting factors. Therefore, CFD is the primary tool available and utilized to study these 

effects. Understanding the mechanism of this drag phenomenon was important to understanding 

whether the effect could be mitigated in some manner to increase the likelihood and quantity of 

passes during a race event. 

The present work focuses on understand drafting behavior of NASCAR race cars from 

the NASCAR Xfinity series, then augmenting the draft effect using passively blown ducts in the 

front fascia of the car. The studies were primarily performed using CFD, with validation of wake 

structures conducted in full scale wind tunnel tests using pressure measurement techniques. 

These results have been disseminated via conference paper (Jacuzzi, Barrier, & Granlund, 
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NASCAR Race Vehicle Wake Modification via Passive Blown Ducts on its Effect on Trailing 

Vehicle Drag, 2018) and in the Journal of Wind Engineering and Industrial Aerodynamics 

(Jacuzzi & Granlund, Passive flow control for reduction in vehicle platoons, 2019). 

The use of passively blown ducts could be significant to both NASCAR and the broader 

transportation research world, particularly relevant to the design of platooning vehicles. This 

research could allow a variable wake profile depending on vehicle position in a platoon to 

optimize the platoon efficiency, rather than designing a vehicle specifically for low drag or a 

specific position in a platoon which may not always be feasible. Significant advantages of the 

passively blown duct approach are its adaptability to a wide variety of vehicle front-end shapes, 

its simplicity and adaptability to different performance critical parameters, and the ability to 

conceal the ducts within the vehicle. With most industries facing increased consumer expectation 

for design and appearance, the ability to achieve a desired aerodynamic performance with 

minimal impact on stylistic concerns is highly relevant to industry at large. It is a particularly 

attractive approach to situations where such an improvement can be made with existing designs 

and components, rather than necessitating impractical large-scale redesigns. 
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2.2    Simulation Setup and Description 
 

 

2.2.1    Vehicle Geometry 

 

The basis of the analysis is a detailed CFD model of a current NASCAR Xfinity Series 

car which was scanned and prepared for simulation using BETA CAE’s ANSA version 19. 

NASCAR vehicles are highly standardized in the interest of competitive balance, including the 

outer body surfaces and the underbody region. The computational model features a detailed 

underbody which includes a digitized engine and exhaust system, full independent front and rear 

Panhard Bar rear suspension. Vehicle dimensions for NASCAR Xfinity Series car are 4.984 

meters long, 1.956 meters wide and 1.229 meters in height, with a wheelbase of 2.794 m. The 

upper body of the car is common except for the upper part of the front fascia and the hood, which 

allow for manufacturer styling considerations. The radiator exit of a NASCAR Xfinity Series car 

flows directly into the engine bay region, which is open to the ground below. For all simulations, 

the cooling flow was modeled as being blocked at the front inlet with the radiator and duct work 

present. In cases where multiple vehicles were used, the lead and trailing vehicles are identical 

copies of each other. Vehicle geometry and upper/under body segmentation is shown in Figure 

2.2. 
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Figure 2.2:  Upper and underbody detail of model.  

 

2.2.2     Domain and Mesh Parameters 

CFD simulations were performed at full scale for both single vehicle and two vehicles, 

using identical simulation domains and speeds. The computational domain is sized at 152 m x 52 

m x 26 m. The cross-sectional area of the cars is 2.24 m2 with a blockage ratio of 0.166%. The 

road surface is modeled as a moving boundary with velocity equal to the free stream velocity of 

U∞ = 89.4 m/s or 200 miles per hour (mph). The resulting Reynolds number is 2.46x107 using 

the overall vehicle length as the reference length scale. The wheels are modeled as rotating 

boundaries with calculated rotational velocities consistent with the simulated ground speed. A 
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plinth under the tires is used near the road to avoid meshing issues due to the tire/road interface 

geometry. 

The grid is an unstructured hexahedral volume with a mix of tetrahedral and polyhedral 

elements at transition regions between the prism layers and volume size refinement interfaces. 

Typical mesh sizes range from 55-60 million for a single car simulation and 105-150 million 

cells for multi car runs depending on vehicle spacing in the domain. Surface mesh sizes range 

from 0.5 mm at the leading edge of the splitter to 3 mm on the body. Prism layers are used up to 

three layers while growth is prevented on areas of the car that do not experience direct flow 

interaction, such as the underhood region and areas of the raised floor to limit mesh size. 

Specific volume and surface areas of refinement are included which are relevant to the critical 

performance regions of the car. These include splitter, skirt, and rear spoiler refinement zones, as 

well as progressive volume refinement in the proximity of the car to capture wake structures in 

the immediate vicinity of the vehicle. Volume refinement in multi-car runs are automatically 

adjusted via translating/expanding volumetric refinement boxes, which are based on the 

translation distance of the trailing car, visible in Figure 2.3 and Figure 2.4. 
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Figure 2.3:  Wake refinement in YZ plane for single car simulation. 

 

 

Figure 2.4:  Wake refinement in XZ plane for multi-car simulation at x/l = 0.5. 

 

Tire contact patch and wheels are typically one of the more aerodynamically sensitive 

parts of a vehicle, and have a significant impact on accurate prediction of vehicle aerodynamic 

characteristics (Waschle, 2007). Modeling of the wheels and tires often necessitates 

compromises in the CFD model. The common approach for modeling tires is to apply a simple 
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radial velocity boundary condition about a defined axis and origin. This boundary condition will 

calculate the surface velocity on every point on the tire and wheel using the relationship V = r Ω 

where V is the tangential velocity, r is the radial distance of a given face or node from the 

rotation axis and Omega is the rotational velocity. 

However, a pneumatic tire rotating under load will have an asymmetric shape due to 

deformation, which can be exacerbated by the additional deformation that can occur under lateral 

loading. This geometric rotational asymmetry means that using the simple rotational boundary 

condition will force some compromises in the tire tread speed in the CFD model. In reality, the 

tread speed is constant around the circumference of the tire regardless of its distance from the 

rotational axis. In the CFD model, forcing a relationship between the tangential velocity and the 

radius through the radial velocity boundary condition will mean on a loaded asymmetric tire, the 

tread speed at the contact patch will be slower than the tread speed at the top of the tire due to the 

smaller radius associated with the deformed tire at the contact patch. A solid wheel would also 

be given this boundary condition, but a spoked wheel introduces further complexity that requires 

a different treatment, namely a rotating reference frame boundary condition, or alternatively a 

moving mesh condition. For the former, the angular momentum imparted to the air by the spokes 

is represented by a source term, which is a very cost-effective way to approximate the relevant 

physics, particularly for steady-state analyses (Rajagopolan & Keys, 1997). This is the approach 

utilized in these simulations. 

In contrast, the moving mesh approach requires a transient (unsteady) analysis, in which 

the volume mesh surrounding the wheel is made to rotate about the wheel axis such that each 

timestep, it advances a fraction of the complete revolution (governed by the rotational speed of 

the wheel and the size of the time step). This approach has shown excellent correlation to 
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experimental data but computationally is an order of magnitude more expensive to the rotating 

reference frame approach as it requires relatively fine timesteps to be accurate. 

Finally, the physical locations of the two vehicles in the domain are outlined. To study 

two car drafting behavior, a six-point map was developed to capture lead and trail car behavior 

through a relevant range of following distances. The spacing is non-dimensionalized based on 

vehicle length and shown in Figure 2.5. At x/l =0, the trailing car is touching the rear bumper of 

the leading car. For all cases, the vehicles are centered in line with the vehicles un-yawed relative 

to the freestream flow direction.  The vehicles are not pitched in attitude, with front and rear 

ground clearance set to 12.7 mm at the front splitter and the rear of the side skirts, representative 

of race attitude. 

 

Figure 2.5:  Vehicle spacing for: a) x/l=0, b) x/l = 0.25, c) x/l = 0.5, d) x/l = 1.0, e) x/l = 1.5, f) x/l = 2.0, g) x/l = 

3.0, and g) x/l = 4.0. 
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2.2.3     Solver and Model Reporting 

Solutions performed on TotalSim’s version 2.2xE of OpenFOAM. The program uses an 

incompressible density formulation, using steady-state RANS using the Shear-Stress Transport 

(SST) k-ω turbulence model (Menter F. , 1993) which has been shown to predict vortex and 

shedding patterns with a good degree of accuracy on a current NASCAR "Generation 6" race car 

(Fu, Uddin, & Robinson, 2018). Custom wall functions developed by TotalSim USA are used to 

resolve the wall within the three-cell prism layer. The wall function method defined by Kalitzen 

et al (Kalitzin, Medic, Iaccarino, & Durbin, 2005) has been implemented by Ludlow (Ludlow, 

2009) to improve turbulence modeling accuracy in automotive applications. Computations were 

performed remotely at the Ohio Supercomputing Center on the Owens cluster. 

The CFD simulations report relevant single vehicle parameters such as drag, lift, side 

force, and yawing moment, as well as force and moment reporting from 32 force patches on the 

vehicle. The patches represent the typical segmentation of vehicle components in the automotive 

industry for the respective component or region on a car. Refer to Figure 2.1 for a reduced set of 

reporting patches that are relevant to this investigation. Unique features of NASCAR stock car 

design is that the under hood region and rear chassis (referred to as the rear clip) are open to the 

ground rather than sealed off with a floor structure. Patch reporting allows component level 

comparison of changes in relevant parameters. 

The convergence of the runs is evaluated using a half interval mean method for drag, lift 

and front/rear lift distribution or percentage of front downforce. All three parameters are 

evaluated due to their importance for general race car aerodynamic performance, though for this 

research lift convergence is of secondary concern.  
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The half interval mean auto-convergence calculation (Padgett, 2017) is defined as: 

Favg4500 to 5000 − Favg4000 to 4500 

1 <
  Favg4000 to 5000                                                     (2.1) 

Tolerance 
 

The specified iteration window of 1000 iterations is evaluated by using a half-mean of the initial 

500 iterations of the period and subtracting the mean of the following 500 iterations, divided by 

the mean of the total iteration period. This is divided by the specified tolerance of 0.3%. If the 

value of this is less than or equal to one, the run terminates; otherwise the run will continue to the 

specified maximum iterations. Typical oscillation in lift and drag values in the is within 5-10 N 

(less than 0.2 %) of the mean. Completed simulation runs are averaged over 1000 iterations from 

the final iteration to generate averaged vehicle and patch totals for forces and moments. 

 

2.3    Baseline Configuration Analysis 
 

 

2.3.1    Force Patch Contributions 

 

Force patch contributions were normalized by the total drag force on the vehicle. Using a 

normalized force threshold of +/- 0.05, seven patches were identified as representing significant 

regions of the vehicle involved in generating vehicle drag shown in Table 2.1 and Figure 2.2. 

Positive values indicate drag in the direction of U∞ , while negative values are in the opposite 

direction of freestream. The negative drag regions are due to the segmentation of force reporting 

patches which in some cases results in larger forward-facing surfaces that are at low pressure, 

particularly on the underside of the vehicle.  Of the positive force patch regions that meet the 

criteria, the front fascia drag has  the largest magnitude, followed by the rear fascia, rear clip, and 

the rear spoiler. Three components produce negative drag exceeding the threshold, including the 
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outer surfaces of the hood, the underbody portion of the rear fascia and the underhood region 

which includes the inner fascia, inner hood and firewall regions. 

Table 2.1: Normalized force patch regions exceeding +/-0.05 threshold. 

 

Component                                  Normalized Component Drag 

Body - Front Fascia 0.360 

Body - Rear Fascia 0.298 

Underbody - Rear Clip 0.241 

Body - Spoiler 0.167 

Body - Hood -0.088 

Underbody - Rear Fascia -0.244 

Underbody - Underhood -0.276 

 
 
2.3.2    Single Car Wake Characteristics 

Beyond the drag generating areas of the car, understanding the wake of the test car  is 

critical to further understanding the platooning behavior of the vehicles. The evolution of the 

wake at 1/4 car spacing increments using streamwise velocity normalized by the freestream 

velocity is shown in Figure 2.6. The wake of a NASCAR Xfinity Series car bears a hybrid 

resemblance to that of a typical automotive bluff body shape, and with the wake of a Formula 

One car due to the generation of downforce (negative lift) Ahmed (1981), Vino et al. (2005), 

Watts and Watkins (2014).  The wake of a Formula One car has been observed to have a 

’mushroom’ shape, produced by the counter-rotating upwash behind the vehicle. The Xfinity 

Series car behaves similarly, with the most glaring difference being the lack of symmetry in the 

wake due to the vehicle’s lateral asymmetry and the presence of fins on the left side of the car to 

prevent liftoff events when the car is perpendicular to its direction of travel due to loss of control. 

Another notable feature of the wake is the impingement in the lower region of the x/l = 0.25 

plane below the main wake structure. This region is believed to be critical to the drag behavior of 

a trailing vehicle at close proximity. 
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Figure 2.6:  Normalized YZ velocity profiles at x/l = 0.25, 0.5, 0.75 and 1.0. 

 

The bulk shape of the wake deficit region has been previously correlated using a 

vertically traversing Kiel probe array in full scale at the Aerodyn Wind Tunnel (Figure 2.7). The 

array consisted of 128 Kiel probes evenly spaced at 25 mm and mounted to linear actuators. The 

rake was positioned at 1.5 meters behind the car (x/l = 1.3) with a vertical range of 25 mm from 

the tunnel floor to 2 meters. The rake traversed at 6 mm/second with pressure readings collected 

at a 5 Hz sampling rate on two Scanivalve 64 channel ZO33 units with multiple speeds evaluated 

to determine the maximum rate of translation that would not adversely affect the results. 



 

23 

 

 

 
Figure 2.7:  Traversing Kiel probe array at Aerodyn wind tunnel. 

 

Overall wake shape correlated well with slight differences in the wake stem region, with 

the CFD result showing a larger Cp deficit in this area (Figure 2.8). The wake boundary spatially 

deviates by a maximum of 125 mm of the CFD prediction. Salient features of the wake include 

the central upwash into the recirculating region, as well as the pronounced curl on the left side of 

the wake due to the presence of a deck fin. The wake is also shifted to vehicle right due to the 

asymmetry of the body. Some differences between the CFD and wind tunnel result are 

attributable to aspects of the wind tunnel, including the lack of boundary layer control in that 

area of the tunnel, the presence of walls in the wind tunnel, and differences in test speed between 

the wind tunnel (44.7 m/s with array installed) and CFD (89.4 m/s). The overall height of the 

wake is also variable depending on the level of downforce the vehicle generates; the main 

features of the wake increase in height with an increase in downforce. 
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Figure 2.8: Kiel probe rake CPT (left) compared to CFD. 

 

The use of RANS in conjunction with the SST turbulence model has previously shown good 

correlation in studies using the highly separated 35 degree slant back Ahmed body in the 

separated region and wake for streamwise velocity and turbulent kinetic energy (TKE) when 

compared to experimental results (Ashton, West, Lardeau, & Revell, 2016), (Guilmineau, et al., 

2018). 

 

2.3.3    Mechanism of Drag Advantage for Trailing Car 

Initial results of for the baseline configuration are shown in Figure 2.9, presented for both 

0 degrees of yaw and -3.5 degrees, which represent straightaway and cornering sideslip angle for 

the car. The results have been non-dimensionalized by the drag of a single vehicle in isolated 

conditions, defined as D/D0 . For the straight onset condition, the results show a 7-10% reduction 

in drag at x/l greater than 1 for the trailing vehicle, continuing to the largest spacing studied (x/l 

= 4) while the leading car drag approaches its isolated drag value. For the leading car at a 

spacing x/l > 2, the pressure influence from the trailing car no longer affects the leading car and 

the drag of the leading car is effectively equal to that of a single car. The trailing car drag 

advantage is due to the leading car wake. It is well-known that a bluff body produces a 
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momentum deficit in the wake that extends very far downstream. A spacing of x/l=4 still 

produces a lower drag for the trailing car. 

 

Figure 2.9: Baseline configuration results for leading and trailing car normalized drag at 0 and -3.5 degrees 

yaw. 

 

 

At x/l = 0.25, the drag peaks on the trailing car at approximately 98% of the isolated case 

drag before falling off rapidly at x/l = 0. For the yawed case, the trailing car has an initial 5% 

reduction in drag vs. the isolated case at x/l > 3, which continues to diminish until approximately 

x/l = 1.75 where lead and trail car drag becomes equal. Trail car drag continues to increase and 

exceeds single car drag at x/l = 0.5, then once more drops below the lead car drag in the nose to 

tail configuration x/l = 0. These results correlate well with anecdotal evidence of observed on-

track behavior and driver comments. This drag peak for the trail car is noted by drivers who refer 

to it as a ‘drag bubble’ when they approach another car from behind at this following distance. 

The objective of this study is to reduce the drag rise of the trailing car in the 0.5 < x/l < 1.75 

region to promote overtaking. The drop in drag below the lead car in the nose to tail 
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configuration is also an observed phenomenon at tracks where the vehicles are drag limited such 

as the high-speed tracks of Daytona and Talladega, with the phenomenon of a trailing car 

pushing a leading car known as tandem drafting. In this configuration, the trailing vehicle is able 

to push the lead car and both attain a higher speed than either alone or in any other following 

distance. 

At a component level, the normalized drag by component for the seven selected force 

patches (Figure 2.2) are shown in Figure 2.10. The front fascia shows strong correlation to the 

overall drag trend on the car, particularly at vehicle spacings of one or less. This is also 

illustrated in Figure 2.11 and Figure 2.12, showing the difference in surface pressure between the 

lead and trailing car at a longitudinal separation of x/l = 0.5. 

 

Figure 2.10: Component drag of trailing vehicle normalized by total drag of isolated vehicle.  

 

It is observed that the outer portion of the front fascia experiences an increase in surface 

pressure compared to the lead car fascia or an isolated car. This is attributed to inwash of the lead 
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car wake shown in Figure 2.13, resulting in an increase in front fascia drag. The outer fascia and 

upper hood also experience increased pressure due to reduced velocity flow around these 

regions, resulting in a drag increase. Referring to Table 1.1, the front fascia has the greatest 

normalized component drag, making its contribution significant to overall vehicle drag. 

 

Figure 2.11:  Surface pressure distribution for leading and trailing cars at x=1/2. 

 
 

 

Figure 2.12:  Surface pressure delta for a trailing car at x/l = 0.5 vs. leading car. 
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Figure 2.13:  Mean Y component velocity (v) at x/l = 0.5 for z = 0.35 m. 

 

2.4    Passively Blown Ducts 

 

With the baseline results indicating the front fascia and its interaction with wake inwash 

as a primary contributor to the drag peak observed at 0.5 < x/l < 1.0 spacing, passively blown 

ducts were designed in an attempt to increase the width of the wake at the front of the lead car in 

an attempt to widen the wake envelope behind the car. There were several implementation 

constraints to consider specific to this application. The NASCAR Xfinity Series cars feature a 

common maximum lower brake duct area of 508.8 cm2 (78.86 in2) located in the lower half of 

the front fascia as shown in Figure 2.14 and Figure 2.15. 
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Figure 2.14:  Passively blown ducts (yellow) shown in front fascia structure. 

 
 

 

Figure 2.15:  Passively blown ducts shown from rear view (yellow) with exit location visible. The top of the 

duct is the same height as the center of the wheel. 
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This restriction on the brake inlet size represented a maximum inlet size for the duct 

baseline design. Exit location and size were constrained to the region adjacent to the front half of 

the front wheel opening, with the front tires constraining the maximum width, volume and exit 

angle achievable for the duct exit. The top of the duct is in line with the center of the wheels. 

However, these constraints still allowed exploration of the relevant parameters to drafting 

performance and the effect of the ducts on isolated vehicle aerodynamics. In all simulations, both 

the lead and trailing car are identically outfitted with the same duct arrangement. 

 

2.4.1    Initial Duct Design 

The initial duct design was based on the geometric constraints imposed as previously 

stated, with an exit angle of 42 degrees from the longitudinal axis of the car and an exit/inlet area 

ratio of 0.35. The results in Figure 2.16 for the straight onset flow case show a reduction of 

approximately 5% in the drag peak at x/l = 0.25. Drag reductions for the trailing car are 

improved at all other spacings. For the yawed condition (Figure 2.17), the baseline drag peak 

occurs at x/l = 0.5, with the peak normalized drag exceeding the isolated vehicle drag. The 

trailing car drag showed a similar magnitude of reduction in for ducted case throughout the 

trailing distances.  Front fascia drag again showed strong correlation to the total vehicle drag, 

with an 11% reduction in peak drag, confirming the front fascia is the most significant 

contributor to the drag peak phenomenon (Figure 2.18).  
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Figure 2.16:  Normalized vehicle drag of baseline vs. initial duct design, zero yaw angle. 

 

 

Figure 2.17:  Normalized vehicle drag of baseline vs. initial duct design, -3.5 degrees yaw. 
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Figure 2.18:  Normalized front fascia component drag, baseline vs. passively ducted case in straight onset and 

yawed condition. 

 

 

Comparison of normalized streamwise velocity in the Z axis show the widening of the wake 

deficit region due to the outflow from the ducts when compared to a baseline non-ducted case 

(Figure 2.19). 

 

Figure 2.19:  Normalized streamwise velocity delta for the ducted case vs. baseline non-ducted case at z = 0.25 

meters. 
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The increase in the wake size can be quantified by comparing the total pressure 

coefficient (CPT) of cross-sectional slices of the wake. A delta comparison of the normalized 

velocity between single car baseline and ducted cases is shown in Figure 2.20 at x/l = 0.3. There 

is clear indication of two well-formed lower energy regions attributed to the upstream effect of 

the duct outwash. This outflow has widened the lower energy region of the wake, reducing the 

impingement of this region on the fascia of the trailing car. 

 

Figure 2.20:  Delta normalized velocity compared to baseline case at x/l = 0.3, showing the two lower energy 

regions created by the ducts. 

 

2.4.2    Exit/Inlet Area Ratio and Exit Angle Sensitivity 

The exit inlet ratio and exit angle were varied to assess their impact independently 

(Figure 2.21). Analysis of the sensitivity of exit/inlet area ratio held the exit angle constant at +/- 

42◦ from the longitudinal axis at a constant exit height, with exit/inlet area ratios varying from 

0.29 to 0.43, which was the feasible exit area limit. Results in Figure 2.22 show that increasing 
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exit ratio positively impacted the drag advantage of the trail car, with the 0.43 ratio reducing the 

drag peak at x/l = 0.5 by approximately 5%. Increased exit area was associated with a wider 

wake deficit region created by the ducts downstream. Exit angle relative to the longitudinal 

vehicle axis was explored in Figure 2.22, utilizing exit angles of +/- 20◦ to +/- 90◦, with 90◦ being 

perpendicular to the vehicle longitudinal axis. Beyond the 42◦ case, increasingly perpendicular 

duct exit angles showed improvements in decreasing the drag rise at x/l = 0.5. With all exit 

angles the trailing car drag reduction was improved, however, the +/- 90◦ duct showed a 

significant improvement in drag reduction from x/l = 3 inward. The drag peak at x/l = 0.5 was 

eliminated, with the peak now occurring at x/l = 1.0 though still a 4% improvement over the 

baseline result. The x/l = 0.5 point shows a 10% improvement over the non-ducted baseline case. 

At the x/l = 0 position, the drag reduction for the trail car is 11% below the lead car drag. This 

result is consistent with a widened wake envelope. The duct exit height was also varied while 

keeping the exit cross section the same by +/- 25.4 mm, with the baseline duct having the top of 

the exit in line with the center of the wheel. The lower exit height showed an improvement in 

trailing car drag advantage when compared to the baseline and raised exit height. 

 

Figure 2.21:  Exit angle and height variation. 
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Figure 2.22:  Normalized drag for leading and trailing vehicles for exit/inlet ratio variation, exit angle 

variation, and exit height variation. 

 

2.4.3  Single Car Aerodynamic Characteristics 

Of interest to application of the duct design is the impact on single car aerodynamic 

performance. Since race cars generally attempt to generate negative lift or downforce, the 

implementation of ducts must be consistent with this objective. Duct exit angle plays a 

significant factor in L/D result for the vehicle, with a 20° exit improving L/D by -0.05 and the 

90◦ exit reducing efficiency by +0.018. However, the 20° exit angle improved L/D by 

approximately 2%. Lowering the duct exit height was shown to decrease CL by -0.012 (increase 

in downforce) when compared to the baseline duct exit height, while raising the duct exit 

increased CL by 0.002. Exit height had no effect on L/D compared to the baseline duct case 

For applications where single vehicle drag is critical, maintaining exit angle closer to the 

direction of travel offers the best compromise of trail vehicle drag reduction and single vehicle 

efficiency improvement. Increasing the inlet/exit ratio had a negligible impact on L/D, though it 
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did show improvement in total lift value generated by the vehicle with a corresponding increase 

in drag. A summary of single vehicle effects is shown in Table 2.2. 

Table 2.2: Summary of isolated single car duct effects for various configurations. 

Configuration ΔCD ΔCL ΔL/D 

0.35 E/I Ratio, 42◦ Exit 0.010 -0.014 0.01 

0.35 E/I Ratio, 42◦ Exit, +25.4 mm Z 0.006 -0.012 0.00 

0.35 E/I, 42◦ Exit, -25.4 mm Z 0.013 -0.026 0.00 

0.29 E/I Ratio, 42◦ Exit 0.009 -0.011 0.02 

0.43 E/I Ratio, 42◦ Exit 0.011 -0.014 0.02 

0.35 E/I Ratio, 90◦ Exit 0.033 0.018 0.18 

0.35 E/I Ratio, 20◦ Exit 0.005 -0.033 -0.05 

0.35 E/I Ratio, 66◦ Exit 0.010 0.000 0.04 

Final Design (As Raced) 0.011 -0.038 -0.03 

 

 

2.5    Wind Tunnel Validation 
 

 

A full-sized car with the optimal duct design was tested at the Aerodyn Wind Tunnel in 

Mooresville, NC (Figure 2.23). The main tunnel, where the test was conducted, is a full-scale 

facility that uses 22 100hp fans capable of producing flow speeds up to 58 m/s (130mph). The 

tunnel is a closed jet contoured, or “Eiffel” type wind and contains a test section size of 17 m2 

following a 4:1 contraction cone. To minimize tunnel wall effects, the test section contains 

curved, slotted walls that mimic the streamlines present when a full-scale vehicle is placed inside 

the test section. Boundary layer control is achieved via two methods to compensate for the lack 

of moving road surface. At the entrance of the test section, a 2.74 m wide forward slot removes 

the initial boundary layer from the test section floor. Once inside the test section, the boundary 

layer that remains encounters the boundary layer control section, which consists of alternating 

tangential blowing/suction slots in the floor. To represent the aerodynamic effects of rotating 

tires, the tires are spun at a representative speed compared to the freestream velocity. 
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Measurement of aerodynamic forces occurs via the four actuators which are connected to the 

frame of the car and control ride height attitudes. The tunnel features 264 pressure taps located in 

the floor underneath and around the car. 

 

Figure 2.23:  Aerodyn Wind Tunnel test section. 

 

2.5.1    Experimental Setup 

To capture the wake on the side of the car and validate computational results, a Kiel 

probe array was designed to mount alongside the left side door of the car with effort taken to 

minimize intrusion on the flow via CFD. The location of the array along the longitudinal axis of 

the car was chosen for ease of axis to support components and relative distance from the cockpit 

area. The array’s overall size was based on CFD simulations that indicated the wake size relative 

to the ground and left side door. 
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Figure 2.24:  Kiel probe region of interest at x/l = -0.6, showing delta velocity magnitudes between ducted and 

baseline cases. 

 

 

As shown in Figure 2.24, the change in velocity along the left side of the car near the 

window entrance due to drag duct addition created an area of interest that spanned 0.545 m 

(21.45in) from the door with a height ranging from the ground surface to bottom of the window 

net, 0.762m (30in). With the overall wake size determined, 124 Kiel probes were distributed at 

areas of interest inside the wake delta region. To achieve a high enough probe density inside the 

wake, it was determined that a square, uniform distribution of Kiel probes over the entire cross 

section would not provide a high enough probe density for post-processing. To overcome this 

limitation, the probes were placed in a custom grid that provided higher probe density along the 

bottom and door-side of the array, where large spatial gradients were expected to occur. The Kiel 

probes used in the array can accurately measure total pressure at yaw and pitch misalignment 

relative to the flow direction of +/- 40 degrees (Barlowe, Rae, & Pope). The mounted array is 

shown in Figure 2.25. 
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Figure 2.25:  Kiel probe array. 

 

In addition to the main array of Kiel probes, four additional Kiel probes were placed 

inside the left side duct to measure entrance and exit velocities. The entry probes were mounted 

on a custom aluminum mount, centering the probes vertically inside the duct 95 mm from the 

lower entry edge. The probes were also offset about the horizontal centerline of the duct by 50 

mm. For the exit, two probes were attached to the outer wall of the duct using epoxy adhesive. 

Each probe measured approximately 19 mm from the duct wall and were spaced 38 mm from the 

duct exit centerline. Pressure measurements were recorded using two Scanivalve ZOC33 64 

channel modules, sampled at 5 Hz with pneumatic tubing lengths of approximately 3 meters. 

 

2.5.2     Experimental Results – Isolated Car Effects 

The effect of the ducts on an isolated vehicle were reported because of the importance of 

aerodynamic efficiency to race and other high-performance ground vehicles. Overall, wind 

tunnel testing correlated well with predicted values generated by CFD simulations. While a full 

ride height and yaw schedule were utilized to characterize the car, a single ride height point (12.7 
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mm front splitter gap and 38 mm rear ride height) was used to compare to CFD since all the 

multi-car simulations were conducted in this position. The radiator air inlet was run in both the 

race cooling configuration and fully sealed (no flow) configurations. Results for relevant 

parameters are shown in Table 2.3. 

 
Table 2.3:  Isolated car duct effects compared to non-ducted case for both wind tunnel and CFD. 

Configuration ΔCD ΔCL ΔL/D 

Radiator Inlet Open 0.011 -0.029 -0.02 

Radiator Inlet Closed 0.012 -0.039 -0.03 

CFD - Inlet Closed 0.011 -0.038 -0.03 

 

Wind tunnel results correlate well in both lift and drag when compared to CFD simulations. The 

increase in downforce can be explained through the floor pressure taps in the wind tunnel shown 

in Figure 2.26. The measured floor taps reflect the slight front bias of the downforce increase, 

with the lowest CP deltas recorded in the center of the front of the car in the splitter region. As 

well as validating the downforce gain occurred underneath the car, the effect of the ducts is 

obvious toward the front of the car, where the lower CP by the duct inlets due to the loss of the 

stagnation region as compared to the normal fascia. Additionally, the higher CP region on the 

floor ahead of the exit of the ducts reflects the increased effective width of the front wake of the 

car, which has caused the flow to move further away from the vehicle as it approaches the duct 

exit region near the front wheel. This effect reduces the underhood pressure, increasing flow 

velocity under the front splitter which results in increased downforce. 
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Figure 2.26:  Wind tunnel floor pressure tap CP delta for ducted case vs. baseline. 

 

2.5.3     Experimental Results – Wake Validation 

The 5 Hz collected pressure data from the Kiel probe array was averaged over five 

seconds once tunnel conditions had stabilized. The results are plotted in Figure 2.27 which 

displays the ΔCPT (total pressure coefficient delta) of the left side wake compared to the baseline 

case in both CFD and measured using the Kiel probe array. The ΔCPT  displays a lower energy 

region centered approximately 0.3 meters from the side of the vehicle and 0.3 meters from the 

floor. Increased ΔCPT regions above and below the wake deficit region correlate well. 

Differences in the measured locations of certain features are likely due to the differences in test 

speed (89.4 m/s in CFD and 58.1 m/s in the wind tunnel), wall effects due to the wind tunnel as 

well as boundary layer differences outside of the controlled section of the tunnel. Additionally, 

attachment hardware to connect the vehicle to the wind tunnel rams is present in the wind tunnel 

test which could have an effect. 

The high-speed jet exiting the duct causes the wake to effectively widen, creating a larger 

low-energy region that explains the reduction in drag on the trailing vehicle. Probes inside the 
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drag duct measured a normalized entrance and exit velocity of 1.02 and 1.00 respectively 

compared to the measured wind tunnel freestream velocity. 

 

Figure 2.27:  CFD predicted ΔCPT (left); Measured ΔCPT (right) at x/l = -0.6. 

 

2.6     Conclusions 

 

The study of NASCAR Xfinity Series car body types in platoon drafting configuration 

has shown consistent behavior with other published studies of similar vehicles. The use of 

passively blown ducts appears to allow reduction in drag forces through a range of vehicle 

spacings. Most significantly, it appears feasible to reduce the sharp drag increase typically 

observed for a trailing vehicle between 0.25 and 1.00 vehicle lengths to less than its normalized 

drag value, whereas typical behavior would see an increase in drag beyond the single vehicle 

drag number. Utilizing a fixed inlet area, larger exit area correlated with increasing the drag 

reduction on the trailing vehicle. Increasing exit angle closer to perpendicular to direction of 

travel increased trailing car drag reduction, though had a negative impact on single vehicle L/D 

efficiency, while exit angles closer to parallel with the vehicle direction of travel showed a slight 
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reduction in drafting performance but a positive impact in vehicle L/D. Finally, duct exit height 

was most effective closer to the ground, though the effect was marginal. 

Wind tunnel validation of the aerodynamic effects to a single car, particularly L/D were 

shown to correlate well with the CFD predictions. Kiel probe measurements confirmed the wake 

modification in the wind tunnel, showing an increased wake deficit region when compared with 

the baseline case. Anecdotal analysis of statistics from the race usage of the ducts supports an 

increased drag reduction for the trailing car, which contributed to an increase in the number of on 

track passes and proximity of the cars at the finish of the race. In conclusion, the use of passively 

blown ducts has proven to be an effective method to reduce peaks in drag observed at following 

distances of x/l = 0.5 to 1.0. The validation of the simulation results makes this approach a viable 

option for implementation across a range of transportation industries where similar aerodynamic 

behavior is desirable. 
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Chapter 3 

 

Yawing Moment Generation via Passive Blowing 

 

3.1     Introduction and Literature Review 

 

Side force is the result of pressure difference between the right and left sides of the body 

of the car with net lateral force in the direction of yaw.  Side force plays an important role in 

stability and has a strong influence on the feeling of stability and confidence to a driver. In 

NASCAR, specifically on oval tracks which have highly banked left turns, overall yawing 

moment is an especially critical stability issue. Body asymmetry in NASCAR promotes a 

positive yawing moment (clockwise from top) which is achieved by offsetting the tail of the 

toward the right-hand side.  This design compromise has been driven by the regulations on the 

front of the car, which dictate the car must be symmetrical until approximately the B-pillar 

location.  This results in fixed front side force performance as the car yaws, with the only 

recourse being to offset the tail of the vehicle to regain an acceptable aerodynamic yawing 

moment.  This also leads to longer and larger area rear quarter panels than would be ideal for 

matching the road vehicle.   

The aerodynamic yawing moment is the resultant moment generated from the difference 

in front to rear side force on the vehicle.  Typical yaw angle ranges on track vary from 0 to -4°, 

primarily governed by the slip angle achievable by the tires.  The yaw angle at which front and 

rear side force are equal and the yawing moment is zero is known as the crossover point.  It is 

desirable to have a yawing moment crossover angle that exceeds the slip angle achievable by the 

tires, so that the yawing moment acts as a restorative force on the car to prevent oversteer. 
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The presence of another vehicle or multiple vehicles adversely affects the energy 

available to the trailing vehicle due to the wake deficit created by the lead vehicle.  For drag 

force, this is a positive outcome and offers a reduction in drag to the trailing vehicle in most 

situations ( (Jacuzzi, Barrier, & Granlund, NASCAR Race Vehicle Wake Modification via 

Passive Blown Ducts on its Effect on Trailing Vehicle Drag, 2018), (Romberg, Chianese, & 

Lajoie, 1971), (Dominy & LeGood, 2009)).  However, lift and side force degradation also 

occurs, resulting in a less capable vehicle than one isolation.  Depending on vehicle position, this 

can be attributed to both a loss of flow field energy and straightening of the onset flow by the 

effect of the leading vehicle or vehicles (Marcu & Browand).  More significant to the driver is 

the lack of certainty over the car’s reactions and capabilities, forcing a conservative approach 

that results in further losses in lap time than those strictly attributed to the reduced capability of 

the vehicle. 

Aerodynamic forces and their effect on vehicle performance have been studied 

extensively by NASCAR using CFD and track testing.  Yawing moment has been shown to be 

an especially sensitive parameter to on track performance.  Track testing performed by varying 

yawing moment and isolating for other factors has shown that a reduction in yawing moment 

coefficient (CYM) of -0.021 led to an approximate 0.6 second increase in lap time at a 

representative intermediate track.  In this case, corrective adjustment was not permitted to be 

made to the car, reflecting a car optimized to run at a certain yaw moment level that subsequently 

was reduced, as would be the case when the car was interacting aerodynamically with another 

car.   

Yawing moment changes adversely impact both a lead and trail vehicle depending on 

proximity and location, and effects both vehicles in often dissimilar manners. The effect of the 
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trailing car on the leading car is highly dependent on location.  When the trail car is at the same 

longitudinal position and to the right of the lead car, a significant reduction in yawing moment 

for the lead car occurs.  However, if the trail car is in the same lateral position but shifted 

rearward by one car length so it is even with the rear bumper of the lead car, it causes an increase 

in yawing moment on the lead car.  If the trail car is offset to the left of the lead car, the situation 

is reversed.  The trail car causes an increased yawing moment when at the same or one half 

longitudinal spacing, but a decrease in yawing moment at a one car length. 

This study has three objectives: first, to demonstrate the effect on yawing moment that 

proximity to another vehicle causes by performing multicar CFD simulations. The second is to 

determine whether passive blowing at the tail of the car can be used as an effective method to 

impart rear side force and increase yawing moment on a vehicle to achieve the aerodynamic 

behavior of an asymmetric vehicle. While alternative methods such as extendable flaps could be 

used to achieve a similar effect, these devices present aesthetic and sporting concerns, while 

passive ducting offers a non-intrusive means to achieve a similar result. Finally, it will be 

determined whether geometric changes and the use of passive blowing can mitigate the yawing 

moment changes caused by the proximity of another vehicle.  

The use of active flow control for to manipulate flow conditions is a broad field, 

encompassing scales from boundary layer manipulation of separation and attachment (Gad-el-

Hak, 2007) up to the generation of control forces on aircraft.  Generating control forces, 

including yawing moment (David & Seifert, 2012) have been investigated using pressurized 

pneumatic blowing, micro actuators and other methods.  Because of the availability of existing 

control surfaces in aerospace applications such as ailerons and flaps, much of this research 

rightly focuses on improved performance of these surfaces rather than direct force generation via 
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passive or active blowing methods.  The use of pressurized jets to augment heavy vehicle 

stability was discussed by Englar (Englar, 2005) whereby a pneumatic jet system was powered 

by an auxiliary engine.  While effective, the use of highly pressurized jets is not feasible for a 

race vehicle due to safety and weight concerns, as well as considerations of overall energy 

balance of such a system.  Therefore, only the use of passively ingested air and jet outflow will 

be considered for this study. 

 

3.2     Simulation Setup and Description 

 

Simulation parameters including meshing, solve and post-processing details are identical 

to those defined previously in Chapter 2.2. 

 

3.2.1   Vehicle Geometry 

The basis of the analysis is a detailed CFD model of a current Monster Energy NASCAR 

Cup car, which was scanned and digitized.  The model features a detailed underbody and generic 

representative body to eliminate manufacturer identity (Figure 3.1).  CFD simulations were 

performed for both single vehicle and two vehicles, using identical simulation setups and speeds, 

outlined below.  Results reported include relevant single vehicle parameters such as drag, lift, 

side force, and yawing moment, as well as force and moment reporting from 32 force patches on 

the vehicle.  The patches are somewhat arbitrary in nature but are reflective of the nomenclature 

used in the automotive industry for the respective component or region on a car.  The generic 

NASCAR Cup Series car dimensions are 4.984 meters long, 1.956 meters wide and 1.229 meters 

in height.   
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Figure 3.1:  Generic NASCAR Cup Series model in 2017 aerodynamic configuration. 

 

 

3.2.2     Curved Flow Conditions  

Curved flow or cornering flow conditions have been shown to have a substantial impact 

on vehicle aerodynamics in small radius corners, typically defined as a corner radius of less than 

five vehicle lengths ( (Keogh, Barber, Diasinos, & Doig, 2015), (Toet, 2013), (Keogh, Barber, 

Daisinos, & Doig, 2016)). However, it is unclear to what extent the curved flow simulation 

would vary from a straight onset condition.  Various physical methods have been proposed for 

studying curved flow including bent models (Gregory, Joubert, & Chong, 2007) and other 

methods, however, all have significant drawbacks that make appropriately implemented CFD the 

best option at this time to study curved flow. 

For curved flow simulations, the standard rectilinear domain is transformed based on 

corner radius into a curved domain.  Walls are treated as zero shear stress walls, with centripetal 

and Coriolis effect accelerations added and no pressure gradient induced across the domain.  As 

discussed previously, straight onset flow approximates the curved flow path the vehicle takes 

when cornering in yaw.  To assess curved flow comparison to the straight onset runs, 
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representative intermediate (1.5 miles/2.41 km) track corner radii and speeds were compiled and 

reviewed (Table 3.1).  Corner radii were approximated using vehicle lap simulation data.  Speed 

data representing the average measured apex speed recorded at 2017 race events using onboard 

broadcast GPS equipment in each car during the race event.  The average apex radius of the 

selected tracks ranged from 228 meters to 267 meters, averaging 250 meters.  The average apex 

speed of the simulation was 73.1 m/s, which is approximately the simulation freestream velocity 

of 71.5 m/s. 

 
Table 3.1:  Average apex speed and corner radius for selected intermediate tracks. 

 
Track Avg. Apex Speed 

(m/s) 

Radius at Apex 

(m) 

Atlanta Motor Speedway 67.5 266.7 

Charlotte Motor Speedway 70.4 228.6 

Kansas Speedway 76.5 259.1 

Kentucky Speedway 73.8 228.6 

Las Vegas Motor Speedway 77.2 266.7 

Average 73.1 249.9 

 

 

Curved flow single car runs were performed using a 250 m corner radius, implemented 

by specifying a center of rotation 250 m to the left of the car from the center of the wheelbase.  

Yaw angle to the curved flow is implemented by shifting the center of rotation forward and 

toward the vehicle according to the appropriate trigonometric adjustment based on the desired 

yaw angle at the car.  The flow field velocity of 71.5 m/s is achieved at the center of the vehicle 

(Y=0) and adjusted radially.  An example of a curved flow domain velocity field is shown in 

Figure 3.2. 
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Figure 3.2:  Curved flow domain for -1° yaw. 

 

 

Single vehicle simulations were run using a single ride height of 12.7 mm front and rear ground 

clearance (measured at the splitter and rear skirts) with varying negative yaw angles to the 

oncoming flow.  Isolated car cases for straight onset flow and curved flow were performed from 

0 to -6° yaw, shown in Figure 3.3.  The yaw moment behavior shows an approximately linear 

result as anticipated, with a significant initial CYM at 0° yaw due to designed offset in the rear of 

the car.  The curved flow field simulation results show a slight offset in CYM with the same linear 

behavior across the yaw range.  The similarity of the results allow confidence in the straight 

onset flow results as an accurate approximation of on-track flow conditions and behavior and 

were discontinued. 
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Figure 3.3:  Baseline configuration for straight onset flow vs. curved flow.   

 

3.3     Multi-Vehicle Yawing Moment Behavior 
 

 

To study two car drafting behavior, a thirty-six-point drafting map was developed to 

capture lead and trail car behavior through a broad range of following distances. The longitudinal 

and lateral spacings (x and y, respectively) are non-dimensionalized based on vehicle length. The 

evaluated points are shown and Figure 3.4. Current dimensions for the generic NASCAR Cup 

Series car are 4.984 meters long, 1.956 meters wide and 1.229 meters in height. At x/l =0, the 

trailing car is touching the rear bumper of the lead car, and at y/l = 0 both cars are inline. With 

air speed set to U∞ = 71.5 m/s or 160 miles per hour (mph) resulting in a Reynolds number of 

23.6x106 using the overall vehicle length as the reference length scale.  The trailing car location 

is offset laterally by the yaw angle of the simulation at -3°. 
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Figure 3.4:  Discrete points showing trailing car locations relative to leading car. 

 

 

Using a threshold of +/-300 N of side force, eight force patches were identified to represent 

regions of the vehicle that have a significant contribution to total vehicle side force when the 

baseline vehicle was yawed at -3° in isolation.  The results are summarized in Table 3.2.  These 

regions were monitored during the multi-car simulations to ascertain the primary causes of any 

side force or yawing moment change to the vehicle. 

 
Table 3.2:  Side force generating components exceeding +/- 300 N threshold. 

Component Side Force 

(N) 
Body - Door, Left -1608 

Body - Fender, Left -856 

Body - Quarter Panel, Left -615 

Underbody - Floor Right -365 

Body - Greenhouse -313 

Body - Quarter Panel, Right 310 

Body -Fender, Right 637 

Body - Door, Right 836 
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Yawing moment changes adversely impact both a lead and trail vehicle depending on 

proximity in both the lateral and longitudinal directions.  Yawing moment change for a lead car 

in the center position as compared to an isolated vehicle yawing moment is shown in Figure 3.4.  

The black dots representing discrete CFD runs indicate the location of the trailing vehicle at the 

front and center, with the results then plotted as a continuous contour plot.  Results are 

normalized by the isolated single car yawing moment.  Changes in aerodynamic yawing moment 

in either the positive or negative direction cause instability and potentially deviation from the 

intended vehicle path.  This aerodynamic yawing moment change must be compensated for by 

the driver with a steering input that results in a change to the slip angle of the vehicle.  In 

extreme cases, loss of control is possible. 

The effect of the trailing car on the leading car is highly dependent on location.  When 

the trail car is at the same longitudinal position and to the right of the lead car, a significant 

reduction in yawing moment for the lead car occurs.  However, if the trail car is in the same 

lateral position but shifted rearward by one car length so it is even with the rear bumper of the 

lead car, it causes an increase in yawing moment on the lead car.  If the trail car is offset to the 

left of the lead car, the situation is reversed.  The trail car causes an increased yawing moment 

when at the same or one half longitudinal spacing, but a decrease in yawing moment at a one car 

length. 
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Figure 3.5:  Normalized yawing moment change for leading vehicle caused by proximity of a trailing vehicle. 

 

 

The trail car also experiences yawing moment changes due to the presence of the lead car 

that extend further back into the flow field, shown in Figure 3.6.  Of note is the increase in 

yawing moment when directly behind or to the left of the lead car, while the right positions show 

a reduction in yawing moment.  This effect is discernable on track, as a lead driver will often 

position their car to the inside of a trailing car, forcing the trailing car to run at some distance off 

the right of the lead car, in effect aerodynamically limiting the available racing surface. 
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Figure 3.6:  Normalized yawing moment change for a trailing vehicle based on its position relative to a 

leading vehicle. 

 

 

At specific locations, the yawing moment can vary by up to 33 times the baseline yawing 

moment of an isolated car.  One example of this is point one on the multi-car map, which has the 

trailing car positioned 3.9 m to the right of the leading car.  Figure 3.7 shows the position of the 

two vehicles with respect to each other and the pressure difference of each vehicle with respect 

to the baseline case of isolated vehicle.  In this case, the trail vehicle (top) displays increased 

pressure on the left front fascia region, which contributes to an increase in positive yawing 

moment – a stable configuration provided it is not too extreme of a yawing moment change.  

However, the leading vehicle (bottom) displays both an increase in right front pressure as well as 

a significant decrease in pressure on the rear half of the vehicle.  In this case, the yawing moment 

varies by over 600 ft-lb (813 N-m), creating a negative yawing moment. 
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Figure 3.7:  Map point one showing relative vehicle positioning (left) and the change in pressure vs. the 

isolated pressure caused by their interaction. 

 

Another example of a position creating significant yawing moment changes is map point 

8, where the trailing car is positioned to the right of the lead car by 7 feet (2.1 m) and positioned 

at x/l = 0.5.  The trailing car, shown in the top of Figure 3.8 in this case experiences an increase 

in pressure on the left front of the vehicle, leading to an increase in positive yawing moment.  

The lead car experiences an approximately -2,900 lbf-ft (-3,932 N-m) shift in yawing moment 

due to increase pressure along the right front half of the vehicle and a decrease in pressure along 

the right rear half.  Observation of on-track behavior in this configuration typically causes a loss 

of control for the leading car resulting in either a loss of position on track or at worst case, a 

collision.   
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Figure 3.8:  Map point eight showing relative vehicle positioning (left) and the change in pressure vs. the 

isolated pressure caused by their interaction. 

 

Analysis of the map results for the baseline configuration showed that 16 of the 36 points 

have a front side force variation greater than 50% of the baseline configuration, while the rear 

side force increased more than 50% in 12 of 36 configurations. Specific map points where 

yawing moment exceeded +/- 400 lbf-ft (542 N-m) were identified, and these points were 1, 2, 7, 

9, 10, 13, 14, 20, 25, 26, 27, 31 and 33, respectively.  Further analysis was performed on these 

points. 
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3.4     Initial Ducted Tail Design and Computational Results 

 

3.4.1     Single Car  

For the initial design, a series of two car runs were performed with the cars near assess an 

appropriate inlet location.  The use of window glass regions to intake air for cabin cooling as 

well as cooling of rear mechanical components is an established practice, generally via NACA 

ducts (Frick, Davis, Randall, & Mossman, 1945).  The right rear quarter glass window location 

offers a convenient location for duct placement as well as a short overall system length.  Flow 

conditions near another vehicle, particularly flow velocity near adjacent the proposed duct 

location is consistent as shown in Figure 3.9.  Other spacing configurations show similar stability 

in the flow in this region for both cars. 

 

Figure 3.9:  Surface Cp (top) in side by side configuration; velocity at Z= 1.0 m plane (bottom). 

 

The inlet design was selected as a scoop configuration to ensure adequate flow rate to the 

tail exit.  The inlet cross section was sized at 15 in2 (96.8 cm2) with a constant cross-sectional 

area back to the rectangular exit location in the tail, sized at 12 in2 (77.4 cm2).  Two exit location 

configurations were evaluated; higher on the tail of the car above the bumper and one at the 

bumper location (Figure 3.10). 
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Figure 3.10:  Duct inlet location with maximum rearward tail exit location shown. 

 

Results for the ducted tail configurations show a significant increase in CYM for both the low and 

high tail exit, with the low tail exit increasing CYM by approximately double across the yaw 

range examined (Figure 3.11).   

 

 

Figure 3.11:  CYM comparison between baseline and upper/lower tail exit configurations. 
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3.4.2     Experimental Results 

Wind tunnel validation was performed at the Aerodyn Wind Tunnel in Mooresville, NC. 

A full description of the test facility is noted in Chapter 2.5. The prototype vehicle used was a 

wind tunnel model for a 2013 Dodge Charger NASCAR Cup Series model, with the tail having 

been made symmetrical rather than the typical tail offset to the right to generate rear side force.  

This allowed evaluating the ability of the system to replicate rear side force effects of offset 

using passive blowing.  The symmetrical tail is visible in Figure 3.12.   

 

Figure 3.12:  Top view of wind tunnel test model. 

 

Two inlet variants were assessed: a standard double NACA window inlet in the quarter window 

and a window scoop (Figure 3.13).  The double NACA arrangement features two stacked 

NACAs with 76.2 mm diameter outlet hoses that merged into a 101.6 mm diameter main hose.  

The scoop arrangement features a window mounted external scoop with inlet cross sectional area 

of 98 cm2 with 101.6 mm diameter outlet hose to the blowing section.  Two exit configurations 

were evaluated, noted as high and low tail exit configurations (Figure 3.14). The exit cross 
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sections are 30.7 cm2 and 32.8 cm2 respectively.  Both configurations are approximately 25 mm 

forward of the rear fascia contour with the low tail exit being further rearward.  The right rear 

quarter panel featured 18 pressure taps to evaluate surface pressure changes induced by the exit 

duct configurations. 

 
 

Figure 3.13:  NACA inlet configuration (left); scoop inlet configuration (right). 

 

 

 
 

Figure 3.14:  Upper (left) and lower tail exit configurations. 
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Each configuration was evaluated at six yaw points (0° to -5° in 1° increments) at 13 mm 

ground clearance at the front and rear of the car.  The baseline configuration, shown in black in 

Figure 3.15, featured sealed tail exits and a standard quarter window with no inlet.  At 0° yaw the 

CYM = 0.015, with CYM reaching zero at approximately -1.9°.  Yawing moment behavior is 

approximately linear as expected throughout the yaw range.  The low tail exit configuration with 

scoop inlet increased CYM to 0.028, reaching zero at -4.0° yaw, approximately doubling CYM of 

the baseline symmetric vehicle.  It should be noted that fully prepared current race vehicles 

exhibit a CYM zero point of approximately -3.5° to -4.5° yaw. The NACA inlet with the low tail 

exit was less effective, with CYM =0 at a -3.1° angle.  The high tail exit was less effective than 

the lower tail exit with both inlet configurations.  A comparison of yaw moment for the various 

configurations is shown in Figure 3.15. 

 

Figure 3.15: Passively blown tail configurations vs. baseline CYM comparison.  

-0.030

-0.020

-0.010

0.000

0.010

0.020

0.030

0.040

-5.0 -4.0 -3.0 -2.0 -1.0 0.0C
Y

M

Yaw Angle ( )

Baseline Low Tail Exit, Scoop Inlet

Low Tail Exit, NACA Inlet High Tail Exit, Scoop Inlet

High Tail Exit, NACA Inlet



 

63 

 

Analysis of the pressure taps on the right rear quarter panel showed an increase in pressure on 

the right quarter panel ahead of the blown region.  A comparison to the CFD predicted pressure 

delta vs. experimental results is shown in Figure 3.16. 

 
 

Figure 3.16:  CFD pressures delta (left) vs. experimental pressure tap measurements.  

 

 

The lower tail exit and scoop inlet configuration were evaluated with the inlet area reduced from 

38 cm2 to 18 cm2 (Figure 3.17).  Reducing the inlet area had an average reduction in CYM across 

the yaw range of 0.002 to 0.003, indicating that the scoop inlet size could be reduced while 

maintaining the desired yawing moment increase.  Conversely, since the performance of the duct 

is not strongly correlated to inlet size, utilizing the larger inlet could allow for potential blockage 

or disruption of the flow without severely degrading the aerodynamic yawing moment of the 

vehicle. 
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Figure 3.17:  Inlet area reduction comparison. 

 

 

3.4.3     Geometry Modifications and Their Effects 

Prior to investigating passive blowing to offset the observed ∆YM, two key design 

changes were investigated to assess their contribution to the base vehicle interactions. The first 

was to remove the tail asymmetry from the vehicle and repeat the problematic discrete mapping 

points. The second body design change was to reduce the quarter panel size on the symmetric 

body to determine if a reduced area would result in lower rear side force variation. To 

accomplish this, the rear quarter panels and rear bumper were cut using a representative tail 

surface.  The result was a reduction in quarter panel size of 1967 cm2 for both sides of the car. 

The overall length of the vehicle was not changed, nor was the spoiler position. The vehicle 

symmetry and rear quarter panel area reduction are shown in Figure 3.18. 
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Figure 3.18:  Modified body with reduced quarter panel size (top) and body symmetry (bottom). 

 

 

3.4.4     Additional Passive Blowing Options 

As discussed in chapter two, the use of passively blown front ducts to enhance the drag 

advantage of a trailing vehicle were investigated and have been implemented in both the Monster 

Energy NASCAR Cup Series and the NASCAR Xfinity Series.  The front ducts intake air at the 

front of the fascia and expel it outward at a 42° angle from the fascia just ahead of the front tire.  

As described in the previous sections, the use of passive blowing from the tail of the vehicle can 

double the yawing moment of either a symmetrical or asymmetric vehicle.  Combining both 

concepts and selectively utilizing either a single corner of the vehicle or a combination of front 

and rear blowing has been explored to offset the observed changed in CYM imparted from close 

interaction with another vehicle.  The inlet and exit flow locations are shown in Figure 3.19.   
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Figure 3.19:  Inlet (green) and exit (red) locations. 

 

To assess the potential for front and rear side force manipulation, isolated single-car cases 

were run for various configurations.  The two inlet two exit configuration was set for all runs, 

and each inlet was covered to simulate the duct being closed or off. This simplified the runs to 

purely assess side force changes, but a more practical implementation would be to use internal 

valving to activate or deactivate each duct as requested.  The font side force, rear side force, and 

yawing moment percent change with respect to the baseline configuration results when 

selectively opening each duct as well as opening combinations of both front and rear duct 

openings are shown in Table 3.3. It is worth noting that the baseline case is the symmetric 

reduced area quarter panel configuration. Negative percent change values indicate an increase in 

leftward side force, while positive values indicate a decrease in leftward side force.  A positive 

change in yawing moment corresponds to an increase in positive yawing moment. The results 

show that front side force was varied from +10.5% to -10.0%, while rear side force was altered 

from -53.8% to +36.8%. 
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Table 3.3:  Blowing configurations and their effect on front/rear side force and yawing moment. 

 

Configuration 
Percent Change w.r.t. Baseline Configuration 

Front SF Rear SF Yawing Moment 

Left Front Open 4.8% -10.4% 37.8% 

Right Front Open -5.3% 3.5% -24.1% 

Right Rear Open 4.3% -40.3% 99.0% 

Left Rear Open -5.3% 32.6% -85.7% 

Left Front and Right Rear Open 10.5% -52.8% 143.6% 

Left Front and Left Rear Open 0.0% 25.0% -39.1% 

Right Front and Left Rear Open -10.0% 36.8% -109.8% 

 

The yawing moment delta was observed rather than specifically looking at front or rear side 

force independently, since the overall effect on the aerodynamic yawing moment is the result of 

the interplay of both forces.  Additionally, while normalization of the yawing moment was 

considered, this did not yield a satisfactory comparison between configurations of varying 

yawing moment where the magnitudes of the isolated vehicle configuration vary considerably.  

An example would be if the isolated vehicle configuration had a small yawing moment compared 

to a baseline with a large yawing moment – the smaller initial yawing moment would display 

significantly larger changes in normalized yawing moment. 

 

3.4.5     Active Blowing Mitigation of Yawing Moment Changes 

Application of the appropriate blowing strategy to the leading and trailing vehicle was 

based on interpreting the yawing moment delta from the isolated vehicle case and determining 

the optimal configuration to drive the yawing moment delta as close to zero as possible when 

compared to the baseline symmetric, reduced quarter panel area configuration. The specifics of 

the implemented blowing strategies are shown in Table 3.4. 
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Table 3.4:  Blowing strategy applied to each vehicle at map points of interest. 

Map 

Point 

TC X 

Location 

TC Y 

Location Blowing Strategy 

0 0 Right 13 Feet Lead - LF/RR, Trail -LR 

1 0.5 Right 13 Feet Lead - Blow LF, Trail - Baseline 

6 0 Right 7 Feet Lead - Blow LF/RR, Trail – Blow LR 

8 1 Right 7 Feet Lead - Blow LF/LR, Trail - Blow LF/RR 

9 1.5 Right 7 Feet Lead – Baseline, Trail - Blow RR 

12 1 Right 3 Feet Lead – Baseline, Trail - Blow LF/RR 

13 1.5 Right 3 Feet Lead – Baseline, Trail - Blow LF/RR 

20 1 Left 3 Feet Lead - Blow LF/RR, Trail - Blow RF/LR 

24 0 Left 7 Feet Lead - Blow LR, Trail - Blow LF/RR 

25 0.5 Left 7 Feet Lead - Blow RF/LR, Trail - Blow LF/RR 

26 1 Left 7 Feet Lead - Blow LF/RR, Trail - Baseline 

30 0 Left 13 Feet Lead - Blow RF/LR, Trail - Blow LF/RR 

32 1 Left 13 Feet Lead - Blow RR, Trail - Baseline 

 

 

Map points with strong yawing moment changes in the baseline configuration were 

selected to compare design changes in order to establish and apply beneficial blowing strategies. 

The yawing moment delta results for the baseline, symmetric, symmetric with area reduction, 

and optimal blowing strategy cases are shown in Figure 3.20. For the selected map points, the 

yawing moment variation for the baseline configuration of both lead and trail cars varied from -

1760 lbf-ft to +1780 lbf-ft. Removing the rear body asymmetry had a modest effect of yawing 

moment delta, while the rear quarter panel area reduction had a larger effect for the leading car.  

An interesting observation is the increase in ∆YM for the trailing car with the quarter panels area 

reduction. Finally, the application of optimal blowing strategies for each car yielded 

improvements in ∆YM variation for both the lead and trail cars, with the yawing moment delta 

ranging from -664 lbf-ft to +1149 lbf-ft. 
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Figure 3.20.  ∆YM vs baseline isolated car configuration for lead (left) and trail (right) cars at selected points.   

 

The mean absolute value and standard deviation of ∆YM for the lead and trailing car are 

shown in Table 3.5. The absolute mean average yawing moment variation for the selected map 

points was 644 lbf-ft (873 N-m) with a standard deviation of 488 lbf-ft (662 N-m). Introducing 

rear symmetry did not significantly change either the lead or trail vehicle ∆YM performance. 

The reduction in rear quarter panel area showed a reduction in ∆YM for the lead car; however, 

the trail car showed no improvement. The implementation of optimal passive blowing reduced 

the absolute mean ∆YM to 299 lbf-ft (405 N-m) with a standard deviation of 279 lbf-ft (378 N-

m).   

Table 3.5:  Mean absolute value ∆YM (lbf-ft) and standard deviation. 

 

 

 

 

 

  

  
Baseline Symmetric 

Symmetric w/Area 

Reduction 

Optimal 

Blowing 

Mean 644 635 578 299 

Std. Dev. 488 511 450 279 
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3.5     Conclusions 

 

The aerodynamic effects caused by the interactions of cornering asymmetric NASCAR 

race vehicles was studied using CFD. The lead and trail cars aerodynamic changes due to being 

in proximity were evaluated using a discrete 36-point multi-car CFD map. Results showed 

significant changes in yawing moment based on vehicle position, in some cases exceeding 33 

times the base yawing moment of the vehicle with a yawing moment magnitude change higher 

than 2800 lbf-ft. The use of curved flow simulations was shown to have a negligible impact on 

the magnitude of CYM for the corner radii studied. 

The use of a passively blown tail duct with appropriately positioned inlet has been 

demonstrated to dramatically enhance the yaw moment of a vehicle fitted with the system 

regardless of the initial yaw moment.  CFD results indicated approximately a 100% increase in 

yawing moment was achievable using the window scoop inlet and low tail exit, which was 

validated using a symmetrical full-scale model.  The test vehicle was able to achieve a 

comparable CYM behavior to a current asymmetric race vehicle.  The increased yaw moment is 

due to an increase in pressure on the right rear quarter panel of the vehicle ahead of the blown 

region. Wind tunnel validation using a symmetrical vehicle verified the magnitude of the yaw 

moment increase and measured pressures on the quarter panel showed similar increases in 

pressure over the base case. This concept offers promise for providing vehicles where desirable 

yawing moment behavior would encourage an asymmetric vehicle shape, but aesthetics or other 

considerations prohibit this.  In these cases, the aerodynamic performance of the asymmetric 

body can be replicated or augmented via such a system, with the inlet and exit apertures either 

incorporated or hidden by vehicle styling.  It also would allow the use of a base symmetrical 

vehicle shape that could be selectively made to exhibit asymmetric aerodynamic behavior.   



 

71 

 

Finally, effort to mitigate the interactions of two vehicles in proximity were studied. 

Removing tail asymmetry and reducing the quarter panel size showed slight reductions in ∆YM 

for the leading car; however, the trailing car still experienced significant ∆YM variation.  The 

application of optimal blowing strategies to the leading and trailing car reduced ∆YM by 

approximately 53% when comparing absolute mean deltas.  In conclusion, the removal of 

asymmetry and reduction in quarter panel area would offer a slight improvement, however, it is 

difficult to assess whether this would be significant in a race environment.  It is believed that the 

optimal blowing strategies would have significance in a race environment. 

Effective implementation of such a system will require future work to investigate the best 

method to direct the active blowing portion of the system. Activation systems could include 

using high fidelity GPS in real-time or aerodynamic sensing on each vehicle. In either case, 

activation systems would need to be designed along with further understanding of their transient 

effects on vehicle behavior.  Additionally, while the front fascia region of the vehicle was not 

modified at a base design level, there would likely be design level improvements that could be 

made to mitigate the underlying front side force changes without considering any of the passive 

blowing strategies discussed. 

 

 

 

 

 

 

 

 

 

 

 

  



 

72 

 

Chapter 4 
 

 

Heaving Inverted Wing in Extreme Ground Effect 
 

 

4.1     Introduction and Literature Review 
 

 

The use of wings and other bodywork in ground effect has been a prominent feature of 

automobile racing for decades.  The importance of aerodynamics for road and race vehicles has a 

long history, dating back nearly to the first automobiles. In racing, the importance of drag was 

realized long before the effect of negative lift, or downforce with streamlining evident in the 

earliest history of the Indy 500 (Katz, Race Car Aerodynamics: Designing for Speed, 1996). The 

importance of downforce followed much later, with front and rear wings and later underbody 

treatments first appearing in the 1960s (Zhang, Toet, & Zerihan, 2006) though with limited 

success early on due to structural or aerodynamic issues with the cars.  Eventually, once more 

stable systems were developed, the ability of downforce to increase cornering speed and lap time 

became evident. Today, generating downforce is one of the most readily available and cost-

effective means to improve vehicle performance for most series with restrictive engine, tire or 

chassis regulations. 

Downforce increases a vehicle's cornering ability by increasing the normal force on the 

tires, increasing the available grip while the mass of the vehicle to be accelerated remains the 

same. Early forays into understanding the importance of reducing lift typically dealt with high 

speed stability at the rear of the vehicle, particularly in production vehicles. In race cars, the 

ability to generate downforce equally at the front and rear of the vehicle is crucial to overall 

performance since aerodynamic loading increases exponentially with speed.  
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The design features used to generate downforce are typically limited by series regulations or the 

base vehicle design. For open wheeled cars such as Formula One or IndyCars, the aerodynamic 

design performance is composed of a front wing (30% of total downforce), a floor section and 

diffuser (50% of total downforce), and a rear wing assembly (25% of total downforce), with the 

approximate downforce contributions representing a 2009 Formula One car (Toet, 2013).  

The dominant operating characteristic of high downforce vehicles with wings is the 

ground effect phenomenon. The study of ground effect on wings and airfoils can broadly be split 

into either standard lift generating geometries, typical of most aerospace applications, or inverted 

geometries which are the norm for race cars. Studies of lift generating wings in ground effect of 

both single element (Jung, Chun, & Kim, 2008) and compound wings (Jamei, Malek, Mansor, 

Sidik, & Priyanto, 2014) have been performed, showing L/D improvement at reduced ground 

clearances and forward movement of the center of pressure toward the leading edge using a 

NACA 6409 geometry.  

Extensive work characterizing inverted single element wings or airfoils in ground effect 

have been performed with geometries and operating conditions representative of open wheel race 

cars. In one of the earlier works of this kind, a NACA 4412 was studied using two-dimensional 

RANS for both stationary ground (wind tunnel) and road cases (moving ground) (Ronzenbach & 

Barlow, 1995). The stationary ground condition was shown to have quantitatively similar 

behavior to the moving ground case, though with decreased downforce generation. They also 

identified three distinct regions of behavior: large ground clearance, peak downforce, and force 

reduction. 

A modified NASA GA(W) profile type LS(1)-0413 wing with an aspect ratio of 4.92 and 

simple end plates has been extensively studied using a wind tunnel in both free stream and 
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ground effect conditions in (Zerihan & Zhang, Aerodynamics of a Single Element Wing in 

Ground Effect, 2000). The wing exhibited increasing downforce generation with decreasing ride 

height, with peak performance at a ground clearance of h/c = 0.08, and a decay of downforce 

performance at lower ride heights. The increasing performance of the wing in ground effect was 

attributed to higher suction on the lower wing surface. Stall at lower ride heights was attributed 

to boundary layer separation on the suction surface. Double element wings display similar 

behavior, with increased suction on the main element as ride height is reduced, then reaching a 

peak CL value and decaying as the ride height is reduced further. Relevant to this research, flow 

conditions were observed to be quasi two-dimensional and independent of end plate vortex 

effects in the center of the wing (Zhang & Zerihan, Aerodynamics of a Double-Element Wing in 

Ground Effect, 2003).  

The flowfield behavior of the single element wing geometry was surveyed using laser 

Doppler anemometry and Particle Image Velocimetry (Zhang & Zerihan, Off-Surface 

Aerodynamic Measurement of a Wing in Ground Effect, 2003). At 30 m/s test speed, the wing 

was shown to have a turbulent wake. In the force enhancement region between h/c = 0.134 and 

the peak downforce at h/c = 0.082, the edge vortex from the end plates undergo dilation and 

inward movement, indicative of vortex breakdown. The behavior of the vortices delays suction 

surface separation as h/c is reduced; vortex burst has been shown to reduce suction locally near 

the wing surface (Lambourne & Bryer, 1962) and would be anticipated to be a contributing 

factor to lift reduction below the peak lift ground clearance. 

The experimental geometry, as expected, plays a significant role in the behavior of the 

wing in ground effect. While one and two element wings were representative of Formula One 

geometries in the 1990s, regulation changes as well as unrelenting technological, materials, and 
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aerodynamic progress have resulted in wings with up to 10 elements. Research on such 

geometries have been limited in publication, though Jenckes simulated a half-wing geometry of 

an eight element F1 wing, finding peak downforce occurring at h/c = 0.033, which is much lower 

than some of the simpler geometries previously studied (Jenckes, 2016). Of note was the 

powerful effect of turbulence model choice with such a complex geometry, which in some cases 

had a larger effect than the ground effect lift increase. 

Ride height variation and oscillation control is a critical real-world issue and is especially 

important for wings in ground effect. It is of such importance that the 2006 Renault R26 Formula 

One car utilized a 10 kg mass damper in the nose of the car to control front wing oscillation 

which was subsequently banned (www.howf1works.com, 2019). The behavior of heaving and 

pitching airfoils has been studied extensively, with Theodorsen's analytical solution to pitching 

and heaving airfoil behavior first appearing in 1934 (Theodorsen, 1934), remaining one of the 

standards of analytical work in this area. The effect of ground proximity is not accounted for in 

Theodorsen's original work. Ground effect is typically defined as occurring at heights 

approximately 25% of chord length above ground, whereas the term extreme ground effect 

typically applies to 10% chord height or less  (Rozhdestvensky, 2000). Rozhdestvensky's 

expansive collection of research on lifting wings in ground effect, primarily relating to Wing-in-

Ground (WIG) effect vehicles, contains extensive high order approximations for the various 

configurations and operating conditions such craft encounter, including sinusoidal and pitching 

oscillation. 

Experimental and computational investigations of heaving and pitching airfoils are found 

in varying research areas, though flapping wing and aeroelasticity are dominant research areas. 

Freestream heaving of a NACA0012 symmetric airfoil was simulated in a compressible 2D 
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Navier-Stokes solver for a variety of Mach numbers and reduced frequencies (Young & Lai, 

2004), focusing mainly on wake structures generated by the airfoil. Leading edge separation was 

the dominant parameter in aerodynamic forces for reduced frequencies below k = 4. Theoretical, 

computational and water tunnel experimental results on an SD7003 airfoil in pitching and 

heaving motion showed good agreement with Theodorsen's formulae provided the effective 

angle of attack was kept small, which in turn minimized the leading edge flow separation 

(McGowan, Granlund, Ol, Gopalarathnam, & Edwards, 2011).   

Computational expense and the experimental difficulty of simulating wings in dynamic 

motion has led to the majority of existing ground effect heave research being conducted 

computationally in two dimensions. Molina and Zhang (Molina & Zhang, 2011) utilized 

Zerihan's single element airfoil geometry in 2D unsteady, incompressible RANS with Spalart-

Almaras (S-A) (Spalart & Allmaras, A one-equation turbulence model for aerodynamic flows, 

1992) (Spalart & Allmaras, A one-equation turbulence model for aerodynamic flows, 1994) 

turbulence model. Viscous and inviscid 2D simulations were performed at three mean ground 

clearances of hmean = 0.47c, 0.29c and 0.20c with non-dimensional amplitude a/c of 0.04 for all 

cases. Reduced frequencies were evaluated from 0<k<4.4, with reduced frequency defined as: 

𝑘 =  
π𝑓𝑐

𝑈∞

(4.1) 

Results indicated that at lower frequencies (k<0.01), ground effect dominated the behavior and 

the flow could be evaluated as quasi-stationary. Frequencies of 0.01<k<1.09 were attributed to 

incidence effect, whereby the flow incidence to the airfoil dominated behavior. Finally, 

frequencies of k>1.09 showed added mass effect dominating behavior. A prior similar study 

using 2D viscous and inviscid simulation was performed using the same airfoil geometry at 

varying mean ride heights and reduced frequencies (Moryossef & Levy, 2004). For stationary 
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ground effect simulations, inviscid simulations inadequately captured the force enhancement 

phenomenon. Inviscid heaving simulations were found to be comparable to viscous flow 

simulations at higher reduced frequencies.  

The present research focuses on evaluating Zerihan's single element wing geometry in 

sinusoidal heaving motion at various reduced frequencies in both freestream and ground effect 

conditions. Comparison of force coefficients, wing surface and flowfield conditions between 

ground effect heave and freestream, as well as comparison to static wing simulations will be 

performed. While two-dimensional airfoil heaving research has been performed, the use of a 

realistic finite 3D wing in freestream and ground effect has not been characterized. Previous 

computational studies on static ground effect performance show distinct differences between 2D 

airfoil and 3D wing cases with the same experimental geometry, leading to overestimation of 

airfoil performance (Doig & Barber, Considerations for Numerical Modeling of Inverted Wings 

in Ground Effect, 2011). Furthermore, the use of compressible DDES has not previously been 

evaluated in prior airfoil-based ground effect studies. Finally, a simplified analytical model will 

be presented that allows prediction of heaving airfoil behavior in ground effect based on the 

frequency of oscillation, mean height, and static lift performance. While extensive work has been 

done on lifting systems in ground effect, very little to no published analytical works exists on 

inverted downforce generating wings that exhibit stall.  

 

4.2     Geometry and Computational Setup 

 

Based on the extensive work performed to date, the single element NASA GA(W) profile 

type LS(1)-0413 MOD wing was used, shown in Figure 4.1. The wing is 1100 mm in span with a 

chord length of 223.4 mm for an aspect ratio of 4.92, and has a finite trailing edge thickness of 
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1.65 mm. This aspect ratio should avoid any three-dimensional effects toward the center of the 

wing that have been observed with shorter span wings and end plate arrangements due to the end 

plate vortices in ground effect (Diasinos, Barber, & Doig, 2012). The lowest surface of the airfoil 

is 2 mm from the bottom of the end plates. All ride heights reference the lowest surface of the 

airfoil profile to the ground. 

The wing geometry is based on a 1998 Tyrell 026 Formula One car front wing modeled 

at 80% scale with rectangular end plates (Zerihan, An Investigation into the Aerodynamics of 

Wings in Ground Effect, 2001). The airfoil geometry is such that with the end plates parallel to 

the ground, the angle of incidence is 3.66 degrees nose-down using aerospace measurement 

conventions and one-degree nose-down using motorsport conventions (straight edge on top 

surface leading edge to trailing edge). Mounting structures used in the original studies were 

omitted. 

 
Figure 4.1.  Full wing geometry isometric view (left) with airfoil cross section (right). The reference incidence is 

as shown with the end plates parallel to the ground and the wing at one degree, nose down in motorsport convention 

(dotted line) with aerospace convention shown (dashed line). 

 

Simulations were performed using a commercial finite volume code, Siemens STAR-

CCM+ v2019.1 which is used extensively in the automotive and aerospace industries.  A coupled 

compressible solver was utilized for all simulations due to the velocities achieved in the highest 

frequency heaving cases. This was especially of concern as computational investigations of 

inverted wings in ground effect have found compressibility to influence coefficient results and 
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separation behavior at Mach numbers as low as 0.15 (Doig, Barber, & Neely, The Influence of 

Compressibility on the Aerodynamics of an Inverted Wing in Ground Effect, 2011). This was 

also the case for McGowan et al. where M = 0.2 was not incompressible when heaving/pitching 

at high k (McGowan, Granlund, Ol, Gopalarathnam, & Edwards, 2011). 

In the interest of assessing various solving schemes for the static ride height runs, RANS 

was compared to DDES, which was developed to more accurately predict the off-body flow 

structures while still accurately capturing the correct separation locations that the use of pure 

DES can incorrectly influence (Menter & Kuntz, Adaptation of Eddy-Viscosity Turbulence 

Models to Unsteady Separated Flow Behind Vehicles. In The Aerodynamics of Heavy Vehicles: 

Trucks, Buses, and Trains, 2004). Since DDES simulations are essentially RANS simulations in 

the near surface regions, the behavior was anticipated to be similar, though off-body flow 

structures may show some differences. The high level of three-dimensionality of the flow 

structures near the end plates led to recommendations of previous researchers (Mahon & Zhang, 

2004) that steady or unsteady RANS may not adequately capture the vortices correctly. Prior 

work comparing RANS vs. DES in terms of vortex prediction of strength and location on a 

NACA 0015 airfoil against experimental results showed that DES was able to capture the 

complex flow structures and vorticity while RANS showed discrepancies (Liang & Xue, 2014). 

Thus, particularly for the heaving runs, DDES was utilized to adequately capture the anticipated 

change in kinematics of the end plate vortices. 

The computational domain is 48m wide x 24 m tall x 160 m long, with the domain 

extending 50 m upstream of the wing and 110 m downstream. Surface meshing is such that 

maximum chord wise spacing is 0.5%. Local mesh is approximately 28 million cells in the 

vicinity of the wing, with a cross section of the volume mesh shown in Figure 4.2.  
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Figure 4.2.  Local mesh in the vicinity of the wing. 
 

Prism layers are generated with a y+1 first cell height at a Reynolds number corresponding to sea 

level 45 m/s flow over a 0.223 m flat plate to account for the movement of the wing during the 

high frequency heaving. The y+ values were less than one for wing surfaces, with the y+ values 

for the lower wing surface is shown in Figure 4.3 for h/c = 0.08. 

 

 
Figure 4.3.  Wall y+ for lower wing surface at h/c=0.08. 

 

 

Initial conditions are a uniform flow specification with sea level air properties. The 

Reynolds number using chord as a reference length is 2.86 x 105 at a freestream velocity of 20 

m/s. This lower freestream velocity of 20 m/s rather than 30 m/s of the prior works was chosen 

in the interest of future experimental work due to the force generated by the wing and the 

decrease in actual frequency required to match reduced frequencies. 
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Grid convergence was evaluated by comparing progressively finer surface grids up to 

double the selected grid parameters, which resulted in less than a 0.2% difference in CL and no 

appreciable differences in the flow field or separation points. Turbulence modeling is performed 

with the k-ω Shear Stress Transport (k-ω SST) (Menter F. , Two-Equation Eddy-Viscosity 

Turbulence Models for Engineering Applications, 1994) with additional gamma transition 

transport equation to predict transition from laminar to turbulent boundary layers more 

accurately (Menter, Smirnov, Liu, & Avancha, 2015). The use of these modeling parameters was 

based on laminar to turbulent transitional flows occurring frequently on airfoils at Re < 106. This 

was observed in static free flight cases early in the research process, shown in Figure 4.4 where 

high shear stress is evident at the leading edge of the wing, which then declines rapidly but then 

increase again toward the quarter chord location. 

 

Figure 4.4.  CSF for α = 10° in free flight conditions. 
 

An overset grid was used during the heaving simulations, with the local wing grid maintained 

similarly to the static ride height runs. The heaving motion is sinusoidal and is described by: 

ℎ(𝑡)  =  ℎ𝑚𝑒𝑎𝑛  −  𝑎 sin (2𝜋
𝑡

𝑇
) (4.2) 
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where a is the peak-to-peak amplitude and t/T is time/period.  

 

4.3     Static Wing Results 

 

4.3.1    Free Flight 

The free flight results shown in Figure 4.5 were evaluated at α increments from -10 

degrees to +15 degrees, with the reference incidence of zero being the case with the end plates 

parallel to the ground. Experimental results were obtained from Zerihan (Zerihan, An 

Investigation into the Aerodynamics of Wings in Ground Effect, 2001). The RANS free 

transition model correlated well throughout the range studied, with CL = -0.64 at the reference 

incidence matching the free transition result exactly and slightly over the fixed transition 

experimental result of CL = -0.62. At +10 degrees, the CL of -1.40 slightly overpredicted the free 

transition experimental result of CL = -1.33. 

 

Figure 4.5.  α sweep in free flight conditions. 
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4.3.2    Ground Effect  

Selected h/c positions were chosen to capture a broad range of the ground effect 

behavior, with a higher density of points around the experimental peak CL. In comparison to 

experimental results, neither RANS nor DDES were able to achieve the free transition 

experimental peak CL of -1.72, and much more closely resembled the transition-fixed data 

(Zerihan, An Investigation into the Aerodynamics of Wings in Ground Effect, 2001). Transition 

fixing in the experimental work was achieved by fixing 100 size grit strips to the upper and 

lower surfaces at the 0.1c location on the wing. This was modeled with a laminar region in CFD 

at the same locations. The results shown in Figure 4.6 display good correlation for both free and 

fixed transition up to h/c = 0.125, with the free transition model overpredicting the CL at h/c = 

0.1 where peak lift occurs.  The fixed-transition model achieved peak CL at h/c = 0.125 but stalls 

more dramatically as ride height is reduced. At h/c = 0.4, both show a substantial degradation in 

CL, which would be expected if the experimental results had continued lower than h/c = 0.45. 

The DDES results correlated well with the RANS cases. 

 

Figure 4.6.  Static ride height results for RANS fixed transition, RANS free transition, and DDES free 

transition models compared to experimental fixed transition data. 
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Experimental CP vs. x/c for the fixed transition data at the approximate wing centerline 

(experimental taps were slightly staggered to accommodate pressure tap installation) was plotted 

against the RANS free transition model in Figure 4.6 for three approximately similar heights. 

Overall, the CP shows good correlation to the experimental data. For the h/c = 0.06 case, the peak 

CP is greater in CFD, though this may be attributed to the finite experimental pressure tap 

spacing as compared to the much finer spatial resolution in CFD. For all three h/c locations, there 

is some discrepancy in separation region between 0.3-0.4 x/c, though the previous caveat 

regarding the pressure tap spacing may also apply. Based on results from Figure 4.6 and Figure 

4.7, the free transition model was selected for the later heaving runs. 

 

Figure 4.7.  CP vs. x/c for fixed transition experimental data and RANS free transition model at:  

a) h/c = 0.06, b) h/c = 0.13, and c) h/c = 0.2. 
 

The suction side of the wing exhibits characteristic behavior for this wing profile, shown 

in Figure 4.8.  Pressure coefficient reveals an increasing negative CP region with reduced ride 

height at the x/c = 0 - 0.25 region of the wing. Skin friction coefficient (CSF), shown on the right 

side of Figure 4.8, is revealing and correlates with prior research on this geometry.  At h/c = 

0.70, there is a distinct separation at x/c = 0.3, with separation defined as τw = 0 (Simpson, 
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1989). Evidence of reattachment begins at x/c = 0.4 before separating once more toward the 

trailing edge. The reattachment region becomes progressively smaller as h/c is reduced, until it 

fully separates at h/c = 0.04. Experimental oil flow is shown in Figure 4.8 with the separation 

point highlighted (Zerihan, An Investigation into the Aerodynamics of Wings in Ground Effect, 

2001). Trailing edge separation was determined from the simulations and plotted in Figure 4.10.  

There is no evidence of trailing edge separation until h/c < 0.2, with the trailing edge separation 

extending to x/c = 0.5 at the lowest ride height of x/c = 0.3. At the peak CL height of h/c = 0.10, 

the largest region of negative CP is evident as compared to h/c = 0.25 or h/c = 0.04 case. CSF 

indicates that flow attachment is still evident between x/c = 0.25 and 0.5. At h/c = 0.04, the flow 

is completely separated downstream of x/c = 0.3. Vortex burst behavior becomes evident in the 

CSF plots, with the vortices growing larger and more inward laterally. Inboard movement and 

cross flow near the end plates is evident in the oil flow in Figure 4.9. 

 
 

Figure 4.8.  Underside CP (left)and CSF (right) ranging from high ground clearance of 0.70c (top), to 

minimum of 0.04c. 
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Figure 4.9.  Experimental oil flow highlighting the initial separation region at h/c=0.134 (top) and post-peak 

CL at h/c = 0.90 (bottom).  Courtesy of Jonathan Zerihan. 

 

 

 
 

Figure 4.10.  Trailing edge separation (x/c) vs. h/c. 

 

 

The use of iso-surfaces of Q-criterion (Jeong & Hussain, 1994) to visualize the vortex cores 

confirms the inward movement and expansion of the vortex cores in response to decreasing 
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ground clearance (Figure 4.11). The presence of the 0.3-0.4 x/c separation is also evident. Future 

study of the dynamic effect on vortex kinematics is planned, since downstream aerodynamics in 

a race car are heavily influenced by front wing vortices. 

 

Figure 4.11.  Q-criterion results (threshold 10,000) showing inward movement of the vortex cores with reduced 

ground clearance. 
 

 

4.4     Heaving Wing Results 

 

4.4.1    Free Flight 

The wing was evaluated in free flight heave at reduced frequencies of 0.5 < k < 2.5 as 

would be realistically expected for an inverted wing in ground effect in ground vehicle 

applications. In the case of k = 0.5, cycles 2-4 of the sinusoidal oscillation are shown in Figure 

4.12. Plotting cycles 2-4 together in Figure 4.13 shows that the peak CL occurs at t/T = 0.5, 

corresponding to the middle of the upward motion and corresponding highest vertical velocity. In 

this and the following plots, the startup cycles have been omitted due to the large CL fluctuations 

associated with the initiation of the motion. 
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Figure 4.12.  CL vs. t/T for free flight k=0.5. 
 

 

Figure 4.13.  CL vs. t/T for cycles 2-4 of free flight k = 0.5. 
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Ensemble averaging of cycles 2-4 is shown in Figure 4.14. Comparing to the static free flight 

result of CL = -0.64, peak CL = -0.73, though the time averaged CL = -0.56. Using Theodorsen's 

theory for lift of a plunging, sinusoidally oscillating airfoil, given by: 

𝐶𝐿  =  π𝑏 (−
ℎ̈

𝑈∞
2

+
θ̇

𝑈∞
− 𝑏𝑎

θ̈

𝑈∞
2

) + 2πC(k) [−
ḣ

U∞
+ θ+b (

1

2
-a)

θ̇

U∞
] (4.3) 

The Theodorsen predicted CL for k = 0.5 was calculated assuming the free flight CL of -0.64. 

Theodorsen's theory over predicts the downforce generation of the oscillating wing, though the 

CL variation amplitude is approximately correct. The theoretical overprediction is likely due to 

the asymmetry of the cambered wing as well as observable separation occurring during the 

cycles. Results for k = 1.0 and 2.5 are shown in Figure 4.15. 

 

Figure 4.14.  Ensemble average for freestream k = 0.5 with Theodorsen analytical result. 
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Figure 4.15.  Free flight heave results for k = 1.0 (left) and k = 2.5 (right). 

 

 

4.4.2    Ground Effect 

 

Since race vehicles typically operate in and around peak downforce generating regions, 

several mean ride heights were evaluated based on their interaction with the peak CL height of 

h/c = 0.1. Mean ride heights of 0.08c, 0.10c, 0.12c and 0.14c were selected with a constant 

amplitude of 0.04c. The hmean = 0.08c case operates nearly entirely below the lift peak and well 

into the indicated static lift reduction region. The second case of hmean = 0.10c has a mean height 

at the peak CL and enters the lift reduction region before fully moving above it. For hmean = 0.12c, 

the oscillations traverse the peak CL and just enter the stall region before returning just above the 

peak CL. Finally, hmean = 0.14c has oscillations that reach peak CL height but do not exceed it. 

The heights are summarized in Table 4.1. All four mean heights were evaluated at k = 0.5, and 

0.08c at both k = 0.5 and k = 1. 

Table 4.1.  Summary of mean, minimum and maximum heights for ground effect heave. 

 

hmean (h/c) hminimum (h/c) hmaximum (h/c) 

0.08 0.04 0.12 

0.10 0.06 0.14 

0.12 0.08 0.16 

0.14 0.10 0.18 
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The results for the four hmean heights are shown in Figure 4.16. All exhibit reduced phase 

lag compared to the freestream case at the same frequency and more closely follows the 

displacement cycle of the wing. The ensemble averages for each mean height for cycles 2-4 are 

shown in Figure 4.17. The maximum CL for hmean = 0.08c was -1.38 and minimum of -0.85. The 

maximum and minimum CL for hmean = 0.10c and hmean = 0.12c are -1.59 and -0.99 respectively, 

with peak CL occurring at the maximum downward displacement of the wing in the heave cycle. 

For hmean = 0.08c, the peak CL of -1.38 does not occur at the maximum lower displacement but 

rather at t/T = 0.182, which corresponds to h/c = 0.044. At t/T = 0.27 which corresponds h/c = 

0.041 or just above the minimum, there is a reduction from the peak CL to -1.26. As the 

displacement upward continues this recovers to -1.32 at t/T = 0.35. The case of hmean = 0.14 has a 

peak CL of -1.61 that occurs at t/T = 0.34 as the wing begins moving back upwards. This spike in 

CL is evident in all three cycles after the initial oscillation cycle. 

 

 
 

Figure 4.16.  CL vs. t/T for all four mean ride heights. 
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Figure 4.17.  CL vs. t/T, ensemble averages. 
 

The ensemble average CL for each mean height is plotted vs. h/c along with the static CL 

values in Figure 4.18. The average of the ensemble averages is also shown, with hmean = 0.08c 

having the lowest average CL of -1.09.  The cases of hmean = 0.10c and hmean = 0.12c have an 

average CL of -1.31, while hmean = 0.14c has an average of -1.28. All four hmean averages are 

below their static ground effect values, with the largest difference for the case of hmean = 0.08c 

where the oscillating average CL = -1.09 as compared to the static value of CL = -1.41. This 

represents a downforce loss of just over 22% for the cycle compared to the static values. 
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Figure 4.18.  CL vs. h/c, ensemble averages. 

 

 

One point of interest is how the wing achieved a higher peak CL during the heaving 

motion than at the same h/c location statically. Figure 4.19 plots CP at y /s = 0.55 near the center 

of the span and a second set near the end plates at y/s = 0.91, where s is the span. Static results 

for h/c = 0.06 are plotted along with the heaving results for hmean = 0.10c case at t/T = 2.25, 

which corresponds to the 3rd oscillation cycle and an h/c of 0.06 at that time. At this location, the 

wing has entered its maximum downward displacement and has no vertical velocity due to the 

sinusoidal motion. Peak CP is slightly reduced at x/c = 0.2, however the heaving case has lower 

CP from x/c > 0.25. In the same figure, the end plate CP vs. x/c (right) has a lower CP across the 

suction surface of the wing. Similar behavior is observed in the hmean = 0.12c case (Figure 4.20) 

when compared to the static h/c = 0.08. 
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Figure 4.19.  CP vs. x/c for hmean = 0.10c and static h/c = 0.06 for y/s = 0.55 (left) and y/s = 0.91 (right). 

 

 

 

Figure 4.20.  CP vs. x/c for hmean = 0.12c and static h/c = 0.08 for y/s = 0.55 (left) and y/s = 0.91 (right). 
 

Comparison of CP images in Figure 4.21 for the lower wing surface for hmean = 0.1c at h/c = 0.06 

to the static h/c = 0.06 case reveal that the end plate vortices are a major contributor to the 

difference in the two cases. 
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Figure 4.21.  CP suction surface image for static h/c = 0.06 (top) and hmean = 0.10c at the same h/c. 
 

The peak CL of hmean = 0.14c was previously observed to have exceeded the peak CL of the other 

mean heights. However, this occurred at t/T = 2.34 rather than t/T = 2.25, which is after the wing 

begins its upward movement. At t/T = 2.25 (Figure 4.22), the hmean = 0.14c and static 0.10c case 

have largely comparable CP distributions for both measurement locations. However, at t/T = 0.34 

(Figure 4.23), the end plate region shows reduced CP across the lower suction surface. 

 

Figure 4.22.  CP vs. x/c for hmean = 0.14c and static h/c = 0.10 for y/s = 0.55 (left) and y/s = 0.91 (right). 



 

96 

 

 
Figure 4.23.  CP vs. x/c for hmean = 0.14c at t/T = 2.33 and static h/c = 0.10 for y/s = 0.55 (left) and y/s = 0.91 

(right). 
 

 

4.5     Analytical Formulation 

 

Several methods of analytical analysis of both heaving wing and wing in ground effect 

were investigated. The well-known theory of Theodorsen (Theodorsen, 1934) has several 

deficiencies when modeling heave in ground effect, for which it was not intended. The first is the 

use of Theodorsen's theorem for a wing in ground effect substantially underpredicts the wing 

performance by up to 100%. Both the predicted lift fluctuation and mean lift value are 

significantly underestimated when attempting to use Theodorsen as a predictor of ground effect 

heave performance. It must be emphasized that this scenario — extreme ground effect, separated 

flow conditions, and a cambered airfoil — all violate the underlying assumptions of the generally 

robust theory. 

The second notable deficiency is that the predicted phase lags of the lift coefficient are 

not present when the wing is in extreme ground effect as is the case here. As noted by Molina 

(Molina & Zhang, 2011), the behavior of the wing or airfoil in ground effect closely tracks the 
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ground clearance, especially when operating above static stall conditions. For Theodorsen's 

theory to model this correctly, the non-circulatory apparent mass term, which is related to the 

acceleration of the wing, must be dominant if the model is to accurately predict extreme ground 

effect behavior. At closer proximity to a wall, incorrect modeling of the flow, where the wall 

velocity should exactly be that of the freestream, whereas in a wall-mirrored approach, the 

velocity is the result of the circulation distribution of the two opposing airfoils. 

Further examination of the literature on extreme ground effect craft led to the collection 

of research by Rozhdestvensky (Rozhdestvensky, 2000). From two-dimensional potential flow 

analysis, the lift coefficient for an airfoil at an angle of attack is given by Equation 4.4. The lift 

coefficient due to airfoil camber is given by Equation 4.5. The general form of both equations, 

shown in Equation 4.6, is used to represent both the effect of incidence and airfoil curvature. 

𝐶𝐿 =
θ

ℎ
(1 +

4ℎ

π
𝑙𝑛

π

ℎ
+

2ℎ

π
) (4.4) 

𝐶𝐿 =
4ζ𝑐

ℎ
(

1

3
+

2ℎ

π
𝑙𝑛

π

ℎ
) (4.5) 

𝐶𝐿 =
ε

ℎ
[𝐶1 + ℎ ln (

1

ℎ
) 𝐶2 + ℎ𝐶3] (4.6) 

The constants in this equation were tuned to match the pre-stall slope of the static lift curve as 

the wing approaches the ground, resulting in ε = -0.25, C1 = 0.50, C2 = 0.40 and C3 = 2.25. Since 

this is a potential flow-based equation, the lift unrealistically increases as ground clearance 

decreases, well past the stall point of the airfoil. In order to correct for this, a state space variable 

X was calculated and tuned to correct the potential flow prediction and account for the 

decreasing performance and eventual stall of the lift curve. This concept is based on the work of 

Goman-Khrabrov (Goman & Khrabrov, 1994) and extended by numerous researchers in the field 

of unsteady aerodynamics, typically involving dynamic airfoil pitching motions which result in 
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hysteresis or over/under prediction of lift for a given angle of attack ( (Williams, An, Iliev, King, 

& Reissner, 2015), (Williams, Reissner, Greenblatt, Mueller-Vahl, & Strangfeld, 2017), 

(Narsipur, Gopalarathnam, & Edwards, 2019)).  

In the case of a pitching airfoil, the state space variable is loosely correlated to the degree 

of separation the airfoil is experiencing instantaneously which may not correlate to the actual 

angle of attack. In essence, the airfoil is behaving as if it is at a different angle of attack. Rather 

than the G-K model being a function of pitch and pitch rate, in this case, the variable X is a 

function of ground clearance. This equation, representing the separation effect and acting as a 

correction to the potential flow prediction is shown below: 

𝐶𝐿(𝑋) = 4.25(1 − 𝑋(ℎ)) (4.7) 

A fourth order curve fit was used to model X(h). The resulting lift coefficient predictions as 

compared to static CFD results are shown in Figure 4.24. 

𝐶𝐿𝑆𝑡𝑎𝑡𝑖𝑐
= 𝐶𝐿𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙

+ 𝐶𝐿𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛
(4.8) 

 
Figure 4.24.  Potential and CL(X) vs. static CL prediction from CFD. 
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Next, the dynamic lift due to sinusoidal oscillation was calculated, again using a potential flow 

analysis. For the case of three-dimensional unsteady lifting flows, whereby a wing is subjected to 

a sinusoidal oscillation in extreme ground effect, the lift coefficient variation is given by the 

following equation from Rozhdestvensky, which from linear theory is simply superpositioned on 

the steady results (Rozhdestvensky, 2000) : 

𝐶𝐿𝐷𝑦𝑛𝑎𝑚𝑖𝑐
= ℎ̇𝐶𝐿

ℎ̇ + ℎ̈𝐶𝐿
ℎ̈ (4.9) 

 

 

For an infinite aspect ratio wing, which is relevant with AR ~ 5 for this case, the aerodynamic 

derivatives simplify to: 

ℎ𝐶𝐿
ℎ̇ =

1 + 0.5(2𝑘)2

1 + (2𝑘)2
 𝑎𝑛𝑑 ℎ𝐶𝐿

ℎ̈ =
1 − 0.5(2𝑘)2

3(1 + (2𝑘)2)
(4.10) 

 

 

where k is the reduced frequency as defined in Equation 4.1. 

 

Finally, the effect of both h/c and X on CL were calculated using the modified Goman-

Khrabrov (G-K) model that uses h/c rather than pitching rate is shown Equation 4.9 and 4.10. 

Using the curve fit of X vs. h/c and tuning of the time constants, a new value of instantaneous 

X(t) was found and input into Equation 4.5 to generate a new CL(X) that correlates with the wing 

undergoing dynamic motion. An additional modification to the G-K model was to alter the τ2 

constant to be divided by h(t), following Widnall’s perturbation theory of O(α) for a wing in free 

stream to O(α/h) in ground effect (Widnall & Barrows, 1970). This modification increases the 

respective effect of each time constant with decreasing ground proximity and displayed higher 

fidelity to the simulation results. The resulting function for each mean height at k = 0.5 is shown 

in Figure 4.25. 

𝜏1

∂𝑋(𝑡)

∂𝑡
+ 𝑋(𝑡)  = 𝑋0(𝑡) (4.11) 
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𝑋0(𝑡)  =  𝑋0 (ℎ(𝑡) −
τ2

ℎ

𝑑ℎ

𝑑𝑡
) (4.12) 

 

 
 

Figure 4.25.  X(t) vs. t/T from modified G-K function 

 

Combining these equations results in an expression for CL in Equation 4.11 with the 

results shown in Figure 4.26. It was found that setting the time constants to τ1 = 0.01 and τ2 = 

0.175 yielded the best compromise of magnitude and phase alignment with CFD results. Results 

for hmean > 0.10 show acceptable agreement with CFD predictions. The case of hmean = 0.08 

shows reasonable fidelity for t/T < 0.4 but then overpredicts the lift for the remainder of the 

cycle, though the qualitative shape of the curve is correct. Using the same parameters, the model 

adequately predicted the results for the k = 1 at hmean = 0.08c case. 

𝐶𝐿(ℎ, 𝑋) = 𝐶𝐿φ
(ℎ) + 𝐶𝐿𝐷𝑦𝑛𝑎𝑚𝑖𝑐

(ℎ, 𝑆𝑟) + 𝐶𝐿(𝑋)(ℎ, 𝑋) (4.13) 
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Figure 4.26.  Calculated CL(X) vs. CFD results for mean heights of: 

a) 0.14c, b) 0.12c, c) 0.10c and d) 0.08c for k = 0.5 and 1.0. 
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4.6    Conclusions 

 

The single element inverted wing geometry of Zerihan et al. was used to study the effect 

of sinusoidal heaving motion in both free flight and extreme ground effect. Static free flight and 

ground effect RANS and DDES were performed with both fixed and free transition models, with 

the free transition model correlating well with the fixed transition experimental data. None of the 

various approaches were able to match the published free transition experimental values despite 

numerous and varied approaches. Pressure coefficient vs. x/c correlated closely with the fixed 

transition experimental data. Using the same grid and computational approach, the wing was 

oscillated in heave at several reduced frequencies in free stream, with freestream CL correlating 

well with Theodorsen's theory predictions.  

In ground effect, the wing was heaved at a reduced frequency k = 0.5 at varying mean 

heights about the peak static CL location. All four mean heights showed reductions in average 

CL, though instantaneous peak CL was substantially increased when compared to static cases. 

This effect was most pronounced for hmean = 0.14c and the least for hmean = 0.08c. The case of 

hmean = 0.08c showed the largest discrepancy between average CL and static values, with a 22% 

reduction in CL. 

Finally, an analytical formulation was derived after exploring various heaving wing and 

ground effect analytical solutions. It was found that Theodorsen's theory without arbitrary 

modification was insufficient to predict ground effect heave behavior. Modifications to apparent 

mass from hydrodynamic calculations were directionally correct but insufficient in magnitude to 

influence the phase of peak downforce, nor accurately predict the magnitude of downforce. 

Calculation of static CL from potential theory, combined with dynamic potential flow prediction 

from Rozhdestvensky and implementation of a modified Goman-Khrabrov state space model 
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showed reasonable correlation in CL magnitude and phase. The hmean = 0.08c case overpredicted 

CL in the second phase of the motion at k = 0.5 and had reasonable correlation at k = 1 using the 

same tuning constants. 
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