
Abstract

PAKKAM, SRIRAM SARANATHY. High Downforce Aerodynamics for Motorsports. (Under the di-
rection of Dr. Ashok Gopalarathnam).

Using a combination of inverse airfoil design techniques, rapid interactive analysis methods, detailed

computational fluid dynamics (CFD) and wind tunnel testing, this paper aims to provide a better

understanding of aft loading as a design direction for high downforce airfoils for race car rear wing

applications while ensuring performance sustainability across a wide angle-of-attack operating range.

This design philosophy was possible because, unlike with aircraft applications, there are no pitching

moment constraints for race car wings. Both single-element and two-element airfoils were considered in

this study.

The work was carried out in two parts. In the first part, the high downforce design methodology

was explored. The first step in the design process was the use of an inverse design method (PROFOIL),

which was used to generate candidate airfoil shapes. The inverse design method uses Newton iterations

to converge on the desired solution based on various imposed constraints. In this study, in addition to

standard airfoil parameter specifications such as thickness, camber, and pitching moment, additional

constraints on trailing edge bluntness (as mandated by most motorsport governing bodies) and leading

edge radius were used in the design. Based on the specified constraints, the inverse design code generates

airfoil shapes to match the specified invicsid velocity profile. In order to evaluate the candidate airfoils

quickly and efficiently, the XFOIL (single element) and MSES (multi element) codes were used in the

second step to provide viscous predictions for the airfoils designed using PROFOIL. These codes allowed

for rapid analysis of the airfoils at several angles of attack, Reynolds numbers, and for several flap

configurations. Wind tunnel testing and CFD simulations were used as a final step to corroborate the

results of the optimized airfoil shape. Surface pressure distribution, force and moment data, and oil-flow

visualization photographs from wind tunnel tests conducted in the NCSU subsonic wind tunnel were

used to provide comparisons with XFOIL/MSES and the CFD predictions. The results show that aft

loading on an airfoil is conducive to high downforce requirements and is a favorable design direction

when considering airfoils for race car wing applications. Comparisons have been made with airfoils

representative of the high lift design philosophies of Dr. Liebeck, Dr. Wortmann and Dr. Selig. As



a case study, a high-lift multi-element airfoil configuration developed for the NCSU Formula SAE race

car will be used. For this airfoil, XFOIL / MSES, CFD, and wind tunnel results for single and multi

element airfoils will be presented. The results confirm the importance of aft loading as a design direction

in maximizing the performance. While the research will focus on the wing and airfoil aerodynamics for

the NCSU Formula SAE car, the results and discussion will be applicable to a variety of race vehicles

with wings. Due to the reduced vehicle speeds encountered in a formula SAE competition (as compared

to other professional motorsports), the bulk of the analysis and testing was performed at low Reynolds

numbers ranging from 300,000 to 600,000 to provide a realistic estimate of the feasible aerodynamic

gains at the relevant cornering speeds. The results confirm the importance of aft loading in maximizing

doenforce performance.

The second part details the development of a lap simulation code that analytically generates and

uses racing lines for the specified track geometry. The primary purpose of the simulation for the current

research was to enable further comparisons between the high downforce airfoil developed using inverse

design and other existing high lift designs. An analytical method for generating racing lines for a

wide variety of corners has been proposed and used in the simulation to enable better aerodynamic

comparisons and analysis, as opposed to using constant radius and steady-state cornering models. The

racing-line physics is coupled with the code’s ability to simulate trail braking to provide a vehicle model

that successfully maneuvers the edges of the traction envelope and thus maintains limit performance.

Since limit performance and limit handling are the racing objectives, aerodynamic evaluations need to be

conducted at these operating conditions to effectively represent design requirements and mimic expected

conditions more closely. The results of the lap simulations confirm the importance of including racing-

line physics and trail braking in evaluating the influence of aerodynamic downforce. A comparison of the

calculated lap times for the different airfoils brings out the benefits of designing airfoils with aft loading

and a wide angle-of-attack range over which high downforce is achieved.
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Chapter 1

Introduction

1.1 High Downforce Wing and Airfoil Design in Motorsports

Downforce in motorsports has been one of the key parameters determining race vehicle per-

formance envelopes for over four decades now. Along with power, weight and tires, it is one

among the four most important parameters for which open wheel race cars such as Formula 1

cars are optimized [1]. Since the ground effect era (Formula 1 cars using inverted airfoil-shaped

underbodies in ground effect for massive aerodynamic gains) of the late seventies, Formula 1 and

other open wheel race car designs have been dictated by the preferred aerodynamic layout and

are designed to work best with the wings and other elements of the aerodynamic package [2].

The use of the Ford Cosworth DFV eight cylinder engines by some teams in the seventies as op-

posed to the considerably more powerful twelve cylinder, horizontally opposed engines(notably,

Ferrari) is a case in point. The massive aerodynamic downforce benefits available from ground

effect as a result of the inverted airfoil shape of the vehicle underbody was being explored by

the aerodynamicists and the smaller, albeit less powerful, engine was beneficial aerodynamically

and ultimately, superior in vehicle dynamic considerations and track performance [1]. This was

an approach pioneered by the Lotus founder Colin Chapman and Lotus aerodynamicist Peter

Wright. The result was the Lotus 79 which went on to win both the Constructor’s and Driver’s

World Championship titles for Lotus at the hands of Mario Andretti. The 79 proved to be
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(a) Front wing profiles of a Ferrari Formula 1 car. (b) Williams F1 front wing profile

Figure 1.1: Modern Formula 1 front wing profiles

almost unbeatable during the 1978 Formula One season and provided an unprecedented level

of domination.

While various components of an aerodynamic package contribute varyingly to the downforce

levels and resulting flow fields, only the front and rear airfoils and wings lend themselves to

theoretical aerodynamic analysis methods and techniques for design. Other components and

body shape designs still rely on experimental and numerical data at the design stage [1]. But

as has been highlighted by Agathangelou and Gascoyne [3], the front wing flow is complicated

by ground effect (as a result of the close proximity to the ground) and the close presence of

the front wheels. This coupled to the front-wing’s wake interaction with other components

in close proximity means that front airfoil and wing designs cannot be realized using existing

theoretical methods used in airfoil and wing design. Figure 1.1 shows some recent front wing

shapes. It is clear from the subtle spanwise variations that various constraints other than

maximum CL are playing a prominent role in dictating the profile of the wing and the complex

structure of the wing end-plates. These spanwise variations are required by the designer in an

attempt to keep the loading across the front wing as uniform as possible in order to ensure

that the rest of the vehicle can be utilized to produce more downforce [3]. Unfortunately, the

airfoil design methodologies satisfying such requirements are confidential pieces of information

that teams and other technical organizations rarely disseminate in books or journals and, as a
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(a) Williams F1 rear wing (b) Toyota F1 rear wing

Figure 1.2: F1 rear wig designs

consequence, the ’outside’ is rife with speculations and guesses as to the technical nuances and

details of such designs.

The rear wing sees relatively ’clean’ flow as it is mounted higher than the bodywork elements

in order to gain access to relatively undistributed air flow [3]. This, coupled with the fact that

no other parts of the vehicle are located aft of the rear wing ensures that rear wing design can be

driven towards optimizing the wing alone for more downforce. It is this fact which leads to rear

wing profiles being less complicated, as shown in Figure 1.2, because no other aerodynamic

design compromises enter the fray. Rear wing design can thus be conducted in a relatively

more isolated environment [3]. As a consequence, design of the rear wings and airfoils can be

explored using existing aerodynamic theories and are amenable to design techniques such as

inverse design.

1.2 Research Objectives

The focus of the first part of this research is to present aft loading as a design direction for

high downforce airfoils for race car rear wing applications while ensuring performance sustain-

ability across a wide angle-of-attack operating range. In order to prove the efficacy of this design

direction, a combination of inverse airfoil design techniques, rapid interactive analysis methods,

detailed computational fluid dynamics (CFD) and wind tunnel testing have been used. This
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design philosophy was possible because, unlike with aircraft applications, there are no pitching

moment constraints for race car wings. As has been discussed in Section 1.1, front wing airfoil

design is not amenable to traditional airfoil design techniques due to the complexity of the flow

structures and the subsequent complexity in the spanwise design. But since rear wings are

positioned at the aft portion of the vehicle, there is little consequence attached to the control of

their trailing vortices and this helps keep the flow to the rear wing relatively unhindered with

reduced influence due to external flow field structures. It is felt that traditional aerodynamic

design methods and analysis techniques can be employed to improve high downforce airfoil

design.

A candidate high downforce airfoil was been designed to highlight the design methodology

and underscore the downforce gain obtainable for such a design direction. Two element airfoils

employing the same airfoil were also considered to show the efficacy of the design direction in

terms of retention of performance of the single element airfoils when placed in a multi-element

environment.

The second part of this thesis expounds the development of a lap simulation code that

generates and uses racing lines for the specified track geometry. The primary purpose of the

simulation for the current research was to enable further comparisons between the high down-

force airfoil developed using inverse design and other existing high lift designs. An analytical

method for generating racing lines for a wide variety of corners has been proposed and used in

the simulation to enable better aerodynamic comparisons and analysis, as opposed to using con-

stant radius steady state cornering models. The racing line physics is coupled with the code’s

ability to simulate trail braking to provide a vehicle model that successfully maneuvers the

edges of the traction envelope and thus maintains limit performance. Since limit performance

and limit handling are the racing objectives, aerodynamic evaluations need to be conducted at

these performance regimes to effectively represent design requirements.
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1.3 Outline of Thesis

The second chapter explains the design direction provided by the aft loading and compares

the prominent high lift airfoil design philosophies and their respective merits and demerits

when it comes to motorsports applications. The third chapter deals with the implementation

of the aft loading design philosophy applicable to the high downforce requirements relevant to

motorsports and the first step in that approach was the use of a multi point inverse design

method (PROFOIL) [10], to generate candidate airfoil shapes which were then analyzed using

the XFOIL (single element) [14] and MSES (multi element) [4] codes to provide viscous pre-

dictions quickly and efficiently and thus serve as feedback to the designer to further refine the

performance of the airfoil under consideration. These codes allowed for rapid analysis of the

airfoils at several angles of attack, Reynolds numbers, and for several flap configurations.

The fourth chapter studies multi element airfoil design and the perceived merits and reten-

tion of performance of the considered aft loading in a multielement airfoil environment. Finally,

results are shown from wind tunnel testing and computational fluid dynamics (C.F.D) simula-

tions, which were used to study the resulting airfoil shape. Surface pressure distribution, force

data and oil-flow visualization photographs from wind tunnel tests conducted in the NCSU

subsonic wind tunnel provide comparisons with XFOIL/MSES and the CFD predictions.

The fifth chapter is the second part of this thesis and contains the methodology and results

for a lap simulation code that uses racing lines to evaluate the performance of a race ar around a

lap of a pre-defined circuit geometry. Velocity plots and lap times are used as the primary tools

for comparing and further validating airfoil performance for the airfoils compared in chapter 3.

This study will be presented using a high lift multi element airfoil configuration developed

for the NCSU Formula SAE race car. Due to the reduced vehicle speeds encountered in a

Formula SAE competition (as compared to other professional motorsports), the design and

testing was performed at low Reynolds numbers ranging from 300000 to 600000 to provide a

realistic estimate of the feasible aerodynamic gains at the relevant cornering speeds. The inverse

design was set up to replicate this scenario and airfoil downforce has been maximized for this
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range of low Reynolds numbers. Computational results at higher Reynolds numbers are also

provided to establish the validity of the design direction with respect to its applicability to race

cars that operate at higher speeds.

The results confirm the importance of aft loading as a design direction in maximizing the

performance. While the research focuses on the wing and airfoil aerodynamics for the NCSU

Formula SAE car, the results and discussion are applicable to a variety of race vehicles with

wings.
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Chapter 2

High Downforce Airfoil Design

Methodology

2.1 High Downforce Design Philosophy

For a motorsports airfoil, the chief requirement is a high Cl max [22]. After this requirement

is satisfied, various other criteria can be considered in the design to ensure proper functioning of

the high downforce system under various constraints associated with motorsports applications.

This section will consider some of these constraints and examine some of the existing low

Reynolds number(LRN) high-lift airfoil designs that have been developed before for various

aeronautical applications such as UAVs and other low speed surveillance crafts [24].

2.1.1 Existing High-Lift Design Methodologies

The distinct design philosophies in the low Reynolds number regime include the approaches

taken by Liebeck [22], Eppler [6], Wortmann [5] and Selig [24]. To study and implement

the applicability of aft loading to motorsports applications, it is necessary to understand the

interdependence of various airfoil characteristics upon one another. Shown in Figure 2.1 on

page 8 is a graphic representation of the various flow boundary layer transition regimes and

the performance consequences thereof. Aspects shown in the figure and their uses in design
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Figure 2.1: Interrelation between boundary layer control efforts and consequences (adapted
from [7]).

will be explored in the sections of this chapter. It is well known [24] that as pitching moment

increases, maximum lift coefficient increases along with the pressure recovery becoming convex,

as depicted in Figure 2.2 on page 9. Other observable trends from the same figure indicate that

as an airfoil tends towards a more concave loading, high lift is achievable along with an increase

in the rapidity with which stall is reached. (’fast stall’ [24]).

From a broad investigative perspective, two distinct methodologies were prevalent in the

quest for high lift. Liebeck airfoils are a good example of the first type where a large rooftop/suction

level is employed followed by a Stratford pressure recovery (or concave pressure recovery) [7].

This leads to hard stall characteristics and high lift with low pitching moment. The second

approach is that reflected by some of the Wortmann airfoils where the reliance on a suction peak

is reduced and more emphasis is placed on aft loading (convex pressure recovery) in order to

provide softer stall characteristics [5]. A third ’middle ground’ methodology is reflected by the
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Figure 2.2: Low Reynolds number airfoil characteristics as a function of pitching moment and
stall type (adapted from Selig and Guglielmo [24]).

Selig and Eppler high lift airfoils where a combination of the aforementioned design philosophies

are utilized in combination to provide high lift at low Reynolds number [24].

The Liebeck airfoils rely on a Stratford boundary-layer inverse solution whereby a pressure

recovery distribution can be found that continuously avoids separation of the turbulent bound-

ary layer. It is meant to recover the maximum possible pressure rise in the shortest possible

distance. A high rooftop Cp value can be specified with the desired roof top length, which

can then be recovered using an inverse solution that gives the Stratford distribution for that

particular rooftop [22]. This approach has worked well for the specific application for which the

airfoil was designed, and provides a high lift value with low pitching moment coefficients. An

example of this type of pressure recovery is shown in Figure 2.3a on page 11 using a Liebeck

LNV-109 airfoil. The Stratford recovery also represents the optimum distribution for low profile

drag [23] and this leads to some of the highest lift to drag ratios for these class of airfoils [24].

But this makes the boundary layer on the upper surface very sensitive to surface imperfections

that may trip the flow and Bragg et al. [38] have studied the effect this has had on suction

peak reliant airfoil and their drastic performance drop due to the effects of rain drops and ice
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accretion close to the leading edge. Motorsport applications often have wings positioned close

to the ground. Even rear wings have surfaces that are constantly closer to the ground than

typically found in aeronautical applications and this makes their surfaces susceptible to various

bits of track and tire debris. These particles can potentially act as trips and, in the case of

airfoils reliant on Stratford recoveries, may influence the potential to generate high downforce.

Depending on the Reynolds number, the trips may sometimes act beneficially and prevent the

formation of laminar separation bubbles. But this induces an inherent uncertainty when the

data is to be allied to other performance prediction suites such as lap simulations and other

vehicle dynamics simulations which rely on aerodynamic data for a wide range of simulated op-

erating conditions. Figure 2.4 on page 12 shows an XFOIL prediction of how a high lift Liebeck

LNV-109A airfoil reacts to transition being forced at x
c=0.1 with a large drop in Cl max. High

performance airfoils reliant on carefully controlled adverse pressure gradients thus show a rapid

deterioration in performance outside a narrow design envelope [7].

Stratford recovery also results in the airfoil exhibiting hard stall which is characterized by

the coefficient of lift decreasing abruptly with increasing alpha in the vicinity of the maximum

lift coefficient. Eppler [6] argued that the sensitivity of the turbulent boundary layer in a

Stratford distribution, which is on the verge of separation by design, can be a cause of hard

stall as the unsteadily moving transition point can change the initial conditions of the pressure

recovery such that the turbulent separation is also unsteady. A race car often sees a large

variation in speed across a race track which can change the operating Reynolds number from

200,000 to 600,000 for Formula SAE. The range could be larger in either direction depending

on the motorsports series in consideration. So these variations can cause an increase in adverse

pressure gradient which then causes a fast moving turbulent separation point. Usually, the

sensitivity to the Reynolds number influence can be mitigated by extending the instability

range i.e, extending the range of the turbulent boundary layer [6]. Eppler suggested that

concave pressure recoveries should be used but they should not be as steep as the Stratford

distribution at the beginning. This forms the basis for Eppler and Selig’s high lift airfoil designs

[24] where a moderated degree of concavity is allowed into the pressure recovery along with aft
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(a) LNV-109 (b) FX63-137

(c) S1223 (d) FX74-CL5-140

Figure 2.3: Pressure vectors computed from XFOIL for α=5oto show airfoil loading.
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Figure 2.4: XFOIL prediction for Liebeck LNV109a airfoil performance at Re=300,000 with
free transition and transition fixed at x

c=0.1 .

loading.

Wortmann’s approach with the FX-63-137 consisted of aft loading with more gradual initial

gradients. The design approach with this airfoil was to increase Cl max primarily by adding

pitching moment [24]. Wortmann argued that in the case of a concave pressure distribution,

a boundary layer’s initial thickness effects on the turbulent boundary layer are much stronger

than for pressure rises with smaller initial gradients [5]. This gives the FX63-137 a convex

pressure distribution, as seen in Figure 2.3b on page 11, along with an increase in length of

the representative pressure vectors on the lower surface at the aft portion of the airfoil, thus

indicating aft loading. Eppler showed that the lift of an airfoil with concave recovery could be

improved using aft loading and this was meant to espouse the combined use of concave pressure

recovery and aft loading as a means to enhance high lift performance. An example of this design

direction is the Wortmann FX74-CL5-140 (Figure 2.3d on page 11), which is a high lift design

that was tailored for high lift performance at a higher Reynolds number than those considered

here. It uses gradual initial pressure recovery compared to Stratford recovery airfoils and also

shows aft loading, as shown in Figure 2.3d on page 11. Selig adapted concave recovery and aft

loading to produce airfoils optimized for high lift at LRN. The S1223 (Figure 2.3c on page 11)
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and the FX74-CL5-140 produce the highest maximum lift currently among airfoils operating in

this regime.

2.1.2 Considerations for an Effective High Downforce Philosophy

Even though a motorsports wing does not see large changes in angle of attack during forward

motion, it is necessary to have as wide an operating range as possible in order to give the

aerodynamicist and the vehicle dynamicist enough options when it comes to car setup. The

rear wing is often used to balance the car after the front wing setup has been completed to

compensate for any possible undesirable characteristics of the car endowed to it by pre-existing

handling traits [3]. In the work done by McKay and Gopalarathnam [8], the effect of an airfoil

lift curve slope on overall lap times was computed while accounting for wing aerodynamic

considerations. The airfoils under consideration in that study exhibited a moderately hard stall

characteristic and, based on the results of their study, it is evident that lap times deteriorated

post stall. Despite profile drag being large in the post stall regimes, a soft stall can extend the

range of available performance at Cl max. So one of the requirements is that a high downforce

airfoil should possess a soft stall and sustain Cl max or perform close to it for a large angle-of-

attack range to provide flexibility during car set up.

Due to the very low aspect ratios of race car wings, the primary source of drag comes

from the induced component of overall drag. Therefore the chief concern in motorsports airfoil

design is not one of profile drag reduction [22]. Instead it is a maximization of downforce and

the ability of the designed airfoil to sustain the highest possible levels of downforce across a

wide range of physical and aerodynamic adversities. Hence a highly concave pressure recovery

employing a Stratford distribution is not the ideal solution for a motorsports airfoil design while

looking at maximizing downforce and retaining high levels of performance across a broad range

of operating conditions.

Another important consideration in high downforce design is the laminar separation bubble

(LSB) and the effect of its shape and size on the characteristics of the airfoil and the airfoil’s

ability to consistently generate high downforce. If the transition of the boundary layer from
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laminar to turbulent is not handled correctly, the result is an LSB. An LSB can have undesirable

effects on the initial conditions of the turbulent boundary layer and can lead to a reduction in lift

and increase in pressure drag. This is especially true of cases where an airfoil employs concave

pressure recoveries following the transition region, as in the case of Stratford distributions [23].

At low Reynolds numbers, it is difficult to prevent the formation of LSBs over the entire range

of operating conditions.

It has been experimentally proven that a complete suppression of the LSB may not be

necessary. As this is not possible for the span of the operating range, it is beneficial to instead

design the airfoil to have a short LSB. When the bubble stays thin, the effect is similar to that

of suppression and the resulting turbulent boundary layers and concave recovery regions react

well [23]. A short and thin bubble, as opposed to a large one, can help increase the maximum

lift/downforce from an airfoil and also increase the L/D ratio. The short LSB generally has

a length that is of the order of a few percent of chord and is representative of a transition

forcing mechanism that does not have too great an affect on the suction peak. Apart from a

minutely visible bump in the lift curve slope, it has no significant effect on the overall pressure

distribution of the airfoil [7].

As can be seen from Figure 2.5 on page 15, a large bubble may disrupt the formation of an

effective suction and lead to higher minimum pressure values. This phenomenon occurs because,

unlike with short bubbles, the long bubbles change the pressure distribution by effectively

altering the shape over which the outer flow develops [7]. The short bubbles, on the the other

hand, may form even at low incidences and move forward and contract in streamwise extent

as angle of attack increases. Long bubbles may also experience bursting at the leading edge

which can result in leading edge stall. Short bubbles generally lead to the more favorable (for

the current application) trailing edge stall [7].

Graphical illustrations of the stall types and their effects are shown in Figure 2.6 on page

15. Wortmann suggests that a pursuit of high lift must necessarily avoid leading edge stall [23].

Effectively designed boundary layer control can help facilitate a trailing edge stall behavior

when the airfoil approaches its stall. This is essential in order to ensure soft stall behavior at
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Figure 2.5: Illustration showing two types of LSBs and their effects on the airfoil boundary
layer.

Figure 2.6: Illustration of Leading and Trailing Edge Stall.
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Figure 2.7: Comparison of XFOIL-predicted behavior at stall at Re=300,000.

and around the point of stall and maintain high levels of downforce close to Cl max. Another

aspect of ensuring high downforce performance and soft stall characteristics for the airfoil, is

the gradual movement of transition and velocity peaks [23]. An airfoil whose upper surface is

configured to produce a larger low drag range, for example, has a transition point that moves

forward too fast and this results in the Cl dropping beyond Cl max. Trailing edge stall can be

used to promote a slowing down of the forward movement of the transition point and result in

a sustenance of high downforce values beyond Cl max. Figure 2.7 shows the comparison of the

behavior at stall of the Selig S1223, the Wortmann FX74-CL5-140 and the Liebeck LNV109A.

The Liebeck airfoil shows the most drastic stall with Cl values dropping off rapidly post stall.

The other two airfoils have similar design methodologies and this is reflected in the similarity of

their performance, with both of them exhibiting relatively soft stall compared to the LNV109A

airfoil. Their high Cl region extends marginally on either side of the Cl max and the stall is

gentler than in the case of the Liebeck airfoil. Another benefit of this approach is that the drag

increase is far less severe than in the case of the fast moving transition point airfoils [23], as is

shown in the comparative polar plot in Figure 2.8 on page 17.
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Figure 2.8: Polar comparison of stall behavior
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The Eppler, Wortmann and Selig approaches have so far been effective in generating airfoils

with high Cl max values for this regime. But due to their constraints born out of adhering

to aeronautical considerations, it is felt that an approach more tailored to high downforce

generation for motorsports can yield higher Cl max values and satisfy requirements such as

performance sustainability across a large range of angles-of-attack, soft stall characteristics and

a relative insensitivity to adverse surface roughness effects on the performance characteristics

of the airfoil. This approach eliminates any pitching moment constraints imposed in previous

designs and attempts to use aft loading as the chief driver towards maximizing downforce while

maintaining a rudimentary level of concave pressure recovery that has been kept gradual to

ensure the airfoil’s maximum-downforce performance under varying operational conditions.

2.2 Design Implementation

The design implementation was done using the PROFOIL multi point inverse design and

inviscid analysis code [9, 10]. PROFOIL was for used rapid interactive design by specifying

the inviscid velocity distributions and analyzing the resulting candidate airfoils in codes with

viscous analysis capabilities such as XFOIL and MSES [4, 14]. PROFOIL was used with a

MATLAB-based graphical user interface (GUI) [11] which provided an interface to help execute

the various elements of the design code interactively and concurrently plot the resulting airfoil

with it constraints and the specified velocity distributions.

2.2.1 Background on Inverse Design

Airfoil design can be simplistically described as a simple manipulation of geometry [12] to

achieve the desired characteristics. There are two different ways this geometry manipulation

can be achieved: direct and inverse. Explicit geometry changes initiated directly by the designer

(such as changes to camber, thickness, trailing edge angle etc.) fall under the category of direct

methods. In these methods, the existing airfoil shape is used as the starting point for the

design cycle. This basic shape then undergoes various geometric changes with each successive
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Figure 2.9: Process schematic depicting direct design

iteration, while the resulting aerodynamics are computed after each iteration to ensure that

the desired design approach is being accomplished. This process is repeated iteratively by the

designer until the result is an airfoil that produces the desired performance characteristics.

As is shown in the schematic in Figure 2.9 on page 19, the airfoil is used to compute the

velocity distributions, boundary-layer characteristics, laminar to turbulent transition location

and finally the various coefficients. The NACA four-digit airfoils, among many other successful

airfoils, have been developed by this method. But it requires large amounts of trial and error

and an experienced designer to successfully converge on the desired solution.

The objective of inverse design is to be able to provide the airfoil shape based on the aero-

dynamic requirements specified by the designer. Inverse design methods allow the designer to

prescribe velocity or pressure distributions which are then used to obtain the required geome-

try manipulations using various conformal mapping techniques and numerical methods. Early

inverse design methods ([13, 15]) allowed the prescription of inviscid velocity distributions at a
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single angle of attack. Figure 2.10 on page 21 shows an outline of these methods. The velocity

over an airfoil surface is directly related to the surface pressure in incompressible flow. Airfoil

lift at any angle of attack can therefore be calculated by computing the area between the ve-

locity curves for the upper and lower surfaces of the airfoil. Pitching moment is obtained by

calculating the chordwise distribution of this area. The shape of the velocity gradient, of the

upper surface in particular, also determines the boundary layer development which can deter-

mine drag. The aim was to take advantage of these relations between velocity distributions and

aerodynamic performance coefficients such as Cl, Cd and Cm. It was recognized by the early

pioneers of inverse design that tailoring velocity distributions can help design airfoils with the

required performance as well as provide control over tailoring of the airfoil behavior. But the

early methods did not have boundary layer control and this was added later as the method

evolved. An early example of an inverse design method with boundary-layer development spec-

ification capability is Henderson’s method [16]. These methods allow the boundary layer to be

specified first. This is then used to compute the velocity distributions that will result in the

specified boundary-layer development. Once these velocity distributions become available, the

airfoil shape can be determined using traditional inverse methods.

Despite the design freedom proffered by these early methods, they were relatively restricted

in terms of the design conditions that could be implemented for an airfoil shape. In other

words, they were all single-point methods which allowed the design to be optimized for only

one operating condition. This meant that the desired velocity distributions and boundary-layer

properties could only be specified for one design condition and performance at other off-design

conditions may or may not be optimum. Airfoils need to operate at multiple conditions for

almost every application (motorsports, aviation, wind turbines etc.) and the capability to

tailor an airfoil for multiple conditions be greatly advantageous in enhancing overall airfoil

performance.

This formed the motivation for the development of several multipoint inverse design methods

[17, 9, 10]. One of the first practical multipoint inverse design approaches was developed by

Eppler in 1957 [17]. Eppler’s conformal mapping based inverse design method relied on dividing
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Figure 2.10: Process schematic depicting inverse design

the airfoil into several segments with each segment having a design angle of attack α∗, which is

specified for tailoring the velocity distributions. α∗ for a segment is the angle of attack relative

to the zero lift α at which the segment has zero velocity gradient. So if the α of the whole airfoil

is greater than the α∗ for a particular segment on the upper surface, that particular segment

will experience an adverse pressure and vice versa. The methodology is exactly the opposite

for the lower surface, i.e, lowering α∗ below α makes the velocity distribution less adverse.

This way, increasing or decreasing α∗ can change which parts of the airfoil experience adverse

gradients at various angles of attack. The method then determines the airfoil shape such that

the velocity gradient over a particular segment is zero when operating at the α∗ of that segment.

The α∗ can therefore be used to specify the velocity distribution over each segment. This allows

for multipoint design since each segment has its own unique α∗ value, thus enabling control

of the velocity distribution over different parts and segments of the airfoil at different design

conditions (i.e, Re, Cl, etc.).
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The basic theory behind Eppler’s multipoint inverse solution was used by Selig and Maugh-

mer [9] to develop the PROFOIL inverse design code to significantly extend the inverse airfoil

capability of Eppler’s method. This extended capability was due in part to two major advances

over the Eppler code:

• The coupling of a direct integral boundary layer method with the potential-flow inverse

airfoil design theory.

• The development of a multidimensional Newton iteration capability that allows for the

simultaneous specification of desired velocity, boundary layer and geometric constraints

during the airfoil design phase.

The Newton iteration scheme is used to automatically adjust user-selected input variables in

the initial definitions of the airfoil in order to achieve the required specifications. These input

variables can be specified in the form of constraints. In the recent past, the Newton iteration

capability of PROFOIL has been expanded by a hybrid approach to couple the inverse design

method with two dimensional panel codes [19] in order to allow for the design of complex

configurations such as multi-element airfoils [20]. This makes the PROFOIL code a powerful

multipoint design implement that is useful for a variety of aerodynamic design scenarios.

Work by Gopalarathnam and Selig [11] and Jepson and Gopalarathnam [37] serve to il-

lustrate the power of inverse design for controlling the boundary-layer flow in the design of

low-speed natural laminar flow airfoils by demonstration of the capability to reliably control

the values of the upper and lower corners of the low drag range. By changing the locations and

extents of these segments, they showed how it is possible to adjust the extents of the favorable

pressure gradients on the upper and lower surfaces of the airfoil, thus controlling the extents

of laminar flow and the resulting drag at the specific design conditions. Another illustration

is the work by Selig and Guglielmo [24] where PROFOIL was used to design a family of high

lift airfoils for UAV applications. This was again achieved by the appropriate specification of

the velocity and boundary-layer properties on different segments of the airfoils. Changes in

chordwise distribution of segments and variation of design angle of attack values were used to
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produce the desired characteristics and result in a successful high lift design with a high L/D

ratio and a high Cl max.

It is felt that inverse design is a very powerful tool that can be used to pursue a multitude

of design directions depending on the required application and is therefore useful to employ for

the current research effort to design a high downforce airfoil with applications to motorsports.

2.2.2 Brief Description of the PROFOIL Inverse Design Code

The PROFOIL [9, 10] code consists of a multipoint inverse design methodology based on

conformal mapping with an integral boundary-layer method for rapid analysis at the design

points. It allows the designer to divide both surfaces of the airfoil chord into a finite number

of segments along each of which the velocity distributions can be prescribed either as constants

(as is done in the Eppler method) or as nonlinear functions using a cubic spline variation

[10]. A design angle of attack, α∗, is specified for each of these segments to tailor the velocity

distributions. α∗ for a segment is the angle of attack relative to α0l at which the segment has zero

velocity gradient. So if the αof the whole airfoil is greater than the α∗for a particular segment,

then that particular segment will experience an adverse pressure and vice versa. This applies

for the upper surface and the methodology is exactly the opposite for the lower surface, i.e,

lowering α∗below α makes the velocity distribution more stable and less adverse. So increasing

or decreasing α∗ can change which parts of the airfoil experience adverse gradients at various

angles of attack. The α∗ on the first segment of the upper surface and the α∗ on the last

segment of lower surface cannot be changed as these are used as pressure recovery segments

to ensure closure. This is one of the rare constraints that crop up in any attempt at deriving

greater extents of downforce, as closure requirements prompt these segments to assume largely

unrealistic gradients in an attempt to recover the entire upper surface pressure and result in

physically unrealizable airfoils.

Specifying α∗ is equivalent to specifying a design Cl. This design Cl can be referred to as

C∗
l since α∗ is measured from the zero-lift line and the slope of the lift curve is approximately

2π per radian. The relationship between α∗ and C∗
l can be summarized as shown in Eq. (2.1).
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C∗
l ≈ 0.1 ∗ α∗ (2.1)

One of the main features of PROFOIL is the multidimensional Newton iteration scheme

that allows for the prescription of several aerodynamic and geometric characteristics in the

form of additional constraints. This multidimensional Newton iteration scheme is utilized as a

key element in the current work to allow for the various specifications necessary to ensure that

certain characteristics pertinent to high downforce aerodynamics can be realized in the current

design exercise. This will be discussed in more detail in 2.2.3. In this scheme, control over

some of the parameters used in conformal mapping as a result of the α∗ prescriptions is given

up in order to achieve adherence to the desired parameters or constraints. These parameters

are altered by the Newton iteration until the desired specifications are satisfied. The Newton

iteration functions by solving the matrix equation in Eq.(2.2).

J.δx = −F (2.2)

In this equation, F is the vector containing the residuals of the functions to be zeroed,

J is the nxn Jacobian matrix that contains the gradient information, and δx contains the

corrections to the design variables to make F approach zero. For each iteration, δx is found

and applied to the design variables. This process continues until the desired specifications are

achieved to within a given tolerance.

2.2.3 Design Methodology

The design process consisted of various candidate designs being produced and compared

against a backdrop of the required parameters. In every instance where the candidate airfoil

failed to meet the specified design goals, the experience gleaned from that particular iteration

was useful in redesigning the airfoil to facilitate a convergence onto the desired performance

specifications. This iterative process continued until a successful airfoil meeting the pre-set

performance goals was generated. Despite the computational advances in optimization and
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Figure 2.11: Inverse design routine used to tailor the airfoil for greater aft loading.

inverse design, it is still not possible to fully automate the airfoil design procedure and it still

remains a sophisticated cut-and-try procedure that is reliant on the designer’s judgment to

provide the right direction [12].

Many features of PROFOIL are well suited to designing for motorsports and maximum

downforce. For instance, it permits control over the design of the transition ramp and this can

be used to influence the characteristics of the laminar separation bubble. Beyond transition,

the turbulent boundary layer development can be prescribed to avoid separation by a certain

design margin [9].

The α∗ values were individually manipulated and kept high over the upper surface to reduce

the severity of the recovery gradient adversity in order to provide soft stall and ensure that

Cl max, or values close to it, were available over a large angle of attack range. The leading edge

α∗ values were set higher than 30o to ensure that even at high angles of attack, the velocity

gradient isn’t very adverse, so as to reduce the reliance on suction peak related performance

and the associated fast movement of the turbulent separation point at high angles of attack.

Along with these α∗ manipulations, several constraints were used to achieve the desired airfoil
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Figure 2.12: Screen grab from PROFOIL showing velocity profiles during inverse design with
trailing edge gaps.

characteristics. A thickness constraint was used to change upper surface α∗ values to maintain

a 13% (of chord) thickness. A camber constraint was used to vary lower surface α∗ to maintain

camber at 13.81% and a constraint was placed on the Cmc/4 to maintain it at −0.490. These

two values were determined to be adequately robust and prevent the inverse design routine from

producing very thin trailing edges, which are difficult to manufacture, or physically unrealizable

airfoils with crossed-over surfaces. Additionally, a thickness constraint was placed on the trailing

edge area to ensure sufficient thickness to ease fabrication. This generated the basic MSHD

(Motor Sports High Downforce) airfoil, seen in Figure 2.11 on page 25, which also shows the

PROFOIL GUI and the window to graphically modify α∗ for both surfaces. The triangles along

the airfoil surface and along the velocity profile, are the markers that show the division of the

chord into the segments. The adjoining plot in the screen grab shows the chordwise values of

α∗ for these segments. Apart from this, an additional trailing edge gap thickness was used to

produce a blunt trailing edge. Since most motorsport governing bodies have a requirement for

blunt trailing edges or some form of radiused trailing edge for safety reasons, this aspect of
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the inverse design was considered important. The inclusion of a blunt trailing edge required

adjustments to some α∗ values in order to ensure that the change in the trailing edge geometry

maintains high levels of downforce and ensures adherence to the other desired characteristics.

As can be seen in Figure 2.12 on page 26, the velocity profiles of the two designs show differences

that extend up to the leading edge, as evidenced by the white and green colored profile lines.

This is for a 0.5c change in the trailing edge gap size and shows that minor adjustments can

be made to the α∗ values to prevent any adverse performance penalties as a result of changing

trailing edge geometries as a result of regulatory requirements. All the α∗ manipulations and

constraints were aimed at achieving the following design targets:

• High extent of aft loading for increased downforce.

• Soft stall characteristics by promoting longer turbulent pressure recovery regions with

reduced amounts of concavity.

• Large leading edge radius in order to prevent formation of long LSBs even at large angles

of attack and reduce suction peak dependence.

• Manipulation of maximum thickness in order to begin adverse gradient further forward

on the airfoil chord and minimize dependence on laminar boundary-layer.

• Trailing edge stall by utilizing leading edge radius and camber.

• High levels of downforce even with trailing edge gaps.

• Performance retention despite the presence of debris and trips.

• Similarity of performance and high downforce characteristics across the span of target

speeds/ low Reynolds numbers.

As the first part of the analysis, inviscid velocity distributions were determined by a panel

method coupled to PROFOIL. The next step of the loop involved more computationally intense

viscous analysis using XFOIL. The XFOIL code solves the viscous-inviscid interactions using a

panel method coupled to an integral boundary-layer formulation using a global Newton iteration
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scheme [14]. The resultant airfoil was then evaluated against the pre-defined performance

template based on the analysis performed in the first step. If the results were successfully

reflecting the desired trends and performance expectations, that design route would be explored

further. If the results were contrary to expectations or were responding negatively to the design

inputs, then evaluations from that particular case would be used to gain further experience and

expedite the design process by eliminating related cases. This process continued iteratively until

an airfoil satisfying the pre-set performance goals was developed. This airfoil will be discussed

in detail in the next chapter.
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Chapter 3

Single-Element Airfoil Results

The airfoil designed using the methodology of Chapter 2 will be referred to here as the MSHD

(Motor Sports High Downforce) airfoil. This chapter will present the computational and ex-

perimental results for this airfoil with a focus on the characteristics resulting from the chosen

methodology. The computational and wind tunnel data have been obtained for a Reynolds

number of 300,000. This equates to roughly 15m/s or 33mph and is reflective of the typi-

cal cornering speeds encountered in the lower rungs of racing. Analytical comparisons have

been performed at higher Reynolds numbers to prove the validity of the methodology and its

applicability to higher classes of motorsports.

3.1 Resulting Airfoil Geometry

The airfoil geometry, shown in Figure 3.1 on page 30 is highly cambered and has a large

leading edge radius.

Table 3.1: Geometrical comparison of airfoils

Airfoil Max. t/c at x/c location Max. camber at x/c location L.E radius
MSHD 0.129 at 0.16 0.138 at 0.51 0.0355

LNV 109a 0.129 at 0.23 0.059 at 0.31 0.0364
FX74-CL5-140 0.140 at 0.30 0.098 at 0.371 0.0434

S1223 0.121 at 0.19 0.086 at 0.49 0.0315
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The high camber has been used to provide large amounts of aft loading in an attempt

to prove the effectiveness of aft loading as an effective design direction for motorsport airfoil

requirements. The large leading edge radius has been designed into the airfoil to reduce the

dependence of performance on the suction peak of the airfoil and also to help prevent leading

edge stall, thus leaving the aft portion of the airfoil open to design for a trailing edge stall.

The thickness of the airfoil is concentrated more towards the forward region of the airfoil and

this is evident from Figure 3.1 on page 30 where the aft section of the airfoil beyond 0.5c can

be seen to be noticeably thinner than the forward portions of the airfoil. This has been done

by moving the point of maximum thickness forward and is to aid in the provision of soft stall

characteristics by advancing the location of the transition of the boundary layer further forward.

The advancement of the transition is brought about by the fact that the longitudinal location

of the minimum Cp gets shifted further forward so as to start the adverse gradient earlier.

Figure 3.2 on page 32 shows a visual comparison of the different high lift airfoil profiles:

Wortmann FX-74-CL5-140, Liebeck LNV109A, Selig S1223 and the MSHD. A comparison of

the values of different airfoil geometrical parameters is shown in Table 3.1 on page 29. The

MSHD has a maximum thickness value very close to that of the LNV109A. But the MSHD’s

maximum thickness value occurs at much further forward along the chord at 0.163 x
c . This

promotes the formation of the adverse pressure gradient at a much earlier chordwise location

than the LNV109A and can also help initiate the transition early and ensure that LSB sizes

remain small and do not affect the flow adversely.

The maximum camber value of the MSHD is much higher than any of the high lift airfoils

in consideration here. This is to increase aft loading on the airfoil in pursuit of high downforce

values. The location of the maximum camber is also much further aft than any of the other

airfoils in consideration.
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3.2 Computational Results for Base Airfoil

The comparative analysis and computational validation was performed using XFOIL [14].

The XFOIL code solves the panel method equations coupled to an integral boundary-layer

formulation using a global Newton iteration scheme. The en transition model used in XFOIL

has been known to be reliable in predicting various airfoil related flow phenomena such as

LSB formations and transition locations accurately. XFOIL has also been used to validate

wind tunnel results for other high lift airfoils, NLF airfoils and multiple flap configurations

(put Dr.G/Jepson reference), to name a few, [24] and shows good comparisons. However, it is

also known to over predict Cl and L/D at post stall α values. This will be seen in the next

section for the present airfoil case. No grid generation is necessary and the entire solution set

is obtained in a few seconds even on a desktop computer. Since the study here is concerned

partly with extending the available performance envelope before stall and maximizing downforce

performance before stall, it was decided that the potential post-stall inaccuracies inherent in

XFOIL solutions can be ignored for the time being, especially since the onset of stall is predicted

reasonably accurately by XFOIL. Post-stall over-prediction aside, it was decided that XFOIL

would be useful to compare the performance of the MSHD airfoil with the other high lift airfoils

in consideration, primarily due to the ease of setting up and running multiple angle of attack

sweep cases readily and expediently.

3.2.1 Base Airfoil Performance

As seen in Figure 3.3 on page 34, the Cl max is 2.5 at an α of 20o. Beyond this, there is

a region of decreasing Cl right up to 25o. This is exhibitive of very soft stall and the Cl at

25o is still at 2.4. The airfoil has a large range of high lift values beginning from α = −1o and

Cl = 1.5 to α = 25o and Cl = 2.4. The pitching moment values are very high. This is a result of

the various geometrical concessions for high downforce gain and the relaxation of the pitching

moment constraint during inverse design. As this is not a factor for race car wing downforce,

the fact that it is as high as it is bears no consequence to the prospect of successful downforce

33



Figure 3.3: Performance polar for the MSHD at Re=300,000 computed using XFOIL

generation. But is does help extract large amounts of downforce from early in the α range: Cl

values cross 2 at a modest 4o angle of attack.

One of the targets during the design process was to instill a relative insensitivity to changes in

speed or changes in Reynolds behavior. In other words, the airfoil needed to exhibit the same

characteristics and maintain similar performance across a large low Reynolds number range.

This was essential from the vehicle dynamics point of view as the stability of an aerodynamic

set-up is very important when various speed regimes are considered for the overall vehicle

set-up. Three dimensional wing lift and drag would anyway change with the square of the

vehicle speed and would be a variable quantity depending on the vehicle speed. In such

scenarios, it is useful to have an airfoil that does not also change its own performance or

characteristics because of changing speeds.
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Figure 3.4: Performance comparison at multiple Reynolds number computed using XFOIL.

Usually, the sensitivity to the Reynolds number influence can be mitigated by extending the

instability range, i.e, extending the range of the turbulent boundary layer [6]. This prevents

increases in adverse pressure gradients which cause an unsteadily (or fast) moving transition

point which can change the initial conditions of the pressure recovery and result in an unsteady

turbulent separation. Figure 3.4 on page 35 shows that this has been achieved to a great

extent. Except for the Reynolds number case of 1 million, all the other cases ranging from a

Reynolds number of 200000 to 700000 show very similar performance. The Cl max values for

those Reynolds numbers are almost the same. They do exhibit marginal differences at angles

of attack greater than 15o for Cl values less than Cl max but even this difference is very small.

This will be highlighted further in comparison with other airfoils in 3.2.2.
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Figure 3.5: Cl vs. α (in degrees) curve comparison from XFOIL prediction at Re=300, 000.

3.2.2 Performance Comparisons

Airfoil performance has been compared here with the S1223, FX74-CL5-140 and the LNV109A

airfoil. The LNV109A has not been compared in all the instances since its overall Cl max is con-

siderably lower than that of the S1223 and the FX74-CL5-140. But the LNV109A and the

LA5055 will be used to compare certain characteristics as they are typically representative of

the Liebeck high lift design philosophy, showing reliance on Stratford distributions..

A preliminary observation from Figure 3.5 on page 36 is the fact that the Wortmann FX74-

Cl5-140 and the Selig S1223 show very similar behavior. They have both been designed on sim-

ilar principles, although historically, the Wortmann airfoil was designed for a higher Reynolds

number close to 1000000 and the S1223 was designed for an operating Reynolds number range

very similar to the MSHD’s design conditions: between 200000 to about 800000. Also notice-
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able from the same figure, is the fact that the overall downforce performance of the MSHD

airfoil is sustained across a much larger angle of attack range than the other two airfoils. Cl max

is considerably higher and occurs at a much higher angle of attack (20o as compared to roughly

12o for the other two airfoils in question). This can give a lot more potential for adjustability

and provides a large range of high downforce values for the aerodynamicists and the vehicle

dynamicists to use. Even at α = 0, it is seen that the Cl ≈ 1.5 and is considerably higher

than the other two airfoils. High downforce is available even beyond Cl max and the airfoil

stalls very softly compared to the other two in consideration, which have also been designed to

have soft stalls. So a large range of angles of attack with high downforce are available up to

α = 25o, whereas it is obvious from the figure that the FX74-CL5-140 and S1223 have stalled

before α = 15o. For angles of attack less than 0, there is a sudden drop in the values predicted

by XFOIL for the MSHD airfoil. This maybe a result of the XFOIL predictions not being

accurate enough to capture the highly separated flow that the airfoil maybe encountering at

negative angles of attack due to the large concavity in the lower surface geometry. As was

mentioned earlier, XFOIL cannot be regarded as accurate when the flow structures consist of

highly separated and vortical flows or for flows where stall has occurred for an airfoil. This

maybe reflective of the fact that the MSHD experiences a ’hard’ negative α stall.

Figure 3.6 on page 38 shows a comparison of the Cm for the three airfoils considered here.

This graphically reiterates the large amounts of aft-loading used in the MSHD airfoil. As a

result, the Cm for the MSHD airfoil is vastly larger than the Cm of the other two airfoils,

especially at α = 0o where the difference is extremely large. The Cm keeps on reducing as the

angle of attack increases until finally the S1223 and the FX74-CL5-140 stall. After this point,

the accuracy of XFOIL’s prediction is questionable and hence the trend reflected beyond stall

will not be considered. In the case of the MSHD however, no discernible stall is encountered

till beyond α = 20o and even then it is a very gradual decrease in Cm. The Cm reduces in

magnitude quite sharply over the positive angle of attack span. The reduction is steeper at

higher angles of attack and this is due to the trailing edge stall which reduces the amount of

downforce being produced by the aft extremities of the airfoil. Here again the negative angles
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Figure 3.6: Comparison of Cm

of attack for the MSHD airfoil are left out for analysis purposes. The overall reduction in

Cm over the span of the positive α range up to the stall of the S1223 and FX74-CL5-140 is

greater for the MSHD airfoil than for the other two and may be reflective of the trailing edge

stall characteristic having a greater influence on the MSHD airfoil than the other two at higher

angles of attack.

The next aspect of comparison is the performance variation over different Reynolds numbers.

Performance will be compared for a Reynolds number of 300,000 and 600,000. The MSHD

airfoil performance has been shown to be consistent for a wide LRN range in the previous

sub-section. The airfoils compared here will be the LNV109A, S1223 and the MSHD. The

comparison is shown in Figure 3.7 on page 39. The LA5055 has been considered to show the

effects that a fast moving turbulent point can have on the overall airfoil characteristic with

varying speed/Reynolds numbers. There is a significant difference between the performance at
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Figure 3.7: Performance comparison from XFOIL predictions at varying Reynolds numbers.
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300000 and 600000. Other avenues where parity in varying Reynolds number performance is

required is when wind tunnel testing of scaled down test vehicles with wings are conducted [21].

The S1223 exhibits much better consistency and the performance at the two Reynolds

numbers are close. But there are still some relatively large inconsistencies near and at Cl max.

The Cl max is one of the most important parameters in downforce considerations and it is

important that the performance of an airfoil remains consistent at and around this point in order

to be able to provide the maximum downforce in a high downforce setting. The MSHD airfoil

exhibits good consistency overall and the Cl max values, and values around it, are very closely

matched. The only area of slight inconsistency is between 8o and 16o and the inconsistency

here is of a much smaller magnitude than seen in the other two cases.

In terms of Cp profiles, it is evident from Figure 3.8 on page 41 that the S1223 employs the

largest suction while the FX74-CL5-140 employs the lowest. The MSHD has a suction peak

that is in the middle of both these values. It shows hardly any concavity in the recovery when

compared to the recovery on the S1223. Another visually perceivable aspect of the plot is the

extent of aft loading which is the highest on the MSHD. The middle and aft portion on the

MSHD show more pronounced loading than that of the other two airfoils.

3.2.3 LSB Based Comparison

This comparison serves the purpose of exhibiting the nature of the LSB that forms on the

MSHD airfoil. One of the targets of the design methodology was that the LSB formed in the

operational range should be a thin bubble as opposed to a thick bubble which changes the

boundary layer shape significantly. The effect of LSB can be deduced by studying the perfor-

mance changes with and without a boundary-layer trip. If the airfoil performance decreases

when tripped at a location before the natural initiation of the turbulent boundary layer, then

it can be said that the LSB is a short bubble as it doesn’t adversely affect clean airfoil perfor-

mance. If, on the other hand the performance increases, then it can be said that the LSB on

the clean airfoil is a large one that adversely affects clean airfoil performance.

The location and size of the LSB can be seen in the Cp plots and in the Cf plots. For the
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Figure 3.8: Comparison of pressure profiles.

clean configuration, these are shown in Figure 3.9 on page 42 and Figure 3.10 on page 43. A

visual inspection of the plots for α = 0o, shows difference in bubble sizes for the three airfoils.

The MSHD shows the smallest bubble in the Cp plot (shown by the convex indentation in the

graph) and does not show a large change in the Cp over the chordwise extent of the bubble.

This is evident from the Cf plots for the MSHD airfoil where the approach to the bubble is

also gradual showing no sudden drop in Cf values. The subsequent negative Cf values in the

bubble region are also extremely small in magnitude and are close to zero, indicating a thin

bubble. For the other two airfoils, there is a distinct change in the Cp plot around the bubble,

indicating that the bubble is changing the flow significantly. This points to the presence of

a large bubble which has a greater influence on the downstream boundary layer development

than the one on the MSHD airfoil. The Cf plots also corroborate this and show a sudden drop

in the Cf values for the S1223 and the LNV109A and are greater in magnitude than seen in

the MSHD case. The same trends are reflected in the α = 5o case, as seen in Figure 3.10 on

page 43. The bubble is the smallest on the MSHD, as seen in the Cp plots and the reduction in
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(a) LN109A Cpcurve (b) S1223 Cp curve.

(c) LNV109A Cf curve (d) S1223 Cf curve.

(e) MSHD Cp curve

(f) MSHD Cf curve

Figure 3.9: Plots showing LSB for α = 0o
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(a) LN109A Cpcurve (b) S1223 Cp curve.

(c) LNV109A Cf curve (d) S1223 Cf curve.

(e) MSHD Cp curve

(f) MSHD Cf curve

Figure 3.10: Plots showing LSB for α = 5o
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(a) LNV109A clean (b) MSHD clean.

(c) LNV109A tripped. (d) MSHD tripped

Figure 3.11: Cp plot comparison for α = 5o with LSB tripped.

Cf is also gradual up to the bubble, unlike for the other two airfoils. The bubble on the MSHD

has not affected the Cp plot profile significantly and the plot maintains its shape similar to the

inviscid profile represented on the same plot by a dotted line. While in the case of the S1223

and the LNV 109A, a large change in the Cp occurs over the extent of the bubble, as can seen

by comparing the viscous plot shape with the inviscid shape.

Other comparative measures include tripping the flow just before the initiation of the bubble.

This is shown in Figure 3.11 on page 44 and Figure 3.12 on page 46. As an illustrative case, only

α = 5o has been chosen here even though the trend is the same across the entire angle of attack

range of interest. The plots show that there is a large bubble present on the LNV109A which is
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detrimental to normal airfoil performance. While in the case of the MSHD, there is a marginal

performance drop for the Cl and a sizeable drop in L/D ratio values (L/D reduces from 73 to

54) when the the airfoil is tripped just before the bubble. This indicates that the short bubble

on the MSHD serves as a minor transition mechanism with minimal effect on the turbulent

boundary layer, and the trip forces boundary layer turbulence before its natural location and

causes the reduction in L/D ratios. This also changes the local flow structure and results in a

drop in Cl as can be seen in Figure 3.11 on page 44. The L/D value increases substantially and

the Cl value increases marginally for the LNV109A with the LSB trip. Again, this is indicative

of the fact that there is a large bubble present on the LNV109A, the removal of which improves

overall airfoil performance substantially.

The Cf plots in Figure 3.12 on page 46 further substantiate this and provide some insight

into the marginal performance drop of the MSHD. Since the bubble on the MSHD is a small

bubble, it is a transition mechanism that aids performance as opposed to detracting from it.

When this bubble is tripped, it leads to an early transition to turbulence and this causes the

slight increase in skin friction drag which reduces the L/D ratio and also affects the downforce

performance since the boundary layer is no longer performing at its optimum. On the LNV109A,

the large bubble affects flow adversely and its removal is highly beneficial (L/D increases from

44 to 66) despite the increase in skin friction drag as a result of the trip. This is due to a

reduction in the pressure drag caused by the bubble and further substantiates the fact that the

LNV109A has a large bubble which should be designed out of the airfoil to ensure performance

consistency across varying speeds.
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(a) LNV109A clean (b) MSHD clean.

(c) LNV109A tripped. (d) MSHD tripped

Figure 3.12: Cf plot comparison for α = 5o with LSB tripped.
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3.3 Blunt Trailing Edge

Since most regulatory authorities for motorsports (including SAE) mandate a blunt or

rounded trailing edge, one of the requirements of the design process was that the designed

airfoil should maintain high levels of downforce and retain the various characteristics designed

into it despite having a blunt trailing edge. The bluntness is generally specified in terms of

length units, whereby some minimum measure of length is enforced for the width at the trailing

edge.

The inverse design procedure includes a constraint that allows for the provision of a blunt

trailing, specified as a percentage of chord length. The Newton iteration then includes this

constraint in the computation along with the other constraints and α∗ inputs. Despite this, it

is sometimes necessary to make additional changes to the α∗ values in order to prevent large ge-

ometry changes from occurring. These individual manipulations may not help in recovering the

Cl max value back to that of the original state with T.E bluntness, but they help by preventing

larger geometrical changes that may occur if left unchecked and change certain characteristics

of the airfoil. To illustrate this, Figure 3.14 on page 48 shows the comparison between the base

MSHD airfoil with no trailing edge gap, the MSHD airfoil with a 0.5% trailing edge gap and

the MSHD with a 1% trailing edge gap. Performance stays almost the same till about α = 10o,

after which there is a drop in downforce which results in the Cl max dropping from 2.5(base

airfoil Cl max) to 2.4. But the characteristics of the MSHD with T.E gap are the same as that

of the base MSHD and apart from the drop in Cl, there is no other change in the performance.

There are slight differences in the airfoil profile caused by the inclusion of the trailing edge gap

and this acts as a minor aerodynamic penalty.

In comparison to the high lift airfoils considered, the MSHD with a 0.5% T.E gap still

shows better performance, as can be seen in Figure 3.15 on page 49. The performance at every

positive angle of attack is still more than that offered by the other two airfoils. The soft stall

characteristics are still evident and the Cl values show very little reduction beyond 20o angle of

attack, where the Cl max occurs. This trailing edge gap of 0.5% was calculated on the basis of
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Figure 3.13: Blunt T.E geometry

Figure 3.14: Trailing edge gap performance comparison
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the geometric constraints placed by the regulatory authorities for the formula SAE competition.

Despite the performance penalty arising from the inclusion of a trailing edge gap, it is shown

that the MSHD airfoil can still deliver high downforce values that surpass the other high lift

airfoils considered here. The MSHD with a 0.5% trailing edge is the version of the MSHD

which underwent wind tunnel testing and will be mounted on board the race car. The XFOIL

predictions for this airfoil will be validated with wind tunnel data in the following sections.

Predictions for the S1223 and the FX74-CL5-140 have already been verified using wind

tunnel tests and compared against boundary layer code predictions [24, 5]. The results showed

a very close match, even at the region just around stall (due to the soft stall on both airfoils).

This and many other such validated cases(put in any Dr.g at NCSU reference) enable us to

assume that the XFOIL predictions presented so far for the base MSHD will bear out closely

with any future wind tunnel tests conducted on the base airfoil or any versions of it.

3.4 Wind Tunnel Testing of the MSHD airfoil with 0.5% Trail-

ing Edge Gap

The MSHD airfoil was constructed with a 0.5% trailing edge thickness and this was used

in the wind tunnel tests to serve as validation for the predictions obtained from XFOIL. This

section describes the experimental setup and construction of the airfoil for use in the N.C.S.U

subsonic wind tunnel and presents the characteristics and performance values obtained from

subsequent evaluations. Flow visualization pictures were also captured in order to serve as

validation for the various flow characteristics and behaviors observed analytically. These include

details on locations of separation, locations of laminar separation bubbles and other visually

accessible flow phenomena.

3.4.1 N.C.S.U Subsonic Wind Tunnel

The NCSU Subsonic Wind Tunnel shown in Figure 3.16 on page 51 [25] is a closed-circuit

tunnel with a 0.81 m high, 1.14 m wide, and 1.17 m long test section. Upstream of the test
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Figure 3.16: Top view of the NCSU Subsonic Wind Tunnel.

section and forward of the contraction section is a settling chamber consisting of an aluminium

honeycomb screen followed by two stainless steel anti-turbulence screens. Turbulence levels

have been determined to be less than 0.33% [26]. The contraction section is composed of four

sides of identical curvature and the test section walls diverge slightly to allow for boundary

layer growth. The two vertical sides of the test section are made of Plexiglas hinged at the top

for easy access and visibility. In order to ventilate the tunnel to room pressure, a breather is

located downstream of the test section.

The tunnel fan is equipped with variable pitch blades allowing the velocity in the test section

to be continuously varied up to a maximum speed of approximately 40 m/s at a dynamic

pressure of 720 Pa. This maximum tunnel speed results in a maximum chord Reynolds number

of approximately 0.8 million for a 12-inch chord airfoil model (the size of the multielement wing

set, as will be seen in later sections). It is recognized that faster speeds may be required in

order to evaluate the airfoil for other racing series but for the purpose of testing for formula

SAE applications, the existing tunnel set-up is well suited.
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3.4.2 Airfoil model

The airfoil has a 10-inch chord and has been designed to be tested for Reynolds numbers of

300,000 and 400,000. It was decided that the model would span the entire test section from the

roof of the tunnel to the floor in order to simulate a 2-D airfoil by eliminating any tip interference

in the test. The centre piece of the wing model was fabricated using stereolithography and

houses all the pressure taps and corresponding lines needed to capture airfoil surface pressure

data. Two such sections were used, each 5-inches in width. The pressure tapped center section

is shown in solid model form in Figure 3.17 on page 53. The rest of the wing was cut in sections,

each 2-inches thick for ease of assembly, using a CNC router out of renshape mold material.

A sample of these sections is shown in Figure 3.18 on page 54 and the entire assembled wing

model is shown in Figure 3.20 on page 56. The solid modeling was done at NC State using the

Solidworks design package.

There are 48 pressure taps in total along the entire surface of the airfoil, 26 on the up-

per surface and 22 on the lower surface. These taps can be seen in Figure 3.17 on page 53,

represented by the straight tubing running beneath the surface of the airfoil. These taps are

open to the wind tunnel environment on the surface of the airfoil and connect via urethane

pressure tubing to the Scanivalve pressure measurement system, where they communicate the

instantaneous pressure values to the measurement system. Two such rapid prototyped models

were made. These are shown in Figure 3.19 on page 55. The first piece (in red) has 22 taps

over the entire airfoil surface. It was then found upon subsequent testing that the pressure

levels and changes at the front of the airfoil (around the region of the suction peak) were not

getting captured sufficiently. This data deficiency led to the design of the second piece seen in

Figure 3.19b on page 55 with more than double the number of taps. Figure 3.21 on page 56

shows the increased density of taps at the leading edge. This was done in order to get higher

data resolution of the negative pressures induced along the forward part of the airfoil, due to

the suction being strongest in this region. Sparsity of pressure taps do not cause a considerable

difference to the accuracy of the data if encountered near the aft portions of the airfoil or at

regions of lower curvature. But suction sensitive regions like the upper surface leading edge and
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(a) Top view

(b) Side view

(c) Isometric view

Figure 3.17: Solid model representations of pressure-tapped section for airfoil wind tunnel
model.

53



Figure 3.18: Sample airfoil sections made from renshape

regions of high curvature need a relatively higher density of pressure taps in order to ensure

adequate data resolution and quality.

The results were found to better match computational estimates after this change was made

and it was concluded that the sparsity of taps caused the data related inaccuracies associated

with the first model.

3.4.3 Wind Tunnel Setup

The pressure taps on the airfoil model were connected to pressure lines using 0.040 inch outer

diameter standard urethane flexible tubing available from Scanivalve. The lines are embedded

(Figure 3.22 on page 57) within the box section present in the middle of the airfoil structure

and used to house the other end of the pressure taps. These pressure lines run along the inside

of the lower half of the wing, exit from below the floor of the wind tunnel and then plug into

the wind tunnel data acquisition setup.

The data acquisition system consists of a Scanivalve system available in the wind tunnel lab

that is used for airfoil surface pressure measurement. The system consists of two transducers

54



(a) First airfoil section

(b) Second airfoil section

Figure 3.19: Pictures showing the two rapid prototyped airfoil sections.
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Figure 3.20: Wing assembly.

Figure 3.21: Increased density of pressure taps around the airfoil leading edge.
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Figure 3.22: Pressure lines embedded in the airfoil.

Figure 3.23: Photograph showing the under-tunnel set-up.
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Figure 3.24: Airfoil model setup in the wind tunnel.
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and is capable of measuring the pressure from up to 50 pressure taps.

The existing vertical support located below the tunnel floor was used to control the airfoil

angle of attack. In order to use this support, an aluminium fixture was made to fit over the

top of the support and attach itself to the aluminium base plate (part of the wind tunnel floor)

that was bolted to the wing. The setup is shown in Figure 3.23 on page 57. Shown in Figure

3.24 on page 58 is the airfoil placed vertically in the test section with minimal gap between the

model and the tunnel floor and the ceiling.

With this setup in place, an existing LabView program controlling the beta angle of the

support could now be used to control the angle of attack of an airfoil model mounted vertically

in the wind tunnel. The support motor was controlled by the lab computer through a standard

nine-pin serial port.

3.4.4 Clean-Airfoil Results

Wind tunnel testing was conducted for clean-airfoil cases and cases where the airfoil was

tripped at various locations. The following paragraphs will review the results of the clean wind

tunnel test in comparison with the XFOIL predictions for the same. The ncrit parameter in

the en model used in XFOIL can be changed to replicate various flow conditions. The ncrit

parameter is the log of the amplification factor of the most amplified frequency which triggers

transition. In other words, it changes the transition characteristics based on a model of the

ambient disturbance level in which the airfoil operates, as suggested by the user. In order to

accurately replicate the wind tunnel conditions, an ncrit of 4 was used, which signifies a small,

turbulent wind tunnel setup [27]. Other examples include 9 for a wind tunnel with boundary

layer control measures and 12 for a sail plane in free stream air.

Lift data was obtained from the surface pressure measurements taken from the pressure taps.

Drag in this current setup has to be obtained using a wake-rake and could not be obtained due

to time constraints. Also, as was pointed out earlier, drag reduction for race car airfoils is

less important than the downforce. This coupled with the fact that drag reduction measures

in motorsports are concentrated around induced drag reduction, means that measuring drag
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values would not have added significant insight into the design methodology for a high downforce

airfoil.

The results are shown in Figure 3.25a on page 61. As is clear from the figure, there is

a good match between the predicted and experimental values. The Cl max values correspond

very closely between the two. The main difference occurs in the region of the soft stall where

the wind tunnel results are slightly lower than the predicted values. The trends still show

that there is an adherence to the required soft stall characteristic and Cl values in the region

are still above 2. There is a slight over-prediction from XFOIL in this region, as is known to

happen. The predicted values and the experimental results are in excellent agreement over the

entire positive range of the airfoil operation. The negative range, on the other hand, shows

extremely large differences. This is due to the inadequacy of XFOIL in accurately predicting

largely separated and highly vortical flows. The wind tunnel results reflect a gradual reduction

in Cl till an almost constant set of Cl values can be found beyond −5o, indicating another area

of stall in the negative angle of attack range.

Apart from this range of values, the other values show excellent correlation. The same

applies to Figure 3.25b on page 61 (test for Re = 400, 000) where an even better correlation can

be seen up to 20o. Beyond this point, there was some interference in the pressure measurement

system which made the incoming pressure data fluctuate rapidly, causing inconsistencies in the

readings repeatedly. This was not observed during the test run at Re = 300, 000 and could

be a property of the airfoil model experiencing increased structural loads at the high angles of

attack which could be leading to a stretching or pinching of the pressure lines, causing the data

breakdown. It was also not observed during some other tests run at Re = 400, 000 and could

be a result of some localized fault (clogging, knotting etc.) in the pressure measurement system

at that point of time.

In the plot shown in Figure 3.26 on page 62 the same inconsistency, albeit in a different

direction, can be seen for the Re = 400, 000 case at angles of attack higher than 20o. This

inconsistency that is yet to be explained. The plot shows that the earlier design goal of having

similar performance at differing speeds has been achieved to some extent. Most values between
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Figure 3.25: Wind tunnel results for clean airfoil.
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Figure 3.26: Comparison of performance in the wind tunnel at Re = 300000 and Re = 400000.
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the two speeds show excellent correlation, including the negative angles of attack. For a large

positive angle-of-attack range, the values of Cl for the Re = 300, 000 case are marginally higher

than for the Re = 400, 000 case. This is an effect of the ’fast stalling’ trailing edge and has

been found to occur on airfoils with a reasonably high aft loading [5].

3.4.5 Tripped Airfoil Results

In order to verify that the airfoil was still producing high downforce values and maintaining

its characteristics, the airfoil was tested with trips placed at three locations on the upper surface:

0.1c, 0.2c and 0.3c. The trip consisted of two layers of tape pasted on top of each other to give

a cumulative height of roughly 1 mm. This sizing was found to be effective after it was tested

using flow visualization (as will be seen in the next subsection) and it was apparent that the

boundary layer was getting tripped to a turbulent state and preventing the formation of a

laminar separation bubble. The length of the trip was such that it spanned the entire length of

the wing model. An example arrangement of a trip placed at 0.1c is shown in Figure 3.27 on

page 64.

The first set of results pertain to the trip at 0.1c. The wind tunnel results and a comparison

with the XFOIL predictions for the same case are shown in Figure 3.28 on page 65. The

comparisons with XFOIL show that the values predicted by XFOIL for the initial 10o positive

angles of attack are lower than that obtained in the wind tunnel. But from there on, the values

from both remain close to each other upto 25o. When compared to the clean airfoil run (Figure

3.28b on page 65), it can be seen that the negative angles of attack yield the same results for

both the clean and tripped cases. But from 0o on to about 22o, the clean airfoil shows higher

Cl values consistently. This is because of the early transition that is forced onto the airfoil by

the presence of the trip. After this point, separation starts to affect the performance of the

clean airfoil and there is a dip in Cl values below that of the tripped case. The tripped case

shows a sustained increase in Cl due to the early initiation of the turbulent boundary layer,

thus leading to increased resistance to stalled flow.

The second set of tripped flow results pertain to the trip placed at 0.2c. These are shown in
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Figure 3.27: Boundary layer trip on the airfoil model.

Figure 3.29 on page 66. The XFOIL comparisons are very close until about 17o angle of attack

after which the data is seen to have a large amount of scatter. The reason for this scatter is

unknown. The scatter occurred repeatedly and this may point to an occurrence of stall with

unsteadiness in the flow. When compared to the clean airfoil results, it is evident that the airfoil

still maintains high Cl values albeit slightly lower than that on clean airfoil. The difference in

values between the clean and tripped is lower than it is for the case with the trip placed at 0.1c.

The values begin to match at higher angles of attack until the scatter comes into the data and

ends all correlations.

The third set of tripped flow results pertain to the trip placed at 0.3c, shown in Figure 3.30

on page 67. Here again it is seen that the XFOIL predictions correlate very closely with the

wind tunnel results until about 20o after which there is data scatter. These results also match

those obtained for the clean airfoil very closely until the appearance of the scatter. At positive

low angle of attack conditions (when the turbulent boundary layer is not initiated before the

trip in clean cases) it is seen that the Cl values are slightly lower for the tripped case. But the
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Figure 3.28: Airfoil tripped at 0.1c.
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(b) Comparison with clean airfoil data from wind tunnel.

Figure 3.29: Airfoil tripped at 0.2c.
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Figure 3.30: Airfoil tripped at 0.3c.
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rest of the range shows a good correlation until the scatter.

It can be seen from all three cases that at high angles of attack, the airfoil constantly

produces a Cl between 2 and 2.2 at low Reynolds number conditions. It is clear from these

results that airfoil still maintains its high downforce despite the presence of trips. This is a

useful characteristic in a wing that operates in proximity to the ground and is likely to get

leading-edge contamination during operation.

3.4.6 Flow Visualization

Flow visualization was conducted in order to obtain an insight into the flow behavior under

various operating conditions. Oil flow visualization was used, whereby the airfoil is positioned

appropriately (i.e, at the desired angle of attack) and an oil mixture was applied on its surface

before the wind tunnel was switched on. The wind tunnel was allowed to run for a few minutes

to let the flow patterns develop and influence the flow of the oil mixture on the surface [28].

Titanium dioxide (white in color) in powder form was mixed with SAE 20W motor oil to form

the oil mixture to be used on the airfoil surface. This mixture was spread onto a black plastic

film which was used to cover the center of the airfoil model over the two rapid prototyped

sections, as shown in Figure 3.31a on page 69. This film is regularly used on R/C aircraft

bodies and was used here in order to provide a black background to better visualize the white

mixture. It was also used to protect the underlying pressure taps from getting clogged during

flow visualization.

The flow visualization was done at a Reynolds number of 300,000. As an example, the

picture and the accompanying illustration shown in Figure 3.31b on page 69 is that of the

clean airfoil at α = 5o. It shows the basic visual cues useful for analyzing flow visualization

photographs. The forward part of the airfoil experiences strong acceleration and as a result the

titanium dioxide-oil mixture is pushed further along the chord of the upper surface. This is

indicated by the sparsity of the mixture in the region. This continues until the appearance of

a separation bubble (upto about 0.35c in the picture), which is indicated by an accumulation

of the oil mixture (oil accumulation line) and its subsequent downward flow. This indicates
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(a) Airfoil model with flow visualization setup.

(b) Flow visualization at α = 5o

Figure 3.31: Flow visualization setup and interpretation.
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the start of the separation bubble and is seen in this way no scrubbing takes place on the oil

mixture, thus leaving it mostly undisturbed. Since no scrubbing force is acting on the mixture

in the chordwise direction, the only force is gravity and this causes the downward flow in this

case. The subsequent reattachment of the bubble is indicated by the scrubbing of the paint at

0.5c. The boundary layer is turbulent at this point and remains in this state until it separates at

0.9c, which is again indicated by an oil accumulation line and downwards flow of the mixture.

The region beyond separation shows the paint completely unaffected by the flow remaining

stagnant on the surface.

These flow signatures help interpret the flow structures and their resultant actions on the

airfoil upper surface.

The pictures in Figure 3.32 on page 71 show the flow structures for angles of attack ranging

from 0o to 25o in intervals of 5o. The oil accumulation line indicating the start of the separation

bubble can be seen to be moving closer to the leading edge with increasing angle of attack, thus

indicating that the bubble is moving forward along the airfoil with increasing angle of attack.

The region with separated flow on the aft part of the flow also shows a large increase in size

with increasing angle of attack. In the photograph for α = 0o, separation begins at roughly

0.92c (as seen from the scale in the photograph) and in the photograph for α = 25o, it begins at

about 0.38c. This is shown by the vast regions of unaffected oil mixture on the surface. Another

facet of the airfoil’s characteristics deducible from the photograph is the fact that the bubble

shows a reduction in chordwise size with increasing angle of attack. The chordwise extent of

the bubble reduces from 0.1c at α = 0o to 0.07c at α = 25o. This gradual reduction associated

with the presence of the bubble even at high angles of attack indicates a short bubble [23]. This

can be concluded from the observations above because a large bubble which affects the shape

of the boundary layer would result in separation behind the bubble at high angles of attack

[23]. In the photographs for high angles of attack, however, separation bubbles are present with

reattachment regions clearly visible.

Figure 3.33 on page 72 shows the flow visualization on the MSHD airfoil with a boundary

layer trip placed at 0.1c. As expected, there is no laminar separation bubble visible for any
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(a) α = 0o (b) α = 5o

(c) α = 10o (d) α = 15o

(e) α = 20o (f) α = 25o

Figure 3.32: Flow visualization for clean airfoil
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(a) α = 0o (b) α = 5o

(c) α = 10o (d) α = 15o

(e) α = 20o (f) α = 25o

Figure 3.33: Flow visualization for airfoil tripped at 0.1c.

72



(a) α = 0o (b) α = 5o

(c) α = 10o (d) α = 15o

(e) α = 20o (f) α = 25o

Figure 3.34: Flow visualization for airfoil tripped at 0.2c.
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(a) α = 0o (b) α = 5o

(c) α = 10o (d) α = 15o

(e) α = 20o (f) α = 25o

Figure 3.35: Flow visualization for airfoil tripped at 0.3c.
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Table 3.2: Comparison of turbulent boundary layer separation locations (expressed in terms of
x
c ) .

Case 0o 5o 10o 15o 20o 25o

Clean 0.93 0.89 0.85 0.75 0.51 0.36
0.1c trip 0.88 0.68 0.51 0.33 0.30 0.26
0.2c trip 0.85 0.75 0.70 0.65 0.54 0.40
0.3c trip 0.89 0.80 0.82 0.75 0.50 0.33

angle of attack as a result of the trip. Another result of the trip is the advancement of separation

on the aft portion of the airfoil, visible when comparing photographs from Figure 3.32 on page

71 and Figure 3.33 on page 72. Since the trip has been placed forward of the location of the

separation bubble, no bubble forms even at high angles of attack. Even at 25o, the bubble

formation was initiated at approximately 0.12c in the clean case. Whereas in Figure 3.34 on

page 73, there is a separation bubble visible in the α = 25o case. The complete span of the

bubble has not been realized due to the presence of the trip but an oil accumulation line can be

seen followed by a turbulent reattachment region forward of the trip. In the flow visualization

for 0.3c (Figure 3.35 on page 74), the separation bubble forms even for an α = 15o. The effect is

that the separation point moves further aft along the airfoil when compared to the clean airfoil

case. The observed separation locations for the all the cases considered above are summarized

in Table 3.2 on page 75. These have been gathered from visual inspections of the separation

patterns based on the airfoil chord scale attached to the airfoil and normalized to a chord length

of 1.

The flow visualization exercise has been instrumental in confirming that the laminar sepa-

ration bubble on the MSHD is a short one.
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Chapter 4

Multi-element Setup and Results

The objective of this chapter is to establish the efficacy of the MSHD airfoil in a multielement

configuration. The MSHD with a 0.5% thickness blunt trailing edge has been used as the main

element and as a scaled-down flap element. The design was conducted iteratively by trying out

different flap elements and sizes until it was determined that the highest lift coefficients were

obtained by using the same airfoil as a flap element as well. The computations were carried out

using the MSES flow solver [4].

Wind tunnel verification was supplemented by numerical verification, which was carried out

using the Navier-Stokes based Raven CFD code.

4.1 Multi-element Airfoil Geometry

The resulting multielement airfoil shown in Figure 4.1 on page 77 was designed in MSES.

The chordline of the flap is at an angle of 36o to the horizontal. The chord of the main element

has been normalized to 1 and the flap-chord is 35% of the main-element chord. Overall, the

chord-length of the ensemble is 1.2.
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MSHD airfoils in multielement setup

Figure 4.1: MSHD Multi-element setup.

4.2 Wind Tunnel Testing

The wind-tunnel testing procedures and equipment are the same as outlined in 3.4.3. The

difference arises in the number of pressure taps and some support elements required to prevent

the high loading on the airfoil from causing excessive deflections in the structure. These and

other measures will be presented along with the results in the next few sub-sections.

4.2.1 Multi-Element Airfoil Model

The complete multi-element airfoil model is shown in Figure 4.2 on page 78, with the flap

shown at its design angle of 36o. The main-element of the multi-element airfoil model consists

of the same pressure tapped airfoil used for single element testing. The flap-element was also

fabricated using stereolithography and is the same width as the main-element center section:

5 inches. This is shown in Figure 4.3a on page 79. There are a total of 12 pressure taps over

the surface of the flap element and the taps have the same diameter as the ones on the main

element.
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(a) Top view

(b) Side view

(c) Isometric view

Figure 4.2: Multi-element airfoil model setup.
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(a) Flap element with pressure taps.

(b) Photograph showing rapid-prototyped flap sections.

Figure 4.3: Flap element.
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The rest of the pieces to complete the flap element span were fabricated by rapid-prototyping

and are shown in Figure 4.3b on page 79. Each of these sections are also 5 inches in width.

Pressure lines were connected to the Scanivalve setup in the same way as for the main element

whereby the pressure lines are brought out through the lower half of the airfoil, as shown in

Figure 4.3b on page 79.

As shown in Figure 4.4 on page 81, the multi-element wing setup has support structures

around the center of the wing. These structures are needed to prevent the flap element from

bending, and changing the slot gap between the main element and the flap element, due to the

aerodynamic loads. These are regularly used in multi-element airfoil tests [29] and also when

mounted on race cars. As an example, Figure 1.2a on page 3 shows a rear wing with a support

brace spanning both the main and the flap elements in the center of the span.

For this particular wind tunnel test, the support plates were placed 10 inches away from

the pressure measurement section on either side. Tests were conducted at distances further

outboard than 10 inches and it was found that there was no significant effect on the results.

4.2.2 Results

The results for a Reynolds number of 300, 000 based on the main-element chord (Figure

4.5a on page 82) show that the multi-element set-up of the MSHD also shows very soft stall

characteristics. The Cl ranges from 3 at an angle of attack of 0o to 4 at 25o. The Cl max is

slightly higher than 4. No discernible stall characteristics can be observed in the plot.

The same holds true for the Re = 400, 000 case. No stall region can be seen in the positive

angle of attack range. The two sets of data from different Reynolds numbers show similar

trends and are largely similar in terms of Cl values except between α = 8oand α = 16o where

the Re = 300, 000 case shows marginally higher Clvalues.

The wind tunnel prediction of Cl max is 4 and the data indicates Cl values greater than 3

for the entire positive angle of attack operating range.
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Figure 4.4: Multi-element airfoil setup in the wind tunnel.
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Figure 4.5: Multi-element wind tunnel test results.
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4.3 C.F.D

C.F.D solutions were computed for the 2-D multi-element MSHD airfoil in free-stream air.

A 2-D simulation was considered ideal for this study since airfoil data and characteristics were

required. A large 3-D grid would require immense amounts of computational resources and a

proportional amount of time to grid and subsequently solve for each angle of attack. As this

was not feasible, a 2-D grid was built with a one element thickness in the z direction. The

one element thickness was a requirement in order to be able to provide inflation layers on the

airfoil.

4.3.1 The Grid

The grid was an unstructured grid with 124, 354 elements. In order to eliminate any wall

interference effects, the airfoil is placed in the center with all four walls 20 chord lengths away

from the airfoil. This is shown in Figure 4.6a on page 84, where the airfoil is visible as a small

dark point in the middle of the grid. Further details of the grid around the airfoil can be seen

in Figure 4.6b on page 84. For the prismatic grid elements, 15 inflation layers were provided on

the airfoil surfaces with a 1:1 grid aspect ratio on the final elements of the inflation layer. The

inflation layers can be seen around the airfoil in Figure 4.6b on page 84, represented as a thick

line around the airfoil. A detailed picture of the inflation layer structure is shown in Figure

4.6c on page 84 where an aspect of ratio of 1:1 can be seen for the final layer. The minimum

element size of the prismatic layers was 1e−5 m and was derived using a y+ of 1. These layers

are essential for effective boundary layer resolution and ensuring solution accuracy.

Open boundary conditions were applied to the top and bottom walls to allow free-stream

conditions to prevail unhindered. Velocity inlet and pressure outlet boundary conditions were

imposed on the front and back walls spanning the element thickness. The walls adjoining the

airfoil on either side were assigned symmetry boundary conditions.

The entire grid generation was done using the ICEM CFD package at Corvid Technologies.
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(a) Overall grid picture.

(b) Grid around airfoil showing inflation layers.

(c) Inflation layers.

Figure 4.6: Grid for C.F.D.
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Figure 4.7: Convergence plot for α sweep.

4.3.2 Numerical Solution

The simulation was run using the Raven C.F.D solver from Corvid Technologies. The

simulations were run using the Spallart-Allmaras one equation turbulence model. Due to very

low Mach numbers (0.04 M to 0.1 M) and the highly vortical flows encountered, the algorithm

needed pre-conditioning in order to improve convergence. Temporal damping was also employed

to improve convergence. The Gauss-Seidel iterative matrix solution scheme was used. Spatial

and temporal accuracy were both set to second order to improve accuracy. No turbulent wall

functions were used and this necessitated the finely resolved y+ seen in the previous sub-section.

Other turbulence models that were tried include the D.M.S.A and the k−ω models, both of

which are two equation turbulence models. Convergence was, however, not as good (even with

preconditioning) as with the Spallart-Allmaras model. Thus it was decided that the Spallart-

Allmaras model would be used for all the computations.

A rigid body motion sweep was used to simulate an α sweep from −10o to 25o. The resulting
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(a) Eddy viscosity plot for α = 0o. (b) Eddy viscosity contour plot for α = 20o.

(c) Pressure contour for α = 0o. (d) Pressure contour for α = 20o.

(e) Velocity contour for α = 0o. (f) Velocity contour for α = 20o.

Figure 4.8: C.F.D Solutions for α = 0o and α = 20o.
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Cl − α curve is shown in Figure 4.7 on page 85. This is very different from that seen from the

wind tunnel tests. The only region where there is a correlation between the results is between

α = 0o and α = 5o. From the contour plots available from the C.F.D solutions, it is seen that

large vortices are produced at angles of attack greater than 15o and this causes large differences

in the two values. The noise seen in the plot at angles of attack greater than 15o is a result of

these vortices and the periodic shedding of these vortices results in an unsteady, time variant

solution. Figure 4.8 on page 86 shows comparative contour plots for α = 0o and α = 20o to

illustrate the difference in vorticity and help understand the vast difference between the wind

tunnel and numerical results. The eddy viscosity ratio contour plot in Figure 4.8a on page

86and Figure 4.8b on page 86 show large differences in the size of the vortices as well as the

extent of separation seen in the airfoil surface. In Figure 4.8a on page 86, it can be seen that

the start of the vortex and separation is only prevalent over the aft portion of the flap element.

The main element shows attached flow and as a consequence, the vortices are smaller and do

not cause large variations in the numerical solution. Whereas Figure 4.8b on page 86 shows

large vortices at α = 20o and the start of the vortices and the start of the separation are on

the forward portion of the main element. Large amounts of separated flow can be seen on the

airfoil. The pressure contours in Figure 4.8 on page 86 also show the difference, where a large

vortex can be seen for the α = 20o case over the aft portion of the main element and the α = 0o

case shows no signs of any pressure variations that would indicate highly separated flow or the

presence of any vortices over the airfoil.

4.4 Carbon-Fiber Wings for use on the Wolfpack Formula SAE

Racecar

In order to test the applicability of the MSHD airfoil to motorsports, the ultimate test is its

ability to perform on-board a race car. The race car to be used for aerodynamic ’field testing’

of the MSHD airfoil is the Woflpack Motorsports Formula SAE 2011 race car. The car weighs

445 lbs and is powered by a turbocharged 600 cc Honda engine producing 93 bhp and 74 ft-lb
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Figure 4.9: Mold from CNC router.

of torque. It is capable of straight-line acceleration from 0 − 60 mph in 3.17 s and lateral G of

1.6 in the corners. Above all, it is a race car with very high performance capabilities (as proven

by these numbers) and it is hoped that the addition of an aerodynamic package will improve

the performance envelope of this race car and validate the airfoil’s capabilities on track.

4.4.1 Wing Mold

The front and rear wing spans are 38 inches and 29 inches respectively. These dimensions

were decided on as a result of the geometric constraints on the race car and the availability of

appropriate mounting points on the existing chassis structure.

The initial step in the manufacturing process was the fabrication of female molds of the

upper and lower surfaces of the airfoil. There were a total of 4 molds for the main elements

and 4 for the flaps (front and rear wings). The material for the mold was 25 psi mold, owing to

its easy availability and low price. The molds were cut in the N.C.S.U design school workshop

using a CNC router. The molds for the front wing are shown in Figure 4.9 on page 88. The

next step in the manufacture of the mold involved cleaning off the burr after the CNC operation

in order to ensure a smooth and even surface for further composite work.

4.4.2 Fabrication of the Wings

The molds were taken to Richard Childress Racing’s composites facility to be used in a

carbon fiber fabrication process for wings. The first step was further preparation of the molds

by coating the surface with smooth aluminium tape and subsequently coating the tape with a
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(a) Mold prepared before use. (b) Wing halves removed from vacuum bag.

(c) ’Fish’ structures. (d) ’Fish’ structures glued in place.

Figure 4.10: Wing lay-up process.

chemical release agent (shown in Figure 4.10a on page 89). This was done as a result of the

foam not being able to withstand the mold release paint that is sprayed on to make the mold

surface smooth and enable the release of the carbon fiber skin from the mold.

The next step involved the lay-up of the resin and carbon fiber in the molds. Three layers

of carbon fiber were used on each mold half. The layed-up carbon fiber in the molds were

then placed under vacuum pressure for three days. At the end of the three day period, the

wing halves were removed from the molds and the imperfections (transferred from the mold)

were ground out. Now that the wing halves were ready to be joined together, the aluminium

’fish’ structures were brought in. The fish structures, shown in Figure 4.10c on page 89, were

manufactured by water jet cutting from aluminium and act as structural braces for the carbon

fiber skins and also as mounting points for the wing. They are glued onto the carbon fiber wing

halves in the middle and ends of the wing structure. This arrangement is shown in Figure 4.10d
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(a) Main element. (b) Flap element.

Figure 4.11: Finished parts.

on page 89, where a strong industrial adhesive is applied onto the fish and the carbon fiber to

make the bond strong and ensure structural stiffness. The final step involves further grinding

to remove surface imperfections and a final layer of black paint. The resultant wing is shown

in Figure 4.11 on page 90. The wings sets weigh 3.4 lbs for the front wings and 3.1 lbs for the

rear wings.

As will be discussed in chapter 6 in the future work section, these wings will be mounted

on the 2011 NCSU Wolfpack Formula SAE race car and tested on a race track. The car is

equipped with a MoTeC system and is thus fully instrumented and will, it is hoped, provide

sufficient insight into the performance of the race car with aerodynamic downforce.
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Chapter 5

Simulation of Race Car Performance

with Aerodynamics

This chapter describes the research undertaken towards developing a lap-time simulation

that can be tailored for studying aerodynamic set-up changes on a generic race car. Race car

performance is modeled as a point mass system with engine power and aerodynamic forces

acting as forcing functions as it traverses a pre-defined race track. Part of the race track model

is a racing-line generator which calculates a racing line of the widest possible radius through

any corner of specified radius and span. It is hoped that the model can also be used as a vehicle

dynamics tool targeting the validation of aerodynamic developments and provide insight into

further aerodynamic design requirements.

5.1 Aerodynamic Influences on Race Car Performance

In modern racing, teams look for significant competitive advantages in three major areas:

engine, tyres and aerodynamics. In many series (including Formula 1), engines are purchased

by most teams from outside suppliers and in some cases, the same engines are mandated for all

the teams by the governing bodies. Tyre technology is also highly proprietary information that

tyre manufacturers are privy to and as a consequence, teams only use tires as supplied to them.
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Thus engines and tyres are, in many cases, areas over which teams have minimum individual

influence. The result of which makes aerodynamics an important tool for teams in the quest

for a competitive edge. For instance in Formula 1, aerodynamics is the single biggest area of

investment for the Formula 1 constructor [3]. Engine cooling system design, critical to engine

efficiency and reliability, is also considered part of the aerodynamics package as the passage of

air through the radiators affects the mass flow of air passing over the car and is detrimental to

the overall aerodynamic performance of the car.

The aerodynamic characteristics of modern race cars determine their operating envelopes.

Cornering speed is limited by generated lateral tyre grip, which is dependent on the level of

downforce. Setting up a car for utilizing the absolute maximum amount of downforce available

involves various compromises that are advantageous while tackling high speed corners (improved

grip) and highly awkward (due to the stiffer suspension optimized for downforce) in low speed

corners where mechanical grip is required [3]. At the same time, maximum speed is limited

by drag and maximum acceleration is limited by both drag and aerodynamic load distribution,

which can determine available traction. Braking is limited by both downforce and drag. Ob-

viously the decision as to the level of downforce used for a particular circuit will result in a

compromise in performance in one or all of the above stated regimes. It is therefore important

to evaluate the efficacy of any aerodynamic developments and appendages in the context of the

track where they are expected to be used and also in the context of overall vehicle set-up.

It is therefore essential to have a clear view of aerodynamic developments in the light of

overall vehicle performance and this is provided by computational lap-time simulation suites

that combine aerodynamic data and other mechanical parameters of the car to predict race

vehicle performance under the influence of aerodynamic loads. The simulations can drive any

particular configuration (consisting of mechanical and aerodynamic set-up information) around

a lap of a given circuit and provide valuable technical insight into vehicle performance and assist

the designer in making potential improvements by varying aerodynamic characteristics. Before

delving into further details of lap simulation tools, it is essential to understand the primary

goal or objective of a race car designer: maximizing the performance envelope or traction
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Figure 5.1: Traction envelope (g-g diagram)

circle; where aerodynamics plays an important role in achieving this objective [1].

5.1.1 The Racing Objective: Maximization of the Traction Envelope

In order to assess the performance of various set-ups and configurations, a method of de-

scribing overall vehicle performance is required. This method is the traction envelope (traction

circle) or performance envelope which can be used to describe the performance of a vehicle.

It can take on three-dimensional forms, where the surface defines the maneuvering limits of

a vehicle in appropriate terms. This was originally an aeronautical concept [1] and on being

adapted to cars, the performance is measured in terms of longitudinal acceleration, lateral accel-

eration and speed. The combinations of these parameters define the surface of the performance

envelope and act as the limiting conditions. They provide essential insight into the maximum

combined force generated by the car through its force generating systems: propulsive power,

downforce, drag and tire forces.

In order to realize the full potential of a race car, the aim is to be able to utilize its entire
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Figure 5.2: Traction envelope (g-g-V diagram)

traction envelope. The performance potential on a given track is defined by a car’s traction

limits and it is the role of the driver to realize that potential by operating as close to the

surface of the envelope as possible. Any off-surface excursions in performance can be viewed as

sub-optimal performance and can be a result of either the driver not completely utilizing the

given package or the stability and control aspects of the car not performing adequately [30].

The performance envelope or traction envelope expressed in terms of acceleration is called

the ’g-g’ diagram, as shown in Figure 5.1 on page 93. It is a plot of the longitudinal acceleration

against lateral acceleration. When this is plotted for different speeds, with speed being the third

axis, it gives rise to the ’g-g-V’ diagram (Figure 5.2 on page 94). From the figure, as a general

trend, a car without aerodynamic downforce shows no change in the braking and cornering

limits with speed. For race cars employing downforce, the braking, cornering and traction-

limited acceleration sectors show an increase in size and the power limited acceleration sectors

show a decrease in size due to increased drag [1]. This is where the aerodynamic compromise is

to be made, with regard to which sector of the envelope to increase at the expense of another.

The acceleration side of the traction envelope is always truncated compared to the braking and

lateral sections of the envelope as most cars are power-limited during acceleration as opposed
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to traction limited [31]. Under hard acceleration, some cars may be traction limited for a brief

period of time and experience wheel spin due to tire slippage but this lasts for a very short

period and for the most part, forward accelerative forces do not reach the edges of the traction

envelope. This gives rise to it sometimes being known as the traction ellipse, as opposed to

’traction circle’.

When the limit of the tire’s traction envelope is reached, control is lost. Thus when a vehicle

is at the edge of the ’g-g-V’ diagram, it is ’over the edge’. The great racing driver Sir Stirling

Moss described driving at the limit as being akin to a bowler bowling a ball: the spin, swing,

speed and pitch are set before leaving the bowler’s hand, after which its trajectory cannot be

influenced by the bowler.

To be on the limit of the traction envelope constantly, it is required that braking and corner-

ing occur simultaneously at corner entry, and acceleration and cornering occur simultaneously

during corner exit. The simultaneous braking and cornering phase, also known as trail-braking,

forms a large part of the corner and can be beneficial if practiced. But trail-braking is when

the vehicle is most unstable [1] this is where aerodynamic set-up changes can be beneficial in

providing vehicle characteristics that inspire confidence of the car’s stability in the driver. It

is thus important to understand the correlation between aerodynamic downforce and overall

vehicle performance around a lap. As Peter Wright pointed out [1], downforce is now funda-

mental to the braking, acceleration and cornering performance of a race car and this has led

regulating bodies worldwide to impose sanctions (depending on the class of racing involved)

on the amount of downforce possible to be generated due to safety concerns fueled by the ever

increasing speeds. Downforce has been used to quadruple the size of the braking and cornering

sectors on the g-g-V diagram while leaving the V axis almost unchanged since the 1950s [1].

Gains in horsepower over the years from racing engines have been used primarily to counteract

the associated drag of the downforce generating parts of the car, rather than attempt to achieve

higher top speeds.

Maximizing the operating time of a race car at the limits of the traction/performance

envelope is the ultimate means of achieving faster lap times and lap-time simulations can
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provide valuable guidance towards finding ways to stay at the edge of the envelope.

5.2 Lap Simulation Codes

As was pointed out earlier, lap simulation codes work by using the given vehicle specifications

to simulate the motion and subsequent lap times for a race car along a specified race track. This

has been a regular feature of racing teams and their analytical approach towards performance,

pioneered by Mercedes Benz in the early 1950s, as evidenced by this quote from the ex-Formula

1 driver Sir Stirling Moss about the use of an analysis system at Mercedes Benz during the

1954-55 Formula 1 season [30]:

And then behind all this there was, of course, a race analysis department. If you

should wonder what on earth this might be, or do, let me say that every course was

mathematically dissected and the speed at every point calculated together with the

required gear in every section. From this is was child’s play to tell the driver what

he should do, where he should do it, and what sort of lap speeds he should achieve.

So if you started by saying that on a certain corner you were coming out at 5,500

r.p.m and you would prefer 5,300 r.p.m, in next to no time the gear ratio would

be changed so that without altering your road speed this is how it would be. But

then somebody else would say: “My dear chap, you’re going too slow there, on that

ratio you really ought to be coming out at 5,450.” And, my God, when you took it

seriously out of it you came at 5,450. Or perhaps 5,500 if you wished to prove that

slide rules are not always infallible.

Simulators have evolved with improved computing resources and have gone from point mass

evaluations to bicycle models to complete four wheel models taking into account lateral and

longitudinal weight transfers, transient suspension dynamics and center of gravity effects. Rac-

ing teams now use complex systems coupled to seven post rigs with race cars mounted on them

[1]. These rigs simulate every type of loading (suspension deflections, aerodynamics, etc.) on

the car, using hydraulic systems, based on the track under consideration. This is then coupled

96



to a lap time simulator which uses racing lines prescribed to it either from previous empirical

measurements or lines measured from G.P.S systems [32]. This then forms the basis for com-

parisons by varying different set-ups. These systems are highly accurate and some cost millions

of dollars to set-up and run. As a result, their inner workings are highly protected trade secrets

that haven’t been divulged.

In terms of purely analytical simulators (i.e., requiring no rigs), there have been numerous

academic and industrial efforts at developing simulation codes that can predict race vehicle

performance and act as a guide during the design stage. The focus of the current effort is to able

to specifically evaluate aerodynamic parameters and their effect on the race car performance.

In this direction there have been some codes that have used the traction envelope as part of

the driving physics and some that haven’t. The simulations by Dominy and Dominy [33] were

used to academically evaluate the effect of the ban of flexible skirts on the performance of

the 1982 Formula 1 cars. They employed a bicycle model and the evaluations were performed

by assuming a constant speed around the corner, calculated as the maximum possible speed

through that corner based on the traction limit for the corner. This meant that the simulation

didn’t take into account the racing line that would normally be used or attempted by the

drivers. Similarly, the work of Mckay and Gopalarathnam [8] used a constant corner speed

model to evaluate the aerodynamic effects of various airfoils on a Formula SAE race car. In

order to maintain a constant speed across the corner, the speed coming off the straight has to

be reduced to the maximum possible velocity for that particular corner and this ensured that

for the above mentioned models, the braking zone remained within the confines of the preceding

straight.

In order to completely analyze the effects of an aerodynamic package it is essential that the

car’s performance is maintained along the surface of the traction limits at all possible times

by the simulation, as is desired during actual functioning of the race car. This leads to the

requirement of the simulation code to be able to handle trail-braking.

Trail braking is the combination of braking or deceleration with cornering. Combining ac-

celeration and cornering is universally acknowledged as essential to an effective race driving
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technique because it offers better control in a corner exit than driving a constant arc at maxi-

mum lateral acceleration. But trail-braking is more difficult due to the car being most unstable

during this regime [1] and as a result trail-braking is considered a difficult and advanced tech-

nique that is still controversial in terms of the responses it evokes among trainers and race

drivers regarding its requirement and efficacy [31]. But as has been proven by Mitchell et al.

[31], trail braking is highly advantageous in terms of the reductions in lap times possible. It

is also known that racing drivers at the highest levels have been using various extents of trail

braking for a long time now, more out of instinct than technical insight [34]. The human body

cannot sense absolute velocities and accelerations, but it is very good at sensing even small

changes in accelerations. This is the sensing mechanism that tells racing drivers the state of

the grip (longitudinal, lateral and combined) at any point of time [1]. Racing drivers can thus

sense the difference between various lines and evaluate the faster line. It had been also been

suggested by the three times Formula 1 World Champion Niki Lauda that analytical lines used

by codes may not be the optimum line [35], leading to the conclusion that the codes at the

time may not have adequately reflected the reality in terms of the fastest lines adopted by the

racing drivers.

Thus it is important to have a racing-line physics model which utilizes trail braking and

the tendency to fill up the traction envelope and maintain performance along the edges of the

envelope. This is essential in ensuring that the simulation’s analytical reflections are closer to

the actual driving styles and practices. Other simulations seen above either rely on the co-

ordinates for the racing line being prescribed to them or they assume a constant radius section

based on the corner radius. It is felt that a simulation that is tailored to studying the effects of

aerodynamic enhancements on overall performance must have an analytical methodology that

can calculate and employ racing line radii for different corner radii and spans.
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5.3 Lap Simulation with Racing Line

The simulation code being studied in this section will henceforth be referred to as the R.L.S

( Racing Line Simulator). The R.L.S has been written using MATLAB. The main solver physics

of the code is based around MATLAB’s ode45 function which solves initial value problems for

ordinary differential equations.

5.3.1 Vehicle Model and Parameters

The vehicle model involves specification of parameters such as mass, engine power, gear

ratios, aerodynamic coefficients and tire friction coefficients. The propulsive force produced by

the engine is calculated as shown in as Eq.5.1

Fp = Te.rer.fgr

r
(5.1)

where Te represents the engine torque, r represents the radius of the wheel, fgr represents the

final gear ratio passed to the engine model and rer represents the rear axle ratio. The gear

ratio is calculated as shown in Eq.5.2 and Eq.5.3.

Wrpm = 60.v
π.2.r (5.2)

Erpm = Wrpm.rer.gr (5.3)

where Erpm and Wrpm stand for engine r.p.m and wheel r.p.m respectively. The engine r.p.m

based on the previous gear ratio is then checked against the provided engine characteristics to

verify if the engine is within the permissible r.p.m range. If not, a gear change is initiated and

the change is communicated to the final power calculation. This is repeated for every iteration

where the engine model is called by the solver.

The aerodynamics model consists of the code reading polar files generated for airfoils used

for the front and rear wings. This populates the airfoil lift and drag coefficients into the
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aerodynamics model. Different airfoils can be specified for the front and rear of the vehicle.

A 3-D correction that accounts for the induced drag based on the aspect ratio is used, similar

to the methodology in [8]. The angle of attack values presented in the subsequent sections

represent the airfoil effective angle of attack. Since there is no restriction on the angle of

attack for mounting, this was considered to be a sufficient representation for airfoil comparison

purposes.

Currently, the model does not take into account tire dynamics with changing aerodynamic

loads. A constant value of µ is used. For this simulation, a µ of 1.5 was used to represent a

racing tire. Engine torque was assumed to be 75 N-m (according to the 2010 car engine figures)

and mass was assumed to be 250 kg with the aerodynamic package installed. This is roughly

equivalent to a Formula SAE race car weight.

5.3.2 Racing Line Generator

The racing line generator has been written as a MATLAB function which executes as part

of the main lap simulation code. Since it was deemed necessary to be able to better replicate

racing lines adopted by racing drivers, this code was written with the objective of providing

the maximum radius path through a corner while adhering to considerations that attempt to

make the generated racing line a closer representation of reality.

The formula that yields the radius of the racing line within the confines of a given corner

with a specific track width is given by Eq.5.4.

RL = Ro +

 Ro −Ri
1

cos(θ) − 1

 (5.4)

where RL stands for Racing Line and is a measure of the maximum radius circle that can be

accommodated through a corner of specified radius and span. Ro represents the outer radius

of the corner and Ri represents the inner radius of the corner, as shown in Figure 5.3 where

a generic corner is represented geometrically in order to show the derivation of the racing line

radius. The angle θ shown in the figure is half the total angle that the corner spans.
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Figure 5.3: Geometric calculation of racing line radius

Relying purely on the racing-line radius would again lead to the use of a constant radius

circle, albeit a radius that is more physically more representative of the speeds possible in a

corner than a constant-corner radius model which assumes that the line the car traverses is the

given corner radius. Driving the geometric line of maximum radius is very difficult because it

then precludes the ability of the driver to tighten the driving line. All the available traction is

used by the lateral acceleration as the vehicle is at the maximum possible speed and any attempt

to decelerate requires braking traction which is no longer available. In order to trail-brake, a

racing driver will need to brake harder to increase deceleration, thereby increasing longitudinal

acceleration, thus necessitating a reduction in lateral acceleration which is achieved by reducing

the radius of the racing line or ’tightening’ the line [31].

The racingline generator has thus been setup to use a MATLAB spline function to generate a

racing line (in the form of a cubic spline) that starts with the initial racing line radius generated

from Eq. 5.4 and uses 5 control points: one each at corner entry, corner apex and corner exit

and additional control points in between corner apex and entry, and apex and exit to provide

additional control. These points will also be useful for future optimization runs. The radius of
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(b) 130o right hand corner.
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(c) 90o left hand corner.
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Figure 5.4: Racing lines through various example corners.

this resultant curve is evaluated at 100 points to give a curve that starts out with the racing-line

radius at corner entry, reduces its radius gradually as it reaches the corner apex to a minimum

and finally increases back to racing line radius at the corner exit. The code also accounts for

the increased radius by removing the appropriate amount of the preceding straight that is used

as part of the racing line, as racing-line radii that are greater than the outer corner radii have

to start before the actual corner begins. Currently, the racing-line generator has been setup to

use a middle apex for all the corners. This can be changed to accommodate late and early apex

simulations as well.

The racing line generator function can be used for corners ranging from tight 180o hairpins
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to wide 50o angle corners. Corners that are lower in angle than 50o can be ’straightlined’ and

this has been included in the main code. Various corners and their corresponding racing lines

are shown in Figure 5.4, where the spline control points and the racing line radii are also shown.

A corner of 50 m radius and 10 m track width has been used to exhibit the capabilities of the

racing line generator for various corner spans.

5.3.3 Braking Interpolation

The braking interpolation functionality is used as a part of the main code to calculate the

correct braking distances required to achieve the correct velocity at corner entry. This function

takes into account the requirement of maintaining the maximum possible combined acceleration

at any given instant along the edges of the traction envelope, thus ensuring that the transitions

between braking, cornering and acceleration occur along the edges of the envelope and do not

have to pass through the center of the g-g diagram for each phase change.

As depicted in Figure 5.5, the data from the main code is fed into the braking interpolation

function. This includes all the vehicle data. Track data for one straight and one corner (after

the entire track is split up into similar pairs by the main code) is sent to the function. The

function first accelerates down the entire straight and through the subsequent corner up to the

apex. At this point, the braking algorithm performs a reverse integration using the braking

force. The intersection point between these two curves is found and that is the point where

braking must begin in order to slow down to the correct speed. This is shown in Figure Figure

5.6 on page 105 where the red circle represents the intersection point.

If the braking does not need to occur on the straight (eg., large corner radius permitting

higher speeds), then the function detects this and finds the braking point within the turn, if

necessary. If no braking is required throughout the straight and turn (eg., very large radius

corner), then the function communicates this to the main code.

Throughout the use of this function, the physics is set up to ensure that traction envelope

considerations are obeyed and that maximum combined accelerations are maintained.
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Figure 5.5: Flowchart for braking interpolation code.
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5.3.4 Functioning of the Racing-Line Simulation Code

The overall lap simulation code uses the functions described above in addition to some

other functions to solve for velocities, distances and times around a race track for a specified

vehicle model. The process is represented in Figure 5.7. The first step is the specification

of track details and vehicle details. Track details require the specification of corner radii and

corner spans. It is felt that this is an easier, more convenient method of specifying the track,

rather than using x and y coordinates, which may be more difficult to access when trying to

simulate real tracks. The next step is where the racing-line generator generates racing lines

for the specified corners. The track is then split into pairs of straights and corners, each pair

having one straight and one corner. This data is then fed to the braking interpolation function

which calculates the braking point for the pair in question and sends it back to the main code.

The main code then runs the ode45 solver for each segment of the track within the pair and

computes the relevant parameters. The calculated velocities, distance and time are then used

to advance the solution of the car along track until the prescribed number of laps or distances

are completed.

The maximum velocity in any segment, vmax, is calculated using Eq. 5.5
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Figure 5.7: Flowchart for simulation code.
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vmax =
√√√√√ µ.m.g√(

m
R

)2 +
(

1
2 .ρ.(Afront.Cdb

+Awings.Cdw)
)

2 − 1
2 .ρ.Awings.Cl

(5.5)

where R is the segment radius. The maximum possible acceleration for a particular segment is

then calculated using this velocity. The longitudinal acceleration is given in Eq.5.6

along =

[
Fp − rr −

(
1
2 .ρ.(Afront +Awings).Cd.v2

)]
m

(5.6)

where Fp represents the propulsive power and rr is the rolling resistance due to the tires, which

increases with increasing velocity. Similarly, longitudinal deceleration is given in Eq. 5.7 and

the lateral acceleration is given in Eq. 5.8

abraking =

[(
1
2 .ρ.(Afront +Awings).Cd.v2

)
+
(

1
2 .ρ.µ.v

2.Awings.Cl
)

+ µ.m.g
]

m
(5.7)

alat = v2

R
(5.8)

The final velocities are calculated based on the combined acceleration, acombined, shown in

Eq. 5.9

acombined =
√
alateral + alongitudinal (5.9)

5.4 Results from Racing Line Simulation

Shown in Figure 5.9 is a comparison between the racing line simulation using the full extent

of the traction envelope and the racing line simulation using a steady-state maximum alat

cornering model. It represents the two models tested on a hypothetical track consisting of two

500m long straights connected by two 180o, 50m radius corners. The first model utilizes the

racing line generator and thus employs a racing line to negotiate the track while the steady-

state model traverses the given corner radius (a constant circular section) as the racing line. By
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using the traction-envelope physics, the simulation is set up to solve for the maximum combined

acceleration at any point and this leads to the trail braking, seen in the figure as a decrease in

speed upto the apex. The steady state model however, shows a ’plateau’ in terms of velocity

values in the corner as it traverses the corner at the maximum possible velocity derived from the

maximum possible lateral acceleration. The traction-envelope model shows a lower minimum

speed at the apex of the corner, but the combined acceleration is higher throughout. This leads

to higher entry speeds and higher exit speeds as the car has available traction to accelerate out

of the corners and gain further advantages on the subsequent straight, as is represented in the

figure by the higher velocities before and after the apex. Also visible, is the much higher speeds

on the subsequent straight which is a result of the better drive and higher acceleration coming

out of the previous corner. This results in the traction envelope model completing one lap in

34.38 s and the steady state cornering model in 36.53 s, thus resulting in a substantial 2.15 s

difference over a meager 0.8 mile circuit distance. Both these models use traction envelope

limits but in very different ways and are exhibitive of the fact that the racing objective must be

to maintain the highest acceleration at any given time in any direction, as opposed to focusing

on achieving the highest speeds at all points [1]. This serves to further illustrate the points made

in section 5.2 regarding the requirement of analytically generating racing lines in simulations.

An example track has been considered to implement aerodynamic comparisons using the

simulation. The track does not replicate any known racing circuits and has been designed for

use in the racing line simulation using a wide variety of corner spans and radii, so as to allow

aerodynamic evaluations over a broad range of corners and racing lines. This track is shown in

Figure 5.9. Track length (measured by the racing line) is 2293.5m or 1.4 miles.

The simulation was used to evaluate 1 lap of the circuit with the start of the first lap at

the beginning of the first straight (shown in Figure 5.9 as the start/finish line) from a standing

start (i.e, zero velocity). The S1223, FX74-CL5-140 and the MSHD airfoils were compared

using the simulation and the result is shown in Figure 5.10. As is evident, the MSHD airfoil

shows lower lap times consistently across the range of angles of attack considered here (0oto

25o with a 0.5ointerval). The S1223 and FX74-CL-150 show similar performance upto about
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Figure 5.9: Track details
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12o angle of attack, after which the S1223 helps produce lower lap times. Some data points

that are scattered away from the general trends for all three airfoils are lap times that were

produced by erroneous simulations that occurred only for those particular angles. This was

corroborated by studying the velocity plots produced for each angle of attack run. The figure

indicates that the lowest lap times are produced by the MSHD and these values are consistently

available across a large angle of attack right upto 25o, by which point the other two airfoils show

considerably higher lap times. In addition to the three airfoils compared here, a simulation with

no added downforce was also considered. The large difference in lap times show the necessity of

implementing an aerodynamic package, even for racing classes that use less powerful engines.

For the case with no downforce, the mass was reduced by 6 kg to account for the removal of

wings and the associated mounts and a small value of lift was added in accordance with the

observations in [36]. Despite the weight difference and the lack of associated wing drag, lap

time differences point towards the overall benefits of installing an aerodynamic package. A

difference of close to 2.5 s per lap can be seen in the comparative plot. Figure 5.11a shows a

comparison between the velocity plots for a case with no downforce and a case with the MSHD

airfoil at 20o angle of attack. The labels ’S’ and ’T’ on the figure represent straights and turns

and the number following the letter represents the respective track feature. As is evident from

the plot, the case with no aerodynamics downforce shows earlier braking distances and also

lower corner velocities. The lower overall acceleration compared to the case with downforce is

evident in the differences in traction at corner exits and the higher braking potential at corner

entries. This allows the case with downforce to accelerate for a longer distance before needing

to brake for the upcoming corner. The case with no downforce does have marginally better

acceleration due to lower drag, which can be seen in the acceleration region of the first corner,

but this is counteracted by the need to brake earlier.

Similarly, Figure 5.11b shows a comparison between the S1223 and the MSHD at 7o angle

of attack. Though the figure does not show differences as large as in Figure 5.11a between the

two cases, the difference in lap times is 0.45 s. This is also a substantial time difference over a

single lap of these dimensions. The velocity plot for this comparison shows differences mainly
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at the tight braking zones for turns 2, 5 and 6. This is where the added downforce allows

more speed to be carried deeper into the corner. Advantages from one corner generally filter

into marginally advantageous situations through the subsequent sectors of the track and these

improvements add up together at the end of a lap to result in a significantly lower lap time.
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Chapter 6

Concluding Remarks

6.1 Summary of Research

High downforce wings have been an integral component in motorsports for over half a

century now. Championships have been won and lost on the basis of the amount of downforce

a team can extract compared to rival outfits. The benefits they provide in terms of increased

performance envelopes is the key driver behind their extensive use. Airfoil selection in most

cases consists of using pre-existing airfoils that may or may not be optimized from the point

of view of downforce requirements or vehicle-dynamics considerations. Previously documented

airfoil design, specifically targeting motorsports, used Stratford distributions and relied on

sensitive boundary layer developments; these have been shown to be to detrimental for high-

lift performance consistency across a broad range of design conditions. Other high-lift design

philosophies targeting applications such as UAVs, etc. used greater amounts of aft loading to

provide soft stall characteristics and high lift, but were restricted in terms of the amount of aft

loading that could be used due to pitching-moment constraints. The research presented in this

thesis makes two contributions to high downforce aerodynamic evaluations for motorsports. In

the first part, a high downforce design philosophy was developed that, using inverse design, can

be utilized to develop airfoils with the required characteristics for race car rear wing applications.

The second part dealt with the development of a lap-time simulation code, with the primary
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purpose of allowing aerodynamic evaluations to be further validated with vehicle dynamics and

overall lap-time requirements. Such a code can also provide insights into further aerodynamic

requirements that can then be factored into the design process.

6.1.1 High Downforce Design Philosophy

The first part of this research presents a high downforce design philosophy for race car rear

wings. The motivation for this research was the fact that race car rear wings are one of the

few aerodynamic components that can be designed and optimized for high downforce using

theoretical aerodynamic methods such as inverse design. Front wings and other aerodynamic

components cannot be designed and optimized purely for high downforce due to the flow con-

straints on their wake developments. This also leads to the preclusion of their design using

standard aerodynamic methods and requires extensive numerical solutions from the beginning

of the design phase. Using the PROFOIL inverse design tool, the MSHD airfoil was developed

to highlight the results of the proposed design philosophy and its motorsports specific merits

when compared to existing high lift design methodologies. Since other high lift design method-

ologies were proposed for aeronautical applications (UAVs, etc.), the current approach sought

to tailor airfoil design to achieve the requisite characteristics for motorsports by eliminating the

constraints required for aeronautical designs. For instance, the pitching moment criterion was

relaxed during inverse design to permit large amounts of aft loading, in an effort to increase

downforce and enable the airfoil to have a soft stall. This, and the implementation of other

elements of the proposed design philosophy resulted in a Cl max value of 2.5 at a Reynolds

number of 300,000.

Wind tunnel testing and computational data were compared for the MSHD airfoil and were

found to show a good match. Flow visualization was conducted on the airfoil in the wind

tunnel to study various airfoil characteristics and confirm adherence to the design goals. These

collective testing measures corroborate the efficacy of the design route and will be, it is hoped,

useful for future rear wing design across motorsport series and classes.
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6.1.2 Lap Simulation Code with Aerodynamic Considerations

Vehicle dynamics parameters and vehicle performance around a lap of a circuit are important

when considering race vehicle aerodynamics. Any aerodynamic evaluation must be validated

using these tools in order to ensure that the added aerodynamics function harmoniously with

the other vehicle parameters to improve the traction envelope and reduce lap times. The second

part of this thesis research dealt with the development of one such simulation code, the Racing

Line Simulation code, to be used for aerodynamic evaluations.

From the previous lap simulation efforts focusing on the effects of aerodynamic performance

on overall vehicle behavior, some used steady state cornering models, which meant that a max-

imum value of lateral acceleration was calculated for the corner and this yielded a maximum

velocity for that particular corner which was maintained throughout the corner. It has been

shown that this is not an accurate representation of the actual driving method followed by

racing drivers. It also does not traverse the edges of the traction envelope, which is something

racing drivers are always trying to achieve as this maximizes combined acceleration (lateral and

longitudinal) at every possible instant. The racing line is thus the attempted path through a

corner that maintains the vehicle at maximum combined acceleration (at various points along

the edges of the performance envelope). It is advantageous because it ensures that the transi-

tions between acceleration, cornering, braking and the combined regimes thereof, are executed

at the outer edges of the envelope without having to traverse through the center of the enve-

lope, thus maintaining the maximum possible acceleration throughout the period of motion.

Using the racing line to evaluate the vehicle at the maximum possible combined acceleration is

necessary to completely understand aerodynamic effects on performance envelopes. To ensure

that the transitions between the various force generating regimes are handled along the edges

of the performance envelope, it is essential that a trail-braking (braking into a corner on en-

try) capability is included in the code. Some aerodynamic lap simulation codes included data

driven measures for including racing lines (from GPS derived coordinates of a race car around

a track, etc.) but did not include the use of trail-braking. It was decided that the current effort

should include both trail-braking and an analytical method to generate racing lines for corners
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specified as geometric sections of circles. Examples were considered for an arbitrarily designed

track that contained a variety of corners to present the usefulness of analytically generating

racing lines and maintaining performance along the traction envelope edge. Performance of the

MSHD airfoil (from the first part of the research) was evaluated using this lap simulation code

and its effectiveness was studied against a backdrop of the performance of other high lift airfoils

to highlight the performance advantages.

6.2 Future Work

This section will highlight the possible directions to extend the work from both segments of

the current research effort. The first part deals with the multi-element airfoil results and the

necessary corrections to ensure correct interpretation. It also highlights the efforts to mount the

carbon fiber multi-element wing sets from Chapter 4 onto the NCSU Wolfpack Formula SAE

race car for testing. The second part deals with future avenues for the lap simulation code and

measures to improve the detailing of the vehicle model and the accompanying driving physics.

6.2.1 Wind Tunnel Corrections for the MSHD Multi-element Airfoil Results

After a comparison with values obtained from numerical simulations, a large discrepancy

was noticed between the CFD data (simulating free-stream conditions) and the wind tunnel

results. It is thought that these discrepancies are due to wind tunnel blockage effects.

Wind tunnel testing was conducted at Reynolds numbers of 300, 000 and 400, 000. The

proximity of the walls to the airfoil and the large wakes produced by the multi-element airfoil

could be a cause for inducing blockage. Two types of blockages need to be considered in a 2-D

test of this nature: the solid blockage and the wake blockage [28]. Solid blockage is caused by

the presence of the tunnel walls confining the flow around an airfoil in the test section. This

leads to a reduction of the area through which the air must flow in comparison to free-stream

conditions and thus leads to an increase in the velocity of the air (by continuity and Bernoulli’s

equation) as it flows in the vicinity of the model. This velocity increase is approximated as

117



constant over the model for customary sizes [28].

Any real body without suction-type boundary layer control will generate a wake that will

have a mean velocity lower than the free stream. According to the law of continuity, the velocity

outside the wake in a closed tunnel must be higher than the free-stream in order for a constant

volume of fluid to pass through each cross-section. The higher velocity in the main stream has,

by Bernoulli’s principle, a lower pressure which grows on the model and manifests itself as a

pressure gradient. This results in a velocity increment at the model. In order to account for

this wake effect, a wake blockage needs to be calculated and added to the solid blockage.

The formulae for these blockage corrections are given in [28] and are reproduced here:

εsb = Λ.σ (6.1)

εwb = 0.5. c
h
.Cdu (6.2)

σ = π2

48

(
c

h

)2
(6.3)

Cl = Clu(1 − σ − 2ε) (6.4)

The λ term in the equation for solid blockage (Equation (6.1)) is to obtained from a reference

look-up table given in [28]. Equation (6.4) has been used to calculate the corrected Cl. Due

to time constraints and mechanical gremlins plaguing the wake rake set-up in the NCSU wind

tunnel, it has not been possible to obtain experimental Cdu values for the multi-element setup

as part of the current research effort. Thus an estimate of the blockage can be obtained and

used in Equation (6.4) to calculate the correct Cl. This will be undertaken in a future effort.
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Figure 6.1: Solid model showing wing locations on the Wolf pack race car chassis.

6.2.2 Aerodynamics Package on the NCSU Wolfpack Formula SAE Race

Car

The carbon fiber multi-element wings built at the Richard Childress Racing composites

shop has been built for testing on the Wolfpack Formula SAE race car. End plates have been

designed according to the design methods suggested in [21]. The probable mounting locations

are shown in Figure 6.1. The vehicle has a MoTeC data acquisition system, which provides a

wide range of data ranging from engine rpm sensors to linear potentiometers on the suspensions.

The current effort to mount the wings on board the car and conduct an instrumented test has

been delayed and compounded due to various unforeseen events and it hoped that this testing

can be conducted in the near future. It is the ultimate validation tool for any aerodynamic

enhancement and every change must be worth its effort in terms of final lap times.

6.2.3 Enhancements for the Racing Line Simulation Code

The current effort models the vehicle as a point mass system with no longitudinal and

lateral weight transfer effects taken into account. This is an aspect of vehicle performance that

can be included to provide greater detailing in terms of aerodynamic evaluation and provide
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the potential to judge the effect of aerodynamic modifications on vehicle set-up and vehicle

handling characteristics (understeer, oversteer, etc.).

Another major consideration is the tire dynamics and the change in friction coefficients with

changing loads. Various tire curves and tire data sheets are available for some tires. When such

data is unavailable, a great number of fitting models such as the Pacejka formulae are available

to provide an estimation of tire characteristics with changing vertical loads. This should be

allied with the weight transfer effects and the aerodynamics to provide a full picture of the effect

of aerodynamics on the individual traction envelopes of the tires and the cumulative overall

effect on the vehicle traction envelope.
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