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Abstract 

\"Iind tunnel experiments and CFD simulations were carried out in an attempt to shed 

light on the aerodynamic changes that a leading open-wheeled racing car would induce 

on a following car of similar specifications. The leading car was idealised as a bluff body 

that was equipped with a rear wing and a diffuser, while the following car was represented 

by a front wing that was located further downstream. 

The tests entailed varying the height and angle of attack of the front wing above a 

moving ground, while changing the oncoming flow conditions. The oncoming conditions 

were gocnerated by a stand alone rear wing, the bluff body with different diffuser angles 

and the bluff body at different heights. The results from these cases were compared to 

the results obtained from the undisturbed freestream. Data collection methods included 

force and pressure measurements, in conjunction with flow visualisation illlages from the 

surface of the wing. Velocity flow field llleasurements were takcn with PlV aud LDA. 

The investigations showed that the wing experienced a decrease in clownforce when 

downstream of the idealised leading car. The decrease was found to vary with thc height 

of the wing above the ground. The investigations also showed that the wing experienced 

an increase in drag at the downstream location, and that its efficiency increased as the 

diffuser angle was decreased. The aerodynamic changes were linked to the How field 

generated by the upstream configurations. 
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Chapter 1 

Introduction 

One of t.he most important factors affecting the performance of modern opened-wheeled 

racing cars is aerodynamics [1, 2]. At high speeds, the aerodynamic features of the rac­

ing car are responsible for generating the necessary downforce that holds the vehicle to 

the ground, thereby allowing it. to negotiate corners at a faster rate, and also providing 

increased braking ability [3, 4, 5]. Aerodynamic design also influences the drag expe­

rienced by the vehicle, which directly affects the overall speed for a given power. The 

aerodynamic development of a racing car is usually carried out in a wind tUllllel, as COll­

sistent freestream conditions can constantly l>e produced. The car is therefore desiglwd 

to perform well whell ill an undisturbed uniform air stream. However, if the oncoming 

flow 'were t.o change, as it does 011 the race track, the efficiency of the original design lIlay 

be compromised, thus resulting ill all unintended loss in performance. 

In general, when a following race car approaches a leading car, the chauge ill t.he 

freestream conditions experienced l>y the following car can have both positive [G] and 

negative [7, 8] effects 011 its aerodynamic characteristics. A positive effect is the resulting 

reduction in drag, while a negative effect is the reduction ill downforce. Furthermore, for 

an open "vheeled racing car, the loss of downforce cau make it difficult to overt,ak(~ t.he 

leading car, a situatioll that can produce dull racing if the cars continuously circulate the 

track ill the form of a processioll. If it were possil>le to routillely develop the aerodYllamics 

of a generic car so as to allow it to travel in both undisturbed and disturbed freestream 

conclitiollS without adversely affecting its performance, theu racing Illay becollle Ill()rc~ 
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excitiug, as more opportunities for overtaking may be created. 

1.1 Background 

Ou a typical open wheeled racing car, a major part of the aerodynalllic dowuforce is 

developed by the system of wings present at either end of the vehicle. Of these, the front 

wing can be considered as being more importaut since it operates in ground effect and 

since the remainder of the vehicle operates in the wake that it geuerates. 

Ground effect refers to the change in aerodynamic characteristics that a wing experi­

ences as it approaches a solid boundary. The phenomenou mauifests itself as a reduction 

in the iuduced drag and an increase in the lift curve slope of the wing [9, 10, 11, 12]. The 

changes are irrespective of whether the suction surface or the pressure surface is closest to 

the boundary. For racing cars, the configuration employed is to have the suction surfaee 

closest to the ground in order to generate downforce. 

As previously stated, the remainder of the vehicle opera tes in the wake generated by 

the front wing. Consequently, not only is it necessary to have a thorough understanding 

of the physics of the fiuw produced by the device, uut it is also necessary to uuderstand 

how this fiow changes when the device is placed in non uniforlll flow conditions; conditions 

such as those produced by the wake of a preceding vehicle. 

In the process of designing an open-wheeled racing car, one of the main goals is to 

achieve an optimum distribution between the downforce generated at Ute front and at 

the rear of the vehicle. Designers strive to achieve this goal uecause the difference in 

tlle forces from both ends of the vehicle influences the location of its centre of pressure 

(the point through vvhich the resultant force acts), which directly affeets its mechanical 

characteristics [3, 13]. If the centre of pressure is located too far to the rear of the vehicle, 

then it experiences understeer, whereas if it is located too far to the front, oversteer 

develops. In the former condition, the vehicle tends not to turn a comer and drifts to 

its outer edge. In the latter, it turns too much, res1l1tiug in the lmck end rotating- to the 
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ou ter edge of the corner. 

In racing conditions, a following car approaching the rear of a leading car normally 

experiences a reduction in its downforce levels, with the reduction being unevenly dis-

tributed about either end of the vehicle. Usually a greater loss in front downforce occurs, 

which then leads to a rearward shift in the centre of pressure. The net result is then 

understeer, a common complaint of drivers \\Then followillg a leading car in high speed 

corners [14]. In order to avoid drifting to the ou ter edge of the corner, the driver has 

to reduce speed, which allows the leading car to pull further ahead, and reduces any 

available opportunity to perform an overtaking manoeuvre. 

It therefore follows that a car having aerodynamics suited for running in undisturbed 

freestream conditions, and also for running in the disturbed flow produced by a leading 

car, may be able to gain a significant advantage during a race since it may not be plagued 

by major changes in its handling characteristics. 

1.2 Research Aim 

The aim of the current research is to perform a gelleric study of the aerodYllamic illterac-

tion that occurs when a following opell wheeled racing car approaches a leading car and 

operates in its wake. Ultimately, in order to shed light 011 the fundamental aspects of 

more robust aerodynamic packages, both qualltitative anel qualitative informatioll from 

two different flow fields ill which the following car is to operate, will be presented. 

1.3 Contribution to Existing Knowledge 

The findings to be outlined ill this documellt will fill gaps ill the existing level of knowledge 

by providing a more detailed insight into the aerodynamic illteraction experienced by a 

downstream wing when in the wake of an upstream racing car. The gellcric approach to 

studyillg the topic is unique. Furthermore, a wide range of the data has llot previously 



been presented in the public domain. New contributions are: 

1. The loss in the downforce that was experienced by the downstream wing depended 

on the height of the wing above the ground. 

2. The loss in downforce varied across the span of the wing, with more downforce 

being lost from sections close to the midspan, than was the case froUl sections close 

to the tips. 

3. The disturbed flow emanating from the upstream body had the ability to signifi­

cantly alter the surface flow patterns on the downstream wing. 

4. Lower diffuser angles promote an increase in the efficiency of the downstream ·wing. 

5. Varying the angle of the diffuser, and varying its height above the ground, appeared 

to influence the development of the wake of the downstream wing. 

6. CFD computations predicted the correct force and pressure trends, thus providing 

confidence for performing more complex simulations. 
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Chapter 2 

Literature Review 

2.1 Introduction 

In this chapter, a review of the literature that was relevant to the research investigation 

will be described. The relevant databases were searched, as were the internet and other 

related print media. 

2.2 Vehicle Aerodynamic Interaction 

Aerodynamic interaction studies aimed at quanti(ving the effect of one raclllg car on 

another were carried out in the early nineteen seventies. Romberg et a1. [GJ initiated 

a series of experiments aimed at investigating the steady state aerodynamic forces of 

NASCAR racing cars in a variety of drafting and passing positions. They used scaled 

models of a Dodge Charger, Dodge Coronet and PlYlllouth Road Runner. \iVind tunnel 

restrictions limited the maximum distance between two vehicles to approximately two 

car lengths. ·Within this range, their force results showed that there was as much as a 

37% reduction in the drag of the follmving car, while it was possible for the leading ear 

to experience as much as a 30% reduction. They also reported significant changes in the 

distribution of lift forces at the front and rear axles of both vehicles. 

Howell [7J also carried out steady state experimental investigations into the cwrody­

namic forces of lift, drag and pitching moment occurring when two Call-AIll racing cars 



without wheels, were in close proximity to each other. His main olJjectiye was to show 

that the following car could experience sufficient aerodynamic changes to cause it to over­

turn. As part of his investigation, he provided plots showing that it experienced reduced 

drag and downforce values, while showing increased pitching moment, when in the wake 

of the car ahead. 

Dominy [15] has by far carried out the most complete investigation of the aerodynamic 

effects occurring when one open-wheeled race car follows in the wake of anotiwr. His 

experiments were performed using quarter scale models of 1989 Formula 1 cars, and 

were carried out for positions that the the author considered as being representative of 

an initial overtaking manoeuvre with no yawing of the vehicle. Owing to wind tunnel 

restrictions, the distance between the two models was fixed to less than a car length. 

l\leasurements for the following car were taken on a moying ground, while the leading 

car was placed on the wind tunnel floor ahead. The aerod)"namic data obtained from 

the model was later used as the input to a circuit performance prediction code, partially 

develuped by the author, 'which was capable of modelling the behaviour of a car around 

typical race tracks. 

In the measurements of lift and drag that were presented, it was shown that when fully 

immersed in the wake of the leading car, downforce on the follmving car was reduced by 

3G% and drag by 23%. As the lateral offset between the two cars incl"(~ascd, both variables 

cOUlmenced to recover to their freestrealll values, 'with the drag taking much longer to 

do so than did the downforce. InformaticHl was also provided to show that the centre of 

pressure changed from 68% wheelbase to 90% wheelbase when directly behind the leading 

car, but then recovercd to freestream values with increasing offset. 

Duncan [16] performed experiments that used pressure tap data to deduce tlw cwrody­

namic changes that occurred on racing cars that experienccd body modificatiowi, changes 

in yaw and interactions with other cars. The vehicles undcr cOllsideration wcre stock cars, 

an IMSA GTS race car and an NHRA Funny Car. Of maiu interest, an illterferCllce study 

was carried out using two stock cars. \Vith lIlcasurclllellts taken 011 tlw followillg car, the 
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author indicated that the reduction in drag was about 50% when its front bUlllp(~r "'as 

150 llUll behind the rear bumper of the leading car. No such estimate was given for the 

downforce values. 

From an internet search, it is also known that aerodynamic interaction studies wen~ 

carried out at Illlperial College, encompassing scaledmoclels of open-wheeled racing cars. 

However, 110 references to published information were givell. The author though, was abk 

to ascertaill the llature of some of the tests from H.ef. [17]. It appears that the research 

was sponsored by the FIA in (mler to investigate if challges to the Formula 1 tl~chnical 

regulations would make it easier to follow a leading car, and probably increase overtaking 

opportunities. The test was reported to focus OIl variations such as changes to the height 

of the floor (flat bottom of the car), and changes to the front and rear wing heights. Some 

of the results of the tests were summarised by currellt Fl engineer, Ross Brawn. "You 

lose performance alld you particularly lose frollt-encl performance and whatever we did 

it didn't seem to make much differellce. \Ve tried a few packages of technical regulations 

and couldn't really influence it." 

In summary, the literature survey on vehicle aerodynamic interaction has highlighted 

the fact that the aerodynamic characteristics of both a leadillg car anel a following car 

can be affected by the presence of the other vehide. The majority of the research on the 

subject, hO\vever, was carried out for closed-wheeled, stock car type vehicles, which haY() 

very little ill common with their open-wheeled counterparts. Some of the aerodynamic 

effects reported may therefore not apply to the latter. The published case that focussed 

exclusively on open-wheeled racing cars only began to scratch the surface, ill terms of 

producing insight into the fundamental changes that were taking place. Consequently, 

there relllaillS a wide scope for iunovatiyc research to be perforllled. 
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2.3 Vehicle Wakes 

The disturbed flow emanating from the rear of a leading vehicle is termcd the wake. It 

is a region of low momentum fiuid that arises from the differcnt fiow separations that 

occur from the surfaces of solid bodies as they move relative to a fiuid. The How field 

in a wake is usually very complicated as it is three-dimensional and unsteady. Howcwr, 

over time, distinct features such as vortices are clearly disceruable. Vehicles can be 

considered as being bluff bodies in ground effect since their aerodynamic charactcristics 

are greatly infiuenced by the fiow separation that they produce [18]. As such, a great 

deal of the work relating to vehicle wakes is performed with the use of approximate bluff 

body representations of the true vehicle. 

Some of the first investigations into automobile wakes commenced in the early sev­

enties, with work published by 1\110rel [19]. His intcnt was to investigate the drag of 3-D 

bluff bodies for automotive purposes. His initial expcriments were carried out first OIl a 

slender axisymmetric cylinder with a slanted base, and then on a vehicle type body vviLh 

a slanted rear. He obtained results showing that the drag of the body was depcmlent 011 

the slope angle of the slanted base portion. 1\110re importantly though, he described the 

presence of two fiow regimes depending on slant angle, one ill which the flow was fully 

separated from the rear of the body and the other in which the fiow was attached to thc 

slanted portion. 

l'vlorel's work was followed by experimental work carried out by Ahmed [20, 21]. 

Ahmed's experiments were aimcd at correlating the wake structure with the drag proper­

ties of typical vehicle shapes. Consequently, detailed flow visualisations of the developing 

fiow behind the models had to be performed. The shapes illvcRtigated included Estatc, 

Fastback and Notchback vehicles. His results showed that the flow near the model base 

was characterised by an oval separation bubble, with flow inside the bubble consistillg of 

two separatc recirculation regions. Downstream of this initial zonc, by mcasuriug velocity 

profiles perpendicular to the longitudinal axis of the vchiclc, he idcntified the presellce 
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of a pair of counter rotating vortices that induced an upwash in the case of the Est.ate 

model and a downwash for the Fastback amI Notchback models. 

\Vork carried out by Hamidy [22] provided more detail of the near wake regioll of 

3-D bluff bodies in ground effect. He took measurements of such variables as pressure 

coefficient, cross flow velocity vectors, streamwise velocity vectors, vorticity distributioll, 

turbulent kinetic energy distributioll and Reynolds stress distribution. He too described 

the presence of a separation bubble, along with the eventual formation of two streamwise 

vortices. 

Bearman [23] also provided a summary of the near wake flow present behind three­

dimensional bluff bodies. Using results from Particle Image Velocimetry (PIV) measure­

ments of a previous study, he showed that there can be a marked difference between the 

instantaneous and time averaged flmv structures present ill the near wake. The instan­

taneous velocity field consisted of a large number of vortex structures. Time averaging 

a 111llllber of the instantaneous velocity fields then produced results similar to Allllwd's, 

which identified the presence of two counter rotating vortices ill the far wake. In this 

case, only 10 instantaneous velocity measurements were averaged. He mentioned that 

averaging larger numbers should produce more distillct vortex cores. 

III recent work completed by Lienhart et al. [24], a Laser Doppler Ancmollletry (LOA) 

investigation of the wake of an Ahmed Gody with its slanted rear facing upwards was 

performed to obtain data for numerical turGulence models. l'vleasurements were taken at 

the longitudinal centreline of the body, alld in cross How plalles up to a distallce of half 

of a body lellgth downstream. Even at the furthest distance dowllstream at which data 

was taken, velocity vector plots show the presence of two vortices inducing a dowllwash 

to the How. 

vVith the advances in computational power and Computational Fluid Dynamics (CFD), 

computational modelling of wakes has become fairly advanced, the aim being to repro­

duce the results obtained from experimental illvestigatiolls. Alajbegovic et al. [2G] Ilsed 

a new CFD method, DIGITAL PHYSICS, to predict the wake fiow of the Morel body 
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in ground effect. For this body (as with the Ahmed body), the wake flow is eithpr dOlll­

inated by a pair of counter rotating vortices or by full How separation, depending on 

the angle of the slanted back portion. Importantly, after showing the good agreement 

between experiment and the computational lift and drag values predicted by DIGITAL 

PHYSICS, the authors went on to state that up to that time, traditional CFD codes wert' 

not able to capture all the salient features of the How field, resulting in drag yalues that 

were about 30% too high. 

In a similar study, Bayraktar et a1. [26] carried out an experimental and computa­

tional investigation of a full scale Ahmed body in ground effect. The body was of a size 

representative of a car or light truck. In this case, the computational analysis was carried 

out using a Reynolds Averaged Navier-Stokes (RANS) code. At the Reynolds llllmbers 

and back slant angles tested, the authors obtained good agreement between the experi­

mental and computational lift and drag values by taking a tillle average of the results of 

their unsteady calculations. 

Basara et al. [27] performed CFD simulations of the external aerodynamics of several 

industrial vehicle benchmarks in an effort to ascertain the effectiveness of the standard 

/l,-E model and the Reynolds-stress model (RSM). The investigations were carried Oll t 011 

reference bodies obtained from Peugeot, the SAE and Volkswagen. The bodies CIlCOlll­

passed flow regimes with small separation, llloderate separatioll and a case where the How 

over the car was heavily influenced by the wakc vortices formed 011 the surfacc of the body. 

The authors had previously pointed out the fact that some CFD methods and turbulcllcc 

lllodeis give encouraging results in cases of small separation, but totally fail for cases 

of large separation. For their comparison, the CFD code Ilsed was AVL SWIFT, which 

was based on finite volume discretisatioll methods. Resultf; from the threc bcnchmarks 

showed that the RSlVI predicted more accurate How cOllditiolls than the K,-E model. 

Krajnovic and Davidson [28] used a more advanced turbulencc model ill their wake 

investigation studies. They performed a LES of the flow around a vehicle type hI uff 

body in ground effect. Their computatiollal results were compared with expnirnclltal 
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investigatious carried out on the same rnodel by different authors. They indicatc'd t.hat 

good agreement was attained between the the results, with regard to velocit~· profiles 

taken downstream of the bluff body. 

In summary, the literature survey on vehicle wakes has highlighted the fact that 

bluff body models can be used to study and to reproduce the flow generated by actual 

vehicles. It is possible for the models to generate a separation 1mbblt~ region close to 

the bluff body base. Further downstream of this region, there is the eventual formation 

of streamwise vortices. The models being used, however, should still mimic t.he major 

features of the original vehicle, since the shape of the body can influence the direction 

in which the downstream vortices rotate. Bluff bodies arc characterised by large How 

separations, which can pose significant problems for the use of CFD codes iu modelling 

their How physics. If prior experimental data is not available as a guide, the CFD can 

give erroueous information regarding the specific areas from 'which important flow features 

may be generated. Higher order turbulence models in the CFD codes appear to producc~ 

more reliable results for cases involving complex flows. 

2.4 Wings in Ground Effect 

The aerodynamics of inverted wings in ground effect has been investigated both exper­

imentally and computationally, in an effort to gain a more fundamental understanding 

of the parameters that could lead to successful raciug car designs. Hanzcnbach and 

Barlow [29, 30, 31J carried out a series of comparative computational and experimental 

studies of a symmetric and cambered airfoil in ground erfect. Their work centred on 

the investigation of the force coefficients as the height of each airfoil was varied. Tlwy 

also investigated the efl'ect of a moving ground in the computational simulations. Their 

results shovved that as the distance between the airfoil and the ground was reduced, the 

downforce experiellced by the wing increased to a maximum, allCi then decreased wiLh 

further height reduction. III general, drag was ShUWll to rise lllOllotollicall~r: except for 
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the computational case of the symmetric airfoil above a moving ground. The aut.hors 

also obtained fairly good agreement between the computational and experimenta.l coef­

ficients. They then used vorticity contours from one of the computational solutions to 

postulate that the region of force reduction was caused by the merging of the airfoil and 

ground boundary layers. \Vith regard to the ground boundary, they showed that the air­

foil experienced greater downforce coefficients when that particular surface moved with 

the freest ream velocity, as opposed to when it was stationary. 

Knowles et a1. [32] carried out an experimental, aud limited computational study of a 

GA(vV)-l wing with endplates in ground effect. The experimental facility was equipped 

with a rolling road. They varied the augle of attack of the wing at different heights above 

the ground to generate lift curves, while recording force aml pressure data. They obtained 

results showing that the lift curve slope of the wing increased, while the augle of stall 

was reduced, as the ground was approached. They also indicated that there was more 

drag at lower ride heights and that there was less induced drag at low ride heights. The 

computational comparisoIls, which ,vere carried out with a 2-D airfoil iu a pancllllcthod, 

were limited to pressure distribution plots. The plots showed fairly good agreelllent. at. 

low angles of attack and large ride heights. 

Jasinski and Selig [33] performed all experimental grouud cUect study of wing and 

end plate combiuatious representative of Champ Car aud Formula 1 frout wings at the 

time. A rolling road was uot used. They specifically looked at the effect of Reynolds 

number, Hap deflection, nap planfonn shape and eudplate shape. The llleasurelllents 

that were taken included forces, pressures and flow field data (extracted with a sevcn­

hole probe). They obtained results showing that the drag coefficient at constant C [, 

, .. as relatively uuaffected while increasing flap deflection, and that Hap planforrn and 

end plate shape had a large effect on the wing's aerodynalllics. Their flow field data 

clearly highlighted the presence of two vortices, the larger em<lnatillg from the boLtOill of 

the elldplate and the smaller from the top. Reynolds Il1ll11ber was found to have the least 

effect on the aerodynamics. 
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Zerihan and Zhang [34, 35, 36] performed extensin~ experimental investigations of 

a single element, then a double element wing in ground effect, in facilities equipped 

with rolling roads. A variety of experimental techniques were used, including force aud 

pressure measurements, How visualisation, PIV and LDA iuvest.igations of the flow field. 

To supplement. the experimental techniques, a 2-D computational investigation was also 

performed. Their results confinued the trends that had previously been established, 

while shedding light on new areas of ground effect aerodynamics. Among the important 

conclusions to be drawn from the single element wing investigation ,vere that then~ WetS 

no indication of force reduction being caused by the merging of the boundary layers of the 

wing and the ground, alld that an increase ill the wing's angle of attack engellClered greater 

maximum downforce, while reducing its sensitivity to changes in downforce. Transition 

fixing was shown to produce less downforce on the wing and to produce force reduction 

at a greater ride height. \Vith regard to the double element wing, it was found that lllOst 

of the downforce was generated by the main clement and that the flow frolll this elellwnt 

dominated the downstream wake. 

Ivlore recently, a comparison between PIV and CFD velocity profile data from a 

GA(\V)-l wing in ground effect was provided by Lawson et at.. [37]. The PIV ima.ges 

were takell OIl the SuctiOll surface of the wing, in the chord wise clirectioll. A 2-D Fluent 

cOlllputatiollal model was constructed for the comparison. As indicated by the authors, 

with appropriate rea8011S, the experimellts were performed at 25 m/s, while the compu­

tations were carried out at 20 Ill/S. The authors indicated that there was a good nlatch 

between the experimental and computational velocity profiles at an angle of attack of 

o deg and ride heights of h/e = 0.1 and 0.47. The data did not match well at the high(~r 

angle of attack of IS cleg. 

Up to the present time, the research carried out 011 wings ill ground effect has bCCll 

focussed on establishing the baseline aerodynamic characteristics for this type of com­

ponent. It was reported that the downforce generated by a typical wing increased to a 

maximulll, and then decreased, as the distullce between the wing and the groulld bOlllld-
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ary was reduced. The data supporting these results was gathered in oncoming flow 

conditions that replicated uniform freest ream flow. The fact that the wings ma.\' haw 

to operate in disturbed oncoming flow was not addressed. It is likely that the clisturlwd 

conditions would have the potential to alter the aerodynamic characteristics that have 

been established to date. An opportunity therefore exists to carry out novel research in 

this area. 

2.5 Vortex Wakes 

Vortices dominate the wakes of wings in ground effect, and vehide wakes in general. 

Therefore, it is also essential to have an idea of the work performed in this more specific 

area. A thorough description of the physics of vortex wakes as applied to wings can be 

found in Ref. [38]. The author describes how a difference in thc velocity from the p[(~ssure 

and suction surfaces at the trailing edge of the wing results in the generation of vorticity, 

which then gets cOll\'ected downstream within a thin free shear layer, eventually rolling 

up into concentrated vortex cores due to 3-D induced effects. Among other things, thc 

author has also divided the vortex wake into three distinct regions. The first, the roll-up 

region, is the initial portion of the wake ,vhere the cores of the vortices are formed. Next is 

the vortex region, where the vortex cores drift downwards (in the case of a conventional 

wing), and vortex breakdown initially commences. Finally, there is the decay region, 

where the vortices are totally elilllinated owing to the action of viscous dissipation. 

A great driver for vortex wake research is for air traffic control purposes [39]. Vortex 

structures can remain in the atmosphere for a long pcriod of timc, having possible detri­

mental effects on following aircraft [40, 41]. If an effective and suitable means of vort(~X 

allcviation can be found [42, 43, 44, 45], thcn aircraft safety call be improved, and the 

teclmology may also be applicable to racing car design. 

Huenccke [46J investigated experimentally, near wake (up to 95% of willg half spall) 

of a half lllodel uf a medium range trallsport aircraft ill a high-lift cOllfiguraLiolJ. Data 
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was taken with a five-hole probe. He looked at such areas as the structure of the cross 

flow and streamwise velocity fields, the structure of the wake vorticity and total pressll1'c 

losses in the wake. 

De Bruin et al. [47] performed an experimental study of the roll-up of a trailing vor­

tcx wake of all aircraft model with flaps extcnded, up to a distance of 5 wing spans 

downstream of the wing. Both flow visualisations using a laser light sheet and measure­

ments with five-hole probes were taken. For the model under cOllsideratioll, their results 

showed that the tip vortex rotated aroulld the fiap vortex before evelltually mergillg with 

it further downstream. 

In all attelllPt to assess the ability of cOlllPutational methods for predicting the roll-up 

region of a vortex wake, Stumpf et al. [48] used an Euler code for the calculation of the 

nearfield wake vortex of a narrow-body airliner in take-off configuration. The calculations 

were performed up to a distance of half a span behind the trailing edge of the wing tip. 

The results were compared with PIV data for the same model obtained frolll wind tunuel 

tests. The authors state that generally good agreement with the experimental data was 

obtained, but at a reduced angle of attack. That is, the Euler code over predicted the 

lift and vortex development at the original angle of attack, a consequence of the neglect 

of viscosity. 

Using a more complex CFD codc, Eaton [49] carried out a computational analysis of 

a low aspect ratio vying in a wind tunnel to assess the perforlllance of different turbulence 

models. The models were the I,,~E and the Differential Ileynolds Stress l'vIodcl (DSl\1). 

Experimental data on the same wing was used as a baseline. His results showed that 

the DSM compared better to the experimental values tlUlll did the f,,~E since it took into 

account the anisotropic nature of turJmlence. Inspectioll of the data presented showed 

that the core of the experimental vortex was much lllore conccntrated than the cores of 

the corresponding CFD vortices, and that the f\,~E vortex was the lllore diffused of tlw 

two COlll pu tational representations. 

Sellior alld Zhang [50] and Ruhnnarlll and Zhang [51]llleasured forces awl pressures 

15 



on a diffuser bluff body in ground effect. Their investigations encompassed different ralllp 

angles, which 'were constructed to be 5, 10, 10, 17 and 20 ueg to the horizontal. As a n'sldt. 

of their work, they confirmed that the downforce curve of a typical diffuser was similar 

to that of a wing in ground effect, in that there was a region of force increase, followcd 

by a region of force reduction. In the region of force increase, a pair of cOlluter-roLatiug 

vortices emanated from the diffuser, while iu the region of force reduction, asymIlletric 

flow was present, owing to the bursting of one of the vortices. They further identifi(~d 

different operating regions on the dowllforce curve and showed that there were distinctive 

flow regimes for low angle (5, 10 deg) and for high angle (Hi, 17, 20 deg) diffusers. It was 

reported that force reduction was caused by vortex breakdown, in the case of low angle 

diffusers and by a combination of flow separation and vortex breakdown in the case of 

high angle diffusers. 

Zhang et al. [52] measured vortices dmvnstreall1 of a diffuser equipped bluff body in 

ground efIect, above a rolling road, using LDA. The diffuser ramp angle was set to 17 deg 

to the horizontal. In their work, they linked changes in the downstream vortex flow to 

different regions identified from the diffuser's downforce curve. At large ride h(~ights, 

corresponding to the first portion of the region of force increase, the vortices were found 

to be symmctrical and highly concentrated, with high axial speed cores. Closer to the 

ground, and at lowcr ride heights in the region of force increase, the vortices had incn~ased 

in size, with a low axial speed in their cores. In the region of diffuser force reduction, 

they identified vortex breakdown, accompanied 1>,)' asymllletric flow aud flow reversal. 

In summary, the literature reyievv for vortex wakcs has shown that a great deal of 

research was carried out for aircraft configurations. These eases typically illvol ved sym­

mctrical vortex flow in the downstream flow field. This data call provid(~ some guidauce, 

but ultimately, the vortices lIlay be lIluch more powerful than those gcncrat(~d in auto­

motive circumstances. Additionally, vortices gcuerated by extcnded wing flaps served to 

further cOlllplicate the flow field. The vortex wakes of bluff bodies in groulld dr(~ct w(~re 

shown to consist either of symmetrical vortcx flow or aSYlllmetrical vortex flow, depcIHl-
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ing on the height of the body above the ground. It is conceivable to expect that th(,8(' 

wakes would have different effects on any downstrealll cOlllPonents. 

2.6 Effect of Thr bulence 

i\ set of experiments aimed at investigating the effects of oncoming freestream turbulence 

on the aerodynamic performance of an airfoil was carried out by Hoffmann [53]. The 

turbulence was generated by a set of unidirectional rods, spanning the cross section of 

the wind tunnel test facility, upstream of the airfoil. The intensities inyestigated ranged 

from 0.25% to 12%, the lowest being the original wind tunnel value. The wing tested 

was a rectangular NACA 0015 section \vith a chord of 154 Hlm and an aspect ratio of 

2.9. The test Reynolds number was 250 000. Results were obtained showing that the 

lift curve slope of the wing remained unchanged with increasing turbulence intensity. 

It was also shown that at 9% turbulence intensity, CLma:r had increased by 30% - the 

greatest value in the series of tests - over its value at 0.25% turbulence intensity. The drag 

coefficient data showed a trend of increasing values with increasing freestream turbulellce. 

A peak in the coeHicient occured at 9% turbulence intensity. The increase in drag ,"vas 

deemed to be small, however, as it was within the uncertainty of the measuremellts. Oil 

flow visualisation presented for 9% turbulellce intensity confirmed delayed separation and 

elimination of the laminar separation bubble. 

For wind turbine applications, Devinant et al. [54] carried out an experimental inves­

tigation of a NACA G54 - 421 airfoil in turbulence illtellsities rallging from 0.5% to 1G%, 

for Reynolds numbers from 100 000 to 700 000. Agaill, the turbulence was produced by 

grids placed upstream of the test section. From their tests, they obtained results that in­

dicated that there was a reduction in the lift curve slope as the turbulence was increased, 

in addition to a delay in separation and an increase ill the maximUlll lift coefficient. For 

the case of the drag coefficient, the authors indicated that there was slightly increased 

drag in the linear portion of the lift curve. 

17 



In summary, the literature review on the effect of turbulence has highlighted a cOllflict 

in the results to be expected for the lift curve slope of a wing. One publicatioll indicated 

that there was no change in the slope, while the other indicated that there was a reductioll 

in the slope as the turbulence level was increased. For the cases under consideratioll, the 

turbulence was generated by grids placed upstream of the wind tunnel test section. This 

turbulence Illay be different from the turbulence generated behind vehicles or vehicle-like 

bluff bodies. 

2.7 Conclusion 

From the literature reviewed, it has become clear that a following racing car travelling 

in the wake of a leading car can experience significant changes to its aerodynamic char­

acteristics. These changes seem to be induced at least partly, by the presence of vortices 

and turbulent flow in the wake. It is also evident that the interaction studies published 

so far seemed to have concentrated on a systems approach to the problem. That is, 

measurements were taken on entire vehicles in the wake of another. In an effort to obtain 

a more fundamental understanding of what is taking place, it would be worthwhile to 

concentrate on the changes experienced by the major aerouynamic components of the 

following car. For an open wheeled racing car, the front wing then becomes a prime 

candidate for such a study because it is tlle foremost point of the car and because the 

remainder of the vehicle operates in the wake that it produces. 

Although a great deal of research has been carried out on the subject of wings in 

ground effect, no one has as yet made an attempt to quantify the aerodynamic effects 

that occur when the wing in ground effect operates in the flow produced l)y an llpstrc~alll 

vehicle. Suitable experimental techniques for the investigatioll include force measure­

ments, pressure measurements and flow visualisatioll 011 the wing itself, while five-hole 

probe, PIV and LDA data can be takcll of the flow field. Computational lIlorldling can 

be performed with all appropriate BANS code, using more advanced t\ll'bllknc<~ lllodels 
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thall the K,-f. model. 
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Chapter 3 

Experimental Methodology 

3.1 Introduction 

This chapter presents the experimental techniques, models and facilities used to carry 

out the research. A detailed description of each area is provided, with appropriate figures 

where necessary. 

3.2 Flow Configurations 

The experimental tests involved placing a single element wing in different oncollling flow 

conditions that were procluced in the University of Southampton's large scale wind tunnel 

facilities. The baseline flow condition, "FCl" or "clean air," was a uniform freestream, 

such as that produced in a typical test section. The remaining flow conditions fell under 

the category of "dirty air." This label was usecl to refer to cases where a body was placed 

upstream of the wing, thus disturbing the oncoming flow. 

The "dirty air" flow condition was developecl in a series of incremental steps. Each 

step was designed to add a physical component that would produce a wake that would 

more closely resemble that of a generic racing car. As a result, the following subdivisions 

were used: 

• FC2 - A wing used to simulate the rear wing of a typical open-wheeled racing car 

was placed upstream of the test wing. 
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• FC3 - A diffuser bluff body was added to the rear wing. 

Owiug to lilllits placed on the time available iu the wind tuuuel facility, it was only 

possible to iuvestigate FCl and FC3 iu au in depth maImer. FC2 was iuvestigated to a 

lesser extent. 

The physical procedure undertaken was to vary the height and angle of attack of 

the test wing when placed in the different oncoming fiow conditions. The height of the 

endplate above the tunnel floor ranged from 2 111m to 169.6 mm. The angle of attack 

ranged from -5 deg to 30 deg in order to ensure that the wing's region of stall was covered. 

For SOllle test conditions, the angle of the diffuser ramp was changed in order to generate 

downstrealll flow typical of high angle and low angle diffusers. For other test conditions, 

the height or lateral position of the diffuser was varied, while keeping the ramp angle 

constant. Techniques such as force measurements, flow visualisation, pressure tapping, 

PlY and LDA were theu used to extract the relevaut data from the wing and its How 

field, in order to shed light on changes to its aerodynamic performance. 

3.3 Models 

There ,vere several wind tunnel models constructed for the experimental iuvestigation. 

These included two versions of the test wing, a separate wing used to produce flow 

condition FC2, and a diffuser bluff body with removable ramp wedges. In attempting 

to find a compromise between: (1) the working length of the test section, (2) generating 

a bluff body wake as far downstream as possible, (3) performing the experiments at as 

high a Reynolds nUlllber as possible, it was decided to scale the lllodels to 40% of the 

dimensions of a current Formula 1 racing car as outlined in ITer. [GG]. All lllodels were 

constructed by the tecllllicians in the workshops at the University of Southampton. 
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3.3.1 Test Wing 

The wing on which the tests were performed was of an untwisted, untapered, single 

element LS(1)-0417 profile (otherwise known as GA(\V)-l) [56J. Two wrsions were ('011-

structed, one for force measurement and flow visualisation tests, and the other tapped 

for the pressure distri bu tion tests. A pplyiug the scale factor to its dimeusiol1s resulted 

in a chord of 220 Hllll and a span of 550 lIllIl. The trailing edge thickuess was 1.5 mlll. 

Endplates of thiclmess 5 [11111 were attached to each end of the wing. The model was 

constructed from wood, and was covered with paint to provide a smooth finish. The eud-

plates were made of perspex. The wing was specifically designed to pivot at the quarter 

chord point, while allowing the endplates to remain parallel to the ground at all times. A 

side vievv of the model is presented in Fig. 3.1, while its coordinates and the coordinates 

of the pressure taps are tabulated in Appendix A. 
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Figure 3.1: The profile of the LS(1)-0417 wing on which the tests were performed. 

A single element wing configuration was adopted because it provided fewer variables 

to be manipulated during a particular experiment, thus effectively maximising the use 

of time. Additionally, it was thought that attempting to understand the aerodynamic 

changes experienced by a single element would be a necessary precursor to understanding 

the changes experienced by a multi element wing. That is, a database will be compiled 

gradually, in a step by step manner. 
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3.3.2 U pstrean1 Rear Wing 

In order to generate the wake flow expected from the rear wing of a typical Fl car, a 

second wing to be placed upstream of the test wing was constructed. The profile selected 

for this wing 'was an Eppler E420 high lift airfoil because of its highly cambered design. 

The 'wing had a chord of 140 lllm and a span of 400 lllIll. It was again constructed 

of wood, and was untapered and untwisted. A trip strip was located at 10% chord in 

order to ensure that the flow was turbulent at the test Reynolds nUIllber. The trip strip 

was sized according to the information provided in Refs. [57, 58, 59]. A special sting was 

constructed for the vying in order to attach it to the roof of the wind tunnel. No end plates 

\vere constructed, as it was deemed more appropriate to have the trailing vortices rolling 

up from the edges of the wing. The profile is depicted in Fig. 3.2, at the same scale as 

Fig. 3.1 for comparison. Coordinates are tabulated in Appendix A. 
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Figure 3.2: The Eppler E420 profile used for the upstream rear wing. 

3.3.3 Diffuser Bluff Body 

A diffuser equipped bluff body was constructed as a generic means of repreHcnting 11 

leading racing car. The bluff body was meant to represent the vehicle itself, while the 

diffuser was used to produce the vortex dOIllinated downstream flow typical of a model'll 

open wheeled racing car. In general, it was not possible to scale all dimensions of tlw bluff 

body to 40% of the standard size, owing to restrictions imposed lJY the working length 

of the wind tunnel test section. The length aud height of the bluff bocly w(~rc 0.9 III 
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and 0.18 m respectively, while its 40% scaled width was 400111111. The diffuser raIllp was 

constructed in a manner that allowed for 3 different angles to the horizontal to be s('t. 

The angles were 5, 10 and 1G.7 deg. The baseline ramp angle was taken to be IG.7 dc-g, a 

value that was very close to the angle used in the experimental tests outlined in Rd. [50]. 

The height of the difFuser was adjustable in three 10 nlln increments, from a minimulll of 

40 lllIll to a maximum of GO mIll. The baseline height was GO mm. The model was again 

constructed of wood. A trip strip was located at x/I = 0.1 in order to ensure that t.!H' 

fiow was turbulent. The rear wing was attached to the diffuser bluff body via end plates, 

as shown in Fig. 3.3. As a result of the limited test section length, a ground board with 

a sharp leading edge was constructed in order to extend the floor and to mount the bluff 

body. 
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Figure 3.3: The diffuser bluff body and associated ground board that were used ill the 
experimental tests. 

3.4 Wind Tunnel Facilities 

The experimental tests were carried out in the low speed wind tllllllel facilities at the 

University of Southampton. The facilities included both the 2.1 In x 1.5 III wind tUllnel 

and the 3.5 III x 2.5 III R. J. lVIitchell wind tunnel. Both wind tunnels are of the dosed 
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circuit, single return type, and are equipped with rolling roads. The rolling road allows 

for the speed of the ground to be matched with the oncoming freestream velocity for 

correct simulation of wings in ground effect. Each tunnel also contains a 3 componcnt 

balance for the measurement of forces on models. Additionally, the R. J. IVIitchell facility 

is equipped with a 3-component LDA system. 

3.5 Model Installation 

Figure 3.4 provides a visual representation of the experimental configuration adopted 

for the 2.1 1Il x 1.5 III wind tunnel. The diffuser bluff body, which is shown in the 

foreground, was mounted to a fixed ground board that was positioned just ahead of the 

rolling road. Physical attachment of the bluff body to the board was achieved with the 

use of angled brackets that were secured to the side of the model. The brackets allowed 

for the bluff body height to be adjusted ill 10 nun increments, from a minimulll of 40 lllm, 

to a maxinmm of GO HUl1 above the board. 

The board was made level ·with the top of the tunnel's boundary layer suction box 

via 4 specially constructed studding adjusters that passed through the board and into 

the floor of the tunnel. Each bit of studding contained bolts that when screwed, caused 

a particular corner of the board to be raised or lowered. A digital inclinometer was then 

placed on the top surface in order to ensure that it was horizontal to within a tenth of a 

degree. 

The test wing was located further downstream, above the rollillg road. It was hung 

from the overhead balance via struts that connected to pivots at its quarter chord point. 

The struts had machined slots along their top euds that allowed a dcgree of freedom in 

the vertical direction in order to raise and lower the wing. Machined blocks of varying 

thickness were then placed between the bottom of the endplates and the top of the 

rolling road surface to set specific ride heights. To adjust the angle of attack, a tail wire 

conuection was fixed to the wing trailing edge. Exact <111gular values were set by placing 
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Figure 3.4: The diffuser bluff body and associated ground board that were used in the 
experimental tests . 

the inclinometer on a fiat surface that was designed to be parallel to the chord of the 

wing when placed on its upper profile. Angles were usually double checked before and 

after each test run. The relative positions of the bluff body and the test wing, along with 

the area covered by the ground board are outlined in the sketch in Fig. 3.5. The distance 

from the base of the bluff body to the leading edge of the wing was 2160 mm, a value 

that approximates to l. 5 car lengths at full scale. 

In the larger 3.5 m x 2.5 m facility, both the test wing and the bluff body were 

mounted using the same strategy. The only difference was an increase in the distance 

between the two models, owing to t he longer moving ground belt system in that tunnel. 

The distance from t he base of the bluff body to the leading edge of the wing was 3100 mm 

in this tunnel (approximately 2.2 car lengths at full scale). 
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Figure 3.5: A partial wind tunnel schematic, showing the relative positions of the diffuser 
bluff body and the test ·wing. 

3.6 Test Conditions 

The experimental investigations were carried out at two constant wind tunnel dynamic 

pressures; 25 and 39 nall water. These dynamic pressures corresponded to freestream 

velocities of approximately 20 and 25 m/s respectively. Owing to variations in the ambient 

pressure and in the temperature of the 'wind tunnel, the corresponding Reynolds numbers, 

based on the test wing chord, vary from 300 000 to 309 000 at 20 m/s and from 37G 000 

to 387 000 at 25 Ill/S. 

3.7 Force Measurements 

Forces were measured on the over-head mechanical balances present in each wind tunnel. 

The system in the 2.1 In x 1.5 In facility is a 3-componellt balallce of a weigh-beam 

design, with stepper motors used to drive the weights. The maximum load ranges for 

lift, drag and pitchillg lllornellt are 1800 N, 450 N awl 4GO N.m respectively. The system 
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in the 3.5 m x 2.5 III facility is a Nutem 6-componcnt balance. The maximum loads Oil 

this balance are adjustable, and are as follows: lift (300 - 11000 N), drag (256 - 5000 N), 

side force (645 - 3350 N), yawing mOlllent (83 - 830 N.m), pitching moment (83 - 3500 

N.m), and rolling moment (165 - 2500 N.m). Further information on both balances rail 

be found in Ref. [63]. 

Typically, a series of 75 samples 'were taken at each ride height configuration. All 

average was then calculated and output by the controlling soft-ware. As it was not possible 

to obtain each of the individual samples, a slightly different procedure had to bc used 

for error analysis purposes. For these cases, 15 individual samples were taken, following 

theory outlined in [64]. This value allowed for large-sample statistics to be applied to the 

calculation of confidence intervals. Appendix B provides detailed error analysis. 

3.8 Flow Visualisation 

For the flow visualisation studies, a mixture of invisible blue fluorescent pigment, paraiin 

and oleic acid was used. It was then applied to the model with a paint roller or paintbrush. 

"When dried, the mixture formed a white flaky coating that highlighted the flow of the 

air around the object. Typical drying times range from 0.5 to 1 hour, depending on thc 

temperature of the wind tUIlnei. 

3.9 Pressure Acquisition 

Pressure data from the WlIlg was acquired ill the 2.1 In x 1.5 III wind tunncl. The 

pressure taps were located in the direction of the oncoming flow, at 3 separate spanwise 

stations. There were 44 taps at each station, 24 on the suction surface and 20 011 the 

pressure surface. The taps were constructed in such a manner as to minimise the Ilumber 

of iiexible tubes emanating from the Willg, and passing across the tUllIlei to the cxLc~rnal 

transd lIcers. 
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Small hollow metal tubes were placed just undel'lleath the skin of the wing. Tlw lll{'t,al 

tubes were laid in the spanwise direction, and protruded out of a hole ill the side of the 

wing and elldplate. Small holes were then drilled through the surface of the wing into 

each tube, at the appropriate spanwise station. \\Tith this design, only 44 flexible tubes 

cOllllected the wing to the transdUl:ers, even though there were 3 tillles as lllany pressure 

taps. Any spanwise station not in use was coyered with tape. 

A ZOC pressure transducer system was used to take the llleasuremcllts [GSJ. 1'11(' 

ZOC was located extel'llal to the tunnel test section in order to minimise the effect of 

temperature changes on the transducer. As the 2.1 m x 1.7 m facility has no COOlillg 

system, the temperature within the confilles of the tunnel can vary by more than IS deg 

in a matter of hours. The ZOC itself was cOllllectecl to PI software [66], which allowecl 

for a number of measurement runs to be programmed at each ride height. For the clata 

obtained ill this document, 22 values were recorcled at each tap for each ricle height 

investigated. An average was then calculated to provide the most representative value. 

3.10 Particle Image Velocimetry 

prv is a non intrusive measurement technique used to obtain instantaneous velocities 

in a region of a fluid flow uncler investigation. The flow must be seedecl with particles 

so that instantaneous image pairs can be taken a short time interval apart. From the 

distance that the particles have travelled in the time that the successive images were 

taken, velocities can be calculated. The main components necessary for this teehuiqlle 

are a laser source and its associated optics, a Charged Coupled D()vice (CCO) camera 

and a controlling computer with the associated software. 

For a typical 2-D PIV test, the laser aud camera are set up at right angles to eadl 

other in such a marlller that the light sheets produced 1).)' the former, pass through the 

camera focal plane at the point of interest. The light sheets emanating from the laser 

are pulsed so as to produce a stroboscopic effect, which essentially freezes the 1ll0VClllell!, 
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of the particles for the images to be taken. This implies that the pulsing and tlw image 

capture have to be synchronised so that the positions of the particles at the time of Llw 

first pulse are captured on the first image, while their positions at the time of the second 

pulse are captured on the second image. The particles show up as specks of light on the 

dark background of the image. The background of the image is dark because all extcrnal 

light sources have to be eliminated from the experimental region. The recorded image 

pairs can then be post processed by the supplied software. 

Post processing takes the form of performing a cross correlation between the image 

pairs in order to identify the relative position of each particle in both frames. To achieve 

this goal accurately, the software divides each image into rectangular interrogation re­

gions. The cross correlation is then carried out between the corresponding interrogation 

regions on each frame, from which average particle displacement vectors may be pro­

duced. Special algorithms can then be applied to va1iclate the vector maps in order to 

eliminate spurious vectors. 

The system used at the University of Southampton was obtained from Dantec Dynam­

ics. The apparatus consisted of New vVave Gemini Nd:Yag lasers, capable of producing 

120 mJ at 532 nIll. Both laser components were contained within a sillgle casing, with 

the associated internal optics used to direct each beam to an external lells for filial pro­

jection. A Dantec I-liSellse CCD camera was supplied for illlage collectioll. The call1era 

had a resolutioll of 1280 x 1024 pixels, and has three different lenses. The 105 llllll h~ns 

was used, sillce it provided the highest flow field resolutioll. The laser and camera were 

controlled by Dantec Flowl'vlap software [G7] via the associated PC. The software allowed 

for the adjustrnellt of both the laser and the camera parameters, while also collectillg the 

acquired images for post-processillg. 

In order to obtain 2-D data on a plane that was parallel to the trailing edge of the 

wing, it vw1s necessary to mount the camera illS ide awl to the rear of the tUllller test 

sectioll. Conversely, the laser was mounted outside the test sectioll, with the beams 

projected through the glass at the side. To obtaill data 011 plallcs parallel to the LlIlIIlel 
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Figure 3.G: A plan view showing the PlY experimental configuration. 

centreline, the laser and camera positions were reversed, as in Fig. 3.6. A smoke generator 

was also placed downstream of the test section. The ejected particles travelled around 

the tunnel before passing through the measurement plane. Since the tunnel's boundary 

layer suction mechanism had to be in operation, it was necessary to eject particles from 

the generator at frequent intervals. As outlined in Appendix B, the uncertainty in the 

PIV measurements were estimated to be ±l.G% in u, and less than ±1 % in v. 

3.11 Laser Doppler Anemometry 

LDA is a non-intrusive measurement tedlllique in which light beams are used to acquire 

the velocity at a point in a fiow field. The light beams overlap to form a measurement 

volume that consists of interference fringes. \Vhcn seeding particles that are introduced 

to the flow pas[) through this volume, they scatter SOllle of the light, which is coll(~cted 

and post processed. Underlying frequency pattems that are extracted from the collected 
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light then allow for the velocities to be deduced. 

The three-component LDA system at the Ulliversity of Southamptoll was supplied b)' 

Dantec [G8]. It consists of a continuous wave argon-ion laser, optics for the trallsmission, 

manipulation allCi collection of the laser beams, two probe modules and signal procpssing 

equipment. In order to measure Olle component of velocity, two overlapping, munochro­

matic, coherent light beams are required. Thus for three compollents, the system elllits 

six beams, four of which origillate from Olle probe module. 

For the three-component system, the beam of light that is emitted from the laser is 

directed to a Bragg cell via illtemal optics. The Bragg cell is an acousto-opticalmodulator 

that serves to split the original beam into two new beams of equal intensity, introducing 

a frequency shift to one of them as it does so. The pair of beams are then separated 

into three colours - greeIl, blue and violet -- which are then focussed into optical fibres 

before beiIlg emitted by a particular probe module. Each pail' of colours is of a different 

wavelength, with one colour being used to measure one velocity component. 

All six beams are then focussed to a particular spatial location, which creates a 

measurement volume ill the shape of an ellipsoid. Owing to the overlap of each coloured 

beam, interference fringes are produced, with the distance hctw(~en the fringes being a 

function of the wavelength and the angle between the beams. vVhen a seed particle passes 

through the fringe patterns, it scatters light. The scattered light contains a Doppler 

shift [69] that is proportional to the velocity component along the mecumrement axis 

of the particular pair of beams. The scattered light is collected by receiving optics 

and processed by spectrum analysers to produce the resultant velocity cOIllponent. As 

outlined in Appendix B, the uHcertainty in the LDA measurements were estimated to be 

±O.10 m/s. 
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Chapter 4 

The Effect of Upstream Bodies on a 
Single Element Wing in Ground 
Effect 

4.1 Introduction 

This chapter presents results that highlight the changes to the aerodynamic character­

istics of the single element wing \"hen placed behind upstream bodies. The upstream 

bodies included a willg attached to a sting (FC2), alld a diffuser equipped bluff body 

that incorporated the previous wing (FC3). Forces, How visualisation images, pressure 

distribution plots and How field measurements were used to decipher and explain the 

performance changes when compared to the clean air case, FCl. 

4.2 Forces 

As outlined in Appendix B, the maximum uncertainties in the downforce and drag coeffi­

cients were approximated as being ±O.002 and ±O.0004 respectively. Figure 4.1 presellts 

a comparison of the clown[orce coefiicients while varying the height of the wing in flow 

conditions FC1, FC2, and FC3. On initial observation, it is clear that there were succes-

sive decreases ill downforce as the oncomillg flow progressed fwm FC1 to FC3. The plots 

for FC1 and FC2 showed the characteristic illcrease ill the variable to it certaill poillt, 

as the ride height was reduced. Below this particular poillt, the clownforce thell begall 
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to decrease. With regard to FC1, the maximulll downforce coefiicient of l.G6 Ol'CIIl')'t'd 

at hI' / C = 0.094, while for FC2, the maximulll downforce coefficient of l.G2 occulTt'd at 

hr/c = 0.100. Therefore, there was a 2.6% decrease in maximum downforce, with this 

point occurring slightly earlier in FC2. Closer scrutiny of the two plots reveals that the 

downforce loss in progressing from FC1 to FC2 was not consistent over the range of ride 

heights investigated. In general, there was a greater loss at high ride heights than there 

was at low ride heights. For comparison, at hr/c = 0.833, there was approximately 13% 

loss in downforce, while at hr/c = 0.401 and hr/c = 0.107 there was approximately a 

7.6% loss and a 3% loss, respectively. 
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Figure 4.1: The experimental downforce coefficients in ground effect for clean air (FC1), 
behind the upstream wing (FC2), and behind the upstream ,\ying and bluff body (FC3). 

The plot for FC3 shows an interesLiug new characteristic. As ill the previous plots, 

the downforce increased with a reduction in ride height, to a point that one would have 

considered as being the maximum dowuforce (CL = 1.27 at hl'/c = 0.100), bas(!d on tlw 

plots of FC! auel FC2. After this "expected" poiut of maximUlll elownforc(!, then~ was 

again the familiar decrease. However, Lhe decrease was thell halt.ed by a s(~colld abrupt. 



increase in downforce at very low ride heights. This second increase then produced highn 

force values than were recorded at the previously "expected maximum." In fact, at til(' 

lowest ride height of hT/C = 0.071, there is 6% more downforce than at the previously 

"expected maximum," which occurred at hr/c = 0.100. 

In all attempt to investigate whether the llew phase of the How appeared at it higlwr 

Reynolds number ill FC3, the oncomillg velocity was illcreased to 25 m/s. A cOlllparisoll 

of the results ill the region of maximulll dowllforce is presellted in Fig. 4.2. Two thillgs 

become clear illlmediately. Firstly, it is apparent that the new phase of flow also existed 

at the higher wiud speed, however, the point at which it commenced IlOW occurred at 

hr/c = 0.091 as opposed to hr/c = 0.085 at 20 m/s. This suggested that it was a Reynolds 

number dependent phenomellon. Secondly, less dowllforce was generated at 25 m/s than 

,,'as the case at 20 mis, an outcome similar to that reported by Zerihall and Zhang [3G]. 

The authors surmised that the result lllay have been caused by the different sizes of the 

laminar separation bubble for each case. 
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Figure 4.2: A closer view of the force reduction region in FC3, which is terminated by an 
increase in downforce at very low riele heights. 



The variation of the drag values with ride height in the three fiow conditions is \>r<'-

sented in Fig. 4.3. Considering first the results from FC1, it can be deduced that there 

was the expected increase in drag with reducing ride height. The increase, however, was 

not monotonic. At ride heights below hr I c = 0.153, fluctuations in the values becaml' 

evident. In general, the results from the three curves indicated that the presence of the 

upstream bodies caused an increase in the drag of the downstream test wing. \Vhcn COlll-

pared to FC1, the curve for FC2 sho""ed this characteristic throughout the ride height 

range. The curve for FC3, however, was slightly different. It commenced with the greatest 

drag values for ride heights from hrlc = 0.833 to hrlc;::::; 0.37. Below this ride height, the 

values were less than FC2, but higher than FC1 until hrlc ;::::; 0.097. Below h7.jC ;::::; 0.097, 

it crossed below the curve for FCl. 
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Figure 4.3: The experimental drag coefficients ill ground effect in the three How conditions 
in which they were measured. 

Curves depicting the angle of at tack variation in FC 1 and FC3 at hr I c = 0.833 and 

0.153 are presented in Fig. 4.4. In the linear range of wing operation, it call be deduced 

that more lift was lost at greater ride heights than at lower ride heights. For exalllple, at, 
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-5 deg and hr/c = 0.833, 6 C L = 0.138, while at hr/c = 0.153, 6 C L = 0.076. Silllilarl~', 

at 5 deg, the corresponding yalues of 6 CL were 0.279 and 0.196 respectively. It is also 

dear that the trcnd of increasing lift curve slope with decreasing ride height also existed 

in FC3. Closer scrutiny of the curves for FC1 at both ride heights will highlight the fact 

that the wing stalled more abruptly at hr/c = 0.833 than it did at h l';c = 0.153. In dirty 

air cOllditiolls at hr/c = 0.833, however, stall became more gradual. 
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Figure 4.4: The lift curves at hr/c = 0.153 and 0.833 with and without the presence of 
the diffuser bluff body. 

Figure 4.5 presents data showing the variation in drag with angle of attack at thc 

two ride heights investigated. In general, at augles above 1 cleg at hr / C = 0.833, therl~ 

appeared to be more drag in the dirty air How than there was ill the clean air flow. Below 

this angle of attack, there was not a discernable difference. In contrast, at 11.1'; c = 0.153, a 

discemable difference in the drag from the two flow conditions appearcd at approximately 

8 deg. It also seemed that the drag incrCll1Cllts were gClleraIly higlwr at the lower ride 

height. 

A comparisoll of the lift to drag ratios is presented ill Fig. 4.6. It can be seen that 
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Figure 4.5: The drag curves at hTlc = 0.153 and 0.833 with and without the presence of 
the diffuser oluff body. 

111 the cases of both FC1 and FC3, the lower ride height produced higher maximulll 

LID values than the higher ride height. Additionally, at each ride height, the angle 

at which the maximum LID occurred in FC3 was greater than the angle at which the 

maximum LID occurred in FCl. For example, at hrlc = 0.153 in FC3, a maximum LID 

of approximately 26 occurred at 1 deg, while in FC1, a maximum LID of 29 occurred at 

-1 deg. Also evident from the data was the fact that there was a more gradual change 

in values in the region of maximum LID at the higher ride height than there \vas at the 

lower ride height. 

A series of measurelnents were taken while moving the diffuser bluff body laterally 

away (indicated by 2z/b) frolll its original position ill front of the test wing. 2'1,111 is a 

normalised coordinate in the spanwise direction of the wing such that 2'1,11> = 0 at the 

lllidspan and 2z/b = 1 at the wing tips. At 2z/b = 0, the diffuser centreline coincided 

with the wing centreline, while at 2z/b =1, the diffuser centreline coillcided with tlw 

wing tip. Figures 4.7 and 4.8 show that at ])()Lh ride heights investigated, the dowllforce 
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Figure 4.6: The lift to drag curves at hr/c = 0.153 and 0.833 with alld without the 
presence of the diffuser bluff body. 
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Figure 4.7: The downforce curves at hr/c = 0.833, while Ulovillg the bluff body laterally 
away froIll its original position. 
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Figure 4.8: The downforce curves at hr/c = 0.153, 'while moving the bluff body laterally 
away from its original position. 

gradually recovered to the freestream values, aud in the case of 2z/b = 1.5, surpassed 

them. Sharper wing stall was also evident at the greater ride height of hr/c = 0.833 for 

all cases except for 2z/b = O. This result suggested that the boundary layer remained 

attached at higher angles of attack only when the diffuser was directly in front of the 

wing. At the lower ride height of hr/c = 0.153, stall was gradual in all cases. 

The plots for drag versus increasing wing angle of attack show no particular disC(~l'll-

able trend, Figs. 4.9 and 4.10. \Vhat is clear though, is that different values of drag arose, 

depending on the lateral position of the upstream bluff body, and 011 the height of the 

wing. At the ride height of hr / c = 0.833, the case for 2z / b = 1.5 showed significalltly 

lower drag values from the remaining lateral positions, and from the FCl values. This 

was most likely a result of the relative location of the diffuser trailillg vortex allCl the 

dowllstream test Willg. The wing way may now have been operating ill the down wash of 

the vortex at this lateral position. 

Givell the lack of a clear trend from the drag data, the lift to drag ratios were tlWll cx-
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Figure 4.9: The drag curves at hr/c = 0.833, while moving the bluff body laterally avmy 
from its original position. 
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Figure 4.10: The drag curves at hr/c = 0.153, while moving the bluff body laterally away 
from its original position. 
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Figure 4.11: The lift to drag ratios at hr/c = 0.833, while moving the bluff uody laterally 
away from its original position. 
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Figure 4.12: The lift to drag ratios at hr/c = 0.lG3, while llloving the lJluff body laterally 
away frOlll its original position. 
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amined. The results for hrlc = 0.833 are shown in Fig. 4.11, while those for hI-Ie = O.lG~~ 

are shown in Fig. 4.12. Again, a comparison at each specific ride height showed no dis­

cernable trend. 'What can be deduced from the t"wo figures, however, is that the ratio 

was generally higher at hrlc = 0.153, than it was at each corresponding position of the 

greater ride height of hr I c = 0.833. The exception to this observation was the lateral 

position of 2zlb = 1.5. At the greater ride height of hrlc = 0.833, the lift to drag ratio 

for this position was significalltly higher than all other values, including those of FC1. 

4.3 Flow Visualisation 

Figure 4.13 shows the How over the suction surface of the wing in FC1. Close observation 

shows that there is a laminar separation bubble across the majority of the span of the 

wing (a). At mid span, it can be deduced that the bubble trapped some of the now 

visualisation fluid while it was drying (b), thereby causing an additional obstruction 

to the flow, which then went on to cause premature trailing edge separation (c). The 

premature separation was also aided by a blob of unmixed solution (d). Close to each 

endplate, at the trailing edge of the wing, a region of recirculatillg bubble flow call be 

identified (e). 

In comparison, Fig. 4.14 shows the How over the suction surface of the -wing in FC3. It; 

can be deduced that there is now a dramatic difference in the surface flow, when compared 

to FC1. At a considerable distance either side of midspan the laminar separation bubble 

has disappeared (f), as the flow is turbulent from the ou t.set. The novv also appears to be 

antisyrnmetric, as evidenced by the comparable sizes of the regiolls labelled (g) and (h). 

It; is also reflected in the slightly different shape of the separation region at (i) and (j). 

The recirculating bubble regions (k, 1), which 110"V have distillctly different shapes whell 

compared to each other, are still observed at either endplate, close to the trailing edge. 

Figure 4.15 shows the flow over the press me surface of the wing in FC1. It can be 

deduced that there are large regiolls of laminar flow, with a laminar separation bubble 
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Figure 4.13: Suction surface flow for the wing in ground effect at hr/c = 0.153 and 5 deg 
aoa. 

Figure 4.14: Suction surface flow for the wing in ground effect at hr/c = 0.153 and 5 deg 
aoa, while behind the upstream wing and bluff body. 
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clearly visible across the span (m). 

Figure 4.15: Pressure surface flow for the wing in ground effect at hr/c = 0.153 and 5 
deg aoa. 

Figure 4.16: Pressure surface flow for the wing in ground effect at hr/c = 0.153 and 5 
deg aoa, while behind the upstream wing and bluff body. 

45 



In comparison Fig. 4. 16 shows the flow over the pressure surface of t he wing in FC3. 

There is again another striking difference when compared to FCl. The laminar separation 

bubble has been eliminated from a considerable distance either side of t he midspan of the 

wing (n), but is still clearly visible towards the t ips (0) . In contrast t o the overall flow 

on the suction surface, the flow on t he pressure surface appears to be symmetric. 

In order to ascertain t he type of flow emanating from the upstream diffuser bluff body 

in its baseline configuration, flow visualisation was performed on t he ramp and end plat e 

region. As illustrated in Fig. 4.17, t he presence of vortex flow was highlighted by the 

swirling lines that trailed along t he edge of the ramp, close to t he end plate [50]. The flow 

was symmet ric about the bluff body centreline, Fig. 4.18, and showed the characteristics 

of high angle diffusers as out lined in Ref. [51] . 

Figure 4.17: Swirling lines on t he diffuser ramp, indicating the presence of vortex flow. 

Figures 4.19 and 4.20 depict the flow on the suction surface of the wing in FC1 and 

FC3, at hr/c = 0.077. T his ride height is well within the force reduct ion region in F C 1 and 

within the newly identified region offorce increase in FC3. Firstly, from Fig. 4.19, it must 

be noted that at t he t ime, it was not possible to apply the flow visualisat ion mixture to 
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Figure 4.18: A view of the entire ramp, confirming that the flow is symmetric about t he 
centreline. 

the entire suct ion surface because the distance between the ground and the lowest port ion 

of the wing was too small for the applicators that were available. Nevertheless, it can 

be deduced that there was widespread separation across t he whole trailing edge of t he 

wing. In addition to the large semi circular shaped separat ion region in the middle, t here 

appeared to be two further triangular shaped separation regions, close to each endplate. 

In Fig. 4.20, the two triangular separation regions have disappeared, having been replaced 

instead by attached flow. The semi circular separation region centred at the middle of 

the trailing edge was still evident. 
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Figure 4.1 9: The flow on the suction surface of t he wing in t he force reduction region at 
hr/c = 0.077 in FCl. 

Figure 4.20: The flow on the suct ion surface of the wing in t he force reduction region at 
hr/c = 0.077 in FC3. 
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4.4 Pressures 

Chordwise pressure distribution data at ride heights of hr/c = 0.833, OA01, 0.153 and 

0.077 are presented in Figs. 4.21 to 4.24. At each ride height, plots for the spauwise 

stations of 2z/b = 0.09 and 0.49 are displayed on one figure, while the plot for 2z/b = 0.89 

is displayed on the other. This approach was taken to avoid excessive clutter on a single 

figure. 

Throughout the ride heigoht range investigated, it uecal1le clear that changing the flow 

from FC1 to FC3 resulted in a decrement in the pressure distribution at each station 

investigated. The decrement appeared to be greater at stations closer to the centre of 

the wing, than at stations further away. Also evident '.vas the fact that the majority of 

the loss OCCUlTed from the suction surface of the wing, especially at 2z/b = 0.09 and 

0.49. To provide further insight, the 2-D sectional downforce coefficients were estimated 

for each case. The trapezium rule was used to integrate the distributions between x/ c 

= 0 and x/c = 0.9. Owing to manufacturing cOllstraillts, no pressure tap was located 

beyond x/c = 0.9 011 the wing pressure surface and beyond x/c = 0.95 on the suction 

surface. The integration was therefore llot carried out for the last 10% of each sectioll. 

Table 4.1 summarises the changes as the oncoming flow evolved from FC1 to FC3. It is 

clear that at each ride height, the most lift was lost at 2z/b = 0.09. This was followed 

by the section at 2z/b = OA9, then 2z/b = 0.89. Additionally, the sections lost lIlore lift 

at greater ride heights than at lower ride heights. 

The pressure distribution data also shows the existellce and disappearance of separa­

tion bubbles. In the case of the suction surface ill FC1, the effect of the buuble became 

more pronounced as the ride height was reduced, especially at 2z/b = 0.09 and OA9. A 

typical location of the bubble can be pinpointed uy a plateau like region followed by a 

steep drop, both of which produce an area that does not appear to fit with the natural 

curvature of the plot. For example, the region bounded by x/c ~ 0.45 and x/c ~ O.G at 

2z/b = 0.09 for hr/c = 0.153 (Fig. 4.23). vVhcn the flow was changed to FC3, the n~gion 
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Figure 4.21: The pressure distributioll at 2z/b = 0.09, 0.49 (a) and 2z/b = 0.89 (b) for 
hr/c = 0.833, in FC1 and FC3. 
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Figure 4.22: The pressure distribution at 2z/b 
h1.jC = 0.401, in FC1 and FC3. 
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Figure 4.23: The pressure distributioll at 2z/b = 0.09, 0.49 (a) and 2z/b = 0.89 (b) for 
hr/c = 0.153, ill FC1 and FC3. 

52 



-3.51--,----,----,------,--..----,------r;:===~;=;;:::;;:::;;:::!;==;~ 
-&- FC1: 2z1b3p3 ~ 0.09 (a) 
-0-' FC3: 2z/b3p3 a 0.09 

O 

-3 

-2.5 

-2 

-1.5 
D-

-1 

0.5 

. -&- FC1: 2z1b3p3 = 0.49 
-0- FC3: 2z1b3 3 = 0.49 

1~--~~--~----~----~--~-----L----~----~--~----~ 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 O.B 0.9 

X/C 

-3.51--,--~--..,.--_r--,_-_,----.r=~::E=:;;:::::~=:=~ 

-3 

-2.5 

-2 

-1.5 
D-

O 

'-0-

0.5 

1m-__ ~ ____ -L ____ ~ ____ L-__ ~ ____ -L ____ ~ ____ L_ __ ~ ____ ~ 

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 O.B 0.9 
X/C 

Figure 4.24: The pressure distribution at 2z/b 
hr/c = 0.077, in FCl aud FC3. 
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hr/e = 0.833 
2z/b = 0.09 2z/b = OA9 2z/b = 0.89 

n: FC1 0.779 0.750 0.G48 
C1: FC3 0.3G1 0.472 0.572 
%6.C1 53.7 37.1 11.7 

hj./e = 0.401 
C1: FC1 0.95G 0.916 0.7GG 
C1: FC3 0.626 0.680 0.679 
%6.C1 3c!.5 25.8 11.4 

hl'/e = 0.153 
C1: FC1 1.54 1.45 1.14 
C1: FC3 1.17 1.17 1.05 
%6.C1 24.0 19.3 7.89 

hr/e = 0.077 
C1: FC1 1.44 1.30 0.613 
C1: FC3 1.15 1.10 0.580 
%6.C1 20.1 15.4 4.89 

Table 4.1: Sectional dO\\,1lforce coefficient values for each of the ride heights investigated. 

just described, vanished. A similar scenario existed on the pressure surface between x/ c 

~ 0.65 and x/c ~ 0.75. 

A more detailed examination of the same plot can provide the reader with further in-

sight into the aerodynamic changes experienced by the wing. The presence of a separation 

bubble on the suction surface in FC1 was highlighted by the portion of the curve between 

x/c ~ 0.45 and x/c ~ 0.6. This implied that the boundary layer prior to the bubble 

was laminar, while the boundary layer after the bubble was turbulent. Comparisoll with 

the correspollding curve for FC3 will show that in general, the greatest difference in ClI 

between the two plots occurred between x/c ~ 0.01 and x/c ~ O.G. As the buhble had 

disappeared in this flow conditioll, it was evident that the flow prior to that point did lIoL 

support its existellce. That is, the boundary layer was l10W Lurbule11L. Ol1e call thell iJl('(~r 

that the greatest loss in Cp on the suction surface occurred because 0(' the elimination 

of an extensive region of laminar flow when progressing from FC1 to FC3. In contrast, 

between x/ c ~ 0.6 and x/ c ~ 0.95 the loss in ClI was not as great, suggest.ing that tlw 

turbulent boundary layer was lIot that sensitive to the duwge ill th(~ characteristics of 
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the oncollling fiow. 

Figure 4.25 presents the spallwise pressure distrilmtion at the quarter chord of tlH' 

wing in FCl and FC3. The data was extracted from the appropriate taps at each spanwifle 

statiOll. The plots for FC1 show the expected shape characteristic of sectiollS towards the 

centre of the wing producing more lift than sectiollS towards the end. In contrast, in FC3, 

the shape of the load distribution depended on the ride height of the willg. At ILl) C = 

0.833 and 0.401, sections towards the middle of the wing produced less lift than sectiolls 

towards the end. At hI' / C = 0.153 and 0.077, the opposite occurred. The phellolllclla just 

described only appeared to occur over the first 45% of the wing surface as examillatioll 

of Figs. 4.21 to 4.24 will slww. 
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Figure 4.25: The spanwise loading at the wing quarter chord in FC! and FC3. 
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4.5 Flovv Field 

Examination of the flow field in both FC1 and FC3 commences with Fig. 4.26. PIV 

images of the trailing vortex flow at x/c = 1.5 for hr/c = 0.153 are depicted. The outline 

of the wing is also included for presentation purposes. Close observation will show that 

the streamwise vorticity associated with the tip vortex appeared to have been slightly 

more diffuse in FC3, than it was in FC1. Computations showed that the maXImum 

vorticity decreased slightly from (j~ = 11.86 in FC1 to (j~ = 11.27 in FC3. 
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Figure 4.26: Vorticity contours at x/c = 1.5 for FC1 (a) and FC3 (b) . 

57 



In order to pinpoint the location of the trailing vortex, the velocity vector flow fi ld 

was extracted via PlY. Two hundred and fifty instantaneous images were averaged to 

produce the final vector map. Figure 4.27 shows the results for both FCI and FC3. 

Examination of the images showed that there was a slight inward horizontal movement 

of the vortex from 2z/b = 0.82 to 2z/b = 0.81, while changing the flow from FCI to FC3. 

This movement was equivalent to approximately 3 mm in physical units. 

0.5 

0.4 

0.3 . 
o 
>. 

0.2 • 

0.1 

2z/b 

Figure 4.27: The velocity flow field at x/c = 1.5 for FCI (a) and FC3 (b). 

To supplement the previous flow field data, the flow along the tunnel centreline in FCI 

and FC3 was examined without the presence of the test wing. This experiment allowed 
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for changes induced by the diffuser bluff body to be documented. Owing to H'strictiolls 011 

the available tunnel time, it was only possible to gather data ill the streamwise directio11 

at the corresponding heights indicated. 

Figure 4.28 shows profiles of u/Uoo . It can be seen that in FCl, the flow generall~' 

remained very close to the freestream value, deviating to a maximulIl of 1% at SOlll(' 

heights. In contrast, the strearnwise How for FC3 showed a deficit of 2% at hI) C = 0.08, 

increasing to 4% at hr/c ~ 0.596. 
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Figure 4.28: \Nind tunnel centreline profiles of u/Uoo III FCI and FC3, without the 
presence of the test wing. 

Examination of the corresponding upwash, Fig. 4.29, showed that the was none in 

existence in FCl. In FC3, however, the upwash increased as the distance above the 

ground increased, attaining a value of G% of freestrealll at hr/c ~ 0.G2. 

Flow field tests were carried out in the larger 3.5 III x 2.5 m facility as it was equipped 

with a 3-componellt LOA system. The objective was to provide a more detailed lIlap of 

the wake of the bluff body. The measurements, which were taken 3l dowllstrealll of the 

bluff body, are presellted in Figs. 4.30 to 4.33 for darity. Two componellts of vdod ty w(~re 
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Figure 4.29: "Vind tunnel centreline upwash profiles in FC1 and FC3, without the pres­
ence of the test wing. 

extracted. The plots reveal a variation in the horizontal aud vertical velocity componeBts 

while progressing through the yz plalle. The wake deficit - highlighted by plots of u/U oo 

-- is seen to have beell greater at locations closer to the centre of the tUBucl (2z/b = 0), 

thau it was at locations closer to where the tips of the wing would have been positioned 

(2z/b = 1). The plots for v/Uoo highlight an upwash close to the centre of the tUBnel. 

Away from the centreline, the upwash gradually decreased, transitioning to a downwash 

by the location of 2z/b = 0.80. At 2z/b = 0, the turbulence illtcllsity was found to vary 

from a minimum of 4.1% to a maximum of 11 %, 'while at 2z/b = 0.87, it was fOUlld to 

vary from a minimum of 1.4% to a maximum of 7.4%. 
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Figure 4.30: Velocity profiles 3l downstrem of the diffuser bluff body. 
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Figure 4.31: Velocity profiles 3l dowllstrern of the diffuser bluff body. 
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Figure 4.32: Velocity profiles 3l dowllstrem of the diffuser bluff body. 
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Figure 4.33: Velocity profiles 3l dowllstrem of the diffuser bluff body. 
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4.6 Discussion 

The results of the preceding sections showed that a single element wing in ground effect 

experienced changes to its aerodynamic characteristics when placed behind upstream 

bodies that simulated a leading racing car. These changes included a reduction ill down­

force, an increase in drag and a change in the downstream wake of the wing. It is believed 

that the changes were caused by the How that emanated from the upstream bod)'. This 

flow ,vas significantly lllore disturbed, when compared to the normal flov\' of the wind 

tUllnel test section. It also radiated a large alllount of audible lloise; an indicatioll of the 

generation of turbulent How [79]. 

Confirmation of the physical effects that this flow had on the downstream wing was 

provided by surface flow yisualisation images that highlighted early transition from lam­

inar to turbulent How in the middle portion of the span. This earlier formation of the 

turbulent surface How was significant enough to cause the elimination of the separation 

bubble from the middle portion of both surfaces of the wing. In contrast, the undisturbed 

flow conditions indicated that there was laminar to turbulent transition via a laminar sep­

aration bubble, visible across the span of both upper and lower surfaces, albeit at different 

chord wise locations. 

Flow visualisation results from the upstream bluff body highlighted the existence of 

two vortices that in this case, rotated in such a manner as to produce an uJlwash along 

their downstream path. Smoke trails then showed that the flow around the rear of the bluff 

body was sucked in towards a plane that would have coincided with the centreline of the 

bluff body, wing and tunnel. It was this greatly disturbed, turbulent flow, concentrated 

in the middle of the tunnel as it progressed downsLn~alll, that ,vas responsible for the 

early transition from laminar to turbulent surface flow on the central portion of the wing 

ollly. The flovv to both outer edges of the wing lllay also have been disturbed, however, 

it may not have becll sigllificant cllough to promote carly transitiOll. 

The reduction ill downforce of the wing can be cxplaillcd hy the challges ill the on-



coming How, which produced lower Cp values and hence lower total forces. Thes(' ("hang(~s 

included a reduced freestream velocity, an upwash of the fiow and increased turbulellc('. 

The reduced freestream velocity essentially lowered the Reynolds number at which the 

wing was operating, while the upwash had the effect of reducing its effective allgle of 

attack. Both scenarios would have contributed to lower pressures. The increased turbu­

lence in the oncoming flow promoted early laminar to turbulellt Loundary layer transition 

011 the wing. Consequently, the boundary layer was much thicker from the outset, then'­

fore having a greater decambering effect on the profile. That is, the wing effectively lost. 

camber, which would have also resulted in lower pressures. 

Also evident from the results was the fact that more down force was lost at greater 

ride heights than was the case at lower ride heights. This observation can be linked to the 

change in upwash with increasing distance above the ground, when in the flow produced 

by the diffuser. As the 'wing ride height was increased, it operated in a region of greater 

upwash which continued to reduce the effective angle of attack at which it operated. At 

greater ride heights, there was also continued slowing of the oncoming flow, in addition 

to increased turbulence levels. The end result for the wing was therefore lower overall 

downforce values. 

Comparisons at the spamvise stations at which pressure distributions were recorded 

indicated that more lift was lost from the midspan of the wing than was the case from 

the ends of the wing. The midspan was thought to have experienced a greater loss 

in downforce than the tips because the majority of the disturbed How appeared to be 

concentrated in that region, and because that region experienced an upwash, while the 

tips experienced How with a neutral to slight downward component ofveiocity, in addition 

to a slightly higher freest ream velocity. 

It also became evident that the force reduction region chang()d in character in FC3, at 

very lovv ride heights. Instead of the expected continual decrease in forces, all 1llWx)H)cted 

increase occurred after the initial period of decrease. The secolld region of force iliCreaS() 

was tlllcxpectecl becausc prior research iuto grouud crfect aerodyuamics had uot, disC(Jvcn)c\ 
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its presence, most likely a consequence of the associated tests being carried out ill FC} 

condi tions. Flow visualisation images at the ride heights in question showed that tlw 

suction surface experienced massive flow separation in FCl, but that the flow remained 

attached in FC3. Consequently, the wing was able to generate more downforce at that 

very low ride heig-ht. The ride heights at which the phenomenon occurred, however, nla~' 

be too low to render the effect of any practical importance. 

The results for the variation of the angle of attack at the heights investigated showed 

the expected result of an increase in the lift curve slope of the wing as the ground "'as 

approached. However, what has also now becollle evident is that the same holds true 

when the wing is directly behind the upstream bluff' body that was used to silllulate a 

leading car. 

At the greater ride height of hr/c = 0.833, it was observed that in general, the wing 

experienced an abrupt stall uecause of the 11,eynolds lllllllber at which the tests were 

carried out, Fig. 4.4. This pattern, however, was altered when the bluff body was directly 

in front of the wing, For this case, the wing experienced a gradual stall, most likely a 

consequence of early laminar to turuulcnt boumlary layer transition delaying separation, 

The increase in the drag of the wing can be explaincd by the resultant interaction of a 

1111111ber of factors. Firstly, flow visualisation in the disturbed conditions highlighted tlw 

fact that the laminar separation bubble was eliminated frolll the middle portion of l)()th 

the upper and lower surfaces of the wing. This result in itsl~lf should have accountcd for a 

decrease in the drag, however, this decrease lllay have seemingly becn outweighed by drag 

increments from increased illClucecl drag [80] awl the increased extcnt of the turbulent 

boundary layer. Increased induced drag resulted from the fact that the wing operated in 

the upwash of the upstream diffuser bluff body. The increased extent of the turbulent 

boundary layer would have caused increased skin friction drag. 
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4.7 Conclusions 

The measurements and associated analyses presented in this chapter were aimed a cat.a­

loguing the aerodynamic changes that lllay be experienced by a single elelllent wing when 

it operated in ground effect, downstream of a leading racing car. The compilation of data 

from disparate experilllental procedures has allowed for the following conclusions to 1)(' 

drawn: 

1. In the flow produced by bodies used to simulate a leading racing car, a downstream 

single element wing in ground effect experienced a decrease in its downforce values 

and an increase in its drag values. 

2. ·When varying the height of the wing ill the dirty air flow, more downforce was lost 

at greater ride heights than ,vas the case at lower ride heights. 

3. \,Vhen in the dirty air flow, more lift was lost from sections closer to the midspan 

of the wing than was the case for sections closer to the tip of the wing. 

4. \Vhen in the dirty air flow, the shape of the spanwise load distribution altered, 

depending on ride height. At greater ri(h~ heights, the load distribution was lower 

at midspan than it was towards the wing tips. At lower ride heights, the trend 

reversed. 

G. The downstream wing was affected by the upwash flow field of the upstrealll diffuser 

bluff body. The presence of an upwash would have resulted in an increase in the 

induced drag experienced by the wing. 

G. The disturbed flow emanating from the upstrealll body had the alJility to sigllifi­

cantly alter the surface flow patterns on the downstream wing. The altered char­

acteristics included earlier laminar to turbulent boundary layer transition, and the 

elimination of laminar separation bubbles. 
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Chapter 5 

The Effect of Changes to the 
Diffuser Ramp Angle and Bluff 
Body Height 

5.1 Introduction 

This chapter presents the aerodynamic changes experienced by the test wing, on modiH-

cation of the original configuration of the diffuser bluff body. The modifications included 

changes to the angle of the diffuser ramp, changes to the height of the diffuser bluff body 

and changes to its lateral position. Force measurements and now field data were obtained 

for the series of tests outlined. 

5.2 Forces 

Figure 5.1 presents the downforce coefficients experienced by the test wing as the angle 

of the diffuser ramp was varied from 16.7 deg to 10 deg, then to 5 deg. For comparison, 

the result.s frolll FCI are also shown. It can be stated that for this dataset, the effect 

of changing the ramp augle depended on the height at which the downstream willg waH 

pOHitioned. In FC3, above h1" / C ~ 0.28, the wiug generated the most dOWllfol'ce behind 

the 5 deg ralllp diffuser, while it generated the least dowuforce behiud th(~ 16.7 d(~g ramp 

diffuser. Below 11,1" / C ~ 0.28, the wing gelleraLed Lhe most downforce behind the 1 G. 7 cleg 

ramp diffuser. Also, below this height, both th(~ 10 and G dcg ralllp difrus(~rs s(~eIlwd to 
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induce comparable levels of wing downforce, except in the region of hrlc ~ 0.1, when' 

the curve for the 10 deg ramp was lowest. 

1.6r--.--.----.--,-------,----.--;::=s====::::::;"] 
.....,... FC1 
-i'>- FC3: 16.7 deg ramp 
-e- FC3: 10 deg ramp 
-<)-. FC3: 5 de ram 

1.4 

1.2 

0.8 

0.6 

0.4 '----'----'-----'----'-------'---'---'------'------' 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

h Ic 
r 

Figure 5.1: The wing duwnforce coefficients, for the diffuser ramp angles of 16.7, 10 and 
5 deg. 

The drag coefficients are presented in Fig. 5.2. In general, it can be seen that at 

all ramp angles, the wing experienced more drag in FC3 than it did in FCI. t-./lore 

specifically, the data for FC3 suggested that there was no particular trend with regard 

to the dependence of drag on the ramp angle. However, for the majority of ride heights 

investigated, the 5 deg ramp diffuser seemed to produce the lowest wing drag values. 

Examination of the wing lift to drag ratios indicated a dear trend, Fig. 5.3. Between 

11,1' I c ~ 0.83 and 11,1' I C ~ 0.18, decreasing the diffuser ramp angle increased the lift to drag 

ratio of the downstream wing. Below 11,1'1 c ~ 0.18, the curves criss-crossed randolllly. 

t-.leasurements were also taken as the height of the diffuser bluff body was decreased 

from its original position of hl'ld = 0.3. It lIlust be Hoted, that according to Ref. [GO], 

the diffuser was operating in the maximulIl downforce region of its own downforce curve. 

Reducing its height above the ground from "rid = 0.3 to hrld = 0.2 therefore corrc-
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Figure 5.2: The wing drag coefficients, for the diffuser ramp angles of 16.7, 10 and 5 deg. 

20r---_r----._--~,_--_r----._--~,_~~~==~==~ 
__ FCl 

-&- FC3: 16.7 deg ramp 
--e- F C3: 1 0 deg ramp 
_.,).- FC3: 5 de ram 

17.5 

15 

o :::J 12.5 

10 

7.5 

5'-------'~ _ __1. __ ____'_ __ _L __ _L __ ~ __ ~ __ ~_~ 

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 O.B 0.9 

Figure 5.3: The wing lift to drag ratios, for the diffuser ramp angles of 16.7, 10 and 5 
deg. 
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sponded to shifting its operating point frolll maximum ciowllforce to the regioll of tlit' 

force reduction phenomenon. This change implied that there lllay have been different 

flow regimes at each height extreme, and possibly some state of transition between thelll. 

The results of the height variation therefore have to be considered within these bounds. 

Figure 5.4 presents the wing downforce coefficients while varying the height of the 

diffuser bluff body. As can be seen, the plots for the two greatest diffuser ride heights are 

fairly close. The plot for diffuser hr / d = 0.2, however, shows significantly less downforce 

at lower ride heights 'when companid to dift'user hr / d = 0.25 and diffuser hI) d = 0.3. For 

example, there was a 2.1 % decrease in the maximum down force between diffuser hr / d = 

0.3 and diffuser hr/d = 0.25, and a further 5.5% decrease between diffuser hr/d = 0.2G 

and diffuser hr/d = 0.2. 
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. .......- FC1 
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. .~-: ...... 

0.4 '---_--'-__ -'--_----L __ -'--_---'-__ -'-_---' __ --'-_---' 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 
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Figure 5.4: The test wing downforce coefficients, while varying the diffuser height above 
the ground. 

The corresponding drag curves arc shown in Fig. G.G. Firstly, it lllUSt be stated that the 

curve for diffuser hr / d = 0.25 appeared to show an apparent anomaly above hr / C = 0.4. 

This may indicate a possible error or an unexplained How feature. The reader should 

70 



note, however, that the whole series of data was gathered at the same time, and that 

it was not possible to identify the hypothetical anomaly at that specific mOlllent since 

post-processing entailed a very lengthy procedure. Additionally, OWillg to the constraints 

011 the availability of wind tunnel time, it was not possible to perform a second test to 

assess this anomaly. In general, the plots ill the figure show that the diffuser cOllditions 

produced more drag than FCl. A more specific comparison between diffuser hl.jd = 0.3 

and diffuser hr / d = 0.2 showed that the fonner produced more drag than the latter. 
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0.02 '------'----'------'----'------'----'-----''------'------' 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

hie 
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Figure 5.5: The test wing drag coefficients, while varying the diffuser height above the 
ground. 

The lift to drag ratios are shown in Fig. 5.6. It can be seen that in the diffuser 

conditions, the wing experienced a deterioration in its efficiency when compared to FCI. 

Comparing diffuser hT·/d = 0.3 and diffuser hr/d = 0.2 will show that the latter produced 

more efficient operating conditions than the former. 
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Figure 5.6: The test 'wing lift to drag ratios, while varying the diffuser height above the 
ground. 

5.3 Flovv Field 

Images of the streamwise vorticity at x/c = 1.5 are depicted in Fig. 5.7. The 3-D outline 

of the wing in the background is shown for presentation purposes. Also included is 

the ground plane at the image location. Observation of the figure will show that when 

compared to Fe1, there was no particular cliscel'llable clifI'erence in the size of the area 

that highlightecl the presence of the trailing vortex. It can also be seen that there was a 

recluction in the band of vorticity that highlighted the presence of the wake of the wing. 

The corresponding maximum vorticity values, which 'were extracted from the imageR, 

are outlined in Table 5.1. As the diffuser angle progressed from high to low, the lllaximulIl 

wing relatecl vorticity was seen to occur in the flow emanating frolll the 10 deg ramp. 

This value, 12.36, was even greater than that associated with Fe1, 11.86. Both the !G.7 

cleg and 5 deg ramp cliffusers produced wing relatecl vorticities that were less than Fe1. 

The associated velocity vector now fielcls are plotted in Fig. 5.S. The vectorR were 
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Figure 5.7: Vorticity contours at x/c = 1.5 while varying t he diffuser angle of attack. 
FC1 (a) , 16.7 deg diffuser (b), 10 deg diffuser (c.), 5 deg diffuser (d). 

Diffuser we 

u-=-
None 11 .86 

16.7 deg 11.27 
10 deg 12.36 
5 deg 11.68 

Table 5.1: Maximum normalised streamwise vorticity values at x/c 
the upstream diffuser angle. 
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outained by averaging two hundred and fifty illstantaneous images at the same positioll. 

After averaging, the centres of the vortices were estimated from post-processing software. 

Table 5.2 shows the results. It can ue seen that when compared to FC1, there was 110 

change in the centre of the vortex when the wing was behind the 5 or 10 deg ramp dif­

fusers. \\Then behind the 16.7 deg diffuser, however, there was a slight inboard horizolltal 

movement of 2z/b = 0.01. This change corresponded to an approximate 3 nllli shift in 

metric coordinates. 

Figure 5.9 shows the streamwise vorticity associated with the test wing, while varying 

the height of the upstream diffuser. A visual comparison with FC1 will show that the re­

gion of vorticity highlighting the presence of the tip vortex became slightly more compact 

as the diffuser ride height was reduced. Additionally, the uand of vorticity highlighting 

the wake of the wing gradually disappeared. 

The maximum streamwise vorticity values that were extracted from the previous figure 

are presented in Taule 5.3. \\Then compared to FC1, there was an initial 5% dccreasc 

when in the flow of diffuser hr/d = 0.3. As the diffuser ride height was reduced, the 

maximum vorticity inCl'eased, peaking at a value that was 11% higher that that of FC1. 

The wing vcctor flow field associated with the changing of the diffuser height is dis­

played in Fig. 5.10, while the corresponding vortex centres are outlined in Taule 5.4. 

vVhen compared to FC1, the most significant movement of the vortex occurrcd whcn the 

wing was uehind diffuser hr/d = 0.20. There was an outward horizontal translation of 

2z/b = 0.02, which equated to approximately 6 mm in metric units. There was also a 

downward movement of y /c = 0.01, which equated to approximately 2 IllIll. 

Flow field data dmvnstream of the test wing was also taken with the uluff body moved 

laterally to a position of 2z/u = 1. In Fig. 5.11 the strcamwise vorticity contour plot 

obtained is compared to that of FC1. It can be secn that the wake of the wing was more 

clearly highlighted and that the region of vorticity highlighting the tip vortex waH more 

compact. The maximum normalised vorticity value illcreased from 11.86 in FC1 to 13.10 

for thc offsct case. Also more promincnt ill the latter was the vorticity gelleratc~d from 
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Figure 5.8: The velocity flow field at x/c = 1.5 while varying the diffuser angle of attack. 
FCI (a) , 16.7 deg diffuser (b), 10 deg diffuser (c), 5 deg diffuser (d). 

Diffuser 2z/b y/c 
None 0.82 0.16 

16.7 deg 0.81 0.16 
10 deg 0.82 0.16 
5 deg 0.82 0.16 

Table 5.2: Approximate vortex cent res at x/c = 1.5, while varying the upstream diffuser 
angle. 
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Figure 5.9: Vort icity contours at x/ c = 1.5 while varying the diffuser height. FC1 (a) , 
diffuser hr/d = 0.30 (b), diffuser hr/d = 0.25 (c), diffuser hr/d = 0.20 (d) . 

Diffuser we 
Uno 

None 11.86 
hr/d = 0.30 11.27 
hr/d = 0.25 11.44 
hr/d = 0.20 13.21 

Table 5.3: Maximum normalised streamwise vorticity values at x/c 
the upstream diffuser height. 
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Figure 5.10: The velocity flow field at x/c = 1.5 while varying the diffuser height. FCI 
(a), diffuser hr/d = 0.30 (b), diffuser hr/d = 0.25 (c) , diffuser hr/d = 0.20 (d). 

Diffuser 2z/b y/c 
None 0.82 0.16 

hr/d = 0.30 0.81 0.16 
hr/d = 0.25 0.81 0.16 
hr/d = 0.20 0.84 0.15 

Table 5.4: Approximate vortex centres at x/ c = 1.5, while varying t he upstream diffuser 
height. 
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Figure 5_11: Vorticity contours at x/c = 1.5 after moving the diffuser laterally away (2z/b 
= 1) from the test wing. (a) FC1, (b) 2z/b = 1. 

the shear in the wake of the wing. The vector flow field plots highlight a change in the 

centre of the vortex, Fig. 5.12. There was an outboard horizontal shift of 2z/b = 0.04, 

which equated to a movement of 11 mm in metric units. There was also a downward 

vertical movement of y/c = 0.01 , which equated to approximately 2 mm in metric units. 
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Figure 5.12: The velocity vector flow field at x/ c = 1.5 after moving the diffuser laterally 
away (2z/b = 1) from the test wing. (a) FC1 , (b) 2z/b = 1. 

Velocity profiles in t he wake of the wmg were extracted from the PlV data. The 

intention was to shed light on the change in the wake properties as t he diffuser angle 
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and height were altered. Figure 5.13 shows the results for changing the angle. It should 

be noted that Fe1 for this case was slightly different from the standard configuration, 

as the dif[user ground board was present upstream. This altered configuration, which 

was unavoidable at the time, may have had the effect of changing the oncoming grollnd 

boundary layer characteristics. A wake comparison using this case, however, would still 

serve to give an indication of any ensuing changes. 
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Figure 5.13: Velocity profiles at x/c = 1.6 in the wake of the wiug, while varying the 
upstream diffuser ramp angle. 

As can be seen in the figure, the fluid transporting the wake downstream became 

slower when behind the diffuser bluff body. Additionally, as the ramp angle was lowered 

from 16.7 deg, there was a further slowing of the flow. In fact, the 10 deg diffuser induced 

the slowest moving fiuid in the wake. This was followed by flow from the 5 deg diffuser, 

then by flow from the 16.7 deg diffuser. The general shape of the wake also appeared to 

change as the angle of the ramp was altered. Both the 5 and 10 deg diffusers induced it 

U like shape at the measurement location in the wing wake, while the 16.7 deg diffuser 

induced a V like shape. The V like shape of the latter more closely rcscmbled the shape 
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of the FC1 wake measured iu this dataset, alb cit of differcut thickIwss and depth. 

Some of the profiles showed fluctuations at the point at which the wake joined thl' 

transporting fluid. As a consequence, it was not possible to accurately identify the thick-

ness of the wake. This discrepancy prevented a thorough comparison of wake thickm'ss 

from being made, while varying the diffuser ramp angle. Closer scrutiny of the plots, 

however, 'would seem to suggest that there was a slight lowering of the height at which 

the top boundary of the wake joined the transporting fluid, as the flow changed from 

FC1 to that produced by the 1G.7 deg difl'user, then to those produced by the 10 aIllI G 

deg diffusers. 

The approximate maximum wake deficits relative to the transporting fluid are Slllll-

lllarised in Table 5.5. The values were computed by taking an average relative to the top 

and bottom boundaries of the wake. The data highlighted an apparent decrease in the 

deficit as the flow progressed from FCl to that produced by the 1G.7 deg diffuser, theu 

to the flow produced by the 10 and 5 deg diffusers. 

Diffuser lvIax wing wake deficit 
None 0.23 

1G.7 deg 0.15 
10 deg 0.10 

5 deg 0.10 

Table 5.5: The maximum wing wake deficits relative to the transporting fluid, while 
varying the upstream diffuser ramp angle. 

Further profiles were extracted at the same lIleasurement location while varying the 

ride height of the difl·user. The dataset is presented in Fig. 5.14. Again, the gradual 

slowing of the wake of the wing can be seen; this time as the ride height was reduced. In 

general, the wake itself maintained a V like shape in all cases, despite spreading via the 

lower boundary. The spreadiug increased as the ride height was reduced. For example, 

the approximate wing wake thickness induced by diffuser hr/d = 0.3 was 55 nlln, whik 

that induced by diffuser hr/d = 0.2 was GG 1111l1. 

The approximate ll1aximulIl wake deficits for each case are listed iu Table 5.G. It can 

so 
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Figure 5.14: Vclocity profiles at :r/c = 1.6 in the wake of the wing, while varying the 
height of the diffuser. 

be seen that this variable can be considered as being constant as the diffuser height was 

reduced. This constant value was still less than the value for the Fel case specific to this 

test. 

Diffuser l'\'lax wing wake deficit 
None 0.23 

hr/d = 0.30 0.15 
hr/d = 0.25 0.16 
hr/d = 0.20 0.16 

Table 5.6: The maximum wing wake deficits relative to the transporting fluid, while 
varying the upstream diffuser height. 

Profiles of u/Uoo while varying the diffuser allgle are shown in Fig. 5.IS. The willg 

was takell out of the tUllllel for these tests as the profiles were taken where it would 

normally be mounted. It can be seen that tlw streamwise flow was slowed when lJl~hind 

the diffusers. The 5 and 10 deg diffusers imluced the greatest deficit; approximately G% 

for the 5 deg case, and 6% at hr / C = 0.08 to 8% at hr / C = 0.62 for the 10 deg case. Tlw 
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flow frolll the 16.7 deg diffuser was previously described in Section 4.5, page 59. 
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Figure 5.15: 'Wind tunnel centreline profiles of u/U CXJ at :r/c = 0.5, ,vhile varying the 
upstream diffuser angle. Test wing not present. 

The corresponding upwash profiles are depicted in Fig. G.16. The plots show that 

the G deg diffuser produced the least alllount of upwash, the maximum being 3% at 

hr/c = 0.62 for this dataset. The greatest amount of upwash was produced by the 1G.7 

deg diffuser (6%), with the 10 deg diffuser producing slightly less (5.7%). 

Profiles of u/UCXJ while varying the diffuser height are plotted in Fig. 5.17. It can 

be seen that there was a significant slowing of the oncoming flow in the case of diffuser 

hr/d = 0.2. The deficit increased from 10% at hl·/e = O.OS to 19% at hl.je = 0.G2. Diffuser 

h1.jd = 0.2G and diffuser hl'/d = 0.3 produced dciicits ranging from 2.G% to G.S% and 

L5% to 4.4% respectively. 

Plotting upwash profiles, Fig. G.1S, showed that there was no discel'llablc difference 

between this characteristic of the flow emanating from diffuser 11,1'/ d = 0.2G awl diffuser 

hr/d = 0.3. The upwash for both cases increased from 0.::>% at hr/c = O.OS to a maxillluUl 

of G% at hl'/c = O.G2. Diffuser hl'/d = 0.2 produced an upvmsh that mostly n~S(~lllblcd the 
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Figure 5.16: 'Vind tUllllel centreline upwash profiles at x/c 
diffuser angle. Test wing not present. 
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Figure 5.17: 'Vind tunnel centreline profiles of u/Uoo at x/c 
diffuser height. Test wing not present. 
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Figure 5.18: Wind tunnel centreline upwash profiles at x/c 
diffuser height. Test wing not present. 

0.5, while varymg the 

prior cases. The differences were slightly more upwash below hr/c ~ 0.2 and less upwash 

above hr/c = 0.5. The maximum value attained in this case was 4% at hr/c = 0.62. 

5.4 Discussion 

An investigation of the streamwise velocity flow field generated by the diffusers :::;ho\\'ed 

that the 5 deg ramp diffuser produced the least alllount of upwash in the vicinity of the 

wing, while the 16.7 deg diffuser produced the most, Fig. 5.3. It then became clear that 

the increase in the wing lift to drag ratio with decreasing diffuser angle was at least in part, 

caused by a decrease in the amount of upwash generated by diffusers with succpssively 

lower ramp angles. The decreased upwash would have contributed to a decrease in the 

induced drag experienced by the wing, which llleant that it would have operated more 

efficiently at a given ride height. 

Observation of the characteristics of the wake of the wing highlighted the fact that 
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the 5 and 10 deg ramps seemed to induce similar fiow characteristics, while the 16.1 

cleg ramp induced a different flow characteristic. This hypothesis is supported by Ow 

following ('vidence. 

• It was shown that in the flow of the 5 and 10 dcg diffusers, the wake had mort' of 

a U like shape, while in the flow of the 16.7 deg diffuser, it had more of a V likt' 

shape. 

• It was shown that the fluid transporting the wake was significantly slower ill the 

flow of the 5 and 10 deg diffusers, than it was ill the flow of the 16.7 deg diffuser. 

• It was shown that in the flow of the 5 and 10 deg diffusers, similar wake ddicits 

were induced relative to the transporting fluid, while ill the flow of the 16.7 deg 

diffuser, a larger deficit "vas iuduced. 

The hypothesis gains further credellce, on consideration of the results presented ill 

Refs. [51, 52]. The authors measured the downforce curves for a series of low and high 

cmgle diffusers, including a 5, 10 and 17 deg ramp. They then divided the force curves into 

various regions, depending on the changes to its slope characteristics. In particular, there 

were regions (a), (b), (c) and (d), as showll in Fig. 5.10. SOllle of the regions could also 

be further subdivided, owing to hysteresis effects. Analysis of the diffuser configurations 

investigated in this research indicated that at the ride height at which the ramp study 

was performed, the 5 and 10 deg diffusers operated in region (a), while the 16.7 deg 

diffuser operated in region (b). 

The authors further showed that the vortices emanating frolll the diffusers in rc~gi()n 

( a) were different from the vortices emanating in region (b). The vortices froIll region 

(a) were described as being stalJle and highly conceutrated, with a high axial speed core 

and a high vorticity level. The turlmlence level at the core was described as being low. 

In contrast, the vortices from region (IJ) were reported to h:1V(~ increased su bstautially ill 

size, and to have a low axial speed in their cores. High levels of turbulent stress \\'(~)'(~ also 

reported to have existed in these vortices. 
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Figure 5.19: A typical downforce vs. ground clearance curve for a generic diffuser III 

ground effect. 

It is plausible then to surmise that the downstream How fields resulting from the flow 

of regions (a) and (b) were sufficiently different so as to induce different characteristics in 

the wake of the downstream wing. That is, the wake of the wing developed in a different 

manner for each case. The smaller wake deficits in the cases of the G and 10 deg diffusers 

would seem to suggest that these wakes were closer to filml dissipation than was the wake 

associated with the 16.7 deg diffuser or with Fe1 for that lllatter. 

When placed ill the flow of diffuser hr / d = 0.2, the wing experienced reduced lift, 

decreased drag and all improved lift to drag ratio, as cOlllpared to the flow of diffuser 

hr/d = 0.3. Examination of the dowllstrealll upwash for both cases, however, indicated 

that in general, the upvvash for each configuration was IH"oadly silllilar, below a ride height 

of hr / C ~ 0.43. It therefore cannot be assumed that any differences to the aforr.melltioned 

plots were caused solely by this variable. Further illsight was gailled frolll all examination 

of the streamwise velocity component. Figure G.17 highlighted a significant slowing in 

the wake of diffuser hr/d = 0.2. It call therefore be stated that the reduction in the 

drag, and in the lift of the wing, was induced mainly by the slow moving Huid ill the 

wake of the diffuser. Essentially, the wing was operating at a significantly lower dynamic 
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pressure. Conversely, it can be stated that the downforce of the downstream willg could 

be increased if it were possible to inject higher momentum streamwise fluid into the walw 

produced by the upstream body. 

In the case of the downstream wing, when compared to FC1, there was a noticeable 

movement in the position of the trailing vortex, while in the flow of diffuser hl·ld = 0.2. 

This movement was approximately a 6 lllIll outward translation, in conjunction with an 

approximate 2 mIll downward shift. This change lllay have consequences for components 

located downstream of the wing, as their incoming flow may be altered. 

5.5 Conclusion 

The results presented in this chapter were focused on investigating whether changes made 

to the body that was used to simulate a leading racing car would affect the aerodynamics 

of the downstream wing. From a combination of force and flo-w field measurements, the 

following conclusions can be drawn: 

1. Varying the angle of the ramp of the diffuser had no dramatic effect on the downforce 

deficit experienced by the downstream wing. Silnilarly, there was no dramatic effect 

on the drag experienced by the wing. 

2. As the angle of the ramp was decreased, the downstream wing experienced an 

increase in its lift to drag ratio. The increase in the ratio was at least in part, 

influenced by the decreasing amount of upwash present in the vicinity of the wing. 

3. Varying the angle of the diffuser appeared to illfluence the development of the 

dowIlstream wake of the wing. The wake showed silllilar characteristics whell bdlind 

the 5 deg and 10 deg diffusers, and different characteristics when behind the 1G.7 

deg diffuser. By linking the current raIll p configurations to previously published 

results, it was shown that the 5 deg and 10 deg diffusers produced a similar type of 

vortex flow, while the 1G.7 deg diffuser produced a differcnt type of vortex flow. 
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4. Decreasing the height of the diffuser had the effect of increasing the thidm('ss of 

the wake of the downstream wing, with the wake deficit remaining approximately 

constant for each upstream configuration. 
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Chapter 6 

Computational Methodology 

6 .1 Introduction 

In this chapter, the governing equations of fluid flow will be outlined, as they relate to 

the computational solution of the problem in questiou. Next, general information on the 

strategies to be used in grid construction and case solution will be presented, so that the 

reader may become familiar with the techniques employed in latter chapters. 

6.2 Governing Equations 

Newtonian fluid motion is governed by the principles of conscrvatiou of mass, conscr-

vatioll of momentum aud conservation of euergy. These principles can be expreEiEieu 

mathematically by the continuity equatiou, the Navier-Stolces equations and the energy 

equation [70]. The contiuuity equation can be expressed as: 

Dp 
- + V· (pV) = 0 at 

The Navier-Stokes can be expressed in component form as: 

sa 

(6.1) 



EJ(pu) op EJ ( ou) -- + v· (puV) = - - + pfx + - AV· V + 2f-l-
EJt ox ox ox 

o [ ( ov ou) ] 0 [ (ou EJw ) ] +- f-l -+- +- f-l -+-
oy OX EJy OZ OZ EJx 

(6.2) 

o(pV) EJ]J 0 ( ov) --+v'(pvV)=--+pj +- /\V·V+2!L-ot oy y oy oy 

o [ ( ov ou) ] 0 [ ( OW ov ) ] +- f-l -+- +- f-l -+-ax ax ay oz ay oz 

(6.3) 

--c0(_pw-,-) + v. (pwV) = _ _ op + pfz + _0 (AV' V + 2f1'_OW) 
EJt oz OZ oz 

+ -! H-~~ + -~: ) ] + -gy H-~; + -~: ) ] 
(6.4) 

The Energy equation can be expressed as: 

~ [p (e + V2)] + V . [p (e + V2
) v] = pi] + ~ (k DT) + ~ (k DT) 

ot 2 2 D;r D;r EJy Dy 

+ ~ (k DT) _ OU]) _ DV]J _ Dw]) + D(uT,T.x) + EJC~'Ty:c) 
Dz Dz EJ;r oy OZ Dx EJy (G.5) 

+ EJ(UTzx) + D(VTxy) + D(VTyy ) + EJ(VTzy) + D(WTxz ) 
Dz D;r Dy Dz Dx 

EJ( WTyz ) D( WTzz ) f V 
+ 01 + 01 +p' 

uy uZ 

6.3 Reynolds Averaged N avier-Stokes Equations 

Reynolds Averaged Navier-Stokes (RANS) modelling results frolll performillg a time av-

cragc of the Navier-Stokes equations, in oreIer to aCCoullt for t1ll'bulellt flmv. To carry out 
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this process, flow field variables are decomposed illto a llleall and a fluctuating COlllPOlH'llt 

as depicted in the following: 

, 
Ui = fii + u i (6.6) 

Substitution of the previous equation illto the continuity, rnomelltuHl and cllergy 

equations produces the RANS equations [71]. For continuity, the following is obtained: 

ap a (__ -, ') at + ax. pUj + P u j = 0 
J 

For the IvIornentum equations, the following is obtained: 

\vhere 

For the Energy equation, the following is obtained: 

where 

01 

(6.7) 

(6.8) 

(6.9) 

(6.10) 



(G.ll) 

The preceding time-averaged equations give rise to additional unknowns that can bc 

interpreted as stress gradient and heat flux quantities that are a consequence of turbulent. 

motion. The situation now arises where there are more variables to be solved, than 

there are equations available. In order to provide a practical solution to this dilemma, 

turbulence models have been developed. 

6.4 Turbulence Modelling 

Turbulence models seek to relate the additional stress gradient and heat flux quantities 

to the mean flow variables. In particular, lllany modern turbulence models achieve this 

aim by utilizing a turbulent viscosity hypothesis that was formulated by Boussinesq [72]. 

The hypothesis relates the Reynolds stresses (-pu~uj) to the mean rate of strain in the 

How through a scalar quantity called the turbulent viscosity, l/r. The assumption takes 

the following form: 

where k is the turbulent kinetic energy as givcn in the following: 

1-,-, 
k = -u·u· 2 t t 

(G.12) 

(G.13) 

Popular turbulence models that incorporate this hypothcsis include the Spalart-

Allmaras and f,,-E models. Other models exist that do not incorporate the Boussillcsq 
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hypothesis. Instead, separate transport equatious are derived for the Ile~'nolds s(,reSSl~S. 

This procedure, however, results in additional unknowns that also have to be accoun(,l~cl 

for. Examples of such models are the Reynolds Stress :Model (IlS}.'I) amI its variants. 

6.5 Software and Facilities 

The commercial CFD software package used to carry out the lllllllerical investigations was 

Fluent 6. The software is distributed by worldwide branches of Fluent Inc., headquartered 

in Lebanon, NH, USA. It is a finite volume based code that allows the governing equations 

of fiuid fiow and heat transfer to be solved numerically. Upon achieving a solution, a 

variety of post-processiug tools are theu ayailable to extract the relevaut data froIll the 

pro blem under iuvestigation. 

Fluent has the ability to handle both structured aud unstructured grids. The grids 

were created in Gambit, pre-processing software developed by the suppliers. Gambit 

allowed for the creation of edge, surface and volume meshes in the domain to be investi­

gated. 

The software was run on the uuiversity's Beowulf cluster, Iridis. During the period of 

research, the specifications of the system were as follows [73]: 

• 404 processors of different variants in the Intel Pentium family (lGHz PIlI, 1.8GHz 

PIV) 

• 192 G b of memory 

• 8.5 Tb of local disk storage 

• Fast Ethernet network 

• Myrinet network (not used in this research) 

• 2.8 Tb on IlADIS disk array 
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Typically, jobs were submitted to a scheduling system that automatically alloca1,('d 

processors and run time depending on the inputs specified by the user. In the case of tlw 

meshes needed for the current research, at least 16 processors were needed to obtain a 

reasonable turn around time. 

6.6 G rid Construction 

The grids used in this research were usually hybrid in nature. That is to say, they 

consisted of a combination of rectangular and triangular cells in 2-D or a combination of 

hexahedral and prismatic cells in 3-D. 3-D hexahedral and prismatic cells were specifically 

needed (as opposed to tetrahedral cells) because the type of configurations being modelled 

involved extensive vortex flow that was to be convected downstream. These cell types 

minimised numerical diffusion, thus providing a better represelltation of the actual flow 

conditions. 

Before a 3-D mesh was constructed, a sequellce of computatiolls was performed ill 

2-D in order to ellsure that the cells to be used in the final grid were efiiciellt enough to 

capture the importallt features of the How. That is, all attempt was made to ensure that 

the mesh was neither too fine nor too coarse. A mesh that was too fille would take too long 

to produce a solution, therefore wasting computational resources. On the other hand, a 

mesh that was too coarse would be inadequate for capturing the important aspects of the 

flow field. The 2-D mesh was then extruded in the third dimension (spanwise) to form 

the final 3-D mesh. 

6.6.1 Wing Boundary Layer Regions 

At all times, the boundary layer regions adjacent to the surface of the wings were modelled 

with rectangular cells in 2-D and hexahedral cells in 3-D. This approach was takelJ becaus(~ 

it allowed for the cells to be stretched ill the direction tallgclltial to the surface of the Willg, 

while at the same tillle being compressed ill the llorlllal direction. As wing boulldary layer 



How properties vary greater in the normal direction than in the tangential, few(~r ('dis 

could be used to discretise that particular region, without a loss in overall accuracy. 

6.6.2 Estimation of 1st Grid Point 

In order to achieve specific y+ values at wall boundaries, for example on the surfac(~ of 

the wing, a method was needed, for estimating the height of the first cell. Such a method 

was provided by the software vendor [74], and is of the following form: 

c .1 ~ 0.0359 ReLo.2 

2 

- ~w -ufiC! U T = - - e -
p 2 

(6.14) 

(6.15) 

(6.16) 

'where YI is the distance from the 'wall to the centre of the first cell and 0: gives the y+ 

value that is to be approximated. For example, to achieve a y+ value of 1, 0: becomes 1. 

1 st grid point = 2(yd (6.17) 

6.7 Solution Overview 

For a typical CFD simulation the meshed domaill that was created in Gambit was then 

imported into Fluent. A check of the grid was then carried out to ensure that there were 

no impending errors. Next the numerical solver to be used was selected. The segregated 

solver was chosell at all times because it was tuned for incompressible flows and because 

it allowed the solutioll to be obtained with minimulll memory usage, as the governing 

equatiolls were solved sequentially. 
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At this stage, the turbulence model to be used in the analysis was specified. U llleSS 

otherwise indicated, the Spalart-Allmaras (SA) model was us(~d as it was found that it 

was the most efficient for the studies under consideration. For example when using SA, 

a typical file employing first order differencing schemes would converge in 200 to 300 

iterations, while the use of the RNG K,E or I{W models required 900 to 1100 iterations 

to converge. Following the selection of the turbulence model, the reference values for 

calculation of the aerodynamic coefficients were set, and the solution was initialised to 

commence iterating. 

0.074,------,-----,-----,---,----,----,---,------,-----,------., 

0.0738 

0.0736 

0 0.0734 0 

0.0732 

W 
0.073 

0.0728 '---'----'----'---..1...---'----'---'---'----'-----' 
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 

Iteration number 

Figure 6.1: A plot showing a typical drag coefficient convergence history. 

The iterative procedure commenced with the use of first order differencing schemes. 

After convergence of the residuals (a drop of 3 orders of lllagnitude), second order differ-

eucing was specified. The files were run to completion with this latter schellle. COllver-

gence was ensured by monitoriug the lift and drag coefficients generated from the surfaces 

under consideration. As shown iu Fig. G.1, after each iteratioIl, the codficicllt valucs wn(~ 

plotted on a graph by the software. This allowed for a plateau, which illdicatcd a lack 

of change iu thc values, to be visually apparent. Followillg aerospacc COIlvClltiollS, drag 
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coefficients were converged to at least an order of lllagnitude lower than 1 elm!!: count 

(0.0001). For convenience, the same criterion was also applied to the lift coefficient. Lift. 

and drag monitoring was initiated after s,vitching to second order differencing. 
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Chapter 7 

Comparison to Experiment 

7.1 Introduction 

Fluent was used to simulate the test wing in clean air flow conditions. The purpose 

of the procedure was to ascertain whether it would ue possible to correlate the force 

coefficients and pressure data from the experimental tests with those to be obtained from 

the computational solution. Additionally, it was felt that further insight may have been 

gained, regarding the modelling of wings experiencing laminar to turbulent surface flow 

condi tions. 

7.2 Grid Independence Study 

A preliminary study was carried out in order to ensure that the CFD mesh was adequate 

enough to capture the details of the flow. Focus was centred on the boundary layer 

cells in the immediate vicinity of the wing, and on ensuring that an adequate balance 

was achieved regarding the number of cells necessary to discretise the domain. While 

large numbers of cells ,,,ould have provided more detail of the flow, they would have 

approached the limits of the memory reservcs of the currcnt system aud would have 

taken an extremely long time to provide a solution. 
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7.2.1 Outline of 2-D Study 

The aim of the 2-D study was to ensure that there were adequate cells in the boundary 

layer region adjacent to the surface of the wing. The strategy taken was to obt.ain nn 

estimate of the maximum boundary layer thickness from XFOIL [75]. The estimate was 

then used as a guide for the region in which to construct the boundary layer cells. Tht' 

total number of cells filling this region was then increased to perform the study. Tlw 

height of the first cell was chosen so as to produce a maximulll y+ value of 1. 

Figure 7.1 shows the domain that was used for the study. The airfoil was placed above 

a wall boundary that was set to translate with the freestrealll velocity (moving ground). 

A velocity inlet boundary condition was constructed 23 chords ahead of the airfoil, while 

a pressure outlet condition was positioned 24 chords behind. The domain was closed at 

the top by specification of a symmetry condition at a height of 18 chords. All domain 

extents were chosen in accordance with guidelines provided by Fluent [76], in order to 

ensure that the boundary conditions did not influence the flow in the immediate vicinity 

of the wing. 

symmetry 

"" .... 

U 
velocity inlet pressure outlet 

'" ;/ ~ 18 c -
I airfoil, moving ground ... ---....... 

I~ 23 c ~ II- 24 c ~ I 

Figure 7.1: The domain used to carry out the 2-D boundary layer study. 
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7.2.2 Outline of 3-D Study 

The aim of the 3-D study "vas to ensure that there were adequate boumlary la~·er cells 

in the spanwise direction along the surface of the wing, and to ensure that there were 

sufficient cells in the domain itself, so as to be able to capture the salient flow features. 

Consequently, the grid was constructed in a manner that allowed these two goals to be 

achieved at the same time. Figure 7.2 presents a plan view of the wing in a slice of the 

domain. Regions a, U, c, d and e are grid construction sections that allow the llUlllber of 

spamvise cells at each station to be changed, without affecting an adjoining station. The 

solid lines on the left and right sides represent imposed symmetry planes. 

a • b :c· d e 
--~--~--7------~-------------------------------------------------

x ~ 
/ 

wing / < .•. z • / 
/ --->---T---------t--------------------------------------/------

~mm~~ ~mm~~ 

Figure 7.2: A plan view of the wing in a slice of the overall domain. The spanwise grid 
was altered in regions a, b, and c. 

No. of spanwise cells 
Region 'Width (mIll) Grid 1 Grid 2 Grid 3 

a 100 10 20 40 
b 100 10 20 40 
c 75 20 (graded) 30 (graded) 50 (graded) 

Table 7.1: The number of spamvise cells used in the 3-D grid independence study. Graded 
cell spacing was used in the section near to the end plate. 

Grid independence was performed by increasing the number of spamvise cells in regions 

(L, band c according to the values given in Table 7.1. Cells in regions (L awl b were (~v(mly 

spaced, while those in region c were graded. Grading the cells (changing the cell spacing 

at each node point in a direction perpendicular to the sides ofthe end plate) allowed for the 
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construction of t iny cells on the inner surface of the endplate, which then tran it ioned 

to the cell spacing in adjoining region b. Gambit contained a menu that allowed this 

feature to be achieved easily. The cells in regions d and e were not altered from their 

original values, as doing so would have increased the final mesh size beyond the practical 

capabilities of the hardware. Consideration of the aerodynamics of the situation being 

modelled, however, would highlight the fact that the main flow features would have 

existed in regions a, band c. The total cell count for each grid is provided in Table 7.2. 

Grid Cell count 
1 1 070 087 
2 1 630 818 
3 2 589 138 

Table 7.2: The total number of cells in each grid. 

Pressure Outlet 

~wing 

~ 
V elocil y Inlet 

Figure 7.3: The 3-D domain used in the grid independence study. 

Figure 7.3 presents a cut-away view of the whole domain that was used to carry out the 

3-D study. The outer boundaries at the top, side and bottom were not shown for clarity. 

In this particular study, the top and side boundaries were designated to be symmetry 

planes, while the bottom boundary was designated to be a wall that translated with the 

freestream speed (moving ground). A velocity inlet boundary condition was created 20 
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chords ahead of the wing and cndplate. This condition was llspd to specify a uniform inlp\ 

fiow to the domain. Dmvnstream of the wing and end plate, a pressure outlet bounclat·~· 

condition was created at a distance of 22 chords. The side and top boundaries were 18 

chords wide and high respectively. The distances of all boundary conditions were chosen 

to ensure that they had minimal effect on the How in the immediate vicinity of the wing. 

7.2.3 Results 

Table 7.3 prespnts the results of the 2-D boundary layer study. The force coefficients 

were recorded as the number of rows of cells in the boundary layer region was increased. 

It can be deduced that there was a 1.6% increase in the downforce coefficient, and a 

corresponding 2.5% decrease in the drag coefficient as the rows added changed from 15 

to 38, the latter row count being the maximum amount that would fit in t.he specified 

region of height, 8 mm. 

No. rows in boundary layer C1 Cd 
15 1.27 0.OG79 
25 1.29 0.OGG3 
38 1.29 0.OG62 

Table 7.3: The force coefficient results obtained from the 2-D grid independence study. 

The force coefficient results of the 3-D study are presented in Table 7.4. For this 

st.udy, the 2-D boundary layer grid comprising 15 rows was ext.ruded in the z direction 

according to the method outlined in the previous sectiOll. This decisioll was t.aken in an 

effort t.o minimise t.he t.ot.al cell count in t.he 3-D dOlllaiu. The tabulated coefficients show 

t.hat. spanwise grid independence was essentially achieved with t.he cell spacing that was 

used on grid 2. Grid 1, however, was not far from producillg the final stamlanl; the lift 

and drag coefficients being 0.9% and 0.3% higher, respectively. 
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Grid CL CD 
1 1.07 0.0935 
2 1.06 0.0932 
3 1.06 0.0932 

Table 7.4: The force coefficient results obtained from the 3-D grid independence study. 

7.3 FC! Comparison 

7.3.1 Domain 

As the majority of the data collected for FCI was obtained in the 2.1 III x 1.5 III wind 

tunnel, a computational model of the test section of this facility was created [or COlll-

parisOll purposes. During the mesh construction process, however, it was found that it 

was necessary to slightly modify the cross sectional shape of the tunnel. The 1ll0dificCl-

tion ·was required in order to construct boundary layer cells on the tunnel \valls, while 

concurrently allmving the domain to be filled with hexahedral and prismatic cells. As 

previously indicated, hexahedral and prismatic cells had the advantage of lIlinimisillg 

llUmerical diffusion effects in flows dominated by vortices. 

Figure 7.4 provides a view of thc computational cross section, along with that of the 

actual tunnel. Esselltially, the octagonal shape was replaccd with a rectangular shape 

of the same maximum dimensions. Note that only half of the domain was modelled, as 

there was an opportunity to take advantage of symmctry. The square cross section also 

allowed for the extrusion of a 2-D mesh to fill the 3-D domaill. 

The entire domain used for the wind tUllnel simulation was silllilar in shape to that 

showll in Fig. 7.3. A velocity inlet boundary condition was created 18 chords ahead o[ 

the wing and endplate. This conditioll was used to specify a ullifol'ln inict flow to the 

test section. In reality, the physical tunllel test scction COllllllcllced 7 chord lengths ahead 

of the model, however, for the CFD sirnulatioll, a sYlllmetry boullclary conditioll was 

inserted from 7 to 18 chord lengths ahead of the wing. This modification was carried 

in order to ensure that the velocity inlet conditioll did llot inflllellC(~ tile flow ill the 

103 



1.5 

E 

0.5 

y 

z 

1

_- _. original 
-CFD 

o~--------~----~--~~------~ 
o 0.5 1.5 

m 

Figure 7.4: An outline of the original wind tunnel cross section, and the modified CFD 
cross section. The geometries are symmetric about the y-axis. 

immediate vicinity of the wing. 

Downstream of the vying and end plate, a pressure outlet boundary condition was 

created at a distance of 22 chords. Again, this distance was greater than the actual 

distance between the model and the end of the test section. In this case, however, 

the extra distance was treated as an extension of the test section confines. The tunnel 

walls therefore extended from 7 chords ahead of the wing to the end of the domain in the 

x-direction. Domain symmetry was exploited Ly creating a symmetry boundary condition 

on the tunnel centreline. 

The wing Loundary layer region was modelled by extruding the 2-D grid comprising 

of 38 rows, Fig. 7.5, along the spamyise direction. Thc number of span wise cells used 

corresponded to the statistics given for grid 1 in Table 7.1. As regions 0" band C alllOllg 

others, existed throughout the length of the cntire domain, and as boundary layer cells 

were constructed on the walls of the t1ll111cl, it was imperative that the mesh be created 

with as few cells as possible. The final cell count was 2 635 404 cells. 
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Figure 7.5: A view of the grid in the immediate vicinity of t he wing leadillg edge. 

7.3.2 Transition 

In FC1 condi t ions, the vying experienced laminar to turbulellt boundary layer transition 

on both its suction and pressure surfaces, as previously displayed ill Section 4.3. In order 

to model t hese regimes in CFD, measurements taken from the flow visualisation tes ts 

were t ransferred to the computational model. Specifically, the midspan points a t which 

turbulent flow commenced on t he wind t unnel model were used as the demarcation points 

between laminar and turbulent zones in CFD. The locations of the transition points on 

both surfaces of the willg are given in Table 7.5. 

Surface xl c transi bon 
suction 0.51 

pressure 0.76 

Table 7.5 : T he location of the points of transition, obtained frOUl experimelltal flow 
visualisatioll tests. 
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7.3.3 Results and Discussion 

A comparison of the force coefficients from experiment and CFD is preseuted in Taule 7.G. 

The CFD simulations were carried out using uoth the Spalart-Alhuaras and the nNG /'.f 

turbulence models. It can be seen that the experimental downforce coefficient was ullder-

c~stimated in both cases. Tile SA model predicted a value that was 6.34% lower, whih, thc' 

nNG /"E model predicted a value that was 17.6% less. \Vith regard to the drag coefiiciellt, 

both models overestimated the experimellt.al value. The SA model predicted a valne that 

was 13.9% higher, while the RNG f10E model predicted a value that was 8.81 % higher. It 

"vas thought that the creation of an extremely fille mesh around the elldplate lllay have 

helped to further reduce the drag values, however, it was llOt possible to investigate this 

scenano, O"wing to the amount of cells that would have beell required to fill the elltire 

domaill. 

CL CD 
Experiment 1.42 0.0851 
CFD: SA 1.33 0.0969 
CFD: nNG /i:E 1.17 0.0926 

Table 7.6: The force coefficients obtailled from experimellt and CFD at hr/c = 0.163. 

A comparison of the pressure distributioll data at the spanwise locations of 2z/b = 0.09, 

0.49 and 0.89 provided further detailed insight. Figure 7.6 shows the results at the first 

statiOll. Immediately, it can ue seen that 011 the suction surface, both computational 

values for the region of laminar flow underestimated the experimental values between 

x/c ~ 0.03 to x/c ~ 0.51, with the RNG I~E Illodel being the least accurate. The region 

between x/c ~ 0.51 and x/c = 0.60 was also underestilllat;(~d. Beyond x/c ~ 0.6, both 

the computatiollal and the experimental data showed l'dativ(~ly good agl'eemcmt. 

On the pressure surface, different trends are visible. There was relatively good 

agreell1Cllt betweell 1)ot11 sets of computatiollal data and the expel'illlelltal data, up to 

x/c ~ 0.62. Beyolld this point, the computational pressure distributions sllOwecl \\'iggl(~s 

ill their profiles. These wiggles appeared to oscillate about the experimeutal data for 
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Figure 7.6: A comparison between CFD and experimental pressure distributions at 2z/b 
= 0.09. 
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Figure 7.7: A comparison between CFD and experimental pressure distributions at 2z/b 
= 0.49. 
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Figure 7.8: A comparison between CFD and experimental pressure distributions at 2z/b 
= 0.89. 

that region. 

At the second spamvise station, 2z/b =0.49, Fig. 7.7, silllilar trends to the first station 

were repeated. The laminar region was again underestimated on the suction surface, while 

the wiggles in the computational solution were again apparent beyond x/ c ~ 0.G5 011 the 

pressure surface. All other areas showed relatively good agreelllent. 

At the spanwise station of 2z/b = 0.89, Fig. 7.8, a slightly different pid;ure emerged. 

The SA turbulence model produced relatively good agreclllent with the expcrimental 

values from both the laminar and the turbulent flow regions em the suction surface. In 

contrast, the RNG /"E turbulence lllodel greatly underestilllated the experimental values 

along the entire surface. On the pressure surface, both turbulence lllodels produc:(~d 

excellent agreement with the experimental data, up to x/c ~ 0.G5. Beyond this point, 

the wiggles in the computational distribution again appeared. 

In order to provide an explanation for the wiggles in the computational solution on 

the pressure surface, the x-wall shear stress was extracted at each location. The data is 
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presented in Fig. 7.9 for the SA model. It can be seen that at the three spauwise st.ations. 

the x-wall shear stress values changed from positive to negative between x/c ~ 0.57 to 

x/c ~ 0.59. There were then intermittent oscillations ofthe values, above and below zero. 

The x-wall shear stress is defined as: 

[fu 
Tw = p,-
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Figure 7.9: The computational x-vmll shear stress 011 the wing pressue surface, corre­
sponding to the previous pressure distribution locations. 

Hence a negative value is indicative of flow separation. Essentially, in the computational 

solution, laminar flow separation on the pressure surface occurrecl at a much earlier point 

than was the case in the experimental tests (x/c ~ 0.58 for CFD vs. x/c = 0.7G for 

experiment). The wiggles were therefore the product of early separation, and of the flow 

intermittently reattaching and detaching from the surface in some cases. 

To provide a comparison with the experinlCntal flow visualisation images, oil-flow lilH~s 

'were plotted from the CFD simulation. Figure 7.10 shows the suction surface results for 

the SA model. The surface flow can be compared to the experimental eqllivalc~llt ill 
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Fig. 4.13. It can ue seen that the computatiollal flow features are broadly similar t.o the 

experimental outcome. There was a difference in the shape of the line of transition, owing 

to the fact that it was specified at a constant xl c location for the CFD computations. 

Observation of the junction region of the wing and endplate shows that recirculating 

regions were also predicted in the cOlllputatiollal solution. 

r-----------------------------------j 

Figure 7.10: The suciton surface oil-fiow lines obtained from the CFD solution while 
using the Spalart-Allmaras turuulence model. 

The suction surface result for the llNG /,,<,- model is displayed in Fig. 7.ll. It can 

be seen that no recirculation regions were predicted, and that the area of trailing edge 

separation was greatly reduced, as compared to the SA surface How. Additionally, the 

lack of s'wirl in the region dose to the end plate is evident. 

The pressure surface oil-flow lines for the SA model are presellted ill Fig. 7.12. A 

comparison can be made with the experimental outcome that was HhoWll in Fig. 4.15. 

Up to the point of premature laminar separatioll, the computational lines predicted a 

similar outcome to the experiments. Beyond the point of separation, however, Uwn~ waH 

no clear direction in the lines, a consequence of the failure of CFD to accurately model 
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Figure 7.11: The suciton surface oil-flow lines obtained from the CFD solution while 
using the RNG K,E turbulence model. 

Figure 7.12: The pressure surface oil-flow lines obtained from the CFD solutioll while 
using the Spalart-Allmaras turbulence model. 
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this portion of the flow. The corresponding flow visualisation image for the TING M 

model is not shown, since it was essentially the same as that as that for the SA model. 

After the point of premature separation, there was no coherent structure to the surface 

flow lines. Before the point of premature separation, the lines were straight. 

In an effort to gauge the effect of early laminar separation on the computational 

solution, the point of transition on the pressure surface was modified. By using the 

data that was plotted in Fig. 7.9, the SA CFD model was updated to specify transitioll 

at x/c = 0.56. The force coefficients obtained after the modification are compared to 

experiment in Table 7.7. It can be seen that the downforce coefficient improved to within 

4.2% of the experimental value, while the drag coefficient deteriorated, increasing to a 

value that was 16.2% greater than that of experiment. 

CL CD 
Experiment 1.42 O.OS51 

CFD (modified transition) 1.36 O.09S9 

Table 7.7: The force coefficients obtained from experiment and CFD with modified pres­
sure surface transition at h1"/c = O.lG3. 

The pressure distribution comparisons are presented in Figs. 7.13 to 7.15. In general, 

at the stations of 2z/b = 0.09 and 2z/b = 0.40 the suction surface values have increased, 

becoming closer to the experimental values than was the case in the original simulation, 

Figs. 7.6 to 7.S. The pressure surface data, however, showed distinct signs of the change in 

the transition location. At x/c = 0.G6, there \vas a departure from the experimental trend, 

with higher ep being produced where the laminar bubble would have existed. Beyond 

x/ c = O.S, the computational prediction again followed the experimental outcome. At 

2z/b = 0.S9, Fig. 7.15 the suction surface data hardly experienced any change, while 

the data on the pressure surface was broadly similar to that described for the previous 

spamvise stations. 

The oil-flow lines OIl both surfaces of the wing are ShOWll ill Figs. 7.16 and 7.17. It 

can be seell that the suction surface How is similar to that presented ill Fig. 7.10. The 
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Figure 7.13: A comparison between CFD and experimental pressure distributions at 2z/b 
= 0.09. 
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Figure 7.14: A comparison between CFD and experimental pressure distributions at 2z/b 
= 0.49. 
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Figure 7.15: A comparison oetween CFD and experimental pressure distributions at 2z/b 
= 0.89. 

recirculation regions close to the endplate were still evident, as was the region of trailing 

edge flow separation. The pressure surface flow, hovvever, had changed significantly. 

Owing to the fact that premature separation was eliminated, the flow remaincd attached 

along the entire surface, as evidenced by the continuous lines. No other How fcatures 

were present. 
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Figure 7.16: The suction surface oilflow lines obtained from the CFD solution while using 
the Spalart-Allmaras turbulence model, with modified pressure surface transition. 

I 
i I I I 

I I 
I· 

, 
l' 

i 

I 1 

1 \ 
t 

1 I 1 I I 
l \ 

I 

I 1 

I \ 

\ ! , \ 

•. 

Figure 7.17: The suction surface oilfiow lines obtained from the CFD solutioll while IlSillg 
the Spalart-Allmaras turbulence model, with modified pressure surface transitioll. 
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7.4 Conclusion 

The comparisons between experiment and CFD that \vere presented in this chapter have 

allowed for the following conclusions to be put forward. 

1. The pressure distributions from laminar flow regions at 2z/b = 0.09 and O.4g were 

underestimated by both the SA and the RNG K,E turbulence models, with the latter 

producing poorer results than the fonner. 

2. CFD was not able to entirely match the experimental surface flow conclitions OIl the 

pressure surface of the wing, ovving to premature laminar boundary layer separation. 

3. The Spalart-Allmaras turbulence model provided a better match of the experi­

mental pressure distribution from the tip of the wing, than it did for the pressure 

distributions originating from sections closer to the centre of the wing. 

4. Changing the point of transition on the pressure surface of the wing affected the 

pressure distribution values 011 the suction surface of the wing. Therefore, the 

inability of CFD to correctly model the pressure surface How in this case, may have 

been partly responsible for the underestimation of some of the experimental suction 

surface values. 
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Chapter 8 

CFD Investigations 

8.1 Introduction 

This chapter lJresents the results of the computational simulations that were carried 

out to ascertain whether the trends uncovered experimentally could be predicted with 

CFD. Floyv conditions FCl and FC3 were modelled, as they represented the situations 

of greatest practical interest. All of the computational simulations were run as fully 

turbulent cases using the SA model. No regions of laminar flow were constructed. 

8.2 Domain 

8.2.1 Discretisation 

The computational domain that was used to perform this series of CFD investigations 

was based on the domain previously described in Section 7.2.2. The advantage gained 

from using this configuration was that it allowed for the minimum amount of cells to be 

used in grid construction, as boundary layer regiolls did not have to be created on the 

outer confines. Furthermore, with regard to the modelling of flow condition F'C3, the 

cells that would have been used to model the boundary layer were instead used to fill the 

large downstream distallce between the bluff body allel the wing. 

To further minimise the cell count while lllodelling F'C3, the upstream bluff body 
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and the downstream wing were created in two separate domains that w('re based 011 the' 

same coordinate system. Essentially, the entire strealllwise distance to be modelled was 

divided into two separate sections that contained a commOll overlapping x-coordinat(~ 

plane. The overlapping plane was necessary to ensure that the solution generated in the 

upstream domain could be transferred to the downstream domain. Figure 8.1 presents a 

2-D representation of the domains just described. 

domain 1 
4 

3 common data plane 
bluff body 

>,2 

O~~--~--____ -L __ ~==~L-____ L-____ -J ______ ~ ______ ~ 
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-8 -6 

domain 2 
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data plane __________ .... 

o 2 4 6 

wing 
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inlet at common I 
o '-------'-----'----'---'---.L..--'--'-----l 
-8 -6 -4 -2 o 2 4 6 
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Figure 8.1: A 2-D view of the domain strategy used to model FC3. 

8.2.2 Solution Strategy 

The solution procedure for the computational domains was carried out in a sequential 

manner. Firstly, the blufi' body was solved in domain 1 to develop the How field associated 

with FC3. After convergellce had been achieved, the 3-D velocity profiles were extracted 

from the common data plane shown ill Fig. 8.1. The extracted profiles were thell used 

as the vcloci ty inlet condition for the solu tioll of domaill 2. Further infol'llJatiolJ 011 this 
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type of solution strategy is provided in the Fluent documentation [7G]. 

8.3 Bluff Body Flow Field 

The flow field generated by the upstream bluff body configurations will be presented in 

order to provide a more detailed insight into the actual flow conditions experienced by 

the downstream 'wing and endplate. The cases simulated included the 16.7 deg ramp 

diffuser, with and without a moving ground, and the 5 deg ramp diffuser with a llloving 

ground. 

8.3.1 Bluff Body with 16.7 Degree Ralnp 

Stages of the velocity How field downstream of the bluff body are presented in Figs. 8.2 

to 8.6. The data planes are located at 0.181, 0.731, 1.29l, 1.84l and 2.4l behind the bluff 

body, where 1 is the length of the bluff body. At 0.18l, Fig. 8.2, two vortices are present, 

one very much larger than the other. The large vortex can be seen to emanate from 

the diffuser region, while the smaller can be seen to emanate from the junction bd~weell 

the rear Willg and endplate. At 0.73l, the diffuser vortex has progressed inwards and 

upwards, while the wing vortex has llloved slightly dmvmvards and outwards. At 1.291, 

the diffuser vortex continues to move inwards aud upwards, while the wing vortex has 

almost dissipated. At 1.84l and 2.4l, only the diffuser vortex dominated the flow field, as 

it continued to show significant upward movement. 

This particular ralllp angle was used to evaluate all additional scenario that was 

related to the research investigation. Presented in Fig. 8.7 is a comparison of the ap­

proximate downstream vortex centres that were 01)tained from changing the height, of 

the diffuser. The plots show that by the location of 2.4l dowllstream of the bluff body 

(the position of the leading edge of the wing), the vortex from diffuser hrld = O.G was 

positioned lower to the ground than the vortex from diffuser hr I d = 0.3. At all points, the 

vortex from diffuser hrld = O.G was also further from the plalle of symmetry at 2'1,11> = 0, 
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Figure 8.2: The velocity flow field at 0.18l behind the 16.7 deg ramp bluff body. 
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Figure 8.3: The velocity flow field at 0.73l behind the 16.7 deg ramp bluff body. 
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Figure 8.4: The velocity flow field at 1.29l behind the 16.7 deg ramp bluff body. 
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Figure 8.5: The velocity flow field at 1.84l behind the 16.7 deg ramp bluff body. 
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Figure 8.6: The velocity flow field at 2.40l behind the 16.7 deg ramp bluff body. 

than was the vortex from diffuser hr/d = 0.3. 

Velocity profiles at 2z/b = 0 and 2z/b = 0.87 were also plotted 2.41 downstream 

of the bluff body for t he two ride heights, Figs . 8.8 and 8.9. In terms of t he vertical 

component of velocity, t he plots highlighted a region of downwash below y/c ~ 0.25. 

This feature was found to be the result of a secondary vortex that was formed further 

upstream when the main diffuser vortex induced a shear on the flow above the ground. 

The observation was previously reported by Harvey and Perry [77]. Above y/c = 0.25, 

an upwash was present for bot h cases, wit h diffuser hr/d = 0.3 producing a maximum 

value of approximately 0.45 v/Ueo at y/c ~ 1.6. In comparison, diffuser hr/d = 0.6 

produced a maximum value of approximately 0.34 v /Uoo at y /c ~ 1.5. At 2z/b = 0.87, 

a slight down wash was evident throughout t he ride height range, for both configurations. 

In terms of the horizontal component of velocity, t he lower diffuser appeared to cause a 

greater slowing of ·t he t ransport ing fluid. 
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Figure 8.7: The approximate vortex centres downstream of the bluff body for two diffuser 
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Figure 8.8: Centreline velocity components at 2.4l dowllstream of the bluff body when it 
was positiolled at the ride height hr / d = 0.3. 
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Figure 8.9: Centreline velocity components at 2.4t downstream of the bluff body when it 
was positioned at the ride height h1·/d = O.G. 

8.3.2 Bluff Body with 5 Degree Rall1p 

Images of the velocity flow field downstream of the bluff body incorporating the 5 deg 

ramp are displayed in Figs. 8.10 to 8.14. It can be seen that there was a significant 

difference in the flow structure when compared to the results from the bluff body in-

corp orating the 1G.7 deg ramp. At 0.18t, in the region imlllediately behind the base of 

the diffuser, two counter-rotating vortices 'were present, while a third smaller region of 

rotating flow appeared to be present behind the junction of the wing and end plate. A 

more detailed analysis of the region between the base of the l)luf[ body and the current 

plalle has shown that the counter-rotating vortex closest to 2z/b = 0 was forllled frolll a 

complex interaction between the slow llloving fluid behind the base awl the faflter nlOving 

fluid exiting above and below the base. The area examined was fleen to undergo stagefl 

where both counter-rotating and eo-rotating vortices were intennittcutiy prcflcut. Tlw 

data at 0.18t merely depicts one of these How states. 

At 0.731, Fig. 8.11, the upper vortex from the vviug and cudplate juucLiou hafl dearly 
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Figure 8.10: The velocity flow field at 0.18t behind the 5 deg ramp bluff body. 
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Figure 8.12: The velocity flow field at 1.29l behind the 5 deg ramp bluff body. 
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Figure 8.13: The velocity flow field at 1.84l behind the 5 deg ramp bluff body. 
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Figure 8. 14: The velocity flow field at 2.40l behind the 5 deg ramp bluff body. 

formed. The two lower counter-rotating vort ices are still present , with the one closest to 

2z/b = 0 appearing to be much more diffused. At 1. 29l , Fig. 8.12, only the upper vortex 

appeared to be present, while at 1.84l , Fig. 8.13, a diffused second vortex seemed to have 

appeared, only to seemingly disappear at 2.4l , Fig. 8.14. 

Again, more detailed flow visualisation has shown that the vortices that emanated 

from the diffuser endplate and diffuser base region switched between counter-rot ating, 

co-rotating and merged states as they progressed downstream. The final merged stat e 

of t hese vort ices t hen formed a co-rotating system with the upper vortex. This new 

co-rotating system then merged to form a single vortex (in the region of 2.4l) , which 

then further progressed downstream while dissipat ing. For reference, t he approximate 

downstream vortex centres are plotted in Fig. 8.15 for the vortex that was most noticeably 

present in all data planes. 

Velocity profiles at 2z/b = 0 and 2z/b = 0.87 were also plotted at 2.4l downstream 

of the bluff body, Fig. 8.16. Again, considering the vert ical component of velocity, a 

region of downwash was predicted below y / c = 0.25. Above his height, gradually more 
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Figure 8.16: Centreline velocity components at 2.4l downstream of the 5 deg ramp bluff 
body when it was positioned at the ride height hr/d = 0.3. 
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upwash was present, reaching a maximum yalue of approxilllately 0.21 at y /c :::::; 0.31. 

At 2z/b = 0.87, a slight region of downwash was present. The horizontal component or 
velocity highlighted a slowing of the oncoming fluid. 

8.4 The Effect of an Upstream Bluff Body 

This section will present computational results highlighting the effect of au upstream bluff 

body on the dowustream ,ving. The bluff body configuration represented the baseline case 

of the 16.7 deg ramp with the height above ground being hr/d = 0.3. The leading edge 

of the downstream wing was positioned at 2.40l behind the bluff body. This position 

corresponded to the downstream distance at which the experimental tests were carried 

out in the 2.1 III x 1.5 III wind tunnel. 

8.4.1 Forces 

The downforce coefficients in ground effect are preseuted in Fig. 8.17. In geueral, it can 

be seen that the computations have showu similar results to the experilllental treuds 

previously presented in Fig. 4.1. A decrease in downforce was predicted, as the oncoming 

How progressed from FC1 to FC3. The computational curves also showed the fundamental 

characteristic of an increase in downforce to a certain ride height, after which the values 

then began to decrease. It can also be seeu that with FC1 as the baseline, more downforce 

was lost at greater ride heights than was the case at lower ride heights. For example, at 

hr/c = 0.833, there was a 39.1% decrease, while at hr/c = 0.401 and hl.jC = 0.153, there 

were 21.5% and 4.63% decreases, respectively. 

The computational drag coefficients in ground effect are showu ill Fig. 8.18. Both 

curves confirm the expected result of an increase in drag with reduciug ride height. It is 

also clear that the wing experienced lllore drag iu FC3 thau it did in FC1, except at the 

ride height of hr / C = 0.833. At the lmvest ride height for the curve represcmting FC3, 

there was a decrease in the value of the drag coefficiellt when cOlllpared to the previolls 
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Figure 8.17: The computational downforce coefficients in ground effect for clean air (FC1) 
and dirty air (FC3) conditions. 
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Figure 8.18: The computational drag coefficients in ground effect for clean air (FC1) and 
dirty air (FC3) conditions. 
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ride height. 

The lift to drag ratios, which are plotted in Fig. 8.19, show that there is a deterioratioll 

in this variable when in dirty air. The curves also s11O"w that the ratio ill creased at lower 

ride heights, and then levelled off, before beginning to decrease for the case of FC1. 
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Figure 8.19: The computational lift to drag ratios in ground effect for clean air (FC1) 
and dirty air (FC3) conditions. 

Lift curves for both the clean air and dirty air How conditions are plotted in Fig. 8.20. 

Again, the trends predicted were similar to the experimental results. Fur the allgles 

investigated, the wing essentially generated less dmvnfo[ce in FC3 than it did in FCI. 

The corresponding drag curves are shown in Fig. 8.21. As with experimcllt, there was 

more drag produced in FC3 than there was in FC1, with the differcnce betwccll the values 

increasing slightly as the angle of attack was incrcascd. The lift to drag ratios confimwd 

the experimental trend of lower values at all angles of attack in FC3, Fig. 8.22. For the 

data plotted, the highest lift to drag ratio ill FC1 occurred at 2.5 deg, whilc tlw highest 

in FC3 occurred at 5 deg. Although more data points llecd to lJe added, this wsult SC(~IllS 

to sugg'est that as with experiment, the angle at which the maximulll vahw ()ccurn~d ill 
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Figure 8.20: Lift curves at hr/c = 0.204 for clean air (FC1) and dirty air (FC3) conditions. 

0.351--r----,--,--"-T--~-...,--r_-_r-____r_;:::~~:;"] 

0.3 .............. . 

0.25 

Cl o 

0.2 ...... ,', .. " .... . 

0.15 

0.1 

0.05 .... '" " .. 

".0 : 

oL---L_~ __ ~_~ __ L-_ _L __ L_ _ _L_~ __ ~~ 

-6 -4 -2 o 2 4 6 B 10 12 14 
a 

Figure 8.21: Drag curves at hr/c = 0.204 for clean air (FC1) and dirty air (FC3) condi­
tions. 
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Figure 8.22: Lift to drag curves at hr/c = 0.204 for clean air (FC1) and dirty air (FC3) 
conditions. 

FC3 was greater than the angle at which it occurred in FCl. 

8.4.2 Flow Visualisation 

Suction surface flow visualisation images at the ride heights of hr / C = 0.833, 0.401 ami 

0.204 are displayed in Figs. 8.23 to 8.25. Analysis of the data showed that the effect 

of placing the wing in FC3 was to delay trailing edge flow separation. At hr/c = 0.833, 

separation has not explicitly commenced, but the delaying of the phenomenon is evidenced 

by the presence of straighter streamlines, closer to the midspan of the wing. The figures 

also highlighted the fact that trailing edge separation increased as the wing ride height 

was reduced, as was found experimentally by different authors [32, 35]. 

133 



~= __ -___ -_-___ -__ -__ -__ -.--------_~=(a)FC1 
-----.------~.-~ 

0.25 - .. ----------_.----
0.2 I- ----I 

0.1 I- ---
0.05 -

Ow-~~0~~~~~0.~1~~~~0~.2~~~~ 

X (m) 

~=r:~-~.~~~-~-~--~:::~=----J (b) FC3 
0.25 I-

0.2 I-

--~--~-------­
~-------------

gO.151--- ---------~---I 
>- U

oo 

0.1 I-

0.05 

0w-~~0~~~~~0.~1~~~~0~.2~~~~ 

X (m) 

Figure 8.23: Suction surface streamlines at hr/c = 0.833 in (a) FCl and (b) FC3. 
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Figure 8.24: Suction surface streamlines at hr/c = 0.401 in (a) FC1 and (b) FC3. 
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8.4.3 Pressures 

Computational pressure distribution data at ride heights of hr / C = 0.833, 00401 and 

0.204 are presented in Figs. 8.26 to 8.28. At each ride height, plots are displayed for 

2z/b = 0.09, 0.49 and 0.89, and x/c = 0.25. As with the experimental results, challgillg 

the flow from FC1 to FC3 produced a decrement in the pressure distribution for both 

surfaces of the wing, at each station investigated. 

At the ride height of hr / C = 0.833, the data shows quite explicitly, the dramatic loss 

in loading from sections close to the centre of the wing. Similar to experiment, at this 

ride height, the outer portions of the wing gellerated more downforce than sections close 

to the semi-span. At hr/c = 0.401 and 0.204, the load generated by the wing continued 

to increase in both flow conditions. In FC3, however, the load deficit in the region of 

the wing semi span was not as great as was the case at hT/C = 0.833. This deficicncy 

decreased with decreasing ride height. 

As with the experimental investigation, the 2-D scctional clowllforce codHciellts were 

computed for each of the spamvise statiollS. The results are presented ill Tabh~ 8.1. It 

can be seen that for the cases investigated, the amount of downforce lost decreased with 

illcreasing spanwise distance at a givell ride height. Additionally, the change ill down­

force at a given station decreased as the ride height was reduced. The trends obtained 

from examination of the computational pressures were similar to those obtained from 

experiment. 
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Figure 8.26: The pressure distributions at hr/c = 0_833 in FC1 and FC3, at 2z/b = 0.09 
(a), 0.49 (b), 0.89(c) and x/c = 0.25 (d). 
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Figure 8.27: The pressure distributions at hr/c = 0.401 in FC1 and FC3, at 2z/b = 0.09 
(a), 0.49 (b) and 0.89(c) and x/c = 0.25. 
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Figure 8.28: The pressure distributions at hr / C = 0.204 in FC1 and FC3, at 2z/b = 0.09 
(a), 0.49 (b) and 0.89(c) and x/c = 0.25. 
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hr/c = 0.833 
2z/b = 0.09 2z/b = 0.-19 2z/b = 0.89 

G/: FC1 0.684 0.646 0.566 
G( FC3 0.268 0.368 0.490 
%6G/ 60.8 43.0 13.4 

11,1-/ c = 0.401 
G/: FC1 0.843 0.788 0.684 
G/: FC3 0.585 0.605 0.609 

%6G/ 30.6 23.2 11.0 

h1-/c = 0.204 
Gt: FC1 1.06 1.02 0.907 
Gt: FC3 0.918 0.920 0.896 
%6G/ 13.4 9.80 1.21 

Table 8.1: Sectional downforce coefficient values for each of the ride heights investigated 
in CFD. 

8.4.4 Flow Field 

The flow field downstream of the wing vvas examined by producing contours of vorticity 

at x/c = 1.5, and contours of total pressure at x/c = 1.5, 2.25 anll 3, for the rille heights 

of hr / c = 0.833 and 0.204. These specific heights were chosen because they represented 

cases from the upper and lower regions of the ride height range investigated. Observation 

of the vorticit.y contours, Fig. 8.29, will show that there were no signific<111t llifrerences 

to be noted. The maximulll vorticity decreased slightly from [~~ = 12.15 in FC1 to 

ti~ = 11.85 in FC3. 

Using total pressure contours, at x/c = 1.5 for h1-/c = 0.833, Fig. 8.30, the wake of 

the wing in clean air is highlighted in FC1, while the wake of the wing aull the vortex 

of the upstream diffuser are highlighted in FC3. Sole consideration of the wake of the 

wing in both flow conditions showed that there were some important difl"erences to he 

noted. Firstly, the upper enciplate vortex that was present in FC1 [33] spcmed to have 

disappeared or to have been significantly reduced ill FC3. This was also the case at x/c 

= 2.25, Fig. 8.31, and x/c = 3, Fig. 8.32. Secondly at all downstream positions, the area 

occupied by the wing's wake seemed to lJe larger in FC3 than it was in FC1. Lastly, in 

FG3, the wake of the wing appeared to be distorLed by Lhe close proxilllity of the diffuser 
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Figure 8_29: Contours of streamwise vorticity at x/c = 1.5 for the ride height of hr/c = 
0_833_ 
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Figure 8_30: Contours of total pressure highlighting the wing's wake at x/c = 1.5 for the 
ride height of hr / C = 0 _ 833 _ 
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Figure 8.31: Contours of total pressure highlighting the wing's wake at x/c 
the ride height of hrlc = 0.833. 
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Figure 8.32: Contours of total pressure highlight ing the wing's wake at xl c 
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143 

2 

3 for the 



vortex. 

The approximate centres of the main vortex in each flow cOlHlition were extracted from 

velocity vector data at each plane. The values are presented in Table 8.2. An analysis 

of the data showed that in general, the vortex of the wing tended to be displaced more 

towards 2z/b = 0 when it was behind the upstream diffuser bluff body. I\'Iore specificall)', 

at x/c = 1.5, there was an inward movement equivalent to 5.5 lllIll in metric units, when 

the flow changed from FCI to FC3. At x/c = 2.25 and x/c = 3, the corresponding 

movements were 8.3 mm and 11 nllll respectively. 

FCl: h1'/c = 0.833 
x/c 2z/b y/c 
1.5 0.95 0.86 
2.25 0.92 0.90 

3 0.89 0.92 
FC3: h1'/c = 0.833 
x/c 2z/b y/c 
1.5 0.93 0.86 
2.25 0.89 0.89 

3 0.85 0.91 

Table 8.2: The approximate downstream vortex centres at 11,1' / C = 0.833, in FCI and FC3. 

In terms of the overall horizontal movement betweeu x/c = 1.5 auel x/c = 3, it can 

be deduced that the vortex travelled further towards the root of the wing in FC3 than it 

did in FC1. In the fonner case, there ,vas a movement of approximately 22 III III , while 

for the latter, there was a corresponding Ulovemeut of 17 nUll. Analysis of the figures for 

vertical movement showed that between x/c = 1 and x/c = 3, there was an approximate 

17 nlln and 14 mm upward movement in FCI and FC3 respectively. 

Vorticity contours for the lower ride height of 11,1"/ c = 0.204 are preseuted ill Fig. 8.33. 

The ouly differences that could be noted are that the area highlightillg the maill vortex 

appeared to be slightly bigger in FC3 thall it was in FC 1, and that the slIlall area of 

positive vorticity that was present at the top, outer edge of the endplate ill FC 1, was uon 

existellt in FC3. For this case, the maximum vorticity increased slightly from L1: = 14.64 
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Figure 8_33: Contours of streamwise vorticity at x/c = 1-5 for the ride height of hr/c = 
0_204. 

The total pressure contours for this ride heitht are presented in Figs. 8.34 to 8.36. 

Again, t he disappearance of the upper endplate vortex was evident in FC3, as was the 

apparent increase in the thickness of the wing's wake. At this ride height, t he wake also 

seemed to be less distorted by the presence of the diffuser vortex. 
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Figure 8.34: Contours of t otal pressure highlight ing the wing's wake at x/ c = 1-5 for the 
ride height of hr/c = 0.204. 
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Figure 8.35: Contours of total pressure highlighting the wing's wake at x/c 
the ride height of hr/c = 0.204. 
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Figure 8.36: Contours of total pressure highlighting the wing's wake at x/c = 3 for the 
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The approximate centres of the vortex at this lower ride height (obtailwd frOlll tlll' 

velocity vectors on each data plane) are outlined in Table 8.3. Agaiu, there was a nlOW-

llleut of the vortex tuwards the root of the wiug, as the flow changed from FCI to FC3. 

At x/c = 1.5, there was a metric equivalent, iuward trauslation of 8.3 lUlU, while at 

x/c = 2.25 and x/c = 3, the corresponding trauslatiolls were 14 mlll iu each casco Verti-

cally, there was a metric equivalent, upward movement of 11 mlIl between x/ c = 1.5 and 

x/ c = 3, for both cases. 

A comparison of the data relating to the overall vortex movement at both ride heights 

led to the observation that there was greater lateral lUovement at the lower ride height, 

than there was at the higher. For example, in FCI at hr/c = 0.833, there was all 

approximate overall 17 mm inward movement, while at hr / C = 0.204, the corresponding 

movement "vas approximately 61 mm. It was also confirmed that the vertical movement 

ofthe vortex was slightly less at the lower ride height than it was at the higher. There was 

an approximate verticallllovement of 13 lllm and 9 llllll at h1.j C = 0.833 and hr / C = 0.204 

respectively. 

FCl: hr/c = 0.204 
x/c 2z/b y/c 
1.5 0.88 0.21 

2.25 0.7G 0.23 
3 0.66 0.25 

FC3: hr/c = 0.204 
x/c 2z/b y/c 
1.5 0.85 0.21 

2.25 0.71 0.23 
3 O.Gl 0.25 

Table 8.3: The approximate downstream vortex centres at hr / C = 0.204, iu FCI and FC3. 

Comparisons of the centreline wake profiles downstream of the wing are presented ill 

Figs. 8.37 to 8.39. The data is plotted for the ride heights of h1.j c = 0.833, 00401 and 

0.204. In general it cau be concluded that the development of the wake was iufiuenced 

by the presence of the How generated by the upstream hody. There was a slowing of the 
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transporting fluid in FC3, with the slowing gradually reducing as the ride height of tht' 

wing was reduced. A thicker wake was also evident in FC3, with growth appearing to 

occur mainly via the upper boundary. 
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8.5 The Effect of a Change in the Upstrealll 

Diffuser Ramp Angle 

This section will present computational results that highlight the aerodynamic changes 

experienced by the dovvnstream wing when the angle of the upstream diffuser ramp was 

changed. The ramp angles investigated were the baseline configuration of 16.7 ueg, anu 

the 5 deg configuration. These values representeu the upper and lower limits of the 

diffuser angles investigated in the experimental test program. 

8.5.1 Forces 

The uownforce coefficients experienced by the wing when behind the two configurations 

are plotted in Fig. 8.40. It can be seen that for the majority of ride heights, more down­

force was produced behind the diffuser with the 5 deg ramp, than was the c<U:ie with 

the 16.7 deg ramp. For the range hr/c = 0.204 to hr/c = 0.153 both curves converge, 

indicating similar values of downforce. The convergence of the curves was quite similar 

to the trenu found in the experimental tests, Fig. 5.1, except for the fact that it occurreu 

at a lower ride height with the computations. It was not possiule to illvestigate whether 

the curves would have completely crossed each other as the CFD files experienced large 

oscillations in the forces being computed at very low ride heights, owing to greatly in­

creased How separation. It was felt that an unsteady analysis would have uecn needed at 

this point. 

The corresponding drag coefficients are plotted ill Fig. 8.41. The curves show that 

at all ride heights, slightly lllore drag was produced behind the 16.7 deg ramp difI"uHcr. 

Additionally, the incremental change in the coefficient waH greater above hr/c = 0.4, 

than it was below it. The lift to drag ratios were then examined, and are plotted in 

Fig. 8.42. The reHulting computational trend confinued the experimental outcOIllC, ill 

that the downstream wing was more efficient when iu the flow produced by Uw S deg 

ramp diffuser. The efficiency of the wiug also illlProved gradually as its ride heiglJt; waH 
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Figure 8.40: Dowllforce coefficients while varying the diffuser ramp angle. 
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Figure 8.41: Drag coefficients while varying the diffuser ramp angle. 
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Figure 8.42: Lift to drag ratios 'while varying the diffuser ramp angle. 

8.5.2 Flow Visualisation 

Suction surface flow visualisation images from the wing downstream of the two diffuser 

configurations are presented in Figs. 8.43 to 8.45. The ride heights investigated were 

hr/c = 0.833, 0.401 and 0.204. At the greatest ride height, the only disceruable difference 

appeared to be that the streamlines between the 'wing quarter spall and mid span showed 

outward movement of the surface flow when behind the diffuser with the 5 deg ramp. 

In contrast, the streamlilles between the quarter span and the cndplate appeared to be 

similar for both cases. At the lower ride hcight of hr/c = 0.401, Fig. 8.44, both sets of 

streamlines also appeared to be similar. 

At hr / C = 0.204, Fig. 8.45, trailing edge separatioll has dearly been established, and 

call clearly be idcntified for both cases. The regiolls of separation, however, show distinct 

differences. \tVith the wing dowllstream of the 5 deg ramp, a node point was present 

close to the mid Spall. The node was similar to experilllental flow features reported by 

\tVinkelmarlll [78] for separated flow over rectangular wingi:) at high angles of attack. The 



node was non-existent when the wing was placed in the fiow emanating from the 16.7 dcg 

diffuser, although a slight curling of the streamlines was evident in the same vacillity. 
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Figure 8.43: Suction surface streamlines at hr / C = 0.833, for the wing dowllstream of the 
(a) 16.7 deg and (b) 5 deg diffusers. 
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8.5.3 Pressures 

The surface pressure distributions experienced by the wing while dowllstream of the two 

diffuser configurations are presented in the plots outlined in Figs. 8.46 to 8.48. For each 

ride height investigated, chordwise pressures are shown for 2z/b = 0.09, 0.49 anel 0.89, 

while spamvise pressures are shown at x/c =0.25. 

At hT/C = 0.833, it can clearly be seen that the wing experienced greater loads when 

behind the 5 deg ramp diffuser. The majority of the increase over the 16.7 deg ralllp case 

appeared to originate from the section between 2z/b = 0 and 2z/b = O.G. At hr/c = 0.401, 

there seemed to be less of a difference ill the pressure distributions, 'when compared to 

the previous ride height. The lilajority of the gains for the 5 deg raUlp cOllfiguration now 

appeared to occur between 2z/b :=:::; 0.25 alld 2z/b :=:::; 0.8. At hr / C = 0.204, the spanwise 

plot showed that the load distribution was quite similar for both cases. For each ramp 

configuration, load losses experienced at one portion of the span appeared to be regained 

at another. 
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8.5.4 Flovv Field 

The flow field downstream of the wing was examined by producing contours of streamwis 

vorticity at x/c = 1.5, and contours of total pressure at x/c = 1.5, 2.25 and 3. Again, the 

ride heights investigated were hr/c = 0.833 and hr/ c = 0.204, as they represented cases 

from extremit ies of t he height variation considered. 

The streamwise vorticity contours are presented in Fig. 8.49. There were no significant 

differences to be discussed. As the diffuser ramp angle was decreased from 16.7 deg to 

5 deg, t he maximum vort icity decreased slight ly from /J~ = 11.85 to /J~ = 11.46. 

2zlb 2zlb 

Figure 8.49: Contours of streamwise vort icity at x/c = 1.5 for the ride height of hr/c = 
0.833. 

At x/c = 1.5 for hr/c = 0.833, Fig. 8.50, t he contours of total pressure highlighted 

different spatial posit ions of the vortex wake that emanated from the two upstream ramp 

configurations. The wake of t he 16.7 deg diffuser passed over t he wake of t he wing, while 

the wake of the 5 deg diffuser appeared to pass straight through it. Consequent ly, in 

the latter case, t he wake of the wing was distorted around its quarter span. Observation 

of t he top , minor endplate vortex will show t hat it was somewhat structurally coherent 

while behind the 5 deg ramp diffuser , as opposed to being non-existent behind t he 16.7 

deg ramp diffuser. These general observations also held for x/c = 2.25, Fig. 8.51, and 
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Figure 8.50: Contours of t otal pressure highlight ing the wing's wake at x/c = 1.5 for the 
ride height of hr/c = 0.833. 
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Figure 8.51: Contours of total pressure highlight ing the wing's wake at x/ c 
the ride height of hr/c = 0.833. 
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Figure 8.52: Contours of total pressure highlight ing the wing's wake at x/ c = 3 for the 
ride height of hr / C = 0.833. 

x/c = 3, Fig. 8.52. An analysis of the path of the main wing vortex showed that its 

overall horizontal movement was 22 mm in the 16.7 deg ramp flow and 19 mm in the 5 

deg ramp flow. The overall upward movement was 11 mm for both cases. 

Vort icity contours at t he lower ride height of hr/c = 0.204, Fig. 8.53, also highlighted 

no significant differences to be discussed. For t his case, the maximum vorticity remained 

relatively constant, having a value of ;;~ = 14.73 for the high diffuser angle flow, and 

;;~ = 14.72 for the low diffuser angle flow. 

From an examination of the contours of total pressure, Fig. 8.54, both diffuser vortex 

wakes were observed to pass some distance above the wake of t he wing. Furthermore, 

in both flows, the wake of the wing appeared to be similar , except for t he lower bulge 

between 2z/ b = 0 and 2z/b = 0.1 in the 5 deg diffuser ramp flow. Analysis of the 

corresponding velocity vectors showed t hat the bulge contained a vortex t hat rotated in 

the opposite sense (counter-clockwise) to the main wing vortex. More informat ion on this 

flow feature will be given in the discussion. The top endplate vortex did not appear to be 

present at this ride height in any of t he ramp flows. The observations just mentioned also 

appeared to hold further downstream at x/c = 2.25, Fig. 8.55, and x/c = 3, Fig. 8.56, 

with the wake of the wing getting t hicker in the process. At this ride height , the vortex 
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Figure 8.53: Contours of streamwise vorticity at xl c = 1. 5 for t he ride height of hr Ie = 

0.204. 
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Figure 8.54: Contours of total pressure highlighting the wing's wake at x/c = 1.5 for t he 
ride height of hrlc = 0.204. 

164 



255.0 
242.7 
230.4 2 
216.1 
205 .6 
193.5 
161 .3 

1.5 H+-H--H~:'F 
169.0 
156.7 1.5 
144 .4 
132 .1 
119.6 
107 .5 ~ 95 .2 
62.9 
70 .6 
56 .3 
46 .0 
33 .6 

0 .5 r.+-+-i-+-H''"'' 21 .5 0 .5 
9.2 

-3.1 
-15.4 
-27.7 
-40.0 

2zlb 2zlb 

Figure 8.55: Contours of total pressure highlight ing t he wing's wake at x/c 
the ride height of hr/c = 0.204. 
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Figure 8.56: Contours of total pressure highlight ing t he wing's wake at x/ c = 3 for the 
ride height of hr/c = 0. 204. 
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was found to move horizontally by 66 lllm in the 1G.7 cleg ramp How and 63 HUll ill thl' 

G deg ramp flow. 

The centreline wake profiles downstream of the wing are plotted in Figs. 8.57 to 8.G9 

for the ride heights of hrle = 0.833, OA01 and 0.204. At hrle = 0.833 and OA01, the wakl' 

appeared to have a similar shape in both fiow conditions. The main difference appeared 

to be the slowing of the surrounding fluid. At the greater ride height, the 16.7 deg ramp 

diffuser induced a slower moving wing wake, while at the lower ride height, the G deg 

ramp diffuser produced the same effect. 

At hl,le = 0.201, clear differences ill the profiles were evident. In the G deg ralllp fiow 

the wake was at all points, located at lower ylc values than was the case in the 16.7 deg 

ramp flow. The wake was also noticeably wider in the 5 deg ramp flow. 
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Figure 8.58: A comparison of centreline wing wake profiles for hr/c = 0.401 at x/c = 1.5 
(a), x/c = 2.25 (lJ), x/c = 3 (c) and x/c = 3.75 (d), for two diffuser ramp angles. 

1G8 



0.9 

0.8 

0.7 

0.6 

~ 
0.5 

0.4 

0.3 

0.2 

0.9 

0.8 

0.7 

--.---B.---- 16.7 deg ramp 
.---8--.. -.-. 5 deg ramp 

0.6 
u 
>. 

0.5 

0.4 

0.3 

0.2 

o b'-:-.4 ........ '--'-::'0.-::"5 ..J...J...l.0::':.6::'-'-~0:-':;. 7J....J-~0.'='8 '-'-'--'-::"0.9~~ 
u/U"" 

(c) 

0.9 

0.8 

0.7 

0.6 
u 
>. 

~ 

0.5 

0.4 

0.3 

0.2 

o. b'-:-.4 '-'-'--'-::"0.5=-'""""..........,0::'":.6:-'-'--'-'-::0:1=.7 ........ '--'-::'0."'"'8 ..J...J.-'-::':o. 9,..w...J...l....! 

u/U"" 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

o b'-:-.4'-'-''--'-::'0.-::"5 ..l...l...l.0::':.6::'-'-~0:-':;.7J....J-~0.'='8 '-'-'-'-::"0.9::-'-'-~ 
u/U"" 

(b) 

Figure 8.59: A comparison of centreline wing wake profiles for hr/c = 0.204 at x/c = 1.5 
(a), x/c = 2.25 (b), x/c = 3 (c) and x/c = 3.75 (d), for two diffuser ramp angles. 

lG9 



8.6 The Effect of a Change in the Height of the 

Upstream Diffuser 

This section will present computational results that highlight the aerodynamic changes 

experienced by the downstream wing WhCll the height of the upstream diffuser bluff 

body was changed. The diffuser heights investigated were hr.jc1 = 0.30 and hr/d = O.GO. 

As a reminder, the extremities of the diffuser heights investigated experimentally were 

hr/d = 0.20 and hr/d = 0.30. At the 10'wer height, there was a possibility of the existence 

of unsteady flow. Consequently, this height was not simulated computationally, but was 

replaced by hT/d = 0.60, which was well within the reported symmetrical flow region of 

a diffuser with a 16.7 deg ramp angle [50]. 

8.6.1 Forces 

The downforce coefficicnts that were obtained from the wing are presented in Fig. 8.GO. It 

can be seen that there was negligible difference in the plots over the ride height range in­

vestigated. That is, altering the ride height of the diffuser from ILr / d = 0.30 to hr / d = O.GO 

induced no significant force change on the downstream wing. The corresponding drag 

coefficients are shown in Fig. 8.G1. The plots indicate that the drag increased monoton­

ically as the ride height was reduced, with diffuser hr/d = O.GO inducing slightly higher 

values between hr/c = 0.401 and hr/c = 0.833. Examination of the lift to drag ratios 

sho'wed that there was no significant difference between the two configurations, Fig. 8.G2. 
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Figure 8.61: Drag coefficients while varying the height of the upstream diffuser. 
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Figure 8.62: Lift to drag ratios while varying the height of the upstream diffuser. 

8.6.2 Flow Visualisation 

Suction surface flow visualisation for the wing downstream of both configurations are 

presented in Figs. 8.63 to 8.65. At each ride height, both plots look similar. There were 

110 significant differences to be described. 
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Figure 8.63: Suction surface streamlines at hr/c = 0.833, for the wing downstream of (a) 
diffuser hr/d = 0.30 and (lJ) diffuser hr/d = 0.60. 
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Figure 8.64: Suction surface streamlines at hr/c = 0.401, for the wing dowllstream of (a) 
diffuser hr/d = 0.30 and (b) diffuser hr/d = 0.60. 
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Figure 8.65: Suction surface streamlines at hr/c = 0.204, for the wing dowIlstream of (a) 
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8.6.3 Pressures 

The pressure distributions at the ride heights of hl·/e = 0.833, 0.401 a11<l 0.204, which arc' 

presented in Figs. 8.66 to 8.68, support the findings obtained from the force cocHicicnts 

ami the flow visualisation. The majority of the stations did not uudergo any significant 

change in loading in the flow conditions silllulated. If there was a slight deficiency at one 

part of the span, it was usually regained at another. 
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Figure 8.66: The pressure distributions at hT/e = 0.833, for 2z/b = 0.09 (a), 0.49 (b), 
0.89(c) and x/c = 0.25 (d). 
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Figure 8_67: The pressure distributions at hr/c = 0.401, for 2z/b 0.09 (a), 0.49 (b), 
0_89(c) and x/c = 0.25 (d). 
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8.6.4 Flovv Field 

The streamwise vorticity plots at x/c = 1.5 are shown in Fig. 8.69 . Both images are 

similar. The maximum vorticity was found to increase from (j~ = 11.85 to (j~ = 12.17, 

as the diffuser ride height was increased. 
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Figure 8.69: Contours of streamwise vorticity at x/c = 1.5 for the ride height of hr/c = 
0.833. 

Comparisons of the pressure contours highlighting the development of the wake of 

the wing at hr/c = 0.833 are shown in Figs. 8.70 to 8.72. At x/c = 1.5 , Fig. 8.70, it 

can be observed t hat the vortex wakes for t he two diffuser configurations occupy slightly 

different spatial posit ions in the data plane. That of diffuser hr / d = 0.60 appeared to 

be lower, more compact, and further to the right than the corresponding vortex wake 

of diffuser hr/d = 0.30. Despite these differences , the wake of the wing did not appear 

to differ significantly in either flow field. At x/c = 2.25 and x/c = 3, the wing's wake 

appeared to dissipate more quickly behind diffuser hr/d = 0.60. In both flow fields, the 

top endplate vortex appeared to be non-existent. 

At the lower ride height of hr/c = 0.204, the vorticity contours were again similar , as 

shown in Fig. 8.73. The maximum vorticity was found to increase from (j~ = 14.73 to 

(j~ = 14.77, as the diffuser ride height was increased. The contours of total pressure are 
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Figure 8.70: Contours of total pressure highlight ing the wip.g's wake at x/c = 1.5 for the 
ride height of hr / C = 0.833. 
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Figure 8.71 : Contours of total pressure highlighting the wing's wake at x/c 
the ride height of hr/c = 0.833. 
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Figure 8.72: Contours of total pressure highlighting the wing's wake at x/c = 3 for the 
ride height of hr / C = 0.833. 

presented in Figs. 8.74 to 8.76. The wake of the wing appeared to develop in a similar 

manner in both of the surrounding flow fields. 
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Figure 8.73: Contours of streamwise vorticity at x/c = 1.5 for the ride height of hr/c = 
0.204. 

Comparisons of the centreline wake profiles downstream of the wing are shown in 

Figs. 8.77 to 8.79. Overall , the plots show that the wake development was very similar 

for both upstream configurations. At hr/c = 0.833, both above and below the wake, the 
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Figure 8.74: Contours of total pressure highlighting the wing's wake at x/c = 1.5 for the 
ride height of hr/c = 0.204. 
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Figure 8.75: Contours of total pressure highlighting the wing's wake at x/c 
the ride height of hr/c = 0.204. 
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Figure 8.76: Contours of total pressure highlighting the wing's wake at x/c = 3 for the 
ride height of hr/c = 0.204. 

transporting fluid was noticeably quicker for diffuser hr / d = 0.60. As the ride height of 

the wing was reduced, however, the transporting fluid below the wake converged to the 

same speed, while that above the wake was still noticeably offset as mentioned previously. 
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Figure 8.77: A comparison of centreline wing wake profiles for hr/c = 0.833 at x/c = 1.5 
(a), x/c = 2.25 (b), x/c = 3 (c) and x/c = 3.75 (d), for two diffuser heights. 
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Figure 8.78: A comparison of centreline wing wake profiles for hr/c = 00401 at x/c = 1.5 
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Figure 8.79: A comparison of centreline wing wake profiles for hr/c = 0.204 at x/c = 1.5 
(a), x/c = 2.25 (b), x/c = 3 (c) and x/c = 3.75 (d), for two diffuser heights. 
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8.7 Discussion 

The CFD computations have produced results that have predicted the force trends that 

were uncovered experimentally. In terms of the effect of the upstream diffuser bluff body, 

the forces shovved that the wing experienced less downforce and more drag when in flow 

condition FC3. This result also held when varying the angle of attack of the wing. 

Another experimental trend that was predicted was the loss of more downforce when th(' 

wing was placed at larger ride heights, as opposed to being placed at lower ride heights. 

It should be noted that the effect of laminar flow on the surfaces of the wing was not 

accounted for in the simulations. This result tends to indicate that the trends uncovered 

experimentally should also occur in cases of little or no laminar flow. 

Flow visualisation on the suction surface of the wing at varying ride heights highlighted 

the delay of trailing edge flow separation in FC3. This delay suggested that the wing 

may have been operating at a lower angle of attack when placed in this flow condition. 

The computational pressure distribution also predicted similar trends to experiment. 

J\Iore downforce was lost from sections closer to the centre of the wing, than was the case 

for sections closer to the tip of the wing. Also, as the flow changed from FCI to FC3, the 

percentage reduction in downforce at each station decreased with decreasing ride height. 

The flow field data highlighted the fact that the development of the wake of the wiug 

was influenced by the wake of the upstream body. The computations also suggested that 

the weaker vortex that emanated from the top of the endplate lllay be dissipated when in 

some FC3 conditions. The main endplate vortex was shown to accelerate its horizontal 

movement and to decelerate its vertical movement as the wing approached the ground 

boundary. When compared to its position in clean air, the vortex was also predicted to 

have been displaced closer to the root of the wing at each downstream plane, when in 

dirty air conditions. 

In terms of the effect of a change in the angle of the upstream diffuser, the compu­

tations predicted the experimental result that the lift to drag ratio of the dowllstream 
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wing increased with decreasing diffuser ang'le. Pressure distribution plots show('d that 

depending on ride height, different sections along the spall of the Willg gcnerated more 

downforce when in the flow of the G deg ramp diffuser. 

Flow visualisatioll images for this investigation only highlighted a significant change 

ill suction surface flow at the ride height of hr/c = 0.204. At this ride height, ill th(' 

flow produced by the G deg ramp diffuser, a llode point was present close to the root 

of the wing, in the region of flow separation. This feature was previously reported by 

vVillkelmaull and Barlow [78] from experimellts carried out 011 rectangular wings beyond 

stall. The authors surmised that a vortex lIlay have formed at each node point, and 

propagated downstream. They, however, presented no experimental evidence to support 

their hypothesis. The computational file was examined to ascertain whether such a vortex 

had been predicted. Indeed, the velocity vectors on downstream planes parallel to the 

trailing edge of the vying highlighted the presence of a small vortex that propagated 

downstream, close to a plane through the midspan of the wing. The vortex rotated 

in a counter-clockwise manner when viewed from ahead of the wiug. The preseuce of 

the uode vortex was seen to have had an effect Oll portiolls of the wake of the wing. 

Velocity profiles from the plane 2z/b = 0 illdicated a slight dowuward motioll as the 

wake progressed dowllstream. 

In terms of the effect of a change in the height of the upstream diffuser, the compu­

tational results predicted negligible change to the dowllstream wing. The force results 

were very similar, and the surface flow images and pressure distribution plots provided 

uo significant differences. A possible reason for these results lIlay be the fact that the 

vortex wakes from each diffuser configuration did not occupy drastically different spatial 

positions at the plane ou which the leading edge of the wiug was located (2.4l dowllstream 

of the diffuser bluff body). 
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8.8 Conclusion 

The computational simulations that were presented in this chapter were aimed at inves­

tigating whether the trends that were uncovered experimentally, could be predicted with 

CFD. Examination of the data from a number of simulations has allowed the following 

conclusions to be drawn: 

1. A loss in clownforce and an increase in drag were predicted for the case of a sillgle 

element wing placed in the flow produced by an upstrealll diffuser bluff body. 

2. The loss of more downforce at greater ride heights than at lower ride heights was 

predicted, as was the result that more downforce was lost from sections closer to 

the midspan of the wing than was the case for sections closer to the tip of the wing. 

3. Trailing edge flow separation was delayed in the wake flow, as compared to the 

undisturbed freestream flow. 

4. The trend of an increasing lift to drag ratio of the wing, as the diffuser ramp angle 

was degreased, was predicted. 

5. Changing the height of the diffuser was found to have negligible effect on the down­

stream wing for the cases simulated. 
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Chapter 9 

Summary and Final Conclusions 

9.1 Introduction 

This chapter presents a summary of the research undertaken in the last three years. All 

of the relevant conclusions from the previous chapters are brought together. 

9.2 Summary 

9.2.1 Research Motivation 

Research was carried out in an attempt to shed light on the salient factors that may 

contribute to the commonly reported lack of sufficient overtaking opportunities, typical of 

open-wheeled racing series such as Formula 1. Not only do the lack of such opportuuities 

make the racing dull, but pit stop strategies are also inf-iuenced as attempts are lllade to 

pass competitors while they are being serviced in the pit lane, as opposed to when they 

are moving on the track. 

A review of the available literature showed that although there was some nOll propri­

etary data on vehicle interaction, the majority of this data did not pertain to open-wlwded 

racing cars. The case that most effectively dealt with this type of scenario reported on 

the overall effects experienced by the downstream vehicle. No detailed measures of llleth­

ods to counteract the effects were investigated. It followed that the lack of expansive 
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data pertaining to the overtaking of open-wheeled racing cars presented an opportllnit~, 

to carry out fundamental research aimed at further investigating the interactions experi­

enced during a typical race. It was hoped that any findings would shed light on areas that 

could possibly be exploited to improve the aerodynamic performance of the downstream 

car. Additionally, it was also intended to provide a database for this type of aerodynamic 

How. 

9.2.2 Experimental Replication 

The race scenario of one car following another was replicated generically in the wind 

tunnel by the construction and use of simple experimental models that were selected 

to represent the salient characteristics of each particular vehicle. The thought process 

behind this procedure was the following. Starting with simple models allowed for more 

complexity to be added in the future, as an understanding of the flow field and its inherent 

interactions ·were uncovered. Adding more complexity to simple models may allow for 

the causes of dominant How features to be identified, and may therefore make it easier to 

finc! methods of controlling these features. 

As a consequence of the reasons just given, the component of the follmving car that 

was chosen to commence the study was the front wing. This device "vas selected hecause 

it was the most forward part of the vehicle that would experience changes in the oncoming 

How, because the majority of the downforce was typically lost from this component, and 

because the remainder of the car operated in the wake that it generated. The component 

was idealised as a single clement wing, scaled to 40% of the dimensiOllS of the front wing 

of a typical Fl car for the year 2002. It was thought logical to establish baseline data 

with this configuration before att.empt.ing to investigate lIlulti-element deviceH. 

The represent.at.ion of the leading car evolved though two steps of increasing complex­

ity. Firstly, a wing wit.hout enc!plates was used to idealise the upper elements of the rear 

wing. Init.ial tests with this component showed that. it produced a measurable effect on 

the forces experienced by the downstream wing. The effect was reasoned to have iwen 
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caused by challges to the fiow field; changes that were thought to have oeen indu('('d by 

the generation and subsequent transmission downstream, of wing tip vortices. Since tlwsl' 

vortices were deemed to have had this effect, it was reasoned that even larger yortices 

would have been produced by a diffuser in ground effect [50, 52]. The decision was there­

fore taken to incorporate a diffuser into a bluff body shape, so as to better repres(~nt th(' 

leading car. The idealised rear wing was attached to the diffuser bluff body via endpla tes. 

The height and lateral position of the bluff body were adjustable, as was the angle of 

the diffuser ramp. Owning to wind tunnel constraints, it was only possible to scale the 

width of the diffuser (and hence the bluff body) to be 40% of the stipulated width of the 

diffuser of a typical F1 car for the year 2002. 

The bluff body was mounted to a groulld board that was positioned just ahead of the 

rolling road and suction box in the wind tunnel test section. The vying and endplates were 

mounted to an overhead balance above the rolling road. The tests performed includeu 

variations in the height of the wing and variations in its angle of attack. The uata 

taken included force and pressure measurements, flow visualisation images and How field 

measurements with PlV and LDA. 

9.2.3 Diffuser Bluff Body Flow Field 

The flow field generated by the upstream bluff body was examineu with smoke trails, 

surface flow visualisation, PlV and LDA. The smoke trails, which were releaseu from a 

portable wand, showed that the flow in the vicinity of the rear of the bluff bouy, close to 

the diffuser sideplates, was sucked in towards a plane that coincided with the centreline 

of the test section. The flow then progresseu downstn~alIl, seemingly concentrated in 

the miuule of the test section as it diu so. There was also a sigllificant increase in tlw 

amount of audible noise associated with this configuratioll; an indication of the generation 

of turbulent How [79]. Surface flow visualisation on the diffuser ralllp highlightc~d tJw 

presence of swirling s-shaped lines that trailed along the edges of the ramp, close to 

the sideplates. The lines were symmetric about the centreline of the lIlodel, awl \\'cn~ 
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indicative of vortex generation from the diffuser in ground efrect. 

An examination of the velocity flow field downstream of the diffuser was carried Ollt 

with PIV and LDA. The PIV tests were performed in the 2.1 III x 1.5 m facilit~·, whilt' 

the LDA tests were performed in the larger 3.5 III x 2.5 III facility. In general, the profiles 

revealed a deficit in the streamwise component of velocity and an upwash in the wrLical 

component of velocity. Both the velocity deficit and the upwash were seen to increase 

to a maximum and then to decrease, as the height above the ground increased. From 

the LDA results at the locations of 2z/b = 0.80 and 0.87, the vertical velocity began to 

show a downwash in the wake. Altogether, these results pointed to the existence of a 

vortex in the downstream flow field. The vortex would have rotated in such a manner as 

to produce an upwash on planes close to the centreline of the tunnel, while producing a 

clownwash on planes closer to the edges of the test section. 

The velocity profiles that "were presented also indicated that the wake downstream of 

the bluff body was influenced by the angle of the diffuser ramp and by the height of the 

bluff body above the ground. It was shown that the 5 and 10 deg diffuser induced the 

greatest freestream deficit; approximately 6% for the data taken. The 16.7 deg diffuser 

induced a smaller deficit; approximately 2% to 4% for the data takeu. \Vith regard to the 

upwash in the flow field, decreasing the angle of the diffuser had the effect of decreasing 

the amount of downstream upwash. 

Lowering the height of the diffuser above the grouud was also shown to iucluce a 

deficit in the freest ream flow. The deficit was significantly large for the lowest rid(~ 

height, ranging frolll 10% to 19% for the data taken. At the lowest ride height, however, 

the diffuser lllay have beeu operating at a critical point in the transition between the 

region of force increase and the region of force reduction of its own downforce curve [50]. 

Between y/c = 0.08 and 0.45, the levels of up wash appeared to remain broadly similar, 

while varying the height of the diffuser. Above this regiou, the diffuser at the lowest ride 

height induced significantly lower values of upwash than the others. 
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9.2.4 Aerodynall1ic Effects on Downstreanl Wing 

Force measurements carried out on the downstream wing indicated that it experienced 

a reduction in downforce when in the flow produced by the diffuser bluff body. The 

reduction was not constant, but varied depending on the ride height of the wing. \\Then 

compared to the clean air case, more downforce was lost at greater ride heights, than ",a~ 

the case at lower ride heights. This result also held while varying the angle of attack of 

the wing to generate lift curves. Furthermore, in dirty air conditions, it \vas proved that. 

the lift curve slope of the wing also increased with decreasing wing ride height. As the 

wing was moved laterally away from a position directly in front of the blufl' body, the 

downforce values recovered to the clean air levels, and even surpassed these levels at the 

greatest lateral distance from the bluff body. 

The force measurements also showed that it was possible for the force reduction region 

of the downforce curve to change in character in dirty air at very low ride heights. Instead 

of a continual decrease in the force, a second region of force increase produced coefficients 

that were higher than the maximum achieved during the first region of force increase 

(typically between h7.jC = 1 and hr/c ~ 0.09). 

With regard to the drag, the force measurements indicated that the wing experienced 

an increase in this variable when downstream of the diffuser bluff body. The increase was 

evident throughout the ride height range investigated. Also evident in both the clean air 

and dirty air measurements were intermittent peaks and dips in the drag coefficient when 

the wing was positioned below the ride height of hr / c = 0.153. 

Confirmation of the physical effects of the bluff body flow 011 the wing was provided by 

flow visualisation images. The clean air flow condition indicat<~d that there was lalllinar 

to turbulent transition via a lalllinar separation bubble, visible across the span of both 

upper and lower surfaces, albeit at different chord wise locations. In contrast, the dirty air 

flow condition highlighted early transition from laminar to turbulent flow ill tlw middle 

portion of the span. This earlier formation of the turbulent flow was significant ellough to 

cause the elimination of the separation bubble from the rniddlr~ portioll of both surfaC(~s 
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of the wing. 

Flow visualisation at a ride height at which the second region of force increase occurred 

- in the dirty air conditions - sho·wed that the suction surface experienced massive flow 

separation in clean air, but that the flow remained attached in the dirty air. Consequently, 

the wing was able to generate more downforce at that very low ride height. The rid(\ 

heights at which the phenomenon occurred, however, appeared to be too low to render 

the effect of any practical importance. 

The aerodynamic interactions that were just reported can be linked to the changes 

in the oncoming flow. The reduction in the dmynforce of the wing was the result of the 

generation of lower Cp values, and hence lower total forces. The upwash that was present 

in the flow field would have served to reduce the effective angle of attack of the wing, hence 

inducing lower pressures. The increased turbulence in the oncoming flow promoted early 

laminar to turbulent boundary layer transition on the wing. Consequently, the boundary 

layer was much thicker from the outset, therefore having a greater decalllbering effect 

on the profile. That is, the wing effectively lost camber, which would have resulted ill 

lower pressures. The reduced velocity of the oncoming fiow would have also resulted in 

the generation of lower surface pressures, as the wing was effectively operating at a lower 

Reynolds number. 

The fact that more downforce was lost ,,,hen the wing was positioned at larger ride 

heights can be explained by the change in the variables just described. With increasing 

distance above the ground, for the ride height range tested, there was increased upwash, 

increased turbulence and a decreasing velocity of the oncoming flow. 

The centre of the wing experienced a greater loss in downforce than the tips becam-ic 

the majority of the disturbed How appeared to be concentrated in that region, anel bccaus(~ 

that region experienced an upwash, while the tips experienced flow with a neutral to slight 

downward component of velocity, in addition to a slightly higher freestrearn vdodty. 

The increase in the drag of the wing can be explained by the resultant inLeraetic)Jl of a 

number of factors. Firstly, flow visualisation in the disturbed conditions highlighLc~d tJw 
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fact that the laminar separation bubble was elilllinated from the middle portioll of bot.h 

the upper and lower surfaces of the wing. This result in itself should have aCCollllted 

for a decrease in the drag, however, this decrease was seemingly outweighed by drag 

increments from increased induced drag [80] and the increased extent of the turbulent 

boundary layer. Increased induced drag resulted from the fact that the wiug operated in 

the upwash of the upstream diffuser bluff body. The increased extent of the turbulent 

boundary layer caused increased skin friction drag. 

9.2.5 Effects of a Change in Diffuser Angle 

It was found that the angle of the upstrearn diffuser affected the lift to drag ratio of the 

downstream wing. As the stated angle was deCl·eased, the wing operated with increasing 

efficiency. This result can be linked to a decrease in the amount of upwash generated 

by diffusers with successively lower ramp angles. The decreased upwash was believed to 

have contributed to a decrease in the induced drag experienced by the wing, which meant 

that it would have operated more efficiently at a given ride height. 

Observation of the characteristics of the wake of the wing highlighted the fact that 

the 5 and 10 deg diffusers seemed to induce similar wake development, while the IG.7 deg 

diffuser induced a different wake development. It is surmised that these differences lllay 

have been the result of different types of vortex How emanating from the diffuser. The [) 

and 10 deg diffusers were thought to have produced one type of How, while the lG.7 deg 

diffuser was thought to have produced allother [51, 52]. 

9.2.6 Effect of Changes to Bluff Body Height 

The effect of changing the height of the upstream bluff body proved more difficult to 

assess, ill terms of the particular treads that may have been uncovered. According to 

data presented by Senior [50], at hr / d = 0.3 the diffuser was operating in the maximulll 

downforcc region of its own downforce curve. Reducing its height abov(~ the groulld to 
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hT/d = 0.25, then to hr/d = 0.2, therefore corresponded to shifting its operating point 

from maximum downforce to the region of the force reduction phenomenon. This change 

implied that there may have been different flow regimes at each height extreme, awl 

possibly some state of transition between them. There was also an apparent anoma.ly 

in one of the drag curves. It was not possible to ascertain whether it was an elTor or 

whether it was an unexplained flow feature. 

\Vhat was concluded with certainty was that diffuser hT/d = 0.2 produced a significant 

reduction in the lift and drag of the wing, when compared to the other diffuser heights. 

The reduction \vas induced mainly by the slow moving Huid in the wake of the diffuser. 

Essentially, the wing was operating at a significantly lower dynamic pressure. Conversely, 

it can be stated that the dowllforce of the downstream wing could be increased if it were 

possible to inject higher momelltum streamwise fluid into the wake produced by the 

upstream body. 

In terms of the development of the downstream wake of the wing, varying the ride 

height of the diffuser over the stated range induced a similar shape in all cases, with 

spreading occurring via the lower boundary. The spreading increased as the ride height 

was reduced, with the maximum wake deficit remaining approximately constant. 

9.2.7 CFD 

CFD was used to model the wing at one ride height in the clean air conditions in which 

the experiments were carried out. This case was chosen because the experimental sur­

face flow visualization allowed for the accurate determination of the points of laminar to 

turbulent flow transition, for use in the simulation. The computations were carried out 

with the Spalart-Allmaras and IlNG f"E turbulence models. It was found that both nlOd­

els predicted premature boundary layer separation on the pressure surface of the wing, 

indicating that the experimental surface flow was not adequately simulated. Not.with­

standing this result, the experimental downforce value was predicted to within G.G% by 

the Spalart-Allmaras model, while the experimental drag value was at best, ()v(~r predicted 
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by 9% with the RNG K,E model. 

CFD was also used to perform generic silllulations of the clean air and dirty air pxper­

imental configurations. The aim was to ascertain whether the trends that were unco\"(~n~cl 

experimentally could be predicted computationally. No laminar flow was accounted for in 

these cases. In terms of the effect of the upstream diffuser bluff Lody, the forces showed 

that the wing experienced less downforce and more drag in the dirty air. This result also 

held ""hen varying the angle of attack of the wing. Another experimental trend that WHS 

predicted was the loss of more downforce when the wing was placed at larger ride heights, 

as opposed to being placed at lower ride heights. 

Flow visualisation on the suction surface of the wing at varying ride heights highlighted 

the delay of trailing edge flow separation in the dirty air. This delay suggested that 

the wing may have been operating at a lower angle of attack when placed ill this flow 

condi tioll. 

The computational pressure distribution also predicted silllilar trends to experiment. 

Tv10re downforce was lost from sectiolls closer to the centre of the wing, than was the case 

for sections closer to the tip of the wing. The shape of the spanwise load distribution 

also changed, depending on ride height. At large ride height values the tips of the wing 

were found to generate more load than the middle of the wing. At low ride heights, the 

opposite effect occurred. 

In terms of the effect of a change in the angle of the upstrealll diffuser, the compu­

tations predicted the experimental result that the lift to drag ratio of the downstWalll 

wing increased with decreasing diffuser angle. Pressure distribution plots showed that 

depending on ride height, different sections along the span of the wing generated more 

downforce when in the flow of the [) deg ramp diffuser. 

In terms of the effect of a change in the height of the upstream diffuser, the compu­

tational results predicted negligible change to the downstream willg. The force results 

were very similar, and the surface flow images and pressure distribution plots provided llO 

significant differences. A possible reaSOll for these results may be the fact that t1w vorLex 
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wakes from each diffuser configuration occupied similar spatial positions at the plallc 011 

which the leading edge of the wing was located, irrespective of the fact that they were 

initially generated from different ride heights. 

9.3 Final Conclusions 

From the experiments and computational simulations that were carried out to Illodel 

the effect that a leading open-wheeled racing car may have on a following open-wheeled 

racing car, the following can be concluded: 

• ,,\Then in the dirty air flow, the downstream wing that was used to simulate the 

front wing of the trailing car experienced a decrease in its downforce values and all 

increase in its drag values, when compared to the clean air case. 

• ,,\Then in the dirty air flow, more downforce \vas lost from sections closer to the 

midspan of the wing than was the case for sections closer to the tip of the wing. 

• When in the dirty air flow, the shape of the spanwise load distribution altered, 

depending on ride height. At greater ride heights, the load distribution was lower 

at midspan than it was towards the wing tips. At lower ride heights, the trend 

reversed. 

• The downstream wmg was affected by the upwash fiow field from the upstream 

body. The presence of an upwash appeared to have resulted in an increase ill the 

induced drag experienced by the wing. 

• The disturbed flow emanating from the upstream body had the ability to signifi­

cantly alter the surface flow patterns on the downstream wing. The altered char­

acteristics included earlier laminar to turbulent boundary layer transition, aud the 

elimination of laminar separation bubbles. 
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• As the angle of the diffuser ramp was decreased, the downstream willg eXIH'ri('llC('c\ 

an increase in its lift to drag ratio. The increase in the ratio was at least ill part. 

influenced by the decreasing amount of upwash present in the vicinity of the wing. 

• Varying the angle of the diffuser appeared to influence the development of the 

downstream wake of the wing. The wake showed similar characteristics when behind 

the 5 deg and 10 deg diffusers, and different characteristics when behind the 1G.7 

deg diffuser. 

• \Vhen trying to model a specific experimental configuration in clean air, CFD was 

not able to entirely match the surface flow conditions on the pressure surface of the 

wing, owing to premature laminar boundary layer separation. 

• \Vhen carrying out generic simulations of the clean air and dirty air flow condi­

tions, CFD was able to predict the force and pressure trends that were uncovered 

experimentally. 

9.4 Recommendations for Future Work 

In this section, the areas in which further investigations can ue carried out will be dis­

cussed. The main aim is to provide a more advanced understanding of the aerodynalllic 

interactions. Included in the recommendations are more extensive mappings of the dif­

hlser and wing flow fields and improvements to the experimental models. 

9.4.1 Map of Diffuser Flow Field 

Given that the flow generated uy the different diffuser bluff body configurations was 

shown to have had wide ranging effects on the downstream wing, it became evident 

that a detailed experimental investigation of the diffuser wake was needed. The tests 

should be carried out for the ramp angles considered in this document, as well as for 

ride heights that are representative of the different diffuser flow states, as ouLlillcd in 
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the appropriate references. Data should be taken for yarying distances downstream of 

the diffuser, including any region in which a second test model may be placed. All 

components of velocity should be measured, as well as the corresponding turbulence 

statistics, if possible. 

9.4.2 Map of Wing Flow Field 

The data that was collected in this project indicated that the development of the wake 

of the wing was influenced by the upstream models. As such, it was thought that a more 

thorough map of this region \vould provide further insight regarding the changes to be 

expected. All components of velocity, as well as turbulence statistics should be collected. 

9.4.3 Use of a more Complex Downstream Model 

The front wing of the following car was idealized as a single element wing in order to 

commence this research investigation. The next logical step would be to replace it with a 

lIlulti-element wing similar to those used on modern cars. After the appropriate measure­

ments were taken with this improved model, it was thought that idealised front wheels 

could be added. Idealised front wheels may allow for a lllore accurate representation of 

the overall drag effects experienced by a following car. 

9.4.4 Use of a more COlnplex Upstrealn Model 

Idealised rear wheels can be added to the upstream bluff body in order to more accurately 

represent the wake generated by a leading car. This flow field should then be mapped, 

and the appropriate tests carried out on the dowllstream model. If possible, the bluff 

body and wheels should be placed over a rolling road. 
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Appendix A 

Coordinates 

A.1 LS(1)-0417 Profile 

Table A.l: The Coordinates for the LS(I)-0417 Profile 

x-coordinate y-coordinate 
l.000000 -0.000740 
0.987266 0.002704 
0.967066 0.008207 
0.945762 0.014024 
0.923608 0.020026 
0.900854 0.026160 
0.877760 0.032387 
0.854545 0.038618 
0.831350 0.044771 
0.808292 0.050789 
0.785403 0.056568 
0.762598 0.062150 
0.740020 0.067519 
0.717710 0.072582 
0.695595 0.077308 
0.673672 0.081697 
0.651937 0.085702 
0.630293 0.089303 
0.608720 0.092544 
0.587234 0.09G350 
0.565660 0.097708 
0.543903 0.099691 
0.52l989 0.101353 
0.499957 0.102692 
0.477806 0.103712 
0.455524 0.104428 

contznued on nexl puge 

202 



Table A.l: continued 

x-coordinate y-coordinate 
0.433132 0.104859 
0.410681 0.105018 
0.388247 0.104912 
0.365909 0.104536 
0.343704 0.103871 
0.321625 0.102910 
0.299719 0.101672 
0.278119 0.100178 
0.256958 0.098425 
0.236302 0.096406 
0.216233 0.094142 
0.196968 0.091685 
0.178768 0.089069 
0.161719 0.086259 
0.145825 0.083338 
0.131177 0.080408 
0.117814 0.077486 
0.105691 0.074568 
0.094710 0.071646 
0.084755 0.068731 
0.075718 0.065849 
0.067506 0.063015 
0.060044 0.060213 
0.053258 0.057430 
0.047079 0.054658 
0.041453 0.051881 
0.036331 0.049072 
0.031660 0.046226 
0.027387 0.043363 
0.023468 0.040504 
0.019881 0.037652 
0.016617 0.034794 
0.013665 0.031920 
0.011013 0.029024 
0.008664 0.026103 
0.006629 0.023158 
0.004914 0.020186 
0.003512 0.017194 
0.002388 0.014212 
0.001509 0.011270 
0.000850 0.008380 
0.000390 0.005539 

contmued on ne1;t page 
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Table A.l: continued 

x-coordinate y-coordillate 
0.000112 0.002746 
0.000037 0.001378 
0.000000 0.000000 
0.000105 -0.002740 
0.000520 -0.005374 
0.001280 -0.007996 
0.002411 -0.010573 
0.003936 -0.013069 
0.005864 -0.015396 
0.008184 -0.017513 
0.010847 -0.019461 
0.013787 -0.021295 
0.016960 -0.023061 
0.020373 -0.024779 
0.024036 -0.026479 
0.027957 -0.028198 
0.032159 -0.029926 
0.036685 -0.031625 
0.041592 -0.033250 
0.046934 -0.034831 
0.052749 -0.036448 
0.059069 -0.038151 
0.065942 -0.039923 
0.073428 -0.041729 
0.081617 -0.0c!3533 
0.090630 -0.045322 
0.100601 -0.047102 
0.111669 -0.048889 
0.123944 -0.050717 
0.137460 -0.052626 
0.152197 -0.054528 
0.168200 -0.056313 
0.185494 -0.057996 
0.203952 -0.059583 
0.223329 -0.061036 
0.243376 -0.062293 
0.263964 -0.063305 
0.285084 -0.064073 
0.306674 -0.064631 
0.328584 -0.065000 
0.350668 -0.065172 
0.372848 -0.065143 

conlmued on next page 
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Table A.l: cont'inued 

x-coordinate y-coordinate 
0.395081 -0.064910 
0.417317 -0.064469 
0.439507 -0.063821 
0.461607 -0.062962 
0.483575 -0.061881 
0.505333 -0.060562 
0.526793 -0.058972 
0.547991 -0.057036 
0.569143 -0.054678 
0.590394 -0.051955 
0.611749 -0.048861 
0.633355 -0.045427 
0.655146 -0.041770 
0.677003 -0.037944 
0.698783 -0.034048 
0.720192 -0.030191 
0.740996 -0.026271 
0.761393 -0.022627 
0.781617 -0.019130 
0.801636 -0.015591 
0.821545 -0.012421 
0.841362 -0.009634 
0.860952 -0.007192 
0.880140 -0.005139 
0.898845 -0.003596 
0.917153 -0.002681 
0.935220 -0.002387 
0.953108 -0.002654 
0.970648 -0.003571 
0.988046 -0.005628 
1.000000 -0.007830 
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Table A.2: The chord wise location of the pressure taps 

Suction Pressure 
Tap xl c location Tap xl c location 

1 0.000000 25 0.899870 
2 0.006300 26 0.850040 
3 0.020000 27 0.800130 
4 0.037130 28 0.750000 
5 0.055455 29 0.700220 
6 0.075220 30 0.650220 
7 0.100130 31 0.599830 
8 0.149700 32 0.549700 
9 0.200040 33 0.499830 
10 0.249910 34 0.450090 
11 0.299650 35 0.399910 
12 0.349910 36 0.349830 
13 0.399780 37 0.300040 
14 0.449740 38 0.249650 
15 0.500040 39 0.199430 
16 0.550350 40 0.149610 
17 0.600170 41 0.099570 
18 0.649960 42 0.061960 
19 0.700040 43 0.037260 
20 0.750000 44 0.017220 
21 0.799870 
22 0.850040 
23 0.900040 
24 0.950260 

A.2 Eppler E420 Profile 

Table A.3: The Coordinates for the Eppler E420 Profile 

x-coordinate y-coordinate 
1.0000000 0.0000000 
0.9965100 0.0016400 
0.9869100 0.00G7200 
0.9727700 0.0148100 
0.9548900 0.0245700 
0.9329700 0.0348200 
0.9064300 0.0453700 
0.8753900 0.05G5GOO 

contznued on ne:r;l page 
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Table A.3: continued 

x-coordinate y-coordillate 
0.8403800 0.0684000 
0.8019400 0.0807800 
0.7606600 0.0934900 
0.7171200 0.1063000 
0.6719300 0.1189400 
0.6256900 0.1310800 
0.5789600 0.1423800 
0.5322900 0.1525100 
0.4861900 0.1611000 
0.4411300 0.1677900 
0.3975400 0.1721300 
0.3554900 0.1736000 
0.3147900 0.1721200 
0.2754900 0.1679200 
0.2377200 0.1612700 
0.2017100 0.1525300 
0.1678400 0.1420100 
0.1364200 0.1299800 
0.1077600 0.1166900 
0.0821200 0.1024000 
0.0597100 0.0873900 
0.0407100 0.0719600 
0.0252700 0.0564300 
0.0134500 0.0411600 
0.0053100 0.0265400 
0.0008600 0.0130500 
0.0000300 0.0012800 
0.0003300 -0.0010700 
0.0010200 -0.0039600 
0.0016500 -0.0057100 
0.0024200 -0.0073100 
0.0028700 -0.0080300 
0.0033500 -0.0087100 
0.0038900 -0.0093100 
0.0045200 -0.0098400 
0.0052400 -0.0103400 
0.0060400 -0.0108200 
0.0078600 -0.0116900 
0.0099400 -0.0124900 
0.0135400 -0.0135400 
0.0251GOO -0.0154500 
0.0449900 -O.0159GOO 

contznued on ned page 
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Table A.3: continued 

x-coordinate y-coordinate 
0.0702400 -0.0141100 
0.1009500 -0.0098200 
0.1372500 -0.0031700 
0.1793800 0.0056500 
0.2276900 0.0159300 
0.2819900 0.0263700 
0.3414800 0.0356900 
0.4046800 0.0427100 
0.4695800 0.0470200 
0.5346600 0.0490100 
0.5989100 0.0489100 
0.6611800 0.0467300 
0.7202200 0.0428200 
0.7751100 0.0377200 
0.8251700 0.0319000 
0.8698200 0.0257000 
0.9085000 0.0195000 
0.9408200 0.0136400 
0.9664200 0.0084200 
0.9849900 0.0041100 
0.9962400 0.0011200 
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Appendix B 

Error Analysis 

B.I Forces 

In order to obtain an estimate of the errors in the force coefficients, the methods outlined 

by Coleman and Steele [64] have been applied to the experimental data. 

(B.1) 

(B.2) 

where a and b refer to the separate experimental configurations, taking into account the 

stopping and restarting of the wind tunnel to perform the required modifications to the 

model. 

(B.3) 

where X and Yare variables that were measured directly during the experiment and 

Xa = Fiotal, Ya = (qoo)a, Xb = Ftare and Yb = (qoo)b. 

The random uncertainty in the force coefficients is then given by: 
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(B.4) 

",here p x . is calculated from a large sample population of the measured experilllental 

variables 

25 A" 
Px = 25", = -~-' 

• " i .J]'If; 

and 5x is the standard deviation of the sam pIe consisting of N readings. 

(B.S) 

The random uncertainty in the lift and drag coefficients of the wing, while behind 

diffuser hr/d = 0.20, are given in Table B.1. It was felt that this case encompassed the 

greatest variation in the forces obtained from the balance, so all other configurations 

were thought to fall within these bounds. In general, the maximum uncertainty in CL 

\vas ±0.002, while the maximum uncertainty in CD was ±0.0004. Figures B.1 and B.2 

provide a graphical representation of the tabular values. 

hr/c CL PCL CD pc/] 
0.833 0.489 0.0006 0.0463 0.00040 
0.600 0.553 O.OOOS 0.0561 0.00042 
0.401 0.671 0.0008 0.0647 0.00040 
0.289 0.804 0.0008 0.0725 0.00043 
0.204 0.968 0.0014 0.0809 0.00041 
0.181 1.021 0.0009 0.0847 0.00040 
0.153 1.088 0.0012 0.0885 0.00037 
0.130 1.123 0.0012 0.0923 0.00044 
0.107 1.150 0.0017 0.0949 0.00040 
0.100 1.152 0.0012 0.0946 0.00040 
0.094 1.145 0.0010 0.0945 0.00044 
0.090 1.136 0.0014 0.0928 0.00039 
0.085 1.123 0.0007 0.0927 0.00043 
0.077 1.026 0.0014 0.0938 0.00039 

Table B.1: The random uncertainty values for the case of the wing behind diffuser hr/d 
= 0.20. 
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Figure B.l: The random uncertainty in the lift coefficient for the case of the wing behind 
diffuser hr/d = 0.20. 
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Figure B.2: The random uncertainty in the drag coefficient for the case of the wing behind 
diffuser hr/d = 0.20. 
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B.2 Pressures 

Table B.2: The estimated worse case uncertainties in the pressure measurements 

Suction Pressure 
Tap CL PCp Tap CL Pcp 

1 0.710 0.009 25 0.188 0.002 
2 -0.286 0.010 26 0.175 0.002 
3 -1.070 0.005 27 0.115 0.001 
4 -1.504 0.003 28 0.033 0.002 
5 -1.692 0.004 29 -0.045 0.001 
6 -1.848 0.003 30 -0.111 0.001 
8 -1.982 0.004 31 -0.167 0.001 
9 -2.099 0.004 32 -0.201 0.001 
10 -2.092 0.005 33 -0.232 0.001 
11 -2.094 0.003 34 -0.249 0.001 
12 -2.076 0.003 35 -0.247 0.001 
13 -1.984 0.002 36 -0.240 0.002 
14 -1.852 0.002 37 -0.234 0.001 
15 -1.671 0.003 38 -0.210 0.001 
16 -1.430 0.002 39 -0.157 0.056 
17 -1.231 0.002 40 -0.165 0.002 
18 -0.964 0.001 41 -0.120 0.002 
19 -0.744 0.002 42 -0.074 0.002 
20 -0.525 0.002 43 0.020 0.003 
21 -0.363 0.001 44 0.257 0.003 
22 -0.269 0.002 
23 -0.205 0.006 
24 -0.165 0.002 

Using the methods previously outlined, the random uncertaillty ill the pressure dis-

tribution data was estimated from the samples output at each tap. Data from a case 

that was considered to have experiellced the most measurement Huctuations was used 

for the calculations. The software only produced a printed versiOll of the pressures, so it 

was not possible to re-ellter (by halld) the output from each cOllfiguration. The results 

are tabulated in Table B.2, and are graphed in Fig. B.3. In gellcral, the uncertainty in 

the pressure measurements was less than ±O.Ol, ·with the exception of one tap, which 

experienced an uncertainty of ±O.06. From a visual inspection of the raw vall1(~s that 
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were recorded for all other configurations, the magnitude of the variations that \\'('1'l' 

experienced were comparable to those for the taps showing an uncertainty of ±O.Ol or 

less. 
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Figure B.3: The random uncertainty in the pressure coefficients for the wing in FC3. 

B.3 LDA 

The LDA system at the University was used extensively to gather flow field data for WillgS 

ill ground effect and diffusers in ground effect. The published data from these tests give 

uncertainty estimates of ±O.09 in u and v [52], and ±O.005 ill u/Uoo and v/Uoo [34, 36]. 

To confirm the estimate in the velocity cOlllponellts, all analysis was carried out on 

the data that was obtained from a poillt in the regioll of highest turlmlcllcc illtCllsity 

(approximately 11 %) in the wake of the diffuser bl uff body. This point was dlOSCll bccause 

it was reasoned that the highest velocity fluctuations \\'ould occur ill thc region of highest 

turbulence intellsity. At this particular point, 1372 coincident data mcasurcmellts were 

extracted from the LDA post-processing files. Applying the procedures of Colelllan and 
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Steele, the x-velocity was found to be 17.94 ±0.103 mis, and the y-velocity was fOllnd to 

be 1.040 ±0.097 m/s. A reasonable estimate of the uncertainty in the velocity components 

is therefore ±O.10 m/s. 

B.4 PlV 

Data from the PIV system at the University was compared to data from the LDA system 

by Zerihan [34], and by \Vebb and Castro [81]. Zerihan compared wiug wake profiles 

that were taken half chord leugth downstream of the trailing edge of the wiug. It was 

found that the freestream component of the PIV results were generally withiu ±1 % of 

the freestream component of the LDA results. The PIV profile was also seen to be uoisier 

than the LDA profile. 

vVebb and Castro investigated the potential of the PIV system for making Reynolds 

stress measurements in flows of different turbuleut intensity and length scale. Frolll 

their report, it could be deduced that the collection of data to produce mean velocity 

profiles required less stringent settings of the system parameters, than did the collecLioll 

of data for the calculation of turbulence quantities. Guidelines regardillg pixel size, flow 

resolution, interrogation area offset and post-processillg, among others, were discussed 

as a best practice for obtaining data for turbulence statistics. The suggested guidelines 

were applied to the current research. 

Consideration of the centreline profiles in the test section of the 2.1 III x 1.5 m wind 

tunnel can be used as a guide for further estimation of the associated errors. The tests 

were carried out at 20 m/s. Since the tunllel is ill frequent lise, both for research and 

commercially, it is plausible to assume that whell the cOlltrolling system is set to a required 

velocity, that velocity is achieved in the test section with reasollably certaillty. 011 this 

basis, and from the plot for FCI in Fig. B.4, it can be deduced that there was most 

likely (barring any unknown tunnel flow irregularities) an uncertainty of 1.G% ill v,. As it 

vertical component of velocity is expected to be nOll-existellt ill the test S(~ctiOll ill FC1, 
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Figure B.4: \Vind tunnel centreline profile of u/Uoo , at x/c = 0.5, for FC1 in the 2.1 III 

x 1.5 m wind tunnel. 
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x 1.5 III wind tunnel. 
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it can be deduced from Fig. B.5 that the uncertainty ill v appeared to be much slllalll'r 

than the uncertainty in u; plausibly less than 1 %. For the data presented in this research, 

an appropriate estimate of the uncertainty in the PIV measurements is therefore ±1.G% 

in u, and less than ±1 % in v. 
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