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BODY IN GROUND EFFECT

by Andrea Elizabeth Senior

An investigation of the flow physics of a diffuser cquipped bluff body in ground effect has
been undertaken. Situated at the rear of a racing car undertray, the diffuser is an important
component and the least understood part of the vehicle. Diffuser performance can change
dramatically with vehicle ride height. This includes a significant loss in performance at low
ride heights which can also be a serious vehicle safety issue. An increased understanding of
the diffuser behaviour in ground effect is required to assist design improvenicnts. An accurate
experimental database of the flow field is necessary both to aid this understanding and also
to provide information against whicl the continuing development of computational simulations
may be assessed.

The present research is two-fold; experimental and computational. Model tests were con-
ducted on a generic 3D bluff body equipped with a fixed angle diffuser representative of current.
racing car diffusers. Extensive experimental tests in wind tunnels ecquipped with moving helts
included mean forces, surface pressures, oilflow visualisation, laser doppler ancimometry and
particle image velocimetry. The 3D diffuser flow ficld has been measured for the first time and
the results are used to analyse the behaviour of the diffuser in ground effect. Complementary
RANS simulations provide valuable insight into the modelling requirements.

It is known that the diffuser generates down-force by accelerating air underncath the model
through the channel formed by the model underside and the ground. The diffuser flow is char-
acterised by a counter rotating vortex pair. The present rescarch presents a new understanding
of the diffuser flow ficld and the mechanisins causing its behaviour in ground effect. Tt has
been found that the behaviour of the vortices alters according to the model ride height and the
pressure gradient inside the diffuser. Additional down-force is generated due to the low pres-
sure zoues associated with these vortices. At relatively large ground clearances, tlie vortices are
coherent and strong with a high axial speed core. At these heights the down-force experienced
by the model increases with reducing model ride height. This behiaviour is terminated at lower
ground clearances by the adveut of a platcau in the down-force curve and the occurrence ol
breakdown in the vortices inside the diffuser. The vortex breakdown results in large, diffusive
and weak vortices. Maximum down-force on the model oceurs at the lowest ride hieight of tlhis
type of flow at the end of the plateau. A sharp reduction in the down-force occurs thereafter,
due to the complete breakdown of one of the vortices. The resulting asymmetric flow consists
of a single coherent vortex to one side of the flow and significant low reversal at the other side.
At very low ride heights the vortices are asymnetric and weak.

Down-force reduction is believed to occur as a result of the steep pressure gradient inside
the diffuser which advances the vortex breakdown inside the diffuser upstream as the model
ride height is reduced. At the point of down-force reduction one of the vortices breaks down
completely. At very low ride heights the houudary layers at the model underside and at the
moving ground are believed to merge to restrict flow through the diffuser inlet.

The experimental database is comprehensive and provides the necessary tool for validation
of computational modelling. A computational simulation of the How at a lLigh ride height

suceessfully predicts force and surface pressire coefficients and the main How features.
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Notation
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Cyp = pressure coefficient, p — pso /oo

d = model half width, m
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hy = ride height of model above ground or ground clearance, measured from the
flat lower surface of the miodel, m

l = model length, m
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TKE = turbuleut kinetic energy: %{W + 70 + ww}, non-dimensionalized by U2
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z,y,2 = cartesian co-ordinates: x +ve downstream, y +ve up, 2z +ve to starboard, mn
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Subscripts :

c
ls
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centre of vortex
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N/W; = non-dimensional diffuser axis length
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Overview of Thesis

Overview of Thesis

The diffuser is a geometrically simiple device whose complex flow field has been the subject
of much published research. However, very little of this rescarch relates to the application
of a diffuser as an important acrodynamic component of a racing car. For this application
the diffuser operates in ground effect. This thesis aims to redress the gap in the rescarch
and contributes significantly to the understanding of an underbody diffuser flow acting in
ground effect. The research is two-fold; experimental and computational. This frst rescarch
project presents an extensive database of experimental findings from various model tests.
The computational modelling that has been undertaken is successful. Both sets of results
provide a valuable insight into this important acrodynamic and fluid mechanical How.

The thesis is concerned with the flow through a diffuser-cquipped blufl body in ground
effect. The thesis is presented with a technical history and the background to the rescarch
in Chapter 1. This is followed by the aims of the research. A description of the techniques
and equipment used in conducting the research and an introduction to the structure of the
research programme in Chapter 2. Chapters 3-6 present the experimental results and discuss
the measurements taken. In each of these Chapters, results from diflerent experimental
techniques are discussed with reference to implications for the How field. Chapter 7 introduces
the computational aspect of the research before Chapter 8 presents the conclusions of the

research. Recommendations for future research are suggested in Chapter 9.
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Chapter 1. Introduction and Literaturc Review

Chapter 1

Introduction and Literature Review

An introduction to the research subject is presented in this Chapter. A definition of the
diffuser is followed by a review of published diffuser research. The importance of a diffuser
in the context of a racing car application is explained. Current understanding of the How

field is summarised. The chapter is concluded with the aiins and objectives of the rescarcli.

1.1 The Definition of the Diffuser

A diffuser is a device which aims to decelerate a mean flow, converting its kinetic cnergy
into a pressure rise. For subsonic flow this is achieved simply by a gradual increase in the
flow cross sectional area. A simmple diffuser geowmetry is shown in Figure 1 with some ol the
main design parameters. Diffusers are used widely in aircraft inlet ducts, duct components
for the design of ventilation and air-conditioning systceins, and as a fluid mechanical elenient
in wind tunnels and turbomachinery. Diffusers are also utilised at the rear of a racing car

underbody in order to generate down-force.

1.2 History and Application of the Diffuser

The first known reference in open literature to diffuser flow can be found in Clemens Herchel's
translation from Sextus Julius Frontinius (100AD) [44]. which notes the nse of diffuser flow
as a means of increasing pipe flow rate by flaring the outlet section of the pipe. Barly
experimental studies to determine the cfficient operation of internal flow diffusers mclude
those by Gibson [37, 38], and Patterson [72]. These works were undertaken with the aiveraft
industry in mind, as are the majority of publications concerning diffuser How. In the case of
an aircraft turbojet engine operating at a subsonic Mach Number, the inlet duct upstream
of the compressor must be designed to act as a diffuser with reasonably gentle diffusion, and

to prevent boundary layer separation. This s because distortions in the velocity profile at

b
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the compressor inlet can lead to failure of the compressor blades due to vibrations. A similar
specification is required of the diffuser section of a closed-circuit wind tunnel. in which it is
desirable to reduce the velocity level at the test section discharge so that the Huid How can
be returned to the test section inlet with as low a power loss as possible.

Power losses at any point in the tunnel can vary as the speed cubed, thus the criterion
for a good diffuser is to be able to reduce the How speed to the desired level whilst incurring
minimum energy losses.

This thesis is concerned with a racing car diffuser, which in its generic configuration
utilises the geometric features of an internal Aow diffuser. The diffuser is seen as the charac-
teristic upward-sloping tunncls at the rear of the car undertray in Figure 2. The diverging
tunnels are placed in close proximity to the ground. When tlic car is driven at speed, the re-
sult is a three-dimensional flow through the tunnels that produces an increase in down-force
on the car. The down-force is felt as acrodynamic grip at the rear wheels, hence allowing an

increase in acceleration, braking and coruering speeds.

1.3 Diffuser Flow in Ground Effect

1.3.1 The role of the diffuser on a racing car

Underbody diffusers are used on both road and racing cars, and first appeared in Fornula
1 racing. In 1978 the Lotus Formmula 1 team used an idea originating at BRM Racing (o
pioneer extremely effective ground effects vehicles involviug shaping of the underbody with
venturl tunnels and the use of flexible side skirts. The idea of manipulating the air flow
beneath the chassis to generate dowu-force was revolutionary and so successful that in 1981
sliding skirts were bauned. In 1983 flat bottomed undertrays were made mandatory, allowing
only a relatively small rear diffuser, an upswecp at the rear of the undertray. In 1994 the
regulations were altered once more: it s currently required that a 10 s thick ‘plauk’ of
wood be attached underneath the undertray longitudinal axis in order to lorce teams to ru
the car at a higher ride height. The total down-lorce expericuced by the Formula 1 car
as it travels at 250 kph is approximately 12 kN [62]. The diffuser can typically coutribute
up to one third of this total, however it also interacts with the front wing and rear wing
agsemnblies, and effectively governs flow under the whole undertray of the car. Thus its
actual contribution to the total dowu-force expericuced by the car varies with the set-up ol
these and other components, and can be higher or lower than the typical value depending
upon the type of circuit for which the car is to be set up.

However, problems occur as the car runs over bumps and undulations in the race track
surface, changing the effective ride height of the car above thie track. This causes undesirable
fluctuations in the down-force levels experienced by the car, destabilizing the caur and affecting

its performance. In these conditious the car can be ditficult to coutrol and thus difluser
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performance is also a safety issuc. The introduction of the undertray plank was an attempt
to reduce down-force levels on the car following the fatal accident of Ayrton Senna in 1991
Moments before the crash, Senna’s car had been riding up the kerbs, effectively reducing
the height of the car above the ground. The sharp decrcase i rear down-force that this
would have iniparted on the car was thought to have coutributed to the accident. In 1999
the Mercedes Le Mans cars becaime airborne from the track due to an imbalance of the front
and rear aerodynamics as the car drove over the brow of a hill, narrowly avoiding serious
injury of the driver and spectators.

The rear diffuser is acknowledged to be the least understood part of the car, however tlhe
importance of understanding its behaviour in ground effect 1s clear from both the performance

and safety points of view.

1.4 Diffuser Literature

The diffuser literature can be sectioned into studies of internal flow and ground clect dif-
fusers, where an internal flow is defined as being enclosed by the diffuser, excepting the iulet
and outflow. This is to be contrasted with a diffuser in ground effect in which the Quid is
not completely bound by the geometry of the diffuser, as is the case on a racing car. Little
has been published in open literature about racing car or automotive diffuser applications.
However, strong parallels may be drawn with internal diffuser flow as the factors affecting

their performance are closely related to those affecting a diffuser in ground effect.

1.4.1 Internal Flow Diffusers

Much experimental, analytical and computational rescarch has been devoted to the subject ol
internal diffuser flow. However, even the siimplest 2D turbulent diffuser flow is complicated.
and general understanding of the details of energy transfer and dissipative losses inside
a diffuser remains incomplete. Since the 1950s experimental/analytical studies have been
conducted on two dimensional diffusers of various geometries, including high aspect ratio
plane-walled [53, 76, 77], low aspect ratio planc-walled [63], curved and conical shapes [13,
51, 61, 65, 87, 89, 96], annular [85], rectangular [35], square pyramidal [31], and S-shaped [75].
The plane-walled diffusers are of most relevaiice to diffuser in ground effect flows and ave

reviewed here.

Plane-walled diffusers

Flow Regimes The performance of plane walled diffusers such as that of Figure 1 can
depend on a number of factors. Diffuser geometry (area ratio (AR), aspect ratio (AS), non-

dimensional diffuser length (n/W)), included angle (26)), Reynolds Nuuber, inlet conditions.
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exit conditions and Mach Number can all affect a diffuser’s performance. The conversion
of energy from kinetic to static pressure rise is not a simple one-dimensional process. due
to the adverse pressure gradient which develops along the difluser walls, and the resulting
complicated flow patterns in the diffuser. These How patterns are dependent upon many
combinations of variables that carly rescarchers often reported contradicting performance
data.

Stephen Kline and his co-workers at Stanford University were the first to colierently
classify plane-walled diffuser flow as a function of geometry ([52, 53, 67, 77, 92]). Figure 3
1s a reproduction of a map of flow regimes inside a planc-walled 2D diffuser constructed by
Kline et al [77] from their experimental data and flow visualisations, aud is a rcasonable
guide to the different stages of flow diffusion under the conditious of a thin inlet boundary
layer, low Mach number, high Reynolds nuimber and downstream tailpipe (see Table 1).

Geometries lying below line a-a (Figure 3), having small angles and arca ratios, were
found to produce a flow which was, in the main, apparently unseparated and well behaved.

As the area ratio increases for a constant n/W), regions of large transitory stall occur,
usually originating in one of the diffuser corners, in which the separation varies in position,
size and intensity with time. At larger arca ratios, the How becomes [ully stalled, and the
greater portion of the diffuser is occupied by a large turbulent re-circulation region. The
separated flow occupies one diverging wall whilst the main How follows along the other wall
continuously and reasonably smoothly. Finally, above line ¢-¢ in Figure 3, a jet How exists
with flow separation from both diverging walls. The trausition hetween modes is gradual i

some places and sudden at others, and a hysteresis zone exists hetween lines c-¢ and d-d.

Diffuser Performance Parameters Difluser performance is often measured by the cri-
terion of pressure recovery coefficient, C,,.: Cp, = (p2 —py)/q1, where py and py are the static
pressures measured at the inlet and exit stations along the diffuser, and ¢; is the dynamic
pressure at the iulet.

The pressure recovery coefficient relates the pressure rise i the diffuser to the maxinum
that would be attainable at the same flow rate with ouc-dimeusional [low. Wlhen designed
to optimum efficiency, a diffuser can regulate a flow, giving it unilormity and stability. The
pressure risc associated with this type of flow produces unseparated, well hehaved (low with
minimum loss of total pressure and a high pressure recovery. In Hows with an adverse pres-
sure gradient, non-uniformitics in the flow become amplified; the magnitude of the velocity
reductions of diffusing flows is largest where the local velocity is smallest, thus velocity dif-
ferences across the stream are accentuated [84]. Above small diffuser angles, the adverse
pressure gradient at the diffuser wall causes stall and How separation, with an appreciable
reversed flow inside the diffuser. The pressure recovery is theu far less than its ideal value.

which would be achievable from the same geomelry with frictionless How at the same How
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rate.
The pressure recovery of an internal flow diffuser may be affected by several factors. but

most importantly the geometry of the diffuser and conditions at the diffuser inlet.

Geometry Diffuser perforimance depends on factors other than flow regime, and was found
by Reneau et al [77] to be dominated by different geometrical parameters in different regimes.
Area ratio was found to control the pressure recovery of unstalled flow, divergence angle was
the dominating factor in the transitory stall regime, and no geometric parameter was observed
to dominate the 2D-stall and jet flows. The area ratio is one of the main parameters control-
ling the level of attainable pressure recovery, as are divergence angle (26), non-dimensional
wall length I4/W; (or n/W|) and aspect ratio (AS) (Figure 1). Peak pressure recovery for a
constant {4/W| has been found to occur for area ratios at, or slightly above, the limit of the
unstalled flow regime [53] (see line a-a, Figure 3).

The effects of aspect ratio (0.25 < AS < 4) were investigated by Jolmston & Powars [419]
for thin, uniform inlet boundary layers, and diffuscrs of low aspect ratio (AS=0.1) were
studied by McMillan & Johuston [63] for fully developed turbulent inlet flows. Johmston &
Powars defined their inlet blockage factor as a function of A5 and held all other variables
constant in an attempt to isolate the effects of aspect ratio. They found that for mnstalled
flow diffusers, up to and including peak pressure recovery for a constaut /Wy, that O,
increased with increasing aspect ratio. This was a consequence of the iulet blockage ratio
decrease with increasing AS, (from 0.067 at AS=0.25 to 0.017 at AS=4). Howcver, in difluser
flows exhibiting transitory stall, C,, was observed to incrcase with increasing inlet blockage
ratio (decreasing AS). The authors could not account lor this trend, stating that it was an
aspect ratio effect which could not he fully explained by the blockage concept. MeMillan
& Johnston noted that the transition hetween How regimes occurred at lower arca ratios in
their low aspect ratio diffusers (AS=0.1), indicating a dependence of the How reghme on a
combination of aspect ratio and boundary layer thickness, The latter may have heen the
primary cause of this difference since Waitman et ol [92] obscerved the same trend when they
increased the boundary layer thickness in high aspect ratio diffusers. Runstadler ef al [81]
and Dighe [23] concluded that the optinum aspect ratio for ohtaining maxinnnm pressure
recovery was slightly greater than 1.

Reneau et al [77] found that for nustalled diffusers, a long thin difluser produced a slightly
lower pressure recovery than a short wide angle diffuser. since the thicker boundary layer
that develops over the longer wall creates a greater blockage to the flow. Peak recoveries for
various geometries and inlet conditions were found by Kline el al [53] to be aronnd n/W,=20-
28. As the inlet boundary layer thickness increases the optimum n/W, decreases. Waitman
et al [92] found an optimun l;/W, of around 20-25. finding no real gain in recovery with

large 14/ W) ratios.
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Inlet conditions A reduction in diffuser pressure recovery was found by Waitman ef
al [92] when increasing the thickness of the turbulent inlet boundary layer. McMillan &
Johnston [63] observed that fully developed turbulent inlet flows were Reynolds Number de-
pendent for low aspect ratio diffuser geometries lying below the line of appreciable stall. This
is in contrast to the findings of Kliue et al [53], and later Reneau ef al [77]. who reported
no Reynolds Number effect for high aspect ratio diffusers with thin turbulent boundary lay-
ers of 20* /W< 0.05. Kline et al found that although the profiles of thin inlet boundary
layers showed no bearing on the flow regime, they had a large effect on pressure recovery
performance and losses.

Sovran & Klomp [85] developed a pertormance correlation for optimum geometry diffusers
of rectangular, conical and annular cross-sections, based upon the area blockage due to the
non-uniformities in velocity profile across the flow stream. The correlation was validated
for high aspect ratio diffusers with a low blockage ratio, however it secius less useful for

predicting low aspect ratio diffuser flow with a larger blockage ratio [63].

Asymmetric plane-walled diffusers

Asymmetric plane-walled diffusers having only one diverging wall have been studied experi-
mentally by Tults [90], Reid [76], and more recently by Obi et al [70] and Buice & Eaton [10].
This type of diffuser has also been modelled using RANS simulations [41, 97] and by large
eddy simulation (LES) [27, 50].

An early study by Tults [90] discussed experiments conducted in very large aspect ratio
diffusers having only one diverging wall varied [rom 0 degrees to 20 degrees. Maxinnun
pressure recovery was recorded at an 8 degree divergence angle.

Large area ratio (AR > 3) asymmetric diffusers performed badly in comparison to their
symmetric equivalents [76], however in the same study it was found that a central splitter
plate dividing a symmetric diffuser into two asymmetric diffnsers resulted in improved max-
imum pressure coefficient over the plain diffuser for large arca ratio diffusers. The divided
diffuser achieved the performaice of a longer diffuser of the sane arca ratio.

The asymmetric internal flow diffuser has received turther attention in the last decade
as the need for reliable data for validation of CFD simulations has increased. As a complex
turbulent flow. the asyminetric diffuser provides a geometrically simple benelinark case for
the development of turbulence models and large eddy siimulation mmethods. The experiments
of Obi et al and later Buice & Eaton were conducted with such data validation in miud.
The diffuser channels used in cach case had a divergence angle of 10 degrees with an inlet
channel and exit plenuni. Fully developed channel How was established at the diffuser inlet.
The diffuser of Obi et el [70] had an inlet aspect ratio of 35. and detailed LDA measurements
of thie separation at the diverging wall were provided. However, laler inspection of the data

revealed an increase in the mass flow along the core section of the diffuser that was attributed
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to flow separation from the end walls, compromising the two-dimensionality of the How. Buice

& Eaton [10] re-created the experiments. cusuring flow two dimensionality by the use of a
E g y Dy

very high inlet aspect ratio and active boundary layer control at the end walls. Separation at

the diverging wall was found to occur at a streamwise location equivalent to six inlet channel

heights downstream of the inlet. with re-attaclhiment occurring only in the exit plenumn.

Computational and analytical studies of internal flow diffusers

The majority of research concerning diffuser lows has been conducted experimentally. How-
ever the cost, practical limitations and tiime constraints associated with experimental rescarch
have resulted in an increasingly large number of computational studies.

Early methods of predicting subsonic diffuser flow were based on boundary layer ap-
proximations of the governing cquations, the solutions to which were obtained by solving
the integral equations [4, 16, 36, 88]. The Unified Integral Method (UIM) developed at
Stanford University is zonal, utilising a one-dimensional, inviscid model at the core and the
linear momentur equation for the boundary layer zonce plus an equation for the rate ol en-
trainment of core fluid into the boundary layers [48]. For unscparated and slightly stalled
flow the method is able to predict overall and local pressure recovery to within £10 percent,
of measured values. However, the method is too simple for [ull representation of the flow
physics of transitory stall.

Integral methods are parabolic in nature, that is the downstream effects on the upstream
flow are not accounted for, thus the complicated pressure gradient cffects in difluser Hows can
not be accounted for correctly. The methods are also hased on the assumption of turbulent
local equilibrium, however the turbulent field near the diffuser wall is anisotropic [65, 71].

Computational methods based on the Reynolds Averaged Navier-Stokes (RANS) equa-
tions have emcerged as tools for predicting diffuser low. Several turbulenice models have been
used to close the RANS with varying degrees of suceess in siinulating the turbulent How field.
The standard & — e model [56] overpredicts wall shear stress Ior these complex flows. The
Baldwin-Lomax, Chien low Reynolds number & — e [15] and Wilcox & — w [95] models tested
in the NASA NPARC CFD code all failed to respond to an adverse pressure pradient or to
indicate separated flow [24]. The Baldwin-Barth one-cquation model [3] fared considerably
better, though results remained quantitatively inaccurate. Xu ef ol [97] found the standard
k—¢ and the Launder & Sharina low Reynolds number & —e models to predict flow separation
positions too early and to underpredict reattachnient locations along a diffuser wall, whereas
a high Reynolds number k& — e model with one transport equation gave a significantly betfer
performance. Lai et al [54] applied a low Reynolds number A — € model incorporating severe
adverse pressure gradient effects to non-separating ditfuser How, whilst Cho & Fletcher [17]
achieved accurate results with an algebraic Reynolds stress model. Hal [10] also produced

fairly accurate results using an algebraic Reyuolds Stress model with a correction for the
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effect of streamline curvature incorporated into the transport equation for cnergy dissipa-
tion. The correction accounted for the anisotropy of the Revnolds stresses. More recently.
Rothe [80] used the commercial RANS solver FLUENT®to predict flow in Ashjace’s 8 degree
diffuser, finding that the wall-function he used did not represent. the physics of the turbulent.
wall layers in detaching and detached flow.

Obi et al [70] conducted RANS simulations of their experiment using the standard wall
function approach with several turbulence models including the A — e model at the wall,
and an SMC (second moment closurc) model modified with a wall reflection term. None of
the models adequately predicted the flow separation in the difluser, however the SMC was
the only model to predict separation at all, indicating the need for representation of the
anisotropy of the Reynolds stress tensor.

Large Eddy Simulation with a dynawmic subgrid-scale model was utilised to simulate the
experiments of Obi ([70]) and Buice & Eaton ([10]) [50]. Predicted mean flow and pressure
coefficients agreed well with the experiments, however velocity fluctuations and shear stress
were less well predicted. It was suggested that to successfully capture the details of the
flow reattachment downstreamn of the diffuser, the flow entering the diffuser would need to
be accurately simulated. This would involve a fine mesh resolution, small tinme steps and
an increase in the domain width. The use of zonal meshes was reconnmended in order to

decrease the ‘prohibitively expensive’ [50] cost of these requireiments.

Implication of Internal Diffuser Flow to a Diffuser in Ground Effect

In two dimensions, the diffuser in ground eflect is geowmetrically similar to an asymimetric
internal diffuser flow, however witli a moving ground boundary condition it is more similar
to one half of a symmetric diffuser. Each of these Hows are subjected to adverse pressure
gradients and it is possible that a similar pattern of How regimes exists [or a dilluser in ground
effect. Internal diffuser flow is very much dependent upon arca ratio, aspect ratio ad the
boundary layers at the diffuser inlet. Although the diffuser of the preseut rescarch generates a
three dimensional flow, these key parameters could also have a significant cffect on a dilfuser
flow in ground effect. The iuternal flow diffuser literature gives an initial indication of the
parameters involved and also draws attention to the issue of stall iside the difluser and its
causes. Accordingly, a test structure was devised to incorporate these relevant issues, and

experimental results were interpreted with the internal diffuser How in mind.

1.4.2 Ground Effect

The effect of ground proximity on a lift producing body has heen a subject of acrodynamic
research since the early twenticth century and the first powcered flights. Theoretically, the

presence of the ground may be represented by an image flow system i1 which the influence
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of a ground plane boundary on an object at a distance above the ground is the saune as that
of the inverted body placed at an equal distance *below™ the ground boundary. Early aircraft
wing tests employed the principle by using two identical models, one mounted inversely to
the other. However this method of ground representation requires great accuracy in the
symmetry between the models and also in the positioning of the models relative to cach
other. The increase in model costs and in wiind tunnel test scction size make this approach
unpopular. Fixed ground boards hiave heen used in many automotive tests. The disadvantage
of this representation is that a boundary layer builds up aloug the length of the test section
floor, altering the velocity profile between a test inodel and the ground {rom that which wonld
occur in a real road test. The boundary layer introduces a velocity deficit at the grouid that
is fundamentally incorrect. Various solutions to this problem have included the introduction
of an elevated ground plane above the wind tunnel floor, the idea heing to avoid the tliick
boundary layer on the tunnel floor and placing the model in a much thinner boundary layer
formed on the elevated plane. An alternative is to introduce a spanwise suction slot ahcad
of the model to remove a large percentage of the boundary layer upstream of the model.
This approach can be effective in testing at the relatively large ground clearances used in
production car tests and is used in many full scale wind tunnels, however it remains incorrect.
Suction slots or tangential blowing at the tunnel floor arc cffective methods of boundary layer
removal, however its implementation is complex and expensive. The system is used in the
Porsche wind tunnel.

However the only correct method of reproducing the ground boundary condition is to
employ a moving belt travelling at the saine velocity as the freestream, thus removing the
velocity deficit at the ground plane. This method 1s used by racing car teams in current

ground effects research [11, 19, 32].

1.4.3 Diffuser in Ground Effect Research

Experimental studies

Studies of 3D underbody diffuser flows have heen nndertaken by Carr [L4], George [33, 34].
Frost [29], Howell [46], and more recently by Cooper et al [19. 20]. It is well established
that diffusers are capable of generating down-force in ground cffect. A smummmary of the
fluid dynamic mechanising which combine to produce down-force on a three-dimensional
diffuser equipped model is given by Cooper et al [19], comprising of the underbody upsweep,
the interaction with the ground, and a concept proposed by Sovran [84] known as ‘diffuser
pumping.” The ‘diffuser puimping’ idea suggests that as the difluser delivers flow to a fixed exit
pressure such as the base pressure of a veliicle. its pressure recovery appears as a depression
in pressure at the diffuser inlet. The diffuser has ‘pumped down’ the wuderbody pressures

below that which would occur on a flat bhottonied model, the underbody How rate inereases
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and the result is greater dowu-force.

The down-force trend of a diffuser cquipped bluff model is given by Cooper et al [19],
who found that for any oune diffuser angle, the down-force exerted on the model increases as
the model is lowered from a freestrcam ride lieight towards the ground until a maxinmm is
reached. Below this ride height the down-force reduces sharply. They surmised that at this
critical height the boundary layers under the body and over the ground merge and become a
substantial fraction of the ride height. They also documented a dilference in the down-foree
curves between smaller and larger angles of diffuser below a certain ride height, the latter
showing a reversal in the cousistent trend in down-force scen in all the curves above this ride
height. No explanation was given for this finding.

George [33] observed a leeside vortex pair on the upsweep surface of his model which
appeared to keep the flow attached to the diffuser surface at angles where it would be
expected to detach, and thus maintain down-force. In later tests on a venturi-type model
George & Donis [34] found that flow entrainment underneath the side-skirts resulted in a
separated shear layer from which a vortex pair formed. They obscrved loss of dowu-foree and
asymmetric diffuser surface patterns when the model skirts were sealed to the fixed ground
plane, attributing the phenomena to the absence of the vortices originating from the skirt
edges. At low ride heights an unsteady vertical oscillation of the mmodel led to their suspicion
of either vortex breakdown inside the diffuser or an association with a small separated region
of fluid found on the ground plane. This was thought to be a flow away from the ground
up towards the model, induced by the vortices. Due to the broad nature of the study these
findings were not probed further. Both of these tests were conducted using a fixed ground
plane, and as such the observations made cannot necessarily be applied to the present test

conditions using a moving ground.

Computational studies

Computational simulation of diffuser How in ground cHect was conducted as part of the
research of Cooper et al [19]. The 3D model with a 9.17 degree and a 13.5 degree diffuser
was simulated as a symmetry half-model and without the side-plates. The conunercial flow
solver CFD-ACE was employed with the SIMPLEC pressure-correction algorithim and the
k — w turbulence model. A ncar-wall grid spacing allowed resolution to the diverging wall.
Adequate Iift and pressure predictions were obtained for the 9.17 degree diffuser. however
the simulation was less successful for the 13.5 degree diffuser. The simulated How field was
not presented. The results of these and similar computations for different diffuser lengtls
were used in their analytical model [20]. Details of the solutions are not presented, however
the results were utilised in providing certain input data for the model. The model calculated
the total underbody mean-effective pressure coefficient from a correlation based upon the

CFD data for different diffuser lengths and on the experimental data of [19]. Predictions of
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the underbody mean-effective pressure coefficient calculated for diffusers of various lengths
i proportion to model length (n/L) were given for several area ratio parameters (AR - 1).
Whilst acknowledging the shortcomings ol the model, for example that it was based upon
only model centreline data and on certain assumptions ol data applicability, the authors
provided a useful insight into the design of underbody diffusers. concluding an optimumn arca
ratio parameter of approximately AR — 1 =2 and a diffuser of approximately half the length

of the vehicle itself.

1.5 Motivation for Research

It is clear that whilst internal diffuser flows have been well researched over the past few
decades, ground eftect diffuser flow, particularly in the context of a racing car, has received
little attention.

Published work focuses on parametric studies and time averaged forces and pressures.
For a given ramp angle, fluid flow in a diffuser appears to operate in several different modes in
ground effect. Investigations of the actual flow field are limited to surface flow visualisation
taken over a fixed ground board. No off-surface flow measurements have been made. Thus
the structure of the flow inside a diffuser operating in ground effect is to a large extent
unknown.

It is clear that there are many large gaps in the current understanding of this important
flow, in particular with regard to the flow field and the major flow physics affecting the
down-force reduction. It is by no means clear that boundary layer merging is the dominant

factor.

1.6 Importance of Research Topic

The 3D diffuser in ground effect is particularly relevant to the motor racing and antomotive
industries. However, it is believed that flow features generated by the diffuser such as 3D
vortex flow and bluff body in ground effect acrodynamics are of general applicability to

aerodynamics and fluid mechanics.

1.7 Objectives of Research Programme

This research project is the first study of the flow of external underbody diffusers in ground
effect. Bearing this in mind, the research has been conducted with the aim of fulfilling the

following objectives;

e Investigation of the flow ficld around/inside a fixed angle diffuser in ground effect.
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e Establishment of an experimental database for the How field.
e Modelling of the 3D flow field using a RANS CFD code.

e Development of an explanation for the diffuser behaviour in ground effect, in particular

the force reduction phenomenon.

1.8 Research Strategy

In order to investigate the flow physics of the diffuser in ground effect, it was concluded that
model testing in a wind tunnel facility with a moving ground was the most reliable and useful
method of conducting the research. A wind tunnel model was designed, manufactured and
tested using a variety of experimental techniques. Complementary computational sinmlations
of the model tests were conducted. The following chapters describe the tests and sinlations

in detail.
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| [ AS [ lgorn/Wi [ 20,deg. or AR ] Re. No. ]
Moore & Kline, 1958 ‘ high 1-30 26 =0-30 6-20000
Kline, 1959 [52] high 1-40 26 =1-200 various
Wailtman et al, 1961 high 8,12,48 2.5-40,26 =2.5-40° 10°
Kline et al, 1959 high 1-40 26 =1-60 various
Sovran & Klomp, 1967 [853]

Johnston & Powars, 1969 0.25-4 6 AR =1.5-3 2x10°
Reneau et al, 1973 [77] high 1-60 26=0-100 > 5x 10°
McMillan/Johnston. 1973 [63] 0.1 6 AR =15-8.0 2.1x10%-6.8x10?
Runstadler et al. 1975 various various various various

Ashjaee & Johnston. 1980 4 L 15 260=0-26° 2.2x10°

Table 1: Landimarks of 2D plane wall diffuser research
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Investigation | Model | Ground Condition |  Re | Comment
Carr,1968 [14] experimental | saloon car fixed 3.2x10° force/pressures
Howell, 1994 [46] experimental | bluff body fixed/moving force/pressures
George,1981 [33] experimental | bluff body fixed force, pressures, oil flow
George/Donis,1983 [34] | experimental various fixed/moving force/oil flow
Sovran,1994 [84] review N/A N/A N/A N/A
Cooper et al,1998 [19 exp./CFD bluff body fixed/moving 8.3x10° force/pressures
Cooper ¢t al,1999 [20 analytical N/A N/A N/A N/A

Main Findings

Carr,1968 [14]

rear diffuser found to increase aerodynamic performance

Howell, 1994 [46]

fixed/moving ground comparison

George,1981 [33]

counter-rotating vortex pair

George/Donis, 1983 [34]

occurrence of an optimum ride height, flow asymmetry at low ride height

Sovran,1994 [84]

diffuser pump

Cooper et al,1998 [19

performance map, analysis of components of down-force production

Cooper et al,1999 [20

Table 2: Diffuser in ground effect research.
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Chapter 1. Introduction and Literature Review

Figure 1: Schematic representation of an internal flow plane-walled diffuser.
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Figure 2: The rear diffuser of a Formula 1 racing car.
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Figure 3: Plane-walled diffuser flow regimes for a high aspect ratio, thin inlet boundary layer,
high Reynolds Number, low Mach Number flow. Reneauet al [77].
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Chapter 2

Test Models and Experimental

Techniques

The wind tunnel model and test techniques are outlined in this Chapter. A description of the
experimental facilities is included. Details of the measurement uncertainties and repeatability

are given in Appendices A and B respectively.

2.1 Introduction

It was decided from the outset that the diffuser should be investigated in isolation from the
other components of the racing car. The rcason for this was that the How around the diffuser
as positioned on the car was expected to be too complicated to analyse. It made more sense
to attempt to understand the diffuser in isolation before adding additional complexities. The
basic design requirements of the model were that it consisted ol the nccessary features of
a racing car diffuser. These were cousidered to be a diffusing section: an upswept surface,
preferably with side-plates; a flat-hottomed surface upstream of the diffusing section Lo
replicate the undertray of the car, a hlufl base and a means of preventing flow separation
at the leading edge of the model so that air from upstream of the model was permitted a
clear pathway to the diffusing section. Further criteria were to produce a sufficiently largoe
Reynolds Number bascd on the model length and the wind speed in the wind funnel Lo
produce the fow characteristics, the facility to access the flow inside the diffuser with a
laser, and access to the upper side of the diffuser surface for installation of pressure tappings.
Installation of the model in the wind tunncls required that the model ride height above the
ground be adjustable. For certain tests, it was advantageous to be able to it Lthe model
from its installation in order to view the model underside more casily. The wind tunnel
model desigu is discussed in Section 2.2, Using this model, an experimental database for

the flow field has been established, and it provides the basis [or the discussions presented
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in the thesis. The database has also been used for the validation of a complementary CFD

simulation that provides a more detailed understanding of the flow.

2.2 Test Models

In order to study the effects of a diffuser in isolation from the rest of the car, a generic model
was designed with the aim of incorporating the salient features of a diffuser in ground cffect
and to generate the major flow physics. The model was a 3D bluff body whose length up-
stream of the diffusing section was sufficient to ensure that the upstream flow did nof. interact
with the diffuser flow. In this way the flow phenomena encountered could be attributed to
the effects of the diffuser. The model is shown schematically in Figure 4 together with the
co-ordinate system used in presenting the results. The wmodel length is [ =1.315 m, the width
is 2d =0.314 m, and the height is h =0.326 . The diffuser has a 17 degree ramp angle, its
length 1s 0.538 m and the height of the rear bluft basc is 0.159 m. The diffuser augle was
chosen as being representative of current racing car diffuser angles, and also keeping in i
the possibility of controlling flow separation inside the diffuser in later tests. The inlet to

the upswept surface of the diffuser is faired at a radius of 0.0785 m.

2.2.1 Transition fixing

The transition to turbulent flow over the model nose was fixed by a length of 0.4 mrn diuncter
piano wire attached around the nose by thin alunriuium foil tape. The location of transition
was fixed to avoid a laminar separation bubble developing over the nose top surface, and also
so that computational siinulations could be designed to transition at a fixed location at the

model nose.

2.2.2 Pressure Tapped Model

A second model was manufactured, 1dentical to the first model. The sccoud model was itted
with pressure tappings located along the underbody centreline and in a spanwise direction
across the diffuser ramp at four mweasurement stations. A schematic of the measurement
locations is shown in Figure 5 (b). The bluft base of the model was also tapped.  Sce

Tables 10-12. There were 111 tappings on the model.

2.2.3 Transparent side-plate

PIV tests inside the diffuser required optical access to the diffuser. In order that the laser
sheet could be shone through the fHow a transparent perspex side-plate was cuployed to
replace the aluminiui side-plate on the starboard side of the model. The transparent side-

plate was of the same thickness as the aluminium side-plate so as to preserve replication of
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the lower edge. As such, it required reinforcement with a 1 2 thick carbon fibre plate
towards its trailing edge to avoid bending in the wind. The plate was faired around its edges
to minimise alteration to the flow. It was considered that the added thickness of the plate
should not significantly alter the flow. and indeed no indication was given throughout the

tests that it did so.

2.3 Model Installation in wind tunnel

Installation of the model in the 3.5 m x 2.6 m wind tunuel is shown in Figure 7. The
model was hung from the overhcad balance by two struts, faired near the model, which were
attached to a circular rod placed through the model. The distance between the model and
the struts was 0.140 m at each side. The rear of the model was attachied via a pin i the
top of the model to a pitch rod, located along the model centreline and also attached to the
overhead balance. The installation was adjustable allowing the model to be placed above
the moving ground plane at heights varying from 0.01 m (h,/d=0.064) to 0.199 m (h,/d=
1.268), (0.65 m (h,/d=4.14) in the 3.5 m x 2.6 m wind tuunel). The model was positioned

in the centre of the tunnel span.

2.4 Setting of Model Ride Height

The ride height of the model above the ground belt was determined using aluminimn blocks
and spacers of pre-determined size. The height was mecasured at [our model locations i order
to ensure the height was even along the length and the span of the model. These were at
either side of the model underneath the front struts, and at the rear corner of each side-plate.
The model incidence was checked with a digital inclinometer. Care was also taken to ensure
the yaw angle of the model was maintained to within 0.3 degrees of zero by measuring the
distance from the model to the edge of the ground platen at two locations, under the front
struts and at the rear corner of the side-plate. Checks of the model position were meade

before and after each run.

2.5 Blockage

In the 2.1 m x 1.5 m wind tunnel the blockage caused by the model cross sectional arca i the
flow direction was 2.86%, whilst in the 3.5 m x 2.6 m tunnel it was 1.12%. No corrections

were made to the measurements for blockage as it was considered to be unnecessary.
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2.6 Test Facilities and Operating Conditions

Experiments were conducted in the University of Southaimpton’s two low-speed wind tunnels.
The wind tunnels are of a closed circuit design and are cach equipped witl a moving ground
belt systeni. The R.J. Mitchell wind tunnel has a test section of 3.5 o x 2.6 - whilst
the smaller of the two tunnels lias a test section cross sectional arca of 2.1 e x 1.5 m . A
schematic of the moving belt systemn of the 3.5 1 x 2.6 21 wind tunuel is shown in Figure 8.
The belt is 4 m long and 2 1 wide. The belt is driven at the rear driven roller. The houndary
layer is removed ahead of the moving belt by a large suction slot. Any residual boundary
layer is then sucked out through a perforated plate directly upstreamn of the belt. A tension
roller keeps the belt tight, and suction holes in the platen on which the belt lies ensure
that the belt does not lift. Belt suction is regulated to the required level. Water cooling
underneath the platen regulates the temperature of the belt and platen. The flow speed is
100% of the freestream at 2 min above the moving ground, and the freestream turbulence
level is 0.25%. In the 2.1 m x 1.5 m the flow speed is 99.4% of the freestream at 2 1 above
the ground and the freestream turbulence is 0.2%.

All measurements presented were taken in the 2.1 10 x 1.5 1 wind tuunel with the
exception of the LDA measurements, which were taken in the 3.5 1 x 2.6 1 wind tuunel.
This was due to the fixed naturc of tlic LDA apparatus in the 3.5 1 x 2.6 9 wind tuunel
and the more limited access to use of this tunnel. Various checks were undertaken to ensure
that flows in the two tunnels were similar. Oil flow visualisation of the model al salient
ride heights was conducted in cach tuunel. Force mcasurciments were attempted in the 3.5
mx 2.6 m wind tunnel using its overliead balance, however a problem with the calibration of
the balance prevented a meaningful comparison of the force results between the two tunnels.
A comparison of LDA measurciients taken in the 3.5 90 x 2.6 o wind tunnel with P1V
measurements taken at the same plane but in the 2.1 9 x 1.5y wind tunnel are presented
in Figure 83.

The majority of the experiments were conducted at a Reynolds Number of 1.8x 10¢ based
on the model length, equating to a freestream velocity of 20 1n/s. Force measurements were
also taken at three other Reynolds Numbers of 0.7x10%, 1.3x10° and 2.3x10°%. Formula |
teams testing in a tunnel the size of the 3.5 1 x 2.6 o wind tunnel would conduct tests at
wind speeds up to 40 /s, on a model of length 2.4 10, cquating to a test Reynolds Number
of 6.6x10°.

2.7 Experimental Techniques

Techniques employed 1 investigating the flow were force measurements, surface pressure

measurements, oil Qow visualisation, LDA and PIV.
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2.7.1 Force measurements

Force measurements were taken using overhead force balances. Taking a set ol force mea-
surements involved setting all balance components to zero with the wind turned off. The
tunnel was then run up to the required freestream dynamic pressure and the measurements
were taken. A set of 8 measurcients were recorded in a run. each with 75 saunples, and then
the wind was turned off. After a short settling period, the balance components returned to
zero force reading, indicating that the results were valid. The results presented in Chapter 3
are averaged from these datasets. In this way, the forces measured are due only to the eflect
of the air flowing around the model. The wind tunnel was stopped in-between force mea-
surements at different ride heights. The measurements were corrected to frec-air wind-axes
coefficients, and the values given were also corrected for installation tares. In discussing the
results the term down-force or suction will be used rather than negative lift or pressure to
avoid confusion. The uncertainties i1 Cy, and C'p measurenients were calculated as £0.0280

and +0.0038 respectively. An account of the uncertainty estimates can be found in Appendix

Al

2.7.2 Surface pressure tappings

Surface pressure measurements were obtained using hypodermic tubes momted fHush with
the model surface. The tubes were 0.85 man inner diameter and 1.5 1n outer diameter, and
25 mm long. Plastic tubing attached the tubes to either a ZOC (Zero, Operate, Calibrate) or
a Scanivalve pressure transducer. Tappings connected to the ZOC transducer are measured
simultaneously, whilst the Scanivalve transducer measures cach port in turn, spending 2
seconds at each port. A further description of the transducers may he found in Reference [5].
The Scanivalve was calibrated by setting two ports, one at the beginning and one at the
end of the run, to measure total pressure. In this way, any drifting ol the transducer was
immediately apparent. The ZOC was calibrated by setting cach port to zero helore the start
of a run and checking that the ports rcturned to zero after the run. The data was output
in the form of a pressurc coefficient, C),, which was calculated by the PI Rescarch data
acquisition software from the mecasured values of static pressure, total pressure and dynamic
pressure. Dynamic pressure was measured by a diaphragm in the transducer which was
connected to the pitot tube in the wind tunuel and subjected to total pressure (pyyy) on one
side and freestream static pressure (p,) on the other side. The difference in pressure across the
diaphragm was therefore the dynainic pressure, ¢. The tappings record local static pressure
at the surface, p, and the pressure coefficient is calculated to be € = p —pac/goc. Bach set of
readings was repeated several times in order to ensure repeatability, and the results presented
in Chapter 3 are the pressure coefficients averaged from these datasets. The uncertainty in

the results was caleulated as C, = £0.0656. An account, of the uncertainty estimate can be
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found 1in Appendix A.2.

2.7.3 Oil low visualisation

Surface flow was visualised using an oil streak method with a mixture of titanium dioxide
and light oil [60]. The technique involves spraying the mixture over all outer surfaces of the
model. Running the wind tunnel for several minutes at the freestreamn velocity cvaporates
the oil in the mixture, leaving the titanium dioxide to mark time-averaged streaklines on the

model surface.

2.7.4 Laser doppler anemometry

LDA is a non-intrusive method of measuring ensemble averaged off-surface velocities. The
technique is based upon the principle that at the intersection of two laser heans, a pattern
of interference fringes can occur, forming fringes of high and low intensity. A sced or tracer
particle passing through the intersection scatters light through the bright fringes but not
from the dark. The scattered light contains components of both beams and fluctuates in
intensity with a frequency proportional to the velocity perpendicular to the biscctor ol the
two beams. This additional frequency is known as the Doppler shift. Directional ambiguity
of the velocity is resolved by shifting the frequency of one beam relative to the other by a
fixed amount; the interference fringes appear to move at the shiflt {requency and negative
velocities may thus be distinguished. In LDA tests, two or more laser beaws ave aligned
to create the intersection or focus of the beamns, the tracer particles are small droplets of
oil seeded into the flow, and as they pass through the focus the scattered light is received
by a photo-optical sensor. The signals are processed to caleulate the velocity ol cach tracer
particle.

A Dantec three-component system with 5W Ar-ion laser generator was cinployed. The
system was opcrated in an off-axis back-scatter (coincident) mode, which means that a parti-
cle must pass through the focus of all three heam pairs to he counted as a valid measurciment.
The reflected signals were analyzed using three DANTEC Burst Spectrun Analyzers. A coro-
prehensive description of the LDA apparatus and calibration method is given in Jelrey [47].
In the present tests, three component velocities were obtained usiug two optical probe heads.
Movement of the beam focus through the measurenient plane was achicved by mounting the
probe heads on an automated three directional traverse, thus allowing measurements to be
taken at a specified array of poiuts in spacc.

Three component measurements of flow velocity (u, v, w) can be obtained at a single point
in a flow field. At cach poiut, the instantaneous velocity is cusemble averaged to obtain the
mean velocity. Corresponding mean squarces of the perturbation velocities (uw, 7o, ww), and

Reynolds stresses (uw, vw, wa) are then calculated.

A.E. Senior 23



Chapter 2. Test Models and Experimental Techniques

LDA test cases are listed in Table 7. Mcasurement planes are shown schematically in Fig-
ure 5 (a). The LDA measurements were made at several stations on the mnodel surface along
the centreline (z = 0) to capture boundary layer prohiles above and helow the model. Surveys
were also performed in streamwise cross-plancs downstreaan of the model. A deseription of
the velocity resolution can be found in Zhang [99]. The velocities measured in the hean axes
were resolved into the tuunel coordinate system (i, y, z) using a matrix transformation [47].
In these tests, the green beam was used to resolve the strecamwise velocity component, .
the blue beam the transverse component, v, and the violet beam the spanwise component,
w. The o1l based seeding particles were 3pm in diameter, and were provided by two sceding
generators: one released seed particles downstream of the model and the other from iuside
the front of the model.

Typically, over 1000 particle samples were collected at each nicasurcment point and the
number of data points in a plane ranged from 421 to 822. The measurement grid spacing
varied, being finer near the centre of the vortex. The positioning of the measurcient points
was chosen based upon an initial coarse grid survey of the arca to be measured, in order (o
ascertain the whereabouts of the main flow features. Refineiments were then made in specific
areas of interest, such as the vortex regions. The final measurement grid resolution thus varied
from 2 mm to 20 mm betwecen adjacent grid points. 95% counlidence level uncertaintios in
the measurements were estimated to be £0.09 m/s, £0.09 m /s, and £0.31 m/s for u, v, w
respectively at a freestream speed of 20 m/s. An account of the uncertainty estimate can be

found in Appendix A.3.

2.7.5 Particle image velocimetry

PIV is a non-intrusive technique for obtaining instantancous whole field velocities.  The
property measured is the distance travelled by particles in the How within a known thne
mterval. The flow is sceded as with LDA, and in order to detect the movement ol the
seeding particles, an arca of the How field is illuminated by a light sheetl of approximately
1 mm thickness. The light sheet, whicl is generated Dy a laser ad a systent of optical
components, is pulsced to produce a stroboscopic eflect, [reezing tlie moveinent of the sceding
particles.

A CCD (Charge Coupled Device) camera is positioned at right angles to the light sheet
to detect the position of the iHuminated sceding particles. Camera images are synchronized
with the light pulses of the laser so that the positions ol the particles at light pulse I are
registered on camera frame 1, and positions at light pulse 2 appear on camera frame 2. The
camera, images are divided into rectangular interrogation areas. For cacli of these arcas the
images from the first and second light-sheet pulses are cross-correlated to produce an average
particle displacement vector. Dividing by the time between the two hmages captured. the

displacement vectors are converted into a map of velocity vectors.
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A number of two-compouent PIV tests were couducted in the 2.1 1 x 1.5 m wind tunnel.
A Dantec PIV system was employed. consisting of a FlowMap 1100 Processor. a Gemini PTV
15 Nd:YAG laser (class 4. 120 m.J at 532 nan) and a Dautee HiSense Camera (type 13 gain
4) producing images of 1290x 1024 pixels. Flow was sceded by simoke particles of 0.1-5 pon
m diameter. The use of a single caunera allows the measurement of velocity components in
two dimensions in the plane of the laser light-sheet. The camera was operated at a rate of
2Hz.

PIV can be used to producce either a time-averaged flow field, by averaging over a large
number of instantaneous flow ficlds, or may be used to obtain instantancous flow ficld data.
At a sampling rate of 2Hz, full resolution of turbulent How features is not realistic, however
the instantaneous snapshots of a How field that arc obtained can provide a useful insight into
the unsteady nature of a flow.

Measurements were taken in cross-flow planes both inside the diffuser to coincide with
those of the spanwise pressure distributious and at x;/d=0.096 aft of the diffuser exit. Addi-
tional measurements were taken for certain cases in the streamwise flow exiting the diffuser
and at the diffuser inlet. Test cases and conditions are listed in Table 8. The physical res-
olution between measured velocity vectors is 3.2 mm in cach direction of the measurciment
plane for the majority of results shown. This resolution is determmined by the size of the
actual measurement plane, and a user determined level of resolution during processing ol the
raw data. The uncertainty in the measurements is cstinated to be =~ 10% on average. An

account of the measurement uncertainty can be found in Appendix A.4.

2.8 Experimental Programme

In this Section, the types of wind tunnel experiments conducted during the course of the
research are presented with the conditions under which they were performed.

Force and pressure measurcments were conducted at a coustant dynamic pressure of 25
mmH,0, equating to a Reynolds Number of 1.8x10%  Certain force measurcments were
taken in both wind tunnels to ensure there was no significant difference in the flows for cach
tunnel. Force measurement test cases are listed in Tables 3. Surface pressure wmecasurciuient.
test cases arc listed in Table 4. Surface How visualisation tests were conducted mainly in
the 2.1 m x 1.5 m wind tunnel at a constant dynamic pressure of 25 i Hy0. Test cases
are listed in Table 5. LDA and PIV wmecasurements were carried out at a constaut freestreaimn
velocity of 20 m/s. LDA ineasurements were conducted in the 3.5 m x 2.6 m wind tunnel,

whilst PIV measurements were conducted in the 2.1 m x 1.5 9 tunnel. Tables 6 and 7 list

the LDA test cases and Tables 8 and 9 list PIV mmcasurcinent cases.
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‘ h,./dT wind tunnel T Re ‘ Ground Condition [ Transition ‘

0.064 | 21 m x 1.5 | 1.3x10%, moving fixed
0.064 | 21 mx 1.5 m | 1.8x10°, moving/fixed fixed /frec
0.064 | 2.1 m x 1.5 m | 1.8x10°, moving fixed
0.096 | 2.1 m x 1.5 m | 1.3x10° moving fixed
0.096 | 2.1 m x 1.5m | 1.8x10° moving/fixed fixed/free
0.096 | 2.1 mx1.5m | 2.3x10° moving fixed
0.127 | 21 mx 1.5m | 1.3x10° noving fixed
0.127 | 21m x 1.5 m | 1.8x10° moving/fixed fixed/free
0.127 | 2.1 m x 1.5 m | 2.3x10° moving fixed
0.127 | 3.5 m x 2.6 m | 1.8x10° noving fixed
0.159 | 21 m x 1.5m | 1.3x10° 10ving fixed
0.159 | 21 m x 1.5 m | 1.8x10° moving/fixed fixed/free
0.159 | 2.1 m x 1.5 m | 2.3x10° moving fixed
0.159 | 3.5 m x 2.6 m | 1.8x10° nmoving fixed
0.166 | 2.1 m x 1.5 | 1.8x10° moving/lixed fixed
0.178 | 21 m x 1.5 m | 1.8x10° fixed fixed
0.191 | 21 m x 1.5 m | 1.3x10° moving fixed
0.191 | 21 m x 1.5 m | 1.8x10° moving /fixed fixed/free
0.191 | 21 m x 1.5 m | 2.3x10° moving fixed
0.191 | 3.5 m x 2.6 m | 1.8x10° noving fixed
0.197 | 21m x 1.5 m | 1.3x10° noving fixed
0.197 | 21 m x 1.5m | 1.8x10° noving, fixed
0.197 | 2.1 m x 1.5 m | 2.3x10° moving fixed
0.197 | 3.5 m x 2.6 m | 1.8x108 noviig fixed
0.204 | 21 m x 1.5 | 1.3x10° noving fixed
0204 | 21m x 1.5 | 1.8x10° moving/fixed fixed/free
0204 | 2.1 mx 1.5m | 2.3x10° moving fixed
0.204 | 3.5 m x 2.6 m | 1.8x10° moviug fixed
0.210 | 2.1 m x 1.5 m | 1.3x10° moving fixed
0.210 | 2.1 m x 1.5 | 1.8x10° moving /fixed fixed/free
0.210 | 2.1 m x 1.5 m | 2.3x10" moving fixed
0.210 | 3.5 m x 2.6 | 1.8x10° moviig fixed
0.217 | 2.1 m x 1.5 m | 1.8x10° moving /fixed fixed/free
0.223 | 21 mx15m | 1.3x10° moving fixed
0.223 | 2.1 m x 1.5 m | 1.8x10° moving /fixed fixed/free
0223 | 2.1 mx1.5m | 2.3x10° moving fixed
0.223 | 3.5 m x 2.6 m | 1.8x10° noving fixed
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‘ hy/d ‘ wind tunuel Re Ground Condition ‘ Transition
0.229 | 2.1 mx 1.5 m | 1.8x10° nioving fixed
0.236 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0242 [ 21 mx 1.5m | 1.8x10° moving fixed
0248 | 2.1 m x 1.5 m | 1.8x10° nmoving fixed
0.255 | 21 mx1.0m | 1.3x10° moving fixed
0.255 | 21 m x 1.5m | 1.8x10° moving/fixed fixed /free
0.255 | 2.1 m x 1.5 m | 2.3x10° moving fixed
0.255 | 3.5 m x 2.6 mn | 1.8x10° moviig fixed
0.287 | 221 mx 1.5 | 1.3x10% moving fixed
0.287 | 2.1 mx 1.5 m | 1.8x10° woving/free fixed/free
0.287 | 2.1 m x 1.5 m | 2.3x10° noving fixed
0.318 | 2.1 m x 1.5m | 1.3x10° 11ovViNg fixed
0.318 | 2.1 m x 1.5 m | 1.8x10° moving/free fixed /free
0.318 | 2.1 m x 1.5m | 2.3x10° movilg fixed
0.318 | 3.5 m x 2.6 m | 1.8x10° moving fixed
0.382 | 2.1 m x 1.5 | 1.3x10° moving fixed
0.382 | 2.1mx 1.5m | 1.8x10° moving /free fixed /free
0.382 | 2.1 m x L.5m | 2.3x10° moving fixed
0.382 | 3.5 m x 2.6 m | 1.8x10° nioving fixed
0.446 | 2.1 m x 1.5m | 1.3x10° moving fixed
0.446 | 2.1 mx 1.5m | 1.8x10° moving fixed
0.446 | 2.1 m x 1.5 m | 2.3x10° moving fixed
0.510 | 2.1 m x 1.hm | 1.3x10° nIovILgE fixed
0.510 | 2.1 mx1.5m | 1.8x10° moving fixed
0.510 | 2.1m x 1.5 m | 2.3x10° HIoVILgE fixed
0.573 | 2.1 m x 1.5 m | 1.3x10° noving fixed
0.573 | 2.1 m x 1.5 m | 1.8x108 moving fixed
0.573 | 2.1 m x 1.5 m | 2.3x10° moving fixed
0.573 | 3.5 m x 2.6 m | 1.8x10° moving fixed
0.637 | 2.1 m x 1.5 | 1.3x10° moving fixed
0.637 | 2.1 m x 1.5 | 1.8x10° moving fixed
0.637 | 221 mx 1.5 | 2.3x10° moving fixed
0.764 | 2.1 m x Lo | 1.3x10° nmoving fixed
0.764 | 2.1 m x 1.5m | 1.8x10° moving/fixed fixed/free
0.764 | 2.1 m x 1.5 m | 2.3x10° moving fixed
0.764 | 3.5 m x 2.6 m | 1.8x10° moving fixed

Table 3: Force measurcinent cases.
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‘ hy/d ‘ wind tunnel ‘ Re Ground Condition | Transition
0.064 | 2.1 m x 1.5 | 1.8x10° moving fixed
0.127 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0.159 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0.191 | 21 m x 1.5 m | 1.8x10° moving fixed
0.204 | 2.1 m x 1.5 | 1.8x10° moving fixed
0.210 | 2.1 m x 1.5 m | 1.8x10° noving fixed
0.217 | 21 m x 1.5 m | 1.8x10° moving fixed
0.223 | 2.1 m x 1.5 | 1.8x10° moving fixed
0.255 | 2.1 m x 1.5 m | 1.8x10° nioving fixed
0.318 | 2.1 m x 1.5 m | 1.8x10° noving fixed
0.382 | 2.1 m x 1.5 m | 1.8x10° nioving fixed
0.446 | 2.1 m x 1.5 m | 1.8x10° noving fixed
0.573 | 2.1 m x 1.5m | 1.8x10° 1moviig fixed
0.764 | 21 m x 1.5 m | 1.8x10° moving fixed
1.268 | 21 m x 1.5 m | 1.8x10° moving fixed

Table 4: Surface pressure measurenient cases.

‘ hy/d ‘ wind tunnel Re ‘ Ground Condition | Transition
0.064 | 2.1 m x 1.5 m | 1.8x10° moviug fixed
0.127 | 2.1 'm x 1.5 m | 1.8x10° moving fixed
0.159 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0.159 | 3.5 x 2.6 mn | 1.8x10° Hoving fixed
0.191 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0.204 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0.210 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0.217 | 2.1 m x 1.5 | 1.8x10° mnoving fixed
0.223 | 2.1 m x 1.5 | 1.8x10° moving fixed
0.223 [ 3.5 m x 2.6 m | 1.8x10° 1OV fixed
0.255 | 2.1 m x 1.5 | 1.8x10° 1moving fixed
0.318 | 2.1 m x1.5m | 1.8x10" noving fixed
0.382 | 21 mx 1.5 m | 1.8x10° moving fixed
0.446 | 2.1 m x 1.5 m | 1.8x10° moving fixed
0.510 | 2.1 m x 1.5 m | 1.8x10° nmoving fixed
0.764 | 2.1 m x 1.5m | 1.8x10° moving fixed

Table 5: Surface How visualisation cases.
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hy/d ‘ Measurcment planes
top of model wfd=2.3 | w/d=3.5 | x/d=1.5 | x/d=5.5
underneath model | x/d=3.0 | «/d=4.0 | «/d=45 | x/d=41.9

Table 6: LDA boundary layer profile cases at f, /d=4.1-.

‘ hr/d Measurcment planes
0.064 x1/d=0.096 | @;/d=1.051 | x;/d=2.006
0.159 2y /d=0.096 | x,/d=1.051 | z,/d=2.006
0.204 x1/d=0.096 x1/d=2.006
0.210 x1/d=0.096 x1/d=2.006
0.255 x1/d=0.096 | x,/d=1.051 | 2:1/d=2.000
0.318 x1/d=0.096 x1 /d=2.006
0.382 x1/d=0.096 | x,/d=1.051 | x| /d=2.006
0.764 21/d=0.096 | x;/d=1.051 | x,/d=2.006
414 | 2/d =495 | z,/d=0.096
Table 7: Cross-flow LDA cases.
‘ hy/d 1 Measurement plancs
0.064 x/d=6.83 | x/d=7.74 | x,/d=0.096
0.204 | z/d=4.95 | x/d=5.44 | x/d=591 x/d=6.83 | x/d=7.74 | x;/d=0.096
0.255 | /d=4.95 | z/d=5.44 | x/d=5.91 | ©/d=6.37 | ©:/d=06.83 | @/d=7.74 | @ /d=0.096
0.382 z/d=5.44 | ©/d=5.91 | ©/d=6.37 | x/d=06.83 | «/d=7.74 | ) /d=0.096
0.764 z/d=5.44 | x/d=5.91 x/d=6.83 | x/d=7.74 | x,/d=0.096
Table 8: Cross-flow PIV cases.
‘ hy/d [ Measurement planes
0.204 | z/d=-0.936 | z/d=0 | z/d=0.936
0.255 | z2/d=-0.936 | z/d=0 | z/d=0.936
Table 9: Streamwise PIV cases.
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‘ Port | z/d | Port [ z/d ‘

1 0.032 | 22 | 5.518
2 1.146 | 23 | 5.595
3 2293 | 24 | 5.673
4 3.185 | 25 | 5.750
5 4.625 | 26 | 5.828
6 4.706 | 27 | 5.905
7 4.747 | 28 | 5.982
8 4787 | 29 | 6.060
9 4.828 | 30 | 6.137
10 | 4.868 | 31 | 6.214
11 | 4909 | 32 | 6.292
12 | 4949 | 33 | 6.369
13 | 4988 | 34 | 6.524
14 | 5.054 | 35 | 6.678
15 |5.093 | 36 | 6.833
16 | 5.131 | 37 | 7.065
17 | 5.170 | 38 | 7.297
18 | 5.209 | 39 | 7.529
19 | 5.286 | 40 | 7.761
20 | 5.363 | 41 | 7.994
21 | 5.441 | 42 | 8.226

Table 10: Surface pressure tapping locations at model centreline, z/d =0.
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‘ Port | z/d | z/d W Port | x/d ‘ z/d [ Port | x/d ‘ z/d | Port [ xfd | z/d j
43 | 544 | -0.89 64 | 591 ] -0.89
44 | 5.44 | -0.809 | 65 | 591 | -0.809 | 86 | 6.83 | -0.809 | 94 | 7.76 | -0.809
45 | 5.44 | -0.728 | 66 | 5.91 | -0.728
46 | 5.44 | -0.647 | 67 | 5.91 | -0.647
46 | 5.44 | -0.566 | 68 | 5.91 | -0.566 | 87 | 6.83 | -0.566 | 95 | 7.76 | -0.560
47 1 544 | -0.485 | 69 | 5.91 | -0.48>
48 | 5.44 | -0.404 | 70 | 5.91 | -0.404
49 | 544 | -0324 | 71 | 591 |-0.324 | 88 | 6.83|-0.324 | 96 | 7.76 | -0.324
50 | 544 | -0.243 | 72 | 591 | -0.243
ol | 544 | -0.162 | 73 | 591 |-0.162 | 89 | 6.83 | -0.162 | 97 | 7.76 | -0.162
52 | 544 | -0.081 | 74 | 5.91 | -0.081
21 | 5.44 0 27 1 591 0 36 | 6.83 0 40 | 7.76 0
53 | 544 | 0.081 75 1591 | 0.081
54 | 544 | 0.162 76 | 5.91 | 0.162 90 | 6.83 | 0.162 98 | 7.76 | 0.162
55 | 5.44 | 0.243 77 1 5.91 | 0.243
56 | 5.44 | 0.324 78 | 5.91 | 0.324 91 ] 6.83 | 0.324 99 | 7.76 | 0.324
57 | 5.44 | 0.404 79 | 5.91 | 0.404
58 | 544 | 0.485 §0 15.91 | 0.485
59 | 5.44 | 0.566 81 | 5.91 | 0.566 92 1 6.83 | 0.566 | 100 | 7.76 | 0.566
60 | 5.44 | 0.647 82 | 5.91 | 0.647
61 | 544 | 0.728 83 | 5.91 ] 0.728
62 | 5.44 | 0.809 84 | 5.91 | 0.809 93 | 6.83 | 0.809 | 101 | 7.76 | 0.809
63 | 544 | 0.89 85 | 591 | 0.89
Table 11: Spanwise pressure tapping distributions.
| Port | x/d | y/d | z/d |

102 | 8.38 | 0.524 | -0.955

103 | 8.38 | 0.524 | -0.637

104 | 8.38 | 0.524 | -0.318

105 | 5.44 | 0.524 0

106 | 8.38 | 0.524 | 0.318

107 | 8.38 | 0.524 | 0.637

108 | 8.38 | 0.524 | 0.955

Table 12: Distribution of pressure tappings across model base.
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IFigure 4: Schematics of model and co-ordinate system. Dimensions in s
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e IR

Figure 6: Model in the 2.1 m x 1.5 m wind tunnel.
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Figure 7: (a) Model installed in the 3.5 m x 2.6 m wind tunnel; (b) LDA beams focused
behind the model.
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Figure 8: Schematic of the 3.5 m x 2.6 m moving ground apparatus.
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Chapter 3
Force and Pressure Characteristics

The force and surface pressure characteristics of the diffuser model in proximity to a moving
ground plane were deduced from forces, surface pressurcs and oil How visualisation. The
aerodynamic behaviour is described in termns of four distinct flow types according to groud

proximity. An initial discussion presents the possible causes of the How behaviour.

3.1 General Flow Behaviour

Four distinct types of flow may be identified along the down-force curve, cach chiaracterised
by the curve gradient (Figure 9 (a)); A: down-force enhancement, B: maxinnm down-loree,
C: down-force reduction, and D: constant low level down-force. The down-lorce in the type
A region is relatively weak at /1, /d=0.764, increasing smoothly with decreasing height until
hy/d=0.382. A noticeable change in the gradient of the 1ift curve at o, /d=0.318 significs the
introduction of new flow physics due to the proximity of the ground. Between this height, and
hy/d=0.210 is the type B region. a ‘platcan’ in the down-force in which the gradient of the
lift curve between measuremecnt points is small, and in which the air How around the model
appears to maintain a constaut character. A maxinnun down-force oceurs al fi, /d=0.210-
0.217. The plateau is terminated by a sharp drop in the down-force which continmes to [all
steeply in the type C region before levelling once more at Jow ground clearances (type D). The
drag force maximum occurs at the sane ride height as the maximum down-force, and tends
to fall with a similar trend to the down-force either side of the drag maximum (Figure 9 (h)).
Centreline pressure coeflicicuts at six salient model heights are shown i Figure 10. The first
tapping just aft of the nose tip is in the near vicinity of the nose stagnation point, thew as the
flow 1s accelerated under the nose the pressure decreases to a suction peak at the heginning of
the flat bottom. Along the Hat botton the pressure incercases slightly belore dropping steeply
to the suction peak at the diffuser inlet. Inside the difuser the pressure increases sharply

before maintaining a gentle gradicnt towards the exit pressure, which is slightly negative due
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to a separated flow at the bluff base of the model. At 2, /d=0.217 and above, the curves are
mainly smooth throughout the ditfuser, however at the heights below the hieight of maximum
down-force the curves show distinet nndulations. The How visualisation tests revealed that
at all heights, air is entrained underncath the model from the sides by thie low pressure on
the bottom surface. Although there is evidence of a slight llow convergence towards the
centreline on the surface immediately upstream ol the diffuser inlet, the flow appears to
be relatively uniform across the span of the model. Flow is also entrained underncath the

side-plates. Separation occurs along the plate edges forming longitudinal vortices [34].

3.2 Classification of Flow Types

The results of the force, surface pressure and surface flow visualisation tests are presented
in terms of flow type. Type A region of the down-foree curve is denoted as the down-force
enhancement region, type B as the maximum down-force region, type C as the force reduction

region, and type D as the region of low down-force.

3.3 Down-force Enhancement

During force enhancement the flow is symmmetric about the centre-plane (z = 0) of the diffuser.
The syinmetric flow is illustrated in Figure 11 where the spanwise pressure distributions along
the diffuser ramp at h,/d = 0.764 and 0.382 are plotted. At £, /d=0.764 the presence ol two
longitudinal vortices at the location of z:/d = 5.91. z/d = £0.8 can just be identified by the
points of low pressure, which increase again slightly at z/d = £0.89. At «/d = 5.41 {he
pressures are even lower at the sides of the ramp, the maxinnun C),=-1.048, indicating that
the vortices arc more than likely present in this part of the ramp as well, however the suction
peak of the vortex is possibly beyond the tapping at z/d = 0.89.

By two and three model half-widths down the ramp the presence ol the vortex pair is
no longer apparent, leaving an almost fat pressuve distribution across the ramp surlace.
Figure 11 also indicates how the vortices have developed at b, /d = 0.382. The pressures at
the diffuser surface have decreased, the peak is now €, =-2.131 at «/d = 5.44, z/d = 0.89.
Once again, the suction peaks appear to be at z/d > £0.89, x/d = 5.44 and at z/d=0.8,
z/d = 5.91. The vortices are still apparent at 2/d = 6.83 albeit somewhat weakened, bud,
are not a feature of the flow at the ramp swrface at x/d = 7.76.

Oil flow visnalisation reveals more of the flow featwres. Figure 12 shows the oil flow
patterns over the diffuser ramp at h,./d = 0.764. The patterns are synunetric about the
model centreline. A small separation bubble is scen to oceur across the inlet to the ramp
except at the sides. This is i1 agreement with the behaviour of internal plane wall dillnsers

which were found to exhibit inlet separation at an inchided angle (260) of approximately 30-40

A E. Senior 38



Chapter 3. Force and Pressure Characteristics

degrees depending upon the diffuser length ratio N/, [67]. giving a wall divergence angle
of between 15-20 degrees. Counter-rotating longitudinal vortices are detectable at either side
of the ramp in the upper third of the photograph as weak *S* shaped lines. The spanwise
location of the suction peak of cach vortex lies close to the point of inflexion ol these S-
lines [60]. The suction peak can be scen to move slightly towards the centreline as the fow
proceeds along the diffuser. The curvature of the lines weakens as the flow decelerates to
the base of the model, confirming the loss of vorticity on the ranp surface towards the exit.
However as the pattern on the inner side-plate in Figure 12(h) shows, the vortices actually
become detached from the surface. Secondary separations are apparent at the sides of the
ramp in Figures 12 (a) and (b). As the ride height is lowered to h,./d = 0.382, Figure 13
shows that the S-lines of the vortices are more defined, indicating increased vortex strength,
and they extend much further down the ramp. The curvature ends at @:/d = 7. at which
point the vortices detach from the ramp surface. This 18 confirnmed later by an LDA wake
survey at 15mm downstream of the diffuser exit, which shows that flow is entrained from
the model sides to flow through the gap under the side-plates, and the vortex is scen at the
lower part of the side-plate (see Chapter 4). It spans most of the model half-width. From
Figure 13 it may be seen that after the vortices have detachied, the central flow lnes along
the diffuser surface remain attached to the ramp surface yet are still induced into the sides

of the ramp by the relatively low pressures.

3.4 Maximum Down-force

Flow patterns typical of type B are shown in Figures 14 and 15, Again, the pattern is
symmetric to a large extent. The defining characteristic ol type B How and a possible canse
of the sudden decrease in the down-force gradient af these heights is the bubble oceurring in
the centre of the diffuser. The main flow features are similar to those found hy Morel [68] in
his work on base-slant flows. This separation is also a possible explanation for the diflerence
in down-force curves between smaller and larger angle diflusers, below a certam ride height,
found by Cooper et al [19].

Figure 60 shows the moving ground planc after a flow visualisation run at /. /d=0.255.
The flow direction is from left to right. The tracks of what is likely to he a longitudinal
vortex pair are secn running across the figure. Out board of these tracks the fluid appears
to be well behaved and flowing uniformly in one direction. The fluid in between the tracks
seems to be more turbulent. The large coagulation of Huid which occurs hetween the tracks
is thought to be fluid from the surface separation hubble which, towards the beginning of
the diffuser, touches the ground belt. The fluid appeared as such at periodic intervals along
the moving belt, indicating that the bubble pulsated in an unsteady manner.

The first clear sign of the scparation in these tests appears at . /d=0.318 (Figure 14).
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Its presence is governed by the limiting pressure at the diffuser exit and the consequential
low pressure in the diffuser. At the larger ground clearances typical of the dowu-foree en-
hancement flow, there is little acceleration beneath the model and the mderbody flow rates
do not increase greatly, thus the suction remains low and the pressure gradient hetween the
diffuser inlet and exit remains weak. Although the low deceleration and loss of momentum
occur immediately downstream of the inlet, the pressure gradient 1s weak enough for the fow
to remain attached over the ramp surface. However, as the model is lowered towards the
ground, the underbody flow rate increases and the pressure recovery of the difluser is seen as
a stronger suction at the inlet. The pressure gradient along the diffuser hecomes inereasingly
steep with reducing ride height, until at a critical height boundary layer separation oceurs.
producing the bubble and primary separation line scen in Figure 15, With a reduction in
ride height, the primary separation line of the Type B How moves [orward up the ramp as
the down-force increases and the pressure gradient becomes steeper. The spanwise pressure
distributions across the diffuser at these heights exhibit similar characteristics to cacli other,
the pressures staying almost constant at ride heights between by /d = 0.217 and 0.318 over
the majority of the ramp. The down-force increase for the Type B How is created by the
larger levels of suction experienced at the let and at the sides of the diffuser where the
maximum suction was measured on the model, due to the longitudinal vortices attached to
the surface. The C, at h,/d = 0.318 is -2.332 at x/d = 5.44, z/d = 0.89. reducing to C,=-
1.282 at z/d = 5.91, z/d = 0.89. At h,/d = 0.217, the C), is -2.66 at w/d = 5.4, reducing to
-1.429 at z/d = 5.91 (Figure 16). The ercase in suction is reflected in the increased cnrva-
ture of the surface flow, the curvature being greatest at the height of maxinunn down-force
(Figure 15). The maximum suction measured on the model surface occurs at this ride height,
and is due to the suction induced by the streamwise vortex in the Hrst part of the difluser.
From the surface How it appears that the streamwise primary vortex flow meets the see-
ondary separated flow at junctions either side of the ramp centreline. The primary separation
line includes the separation line of the bubble. The line is then seen to run towards the sec-
ondary separation line, after which the primary vortex flow is no longer present on the ramp
surface. It appears that the vortex has detached fromn the surface. The flow patterns down-
stream of the primary separation line arc the result of re-circulating Huid {rom the bubble
reattaching to the diffuser surface then being entrained out-hoard towards the low pressure

agsociated with the presence of the near-surface primary vortices.

3.5 Down-force Reduction and Low Down-force

The maximum down-force occurs between f, /d = (.21 and 0.217. During the model tests
it was found that the height at which the maximm down-force occurred varied hetween

these two heights. The switch between the maxiimum down-force and the onset of the loss
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of down-force appeared in a random fashion. and on occasion the How switched hetween a
type B flow (imaximum force) and a type C How (force reduction) between wind timel rus
without appareut variation in model setting.

Figure 17 (a) gives surface pressure distributions on the diffuser surface typical of flows in
the force reduction region (type C). The measurcments in Figure 17 (a) were taken at h, /d =
0.204, and show the flow at a point where the down-lorce experiences a rapid reduction.
Figure 17 (b) gives spanwise pressurcs at h, /d = 0.064, which is a type D llow. The loss
of down-force is accompanied by the appcarance of an asymnetric flow in the diffuser. The
flow is now separated at the inlet on one side (sece Figure 18 (a) and (b)). The separation
bubble has collapsed and the primary separation line is now difficult to identify from the
surface flow visualization. In Figure 18, the surface flow is no longer symmetric about the
diffuser centre-plane. Instead, it runs from the top left corner of the ramp diagonally towards
the centre-plane, where the boundary layer separation coincides with the vortex detachiment
from the surface on the top side, as in the maxinnnn force region. Although the right side
vortex rolls up as normal, the left side flow has begun to reverse back up the ramp, indicating
a separated flow and the collapse of the vortex at that side of the diffuser.

This asymmetry was unlikely to be caused by errors in setting the model height.  lts
appearance occurs at random, during pressure measurciment tests a switching of the side ol
the reverse flow occurred, as seen in the two different spanwise distributions of Figure 17,
The cause could be slight imperfections in the model surface. as found in slender body and
missile aerodynaniics.

A slight mis-alignment in the zero yaw augle could also cause the asynunetry. Rescarchers
of delta wing vortex flows have found flow asymmnetry with yaw angles as little as 0.1 degrees
[73].  Asymmetric flow is, however, a fundamcutal flow feature of internal plance walled
diffusers operating in the large transitory stall/2D stall llow regimes (see Chapter 1). The
surface flow patterns and pressures of flow types B and C are highly reminiscent of the large
transitory stall and 2D separation flow reghmes lound in 2D plance-walled diflusers. Tn internal
flow diffusers, the large transitory stall reginie occurs in the vicinity of, and just beyond, the
geometry of peak pressure. Ashjace aucd Johnston, in their study ol the (ransitory stall regime
of a 2D planc-walled diffuser [2], found slightly asymmetric static pressure distribitions near
the walls at diffuser geometries just beyond peak pressure recovery. Pressure recovery was
found to increase in the transitory stall regime, as in type B of the present ditfuser How, and
started to decrease as soon as a zoue of stroug reverse flow was found to occur on one wall, as
in type C of the current flow. The asynnnetric stall of an internal flow diffuser originates near
the diffuser inlet and blocks a significant fraction of the available flow arca, accounting for
the low performance in this How. The stall has been found to he stable to small disturbances
but can be switched from one diverging wall to the other by a large disturbance. Once it has

been switched. the stall remains fixed if undisturbed [77].
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3.6 Further Discussion of Flow Physics

From the perspective of classical internal How difluser physics. the parameter 1) transposes
as the ride height of the model above the ground and as snch is variable. The current
diffuser therefore has a non-dimensional length, n/W7 ol 16.3 at the height of maximum
down-force, taken as h,/d=0.210. The aspect ratio ol the diflnser ranges from low, AS =
2.62 at h,/d=0.764 to high, AS = 31.4 at 0.064. At the height of maxinumn down-force,
the aspect ratio is 9.52. In the How regime map of Rencau et al [77], the diffuser would be
on the borderline between the regimes of large trausitory stall and full stall at the height of
maximum down-force, where the included angle 26 of the preseut model is taken to he 3:
degrees. Thus the comparison is cflectively made by consideriug the preseut diffuser as one
half of an internal flow diffuser.

As the model is lowered to the grouud, the suction at the inlet increases, leading to
increasing flow entrainment from both sides of the wodel. The boundary layer on the surface
underneath of the model is therefore 3D in nature. This 3D effect is ncrcased as the ride
height is reduced. Another factor in determining the diffuser How is the houudary layer
approaching the inlet, the thickness of which has been measured to be in the order of 15
mm immediately upstream of the diffuser inlet with the model at a freestream ride height
(Figure 22(D)).

Although it will not create a ‘blockage’ effect at a height in the maximum force How
type, the boundary layer does enhance the snction at the inlet as the cellective ride height is
reduced, leading to a high adverse pressure gradient in the diffuser. The pressure gradient in
the diffuser produces a thickening of the houndary layer at the diverging wall, reducing (he
effective area of the diffuser as found in the transitory stall regime of 2D diflusers before the
pressure recovery decrease beging. At a limiting height (5, /d = 0.21 Tor the present flow),
the separation eveutually occurs at the inlet. The asynunetric nature of the 3D honndary
layer separation produces the apparent collapse ol oue of the counter-rotaling vortices.

The asymmetry found with the skirts scaled to a fized ground by George and Donis [34]
was attributed to the abscnce of the vortices, liowever it seeins possible that, as in these tests,
the pressure gradient over the dilfuser surface was too large to he contained hy a separation
bubble, and the separation has instead occurred ab the inlet. Support for this argument
for the prescut diffuser How conies from the down-force measurements at various Reyunolds
Numbers (Figure 19). Down-force characteristics are similar for cach curve. At Re of 1.8x 108
and 2.7 x 10% maximum down-force occurs at the same ride height, whilst at 1.3 x 10° it
occurs at a slightly lower ride height (a differcnce of 1 mnrm). The boundary layer thickness
at a lower Re is expected to be larger than that at a higher Re. If the maxinunn down-lorce
and subsequent stall depended upon a blockage across the inlet of the diffuser, cansed by a

merging of the boundary layers. stall at a lower Re would be expected to occur at a higher
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ride height. The seemingly negligible effect of Re on the overall How characteristics implies
that the down-force reduction is not a phenomenon caused by boundary layer merging at the
inlet, and that the inlet flow could be comparable to that of high aspect ratio internal plane-
walled diffusers. in which there is a core flow that is relatively unaffected by viscosity [77].
The cause of the one-sided separation at the inlet merits further investigation.  The
remaining vortex occupies a smaller and smaller fraction of the diffuser surface with reducing
ride height and its point of detachment continues to move forward until at f,. /d=0.061 (type
D) it is no longer apparent. A vertical oscillation of the model has also been observed in
the current tests, indicating the likelihood of unsteady flow in type C. A similar observation
in racing cars, wherchby coupled suspension and acrodynamic oscillation occurs, is known as

‘porpoising’.

3.7 Base Pressures

Surface pressures measured on the model base at several ride hicights are shown in Figure 20.
The bluff base of the test model creates a negative base pressure at all ride heights tested,
creating a drag force. From well rescarched bluff body flows ( [1, 7, 68, 69]) it is expected that
there is a separation bubble at the basc of the model. The diffuser upsweep and the presence
of longitudinal vortices would ensure that the hase pressures are low, producing a high drag
force. In all cases where the flow field exiting the diffuser is synmetric, the base pressures
show a ‘w’ shaped distribution across the model span, the two most negative dips being
associated with the low pressure cores of the vortices exiting the diffuser at these spanwise
locations. Throughout type A flow and just entering the type B section of the down-force
curve, from h, /d=0.573 to h,/d=0.318. the base pressure values and distributions do not
alter much. The pressure coefficients at these ride heights are slightly negative. (O, =-0.141
at the base centreline, 5, /d=0.382) corresponding to the lower drag forces occurring in the
type A flow. At the locations of the vortices the pressures drop to the vicinity of ¢, =-2. At
hr/d=0.217, however, there is a marked decrease in the base pressures across the model span.
the centreline pressure is €, =-0.188 and above the vortices drops to €, =-2.51 and -2.49.
These localised points of low pressure contribute signilicantly to the drag force on the model,
which increases significantly through type B low. The distribution remains symmetric. The
most negative pressure measnred on the base ocenrs in the type C flow at . /d=0.159, where
the surface pressure above the right side vortex drops to €, =-0.346. Oil How visnalisation
points to a single large vortex to one side of the diffuser at this ride height. At the other side
the base pressures are much less negative, in keeping with the re-circulating flow or weaker
vortex inside the diffuser. At the lowest ride hicights the base pressures are less negative, and
more uniform across the model span, indicating that the influence of any vortex inside the

diffuser is weak at these heights.
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3.8 Ground Simulation

Figure 21 shows the results of taking force measurcients with a fixed ground plane with
boundary layer control in comparison with the results taken with a moving helt. shown
previously in Figure 9 (a). At cach stage of the curves. a greater down-force is measured
with a moving ground than with a fixed ground plane due to the intluence ol Lhe moving
ground in assisting the punmping of the flow through the diffuser. This increased pumping of
the fluid causes the low to accelerate more than would occur with a fixed ground plane, and
hence creates a greater down-force. The characteristics of the fixed ground curve are altered
in comparison to the mwoviug-ground curve ncar to the point ol maximum down-force; the
flow appears to remain attached at the inlet at ride heights where the difluser has stalled
with a moving belt. The fixed ground down-force level falls slowly bhetween £y /d=0.255 and
hr/d=0.178 before eventually reaching a sharp stall. This confirms that observations made
with a fixed ground plane should not be applied to Hows with a moving ground. The ground
boundary condition becomes increasingly important as ride height is reduced and correct
simulation is necessary at lower ride heights in order to capture the force reduction flow

physics.

3.9 Summary

The mean flow behaviour exhibits different characteristics in the four main flow regimes over
the ride heights tested. For flow types A and B, surface flow visualisation and pressure
measurements iudicate that the majority ol the down-force is produced across the dilluser
inlet due to the ‘diffuser punping mechanisin and at the sides of the dilluser where the
suction is created by the vortices at the diffuser surface. At a critical height near to the
ground the pressure gradient between the diffuser inlet and the fixed exit pressure bhecomes
too large to prevent the boundary layer separation at the diffuser surface. Even so, in type I3
flow the down-force increases in the presence of the separated flow as the model ride height
is lowered. Although the region of separated flow inside the diffuser hecomes larger, the
underbody pressures become increasingly negative in localised parts ol the diffuser helore
the vortex pair detach from the surface. This 1s sufficient to continue the production of an
overall increasing down-force ou the model. The crease in down-force is terminated at low
model ride heights, when the balance between the down-force mechanisms and increasingly
adverse pressure gradient changes in favour of the latter. The 3D How separation occurs at

the inlet, causing the collapse of one of the vortices.
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Figure 9: Force measurements vs non-dimensionalized ride height: (a) Down-force (b) Drag.
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Figure 10: Underbody centreline pressure cocfficients.
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Figure 11: spanwise pressure distributions on the diffuser surface in a Type A flow: (a)
h,/d =0.764, (b) h,/d = 0.382.
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Figure 12: Oil flow visualisation on the diffuser surface for a Type A flow: h,/d=0.764. Tlow
direction from top to bottom.
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Figure 14: Oil flow visualisation on the diffuser surface in a Type B flow: h,/d = 0.318.
Ilow direction from top to hottom.
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Flow direction from top to bottom.

<t
=

A . Senior



Chapter 3. Force and Pressure Characteristics

O_
| o—eo—6 o066 —o—°
_1_
a
(&)
2
1 —8—— x/d=5.44
1 —A—— %/d=5.91
—&— x/d=6.83
—O— x/d=7.76
-3 i — T T — T T—— 1
"1 0.5 0 0.5 -1
z/d
(a) h /d=0.318
O_
_1-
a
(&)
_2—
-3 T T T T T
1 0.5 0 0.5 -1

(b) h, /d=0.217

Figure 16: Spanwise pressure distributions on the diffuser surface in a Type B flow: (a)
h./d = 0.318, (b) h,/d = 0.217.
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Figure 17: Spanwise pressure distributions on the diffuser surface in a Type C and Type D
flow: (a) h,/d = 0.204, (b) h,/d = 0.064.
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Figure 20: Surface pressure coefficients on the diffuser base.

AE.

Senior



Chapter 3. Force and Pressure Characteristics

j: moving ground
fixed ground

T T J T T T T T T T T T T T T

0 0.25 0.5 0.75

Figure 21: Down-force coeflicients with a fixed ground and a moving ground.
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Chapter 4
Time-Averaged Vortex Flow

In order to clarify the force reduction and asynuctric How plicnomena, the time averagoed
vortex flows inside and exiting the diffuser were investigated using LDA and PIV. Preliminary
LDA measurements of the model centreline boundary layer, inlet boundary layer aud ol the
flow exiting the diffuser were made with the model i freestream (at 650 mm above the
ground). The LDA measurements conducted in ground cffect confirmed four diflerent vortex
flow types at the diffuser exit. The characteristics of each vortex type explained aspects
of the diffuser behaviour and revealed further insights into the diffuser flow physics. The
mechanisms creating these different flows were nvestigated further using PIV inside the

diffuser.

4.1 Diffuser Model Measurements in Freestream

The model was placed at a height of 650 1n (h,/d=1.1.1) above the moving ground
to gain an understanding of the fow around the difluser out of ground cflect. Boundary
layer profiles at the upper and lower surfaces of the model are given in Figure 22, The
profiles in Figure 22 (a) were taken at four stations over the top of the model centreline
and illustrate the increasce in the turbulent boundary layer thickness over a distance of 0.5
m. The non-dimensional parameter 4 /d is plotted as the normal distance variable away
from the surface. At x/d = 2.3. just beyond the nose, & = 6.8 ynon, vising to & = 153
at z/d =5.5. Boundary layer thickness is taken to be dgg. Underncatlh the model the flow
accelerates along the flat bottom (Figure 22 (I)). The boundary layer thickness increases
from 11.9 snn at x/d =3.0 to 15.4 mm at z/d =4.5. The profile measured at x/d =1.9 is
immediately upstream of the diffuser inlet, and shows a large How acceleration, reaching a
speed of u/Us =1.374. Although not fully apparent from this fgure, the profiles indicate

that the flow speed does not return to freestream quickly beneath the model: at oy /d =-1
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the streamwise velocity is still falling. and coutinues to fall at vy, /d =-1.59.

The high streamwise velocitios are confirmed in Figure 23, which shows the [low nuder-
neath the model span innnediately upstreaimn of the diffuser inlet. The 3D nature of the inlet
flow is apparent, and the flow cutrainment underncath the sides is clear. The streamwise
velocity is highest nnder the model centreline. however the cross-flow velocities are lhighest
underneath the model sides. Figure 24 shows the How exiting the diffuser at @y /d = 0.096.
Oil flow visualisation tests at high model hicights from the ground revealed that the flow
is broadly symmetrical about the model z-axis, and so only one half of the exit How was
measured in detail. The streamwise flow is above the freestream velocity for the majority of
the exit flow (Figure 24 (a}). A noticcable feature ol the results in the [reestream and type A
flow is the absence of data at the vortex cores. The absence s due to a visible lack of sceding
in the LDA measurement volume, and at /i, /d=0.764 and h, /d=0.382 was accompanicd by
zero signals on all three BSA chauncls. The phenomenon was also reported by Payne of
al [74] in their smoke flow visualisation of delta wing vortices, and also recently by Yeung &
Lee [98] in their PIV study of the cross flow of a wing-tip vortex. At the vortex centre, seed-
ing was scarce due to either centrifugal effects in which the sceding particles were induced
outwards from the core as the vortex travelled downstream. or to the possibility that the
core flow consisted of air entrained [rom the less-sceded [reestream. In this case, centrifugal
effects are the most likely possibility given the strength ol the vortex, for although the tnun-
nel was heavily seeded 1 an attempt to capture the flow at the vortex core. no meaningml
velocity measurements could be obtained at the core. The flow surrounding the core is of a
higher speed than the freestrcain in the streamwise and cross-llow directions, and the vortex
is strong and concentrated (Figure 24 (b)), High axial speed vortex cores are a feature of
the longitudinal vortices found in delta wing flows at moderate angle ol attack [91]. Ilow is
entrained underneath the side-plates and is wound o the vortices, the directions of the hi-
duced flows of the two vortices being diamnetrically opposite to cach other. The low helween
them forms an upwash towards the diffuser ramp. The How at the diffuser ramp remains
attached across the span of the model, and in the corner regions of the dilfuser the houndary
layer appears to be thicker (Figure 24 (a)). This distribution is typical of rectangular channel
flows [9]. The shear stress contours (Figure 24 (¢}). show a mniform yet low distribution near
the diffuser ranp, as expected ol an attached How, whilst the TICE contours (Figure 24 (d))
indicate a low turbulent energy flow exiting the diffuser, excepting the shear layer rolled up

into the vortex.

4.2 Vortex Flow Exiting the Diffuser (LDA)

The flow exiting the diffuser, over a cross-plane at x) /d = 0.096 has been measnred at cight

model Lieights above the ground. For cach How property presented as acontour plot. a single

A E. Seuior 58



Chapter 4. Time-Averaged Vortex Flow
(o)

contour range is used at the different ride heights in order to prescut the How development
with ride height in a comparable manner.

Results are presented in Figures 25 to 29. in which cach How property is taken in turn lor
immediate comparison between ride heights. For cachi flow property. there are two ligures,
In the first figure are measurements taken at b, /d=0.76-1, (0.382, 0.318 and 0.255 (types A
and B). In the second figure are measurciments for i, /d=0.217, 0.204, 0.159 and 0.064 (types
B, C and D). Flow properties are tabulated in Table 13. In discussing the vortex flow, the
centre of the vortex is determined as being the point at which hoth cross-stream and vertical

velocity components are zero.

4.2.1 Vortex Flow Exiting the Diffuser in Type A

The flow exiting the diffuser in type A has been measured at two model heights, h, /d=0.761
and 0.382, seen in Figures 25 to 29 (a) and (b). Mecasurcments taken at h, /d=0.764 are
mirrored from a half span mecasurement grid since the fow is syunnetric, however the (low at
h, /d=0.382 was measured across the entire model span. Obscrvation of the w/Us contours
of Figure 26 (a) reveals that there is little difference in the flow from that at h,./d=1.14
(Figure 24). The flow trends remain the same, although the cross-flow velocities enfrained
under the side-plate are higher. The flow remains attached at the diffuser ramp and the
component of the exit velocity is freestream velocity or higher outside the vortex. The vortex
is larger in diameter than at h,/d=4.14, and the cross-flow velocities in it are higher. Once
again the core flow could not be measured, however the streamwise flow surrounding the core
is greater than freestream and is of a higlier velocity than at h, /d=1.14. The shear stress al
the diffuser ramp has increased (Figure 29 (a)). and the T E remains very low (Ifignre 28
(a)).

At h, /d=0.382, the streamwise velocity surromding the cores has inereased o w/Us=1.3
and the vortices now occupy a far greater proportion ol the span of the diffuser. Figure 27
.

(b) indicates a rotational cross-flow in the ground bhoundary layer that was not present :
hr/d=0.764. For cach of the type A vortices, the maxinnun vorticity appears to he cenlral
to the vortex core, although caution must be exercised in interpreting the results due to
the absence of core flow measurciments. Figure 28 (b)) shows negligible amounts ol turbulent
energy at the diffuser exit planc. The shear layer leaving the difluser ramp surlface is apparent
and is considerably thicker in thie corners at fi, /d=0.382 (Figure 28 (1)) thau at b, /d=0.76/
(Figure 28 (a)). The roll up of the shear layer separating [rom the side-plate edge can just he
seen, and small regions of TK FE coucentration appear above the ground plane at cither side
of the centreline, confirming a new fllow feature in the ground boundary lTayer. This aspect,
of the flow is discussed in Section 4.4.6. Figures 29 (a) and () indicale that the shiear stress
levels in the How exiting the diffuser in flow type A are also low. except in the ramp surface

boundary layer. The shicar layer separating from the side-plate edge is identifiable [rom the
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pockets of negative shear stress.

4.2.2 Vortex Flow Exiting the Diffuser in Type B

In type B a new flow featurc is introduced. Figure 26(c)-(¢) show a pair of larger. dillused
vortices. The centre of each vortex is occupicd by a low-speed axial-flow core. The streannwise
velocity at the centre of the vortex is lower than the freestream velocity (Table 13). For
example, at the beginning of type B (1, /d = 0.318), u./Ux is 0.229: at the end of the type,
hy/d =0.217, u./Us is 0.064. The vorticity at the vortex centre is also reduced substantially
(Table 13, Figure 27 (c¢)-(¢)). The location of maximum vorticity has moved from appearing
to be at or near the core in the type A flow to occurring in the lower part of the vortex:
Qn=4.79, at y/d =-0.78, z/d =0.478.

Figures 28 (c)-(e) show that there now exists a highly turbulent core at the cenlres ol
the vortices. For type B flows, TKE valnes at the centre of the vortex conld be donbled
compared with those in a type A flow. However, the region ol high turbulence i the exit
flow at h,/d=0.255 (Figure 28 (d)) and h,/d=0.217 (Figurce 28 (¢)) is in the upwash flow
between the two counter-rotating vortices. Fignres 29 (¢) and (d} show clearly the increasing
shear stress in the vortex flow as the ride height is lowered [rom How type A to type 13,
The shear stress distribution in the vortex is quite distinctly scectioned into negative and
positive regions, whicli increase in size as the ride height is lowered through How type 13, At
hy/d=0.255 the negative shear stress regions have expanded to donble the size of the positive
shear stress regions, although the positive shear stress 1s much stronger, sce Figure 29 (d).

A low axial speed core and vortex dilation are two of the signs of "'vortex breakdown’ [22].
Vortex breakdown is a well known phenomenon found in the vortices over a delta wing at high
angle of attack and other flows in which a vortex is subjected Lo a steep adverse pressure
gradient [21, 26, 42, 55, 57, 58, 64, 82, 83, 94]. Vortex breakdown or vortex bursting is
associated with a rapid deceleration of the vortex core, sudden vortex core dilation and the
occurrence of large scale velocity Huctuations. A vortex may be said to have ‘broken down’ if
its axial velocity is zero or reversed at the core [91]. Measurements in the type B flow reveal
that the core velocity decrcases as the model ride height is lowered through type I3 fow.
At h, /d=0.255, reverse flow is recorded at the core. The possibility ol vortex breakdown
occurring inside the diffuser is discussed furthier in Chapter 5.

A pair of siall secondary vortices in the flow innnediately above the ground plane in the
type B flow vorticity contours (Figures 27 (¢)-(e)) is thought to he induced by the primary
vortex pair in accordance with the findings of Harvey & Perry [43] and Ersoy & Walker [25].
Whenever a vortex pair is close to a wall, the vortices mduce a region ol adverse pressure
gradient near the wall aud boundary layer separation will ocenr. At 7, /d=0.255, the vortex
mduces flow from the [reestream under the gap between Lhe side-plate and the ground. This

flow accelerates until it is at its strongest directly beneath the vortex. As the flow progresses
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turther inside the diffuser toward the centre-plane the How decelerates due to the adverse
pressure gradient. Separation of the ground boundary layer oceurs. Explosive boundary
layer growth occurs locally to the separation and moves toward an interaction with the outer
mviscid flow. Air is ejected from the boundary layer and sccondary vortices are produced.
These secondary vortices are not present i the type A flow because the vortices are far
away from the ground and although separation is induced in the ground boundary layer, an

interaction with the outer How does not occur.

4.2.3 Vortex Flow Exiting the Diffuser in Type C

A prominent feature of this flow regime is the appearance ol asynunetric vortices (Figure 17).
Instead of two broadly synuuetric, counter-rotating vortices, the flow in the cross-plane is
now dominated by a single vortex and a re-circulating flow with flow reversal. The vortex
now occupies a large cross-plane area (Figure 26 (f) and (g)). On the other side the How
is characterised by flow reversal. The appcarance of the dominant vortex is randonr and
was found in the model tests to be influenced by minute changes in model settings. In
Table 13 the dominant vortex is seen to switch from one side to another when the ride
height is changed from h,/d = 0.204 to 0.159. In Table 13 the measured vorticities at the
centre of the dominant vortex arc listed. The peak vorticity occurs at the centre of the
vortex (Figure 27 (f) and (g)). The maximum induced spanwise and trausverse velocitios are
comparable to that in the maximum force region (Figure 25(f)), and the vortex is less difluse
than the type B vortices, leading to a high suction level on one side of the diffuser near the
base of the diffuser. This feature is indicated in the spanwise pressures shown in Figure 300,
However, this suction enhancenient mechanism ouly exists in a small area towards the base
of the diffuser. On the other side. flow reversal is the result of 3D flow separation afd the et
of the diffuser. Once this occurs, a loss of suction is inevitable to this side of the diffuser.
This is clearly indicated in Figure 30. TKE concentrations oceur in the vortex and in the
shear layer scparating from the opposite side-plate (Figure 28 (£) and (g). A large region of
TKE in the centre of the exit arca at h, /d=0.204 (Figure 28 (I)) disappears by L, /d=0.159
(Figure 28 (g)), indicating that the flow becomes less turbulent towards the lower reaches of
type C flow. Overall, the suction loss caused by the How separation at the diffuser inlet and
the apparent break-down of the streamwise vortex (with the subsequent loss of vortex lorce)

now dominate the force production mechanisin.

4.2.4 Vortex Flow Exiting Diffuser in Type D

As the ride height is further reduced, the vortex How is considerably weakened. In the
cross-planc immediately dowustream of the diffuser (Figure 25 (h)), a single large vortex

1s present. The vorticity at the ceutre of the vortex is much lower than those observed at,
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higher ride heights (Qd/U,=-2.30). The mass How cutering the diffuser from the mlet is now
reduced substantially (Figure 26 (h}). Uulike the flow types A, B. and C. where a strong
flow entrainment or an attached diffuser flow led to a high speed diffuser [low. measurements
suggest a generally low diffuser through-flow and the presence of large scale fHow reversal
at both sides of the diffuser. Flow entrainment between the side-plates and the ground is
greatly reduced, spanwise velocitics under the side-plate are w/Us =0.05. At this height, the
gap between the model and the ground is rather small. Measurciments at a freestreamn ride
height suggest that the thickness of the boundary layer underneath the model approaches 15
mm before the diffuser inlet (sec Figure 22). Therefore, the viscous effects should certainly
be prominent at this ride height. The Re based on the ride height and the free-stream
flow conditions is in the order of 13,000. and for a channcl How, the flow would bhe fully
developed. Tt is therefore anticipated that the boundary layers underncath the model and

over the ground plane have merged at the diffuser inlet at this ride height.

4.3 Discussion of Down-force Production

The LDA measurements give a useful insight into the Huid mechanics. The diffuser performs
the task of decreasing the kinctic encrgy of the fluid and decreasing the velocity at the
higher ride heights of the type A flow (Figure 28 (a) and (b)). This is a consequence ol the
flow remaining attached at the diffuser ramp. Lowering the diffuser to h,/d=0.318, where
separation first appears on the ramp in these tests, results in a significant inercase in the
TKE levels of the exit flow and the larger, more diffused vortex pair seen in Figures 28 (¢).

The contour plots of u/Us shown in Figures 26 reveal that at all heights Detween
freestream and the height of maximmun dowu-lorce there is a large arca of flow helow (he
diffuser surface which is of [reestream velocity or higher. This indicates a passage of high
speed flow from upstream of the diffuser inlet through to the outlet. The arca ol Treestream
velocity at the exit plane decreases as the vortices expaind with decreasing ride height m type
B, however at the diffuser ramp there renains a strong How through the diffuser downstream
of the separation bubble. Tt appears that the separation bubble is thin, allowing (luid to
flow to the end of the diffuser without creating too much blockage. At the inception of stall
(Figure 26 (f)). a large zone of re-circulating and reversed thiid is present. At the other side
of the flow there is still a large region of higher speed Huid reaching the diffuser exit. This
feature suggests that a straightforward boundary layer merge at the inlet may not be the
cause of the diffuser stall.

The occurrence of the maximum force is associated with the onset of How separation in
the diffuser. The dowu-force production is mainly influenced by two contributing factors:
pressure recovery and vortex How. Whilst the onset of the separation changes the pressure

recovery, at the inlet of the diffuser the How stays altached. Hence the flow acceleration
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and the pressure drop mechanism still dominates the pressure recovery as the ride height
is reduced, leading to an overall higher suction force. In this flow type, the vortex How
remains basically symnetric about the centreline of the model as both vortices are able to
form without inlet separation introducing asynumetry. Hence the force enhancement effects of

both of the vortices are still present. and the overall effect produces the maxiimum down-force.

4.4 Vortex Flow Inside the Diffuser (PIV)

The cross-flow inside the diffuser was measured using PIV. Measurement planes were chosen
to coincide with the spanwise surface pressure measurcments. However, the plane 2/d =7.76
could not be measured as the carbon fibre reinforcement of the transparent side-plate did

not permit laser access at this plane, and x/d =7.74 was measured instead.

4.4.1 Vortex Flow Inside the Diffuser in Type A

The evolution of the vortex flow in type A can be traced through Figures 31 and 32. As the
flow features in this flow type are essentially symmetric, the discussion is presented in terus
of one vortex. At z/d =5.44 | the roll up of the shear layer separating from the side-plate
edge is evident from the vorticity contours (Figure 31 (a)). The shear layer rolls up into a
vortex that is small in size and is concentrated and strong. The vortex lies adjacent to the
side-plate, in agreement with the surface flow patterns on the inner side-plate (Figure 12
(b)). Acceleration of the freestream flow underncath the side-plates is observed.  Whilst
the flow scparating from the side-plate edge appears to be wound into the vortex, the air
entrained through the gap between the side-plates and the ground Hows around the vortex
and up towards the diffuser ramp.

At z/d =5.91, the vortices remain conceutrated and have a larger diameter. The vectors
show that the cross-flow velocities in the vortex remain high speed,; i.e. freestream velocity
or higher (Figure 31 (b)). The presence of the model above the ground induces a ground
shear layer, visible in the vorticity contonrs (Figure 31 (D)) as a region ol vorticity ol the
opposite sense to the vortex above it. The flow separating frowm the side-plate again appears
to be wound into the vortex. Along the length of the diflfuser the vortex expads. in the
same way as a conical vortex expands along a delta wing. As the diffuser cross sectional
area increases, the vortex centre moves board and slightly upwards towards the dilluser
centreline (Table 14). At z/d =6.37, a new feature is observed in the vortex flow (Figure 31
(¢})). The shear layer rolls up into small individual pockets of vorticity as the main vortex
rolls up. These small scale vortices are co-rotating and in the saine sense as the main vortex.
The occurrence of the small scale vortices i the shear layer is thought to be what is deseribed
by Gursul & Xie [39] and Riley & Lowson [79] as a ‘steady shear layer instability . previously

found in the vortex shear layer of delta wings at incidence [12. 59, 79, 73. 7. 78. 93].
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This flow phenomenon is seen more clearly in the vortex flow towards the dilluser exit.
and will be discussed separately in Section 1.4.6.

The close proximity of the vortices to the side-plates at a/d =06.37 indicates that the
vortex flow is still influential on the surface flow patterus: the How separating from the side-
plates is induced in to the vortices adjacent to the ramp surface (Figure 31 (¢)). At @/d =06.83
the diffuser area is considerably larger in leight. The vortex has expanded but no longer
occupies such a large proportion of the diffuser cross-sectional arca. It remains positioned at
the base of the side-plate. The vectors in Figure 32 show How separation at the inner side-
plate, at approximately y/d =-0.66. Here, the How emanating [rom the ontwardly spiralling
vortex divides, some flowing downwards and back into the vortex, some fowing upwards
away from the vortex. The oil flow pattern of the difluser surlace and inner side-plate at
hy/d=0.382 confirms that the scparation exists, and is the point at which the vortex detaches
from the upswept surface (Figure 33). In the Agure this occurrence is scen as the point at
which the side-plate becomes devoid of any oil mixture. Beyoud this streammwise location, the
separating flow from the side-plate flows towards the diffuser ramp, and not into the vortex.
This flow behaviour is also counsistent with measured surface pressures at this plane, which
indicate a much lesser influence of the vortex on the ramp surface flow. The strength of (he
vortex is gradually decreasing as the flow decelerates through the diffuser (Figure 31 (¢)),
however the cross-flow velocities continue to remain high (Figure 32). By x/d =7.74, the
separation at the inner side-plate occurs at y/d of approximately -0.55. The ground shear
layer has iiicreased iu thickness along the length of the diffuser. The gap between the shear
layers of the vortex and the ground has reduced to approximately 15 mman. At cither side
of the centreline z/d =0, the ground boundary layer begins to be induced upwards by the
vortex flow ag noticed in the LDA results. A small part ol the houndary layer appears to be
about to shed an eddy. By x,/d =0.096 the gap between the shear layers has reduced further
and the flow has been shed, however at this model ride height the vortex How inducenient is

not yet strong enough to cause the shed flow to roll up into a smaller vortex (Figure 31 (f)).

4.4.2 Vortex Flow Inside the Diffuser in Type B

The vortex How through the diffuser at £, /d=0.255 is prescuted in Figures 34 and 35, The
type B flow features remain essentially synimetric. The How velocities accelerating under-
neath the side-plate have increased due to the reduction in the gap through which it [lows.
As with the type A flow, the vortex is strong and concentrated at z/d =5.44 (Figure 34
(a)), and its core is present in the PIV images (Figure 36 (a)). The flow separating from the
side-plate appears to wind into the vortex. The vortex rewains concentrated at w/d =5.91
(Figure 34 (b)), although its core is no longer visible in the PIV iimages. The ground bonnd-
ary layer is observed in the vorticity contours of Figure 34 (b). However, at x/d =06.37 a

noticeable change occurs. The vortex is visibly much larger and scemingly more diffused: the
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vorticity at the centre has decreased to less than half that at /d =5.91 (Figure 34 (¢)). The
vectors indicate flow separation at the inner side-plate at approximately y/d =-0.7 (Figure 35
(a)). The separation is similar to that which occurred in the type A How. althongh it has
occurred further upstreain in the diffuser at this ride height. Thus the vortex detaches from
the diffuser surface earlier as the ride height is lowered through the type A and type B flows.
The vortex size gradually increases throughout the remainder of the diffuser, and the core
locations move in-board towards the centreline (Figures 34 () - (I)). The PIV images in
Figure 36 emphasise the transition of the type B vortex [rom a tightly wound and concen-
trated vortex at x/d =5.44 (Figure 36 (a)) to a larger, more diffused and weaker vortex at
z/d =6.83 (Figure 36 (b)). Flow visualisation has revealed that the vortices separate from
the diffuser surface at approximately z/d =06.7. coinciding with the dillusion of the vortex
between z/d =6.37 and 6.83. The vortex and the ground boundary layer become closer to
each other as they develop through the diffuser. At a:/d =6.83, the gap between the shear
layers is small. The ground boundary layer has thickened and is induced upwards by the
vortices at z/d = £0.35 (Figure 34 (d)). By x/d =7.74, the induction has caused the bound-
ary layer to separate from the ground and follow the vortex shear layer upwards (Figure 34
(e)). The appearance of two small scale vortices beneath the main vortices indicates thal
the induction of the ground shear layer by the main vortices, discussed in Section 4.2.2, Lrst
occurs towards the end of the diffuser. On exiting the difluser, cach vortex oceupies ahimost
a full half-width of the exit cross-sectional area. The ground boundary layer interacts with
the vortex across the span of the diffuser as ncreasing amounts ol the ground shear layer are
entrained upwards.

Figure 37 shows profiles of w/Uy extracted from the mean How data at /i, /d=0.255.
Each profile passes through the centre of the left side vortex and extends to the grownd
plane. Whilst the large velocities and steep gradients of the curve at x/d =591 emphasisce
the coherence and strength of the vortex at the start ol the diffuser, the smaller velocitios
and gentler gradients of the curve at x/d =0.096 arc indicative of the large, difluse vortex
flow at the diffuser exit.

The figure also clarifies the extent of the vortex and ground shear layer mteraction at
different streamwise locations in the diffuser. It may be seen that at /d =5.91 and 6.37 there
is a discontinuity in the curve between the two shear layers. At 2 /d =6.83 there is a small gap
between the change in curve gradients, whilst at planes @ /d =7.74, and x| /d =0.096 there is

no discontinuity 1 the curves, indicating a merging of the shear layers at these locations.

4.4.3 Vortex Flow Inside the Diffuser in Type C

Type C flow is characterised by force reduction and asynnnetric vortex flow. One of the
vortices is collapsed from the inlet and, at x/d =5.44 the region of low speed Huid is apparent

(Figure 39 {a)). The shear layer separating from the left side-plate does not roll up into a
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vortex, but flows around the separated flow and upwards to the diffuser surtace.

The vortex that rolls up is weaker than that at h, /d=0.255 (Table 4 and Figure 38 (a)).
It 1s also smaller in size than the type B vortex. and the gap between the vortex and the
ground boundary layer is reduced. At w/d =5.91 the region ol separated Huid at the left side
of the diffuser has increased in size and the cross-flow velocities in the vortex have decreased
(Figure 39 (b)). The ground boundary layer at the unstalled side ol the flow is thicker than
that at the stalled side. Although /. /d has reduced, and less fluid may be entrained through
the gap, there is still a chanuel between the shear layers through which freestreamm fHuid
accelerates and is then induced into the vortex. By x/d =6.83 (Figure 38 (¢)), the vortex is
still compact and retains its strength, Qd/Uso=-18 at the vortex centre (Table 14), compared
with 2d/Us=-20 at z/d =591, and espcecially in comparison with the type I3 vortex, the
vorticity of which was Qd/Us=-8 at x/d =6.83. Thus the type C vortex appears to be less
diffused than the type B flow. The vortex centre follows a siimilar path to that of the type
B vortex flow (Table 14), however it is smaller in size than the vortex at o, /d=0.255, and is
detached from the side-plate. The gap between the shear layers has almost disappearod, and
it may be surmised that they merge at an earlicr streamwise location in the type C flow than
in the type B flow. The ground boundary layer underncath thie unstalled How has separated
from the ground by z/d =7.74 (Figure 38 (d)), whilst the boundary layer beneath the stalled
flow remains relatively thin and attaclied to the ground. Upon exiting the diffuser the vortex
is diffused, detached from the side-plate and greatly reduced in strength (Figure 38 (¢)). The
ground boundary layer thickness has decreased since x/d =7.74, and is now reattached to
the ground underneath the vortex. This is most likely due to the fact there is no side-plate
to cause acceleration of fluid entering the diffuser from the sides. Although the Huid would
accelerate as it flows through the gap between the ground and the vortex, the vortex strength
is greatly reduced and therefore the cross-stream Huid remalns at o low speed. The pressure
gradient across the shear layer as the tluid then decelerates towards the centre-plane is not
large enough to cause the shear layer to separate. The arca ol stalled flow at the left side
of the diffuser occupies mmore than half the span of the exit arca and appears as a weakly

circulating flow.

4.4.4 Vortex Flow Inside the Diffuser in Type D

Only three planes were measurced at h,./d=0.064, since the arca inside the diffuser became
too small to capture meaningful results further upstream in the diffuser. Cross Qow velocities
mside the diffuser are low (Figure 41). Little low is entrained through the gap hetween the
side-plate and the ground. At z/d =6.83 the shear layer separating from the edge of the
side-plate remains close to the ground plane, and does not roll up as at higher ride heights
(Figure 40 (a)). At both sides of the diffuser, the shear layers at the side-plate and at the

ground appear to merge to cffectively prevent more How entering the diffuser from the sides.
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The inside of the diffuser is occupied by a weak vortex and re-circulating and reversed flow.
Surface pressure measurements at this ride height indicated a single weak vortex in the front
half of the diffuser, becoming ahmost undetectable at the surlace by this streamwise location
(Figure 17 (b)). Further downstrcam in the flow at @/d =7.74. the flow characteristics are
essentially unchanged and the vortex is large. weak and low speed (Figure 40 (b)), The How
at the exit plane z;/d =0.096 (Figure 40 (c¢)) confiris the LDA micasurcments at the same
plane, revealing a single low speed vortex to the right of the flow and a stalled How to the
left. The significance of the results at this ride height lies in the fact that no high speed flow
occurs inside the diffuser. It is snrmised that the How at the diffuser inlet 1s ‘chioked’, that the
boundary layers beneath the flat bottom of the model and over the ground merge upstreain

of the diffuser inlet to effectively prevent the throngh-flow from entering the difluser.

4.4.5 Boundary Layer Flow Underneath the Diffuser

PIV measurements were taken in the flow beneath the model in order to clucidate the bound-
ary layer states at the inlet to the diffuser and their possible impact upon the down-force
reduction behaviour at low model ride heights. Figures 42 and 43 present boundary layer
profiles, /Uy, at two model heights, L, /d=0.255 and h, /d=0.204. The [irst is a type B
flow approaching maximum down-force, the second is a type C flow, just beyond down-force
reduction. For each model height, the streamwise flow nuderncath the model was measured
at the centreline, and at 10 rnm inboard of each side-plate, 1.e. z/d = +0.936.

At h,/d=0.255, the flow underneath the flat part of the model is high speed for cach span-
wise location, reaching velocities of up to Uy =1.6 along the model centreline (Figure [12).
Boundary layers are evident both underncath the model and over the moving ground. At the
centreline, high speed fluid flows through the chianuel hetween the boundary layers, decelerat-
ing gradually on entering the diffuser. Once inside the difluser, the boundary layer thickness
at the model surface increases. In cach profile. there is a region ol alimost constant velocity
between the boundary layers. Although the boundary layers cannot be fully resolved from
these mieasurements, it is evident that the gap is over 25 1n (y/d =0.159) in cach profile.
This casts some doubt upon a stall cansed by boundary layer interaction at the dilfuser inlet.
Figure 44 (a) supports this deduction. The regions of vorticity in the contours are the shear
layers beneath the model and over the ground. The shear layer beneath the model is seen
to thicken underneath the corner of the model. A Dblockage in the camera image cansed by
the side-plate means that part of the fow in this region is obscured. Tt is estimated [rom the
paths of the surrounding vectors and from the curvature of the shear layer that the boundary
layer in this region does not extend below y/d =-1.12.

Profiles of u/Uy underneath the model centreline at 1, /d=0.204 are shown in Figure 43.
At the model centre-plance z/d =0. (Figure 43 (a)) there is a high speed How through the

channel between the model and the ground. The profiles indicate that there is a gap of
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approximately 15 min (y/d =0.096) Detween the two boundary layers. The flow accelerates
in the approach to the diffuser inlet. and decelerates to below w/Us.=1.202 at @ /d = 5.5. At
the unstalled side of the model at z/d =0.936 (Figure 43 (¢)). there is a region of high speed
fluid at the diffuser inlet, although the fluid approaching the inlet from upstream is slower
than at the centre-plane. This is to be expected, as the pressure would not be as low al the
sides of the flat bottomn as it is under the centre-plane. The flow accelerates at the inlet where
the pressure is most negative, before decelerating at a faster rate than at the centre-plane
(Figure 43 (c)). The velocity reduces to u/Us <1.202 by a:/d = 5.15. Figure 43 () shows
the streamwise flow through the chanuel at the stalled side of the flow, z/d =-0.936. The
streamwise flow is slower at the diffuser inlet and innmediately beyond than in either of the
previous figures, the maxiinum velocity being 15% slower thau that at the lelt side nnstalled
flow. However, there remains a definite region of high speed llow. The gap between the two
boundary layers indicates that there is no boundary layer merge at the stalled side of the
diffuser inlet.

Figure 44 (b) shows the flow in the cross stream at the diffuser inlet at 41, /d=0.204. The
velocity vectors indicate that the flow at this side of the diffuser is unstalled, and the gap
of at least 15 mm (y/d =-1.1 to -1.2) between the boundary layers is appareut, bearing in
mind that the same camera angle problem of the side-plate protruding into the How occurs
in this result as occurred at h, /d=0.255. Although the boundary layer is not resolvable from
these measurements, the figure confirms that the boundary layer thickness underneath the
model inlet at h,/d=0.204 has not increased significantly from the boundary layer thickiess
measured with the LDA at a freestreain ride height (Figure 44).

It may be deduced from these measureinents that the stall at low ride heights for this
diffuser angle does not appear to occur due to a merging of the boundary layers at the dilfuser

inlet.

4.4.6 Steady Shear-Layer Instability

In Section 4.4.1 the observation of co-rotating small scale vortices within the main vortex
shear layer was documented and is thought to be a ‘steady’ shear layer instability. The small
vortices are of the same scuse as the main vortex around which they exist, and are sceu
most clearly in the vorticity contours of Figure 31 () around the main vortex. They are
less clear but visible in Figures 31 (¢} - (¢). The appearance of the small vortices in the
flow indicates that they are a steady phenomenon, and that they are stationary in position.
The time-dependent How neasurements preseuted in Chapter & confirin that this is so. In
Figure 31 (f), there are seven small vortices around cach main vortex. A finer resolution
is required to measure these vortices in detail, however it can be scen that cach has a non-
dimensionalised vorticity at its estimated centre of Qd/Us = £4-5. although the vortices

around the right side vortex are of slightly higher vorticity than those around the left side
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vortex. It is expected that the small scale vortices also exist in the shear layer rolling up
from the side-plates at 1, /d=0.255 in the carly part of the ditffuser. The PIV did not capture
sufficient resolution in the vortices at 1, /d=0.255. & /d =5.91 (Figure 34 (b)) to show whether
or not this is the case, however at «/d =6.37 (Figure 34 (¢)) there is evidence to snggest that
they are present but becoming obscured lIrom view by the diflused vortex core.

The instability has been found in delta wing vortex Hows at high incidence and low
Re [59, 73, 74, 78] and also in higher Re delta wing tlows [79, 93]. Campbell et al [12] lonnd
evidence that the instability also exists under flight conditions in the vortex How over fighter
aircraft. The occurrence of the instability over such a large range of Re suggests that it is an
inviscid phenomenon. Its cause was investigated by Riley & Lowson [79] and was thought to

be a local three-dimensional Kelvin-Helmholtz instability ol the free shear layer.

4.5 Discussion

The LDA and time-averaged PIV data confirm the initial postulations made in Chapter 3,
and also reveal important flow physics that contribute to the understanding of the diffuser
behaviour in ground effect. In Chapter 3 it was surmised that the flow was characterised by
a counter rotating vortex pair. The vortices, aloug with diffuser pumping, were thought to
dominate down-force production. Tlhe measurements presented in this Chapter have proven
this to be correct. In addition, the down-force reduction has been proven not to be due to
boundary layer merging at the diffuser inlet.

Four different types of vortex flow corresponding to cach region of the down-force curve
have been identified and described, and they provide an explanation for the four regions ol the
down-force curve (Figure 9 (a)). The vortex characteristics provide greater understanding
of the changes occurring inside the diluser as a consequence ol an increase or reduction iu
model ride height.

Type A vortices are similar to those found on a delta wing at moderate angle ol attack:
strong, coherent and characterised by a high axial speed core. Measurement of the type B flow
in the early part of the diffuser reveals a vortex pair exhibiting type A vortex characteristics.
however a transformation occurs part way aloug the difluser to cause the vortices to become
large, diffuse nature and with a low speed axial core. The transformation is illustrated in
Figure 36. At L, /d=0.255, the colierent vortex shown i (a) bhecomes the Targe. weak vortex
shown in (b) over a distance of less than 100 rrn. The vortex core disappears from the PIV
camera image in all planes downstream of x/d =5.91. This is indicative of cither the core
no longer staying in oune position or of a core dilation. The vortex core could he wandering
and causing the apparent ditfuse nature of the mecan vortex flow. However, there are several
other possibilitics that could canse the vortex to be diffuse, Tor instance a merging of the

shear layer at the side-plate with the unsteady separating flow from the ground shear layer.
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The vortex could also be breaking down inside the diffuser to cause the core dilation seen in
the images.

Vortex wandering is often found in delta wing vortices and tip vortices from a rectangular
wing, and is thought to be caused by the Kelviu-Hehnholtz instability known to exist in the
shear layers of these flows [39]. Vortex breakdown is found in conditions of steep adverse
pressure gradient and large swirl velocity, and is also often found in delta wing vortices at high
angles of attack. The steady state instability scen in the type A flow cannot be responsible
for an unsteady flow phenomenon such as vortex wandering because it does not travel round
the shear layer, unlike the unsteady Kelvin-Helmholtz instability [39]. The diffuse nature of
the vortex in the type B flow could be due to a numuber of reasons, the most likely of which

are thought to be as follows.

e The vortex core wanders due to the Kelvin-Helmholtz instability in the shear layer
e Fluid from the ramp surface separation bubble is induced into the vortex coves
e The shear layers of the vortex and the ground interact to produce an unstable vortex

e The vortex breaks down inside the diffuser

The cause of the vortex becoming diffuse becomes clearer on iuvestigation of the tinie-
dependent vortex flow, to be discussed in Chapter 5.

In type C flow, the stronger vortex appears to behave in a manner similar to a type B
vortex, being coherent and strong in the carly part of the diffuser and becoming large and
diffuse towards the diffuser exit. However, the type C vortex remains colicrent for louger
than the type B vortex. Thus, the mechanism that causes the type B How diffusiveness also

appears to affect type C flow, but at a later stage in the difluser.

4.6 Summary

Measurements of the flow nside and exiting the diffuser have revealed four diflerent types
of vortex flow. A pair of counter-rotating vortices characterises the type A (down-force
enhancement) diffuser flow. The vortices are symmetric about the model centre-line and are
coherent with a high axial speed corc. The type A flow appears to be steady. The type B
flow vortices are similar to the type A vortices in the carly part of the diffuser, however they
become large and diffuse. The core axial speed reduces and the vortex strength is reduced
as this occurs. The type C vortex How is asymmetric, and characterised by a vortex and
weakly re-circulating and reversed How that is stalled from the ditfuser inlet. The type ©
vortex is similar to a type B vortex. The type D low vortex is also asynucetric. consisting

of a weakly circulating and reversed flow and a vortex that is weak throughout the diffuser.
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The ground boundary layer is induced upward by the vortex positioned above it. giving
rise to separation of the cross-flow in the ground boundary layer. In some cases thie boundary
layer sheds pockets of vorticity into the main vortex shear layer and outev flow.

Boundary layer merging occurs inside the diffuser but only in type B flow towards the
end of the diffuser (x/d =7.74). and in type C How from x/d =6.83 as measured. Type D
flow is surmised to be ‘choked’ at the inlet.

Boundary layer merging does not occur at the inlet at either f,./d=0.255 (type B) or
0.204 (type C) and is therefore not the cause of the force reduction seen at low model ride
heights.

A shear layer instability is present in the vortex flows of type A and possibly in carly
type B flow. The occurrence of the small vortices in the time averaged flow indicates that
the phenomenon is steady and also that the main vortex retains a steady position and docs

not meander.
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h]d /U TRE.JUZ v/ = Jd 0.djT~ Ty /U<
—
Is s Is s Is s Is s Is s
0.064 | -0.058 - .0266 - -0.797 - - -0.529 - -1.230 -
0.159 | -0.161  0.459 | .0498 .0731 | -0.632 -0.541 | 0.690 -0.285 | 1.97 -1.08 -
0.204 | 0.18¢ -0.261 | .0841 .0347 | -0.688 -0.716 | 0490 -0.584 | 1.15 -8.10 -
0.217 | 0.064  0.081 | .0924 .0743 | -0.750 -0.692 | 0.532  -0.51 3.25 -3.70 0161
0.255 | 0.036 0.029 | .0772 0.081 | -0.752 -0.727 | 0.493 -0.510 | .22 -3.636 0.339
0.318 | 0.096 0.229 | 0.062 0.050 | -0.801 -0.820 | 0.515 -0.557 | 7.362 -10.231 0.224
Table 13: LDA Cross-plane vortex flow at @y /d =0.096.
h/d x/d ye/d z0/d Q.d/Us
— —— ——
Is rs Is I8 Is s
0.064 6.83 -0.873 -0.709 0.6:15 -0.529 1.937 -1.363
0.064 7.74 -0.607 -0.663 0.601 -0.58 0.780 -0.879
0.064 | z,/d=0.096 | -0.398 -0.761 0.476 -1).583 0.386 -0.955
0.204 4.95 - - - - - -
0.204 5.44 -0.919 -1.004 -0.929 0.649 -38.918
0.204 5.91 -0.843 -0.981 0.636 -0.858 0.844 -20.847
0.204 6.83 -0.849 -0.941 0.651 -0.724 0.700 -18.258
0.204 7.74 -0.759 -0.829 0.604 -0.596 0.769 -7.348
0.204 | x,/d=0.096 | -0.838 -0.674 0.543 -1.570 0.880 -3.356
0.255 4.95 - - - - -
0.255 5.44 -1.014 -1.003 .920 -0.932 ] 30.984  -65.006
0.255 5.91 -0.977 -0.978 -0.866 0.858 23.674  -21.208
0.255 6.37 -0.952 -0.957 0.774 -0.743 | 10.865  -13.957
0.255 6.83 -0.920 -0.923 0.699  -0.717 7.089 -7.938
0.255 7.74 -0.839  -0.8547 | 0.5794  -0.592 3.963 -4.2067
0.255 | ;/d=0.096 | -0.749 -0.7475 0.501 -0.496 3.593 -4.22
0.382 5.91 -0.9807 -0.974 0.8312 -0.8905 | 43.117 -49.4331
0.382 6.83 -0.9618  -0.9443:1 | 0.7605 -0.7864 | 50.264 -46.1595
0.382 7.74 -0.8845  -0.8668 | 0.683G  -0.683 | 37.527 -34.932
0.382 | x;/d=0.096 | -0.851 -0.848 0.519 -0.603 | 44.647  -34.420
0.764 | z,/d=0.096 | -0.812 -0.869 0.703 -0.766 27.4 -27.8
Table 14: PIV Cross-plane vortex flow inside diffuser.
A.E. Senior 72




Chapter 4. Time-Averaged Vortex Flow

——— x/d=2.3
075 4 ——+—— wd=45
——— wd=35
——e—— x/d=5.5
D4
T 05+
o>
0.25 -
0
0 15
(a) Boundary layer profiles over top of model
-1 4
-0.75 A
©
=.-05 A
o>
0251
0 -

(b) Boundary layer profiles underneath model

Figure 22: Boundary layer profiles in freestream (LDA)
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Figure 23: LDA measurements underneath the model in freestream at z/d =4.9.
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Figure 24: Time averaged vortex flow exiting the diffuser in freestream, h,/d=4.14 (LDA).
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Chapter 4. Time-Averaged Vortex Flow
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Chapter 4. Time-Averaged Vortex Flow
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Chapter 4. Time-Averaged Vortex Flow

Figure 33: Type A surface flow at inner side-plate, £, /d=0.382. Flow dircction from top to
bottom.
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Figure 34: Type B mean vortex flow: h,/d=0.255 (PIV).
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Figure 40: Type D mean vortex flow: h,/d=0.064 (PIV).
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Chapter 4. Time-Averaged Vortex Flow

Figure 42: Boundary layer flow underneath model: k,/d=0.255 (PIV).
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Figure 44: Boundary layer flow at diffuser inlet (PIV)
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Chapter 5
Time-Dependent Vortex Flow

The possibility of unsteady flow inside the diffuser was further investigated using PIV. The
findings and their impact upon the performance of the diffuser are discussed in this Chapter.
Results for each flow type are presented, before a discussion with regard to the possible causes
of the mean flow diffusiveness. The consequences of these Audings for the overall difluser

behaviour are discussed in Section 5.6

5.1 Possible Causes of Vortex Diffusiveness

A correlation is sought between the diffusiveness of the mean vortex flow of flow types 3 and
C and other features of the flow which may provide an understanding as to the behaviour of
the diffuser at low ride heights. Several possible causes have heen identified and are discussed

below.

5.1.1 Kelvin-Helmholtz Instability

Two parallel flow streamns of different velocitios are susceptible to perturbations and, at a
certain frequency may become unstable. Discrete vortices are shed from the streamns and the
vortices become paired. The mechanism is known as the Kelvin-Helmhboltz instability. The
instability was observed in the free shear layer of a delta wing as a series of discrete siall
vortices travelling in the shear layer around the main vortex [30]. The vortices were shed
at a well defined frequency. During their convection through the shear layer, two vortices
appear to roll around each other and merge into a single vortex, a process which is repeated,
culminating in the main vortex. Any occurrcnce of the Kelvin-Helimholtz instability in the
vortex shear layer will be apparent ouly in time-dependent data, and will be seen as a pairing
of positive and negative sub-vortices within the vortex shear layer in the type B flow [91]. 1T

the instability exists around the vortex it could contribute to the vortex nnsteadiness.
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5.1.2 Surface separation bubble

The oil flow visualisation of the type B surface flow revealed a separation bubble on the ramp
surface. A correlation of the flow visualisation and the PIV data at h, /d=0.255 shows that
the bubble would be present in the flow at «/d =591 and «/d =6.37. The bubble is not
apparent in the PIV data at the diffuser surface at cither measurement plane, This is to be
expected if the bubble is very thin; the resolution of the PIV measurcients would not be
sufficient to capture it.

However, the bubble at the surface is an uusteady flow separation since the point ol
separation from the surface is not fixed. The flow emanating from the bubble is therefore
likely to be unsteady, giving rise to the possibility that it could affect the vortex [low. Flow

from inside the bubble could causc a disturbance in the vortex core.

5.1.3 Shear layer interaction

An interaction of the shear layers at the basc of the side-plate and at the ground conld
instigate a disturbance to the vortex, although the vortex diffusiveness begins some distance
upstream of the shear layer merging. However the time-averaged flow conld be masking
instances of shear layer interaction further upstream ol this location. Tuvestigation of the
instantaneous flow will confirin whether it is possible that shear layer interaction is a canse

of the vortex diffusiveness.

5.1.4 Vortex breakdown

Although a definite criterion for the onsect of vortex hreakdown remains elnsive, ibs presence is
known to depend upon certain key factors: principally the ratio of the magnitnde of the swirl
and axial velocities (the Rossby muuber), and the pressure gradient imparted to the How.
Related factors include the confining geometry and bonndary layer development along the
geometry, and the upstream conditions. The steep pressure gradient inparted to the vortex
inside the diffuser would cansc a deceleration of the axial velocity. Lowering the model ride
height increases the acceleration of How entrainment underncath the side-plates and thus
subsequently increases the swirl velocity component ol the vortex. The combination would

lead to a vortex core with a high swirl ratio that would be susceptible to breakdown [83].

5.2 Time Dependent Flow Inside the Diffuser: Type A

Figure 45 shows the left side vortex flow at three instances in time alongside the mean How
vorticity contours. The vortex core is coherent and concentrated in each of the instantancous
pictures. The vorticity levels at the core are 78.3. 62.9 and 65.2 in (a), (D) and (¢) respectively

(Table 15). These levels are higher than the mcan flow vorticity of 50.3 (Table 14). Althongh
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the data contains a certain amounnt of noise, the small vortices of the shear layer are apparent
as small concentrations of positive vorticity around the main vortex. and within the shear
layer rolling up from the side-plate edge. The positions of the small-scale vortices appear Lo be
consistent in each picture, indicating their steady presence within the flow. The main vortex
core location is gencrally steady for the three instances, and compares well with the mean
flow core location. The instantancous values are within z/d = £0.0065, and y/d = £0.0:13
of the mean core location. The scatter in the y/d locations, althougl only anmounting to
a small moveient of the vortex centre, is believed to account for the higher instantancous
vorticities compared to the mean vorticity.

Immediately downstream of the diffuser exit at x /d = 0.096, the vortex is still coherent,
and the velocity vectors of Figurc 46 illustrate how steady the vortex [low is in thme. The
shear layer instability remains visible in the instantaneous flow. Figure 47 (a) and (¢) show
seven tdentifiable secondary vortices around the main vortex core in similar positions Lo those
shown in the mean flow coutours, and Figure 47 (1) shows six sccondary vortices. The six
secondary vortices correlate spatially to the positions of the secondary vortices in figures 47
(a) and (c), and so it may be that the seventh vortex has heen obscured in the data. With
the exception of this discrepancy in the results, the consistent positions of the vortices in
each figure confiring the spatially steady unature of the shear layer instability. The non-
dimensional vorticity at the vortex core ranges hetween Qd/Us=30.221 and Qd/U~,=37.718
for the results presented. The instantaneous vortex core locations are within z/d = £0.008
and y/d = £0.008 of the mean flow core position.

The shear layer separation at the ground however, appears to be an unsteady phe-
nomenon. The spanwise How of the grouud honndary layer at xy/d =0.096 (IFigure 17)
separates from the ground towards the centre plane of the dilfuser, and in Figave 47 (¢) an
eddy has been shed fromn the shear layer. The point of separation [rom the grovnd changes
at each time instant, indicating an unsteady separation. This is to be expected since there
is no fixed point ou the ground from which the bonndary layer could separate, unlike at the
side-plate edge which provides a definite point of separation for the shear layer.

Thus, in the type A diffuser flow, the instantancous vortex How is similar to the mean
flow, and is generally steady. Unsteadiness appears in the shear layer flow at the ground
towards the diffuser exit, however at this ride height the model is far enough away from the

ground for the unsteadiness to have no tangible cllect on the main vortex low.

5.3 Time Dependent Flow Inside the Diffuser: Type B

At z/d =5.91 the vortex is coherent and concentrated (Figure 49). The instantancous velocity
vectors (Figure 48) indicate that the flow is mainly steady, and the locations ol the vortex

cores are consistent to within z/d = £0.01 and y/d = £0.06 of the mean flow core location.
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However, this is more of a moveinent of the core than was measured in the type A flow. and
signs of impending unsteadiness are visible in the vorticity contonrs (Figure 19). The value
of instantaneous vorticity is slightly higher than the time-averaged value in Figure 19 (a).
and is approximately 25% higher than the mean flow vorticity in Figures 49 (b) and (¢). At
z/d =6.37, the vortex has lost a considerable amount of its coherence. The vortex in Figure 50
(a) has become larger. The mecan vorticity concentration of the vortex has diminished by
over a third in a distance of only 80 wun [rom 2:/d =591 (Table 15).  Accordingly. the
levels of instantaneous vorticity in Figure 51 (a) are considerably weaker than they were at
the previous nicasurenment planc. This new feature in the vortex How is an dication of
unsteady flow in the vortex itself, and the effect is a rednction in the vortex concentration.
The positions of the vortex cores presented in Fignre 51 wander more on average than at
z/d =5.91, ranging within z/d = £0.045 and y/d = £0.047 ol the mean llow core location.
The ground boundary layer is, at this stage of the diffuser, attached to the grond, and
there is a distinct gap between the shear layer at the ground and that of the vortex [low
(Figure 37).

At z/d =6.83, the mean flow vortex is large and ditlusive, and this is horue ouf, in the
instantaneous data. The cross-tlow velocity vectors are tow speed and tacking a coherent form
(Figure 52). The extent of the core displacements has increased to a range ol z/d = £0.013
and y/d = £0.105 from the mean flow core location. The cores are dilated even further,
indicating decreasing axial velocity at the core. Twin cores are present at some instants. The
vortex concentration of the twin cores is variable, and the levels may he similar hetween the
two cores or highly uneven; in Figure 53 (a) the vorticity of the primarvy corve is 20.9. the level
at the secondary core is ouly 5.9. however in Figure 53 (b) the vorticity levels are 15.8 and 4.1
respectively. Figure 53 (¢} has a single core with a vorticity level greatly reduced [rom the
previous measurcinent plane at x/d =6.37. see Table 15, [n cach ol the instantancous results
presented, the vorticity levels arc significantly higher than that ol the time-averaged vortex
flow, however the concentrations are i pockets with regions ol low vorticity or vorticily ol
opposite sign in betwecn. The small scale concentrations of instantancous vorticity hear a
distinct resemblence to the instantancous vorticity contonrs downstream ol vortex hreakdown
on a delta wing [18]. The boundary layer at the ground is thicker than at x/d =6.37, and
the spanwise flow has begun to separate from the ground. From Figure 53 1t is evident that
the boundary layer separation is unsteady as at ., /d=0.382, and gives rise to the shedding
of pockets of fluid at periodic intervals.

Towards the diffuser exit, at xz/d =7.74, the tiime dependent vortex tlow is chaotic and
diffuse. Cross-stream velocitics in the flow are low (Figure 54). and the concentrations of
vorticity are more sparsely scattered (Fignre 55). The vortex core structure may he cither
single or twin core (Figure 54), and core locations are within z/d = £0.083 and y/d = £0.134

of the mean flow core position, thus the level of vortex core displacement is far higher than at
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h,/d=0.382. The ground shear layer is separated from the ground and sheds pockets ol Thid
into the shear layer rolling up to form the vortex. As scen in the time-averaged How results.
the ground and vortex shiear layers have merged at this measurement plaie and interact with

each other.

5.4 Time Dependent Flow Inside the Diffuser: Type C

From the mean flow results it is evident that in the asymmetric type C How, the remaining
vortex is reduced in size as compared to that in the type B How, and that at a:/d = 6.83 the
vortex appeared to retain its coherence and strengtly, in contrast to the vortex at h, /d=0.255
which was large and diffuse at this stage of the diffuser. The velocity vectors of the instan-
taneous flow at h,/d=0.204, x/d =6.83 (Figure 56) confirm that the vortex maintains its
structure at this plane, however in some instances the core is beginning to show signs of
unsteadiness (Figure 56 (b)). For the instants presented, the core locations dillered by
z/d = £0.022 and y/d = £0.0133 from the mcan core position. The vorticity contours of
Figure 57 give a clearer indication that the How is hecoming unsteady. The vorticity levels
at the cores are at a sinilar level to the time-averaged value, however the vortex is distorted.
The vorticity levels are mmuch higher than in the type B How measured at h,/d=0.255 al Lhis
particular plane, indicating that whatever causes the vortex diffusiveness in the type B llow
does not affect the type C flow until at least further downstream in the difluser. Sarpkaya [83]
suggested that if the boundary layer on a wall in close proximity to a vortex has separated,
then the actual adverse pressure gradient scen by the vortex cove 1s less than that which
would have existed had therc been no separation. The decrcase in pressure gradient, al the
wall is reflected in a decrease in pressure gradient along the vortex core, therelore decreasing
the tendency for the occurrence of vortex breakdown. Thus, the lact that Chere is a region
of separated flow at the diffuser surface may relicve the pressure gradient nmparted to the
vortex and hence the type C vortex maintains its coherence where the type B vortex does
not.

The ground boundary layer near the diffuser centre-plance is induced up toward the vortex
near the centre-plane of the diffuser, and a pocket of vorticily is shed. Tt can he seen thad
the shear layers interact with cach other at this plance. at an carlier stage than in the type B
flow, probably due to the reduced ride height.

By z/d =7.74, the diffuser flow is more unsteady, although the vortex remains coherent
to a large extent (Figure 58). The unsteadiness of the vortex makes it appear to be large
in the mean flow velocity vectors (Figure 58 (d)), however the vorticity contours reveal
that the vortex, although now slightly unstructured in the instantancous How, remains mmich
smaller than at h, /d=0.255. The concentrations of negative streamwise vorticity in Figure 59

are interspersed with pockets of much lower vorticity. and values at the cores are rednced
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significantly from the levels at x/d =6.83 (Table 15). The grownd shear layer is separated

and the secondary vortex created in the ground shear layer is visible at cach thine instant.

5.5 Discussion

The PIV data presented in this Chapter has helped to illwmninate the reasons for the vortex
diffusiveness of the type B diffuser How. Unsteadiness in the flow is apparent from the high
level of core displacement, particularly in comparison with the type A How. Of the four
possible causes identified for the vortex diffusiveness, three may be analysed through the use
of the instantaneous data; the possibility of the unsteady Kelvin-Helmholtz (K-H) instability
in the vortex shear layer, the extent of the interaction between the vortex and ground shear
layers, and the possible vortex breakdown inside the difluser.

The K-H instability would be identifiable by the oceurrence of secondary vortex pairing
within the vortex shear layer of positive and negative regions of vorticity [91]. Based upon
the present data, there is 1o cevidence in the results at £, /d=0.255 to support the presence
of the instability.

Separation of the ground bhoundary layer oceurs with an inhercutly moving, unsteady
point of separation. Thus part of the shear layer at the ground Dhecomes unsteady.  lor
the ride height of h,/d=0.204, the vortex unsteadiness begins to appear as the shear layers
springing from the side-plates and the grouud begin to merge. The houndary layers are
merging at z/d = 6.83 at h,/d=0.204, however at h, /d=0.255. merging does not ocenr until
z/d =7.74. The exact location of the merging is at a plane in between the measurement
planes presented, however it is evident that boundary layer wmerging oceurs carlier in the
diffuser at h, /d=0.204 than at 0.255. At 1, /d=0.255. scparation ol the groumd boundary
layer has occurred at z/d =6.83, an unsteady point ol separation. Thus the part ol the
ground shear layer that continues to be induced upwards around the vortex is unsteady,
and will interact with the vortex shear layer. The vortex unsteadiness is [rst, mcasured al
z/d =6.37, up to 80 mm upstream of the frst mcasured sign of shear layer separation and
even further upstreain of shear layer wmerging. It is [or this reason that shear layer interaction
is thought not to be the main cause of the vortex diflusiveness. [lowever, it is possible that
it makes a contribution to the How unsteadiness in the later part of the diffuser.

The separation bubble at the dilfuser surlace i1 the type B How is also an unsteady
separation, having no fixed point of scparation or reattacliment. Although it is expected
that the bubble is quite thin, the region of Huid scen periodically on the moving ground
during oil flow visualisation experiments appears to be Huid from the hubble touching the
belt (Figure 60). The fluid lics hetween the vortex tracks and has a similar size and shape
to the bubble as scen on the diffuser surface. If the fluid in Figure 60 is from the surlace

bubble, then it is possible that nnsteady luid cimanating from the bubble is induced into the
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vortex flow, contributing towards the How unsteadiness.

The vortex unsteadiness is most likely to be caused by vortex breakdown occeurring inside
the diffuser. The pressure gradient imparted to the vortex pair increases through How type A
as the model is lowered to the ground. The pressure gradient decelerates the axial velocitios
inside the diffuser whilst. at the same time, flow is increasingly accelerating underneath the
side-plates due to the low pressure inside the diffuser created by “difluser pimuping'. At
the onset of type B flow, the balance between the strong swirl component ol the vortex.
the reducing axial coniponent and the pressure gradient imparted (o the vortex reaches a
critical level, and breakdown of the vortex core occurs. The breakdown appears Lo occur n
both vortices simultancously or at least close together. At A, /d=0.318 (Figure 26 (¢)), the
position of breakdown is possibly downstreant of the difluser exit, as the paiv ol vortices are
not dilated to the extent that they are at h,/d=0.255 (Figure 26 (d)). In the carly stage
of vortex development at /,/d=0.255 the vortex is similar to a type A vortex, strong and
coherent. The development of the vortex at h,/d=0.255 reveals a sudden dilation of the
vortex core at x/d =6.37, and it 1s only then and thereafter that the llow is unsteady, and
that the vortex is greatly reduced in concentration. The streamwise velocitios measured at
the core in the flow exiting the diffuser decrease through How type 13, and at 7, /d=0.255
reverse flow is recorded (Figure 26 (d)). The combination of this pronounced axial velocity
deficit, sudden vortex dilation and unsteady flow occurring in a vortex How governed by steep
adverse pressure gradients aud high swirl velocitios provides the basis lor the conelusion that
the vortex diffusiveness seen in the type B Hows is due to a hreakdown ol the counter-rotating
vortices inside the diffuser. The occurrence ol vortex breakdown would explain the apparent
displacement of the maximuin vorticity from the vortex centre in type A vortices to a position
within the shear layer in type B flow 34 (d)-(f). Once the vortex has broken down it loses
so much strength that the vorticity in the bonnding shear layer is ol a higher concentration
than that in the burst vortex.

For the type C vortex, the streammwise velocities al the core are higher than those ol the
type B vortices (Table 13). The core velocities at 1, /d=0.204 and 0.159 arc low bul are not
as close to stagnation as at h,/d=0.255 and 0.217. The vortex at L, /d=0.204 is unsteady
towards the diffuser exit, yet it maintains its coherence through the difluser. Surface pressure
coefficients at the ramp surface above the remaining vortex have indicated a stronger suction
in type C flow than occurs in cither type B or type A How (Figure 17). Thus it may be
surmised that vortex breakdown does not occur inside the diffuser in the type C vortex
at h,/d=0.204. Tt may occur further downstream of the diffuser exit. This possibility is

considered in Chapter 6.
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5.6 Further Discussion of Diffuser Behaviour

In Chapter 3, the four types of low in ground cflect. were identilied, cach type distinguished
by the gradient of the down-force curve. The difluser flow feld was found to be characterised
by vortex flow, the nature of which altered [or cach How type. The characteristics ol the
vortex flow and hence the flow type is determined by the pressure gradient inside the diffuser.
and this in turn is dependent upon the proximity of the diffuser to the ground and upon the
angle of the diffuser; i.e. the How type is largely determined by the arca ratio of the difluser.

As model ride height is reduced within How types A and B. the down-loree on the model
is enhanced by the increased pumping of air through the difluser and, for flow type A and
early type B by the strength of the vortices. In type A flow the vortices lie near the side-plate
lower edge and occupy a lunited [raction of the diffuser exit arca. Thus the flow through
the diffuser is unobstructed fromn the inlet to the exit. The result is dowu-lorce enhancement
through type A, and the diffuser functions well to convert, kinetic energy into static pressure
rise.

In type B flow, vortex breakdown was established af the exit and also inside the diltuser
(as evident in the PTV measurciments at 1, /d=0.255). Basced upou the low core velocitios in
the exit flow at h,/d=0.318 (Figure 26 (c)) it is surmised that the vortex breakdown first,
occurs in the vortices at the ouset of type B flow, as the dowun-force curve gradient reduces.

The adverse pressure gradient inside the diffuser becomes steeper as the model ride height
is reduced. Accordingly, it is expected that breakdown creeps (urther upstream inside the
diffuser as the model ride height is reduced through type B flow. Thus it 1s likely that the
vortex breakdown at f,/d=0.255 occurs [urther upstream in the diffuser than it does at
hy/d=0.318.

Once the vortices have broken dowi or are heading towards hreakdown, they dilabe and
they occupy a much larger fraction of the diffuser cross section. This reduces the effcctive
area ratio of the diffuser, aud cousequently less How is drawn through the difluser. As a
result, the down-force continues to increase through type I3 How albeil at a much slower rate
than in type A flow (Figure 9 (a)).

Type B flow is terminated by the hreakdown at the dillnser inlet of one of the vortices.
The data and discussion of Chapters 3 and 4 show that boundary layer merging is not the
cause of the diffuser stall. Tt is surmised that the location ol vortex breakdown moves towards
the inlet as ride height is reduced throngh type B flow, and that at the critical ride height,
one of the vortices breaks down at the inlet. The reason for the asymmcetry of the vortex
breakdown at the inlet may also be surmised. Throngh type B flow, one vortex was found to
be slightly stronger than the other (Table 13). Tt is expected that the weaker vortex breaks
down fractionally ahcad of the stronger vortex, and that this trend persists until the point

of breakdown in this vortex reaches the inlet. Such asymmnetry in a synnuetric flow is also a
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characteristic of the stall regimes of internal dilluser flows. in which stall Arst occurs at one
diverging wall only [52]. With the breakdown of one vortex at the inlet, the pressure gradient
in the remainder of the diffuser is relicved, and thus the remaining type C vortex retains
its strength and coherence. The colicrence of the vortex reduces obstrucetion of the How
through one side of the diffuser. and the localised dowu-force that this produces is evident,
in Figure 17. However, the large scale scparation of the remainder of the mlet How causes
an obstruction to the through How. Couscquently. overall dowu-florce levels oun the diltuser
reduce sharply.

Through type C flow, the inlet separation becomes larger and the type C vortex retaius
its coherence to a large extent at f, /d=0.204. With reducing ride hieight the vortex occupies
a smaller fraction of the diffuser cross section. The presence of the vortex is not sullicient to
offset the reduction in flow from the inlet to the exit and hence down-force reduces.

It must be noted that the angle of divergence of thie present diffuser is steep. Down-loree
reduction is caused by a pressure gradient mechanisim, however it may be that for diflusers
of a lower angle in which the pressure gradient is lower, that the loss of down-lorce is cansed

by a different mechanism, and could therefore be due to boundary layer merging at the inlet.

5.7 Summary

Measurements of the instantaneous How inside and exiting the diffuser revealed hirther char-
acteristics of the vortex flow. The synunetric type A flow (down-lorce enlhiancement) is
steady. Type B flow (maxiimumn down-force) becomes diffuse and nnsteady at an carly stage
inside the diffuser. The type C vortex hecomes unsteady towards the dilluser exit, although it
retains its coherence through most of the dilluser. Type D instantancous How was not mea-
sured. The vortex diffusivencss and unsteadiness in type B flow is most likely to be cansed
by vortex breakdown occurring in the vortices inside the dilluser. Minor contributions occur
from the ground boundary layer separation and consequent, merging ol the gromd and vortex
shear layers, and perhaps to a lesser extent from the nnsteady surface separation bubble. No
vortex breakdown is thought to occur inside the difluser w the type C fow at f, /d=0.2011.
The down-force reduction on the model is thought to he caused by the breakdown ol one
vortex at the inlet of the diffuser, the result of which is a large zone of reversed How cansing

a blockage inside the diffuser.
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h/d x/d ye/d ze/d Qed/Us

— —

Is IS Is s Is s
0.204 6.83 -0.943 -0.738 -24.2
0.204 6.83 -0.942 -0.747 -28.2
0.204 6.83 -0.952 -0.739 -27.3
0.204 7.74 -0.829 -0.519 -8.8
0.204 7.74 -0.837 -0.617 -16.1
0.204 7.74 -0.831 -0.566 -16.3
0.255 5.91 -0.994 -0.876 -25.0
0.255 5.91 -0.980 -0.871 -31.0
0.255 5.91 -0.989 -0.862 23117
0.255 6.37 -0.967 0.808 18.9
0.255 6.37 -0.905 0.770 12.6
0.255 6.37 -0.947 0.819 26.9
0.255 6.37 -0.970 0.729 31.6
0.255 6.83 -0.924 0.709 5.9
0.255 6.83 -1.025 0.609 20.9
0.255 6.83 -0.875 0.670 15.8
0.255 6.83 -0.984 0.604 14.1
0.255 6.83 -0.934 0.742 17.5
0.255 7.74 -0.922 0.548 9.9
0.255 7.74 -0.842 0.554 4.5
0.255 7.74 -0.859 0.599 8.2
0.255 7.74 -0.4491 0.713 14.0
0.255 7.74 -0.823 0.638 12.9
0.382 6.83 -0.939 0.755 78.3
0.382 6.83 -0.950 0.767 62.9
0.382 6.83 -0.948 0.762 65.2
0.382 | £,=0.096 | -0.852 ().557 33.4
0.382 | £;=0.096 | -0.846 0.556 30.2
0.382 | £,=0.096 | -0.843 0.554 37.7

Table 15: PIV Cross-plane instantaneous vortex flow inside diffuser.
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Figure 45: Instantaneous vorticity contours at z/d =6.83 in a Type A flow, h,/d=0.382 (PIV).
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Figure 46: Instantaneous velocity vectors at z1/d
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Figure 47: Instantaneous vorticity contours at z;/d =0.096 in a Type A flow, h,/d=0.382 (PIV).

MO[] X910/ juspuada(-omiLy, °G J91dey)



Chapter 5.

Time-Dependent Vortex Flow

- 20m/s

-0.5+

— 20m/s

-0.54

0.255 (PIV).

591 in a Type B flow. h,/d

p/A

Figure 48: Instantaneous velocity vectors at z/d

p/A

A.E. Senior

117



101098 A"V

811

z/d - o ' z/d

(a) (b)

(c) (d)

—_— g

Qal_: -25.00 2143 -17.86 -14.29 -10.71 -7.14 -357 000 357 714 1071 1428 17.36 2143 2500
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Vortex
tracks

Figure 60: Oil flow visualisation on ground: fi,/d=0.255. Flow direction from left to right.
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Chapter 6

Wake /Vortex Flow Development
Behind the Diffuser

The evolution of the vortex pair exiting the diffuser was investigated by taking LDA mcasure-
ments at four ride heights representative of each flow type, in spanwise planes downstream
of the model at z,/d =1.051 and z;/d =2.006. In addition to these measurcments, data
were taken for three other ride heights at z;/d =1.051. In mecasuring the properties ol the
vortex flow in the near wake of the diffuser, the potential effects of the wake upon any vehicle

trailing behind the diffuser may be deduced.

6.1 Wake/Vortex Flow Development: Type A

The wake of the model at h, /d=0.382, 2| /d =1.051 is illustrated in Figure 61. Only the left
side vortex was measured in detail. Tnnmediately, it may he scen that the How at the vortex
core was not measured, for the same reasons that it could not be measured for this ride height
at z1/d =0.096. The fact that the cores still contain no sceding particles at this measureinent
plane strongly suggests that the vortices remain concentrated and strong in the model near-
wake. Although the core flow could not he measured, the cross-stream velocities in the {low
surrounding the core arc high, sce Figure 61 (a). Once again, caution must bhe employed in
interpreting the results in this part of the How as there 18 a possibility that centrifugal eflechs
could increase the seeding particle velocitics beyond their true value. The vortex position
has moved inboard and upwards. Although the truc vortex core could not be measured. the
core position given in Table 16 has becn interpolated from the measnrements surrounding
the core and as such is an approximation to the true core position that has heen calculated
for the purpose of tracing the vortex trajectory (Figure 69). Though the model side-plates
do not feature at this measurciment plane, low from the freestream is drawn in [rom the sides

by the strong vortex flow, and 1s entrained around the outside of the vortex and npwards
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through the gap between the vortices at the ceutre-plance. The indneed vortex at the ground
is clear. Figure 61 (b) shows the streamwise velocity contours, u/Us. Around the vortex
is a large pocket of high speed fHow. just below the freestream speed. The houndary layer
structure at the top of the diffuser and in the corners is still prevalent. Towards the centre-
plane z/d =0, and towards the ground. the How speed is slightly slower. ITn the absence of
side-plates, there is no real sign of the vortex shear layer, however in general, the structure
of the flow remains similar to that at @ /d =0.096. The vorticity contours ol Figure 61
(c) reveal that the vortex strength has diminished considerably, however the vortex shape
retains a compact and distinct roundness. the size of which has not signilicantly increased
from the previous measurement plane at x;/d =0.096. The ground shear layer is not visible
in the measurements due to the coarse nature of the measurement grid in this arca, however
the inducement of the ground boundary layer upwards toward the vortex is clearly apparent.
The entrainment is strouger than at the diffuser exit, i reflection of the maintenance of the
vortex strength and concentration.

Levels of TKE have increased around the vortex core, in the vicinity of the induced
ground shear layer, and also at the top of the measurcinent grid correspouding to the How
that has exited from the top of the diffuser (Figure 61 (d)). In the majority of the vortex
flow however, TK F remains low, in accordance with the well defined, strong vortex.

At two model widths downstream of the model, the vortices have moved further inboard
and upwards (Figure 62). Both vortices were measured for this measurement plane, and
the measurements indicate that thie symmetry between the two is breaking down. Whilst
the right side vortex core could not be measured, the left side vortex could (Figure 62 (a)).
Thus it appears that the left side vortex is being alfected by viscous diflusion/dissipation
earlier than the right side vortex wlhich persists in its colierent character. The asyumetry
between the two vortex cores is not a conscquence ol the positions of the measurceiment
points; several traverses were made across both of the vortices to ensure that there was no
hole in the left side of the flow and that the right side How was as shown. The cross stream
velocities at the core of the left side vortex are lower than at previous measurement planes,
however a comparison of corresponding vectors at the lelt and right side of the How shows
that there is little differeunce in the speeds from lelt to right. This instills more confidence in
the measurements surrounding the hole in the data al the rvight side ol the How, that they
are perhaps not so exaggerated by centrilugal ellects. Air continues to be entrained [rom
outside the model vicinity to flow around the vortices. The shape of cach vortex is strongly
oval as the low pressure influence persists in the top corners of thie wake How, drawing the
vortex into the corners. Figure 62 (b) preseuts streamwise velocity contours which illustrate
how much the wake flow has decelerated since exiting the diffuser, and in which direction it
is moving; the wake is moving npwards as the slower moving How that exited [rom the roof

of the diffuser is now mostly above the plane of measurement. As this happens. higher speed
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flow replaces the flow underneath the vortices. The vorticity contours show that the vortices
have still yet to lose their compactuess and strength (Figure 62 (¢)). The levels of vorticity
outside of the vortex cores rewains low, emphasising the definite colierence of the vortex
flow in the wake. The vorticity level at the left side vortex core remains high. The area
of induced vorticity at the ground has increased in size. reaching lurther towards the main
vortices and it is very likely that the ground boundary layer thickness has also increased. 1t
appears likely that further downstream the vortex flow and the ground boundary layer How
will merge at this ride height [5].

The TKE distribution at this planc is asymmetric, reflecting the differing stages of
dissipation of the two vortices (Figure 62 (d)). The left side vortex has a higher turbulent

kinetic energy level than the left. The remainder of the How shows relatively low T E levels.

6.2 Wake/Vortex Flow Development: Type B

The Type B wake flow was measured at h, /d=0.255. The results for x)/d =1.051, in which
both vortices were measured, are given in Figure 63. Figure 63 (a) shows a vortex pair
of equal size and position. Cross-flow speeds are significantly lower than at h, /d=0.382.
The vortices have moved in-board toward the model centre-plane, and are deflected upwards
quite significantly in the absence of the regulatory influence of the side-plates npon the vortex
position. The pressure gradient at the ground beneath the vortices is still large enough to
induce cross-flow separation in the ground shear layer. and the vortex deflection is thought
to be caused by the presence of the secondary vortices at the grovmud, which induee a vertical
displacement of the main vortices [43]. The vortices have increased slightly in size [rom
hy/d=0.255, x| /d =0.096, and are more of an oval shape; although the cores have moved
in-board, the remainder of the vortex has expanded into the top corner regions ol the wake
flow. The u/Uy contours of Figure 63 (b) reveal that although there remains high speed
flow around the outer part of the wake, the axial velocity ol the vortex is decreasing. The
velocity at the core appears to have increased from that at x /d =0.096, most likely due to
diffusion. The streamwise vorticity has weakened, and the regions of concentrated vorticity
at the core are smaller. The vortex cores are highly turbulent and difluse (Figure 63 (d)),
and the region of flow downstream of the centre of the diffuser exit is a concentrated region
of TKE. TKE levels in the central region ol the diffuser exit are reduced slightly rom the
levels at z1/d =0.096 as the vortex travels downstreamm from the vicinity of the breakdown.

At z1/d =2.006, the vortices are vertically displaced even further and are slightly hother
in-board than at the previous measurement plane (Figure 64 and Table 16), however a
considerable upwash remains between the vortex cores. The vortices are more diffused and
less concentrated than at x;/d =1.051. The streammwise velocity gradient across the vortices

is becoming less as the diffusion process continues. Vortex concentration has reduced slightly
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(Figure 64 (c)) due to dissipation of the vortex. TK E levels have fallen and the concentration
1 . N o . . e M jo x 3 e . e *1°,
I3 S 2. - : cnirat S als 2 AaWe 11
has been displaced to one side. The T K E concentration is also moving away from the ground

plane in accordance with the overall trend of the upward displacement of the wake.

6.3 Wake/Vortex Flow Development: Type C

The type C flow continues to be asynunetric downstream ol the model. The vortex has
deflected upwards whilst the weaker re-circulating flow lies close to the ground (Figure 65
(a)). The cross-flow velocities across the diffuser have {allen slightly (rom @y /d =0.096. A
noticeable feature of the vortex is that the strecamwise velocities at its core have increased
since the diffuser exit plane ((Figure 65 (), Table 16). Thus it appears that vortex hreakdown
does not occur in this vortex downstreamn of the diffuser. The region ol reversed (luid has
moved inboard toward the centreline (z/d =0) as has the vortex. The result s that the
streamwise flow is starting to become more homogenised, streamwise velocity gradients across
the span of the diffuser exit are decreasing. The vortex is rapidly losing concentration and the
vorticity across the diffuser is dissipating to low levels (Figure 65 (¢)). High TK [ dominates
the flow in the area surrounding the re-circulating/reversed How whilst levels are much lower
at the weaker vortex core and in the vicinity of the vortex (Figure 65 (d)). Overall, TI(E
levels are lower than in the type B flow at this measuremecut planc. This is probably as a
result of the type C vortex not breaking down inside the diffuser.

At z1/d =2.006 the distinction between the vortex and the circulating low is less clear.
The streamwise velocity is now less than freestream across the whole diffuser span, and is
highest at the sides, decreasing gradually to the almost stagnated Huid towards the centreline
(Figure 66 (b)). The wake has deflected further away [rom the ground, the vortex core is now
at the roof of the diffuser arca (Table 16, Figure 66 (b)). Reverse How is no longer a feature
of the flow as ineasured, however it is possible that a small region exists above y/d =0 and
as such was not captured by the measurements. Dissipation of the vortex tHow has resulted
in low vorticity levels across the flow (Figure 66 (¢)). High TKFE exists in the decelerating
fluid flowing towards the centreline (Figure 65 (1)), Levels in the remainder of the (low are

low.

6.4 Wake/Vortex Flow Development: Type D

Low speed flow dominates the wake at h,/d=0.064, x|/d =1.051. The lack of How entering
the diffuser inlet affects the flow downstream of the model also. The streammwise flow is largely
reversed or nearing stagnation at the centre of the exit area. The cross-How velocity feld is
almost featureless excepting a small eddy at the ground at z/d =-0.5. This is also a region of

weak vorticity (Figure 67 (¢)). TKFE levels throughout the wake are low, approaching zero
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i places. At x1/d =2.006, cross-stream velocitios have decreased further and the region of
reversed flow is larger (Figure 68 (a) and (b)). Curionsly, two small counter-rotating eddics
were measured near the ground plane rather than one, reinstating a degree of symmetry to
the flow. It is possible that the flow flipped sides during the course of the rnn, which took
approximately three hours to measure. Attempts to reprodice the symnnetric eddies in the
PIV data were unsuccesstul. Vorticity levels remain low ((Figure 68 (c¢)), however T E
levels have increased slightly (Figure 68 (d)). Type D tlow creates a weak near-wake flow

that would be unlikely to cause great difficnlty to a trailing vehicle.

6.5 Discussion

Figure 69 charts the development of the vortex core locations throughont the diffuser and
in the near wake flow for flow Types A, B and C. Figure 69 (a) shows how the cores are
displaced vertically as the flow progresses through the diffuser, and Figure 69 (b) illnstrates
the spanwise translation of the cores. Values for the vortex core locations are given in
Tables 14 and 16. Striking differences in position and strength between the type A and type
B flows indicate that the two types of flow will affect any trailing acrodynamic vehicle in
different ways. A predominant characteristic determining the effect of the vortex llow on
a trailing aerodynamic vehicle s the strength of the vortex downstreamn of the model. At
hy/d=0.382, z1/d =2.006 the vorticity at the vortex core is 16.4, which althongh a significant
reduction in concentration comparcd to its concentration at the diflnser exit, remains a
coherent and strong vortex. This is in contrast to the vortex at the same measurcment plane
at h,/d=0.217, the vorticity of which is Q.d/Uy =1.7.

A second factor is in the extent of vertical displacemcnt of the vortices; whereas the vortex
core at h,/d=0.382, z,/d =2.006 is displaced to y/d =-0.410. al b, /d=0.217. @) /d =2.0006
the core lies at y/d =-0.148. The more dowu-force that is generated by the diffuser, the more
vertically displaced are the vortices. In type C low the stronger vortex is displaced upwards
to a slightly lesser degree than the type B vortices. The weaker vortex may deflect npwards
or remain close to the ground as at f, /d=0.159, xy/d =1.051 (Table 16).

The combination of highly concentrated vortices and low T/ vortex core in the type
A flow ensures that the vortices remain concentrated without dilating guickly downstream.
In practice, their existence can exert an adverse clect on the acrodynamic characteristics of
trailing vehicles, and could be a safety issuc. The vortices could retain their coherence far
enough downstream to locally interfere with the acrodynamic set up of the front wing for
example. The aerodynamic balance can be sceusitive to external influences and i too much
air entered underneath the front wing the car conld pitch nose upwards and become airborne.
Alternatively, the vortex could suddenly interfere with another acrodynamic component such

as one of the sidepods, and the acrodynamics may become unbalanced enough to cause partial
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loss of dowu-force on the trailing vehicle. which could result in loss ol acrodynamic grip at
the track surface. The broken dowu type B vortices move away o the ground as they
travel downstrcam. The highly turbulent vortex cores would lead to a rapid dilation of the
vortices as the turbulent diffusion and dissipation are much higher. These features would
make type B flow a slightly different concern for a following vehicle,  Turbulent air will
prevent the aerodynamic components from perforiing as well as they would in clean air. In
some cases this would make the car difficult to control, which is particularly hazardous at
race car speeds.

An asymmetric wake flow is an obvious problemn to a vehicle travelling in its influence,
in that it would probably have an asymmetric effect on the following vehicle. For the ride
height measured, the wake deflects upwards quickly on exiting the diffuser, leaving low speed.
low vorticity fluid near the ground. However, the flow 1s now a conceutration of high T E,
which would adversely affect the aerodynamic characteristics of a vehicle travelling closely

to it.

6.6 Summary

e The vortex flow downstream of the model differs for each of the flow types.

e Type A vortices remain concentrated and retain a significant amount of strength. The
flow has low TKE. The flow has the potential to locally interfere with the acrodynaimics

of a trailing vehicle posing scrious handling and therctore salety problemns.

¢ Type B vortices are larger and more diffuse. Low axial velocity and high TKE levels
result in turbulent air that would significantly decrease the aerodynamic performance

of a trailing vehicle.

e The asymmetric and turbulent Type C flow has the potential to unbalance the acro-

dynamics of a trailing vehicle.
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hjd | xi/d Ue/Uso TKE. /U2 y./d z./d Qd/Us
—— ——
Is s Is s Is s Is s
0.064 | 1.051 0.154 0.032 -0.925 0.534 -2.575
0.064 | 2.006 | 0.159 0.241 | 0.034 0.032 | -0.914 -0.884 | 0.348 -0.513 | 0.956 -1.247
0.159 | 1.051 | 0.506 -0.098 | 0.064 0.056 | -0.288 -0.835 | 0.711 -0.387 | 1.929 -0.756
0.159 | 2.006 | 0.088 0.452 | 0.074 0.045 | -0.065 -0.192 | 0.285 -0.691 | 1.209 -1.327
0.204 | 2.006 | 0.474 0.145 | 0.066 0.076 | -0.319 -0.099 | 0.594 -0.286 | 2.706 -1.84
0.217 | 2.006 | 0.391 0.302 | 0.067 0.052 | -0.148 -0.273 | 0.524 -0.463 | 1.683 -1.802
0.255 | 1.051 | 0.215 0.193 | 0.093 0.098 | -0.526 -0.540 | 0.485 -0.480 | 2.995 -2.994
0.255 | 2.006 | 0.354 0.350 | 0.061 0.0738 | -0.303 -0.293 | 0.459 -0.492 | 2.359 -2.916
0.318 | 2.006 | 0.276 - 0.070 - -0.314 - 0.415 - 3.942 -
0.382 | 1.051 - - - - - - - - - -
0.382 | 2.006 | 0.385 - 0.043 - -0.410 - 0.342 - 16.360 -

Table 16: LDA Cross-plane vortex flow in near wake of diffuser.
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Figure 61: Near wake diffuser flow, Type A: z,/d =1.051, h,/d=0.382 (LDA).
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Figure 62: Near wake diffuser flow, Type A: z;/d =2.006, h,/d=0.382 (LDA).
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Figure 63: Near wake diffuser flow, Type B: z;/d =1.051, h,/d=0.255 (LDA).
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Figure 64: Near wake diffuser flow, Type B: z,/d =2.006, h,/d=0.255 (LDA) .
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Figure 65: Near wake diffuser flow, Type C: z,/d =1.051, h,/d=0.159 (LDA) .
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Figure 66: Near wake diffuser flow, Type C: z;/d =2.006, h,/d=0.159 (LDA).

Josnyi(] oy} purgeg 3ueuIdofaAd(J MO XOLIOA /oxep -9 Joidey)



S HV

10109

eVl

y/d

-0.5+

04

— 20m/s

(a) Cross stream velocity vectors

o, suw 4235 A7) 2857 2143 1423 Q114 0003 Q714 1423 2143 2857 35TV A2eE 500

05 0 -05 -1

(¢) Qd/Use

y/d

y/d

]

Qe SOM 480 -3 671 -2057 2143 -1425 -0 714 0000 Q744 1428 2143 2857 3T7Y 478p 5000

04
-0.51
14
0.5 -0.5
zld

(b )U/Uoo

=4
TKE Douu 0007 0074 0021 0CZ5 0030 5043 0050 007 0064 0671 0 O78 COBEZ 0083 0100

04
-0.5
zld

(d) TKE

Figure 67: Near wake diffuser flow, Type D: z;/d =1.051, h, /d=0.064 (LDA).
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Chapter 6. Wake/Vortex Flow Development Behind the Diffuser
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Chapter 7

A Computational Fluid Dynamics
Model of the Diffuser Equipped
Bluff Body

In this Chapter, the modelling of the Type A flow using computational fluid dynamics (CFD)
is described. A brief statement of the motivation for this work is followed by a detailed
description of the models used and the techniques employed in constructing the model.
Results are presented in comparison with the experimental data and also in their own right

as new insight into the fluid flow characteristics.

7.1 Motivation for the Computational Simulation

The experimental results have showu that the low in and around the diffuser is complex and
that its characteristics are different at different ride heights. Thus the task of replicating
each of these flows is set. The diffuser in ground cffect Type A How has been modelled
using the FLUENT computational fluid dynamics soltware to produce a more detailed flow
solution than can be obtained with experimental techmigues. The aim of the model is firstly
to replicate experimental results and to use the more detatled solution to assist understanding
of the flow. As the type A flow is less complex than the other llow types, it was considered to
be the most sensible choice of flow to model for the purpose ol establishitng the reguirenients
of the simulation techniques. Ultimately, siimulations for necessary configurations ol the
model would provide a basis for developing the diffuser design.

The 3D diffuser model Aow Geld is simulated using the FLUENT 5.2 computational fluid
dynamics solver. Grids are generated using the FLUENT Geomesh 4.0 and TGrid 3.1.1 grid
generation packages.

Type A flow has beeu modelled with a good degree of success. Modelling of the type T3
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and C flows required computational resources above those of the workstation allocated [or

the calculations at the time.

7.2 Governing Equations and Models

The FLUENT software solves couservation cquations for mass and momentium, with addi-
tional transport equations for modelling the effect of turbulence.
The equation for inass conservation, or the Continuity Equation, is written as in Cartesian
tensor form as follows:
dp J
a%—&—ri(pU,;) =0 (7.1)
Conservation of momentum in a fluid flow is governed by the Navier-Stokes cquations.
The Reynolds Averaged Navier-Stokes (RANS) equationus are a time-averaged approximation

to the exact Navier-Stokes equations and arc written in Cartesian tensor form as lollows

du; Jp J Ju;  Ouj 2, Ou 0 -
e e ey B R — patl; 7.2
p dt dx; * dx; [H (5.’1{,‘ * Ow; 3 Yo g, ) (7.2)

.’I,'J'

where p is the air density, 4 is the dynamic viscosity, u; 1s the mean velocity where
subscript ¢ denotes the 1th component of velocity, and subscript 7 denotes the next componcent
from i, thus if the ith velocity componcut is to denote the w direction, then j denotes the v
component. x; is the directional tensor, and subscript ¢ denotes the 46l direction, hence il the
1th direction is the y direction. then the jth direction is z. Subscript [ denotes a summation
over all three components of velocity or all three directions. w/; is the Huctuating velocity of
the 7th component of velocity.

The left side of the equation is the time rate of cliange of velocity of a [uid clement as it
moves through a point iu space. The right hand side consists of force ters; the lrst term
of the right hand side is the pressure gradicut teru, the sccond termn is the viscous stresses
expressed in terms of the rate of deformation of the velocity field. This termn includes the
bulk viscosity —%;1,, which is prescut in the definitions ol the normal stresses. The tern is
facilitated in the equation by use of the Kronecker delta d;;. The final termm is the Reynolds

stress term introduced by the Reyuolds averaging process.

7.3 Solution Process

Type A flow is steady and as such the modelled type A flow was solved as a steady flow case.
Closure of the governing equations was realized using the onc-equation Spalart-Allmaras
turbulence model [86] with a wall function. The turbulence model was chosen as being

computationally inexpensive yet having a rcasonably good reputation in solving flows subject
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to an adverse pressure gradient [28]. The use of a wall-[unction was necessary in order to keep
the number of grid cells to within the limits of the workstation resources. The convective
terms 1 the governing equations were discretized using a secoud-order npwind scheme [6],

and the SIMPLE pressure-correction algorithm was used for pressure-velocity coupling.

7.4 Grid Strategy

Type A flow was modelled at a ride height of h, /d=0.764 (120 mm). Due to symmetry of
the flow field and to the steady nature of the flow at this ride height, a symmetry-model
about the z =0 axis was employed. The intention of this was to reduce the munber of
grid cells needed to model the flow. Experimental results show that for this diffuser model
configuration, a symmetry model may only be nsed for higher ride licights where the flow
field is steady. Future computations of Hows in Regions I3-D would require a full model.

The model was placed in a ‘wind tunnel’, in a test section of constant cross-scectional
area equal to that of the 3.5 m x 2.6 mn wind tunncl test section. The domain 8 47.6 72 in
length, with the inlet approximately 15 model lengths upstream of the model; and {he exit
approximately 20 model lengths downstream.

Perspective views of the model surface mesh are shown in Figure 70. The detail ol the
hybrid mesh at the juncture of the side-plate and the difluser inlet is given in Figure 71, A
view of the hybrid mesh at the planc of synunctry around the model is showu in IMigure 72.
The hybrid mesh consisted of a zone of structured cells around the model, a structured cell
block in the wake region and a zouce of uustructured cells to complete the domain. Due to
the acuteness of the diffuser angle. pyraids could not be grown to bridge the structured
and unstructured cells at the side of the model, and so a non-conformal interface [28] was
used to join the two meshes together at this location. L using a non-conformal interlace, the
grid node locations at the boundary at which two grid zoues meet need not he identical. The
solver creates an interior interface comprising the intersection of the laces at the bonndary
of the two zones to be interlaced. Fluxes across the zonal interface are calculated at the
faces of this additional interface rather than at the faces at the boundaries of the two zones.
The non-conformal interface was placed sulhiciently far away from the model vicinity so
as to minimize any effect it may have ou the flow calculation. The hybrid mesh contains
approximately 650,000 cells. This was approaching the maximmunu number ol cells for the
workstation. It is acknowledged that in computational studies a grid independence study
should be performed to obtain an optinmun grid. However in the present rescarch, the
grid was already close to the limiting mumber of grid cells that could be managed by the
workstation, and because of this reason and due to time constraints a grid independence
study was not conducted. With this situation in mind. the grid was carcfully considered in

order to minimize wecessary cell distributious; the use of 4 symmetry model halved the
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cell requirements, and the boundary layer mesh was constructed to ensure that the Grst cell
height was within the specified tolerance for the tirbulence model. The grid outside of the
boundary layer was also carefully controlled to ensure a smooth graduation of the cell sizes
away from the model. Spanwise cell distributions were more concentrated within the diffuser
and beneath the model than at the top and sides. Downstream ol the model, structured wmesh
cells were interspersed with unstructured cells so as not to use unnecessarily large numbers
of cells within the diffuser wake. It was, however. considered to be benelicial to the quality
of the simulation to retain a structured mesh between the model and the ground plane.

yT = pUry/p is a commonly used non-dimensional unit of distance from a wall thal is
used to determine the preferred distance of wall-adjacent cells rom the wall. U is the HHuid
turbulent viscosity, ¢ is the distance of the frst cell from the wall and g is the Quid dynamic
viscosity. The y™ values at the model wall were kept hetween 12 and 100 as reconmmended
for use of the turbulence model with a wall function. 5™ at the tunnel Hoor was between 12
and 100 in the vicinity of the model. The majority of wall adjacent cells, including those
underneath the model and in the vicinity of the diffuser had a 4 of hetween 30 and 60.

Boundary conditions were iiposed upon the computational domain, shown schemalically
in Figure 73. The walls of the test section were given a solid wall boundary condition except,
the floor, which was given a velocity of 20 /s to simulate the moving ground condition.
The inflow was specified by a velocity of 20 /s and a turbulence intensity of 0.3% to match

that in the 3.5 m x 2.6 m wind tuunel.

7.5 Results and Discussion

The simulation ran for 15 hours. During this time the mass-continuity residual reduced by
between two and three orders of magnitude and remained at Chis value [or several hundred
iterations (Figure 74). The simulation was judged to have reached convergence.

The results of the simulation were assessed by the accuracy of predicted values in com-
parison to certain measured quantitics. Specifically, these were the down-force and drag
on the model, surface pressure coetlicients along the model nnderbody centreline, spanwise
pressure coefficients across the diffuser ramp and the vortex How Held at intervals along and
downstream of tlic inodel.

On reaching convergence, the predicted forces on the model were € =-0.878 (measured
value C7=-0.983) and C'p=0.311 (mcasured value 0.314).

7.5.1 Surface Pressures

Comparisons were made of the measured and predicted surface pressures (Figure 75). Fig-
ure 75 (a) shows that the computational results upstream ol the diffuser inlet agree reasonably

well with the measured values. The predicted suction at the diffuser inlet is less than the
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measured value; Cp=-1.369 compared with C,=-1.529. a percentage crror ol 10.5%. The
predicted pressure gradient at the diffuser ramp closely matches that measured from the
tappings. Figure 75 (b) is a comparison of the measured and predicted spanwise surface
pressures across the diffuser ramp. At cach location on the ramp the prediction agrees with
the measurement to a good degree ol accuracy. Suction peaks i the prediction very close to
the sides of the ramp at @/d = 5.44 confinn that the vortex axis lies beyond the tapping at
this location.

Flow stagnates at the model nose tip, where the C,=0.997 (Figure 76). The pressure
decreases from the nose tip to the beginning of the model shoulders, where the lougitudinal
curvature of the model decreases. The pressure increases agaiu at the transition zone between
the rounded nose and the square mid-scction. Over the top and side surlaces of the model
mid-section (upstream of the ramp) the pressures are negative. rising to atmospheric pressure
towards the model rear. The underside surface pressures decrease from the nose towards the
flat bottom, and also from the sides toward the model centre line., Upstream ol the difluser
inlet the pressures become more negative, particularly so at the centre line with pressuves at
the more exposed sides trailing behind. Suction across the inlet is uniforu, excepting local
concentrations of high suction at the sides. The concentrations ol suction are limited to the
inlet, to small zones at the sides of the dilfuser ramp in the fivst part ol the difluser, and
along the edges of the side-plates. Elsewliere on the ramp the pressure increases quickly to
slightly below atmospheric pressure at the model base.

Predicted base pressures are plotted in comparison with experimental data 1o Fignve 77.
The data is taken in a horizontal line across one hall of the diffuser base, atl y/d =0.508. 1t
may be seen that the prediction agrees well with the experiment hetween z/d =0 and z/d =-
0.65, however further outboard the prediction does not follow the trend of the expertmental
data. Where the experimental data indicates a suction peak. identificd in Chapler 3 as
being associated with the strong vortex lying heneath the base, the predicted hase pressure
continues to reduce toward the outboard cdge ol the base, and reaches a strong suction ad
the base edge. This predicted low pressure zone is present ab the rear cdge ol the model
sides as well as at the edges of the base. Thus the predicted flow remains attached as it Hows
around the sharp corner from the side to the base, accelerating as it does so and creating the
low pressure. This is believed to be tncorrect, and indicates that perhaps the wake strength
is being underpredicted as it does not dvaw the flow rearwards away [rom the model. In the
oil flow visualisation, streaklines are uot scen at the corners of the base, indicating that the

flow separates at the rear of the model rather than remaining attached at the base corner.

7.5.2 Off Surface Flow

The flow upstrean: of the model begins to decelerate from the freestreamn velocity at approxi-

mately 0.6 170 upstream of the nose, reaching zero velocity at the nose tip. Figure 78 presents
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contours of streamwise velocity in the structured mesh at the synunetry plane: the gap at
x/d =11 cousists of unstructured mesh cells. which [or case of presentation have been omit-
ted. A thin boundary layer surrounds the model centreline, increasing in thickness towards
the model rear. A large re-civenlation bubble occupies the space imnediately behind the
base, and the flow from the top and ramp surfaces extends downsirean. dellected upwards
at an angle marginally shallower than the diffuser angle. At the ground the adverse pressure
gradient inside the diffuser causes the ground How to decelerate. and the flow is induced
upwards by the low pressurc inside the difluser. From later Figures 79-82 it hecomes clear
that this induction is overpredicted. A large zoune of high speed [low through the centre ol
the diffuser decelerates to below freestream velocity upon its exit from the dilfuser. This
high speed flow follows the angle of the difluser and Hows upwards, eventually meeling (he
base flow wake.

At the inlet to the diffuser the through-flow maintains a high velocity across the difluser,
reaching 27.96 m/s (u/Usx = 1.40)(Figure 79 (a)). A thin boundary layer at the model
underside increases in thickness at the corners as the streamwise flow beging to be sucked
underneath the model by the diffuscr. The grid at the inlet corners consists of tetrahedrons
and as a result the contours are less sinooth than they are clsewhere in the houndary layer,
The ground boundary layer reaches freestream speed al 6 rnrn above the ground, although
the streamwise velocity continues to rise to above u/Us =1.3 at the centreplane.

At z/d =5.91 (Figure 79 (b)), the vortex pair have rolled up and are positioned towards
the lower end of the side-plates, and the vortex centre is at z/d =0.92. y/d =-0.97. The
streamwise velocity at the vortex centre is above the freestream (u/Us =1.13). The bhound-
ary layers at the diffuser ramp and at the ground have hoth thickened, reducing the arca of
high speed flow through the diffuser. At the rammp surface. the boundary layer is thickest,
at the model centreline z/d =0, yet has decrcased in the corner under (he influence of the
vortex lying bencath it. The ground boundary layer is beginning to become thicker at the
centre than at the sides.

By z/d =6.83 (Figure 79 (¢)) the through-flow has decelerated to the [reestream velocity,
with faster Huid squeezing through the gap between the dilluser ramp and the top ol the
vortex. The cross-flow at the centre of the vortex appers to be low spead, however the
streamwise flow remains high at «/Us, =1.104. The vortex has moved inhoard and upwards,
the centre now at z/d =0.86, y/d =-0.93. It is becoming apparent that the induction of
the ground boundary layer upwards into the diffuser is being overpredicted, as the ground
boundary layer at the centreline is now almost 50 s thick. This level of nnseparated
boundary layer thickness does not appear in the LDA contours ol streamwise How in Type
A at either A, /d=0.764 or h,/d=0.382 (Figure 26 (a) and (b)), and is considered to he
unrealistic. Figure 80 presents a comparison between the predicted streamwise vorticity at

z/d =6.83 and corresponding PTV measurciments. The two lgures are hroadly similar, and
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the position of the vortex core is well predicted. The centre ol the predicted vortex is within
0.4% of the y/d position and 5.2% of the z/d position. However, the prediction fails to
capture the finer detail of the vortex flow. For example. the predicted vortex has a larger
diameter than the measured vortex and although its centre is predicted well in comparison
with that of the measured vortex. the vortex lies much closer to the side-plate than the
measured vortex. This is thought to be a consequence of the failure of the simulation to
predict a boundary layer at the lower end of the inmer side-plate. The bhoundary layer is
a feature of the flow in Figure 80 (b) as well as in LDA measurcments at the difluser exit
(Figure 26 (a)). Although the accuracy of the measurements must be analysed with caution
due to the level of resolution of the measurement grid near the side-plate, the houndary
layer is believed to be present. The computational grid resolution at the inner side-plate
is not fine enough to capture tlhis detail. The predicted vortex extends further toward the
side-plate in the absence of any boundary layer there. The shear layer instability is not
captured. The predicted vortex appears to be more difluse than the measured vortex; its
diameter is visibly larger and its concentration at the centre is Qd/Us =13.414, compared to
the measured Qd/Us =38.46.

Predicted data extracted for a cross-plane at 2:;/d =0.096 were compared with corre-
sponding LDA measurements (Figure 81). The predicted vortex How again broadly agrees
well with the measured data. The position of the concentrated vortex near the bottom of the
side-plate is very close to the position ol the measured vortex (Fignre 81 (a)). The centre of
the vortex at h, /d=0.764 could not be measured by the LDA as explained in Chapter <4, how-
ever extrapolation from the surrounding vectors gives a centre ol y/d=-0.873, z/d=-0.737.
The predicted vortex centre is at y/d=-0.810 z/d=-0.780. giving a positional accuracy of
within 7.2% and 5.8% in the y/d and z/d directions respectively of the extrapolated vortex
centre.

However, the predicted vortex How characteristics arce nob so accurately predicted. The
vortex is larger and more diffuse than the measured vortex. The streamwise velocity w/Usg al
the vortex core was measured to be 1.259 (extrapolated from neighbouring velocity vectors),
whilst the predicted value is 0.861. The induced boundary layer near to the ground in the
centre of Figure 81(a) is now clearly nou-physical. The siimulation fails to deal with steep
pressure gradients and separation. This could he due to the use of a wall [unction to predict
the boundary layer flow at the ground plane. Resolution of the boundary layer to the ground
could be necessary to predict the How behaviour at the ground correctly. These probleis

could also be associated with the performance of the turbulence model.

7.5.3 Wake Behind Model

The predicted near wake flow at 2 /d =2.006 is compared with LDA measurcments in Fig-

ure 82. Whilst the prediction in Figure 82 (a) extends to the ground plane. the LDA mea-
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surements in Figure 82 (b) were curtailed at y/d =-1.38 due to time constraints. The LDA
measurements show a streamwise velocity of above w/Us, =1 except at the vortex shear layer
which continues to persist downstream of the diffuser exit. The simulation does not predict
a clearly discernible shear layer downstream of the model. hlowever the vortices remain ap-
parent. The streamwise flow is of freestream velocity or above except in the vicinity ol the
vortex, where the streamwise velocity decreases, and at the centreline of the flow where the

unseparated ground boundary layer continues to expand unrealistically into the vortex How.

7.6 Discussion

The drag force and swrface pressures of the type A difluser flow are predicted suceessliully.
Therefore, the discrepancy in the predicted lift coefficient compared with the measured 1ift
coefficient is thought to Le mainly a consequence of the error in predicting the vortex flow
characteristics. The most notable difference between the predicted flow feld aud the exper-
imental measurements is the occurrence of a low axial speed vortex core in the prediction,
compared with a high speed core observed in the expernments. The low speed vortex core is
thought to be associated with the fact that the predicted flow seems to be diffuse, that the
vortex strength is diffused by the turbulence model and/or the grid too carly.

Flow separation is not well predicted, as scen in the induced boundary layer Hlow at
the ground which was found in experiments to be scparated. This could he due to a lack
of boundary layer resolution at the ground. Inherent to wall functions is a4 constant value
of x (von Karman’s constant) which iz not true in a How under an adverse pressure gra-
dient [89]. The turbulence model may also contribute to the error. The Spalart. Alhnaras
turbulence model utilises the Boussines hypothesis [15] to relate the Reyuolds stresses to
the mean velocity gradients. Although the hypothesis is computationally inexpensive, it as-
sumes isotropic turbulent viscosity (j:7) in cach component of flow direction. an assumption
that is not strictly true.

For successful modelling of type B flow where separation oceurs on the ramp, resolution of
the boundary layer to the wall is believed to e required at Teast inside the dilluser. Processing
power limited the present runs to using a wall function, which produces satisfactory results
for flow with no ramp scparation. Also, a full model is probably needed to correctly predict,
separation at lower ride heights, since the symnnetry plane could dampen out the unsteadiness
of these flows.

Flow in the inviscid vortex core region should not be greatly aflected by near wall How,
therefore it should be independent of the turbulence model used. However. in the case
of the Spalart-Allmaras turbulence model, the turbulent viscosity is caleulated based upon
vorticity. Thus a high vorticity could result in an over prediction of 2, slowing the vortex

core. Indeed, the turbuleuce model has a tendency to overpredict g [28].
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7.7 Summary

The aerodynamic parameters of the type A diffuser flow are predicted successlully. A dis-
crepancy iu the predicted and measured lift cocflicients is believed to be associated with
errors in prediction of the vortex flow. Surface pressure contours reveal that low pressure
zones at the model surface are confined to localized zones at the diffuser inlet and at the
sides of the early part of the diffuser ramp. Low pressure zones also appear near the lower
edges of the inner side-plates. The predicted vortex core has a low axial speed. This could
be a consequence of the way in which the turbulence model calculates turbulent viscosity.
The simulation fails to predict areas of flow separation. It is believed that a full model and
boundary layer resolution to the walls would be necessary to resolve the detail of the vortex

flow and separation, especially at lower ride heights.
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Figure 75: Computational and measured surface pressures at h, /d=0.764 (Typc A).

A .E. Senior 159



Chapter 7. A Computational Fluid Dynamics Model of the Diffuser Equipped Bluff Body

x/d

e

Cu: -2.00 -1.79 -1.59 -1.38 -1.17 -0.96 -0.76 -0.55 -0.34 -0.14 0.07 0.28 0.49 0.69 0.90

Figure 76: Predicted surface pressure contours, h,/d=0.764 (Type A).
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Chapter 7. A Computational Fluid Dynamics Model of the Diffuser Equipped Bluff Body
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Figure 79: Predicted cross-plane velocity vectors and contours of u /Uy, at h, /d=0.764 (Type
A).
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Figure 80: Vortex flow at z/d=6.83, h,/d=0.764 (Type A).
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Figure 81: Vortex flow at z;/d=0.096, h,/d=0.764 (Type A).
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Figure 82: Vortex flow at z;/d=2.006, h,/d=0.764 (Type A).
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Chapter 8

Conclusions

Model tests were performed on a bluff body equipped with a fixed steep-angle diffuser. During

the course of the research it has been found that:

e The down-force curve consists of four distinct regions, A-D as the model ride height is
altered.

e At larger ride heights, down-force on the model increases with reducing ride height
(type A).

The type A flow (down-force enhancement) is characterised by a steady, strong,
counter-rotating vortex pair. The axial speed at the core is above freestream. No

flow separation occurs on the ramp surface.

e The down-force increasc is followed by a plateau in the down-force - ride height curve

(type B), at the end of which the maximum down-force occurs.

The type B flow is characterised by a counter-rotating vortex pair that is steady
and strong in the carly part of the diffuser, yet they become large, diffuse and
unsteady. The axial speed at the core of the unsteady vortices is lower than the
surrounding flow. The change in the vortex characteristics is caused by vortex
breakcdown of both vortices inside the diffuser.

A separation bubble appears on the diffuser ramp in the type B How.

e Asg the ride height is reduced to below the ride height of the maximmun down-loree. a

sharp down-force reduction occurs {type C).

The type C flow 15 characterised by a single vortex on one side of the How aund
re-circulating flow/ flow reversal on the other. One vortex has completely broken
down in this flow type. The remaining vortex is colierent. hecoming usfeady

towards the diffuser exit.
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e A further reduction in the ride height will lead to the disappearance of the down-lorce

contribution inside the diffuser (type D).

The type D flow is characterised by a weak vortex, weak re-circulating How and

flow reversal.

e During the course of the PhD thesis research, it was found that boundary layer merging
is not the cause of the down-force reduction phenomenon. The down-force reduction
on the model is belicved to be due to the break-down of one vortex at the diffuser
inlet and the consequent blockage of the through-flow caused by the re-circulating and

reversing flow inside the diffuser.
e The type A vortex exhibits a shear layer instability that is spatially steady.

e Cross-flow separation of the ground boundary layer occurs inside the diffuser in How
types A, B and C as a result of vortex induction and the subsequent cross-How adverse

pressure gradient.

e The wake characteristics downstream of the model difler for each flow type and hence

each vortex type will have a diflerent effect on a trailing acrodynamic vehicle.

e The results of the research provide a reliable experimental database for the validation

of computational simulations of the expertment.

e The RANS simulation of the type A How is successful in the prediction of forces and

surface pressures. The main flow features are captured well.

As the thesis progressed, the experiiental side of the rescarch required completion and it
became more apparent that a successhul CED model for the prediction of flow types B and C
would require modelling of the full diffuser and with houndary layer resolution to the model
wall. This would require more processing power than was available at the time. It was felt
that time would be more usefully spent cnsuring the experimental side of the rescarch was
completed.

The ultimate goal of the ongoing rescarch is to control the diffuser flow to enhance the
down-force characteristics and avoid a sharp stall. There was not, sufficient time during the

present study to explore flow control possibilities.
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Chapter 9

Recommendations for Future Work

This has been a first study of the flow through the diffuser in ground cffect. The thesis as

it stands presents a comprehensive databasc for a single angle diffuser in ground eflect, and

the objective of significantly increasing current understanding of diffuser behaviour has been

achieved. Due to the inherent nature of the rescarch process there are a number ol avenues

which should now be explored. In order to further understand diffuser flow i ground eflect

the following are proposed:

Three-component velocity measurements in streamwise planes inside the diffuser for
verification of vortex breakdown. This would require a transparent side-plate. The
vortex breakdown should be charted in relation to the down-lorce levels through Lype
B flow. LDA measurements would ideally show this correlation, however cross-planc

PIV measurements will give a good indication.

Measurcinent of swirl velocitics and axial velocities for investigation of breakdown
criterion. This would require accurate LDA results. thus a non-refractive transparent

mediuin to use for the side-plate would be necessary.

Quantification of the reduction in arca ratio due to the increased vortex size in type
B flow, and also of the critical cffective arca ratio at which the maximum down-lorce

occurs, could assist in the development of design criteria.

The effect of a change in yaw or roll angle of the model is probably to accentuate
asyminetry in the diffuser ow field, however the consequences for vortex breakdown

and the down-force curve should be explored.

Diffuser flow behaviour may differ with a change in angle. Experimental studies of

various diffuser angles should be undertaken to investigate this possibility.

An investigation of time dependent forces and pressures i type B and type C How.
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e Investigation of the effectiveness of How coutrol methods in alleviating the pressure
gradient in the diffuser and in avoiding the sudden changes in dowu-force between ride
heights. To conform with current F1 regulations, the form of control should be passive.
Alr jets are conceivable if they are powered passively. for instance by the exhiaust air.
The vortices are strong and large. Tt is auticipated that a significant amount ol energy
input will be required to avoid vortex breakdown, however carefully positioued solid

vortex generators or strakes arc worth investigation.

¢ Design improvements discovered in isolated diffuser tests could be incorporated outo
the racing car diffuser. The ultimate fest of the design will De its performance in

conjunction with the whole car.

¢ Grid independence studies should be performed for the Type A How simulation. A
successful CFD model for prediction of flow types B and C will require modelling of
the full diffuser model with boundary layer resolution up to the model wall. Boundary
layer resolution will be necessary on the diffuser ramp at the least, and this approach is
recommended for steady flow and unsteady RANS calculations. These calculations will
be most effectively performed in parallel on a workstation or cluster having sufficicnt

amounts of RAM (Random Access Memory) and processing power.
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Appendix A

Uncertainties in Measured Values

A.1 Uncertainty in Force Measurements

The data from the force balance was sampled by a computer prograim which computes the
mean force based on 75 samples. 8 runs were made for each ride height, and the wmicertainty
estimate is calculated from the average force computed from these data. Figures quoted here
are for a lift coefficient of Cp =-2 and a drag coefficient of C'; =0.5, and as such represents
data having among the worst levels of uncertainty.

Tt 1s estimated that the model ride height was set to an accuracy ol £0.25 rrn using wietal
spacers to set the height. This resulted in uncertaintics of ¢ =0.0140 and 'y =0.0035.
During the test runs no lifting of the moving ground belt was observed.,

The dynainic pressure in the test scction was maintained al 25 mrnffH0 Lo an accuracy
of £0.05 mmH,0. The variation in dyunamic pressure is proportional to the uncertainty of
the down-force measured, and results in an wncertainty of €, =0.0040 and ¢}, =0.001.

Due to changes in the ambient temperature and pressure of the test section, the Reynolds
Number altered over the course of a test. A log was kept of Lhese variations during the tests.
In addition, the effect was extrapolated [rom tests at higher and lower Reynolds Numbers.
The effect of Reynolds Number on the measurenients was estimated to be O, =0.000607 and
C'p =0.0016.

The overhead balance system outputs the data in terns of steps, where 59.903 steps
equates to 1N of lift force. The data output is accurate to one step, however hefore and alter
each run the output was monitored to eusure that the balance was reading zero steps belore
a run and returned to within 10 steps at the end of the min. Sometimes a run was repealoed
in order to ensure the residual was within this limit. Occasionally a residual of 20 steps or
more was recorded. This usually indicated a problem with the measurciment systent, such
as the pitch rod making contact with the tuunel roof. On these occasions the problem was

addressed and the run discarded. The contribution ol the residual to the uncertainly was
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C', =0.0033 and Cp =0.0033.

The total uncertainty was cvaluated nsing the procedure described by Moffat [66] in which
the squares of each individual compouent of uncertainty are sunnmed and then square rooted
to give the figure quoted. The uncertaintics in €7, and Cp measurcenients were calculated as
+0.0280 and £0.0038 respectively.

A.2 Uncertainty in Pressure Measurements

The uncertainty in the surface pressure coelficients has been estimated for a pressure co-
efficient of €, =-2. This is representative of typical pressure coefficients measured inside
the diffuser. The model height was set to an accuracy of 0.25 snin, correspouding to an
uncertainty of €, =0.0140. The dynamic pressure in the test section was maintained within
0.05 mmH>,0 resulting in an uncertainty of ¢, =0.004. The quoted accuracy of thie Z0OC
transducer was £0.8 mm, which results in a contribution of €, =0.064. The output was
given to an accuracy of 3 d.p., corresponding to an uncertainty of €, =0.0005. The total
uncertainty was calculated using the method of Moffat [66] as C,, =0.0656, where the largest

contribution was due to the quoted accuracy of the ZOC transducer.

A.3 Uncertainty in LDA Measurements

The positional accuracy of the LDA traverse mechanism was £0.01 1. However, fhe
uncertainties in determining x,y, z were cstimated at £0.15 1 taking into account the
gear backlash. The LDA Dheam mcasurcinent volume had a crvoss-section dianicter ol 0.326
mm. It was concluded that the 95% coufidence level uncertaintics in the , v, z nicasurcinents
were +0.16 mn. Following the procedure given by Moflat{66], the uncertaintics in the LDA
velocities measurements were estimated at £0.09 1 /s, £0.09 10/s, and £0.31 /s for u, v, w
respectively at a freestream speed of 20 1 /s.

For the turbulent stress measurcments, an estimation of the 95% conlidence interval was
obtained following the procedures given by Benedict and Gould[8], using their jack-kuife

routine. Typical values for the normal stresses are: wa, 7o, ww < £8%.

A.4 Uncertainty in PIV Measurements

The mean flow PIV data presented in Chapter 4 are obtained by averaging over 500 instan-
taneous sets of data measured in a single run. These 500 scts were measured in hatches of
up to 100 sets at a time during the run. This is because the quality of the data was found
to vary significantly during the time period of a run, and no more than 100 scts could be

taken at once before deterioration of the data quality. Even so, during the time period of a
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run some instantaneous datasets contained little or no noise whilst others contained a large
amount. This variation in the quality within the run is thought to depend upon the level
of seeding present in the wind tunuel during the run. Too little or too much sceding could
cause poor quality results, thus it was essential to take data at times when the seeding level
was at an optimum. This involved adding short bursts of sceding at the start of a vun and
testing the conditions in the tunuel by taking one or two readings. Once the level of seeding
yielded data containing low noisc levels, up to 100 datasets were obtained. Any poor quality
data from the end of the dataset were discarded.

The Dantec Flowimanager software contains options for processing the raw data captured
during a test run. The quality of the results was also found to depend on the method ol
post-processing. Cross-correlation of each iinage pair of lmages was available at several levels
of resolution; in descending order ol resolution these are 16x 16, 32x32 and 64 x64 pixels.
Processing at 16x16 pixels created too much noise in the results.  Processing at 32x32
pixels yielded 79x63 vectors over the measurement plane, and is the resolution at which the
majority of data are processed. Processing at 64x64 pixel resolution gave ouly 39x31 vectors
over the measurement plane and consequently, some of the ow detail was lost. However the
mean vorticity output by each process resolution agreed closely, giving Qd/Uso =2.63 and
2.625 respectively.

During a test run it was found to he essential to eliminate all light sources or reflections
within the test section and even outside in the coutrol room. However, an unavoidable
reflection from the laser deflected from the side-plate lower edge and produced a [aint line
across the images (Figure 36. The line appears in the PIV results as a slight discontinuity
(Figure 34). Areas of the flow aflected by reflection [rom the model are noticeable i the
correlated vector maps as large vectors that are unfeasibly large. A velocity range validation
filter was applicd to the correlated vector map to remove these vectors, known as ‘outliers’.
Further processing options were available to simooth and filter the results, however they were
not used as they tended to blur the flow features.

One method of assessing the accuracy of the PV data is to compare it to LDA data
measured at the same plane. Figure 83 shows both P1V and LDA measurcments of w/Ux,
taken at h,/d=0.255, x;/d =0.096 in a vertical traverse in the vieinity ol the vortex core.
The maximun non-dimensionalised spanwise velocity measured by the LDA is 0.432. At
the same measurement point, the PIV records w/Us =0.401. The percentage dillerence
between the two is 7.6%. The minimum velocity measured by the LDA is -0.672, whereas
the PIV measured -0.604. The percentage difference between these measurcinents is 10. 1%,
However, niost of the results are of a simaller percentage difference for the same measurement,
co-ordinates.

Thus, although the accuracy of the PIV data is difficult to assess in isolation, it wmay he

concluded that PIV prodhices reasonable accuracy when compared to the LDA results.
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Figure 83: Comparison between LDA and PIV measurements, type B flow.
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Appendix B

Measurement Repeatability

B.1 Repeatability of Force Measurements

Figure 84 (a) shows the repeatability of down-force measurcinents taken in diflerent wind
tunnel sessions for the 17 degrees diffuser angle model. It may be scen that the down-foree
coefficient repeats very well in flow types A and B, excepting a single measurciment point at
hy/d=0.318. This ride height is the first height measurcd at which the separation bubble
and flow unsteadiness appears, which may account for this discrepancy. Agreement hetween
sessions in flow types C and D is not as good. This could be a consequence of slightly
different ambient conditions ingide the tunuel bhetween the two sets ol data which could alter

the breakdown characteristics of the vortices.

B.2 Repeatability of Pressure Measurements

The short term and long terin repeatability of the suwrface pressure wmeasureiments was as-
sessed by taking multiple readings within a run, and then by repeating the runs in separate
test sessions. Short terni repeatability was asscssed using the tapping giving the maxinnm
spanwise suction at a model ride height of 34 mrn, which hes at @/d =5.440, z/d =0.890.
Over 9 non-consecutive runs taken on the same day, the following readings were taken; -2.534,
-2.585, -2.564, -2.550, -2.510, -2.540, -2.48, -2.475, -2.463. The average of these is 2.251 with
a standard deviation of o =0.264. Figure 84 () shows the long term repeatability of data
recorded for a model ride height of 34 rnrn. The agreement in the data [rom the two test
sessions is good over the whole diffuser ranip, with only a few exceptional points falling

outside of the measurement uncertainty.

B.3 Repeatability of LDA measurements

Due to time constraints, no repeatability of the LDA data was assessed.
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B.4 Repeatability of PIV Measurements

PIV measurements were all taken during a two week test session. Thus long term repeata-
bility of the results is unavailable. During the session. a run of 500 datasets was taken in
batches of 100 datasets. Short term rvepeatability of the data is assessed by calculating thie
mean vorticity at the vortex core of each set of 100 and comparing it with the total average
over 500 datasets. The wmecasurciments at /i, /d=0.255, @y /d =0.096 were used [or the calcu-
lation, as the run is represcutative of the unsteady flow ficld. The vortex centres for cacl set
of 100 datasets were 0.509.-0.764, 0.501,-0.7495, 0.509,-0.756.0.494,-0.7-1,0.500,-0.755. "This
compared to the average over 500 data sets of 0.501,-0.749. The respective mean vorticities
at each of these locatious was 2.49, 2.78, 2.57, 3.32 and 2.1 compared o the mean over 500
of 2.625. The mean vorticity for each data set is within 8.2% of the mean mcasured over
the full set with the exception of the fourth set which is significantly above the mean. On
further inspection, this relatively high vorticity is apparently due to the region of maxinnim
vorticity occurring more centrally in the vortex in this data set than is found in the other

datasets.
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(b) Surface pressure measurements

Figure 84: Long term repeatability of experimental measurcainents.
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