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Abstract
An experimental investigation into the form of the notchback wake topology, its temporal
behaviour, and how this changes with the underlying geometry has been undertaken to further
understanding of this flow regime pertaining to a popular automotive body type. Whilst this
work has been performed at model scale on a simplified body a sufficiently complex design
of backlight header and trailing pillar have been utilised. Thereby allowing the systematic
study of the wake structure of a family of production representative geometries to be
undertaken enabling the flow topology across bodies with parameters representative of
vehicles produced from the 1960s to the present day to be investigated.
Body force measurements showed both drag and rear lift to increase with backlight angle in a
manner which was largely expected due to these designs being representative of older
production notchback vehicles. Manufacturers knowledge and understanding of how drag
changes with this parameter, combined with on going shape optimisation studies, have led to
the shallower backlight angles common to modern designs. Detailed flow field measurements
were subsequently used to determine the form and temporal behaviour of the flow topologies
responsible for this force behaviour.
Across the range of geometries tested, the in-notch structures were shown to undergo
significant variation, both their time-averaged form and time-variant behaviour changing.
Common to all configurations were the presence of a pair of strong trailing vortex structures
which flanked the edges of the backlight and bootdeck. However, flow in the centre of the
backlight underwent the greatest variation. This region was shown to develop from a largely
attached form at shallower backlight angles before developing into an increasingly strong
hairpin like structure. As backlight angle increased further the topology ultimately took a
highly asymmetric form. With these changes of the flow topology also came changes of the
temporal behaviour which revealed vortex shedding, flow structure oscillation and the
switching of bi-stable structures as backlight angle increased.
It is hoped that in thoroughly understanding the range of notchback flow topologies typically
generated by production vehicles that this work will form the vital foundation upon which
future investigations looking to reduced drag can be based.
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General Nomenclature
Abbreviation/Symbol Definition
A

Acceleration, ms-2

Β

Backlight Angle, °

Βeff

Effective Backlight Angle, °

BL

Backlight Length, m

CCA

Constant-Current Anemometry

CCD

Charge Coupled Device

CFD

Computational Fluid Dynamics

CTA

Constant-Temperature Anemometry

CVA

Constant-Voltage Anemometry

CW

Continuous Wave

dp

Particle diameter, µm

DFT

Discrete Fourier Transform

DoF

Depth of Field

FoV

Field of View

HWA

Hot Wire Anemometry

ID

Internal Diameter

IDFT

Inverse Discrete Fourier Transform

Nd:YAG

Neodymium-YAG

Ρ

Fluid density, kgm-3

Ρ

Particle density, kgm-3

PIV

Particle Image Velocimetry

PSD

Power Spectral Density

St

Strouhal Number

SUV

Sports Utility Vehicle

τp

Particle response time, µs

τn

Kolmogorov time scale, µs

µ

Fluid dynamic viscosity, Nsm-2

Us

Particle velocity lag, ms-1

Ν

Fluid kinematic viscosity, m2s-1

V0

Freestream velocity

VIP

Velocity, in-plane
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Automotive Specific Nomenclature
Vehicle Coordinate System
The standard Society of Automotive Engineers (SAE) Z-down coordinate system as defined
in the J670 standard [1] is used throughout this work and is shown in Figure A. Following
this convention the X-axis is aligned with the vehicles longitudinal axis and is positive in the
forward direction of travel. The Y-axis is aligned with the vehicle’s lateral axis and positive
to the right and the Z-axis is aligned with the vehicles vertical axis and positive towards the
ground. The origin is located on the ground plane at mid-track and wheelbase.

Figure A: SAE Z-down coordinate system used throughout this work [1]

Aerodynamic Forces and Moment Convention
The following aerodynamic force and moment convention is used throughout this work and
shown in Figure B, all forces and moments act around the co-ordinate system defined
previously, at the road surface at mid-track and wheelbase. When models without wheels are
considered the mid track and wheel base position is defined as the lateral and longitudinal
centre of the 4 pins used to mount the model.
•

Drag (FX) – Force acting along the vehicles longitudinal axis (x-axis), positive when
opposing the vehicles direction of travel.

•

Side Force (FY) – Force acting along the vehicles lateral axis (y-axis), positive when
acting to move the vehicle to the right.
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•

Lift (FZ) – Force acting along the vehicles vertical axis (z-axis), positive when acting
to lift the vehicle from the surface of the road.

•

Roll Moment (MX) – Moment acting about the vehicles longitudinal axis (x-axis),
positive when acting to lift the left hand side of the vehicle from the road surface.

•

Pitching Moment (MY) – Moment acting about the vehicles lateral axis (y-axis),
positive when acting to lift the front of the vehicle from the road surface.

•

Yaw Moment (MZ) – Moment acting about the vehicles vertical (z-axis), positive
when acting to move the front of the vehicle to the right.

Figure B: Vehicle/model force and moment convention used throughout this work

Lift is commonly split into front and rear lift values (FZF and FZR) that are defined as the lift
forces acting on the front and rear axle respectively. As with lift, or total lift, these forces are
positive when acting to lift the front and rear of the vehicle from the road surface. These
values can be derived from pitching moment and total lift with knowledge of the vehicle, or
model, geometry through the application of Equation A and Equation B below where WB
represents the vehicle or model wheelbase.
𝑭𝒁𝑭 =

𝑴 𝒀 𝑭𝒁
+
𝑾𝑩 𝟐

Equation A: Calculation of front axle lift force

𝐹!! =

𝑀! 𝐹!
−
𝑊𝐵 2

Equation B: Calculation of rear axle lift force
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Automotive Geometrical Terms
Throughout this work a number of automotive specific geometrical terms are used, these are
described below and shown visually in Figure C.
•

Glasshouse – The upper surfaces of a vehicle predominantly consisting of glazing.
o A-Pillar – 1st pillar in the glasshouse.
o B-Pillar – 2nd pillar in the glasshouse.
o C-Pillar – 3rd pillar in the glasshouse.
o Trailing pillar – most rearward pillar in the glasshouse.
o Backlight – glazing at the rear of the vehicle.
o Roof header – transition from the roof to the backlight.

•

Bootdeck – horizontal surface beneath the backlight (notchback body style only).

•

Base – Vertical surfaces at the rear of the vehicle.

Figure C: Automotive specific geometrical terms
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1 Introduction
1.1 Background, Motivation and Aims
The oil crisis of the early 1970s brought about significant interest in the field of automotive
aerodynamics, particularly within the areas of drag and drag reduction. Vehicle
manufacturers strived to meet the demands of consumers requiring increasingly fuel-efficient
vehicles as a result of soaring oil costs; to achieve this many techniques were employed with
aerodynamic drag reduction being at the forefront. This is clearly illustrated in Figure 1.1 that
shows a history of the evolution of production vehicle drag. Whilst this reveals a steady
decline a significant reduction can be observed from the mid-1970s brought about as a result
of increased understanding of bluff body flow fields due to large investments in automotive
aerodynamic testing and development programs.

Figure 1.1: Evolution of average vehicle drag [2]

A similar driving force is present today in the form of climate change and the depletion of
finite oil reserves; these global concerns have once more renewed consumer and
manufacturer interest in the reduction of vehicle emissions and increased fuel efficiency. This
drive is further bolstered by legislatorial attention that has lead to the planned introduction of
a new worldwide test procedure. Under this procedure the fuel efficiency and emission output
of light vehicles will be assessed against a new driving cycle more representative of modern
day driving behaviours. This Worldwide harmonised Light vehicle Test Procedure (WLTP)
incorporates greater periods of high vehicle speeds than the New European Driving Cycle

-2-

1. Introduction
(NEDC) [3] it will replace in Europe. Due to the cubic relationship between vehicle velocity
and the tractive power required to overcome aerodynamic drag its reduction continues to
remain a key factor in achieving these goals.
The importance major automobile manufacturers attribute to aerodynamics in improving the
performance of the vehicles they sell can be clearly seen in the number of new automotive
wind tunnels being built. From 2008 to 2020 over 8 have been, or plan to be, built in Europe
alone [4,5,6]. These multi-million Euro investments indicate the importance manufacturers
place upon aerodynamics in achieving the increasingly rigorous demands of consumers and
legislators alike. As a side note the continued investment in physical facilities also illustrates
the lack of maturity of computational techniques when applied to the complex geometries
inherent in production vehicles. Although well developed these techniques are still not
sufficiently capable to enable the complete aerodynamic development of a vehicle to be
performed entirely within the digital domain.
This investment in facilities is required as drag reductions become increasingly difficult to
achieve on what are now well-optimised geometries. There is also a trend, which is not
predicted to reverse, for increasing frontal area, to which drag is proportional, thereby
requiring a concerted effort in the research and development of new and existing techniques
to achieve these required reductions. Previously attention has been predominantly focused on
the passive optimisation of body shapes to reduce drag. However, as these become
increasingly optimised active techniques must begin to be considered to achieve subsequent
reductions. This has been seen in recent years with the inclusion of technologies such as
active cooling pack blanking vanes [7,8] and deployable spoilers [9] on mass-market
production vehicles.
However, to further the effective development of both passive and active techniques a more
complete understanding of the flow regimes they interact with is required in order to allow
them to target the structures contributing most significantly to drag. The flow topologies
generated by two of the three automotive geometry types, shown in Figure 1.2, the
squareback and fastback have been studied in detail and are widely reported upon in
literature. The form of their wake and its variation with geometry well understood. This level
of understanding can be attributed to a number of factors. Firstly, these being the main body
types sold in Europe since the oil crisis of the mid-1970s led to them receiving significant
research and development attention. And secondly, these forms being easily represented by
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simple geometries, from initial investigations studying squareback bodies only a small degree
of additional geometric complexity is introduced when considering the fastback style. The
simplicity of these body styles allows both force and flow topology variations to be
investigated and results to be described parametrically in a straightforward manner.

Figure 1.2: Squareback, Fastback and Notchback body types (L to R) [9]

However, the flow topology generated by the third body style, the notchback, is relatively
poorly understood. This is surprising as although it is a complex geometry for fundamental
studies and a style that has fallen out of favour in Europe, the majority of light passenger
vehicles sold in Asian markets are of this type. It is therefore a prominent style that should be
afforded a comparable level of attention given its popularity. Whilst there have been
numerous works published investigating the wake structures generated by these bodies there
is no definitive general understanding of the flow field and how it changes with the
underlying geometry. Rather the flows produced by a number of specific geometries are
understood but there is little knowledge of its more universal form and how this evolves. The
various studies investigating the flow topologies of individual notchback geometries have
revealed the presence of numerous interesting aerodynamic phenomena. The, at times highly
asymmetric, temporally unstable, bi-stable and shed structures identified show the topology
generated by this style to be interesting from a purely academic standpoint also.
In general there is a gulf between the types of automotive aerodynamic research being
conducted. Typically work undertaken, or sponsored, by automobile manufacturers is
conducted at full scale on detailed models. Fundamental work to determine the underlying
flow topologies, typically performed by academic institutions, is undertaken at smaller scale
using simplified bodies. Whilst this is not a problem, the research into the underlying general
topology, which is needed to further the understanding of the larger-scale bulk wake flow,
tends to be performed on sharp edged geometries. This is a good starting point as it reduces
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the vehicles representation to its absolute simplest form. However, little seems to have been
done to move this research on from the seminal work by Ahmed et al. [10] in the 1980s
where the form and variation of the sharp-edge fastback wake flow topology was discerned.
There is now a need to push research forward to consider simplified geometries with
production like rounded edges to begin to fill the void between these bodies of understanding.
As Fuller [11] showed, the omission of rounded edges on a simplified body induced
significant changes in both the time-averaged and temporal behaviour of the flow structures.
This work illustrates the importance of moving away from these sharp edges, which represent
specialised and unique cases, toward geometries that are more relevant to production
vehicles. In doing so it will ensure that the fundamental work conducted is transferable and
contributes to greater understanding of automotive aerodynamics rather than of sharp edged
bluff bodies.
This thesis therefore aims to further the general understanding of the notchback flow
topology due to it being the least well understood and investigated of the three fundamental
body types. Arguably it is also the most interesting aerodynamically. This thesis aims to
discern the underlying structures generated using a simplified, but production relevant, body.
It provides a complete understanding of the flow topology, in both a time-average and
temporal sense, and shows how this varies with geometry. This work should provide the
essential foundation upon which future wake management techniques can be developed and
applied to this style of body that will ultimately lead to the drag reductions the industry
requires.
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1.2 Automotive Flow Fields
Automobiles, in fluid dynamics terms, can be described as bluff or quasi-streamlined bodies
in close proximity to the ground. The flow around them is characterised by a combination of
quasi-two- and three-dimensional structures that often separate from and reattach to the
vehicle surface. Typically automotive geometries generate large wake regions downstream of
the body leading to significant pressure drag that in most cases is an order of magnitude
larger than that attributed to skin friction. Whilst these geometries are complex and varied
they can be broadly classified into three types, squarebacks, fastbacks and notchbacks, each
of which generate different flow topologies consisting of similar structures.
Whilst this body of work considers the notchback geometry type, for completeness and due to
these shared features, a brief overview of the squareback and fastback flow regimes are also
given here.
1.2.1 Squareback
The squareback geometry is typical of estate cars and commercial vehicles and is said to form
the least complex automotive wake structure. This topology is characterised by flow
separating from the trailing edges in a quasi-two dimensional manner. An investigation by
Duell and George [12] looking at the unsteady near wake determined it to take the form of an
enclosed recirculation region, Figure 1.3. As flow separates from the sharp trailing edges it is
drawn toward the centre of the base by low pressure causing it to roll up and form a large
upper and lower recirculation.

Figure 1.3: Squareback flow structure along model centreline [12]
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As this investigation considered automotive type flows the model was positioned above a
ground plane at a ride height representative of production vehicles. It is the proximity of the
model to this ground plane that drives the imbalanced sizes of the upper and lower
recirculations visible in Figure 1.3. The ground plane and lower surface of the model coupled
with the boundary layers forming upon them restrict the flow passing under the floor, this
mass-flow imbalance causes the size of the recirculations regions to differ. Whilst Duell and
George [12] did not assess the effects of ride height later work by Littlewood and Passmore
[13] showed that increasing the ride height of a squareback body in close proximity to the
ground strengthened the lower recirculation and tended to balance the size of these structures.
Moving from a stationary to moving ground plane will have much the same effect as the
moving lower surface does not develop as larger boundary layer resulting in the velocity, and
thus mass-flow, deficit beneath the model will reducing and the wake again tending toward a
more balanced form.
Temporal analysis of this wake structure indicated the presence of vortex roll up within the
shear layer immediately downstream of the trailing edge occurring at a Strouhal number (St)
equal to 1.2. Further analysis revealed these vortices to pair as they convected downstream
resulting in their characteristic frequency reducing whilst their size increased. This behaviour
continued up to the free stagnation point where a vortex was observed being regularly shed
into the wake, now at a Strouhal number equal to 0.07. Coupled with this shedding was a
‘pumping’ of the wake at the same frequency driven by the entrainment of fluid in the shear
layer. As fluid was entrained, the volume of the near wake region increased, moving the free
stagnation point rearward. Vortices shed from the free stagnation point subsequently reduced
the fluid volume encapsulated within the wake causing it to shorten, this periodic process
leading to a regular pumping. This wake pumping phenomenon is not limited to squareback
flows, having also been identified occurring in the wake of an axisymmetric disc by Berger et
al. [14] at a similar Strouhal number.
More recent research by Littlewood and Passmore [13] utilising PIV to analyse the wake of a
simple squareback also identified the large near wake recirculations and shear layer shedding
processes. Figure 1.4a shows the time-averaged flow field taken along the model centreline
downstream of the trailing edge, in which the upper and lower recirculation can be clearly
identified. However, analysing an instantaneous representation of this flow, Figure 1.4b,
reveals it to differ significantly, the large recirculations present in the time-averaged field no
longer apparent. Rather a significant in-wash of the lower flow is visible alongside the
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formation of a vortex train in the separating upper shear layer, indicating the upper
recirculation to be largely an artefact of the averaging process and the lower instantaneous
form to be much less coherent. This is identical to the findings of Herry et al. [15] studying
flow along a horizontal plane behind a yawed three-dimensional backward-facing step using
PIV. Here the dominant vortex on the windward side was shown to form instantaneously
whilst the smaller, time-averaged, vortex on the lee side was generated from averaging a
vortex shedding process from this edge.
These works highlight the importance of analysing the temporal form of the wake alongside
its time-averaged topology. Both showed the structures comprising the time-average field to
differ significantly from their instantaneous form. This effect may be significant when
attempting to control these flows as the instantaneous topology may respond in an
unexpected manner.
a

b

Figure 1.4: Time-averaged and instantaneous squareback flow fields [13]

Whilst Littlewood and Passmore [13] identified the vortex train reported by Duell and
George [12] the PIV field of view did not extend sufficiently far downstream to capture any
wake pumping. However, Khalighi et al. [16], investigating the effects of a cavity on the base
region as a method of drag reduction, did identify a spectral peak in both base surface
pressure and HWA measurements made behind a simplified squareback model. These
occurred at a Strouhal number equal to 0.07 and were present across a range of Reynolds
numbers. Whilst it wasn’t conclusively proved that these were due to wake pumping there
was strong evidence to suggest this was the case. Al-Garni et al. [17] also identified spectral
peaks at a Strouhal number equal to 0.07 when analysing the near wake of a scale SUV. PIV
measurements taken during this investigation reveal results similar to those of Littlewood and
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Passmore [13] with time-averaged fields showing clear evidence of large recirculations whilst
vortex rollup within the shear layer was identified in the instantaneous vector fields.
Whilst there are subtle differences between the flow structures reported across the various
investigations considering this type of geometry there is a general consensus regarding the
form the topology takes. Two large time-averaged counter-rotating vortices encapsulated by
shear layers within which vortex rollup occurs. Any reported differences in the flow
topology, such as differing overall wake size or the relative strengths of the counter rotating
vortices can be attributed to subtleties in experimental setups (ride height, model design etc.)
as opposed to conflicting opinion as to the form of the wake topology.
Whilst many works consider the wake structure generated along the centreline in a twodimensional sense it is important to remember that it is actually highly three-dimensional.
This is clear when studying the results of PIV measurements conducted by Grandemange
[18] on a simple squareback model. Results from a horizontal plane, Figure 1.5b, show the
flow separating from the vertical edges where it produces a pair of counter rotating structures.
These structures are nominally the same size, disparate from the upper and lower, and run
along the edges to connecting with the upper and lower recirculations forming a toroidal
structure around the circumference of the base. Figure 1.5c & d show slices through this
structure at 2 x-stations capturing it closing behind the model, ultimately leaving only a weak
pair of longitudinal counter rotating vortical structures in the wake induced by the bodies
close proximity to the ground.
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Figure 1.5: Time-averaged PIV planes, y = 0 (a), z = 0.6 (b) x = 1.0 (c) and x = 2.0 (d) [18]
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1.2.2 Fastback
The fastback shape is representative of hatchback type vehicles and generates a flow field
dominated by a pair of large counter rotating trailing vortices and a recirculation region
behind the base. Early research into the effect of rear slant angle by Janssen and Hucho [19]
during the development of the VW Golf and Scirocco identified the rear flow separation line
moving from the leading to the trailing edge of the backlight as its angle varied. This
behaviour coincided with a sharp increase in drag attributable to the formation of strong
trailing vortices resulting in high levels of induced drag. This induced drag identical to that
produced by finite wings, the vortex pair generating downwash in the flow separating from
the body resulting in the effective flow angle being offset from the longitudinal axis. This
results in the lift vector no longer acting vertically and therefor a component of it being
resolved longitudinally causing it to contribute toward drag.
a

b

Figure 1.6: Pre- (a) and post-critical (b) fastback flow field [20]
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Morel [20] studied this geometry in greater detail using an axisymmetric cylinder with a
slanted base and found similar behaviour. Drag was seen to increase at a low rate as back
slant angle increased, however, at a critical angle of 47° a step increase was observed. As
slant angle increased past this point drag decreased rapidly from the high drag state. Morel
[20] continued this investigation on a more representative automotive geometry, Figure 1.6.
This model exhibited extremely similar behaviour to that of the cylinder, however, the critical
angle moved to 60°1 with this shift accompanied by a more significant step drag variation.
Figure 1.6a shows the post critical flow configuration using smoke to identify the wake
region, flow is seen to separate from the trailing edge of the roof and form a large
recirculation behind the model, similar to a squareback topology. The pre-critical flow field is
shown in Figure 1.6b; in this configuration flow remains attached along the length of the
backlight resulting in a much smaller separated region forming solely behind the base and a
strong downwash behind the model, as revealed by the smoke line.
A more comprehensive understanding of the fastback flow field was obtained by Ahmed et
al. [10] using a model similar to of Morel [20] but with a lengthened the mid-section to
ensure that flow around the rear end was insensitive to upstream effects. As Figure 1.7 shows
this study observed the response of drag to backlight angle to be extremely similar to the
investigations preceding it. The solid line labelled CW showing the variation of the balance
measured drag coefficient against backlight angle (ϑ) on the horizontal axis. Also shown are
the drag contributions of the various surfaces with a rearward projection calculated from
surface pressure measurements. Where CK is the drag contribution of the forward surface, CB
the base surface and CS the slant, the deficit CR is the balance attributed to skin friction.
The contributions reveal base drag to lessen with increasing backlight angle as the deflection
of the overbody flow and thus more rapid wake closure increases static pressure acting on it
whilst its area reduces. The drag contribution of the slat becomes larger with backlight angle
as its size increases and the structures forming on it reduce surface pressure acting on it. The
varying rates of these responses drive the overall drag variation and thus the location of the
drag minimum.

1

30° using current standard referencing conventions
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Figure 1.7: Drag variation of a sharp edge fastback model with backlight angle [10]

As backlight angle increased from the baseline squareback configuration a drag reduction, up
to an angle of 12°, was observed. Across this range a pair of trailing vortices was seen to
form whilst in the centre of the backlight flow remained fully attached, ultimately separating
at its trailing edge. This combined with flow separating from the trailing edge of the
underfloor to form a recirculation zone behind the base, Figure 1.8a. The drag reduction
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associated with this coming about as a result of the combination of reduced wake size
reducing suction on the base and the base’s reduced area.
As backlight angle exceeded 12° the drag reduction is counteracted by large suction peaks on
the backlight generated by the strengthening trailing pillar vortices and an enclosed
separation bubble forming in its centre. As backlight angle exceeds 20° drag exceeds that of
the baseline squareback configuration and increases at an increasing rate to a maximum at
30°. This flow topology is shown in Figure 1.8b, where strong trailing vortices form at the
edges of the backlight with a separated recirculation region present in its centre. As backlight
angle increases past the 30° critical angle, downwash generated by the trailing vortices is no
longer sufficient to prevent complete separation of flow at the roof trailing edge. This
resultant separation produces a topology similar to that of a squareback and brings about a
step drag decrement due to surface pressure increasing across the slant.
a

b

Figure 1.8: Pre critical and critical fastback flow topologies [10]

Further work by Fuller and Passmore [21] assessing the effect of rear pillar geometry, square
or rounded, showed that although Ahmed et al. [10] described the main features of the
fastback flow topology, the sharp edged geometry chosen is essentially a special case. Fuller
and Passmore [21] found that moving to a rounded pillar design, on a pre-critical fastback,
generated a similar flow field in so much that it was dominated by a pair of large longitudinal
vortical structures. However, there were notable differences, mainly in the development of
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the trailing pillar structures and how they interacted with the other elements of the wake.
These were shown to develop later such that they formed only across the lower 2/3rds of the
backlight resulting in weaker vortices forming closer to the surface and encroaching further
toward the centreline. Ultimately this led to the trailing vortices behind the base forming
closer to the centre of the wake and lower down thereby increasing their interaction with the
base flow. These topologies are shown in Figure 1.9 the square edged on the left and rounded
on the right.

Figure 1.9: Pre-critical fastback flow topologies, square and rounded edges (L – R) [21]

Fuller and Passmore [21] also showed the pillar geometry to have a significant effect on the
stability of the wake. The squared edge geometry generating much more stable flow
structures whilst the less well defined separation locations in the rounded case led to greater
movement of the trailing pillar vortices and significantly more instability in surface pressure
across the backlight. An investigation by Howell [22] also found the trailing pillar geometry
to significantly influence the response of drag to backlight angle above the critical angle. This
behaviour, combined with the significant force change between configurations, highlights the
importance of choosing a suitable, sufficiently complex, geometry when investigating
automotive flows such that they retain the salient features and responses required to replicate
the wakes of the production vehicles they are intended to represent.
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1.3 Notchback Flow Field
The notchback geometry is representative of saloon type vehicles and is typically said to
generate the most complex wake topology of the three geometry types. Early work by Carr
[23] using a MIRA variable geometry model investigated a range of notchback configurations
using both balance measurements and surface flow visualisation. Skin friction lines revealed
the general form of this type of wake to be typified by flow separating from the trailing edge
of the roof and, if bootdeck length was sufficient, reattaching toward the trailing edge of the
bootdeck. Between the separated shear layer and the notch a curved transverse vortex formed,
which Carr [23] suggested to be analogous to that of flow over a backward facing step.

Figure 1.10: Notchback flow topology proposed by Carr [23]

Nouzawa et al. [24] found the flow structure and drag behaviour to be more complex than
that previously proposed. Results of a parametric study, Figure 1.11, suggested the presence
of a critical angle similar to the fastback body style. This work suggests that all notchback
geometries, with a backlight angle (θrwt in Figure 1.11) greater than 15°, follow the same
trend of increasing drag with effective angle (θrt) up to an effective angle of 25°. Once this
critical effective angle is exceeded a rapid drag reduction is observed suggesting there to be a
significant flow topology variation occurring about this point.
Also interesting is the drag behaviour of the 15° backlight angle configurations which exhibit
the same response as the fastback body style. Drag initially decreases from squareback levels
as effective angle (analogous to backlight angle in these cases) increases. This is possibly due
to the fact that this geometry is more akin to that of fastback, the extremely small notch
- 16 -
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formed by the short bootdeck effectively recreating a fastback body with a small horizontal
spoiler at the trailing edge of the backlight.

Figure 1.11: Parametric drag behaviour of notchback and fastback geometries [24]2

However, whilst Nouzawa et al. [24] claimed there to be a link between drag coefficient and
effective angle for backlight angles exceeding 15°. A closer look at the data shows that for a
single backlight angle the drag coefficient varies with effective angle in a much less
consistent manner than suggested. Only when all the results for the backlight angles tested
are considered together does the suggested response of drag to effective angle become
apparent. This suggests that the classification of notchback geometries using backlight and
effective angle may not be the best metric to predict a given geometries drag performance.
The shortcomings of the effective-backlight angle metric are also identified and commented
upon by Sims-Williams et al. [25] where it is stated that the measures inability to collapse the
drag of different notchback geometries on to a single curve is the main driving force behind
their continuing search for an improved method. These inadequacies are clearly portrayed in
2

Nouzawa et al. [24] describe the angle a line between the backlight header and bootdeck trailing edge makes to
the horizontal as the “apparent angle” common parlance now terms this the “effective angle”.
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Figure 1.11 where the lines bounding the measured values span a drag coefficient of ~10% of
the total whilst they are unable to collapse the relationship between drag coefficient and
geometry on to a single curve across the complete range of tested backlight angles.
Hucho [2] also comments on the attempts of Nouzawa et al. [24] to describe the notchback
geometry, and its resulting drag coefficient, using backlight and effective angles. Stating that
not only do the primary variables, backlight angle, bootdeck height and length govern the
notchback flow structure but that it is also influenced by a secondary set, backlight header
radius, bootdeck trailing edge geometry and trailing pillar design. Hucho [2] goes on to state
that these wide range of variables, all of which cannot be captured by the effective-backlight
angle metric, led to the high levels of “scatter” present in Nouzawa et al. [24] results.
Concluding with “it seems rather risky to conclude that maximum drag occurs at
approximately β [effective angle] = 25°” and suggesting the best metric is currently backlight
angle and bootdeck length and height, as used during the optimisation of the Audi 100 [26].
Illustrated in Figure 1.12 that shows clear trends, albeit from a small data set, of reducing
drag with increasing bootdeck height and length.

Figure 1.12: Effect of bootdeck length/height on drag coefficient [26]
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Hucho’s [2] inference that trailing pillar design and bootdeck trailing edge geometry has a
significant effect on the flow structures casts further doubt on the use of sharp-edge
geometries in understand these topologies. Fuller and Passmore [21] have also shown these to
be influential having found flow structures, and their temporal behaviour, to be strongly
influenced by trailing pillar design. This also suggests that it is simply not possible to infer
the behaviour and response of a production vehicles topology from the results of
investigations using sharp edged bodies. These flow structures are sufficiently different to
warrant separate investigation.
Nouzawa et al. [24] went on to analyse the form of the notchback flow structure both
experimentally and numerically, with results suggesting the steady state topology differs from
that suggested by Carr [23]. Concentrating on geometries with an effective angle below the
critical angle revealed the flow field to comprise of an arch vortex within the notch flanked
by a pair of counter rotating trailing vortices, Figure 1.13. Nouzawa et al. [24] identified flow
separating from the roof trailing edge combining with that separating from the edge of
backlight rolling up to form an arch vortex. It was also suggested that the arch vortex “bends”
the shear layer, separating at the roof trailing edge, downward, resulting in it imparting
additional momentum into the trailing vortices where it passed between them, thus increasing
their strength.

Figure 1.13: Notchback flow structure proposed by Nouzawa et al. [24]
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Nouzawa et al. [24] results are supported by a parametric study carried out by Sims-Williams
et al. [25] in which drag coefficient was again seen to increase with effective angle up to a
critical backlight angle of 25°-30°. Angles exceeding this generated reduced drag at a level
comparable to that of their equivalent squareback configuration. Flow visualisation showed
drag increasing with the size of the separated region as indicated by the reattachment location
moving downstream toward the bootdeck trailing edge. The significant change in flow
structure, assumed by Nouzawa et al. [24] to occur at 25° was also observed by SimsWilliams et al. [25]. Flow visualisation showed the separated region no longer reattaching on
the bootdeck but remaining fully separated as this critical angle was exceeded, resulting in a
squareback type, fully separated, non-reattaching wake and yielding the drag reduction
associated with this.
Spanwise velocity measurements taken by Nouzawa et al. [24] 100mm downstream of the
model, Figure 1.14, reveal a large trailing vortex and a smaller counter-rotating vortex
positioned inboard and above, superimposed by the red and blue arrows here for clarity. The
large trailing vortex is identified in the flow field schematic, Figure 1.13; however, the
authors make no comment upon the smaller inboard vortex, although its position suggests a
strong interaction with, or relation to, the arch vortex. This smaller vortex becomes
increasingly less well defined and ultimately indistinguishable in spanwise velocity field
measurements taken further downstream, whilst the opposite held true for the larger vortex.

Figure 1.14: Velocity and vorticity distributions at x = 100mm [24]
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The time-averaged analysis of the notchback wake by Nouzawa et al. [24] was added to in
further work by Nouzawa et al. [27] with the focus shifting toward unsteady fluctuations of
the arch vortex. HWA measurements taken concurrently at three spanwise locations above
the bootdeck showed a significant difference in flow behaviour toward the edges compared
with the centreline. Their characteristic frequency here is approximately double that at the
edges, 20-30Hz and 15Hz respectively. A cross-correlation of the signals from these locations
revealed velocity fluctuations at the bootdeck edges to be in anti-phase. Nouzawa et al. [27]
theorised that the arch vortex behaved in a similar manner to a Kármán vortex street, with
each side growing and subsequently being shed in an alternate manner. These finding were
corroborated by surface pressure, rear lift and drag measurements in which fluctuations at
similar characteristic frequencies were also identified.
Surface flow visualisation performed by Jenkins [28] on a 16% scale Ford C1 notchback
revealed a highly complex flow structure within the notch that again differed from previous
interpretations. This may be a result of the geometry that has a very steep backlight or could
also be due to the rounded edges that differs from Nouzawa et al. [24] and Sims-Williams et
al. [25] studies which utilised sharp edged models. However, similarities were observed,
particularly the formation of a large trailing vortex pair similar to those identified by
Nouzawa et al. [24] (Figure 1.13). This can be seen in Jenkins [28] surface flow visualisation,
Figure 1.15, where the vortices can be identified forming downstream of the rear pillars and
encroaching progressively inboard toward the bootdeck centreline.

Figure 1.15: Rear ¾ view of surface flow visualisation from Jenkins [28]
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The more complicated structures formed within the notch can be seen in greater detail in
Figure 1.16, Jenkins [28] clearly identifies a separation point at the roof trailing edge (B5)
although there is no evidence of a reattachment on the bootdeck. This is unexpected as Carr
[23] and Nouzawa et al. [27] both state that flow reattachment is observed for all geometries
with effective angles less than 25°, which this geometry satisfies. Two spiral nodes formed at
the base of the backlight inboard of the rear pillars, labelled H5, indicate strong swirling flow
in this region possibly revealing the presence of an arch vortex similar to that identified by
Nouzawa et al. [24], although this was not discussed in detail by Jenkins [28]. Further
evidence of an arch vortex can be seen in Figure 1.15 where a faint curve can be made out on
the backlight. Streamlines on the backlight, Figure 1.16, also reveal flow propagation
upstream toward the roof trailing edge consistent with flow generated by a laterally orientated
vortex forming here. The presence of an arch vortex is, however, ruled out by Jenkins [28]
based on off-surface flow measurements using an LDA system. These measurements clearly
identified a time-averaged flow structure that does not reattach to the bootdeck and shows no
evidence of a transverse vortex bound within the notch.

Figure 1.16: Rear view of surface flow visualisation from Jenkins [28]

Jenkins [28] reasons that attachment of the shear layer does not occur because of the lack of
downwash in this configuration, in fact this model actually exhibits time-averaged upflow
beneath the shear layer, it is claimed this is due to inflow along the edges of the bootdeck
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increasing surface pressure and forcing fluid away from the surface along a bifurcation line,
(C5) in Figure 1.16. LDA measurements were also used to resolve the flow field across a
number of vertical spanwise planes behind the backlight, these measurements reveal an arch
shaped shear layer downstream of the backlight containing two pairs of counter rotating
vortices and a counter rotating vortex pair above the shear layer in the freestream.
Based on these measurements Jenkins [28] suggests the near wake flow field takes the form
shown in Figure 1.17, stating that the vortex pair outside the shear layer are the A-pillar
vortices propagating downstream and that the two counter rotating vortex pairs inside are
formed by the rear pillars and vortices emanating from the bootdeck, H5 in Figure 1.16 and
Figure 1.17.

Figure 1.17: Notchback flow field proposed by Jenkins [28]

Whilst Jenkins [28] has thoroughly analysed the time-averaged near wake its temporal
behaviour is not reported or commented upon even though these structures have been shown
to be highly time-dependent. Combining the temporal behaviour observed by Nouzawa et al.
[27] with Jenkins [28] time-averaged results it is possible to interpret these measurements in a
different way to those presented by the author.
Jenkins [28] surface flow visualisation and off-surface LDA measurements show evidence of
an arch shaped structure in the notch, however, it is claimed by Jenkins [28] that this type of
feature is not present. An alternative interpretation of the flow field is shown in Figure 1.18;
the proposed time-dependent flow shown in red superimposed on Jenkins [28] time-averaged
flow in black. Surface flow visualisation suggests an arch vortex is formed behind the
backlight; it is also highly likely that this structure undergoes regular shedding similar to that
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identified by Nouzawa et al. [27], although this cannot be conclusively proved as no temporal
data have been published. However, if this is the case the time-averaged flow field would be
formed as the transverse section of the arch vortex is shed from the backlight leaving its two
‘legs’ attached to the bootdeck, centre Figure 1.18. This arch vortex would then be
transported downstream, beneath the shear layer separating from the roof trailing edge and
between the trailing vortex pair forcing it toward the bootdeck and compressing it laterally.
Once the transverse section of the arch vortex has stretched a given distance the complete
vortex is shed into the wake, right Figure 1.18. This would subsequently allow the arch
vortex to reform behind the backlight and the whole process to repeat at the configurations
characteristic shedding frequency. The consecutively shed ‘legs’ of the arch vortices would
generate the time-averaged trailing vortex pair emanating from the bootdeck identified in
Jenkins [28] off-surface measurements. This behaviour would also explain the presences of
the time-averaged vortex identified, but not commented upon, by Nouzawa et al. [24] shown
superimposed in blue in Figure 1.14, in a similar position and rotating in the same sense as
that in Jenkins [28] study.
The combined rotation and translation of the shedding arch vortex also provides an
explanation as to why no transverse vortex was identified in Jenkins [28] centreline timeaveraged flow or surface flow visualisation. This motion would instead appear as a simple
flow reversal along the bootdeck and up the backlight. The failure of the shear-layer to
reattach to the bootdeck may also be explained by the near vertical backlight generating a
much weaker arch vortex than the more reclined configurations tested by Carr [23] and
Nouzawa et al. [24] thus resulting in less deflection of the separated shear layer causing it to
no longer interact with the bootdeck.

Figure 1.18: Proposed flow field based on Jenkins [28] time-averaged measurements
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Regular shedding of an arch, or hairpin vortex, was observed in a more recent study by
Gilhome et al. [29] analysing the near-wake topology of two production notchback vehicles.
Despite the very different rear geometries tested the numerous measurement techniques used
showed both flow fields to share very similar features common to those identified by
Nouzawa et al. [24] [27] and Jenkins [28].
Gilhome et al. [29] used surface flow visualisation to identify a number of features, through
the use of critical-point theory, detailed below:
•

Two unstable nodes3 either side of the vehicle centreline at the backlight/bootdeck
interface. Gilhome et al. [29] states that these are the product of flow impingement
upon the vehicle surface.

•

A saddle point on the model centreline between the unstable nodes, the line created by
the saddle point and the unstable nodes indicates the position where the separated
shear layer reattaches on the bootdeck. Flow ahead of this line travels upstream along
the backlight whilst flow rearward moves downstream across the bootdeck.

•

Two unstable focus points on the backlight located either side of the vehicle
centreline, this topology is said to be typical of a vortex undergoing axial straining

•

A separation line at the backlight header

Gilhome et al. [29] used smoke injection to identify the three dimensional structures within
the near-wake responsible for the surface flow topology. This technique clearly identified a
hairpin vortex being regularly shed from the backlight, Figure 1.19. In each frame smoke is
introduced at the top of the left hand trailing pillar, however, it can be seen being transported
across the centreline within a hairpin vortex emanating from the unstable foci identified in the
surface flow visualisation on the backlight. The various frames show the growth and
subsequent shedding of this vortex behaving in a similar manner to the time varying flow
structure proposed here based on Jenkins [28] measurements. Although the general flow
structures identified by Nouzawa et al. [24] and Gilhome et al. [29] appear similar, the
orientation of the arch, or hairpin, vortex differs. The vortex in the former is orientated such
that the transverse section precedes the ‘legs’ and thus attachment points. In the latter the
attachment locations and ‘legs’ form upstream of the transverse section of the vortex.

3

Points with flow moving away from a central point in all directions
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Figure 1.19: Shedding observed from the notch region from Gilhome et al. [29]

Gilhome et al. [29] comments on this discrepancy suggesting the orientation of the vortex to
be a function of backlight angle which was considerably steeper in Nouzawa et al. [24,27]
investigations. This trend is supported by the suggested time-varying flow field based on
Jenkins [28] results which also proposed that the transverse section forms upstream of the
‘legs’, the backlight configuration near vertical in this case. Although this may be the
mechanism that drives these differences it may also result from the alternative manner in
which the flows separate. Separation being well defined in both Jenkins [28] and Nouzawa et
al. [24] studies due to the aggressive geometry and sharp edges, respectively, which generate
strong adverse pressure gradients. In comparison to the geometries considered by Gilhome et
al. [29] where the separation from the backlight is more gradual due to the less adverse
pressure gradients. This may induce a slower roll up of the vortical structures resulting in
their transverse sections forming downstream of the nodes. This behaviour identical to that
observed by Fuller and Passmore [21] where delayed roll up of the trailing pillar vortical
structures was identified on a fastback geometry with rounded edges compared to a sharp
edged variant.
Smoke injection at the top of the rear pillars clearly identifies regular shedding of a hairpin
vortex; however, the absence of smoke between its legs was also indicative of another
structure forming above the backlight. This structure was again identified using smoke,
Figure 1.20; injected on the vehicle centreline either side of the mean reattachment point
taken from surface flow visualisation. Smoke injected upstream of the reattachment point,
left, propagates upstream in the recirculating region and is dispersed up to the boundaries of
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the trailing pillar vortices and the separation point at the backlight header. Smoke injected
downstream of the reattachment location is simply transported into the wake.

Figure 1.20: Smoke injection upstream and downstream of the reattachment point [29]

This secondary structure forming on the backlight identified by Gilhome et al. [29] appears
similar to a structure observed by Ahmed et al. [10] on a fastback geometry. Ahmed et al.
[10] found the near wake of a fastback with a near critical afterbody geometry (30° slant
angle) generated a separated recirculating region in the centre of the backlight. Again this
structure is similar to the transverse and arch vortices identified by Carr [23] and Nouzawa et
al. [24] [27] respectively. Further evidence of this structures similarity to that identified by
Ahmed et al. [10] is seen in surface pressure measurements whereby regular fluctuations are
identified within the reattachment region along the centreline but not along the sides, labelled
2 Figure 1.20. This is said to be due to the flow rolling up to into a vortex/recirculation
instead of impinging upon the surface.
Based on the surface flow visualisation, smoke injection and the observation of wool tufts
Gilhome et al. [29] proposed the flow topology, shown in Figure 1.21, consisting of a shear
layer separating from the roof trailing edge with a transverse vortex forming beneath it. The
relatively stable separation line and structure visible in the smoke visualisation, Figure 1.20
left, suggest this structure to undergo little temporal variation. Above it the shear layer rolls
up to form the hairpin vortex, Figure 1.19. The legs orientated upstream attaching to the
backlight at the pair of unstable foci identified in surface flow visualisation. Gilhome et al.
[29] also states the recirculating vortex beneath it shares these same foci. Smoke visualisation
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shows this hairpin vortex to undergo regular shedding, the time-averaged form of this
structure generating a counter-rotating vortex pair convected rearward in a similar location to
those identified in Nouzawa et al. [24] and Jenkins [28] time-averaged wake measurements.
Gilhome et al. [29] also identified a large pair of trailing vortices in surface flow
visualisation, a feature common to all proposed notchback flow topologies.

Figure 1.21: Surface flow topology and associated structures [29]

A cross-section through the proposed flow topology along the vehicle centreline is shown in
Figure 1.22. Gilhome et al. [29] states that the hairpin vortex initially undergoes a growth
stage as the separated shear layer begins to roll up, left. Once it reaches a given size it is shed
downstream (Figure 1.22 centre) allowing the separated shear layer to temporarily reattach on
the bootdeck fully enclosing the recirculation once more, (Figure 1.22 right). At this point the
hairpin vortex begins to reform, displacing the shear layer and causing it to separate from the
bootdeck until it is shed. This results in shear layer ‘flapping’, the highly temporal nature of
this flow serving as a warning as to why time-averaged wake measurements should be treated
with caution. Time-varying surface pressure measurements from the backlight and bootdeck
reveal a number of characteristic frequencies associated with this behaviour. The lower of
these is present throughout the separated region suggesting it results from the hairpin vortex
shedding, a large-scale phenomenon occurring at a non-dimensional frequency equal to
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~0.11U∞/xR. Along the vehicle centreline, a higher characteristic frequency was also
identified and equal to ~0.42 U∞/xR, which is believed to be caused by small scale vortex
shedding within the shear layer which is present in surface pressure measurements during the
periods it attaches on the bootdeck, immediately after the hairpin vortex is shed, Figure 1.22
centre.

Figure 1.22: Cross-section through the hairpin vortex shedding process [29]

Gilhome et al. [29] investigation is largely supported by more recent work from Lawson et
al. [30] observing flow structures within the notch of a 33% scale saloon. Surface flow
visualisation, performed over a range of Reynolds numbers, Figure 1.23, identified major
flow features consistent across the investigations:
•

Unsteady foci on the backlight (2)

•

Reattachment points (1)

•

Bifurcation line (4)

However, the surface flow within the notch was shown to be asymmetric, a phenomenon not
noted in previous works. This asymmetry was observed in surface flow and wool tuft
visualisation and was seen to vary with Reynolds number. In some cases the asymmetry seen
in the wool tuft visualisation was the mirror of that identified in surface flow visualisation for
the same Reynolds number. This led to the conclusion that flow structures within the notch
were insensitive to Reynolds number but formed bi-stably. Work by Grandemange [18] has
shown asymmetry to be common in bluff body wake structures. Findings show that flows
with a propensity to form asymmetrically do so in a bi-stable manner with one or other side
dominant. In a straight-ahead condition it takes only a small perturbation of the onset flow in
one direction to set one of these states, a phenomena that supports the mirrored asymmetrical
states observed by Lawson et al. [30].
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Figure 1.23: Surface flow visualisation at different Reynolds numbers [30]

Surface pressure measurements at a number of positions on the bootdeck show structures
becoming increasingly asymmetric with downstream location. Although the degree of
asymmetry in these pressure distributions was less than either the surface flow or nylon tuft
visualisation suggested.
The general shape of these pressure profiles toward the trailing edge of the bootdeck showed
higher pressure around the model centreline, said to be indicative of “…velocities lower than
freestream in the hairpin vortex and freestream vortex regions.” [30]. Whilst surface pressure
decreased at the outboard edges of the bootdeck indicative of high velocity flow in the
trailing pillar vortical structures, consistent with those observed in previous investigations.
The presence of the trailing pillar vortices is also supported by higher RMS pressure
fluctuations across these regions attributable to unsteady rear pillar flow driven by the
rounded geometry. Surface pressure measurements, however, failed to identify any dominant
frequencies present across the measurement locations that may have been indicative of a
regular shedding process similar to those of Nouzawa et al. [27] and Gilhome et al. [29].
Garry and Le Good [31] also observed flow-asymmetry when analysing the sensitivity of rear
wing placement on saloon racing cars. Baseline tests performed on a symmetrical, scale,
saloon model without a rear spoiler identified slight flow asymmetry on the backlight similar
to that observed by Lawson et al. [30], Figure 1.23. With a large rear wing fitted toward the
trailing edge of the bootdeck this asymmetry became increasingly prevalent and appeared
sensitive to its longitudinal position. As the wing position moved upstream the asymmetry
strengthened until at its most forward position one of the unstable foci on the backlight
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became virtually indistinguishable and the recirculation was said to form a single circulation
region. The authors make no further suggestion to the cause of the asymmetry but do warn
that this type of flow is characteristic of low Reynolds number flows (6.0x105 in this case)
cautioning that it therefore may not be realistic of full scale flow topologies. However,
Grandemange [18] has observed asymmetric flow structures forming on symmetrical bodies
at 0° yaw at much higher Reynolds numbers possibly indicating this not to be a Reynolds
effect but rather a behaviour inherent in certain notchback flow topologies.
This is supported by a more recent investigation by Sims-Williams et al. [25] where further
evidence of asymmetry in notchback flows was observed. In this study the various flow
topologies were classified into three categories: reattaching asymmetric, reattaching
symmetric and fully separated. The flow type observed, along with the drag and rear-lift
coefficient were shown to be a function of effective and backlight angles. Trends reveal flow
to initially form in the reattaching asymmetric regime, become reattaching symmetric before
finally transitioning to fully separated as effective angle increased. Results of streamwise PIV
and spanwise 5 hole probe measurements performed on a reattaching asymmetric case are
shown in Figure 1.24. Asymmetry aside, the time-averaged results reveal a transverse vortex
forming within the notch, similar to that described by Carr [23] and Nouzawa et al. [24]
flanked by a large pair of trailing vortices forming in the wake behind the base.

Figure 1.24: PIV and 5 hole probe measurements, reattaching asymmetric flow [25]
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Conditional averaging of the instantaneous PIV vector fields along the model centreline show
two flow modes that the separated region regularly transitioned between. These are a tighter
recirculation, Figure 1.25a, in which separated flow reattaches at half bootdeck length, and an
open recirculation, Figure 1.25b, where the overbody flow does not reattach. This behaviour
is said to be similar to that observed by Gilhome et al. [29], Figure 1.22, and indicative of the
regular shedding of this transverse vortical structure.

a

b

Figure 1.25: Conditionally averaged instantaneous centreline PIV vector fields [25]

A recent study by Okada et al. [32] investigating the complete notchback flow field utilised
experimental and numerical techniques to analyse unsteady flow structures and their effects
on vehicle stability. Whilst this investigation clearly shows how the various structures
interact it does little to further understanding of the near wake flow within the notch.

Figure 1.26: Notchback flow topology from Okada et al. [32]

Figure 1.26 shows the main features of the overall notchback flow field, this topology was
seen to remain consistent between the various configurations tested although the relative sizes
of the structures did vary. The most dominant wake structure is the trailing vortex (I) fed by a
number of smaller structures. This structure is identified in all but the earliest notchback
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investigations, however, it is interesting to note that it is fed/generated by the trailing pillar
flow and flows emanating from the top and bottom of the front wheels possibly explaining
the difference in strength of this structure between Gilhome et al. [29] and Jenkins [28]
investigations, conducted with and without wheels, respectively.
The investigations summarised in this section show the notchback flow topology to have
received regular attention following Carr’s [23] early work, although less than the squareback
and notchback geometries. These investigations have gone someway to generate a definitive
understanding of the notchback flow structure. Nouzawa et al. [24] made significant steps in
determining how body forces varied as a function of rear end geometry and identified the
main structures, an arch vortex and pair of trailing pillar vortices, forming in the notch. SimsWilliams et al. [25] continued this path of investigation providing real insight, using
advanced experimental techniques, in to how these flow structures changed with the
underlying geometry and discerned the various modes they formed in. Although work is ongoing to characterise and develop a suitable metric to predict notchback force variation with
geometry, the sharp edged notchback flow topology and its response to parametric changes is
well understood and documented.
However, whilst investigations analysing production notchback flow topologies have
observed the formation of similar flow structures to those in the sharp-edged studies
significant differences have also been observed. The most notable of these being the reversed
orientation of the arch, or hairpin, vortex identified by Gilhome et al. [29]. Hucho [2] also
comments that notchback flow structures are dependent upon a secondary set of variables that
include the backlight header radius and trailing pillar design. This inference combined with
the significant difference in fastback wake topology and behaviour identified by Fuller and
Passmore [21] indicate the importance of considering more complex geometry. The research
into simplified geometries has provided good understanding of the behaviour for the sharp
edged geometries but, while useful in understanding production vehicles, the flow fields are
similar rather than the same. The flow topologies and their behaviours differ sufficiently such
that additional investigation is warranted.
Whilst a wide range of sharp edged geometries have been studied this is not the case for
rounded edged geometries. These have typically been investigated in isolation where the
structures generated by a single geometry have been analysed in detail. Whilst this review of
the literature attempts to collectively consider their outcomes, the differences between studies

- 33 -

1. Introduction
are sufficient to prevent a complete causal relationship to be described by the combined
findings, with questions arising over exactly which parameters induced the observed changes.
As a result, it is difficult to confidently define the form and behaviour of the wake of a
notchback vehicle.
A systematic study is therefore required to further our understanding of these flows. This
should use a simplified body to allow a range of geometries to be considered without detail
effect contaminating results. However, it is imperative that this be done on a model with
sufficiently complex edge geometry that there is confidence in the similarity of the flow field
produced with those by the fully detailed geometries of interest.
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1.4 Analogous Notchback Flows Fields
This section presents a short review of numerous investigations in which the flow structures
can be thought of as being analogous to those generated by a notchback topology.
Kiya and Sasaki [33] investigated the structure of a turbulent separation bubble formed by
flow separating from the leading edge of a blunt flat plate at 0° incidence. This plate was
sufficiently long to ensure flow reattachment and had sufficient span such that flow along the
centreline could be assumed to be two-dimensional; this setup is shown in Figure 1.27.
Multiple hotwire and split film probe measurements identified the time-averaged
reattachment length, xR, to be equal to 10.1H, significantly longer than the reattachment
lengths observed in the investigations considered in the previous section.

Figure 1.27: Experimental setup - turbulent separation bubble [33]

However, similarities with notchback flow fields, particularly Nouzawa et al. [27] and
Gilhome et al. [29] investigations, were revealed, the most notable being the regular shedding
of vortices from the separation bubble/near wake, shown in Figure 1.27. Vortices initially
form within the shear layer, immediately downstream of the separation point and proceed to
enlarge as they are convected downstream. At the point the shear layer reattaches to the
surface these vortices are shed into the freestream flow. The non-dimensionalised shedding
frequencies reported by Kiya and Sasaki [33] and Gilhome et al. [29] are similar, occurring at
0.6U∞/xR and 0.42U∞/xR respectively. This behaviour is also identified by Driver et al. [34]
investigating flow over a backward facing step where shedding was identified at nondimensionalised frequency of 0.6U∞/xR.
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Kiya and Sasaki [33] investigation also revealed the shedding of larger, less stable vortices at
a lower frequency occurring alongside the higher frequency shedding. This was found to
occur at a frequency centred on 0.12 U∞/xR, approximately 1/6th the frequency of the stable
smaller scale shear layer shedding. Also associated with this was a vertical ‘flapping’ of the
shear layer occurring at the same frequency. Kiya and Sasaki [33] conjectured that this was
due to a build-up of fluid within the separated region as the smaller high frequency shear
layer vortices were shed. It was proposed that as the vortices were regularly shed from the
shear layer they were partially entrained in the separation bubble, resulting in its growth both
vertically and longitudinally. This process continues until a critical point is reached and a
large vortex is shed into the wake followed by a subsequent rapid collapse and contraction of
the separation bubble and the cycle repeating.
This behaviour is similar to that reported by Gilhome et al. [29] along the centreline of a
notchback model (Figure 1.22). This investigation reports regular shedding from the
separated region above the backlight accompanied by the growth of the separation bubble.
Once the separation bubble reaches a critical point a large vortex is shed from the region
causing it to collapse and the process to repeat in an identical manner to that reported by Kiya
and Sasaki [33].
Additional similarities between Gilhome et al. [29] notchback flow field investigation and
flow over a blunt plate are also apparent. Kiya and Sasaki [33] identified a small stable
recirculation bubble immediately downstream of the separation point within the larger
fluctuating separation bubble, superimposed in red Figure 1.27. This structure was only
discussed in passing by Kiya and Sasaki [33] however, it is proposed that when the larger
separation bubble ejects the large low frequency vortex and collapses, it collapses around the
small stable recirculation region and grows from this position. This feature is extremely
similar to the stable recirculation region Gilhome et al. [29] identified forming immediately
above the backlight within the larger separated region.
A similar flapping was also present in Driver et al. [34] investigation of flow behind a twodimensional backward facing step. In this study these fluctuations were centred on a nondimensionalised frequency of 0.06U∞/xR, although in this behaviour was increasingly
irregular and at times appeared almost random. This was speculated to result from
momentary disorder in the shear layer allowing a spanwise vortex to escape the reattachment
zone releasing mass from the separation bubble and ultimately causing it to collapse. This
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behaviour can be seen in Figure 1.28 where flow streamlines for the collapsed, standard and
expanded separation bubble conditions are shown. The similarity between the standard and
expanded conditions can be plainly seen whilst the collapsed condition differs significantly,
most notably in the much reduced internal recirculation size. The similarities between the
standard and expanded conditions suggest that this is the regions natural, stable form, a more
regular cyclic behaviour would lead to greater differences between these cases.

Figure 1.28: Streamlines of various flow modes [34]

Whilst the cyclic growth and collapse of the separation bubble is extremely similar to that
noted by Kiya and Sasaki [33] and Gilhome et al. [29] it could be speculated that the
mechanisms driving it differ. In the case of the flows investigated by Kiya and Sasaki [33]
and Gilhome et al. [29] the separations appear less stable, only sustaining themselves when
the mass of fluid entrained within them falls below a given threshold. Once this mass is
exceeded they become unstable and collapse after releasing fluid in the form of a vortex, this
process of growth and collapse repeats in a cyclic manor. If a similar diagram to that shown
in Figure 1.28 was generated an increasingly pronounced difference between the standard and
extended separation bubble streamline is likely to be noted, with the standard streamlines
falling approximately halfway between the collapsed and extended cases.
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The case of the backward facing step reported by Driver et al. [34], however, appears to
exhibit a reduced amount of temporal variation. Results suggest this type of flow is inherently
stable with external, upstream influences destabilising the shear layer inducing collapse, as
suggested by the almost random nature of the collapse events. This behaviour may well be a
function of location, the backward facing step flow being heavily sheltered from the onset
flow in the lee of the step. This location means the separation bubble doesn’t have to
overcome the onset fluid flow before it can form, leading to increased stability. The case
reported by Kiya and Sasaki [33], however, forms directly in the path of the onset flow which
attempts to suppress the formation of the separation bubble reducing stability and allowing
formation only under certain conditions, namely the amount of fluid entrained within it. The
same is also true of the notchback flow reported by Gilhome et al. [29] that, although
sheltered from the onset flow, is in an area of significant downwash induced by the trailing
vortices. The different formation environments also go some way to explaining the differing
ratio of small to large vortex shedding observed between the blunt plate and notchback case,
which were similar but not the same.
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1.5 Objectives
The aim of this work is to provide a comprehensive understanding of a representative
automotive notchback flow field across a range of configurations such that the variation of its
structure and temporal behaviour with geometry can be discerned.
This will be performed on a simplified body to ensure the general behaviour and form of the
wake structure is not contaminated by small-scale details such as side mirror wakes.
However, the body must retain suitably complex backlight header and trailing pillar designs
such that it remains representative of the flow topologies relevant to this work, namely those
generated by production vehicles. The ultimate goal of this work is to develop upon the solid
understanding of the square-edged notchback flow topologies to enhance knowledge of
production like notchback wake structures. By developing this understanding this work hopes
to provide an essential foundation upon which future wake management investigations can be
based that will ultimately lead to the drag reductions the industry requires. This global
objective can be split into the sub-objectives below:
•

Selection/design of a suitable simplified model geometry with production like
backlight header and trailing pillar features.

•

Development of a family of geometries based around the selected model. The
range of these should be sufficient to ensure the complete spectrum of production
notchback wake structures is developed. Hucho [2] states the primary variables
affecting the notchback flow structure are backlight angle and the height and
length of the bootdeck. As the backlight angle will have a significant effect upon
the flow structures generated, due to it strongly influencing separation location
and backlight roll up, this will be the variable investigated here. Also it is felt
bootdeck changes across the range of typical of production vehicles are more
likely to modify the strength of the flow structures rather than those that actually
form. As Buchheim et al. [26] showed (Figure 1.12) in the greater drag sensitivity
observed to backlight angle, due to it influencing the structures forming, than to
the height and length parameters describing the bootdeck geometry.

•

Validate the model geometry to ensure the testing is free from scale effects and
therefore the results of this work are applicable and relevant to the high Reynolds
number flows they intend to replicate.
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•

Analyse how changes of the notch geometry affect body forces and how the
various surfaces contributing to these change with the notch parameters.

•

Understand, describe and explain the time-averaged off-body flow topology using
a variety of on- and off-body techniques to determine the structures that form and
how they induce these body forces.

•

Understand, describe and explain the temporal behaviour of these flow structures
and how this changes with the notch geometry. Understanding the temporal
behaviour of the flow will allow the actual underlying flow structures to be
identified. Whilst understanding the way body forces and surface pressure change
with the variation of these structures should give direction to future work as to the
manner in which flow structures should be modified to reduce drag.
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Chapter two
Experimental Methods
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2 Experimental Methods
This chapter gives an overview of the experimental facility and techniques used to conduct
the experimental work that forms the body of this research. The measurement techniques are
discussed to give the reader both an overview of their operation and insight into the specific
configurations utilised. All configurations are reported upon here so as to not distract from
discussion of the measured results in the following chapters.

2.1 Experimental Facility
2.1.1 Loughborough University Model Scale Wind Tunnel
The experimental work performed throughout this study has been conducted in the
Loughborough University model scale wind tunnel, Figure 2.1. This is the Department of
Aeronautical and Automotive Engineering’s largest low speed wind tunnel and is an opencircuit design incorporating a closed-working-section. This design enables the testing of both
automotive and aeronautical models and is capable of testing automotive type models up to
25% scale at a blockage ratio of 5% [35].

Figure 2.1: Loughborough University model scale wind tunnel [35]

Due to space constraints the wind tunnel utilises a novel ‘horseshoe’ type design allowing it
to fit within an 18m x 10m x 7.5m envelope, negating the requirement of a much larger space
typically needed to house a wind tunnel with similar sized working section and comparable
flow quality. The layout consists of a bell mouth, lower right of Figure 2.1, drawing air into
the circuit from outside the building. This passes through a settling chamber incorporating a
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honeycomb to straighten the flow and suppress lateral turbulence and a number of meshes to
dampen axial velocity fluctuations. Conditioned flow is subsequently accelerated through a
contraction with a ratio of 7.3:1 further improving its uniformity and supressing turbulence
before it enters the working section.
The working section has a 1.92m x 1.32m cross section expanding to 1.94m x 1.32m over its
3.2m length to neutralise the effects of boundary layer growth on the axial pressure
distribution. The walls and a section of the roof are constructed from toughened glass
allowing optical access. A combined turntable and 6 component underfloor balance is
mounted in the centre of the working section enabling force and moment measurements to be
taken across a range of yaw angles.
The 140kW fan located downstream of the working section is capable of drawing flow
through it at a maximum velocity of 45ms-1 at a 5% blockage ratio, although standard
maximum test speed is usually limited to 40ms-1. Under these conditions flow quality within
the working section is very good with freestream turbulence intensity supressed to a
maximum of 0.15% in its centre. The flow is also highly uniform, deviating from the mean
section speed by a maximum of ±0.4%, although variation over the majority of the working
section typically never exceeds ±0.2%, as shown in Figure 2.2.

Figure 2.2: Percentage variation from mean velocity, working section centre [35]

This wind tunnel is a fixed ground type and as such allows models to be mounted easily in
the working section on pins passing through the fixed floor to the balance below. However,
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the lack of a moving ground does not accurately reflect the boundary conditions experienced
by a vehicle on the road. On the road vehicles propel themselves through, ignoring external
influences, stationary air and therefore have the same relative velocity to both the ground and
air. In a stationary ground wind tunnel this relationship is not modelled correctly as only the
air moves relative to both the ground and the model. As a result of the unrealistic relative
velocity between the air and the ground an artificial boundary layer develops on the surface.
At the Reynolds numbers considered by this study the boundary layer has been shown by
Johl [36] to have a 40mm U99% thickness and a 9.9mm momentum thickness at the centre of
the working section.	
   Whilst	
   small	
   this	
   is	
   sufficient	
   to	
   interfere	
   with	
   the	
   lower	
   surfaces	
   of	
   low	
  
ground	
  clearance	
  automotive	
  models	
  such	
  as	
  those	
  considered	
  here.	
  

Whilst this simulation is accepted as not being accurate or representative of on-road
conditions it is widely accepted that the aerodynamic response to upper surface geometry
changes are consistent between stationary and moving ground wind tunnels. An effect largely
due to the upper surfaces being sufficiently separated from the artificial boundary layer such
that interference effects are minimal. Further to this as the model considered by this study
omits wheels and wheel arches it has greater immunity to issues arising from the use of a
stationary ground facility. As it does not have these features, which would sit directly in the
boundary layer, no effects that may arise from their differing aerodynamic behaviour and
subsequently altered interaction with the body must be considered.
Work by Howell and Hickman [37]	
  studying	
  the	
  effect	
  of	
  ground	
  plane	
  simulation	
  on	
  notchback	
  
rear	
  end	
  changes	
  proves	
  upper	
  surface	
  geometry	
  changes	
  on	
  a	
  simplified	
  notchback	
  model	
  behave	
  
identically	
   when	
   tested	
   with	
   either	
   ground	
   plane	
   simulation	
   type.	
   A	
   subset	
   of	
   their	
   results,	
   for	
   a	
  
simplified	
  notchback	
  model	
  without	
  wheels	
  and	
  wheel	
  arches,	
  of	
  direct	
  relevance	
  to	
  this	
  work,	
  are	
  
presented	
  in	
   Figure 2.3;	
  bootdeck	
  height	
  shown	
  on	
  the	
  horizontal	
  axis	
  and	
  drag	
  coefficient	
  on	
  the	
  
vertical.	
   Various	
  model	
  setup	
  configurations	
  were	
   tested,	
  shown	
  as	
  the	
  individual	
  lines,	
   consisting	
   of	
  
four	
   combinations	
   of	
   open/closed	
   cooling	
   apertures	
   and	
   a	
   rough/smooth	
   underbody.	
   For	
   each	
  
configuration	
   a	
   bootdeck	
   height	
   sweep	
   was	
   performed	
   with	
   each	
   measurement	
   acquired	
   with	
   the	
  
tunnel	
   floor	
   both	
   stationary	
   and	
   moving	
   as	
   indicated	
   by	
   the open and closed symbols

respectively.
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Figure 2.3: The effect of bootdeck height changes on various vehicle configurations for a wheel less model
with a stationary (open symbols) and moving ground (closed symbols) [37]

Whilst there is a clear change in the absolute magnitude of measured drag between equivalent
configurations as the ground simulation type is changed, the relative response of drag to
bootdeck height remains unaffected. These results therefore indicate the aerodynamic
behaviour driving these drag changes must also be consistent between ground simulation
types. The flow structures responsible must therefore be sufficiently isolated from the
changing boundary condition at the ground that they are not modified by the presence of the
artificial boundary layer. The consistency between responses is such that even the locations
of drag minima are unchanged; consequently optimisations in this area performed with either
ground simulation type would arrive at identical optimums.
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Whilst trends are unaffected by the type of ground simulation used there is a clear drag offset
between the moving and stationary ground results with drag higher in all moving ground
cases. This offset can be attributed to two factors, both of which stem from the differing
momentum of the flow passing underneath the body. In the moving ground case the
momentum of this flow is increased as the lack of a boundary layer forming on the ground
reduces its velocity deficit. This increases its momentum and subsequently acts to increase
the strength of the lower recirculation that forms behind the base where the underbody flow
separates from the trailing edge of the floor. This strengthening reduces the static pressure
acting on the base in the vicinity of this structure and increases drag, an effect that is
independent of model configuration.
The second increase is dependent on the state of the underbody and induces the greater drag
offset observed between the stationary and moving ground case for the two rough underbody
configurations. Again this change can be attributed to the higher momentum flow passing
under the model in the moving ground case, this acts to increase the magnitude of stagnation
on and local separation from the underbody roughness causing it to generate greater levels of
drag. Therefore whilst drag trends are unaffected by the ground simulation type for all tested
configurations the drag offset between moving and stationary ground does change, the
magnitude a function of the state of the underbody.
Howell and Hickman’s [37] results therefore show	
   that	
   whilst care must be taken when
considering and comparing absolute drag measurements from fixed and moving ground wind
tunnels the relative behaviour of the flow structure around the upper surfaces, and how they
change with the underlying geometry, can be inferred from either type. Results that therefore
indicating the flow topology and behaviour observations reported for the notch region in this
work to be transferable to, and representative of, on-road vehicles even though they have
been acquired in a stationary ground facility.
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2.1.2 Wind Tunnel Blockage Correction
Wind tunnel testing is an accepted method of conveniently simulating a vehicles aerodynamic
behaviour; however, testing of this type is not without its drawbacks. The close proximity of
boundaries and large, growing boundary layers upon them leads to differences between wind
tunnel and on-road conditions. Therefore, if absolute aerodynamic coefficients or
comparisons of data between test facilities are required these boundary influences must be
corrected for.
Wind tunnel blockage corrections for closed-test-section wind tunnels are primarily
concerned with correcting for the effects of the boundaries around the periphery of the testsection. When a solid body is placed in the test section these boundaries prevent the free
displacement of the streamlines passing around it, restricting them from expanding as they
would in an unlimited stream. This constriction increases the freestream velocity of the flow
interacting with the body leading to pressures of greater magnitude acting on it. This
therefore results in measured forces and moments being greater than if testing was conducted
in an unlimited stream. Closed-test-section wind tunnel blockage corrections therefore correct
for these effects by reducing the magnitude of measured forces, moments and pressures.

Figure 2.4: Effect of solid & wake blockage on freestream velocity in a closed-test-section wind tunnel [2]
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In the case of automotive geometries, which typically generate large separated wakes, the
blockage of the wake and the effect this has on the free streamlines must also be accounted
for. The individual and combined effects of the solid and wake blockage components on
freestream velocity are shown in Figure 2.4. Because of the presence of these large separated
wake structures corrections developed for aeronautical use, where flow remains largely
attached to the body, and thus the wake blockage component is significantly smaller, cannot
be applied to automotive geometries, as such a set of corrections have been developed
specifically for use in the automotive field.
Several Society of Automobile Engineers (SAE) committees have considered closed- [38]
and open-test-section [39] corrections, however, there is still no unified correction for either.
It is therefore important that a correction suited to the model geometry, the flow structures it
generates and the tunnel geometry is selected. The most commonly used and accepted
correction techniques for closed-test-section facilities are summarised in J2805 [38] and are
Advantages

Disadvantages

Continuity/MIRA

Easy to apply
Commonly used

Area Ratio

Easy to apply

Maskell’s Separated
Flow

Considers wake blockage

Wall Proximity

Used in conjunction with area ratio
method to improve accuracy

Mercker’s Method

Judged to be one of the most accurate
correction methods
Can be applied at non-zero yaw angles
Considers all blockage effects
Doesn’t require additional measurements

Velocity Ratio
Method

Judged to be one of the most suitable
correction methods
Can be applied at non-zero yaw angles
Very accurate calculation of both the solid
and wake blockage components

Pressure Signature
Method

Judged to be one of the most suitable
correction methods
Can be applied at non-zero yaw angles

Table 2.1: Closed-test-section blockage correction summary
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Does not consider the models shape
Does not consider the test sections shape
Wake buoyancy due to wake blockage ignored
Does not consider the models shape
Does not consider the test sections shape
Wake buoyancy due to wake blockage ignored
Originally developed for streamlined, aeronautical
bodies
For use “when all is lost as far as finding blockage
corrections for some unusual shape” [40]
Does not consider solid blockage component
Flow separation assumed independent of wall
constraints
Empirical factor required
Valid only for bodies with separation at the leading
edge
Can only be used to correct drag measurements
Cumbersome to apply
Based on experimental work, therefore only suited
to particular vehicle configurations
Requires empirical constants to be calculated and
applied
Correction for large yaw angles (>~±15°) is
cumbersome to apply
Requires additional pressure measurements to be
made
Requires a parametric chart to be developed for
specific tunnel geometries
Location of pressure measurements is critical to the
accuracy of results
Requires additional pressure measurements to be
made
Requires significant processing time to determine
and apply correction
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The SAE Closed-Test-Section Wind Tunnel Boundary Interference Committee [38]
recommends the use of the Mercker, velocity ratio and pressure signature methods for closedtest-section corrections. The velocity ratio and pressure signature methods can be thought of
as the most accurate corrections as they correct for actual, measured pressure changes driven
by the presence of the model and its wake. However, it is also shown that the Mercker
correction, in the majority of cases, is just as accurate, all three corrections typically
collapsing results on to a single curve. Other techniques produce results varying significantly
from the recommended three, although do generate viable correction factors for a limited
range of experimental configurations.
Based upon the recommendations of the committee [38] the Mercker correction in its yawapproximated form will be used throughout this work to correct all force, moment and
pressure measurements. The assessment of a number of the blockage corrections listed in
Table 2.1 and the justification for the selection of the Mercker correction used here is covered
in Appendix A. The mathematics behind this correction are particularly complex and beyond
the scope of this work if the reader requires a complete explanation of the method, and its
development, is give by Mercker [41]. However, in summary the technique generates a
correction factor by considering the combined blockage effects of the body and the wake.
The solid blockage factor is calculated mathematical from a representation of the body as a
collection of sources and sinks that represent the distant flow-field which consider the model
fineness ratio and the relative volumes of the model and test-section. Whilst the wake
blockage component calculates the size of the wake from the measured drag, calculated lift
induced drag and form drag of the body coupled with some empirical factors for automotive
geometries to estimate the size of the wake and therefore its blockage effects. By considering
and calculating the contribution of both the solid and wake blockage effects an accurate
correction for tunnel interference effects can be generated.
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2.2 Experimental Measurement Techniques
2.2.1 Force and Moment Measurements
The Loughborough University model scale wind tunnel is equipped with a 6-component
underfloor virtual centre type balance with incorporated yaw positioning drive manufactured
by Aerotech Ltd. The force and moment ranges of the 6 components and their associated
accuracies, determined from the initial onsite calibration, are shown in Table 2.2.
Commissioning work undertaken by Johl [36] showed the balance to be capable of high
levels of repeatability, with the drag coefficient of a 25% scale automotive model repeatable
to, at worst, ±0.002 day-to-day, accurate enough to enable its use in vehicle optimisation
studies. The balance and integrated yaw drive are shown in Figure 2.5.
Force and
Moment Ranges

Accuracy (%
of full scale)

Accuracy
(Absolute)

Accuracy
(This Study)

Drag, CD

±120N

0.010

±0.012N

±0.0002CD

Side Force CY

±420N

0.005

±0.021N

±0.0003CY

Lift CL

±500N

0.010

±0.050N

±0.0007CL

Roll Moment, CMX

±150Nm

0.010

±0.015Nm

±0.0004CMX

Pitching Moment, CMY

±60Nm

0.010

±0.006Nm

±0.0002CMY

Yawing Moment, CMZ

±45Nm

0.015

±0.007Nm

±0.0002CMZ

Component

Table 2.2: Balance force and moment ranges and accuracies [36]

Figure 2.5: Underfloor balance and yaw drive system [36]
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The force and moment measurements acquired from the balance are reported throughout this
work in their non-dimensionalised coefficient form. These have been calculated using
Equation 2.1 and Equation 2.2 for forces and moments respectively, where ρ represents air
density, V nominal tunnel freestream velocity, A frontal area and ι wheelbase.
𝐶! =

𝐹
1

2 𝜌𝐴𝑉

!

Equation 2.1: Force to coefficient calculation

𝐶! =

𝑀
1

2 𝜌𝐴𝑙𝑉

!

Equation 2.2: Moment to coefficient calculation

The accuracy of the measured forces and moments in coefficient terms with respect to the
model used throughout this investigation are shown in the final column of Table 2.2. Drag
coefficient, the most pertinent measure to this study, capable of being measured to an
absolute accuracy of ±0.0002 with the accuracy of additional components no worse than
±0.0007. As the aerodynamic behaviour of flow interacting with a bluff body can be
considered to be unstable and transient the accuracies of the time-averaged force and
moments reported must also be calculated. The experimental uncertainty of the measure timeaverage in relation to the true average, for a given confidence level, can be calculated using
Equation 2.3. Where τ represents the distribution factor associated with the confidence level
(2.576 for the 99% confidence quoted here), σ is the standard deviation of measured values
and N the number of samples acquired.
𝜀! =

𝜏𝜎
𝑁

Equation 2.3: Experimental uncertainty calculation

Using this equation the 99% confidence band of the time-averaged drag of a model used in
this study has been calculated across a range of sampling times. These are shown as the blue
lines in Figure 2.6, the actual time averages for these sample times also shown as the red
points. These results show that for the 30s sample time used throughout this study timeaveraged drag coefficient can be reported to ±0.0006 at 99% confidence. This combined with
the measurement accuracy shows the drag values reported throughout this work to be
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accurate to greater than ±0.001 at 99% confidence, an order of magnitude less than the
change in measured force between configurations.

Figure 2.6: Example of the deviation from the true mean of drag values measured on the balance for a
range of sample times, ±99% confidence intervals also shown.
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2.2.2 Titanium Dioxide Surface Flow Visualisation
Titanium dioxide surface flow visualisation has been used throughout this work to directly
visualise skin friction lines on the model surface allowing flow phenomena such as stagnation
regions, separation points, boundary layer transition locations and areas of unsteady flow to
be identified. This technique is typically used early in aerodynamic investigations owing to
the speed of its implementation and the instant understanding of the surface/near surface flow
field it provides. The drawback of surface flow visualisation techniques, however, is that they
only provide qualitative data that is hard to record and as such they are usually followed up
with quantitative measurement techniques.
The solution used here comprises titanium dioxide mixed with paraffin and a small
proportion of linseed oil to form a low viscosity solution that can be painted in a thin layer on
to the model surface. During the experiment this mixture flows under the influence of the
near surface flow field whilst the paraffin evaporates leaving the titanium dioxide powder on
the surface. The subsequent patterns can then be used to assess the flow field features
generating them. To aid analysis ESDU 03014, surface flow visualisation in aircraft design
[42] has been used to provide examples of skin friction lines and the flow topologies that
generate them. When using this technique the flow visualisation mixture was painted
sparingly on the model surface, the wind tunnel run up to speed and held there whilst the
mixture dried fully, at this point the tunnel was stopped and photographs of the resulting
patterns taken, an example of the resultant skin friction lines are shown in Figure 2.7.

Figure 2.7: Example of skin friction lines using Titanium Dioxide surface flow visualisation
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2.2.3 Surface Pressure Measurements
Surface pressure measurements have been taken throughout this work with 2 64 channel
electronic pressure scanners allowing pressure at 128 measurement points to be acquired
concurrently. One of these scanners is shown in Figure 2.8 and can be seen to consist of 2
parts, a 64 channel pressure scanner, shown attached to a quick-disconnect pneumatic fitting
into which pressure signals from tappings on the model surface are fed. An analogue-todigital converter and associated communications hardware is connected to the pressure
scanner via the blue lead. This arrangement, and the components small size, enables both
pressure scanners to be fitted inside the cavity of a wind tunnel model connected to surface
pressure tappings via small diameter tubing that remains internal. Only the small gauge
communications lead connecting the two components and a reference static pressure tube are
required to exit the model minimising any disruptive effects on the local flow field.

Figure 2.8: 64 channel pressure scanner and A/D converter

The pressure scanners consist of 64 piezoresistive pressure sensors mounted on a glass
substrate, one per port, measuring differential pressure between each port and a single
common reference [43]. Each pressure sensor is paired with a temperature sensor allowing
inaccuracies introduced by temperature drift to be corrected for, a feature critical for use in
faculties such as the large wind tunnel at Loughborough University where circuit air
temperature cannot be controlled. The high accuracy and stability of the piezoresistive
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pressure sensors combined with their ability to correct for temperature effects allows
pressures to be acquired with an accuracy of ±0.03% of full scale (±2.5kPad), to ±0.75Pad.
The control module acts as the interface between a data acquisition program running on a
computer and the pressure scanner inside the model. This connects to each of the 64 piezoresistive analogue outputs in turn, digitises their output using an on-board analogue-to-digital
converter and sends packets of digitised pressure data, over Ethernet, to the control computer
for storage. This sampling process occurs at 20kHz enabling the 64 channels to be sampled
sequentially at a maximum rate of 312.5Hz (20,000/64). A series of experiments to determine
and correct for the effects of the lengths of tubing in the pneumatic circuit, covered in
Appendix B, has shown that the corrupting effect of measuring pressure remotely can be
completely corrected for frequencies up to this measurement rate. This coupled with the
manufactures claimed stabile frequency response of the piezoresistive sensors up to 10kHz4,
indicates the technique to be capable of producing results upon which accurate time-variant
analysis of pressure fluctuations can be performed up to the techniques maximum, 64 channel
sampling rate (312.5Hz).
Whilst the technique allows for pressure signals to be analysed in isolation up to the
maximum sampling rate it is not possible to perform spatial-temporal analysis due to the time
delay, inherent in the sequential sampling regime, between samples from different tappings.
To enable this, pressure samples from the two independent pressure scanners must be
synchronised using a common TTL signal such that sampling is synchronised between the
scanners. Once data has been acquired it must then be corrected to remove the effects of the
sequential sampling regime. This correction is covered in detail in Appendix B.a. However,
in summary a phase offset is applied to each pressure signal in the frequency domain where
the offset is equivalent to the temporal offset between samples from that tapping and the
equivalent sample from the first tapping. In the temporal domain this corrects the pressure
signals in such a way that all 64 samples appear to have been taken at a single instance in
time thereby allowing the correlation of signals from different tappings to be analysed.
Once the correction for the sampling regime has been performed a second correction is
applied to the individual pressure signals to remove the corrupting effects of the tubing which
is required to enable surface pressure to be measured remotely from the surface. This
distortion is introduced by the additional air mass and shear stresses the tubing introduces
4

As quoted by the manufacturer Pressure Systems, Inc (PSI).

- 55 -

2. Experimental Methods
which has the effect of attenuating and phase shifting various frequencies in the signal. To
ensure consistency and remove the requirement for multiple corrections all measurement
ports on the scanner are connected to the 0.8mm internal diameter brass tappings in the model
surface via 550mm lengths of rubber tubing, also with an internal diameter of 0.8mm.
Assuming a speed of sound equal to 340ms-1 this gives a pressure fluctuation transit time of
1.5x10-3 which is much faster than the 312.5Hz sampling rate ensuring all the measurable
frequency content of the pressure signals can be acquired. The derivation of this tubing
correction is covered in Appendix B.b. However, in summary it applies an empirically
derived, frequency dependent, phase and magnitude correction to each signal in the frequency
domain. Each signal is then reconstructed in the temporal domain with the corrupting effects
of the tubing removed. All pressure measurements acquired throughout this investigation are
reported in their coefficient form using Equation 2.4 where p-p∞ represents the delta pressure
measured by the scanner. All reported coefficients have had both corrections applied postacquisition before the application of the wind tunnel blockage correction.
𝐶! =

𝑝 − 𝑝∞
1 𝜌𝑉 !
2

Equation 2.4: Pressure to coefficient calculation

The measurement accuracy of the reported surface pressure in coefficient terms is therefore
±0.0007Cp. Whilst the accuracy of the time-average measurements across the main regions
considered by this study, the backlight, base and bootdeck, of a typical model configuration,
are shown in Figure 2.9 calculated using Equation 2.3 to 99% confidence. The uncertainty of
the time-averaged value can be seen to change across the measurement domain as a function
of location and thus standard deviation of surface pressure at this point. This is consistently
high peaking to at worst ±0.0038Cp across the bootdeck and less than ±0.0010Cp across the
backlight and base. These accuracies combine to give a total measurement accuracy of
±0.0045Cp (at 99% confidence) at worst that is typically no greater than ±0.0020Cp. This
normally two orders of magnitude less than the surface pressure acting across these regions
an therefore showing the suitability of the measurement technique and the ~32s sample time
when used for the qualitative and quantitative analysis of surface pressures presented in the
proceeding chapters.
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Figure 2.9: Time-average measurement accuracies of surface pressure measurements to a 99%
confidence across the measurement domains considered by this study for a typical configuration
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2.2.4 Multi-Hole Pressure Probe Measurements
Multi-hole pressure probe measurements presented in this work have been made using a
Turbulent Flow Instrumentation cobra probe. This is a 4 hole probe enabling flow velocity
and direction within a 90° cone to be measured. Pressure measurement are made using 4 high
speed pressure transducers acquiring pressure data at 2kHz which enables the derivation of
the temporal flow properties, shown below:
•

Velocity
-‐

Absolute velocity (2m/s – 100m/s)

-‐

3-Velocity components (2m/s – 100m/s)

•

Flow angle (90° cone)

•

6 Reynolds stresses

•

Turbulence Intensity
-‐

Absolute Intensity

-‐

3-Turbulence Intensity components

A schematic of the Cobra probe is shown in ; the probe consists of 4 pressure transducers
mounted in the cylindrical body and connected via 60mm long narrow gauge steel tubing to a
small probe head in which the 4 sample ports are located. These sample ports are arrange
with 1 on the front face and 3 equispaced around it, these outer ports are positioned in such a
way that their openings are orientated at 45° to the central port with 120° separation between
each. Through the comparison of total pressure measurements at the probe head, referenced
to a common static port, the resultant direction and flow velocity, within a 90° cone of
acceptance, over a 2 ms-1 - 100ms-1 range, can be determined.

Figure 2.10: TFI Cobra Probe schematic [44]
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The probe and remote pressure sensor arrangement are capable of resolving the fluctuating
component of the pressure signals accurately up to 2kHz thereby allowing flow properties
such as turbulence intensity to also be recovered. However, although the integrated analogueto-digital converter is capable of acquiring signals at a 100kHz the device is not able to
accurately resolve fluctuating pressure content above 2kHz due to the distorting effects of the
air mass and associated shear stresses present in the pneumatic circuit which transports the
pressure signal from the measurement head to the transduces in the probe body. Whilst the
attenuating and phase shifting effects can be corrected for at frequencies below 2kHz this is
not the for frequency content exceeding this threshold.
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2.2.5 Particle Image Velocimetry
Particle Image Velocimetry (PIV) is a planar laser technique used to spatially resolve velocity
data across a plane of interest in a non-intrusive manner and has been used extensively
throughout this work. PIV is a relatively young technique, having only developed over the
previous 4 decades, however, it has advanced rapidly in this time, particularly since the 1990s
as digital imaging techniques have matured and become increasingly affordable. A detailed
description of the technique, alongside various examples of its application, is given by Raffel
et al. [45]. In the interest of conciseness only an overview and the salient points relevant to
the various experimental setups used throughout this work will be given here.
A schematic of a PIV setup, in its most basic form, is shown in Figure 2.11 illustrating the
four main elements required to make flow field measurements. These are a laser sheet that
illuminates particles (seeding) introduced into the flow upstream of the measurement domain.
A high-speed camera positioned perpendicularly to the laser sheet that acquires images of
the illuminated particles. A computer to control image acquisition and trigger the camera and
laser twice in quick succession to capture an image pair. Once the required number of image
pairs has been captured, a cross-correlation technique is used to determine the movement of
seeding particles between the images contributing to the pair to yield a velocity vector field.

Figure 2.11: Schematic of a basic PIV setup [46]

PIV is a complex technique requiring the variation and optimisation of a significant number
of independent and dependent variables that differ between experiment setups. The following
sections describe in greater detail the techniques various components and their experimental
implementation in this work.
- 60 -

2. Experimental Methods
2.2.5.1 Seeding Particles
As it is not possible to visualise the motion of fluids directly velocity must be derived from
the motion of visible particles suspended within it known as seeding particles. It is important
that these are homogeneously distributed at the required density to enable the consistent
measurement of fluid velocity. For accuracy this media must also closely track fluid motion,
be highly visible to the imaging system and be present at a density such that 6-8 seeding
particles are present in each interrogation area (defined in the processing section 2.2.5.4).
r

Achieving the required seeding density and homogeneous mixing is straight forward in
closed-circuit test facilities where the required amount of seeding media can be left to

mix with the working fluid until it is dispersed homogeneously. When working in opencircuit facilities this is not the case and seeding must constantly be added to the working fluid
as it only passes through the measurement domain once. This addition must also occur
homogeneously as thee is little time for mixing. Achieving the required standard of seeding
in a manner that does not adversely modify flow in the measurement domain is often the
largest challenge of PIV measurements in open-circuit facilities. To achieve this a seeding
rake is fitted in the wind tunnel settling chamber, Figure 2.12, introducing seeding particles to
the flow passing through it and generating a volume of seeded flow downstream.

Wind Tunnel Inlet

Airflow

Seeding Rake

Figure 2.12: Seeding rake fitted in the wind tunnel settling chamber, image taken looking upstream from
the working section toward the wind tunnel inlet.
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The seeding rake is located here to minimise disruptive effects it may have on flow in the
working section as disturbances are both minimised, due to the lower local velocity, and
suppressed, as they subsequently pass through the contraction. The acceleration of seeded
flow through the contraction also aids mixing and homogeneity as the reduction in flow area
along the rakes major axes reduces the relative distance between seeding particles. To assess
the effect of the rakes presence on working section flow quality a series of measurements
along a spanwise plane at the centre of the working section on a 50mm x 50mm grid have
been made with the Cobra probe at a tunnel velocity of 40ms-1.
Figure 2.13 shows the velocity variation due to the influence of the seeding rake as a
percentage of the freestream velocity. Results show there to be minimal effects on the bulk
fluid velocity with variation typically limited to ±0.25% (0.1ms-1) and not exceeding ±1%
(0.4ms-1). Furthermore there is no clear indication of velocity variation concentrated within
the region of flow directly influenced by the rake, indicated by the red square, suggesting
these variations to result from experimental noise rather than the rakes presence. This noise
caused by the fan controller’s ability to maintain a constant tunnel velocity and localised
atmospheric conditions at the wind tunnel inlet and outlet affecting tunnel speed.

Figure 2.13: Velocity difference due to the presence of the seeding rake
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A comparison of freestream turbulence intensity along the same plane is shown in Figure
2.14, for the clean tunnel, left, and with the rake fitted, right. These clearly show there to be
effectively no change in turbulence intensity along this plane between both configurations,
particularly in the region of flow that directly interacts with the model. Both sets of results
therefore clearly show the presence of the rake to have no adverse effect upon flow within the
working section and therefore indicate PIV measurements collected with it fitted are directly
comparable to the measurements where data was acquired with the tunnel in a clean
configuration.

Figure 2.14: Freestream turbulence intensity, clean tunnel (a) and with rake fitted (b)

The seeding medium must also be selected and sized to accurately follow the working fluids
motion. Raffel et al. [45] states that its ability to do this can be assessed using 2 parameters,
the particle response time and velocity lag, Equation 2.5 and Equation 2.6 respectively. The
particle response time a measure of the time taken to respond to changes in fluid velocity and
must be less than the smallest Kolmogorov time scale if all scales of turbulence are to be
resolved. Velocity lag is a measure of the seeding particle to working fluid velocity deficit
and is largely a function of the relative densities of the two media. When working with air the
relative densities can be large necessitating the use of extremely small, and therefore highly
reflective, seeding particles to minimise both these parameters whilst enabling the
identification of particles.
𝜏! =

𝜌! 𝑑!!
𝜌 18𝜈

Equation 2.5: Particle response time [45]
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𝑈! = 𝑑!!

𝜌! − 𝜌
𝑎
18𝜇

Equation 2.6: Velocity lag [45]

A previous PIV investigation performed by Hollis [47] at Loughborough University using air
as the working fluid determined Olive oil atomised into ~2µm diameter particles by a Laskin
seeder to be ideal for use as a seeding media. The properties are listed in Table 2.3 below, for
this media particle response time was calculated as 9.8µs, which at a nominal test speed of
40ms-1 allows turbulence with Kolmogorov length scales as small as 3.9x10-7m to be
resolved, several orders of magnitude below the spatial resolution afforded by the
experimental setups discussed in section 2.2.5.6. Assuming maximum acceleration to occur
in the front stagnation region where flow is brought to rest from 40ms-1 over a ~40mm length
peak acceleration is calculated to be ~20,000ms-2. This is equivalent to a maximum velocity
lag of 0.20ms-1 which is negligible, particularly when considering the acceleration
magnitudes in the regions of interest to this work are expected to be considerably lower than
those at the front stagnation point.
Parameter
Particle diameter, dp
Particle density, ρp
Air density, ρ
Air dynamic viscosity, µ
Air kinematic viscosity, ν
Maximum acceleration
Particle velocity lag, US
Particle response time, τp

Table 2.3: Olive oil seeding media characteristics
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Value
2µm
800kgm-3
1.225kgm-3
1.812x10-5Nsm-2
1.501x10-5m2s-1
20,000ms-2
0.197ms-1
9.8µs
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2.2.5.2 Light Source
To guarantee only seeding particles along the measurement plane are visible measurements
are performed in the absence of background light. The plane of interest is then illuminated by
a light sheet to ensure only the seeding particles located on this plane are visible. This
configuration is used for two reasons; firstly it ensures measurements are only taken along the
desired plane and, secondly, it increases accuracy by reducing measured out of plane motion.
Motion through the light sheet, along the lenses principal axis, is not detectable by a single
camera and instead appears as a component of in-plane motion. This results in inaccuracies of
measured in-plane velocities that vary as a function of through-plane velocity and distance
from the lenses principal axis that are not recoverable. This effect can be significantly
reduced by illuminating a thin slice of the flow, as seeding particles with high through plane
velocity are only captured by a single frame, having moved out of the light sheet before the
second frame is acquired, and therefore do not contribute to the velocity calculation.
Lasers are typically used as the light source as they are capable of generating highly
concentrated intense pulses of light that can be manipulated from a beam into a sheet. A
Litron Lasers Nano L 200-15 PIV laser [48] has been used in this work for measurement
plane illumination. This is a dual pulse design capable of producing two 200mJ, 6ns, pulses
of 532nm wavelength light separated by any required interframe time at a maximum
repetition rate of up to 15Hz. Both pulses are co-aligned and passed through a LaVision
divergent sheet optic to generate the required laser sheet; a selection of focal length lenses are
available allowing the minimum sheet divergence, and thus maximum light intensity,
required for each experimental setup to be achieved. The laser head is mounted to a custom
made frame allowing its position, and thus the location and alignment of the laser sheet to be
varied to suit each experimental setup. In all cases the laser was mounted outside the working
section with the laser sheet passing through glass panels into it.
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2.2.5.3 Image Recording
The PIV technique became increasingly popular with the advent of affordable digital imaging
techniques due to the instant image availability and setup feedback this resulted in. The most
common type of imaging system used is the Charge Coupled Device (CCD) type. These
consist of an array of light detecting pixels measuring the intensity of light focused upon
them and converting it into a digital value. This results in a light intensity map interpretable
as a monochromatic image. As two images are required with a very short interframe time
these sensors must be capable of recording at an extremely high rate. To facilitate this they
incorporate a second passive CCD layer in the imaging chip, the first image is read and
transferred extremely quickly from the active to the passive layer, freeing the active layer to
acquire the second frame. The two frames are then read from the passive and active layers at
a much slower rate and transferred to the acquisition computer for storage, which typically
limits image pair acquisition to a maximum rate of ~3-5Hz.
Two LaVision Imager Pro X 4 Megapixel digital cameras are used here allowing a number of
different experimental setups. These cameras are fitted with a 14bit 2048x2048 pixel CCD
light sensor and incorporate a Peltier cooling system to suppress readout noise.
As with all cameras light rays must be focused on to the imaging plane by a lens to produce a
clear, sharp image, this is of particular importance due to PIVs reliance on the accurate
identification and location of very small particles. Therefore high quality photographic lenses
of a non-telephoto type with a large aperture are used to minimise aberrations. The lenses
focal length, size of the CCD sensor and the distance from the measurement plane determine
the size of the Field of View (FoV) captured. There are, however, limitations on the FoVs
maximum size that is restricted by:
•

The spatial resolution of the resultant vector field, the larger the FoV the lower the
vector field resolution, increasing the possibly of masking flow features.

•

The apparent size of seeding particles, typically a 2-pixel diameter is desired.

As the size of seeding particles is typically the most limiting of these factors it is common for
large lens apertures to be used (#f ~4) to maximise the reflected light reaching the CCD
sensor to increase the apparent size of seeding particles. The use of large apertures also has
the benefit of reducing the Depth of Field (DoF) to a similar order of magnitude as the
thickness of the laser sheet. This minimises the probability of seeding particles, illuminated
by refracted laser light outside of the sheet, being visible in the acquired images.
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2.2.5.4 Processing
Once the desired number of image pairs has been captured each pair is processed to yield a
vector field. The basic premise of PIV processing is straightforward, an image pair is
captured and each frame split into a number of smaller interrogation cells, corresponding
cells are taken from each frame and a cross-correlation performed. A large correlation peak
occurs when the seeding particles in the first interrogation cell match those in the second, to
ensure the signal to noise ratio is sufficient to accurately and reliably detect this peak it is
imperative that 6-8 seeding particles are present within each interrogation cell. This is
illustrated in Figure 2.15 that shows an example of the resultant correlation field, the highest
peak within it representing the mean displacement of the seeding particles. Combining this
displacement with the interframe time enables the mean velocity vector within this area to be
found. This process is repeated for each pair of interrogation cells until the complete vector
field for the image pair is determined.

Figure 2.15: Example correlation field generated from a pair of interrogation cells [49]

To increase the data yield and accuracy the cross-correlation process is repeated several times
for each image pair using a multi-pass approach. This initial pass uses fewer large
interrogation cells so increasing the number of seeding particles contained within them and
thus increasing the correlation peak strength at the expense of spatial averaging. Subsequent
passes are then made using progressively smaller interrogation cells reducing special
averaging whilst using the vector field from the previous pass to shift the location of the
interrogation cells in the second frame. This approach reduces the number of seeding
particles leaving the interrogation cell between frames and helps increase the strength of the
correlation peaks.
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This cross-correlation generates a 2D correlation field with a peak located at a single pixel
location leading to ambiguity in the exact displacement between images and therefore
discrete velocities. To increase accuracy, a Gaussian curve is typically fitted to the peak
allowing its location to be found to sub-pixel levels. For this curve to be fitted accurately the
correlation peak must be present over more than one pixel, otherwise the curve is fitted to a
single point with the resultant peak falling in the centre of the pixel. This effect is known as
peak locking and can be avoided by ensuring seeding particles have a diameter greater than
one pixel and thus increase the extent of the correlation peak; according to Raffel et al. [45] a
two pixel diameter is ideal.
Due to the mode of operation there is no guarantee that a correlation peak results from the
correlation of seeding particles and may instead result from background noise, visible edges
or reflected laser light. This can result in spurious correlation peaks and erroneous vectors,
known as outliers that must be removed from the vector field by post-processing. Due to the
quantity of data collected testing for outliers is performed automatically through the
application of a number of tests that reliably remove these spurious vectors in the majority of
cases. These are typically:
•

Allowable range of velocities
o Removes vectors if they fall outside an allowable range.

•

Q ratio
o Removal of vectors if the Q ratio, the ratio of 1st to 2nd correlation peak, is
small indicating weak correlations/high levels of background noise, low SNR.

•

Median filtering
o Tests for flow continuity by comparing a vector to it direct neighbours and
removing if differs significantly.

Whilst each of the validation techniques has their individual drawbacks the application of
them together typically proves to be highly effective in the removal of erroneous data from
the resultant vector fields. As with all the processing parameters care must be taken when
optimising the various settings as it is easy for the PIV technique to generate vector fields
with significant errors due to the way the calculation is performed. It is also important that
the experimental setup is considered when choosing these values and that the image pairs
acquired are as high quality as possible as, although the processing and validation techniques
are effective, poor quality vector fields are guaranteed when image/seeding quality is poor.
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2.2.5.5 Stereoscopic PIV Measurements
Single camera two-dimensional two-component PIV systems have shortcomings in that they
are only able to resolve velocity vectors along the plane of the light sheet. This leads to the
third, through plane, velocity component being unresolvable and corrupting in-plane
velocities with an unrecoverable error. In flows with large through-plane velocities these
errors can be significant, especially when short focal length lenses are used. To overcome this
a stereoscopic technique can be used to resolve the 3rd component.
This techniques operation is identical to that of a single camera two-component system but
differs in that images of the measurement plane are acquired synchronously from two
locations. The through-plane velocity component is found after processing the individual
vector fields from each camera and using the differing perspective corruptions in each field to
recover the through plane velocity component, in the same way human depth perception
works. A simplified schematic of a stereoscopic setup is shown in Figure 2.16, with each
camera rotated about the FoV centre. The setup shown is symmetrical, however, it should be
noted that the cameras do not have to be setup symmetrically and can even be placed either
side of the object/measurement plane to suit individual experimental setups.

Figure 2.16: Schematic of a stereoscopic PIV setup [45]

Due to the large aperture settings required by the PIV technique, and the associated narrow
depth of field this results in, the rotation of the cameras from the measurement planes normal
axis causes the focal plane to be out of parallel with the object plane. To bring the focal plane
back into parallel without reducing lens aperture the Scheimpflug criterion must be satisfied,
this requires the object, lens and imaging planes to intersect at a single point. This is typically
achieved by fitting a Scheimpflug mount to the camera body enabling the lens to rotate
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relative to the body and thus satisfy this criterion. A camera fitted with a Scheimpflug mount
and lens is shown in Figure 2.17.

Figure 2.17: PIV camera with Scheimpflug mount and lens fitted

The perspective variation between cameras and thus the accuracy to which the through-plane
velocity component can be resolved increases with camera separation angle up to 90°.
However, as the separation angle increases, so does the difference between the lens viewing
angle and its optical axis resulting in increasing image distortion as more of the edge of the
lens is used. Experiments undertaken by Coudert et al. [50] found that for both asymmetric
and symmetrical camera setups, using typical focal length lenses, the trade-off between
increasing perspective effects and image distortion occurred at a camera separation angle of
~60°, this value is therefore targeted in the stereoscopic measurements performed here.
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2.2.5.6 PIV Application
This section details the three experimental setups used to acquire PIV data throughout this
work. In all cases ~1000 image pairs were collected per plane to ensure the statistical
accuracy of time-averaged quantities presented. An investigation by Hollis [47] considering
flow over a backward facing step, similar in nature to the notchback type flow structures
considered here, found that in regions where turbulence intensity approached 10% the PIV
technique was capable of determining velocity magnitude to an accuracy of ~±0.75% due to
the spatial averaging inherent in the technique.
The resultant accuracy of the measured velocity to the true mean velocity when taking ~1000
measurements along each plane of a typical configuration is shown in Figure 2.18, as
calculated to 99% confidence using Equation 2.3. Iso-surfaces of resultant velocity
magnitude accuracy to 99% confidence drawn through ±0.5ms-1 (blue), ±0.7ms-1 (green) and
±0.9ms-1 (red). These results clearly show accuracy to reduce toward the centre of the notch
where the central structure forms due to its time variant nature. For a 40ms-1 flow averages
measured inside the red iso-surface are accurate to ±2.25% at 99% confidence, which
assuming a 10% turbulence intensity here, result in time-averaged measurements being
accurate to, at worst, ±3% or ±1.2ms-1. More than sufficient to compare flow topologies
across the configurations tested here.

Figure 2.18: Iso-surfaces of resultant velocity magnitude accuracy to 99% ±0.5ms-1 blue, ±0.7ms-1 green
±0.9ms-1 red
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2.2.5.6.1 Stereoscopic Spanwise Experimental Setup
Stereoscopic spanwise measurements have been taken along a number of planes throughout
this work. In all cases the measurement plane was positioned centrally around the model with
its lower edge level with the tunnel floor and the entire setup traversed through a number or
longitudinal positions. The experimental setup is shown in Figure 2.19 and consists of the
laser head mounted on the tunnel roof producing a vertical spanwise light sheet. Two cameras
are located downstream of this sheet in the working section mounted on a pair of aluminium
rails with a separation angle of ~60° capturing a 400mm x 400mm FoV. Processing settings
for this setup are summarised in Table 2.4 below.

Vector
Calculation
Validation Parameters

FoV

Figure 2.19: Spanwise stereoscopic PIV setup
Processing Type

GPU

Number of instantaneous vector fields

1008

Field of View size

400x400mm

Final vector resolution

3.2x3.2mm

Interrogation cell size first pass

256x256pixels

Interrogation cell size final pass

32x32pixels

Interrogation cell overlap

50%

Number of final passes

3

Q Ratio threshold

N/A

Median filter threshold (*RMS)

>3

Median filter passes

2

Table 2.4: Spanwise stereoscopic PIV processing parameters
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2.2.5.6.2 Two-Camera two-Component Streamwise Experimental Setup
Two-component streamwise measurements have been taken throughout this work using two
cameras viewing the measurement plane from opposite sides allowing the collection of a
large, lower resolution FoV and a smaller, high resolution FoV within the former. The
experimental setup is shown in Figure 2.19 with the laser head once again mounted on the
tunnel roof producing a vertical light sheet orientated in a streamwise plane. The two cameras
were mounted external to the working section viewing this plane perpendicularly through
different focal length lenses enabling both FoVs to be captured synchronously. This setup
was traversed through a number of streamwise planes to allow the analysis of flow structures
across the model. Processing settings for both FoVs are summarised in Table 2.5.

Figure 2.20: Streamwise 2 component PIV setup

Vector
Calculation
Validation Parameters

FoV

FoV 1

FoV 2

Processing Type

GPU

Number of instantaneous vector fields

1008

Field of View size

400x400mm

200x200mm

Final vector resolution

3.2x3.2mm

1.6x1.6mm

Interrogation cell size first pass

256x256pixels

128x128pixels

Interrogation cell size final pass

32x32pixels

32x32pixels

Interrogation cell overlap

50%

50%

Number of final passes

2

3

Q Ratio threshold

N/A

N/A

Median filter threshold (*RMS)

>3

>3

Median filter passes

2

3

Table 2.5: Streamwise 2 component PIV processing parameters

- 73 -

2. Experimental Methods
2.2.5.6.3 Single Camera Two-Component A-Pillar Experimental Setup
The final PIV setup was used to capture flow around the A-Pillar and is shown in Figure
2.21. The laser mounted at the side of the wind tunnel forms a laser sheet intersecting the
model perpendicularly to the front slant. A single camera was mounted inside the wind tunnel
to a length of extruded aluminium downstream of the model. When testing at yaw both the
camera and laser were rotated that the FoV position remained static with respect to the model.
Due to the measurement planes orientation there was significant through plane velocity and
thus accuracies were lower than typical. However, as these measurements were used as a
qualitative analysis of the flow field and its variation, these higher inaccuracies are tolerable,
particularly when only time-averaged vector fields are considered. Processing settings are
shown in Table 2.6.

GPU

Number of instantaneous vector fields

1008

Field of View size

300x300mm

Final vector resolution

2.3x2.3mm

Interrogation cell size first pass

256x256pixels

Calculation
Parameters

Interrogation cell size final pass

32x32pixels

Interrogation cell overlap

50%

Number of final passes

2

Q Ratio threshold

N/A

Median filter threshold (*RMS)

>3

Median filter passes

2

FoV

Processing Type

Vector
Validation

Figure 2.21: PIV A-Pillar experimental setup, 0.5L 0° yaw

Table 2.6: PIV A-Pillar flow investigation settings
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3 Model Selection and Validation
This chapter details the selection, development and validation of a suitable model for use in
this investigation of the effects parametric changes of the notchback geometry have on body
forces and the form and behaviour of the near wake flow topology. This chapter covers the
following objectives laid out in section 1.5:
•

Selection/design of a suitable simplified model geometry with production like
backlight header and trailing pillar features.

•

Development of a family of geometries based around the selected model. The
range of these should be sufficient to ensure that the complete spectrum of
production notchback wake structures is developed. Hucho [2] states the primary
variables affecting the notchback flow structure are backlight angle and the height
and length of the bootdeck. As the backlight angle will have a significant effect
upon the flow structures generated, due to it strongly influencing separation
location and backlight roll up, this will be the variable investigated here.

•

Validation of the model geometry to ensure testing is free from scale effects and
that the results of this work are applicable and relevant to high Reynolds number
flows.

The selection of a suitable base geometry is critical to this investigation as it aims to further
knowledge and understanding of the notchback flow topology, particularly of those that
pertain to the flow structures generated by production notchback vehicles. A sufficiently
simple geometry must be selected such that the flow field is not contaminated by detail
features, such as side mirror wakes, and must ensure that flow topology changes can be
confidently attributed to the parameters driving them. The chosen geometry must, however,
retain sufficiently complex backlight header and trailing pillar features such that it generates
the type of flow structure of interest to this work.
Once chosen a through investigation has been undertaken to validate the selected models
performance and to ensure the experimental data presented in the following chapters is free
from the effects of testing at scale and is therefore representative, and transferable, to full
size.
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3.1 Model Selection
To determine the effect of notch geometry on the notchback flow field and the resultant effect
this has upon body forces a suitable base model is required. Le Good and Garry [51]
categorise aerodynamic models into three main types, simple bodies, basic car shapes and
detailed bodies, the areas in which these are typically used are shown in Figure 3.1. Based on
this arrangement it is clear that either a simple body or basic car shape is required as interest
lies in the effects of large scale body geometry changes. It is not desirable to have the largescale topology and its behaviour modified by details such as side mirror wakes. This
investigation looks to discern the global wake topology rather than being concerned with
detail optimisation that is typical of vehicle development programs.

Figure 3.1: Model types and their typical applications

A number of notchback models have previously been utilised for similar fundamental
research the designs of which fall under the simple body and basic car shape categories. Due
to the number of existing geometries and a desire to minimise time spent designing and
commissioning a new model, an existing notchback design will be selected for use here. This
approach, whilst saving time, will also allow for the comparison of results with existing
published works, across various scales and facilities, should this be required.
Of the numerous existing notchback models the one designed and used by the SAE “Open Jet
Wind Tunnel Boundary Interference” committee [39] known as the SAE reference model will
be used here. This is a simple car like geometry incorporating four interchangeable rear
sections allowing it to take a notchback, pre/post critical fastback and squareback form. The
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notchback variant is shown in Figure 3.2 and . The design of this model, specifically the
interchangeable rear sections, provides a good base to which additional notchback geometries
designed specifically for this investigation can be added thereby forming a ‘family’ of
notchback configurations.

Figure 3.2: SAE reference notchback geometry

This model has been utilised by previous investigations for work such as the development of
open jet wind tunnel boundary corrections [39], parametric studies analysing the effects of
ground simulation in wind tunnels [52], experimental work to validate CFD simulations6 [53]
and the investigation of dynamic yaw behaviour [54]. These have been conducted across a
range of scales from full size down to 20%. The 20% variant will be employed here as it
provides a suitable compromise between factors such as wind tunnel blockage,
manufacturability, achievable Reynolds number and the field of view that PIV can reasonably
resolve in this installation.
The SAE reference model is an evolution of the MIRA family of reference models and
incorporates a number of small but significant improvements. The front end is simplified and
formed from a 30° slant with a large leading edge radius. This radius feeds a flat floor with a
small 6° centrally mounted diffuser starting at the rear axle centreline designed to counteract
the large negative pitching moment generated by the front slant. Surface intersections are
6

Details of in-notch flow structures not covered
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blended with large radii minimising flow separation and providing a degree of similarity with
production vehicles where flow typically remains attached as it transitions between the
forward facing and longitudinal surfaces. The inclusion of the backlight header radii makes
this model ideal for use in this work as it is representative of the geometry common to the
majority of production notchback vehicles.
The longitudinal radii are of a slightly more complex, elliptical design incorporating a sharp
edge intended to fix separation location over a range of yaw angles and reduce the models
Reynolds sensitivity at yaw. Again, this design, particularly when considering the trailing
pillar region, makes this geometry ideal for this study. As Fuller [11] shows in Figure 3.3,
across a range of body types, sharp shedding edges are typically applied to production
vehicles in this region. Where they are used to fix separation removing the separation points
tendency to fluctuate and therefore induce undesirable changes of body force coefficients that
may destabilise the vehicle. The design of the longitudinal edges on the SAE reference model
are therefore highly representative of those found on production vehicles. The ellipse initially
encourages an in-wash causing the wake to close more quickly whilst the sharp edge inboard
fixes separation along a single edge in an identical manner to the majority of production
vehicles.

Figure 3.3: Shedding edges, highlighted by the red arrows, incorporated in the trailing pillars of
production vehicles [11]

The design omits wheels and wheel arches and is instead mounted via four slender cylindrical
legs. In this application these legs pass through clearance holes in the tunnel floor and mount
directly to the underfloor balance to enable the resolution of aerodynamic forces. Throughout
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this investigation the mounting struts have been setup such that they position the model
40mm above the ground, corresponding to a ride height equal to ~17% of the overall body
height. Whilst this ground clearance is greater than those of typical production saloon
vehicles when the 10mm momentum thickness of the boundary layer7 forming on the wind
tunnel floor is considered the effective ground clearance becomes 30mm. This corresponds to
12.5% of the body height bringing it inline with the ground clearances typical of the
production vehicles this study intends to replicate.
The omission of wheels and wheel arches from the SAE reference model means the flow
topology generated by production vehicles are not being replicated exactly. However, this
omission is not believed to be significant as interaction between the wheel arch and in-notch
flow is expected to be minimal. Okada et al. [32] shows (Figure 1.26) the wheel and wheel
arch flow passes along the bodyside and interacts with the rest of the wake downstream of the
notch behind the base.

Figure 3.4: SAE reference notchback model rendering

Howell and Hickman [37] also show the independence of the notch and wheel/wheel arch
flow in a thorough study investigating the effects of the presence of these features across a
range of notchback configurations. A subset of their results are shown in Figure 3.5, the left
shows the response of drag to bootdeck height for a notchback without wheels and wheel
arches for two configurations, cooling open/closed, with the moving ground on/off. The
response of drag to bootdeck height is again shown on the right for the same configurations
7

At this studies nominal test speed of 40ms-1 from Johl [36]
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but with the model fitted with wheels and wheel arches; results are shown twice the upper set
show the combined drag of the body and wheels and the lower set just the body drag.

Figure 3.5: The effect of bootdeck height on drag for a model without wheels and wheel arches (left) and
with wheels and wheel arches (right) for a range of cooling and underbody roughness configurations,
adapted from [37]

Howell and Hickman’s [37] results show the addition of wheels and wheel arches to the
notchback model to be an additive effect, acting simply to increase drag by a constant amount
when present. Comparing the response of drag to bootdeck height with and without wheels
and wheel arches fitted reveals both the trends and the location of the drag minima to be
identical. So although there is a drag offset which must be accounted for when omitting
wheels this study clearly shows the response of drag to bootdeck height, and therefore the
structures forming in the notch of interest to this work, to be unaffected by the presence of
wheels. Howell and Hickman’s [37] results definitively show that it is possible to apply the
results obtained from a notchback model without wheels to one with. It is therefore
acceptable to perform this study on the SAE model that omits wheels and apply the learning
from this to the in-notch wake structure of production vehicles. The omission of wheels is
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actually beneficial to this study as it removes complexity and a potential source of variability
and error.
The rear geometry is similar to that of recent production notchback vehicles with a 20°
backlight angle, β, and a 15° effective angle, βeff. Figure 3.6 shows the relationship between
backlight, effective angle and model year of 46 randomly selected production vehicles sold in
to global markets and manufactured between 1960 and 2010; this model geometry denoted by
the X, the specific detail of the vehicles used to generate this figure can be found in Appendix
C.

Figure 3.6: Evolution of production notchback vehicles backlight and effective angles

A strong correlation between backlight angle, effective angle and model year can be seen.
Whilst this may, in part, be due to changing styling influences over the years the significant
driving force behind this shift is the desire to reduce aerodynamic drag. Notchback vehicles
produced during the 1960s typically had large effective angles resulting in them sitting at the
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peak of the βeff – Cd curve9 (Figure 1.11). From the early 1970s onward, about the time of the
oil crises, a clear trend for decreasing effective and backlight angle is present, having the
effect of moving these vehicles progressively down this curve. This trend continues to the
present day where most modern designs utilise effective angles only slightly smaller than the
backlight angle and ultimately tend toward a fastback form with very small notch volumes.
The SAE reference notchback geometry sits in the same region as notchback vehicles
produced around the year 2000. These vehicles sit toward the lower end of the βeff – Cd curve
as a result of significant passive shape optimisation conducted by manufacturers and the
community’s increasing knowledge of notchback drag behaviour and its variation as a
function of geometry.
Whilst this model is suitable for use as a base configuration additional geometries are
required to enable the effect of parametric changes on flow structure and body forces to be
analysed. As previous studies have suggested backlight angle to be a significant factor
governing this a selection of geometries have been designed with backlight angles ranging
from 25° to 40° in 5° increments whilst retaining a common bootdeck. This arrangement
results in the variation of both backlight and effective angle. However, as previous results
suggest flow/force changes to be better captured by backlight angle, bootdeck height and
length [2], this approach was felt to be appropriate and enabled the effect of the variation of a
single variable to be studied in isolation. The resultant backlight and effective angles of this
family of geometries are tabulated in Table 3.1. This selection of backlight angles results in
the model family spanning the range of geometries and production years covered by the
vehicles that contribute to Figure 3.6 allowing the complete range of production vehicle
notchback flow topologies to be studied by this investigation.
Configuration
1
2
3
4
5

Description
β = 20° (standard)
β = 25°
β = 30°
β = 35°
β = 40°

Backlight Angle, β
20°
25°
30°
35°
40°

Effective Angle, βeff
15°
18°
20°
22°
24°

Table 3.1: Backlight and effective angles of initial family of notchback geometries

These geometries are shown overlaid in Figure 3.7; it is not possible to retain a constant
backlight header radius across them all as in the most extreme case of a 90° backlight the

9

Whilst the accuracy of the effective angle - Cd relationship suggested by Nouzawa et al. [24] has been brought
into question it is convenient for use here as it enables notchback vehicles to be quantified using two parameters
and general drag trends to be more readily identified.
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radii would extend over half its length resulting in a highly unrealistic geometry. Therefore
backlight header radius has been non-dimensionalised by backlight length to form a
progressively tighter radius in this location; Equation 3.1 where R refers to the radius at the
header and BL the length of the backlight. The exact dimensions and technical drawings of
these geometries are included in Appendix D.
𝑅 = 0.176𝐵!
Equation 3.1: Non-dimensionalised roof-backlight radius

Figure 3.7: Overlaid profiles of the family of notchback geometries
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3.2 Model Construction
Model construction was performed in two parts; first the base model and standard SAE
notchback rear geometry were constructed. These sections formed from 12mm marine grade
plywood chosen for its high dimensional stability even under damp operating conditions.
Jelutong inserts form the complex longitudinal radii profiles; this material was selected for its
fine grain and the ease with which it can be worked. Figure 3.8 shows the model in the final
stages of construction with the edge radii partly formed. Also visible in this image is the split
line where the rear geometry detaches from the base allowing the alternative configurations
to be fitted and providing access to the internal cavity. A 20mm diameter hole in the centre of
the lower surface also provides access to the internal cavity for instrument wiring. The
complete model with the standard rear section fitted and removed is shown in Figure 3.9.

Figure 3.8: SAE reference model standard notchback geometry, final construction phase

Figure 3.9: Complete standard SAE reference model rear end fitted and removed

The additional non-standard geometries were constructed from low-density model board and
machined from solid on a 3-axis CNC machine enabling their timely and highly accurate
production. The machining of one of the additional sections and a complete, painted, section
are shown in Figure 3.10 on the left and right respectively. All configurations have been
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finished in a matt black paint to standardise surface finish across the various construction
materials and minimise laser reflections during PIV measurements.

Figure 3.10: Machining of 40° rear section (left) and completed geometry (right)

The rear geometries also incorporate 110 pressure tappings formed from 25mm long; 0.9mm
I.D. brass tubes fitted flush to the surface allowing the pressure scanners described in section
2.2.3, to acquire surface pressure remotely via lengths of rubber tubing. These pressure
tappings are arranged in a grid formation across the 3 main areas of interest, the backlight,
bootdeck and base and cover one half of the model up to the centreline increasing the spatial
resolution afforded by the finite number available. An illustration of their arrangement on the
standard geometry is shown in Figure 3.11, a band of 30 tappings are also distributed around
the upper body along the centreline enabling the overbody centreline pressure distribution for
each configuration to be obtained. The exact locations of these pressure tappings for each
configuration are shown in Appendix D.

Figure 3.11: SAE reference notchback model, pressure tappings shown in red
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3.3 Model Validation
This section makes an assessment of the validity of the model scale testing performed
throughout this work. It is not practical, nor necessary, to perform this validation on all
configurations. The standard SAE geometry will be used for this because of its shallow
backlight that can be assumed to generate the weakest in-notch flow topology and therefore
have the greatest susceptibility to scale effects due to the weaker pressure gradients present.
If testing on this configuration proves valid it is safe to assume that it remains so across all
configurations due to the stronger increasingly well defined flow fields they develop.
Before the main body of testing can begin the validity of testing at scale must first be
examined to ensure conclusions drawn are accurate and representative of full scale.
Aerodynamic differences arising from the use of reduced scale, as opposed to full size
models, are classified as scale effects. In the low speed flows dealt with by this investigation
these differences mainly result from the reduced Reynolds numbers obtained and differing
boundary layer transition locations. It is consequently important to determine whether these
effects are liable to cause significant differences between the flow structures formed at model
scale and full size and, if so, what can be done to negate these.
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3.3.1 Reynolds Number Sensitivity
Due to a combination of the model’s size and the maximum velocity the test facility is
capable of it is not possible to test at a Reynolds number representative of full scale.
However, Hucho [2] states that automotive type geometries typically become insensitive to
Reynolds effects at Reynolds numbers, based on overall length, exceeding 2.0x106, a value
achievable with this experimental configuration. To determine whether this holds true for this
geometry a number of Reynolds sweeps have been performed at 0° yaw. The results of these
are presented in Figure 3.12 that shows drag coefficient variation with Reynolds number.
These results are the average of 6 measurements taken over a 6-month period with the
experiment completely stripped and reassembled between each. The ranges of measurements
at each point are also shown to allow repeatability to be assessed.

Figure 3.12: Drag coefficient variation with Reynolds number, standard configuration

Figure 3.12 shows the model to exhibit a strong Reynolds sensitivity with drag coefficient,
varying by ~0.050CD over the range of tested velocities. However, the majority of this
variation can be attributed to sensitivity at lower Reynolds numbers with drag coefficient
having largely converged to an asymptotic value by 2.0x106, in agreement with Hucho [2].
Above this point drag coefficient varies by less than 0.003CD and whilst it has not completely
converged, its asymptotic behaviour is indicative of small flow field changes rather than the
large scale topological changes which bring about the sensitivity at lower Reynolds numbers.

- 88 -

3. Model Selection and Validation
These large changes at lower Reynolds numbers are due to the combined effects of the
varying thickness of the boundary layer developing on the wind tunnel floor and the changing
ability of the boundary layer forming on the model surface to overcome the adverse pressure
gradients at the rear. At lower Reynolds numbers the boundary layer developing on the wind
tunnel floor has a greater thickness resulting in the model being partly immersed within it. As
a result of this some of the reduced momentum flow in the tunnel boundary layer passes over
the model. This reduced momentum flow is less able to overcome the adverse pressure
gradients at the rear and is increasingly liable to separate. This effect is further supplemented
by the boundary layer developing on the model surface also being less capable of overcoming
adverse pressure gradients at lower Reynolds numbers.
These combined effects therefore lead to earlier flow separation from the rear leading to the
formation of a large separated wake and the high levels of drag that are associated with this.
As Reynolds number increases the thickness of the wind tunnel boundary layer reduces
causing a greater proportion of the flow within it to be driven beneath the model. This
coupled with the boundary layer developing on the model surface becoming more capable of
overcoming the adverse pressure gradients causes the upper separation point to move
rearward as it is able to overcome the adverse pressure gradients here for longer. This acts to
reduce the size of the wake and therefore the pressure drag acting upon the model. As
Reynolds number exceeds 2.0x106 these effects have largely stabilised leading to the
asymptotic drag sensitivity observed above this point.
Lift coefficient variation, as a function of Reynolds number, is shown in Figure 3.13 with a
strong Reynolds dependency once again apparent. However, the asymptotic behaviour of
drag is not present here and whilst total lift variation reduces above 2.0x106 it continues to
follow a negative linear trend. Although the extent of this sensitivity is exaggerated by the
smaller absolute force magnitudes considered which result from the models approximate lift
neutrality; lift force is an order of magnitude smaller than drag. Considering rear lift, red,
which is mainly dependent upon the flow structures of interest to this work, Reynolds
sensitivity reduces above 2.0x106, varying by less than 0.005CLr and has largely converged to
an asymptotic value by 2.3x106.
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Figure 3.13: Lift and rear lift variation with Reynolds number, standard configuration

The sensitivity of total lift, and the inferred non-asymptotic behaviour of front lift, is believed
to result from the varying thickness of the boundary layer on the working section floor. As
Reynolds number increases, boundary layer thickness reduces causing the front stagnation
location to vary and a greater mass flow to be driven under the model as the velocity deficit
close to the wind tunnel floor lessens. This increases acceleration around the model’s leading
edge, reducing pressure on the underside and thereby decreasing front and total lift. This
effect is not as prevalent at the rear as the diffuser extends across the majority of the floor, the
pressure along its length dependent upon that at its outlet in the base region. As flow behind
the base stabilises at a relatively low Reynolds number, due to the sharp edges surrounding it,
so too does pressure along the diffuser. This allows rear lift to converge once the in-notch
structures stabilise whilst front, and therefore total, lift continue to exhibit a strong Reynolds
dependency.
Further evidence of Reynolds insensitivity can be seen in the repeatability of drag and rear
lift across the 6 runs. Trends in both are consistent and reveal experimental variability to
significantly reduce and converge to a stable range as Reynolds number exceeds ~1.0x106 to
less than ±0.001CD and ±0.003CLr. This variability is a good indicator of flow field state, at
low Reynolds number flows are increasingly liable to separate due to the predominately
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laminar boundary layers inability to overcome anything but a slight adverse pressure
gradient. This leads to greater variability in results as slight setup differences, e.g. in
incidence or roll angle, can lead to significant variations in separation location resulting in a
large spread of body forces. As Reynolds number increases and the boundary layer transitions
becoming turbulent it becomes less susceptible to these small pressure gradient changes
caused by minute setup differences, improving repeatability and indicating the flow field to
have matured and to be representative of full scale.
To prove this remaining slight Reynolds sensitivity above 2.0x106 is not the result of large
topological variation of the structures of interest to this work but rather small strength
fluctuations, two sets of surface pressure measurements have been made. These performed at
Reynolds numbers equal to 2.3x106 and 2.6x106; the resultant time-averaged pressure
distributions are shown in Figure 3.14.

Figure 3.14: In-notch and base pressure coefficients, standard configuration

Figure 3.14 reveals there to be little change between the in-notch and base surface pressure
distributions as Reynolds number increases from 2.3x106 to 2.6x106. The structures
identifiable, namely the region of negative pressure across the backlight header, pressure
recovery on the backlight, reduced pressure at the backlight edge and the high pressure node
at the upstream edge of the bootdeck appear consistent in both location and magnitude.
Analysing a plot of ΔCP, Figure 3.15, reveals that whilst there is a slight magnitude variation
in the negative pressure region downstream of the backlight header and downstream of that in
the pressure recovery region this is only slight and of the order of 1% at its maximum.
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Figure 3.15: In-notch and base delta pressure coefficient change between Re = 2.6 x106 and Re=2.3x106

Considering force and pressure measurements presented in this section it is clear that whilst
the model cannot be said to be completely Reynolds insensitive, it is close enough to be
considered so. As Reynolds number exceeds 2.0x106 only slight body force variations are
apparent with trends indicating these to stabilise to asymptotic values. Pressure measurements
also show that above this point the locations of structures in the notch and behind the base
remain highly stable and whilst there is a slight magnitude variation of the backlight
structures this is only small and does not indicate significant variation of the flow structures
present. Therefore as a result of these findings testing throughout this work will be conducted
at a Reynolds number equal to 2.3x106 to ensure results are free from Reynolds effects and
representative of those at full size.
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3.3.2 Boundary Layer Sensitivity
An important consideration when testing at scale is the state and behaviour of the boundary
layer on the model surface. This can have a significant effect on the flow structures generated
at model scale due to a turbulent, as opposed to laminar, boundary layers significantly greater
ability to overcome adverse pressure gradients. Therefore, if the boundary layer state differs
between model and full scale in these critical regions, separations that are unrepresentative of
the full size flow field may be present. This has the capability to significantly modify the
wake structure and introduce corresponding disparities in body force coefficients. Boundary
layer state also has a direct influence on skin friction, however, this is of less relevance to
bluff body aerodynamic investigations as it typically only accounts for ~10% of total drag
[2]; reducing the significance of this effect.
An example of the dissimilarity between transition locations at 20% scale and full size is
shown in Figure 3.16, the red and blue areas representing the extent of the laminar flow
region at each respectively. These locations calculated from flat plate theory with the
assumptions of a smooth surface and no longitudinal pressure gradient made. Whilst these
assumptions are clearly inaccurate, mainly due to the large pressure gradient at the front of
the model, the exact locations will differ. However, this serves to illustrate the substantial
difference between transition locations at the two scales and the requirement for any
sensitivity to this to be investigated.

Figure 3.16: Boundary layer transition locations, full (red) and model (blue) scale
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As the calculated model scale transition location occurs over half a model length upstream of
the notch10 it is assumed there is sufficient distance for the turbulent boundary layer to fully
develop and establish so as to not have any direct influence on the structures forming there.
However, because of the significant difference between the transition locations and the effect
this has on the proportion of the A-Pillar flow that is laminar or turbulent it is prudent to
ensure this is the case.
To test the models sensitivity transition can be forced prematurely at a specific location in the
laminar region using a trip strip. Different types of trip strips and their associated advantages
and disadvantages are covering in detail by Barlow et al. [40] to which the reader is directed
should additional information be required. In this instance a trip strip consisting of small
particles of Silicon carbide grit stuck to the model surface with surface mount adhesive has
been selected due to the ease with which it can be applied and the natural way it invokes
transition over a finite length.
Placing the strip close to the model nose, in a position transition is likely to occur at full size
allows any sensitivity to its location to be identified. To ensure the strip forces transition in a
natural way whilst having no additional untoward effects on the local flow field it must be
sized appropriately. The required height, as governed by grit size, can be calculated using the
empirical equation from Braslow and Knox [55] shown in Equation 3.2. In this case K is
equal to 600 as local Reynolds number at the strip is greater than 1.0x105, based on distance
from the leading edge, this results in a required trip strip height of 0.0083” (80 grit) when
testing at a Reynolds number equal to 2.3x106.
ℎ=

12𝐾
𝑅!""

Equation 3.2: Required trip strip height, Braslow and Knox [55]

Following application guidelines in Barlow et al. [40] the ~7mm wide trip can be seen
applied to the model in Figure 3.17, it should be noted that the strip runs around the entire
circumference of the model, including the lower surface which is not visible in the image.

10

Due to the favourable pressure gradient along the front slant, high at front stagnation to low at the windscreen
header, this is expected to occur significantly further upstream of the calculated location.
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Figure 3.17: Transition strip applied to standard model

To ensure the trip successfully forces transition titanium dioxide surface flow visualisation
was applied downstream of it on the front slant, the resultant skin friction lines from a run at
a Reynolds number equal to 2.3x106 are shown in Figure 3.18. These clearly reveal the
boundary layer to be turbulent as indicated by the granular streak lines and therefore prove
the strip to be correctly sized and working as intended.

Figure 3.18: Surface flow visualisation downstream of trip strip
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The effect of the trip on the models drag behaviour across a range of Reynolds numbers is
shown in Figure 3.19, measurements with the strip shown in red alongside the average of six
runs, as shown previously, without in blue. It is not possible to comment on the trips
operation below 2.0x106 due to it being incorrectly specified for operation in this region.
However, above this Reynolds number drag can be seen to have increased slightly by
~0.003CD over the standard configuration with the asymptotic behaviour persisting. This
small increase can be attributed to increased skin friction resulting from the premature
forcing of transition in conjunction with a small amount of pressure and friction drag acting
directly on the strip. The consistent trends and only small changes of absolute magnitude
imply the model, specifically the structures at the rear which are of interest to this work, and
contribute significantly to pressure drag, to be insensitive to transition location.

Figure 3.19: Effect of boundary layer trip on drag

The effect of the trip on total and rear lift is shown in Figure 3.20, the standard and trip
configurations represented by the solid and dashed lines respectively, as with drag only
results above 2.0x106 will be considered. Within this range both total and rear lift are greater
than the standard configuration although trends are again consistent. However, the
~+0.002CLr increase of rear lift falls within the range of measured values from the multiple
standard configuration runs indicating this increase to be statistically insignificant. Therefore
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no flow modifying effect of the trip on rear lift can be discerned. Total lift increase does fall
outside this range indicating the trip to have some modifying effect that can be attributable to
changes of front lift. This is likely to be the result of the differing state of the boundary layer
on the floor close to the nose reducing the amount of negative lift generated. The subtle rear
lift changes do however indicate that the structures largely responsible for this, those forming
in the notch, are again insensitive to transition location.

Figure 3.20: Effect of boundary layer trip on lift and rear lift

Drag and rear lift measurements are corroborative in proving the structures forming within
the notch and behind the base are independent of boundary layer transition location and, as
such, can be said to be representative of full size. Because of this subsequent testing will be
conducted without the boundary layer trip, as it has been shown to have no effect upon the
structures of interest whilst the requirement for its repeated application would introduce
additional sources of variability, and thus error, in the results presented in the following
chapters.
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3.4 Summary
•

A simple body type wind tunnel model has been selected for use throughout this
investigation due to the present interest in the effect of large-scale body geometry
changes on the in-notch wake structure.

•

An existing design, the SAE reference notchback model has been chosen as the base
model for this work. This is due to its proportions which are characteristic of modern
notchback vehicles and also the design of its backlight header and trailing pillar
geometry that are representative of the production notchback vehicle. The design also
incorporates the ability to fit a number of rear end geometries making this an ideal base
model upon which a ‘family’ of additional notchback geometries can be based.

•

The SAE models notchback geometry is representative of modern production notchback
vehicles incorporating a relatively shallow backlight and short bootdeck arrangement. To
enable the complete spectrum of notchback flow topologies to be studied, four additional
notchback configurations have been designed. These incorporate progressively steeper
backlights and retain a common bootdeck arrangement. The resultant backlight and
effective angles of this ‘family’ span the range covered by vehicles produced from the
1960s to the modern day. The sole variation of backlight angle will allow the effects of
the variation of this parameter to be studied in isolation.

•

The standard configuration of this model has been used to assess the validity of testing at
20% scale to determine whether the flow structures and model behaviour are
representative of full size.
o Assessment of Reynolds sensitivity revealed the drag coefficient to vary
significantly over the range of freestream velocities tested. However, as Reynolds
number exceeded 2.0x106, variation reduced significantly to less than 0.003CD with
trends showing drag to asymptote toward a constant value. Similar results were also
identified in rear lift, indicating the structures mainly responsible for this, those of
interest to this work, to be insensitive to Reynolds number above 2.0x106. This was
further confirmed in surface pressure measurements that showed only slight
variation throughout the notch above 2.0x106. Testing throughout the remainder of
this work will therefore take place at a Reynolds number equal to 2.3x106 to ensure
the results remain largely free from the effects of scale.
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o The models sensitivity to transition location was also evaluated by forcing the
premature transition of the boundary layer and determining the effect of this on body
force coefficients. Drag coefficient was shown to increase slightly with the trip
applied whilst trends remained identical to those without. These elevated levels of
drag were attributed to increased skin friction resulting from the greater proportion
of turbulent boundary layer acting across the surface and a small amount of pressure
drag acting directly on the strip. Whilst total lift exhibited a degree of sensitivity to
the premature forcing of transition rear lift variation was statistically insignificant.
These results show the structures of interest to be insensitive to transition location.
The trip will therefore not be applied in the subsequent tests discussed in the
following chapters as its requirement for continued application would introduce an
additional source of error in the results.
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Chapter four
Body Forces and Centreline Pressures
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4 Body Forces and Centreline Pressures
This chapter details the results of measurements taken to discern the effect of parametric
changes of backlight angle on body forces. To provide additional insight into the mechanisms
driving these changes surface pressure measurements from the model centreline are presented
alongside calculated area weighted drag and rear lift contributions derived from surface
pressure measurements. This chapter covers the following objective laid out in section 1.5:
•

Analyse how changes of the notch geometry affect body forces and how the
various surfaces contributing to these change with the notch parameters.

The five geometries are shown pictured in the wind tunnel, Figure 4.1, the standard 20°
configuration in the centre fitted to the base model mounted on the underfloor balance with
the family of configurations surround it, the image orientated upstream toward the tunnel
inlet.

Figure 4.1: Family of backlight geometries, L - R: 25°, 30°, 20°, 35°, 40°
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4.1 Body Forces and Distribution
Figure 4.2 shows drag coefficient variation as a function of backlight angle and reveals a
clear positive correlation between the two, the drag coefficient increasing by ~43%, or
0.086CD, between 20° and 40°. Initially this variation follows a linear trend up to 30° where it
has increased by ~0.060CD at a rate of 0.006CD/°. However, above this point the rate slows as
drag becomes increasingly insensitive to backlight angle and tends toward an asymptotic
value. These results corroborate Buchheim et al. [26] findings during the development of the
Audi 100 (Figure 1.12) where drag was found to increase as backlight angle increased.
Considering these results in terms of effective angle, shown in parentheses, this data further
corroborates Nouzawa et al. [24] (Figure 1.11) and Sims-Williams et al. [25] findings. Both
studies identified a drag increase with effective angle which became less sensitive as this
approached 25° or 25° - 30°, respectively. Both studies observed a subsequent drag reduction
as effective angle increased beyond these maxima. These investigations therefore suggest that
more aggressive geometries would reverse trends and drag would reduce above the maximum
24° effective angle tested.

Figure 4.2: Drag coefficient variation with backlight angle
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An area-weighted drag calculation for each surface with a rearward projection derived from
time-averaged surface pressure measurements11 is shown in Figure 4.4. This calculation takes
the time-average pressure from each pressure tapping and multiplies it by the geometric area
associated with it. The geometric area associated with each tapping defined as the area
extending half way to the nearest tapping in each direction, an example of the area
derivations is shown in Figure 4.4. When calculating drag using this method the longitudinal
projection of this area is used whereas the planform projected area is used when calculating
lift. The result of this calculation yields the approximate force acting on each region, pressure
multiplied by area, which can subsequently be non-dimensionalised in coefficient form. Once
the calculation has been performed the contributions of each surface can be calculated by
summing the individual contributions of the pressure tappings sitting upon it, thereby
breaking down the contributions of the various surfaces.

Figure 4.3: Association of area with each pressure tapping for area weighted drag calculation

The individual surface contributions, calculated from the surface pressure measurements are
shown in Figure 4.4, the difference in drag calculated from the surface pressure
measurements and that measured on the balance can be attributed to skin friction. Results
show the drag increment to almost wholly result from the increasing contribution of the
backlight for angles up to 35°, as expected due to this features variation. Because the
projected area of the backlight remains constant across all configurations this is therefore
11

Exact pressure tapping locations for each configuration are detailed in Appendix D
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ascribable to increasingly negative pressure acting on the surface; inferring the increasing
size and strength of the separated flow structures forming in the notch.

Figure 4.4: Area weighted drag coefficient variation with backlight angle

Whilst the backlight is responsible for the majority of the drag increment, a small portion
results from a slight increase of the base contribution. Between 20° and 30° this is only minor
and varies approximately linearly indicating a degree of sensitivity to the changing structures
within the notch. This effect is likely driven by the changing thickness of the boundary layer
immediately prior to its separation from the bootdeck trailing edge. The thickness is
influenced by the varying structures and longitudinal pressure gradient in the notch, an effect
that has been shown to have a direct influence on base pressure by Viswanath [56]. His
strudy relates to axisymmetric bodies, the same principles apply here.
As backlight angle exceeds 30° the rate of change of the backlight region reduces and
stabilises between 35° and 40°. The small total drag increase (as measured on the balance)
between 35° and 40° is instead a result of increased base drag contribution. This possibly
results from the in-notch flow structures no longer being bound by the separated shear layer
reattaching on the bootdeck. Previous studies by Nouzawa et al. [24] and Sims-Williams et
al. [25] have observed this behaviour occurring at effective angles in the range of 25° - 30°.
In this case the 40° backlight configuration has a 24° effective angle locating it in the correct
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region for this behaviour which would enable the direct interaction of structures in the notch
with those behind the base, so modifying base pressure.
The effect of backlight angle upon lift shown in Figure 4.5 reveals there to be a clear positive
correlation between the two. The model is essentially lift neutral at 20°, from this point total
lift increases with backlight angle at an approximately linear rate up to a maximum at 35°. A
further increase of backlight angle results in the reversal of these trends and a corresponding
reduction of total lift.

Figure 4.5: Total, front and rear lift coefficient variation with backlight angle

Considering front and rear lift components, total lift behaviour is primarily driven by the
rapid increase of rear lift with backlight angle which more than triples across this range. This
growth follows a linear trend up to 35° where sensitivity to backlight angle lessens and rear
lift begins to plateau at 40°. Opposing front lift trends, albeit at a reduced rate, offset this rear
lift increase. However, as front lift does not exhibit the same reduced sensitivity to backlight
angle above 35°, where the rear lift reaches a constant, this approximately linear reduction of
front lift reverses total lift trends causing it to decline from 35° to 40°.
The diverging front and rear lift coefficients generate a large negative (forward) pitching
moment that increases significantly with backlight angle, Figure 4.6. As both components
follow linear trends at smaller backlight angles so too does the pitching moment variation.
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However, as rear lift sensitivity to backlight angle lessens it introduces a corresponding nonlinearity in pitching moment as backlight angle exceeds 35°.

Figure 4.6: Pitching moment variation with backlight angle

The reduction of front lift with backlight angle can be explained by the formation of
increasingly strong trailing pillar vortices inline with Ahmed et al. [10] observations. As
Okada et al. [32] showed (Figure 1.26) these vortices feed the trailing vortices that form in
the downstream wake increasing their strength and thus the downwash induced behind the
model. The effect of this is shown in Figure 4.7 where downwash is represented by the
vertical velocity component ω. This combines with the freestream flow, V∞, to rotate the
local relative wind vector experienced by the model by the angle α. As the downwash
strengthens the angle of this flow increases which effectively instils a greater nose down
attitude in the model. This causes the front stagnation location to move up, increasing
pressure on the upper surface of the nose and reducing it on the lower due to the increased
local acceleration around its now longer lower surface. This follows the same principle as
flow around finite wings and will also result in an increasing component of induced drag.

- 107 -

4. Body Forces and Centreline Pressures

Figure 4.7: Effect of downwash on front stagnation location

The rear lift coefficient instead varies as a direct result of rear geometry modification; the
contributions of the rear surfaces to this are shown in Figure 4.8. The same method used to
calculate the drag contribution of each surface was again used here although the planform
rather than longitudinal projection of each area was used. As only rear lift is considered here
only pressure tappings corresponding to locations behind the wheelbase centre were
considered. As no pressure measurements were made on the floor this contribution was
calculated as the lift required to balance the area weighted rear lift of the pressure tapped
surfaces with that measured directly from the force balance. This leads to the floors
contribution also including the vertical component of skin friction; however, this is assumed
to be small and thus negligible.
Rear lift can be approximated to the upper surfaces generating positive lift opposed by the
floor producing a significant amount of negative lift, as expected due to its smooth flat design
with incorporated diffuser. Over the range of backlight angles considered here, the floor
contribution remains uniform, increasing only slightly between 20° and 30° due to the
combined effects of rising front stagnation height and increasing base drag lowering pressure
at the diffuser outlet. These effects result in increased mass flow under the body increasing
velocity and thus reducing pressure acting on this surface.
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Figure 4.8: Area weighted rear lift coefficient variation with backlight angle

The bootdeck rear lift contribution is only slight but changes sign as backlight angle
increases. As the geometry is consistent across all configurations this can be solely attributed
to changing flow interaction and structures forming in its vicinity. Initially the bootdeck
produces a small negative lift contribution which remains stable as backlight angle increases
to 25°. Further increases result in its rear lift contribution increasing, becoming
approximately lift neutral at 30° and producing a small amount of positive lift at 35°. Further
increases of backlight angle have no additional effect and its contribution remains stable
between 35° and 40°.
The initial negative lift contribution of the bootdeck surface is due to positive pressure acting
upon it. This is likely to be the result of high velocity overbody flow impinging upon it,
partially stagnating and thus generating a region of positive pressure. This is sufficient to
more than offset the effects of the expected negative pressure acting along its longitudinal
edges due to the proximity of the trailing pillar vortices. As the backlight angle increases and
the in-notch separation becomes larger it displaces this impingement region downstream
toward the bootdeck trailing edge. Upstream of this, negative pressure from the backlight
separation encroaches on to the bootdeck, resulting in the surfaces increasing lift
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contribution. It is likely that the overbody flow no longer fully impinges upon the bootdeck at
35°, therefore increasing backlight angle to 40° causes no significant change in the pressure
distribution across this surface and thus its lift contribution remains stable.

Figure 4.9: Roof and backlight lift contribution variation with plan area

The lift behaviour of the backlight and rear roof is, however, more complicated due to the
planform areas of these surfaces changing as a function of backlight angle. These interactions
are shown in Figure 4.9 which includes rear lift coefficient, normalised rear lift coefficient to
planform area12 and normalised planform area13 in red, green and blue, respectively; the rear
roof on the left and backlight on the right.
Whilst both these surfaces are instrumental in driving rear lift behaviour, the roofs
contribution is most significant with lift increasing by ~10% between 20° and 35° before
trends reverse and it reduces at 40°. This is due to the interaction of two opposing factors.
The first increasing roof area, which follows a sinusoidal function the rate reducing with
increasing backlight angle. And the second increasing, less negative, pressure acting upon the
surface as can be inferred from the normalised lift coefficient. This pressure change is likely a
result of the reduced magnitude of the negative pressure peak at the backlight header as the
in-notch separation grows causing a reduction of the local curvature of the streamlines here.
The reducing rate of increasing area becomes critical above 35° as it is no longer sufficient to
12
13

Lift per unit area, effectively average negative pressure acting across the entire surface.
To the surfaces average planform area across all backlight angles.
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offset increasing average roof pressure causing the reversal of this surfaces lift tends.
However, the increasing backlight and stable bootdeck contributions prevent the roofs
reduction manifesting itself in rear lift causing it instead to behave asymptotically, its
sensitivity reducing at larger backlight angles.
The rear lift contribution of the backlight exhibits similar trends as that of the roof, increasing
with backlight angle, although its absolute contribution is approximately halved. As backlight
angle increases planform area reduces, in a sinusoidal manner, the rate reducing with
increasing angle. This effect is initially opposed by reducing pressure acting upon the surface
falling at an approximately linear rate up to 30°. This pressure reduction caused by the
increasing size and strength of the in-notch separation combined with strengthening trailing
pillar vortices flanking the backlight.
As backlight angle increases to 35° there is a discontinuity in the rate at which negative
pressure increases suggesting a step like change of flow structure. Combined with reducing
planform area this causes rear lift contribution to fall. However, as backlight angle increases
past this point average negative pressure once again continues to rise at a rate sufficient to
overcome the reduction of planform area and thus lift contribution continues to increase after
this discontinuity. This behaviour possibly indicates a discrete in-notch flow structure change
between 30° and 35° with further increases of backlight angle continuing to modify this new
flow regime.
The influence of backlight angle upon lateral stability is shown in Figure 4.10, displaying
yaw moment coefficient for each configuration over a ±30° range in 5° increments. Whilst
sensitivity to backlight angle is only slight it is clear that yaw moment reduces with
increasing backlight angle; an effect increasingly apparent at larger yaw angles. This is more
clearly illustrated in Table 4.1 which shows the tabulated yaw moment gradients for each
configuration as derived from a linear fit applied between ±10°.
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Figure 4.10: Effect of yaw angle upon yaw moment coefficient
Backlight Angle
20°
25°
30°
35°
40°

Yaw Moment Gradient
0.0156 deg-1
0.0153 deg-1
0.0151 deg-1
0.0149 deg-1
0.0148 deg-1

Table 4.1:Yaw moment gradient for each backlight configuration

This reduced sensitivity of yaw moment to yaw angle at larger backlight angle arises from
additional side glass area being added aft of the wheelbase centre. Thereby increasing the
corrective yaw moment produced as the angle between the model and the onset flow
increases. However, the yaw moment gradient of all configurations is higher than would be
expected of typical production geometries. This due to the flow remaining largely attached to
the models lee side even at large yaw angles, as PIV measurements in Appendix A reveal.
Hucho [2] shows this lee side separation to generate a significant positive, and thus unstable,
yaw moment gradient. However, whilst the absolute values obtained here may not be
representative of production vehicles it is believed that these trends, and their magnitudes,
are.
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4.2 Centreline Pressure Variation
Time-averaged overbody centreline pressure distributions for all configurations are shown in
Figure 4.11 presented alongside the geometries. Results reveal the overbody flow at the front
of the model to be largely insensitive to backlight angle with pressures on the front slant
predominantly identical up to a point slightly upstream of the windscreen header. Pressure
coefficients are initially high at the nose in close proximity to the front stagnation but fall
away rapidly with distance along the front slant due to acceleration caused by the models
increasing displacement of the free streamlines. Pressure becomes negative at approximately
two-thirds slant length as flow accelerates to velocities greater than freestream. These
continue to fall to minima at the windscreen header where local curvature and maximum
blockage generates high velocities and thus low static pressures.

Figure 4.11: Time-averaged overbody centreline pressure distributions

Whilst the increasing height of the front stagnation point with backlight angle, inferred from
the variation of front lift, is not evident in Figure 4.11 subtle pressure changes at the most
forward tapping close to the nose can be seen when viewed in greater detail, Figure 4.12. A
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clear pressure rise with backlight angle is apparent, indicating proximity to the front
stagnation point reducing showing it to have therefore moved up the leading radius with
increasing backlight angle. Round nose as opposed to more bluff faced bodies are highly
sensitive to this, so whilst absolute pressure variations are small only slight movement of the
front stagnation location is required to effect the significant changes of front lift shown in
Figure 4.5. The subtlety of these pressure changes are further exacerbated by the distance of
the most forwardly measurement point from the nose.

Figure 4.12: Surface pressure in close proximity to the front stagnation

The suction peaks at the forward header remain largely unaffected by backlight angle with
the maximum deviation as little as ~5% from the average. This effect is also possibly
exaggerated by a lack of measurement resolution at this location, particularly as there are no
apparent trends in the differences. The most notable deviation is the 20° configuration where
both peak magnitude and downstream pressure recovery are reduced. This is clear at x/L = 0,
and may be due to the close proximity of the negative peaks at both headers. The increasing
roof length with backlight angle becoming sufficient to isolate these peaks and therefore
reduce the degree to which they interact as backlight angle exceeds 20°.
The reduction of normalised rear roof lift contribution with backlight angle (green line Figure
4.9) can be attributed to greater pressure recovery toward the centre of the roof and a
reducing suction peak at the backlight header. As roof length grows, flow has a greater
distance over which to decelerate. This leads to improved pressure recovery and therefore
average roof pressure increasing with backlight angle. This effect is also partially responsible
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for the reduced magnitude of the suction peak at the backlight header, which can be seen
more clearly in Figure 4.13 where traces are shown with the headers aligned.

Figure 4.13: Time-averaged overbody centreline pressure distribution roof trailing edge

Figure 4.13 reveals the suction peak at the backlight header to both reduce in magnitude and
migrate, relatively, upstream as backlight angle increases from 20° to 30°, the rate of these
changes reducing with increasing angle. This is partially a result of the reduced velocity flow
entering this region, as roof length increases, causing flow to accelerate to lower absolute
velocities and therefore reduce suction peak magnitude.
As backlight angle increases, acceleration in this region reduces, the increasing sharpness of
this feature would typically be expected to generate increased acceleration and stronger
suction peaks. However, this is not the case as the more inclined backlights produce greater
flow separation in the notch. This effectively reduces the sharpness of the header; reducing
curvature of local streamlines and thus the acceleration induced in the flow, as illustrated in
Figure 4.14. This further reduces absolute velocities in this region causing suction peak
magnitudes to reduce with increasing backlight angle.
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In the case of the 20° configuration flow appears to remain attached across the majority of the
backlight and recovers a significant amount of pressure as it diffuses into the notch. As
backlight angle increases to 25° and 30° significantly less pressure recovery occurs
suggesting that the flow separates from the backlight as it is unable to overcome the
worsening longitudinal pressure gradient. These separation points can be identified by the
inflections in the pressure traces marked in Figure 4.13. Occurring at x/L = -0.19 and -0.16
for the 25° and 30° configurations respectively. In the case of the 30° configuration this
occurs immediately downstream of the header and shows flow within the notch on the
centreline to be predominately separated. The reducing size of the pressure recovery regions
are shown in Figure 4.14 illustrated by the green areas at the top of the backlight.
Whilst a slight inflection is identifiable in centreline pressure measurements for the 20°
configuration it is unclear as to whether flow separation is occurring here as pressure
recovery continues downstream of this point. Whilst this presence of this inflection may
indicate there to be a small degree of separation additional measurement are required to
definitively determine the exact state of the backlight flow at this angle.

Figure 4.14: Effective curvature reduction with increasing backlight angle, L-R: 20° - 30°

As backlight angle increases from 30° to 35° pressure can no longer be identified as
recovering downstream of the backlight header therefore indicating that the overbody flow on
the centreline separates at the roof trailing edge. This backlight angle is consistent with the
angle at which flow was identified separating at the header on a fastback geometry by both
Morel [20] and Ahmed et al. [10]. Whilst flow now separates here the suction peaks at the
roof trailing edges remains due to continuing curvature of the overbody flow. However, the
peak magnitude reduces as backlight angle increases from 35° to 40° inferring the continued
growth of the in-notch structures displacing the overbody flow further from the bootdeck
reducing this curvature further.
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This change in behaviour explains the trends exhibited in drag and rear lift, both of which
vary linearly as backlight angle increases from 20° to 30°, becoming non-linear from this
point and exhibiting reduced sensitivity to further changes. Between 20° and 30° flow
separates progressively further upstream, increasing the area over which this low pressure
acts whilst concurrently the strength of the structures within it become greater increasing the
suction associated with the separated region. These effects combine to cause significant drag
and lift changes across this range. As backlight angle exceeds 30°, separation becomes fixed
at the roof trailing edge and thus the area over which it acts remains constant. Drag and rear
lift variation therefore simply become functions of the strength of the separated region. As
this also has a dependency upon separation location the rate of its increasing strength is also
reduced, further reducing drag and lift variation with backlight angle in an increasingly nonlinear asymptotic manner.

Figure 4.15: Time-averaged overbody rear centreline pressure distribution

Figure 4.15 shows pressure distributions over the rear of the model, revealing the changing
strength of the in-notch separation and the flows interaction with the bootdeck in greater
detail. Considering initially the 20° case, flow appears to remain attached along the extent of
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the backlight, recovering significant pressure as it diffuses into the notches increasing cross
section and decelerates along its length. This occurs to such an extent that surface pressure
becomes positive over the latter half of the backlight.
As discussed previously, increasing backlight angle from 20° causes the separation of this
flow from the surface. The point at which this occurs moves progressively upstream with
backlight angle until at 35° separation becomes fixed at the trailing edge of the roof. The
strength of this separation also increases as a function of backlight angle generating
increasingly negative pressures acting across this region. The variation of this pressure is
initially high, reducing significantly between 20° and 30°, however, as separation location
becomes fixed this rate declines. And as backlight angle increases from 35° to 40° there is
essentially no change in the centreline pressure distribution over the backlight leading to the
decreased drag sensitivity observed at larger backlight angles (Figure 4.2).
However, rear lift variation remains sensitive up to larger backlight angles due to the
continued variation of pressure acting across the bootdeck although this too starts to exhibit a
reduced sensitivity above 35°. At 20° the attached backlight flow enters the bootdeck at low
velocity and high static pressure after diffusion by the falling surface. This pressure then falls
with distance along the bootdeck as flow is accelerated toward the trailing edge due to the
compressing effect the flat surface has upon the downwardly canted in-notch flow. This
effect combines with the increasing size of the trailing pillar vortices compressing this flow
laterally to increase this acceleration further.
This behaviour changes as backlight angle increases and separation occurs, morphing the
positive pressure hump at the bootdecks leading edge into a better defined peak further
downstream. This peak generated by impingement, and partial stagnation, of the free shear
layer upon the bootdeck after being displaced from the backlight by the separated flow. As
backlight angle increases this migrates toward the trailing edge due to enlargement of the
separated region in an identical manner to that observed by Sims-Williams et al. [25]. By 35°
impingement occurs immediately upstream of the trailing edge and as backlight angle
increases to 40° the shear layer is displaced sufficiently to preclude its impingement on the
bootdeck resulting in pressure across this surface being governed solely by that in the
separated flow. This lack of impingement also enables the direct interaction of the in-notch
structures with those behind the base resulting in the step change of base drag contribution
(Figure 4.4) as these structures interact.
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Figure 4.16: Lateral pressure distribution at the base of the backlight

Figure 4.16 shows the lateral pressure distribution of all 5 configurations taken from the base
of the backlight where the horizontal axis intersects the model profile. These clearly reveal
the pressure reduction that occurs in the centre of the backlight as flow moves from an
attached to an increasingly strong separated regime. A clear pressure reduction can also be
observed at the outer edge of the backlight in the region the trailing pillar vortices form. This
reduction varies approximately linearly with backlight angle and infers the increasing
strength of these vortices; their greater vorticity inducing reduced pressure at the surface.
As pressure at the outboard edge of the backlight falls so too does the peak inboard of it,
becoming indistinguishable as backlight angle exceeds 30°. This peak possibly generated by
the trailing pillar vortices entraining flow into the notch which circulates with them before
impinging, and thus partially stagnating, upon the surface. As backlight angle increases the
reduction of this peak suggests the trailing pillar vortices are unable to follow the fall of the
backlight closely, resulting in them sitting further from the surface and thus reducing the flow
impingement up on it they induce. The lack of the peaks above 30° suggests that by this point
they are a sufficiently far from the surface that this impingement ceases.
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4.3 Summary
•

Drag coefficient was found to increase with backlight angle; this was shown to initially
follow a linear trend between 20° and 30° before sensitivity reduced and drag began to
approach an asymptote at 40°.
o Drag contribution of the backlight was responsible for the majority of this drag
increment with its behaviour subsequently driving total drags sensitivity to backlight
angle. Centreline pressures revealed the backlights increasing drag contribution to
result from the increasing size and strength of the in-notch separation that reduced
pressure over the region it acted whilst concurrently increasing the size of the region
over which it acted.
o Base drag contributed the majority of drag at smaller angles although its absolute
contribution remained largely constant. This increased slightly between 20° and 30°
possibly as a result of varying boundary layer thickness on the bootdeck. A further
small step increment occurred at 40°, centreline pressures showed the free shear
layer to stop reattaching on the bootdeck at this point suggesting interaction of the
in-notch structures with those behind the base to be responsible for this.

•

Lift was found to increase with backlight angle this following a linear trend where it
increased from approximate lift neutrality at 20° up to a peak at 35° before subsequently
reducing slightly at 40°.
o This was primarily found to be driven by rapidly increasing rear lift, tripling
between 20° and 40°. Initially this varied linearly up to 35° where sensitivity
lessened, reducing the rate significantly and increasing only slightly at 40°.
§

This was largely attributed to the roof and backlights increasing lift
contributions although a small component was ascribable to the bootdeck.

§

The roofs increasing contribution generated by increasing roof area although
this was offset to an extent by reducing average negative pressure acting upon it.
Centreline pressures showed this to be due to greater pressure recovery
downstream of the velocity peak at the windscreen header. An effect coupled
with reducing suction peak magnitude at the backlight header resulting from

- 120 -

4. Body Forces and Centreline Pressures
reducing flow curvature in this region as the free shear layer is displaced further
from the notch by the enlarging separation.
§

Backlight contribution increased although its planform area reduced with
backlight angle, driven by the same mechanisms responsible for drag behaviour,
increasing negative pressure acting on the backlight which encompassed a
greater area as backlight angle steepened.

§

The bootdecks contribution was initially negative due to the attached backlight
flow at 20° entering the bootdeck after being diffused by the increasing cross
section of the notch, having a low velocity and high static pressure. As backlight
angle increased this became positive as the in-notch separation encroached
further on to the surface offsetting the positive pressure where the free shear
layer impinged with, and partial stagnated on, the surface. At 40° centreline
pressures indicate the free shear layer to be displaced sufficiently far from the
notch that impingement upon the bootdeck no longer occurred.

o Front lift variation opposed rear lift trends albeit at a much-reduced rate. This fell
following an approximately linear manner with backlight angle and exhibited no
reduction of sensitivity to it, resulting in the reversal of total lift trends above 35°
§

This reduction was attributed to increasing front stagnation height, this moving
up the nose increasing pressure on its upper surface whilst reducing it on the
underside. Centreline pressure close to the nose showed this to be the case
although variations were subtle. This effect induced by the onset flow vector
being canted increasingly downward with increasing backlight angle, effectively
instilling an increasing nose down attitude in the model. Caused by increasing
downwash in the wake due to strengthening trailing pillar vortices, as indicated
by reducing negative pressure acting at the backlights outboard edge.

•

Opposing front and rear lift trends which diverged with increasing backlight angle
generated a large negative pitching moment, initially falling linearly although this
become non-linear and began to asymptote as rear lift sensitivity lessened.

•

Increasing backlight angle was found to have a beneficial effect upon lateral stability,
yaw moment gradient reducing with angle due to increasing side area aft of the
wheelbase centre.
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5 In-Notch Flow Topologies
This chapter details the results of various measurement techniques used to discern the various
forms of the in-notch flow topology across the range of geometries considered here. Whilst
the influence of these changing structures on body forces has already been shown, this
section looks to understand the flow structure variations driving these. Further to this
understanding of the time-averaged flow structures their underlying time-variant nature is
also explored. This chapter covers the following objectives laid out in section 1.5:
•

Understand, describe and explain the time-averaged off-body flow topology using
a variety of on- and off-body techniques to determine the structures that form and
how they induce these body forces.

•

Understand, describe and explain the temporal behaviour of these flow structures
and how they change with the notch geometry. Understanding the temporal
behaviour of the flow will allow the actual underlying flow structures to be
identified. Understanding the way body forces and surface pressure change with
the variation of these structures should give direction to future work as to the
manner in which flow structures should be modified to reduce drag.

This section aims to fully document and understand the formation of the structures in the
notch and how they behave in a temporal sense. Each topology type is considered in turn with
the time-average form discussed before attention is turned to its time varying nature.
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5.1 Comments on Flow Asymmetry
As will be shown, a degree of asymmetry is present, to varying extents, in the flow fields
considered here. This may appear counterintuitive with all models symmetrical about their
centreline and tested at 0° yaw but asymmetry is a common feature of many bluff body
wakes.
Asymmetric flow structures have been observed forming across much simpler geometries
than those considered here. Mair and Wilkin [57] initially sought to test the effect of
streamwise vortices on the base pressure of a simple axisymmetric body away from the
influence of the ground. However, early in this study they found it difficult to obtain a
symmetrical pressure distribution across the base when the model was aligned with the onset
flow, initially obtaining the pressure distribution shown on the left of Figure 5.1. Whilst this
asymmetry was though to be the result of the asymmetric mounting of the body alternate
mounting arrangements proved this to not be the case, the base pressure exhibiting little if
any sensitivity.

Figure 5.1: Asymmetric and close to symmetric base pressure distribution of an axisymmetric body [57]

Mair and Wilkin [57] subsequently pursued a symmetric pressure distribution by altering the
model alignment. Whilst this proved largely successful, Figure 5.1 right, repeated
experiments revealed this symmetrical distribution to be easily disturbed and difficult to
repeat even when model position was not altered between experiments. Further investigation
moving the model away from this symmetrical position in small steps showed base pressure
distribution to be highly sensitive to small alignment changes up to ~±0.25° from the true
axial direction. At angles greater than this, but still small, base pressure distribution
sensitivity began to asymptote and its response reduced significantly.
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An identical behaviour was observer by Herry et al. [15] when analysing the flow behind a
three-dimensional double backward facing step, a geometry analogous to that considered
here. In this investigation flow along a horizontal plane behind the upper step, at half step
height, was analysed using PIV. Results showed that the two vortical structures forming
inboard of the vertical edges would not form in a symmetrical manner at 0° yaw; rather one
of the structures would always be larger than the other. However, unlike Mair and Wilkins
[57] a truly symmetrical near wake structure was never obtained although its behaviour with
yaw was the same.
This response is shown in Figure 5.2 where the angle of a line subtending the centre of the
two vortices is used to describe the extent of the topologies asymmetry and is plotted against
yaw angle on the horizontal axis. Again the flow topologies propensity to form in a
asymmetric manner can be seen, the dominant structure rapidly changing sides about 0° yaw
whilst the rate of change of its response drops off significantly after switching. This
behaviour was also observed, and seen to remain consistent, at a much lower Reynolds
number where the separating boundary layer was laminar, indicating this to not be a
Reynolds effect.

Figure 5.2: Asymmetry and its response to yaw behind a 3D backward facing step [15]
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Asymmetry is a common feature of many notchback wakes having been previously observed
in studies by Garry and Le Good [31], Gaylard et al. [58], Lawson et al. [30] and SimsWilliams et al. [25] across a wide spectrum of geometries. It is believed that this may be a
result of the aspect ratio typical of automotive notchback geometries. As this is relatively
small it results in the interaction of the strong structures generated on either side of the notch
in the centre, a feature which is shared in common with the other asymmetric flow topologies
discussed here. It is thought that this interaction requires one of the flow structures to
dominate to enable them to co-exist in this small space. It therefore requires only a small
lateral perturbation, such as the wind-tunnel ramping up to speed, to generate this and set the
asymmetric state at 0° yaw. As will be seen, this hypothesis is supported by the behaviour
presented in the remainder of this chapter. Where asymmetry is seen to reduce as backlight
angle increases from 20° to 35° as the structure in the centre of the notch becomes larger and
more dominant. This reduces the strength of the structures forming at the edges but also
forces them to separate as it forms between them, reducing their interaction and therefore the
degree with which they form asymmetrically.
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5.2 The Predominately Attached In-Notch Flow Topology
This section presents the time-averaged results of oil flow, surface pressure and 13
streamwise and 7 spanwise PIV measurements performed on the predominately attached flow
topology generated by the 20° backlight angle configuration. This type of flow topology is
representative of lower drag notchback configurations and is typical of modern production
vehicles. The largely attached flow enables significant pressure recovery along the backlight
whilst its shallow angle leads to the production of weaker trailing pillar vortices minimising
the magnitude of the suction peaks forming along its edges. Surface pressure and PIV
measurements are subsequently analysed to provide understanding and additional insight into
the temporal behaviour of the flow structures that form.
5.2.1 Steady State Form
An annotated skin friction line image acquired at 0° yaw is shown in Figure 5.3 and largely
confirms the flow behaviour inferred from centreline pressure measurements in section 4.2.
Flow remains predominately attached in the centre of the backlight as it diffuses and
decelerates into the notches increasing cross section, circled (a), the granular skin friction
lines indicating the turbulent state of the attached boundary layer. Time-averaged pressure
measurements, Figure 5.4, show pressure across this region to remain essentially identical to
that on the centreline. Recovering from a suction peak, where flow accelerates around the
header, as it diffuses and decelerates into the notch. This occurs to such an extent that surface
pressure becomes positive over the lower half of the backlight, the reduced velocity flow here
producing the thicker increasingly well-defined skin friction lines.
A pair of trailing pillar vortices can be identified flanking this region forming along the
outboard edges of the backlight. Flow entering the notch laterally separates along the sharp
edges incorporated in the longitudinal radii (b); these free shear layers subsequently reattach
inboard along lines (c). Within these separated regions the angular momentum induced in the
flow by the falling backlight induces its roll-up and thus the formation of these vortices. Their
presence indicated by flow at the surface (d) moving longitudinally with an additional
outboard component due to its rotation about the cores above. This additional lateral velocity
component at the surface causes a pressure reduction at the outboard edge of the backlight,
Figure 5.4. This suppresses the pressure recovery occurring in the centre preventing it
becoming positive at the outboard edge until close to the backlight-bootdeck intersection.
Outboard, secondary flow structures (e) can be identified forming in the dead water region
between the trailing pillar structures and the separating shear layers.
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Figure 5.3: 20° in-notch skin friction lines

Figure 5.4: Time-averaged surface pressure distribution, 20° configuration
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Toward the base of the backlight pressure becomes elevated between the central region of
attached flow and the depression beneath the vortex, (a) Figure 5.4. This is aligned with the
reattachment lines, (c) Figure 5.3, indicating the free shear layer impinging upon the surface
with greater momentum thereby increasing stagnation pressure. This is likely to be due to the
trailing pillar vortices strengthening as they grow along the edge of the backlight inducing
greater velocity in the free shear layers surrounding them and progressively increasing the
magnitude of their impingement upon the surface.
Pressure peaks as the reattachment line encroaches on to the bootdeck, (b) Figure 5.4,
indicate a significant increase of impingement strength here. This a result of the bootdeck no
longer falling away from the flow, as the backlight did, thereby further supressing its
downwash and increasing partial stagnation pressure. Elevated pressure, (c) Figure 5.4,
persists downstream of this peak along the reattachment line as it runs to the bootdeck trailing
edge. However, its magnitude reduces indicating impingement strength does also.
The impingement peak at the front of the bootdeck is coupled with greater flow angularity
outboard of the reattachment lines revealing vorticity within the trailing pillar structures to
have increased, further evidence of this can be seen in the reduced pressure acting across this
region, (d) Figure 5.4. A similar behaviour is also present inboard of the reattachment lines, (f
& g) Figure 5.3, in the flow entrained laterally into the notch by the trailing pillar vortices.
After attaching on the bootdeck along lines (c) it diverges significantly toward the centreline.
However, the lateral velocity induced in these flows is not balanced resulting in thier
asymmetric formation. The extent of this shown in the offset equilibrium line (h), from the
centreline (i), where the attached bootdeck flows converge and their opposing lateral
velocities cancel. This increased lateral divergence both inboard and outboard of the
reattachment lines and the asymmetric nature of this behaviour was also observed by Lawson
et al. [30] (Figure 1.23) on a 33% scale production notchback geometry. The offset observed
here reveals the asymmetry to have set in a state where the right hand trailing pillar is
dominant as is further shown by the increased lateral divergence at (g) compared to (f).
The differing strength of the trailing pillar vortices also results in the small region of
separated flow (j) at the base of the backlight forming off the centreline. As the attached flow
in the centre of the notch moves down the backlight, the increasing size of the trailing pillar
vortices force it inboard toward the centreline. As it approaches the backlight-bootdeck
intersection it is unable to advance on to the bootdeck due to the flow entrained laterally into
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the notch by the trailing pillar vortices attaching here. The high pressure across this region
therefore forces it to diverge significantly inboard, the stronger right hand trailing pillar
vortex forcing the flow toward the left (k) where it separates. This separation is, however,
highly benign having no notable effect upon pressure distribution and no structures apparent
in skin friction lines. The incredibly weak nature of this is further indicated by the lack of any
notable yaw or roll moments induced by its asymmetric formation.

Figure 5.5: Longitudinal vorticity from spanwise stereoscopic PIV data

The differing strengths of the trailing pillar vortices are more quantifiably shown in Figure
5.5 where surfaces of longitudinal, or X, vorticity are drawn at ±1.42 1/s, ±2.23 1/s and ±3.04
1/s through volumetric data generated from time-averaged stereoscopic PIV measurements.
Where the longitudinal vorticity is defined as the rotation or curl of the fluid around the
models longitudinal, or X-axis, the equation used to calculate this parameter is shown in
Equation 5.1 below.
𝜔 = ∇×𝜈 =

𝛿𝜈! 𝛿𝜈!
−
𝛿𝑦
𝛿𝑧

Equation 5.1: Longitudinal vorticity equation
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Vortices can clearly be identified forming above the outboard edges of the bootdeck, the right
the larger and more dominant of the two. Vorticity peaks at -4.06 1/s on the right compared to
+3.54 1/s on the left showing their magnitudes to differ by ~12.8%. Interestingly this
vorticity does not extend into the upper half of the backlight where it was initially expected to
originate and become stronger as it propagated downstream in the same manner as observed
by Nouzawa et al. [24] on a sharp edged notchback geometry. This delayed rollup is instead
identical to that observed by Fuller [11] when considering the flow generated by a round
edged fastback configuration and is therefore partly due to the more complex geometry
considered here.
This delayed rollup is also somewhat an artefact of the experimental setup. Figure 5.6 shows
the trailing pillar region in the individual spanwise planes in greater detail, flow represented
by in-plane streamlines drawn upon contours of normalised longitudinal vorticity. There is
little evidence of vortex rollup along the planes intersecting the backlight on either side,
however, this behaviour patently does occur as it is evident in skin friction lines. This
anomaly is instead attributable to limitations of the experimental setup. The angle of the
backlight preventing the PIV technique resolving flow close to the surface due to reflected
laser light being directed toward the cameras, saturating their sensors in this region and
preventing measurements being made. This does not occur on the bootdeck as the horizontal
surface does not reflect light directly into the cameras.
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Figure 5.6: Cropped PIV planes, streamlines over normalised longitudinal vorticity

Whilst the trailing pillar vortices are not visible on the backlight the increasing strength of the
impinging flow along the reattachment lines ((c) Figure 5.3) can be seen. Indicated by the
increasing in-plane velocity represented by the frequency of arrowheads on the streamlines.
This begins to increase notably by the 4th measurement plane along the backlight, circled red,
which corresponds to the point where pressure begins to become elevated between the
trailing pillar vortex and centrally attached flow ((b) Figure 5.4). This is more clearly
observable on the left hand side (top) where time-averaged surface pressure measurements
are also presented. The velocity of the impinging flow, induced by the strengthening trailing
pillar vortices, rises to a maximum at the backlight-bootdeck intersection generating the
pressure peak here.
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Figure 5.7: Streamwise time-averaged 2D PIV planes, presented at 1/3rd lateral resolution showing
normalised in plane velocity with in-plane streamlines overlaid.

Flow in the centre of the notch between the trailing pillar vortices is better observed in 2D
streamwise PIV measurements; Figure 5.7, the time-averaged velocity field represented by
in-plane streamlines drawn upon contours of normalised in-plane velocity. Measurements
were acquired ±0.281y/Y from the centreline in 0.047y/Y steps but are displayed here at 1/3rd
lateral resolution for clarity. Flow across the majority of this region can be seen to remain
attached as it decelerates from a velocity peak at the header allowing significant pressure
recovery across this surface and leading to this configurations low drag coefficient. As this
diffuses into the notch its deceleration is coupled with a thickening of the boundary layer as
the velocity deficit close to the surface increases as flow overcomes the adverse longitudinal
pressure gradient. This behaviour is most prevalent on the centreline and becomes less so
toward the outer edges of the backlight where flow in these regions are supplemented and
energised by that entrained into the notch laterally by the trailing pillar flows.
The separation visible in the second plane from the left is shown in greater detail in Figure
5.8 where the streamwise planes in which it is present (-0.047y/Y, -0.094y/Y, -0.141y/Y and
-0.188y/Y) are shown, streamlines once again drawn upon contours of normalised in-plane
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velocity. As skin friction lines (Figure 5.3) indicate, the attached flow on the right of the
backlight is forced significantly toward the left as it approaches the bootdeck due to the
dominant flow entrained laterally by the trailing pillar vortex attaching here. As this moves
across the base of the backlight it interacts with the flow moving down its left hand side and
begins to induce separation at -0.047y/Y. As this flow moves further outboard toward the left
hand trailing pillar vortex it is forced to recirculate up the left hand side of the backlight, as
indicated by the red arrows. This opposes that moving down the left hand side, black arrows,
resulting in separation. This separated flow subsequently exits the notch along the path of the
coalesced streamlines that form a small distance above the attached bootdeck flow.

Figure 5.8: Streamwise PIV planes showing the time-average in-notch separation

The interaction of this separated region of flow with that on the bootdeck is better
summarised in Figure 5.9 which shows surfaces of lateral velocity, red and blue, drawn at
±20% of the maximum through the seven stereoscopic time-averaged PIV planes. These
surfaces highlight the extent of the flow entrained laterally into the notch and clearly illustrate
the dominance of the entrained flow reattaching on the bootdeck. Once again, the unbalanced
nature of the flow across the notch due to differing trailing pillar strengths can clearly be
seen, the right (blue) encroaching further inboard than the left (red). Toward the outboard
edges the trailing pillar vortices are also shown, highlighted with 3D streamlines coloured by
normalised velocity. The white streamlines in the centre are drawn along the 2D streamwise

- 135 -

5. In-Notch Flow Topologies
PIV planes included in Figure 5.8 and reveal the extent of the central separated flow. It is
clear from this figure that the coalesced streamlines along which the separated flow exits the
notch are forced away from the bootdeck surface by the attached flow encroaching laterally
toward the centreline (red). The distance these are displaced from the surface increases
toward the outboard edge where the laterally encroaching flow is thicker due to its proximity
to the reattachment line.

Figure 5.9: Interaction of the separated, trailing pillar and bootdeck flows

Whilst no coherent structures are identifiable within the separated region in the skin friction
lines (Figure 5.3) a weak time-averaged rotation about the longitudinal axis can be identified
in the PIV data. This is shown in Figure 5.10 where the -0.188y/Y and -0.141y/Y 2D PIV
planes are shown on the left and right (streamlines drawn upon contours of normalised inplane velocity). Alongside them the region of flow in which this rotation is visible in the
spanwise stereoscopic plane from the backlight-bootdeck intersection is also shown (in-plane
streamlines drawn upon contours of normalised longitudinal vorticity). Streamlines along the
spanwise plane clearly reveal a rotation of flow at the base of the separated region induced by
the angular momentum arising from the movement of flow across the bottom of the
backlight. This structure is, however, weak; its vorticity is several orders of magnitude less
than the trailing pillars vortices. It is therefore not capable of persisting within the separated
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flow as it exits the notch and as such is not present in the stereoscopic measurement planes
intersecting the bootdeck downstream of this location.

Figure 5.10: Swirling of flow within separated region
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5.2.2 Temporal Behaviour
This section looks to explore the time-variant behaviour of the time-average flow topology
described previously. The RMS magnitudes of surface pressure fluctuations throughout the
notch and across the base are shown in Figure 5.11., for reference average surface static
pressure is shown in Figure 5.4, and reveal surface pressure in the notch to be largely steady.
This is particularly evident at the outboard edge of the backlight where fluctuation levels
approach a minimum along the trailing pillar vortex reattachment line indicating the
consistency of this structures strength and position. Inboard, across the upper half of the
backlight where the attached flow diffuses into the notch fluctuation intensities remain low
due to the inherent stability of the attached flow. However, as this propagates downstream
and separates fluctuations increase. Whilst the weak nature of this separation has little effect
upon time-averaged pressure its variable nature arising from the benign manner in which it
separates does lead to elevated unsteadiness across the region it forms.

Figure 5.11: RMS pressure distribution, 20° configuration

Pressure variation is typically higher across much of the bootdeck due to the separated shear
layer impinging strongly upon this surface combined with unsteadiness induced by the strong
interaction of the two opposing laterally entrained flows. This is also potentially further
exacerbated by flow from the separated region propagating downstream above this surface
further manipulating the local pressure field. RMS magnitude peaks at a location coincident
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with the time-averaged pressure peak showing there to be a strong correlation between
impingement strength and surface pressure unsteadiness.
Fluctuations across the base are high owing to the flow being fully separated and therefore
highly time dependent. A large RMS peak is present within this region in the upper outboard
corner possibly revealing the location of the trailing vortex; elevated unsteadiness induced by
its varying position and high velocity gradients at its core. This is consistent with the RMS
peak Fuller [11] identified on the base of a fastback geometry that was found to be coincident
with the position of the trailing vortex.

Figure 5.12: RMS velocity fluctuations above the backlight, spanwise PIV planes

RMS velocity fluctuations of the off-surface flow above the backlight along the five
stereoscopic PIV planes, Figure 5.12, reveal much the same behaviour. Close to the backlight
header unsteadiness is restricted to a thin layer immediately above the surface within the
boundary layer arising from its turbulent nature and high shear stresses within it. These
fluctuations, however, do not manifest themselves in the surface pressure field due to their
small scale and thus minute, highly localised, effects. As flow propagates through the notch
an area of elevated unsteadiness can be identified in the upper half of the backlight, circled
red, directly upstream of the time-averaged separation. These elevated magnitudes possibly
show the separated region to occasionally extend as far upstream as these locations,
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behaviour not identifiable in surface pressure fluctuations due to the weak pressure field
associated with it. Downstream, instability is high within the time-averaged extent of the
separated flow due to its inherently unstable nature. Also visible are the two regions of
extreme unsteadiness toward the outer edges of the bootdeck, circled white, induced by the
strong impingement of the flow along the trailing vortex reattachment line. This produces
significant velocity and pressure fluctuations due to its impingement being almost normal to
the surface.

Figure 5.13: RMS velocity fluctuations over the bootdeck, spanwise PIV planes

RMS velocity fluctuations above the bootdeck are shown in Figure 5.13 and continue to
reveal high levels of unsteadiness within the time-averaged extent of the separated flow.
Fluctuations elevated within both the separation bubble and along the path this flow exits the
notch above the bootdeck surface. This uncontrolled structure can be seen to induce
significant unsteadyness within the flow beneath it that diverges laterally across the bootdeck
toward the centreline. The extent of this is clear when comparing this region to its counterpart
on the right where fluctuations are significantly reduced. This implies pressure fluctuations to
also be asymmetric and largely reduced on the right hand side inboard of the reattachment
line across the unmeasured region.
Figure 5.12 and Figure 5.13 show velocity fluctuations within the trailing pillar vortices
increasing as they grow along the edges of the backlight; however, these intensify
significantly and expand across a greater volume as they propagate on to the bootdeck.
Above the backlight these variations can be attributed to high shear gradients and thus
turbulence within their cores, their stable position and magnitude here indicated by the
minimal pressure fluctuations along and outboard of the reattachment line (Figure 5.11). The
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additional unsteadiness across the bootdeck, however, does result from their positional
instability.
The positional variation of these vortices can be seen in Figure 5.14 that shows the location
of their instantaneous centres along the 3 planes intersecting the bootdeck as calculated using
the angular momentum method proposed by Grosjean et al. [59]. These results show the
lateral position of the vortices to vary significantly across the width of the bootdeck whilst
their vertical positions are more precisely fixed by the boundary condition imposed upon
them by the surface. This lateral variation increases as they move downstream away from the
backlight-bootdeck intersection where their positions are better constrained by the strong
flow impingement along the reattachment line at the backlight-bootdeck intersection. The
movement of these vortices is not correlated across the model indicating their positions to be
independent and their variation random. Fluctuation of trailing pillar vortices has been shown
by Fuller [11] to be heavily influenced by pillar profile. Rounded pillars, similar to those used
here, were shown to induce to greater positional variation of the trailing pillar structures due
to separation locations being less well defined.

Figure 5.14: Instantaneous location of the trailing pillar vortices above the bootdeck

To attain further insight into the unsteadiness within the separated region above the backlight
a conditional averaging technique has been applied to allow the extreme forms of this
separated flow structure to be observed. Conditional averaging is used throughout this work
to analyse the extremes forms of both flow and pressure fields, as such it will be described
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here only once. Whilst the method remains the same in each application the limits applied do
vary and as such are specified every time conditionally averaged results are presented.
Conditional averaging takes the average of a subset of data from a measurement set. This
subset is selected based upon the value of a single parameter at a point in the measurement
field. When the value of this parameter exceeds or falls below a predefined limit the
instantaneous measurement it belongs to is assigned to the relevant upper or lower subset.
After subdivision the average of each subset is taken such that the extremes of the flow or
pressure fields are revealed to give insight into the extent of the temporal variation of the
field being studied.
In all the applications presented within this work the conditional trigger threshold is set when
a parameter exceeds ±1σ or ±2σ of the mean. If the distribution of the selected parameter is
normal then conditional averaging represents the upper and lower 26.73% or 2.775%
extremes of the flow respectively. The higher the thresholds is set the more extreme the
subset of data is, however, the reduced number of samples contributing to it may make it
noisy and the results difficult to comprehend. Therefore the threshold in each case is selected
to provide a balance between observing the extremes of the flow whilst retaining a sufficient
sample size such that the observed behaviour remains clear and comprehendible.
The results of this technique after its application to the streamwise PIV planes intersecting the
separated region are shown in Figure 5.15, streamlines used to highlight the extent of the
separated flow and structures within it. Along all planes a point of high RMS velocity was
used as the trigger with averaging performed when velocity exceeded ±2σ of the mean, below
on the left and above on the right. As well as the 4 planes included in Figure 5.8 in which the
time-averaged separation is visible the 0y/Y plane is also included due to the separation
occasionally extending to this lateral position. As measurements along each plane were made
one after another it cannot be definitively stated that the conditionally averaged structures
visible form together as shown here. However, their appearance as a coherent flow structure
in the high case coupled with the approximately constant number of instantaneous vector
fields contributing to both averages does suggest this to be the case.
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Figure 5.15: Conditional averaging applied to the separated bootdeck flow region

As Figure 5.15 shows, the topology of the separated region varies between a slightly weaker
suppressed form of the time-averaged flow, on the left, and a more coherent form with
identifiable structure on the right. The extent of this more coherent separation is also greater,
extending further laterally to the centreline and longitudinally to the backlight header. This
longitudinal expansion responsible for the elevated velocity fluctuations observed upstream
of the time-averaged extent of the separated flow (Figure 5.12). Coupled with the expansion
of this region is the formation of a small transverse vortex within it similar to that identified
by Gilhome et al. [29] although it is much less prominent.
Whilst this transverse vortex appears similar interrogation of instantaneous vector fields and
the application of both conditional averaging and vortex tracking techniques did not show it
undergoing a shedding process. Spectral analysis of pressure fluctuations beneath this region
are unable to associate a characteristic frequency with this process suggesting it to be random
and stochastic. The measurement techniques ability to resolve fluctuations occurring at a
frequency up to 130Hz coupled the frequency of fluctuations observed by Gilhome et al. [29]
and Nouzawa et al. [27] show the technique to be more than capable of capturing the fastest
regular periodic behaviour of a structure this size.
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X

Figure 5.16: Correlation coefficient distribution for the 20° configuration

Whilst this behaviour was not found to be periodic the correlation of pressure fluctuations
throughout the notch reveals the separated region to vary as a single structure. This behaviour
can be seen in Figure 5.16 that shows the correlation of pressure fluctuations across all
measurement points relative to those in the centre of the separated region, marked. The
correlation of these pressure fluctuations represented by their correlation coefficients, values
of one indicating strongly correlated signals in phase and minus one strongly correlated
signals in anti-phase, zero indicating no apparent correlation. Whilst fluctuations in the
vicinity of the separated region are random the high correlation coefficient shows them to be
synchronised. Pressure variations here are also correlated with perturbations in the trailing
pillar and attached flow region at the top of the backlight, albeit in anti-phase. However,
where RMS intensity is at its greatest, across the bootdeck and base, correlation coefficients
are essentially 0 and thus these fluctuations, whilst intense, appear to be heterogeneous and
therefore must be small scale.
The well correlated nature of the backlight flow coupled with the lack of a distinct
characteristic frequency associated with it suggests its variation stems from sensitivity to
random fluctuations of the onset flow. The absence of any notable characteristic temporal
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behaviour and the high stability of flow in this region enable its sensitivity to this to be
identified. Whilst the onset flows well controlled nature means the magnitude of any
perturbations are small.
Onset flow fluctuations that reduce the magnitude of the acceleration at the backlight header,
thus increasing pressure, are correlated with reducing pressure across the separated region.
Indicating the separated flow to strengthen and grow taking a form tending toward that
revealed by the conditional averaging shown to the right of Figure 5.15. This effect is
induced by the less energetic flow at the backlight header being increasingly susceptible to
separation causing this to occur earlier increasing the size of this region whilst enabling a
more coherent structure to roll-up within it. This weakening is also correlated with pressure
increasing (becoming less negative) beneath the trailing pillar vortex and along its
reattachment line; however, the low magnitude of pressure fluctuations across these regions
indicates the trailing pillar structures to have reduced sensitivity to onset flow state. The
opposite behaviour is true when perturbations cause the onset flow to strengthen, i.e. the
separation is suppressed.
The lack of correlation between fluctuations across the bootdeck with those on the backlight
indicate there to be little, if any, sensitivity to onset flow here, what sensitivity there is
instead masked by this regions own temporal characteristics. Figure 5.17 left shows the
average power spectrum of fluctuations across the backlight, bootdeck and base. Whilst on
the backlight the large-scale variation resulting from onset flow sensitivity can be seen
toward lower frequencies, below 5Hz, a distinct spectral peak centred on 60Hz is present
across the bootdeck and base.
Taking the sum of energy in a 10Hz band centred on 60Hz across all measurement locations
allows the distribution and prevalence of these fluctuations to be visualised, Figure 5.17 right,
values shown normalized to the maximum. The energy distribution within this band is
extremely similar to the distribution of RMS pressure fluctuations, Figure 5.11, confirming
these high-speed small-scale fluctuations to be responsible for the majority of the
unsteadiness across the bootdeck and base.
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Figure 5.17: Average power spectrum for each surface (L) energy distribution in 55-65Hz band (R)

A significant amount of energy is present in this band across the bootdeck and can be seen to
radiate out from a peak where the reattachment line impinges heavily at the backlightbootdeck intersection. Viscous effects subsequently damp these velocity fluctuations within
the flow as it diverges inboard toward the centreline in a better controlled attached flow
regime. Instability centred on this 60Hz band once again peaks immediately upstream of the
bootdeck trailing edge. An effect that is also visible in PIV measurements (right Figure 5.13)
where velocity fluctuations are high immediately above the surface in the boundary layer
here. Identical behaviour is present across the base where fluctuations peak in two bands
flanking its upper and lower edges, again in close proximity to the separating shear layers
here.
These higher speed small-scale fluctuations must therefore be driven by separating flow, with
large fluctuations in the vicinity of separations around the base and also across reattachment
regions on the bootdeck. The Strouhal number of these is equal to ~1.1 that coupled with the
lack of spatial correlation across these regions suggests they result from small-scale vortex
roll up within the shear layers that is identifiable in surface pressure measurements close to
separation and reattachment points. This is supported by Duell and Georges [12] observation
of shear layer roll up occurring at a similar Strouhal number (1.2) immediately downstream
of the trailing edge of a squareback geometry.
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5.3 The Arch/Hairpin Vortex In-Notch Flow Topology
This section presents the time-averaged results of oil flow, surface pressure and 13
streamwise PIV measurements performed on a geometry producing a flow topology
characterised by the formation of an arch/hairpin vortex; a structure prevalent in many
notchback investigations. Surface pressure and PIV measurements are subsequently analysed
to provide additional insight and understanding of the temporal behaviour of this flow type.
The geometries upon which this type of topology forms are typically representative of older,
early 1980s to 1990s (Figure 3.6), production notchback vehicles. These can generally be said
to generate higher levels of drag than their more modern counterparts. Their steeper
backlights producing strong trailing pillar vortices and large separations in the centre of the
notch, within which the arch/hairpin vortex forms, leading to increased pressure drag. In this
investigation both the 25° and 30° backlight angle configurations are seen to develop this
topology, the 30° flow field simply a stronger evolution of that produced at 25°. As such this
section focuses on the 25° topology discussing the 30° only where its form or behaviour
differs. For conciseness the complete analysis of the 30° configurations time-averaged and
time-variant flow field is consigned to Appendix E to which the reader is directed should a
comprehensive analysis be required.
5.3.1 Steady State Form
An annotated skin friction line image of the 25° configuration at 0° yaw is shown in Figure
5.18 and reveals the in-notch flow structures to have changed significantly from the
predominantly attached flow considered in section 5.2. These changes are predominantly
manifested in the separated flow in the centre of the backlight, circled (a), which has become
larger and migrated upstream toward the backlight header. Flow on the centreline now
separates downstream of the header at the location identified by the inflection in the
centreline pressure trace (Figure 4.15).
The topology within the separated region has also changed, taking on a distinct, coherent
form with flow rotating about a pair of cores (b & c) on the surface. These nodes infer the
presence of a curved transverse vortex forming within the separated region, its core attaching
to the surface at these locations in an identical manner to structures identified in previous
notchback investigations [23] [24] [25] [29]. Low pressure at the centre of this structure
induces negative pressure across this region, (a) Figure 5.19, thereby reducing the average
pressure acting upon the backlight and leading to the increased drag contribution of this
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surface compared to the largely attached topology (Figure 4.4) at 20°. Whilst increasing
backlight angle to 30° has no effect on the type of structures, it does increase the size and
strength of the central separation and thus the nodes forming within it. This results in
increasingly negative pressure acting across the now larger separated region increasing the
drag contribution of the backlight further from 25° to 30° (Figure 4.4). Nouzawa et al. [24]
and Sims-Williams et al. [25] also observed this progressive, evolutionary, growth of the
notchback topology with backlight angle albeit on sharp edged geometries.

Figure 5.18: 25° in-notch skin friction lines

The curved transverse vortex forms within the separated region as a result of the steeper
backlight worsening the longitudinal pressure gradient and inducing earlier separation. Along
its centre, line (d), this separated flow recirculates in a quasi-two-dimensional manner as
shown by flow moving up the backlight to the header along line (e). Outboard this structure
interacts with the separated shear layers, which enclose the trailing pillar vortices, where they
impinge along the reattachment lines (f & g) toward the top of the backlight. The significant
downwash induced by these bend the transverse vortex toward the surface at its edges
resulting in the core attaching at the aforementioned nodes. Rotation at these nodes is further
supplemented by the reattaching flows further down the backlight that diverge inboard (h & i)
and are ultimately drawn into this structure by the low pressure at the centre of the separation.
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Further down the backlight this in-wash aids pressure recovery at its base, (b) Figure 5.19, as
this laterally entrained flow diffuses into the notches increasing volume. Across both the 25°
and 30° configurations the separated region forms asymmetrically although the extent of this
reduces as backlight angle increases. This phenomenon continues to be driven by the
imbalanced trailing pillar vortices. The dominant right hand structure generating greater
lateral divergence at (i) thereby inducing increased rotation of the right hand node (c) and
ultimately leading to the dominance of structures forming on the right. Once more this
behaviour can be seen to force the equilibrium line (j) between these flows off to the left.

Figure 5.19: Time-averaged surface pressure distribution, 25° configuration

The trailing pillar vortices and associated secondary flows (k & l) remain largely unaffected
by the increased backlight angle. The shear layer separating from the sides of the model
continues to surround these features and impinge upon the surface along reattachment lines (f
& g). These lines encroach further toward the centreline as the trailing pillar vortices grow
along the edges of the backlight. The more rapid fall of the backlight does, however, increase
their strength. This effect can be seen in the area of increasingly negative pressure forming at
its upper outer corner, (c) Figure 5.19, elevated vorticity reducing pressure at the location the
core forms. This increased strength can be further inferred from the greater magnitude of the
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pressure peak on the reattachment line at the backlight-bootdeck intersection (d), increased
vorticity inducing greater downwash in the shear layer thereby increasing impingement
strength and stagnation pressure as this flow interacts with the bootdeck. Both these trends
persist as backlight angle increases to 30° with pressure magnitudes at both locations
increasing. Once again as the reattachment lines pass onto the bootdeck the attached flow
rapidly diverges inboard toward the centreline, (m & n) Figure 5.18; this regime continuing to
dominate this region.

Figure 5.20: Selected streamwise time-averaged PIV planes showing separated flow

A series of streamwise 2D PIV planes have been acquired intersecting the notch ±0.281y/Y
either side of the centreline in 0.047y/Y increments. A limited set of these are shown in
Figure 5.20 revealing the time-averaged flow along each represented by streamlines drawn
upon contours of normalised in-plane velocity. Considering first plane (a) that intersects the
centre of the separated region along line (d) in Figure 5.18 where the separated flow behaves
in a quasi-two-dimensional manner. Flow separation is visible downstream of the backlight
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header at the location identified in centreline pressure data (Figure 4.15). The separated
region forming downstream of this displaces streamlines from the surface thereby reducing
their curvature. The continued growth of the separated region at 30° further displaces the
overbody flow. This leads to the progressive reduction of local flow acceleration at the
header leading to reduced suction peak magnitudes, observable in centreline pressures
(Figure 4.13), and therefore reduced suction acting across the roof (Figure 4.9) as backlight
angle increases from 20° to 30°.
Within the separated region flow rolls up to form the transverse section of the curved vortex
downstream of the nodes toward the base of the backlight due to the strong overbody flow
forcing it to form in the more sheltered region of the notch. This positions it directly above
the pressure recovery region ((b) Figure 5.19) where the significant diffusion of the laterally
entrained flow here is sufficient to offsets the negative pressure associated with the close
proximity of this structure. On the bootdeck, circled, flow separates along the bifurcation
line, (j) Figure 5.18, where the two inwardly diverging flows meet forcing one another away
from the surface. This is identical to the behaviour observed by Jenkins [28] above the
bootdeck of a reduced scale production notchback geometry.
Flow outboard of the centre, toward the inner edge of the right hand node, (c) Figure 5.18, is
shown along plane d. Separation can once again be identified occurring at approximately the
same point downstream of the header. However, the vortex forming within it appears
stretched longitudinally with its core located further up the backlight as a result of its
curvature upstream to attach at its corresponding node. The strength of this vortex appears
reduced and its form less well defined; however, this effect is a result of the angle at which its
core intersects the measurement plane. Its curvature causes this to occur obliquely, an effect
known for making vortices increasingly difficult to identify, particularly in 2D measurements
as discussed by Raffel et al. [45].
Flow outboard of this point, outside the centre of the right hand node, is shown along plane e.
Separation along this plane can once again be seen to ensue at approximately the same point
on the backlight showing the time-averaged upper extent of this region to remain constant
across the models width. Behaviour corroborated by skin friction lines, Figure 5.18. Although
by this lateral position the curved vortex forming here can no longer be identified as its core
now runs approximately parallel to the measurement plane. This results in all its motion
being out of plane and therefore not capturable in these 2D measurements, rather the general
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downstream motion of fluid within this region as it rotates about the node inboard can be
observed.
This behaviour is identical on the opposing side along planes b & c. However along plane b,
located slightly inboard of the centre of the left hand node, the vortex identifiable along its
counterpart, plane d, is not visible. The reason for this can be seen in Figure 5.21 that shows
streamlines drawn along each of the 13 PIV planes, restricted to show flow only within the
separated region. Superimposed upon these is the rotation of flow on the surface within the
two nodes, as inferred from skin friction lines, and the core line of the curved vortex linking
them.
Due to the asymmetrical formation of the nodes the curvature of the vortex outboard of the
quasi-two-dimensional recirculation in its centre is less extreme on the right due to the greater
width the more dominant node affords it. On the left the smaller size of the node requires the
more rapid curvature of the transverse vortex to attach at the node. This therefore causes the
core to intersect plane b at a more oblique angle resulting in the majority of its motion being
out of plane and therefore it not being possible to identify the vortical structure here. The
combined data from all the planes clearly reveal this curved transverse vortex forming in the
notch that is characteristic of this notchback flow regime and extremely similar to the
structure observed by Gilhome et al. [29].

Figure 5.21: Combined time-averaged PIV planes streamlines highlighting separated flow
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5.3.2 Temporal Behaviour
This section explores the time-variant behaviour of the time-average flow topology described
previously. The RMS magnitude of surface pressure fluctuations throughout the notch and
across the base are shown in Figure 5.22, for reference average surface static pressure is
shown in Figure 5.19, and reveal fluctuations in the notch to have increased significantly
from the largely attached topology (Figure 5.11), an expected behaviour due to the inherently
unstable separated flow now present here. However, there are similarities between these
topologies. These can be seen in the low magnitude of pressure fluctuations beneath the
trailing pillar vortex that continue to infer its stable position and strength. And further in
pressure fluctuations radiating radially out from the pressure peak at the backlight-bootdeck
intersection, although, the magnitude of this peak is now an order greater showing
instabilities to have intensified significantly with impingement strength. This corroborates
Strong et al. [60] findings where surface pressure fluctuations on a flat plat were seen to
increase in line with the impingement strength of a subsonic jet upon it.

Figure 5.22: RMS pressure distribution, 25° configuration

Pressure fluctuations differ most significantly from the largely attached topology in the upper
half of the backlight where they are elevated across the region flow now separates. The extent
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of these elevated fluctuations is coincident with the node identified in skin friction lines, (b)
Figure 5.18, instabilities peaking at its core. These high levels can be partly attributed to
unsteadiness induced by high velocity gradients within it. However, further analysis has also
revealed a periodic growth and shedding behaviour associated with it identical to that
identified by Gilhome et al. [29]. The cyclic strengthening and weakening of its vorticity as it
grows and is subsequently shed leading to significant pressure variations over the cycle.
This shedding behaviour can be observed in the varying position of the instantaneous location
of maximum vorticity along the -0.047y/Y PIV plane intersecting the centre of the separated
region. These are shown in Figure 5.23, the method proposed by Grosjean et al. [59] and used
to determine the instantaneous positions of the trailing pillar vortices in section 5.2.2 utilised
again here. Vorticity can be seen to peak throughout the time-averaged extent of the
separated region with a reasonably consistent distribution. Indicating this structure to vary
significantly, had it been stable these points would have been concentrated within a small
area about the time-averaged location of the vortex core (Figure 5.20). This distribution
instead suggests the transverse vortex forms at the top of the backlight and migrates
downstream toward the backlight-bootdeck intersection where it is shed and the process
repeats.

Figure 5.23: Instantaneous location of maximum vorticity along the separation centre

To prove this to be the case a conditional averaging technique has been applied using the
location of maximum vorticity as the trigger. Three small arbitrarily selected areas were
chosen for this such that they approximately spanned the extent of the vorticity distribution.
Approximately 20 instantaneous measurements fell within each of these and are highlighted
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in red, green and orange in Figure 5.23. The conditionally averaged velocity fields generated
from these regions are shown in Figure 5.24, red – (a), green – (b) and orange – (c).
Considering initially (a), generated from fields in which vorticity peaks above the centre of
the backlight. An extremely weak form of the separated flow is visible, the vortex linking the
nodes appearing highly immature and ill-defined with the region more akin to that of a simple
separation bubble. Interestingly, conditional averaging performed on vector fields in which
vorticity peaks upstream of this location yield essentially identical flow fields, showing this
to be the absolute weakest topology to form. The flow fields in which vorticity peaks
upstream of this region result from small scale highly localised features that typically roll up
within the shear layer, further showing the lack of coherence of the flow within the separation
during this phase. Therefore during this period the location of maximum vorticity is as likely
to be located within the separated shear layer as it is to be in the separation. Flow in this state
is therefore representative of the separated region at its weakest immediately after shedding
has occurred as the vortex begins to grow and re-establish itself.

Figure 5.24: Conditional averaged flow fields based on location of maximum velocity

A stronger form of the transverse vortex is shown in (b) where conditional averaging has
been performed using measurements in which vorticity peaks further downstream toward the
base of the backlight. The flow structure identified here is clearly more coherent and better
developed than in (a). The fluid within the separated region now clearly rotating about a
single well defined core that appears similar to its time-averaged form (Figure 5.20 a). This
reveals the transverse vortex to strengthen as it develops and propagates downstream toward

- 155 -

5. In-Notch Flow Topologies
the bootdeck. This strengthening can also be seen to induce a strong downwash in the
separated shear layer enclosing it causing it to impinge forcefully at the front of the bootdeck,
indicated. This partly supresses the bifurcation of flow from the bootdeck downstream,
significantly modifying both the local flow and pressure field.
The vortex continues to grow as it propagates downstream until it reaches the base of the
backlight where it is shed into the wake. This stage of the cycle can be seen in (c) where
conditional averaging has been performed on vector fields in which vorticity peaks above the
backlight-bootdeck intersection. A strong vortex can be clearly identified at this location
having just been shed. This is coupled with the separated region upstream having collapsed
back to a form almost identical to that in (a); a weak incoherent vortex beginning to form in
its centre ready for the cycle to repeat once more. The presence of the shed vortex displaces
the shear layer preventing it impinging upon the bootdeck and causing it to flap in time with
this process, behaviour responsible for the elevated pressure fluctuations across the bootdeck.
This is identical to the shedding observed by Sims-Williams et al. [25] on a sharp edge
notchback geometry that was also said to be coupled with vortex shedding. Downstream of
this location vorticity peaks above the bootdeck along the path the vortices are shed in only a
limited number of measurements, Figure 5.23. Thereby indicating the shed vortex to rapidly
disperse due to viscous effects and its interaction with the dominant trailing pillar flows as
the shear layer separating from the backlight header no longer feeds and energises it.

Figure 5.25: Surfaces of resultant (x & z) RMS velocity fluctuations through PIV data

The shedding behaviour identified by Gilhome et al. [29] showed the curved transverse
vortex to grow in an identical manner to that shown here before being subsequently shed into
the wake as a complete structure. The transverse section and longitudinal legs referred to as a
‘hairpin’ vortex. Whilst the shedding behaviour of the central transverse section of the vortex
is clearly shown in Figure 5.23 and Figure 5.24 the shedding of these legs can instead be
inferred from RMS velocity fluctuations.
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These are shown in Figure 5.25 where surfaces of RMS magnitude are drawn at 10, 12 and
14 ms-1 through the resultant RMS field compiled from the 13 2D streamwise PIV planes14.
The form of these surfaces, particularly in the 10 and 12ms-1 cases, reveal fluctuations to be
elevated within a pair of ‘tubes’ running downstream from each node. These extend all the
way to the rearmost edge of the measurement planes indicating fluctuations to extend into the
far wake and therefore must result from a shedding process. The shed legs periodically
disrupting flow along the path they propagate. Further evidence of the structure succumbing
to the effects of viscosity and interaction with other flow features after being shed can be seen
in the extent of the higher 14ms-1 fluctuations. These restricted to an area within the notch
showing the strength and thus disrupting effect of this structure to be greatest throughout the
growth phase before it is shed.

X

Figure 5.26: Correlation of pressure fluctuations throughout the notch and across the base

Whilst it cannot be definitively shown from PIV data that the shedding process is
synchronised across the structure due to the measurement planes being acquired successively,
14

The resultant RMS magnitude calculated from the RMS magnitude of longitudinal and vertical velocity
fluctuations due to the 2D measurements streamwise orientation.

- 157 -

5. In-Notch Flow Topologies
the correlation of pressure fluctuations across the surface do indicate this to be the case.
Figure 5.26 shows the correlation of pressure fluctuations throughout the notch and across the
base with a point in the centre of the left hand node, indicated. This data clearly shows
pressure fluctuations across this region to be well correlated and thus variations to be
synchronised inferring the growth and shedding of the transverse vortex, responsible for the
pressure field, to be so also. The asymmetry present in the flow also allows the relationship
between fluctuations at the two nodes to be observed as the right hand node encroaches past
the centreline into the measurement domain. The high correlation coefficients on the
centreline show fluctuations at both nodes to be synchronised and therefore the growth and
shedding of the transverse vortex to be a coextensive process. Differing from the transverse
vortex shedding identified by Nouzawa et al. [27] that was found to occur alternately from
each side of the notch in a manor synonymous with a von Kármán vortex street.
Correlation coefficients show pressure fluctuations across the base to be independent of those
in the notch indicating the shed vortex to have little influence upon flow here. Its degradation
after shedding and thus its deterioration by the time it reaches the trailing edge of the
bootdeck believed to be partially responsible for this. However, within the notch pressure
fluctuations in the trailing pillar region do exhibit a degree of interaction with the transverse
vortex. Those at the upper outer corner of the backlight, where the trailing pillar vortex
forms, vary with an anti-phase relationship. Whilst those on the bootdeck along the
reattachment line running to its trailing edge fluctuate in-phase with the separated region.

Figure 5.27: Conditional averaging (L-R): 2σ below mean, mean, 2σ above mean
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The variation of these regions and their interdependencies can be better observed using a
conditional averaging technique. Fluctuations at the correlation coefficient source, Figure
5.26, in the centre of the left hand node used as the trigger with averaging performed when
pressure exceeds ±2σ of the mean. These are shown in Figure 5.27, 2σ below on the left and
above on the right with the time-averaged field in the centre for comparison. As expected
results show a clear strengthening and weakening of pressure across the extent of the
separated region as the transverse vortex grows and is subsequently shed. The pressure
distribution on the left representative of this structure at its strongest (Figure 5.24 (b)) where
high vorticity induces increasingly negative pressure at its core and therefore the location it
attaches to the surface. The distribution on the right shows it at its weakest immediately after
shedding (Figure 5.24 (a)). Interestingly this pressure field is extremely similar to the largely
attached topologies time-averaged distribution (Figure 5.4). Whilst the flow has been shown
to not collapse back to this state it does reveal its extremely benign nature immediately after
the transverse vortex is shed.
Differences are also visible in the region of positive pressure on the bootdeck where the
overbody flow impinges and partially stagnates. The flapping of the shear layer drives this
which itself is dependent upon the shedding process. When the separated region is at its
strongest, right Figure 5.27, this impingement is stronger and concentrated across a smaller
area towards the centre of the bootdeck. The elevated vorticity within the transverse vortex
inducing greater downwash in the shear layer surrounding it and causing it to impinge more
forcefully as highlighted in Figure 5.24 (b). However, when the separated region is at its
weakest the strength of this stagnation reduces as the general downwash of the overbody flow
becomes less forceful due to the lack of a coherent vortical structure in the separated region,
Figure 5.24 (a), reducing partial stagnation pressure.
The variation of the trailing pillar flow identified in the correlation coefficient distribution,
Figure 5.26, can also be seen in the conditional averaging, Figure 5.27. When the separated
region is at its strongest the trailing pillar flow weakens. As indicated by pressure beneath the
core increasing whilst subsequently reducing along the reattachment line indicating reduced
stagnation here. This occurs as the separated shear layer impinging along the reattachment
line on the backlight is drawn inboard by, and into, the strong curved transverse vortex in the
notch. This reduces the amount of flow driven outboard which feeds into the trailing pillar
vortices leading to their strength and vorticity reducing, as illustrated in Figure 5.28. The
opposite behaviour occurs after the transverse vortex is shed when the separated region
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collapses back to its weakest extent. This dependency of the trailing pillar vortices upon the
state of the separated region leads to the elevated RMS pressure fluctuations at the peak on
the bootdeck and in the vicinity the core emanates from the backlight (Figure 5.22).

Figure 5.28: Illustration of the separated and trailing pillar flow interaction

To determine the periodicity of this structure a power spectrum of pressure fluctuations at the
centre of the separated region, the location used for the correlation coefficient distribution
and conditional averaging previously, is shown in Figure 5.29. Compared to the average
power spectrum of pressure fluctuations across the backlight in the case of the largely
attached topology (Figure 5.17 red) a more clear spectral behaviour is apparent. Fluctuating
energy concentrated in frequencies below ~15Hz above which they rapidly drop off to a
background level comparable to the largely attached topology. The lack of a single peak but
rather elevated energy up to a given frequency indicates this growth and shedding behaviour
to be essentially random. The bandwidth of these fluctuations limited by the maximum rate at
which the process can occur, as governed by its scale, restricting this to ~15Hz whilst its
random nature produces the flat energy distribution at frequencies below this cut off.
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Figure 5.29: Power spectral density of pressure fluctuations within the separated region

Whilst the time-average form of the in-notch flow is largely identical between the 25° and
30° configurations, its temporal behaviour does change as backlight angle increases. Surface
pressure fluctuations decrease markedly across the separated region, Figure 5.30, indicating
the stability of the transverse vortex to have increased. The more sharply inclined backlight
producing a stronger adverse longitudinal pressure gradient that stabilises the separation
location of the overbody flow. This ultimately results in the shedding process no longer
occurring and thus the temporal variation of surface pressure across this region to reduce
significantly.

Figure 5.30: RMS pressure distribution, 30° configuration
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Although increasing backlight angle does serve to stabilise the flow in the notch it continues
to exhibit a regular fluctuation that is partly responsible for the elevated surface pressure
fluctuation magnitudes across the bootdeck, consistent with the 25° configuration. The
extremes of the transverse vortex are shown in Figure 5.31 that shows flow in the centre of
the separated region along the -0.047y/Y PIV plane. This has been conditionally averaged
using a point of high RMS velocity as the trigger, marked, with averaging performed when
velocity at this point exceeds ±2σ of the mean. The upper field showing the stronger and the
lower the weaker state, velocity fields here represented by streamlines drawn upon contours
of RMS velocity fluctuations.

Figure 5.31: Conditionally averaged streamlines (µ±2σ) over RMS velocity, -0.047y/Y

Figure 5.31 shows the flow within the separated region to vary between a strong vortex
forming toward the base of the backlight and a weaker vortex forming further upstream close
to the header. The reduced difference between these extremes, compared to the shedding
behaviour at 25° results in the significant reduction of surface pressure fluctuations beneath
this structure. However, although the variation of the vortex is reduced its effect on the
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separated shear layer surrounding it remains pronounced. With the vortex in its strengthened
state, top, the increased vorticity within it induces a significant downwash in the shear layer
surrounding it causing it to impinge strongly at the forward edge of the bootdeck. Whilst in
its weaker state the trailing pillar flow bifurcating from the bootdeck is sufficient to displace
the shear layer preventing it reattaching. The flapping of the shear layer and its periodic
impingement on the bootdeck therefore leads to the high surface pressure fluctuation
magnitudes present here.
By applying the conditional averaging technique to surface pressure measurements the effect
of this variation of the off-body flow on surface pressure can also be seen. This was
performed using a point of high fluctuation magnitude on the bootdeck as the trigger with
averages again taken when pressure exceeded ±2σ of the mean. The results of this technique
are shown in Figure 5.32 low pressure at this point on the left and high on the right. Pressure
distributions clearly reveal 2 different, distinct topologies showing flow structure variation to
be both large scale and correlated. It is therefore valid to superimpose the results of
conditional averaging performed on all the PIV measurement planes, identical to that in
Figure 5.32, upon these pressure fields, these are shown as streamlines that have been
positioned such that they pick out the separated flow structures.

Figure 5.32: Conditionally averaged PIV and surface pressure

In the case of the strengthened vortex, left, the stronger vorticity and thus impingement this
induces generates higher surface pressures in the centre of the bootdeck. However, it is also
apparent that this strong deflection of the overbody flow is coupled with pressure increasing
- 163 -

5. In-Notch Flow Topologies
at the peak where the shear layer surrounding the trailing pillar vortex impinges on the
surface. This is believed to be due to a combination of two effects, firstly the strong
downwash in the centre inducing additional downwash in the flow surrounding the trailing
pillar vortex. And secondly, the presence of the overbody flow reattaching in the centre of the
bootdeck preventing flow diverging inboard and thereby increasing the degree to which it
stagnates. When the transverse vortex forms in its weakened state the lack downwash induced
in the overbody flow allows the flow entrained laterally into the notch to deflect the overbody
flow away from the surface therefore reducing static pressure across the bootdeck.
Whilst no large scale shedding is identifiable the periodic variation of this structure must be
driven by a varying rate of flow entrainment into/from it. This effect has been identified by
both Duell and George [12] and Kiya and Sasaki [33] as the mechanism by which the size of
a squareback wake and a turbulent separation bubble forming at the leading edge of a flat
plate varied. In the case of the temporal behaviour of the 25° flow field the flow entrained
within the separated region is periodically released as the structure reaches a critical size and
is shed into the wake. However, extensive use of a number of analysis techniques and study
of the instantaneous vector fields showed there to be no evidence of this behaviour when
backlight angle is increased to 30° .
However, the application of a mathematical technique called Proper Orthogonal
Decomposition (POD) does reveal the presence of a flow structure that is responsible for
driving the temporal behaviour present at this backlight angle. POD is a technique that takes a
set of instantaneous measurements and decomposes them into a set of basis functions which
when combined describe the flow field at each measurement instant. In much the same way a
Fourier transform decomposes a temporal signal into its constituent frequency components
POD works on two- and three-dimensional temporal datasets to describe the various spatial
modes present within the data.
Where a Fourier transform outputs the phase angle and magnitude of the frequencies
contained within a temporal signal POD outputs a series of vector fields analogous to those
frequencies. Each vector field an orthogonal field describing a temporal flow mode, these
modes are ranked according to their fluctuating energy content as a proportion of the total
contained within the dataset. Associated with each field is a temporal coefficient that
describes how prevalent the mode is in each instantaneous measurement. After performing
POD analysis approximations of the flow field at each measurement can subsequently be
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reconstructed using a subset of selected modes to enable complex flow behaviours to be more
readily identified and background small scale structures/noise to be removed from the
dataset. Whilst the complex mathematic functions behind this technique are beyond the scope
of this work the “Method of Snapshots” approach used here is covered in detail by Sirovich
[61] .
The three most energetic, or dominant, modes from POD analysis performed on the
measurement set taken along the -0.047y/Y plane are shown in Figure 5.33, Figure 5.34 and
Figure 5.35. The individual and cumulative energy content of all the modes are shown in
Figure 5.38. In each case the flow modes are represented by streamlines drawn upon contours
of normalised in-plane velocity.

Figure 5.33: Most energetic POD mode – bifurcation of flow from the bootdeck

Figure 5.33 shows the most energetic of the POD modes that Figure 5.38 shows to contain
~26% of the fluctuating energy content of the entire flow field. This mode reveals the strong
bifurcation of flow away from the bootdeck that occurs when the transverse vortex is in its
weakened state. However, when its temporal coefficient is negative it is also representative of
flow impinging at the leading edge of the bootdeck. This flow behaviour is clearly
identifiable in the conditional averaging shown in Figure 5.32 and results from the varying
strength of the transverse vortex inducing varying amounts of downwash in the separated
overbody flow passing above it. As downwash is reduced the overbody flow is no longer able
to suppress the bifurcation of the trailing pillar flow from the centre of the bootdeck where
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the two inwardly diverging flows meet. Whilst this behaviour is apparent in the conditional
averaging the POD analysis confirms this temporal behaviour to be extremely powerful, as
expected due to it driving a large-scale temporal variation, namely the oscillation or
‘flapping’, of the overbody flow downstream of the header.
The second most energetic of the temporal modes identified is shown in Figure 5.34. Figure
5.38 shows this temporal mode to contain ~16% of the fluctuating energy content and
therefore this mode to be almost half as energetic as the shear layer flapping identified in the
first mode. This temporal mode shows the changing strength and vorticity of the transverse
vortex structure, positive temporal coefficients show a strengthening of the vortex whilst
negative indicate a weakening of the time-average flow. Whilst the flapping mode contains
more energy it is actually this behaviour that drives the varying amount of downwash induced
in the shear layer. Although the POD techniques gives additional insight into the strength of
this temporal mode this behaviour is again clearly identifiable in the conditional averaging
presented in Figure 5.32.

Figure 5.34: Second most energetic POD mode – strength variation of the transverse vortex

Whilst the two most energetic POD modes reveal behaviour identifiable in the conditional
averaging the third most energetic mode shown in Figure 5.35 cannot be. Figure 5.38 shows
this mode to contain ~15% of the fluctuating energy content, only slightly less than the
subsequent mode. Whilst this mode is only the third most energetic it appears that this
structure drives the two more energetic modes. This mode reveals the presence of a strong
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vortex train forming in the separated shear layer surrounding the transverse vortex, because
of this structures nature it is not identifiable when averaging techniques are applied. This
structure appears to be responsible for driving the varying rate of flow being entrained into
and out of the transverse vortex which ultimately causes its size and strength varying in an
identical manner to that observed by Duell and George [12] and Kiya and Sasaki [33]. The
similar energy contents of this and the second mode certainly suggest this structure to be
sufficiently strong such that it is capable of driving the more dominant flow modes.

Figure 5.35: Third most energetic POD mode - shear layer roll-up

The alternate rotation of the vortices within this vortex train lead to a high speed, small-scale
variation of the amount of fluid entrained into the separated region and therefore the fluid
mass contained within the transverse vortex. If the strength of this vortex train was not to
vary the alternative rotation of these shed vortices would result in the fluid mass entrained
into this structure being equal to that extracted from it. However, analysis of this structures
temporal coefficient, shown in Figure 5.36, which indicates the strength of this mode in each
of the instantaneous PIV measurements shows the strength of this vortex train to vary by
~±5%, across all measurements. An effect which will act to continually vary the rate of
entrainment into/from the separated region that will in turn cause the size and strength of the
transverse vortex forming within it to vary. It is therefore the presence of this structure that
drives the dominant temporal behaviour observed at this backlight angle.
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Figure 5.36: Temporal coefficient indicating the strength of the third POD mode in each PIV sample

Figure 5.37 shows the frequency content of surface pressure fluctuations beneath the
transverse vortex. This spectra reveals the surface pressure fluctuations induced by this
vortex train to be low speed with the majority of the energy contained within them beneath
~10Hz, and random, with no single clear spectral peak associated with this. This behaviour is
consistent with the varying rate of flow entrainment driven by the random variation of the
vortex train causing the size and strength of the transverse vortex to oscillate. Its speed
limited by the low entrainment rate of the vortex train requiring long periods of its increased
or reduced strength to notably effect the size and strength of the separated region due to the
transport rate of the small vortices being relatively low.

Figure 5.37: PSD of pressure fluctuations within the separated region

- 168 -

5. In-Notch Flow Topologies
Considering the POD modes above the third, Figure 5.38 shows the energy content of these
subsequent modes to drop off quickly, the fourth mode containing less than 10% of the
fluctuating energy content and modes above the tenth containing less than 1%. Studying the
cumulative energy content of the modes it is apparent that over 60% of the fluctuating energy
content of the flow is contained within the first three temporal modes indicating the majority
of the flows temporal behaviour to be described by these.

Figure 5.38: Energy content and cumulative energy content of the POD modes

Analysing the fourth and subsequent modes reveals these to simply describe background
turbulence contained within the onset flow. An example of one of these less energetic modes
is shown in Figure 5.39, whilst vortical structures can be identified within this mode they are
evenly distributes throughout the measurement domain. This distribution therefore indicates
these structures to be present in the onset flow and to not be induced by the presence of the
model. When higher, less energetic, modes are considered these structures remain identifiable
although their size reduces with increasing mode number showing these eddies to correspond
to successively shorter turbulent length scales which contain progressively smaller amounts
of the flows fluctuating energy.
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Figure 5.39: Typical low energy small-scale turbulent POD mode
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5.4 The Critical Geometry and Bi-Stable Flow Topology
This section presents the time-averaged results of oil flow, surface pressure and 13
streamwise PIV measurements performed on the 35° configuration. The surface pressure and
PIV measurements are also used to provide insight into the temporal behaviour of the flow.

Figure 5.40: 35° in-notch skin friction lines

An annotated skin friction line image of the 35° configuration at 0° yaw is shown in Figure
5.40 and reveals the in-notch flow structures to have varied significantly from those
generated by the shallower configurations. The two distinct nodes previously present (20°
Figure 5.3, 25° - Figure 5.18) replaced by a general up- and in-wash of flow across the
backlight (a). On the bootdeck a large single node (b) forms away from the centreline towards
the outboard edge, no equivalent structure is present on the opposite side revealing this
topology to be highly asymmetric. This asymmetry is so pronounced that different flow
structures form across the centreline in contrast to the imbalanced, but symmetrical,
structures produced by the shallower configurations. Inboard of this node a faint reattachment
line (c) is visible; downstream of which the surface flow moves toward the bootdeck trailing
edge with a large inward component. As with all previous configurations longitudinal trailing
pillar vortices (d & e) form either side of the backlight and bootdeck. Whilst these appear
larger than those generated previously they form further downstream, a consistent trend with
increasing angle, their reattachment lines now visible only across the lower half of the
backlight and bootdeck.
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A more detailed examination of the pressure measurements taken across this region does,
however, show this flow to be more complex than the largely steady, but asymmetric,
topology the skin friction lines in Figure 5.40 might suggest. A typical pressure trace from a
tapping within the notch across the sample period is shown in red in Figure 5.41 alongside a
trace from a point on the nose close to the front stagnation, blue. Considering the trace from
the backlight; a clear and instantaneous switch between pressure varying about one stable
value to another, and back again, occurs at ~15s and ~23s, respectively. Whilst the absolute
magnitude of this switch varies as a function of the tapping’s location this behaviour is
identifiable, and synchronised, across all measurement points in the notch indicating it to
result from a significant large-scale, global flow topology change. Taking the blue trace,
located close to the front stagnation point as a measure of onset flow condition it is also clear
that there is no corresponding variation upstream thereby showing this behaviour to not be
triggered by a large change of onset flow condition. Rather this geometry must be capable of
supporting two flow regimes between which the flow switches. As this switching is not
associated with a corresponding notable change of onset flow condition it must be triggered
by a small perturbation in the flow, only a very small deviation of the onset flow away from
the mean required to invoke the switching of modes. This is identical to the bi-stable in-notch
flow identified by Lawson et al. [30] on an executive production notchback scale geometry.

Figure 5.41: Switching of in-notch flow topology between states
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To estimate the drag coefficient associated with each flow state an area weighted calculation
has been performed15, the results of which are shown alongside all configurations in Figure
5.42. Measured drag from the balance shown as the solid red line with the dashed red line
representing the calculated, area weighted, drag coefficient of the 35° configurations two
states. The balance measured drag can be seen to fall between the two calculated values
suggesting both these states to have been present during the period balance data was
acquired. Analysing the drag contributions of the base and front slant show these to remain
consistent between states inferring the base regions insensitivity and lack of coupling with the
in-notch flow and the consistency of the onset flow upstream of the notch.
The change in drag can instead be solely attributed to the backlight, the contribution of this
surface responsible for +0.021CD, or an 8%, delta, between the low- and high-drag states.
The overall drag response driven by the backlight corroborates Sims-Williams et al. [25]
findings where drag was initially found to increase as a function of backlight angle whilst the
overbody flow reattached on the bootdeck and subsequently decreased in a step like manner
as it separated fully at steeper angles. It is therefore possible that this geometry is capable of
supporting both these reattaching and separated flow types in a similar manner to the flow
observed by Ahmed et al. [10] over a critical, sharp-edged, fastback geometry. The 30°
backlight angle in that case capable of supporting both a reattaching, high-drag, and fully
separated, low-drag, topology. However, in Ahmed et al. [10] study the high-drag state was
forced through the use of a longitudinal symmetry condition (splitter plate) whereas the
behaviour here is bi-stable, the flow switching between regimes as the onset flow condition
varies subtly.
The overall drag coefficient, Figure 5.42, clearly shows drag across the reattaching regime,
20° to 35° (high-drag state), to increase in a linear manner with backlight angle, behaviour
likely driven by the strengthening trailing pillar and transverse vortices increasing suction
across the backlight. Where this structure breaks down at 35°, to the low drag state, a step
drag decrement is observed. However, at backlight angles greater than this the drag response
differs from that observed by Sims-Williams et al. [25] with drag continuing to increase with
backlight angle rather than stabilising at a constant value. This possibly due to the rounded
trailing pillars utilised here compared to the sharp edges in the aforementioned case.

15

The assumption made that the skin friction contribution calculated for the combined states remains constant
between the low- and high drag states; based on the assumption that wetted area remains constant.
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Figure 5.42: Area weighted drag contributions, 35° low- and high-drag states

5.4.1 Steady State Forms
To determine whether the high- and low-drag flow topologies are indeed the result of the
transverse vortex strengthening and breaking down, respectively, both pressure and PIV
measurements have been conditionally averaged to reveal the flow structures present in each
state. In the case of the surface pressure measurements this was achieved by simply binning
the data through the manual identification of the switching points using the trace in Figure
5.41. This was made possible due to the techniques high-temporal resolution that allowed
each state to be captured by a large number of contiguous samples enabling the few switches
to be definitively and easily located.
However, in the case of the PIV measurements the low sample rate and thus long sampling
time meant a greater number of switches were captured by fewer continuous samples. As
illustrated by the large number of switches identifiable in a trace of instantaneous resultant
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velocity from a high RMS point shown on the left of Figure 5.43. In this trace velocity can be
observed varying about the two discrete means associated with each state. The variation
about these more clearly shown on the right where the resultant velocity distribution clearly
shows the two peaks associated with each. The multiple state changes present in this data
make it both difficult and time consuming to manually bin therefore a statistical method was
applied, state inferred when velocity exceeded ±1σ of the overall mean. This made possible
due to the flow spending an approximately equal amount of time in each state, although the
velocity distribution does reveal a slight bias; flow spending ~56% of its time, based upon the
ratio of peak heights of the fitted curve, in the low-drag state. Whilst the periodicity of this
switching cannot be definitively determined from the PIV measurements due to the low data
capture rate and non-fixed timing. The plot of instantaneous velocity in Figure 5.43 suggests
sample sizes of 25 to 100 samples are typically captured before a switch occurs. Based on a
5Hz sampling rate would suggest that each state persists between 5 and 25 seconds before a
perturbation sufficient to set the alternate state occurs.

Figure 5.43: Instantaneous velocity at high RMS point (L) and velocity distribution (R)

The conditionally averaged PIV and pressure measurements are shown overlaid below in
Figure 5.44. The off-body flow and pressure fields associated through the manual inspection
of their salient features such as matching the strong downwash in the PIV with the partial
stagnation on the bootdeck and the suction region across the backlight with the prominent
transverse vortex, highlighted in orange and red respectively. Combining these measurement
techniques confirms the reattaching and separated flow topologies identified by Sims-
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Williams et al. [25] to be supported, and indeed responsible for, the high- and low-drag
states.

Figure 5.44: Pressure distributions associated with the low- and high-drag flow states
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5.4.1.1 High-drag Flow Topology
The reattaching high-drag regime is shown in greater detail in Figure 5.45 that shows
manually binned surface pressure measurements alongside conditionally averaged PIV data
displayed at ½ lateral resolution for clarity. PIV measurements are presented as in-plane
streamlines drawn upon contours of normalised in-plane velocity. This flow structure can be
identified an evolution of the arch/hairpin topology generated by the 25° and 30°
configurations covered in section 5.3. The overbody flow separating from the backlight
header and reattaching toward the trailing edge of the bootdeck with flow rolling up within
the separated region form a highly coherent transverse vortex.

Figure 5.45: High-drag state, conditionally averaged PIV and surface pressure measurements

In this state the strong trailing pillar vortices, the presence of which are indicated by the
stagnation toward the outboard of the bootdeck and skin friction lines (Figure 5.40 (d & e)),
combines with the transverse vortex to induce sufficient downwash in the separating
overbody flow enabling it to imping and reattach on the bootdeck. However, the greater
effective angle and therefore reduced proximity of the header to the bootdeck delays this
impingement to a point immediately upstream of the trailing edge. This therefore suggests
that a 35° backlight angle, combined with this bootdeck geometry, is pre-critical and that any
subsequent increases would preclude the overbody flow from reattaching and therefore
forming in this regime. A behaviour that is reflected in body-forces, a step drag reduction
apparent between the 35° high drag state and the 40° configuration as backlight angle
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exceeds this critical point. This rearward migration of the overbody flow reattachment point
with backlight angle can be better observed in Figure 5.46. The in-notch pressure
distributions of the 25°, 30° and 35° (high-drag) configurations are shown with dashed black
lines overlaid intersecting the centre of the partial stagnation regions.

Figure 5.46: Comparison of pressure fields induced by the reattaching flow regime

Figure 5.46 also reveals the effect backlight angle has on the suction induced by the
transverse vortex across the region it forms, a behaviour that is reflected in the increasing
area-weighted drag contribution of the backlight (Figure 5.42). Its greater inclination
increases curvature which inturn induces greater acceleration in the flow increasing velocity
local to the header that serves to worsen the adverse longitudinal pressure gradient across the
notch. This works to promote the rollup of flow within the separation bubble to ultimately
produce a stronger, more coherent, transverse vortex. An effect that is further supplemented
by the improving longitudinal cross-sectional aspect ratio of the separated flow, with
backlight angle, which causes this region to take on a form more sympathetic to the formation
of a vortex within it. As Figure 5.45 shows, this vortex is the strongest and most coherent of
those seen across the previous configurations exhibiting this topology.
Figure 5.46 also reveals the increasing strength of the trailing pillar vortices, in part
responsible for this geometry’s ability to support this reattaching regime. As discussed
previously the more rapid fall of the backlight induces greater angular momentum in these
trailing pillar structures as the vortices rollup over a shorter longitudinal distance. The
increasing strength of these structures can be seen in the continuing reduction of pressure
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beneath the region they span, (a) Figure 5.46. The progressively delayed roll-up of these
structures with backlight angle, previously inferred from skin-friction lines, can also be seen
in this comparison of surface pressure measurements. The point at which the pressure
discontinuity toward the outboard of the backlight, (b) Figure 5.46, where the separated flow
surrounding the vortices reattaches on the surface moving downstream. The increasing
strength and thus dominance of the transverse vortex progressively displacing and delaying
the formation of the trailing pillar vortices.
A further indication of both the increased strength and delayed roll up of these vortices can be
seen in the position and magnitude of the pressure peak forming at the node toward the
outboard edge of the bootdeck. The overbody flow driven into this surface, visible in the
outboard PIV planes Figure 5.45, produces this peak where it partially stagnates. The stronger
trailing pillar vortices and thus greater downwash they induce in this flow increase the degree
to which it partially stagnates as backlight angle increases. Whilst the progressive migration
downstream of this feature further highlights the delayed rollup of the structures due to the
growing transverse vortex dominating flow at the upper outboard corner of the backlight.
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5.4.1.2 Low-drag Flow Topology
The separated low-drag regime is shown in greater detail in Figure 5.47 that shows manually
binned surface pressure measurements alongside conditionally averaged PIV data displayed
at ½ lateral resolution for clarity. PIV measurements presented as in-plane streamlines drawn
upon contours of normalised in-plane velocity. When compared to Figure 5.45 these results
reveal the significant flow topology change that occurs between states. The mainly coherent
topology dominated by high levels of vorticity, both longitudinally and transversely, in the
high-drag state, replaced by a largely separated flow supporting no coherent vortical
structures in the low.

Figure 5.47: Low-drag state, conditionally averaged PIV and surface pressure measurements

In the low-drag state the deflection of the separated overbody flow toward the bootdeck is
significantly reduced preventing it reattaching. This lack of reattachment reflected in the
lower pressures acting across the bootdeck due to this regions immersion within the separated
wake coupled with the lack of impingement of the overbody flow upon it. This reduces
pressure at the base of the backlight weakening the adverse longitudinal pressure gradient
acting through the notch. An effect that in-turn lessens the tendency of the flow within the
separated region to roll-up and form the transverse vortex. In the low-drag state this structure
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is instead replaced by a large low-pressure wake acting to draw the bulk flow surrounding it
in toward its centre.
The bulk of the flow drawn into the separated region is pulled around the trailing pillars; this
in-wash replacing the strong trailing pillar vortices that formed in the high-drag reattaching
regime. The lack of these structures inferred by the lack of impingement at the outboard
edges of the backlight. This can be seen in the outboard PIV plane, where flow is now fully
separated, and in the absence of both the pressure disparity ((b) Figure 5.46) at the outboard
edge of the backlight and the high-pressure node on the bootdeck where the shear layer
surrounding this structure previously impinged and partially stagnated.
Skin friction lines in Figure 5.40, which have to be interpreted with caution due to the two
states contributing to them, reveal further evidence of flow being drawn into the notch around
the upper trailing pillars. This behaviour can be observed in surface pressure measurements in
which pressure appears depressed at the upper outboard corner of the backlight where the
flow entering the notch laterally accelerates around the corner, (a) Figure 5.47. As this flow
has a large through plane component this motion is not entirely clear in the outboard PIV
planes. However, as this in-wash approaches the centreline streamlines begin to show it
recirculating, being drawn up the backlight and into the heart of the separated region. This
behaviour can again be inferred from skin friction lines, (a) Figure 5.40.
As this flow drawn around the trailing pillars moves inboard it migrates up the backlight to
the header where it interacts with the separating overbody flow and its direction is reversed
resulting in it subsequently exiting the notch above the bootdeck. This topology is illustrated
in Figure 5.48. Where this flow interacts with the separated overbody flow at the backlight
header and is reversed there is some evidence of the formation of a small vortical structure,
(b) Figure 5.47. However, the presence of this in only a single measurement plane as opposed
to it spanning the header possibly implies it to be short lived and irregular in formation,
captured by chance along this single measurement plane.
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Figure 5.48: Low-drag state in-notch flow topology

Whilst there is no evidence of the formation of a pair of trailing pillar vortices in this lowdrag state it is possible that these structures are instead replaced by a pair of large trailing
vortices, similar to those of Nouzawa et al. [27] (Figure 1.13). Whilst skin-friction lines do
not reveal this behaviour, possibly due to the bi-stable nature of the flow, pressure gradients
in this region do act to pull flow up from the sides of the model on to the bootdeck where it is
likely to roll up in the process. There is also evidence of a structure forming above the
outboard edge of the bootdeck in surface pressure measurements; pressure slightly depressed
across this region (c) Figure 5.47. Previous notchback investigations, Lawson et al. [30] and
Jenkins [28], where geometries with aggressive backlight angles were tested also reveal
evidence of the formation of this type of trailing vortex rather than the trailing pillar vortices
observed previously.
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5.4.2 Temporal Behaviour
Whilst the steady state flow topologies, and the manner in which the flow switches between
them, are discussed in the previous section the individual time-variant nature of the states are
explored here. The calculation of the various temporal parameters performed upon each states
subset of surface pressure and PIV measurements from which the time-average flow
topologies were discerned.
The RMS distribution of the fluctuating surface pressure component for the low- and highdrag states are shown in Figure 5.49, left and right respectively. As expected, surface pressure
fluctuations when the flow forms in the high-drag state are a clear evolution of those
generated by the arch/hairpin vortex (Figure 5.22 and Figure 5.30). Comparing these to the
pressure fluctuations generated in the low-drag state reveal that whilst absolute fluctuation
magnitudes are similar there is a marked difference in their distribution. This is most evident
across the bootdeck; behaviour that supports the time-averaged evidence presented in the
previous section and further reiterates the significant difference in topologies between states.

Figure 5.49: Low- and high-drag state RMS fluctuating pressure distributions
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5.4.2.1 High-drag Flow Topology
Considering first the temporal behaviour of the high-drag state due to it being an evolution of
the configurations covered previously. The distribution and magnitude of surface pressure
fluctuations shown in Figure 5.49 reveal flow within the notch to be largely stable.
Fluctuations approach a minimum across much of the backlight directly beneath the
transverse vortex indicating this to be the most consistent and steady structure.
Comparing the fluctuating pressure distribution across this region to the equivalent regions at
25° and 30° (Figure 5.22 and Figure 5.30) shows surface pressure fluctuations induced by the
transverse vortex to reduce with backlight angle. Indicating the stability and coherence of this
structure to correlate directly with its strength. The most marked reduction in fluctuation
magnitude occurs between 25° and 30° as the transverse vortex shedding ceases and the
structure begins to oscillate reducing the range of surface pressure magnitudes across each
cycle. This reduction continues between the 30° and 35° high-drag state albeit at a reduced
rate compared to the preceding step.
The greater stability of this structure can be attributed to the stronger adverse longitudinal
pressure gradient acting through the notch induced by the more inclined backlight. This
stabilises the separation location at the backlight header that in turn reduces instabilities
induced in the downstream flow stabilising the surface pressure field. The greater strength of
the transverse vortex may also further contribute to this greater stability, its increased
dominance and coherence, relative to the trailing pillar vortices it interacts with reducing their
ability to impart there own instabilities into this structure.
Across the bootdeck surface pressure fluctuations appear elevated, inline with the
distributions at 25° and 30°. The elevated levels across this surface induced by the
impingement of the reattaching trailing pillar and overbody flows here. Of particular interest
is the location of elevated fluctuations at the overbody impingement region Figure 5.49 (A)
immediately upstream of the bootdeck trailing edge. This location further supports the
inference made from the time-averaged surface pressure compare (Figure 5.46) that any
subsequent increase of backlight angle would prevent the over-body flow reattaching
precluding the formation of this regime entirely. As well as being displaced rearward
fluctuation magnitudes are also reduced at this point, relative to the 30° configuration,
possibly indicating the flapping of the overbody flow identified previously to have reduced in
amplitude.
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Figure 5.50: High-drag state iso-surfaces drawn at 5, 8 & 10ms-1 VRMS through PIV plane data

Iso-surfaces of RMS velocity drawn through volumetric data generated from the combination
of the 13 longitudinal PIV planes are shown in Figure 5.50. These are drawn at 3 levels and
reveal the distribution of instabilities throughout the off-body velocity field. The iso-surfaces
confirm the low magnitude of velocity fluctuations within the transverse vortex, the lowest
surface effectively marking its extent, Figure 5.50 left (blue). The increasing stability of this
structure with backlight angle can again be seen when comparing Figure 5.50 to the
equivalent plot for the 25° configuration (Figure 5.25). At the lower backlight angle velocity
instabilities not only take a higher absolute magnitude but can be seen increasing toward the
centre of the vortex, disparate to the behaviour here.
As the transverse vortex has been stabilised by increased backlight angle higher fluctuation
magnitudes, Figure 5.50 centre (green) and right (red), can now be found within the separated
shear layer surrounding it. The mid level, green, possibly showing the extent of a flapping
type spatial-temporal mode similar to that observed on the 30° configuration. This type of
instability is responsible for the elevated surface pressure fluctuations observed at the
overbody flow reattachment point toward the bootdeck trailing edge. The highest fluctuation
levels are now found at the edge of the separated region. These appear to be localised and
reasonably small scale suggesting them to be the result of elevated levels of turbulence
induced by high shear stresses where velocity gradients are high between the separated and
bulk flow.
Whilst both the off-body velocity field and surface pressure fluctuations confirm the
transverse vortex to be a largely stable structure it does exhibit a degree of temporal variation.
Performing frequency analysis on surface pressure at a point beneath the transverse vortex,
(A) Figure 5.51 right, yields the energy distribution represented by the blue line, Figure 5.51
left. This shows the majority of the fluctuating energy component to be contained in
frequencies below ~10Hz, the energy content of higher frequencies rapidly dropping off to
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background levels. This energy distribution is identical to that observed at 30° suggesting a
large scale oscillation of this structure to again be the main temporal behaviour.

Figure 5.51: PSD of fluctuations within the trailing pillar region (left) and correlation distribution (right)

Performing frequency analysis on a point where surface pressure variation in the notch is
high, where the trailing pillar flow reattaches toward the outboard edge of the bootdeck, (B)
Figure 5.51 right, yields the red distribution, Figure 5.51 left. The frequency content of
fluctuations here essentially identical to those beneath the transverse vortex, albeit offset due
to their greater magnitude. Behaviour that possibly indicates the fluctuation of the trailing
pillar flow to be correlated with the transverse vortex, this becomes apparent when assessing
the correlation of surface pressure fluctuations at the trailing pillar reattachment point, Figure
5.51 right (B), to those throughout the notch, Figure 5.51 right. This distribution reveals there
to be a strong anti-phase relationship between variations in the vicinity of the reattachment
line, marked, with those in the centre of the backlight.
The extreme forms of the pressure field driving this large-scale fluctuation can be more
readily visualised by applying a conditional averaging technique. The results of this are
shown in Figure 5.52 where a point in the reattaching trailing pillar flow, (B) Figure 5.51
right, was used as the trigger with averages taken when pressure exceeded ±2σ of the mean.
These states show the extreme form the surface pressure distributions take and further reveal
the degree with which the strength of the trailing pillar flow is correlated with that of the
transverse vortex.
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Figure 5.52: Conditional averages – high-drag state, < 2σ below mean and > 2σ above mean (L-R)

In the weakened case, Figure 5.52 left, surface pressure along the trailing pillar reattachment
line and at the unstable node is reduced whilst pressure is elevated beneath the transverse
vortex. In the high, Figure 5.52 right, increased partial stagnation pressure along the trailing
pillar vortex reattachment line and node is again coupled with a change of surface pressure
beneath the transverse vortex, becoming increasingly negative in this instance. This
relationship shows the strength of the two structures driving these pressure fields to correlate
directly with one another. Elevated pressure along the trailing pillar reattachment line is
driven by a stronger trailing pillar vortex and reduced pressure across the backlight by a
stronger transverse vortex, and vice versa.
Interestingly there is also a notable change in pressure at the backlight header between the
extremes, pressure increased, but still negative, in the low state compared to the high. This
behaviour reveals the overbody flow separation point to vary with the in-notch structures.
When the in-notch structures are weakened, pressure at the header is low indicating
separation here to be delayed increasing local acceleration and velocity. However, it is not
clear whether this change is driven by or drives the fluctuating strength of the trailing pillar
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and transverse vortices. Either flow separates later and subsequently strengthens the
structures in the notch due to the increased downwash this induces. Alternatively the
changing strength of the transverse vortex and corresponding change in backlight pressure
modifies the local longitudinal pressure gradient and therefore the point at which the flow
separates.

Figure 5.53: Conditionally averaged PIV - high-drag state, < 2σ below and > 2σ above the mean (L-R)

The fluctuating strength of the transverse vortex inferred from surface pressure measurements
can also be observed in PIV measurements by again applying a conditional averaging
technique. The extreme states of the off-body flow along the centreline are shown in Figure
5.53, a point where velocity fluctuations are high used as the trigger with averages taken
when velocity exceeds ±2σ of the mean. These two states reveal the degree to which the size
and strength of the transverse vortex varies, its weaker extreme on the left and stronger on the
right.
When strengthened the vortex grows and can be seen encroaching across much of the
bootdeck, as it weakens its size reduces causing it to recede and form only above the
backlight. However, whilst its size and strength does vary its form remains highly coherent,
flow within the vortex continuing to rotate about a single well-defined core the centre of
which does not move significantly. The stronger extreme of the transverse vortex is coupled
with a more forceful impingement of the overbody flow at the trailing edge of the bootdeck
which drives the elevated pressure here observed in the corresponding pressure distribution,
Figure 5.52 right. Whilst the overbody flow continues to reattach on the bootdeck when the
transverse vortex is in its weaker state this impingement is significantly reduced and the
deflection of the overbody flow lessened. Behaviour which continues to reveal the
- 188 -

5. In-Notch Flow Topologies
persistence of the flapping mode identified on the 30° configuration here albeit with an
appreciably reduced amplitude.
It is apparent from both the on- and off-body flow field measurements that whilst the flow in
the high-drag state is the most stable it still oscillates about its time-averaged form. This
largely coherent flow field overlaid by a large-scale, low speed instability resulting in a
global weakening and strengthening of the in-notch flow structures. It is possible, and highly
likely, that a larger excursion of this fluctuation, probably toward the weakened state, is the
catalyst that induces its breakdown and ultimately the establishment of the low-drag
topology.
5.4.2.2 Low-drag Flow Topology
Considering the temporal behaviour of the flow when it forms in the low-drag state, Figure
5.54 right, surface pressure fluctuations reveal that whilst unsteadiness across the bootdeck
remains elevated compared to the backlight the distribution of fluctuations differs from the
high-drag state. Where surface pressure instabilities previously tended to peak toward the
trailing edge of the bootdeck in its centre, where the overbody flow reattached, they are now
elevated along a longitudinal path away from the centreline.
Surface pressure instabilities tend to peak in reattachment regions due to the inherently
unstable nature of an impinging separated flow. This distribution therefore supports the
inference made from the time-averaged surface pressure field that a pair of trailing vortices
form in this state above the outboard edges of the bootdeck, as illustrated in Figure 5.48. The
elevated fluctuation magnitudes along this line induced by the weak impingement of flow
here, reattaching after being drawn up from the sides of the body around the trailing vortex
before being driven into the bootdeck.
Whilst surface pressure fluctuations across the bootdeck vary notably between states there are
similarities in their magnitude and distribution across the backlight, both of which approach
minima in their centres. However, closer examination of these distributions, in particular their
local rate of change, does suggest them to be generated by very different mechanisms.
Pressure fluctuations in the centre of the backlight appearing suppressed in the high-drag
state due the formation of the coherent transverse vortex stabilising surface pressure
perturbations. With the magnitude of these fluctuations increasing rapidly away from this
region where the transverse vortex does not form. In the low-drag state surface pressure
fluctuations vary more gradually, reducing toward the centre of the backlight and dissipating
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at a more constant rate with distance from the destabilising trailing pillar vortices surrounding
it.

Figure 5.54: Average PSD of fluctuations across the backlight and bootdeck (L) and RMS distribution (R)

This distribution of surface pressure fluctuations suggests instabilities in the low-drag state to
be driven by inherently unstable flow structures imparting instabilities into the flow rather
than a coherent global fluctuation of the topology similar to that dominating the high-drag
state. Frequency analysis further suggests this to be the case. Figure 5.54 left, shows the
average frequency content of fluctuations across the backlight, blue, and bootdeck, red. In
this state the frequency content of fluctuations across both surfaces is much less peaky than
those in the high-drag state (Figure 5.51 right). The energy distribution across the measured
frequency range varying less and appearing to be more typical of that produced by turbulence
where the energy content of the longer length scale, low frequency, perturbations decays and
cascades down into the shorter length, higher frequency, scales.

Figure 5.55: Correlation of pressure fluctuations throughout the notch at various points
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Further evidence suggesting the velocity fluctuations present when the flow forms in the lowdrag are caused by turbulence in the separated flow can be seen in Figure 5.55. This shows
the correlation coefficient of surface pressure fluctuations throughout the notch relative to a
point on the backlight, bootdeck, and trailing vortex (indicated by the x), left, centre and right
respectively. These distributions are representative of all those throughout the notch and
reveal the small length scale of these fluctuations, pressure signals not correlating with any
other point. This differs from the behaviour observed in the high-drag state where
fluctuations correlated across the notch showing them to be increasingly coherent and of long
length scales.

Figure 5.56: Low-drag state iso-surfaces drawn at 5, 8 & 10ms-1 VRMS through PIV plane data

Iso-surfaces of RMS velocity fluctuations drawn at 3 levels through volumetric data
generated from the 13 longitudinal PIV planes are shown in Figure 5.56, low, medium and
high levels shown left to right respectively. These iso-surfaces reveal the distribution of
velocity fluctuations throughout the off-body flow field and show them to vary in broadly the
same manner as those in the high-drag state, Figure 5.50, the intensity of fluctuations
increasing with distance from the notch surfaces.
However, whilst the distributions appear similar their forms are subtly different. Where the
mid- and high-level velocity fluctuations in the high-drag state (Figure 5.50 centre and right)
show the extent of the flapping of the overbody flow and small-scale instabilities at the edge
of the separating shear layer. The low-drag fluctuation distributions instead simply reveal
velocity fluctuations to increase with displacement from the surface. Behaviour supporting
surface pressure measurements in attributing the low-drag states unsteadiness to turbulence.
Reducing displacement from the notch surface increasing the boundary condition imposed
upon eddies in the flow reducing their magnitude as they approach the surface.
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5.5 The Highly Asymmetric Post-Critical Flow Topology
This section presents the time-averaged results of oil flow, surface pressure and 13
streamwise PIV measurements performed on the highly asymmetric flow topology generated
by the post-critical 40° backlight angle configuration. The surface pressure and PIV
measurements are also used to provide an understanding of the temporal behaviour of this
flow regime.
5.5.1 Steady State Form
Traces of instantaneous surface pressure from various stations throughout the notch and the
nose, close to the front stagnation, for the 40° configuration are shown in Figure 5.57. The innotch points located in the centre of the backlight and across two locations on the bootdeck
represented by the red, green and orange lines respectively. These reveal surface pressure to
be stable across the duration of the measurement, varying about a single mean at each
location. This is disparate from the behaviour observed on the critical 35° geometry that was
capable of supporting two regimes in a bi-stable manner where surface pressure switched
between varying about the averages associated with each (Figure 5.41). The pressure traces
here, which are typical of all those in the notch, therefore show this configuration to no
longer support multiple flow topologies and to take only a single time-averaged form.

Figure 5.57: Instantaneous surface pressure from various stations on the 40° configuration
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As a result of this it is again valid to use skin friction lines to interpret the flow field. An
annotated skin friction line image of this configuration at 0° yaw is shown in Figure 5.58.
This reveals the in-notch flow structures to have varied significantly from those generated by
the shallower configurations. Whilst skin friction lines for the 20° - 30° configurations show
there to be a degree of flow asymmetry; caused by symmetrical flow structures forming in an
imbalance manner across the notch. The 40° configuration exhibits an extreme asymmetry
with completely different flow structures forming either side of the centreline.

Figure 5.58: 40° in-notch skin friction lines

The two distinct nodes previously present in the centre of the backlight are now replaced by a
large vortical structure running diagonally across it from a node, a, which forms beneath the
left hand outboard edge of the backlight header. This structure grows as it moves inboard,
becoming larger and migrating down the backlight as it approaches the centreline. Skin
friction lines attributable to it show the surface flow to be driven up the backlight and
therefore its rotation to be in the same sense as that generated by a two-dimensional
backward facing step. Flow direction at the top of the structure sympathetic with the
separated overbody flow above.
This primary notch vortex appears extremely strong with high levels of vorticity inferred
from the significant longitudinal velocity component induced in the surface flow beneath it
that in places flows almost normal to its core line. Its strength can be further seen in the
amount of oil flow driven up the 40° slant, which forms a pool, b, across the highest point in
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the notch beneath the header. The extent of this pool appears to mark a dead-water region
formed between the separating over-body flow and the primary notch vortex. Whilst
additional structures may form in this region the identification of these is difficult due to the
pooling preventing skin friction lines developing.
Shortly after crossing the centreline the path of the primary notch vortex is significantly
altered by the lateral boundary condition imposed upon it by the onset flow outboard of the
right hand trailing pillar. This turns the vortex through an oblique angle aligning its core with
the centreline as it passes above the bootdeck and ultimately into the far-wake. Vorticity
within this structure remains high above the bootdeck with skin friction lines retaining a
significant velocity component normal to the core. Outboard, on the right hand side, oil flow
again pools in a dead-water region, c, with skin friction lines, d, faintly visible revealing a
downstream and inboard motion of the surface flow here. This typical of the presence of a
small, secondary, counter-rotating vortex forming between the separated shear layer and the
primary notch vortex, however, the faint skin friction lines possibly infer this structure to be
weak and/or highly unstable.
On the opposite side of the bootdeck skin friction lines indicate the presence of a second
vortical structure, e, the outboard and downstream motion of the surface flow indicating it to
rotate in a sense typical of a trailing vortex. This most likely formed when flow separating
from the lower edge of the backlight is drawn into the notch where the angular momentum
induced in it causes it to roll up forming a vortex running along the bootdecks outboard edge.
The small lateral velocity component in the surface flow beneath this structure does,
however, indicate there to be significantly less vorticity within it compared to the primary
notch vortex. Suggesting there to be a large vorticity difference across the notch. Visible
pooling of oil flow, f, in the small region between it and the separating shear layer is again
apparent although in this case there is no indication of the formation of a secondary structure.
Inboard, its reattachment line, g, is visible, the reattaching flow inside this drawn toward the
centreline where it is entrained into the primary notch vortex.
The presence of the large primary notch vortex can be further inferred from the timeaveraged surface pressure measurements presented in Figure 5.59. Surface pressure can be
seen to approach a minimum at the outboard edge of the backlight beneath the header, a, at a
location coincident with the node identified in skin friction lines where the vortex core
attaches to the surface, Figure 5.58 a. The subsequent propagation of this vortex diagonally

- 194 -

5. In-Notch Flow Topologies
across the backlight is also visible with surface pressure depressed along the path it describes,
marked. This depression caused by the high surface velocity, induced by the vortices rotation,
reducing local surface pressure.

Figure 5.59: Time-averaged surface pressure distribution, 40° configuration

As the primary notch vortex migrates on to the bootdeck, where it twists rearwards, the
reduced pressure associated with it can be observed encroaching on to the edge of the
measurement region, b, along the model centreline. Further outboard, pressure peaks on the
bootdeck along a longitudinal line running rearward, c. This elevated pressure coincident
with the trailing vortex reattachment line, g Figure 5.58, where the separated flow
surrounding it impinges on the surface and partially stagnates. This partial stagnation is
reduced compared to the shallower configurations possibly indicating a relative weakening of
this structure. Outboard of this line surface pressure reduces with proximity to the edge of the
bootdeck due to the presence of the trailing vortex above it. The disparity between surface
pressure here and beneath the primary notch vortex further emphasizes the substantial
difference in the strength of these structures and thus vorticity across the centreline.
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The flow asymmetry patently visible in the skin friction lines, Figure 5.58, is not visible in
surface pressures due to measurements being taken from one side of the centreline. However,
based upon the pressure distribution across the measured region it is highly likely these
asymmetric structures will generate a notably imbalanced distribution. With surface pressure
assumed to be low across the region marked, d, beneath the path of the primary notch vortex.

Figure 5.60: Time-averaged surface pressure and streamwise PIV planes (1/3 resolution)

PIV results support the flow field interpretation derived from the skin friction lines and
surface pressure measurements. Time-average PIV data, displayed at 1/3 lateral resolution for
clarity, is shown in Figure 5.60; measurements represented as in-plane streamlines drawn
upon contours of normalised in-plane velocity, surface pressure also shown for reference.
The off body flow along these planes clearly reveals the presence of a vortex forming within
the notch. In the left hand plane its core, a, is small and can be seen to grow from a location
coincident with the node identified in skin friction lines and the point of minimum pressure
on the backlight. Downstream of this the separated flow passing above the vortex is driven
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toward the bootdeck where it impinges and partially stagnates on the surface, b, along the
trailing vortex reattachment line. This downwash is driven by both the rotation of the primary
notch vortex and the trailing vortex; which along this plane impart sufficient downwash to
allow the overbody flow to reattach on the surface here.
Further inboard the primary notch vortex grows and migrates down the backlight as it
approaches the centreline. As this structure passes through the inboard left hand plane the
core is still sufficiently small and forms far enough up the backlight to continue to allow the
separated overbody flow surrounding it to reattach toward the extreme trailing edge of the
bootdeck, c. However, as it crosses the centreline its growth and migration is such that it
completely fills the notch precluding reattachment here. By this lateral position this structure
forms across much of the bootdeck generating the low pressure in this region.
To the right of the centreline the primary notch vortex core appears weakened in the inboard
plane, d. However, rather than this being a result of the structure dissipating it can be
attributed to path of the vortex bending rearward coupled with the 2D PIV measurement
employed. As the vortex core bends the angle it prescribes with the measurement plane
reduces leading to difficulty in accurately identifying the location and strength of the core.
The is no evidence of the core in the most outboard plane supporting skin friction lines which
show its path to have curved completely rearward by this lateral station and it to run across
the bootdeck parallel to the centreline. Further evidence supporting this is apparent in the
streamlines that reveal there to be a significant up wash, e, above the bootdeck. This a result
of the plane intersecting the vortex outboard of its core where its counter-clockwise rotation
(viewed from the rear) acts to lift flow from the surface. The largely vertical orientation of
the streamlines here further indicates the significant vorticity contained within it.
The path the primary notch vortex core describes can be more accurately observed in Figure
5.61 where streamlines along all 13 measurement planes are shown highlighting the extent of
this structure. Here the vortex can be clearly seen growing and moving rearward as it
approaches the centreline. After crossing the centreline and forming above the bootdeck it
curves rearward inboard of the 3 most outboard measurement planes where only the up wash
induced by the core passing inside of them is visible.
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Figure 5.61: Time-averaged surface pressure and in-plane PIV streamlines

Based on the results of all measurements an illustration of the time-averaged off-body flow
field for the 40° configuration is shown in Figure 5.62. Both PIV measurements and skin
friction lines reveal the flow structure to be highly asymmetric with a disparate topology
across the centreline. The most dominant feature of this is a large vortex, red, which grows
from a node beneath the left hand outboard edge of the backlight header. This is formed by
the recirculation of flow within the notch and grows from the left hand node expanding
across much of the backlight before its path bends rearward and it passes out of the notch
above the right hand side of the bootdeck. As its orientation bends rearward it is assumed to
entrain flow separating from the side of the model into it, orange, in much the same way a
trailing vortex would.
Across the lower left hand side of the backlight and bootdeck a smaller trailing vortex forms,
orange, similar in form to those present, on both sides, of the shallow configurations. The
flow separating from the edge of the backlight, beneath the primary vortex node, drawn into
the notch where it rolls up forming this vortex above the left hand edge of the bootdeck. The
rotation of this structure is in the opposite sense to that of the primary notch vortex, both of
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which therefore combine to induce downwash between them. This results in the separated
flow above the primary notch vortex, close to the node, reattaching across a small region of
the bootdeck on its left hand side between the structures.
Finally, PIV measurements indicate there to a degree of recirculation above the primary notch
vortex in the region formed between it and the separating shear layer, circled Figure 5.60.
This behaviour, combined with the presence of faint skin friction lines at the right hand edge
of the bootdeck, suggest a counter rotating secondary structure forms in this dead water
region, purple. Whilst this structure is weak its form is likely to be more of a slow circulation
of the fluid within this volume rather than a true vortex as the structures bounding it impart
angular momentum in opposing senses. This is also likely to make this flow highly unstable
and turbulent due to the high shear stresses that result from this arrangement.

Figure 5.62: Illustrated time-averaged flow topology overlaid on PIV streamlines and surface pressure

As Figure 5.62 shows the flow structure generated by the 40° configuration is highly
asymmetric. Whilst this is not apparent in surface pressure measurements, due to the extent of
the measurement region, it is in body forces. Figure 5.63 left shows the roll moment response
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of the 30° 16 and 40° configurations across a ±30° yaw angle range. The roll moment
behaviour with yaw for the 30° configuration, red, is as you would expect for a symmetrical
model, passing through ~0 at 0° yaw. Thereby showing the moment generated by the sides to
be in equilibrium and the surface pressure distribution across the planform surfaces, about the
centreline, to be also. This is clearly not the case for the 40° configuration, blue, which at 0°
yaw produces a roll moment equivalent to that generated by the 30° configuration at ~-3°.
This magnitude of this offset is too large to have arisen from the misalignment of the model
and therefore, assuming no contribution of the sides at 0° yaw, must be attributable to the
highly asymmetric flow structures producing a significant surface pressure imbalance across
the notch. The direction of this moment indicating increased suction across the right hand
side in agreement with the primary notch vortex location.

Figure 5.63: Roll moment behaviour of the 30° and 40° configurations with yaw angle

Figure 5.63 right plots absolute values of yaw angle and roll moment to enable differences in
behaviour between positive and negative yaw angles to be assessed. Once again the 30°
configuration behaves as expected with roll moment in both directions effectively overlaid,
showing the flow structure to behave identically regardless of yaw direction. However, when
considering the 40° configuration a step change, or offset, in the roll moment gradient is
present in one direction, occurring above 5° and persisting between 10° - 15°, circled.
This occurs when the model is yawed in a negative sense, where the primary notch vortex
forms on the windward side. In this arrangement the yaw angle acts against the formation of
the structure forcing it to the lee side. This step change in roll moment must therefore result
16

The 35° configuration not chosen due to the possibility of the bi-stable flow behaviour being misinterpreted
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from the breakdown of the topology as the yaw angle becomes sufficient to prevent its
formation. However, the high yaw angle at which this occurs indicates the flow structure, and
its asymmetry, to be strong and highly persistent. If it wasn’t this flip, or breakdown, would
occur much closer to 0°. This suggests that the asymmetry present at 0° is not the result of
model misalignment but rather the pressure gradients, combined with this geometry, to
simply not be capable of forming a symmetrical topology.
The general wake structure identified here is similar, particularly in its highly asymmetric
nature, to that identified by Cogotti [62] at full scale on a CNR notchback model in the
Pininfarina wind tunnel. In this case asymmetry was first identified in the imbalanced trailing
vortices leading to further analysis of the near-wake in the notch. This was subsequently
determined to take to the form shown in Figure 5.64

Figure 5.64: Near wake asymmetry on the CNR full scale notchback model [62]

Whilst this topology differs from that identified on the 40° configuration it retains a number
of common features:
•

A large vortex (V2) forming across the backlight that twists on to the bootdeck
before moving into the wake.
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•

A smaller vortex (V1) that forms above and beside it.

•

A single vortex that forms on the opposite side of the notch and runs down its edge.

•

Overbody flow reattaching across a small region of the bootdeck.

Whilst these flow structures do differ, be that a result of Reynolds number, geometry or edge
treatments, it is another example of a highly asymmetric flow structure forming on a
notchback. Cogotti [62] reasoned that the asymmetry was due to the relative sizes and
strengths of the various in-notch structures combined with the model geometry not allowing
enough room for the flow to form symmetrically, as it would on a fastback.
This may well explain the behaviour here, Figure 5.65 left shows a highly simplified
illustration of the flow structure the 40° configuration would be expected to develop. The
flow separating from the backlight header being draw into the centre of the notch, by the low
pressure, causing it to recirculate up the backlight and form a transverse vortex. At the same
time this low pressure also draws the flow separating from the edges of the backlight and
bootdeck into the notch. As the rotation of these vortices are in the same sense they should
ideally form a single U shaped structure. Where the two longitudinal sections run down the
edges of the notch and off the bootdeck into the wake as a pair of counter rotating vortices.
However in the case of the CNR model and the 40° configuration the aspect ratio is possibly
too small to support this. Due to the notch’s strong lateral boundary condition, resulting from
the onset flow passing either side of the model, the two legs of the structure must run off the
trailing edge of the bootdeck parallel to the centreline. Therefore to support this, whilst
retaining a suitably sized transverse section for the overbody flow, the structure is required to
bend sharply at its corners. This rapid path change is difficult for a vortex to sustain and
possibly precludes its formation here.
Rather, to support the roll-up of flow along the 3 separating edges in this small aspect ratio
two structures are required, Figure 5.65 left. This allows more room for the larger vortex
running across the backlight and one edge of the bootdeck to curve round following a
shallower bend radius. Whilst at the opposite corner the two structures can meet at an acute
angle as they form independently of each other. This arrangement would naturally result in
imbalance structures, the two sided being much stronger than the one due to the greater
quantity of flow, and thus energy, contributing to its formation.
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Figure 5.65: Illustration of an ideal notchback flow field and one on a small aspect ratio geometry
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5.5.2 Temporal Behaviour
The RMS magnitude of the fluctuating component of surface pressure is shown in Figure
5.66, for reference average surface static pressure is shown in Figure 5.59, and reveals the
distribution to be similar to those present across the previous configurations. Fluctuation
magnitude low across the backlight compared to the bootdeck where it peaks in the vicinity
of the trailing vortex. Comparing these to the shallower configurations (Figure 5.22, Figure
5.30 and Figure 5.49) does show the overall absolute magnitude to have reduced with
increasing backlight angle. This is a trend that has remained consistent across all
configurations and is likely due to the increasingly adverse pressure gradients leading to
better defined separation locations which in turn stabilise the off body flow structures and
thus the surface pressure field.

b
a

Figure 5.66: RMS pressure distribution, 40° configuration

The RMS distribution across the backlight does, however, differ slightly from the
configurations where a transverse vortex forms in the notch. In those cases fluctuation
magnitude approached a minimum at the node where the structure attaches to the surface.
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This is not the case here where it remains consistently low across the area the primary notch
vortex forms and is also assumed to remain low on the opposite side of the centreline where it
exits the notch across the bootdeck. Where previously the location of the transverse vortices
nodes may have remained stable the vortex was shown to interact strongly with the overbody
flow. In some cases causing it to be periodically shed and in others for it to cyclically grow
and shrink, both of which resulted in the overbody flow flapping. This behaviour induces
changes in surface pressure between the nodes and therefore elevated fluctuation magnitudes
away from them. The consistently low magnitude here possibly infers that this no longer
occurs and therefore indicates the stronger primary notch vortex to be considerably more
stable than the transverse vortices observed previously.
Across the bootdeck, on the measured side of the centreline, the distribution of fluctuations is
typical of those seen across the other configurations and can be attributed to the formation of
the trailing vortex. Surface pressure fluctuations elevated across a line, a, coincident with the
trailing vortex reattachment line. The high fluctuation magnitude here a result of flow
impinging on the surface, a naturally unstable regime due to the sharp and abrupt direction
change it induces. Also interesting is the small region of elevated fluctuations in the centre of
the bootdeck at its trailing edge, b. This is adjacent to the reattachment region between the
trailing and primary notch vortices and possibly reveals the reattachment to periodically
extending inboard toward the centreline. This behaviour would also indicate there to be a
degree of variation in the primary notch vortex size that would have to shrink slightly to
accommodate this.

Figure 5.67: Iso-surfaces of VRMS drawn at 7, 9 & 11ms-1 VRMS through PIV plane data

Iso-surfaces drawn at 3 levels through resultant RMS velocity generated from the combined
results of the 13 2D PIV measurements are shown in Figure 5.67. These reveal elevated
fluctuation magnitudes in the notch to be present in the immediate vicinity of the primary
vortex possibly indicating its size and/or strength to fluctuate. Lower levels, Figure 5.67 left,
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essentially mark the extent of this structure and again pick out its extreme asymmetry, this
iso-surface present above the backlight and across the bootdeck to the right of the centreline.
Higher fluctuation magnitudes, centre and right, show instabilities to increase within the
shear layer surrounding the primary notch vortex. The smaller extent of these compared to
the shallower backlight angle configurations does, however, suggest these to be generated by
small-scale instabilities within the structure, induced by high velocity gradients and thus
shear stresses, rather than a positional instability induced by the flapping behaviour identified
previously.
To determine the scale of the fluctuations present in the flow field the correlation of surface
pressure fluctuations throughout the notch to various locations within it are shown in Figure
5.68. Considering first their correlation with a point beneath the primary notch vortex, Figure
5.68 left (marked), shows pressure fluctuations across the region this structure forms to
correlate strongly. Indicating pressure within this region to vary unilaterally implying the
structure associated with it to also do so, driving the fluctuations highlighted in Figure 5.67
(left).
Considering a point on the backlight beneath the primary notch vortex, Figure 5.68 centre
(marked) also reveals pressure fluctuations across the lower outer base of the backlight to be
correlated. The surface pressure here can be largely attributed to the impingement of the
overbody flow surrounding the vortex and can be seen to vary in anti-phase relationship with
pressure at the primary notch vortex node. Showing that as this structure strengthens, and
pressure beneath it reduces, the downwash it induces in the flow passing above increases.
This strengthens its impingement across the surface beneath it and increases the degree to
which it partially stagnates.
However, although there is correlation between the strength of this region and the primary
notch vortex there is none between the primary notch vortex and the trailing vortex. Pressure
correlations within this structure; Figure 5.68 right (marked), are not correlated with any in
the notch, even those within the trailing vortex structure show little correlation. This therefore
implies the fluctuations associated with the trailing vortex to be small-scale turbulent type
fluctuations rather than a global variation of its size and/or position. Pressure correlations
indicate there to be no interaction between the primary notch and trailing vortex, surprising
given their close proximity.
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Figure 5.68: Correlation of pressure fluctuations to various stations on the backlight and bootdeck

As pressure correlations show the primary notch vortex to exhibit a large-scale variation
conditional averaging has been applied to reveal the extreme pressure distributions associated
with this, Figure 5.69. The high and low states averaged using the point in Figure 5.68 left as
the trigger with each average generated when pressure exceeded ±2σ of the mean. Whilst
pressure can be seen to change notably across the region the primary notch vortex forms the
pressure field generated by the trailing vortex flow remains essentially unaffected. These
distributions therefore further support the correlation analysis in revealing the flow structures
to co-exist independently of each other.

Figure 5.69: Conditionally averaged surface pressure measurements

To reveal the off-body flow field responsible for these pressure fields the same conditional
averaging techniques has been applied to the PIV data using a point in each plane where
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RMS velocity is high as the trigger. The same ±2σ of the mean threshold applied; results are
shown in Figure 5.70 the low state on the left and high on the right with PIV data displayed at
1/3rd lateral resolution for clarity. It is again clear from these states that the difference in the
flow topology between the extremes of the fluctuations is only small. In the case of the low
state the primary notch vortex possibly appears slightly weaker resulting in it migrating down
the backlight onto the bootdeck more quickly. Whilst the less coherent vortex present in the
inboard right hand plane possibly shows the whole structure to have bent rearward earlier,
after crossing the centreline, causing its weaker appearance as the core passes through the
plane more obliquely. This downstream movement affords greater room for the secondary
structure above the primary notch vortex to form which leads to a slightly more coherent
counter-rotating flow to become apparent here.
In the strengthened state the opposite is true, the primary notch vortex appears stronger,
forming further up the backlight. As a result of this it extends further across the backlight
after having passed the centreline before it curves rearward and encroaches onto the
bootdeck. A behaviour again indicated by the vortical flow in the right hand inboard plane
appearing more coherent due to it passing through the measurement plane closer to its
normal. The continued presence of the up wash in the outboard plane does, however,
continue to show this vortex to be turned rearward before this point and continue to pass into
the wake after flowing across the bootdeck.

Figure 5.70: Weak and stronger extremes of the primary notch vortex, 1/3 lateral resolution

As the results presented in this section show, the flow topology generated by the 40°
configuration is the most stable and temporally benign of all those tested. Whilst the
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fluctuations present across the shallower configurations are large with significant differences
between their extremes this is not the case here. This stability likely the result of the stronger
pressure gradients acting on this configuration stabilising separation locations leading to
increasingly stable structures, a consistent effect that has been observed as backlight angle
has been increased, the aggressive angle here leading to the formation of the most stable and
coherent flow topology of all the tested configurations.
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5.6 Summary
The results presented in the previous sections provide an in-depth insight into both the timeaveraged and temporal behaviour of the flow structures generated by the configurations
considered. From this analysis it is clear that many elements of the notchback flow structures
reported in previous works, across numerous geometries and scales, are present here. Whilst
this is not surprising this level of analysis, across a single family of geometries representative
of production vehicles, does provide a comprehensive understanding of the behaviour and
evolution of this type of flow topology. This section provides a salient overview of each of
these topologies time-averaged forms and temporal behaviours to present this evolution in a
concise manner.
An illustration of the time-averaged form of the predominately attached in-notch flow
topology generated by the 20° configuration is shown in Figure 5.71 and is typified by:
•

A pair of large trailing pillar vortices, red, flanking either side of the backlight and
bootdeck that grow as flow separating from these edges rolls up into them.

•

Flow entrained around the trailing pillar vortices impinging inboard at the leading
edge of the bootdeck that subsequently diverge toward the centreline, orange.

•

Attached flow across the backlight header and much of the upper backlight that flows
rearwards across this surface between the trailing pillar vortices, green.

•

A small benign separation at the base of the backlight, the separated flow passing out
of the notch above the bootdeck structures; asymmetry inducing a weak rotation
within it.

The temporal behaviour of this flow field was found to be highly benign. Whilst the size and
strength of the separated region, blue, varied in a coherent manner the extent of this was only
slight. The correlation of pressure fluctuations across the backlight revealed this behaviour to
be driven by perturbations of the onset flow varying the point at which separation occurred
rather than resulting from a characteristic periodicity of this structure. Whilst a weak
transverse vortex was shown to form when the separated region became larger this simply
collapsed as the separation weaken.
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Figure 5.71: 20° configuration illustrated flow topology

Illustrations of the time-averaged arch/hairpin vortex in-notch flow topologies generated by
the 25° and 30° configurations are shown in Figure 5.72 and Figure 5.73 and are typified by:
•

A pair of large trailing pillar vortices continuing to form either side of the backlight
and bootdeck, red, these strengthen with backlight angle as the more rapid fall of the
backlight and lower pressure in its centre induces greater angular momentum in them.

•

Flow continuing to be entrained around the trailing pillar vortices and impinge
inboard of them where it diverges toward the centreline, orange. This impingement
moves rearward with backlight angle as the increasing size of the central separation
displaces these points downstream.

•

The overbody flow separating downstream of the backlight header, this separation
point migrating upstream with backlight angle as the worsening adverse longitudinal
pressure gradient induces earlier separation. Flow on the surface within this region
rotates about two nodes in its centre, green.

•

Within the separated region flow rolls up to form a hairpin/arch vortex its legs
orientated longitudinally running upstream to the nodes at the top of the backlight,
blue. The longitudinal section forming above the base of the backlight where the legs
turn rapidly through 180°. The size of this structure and therefore the extent with
which it encroaches over the bootdeck increase with backlight angle.
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Figure 5.72: 25° configuration illustrated flow topology

Figure 5.73: 30° configuration illustrated flow topology

The arch/hairpin vortex topology exhibits significantly more temporal variation than the
largely attached flow regime it evolves from. Elevated instability across the backlight and
bootdeck surfaces arise from the inherently unstable nature of the separated flow forming
above these regions. At a 25° backlight angle the central separated region; blue, undergoes a
periodic growth and shedding process identical to that observed by Gilhome et al. [29].
Associated with this is a periodic flapping of the overbody flow, the increasing size of the
hairpin vortex beneath it progressively displacing it from the surface until it is ultimately shed
and the shear layer collapses for the cycle to repeat once more.
The stronger pressure gradients present when backlight angle is increased to 30° act to
stabilise the separated flow. This ultimately results in the shedding process identified at 25°
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no longer occurring. However, the separated region continues to exhibit a periodic variation,
the size and strength of the transverse vortex oscillating between a small, weak structure
located close to the backlight header and a stronger, larger structure forming deep in the
notch. Although the shedding behaviour no longer occurs the oscillating size and strength of
this structure continues induce flapping of the separated overbody flow which remains a
consistent temporal feature of this topology.
The 35° configuration was shown to be capable of supporting a bi-stable flow topology
which switched between a high- and low-drag regime at random. The high-drag is an
evolution of the arch/hairpin vortex topology a time-average illustration of which is shown in
Figure 5.74 and is typified by:
•

A pair of trailing pillar vortices continuing to form either side of the lower half of the
backlight and bootdeck, red. These stronger than observed previously although there
formation is delayed to a point further downstream due to the greater size of the
central separation.

•

Flow continuing to be entrained around the trailing pillar vortices and impinge on the
bootdeck inboard of them, orange. Again these point are displaced rearward by the
larger central separation such that this now occurs immediately upstream of the
bootdeck trailing edge.

•

Flow along the backlight surface continuing to rotate about two nodes at the top of the
backlight, green. The size of these increasing inline with the separated region
resulting in them now dominating flow across the upper backlight. There size is now
such that some of the flow at the front of the bootdeck is also drawn up into the
backlight recirculation.

•

The central separated region has increased in size with the curvature of the transverse
vortex forming within it reduced. This structure now forms in an almost entirely
transverse sense attaching to the two nodes obliquely at the surface, blue.

The temporal behaviour of the 35° high-drag flow topology is almost identical to that of the
30° configuration. However, the more adverse pressure gradient induced by the more inclined
backlight serves to stabilise it reducing the magnitude of its fluctuations. The flapping of the
overbody flow that is synonymous with the arch/hairpin vortex topology persists. The
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oscillation of this structure combined with its reattachment at the bootdeck trailing edge is
believed to induce the change of state to the low-drag regime. A larger oscillation would be
sufficient to preclude the reattachment of the overbody flow on the bootdeck causing the
entire regime to collapse allowing the low-drag topology to form.

Figure 5.74: 35° configuration illustrated high-drag flow topology

The time-averaged flow topology associated with the 35° configurations low-drag state is
shown in Figure 5.75 and is typified by:
•

The pair of large vortices flanking the notch forming almost entirely along the sides of
the bootdeck, red. The formation of these now such that they are classified more as
trailing, rather than trailing pillar, vortices.

•

The overbody flow separating from the backlight header now passes over the notch
with only a slight downward deflection, green. This in no longer sufficient to allow it
to reattach at the trailing edge of the bootdeck.

•

No vortical structures form in the notch; instead the flow drawn round the edges of
the backlight is drawn in toward the centre by the low pressure here. As it approaches
the bootdeck this low-pressure is sufficient to draw it up the backlight. Here it
interacts with the separating overbody flow that reverses its direction and pass out of
the notch beneath the separated overbody flow, blue.
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Figure 5.75: 35° configuration illustrated low-drag flow topology

The temporal behaviour of the low-drag topology differs significantly from the topologies
observed previously. These structures varied with a degree of coherence, their fluctuation
typified by large-scale global changes of the topology, this is not the case here. Instead
instabilities in the low-drag regime have a much smaller-scale and are heterogeneous in
nature. These peak in close proximity to destabilising flow regimes such as separations at the
edges of the backlight and impingement of the trailing vortices on the bootdeck. This
behaviour typical of the general unsteadiness of largely unconstrained separated wake
structures.
An illustration of the highly asymmetric time-averaged flow topology generated by the 40°
configuration is shown in Figure 5.76 and is typified by:
•

A single large trailing pillar vortex forming on one side of the notch, red. This is
similar to one half of the 35° configurations high-drag topology, forming across the
lower half of the backlight and edge of the bootdeck.

•

On the same side of the notch above the trailing pillar vortex a large primary notch
vortex forms, blue. This draws flow rounding the training pillar at the top of the
backlight into it, from here it runs diagonally across the backlight across the centreline
where it turns rapidly rearward and passes out of the notch above the bootdeck.

•

The overbody flow separating from the backlight header, green, rolls up into this
structure as it forms beneath it strengthening it as it forms across the backlight.
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•

Flow on the opposite side of the notch is drawn in toward its centre where it is
entrained by the longitudinal section of the primary notch vortex, entraining and
inducing sufficient down wash in it to cause it to impinge across a small region of the
bootdeck, orange.

•

A smaller, weaker, counter rotating structure, purple, forms above and outboard of the
primary notch vortex in the dead water region between it and flow separating from the
edges of the backlight.

Figure 5.76: 40° configuration illustrated flow topology

The temporal behaviour of the large coherent structures in this topology is similar to the
arch/hairpin vortex topologies. Surface pressure fluctuations reveal both the trailing vortex
and primary notch vortex to vary independently of one another. However, fluctuations of the
primary notch vortex are coherent with surface pressure measurements revealing a bulk
strengthening and weakening of this flow structure. However the reduced magnitude of
surface and off-body fluctuations reveal the increasingly adverse pressure gradients induced
by this configuration to have stabilised this topology. Off body measurements revealing this
structures size and strength to vary only slightly about its time-averaged form, the structures
generated by this configuration the most stable of all the topologies considered by this
investigation.
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6 Conclusions
An experimental investigation into the form of the notchback wake topology, its temporal
behaviour, and how this changes with the underlying geometry has been undertaken.
Whilst there has been significant interest in the form and behaviour of the notchback flow
topology since early work by Carr [23], understanding of production notchback wakes
remained poor. Significant research had been conducted into the wake structures generated
by sharp edged notchback configurations to give a solid understanding of the flow structures
they develop and how they change with the notch parameters. However, production
representative geometries have received much less research attention. Typically single
configurations have been tested in isolation resulting in very little information pertaining to
how the flow structures they develop vary with the underlying geometry. Nevertheless, these
studies have revealed the sometimes-significant disparities between these topologies and
those produced by the better-understood sharp edged geometries, thereby warranting a
systematic study into the wake structure of a family of production representative geometries
to define both the form and behaviour of these wake structures and how they change.
The form of the notchback wake structure was investigated using a simplified wind tunnel
model that employed backlight header and trailing pillar geometries that generated a
production representative wake structure. A family of geometries were developed based upon
this to produce a range of configurations with characteristic dimensions typical of notchback
vehicles produced from the 1960s to the present day. This was achieved by varying backlight
inclination angle to enabled the effect of this single variable on the resulting wake flow to be
explored in detail whilst ensuring the complete spectrum of production notchback flow
topologies were generated.
Body force measurements showed both drag and rear lift to increase with backlight angle
with this response initially varying linearly for smaller angles before beginning to asymptote.
This behaviour was largely expected, as steeper backlights are characteristic of older
production notchback vehicles. Manufacturers empirical knowledge and understanding of
how drag changes with this parameter, combined with on-going shape optimisation studies,
having led to the shallower backlight angles common to modern designs. Study of the innotch wake topology produced by these showed the structure forming in the centre of the
notch to progressively strengthen with backlight inclination, thereby resulting in increasingly
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negative pressure acting across the backlight and bootdeck surfaces giving rise to the
observed increases of drag and rear lift.
The response of drag to backlight angle, and the surfaces contributing to it, can be observed
in Figure 6.1. The drag coefficient of the geometries considered here spanning a range of
0.091, or 47% of the 20° configurations absolute value, a geometry representative of modern
vehicles. This significant drag variation serves to illustrate the importance of a notchback
geometries proportions on the overall vehicle drag, which is again becoming increasingly
important to manufacturers. The ability to understand the flow structures inducing these body
forces should therefore enable and allow future strategies and technologies to be developed to
mitigate the drag penalty associated with them. However, it is clear that when manufactures
are looking to develop low drag notchback vehicles the minimum backlight inclination angle
possible should be sought to minimise drag.

Figure 6.1: Area weighted drag contributions, 35° low- and high-drag states
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Across the range of geometries tested, the in-notch structures were shown to undergo
significant variation, both their time-averaged form and time-variant behaviour changing.
However, common to all configurations were the presence of a pair of strong trailing vortex
structures that flanked the edges of the bootdeck.
In the centre of the backlight at 20° flow remained largely attached as it decelerated into the
notch only separating in a benign manner across a small region immediately upstream of the
bootdeck. The nature of this separation resulted in no coherent structures forming within it
and thus its temporal behaviour was driven simply by onset flow perturbations causing its
size to fluctuate about its time-averaged form. This topology has, to the author’s knowledge,
never been reported upon in published literature, which is surprising given its relevance to
modern designs. Whilst various sharp-edged studies, Nouzawa et al. [24] and Sims-Williams
et al. [25], have touched upon these shallow backlight configurations the results presented
here show the disparity induced by the different edge treatments. The round edges allow flow
to remain attached across a significant proportion of the backlight with the little separation
apparent at its base is highly benign. Differing significantly from the sharp edged cases where
separation occurs at the header and extends across the majority of the backlight, the more
aggressive pressure gradients causing flow to roll up into a dominant, highly coherent,
vortical structure within it.
As backlight angle increases the small benign separation was observed to grow as the
worsening adverse pressure gradient resulted in earlier separation causing this region to
extend across a greater proportion of the notch. This also caused flow within it to roll up and
form a transverse or hairpin vortex identical to that identified by Gilhome et al. [29] when
investigating the wake of a full size production notchback vehicle. Again this behaviour
differs from that of the sharp edged geometries, in those cases the sharp header fixes
separation, the strengthening of the structure within it solely responsible for the drag
increment. Here the round edged variants exhibit a much greater drag sensitivity as not only
does the strength of the central separation increase but so too does its size. Further the
orientation of the transverse vortical structure is also sensitive to edge treatment. In the case
of the sharp edge topologies the transverse section forms upstream of nodes on the bootdeck
where it attaches to the surface whilst the round edged variants attach at nodes on the
backlight and the transverse section forms downstream.
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However, whilst Gilhome et al. [29] observed this flow structure in isolation this topology’s
variation with backlight angle can be discerned here. Increasing backlight angle causing the
central transverse vortical structure to grow and strengthen driving the drag increment
between 25° and 30°, Figure 6.1. Whilst this is an anticipated effect the modification of the
temporal behaviour of this structure is more pronounced. At 25° the hairpin vortex was
observed being periodically shed in an identical manner to the production notchback flow.
Increasing backlight angle acting to stabilising this flow causing it simply to fluctuate about
its time-averaged form in a large-scale, coherent, manner. The increasing stability of the
notchback regime with backlight angle never explicitly observed before due to the isolated
nature in which production like geometries have been tested, this effect also not inferable
from the sharp edged cases as they do not exhibit the same temporal traits.
Whilst increasing backlight angle to 30° acted to stabilise the in-notch structures increasing it
to 35° introduced significant unsteadiness. The flow on this configuration forming bi-stably
in much the same way as flow over a critical sharp-edged fastback topology, Ahmed et al.
[10], although the states here are truly bi-stable requiring no external forcing to induce there
formation. When the flow forms in the high-drag state drag coefficient is 0.021, or 8%,
higher than the low. This high-drag form was found to be an evolution of the flow structures
forming at shallower angles and, considering solely this state, the increased backlight angle
acted to further stabilise this regime. When the flow switched to the low-drag state the
transverse vortex collapsed reducing the magnitude of the large negative pressure peak on the
backlight and thus drag. Whilst bi-stable structures have been identified on production like
notchback geometries previously the behaviour here differs as the flow switches between a
high- and low-drag state rather than an asymmetric topology switching sides at 0° yaw as
Lawson et al. [30] observed.
Whilst the drag coefficient of sharp edged notchback geometries changes rapidly about this
critical angle, in both Nouzawa et al. [24] and Sims-Williams et al. [25] studies the
geometries were only capable of supporting single flow topologies. The sharp edges
precluding the bi-stable formation of flow due to them fixing separation locations and thus
enabling flow to form in only a single discrete regime. Further to this in both cases the
sensitivity of drag coefficient to backlight inclination at post-critical angles reduced
significantly, the squareback type topology produced responding only slightly to geometrical
changes. Again this is disparate from the round edged production like geometries tested here,
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where a strong, highly asymmetric topology was found to form at post-critical backlight
angles and therefore drag sensitivity to geometry remained.
The work presented in this thesis shows the results of a systematic investigation into the
complete range of notchback flow structures developed by notchback vehicles with
dimensions characteristic of models produced from the 1960s to the present day. The
commonality of the flow structures observed here to those in investigations of production
notchback wake topologies shows this to be the case. However, this study adds to knowledge
of the production notchback flow structures by studying the variation of these topologies
across a single family of geometries rather than the isolated testing of individual
configurations that has preceded it. This work has therefore enabled the variation of the
production like notchback flow topology with a single geometric variable to be definitively
observed. Whilst square edged topologies have been studied in a similar manner the results
presented here reveal the, at times, significant disparity between the sharp- and round-edged
configurations time-averaged topologies and temporal behaviours.
It is hoped that the strong understanding of the production notchback flow topology given by
this study will form a basis upon which future work attempting to reduce the drag of
notchback vehicles can be based. The significant understanding of the topologies and their
behaviours presented here allows specific features to be targeted, possibly with active
techniques, to yield the drag reductions the automotive industry requires.
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7 Further Work
Although it is felt this work gives a thorough and complete understanding of the flow
topologies generated by notchback vehicles from the 1960s to the present day it has also
raised some avenues of further research. These are listed below:
•

Continued investigation of geometries with steeper backlights. Whilst these may not
be relevant to the automotive sector it would be interesting from a general
aerodynamics perspective to identify what happens as backlight angle increases
further. Does the flow structure continue to vary in a continuous manner with
geometry or does it ultimately take a single form in the same way as the sharp edged
flow topology does?

•

Further investigation into the vortex shedding behaviour and mechanism of the flow
generated by the 25° configuration. Is this correlated across the backlight or is it shed
in a vortex street like manner as Nouzawa et al. [27] proposed?

•

Further investigation of the spanwise flow across the 25° - 40° configurations to
quantitatively identify the trailing pillar vortical structures and to definitively show
how the vorticity in them varies with backlight angle.

•

Further investigation into the effects of aspect ratio on the form of the highly
asymmetric flow topology generated by the 40° configuration to determine whether
the hypothesis as to the source of this behaviour is correct and how the asymmetry
responds to aspect ratio.

•

Computational modelling of this experimental work undertaken here to validate
Computational Fluid Dynamics codes. Time-averaged results for the 20° backlight
geometry are detailing in a paper stemming directly from this work [63] a link to an
online repository where the experimental data can be downloaded is also included.
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9 Appendices
Appendix A – Evaluation of Blockage Correction Techniques
This section covers the selection of a suitable blockage correction for the combination of
model and test facility used throughout this work. It is not practical, nor necessary, to perform
this evaluation for each model configuration therefore the standard SAE notchback variant
(20° backlight angle) has been used here.
As discussed in section 2.1.2 no unified blockage correction suitable for bluff bodies in
closed-test-section wind tunnels exists therefore the variety of existing corrections must be
assessed for suitability. The continuity/MIRA correction and the Mercker correction in its
yaw-approximated form have been selected for evaluation here due to their prevalence and
accuracy respectively. In-order to assess their performance they will be evaluated against the
full form of the Mercker correction, this is the only blockage correction recommended by the
SAE Closed-Test-Section Wind Tunnel Boundary Interference Committee [38] which does
not require additional measurements to be taken during testing. The full form of the Mercker
correction is too computationally and test intensive to be applied throughout this work;
however, it will be used in this case to generate an ‘accurate’, or ‘true’, value its yaw
approximated form and the continuity/MIRA correction can be assessed against.

Figure 9.1: Effect of various blockage corrections on drag coefficient
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Figure 9.1 shows the blockage corrections applied to drag data collected during a ±30° yaw
sweep in 5° increments performed at a Reynolds number equal to 2.3x106. Results show the
continuity/MIRA correction to generate the largest correction factor modifying raw data by
~6%, compared to the ‘accurate’ Mercker correction this is approximately double that
required across the full range of yaw angles. Unexpectedly the yaw approximated Mercker
correction generates identical results to the Mercker or ‘true’ correction right up to ±30°
when it is typically said to only remain accurate up to ~±15° [38].

Figure 9.2: Wind axis against induced drag, standard SAE reference model

The reason for this unexpected accuracy can be seen when analysing the models wind axis
and induced drag (Cl2 + Cy2) relationship, Figure 9.2. This differs significantly from that of a
typical production vehicle at larger yaw angles, shown in Figure 9.317 for comparison. The
relationship for production geometries typically becomes non-linear as yaw angle exceeds
~±15° due to significant variation of separation locations which results in large changes of
wake structure and body forces. This effect can be seen in Figure 9.3 as yaw angle exceeds
~20° as indicated by the curves deviation from the line fitted to the linear region, red.
17

This data obtained from a full scale, 2008 model year, production Jaguar XF in the MIRA full-scale wind
tunnel.
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As this relationship becomes non-linear it indicates changes of the proportions in which body
forces are generated due to significant variation of separation locations, this in turn
significantly modifies the wake structure. For a blockage correction to remain accurate it
must account for the changing size of the wake and the effect this has upon the wake
component of blockage. The full Mercker correction achieves this through the use of a term
that becomes significant at larger yaw angles. However, due to difficulty calculating this it is
omitted from the yaw approximated Mercker correction and the caveat applied that it only
remains accurate up to ~±15°. The SAE models linear wind axis - induced drag relationship
up to ±30° indicates stability of separation locations and therefore a highly consistent wake
structure. This results in the additional term being equal to 0 causing the full and yaw
approximated Mercker corrections to produce identical results.

Figure 9.3: Wind axis against induced drag, 2008 Jaguar XF (full scale)

This linear behaviour is a consequence of the models initial design specification requiring it
to be insensitive to Reynolds effects at yaw. To achieve this the design of the edge radii are
such that they include a sharp edge that fixes separation location over a wide range of yaw
angles a behaviour which is not typical of production type geometries.
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The insensitivity to yaw can be observed in 2D 2-component PIV measurements taken along
3 planes intersecting the A-Pillar at 50%, 70% and 90% of its length orientated normally to
the front slant, as discussed in section 2.2.5.6.3. This data was acquired at a Reynolds number
equal to 2.3x106 at 0°, -10°, -20° and -30° yaw angles with measurements taken on the lee
side where flow has a greater propensity to separate. Time-averaged results are shown in
Figure 9.4 with in-plane streamlines plotted along each measurement plane overlaid on
contours of normalised18 in-plane velocity.
Results clearly show the A-Pillar flow structure to undergo little variation with yaw as
anticipated from the models linear induced – wind axis drag relationship. At 0° and -10° there
is no change to the flow structure with flow remaining fully attached along the A-Pillars
length as it migrates from the front slant to the side. However, local velocity is greater in
the -10° case due to increased acceleration around the radius as the larger yaw angle
effectively reduces its curvature.
At -20° the flow structure changes subtly toward the upper end of the A-pillar, visible in the
70% and 90% planes. Here flow begins to separate at the radiuses trailing edge forming a
small separation bubble that increases in size with distance along the A-Pillar. The structure
in the lower plane is, however, consistent with those at 0° and -10° indicating separation to
begin at the top of the A-Pillar and extend down as yaw angle increases.
At -30° separation occurs along the full extent of the A-Pillar and is now present in the lowest
measurement plane. The formation of this separation bubble is driven by the increasingly
adverse pressure gradient around the radius as flow moves from an area of high
acceleration/velocity and low pressure to higher pressure along the model side where it
decelerates back to freestream velocities. This pressure gradient becomes increasingly
adverse as yaw angle increases effectively reducing the radiuses curvature and thus
increasing acceleration around it. Although there is some flow structure variation with yaw
angle this is clearly very small and the flow structures formed are weak in stark contrast to
the strong A-Pillar vortex that would typically form here on a production vehicle. This small
change therefore has little effect on the proportionality of body forces whilst the rapid
reattachment of this structure results in minimal wake modification. Resulting in this
component of blockage remaining consistent with yaw angle and thereby allowing the yaw
approximated form of the Mercker correction to remain completely accurate up to ±30°.
18

To corrected tunnel freestream velocity
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Figure 9.4: Time-averaged A-pillar PIV velocity fields, range of leeward yaw angles
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This behaviour contrasts that of a typical production vehicle, Figure 9.5 shows the wake of
crossover type automobile at a steady state 0° and -10° yaw angle from numerical simulations
by Bagal and Mulemane [64]. This figure shows the vehicle from above with iso-surfaces
drawn along contours of total pressure equal to 0, highlighting the major regions of separated
flow. Even at a relatively small -10° yaw angle it is clear that the extent of the separated
region increases significantly on the lee side. This is particularly prevalent at the leading edge
of the bumper and downstream of the A-Pillar where the vortex here is strengthened and
forms away from the body. Large changes also occur at the rear of the vehicle where the
separated base region extends upstream along the vehicle side significantly increasing the
size of the separated wake and thus wake blockage component.

Figure 9.5: Iso-surface of 0 total pressure, crossover type vehicle at 0° and -10° yaw [64]

- 239 -

9. Appendices
The behaviour of the edge radii in the suppression of large areas of separation around the Apillars is expected to remain consistent across all the regions they are applied, namely the
backlight and bootdeck edges. It is this, combined with sharp edges surrounding the base
minimising this areas sensitivity to yaw that prevents the established flow field breaking
down. As this behaviour results from features common to all configurations it is expected to
remain consistent across the family of models, therefore the yaw approximated Mercker
correction will be used to correct body forces and surface pressures throughout.
A summary of the findings of this work to assess the suitability of the various blockage
correction techniques are given below:
•

The SAE model in its standard notchback form has been used to assess the suitability of
the continuity/MIRA and yaw approximated Mercker blockage corrections for use
throughout this study. These corrections have been evaluated against the full form of the
Mercker blockage correction which is too complex to use throughout this work but is the
only one recommended by the SAE Closed-Test-Section Wind Tunnel Boundary
Interference Committee which does not require additional supporting measurements to
be made.

•

Testing revealed the continuity/MIRA correction to generate approximately twice the
correction factor of the full form of the Mercker correction. The yaw approximated form
yielded identical results to the full form of the Mercker correction up to a ±30° yaw
angle, unexpectedly, due to it typically only remaining accurate to ±15°. This accuracy
was found to be due to the models linear wind axis – induced drag relationship indicating
no/very small changes of wake structure with yaw angle. This behaviour was confirmed
by PIV measurements on the A-Pillar which revealed only small amounts of separated
flow, which quickly reattached downstream, at yaw angles as large as 30° on the lee side.
The yaw approximated form of the Mercker correction was selected for use throughout
this study as a result of this.
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Appendix B – Correction of Sampling Regime and Tubing Corruption
Appendix B.a

Sampling Regime Correction

The pressure scanners sequential sampling regime prohibits the spatial-temporal analysis of
surface pressure data and requires a correction to be applied before this can be performed.
The effect of the sampling regime is shown in Figure 9.6 using the example of 2 tappings
sampling the same 100Hz sine wave. The sampled wave is shown in black, with
measurements from tapping 1 and tapping 43 also indicated, occurring at 0s and 2.1x10-3s
(42/20,000) respectively. Both these measurements fall within the same measurement block,
a block defined as a single sample from each of the 64 tappings, taking 3.2x10-3s (64/20,000).

Figure 9.6: Effect of pressure scanner sampling regime

The effect of assuming measurements from all tappings in a block occur synchronously
results in a constant time advance being applied to the sampled signal equal to the time offset
between the measurement from tapping 1 and the relevant tapping. This is shown in red and
can be seen to have effectively advanced the signal sampled by tapping 43 causing it to
appear to lead the actual signal, black. The error induced by this effect is a function of the
time offset, i.e. tapping number, and the frequency content of the measured signal. Ignoring
this could potentially introduce significant errors particularly at higher tapping numbers when
the frequency content of the signal is high. The nature of this constant offset also makes it
highly probable that spatial-temporal analysis will identifying false relationships between
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surface pressure fluctuations at different locations making it imperative that a suitable
correction is employed if these techniques are to be used.
To preserve the frequency content of the measured signal the correction must be applied in
the frequency domain as simply resampling in the temporal domain would filter the higher
frequency components of signal that may be of interest. To do this the discrete Fourier
transform (DFT) of the sampled signal is first calculated to capture the phase and magnitude
characteristics of the signals constituent frequency components. The phase information of
each frequency component is then modified by introducing the required phase delay resulting
in the desired time offset when the signal is recreated in the time domain using an Inverse
Discrete Fourier Transfer (IDFT). The application of this delay in the frequency domain
ensures the original frequency content of the signal is retained and no pressure fluctuation
data lost.
Because the required lag applied to the phase component of the signals Fourier transform is
specified in wavelengths of the corresponding frequency a constant time delay is achieved by
varying the phase lag applied to each frequency component. These varying between 0 at 0Hz
and x at the Nyquist frequency, where x is dependent upon the tapping the correction is
applied to and thus the delay required. An example of the required phase lags for a selection
of tappings is shown in Figure 9.7; the gradient of the phase lag varying linearly with tapping
offset from tapping 1. No correction is applied to tapping 1 as this is the ‘master’ that the
others are corrected to.

Figure 9.7: Example phase change for a selection of tappings
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To validate this correction the experimental apparatus described in Appendix B.b was used to
sample a pressure signal from 8 tappings evenly distributed throughout the 64. These were
connected to the source via identical pneumatic circuits and acquired a 5-130Hz 5s duration
swept Sine wave in ascending and descending forms. A restricted set of these results,
representative of the full set, is shown in Figure 9.8, the raw signals on the left and the
corrected on the right. Those on the left clearly show the error introduced by the offset when
the assumption is made that all tappings are sampled synchronously with measurements of
the same signal appearing increasingly advanced when sampled by tappings further from
tapping 1.

Figure 9.8: As sampled, left, and corrected for sampling effects, right.

Results on the right show these signals after the application of the correction with all signals
from now occurring synchronously and therefore displaying the degree to which this effect
can be corrected. A quantitative assessment of the correction can be seen when considering
tapping 56, which has the greatest offset in this data set; RMS error is reduced from
123mmH2O to 9mmH2O after the application of the correction. Considering the power
spectral density of this signal pre- and post-correction, Figure 9.9, shows that whilst the
signal has been successfully corrected for the effects of the sequential sampling regime its
spectral content is preserved and therefore special-temporal analysis can be performed on
surface pressure data after the application of the correction with no loss of data fidelity.

- 243 -

9. Appendices

Figure 9.9: Power spectral density of signal pre- and post-correction
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Appendix B.b

Correction of Tubing Effects

Due to type of pressure scanners used surface pressure is measured remotely, the pressure
signal transported from the surface via a pneumatic circuit consisting of a pressure tapping, a
length of flexible tubing and a pneumatic manifold. The additional mass of air and increased
shear stresses this introduces to the system is known to have a distorting effect on the
magnitude and phase behaviour of a fluctuating pressure signal. Therefore, before any form
of temporal analysis can be performed these effects must be quantified to enable a correction
to be generated.
The procedure for correction of these effects is covered in detail by Sims-Williams and
Dominy [65] and is therefore concisely described here, should the reader require additional
information they are referred to the aforementioned source. The effect of the addition of a
length of 490mm, 1mm ID tubing placed in the pneumatic circuit can be seen in Figure 9.10,
showing the corrupting effect this has on the signal. Over the range of frequencies present
magnitude is distorted by a gain of up to 0.5 having both an amplifying and attenuating effect
whilst phase change peaks at 180°. Both these effects are also highly non-linear with respect
to frequency.

Figure 9.10: Effect of tubing in pneumatic circuit, from Sims-Williams & Dominy [65]

The test setup described by Sims-Williams and Dominy [65] used a loud speaker fitted to a
sealed cavity to generate pressure fluctuations over a range of frequencies. Pressure within
this cavity was then measured directly by a pressure transducer at the cavity and indirectly
via a pressure transducer measuring the signal after corruption by the pneumatic circuit. The
transfer function between these pressure signals was then calculated to determine the
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distorting effects the pneumatic circuit had introduced, Figure 9.10. Once this relationship is
known the corrupt signal can be corrected for these effects in the frequency domain then
reconstructed in the time domain to yield the uncorrupted signal.
The experimental setups throughout this work utilise a common pneumatic circuit to transport
the pressure signal from the model surface negating the need to develop 128 different
corrections. This pneumatic circuit consists of a pressure tapping, 550mm of 0.8mm ID
flexible tubing and a quick disconnect pneumatic manifold. To generate the required
correction a sample of both an uncorrupted and corrupted fluctuating pressure signal must be
obtained. A schematic of the experimental setup used for this is shown in Figure 9.11 and can
be seen to consist of 3 main components.
a. cavity formed by an audio speaker and plate fitted with 8 pressure tappings plus
associated signal generating hardware
b. Pneumatic circuit, 550mm flexible tubing, quick release pneumatic manifold and
additional short lengths of tubing
c. 64 channel pressure transducer and associated data capture and storage hardware

Figure 9.11: Schematic, pressure tubing correction experimental setup

The experiment is setup with one of the cavities tappings connected to port 1 on the pressure
scanner via a very short length of tubing; this is the uncorrupted pressure signal. The
additional 7 tappings on the cavity are connected to 7 ports on the pressure scanner; these are
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the corrupted pressure signals. The experiment is repeated several times until the 7 cavity
tappings have been rotated around all 63 ports on the pressure scanner thereby generating a
dataset containing corrupt data measured at 63 ports relative to uncorrupted data at port 1.
Whilst the frequency response of each port is not expected to vary this method enables this to
be confirmed whilst generating sufficient data to ensure the correction is statistically
accurate. It is not practical to connect port 1 directly to the cavity so it is instead connected
via an extremely short length of pressure tubing. It is acknowledged that this will corrupt the
‘uncorrupted’ signal; however, the corruption due to this short length is felt to be negligible
and can be ignored.
For each run the pressure signal was generated by the loud speaker that in turn was driven by
a computer based signal generator and an amplifier providing its input. Over the course of a
run 81920 samples were taken at 260Hz (~315s) acquiring the 5-130Hz19 swept Sine wave in
ascending and descending forms with a cycle time of 5s, resulting in ~60 cycles being
collected during each sample period. To determine whether the corruption varied with
amplitude each test was repeated 4 times with the signals maximum amplitude set to 25, 50,
75 and 100% of the pressure scanners maximum range. Before the calculation of the
distorting effects of the pneumatic tubing was performed, the temporal offset introduced by
the scanners sampling regime, discussed in Appendix B.a, was applied to ensure only the
corrupting effects of pneumatic circuit were measured and ultimately corrected for.
An example of the uncorrupted signal from tapping 1 and a randomly selected corrupted
signal, from tapping 52, is shown in Figure 9.12, showing a complete ascending Sine sweep
Whilst it is difficult to determine phase behaviour, the magnitude corruption of the pressure
signal is clear. At some frequencies the corrupted magnitude is twice that of the uncorrupted
signal illustrating the requirement to correct for this when temporal analysis is required.

19

Nyquist frequency
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Figure 9.12: Corrupting effect of pneumatic circuit

Taking the transfer function of all data sets the corrupting effect of the pneumatic circuit on
the signals phase and magnitude can be seen, Figure 9.13 and Figure 9.14 respectively. The
relationships of both these parameters are similar to those identified by Sims-Williams and
Dominy [65], Figure 9.1020, although no magnitude attenuation is observed here. This is
likely a result of the reduced frequency range the equipment used here is capable of as results
begin to tend toward attenuation at higher frequencies.
The data presented here also shows the frequency response of all ports to be consistent with a
small spread of data and no outliers. Furthermore no amplitude dependency is present in the
phase corruption with the data from all amplitudes sitting within the same band. A slight
amplitude dependency can be identified in the magnitude behaviour, the corruption reducing
as a function of amplitude; however, this effect is only slight. Of the order of the spread
between tappings and shall therefore be ignored as the additional computational and time
overheads required to include this in the correction are not felt to justify the potential for
slightly increased accuracy.

20

The input/output signals have been transposed between the investigations; therefore the phase and magnitude
behaviours appear as the inverse of one another.
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Figure 9.13: Pneumatic circuits phase corrupting effect

Figure 9.14: Pneumatic circuits magnitude corrupting effect
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Figure 9.15: Phase and magnitude corruption due to pneumatic circuit

The average phase and magnitude corruption for all pressure ports and amplitudes are shown
in Figure 9.15, to correct for these effects the following steps are then required:
1. The corrupted signal transformed into the frequency domain using a DFT.
2. Each frequency has the corresponding phase delay, Figure 9.15, corrected by applying
an equivalent phase advance, i.e. the inverse of the phase delay applied.
3. The magnitude of each frequency component modified by dividing it by the
corresponding magnitude corruption, Figure 9.15.
4. The modified Fourier transform of the signal transformed into the time domain by
performing an IDFT thus generating a signal corrected for the corruption effects.
This process results in a pressure signal equivalent to one sampled directly at the model
surface by a transducer, a process which would have been cost and time prohibitive for the
number measurements performed in this investigation and would have had a high probability
of modifying the near surface flow field.
To test the effectiveness of the correction the results of its application to a swept Sine wave
and a more complex square wave; containing a wide range of concurrently acting frequency
components, are shown in Figure 9.16. The data presented here has been heavily cropped so
the effects of the corruption and the correction can be clearly seen. The square wave, right,
appears as an impulse type signal due to the loud speakers inability to generate a quasisteady-state pressure offset although this type of wave form is equally complex.
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Figure 9.16: Incorrupt, corrupt & corrected signals, swept Sine – left, square - right

As Figure 9.16 shows the correction performs well on both signal types clearly correcting for
the large amplitude corruption introduced by the pneumatic circuit. The corrections
effectiveness is further illustrated when analysing its effect upon the square wave, correcting
the amplitude discrepancy and also removing the ringing in the corrupt signal after
application of the impulse signal. A more quantifiable measure of the corrections
performance can be seen in the RMS deviation of the corrupt and corrected signals from the
incorrupt, found to reduce from 36.9mmH2O to 8.2mmH2O and 18.2mmH2O to 10.1mmH2O
for the Sine and square waves respectively.
The results presented here clearly show the degree of corruption introduced by the pneumatic
circuit and therefore the requirement for this to be corrected before reliable time-accurate
analysis can be performed. The ability of this correction to remove these distorting effects,
particularly on highly complex waveforms, to a high degree of accuracy gives a high level of
confidence that time-accurate analysis of surfaces pressure measurements can be used to
accurately analyses structures present in the model flow field. As a result of these findings all
pressure measurements presented throughout this work have had this correction applied to
them including time-averaged results.
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Appendix C – Comparison of Notchback Vehicles
Manufacturer

Model

Year Introduced

Alfa Romeo
Alfa Romeo
Audi
Audi
Austin
BMW
BMW
BMW
BMW
BMW
BMW
Fiat
Ford
Ford
Ford
Ford
Ford
Honda
Jaguar
Jaguar
Jaguar
Jaguar
Lexus
Lexus
Mazda
Mazda
Mazda
Mercedes-Benz
Mercedes-Benz
Mercedes-Benz
Mercedes-Benz
NSU
Opel
Opel
Peugeot
Rover
SAAB
Toyota
Triumph
Triumph
Triumph
Volvo
Volvo
Volkswagen
Volkswagen
Volkswagen

105/115
Giulietta
100
A6
ADO 61
2002
1-Series
5-Series
5-Series
5-Series
7-Series
125
Falcon
Focus
Granada
Mustang
Scorpio
Accord
S-Type
XF
XJ
XJ
GS
IS
6
626
1200
190E
230SL
E-Class
S-Class
Ro 80
Omega
Rekord
604
600
99
Avensis
Herald
Stag
TR4
740
S60
Jetta
Jetta
Passat

1963
1978
1982
2005
1968
1967
2008
1972
1995
2003
2002
1967
1960
1998
1972
1978
1994
2002
1998
2009
2003
2010
1997
1998
2008
1992
1969
1982
1963
2009
2007
1967
1999
1967
1975
1993
1967
2009
1968
1970
1961
1984
2000
1979
2005
2005

Angle, °
Backlight Effective
29.2
25.6
43.9
20.2
27.2
16.5
15.5
13.6
36.9
23.5
42.1
25.6
26.9
19.9
39.3
22.0
27.8
20.6
24.4
18.7
23.0
16.1
45.0
22.0
34.2
15.4
24.6
19.5
37.7
21.0
33.3
22.6
29.7
20.4
20.9
17.7
29.5
18.7
16.1
15.2
30.3
18.7
17.6
16.4
22.6
17.7
23.8
18.2
21.8
16.6
32.1
22.0
38.7
31.0
33.5
22.8
46.8
20.2
17.7
16.5
21.4
17.7
31.6
21.0
29.7
23.8
33.7
21.1
41.8
20.4
22.0
17.3
40.4
28.5
23.1
20.8
57.1
29.7
41.2
20.4
37.9
19.2
53.1
27.2
20.4
16.3
41.0
23.3
23.4
19.6
21.3
16.6

Table 9.1: Production notchback vehicles backlight and effective angles
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Appendix D – SAE Reference Model Dimensions

Figure 9.17: SAE notchback reference model (β = 20°), 3rd angle projection
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Figure 9.18: SAE notchback reference model (β = 20°), isometric view
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Figure 9.19: SAE notchback reference model (β = 20°), pressure-tapping locations
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Figure 9.20: SAE notchback reference model (β = 20°), pressure-tapping locations
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Figure 9.21: SAE notchback model (β = 25°), 3rd angle projection
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Figure 9.22: SAE notchback model (β = 25°), isometric view
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Figure 9.23: SAE notchback reference model (β = 25°), pressure-tapping locations
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Figure 9.24: SAE notchback reference model (β = 25°), pressure-tapping locations
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Figure 9.25: SAE notchback model (β = 30°), 3rd angle projection
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Figure 9.26: SAE notchback model (β = 30°), isometric view
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Figure 9.27: SAE notchback reference model (β = 30°), pressure-tapping locations
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Figure 9.28: SAE notchback reference model (β = 30°), pressure-tapping locations
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Figure 9.29: SAE notchback model (β = 35°), 3rd angle projection
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Figure 9.30: SAE notchback model (β = 35°), isometric view

- 266 -

9. Appendices

Figure 9.31: SAE notchback reference model (β = 35°), pressure-tapping locations
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Figure 9.32: SAE notchback reference model (β = 35°), pressure-tapping locations
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Figure 9.33: SAE notchback model (β = 40°), 3rd angle projection
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Figure 9.34: SAE notchback model (β = 40°), isometric view
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Figure 9.35: SAE notchback model (β = 40°), pressure-tapping locations
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Figure 9.36: SAE notchback model (β = 40°), pressure-tapping locations
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Appendix E – The 30° In-Notch Flow Topology
This section presents the time-averaged results of oil flow, surface pressure and 13
streamwise PIV measurements performed on the 30° configuration. The surface pressure
measurements are also used to generate an understanding of the temporal behaviour of the
flow topology.

Appendix E.a

Steady State Form

An annotated skin friction line image for the 30° configuration at 0° yaw is shown in Figure
9.37 and reveals flow structures to have clearly evolved from those at 25°. Once again
separation occurs downstream of the backlight header although this location has migrated
upstream slightly to the point identified by the inflection in the centreline pressure trace,
Figure 4.13. This is coupled with the growth of the separated region (a) that now forms across
a greater lateral and longitudinal extent. An expansion which is also apparent in timeaveraged surface pressure measurements, (a) Figure 9.38; the negative pressure it induces
extending across a greater expanse of the surface leading to its increased drag contribution, as
per Figure 4.4. Whilst it has become larger its topology remains essentially unchanged, flow
continues to rotate about a pair of large unbalanced nodes (b & c) forming toward the upper
edge of the surface that continue to infer the presence of a curved transverse vortex.

Figure 9.37: 30° in-notch skin friction lines
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This greater size of the separated region influences the formation of the trailing pillar vortices
particularly toward the top of the backlight. On the left the smaller less dominant node (b)
forms close to its edge. This close proximity draws the flow rounding the pillar here, which
would normally roll up to form the trailing pillar vortex, into the transverse vortex.
Suppressing trailing pillar vortex formation on this side to a point downstream where the
reattachment line (d) begins to become visible in the lower half of the backlight. A behaviour
which is corroborated by surface pressure measurements, elevated pressure corresponding to
the impingement, and thus partial stagnation, of flow along this line only visible in the lower
half of the backlight, (b) Figure 9.38. On the right the more dominant node (c) forms further
from the edge enabling flow to roll up and form the trailing pillar vortex from the top of the
backlight, its reattachment line (e) present along its entire length. However, both trailing
pillar vortices are weakened by this stronger increasingly dominant transverse vortex as it
consumes more of the flow rounding the pillars. Resulting in their smaller size as is evident
in the reduced proximity of both reattachment lines (d & e) to the backlights outer edges.

Figure 9.38: Time-averaged surface pressure distribution, 30° configuration
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The delayed roll up of the left hand trailing pillar vortex coupled with its weaker form is
responsible for a significant variation of bootdeck pressure distribution. As with the 20° and
25° configurations pressure peaks at the backlight-bootdeck intersection, (c) Figure 9.38,
where flow along the reattachment line, (d) Figure 9.37, impinges with increased strength due
to the surface no longer falling away from it. However, the reduced strength of the trailing
pillar vortex results in a much weaker partial stagnation here as it induces less velocity in the
separated shear layer surrounding it resulting in static pressure coefficient barely exceeding 0.
This is further exacerbated by the inability of the trailing pillar vortices to closely track the
more rapid fall of the backlight. As indicated by the secondary flow structures (f & g)
encroaching further toward the centreline at the front of the bootdeck than at its trailing edge.
The greater displacement of the trailing pillar vortices from the surface at the backlightbootdeck intersection affording greater room for these secondary flows to form. The vortices
increased displacement from the surface further reduces impingement strength at (c). And is
responsible for the stronger secondary stagnation at (d), as by this point the trailing pillar
vortex is sufficiently strong and close to the surface for the separated shear layer enclosing it
to more forcefully impinge, as illustrated in Figure 9.39. The closing proximity of this
structure can also be further seen in the steady reduction of surface pressure in this region (e)
as the trailing edge is approached.

Figure 9.39: 30° trailing pillar vortex location
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These secondary impingement locations are highlighted (h & i) in skin friction lines in Figure
9.37, and can be identified by the increasing clarity of flow diverging from these higherpressure stagnation regions. The asymmetry persisting in the flow causing (i) to form further
upstream likely as a result of the earlier formation of this vortex and thus its greater strength
as it interacts with the bootdeck. Inboard of (d) Figure 9.38 elevated pressure stretches to the
centreline as the general downwash of the overbody flow increases pressure here. The now
greater size of the separated region displacing the overbody flow further from the backlight
resulting in this stagnation region forming further downstream than seen previously for the
20° and 25° configurations. An effect clearly visible in skin friction lines where the rotation
of flow around the two nodes (j & k), within the separated region, can be observed
encroaching on to the bootdeck up to this edge of this high pressure region. Downstream of
this flow continues to diverge significantly inboard (l & m) from the reattachment lines, these
flows again dominating those on the bootdeck. The imbalanced nature of these forces the
bifurcation line (n) between them away from the centreline, which, combined with the flow
moving up the backlight in the centre of the transverse vortex (o), forms a saddle point at (p).

Figure 9.40: Streamwise time-averaged 2D PIV planes, 1/3rd lateral resolution
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Once again 13 streamwise 2D PIV planes have been acquired intersecting the notch
±0.281y/Y of the centreline in 0.047y/Y increments. These are shown in Figure 9.40 at 1/3rd
lateral resolution for clarity, streamlines drawn upon contours of normalised in-plane
velocity. The increased size of the separated region can be clearly seen along the centreline
having displaced the overbody flow further from the surface and encroached on to the
bootdeck. Downstream the bifurcation of flow from the bootdeck is also clearly visible as the
two inwardly diverging flows drive one another away from the surface where they meet.
Whilst the increased size of the separation continues to reduce the curvature of the overbody
streamlines at the backlight header and thus the magnitude of the negative pressure peak here
as shown in Figure 4.13.
Along the most outboard measurement planes the separated flow once again appears as a
simple separation bubble with fluid moving downstream as it rotates around the outside of the
nodes. However, unlike the 25° configuration the transverse vortex is identifiable in a greater
number of planes off the centreline. This is better shown in Figure 9.41 that shows
streamlines drawn along all measurement planes, restricted to show only the separated flow.
The transverse vortex can be clearly identified along all planes inboard of the node centres,
the curvature of this vortex having clearly been reduced by the steeper backlight. This causes
it legs to bend upstream at a less extreme angle and thus the vortex to intersect the
measurement planes less obliquely enabling the rotation of flow within it to be observed
across its entire lateral extent. This reduced curvature can be further seen in the increasingly
ovoid form of the nodes as the vortex attaches to the surface less normally compared to the
25° configuration.
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Figure 9.41: Combined time-averaged PIV planes, streamlines showing separated flow
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Appendix E.b

Temporal Behaviour

The RMS distribution of surface pressure fluctuations for the 30° configuration are shown in
Figure 9.42 and reveal the instability in the vicinity of the central separated region to have
significantly reduced from the high levels induced by the shedding behaviour at 25°. The
RMS magnitude of fluctuations in this region approximately halved. This increased stability
is further inferred by pressure fluctuations approaching a minimum at a location coincident
with the node where the transverse vortex attaches to the surface, showing its strength and
position to be increasingly consistent. This behaviour is driven by the steeper backlight
generating a stronger adverse longitudinal pressure gradient that leads to the separation point
becoming increasingly well defined and stable. An effect, which combined with the greater
shelter afforded by the more rapid fall of the backlight, promotes the stability of the structures
forming here.

Figure 9.42: RMS pressure distribution, 30° configuration

Whilst pressure fluctuations across the backlight have reduced from the 25° configuration
they are intensified across the bootdeck. These continue to peak at the backlight-bootdeck
intersection where the trailing pillar vortex reattachment line impinges. However, are now
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also prevalent within the secondary impingement region and throughout the expanse of
elevated pressure that extends from here to the centreline induced by the general downwash
of the overbody flow. The flow field variation causing this is shown in Figure 9.43 where
flow in the centre of the separated region along the -0.047y/Y plane has been conditionally
averaged to show its extreme forms. A vector in a high RMS region, marked, chosen for this
with averaging performed when velocity exceeded ±2σ of the mean, the flow represented by
streamlines drawn upon contours of RMS velocity.

Figure 9.43: Conditionally averaged streamlines (µ±2σ) over RMS velocity, -0.047y/Y

Whilst surface pressure fluctuations show the transverse vortex to be stable it’s conditionally
averaged forms reveal the off body flow field to fluctuate significantly, particularly
downstream of the transverse vortex. The upper field shows one of these extremes to be a
strong, dominant vortex that forms within the separated region. This structures high vorticity
can be seen to deflect the separated shear layer surrounding it significantly downward
causing it to impinge strongly upon the bootdeck at a location corresponding to the pressure
peak in Figure 9.38. Its alternate extreme reveals a weaker transverse vortex which has
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migrated upstream and away from the surface, although, does remain coherent disparate from
its collapsed state at 25°. The weakening of this vortex is coupled with significant flow
variation above the bootdeck that produces the elevated pressure fluctuations present across
this region. The strong impingement previously present replaced with a powerful bifurcation
of flow away from the surface forcing the separated shear layer away and causing it to flap as
it alternates between reattaching and not with the strengthening and weakening of the vortex
respectively. This flapping produces the high RMS velocity fluctuation present throughout
the off body flow field immediately downstream of the backlight.
By applying the conditional averaging technique to surface pressure measurements the effect
of the off-body flow structure variation upon pressure can also be seen. This was performed
using a point of high RMS pressure fluctuations on the bootdeck as the trigger with averages
again taken when pressure exceeded ±2σ of the mean. The results of this technique are shown
in Figure 9.44 the conditional average generated from low pressure at this point on the left
and high on the right. Pressure distributions clearly reveal 2 different, distinct topologies with
the differences throughout the notch showing this unsteadiness to be both large scale and
correlated. It is therefore valid to superimpose the results of conditional averaging performed
on all PIV measurement planes, identical to that shown in Figure 9.43, upon these pressure
fields, these are shown as streamlines picking out the separated flow structures.

Figure 9.44: Conditionally averaged PIV and surface pressure

These results reveal flow throughout the notch to vary between the two extreme forms shown
in Figure 9.43. In the case of the stronger vortex, to the left, the increased vorticity within it
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strongly deflects the shear layer surrounding it downwards causing it to impinge upon the
bootdeck and generate the region of high pressure here as it partially stagnates. However, it is
also apparent that this strong deflection of the overbody flow increases stagnation at the point
where the shear layer surrounding the trailing pillar vortex impinges upon the bootdeck, with
a notable pressure peak also forming here. This is believed to be due to a combination of two
effects, the first the strong downwash in the centre strengthening the vertical component of
the shear layer surrounding the trailing pillar vortex causing it to meet the surface with
greater momentum. And the second the presence of the overbody flow in the centre of the
bootdeck preventing flow diverging inboard from this point across the surface and thus
increasing the degree to which it stagnates. When the transverse vortex is in its weakened
state flow at the trailing pillar impingement point stagnates to a much lesser degree as the
overbody flow is no longer deflected downwards as strongly allowing that impinging here to
diverge inboard. This then meets and interacts with that from the opposite side and produces
the strong bifurcation of flow away from the centre of the bootdeck which ultimately prevents
the overbody flow reattaching when the transverse vortex is in its weakened state.
The steeper backlight does, however, reduce fluctuations of the transverse vortex as the
increasingly adverse longitudinal pressure gradient is capable of sustaining this structure
more stably. Therefore whilst the strength of the transverse vortex does vary and ultimately
cause the flapping of the overbody flow its topology and strength remain more consistent
than the 25° configuration where the structures periodically collapse to an almost attached
state. This stability leads to the lower RMS pressure fluctuations across the backlight and the
lack of any identifiable large scale shedding from this region as seen previously.
Whilst no large scale shedding behaviour is identifiable the periodic variation of this
structures size and strength must be driven by a disparity between the rate of flow entering
and leaving it. In the case of the flow field generated by the 25° geometry this occurred as the
fluid accruing within the structure was shed as the separated region reached a critical size.
However, the extensive use of a number of analysis techniques including studying each of the
instantaneous vector fields showed there to be no evidence of this behaviour here. Although a
Proper Orthogonal Decomposition (POD), which decomposes the flow into its orthogonal
modes to reveal structures often hidden by the bulk fluid motion, did reveal the presence of a
structure which may be responsible for driving the varying rate of entrainment into/out of the
transverse vortex which is responsible for its strength variation.

- 282 -

9. Appendices
This structure is shown in Figure 9.45 and is represented by streamlines drawn upon contours
of normalised in-plane velocity. This flow field was found to be the third most energetic of
those describing the flows overall temporal behaviour after the first which showed the motion
of the separated shear layer as it switched between reattaching and not and the second the
varying strength and location of the transverse vortex. Besides these no other large scale
structures were identifiable. This flow field reveals there to be a large vortex train present
within the separating shear layer which surrounds the transverse vortex, when the first
temporal mode is superimposed upon this it results in this vortex train flapping motion,
following the motion of the shear layer it is contained within.

Figure 9.45: Prominent POD mode - shear layer roll-up

The alternate rotation of the vortices within this train will lead to a high speed, small-scale
variation of the amount entrained into the transverse vortex. However, analysis of this
structures temporal coefficient which indicates its strength in each vector field reveal its
strength to vary by ~±5%. This large-scale periodic variation of its strength would therefore
be sufficient to significantly vary the rate of flow entrainment in the transverse vortex. It can
therefore be said to be the variation of the strength of this vortex train that drives the larger
scale variation of the transverse vortex shown in Figure 9.43 and Figure 9.44. The varying
strength of this vortex train is shown in Figure 9.46. The distribution of this temporal
coefficient, right Figure 9.46, is also relatively flat and symmetric so therefore rather than the
transverse vortex growing until it reaches a critical mass as is the case at 25° here this
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strength change produces more of a smooth oscillation about the mean structure leading to
the much more stable structure present here.

Figure 9.46: Temporal coefficient indicating the prominence of POD mode

Figure 9.47 shows the PSD of pressure fluctuations within the separated region beneath the
transverse vortex. These show also show the oscillations to be low speed with the majority of
the energy present beneath ~10Hz and therefore this strength variation and flapping to be low
speed, but largely random, its maximum frequency limited by the large scale of this structures
variation.

Figure 9.47: PSD of pressure fluctuations within the separated region
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