201601-0477

Investigations of the RearEnd Flow Structures on a Sedan Car
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Abstract Moreover, a language is required which allows to describe and
charactege the flow in a morggenericway, in order to compare

The aerodynamic draduel consumption antienceCO, emissions different veficle geometries.

of a road vehicledependstrongly onits flow structures and the

pressuredrag generatedThe rear end flow which is an area of In the pasta lot of research wasarried outon different kindsof

complex threedimensional flow structuregcontributes to the wake notchbackand fastback geometries(often simplified bodies) for
development and the overall aerodynamic performance of the Instancdl, 2,3,4,5,6,7, 8,9, 1al, 12, 13, 14]Theinvestigation
vehicle of geometric parameters like thacklightangle effective backlight

angle trunk deck length and the relation to each other give
indications for an improved vehicle shgpe 10, 11, 15, 16]

Another interesting observation is the occurrenceymimetric and
asymmetric flow patterfior different notchback vehicle shap@sr
instance[8, 9, 14]). SimsWilliams et al. [9] investigatedthe flow
patternfor different generic notchback geometries and the connection
betweenthe backlight angle anthe effective backlight angle. They
found that the flow can be divided into three different groups: i) fully
separated, ii) reattaching symmetric and iii) reattaching asynumetri
According to their work, thanvestigated S60 passenger ds
exactly on thetransition betweenreattaching asymmetriand
reattaching symmetrishapesFlow visualisations will show that the
observed pattern is symmetric.

This paper seeks forovide improved insight into this flow region to
better inform future drag reduction strategies. Using experimental
and numerical techniques, two vehicle shapes have been studied; a
30% scale model of a Volvo S60 representing &3RD0 vehicle and

a full scale 2010MY S60.

First the surface topology of the rear end (rear window taunak

deck of both configurations is analysed, using paint to visualise the
skin friction pattern. By means of critical points, the pattern is
characterized and changes are identified studying the location and
type of the occurring singularitieShe flow field awg from the
surface is then analysed using Pieasurementand CFDfor the
scale model and CFD simulations for the full scale vehicle. The flow
field is investigated regarding its singular points in ciplssies and

the correlation between the patterns fibe two geometries is
analysed.

Looking into the literature shows that many notchback like geometry
studies were done on simplified shaped ganeric bodieR2, 3, 5, 9,

10, 11, 12 These investigations show that the flow field is different,
as for instance vortices are different in size and position, but on the
other hand main features like saddle points and foci are present in a
similar wayfor the different geometrieAs a result these features
could be used for a more generalised flow characterisation.

Furthermore, it is discussed how the occurring structures can be
described in more generalized terms to be able to compare different
vehicle geometries regarding their flow field properties.

Flow field investigations on realistic modern car shapes are rare and
detailed studies of the rear end flow field wdalistic notchback
vehicles are almost not preseft, 13] Strangefeld etal. [13]
investigated the flow characteristics of/d $calenotchbackDrivAer
model. The flow over the rear window and the wake behind the
Introduction model were investigated with PIV, but only in ttentre pane. It wa
shown that the timaveraged wake consist of two counter rotating

Reducing the fuel consumption is one of the important aspects in  Vortices which are closed by a 2D saddiginp In a later work

todayods vehicl e adeof thé acmdyeamit dragA  JVéeeef §l. [14] presened surface data of the same DrivAer model,
reduces the total driving resistance and contributes to a lower fuel ~Where itis shown that the flow pattern ovee notchbackrear end is

consumption of the vehicle. asymmetric.How_ever, nore detailed information about the flow f_;md
wake structure in planes where the flow asymmetry occurs is not
given.

The results show the extent which detailed flow structures on
similar but distinct vehicles are comparable; as well as providing
insight into the complex 3D wake flow.

The aerodynamic drag for passenger vehicles is dominated by
pressure dragThe flow field around the car is characterized by big . ~
separation regionsparticularlythe wake created at the rearend ofthe 1 N€ compl exity of todayos geomet

car. To improve the aerodynamic performance it is desired to reduce ~ Curved rear end shapesdefor instance the radius of the pillaculd
and optimisehis area around the vehicle. addan additionakensitivity onto the flow fielchnd basic parameters

as backlight angle and effective backlight angle are not sufficient to
describe the structures. Therefonere independent characterisations

In order tooptimise the shape towards an improved aerodynamic are needed to describe and assess or characterise the flow.

behaviour it is of interest to understand the physics and driving
forces which lead to the observed structures and phenomena.
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One possibility for a morgenericflow field description ould be the
investigation of singular poinfd7]. This method was already used in
some publicationsfor instance in[4, 5, 6,7, 8 17, 18] Occurring
separation lines, foci, saddles and nodes (on the surface and in
planes) canbe located accurately and buitle skeleton for 3D
structures. A step further could be to use these flow field
characteristicdor the comparison of different vehicle shapEsr
instance as characteristic length scales.

This work will investigate two Volvo S60 notchback geometries; a
30% scale model from 2B80and a full scale car from 201These
two testmodelsprovide differenesatthe rear end geomethut also

in scale. Numerical and experimental methods were used to
investigate the flow field and the surface flow patsefiine occuring
singular pointsare studied and used to describe the flow pattern
This charactesationis then used to compare the pattern for the two
investigatedsehicles on the surface and at diéfiet cross planes

Experimental Method

Test Vehicle

For this study, a 30% scale model of Volvo SBO0BMY) sedan

type car was used. The model carries alljomaengine bay
components as well as a detailed underbody and can be seen in
Figure 1. It has to be mentioned that thedel differsonly in a few
minor details(mirrors, engine compartment componeratsjl is close

to production status in detail leveAdditional information on the
Volvo S60 model can be fourd [19, 20, 21]

Figure1: Volvo S60 30% model in the Durham University 2wind tunnel.
Wind Tunnel

The 2nf Durham Universitywind tunnel was usedor all the
experimentalstudies of the model scale vehialedertaken in this
paper. The tunnel is of the op@t and opesreturn type with a test
section aspect ratio of 3:2 complete with full width moving ground
plane (MGP), platen suction and upstream boundiyer suction.
More details of the layout and characteristics of the tunnel can be
found in extensive detail ifi22, 23] Figure 2 shows the salient
features of the tunnel. The test section is located within a large
plenum chamber (not featured in the figure).
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Figure 2 Plan, side and isometric projections of #me DurhamUniversity
wind tunnel highlighting some of the salieetures [6].

Measurement Techniques

Balance Force Measurements

For the measurement of vehicle forces the model was fitted with an
internal 6component balance, with repeatability of +0.002 gre€d
+0.008 on ¢ connected to a bank of Fylde BZ9TA stran gauge
bridge transducer amplifiers.

Surface Oil Flow-Visualisation

Surface oil flowvisualisation is a very beneficial technique for
examining a local flowfield. Using flow visualisation, areas of
recirculation, reattachment, separation, high vortical and general
flow direction could all be easily identifig@4].

For this investigation, the technique involved the use of an orange
UV-reactive powder mixed with kerosene (often paraffin) in order to
produce a very low viscosity liquid. Coating the rear window region
allowed the flowfield characteristics to be determaid. By running
wind-on for around five minutes the kerosene was allowed to
evaporate, during which time the mixture entrained onto the surface
airflow. Thus, evidence of the surface flow was left behind in the
form of varying concentrations of the powdegw attached to the
surface.

Finally, examination using a UV light allowed very subtle details to
be identified and photographed for later analysis.

Particle Image Velocimetry (PIV)

Particle image velocimetry (PIV) is a ndamtrusive measurement
techrique enabling the visualisation of a fldield. It is not restricted

by reverse flow regions and as such provides valuable information
regarding the direction and magnitude of the velocity of the entire
fluid flow. Part of the work in this paper was irlaton to obtaining
successful PIV measurements within a large working section, hence it
will be discussed briefly here. More detailed information regarding
PIV can be found ifi25, 26, 27]

Seeding

The flow was seeded using a 40 nozzle seeder by ILATEQ
which holds a reservoir of Di {8thylhexyl) Sebacate (DEHS). This
fluid is atomised by the nozzles, fed by compressed air, and dispersed
as afffogo or fismoke into the flow. The particle size is reported to

be of the order of one micron for this seedehis ensures a small
enough particle to entrain onto the fluid correctly, without buoyancy
effects affecting the path, but with large enough size to be detectable
by at least two pixels in the camera figfiview.



The seeder was connected to a puepdssigned smokeke. This
comprisedof four copper pipes with 2mm diameter holes drilled 15
mm apart to allow higidensity seeding in areas of interest and 25
mm spacing for lowdensity seeding around all other areas. Seeding
intensity was controlled vithe inlet airpressure for the seeder and

by temporary sealing of unwanted holes in the srmake. It was
important to balance the level of seeding as excessive smoke in the
flow can cause a weakening of the image (due to distortion from
smoke not in thdaser plane) and also as the image can lose the
distinct peaks necessary for crassrelation.

The Laser

An Nd: YAG laser is a higipowered crystalline solidtate laser
which is optically pumped via a hightensityflashlamp. The laser
used in thisinvestigation produced a hightensity 120mJ beam,
visibly green orfm wavelength & =

The purpose for using a ddadad laser was that in order to detect
particle movement, but not allow signal dropt at the same time,
two images are required ofie order of microseconds apart. As a
result, two opticatavities are needed as the laser would not have
enough time to charge up for the secdidh. More information on
Nd: YAG lases can be found in Silfva§?5].

Beam Delivery

The Durham University?IV Periscope, shown iRigure 3, was used

as part of this work. This is a 90° bend which protrudes from a slot
into the floor of the wind tunnel and allows for a highality high
reflectance mirror (98%) to be mounted onto a rapid prototyped cap.

DU PIV
Periscope

Figure3: PIV setup illustrating position of cameras;traversing system
and Durham Universityds PIV

Although overall the images produced pbkering vector field
validity in excess of 90%, the periscope allowed a blockage of only
0.2% anddelivered a beam within 95% of the overall intensity
capacity of the beam.
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periscop

Light - Sheet Optics

Once the laser beams were focused, coincident afidear, a set of
light-sheet optics were used, essentially comprising a focusing lens
followed by acylindrical lens in order to disperse the sheet into a
very thin diverging plane. It was vital to keep the beam from
diverging too much otherwise laser intensity was wasted in the
interrogation region. Finally, in order to have highly visible particles,
it was also important to have the focal point at or near the area of
interest.

Cameras

In order to double the size of the image frame, two Sensicam cameras
were utilised, each with a Rief-cooled CCD which was 1280 x
1024 pixels in size. The total instaneous capture measured 280

350 mm. The cameras were greyale and could obtain 4t
gnages allowing high fidelity in shading. This allowed precise
representations of the particles in the flow to be captured in the
images.

In addition, with the aima allow further detail of the wake to be
obtained, the cameras were placed on adimensional traversing
system which could be moved allowing both cameras to remain
focused on the laser plankhisis shownin Figure 3.

The longitudinal plane ¢z) which describes the vertical centreline of
the vehiclewas usedFor this study his was the most commonly
used plane as the image quality was high and wake structures could
be identified as well as allowing useful comparisons with CFD work.

Calibration Procedure

A calibration image was captured for the purpose of the analysis
stage. In this investigation, this was achieved by a grid of squares,
spaced 10mm apart, with every Bin being denoted by an 8 mm
diametercircle. This could be detected by tM&lPIV software when
applying t he cali bration grid

photographed points. The calibration board positioned behind the
Volvo S60moadelis shown inFigure 4. A calibration image had to
be taken fomll camera and laser positions tested.

Figure 4 Calibration board used, in order to capture calibration image.

Timing and Synchronisation

The PIV synchroniser made bByA [27] was used in this instance
and controlled manually rather than by software interface. It was



found that more light itrensity could be found by manually adjusting representation of the wind tunnel with the relative position of the

the settings as opposed to using the-gefined lasestrength vehicle to its length is given iRigure 6. The distance of the model
parameters in the software. The pulse energy setting was adjusted to to the inlet and the outlet is 45 and ~10L reectively, with L
185¢s which all owed maxi mum | i g hdqualitonhe eehicieiebgsh. t o be achieved.

Charging for longr than this resulted in either no further gain or a
reduction in light intensity in extreme cases.

The pulse distance or image pair separation was measured
empirically as being optimised around-20¢ sfor an image width

of around 300mm with a free seam velocity of 25m/s This was
sufficient to allow velocities todtracked without pixelocking.

The delays were set to zero and the camera width (triggering
separation) was calculated automatically by the synchroniser's
firmware. The remainingarameter, pulse frequency, was set Hiz4

as higher frequencies resulted occasionally in misfires and unusable
Afdead i mage pairso whereas |l owe test
period. Finally, for each test case 500 image pairs were recorded and Figure6: Numerical wind tunnel with relative vehicle position

processedlt was important to collect a high number of image pairs

as possible in order to obtain high averaging quality. The simulations were performed in S@GEM+, using a steadstate
k¥ SST turbulence model . srBoothce
Numerical Method with no tyres or rimsyheel rotation was modelled using a ving

wall boundary conditionFor the mesh, 14 prism layers with a total
. thickness of 4 mm were used on the upper body, while 4 prism layers
Numeric Volvo S60models were built on the underbody and in the endiag. This resulted in a
mesh consisting of 160 million volumetric cells, with upper botly y
Two vehicle configurations were chosen to be investigated in CFD. < 1.
The first one was the full scak®10MY Volvo S50, while the second
one was a30% scale modelS60 representing a 2003MY vehicle. Full-scale model
Both used numerical models were fully detailed, with representative

engine bay and underbody, and can be se&igime 5. For the numerical simulations of the fsitale model, the approach

previously described in26] was used. The simulations were
performed on a fully detailed model in S@EM+, where a steady

state RANS approach was used with a realizab® kt ur bul e
model. Wheel rotation was modelled using a moving wall boundary
condition and MRF zones in beten the gokes of the rimsThe
volume mesh consisted of 96 million cells, with 3 prism layers of a
total height of 7 mm, which resulted in upper bodyslues in the

range between 30 and 150.

Results

Limiting Streamline Pattern

) Initially the limiting streamline patterrshall be investigatedThe
Figure 5:Numerical models with opetooling and detailed underbo¢) pattern Obtale,d from paln_t Vlsu‘jihsatlon Or_]_ the model . S(;leG
2010MY Volvo S60, (hR003VY 30% Volvo S60 compared with CFD simulations. Additionallythe limiting

streamline patterfor thefull scale S60s presentednd discussed.
Scale model _
The windtunnel model was supported by an overhead strut
Hetherington and Sim#Villiams [28] investigated the interference
effect of this strut and its influence onto the flow field of a notchback
vehicle. The main change they found in the structures was that the
flow field of the investigated notchback vehicle became more
symmetricwith only a small associated change in drag and lift at the
rear of the vehicleDrastic changes in the topology and the wake

For the 30% scale model, two different test configurations were
investigated apresentedn Table 1

Tablel: Configurationoverview tested in CFD with description

Test Case Description structure were not observed@he skin friction lines over the sta
Baseline | Vinne= 25m/s, M@&RW = 25 m/s, No Antenna mode| obtained paint visualisaticare shown irFigure 7. It shows a
Baseline symmetric pattern over the rear end, with two vortex structures right

with Vel = 25m/s, MGP&RW = 25 m/s, With Antenna and leftof the centreline.
Antenna

The overall dimensions of the numerical kghaped wind tunnelre
22m x 54m x 2.7m in length, width and height respectively. A
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Figure 7:Limiting streantines over thescale model

Although it is hard tacomprehendn the paint visualisation how the
structures look exactly, it is possible to reconstruct them considering
the saddle points;SS, and S. As S pushes flow to the centend S
pushes flow away from the centreline, another saddle point has to be
created where the separatrixes fropaBd S meet (S in Figure 8).

The sameappliesbetween $and S. Betweenthe rearwindow and
thetrunk there is a small step in the geomeiny he flow ispressed

and cannot move further downstreaBetween the sepatrixes foci

have to develop to form a consistent limiting streamline pattern. An
interpretation of the paint visualisation is giverFigure 8.

Figure8: Limiting streamline pattern interpretation of the paint visualisation
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This pattern shall be compared with the limiting streamline pattern
from CFD, presented iRigure 9. The flow over the roof seems to be
aligned with the mean flow directionrther upstream, before it starts
moving inwardsstarting from the sidedgesof the roof Figure 9).
Contrary, in the experiment the flow upstream seems to have a more
outward pointing pronunciatigrand curving back to the mean flow
direction reaching t rear window From the roof edge and the C
pillar an inwards directed flow can be observed in the experiment,
which agrees wittthe CFD simulation. A reason for this difference
can be the overhead striit.seems that the flow around the antenna
cannot deelop as shown in CFD due to outward pointing flow
created by the strut

Over the rear window, reaching the trunk, the pattern looks similar to
the observations in the wind tunnel. At the lower edge to the trunk the
saddle point S1 and S3 can be detect®d. is slightly shifted
upstream. But the exact location cannot be pointed out in the flow
visualisation pictures. The CFD shows that the flow end is two
counter rotating foci on each side of the centreline. This fits to the
interpretation given in Figur@. The exact shape of the foci could not
be estimated in the experiment. However CFD shows that the inner
two foci are smaller than the outer and located slightly upstream.

Figure9: Limiting streamline pattern ¢
without the overhead strut

As it was mentioned earliethe strutseems to change the limiting
streamline pattern over theof; thereforea picture from CFD with
the strutis presengdin Figure 10.

The outwash observed in the experiment is not asgiroCFD. But

the foci pattern on the lower edge changHte outer focicentreare
located in the same way as for the no strut case. The foci shape on the
top is stretched. The inner foci experience the biggest change. The
foci centresare moved downstream, while the foci shape is more
stretched in longitudinal direction.

In summary, it can be said that the overhead strut changed the pattern
as it pressed downstream the inner foci. The overall pattern is not

changed. The mvash from tle sides over the window is present in

all cases and not affected by the strut. The main surface structures are
created at the lower edge of the window and the interpreted saddle

points can be found in the computed limiting streamline pattern.



These sepati@n areas are located symmetrically to the left and right

of the centreline and contain two counter rotating foci. These
separation areas and the singular points are seen as the characteristic
features of the rear end flow for this vehicle. Therefore firoposed

to use their location as a characteristic length s@dle.ratio of the
distance between the separation bubble centres and the window
width, gives a value of 0.26 (no antenna) and 0.21 (with antenna) for
CFD and 0.28 (with antenna) for the esipeent.

] Vi
Figure10: Limiting streamline pattern calculated in CF@ 30% Volvo S60
with the overhead strut

To show that the singular point pattern characterises the flow despite
differences in the geometry and scale of the studied vehicle, the
limiting streamlines over the rear window for the full scale car are
shown inFigure 11.

Again a symmetric pattern can be observed with two separation areas
at the lower edge of the window. Starting at the base of the antenna
two separation lines are present. Thase more distinct in the full
scale visualisation than for the model scale. Reducing the amount of
paint in the area of the separation bubbkgire 11(b)) reveals that

in each lbble two vortices are presenin Figure 11(c) an
interpretation of the limiting streamline pattern is given. As for the
model scale, three main saddle points can be found at the lower edge
where the flow is split up.

Additionally, saddle points occur above the separation bubbles which
are not presdnin the scale model. The ratio between the distance of
the separation bubble centres and the window width for this case
resulted in a value of 0.27. This value is in the same range as the ratio
calculated for the scale model case.

The limiting streamlinedor the two vehicles (model scale and full
scale) show very similar patterns regarding the occurring main
structures and their position. Calculating a ratio to characterise the
separation bubble positions with respect to the window width gives
very simila values for model and full scale and seems to be a
possible parameter which can be used for a more precise comparison
between similar vehicle shapes.
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Figurell: (a) Limiting streamline pattern over tmear window of a full scale
car, (b) with reduced amount of paint in the area of separation bykfoles
graphical interpretation of the limiting streamline pattern.



