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Abstract—In this paper an alternative visualisation approach of
the wake behind different vehicle body shapes with simplified and
fully-detailed underbody has been proposed and analysed. This
alows for amore clear distinction among the different wake regions.
This visudlisation is based on a transformation of the cartesian
coordinates of a chosen wake plane to polar coordinates, using as
filter velocities lower than the freestream. This transformation
produces a polar wake plot that enables the divison and
quantification of the wake in a number of sections. In this paper,
local drag has been used to visualise the drag contribution of the flow
by the different sections. Visually, a balanced wake can be observed
by the concentric behaviour of the polar plots. Alternatively,
integration of the local drag of each degree section as a ratio of the
total local drag yields a quantifiable approach of the wake uniformity,
where different sections contribute equally to the local drag, with the
exception of the wheels.

Keywords—Coordinate transformation, ground vehicle, local
drag, wake.

|. INTRODUCTION

ITH the increasing fuel prices and the more strict

requirements in  CO, exhaust levels, vehicle
manufacturers are investigating intensively in methods to
reduce the energy consumption of vehicles. Since
aerodynamics plays an important role in the total driving
resistance of vehicles, it isalogical step to focusin this area.

A large part of the aerodynamic air resistance of bluff
bodies can be contributed to the pressure drag caused by its
wake, see [1], [5], [7] and [11]. Therefore, a better
understanding of the flow structures in the wake is a necessity
in order to develop methods for drag reduction. Numerous
investigations on ground vehicle models have been conducted.

Reference [7], for example, has investigated the different
flow structures that are present in the near-wake of an
automotive bluff body and characterised them with respect to
vehicle type. Reference [9] introduced a new aerodynamic
approach with the fluid tail technique (FTT) to search for a
more balanced wake. Conditions required for a balanced wake
are a circular or elliptical perimeter of the base, the flow
separation had to be as close to the perimeter of the base as
possible and it had to be transversal with respect to the
vehicle’s motion of direction. However it is well-known that a
vehicle's wake does not reach this €elliptical or circular cross-
section, mainly due to wake interaction between
wheel/wheel house wake and base wake [10].
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Starting with the momentum and continuity equations, an
expression for the drag as a fucntion of the pressure and
velocities in the wake of bluff bodies can be derived. This
derivation can be found in a number of references, as[2], [3],
[5] and [11]. Examples where local drag has been used to
visualise the air resistance in the flow are [6], [8] and [10].
Reference [8] calls this expression microdrag. This paper
prefers the term local drag since the flow properties are till
determined on a macroscopic scale. In order to calculate the
local drag, the primitive variables pressure and velocity at a
plane 100 mm behind the vehicle body are exported for post-
processing. In this study it has been chosen as definition of the
wake size to follow the characteristic wake parameter, velocity
deficit Up, usually used in axisymmetrical body wake analysis
as a measure for the wake width [12]. The velocity deficit is
defined by the difference between freestream and local
velocity U. — U. Reference [13] uses this parameter in his
analysis for the far-field wake of bluff bodies to determine the
wake size, but chooses to define the size in terms of half
widths, which can be seen as the distance between points
where the velocity deficit has reduced to half its maximum
value. Here, it is opted to determine the wake size simply as
the region where there is a velocity deficit. It isthought thisis
beneficial to investigate the uniformity of the wake since this
definition incorporates more information into the wake
analysis.

Eventhough a vehicle’'s wake does not obtain an elliptical or
circular cross-section, this paper will introduce a coordinate
transformation of the wake region into polar coordinates and
rescale it to aunity circle. The main intention for this approach
isto obtain a better insight in where the wake can be optimised
with drag reduction as goal. Another aim is to facilitate the
division of the wake into distinct zones that alows for their
guantification. This quantification can then be used to identify
and measure the main sources to the air resistance. The present
analysis conducted in this paper has been for two vehicle
types, an SUV and a sedan type, and for different underbody
complexities.

Il. METHODOLOGY

This section describes the applied methodology used to
analyse the results. In Section I1-A the different configurations
that are investigated are explained. Section 11-B describes in
detail the numerical setup used for the CFD simulations.
Finally, Section 11-C explains the post-processing steps
consisting of the coordinate transformation to polar
coordinates and the definition of local drag.

A. Configurations

Three levels of geometric complexity of the models have
been considered.

They can be classified as:
1. Smplified modelss The concept of coordinate
transformation has initially been applied on a simplified model
of a SUV-type vehicle with no wheels nor wheelhouses.
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Fig. 1 gives a surface representation of this dfiegl vehicle 2
geometry.
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Fig. 1 Isometric view of the simplified model

Three configurations have been chosen to analgsevétke
in polar format. The configurations have a diffarernn drag
coefficient G, as seen in Table I.

The exterior of the vehicle remains unchanged. Tk
modifications are done on the underbody shape antierear
ground clearance (defined as the distance frongtband to
the rear axle). The front ground clearance (defiasdthe
distance from the ground to the engine undershigld)ains
constant and is for all configurations lower thdre trear
ground clearance. These simple configurations tex$inh drag
changes with reasonable magnitude to be capturethan
proposed coordinate transformation to polar plotd bence
allow a judgment of the benefits of such an appno#&dg. 2
shows a longitudinal profile of the three configioas.

Fig. 3 Semi-detailed model

2. Semi-detailed modelsthree different sedan vehicles have

been investigated with a simplified flat underbodyrese 3) petailed model: A sedan model with a fully detailed
models have about the same dimensions, but thégrdif ngerbody has been investigated and compared hétisame
design language. The models have wheels and whes#80 segan model with a flat underbody. This sedan hassame

with the wheels of the same type and size on edlettmodels. exterior as sedan 3, but with a fully detailed ubdely, as can
Fig. 3 shows an example of sedan 3 with a flat cifty. be seen in Fig. 4.

B.Numerical setup

TABLE | All numerical simulations have been conducted foiltg
ACp SIMPLIFIED MODELS the in-house CFD guidelines at Volvo Car Corporatibhe
geometry data was prepared in ANSA, meshed in Harpod
solved using Fluent. Only the left side of the nledeas
Ref 0.000 meshed and simulated while using a symmetry pldnihea
A -0.003 centerline of the vehicle.
B 0.009 : . . ,
The simulations were performed in steady — stath thie
realizable k — eps model and standard wall function

Configurations  ACp
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Fig. 4 Detailed model

The moving ground was modeled using a translation
boundary condition and the wheels were modeledgusin

combination of a rotational boundary condition ant¥loving
Reference Frame (MRF) region.

C.Post — processing

After convergence has been reached, the flow irdtion -
the pressure and the three velocity componentsallinode
points of the YZ-plane 100 mm behind the vehiclexported
to a text file. This file is then further postpresed in Matlab.
Using a cartesian plot of a simplified model wakang, the
process steps can be divided into the followindghwéspect to
Fig. 5 (note that the colouring has been altereth&dke the
regions of interest more visible):
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Fig. 5 Step process for coordinate transformation

The boundary of V = 0.99Vis visualised in the cartesian
plots by a black contourline around the wake. Bnpblar plots
this is visualised by the radius equal to 1 ofuhgy circle.

With the flow information for each point, the locdlag
integrated over the wake area S can be calculatadienction
of the total pressure coefficient cptot, the x mponent of the
velocity V,, the y — component of the velocity,Vithe z —
component of the velocity Mand the freestream velocity.V

This equals the drag coefficienty, Gnultiplied with the
projected frontal area S. The expression is gingii), [5] and

11
e Find the node point with minimum Iongitudinal[ éDA:

velocity, V (Point 1),

e Project Point 1 onto the symmetry line, resulting i

Point 2, which will function as origin for coordirea
transformation to polar coordinates§jr,

2 2 2 (1)
v, V7Z+V,
L(l—cpm)ds—js[l—v ) dS+LTdS

)

The local drag is an indicator for the location a&f

e Transform the cartesian coordinates of all nodetgoi resistance contribution in the flow. Regions ofthidrag can

to polar coordinates with respect to the point obe visualised this way. Further insight and simdafinitions
origin, Point2, can be found in [5] and [11]. The first term in < the total
Filter out the node points with a velocity loweath Pressure loss which accounts for about 80% of dted trag.

99% of the freestream velocity,

e Scale the filtered node points to a unity circl

r(6)

according to—~— .
Fmax (6)

Since symmetry is used in the simulations with dmyf a
vehicle model, the result is a half wake, of whitte
transformation from a cartesian to a polar plotuitssin a
wake defined between an angle 90° and 270°.

As mentioned in Section I, the definition of thekeasize is
based on a velocity less than the freestream vglothis has
been done out of practical considerations sinéititates the
separation of the points of interest from all thangs of the
wake plane. An approach with a total pressure weiffit
equal to 1 also has been considered, but this apprtakes
the first layer of points close the ground into @,
complicating the distinction of the vehicle modehke near
the ground (most noticeable with the wheel wake).

The second term is the longitudinal velocity defidut its

gontribution is usually negligeable. The last tasnthe vortex

drag (or sometimes also called induced drag) and is
responsible for about 20% of the total drag.

Ill. RESULTS

This chapter shows the wake of the different vehimbdels
studied after the polar coordinate transformatioth @mpares
the results with the cartesian plots. These pdiasill then
be used to calculate the contribution of each pmisn as a
ratio to the total local drag contribution of thelar plot. This
approach will be first discussed for a simplifieddel, next
for a semi-detailed model and finally for a fullyetdiled
model. Details regarding these models have beelaiergd in
Section II-A.

A.Simplified models

Table | shows the gGvalues of the three simplified models,
discussed in Section II-A.
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Model A produced the lowest drag, while model B tiael
highest air resistance. In Fig. 6 the cartesianpidr plots are
given side-by-side for each of the three configorat
Observing these plots, similarities between thefediht
configurations can be found. These similarities enak
possible to divide the polar plot in different sent. The first
similarity can be observed between 135° and 155°.
discontinuity accompanied with a local drag areagase can
be seen that is resulting from the D-pillar. Fonfaguration A,
this discontinuity is not as visible as for the erthtwo
configurations. The second similarity can be seerlQ0°
where a local drag bulge appears from the extarawwalk.
Between 210° and 220° the layer with high locafydsaat its
thinnest. This is where the flow experiences angfrimward
and upward acceleration, starting where side ardénmody
flow meet and move into the low pressure regionirizklthe
vehicle.

As mentioned in Section 1I-C, the boundary for theke is
set up such that the velocity is 99% of the fressir velocity.
Under these conditions, a higher local drag neabtundary,
such as seen in configuration B, means that theeveaka is
larger, subsequently delaying the pressure recovéhe
boundary is well within the mixing shear layer. Ref and
configuration A, the lower local drag indicates atter
pressure recovery due to a smaller wake area. Hbee,
boundary is situated at the outside of the shegrlavith a
total pressure coefficient close to 1 and the vslogector
mostly determined by its Xx-component. Configurati@
presents a stronger upwash from the underbodyésirg the

However the polar plot facilitates the divisiontbe wake
into zones associated with the different flow stoes. This
way, a division of the wake can be maked into arnegion
from 90° to 160°, a side region from 160° to 2@0%heel
wake region from 200° to 250° and an underbodyorefiom
250° to 270°. Sedan 3 has a higher local drag tear
oundary compared to the other sedan models. Tgrelbcal
drag near the boundary indicates a lower pressmevery
since the wake area remains high. For all thres tter wheel
wake region, that interacts with the ground, getesraa
velocity deficit and hence increases the local dnagr the
boundary immediate to the ground. All three cangeha good
pressure recovery from the underbody, seen byotherllocal
drag near the boundary. However Sedan 1 and Sebawe3a
stronger upwash increasing in turn the induced geag of the
local drag.

With the data given in the polar definition desedtthrough
this paper, additional representations can be Iztml by
integrating the local drag for each degree of thiarpplot and
compare it to the total local drag over the whobkev Fig. 8
shows this local drag ratio of each degree — secfithe
parallel line represents an equal local drag thigtibn of each
degree over the 180 degrees. Sedan 1 shows thiegeaks
of contributions to the local drag. These peaksasgnt the
wheel wake area (from 200° to 250°), the side mimea
(from 135° to 160°) and the flow from the top saetclose to
the symmetry plane (around 90°). A much lower thagrage
contribution comes from the side. This correspoteda low
interaction between the wheel wake and the sidemegake,

induced drag and hence local drag from the undgrbogvhich is a desirable feature in vehicle aerodynantiedan 2

towards the point of origin (Point 2 in Fig. 5).

B.Simplified models

Similar to the simplified models just described thake
zone of the semi-detailed models in polar plots lwamlivided
in different zones. For each sedan, the correspgniCp —
value can be found in Table II.

TABLE Il
ACp SEMI-DETAILED SEDAN MODELS

Model ACp
Sedan 0.00(¢
Sedan 2 -0.001
Sedan 3 0.016

Fig. 7 shows the cartesian and the polar plotsHerthree
models. The wake zones of all sedans have a didtuige
between 135° and 160° that results from the sideomivake
interacting with the C-pillar vortices. Between 2Gihd 250°
the wheel wake shows in the polar plots by bendimg
contour lines inwards towards the center of thepplot. For
sedan 2 and sedan 3, the C-pillar wake is posificatean
angle of 120°. For sedan 1, the C-pillar wake isitmmed
closer to the top symmetry region at 90°.

The remaining regions are in counterclockwise diioae
the top region, the side region and the underbedion. This
confirms the polar plots have the ability to vissalthe main
flow structures that are also visible in the caseplots.

shows two even more pronounced peaks from the vetneal a
smaller drag contribution from the C-pillar vorticéfrom 110°
to 125°), and similar to sedan 1, a contributiorside mirror
wake. Sedan 2 contributes more to the wake draberside
region compared to sedan 1, but has a much lowsrilcation
in the underbody region from 250° to 270°). Sedaassmuch
less pronounced peaks indicating that the dragotsomly
coming from the known drag sources like the wheéis,
example. There is almost no distinction between diheg
contribution resulting from the side region and Wieel wake
region. This shows a strong flow interaction betwége two
regions. Similarly the wheel wake region and unddgb
region show a strong connection, which is not dédé. It is
understood that a less clear distinction of thealhis actually
a negative sign for a balanced wake structure.

C.Detailed models

The semi — detailed sedan 3 model explained in@ettA is
compared with a detailed model of the same cat.dble 11|
the ACp — value of the detailed model relative to the semi
detailed model is given.
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Fig. 6 Local drag of wake plane 100 mm behind thwkfied vehicle model. Counterclockwise startiatg90 for the polar plots, the different
zones are top wake (1), D-pillar wake (2), sideav®) and underbody wake (4)
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Local drag vs angle
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Fig. 8 Piecewise integration local drag of semiadeti models. The
different zones are top wake (1), side mirror wge side wake (3),
wheel wake (4) and underbody wake (5).

TABLE IIl
ACp DETAILED SEDAN MODELS

Model ACp

0.000
0.031

Semi — detailed
Detailed

The two models show similar flow structure over ok
the wake as can be seen by comparing the polar pidtig. 7f
and Fig. 9, respectively. It can be seen that tugekt
difference is located in the underbody region. ther detailed
model, the local drag near the boundary at the nimdly
region is much higher. This is caused by the faat there is
less upwash behind the vehicle ensuring a largkeseea and
hence less pressure recovery. A secondary effecthef
absence of upwash is the change in local drag weddting
from the side region. changing the overal distitiutof the
local drag. The division lines at 135°, 160°, 28068 250° are
equal to the ones used in the semi-detailed mdtdehan be
observed that the wheel wake zone for the detaihedel
shifts 5° clockwise compared to semi-detailed moddie
wheel wake now ranges from 155° to 195°.This can
explained by the point of origin in a polar ploto{®t 2 in a
cartesian plot, see Fig. 5) has a lower z-coordiriat the
detailed model. The starting angle for the othexgdsource,
the side mirror wake, is similar for both modelamely 135°.
However the end angle is more difficult to see &iits more
integrated with the side wake.

In Fig. 10 the integration of the local drag fockalegree
section as a ratio to the total local drag integratan be seen.
For the detailed model, the contribution of thegdemurces
like wheel wake and side mirror wake, is less prooed.
This implies that the other regions like top wakigle wake
and underbody wake are significant contributorgh®e total
local drag. Here, the 5° clockwise shift of theailet! model
wheel wake can also be observed and the same smnclior
the side mirror wake as in Fig. 9 can be drawn.

Local drag Bl
0.45
0.3
0.15
@ oy ~0.15

Fi

g. 9 Polar plot detailed sedan 3. Division in gsms with semi-
detailed models

Local drag vs angle
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o
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o
D

180 210 240
Angle [°]

Fig. 10 Piecewise integration local drag of dethiteodel compared

with semi-detailed model. The different zones apewake (1), side

mirror wake (2), side wake (3), wheel wake (4) anderbody wake

®)

%O 120 150 270

With the semi — detailed model, the known drag sesiiare
stronger local drag contributors. This raises tyygothesis that
the contribution of the total drag for each sectbould be as
equal as possible (creating an horizontal linelhwttong local
tgjéag peaks at the intersection between regionsofk drag
sources, mainly the wheel wake, and regions withcspecific
drag source, like top region, side region or unddytregion.

IV. CONCLUSION

It has been shown in this paper that a conversiopotar
plots can contribute to the analysis of bluff badikes. These
polar plots can reproduce the flow structures éinatpresent in
the wakes. More over, this representation of the itructures
enables a more clear division of the wake in déffersectors.
In addition, the integration of the local drag edmition of
each sector can be compared to the total integtated drag.
This representation suggests clear distinction éetwegions
of known drag sources and the regions in-between.

In order to obtain a balanced wake these regiooslidladd
to the local drag in a uniform way, except perhépsthe
wheels. The local drag integration of each degesian as a
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ratio to the total local drag of the wake givedratication that
a balanced wake would correspond to a horizonta. li
Diversion from this line would be acceptable focdtions of
known drag sources (not possible to remove), sigtiha
wheels.

Furthermore, it has been shown that the wakes ft&reint
car types behave in a similar way, which gives rdondirect
comparison between different car types.

FUTURE WORK

The approach presented here is promising to andhese
uniformity of the wake in a more quantitative walowever, it
requires further work on different vehicle typeds® more
comparisons have to be conducted where one speetficle
is investigated with several geometrical changesh) in semi
— detailed as well as in fully-detailed configueas. 1t would
also be interesting to examine how a wake would lé@ in a
cartesian plot if the inverse process would be iadpbn an
ideal polar plot.
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