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ABSTRACT

Recent experimental observations by in the wake
of a 35◦ back slant Ahmed body reveal the exis-
tence of two stable states when the body is yawed
[1]. The two flow states, flow state I and flow
state II, are confirmed numerically by using the
partially-averaged Navier–Stokes (PANS) formu-
lation on unstructured meshes. Flow state I corre-
sponds to a low drag/low lift state with the flow
being fully separated, while flow state II corre-
sponds to a high drag/high lift state, with the flow
separating and reattaching over the back slant.
For the Ahmed body at zero yaw angle (β = 0◦),
flow state I is observed. This flow state is observed
as the yaw angle is increased up to |β| ≃ 12.5◦.
As the yaw angle is increased beyond |β| = 12.5◦,
flow state II is observed. These findings are in
good comparison with the experimental observa-
tions of [1].

1 INTRODUCTION

The Ahmed body [2] is an idealised car model and
is representative of an automobile hatchback. It
consists of a rounded front edge, a flat roof and
bottom, a slanted rear window and a vertical base.
The angle of slanted section is critical to the flow
structures that are observed downstream of the
body. The flow consists of a pair of longitudinal
vortices (also known as the C-pillar vortices) on
either side of the body, a region of separated (or
attached) flow behind the back slant and a pair of
recirculation zones behind the vertical base. The
conceptual model of the flow structures in the
wake are presented in figure 6 of [2], and [3]. For
back slant angles less than 30◦, the flow which sep-
arates at the intersection of the roof edge - back
slant interface, reattaches further downstream on
the back slant. For larger back slant angles, the

flow does not reattach and is fully separated over
the back slant. [2] observed that the drag coeffi-
cient increased up to the critical angle of 30◦ as
the back slant angle was increased, beyond which
a low drag state was observed. In this study, we
refer to the former as flow state II, and to the lat-
ter as flow state I. The two flow states have also
been observed in both experimental and numeri-
cal works ([4], [5], [6], [7], [8], [9] and others). The
occurrence of the two flow states can be manipu-
lated by actively changing the back slant angle by
the use of an deflector [10].

The influence of the width of the 25◦ back
slant Ahmed body on the occurrence of the two
flow states was investigated by [9]. As the as-
pect ratio (defined as the width of the model un-
der consideration to the standard width Ahmed
body) was increased beyond ≃ 0.85, the flow state
changed from state II to state I. A sharp decrease
in the lift and drag coefficients was observed as
the transition occurred. In a similar water chan-
nel investigation, [8] observed this discontinuity
to occur for aspect ratios ≃ 1 − 1.1. This indi-
cates that the standard width Ahmed body is at
a critical juncture between the two flow states.
More recently, [11] observed that the occurrence
of the two flow states depends not only on the
back slant angle, but also on the aspect ratio (de-
fined as the ratio of the width of the Ahmed body
considered to the width of the standard Ahmed
body). They showed that flow state II is observed
for short aspect ratio bodies, even at large values
of the back slant angle. They hypothesised that
at values closes to criticality, the separated flow
behind the back slant merged with the recirculat-
ing zones behind the vertical back face, leading to
fully separated flow behind the body.

The influence of the yaw angle on the two flow
states was explored by [1] for |β| 6 25◦ for the 25◦

and 35◦ back slant angle Ahmed bodies (also see
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[12]). For the 25◦ Ahmed body, flow state II was
observed for the entire range of yaw angles, with
the drag force coefficient showing a monotonous
increase with increase in the yaw angle. For the
35◦ back slant angle, flow state I which was ob-
served at 0◦ (in line flow), was observed up to
β . 10◦. For 10◦ . |β| . 14◦, the flow was found
to alternate between flow states I and II, and for
β & 15◦, flow state II was observed, The switch-
ing between the two states was most pronounced
at |β| = 12.5◦. [1] speculated that the switch-
ing behaviour was random, with minor upstream
disturbances causing the flow to switch from one
state to the other. A similar observation was re-
ported by [13] for a commercial hatchback vehicle.

The current study aims to replicate the re-
sults of [1] using the partially-averaged Navier–
Stokes (PANS) turbulence model on unstructured
meshes. The remainder of the article is organised
as follows: section 2 briefly details the problem
setup and numerical formulation, followed by re-
sults in section 3, and conclusions in section 4.

2 METHODOLOGY

2.1 PROBLEM SETUP

The Ahmed body, as described in [2], with a back
slant angle of 35◦ is used for the numerical in-
vestigation. The Reynolds number based on the
length (L = 1.044m) and the incoming flow ve-
locity of U∞ = 30ms−1 corresponds to a value of
Re ≃ 2 × 106. Figure 1 shows the schematic of
the problem under consideration. The computa-
tional domain is 10L in length with the Ahmed
body placed 4L downstream from the inlet. The
width and height of the domain are 4L and 2L,
respectively. For cases where the influence of the
yaw angle is investigated, the Ahmed body is ro-
tated about a point midway between the cylin-
drical supports. Polyhedral elements are used to
construct the mesh using AVL FAMETM M soft-
ware. Twelve prism layers were used to capture
the boundary layer and three refinement regions
of increasing polyhedral sized elements were used
around the body. The resulting cell count was
approximately 10 - 18 million, depending on the
yaw angle. The sides and the top surfaces of the
domain are assigned symmetry boundary condi-
tions, while the Ahmed body and the ground sur-
faces are assigned no-slip wall condition.

2.2 NUMERICAL FORMULATION

PANS is a bridging turbulence closure model
between the Reynolds averaged Navier–Stokes
(RANS) and direct numerical simulations (DNS)

Figure 1: Schematic of the problem under consideration.

(a) (b)

Figure 2: Comparison of the contours of (a) input fk, and
(b) output fk for the Ahmed body at zero yaw angle at
U∞ = 30ms−1 in the Y = 0 plane. Flow is from left to
right in these images.

([14], [15]), and its implementation in AVL
FIRETM has been used to investigate a wide
range of bluff body flows ([16], [17], [18], [19]).
The PANS formulation is a non-zonal method,
whereby it adapts to the computational grid, re-
solving the flow structures in regions where the
grid resolution is adequate and using RANS tur-
bulence modelling where the resolution is sparse.
The control parameters used to ensure a smooth
switch are fk and fe, which are the ratios of the
unresolved to the total kinetic energy and unre-
solved to the total dissipation, respectively. fk

which is computed by fk = 1√
Cµ

(

∆
Λ

)2/3
, where

Cµ = 0.22, Λ = (kunresolved+kresolved)
3/2

ε ,∆ =

(∆x∆y∆z)
1/3; and fe = 1 is assumed. The PANS

asymptotic behaviour goes smoothly from RANS
to DNS as fk decreases from one to zero. Accord-
ingly, fk is implemented as a dynamic parame-
ter, changing at each grid node and is evaluated
at each time-step. For more details on the nu-
merical formulation and the PANS equations, the
reader is referred to [20, 21, 22] and the references
therein. Shown in figures 2(a) and 2(b) are the
contours of the input fk computed by the above
formula, and the output fk computed by the ra-
tio of the unresolved to the total turbulent kinetic
energy, respectively. Clearly, lower values of fk
are observed in the wake, indicating that the flow
structures are adequately resolved. Furthermore,
the input fk computed by the formula at is still a
conservative estimate.
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Figure 3: Comparison of the time-averaged velocity pro-
files for the 35◦ back slant Ahmed body at U∞ = 30ms−1

(blue lines) with the experimental data (•) from [26] in
the Y = 0m plane. (a) Streamwise velocity profiles, and
(b) vertical velocity profiles are compared for streamwise
locations along the back slant and the near wake.

The PANS equations are discretised using the
commercial finite volume solver to solve the in-
compressible Navier–Stokes equations using a col-
located grid arrangement [23]. The code has pre-
viously been used to investigate the flow past bod-
ies at yaw over a wide range of Reynolds numbers
([24], [25], [21]).

3 RESULTS

The flow past the 35◦ back slant Ahmed body at
zero yaw angle is first validated with the exper-
imental data of [26] obtained from the ERCOF-
TAC database [27]. Shown in figures 3(a) and 3(b)
are the comparison of the time-averaged stream-
wise and vertical velocity profiles obtained from
the PANS simulation with the LDA data. These
profiles are in good comparison with their exper-
imental counterparts. Flow state I is observed
behind the Ahmed body, with separation behind
the back slant.

Next, the Ahmed body is yawed about a point
midway between the cylindrical supports. As the
yaw angle is increased, asymmetrical flow is ob-
served, with vortices emanating from the front of
the body. On the windward side, the roof-top

(a) (b)

(c) (d)

(e) (f)

Figure 4: Visualisation of the velocity contours
(
√
u2 + w2/U∞) for the 35◦ back slant Ahmed body in

flow state I at β = −12.5◦ at the specified planes: (a)
Y = 0.12m, (b) Y = 0.16m, (c) Y = 0.20m, (d) Y =
0.24m, (e) Y = 0.28m and (f) Y = 0.32m. Isotachs of√
u2 +w2/U∞ = 0.5 and u/U∞ = 0 are indicated by the

red and white lines, respectively. u and w are the stream-
wise and the vertical flow components of the velocity, re-
spectively. Flow is from left to right in these images.

vortex from the front of the body merges with
the C-pillar vortex as they rotate in the same di-
rection, while on the leeward side, the two vor-
tices do not combine. Simulations performed at
β = −10◦ and β = ±12.5◦ show flow state I be-
ing observed. Shown in figure 4 are the contours
of the normalised time-averaged velocity fields at
the specified planes for β = −12.5◦. These images
can be compared with figure 14 of [1].

Shown in figure 5 are the contours of the nor-
malised time-averaged velocity fields at the spec-
ified planes for β = −15◦. The flow remains in
state II for this case, with high values of lift and
drag being observed. These images can be com-
pared with figure 15 of [1], although in their case,
the high drag state (state II) for β = −12.5◦ is
shown. The numerical simulations predict a larger
downwash for as compared to the experimental vi-
sualisations. Nonetheless, these images compare
reasonably well with their experimental counter-
parts.

Shown in figures 6(a) and 6(b) are the con-
tours of the pressure coefficient for flow state I at
β = −12.5◦ and flow state II at β = −15◦, respec-
tively. In flow state I, higher pressure coefficient
is observed over the back slant, leading to a low
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Figure 5: Visualisation of the velocity contours
(
√
u2 + w2/U∞) for the 35◦ back slant Ahmed body in

flow state II at β = −15◦ at the specified planes: (a) Y =
0.12m, (b) Y = 0.16m, (c) Y = 0.20m, (d) Y = 0.24m, (e)
Y = 0.28m and (f) Y = 0.32m. Flow is from left to right
in these images. Contour shading is as per figure 4.

drag state for this case. In flow state II, the wind-
ward side C-pillar vortex aids the flow to reattach
over the back slant, leading to more downwash
over the back slant as compared to flow state I.
A lower pressure region is observed over the back
slant and the vertical back face for β = −15◦,
which leads to a higher drag coefficient, despite
the higher pressure observed on the leeward side
of the Ahmed body (left side of the image in figure
6(b)) as compared to the windward side. Clearly
discernible is the imprint of the C-pillar vortex
in flow state II, indicating that it is closer to the
back slant as compared to flow state I.

Lastly, to obtain a qualitative representation
of flow state I and II, isosurfaces of λ2 (see [28])
based on the time-averaged velocities are shown
in figures 7(a) and 7(b), respectively. The various
flow structures in the two flow states are identi-
fied. In flow state I (β = −12.5◦), the separation
behind the back slant is observed with a weak
windward side vortex. The C-pillar vortex on the
leeward side is shorter as compared to flow state II
(β = −15◦). The stronger windward side vortex
and the C-pillar vortex on the leeward side, aid
the reattachment of the flow on the back slant in
flow state II. Furthermore, a larger amount of the
flow from the windward side of the Ahmed body is
drawn in to the windward side vortex, resulting in
a larger and stronger vortex structure. Also seen
in these images are the vortical structures from

(a) (b)

Figure 6: Contour plots of the pressure coefficient for
the 35◦ back slant angle Ahmed body viewed from behind
the body for (a) state I - β = −12.5◦, and (b) state II -
β = −15◦.

(a) (b)

Figure 7: Isosurfaces of the λ2 (λ2 = −5000s−2) for (a)
state I - β = −12.5◦, and, (b) state II - β = −15◦. In each
subfigure, the flow over the back slant (a), the merged
windward side roof-edge vortex and C-pillar vortex (b),
the C-pillar vortex on the leeward side (c), the roof-edge
vortex on the leeward side, and the bottom-edge vortex (e)
are marked. Flow is from top to bottom in these images.

the cylindrical supports.

4 CONCLUSIONS

The two flow states which have previously been
observed in the wake of 35◦ back slant angle
Ahmed body at yaw is investigated using the
PANS turbulence model on unstructured meshes,
For |β| 6 12.5◦, flow state I was observed and
for β = −15◦, flow state II was observed. These
findings are consistent with the observations of
[1]. It may be noted that the switching behaviour
reported in their experimental work was not ob-
served here, due to the rather short run times
used. [1] noted that the switch in the two flow
states could be triggered by random upstream
disturbances. These disturbances could trigger
changes in the flow downstream, leading to the
merging of the recirculation regions behind the
vertical base and back slant, leading to flow state
I [11, 29]. Thus, a number of factors such as the
back slant angle, aspect ratio and yaw angle in-
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fluence the wake behind an Ahmed body, leading
to the two wake states.
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Partially-averaged Navier-Stokes simulations
of flows around two different Ahmed bodies.
Computers and Fluids, 117:273 – 286, 2015.

[20] B. Basara, S. Krajnović, S. S. Girimaji, and
Z. Pavlovic. Near-wall formulation of the
partially averaged Navier-Stokes turbulence
model. AIAA, 49(12):2627–2636, 2011.
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[25] S. Krajnović, G. Minelli, and Branislav
Basara. Partially-Averaged Navier-Stokes
simulation of flows around generic vehicle
at yaw. In SAE Technical Papers: SAE
2016 World Congress and Exhibition; De-
troit; United States; 12 – 14 April 2016, 2016.

[26] H. Lienhart, C. Stoots, and S. Becker. Flow
and turbulence structures in the wake of a
simplified car model (Ahmed model). In
DGLR Fach-Symp. AG STAB, University of
Stuttgart, Germany November 1517., 2000.

[27] H. Lienhart, S. Becker, and C. Stoots.
Flow around a simplified car body
(Ahmed body) - European Research
Community on Flow, Turbulance
and Combustion Classsic Database.
http://cfd.mace.manchester.ac.uk/ercoftac/,
2002. Accessed: 2017-04-01.

[28] J. Jeong and F. Hussain. On the identifica-
tion of a vortex. Journal of Fluid Mechanics,
285:6994, 1995.

[29] Y. Kobayashi, I. Kohri, A. Kasai, T. Nasu,
D. Katoh, and Y. Hashizume. Numerical
analysis on the transitional mechanism of the
wake structure of the Ahmed body. In SAE
Technical Paper-2016-01-1592,. SAE Inter-
national, 04 2016.

6

http://cfd.mace.manchester.ac.uk/ercoftac/

	INTRODUCTION
	METHODOLOGY
	PROBLEM SETUP
	NUMERICAL FORMULATION

	RESULTS
	CONCLUSIONS
	ACKNOWLEDGEMENTS

