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ABSTRACT

The expected flow asymmetry behind a three-dimensional notchback Ahmed body is numerically investigated using large-eddy simulations
with different blockage ratios of 0%, 5%, 10%, and 20%. The focus of the study is on the natural bi-stable flow influenced by the blockage
ratio. Although the wake asymmetry can be observed under the blockage ratio within 0%� 10%, the significant blockage influence on the
sensitive bi-stability is indicated by the wake structures, pressure gradients, and wake dynamics achieved with the proper orthogonal decom-
position. The higher blockage ratio increases the turbulence kinetic energy, velocity, and negative pressure in the near-wake region, resulting
in the decrease in the asymmetry degree. The consistency of the asymmetric wake is found with blockage ratios between 0% and 5%.
However, a 20% blockage ratio symmetrizes the bi-stable wake. Several existing drag corrections for the blockage influence are discussed.
The wind tunnel experiment verifies the bi-stable flow with low blockage ratios and the wake symmetrization with a 20% blockage ratio.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0077251

I. INTRODUCTION

The aerodynamic drag and stability of road vehicles are depen-
dent on their surrounding flow topology. The experimental explora-
tion of flows for full-scale cars in open-air conditions is usually
difficult to carry out with a high level of accuracy. Therefore, the explo-
ration of the flow characteristics is widely based on the analysis of the
scaled models taking advantage of the wind tunnel experiments.
Benefited from this method, the boundary conditions are more accu-
rately controlled, enabling detailed analysis of the vehicle's geometry
on the resulting flow. However, for the wind tunnel experiment, the
model placed in a limited section with boundaries results in a distor-
tion of reality. For this reason, the accuracy of the tested flow is
ascribed to the quantification of the blockage ratio effect.

The blockage ratio leading to the acceleration of the flow deviates
the pressure, aerodynamic forces, and wakes of the tested model. As
observed by Maskell (1963), the blockage influence needs to be taken
into account for wake separations of the bluff body. Particularly,
Takeda and Kato (1992) suggested that the models forming the flow

reattachment were found more sensitive to the blockage ratio.
Therefore, the ground vehicle with the slanted rear possibly leading to
the reattachment in the wake requires the consideration of the block-
age influence on the surrounding flow. An example is the notchback
car representing the sedan with a slanted window and a trunk in the
rear part of the body, allowing the reattachment on the trunk (Carr,
1974). Subsequently, numerous studies for the notchback cars have
demonstrated the accuracy of the resulted surrounding flow depend-
ing on the blockage influence. For example, comparative force mea-
surements on full-scale notchback vehicles performed between several
wind tunnels were investigated by Buchheim et al. (1980); Cogotti
et al. (1980); and Carr (1982). The aerodynamic drag increased by the
higher blockage was found by Carr and Stapleford (1986), who pro-
posed an efficient drag correction with the blockage ratio within the
range of 3:5%� 10%. Moreover, the blockage influence on passenger
cars under yaws was investigated by Mercker (1986). According to the
experimental data given in Wickern (2001), it can be found that the
blockage ratio under 5% results in a lower increasing rate of the drag.
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In addition, the exploration of the blockage effect on vehicles can
benefit from numerical simulations. The blockage influence on a
sedan, a sport utility vehicle, and a pickup truck was studied by
Yang et al. (2005) using the numerical method. In addition, the
flow around a notchback car, under conditions of the free air, the
slotted wall, the adaptive wall, and the open jet, was numerically
investigated by Connor et al. (2006). More recently, Altinisik et al.
(2015) has proved the influence of the blockage ratio on the notch-
back car showing the consistency of the results under the blockage
ratio of 5%.

Summing up the literature, it can be concluded that the distortion
on account of the low blockage ratio (under 5%) seems acceptable and
more easily corrected. On the other hand, the high blockage ratio trig-
gering the acceleration of the flow influences the pressure distribution,
culminating in the inaccuracy of the measurement. Moreover, the
interference of the boundary walls is more significant under the high
blockage condition, leading to difficulties in the definition of blockage
corrections. Although the distortion caused by the blockage ratio has
been corrected for extensive applications (Stafford, 1981; Hackett and
Cooper, 2001; Cooper et al., 2008), previous investigations focusing on
the blockage effects assumed the symmetric flow of the axisymmetric
models. However, for the notchback car, the symmetry breaking of the
wake has been observed by Cogotti (1986), suggesting a small yawing
angle triggering the wake switch between two states. Since then, the
asymmetry of the flow being sensitive to the perturbation of the free-
stream velocity has been confirmed by Lawson et al. (2007). A more
recent experimental study investigated by Yan et al. (2019) presented
the asymmetry of the wake behind a notchback car model.
Furthermore, the wake asymmetry was found for the simplified notch-
back Ahmed body (Sims-Williams et al., 2011). This geometry origi-
nates from the hatchback Ahmed body (Ahmed et al., 1984) by
adding a trunk attached to the rear vertical base. The wake bi-stability
of the notchback Ahmed body has been previously confirmed in large-
eddy simulation (LES) by He et al. (2021b).

Not only the notchback vehicle but also the squareback Ahmed
body has been found to form the wake asymmetry (Grandemange
et al., 2012). The wake bi-stability characterized by random switches
between two asymmetric counter states was proposed by
Grandemange et al. (2013). In addition, the bi-stable flow of a square-
back Windsor body was reported by Pavia et al. (2018; 2020). The bi-
stable wake can be classified as a special case of the flow multi-
modality for axisymmetric geometries, like the sphere (Grandemange
et al., 2014) and the bullet-shaped cylinder (Rigas et al., 2014; Pavia
et al., 2019). The multi-stable wake shows the asymmetry in temporal
periods. However, the statistic flow is symmetric on the account of

frequent switches of the wake between the infinite numbers of azi-
muthal symmetry planes.

For the wake bi-stability behind the squareback Ahmed body, the
literature has proved the sensitivity to small perturbations of the wake
(Cadot et al., 2015; Evrard et al., 2016; Barros et al., 2017; Bonnavion
and Cadot, 2018). Therefore, the acceleration of surrounding flows as
a result of a higher blockage ratio may change the wake structures,
affecting the bi-stable wake state. For this reason, the present work
aims to inquire about the blockage influence on the wake bi-stability.
Considering the wake behind the notchback configuration involving
the interaction of separations and reattachment, the wake asymmetry
formed behind the notchback Ahmed body (Sims-Williams et al.,
2011) is selected as the studied flow. Performing LES to predict the bi-
stable wake behind the squareback (€Osth et al., 2014; Evstafyeva et al.,
2017; Lucas et al., 2017; Dalla Longa et al., 2019) and the notchback
(He et al., 2021a; 2021b; 2021c). Ahmed bodies has proved to be suc-
cessful due to its possibility to resolve the highly turbulent flow.
Thence, the present work is also based on the numerical simulation
applying the LES method. The mechanism of the significant blockage
influence on the wake asymmetry is explored by analysis of the near-
wall flow. The results of the present paper are intended to serve as the
baseline for future investigations concerning the wake bi-stability
behind bluff bodies.

The remainder of the paper is organized as follows. Section II
presents the description of the methodology. Results of the blockage
effect on the wake bi-stability are discussed in Sec. III. Conclusions fol-
low in Sec. IV. The description of the mesh resolution is presented in
Appendix A. Validation of the blockage effect is given in Appendix B.
Equations for blockage corrections are presented in Appendix C.

II. METHODOLOGY
A. Description of geometries and boundary conditions

The geometry used for numerical simulations is a notchback
Ahmed body. The wake behind this model is expected to be asymmet-
ric following the previous experimental observation (Sims-Williams
et al., 2011). The dimensions of the body shown in Fig. 1 are expressed
in the model height, H ¼ 0:096m. The model width is W ¼ 1:35H,
the model length is L ¼ 3:82H, the deck length is LD ¼ 0:469H, and
the deck height is HD ¼ 0:687H. The clearance between the ground
and the bottom body is HC ¼ 0:21H. The effective backlight angle is
b ¼ 17:8�, giving roof length LS ¼ 2:847H. The reference axis is
linked to the model. The origin of the coordinates is located at the cen-
tral model length in the x-direction, the central model width in the y-
direction, and the bottom model in the z-direction.

FIG. 1. Geometric model: (a) side view; (b) back view.
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Four digital tunnels giving blockage ratios of 0 (blockage-free),
5%, 10%, and 20%, denoted as BR0, BR5, BR10, and BR20, respec-
tively, are illustrated in Fig. 2(a). The change of the blockage ratio is
achieved by varying the width (WT ) and the height (HT ) of the tunnel
with a constant WT=HT ¼ 2. An example presented in Fig. 2(b)
shows the side view of BR5. The inlet is set at 8H upstream of the
model, and the outlet is located at 19H downstream of the model. For
all cases, the Reynolds number, Re ¼ 5� 104, is based on the model
height and the uniform free-stream velocity, Uinf ¼ 7:864m/s. The
pressure outlet with a constant of 0 Pa is set at the downstream bound-
ary. The no-slip wall boundary condition is used on the ground and
the surface of the model. In BR0, the lateral surfaces and the roof of
the tunnel are set as symmetry planes, to virtually expand the domain
matching the blockage-free condition. However, those for BR5, BR10,
and BR20 are treated as no-slip walls, following the testing section of
the wind tunnel.

B. Numerical methods

The governing LES equations, solved with a commercial finite
volume solver, Star CCM+ 2019.2, are the incompressible
Navier–Stokes and the continuity equations filtered with the implicit
spatial filter of characteristic width D. The filter width, D, is defined as
D ¼ ðD1D2D3Þ1=3, where Di are the computational cell sizes in three
coordinate directions. The wall-adapting local eddy-viscosity (WALE)
model proposed by Nicoud and Ducros (1999), which has been suc-
cessfully applied to predict wakes of the hatchback Ahmed body
(Krajnovi�c and Davidson, 2005; Aljure et al., 2014), and symmetry-
breaking modes behind the notchback Ahmed body (He et al., 2021b;
2021c), is used in this work. This SGS model is based on the square of
the velocity gradient tensor and accounts for the effects of the strain
and rotation rates. The sub-grid eddy viscosity in the WALE model is
modeled as

lt ¼ q CwDð Þ2
SdijS

d
ij

� �3=2

~Sij~Sij
� �5=2

þ SdijS
d
ij

� �5=4
; (1)

where the Cw is a constant, here Cw ¼ 0:544. ~S is the filtered rate of
strain tensor, and Sdij is the traceless symmetric part of the square of
the velocity gradient tensor gij, defined as

Sdij ¼
1
2

~g 2ij þ ~g 2ji
� �

� 1
3
dij~g

2
kk; (2)

where gij denotes @ui=@xj.
Convective fluxes are approximated by a blend of 98% central

difference scheme and 2% upwind scheme. The time integration is
done using the second-order accurate three-level time Euler scheme.
The non-dimensional time step dt� ¼ DtsUinf =H ¼ 3:44� 10�3, giv-
ing a Courant-Friedrichs-Lewy (CFL) number lower than 1 in over
99% of the cells during all time steps. The Reynolds-averaged Navier-
Stokes (RANS) equations are applied obtain the initial condition.
Then, the LES approach is performed for t� ¼ tUinf =H
¼ 186 corresponding to six flow-through passages through the tunnel.
The sampling duration of each simulation is t� ¼ 124 after an initial
period of t� ¼ 62 for the physical establishment of the flow. The mesh
resolutions and the grid independence examination are presented in
Appendix A. The validation of the simulation is presented in
Appendix B.

C. Measurements of the aerodynamic force, velocity,
and pressure

The aerodynamic drag force Fd is the components of the aerody-
namic load in the x-direction associated with the coordinate system
defined in Fig. 1. The associated aerodynamic drag, Cd , is defined as

Cd ¼ Fd
1
2
qAUinf

2
; (3)

where q is the density of the fluid, A is the projected area of the frontal
model surface, and Uinf is the free-stream velocity.

The velocity components in the x, y, and z directions are Ux , Uy ,
and Uz , respectively. The associated streamwise and spanwise velocity
components, u, v, and w, are defined as

u ¼ Ux

Uinf
; v ¼ Uy

Uinf
; w ¼ Uz

Uinf
: (4)

The coefficient of pressure Cp is defined as

Cp ¼ p� p1
1
2
qUinf

2
; (5)

where p is the pressure and p1 is the pressure in the upstream far field
used as the reference.

D. Description of the modal analysis

The proper orthogonal decomposition (POD) is used to perform
modal analysis of the wake flow for an in-depth understanding of flow
structures in terms of both energy contents and characteristic frequen-
cies. As originally proposed by Lumley (1970), and later introduced
with the method of snapshots by Sirovich (1987), this method is based
on the energy ranking of orthogonal structures predicted from a corre-
lation matrix of the snapshots. A singular value decomposition (SVD)
approach is used to conduct the POD analysis. The time step between

FIG. 2. The flow domains: (a) front view of cases with different blockage ratios; (b)
side view of BR5.
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snapshots is Dt ¼ 4:2� 10�4s, 10 times the Dts in simulations, giving
the considered highest frequency (the Nyquist frequency) of 1190Hz.
The lowest frequency is limited by the snapshot total sampling time to
7Hz (the snapshots are collected more than t� ¼ 124, and at least ten
periods should be captured for a reliable frequency evaluation).
Therefore, the reliable real frequency is between 13 and 1190Hz
(0:16< StH < 14:52). The non-dimensional frequency StH is the
Strouhal number normalized with the free-stream velocity and the
height of the model.

III. ANALYSIS AND DISCUSSION

This section presents the results predicted with cases of BR0,
BR5, BR10, and BR20. The increase in the blockage ratio directly acts
on the flow acceleration around the body, resulting in the change of
pressure. Shown in Figs. 3(a)–3(d) are the pressure distribution pro-
jected on the central Y0 plane. For all cases, the pressure in front of the
forebody is positive due to the flow impingement. The negative pres-
sure can be observed around the rounded surfaces and in the wake
concerning the local flow separations. For quantitative analysis, the
pressure profiles on the surface curve, S0, representing the central line
of the top-half body, are presented in Fig. 3(e). It can be seen that the
pressure distributions between BR0 and BR5 are in good agreement.
The BR10 case shows a decrease in global pressure. With a further
increase in the blockage, a distinct lower pressure is observed with
BR20. Given that the wake is supposed to be asymmetric, the differ-
ence in the pressure distribution around the body is expected to influ-
ence the flow structures responsible for the extent of wake asymmetry.

The remaining part of this section proceeds as follows. Section
IIIA presents the flow states under the influence of the blockage ratio.
In Sec. III B, the underlying mechanism of the blockage influence on
the degree of wake asymmetry is explored from the perspective of
near-wall flow structures and wake dynamics. Section IIIC discusses
the aerodynamic drag influenced by the blockage ratio.

A. Flow states

The flow structures identified by mean iso-surfaces of the
Q-criterion are presented in Fig. 4. Here, the non-dimensional Q�

is normalized with the free-stream velocity, Uinf , and the model
height, H, given by

Q� ¼ QH2=U2
inf : (6)

In Fig. 4, the vortex Vc shedding from the near-wall region of the
roof's trailing edge, and two C-pillar vortices, Vl and Vr , are recog-
nized. Particularly, the wake asymmetry is indicated in BR0–10. For
BR0 and BR5, Vc deflects to the left side to interact with Vl , showing
the SB state. Thus, Vl is disturbed but Vr on the right side can extend
further downstream. For BR10, Vc deflects to the right side, showing
the opposite asymmetry in the SA state. The SA and SB are the mir-
rored asymmetric states that randomly appear in the simulation,
showing the bi-stability. However, for BR20, the wake symmetry is
indicated, showing Vc in the center with no deflections. Thus, the flow
is in the symmetric SC state. For clarity of comparisons, the numerical
results of the asymmetric cases are presented in the same normalized
state by mirroring SA to SB.

Although the flow averaged throughout the sampling duration
for t� ¼ 124 includes over 3:6� 104 time steps, the physical time
t ¼ t�H=Uinf ¼ 1:52 s is much lower than the timescale of the asym-
metric state that can last for tens of seconds (see Appendix B). For this
reason, the random switch of the bi-stable wake is not captured in the
present work due to the limitation of the physical time. However, the
readers can refer to He et al. (2021b) for details of the wake switching
process and the mirrored asymmetric states of the studied flow.

The distribution of the mean streamlines and the spanwise vor-
ticity, Xy , projected on the section planes, Y1 and Y2, are presented in
Fig. 5. The vorticity is normalized with the free-stream velocity, Uinf ,
and the model height, H. For all cases, the wake separation can be

FIG. 3. Distribution of the mean pressure, Cp , on the central Y0 plane, with contour lines of Cp ¼ �0:25 (shown black) and Cp ¼ 0:25 (shown in red). (a) BR0; (b) BR5; (c)
BR10; (d) BR20. (e) Profiles of Cp on the central line of the body surface, S0.
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identified by Xy , showing the vortex Vc separating from the shear
layer of the roof, Vb from the deck's trailing edge, andVg from the bot-
tom body. In addition, on the Y2 plane, the flow reattaching to the
deck is indicated in the streamlines. However, the flow on the Y1 plane
separating from the upper slant extends further, moving over the deck.
The quantitative assessment of the wake asymmetry can be indicated
in the length of Vc, denoted LVC , and the deck reattachment length,
LR. Here, LVC is defined as the distance between the roof and the local
maximum x-coordinate on the contour line of Xy ¼ 3:7. LR is defined
as the distance between the positive-negative transition point of near-
wall Xy and the deck's trailing edge. Therefore, comparing LVC and LR
on the two planes, the asymemtry is presented in BR0–10. However,
the symmetry in BR20 is indicated in the equivalent separations and
reattachments on the two sides.

The asymmetric flow reattachment on the deck leads to the pres-
sure difference on two sides. Therefore, the time history of the flow
state can be identified by the pressure gradient on the deck. To obtain
the pressure signals, two monitoring points, Pdl and Pdr , are set on two
sides of the deck shown in Fig. 6. The distance between the central
line and each point is dy ¼ 0:417H. The points are at DP2 ¼ 0:5LD
(half-length of the deck) from the deck's trailing edge. With the pres-
sure signals, the degree of the asymmetric can be quantified by the
deck pressure gradient, defined as

@Cpd

@y
¼ Cp Pdrð Þ � Cp Pdlð Þ

2dy=H
; (7)

where Cp ðÞ represents the sampled pressure coefficient on each moni-
toring point. By the definition, the high absolute value of @Cpd=@y
indicates the high degree of wake asymmetry. On the other hand,
@Cpd=@y around 0 suggests the wake symmetry.

The time history of @Cpd=@y obtained from the four simulations
is presented in Fig. 7. For BR0-10, @Cpd=@y fluctuates with positive
values. Thus, it can be deduced that during the sampling period the
wake is always in one of the asymmetric states without switches to the
opposite side. For BR20, @Cpd=@y fluctuates around 0, showing sym-
metry. The quantitative comparison of @Cpd=@y between the four

cases is achieved by the power density function (PDF) shown in
Fig. 7(e). For cases BR0-10, although the asymmetry is indicated in
the positive peaks of PDF, the lower peak value with the higher
blockage shows the decrease in the asymmetry. However, for
BR20, the asymmetry is indicated by the PDF of @Cpd=@y concen-
trating around 0. Particuarly, it can be seen that @Cpd=@y fluctuates
between negative and positive values during the simulation period,
showing high-frequency switches. In terms of the mean values,

@Cpd=@y averaged throughout the sampling duration gives 0:649,
0:618, 0:53, and 0:043, respectively, for BR0, BR5, BR10, and BR20.
Therefore, although the wake asymmetry can be predicted with
BR0–10, the degree of the asymmetry remains to decrease with the
higher blockage ratio. Compared to BR0, the deviation of 4:89%

for BR5 and 20:19% for BR10 are evaluated by @Cpd=@y .
Considering the accuracy of the asymmetry, a blockage ratio of at
least 5% is required for the bi-stable wake.

B. Flow mechanisms

Understanding the wake state influenced by the blockage ratio
requires a deeper analysis focusing on the notchback region since the
downstream flow is attributed to the separation behind the rear slant.
The in-depth exploration of the wake dynamics behind the slant is
investigated by the modal analysis applying POD to the pressure snap-
shots projected on the Z1 plane behind the slant. The POD modes are
identified by the energy content. The first six modes sorted by the
ranking of the energy content are presented in Fig. 8, where mode 1
corresponds to the averaged field containing most of the energy. The
subsequent modes distributed in pairs show the gradual decrease in
the energy content.

The flow structures projected on the horizontal Z1 plane behind
the slant are presented in Fig. 9. The distribution of the mean stream-
wise velocity, u, is shown in Figs. 9(a)–9(d). From this visualization,
the deflection of Vc is presented in BR0–10. However, for BR20, Vc

remains in the center showing symmetry. Furthermore, the wake
dynamics is identified by POD in the Z1 plane. The wave packets

FIG. 4. Flow structures behind the slant, visualized by the time-averaged iso-surface of the second invariant of the velocity at Q� ¼ 3:7: (a) BR0; (b) BR5; (c) BR10; (d)
BR20.
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presented in Figs. 9(e)–9(h) are recognized by Mode 2 ranking the sec-
ond energy content. The cases of BR0-10 are in agreement, indicating
Vc moving downstream on the left side, following the left deflection of
Vc shown in Figs. 9(a)–9(c). The difference is found in BR20, showing
that Vc moves downstream in the center, in accordance with Fig. 9(d).
Moreover, the associated power spectral density (PSD) of mode 2 pre-
sented in Figs. 8(i)–8(l) confirms the identical main frequency between
BR0 and BR5. For BR10, the main frequency becomes slightly higher
and further increases with the blockage ratio reaching BR20.

To seek the near-wall separation determining the status of Vc, the
flow structures projected on the Z0 plane behind the upper slant, visu-
alized by the distribution of the mean streamwise vorticity, Xx , are
presented in Figs. 10(a)–10(d). It can be seen that Vc separating from
the roof's trailing edge consists of two sub-structures, Vcl and Vcr ,
respectively, on the left and right sides of the shear-layer region.

FIG. 5. Mean streamlines and spanwise vorticity Xy on the Y1 and the Y2 planes. The distance between Y1 and Y2 is DP3 ¼ 0:5W (half-width of the model): (a) BR0; (b)
BR5; (c) BR10; (d) BR20.

FIG. 6. Pressure monitoring points on the deck.
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For the three asymmetric wakes with BR0-10, Vcr is dominant, show-
ing a larger separation region attached to the upper slant. However,
for BR20, Vcl and Vcr are equivalent, showing symmetry.

The dynamics of these shear-layer vortices can be characterized
by mode 3 of POD projected on the Z1 plane, as shown in Figs. 10(e)–
10(h). For BR0-10, mode 3 describes the direction of Vcr , indicating
the deflection to the left side. Since the dynamics of the opposite Vcl is
invisible in the first four POD modes, it can be speculated that Vcr is
more energetic than Vcl. Therefore, the global status of Vc governed by
the dynamics of Vcr shows the deflection to the left side, indicating the
asymmetry. On the other hand, for BR20, since Vcl and Vcr are com-
parable, mode 3 indicates their direction moving downstream without
deflections. Thus, Vc considering the synthetic direction of Vcl and Vcr

moves downstream in the center. In addition, Figs. 10(i)–10(l) show
the associated PSD of mode 3. The main frequency in BR0 and BR5
shows good agreement. However, with the higher blockage ratio, the
main frequency decreases.

The underlying mechanism responsible for the status of the near-
wall vortices around the roof's trailing edge is explored by the turbu-
lence kinetic energy (TKE). Here, TKE is defined as

TKE ¼ 1
2
½ u0ð Þ2 þ v0ð Þ2 þ w0ð Þ2�; (8)

where ðuÞ2, ðv0Þ2; and ðw0Þ2 are the mean Reynolds stress compo-
nents in the streamwise, the spanwise, and the vertical directions, nor-
malized by U2

inf .
The distribution of TKE projected on the X1 plane is pre-

sented in Figs. 11(a)–11(d). Focusing on the near-wall region
above the roof, it is found that the TKE increases with the higher
blockage ratio. For quantitative assessment, the near-wall profiles
of TKE are presented in Fig. 11(e). From this figure, it can be seen
that the near-wall TKE shows a good agreement between BR0 and
BR5. For BR10, a slightly higher TKE is indicated. However, fore
BR20, TKE sharply increases to higher values. Therefore, the near-
wake flow with a higher blockage ratio is more turbulent. For the
wake bi-stability behind the squareback Ahmed body, Burton et al.
(2021) have proved that a high turbulence level of the background
flow leads to highly frequent switches. Moreover, for the square-
back Ahmed body, He et al. (2022) found that a higher TKE in
the wake produced by a higher Reynolds number results in high-
frequency wake switches, presenting a symmetric phenomenon.
Therefore, the higher TKE observed with a higher blockage ratio
can be a reason triggering frequently wake switches showing
symmetry.

In addition, profiles of the near-wall mean streamwise veloc-
ity, u, and mean negative pressure, �Cp , in the X1 plane are pre-
sented in Fig. 12. Distinctly higher u and �Cp , as a result of the
higher blockage influence, are observed with BR20. Therefore, the
increase in the near-wake u and �Cp influences the wake struc-
tures. The literature showed that the bi-stable wake state of square-
back Ahmed bodies is sensitive and easily broken by small
perturbations of the wake (Cadot et al., 2015; Evrard et al., 2016;
Barros et al., 2017; Bonnavion and Cadot, 2018). In addition, for
the notchback Ahmed body, He et al. (2021a) found that the bi-
stable wake is sensitive to the suppression of the separation behind
the rear slant. For this reason, one can speculate that the increase

FIG. 7. The time history of the deck pressure gradient, @Cpd=@y: (a) BR0; (b) BR5; (c) BR10; (d) BR20; (e) PDF of @Cpd=@y.

FIG. 8. The energy content of the top six modes for the POD analysis applied to
pressure snapshots projected on the Z1 plane.
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FIG. 9. Flow structures projected on the Z1 plane, at HP1 ¼ 0:844H above the bottom body (located at half-height of the slant). (a)–(d) Distribution of the mean streamwise
velocity, u. (e)–(h) Mode 2 (i ¼ 2) identified by POD. (i)–(l) The associated PSD of mode 2. Columns from left to right show the results of BR0, BR5, BR10, and BR20,
respectively.

FIG. 10. (a)–(d) Distribution of the mean streamwise vorticity, Xx , projected on the Z0 plane behind the upper slant. (e)–(h) Mode 4 identified by POD applying on the Z1
plane. (i)–(l) The associated PSD of Mode 3 (i ¼ 4). Columns from left to right show the results of BR0, BR5, BR10, and BR20, respectively.
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in the near-wake velocity and negative pressure caused by a high
blockage ratio disturb the state of the separation behind the slant,
resulting in symmetrization of the wake structures.

C. Aerodynamic drags

The flow and pressure around the notchback Ahmed body
have proved dependent on the blockage ratio. Thus, the aerody-
namic drag associated with the surrounding flow is investigated for
different blockages. The aerodynamic drag coefficient, Cd , can be
divided into two parts, the viscous drag coefficient, Cdv , and the
differential pressure drag coefficient, Cdp. The mean values of Cd ,
Cdv , and Cdp are plotted in Fig. 13. Considering the 95% confidence
interval, the accuracy of the mean values is better than 1� 10�4. A
general deduction from this figure is that lower Cd , Cdv , and Cdp

are observed with the higher blockage ratio. Therefore, the aerody-
namic drag with a certain blockage ratio is overestimated com-
pared to BR0.

Reducing the blockage influence on the aerodynamic drag
requires a correction. Therefore, several existing blockage correc-
tions proposed in the literature are applied to the drag correction
for the notchback Ahmed body. The equations for the drag correc-
tion are presented in Appendix C. The corrected aerodynamic

drag, Cdc , is presented in Fig. 14. Compared to the Cd obtained
from BR0 (shown in the black dotted line), the Maskell III equa-
tions proposed by Hackett and Cooper (2001) result in a good pre-
diction of Cdc , giving the deviation of 1:9%, 3:9%, and 4:3% for
BR5, BR10, and BR20, respectively.

IV. CONCLUSIONS

The blockage influence on the bi-stable flow past a notchback
Ahmed body is investigated using LES. Four different blockage ratios,
0%, 5%, 10%, and 20%, are considered. Although the wake asymmetry
can be predicted under the blockage ratio within 0%� 10%, the
degree of wake asymmetry is found to decrease with the higher block-
age ratio. The blockage ratio of 20% symmetrizes the bi-stable wake.
The asymmetric state of the bi-stable flow under the low blockage and
the wake symmetrization under blockage ratio of 20% is validated
with the wind tunnel experiment.

The wake asymmetry is characterized by asymmetric separations
and reattachments in the notchback region. The wake dynamics is
identified by modal analysis applying POD. The wake structures and
main frequencies show good agreement between the blockage ratio of
0% and 5%. The deflection of the flow structures behind the slant
depends on the near-wall separations from the upper slant. The higher

FIG. 11. Distribution of TKE in the cross section, X1 plane, located at the linking edge between the roof and the slant. (a) BR0; (b) BR5; (c) BR10; (d) BR20. (e) Profiles of the
near-wall TKE in the X1 plane, obtained from the horizontal line at 0:01H above the roof's trailing edge.

FIG. 12. Profiles of the near-wall (a) mean streamwise velocity, u, and (b) mean negative pressure coefficient, Cp , in the X1 plane, obtained from the horizontal line at 0:01H
above the roof's trailing edge.
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blockage ratio increases the turbulence kinetic energy, velocity, and
negative pressure in the near-wake region. Therefore, the wake
becomes more unstable to break the asymmetric state, resulting in the
wake symmetrization under a 20% blockage ratio.

The aerodynamic drags, considering both the viscous drag and
the differential pressure drag, are found to increase with the higher
blockage ratio. Several existing equations for drag corrections pro-
posed in the literature are applied for the notchback Ahmed body. The
Maskell III equations proposed by Hackett and Cooper (2001) per-
form a good prediction for the drag correction.

The present work suggests the pronounced influence of the
blockage ratio on the bi-stable wake behind the three-dimensional
bluff body. The blockage ratio under 10% is enough to present the
expected wake asymmetry. For accuracy of the asymmetry, the block-
age ratio of less than 5% is recommended.
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APPENDIX A: MESH RESOLUTION

Multi-block hexahedral conforming computational grids are
made using the Pointwise grids generator. Meshes are mirrored,
ensuring perfect mesh symmetry avoiding unexpected effects on
the asymmetry of the flow. The computational cells are denser
close to the surface of the model, and the spatial resolution around
the forebody and in the wake region is finer than that around the
middle body. The reason for this is that the flow separations
around the rounded surface of the forebody and the wake struc-
tures require accurate prediction, but the flow around the middle
body is undisturbed. The first layer of the computational cells
throughout the model surface has a height of 3� 10�4H. The
wall-normal growth factor near the model is 1:05, resulting in 70
layers of the grids attached to the boundary. In addition, to avoid
the influence of the clearance between the body and the tunnel
walls, the computational cells near the ground, roof, and two side
walls are concentrated, and the height of the first layer near the

FIG. 13. Mean drag coefficients of the entire model change with blockage ratio. (a) The aerodynamic drag coefficient, Cd . (b) The viscous drag coefficient, Cdv . (c) The differ-
ential pressure drag coefficient, Cdp .

FIG. 14. Blockage corrections for the aerodynamic drag coefficients. The horizontal
dotted line shown in black is the mean drag obtained in BR0 at Cd ¼ 0:339.

TABLE I. Details of the mesh.

Number of cells Wall-normal resolution

Streamwise resolution

Spanwise resolutionFore and rear parts Middle body

BR0 3:3� 107 nþ < 1 3 < Dþ
s < 28 3 < Dþ

s < 55 3 < Dþ
l < 25

BR5 4:2� 107 nþ < 1 3 < Dþ
s < 28 3 < Dþ

s < 55 3 < Dþ
l < 25

BR10 3:9� 107 nþ < 1 3 < Dþ
s < 28 3 < Dþ

s < 55 3 < Dþ
l < 25

BR20 3:6� 107 nþ < 1 3 < Dþ
s < 28 3 < Dþ

s < 55 3 < Dþ
l < 25
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tunnel walls is 4� 10�4H with a growth factor of 1:2 in the wall-
normal direction.

The numerical accuracy of the studied flow established by the
grid-independence examination has been presented in the previ-
ously published work by the same author (He et al., 2021c). In the
present work, the mesh resolution is the same as the medium mesh
used in He et al. (2021c). The number of cells and spatial resolu-
tions is presented in Table I. Note that the fewer cells used for BR0
are attributed to the symmetry plane set at lateral walls and the roof
of the flow domain. Thus, the velocity gradient in the wall-normal
direction near the domain boundaries is almost 0, allowing
stretched grids used.

APPENDIX B: VALIDATION

An experiment for the notchback Ahmed body is carried out
in the closed-circuit wind tunnel at Chalmers University of
Technology. Shown in Fig. 15(a) is the tested model with the height
H� ¼ 2H ¼ 0:192m, giving the same shape as the model used in
the simulation but twice as large. The forebody and the notchback
configuration [the white parts of the body shown in Fig. 15(a)] are
printed by a three-dimensional printer ensuring high precision of
the frontal rounded surface and the effective backlight angle. The
rest of the body is made of laser-cut planks. The model is mounted
in a test section of 6:5H� � 9:4H� � 15:6H� (height�width� length),
giving a blockage ratio of 2:2%. The ground clearance of the under-
body is 0:21H� in agreement with the simulation. The body is
supported by four vertical cylinders with a diameter of 0.1 H�. The
four supporters connect to the balance system under the ground,
allowing the measurement of the aerodynamic forces. The inlet
velocity of the wind tunnel varies within a range of 0–60m/s.

The flow turbulence level is within 0.15% at a frequency range
between 1 and 10 000Hz. The Reynolds number based on H� and
the free-stream velocity is 5� 104, the same as in the simulation. In
addition, the model is equipped with pressure taps on the deck. The
positions of the taps follow the pressure monitoring points for sim-
ulation shown in Fig. 6. The pressure data are obtained using a
Scanivalve system (NetScanner TM model 9116). The pressure sys-
tem has an accuracy of 60:2 Pa for the used pressure range (650
Pa) with a sampling frequency of 62:5Hz.

The BR0 case cannot be investigated performed in the closed-
circuit wind tunnel. Therefore, for the low blockage LES (BR0 and
BR5), the validation considers the comparison to the experimental
results under blockage ratio of 2:2% (BR2.2). For the high blockage
case, the 20% blockage ratio following the BR20 simulation
is achieved in the experiment by building a physical domain
[Fig. 15(b)]. The time histories of the deck pressure gradient,
@Cpd=@y, observed in the experiment, are presented in Figs. 15(c)
and 15(d). For BR2.2, @Cpd=@y undergoes periods with positive or
negative values, showing bi-stability. The associated PDF suggests
two mirrored asymmetric states, SA and SB. Each asymmetric state
can last for tens of seconds until the stochastic shift to the opposite
state. However, for BR20, @Cpd=@y fluctuates around 0, and the
associated PDF indicates the wake in the symmetric state, SC .

To quantitate the degree of asymmetry between the experi-
ment and LES, the mean value of @Cpd=@y is used. For the experi-
ment, @Cpd=@y is averaged from the pressure signals sampled
during a period of 2 s. Particularly, for BR2.2, @Cpd=@y is sampled
when the wake is in the SB state with no switching processes.
Furthermore, the mean drag coefficient, Cd , is taken into account
for the validation. The comparisons between the experiment
and LES for the low and high blockage ratios are presented in

FIG. 15. The wind tunnel experiment. (a) The notchback Ahmed body mounted in the test section (BR2.2). (b) The body mounted in the physical domain (BR20). The time his-
tory of @Cpd=@y: (c) BR2.2; (d) BR20.
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Tables II and III. The deviation in each table considers the differ-
ence between the experimental and numerical results.

For the low blockage cases, the @Cpd=@y deviations are under
5%, showing good agreement. However, the Cd predicted by the
BR0 simulation is somewhat smaller than that of the experiment.
This is because the notchback geometry is suspended in the digital
domain for LES, but the model in the wind tunnel experiment has
to be supported. Therefore, the drag measured in the experiment is
not only influenced by the blockage ratio given by the tunnel walls
but also increased by the flow impinging on the underbody vertical
cylinders. As a result, although the blockage ratios between the
experiment and LES are not perfectly matched for the low blockage
cases, results suggest a reasonably good agreement between them.

For BR20, the conformity between the experiment and LES is

indicated in both @Cpd=@y and Cd . Compared to the low blockage
cases, the deviation of Cd is smaller under BR20. The reason is that
the blockage ratio is perfectly matched between the experiment and

LES for BR20. However, the higher @Cpd=@y deviation of BR20
compared to that of low blockage cases is because the values of
@Cpd=@y for the symmetric wake fluctuate around 0. Thus, the ratio
of the difference to the mean values becomes larger due to the small

@Cpd=@y .

APPENDIX C: EQUATIONS FOR BLOCKAGE
CORRECTIONS

In the present paper, several existing blockage corrections are
applied to the notchback Ahmed body. Here, the equations
abstracted from the literature are presented. Based on two-
dimensional cylinders, Glauert (1933) provided a semi-empirical
blockage correction

Cdc

Cd
¼ 1� G S=Cð Þ

1þ 0:822 S=Cð Þ2
" #2

; (C1)

where Cdc is the corrected drag coefficient, S is the frontal pro-
jected area of the model, C is the cross-sectional area of the test

section, and thus, S=C stands for the blockage ratio. G is an empir-
ical factor, and Glauert (1933) suggested G ¼ 0:3 for circular
cylinders.

Considering the compressibility of the wake behind cylinders,
Allen and Vincenti (1944) derived a theoretical model, expressed as

Cdc

Cd
¼ 1� p2

4
S
C

� �2

� Cd

2
S
C

� �
: (C2)

Discussed by Maskell (1963), in the consideration of separated
wake flows, the blockage correction for the drag can be derived
based on a constant blockage factor, as

Cd

Cdc
¼ 1þ eCd

S
C

� �
; (C3)

where e is the constant blockage factor. From the experimental
data, Maskell suggested e ¼ 0:96 for bluff bodies with sharp edges.

Afterward, Cowdrey (1967) rederived the Maskell's equation
and provided an improved blockage correction, which is not depen-
dent on the measured drag, expressed as

Cd

Cdc
¼ 1þ l

S
C

� �
; (C4)

l ¼ 1:85þ 1:35e �0:05 h
wð Þ½ �; (C5)

where h and w are the height and width of the model, and thus,
h=w stands for the aspect ratio of the model.

The continuity blockage correction formula, taking into
account both mass and momentum conservation laws, was pro-
posed by Carr (1971)

Cdc

Cd
¼ 1� S

C

� �2

: (C6)

Sykes (1973) proposed a blockage correction with an empirical
constant, expressed as

Cdc

Cd
¼ 1�m

S
C
; (C7)

where m is the empirical constant. Sykes introduced m ¼ 1:9 for
rectangular bodies. After that, m ¼ 1:22 was suggested by Stafford
(1981) due to series of tests.

With additional solid and wake induced blockage terms, exten-
sions to Maskell's original correction method were considered as
Maskell III. This blockage correction was developed by Hackett and
Cooper (2001) based on experimental data for bluff bodies. The for-
mulas can be expressed as follows:

Cdc ¼ Cd

1þ eTð Þ2 ; (C8)

eT ¼ eS þ eW ; (C9)

eS ¼ 0:36
H�

W� þ
W�

H�

� �
V�

C�1:5

� �
; (C10)

eW ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h

1
1þ h

� DCdwi

Cd

� �s
� 1; (C11)

TABLE II. Comparisons of @Cpd=@y and Cd between the experiment and LES for
the low blockage ratio.

Experiment
(BR2.2)

LES
(BR0)

Deviation/
(%)

LES
(BR5)

Deviation/
(%)

@Cpd=@y 0.625 0.649 3.77 0.618 1.13
Cd 0.364 0.339 7.11 0.38 4.56

TABLE III. Comparisons of @Cpd=@y and Cd between the experiment and LES for
the high blockage ratio.

Experiment (BR20) LES (BR20) Deviation/(%)

@Cpd=@y 0.041 0.043 4.88
Cd 0.631 0.618 2.08
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h ¼ 0:96þ 1:94e�0:06h=w
� �

Cd
S�

C� ; (C12)

where S� and V� are the duplex frontal projected area and the
duplex volume of the model, respectively, and h=w is the aspect
ratio of the model. W�, H�, and C� are the duplex width, height
and cross-sectional area of the test section, respectively. DCdwi is the
wake drag increment, which can be defined as

DCdwi ¼ Cd
1

1þ h

� �
þ 1

2h

� �
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4h

p� �
: (C13)

Subsequently, a further improved version, the Maskell III plus
Thom equation, was proposed by Cooper et al. (2008). This correc-
tion considers the influence of both the wake and the solid blockage,
expressed as

Cdc ¼ Cd

1þ eS þ e0wð Þ2 þ DCDM ; (C14)

e0w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ hCd S�=C�ð Þ

1þ hCd S�=C�ð Þ � hDCDM S�=C�ð Þ
s

� 1; (C15)

where eS is given in Eq. (C10), h is defined in Eq. (C12), and DCDM

is the Maskell III drag coefficient additive, defined as

DCDM ¼ Cd

1þ hCd S�=C�ð Þ þ
1� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4hCd S�=C�ð Þp
2h S�=C�ð Þ : (C16)
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