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ABSTRACT

An active flow control approach was investigated in order
to reduce the aerodynamic drag of a generic square-backed ve-
hicle. The investigations were carried out at a Reynolds num-
ber of Re; = 500,000. Large Eddy Simulations were performed
which are suitable for time dependent flows around vehicles with
large coherent structures. After the base flow simulations active
flow control was applied in order to achieve drag reduction us-
ing steady blowing through small slits near the edges of the rear
surface. The blowing velocity was equal to the inflow velocity
(Vbiow = Up), and the blowing angle was changed from 6 = 0° to
6 = 60°. It is shown that these control techniques can achieve
a maximum drag decrease for the 0 = 45° control version of
around 12%. Additionally the effect of moving floor was stud-
ied and comparison was made for the baseline and for the 45°
flow control variant. It was found that the stagnation point on
the rear surface moves upwards, and the vertical extension of
the wake section reduces, so the evolving pressure level on the
back surface increases. Finally a study of the blowing velocity
was performed, changing Vo, = 0.25Uy until vy, = 2.25U) at
0 = 45° blowing angle. An efficiency optimum was found around
Vblow = 1‘25U0.

*Address all correspondence to this author.

NOMENCLATURE

B Width of the vehicle model, m

P Local pressure, N/m?

cB Coefficient of pressure drag of the base, —
Po Reference pressure at inflow, N/m?

cp Total drag coefficient, —

R Radius of the rounded front, m

CF Coefficient of friction drag, —

Rep, Reynolds number, based on length, —

CH Coefficient of pressure drag of the head, —
Uy Inflow velocity, m/s

Cp Local pressure coefficient, —

X,V,Z Cartesian coordinates, m

Coefficient of pressure drag of the slant, —
Kinematic viscosity, m?/s

Total drag force, N

Density, kg/m?

Height of the vehicle model, m

Slant angle of the vehicle, °

Distance from the floor, m

Length of the vehicle model, m

Width of one actuation slit, m
Momentum coefficient of the actuation, —
Vpiow  Blowing velocity, m/s

Hiplow ~ Mass flow of the blowing slits, kg/s

Pyiory  Power of the blowing fluid, W
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INTRODUCTION

Drag reduction by separation control is one focus of vehi-
cle aerodynamics research. Dealing with vehicle aerodynamics
usually means flows around bluff bodies, which are dominated
by large structures with three-dimensionality and strong time-
dependence. Therefore, measurements and simulations are both
extremely challenging problems.

The aerodynamic forces are becoming more relevant as
transportation efficiency increases due to the recent ecolonom-
ically driven requirements. The optimization of transportation
costs are leading to fuel consumption reduction, enhanced safety
requirements, reduced green-house gas emissions, etc. Fuel costs
can be reduced for instance by means of drag reduction. Safety
issues are also strongly related to the aerodynamic forces. For
bluff bodies these forces are mainly determined by the resulting
pressure field and less significantly by the shear stresses. The
structures inside the wake flow and around the body therefore
have a great influence on the overall drag, lift, and side forces.
The goal of the presented work is to find an efficient way to in-
fluence this pressure distribution so that the aerodynamic drag is
reduced.

Several model-based approaches were introduced in the past
in order to simplify the given problems. Morel [1] and later
Ahmed et al. [2] proposed a body shape which emphasizes the
characteristics of ground vehicle flows. They studied the re-
lationship between the shape and the aerodynamic drag. They
found that wake topology strongly depends on the rear slant an-
gle. Ahmed showed that for angles larger than 30° the flow sep-
arates on the edge of the slant, and no reattachment occurs. The
drag value reaches its maximum around a slant angle of 30°, and
it remains relatively constant with lower values at larger angles.

One special case is the slant angle 90° or 0°. Most trucks and
busses have such square-back end geometry. This paper concen-
trates on this model shape.

The manipulation of the mentioned structures is not a nov-
elty, as some work has already been reported. For instance,
Cooper [3,4] studied the influence of the front-edge rounding and
the rear-edge shaping on the aerodynamic coefficients for a very
similar bluff body shape. Also the influence of gap seals, side
skirts, boat-tails, and their combination was shown for a simpli-
fied truck. These so called passive devices are capable of reduc-
ing the drag by 38% compared to the baseline configuration. The
influence of the boat tail deflector angle and length on the aero-
dynamic drag was investigated as well. An other investigation of
similar square-back shaped body was made by Balkanyi [5] et al.
The purpose of this work was to investigate passive flow control
devices, and as one part, the base flow without any manipulation
was described as well. Reynolds number dependence of the rear-
end pressure distribution was also analyzed, and they found no
variation in region of Reyy = 0.8 — 1.7 % 10°.

Flow manipulation with active devices has been investigated
intensively in the recent years. The technological advances make

it possible to energize the flow in practical instances with reason-
able efficiency. The advantage of such flow control techniques is
that they are easily adjustable for off-design conditions, for ex-
ample side wind conditions. Numerous experimental and numer-
ical studies have been performed on the Ahmed body mostly with
fast-back geometries. Krajnovi¢ and Davidson [6, 7] performed
Large Eddy Simulation (LES) on an Ahmed car with slant angles
of 25° and 35° and showed that LES is capable to predict sepa-
rated flows with sufficient accuracy. They gave a detailed analy-
sis of the flow and made comparison to measurements. Wassen
et al. [8—12] made extensive investigations of various active flow
control approaches over slanted passenger-like bodies, including
constant blowing, suction, and periodic excitation as well. Their
simulation technique was also LES. Rouméas [13] et al. stud-
ied a square-back geometry with steady blowing devices along
the rear edges of the model. They performed Lattice-Boltzmann
simulations and calculated the drag reduction for several blowing
angles. They found 29% of drag reduction with 45° blowing an-
gle and a blowing velocity of 1.5 times the inflow velocity. The
control setup used in the presented paper is similar to theirs, but
the blowing slits are smaller and the simulation technique is LES.

The paper is organized as follows: first the setup for the
numerical simulations is given, and in the next chapter the flow
without control is described. Subsequently the used flow control
approaches and the corresponding results are given.

NUMERICAL SETUP

In the present study the flow around the simplified vehicle is
unsteady, three dimensional and incompressible. The governing
LES equations for the spatially filtered incompressible Navier-
Stokes system are:

dii;
8)(?5 B

di; _ dil; 1 &p_ 0 ( 8&,) 18’1’1'}' 2
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where i#; and p are the filtered velocity and pressure. Since the
grid itself is functioning as the filter the unresolved stresses have
to be modeled. The influence of these small scales on the flow are
given by the sub-grid scale stress (SGS) tensor, T;; = i;ilj — u;it;
in equation(2). Considering the standard model of Smagorinsky,
one can write:

T = —2VsGsSij 3
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FIGURE 1. NUMERICAL GRID IN THE SYMMETRY PLANE,
EVERY SECOND GRID POINT IS SHOWN.

FIGURE 2. GEOMETRY OF THE AHMED BODY.

where S; ; is the strain rate tensor and Vggs is sub grid scale vis-
cosity. The Smagorinsky model [14] defines vsgs as:

VsGs = (CSA)Z 2Sl]Slj (4)

The model constant is C; = 0.1, and A = J/AV;j; based on grid
cell volume. For the walls van Driest [15] damping was used.
The solution algorithm is of second order accuracy in space and
time, the pressure is coupled with the SIMPLE method. The
numerical grid in the symmetry plane is shown in figure 1. It
consists of about 25 million cells, and local grid refinement is
used near the body surface and in the wake region.

The size and geometry of the vehicle investigated here are
identical to the original model introduced by Ahmed et al. [2].
The model, coordinate system, and the sizes are shown in fig-
ure 2. It has a height of H/L = 0.276, a width of B/L = 0.373,

a distance from the floor of /L = 0.048, and a radius of the
rounded front of R/L = 0.096. The center of the coordinate sys-
tem is located on the floor in the lateral symmetry plane in the
level of the vertical rear-base of the body.

The computational domain is similar to a simplified wind
tunnel setup with cuboid geometry. There is an upstream dis-
tance of 2.014L and a downstream distance of 5.793L behind the
body to have no disturbance from the outlet of the domain. The
top surface is located at 1.341L, the side walls have a distance of
1.791L.

At the inflow boundary a constant velocity U, was pre-
scribed. On the lateral sides and on the top surface of the domain,
a symmetry condition was used. It is important to note here that
normally it is not recommended to use symmetry boundary con-
ditions in LES due to the fact that is smooths down the turbulence
fluctuations, but in the present case the turbulence is only gener-
ated near the walls and inside the wake. The walls of the vehicle
are treated as non-slip smooth walls, likewise the floor. In case
of the non-stationary floor simulation a velocity of Uy is imposed
on it.

The Reynolds number was Re;, = UpL/v = 500,000, where
v the kinematic viscosity of the fluid. Even though the Reynolds
number of a real passenger car is more than one order of mag-
nitude higher and the drag still has a slight Reynolds number
dependence, it is appropriate to study the flow at this lower
Reynolds number. The reason is that the wake topology of this
vehicle is fairly independent of the Reynolds number [5] since
the separation at the rear end is geometry-induced.

REFERENCE FLOW

The flow topology without flow control is described in this
chapter. The aerodynamic drag for these type of flows is domi-
nated by the pressure distributions on the front and rear surfaces.
The investigated bluff body has rounded edges in the front and
90° sharp edges at the rear side. As a consequence, more influ-
ential flow manipulation is expected in the wake area where the
blowing slots are located. Therefore, this analysis focuses on the
near wake flow.

Two reference flow cases were computed, one with station-
ary ground, and one with moving ground relative to the body,
which is more similar to realistic road conditions. The floor
movement has minor effect on the resulting forces (see table 1,
and also on the corresponding wake structure.

In figure 3 projected streamlines of the time averaged flow
are shown. The upper part of the figure corresponds to the ver-
tical symmetry plane y/H = 0 in the near wake. The lower fig-
ure shows streamlines from the horizontal symmetry plane of the
body z/H = 0.684. The main structure appears to be a coherent
ring vortex. Fu, Fb are the foci of the upper and bottom vortical
structures, respectively, Fr and FI are the cores of two sides. The
upper part of the rotating flow has a larger room, while the lower
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FIGURE 3. STREAMLINES OF THE TIME-AVERAGED REFER-
ENCE FLOW; UP: SYMMETRY PLANE Y/H=0, DOWN: HORIZON-
TAL SYMMETRY PLANE Z/H=0.684.

part is suppressed due to the boundary layer on the ground. In
the case of moving floor the lower part of the ring vortex is ex-
tended in the vertical direction pushing upwards the reverse flow
in the middle of the ring. If the time interval of averaging is
sufficiently large the flow shows symmetry with respect to the
symmetry plane y/H = 0, although low frequency lateral fluc-
tuations were observed within the recirculation zone in the time
dependent simulation. This makes the simulations expensive in
terms of CPU time. In this instance relatively long time inter-
vals (20 convective units) were used, however some asymmetry
is still present.

Figure 4 is the image of the projected streamlines onto the
rear base together with the pressure coefficient contours. The
upper figure corresponds to the fixed floor, the bottom one to the
moving floor. In case of moving floor due to the ground move-
ment the outcoming underbody flow has a slightly smaller decel-
eration which pushes the streamwise position of the bottom part
of the ring vortex Fb slightly downstream, and the vortex itself
has a larger extension as well. Therefore the reverse flow in the
case of moving floor around the middle of the recirculation zone
points more upwards resulting in a higher stagnation point posi-
tion Sr on the rear base. In the proximity of this Sr point the base
pressure is higher indicated with light colour contour areas. Fur-

z

C,: -0.30 -0.27 -0.24 -0.21 -0.18

FIGURE 4. PROJECTED STREAMLINES OF THE TIME-
AVERAGED FLOW ON THE VERTICAL BASE; UP: FIXED
FLOOR, DOWN: MOVING FLOOR.

ther details of the wake topology can be concluded with the help
of this figure. As the reversed flow hits the wall it turns towards
the 90° edges indicated with the streamlines forming the men-
tioned ring shape. At certain positions, where the bifurcation
line is, a secondary vortex is generated. The foci of these sec-
ondary structures are indicated with Fc in figure 3 as well. Since
the resulting drag depends mostly on the base pressure distribu-
tion, it is desirable to have more light areas on the base. The
low pressure areas are located in the upper region of the base. In
figure 4 it appears that the higher the stagnation point position is
the lower is the contribution of the rear surface pressure to the
overall aerodynamic drag.

During the simulation the total drag force is computed as
the sum of the streamwise component of the pressure and friction
forces over the whole bluff body at every time step. Subsequently

Copyright © 2010 by ASME



TABLE 1. CONTRIBUTION OF THE BODY PARTS TO OVER-
ALL DRAG.

Ground treatment Cpg Cy Cr Cp
Fixed 0.261 -0.017 0.035 0.279
Moving 0.251 -0.017 0.035 0.269

the time average of this value is computed, and considered as the
actual aerodynamical drag force Fp. The drag coefficient cp is
computed as:

Fp

Cp=F—>5—
1pUo*BH

®)

In table 1 the individual components of the aerodynamic
drag coefficient are shown. The value of the base drag is lower
for the moving floor case which is obviously due to the higher
average pressure. The drag value integrated over the head part
has a negative sign. This refers to a laminar separation which
takes place around the head curvature. After the laminar separa-
tion turbulent reattachment occurs. The reason is the relatively
low Reynolds number (Rey, = 500,000). This phenomenon may
influence the overall drag value, but not the wake structure, since
the separation on the rear edges are clearly driven by the geome-
try. This assumption is also supported by the fact that the values
of the head and the friction drag are identical for both ground
treatment, showing no upstream - downstream influences.

CONTROL APPROACH

To achieve flow control, continuous steady blowing along
the edges of the rear surface was applied as it is outlined in fig-
ure 5. Angle 0 is defined between the direction of the blowing
and the streamwise (or inlet) flow direction. The slits have a
width of b/H = 0.0017, and they are positioned from the edges
in the distance of b.

The basic idea was to get the drag reduction emulating the
effect of passive devices like boat tails (see [3,4]), and also to
perform a study of the angle 6 and the blowing intensity, similar
to [13]. In the present work the investigated angles were 0°, 20°,
45°, 60°. The optimum angle was found to be 45° (see follow-
ing chapters), therefore the blowing intensity was varied from
Viiow = 0.25Up to 2.5U) at this angle with the steps of 0.25U,
where Uy is the inflow velocity. The corresponding momentum
coefficients can be computed as follows:

FIGURE 5. BLOWING SLITS.

_ 2b(B+H —6b) (V”"’W>2cos9 ©

u= BH Us

FLOW CONTROL RESULTS

The evolution of the aerodynamic drag coefficient as a func-
tion of the blowing angle 0 is shown in figure 6. The study was
performed with a blowing velocity of Uy (equal to the inflow ve-
locity). The reference solutions are indicated with lines (solid
and dashed) within the figure. As it was mentioned the high-
est drag decrement of 11.1 % was found at 6 = 45°. Blowing
in the streamwise direction already results in a drag decrement
of 3 %. Increasing 6 up to 20° brings further decrement of 6.9
%. A larger blowing angle 8 = 60°, despite the 10.4 % drag
improvement, shows already the tendency that further 6 incre-
ment does not deliver more drag reduction. This was found by
Rouméas [13] as well.

The drag differences between the control setups are only re-
lated to the pressure differences on the rear base. The friction
losses and the drag on the head remain fairly constant. The up-
stream influence is minor which is in contrast to the experiences
of the slanted Ahmed body (see [8—12]).
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FIGURE 6. VARIATION OF BLOWING ANGLE FOR v, = Up.

After this study, the setup with 8 = 45° was investigated in
more detail. At first, the setup was tested with moving ground
condition, which resulted in a lower drag than the controlled sta-
tionary ground case. The drag reduction compared to the refer-
ence flow (moving floor) is about 10.8 %.

Secondly, this blowing angle was used to perform a variation
of the blowing speed. The aerodynamic drag results are shown
in figure 7. At a very low blowing velocity, vy, = 0.25U), the
actuation has no influence on the drag. Increased blowing speed
up to vpjey = 2.0U) results in increasing drag reduction up to
18.6%. Further increment of the blowing velocity leads to higher
drag values.

In order to understand how the flow manipulation works,
some flow topological consideration is given. In figure 8 the av-
eraged streamlines are shown in the symmetry planes for blowing
angle of 6 = 45° and blowing velocity of vy, = Up. The main
structure is the ring vortex similar to the reference flow. Indi-
cated with the foci Fu, Fb, Fl, Fr, and the secondary vortex with
Fc. Looking at the free stream stagnation point Sf, the length of
the recirculation zone appears to be slightly smaller than in the
baseline case. The vertical position of this point is located higher
since the lower part of the ring vortex became more extensive.
This effect was observed in the case of moving floor as well. Ad-
ditionally the vertical extension of the wake section appears to be
reduced due to the larger inclination of the streamlines near the
rear-end surface, where the actuation is. Consequently, the stag-
nation point Sr on the rear surface is located in a higher position
as in the reference flow.

Looking at the horizontal plane z/H = 0.684 (figure 8, bot-
tom) one can see a significant asymmetry, although the time in-
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FIGURE 7. VARIATION OF BLOWING VELOCITY AT 6 = 45°.

terval for the averaging was sufficiently large (20 CTU). The
same effect can be seen in the the projected streamlines onto the
rear surface of the body in figure 9. The location of the stagna-
tion point is shifted to the right. The high pressure areas are in its
proximity as well. The low pressure region on the left hand side
has a moderate value compared to the reference flow case. Both
effects simultaneously cause the actual drag reduction, since the
integrated pressure on the rear surface is smaller. The vortex
indicated with Fr has a larger extension than FI, and the sec-
ondary vortex Fc is present along the left (looking from behind)
and the upper edges. Along the right edge it is very small or
rather not exists. The influence of the blowing slits can be seen
as well, since there are additional bifurcation lines very close to
the edges, which indicate a tertiary vortices near the jet.

The found asymmetry is not well understood, but already
experienced. Blum [16] mentioned in his dissertation work that
for annular jets with a high blockage ratio for various Reynolds
numbers there is a symmetry breaking mechanism which results
in significant asymmetry with respect to the main axis. In the
present case some analogy might be present. The constant blow-
ing through the small slits, despite the rectangular shape, might
be viewed as a quasi-annular jet with very high blockage ra-
tio. According to Blum’s measurements the breakup mechanism
starts with a trigger of any disturbance of the jet. In the present
study the actuation was gradually switched on in a certain mo-
ment of the time-dependent flow. As mentioned above a low
frequency lateral wake movement was found. When the blowing
is on, this flow asymmetry interacts with the jet and, as a result,
the near-wake flow “freezes” in its present state.

In order to confirm this, two test cases were simulated, us-
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FIGURE 8. STREAMLINES OF THE TIME-AVERAGED CON-
TROLLED FLOW 6 = 45°, v, = Uy, STATIONARY GROUND; UP:
SYMMETRY PLANE Y/H=0, DOWN: HORIZONTAL SYMMETRY
PLANE Z/H=0.684.

ing identical control setups (0 = 0° at Up) but starting from dif-
ferent initial flow conditions. In figure 10 (top), the same initial
condition was used as for the whole blowing angle and blowing
intensity study. This results an asymmetry which is very simi-
lar to the one seen in figure 8 for the optimum control case, that
Fr is more extended, and the stagnation point is somewhere on
the right side of the rear surface. The bottom of figure 10 be-
longs to another initial instantaneous state where the wake was
just flapping on the other side when the blowing was turned on.
The average streamlines show that the solution “freezes* in a dif-
ferent position. The vortex Fr appears to be the smaller, and the
stagnation point is located on the left side of the rear base.

EFFICIENCY

Developing an active flow control method requires an effi-
cient system from the energy balance point of view. The energy
used to generate the control must be less than the energy saved by
the aerodynamic drag reduction. In order to assess the efficiency
of the approach, a simple estimation is done in the following.

The propulsion power to overcome the aerodynamic drag for

C, -0.30 -0.27 -0.24 -0.21 -0.18

FIGURE 9. PROJECTED STREAMLINES OF THE TIME-
AVERAGED FLOW ON THE VERTICAL BASE 6 = 45°, v, = Up.

the reference flow is:
1 3
Pp = FDU() = ECDPBHUO (7)

the energy used for the control is:

1 1
Pyiow = Emblowvblow2 = Epzb(B+H - 6b)cosevblow3 (8)

and the energy balance is:

APyt _ Acp Poiow
= +
Pp cpref  Pp

€))

The control case is considered to be efficient when the energy
balance, i.e. the sum of the additional power input due to the ac-
tuation and the power reduction due to the reduced aerodynamic
drag, is negative, which means less energy input is needed. In ta-
ble 2 an overview is given of the momentum coefficients, the rel-
ative power input and the power balance for all the flow control
variants. The used energy for the control varies between 0.02%
and 27.2% of the uncontrolled reference case. The slot geometry
was same for all the control variants, this variation therefore is
due to the blowing angle and blowing velocities.

It can be also seen that the power balance for almost all the
cases is negative, indicating that the control technique is efficient.
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FIGURE 10. STREAMLINES OF THE TIME-AVERAGED CON-
TROLLED FLOW 6 = 0°, vy = Uy, FROM HORIZONTAL SYM-
METRY PLANE Z/H=0.684; UP: INITIAL SOLUTION 1, DOWN:
INITIAL SOLUTION 2.

The most efficient flow control variation appears to be some-
where near the blowing velocity of 1.25U; at a blowing angle
6 = 45°. One can conclude that the best drag reduction (see fig-
ure 7) does not overlap with most efficient setup. At higher actu-
ation intensities the drag is reduced more but the energy balance
is not following this tendency. The case with very low blowing
velocity vy, = 0.25U) has a positive energy balance. At this
low actuation intensity the drag reduction is close to zero, conse-
quently the energy input is wasted. At very high blowing intensi-
ties, Vpjow = 2.25Up and vy, = 2.5U), the energy input is larger
that the actual drag reduction, therefore the control technique is
not efficient anymore.

CONCLUSIONS

Active drag reduction for a generic square-back vehicle was
investigated using LES. The control method used was steady
blowing along the edges of the rear surface of the model. Firstly,
the blowing angle was varied from 6 = 0° until 6 = 60°, and a
maximum drag reduction of 11.1% was found at 8 = 45°. The

TABLE 2. MOMENTUM COEFFICIENT, RELATIVE ACTUA-
TION POWER, AND POWER BALANCE.

Floor  vpion/Uy 6 Cu Pyiow/Pp  power balance

1 0° 0.006 2.2% -0.7%

1 20°  0.0057 2.2% -4.6%

1 45° 0.0043 1.7% -9.4%

1 60°  0.003 1.2% -9.2%

0.25 45°  0.0003 0.0% 0.4%

0.5 45°  0.0011 0.2% -2.9%

Fixed 0.75 45°  0.0024 0.7% -5.7%
1.25 45°  0.0066 3.5% -10.4%
1.5 45°  0.0096 6.1% -10.0%

1.75 45°  0.013 10.0% -8.2%

2.0 45°  0.017 15.0% -3.6%

2.25 45°  0.0215 20.7% 4.6%

2.5 45°  0.0266  27.2% 14.8%

Moving 1 45° 0.0043 1.8% -9.0%

drag decrement is due to the reduced integrated pressure level on
the rear base caused by the wake flow deformation, as the stagna-
tion point on the rear-end moves upwards and as the level of the
minimum pressure increases. It was also observed that the ap-
plication of the steady blowing stabilizes the wake in a way that
can result in a largely asymmetric time-averaged wake structure.
Secondly, the motion of the floor for the blowing angle with the
greatest drag reduction was investigated, and it was found that
the drag reduction is relatively independent of the floor move-
ment, since almost the same drag difference was experienced as
for the uncontrolled reference cases. Finally, at 6 = 45° blowing
angle a blowing speed variation study was performed. A max-
imum drag reduction of 18.6% was achieved at vy, = 2.0Uy,
while the most efficient case was found to be vy;,,, = 1.25U).
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