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Abstract. Active flow control methods are used to reduce the aerodynamic drag over a car model.
Method of Boundary layer suction at the top rear and air injection at the back of the car are used as
the active flow control tools to suppress the aerodynamic drag. The computational results obtained
using the standard k£ —¢& model for the car model are verified first against the practical results
obtained by wind tunnel experimentation so as to obtain the range of turbulence. Then a parametric
study on the effect of the drag and lift coefficient of the car with respect to the parameters
governing the active flow control is done. The drag coefficient is reduced by 20.25% using this
strategy with 19.4% increase in the lift coefficient.

Introduction

Aerodynamic Drag and lift control over the automobiles is a matter of huge concern as it reduces
the fuel efficiency and performance of the vehicle to a large extent. A considerable amount of
research has been performed using passive methods of flow control which modify the flow around a
vehicle without external energy expenditure [1]. Passive techniques include geometric shaping to
manipulate the pressure gradient, the use of fixed mechanical vortex generators for separation
control, and placement of longitudinal grooves or riblets [2] on a surface to reduce drag [3]. These
methods have limitation and can not work beyond a point. In Active flow control, energy or
auxiliary power is introduced into the flow with the intent to delay/advance transition, to
suppress/enhance turbulence, or to prevent/promote separation [4]. The resulting benefits include
drag reduction, lift enhancement, mixing augmentation, heat transfer enhancement and flow-
induced noise suppression [5] [6] [7]. In this paper, the active flow control technique is been
adopted to modify the flow over a car with the intent of reducing the aerodynamic drag. A car
model present in the aerodynamic test facility of the Department of Aerospace Engineering, Indian
Institute of Technology, IIT Kharagpur, India is taken into account. The geometry of the car model
is shown in figure 1. First of all, 2-d k-epsilon steady flow calculations are done on this model at
wind speed = 25m/s. These computational results are verified against the practical results obtained
from the wind tunnel testing so as to validate the £ —& model adopted for the modeling the active
flow control. After this, the computational modeling of the boundary layer suction at the rear roof of
the car and air ejection through the back of the car is employed and the value of lift and drag
coefficient are monitored. All the calculations are performed using commercial software Fluent Inc.

Literature review

The passive Flow controls methods over a car to reduce the drag and lift coefficient include the
judicious choice of bonnet slope and windscreen rake, roof and side panel cambering, underbody
rear end upward taper, rear tail extension and the use of rear end spoiler.

A typical flow profile over a car body is shown in Fig. 3. A boundary layer over the forward
surface of the roof will become laminar but further to the rear, a point will be reached called the
transition point when the boundary layer changes from lamina to turbulent one. As the speed of the
car raises further, the transition point moves further to the front and hence more turbulence in the
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flow. This boundary layer separation results the advancement in the drag. The space after the rear
end of the car is occupied with the circulating air which is referred to as separation bubble or rear
end suction which again causes drag augmentation.

Two prominent sources of Aerodynamic drag over the car defined by Heinz Heisler, Advanced
Vehicle Technology [8] are a) flow separation over the rear —top section of the car and b) formation
a pressure bubble behind the car, Fig. 1. In this paper, these two sources of drag are taken into focus
and an active flow control techniques are adopted to prevent the boundary layer separation at the
rear-top and formation of the pressure bubble at the read end of the car.

Actice Flow control technique adopted

In the two dimensional modeling of the car, 6 holes are modeled at the rear of the car top and 6
holes at back of the car referred as inlet and exit holes respectively. In 3-D, these holes will look
like the rectangular holes (splices) as shown in Fig. 4. All the holes have the same width h and thus
the net area of the inlet holes is equal to net area of the exit holes in 3-D. The distance between two
consecutive holes is H = 0.02m. The boundary layer separation is prominent above the inlet holes
and there is a pressure bubble in the vicinity of the exit holes.

A two step procedure is adopted to control the flow actively as follows:

a) The very weak boundary layer above the inlet holes is sucked in with a velocity v, Fig. 3 along
negative y direction, i.e. o = 90°, Fig. 4. The basic principle of boundary suction is that the low-
energy or air near the surface approaching the separation point is removed through a suction slot
[9]. The result is a much thinner, more vigorous, boundary layer that is able to progress further
along the surface against the adverse pressure gradient without separating, Fig. 4.

b) The mass of air being sucked in is injected with velocity v through the exit holes into the rear
of the car where the effect of pressure bubble is prominent. The air is injected along positive x
direction. Since flow separation is due to the complete loss of kinetic energy in the boundary layer
immediately adjacent to the wall, a method of preventing it is to re-energize the tired air by blowing
a thin, high-speed jet into it [10].
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Figure 1:Geometry of the car model considered

Figure 2. Aerodynamics test facility, I[IT Kharagpur, India.

A pressure pump is the driving unit which is assumed to suck and inject the air with the velocity
‘v’. The two step procedure viz. suction and injection has dual advantages. The boundary layer
suction through the inlet holes causes the flow to remain attached to the car and hence decreases the
drag. The air injection through the rear end decreased the trailing vortices and the extent of rear end
suction or pressure bubble and hence contributes in drag reduction.
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MATHEMATICAL MODELLING

The approach is based upon the turbulent boundary layer equations written in the form for 2-d
problem

8_u+8_v:() (D
ox Oy
ﬁa—”+va—”=—@+3(ya—”—pu'_v') (2)

ox oy dx Oy = Oy
Where u,vand u',v' are the average and fluctuating components of velocity at any point in flow
domain along x and y direction respectively. x and p are air viscosity and density respectively.
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Figure 3: Geometry and specification of Inlet and Exit holes
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Figure 4: Boundary layer suction at an angle &
The basis of the k —& model used is an eddy viscosity formulae based on dimensional reasoning
and taking the form

e =Ck"l ..(3)

Where C, is an empirical constant. The two equation models like zero-equation methods and Cebeci

method generally have a transport equation based upon the length scale /. This seemed rather
unphysical so, based upon the dimensional reasoning, the £ — & model took

1=k .(4)

Where k is the kinetic energy per unit mass of the fluctuating components i.e. k = (u'>+v'* )and ¢ is

the viscous dissipation rate per unit mass. A transport equation for& can be derived from Navier-
Stokes equations. Both the equations fore¢ and turbulent kinetic energy k contains terms involving
additional unknown dependent variables. These terms must be modeled semi empirically. For our
case, the transport equation for k£ and ¢ are modeled as follows:

Turbulence energy:
2
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p—=— Pép X +pe |l — | —pe .5
Dt oy\ o, oy oy
Energy dissipation



2524 Mechanical and Aerospace Engineering, ICMAE2011

2

De 0 ( pe, O¢ £ o &2

pRE O P O o E e [ P (6)
Dt oy o, oy k oy k

These equations contain 5 empirical values that are given the following values
c, ¢ C, o, o

M &
0.09 144 192 1.0 1.3

Where o, and o, are effective turbulence Prandtl numbers. Equation (5) and (6) are then discredited
using the finite volume method. The initial guess for £ is obtained from the turbulence intensity / of
10%

k=15u, )’

avg

Where u,,, is the average velocity over the flow domain. The initial guess for & is made in a way so

that the resulting eddy viscosity, &, =C ﬂkz/ ¢ is sufficiently large compared to the molecular

viscosity. In fully developed turbulence, the turbulent viscosity is roughly two orders of magnitude
larger than the molecular viscosity and thus, the initial guess for ¢ is fixed.

GRID CONVERGENCE

Like the common practice in vehicle aerodynamics studies, a local refinement near the vehicle
surface and in the areas of relatively high velocity gradients is performed. A mesh independency
study is then carried out in order to ensure that the solution is independent of the mesh size. This is
achieved through a further reduction in mesh size until a small difference in the drag coefficient
between two successive mesh refinements is reached. This process continues until the difference in
the drag coefficient is below 0.003 [11] or less than 5% [12]. The near wall distance is chosen so

that the value of wall y* remains under 5.

RESULTS

The velocity of air encountered by the car is fixed at 25m/s (90km/hr) for the whole analysis. First
of all the computations are done for the car model without inlet and outlet holes and results are
verified with the wind tunnel testing at stage 3, where the air flow velocity at the car is equal to
25m/s. Shown in Fig. 5 is the value of pressure coefficient, Cp at different axial locations of the car
top obtained from computational and experimental results. The maximum difference in the
respective values of Cp was less than 5% and thus the k-epsilon model is verified. The value of lift
coefficient Cl and drag coefficient Cd observed for the car model are tabulated in Table 1.
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Figure 5: Comparison of pressure coefficient Cp values obtained from computational and
experimental results over the top of the car.
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TABLE [. COMPUTATIONAL AND EXPERIMENTAL VALUES OF DRAG AND LIFT COEFFICIENT FOR CAR
WITHOUT INLET AND EXIT HOLES

Drag Coefficient Cd | Lift Coefficient Cl
Computational 0.27837937 -0.9857
Experimental 0.279 -0.986

As mentioned earlier, the inlet holes suction velocity is equal to the exit holes injection velocity.
This velocity v will be called as hole velocity only from now on. The car velocity is fixed at 25m/s
as stated earlier and a parametric study of the effect of ‘v’ on Cl and Cd is necessary so as to know
the range of values of hole velocity v for which the active flow control strategy is more effective.

A. Effect of hole velocit, v on drag coefficient Cd. As the hole velocity v is increased, the value of
Cd decreases first and takes the least value at v = 60m/s. A further increase in v causes the Cd to
increase tremendously and after v = 80m/s, the value of Cd saturates as shown in Fig. 5.

As can be seen from the table 2, the maximum drag reduction is obtained at v = 60 m/s which is
2.4 times the flow velocity over the car. Hence for the flow velocity of 25m/s, this method of drag
reduction works best at the hole velocity v of magnitude 2.4 times the car or flow velocity. A
maximum of 25% of drag reduction is achieved while operating at maximum efficiency (v = 60m/s)
of the flow control device.
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Figure 6: Drag coefficient of the car as a function of holes velocity

TABLE II. DRAG COEFFICIENT VALUES

hole velocity, Drag Percentage

v(m/s) Coefficient reduction in
Cd Cd

10 0.25804721 7.304

20 0.25153378 9.644

30 0.2447854 12.07

40 0.23783957 14.56

50 0.23008529 17.35

60 0.22201363 20.25

70 0.22600188 18.82

80 0.25759076 7.468

90 0.25639269 7.898
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B. Effect of hole velocity v on lift coefficient CI. As the hole velocity v is increased, the value of
Cl increases steadily and saturates after v = 70m/s.
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Figure 6: Lift coefficient of the car as a function of hole velocity v (m/s)

TABLE III.  LIFT COEFFICIENT VALUES

Hole Lift Percentage
velocity, Coefficient Cl | increase in
v(m/s) Cl
10 -0.9601471 2.622
20 -0.936619 5.01
30 -0.9136563 7.34
40 -0.8895819 9.78
50 -0.8549721 13.3
60 -0.794937 19.4
70 -0.7427269 24.7
80 -0.7573582 23.2
90 -0.7501503 23.9

While operating at minimum drag condition i.e. hole velocity v = 60m/s, the percentage increase in
drag is 19.4%.

C. Boundary layer suction at an inclination. The boundary layer was been sucked at intake

angle o = 90° for the results shown above. A study of sucking the boundary layer at different values
of intake angle ¢ is done in this section.
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Figure 7. Drag coefficient Vs intake angle ¢
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While reducing the value of & from90°t045°, a 10%increase in the value of drag coefficient Cd
is observed, as shown in fig. 7 however, the lift coefficient Cl showed a huge deviation of 15%
decrease Fig. 8. A decrease in the lift coefficient Cl is added advantage as it will increase the road
holding of the tires. Hence, one can think of reducing the drag of the car by decreasing the intake
angle o for the suction without compromising the lift.
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Figure 8. Lift coefficient Vs intake angle  (in degrees)

Comment on energy efficiency

For the car model considered, the gain of power developed by the drag force at 25m/s flow speed
while operating at 60m/s hole velocity v is 19.37watts. The power consumed by a pressure pump to
operate this device at 60m/s is 13.23watts and hence this method is energy efficient.

Conclusion

Boundary layer suction at the rear top of the car and air injection at the back of the car has been
used as an active flow control tool to reduce the aerodynamic drag over a car. A 22.5% drag
reduction is achieved using this method at 90km/hr car speed along with a lift penalty of 19%. In
road vehicles like car, 19% increase in lift is not a major problem at 90km/hr speed however the lift
penalty could be reduced to some extent by sucking the boundary layer at an inclination angle. This
analysis is done for Reynolds number 427866. If the car speed is increased more, this strategy will
count to be more effective because it will be able to control more turbulence in that case and hence
more drag reduction.
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