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ABSTRACT - In the current study, numerical analysis of passive control flow with a control rod for
Ahmed body is performed at different slant angles and velocities and placed rod locations on the
slant surface. The aim of the study is to improve aerodynamic performance by preventing flow
separation on the slant surface of Ahmed body using a control rod. This passive flow control
method uses a control rod that has not been applied for simplified ground vehicles before.
Therefore, it can be said that this study is a new example in point of a passive flow control
application for Ahmed body. The solution of the study is performed by using the Computational
Fluid Dynamics (CFD) method. The solutions are firstly performed for baseline geometry, and the
results are compared with experimental data reported in the literature for validation. CFD solutions
are carried out by means of the ANSYS and RNG k-1 turbulence model is used to simulate flow-
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field since it captures the effect of turbulent flow. The solutions used a control rod with a 20 mm
diameter performed at a dimensionless location (X/L=0.057 and 0.153) for Ahmed body. The
results are presented visually in the figures, and drag coefficient values are also given in Table
format. It is concluded that the rod application is useful for some specified slant angles and
velocities since flow separation delays and suppresses the slant surface. The maximum drag
reduction is achieved at about 6.153% at a slant angle of 35° and 20 m/s velocity of air, and location
of control rod of 0.057, while the minimum drag reduction is about 1.048% at slant angle of 25°
and velocity of air at 40 m/s and location of control rod of 0.153.

INTRODUCTION

Drag reduction is a crucial issue in the point of fuel consumption for all moveable vehicles. Most of the drag generally
originates from pressure drag that occurs when the layers of air separate away from the surface and begin eddying motion.
The aerodynamic efficiency can be increased by controlling flow. For this, passive and active flow control methods can
be used to prevent flow separation or swirl flow formation and reduce pressure drag. The passive flow control method
can be described as that it is manipulating the flow over the body without exterior energy. In this study, a control rod is
used as a passive control device. The control rod has not been applied before for ground vehicles to improve aerodynamic
performance. Hence, the objective of this study is to use a control rod for Ahmed body and investigate the flow physics
occurring on the slant surface and rear region of the body.

Flow control of the NACAO0012 airfoil was performed using active and passive vortex generators at subsonic flow for
delaying flow separation by Shan et al. [1]. A numerical investigation of passive control flow was proposed using a static
micro-cylinder and oscillating micro-cylinder for the S809 airfoil by Shi et al. [2]. Another study that was performed
using passive control with a micro-cylinder device is presented to show differences between controlled and uncontrolled
situations using Reynolds Averaged Navier Stokes (RANS) and delayed detected eddy simulation (DDES) [3]. Numerical
analysis of flow control was performed for regular shape and bumpy shape airfoils [4]. The study to control flow over
wind turbine blade airfoil was implemented using roughness elements, and the pre-stall flow control was achieved [5]. In
order to control the flow over a NACA 4415 airfoil, design optimization was performed for the vortex generators [6]. The
flow control of a NACA 0012 airfoil was performed using micro-riblet film (MRF), and the experimental studies were
performed and compared for both smooth surface and MRF at different air velocities [7]. Passive and active control
devices that are contour bump and jet actuators, respectively, were used to reduce drag force, and a gradient-based
optimization method was applied to find the optimum design of control devices [8].

Investigation of laminar separation bubble structure and flow characteristic was presented at low Reynolds number,
and it was indicated that pressure distributions were affected by chord Reynolds number and some disturbances. So, these
should be taken into account when an analytic solution is performed [9]. The observation of laminar bubble separation
was also presented for NACAO0012 [10]. The experimental study was presented to observe the separated shear layer and
wake formation of an airfoil to improve the coherent structure [11]. The experimental study at a low Reynolds number
for flow SD7062 airfoil was performed by using a rod. The laminar separation bubble was observed for both cases, which
are baseline airfoil and airfoil with a control rod. It was stated that the rod diameter and position on the airfoil were
important to suppress or delay the flow separation [12]. Firat et al. [13] used square-rod to control the flow and it was
concluded that the control rod is effective on both reduction of drag force and suppressing the unsteady aerodynamic
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force. The similar study was presented to control flow past over the square rod at various Reynolds Number by Ahmed
et al. [14]. The wind tunnel testing for observation of vortex generation, both active and passive cases were also carried
out by Seshagiri et al. [15]. They observed that flow control with an oscillating micro-cylinder was better than the static
one. Heffron et al. [16] observed the effect of MVG vane on control flow over the E387 airfoil. The investigation of trip
strips was implemented to observe flow separation [17].

In order to suppress flow over an airfoil, dual excitation (Dielectric Barrier Discharge) DBD plasma actuators were
used [18]. A similar study was also proposed by performing numerical simulations using multiple DBD plasma actuators
[19]. In addition, stationary and non-stationary AC-DBD plasma actuators were used to improve flow over the
NACAO0024 airfoil [20]. Acoustic flow control for a NACA 2415 airfoil was carried out at low Reynolds number and it
was revealed that the acoustic control effect on the separation bubble was decreased while Reynolds number increased
[21]. Another study related to controlling the flow in different ways was implemented using a flexible flap for NACA
0012 airfoil. It was inferred that the proposed method provided to increase lift to drag ratio [22]. A similar study
investigated a self-adapting flexible flap to control flow over the NACA 0012 was carried out by Hafien et al. [23]. Active
flow control was also presented using both suction and blowing methods for NACA 0012 airfoil, and numerical simulation
was performed using parameters of suction and blowing that are jet locations, amplitudes and angles [24]. The paper was
presented to increase acrodynamic performance by means of protuberances at the leading edge and evaluate the lift and
drag forces [25]. The flow control was proposed using the blowing technique and investigated blowing jet amplitude and
dimensions to find optimum results in point of aerodynamics [26]. Some flow regulation may be performed with shape
modifications to increase aerodynamic performance. Sumnu [27] studied Ahmed body aerodynamics by modifying the
shape and reducing the aerodynamic drag coefficient. In addition, different turbulence models were used to perform the
solution and find the proper model as RNG k-¢.

The early separated flow or stall generation reduces the performance of an airfoil or a ground vehicle in terms of
aerodynamics. Flow separation may especially occur at high Reynolds numbers and slant surfaces for a ground vehicle.
This disturbance can be prevented using some active or passive control methods. Flow control can be achieved by a rod
placed on the slant surface because flow separation generally occurs in this place. In the literature related to Ahmed body,
suggestions of flow control of the rear region of a body using a control rod could not be observed. Hence, the control rod
is mounted to the slant surface of the body to delay separation flow in the present study. Ahmed body with a rod placed
on the slant surface is performed at different air velocities, slant angles and rod positions to enhance aerodynamic
performance. Some previous study on control rod that is applied to an airfoil is mentioned above.

COMPUTATIONAL METHOD
Mathematical Model and Numerical Methods

In the presented study, the CFD solution is implemented using Fluent ANSYS (17.2) that uses finite control volume
methods. Three-dimensional, steady, incompressible flow analyses are performed using Reynolds Averaged Navier-
Stokes equations (RANS). The continuity and momentum equations are available in the Navier-Stokes equations. These
are given in the following Eq. (1) and Eq. (2).

% +5(o7) =0 (1)

The Navier-Stokes equation in the x-direction can be written as:
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The drag coefficient is an important characteristic of the aerodynamics of vehicles. It can be calculated using the
following Eq. (3).
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Re-Normalization Group (RNG) k-¢ turbulence model is used to simulate the flow over Ahmed body since it can
properly capture the flow field near the boundary layer and gives correct results. The RNG model that is developed by
Yakhot et al. [28] is a mathematical technique which is utilized to derive a turbulence model. This method renormalized
the Navier-Stokes equations to be able to account for the effect of smaller motion. The transport equation of RNG k-¢
can be expressed as following Eq. (4) and Eq. (5).
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Geometry of Ahmed body and Computational Set-Up

The Ahmed body dimensions are given in Figure 1(a), adapted from Hinterberger et al. [29] and Ahmed et al. [30].
The geometry of the body is generated using Designmodeler in ANSYS. The solid model of Ahmed body with a rod
control device is presented in Figure 1(b). The diameter of the control rod is 20 mm and it is presented in Figure 1(c). In
order to perform the solution sufficiently, a computational fluid domain is generated. The width and height of the fluid
domain are ten times the body, and its length is twelve times the body. The defined boundary condition is convenient for
obtaining accurate results.
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(a)

(b) (c)

Figure 1. (a) Ahmed body dimensions in mm, (b) Ahmed body with control rod and, (c) control rod

The computational set-up is described in Fluent ANSYS when the CFD solution is performed. The wall-type is
selected for Ahmed body and road due to the no-slip condition. The enclosure surfaces are defined as symmetry during
the solution. The inlet and outlet plane represent the velocity-inlet and pressure outlet for boundary conditions,
respectively. The implicit formulation with Roe-FDS flux type is defined for the solution method. The flow is selected as
second-order upwind. The solver type is defined as density-based and steady-state for computation of flow field. The
courant number that is a dimensionless number is 0.7 for the solution. It represents the time a particle stays in a cell of
mesh. The wall function is selected as an enhancement wall treatment that is a near wall modeling method for RNG k-¢
turbulences model. The dimensionless wall distance value is about y'~1 to capture the flow-field in the boundary layer.
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This value can be greater than “1” somewhere on the body. In addition, the computational run is finished when the
residuals are 107 and the change of drag coefficient value is negligibly small.

Grid Independence and CFD Validation Process

The efficient grid or mesh generation is crucial to solving problems accurately. Therefore, the mesh generation is
performed at different numbers that start from courser to the finer grid. In the grid validation process, the mesh generation
is carried out ten times and a CFD solution is performed for each of them to find an efficient mesh number. It is concluded
that 2,301,000 mesh numbers are sufficient for the solution since CFD solution results were negligible change for higher
mesh numbers. The grid independence is shown in Figure 2. The mesh generation is carried out using ANSYS Mesh. The
inflation layer is formed over the body using twenty layers and the prismatic mesh is generated near the wall of body.
Face sizing is applied to control mesh generation and capture flow. The remaining part of the computational fluid domain
is generated hexahedral mesh structure. Mesh generation around the Ahmed body is given in Figure 3.

0.4 ¢~

0.38

0.36

0.34

Drag Coefficient Value

B ~
032 X

028

1E+06  2E+06 3E+06 4E+06 5E+06 6E+06
Number of Mesh

Figure 2. Mesh independency for Ahmed body

-

Figure 3. Mesh generation around Ahmed Body

The RNG k-¢ turbulence method is suitable for ground vehicles since it gives more accurate results. The study of
Sumnu [27] investigated different turbulence models to show which one is in good agreement with experimental results.
Table 1 shows the drag coefficient values Cp for five different turbulence models and their differences from the
experimental result that is reported by Meile et al. [31]. It can be observed that the solution result of RNG k-¢ turbulence
model is close to the experimental value. In addition, the solution results are compared with both experimental data [31]
and CFD results [27] to validate this study at 40 m/s and Reynolds number (Iength based on body) of 2.78x10° . Table 2
presents drag coefficient values for body without a control rod. It can be concluded that the solutions are good agreement
with experimental results that reported in [31],[32] and differences of Cp values between present study and previous
studies [31],[32] are acceptable.
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Table 1. Drag coefficient values and their differences between experimental results and solutions for selected
turbulence models [27]

Turbulence model Cp Value Differences (%)
Spalart-Allmaras 0,362 29,74
SST k-o 0,3401 21,89
Standard k-¢ 0,3283 17,67
Realizable k-¢ 0,303 8,60
RNG k-¢ 0,281 0,71
Experimental result [31] 0,279 -

Table 2. Comparison of drag values without control rod of the body for validation

Slant angle Velocity of air (m/s) Cp value [31,32] Cp value (present study) Differences (%)

550 20 0.360 [32] 0.3701 2.800
40 0.299 [31] 0.2860 4.390
350 20 0.278 [32] 0.2909 4.430
40 0.279 [31] 0.2810 0.071
RESULTS AND DISCUSSION

In this study, CFD solution analyses were performed at various velocities, slant angles and location of rod positions.
In addition, the solutions were performed with the control rod positioned without contact on the slant surface at various
velocities and slant angles. The solution was initially carried out for baseline geometry to compare Ahmed body with the
control rod. The diameter of control rod used was 20 mm for all cases. The position of rod was normalized with the length
of Ahmed body and two position ratios (X/L=0.057, 0.153) were examined at slant angles of 25° and 35°. The placements
of control rod were determined according to the location of flow separation at the slant surface for baseline geometry.

Figure 4 and 5 show the time averaged streamline topologies at 25° slant angle and both 20 m/s and 40 m/s,
respectively. These figures present the solution of the baseline body and control rod at 0.057 and 0.153. When examined
Figure 6, it can be observed that flow separation occurs on the slant surface for baseline body, and the zone having
negative velocity shows a recirculation region. The separation may occur due to an adverse pressure gradient encountered
as the flow expands, causing an extended region of separated flow [33]. The intensity of turbulent flow over the slant
surface reduces for the location of control rod of X/L=0.057. When the location of control rod is X/L=0.153, the negative
velocity zone can be detected, but the recirculation region disappears on the slant surface. This provides a reduction of
drag force on the body.

Figure 4. Streamlines topologies of Ahmed body at 25° slant angle and 20 m/s: (a) baseline body, (b) control rod
position at 0.057, and (c) control rod position at 0.153
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In Figure 5, flow separation for baseline geometry at the end of the slant surface eliminates due to the higher velocity
of air when compared with Figure 4. However, the vortex generation is observed on the slant surface at approximately
X/L=0.057 for baseline geometry. When the solutions for control rod are observed at location of 0.057 and 0.153, the
vortex generation reduced on the slant surface.

Figure 5. Streamlines topologies of Ahmed Body at 25° slant angle and 40 m/s: (a) baseline body, (b) control rod
position at 0.057 and (c¢) control rod position at 0.153

Figures 6 and 7 show the time-averaged streamline topologies at 35° slant angle and both 20 m/s and 40 m/s,
respectively. The intensity of recirculation region in baseline body on slant surface of 35° is higher than 25° slant angle.
The separation zone is delayed thanks to the control rod for locations of 0.057 and 0.153. However, the negative velocity
zone is not eliminated with this method. It can be stated that the effect of control rod is higher for slant angle 35° when
compared with slant angle 25°. The height of recirculation zone reduces for solution at 40 m/s due to increased
momentum.

In addition, the height of boundary layer and size of vortex generation that occurs rear region of the body was reduced
for location X/L=0.057 due to the control rod effect. The other location (X/L=0.153) of control rod for 40 m/s in Figure
7 shows approximately the same situations at the rear region except for the occurrence of recirculation zone at the front
that increased drag force. When the drag reduction values are observed between the cases, the control rod doesn’t show
the same effect for all cases. Table 3 shows the drag coefficient values for body with control rod at slant angles (25° and
35°) and velocities of air (20 and 40 m/s).
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Figure 6. Streamlines topologies of Ahmed Body at 35° slant angle and 20 m/s (a: Baseline body, b: Control rod
position at 0.057 c: Control rod position at 0.153)

06

Figure 7. Streamlines topologies of Ahmed Body at 35° slant angle and 40 m/s (a: Baseline body, b: Control rod
position at 0.057 c¢: Control rod position at 0.153)

Table 3. Drag coefficient values for body with control rod

Slant angle  Velocity of air (m/s) Position of control rod (X/L) Cp value of body with control rod

20 0.057 0.3607

)50 0.153 0.3597
40 0.057 0.2810

0.153 0.2830

20 0.057 0.2730

350 0.153 0.2841
40 0.057 0.2695

0.153 0.2770

The solutions are also performed without contact on slant surface to observe effect of control rod in point of
aerodynamic performance. Figures 8 and 9 show the time-averaged streamline topologies for Ahmed body without contact
on slant surface at 25° slant angle and both 20 m/s and 40 m/s, respectively. This method prevents separation of flow in
the boundary layer at a slant surface of 25° and 20 m/s air velocity for the location of X/L.=0.153, while laminar bubble
separation occurs on the trailing edge of slant surface for the location of X/L=0.057. In addition, the height of recirculation
at the rear region of body for location of control rod (0.153) is reduced. It can be inferred that control rod increases
performance at location of X/L (0.153) since the intensity of turbulent flow is reduced when compared with baseline body
solution. Figure 9 also shows similar flow characteristics to Figure 8. It can be observed that the recirculation zone on the
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slant surface is reduced at 40 m/s, due to an increase in momentum of boundary layer. However, the drag coefficient
values are compared with body control rod with contact on slant surface 25° for velocity 20 m/s, the change of
aerodynamic performance of the body is negligibly small. Hence, it can be said that this method is not suitable for all
conditions.

Figure 8. Streamlines topologies of Ahmed Body at 25° slant angle and 20 m/s. Control rod position without contact on
slant surface at (a) 0.057 and (b) 0.153

0.6

(a) (b)
Figure 9. Streamlines topologies of Ahmed Body at 25° slant angle and 40 m/s. Control rod position without contact on
slant surface at (a) 0.057 and (b) 0.153

Figure s10 and 11 show the time-averaged streamline topologies for Ahmed body without contact on the slant surface
at 35° and both 20 m/s and 40 m/s, respectively. The separation of flow is not observed for solutions that performed at 20
m/s and 40 m/s for location of control rod of X/L=0.057. However, the recirculation zone having two foci occurs on slant
surface of body and above the control rod when both Figures 10(a) and 11(a) are observed. For these solutions, the
aerodynamic performance improved thanks to preventing flow separation in the boundary layer. The negative velocity
zone on slant surface is observed in Figures 10(b) and 11(b). The recirculation size and intensity of turbulent flow reduced
when compared with baseline geometry solution at 35° slant angle. Hence, drag reduction is provided using control rod
without contact on slant surface when compared with baseline body at 35° slant angle. Table 4 is also presented to show
the drag coefficient values of body using control rod without contact on the slant surface (at 25° and 35°) and velocities
of air at 20 and 40 m/s.

Figure 10. Streamlines topologies of Ahmed Body at 35° slant angle and 20 m/s. Control rod position without contact
on slant surface at (a) 0.057 and (b) 0.153
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(b)
Figure 11. Streamlines topologies of Ahmed Body at 35° slant angle and 40 m/s. Control rod position without contact
on slant surface at (a) 0.057 and (b) 0.153

Table 4. Drag coefficient values for control rod position at without contact on slant surface

Slant angle  Velocity of air (m/s) Position of control rod (X/L) Cp value of body with control rod

20 0.057 0.3780
550 0.153 0.3683
40 0.057 0.2890
0.153 0.2880
20 0.057 0.2712
350 0.153 0.2732
40 0.057 0.2756
0.153 0.2725
CONCLUSIONS

In this study, the passive flow control with a rod for Ahmed body was performed at different air velocities, slant
surface and positions of control rod. The CFD solution was performed for specified cases and results were presented as
visually for all cases. The results showed that the recirculation size and laminar bubble separations were prevented and
delayed using a control rod. However, some cases could not be applicable in point of aerodynamic performance while
some cases gave good results and reduced aerodynamic drag. Thus, the control rod positioned the dimensionless location
(X/L=0.057 and 0.153). When examined the drag coefficient values for each case, the maximum drag reduction was
achieved at about 6.153% at a slant angle of 35°, 20 m/s velocity of air and location of control rod of 0.057. In addition,
the minimum drag reduction was observed at about 1.048% at a slant angle of 25° and velocity of air of 40 m/s and 0.153
location of control rod. The solutions were also conducted the rod without contact on slant surface to investigate flow
physics and these solutions showed that flow separation was prevented at location of 0.057 for 35° slant angle.

However, when the comparison of solutions for the control rod with and without contact to slant surface, drag
reduction was not significantly observed. The drag value increased at 25° slant angle and 20 m/s, since vortex formation
occurred on the control rod and flow separation was observed at the end of slant surface. When observing drag coefficient
values for slant angle of 35°, the solution results were more reasonable according to the solution for control rod with
contact on slant surface. Finally, when the velocity streamline topologies were observed and compared with baseline
geometry, the control rod showed good performance in the point of aerodynamics by preventing flow separation at
boundary layer. However, this passive control device may not be applied for all cases and geometry since it didn’t indicate
good performance in some conditions. The future study using the control rod device can be performed at different rod
diameters and applied aerodynamic shape optimization to improve the performance.
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