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Abstract - A 3D finite volume method numerical simulation was conducted on the square-back Ahmed model to compare the 

drag reduction capability and energy efficiency between steady blowing and fluidic oscillators flow control techniques. A 

parametric study was carried out with various operational conditions of actuators, i.e., the jet angle and velocity of the steady 

blowing method and the input mass flow rate of each actuator for a fluid oscillator. Applying both active flow control methods 

leads to an aerodynamic drag reduction of the Ahmed model. Furthermore, the analysis of the near-wake structure revealed a 

recovery of static pressure on the rear surface of the model. The control energy efficiency was then studied, and the results 

showed the best efficiency of 8.04 % for the steady blowing method at momentum coefficient C = 2.21 x 10-3 and jet angle θ = 

30o. For the fluidic oscillator cases, each actuator had a maximum energy efficiency of 10.88 % at the input mass flow rate of 

1.5 kg/h. 
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1. Introduction 
To solve the problems of climate change and 

environmental protection, various modes of transport, 

especially ground vehicles, must reduce fuel consumption. 

This can be achieved partly by reducing the vehicle's 

aerodynamic drag, which accounts for more than 60% of its 

total drag at highway speeds [1]. The total drag of a vehicle is 

dominated by the absence of pressure recovery in large wake 

structures at the rear surface, which increases the aerodynamic 

drag. Many researchers have used different passive and active 

flow control methods to delay flow separation and reduce the 

recirculation zone at the rear-facing surface, thereby reducing 

aerodynamic drag. A passive flow control device is often 

added to the vehicle and interacts with freestream flow 

without needing an external power source [2].  

Conversely, additional energy is supplied for active flow 

control devices to modify the outer flow field. For flow control 

devices, low control methods aim to gain more saved 

propulsion power than the supplied energy input. Seifert and 

coworkers placed an array of their developed actuators 

mounted inside a circular cylinder on the top edge of the back 

side of truck trailers. A drag reduction of 20 % was achieved 

by increasing back pressure [3]. Taubert and Wygnanski used 

an oscillating jet in combination with the flap plates to reduce 

the drag of a truck model [4]. In addition, an active flow 

control system using the Coanda effect has been mounted on 

all four edges of the rear surface of a simple truck model [5]. 

This study has shown a maximum drag reduction of 15% with 

optimized flow control device configuration. 

Some other studies, such as F. Aloui et al. [6], have used 

the synthetic jet actuator positioned at the top edge of the 25o 

Ahmed rear slant surface. The experimental results have 

shown that aerodynamic drag is significantly reduced by about 

10% when optimal control is applied. The advantage of this 

actuator concept is that it is compact and easy to control, but 

the jet flow velocity is limited. Besides, an experimental and 

numerical study by McNally et al. [27], which used a microjet 

actuator to control the flow behind a miniature car model, 

showed a reduction drag of nearly 3% compared to vehicles 

without active flow control. 

In active flow control methods, various studies have been 

conducted using steady blowing [8–16] and fluid oscillators 

[17−21] as actuators. Englar et al. employed a steady-blowing 

jet on the vehicle's rear surface, obtaining a drag reduction of 

more than 30 % [8]. Rouméas [9] and Wassen [10] conducted 

numerical simulations using steady blowing on the square-

back Ahmed model and obtained a drag reduction of around 
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17−29 %. This active flow control method is also used to 

reduce the aerodynamic drag of passenger cars. Experimental 

results showed a drag reduction of 12% on a commercial van 

model with a steady microjet array on the vehicle's rear end 

[11]. 

Similarly, Baek et al. [12] showed that the drag 

coefficient could be reduced by about 7.5 % on the realistic 

car DriAver model using this method. According to those 

studies, a steady-blowing actuator significantly reduces the 

vehicle's aerodynamic drag. However, this flow control 

technique requires significant energy inputs, which reduces 

the beneficial effect. 

In order to overcome the shortcomings of the steady-

blowing flow technique, a device called a fluidic oscillator is 

used as a flow control actuator to delay separation at the rear 

end of the vehicle, thereby reducing aerodynamic drag. This 

device generates a sweeping jet output from a steady flow 

input thanks to internal feedback channels. These feedback 

channels partially redirect the outlet flow, forcing the 

incoming jet into the opposing wall. The frequency of the 

sweeping jet depends on the device's geometry, flow rate, and 

input flow [22].  

One advantage of fluidic oscillators is that they can 

impact a larger flow region for a given energy input than other 

active flow control methods. Recently, several experimental 

studies have been conducted to evaluate the potential of using 

fluidic oscillators for vehicle drag reduction. Woszidlo et al. 

used fluidic oscillators on a 1:10 simplified truck model with 

base flaps [17]. Dirk Wieser and coworkers investigated the 

effect of this device on a DriAver vehicle model [18]. These 

studies showed a drag reduction of up to 20 % compared to 

the reference case. 

Although the above studies have shown that the fluidic 

oscillator flow control technique is more efficient than the 

steady blowing technique for reducing the vehicle 

aerodynamic drag due to the delay of flow separation, these 

studies are carried out on various vehicle models. Thus, a 

systematic comparison of the aerodynamic drag reduction 

capabilities between these two flow control techniques has not 

been widely studied under different operating conditions. 

Therefore, in this paper, a numerical study is performed to 

compare the ability to reduce drag and control energy 

efficiency of these two actuator types, then select the most 

suitable flow control technique for aerodynamic drag 

reduction. The simulation was carried out on the square-back 

Ahmed model, as the wake characteristics are very similar to 

that of vans and trucks [23]. The steady-blowing jets and 

fluidic oscillators are mounted on the upper edge of the 

model's rear surface. The control parameters are modified to 

investigate the effectiveness of these two active flow control 

techniques. 

2. Computational Setup 
2.1. Ahmed Vehicle Models 

The Ahmed car model was first proposed in 1984 [23] and 

is used to study the relationship between the rear-end design 

and aerodynamic drag. The wake structure and the 

aerodynamic drag depend highly on the rear slant angle . In 

this study, the Ahmed vehicle model is used with a slant angle 

of 90°, which is the typical shape of the truck and bus. The 

geometry and dimensions of the square-back Ahmed model 

are shown in Figure 1.  

 
Fig. 1 The square-back Ahmed model with dimensions in mm 

A steady-blowing jet is applied through a small 

continuous slot at the top edge of the rear surface of the 

model. The thickness of this slot is h = 1 mm. The blowing jet 

angle   is defined as the angle formed by the jet direction and 

the longitudinal axis (Figure 2). This numerical study changes 

this angle to investigate the most optimal jet angle for the 

steady-blowing technique. 

 
Fig. 2 Schematic of the steady-blowing simulation 

In order to simulate the steady-blowing jet, a uniform 

velocity Vj boundary condition is applied at a continuous slot 

behind the Ahmed vehicle model. The momentum coefficient 

C of the steady jet actuation is defined as 

Cμ =
h

H
(

Vj

Vo
)

2

  (1) 

where H is Ahmed's model height, and Vo is inflow velocity. 

In the case of fluidic oscillators, the devices are placed 

on the upper edge of the rear surface of the vehicle, as shown 

in Figure 3. The distance between the fluid oscillators is z = 

36 mm. 
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Fig. 3 Schematic of the simulated fluidic oscillators 

For the current numerical study, the geometry of the 

fluidic oscillator is determined from previous experimental 

studies [24], presented in Figure 4. The momentum 

coefficient C of the fluidic oscillator actuator is defined by 

Equation 2: 

Cμ =
2m2

ρo
2AAjNVo

2 (2) 

where m is the inlet mass flow rate of the single actuator,  

o is the density of freestream air, A is the vehicle frontal area, 

Aj is the area of each actuator, and N is the number of fluidic 

oscillators on the vehicle. 

 
Fig. 4 Dimensions of the fluidic oscillator in mm 

2.2. Computational Mesh and Method  

The computational domain is rectangular with 

dimensions of 25H, 5H, and 3H, where H = 288 mm −the 

height of the Ahmed model (Figure 5). The domain behind 

the model was extended to 18 body height to prevent the 

impact of outflow boundary conditions on near-wake 

development. A uniform velocity V0 = 30 m/s was applied to 

the domain inlet condition. At the outlet of the domain, a 

pressure boundary condition is used. A slip condition is 

imposed on the domain side and top walls. The bottom wall 

and Ahmed model are both given the no-slip boundary 

condition. Finally, the XY plane (z = 0) is known as the 

symmetry condition. 

 
Fig. 5 Computational domain and Boundary conditions for 

simulation 

 

The numerical modeling is done using commercial 

software ANSYS 2020 [25]. A CAD model of the 

computational domain is created using the Design Modeler 

module. The domain is manually split into multi-block 

regions, and the ANSYS ICEM module generates a 

hexagonal mesh. This hexagonal mesh type is of higher 

quality and requires fewer computing resources than the 

unstructured mesh type. A mesh refinement is needed in the 

region near the Ahmed body. In addition, the vicinity of the 

continuous slot at the rear surface of the model where the 

actuators are installed has been more refined (Fig 6). 

 
a) 

 
b)  

Fig. 6 Computational mesh for simulation: (a) steady blowing; (b) 

fluidic oscillator 

Figure 7 presents a mesh independence study of drag 

coefficient Cd in the case of unactuated flow with four levels 

of mesh element number, i.e., 0.5, 1, 2.5, and 4.5 million 

elements. The results showed that the change of Cd was less 

significant when the number of mesh elements exceeded 2.5 

million. In this case, a drag coefficient of Cd = 0.241 was 

obtained. This value is slightly lower than the experimental 

value (Cd = 0.25) from the work of Ahmed et al. [23]. This 

can be explained by the removal of the four legs of the Ahmed 

model in this numerical study. 
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Fig. 7 Mesh independent test 

The finite volume solver ANSYS Fluent 2020 was used 

to conduct the simulations presented in this work, with three 

cases: unactuated flow, control flow using a steady blowing 

jet, and control flow with fluid oscillator actuators. The 

URANS k -  SST turbulence model was used and specified 

with time step size t = 10-4 s in 3000-time steps to predict 

the flow field accurately. This turbulence model is widely 

used because it meets both the requirements of the solution 

accuracy and computational resources [26]. For the pressure-

velocity coupling, the well-known SIMPLEC scheme was 

employed.  

3. Numerical Results  
The drag reduction capability of the steady-blowing jet 

and fluidic oscillator techniques were evaluated under several 

different operating conditions. For the steady blowing method, 

the jet angle was varied with five different values, θ = 0o, 15o, 

30o, 45o, and 60o, as described in Figure 2. The jet velocity was 

proportional to inflow velocity, Vj = A.Vo, and the coefficient 

A was modified in the range of 0.15 to 1.5. The momentum 

coefficient Cμ of the actuator varied between 7.7 x 10-5 and 7.8 

x 10-3. In the case of the fluidic oscillator technique, the input 

mass flow rate of each actuator varied from 0.5 kg/h to 3 kg/h, 

which corresponded to a momentum coefficient Cμ in the 

range of 6.9 x 10-5 to 2.5 x 10-3. 

The time-averaged velocity field is presented in Fig. 8 

with a steady blowing jet of momentum coefficient C = 2.21 

x 10-3 and jet angle  = 30o. The results showed that the jet 

outflow from a continuous slot could emulate the base flaps' 

ability to reduce aerodynamic drag by delaying the separation 

in shear layers. The wake structures behind the Ahmed model 

can be modified by applying the steady-blowing jet, leading 

to a reduction in drag. 

 
Fig. 8 Contour of velocity field with steady blowing jet 

Similarly, Figure 9 shows the outflow jet from the fluidic 

oscillators installed on the top edge of Ahmed's rear surface. 

From the figure, it can be seen that one benefit of the fluidic 

oscillator is the sweeping of a large region of flow. This can 

be seen as equivalent to using a continuously steady blowing 

jet but with less input flow, improving control energy 

efficiency. 

 
Fig. 9 The outflow jet from fluid oscillators installed on the Ahmed 

model 

The evaluation of the drag coefficient with two control 

flow techniques in different operating conditions is shown in 

Figure 10.  

 
Fig. 10 Aerodynamic drag coefficient evolution as a function of 

momentum coefficient 
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In addition, to evaluate the reduction of the drag 

coefficient of the Ahmed vehicle in the cases of different jet 

angles  and coefficients of momentum C, the parameter Cd 

is proposed as follows: 

            ΔCd = 100
Cd−Cdo

Cdo

 (%) (3) 

where Cd is the drag coefficient of the model-equipped 

active flow control actuators under various operation 

conditions, and Cdo is the drag coefficient of the model in the 

reference case (Cdo = 0.241). The percentage change of the 

drag coefficient Cd of the Ahmed model in different cases 

according to the coefficient of momentum C is shown in 

Figure 11. 

 
Fig. 11 Percentage change of aerodynamic drag coefficient evolution as 

a function of momentum coefficient 

The numerical results presented in Figures 10 and 11 

reveal that for the steady blowing technique, a minimum drag 

coefficient is obtained at jet angles  = 30o and  = 45o. 

Rouméas et al. [8] also found a similar result and identified 

that the optimal jet angle for a steady-blowing actuator was 

45°. In addition, the Ahmed model's drag reduction gradually 

increases from the momentum coefficient C = 0.077 x 10-3 

and reaches a maximum value at C = 2.21 x 10-3.  As C 

increases to a value of 7.8 x 10-3, the drag reduction gradually 

decreases. The maximum drag reduction of the Ahmed model 

with a steady-blowing actuator is 8.67% at a jet angle  = 30o 

and the momentum coefficient C = 2.21 x 10-3. For the model 

with a fluidic oscillator actuator, the drag reduction is 

proportional to the input mass flow rate of actuators. 

The effect of the active flow actuators on the distribution 

of pressure coefficient Cp on the rear surface of the model is 

illustrated in Figure 12. The static pressure in this location is 

responsible for most of the model aerodynamic drag. The 

results in Figure 12 reveal that in the two control cases 

(Figures 12b and c), the high-pressure region is larger than the 

reference case without control (Figure 12a). It demonstrates 

that the static pressure is well recovered behind the model with 

control flow actuators, thereby reducing the aerodynamic drag 

(Figure 10). For the fluidic oscillator case with input mass 

flow rate m = 1.5 kg/h (Figure 12c), the maximum pressure 

coefficient Cp = -0.16 is achieved, consistent with the highest 

drag reduction. 

 

 
a) 

 
b) 
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c) 

Fig. 12 Pressure coefficient distribution on the rear model surface for 

three different cases: a) reference case, b) steady blowing  = 30o, c) 

fluidic oscillator m = 1.5 kg/h 

The streamline and velocity fields at the symmetry plane 

(z = 0) in different cases are presented in Figure 13. The 

development of wake structures affects the pressure 

distribution on the rear surface of the model, which in turn, 

changes the aerodynamic drag. Figure 13 reveals the 

formation of recirculation zones in the near-wake flow behind 

the model. These vortices form suction regions on wake low 

and create a low-pressure zone on the rear surface. Applying 

the active flow control method, i.e., the steady blowing jet in 

Figure 13b and fluidic oscillators in Figure 13c, modified the 

wake flow topology compared to the reference flow without 

control. The introduction of momentum from the actuators 

into flow caused a shear effect that induced an inclination of 

streamlines and reduced the wake section. In addition, 

momentum applied from the actuators into the flow tended to 

reduce the size of recirculation zones in the wake flow and 

displaced these zones further away from the rear surface of the 

model. 

 

 
a) 

 

b) 

 
c) 

Fig. 13 Contours of magnitude velocity with streamlines in the 

symmetry plane for three different cases: a) reference flow, b) steady 

blowing  = 30o, c) fluidic oscillator m = 1.5 kg/h 

4. Control Efficiency 
As mentioned in the previous section, both active flow 

control techniques demonstrate the ability of model drag 

reduction. The maximum reduction for the steady-blowing jet 

is 8.67%, whereas the largest drag reduction of 19.5% was 

obtained with the fluidic oscillator method. This is a very 

significant reduction compared to other flow control methods. 

However, since both techniques are active flow control types, 

they require an external energy source to generate the output 

jets. Therefore, a simple calculation formula proposes to 

evaluate the control method's energy efficiency. The 

propulsion power needed to overcome aerodynamic drag for 

unactuated flow is given by: 

 

               𝐏𝐃𝟎
=

𝟏

𝟐
𝛒𝐂𝐝𝐨

AV𝐨
𝟑 (𝐖) (4) 

 

The power supply for the actuators is described as: 

                   𝐏𝐣 =
𝟏

𝟐
𝐦𝐕𝐣

𝟐 (𝐖) (5) 

 

The energy efficiency of the control methods is then 

defined as: 

         η =
(PD0−PD)−Pj

PD0

=
ΔCd

Cd0
−

mVj
2

ρCd0AV0
3       (6) 

From Equation 6, the energy efficiency of both control 

methods obtained from numerical parametric studies was 

calculated, and the results are presented in Figure 14. 
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Fig. 14 Control energy efficiency evolution as a function of momentum 

coefficient  

The results in Figure 14 reveal that in most cases of a 

steady-blowing jet, the energy efficiency is positive, and the 

maximum value of 8.04 % was obtained at a jet angle  = 30o 

and a momentum coefficient Cμ = 2.21x10-3. In these 

conditions, the saved power is greater than the supplied power 

for the flow control actuators. However, as the momentum 

coefficient C was increased, a reduction in energy efficiency 

could be noticed. At C = 7.8 x 10-3 , this efficiency became 

negative (with jet angle  = 0o, 15o and 60o). In these cases, 

the flow control systems lead to an increment in the 

operational power requirement of the model. 

For the case of fluidic oscillators, the maximum energy 

efficiency of 10.88 % was achieved at an input mass flow rate 

of m = 1.5 kg/h. At high inlet mass flow rates, the drag 

reduction increased but also caused a decrease in energy 

efficiency, which means that more external energy is required 

for the actuator systems. 

5. Conclusion 
A reduction in aerodynamic drag on a square-back 

Ahmed model using steady-blowing and fluidic oscillator 

techniques was studied through numerical simulation. For the 

steady blowing method, the jet velocity and angle were varied, 

and a maximum drag reduction of 8.67 % was obtained at a 

momentum coefficient C = 2.21 x 10-3 and jet angle θ = 30o. 

In the case of the fluidic oscillator technique, the drag 

reduction was proportional to the input mass flow rate for 

actuators. In addition, the introduction of momentum from the 

actuator output jet into flow modified the near-wake structure 

and caused pressure recovery on the model's rear surface. 

The best efficiency of 8.04 % was achieved using the 

steady blowing method, a momentum coefficient C = 2.21 x 

10-3 and jet angle θ = 30o. Meanwhile, in several control cases, 

the control efficiency was negative, which means that the 

external energy required for actuators is greater than the saved 

energy in reducing the aerodynamic drag. The best control 

energy efficiency of the model with the fluidic oscillator 

systems was 10.88 %, with an input mass flow rate of 1.5 kg/h 

for each actuator. The numerical results in this study 

demonstrate that the fluidic oscillator method is suitable for 

vehicle aerodynamics drag reduction. 
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