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Abstract— A simple passive flap device has been applied over 

a square back Ahmed body. A parametric study varying the 

angle of implementation, length, width, and ground clearance 

has been carried out to calculate the optimum size of the flap 

and ground clearance. It was found that a flap with 135mm 

length and 389mm width at a 10° implementation angle 

provides 8.8% of drag reduction. Furthermore, the same flap 

enhanced this reduction to 12.5% at 25mm ground clearance. 

The study is conducted using Ansys Fluent at a Reynolds 

number of 7.8 x 105 while employing the SST k-omega model. 

Vortex identification methods namely Q-criterion and 

Lambda-2 criterion have been used to further elaborate the 

change in flow topology due to this passive flap device. 

However, a detailed study is underway to precisely define the 

nature of such modifications.  

Keywords-Ahmed body, Passive device, drag reduction 

techniques, vortex identification, Q-criterion, Lambda-2 criterion 

I.  INTRODUCTION (HEADING 1) 

The large low-pressure region dominates a square back 

Ahmed body at the rear. It confers the boundary of the 

separated wake. The base drag is a direct function of this low-

pressure recirculation region, and its modification is 

significant to produce road vehicles that consume less fuel. 

Hence, crucial insights are necessary to understand the physics 

of the recirculation region to develop robust flow control 

methods. 

   

 
Figure 1 The idea behind the boat-tail concept [1] 

However, NASA [1] conducted a full-scale investigation using 

flat plates forming an aerodynamic boat-tail configuration 

shown in Figur 1. Such a mechanism diverts the flow inward, 

which reduces the base area, and the recirculation flow is 

trapped above and below the flat plates. A total of 4 different 

plates was found to provide a drag reduction of 10% when 

implemented offset to the edges by 0.06w (where w is the 

width of the model) with a plate length of 0.36w. Such a boat-

tail increases the pressure at the base area; however, this 

analysis did not comment on the quantification of the 

recirculation region after the boat-tail. Khalighi et al., (2001) 

[2] used the same boat-tail mechanism as [1] on a square back 

Ahmed body. However, the same configuration narrows the 

overall aspect ratio of the recirculation region without 

changing the length. Moreover, it provides a 20% drag 

reduction to the base model, which is almost twice achieved 

by [1] on the Truck/trailer model. The same mechanism of the 

flat plate, when applied to the General motor model, provides 

a drag reduction of 14% [3]. A similar mechanism is used by 

[4], who achieved base drag reduction while applying 

deflectors over a square back vehicle. They found the best 

performing configuration when both horizontal and vertical 

deflectors are used at a 20° angle, with the size of the vertical 

deflector remains 2/3 model height. They reported that 

reducing the size of the separated region simultaneously 

dampens the oscillations created due to longitudinal vortices 

[4]. Such a modification reduced the wake region in the 

vertical direction, shortens the separated wake, and lessened 

the base drag by around 10%. These flow features differ 

significantly with the fastback Ahmed body, and hence, the 

selection of the flow control devices is critical as per the rear 

geometry. For example, one documented by [5] implementing 

small flaps around the edges of the 30° slant Ahmed body 

surface offered 25% drag reduction. Others like [6]–[8] 

investigated the small flaps at different fastback Ahmed 

bodies. Though a square back long hauls MAN TGX truck 

was simulated by [9] with three different flap shapes; 

nonetheless, they did not discuss the effect of the recirculation 

region on drag reduction. 

 The literature clarifies that, on a square back Ahmed 

model, the use of flap/deflectors/plate as passive devices 



   

remains understudied. In the applications so far, only small 

flaps/deflectors have been used. Therefore, the objective of 

this paper is to study the effect of a single flap installed at the 

blunt edge of the square back Ahmed body to observe the 

impact of the length, width, and the ground effect of the flap 

on the base drag. 

  
2. VEHICLE MODEL AND PASSIVE DEVICE DETAILS 

The square back Ahmed body provides a giant recirculation 
bubble at the rear, which is the primary cause of high base 
drag. The overall dimension of the square back model is 
1044mm in length, 288mm in height, 389mm in width, and 
ground clearance is 50mm as shown in Figure 2, which are the 
actual dimensions reported by [10]. The main flow features and 
drag coefficients are well documented, providing enough data 
to validate the results.  

 

Figure 2 Specification of the Square back Ahmed body. Where 
Length (L) = 1044mm, Width (W) = 389mm, Height (H) = 288mm 
and Ground clearance (G) = 50mm. The origin of the axis begins at 
the bottom of the blunt end. 

The proposed flap has a rectangular shape with an aspect 
ratio (Width/Length) of 2.146 installed at the rear of a square 
back Ahmed body at the ground clearance of 50mm shown in 
Figure 3. In the first phase, the angle of implementation is 
changed to find the angle for the maximum drag reduction. It 
was found to be 10° at a 2.146 aspect ratio. In the second 
phase, to see the effect of flap length, it was varied at a fixed 
width of 389mm. Hence, a further reduction is achieved at flap 
length 135mm that results in a flap aspect ratio of 2.88. In the 
third phase at this specific aspect ratio, the effect of flap width 
was analyzed that reported increased drag except for the 
original width of 389mm, with the same aspect ratio of 2.88. In 
the fourth phase, however, such an aspect ratio is then studied 
for the ground height effect by varying the ground clearance 
from 25mm to 100mm, where 50mm clearance was the 
constant in all the simulations. All such information is 
tabulated in Table 1 for more clarification. 

 

Figure 3 The details of the square back model with flap. The initial 
investigation was done with a rectangular flap of length 180mm and 
width 389mm for the flap angle α = 0°- 20° shown from(a) to (e). 
After the optimum angle is found to be α = 10°, the length of the flap 
is changed at this particular angle to discover the optimum length (f) to 
(h). The front and plan view of these modified flap corresponds to (c) 
& (J) =  flap length 180mm, (h) & (K) = flap length 135mm, (g) & (L) 
= flap length 90mm and (f) & (M) = flap length 45mm. The flap 
135mm at 10° provides the maximum drag reduction and hence, it is 
varied for width(W) and ground height (g). 

 

 

 

 

 

 

 

 

 

 

 



   

TABLE 1 THE SPECIFICATION OF THE PASSIVE FLAP DEVICE 

(REFER TO FIGURE 3) 

SPECIFICATION FLAP 

LENGTH 

(MM) 

FLAP 

WIDTH 

(MM) 

ASPECT 

RATIO 

OF THE 

FLAP 

(W/L) 

FLAP 

ANGLE 

(O) 

GROUND 

CLEARANCE 

(MM) 

 THE FIRST PHASE- ANGLE VARIATION 

FLAP 0° 180 389  

 

2.1
6 

 

0  

 

50 

FLAP 5° 180 389 5 

FLAP 10°-1 180 389 10 

FLAP 15° 180 389 15 

FLAP 20° 180 389 20 

      

 SECOND PHASE – LENGTH VARIATION 

FLAP 10°-2 135 389 2.8
8 

10  

50 

FLAP 10°-3 90 389 4.3
2 

10 

FLAP 10°-4 45 389 8.6
4 

10 

      

 THIRD PHASE – WIDTH VARIATION 

FLAP 10°-2 135 270 2 10  

50 FLAP 10°-2 135 180 1.3
3 

10 

FLAP 10°-2 135 90 0.6
6 

10 

FLAP 10°-2 135 45 0.3
3 

10 

      

 FOURTH PHASE- GROUND CLEARANCE VARIATION 

FLAP 10°-2 135 389  

2.1
6 

10 25 

FLAP 10°-2 135 389 10 75 

FLAP 10°-2 135 389 10 100 

 

3. SIMULATION DETAILS 

3.1 MATHEMATICAL MODEL 

 
The time-dependent solution of complex bodies down to 

extracting small-scale phenomena using the Navier Stokes 

Equations is not practical with the current computational skills 

[11]. The Reynolds Averaged Navier-stokes (RANS) 

equations are used for a time-averaged flow field, so the 

velocity is not instantaneous. In the aerodynamic community, 

the RANS is almost established as an incompressible model 

(Kim et al., 1998). The simulation was performed using the 

commercial software, Ansys Fluent. The governing equations 

for the steady-state flow conditions are used to calculate the 

flow around the Ahmed body. Through Reynolds 

decomposition, the instantaneous Navier-Stokes equations are 

converted into Reynolds-Averaged Navier-Stokes equations 

for incompressible turbulent flow. The steady-state RANS 

equations for mass and momentum are: 

Continuity 

Equation 1 

Momentum 

                                  Equation 2 

Here  is the mean density,  is the mean pressure,  the 

molecular viscosity and  are the Reynolds stresses.  
 

3.2 TURBULENCE MODEL 

The RANS equations govern the transport of the average 
flow quantities, but for that, it has to bring additional terms into 
the equations. There are different closure models to find out the 
values of these additional terms. In the current study, the Shear 
stress transport (SST) k-omega model has been used. The SST 
k-omega model is a blend of k- ω and K-ϵ and is used due to its 
proven accuracy for a wide range of flows dominated by 
boundary layer behavior. In this model, k- ω is applied to the 
inner region of the boundary layer and K-ϵ  at the outer region. 
The SST k-omega model has inspired other models also [11], 
[13]–[15].  

The equations of  models are as follows [16], [17]: 

 

Equation 3 

Equation 4 

Where    

The constant    of the model is calculated by: 

Equation 5 

Eddy Viscosity 

 

The  is the absolute value of the vorticity: 

  Equation 6 



   

 

 

 

 

3.3 DOMAIN AND THE BOUNDARY CONDITIONS 

The upstream velocity is fixed at 40 m/s, and the Reynolds 
number is 7.8 x 105 based on the height. Domain length is 5L 
(where L= car length of the model) at the rear of the model, and 
2L  at the front recommended by [18]. The cross-sectional 
dimension of the domain is 1.87m in width and 1.4m in height 
that provides a 4.3% blockage ratio similar to [19], which is 
used by [20]. For the body surface and floor, a no-slip 
boundary condition is used, and the roof and sidewalls are 
treated as slip walls [20]. Models are 50 mm above the ground, 
as kept in the original experiment [10].  A box of influence is 
created, which is 0.5L at the front and 1L at the rear end. It 
gives control to change the element characteristic inside and 
outside the box [21]. By using the symmetry condition, only 
half of the model is simulated to reduce time constraints, and 
the value of y+ is controlled within 30 to 100. The initial 100 
iterations are done by a first-order upwind discretization, which 
then switched to the second-order. A pressure-based coupled 
algorithm is used. Figure 4 shows the mesh. 

 

Figure 4 Details of the mesh 

3.4  VALIDATION  

A grid independence study was conducted based on the 
drag coefficient. The element number was varied between 2.1 
million for a coarse mesh to 13 million for a fine mesh. Thence, 
a medium-mesh with a 5mm element size contributing to 6.5 
million elements was chosen based on a grid independence 
study for the simulation shown in Figure 5. The variation in the 
drag coefficient within these grid sizes was a maximum of 
4.02% that is in the acceptable range. 

 

Figure 5 Grid independence study, where 1=2.1 Million, 2= 
3.3 Million, 3 = 6.5 Million  and 4=13 Million 

The square back Ahmed body, the various drag coefficients are 
compared in Table 2. The slightly higher drag coefficient [22] 
stated that this value varies between 0.26 to 0.32 in the 
available literature, and hence the achieved drag coefficient for 
this particular case is similar to his experiment. 

Table 2 Drag coefficient validation with the existing results 
for the square back Ahmed model 

No. Reference Method Drag coefficient % Accuracy 

1 (Ahmed et al., 1984) Experiment 0.250  

2 (Grandemange et al., 

2013) 

Experiment 0.274 9.6 

3 (Lucas et al., 2017) Experiment 0.288 15.2 

4 Present study CFD 

Simulation 

0.273 9.2 

 

Also, the fractional bias (FB) of the present study 
(2(us+ue)us̅̅̅̅̅̅̅̅̅ +ue̅̅̅̅̅̅̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅

̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ̅̅̅ ) is 0.2 considering the experimental values of 
[10], which is in the acceptable range of –2 ≤ FB ≤ +2 
recommended by [23]. Where us is simulation velocity, and ue 
is the experimental value. Furthermore, one more important 
aspect of the flow topology at the base identified by several 
studies [24], [25], and others [22], [26] is the Torus shape 
vortex ring. This torus vortex is an important factor 
contributing to the pressure drop. The present simulation 
identified this torus vortex at the base shown in Figure 6. Such 
identification further highlights the correctness of the 
simulation. 



   

 

Figure 6 Torus ring vortex at the base of the base model. 

 

4. RESULT AND DISCUSSION 

 

As a dimensionless number, the drag coefficient denotes the 

drag force to dynamic pressure and projected area. The change 

in drag coefficient highlights the alterations made on the base 

model. There are four phases of this investigation on the base 

model. In the first phase, by implementing a rectangular plate 

(L=180mm, W=389mm) at the rear, the optimal flap angle 

(Maximum drag reduction) is investigated. As shown in 

Figure 7 (a), it was found to be 10° from the horizontal 

surface. In the second phase, at the optimal angle (10°), the 

length (L=180mm) of the flat plate was analyzed for the 

optimal length, shown in Figure 7(b). The optimized length 

was found to be 135mm which provides a further drag 

reduction. After optimizing the angle and length, the third 

phase attempted to find out the optimal width of the flap 

which is shown in Figure 7 (c) and resulted in 389mm. In the 

end, once an optimized length and width of the plate are found 

at a 10° angle, the effect of ground height was investigated 

between {25,100} depicted in Figure 7 (d). A ground height of 

25mm gives the maximum drag reduction. 

 

 
Figure 7  (a) The first phase: Drag coefficient versus flap angle (b)  

Second Phase: Drag coefficient versus flap length at constant 

optimized angle 10° where the X-axis represent, 1=10ׄ° Flap-1 

=180mm, 2=10ׄ° Flap-2 =135mm, 3=10ׄ° Flap-3 =90mm and 4=10ׄ° 

Flap-4 =45mm (c) Third Phase: Drag coefficient versus flap width at 

optimized angle 10° and length 135mm where the X-axis represent, 

1=10ׄ° Flap-1 =389mm, 2=10ׄ° Flap-2 =270mm, 3=10ׄ° Flap-3 

=180mm and 4=10ׄ° Flap-4 =90mm (d) Fourth Phase: Drag 

coefficient versus ground height at optimized angle 10°, 

Length=135mm and width 389mm. where the X-axis represent, 

1=Ground height 25, 2=Ground height 50mm, 3=Ground height 

75mm and 4=Ground height 100mm 

 

The first phase accentuates the critical role played by 

the angle. The role of the angle is highlighted by [5], [7], [27] 

for the slanted Ahmed body with flaps. However, [9] found 

the optimal angle for an elliptical flap to be 50° from the 

horizontal but on the contrary, [4] achieved a 20° optimal 

angle over a square back car. Furthermore, [28] found a 12° 

optimum angle over a square back Ahmed body with small 

flaps at the rear. Though all these cases are investigated over a 

blunt trailing edge, the reported maximum drag reduction 

differs significantly in terms of the implementation angle. In 

the absence of skin friction drag, the projected area remains 

the only parameter that influences the pressure drag. However, 

a study was conducted by [29] on the width to height aspect 

ratio over a fastback Ahmed body. It was found that increasing 

the width boosts the drag coefficient. Nonetheless, according 

to [30] as height to width-based aspect ratio decreases the drag 

coefficient decreases while experimenting on rectangular 

boxes. Therefore, it suggests the existence of a critical 

projected area for which the drag coefficient will be minimum. 

By ignoring this unknown projected area, the dynamics at the 

blunt edges of square back bodies suggest that the optimal 

angle for the flap is directly influenced by the front body flow 

topology. Furthermore, the influence of the side edge vortex is 

less significant in the square back model [31] which indicates 

that the recirculation region formed at the rear is the only 

distinguishing factor between the models. Though an 

independent comparative study is needed to validate and 

understand this problem, however, in the current case, a 10° 

angle provides the maximum drag reduction for a square back 

Ahmed model. While taking inspiration from [9] a 50° flap 

was simulated that did not provide any drag reduction 

(Cd=0.272). 

 

The second phase studied the effect of flap length on the drag. 

A fine-tuned length of 135mm provides an increased drag 

reduction of 8.8% at a 10° angle. The influence of flap length 



   

is explored by [2], [4], [5], [9], and others. For example, a 

boat-tail-like mechanism made of plates by Khalighi et al. [2] 

found 50mm length to be optimum, similarly,Capone et al. [4] 

reported 2/3H length which is 100mm, and [9] discovered it to 

be 120mm. The base model used in the above studies is 

different and hence, the optimized length also differs for the 

best drag reduction. Nonetheless, the only common thing 

between all these models is the application on the blunt edges. 

Similarly, except in the case of [2] where the plates are 

installed 8mm offset from the edges, both [4] and [9] matched 

the width of the flap with the base model. They did not 

attempt to see the effect of width on the pressure drag and 

hence the current investigation reveals that change (decrease) 

in the width at 135mm and 10° angle boosts the drag 

coefficient. It is found that the flap width that matched with 

the base model provides the maximum drag reduction. 

Therefore the aspect ratio of the flap has both incremental and 

detrimental effects. Where the length/width base aspect ratio 

has a specific aspect ratio (0.347) for the maximum drag 

reduction, the width/length aspect ratio has (2.88) at a 10° 

angle.  

 

The effect of ground (height/ground) clearance directly 

influences the bottom vortex due to underbody flow [10]. The 

drag as a function of ground clearance is recently reported by 

Plumejeau et al. [32], Barros et al. [33]. A critical ground 

clearance of g/h=0.100 (where g is ground clearance and h is 

the model height)  is reported by Plumejeau et al. [32] that 

provides the reduced pressure drag. The present work, reports 

huge drag reduction while altering the height as 25, 50,75 and 

100mm for a 135mm flap at 10°. In such a case, at 25mm 

ground height, the flap further boosts the drag reduction to 

12.5% compared to the base model. This height which is 

exactly half used by [10] proved to be more drag economical. 

Nonetheless, its practical use might be difficult due to 

necessary height requirement between vehicle and road for 

several other design considerations. However, a detailed 

investigation is needed for further understanding the precise 

change in the flow topology. 

 

4.1 VORTEX IDENTIFICATION 

 

The wake at the base is dominated by the vorticity-carrying-

free-shear layer along with its vortical structure. The reason is 

attributed to the inviscid instability mechanism and to capture 

these structures, vortex identification methods are used [34], 

[35]. Two methods of identification are the most popular, the 

so-called Q-criterion proposed by Hunt [36] and Lambda (𝜆2)- 

criterion given by Jeong et al. [37]. In the Q-criterion eddy is 

represented as the positive second invariant Q of the velocity 

gradient defined as . Where  and  are 

symmetric and antisymmetric velocity divergence 

components. On the contrary, 𝜆2- criterion considers the 

second eigenvalue of the symmetric tensor  capture the 

pressure minima. 

Figure 8 and 9, shows the Q and 𝜆2 criterion respectively. 

Both these identification methods reveal the existence of a 

fully developed C-vortex when the flap is installed. However, 

such a matured C-vortex is absent in the base case which 

means that the major pressure minimums are inside the 

recirculation region vortex and hence, the base case shows a 

developed and long vortex. 

 
Figure 8  Q criterion of velocity invariant with Q=800  (a) base model 

without flap at ground height 50mm (b) Flap at 10° with 180mm 

length and 389 widths at ground height 50mm (c) Flap at 10° with 

135mm length and 389mm width at ground height 50mm and (d) 

Flap at 10° with 135mm length and 389mm width at ground height  

25mm 

 
Figure 9 𝜆2 criterion at Eignvalue=-450 (a) base model without flap 

at ground height 50mm (b) Flap at 10° with 180mm length and 389 

widths at ground height 50mm (c) Flap at 10° with 135mm length 

and 389mm width at ground height 50mm and (d) Flap at 10° with 

135mm length and 389mm width at ground height 25mm. 

 

Installation of the flap at a 10° angle delays the separation by 

the length of the flap and then modifies the recirculation 

region as well. It creates two separate, top, and bottom bubbles 

but the size of the bottom bubble is quite large compared to 

the top. In the case of reduced ground height, the size of the 

bottom bubble is comparatively less. Hence, the flap transfers 

the momentum of the vortex to the region near the ground in 

all the cases with the flap. Furthermore, Figure 9 also shows 

the Vortex core location in red lines which further explains 

that in the base case Figure 9(a), the vortex core location 

remains in the recirculation region but with the flap, it consists 

of C-vortex, top bubble, bottom bubble and the underbody 

vortex going into the downstream direction. 

 

5 CONCLUSION 

 



   

An investigation has been made over a square back Ahmed 

body drag reduction using a simple passive flap device. Three 

important parameters were examined namely, the angle of 

implementation, length, and width of the flap. It was found 

that the 10° angle shows the least drag reduction. Similarly, 

the length also plays a critical role, and at 135mm length 

placed at 10° provides the 8.7% drag reduction. However, a 

decrease in width increases the drag which is quite 

remarkable. Furthermore, the vortex identification methods 

demonstrate that the flap delays the separation and creates two 

bubbles at the vertical base. Therefore, such understanding 

provides avenues to invent new flow control devices to alter 

the bubbles along with the flap. 
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