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ABSTRACT 
The high demand for new and improved aerodynamic drag reduction devices has led to the invention of flow 

control mechanisms and continuous suction is a promising strategy that does not have major impact on vehicle 

geometry. The implementation of this technique on sport utility vehicles (SUV) requires adequate choice of the 

size and location of the opening as well as the magnitude of the boundary suction velocity. In this paper we 

introduce a new methodology to identifying these parameters for maximum reduction in aerodynamic drag. The 

technique combines automatic modeling of the suction slit, computational fluid dynamics (CFD) and a global 

search method using orthogonal arrays. It is shown that a properly designed suction mechanism can reduce drag 

by up to 9%.. 
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I. INTRODUCTION 
The rapidly increasing fuel prices as well as the 

new and enforced regulations to control the discharge 

of greenhouse gases have raised lots of constraints on 

the automobile makers.  SUVs in particular are known 

for their larger drag coefficients because of their boxy 

shaped geometry and the extent to which factors such 

as flow separation and reattachment, vortex shedding, 

skin friction and separated vortices in the near wake 

region have on the overall aerodynamic performance 

[1-6]. Careful and well-engineered vehicle design 

isimperative and new and improved design tools are 

essential.  

In a previous study [7], it was shown that 

Significant improvement in aerodynamic drag can be 

achieved if small chamfers are made at the rear end of 

the roof and the side body of an SUV, and when the 

foot step of the vehicle is moved downward to 

decrease ground clearance near the wheels. 

Furthermore, lowering the front bumper and bonnet, 

tilting the front windshield, rounding off the corners 

and sharp edges, and lastly extending the front 

bumper are all ways to improving vehicle 

aerodynamics. In spite of all these tips, aerodynamic 

drag is essentially still a relevant factor for most 

SUVs and there is still room for improvement.  

The use of add-on devices was another resort that 

the automobile industry turned to. In a study over the 

Ahmed reference model [8], a boat tail flap in the rear 

end of the vehicle was proven to appreciably improve 

aerodynamic performance. Few of these additional 

devices are already in use in a number of cars and 

SUV models. In the same sense, the use of external 

energy sources to modify the near wall flow without 

necessarily modifying the shape of the vehicle is  

 

another promising strategy [9]. Flow control was 

extensively studied and applied [10-12]. Different 

mechanisms were analyzed and tested in academic 

and industrial laboratories and the results were all 

encouraging. Continuous suction [13-14] offers a 

promising alternative and seems well adapted to the 

automobile context.  

 Engineering problems are usually multi-variable, 

multi-constraint problems, and attempting to adopt 

full factorial experiments or simulations is definitely 

not cost effective. Furthermore, the analysis must take 

into account the details of the geometry rather than a 

simplified model, since small changes in any of the 

geometrical parameters of the vehicle may lead to 

larger changes in the aerodynamic flow around it. 

Rather than manually iterating design changes 

whether experimentally or via simulation until all 

design requirements are met, an engineer can work 

more effectively by automating the design and 

simulation processes and allow an optimization 

algorithm to create a final design that meets the 

particular requirements. The technique introduced in 

this paper is based on this perception and will be 

discussed in more details in the next few sections. 

This paper is divided into three major parts. In the 

first, we introduce the technique of optimization and 

components used in the process of computing and 

minimizing drag. Next, we discuss the results of the 

suction mechanism on the overall aerodynamic 

performance of the vehicle. In the final section we 

conclude with a summary and a discussion of future 

work. 
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II. THECOMPUTATIONAL 

TECHNIQUE 
In this section, we shall describe the general 

structure of the computational technique that we apply 

to a specific SUV model. 

 

II.1 The Physical Model 

A pictorial representational of the SUV model 

used in the present analysis is shown in Fig.1. The 

physical model is 1/10th scale generic SUV without 

side mirrors. The overall length, width and height 

were Lv = 432 mm, Wv= 152 mm and Hv = 148 mm, 

respectively.  Arectangular slit was added and merged 

at the rear of the vehicle. The slit length (Ls), width 

(Ws)and centroid vertical coordinate (Yc) were all 

normalized with reference to the vehicle height (Hv). 

Air is sucked uniformly through the slit and the 

boundary inlet velocity (Vs) together with (Ls, Ws, Yc) 

were considered as the design variables.  

In the next section, we introduce the technique 

used to identify the optimal values of the design 

variables for maximum reduction in aerodynamic 

drag. 

 
Figure 1: Physical model 

 

II.2 The optimization Technique 

Orthogonal array optimization or Taguchi method 

[15-17] isa statistical technique used to study the 

simultaneouseffect of multiple variables on the 

performance of a process.It was developed by Genichi 

Taguchi from Japanduring late 1940. When first 

proposed, Taguchi showedthat design of experiments 

(DOE) could be used to improve thequality of 

manufactured products. He suggested that 

fractionalfactorial experiments provide a mean to cost 

effectively investigate complex problems. Taguchi 

devised a numberof special orthogonal arrays, each of 

which is used for anumber of experimental situations. 

In these tables thevariables or factors are arranged 

such that between anypair of columns each 

combination of levels appears an equal number of 

times. He proposed a way ofanalyzing the 

experimental results and identifying the bestquality 

process to be used. Design of experiments using the 

Taguchi approach is very effective for product 

developmentand industrial engineering and has been 

successfullyapplied in numerous research areas [18 -

20]. In the current development, we use Taguchi’s 

technique and orthogonal arrays to identify the set of 

design parameters, (Ls, Ws, Yc, Vs), that maximize the 

reduction in aerodynamic drag. 

The Taguchi technique requires, in addition to the 

design variables (factors), a list of levels for each 

factor. The number of factors and their levels 

determine the orthogonal array to be used. In the 

current analysis three levels were identified for each 

of the four factors and an L9 orthogonal array is used 

to identify the best design parameters. 

Strictly speaking, in an engineering problem such 

as the one we are currently facing, the design 

variables (x1, x2, x3,……) may vary over a constrained 

continuum (i.e.box constraints: xi
lower  bound < xi <

xi
upper  bound

), and opting to identify the factor levels 

by only three set of values may not lead to the best 

optimal solution. A global search however, can be 

performed by repeatedly restarting the Taguchi 

algorithm over the domain of analysis. To avoid 

finding the same local optima, the factor levels should 

be different and preferably far from previous known 

local solutions. To this end, we use a variable variance 

probability density (VVP) [21] to identify levels 

reasonably far from the known local minima then 

restart the Taguchi algorithm for the next optimum. 

More detail about the VVP can be found in the 

appendix. 

The diagram in Fig.2 represents the scheme used 

in the implementation of the Taguchi method and the 

repetitive restarts needed to reach global optimum. 

We start with a fixed number of random vertices over 

the box constraint; each vertex encompasses one 

single level of each factor. We then identify the vertex 

with the largest probability density. The next two 

levels of each factor in the vertex (xi
2, xi

3) are 

calculated according to Eq.1, where (∆xi)refers to the 

size of the domain of analysis of variable (xi). We 

then proceed with the Taguchi algorithm and identify 

the most optimal vertex for drag reduction. There may 

be cases however, when the new optimum is identical 

to one of the stored optima; that the suggested 

optimum is not better than the best current vertex; or 

that one or more of the vertex levels are not on the 

box constraint.  In cases like these we proceed as 

indicated in the diagram 

xi
k = xi + 0.1 ∗  −1 k  ∆xi   ,   k = 1, 2                     (1) 

The box projection procedure in Eq.2 assures 

that the levels are always selected over the domain of 

the analysis. 
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xi =  

xi
lower  bound   if  xi < xi

lower  bound

xi
upper  bound

     if  xi > xi
upper  bound

           (2) 

where xi  is a level sampled during the optimization. 

 

II.3 Program Structure 

To achieve optimal values of drag coefficient [1], 

we will be facing three parts of work; geometric 

modelling, finiteelement analysis (FEA) and 

mathematical programming.   Different program files 

were developed for each part, and communication 

between these parts is manipulated by an interface. 

One of the advantages of using the ANSYS 

Workbench software is the possibility to use it as a 

mere subroutine of any other external program, 

parameters can be either directly passed or exchanged 

through external files. This flexibility allows us to 

build an interface between ANSYS and our external 

optimization algorithm, written in Visual Basics for 

application (VBA), where ANSYS is a finite element 

package used to calculate the drag coefficient. For 

geometrical updates of all of (Ls, Ws, Yc), we 

automated the SolidWorks Application Programming 

Interface (API) calls directly from our external 

optimization algorithm.The methodology schematics 

are shown in Fig.3. In the following the main parts are 

outlined. 

Commands for updating the geometrical variables 

(Ls, Ws, Yc), for generating and storing the parasolid 

model are incorporated in a SolidWorks macro.  This 

list of API calls is directly implemented into the 

optimization algorithm written in VBA. 

Commands for uploading the parasolid model, for 

adding an enclosure to simulate fluid flow and for 

applying a Boolean operation to subtract the geometry 

of the truck from the enclosure are incorporated in a 

command file using the Java Python language for the 

ANSYS Design Modeler. 

Commands for meshing, for adding inflation on 

the road and truck surfaces and for applying body 

sizing and named selection are incorporated in a 

command file using the Java Python language for the 

ANSYS Mesher. 

Commands for initializing the Fluent 

computation and applying boundary conditions 

including the boundary suction inlet velocity (Vs) are 

incorporated in a Fluent journal file.  The script is 

automatically updated as new suction velocities are 

selected. Upon completion of the pre and post-

processing stages, ANSYS provides results file which 

records the drag coefficient over the steps of the 

simulation, this information is stored in a files.out and 

returned to the interface. Communication with the 

ANSYS Workbench is made possible via a 

Workbench journal file. 

For parametric optimization, we used the Taguchi 

method and orthogonal arrays in addition to the box 

constrained variable.  The input parameters are read 

from an excel sheet. Results and geometrical updates 

are printed out on the same sheet to show optimization 

progress. 

 

II.4 Finite Element Analysis Setup and Procedure 

We used the Fluent analysis system in ANSYS 

Workbench. The model including the suction slit were 

imported to the Design modeler, and aligned with a 

control volume. A half model was used to allow 

quicker solution of the model with a more refined 

mesh. The control volume size was set according to 

Fluent’s best practice guide for vehicle analysis [22]. 

The computational domain in Fig.4 extended around 

three times the vehicle length to the front and five 

times to the rear. The width and height of the control 

volume were set so that the cross section of the 

vehicle did not exceed 1.5% of the domain area. A 

box was created around the vehicle and in the wake 

region to control the mesh size during the meshing 

process. The box extended about half a vehicle length 

in front, to the sides and to the top, and about a 

vehicle length in the wake. The model was then 

subtracted from the computational domain to limit the 

computational analysis to the rest of the control 

volume and vehicle boundaries. 

 
Figure 2: Global optimization. T1: (Taguchi suggested 

optimum is best), T2: (Already know as an optimum), 

T3:  (maximum number of analyses is reached). 
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Figure 3: Program structure 

 

Based on the analysis system utilized, the Mesher 

in ANSYS Workbench uploads a set of default 

parameters that will result in a mesh that is more 

favorable to the solver used. By means of global and 

local mesh controls, the user can easily modify the 

mesh parameters. In this paper we adopted a 

physicsbased meshing, the physics preference was set 

to CFD and solver to Fluent.  An inflation layer was 

added over the surfaces of the vehicle and the road as 

shown in Fig.5; the prisms were grown with a first 

aspect ratio of 10 and a growth factor of 1.2 extruding 

5 layers. Body sizing was used for mesh refinement 

around the vehicle and wake region. Triangular mesh 

elements were used on the surface to reduce the 

numerical diffusion and to align with the real flow 

near the model. The remainder of the computational 

domain was filledwith tetrahedral volume cells that 

were adjacent to the prism layers. 

A velocity-inlet boundary condition was used to 

model the incoming flow as well as the suction inlet 

flow.Fluent’s best practice guide for vehicle analysis 

[22] recommends using a Realizable k-epsilon Model, 

and non-equilibriumwall-functions(NWFs).Fluent 

convergence criterion of 10
−4

 for the continuity and 

momentum equations was used. 

A grid independence test was performed on the 

unmodified geometry and the drag coefficient and 

convergence time were selected as the criteria. Six 

nodes were used in parallel computation to conduct 

the FEA simulation. Referring to the results in 

Table.I, as the mesh became finer; the drag coefficient 

reached an asymptotic value. Balance between 

calculation, time and the accuracy order of the 

simulation has been made and the setting for the 

“Fine1” grid is considered to be sufficiently reliable. 

 

 

 

 

 

 

 

TABLE I: GRID INDEPENDENCE TEST 

Total number of 

cells 

Drag 

coefficient  

Convergence 

time 

Medium (1909481 

million) 
0.4602 75 minutes 

Fine1 ( 3204109  

million) 
0.4676 120 minutes 

Fine2 (6432167 

million) 
0.4692 210 minutes 

 

 
Figure 4: Simulation Box 

 

 
Figure 5: Boundary layer at a growth factor of 1.2, 

triangular mesh elements on the surface and 

tetrahedral volume cells in the reminder of the 

computational domain 

 

III. RESULTS AND DISCUSSION 
III.1Optimization Setup 

The methodology was performed on the SUV 

model depicted in Fig.1.  The maximum number of 

iterations in the global optimization procedure was set 

to 30. The box constraints for the design parameters 

were set according to Eq.3. The free stream velocity 
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was set to (V∞ = 30 m/s), and the Reynolds number 

calculated based on the overall model length was Re = 

7.95×10
5
. We started with 10 random initial vertices 

over the box constraints, and the optimum points were 

rounded off to10
−2

. 

 
  
 

  
 0.07 ≤

𝑊𝑠

𝐻𝑣
≤ 0.2

0.26 ≤
𝐿𝑠

𝐻𝑣
≤ 0.92

0.39 ≤
𝑌𝑐

𝐻𝑣
≤ 0.72

0 ≤
𝑉𝑠

𝑉∞
≤ 0.27

                                                    (3) 

 

III.2 Results and Discussion 

Although we have over 25 configurations that the 

designer can choose from, the majority did not 

contribute equally toward the reduction of 

aerodynamic drag. For brevity, we displayed 7 of the 

calculated vertices since they seem to convey the 

general development of the analysis. Table.II, shows 

that reduction in aerodynamic drag can be achieved at 

different values of the design parameters which is an 

important feature especially for multi-objective 

optimization. To assess the relative influence of the 

different factors to the variation of the result we 

performed an analysis of variance (ANOVA) [15] 

over the vertices that led to the first result (row 1) in 

Table.II. Table III summarizes the results of the 

ANOVA analysis. These results were extracted from 

the ANOVA Table in Qualitek-4 [15]. We find that 

the factor influence of the % drag reduction decreases 

in the order (Vs>Yc>Ls>Ws). Accordingly, the suction 

inlet velocity has more influence than the rest of the 

design variables.  

 

TABLE II: OPTIMUM DESIGN OBTAINED BY 

ORTHOGONAL ARRAYS 

𝑾𝒔

𝑯𝒗

 
𝑳𝒔
𝑯𝒗

 
𝒀𝒄
𝑯𝒗

 
𝑽𝒔
𝑽∞

 
% 

reduction 

0.20 0.92 0.53 0.05 8.1 

0.16 0.53 0.72 0.03 7.9 

0.11 0.79 0.68 0.03 7.2 

0.11 0.79 0.68 0.17 6.2 

0.09 0.79 0.54 0.10 5.8 

0.20 0.39 0.61 0.21 5.4 

0.14 0.53 0.51 0.16 4.1 

 

 

 

 

 

 

 

 

 

 

TABLE III: ANOVA TABLE: FACTORS AND PERCENT 

OF INFLUENCE 

Factors 
% of 

influence 

𝑾𝒔

𝑯𝒗

 7.079 

𝑳𝒔
𝑯𝒗

 10.931 

𝒀𝒄
𝑯𝒗

 14.527 

𝑽𝒔
𝑽∞

 38.899 

 

To understand how the continuous suction 

affected the flow around the vehicle we displayed the 

velocity streamlines over the symmetry plane in Fig.6 

(without suction) and Fig.7 (with suction). It can be 

seen that the lower recirculating flow behind the SUV 

was reduced and its core shifted slightly away toward 

the wake due to the inclusion of suction. The lesser 

the recirculation, the better the pressure build up 

below the suction inlet. This result is also confirmed 

in Fig.8 where the pressure coefficient (Cp) is plotted 

as a function of the normalized height. The pressure 

gain in the lower part of the suction slit outweighed 

the loss in pressure above the opening. Overall, the 

inclusion of suction reduced the pressure difference 

between the fore and after facing surfaces of the 

vehicle which thereby reduced drag. 

 
Figure 6: Streamlines colored by the pressure 

coefficient (no suction) 

 

 
Figure 7: Streamlines colored by the pressure 

coefficient (with suction) 
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Figure 8: Pressure coefficient distribution (Cp) on the 

symmetry plane over the back surface of the SUV, 

the height (Y) is measured from the truck 

 

IV. Conclusion 
In this paper, we investigated the effect of adding 

a suction slit in the rear of a generic model of an SUV 

on its overall aerodynamic performance. We 

introduced a robust method to identifying the size, 

location and boundary suction inlet velocity for 

maximum reduction in aerodynamic drag. The 

evolutionary aspect of the method delivered a family 

of solution that the designer can choose from. Proper 

design of the opening must take into account the 

actual geometry of the vehicle rather than simple 

models since small changes in geometrical details can 

lead to large changes in the aerodynamic flow around 

the vehicle. The methodology introduced in this paper 

made this quest achievable and cost effective. 

The core of the analysis is the finite element 

simulation which is based on models that were proven 

to reproduce the general flow pattern but may miss 

some details that were only possible to identify by 

experimentation. Final tuning and adjustment are 

ultimately needed to finalize and benchmark our 

simulation results. 
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Appendix:  Variable Variance Probability Density 

(VVP) 

The variable variance probability (VVP) density 

is based on the minimum distance to the points 

already sampled and is represented as 

 
Φ x =

1

 2πσ
 1 − edmin

2 /2σ2
  

 

 

(A1) 

dmin

= min 
i=1,….,m

 di =    
xk,i − xk

xk,u − xk,l

 

2n

k=1

  

 

Where Φ(x) is the sampling probability of a point 

x, n is the number of design variables, xi is a point 

previously sampled, and m is the number of points 

already sampled. Length di is the non-dimensional 

distance between point x and point xi.  

The variance of the normal probability density, 

which is updated in each restart, is given by: 

σ =
1

3  m
n                                                                 (A2) 

The variance is gradually decreasing when the 

number of sampled points is increased. 
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