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1. Introduction 

In earlier times automotive manufacturers were designed ve-

hicles for high speed. The aerodynamic forces and fuel con-

sumption of vehicles were not priority. Then, they and the re-

searchers were focused to aerodynamically design of cars in or-

der to reduce the fuel consumption and exhaust emissions. To-

day vehicle manufacturers attach great importance to vehicle 

performance and research and development to decrease CD and 

improve power of engines. they are also searching to reduce the 

aerodynamic loss of the vehicle during movement. The fuel con-

sumption of vehicles was effected from aerodynamic drag force 

and it can be minimized by design. To improve drag force and 

reduce fuel consumption controlling of flow separation neces-

sary around of vehicles. The flow separation can delay or pre-

vent by flow control. They can be classified as passive and ac-

tive flow control methods. [1]. The passive control technique is 

modification of vehicles. It has significant advantages when 

compared active control technique due to consume no energy 

from the engine power [2]. Examples of active flow control are, 

synthetic jet, steady blowing, suction, plasma actuator, movable 

parts and it consume energy from the vehicle. If the CD coeffi-

cient of a vehicles minimized 2% fuel consumption can be re-

duced about 1% at high speeds [3-6]. Between the rates of 9-17% 

drag reduction were obtained with better spoiler design, and 4-

6% by trailer skirts and 0-4% by closing air gaps. By reducing 

CD fuel consumption can be improved between the rate of 1-17% 

on truck trailer model [7]. The drag force of sedan racing car 

was reduced by up to 22.13% with 5 buffer diffuser as passive 

flow technique. By using the CFD method three different bus 

models were investigated to reduce the drag force of the bus 

model. The front and rear surface of the bus were modified [8]. 

By improving of rear bodywork can decrease CD coefficient up 

to 26% [9]. The CD of a heavy vehicle was reduced by some pfc 

parts such as spoiler and closing the distance between truck 

trailer combination. The effect of application of synthetic air jet 

on Ahmed body model was determined by CFD method. The CD 

was decreased by 3-9% with continues air injection rear of ve-

hicle model [10]. In another active flow control study CD was 

reduced drag force 3% by delaying flow separation on vehicle 

model [11].   

Buses have been used very extensively in passenger transpor-

tation. They have been driving between intercity at high speeds. 

So aerodynamic force of the busses significantly effects to fuel 

consumption. The aim of this study is reduce pressure based 
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drag force of a bus model by pfc method. Drag reductions were 

experimentally obtained between the percent of 7.35% - 10.06% 

by flow control rod application. The original part of this study is 

that the aerodynamic improvement with the flow control rod is 

capable of to be product and applicable in real model. 

 

2. Material and Methods  

Except of the moving ground three necessary similarity con-

ditions were provided in studies both experimental and numeri-

cal. A licensed model bus was used to provide geometric simi-

larity, the. For kinematic similarity blockage rate was 6.81%. It 

was recommended that blocking rate should be lower than 7.5% 

in order to provide kinematic similarity [12-13].  

The Re is defined as the ratio of inertial forces to viscous 

forces as seen Eq.1.  

 
R e

L



                                   (1)                

Re has to be same for model and prototype car in aerodynamic 

studies. But the size of prototype and model vehicle so different. 

So it is very difficult to achieve same Re in a wind tunnel. So Re 

independency uses to providing dynamic similarity. In this study 

Re independency was used to provide dynamic similarity. 

 

2.1. Experimental Setup 

The tests were made in an absorption kind wind tunnel. The 

highest flow speed was 30 m/s and test area size is 

400×400×1000 mm. The desired flow speed was provided by 

fan motor provided was used to obtain in the test region. The 

control of rpm was controlled by frequency inverter. It was 0.1 

Hz step and range of 0-50 Hz. The tests were conducted between 

3.8×105–7.9×105 Re. Experimental setup was given in Fig. 1 (a, 

b). 

 

1.Contraction cone 2. Test section 3. Diffuser 4. Fan unit 5. Frequency inverter 

Fig. 1(a). Experimental setup [5] 

 

 

Fig.1(b). Experimental setup [5] 

Drag forces were measured by load cell with 0.1% accuracy 

in experimental studies. It can calculate force to 5 lb and to 5 V 

voltage. The aerodynamic force measurements were made on 20 

seconds. The sample was 1000 Hz for each test. To calculate 

average force 20000 values were used for every test. A pitot tube 

was used to determine flow speed in test section. A real time 

multi analyzer and external recorder were used in studies. To 

read to voltage outputs data acquisition software were used. Re-

lated test devices are seen in Fig.2-3. 

 

Fig. 2. Honeywell 41 Model load cell 

 

Fig. 3. OROS OR35 Multichannel data acquisition system 

   The experiments were conducted on the test model. It was 

given in Figure 3-4. The bus model is 1/33 scaled model of real 

size bus. The measurements of model bus were precisely ob-

tained by 3-D scanning method. The drawing data of bus and 

flow control rod designed by SolidWorks program. Then they 

were produced in 3-D printer. The sizes of bus model are 

101×96.3×44 mm [14]. The produced models and application on 
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bus model were given in Fig.4-6.  

Fig. 4. The bus model in Solid Works program [14]. 

 

Fig. 5. Produced bus model [14]. 

 
Fig. 6. Solid Works drawing of a circular section flow control rod 

(D=10mm) 

 

  It is thought that the flow control rod mechanism can be con-

trol by a hydraulic arm or with an electrical motor and stay under 

the front bumper when the bus within the city. It opens in the 

intercity roads by driver controlled. The mechanism of the flow 

control rod is given in Fig. 7. The aims of this study determine 

of this flow control road to drag force which is pressure based 

on front of the bus. 

 

 

Fig. 7a. The operation of circular section flow control rod 

 mechanism 

 

Fig. 7b. The operation of circular section flow control rod 

 mechanism 

 

Fig. 7c. The operation of circular section flow control rod  

mechanism 

2.2. Load cell calibration 

 

   The load cell was calibrated to measure correct drag force or 

take precautions against possible incorrect measurement. The 

related voltages were read by data acquasion system for 9 dif-

ferent weights on the load cell. As seen in Table 1, the voltages 

were obtained according to corresponding weights. The calibra-

tion equation was obtained and linear fitting graph was drawn in 

Fig.8 [5]. 
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Table 1. Load cell calibration values 

Weight (Kg) Voltage (V) Force (N) 

0.368 3.04 3.45 

0.324 2.85 3.17 

0.284 2.67 2.91 

0.223 2.20 2.21 

0.172 1.85 1.70 

0.122 1.54 1.25 

0.071 1.20 0.74 

0.021 0.83 0.19 
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)
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Equation y = a + b*x

Weight No Weighting

Residual Sum of 
Squares

0,063

Pearson's r 0,098

Adj. R-Square 0,097

Value Standard Error

C
Intercept -1,031 0,039

Slope 1,472 0,0198

 

Fig. 8. Calibration graph 

2.3. Uncertainty Analyses 

The uncertainties of experimental setup determine accuracy 

of experimental results. The uncertainty values of the obtained 

parameters were given in Table 2. 

Table 2. Uncertainty values of calculated parameters [5] 

Calculated Parameter Uncertainty value (%) 

Reynolds Number 3.87 

Drag force 4.5 

Drag coefficient 4.7 

 

3. Experimental Results  

3.1. The CD of base bus model 

The CD value of base bus model was experimentally deter-

mined as 0.633 averages in study of by Bayindirli and Celik, 

(2018). This article focuses on reducing of this CD value. This 

CD value coherent with real bus CD in the literature. 

 

 

3.2. The CD of model 1 (D=10mm) 

The CD of the model 1 was respectively calculated as 0.570. 

0.620 and 0.614 as given in Table 4 and Fig 10. The minimum 

CD value was calculated in L/H=0.10. The improvement rate on 

CD coefficient is %10.06. 

Table 4. CD values of model 1 (D=10mm) 

 

Re Base 

CD 

L/H= 0.10 L/H= 0.15 L/H= 0.20 

3.8×103 0.583 0.521 0.580 0.599 

4.6×103 0.630 0.543 0.608 0.625 

5.4×103 0.629 0.568 0.642 0.619 

6.2×103 0.654 0.587 0.643 0.628 

7.1×103 0.653 0.600 0.621 0.603 

7.9×103 0.651 0.598 0.627 0.612 

Average 0.633 0.570 0.620 0.614 
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Fig. 10.  The CD values of model 1 

3.2. The CD of model 2 (D=20mm) 

The CD values of the model 2 were obtained as 0.587. 0.640 

and 0.623. The minimum CD was calculated in L/H=0.1 as 

0.587. As seen in Table 5 and Fig.11 the maximum drag reduc-

tion rate is 7.35%.  

 

Table 5. Aerodynamic CD values of base model 2 (D=20mm) 

 

Re Base 

CD 

L/H= 0.10 L/H= 0.15 L/H= 0.20 

3.8×103 0.583 0.651 0.636 0.556 

4.6×103 0.630 0.610 0.627 0.609 

5.4×103 0.629 0.583 0.642 0.649 

6.2×103 0.654 0.528 0.637 0.657 

7.1×103 0.653 0.561 0.636 0.641 

7.9×103 0.651 0.588 0.660 0.627 

Average 0.633 0.587 0.640 0.623 
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Fig. 11.  The CD values of model 2 

3.3. The CD of model 3 (D=30mm) 

 

As given in Table 6 and Fig. 12, the model 3 CD values were 

respectively calculated as 0.592. 0.584 and 0.720. The minimum 

CD was 0.584 in L/H= 0.15. Maximum drag reduction was 

7.85%. 

Table 6. Aerodynamic CD values of base model 3 (D=30mm) 

Re Base CD L/H=0.10 L/H=0.15 L/H=0.20 

3.8×103 0.583 0.515 0.478 0.763 

4.6×103 0.630 0.574 0.575 0.655 

5.4×103 0.629 0.598 0.602 0.734 

6.2×103 0.654 0.617 0.631 0.735 

7.1×103 0.653 0.626 0.638 0.744 

7.9×103 0.651 0.623 0.578 0.688 

Average 0.633 0.592 0.584 0.720 
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Fig. 12.  The CD values of model 3 

Two kinds of flow control techniques were used to control air 

flow around of solid parts in aerodynamic. They were catego-

rized as active flow control and pfc based on energy expenditure. 

The pfc is a flow control method which is realized by the chang-

ing form of geometry which is examined aerodynamically with-

out spending any energy. Many flow control methods were dis-

cussed in literature in related papers. Some methods were ap-

plied individually and some of them were combined. Every con-

trol method can reduce aerodynamic drag reduction. It was ex-

pressed that the CD reduction could be as much as 20% by using 

the pulse jet [16, 17] and plasma actuator [18] as active control 

technique. Besides the drag could be decreased to 21.2% by us-

ing flaps [19]. The drag reduction can reduce as much as 30% 

by combined flow control technique like as blowing jets with 

porous layer [20]. It is necessary to control of flow around ob-

jects in order to lower drag force. Their attachments are little bit 

easier than pfc. Main disadvantage of active flow control is that 

it requires power from engine and application of this method in-

crease fuel consumption of vehicles [21]. 5.03% drag minimiza-

tion was obtained in another study using the afc-pfc techniques 

for an air vehicle [22]. The efficiency of passive-active flow 

technique was investigated to achieve lower aerodynamic force. 

That paper mainly focuses on the methods employed to prevent 

or delay air flow separation by using vortex generator (VG), 

spoiler, and splitter pfc methods been reviewed. 50% fuel con-

sumption of road vehicles result from drag force. [23]. These 

literature values support result of this paper.   

In this study a pfc method was used to enhance the flow structure 

around the model bus and to bring it out of ordinary flow. To 

obtain drag reduction 3 different diameter circular cross-sec-

tional flow control rod positioned at 3 different distances to on 

front of model bus. Pfc technique needs changing of shape on 

the vehicle body. It affects the flow structure thus desirable re-

duction can obtain. But this method is little bit complex. The 

total aerodynamic drag consists of friction and pressure induced. 

In road vehicles a great proportion of total drag force result from 

pressure induced. The pressure based drag force affects to ge-

ometry’s surface perpendicularly. The frictional drag force 

forms from shear stress and it affects the object’s surface paral-

lels.  In this study the desired drag reduction was obtained by 

the circular cross section flow control bar. The high pressure 

area was decreased on front of bus model and desired flow di-

rection was obtained. It was shown in flow visualizations that 

the air flow on the front bumper and windshield surface was 

transferred to the windshield surface by the control rod. Thus the 

pressure based aerodynamic was reduced by leaving the front 

surface region of the bus in the negative pressure area in the tur-

bulent region. 

 

4. Conclusions 

Fuel consumption is reduced by 1% when the aerodynamic 

CD values of vehicles are reduced by 2% at high speeds [24]. 

Fuel consumption of these vehicles a significant concern for 

consumers. Because a significant part of the transportation cost 
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is related to fuel consumption. In this paper, aerodynamic force 

and flow structure around bus model were investigated. The pos-

itive effect of pfc method on drag force is revealed. The base bus 

CD was calculated as 0.633 in wind tunnel. 3 different diameters 

circular cross-sectional flow control rod was installed at three 

different distances to bus. The maximum experimentally drag 

reduction was 10.06%. This reduction rate can be decreased fuel 

consumption by about 5% at high speeds (over96 km/h). The 

total drag force forms from %89.07 pressure induced and 

10.93% friction induced. It is determined that there is a big po-

tential to decrease friction induced drag force for buses. It was 

experimentally determined that the circular cross-sectional flow 

control rod application improved the flow structure around of 

bus.  
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Nomenclature 

 

A : Frontal area of bus model,m2 

CD : Drag coefficient 

FD : Drag force, N 

u∞ : Free stream velocity, m/s 

Re : Reynolds number 

ν : Kinematic viscosity, m2/s  

ρ  : Density of air, kg/m3 

H : Height of model bus, mm 

L : Distance between model bus-flow control rod, mm 

D : Diameter of flow control rod, mm 

V : Speed of vehicle km/h 

LES : Large Eddy Simulation  

RNG : Renormalization-Group 

Exp : Experimental 

AFC : Active flow control 

PFC : Passive flow control 
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