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Abstract:In this study, the time-average velocity in the near wake of a two-
dimensional Notch-Back car model located in the wake of a trailer has been 
investigated. Experiments were carried out in an open circuit low-speed wind 
tunnel made by FaraSanjeshSaba Ltd, in Iran. Results show that at close spacing, 
time-average velocity profile behind the car has a maximum peak due to the 
interaction of the jet fluid with the wake of the car, such that with increased vehicle 
spacing, the jet fluid effect creating the maximum velocity peak gradually fades. In 
addition, along with increasing vehicle spacing, the velocity in the wake of the car 
starts to growquickly. To measure the drag coefficient it was preferred to use the 
wake-survey method combined with the equation recently derived by Van Dam. 
The dimensionless distance between vehicles derived is based on the length of the 
front vehicle ranging from 0.1 to 3. It was observed that the car drag coefficient 
experiences a rising trend at the beginning and then descendingalong 
dimensionless distance of 0.1 to 1.3, compared to the individual case. In farther 
distances it will be less pronounced than the individual case. 
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1 INTRODUCTION 

Due to the fact that theoretical methods and 
calculations may be somewhat different from empirical 
engineering design, experimental methods using wind 
tunnel are often a useful technique to determine flow 
parameters such as fluctuation of models. For this 
purpose, the present investigation deals with studying 
the wake flow of a car model experimentally and 
investigate the effect of proximity of successive cars on 
the turbulence. In experimental methods using wind 
tunnel, we need a model, experiment facilities and 
measurement devices, hence such methods are usually 
more expensive than theoretical and numerical 
methods.  
In numerical methods, governing equations on fluid 
flow are solved by several techniques. In these 
techniques, because of simplifications, occurrence of 
error in results due to turbulence modelling or 
boundary conditions is often possible. Therefore results 
of numerical methods should be compared and 
approved by experimental results and then codes may 
be verified if needed [1]. Various numerical and 
experimental studies have been carried out on several 
model cars. Basic investigations published until now 
have been about basic car models, namely square back 
and fast back models. For example Ahmed et al. [2] 
built a simple car model and measured itsrear window 
orientation in several iterations.  
Some researchers like Gilli and Chometon [3] or 
Hanaoka and Kiyohira [4] simulated the above 
mentioned model numerically. Since the results 
published by Ahmed are limited, comparable criterion 
for numerical results were limited to drag coefficient. 
Gillieronand Spohn[5], and Lienhartand Stoocks[6] 
simulated these models in detail and obtained 
experimental results including velocity vectors and 
Reynoldsnumbers by means of LDA (Laser Doppler 
Anemometer). Khalighi et al. [7] obtained velocity 
profiles and turbulent intensity profiles for a car model 
experimentally.  
Javareshkian et al. [8] studied the influence of some 
parameters on the drag coefficient. Shayesteh [9] tried 
to study a car model numerically, where Javareshkian 
et al. [10] studied the same car model experimentally 
and numerically. Likewise Watkins and Vino [11] 
studied variation of drag and lift coefficients for 
Ahmed’s models in tandem arrangement. But 
nowadays, since the common car types are often 
Notch-Back,hence it is preferred to study such car type 
in the present research. The wind tunnel implemented 
is manufactured by FaraSanjeshSabaCompany, which 
measures fluctuations up to 30 KHz and the accuracy 
of probe traverse is about 0.1mm. 

2 EXPERIMENTAL SET UP AND MEASUREMENT 
TECHNIQUE  

Present experiments were carried out in an open circuit 
low-speed wind tunnel to simulate uniform air flow. 
This wind tunnel has a settling chamber with 4 series of 
mesh screen (1mm2) and one honey comb by which to 
make the airflow uniform. The maximum wind tunnel 
speed is approximately 30 m/s, with 1800 mm length 
and 0.4×0.4m 2 test areacross-section. The free fluid 
turbulence intensity is less than 0.1 %. The hotwire 
used in this study was CTA type, which was 
manufactured by FaraSanjeshSaba Ltd. Schematic view 
of the wind tunnel is presented in Figure1. 
 

 
Fig. 1 Schematic view of the wind tunnel 

 
In this experiment, the air velocity in the test section of 
wind tunnel was set at 20 m/s. Experimental models 
were a simplification of Peugeot 405 and a Trailer 
model class 8 without details such as mirrors, wheels, 
and antenna. It is important to consider the blockage 
ratio in construction of these models. Suggested ratio 
for this model is between 0.05-0.1, if the influence of 
flow near the test section walls and on the model 
surfaces is to be neglected [10] [11].  

 

 
Fig. 2 Schematic view of the experimental apparatus 
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With respect to the present experimental conditions, a 
ratio of 0.09 is chosen in this research, where the scale 
factor of the model decided to be 1-75. Initially, the car 
model was subjected to air flow independently, and 
then the test was repeated for the car model at 0.3, 0.4, 
0.6, 0.8, 1, 1.3, 2.3, and 3.3 times the length of trailer 
behind it. Subsequently the data acquisition took place 
at distances of 0.01, 0.25, 0.5, 0.75, 1, 1.25, and 1.5 
times the car length behind the car model (Fig. 2). 

3 VALIDATION 

In order to ensure the correct operation of the wind 
tunnel, the validation test was performed. For this 
purpose, the free stream flow was measured and the 
velocity profile was observed to be uniform as shown 
in Fig. 3.  
 

 
Fig. 3 Average speed fluctuation in the wind tunnel for 

speeds of 10 and 20 m/s 
 

 
Fig. 4 Turbulence intensity variation in the wind 

tunnel at a speed of 10 m/s 
 
Another experiment was conducted to measure the free 
stream turbulence intensity at different wind tunnel 
speeds (Fig.4). According to the disturbance graphs of 
the wind tunnel test section; the intensity of turbulence 
was investigated to be 0.08 %. 

Moreover, to survey the accuracy and performance of 
the wind tunnel and hot-wire anemometer, sample data 
was obtained and compared with the results claimed by 
other researchers. However, due to the fact that there 
was no similar investigation in the literature on the 
chosen model, therefore a cubic cylinder model was 
used instead.  
Profile of the mean time of the longitudinal velocity 
component along the main stream( ഥܷ) for a sample 
cubic cylinder with aspect ratio of b/h=1 and Reynolds 
number of 8600, in two different sections is presented 
in Fig. 5. 
 

 
Fig. 5 Profile of mean velocity for a square cylinder in 

two different sections 
 
As it is observed in Fig. 5, a relatively good conformity 
exists between the present results and the results 
claimed by Saha et al. [12] and also by Shadaram et al. 
[13]; where both have achieved the same Reynolds 
number. 

4 WAKE-SURVEY EQUATIONS 

The equations used to measure the drag force, can be 
simply derived from momentum and continuity 
equations. Chao [14], Antonia [15] and Van Dam [16] 
have conducted vast researches on the effect of 
turbulence intensity on drag coefficient measurement. 
Van Dam [16] obtained an equation to measure drag 
coefficient in which Reynolds tensions terms and flow 
intensity existed, but changes of flow density and 

viscous term (ߤ డ௨
డ௫

)were ignored. The equation is: 
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However, based on the analysis of Goldstein [17]: 
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Substituting equation (3) into equation (1): 
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In which: 
 
തݍ́ ൌ ଵ

ଶ
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These equations may be used to determine drag 
coefficient in wind tunnel via Wake-Survey approach. 
Hence, Eq. (5) was used to measure drag coefficient in 
the present work.  

5 RESULTS AND DISCUSSION 

As shown in Fig. 6, with increment of distance behind 
the car model, velocity defect is decreased and less 
fluctuation appears on the velocity profiles. It is 
observed that, at higher velocities this process is more 
severe such that at a velocity of 25 m/s, car wake 
vanishes at 6th station while at other velocities the 
effect of car wake still remains. On the other hand, at 
the first station (x*=0.01) exactly behind the model, 
changes in entering velocity does not have any 
noticeable effect on the wake mean velocity. 

However, with increment of distance, and increment of 
entrance velocity leads to increase in the amount of 
mean velocity at the wake: as mentioned earlier with 
increasing velocity, effects wake vanishes quicker. 
Another point is the existence of maximum velocity 

peak at surfaces beneath and near the model. This 
phenomenon is due to the existence of fluid jet and 
boundary layer momentum on the surfaces beneath the 
model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Mean velocity profiles with respect to the height in 
different velocities and positions behind the single car. 

 
This may also be explained by the fact that the fluid jet 
at sections near the model has larger momentum; 
however by moving away from the model these effects 
are weakened. Moreover, at sections near the model 
where the momentum is created at the boundary layer 
on surface beneath the trailer model, after the boundary 
layer being vanished, this leads to releasing energy at 
adjacent regions and eventually growth in flow 
velocity.  
However since this phenomenon happens at a far 
distances from the model it is not considerable, and it 
cannot change the particles fluid velocity significantly. 
In Figures 7 to 13 the mean velocity profiles measured 
at the wake behind the car model subjected to the wake 
of the trailer located at several distances is presented 
and hence compared with a single model.  
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Fig. 7 Mean velocity profiles in the wake of the car 

subjected to the wake of the trailer(x/l=0.01) 
 
As shown in Fig. 7 for the first two stations (x/l=0.3, 
0.4) the car is completely situated in the wake of the 
trailer and shear layers separated from trailer’s roof fall 
in larger distances behind the car. It is seen that wake 
velocity increases behind the car, which is predominant 
with increasing distance between car and trailer. At the 
last stations the velocity profile almost superposes with 
the velocity profile of the single car model. In other 
words, as the effect of trailer wake is being reduced on 
the car wake, the car gradually departs from the trailer 
wake.  
It is observed that mean velocity behind the 
car(x/l=0.01) is almost independent of the car’s 
location and the velocity stays the same. This is in such 
a way that the fluid jet at sections near the model has 
larger momentum; however by moving away from the 
model these effects are weakened. Moreover, at 
sections near the model where the momentum is 
created at the boundary layer on surface beneath the 
trailer model, after the boundary layer being vanished, 
this leads to releasing energy at adjacent regions and 
eventually ascent in flow velocity. 
The observed peak has an initial decrease due to the 
increased distance between the car and the trailer but 
afterwards it increases again. Because of the boundary 
layer effect on surface beneath the trailer model, 
maximum velocity peak is less than that of a single car 
subjected to flow. Increment in distance behind the 
carmodel, reduces the influence of the fluid jet and the 
maximum velocity peak gradually vanishes. 
 

 
Fig. 8 Mean velocity profiles in the wake of the car 

subjected to the wake of the trailer(x/l=0.25) 
 
At the last stations in Figures 12 and 13, maximum 
velocity peaks are vanished and profiles become more 
uniform. By locating the car model at the trailer wake, 
the drag coefficient calculated. Initially, the trailer 
model was positioned at the test section and by 
selecting an appropriate control volume, the velocity 
profile at outlet section was measured. An important 
point in choosing control volume was to make sure that 
the inlet and outlet boundaries are far enough so that 
the pressure at control volume boundaries is the same 
as ambient pressure.  
After the velocity profiles and turbulence intensity 
were obtained for the outlet section, the drag 
coefficient of the trailer (which signifies momentum 
decrement in the control volume) was calculated by Eq. 
(7). The obtained drag coefficient was 0.477. Next, the 
car model was positioned at different distances behind 
the trailer (Fig. 14). For each situation the velocity 
profiles and turbulence intensities of the outlet section 
were measured and a unique drag coefficient was 
obtained for the whole control volume. This coefficient 
represents the decrement of the control volume 
momentum caused by compressive and frictional 
effects of the models. Actually the effects of two 
models in reducing control volume momentum were 
obtained. So these effects must be considered. Hence, 
the trailer drag coefficient calculated before, was 
subtracted from the total drag coefficient.  
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Fig. 9 Mean velocity profiles in the wake of the car 

subjected to the wake of the trailer(x/l=0.5) 
 
 

 
Fig. 10 Man velocity profiles in the wake of the car 

subjected to the wake of the trailer(x/l=0.75) 
 
 
 
 

 
Fig. 11 Mean velocity profiles in the wake of the car 

subjected to the wake of the trailer(x/l=1) 
 

 
Fig. 12 Mean velocity profiles in wake of the car subjected 

to the wake of the trailer(x/l=1.25) 
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Fig. 13 Mean velocity profiles in wake of car subjected to 

wake of trailer (x/l=1.5) 
 
 

 
Fig. 14 Schematic view of the vehicle model position 

following trailer and control volume 
 

 
Fig. 15 Variation of vehicle drag coefficients trend 

compared to previous studies 

Fig. 15 shows the drag coefficient values in different 
positions behind the trailer. It is observed that drag 
coefficient increases as soon as the distance to the 
trailer increases. It reaches to a maximum and after a 
severe drop, reaches to a minimum. Then, as the 
distance increases more, this value increases gradually, 
hence diminishing the trailer wake. It is concluded that 
the main variation of drag coefficient occurs in the 
range X/L=1.3 to 1.1. The general trend of results is in 
good agreement to Watkins and Vino [11]. 
Nevertheless the differences in maximum and 
minimum ranges of drag coefficient can originate from 
the difference in the dimensions of the two models 
undergoing tests. To realize this fact better, the outlet 
cross section profiles of the velocity defect are 
displayed in Fig. 16 in which the velocity primarily 
rises and after a hard drop rises again. This fact 
confirms the trend of drag coefficient variation too. 
 

 
Fig. 16 Velocity defect of outlet section for different 

positions of the vehicle 

6 CONCLUSION 

1. When distance between two models is increased, 
maximum velocity peak gradually decreases due to 
interaction between the wake and the fluid and vanishes 
at closer distances to the car model. 
2. With increasing vehicle spacing it is observed that 
the velocity in the wake of the car starts to grow faster. 
3. Maximum velocity peak due to the interaction 
between the wake and the fluid jet exactly behind the 
car is initially decreased and then afterwards it 
increases as distance between models is increased. 
4. Velocity increment causes an increase in the amount 
of wake velocity and this increment exceeds as the 
distance behind car increases. 
5. In the dimensionless distance of 0.9 to 1.7, the drag 
coefficient experiences vast fluctuations. 
6. As the distance from the trailer increases, the value 
of the drag coefficient rises to a maximum peak and 
then dropsseverely to a minimum and then rises again. 
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8 NOMENCLATURE 

b: Width of model 
Cd: Drag coefficient 
h: Model height  
L: Trailer length 
l: Car length 
Pt: Total pressure 
Ps: Static pressure 
q:  Dynamic pressure 
 ത: Mean dynamic pressureݍ
Re: Reynolds number 
Tu: Turbulent intensity level 
U: Free stream velocity 
u,v,w: Velocity component 
,ᇱݑ ,ᇱݒ  Ԣ: Turbulent velocity componentݓ
x: Distance from car model 
X: Distance from trailer model 
ρ:  Density 
x*: Non-dimensional parameter 
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