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Abstract: In this study, changes in velocity, turbulence intensity and drag
coefficient in the wake of a notch-back car modelling steady and unsteady flow is
measured and evaluated. The blow open circuit wind tunnel is used to simulate
fluid flow. Turbulence intensity and nominal maximum speed of the device is
measured to be 0.01% and 30m/s, respectively. The speed has been continuously
increased by an inverter causing changes in rotational speed of the electromotor. In
the near location to the model, the results showed three different regimes in the
velocity profile of the model’s wake. With increasing distance from the model and
with increasing the speed, three regimes in the wake are close to each other. Drag
coefficient for several velocities is measured, where the result shows that
decreasing in drag coefficient is proportional with increasing velocity. In addition,
the changing trends of higher order velocity of parameters like flatness and
skewedness are depicted.
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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 models fluctuation. For this
purpose, the present investigation deals with
experimental study of the characteristics of the wake
and drag coefficient changes of a car model in unsteady
flow. In experimental methods using wind tunnel, a
model, experiment facilities and measurement device
are needed; 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., built a
simple car model and measured its rear window
orientation in several iterations [2].

Some researchers like Gilli and Chometon or Hanaoka
and Kiyohira simulated the above mentioned model
numerically [3], [4]. Since the results published by
Ahmed are limited, comparable criterion for numerical
results were limited to drag coefficient. Gillieron and
Spohn and Lienhart and Stoocks simulated these
models in detail and obtained experimental results
including velocity vectors and Reynolds numbers by
means of LDA (Laser Doppler Anemometer) [5], [6].
Khalighi et al., obtained velocity profiles and turbulent
intensity profiles for a car model experimentally [7].
Javaresh kian et al., studied the influence of some
parameters on the drag coefficient [8]. Shayesteh tried
to study a car model numerically, where Javareshkian
et al., studied the same car model experimentally and
numerically [9], [10]. Likewise Watkins and Vino
studied variation of drag and lift coefficients for
Ahmed’s models in tandem arrangement [11].

Because most studies have been performed in steady
flows, hence in this research flow characteristics in the
wake of a car model in an unsteady flow (vehicle with
constant acceleration) are measured and investigated.
Furthermore, drag coefficient changes in an unsteady
flow are investigated for the first time. The wind tunnel
implemented is manufactured by Fara-Sanjesh-Saba
Company, which measures fluctuations up to 30 KHz
and the accuracy of probe traverse is about 0.1mm.
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2 EXPERIMENTAL SETUP AND MESAUREMENT
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 (Imm?) and one honey comb, to make the
uniform airflow.
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Fig.1  Schematic view of the wind tunnel

The maximum wind tunnel speed is approximately 30
m/s, with 1800 mm length and 0.4x0.4m’ test area
cross-section. The free fluid turbulence intensity is less
than 0.1%. The hotwire used in this study was CTA
type, which was manufactured by Fara-Sanjesh-Saba
Ltd. Schematic view of the wind tunnel is presented in
Fig. 1.
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Fig.2  Schematic view of the experimental apparatus

Input flow in these experiments first was increased
from zero to 20 m/s in 20 seconds, and then
experiments are performed in several steady velocities
(5,75, 10, 12,5, 15, 17.5, and 20 m/s). To increase the
input flow velocity, an inverter is used. Inverter is a
device that uniformly increases the fan speed of wind
tunnel with respect to the set time, therefore increases
the speed of the input flow. Experimental model was a
simplification of Peugeot 405 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 less than 0.1, if the
flow influence near the test section walls and on the
model surfaces is to be neglected [10], [11].
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With respect to the present experimental conditions, for
each model, 0.042 ratio and for the two models a ratio
of 0.084 is chosen in this research, where the scale
factor of the model decided to be 1/75. Subsequently,
the data acquisition took place at distances of
X/L=0.01, 0.5, 1, and 2, behind the model at the heights
of Y=-25, -20, -19, -18...0, 1, 2...20, and 25mm (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 it was
observed that the velocity profile is uniform as shown
in Fig. 3.
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Fig. 3  Average speed fluctuation in the wind tunnel for
speeds of 10 and 20 m/s

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 (U) 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. As it is observed in Fig. 5, a relatively good
conformity exists between the present results and the
results claimed by Saha et al., and also by Shadaram et
al., where both have achieved the same Reynolds
number [12], [13].
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Fig.5  Profile of mean velocity for a square cylinder in
two different sections

4 WAKES-SURVEY EQUATIONS
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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 turbulence intensity
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.

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

= _ 2
_pf PsamPsw | (Y o T (Y i (Y
Cdfj( o jd(ljﬂfuw[l ijd(lj Zjuid(l) (1)

Including Pressure term:
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Momentum term:
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Reynolds tension:

20|

However, based on the analysis of Goldstein [17]:

Ps.a = Ps,w +q_’ ’ )
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Substituting equation (3) into equation (1):
cu=af [l B3)- 3 ()
If: W=V =W then
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In which:

q' = 1 U7 +V2 +w?

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

Figure 6 shows the free stream velocity at different
time intervals 10 & 20 seconds that have been changed
from Om/s to 20m/s. In the first study, the velocity and
turbulence intensity changes for different height and
longitudinal positions, in the wake of model, with time
and speed rise of the vehicle is referred, where the
instantaneous velocity is shown in the twentieth second
for three long positions in the wake. In the second
phase of the study, the input flow rate of 20m/s was
fixed High Order values of Velocity (skewness and
kurtosis) and their maximum values in the wake were
measured and evaluated.

Since, the frequency at the maximum amplitude is
related to Von-Karman vortex frequency, hence its
values for different longitudinal positions in the wake
are shown. In addition, by displaying the mean velocity
profiles for different inlet flow velocity drag
coefficient, and how to change it at different speeds
were investigated. Figures 8 to 10 show the velocity
variations in the wake of model in the timeframe 0 to
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20 seconds, and for wake different situations. Velocity
in the wake, at y=3mm to y=9mm is very softly and its
maximum for these positions is about 8m/s. In these
positions a negligible deceleration in the interval 6 to 9
seconds can be seen. However, this deceleration is
much more intuitive position, y=1lmm and in the
positions y= 13mm or more, this decrease is not
observed, and the increasing speed process continues
uniformly. At the position of x/L=0.01, following the
fifth second, three different regimes can be distinctly
observed.
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Fig. 6 Freestream unsteady velocity at different time

In the first regime, which corresponds to the measured
position, y=3 mm and y=9mm, Gradient increase in
speed with time is negligible. In the second regime,
which corresponds to the positions y=1mm, and 11mm,
the velocity increasing gradient is slightly increased.
And ultimately speed at the end of time interval is
nearly 15m/s. In the third regime, for positions: y=13,
15, 17, and 19mm, the gradient of velocity increasing is
more, specifically for the positions y=17, and 19mm
similar gradient of increasing of free flow velocity that
is outside of the wake region model. With take distance
from the model and in the position x/d=0.5, the three
regimes are close to each other and gradient increase
speed is increased at lower position.

Table 1 Magnitude of Velocity Fluctuation for steady and
unsteady flow in different position at (19.9-20s)

, m
u avg(?)
Steady flow Unsteady flow
y=9m y=19m y=9mm y=19mm
m m
XIL =

001 0.01 0.015 5.25 1265
XIL=05 001 0124 9.84 112
XIL=1 003 0.041 10.0 10.05
X/L=2 0.17 0.144 9.94 9.52
XIL=4 " 0903 0194 10.1 10.82
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Of course in the timeframe of less than 7 seconds, there
is no difference in the velocity of the model wake. And
with increasing time and free stream velocity, the
velocity in the wake of model and in different height
positions, increases with different gradients. It is
necessary to explain that at X/L=0.5 positions, velocity
increasing gradient is equal at different height
positions. But at any moment, velocity at the higher
position is different with other positions where this
difference is due to the drop in velocity ranged from 7
to 10 seconds for the lower position. But in the location
X/L=0.01, the velocity increasing gradient in various
height positions is different.
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Fig. 7 Schematic view of the control volume
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Fig. 8 Velocity change in the wake of model in the
timeframe 0 to 20 seconds (X/L=0.01)
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Fig. 9 Velocity change in the wake of model at 0 to 20
seconds (X/L=0.5)
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Fig. 10 Velocity change in the wake of model at 0 to 20
seconds (X/L=1)
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Fig. 11 Change of turbulence intensity in the wake of
model at 0 to 20 seconds (X/L=0.01)
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Fig. 12 Change of turbulence intensity in the wake of
model at 0 to 20 seconds (X/L=0.5)
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Fig. 13 Change of turbulence intensity in the wake of
model at 0 to 20 seconds (X/L=1)

According to the result that is visible, turbulence
intensity level of wake has a downward trend in the
first 10 seconds and this trend is true for different
longitudinal positions. In the 10th second, the
turbulence intensity has anascending trend. The
velocity changes trend in the wake of car at different
height position and for three length positions is plotted.
With increasing altitude the increasing trend of velocity
is more than farther longitudinal position. In the lower
height the change trend of velocity increased first and
then decreased to reach a value of maxim and again
increases.
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—&—steady (u=20m/s=constant)
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Fig. 14 Velocity Fluctuation for steady and unsteady flow
in position (X/L=0.01, y=9mm) at (19.9-20s)
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As can be seen from figures 14 to 16, fluctuation
velocity for steady and unsteady flow is not equal at
the 20th second. Average velocity in the interval
(19.9-20s) has been obtained for both flows. The
results in Table 1 indicated the amount of unsteady
velocity during the periods.
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Fig. 15 Velocity fluctuation for steady and unsteady flow
in position (X/L=0.5, y=9mm) at (19.9-20s)
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Fig. 16 Velocity fluctuation for steady and unsteady flow in
position (X/L=1, y=9mm) at (19.9-20s)

The instantaneous jumping value can be identified by
calculating the value of skewness. In Figures 17-18 it is
observed that most of the values of skewness are
against zero and have positive and negative values
which are indicative of an anisotropic turbulent field in
the wake. It is observed in Figure 17 that in the most
positions of the wake, in lower height of the wake, the
values of skewness are often negative which is
indicative of this fact that the instantaneous velocity is
lower than average velocity and has maximum jumps.
But in the upper heights, the values of skewness are
positive and the instantaneous velocity is higher than
the average velocity and has fewer minimum jumps
compared to it. In the lower and upper heights, the
wake peaks of maximum skewness are present and in
these parts the extent of mixture is higher and
differences in the values of instantaneous velocity with

the average velocity are more than the other parts in the
wake.
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Fig. 17 Process of change in skewness in the wake of car
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Fig. 18 Process of change in skewness in the wake of car
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Fig. 19 Process of changes in flatness coefficient in the
wake of the car
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Fig. 20 Process of changes in flatness coefficient in the
wake of the car

In the middle parts of the wake it is observed that the
values of skewness have gradually developed from
negative to positive and in the three secondary
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positions are rather similar and equal to each other. In
Figure 18, we can see that in lower height the values of
skewness are positive, but in the middle and upper
heights of the behind wake the values of skewness have
become negative. In fact, in this range, the values of
instantaneous velocity are higher than the average
velocity and have fewer minimum peaks than the
average velocity. Gradually by distancing from the data
gathering position from the car (Figure 6), it is
observed that, the values of skewness in the wake are
positive. Another worth mentioning point is that with
an increase in the wake of the car, the skewness has a
downward condition.

Figures 19 to 20 show the process of changes in the
kurtosis (flatness coefficient) or the fourth central
moment. In Figure 19, for x/1=0.01 and x/1=0.25 most
of the values of kurtosis are positive and the probable
density distribution curve is more stretched than the
Gaussian density distribution. The instantaneous
velocity also in most of the cases distances more from
the medium velocity and the jumping and turbulences
of the instantaneous velocity of the flow increase. The
stretch of the probable distribution density curve for the
x/1=0.01 states in the lower height of the trail is more
tangible where the maximum peaks of kurtosis are
observed. The distances of data gathering positions
from the car indicates that the values of kurtosis
become equal to zero which is indicative of the equality
the probable density distribution curve with the normal
distribution of Gaussian density. As the distances of
most data gathering states from the car increases, it is
observed that the probable density distribution curve is
still equal to the normal distribution of Gaussian
density.
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Fig. 21 Maximum skewness and kurtosis in the wake of
model

Figure 21 shows the maximum skewness and kurtosis
for different positions in the back of the car and input
velocity of 20m/s. It is clear that with increasing



Int J Advanced Design and Manufacturing Technology, Vol. 8/ No. 1/ March - 2015 63

distance from the model the amount of wake
differences reduced and at a far distance the maximum
remains constant.
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Fig. 22 Velocity profile in the wake of car for different inlet
velocity

o X/I2001 4 x/1=0.25

<« A et b ]

Freqg. at Max. ampl
*

0 20 40 60 80 100

Fig. 23 Velocity profile in the wake of car for different inlet
velocity

Figure 22 shows the velocity profiles in the wake of the
car model at different inlet velocity. It is seen that in
the lower speed, velocity in the wake of the car initially
is lower and then increased. At the movement initiation
due to the low flows peed, Creep-flow occurs and so

the flow in the wake is greater so that with more
increasing velocity, the wake of models is forming.
With further increasing of vehicle speed, the wake area
gradually is reduced and the velocity variations in the
sequence are also lessened. Since Karman vortices have
highest amplitude, the frequency related to highest
amplitude is Karman vortices frequency. Figures 23-26
show the frequency of maximum amplitude at the near
model these vortices are formed at lower altitudes and
with increasing distance from the model these vortices
are formed at higher altitudes.
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Fig. 24 Velocity profile in the wake of car for different inlet
velocities
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Fig. 25 Velocity profile in the wake of car for different inlet
velocities

0 o

* x/1=1.75 = x/1=2

B Ofuiutm

0 Biextth ; W et 0o
0 20 40 60 80 100
Y

Fig. 26 Velocity profile in the wake of car for different inlet
velocities
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Figure 27 shows the change in momentum and
Reynolds stress components of drag coefficient and
variation of total drag coefficient. For different velocity
and with increasing it, the variation trend of momentum
term decreased first and then increased. Figure 27
shows that with increasing car speed, velocity in the
wake of the car is increasing and this makes that the
momentum of control volume (Figure 7) increases and
and the momentum term drag coefficient decreases.
Gradually, with increasing vehicle speed drag
coefficient is fixed. The maximum value of the
momentum term of drag coefficient occurs when the
vehicle speed is approximately 5m/sec and then has
decreasing trend. At the speed range about 10m/sec to
17.5m/sec the momentum term of drag coefficient is
nearly constant. Figure 32 also shows the variation
trend of Reynolds stress term of drag coefficient. The
Reynolds stress term first decreases and then increases
and again decreases.

—o—cdm —@—cdr cd total

0.6
0.5
0.4
0.3
0.2 ﬁ‘l\ 4
0.1
0 K./.\._—I-—-
10v(m/s)1‘5 20 25

Fig. 27 Change trend of drag coefficient and its component
with respect to the increasing vehicle speed
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Fig. 28 Variation of vehicle drag coefficients trend
compared to previous studies

Turbulence is very high at the beginning of motion, and
therefore high levels of Reynolds stresses and
increasing shear stress caused a sharp increase in the
drag coefficient. The Reynolds stress term of drag
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coefficient at the beginning of motion, is very large and
therefore, not to be visible. Therefore, the values of this
term are not shown at lower speed. Reynolds stresses in
turbulent flow is much larger than laminar flow.
Therefore, the values of Reynolds stress term of the
drag coefficient are significant in the present work.
When the car is moving at a speed of about 10 m/sec
the value of this component of the drag coefficient is
approximately zero and with further increasing vehicle
speed the value of this quantity increases.

Finally, it can be seen that the total drag coefficient at
the lower speed is large. It could be due to lack of
initial inertia and gradually decreased with increasing
vehicle speed. At speed of about 10m/sec the total drag
coefficient has its minimum value and with further
increasing of vehicle speed at about 20m/sec the drag
coefficient reaches at a constant value of about 0.2. It
should be noted that the changing trend of drag
coefficient in the present work are reasonably
consistent with previous work that has been done on a
trailer model by ref. [23].

6 CONCLUSION

The main results obtained in this study are as follows:

1- Away from the model the velocity and velocity
variation are closer to the free flow that may be
due to the loss of vortices.

2- At distances close to the model there are three
regimes of different flows.

3- At distance near to the model, most of the values
of skewness are against zero and have positive and
negative values which are indicative of an
anisotropic turbulent field in the wake.

4- At low speed of the moving vehicle the velocity in
the wake of the model decreases and then increases
with the speed rise.

5- The variation trend of momentum term decreased
first and then fixed and again increased.

6- the Reynolds stress term first decreases and then
increases

7- The total drag coefficient gradually decreased with
increasing vehicle speed and at about 10m/sec has
its minimum value and with increasing the vehicle
speed at about 20m/sec the drag coefficient
increased and reached a constant value of about
0.2.

8 APPENDIX OR NOMENCLATURE

b: Width of model
Cu: Drag coefficient
h: Model height
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L:
Pt
Ps:

g

q:
Re:
Tu:
U:
u,v,w:

u',v,w':

Car length

Total pressure

Static pressure

Dynamic pressure

Mean dynamic pressure
Reynolds number
Turbulent intensity level
Free stream velocity
Velocity component

Turbulent velocity component

Distance from car model
Density
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