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Abstract: Actual trend in transport is the decreasing of the energy consumption and GHG production. One way how to decrease these two attributes is the reduction of
aerodynamic drag using additional aerodynamic devices on semi-trailers. The paper presents the results of their influence measured by using two different methods. The
results were obtained by performing coastdown tests and they were compared with outputs obtained by the measurements in the wind tunnel. The driving test consists of
the coastdown test on flat straight track protected from the wind impact. The current velocity was measured by the GPS sensor. The vehicle deceleration was used for the
acting driving resistances counting - one of them is the air drag - drag coefficient. The results were compared with drag coefficient values examined in a wind tunnel test on

a scaled truck model done by authors.
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1 INTRODUCTION

Over the last years great attention has been paid to the
assessment of climate change and extreme weather events'
impacts on the society, on several economic sectors and on
transportation networks in particular. It is broadly
acknowledged that transport constitutes a special field of
the overall economic activity. Road freight transport has
negative environmental impacts such as energy
consumption, carbon dioxide (CO) and other emissions
pollution [1, 2]. The sustainability of the transport system
is increasingly becoming a top-priority objective of public
administrations at all levels. At strategic levels, these
policy objectives are mainly driven by international
commitments to reducing greenhouse gas (GHG)
emissions [3-5].

Energy intensity and GHG production can be
decreased by reduction of vehicle driving resistances - like
rolling, slope, acceleration and drag. Drag is the highest
resistance force during high velocity movement on
highways. Drag depends not only on the front vehicle parts
but also the rear parts - mainly edges - influence the drag
value [6-9]. The development of new technical solutions
for road vehicles (rear acrodynamic devices) brought the
results of aerodynamic drag reduction and this fact
influences the energy consumption and GHG emissions
[10-12].

The legislation conditions in the EU were changed for
the better utilisation of rear aerodynamic devices on road
vehicles where the vehicle length can be oversized about
0,5 m in the case of using this equipment. The highest
efficiency of the drag reduction reaches the devices with
the length of the 2/3 of the vehicle width [13].

Additional aerodynamic rear devices are suitable
examples to make road freight transport friendlier to the
environment.

Vehicle movement is very variable during the
operation. It is dependent on the haulage and operation
conditions like actual and average vehicle speed, average
slope of the track, atmospheric conditions, actual vehicle
mass and driving technique of the driver. The influence of
the aerodynamic devices is changed according to the actual
mixture of the vehicle driving resistances.

The most often used methods of measurements are
aerodynamic tunnel measurement and coastdown tests.
These two methods are suitable to determine vehicle air
drag [12, 19].

Many authors tried to declare devices real influence on
the vehicle fuel consumption but it is not possible to make
some universal conclusion [12, 13]. These types of
measurements are suitable for setting the air drag values
but not the fuel consumption.

The best way with the most valuable results is to
specify their possible influence for each type of operation
(vehicle - track - mass - driver - weather) by evaluating
long-term measurements in real operation [14].

2 METHODOLOGY

Results of the coastdown tests is the coastdown
characteristic of a vehicle - the curve of actual vehicle
deceleration. Based on this, it is possible to assess the
mechanical condition of the vehicle, chassis settings,
influence of used tires, and aerodynamic properties of the
vehicle body.

The coastdown test is a test in which a vehicle’s
running by inertia is slowed down due to the effect of
driving resistance from the moment of shifting the neutral
position of the transmission device until the moment of
reaching the test speed. The test is carried out on the test
track.

In spite of the fact that the measurement and evaluation
is conducted consistently, the data obtained from a
coastdown test contains errors. Therefore, it is necessary to
carry out the test repeatedly [13, 14].

When calculating the driving resistance based on the
ascertained course of deceleration, it is necessary to
increase gross vehicle weight by the proportion of rotating
masses (such as tires, discs, brake drums, rotating parts of
the transmission) to vehicle inertia [15, 16].

When applying physical relationships describing the
resistances acting on a vehicle while driving without gear
engaged, we can express specific resistances by Eq. (1).

0=0,+0x +0y —0, 0, )]
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where or is specific rolling resistance, ox is specific
resistance of vehicle powertrain, oy is specific air
resistance, o, is specific acceleration resistance and oy is
specific gradient resistance. All specific resistances of
vehicle are dimensionless values.

2.1 Measurement Description

Standard STN 30 0554 is valid in the Slovak Republic
and it regulates requirements for testing road vehicles in
coastdown tests.

The standard applies for determination of the
coastdown characteristic of a vehicle and thus related
driving resistances. The standard applies to passenger cars,
freight vehicles, buses, and combination vehicles.

The standard regulates the conditions relating to the
vehicle, the test track, weather conditions, and evaluation
of results.

Coastdown tests were carried out to ascertain the
aerodynamic drag. The tests were conducted based on the
principles of existing standards regulating this type of test
and adjusted for appropriate use and achievement of
explanatory power of results.

2.1.1 Vehicle

The truck with semi-trailer (Fig. 1) was used as a test
vehicle. The chosen tested tractor unit was MAN TGX
18.440, EURO 6, XLX cab, with a MEGA semi-trailer
(low - profile tires). Dimensions of tractor tires were
315/60 R22.5 at the front axle and 295/60 R22.5 at the rear
axle.

Figure 1 Photography of truck with semi-trailer used in the experiments

A three-axle flatbed curtainside semi-trailer Kogel
SNCO with the dimensions of the MEGA version (internal
loading height of 3 m) and 445/45 R19.5 tires was used as
the test semi-trailer.

The combination vehicle (its loading space) was empty
during the measurement and the driver and assistants (two
persons) working with measuring equipment were in the
vehicle cab. The combination vehicle was weighed before
the measurement and its weight was 15 100 kilograms.

The vehicle was equipped by rear aerodynamic device
- rear deflector. This equipment is mounted on the rear
semi-trailer door and it can be switched between two states
- using and hide (Fig. 5).

2.1.2 Road Section Used for the Coastdown Tests

Coastdown tests were carried out on the section of first
class road No. I/61 in the district of Nové Mesto nad
Vahom (NM), Western Slovakia. This section is located
about 1 km north from the end of the urban area of NM in
the direction to Trencin city (TN). The section 1km long
was chosen in relation to its location and geometrical
parameters. The chosen section of the road is entirely
straight and thus the driver did not have to intervene into
the driving and thereby change the direction during the test.
The roadway is almost horizontal and its longitudinal slope
is 0,155% (the direction to TN). This data was obtained by
measuring the height of the roadway by using a levelling
instrument. One of the main reasons to choose this section
as a test track was the criterion of preventing the influence
of wind on the vehicle. The test track is well sheltered from
the wind because the track is wind-protected from the north
side thanks to the row of trees behind which there is also
situated the foothill of "Tureckyvrch". From the right side,
the track is sheltered by the row of trees as well as by the
embankment of the Vah Channel (Fig. 2). These facts
enable us to protect the test track against the wind from all
directions except the northeast and the southwest.
However, the northeast and the southwest wind did not
blow during the measurement and thus there were almost
windless conditions. These facts were detected by using the
anemometer.

Figure 2 Test track for coastddwn tests
2.1.3 Equipment Used for Measurement

Several measuring tools were used for the
measurement (Fig. 3).

Figure 3 Measuring equipment (1. contact thermometer, 2. GPS sensor, 3.
weather station with sensors measuring temperature, humidity and pressure, 4.
anemometer with a wind direction sensor)
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To ascertain the air density or its changes during the
measurement it is necessary to monitor the air temperature
and atmospheric pressure. The weather station "Weather
Capture" can be used for this purpose. Thanks to its
external sensors, this device monitors also other variables
such as air humidity, the wind strength and direction,
rainfall, etc.

To determine the temperature of the vehicle's tires we
used a contact thermometer operating on the principle of
electrical resistance of a size dependent on the temperature.

The most important parameters of the coastdown test
such as instantaneous vehicle speed, time and distance
travelled were monitored by using the device operating on
the principle of GPS technology - multifunction device.

GPS camera is a driver recording system which uses
GPS, GPS/GPRS system and a 3D sensor of acceleration.
It is used to record position and instantaneous velocity.
This device is powered by a 12-24 V battery. It is necessary
to insert a SD memory card for recording data.

2.1.4 Procedure

To obtain results with sufficient explanatory power it
is necessary to ensure the most accurate input data of
physical variables. For this purpose, measurements were
taken of the slope of the test track, weather conditions as
well as weighing of the vehicle, wheels and other parts of
the powertrain of the vehicle.

Before coastdown tests focusing on determination of
the coefficient of drag C, it was necessary to carry out
coastdown tests to determine the rolling resistance of
wheels and mechanical resistances of the wvehicle
powertrain. The principle of both types of tests was the
same and it represents the measurement of the
instantaneous speed of the vehicle during its deceleration
from the initial measurement speed down to the specified
speed due to driving resistances acting on the vehicle while
driving without gear engaged.

The driving resistances acting on the vehicle are
expressed in Eq. (1). The rolling resistance, mechanical
resistance and drag always act against the vehicle
movement whereas the resistance of inertia (the kinetic
energy acquired during the vehicle acceleration due to
vehicle mass and velocity) acts against deceleration. The
gradient resistance may act in the direction of the vehicle
movement as well as against the vehicle movement
(driving downhill or uphill) [8, 14, 17, 18].

To simplify calculations, we consider only so-called
mechanical resistance which includes rolling resistances of
tires together with losses in the vehicle powertrain. This
means that variables oyand oy in Eq. (1) are replaced with
oum. Subsequently, we replace —o, with o, (resistance of
deceleration) or b = —a (Eq. (2)). Then, the coefficient of
drag (Eq. (3)) may be derived from Eq. (2) in the following
steps:

0=0,, +o0, +0, to,
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where b is vehicle deceleration, m/s?; g is acceleration of
gravity, m/s?; J is coefficient of inertia of rotating masses;
fu is coefficient of mechanical resistances; fiy is
coefficient of mechanical resistances taking into account
vehicle velocity; V is vehicle velocity, km/h; v is vehicle
velocity, m/s; m is vehicle mass, kg; py is specific air
density, kg/m?; S is vehicle frontal area, m? and s is slope
of the roadway, %.

During the measurement, air temperature was stable at
13 °C and atmospheric pressure was 1015,3 hPa resulting
in air density at the level of 1,238 kg/m>. Measurement of
wind, its strength and direction, was carried out with each
repetition of the measurement. There was almost windless
weather only with light and short-term breeze (lasting
several seconds) with the speed of 1 m/s during the
measurement.

Tire temperature was measured to ensure the same
temperature in all repeated measurements. Stability of this
temperature was ensured by warming up the vehicle before
the test and then by vehicle constant movement during that
test. The temperature of the tires measured at several points
of their circuit was around 27 °C.

Vehicle frontal area was ascertained by measurement
of the vehicle dimensions in the front cross-section. The
measured value represented 10,3 m? after taking into
account the empty areas such as blank space between the
wing-mirrors, gaps between wheels and the underside of
the bumper.

The mass coefficient (effect of inertia of rotating parts)
was determined by weighing the individual wheels and the
transmission components (half-shafts, differential gear,
brake disc, wheel hub, bearings, and cardan shaft). The
weight of components which could not be weighed was
determined based on the data from catalogues of the
suppliers of spare parts. The value of this coefficient
represents 1,0615 in case of the gear disengaged [19, 20].

Coastdown tests for determination of the actual
coefficient of mechanical resistances had to be made before
carrying out coastdown tests focusing on determination of
the drag coefficient C;. Mechanical resistances include
rolling resistance and the losses in the vehicle powertrain.
Rolling resistance of wheels does not depend only on tire
deformation but also on the surface roughness and
therefore the rolling resistance is different in relation to
different surfaces. To determine the exact mechanical
resistances of the vehicle, a series of coastdown tests at low
speed was carried out on the test track. After the vehicle
reached the initial measurement speed of 15 km/h, the
driver disengaged the gear and the vehicle gradually
slowed down till it stopped. At such low speed, the
influence of drag could be neglected. After taking into
account all remaining input data and the measured
deceleration, we determined the resultant mechanical
resistance of the tested vehicle on the test track [9, 21, 22].
Four tests in each direction and thus eight measurements in
total were carried out. The resultant values of mechanical
resistance were determined as an arithmetic average
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separately for each direction and we also determined the
total coefficient for both directions at the level of 0,006.

Instantaneous speed was monitored by using TX300
Camera with the frequency of 1 Hz. In terms of a velocity
change per time unit (1 s), vehicle deceleration was
computed at every second of the measurement. Due to non-
uniformity of the measurement through GPS signal, it was
necessary to slightly correct the values of deceleration (Fig.
4).

3 RESULTS

The exponential function was used to eliminate
inaccuracies in the measurement of instantaneous speed. It
represents a trend line of data series of vehicle speed. Such
slight corrections of the course of vehicle speed in the
observed road section were used for each measurement
repetition. Reliability of R? function ranged from 0,92 to
0,99. Based on the adjusted speed, the instantaneous
deceleration of the vehicle was calculated [13, 10, 11].

The Instantaneous Speed of the Vehicle During Coastdown
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Figure 4 Course of the instantaneous speed of the vehicle during coastdown

To determine the values of drag coefficient it was
necessary to carry out coastdown tests at high speed.
Obviously, air resistance has the greatest impact among
other resistances in the case of high speed, especially over
80 km/h. Therefore, the initial measurement speed during
the coastdown test was as high as possible (maximum
vehicle speed was limited by a limiter at the level of 90
km/h) and the end speed, at which the measurement was
carried out, was approximately 70 km/h. Thus, the highest
accuracy of measuring the impact of coefficient C, could
be achieved and the level of drag for vehicle deceleration
was determined [23-26]. The principle of coastdown was
the same as in case of the test of mechanical resistances.
The driver disengaged the gear and the vehicle gradually
slowed down. Compared to the previous type of the test,
the vehicle deceleration was measured in the interval of
speed 90-70 km/h and not till complete stop of the vehicle.
Four coastdown tests in each direction and thus eight
measurements in total were carried out [27-29]. The
resultant values of resistances were determined as an
arithmetical average separately for each direction and we
also determined the total coefficient for both directions.
The results are compared for the measurement with and
without the tail deflector (Fig. 5). The results are shown in
Tab. 1.

Based on the measured values (Tab. 1), we can observe
a decrease of drag coefficient C,; from 0,557 to 0,536 when
using a tail deflector. If we want to express this in DC
units, as the results of measurements in anaerodynamic

tunnel (Tab. 2), this represents the reduction by 7 DC. DC
units (Drag counts - units of air resistance) represent
thousands of times the difference of the coefficients C, for
reference vehicle and vehicle with devices. This is a
simplified labelling of drag coefficients difference [12, 30-
32]. However, the value of a drag coefficient is rounded to
two decimal places in common practise as well as
according to the STN standard for coastdown tests.
Therefore, there is also the last right column of Tab. 1
containing those values and there is a decrease from 0,56
to 0,54.

Table 1 Values of drag coefficient Csmeasured by coastdown test

Ca
State Direction One Both
L L Results
direction | directions
TN 0,537
Without aero NM 0,580 0,559
. 0,557 | 0,56
- devices N 0,538 0.556
NM 0,574 ’
N 0,527
With aero - NM 0,556 0,540
. 0,536 | 0,54
devices N 0,506 0.530
NM 0,554 ’

*(TN - northeast direction to Trenéin city, NM - southwest direction to
Nové Mesto nad Vahom city)

s servi
(0 T
D Ns\D VAHC

Figure 5 Aerodynamic devices - tail deflector
4 DISCUSSION

We compare the results obtained by coastdown tests
with those obtained by the measurements in
an aerodynamic tunnel [12]. The measurements in the
tunnel were carried out with a vehicle model (scale 1/24)
for two aerodynamic elements: tail deflector, sealed wheels
and their combination (Fig. 6).

vehicle model

measuring tape

Figure 6 Measuring apparatus (aerodynaic tunnel

12
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The tests were carried out for 0 and 5 degrees' yaw
angles relative to the aerodynamic tunnel centreline (Tab.
2, Fig. 7). Given the fact that we had available only the tail
deflector during the measurements carried out in the
selected road section, Tab. 3 compares the results only for
a reference model (without any aerodynamic device) and
the use of a tail deflector.

Table 2 Evaluation of the values measured in the tunnel [31]

Devi Cyyaw | Cyyaw Cf’ DC DC D.C
evice e 50 (weigh aw 0° | vaw 5° (weigh -
~ted) | y ted)
Reference | 563 | 0627 | 0,606 - - -
model
Sealed
0,521 0,606 0,578 —43 =21 -28
wheels
Tail 0,521 0,620 0,587 —43 7 -19
Combined | o 179 | 0570 | 0540 | -85 | -57 | -6
devices
bee) sealed wheels tail combination
0
-20
40 mDC yaw 0°
60 | EDC yaw 5°
-57
-80 - -66  RBDC
- (weighted)
-85
-100 -

Figure 7 Drag values in DC from the tunnel test [12]

Both measurements (in the aerodynamic tunnel and on
the selected road section) showed satisfactory results in
terms of the expected values of coefficients considered in
common practice and stated by manufacturers. Differences
between individual measurements were minimal. In the
case of the reference model (without acrodynamic device),
the coefficient measured in the tunnel was lower by 1,07%
compared to the coastdown test. When using a tail
deflector, the coefficient measured by the coastdown test
was higher by 2,88% compared to the measurement in the
tunnel.

Table 3 Comparison of coefficient Cq with the use of tail deflector

Aerodynamic
tunnel (vehicle Coastdowp test Difference
State (real vehicle)
model) [cil /%
[Cd] ‘

Reference model 0,563 0,557 -1,07
Tail deflector 0,521 0,536 2,88
Drag reduction in DC —42 21 -

The value of air drag coefficient for the reference
vehicle was approximately 0,56 (1,07% difference
between both methods). The usage of acrodynamic devices
caused the air drag coefficient reduction from 0,56 to 0,52
(tunnel test) and 0,54 (coastdown test).

The deviation between these resuls on the reference
vehicle is 1,07%. This low value can be caused by the small
shape differences between the scaled model and real
vehicle.

The measurement in the case of the vehicle with the
aerodynamic device (tail deflector) showed a deviation of
2,88%. This was caused mainly due to inaccuracy of the
additional elements on the vehicle model compared to

those on the real vehicle. The exact dimensions of the
actual tail deflectors were not known before a process of
making own wooden elements. The actual tail deflectors
were a little shorter than those on the vehicle model and
therefore the effect of directing the airflow was probably
smaller and thus the impact on reduction of C; was also
smaller. The difference in the construction of tail deflectors
is marked with the red circle in Fig. 8.

Figure 8 Constructional difference of tail deflectors (left: vehicle model, right:
real vehicle)

5 CONCLUSION

Both measurement methods validate utilisation of
aerodynamic rear devices as the suitable way of air drag
reduction. Vehicle fuel consumption depends on the value
of the vehicle resistances sum. The fuel consumption is
decreasing (even disproportional) with air drag reduction.
This fact is strongest in the case of high speed operation of
the vehicles, e.g. motorway driving. The average vehicle
velocity is increasing with increasing of kilometre number
of motorway net in whole Europe. This reality causes
increasing suitability of the devices usage.

The results of both types demonstrate the explanatory
power of results obtained by different methods. Carrying
out the measurement with a scale model of a vehicle in an
aerodynamic tunnel is a cheaper option and it is less time-
consuming especially at higher number of repetitions
However, this is not always the easiest method of
measuring. The measurements with a real vehicle are
closer to the real conditions, but the obtained results may
be influenced by ambient conditions such as weather
effects, the technical condition of vehicles and so on. The
results published in this paper demonstrate drag reduction
in the case of tested vehicles. The results also show the
possibility of further testing of additional aerodynamic
elements in terms of the issue of fuel consumption
reduction.
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