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Abstract: Vehicle-energetic-models are used to analyze the performances and when a comprehensive
structure is established even optimization could be done. For these kinds of models, the losses of the
vehicles have to be known. These losses could significantly effect of the vehicle fuel consumption. From
these losses the rolling resistance, drive elements and aerodynamic drag are discussed. This paper reviews
some of the literatures that describes the calculation methods and gives us some idea about the degree of
their value. Our further goals are to have an UpToDate loss coefficient dataset and calculation methods
for further vehicle-energetic-modelling.

Introduction

Approximately half of the mechanical energy generated by the engine of vehicles are devoted to losses
of the vehicle. These losses are aerodynamic drag, rolling resistance, losses of drive elements and
other collateral losses. Let us assume that if the tires were ideal and the vehicle would be driven in
vacuum, only half of the mechanical work would be needed. Additionally, the vehicle would consume
less fuel and could travel far longer. On Figure 1. [1] the major losses are distributed to minor sources,
by seeing the base and targeted magnitude of the energy losses it clear that the further examinations
of the reduction of the losses are crucial. [1,2]

Base = 400 kWn (6.6 mpg) - Target = 255 5 kiWh (10.3 mpg)

Total Energy Used per Hour
(65 mph, fully loaded, level road for one hour)

Engine Losses
Base = 240 kWh
Target = 143 KWh
Engine Efficiency
Base = 40%
Target = 44%

Aerodynamic Losses

Target = 63 kih

Rolling Resistance
Base = 51 kih
Target = 30.6 kWh —

Woedrooffe & Associates

Drivetrain Auxiliary Loads
Base = 9 kWh Base = 15 kWh
Targst = 6.3 KWh Targst = 7.5 kWh

Figure 1. Losses of a truck travelling at 65 mph [1]
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1. Rolling resistance

When the tire rolls on the road, as a result of a phenomenon called rolling resistance, mechanical
energy dissipates into heat. In fact, the tire consumes some of the energy passed to the wheels, leaving
less energy for the vehicle to move forward. Rolling resistance could increase the vehicle's fuel

consumption.

The factors that influences the rolling resistance are: the structure; the material; pattern and size of
the tire, temperature and pressure of the air in the tire; speed and weight of the vehicle and the tire
slip. Several researches [3-5] are focused on determining the above factors. Figure 2. shows the
relation between the temperature the tire drag and journey travelled. Figure 3. shows the change in
rolling resistance depending on speed in the case of different structural designs (radial, diagonal, belt

diagonal).
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Figure 2. Change in tyre temperature and rolling drag during heating [6]
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Figure 3. Change in rolling resistance for tyres of different structural designs [6]

The material and thickness of the tire's sidewall and tread determine the tire stiffness and thus the
loss of energy that awakens. Figure 4. shows the rolling resistance of experimental tires with different

materials with tread and sidewalls.
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Figure 4. Rolling resistance of tires of different materials in function of temperature [7]

Several equations have been developed for estimating rolling resistance over the years. Studies on the
rolling loss (f;) characteristics of solid rubber tires led to an equation of the form [7]:

R, W |n, (1)
r=w=¢%" |w
where: R, = Rolling resistance force,
. W= Weight on the wheel,
. C = Constant reflecting loss and elastic characteristics of the tire material,
) D = Outside diameter,
. h.= Tire section height,
. w = Tire section width.

From this formulation, rolling resistance is seen to be load sensitive, increasing linearly with load.
Larger tires reduce rolling resistance, as do low aspect ratios (h:/w). Some confirmation of the general
trends from this equation appear in the literature from studies of the rolling resistance of conventional
passenger car tires of different sizes under the same load conditions. Other equations for the rolling
resistance coefficient for passenger car tires rolling on concrete surfaces have been developed. The
variables in these equations are usually inflation pressure, speed and load. The accuracy of a
calculation is naturally limited by the influence of factors that are neglected. At the most elementary
level, the rolling resistance coefficient may be estimated as a constant. The table 1. below lists some
typical values that might be used in that case. [7].

Surface
Vehicle Type Concrete Medium Hard Sand
Passenger cars  0.015 0.08 0.30
Heavy trucks 0.012 0.06 0.25
Tractors 0.02 0.04 0.20

Table 1. Example values for rolling resistances [7]
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2. Drive elements losses

Losses in vehicle propulsion are significantly less than losses from operation of engine aerodynamic
drag and rolling drag. In the case of the mentioned truck in the introduction [1], this is only 2%, but
many researchers [8-10] are still involved in detecting these losses.

Figure 1. represents the block scheme of the connection between the engine and the wheel where the
efficiencies and the losses are highlighted.
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Wheel
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Transmission

Engine .
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(Pe; T ng)

(Pus Tus NW)

Figure 5. Block scheme of the drive system [11]

On the figure 1. i is the transmission of the drive system and 1 is the efficiency of the engine. The i is
the ratio of the angular velocity of the engine (n.) and the wheel (n.) and the efficiency of the engine is
the ratio of the power at the wheel (P) and the engine (P.).

Polak et. al. [11] defines the following losses in the engine: tooth friction loss (Py); bearing loss (Py);
lubricant mixing losses (P1); air-stirring losses (Pas); friction losses of seals (Pg); loss due to rigid
deformation (P4) of components.

2.1. Tooth friction losses

Most of the losses of the gear drive generated by the tooth friction. Various [12] methods have been
implemented for its calculation. The tooth friction factor (¢,) has a major role in the determination of
the magnitude of this friction loss, which has a numerous of recommendations to determine. In
practice, usually and averaged tooth friction factor is known.

Calculation of the efficiency of the gear drive is the following equation 2, if the geometric size of the
gears is known (if part switch numbers (€) less than 1) [6]:
1_1
11=1—1t-uz-(1—£1+£§—£2+£§)-(—+—) (2)
Zy Iy
In equation 2. z; and z; the small and large gear number respectively (the + sign is external-external,
the - sign is valid for external-external gear connection)

According to Niemann [13] this can be expressed by the following:

_ 1.1 3
n=1-2.1-yu, <Z1+Zz)

in the equation it is assumed that, if sum of €; and ¢ is between 1.4 and 1.8. the difference will be less
than 10% from the measurement.
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2.2. Bearing friction losses

Many researchers [13-15] have been involved in determination of bearing friction losses, although
nowadays the manufacturers recommendations are applied [16]. Knowing that the value of bearing
losses is very small and difficult to measure, this loss is often disregarded in calculations.

2.3. Lubricant mixing losses

The rotation of the gears that are immersed in lubricant increases engine losses. The calculation of
these losses is difficult due to complex flow conditions. Despite this, many researchers have addressed
the issue. According to Niemann [9], the oil mixing loss can be approximately determined by the
following context:

— 3
P, =(2.72-10%) " - b-b,, - v2 (4)

Where: b is the width of the gear; bnis the depth of gear immersed in oil and the v is the kinematic
viscosity of the lubricant.

2.4. Losses caused by air-stirring

The loss from air swirling mainly occurs in high-speed engines. As a result of the rotation, the oil that
stuck to the gear is detached and creates an oil mist. This oil fog that lubricates the engine elements,
also causes performance losses. It is known that this loss is independent from the transferred toque
[17].

b dp*° (5)
Pos=2.82-107* (1+4.6 =) n® (7) - (281076 -1 + 0.019)°2
i

Where: d; is the gear splitter diameter; n, is the angular velocity and 7, is the dynamic viscosity.
2.5. Seal friction losses

Seals on the axles of engines cause torque loss during drive. These losses are independent of the
torque transferred. Their value depends primarily on the design of the seal (nominal diameter ds), the
characteristics of the surfaces in contact with the seal, the lubrication conditions and the temperature.
Its determination belongs to the field of tribology. In practice simple approximations are enough. An
example for its loss calculation is the following: [18]

Py =7.69-107%d, n, (6)

3. Aerodynamic resistance

Drag is the force that acting on a body that due to the flow around the body or the body that is moving.
The drag force (Fp) is proportional to the relative movement of the fluid. For vehicles the aerodynamic
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drag loss is caused by the movement of the vehicle in x direction. For automobile vehicles the
magnitude can be corrected with the acceleration (a) and the 6 road inclination. The corrected drag
force (Fp*) can be expressed:[19]

Fp'=m-a+m-g-sin6 + Fy (7)

Further corrections can be made if the wind the wind speed is known. Gusts with larger magnitude are
not that frequent that it requires to be taken in account. With the following expression (8) if the wind
speed is known at the direction of the movement of the vehicle the relative flow velocity (vx) can be
calculated [19].

Vx = Uxvehicle — Vxwind (8)

The drag could have different magnitude in various fluids, since this paper focuses on automobiles the
fluid is air, which density can be calculated dynamically if the ambient pressure and temperature is
known at the location of the examination.

P =DPa" (Rair ' T)_l (9)

However, the mentioned correction for steady state analysis often ignored due to the negligible
fluctuations of the ambient pressure and the temperature, the air density can be considered to be
constant also the wind speed can be 0 m s1. Knowing the velocity and the density of the fluid the
dynamic pressure can be calculated. Dividing the drag force with the dynamic pressure and a surface
area the drag coefficient can be achieved:

Cop=Fp-(A4;,-0.5p-v,2)" (10)

This A, surface is the area of the body projected on a normal to the flow direction frontal. When drag
coefficient is used the A area has to be clearly defined to make correct verification or validations. For
energetic point of view the drag loss is the important coefficient. The lift coefficient that is
perpendicular to the movement direction (x) does not have direct effect on the aerodynamic losses.
The lift coefficient can tell how much the flow pushes up or down the automobile relative to the
ground. When this is known the rolling drag can be calculated, which is a correction factor of the tire
deformation and the contact materials. [20]

The pressure coefficient is the ratio of the static pressure difference between the free flow and the
surface of the body divided by the dynamic pressure. The pressure drag or Pressure coefficient (Cp)
expresses the is the ratio of the static pressure difference and the dynamic pressure. The static
pressure difference is measured between the object and the freestream [21].

Cr= Pp—pa) (0.5-p-v,2) 7" (11)

3.1. Case studies

For drag coefficient calculation two method can be used with adequate precision, one is wind tunnel

measurement and the other is numerical simulations. The wind tunnel measurements usually require

large volume to examined the influence of the flow on the body. The construction of a model that can
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be placed in a wind tunnel is costly, however it is necessary to know a real life measured value. For
numerical simulations it is easier to build new vehicle geometries and test is before productions.
Although the precisions of these simulations should be always questionable and it should be validated.

It was shown it the work of Kim et. al. than on larger blunt shaped vehicles the drag could be
significantly reduced by fairings. The tractor trailer drag coefficient was reduced by 26.5% which lead
to 13.4 % fuel consumption reduction. The input data were gathered with a low speed wind tunnel
combined with particle image velocimetry method. [22]

With a “rear under-body slice” shape optimization Rakibul Hassan et. al. have managed to increase the
performance of a racing car. The Cp was reduced by 22%, idea was that the large low pressure zone
made pressure drag and with the shape modification this pressure zone was reduced. [23]

Li et. al. [24] shown that a car with an aerodynamic drag coefficient of 0.346 can be reduced by using
active grille shutter control mechanism. At high speed travel it could reduce drag of an automobile by
2.91% which could reduce the fuel consumption. The computational model was not discussed
thoroughly however, it was stated that the external part of the vehicle and the internal part of the
engine room.

Along the Cp the C, becomes more relevant when the platooning is examined. For passive aerodynamic
drag reduction platooning can be also utilized to save fuel. Platooning is when multiple vehicles are
following the lead vehicle. This phenomenon was examined with CFD by Jacuzzi et. al. [21] when two
NASCAR car turbulence was examined with numerical simulations. It was concluded the drag
reduction peaks when the following vehicle is between 0.5 and 1 body length from the lead.

4. Conclusion

The goal of the paper was to highlight the crucial points that could cause losses and to show how can
these estimated. Our further goals to have an UpToDate loss coefficients and calculation methods for
further vehicle-energetic-modelling.
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