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Tractor engines present significant possibilities of waste heat recovery due to their high power and their
operation cycles. The waste heat recovery system based on Rankine cycle seems to be the most effective way of
reducing the fuel consumption, respectively the emission of CO,. Experimental studies of the real working cycles of a
tractor engine reveal that such type of engines operate at high load close to the maximum most of the time when the
tractors run on the fields. The aim of the article is to evaluate the energy and exergy available at different location points
in the exhaust system of the tractor engine. A combination of 1D and 0D approaches is used to build the engine model
in the software AVL BOOST. The experimental results such as: fuel consumption, effective power, mass flow, wasted
energy in the cooling system, temperature in the exhaust system etc. have been used for calibration of the model. The
energy balance of the engine shows that more than 35% of the fuel energy is lost by exhaust gases on the most typical
operating points. Finally, the energetic and exergetic analysis at a certain point of the exhaust system is presented. The
results show good prospects for further research on the Rankine system mounted on the tractor engine studied here.

Keywords: waste heat recovery, tractor, engine, energy, exergy, engine modeling.

1. Introduction

Reducing the fuel consumption and emission
of CO, will be the major challenge for all types of
internal combustion engines in the years to come in the
future. For road vehicles the target level of CO, in
2020 will be lower by 41% in comparison with that for
the year 2006 for the European Union [1]. The
reduction of CO, emissions depend on the overall
engine efficiency. It is well known that the modern
engines have great thermodynamic and mechanical
efficiency which make future improvement very
difficult. All of the current techniques such as high
pressure direct injection, VVT, downsizing, variable
geometry turbine etc. will not be enough to meet the
future restrictions. More complicated systems for
improving the engine efficiency should be developed
over the next few years.

Despite of the high level of development of
the engine systems and control the maximum

efficiency of 40% is reached in certain operation
points. Most of the time engines run with efficiency of
15% to 35%. It means that more than 60% of the fuel
energy is lost [2]. The lost energy is in form of heat in
the cooling and the exhaust system. The literature
review [3] shows that highest potential of recuperation
is in the heat of the exhaust gases. In some engines the
exhaust gases heat is used for heating the cooling
system during the warm up period. It accelerates the
warming up of the engine and reduces the fuel
consumption. It does not have significant effect on fuel
consumption because of the warm up period is
relatively short. For further recuperation of waste
energy more complicated systems are known:

v Turbocompound;

v Recovery based on termodynamics
cycles (Rankine cycle, Stirling cycle,
et.);

v Termoelectric generators;



Turbocompound is currently used in truck
engines. The problem is the back pressure which
affects the gas exchange processes of the engine. It
seems the electrical turbocompound is more a
perspective way for recuperation but still there is the
problem in developing a high speed electrical machine
coupled to the shaft of the turbocompressor. Both the
thermoelectric generators and the Rankine cycle do not
produce back pressure. While the thermoelectric
generators need future development the recuperation
based on Rankine cycle seems to be the most
perspective way.

The Rankine cycle is well known in thermal
power stations. The principle of operation is presented
in Fig. 1. The heat is used to evaporate the working
fluid within the heat exchanger 2 (boiler). Before
entering the boiler the cold fluid is pressurized to the
working pressure by the pump. The vapor goes out
from the boiler and expands within the expander 3
(turbine). Then the fluid is condensed to liquid within
the condenser 4. The efficiency depends on the
differences in the temperatures of the hot and cold side
of the cycle as well as the efficiency of the elements.
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Fig.1. Principle of operation of Rankine cycle

Two sources of waste energy can be used for
heating the working fluid: the heat of the exhaust gases
and the heat of the cooling system. In engines with
water cooled exhaust gases recirculation system the
heat from the gases passing through the system could
be used too.

Many working fluids such as: water, alcohols,
n-pentane, toluene, refrigerator agent HFC-245fa, etc.
can be used. The choice of the working fluid depends
on the temperature of the heat source. The water is
suitable for high temperature heat sources while
organic fluids are used in case of lower heat source
temperature. A number of additional requirements to
the fluids must be taken into consideration in order to
make proper choice [3, 4].

The evaporator is a heat exchanger which is
mounted within the exhaust system of the engines.
Different type of exchangers can be used depending on
the way of the fluids flow in them. The most effective
ones are exchangers with counter flow in which the
exhaust gases and the working fluid go in opposite

directions. The heat exchanger must be strong enough
because of the high pressure of the fluid (up to 30bars)
and the higher temperature of the exhaust gases (up to
900K) [5]. The mounting position of the exchanger is
quite important. To increase the efficiency of the cycle
it is essential to mount it as close as possible to the
exhaust valves ports. In the other hand the exchanger
decreases the exhaust gases temperature which could
have a negative effect to the catalytic converters and
DPF efficiency. Due to the emission restrictions in
modern engines the exchanger must be placed down to
the aftertreatment system.

The expander converts the heat of the steam
into the mechanical power. In most application the
mechanical power then is converted to electrical by
generator. Two types of machines are used: turbines
and piston machines [6]. Turbines are most suitable for
high power engines due to their small size. Piston
machines are preferred in small engines application.
Their low shaft speed provides opportunities to use the
electrical machines directly mounted the shaft. The
piston machines have some disadvantages as higher
friction losses and inability to work for long time with
a fluid in which there is liquid. The above requirements
mean that at the end of expansion no liquid phase must
appear in the fluid.

Within the condenser the working fluid
changes its state from steam to liquid. For this process
intensive cooling is necessary. Often in automotive
engine application the conventional condenser from
air-conditioning automotive systems are used in
Rankine prototypes [7].

2.0Operation cycle of a tractor engine

A tractor engine has been chosen for further
development of waste heat recuperation system based
on Rankine cycle. Research of a Massey Ferguson
tractor (Fig. 2) shows that the tractor engine is suitable
for waste heat recuperation due to: long time operation
at high load, high fuel consumption and enough space
for mounting the components of Rankine system.

Fig.2 Tractor Massey Ferguson, tested by Irstea

Tractors have many applications but their
operation could be divided into two regimes:



transportation and work in the fields. The fuel
consumption and emissions of CO, are higher when
the tractor runs in the fields because a higher engine
power is needed and the time of operation is longer. In
the fields the tractor runs with constant speed from one
to other side of the field then it takes some time to turn
at the end of the field. This cycle is repeat many times.
Typical operation cycle is shown in Fig. 3.
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Fig.3. Typical operation cycle of a tractor working in field.

The constant speed of the tractor means that
the engine runs at constant speed and almost constant
load. The fuel consumption, engine power, engine
efficiency and the enthalpy of the exhaust gases are
constant. According to the experimental results the
constant quantity of waste energy is produced during
80% of the time when the tractor works in the fields. It
makes prediction the energy of the exhaust gases and
development of high efficient Rankine system quite
easy.

The values of the engine speed and load
depend on the type of operation. In Fig. 4 the
experimental results of engine speed distribution as a
function of time is presented.
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Fig.4. Engine speed distribution (during plowing).
3. The engine model description

A precise model of the studied engine was
necessary for an energetic and exergetic analysis. The
advanced engine simulation code AVL Boost has been
chosen because of its complexity in simulating the
working cycle by means of both 1D and 0D
approaches. The model provides opportunities for
analing the distribution of energy as well as the
available energy into certain points of the exhaust
system. The results of the model are based on the
calculation of the parameters into the cylinders taking
into consideration the specifics of the combustion
process (the rate of heat release or the rate of injection),

heat exchange with the cylinders walls, blow by and
the gas exchange processes. The gas exchange in both
intake and exhaust ports is modeled by means of quasi
stationary flow calculation. The mass flow rate through
the ports depends on the pressure differences in the
port and the cylinder and the effective cross section of
the valves.

The 1D model in the pipes of the intake and
exhaust system provides calculation of the pressure in
the valves ports taking into consideration the unsteady
flow. This approach is accuracy enough and reduces
the calculation time under a minute for a cycle
simulation.

The model of the friction losses exist in the
software by means of this model the friction power is
calculated. The losses depend on construction of the
engine, oil characteristics and available accessories
which consume the engine power. There is multiplier
to control the friction losses by the user.

The energy balance can be made through a
comparison between: the energy put in with the fuel,
the energy converted in the effective power, the energy
lost through friction, the energy lost in the cooling
system and the energy lost with exhaust gases. The
energy of the exhaust gases is calculated by the
enthalpy which goes out from the cylinders trough the
exhaust valves.

3.1. The parameters of the engine under study

The engine is produced by Perkins. It is 6,6l
six cylinders diesel engine with a turbocompressor and
an intercooler. The boost pressure is limited to 1,6bar.
The engine is equipped with direct injection common
rail system. A Valve train mechanism with four valves
per cylinder driven by a single camshaft and push
roods is used in it. There is no aftertreatment system
which makes the exhaust system of the engine suitable
for the application of heat exchanger of Rankine
system. The main technical parameters of the engine
are shown in the table below.

Table 1
Type of the engine Perkins 1106D
Number of cylinders 6 inline
Volume 6.6 L
Bore 105 mm
Stroke 127 mm
Compression ratio 16.2
Number of valves per cylinder 4

The geometries of the intake and the exhaust
system were measured on the tractor engine while the
geometry of the cylinders and valves was taken from
the technical documentation. There were some missing
parameters such as the characteristic of the



turbocompressor and the valves lifts curves. In this
case the simpler model of the turbocompressor was
input into the engine model due to difficulties in
receiving the maps of the turbocompressor by the
manufacturer. The compressor is represented by
constant efficiency and pressure ratio while the turbine
is represented in more complicated way. Valves lift
curves were represented by the curves of similar
engine which are available within AVL Boost tutorials.

3.2. AVL Boost model

The model of the engine has been made by
means of available elements within AVL Boost. The
main elements which were used are: cylinder, junction,
plenum, cooler, turbocompressor, air cleaner and
boundary. The connections between the elements are
made through pipes. Each element is defined by

PL1
— PL3

Fig.5. AVL Boost model of the engine

different parameters which are necessary to calculate
the physical parameters in it. To define the main
parameters of the simulation the element type “engine”
E1 is used. This element is used also to define the
friction loses. The model of the whole engine is
represented in Fig. 5.

3.3 Modeling the intake system

The intake system of the engine includes air
filter, compressor, air-air intercooler and intake
manifold. All of the elements are connected to each
other by pipes. A photo of the air filter and the
intercooler can be seen in Fig.6.

The ambient conditions at the inlet of the

intake system are defined in boundary element (SB1).
The air filter (CL1) is represented by the volume of the

Fig.6 Air filter and intercooler mounted in front of
the tractor

core, the volume of both inlet and outlet collector and
the length of the core. The pressure drop within the
elements is an input parameter for each of them. Due to
the missing compressor map a simplified model is
used. The compressor of the turbocompressor (TC1) is
represented by constant efficiency and target pressure
ratio. The target pressure ratio is changed in function of
the engine torque. The intercooler (COL1) is defined by
the volume and the length of the cooling core. Heat
transfer is important for the intercooler. The model
based on target output temperature (which is known
from the experimental results) and the temperature of
the ambient fluid is used in the study. The intake
manifold is modeled by the plenum (PL1) and the short
pipes between it and the intake valve ports. The main
parameter of the plenum is the volume. The connection
between the elements of the intake system is made
through pipes. The size (length and diameter) of each is
measured and input. Then the friction losses on the
pipes walls and at the ends of the pipes can be
determined. The software provides calculation of the
heat transfer in each of the elements presented into the
intake system. Although heat transfer model can be
neglected in some of the elements of the intake system,
especially the elements before the compressor where

Fig.7 Exhaust manifold and its connection with the turbine housing



the gas temperature inside is quite the same as the
environment.

3.4 Modeling the exhaust system

The exhaust system includes: exhaust
manifold separated into two banks of cylinders,
turbine, silencer, and connection pipes between the
elements. The pipe connecting the outlet port of the
turbine with the silencer is isolated as can be seen in
Fig.7.

The exhaust manifold is modeled by pipes and
two plenums (PL2) and (PL3). The pipes number 10
and 11 (Fig. 5) connect each of the plenums with the
turbine inlet. The turbine (TC1) is determined by
turbine discharge coefficient and turbine efficiency.
The mechanical efficiency of the turbocompressor is
necessary for power balance. The silencer is simplified
by means of the plenum (PL4). The end of the exhaust
is represented by boundary element (SB2) with the
thermodynamic parameters of the environment.

Within the plenum elements of the exhaust
system the heat exchange model is determined taking
into consideration the transfer surface and the
temperature of the wall. A more complicated model is
used in the pipes taking into consideration the heat
transfer trough the wall. The thickness of the wall of
the pipes, the temperature and the speed of the air
outside of the pipe are necessary for this model.

3.5. Modeling the cylinders

The element type “cylinder” provides an
assessment of the in-cylinder parameters based on the
0D model including the combustion and heat exchange
model. Six equal cylinders are used in the engine
model. The estimation of the volume change as a
function of the crankshaft rotation is based on the
geometrical parameters of the cylinder, compression
ratio end kinematic of the crankshaft mechanism.

Different combustion models can be used in
AVL Boost. In the current study a simple Vibe
function was chosen because of its simplicity. The rate
of heat release is defined by the start of combustion,
duration of the combustion and the Vibe exponent
(Fig. 8). There are no the experimental results for the
rate of heat release and the values of the function
parameters have been chosen as typical for direct
injection diesel engine. The values were changed
depending on the engine load and speed.

The heat exchange model is based on the
convective heat transfer between the gasses and the
cylinders walls. The Woschni equation [8] was chosen
for estimating the heat transfer coefficient. The heat
transfer surface of the piston and cylinder head are
input as constant parameters while the cylinder wall
surface is calculated depending on the position of the
piston. The constant temperature of the top of the
piston and the cylinder head are used. Their values
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Fig.8 Rate of heat release and mass fraction burned presented by
simple Vibe function
were changed according to the engine load. A variable
wall temperature of the cylinder liner is used. The
change varies linearly with the height of the liner.

The valves ports specifications are included in
the element “cylinder”. The lift curves both of intake
and exhaust valves are input as well as the flow
discharge coefficients. The reference valves diameters
are taken from the engine specification. The valves lift
curves are shown in Fig.9.
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Fig.9. Valves lift curves
4. Model calibration

Calibration of the model has been made before
further analysis of the studied engine. The comparison
between experimental data and calculated values is
made at full engine load. The experimental data are
measured on the rolling test bench at Irstea. The data
for fuel consumption, engine load, engine speed,
engine power and torque, inlet temperature etc. are
received. The values of the fuel consumption are input
in the model. The intake pressure was calculated
depend on engine load. The measure engine power is
used for calibration of the model. At those speeds
where the differences with experimental data were
higher the correction at Vibe function coefficients were
made. The optimized values of the combustion
duration and the exponent of the function can be seen
in Fig. 10. Finally, the comparison shows small
difference between experimental and calculated
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performance curves. The results are shown in Fig. 11.
The results of calibration enabled us to use the model
for assessing the energy balance of the engine and the
exergy contents in the exhaust gases.

5. Energetic and exergetic analysis of the engine
5.1. Energy balance of the tractor engine

By means of the model of the engine, has been
made in AVL Boost, the distribution of fuel energy can
be made in the whole working field. As it was
mentioned before the tractor engine operates most of
the time at constant speed and with load close to the
maximum. Because of that first analyze is made at full
engine load.

In general the fuel energy is distributed as
energy converted in effective power and lost energy.
The energy is lost through: exhaust gases, cooling
system and friction. Calculation of the exhaust gases
energy is important in order to estimate the possibilities
for recuperation.

The result of the energy balance (Fig.12),
calculated in energy per time i.e. power, shows that
energy of the exhaust gases is a significant part of fuel
energy at full engine load. At low engine speed the
guantity of wasted energy with the exhaust gases is
similar to both the energy converted in effective power
and the energy lost in the cooling system. At an engine
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Fig.12. Fuel power distribution in a tractor engine at full engine
load
speed above 1400rpm this energy (contented in the
exhaust gases) is the biggest part of the fuel energy. In
absolute value the waste energy with exhaust gases
varies from 41kW to 139,9kW. The maximum value of
waste energy in the exhaust system is at maximum
speed of 2200min™. In comparison, the maximum
effective power of the engine is 109,2kW at 2000min.

In relative values (Fig.13) the waste energy
with exhaust gases is more than 28,9% of fuel energy.
This value slightly increases depending on engine
speed up to 42,5% at 2200rpm. Increase of waste
energy depending on engine speed can be described
with reducing the time for the working cycle. It
extends the combustion process and part of fuel energy
is released during expansion stroke. Usually, it
increases exhaust gases temperature and reduces
engine efficiency.
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Fig.13. Energy distribution in relative values at full engine load
5.2 Energetic and exergetic analysis in exhaust system.

Calculation of the energy going out of the
cylinders is not enough to make an estimation of the
recuperation potential of the exhaust gases. Part of this
energy is converted into mechanical power in the
turbine, another part is lost by heat transfer with the
environment in the exhaust pipes.

Analysis of the exhaust system design shows
enough space for mounting the heat exchanger of
Rankine system at the place located before the silencer.
This section of the exhaust system can be seen in
Fig.14.



Place suitable
for heat exchanger
mounting

Fig.14. Exhaust system view

The place shown in Fig. 14 is located
1800mm down the turbine outlet. It corresponds to
MP1 in Fig.5. The energy in this section (enthalpy of
the gases) has been calculated. The comparison
between this energy and enthalpy of the gases going
out of the cylinders shows the lost energy in the form
of power through the gases path. The results are shown
in Fig.15. Awvailable energy at the chosen place
presents approximately 75% of energy which goes out
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Fig.15. Power of the exhaust gases at exhaust valve port and at
place for heat exchanger mounting at full load.

of the cylinders.

Calculation of the exhaust gases enthalpy and
temperature at the whole operation field of the engine
is necessary for sizing the elements of the Rankine
system and the choice of the working fluid. A study of
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Fig.16. Temperature of the exhaust gases at studied point of exhaust
system
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Fig.17.Enthalpy of the exhaust gases at studied point of the exhaust
system

the temperature and the enthalpy at point MP1 was
made. The results are presented in Fig.16 and Fig.17.

According to the results for engine speed
range from 1400rpm to 1800rpm and BMEP about 10
bars (typical operation points of the engine when the
tractor runs in the fields) the enthalpy of exhaust gases
changes from 50kW to 80kW with temperature in the
range of 700K to 800K. Taking into consideration that
the engine runs more than 80% of the time between
these operation points there is great potential for
developing the energy recuperation system.

The numerical results at the studied location
together with the experimental data of the engine
operation points can give information about the energy
which comes to the heat exchanger of the Rankine
system as a function of the time.

It is well known from thermodynamics that
the whole energy of exhaust gases cannot be converted
to useful work. Thus the estimation of waste heat
recuperation potential must be made by means of
available energy i.e. exergy. The exergy represents the
maximum work which can be received by
thermodynamic system when it goes to a state of
equilibrium. Exergy is defined as:

Ex = (Hy — Ho) — To (51 — So) @

The parameters, marked with index 1 in the
above formula, are enthalpy and entropy of exhaust
gases while these, marked with the index 0, are the
parameters of the environment.

The simulation results (Fig.18 and Fig.19)
show that exergy is not more than 45% of the exhaust
gases enthalpy. Theoretically a maximum of about
45kW can be converted into mechanical power by the
recuperation system. In comparison with the maximal
effective power of the engine it is 40,9%. This exergy
is available only in small part of the operation field at
maximum speed and full load. In the most commonly
used operation points of the tractor engine the exergy is
from 22kW to 35kW.

The effective power received from the
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Fig.18.Exergy of the exhaust gases at studied point of the exhaust
system.

recuperation system depends on the available energy of
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Fig.19.Exergy, calculated in relative values from LHV of the
injected fuel
the exhaust gases and the efficiency of the recuperation
system. As the tractor engine runs at constant regime
most of the time that provides good opportunity to
develop a high efficiency Rankine system.

Interesting results for exergy have been
calculated in percentage from LHV (lower heat value)
of the injected fuel. The results are presented in Fig.19.
The values vary from 7% to 15%. Below 1400rpm and
above 2000rpm the influence of engine speed is much
higher than the engine load while at the middle speed
we have almost constant relative exergy as a function
of engine speed.

6. Conclusion

The numerical study of energy distribution
within a tractor engine shows that a significant part of
LHV of the fuel is lost with exhaust gases. At full
engine load it varies from 28,9% to 42,5% of LHV of
the fuel. As absolute values in form of power it is from
42,5kW to 139,9kW. The energetic analysis of the
exhaust system presents only 75% of the energy go out
the cylinders can be used as heat source to recuperation
system based on Rankine cycle. The rest of the energy
is lost in the turbine and due to heat transfer troughs the
gases path to the location suitable for the heat
exchanger.

Taking into consideration the typical operation
points of the tractor engine during plowing (more than
80% of the time the engine runs at high load and
almost constant speed) and energy analysis at the
location intended for heat exchanger most of the time
the temperature of exhaust gases would be varied from
700K to 800K with exhaust gases power from 50kW to
80kW.

The exergetic analysis shows maximum of
15% of LHV can be converted into mechanical work
by means of closed loop thermodynamic cycle. At the
most typical operation points this value is from 10%
t012,8%. However, within the studied tractor engine
the absolute value of this exergy varies from 22kW to
35kW.
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Pesrome:

TpakTopHHUTE IBUTATENN UMAT 3HAYUTEIICH MOTEHIMAI 32 PEKyNeparys Ha eHeprusl OT OTPabOTIIINTE Ta30Be,
NOpaJ BHCOKaTa MM MOIIHOCT M CHELM(pUYHNTE OCOOEHOCTH Ha TsixHara pabora. Cucrema 3a pekyrnepauus Ha
eHeprus, Ha Oaszara Ha LMKBI Ha PaHKWH, M3TTIIEKIa HaW-NIEPCIIEKTHBHUS HAulHA 32 HaMaJsiBaHEe Ha pasxoja Ha
ropuBo, pecriektiBHO emuccute Ha CO,. ExcriepumenTannuTe n3ciensaHus BbpXy paboTara Ha TPAKTOPEH ABUIATEl
TIOKa3BarT, Y€ TO3M THII JIBUTraTelM paldoTAT MpU BHCOKO HAaTOBapBaHe, OJM3KO 70 MaKCHMMAIHOTO IIpe3 MO-rojsMaTa
4acT OT BpeMeTe, IIpe3 KOeTo TpakTopa padotH Ha nojero. Llenrta Ha myOimkanusiTa € ia ce u3cie/Ba eHeprusTa Ha
OTpadOTIWINTE Ta30Be B Pa3iMYHM TOUKM OT M3IyCKaTelHaTa CHUCTEMa Ha TPaKTOPeH JBWrarel. 3a Ta3u LeNl e
pazpaboTen Mofen Ha n3cieaBanus apuraren B mporpamara AVL BOOST. ExciepuMHaTITHE pe3yaTaTy 3a pa3xoa Ha
TOpHBO, €(eKTHBHATA MOIIIHOCT, Pa3Xo/a Ha BB3/yX, OT/CICHATa TOIUIMHA B OXJIQJUTEIHATA CHCTEMA, TEMIIEpaTypaTa
Ha OTpa0OTWIMTE Tra30Be WM Jp. Ca M3MOI3BAHM 33 KATHOpHpaHe Ha MofeNna. AHaiun3a Ha paslpeieeHHEeTO Ha
SHEepTHsTa B BUTATENS MOKa3Ba, 4e moBede oT 35% OT eHeprusiTa BHECEHA C TOPUBOTO ce T'yOW dpe3 oTpaboTHiInTe
ra30Be MPU HAH-4ECTO M3MOJI3BAHNTE PSKUMH Ha paboTa. B 3akiroueHne € npeacTaBeH aHaIn3 Ha HAIMYHATA TOIUIMHA
B €/IHa OIIpeJiesIeHa TOUKa 110 Ib/DKUHATA Ha M3ITyCKaTenHaTa cucTeMa. Pe3ynaraTnTe mokasBart JoOpH IepCIIeKTHBH 32
T10 HaTaTa4YHU U3JICCJIBAHMA BbPXY BbB3MOXKHOCTTA 3a MOHTHPAHE Ha CUCTEMaA, pa60Tema Ha TNpUHIWIIA Ha Pankun Ha
W3CIe/IBaHuUsI IM3EII0B JABUTaTEll.

KiouoBu TyMuU: pexynepayus Ha enepeusi, mpakmop, 0u3enos 0usamel, eHepeus, MoOeaupane Ha 08ueamer.
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