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This paper presents our simulation model of Rankine-Hirn cycle. This model is developed for sizing and for
working fluid choice of a test bench of Rankine-Hirn cycle for engine waste heat recovery. The heat source
characteristics were measured on a diesel tractor engine during work in field. The simulation tool allows to us study
some of static operating points. An iterative calculation was used to find the best parameters as pressure and working
fluid flow rate according to some constraints such as heat exchanger surface or maximum pressure. We identify that
each fluid is adapted for a limited range of the heat source temperature. For our application, ethanol and water are the
adapted working fluids. These results defined the future control laws of the waste heat recovery system.
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1. Introduction

This paper presents a preliminary study of a
conception of Rankine-Hirn waste heat recovery
(WHR) system. The purpose of this system is the
reduction of engines fuel consumption. An analysis of
the heat source showed us the best operating range for
heat recovery. The Rankin-Hirn cycle model allows
finding the best operating parameters and working
fluid according to our heat source and pressure and
temperature constraints. It appears that each fluid has a
preferred heat source temperature range of use.
However this difference between fluids is not
significant when the heat exchanger achieves a critical
size which depends on the heat source power. Finally
this model provides the best control parameters of the
Rankin-Hirn system to maximize the recovery
efficiency.

2. The heat source

The heat source studied is a tractor engine exhaust
system. It is a 6.6 liter six cylinder diesel engine with
maximum output power of 110 kW. The data used
were measured on a diesel tractor engine during work
in field. This engine application promises a better
performance than passenger’s cars engines due to
tractors operates most of the time at high load. Our data
coupled with simulation showed that approximately
30% of fuel energy is rejected with exhaust gases. The
exhaust gases temperature is essentially between
350°C and 450°C. Punov et. al. [1] showed that this
enthalpy contains 40% to 55% of exergy. The most
frequent heat power of exhaust gases is about 70kW,
so we can hope an exergy of 30kW for this point. In
practice any thermal engine can recover all of this
exergy but this study shows the interest and the
potential of waste heat recovery.



3. Model of thermodynamic cycle

The model simulates a theoretic endo-reversible
Rankine — Hirn cycle, with or without super-heating.
Only sub-critical cycles are simulated. A calculation
code was developed in Python [2] as the CoolProp
database was used for fluids properties [3].
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Fig. 1 Waste heat recovery system

This system consists of an evaporator, an expander,
a condenser and a pump. The waste heat is absorbed
through the evaporator to vaporize the pressurized
working fluid. Vapor energy is mechanized in the
expander then the expanded vapor is condensed. The
low pressure liquid working fluid is pumped and the
cycle starts again. The model was developed as it was
considered a counter flow heat exchanger is used.

The pump work and the pressure drop in the circuit
were neglected. Thermal capacity of exhaust gases was

considered constant, cp,,, =1,157kJ /kg.K. The

pinch point method is used to calculate the results.
Input parameters of the model are the followings:

- Hot source temperature and gas mass flow

- Cold source temperature

- Surface A and heat exchange coefficients U of the hot
heat exchanger

- Maximum and minimum pressure of the cycle
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Fig. 2 T-S diagram of the Hirn cycle
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Fig. 3 Fluid and gas temperature variation into the heat
exchanger.

- Super-heating temperature

An iterative calculation links the pinch point and
the surface of the heat exchanger. ATIn at each area of
the exchanger (fig. 3) is used for total surface A
calculation.

AT, — AT,
ATIn = M (1)
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Qexchange = mworkingfluid 'Ahworkingﬂuid (4)

The power on the expander shaft is:

W =M, oingfivid -APworkingfivid ®)

Most interesting results to find the best operating
point parameters are maximum power and global
exergetic efficiency. The thermal power available is
calculate with ambient temperature T, as reference.

Q = mgas 'Cpgas '(Tgas _TO) (6)

The second law of thermodynamics allows
obtaining the maximum useful energy of exhaust
gases.
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The global efficiencies are:
W
EX gas

Heat transfer efficiencies:
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The best exergetic efficiency is searched for each
hot source temperature by an iterative method. Control

parameters are working fluid mass flow, pressure and
the super heating temperature.

(10)

4, Results

Three fluids are analyzed, water, ethanol and
R245fa. These fluids are the most commonly studied
and used for Rankine — Hirn and organic Rankine
cycle (ORC) [4-7]. The first objective is to find the best
working fluid for the hot source temperature range.
This study is conducted with no limit in pressure and
super heating. The heat exchanger surface is
considered infinite.

08 T T T T T

0.7+ —

Water
R245fa

Exergetic efficiency
© o o
=1 un (3]

o
w
T

o
[N]
T

01 1 1 1 1 1
100 200 300 400 500 600 700
Hot source temperature (Celcius)

Fig. 4 Exergetic efficiency (n,) of Hirn cycle without
constraints. Cycle with super-heating.
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Fig. 6 The best evaporating temperature of Rankine cycle

The cold source is fixed at 100°C. This temperature
was chosen because it is a value compatible with the
engine coolant temperature and it is not necessary to
depressurize condenser for water. Others fluids are
studied with the same cold source temperature.

A first simulation is released for Hirn cycle, i.e.
super-heating. Each fluid provides a better
performance than others for a limited range of hot
source temperature (fig. 4). R245fa is better for a
temperature lower than 200°C, ethanol is better within
the range of 200°C to 400°C and water is preferable for
temperature higher than 400°C. R245fa seems to be
not enough efficient for the studied temperature range,
which is from 300°C to 500°C. Ethanol efficiency
increases rapidly until a maximum and decreases after
that. On the other hand, water efficiency increases
slowly after an important increase.
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Fig. 5 Exergetic efficiency () for Rankine cycle
without constraints. Cycle without super-heating.
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Fig. 7 Evolution of evaporating temperature and
super-heating temperature with water as working fluid.



Significant increasing of efficiency occurs when the
hot source temperature exceeds the critical temperature
of the working fluid. Critical temperatures are
241.56°C for ethanol and 373.946°C for water.

A second simulation (fig. 5) studies the Rankine
cycle without constraints, but unlike the previous
simulation the fluid is not super-heated. The maximum
efficiency is slightly lower than with super-heating but
the main difference concerns the water that efficiency
decreases after the maximum. This decreasing is more
important for ethanol than with super-heating. R245fa
is a dry fluid. The super heating does not allow a
benefit [4] for dry and isentropic fluids, so the results
are the same. Water and ethanol are wet fluids, thus the
super-heating gets a profit.

The optimal evaporating temperature of the
Rankine cycle (fig. 6) reaches a maximum which is the
critical temperature before a weak decrease for highest
hot source temperatures. This comportment was
described by Chambadal [9].

Immediately after the fast efficiency increase (fig.7)
the optimal super-heating temperature is reduced to a
minimum. The temperature at this point corresponds to
the critical temperature of the fluid. The super heating
temperature increases anew when the gas temperature
exceeds the critical temperature of the fluid. So when
the gas temperature is slightly higher than the critical
temperature of the fluid, Rankine cycle is better but for
higher or lower temperature Hirn cycle is preferable.
The temperature evolution according to the heat
exchange shows (fig. 8) that an optimal choice of fluid
and working fluid temperature can limit the difference
between the hot and cold fluids and reduce the
exergetic destruction.

For a gas temperature higher than the critical
temperature of the fluid, the evolution of the fluid
liquid phase temperature follows the gas temperature
evolution shape. In this case, the exergetic efficiency is
very high because all amount of the heat is transferred
to the working fluid with the minimal exergetic
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destruction. These examples need an infinite heat
exchanger but it shows that even if the heat exchanger
is infinite an efficiency of 100% is impossible due to
the non-constant heat capacity of the fluid. The fig. 9
shows the evolution of the heat transfer efficiency to
the working fluid. In case of an infinite heat exchanger,
the global efficiency mainly depends on the heat
exchange efficiency which depends on the fluid
characteristics. Ethanol and water are studied here but
each fluid offered a preferred range of use of hot
source temperatures.

In the second study a constraint of heat exchanger
surface is introduced. Only ethanol and water are
studied. Due to R245fa provides lower performances
the fluid was not studied in this case. The pressure is
limited to 30bar and the super-heating is fixed at 30°C
higher than the evaporation temperature. The role of
super heating is not only for the efficiency
improvement but also for protection of the expander
which can be damaged by droplets appearance during
the expansion. Fig. 10 shows the results obtained for
both fluids with a heat exchanger surface in range of 1
to 12 m2.
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Fig. 8 Temperatures profiles of water and gas in the infinite heat exchanger for gas inlet temperature of 300, 400 and

500°C
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Fig. 10 WHR system global efficiency (1) for different
size of heat exchanger.

The hot source power is 40kW. For another power
these surfaces reveals different results. The result for a
heat exchanger of 12m? is very close to the infinite
exchanger and the best range of efficiency is clearly
different for ethanol and water. In the case of a reduced
heat exchanger surface, the exergetic efficiency for
both fluids cannot be distinguished for low
temperatures but the efficiency with water as working
fluid remains higher at higher temperature.

If the heat transfer is relatively low compared to hot
source power, the advantage of each fluid for a limited
range of hot source temperatures disappears. The fluid
which presents the higher critical temperature becomes
then the most interesting fluid for the entire range of
hot source temperature. In our application the
temperature range extends from 300°C to 500°C such
that with a large heat exchanger ethanol and water are
interesting. Ethanol provides a better efficiency
between 300°C and 400°C and water is better for a
higher range. But in practice we are limited by the size

3000+

2500+

[
[=]
o
o

1500}

Pressure (kPa)

1000 -

—  Water
Ethanol

500+

100 200 300 400 500 600 700
Hot source temperature (Celcius)

Fig. 11 Optimal pressure in function of heat source

temperature

and the price of the heat exchanger. The size will be
between 2 and 3m2. For this size, ethanol offers same
performances as water below 350°C and lower
performances above this temperature.

The pressure (fig.11) evolution of limited 30 bar
and 30°C super-heating cycle case revealed that the
pressure should not be always 30 bar. Therefore, to
optimize the system in varying conditions, it is
necessary to control these parameters.

5. Conclusions

The effect of the fluid properties and the heat
exchanger size on the WHR efficiency has been
studied in this paper. We observed that each fluid
presents a preferred temperature range of use. The
optimal temperature of Rankine-Hirn cycle depends on
the critical temperature of the working fluid.

With these considerations ethanol and water
present advantages respectively in the range from
300°C to 400°C and from 400°C to 500°C. These two
fluids are interesting for hot source studied. However,
these first results have been obtained with an infinite
heat exchanger. When we consider a limited heat
exchanger surface, performance decreases with the
surface. This decreasing is not constant: the maximum
efficiency of each fluid tends to the same limit when
the temperature is inferior to the lowest critical
temperature of all fluids. But the efficiency of the fluid
which presents the lowest critical temperature
decreases below its critical temperature. With the
constraint of heat exchanger surface, water seems to be
a better working fluid for the studied application.
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N3b0P HA PABOTEH ®JIYU/I B CUCTEMA 3A PEKYIIEPUPAHE HA EHEPT'US1 YPE3
IIUKBJI HA PAHKHH B 3ABUCUMOCT OT U3TOYHUKA HA TOIVIMHA
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Tazu myOnvkanus NpeacTaBs CHMYJIAIMOHEH MOJEN Ha IMKBJI Ha PaHKuH 3a pekynepuapHe Ha EHEprs.
MonensT € pa3paboTeH C Lel ONTUMHU3MpaHE Ha eJIeMEHTHTE OT IMKbia Ha PaHkuH 1 u300p Ha paboteH Quyna B
CTEHJIOBH YCIIOBHS IIPH M3CIIE/IBAHE HA PEKYIIEPUPAHETO HA eHeprus oT orpaboTtiwmre rasose Ha [IBI". ITapamerpure
Ha OTpalOTHJINTE ra3oBe Osxa M3MEpPEeHH 0 BpeMe Ha pealHa eKCIUIOATals Ha JHU3eJIOB JBHTaTell 3a TPaKTop.
W3uncnurenHara nporpaMa Mo3BoJisiBa U3CICABAHE Ha [IMKbJIA HA PaHKHUH B YCTAHOBEHH PeXXUMU. MTepaTBeH MeTox
€ W3MOJ3BaH 32 ONTHMI3HpaHe HA OIPEIENICHH MapaMeTpH, KaTo HalsraHeTo W aeOuta Ha paboTHUS (iryna Ipu
OrPAaHMYUTEHN YCIIOBHS 332 M3MEHEHHE TOIUIOOOMEHHAaTa MOBBPXHOCT. B ciencTBHE Ha MONydeHUTE pe3yiTaTd ce
YCTaHOBH, Y€ 33 BCEKH OT M3CIIeIBAHUTE (IIyHIIN € TIOIXOIII 3a ONPE/ICH IHalla30H Ha N3MEHEHHE Ha TeMIlepaTypara
Ha U3TOYHMKA HAa TOIUIMHA. 3a HaIlWTe 6’1),5,61]11/1 n3CJICABaHus CC MPCABMIK/A M3IIOJI3BAHC Ha BOJAa W €TaHOJI KaToO
paboten ¢uyun. IlomyueHuTe pesyaraTd ompeneNsT HauMHA HA YIpPaBJICHHME HAa CHUCTEMAaTa 3a PEKylepUpaHe Ha
€Heprust OT OTPaOOTUITUTE Ta30BeE.

Keywords: yuxwon na Panxun, pexynepupare Ha enepeusi, CUmMyaayus
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