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Abstract

In heavy duty Diesel engines more than 50% of the fuel energy is not converted to brake power, but is lost as heat. One promising
way to recapture a portion of this heat and convert it to power is by using thermodynamic power cycles. Using the heavy duty
Diesel engine as the waste heat source, this paper evaluates and compares the thermodynamic potential of di erent working uids
in four power cycles: the Rankine cycle (RC), the transcritical Rankine cycle (TRC), the trilateral ash cycle (TFC) and the single
ash cycle (SFC). To establish the heat input into the cycle, operating conditions from an actual heavy duty Diesel engine are used
as boundary conditions for the cycle heat source. A GT-Power model of the engine was previously developed and experimentally
validated for the stationary points in the European Stationary Cycle (ESC). An energy analysis of this engine revealed that it has
four heat sources with the potential for waste heat recovery: the charge air cooler (CAC), the coolant ow, the exhaust gas recircu-
lation cooler (EGRC), and the exhaust ow. Using xed heat input conditions determined by the selected engine operating mode,
the TFC performed best for the CAC with a net power increase of around 2 kW, while the RC performed best for the coolant ow,
with a net power increase of 5 kW. For the EGRC, ethanol performed especially well with both the RC and TRC, leading to an 8
kW net power increase. When using the exhaust as heat source, all four cycles provided a power output of around 5 kW with some
variation depending on the working uid. This study shows that for most cases, considering the di erent heat sources, the choice
of cycle has a larger impact on the cycle performance than the choice of working uid.

© 2017 The Authors. Published by Elsevier Ltd.
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1. Introduction

Ever increasing consumer demands for lower fuel consumption and more stringent legislation on emissions drive
developments for continuous improvements in internal combustion engine e ciency. A promising way to increase
engine e ciency and thus reduce GCemissions is to use thermodynamic power cycles for waste heat recovery
(WHR). The Rankine cycle, a well-established technology for WHR in stationary applications [1-3], also shows
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promising e ciencies for the use in automotive applications [4,5]. A possible way to increase the thermal e ciency
of the RC is to bring the working uid to supercritical conditions in the transcritical Rankine cycle (TRC). This has
the potential to improve the thermal match between the heat source and the cycle, albeit often at the expense of high
system pressures [5—7]. Another alternative is the trilateral ash cycle (TFC), where the pressurized uid is heated to
its saturation point and then expanded into the two-phase region. Since only liquid is heated, there are opportunities t
improve the thermal match while simultaneously improving heat transfer and reducing pressure drop [8—10], leading
to smaller heat exchangers, an important consideration for WHR in automotive applications. Finally, to address the
main drawback of the TFC - the ine cient expansion of the wet mixture - the performance of an alternate ash
cycle is investigated: the single ash cycle (SFC). Instead of expanding a wet mixture from the saturation point, the
uid is ashed to an intermediate pressure, the vapor and liquid are separated, and then only the vapor is expandec
This technology is already commonly used for electricity production from geothermal sources [11], and previously
proposed for WHR in stationary applications under the name OFC [12]. It combines improved thermal matching with
more ecient expansion, albeit with the possible disadvantage of reduced temperatures, pressures and mass 0ws a:
well as the need for an extra component in the form of a ash vessel.

This work evaluates and compares the thermodynamic potential of these four cycles using heat input condition:s
based on the heat sources available in a heavy duty Diesel engine. An energy analysis of di erent operating mode
of the engine is performed and used to evaluate the potential heat sources in the engine, and one operating mode
selected for further analysis. The thermodynamic cycle models are simulated with a number of di erent working
uids, spanning a range of thermodynamic properties. Boundary conditions and cycle constraints have been chose
so that the thermodynamic potential of both low and high temperature heat sources can be evaluated and compared

The paper aims to provide insight into the relative performance of the di erent thermodynamic cycles by making
a direct comparison between the cycles. By considering all the relevant heat sources for the operating conditions il
a heavy duty Diesel engine, including the low, intermediate and high temperature sources, it can be identi ed which
combination of cycle and working uid gives the highest thermodynamic potential for each heat source.

Nomenclature

speci ¢ enthalpy, J kg
mass ow rate, kg s
molecular mass, kg kmol
pressure, Pa

heat transfer rate, W
temperature, K

mean temperature, K
power, W

vapor mass fraction
exergy rate, W

Xxs-HHO0o T3 =

Greek symbols
e ciency

Subscripts

0 reference state
con condensation
cr critical

ev evaporation
eng engine

exh  exhaust

exp  expander

Subscripts (continued)
is isentropic

pp pinch point

sup  superheating
th thermal

tot  total

Abbreviations
charge air cooler
exhaust aftertreatment system
exhaust gas recirculation
exhaust gas recirculation cooler
European stationary cycle
global warming potential
ozone depletion potential
organic ash cycle
organic Rankine cycle
Rankine cycle
single ash cycle
trilateral ash cycle
transcritical Rankine cycle
waste heat recovery
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2. Energy and exergy analysis of the engine

In a previous project at Chalmers University of Technology, a GT-Power [13] model of a heavy duty 12.8L Diesel
engine was developed and experimentally validated for the operating modes in the European stationary cycle (ESC
[14], where the modes range from low to high engine speeds (A, B and C) and low to high engine loads (25, 50, 75 anc
100). A schematic layout of the engine containing the components relevant for waste heat recovery is shown in Fig.
The inlet air, heated by compression, is cooled down in the charge air cooler (CAC) before it enters the cylinders. In
the cylinders, fuel is added to the air and the mixture combusts, with some energy being lost to the coolant. Part of the
exhaust gas leaving the cylinders is cooled in the exhaust gas recirculation cooler (EGRC) and mixed with air entering
the cylinders. The other part of the mass ow is expanded in the turbocharger turbine and leaves the exhaust througl
the exhaust aftertreatment system (EATS), still containing a substantial amount of useful energy.

Fuel Coolant
CYLINDERS l
EGRC
MIXER[ | I\/\/]
CcAC | l
COMPRESSOR TURBINE

FILTER EATS

sl - =
Intake air Exhaust gas

Fig. 1. Schematic layout of a heavy duty Diesel engine with a turbocharger and EGR.

Inside the engine four main sources of heat loss can be distinguished: the CAC, the coolant ow, the EGRC, and
the exhaust ow. To determine if these losses are suitable for waste heat recovery, their temperatures, mass ows, an
heat losses were determined. To evaluate the quality of the energy ows, they were converted to exergy ows using
Eq. (1), which takes into account the mean temperature I&Jedt(which the energy is available [15].

T T
Xloss Qloss T 9 (1)

3. Thermodynamic cycles

This paper considers four thermodynamic power cycles for waste heat recovery: the Rankine cycle, the transcriti-
cal Rankine cycle, the trilateral ash cycle, and the single ash cycle of which the schematic depictions are shown in
Fig. 2. T-s diagrams belonging to these cycles are shown inFi@oth Rankine cycles involve the same sequence
of steps:1 2: compression, 2 3: heat addition, 3 4: expansion and4 1: condensation. In the RC stef2 3
involves evaporation of the uid whereas the TRC operates with the uid above its critical pressure and so no evapo-
ration occurs. The TFC involves a similar sequence of steps, but the uid is only heated until the saturation point (step
2 3), and is then expanded into the two-phase region during s3ep The di cult wet expansion can be avoided
by expanding to an intermediate pressure and then separating the vapor and liquid in a ash vessel as proposed in tt
SFC. Inthis case, steds?2 and2 3 are the same as in the TFC, but are followe®l; ash evaporation, 4 4"
vapor separation, and' 5': vapor expansion. The vapor is then mixed with the liquid from steggl": liquid
separationrand4” 5": liquid throttling. The mixture of liquid and vapor at low pressure is condensed in séeh

Table 1 shows the reference and boundary conditions imposed in the cycle simulations. Previously reported e -
ciencies range from 0.65-0.90 for the pump and 0.70-0.85 for the expander [2-5,7,8,10,12], and from 0.60-0.85 fo
wet expansion, either obtained in experiments [16] or assumed in simulations [8-10,17]. Considering that this study
evaluates the thermodynamic potential, relatively high e ciencies for the pump (0.80) and expander (0.85) have been
selected. To account for the unfavorable aspects of wet expansion, a value of 0.60 was set for the TFC expander.
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Fig. 2. Schematic depictions of the Rankine, transcritical Rankine and trilateral ash cycles (left) and the single ash cycle (right).
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Fig. 3. T-s diagrams for the Rankine cycle (left), the transcritical Rankine cycle (middle left), the trilateral ash cycle (middle right) and the single
ash cycle (right) for di erent working uids and the same heat source.

A number of practical limits were imposed as constraints, shown in ThblEor all cycles except the TRC, a
maximum pressure limit of @ P, was set to avoid instabilities near the critical point. An upper limit for the pressure
is di cult to obtain, but a value of 60 bar was previously reported [5]. To account for future developments, the
maximum pressure was set to 100 bar in this work. Excessive superheating of the uid should be avoided becaus
of the unfavorable heat transfer coe cients and large volume ows associated with vapor ow. Therefore, for both
the inlet of the condenser and the outlet of the evaporator, a maximum superheating temperature di erence of 20 }
was imposed. Finally, because expanders, and especially turbine expanders, are sensitive to two-phase ow durir
expansion, the upper limit for the vapor fraction at the end of expansion was set to 0.85 for all cycles except the TFC

A steady-state model for each cycle was developed irvtbdelica[18] language. Simulations were performed
using the solvers available Dymola[19] coupled toPythoncode [20] for pre- and post-processing. A number of
assumptions were employed in this study: no pressure losses in the system; no heat losses to the environment -
all components, including the heat exchangers; changes in potential and kinetic energy were neglected; isenthalg
expansion in the throttling valves; perfect mixing and separation of the working uid.

Table 1. Reference conditions, boundary conditions and constraints.

Reference and boundary conditions

Ambient temperature To 25
Ambient pressure Po 1.013
Condensation temperature Teon 40
Pump isentropic e ciency is pump 0.80
Expander isentropic e ciency is exp 0.85

0.60
Pump vapor quality in Xpump in 0

Constraints

High pressure Max. Prax
Superheating evaporation Max. T supev
Superheating condensation Max. T sup con
Pinch point temperature dierence  Min. T pp
Expander vapor quality out Min.  Xexpout

100 bar
09 P bar
20 K
20 K
10 K
0.85

Only applicable to TFC,not applicable to TRC,not applicable to TFC
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4. Working uids

Four working uids, shown in Tabl@, were selected for consideration to cover a range of properties and based on
their performance for medium and low temperature heat sources [1,3,9]. While a low GWP alternative to R245fa with
similar thermodynamic properties and performance is available in the form of R1233zd [21], R245fa was selected
because it has been used extensively in many other studies [1,2,7,10]. The uid properties usé&dddetiea[18]
models were obtained by coupling the models toGloelPropdatabase [22] using tHexternalMedidibrary [23].

Table 2. Thermodynamic and environmental properties of the working uids.

Fluid M [kg kmol] Ter [ C] Pcr [bar] P4 ¢ [bar] T1am[ C] Type GWRgoo ODP Refs.
Cyclopentane 70.13 238.6 45.7 0.74 49.3 Isen. 0 0 [24,25]
Ethanol 46.07 240.2 62.7 0.18 78.4 Wet 0 0 [5,25]
R245fa 134.05 154.0 36.5 2.50 15.1 Dry 858 0 [25,26]
Water 18.02 374.0 220.1 0.07 100.0 Wet 0 0 [5,25]

5. Results

Previously, four potential waste heat sources were identi ed: the CAC, the coolant ow, the EGRC, and the exhaust
ow. The left-hand side of Fig4 shows the inlet temperature and mass ow ranges for these sources, obtained from
the GT-Power model for the twelve operating modes in the ESC. Since the model included only heat losses to the
coolant with no information regarding the mass ows or temperatures, the gure does not show coolant data. The
waste heat sources in the engine operate at di erent temperatures, makirnglit i select a single working uid
that is suitable for all of them. The model data were also used to calculate the heat and exergy loss ranges shown ¢
the right-hand side of Figd, in which the losses for each source are reported as percentages of the total loss. The
gure indicates that each source contributes signi cantly to the total heat loss. However, based on the temperatures a
which the energy is available, shown by the exergy losses, the exhaust ow and EGRC clearly contribute most. The
label Otherrepresents other heat losses in the engine, primarily heat losses in the exhaust piping and the EATS.
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Fig. 4. Ranges of mass ows and inlet temperatures (left) and heat and exergy losses (right) for all operating modes in the ESC obtained from the
GT-Power model. The exhaust losses are calculated with reference to the enviro@mankn Mexn(hexn ho). All the losses are expressed as
percentages of the total losses.

The energy analysis indicated that the selected sources all have signi cant heat and exergy losses, so all four wer
included in the cycle analysis as a potential waste heat source. Of the twelve operating modes, the low speed, mediu
load operating mode (A50) was selected for further evaluation because it is one of the dominant modes in a typica
long haul duty cycle [4]. Tabl& shows the operating conditions chosen for each waste heat source. Some of these
values (shown in italics) were modi ed from those used in the model to provide valid input values for the cycle
simulations. The CAC outlet temperature was increased because the model value for this parameter was below tf
condensation temperature. The exhaust temperature after WHR was set @difidthe coolant conditions were set
to representative values for the chosen operating mode.
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Table 3. Conditions of waste heat sources for the selected operating mode. Values shown in italics
di er from the corresponding GT-power model values.

Source  Fluid Ploar] mlgs] Tin[Cl Toul Cl  QuosskW]  Xioss[kW]

CAC Air 2.47 231 152 60 21.7 4.6
Coolant  Water 1.013 4317 93 90 54.4 9.9
EGRC Exhaust gas 2.49 73 472 95 30.6 13.6
Exhaust  Exhaust gas 1.013 239 251 100 33.2 11.0

The conditions given in Tabl8, constant for all four cycles, as well as the boundary conditions and constraints
presented in Tablé, result in the thermal e ciencies and corresponding net power output vallvgs) (presented in
Fig. 5 and Fig.6. Unsurprisingly, waste heat sources with higher temperatures yielded higher thermal e ciencies.
Because of the constant condensation temperature, higher source temperatures allow for higher cycle temperatt
and pressure di erences, giving better performance. The variation between the di erent cycles and uids for each
heat source then depends on how well the cycle temperature pro le matches the source temperature pro le. This i
particularly visible for the coolant ow, where the RC outperforms all other cycles, although the temperatures at the
expander inlet are similar. The small temperature drop in the coolant ow leads to a source temperature pro le that is
nearly horizontal, which matches well with the evaporation phase in the RC as shown'ih Fig.

‘I:I Cyclopentane [ Ethanol B R245fa - Water‘
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Fig. 5. Thermal e ciencies (n  Whet Qioss) for each combination of cycle and heat source.
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Fig. 6. Net produced power in kW\fet Wexp Wpump) and the ratio of net produced power to engine powghy Whet Weng) for each
combination of cycle and heat source.

Additionally, the RC performs well with the EGRC as the heat source, especially with ethanol and water as the
working uids. In most EGRC cases, performance is limited by the maximum pressure, except EdbR@-Water
case where the pinch point and evaporation superheating are the limiting factors, shown7in\&igen using the
CAC as the heat source, it is di cult to achieve a good match with the RC because the low source outlet temperature
and pinch point limitation prevent the RC from achieving high pressures. In this case, the TFC o ers a better match,
also shown in Fig7. In general, the TFC provides good e ciencies for every heat source even though the isentropic
e ciency of the expander is lower. The SFC provides similar e ciencies to the TFC although it is operating at reduced
temperatures and pressures due to ashing. Lower temperatures and pressures are not necessarily a disadvant
because it also means reduced expansion ratios, a possible bene t for expansion. With the exhaust ow as the he
source, the e ciencies of the TFC and SFC match those of the RC and TRC, o ering power outputs of around 5 kW.
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Fig. 7. Q-T diagrams of the cases CAC-TFC-Ethanol (left), Coolant-RC-R245fa (middle left), EGRC-RC-Water (middle right) and Exhaust-TRC-
R245fa (right). The top (red) line shows the source temperatures and the bottom (green) line shows the cycle temperatures.

The TRC yielded the best overall performance, generating over 8 kW f&@®RC-Ethanotase. Since this cycle
allows for good matching with the heat source (see Fighas good expander e ciency, and was only limited by the
maximum pressure of 100 bar, it achieved good performance in all three cases for which it was evaluated. Although
supercritical conditions were also achieved in Ehénaust-EthanolEGRC-Cyclopentanand Exhaust-Cyclopentane
cases, these cases were not taken into account because the expansion led into the two-phase region. In the case
water, the maximum pressure was below the critical pressure, thus never leading to critical conditions for this uid.

6. Discussion

The working uids in this study were selected on the basis of their range of properties and their promising perfor-
mance for similar temperature levels in other studies. However, this selection of working uids is not exhaustive and
will, therefore, be extended in future studies to provide a more complete evaluation of the thermodynamic potential.

Relevant to note is the e ect of the choice of boundary conditions and constraints on the results. Especially im-
portant is the condensation temperature, which was set t€€4b that the low temperature heat sources could be
included, enabling a fair comparison of the thermodynamic potential for all heat sources. However, this meant ignor-
ing two important practical considerations. Firstly, the temperature at which the heat is rejected is lowere@,to 40
thereby drastically reducing the temperature di erence between the ambient temperature and the heat rejection tem
perature, making it more di cult to reject the heat. Secondly, in the case of ethanol and water, the low condensation
temperature leads to low saturation pressures, meaning large speci ¢ uid volumes. This can lead to very high and
unrealistic expansion ratios as well as high volume ows at the expander outlet, which is related to the pressure drop
and thus a ects condenser sizing. Also, the expander e ciencies for the cycles directly impact the resulting power
output. Variation of these e ciencies and their impact is interesting for future studies, especially since a di erent
value for the TFC expander was used. The maximum pressure limit directly a ects the results as well, altering this
limit can have a signi cant impact on the cycle performance. Including all relevant input parameters in a sensitivity
analysis will provide a wider perspective on the potential for each combination of cycle, uid and heat source.

Furthermore, heat losses and pressure drop in the heat exchangers have been ignored, although they can have
signi cant impact. Related to this are the constraints on the superheating temperature di erence, which have been se

to avoid excessive superheating. Implementation of heat transfer and pressure drop relations would allow evaluatior
of the e ect of heat transfer, heat losses and pressure losses on cycle performance and heat exchanger sizing.

7. Conclusions

This paper compares four di erent thermodynamic power cycles, four working uids and four waste heat sources
available in a heavy duty Diesel engine. Its goal is to show the thermodynamic potential for each combination of
cycle, uid and heat source under the boundary conditions and constraints listed inlTadteenergy analysis of
the engine using data from a validated GT-Power model revealed that all the selected heat sources - the CAC, th
coolant ow, the EGRC and the exhaust ow - have the potential for waste heat recovery. The input conditions for the
simulations were based on the low speed, medium load ESC operating mode (A50) and were held constant.

Given these input conditions, the TFC and SFC o ered the best performance with the CAC as the heat source,
regardless of the selected working uid. Because of good thermal matching, the RC performed especially well with
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the coolant ow as the heat source, achieving power increases up to 5 kW, again also almost independently of th
working uid. Ethanol was the best performing working uid with the EGRC as the heat source, o ering peak power
around 8 kW in both the RC and TRC. All cycles achieved similar performance when using the exhaust ow as the
heat source, with peak power production of around 5 kW depending on the working uid. For the high temperature
heat sources, R245fa performed signi cantly worse than the other selected working uids. Considering the working
uids and constraints employed in this study, the results showed that the choice of cycle had the largest impact ol
the performance, while in most cases the working uids performed comparably. This can be attributed to the therma
matching: a better thermal match leads to an increased high temperature, giving better thermodynamic performanc
Even though a relatively low expander e ciency was assumed in the TFC simulations, this cycle o ered similar
performance to the RC and TRC, especially for the exhaust ow. In addition, even with reduced mass ows, tempera-
tures and pressures, the SFC o ered comparable performance while avoiding wet expansion, although it necessitat
an extra component. Importantly, both SFC and TFC have liquid on both sides of the high temperature heat exchange
allowing for areduced area. Consequently, these cycles are particularly interesting for automotive waste heat recovel
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