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A novel intra-cycle waste heat recovery (ICWHR) methodology, applied to an internal combustion engine
is presented in this study. Through a split type thermodynamic cycle design, quasi-isothermal compres-
sion of the charge air and isobaric combustion of the air/fuel mixture can be performed separately in two
chambers. Within such a design, the exhaust heat can be recovered to the intake air flow between the
compression chamber and combustion chamber. Consequently, the recovered energy can be re-utilized
in the combustor directly, and an intra-cycle waste heat recovery process can be achieved. To investigate
the fundamental aspects of this new methodology, a comparative study between the conventional
Rankine based WHR and the new ICWHR was undertaken. Both theoretical and numerical analysis were
applied to evaluate the performance characteristics of these two technologies. The ICWHR cycle differs
from the Rankine cycle in that an energy conversion subsystem is not necessary since the recovered
energy is sent back to the combustion chamber directly, and then the system efficiency is improved sig-
nificantly. Furthermore, the theoretical results indicate that the full cycle efficiency of ICWHR system is
determined by the regeneration effectiveness, the compression ratio and the fuel equivalence ratio, then
the limitations of Rankine cycle, such as working fluid selection and system parameter calibration can be
avoided mechanically. Finally, through a one dimensional system model, analysis of optimal operation
range, system efficiency and the heat transfer behaviours of ICWHR system are discussed in this paper
and comparisons made with a Rankine cycle WHR system.
� 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

The internal combustion (IC) engine remains the powertrain of
major choice for road transport applications globally [1–3]. Con-
cerning the energy balance of IC engines, up to 55% of the input
energy is lost to the environment through the exhaust and various
heat exchange processes between the engine structure, charge air
and lubricating oil [4,5]. Therefore, recovering this waste heat
and converting it to useful work is an obvious method of improving
the overall efficiency of the combustion engine [6,7]. However,
although the quantity of energy available for recovery is signifi-
cant, the quality of much of the available thermal energy is low
[8]. Fig. 1 shows the energy balance for a typical heavy duty diesel
engine, of the type installed in a commercial vehicle. It can be seen
that about 1/3 of the total energy is emitted out through the
exhaust system and more than 20% is emitted out through the
cooling system. Table 1 presents the typical quantities and
qualities of available heat relative to ambient conditions (15 �C)
normalised by the break power of the engine based on a 12.8 l Euro
6 engine described in [9]. From the table it is apparent that the
heat from the vehicle cooling system and charge air cooler is of
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Nomenclature

atdc after top dead center
AFR air fuel ratio
BSFC brake specific fuel consumption (g/kW h)
C isothermal index
CA crank angle
CR compression ratio
cp specific heat under constant pressure
cv specific heat under constant volume
ER expansion ratio
h enthalpy (kJ/kg)
int intake
k isentropic exponent
m mass
QLH fuel heat release amount (kJ)
QRE recuperated heat (kJ)
QREJC heat rejected during compression stage
QREJC heat rejected during expansion stage

T temperature (K)
tri trilateral cycle
S entropy
u heat transfer coefficient

Greek symbols
c specific heat ratio
d regenerator effectiveness
g thermal efficiency

Subscripts
1–4, 20 stage point
Exh exhaust
wf working fluid
he heat exchanger
cov conversion efficiency
source heat source

Table 1
Quantities and qualities normalised to the break power.

Quantity Quality (exergy)

Radiator 53.5% 12.8%
Charge air cooler 9.8% 3.3%
Exhaust post turbine and aftertreatment 79.5% 59.3%
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insufficient quality to merit effective recovery. As such, only heat
from the exhaust will be considered.

Today, the thermal energy rejected to the environment from the
vehicle exhaust can be recovered by a range of methods including:

� Expansion of hot exhaust gases through turbo-compounding
[10].

� Recovery of heat through thermo-electric generation [11].
� Recovery of heat through a separate Rankine/organic Rankine
cycle loop [12–14].

These and other methods were reviewed by Sprouse and Depcik
[15] and the merits and de-merits for vehicle applications were
thoroughly discussed. The review indicated that these approaches
have a common feature when they are applied for IC engine waste
heat recovery in that an additional energy conversion facility, such
as a turbine, an expander or a thermo-electric generator (TEG) is
normally to convert the thermal energy into the dynamic energy
or electricity. Such a feature leads to a poor efficiency when applied
on IC engines. For example, Organic Rankine Cycle (ORC), which
has been proven to be one of the most effective solutions for engine
waste heat recovery [16], will only provide a 3–6% engine effi-
ciency improvement on a practical heavy duty diesel engine. This
is mainly because of the mismatch of the working fluid and the
highly variable exhaust temperature conditions. For the turbo-
compounding system, the exhaust back pressure can be increased
when the turbine is installed in the exhaust pipe. Then the waste
heat recovery efficiency could be undermined because of the
pumping losses and the underutilisation of the exhaust heat. Con-
cerning the TEG system, the thermal efficiency is low because of
the ineffective thermal-electrical energy conversion process [17].

Rather than using an additional system to achieve the energy
conversion, directly recovering the thermal energy back into the
Fig. 1. Typical energy balance of a Euro 6 diesel engine [9].
internal combustion engine cycle, such as in a recuperated Brayton
cycle, will potentially offer a higher thermal efficiency and a sim-
pler system [18]. Roux et al. [19] reported that an 8–15% efficiency
improvement can be achieved when the recuperation is applied in
a Brayton cycle based gas turbine. However, a further efficiency
improvement is difficult to achieve since the temperature differ-
ence between the after-compression and the after-expansion tem-
perature of the working fluid is normally small and the amount of
the recuperated heat is reduced [20].

Recently, the isothermal compression technique was exten-
sively investigated by several academic/research groups [21,22].
Isothermal compression has the potential to reduce the after-
compression temperature of the working fluid. By injecting the
coolant media (such as liquid nitrogen or water) into the working
fluid, the temperature of the compressed working fluid can be
decreased significantly, much lower than the after-expansion tem-
perature of the working fluid. Accordingly, the amount of the recu-
perated heat will increase.

Applying the isothermal compression on the Diesel engines, the
concept of intra-cycle waste heat recovery (ICWHR) is developed in
the present work. Through a split cycle engine structure design, the
compression and expansion processes are conducted in separate
chambers [21,23], and then a heat recuperation is achieved
through a recuperator installed between the two chambers. Due
to the isothermal compression of the charge air, the temperature
difference between the compression and expansion chamber is
enlarged. Consequently, a significant engine efficiency improve-
ment is achieved.

In this paper, a comparative study between the conventional
Rankine cycle based WHR and the above mentioned intra-cycle
waste heat recovery is conducted. For the first time, the ICWHR,
which potentially leads to a step engine efficiency improvement,
is demonstrated. Additionally, the application of a bottoming cycle
to a conventional diesel powertrain – or ‘combined cycle’ is also
described. Such an approach has been presented by others [24],
but here, a theoretical analysis is presented together with full cycle
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simulation to facilitate comparison with other options. A funda-
mental analysis of the two cycles is presented and compared with
the Diesel internal combustion cycle to identify the ultimate
potential and sensitivity to the key engine parameters such as
compression ratio. Rigorous cycle analysis is then used to deter-
mine the practical efficiency of the two cycles, compared to a base-
line commercial vehicle diesel engine. The paper concludes with a
critical review of the two proposed cycles.
2. Thermodynamic cycle analysis of the two WHR solutions

The essential mechanism difference between ICWHR system
and the conventional combined cycle WHR approach are illus-
trated in Fig. 2. As for an engine fitted with a Rankine WHR system,
the waste heat in the exhaust flow is recovered by a recuperator,
and then converted into mechanical power through the expansion
of the working fluid in the turbine. Hence, the acquired power from
the waste heat is decided by: (1) the heat recuperating efficiency of
the heat exchanger ghe and (2) the energy converting efficiency of
the Rankine cycle gcov. Constrained by the working fluid properties
and the components performance, the gr value is normally low.
However, the engine with ICWHR system has separate compres-
sion and combustion cylinders. Through a recuperator between
the two chambers, waste heat can be recovered and transferred
back to the combustion cylinder directly. Quasi-isothermal com-
pression of the charge air in the compression cylinder increases
the temperature difference between the compression cylinder dis-
charge and exhaust gas. Exhaust heat is therefore more effectively
recovered within the cycle. A detail description of the two WHR
methods will be discussed in the following sub-sections.
2.1. Theoretical process of the ICWHR thermodynamic cycles

The split cycle engine differs from a conventional engine in that
the compression and combustion processes occur in different
cylinders. The basic thermodynamic of the split cycle were com-
prehensively described by Dong et al. [25]. The system structure
Fig. 2. Energy flow demonstration of two type WHR methodologies.
and the T–S operating diagram are presented in Fig. 3a and b
respectively. The stages of the cycle are as follows:

1–20 quasi isothermal compression in the charge air in a com-
pression cylinder.
20–2 intra cylinder recuperation, recovering exhaust heat.
2–3 heat addition at constant pressure in the combustion
cylinder.
3–4 adiabatic expansion, recovering work in the combustion
cylinder.

The isothermal compression process can be readily achieved
through the injection of water droplets during the compression
stroke [22]. Through the heat transfer between the intake air and
the water spray droplets, the air temperature at the end of the
compression stage can be decreased. Accordingly, the inlet temper-
ature of the recuperator will be much lower and the recuperation
efficiency improved. The temperature of the T02–T4 can be calcu-
lated based on each thermodynamic process and expressed as:

T20 ¼ T1 � CRðk�1Þ�C T3 ¼ T2 þ QLH=cp

T2 ¼ T20 þ QRE=cp T4 ¼ T3=CR
ðk�1Þ ð1Þ

Accordingly, the thermal efficiency of split cycle can be described
as:

g ¼ ðQLH þ QREÞ � ðQREJC þ QREJEÞ
QLH

¼ CRðk�1Þ

CRðk�1Þ � d

þ cp � T1

QLH � ðCRðk�1Þ � dÞ
� 2 � d � CRðk�1Þ�C � d � CRðk�1Þ�Cþ1

�CRðk�1Þ � C þ CRðk�1Þ � d

" #

� cv � T1

C � QLH
CRðk�1Þ�C � 1

� �
ð2Þ

Here, T1 is the initial temperature of intake air, and the specific heat
ratio of air is a constant K. The compression ratio and expansion
ratio are CR and ER respectively. The parameter C (0 6 C 6 1) is
the isothermal index which represents the deviation of the
compression process towards an isothermal process. Normally the
value of C is 0 when the compression process is an isothermal pro-
cess. The compression tends to the adiabatic case when C is closer to
1. The recuperation effectiveness d (0 6 d 6 1) represents the recu-
perating efficiency. The QREJC and QREJE are the heat rejected during
the compression and expansion stroke respectively. The detail of
the above thermodynamic analysis can be found in reference paper
[25].

The efficiency of split cycle engine is determined by 4 key
factors; the compression/expansion ratio, the recuperation effec-
tiveness and the heat release amount from the fuel. This is different
from the ideal engine efficiency, which is dominated by the com-
pression ratio alone. In the following section, the influencing
mechanism of these factors will be discussed. Based on the analysis
result, the system design principles of split cycle engine will be
studied.

2.2. Theoretical analysis of the maximum efficiency of the combined
cycle

The combined cycle concept consists of a conventional diesel
engine combined with a Rankine cycle to recover waste heat. As
such, the impact of waste heat recovery on the system efficiency
can first be determined by considering the Rankine cycle in isola-
tion. Referring to Fig. 4, the maximum work that can be recovered
from two temperature sources is defined by the Carnot cycle limits.
However, in the case of waste heat recovery from a vehicle exhaust
system, the heat source is finite and will vary through the recovery
process. As such, the trilateral cycle provides a more realistic



Fig. 3. System structure and typical operating features of split cycle with ICWHR.

Fig. 4. T–S diagram evolution from infinite source and sink to finite source: (a) Carnot cycle and (b) trilateral cycle.
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assessment of the ultimate efficiency of the Rankine part of the
combined cycle, described by Eq. (3) [24].

gtri ¼ 1�
Tsink ln Tsource

Tsink

� �
Tsource � Tsink

ð3Þ

The source temperature can be determined using constant pressure
air standard cycle analysis [26], relating the compression ratio and
heat addition, based on the lower heating value:
Table 2
Comparison of the 4 typical thermal dynamical cycles.

Brayton cycle Split cycle with quasi iso-thermal
compression

Efficiency gt ¼ 1� 1
CRk�1

gt ¼ 1� CRðk�1Þ�C�1 � Fð1� 1
CRðk�1ÞÞþ

cv
C�cp ðCR

ðk�1Þ�C � 1Þ

" #,
E

E ¼ ðQLHÞ=ðcp � T1Þ
F ¼ ðQRE þ QLHÞ=ðcp � T1Þ

WHR available
range

– T4 > T 0
2

Tsource ¼ ðT1 � CRk�1 þ QLH=cpÞ=CRk�1 ð4Þ

Combining Eqs. (3) and (4), it can be achieved that:

ntri ¼ 1� RgT1 ln
ð1þ ET1CR

k�1Þ
CRk�1 � ðCRk�1 þ EÞ1=k�1

" #
ð5Þ

The maximum efficiency of the combined cycle therefore depends
on the compression ratio of the engine and heat addition. The
Rankine cycle with maximum available
waste heat

Typical practical Rankine cycle

gt ¼ 1� RgT1 ln
1þ ET1CR

k�1
� �

CRk�1

2
4

�ðCRk�1 þ EÞ1=k�1
�

E ¼ ðQLHÞ=ðcp � T1Þ

gconversion ¼ gthermalgrecovery

¼ _Wnet
_Qin

_Qin
_Qmax

¼ _Wnet
_Qmax

_Wnet ¼ gtransmissionð _Wexpander � _WpumpÞ
� _Wbackpressureþfan:power

� _Wcontrolþmachine:cooling

Wbackpressureþfan:power ¼ 0:003 _Q1:3
HEX

T4 > T1 T4 > T1
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maximum efficiencies of the combined and split cycle engines are
compared with the conventional Brayton cycle. As shown in Table 2,
the efficiency of the internal combustion engine can be expressed as
a function of the compression ratio (CR) and ratio of the specific
heats (k):

gideal ¼ 1� 1

CRk�1 ð6Þ

Inspection of Eq. (6) shows the limiting efficiency of the Brayton
cycle is dependent on the compression ratio only since the working
fluid of the engine is air. For the split cycle and combined cycle, the
recuperator effectiveness d has an important role in the cycle effi-
ciency. The difference is the expansion ratio, which will not affect
the maximum heat recovery efficiency (HRmax) of the combined
cycle. However, both the expansion ratio and the isothermal index
C are crucial for the split cycle since the amount of recovered heat of
this kind of engine is bounded to the engine intake air and exhaust
temperature.

The ideal Brayton, practical split cycle and combined cycles, are
compared in Table 2. As mentioned in the above analysis, the max-
imum heat recovery efficiency of the combined cycle only indicates
the potential of the engine with Rankine based WHR system. Its
practical efficiency will also be strongly affected by the energy con-
verting efficiency of the Rankine cycle gcov. Additionally, the value
of gcov is very low due to the practical constraints imposed through
the selected working fluid. The selection and design of the working
fluid for the Rankine cycle is of considerable research interest. The
analysis of the practical Rankine cycle will be analysed in the next
section.

The temperature of the exhaust side (represented by T4) and
ambient side (represented by T1) are theoretically the same for
both the split cycle and combined cycle engine. However, the ideal
cycle efficiency can be significantly different for the two cycles.
Giving a fixed condition of QLH = 1700 J/cycle and d = 0.88, the effi-
ciency difference of the cycles under different CR conditions is
shown in Fig. 5(a). Here an iso-thermal index C of 0.87 is used
for the split cycle analysis. It can be seen that the efficiency of both
these two cycles are much higher than that of Brayton cycle. How-
ever, the efficiency of the split cycle is slightly higher, especially
under lower CR conditions. To illustrate such a result, a tempera-
ture–entropy analysis is shown in Fig. 5(b). The figure clearly
shows that the application of intra-cycle recuperation will affect
the original engine operating parameters. The recuperated heat
enables an increment of the temperature T2 in the split cycle case,
and then makes it higher than that in combined cycle case. As a
result, the whole cycle efficiency of the split cycle becomes higher.
Fig. 5. Comparison of (a) thermal effic
The figure also shows that the efficiency of the split cycle can be
improved when a suitable over expansion ratio is applied on the
split cycle engine.

The above analysis indicates the potential of both split cycle and
combined cycle is higher than the conventional Brayton cycle. The
efficiency variations of the split cycle and combine cycle under dif-
ferent d and CR conditions are shown in Fig. 6(a) and (b) respec-
tively. It can be seen that the overall efficiency of split cycle is
noticeable higher, especially under low CR conditions. Also, it can
be seen that the efficiency of split cycle benefits more from the
increment of recuperation effectiveness value d. However, the
practical efficiency of split cycle is much closer to the theoretical
result comparing to the combined cycle because the energy con-
version efficiency gcov of Rankine cycle is relatively low. The detail
analysis of the practical efficiencies of these twoWHR systems will
be discussed in the following section.

3. Performance analysis of intra-cycle based and combined
cycle based WHR methodology

The theoretical analysis presented in Section 2, although useful
in comparing different cycle concepts does not account for the
practical losses in implementing the cycle in a heavy goods vehicle.
Full cycle analysis is required to assess the full performance poten-
tial of the combined and split cycles, compared to a conventional
diesel engine.

For comparing the performances of the intra-cycle and com-
bined cycle based WHR systems in detail, a hybrid modelling
methodology was applied in this section. The architecture of the
modelling work can be seen in Fig. 7. Through the LMS Imagine.
Lab AMESim [27,28] software, a one-dimensional baseline engine
model, and a split cycle engine model were developed. The IFP
engine system model in AMEsim is in particular devoted to the
development of internal combustion engine models. The detail of
the model construction and validation can be seen in reference
paper [25]. Furthermore, the Aspen HYSYS [29] software was
applied to build the recuperator model for split cycle engine, and
the heat exchanger model for combined cycle. The validation of
the recuperator/heat exchanger model can be seen in reference
paper [23,25]. Finally, through coupling the AMEsim based engine
models and the HYSYS based recuperator/heat exchanger models,
the system efficiency of the split cycle and the combined cycle
can be compared based on a proposed baseline engine
specifications.

The OM471 engine, which was used in previous WHR research
[24], was used as the baseline engine in this paper. The engine is a
iencies (a) and (b) T–S diagrams.



Fig. 6. Thermal efficiencies of (a) split cycle and (b) combined cycle.

Fig. 7. Architecture of the thermodynamic cycle modelling solution.

Fig. 8. The exhaust temperature map of the test engine.
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12.8-l straight-six engine which achieve the Euro VI emission stan-
dard. A map of the exhaust temperature as a function of engine
speed and torque is shown in Fig. 8. The map is calculated through
the above one-dimensional model, and the engine model is vali-
dated against the experimental results from single cylinder engine
testing. This engine utilized a high efficiency SCR for NOx emis-
sions control. The exhaust heat was calculated after the turbine,
DPF and SCR components. The exhaust lines were considered
non-insulated and a 25 �C temperature drop was considered over
the after-treatment devices. A representative test point at rated
power and nominal torque was selected, as presented in Table 3.
Then the system efficiencies of the ICWHR and the combined cycle
are compared. The specifications of the baseline engine and the
split cycle engine, along with the configurations of the combined
cycle WHR system, are shown in Table 3 as well. For the split cycle
engine, 3 cylinders of the total 6 are modified for isothermal
compressor, and the other 3 are designed as combustors. In the
isothermal compressors, water was used as the cooling media to
control the air temperature during the compression process. For
the recuperator between the compressor and combustor, the
exhaust was inlet in the opposite direction of the intake fresh air
to maximum the recuperation efficiency.

For the combined cycle, the selection of a suitable working fluid
is the first and the most important step in maximising the system
performance. Previous study indicate that the organic working
fluid for vehicle WHR system normally favour of a heat source
quality of <400 �C due to molecular weight, thermal decomposition
and heat transfer irreversibility considerations. For the non-
organic working fluids like water, a heat source quality >500 �C is
needed due to the large latent heat [30]. To meet the complex
requirements for automotive applications, binary water blends
may present an alternative avenue. As a result, a binary water
blend with 50% water and 50% ethanol blend was selected to reach
the maximum efficiency of the combined cycle, and then the con-
figurations of the sub-components were set accordingly.

Based on the above modelling configurations and parameter
selections, a comparison of combined cycle and an intra-cycle
based waste heat recovery methodology becomes possible based
on the practical engine operation conditions.

3.1. Comparison of the heat recuperating efficiency ghe from the two
systems

As discussed in Section 2, the total efficiency of a combined
cycle WHR system is decided by; (1) the heat recuperating
efficiency of the heat exchanger ghe and (2) the energy converting
efficiency of the combined cycle gcov. For both a split cycle engine
and the combined cycle, the waste heat are harvested with the
samemechanism; heat transfer between exhaust flow and working
fluid within the recuperator/evaporator system. For the split cycle
engine, the working fluid is the compressed intake air in the
recuperator, thus the intake air mass flow rate and the heat



Table 3
Specifications of the baseline engine, the split cycle engine and the combined cycle WHR system.

Base engine specifications
� Cylinder number = 6
� AFR = 23:1
� CR = 17 (adjustable)
� Bore [mm] = 128
� Stroke [mm] = 148
� Engine speed [rpm] = 1800
� Target power [kW] = 327
� Indicated thermal efficiency
gth = 39.4%

Split cycle engine specifications:(3 compressors and 3 combustors for split cycle engine)
Isothermal compressor:
� Cooling media: water
� Cooling temperature: 50 �C
� Injection pressure: 600 bar
Recuperator:

� Total length = 600 mm
� Number of tubes = 70
� Tube inner diameter = 2 mm
� Shell diameter = 35 mm
� Exhaust inlet location relative to intake: opposite side

Combined cycle WHR systemWorking
fluid
� 50% water 50% ethanol (by mass)
Heat exchanger (combined cycle)

� Tmaxf luid = 300 �C
� DPfluid = 0.5 bar
� Tpinch point HEX = 15 �C
Expansion machine and pump

� gexpansion = 70%
� Expansion ratio = 2-stage, 6:1
each (max)

� gpump = 60%
� gtransmission = 93%
Air condensed temperature

� Tcoolant air = 50 �C

114 R. Morgan et al. / Applied Energy 174 (2016) 108–117
recuperation performance will vary under different engine operat-
ing conditions. Fig. 9(a) shows the one dimensional temperature
distributions of the exhaust flow and the intake air in the recuper-
ator calculated for the split cycle engine. It can be seen that the
exhaust temperature increases when a lower compression ratio
(CR) is applied. However, the corresponding temperature increase
of the intake air is not as high as for the exhaust temperature.
The modelling results shown in this figure indicate that the
exhaust/intake air temperature difference is increased under low
CR conditions, and then the recuperation performance becomes
poorer accordingly.

Maintaining the compression ratio at the original value of 17,
the one dimensional temperature distribution within the evapora-
tor applied in combined cycle is shown in Fig. 9(b). Within the
evaporator, the compressed water/ethanol mixture is evaporated
and the mixture outlet temperature increased to 583 K and the
exhaust flow was cool down to 381 K, which is slightly lower than
the case on split cycle engine (423 K@CR = 17). The recuperator
outlet temperature is therefore much lower comparing to the cases
on split cycle engine.

Normally for a recuperator/heat exchanger, a recuperation
effectiveness d can be defined to evaluate the heat recovery effi-
ciency [25], as:

d ¼ TWFI � TWFO

TExhI � TWFO

Here, TExhI is the inlet temperature of the heat source flow, TWFI and
TWFO are the inlet and outlet temperature of the working fluid
respectively. Due to the large latent heat of evaporation and heat
capacity of the water/ethanol mixture, the working fluid outlet
Fig. 9. The one-dimensional temperature distribution in (a) recuper
temperature of the evaporator is relatively low comparing to that
on split cycle engine. Based on the definition of d, it can be
concluded that the calculated recuperation effectiveness d of the
evaporator for the combined cycle is lower than that of the recuper-
ator on the split cycle engine due to the lower working fluid outlet
temperature. However, the exhaust flow outlet temperature of the
evaporator is 381 K which is comparable to that for split cycle
engine cases. This phenomenon indicates that the total amount of
heat recovered from the exhaust flow are similar between the case
for combined cycle and split cycle.

To evaluate the heat recovery effectiveness of the two cycles for
a given value of d, the heat recuperating efficiency –

ghe ¼ DEthWF� _mwf

DEthExh� _mExh

����
����, was defined for the comparison of the heat

recovery process in these two cycles. Here DEthWF is the specific
enthalpy increment of the working fluid, and DEthExh is the specific
enthalpy decrement of the exhaust flow _mwf and _mExh are the
mass flows of the working fluid and exhaust respectively. Based
on the system configurations and parameters listed in Table 3,
the comparison of the percentage of exhaust heat recovered
from both the recuperator on split cycle engine and the heat
exchanger for combined cycle are compared under different
exhaust inlet temperature conditions. As can be seen in Fig. 10,
the recovered heat from the evaporator is about 5% higher than
the recuperator when the exhaust temperature Texh is 949 K
(CR = 17), however these two values converge when Texh decreases.
This analysis indicates that the heat recuperating efficiency gh of
the evaporator for combined cycle can be slightly higher than that
of the recuperator for split cycle engine given the same exhaust
flow conditions.
ator (for split cycle) and (b) heat exchanger (for Rankine cycle).



Fig. 10. Comparison of the recovered hear between the split cycle and combined
cycle.

Fig. 12. In-cylinder combustion process of split cycle engine and the original diesel
engine.
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3.2. Comparison of the energy converting efficiency gcov of the two
systems

Assuming a fixed heat recuperating efficiency ghe, the discus-
sion in Section 2 indicates that the final thermal efficiency of a heat
recovery system is decided by the energy converting process which
convert the recovered heat to the work output. Thus, the energy
converting efficiency gcov of split cycle and Rankine cycle is com-
pared in this section.

Keeping the compression ratio CR = 17, the T–S operating dia-
grams of both split cycle and combined cycle are shown in
Fig. 11(a) and (b) respectively. On the split cycle engine, the com-
pressed intake air acts as the thermal media to absorb the heat
from the exhaust flow. In the quasi-isothermal compression
process, the intake is mixed with the injected water in the com-
pression cylinder. The water temperature can be kept close to
ambient temperature by the rejection of heat to the environment
post recovery and pre injection to the compressor cylinder. Hence
the intake air temperature increases only slightly from 303 K to
343 K during the compression process, and then was heated up
to 752 K in the recuperator, as can be seen in Fig. 11(a). After the
heat recuperation process, the heated high pressure air was
induced into the combustion chamber, which then triggers the
auto ignition of the air–fuel mixtures. On the T–S diagram, the area
between the compression line and the heat recuperation line rep-
resents the recovered energy from the exhaust. According to the
definition of the Carnot cycle thermal efficiency: gth ¼ 1� TL

TH
, it

can be deduced that the energy converting efficiency gcov of split
Fig. 11. Energy converting efficiency analysis based on the tempera
cycle is decided by the average intake air temperature during the
compression process which represent the TL, and the average tem-
perature during the recuperation process which represent the TH.
The calculation result base on the above T–S diagram shows that
the gcov of split cycle is 52%.

Keeping the same condition of CR = 17, the T–S diagram of the
combined cycle is shown in Fig. 11(b). In the combined cycle, the
working fluid is the mixture of water and ethanol with the iden-
tical mass friction of 50%. A maximum cycle pressure of 58 bar
was considered optimal, since this corresponded to a pressure
ratio in a two-stage expansion machine that can be achieved by
both piston expanders and radial turbines [24,31]. The analysis
in Section 3.1 indicated that the heat recuperating efficiency ghe
for combined cycle is 5% higher than that of the split cycle under
this condition. However, due to the latent heat during the liquid–
gas phase transition process and the high specific heat capacity of
the working fluid, the final working fluid temperature of the com-
bined cycle is 543 K, which is much lower than the split cycle
case. On the other hand, to guarantee the working fluid is kept
in the gas phase after the expansion process in the turbine, and
to reduce the waste recovery system cost, the working fluid tem-
perature is cooled down to 365 K by the engine coolant water in
the condenser. According to the Carnot cycle based thermal effi-
ciency analysis mentioned above, it can be calculated that the
energy conversion efficiency gcov of combined cycle is 12.1%
which is much lower than the case on split cycle engine.
ture–entropy diagram of (a) split cycle and (b) Rankine cycle.



Fig. 13. Energy distribution of original diesel cycle, split cycle and combined cycle applied on the diesel engine.

116 R. Morgan et al. / Applied Energy 174 (2016) 108–117
3.3. Full cycle thermal efficiency comparison between the two systems

As introduced in Section 2, the Rankine cycle based WHR sys-
tem is a kind of passive WHR system. Thus, it can be assumed that
the diesel engine efficiency will not be significantly affected by the
WHR system [32]. However, for the split cycle engine it is different.
As a stage of the whole thermodynamic cycle, the waste heat recu-
peration process occurs between the intake air compression stage
and the mixture combustion stage on the split cycle engine. Obvi-
ously, the isothermal compression, the heat recuperation and the
combustion process are interdependent. The isothermal compres-
sion and heat recuperation processes of the split cycle engine were
illustrated on the T–S diagram in Section 3.2. However, the detail of
the combustion process of it is not described. Fig. 12 shows the in-
cylinder combustion pressure and temperature variations of both
the split cycle engine and the original diesel engine.

On split cycle engine, the combustion occurs in the combustion
cylinder chamber. After the heat recuperation, the heated intake
air was induced into the combustion chamber close to top dead
center. As a result, a sharp pressure rise can be seen when the
intake valve is open, and the pressure fluctuations can be observed
as well due to the high intake velocity. Due to the air induction
process, the fuel injection timing on the split cycle engine is
slightly delayed comparing to the diesel engine. Correspondingly,
a nearly isobaric combustion process appears on this engine.

Due to the isothermal compression, it can be seen that the
intake temperature of the split cycle engine is lower than the diesel
case at the TDC position even if it is heated by the exhaust gas in
the recuperator. So the in-cylinder combustion temperature will
be lower than the diesel case as well. Such a low in-cylinder tem-
perature leads to a low heat transfer losses in the combustion
chamber. Since the isothermal compression is achieved by the
water pumping and injection system, a 3.2 kW extra power in con-
sumed in this system, which leads to a 0.8% thermal efficiency
losses.

Based on the above analysis of the heat recuperation process
and engine combustion process, the system thermal efficiency
can be achieved for both split cycle and combined cycle. Fig. 13
demonstrates the energy distributions under the cases of original
diesel engine, the split cycle and the combined cycle. The applica-
tion of the recuperator/heat exchanger system leads to a slight
increase of the exhaust back pressure, and then an extra energy
losses can be seen in both the combined cycle and split cycle cases
(0.5% thermal efficiency losses in combined cycle, and 0.77% effi-
ciency losses in split cycle case). However, the system efficiency
still improved through the application of these two thermody-
namic cycles. Comparing to the original diesel engine with an indi-
cated thermal efficiency of gth = 40.4%, the gth of combined cycle is
increased to 44.2%, which demonstrate a 3.8% efficiency improve-
ment through the Rankine cycle based WHR system (combined
cycle). However, the split cycle based intra-cycle WHR method
yielding a system thermal efficiency of 52.2%, which is much
higher than that of the combined cycle.
4. Conclusions

A comparison study on the ICWHR system, which achieved
through a novel split thermodynamic cycle design, and the conven-
tional Rankine cycle based WHR technology (combined cycle) is
conducted in this paper. Through both the theoretical and the
numerical analysis, 5 major findings are achieved as follows:

(1) The theoretical analysis indicate that the upper limits of effi-
ciency of both the split cycle and combined cycle are about
20% higher than the conventional diesel cycle. The overall effi-
ciency of split cycle is slightly higher comparing to that of com-
bined cycle, especially under low compression ratio conditions.

(2) Due to the large evaporation latent heat and heat capacity of
water/ethanol mixture, the maximumworking fluid temper-
ature of the combined cycle is much lower comparing to that
on split cycle engine. However, the heat recuperating effi-
ciency ghe of combined cycle is 5% higher than that of the
split cycle when the exhaust temperature Texh is 949 K
(CR = 17). These two values get closer when Texh decreases.

(3) To guarantee the working fluid keeps in gas phase after the
expansion process in the turbine, and to reduce the waste
recovery system cost, the working fluid temperature is
cooled down to 365 K for combined cycle case, which is
much higher than that in split cycle. According to the Carnot
cycle based thermal efficiency analysis, the energy conver-
sion efficiency gcov of the combined cycle is 12.1%, which
is much lower than the case on split cycle engine.

(4) Due to the isothermal compression, the intake temperature
of a split cycle engine is lower than the original diesel engine
even it is heated by the exhaust gas in the recuperator. So
the in-cylinder combustion temperature will be lower than
the diesel case as well. Such a low in-cylinder temperature
leads to a low heat transfer losses during the combustion
process.
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(5) Based on the above analysis of the heat recuperation process
and engine combustion process, the system efficiencies of
the combined cycle and the split cycle are achieved. The
indicated thermal efficiency gth of combined cycle is
increased to 44.2%, which demonstrate a 3.8% efficiency
improvement comparing to the original diesel cycle. How-
ever, the split cycle based intra-cycle WHR method yielding
a system thermal efficiency of 52.2%, which is much higher
than that of the combined cycle.
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