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ABSTRACT

A considerable amount of waste heat is produced by internal combustion engines. Bottoming cycle application
of Organic Rankine Cycles (ORC) is one of the promising technologies that recuperates the waste heat of
engines. A lot of engine waste heat is released into the environment. There are a lot of working fluids that can
be applied in these cycles. As the engine waste heat temperature is extremely high, finding a suitable working
fluid, which operates properly in the combined cycle, is challenging. In this paper, the thermodynamic analysis
of ten working fluids including cyclohexane, HFE7000, HFE7100, n-hexane, n-pentane, R11, R123, R134a,
R141b, and R245fa is conducted to observe the influence of different parameters on the system performance
and introduce the most appropriate working fluid. Results indicated that, in the studied ranges, R134a had the
best performances since (a) its thermal and exergy efficiencies were 17.39 % and 17.34 %, respectively; (b)
the thermal efficiency of the engine increased by 9 %, and the net power of the system reached 7.5 kW.
Furthermore, there was about 9 % reduction in fuel consumption. On the other hand, among the studied

working fluids, cyclohexane operates as the least suitable one by possessing the minimum amounts.

1. INTRODUCTION

Fossil fuels are the source of most energies. The rising prices
of fossil fuel and pollution problems caused by burning fossil
fuels have necessitated researchers to look for and study novel
sources such as wind, geothermal, solar, and different types of
waste heat [1]. A lot of thermal energy from different
processes is wasted into the environment [2-4]. The waste heat
from engines (internal combustion engines) has received
researchers’ attention since these engines in their best-
operating conditions convert 40-45 % of the fuel energy into
the useful power, and the rest is lost as the exhaust gas and
cooling system. The waste heat released from these engines is
classified into low-to-medium grade energy sources and can
be reused by applying a waste heat recovery (WHR) system.
Among the bottoming cycles coupled with the engines,
Organic Rankine cycle (ORC) is one of the most premier
technologies when considering its high thermal efficiency,
simplicity, and compatibility with a vast range of heat [5].
Patel and Doyle [6] were among the first researchers that
studied a combination of ORC and the exhaust gas of a diesel
engine. After that, different researchers have investigated
ORC-WHR cycles. In an outstanding study by Vaja and
Gambarotta [7], the thermodynamic analysis of different
working fluids was considered in order to match a vapor cycle
with an internal combustion engine. Their analysis showed
that a 12 % rise in the total efficiency could be achieved
compared to the engine without using ORC cycle. Lu et al. [8]
reported the generation of 1 kW power in a 6.5 kW engine by
applying ORC to recover exhaust energy in a diesel engine.
Preheat and two-stage configurations were introduced by
Tahani et al. [9] to apply the waste heat recovery system in a
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12-liter diesel engine. Among the studied working fluids,
R123 enjoyed the highest performance in both configurations
and fuel consumption decrease. A novel Organic Rankine
Cycle system was proposed by Panesar [10] to convert the
waste heat into viable power in the long-haul trucks. The
results showed that, by installing this system, the system
power increased by 20 % and the brake thermal efficiency
raised by 1.8 %. Yu et al. [11] studied the application of ORC
for a diesel engine to reuse waste heat from the exhaust gas
and jacket water by using R245fa. The results depicted that
75 % of exhaust gas and 9.5 % of jacket water could be
recovered. Moreover, the mentioned system generated higher
exergy and thermal efficiencies. A CNG engine-ORC with the
IHE combined system was designed by Song et al. [12] to
improve the electric efficiency. By applying the WHR system,
the net power, electric efficiency, and thermal efficiency of
the cycle increased, while the BSFC decreased. Song and Gu
[13] examined a mixture of a hydrocarbon and a retardant
used in an ORC-WHR system. According to the first and
second laws of analysis, cyclohexane/R141b (0.5/0.5),
compared to pure cyclohexane, showed a 13.3 % increase in
net power output. Shu et al. [14] surveyed the usage of
alkanes as the working fluids of the combined system of a
diesel engine and bottoming ORC. By considering six
indicators including thermal efficiency, exergy destruction
factor, turbine size parameter, total exergy destruction rate,
turbine volume flow ratio, and net power output per unit mass
flow rate of exhaust, it was proved that cyclic Alkanes,
Cyclohexane, and Cyclopentane were the most suitable
working fluids.

In a study by Kim et al. [15], a novel single-loop ORC
system was introduced by adding an LT recuperator to fully
utilize the residual heat. By comparing the performances of
conventional systems on a gasoline passenger car to recover
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waste heat, they showed that the system output power could
be increased by up to 20 % when using a novel single-loop
system.

In spite of numerous studies on ORC-WHR systems, a cycle
that recovers both low-temperature source (engine coolant)
and high-temperature source (exhaust gas) in the engine at the
same time is very scarce. Therefore, this study proposes
implementing a single-loop ORC system for a diesel engine
waste heat recovery system by applying different working
fluids and identifying the most suitable one by taking into
consideration different aspects such as the first and second
laws of analysis.

Table 1. The main parameters of the 1004-4T diesel engine.

Parameter Unit Value
Power output kw 71.2

Rotation speed r/min 2000
Torque Nm 340

Exhaust heat temperature K 823.15
Mass flow rate of engine exhaust gas kg/h 18.9
Fuel consumption kg/h 15.6

2. WASTE HEAT RECOVERY SYSTEM MODELING

In the present study, a four-cylinder, turbo-charged diesel
engine is applied as a topping system, and the main
parameters of the diesel engine are listed in Table 1. For
recovering waste heat, Organic Rankine Cycle is defined as
the bottoming cycle. A schematic diagram of the cycle and T-
S diagram is shown in Figures. 1 and 2. The ORC system
consists of a pump, two LT and HT recuperators, a preheater,
an evaporator, an expander, and a condenser. The whole
system operates as follows:
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Figure 1. Schematic of a single-loop ORC system combined with a
diesel engine.

The high-temperature waste heat of the diesel engine can be
recovered via bottoming an Organic Rankine Cycle. The
exhaust gas can exchange heat in the evaporator with the
working fluid before being released into the atmosphere. In
the ORC process, the working fluid is pumped (1-2) in an
isentropic process. As the jacket cooling water temperature is
low, it is appropriate for preheating. Therefore, the preheater
recovers the heat from the jacket water cooler, while the

evaporator recovers the heat from the exhaust energy in an
isobaric heat transfer process (3-4 and 5-6). In an isentropic
expansion process inside the expander, the fluid is expanded
in the expander to produce mechanical power (6-7). Passing
the expander, the working fluid enters the condenser where it
condenses into saturated liquid in an isobaric heat transfer
process (9-1). In order to reuse the residual heat of working
fluid leaving the expander and preheat the working fluid, two
HT and LT recuperators are added (2-3 and 4-5).
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Figure 2. T-s diagram of the ORC system.

The main assumptions concerning the simulation of the
combined cycle are summarized in Table 2.

To simplify the simulation of the proposed cycle, the
following assumptions are also made:

(1) The cycle operates in a steady state.

(2) The kinetic and potential energies and the heat and
friction losses are neglected.

(3) No pressure drops in the pipes, condenser, and
evaporator.

(4) The fluid leaving the condenser is saturated.

Table 2. The main assumptions of the cycle.

Environment temperature (K) 293.15
Environment pressure (atm) 1
Condensation temperature (K) 308.15
Inlet temperature of cooling water (K) 343.2
Expansion ratio of the expander 35
Pump isentropic efficiency (%) 80
Expander isentropic efficiency (%) 70
Recuperator effectiveness (%) 80
Waste heat initial temperature (K) 823.15

3. WORKING FLUID SELECTION

Generally, choosing an appropriate working fluid is one of the
most important factors in designing the cycle. There are some
factors that a working fluid should satisfy such as Non-
fouling,  non-corrosiveness,  non-toxicity, and  non-
flammability. In order to consider the environmental effects,
three parameters including ozone depletion potential (ODP),
global warming potential (GWP), and the atmospheric lifetime
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(ALT) should be taken into consideration. ODP is the
potential of a working fluid to destroy the ozone layer.

Table 3. Thermodynamic properties of working fluids.

Teri Peri M GWP
Name €0 | ®Pay | @moly | PP | (1o0yn)
Cyclohexane | 280.49 | 4075 | 84.161 0 very low
HEF7000 165 2480 200 0 370
HEF7100 195.3 | 2330 250 0 320
N-Hexane | 234.67 | 3034 | 86.175 | N/A N/A
N-Pentane 196.5 | 3364 | 72.149 | N/A 5
R11 198 4408 | 137.37 1 4600
R123 183.7 | 3660 | 152.93 | 0.02 77
R134a 101 4059 | 102.03 | 0.055 1430
R141b 204.4 | 4460 | 116.95 | 0.086 725
R245fa 154 | 36500 | 134.05 0 1030

GWP is the potential of a working fluid to cause global
warming. ALT is the amount of time that greenhouse gases
need to leave the atmosphere. In general, organic working
fluids are divided into dry, isentropic, and wet categories. The
properties of the considered fluids are shown in Table 3.

4. THERMODYNAMIC ANALYSIS
4.1. Energy analysis

Based on the first law of thermodynamics, the behavior of
different working fluids under different working conditions
can be described as follows:

For the pump:

Wp = thys (hy —hy) (1)
th - hl

Mp = h, — by )
For condenser:

Qcon = Myf (h9 - hl) = ey (hcw,out - hcw,in) (3)
For the evaporator:

Qeva =ty (hg —hs) = n.llg(hg,in - hg,out) 4
For the expander:

Wexp = s (h; — hg) (5)
The expander expansion ratio is defined as follows:

P

=2 6

B=5 (6)

For the preheater:
Qph = thy (hy —h3) = rhiw (hjw,in - hjw,out) Q)

The expander isentropic efficiency is:

hg —h;
= 8
MNexp hg — hye 8
For the recuperators:
Qur = it (hg — hy) = thyr (hy —hs) ©)

QLT = Myf (h9 - hs) = My (hy — h3) (10)

The cycle net power output is:

Wnet = Wexp - Wp (11)
The thermal efficiency of the combined cycle is as follows:

Whet

== - 12
mg (hin - hout) + My (hin - hout) ( )

MNth

4.2. Exergy analysis

Since energy efficiencies can not inform how close the
performance of the system to the ideality is, the exergy
analysis is required. Exergy is defined as the maximum
reversible work since the system operates in an equilibrium
state and depicts the inefficiencies of the system.

The exergy destruction rate for a steady state is:

Ep = 000 — SWou + [2(Q(1-2)) +
in (13)
2(e(-3),, )£ 2w

where Q is the heat transfer rate, W is the work rate, r is the
mass flow rate, and T, is the environmental temperature.

The irreversibility of each component is expressed as
follows:

ii = ZEin - ZEout - V.Vi (14)

Irreversibility equations for the component of the cycle are
as follows:

I, = thye X Tg X (s — 1) (15)

he —hs

)] (16)

leya = My X T X [(S6 — s5) — ( T
m,eva

Tmeva IS the mean temperature during the evaporation
process.

(Tg,in - Tg,out)

Tm,eva = T Tam (17)
In—=22
Tg,out
Iexp = Iy X Ty X (57 — S6) (18)
) h; —h
leon = My X Ty X [(Sl - 59) = ( T )] (19)
m,con
T — (Tcw,in - Tcw,out)
m,con ln Tcw,in (20)
Tcw,out
) hy —h;
Ipp = thyye X Ty X [(54 — S3) — (Tph)] (21)
_ (Tjw,in - Tjw,out)
Toph =0 (22)
In—/—/—
Tjw,out
Iprr = Mye X Ty X (sg — S9) + My X Ty X (53 — 53) (23)
I = iyt X To X (57 — sg) + Mhyr X To X (55— 54) (24)

The total exergy destruction is given by:

Itot = Ip + Ieva + Iexp + Icon + I];lre + IHT,r + ILT,r (25)
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The exhaust gas exergy loss is:

T,
Iy = thg X Cg X (Tgour — To) + Ty X 1ngTL“t
0

(26)

The cycle’s exergy efficiency is expressed as follows:

Whet

MNex =

Tg,in

[+ [y (hin—hout)— To x Inmlily  (27)

g (hjn—hout)— T X In
[ g Hin out. 0 To jw,out

Exergy destruction factor is calculated as follows:

I
EDF = 2 (28)

net
ORC-WHR cycle usage causes an increase in the thermal

efficiency of the engine. The engine thermal efficiency can be
calculated as follows:

1 — Peng
theng = 1) el X LHV (29)

Moreover, when the engine is bottomed with an ORC, the
engine thermal efficiency becomes:

_ Peng + Wnet
Nth,eng,0RC = mfuel x LHV (30)

Lower heating value (LHV) of the fuel is considered 43
MJ/kg.

In order to show the fuel reduction percentage of the cycle,
the following equation can be used as follows:

Tth,eng 1% 100

FRP = [1 - ———%__
Ntheng — ORC (31)

5. RESULTS AND DISCUSSION

A program based on the above analysis using EES software
[16] has been developed to simulate the ORC-WHR cycle. In
order to validate the simulation, the obtained results have been
compared with Vaja and Gambarotta [7] and shu et al. [14]
under the same conditions. The comparison is presented in
Table 4 and shows very good agreement between the results.
Therefore, the model is validated.

Table 4. Present numerical model validation with the previously
published data.

Parameter Working Present Vaja and Shu et

fluid Gambarotta [7] | al. [14]

Benzene | 391.36 351.2 394.3

Wier (KW) R11 289.4 292.4 290.3

R134a 147.1 148.7 147.5

Benzene 2.731 2.743 2.737

Mass flow ™77 7.471 7514 7.487
rate (kg/s)

R134a 9.025 9.013 8.966

Based on the assumptions in Table 3, the detailed data of the
analyzed cycles for 10 different working fluids are listed in
Table 5.

Table 5. The detailed data of the analyzed cycles for 10 different working fluids.

Wnet ltot EDF ']th,eng nth,eng,ORC MNex Nth FRP

Unit kw kw - % % % % %
Cyclohexane 4.902 15.748 | 0.0053 38.21 40.84 12.06 12.07 6.441
HFE7000 5.377 19.024 | 0.0059 38.21 411 13.23 13.25 7.021
HFE7100 4918 19.654 | 0.0058 38.21 40.85 12.1 12.11 6.461
N-Hexane 5.047 17.197 | 0.0055 38.21 40.92 12.42 12.43 6.619
N-Pentane 5.47 17.695 | 0.0059 38.21 41.29 14.13 14.15 7.461
R11 6.142 16.152 0.006 38.21 4151 15.12 15.15 7.942
R123 5.922 17.280 | 0.0057 38.21 41.39 14.57 14.6 7.679
R134a 7.048 20.512 0.006 38.21 41.99 17.34 17.39 9.007

By studying the cycle exactly, the following conclusions can
be made:

1- Net power of the system, which is one of the main
parameters in evaluating the efficiency of the cycle,
is maximum for R134a and minimum for
Cyclohexane.

2- Coupling the engine with the ORC cycle leads to an
increase in thermal efficiency. According to the
results, R134a and cyclohexane have the maximum
and minimum amounts, respectively.

3- R134a has the highest thermal and exergy efficiency
in the studied range.

4- Fuel reduction percentage is a factor to show how
much the cycle helps reduce the fuel consumption.
By using R134a, the cycle uses 9% lower fuel, which
is a high number.

By taking into consideration the studied results, R134a is the
best working fluid among the studied ones from the first and

second laws of the thermodynamic view. The results of
varying parameters and their effects on the efficiency of the
working fluids are studied in the following sections.

5.1. Effect of the exhaust gas temperature

Figures 3 and 4 show the amounts of the thermal efficiency
for different working fluids under the conditions of exhaust
gas temperature varying from 700-850 K. According to the
graphs, for all proposed working fluids, the thermal and
exergy efficiencies of the cycle decrease when the exhaust gas
temperature increases. Since the exhaust temperature has no
effect on the net power of the cycle, the reduction of the
energy and exergy efficiencies occurs due to the use of the
heat transfer change in the evaporator. Among the studied
fluids, R134a possesses the maximum amount, while
Cyclohexane has the minimum quantity.
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Figure 3. Effect of the exhaust temperature on the thermal
efficiency.
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Figure 4. Effect of the exhaust temperature on the exergy efficiency.

5.2. Effect of the condenser temperature

According to Figure 5, the rise of condenser temperature
causes an increase in the exergy total loss of the system. As
the temperature rises, a significant increase in the exergy
destruction occurs.
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Figure 5. Effect of the condenser’s temperature on the total exergy
loss.

From Figures 6 and 7, it is apparent that the thermal and
exergy efficiencies decrease with an increase in the
condenser’s temperature. By increasing the condenser’s
temperature, the work of the expander and pump decreases
and increases, respectively, leading to a decrease in the
efficiencies of the first and second laws. R134a has the
highest amount, whereas Cyclohexane has the lowest.

Figure 8 depicts the effect of the condenser’s temperature on
the fuel reduction percentage. According to the graphs, FRP
of the cycle reduces as the condenser temperature increases.
The reason for this occurrence is the reduction of the total
work of the cycle by the changing temperature. In the studied
range, R11 and Cyclohexane have the maximum and
minimum amounts of FRP, respectively.
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Figure 7. Effect of the condenser’s temperature on the exergy
efficiency.

5.3. Effect of the expander temperature

Figures 9 and 10 indicate that by increasing the expander’s
inlet temperature, both thermal and exergy efficiencies
increase greatly. The reason for this rise is that increasing the
expander’s inlet temperature leads to the higher outlet power
of the expander, resulting in the higher net power of the cycle.
Among the studied working fluids, R134a has the maximum
efficiency, while HFE7100 has the minimum one.
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Figure 11 indicates that with the expander’s varying inlet
temperatures, HFE7100 and R11 have the highest and lowest
total exergy losses, respectively. Although the exergy loss of
most of the components decreases by increasing temperature,

a remarkable increase in the loss of high-temperature
recuperator and evaporator leads to an increase in the total
exergy loss.

An increase in the expander’s inlet temperature versus FPR
is shown in Figure 12. The higher the temperature, the higher
the FPR becomes. Since the thermal efficiency of the cycle is
fixed, when it is combined with the bottoming ORC, the
thermal efficiency of the engine increases. The reason is the
increase of the net power of the cycle. According to the
graphs, the R134a and HFE7100 have the maximum and
minimum reductions, respectively.
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5.3. Effect of the expansion ratio of the expander

Thermal and exergetic efficiencies are plotted versus the
expander expansion ratio, as shown in Figures 13 and 14.
According to the diagrams, increasing the expansion value
leads to increased efficiencies, except for R134a that has an
optimum ratio, after which a decrease happens. For all of the
working fluids, both expander and pump work increase with
the increasing ratio. Therefore, the first and second laws of
thermodynamic become more significant. For R134a, up to a
definite ratio, both pump and expander work level up.
However, after exceeding a specific quantity, the expander
work starts decreasing, which leads to a decrease in the net
power of the cycle.
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Since the expander’s expansion ratio goes up, the total exergy
loss of the cycle increases, which is shown in Figure 15.
Although the exergy loss of preheater and recuperators
decreases with a rise in the expansion ratio, the exergy loss
increases in other components, which is very high in the
expander that causes a significant increase in the exergy loss
of the system.

Fuel reduction percentage is plotted versus the expander
expansion ratio in Figure 16. By increasing the expansion
ratio, both pump and expander work level up, resulting in an
increase in the FRP of the system. However, R134a treats
differently. For this working fluid, there is an optimum ratio at
which the FRP of the cycle starts decreasing.
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Figure 15. Effect of the expander’s expansion ratio on the total
exergy loss.
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Figure 16. Effect of the expander’s expansion ratio on the fuel
reduction percentage.

6. CONCLUSIONS

This paper investigates the high-temperature waste heat
recovery of a four-cylinder, turbocharged diesel engine
combined with a bottoming ORC system, which applies
engine exhaust gas for evaporation and jacket cooling water
for preheating. The simulation of the performance of different
components of the cycle was carried out by applying a
mathematical program. Cyclohexane, HFE7000, HFE7100, n-
hexane, n-pentane, R11, R123, R134a, R141b, and R245fa
were chosen as the working fluids. After conducting a
comprehensive thermodynamic analysis of the performance of
the system, the following conclusion can be drawn:

1. The efficiencies of the first and second laws decrease as
the exhaust temperature increases.

2. Increasing the expansion ratio of the expander,
condenser, and expansion temperatures leads to an
increase in a significant exergy loss of the system.

3. Condenser temperature rise decreases the fuel
percentage and efficiencies of the cycle, while an
increase in the expander’s temperature increases FRP
and thermodynamic efficiencies.

4. There is an optimum expansion ratio at which R134a
becomes maximum in FRP and efficiencies, which are
important in designing the system.

5. By applying R134a as the working fluid, the maximum
net power could be achieved, which was 7.048 kW.

6. In the studied range, the maximum total exergy loss
and the exergy destruction factor of the WHR-ORC
system were 20.512 kW and 0.006 kW, respectively, in
the case of R134a.

7. The maximum amount of engine thermal efficiency
belonged to R134a, which provided a 3.78 % increase
compared with the engine without bottoming ORC.

8. The energy and exergy efficiencies rose to 17.39 and
17.34 % when the system operated with R134a, which
was the maximum.

9. The reduction of fuel consumption was also
investigated, which resulted in about a 9 % reduction in
fuel consumption.

10. The simulation results made it clear that the best
performance was obtained when R134a was applied as
the working fluid.
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NOMENCLATURE

c Specific heat (kJkg*K™)
E Exergy destruction rate (kW)
EDF Exergy destruction factor
FRP Fuel reduction percentage
h Specific enthalpy (kJ kg™)
| Irreversibility

m Mass flow rate (kgs™)
ORC Organic rankine cycle

P Power

Q Heat transfer rate (kW)

S Specific entropy (kJkg™K™)
T Temperature (K)

WHR Waste heat recovery

W Power rate (kW)

Greek symbols

Y23 Expansion ratio

7 Efficiency

74 Specific flow exergy (kJ)
Subscripts

0 Reference environment
1,2,... Cycle locations

con Condenser

D Destruction

eng Engine

eva Evaporator

ex Exergy

exp Expander

HP High pressure

g Gas

cw Cooling water

HT High temperature

in Inlet
jw Jacket water

LT Low temperature

m Mean

net Net

out Outlet

p Pump

ph Preheater

r Recuperator

s Isentropic process

th Thermal

tot Total

wf Working fluid
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