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Abstract: This study analyzed the variation law of engine exhaust energy under various
operating conditions to improve the thermal efficiency and fuel economy of diesel engines.
An organic Rankine cycle (ORC) waste heat recovery system with internal heat exchanger
(IHE) was designed to recover waste heat from the diesel engine exhaust. The zeotropic
mixture R416A was used as the working fluid for the ORC. Three evaluation indexes were
presented as follows: waste heat recovery efficiency (WHRE), engine thermal efficiency
increasing ratio (ETEIR), and output energy density of working fluid (OEDWF). In terms
of various operating conditions of the diesel engine, this study investigated the variation
tendencies of the running performances of the ORC waste heat recovery system and the
effects of the degree of superheat on the running performance of the ORC waste heat
recovery system through theoretical calculations. The research findings showed that the net
power output, WHRE, and ETEIR of the ORC waste heat recovery system reach their
maxima when the degree of superheat is 40 K, engine speed is 2200 r/min, and engine
torque is 1200 N-m. OEDWF gradually increases with the increase in the degree of superheat,
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which indicates that the required mass flow rate of R416A decreases for a certain net
power output, thereby significantly decreasing the risk of environmental pollution.

Keywords: diesel engine; organic Rankine cycle (ORC); waste heat recovery; degree of
superheat; various operating conditions

1. Introduction

Waste heat recovery has recently become a more efficient and effective method by which to save
energy and reduce emissions. The organic Rankine cycle (ORC) system is an effective and promising
method for converting waste heat into useful work, and has been widely studied and applied in
many domains [1-5]. Li ef al. [6] analyzed the performance of ORC in recovering low-temperature
waste heat from flue gas. Li er al. [7] proposed a supercritical ORC-driven seawater reverse osmosis
system. Reverberi ef al. [8] proposed an ORC system to generate electrical power at low temperatures.
Wang et al. [9] found that ORC can effectively recover a low-grade heat source. Thus, the ORC
system is suitable for waste heat recovery.

Different application areas require the appropriate configuration of the ORC system and the adoption
of the optimal working fluid to take advantage of the available waste heat [10—17]. Liu et al. [18]
discussed a subcritical ORC with 28 working fluids for waste heat recovery. Jin et al. [19] illustrated
that zeotropic mixtures exhibit an obvious temperature glide during phase change. Wang et al. [20]
compared the cycle performances of pure fluid and zeotropic mixtures based on an experimental prototype,
and results showed that the collector efficiency and thermal efficiency (nwm) of the zeotropic mixtures
are comparatively higher than that of the pure fluid under experimental conditions. Clemente et al. [21]
defined an ORC system to recover heat from a commercial gas turbine with recuperator. Wang ef al. [22]
evaluated five different types of ORC, and their analysis indicated that the ORC with recuperator
possesses the best thermodynamic performance. From the previously mentioned analysis, we can
conclude that the running performance of the ORC system can be improved when a zeotropic mixture
is used as working fluid or when an internal heat exchanger (IHE) is used.

Internal combustion (IC) engines consume a great deal of fuel; however, less than 40% of an IC
engine’s fuel combustion energy is converted into useful work, and the remaining combustion energy
is released into the atmosphere in the form of waste heat through the exhaust and coolant system.
This pollutes the environment and results in energy dissipation [23]. By recovering an IC engine’s
waste heat, the thermal efficiency of the IC engine can be effectively improved [24,25]. ORC waste
heat recovery systems for IC engines have become a hot spot of research worldwide [26-30].
Katsanos et al. [31] studied the potential improvement in the overall efficiency of a truck engine
equipped with an ORC, and results showed that the brake specific fuel consumption can be improved.
Sprouse et al. [32] reviewed the history of IC engine exhaust waste heat recovery focusing on ORCs
and demonstrated a potential fuel economy improvement of approximately 10% with modern
refrigerants and advancements in expander technology.

From the aforementioned introduction, the use of ORC is an effective method by which to recover
waste heat from IC engines and is helpful for improving the thermal efficiency of such engines.
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As a kind of power machinery, IC engines, especially those in vehicles, usually work under variable
operating conditions. Therefore, the running performances of the ORC waste heat recovery system
under various operating conditions should be comprehensively studied.

In this paper, an ORC waste heat recovery system with IHE has been designed to recover the
exhaust energy from a diesel engine while considering the variation law of diesel engine exhaust
energy under various operating conditions. The zeotropic mixture R416A was used as the working fluid.
Three concepts, namely, waste heat recovery efficiency (WHRE), engine thermal efficiency increasing
ratio (ETEIR), and output energy density of working fluid (OEDWF), have been defined. Based on the
first and second laws of thermodynamics, in terms of various operating conditions of the diesel engine,
the variation tendencies of the running performances of the ORC waste heat recovery system were studied,
variation of occurrence position of the pinch point temperature difference (PPTD, AT,;) between diesel
engine exhaust and zeotropic mixture R416A was investigated. Moreover, the effects of the degree of
superheat (7,p) on the running performances of the ORC waste heat recovery system were analyzed.

2. Description and Modeling of the ORC Waste Heat Recovery System

The working principle of the ORC waste heat recovery system is illustrated in Figure 1. The working
fluid R416A is drawn from the reservoir and pressurized into a subcooled liquid state by the pump,
which then absorbs the heat and is preheated in the recuperator (namely IHE). Subsequently, the working
fluid is sent to the evaporator and heated by engine exhaust, and turns into a saturated vapor state or
superheated vapor state. Then, the saturated or superheated vapor at high pressure and high
temperature enters the expander to produce useful work, which can be used to generate electricity.
After the expansion process, with a decrease in temperature and pressure, the superheated vapor
exhausted from the expander flows into the recuperator and exchanges heat with the liquid working
fluid exported from the pump. Afterwards, the cooled working fluid exhausted from the recuperator
flows into the condenser, condenses into the liquid state in the condenser, and then flows into the reservoir.
This completes the whole ORC process. In this paper, the engine exhaust acts as the high-temperature
heat source of the ORC waste heat recovery system. The working fluid is heated by engine exhaust in
the evaporator.

Figure 1. Schematic diagram of the organic Rankine cycle (ORC) waste heat recovery system.
IHE: internal heat exchanger.
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The 7-s diagram of the ORC waste heat recovery system is shown in Figure 2, where Tex, in is the
engine exhaust temperature at the inlet of the evaporator of the engine exhaust side, and Texn ou 1S the
engine exhaust temperature at the outlet of the evaporator of the engine exhaust side. Process Texn in-Zexh out
is the heat rejection process of the engine exhaust in evaporator. Process 3-4 is the heat addition process
of the working fluid R416A. In practice, a diesel engine generally runs under various operating conditions,
both the exhaust temperature and amount of waste heat from the diesel engine vary with engine
operating conditions, therefore, the occurrence position of PPTD between the diesel engine exhaust
and the zeotropic mixture R416A may change, possibly appearing at the inlet of the evaporator of the
zeotropic mixture side (State Point 3 in Figure 2), at the outlet of the evaporator of the zeotropic
mixture side (State Point 4 in Figure 2), or at the saturated liquid state point of the zeotropic mixture
(State Point b in Figure 2). In this paper, we analyzed the variation of the occurrence position of PPTD
between diesel engine exhaust and zeotropic mixture R416A under engine various operating conditions.
PPTD between the diesel engine exhaust and zeotropic mixture R416A is set to 10 K. The PPTD
occurrence position is first assumed to appear at the inlet of the evaporator of the zeotropic mixture side
(State Point 3 in Figure 2), which indicates that the difference between Texh oue and 73 is 10 K. 7 is the
temperature of the zeotropic mixture R416A at the outlet of the evaporator of the zeotropic mixture side,
Texn in can be measured during the engine test, and 74 can be determined when the evaporating pressure
and degree of superheat are certain (in this paper, “certain” means “be held constant”, the same as
below), such that the difference between Ty, in and 74 can be calculated. Tty . can be calculated using
Equation (1), where Ty, is the bubble temperature of the zeotropic mixture R416A in the saturated
liquid state, such that the difference between 7. . and 7y can be calculated. The occurrence position
of PPTD between diesel engine exhaust and zeotropic mixture R416A can be determined by
comparing the values of the above-mentioned three temperature difference:

_ m(h4 - hb)

T.,.=1
Cpmexh (1)

exh e = Texh in

Figure 2. 7T-s diagram of the ORC waste heat recovery system.
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The evaporator and condenser are mainly responsible for the exergy destruction rate (7 ) of
the ORC waste heat recovery system; exergy destruction rate is mainly caused by the temperature
difference of the heat transfer between the hot and cold fluids. Zeotropic mixtures have a property
called “temperature slip” in both the isobaric evaporating process and the isobaric condensing process.
A certain difference exists between the bubble point temperature and the dew point temperature at
the same pressure. The exergy destruction rate caused by the temperature difference of heat transfer
can be decreased by selecting a suitable zeotropic mixture. The zeotropic mixture R416A was thus
selected as the working fluid for the ORC waste heat recovery system through theoretical calculations
and comprehensive comparison. The temperature difference between 7y and 7, represents the slip
temperature of the zeotropic mixture R416A at a certain evaporating pressure, whereas the temperature
difference between 7, and T7) represents the slip temperature of the zeotropic mixture R416A at
a certain condensing pressure (Figure 2). The zeotropic mixture R416A is a kind of wet fluid, at the
end of the expansion process in the expander, phase state (such as superheated vapor, saturated vapor
and unsaturated vapor) of the zeotropic mixture is related to the degree of superheat for the zeotropic
mixture at the inlet of the expander. In this paper, according to various operating conditions of the
diesel engine, we studied the effects of degree of superheat on the running performance of the ORC
waste heat recovery system. The main properties of the zeotropic mixture R416A are listed in Table 1.

Table 1. Main properties of the zeotropic mixture R416A. ODP: ozone depletion potential;
and GWP: global warming potential.

Parameter Value Parameter Value

Components R134a/R124/R600 T ica (K 380.23
Composition (mass fraction) 0.59/0.395/0.015 P ... (MPa) 3.98

Molar mass (kg/kmol) 111.92 P esitical (kg/m®) 514.37
oDP 0.010 GWP (100 years) 1000

As shown in Figure 2, Process 1-2 is the actual compression process of the zeotropic mixture
R416A in the pump, the power consumption and the exergy destruction rate of the pump are calculated
using the following equations:

Wp :m(hz_hl)zw

M

2)

I, = Tyin(s, =) ©

Process 2-3 is the isobaric endothermic process of the zeotropic mixture R416A in the

recuperator (IHE), Process 5-6 is the isobaric exothermic process of the zeotropic mixture R416A in
the recuperator (IHE), and ¢ is the effectiveness of the recuperator (IHE). The heat transfer rate (Q)

between the hot and cold fluids, exergy destruction rate, and effectiveness of the recuperator (IHE) are
calculated using the following equations:

Qr = m(h3 - hz) = m(hs - hs) 4)

I = Tym(s; —s, +8,—85) (5)
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e=(I-T)/(T;-T,) (6)

Process 3-4 is the isobaric endothermic process of the zeotropic mixture R416A in the evaporator.
The heat transfer rate between the hot and cold fluids, as well as the exergy destruction rate of the
evaporator, is calculated using the following equations:

Q. =m(h,—hy) (7)
h, — h,
T

H

ie =Tym[(s, —s3) —

(8)

Process 4-5s is the isentropic expansion process, whereas Process 4-5 is the actual expansion
process of the zeotropic mixture R416A in the expander. The power output and exergy destruction rate
of the expander are calculated using the following equations:

W; = m(hy — hy) = m(h, — hy)n, 9)

js =Tym(ss —s,) (10)

Process 6-1 is the isobaric condensing process of the zeotropic mixture R416A in the condenser.
The heat transfer rate between the hot and cold fluids, as well as the exergy destruction rate of the
condenser, is calculated using the following equations:

0. =m(h6_hl) (11)
S h, —hy
I = Til(s )~ (12)

The net power output (Wn ), thermal efficiency, and exergy efficiency (nex) are the main indexes for

evaluating the running performances of the ORC waste heat recovery system.
The net power output of the ORC waste heat recovery system is calculated as follows:

W, =W,-W, (13)

The thermal efficiency of the ORC waste heat recovery system is calculated as follows:

W,
N = Qe (14)
The exergy efficiency of the ORC waste heat recovery system is calculated as follows:
L
ex | T 15)
1= (
O.( %)

Therein, Ty is the average temperature of engine exhaust in the evaporator, and 7y can be calculated
using the following equation:

TH = (‘T;xh_in - T::xh_out) / ln(]-:exh_in /];Xh_out) (16)

where Texn in 1 the engine exhaust temperature at the inlet of the evaporator of the engine exhaust side;
and Texn ou 1S the engine exhaust temperature at the outlet of the evaporator of the engine exhaust side.
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Three indexes have been proposed to evaluate the running performances of the ORC waste heat
recovery system objectively. These indexes are WHRE, ETEIR, and OEDWF. WHRE is the ratio of
the net power output of the ORC waste heat recovery system to the available exhaust energy rate
( Qexh_id) of the IC engine. ETEIR is the ratio of the net power output of the ORC waste heat recovery

system to the power output of the IC engine (We ). OEDWF is the ratio of the net power output of the

ng
ORC waste heat recovery system to the mass flow rate (72 ) of the working fluid.
WHRE is calculated as follows:
WHRE = — il (17)
exh_id

ETEIR is calculated as follows:

ETEIR =" (18)

eng
OEDWEF is calculated as follows:
OEDWEF = K (19)
m
The restricted conditions for the calculations are listed as follows:

(1) Pressure drop and heat loss of components and pipelines are neglected;

(2) The evaporating pressure is set to 3.5 MPa;

(3) The condensing temperature (at State Point 1 in Figure 2) is set to 308 K

(4) Degree of superheat varies in the range of 10 K to 40 K and then set to 10, 20, 30, and 40 K;

(5) The temperature of the low-temperature heat source (7t) is set to 300 K, and the ambient
temperature (7p) is set to 293 K;

(6) The working fluid turns into saturated liquid state after heat rejection in the condenser;

(7) The effectiveness of recuperator (g) is set to 0.9;

(8) The isentropic efficiencies of both expander (1) and pump (1)) are set to 0.8.

3. Engine Available Exhaust Energy

Exhaust energy varies according to the different operating conditions of the IC engine. The IC
engine used in this research is a six-cylinder and four-stroke vehicle diesel engine. The main parameters
of the diesel engine are listed in Table 2.

The operating parameters and performance parameters of the diesel engine can be obtained through
the engine bench test, such as exhaust temperature (7cxn in), intake air flow rate, fuel consumption rate,
engine speed, engine torque, and engine power output. The following equation is used to calculate the
available exhaust energy rate of the diesel engine:

Qexh_id = Cpmexh (T'exh_in - Tmin ) (20)
where m,y, is the exhaust mass flow rate of the diesel engine and is the sum of the intake air flow rate

and fuel consumption rate; Tex in 1S the engine exhaust temperature at the inlet of the evaporator of
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the engine exhaust side; T, is the available minimum temperature of the exhaust at the outlet of
the evaporator of the engine exhaust side; and ¢, is the isobaric specific heat of engine exhaust that can
be calculated as follows:

¢, =0.00025T

exh_in

+0.99 (21)

Table 2. Main parameters of the diesel engine.

Item Parameter Unit
Displacement 9.726 L
Maximum torque 1500 N'm

Rated power 280 kw
Rated speed 2200 r/min
Stroke 130 mm
Cylinder diameter 126 mm
Compression ratio 17 -

The variation law of available exhaust energy rate under various engine operating conditions is
shown in Figure 3. When the engine torque is certain, engine available exhaust energy rate gradually
increases with the increase of engine speed. When the engine speed is certain, engine available exhaust
energy rate gradually increases with the increase of engine torque. When the engine speed is 2200 r/min
and the engine torque is 1200 N-m, the engine available exhaust energy rate reaches its maximum of
approximately 293 kW.

Figure 3. Engine available exhaust energy rate.
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The power output of the diesel engine under various operating conditions is shown in Figure 4.
When the engine speed is 2200 r/min and the engine torque is 1200 N-m, the engine power output
reaches its maximum of 280 kW. Figures 3 and 4 show that the maximum value of engine available
exhaust energy rate is higher than that of the engine power output. Therefore, thermal efficiency of the
diesel engine can be effectively improved by recovering and utilizing the waste heat of the diesel
engine exhaust.
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Figure 4. Power output of the diesel engine.
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4. Calculation Results and Discussion

The variation tendency of the heat transfer temperature difference between Tewn in and 74 with
engine operating conditions and degree of superheat is shown in Figure 5.

Figure 5. Heat transfer temperature difference between Texn in and T4: (a) Tgyp = 10 K;
(b) Tap =20 K; (¢) Toyp =30 K; and (d) Tiup = 40 K.
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The red dashed line indicates that the heat transfer temperature difference is 10 K. When the heat
transfer temperature difference between Texn in and 73 is higher than 10 K, the PPTD occurrence
position between engine exhaust and zeotropic mixture scarcely appears at State Point 4 in Figure 2
(the outlet of the evaporator of the zeotropic mixture side). When the heat transfer temperature
difference between Texn in and 75 is less than 10 K, the PPTD occurrence position between the engine
exhaust and zeotropic mixture probably appears at State Point 4 in Figure 2. When the degree of
superheat is certain, the heat transfer temperature difference between 7exn in and 74 varies according to
the different operating conditions of the diesel engine, as shown in Figure 5. The main reason for
this difference is the fact that the exhaust temperature of the diesel engine varies with the engine
operating conditions. When the engine operating condition is determined, the heat transfer temperature
difference between Texn in and 74 decreases with the increase of degree of superheat, which means that
the probability of PPTD occurrence position between the engine exhaust and zeotropic mixture being
at State Point 4 in Figure 2 increases with the increase of degree of superheat. The main reason for this
finding is that the temperature of the zeotropic mixture R416A at the outlet of the evaporator (74)
increases with the increase of degree of superheat, and the engine exhaust temperature at the inlet of
the evaporator of the engine exhaust side (7exn in) 1S certain, then the heat transfer temperature
difference between Ty in and T4 gradually decreases with the increase of degree of superheat. For the
majority of the engine operating conditions, the heat transfer temperature difference between Texh in
and Ty is higher than 10 K.

Figure 6 shows the variation tendency of heat-transfer temperature difference between Tex, . and Ty,
with engine operating condition and degree of superheat. The red dashed line indicates that the
heat transfer temperature difference is 10 K. When the degree of superheat is certain, the heat transfer
temperature difference between Texn . and Ty varies according to different operating conditions of the
diesel engine, which is mainly influenced by the engine exhaust temperature, as shown in Figure 6.
When the engine operating condition is determined, the heat transfer temperature difference between
Texn e and Ty, gradually decreases with the increase of degree of superheat, which means the probability
of the change that PPTD occurrence position between engine exhaust and zeotropic mixture increases
with the increase of degree of superheat. According to Figures 5 and 6, when the engine torque is
higher than 300 N-m, the heat transfer temperature difference between Texh in and T4 is certainly
higher than 10 K, similar to the heat transfer temperature difference between Ty, . and 7p. The PPTD
occurrence position between engine exhaust and zeotropic mixture certainly appears at State Point 3 in
Figure 2 (the inlet of the evaporator of the zeotropic mixture side). When engine torque is less than
300 N'm, the PPTD occurrence position between the engine exhaust and zeotropic mixture may
change. To decrease the influence of PPTD occurrence position variation on the running performances
of the ORC waste heat recovery system, engine operating conditions with torque less than 300 N-m are
excluded in the following discussion and analysis.

It can be concluded from the above analysis, that when the engine operating conditions and degree
of superheat change, the occurrence position of PPTD between the engine exhaust and the zeotropic
mixture R416A may change. Therefore, when we employ an ORC system to recover the waste heat
from the engine exhaust, according to the various operating conditions of the engine, it should be taken
into an overall consideration to design the running parameters of the ORC waste heat recovery system.
In this paper, we put focus on degree of superheat.
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Figure 6. Heat transfer temperature difference between Ty . and Ty: () Top = 10 K;
(b) Top =20 K; (¢ Tsp=30K; and (d) Top =40 K.
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The effect of the degree of superheat on the thermal efficiency of the ORC waste heat recovery
system is shown in Figure 7. Thermal efficiency gradually increases with the increase of degree of
superheat. When degree of superheat is 40 K, the thermal efficiency reaches its maximum of 13.30%.
The thermal efficiency of the ORC waste heat recovery system is mainly influenced by the enthalpy (%)
value of each state point, and the enthalpy value is mainly dependent on the performances of each
component and on the properties of the working fluid.

Figure 7. Thermal efficiency for different degrees of superheat.
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The enthalpy value of each state point for different degree of superheat is shown in Table 3.
The enthalpy values of State Point 1 and State Point 2 do not vary with the increase of degree of superheat.
The enthalpy values of State Point 3, State Point 4 and State Point 5 all increase with the increase of
degree of superheat, both enthalpy difference between State Point 4 and State Point 5 and enthalpy
difference between State Point 4 and State Point 3 increase with the increase of degree of superheat.
Furthermore, compared with the increment of the enthalpy difference between State Point 4 and
State Point 3, the increment of enthalpy difference between State Point 4 and State Point 5 is larger,
and then thermal efficiency of the ORC waste heat recovery system gradually increases with the
increase of degree of superheat.

Table 3. Enthalpy of each state point for different degrees of superheat.

Degree of Enthalpy of Enthalpy of Enthalpy of Enthalpy of Enthalpy of
superheat State Point 1 State Point 2 State Point 3 State Point 4 State Point 5
(kJ/kg) (kJ/kg) (kJ/kg) (kJ/kg) (kJ/kg)
10K 248.76 251.58 261.26 439.62 417.48
20K 248.76 251.58 273.87 455.95 431.56
30K 248.76 251.58 285.00 470.19 443.97
40 K 248.76 251.58 295.46 483.47 455.64

Figure 8 indicates the variation of the net power output of the ORC waste heat recovery system with
engine operating condition and degree of superheat. When the engine speed and degree of superheat
are certain, the net power output of the ORC waste heat recovery system gradually increases with the
increase of the engine torque; when the engine torque and degree of superheat are certain, the net
power output of the ORC waste heat recovery system gradually increases with the increase of the
engine speed. This is mainly because with the increase of engine speed and engine torque, the mass
flow rate of the engine exhaust increases, and the heat transfer rate between the zeotropic mixture
R416A and engine exhaust increases in the evaporator. Consequently, the net power output of the ORC
waste heat recovery system increases. When the engine operating condition is certain, the net power output
of the ORC waste heat recovery system gradually increases with the increase of degree of superheat,
which is mainly dependent on the enthalpy difference of the zeotropic mixture between the inlet and
outlet of the expander. As shown in Table 3, the enthalpy difference of the zeotropic mixture between
inlet and outlet of the expander (enthalpy difference of the zeotropic mixture between State Point 4 and
State Point 5) gradually increases with the increase of degree of superheat. Consequently, the net
power output of the ORC waste heat recovery system gradually increases. When the degree of
superheat is 40 K, the engine speed is 2200 r/min and the engine torque is 1200 N-m, the net power
output of the ORC waste heat recovery system reaches its maximum of 35.66 kW. The analysis
above shows when the diesel engine runs with high speed and high torque, net power output of the
ORC waste heat recovery system is higher. Moreover, increasing degree of superheat is benefit for
increasing the net power output of the ORC waste heat recovery system.



Energies 2014, 7 2135

Figure 8. Net power output of the ORC waste heat recovery system: (a) T, = 10 K;
(b) Tsup =20 K; (¢) Tsup = 30 K and (d) T,p = 40 K.
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For exergy efficiency, its variation with engine operating condition and degree of superheat is
shown in Figure 9. When the engine operating condition is certain, the exergy efficiency of the ORC
waste heat recovery system gradually increases with the increase of degree of superheat. The main
reason for this is, on one hand, the thermal efficiency of the ORC waste heat recovery system
gradually increases with the increase of degree of superheat. On the other hand, engine exhaust
temperature is definitely determined by the certain operating condition, then the temperature of the
high-temperature heat source (7%) is also certain. When the engine speed and degree of superheat
are certain, the exergy efficiency of the ORC waste heat recovery system gradually decreases with the
increase of engine torque. When degree of superheat is certain and the engine torque is less than 1000 N-m,
the exergy efficiency of the ORC waste heat recovery system initially decreases, increases, and then
decreases again with the increase of engine speed. When degree of superheat is certain and the engine
torque is in the range of 1000 N-m to 1300 N-m, the exergy efficiency of the ORC waste heat recovery
system initially increases and then decreases with the increase of engine speed. When degree of
superheat is certain and the engine torque is higher than 1300 N-m, the exergy efficiency of the ORC
waste heat recovery system gradually decreases with the increase of engine speed, which is mainly
dependent on the temperature of the engine exhaust. When degree of superheat is 40 K, engine torque
is 300 N-m, and engine speed is 1900 r/min, the exergy efficiency of the ORC waste heat recovery
system reaches its maximum of 54.60%. The study above shows that increasing the degree of
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superheat is beneficial for improving the exergy efficiency of the ORC waste heat recovery system.
When the diesel engine runs with high speed and low torque, the exergy efficiency of the ORC waste
heat recovery system is relatively better.

Figure 9. Exergy efficiency of the ORC waste heat recovery system: (a) T, = 10 K;
(b) Towp =20 K; (¢) Toup = 30 K; and (d) T,p = 40 K.
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Available exhaust energy of the diesel engine varies with engine operating conditions. In order to
recover the engine exhaust energy efficiently, some running parameters of the ORC waste heat
recovery system (mainly the mass flow rate of the working fluid) should be actively regulated for the
corresponding operating conditions of the diesel engine. In this paper, we studied the variation
tendency of the zeotropic mixture mass flow rate of the ORC waste heat recovery system under
various engine operating conditions. The variation trend of the mass flow rate of the zeotropic mixture
R416A with engine operating condition and degree of superheat is depicted in Figure 10. When the
engine operating conditions are certain, the mass flow rate of the zeotropic mixture R416A gradually
decreases with the increase of degree of superheat. The principal reason is that with the increase of
degree of superheat, the enthalpy difference of the zeotropic mixture R416A between the inlet and
outlet of the evaporator increases, meanwhile engine available exhaust energy is certain, and then mass
flow rate of the zeotropic mixture R416A decreases. When the degree of superheatins and engine
torque are certain, the mass flow rate of the zeotropic mixture R416A gradually increases with the
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increase of engine speed. When the degree of superheat and engine speed are certain, the mass flow
rate of the zeotropic mixture R416A gradually increases with the increase of engine torque. The main
reason for this is, with the increase of engine speed and engine torque, engine available exhaust
energy increases, then more working fluid R416A can be heated, evaporated, and superheated.

Figure 10. Mass flow rate of the zeotropic mixture R416A: (a) Ty, = 10 K; (b) Top = 20 K;
(¢) Tsup =30 K; and (d) Tup =40 K.
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It can be concluded from the analysis above that the required mass flow rate of zeotropic mixture
R416A varies with engine operating conditions, and the required mass flow rate of zeotropic mixture
R416A is related to the available exhaust energy of the diesel engine. According to the available
exhaust energy of the diesel engine, the mass flow rate of the zeotropic mixture R416A should be
actively regulated to recover the engine exhaust energy efficiently.

As shown in Figures 8 and 10, with the increase of degree of superheat, the net power output of the
ORC waste heat recovery system gradually increases, and the required mass flow rate of the zeotropic
mixture R416A gradually decreases. In this paper, OEDWF is defined to assess the capability to
produce useful work for per unit of mass of working fluids. Figure 11 shows a comparison chart of the
OEDWF for different degrees of superheat, OEDWF increases with the increase of degree of
superheat. When the degree of superheat is 40 K, OEDWF reaches its maximum of 25.00 kJ/kg.
Therefore, for the same net power output of ORC waste heat recovery system, the required mass flow
rate of the zeotropic mixture R416A gradually decreases with the increase of degree of superheat,
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which can obviously reduce the R416A mass filled in the ORC waste heat recovery system. The total
weight of the ORC waste heat recovery system can be reduced, and the risk of environmental pollution
can be significantly decreased.

Figure 11. Comparison chart of output energy density of working fluid (OEDWF) for
different degrees of superheat.
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WHRE is defined to assess the utilization ratio of the engine available exhaust energy rate. The variation
tendency of WHRE of the ORC waste heat recovery system with engine operating condition and
degree of superheat is shown in Figure 12. The dashed lines are the contour lines of engine power
output (unit: kW). When the engine operating conditions are certain, WHRE gradually increases with
the increase of degree of superheat. The major reason of this is, on one hand, the net power output of
the ORC waste heat recovery system increases with the increase of degree of superheat; on the
other hand, when the engine operating conditions are certain, engine available exhaust energy rate
is determined, therefore, WHRE gradually increases with the increase of degree of superheat.
When degree of superheat and engine speed are certain, WHRE gradually increases with the increase
of engine torque. When degree of superheat is certain and the engine torque is less than 1000 N-m.
WHRE of the ORC waste heat recovery system initially increases, decreases, and then increases again
with the increase of engine speed. When degree of superheat is certain and the engine torque is in the
range of 1000 N-m to 1300 N-m, the WHRE of the ORC waste heat recovery system initially decreases
and then increases with the increase of engine speed. When degree of superheat is certain and engine
torque is higher than 1300 N-m, the WHRE of the ORC waste heat recovery system gradually increases
with the increase of engine speed, which is mainly dependent on engine available exhaust energy rate
and net power output of the ORC waste heat recovery system. When the degree of superheat is 40 K,
the engine torque is 1200 N-m, and engine speed is 2200 r/min, the WHRE of the ORC waste heat
recovery system reaches its maximum of 12.17%. It can be concluded from the analysis above that
when the diesel engine runs with high speed and high torque, more exhaust energy can be recovered by
the ORC waste heat recovery system. Moreover, increasing the degree of superheat is beneficial for
recovering the waste heat from engine exhaust.
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Figure 12. Waste heat recovery efficiency (WHRE) of the ORC waste heat recovery system:
(a) Tsup = 10 K5 (b) Toup = 20 K;; (€) Tsup = 30 K and (d) Tsup =40 K.
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The concept of ETEIR is defined to assess the improvement in the thermal efficiency of the diesel
engine. Figure 13 shows how the ETEIR of the ORC waste heat recovery system varies with engine
operating conditions and degrees of superheat. The dashed lines are the contour lines of the engine
power output (unit: kW). When the engine operating conditions are certain, ETEIR gradually increases
with the increase of degree of superheat. This is chiefly because, on the one hand, when the engine
operating conditions are certain, then engine power output is certain; on the other hand, the net power
output of the ORC waste heat recovery system gradually increases with the increase of degree of
superheat. When the degree of superheat is certain and the engine speed is less than 1100 r/min,
ETEIR of the ORC waste heat recovery system gradually decreases with the increase of engine torque.
When the degree of superheat is certain and the engine speed is higher than 1100 r/min, the ETEIR of
the ORC waste heat recovery system initially decreases and then increases with the increase of
engine torque. When degree of superheat is certain and the engine torque is higher than 1000 N-m,
ETEIR gradually increases with the increase of engine speed. When the degree of superheat is 40 K,
engine torque is 1200 N-m, and engine speed is 2200 r/min, the ETEIR of the ORC waste heat
recovery system reaches its maximum of 12.74%. It can be concluded from the analysis above that
increasing the degree of superheat is beneficial for improving the fuel economy of the diesel engine.
When the diesel engine runs with high speed and high torque, the improvement in the fuel economy
is higher.
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Figure 13. Engine thermal efficiency increasing ratio (ETEIR) of the ORC waste heat

recovery system: (a) Tsp = 10 K; (b) Tsup =20 K; (€) Tsup = 30 K; and (d) T,p = 40 K.
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In this paper, an ORC waste heat recovery system was designed to recover the exhaust energy from

a diesel engine; IHE and ORC were adopted. According to the various operating conditions of the

diesel engine, the variation tendencies of the running performances of the ORC waste heat recovery

system were studied. The effects of the degree of superheat on the running performances of the

ORC waste heat recovery system were analyzed. The variation of occurrence position of PPTD

between the engine exhaust and zeotropic mixture were discussed. In order to recover the engine

exhaust energy efficiently, we proposed that some running parameters of the ORC waste heat

recovery system (mainly the mass flow rate of the working fluid) should be actively regulated for the

corresponding operating conditions of the diesel engine:

(1) With the variation of degrees of superheat and engine operating conditions, the PPTD

occurrence position between the engine exhaust and zeotropic mixture R416A may change.

When the engine torque is higher than 300 N-m, the PPTD occurrence position between the

engine exhaust and zeotropic mixture certainly appears at State Point 3 in Figure 2 (the inlet of

the evaporator of the zeotropic mixture side). When the ORC system is employed to recover
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)

3)

(4)

)

the waste heat from diesel engine exhaust, the PPTD occurrence position between engine
exhaust and zeotropic mixture mainly appears at the inlet of the evaporator.

With the increase of the degrees of superheat, the thermal efficiency, net power output, exergy
efficiency, WHRE, and ETEIR of the ORC waste heat recovery system all increase gradually.
With the increase of engine speed and engine torque, the net power output of the ORC waste
heat recovery system gradually increases. Increasing the degrees of superheat is beneficial for
improving the running performance and WHRE of the ORC waste heat recovery system.

When the degree of superheat is 40 K, engine speed is 2200 r/min, and engine torque is 1200 N-m,
the net power output, WHRE, and ETEIR of the ORC waste heat recovery system reach their
maxima. The maximum net power output is approximately 35.66 kW, the maximum WHRE is
about 12.17%, and the maximum ETEIR is around 12.74%. When the degree of superheat is 40 K,
engine torque is 300 N-m, and engine speed is 1900 r/min, the exergy efficiency of the ORC
waste heat recovery system reaches its maximum of 54.60%. When the degree of superheat is
40 K, the thermal efficiency of the ORC waste heat recovery system reaches its maximum
of 13.30%. When the diesel engine runs with high speed and high torque, both the running
performances of the ORC waste heat recovery system and fuel economy of the diesel engine
are the best.

The required mass flow rate of the zeotropic mixture R416A gradually increases with the
increase of engine speed and engine torque. With the increase of the degrees of superheat,
the required mass flow rate of the zeotropic mixture R416A gradually decreases, whereas the
OEDWEF for zeotropic mixture R416A gradually increases. For a certain net power output,
a higher degree of superheat results in a lower mass flow rate of R416A required in the
ORC system, therefore, the total weight of the ORC waste heat recovery system can be reduced,
and the risk of environmental pollution can be significantly decreased.

Available exhaust energy of the diesel engine varies with engine operating conditions.
When the evaporating pressure and the degrees of superheat of the ORC waste heat
recovery system are certain, the mass flow rate of the zeotropic mixture varies with engine
operating conditions. In order to recover the engine exhaust energy efficiently, the mass flow
rate of the working fluid should be actively regulated for the corresponding operating
conditions of the diesel engine, and then the appropriate control strategy should be proposed,
which will be the subject of further research work for us in the future.
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