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Abstract: The improvement of the overall utilization rate of compressed natural gas (CNG) engine
fuel is the basis of efficient energy utilization. On the foundation of heat balance theory of internal
combustion engines, this study fully considers the operation characteristics of CNG engines and
systematically analyzes the distribution characteristics of different waste heat under variable working
conditions. The nonlinear relationship between speed and intercooler heat source becomes evident
with the increasing of intake mass flow rate. In accordance with the structural characteristics, the
thermodynamic model, heat transfer model and environmental model of dual-loop organic Rankine
cycle (DORC) are constructed. The system potential in full working environments is systemati-
cally evaluated. Compared with the speed, airmass flow has a significant effect on comprehensive
performance of loop. The maximum power, heat transfer area and power output of per unit heat
transfer area (POPA) of DORC are 36.42 kW, 23.34 m?2, and 1.75 kW /m?, respectively. According to
the operating characteristics of different loops, the variation laws of loop performance under the
influence of multiple parameters are analyzed. The synergistic influence laws of multiple variables
on system performance are also analyzed.

Keywords: CNG engine; dual loop organic Rankine cycle; energy efficiency; thermoeconomic
analysis; thermodynamic analysis; environment analysis

1. Introduction

Energy is vital to the development of human society. As one of the major components
of energy, petroleum is widely used in internal combustion (IC) engines [1-3]. Among
alternative fuels, compressed natural gas (CNG) has received extensive attention due to its
low cost, abundant yield, and environmental friendliness [4]. In the process of CNG engine
operation, output work produced by fuel is only a part of the total energy, while waste
heat is also generated. The efficient utilization of the waste heat is beneficial to improving
the overall utilization rate of fuel to save energy. As a thermal power conversion system,
the organic Rankine cycle (ORC) has received great attention among waste heat utilization
methods [5,6].

1.1. Working Conditions and Waste Heat Characteristics

Compared with fixed IC engines, vehicle IC engines usually operate under variable
working conditions. This characteristic makes the waste heat energy of vehicle IC engines
show evident fluctuation [7,8]. Under the influence of fluctuations and uncertainties, ORC
usually operates under off-design conditions. This phenomenon makes ORC lack power
capacity under most working conditions. Compared with the thermal efficiency in the
design working condition, the thermal efficiency in the off-design working condition is
remarkably reduced [9]. Atlow speed and idle speed, the variation of IC engine working
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conditions is aggravated, which considerably enhances the hysteresis in the ORC operation
process [10]. Moreover, during the operating of IC engines, the distribution of waste heat
energy of the intercooler, jacket water and exhaust has remarkable differences [11], which
might have a negative effect on the efficient operation of ORC. Table 1 shows the selection
of IC engine working conditions. The ORC performance is affected not only by the working
fluid and operating parameters, but also by the working conditions of the IC engine.
The constant high-temperature heat source of IC engines has limitations with regard to
the research of ORC comprehensive performance. The systematic assessment of ORC
operating performance under full working conditions is fundamental to further analysis
and optimization. Moreover, it is beneficial to obtaining the actual recovery potential
of ORC.

Table 1. Selection of working environments of an IC engine.

Application

Year Refs. Working Conditions

Select the working fluid for loop organic
Rankine cycle (DORC).

The exhaust temperature and
2020 Wang et al. [12] mass flow are 519 °C and
990.79 kg/h, respectively.

The operation performance of the
transcritical-subcritical parallel ORC is analyzed.
Based on evaluation results, the performance of

the system is optimized.

The exhaust temperature and
2020 Zhi et al. [13] mass flow are 573.15 K and
1.91 kg /s, respectively.

The energy utilization efficiency and exergy The exhaust temperature and
efficiency of the transcritical CO, parallel 2020 Zhi et al. [14] mass flow are 300 °C and
Rankine cycle are analyzed. 1.91 kg /s, respectively.

The thermodynamic and economical
performance of supercritical CO,-ORC are

The exhaust temperature and

evaluated. Based on evaluation results, the 2020 Song etal. [15] mass flow are 457 .C and
. . 1.69 kg /s, respectively.
system performance is optimized.
The economy of ORC is analyzed. Furthermore, The exhaust temperature and
the application potential of ORC in waste heat 2016 de Oliveira Neto et al. [16] mass flow are A and B,
recovery of an IC engine is analyzed. respectively.

1.2. Influence of Operating Parameter

By the analysis of the influence of variable working conditions, a nonlinear response
characteristic emerges between the variable and index. The study by Wang et al. [17] shows
that the condensing pressure decreases during the high-temperature (HT) cycle. The power
of the low-temperature (LT) cycle is considerably reduced in comparison with the power of
the HT cycle. Increasing the loop pressure of DORC helps to obtain higher power output.
The reduction of the condensing temperature is of benefit to reducing the system recovery
life [18]. Fluctuations in IC engine working condition affect the evaporating temperature in
system. The increase of evaporating temperature is conducive to improvement of system
performance [19]. A strong correlation exists between expander operating parameters
in the loop and the thermodynamic performance of the system. Higher expander inlet
pressure is conducive to the improvement of system thermal efficiency. The decrease of
loop pressure can reduce exergy destruction [20].

1.3. Performance Analysis of DORC

During the operation of IC engines, the change of the waste heat source presents the
characteristics of a large temperature gradient. Moreover, a strong coupling relationship
exists between ORC operation parameters. Under the influence of such characteristics, the
systematic analysis of ORC performance is crucial to improving the overall fuel utilization
rate [21-23]. Table 2 shows the selection of ORC performance. The performance evaluation
of ORC under different high-temperature heat sources has received extensive attention.
The structure of ORC is complicated due to the multistage utilization of the waste heat
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source. Under a complex structure, the systematic assessment of the comprehensive index
is crucial for the efficient utilization of energy. A clear coupling relationship exists between
the operational performance of the subloop and overall performance. A systematic analysis
of the variation between the overall performance and the sub cycle is beneficial to obtaining
the potential practical application of the cycle.

Table 2. Selection of index of ORC.

Index

Power and efficiency
Power and efficiency
Power and efficiency

Power, exergy and
thermal efficiency

Power, thermal efficiency, payback

period and investment cost

Description Year Refs.
The waste heat of biomass is recovered and
utilized through DORC. 2020 Fouad etal. [24]
Based on the distribution of waste heat energy in
the power plant, the operational performance of 2020 Linnemann et al. [25]
two cascaded ORC is analyzed.
Comb}ne ORC, ranklr.lg cycle anf:l absorption 2020 Liu et al. [26]
refrigeration cycle into a hybrid system.
The application potential of series ORC and 2020 Surendran et al. [27]

parallel ORC in vehicle waste heat is compared.

The working fluid of the DORC cycle is selected.

The difference of DORC operation performance 2019 Mohammadkhani et al. [28]
under working fluids is evaluated.

1.4. Work and Contribution

A systematic evaluation of waste heat source characteristics of IC engines with vari-
able working conditions is crucial for the comprehensive performance of DORC analysis.
According to the heat balance theory of IC engines, this study fully considers the operating
characteristics and systematically analyzes waste heat distribution of the different oper-
ating environment. On the basis of the structural feature in DORC, the thermodynamic
sub-model, heat transfer model, thermoeconomic model, and environmental model are
constructed. The HT and LT cycle models are then coupled and correlated to construct the
DORC thermodynamic sub-model, heat transfer sub-model, thermoeconomic sub-model,
and environmental sub-model. A clear coupling relationship exists between the opera-
tional performance of the subloop and overall performance. A systematic analysis of the
variation between the overall performance and the sub cycle is beneficial to obtaining the
practical application potential of the cycle. Based on the variation characteristics of the
multisource energy of the engine, the loop cycle and overall waste heat recovery potential
are systematically evaluated from the perspectives of net output power, heat transfer area,
power output of per unit heat transfer area (POPA), exergy destruction, and emissions of
CO; equivalent (ECE). Under operation characteristics in cycle, the variation laws of ther-
modynamic index, heat transfer index, thermoeconomic index, and environmental impact
of loop are analyzed. The analysis of nonlinear response characteristics is of significance to
improve the overall fuel utilization. On the basis of the key operating parameters in a cycle,
the multiple variables synergistic effects on the performance are analyzed. In this study,
the comprehensive index assessment for DORC under a changeable environment can offer
a reference for the application possibility of DORC.

2. Description of DORC

Figure 1 shows the thermodynamic cycle of DORC. Figure 1a shows DORC topology.
In the evaporator, the exhaust after passing through the turbine exchanges energy with
fluid. The fluid in the HT cycle becomes vapor, and then enters the expander. Figure 1b is
the temperature-entropy of the HT cycle. The exhausted after work of HT cycle, intercooler
and coolant are used as heat source for LT cycle. Figure 1c is LT cycle temperature-entropy.
R245fa is widely used in the field of ORC therefore R245fa is selected in this paper [29-31].
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Figure 1. Topology and thermodynamic cycle of DORC. (a) structure of the DORC system. (b) HT
loop. (c) LT loop.

3. Construction of Mathematical Model

For an expander, we choose the inlet temperature and pressure. For a condenser, we
choose the inlet temperature. The parameters mentioned above are chosen as the input
variables. The pinch point temperature difference in the evaporator and condenser is 5 K
and 10 K, respectively [32].

3.1. Thermal Balance Model

During the operation of CNG engines, energy converted into useful work is only one
part; the other part is energy lost with the dissipation of waste heat. Table 3 shows the
technical parameters of the CNG engine.

Table 3. Technical parameters of CNG engines.

Parameters Units Values
Stroke and bore mm 114 x 144
Maximum torque Nm 1120
Displacement L 8.9
Cylinder number - 6

The construction process is as follows:
Qexh + Weng + Qcool + Qinter + Qother = Qtot (1)

Qinter = mintercpair (Tinter,in - Tinter,out) (2)
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Qcool = mcoolcpcom (Tcool,in - Tcool,out) 3)
Qexh = mfuelH (4)

3.2. Thermodynamic Model

The thermodynamic model construction process of the HT cycle is as follows:
(1) Expansion process:
Power output:

Wexp,HT = mwf,HT (hl - hZ) (5)
Isentropic efficiency:
hy —hy
Hexp HT = I’l11 . (6)

(2) Pressurization process:
Power consumption of working medium pump:

Wpnt = mygnr(hs — hy) 7)
Isentropic efficiency:
_ h55 - h4
(3) Condensation process:
Qpre,HT = mwf,HT (hZ - h4) (9)
(4) Evaporation process:
Qevapir = Mwiar (M1 — his) = titeyn (h7 — hs) (10)
The power is:
Wnet,HT = Wexp,HT - Wp,HT (11)

The thermodynamic model construction process of LT cycle is as follows:
(1) Expansion process:
Power output:

Wexp,LT = Mg rr(hrr — his) (12)
Isentropic efficiency:
hpy — his
Lo 1
77exp,LT hLl — hLSs ( 3)

(2) Pressurization process:

Power is: .
Wpr = mygrr(his — hie) (14)
Isentropic efficiency:
hyiss — hie
= L~ L6 15
L (15)
(3) Condensation process:
QeontT = Mwtrr(his — hie) (16)

(4) Evaporation process:

Qpre11 = fitwgr (2 — hia) 17)
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Qevarr = fitwirr(hi1 — hia) (18)

Power is: .
Wexp LT = Mty rr(hr1 — his) (19)

The DORC power can be expressed as:

Wnet = Wnet,HT + Wnet,LT (20)

The system thermal efficiency can be expressed as:

W
e = 100% X — net

. . (21)
Qeva,HT + Qint + Qeva,LT

3.3. Heat Transfer and Thermoeconomic Model

DORC involves multiple heat transfer processes in the process of thermal power
conversion. The heat exchanger in the HT cycle is a fin-and-tube evaporator. The remaining
heat exchangers in the system are plate heat exchangers [33-35]. The evaporation process
can be divided into preheating, two-phase and superheating. The condensation process is
divided into preheating, two-phase, superheating and condensation [36,37]. Table 4 shows
the parameters of the heat exchanger.

Table 4. Exchangers parameters.

Parameters Units Values

Plate heat exchanger

Plate width m 0.123
Plate thickness mm 0.35
Corrugation depth mm 3

Fin height mm 12
Tube pitch mm 60
Row pitch mm 100

According to the logarithmic mean temperature difference (LMTD), the heat transfer
rate can be expressed as [38—40]:

Q = AKAT v (22)
At — Aty
ATimTD = — g (23)
g

The overall heat transfer coefficient is:

1 /3 ‘Sﬁ Tout 1

— = —+tmpt+t—+—+— 24
Ky Xin inf A n¢ Koutlf @)

ANu
= 25
a =" 25)

Based on Zhukauskas correlation, the Nusselt number can be expressed as [41]:
P

Nitey, = 0.35¢%2Re2G PrO:36 (M‘) (1000 < Re < 2 x 105) (26)

Prexh,w

Pr 0.25
Nitey, = 0.71Re%5 Pro30 (m) (Re < 1000) (27)
Prexh,w
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Based on the Gnielinski correlation, the heat transfer coefficients of the preheating
zone and superheating zone can be expressed as [42]:

Nuy, = 2 (/8)(Reys — 1000)Pry [1+ ( d>2/3] . o5
A1 127 F78(PrRR - 1) l

Based on the Filonenko correlation, the Darcy drag coefficient can be expressed as:

2

f = (1.821log;, Reys — 1.64) (29)
Preheat zone: 001
. Pl’wf !
o= (52) 0)
among them, I;%f =0.05 ~ 20.
Superheat zone:
T, %49
= [t 1
Ct ( Tw > 31)

among them, TT—‘;’]‘ =05~ 1.5.
Based on Liu-Winterton correlation, the heat transfer coefficient of two-phase zone

is [43]:
wtp = \/ (Fatg)? + (Stny)? (32)
-1
5= (1 + 0.055F0-1Re?;}6) (33)
0.35
F= <1+xP71<£1—1>) (34)

among them, 2.95 < d < 32 mm; 568.9 < Re < 8.75 x 10°.
Based on Dittus-Boelter correlation, the film boiling heat transfer coefficient can be
expressed as [44]:
ag, = 0.023(A1/d)RefPPr) (35)

1

Based on the Copper correlation formula, the heat transfer coefficient of nucleated
boiling can be expressed as:

012 _.2/3

Anp = 55pr Jw (_ 10glO Pr

) —O‘SSM_045 (36)

The overall heat transfer coefficient can be expressed as [45-47]:

1 B 1) 1
— = 4y — —_ 37
Kpl Xin rin A Tour Xout (37)

Based on the Chisholm-Wanniarachchi correlation, the heat transfer coefficients of
preheating zone and superheating zone can be expressed as [48]:

0.646
Nu = ‘%‘" = o.7z4<675> Re0-583pyl/3 (38)
o Gdh o m . . 4wb
Re= 1 (G ~ Nuwb’ an = 2(w + b)) 39)

Based on the Yan-Lin correlation:

da 1/3
Nu = Ttp = 1.926Pr{/3Bol Red?

0.5
1—x+ x; pl) 40
x—i—x(pv (40)
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Ge dh 0 0.5 q
Reeqg = —I2( Geq =G 1—x-+x~<) ; Boegq = =—— 41
eq I’ < eq [ i i 0y eq Geqrfg (41)
The heat transfer coefficient of the condensation zone can be expressed as:
o= 4118( 2L ) Re4py1/3 (42)
=4, i o

POPA can evaluate the thermoeconomic performance of DORC. POPA can be ex-
pressed as [49,50]:
Whet
A

POPA = (43)

3.4. Exergy Destruction Model

The exergy destruction model construction process of the HT cycle is as follows:
(1) Expansion process:

LexpHT = TenvMywint (52 — 51) (44)

(2) Pressurization process:

Ip,HT = Tenvmwf,HT(SS - 54) (45)
(3) Condensation process:
Tpre it = Tenvlitwi it (Sa — 52) + Tenvfitwi 17 (S12 — S14) (46)
(4) Evaporation process:
: . h1 — hs
Ieva,HT = Tenvmwf,HT (51 - 55) - }7 (47)
HT
Tyt = T1 + ATy (48)
T, —Ty) — (Tg — T:
ATy = (T 1)T77(Tls 5) (49)
In To=Ts
The exergy destruction model construction process of the LT cycle is as follows:
(1) Expansion process:
Texpir = Tenviitwiir(sts — 511) (50)
(2) Pressurization process:
It = Tenvlitwirr(s1s — Ste) (51)
(3) Condensation process:
. . hieg —h
Leonr = Tenviwgr | (SL6 — SL8) — % (52)
LT
Tir = Tue — ATir (53)
Tig — To) — (Tig — T
ATir = (Trg — Tg) — (Toe — Te) (54)

Tig— Tg
Tre—Te

In
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(4) Evaporation process:

. . hia—h
Iinter = TenvMwgLT {(SM —S15) — L4TtL5} (55)
mter
Tinter - TL4 + ATinter (56)
T, —Tia) — (T, — Tq
ATinter = ( - L4)Ti,(TL4h L5) (57)
In Th—Tis
: ) hy1—h
Ieva1T = TenvMytrT {(Su —S12) — LlTle] (58)
COO.
Tcool = TLl + ATcool (59)
(T — Tr1) — (G — Ti2)
ATeo0 = 1 (60)
IniTj -1,

DORC total exergy destruction can be expressed as:

1 tot — I exp,HT + I pre,HT + I pHT + I eva, HT + I exp, LT + I con, LT + I pLT + I inter + I eva,LT (61)

3.5. Environmental Impact Model

Select the emissions of CO, equivalent (ECE) to assess environmental impact [51-53].
ECE can be expressed as [54,55]:

ECE = Direct emissions + Indirect emissions (62)

Direct emissions = FC x (LT x ALR+ EOL) x GWP (63)

Indirect emissions = LT + AEC x CE +m x CM + mr x CMR

+(FC+LT x ALR+ FC) x CFM + FC x (1 - EOL) x CFR (64)

Among them, FC is the charge; ALR is the annual leakage rate; EOL is the end-of-life
loss rate; GWP is global warming potential; LT is the system lifetime; AEC is annual energy
consumption; CE is the CO,,eq produced by unit energy consumption; m is the mass
of material; CM is the CO;,eq produced unit material mass; mr is the mass of recycled
material; CMR is the CO,,eq produced unit recycled material mass. CFM is the eq produced
of working fluid manufacturing of carbon dioxide equivalent. CFR is the CO,, eq produced
of working fluid disposal.

The charge amount can be expressed as:

FC = 5.57Wnet (65)
The amount of steel consumed by the expander is:
Mgteelexp = 31.227Wexp (66)
The amount of steel consumed by the working fluid pump is:
Mteelp = 14W, (67)

3.6. Validation

Compared with Refs. [56-59], the relative errors of power are 0.37%, 0.39%, 3.49%, and
4.82%, respectively. The relative error of the heat exchange area is 0.62%, 1.58%, 6.99% and
3.48%, respectively.
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4. Results and Discussion
4.1. Waste Heat Characteristics of CNG Engine
4.1.1. Intercooler

Figure 2 is characteristic of an intercooler in variable conditions. Figure 2a presents the
variation trends of inlet temperature. With the increasing of intake mass flow rate, the inlet
temperature gradually increases. When the flow rate reaches about 0.15 kg /s, the increasing
trend of inlet temperature gradually slows down. With the increasing of intake mass flow
rate, the nonlinear variation trend between inlet temperature and speed becomes evident.
Compared with the speed, the inlet mass flow rate exerts a greater impact on the inlet
temperature. Figure 2b presents variation trends of the temperature difference. With the
increasing of intake mass flow rate, the temperature difference gradually increases. Before
0.18 kg/s, the increasing trend of temperature difference gradually slows down. From
approximately 0.2 kg/s, the increasing trend of temperature difference gradually becomes
evident. With the increasing of speed, the temperature difference gradually increases. With
the increasing of intake mass flow rate, the nonlinear variation trend between temperature
difference and speed gradually becomes evident. Compared with speed, the intake mass
flow rate has a greater influence on the temperature difference.

400 2100

A cz [Pa
- I N, | o
£ 1700 380: g 1700 %,
E 360 T 2 e\j
o £ Tw ) |/
Z51300 2api Z51300 &
900 320 900 0
0.06 0.13 0.2 0.27 0.06 0.13 . 0.2 0.27
I I
_— (C) x\\l\ A ~ —_ (d) L c\a
= % s 152 5 N 35
£ 1700} — : z E 1700 \%% : 2
=7 | nwsz = O N 2 5
21300 " : £ 21300 N E
< 5 QA B =
2. z, 1;==§
: , 900
90(()).0(, 0.13 0.2 0.27 0 0.06 0.13 0.2 0.27
mint (kg/s) n'tin ¢ (kg/s)

Figure 2. Waste heat characteristics of intercooler in variable working environments. (a) Inlet
temperature of intercooler. (b) Temperature different of intercooler. (c) Heat transfer rate of intercooler.
(d) Proportion of heat transfer rate in intercooler.

Figure 2c presents the variation trends of heat transfer rate. With the increasing of
intake flow, the rate rises gradually, and the increasing trend of the heat transfer rate
becomes more evident. With the increasing of speed, the rate gradually increases. With the
increasing of intake mass flow rate, the nonlinear variation trend between the heat transfer
rate and speed gradually becomes evident. Compared with speed, the intake mass flow
rate exerts a greater effect on the rate. The proportion is shown in Figure 2d. With the
increasing of the intake mass flow rate, the ratio gradually increases. Before 0.18 kg /s, the
increasing trend of the ration gradually slows down. From approximately 0.2 kg/s, the
trend of increasing proportion becomes more evident. With the increasing of speed, the
proportion increases gradually. With the increasing of intake mass flow rate, the nonlinear
change trend between the proportion and the speed gradually becomes evident. Compared
with speed, the intake flow exerts a greater influence on the proportion.
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4.1.2. Coolant

Figure 3 presents the characteristics of a coolant with the variable operating environ-
ment. Among them, Figure 3a presents the variation characteristics of inlet temperature.
With the increasing of intake flow, temperature first increases and then decreases. Around
0.09-0.12 kg/s, the inlet temperature reaches the maximum. As the speed increases, the
correlation of the mentioned parameters first increases and then decreases. With the in-
creasing of speed, temperature rises first and then drops. Compared with the intake mass
flow rate, the speed exerts more of an influence on the inlet temperature. Figure 3b presents
the variation characteristics of temperature difference. With the increasing of intake mass
flow rate, the temperature difference gradually increases. Before 0.09 kg/s, the temperature
difference gradually decreases with the increasing of speed. When reaches 0.09-0.18 kg/s,
with speed increasing, temperature difference drops first and then rises. From approxi-
mately 0.18 kg /s, temperature difference gradually increases. Compared to intake mass
flow rate, the speed exerts more influence on the temperature difference.

357 2100

7
E ®) 4 6.5%
3567 £ : 5%
< E 1700 .
355 5 & g
e of 5.5
15483 Z51300 -
353 900 : .
0.13 0.2 0.27 0.06 0.13, 0.2 0.27
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y . 2100 ; -
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2 E1700}f o 35 3
00or 5130 f‘ 5.8
50 = / 20 &
900 .
0.13 0.2 0.27 0.06 0.13, 0.2 0.27
n'zm ¢ (kg/s) . (kg/s)

Figure 3. Waste heat characteristics of coolant in variable working environments. (a) Inlet temperature
of coolant. (b) Temperature different of coolant. (c) Heat transfer rate of coolant. (d) Proportion of
heat transfer rate in coolant.

Figure 3c presents the variation characteristics of the heat transfer rate. Accompanied
with an increase in intake flow, the rate increases gradually. From around 1700 r/min, the
increasing trend has moderated. Then, with the increasing of the speed, the heat transfer
rate gradually increases. From around 0.13 kg /s, with the increasing of the speed, trend
gradually becomes evident. Compared with the intake mass flow rate, the speed exerts
a greater impact on rate. Figure 3d presents the heat transfer rate proportion. With the
increasing of intake flow, the proportion drops. Moreover, the trend of increasing the
proportion gradually slows down. With the increasing of intake flow, the trend slows down.
Compared with intake mass flow rate, the speed exerts more influence on the proportion.

4.1.3. Exhaust

Figure 4 presents the characteristics of the variable working conditions exhaust waste
heat. Figure 4a presents the exhaust temperature of the variation characteristics. Before
1200 r/min, with the increasing of intake mass flow rate, there is an increase in the exhaust
temperature. From around 1200 r/min, however, the increasing trend mentioned above
slows down. From around 1700 r/min, the change of intake mass flow rate has a minimal
effect on exhaust temperature. Figure 4b presents the variation characteristics of exhaust
back pressure. With the increasing of speed, there is generally a trend of increasing on
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the exhaust back pressure. The increasing of intake mass flow rate makes the relationship
between the speed and exhaust back pressure gradually become evident. Compared with
the speed, the intake mass flow rate exerts greater influence on the exhaust back pressure.
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Figure 4. Waste heat characteristics of exhaust in variable working environments. (a) Inlet tempera-
ture of exhaust. (b) Temperature different of exhaust. (c) Heat transfer rate of exhaust. (d) Proportion

of heat transfer rate in exhaust.

Figure 4c presents the heat transfer rate variation characteristics. Accompanied by the
increasing of the intake mass flow rate, the rate gradually increases. With an increase in
speed, the rate generally shows a gradually increasing trend. The increasing of intake flow
makes the correlation between speed and heat transfer rate more pronounced. Compared
with speed, the intake mass flow rate exerts more of an effect on the heat transfer rate.
Figure 4d shows the proportion of the heat transfer rate. Before 1600 r/min, the proportion
gradually increases as the intake mass flow rate increases. From around 1600 r/min, the
trend of increasing proportion slows down. With the increase in rotational speed, the
proportion increases gradually. The correlation between rotational speed and proportion
considerably increases with the intake mass flow rate increase.

4.2. Power Analysis
4.2.1. Variable Working Conditions

Figure 5 presents the power characteristic analysis of the HT cycle and LT cycle under
variable system working conditions. Figure 5a is the power characteristic analysis. With
the increasing of the intake mass flow rate, both the HT and LT cycles” power gradually
increases. The maximum value of the HT and LT powers are 15.82 and 20.6 kW, respectively.
Compared with the speed, the intake mass flow rate has more of an effect on the power of
the loop. Figure 5b is the power characteristic analysis in the system. The system power
gradually increases. The maximum system power is 36.42 kW. Compared with speed,
intake mass flow rate has a more significant impact on system power.
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Figure 5. Power output of HT cycle, LT cycle and system in variable working environments. (a) Power
characteristic. (b) power characteristic in the system.

4.2.2. Key Variables

Figure 6 shows the power influence characteristics of key operating parameters on the
HT and LT cycles. Among them, Figure 6a presents the influence characteristics of different
loop condenser inlet temperatures on HT cycle power. To HT cycle, with the condenser inlet
temperature increases, the power gradually decreases. With the LT cycle, the condenser
inlet temperature increases, while the power impact to the HT cycle is slight. Compared
with the condenser inlet temperature, the temperature change exerts less influence on the
power of the HT cycle. Figure 6b shows the impact characteristics inlet temperature and
the pressure of the expander on the power in the HT cycle.
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Figure 6. Influence characteristics of key variables on power in HT cycle and LT cycle. (a) Influ-
ence characteristics of different loop condenser inlet temperatures on HT cycle power. (b) Impact
characteristics inlet temperature and the pressure of the expander on the power in the HT cycle.
(c) Effect characteristics of different loop condenser inlet temperatures on LT cycle power. (d) Effect
of expander parameters of the HT cycle on the power of the LT cycle.

Figure 6¢ shows the effect characteristics of different loop condenser inlet temperatures
on LT cycle power. The power of the LT cycle gradually decreases. Compared with the
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condenser inlet temperature in the LT cycle, the change of condenser inlet temperature in
the HT cycle has less influence on the power of the LT cycle. Figure 6d presents the effect
of expander parameters of the HT cycle on the power of the LT cycle. As the inlet pressure
of the HT cycle increases, the power of the LT cycle gradually decreases. The change of
inlet temperature of the expander in the HT cycle has little influence on the power of the
LT cycle.

Figure 7 shows the effect characteristics of system power. Figure 7a presents the
effect characteristics of inlet temperature of a condenser on the system power in a different
cycle. As the inlet temperature in condenser increases in the HT cycle, the power gradually
decreases. As condenser inlet temperature of the LT cycle increases, system power gradually
decreases. Compared to condenser inlet temperature of the HT cycle, the inlet temperature
of the condenser in the LT cycle has a better effect on system power. Figure 7b shows effect
characteristics of parameter of expander on system power in HT cycle. As inlet expander
pressure increases, system power gradually increases. As the temperature of the inlet
increases, the system power does not change significantly.
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Figure 7. Influence characteristics of key variables on system power output. (a) Effect characteristics
of inlet temperature of a condenser on the system power in a different cycle. (b) Effect characteristics
of parameter of expander on system power in HT cycle.

4.3. Heat Transfer Surface Analysis
4.3.1. Variable Working Conditions

Figure 8 shows the analysis of heat transfer surface characteristics of the HT cycle, LT
cycle and system under variable working environments. Figure 8a shows the analysis of
heat transfer surface for different loops. With the increase of speed, heat transfer surface
of different loops gradually decreased. Maximum heat transfer surface is 12.56 m? and
10.78 m?, respectively. Compared with speed, the intake mass flow rate has a better impact
on heat transfer surface of the loop. Figure 8b shows the characteristic analysis in the
system heat transfer surface. As the intake mass flow rate increases, the heat transfer
surface increases gradually. The maximum system heat transfer surface is 23.34 m?. The
intake mass flow rate has a better impact on the system heat transfer surface.
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Figure 8. Heat transfer surface of HT cycle, LT cycle and system under variable working conditions.
(a) Heat transfer surface for different loops. (b) System heat transfer surface.

4.3.2. Key Variables

Figure 9 shows the effect of the heat transfer surface in the HT cycle and the LT
cycle. Figure 9a shows effect the characteristics in the condenser inlet temperature of
different loops on the heat transfer surface for the HT cycle. As the inlet temperature
increases, the trend of the surface increase gradually becomes obvious. As the condenser
inlet temperature increases in the LT cycle, the heat transfer surface of the HT cycle changes
little. The change of the condenser inlet temperature in the LT cycle has less of an effect
on the surface in the HT cycle. Figure 9b shows the effect characteristics of heat transfer
surface in the HT cycle. The heat transfer surface in the HT cycle decreases gradually. The
change of inlet temperature of the expander in the HT cycle has less influence on the heat
transfer surface of the HT cycle.
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Figure 9. Influence characteristics of key variables on the heat transfer surface of the HT cycle and
the LT cycle. (a) Effect the characteristics in the condenser inlet temperature of different loops on
the heat transfer surface for the HT cycle. (b) Effect characteristics of heat transfer surface in the HT
cycle. (c) Effect characteristics in different loops on the heat transfer surface of the LT cycle. (d) Effect
characteristics of the heat transfer surface of the LT cycle.
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Figure 9c shows the effect characteristics in different loops on the heat transfer surface
of the LT cycle. The surface of the LT cycle gradually decreases. Moreover, the variation
trend gradually slowed down. As the condenser inlet temperature increases in the LT cycle,
the surface gradually increases. The change of the condenser inlet temperature in the LT
cycle has less influence on the heat transfer surface of the LT cycle. Figure 9d shows the
effect characteristics of the heat transfer surface of the LT cycle. The surface of the LT cycle
increases gradually. With the increase of expander inlet temperature in the HT cycle, the
surface of the LT cycle gradually increases. The change of heat transfer surface in the HT
cycle has less effect on the heat transfer surface of the LT cycle.

Figure 10 shows the effect characteristics of the system heat transfer surface. Figure 10a
shows the effect characteristics of inlet temperature in a condenser on the system heat
transfer surface in the HT cycle and the LT cycle. As the condenser inlet temperature
increases for the HT cycle, the surface gradually decreases. Compared with the condenser
inlet temperature in the LT cycle, the condenser inlet temperature in the HT cycle has a
better effect on the surface of the system. Figure 10b shows the effect characteristics of
the parameters of the expander in the HT cycle on the system heat transfer surface. As
the expander inlet pressure increases during the HT cycle, the heat transfer surface of the
system decreases gradually.
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Figure 10. Influence characteristics of key variables on the system heat transfer surface. (a) Effect
characteristics of inlet temperature in a condenser on the system heat transfer surface in the HT cycle
and the LT cycle. (b) Effect characteristics of the parameters of the expander in the HT cycle on the
system heat transfer surface.

4.4. POPA
4.4.1. Variable Working Conditions

Figure 11 shows the POPA characteristics analysis of the HT cycle, LT cycle and the
system under variable working conditions. Figure 11a shows the POPA characteristics
analysis of different cycles. The maximum POPA of the HT cycle is 1.26 kW /m?. With the
increase of speed, the POPA of the LT cycle generally showed an increasing trend. The
change of POPA is volatile. The maximum POPA of the LT cycle is 3.04 kW /m?. Figure 11b
is the POPA characteristic analysis of the system. Before 1000 r/min, with the increase in
rate, the system’s POPA gradually decreased. At 1000-1900 r/min, with the increase of
rate, the system’s POPA first decreased and then increased. Beginning around 1900 r/min,
with the increase of rate, the system’s POPA gradually decreases. The maximum POPA is
1.75 kW /m?.
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Figure 11. POPA of HT cycle, LT cycle and system under variable working conditions. (a) POPA
characteristics analysis of different cycles. (b) POPA characteristic analysis of the system.

4.4.2. Key Variables

Figure 12 shows the POPA effect characteristics. Figure 12a shows the POPA effect
characteristics of the condenser inlet temperature in different loops on the HT cycle. With
the increase of the inlet temperature, the POPA of the HT cycle gradually decreases. Com-
pared with inlet temperature, the change of the condenser inlet temperature in the LT cycle
has less of an effect on the POPA of the HT cycle. Figure 12b shows the effect characteristics
of POPA in the HT cycle. With the increase of pressure in the HT cycle, the POPA of the HT
cycle gradually increased. As the inlet temperature of the HT cycle increases, the POPA of
the HT cycle gradually decreases. The change of inlet temperature of the expander in the
HT cycle has less effect on the POPA of the HT cycle.
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Figure 12. Influence characteristics of key variables on POPA of HT cycle and LT cycle. (a) POPA
effect characteristics of the condenser inlet temperature in different loops on the HT cycle. (b) Effect
characteristics of POPA in the HT cycle. (¢) POPA effect characteristics on the LT cycle. (d) Effect
characteristics on the HT cycle.

Figure 12c shows the POPA effect characteristics on the LT cycle. With the increase of
inlet temperature of the HT cycle, the POPA of the LT cycle gradually increased. Figure 12d
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shows the effect characteristics on the HT cycle. With the increase of inlet temperature of
the expander of the HT cycle, the LT cycle of POPA gradually increased. Moreover, the
growing trend of POPA becomes obvious.

Figure 13 shows the effect characteristics of total POPA. With the increase of inlet
temperature of condenser in HT cycle, total POPA first increased and then decreased.
Compared with the HT cycle, the condenser inlet temperature in the LT cycle has a better
impact on total POPA. As the inlet pressure of the expander increases the HT cycle, POPA
gradually increases. Compared with inlet temperature, the inlet pressure of the expander
of the HT cycle has a better effect on POPA.
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Figure 13. Influence characteristics of key variables on POPA. (a) Effect characteristics of total POPA
in condenser parameter. (b) Effect characteristics of total POPA in expander parameter.

4.5. Exergy Destruction
4.5.1. Variable Working Conditions

Figure 14 shows the analysis of exergy destruction characteristics under variable work-
ing environments. Figure 14a shows the analysis of exergy destruction characteristics of
different cycles. With the increase of speed, the exergy destruction of LT cycle gradually in-
creases. The exergy destruction of the maximum of the LT cycle is 16.97 kW. The maximum
exergy destruction of the HT cycle is 86.27 kW. Compared with speed, the intake flow has
a better impact on exergy destruction of different cycles. Figure 14b shows the analysis
of system exergy destruction characteristics. As the intake flow increases, system exergy
destruction increases gradually. The maximum system exergy destruction is 103.24 kW.
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Figure 14. Exergy destruction of HT cycle, LT cycle and the system under variable working conditions.
(a) Exergy destruction characteristics of different cycles. (b) System exergy destruction characteristics.

4.5.2. Key Variables

Figure 15 shows the influence of exergy destruction. Figure 15a shows the effect of
exergy destruction in the HT cycle. As the inlet temperature of the condenser increases
in the LT cycle, the exergy destruction of the HT cycle increases gradually. The change of
the condenser inlet temperature in the HT cycle has less effect on the exergy destruction
of the HT cycle. Figure 15b shows the effect of exergy destruction in the HT cycle. As
inlet pressure of the expander increases in the HT cycle, the exergy destruction in the HT
cycle gradually decreases. The change of expander inlet pressure of the HT cycle has little
influence on the HT cycle exergy destruction.
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Figure 15. Influence characteristics of key variables on exergy destruction of HT cycle and LT cycle.
(a) Effect of exergy destruction in the HT cycle. (b) Effect of exergy destruction in the HT cycle.
(c) Effect of exergy destruction in the LT cycle. (d) Effect characteristics of exergy destruction in the
HT cycle.

Figure 15c shows the effect of exergy destruction in the LT cycle. With the increase of
the HT cycle condenser inlet temperature, the exergy destruction of the LT cycle gradually
decreased. Compared with the condenser inlet temperature in the LT cycle, the change of
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the condenser inlet temperature in the HT cycle has less influence on the exergy destruction
of the LT cycle. Figure 15d shows the effect characteristics of exergy destruction in the
HT cycle. With the increase of the expander inlet pressure in the HT cycle, the exergy
destruction of LT cycle gradually increased. The exergy destruction of the LT cycle changes
little as the inlet temperature of the expander of the HT cycle increases.

Figure 16 shows the effect characteristics of system exergy destruction. Figure 16a
shows the effect characteristics of condenser inlet temperature in different cycles on exergy
destruction. As the condenser inlet temperature increases in the HT cycle, the system
exergy destruction increases gradually. Compared with the condenser inlet temperature in
the HT cycle, the condenser inlet temperature in the LT cycle has a better effect on system
exergy destruction. Figure 16b shows the effect characteristics of inlet temperature and
pressure of the expander of the HT cycle for system exergy destruction. As the expander
inlet pressure increases in the HT cycle, the system exergy destruction gradually decreases.
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Figure 16. Influence characteristics of key variables on exergy destruction. (a) Effect characteristics
of condenser inlet temperature in different cycles on exergy destruction. (b) Effect characteristics of
inlet temperature and pressure of the expander of the HT cycle for system exergy destruction.

4.6. ECE
4.6.1. Variable Working Conditions

Figure 17 shows the effect analysis of direct ECE, indirect ECE and system ECE.
Figure 17a shows the characteristic analysis of direct ECE and indirect ECE. As the intake
flow increases, the direct ECE gradually increases. As speed increases, direct ECE gradually
increases. Maximum direct ECE is 41.79 ton CO;,eq. As the intake flow increases, the
indirect ECE gradually increases. The maximum indirect ECE is 9.26 ton CO,,eq. Compared
with speed, the intake mass flow rate has a better effect on direct ECE and indirect ECE.
Figure 17b shows the effect analysis in system ECE. As the intake rate increases, the total
ECE gradually increases. With the increase of speed, the total ECE gradually increases.
Maximum system ECE is 51.05 ton CO,,eq.
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Figure 17. ECE of HT cycle, LT cycle and system under variable working conditions. (a) Direct ECE
and indirect ECE. (b) System ECE.

4.6.2. Key Variables

Figure 18 shows the effect characteristics of direct ECE and indirect ECE. Figure 18a
shows the effect characteristics of the inlet temperature of the condenser in different loops
on direct ECE. With the increase of inlet temperature of the condenser in the LT cycle,
the direct ECE of the HT cycle gradually decreased. Compared with the condenser inlet
temperature in the LT cycle, the change of condenser inlet temperature in the HT cycle has
less influence on the direct ECE of the HT cycle. Figure 18b shows the effect characteristics
of the expander on the HT cycle. As pressure increases, the direct ECE of the HT cycle
gradually increases.
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Figure 18. Influence characteristics of key variables on direct ECE and indirect ECE. (a) Effect
characteristics of the inlet temperature of the condenser in different loops on direct ECE. (b) Effect
characteristics of the expander on the HT cycle direct ECE. (c) Effect characteristics of the inlet
temperature of the condenser in different loops on indirect ECE. (d) Effect characteristics of the
expander on the HT cycle indirect ECE.

Figure 19 shows the effect characteristics of total ECE. Figure 19a presents the impact
characteristics of condenser inlet temperature on system ECE. As condenser inlet temper-
ature increases in the HT cycle, system ECE gradually decreases. With the increasing of
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condenser inlet temperature in the LT cycle, system ECE decreases gradually. Compared
with the condenser inlet temperature in the HT cycle, condenser inlet temperature in the
LT cycle has more of an effect on system ECE. Figure 19b presents the impact of expander
inlet temperature and pressure on the HT cycle on system ECE. With the increasing of
inlet pressure in the HT cycle, system ECE gradually increases. With the increasing of
inlet temperature in the HT cycle, the system ECE changes slightly. Compared with inlet
temperature, the expander inlet pressure cycle exerts a greater impact on ECE.
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Figure 19. Influence characteristics of key variables on ECE. (a) Impact characteristics of condenser
inlet temperature on system ECE. (b) Impact of expander inlet temperature and pressure on the HT
cycle on system ECE.

4.7. Multi Objective Optimization and TOPSIS Selection

TOPSIS can make decisions on data difference through given data. TOPSIS processes
the attributes in a definite direction to filter out the optimal values. Sample to optimal and
sample to worst distance is then calculated by the distance scale. The assessment is based
on closeness, and the value can be expressed as:

Dy, = \/E.n_1 (Pll B Fjideal)z; D, — \/Z]n_l (Fl] _ F}non—ideal)z (68)

Furthermore, the closeness can be expressed as follows:

D;_

G = Dri + D (69)
Figure 20 shows the DORC system thermodynamic multiobjective optimization and
TOPSIS selection. The figure indicates that thermal efficiency and output power have a
positive correlation. Apparently, to achieve higher thermal efficiency leads to higher output
power. To achieve higher thermal efficiency and higher output power, however, which also
leads to higher total exergy destruction. The optimal result of the parameters above for
thermal efficiency, output power, and total exergy destruction are 14.27%, 37.11 kW, and

104.58 kW, respectively.
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Figure 20. Multi objective optimization and TOPSIS selection.

5. Conclusions

The operation characteristics of CHG engines are fully considered, and the character-
istics of different heat sources under variable environments are systematically analyzed.
According to the structural characteristics, the thermodynamic, heat transfer and environ-
mental model of DORC is built. Based on variation characteristics of multi-source heat
energy of CNG engines, the recovery potential of DORC under full working conditions
is systematically evaluated. According to the operating characteristics of different loops,
the variation laws of loop performance under the influence of multiple parameters are
analyzed. The laws of synergistic effects of multiple variables on system performance are
analyzed by thermodynamic performance, heat transfer performance, thermoeconomic
performance and environmental impact. The main conclusions are summarized as follows:

(1) Fluctuation of CNG engine environments makes characteristics of different heat
sources significantly different. Compared with speed, intake flow has a better impact on
the heat characteristics of intercooler and the exhaust heat transfer rate. The increase of
intake flow will make the nonlinear relationship between speed and waste heat source of
the intercooler gradually obvious. At the same time, the correlation between speed and the
ration of the exhaust heat transfer rate will be significantly improved.

(2) The coupling relationship between engine and DORC is obviously affected by
working conditions. Compared with speed, intake mass flow rate has a significant influence
on power, POPA and exergy destruction of a loop. At the same time, the comprehensive
performance of a system is obviously affected by intake flow. Under the disturbance of
intake flow, the maximum power, heat transfer area and POPA of DORC are 36.42 kW,
23.34 m? and 1.75 kW/m?, respectively.

(3) The coupling relationship between operating parameters makes the loop perfor-
mance show a non-linear change. The increase of inlet temperature of the condenser of the
HT cycle increases its correlation with heat transfer surface. The POPA change trend of the
LT cycle gradually slowed down. The increase of inlet temperature of the condenser of the
LT cycle reduces the correlation with the heat transfer surface.

(4) Under the synergistic influence of operating parameters in a loop, the correlation
between variable and DORC performance is significantly different. Compared with the
condenser inlet temperature in an HT cycle, the inlet temperature of the condenser of the LT
cycle had a better effect on system power, POPA, ECE and exergy destruction. Compared
with inlet temperature of the expander of the HT cycle, the inlet pressure of the expander
of the HT cycle has a greater effect on system comprehensive performance.
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The reliability and adaptability of working fluids are key to the comprehensive perfor-
mance analysis and optimization of DORC. The working fluid thermophysical properties
exert an important influence on operation performance, and the system performance
presents significant differences with various working fluids. In future research, the impact
of working fluid on the DORC system’s working performance will be investigated.
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Nomenclature

A heat transfer area (m?)

Bo boiling number

b channel spacing (m)

G specific heat at constant pressure

Ct temperature difference correction factor
d diameter (m)

F forced convective heat transfer enhancement factor
f Darcy resistance coefficient

G mass velocity (kg/m?-s)

H fuel low calorific value

h specific enthalpy (k] /kg)

I exergy destruction (kW)

i annual interest rate

K overall heat transfer coefficient (W /m?-K)
) length (m)

M molecular weight (kg /kmol)

m mass flow rate (kg/s)

Nu Nusselt number

P pressure (MPa)

Pr reduced pressure

Pr Prandtl number

Q heat transfer rate (kW)

q heat flux (kW /(m?-K))

Ttg enthalpy of vaporization (J/kg)

Re Reynolds number

S suppression factor

s specific entropy

A temperature (K)

W power output (kW)
w channel width (m)
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X mass fraction
Greek letters
A thermal conductivity (W/m-K)
B rib effect coefficient
r fouling resistance (m2-K/W)
€ correction factor
1) fin height (m)
o heat transfer coefficient (W/m?-K)
U dynamic viscosity (N-s/ m?)
Subscripts
cool coolant
env environment
eng engine
exh exhaust
eva evaporator
exp expander
eq equivalent
f fin
ft fin-and-tube heat exchanger
fb film boiling
h hydraulic
in inner
inter intercooler
1 liquid
LT lifetime or low temperature
nb nucleate boiling
th thermal
tp two-phase
tot total
out outer
p pressure (MPa) or pump
pl plate heat exchanger
pre preheater
tot total
v vapor
w wall
wf working fluid
6a-1 state points in HT loop
Acronyms
CNG compressed natural gas
DORC dual loop organic Rankine cycle
ECE emissions of CO, equivalent
HT high temperature
IC internal combustion
LT low temperature
LMTD logarithmic mean temperature difference
ORC organic Rankine cycle
POPA net power output per unit heat transfer area
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