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The integration temperature difference DT i considers the heat transfer routes, linking the heat transfer
process with the thermodynamic behavior of heat exchangers. The first and second non-dimensional
integration temperature differences are defined as DT�

i; h ¼ DT i=Th; i and DT�
i; s ¼ DT i=ðTh; i � T0Þ respec-

tively, where Th,i is the heat source temperature and T0 is the environment temperature. This paper is
the first to experimentally verify the significance of the non-dimensional integration temperature differ-
ences on organic Rankine cycle (ORC) systems. The first non-dimensional temperature difference is
shown to have linear relationship with the revised entropy generation numbers (Ns). With increases of
the second non-dimensional integration temperature difference, the expander powers, system thermal
and exergy efficiencies had parabola distributions. They simultaneously reached maximum at
DT�

i; s ¼ 0:282, under which the vapor cavitation in the expander disappears and the exergy losses of heat
exchangers are acceptable to elevate the expander efficiency. Beyond the optimal point, the ORC perfor-
mance is worsened either due to the vapor cavitation in the expander, or due to the poor thermal matches
in the evaporator and condenser. The second non-dimensional integration temperature difference com-
prehensively reflects the effects of heat source temperatures, heating powers and organic fluid flow rates
and pressures, etc. It balances exergy destructions of various components to optimize the system. Thus, it
can be an important parameter index to maximize the power or electricity output for a specific heat
source. The usefulness of the integration temperature difference and the future work are discussed in
the end of this paper.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Organic Rankine cycle (ORC) has been widely investigated. ORC
converts low grade thermal energy to mechanical work or electric-
ity. The heat source to drive ORC can be solar thermal energy [1–5],
geothermal energy [6–9], biomass energy [10,11] and various
waste heat sources such as flue gas [12–18].
A basic ORC consists of a pump, an evaporator, an expander (or
a turbine) and a condenser. The performances of these components
play important roles on ORC. The system performance is relied on
exergy destructions contributed by these components. Usually, the
exergy destruction of the pump is small and can be neglected. The
evaporator, expander and condenser are strongly coupled with
each other. In ORC system, evaporator is the key component to
couple the heat carrier fluid of the heat source (such as flue gas
or solar energy) with the organic fluid. A better coupling between
the heat source and the organic fluid increases the ORC thermal
efficiency and/or heat utilization degree of the heat source
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Nomenclature

Cp specific heat capacity at constant pressure, J/(kg K)
d diameter, mm
E exergy, W
ex specific exergy, J/kg
f frequency, Hz
h specific enthalpy, J/kg
I exergy destruction, W
L the evaporator tube length, m
m mass flow rate, kg/h
M torque, N m
Ns revised entropy generation number
n rotating speed, rpm
Q heat transfer rate, W
P pressure, Pa
s specific entropy, J/(kg K)
T temperature, �C or K
W work, W
x one-dimensional coordinate, m
DS entropy, J/K
DTi expander inlet and outlet temperature difference in

evaporator, �C, K
DTexp integration temperature difference in evaporator, �C, K
DTlog-m logarithmic-mean-temperature-difference, �C, K
DT�

i;h first non-dimensional temperature difference
DT�

i; s second non-dimensional temperature difference
MFM mass flow meter

Greek symbols
k thermal conductivity, J/(kg K)
gexp expander efficiency
gnet ORC thermal efficiency
gex ORC exergy efficiency
gT exergy temperature
m kinematic viscosity, m2/s
q density, kg/m3

U diameter, mm

Subscripts
a available
c cooling water, cold fluid
cr critical
con condensing
e evaporating
exp expander
h hot fluid
i integration, inlet or ideal
me measurement
max maximum
min minimum
net net
o outlet
oil conductive oil
others pipes between expander and heat exchangers
pump pump
r working fluid (R123 fluid in this study)
s isentropic, system
sat saturated
sup superheated
sub sub-cooling
t total
0 reference state
1–5 state points along the ORC cycle
1 expander inlet
2 expander outlet
20 condenser inlet
3 pump inlet, condenser outlet
4 pump outlet, evaporator inlet
5 evaporator outlet
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[17,19]. Due to this reason, the transcritical ORC was proposed to
avoid the isothermal evaporation in the evaporator [20,21]. Alter-
natively, the zeotropic mixture fluid increases the temperatures
by heating to improve the coupling between the heat carrier fluid
and the organic fluid. ORCs with mixture working fluid are better
than those using the pure organic fluid [22,23].

Vapor expansion in the expander needs high quality vapor gen-
erated by the evaporator. The classical thermodynamic theory
assumes the saturated vapor inlet to maximize the work output
[24,25]. The recent experimental study by Yang et al. [26] shows
that the saturated vapor inlet causes the vapor cavitation in the
expander to decrease the mechanical work. A vapor superheating
degree of about 13 �C is necessary to avoid the vapor cavitation.
On the other hand, ultra-high vapor superheating degree worsens
the system performance. Thus, the mechanical work generated
by the expander shows the parabola distribution versus the vapor
superheating degrees at the expander inlet. The condenser cools
the vapor at the expander outlet to the subcooled liquid. Thus,
the liquid can be recycled by the pump. A low pressure in the con-
denser increases the pressure ratio of the expander to improve the
ORC performance. In addition to this, high superheating vapor at
the condenser inlet worsens the thermal match between the
organic fluid and the cooling media in the condenser.

Song and Gu [27] designed a dual loop ORC system to recover
the waste heat of a diesel engine. The high temperature (HT) loop
utilizes the waste heat of the engine exhaust gas, and the low tem-
perature (LT) loop uses the heat load of the jacket cooling water
and the residual heat of the HT loop sequentially. It was shown that
the maximum net power output of the dual loop ORC reaches
115.1 kW, leading to an increase of 11.6% of the original power out-
put of the diesel engine. Maraver et al. [28] studied the thermody-
namic optimization of ORCs for power generation and CHP from
different heat sources. An optimization model of the ORC system
was proposed to predict the best cycle performance (subcritical
or transcritical), in terms of the exergy efficiency, with different
working fluids. The purely thermodynamic approach is limited
by the technological constraints of the expander, the heat exchang-
ers and the feed pump. Hence, a complementary assessment of
both approaches is more adequate to obtain some preliminary
design guidelines for ORCs. Toffolo et al. [29] pointed out that
the cycle configuration, working fluid and operating parameters
are crucial for the economic profitability of ORC systems. Several
optimization criteria were used at the same time: the thermody-
namic optimization, the deign options around the optimum values
of the objective function, an economic modeling technique vali-
dated on real cost data, and the consideration of the off-design
behavior. The fluid R134a had better cycle performance than isobu-
tane. The results highlighted the alternative design conditions to
those maximizing the power output which might be preferred
for technical and economic reasons. Lee et al. [30] proposed an
innovative approach to collect the solar thermal energy from the
concept of solar chimneys for electricity generation via ORCs. In
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a feasibility analysis of ORC application, the system provides the
buildings with 12 kW h/day of electricity, and the area of the col-
lector was 41 m2. The experimental results indicated that the pro-
posed method is feasible for solar chimney, providing acceptable
quality and quantity of heat for ORC.

In summary, many factors are coupled with each to influence
the ORC performance. The ORC optimization was performed by
many researchers [7,15,31–34]. The optimization procedure not
only contains many thermal-fluid parameters such as pressures,
temperatures and mass flow rates, but also involves some econom-
ical parameters such as fabrication and operation costs of the ORC
system [33,34].

Here, we explore the evaporator effect on the ORC performance.
The evaporator couples ORC with the heat source. Because evapo-
rator operates at the highest temperature level among ORC compo-
nents, it contributes large percentage of the total exergy
destruction of the ORC system. Thus, the evaporator dominates
the ORC performance, from the thermodynamics point of view.
The problems are how to quantify the evaporator effect on the
ORC system? What is the coupling mechanism between heat car-
rier fluid and organic fluid in the evaporator?

In order to answer above questions, Chen et al. [17] proposed a
new design method to couple the ORC with the heat source. The
heat source was characterized by the mass flow rate, inlet and out-
let temperatures of the heat carrier fluid. The similarity triangle
principle was used to make the solution convergence. The method
relates the turbine power with the system thermal efficiency and
ensures engineers to recover the waste heat with its flue gas exit
temperature as low as possible.

Subsequently, Xu and Yu [19] proposed the integration temper-
ature difference of the evaporator (4Ti) to quantify the thermal
match between the heat carrier fluid of the heat source and the
ORC system. The integration temperature difference is the enclosed
area of the T–Q curves across the two side fluids divided by the
total heat transfer rate, in which T is the temperature and Q is
the heat. It is found that 4Ti is related to the exergy destruction
of the evaporator. The integration temperature difference concept
yields the critical temperature criterion for working fluid selection.
The ORC thermal efficiency is higher when the critical temperature
of the organic fluid approaches the heat source temperature, under
which the enclosed area of the T–Q curves is small.

Recently, the integration temperature difference was extended
to analyze the transcritical pressure ORC [20]. The organic fluid
undergoes a protruded T–Q curve section and a concaved T–Q
curve section, interfaced at the pseudo-critical temperature point.
The increase of critical temperatures of organic fluids elongates the
specific heat increment section and shortens the specific heat
decrease section to decrease the enclosed area of the T–Q curves
of the heat carrier fluid and the organic fluid. The integration tem-
perature difference concept successfully explains the ORC perfor-
mance influenced by the critical temperatures of organic fluids.

The available work on the integration temperature difference
regards the theoretical analysis. The experimental work on this
topic is not reported before. The objective of this paper is to exper-
imentally verify the usefulness of the integration temperature dif-
ference. Different from the previous studies [19,20], the new
contribution of this paper is as follows:

� Define the first and second non-dimensional integration tem-
perature differences.

� An ORC machine was developed to ensure necessary
measurements.

� Totally 52 thermocouples were arranged along the evaporator
flow length to experimentally determine the integration tem-
perature difference.
� It is found that the first non-dimensional integration tempera-
ture difference is linearly related to the specific exergy destruc-
tion of the evaporator.

� It is found that expander mechanical work, net system thermal
efficiencies and exergy efficiencies simultaneously reach maxi-
mum when the second non-dimensional integration tempera-
ture difference equals to 0.282.

2. Definition of two non-dimensional integration temperature
differences

We define the integration temperature difference for heat
exchangers. Then, we define the first non-dimensional integration
temperature difference for the heat exchanger performance, and
the second non-dimensional integration temperature difference
for the system performance. A counter current heat exchanger is
considered with a hot fluid entering the heat exchanger at temper-
ature Th,i and leaving the heat exchanger at temperature Th,o.
Meanwhile, the cold fluid enters the heat exchanger at tempera-
ture Tc,i and leaves the heat exchanger at temperature Tc,o. The total
heat transfer rate is Qt. Fig. 1a shows the T–Q curve, in which the
subscripts h and c stand for the hot fluid and cold fluid, respec-
tively, the subscripts i and o means inlet and outlet, respectively.
The pinch temperature is recorded as DTp. The integration temper-
ature difference is defined as

DT i ¼
R Q t
0 ðTh � TcÞdQ

Q t
ð1Þ

The integration temperature difference is so called because it con-

tains the integration term
R Q t
0 ðTh � TcÞdQ in Eq. (1), which is the

enclosed area formed by the T–Q curves of hot and cold fluids
(see Fig. 1a). The first non-dimensional integration temperature dif-
ference DT�

i;h is defined for the heat exchanger as

DT�
i;h ¼ DT i

Th;i
¼

R Q t
0 ðTh � TcÞdQ

Th;iQ t
ð2Þ

Equation (2) tells us that DT�
i;h is DT i referenced to Th,i at which the

hot fluid enters the heat exchanger. DT�
i;h evaluates the heat exchan-

ger performance only. The exergy temperature at temperature T is
defined as

gT ¼ 1� T0

T
ð3Þ

where T0 is the reference temperature, which can be the environ-
ment temperature. Further, we divide DT�

i;h by the exergy tempera-
ture at temperature Th,i to obtain the second non-dimensional
integration temperature difference DT�

i;s, which considers the effect
of heat exchanger on the thermal-power conversion system. The
subscript s means system. DT�

i;s is

DT�
i;s ¼

DT�
i;h

gTh;i

¼ DT i

Th;i � T0
¼

R Q t
0 ðTh � TcÞdQ
ðTh;i � T0ÞQ t

ð4Þ

Fig. 1b plots gT versus Q. The exergy destruction I is the enclosed
area formed by the curves of the hot fluid and cold fluid, which is

I ¼
Z Q t

0
ðgT;h � gT;cÞdQ ¼ T0

Z Q t

0

ðTh � TcÞ
ThTc

dQ ð5Þ

We divide I by Qt, and record I/Qt as the specific exergy destruction.
Based on refs. [35,36], for a heat exchanger, the revised entropy
generation number (Ns) is defined as

Ns ¼ T0DS
Q t

¼ I
Q t

ð6Þ
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where DS is the entropy increment during the heat transfer process,
we see that the revised entropy generation number (Ns) equals to
the specific exergy destruction (I/Qt). Fig. 1a shows the T–Q curve,
in which the enclosed area is DT i � Q t. Fig. 1b plots gT–Q, in which
the enclosed area is the exergy destruction (I). Fig. 1c plots T–(Q/Qt)
curve. The non-dimensional heat transfer rate Q/Qt covers the range
of 0–1 and the enclosed area is DT i. The first non-dimensional inte-
gration temperature difference DT�

i;h (see Eq. (2)) is the curve
enclosed area DT i divided by the rectangular area formed between
the two temperatures of T = Th,i and T = 0 K. Alternatively, the sec-
ond non-dimensional temperature difference DT�

i;s is DT i divided
by the rectangular area formed by the two temperatures of T = Th,i
and T = T0 (see Fig. 1d).

The objective of the present work is to: (1) explore the relation-
ship between DT�

i;h and Ns, (2) explore the effect of DT�
i; s on the ORC

system performance, experimentally. As a process parameter, the
integration temperature difference reflects the heat transfer route
to fully consider the integration effect of the heat transfer process.
Thus, it is connected with the irreversible exergy loss in the heat
transfer process. Some temperature differences are defined in ther-
modynamic and heat transfer textbooks. A commonly used one is
the logarithmic-mean-temperature-difference [37]:

DT log�m ¼ DTmax � DTmin

ln DTmax
DTmin

ð7Þ

Referring to Fig. 1a,

DTmax ¼ max½ðTh;i � Tc;oÞ; ðTh;o � Tc;iÞ�;
DTmin ¼ min½ðTh;i � Tc;oÞ; ðTh;o � Tc;iÞ� ð8Þ
Eq. (8) is useful for the heat transfer area estimation but it has no
connection with the exergy destruction in heat exchangers. For
identical logarithmic-mean-temperature-differences, the exergy
destructions may be different. The logarithmic-mean-tempera
ture-difference is a state parameter. It is determined by two side
locations without considering the heat transfer route. Many refer-
ences used the pinch temperature difference [38–40], which is
recorded as DTp = min(Th � Tc) (see Fig. 1a). Because the pinch
occurs at a specific location, it definitely cannot reflect the integra-
tion effect of the heat transfer process over the whole flow length.
3. The experimental system and method

3.1. The ORC system

Fig. 2a shows the ORC cycle, consisting of four subsystems, rep-
resented by four different colors. The four subsystems are coupled
with each other. These subsystems are described as follows.
3.1.1. The working fluid loop (black color)
The ORC loop consists of a piston pump, an evaporator, an

expander and a condenser. The piston pump circulates the R123
fluid. A frequency converter was connected with the pump to
change the pumping flow rate. The fluid R123 has a critical temper-
ature of 184 �C, which is suitable for the heat source temperature
below 200 �C, based on the critical temperature criterion for work-
ing fluid selection (see Xu and Yu [19]). The evaporator is a concen-
tric tube heat exchanger, with R123 fluid flowing inside the inner
tube and conductive oil flowing in the tube annulus. Later we will
give the detailed description of the heat exchanger. The expander
is modified from a scroll compressor, which is a commercial pro-
duct used in air-conditioning system installed in bus. It is consid-
ered as one of the promising candidates for the expander in �kW
scale [26,41]. The mechanical work of the expander is about
4 kW. Some modifications are performed so that it is suitable to
work as an expander: (1) change the compressor inlet and outlet
plenums to yield the flow direction of the expander inverse to that
of the compressor; (2) change the adapting tube size and valves for
the expander use; and (3) change the seal material and lubrication
oil for the expander use.

The condenser is a plate heat exchanger with a total heat trans-
fer area of 6.08 m2. Various instruments are arranged around the
ORC loop. The R123 mass flow rate (mr) is measured by a mass flow
meter (MFM). Several measurement points are set around the ORC
loop. For instance, points 1, 2, 20, 3, 4 and 5 refer to expander inlet,
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Fig. 2. The ORC system (a) and its cycle (b).

Table 1
The physics parameters of the YD-320 conductive oil.

T (�C) q (kg/m3) t (m2/s) Cp (kJ/(kg K)) k (W/(m K))

20 855 2.93 � 10�5 1.88406 0.49823
50 848 2.21 � 10�5 1.90918 0.48986

100 821 5.98 � 10�6 2.1562 0.47311
150 808 2.50 � 10�6 2.33623 0.45636
200 780 1.16 � 10�6 2.49952 0.45217
250 757 5.40 � 10�7 2.67537 0.43124
300 732 3.80 � 10�7 2.83446 0.41868
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expander outlet, condenser inlet, pump inlet, pump outlet, and
evaporator outlet. Correspondingly, pressures and temperatures
are marked as Pr,1, Tr,1, Pr,2, Tr,2, Pr,20, Tr,20, Pr,3, Tr,3, Pr,4, Tr,4, Pr,5, Tr,5,
respectively.

An AC (alternative current) dynamometer dynamically mea-
sures the rotating speed (nexp), shaft torque (Mexp) and mechan-
ical work (Wexp,me) of the expander. A frequency converter, an
AC motor, a rotating speed sensor, a monitor, a software and
transmission facilities are included in the unit. A belt and cou-
plings transmits the power to the AC motor. The transmission
ratio is two, yielding the two times of the rotating speed of
the expander to that of the AC motor. The rated rotating speed
and maximum shaft torque of the AC motor are 1495 rpm and
70.0 N m, respectively.

The computer software dynamically processes the rotating
speed and shaft torque of the expander with sensors. The software
communicates with the frequency converter to control the shaft
torque of the AC motor. During the system operation, the software
sets the shaft torque of the AC motor at a specific percentage of the
maximum value (70.0 N m here). The frequency converter of the
AC motor controls the shaft torque to maintain the desired value.
In such a way, the mechanical work of the expander is directly
measured, which is

Wexp;me ¼ 2p
60

Mexpnexp ð9Þ
3.1.2. The conductive oil loop (red color)
The conductive oil couples the heat source with the ORC cycle.

The oil is heated by an electric heater with a 100 kW capacity. The
electric heater automatically adjusts the heating power to satisfy
the required oil temperature, which can be up to 300 �C, maxi-
mally. The present study uses the oil temperatures of 140 �C,
150 �C and 160 �C to evaporate the R123 fluid. The temperature
can be controlled with an uncertainty of 1 �C. An oil pump circu-
lates the conductive oil which receives heat from the electric hea-
ter and dissipates heat to the ORC evaporator. The oil mass flow
rate (moil) is measured by a mass-flow-meter (MFM). Toil,i and
Toil,o are the oil temperature entering and leaving the ORC evapora-
tor. Table 1 shows the major physical properties of the conductive
oil. The total heat driving the ORC system is

Q t ¼ moilCP; oilðToil;i � Toil;oÞ ð10Þ



Table 2
The parameters of main components.

Components Parameters

Piston pump Rated flow rate: 2.5 m3/h
Rated speed: 720 r/min

Evaporator Heat transfer area: 5.3 m2

Condenser Heat transfer area: 6.1 m2

Conductive oil boiler Heating capacity: 100 kW
Temperature control uncertainty: 1 �C

Cooling tower Cooling capacity: 73 kW
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3.1.3. The cooling water loop (blue color)
The cooling water loop dissipates extra heat of the ORC system

to air environment. The outdoor spray cooling tower is the key
component of the cooling water loop. The tower has the cooling
capacity of about 73 kW, corresponding to the water flow rate of
5000 kg/h, at which the temperature difference of the cooling
water loop is 12.5 �C. The mass flow rate of the cooling water is
recorded as mc. The temperature of the cooling water entering
and leaving the ORC condenser are recorded as Tc,i and Tc,o.

3.1.4. The Lubricant oil loop (pink color)
The expander operation needs lubricant. A gear pump circulates

the lubricant. The lubricant is mixed with the R123 vapor at the
expander inlet. After the expansion, the lubricant is separated from
the R123 vapor by an efficient vapor–oil separator. Then, the lubri-
cant returns to the oil tank. A mass flow meter measured the lubri-
cant oil flow rate, which was about 10 kg/s for most of runs in this
study. The flow rate of the lubricant was significantly smaller com-
pared with that of the organic fluid.

3.2. The cycle analysis

Fig. 2b shows the ORC cycle. The black envelop is the T–s curve
of R123, in which Tr,cr is the R123 critical temperature. The pink
color represents the ORC T–s cycle. The red and blue colors repre-
sent the variations of the conductive oil and the cooling water. The
R123 fluid enters the evaporator at point 4 and leaves the evapora-
tor at point 5. The point 5 is identical to the point 1 by neglecting
the pressure drop and heat transfer in the pipeline from the evap-
orator to the expander. The R123 fluid undergoes the preheating,
evaporating and superheating subsections in the evaporator. The
heat received by the R123 fluid is
Fig. 3. The ORC Photo (a), the scroll expander and
Q t ¼ mrðh5 � h4Þ ¼ mrðh1 � h4Þ ð11Þ
where h is the specific enthalpy of R123, h1, h4 and h5 are the
enthalpies at points of 1, 4 and 5. For the subcritical pressure
ORC, the vapor at the evaporator outlet is superheated. The super-
heating degree is defined as DTsup,1 = T1 � Tsat(P1), in which Tsat(P1)
is the saturation temperature corresponding to pressure P1.

The R123 vapor expands in the expander from point 1 to point
2. The process 1 to 2s represents the isentropic expansion. The
expander isentropic efficiency is

gexp; s ¼
h1 � h2

h1 � h2s
ð12Þ

where h1 is the fluid enthalpy at the expander inlet, h2 and h2s are
the enthalpies at point 2 and 2s (isentropic expansion). The expan-
der mechanical efficiency is

gexp;m ¼ Wexp;me

mrðh1 � h2Þ ð13Þ

where Wexp,me is the measured expander mechanical work (see Eq.
(9)). The experimentally determined expander efficiency is
dynamometer (b) and the scroll expander (c).
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Table 3
Geometric parameters of the evaporator (concentric tube heat exchanger).

Parameter d1 (mm) d2 (mm) d3 (mm) d4 (mm)

Level 1, 2 and 3 28 32 48 51
Level 4 and 5 36 42 51 57

Note: locations of d1, d2, d3, d4 in the A–A cross section can be seen in Fig. 4.

1 For interpretation of color in Figs. 2 and 4, the reader is referred to the web
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gexp;me ¼ gexp; sgexp;m ¼ Wexp;me

mrðh1 � h2sÞ ð14Þ

The R123 fluid is superheated at the expander outlet. The con-
densation in the condenser is expressed by the process 20–3. The
R123 fluid undergoes single phase vapor cooling, saturation con-
densation and single phase liquid cooling, consecutively. The sub-
cooling degree at the condenser outlet is DTsub,3 = Tsat(P3) � T3.
Pumping also causes the entropy increases, represented by process
3–4. The ideal isentropic pumping is represented by the process
3–4s (see the enlarged figure in Fig. 2b). The pumping work is
measured by the frequency converter and recorded as Wp,me. The
net work of the ORC system is

Wnet;me ¼ Wexp;me �Wp;me ð15Þ
The net system thermal efficiency is

gnet;me ¼
Wnet;me

Q t
ð16Þ

We performed the exergy analysis of the components and sys-
tem. Such analysis is widely used for thermal systems [42,43].
The reference state is set as T0 = 293.15 K and P0 = 101.3 kPa. For
the organic fluid, the exergy at any state point is

E ¼ mr½ðh� h0Þ � ðs� s0Þ� ð17Þ
where E is the exergy,mr is the mass flow rate of the organic fluid, h
and s are the enthalpy and entropy at specific state. The subscript 0
refers to the reference state. Thus, the exergy destruction for speci-
fic component is

I ¼
X

Ei �
X

Eo ð18Þ
The subscripts i and o represent the inlet and outlet. The exergy
destruction of the evaporator is

Ie ¼ ðEoil;i þ E4Þ � ðEoil;o þ E5Þ ð19Þ
where Eoil,i and Eoil,o are the inlet exergy and outlet exergy of the
conductive oil. E4 and E5 are the inlet exergy and outlet exergy of
the R123 fluid. The system exergy efficiency is

gex ¼
Wnet;me

Eoil;i � Eoil;o
ð20Þ
3.3. The ORC machine and evaporator

Fig. 3 shows the developed ORC system. The major components
such as conductive oil boiler, evaporator, piston pump, condenser,
expander, power generator and data acquisition system are
marked. Table 2 shows the major parameters of such components.
High accuracy instruments and sensors are used in this study. Pres-
sures, temperatures and mass flow rates are measured by Rose-
mount 3051 pressure sensor (0.1% uncertainty), WRNK 191
thermocouples (0.5 �C uncertainty) and DMF-1-5-A mass flow
meter (0.2% uncertainty), respectively. The torque and rotating
speed are measured by JN-338-100A with the uncertainty of
0.1%. The mechanical work is measured by the NY 6000 transducer
with the uncertainty of 1 W.

This study used the concentric tube heat exchanger as the evap-
orator (see Fig. 4). The evaporator had five levels, each level having
five tubes. Each tube has 2 m long. Thus, the total effective heat
transfer length is L = 50 m. The R123 fluid flows in the inner tube.
The conductive oil flows in the tube annulus between the inner
tube and the outer tube. Heat transfer takes place according to
the counter current flows of the conductive oil and the R123 fluid.
In the R123 fluid side, different tubes are connected with the hor-
izontal U bend tube at the same level. The tubes at different levels
are connected with the vertical U bend tube (marked by black color
in Fig. 4). In the conductive oil side, different tube annuluses are
connected with the horizontal branch tube1 (see blue color in
Fig. 4). The inner and outer tubes are made from stainless steel.
The inner and outer tubes had sizes of / 32 � 2 mm and /
51 � 1.5 mm for levels 1–3, and / 42 � 3 mm and / 57 � 3 mm for
levels 4 and 5, respectively (see Table 3 for geometrical parameters
of the evaporator). Fig. 4 shows the inlet and outlet of the conductive
oil and the R123 fluid. In order to obtain the temperature distribu-
version of this article.
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Fig. 5. The mass flow rates of the R123 fluid and the heat received by the evaporator.
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tions along the flow direction, a one-dimensional coordinate system
was established by stretching the curved U bend tube. The original
point (x = 0) is located at the R123 fluid inlet, and the ending point
is located at the R123 fluid outlet (see bottom-left and top-right cor-
ners of Fig. 4). The R123 pressures and temperatures are marked by
Pr,4 and Tr,4 for the inlet and Pr,5 and Tr,5 for the outlet. The evapora-
tor assigns 52 thermocouples to measure the fluid temperatures
along the flow direction, half for the conductive oil and half for the
R123 fluid. Thermocouples are arranged inside the U bend tube for
R123 temperature measurement, and inside the branch tube for
the conductive oil temperature measurement. The evaporator outlet
and the U bend tube sections are enlarged in Fig. 4.

3.4. The experimental procedure

The ORC performance is influenced by various parameters
such as mass flow rates and temperatures of the conductive oil,
and mass flow rates, pressures and temperatures of the organic
fluid, as well as the cooling water parameters. For given parame-
ters of conductive oil and cooling water, the ORC performance is
affected by the pressures and temperatures of the organic fluid.
Initially, the ORC system is vacuumed to remove the non-
condensable gas. Then, the R123 liquid is charged into the sys-
tem. Part of the ORC internal volume is occupied by liquid but
part of the volume is occupied by the saturated vapor. The pre-
sent study uses the pumping frequency of the piston pump (f)
and the shaft torque of the expander (Mexp) as two independent
control parameters. Once f and Mexp are fixed, all the parameters
are stabilized.

Three conductive oil temperatures are 140, 150 and 160 �C,
respectively. The oil flow rate is 2150 ± 20 kg/h. The cooling water
to condense the R123 vapor has the flow rate of mc = 1765 ± 20 -
kg/h. The piston pump frequencies are in the range of 7–16 Hz.
The expander torques are in the range of 2.95–29.7 N m.

Fig. 5 shows mass flow rates of the R123 fluid and heating
power received by the evaporator dependent on the pumping fre-
quencies (f) and expander torques (Mexp). The cases for the three
conductive oil temperatures are demonstrated. The mass flow rates
of the R123 fluid is less affected by the expander torques at low
pumping frequencies. Such trend is more obvious at the conductive
oil inlet temperature of Toil,i = 160 �C (see Fig. 5e). At high pumping
frequencies such as f > 10 Hz,mr is reduced when the expander tor-
ques are increased. It is noted that the expander torques quantify
the external load of the ORC machine. The right column of Fig. 5
demonstrates the effect of f and Mexp on the heating power of
the evaporator. The change trend is similar to those of the mass
flow rates of the organic fluid. Because the mass flow rates of the
R123 fluid are decreased with increases in the expander torques,
the heat received by the evaporator from the conductive oil is
decreased. In summary, the pumping frequency and the expander
torques can be two simple but effective control parameters for ORC
applications.
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4. Results and discussion

4.1. The experimentally determined non-dimensional integration
temperature difference

Fig. 6 shows how the integration temperature difference of the
evaporator is determined based on the temperature measurements
along the evaporator flow length. A case with Toil,i = 160 �C,
mr = 477 kg/h (f = 7 Hz), Mexp = 4.75 N m (nexp = 1243 rpm) and
Wexp = 607 Wwas shown. Fig. 6a shows T curves for the conductive
oil and R123 fluid along the flow length (x/L). The preheating, evap-
orating and superheating sections are included. The pinch temper-
ature is 3.04 �C and appears at the outlet of x/L = 1.0. We define a
pair of thermocouples in the U bend tube for R123 as Tr,j and in
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the vertical connection tube for the conductive oil as Toil,j, where
the subscript j is the j-th stretched axial location. The next pair
of thermocouples will be Tr,j+1 and Toil,j+1. The heat transfer rates
between the j-th and (j + 1)-th stretched axial locations have the
following relationship:

Qjþ1 ¼ Qj þmoilCp; oilðToil; jþ1 � Toil; jÞ ð21Þ

In T–Q curves, the coordinates at j = 1 are Qj=1 = 0, Tr,j=1 = Tr,4, Toil,1 =
Toil,o. The location at j = 2 used the pair of temperatures for the con-
ductive oil and the R123 fluid. The heat transfer rate Qj=2 is obtained
by Eq. (21). In such a way, the T–Q curves (see Fig. 6b) are reached. Q
is non-dimensionalized as Q/Qt to form the T–(Q/Qt) curves to have
the enclosed area of DT i (see Fig. 6c). For this case, the heat transfer
rates for the preheating, evaporation and superheating sections are
12.4 kW, 16.8 kW and 5.4 kW, accounting for 35.87%, 48.49% and
15.64% to the total heat transfer rate, respectively. Fig. 6c shows
that the preheating, evaporating and superheating sections cover
53.4%, 39.0% and 7.6% of the integration temperature difference,
respectively. The preheating section covers the largest contribution
due to the larger local temperature difference between the two flu-
ids and 35.87% of the total heat transfer rate. The superheating sec-
tion contributes the smallest percentage of the integration
temperature difference. Fig. 6d shows that the preheating, evapo-
rating and superheating sections contribute 56.1%, 36.3% and 7.6%
of the exergy destructions in the evaporator. Such percentages in
Fig. 6d are very close to the integration temperature difference con-
tributions in the three subsections.

Now we examine the relationship between the exergy destruc-
tion and the integration temperature difference. Xu et al. [20]
noted the linear relationship between them. Fig. 7a–c shows the
increased exergy destructions of the evaporator (Ie) with increases
in the integration temperature difference (DT i), experimentally.
But they do not show the exactly linear relationship. The reason
is that the analysis by Xu et al. [20] was performed under the iden-
tical heat transfer rates in the evaporator. Alternatively, the data
points shown in Fig. 7a–c were performed at a set of fixed pumping
frequencies. The ORC operation at a specific pumping frequency
does not ensure the same mass flow rates of the R123 fluid and
the same heat transfer rate (Qt) for different data points. Thus,
the specific exergy destruction is presented in Fig. 7d, which is
expressed as the exergy destruction divided by the heat transfer
rate (Ie/Qt). Physically, the specific exergy destruction (Ie/Qt) is
identical to the entropy generation number (Ns, see Eq. (6)). The
perfect linear relationship between Ie/Qt and DT i is observed, as
long as the heat source temperatures Toil,i are the same. Different
heat source temperatures yield different linear curves of Ie/Qt ver-
sus DT i (see Fig. 7d).

We plot the specific exergy destructions (Ie/Qt) versus the first
non-dimensional integration temperature difference DT�

i;h

¼ DT i=Toil;i in Fig. 8a, noting that the temperature unit is K. The per-
fect linear relationship is found between Ie/Qt and DT�

i;h. The three
heat source temperatures of Toil,i = 140, 150 and 160 �C shrink to a
single curve. The non-dimensional parameters of Ie/Qt and DT�

i;h

quantify the irreversible exergy loss during the heat transfer pro-
cess. Fig. 8b plots the specific exergy destructions versus the sec-
ond non-dimensional integration temperature difference
(DT�

i;s ¼ DT i=ðToil; i � T0Þ. For each heat source temperature, linear
relationship is observed. But the three heat source temperatures
Toil,i cannot shrink to a single line. The finding indicates that the
first non-dimensional integration temperature difference is better
than the second non-dimensional integration temperature differ-
ence to quantify the heat exchanger performance. The next section
shows that the second one is useful to quantify the evaporator
effect on ORCs.
4.2. Effect of the second non-dimensional integration temperature
difference on ORC

Figs. 9–11 are combined to demonstrate the effects of DT i and
DT�

i; s of the evaporator on the ORC performance. The expander
mechanical work (Wexp,me), system thermal efficiency (gnet,me)
and exergy efficiency (gex) are presented. All these parameters
are the experimentally determined values.

It is observed that Wexp,me, gnet,me and gex display parabola (Toil,
i = 140 �C and 150 �C) or decreased (Toil,i = 160 �C) distributions
versus DT i and DT�

i; s. At a specific heat source temperature Toil,i,
the three parameters reached maximum at the same DT i and
DT�

i; s. The integration temperature difference DT i at which the
three parameters reach maximum is 33.8 �C for Toil,i = 140 �C,
36.3 �C for Toil,i = 150 �C and 39.8 �C for Toil,i = 160 �C, respectively.
The increase of heat source temperatures slightly increases the
integration temperature difference at which the expander mechan-
ical work, system thermal and exergy efficiencies reached maxi-
mum. The second non-dimensional integration temperature
difference (DT�

i; s) equals to 0.282 at which the system performance
parameters reached maximum. No matter for what mass flow rates
of the organic fluid, heating powers received from the heat source,
expander rotating speeds and torques and the heat source temper-
atures, the ORC system can reach the optimal performance at a
specific second non-dimensional integration temperature differ-
ence. The second non-dimensional integration temperature differ-
ence quantifies the coupling between the heat source and the ORC
system and it is also capable of considering the temperature differ-
ence within the heat source and the environment for thermal-
power conversion system. It can be regarded as an important
parameter index for ORC system optimization. It is noted that
the value of 0.282 is determined by the experiment. The value
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may be changed for different ORC design. The general considera-
tion of the second non-dimensional integration temperature differ-
ence on ORCs should be further investigated.
4.3. Explanation of the observed phenomenon

Section 4.2 described the parabola or decreased ORC perfor-
mance parameters versus integration temperature differences. All
the three performance parameters show similar distributions,
reaching maximum at DT�

i; s ¼ 0:282. In Fig. 11b, three points of a,
b and c are marked with f = 8 Hz and Toil,i = 140 �C, locating at
DT�

i; s ¼ 0:271, 0.283 and 0.300, respectively. The following analysis
was focused on the curve with f = 8 Hz for Toil,i = 140 �C. The point b
represents the maximum condition. The performances are divided
into two regimes: regime 1 before the maximum point b and
regime 2 beyond the maximum point b.

Fig. 12a shows how DT�
i; s influences gexp,me (expander efficien-

cies) and DTsup; 1 (vapor superheating at expander inlet). The two
regimes are marked by the yellow and white colors respectively,
interfaced at the maximum point. In regime 1, gexp,me are small
but increased and DTsup; 1 is about zero to show the saturated vapor
state, with increases in DT�

i; s, until the maximum gexp,me is reached
to 0.606 at point b. We note that gexp,me is the isentropic efficiency
gexp,s multiplied by the mechanical efficiency gexp,m (see Eqs.
(12)–(14)). Fig. 12b shows gexp,m and gexp,s versus DT�

i; s, in which
gexp,m shows the similar distribution as that of gexp,me, but gexp,s
are smaller in regime 1 than those in regime 2. The increase of
DT�

i; s decreases the pressure ratios of P1/P2 and temperature
difference across the expander DTexp.

The expander efficiencies are decreased from gexp,me = 0.606 at
point b to 0.427 at point a in regime 1 (see Fig. 12a), causing the
significantly decreased expander mechanical work and system
thermal and exergy efficiencies (see Figs. 9–11). From point b to
point a, the integration temperature differences are decreased
and the saturated vapor exists at the expander inlet. This finding
does not support the thermodynamic analysis. The ORC theoretical
analysis yields the maximum work output and higher thermal effi-
ciencies with saturated vapor at the expander inlet [24]. Alterna-
tively, our theoretical analysis indicates the improved thermal
performance when the integration temperature differences are
decreased to decrease the exergy loss of the evaporator [19,20].

The deviation of the present study from the theoretical work
lies in the vapor cavitation phenomenon, which is neglected in
the theoretical analysis. We explain the vapor cavitation based
on the non-equilibrium evaporation heat transfer in the evapora-
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Fig. 10. The ORC net thermal efficiencies versus the integration temperature difference and the second non-dimensional integration temperature difference of the
evaporator.

28 X. Yang et al. / Applied Energy 167 (2016) 17–33
tor. During the convective evaporation heat transfer in the tube,
liquid films exist on the tube wall. Shear-stress on the vapor–liquid
interface entrains liquid droplets in the vapor. The temperature
difference between vapor and liquid droplets is called the thermal
non-equilibrium. The saturated vapor, based on the equilibrium
thermodynamics, contains liquid droplets. When liquid droplets
enter the expander, they attack the expander blade. The shock
wave is created in a very short period of time (10�8 s scale [44])
during the droplet attacking process. A strong mechanical force is
formed for such attacking. The droplet induced shock wave and
mechanical force disturb the flow field in the expander. Thus, the
expander mechanical work is decreased. The shock wave phe-
nomenon also shortens the expander lifetime. The successful way
to avoid the shock wave in the expander is to increase the vapor
superheating at the expander inlet, under which liquid droplets
do not exist. The increase of the vapor superheating causes the
raise of the integration temperature difference. Fewer studies
investigated the effect of the vapor superheatings on the expander
performance. Gao et al. [45] used the scroll expander with R245fa
as the working fluid. They found the maximum expander mechan-
ical work at the vapor superheating of about 28 �C. Lee et al. [46]
used the screw expander and plate heat exchangers. The system
was unstable and thermal efficiency was low for vapor superheat-
ings lower than 10 �C.
The ORC performance in regime 2 supports our previous study
regarding the integration temperature difference [20]. From point
b to c, the increment of the integration temperature difference
raises the exergy destruction of evaporator and vapor superheat-
ings at the expander inlet. Thus, the expander mechanical work
and system thermal and exergy efficiencies are decreased.

Fig. 13 shows the T–s curves at the three points of a, b and c. At
point a (see Fig. 13a), the thermal match between the heat source
and the R123 fluid is the best. But the saturated vapor at the
expander inlet causes the vapor cavitation in the expander to lower
the expander performance. Thus, the system thermal and exergy
efficiencies are 4.2% and 15.7% respectively. At point b (see
Fig. 13b), the vapor superheating degree is 12.7 �C. The point b is
the critical condition under which the vapor cavitation in the
expander begins to disappear. The integration temperature differ-
ence of the evaporator is acceptable (but not the smallest). Thus,
the system thermal and exergy efficiencies are 5.4% and 20.2%,
respectively. These efficiencies are the largest at the heat source
temperature of 140 �C. At point c (see Fig. 13c), the system perfor-
mance returns to be worse. The apparently large second non-
dimensional integration temperature difference causes large vapor
superheating degrees at the expander inlet to worsen the thermal
match between the conductive oil and the R123 fluid. Besides, the
large integration temperature difference of the evaporator also
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Fig. 11. The ORC system exergy efficiencies versus the integration temperature difference and the second non-dimensional integration temperature difference of the
evaporator.
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yields the large vapor superheating degree at the condenser inlet to
worsen the thermal match between the R123 fluid and the cooling
water.

Fig. 14 shows the effect of the integration temperature differ-
ences on the exergy loss distributions. The system available exergy
Ea is the exergy difference for the conductive oil entering and leav-
ing ORC: Ea = Eoil,i–Eoil,o. Part of Ea is converted into expander
mechanical work, Wexp,me. The left is consumed by exergy destruc-
tions in the pump, evaporator, expander and condenser. The fol-
lowing relationship exists:

Ea ¼ Wexp;me þ
X

I ð22Þ

The contribution of each item in the right side of Eq. (22) identifies
the useful exergy and non-useful exergy distributions. In Fig. 14,
Iother refers to the exergy destruction due to the heat loss and pres-
sure drops in pipelines, which is small. With continuous increases
of the second non-dimensional integration temperature differences,
the evaporator and condenser increased the exergy destruction con-
tributions, from point a to c. Regarding the evaporator, the Ie/Ea val-
ues are 24.4%, 26.2% and 28.4%, respectively; regarding the
condenser, the Icon/Ea values are 27.1%, 31.9% and 40.8%, respec-
tively. The increase of the integration temperature difference of
the evaporator elongates the superheating section to raise the
exergy destruction of the condenser. Special attention is paid to
the expander. The expander mechanical work is small and the
exergy destruction by the expander is large, due to the saturated
vapor expansion at point a. The point b had largest expander
mechanical work and smallest exergy destruction at which the
vapor cavitation begins to disappear. The point c returns to lower
the expander mechanical work and increase the exergy destruction,
due to the increased integration temperature difference of the
evaporator.
4.4. Comments, applications and future work

4.4.1. The original contribution of this paper
Temperature difference is a widely used term. The temperature

differences such as the logarithmic-mean-temperature-difference
and the pinch temperature difference, are defined at specific loca-
tions. They are helpful for the heat transfer estimation but have no
connection with the exergy loss of the heat exchanger. The major
contribution of this paper is to define two non-dimensional inte-
gration temperature differences. The first non-dimensional inte-
gration temperature difference is linear to the specific exergy
destruction, or the entropy generation number. It connects the
exergy destruction and the heat transfer process. It is useful to
evaluate the heat exchanger performance, from the thermody-
namic and heat transfer points of view.

The second non-dimensional integration temperature differ-
ence reflects the evaporator effect on the ORC system. It compre-
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hensively considers various factors such as the heat source temper-
ature, heating powers received from the heat source, mass flow
rates of the organic fluid and expander torques. Physically, it
reflects the coupling between heat source and thermal engine
referenced to the environment temperature. It adjusts the exergy
destructions of various components to optimize the system perfor-
mance. It can be an important non-dimensional parameter for the
system optimization.
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The new finding of this paper did not support the conclusion
‘‘the smaller the exergy destruction of the evaporator, the better
the system performance is”. The smallest exergy destruction hap-
pens with the saturation vapor outlet of the evaporator. This will
cause the vapor cavitation in the expander, which is neglected in
available references [33,47,48]. The ORC optimal condition occurs
when the vapor cavitation in the expander disappears and the
exergy destructions in the evaporator and condenser are accept-
able, under which the expander has largest work output.

Finally, it is noted that most of articles [24,25,47] optimized the
system considering the thermal efficiencies but neglecting the heat
utilization degree. The useful work output is the product of the
thermal efficiency multiplying by the recovered heat from the heat
source. Thus, the thermal efficiency is high but the useful work can
be low. One expects to obtain a maximum work output for a heat
source. This paper identified that the thermal efficiency and expan-
der mechanical work can reach maximum values simultaneously
at DT�

i; s ¼ 0:282. It is noted that the value of 0.282 may be changed
for different ORC design.
4.4.2. Applications of the non-dimensional integration temperature
difference

The major contribution of this paper is to define two non-
dimensional integration temperature differences, linking the heat
transfer and the thermodynamics. The non-dimensional integra-
tion temperature differences are useful to evaluate either the heat
exchanger itself or the system performance of the thermal engine.
Especially, the second non-dimensional integration temperature
difference balances the exergy losses of various components of
the ORC system to optimize the system.
The concept can be used for the optimal ORC design. The appli-
cation includes two steps. The first step is to obtain the non-
dimensional integration temperature difference of the evaporator.
The second step is to obtain the performance parameters such as
the system thermal and exergy efficiencies as well as the expander
work related to the non-dimensional integration temperature dif-
ference. The optimal points are achievable after the two steps are
over. In order to do so, the objective parameters or some initial
conditions should be given. These parameters include the expected
system efficiency and the expander work output. The initial condi-
tion parameters include the temperature and the flow rate of the
heat carrier fluid of the heat source. The present study used the
experimental data, but the non-dimensional integration tempera-
ture difference and the system performance parameters can be cal-
culated theoretically. The optimal design helps to determine the
types and sizes of the components. The organic fluid can also be
determined to have a higher thermal performance.

For an established ORC system, the non-dimensional integra-
tion temperature difference can be used to optimize the operating
parameters, such as the pressure and flow rate of the organic fluid,
the enthalpy difference across various components and the pres-
sure ratio across the expander. When the system is operating at
these optimal parameters, the system should have the largest ther-
mal efficiency and the work output. In summary, the non-
dimensional integration temperature difference can be used for
both the ORC design and the operation.
4.4.3. Future work of the non-dimensional integration temperature
difference

This is a preliminary study on the first and second non-
dimensional integration temperature differences. An optimal
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second non-dimensional integration temperature difference was
0.282, under which the thermal efficiency and expander work
reached maximum, simultaneously. The value of 0.282 may be dif-
ferent for different ORC systems. The present ORC system is a sub-
critical pressure one, using R123 as the working fluid. The future
investigation on the non-dimensional integration temperature dif-
ference should be continued regarding the trans-critical pressure
ORC and the subcritical pressure ORC with the mixture working
fluids. The present study used the conductive oil as the heat source.
The different heat sources such as solar thermal energy or geother-
mal water heat source will be tried to verify the correctness and
usefulness of the non-dimensional integration temperature
difference.

From the purely thermodynamic point of view, the smaller the
integration temperature difference, the better the ORC perfor-
mance is. This conclusion is limited by the expander performance.
Thus, an optimal second non-dimensional integration temperature
difference exists to avoid the vapor cavitation in the expander. The
future work is also suggested on the integration temperature dif-
ferences using different types of expanders.

Various ORC optimization models are proposed in the literature
[6,27,31]. These references used the purely thermodynamic
assumptions such as the saturation vapor at the expander inlet
and the saturation liquid at the pump inlet. Under many situations,
these assumptions are difficult to be fulfilled for practical applica-
tions. This is the reason that the ‘‘optimal” ORC performance is dif-
ficult to be reached. The optimal second non-dimensional
integration temperature difference is obtained by the vapor cavita-
tion limit in the expander. The future work should be continued on
the theoretical/numerical study on the integration temperature
difference to form a general framework of the optimization model,
that is thoroughly different from those reported in the references.
5. Conclusions

Two non-dimensional integration temperature differences are
newly defined in this paper. The first one is the integration temper-
ature difference divided by the temperature of the hot fluid enter-
ing the heat exchanger. It is useful for the performance evaluation
of the heat exchanger itself. The second one is the integration tem-
perature difference divided by the temperature difference between
the heat source temperature and the environment temperature. It
is helpful to evaluate the effect of the heat exchanger on the ther-
mal to power conversion system.

An experimental setup was developed. Specifically, 26 pairs of
thermocouples were arranged along the flow length of the evapo-
rator. The spartial temperature distribution was used to obtain the
integration temperature difference of the evaporator. It was shown
that the first non-dimensional temperature difference is linear to
the specific entropy generation numbers, for different operating
parameters of the heat source and the organic fluid.

The expanders, system thermal and exergy efficiencies show
parabola distributions versus the second non-dimensional temper-
ature differences. Beyond the optimal points, the system perfor-
mances are deteriorated either by the vapor cavitation in the
expander for regime 1, or by the poor thermal matches of the
two fluids in the evaporator and condenser for regime 2. The sys-
tem performance is best when the second non-dimensional inte-
gration temperature difference equals to 0.282. An acceptable
(but not the smallest) exergy destruction of the evaporator is use-
ful to avoid the vapor cavitation in the expander. The second non-
dimensional temperature difference balances various exergy losses
of the ORC system to elevate the expander performance. It guides
engineers to reach maximum work output with specific heat
source.
The applications and the future work of the non-dimensional
integration temperature difference are described in the end of this
paper.
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