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HIGHLIGHTS

e An organic Rankine cycle system with R123 as working fluid was tested.

e The ORC system was controlled by two independent parameters.

o The operation characteristic at hot oil temperature of 140 and 160 °C was discussed.
o Shaft powers of 2.35 kW and 3.25 kW were reached at 140 and 160 °C, respectively.
e The measured system performances were lower than the enthalpy determined ones.
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The test and analysis of an Organic Rankine Cycle (ORC) with R123 as the working fluid were presented in
this paper. A scroll expander was integrated in the system to generate work. The expander was con-
nected with an AC dynamometer unit, which was used to control and measure the expander shaft torque
and rotating speed. The conductive oil simulated the low grade heat source. Operation characteristics
were compared between the heat source temperatures of 140 °C and 160 °C. The experiments were
conducted by adjusting two independent parameters: the pumping frequency of the R123 pump and the
shaft torque of the expander. The former parameter was directly related to the R123 mass flow rate and
the later to the external load. The optimum system performance can be determined by these two pa-
rameters. The maximum measured shaft power and thermal efficiency were 2.35 kW and 6.39% at the
heat source temperature of 140 °C, but they were 3.25 kW and 5.12% at the heat source temperature of
160 °C. This study identified that the measured shaft power was about 15—20% lower than the enthalpy
determined values, and the pumping power of the organic fluid was 2—4 times higher than the enthalpy
determined values. The enthalpy determined values were based on the local pressure and temperature
sensor measurements.
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1. Introduction

Energy crisis and environmental protection have led to the
rapidly growing interest in the utilization of low grade heat sources,
such as the rejected heat from industry, solar thermal energy and
geothermal heat sources. Due to the low boiling point of the organic
working fluid and its simple structure, the organic Rankine cycle
(ORC) is regarded as one promising technology to convert low
grade heat into work [1-3]. Several medium-to-large scale
(0.1-3 MW) ORC units have been available on the market [1].
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However, small-scale (one to hundreds kW) ORCs are still in the
infancy stage and attract more and more attention [2] because of its
significant market potential in the domestic electric generation,
heat recovery from the industrial boiler, and small scale CHP or
other combined energy system.

During the past two decades, the ORC has been widely investi-
gated. Most reported studies focus on the thermodynamic analysis
of the ORC. And the concerns are mainly fluid selection [3—9] and
parameter optimization [2,10—14]. Several conclusions with sig-
nificance were drawn, such as (i) the temperature of heat source
has a strong effect on the selection of working fluids and the
temperature drop in the evaporator cannot be neglected [4—6]; (ii)
the isentropic and dry fluids rather than wet fluids are preferred in
ORCs and the thermal efficiencies for various working fluids are a
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weak function of the critical temperatures [4,15]; (iii) heat transfer
process in the evaporator contributes to the most irreversible loss
in the whole system and the pinch temperature is a sensitive
parameter to the system thermal efficiency [10,11,16]. R123 and
R245fa are recommended by several groups for ORC in the recovery
of low grade heat, especially at the heat source temperature of
about 380—430 K [3,6,15].

Several experimental studies are also reported in recent years.
The temperature of heat sources in these experimental studies was
below 420 K, and R123 and R245fa were the most adopted working
fluids. Most research group used scroll expander [1,17—24] in their
test rig while a few used special designed expander [25—27], such
as axial flow turbine or other kinds of expander [28,29]. The output
power of these expanders varied from several hundred watts to
several kilowatts. Bracco et al. [1] demonstrated and constructed a
domestic-scale ORC prototype to recover the low grade heat.
R245fa was used as the working fluid. A hermetic scroll expander
was tested and the electric efficiency of about 8% was obtained
while the expander inlet temperature was controlled in the range
of 120—150 °C. Lemort et al. [19—21] integrated an open-drive oil-
free scroll expander in an ORC and performed a series of test and
modeling. While using R123 as the working fluid, the maximum
overall isentropic effectiveness of 68% was achieved. And it was
found that the heat loss, internal leakage and mechanical induced
exergy destructions mainly accounted for the weakened expander
performance. The group of Yamamoto et al. [25] is one of the earlier
groups that experimentally studied the ORC. They designed a
micro-turbine and integrated it into the ORC system. And R123 was
suggested as a good candidate for ORC working fluids. Li et al. [26]
investigated the influence of mass flow rate on the efficiency of a
regenerative ORC based on a single stage axial flow turbine. Under
the heat source temperature of 130 °C, the output power of 6 kW
and the thermal efficiency of 7.98% were achieved. Li et al.
[27,30,31] investigated a kW-scale ORC using R123 as the working
fluid. The turbine was also specially designed and had a rotating
speed up to 60,000 rpm. They obtained the maximum turbine
power of 1 kW, the isentropic efficiency of 0.65 and the thermal
efficiency of 6.8% under the temperature drop of 70 K between the
turbine inlet and condenser outlet. Minea [32] analyzed a number
of experimental results obtained with a 50kWe ORC based on a
twin screw expander and using HFC-245fa as working fluid. The
performance of this prototype was good. At heat source tempera-
ture ranging between 85 °C and 116 °C, the net heat-to-electricity
conversion efficiency varied from 6.62% to 7.57%.

Although several experimental investigations have been per-
formed, the small scale ORC is still in the infancy stage. More efforts
and resources are needed to investigate the fundamental charac-
teristics of the operation and control of small scale ORC prototype.
For example, in the literature mentioned above, few works [1,19,32]
measured the real output electricity or mechanical power while
most other studies just calculated it based on the enthalpy differ-
ences across expander. In our former work [33], it was proved that
the calculated output power derived significantly from the
measured one. And the similar situation could be found in the
pump. Commonly, the expander output power was overestimated
while the pump consumed power was underestimated.

In the present work, we tested an ORC prototype using a 4 kW-
scale scroll expander. R123 was adopted as the working fluid. An AC
dynamometer controlled the expander and measured the expander
performance. We focused on the steady-state operation charac-
teristic and output performance of the ORC system. Effects of the
R123 mass flow rate and the expander shaft torque on the key
operating parameters, such as pressures and temperatures at
expander inlet and outlet, and the system output performance, like
rotating speed, shaft power and thermal efficiency, were analyzed.

Operation characteristics under heat source temperatures of 140 °C
and 160 °C were compared.

2. The ORC system design and thermodynamics

Fig. 1(a) shows the design chart of the ORC flow loops in this
study. This system consists of five coupled subunits: the conductive
oil circuit (red lines), R123 circuit (brown lines), cooling water
circuit (blue lines), lubricant oil circuit (green lines) (in web
version) and AC dynamometer unit. The conductive oil was used to
simulate the low grade heat source and a cooling tower is installed
outdoor to cool down the cooling water flowing through the
condenser. The thermodynamics of the ORC system is the same as
that of the traditional steam Rankine cycle. The high pressure liquid
R123 from the pump was heated into vapor in the evaporator. The
heating power received by R123 is:

Q= m(hevaout - heva,in) W

where m is the R123 mass flow rate, and heya out and heya in are R123
enthalpies at the evaporator outlet and inlet, respectively. These
two enthalpies are determined by the pressures and temperatures
at the evaporator outlet and inlet, respectively.

Then, the high pressure and high temperature R123 vapor ex-
pands in the expander to generate work. Fig. 1(b) shows the T-s
diagram of the present ORC prototype. Points 1 and 2 can be
determined by the tested temperatures and pressures at expander
inlet and outlet. And the traditionally calculated shaft power of the
expander in literature is given as:

Wt,cal = m(ht,in - ht«,out) (2)

where hgjn and h oy are the enthalpies at the expander inlet (point
1) and outlet (point 2).

The expansion process is usually not an isentropic process, and
the isentropic efficiency of the expander is commonly specified as

htjn - ht,out
s ht,in — hesout (3)
where h;sour Was the outlet enthalpy through the ideal isentropic
expansion process (point 2 s), which could be deduced from the
expander inlet entropy and expander outlet pressure.

Process 1r—2r in the T-s diagram (blue line) represents the real
expansion process in the expander chamber. It is noted that, the
expansion process is much complicate and, due to the limit of the
testing technique, it is hard to capture the thermodynamic pa-
rameters in the expander chamber. The most common method is to
locate temperature and pressure sensors at the inlet and outlet
tubes of the expander. And this leads to the above mentioned
derivation of the tested expansion process (1—2) from the real one
(1r—2r), as the tested temperatures and pressures cannot truly
reflect the losses, such as the pressure drop from the tube to the
chamber, the over-expansion or under-expansion, the internal
leakage and so on. Thus, in the present ORC prototype, the AC
dynamometer was adopted to measure the real output power of
the expander. This will be introduced in Section 3.1.

The low pressure R123 vapor exhausted from the expander is
cooled down into liquid in the condenser, and cycled by the pump.
The calculated power consumed by the pump is

Wp,cal = m(hp,out - hp,in) (4)

where hp oy and hy iy are the fluid enthalpies at the pump outlet
(point 6) and inlet (point 5), respectively. Thus, the calculated “net”
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Fig. 1. Schematic representation and T-s diagram of the present ORC system.

output work and the thermal efficiency of the ORC system are as
follows:

Wcal = Wt,ca] - Wp,cal (5)
Wea Wecal = Wpcal
Ncal = Qcal Lo Q fe (6)

The subscript ‘cal’ in Egs. (2)—(6) represents that the variable is
not directly measured but calculated based on the measured
pressures and temperatures at various locations. In the present
study, the expander output work and the power consumed by the
pump were also directly measured and compare with the calcu-
lated ones. Details will be introduced in the next section.

3. The test rig description and operating procedure
3.1. The test rig description

According to the design in Fig. 1(a), the ORC prototype was
constructed, which is shown in Fig. 2(a). The detailed information
about this system is given as follows.

The conductive oil was heated by an electric heater with the
capacity of 100 kW, which can automatically adjust the heating
power to maintain the required outlet temperature with an un-
certainty of 1 °C. The maximum oil temperature can reach 250 °C.

The cooling water loop was thermally coupled with the R123
circuit through the condenser. The closed spray cooling tower was
installed outdoor to dissipate the extra heat of the ORC system to
the air. The capacity of the cooling tower was about 73 kW at the
water flow rate of 5000 kg/h and the temperature drop of 5 °C.
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The lubricant was needed to insure the smooth operation of the
expander. It was circulated by a gear pump and mixed with the
R123 vapor at the expander inlet. After the expansion, it was
separated from the R123 vapor by an efficient vapor-oil separator.

A tube-in-tube heat exchanger with the heat transfer area of
5.5 m? was used as the evaporator and a plate heat exchanger with
6.1 m? as the condenser. The R123 was circulated by the piston
pump, which was controlled by a frequency converter. The fre-
quency of 50 Hz corresponds to the volume flow rate of about 2000
I/h. A dry filter is located between the pump and the liquid tank to
eliminate the negative effects coursed by the humidity and impu-
rity. And a centrifuge pump was installed after the dry filter to
prevent the cavitation of the piston pump caused by the low boiling
point and heat capacity of R123. This pump was also controlled by a
frequency converter. Fig. 2(b) and (c) give the photos of fixed and
rotating scrolls of the scroll expander used in the present ORC
system. Due to the lack of kW-scale expander in the market, this
expander was modified from a scroll compressor originally used in
the bus air conditioning system. Table 1 gives the detailed
geometrical parameters of the scroll expander. And the maximum
shaft power of the expander was estimated about 4 kW.

In order to identify the difference between the calculated pa-
rameters in Eqs. (2)—(6) and the tested ones, an AC dynamometer
unit was adopted in this work to dynamically measure the rotating
speed and shaft torque of the expander. The unit consisted of a

Table 1
Geometrical parameters of the scroll expander.

Geometry parameters

Scroll turns 2.25
Height of the scroll profile 50 mm
Thickness of the scroll profile 4.8 mm
Pitch of the scroll profile 26.5 mm
Radius of the expander 170 mm
Length of the expander 281 mm
Designed volume flow rate 211 ml/r

A

JI3)em urjeo)

(c)

Fig. 2. The photos of (a) the experimental setup, (b) the fixed scroll and (c) the rotating scroll.

frequency converter, an AC motor, a rotating speed sensor, a
monitor, a software and transmission facilities. During the test, the
shaft torque of the AC motor was set by the software and the fre-
quency converter to be a specific percentage of the maximum value
(78.5 Nm herein). Detailed information of the AC dynamometer can
be found in our former work [33]. Based on the measured rotating
speed and shaft torque, the output power of the expander is

Weme = Nt x T¢/9.55 (7)

where N; and T; present the rotating speed and the shaft torque of
the expander.

The power consumed by the R123 pump and the centrifuge
pump can be obtained from the frequency converter. In such a way,
the measured output power and thermal efficiency were

Whe = Wt,me - Wp,me (8)
- Wt,me - Wp,me 9
e = e (9)
Table 2
Parameter measurements and uncertainties.
Parameters Sensors Range Accuracy
Temperature K-type thermocouple —200—-1300 °C +0.5°C
Pressure Rosemount 3051 CG 0—1 MPa +0.1% E.S
0—-5 MPa
Pressure Rosemount 3051 CD 0—100 kPa +0.1% F.S
difference
Mass flow rate  Coriolis mass 800—8000 kg/h +0.2% flow
flowmeter (water) rate
0—3000 kg/h (R123)
300—-3000 kg/h (oil)
Rotating speed  JN338 rotational sensor 0—100 Nm 0.5% F.S
Shaft torque JN338 rotational sensor  0—6000 rpm 1.0 rpm
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where the subscript “me” stands for the measured value.

In the present ORC system, the measured parameters include
the temperature, pressure, mass flow rate of the conductive oil,
cooling water and R123 in each corresponding subsystem as well as
the rotating speed and shaft torque of the expander. The location of
sensors in the ORC system can be found in Fig. 1(a). And the detailed
information of sensors is given in Table 2.

As several parameters in the equations mentioned above are
calculated based on the measured temperatures and pressures, an
error analysis was carried out based on the commonly used
expression:

(10)

ey =2Y (11)

where AY and ey are the uncertainty and relative uncertainty of
variable Y. X; represents the independent variable in equations. The
error analysis of the key cycling parameters is given in Table 3. It is
noted that the enthalpies of R123 at various state of the cycle were
obtained from the software REFPORP of NIST. The state equation of
R123 and the calculation process in the software are complicated.
For simplification, the uncertai halpy,Ah, is estimated
through the expression Ah = Ah% + Ahlz). And, Ahr and Ahp are
directly calculated by REFPROP from AT and AP.

3.2. The testing procedure

The closed R123 loop was initially vacuumized to remove the
non-condensable gas. Then, it was charged by a certain amount of
R123. From the thermodynamic point of view, the ORC system
could be operated by specifying the R123 mass flow rate, temper-
atures and pressures. However, these parameters were not inde-
pendent with each other in the closed loop during the operation. In
contrast, from the control point of view, the operation of the ORC
system could be specified by two accessible and independent pa-
rameters: the R123 mass flow rate and the external load of the
expander, such as the shaft torque or the rotating speed. In the
present ORC system, both the R123 mass flow rate and the shaft
torque (or rotating speed) could be easily adjusted through the
frequency converters.

In this work, two cases were carried out based on the temper-
ature of conductive oil at the evaporator inlet, 140 °C in case 1 and
160 °C in case 2. Table 4 shows the main operating parameters. In
each case, the conductive oil was controlled at a constant mass flow
rate and temperature before entering the ORC evaporator. The mass
flow rate of cooling water was also kept constant while the tem-
perature at the condenser inlet varied in a narrow range due to the

Table 3
Error analysis of the key cycling parameters.

Parameter Related Average relative
variables uncertainty
Enthalpy, h T, P 0.5% (vapor)
0.3% (liquid)
Heat transfer rate, Q m, h 1%
Calculated shaft power, Wi a1 m, h 2.3%
Calculated power consumed by pump, Wycar  m, h 30.9%

Calculated net power output, Wey WecaWpcal  3.3%
Calculated thermal efficiency, 7cal Weal, Q 3.5%
Measured shaft power, Wi me N, Tt 0.5%
Measured thermal efficiency, 7me Wime Q 1.1%

changed environment temperature and condenser load. During the
test, a pumping frequency of R123 pump was first set according to
the temperature of conductive oil. Then the shaft torque of the
expander was increased from 10% of the maximum torque load to
the value at which the degree of overheat at expander inlet was too
small or the shaft power of the expander exhibited a significant
decrease. After that, we moved to a bigger pumping frequency and
repeat the process of adjusting the expander shaft torque. When
the pumping frequency reached a certain value under which the
degree of overheat was too small even at the low shaft torque, the
case was finished.

4. Results and discussion

4.1. Effect of the pumping frequency and shaft torque on key
operation parameters

Fig. 3 shows the variation of R123 mass flow rate at different
shaft torques of the expander. “Ty” and “PF” in the figure mean
“temperature of the conductive oil” and “pumping frequency of the
R123 pump”. Due to the characteristic of the piston pump, R123
mass flow rate was quite stable at every pumping frequency. The
change of the shaft torque had quite limited effect on it. And an
increase in PF by 1 Hz led to the increase in R123 mass flow rate by
about 70 kg/h. The stability of R123 mass flow rate was beneficial to
the control and smooth operation of the ORC system. At the heat
source temperature of 140 °C, the proper PF was 5—8 Hz, corre-
sponding to the R123 mass flow rate of about 350—570 kg/h. When
the heat source temperature increased to 160 °C, more heat could
be provided. Thus, the available PF changes to 10—13 Hz, corre-
sponding to the R123 mass flow rate of about 660—900 kg/h.

Fig. 4 shows the vapor pressure, temperature and degrees of
superheat at the expander inlet. In Fig. 4(a), for every PF, the in-
crease in shaft torque led to the increase in vapor pressure as the
stable operation of the expander need a higher vapor pressure in
the chamber to balance the increased resistance on the shaft. The
increase of vapor pressure also means the decrease in the volume
flow rate, so as to the decrease in the expander rotating speed. For
every specified shaft torque, the vapor pressure increased with the
PF (representing the R123 mass flow rate). This resulted from the
combine effects of the R123 volume flow rate and the irreversible
losses, such as the mechanical friction, suction pressure drop and so
on. As the PFs at the oil temperature of 160 °C were higher than
those at 140 °C, the inlet vapor pressures were also higher. The

Table 4
Major operating parameters in this study.

Operating parameters

Case 1: tested on Nov. 5, 2014

Air temperature 4-16 °C
Temperature of the conductive oil 140 °C

Mass flow rate of the conductive oil 2000—2029 kg/h
Temperature of the cooling water 15.7-21.3 °C

Mass flow rate of the cooling water
shaft torque

2756—2763 kg/h
10%—70% of the maximum

value
R123 pumping frequency 5.0-8.0 Hz
Case 2: tested on Nov. 4, 2014
Air temperature 3-17°C
Temperature of the conductive oil 160 °C
Mass flow rate of the conductive oil 2015—2034 kg/h
Temperature of the cooling water 22.1-24.7 °C

Mass flow rate of the cooling water 2769—-2780 kg/h

Shaft torque 10%—90% of the maximum
value
R123 pumping frequency 10.0-13.0 Hz
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Fig. 3. Variation of R123 mass flow rates with different shaft torques.

largest vapor pressure at oil temperature of 160 °C was about
1.5 MPa while 1.2 MPa at 140 °C.

In Fig. 4(b), the variation of vapor temperature was very sensi-
tive to the shaft torque. However, the profiles exhibited different
trend for different PF. At the most PFs (6, 8 Hz and 10—11 Hz), the
vapor temperature monotonically decreased with the shaft torque.
This phenomenon agrees well with the heat transfer mechanism in
the evaporator. The higher vapor pressure at higher shaft torque led
to the higher saturated temperature. In the evaporator, it meant the
enlargement of the preheating area and the shrinkage of the
evaporation area. As the two-phase heat transfer coefficient is
much larger than the single-phase one, the total heat flux of the
evaporator became smaller. When the R123 temperature at the
evaporator inlet was relatively stable, the decrease in heat flux
resulted in the decrease in the vapor temperature at the expander
inlet. And this process also made the vapor superheat decrease
sharply, seen in Fig. 4(c). The trends of temperature profiles at PF of
5,7,12 and 13 Hz in Fig. 4(b) were different from those at other PFs.
At 5 Hz, the R123 mass flow rate was too small, so the area of
evaporator was sufficient. Under this condition, the vapor tem-
perature was determined by the temperature difference at the
outlet of the evaporator. Thus, at every shaft torque, the variation of
the vapor temperature was very limited. At 7,12 and 13 Hz, the “V”
type temperature profiles were seen. Taking temperature profile at
13 Hz as an example, the reason why the vapor temperature
decreased with shaft torque from 4.8 to 15.6 Nm was the same as
the above mentioned heat transfer mechanism. And at shaft torque
of 15.6 Nm, the vapor superheat approached 0, seen in Fig. 4(c).
Then, with the further increase in shaft torque, R123 at the
expander inlet went into the two-phase state, which meant the
temperature herein was the saturated temperature. Thus, the
higher vapor pressure at higher shaft torque led to the continued
increase in R123 temperature and a “V” type temperature profile
appeared.

Variations of vapor pressure, temperature and degrees of su-
perheat at the expander outlet are shown in Fig. 5. Generally
speaking, all the three variables, including vapor pressure, tem-
perature and superheats at expander outlet decreased with the
shaft torque. In Fig. 5(a), it can be seen that vapor pressure grad-
ually decreased with the shaft torque. And the decent range was
quite limited. This was because the lower heat flux in the evapo-
rator at higher shaft torque also reduced the heat transfer load of
the condenser. Thus, the vapor pressure in the condenser decreased
with the shaft torque. Besides, for a specified shaft torque, it can be
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Fig. 4. Variation of vapor (a) pressures, (b) temperatures and (c) superheats at the
expander inlet with different shaft torques.

observed that the vapor pressure increased with the PF as the
higher R123 mass flow rate led to higher heat transfer load of the
condenser. Due to the decrease of vapor temperature at the
expander inlet (seen in Fig. 4(b)), it can be seen in Fig. 5(b) that the
vapor temperature at the expander outlet became smaller with the
increase in shaft torque. Additionally, the superheats of vapor at
expander outlet also decreased with shaft torque, seen in Fig. 5(c).
At the same time, in Fig. 5(b) and (c), it is obviously that the outlet
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condensing process in the present test was whether it could pro-
vide relative stable temperature and pressure for the pump or the Fig. 6. Variation of vapor (a) pressures, (b) temperatures and (c) subcoolings at the
evaporator, and this was important for the control of the ORC condenser outlet with different shaft torques.
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operation period would affect the condensing process, results in
Fig. 6(a) and (b) reflects that the area of condenser was sufficient
and the performance of the condensing process was good. In
Fig. 6(c), the degrees of subcooling for all tested points were large,
varying from —14 K to —21 K. The large degree of subcooling meant
the waste of cooling source. However, for the stable working of the
piston pump, a certain degrees of subcooling are required to avoid
the cavitation of the pump. For the present ORC prototype, the
current degrees of subcooling were not enough for the suction of
the pump, so a centrifuge pump was installed between the piston
pump and the fluid tank to pressurize the working fluid at the inlet
of the piston pump.

4.2. Effect of the pumping frequency and shaft torque on expander
performance

The pressure ratio and temperature drop through the expander
were calculated based on the tested results and summarized in
Fig. 7. As the pressure sensors were installed on the tubes con-
necting with expander inlet and outlet, the pressure ratio in
Fig. 7(a) was the so called “external pressure ratio”. A bigger
pressure ratio meant a higher driving force to the expander. For a
given PF, the pressure ratio became higher with the increase in the
shaft torque because of the step increase in the vapor pressure at
the expander inlet with the shaft torque (seen in Fig. 4(a)). In
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Fig. 7. Variation of the (a) pressure ratio and (b) temperature drop of the expander
with different shaft torques.

contrast, for a given shaft torque, the pressure ratio became lower
with the increase in the PF due to the higher outlet vapor pressure
at the higher PF. When the shaft torque was low, the effect of PF on
the pressure ratio was weak. Take shaft torque at 4.8 Nm and oil
temperature of 160 °C for example, the pressure ratios at all PFs
were around 2.9—3.0. And, with the increase in the shaft torque, the
influence of PF became significant. At the shaft torque of 19.15 Nm,
the pressure ratio varied from 2.97 to 4.36. In the present test, the
highest pressure ratio is about 6.5, shown in Fig. 7(a). For the
adopted scroll expander, it worked in the condition of under-
expansion.

In Fig. 7(b), generally speaking, the temperature drop between
the inlet and outlet of the expander increased with shaft torque
because the enlarged pressure drop optimized the operation of the
expander. And it was also seen that temperature drop at PFs of 7,12
and 13 Hz deviated significantly from the original trend and jum-
ped to a very high level when the shaft torque was large. This
phenomenon can be explained by the results in Fig. 4(c). The de-
grees of superheat at the expander inlet with large shaft torque for
these three PFs were too small (around 0 °C). Thus, liquid
entrainment at the expander inlet happened and led to the flash
evaporation of R123 droplets in the expander chambers. The latent
heat of the phase change made the vapor temperature decrease
significantly. At the same time, the too small degrees of R123 su-
perheat also meant the increase of R123 temperature at the
expander inlet with the increase in shaft torque, which had been
mentioned above. As a result, the temperature drop became very
large.

Fig. 8 shows the variation of the rotating speed of the expander
with different shaft torques. Clearly, the rotating speed decreased
with the shaft torque. And for a specified shaft torque, the larger PF
led to the higher rotating speed as long as R123 at the expander
inlet was at vapor phase. When liquid entrainment occurred, the
rotating speed decreased rapidly and deviated from the original
trend. Besides, when justifying the PF from 5 Hz to 6 Hz and then to
7 Hz, the rotating speed increased fast. However, when the PF was
higher than 8 Hz, the increase of PF had very limited effect on
rotating speed.

Based on the tested temperatures and pressures at expander
inlet and outlet, the isentropic efficiencies were calculated and
shown in Fig. 9. It is noted that the enthalpy and entropy of R123 at
expander inlet could not be determined by the tested temperature
and pressure when liquid entrainment occurred as the mass frac-
tion of liquid in vapor phase was unknown. Consequently, the
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Fig. 8. Variation of the rotating speed of the expander with different shaft torques.
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isentropic efficiencies under those situations were not obtained
and given in Fig. 9. It can be seen that, for a given PF, the expander
isentropic efficiency first increased with the shaft torque, reached
the peak, and then decreased with the further increase in the shaft
torque. The mechanism of how the sensitive factors, such as heat
release to the environment, pressure loss in suction and exhaust,
mechanical friction and internal leakage affect the isentropic effi-
ciency was very complicated. And it was hard to explain the trends
just based on the experimental results. Lemort et al. [19] modeled
the scroll expander and obtained the trend of isentropic efficiency
versus the pressure ratio. And our results in Fig. 9 agree well with
their results. Besides, the increase in PF led the decrease in
expander isentropic efficiency at a specified shaft torque, seen in
Fig. 9.

4.3. Deviation of the system performance and the calculated one

In the above sections, we have mentioned the deviation of
tested expander shaft power and pump consumed power from the
calculated ones due to the location where temperature and pres-
sure sensors were installed. In our former work [33], we compared
the tested performance with the calculated one under two oper-
ating mode and at the heat source temperature of 150 °C. In the
present work, the tested results and calculated ones in more
working points are compared and shown in Figs. 10—12 to sum-
marize the fundamental principles. Comparison of the tested shaft
powers with the calculated ones is shown in Fig. 10. On one hand,
the calculated shaft powers were much higher than the tested ones.
At oil temperature of 140 °C, the highest calculated shaft power was
2940 W while the tested one was 2350 W, approximately 20%
lower. And the data for oil temperature of 160 °C are 3820 W,
3245 W and 15% lower. On the other hand, the profiles of calculated
shaft power exhibited similar trends with tested ones. The shaft
power was the product of the shaft torque and rotating speed. So
either too smaller shaft torque or too lower rotating speed would
lead to the decrease in the shaft power. As a result, at a specified PF
in Fig. 10, the shaft power first increased with shaft torque, reached
the highest value and then went down. Besides, when the PF was
low, the increase in the PF could improve the shaft power. However,
when the PF was high, the further increase in the PF could make the
expander encounter the liquid entrainment prematurely, which
would bring down the shaft power. In Fig. 10, it was seen that, for
the present ORC system, the proper PFs are 7 Hz for 140 °C and
11 Hz for 160 °C.
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Fig. 9. Variation of the isentropic efficiency of the expander with different shaft
torques.
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ones, (a) temperature of heat source 140 °C, (b) temperature of heat source 160 °C.

Fig. 11 shows the comparison of the tested pump consumed
powers and the calculated ones. In ORC literature, the power
consumed by pump was always neglected. However, in Fig. 11, it
was apparently that the pump consumed a big part of the power
produced from expander. Corresponding to the highest shaft power
in Fig. 10, the pump consumed power was about 11.5% of the total
power output at 140 °C, and 29.9% at 160 °C, seen in Fig. 11(a) and
(b). This was due to the low efficiency of pump in the real ORC
system. The real consumed powers were about 2 or 4 times higher
than the calculated ones from Eq. (4). Improvement of pump effi-
ciency was required for the commercialization of the small ORC
system.

The comparison of the tested system thermal efficiencies and
the calculated ones is given in Fig. 12. Because of the overestimate
of the calculated shaft power and underestimate of the calculated
pump consumed power, the calculated system thermal efficiencies
in Fig. 12 were much higher than the tested ones. At oil temperature
of 140 °C, the highest calculated thermal efficiency was 9.51% while
the tested one was 6.39%. With the increase of oil temperature from
140 °C to 160 °C, both the calculated and the tested thermal effi-
ciencies became smaller due to the rapid increase of heat flux in the
evaporator. The highest ones for 160 °C are 7.05% and 5.12%,
respectively. The big difference between the calculated and tested
ORC performance indicates that the calculated performance based
on the measured temperatures and pressures can mislead the
design of the ORC system to a certain extend. So the basic tested
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Fig. 11. Comparison of the tested power consumptions by the pump and the calculated
ones, (a) temperature of heat source 140 °C, (b) temperature of heat source 160 °C.

data and comprehensive numerical model of the ORC system are
important for the commercialization of the ORC technique.

5. Conclusions

Focusing on the exploration of kW-scale ORC system, this study
presented the test and analysis of the operation characteristics and
performance of an ORC prototype with R123 as the working fluid. A
scroll expander was adopted and connected with an AC dyna-
mometer unit to record the shaft power and rotating speed in real
time. Operation characteristics under heat source temperatures of
140 °C and 160 °C were compared. The main findings are sum-
marized below:

(1) The ORC system can be controlled by two independent pa-
rameters: the R123 mass flow rate and the external load. The
optimum system performance can be determined by these
two parameters. The maximum measured shaft power under
140 °C were 2.35 kW while 3.25 W under 160 °C.

(2) Although the increase in temperature of the conductive oil
led to the increase in expander shaft power, the thermal ef-
ficiency became smaller due to the sharp increase in heat
flux in the evaporator. The highest thermal efficiencies under
140 °C and 160 °C were 6.39% and 5.12%, respectively.

(a) 10%
9% /’///DC,:,r,:,/;—gtttttiiii%’jfai—z
z o .
£ 8% e o
=
= o7 .
S ] T
E] o - —o
. hva — ~
=
g 5% 4 y
i o test calculate
n 4% —=— -0 5Hz
. —e— -0 BHz
3% 7Hz
—v— v 8Hz
2% T r T v T T T T T T
5 10 15 20 25 30
Torque (N'm)
(b) 8%
_D--"'D"’"D“"‘D
7% -
)
2 6%+
D
2
£ 5%
=
E 4% -
P
£
3% A
g
2 .. test calculate
& 2% —=— --0-- 10Hz
—e— --0-- 11Hz
1% 12Hz
—v— --v-- 13Hz
0% T T T T T T
5 10 15 20 25 30 35
Torque (N'm)

Fig. 12. Comparison of the tested system thermal efficiencies and the calculated ones,
(a) temperature of heat source 140 °C, (b) temperature of heat source 160 °C.

(3) As it is hard to install sensors in the expander chamber, the
tested temperature and pressure in the tube close to the
expander inlet and outlet resulted in the deviation of the
enthalpy determined system performance from the tested
ones. The measured shaft powers were 15—20% lower than
the calculated ones and the pump consumed powers were
2—4 times higher than the calculated ones.
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Nomenclature

List of symbols

R expansion ratio

T shaft torque (Nm)
Subscripts

evp evaporator

P pump

s isentropic process
t turbine, expander
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