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Abstract The design, construction and test of an Organic

Rankine Cycle (ORC) with R123 as the working fluid were

performed. A scroll expander was integrated in the system.

The conductive oil with its temperature of 150 �C was used

to simulate the low-grade heat source. An AC dynamom-

eter unit measured the expander shaft torque, rotating speed

and shaft power. The experiments were conducted in two

operating modes: the constant mass flow rate and the

constant shaft torque. Under the constant mass flow rate

operating mode, the stepped increase of the shaft torque

increased the expansion ratios of the expander and

decreased the vapor superheats at the expander inlet. Thus,

the shaft power and thermal efficiency were increased.

Alternatively, the constant shaft torque operating mode

involved two different regions, interfaced at the pumping

frequency of 9 Hz. By the increase of the mass flow rates,

the vapor superheats at the expander inlet was decreased

and the shaft power was increased, but the ORC thermal

efficiencies were slightly decreased. Both operating modes

yielded the saturation shaft powers that were the maximum

values one could use. It was found that the measured shaft

powers and ORC thermal efficiencies were lower than the

enthalpy determined values based on the fluid pressures

and temperatures at the expander inlet and outlet. The

maximum measured shaft power and thermal efficiency

were 2.63 kW and 5.31 %, compared with the enthalpy

determined values of 3.87 kW and 9.46 %, respectively.

Keywords Organic Rankine Cycle � Scroll

expander � Shaft torque � Shaft power � Thermal

efficiency

1 Introduction

The rapid increase in energy consumption all over the

world has led to the demand for waste heat recovery from

industries to increase the utilization efficiency of fossil

energy sources. Besides, applications of the alternative

energies such as geothermal heat, concentrating solar

thermal energy and biomass energy should be further

explored. Most of the waste heat and alternative energy

belongs to the low-grade energy (temperature below

250 �C), accounting for more than 50 % of the total heat

generation in the world [1]. The Organic Rankine Cycle

(ORC) is one of the promising technologies to convert low-

grade heat into work [2, 3]. Due to the low boiling point of

organic fluids, the ORC system generates a higher vapor

pressure for power generation, which is difficult to be

fulfilled with a conventional water-steam Rankine system

[4]. Thus, ORC has been extensively investigated theoret-

ically and experimentally.

The first and second laws of the thermodynamics were

often used to analyze the ORC performance. The literature

survey showed the strong effect of the heat source tem-

peratures on the selection of working fluids [5–9]. Liu et al.

[5] analyzed the ORC performance influenced by working

fluids. The wet fluids were not preferable for ORCs. The

thermal efficiencies for various working fluids were a weak

function of the critical temperatures. R123 was recom-

mended by several groups [10–12], especially at the heat

source temperature of about 400 K.
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The ORC measurement is necessary before its com-

mercial operation. R123, R245fa and other organic fluids

were used in previous ORC prototypes. Yamamoto et al.

[13] designed and tested an ORC, which showed a better

performance of R123. Mathias et al. [14] tested a scroll

expander and a gerotor in an ORC to generate power. The

two expanders produced 2.07 and 2.96 kW work, having

the isentropic efficiency of 85 % and 83 %, respectively.

They claimed that both types of expanders were good

candidates for ORCs. Lemort et al. [15–17] integrated an

open-drive oil-free scroll expander in an ORC with R123

as the working fluid. The maximum overall isentropic

effectiveness achieved 68 %. The heat loss, internal

leakage and mechanical-induced exergy destructions

mainly accounted for the weakened expander perfor-

mance. Li et al. [18–20] investigated a kW-scale ORC

using R123 as the working fluid. The specially designed

and manufactured turbine had a rotating speed up to

60,000 r/min. They obtained the maximum turbine power

of 1 kW, the isentropic efficiency of 0.65 and the thermal

efficiency of 6.8 %, at the temperature drop of 70 K

between the turbine inlet and condenser outlet. Bracco

et al. [21] demonstrated and tested a domestic-scale ORC

prototype (R245fa was the working fluid). A hermetic

scroll expander was used. A global electric efficiency of

about 8 % was obtained at the expander inlet temperature

in the range of 120–150 �C. Li et al. [22] investigated the

influence of mass flow rates on the regenerative ORC

efficiencies. A single-stage axial flow turbine was adop-

ted. The 6 kW power output and the regenerative ORC

efficiency of 7.98 % were achieved at a heat source

temperature of 130 �C.

In addition to the independent use of ORCs, ORCs were

integrated with other energy systems. For instance, Man-

olakos et al. [23–25] experimentally evaluated a low-tem-

perature solar heat-driven ORC coupled with a reverse

osmosis (RO) desalination system. It was found that the

solar radiation played a dominant role on the coupled

system performance. The average ORC efficiencies were

0.73 % and 1.17 % for the cloudy and sunny days,

respectively. Wang et al. [26–30] experimentally investi-

gated a low-temperature solar recuperative ORC system

using R245fa and some zeotropic mixtures as the working

fluids. The overall efficiency of 2.42 % was obtained. They

also dynamically tested the performance of a kW-scale

rolling-piston expander. A maximum shaft power of

0.35 kW, steady isentropic efficiency of 40 % and thermal

efficiency of 5 %–6 % were reported.

From the above literature review, it is seen that even

though several experimental investigations have been

performed, the small-scale ORC is still in the infancy

stage. The ORC performance parameters (i.e., output

work and thermal efficiency) were mainly calculated

based on the enthalpy differences across the pump or

expander. The enthalpy was decided by the fluid pressures

and temperatures at the expander inlet and outlet as it is

very hard to measure the fluid pressures and temperatures

in the expansion chamber. Due to the pressure drop

during the suction, heat loss from the expander to the air,

over-expansion or under-expansion losses as well as the

power losses using belts and couplings, the calculated

shaft power and system thermal efficiency deviated from

the practical values that one could use [15]. The directly

measured shaft power of the expander and thermal effi-

ciency of the ORC are seldom reported in the literature

[15–17].

In this paper, an ORC system of 4 kW-scale power

output capacity was built and tested. A scroll expander

converted the heat into work. An AC dynamometer con-

trolled the expander and measured the expander parame-

ters. The ORC system was operating either in a constant

mass flow rate operating mode or in a constant shaft

torque operating mode. The dynamic response of the two

operating modes was thoroughly discussed and analyzed.

The measured shaft power and the ORC thermal effi-

ciency were compared with the enthalpy determined

values. It was found that the enthalpy determined shaft

power of the expander and thermal efficiency of the ORC

system were greatly overestimated. The heat source

temperature entering the ORC evaporator was about

150 �C.

2 The ORC experimental setup

2.1 The ORC system design

The ORC system operates according to the Rankine cycle

principle. The ideal cycle consisted of two isobaric heat

transfer processes and two isentropic processes. The

organic fluid was pumped into the evaporator at a high

pressure to extract heat from the heat source. Then, the

saturated or superheated vapor of the organic fluid expan-

ded in the expander to generate work. The vapor or two-

phase mixture leaving the expander was condensed to

liquid in a condenser. The liquid was circulated by a pump.

A practical ORC system was much complicated than an

ideal cycle. Exergy destructions occurred in the pump and

expander. The leakage of the organic fluid should be

avoided. The heat transfer performance was poor for the

organic fluid. Figure 1 shows the ORC flow loops in this

study. The system consisted of five coupled subsystems:

conductive oil circuit, R123 circuit, cooling water circuit,

lubricant oil circuit and AC dynamometer unit. Figure 2

shows the ORC experimental setup, covering a planar size

of about 3 m 9 5 m.
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2.1.1 The conductive oil circuit

The conductive oil was used as the heat carrier fluid of the

low-grade heat source and was heated by an electric heater

with the capacity of 100 kW. The oil temperature entering

the ORC evaporator was manually set. The electric heater

automatically adjusted the heating power to satisfy the

required oil temperature. The maximum oil temperature

could reach 250 �C. The temperature could be controlled

with an uncertainty of 1 �C. An axial pump circulated the

conductive oil, receiving the heat from the electric heater

and dissipating the heat to the ORC evaporator.

2.1.2 The R123 loop

Based on the literature review above and the thermody-

namic calculation in advance, R123 was chosen as the

working fluid. The ORC loop consisted of a piston pump,

an evaporator, an expander and a condenser. The regen-

erative heat exchanger was not used in this study. The

R123 mass flow rate provided by the piston pump was

controlled by a frequency converter (50 Hz frequency

corresponding to volume flow rate of about 2,000 L/h). The

evaporator was a tube-in-tube heat exchanger, having a

heat transfer area of 5.53 m2. The condenser was a plate

heat exchanger, having a heat transfer area of 6.08 m2.

The expander was modified from a scroll compressor for

the bus-used air-conditioning system. Because the com-

pressor has simple structure and high reliability and it is

available commercially, it is considered as one of the

promising candidates for the expander in kW-scale capac-

ity. Figure 2b shows the fixed and rotating scrolls. Table 1

gives the detailed geometrical parameters. Some modifi-

cations were performed so that it was suitable to work as an

expander. The maximum shaft power of the expander was

about 4 kW.

The pressure and temperature sensors were arranged at

various locations of the ORC system (see Fig. 1). The

heating power received by the evaporator was

Q ¼ mðheva;out � heva;inÞ; ð1Þ

where m is R123 the mass flow rate, heva,out and heva,in are the

R123 enthalpies at the evaporator outlet and inlet, respec-

tively. The two enthalpies were determined by the pressures

and temperatures at the evaporator outlet and inlet, respec-

tively. The fluid was subcooled liquid at the evaporator inlet

and superheated vapor at the evaporator outlet. The two-phase

mixture state at the evaporator outlet was not encountered.

During the expansion process, the calculated shaft

power of the expander was

Wt;cal ¼ mðht;in � ht;outÞ; ð2Þ
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Pump

Cooling tower

Fluid tank

Filter

Dry filter
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Water pump Water tank

Orifice flowmeter

Oil tank
Liquid-vapor seperator 

Gear 
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Mass 
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Mass flowmeter

Mass 
flowmeter Evaporator

Fig. 1 (Color online) The schematic representation of the ORC system
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where ht,in and ht,out are the enthalpies at the expander inlet

and outlet. The real expansion process is an entropy-

increase process and the isentropic efficiency was

gt;s ¼
ht;in � ht;out

ht;in � ht;s;out

; ð3Þ

where ht,s,out was the enthalpy at the expander outlet for the

isentropic expansion process, which could be deduced from

the expander inlet entropy and expander outlet pressure.

The pumping power was

Wp;cal ¼ mðhp;out � hp;inÞ; ð4Þ

Fig. 2 (Color online) The photo of the experimental setup (a), the fixed and rotating scrolls of the expander (b) and the AC dynamometer unit (c)
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where hp,out and hp,in are the fluid enthalpies at the pump

outlet and inlet, respectively. Thus, the calculated ‘‘net’’

output work of the ORC system was

Wcal ¼ Wt;cal �Wp;cal: ð5Þ

The calculated thermal efficiency of the ORC system was

gcal ¼
Wcal

Q
¼ Wt;cal �Wp;cal

Q
: ð6Þ

The calculated thermal efficiency, gcal, was based on the

measured pressures and temperatures at various locations.

Attention should be paid to the shaft power of the expander. As

mentioned above, due to the difficulties in directly measuring

temperature and pressure at the expansion chamber, sensors

are located at the expander inlet and outlet. Thus, the calculated

enthalpy drop across the expander cannot be fully converted

into the shaft power. Part of it was consumed by the pressure

drop during the suction, heat loss from the expander to the air,

over-expansion or under-expansion losses as well as the power

losses using belts and couplings. Besides, the exergy destruc-

tion existed in the piston pump. The pumping power should be

larger than that decided by the enthalpy rise across the pump.

Therefore, the calculated thermal efficiency overestimated the

real value. In this study, an AC dynamometer unit measured

the rotating speed, shaft torque and shaft power for the

expander (see later subsections). The real pumping power was

measured by a pump frequency converter.

2.1.3 The cooling water loop

The cooling water loop was thermally coupled with the

ORC condenser. It dissipated the extra heat of the ORC

system to the air environment. The outdoor spray cooling

tower was the key component of the cooling water loop.

The tower had the cooling capacity of about 73 kW, cor-

responding to the water flow rate of 5,000 kg/h, at which the

temperature difference of the cooling water loop was 5 �C.

2.1.4 The lubricant oil loop

The expander operating needed lubricant. A gear pump

circulated the lubricant. The lubricant was mixed with the

R123 vapor at the expander inlet. After the expansion, the

lubricant was separated from the R123 vapor by an effi-

cient vapor-oil separator. Then, the lubricant returned to

the oil tank.

2.1.5 The AC dynamometer unit

Figure 2c shows the AC dynamometer, dynamically mea-

suring the rotating speed, shaft torque and shaft power of

the expander. The unit consisted of a frequency converter,

an AC motor, a rotating speed sensor, a monitor, a software

and transmission facilities. The shaft power was transmit-

ted by a belt and couplings to the AC motor. The rated

rotating speed and the maximum shaft torque of the AC

motor were 1,480 r/min and 78.5 N m, respectively. The

rotating speed of the expander was two times of that of the

AC motor. The computer software dynamically processed

the rotating speed and the shaft torque of the expander with

the help of sensors. The software communicated with the

frequency converter to control the shaft torque of the AC

motor. During the system operating, the shaft torque of the

AC motor was set by the software to be a specific per-

centage of the maximum value (78.5 N m here). The fre-

quency converter of the AC motor controlled the shaft

torque to maintain the desired value. In such a way, the

shaft power of the expander and the pumping power were

directly measured. The measured shaft power and the

thermal efficiency were

Wme ¼ Wt;me �Wp;me; ð7Þ

gme ¼
Wt;me �Wp;me

Q
; ð8Þ

where the subscript of ‘‘me’’ stands for the measured value.

The net power, Wme, is the expander shaft power sub-

tracting the pumping power.

2.2 The operating procedure

The fluid state parameters were the pressures and temper-

atures at the inlet and outlet of various components (see

Fig. 1). The mass flow rates were measured for the con-

ductive oil, R123 fluid and cooling water. The rotating

speed, shaft torque, shaft power of the expander and the

piston pump consumed power were measured by the

hardware mentioned in Sect. 2.1. Table 2 shows the

uncertainties of various measurements.

From the thermodynamic point of view, the ORC system

could be operating by specifying the mass flow rate,

pressures and temperatures of the organic fluid. For this

ORC prototype, the closed ORC system was initially vac-

uumed to remove the non-condensable gas. Then, the

system was charged by a certain limit of R123 liquid. In

Table 1 The structure parameters of the scroll expander

Parameters Value

Scroll turns 2.5

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
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such a way, part of the ORC internal volume was occupied

by the R123 liquid, and part of the volume was occupied by

the R123 vapor. The R123 pressures and temperatures at

various locations were not independent parameters during

the system operating, but they were determined by the

mass flow rate of the R123 fluid and the external load of the

expander such as the shaft torque and shaft power. This

study involved two operating modes: the constant mass

flow rate operating mode and the constant shaft torque

operating mode.

Table 3 shows the major operating parameters. The

conductive oil had a constant mass flow rate and temper-

ature before entering the ORC evaporator. The cooling

water temperature entering the condenser varied in a nar-

row range for changed environment temperatures and the

condenser load. At the piston pump frequency of 10 Hz,

the shaft torque of the expander was changed from 10 % to

50 % of the maximum torque load. Alternatively, at the

shaft torque of 40 % of the maximum torque load, the

R123 piston pump frequency was changed from 5 to

11 Hz.

3 Results and discussion

3.1 The constant mass flow rate operating mode

Figure 3 shows the shaft torque of the expander. The very

stable control of the shaft torque at each level was dem-

onstrated. The expander quickly followed the change of the

shaft torque when a new torque value was set. Figure 4

shows the R123 flow rates, which were measured by a

Coriolis mass flow meter. The mass flow rate did not

change apparently, and the average value was about

680 kg/h at different shaft torque levels. The mass flow rate

was generally stable, and its stability was enhanced for the

shaft torque larger than 30 % of the maximum value. When
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Fig. 4 (Color online) The R123 mass flow rates at different shaft

torque levels

Table 3 The main operating parameters in this study

Parameters Value

Temperature of the conductive oil 150 �C

Mass flow rate of the conductive

oil

(2,025 ± 10) kg/h

Temperature of the cooling water 15.4–19.7 �C

Mass flow rate of the cooling

water

(2,600 ± 5) kg/h

Shaft torque 10 %–50 % of the maximum

value

R123 pumping frequency 5.0–11.0 Hz

Table 2 The parameter measurements and uncertainties

Parameters Sensors Range Accuracy

Temperature K-type

thermocouple

-200–1,300 �C ±0.5 �C

Pressure Rosemount 3051

CG

0–1 MPa

0–5 MPa

±0.1 % F.S

Pressure

difference

Rosemount 3051

CD

0–100 kPa ±0.1 % F.S

Mass flow

rate

Coriolis mass

flow meter

800–8,000 kg/h

(water)

0–3,000 kg/h

(R123)

300–3,000 kg/h

(oil)

±0.2 %

flow rate

Rotating

speed

JN338 rotational

sensor

0–100 N m 0.5 % F.S

Shaft torque JN338 rotational

sensor

0–6,000 r/min 1.0 r/min
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Fig. 3 The step increase of the shaft torque versus time
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the shaft torque suddenly changed, the mass flow rate had a

sharp decrease and then was recovered to the stable level in

a few minutes. The sharp increase of the shaft torque of the

expander directly decreased the expander rotating speed to

lower the volume flow rate through the expander. Thus, the

R123 fluid pressure in the condenser decreased. This effect

decreased the pressure at the pump inlet, leading to a sharp

reduction of the R123 flow rate.

Figure 5 shows pressures, temperatures and vapor

superheats at the expander inlet. The increase of the shaft

torque led to the decrease in the expander rotating speed.

As a result, the volume flow rate also decreased. Thus, the

vapor pressure at the expander inlet was increased to

maintain the constant mass flow rate (see Fig. 5a). The

vapor pressure followed the change of the shaft torque in a

few minutes, and it was increased by about 80 kPa for each

shaft torque increase by 10 %. No apparent pressure

overshot and fluctuation were observed. The R123 satura-

tion temperature in the evaporator was increased due to the

increase in the pressure. At this condition, the sensible heat

of R123 in the evaporator was enlarged, and the latent heat

of R123 was reduced. More heat transfer area was occupied

by liquid. The combine effect of the heat transfer and fluid

flow in the evaporator resulted in the decrease of the heat

received from the conductive oil (see Table 4). Conse-

quently, the vapor temperature at the expander inlet

decreased (see Fig. 5b). The vapor superheat was defined

as the vapor temperature subtracting the saturation tem-

perature, which was an important parameter to influence

the ORC system. The previous studies showed that the

decreased vapor superheat would increase the thermal

efficiency of the ORC system [2, 11]. Because the vapor

temperature was decreased and the saturation temperature

was increased, the vapor superheat was decreased follow-

ing the shaft torque rise (see Fig. 5c).

The vapor temperatures had slower response to the

shaft torque than the vapor pressures. This effect was

more apparent at smaller shaft torques (see Fig. 5b).

Later, we will show that the slow transient of the vapor

temperatures had much little influence on the ORC per-

formance. Thus, the testing time at each shaft torque level

majorly depended on the vapor pressures, not on the vapor

temperatures. The vapor temperature was decreased by a

couple of degrees at each increment of the shaft torque. It

was decreased from 145 to 120 �C in 20 min corre-

sponding to the increase of the shaft torque from 10 % to

50 % of the maximum value.

Figure 6 shows the pressures and temperatures at the

expander outlet. The pressures were sharply decreased and

then quickly recovered to a stable value following the shaft

torque increase. The general trend was the slight decrease

of the pressures at the expander outlet with increases in the

shaft torques due to the decrease in the heat transfer load in

the condenser. Meanwhile, the temperatures at the expan-

der outlet were decreased by the steep rise of the shaft

torque. Figures 5 and 6 indentified the increased expansion

ratios in the expander when the shaft torque was raised, due

to the increased and decreased pressures at the expander

inlet and outlet, respectively.

Figure 7 shows the rotating speed and shaft power of the

expander. The rotating speed had a general decrease trend
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Fig. 5 (Color online) The pressures (a), temperatures (b) and vapor

superheats (c) at the expander inlet at different shaft torque level
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when the shaft torque was increased. At each shaft torque

level, the rotating speed was very stable. However, the sharp-

depressed-speed phenomenon was observed just following

the sudden increase of the shaft torque. The shaft power could

directly provide the mechanical work or generate electricity.

It was an important parameter to characterize the ORC per-

formance. Figure 7b shows the increased values of the shaft

Table 4 The major ORC performance parameters in this study

m (kg/h) T (N m) Q (kW) Wt,me (kW) R gt,s (%) Wp,me (kW) gme (%) Wt,cal (kW) Wp,cal (kW) gcal (%)

682 4.78 48.42 1.402 3.10 53.84 0.69 1.47 2.30 0.33 4.07

680 8.31 47.55 2.046 3.42 61.93 0.72 2.78 2.81 0.35 5.17

680 11.91 46.64 2.430 3.78 65.13 0.74 3.63 3.10 0.38 5.83

679 15.48 45.32 2.593 4.15 65.71 0.77 4.02 3.22 0.35 6.33

678 17.32 43.97 2.615 4.33 65.99 0.77 4.20 3.25 0.39 6.50

678 18.99 43.03 2.538 4.56 64.85 0.75 4.15 3.23 0.37 6.64

330 15.30 23.99 1.650 4.31 87.92 0.38 5.31 2.37 0.10 9.46

400 15.50 29.05 1.955 4.33 82.80 0.45 5.17 2.70 0.16 8.74

473 15.50 34.18 2.239 4.32 78.45 0.53 5.01 2.99 0.21 8.13

544 15.50 39.04 2.497 4.28 74.92 0.60 4.85 3.24 0.27 7.61

611 15.50 42.59 2.600 4.19 70.37 0.68 4.51 3.27 0.20 7.21

680 15.50 45.08 2.630 4.12 67.52 0.75 4.16 3.28 0.35 6.50

749 15.50 46.85 2.390 4.09 76.86 0.85 3.29 3.87 0.43 7.34
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Fig. 6 (Color online) The pressures (a) and temperatures (b) at the

expander outlet at different shaft torque level
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Fig. 7 (Color online) The rotating speed (a) and shaft power (b) of

the expander at different shaft torque level
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power with the increase in the shaft torques. However, the

shaft power did not change anymore beyond the 40 % max-

imum shaft torque. The maximum shaft power was called the

saturation shaft power, specifying the limit power that one

could use for practical utilizations.

3.2 The constant shaft torque operating mode

This section describes the constant shaft torque operating

mode. Here, the shaft torque of the expander was fixed as

15.5 N m. The frequency converter of the piston pump

determined the R123 flow rates. The pumping frequency

was increased from 5 to 11 Hz by each step of 1 Hz. The

1 Hz frequency corresponded to the flow rate of about

70 kg/h. Figure 8 shows the mass flow rates at each

pumping frequency. It can be seen that the mass flow rates

could quickly follow the change of the pumping frequency

without apparent time delay. The flow rates were oscillat-

ing at low pumping frequencies less than 9 Hz due to

piston pump performance. The maximum oscillation

amplitude was about 15 kg/h even though a damper was

installed at the pump outlet to flatten the oscillation. The

flow rates were stable without apparent oscillation beyond

the pumping frequency of 9 Hz.

Figure 9 shows the vapor pressures, temperatures and

superheats at the expander inlet, which exhibits the

increased pressures by the step increase of the pumping

frequencies (see Fig. 9a). The constant shaft torque oper-

ating mode consisted of two regions: the fixed expander

temperature (FET) region and the decreased expander

temperature (DET) region. The two regions were interfaced

at the pumping frequency of 9 Hz (see Fig. 9b). The

expander inlet temperatures were relatively constant for the

pumping frequencies of less than 9 Hz, but they were

sharply reduced beyond the pumping frequency of 9 Hz.

We note that the whole evaporator length consisted of a

subcooled liquid section, an evaporating isothermal section

and a superheated vapor section. The operating pressure

and R123 mass flow rate influenced the lengths of these

sections and the heat received from the heat source. In the

FET region, the mass flow rate was relatively small. The
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Fig. 8 (Color online) The R123 mass flow rates followed by the

change of pumping frequencies
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Fig. 9 (Color online) The pressures (a), temperatures (b) and vapor

superheats (c) at the expander inlet at each pumping frequency level

(FET refers to fixed expander temperature, DET refers to decreased

expander temperature)
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evaporator had sufficient heat transfer area. Thus, the

superheated vapor section was significantly long to have a

higher vapor temperature at the evaporator outlet, which

was only several degrees lower than that of the conductive

oil. Thus, the vapor temperature at the expander inlet was

maintained to the level of about 146 �C. In the DET region,

the increased R123 mass flow rate further shortened the

superheated vapor section. Thus, the vapor temperature at

the expander inlet was sharply reduced with increases in

the R123 flow rates.

There are two factors affecting the vapor superheat at

the expander inlet. On the one hand, the increased vapor

pressures increased the vapor saturation temperature. On

the other hand, the increased R123 flow rates either

maintained constant temperatures or decreased tempera-

tures at the expander inlet (see Fig. 9b). Thus, the com-

prehensive effect caused the decreased vapor superheats at

the expander inlet (see Fig. 9c).

Figure 10 shows the pressures and temperatures at the

expander outlet. The similar trends of those at the expander

inlet can be seen. The expander outlet pressures were

increased to a stable value at each new pumping frequency.

Because the increased R123 mass flow rate increased the

pressure drop in the condenser, the vapor pressure at the

expander outlet was raised by about 10–15 kPa at each

increase of the pumping frequency. The outlet expander

temperatures had similar response as the expander inlet

temperatures (see Fig. 9b). They were slightly changed at

low pumping frequencies of less than 9 Hz, but were

sharply decreased beyond the pumping frequency of 9 Hz.

During the whole test, the temperature difference between

the expander inlet and outlet was about 40 �C. The

expander outlet temperature was about 75 �C at the

pumping frequency of 11 Hz, indicating that part of the

heat could still be recovered by an internal heat exchanger.

Figure 11 shows the rotating speed and shaft power. We

note that the shaft power is the product of the shaft torque

and the rotating speed. Because the shaft torque was fixed

here, the rotating speed and shaft power are proportional to

each other. The two parameters were increased at the

pumping frequency of less than 10 Hz, but they attained the

saturation values beyond the pumping frequency of 10 Hz.
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Fig. 10 (Color online) The pressures (a) and temperatures (b) at the

expander outlet at each pumping frequency level
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Fig. 11 (Color online) The rotating speed (a) and shaft power (b) of

the expander at each pumping frequency level
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The phenomenon of saturation rotating speed and shaft

power was explained here. We note that the mass flow rate

is the product of the volume flow rate and the vapor density,

while the volume flow rate is determined by the expander

rotating speed. Thus, the increase of the mass flow rate can

be caused by the increases of the rotating speed and/or the

vapor density. When the rotating speed attained a specific

value, various exergy destructions in the expander limited

the further rise of the rotating speed. Under such circum-

stance, the increased mass flow rates were majorly caused

by the increased vapor density in the expander. Thus, the

saturation rotating speed and shaft power were reached.

In addition to the above findings, this study observed

the weakened expander performance when the near-satu-

rated vapor entered the expander. It can be seen from

Fig. 9c that the vapor superheat was only a couple of

degrees at the pumping frequency of 11 Hz. The so-called

two-phase expansion in the expander reduced and fluc-

tuated the rotating speed of the expander, due to the

increased resistance when liquid droplets were involved.

The slowed rotating speed further decreased the expander

shaft power. Thus, the near-saturated vapor condition at

the expander inlet should be avoided for the ORC

operating.

3.3 The calculated thermal efficiency and shaft power

versus the measured values

Table 4 shows the summarized parameters in this study. For

each run, the R123 mass flow rate, shaft torque (represented

by ‘‘T’’), heat received from the heat source (conductive oil),

shaft power, expansion ratio (represented by ‘‘R’’), isentro-

pic efficiency of the expander, pumping power and thermal

efficiency were listed, in which the shaft power, pumping

power and thermal efficiency were the measured values and

processed by Eqs. (7) and (8). The last three rows of Table 4

were the calculated shaft power, pumping power and ther-

mal efficiency, based on the enthalpy difference across each

component (see Eqs. (2)–(6)). The enthalpies were deter-

mined by the fluid pressures and temperatures at various

locations. The following findings were identified.

3.3.1 The isentropic and thermal efficiency

The expander isentropic efficiencies and the ORC thermal

efficiencies were different from case to case. For the con-

stant mass flow rate operating mode, the increase of the

shaft torque raised the expander isentropic efficiency and

the ORC thermal efficiency. Alternatively, for the constant

shaft torque operating mode, the increased mass flow rate

decreased the expander isentropic efficiency and the ORC

thermal efficiency. The expander isentropic efficiencies

were in the range of 53.8 %–87.9 %, and the measured

ORC thermal efficiencies (subtracting the pumping power)

had the range of 3.29 %–5.31 %.

3.3.2 The measured and calculated thermal efficiencies

and shaft powers

The available ORC thermal efficiencies were determined

by the enthalpy differences across components in the open

literature. The measured thermal efficiencies were seldom

reported. Here, we compared the measured shaft power,

pumping power and thermal efficiency with the calculated

values (see the last three columns in Table 4). The mea-

sured shaft power and ORC thermal efficiency were lower

than the enthalpy determined values. The measured

pumping powers were larger than the enthalpy determined

values. The calculated ORC thermal efficiencies were in

the range of 4.07 %–9.46 % at the heat source temperature

of about 150 �C, which were consistent with the predicted

values reported in Refs. [18, 22]. The measured ORC

thermal efficiencies were about 53 %–65 % of the calcu-

lated values. For instance, the maximum measured thermal

efficiency was 5.31 %, which was 56 % of the calculated

value (9.46 %). The losses mentioned in Sect. 2.1.2 shrink

the power output and cannot be reflected in the measured

temperature and pressure.

It is noted that the losses of the shaft power and thermal

efficiency were different for different expanders. These

data should be further collected for practical ORC appli-

cations. Based on this study, the scroll expander could

convert about 5.3 % of the heat into useful power at the

heat source temperature of 150 �C.

4 Conclusions

Even though there are many studies on ORCs, the devel-

opment of ORCs is still in the infancy stage. Most of

previous studies focused on the thermodynamic analysis of

the ORCs. The detailed measurements of various parame-

ters were seldom reported. This study reported the design,

construction and test of an ORC with R123 as the working

fluid. The scroll expander was modified from a bus-used

compressor for air-conditioning systems. The shaft torque,

rotating speed and shaft power of the expander were

measured by an AC dynamometer unit. The ORC system

could be operating well either in the constant mass flow

rate operating mode, or in the constant shaft torque oper-

ating mode. The detailed response with respect to the

changed shaft torque or the mass flow rate was thoroughly

analyzed. For both operating modes, it was found that the

shaft power could reach a saturation value that was the

maximum value one could use. Various exergy destruc-

tions in the expander limited the further growth of the shaft
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power of the expander. The measured shaft power and

ORC thermal efficiency were lower than the enthalpy

determined values. At the heat source temperature of

150 �C, the maximum thermal efficiency and shaft power

reached about 5.3 % and 2.63 kW, in contrast to the

enthalpy determined values of about 9.5 % and 3.87 kW.
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