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ABSTRACT

Organic Rankine cycle (ORC) has become a promising energy harvesting technique to recover thermal
energy from low-grade heat sources. In this study, a lab-scale ORC system has been designed, constructed,
and tested to investigate the potential of utilizing the heat from hot water, which is used to simulate the
jacket water of internal combustion engines. The ORC system employs an oil-free scroll expander with
R245fa as working fluid. A wide range of operating conditions has been studied by adjusting the pump
frequency, the load and the mass flow rate of cooling water. Effect of the superheat degree at the
expander inlet was investigated and the results showed that the ORC system presented better perfor-

ARTICLE HISTORY
Received 21 September 2020
Accepted 17 December 2020

KEYWORDS

Organic Rankine cycle;
experiment; pressure ratio;
waste heat recovery;
superheat

mance with superheat of 0. It is concluded that the system should be controlled to maintain the least
possible superheat degree to obtain higher power output and better efficiency. The maximum electric
power output and the maximum thermal efficiency are 0.61 kW and 4.09%, respectively, when the heat
source is 96.8°C. The power consumed by the pump ranges from 0.07 to 0.18 kW, which accounts for 22 to

39% of the power output of ORC.

1. Introduction

Heat loss is one of the main challenges in power produc-
tion, whether from conventional or renewable sources. The
wasted energy often stems from limitations of the power
conversion process. In a typical gas or coal-fired power
plant, about 40 to 50% of the input energy from the fuel
is wasted in terms of thermal energy. The loss is even larger
for the typical internal combustion engine: almost 60% in
terms of exhaust gases and the jacket water (Shu et al.
2013). A significant portion of the waste heat can be recov-
ered and utilized to make a contribution to energy efficiency
enhancement and Greenhouse Gas Emission reduction tar-
gets. The vast majority of this energy, is normally available
at low temperatures below 95 °C, which makes it difficult to
use directly within the plant or converted economically to
electrical power using conventional steam Rankine cycle
(Liang et al. 2018, 2014).

Compared with the conventional steam Rankine cycle,
the Organic Rankine cycle (ORC) using organic working
fluid is capable to realize more eflicient expander and
show better thermodynamic performance at low heat source
temperature (Liang et al. 2019). Subsequently, it is taken as
one of the most promising techniques for low/medium
grade heat to power conversion for its low maintenance,
favorable operating pressures and autonomous operation
(Jiang et al. 2017). Many theoretical studies present promis-
ing potential in the field of waste heat recovery, and the
temperature of heat source ranges from 60 °C to 350 °C. In
order to improve the ORC system performance, a series
studies on working fluid selection (Bao and Zhao 2013;

Liang and Yu 2019), architectures (Lecompte et al. 2015)
and design and optimization of components (Bao and Zhao
2013; Hatami, Ganji, and Gorji-Bandpy 2014) were car-
ried out.

In the past decade, the research on ORC is gradually
shifting from the theoretical analysis to experimental
research since the experiment can present some practical
problems that might be ignored in the simulation process.
Different factors were considered for the optimization of the
system performance. Kang (2012) examined an ORC using
a radial turbine with R245fa and the test results indicated
that the maximum cycle efficiency and electric power are
5.22% and 32.7 kW, respectively. The performance of the
turbine is also evaluated, with a maximum turbine efficiency
of 78.7%. Li et al. (2015) experimentally studied the effect of
heat source temperature on a regenerative ORC perfor-
mance and the results indicated that the thermal efficiency
and turbine isentropic efficiency of ORC with R123 are
higher than that of the conventional Rankine cycle by
approximately 5.9 and 24%, respectively. Yang et al. (2016)
conducted an experimental research and studied the ORC
performance by adjusting the pump rotation speed and the
heat sink temperature. They found that the pressure drop in
the expander had a significant effect on the ORC perfor-
mance, and the superheat influences the thermal efficiency
more than the electrical output. Hsu, Chiang, and Yen
(2014) presented an experimental investigation of a 50 kW
organic Rankine cycle system with a hermetic screw expan-
der using R245fa as working fluid. The effect of the pressure
expansion ratio, ORC mass flow rate and superheat degree
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was conducted by adjusting the rotational speed of the
pump. The ORC performance was also evaluated by adjust-
ing the heat source temperature. The results showed that
maximum expander isentropic efficiency and the relative
cycle efficiency are 72.4 and 10.5%, respectively, when it is
operated with an evaporation temperature of 101 °C and
condensation temperature of 45 °C. Declaye (2013) studied
the inlet pressure, outlet pressure and rotational speed on
the expander performance in the ORC with R245fa as work-
ing fluid. They found that the power to heat ratio varies
from 1.9% to 11.8%. Thermal oil was used in Unamba’s
study to enhance the heat source temperature to 100, 120 ,
and 140 °C, and a maximum net power output of
508 + 2 W is obtained for heat source at 140 °C.
Muhammad et al. (2015) studied the effect of superheating
at expander inlet and concluded that increases of super-
heating by 1 °C reduces thermal efficiency by 0.021% for
their ORC rig. It is proposed that the least superheat degree
at evaporator can maintain optimum cycle performance in
the ORC system.

There are also some experimental researches on the com-
parison between different working fluids (including both pure
working fluid and mixture), to figure out the suitable working
fluid for different applications. In general, the criteria for work-
ing fluid selection are mainly based on the application field (e.g.
the heating source characteristics), the fluid properties (e.g.,
boiling temperature, latent heat, heat transfer characteristics,
thermal stability) (Liang et al. 2020), safety, as well as the cost
of working fluid (Qiu et al. 2011). Ling et al. (2017) conducted
comparison of organic Rankine cycle system by using R245fa,
R123, and their mixtures. The results indicated that the mix-
ture owns a better performance thermodynamic performance
and a 0.67 R245fa/0.33R123 mixture presents the maximum
net electricity output. Since R123 is phasing out due to its high
global warning potential (GWP), R245fa has become the most
commonly used working fluid of ORC (Declaye et al. 2013;
Desideri et al. 2016), which is normally targeted to the low-
temperature heat source. Some researchers attempted to search
working fluid with good thermal stability for high-temperature
application (Drescher and Briiggemann 2007; Farrokhi, Noie,
and Akbarzadeh 2014). In order to avoid the decomposition
issue of organic working fluid, Dai et al. (2016) designed a test
system to evaluate the thermal stability of some hydrofluoro-
carbons, which will be used in supercritical ORC. In order to
achieve a better heat transfer between the heat source and the
working fluid, zeotropic mixture was proposed to be used due
to its temperature slide during the phase change process. Pang
et al. (2017) and Abadi, Yun, and Kim (2015) investigated the
ORC with zeotropic mixture. Their results indicate that the
performance with zeotropic mixture is not always better than
that with pure working fluid.

Although there have been already numerous experi-
mental studies on ORC, most of them were carried out
under certain working conditions, and the power con-
sumption of the pump were not considered. In order to
fully explore the economical viability of small-scall ORC
systems, numerous experimental data that take into
account the actual operation process of ORC are needed
for the performance assessment and simulation modeling
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development. In the present paper, a comprehensive ana-
lysis of a lab-scale ORC with an oil-free scroll expander
was performed to make heat utilization from hot water.
The electric power consumption of the cycle pump is
measure for assessment of the system performance. The
effect of the heat source temperature, heat sink tempera-
ture, flow rate of working fluid, and load were taken into
consideration, aiming to take into account the effect of
figure out the potential of the system and the optimal
operation condition that corresponded to maximum net
power output.

2, System description

A 1 kW ORC system, with R245fa as the working fluid, was
designed, constructed and tested to make use of hot water
(90-97°C), which is heated by a 18 kW water heater. The hot
water temperature is controlled by a proportion-integral-
derivative (PID) controller, which adjusts the power of the
heater match the measured temperature with the set tempera-
ture. Meanwhile, the temperature of the cooling water is also
adjustable.

As shown in (Figure.1(a)), the ORC system consists of
a evaporator, a condenser, a diaphragm pump driven by
a motor, an oil-free scroll expander integrated with a single
phase electric generator. In this system, the motor is wired with
a variable-frequency inverter, which is used to regulate the flow
rate of working fluid. In this system, the generated electrical
power is consumed by the loads (lamps or resistance heaters),
which are wired in parallel. The rated powers of lamp and
resistance heater are 400 W and 750 W, respectively. A 7.2 L
tank, located at the outlet of the condenser, is used for the
storage of working fluid R245fa.

K-type thermocouples and pressure transducers, with accu-
racy of 1% of the measured value, are installed at both the
inlet and outlet of each component. A Hall Effect turbine flow-
meter with an accuracy of +0.75% of the measured value was
installed at the outlet of the pump. At the front of the flow
meter, a filter is used to filter out the impurities of the working
fluid that flows into the flow meter clean. A power meter was
connected with the loads to indicate the electric energy output,
including the voltage, current and power. A Hall Effect turbine
flow meter with accuracy of £3% is used to measure the flow
rate of the cooling water. All the main components and test
equipment are listed in Table 1. The schematic diagram and
photo of the experimental setup are shown in (Figure.1(a)) and
Figure.1(b)) respectively.

In the ORC prototype, 1 kW oil-free semi-hermetic scroll
expander is used to convert heat to power. Scroll expander
belongs to volumetric expander, which is characterized by
a built-in volume ratio. The expansion volume ratio is defined
as the ratio of working fluid-specific volumes calculated from
the measured temperature and pressure at the expander inlet
and outlet (Lemort et al. 2009).

Vout,ex(Tout,Pout)
Viatio = ————— (1)
Vin,ex(Tin,Pin)



814 Y. LIANG AND Z. YU

Water heater

Pump 1 PID cohtroller IB] Flow meter 1

® q

== @f@ Safety valve
1G0] Drv
Flow meter 2 Evaporator
P 2
o CH— Expander
Load
Generator

Sight glass

— P o
o o

Filter —

Receiver Pump 3 I:gl Flow meter 3

Condenser

Water thermostat system

(a) Schematic diagram of the ORC system

Condenser Load

Frequency invertor

Expander & Generator

Flow meter
Evaporator

Motor & Pump

Pressure transducer
(b) The photo of the ORC prototype

Figure 1. (a) Schematic diagram of the ORC system. (b) The photo of the ORC prototype.

Wherein, the v, T, and P represent the specific volume, tem-
perature, and pressure of the working fluid.

Correspondingly, the pressure ratio is defined as ratio of the
measured pressure at the expander inlet to the measured pres- The heat transferred in the Evaporator and Condenser can be
sure at the expander outlet. calculated as the following:

Pin,ex

Pout,ex

)

Pratio =



Table 1. Specifications of main components and test equipment.

Components Specifications

Expander Rated power of 1 kW, oil-free, Scroll type, maximum
speed of 3600 rpm, volume ratio 3.5

Generator Connected to expander, 50 Hz, single phase

Condenser Two plate type heat exchangers in parallel

Evaporator Plate type heat exchanger

Pump Hydra-Cell sealless diaphragm pump

Motor 0.37 kW, 6 pole 400 volt 3 phase 50 Hz IP55 inverter rated

Power meter

Pressure sensor

Thermocouple

Rotational speed
sensor

Flow meter of
cooling water

motor

Measuring error 0.1 (Frequency) Hz, accuracy of 0.3% F.
S. voltage and current

PX319-500A5V, error band(0-500Psig) 1% of absolute
(low pressure)
PX419-750AV, error band(0-750Psig) 1% of absolute
(high pressure)

K type, 310 Stainless Steel Sheath (1100°C) accuracy
+0.4%

Testo 460, 100 ~ 30000rpm, £0.1% measured value
(100 ~ 9999rpm), £0.02% measured value
(10000 ~ 30000rpm)

Turbine Flow Sensor, 2 L/min~30 L/min, 3% of the
normal range

Qeva = my (hout,eva - hin,em) (3)

Qcond = my (hin,cond - hout,cond) (4)

Wherein, the Q, m, and h represent the heat capacity, mass flow
rate and enthalpy, respectively.
The efliciency of the expander is defined as:

Wexp

Nexp = (5)
i my (hin,exp - hout,exp)
The measured efficiency of ORC can be defined as:
Wnet
= e (6)
Nore Qe
Wiet = Wexp — Wp (7)

Wherein, the # and W represent the efficiency and power,
respectively.

3. Operation conditions

To study the effects of mass flow rate of working fluid, the
pressure ratio and the load over the performance of the ORC,
the following tests were performed:

(1) Test 1: The temperatures of the hot water (heat source)
and cooling water (heat sink) are fixed to be 95°C and
19.8 °C, respectively. The mass flow rate of hot water and
cooling water are kept constant during the test. The mass
flow rate of the working fluid is adjusted by changing the
frequency of the circulation pump from 10 to 30 Hz.

(2) Test 2: The temperatures of the hot water and cooling
water are fixed to be 95°C and 18.8 °C, respectively.
Three resistance heaters are wired in parallel, acting as
the load of the ORC system.

(3) Test 3: The temperature of the hot water was kept at
94.5 °C. During the test, the mass flow rate of working
fluid is fixed with the circulation pump running at
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20 Hz. The condensation temperature was regulated
by adjusting the mass flow rate of the cooling water.

4. Results and discussion
4.1. Effect of the mass flow rate and the load

A series of experiments have been performed to evaluate the
system performance against a range of parameters, including
the mass flow rate of working fluid, the mass flow rate of the
cooling water and the load.

4.1.1. Test 1
In this test, the generated power by the expander-generator unit
is consumed by several lamps, which are wired in parallel. Each
lamp is controlled by a switch whether it is energized or not. The
electric load resistance can be regulated through the switches.
Figure 2 shows the effect of circulation pump frequency on the
mass flow rate of working fluid. From the curves, we can observe
that the mass flow rate increases with the increasing pump fre-
quency. In the test system, the circulation pump used is a positive
displacement pump that uses a combination of the reciprocating
action of rubber diaphragm and suitable valves on either side of
the diaphragm to pump the fluid. As the pump frequency
increases, the increasing reciprocating motion frequency leads to
an increase in the mass flow rate proportionally. It allows for an
accurate control of the superheat degree at the evaporator outlet.
Furthermore, the mass flow rate is also affected by the load. In
respect to the effect of load, when the load is switched from 2
lamps to 4 lamps, the back pressure of pump is found to be
enhanced while the rotation speed of the expander becomes
lower even with the same pump frequency. During this process,
the leakage becomes greater, causing the flow rate becomes smal-
ler with higher load (Lemort et al. 2009).However, the difference
of the flow rate between 2 lamps and 3 lamps is minor. This may
be due to the reason that the pressure difference of the back
pressure of the pump (also the inlet pressure of the expander) is
minor between 2 lamps and 3 lamps(shown inFigure 4), which
may be caused by unsteady heat source temperature and heat sink.
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‘ ® Load=3L A
A Load=2L ¢ 4
0.06 ®
. [ ]
= 0.05 L ) "
2 ¢ =
e ¢ gam
: 0.04 ¢ "
| |
2 0.03 4 2w
.

= e "

0024 "

0.01

T T T T T T T T T T T
8§ 10 12 14 16 18 20 22 24 26 28 30 32
Circulation pump frequency [Hz]

Figure 2. Variation of mass flow rate with circulation pump frequency.
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Figure 3 shows the variation of working fluid temperature
and superheat at the expander inlet. Generally, the pressure
inside the evaporator is closely relative to both the pump
frequency and the load connected to the expander-generator
unit. When the system is operated with a small flow rate, the
pressure at the evaporator inlet is low and the temperature
difference between the heat source and the working fluid
after heat transfer is minor. As a result, the corresponding
superheat degree is high. When the circulation pump fre-
quency increases, the superheat degree shows an evident
decreasing trend although the variation of the inlet tempera-
ture at the evaporator is minor. This is because the evapora-
tion temperature increases with the pressure in the
evaporator as the mass flow rate increases. The superheat
degree becomes 0 when the pump is operated between 25
and 27 Hz. The superheat degree of 0 is found to appear
earlier when it is running with higher load. After that,
a dramatic decrease in the working fluid temperature appears
if the flow rate keeps increasing further. This is because, for
a certain heat exchanger, the heat transfer area is fixed.
Although increasing the mass flow rate can enhance the
heat exchange, the increased heat exchange is insufficient to

support the evaporation of all the working fluid after the
superheat degree becomes 0. With the further increase of
the flow rate, the working fluid rapidly enters the liquid
phase region from the two-phase region, leading to sharp
decline in the working fluid temperature.

Furthermore, while the load is higher, the pressure increases
sharply with the mass flow rate, as shown in (Figure 4). And its
corresponding saturation temperature also increases. The phe-
nomenon of the working fluid entering into two phase region
appears earlier when the ORC is operated with a heavier load
when increasing the flow rate of working fluid.

In ORC cycle, the pressures at the expander inlet and output
represent the evaporation pressure and the condensation pressure
and these two parameters affect the expansion process across the
expander. (Figure 4) presents the variation of the inlet and outlet
pressure of expander. It is evident that the inlet pressure increases
dramatically by increasing the flow rate, and the system will run
with a higher evaporation pressure for a higher load condition.
This lie in the fact that for the same mass flow rate, the rotation
speed of the expander becomes smaller and the pressure differ-
ence across the expander is enhanced while increasing the load
from 2 lamps to 4 lamps. However, the inlet pressure keeps
almost unchanged after the superheat becomes below 0 °C
though the mass flow rate keeps increasing.

As it can be seen from (Figure 5), as the flow rate of working
fluid increases, the rotation speed of expander firstly increases,
and then begin to decrease after a peak. The peak appears at the
condition that corresponds to the superheat degree of 0. For
a given mass flow rate, the expander rotates faster when the
generator is operated with a lower load. The measured maximum
rotation speed is over 2600 rpm when it is running with 2 lamps.

From (Figure 6), we can find that the power output and the
net power output show the same trend, both increasing first
and then decreasing as the flow rate of ORC working fluid
increases. Moreover, the peaks appear when the superheat
degree at the expander inlet becomes 0. As the flow rate of
working fluid increases, more heat is needed to be transferred
from hot water to the working fluid in the evaporator. For the
same heat source, as the mass flow rate of working fluid
increases, the superheat degree of the vapor gradually decreases
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Figure 5. Variation of the expander rotation speed with mass flow rate.
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until 0. If the mass flow rate of working fluid increases further,
the working fluid at the expander inlet will enter two phase
region. As a result, the expander’s power output decreases.
That’s why the peak net power output appears when the work-
ing fluid is not superheated. Therefore, in order to obtain
a better system performance, the system should be controlled
to maintain the least possible superheat degree at the expander
inlet. The results also show that the power consumed by the
pump ranges from 0.07 to 0.18 kW, which accounts 22 to 39%
of the power output of expander-generator unit. The maxi-
mum power outputs of the expander-generator unit are 0.57,
0.59, and 0.54 kW, respectively, when their loads are 4 lamps, 3
lamps and 2 lamps in parallel, respectively. The corresponding
maximum net power output is 0.43 kW, 0.44 kW and 0.38 kW,
respectively.

In the ORC system, the electrical energy generated by the
expander-generator unit is consumed by the loads(lamps, hea-
ters and so on). The output of the generator is measured in
terms of voltage and the current, as shown in (Figure 7). The
tested result indicates that both voltage and current increase
first and then decrease. The peak values of these curves are also
found under the conditions with superheat degree of 0, which

9
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Figure 7. Voltage and current output from the generator under different loads.
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correspond to the maximum power output moment in (Figure
6). A higher voltage can be achieved when the generator is
connected with less lamps and the maximum voltage for 2
lamps is 174 V. However, its corresponding current is lower
than that under the conditions with more lamps.

The positive displacement expander that has a fixed built-in
volume ratio is commonly used in the small-scale ORC. In our
test rig, a scroll expander with built-in volumetric ratio of 3.5 is
used in this study. (Figure 8) shows the relationship between
the pressure ratio and the volume ratio, and only the super-
heated conditions are studied in this part. Results in (Figure 8)
indicate that the scatter is a bit deviated away from the y = x
line when the pressure ratio higher than 3.75. It means that the
pressure ratio is not exactly equal to the pressure ratio since the
refrigerant is not an ideal gas. It is seen that the corresponding
built-in pressure ratio is also about 3.5. However, the expander
is normally running under the off-design condition at most of
the time due to the fixed built-in volume ratio and the instabil-
ity in the heat source conditions, variation of the mass flow rate
and the loads. The mismatching between built-in and actual
expansion ratio affects the expander efficiency greatly in the
practical application, including the impact of under and over
expansion on the ORC performance at off-design condition. It
is recommended to be operated at the built-in volume ratio to
obtain a better performance.

The results above include both the superheated and the two-
phased conditions. From the above analysis we can learn that
the superheated working fluid is commended to obtain a better
performance, although the scroll expander can handle the two
phase expansion. Therefore, the following results only consider
the superheated condition.

The overall efficiency of the expander-generator is defined
as the measured power output to the heat energy difference
between the expander inlet and outlet. It can be taken as the
combination of the expander efficiency and the generator effi-
ciency. The overall efficiencies with different loads have similar
variation trend, all increasing first and then fluctuating with the
increase of flow rate. When the system is running with 4 lamps
as load, the overall efficiency of the expander-generator unit is
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Figure 8. Variations of pressure ratio and the volumetric ratio with mass flow rate
when it is superheated.
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the maximum under the same mass flow rate. This can be
illustrated by the fact that the rotation speed of the expander
increases as the mass flow rate is enhanced. As regarding to the
expander, the isentropic efficiency will have a peak value
around the built-in volumetric ratio, while the expander
mechanical efficiency will increase at small flow rate and then
become unchanged, according to Ref (Bao, Wang, and Roskilly
2014). The results also agree well with the research by Lemort,
Declaye, and Quoilin (2011): at low rotating speed, the relative
impact of leakage on the performance is predominant. On the
contrary, at higher speed, the predominant sources of ineffi-
ciency are the mechanical loss and the inlet pressure drop. The
generator efficiency would have an optimum efficiency under
its rated rotation speed of 3000 rpm. The combined effect of
these two components, as well as the unstable heat source and
heat sink, lead to the overall efficiency shown in (Figure 9).
Among all the tested conditions, the maximum overall effi-
ciency for 4 lamps, 3 lamps and 2 lamps are 0.80, 0.66, and 0.57,
respectively.

Thermal efficiency is a key index to evaluate an ORC system.
It is defined as ratio of the electricity output to the measured
heat input to the working fluid. During the test, all the opera-
tion parameters (the mass flow rate, the pressure and the
temperature etc.) vary when the pump frequency is regulated.
As shown in (Figure 10), the thermal efficiency increases with
the raise of pressure ratio when the load is 3 lamps and 4 lamps,
which can be illustrated by the fact that the power output
increases with the mass flow rate (in Figure 6). The maximum
thermal efficiency among all the considered conditions
is 4.09%.

However, when the load is 2 lamps, the thermal efficiency
decreases when the pressure ratio is higher than 4 and a peak
efficiency occurs. As mentioned above, when the ORC is oper-
ated with a higher load, the mechanical loss accounts for only
a small part of the converted energy for its low rotation speed.
While load is reduced, the proportion of the mechanical loss
accounts for a big part due to the high rotation speed of the
expander. For the idle condition, the friction will consume all
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Figure 9. Overall efficiency of the expander-generator unit under superheated
conditions.
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Figure 10. Thermal efficiency of the ORC under different pressure ratios with
different loads.

the power generated by the expander and there is no power
output. From this perspective of system efficiency, this ORC
system is recommended to operate under the medium high
load conditions. According Lemort’s study (2011), the value of
the pressure ratio that maximizes the isentropic efficiency is
not constant for all rotation speeds. That can explain why
a peak value appears when the pressure ratio is 4 for 2 lamp
condition, while 3 and 4 lamps conditions do not appear yet
during the test.

4.1.2. Test2
Based on the aforementioned results, it is concluded that the
ORC performs better when the ORC is operated with a higher
load. Consequently, the lamps has been replaced by 3 heaters of
750 W in parallel for consideration. The heat source tempera-
ture is 95 °C, and the cooling water temperature is 18.7 °C.
During this test, the mass flow rate of working fluid is con-
trolled by adjusting the pump frequency, from 10 to 27 Hz.
(Figure 11) indicates the power and net power output when
the generator is connected with 3 heaters of 750 W in parallel.
It can be seen that the variation trend is similar to that shown
in (Figure 6), increasing first and then decreasing with the raise
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Figure 11. Variation of power output and net power output.



of flow rate. The peak values of power output and net power
output are 0.61 and 0.46 kW, respectively, when the mass flow
rate is 0.055 kg/s. We also notice that the gap between the
power output and net power output, namely the work con-
sumed by the pump, increases with the mass flow rate of
working fluid owning to the grown load.

(Figure 12) and (Figure 13) present the influence of the
pressure ratio on the performance of the expander-generator
unit and the ORC system, respectively. The results indicate that
the pressure ratio ranges between 3 and 5.25 when the pump
frequency is regulated from 10 to 27 Hz. Both the overall
efficiency of the expander-generator unit and thermal effi-
ciency increase with the raise of pressure ratio. Ideally, the
maximum expander efliciency would occur at the built-in
pressure ratio. However, due to the pressure drop, friction,
and irreversibility of flow inside the expander, the optimum
performance can be achieved when its practical pressure ratio
is higher than the built-in pressure ratio.
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Figure 12. Effect of pressure ratio on the overall efficiency of expander-generator
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4.2. Test3

An experimental test was performed to study the effect of
condensation temperature on the ORC performance in this
part. It is well known that the condensation temperature can
be regulated by changing either the inlet temperature or the
flow rate of the cooling water. During this test, the condensa-
tion temperature was regulated by adjusting the flow rate of the
cooling water.

(Figure 14) shows the effect of condensation temperature on
the net power output and thermal efficiency. The condensation
temperature ranges from 284 K to 311 K. It is evident that both
the net power output and the thermal efficiency decline when
the condensation temperature increases. As the condensation
temperature is enhanced, the enthalpy difference between the
expander inlet and outlet becomes smaller, the heat absorbs by
working fluid per unit becomes less during the evaporation
process although the power output also decreases. In that case,
the outlet temperature of the exhaust gas becomes higher and
less energy will be recycled by the ORC. In general, a low
condensation temperature is preferred for the ORC power
generation cycle.

Figure 15 shows the variation of the pressure ratio and the
overall efficiency of the expander-generator unit with differ-
ent condensation temperatures. In this test, the flow rate of
working fluid is kept unchanged, and the heat source (hot
water) supplied to the evaporator remains the same.
Therefore, as the mass flow rate of the heat sink (cooling
water) declines, the condensation temperature is enhanced.
In that case, both the pressure at the expander inlet and
outlet increase while the growth of the outlet pressure is
greater, leading to a lower pressure ratio. Therefore, the
overall efficiency of the expander decreases as well.

5. Conclusion

In this paper, a lab-scale ORC prototype has been designed,
constructed and tested. The system aims to explore the poten-
tial in recovering the low-temperature heat contained in the
jacket water of internal combustion engine. The performance
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of ORC system has been evaluated under different working
conditions to study the effect of flow rate of working fluid, load
and condensation temperature. The conclusions are given as
following.

(1) The best performance of ORC can be obtained when the
system is operated with superheat degree of 0.

(2) The maximum power output and net power output are
0.61 and 0.46 kW, respectively, and the corresponding
thermal efficiency is about 3.5% when the heat source
temperature is about 95 °C.

(3) The maximum overall efficiency of the expander-
generator unit can be reached with a pressure ratio
higher than the built-in pressure ratio due to the pres-
sure loss and heat loss issue in practical application.
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