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Abstract- The organic Rankine cycle (ORC) has been using to convert renewable energy, such as waste heat, solar energy,
geothermal energy and so on, to mechanical energy or electrical energy. In general, these kinds of renewable energies cannot
be constantly supplied, and so the ORC should operate at various working conditions. For example, waste energy at a factory is
usually varied depending on the type of production process. Hence, the ORC must be operated at off-design points due to the
fluctuation of the available thermal energy. Its performance at off-design points can be worse than expected, since the
components used in the ORC system are matched to the design point. When the ORC system is operated at a far off-design
point, its output does not reflect its actual performance. This study investigated the performance of an ORC operating at far
off-design points with components that were appropriately matched to its operating condition. In order to investigate the effect
of the components used in the ORC system, the experimental results were compared with the performance of the ORC that was
designed with components matched to the design point. The compared results showed that the efficiency of the ORC system at
far off-design points could be greatly improved when the components used in the ORC system were matched appropriately to
the actual ORC operating condition.

Keywords Low Thermal Energy Recovery, Fluctuating Thermal Energy, Experiment, Organic Rankine Cycle, Performance
Improvement.

1. Introduction to generate electricity from a thermal energy source achieved

by collecting the sun’s light using reflecting mirrors. Even if

Concerns for climate change due to fossil fuel emissions
and the depletion of fossil fuels have stimulated studies
focused on developing renewable energy technologies and
efforts to increase the proportion of renewable energy in the
world’s total energy consumption. These efforts have also
contributed to the increasing utilization of renewable energy
from various energy sources, including solar, geothermal,
waste heat, ocean energy, biomass, wind energy and so on.
Among renewable energy technologies, the organic Rankine
cycle (ORC) has been used to produce mechanical energy or
electricity from thermal energy. For thermal energy sources
with large capacity and high temperature, the ORC is a
superb energy conversion approach among many feasible
methods. In the case of solar energy, the ORC has been used

an available thermal energy source does not have a high
temperature, the ORC can still be a good energy convertor,
because it can exploit wide differences in temperature [1-5].
For instance, the ORC has been applied to produce electricity
using the temperature difference between the sea surface and
deep sea, which is not possible for any typical power
generator. This advantage also allow the ORC to be used to
generate electricity from waste heat that is discarded in
industries, incinerators, fuel cells and so on.

Unlike typical power generators which can produce
electricity without any difficulty only if a heat source has
enough capacity and a high temperature, the ORC can utilize
a variety of heat sources. In the field of renewable energy,
most studies have focused on developing new energy sources
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or technologies which can utilize sources of energy that are
not suitable for typical power generators. For example, this
would include thermal energy from a heat source that had
small capacity or low temperature. In addition, most thermal
energy is not available continuously, i.e., thermal energy
produced from the sun can vary depending on the
geographical location or time [6, 7], and thermal energy from
the waste heat exhausted by industries also varies depending
on the type of process and operations. However, one of the
advantages of the ORC is that the ORC can still produce
output power even though the available thermal energy
fluctuates.

Many different types of organic compounds can be used
as the operating fluid of an ORC. Accordingly, a large
number of studies have been conducted to determine the
most efficient organic compounds to be used as the ORC
operating fluid [8-15]. The most important characteristics of
the operating fluid have been identified. First of all, the
operating fluid of the ORC should have basic features, such
as high efficiency, as well as non-toxic, low-cost, non-
flammable, low global warming potential, and in particular,
not be damaging to the ozone layer. To meet these
requirements, natural refrigerants like carbon dioxide have
sometimes been applied as the operating fluid of the ORC
instead of other organic compounds [16]. However, carbon
dioxide requires a system can work with high operating
pressure at room temperature. In addition to that limitation,
carbon dioxide has low critical temperature. As a result, most
of operating fluids used for ORCs have been adopted from
among refrigerants reformed from CFC/HFC refrigerants.
However, a fairly wide number of refrigerants have been
recommended for the operating fluid of particular ORC
applications in the previous studies, since the operating
performance of each refrigerant is dependent on the specific
operating conditions of the ORC system being tested.

In previous ORC studies, many investigations have
focused on improving the expander, because it is a core
component in the conversion of thermal energy to
mechanical energy. Depending on the available thermal
energy capacity and its temperature, many different types of
expanders have been adopted, including scroll, vane, screw,
reciprocating, piston, turbo types, and so on [17-21]. While
displacement type expanders have typically been used for
small output power, turbo type expanders are usually applied
for large output power. If the available thermal energy cannot
be provided continuously, the operating set-point of the
expander needs to be frequently changed. In such cases, the
turbo expander is usually a better option because it can
operate appropriately even at an off-design point.

In ORC applications, the choice of the expander as well
as the operating fluid are critical. However, this choice
ultimately depends on the available thermal energy capacity
and its temperature. Hence, a cycle analysis for the ORC
system should begin by correctly predicting the available
thermal energy capacity and its temperature, and then a
detailed design of the system can proceed.

Since the performance of the ORC is evaluated based on
the output power produced by the generator, the efficiency of
the ORC is affected by the performance of the components

that make up the ORC system. As a result, the proper
selection of components and the accurate design of parts
used in the components are also key to the efficiency of the
ORC. If the ORC operates at an off-design point far from the
optimum design point due to fluctuations in the available
thermal energy capacity, the ORC will not exhibit its true
performance potential, because the components were
designed to operate optimally for a different design point.

In this study, in order to investigate not only variations
in the efficiency of the ORC by adopted components but also
the true performance at a far off-design point, experiments
were conducted on an ORC system (A-model) that was
designed on the basis of the operating condition at a far off-
design point. The experimental results were compared with
the performance of the ORC system (B-model) that adopted
the components designed at on-design point. The same
facility was employed to remove any difference in losses on
the experimental facility. From the comparison of two
experimental results, the effect of components was
investigated in the ORC system when the ORC should be
operated at low output power due to the fluctuation of the
available thermal energy source.

2. Experimental Facility
2.1. Composition of the ORC System

An ORC system was designed with an output power of
30kW to reflect the available thermal energy capacity for the
purpose of utilizing the waste heat exhausted by a small or
medium industry complex. A turbo-expander was adopted
for the ORC because the waste heat available from industrial
processes was not continuous or stable. To accommodate the
situation where the waste heat was not provided
continuously, a turbo-expander was designed to be operated
in partial admission by adjusting the spouting area of the
operating fluid to the expander, since operating in this
condition is known to be more profitable than shutting-down
when the available thermal energy is temporarily reduced.

When selecting the operating fluid, a few adoptable
refrigerants were chosen from the many candidate
refrigerants suggested in previous studies [8-15]. In
particular, consideration was given to ensure that the
operating fluid would be suitable for a system working with
low thermal energy capacity. Since the temperature of the
heat source was low, the evaporation and condensation
temperature of the operating fluid needed to be precisely
considered to properly compose a cycle. Based on these
criteria, R134a, R245fa, R236ea, R245a and so on were
chosen as adoptable refrigerants. Among them, R245fa was
selected as the operating fluid after a cycle analysis
determined it had the best efficiency [22].

Figure 1 shows the experimental facility that was used to
measure the performance of the ORC with a turbo-expander
operating at off-design point. It consists of an evaporator,
regenerator, cooler, expander, generator, pump, tank and so
on. Figure 2 shows the pressure-enthalpy (P-h) curve for the
ORC cycle with the location of each component. During the
process from 6a to 1 shown in Fig. 2, the operating fluid was
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heated on the evaporator using Shell S2 thermal mass oil,
and was changed from liquid to vapor. Then, after expanding
through the nozzle in a state of the high pressure and
temperature, it was used to rotate the rotor in the process
from 1 to 3. This rotating power was converted to electricity
by the generator. A recuperator was used to absorb the
remaining thermal energy after operating the expander in the
process from 3 to 3a. This thermal energy was used to warm
the operating fluid which was supplied from the pump in the
process from 6 to 6a. A cooler was used to change the vapor
to liquid and this liquid was collected in the tank in the
process from 3a to 5. The operating fluid in the tank was
pressurized by the pump in the process from 5 to 6. Then the
operating fluid flowed toward the recuperator in the process
from 6 to 6a. Altogether, these processes constitute one cycle
of the ORC.

Fig. 1. Picture of the experimental
regenerative organic Rankine cycle

facility for the
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Fig. 2. Cycle of the ORC on the P-h curve with measuring
locations

2.2. Instruments

In order to measure the temperature and pressure at the
inlet and exit of each component, nine thermocouple and
pressure sensors were installed. A mass flow meter was
installed between the pump and the recuperator. The power-
meter was used to measure the output power and the
rotational speed of the generator. All data were saved in a PC

using a data logger. Table 1 shows the model and accuracy of
the instruments at full scale.

Table 1. Measuring instruments used in the experiment

Instrument Maker Model Accuracy
Mass Endress+Hauser 80E.15.’ +0.2%
flowmeter Coriolis
Pressure Druck PTX 7500 | <+ 0.05%
sensor
Thermometer Dongyang PT100 +0.2%
Power-meter Yokogawa WT1600 +0.1%
DAQ Omron ZR-RX45 +0.1%

2.3. Design of a Turbo-Expander

To operate the expander in partial admission, the rotor of
the expander should be an impulse type design. With an
impulse type rotor, not only should the blade profile be
designed precisely according to the velocity triangle but the
velocity of the operating fluid should also be determined, to
ensure it is suitable for the expansion ratio. In the design of
the impulse type turbo-expander, the rotor was chosen to a
radial and cantilever type, as shown in Figure 3. The
expander was designed to produce an output power of
29.6kW when operated at 21,000 RPM with a partial
admission rate of 49.2% and a turbine inlet temperature of
110°C. The partial admission rate is defined as the ratio of
the area at the nozzle exit to the area at the rotor inlet. The
performance of the expander on the design point was
predicted, and the design of the rotor was conducted using
the results of the cycle analysis [23].

Fig. 3. Picture of turbine rotor connected to the generator
rotor

For complete expansion in the impulse type expander,
nozzles were adopted instead of a stator. The nozzle was
designed simultaneously with the rotor in order to match the
two parts. The rotor required the nozzle exit velocity to be
Mach number 1.6 since the sonic speed of R245fa in a
saturated state is approximately one third of the speed of
sound. Hence, a convergent-divergent configuration of a
circular cross-section was adopted. The spouting velocity at
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the nozzle exit was obtained based on not only the nozzle
shape but also operating conditions at the nozzle.

Based on the given temperature and pressure at the
nozzle inlet, the convergent region toward the throat was
designed using a nozzle design technique [23] based on the
flow properties of R245fa. These flow properties were
provided to the design program by interconnecting with
Refprop [24]. The flow properties at the throat were used to
design the divergent region, which was iteratively modified
till the required velocity was obtained at the nozzle exit. In
this process, the method of characteristics [25, 26] was
applied because the state of the R245fa remained in the vapor
state during the expansion. The pressure gradient [26] along
the flow direction within the nozzle is derived from the
continuity equation, momentum equation including the
pressure drop that results from the change in the cross-
sectional area, sonic speed, conservation of energy, and
Gibbs equation as follows:

Py VO (e VT
&_(1 ML A {(PV)(as)p+pT}2T D] 1)

where M is Mach number, V is velocity, A is the cross-

sectional area of the nozzle, s is entropy, p is density, T is

temperature, f is friction coefficient, u is specific volume, D
is diameter, and x is flow directional length. If the flow is
chocked in the supersonic nozzle, the mass flowrate cannot
be increased even though the pressure at the nozzle exit is
lowered. Thus, the mass flowrate at the nozzle can be
calculated at the nozzle throat when the flow is chocked. The
designed nozzle shape was finally modified by considering
the turbulent boundary layer thickness [27]. Figure 4 shows
the nozzle shape and the contours of the Mach number within
the nozzle.
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Fig. 4. Mach number contours and nozzle shape designed by
the method of characteristics

2.4. Design of components

Figure 5 shows the cross-sectional view of the turbo-
expander including a rotor, generator, bearings and so on. If
the expander operates at a low turbine inlet temperature and a
low partial admission rate due to the reduced thermal energy,
the system efficiency could be low and this efficiency could
not reflect its actual efficiency. This could happen if some of
its components are not matched to the operating state at a far
off-design point. For instance, if a generator, which was
designed with an output power of 30kW, is actually operated
at a far off-design point with an output power of less than 2
kW, the efficiency of the ORC includes the losses occurred
on the large capacity generator. The core diameter of a large
capacity generator is generally large. As a consequence, its

rotational inertial force is also increased, and its cogging
torque is increased as well. These factors could cause an
increase of the losses on the generator if it is operated at low
input power. Figure 6 shows the generator used in the
experiment for low input power. This generator was designed
on the basis of the output power of 5kW.

rotor

o —

Fig. 6. 5kW generator fabricated for the experiment at off-
design points

A bearing housing was fabricated as shown in Fig. 5,
since the generator was not large enough to allow the rotor to
be directly installed on the shaft of the generator. The rotor
of the expander was installed on a shaft installed in the
bearing housing, and this shaft was supported using two
angular contact ball bearings. The gap between the two
bearings was precisely adjusted using a hollow column so as
not to transfer any axial load to the bearings during assembly
of the parts. The shaft mounting the rotor was connected with
the shaft of the generator using a flexible coupling.

The adoption of the bearing housing required another
additional part to seal the operating fluid in the expander. For
sealing the operating fluid, a seal housing was made for
installation in the bearing housing. Figure 7 shows the seal
housing and seals. Two kinds of seals were applied; a
mechanical seal and a lip seal. Losses from the seal could
greatly affect to the output power of the ORC. In the case of
the mechanical seal, the two seal faces were kept in contact
by a spring force. On a machine producing low output power
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while working in a state of high pressure difference, the
losses of the seal could be significantly increased due to the
strong spring force. In the ORC, if the turbine inlet
temperature decreased, the pressure difference between seal
faces could be decreased. However, the spring force on the
seal face could not be adjusted to match the temperature of
the operating fluid while the ORC was working. For this
reason, the lip seal instead of the mechanical seal was
adopted to prevent losses. The lip seal was also in contact
with the shaft. However, its losses were less than those of the
mechanical seal. This reduction was possible due to the small
shaft diameter, since the losses of the lip seal are affected by
the shaft diameter. The shaft diameter was designed to be 20
mm. The adoption of the lip seal reduced the initial rotational
torque by 50% compared with the mechanical seal.

¢

mechanical seal |

( : A %
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Fig. 7. Seal housing, mechanical seal and lip seal

The electricity generated on the expander was dissipated
on a load bank in the experiment. In addition, the output
power on the expander was controlled by adjusting the
resistances in the load bank. To obtain various resistance
levels in response to variable loads, several resistances in the
load bank were adjusted separately or in combination. If the
variation of the output power is large, the adjusting step of
the output power on the load bank could be large. If the
expander is operated at a far off-design point, such as an
output power of maximum 2 kW, the experiment should be
performed with the more precisely adjusting step with
various small capacity resistances. Hence, a load bank was
fabricated based on the actual output power produced at the
far off-design point. As a result, since the load bank can
finely control the load with various resistances, the output
power of the expander could be obtained at the optimal
operating point.

In order to pressurize the operating fluid, many kinds of
pumps can be applied. In the experiment using a turbo-type
centrifugal pump, the mass flowrate of the operating fluid
from the centrifugal pump was widely varied depending on
the evaporating temperature. To constantly supply the mass
flowrate from the centrifugal pump, a bypass valve was
adopted since this method was better than adjusting the
rotational speed of the pump. When the ORC system was
being operated in a stable state, the turbo-type pump
provided an advantage by constantly delivering the mass
flow rate to the expander. However, the ORC system was
sensitive when it operated at the off-design point. Therefore,
in the experiment at the off-design points, a positive
displacement type pump was adopted. The mass flow rate

was controlled by varying the rotational speed of the pump.
Due to the adoption of the positive displacement type pump,
the mass flow rate pulsated a little. Nonetheless, the system
was insensitive to operation at the off-design point.

3. Results and Discussion

The experiment was conducted using the same
experimental facility to remove any discrepancies between
on the A-model designed at off-design point and on the B-
mode designed at on-design point. Hence, there was no
different thermal losses occurring in different experimental
facilities. In the experiment at off-design point, the mass
flow rate supplied to the expander was controlled by the
number of nozzles used. Maximum three nozzles were used
among nine nozzles. The performance of the ORC was

measured with various turbine inlet temperatures (T, ). In the

experiment, the number of nozzles on the expander was
fixed, and the turbine inlet temperature was adjusted by
controlling the thermal energy absorbed on the evaporator as
well as the mass flow rate supplied from the pump. When the
system was sufficiently stable, the measurement was
performed. This stable operation was the state in which the
thermal energy being absorbed by the operating fluid was
equivalent to the thermal energy supplied from the heat
source. In this state, the operation of the ORC became self-
sustaining.

_ Wout _Wpump (2)
T = 18h, —h,,)

The system efficiency of the ORC was evaluated as in
Eqg. (2). The numerator in Eq. (2) was the actual output
power that was obtained from the output power on the

generator (W_ ) after removing the power consumed by the

out

pump (W_ ). The power consumed by the pump was

pump
estimated to be n¥h,—h;) where h, and h, mean the

total enthalpy at the inlet and exit of the pump, respectively.
The locations used to measure the total enthalpy marked with
numbers in Figure 2. The thermal energy absorbed by the
evaporation was used as the input power for the system
efficiency. It was obtained from the total enthalpy at the inlet

of the evaporator (hg,) and at the inlet of the expander

(hy). Hence, the system efficiency could be increased if the

input power for the system was reduced or the output power
increased. The input power can be reduced if the system uses
more efficient components or the losses on the system are
reduced. In this experiment, the efficiency of the system was
measured after improving the parts linked to the expander
based on the actual output power.

Even if various thermal energies have been used to the
ORC, the available thermal energy could have large capacity
with low temperature or small capacity with high
temperature. Depending on the condition of the available
thermal energy, the number of nozzles on the expander was
controlled based on the turbine inlet temperature. The
experiment was conducted by varying the turbine inlet
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temperature as well as the number of nozzles used. Although
measurements were conducted when the system was
operating in a stable state, the measured results could be
different depending on the state of the operating fluid at the
inlet of the expander. The state of the fluid was determined
by the mass flow rate and the supplied thermal energy, and
consequently it could be wet, saturated, or superheated.
Measurements were performed when the operating fluid at
the inlet of the expander was maintained in a state of
saturated vapor.
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Fig. 8. Comparison of the output power versus turbine inlet
temperature

Figure 8 shows the variation of the output power
produced by the generator with various turbine inlet
temperatures and according to the number of nozzles used.
Not only was the output power on the A-model increased,
but its growth rate was also increased by changes in the
turbine inlet temperature. This increase in output power
resulted from the parts that were designed to match its actual
output power. The increase in output power could mean that
the performance of the ORC was improved if the mass flow
rate was same. Thus, the mass flow rate was checked, as
shown in Fig. 9. The mass flow rate was nearly equivalent to
that of the B-model [28] when the ORC was operated under
the same conditions. Hence, this result meant that the
performance of the A-model was improved.

The variation in the output power showed trends quite
similar to the variation in the turbine inlet temperature. The
output power was naturally increased with increases in the
mass flow rate, or the turbine inlet temperature, but it did not
increase linearly. Its growth rate was increased when the
turbine inlet temperature was increased with a large mass
flow rate. In the results of the output power, a small amount
of output power was obtained when the turbine inlet
temperature was decreased, even to 50°C. It would be
possible to increase this output power by increasing the mass
flow rate, if the system was operating with a large thermal
energy capacity. If the expander is operated with an
increased mass flow rate, the efficiency of the expander is
also improved because the partial admission rate is increased.
In this experiment, the partial admission rate was 5.4 %
when one nozzle was applied.

Figure 9 shows the variation in the mass flow rate
according to the turbine inlet temperature. The difference
between the two experiments was insignificant. This is a
natural outcome because the flow at the exit of the nozzle
was supersonic. A slight difference between the two
experiments could be caused by a difference in the density of
the operating fluid at a superheated temperature. The mass
flow rate in the supersonic nozzle is changed if the
temperature is changed even though it is choked at the throat.
The experimental result also showed that the mass flow rate
was increased when the turbine inlet temperature increased,
since the increase in the turbine inlet temperature was
accompanied by an increase in the density due to the
increased pressure.
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Fig. 9. Variation of the mass flow rate for the various turbine
inlet temperatures
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Fig. 10. Comparison of the specific output power versus
turbine inlet temperature

Figure 10 shows the variation in the specific output
power (w) obtained from the output power with the mass
flow rate. Since the specific output power on the A-model
was increased, its performance was greatly improved.
However, the two experimental results showed similar
trends, for example, the growth rate of the specific output
power was decreased when the number of nozzles used was
increased from two to three, as compared with when it was
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increased from one to two. The reason for this is that the
output power was not proportionally increased for the
number of nozzles used even though the mass flow rate was
increased proportionally. In actuality, the output power can
increase proportionally for the mass flow rate if the
efficiency of the expander is kept constant. However, in
partial admission, the efficiency of the expander increased
with the increase in the partial admission rate. The growth
rate in the efficiency of the expander was maximized in the
low partial admission rate. For this reason, the growth rate of
the specific output power was also increased in the low
partial admission rate.
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Fig. 11. Variation of the expansion ratio versus turbine inlet
temperature
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Fig. 12. Comparison of the system efficiency with
uncertainty band

Figure 11 shows the expansion ratio (r="PR,/P;)

obtained using the total pressure at the inlet and exit of the
expander. The two experimental results illustrated similar
trends for the variation in the turbine inlet temperature. The
expansion ratio greatly depended on the pressure at the exit
of the expander. This pressure was determined by the
temperature of the cooler. This temperature was precisely
controlled by a large refrigerator for the two experiments so
that the temperature of the cooler was kept constant. For this

reason, the two results were quite similar, even though the
result of the A-model was slightly lower than that of the B-
model. The lower expansion ratio of the A-model seems to
have occurred because the experiment was conducted with
the turbine inlet temperature close to saturated vapor.

Figure 12 shows the variation in the system efficiency
for the number of nozzles used, and the turbine inlet
temperature. As shown in the results of the specific output
power, the system efficiency was increased by the
experiment in the A-model. However, even though the
system efficiency was increased in the A-model, it still seems
too low for application in the field. This could be because the
expander was operated in a low partial admission rate as well
as with a low turbine inlet temperature. If this system was
operated with an increased partial admission rate and with a
high temperature heat source, its system efficiency could be
greater than 10 %. Like the growth rate of the specific output
power, the growth rate of the system efficiency was also
alleviated when the number of nozzles used was increased.

An uncertainty analysis of the system efficiency was
conducted [29, 30] using the system efficiency formulated in

Eq. (2) with the six measured variables (x; ) which were the
output power, mass flow rate, and the four enthalpies of h,,,
his . s, Mg, - The uncertainty (U, ) of the system

efficiency was obtained using Eq. (3) with the uncertainty of
measured variables (U, ). As shown in Figure 12, each

uncertainty band is illustrated with the measured data.

U 6 x 07 U,
Ty ()2 (0242 (3)
1=1 775, OX; X

Msys i i

4. Conclusion

This experiment was conducted to investigate the effect
of the components composing the ORC system. The
components including the generator, seal, bearing, load bank
and so on were designed to be compatible with the actual
operating conditions of the ORC at a far off-design point.
The experimental results were compared with the
experimental results that were obtained in the ORC system
composing with the components designed at on-design point.
In the experiment with the ORC system designed at on-
design point, its performance at the far off-design point could
not reflect its actual performance if the losses occurred in the
components were not considered. When the ORC system was
operated with the component designed at its actual output
power, the specific output power and the system efficiency
were improved, such that the system efficiency was
increased from 0.82% to 1.85% for the turbine inlet
temperature of 80°C with three nozzles. Thus, this result
demonstrates that the performance of the ORC system can be
greatly affected by its components when it is operated at a far
off-design point.
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