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Abstract

A new micro radial inflow turbine is developed for a mini organic Rankine cycle
(ORC) system in this study. With R123 as the working fluid, the turbine operational
characteristics and performance are investigated by experiments. Based on the
experimental data, the maximum rotational speed of the radial inflow turbine reaches
53564r/min, and the maximum output power of the turbine is 3.386kW and the
maximum electric power reaches 1.884kW. When the turbine rotational speed is
34586r/min, the system isentropic and electromechanical efficiencies achieve the
maximum values of 83.6% and 65.3% respectively. Both the turbine isentropic and
thermal efficiencies increase with the heat source temperature.

Keyword: organic Rankine cycle; radial inflow turbine; isentropic efficiency; thermal

efficiency

1 Introduction
As a widely used energy recovery technology, the organic Rankine cycle (ORC) can

recover low-grade heat with some advantages such as high efficiency, low pollution,
as well as simple structure M. The ORC is particularly suitable for the system with
low-grade heat source, such as below 350°C. The different types of heat source can be
recovered by ORC system under various operating conditions. Besides industrial
waste heat, some other low-grade heat sources can also be converted into electricity
with the ORC, such as solar thermal, geothermal, biomass, engine waste heat and
ocean thermal energy 121,
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Since the late 1970s and early 1980s, a great deal of attention has been paid to the
ORC technology 1. The radial inflow turbine is adopted as the expander in ORC with
low temperature heat source, thus its theory study is a hot issue. Kim et al. [ proposed
a design method to develop radial inflow turbine for ORC, their results show that the
incidence angle to the rotor blades and rotation speed have a remarkable impact on the
turbine efficiency. Based on the thermodynamic analysis of ORC system and the
aerodynamic design of the turbine, Li et al. P found that the shock wave can be
controlled at the high expansion ratio in the nozzle. Pan et al. ¥ adopted the internal
efficiency of optimal radial flow turbine instead of isentropic efficiency, and found
internal efficiency depends on expansion ratio. In the application of a heavy-duty
off-road diesel engine, Costall et al. [l presented a design method for radial turbine
expander, and found that the turbo expander for ORC is practical even though at a
small scale. Fiaschi et al. ® compared the effects of various working fluids on the
cycle thermodynamics, flow losses and turbo-expander efficiencies. Aiming at
performing the initial design of a turbo-expander which satisfies different system
requirements, Capata et al. [ carried out a thermo-mechanical study to check
structural tension and possible displacement. Ricardo et al. [*°) studied the integration
of humid air micro-turbine and an ORC, their results show that the integration is a
promising solution for the distributed power generation because of its relative
simplicity and low cost.

The expander of ORC is more compact than steam turbine since the density of the
organic working fluid is higher than that of steam. A number of experimental works
are conducted for the proposed systems, with the aim of improving the performance
of expander and efficiency of the cycle. Li et al. ™ investigated the effects of mass
flow rate of working fluid on the ORC performance, in the system an electric heater
being a heat source, R123 being working fluid, and a single-stage axial flow turbine
being the expander. When evaporation temperature is constant, the turbine inlet
pressure and rotational speed increase with the mass flow rate. Wang et al. [*>-13]
conducted an experimental study to investigate the performance of a low-temperature
solar Rankine cycle with R245fa as the working fluid. Yamamoto et al. ™ built ORC
system integrated with a radial flow turbine to investigate the performance of the
turbine with R123 as the working fluid. The turbine output power initially increases
and then decreases with its rotational speed, therefore the maximum electric power of
the system exists at the optimized rotational speed. Kang et al. [*31 developed an ORC
system with a radial flow turbine directly connected to a high-speed generator to study
the effects of evaporation temperature on the turbine efficiency, working fluid flow
rate and electric power. Their results show that the turbine and thermal efficiencies
increase with the evaporation temperature. Fiashi et al. [® improved radial



turbo-expander design with two different shapes of impeller blades and evaluated the
influences of different working fluids, their results indicate that the turbo-expander
with R134a presents the highest efficiency and the efficiency can be increased by 1.5
to 2.5% with backswept bladed impellers.

Even though many investigations have been carried out for radial flow turbine in ORC
system, only few research works have studied the effect of cold source flow rate on
the expander performance. In this experimental study, the efficiency of the radial
inflow turbine is explored, and the influences of heat source temperature and working
fluid flow rate on the system performance are clarified. The impact of cooling water
on the turbine pressure ratio and output power is also presented.

2 Experimental Apparatus

2.1 Design of radial inflow turbine
The key component of the experimental ORC system is a radial inflow turbine which

has many advantages, such as large enthalpy drop in a single stage, high efficiency,
compact structure, and low manufacturing cost. So it has been widely applied to
aircraft engines, cryogenic air separation units, and turbochargers. A radial inflow
turbine mainly consists of inward flow volute, impeller, and deflector. In order to
develop the radial inflow turbine, its thermodynamic calculation is essential, many
parameters are involved in this process and some parameters interact with each other.
The calculation is performed by the Visual Basic, which is associated with the weather
conditions in Zhengzhou, China, under an arithmetic mean temperature of 20°C.
Table 1 shows the main parameters of the radial inflow turbine.

The impeller flow passage is specially designed by geometric modelling, the
air-powered straight impeller blades are selected as the guide vanes. A configuration
of the single volute inlet is adopted for the radial turbine, in which the cross-sectional
area decreases uniformly along with the direction of air flow in a helical pipe. Fig. 1
illustrates the specially designed radial inflow turbine and the labyrinth seal. The
prototype is a turbo-machine which can rotate at high speed and is suitable for power
generation. Combined with self-sealed ceramic rolling bearings, a labyrinth seal is
applied for the prototype to prevent fluid leakage at the surface of shaft end.

2.2 Description of the experimental ORC system



The experimental system consists of an electric heater, an evaporator, a condenser, a
diaphragm pump, a radial inflow turbine, a generator and electrical loads. The system
working fluid is R123. Fig. 2 shows the experimental ORC system powered by
low-temperature waste heat, and Fig. 3 indicates its T-S diagram. Process1-2: The
heat transfer oil is heated by the electric heater, then the heat is transferred from the
oil to the working fluid R123 for evaporation in the evaporator. Process3-4: The
vapour of R123 flows into the turbine which drives a three-phase permanent magnet
synchronous generator. Process5-6: The exhaust vapour at the turbine outlet is
condensed in the condenser, and then the liquid R123 flows into the storage tank.
Process7-8: The liquid R123 is pumped into the evaporator again by the working fluid

pump, thus another cycle starts.

Fig. 4 shows the experimental platform. A Coriolis mass flow meter is used for
measuring the mass flow rate of the working fluid, the temperature and pressure of
each unit are measured by the correspondent transducers. The data from the Coriolis
mass flow meter and the transducers are recorded by an Agilent data acquisition
system. The generator frequency and power output are monitored as well. The
specifications of the instruments are listed in Table 2.

In order to assess the performances of the radial inflow turbine and ORC system, the
experimental tests are carried out by changing the working fluid flow rate and its
temperature. An experiment related to the cold source temperature on the turbine
performance is also conducted. The parameters of experimental operating condition
are shown in Table 3. The thermodynamic and physical properties of the working

fluid are obtained with RefProp9 according to the experimental condition.

3 Main Parameters and Experimental Procedure

3.1 Main parameters

In the experimental system, the pump power Wp (kW) is calculated by Equation (1).
W, =0, (h, —h,) 1)



where, gm is mass flow rate of the working fluid, kg/s; h7 is enthalpy of the working
fluid at the pump inlet, ki/kg; hg is enthalpy of the working fluid at the pump outlet,
kJ/Kg.

Heat transfer rate Q21 (KW) in the evaporator is obtained by Equation (2).

Q1 =0y (h, —h) )
where, hy is enthalpy of the working fluid at the evaporator inlet, kJ/kg; hz is enthalpy
of the working fluid at the evaporator outlet, kJ/kg.

Heat Qss (KW) released by the working fluid in the condenser is calculated by
Equation (3).

Qss = U (hs - hs) 3)

where, hs is enthalpy of the working fluid at the condenser inlet, kJ/kg; he is enthalpy

of the working fluid at the condenser outlet, kJ/kg.

The turbine output power W+ (kW) is calculated by Equation (4).

W =q,(h —h,) (4)
where, hs is enthalpy of the working fluid at the turbine inlet, kJ/kg; ha is enthalpy of
the working fluid at the turbine outlet, ki/kg.

The isentropic expansion power of the turbine Wt s (kW) is obtained by Equation (5).
Wrs =0 (s —hy) ()

where, hss is isentropic enthalpy of the working fluid at the turbine outlet, kJ/kg.

The isentropic efficiency #s of the turbine is defined as the ratio of the actual

expansion power done by the turbine to the isentropic expansion power that can be

done by the turbine. It indicates how well a turbine would perform, which is

calculated by Equation (6).

W. h,—h
775 = T = 3 4 (6)
WT,S ha - h4s

As a dynamic system for energy recovery, the actual power output is the key indicator
of the system performance. The electromechanical efficiency 7wm is defined as the
ratio of the generator power output to the work done by the turbine, which is

calculated by Equation (7).
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™ =W, = gu(h,—hy) 0

where, Pe is electric power output of the generator, KW.

The thermal efficiency n: is defined as the ratio of the actual radial turbine work
output to the heat absorbed by the working fluid in the evaporator, and calculated by
Equation (8).

n :WT _WP — (h3 _h4)_(h8 _h7)
t Q21 hz _hl

(8)

3.2 Experimental procedure
The first step of experiment procedure is to assess the turbine performance variation

with the heat source temperature. The temperature of heat source varies from 110°C to
140°C, and the working fluid flow rates are set as 0.17 kg/s and 0.22 kg/s respectively.
The second step is to identify the turbine performance variation with its rotation speed.
The available heat source temperatures, namely 110°C, 120°C and 130°C, are used in
this step. In order to obtain different rotational speeds, the flow rate of R123 is
changed step by step, ranging from 0.115 kg/s to 0.253 kg/s. The last step is to
investigate the cold source influence by changing the mass flow rate of the cooling
water. The temperatures of the heat source and cooling water are 130°C and 15.4°C,
respectively in this step. The flow rate of the cooling water varies from 0.27 kg/s to
1.11 kg/s when the flow rate of R123 is fixed.

4 Results and Discussion

4.1 Effects of heat source temperature

Heat source temperature is an important external factor affecting the radial turbine
performance. Fig.5 demonstrates the impact of the heat source temperature on turbine
inlet and outlet temperatures at a mass flow rate of 0.22kg/s. It can be seen that the
turbine's inlet and outlet temperatures increase gradually with the heat source
temperature. The heat source temperature also has the influence on evaporator's outlet
temperature which is related to the turbine's inlet temperature. It is noticed that there
are some temperature drops in the turbine's expansion process as indicated by its

outlet temperature. However, the outlet temperature still increases with the heat



source temperature in the whole process. Fig. 6 illustrates the impact of heat source
temperature on the turbine inlet and outlet pressures at the same mass flow rate of
0.22kg/s. With heat source temperature increasing, the inlet and outlet pressures
gradually increase as well. The increase rate of inlet pressure is higher than the
outlet’s. This is because that the inlet pressure is directly related to the evaporator

outlet state and physical property of the working fluid.

4.2 Effects of working fluid flow rate

Fig. 7 shows the turbine inlet state variation with the working fluid flow rate. In the
experiment, the mass flow rate of the working fluid varies from 0.115kg/s to
0.253kg/s by adjusting the stroke of the pump. The turbine inlet pressure increases
with the mass flow rate, but the superheat of working fluid decreases. At a constant
flow rate, the working fluid pressure at inlet increase with inlet temperature while the
superheat decreases, which could be related to the thermodynamic properties of R123.
Fig. 8 displays the effects of the mass flow rate on the system pressure drop and
thermal efficiency. The system pressure drop is pressure difference between the radial
turbine inlet and the condenser outlet, and it is related to the system thermal efficiency.
The increase in the mass flow rate of the working flow causes the rises of the system
pressure drop and thermal efficiency. In the experiments, the maximum system

thermal efficiency is 5.7%.

4.3 Effects of turbine rotational speed

Fig. 9 indicates the influences of the turbine rational speed on the temperature and
enthalpy drops in the turbine. The different rotational speeds of the turbine are
obtained by altering the working fluid mass flow rate through a hydraulic diaphragm
pump. The rotational speed increases from 20000r/min to 54000r/min
approximately as the mass flow rate varies from 0.115kg/s to 0.253kg/s. The enthalpy
drop in the turbine increases mildly with the rotational speed but the temperature
drops increase greatly. The enthalpy drop results in the turbine output power rise. At a
fixed rotational speed, the temperature and enthalpy drops at a high inlet temperature
are bigger than those at a low inlet temperature. The maximum temperature and
enthalpy drops are 22°C and 13.7kJ/kg respectively at the rotational speed of
53481r/min and the inlet temperature of 130°C.



Fig. 10 presents the effects of the turbine rotational speed on its isentropic efficiency
and output power at a fixed inlet temperature. The isentropic efficiency initially
increases with the rotational speed, however with further increase in the rotational
speed, the isentropic efficiency drops after reaching a maximum value. So an
optimum rotational speed exists under this situation, it can be obtained by changing
the mass flow rate during the experiment. It can be seen from Fig. 10 that the
optimum rotational speed increases with the inlet temperature. For example, the
optimum rational speed is about 32900r/min at inlet temperature of 110°C, while it
reaches 34000r/min at inlet temperature 130°C. The expansion power increases gently
when the turbine rotational speed is below its optimum speed, while it increases
significantly when the speed is over the optimum one. Fig. 11 indicates the effects of
the turbine rotational speed on electric power and electromechanical efficiency of the
system, both of them gradually increase with the rotational speed. The
electromechanical efficiency increases from 42% to 65% approximately when the
rotational speed changes from 20000r/min to 50000r/min. It is found that the
electromechanical efficiency decreases with the turbine inlet temperature. The
maximum electric power of the system is 1.884kW at the inlet temperature of 130°C

and the rotational speed of 53564r/min.

4.4 Effects of cooling water flow rate

Fig. 12 shows the effects of cooling water flow rate (cold source) on the turbine outlet
pressure at a fixed turbine inlet temperature. The heat transfer capacity of the
condenser increases with the cooling water flow rate, the pressure at the condenser
inlet gradually drops as well, accordingly, the turbine outlet pressure decreases and its
pressure ratio increases. Figure 13 shows the influences of cooling water flow rate on
the radial turbine performance. The temperature of the cooling water is 15.4°C at the
condenser inlet. The rotational speed of the turbine is increased by enhancing the flow
rate of cooling water. The turbine output power is also increased with the flow rate,
this is due to the fact that the back pressure of the radial turbine is reduced and the

pressure ratio is enlarged.

5 Conclusions



The experiments are conducted on an organic Rankine cycle system with a radial
inflow turbine and R123. The evaporator outlet temperature and pressure, turbine
outlet pressure, inlet superheat as well as the condenser outlet pressure increase with
heat source temperature under the constant flow rate condition. When heat source
temperature is constant, the evaporator outlet pressure and turbine rotational speed
increase with the flow rate of the working fluid. The turbine output power, electric
power, and electromechanical efficiency increase with the flow rate of the working
fluid as well. The maximum values of enthalpy and temperature drops and electric
power are 13.7kJ/kg, 22°C, and 1.884 kW, respectively.

There is an optimum rotational speed for the radial turbine in the system at which the
maximum isentropic efficiency is achieved, and a further increase in the rotational
speed results in a noticeable decline in isentropic efficiency. The optimum rotational
speed increases with the heat source temperature. The maximum isentropic efficiency
is 83.6% when the rational speed is about 34000r/m at the turbine inlet temperature
130°C.

The condenser inlet pressure drops with the flow rate of cooling water when both the
heat source temperature and flow rate of the working fluid are constant, the pressure
ratio of the radial turbine increases, and the turbine output power increases as well.
The system pressure drop and thermal efficiency increase with the flow rate of the

working fluid. In this study, the maximum thermal efficiency is 5.7%.



Nomenclature

Symbol

h
Om

Q
T

We
Wr
Wrs
Nas
PE

Hs
™
7
POE
TOE

enthalpy (kJ kg?)

mass flow rate of working fluid (kg s?)
heat (W)

temperature ('C)

work done by pump (W)

turbine power (W)

isentropic turbine power (W)
isentropic enthalpy at turbine outlet (W)
electric power (W)

isentropic efficiency of turbine (%)
electromechanical efficiency (%)
thermal efficiency of the system (%)
pressure at evaporator outlet (MPa)
temperature at evaporator outlet ('C)

PIT pressure at turbine inlet (MPa)
POT  pressure at turbine outlet (MPa)
TIS superheat at turbine inlet (°C)
POC  pressure at condenser outlet (MPa)
WFR  mass flow rate of water (kg/s)
Subscripts

p pump

T turbine

m mass flow

S isentropic

e electric

M electromechanical

t thermal
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Table 1
Size parameters of the radial turbine.

Parameters Values

inlet diameter of impeller 50 mm

outlet inner diameter of impeller 34 mm

outlet outer diameter of impeller 19 mm
number of impeller blades 12

outer diameter of nozzle 70 mm

inner diameter of nozzle 56 mm
number of static-blade 17

Table 2



Parameters of testing instruments.

Parameters Instrument Accuracy Company
pressure transducer 40 90 :
pressure HX-L61 +0.2% China Star
thermal resistance .
+
temperature WZP Pt100 +(0.15+0.002t)°C
ROTEMASS German ROTE
+ 0
mass flow rate RCCT34 +0.1% MASS
water gfess flow YK-LWGY-25 +£0.5% Dalian Yoke
above parameters Agilent 34980A — USA Agilent
clamp sensors
+ 0
frequency CT9693-10 +0.1% HIOKI E.E
power power meter 8903D +0.5% China QingZhi

Table 3



Parameters of the experimental program.

Parameters Values
POE 0.20 - 0.48 MPa
TOE 110, 115, 120, 125, 130, 135, 140°C
PIT 0.22 - 0.44 MPa
POT 0.15-0.20 MPa
TIS 34-78C
POC 0.15-0.18 MPa
WFR 0.27 - 1.11 kg/s
temperature drop in turbine 9-227C
enthalpy drop in turbine 6.3 - 13.7 ki/kg
system pressure difference 0.07 - 0.28 MPa
Turbine rotate speed 20000 - 54000 r/min

Note: POE means Pressure of working fluid at the evaporator outlet; TOE means
Temperature of working fluid at the evaporator outlet; PIT means Pressure of working
fluid at the turbine inlet; POT means Pressure of working fluid at the turbine outlet;
TIS means superheat of working fluid at the turbine inlet; POC means Pressure of
working fluid at the condenser outlet; WFR means Mass flow rate of water.
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Fig. 1. Photograph of the radial turbine and schematic diagram of the labyrinth seal.
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Fig. 13. Variations of rotational speed and turbine power with cooling water flow rate



HIGHLIGHTS

e The design method of a small radial inflow turbine is introduced.
o Effect of turbine rotational speed on turbine isentropic efficiency is clarified.
o Effects of the cooling water on system performance parameters are analyzed.



