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Abstract. In recent years, due to its feasibility and reliability, the organic rankine cycle has become a
widespread concern and is the subject of research. In the organic rankine cycle system, the radial turbine
component is a highly influential component of the high low performance resulting. This paper discusses
the design of radial turbines for organic rankine cycle systems. The design stage consists of preliminary
design and detail design with parametric methods on the working fluid R22 to determine the geometry and
initial estimation of the performance of the radial turbine. After that, a numerical study of the fluid flow
region in the radial turbine with R22 as the working fluid was performed. The analysis was performed
using computational fluid dynamics of Autodesk Computational Fluid Dynamics Motion software on two
models of real gas, k-epsilon and shear stress transport. From the results of this analysis, there is pressure,
velocity and temperature distribution along the radial turbine blades and estimated performance under
various operating conditions. Comparison between parametric and computational fluid dynamics analysis
results show different performance. The difference is due to the computational fluid dynamics analysis
already involving the real gas shear stress transport model.

Key words: Computational fluid dynamics, finite element analysis, k-epsilon, organic rankine cycle,
shear stress transport.

1 Introduction

Interest in the utilization of low grade heat recovery has increased dramatically in the past decade as it increases
environmental issues such as air pollution, global warming, ozone layer depletion and acid rain caused by the
acceleration of fossil fuel consumption [1-3]. A number of new solutions have been proposed to produce heat-generated
plants at low temperature and pressure, and has been proven to be applied in various fields such as solar thermal power,
biological waste heat, engine exhaust gases, domestic boilers and so forth [3—11]. Among the solutions offered, for now
the Organic Rankine Cycle (ORC) system is the most widely studied. ORC has at least two advantages, namely as a
power generation system, ORC has simple components and the availability of components that are quite a lot in the
market. Furthermore, ORC also uses organic working fluids that perform better than water as a working fluid at low
temperature and pressure [12—-18]. Various ORC applications have been reported in previous studies. As in the
utilization of waste heat recovery, solar energy, a combination of heat and power (CHP), geothermal and heat utilization
of the exhaust from the engine. From the results of the experimental study it is seen that on small scale units of ORC
showed promising performance, especially in remote areas, because ORC has reliability, wide output power range, wide
component parts availability and reduced number of rotating components so that the ORC construction can be more
compact and smaller than that of conventional power plants. Many researchers have focused on the thermodynamic
studies of the ORC cycle, and the selection of working fluids, with particular attention to the efficiency of power
generation. On the other hand, relatively little writing is published on the design and optimization of turbomachinery
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equipment. Basically, within the relevant power range (5 kW to 5 000 kW) two options can be proposed: that is, axial
turbine or radial turbine. This last option is considered more attractive, as it allows better performance on a lower scale.
Therefore knowledge of radial turbines on ORC systems requires further study [19-29].

Organic Rankine Cycle (ORC) cycle is one form of Rankine cycle that utilizes organic refrigerant as a working
fluid. In general, the ideal ORC has four process stages: isentropic compression at the pump, isobaric evaporation of the
boiler, isentropic expansion on the turbine, and isobaric condensation on the condenser. The advantage of this cycle is
to use a refrigerant with boiling point and condensation point lower than the water used in the regular Rankine cycle.
The impact of using the refrigerant is that the cycle can utilize a heat source whose temperature is lower than the boiling
temperature of water. Here is the entalpy-entropy diagram and temperature on ORC [12]. Simple Organic Rankine
Cycle (ORC) and the Organic Rankine Cycle P-h diagram shown in Figure 1.
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Fig. 1. Simple Organic Rankine Cycle (ORC) (left) and The Organic Rankine Cycle P-h diagram (right).

Working fluids have an important role in ORC as working conditions vary. There are also many number of
compounds that can be used as a choice of working fluids including hydrocarbons refrigerants, alcohols and others [12].
Working fluids can be categorized into three types: dry, wet and isentropic fluid. The fundamental difference between
the three types of refrigerant is the dT ds™' slope of the fluid vapor curve in the temperature-entropy diagram. Dry fluid
has a positive dT ds™' slope, wet fluid has a negative dT ds™' slope, and isentropic fluid categorized if dT ds' has a zero
value [12]. As shown in Figure 2, there are generally three types of saturated steam curves in the T-s (Temperature-
entropy) diagram. Dry fluid with positive slope, wet fluid with negative slope, and isentropic fluid.
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Fig. 2. T-s diagram for fluid (a) wet, (b) isentropic, and (c) dry.

The choice of working fluid should pay attention to the heat source to be used, the optimum criteria of
thermodynamic properties, and meet various criteria such as non-toxic, non-flammable, and environmentally friendly.
Currently, a system of power plants is being developed using renewable energy. The power plant system used is a
power plant system using ORC (Organic Rankine Cycle) technology. This system generates electricity from renewable
energy sources by utilizing low-temperature and low-pressure heat sources [21]. The advantage of using the ORC
power plant system is simpler than through biomass gasification processes plus gas/diesel fuel engines when fueled by
biomass. The cost required is about five times less than the utilization of other renewable energy. In addition, efficiency
rises about three times as large as over-wasted capture [21]. Figure 3, shows the following components in an ORC

(Organic Rankine Cycle) power plant:
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Fig. 3. ORC (Organic Rankine Cycle) power plant.

The above-mentioned ORC power plant can be developed as a substitute for generators in rural areas or areas where
electricity supply is not available. In addition, the design of the ORC power plant can also be applied to power
generation from other renewable energy sources, such as ocean thermal energy (OTEC), solar thermal, biological waste
heat, engine exhaust gas, geothermal, biomass and other sources. By utilizing exhaust heat that is still hot and below
100 °C (range 65 °C to 80 °C), it is connected to an ORC generator engine evaporator, and by heat transfer process will
evaporate the organic working fluid inside the evaporator and increase the pressure inside the evaporator chamber.
Furthermore, the flow of the working fluid will flow into the turbine that will turn the turbine runner as well as rotate
the generator so that it can generate electricity.

In this turbine chamber begin to decrease the pressure of organic working fluid. Furthermore, the organic working
fluid will flow into the condenser and there will be again the process of heat transfer so that the remaining heat in the
working fluid will be absorbed by cold water taken from the cooling tower or other cold water source. As the organic
working fluid is in the condenser and cools down, the working fluid pressure will be at the lowest point in the system
requiring the pumping aid to suck up the organic working fluid and flush it back into the evaporator to continue the
working cycle. Utilization of ORC power plant in renewable energy sources is shown in Figure 4 below:
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Fig. 4. Utilization of ORC (Organic Rankine Cycle) power plant (a) for renewable energy sources and (b) as replacement generator.
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2 Research methodology

2.1 Research flow diagram

In this paper, the research steps are shown in the following Research Flow Diagram in Figure 5 below:
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Fig. 5. Research flow diagram.

2.2.0RC (Organic Rankine Cycle) turbine design

The ORC turbine design to be studied can be seen in Figure 6, below:
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Fig. 6. ORC turbine components.
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The explanations of these components are as follows:

(i). Housing, is a major component of the ORC turbine, which houses the turbine runner and generator runner
components as well as an inlet hole. In this paper research, housing component is designed using SUS 304
material. Selection of the material to optimize the use of magnets mounted on the turbine runner and
generator runner, so it will not interfere with the magnetic pull force that occurs on both components. The
housing component is shown in Figure 7, below:
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Fig. 7. Housing component on ORC turbine.

(ii). Housing cover, is a major component of the ORC turbine which is the closing component of housing. In the
housing cover component there is an outlet hole and the design is also made using SUS 304 material. The
housing cover component is shown in Figure 8, below:
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Fig. 8. Housing cover component on ORC turbine.
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(iii). Turbine runner, is a component of ORC turbine residing in the housing component. This component will
rotate when receiving fluid pressure into the housing chamber. The greater the fluid pressure that goes in,
the rotation on the turbine runner will also accelerate. While the magnet attached to the turbine runner will
draw the magnet attached to the generator runner, so that when the turbine runner rotates due to the inlet
working fluid pressure, it will cause the generator runner to rotates also in the direction of the turbine
runner. The turbine runner component is shown in Figure 9, below:
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Fig. 9. Turbine runner component on ORC turbine.

(iv). Generator runner, is a component of the ORC turbine that is outside the housing component. This
component will rotate along with turbine runner's spin, because the magnets attached to the two
components will attract each other. Furthermore, the generator runner component will be connected to the
generator using the V-Belt component, so that from the rotation that occurs in the generator will be
converted into electrical energy. The generator runner component is shown in Figure 10, below:
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Fig. 10. Generator runner component on ORC turbine.
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2.2 Research stages

The research activity is planned to be divided into two stages as follows:
i). The initial stage is the initial design of ORC turbine.
ii). ORC turbine movement simulation, fluid distribution inside the ORC turbine chamber, analysis of design
parameters and analytical optimization.

3 Mathematical modeling

ORC (Organic Rankine Cycle) turbine has two main components groups which become the most important part of
turbine system performance optimization, that is :

(1). Housing & housing cover, both of these components are the main components to which the turbine runner and
generator runner components are installed. Both of these components must also be able to withstand internal
pressure that occurs due to the working fluid that flowed into the turbine chamber. The first step that we must do
to make the design housing and housing cover is to determine its dimensions. Since housing and housing cover
must be able to withstand internal pressure, it must be designed following the pressure vessel rules according to
ASME Section VIII Division 1 standard.

(ii). Turbine runner, this component is a component that will rotate due to the pressure effect of the working fluid
being fed into the turbine chamber. Therefore, this turbine runner needs to be designed by taking into account the
pressure, velocity, temperature and density of the working fluid used. Although on this turbine runner installed
magnets which will pull each other with magnets attached to the generator runner, but we will not analyze
specifically the magnetic flux that occurs in the magnets attached to the turbine runner and generator runner.
Design modeling and velocity triangle of turbine runner can be seen in Figure 11, below:
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Fig. 11. Modeling and velocity triangle of turbine runner.
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Mathematical modeling to calculate the amount of power generated, seen in the following Equation:
i). Turbine power (P1)
The turbine power (Pr), can be calculated using the following Equation [21]:

P, - T2nn )

60

ii). Electrical power (Pr)
The electrical power (Pp), can be calculated using the following Equation [21]:

P = Prog 2)
Where : Pp = Electrical power (W)
Pt = Turbine power (W)
T = Turbine torque (N m)

n = Turbine rotation (rpm)
N = Generator efficiency = 82 % = 0.82

4 Turbine modeling and simulation

4.1 Turbine Design Parameters

Table 1. Initial design parameter of housing and housing cover.

No Input Parameters Value Unit
1 Material SUS 304
2 Design Pressure (P) 0.8 MPa
3 Design Temperature (T) 80 °C
4 Material Strength Value (S) 215 MPa
5 Joint Efficiency (E) 1
6 Shell Inner Diameter (Ds) 134 mm
7 Inlet Nozzle Inner Diameter (Di) 4 mm
8 Outlet Nozzle Inner Diameter (Do) 16 mm
9 Corrosion Allowance (C.A.) 1 mm
Table 2. Initial design parameter of turbine runner.
No Input Parameters Value Unit
1 Material PLASTIC
2 Design Pressure (P) 0.1t00.8 MPa
3 Design Temperature (T) 80 °C
4 Density of R22 Fluid (pf) 1330 kg m>
5 Viscosity of R22 Fluid (vf) 0.000 263 Pas
6 Gravity (g) 9.81 ms"
7 Turbine Chamber Diameter (D) 0.134 m
8 Turbine Chamber Height (h) 0.045 m
9 Inlet Nozzle Diameter (di) 0.004 m
10 Inlet Nozzle Length (Li) 0.038 m
11 Outlet Nozzle Diameter (do) 0.016 m
12 Outlet Nozzle Length (Lo) 0.016 m
13 Turbine Blade Outer Diameter (D1) 0.122 m
14 Turbine Blade Inner Diameter (D2) 0.057 m
15 Turbine Blade Area (As) 0.000 672 m’
16 Turbine Blade Quantity (NST) 18 pcs
17 Turbine Runner Mass (mT) 0.32 kg
18 First Uphill Angle (al) 12 °
19 Top Angle (02) 30.9 °
20 Outlet Angle (03) 47.1 °
21 Generator Efficiency (ng) 82 %

ORC (Organic Rankine Cycle) Turbine has two main components groups which become the most important part of
turbine system performance optimization. Therefore, the initial turbine design parameters discussed will also be divided
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into two groups of parameters, that is (1) the initial design parameters in housing and housing cover and (2) the initial
design parameters on the turbine runner. The initial design parameters can be seen in Table 1 and Table 2.

4.2 Turbine design calculation using mathematical modeling

Calculations using this mathematical modeling will be divided into two groups, that is (i) Calculations on housing and
housing cover design and (ii) Calculation on turbine runner design. The results of calculations are shown in Table 3,
Table 4, and Table 5. Graphs of inlet nozzle diameter vs turbine rotation and inlet nozzle diameter vs turbine torque at
pressure of 0.8 MPa presented in Figure 12. Graphs of inlet nozzle diameter vs power at pressure of 0.8 MPa and
turbine head vs volume flow Rate at constant turbine rotation of 4 918 rpm ( 1 rpm = 1/60 Hz) shown in Figure 13.

Table 3. Calculation results of thickness on housing and housing cover.

Part Name P t, tg t, tai timin thom Design
(MPa) (mm) (mm) (mm) (mm) (mm) (mm) Status
Shell Housing 0.8 0.25 1.25 0.00 0.00 1.25 4 OK
Bottom Head Housing 0.8 2.95 3.95 0.00 0.00 3.95 5 OK
Housing Cover 0.8 2.95 3.95 0.00 0.00 3.95 5 OK
Inlet Nozzle 0.8 0.25 1.25 0.011 1.01 1.13 10.5 OK
Outlet Nozzle 0.8 0.25 1.25 0.034 1.03 1.14 4.5 OK

Table 4. Calculation results at constant pressure of 0.8 mpa.

P, d; A F, vr H n T Py P,
(MPa) (mm) (m’) ™) (ms™) (m) (rpm) (N'm) (kW) (kW)
0.8 4 1.26e-05 10.05 314 613 4918 0.61 03 03
0.8 5 1.96¢-05 15.71 49.1 61.3 7,684 0.96 0.8 0.6
0.8 6 2.83¢-05 22.62 70.7 61.3 11,066 1.38 1.6 1.3
0.8 7 3.85¢-05 30.79 96.2 61.3 15,061 1.88 3.0 2.4
0.8 8 5.03e-05 40.21 125.7 61.3 19,672 2.45 5.1 4.1
0.8 9 6.36¢-05 50.89 159.0 61.3 24,898 3.10 8.1 6.6
0.8 10 7.85¢-05 62.83 196.3 61.3 30,738 3.83 123 10.1

Table 5. Calculation results of head (h) and volume flow rate (q) at constant turbine rotation of 4 918 rpm.

n di Ai Q H
(rpm) (mm) (m’) (m) (m)
4,918 4.0 1.26e-05 0.2 61.3
4918 5.0 1.96e-05 0.3 39.2
4,918 6.0 2.83e-05 0.4 27.3
4918 7.0 3.85e-05 0.6 20.0
4,918 8.0 5.03e-05 0.8 153
4918 9.0 6.36e-05 1.0 12.1
4,918 10.0 7.85¢-05 1.2 9.8
4918 11.0 9.5e-05 1.5 8.1

10
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The graphs below are graphs of calculation results:
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Fig. 12. Graphs of inlet nozzle diameter vs turbine rotation (top) and inlet nozzle diameter vs turbine torque at pressure of 0.8 MPa
(bottom).
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Graph of Inlet Nozzle Diameter vs Power
at Pressure of 0.8 MPa
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Fig. 13. Graphs of inlet nozzle diameter vs power at pressure of 0.8 MPa (top) and turbine head vs volume flow rate at constant
turbine rotation of 4 918 rpm (bottom).

4.3 Turbine design and simulation using fea

In the simulation of turbine design using FEA, simulation will be done testing the strength of materials from housing
and housing cover components. The analysis report of the FEA simulation is shown in Figure 14:

12
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Type: Von Mses Stress

Type: Von Mises Stress. nt: MPa
Unit: MPa 11/08/2017, 10.28.38
11/08/2017, 10.19.05 25,47 Max

53,17

39,89

26,61

13,33

0,05 Min 0,24 Mn

7
Fig. 14. Distribution of Von Mises Stress on housing (left) and housing cover (right).

From the FEA simulation result, the maximum Von Mises Stress that happened at housing was 66.45 MPa and at
housing cover was 25.47 MPa. This value is smaller than the yield strength value of the material, which is 215 MPa.
Displacement and safety factor that occurred in housing and housing cover shown in Figure 15.

Type: Displacement Type: Safety Factor
Unit: mm Uit ul
11/08/2017, 10,47 .56 11/08/2017, 10.55.38
,09615 Max 15 Max
0,07692 12
0,05769 9
0,03846 6
0,01923 3,24 Mn
0
0 Min —
2, 2,
"
b o

Fig. 15. Displacement (left) and safety factor (right) that occurred in housing and housing cover.

From the FEA simulation result, the maximum displacement that occurred in housing and housing cover is 0.09 615
mm. This value is less than 1 mm. And the minimum Safety Factor that occurred in housing and housing cover was
3.24. Whereas according to the calculation rules of pressure vessel, the minimum permissible safety factor value of 3.

4.4 Turbine design simulation using CFD

In the simulation of the turbine design using this CFD, simulation will be performed on the working fluid movement
inside the turbine chamber and rotate the turbine runner. This simulation aims to find out some important design
parameters, such as working fluid flow velocity at inlet and outlet nozzles, working fluid pressure, working fluid
volume flow rate, turbine runner, turbine torque and generated power. Report analysis of the CFD simulation is
presented in Figure 16 to Figure 19.

13
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Fig. 16. CFD simulation results—Inlet (top) and outlet (bottom) working fluid velocity.
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Fig. 18. CFD simulation results—Inlet (top) & outlet (bottom) working fluid temperature.
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£ Motion Results X
Time (sec) Linear Velocity (mm/s) Angular Velocity (RPM)  Linear Displacement (1

3 3 0 3907.97

32 32 0 4257.7

33 33 0 4140.5

34 34 0 4980.82

35 35 0 5888.06 o

< >

RUNNER TURBIN-1_2

Close

Fig. 19. CFD simulation results—Turbine runner rotation.

(i). Turbine power.
It can be seen the amount of Turbine Power as follows:

Pr=T2nn/60=(0.61)x2x(3.14) x (5,888) / 60 =376 W 3)
(ii). Electrical power.
Once turbine power is known, electrical power can be calculated using the Equations as follows:

Py =Prn,=376x0.82=30832 W @

So the amount of turbine power is 376 W and the amount of electrical power is 308.32 W.

4 Conclusion

From the calculation using mathematical modeling, it can be seen that when the fluid pressure is constant at 0.8 MPa
and the inlet nozzle dimension varies, the magnitude of the turbine rotation speed, turbine rotation, turbine torque,
turbine power and electrical power will be getting bigger as the inlet nozzle dimension. From the simulation result using
FEA (Finite Element Analysis), it can be seen that housing and housing cover design for ORC turbine, safe and feasible
to make. From the simulation results using CFD (Computational Fluid Dynamics), it can be seen that the turbine runner
design for ORC turbine, at inlet working fluid pressure of 0.8 MPa and 4 mm inlet nozzle dimension, produces a good
working fluid flow distribution and turbine rotation, and is estimated to produce electrical power approximately

308.32 W.
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