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Abstract

The paper presents the design process of a radial-axial turbine working with SES36 working
fluid. First, the mean-line design process is performed and then the geometry is developed. In
the next stage the numerical verification is performed taking into account the real properties
of the working fluid. The properties are implemented via a look-up table and by a modified
Benedict-Webb-Rubin equation of state. The presented turbine is characterized by a very small
stator outflow angle which is about 4.5° but despite this small value, the efficiency of the
machine is relatively high and equal to about 88%. The influence of internal leakages has also
been investigated.

Keywords: Cogeneration unit; Low-boiling working media; Numerical method; Turbine; Radial-
axial stage

1 Introduction

A promising direction of development of energy-saving technologies for Europe
is application of small power cogeneration plants operating with the low-boiling
working media organic Rankine cycle (ORC), [1-4]. Such systems can also be used
to utilize low-temperature waste heat, and work with renewable fuels — various
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types of biomass. The turbine is an important element of such cogeneration
plants. The peculiarity of these turbines is their usually relatively small size, which
complicates the task of achieving an acceptable level of gas-dynamic efficiency.

2 Plant layout. The initial data for the creation of
a turbine

The ORC systems are similar to the steam cycles used in the large power industry.
The fields of application of both technologies are roughly shown in Fig. 1 [5].
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Figure 1: Fields of application of ORC systems and traditional steam systems [5].

The Institute of Fluid Flow Machinery, Polish Academy of Sciencies (IMP PAN)
has built a combined gas-vapour cycle with the nominal power of about 400 kW
and a high electrical efficiency. The primary generation unit is an internal com-
bustion engine fuelled by natural gas which can also be fuelled by biogas and
syngas in real applications and distributed cogeneration. At least two variants
of such a system can be considered. For example, the ORC itself can work for
cogeneration and accept both the exhaust heat and heat from the engine cooling
loop. Alternatively, the ORC can work to produce only electrical power while the
heat from the engine’s cooling loop can directly be used for heating.

The system build at IMP PAN makes use of the second option. The schematic
of the cogeneration plant and its photographs are shown in Figs. 2 and 3. As
a working fluid, the substance SES36 has been used. The medium delivering
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the heat from the engine exhaust to the ORC is a high temperature thermal oil
Veco 5HT. The heat from the engine is transferred to the oil in a heat exchanger
and then delivered to the preheater and the evaporator. The working fluid is
evaporated and directed to the expansion unit coupled with the electrical genera-
tor. After the expansion process and transferring heat in the regenerator the fluid
is directed to the condenser. The condenser transfers the remaining working fluid
heat to the mixture of the water and glycol.
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Figure 2: Schematic of the cogeneration plant with a combustion engine topped by an ORC
cycle (D — combustion engine, M — valve control.)

3 Justification of the radial-axial turbine choice

The turbines characterized by the radial-axial direction of flow in many cases seem
to be an attractive design solution. One of the main reason of using this type of
turbine stages is their high efficiency for small specific speed values. Small values
of this parameter result from small volume flow rate flowing through a device.
Such situation takes place for example in small gas turbines or turbochargers [6].
The ORC systems are an alternative for traditional Rankine cycles but in fact
ORC becomes really competitive for small power applications where the efficiency
is not the most important factor and other characteristics such as simplicity, com-
pact size and low investment costs are desirable. Small volume flow rates result
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Figure 3: The combined gas/vapour (ORC) power plant: internal combustion engine from MAN
(top left), heat recovery boiler (bottom left), 40 kW ORC system (right).

not only from the small scales of the systems. The fluids used in ORC plants have
large particles which leads to large densities. Large density means small specific
volume hence small volume flow rates. The tendency of using turbines of radial-
axial direction of the flow in ORC systems can be found in many publications. All
of them underline relatively high efficiencies of the small power machines [7-11].

A well described example of a 30 kW turbogenerator with a radial-axial tur-
bine has been presented by Kang [7]. Figures 4 and 5 show the 3D model and
a photograph of the device. The measured power and efficiency near the design
point were found at 32.7 kW and 78.7%, respectively. It must be noted that this
is the electrical efficiency of the turbogenerator which besides the turbine internal
losses takes into account the shaft and disc friction losses, mechanical losses and
electrical losses. In comparison with other small ORC turbines described in the
literature this value is considered high [12,13].

Good parameters of radial-axial stages were one of the reasons why this kind
of design was applied in the case of a turbogenerator working with the Solkatherm
SES36 fluid at IMP PAN. This fluid is an azeotropic mixture [14], its thermody-
namic parameters — both in 0D and computational fluid dynamics (CFD) sim-
ulations — have been acquired from the CoolProp thermodynamic properties li-
brary [15].
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Figure 4: A 3D model of the tur- Figure 5: A photograph of the R245fa turbogen-
bogenerator designed for erator [7].
R245fa fluid [7].

4 Radial-axial single stream turbine

The most important design parameters of the turbine are shown in Tab. 1. In
order to obtain a satisfying blade height at the stator a very small nozzle outflow
angle oy was set equal to 4.4°. The velocity triangles for the stage have been
presented in Fig. 6 and the main dimensions of the stage can be found in Fig. 7.
The flowpath geometry was designed in the BladeGen software which belongs to
the Ansys software package [17|. The designed nozzle (Fig. 8) has a convergent
geometry despite supersonic character of the flow at the outlet. The reason for
that is a relatively low Mach number which is equal to 1.33. For these conditions
a convergent-divergent nozzle gives negligible efficiency benefit [16]. The stator
and rotor assembly as a 3D model has been shown in Fig. 9.

Table 1: SES36 turbine design parameters.

Inlet pressure 1.464 MPa(abs)
Inlet temperature | 414.15 K
Outlet pressure 0.22 MPa(abs)
Mass flow rate 1.22 kg/s

Rotational speed 15000 rpm
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Figure 6: Velocity triangles of the Figure 7: Main dimensions of the stage.
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Figure 8: Stationary blade row of the designed stage.

The 3D simulations were performed in a commercial code Ansys CFX [17|. The
whole computational domain consisted of 0.8 million nodes. The applied tur-
bulence model was k-w SST. The set of boundary conditions included the total
parameters at the inlet and the static pressure at the outlet, also the inlet turbu-
lence intensity. The summary of the 0D and CFD calculations has been presented
in Tab. 2.

It turns out that despite the supersonic character of the flow and small stator
angle, the efficiency of the stage is relatively high and equal to 88% (according
to 3D results). This value does not include the internal leakage losses. Some
complimentary distributions of the Mach number and velocity vectors have been
shown in Figs. 10 and 11.
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Figure 9: 3D model of the rotor and stator assembly.

Table 2: Results of the performed computations, part I.

Model 0D Model 3D Number of blades | Torque | Rotational speed
P [kW] | nl[-] | P [kW] | n [-] | stator | rotor T [Nm] n [rpm]|
| 204 José| 302 [oss| 22 | 15 [ 1923 | 15 000 |

Table 3: Results of the performed computations, part II.

Inlet Pressure Outlet Inlet Temperature Outlet
pressure | between the | pressure | temperature between the | temperature
blade rows blade rows
po [kPa] p1 [kPa] p2 [kPa] To[K] T1 [K] T2 [K]
| 1464 | 492 | 220 | 41415 | 38645 | 3701 |

5 Radial-axial double stream turbine

The main disadvantage of the single stream radial-axial construction is a signif-
icant axial thrust. This shortcoming is absent in the double stream turbine, in
which the flow starting from the radial section is divided into two symmetrical
axial flows (in different directions). This kind of design can be realized in two
variants — back-to-back rotor wheels and front-to-front rotor wheels (this variant
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Figure 10: Relative Mach number (50% of span; left — stator, right — rotor.
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Figure 11: Velocity vectors in the rotor averaged at meridional surface.

is axially longer as there must be space between the rotors to form the outlets).

Figure 12 presents a view of the flow part and Tab. 4 shows the main charac-
teristics of the double stream radial-axial turbine (single side). 3D calculations of
the designed flow part were performed using the software package IPMFlow [12].
The calculation is performed on the grid with a total number of more than 1 mil-
lion cells (about 500 thousand of cells in one row) using the Benedict-Webb-Rubin
equation of state with 32 members [18|.

Figures 13 and 14 show a visualization of the flow path, whereas Tab. 5 gathers
main integral characteristics obtained from 3D calculations. Despite the fact that
the flow part consists of a single stage, which operates at a high thermal gradient,
there is a favorable flow pattern. The maximum value of the Mach number in
the whole of the flow part is less than 2, there are no strong shocks and flow
separations. The proposed flow part has a high gas-dynamic efficiency, its internal
efficiency is 88.5 %. Despite the advantageous properties of the double stream
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Table 4: The geometrical characteristics of the radial-axial flow part.

Tin, Stator Tout, Stator lin, stator lout, stator 2z, stator
100 mm 86.0 mm 3 mm 3 mm 41
Tin, rotor Tmid.out, TOtOr lin, rotor lout, rotor 2z, rotor
81 mm 36.3 mm 3 mm 16 mm 16

where r;, — inlet radius, royt — outlet radius, 7y,;4.0u¢ — outlet mid radius, l;;, — blade inlet height, loy+
— blade outlet height, z — number of blades.

Figure 12: Relative Mach number (z/l = 0.5); left — stator, right — rotor.

geometry the single stream variant has been selected for actual manufacturing as
it is a cheaper and simpler solution.

Table 5: The main integral characteristics of the flow part.

Inlet Inlet Temperature | Rotor inlet | Outlet | Rotor inlet | Outlet | Stage Stage
pressure | temperature between absolute | absolute | relative relative | power | efficiency
blade rows velocity | velocity | velocity velocity
pi [kPal | T1 [K] T (Kl | o [m/s] | ez m/s]| wi[m/s] |ws [m/s]| P kW]| o]
| 4405 | 394,67 379.77 1521 | 209 | 267 | 728 [ 301 [ o885 |
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Figure 13: Velocity vector and pressure contours in the average meridional section: a — stator;
b — rotor.
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Figure 14: Velocity vector and pressure contours in the middle tangential section: a — stator;
b — rotor.

6 Mechanical design

High rotational speed and significant axial thrust (reaction turbine) require an
adequate bearing system [19,20]. One of the best choice would be to use oil lubri-
cated slide bearings. Unfortunately, one of the design condition was a hermetic
casing in order to minimize the working fluid loss. Lubrication with oil would also
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require a special mechanical sealing and oil separation.

Using magnetic bearings would be an option but this kind of bearing system
is the most expensive and does not pay off in a small machine. Another option
would be to use static or dynamic (e.g. foil) bearings but the drawback of this
solution is its relatively small capacity, which in the case of a reaction turbine
(significant axial thrust) requires a balancing piston. A balancing piston is a de-
vice that increases the internal leakage loss and requires a longer rotor (shaft)
which is particularly undesirable in an overhang design.

Some companies apply slide bearings lubricated by a liquid fraction of the
working fluid (greater capacity) but they require an additional cooling cycle in
order to avoid local boiling in the lubrication film.

All of the above methods could be considered in a commercial application but
in the presented laboratory tests, the study of the flowpath was the priority. For
this reason it was decided to apply angular contact ball bearings which are not
that durable but offer high stiffness, replacement simplicity, high capacity and
are easily available. The 3D ,pdel of the turbogenerator designed at IMP PAN is
shown in Fig. 15 and the assembly drawing of the whole turbogenerator has been
presented in Fig. 16.

Figure 15: 3D model of the SES36 turbogenerator.

7 Internal leakages

The aspect of the internal sealings should be considered not before but after the
mechanical design concept is derived, especially in small machines in which the
simplicity comes first.

All parts of the casing, generator together with the stator-rotor section and
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Figure 16: Assembly drawing of the SES 36 turbogenerator.

outlet part, were designed as a vertical split case. This type of design is more tight
but it has some limitations for sealing solution application. The axial assembly
causes that the full labyrinth sealing cannot be applied. A serial labyrinth must
be used instead. This type of sealing with one wall smooth is much less efficient
than the full labyrinth because of the fact that kinetic energy of flow passing the
gap is not fully decreased within one single sealing chamber [21].

Several variants of a serial labyrinth seal of the rotor were analysed. More
sophisticated solutions like coal sealing, abradable sealing or brush sealing were
not analysed. The outlet part of rotor shroud was specially shaped to be able
to work with labyrinth sealing. The sealing section was designed as a removable
part, mounted directly to the outlet pipe, Fig. 17. This solution gives more pos-
sibilities for making any changes in the sealing method by replacing the whole
unit. All analysed variants of the rotor sealing are presented in Fig. 18.

The gap thickness was established as 0.25 mm (a radial clearance). The sin-
gle labyrinth thickness is equal to 0.5 mm. A fully theoretical solution for this
type of sealing in not possible [21], therefore there are several methods that use
correlations and data from experimental works. In general the flow through the
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sealing gland can be described as follows:

mn:An<I>1/]2 , (1)
m

where: m, — steam mass flow rate through the sealing, A, — effective profile of
the gap, p; — static pressure before the sealing section, 77 — specific volume of
steam before the sealing section, and z — number of seals. Effective profile of the
gap is defined as

A, = ands, <I>:q><12,z>, (2)
P

where « — coefficient of flow in gap, d — shaft diameter, s - -nominal gap clearance.

RN

Figure 17: Rotor serial labyrinth sealing mounted to the outlet section.

The function of pressure drop pa/p1 (p2 — pressure at the sealing outlet) includes
the information about the « coefficient of flow and it is dependent on the shape
of the labyrinth seal and the a/s ratio, where a is the distance between the
seals. Figure 19 shows a chart with the flow function shapes for serial labyrinth
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Figure 19: Function of flow for the serial labyrinth sealing.

sealings, data comes from experimental research [21]. The values assumed in the
calculations and the results for different variants of seals are summarised in Tab. 6.
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Table 6: Parameters and values assumed during sealing calculations.

| No. | Value | Symbol | Units | Variant 1 | Variant 2 | Variant 3 | Example

1 Number of blades z - 5 11 6 12
Gap clearance s m 0.00025 0.00025 0.00025 0.00025
Distance between a m 0.002 0.001 0.002 0.003
blades
a/s ratio a/s - 8 4 8 12
Flow coefficient in « - 0.7 0.7 0.7 0.7
gap

6 Shaft diameter d m 0.106 0.106 0.106 0.106
Effective area of flow | An m? | 5.83x107° |5.83x1075 | 5.83x1075 | 5.83x 107>
Pressure at the seal- p1 Pa 492 000 492 000 492 000 492 000
ing inlet

9 Pressure at the seal- p2 Pa 220000 220 000 220000 220000
ing outlet

10 | Speciffic volume v m3/kg| 0.0312 0.0312 0.0312 0.0312
before sealing

11 | Pressure ratio p2/p1 - 0.447 0.447 0.447 0.447

12 | Square of the flow P2 - 0.19 0.16 0.17 0.08
function value

13 | Flow function value P - 0.436 0.4 0.412 0.283

14 | Mass flow of the leak Mn kg/s 0.101 0.093 0.095 0.065

In each sealing geometry seals were assumed sharp. Results show similar values
of leak. It is possible to obtain better results, to decrease the flow rate of leak
but the number of seals and the distance between them should be increased, or
the gap clearance should be decreased. More seals means that the sealing module
and the rotor shroud would be longer. This scenario is limited by strength and
dynamic conditions. It is important to realise that this method can introduce
some errors into the values of flow because this algorithm is not dependent on the
rotor rotational speed and the real shape of the labyrinth sealing. The calculations
were verified by another method, where leakage mass flow rate is extracted directly
like for full labyrinth sealing, than a correction coefficient is introduced, suitable
for proper seal geometry [22|. The formula

G= 0.933auyF}, /% , (3)
1

takes into account geometry of the seal where: a — relative flow through the
sealing, function of number of seals and inlet-outlet pressure ratio, u — coefficient
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of leakage through the gap, dependent on the geometry of the seal (experimental
data), v — correction factor for half labyrinth sealing, function of number of seals
and the coefficient of kinetic energy utilization by steam passing through following
spaces between seals, I'), — geometrical area of the sealing gap.

The results from this algorithm are slightly different compared to the previous
one and the mass flow rate is higher in each analysed case, Tab. 7. It is important
to underline that both methods are based on empirically derived factors and
averaged experimental data thus errors can be expected.

Table 7: Results from second algorithm.

| Value | Symbol | Units | Variant 1 | Variant 2 | Variant 3 | Example |

| Mass flowrate | m, | kg/s [ 013 | o132 | oa2s [ o000 |

Prassun

Contour 1 [Pa)
2 i
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Figure 20: CFD results for the internal sealing domain.

In order to investigate the leakage by one more method a CFD analysis has
been performed taking into account the labyrinth sealing domain (only for vari-
ant 1), Fig. 20. The obtained mass flow rate of the leakage is equal to 0.117 kg/s.
This value is almost exactly between the results given by the two empirical meth-
ods. It must be seen, however, that the significant part of the pressure drop
occurs also upstream of the labyrinth during the centripetal flow. This effect is
caused by the radial equilibrium formed in this part of the domain as the fluid is
in rotational motion. Thus, it can be concluded that if the CFD results are reli-
able, then the empirical methods underestimate the value of the leakage. What
is more, the mass flow rate of the internal leakage is almost 10% of the total mass
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flow rate through the machine. It means that the work done by the fluid on the
rotor is almost 10% less than without the leakage and that corresponds to the
similar drop in the efficiency.

8 Conclusions

A case study of a small turbogenerator design process has been presented. Two
variants of radial-axial turbine flowpaths working with SES 36 fluid have been
considered. Both variants reveal a relatively high gas dynamic efficiency equal to
about 88% in each case. However, single stream turbine is preferable because it
is a simpler design, cheaper to manufacture and safer if considered from the point
of rotordynamics.

The concept of the mechanical design has been also briefly described, mainly
from the point of view of the bearing selection. The set of angular contact ball
bearings has been selected as an advantageous option from the point of view of
a laboratory test rig.

The analysis of internal leakages has been described in more detail. It can
be seen that the internal sealing is a crucial component, especially in small ma-
chines. Despite a relatively small radial clearance between the rotor and the casing
labyrinth the internal leakage is about 10% of the main flow ratio. It corresponds
to a similar drop in the turbine stage efficiency. Perhaps, for small cogeneration
units more sophisticated sealing technologies could be beneficial.

Received in July 2016
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