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Abstract. The article describes the results from the research and
development of a cantilever microturbine designed for ORC power plants.
The main objective of the paper was to compare different types of rotor seals
and their effect on the turbine efficiency and rotor forces. The turbine stage
and the numerical models used in the CFD system NUMECA FINE/Turbo
are briefly described. The results are compared with the values obtained
from measurements and previous simulations. The results show a relatively
limited influence of the seal design on the turbine efficiency. The results also
show the effect of the seal on the rotor axial force.
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1 Introduction

The number of decentralized small-scale stationary electrical energy sources (< 100 kW)
connected to electricity distributing networks is growing and their development requires
adjustments to the operation of these systems [1]. An example of such a source is the Organic
Rankine Cycle (ORC) power plant, heated by e.g. waste heat from industry or from internal
combustion engines, geothermal heat or even solar radiation.

An ORC power plant works like a coal-fired steam power plant but the difference between
ORC and the conventional steam cycle is that instead of water, another fluid like alcohol, a
refrigerant or siloxanes is used. More information about micro-turbines in general can be
found in [2, 3]. This paper deals mainly with CFD simulations of geometric modifications of
a small cantilever turbine with a radial inlet direction into the stator channels and a radial
outlet from the rotor.

1.1 The turbine and the ORC test plant

The design of the cantilever microturbine is simple compared to a generic steam turbine
and to keep costs low it is advisable to design a single stage turbine, despite its lower
efficiency [4, 5, 6]. It is also possible to use multi-stage turbines but the efficiency benefits
of this solution are not conclusive and it is more complex and therefore more expensive [7].
It is also necessary to develop a very flexible "construction kit" due to the wide range of
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temperatures and pressures of the operating conditions depending on the specific heat source
[8].

The turbine design, including the generator, is really compact and the dimensions of the
whole unit are relatively small — see Fig. 1 left. The maximum diameter of the rotor wheel is
120 mm. The main parts of this unit are the inlet casing, stator wheel with nozzles, rotor
wheel, outlet casing and generator. The concept, design and application of this turbine is
proven and this work only focuses on its fine-tuning [4]. Another option is the ELEKTRA
type re-entry turbine. This research is intensively underway. The ELEKTRA turbine has the
advantage of a lower operational speed (leading to a cheaper electrical generator) and the aim
is now to achieve an efficiency comparable to the "classic" turbine type presented in [9, 10].

In order to investigate real characteristics of the cantilever turbine, it was tested in the
ORC research plant at the Centre for Energy Technology (ZET) at the University of
Bayreuth. The research plant was designed to investigate the waste heat recovery from
a 250kW biogas internal combustion engine with an exhaust gas temperature of about 500 °C
—see Fig. 1 right. The microturbine works with hexamethyldisiloxane as a working fluid [11,
12, 13]. More information about the turbine and the ORC research plant layout and its
parameters has been published in paper [14]. There are no seals to lower leakage losses in
the basic design of the microturbine.

Turbine nozzles Rotor wheel

Intlet casin
High speed generator &

Fig. 1. Layout of the radial inflow cantilever turbine (left) and the ORC test rig (right) [14].

1.2 The CFD simulations and their goal

This work and the presented results are based on CFD simulations published in paper
[14]. The work describes the comparison of measured and CFD results and an investigation
of the influence of the outlet geometry on the turbine working parameters. As mentioned
above, there are no seals in this basic turbine design. Therefore, the main objective of the
follow-up work was to build on the simulations and to compare the different types of rotor
seals and their possible influence on the turbine efficiency and the magnitude of the axial
force acting on the rotor.

2 CFD setup and design of the rotor seal

CFD simulations of microturbines have specific features due to their functional principle.
The working fluid enters the turbine with low velocity and high pressure values. The
expansion to very low pressure occurs in the stator nozzles. This is associated with a high
increase of the flow velocity. The flow velocity at the outlet of the stator nozzles is supersonic
and the Mach number is usually higher than 2.5. The high Mach number and the presence of
shock waves introduce complications in the modelling of the flow transition between the
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static and rotating regions of the microturbine. All the simulation issues, options and model
settings used are also described in [14].

2.1 Various seal designs

A simplified model of the microturbine stage was created. Five design modifications of the
rotor seal were prepared. It is known that the design of the labyrinth seal can affect the
parameters of turbomachines [ 14] such as efficiency and forces.

The model without seals was represented by the basic design (a). The most complicated
seal design was the staggered labyrinth seal with six teeth (b). The simplified design was the
see-through labyrinth with three teeth (c). The last design prepared in two variants was the
staggered labyrinth seal with only one tooth — the first one located at the smaller diameter of
the rotor (d) and the second one located at the larger diameter (e). All design variants are
shown in Fig. 2.

nozzle

(a) ()}

\

Fig. 2. Design of the seals geometry variants.

2.2 CFD model

NUMECA FINE/Turbo 11 [15] software was used to prepare, compute and evaluate the
cases. The CFD model consists of the following parts/domains: microturbine stage (stator,
rotor, outlet), labyrinth seals (leakage) and dead space between rotational and static parts.
The stator consists of 12 nozzles and non-axisymmetric channels. The rotor consists of 30
blades. The geometry of the model is shown in Fig. 3.

e Stator and rotor geometry
(Mass Flow, Total
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Detail of labyrinth seals

Interface
(frozen rotor)
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(Static Pressure)

Fig. 3. CFD model of the micro-turbine stage — boundary conditions and geometry details.
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The grid was created in NUMECA AutoGrid5 software. The mesh was hexahedral and
multi-block structured with about 35 million cells. The mesh resolution had been studied and
evaluated in previous simulations and it is sufficiently fine for our CFD model. The first cell
at the wall is 0.0003 mm high and the maximum y+* value in computations was 6.83.

A more complex EARSM turbulence model was used because the simulation results
gained by using this model for complex geometries and complex flow structures are better
with the NUMECA package than the results gained with the more commonly used
Spalart — Almaras or SST k- models in "engineering" cases.

The working medium was set as the condensable gas model of hexamethyldisiloxane
(MM). Properties of the fluid based on the NIST-REFPROP [16] are defined by tables
generated in the NUMECA TabGen.

Boundary conditions were set as follows: at the inlet the variations of the total pressure
Do and the total temperature 7w at the outlet the area weighted average of the static pressure
Dpsz— see Table 1. The shaft revolution speed varied from 22.000 to 29.000 rpm. All walls
were considered adiabatic. Steady solution was assumed.

Table 1. Inlet and outlet boundary conditions.

Revolutions Inlet total pressure Inlet total Outlet pressure
[1/min] [Pa] temperature [Pa]
[K]

22,000 613,104 455.33 25,700
23,000 613,870 455.48 25,449
24,000 614,082 455.73 25,639
25,000 614,538 456.05 25,830
26,000 615,416 456.35 25,400
27,000 614,998 456.57 25,800
28,000 615,445 456.82 26,200
29,000 615,560 457.04 26,500

2.3 Evaluation

The planes and areas used for the evaluation of results are depicted in Fig. 4. The results
were averaged during the last 1.500 iterations to obtain mean values for the evaluation.

AN O = turbine inlet
N,
195
supersonic
nozzle
1 =|nozzle outlet/rotor inlet
R 1 [
|

2 = turbine outlet

Fpx* direction
fw{“ surface => labyrinth seals
[ +disc ) + cover disc
= rotor outlet [

2’ || \

Fig. 4. Definition of evaluation planes and the areas for friction torque evaluation.
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A very important value for turbomachines is efficiency. The total-to-static turbine efficiency
(1) was evaluated from the computed torque Mr, the rotational speed n, the mass flow rate
m, the inlet total enthalpy Aor and the outlet static enthalpy /zsis (which is a function of the
inlet total entropy soand the outlet static pressure psz).

_ Mp2mm
frs = m-(hor—hzsis)’ M
where hasis = f (S0, Ps2)-

3 Results

Numerical simulations were performed for all points of the working characteristic of the
basic design (a) and for the staggered labyrinth seal with six teeth (b). The simulations were
relatively time-consuming so the other design variants (c), (d) and (e) were simulated only
for three speed values. This approach proved sufficient to obtain the results of these variants.

3.1 Efficiency

Table 2 shows the total-to-static turbine efficiency 777sand the pressure ratio /7=p:s/psz. The
difference in the efficiency from 2 % to 4 % between the measurement and the simulations
has already been discussed in [13]. It may be caused by the inaccuracy of the outlet pressure
measurement and also by local inaccuracies on the rotor-stator interface. But the shapes of
the characteristics are similar in all cases and it is possible to use CFD simulations to
investigate the influence of various geometry changes on the turbine parameters.

Fig. 5 also shows that the efficiency of the designs with labyrinth seals is very similar to
the basic design with only small differences.

Table 2. The total-to-static turbine efficiencies and the pressure ratios, experimental data from [4].

Revolutions nrs n nrs n nrs n
[1/min] [%] [ [%] [ [%] [
Experiment bas. des. Basic design (a) Labyrinth 6 teeth (b)
22,000 69.37 23.87 71.77 23.87 71.97 23.87
23,000 71.30 24.12 73.59 24.13 73.75 24.13
24,000 73.36 23.96 75.18 23.96 75.55 23.97
25,000 74.29 23.81 76.55 23.81 77.17 23.81
26,000 75.32 24.23 77.72 24.24 77.81 24.24
27,000 75.80 23.85 78.84 23.87 78.87 23.87
28,000 76.09 23.52 79.52 23.54 79.37 23.54
29,000 74.71 23.27 79.80 23.26 79.16 23.27
Labyrinth 3 teeth (c) Labyrinth 1s. t. d. (d) Labyrinth 1 1. t. d. (e)
22,000 72.13 23.87 72.09 23.87 72.16 23.87
25,000 76.83 23.81 76.79 23.81 76.77 23.81
28,000 79.40 23.54 79.44 23.54 79.46 23.54
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Only a small increase in the efficiency can be observed at lower speeds, which gradually
disappears. At the maximum revolution speed the effect is even rather negative — this effect
is relatively surprising because better sealing should lead to the higher efficiency of the
turbomachine.

72 //' = <#= = Experiment bas. des.
e Basic design (a)
72 "” Labyrinth 6 teeth (b)
-
71 "I. Labyrinth 3 teeth (c)
g —#&— Labyrinth 1 smaller t. d. (d)
-
70 prag —a&— Labyrinth 1 larger t. d. (e)
yns
69
22,000 23,000 24,000 25,000 rem 26,000 27,000 28,000 29,000

Fig. 5. The total-to-static turbine efficiencies, experimental data from [4].
3.2 Mass-flow rate

The computed total turbine mass-flow rate was about 0.33 kg/s for all cases and the rates
were almost constant due to the choked flow in the supersonic stator nozzle. The value was
about 2.8 % higher than the measured values. This is probably caused by the ideal geometry
used in the CFD model.

Figure 6 shows the leakage mass-flow rate for the computed design geometries. The
leakage mass-flow rate rises with the shaft revolutions and the values are significantly higher
in the basic design than in the newly designed geometries with labyrinth seals. With the best
sealing (b) the leakage mass-flow rate is only half that of the basic design. However, this
positive and expected result has only a minimal impact on the predicted efficiency as is
shown above. The benefit from reduced leakage flow is countered by the higher friction
torque from the increased wetted area of the complex sealing geometries as shown below.
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Fig. 6. The leakage mass flow rate.

3.3 Torque

The results mentioned above in 3.1 and 3.2 are followed by the analysis of the rotor
torques. The total torque 7: decreases from about 6.8 Nm (22,000 rpm) to 5.6 Nm (29,000
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rpm). This torque can be divided into individual components — the blade torque 7piades and
the loss friction torques 7#one (front surfaces/disc) and 7seass (seals/cover disc) according to
relation (2). The calculated torque values can be found in Table 3. The 74one component has
an almost constant 7%one value around -0.026 Nm in all cases.

T = Tpiadges + Trront T Tseats- (2)
Table 3. Evaluation of torque values.
Revolutions Thiades Tseals Te Thiades Tseals T:
[2/min] [Nm] [Nm] [Nm] [Nm] [Nm] [Nm]
Basic design (a) Labyrinth 6 teeth (b)
22,000 6.708 -0.004 6.679 6.744 -0.021 6.697
23,000 6.607 -0.003 6.579 6.641 -0.021 6.594
24,000 6.463 -0.003 6.434 6.513 -0.021 6.466
25,000 6.313 -0.001 6.286 6.374 -0.021 6.337
26,000 6.203 0.001 6.178 6.234 -0.023 6.185
27,000 6.032 0.003 6.009 6.06 -0.024 6.010
28,000 5.850 0.003 5.827 5.869 -0.025 5.817
29,000 5.647 0.004 5.624 5.632 -0.025 5.580
Labyrinth 1s. t. d. (d) Labyrinth 1 1. t. d. (e)
22,000 6.756 -0.018 6.708 6.76 -0.017 6.715
25,000 6.344 -0.014 6.306 6.343 -0.013 6.304
28,000 5.861 -0.013 5.821 5.86 -0.011 5.823

The value of the 7searsis very low in the basic design (a). The values of torque for all the
labyrinth seals show that the 7hdesincreases in cases with higher rotor flow rates. 7+ is lower
than the frictional loss torque. Tseaisincreases on the labyrinth surfaces, 7- especially at higher

speeds, see Figure 7.
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Fig. 7. The increase of the Tolades vs. the increase of the Tseals.
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3.4 Axial force

The axial force value is important for the axial bearing design. The rotor axial force was
evaluated and the values are shown in Fig. 8. The changing values for different seal designs
can be seen.
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While the forces are almost identical in the basic design (a) and the complex sealing (b),
the use of one tooth and its position on the rotor (d) or (e) can partially influence the
magnitude of the force. The position of the tooth influences the pressure distribution in the
sealing channel. The smallest axial force was predicted for design (d) where the location of
the seal is near the smaller diameter of the rotor.
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Fig. 8. The axial force acting on the rotor wheel.

3.5 Flow field

Fig. 9 shows the fields of the averaged velocity magnitude in ZR direction for 28,000 rpm
for two designs. It shows that the presence of the labyrinth seal can influence the structure of
the flow in the outlet part, but not significantly. The velocity fields in the other cases were
similar to the labyrinth design with 6 teeth.
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Fig. 9. Averaged vﬁekigéity magnitude in ZR direction for 28,000 rpm, basic design (a) — top, labyrinth
6 teeth (b) — bottom.
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Fig. 10. Meridional averaged static pressure for 28 000 rpm, basic design (a) — top left, labyrinth 6 teeth
(b) — top right, labyrinth 1 s. t. d. (d) — bottom left and labyrinth 1 1. t. d. (¢) — bottom right.

The fields of the meridional averaged static pressure in Fig. 10 are more interesting. It is
possible to see the changes in the pressure distribution in the turbine for various seal designs.

4 Discussion and conclusions

The numerical case study was carried out to determine the effect of the seals on the ORC
micro-turbine parameters. Labyrinth seals used in the cantilever turbine design influence the
working characteristics in several ways.

The leakage mass flow corresponds to the number of teeth used in the seals. The seal
design (b) with six teeth reduces the mass flow to at least a half of the original value.

The most complicated staggered labyrinth seal with six teeth (b) has a positive effect on
the turbine efficiency in the area of lower rotation speeds (about 0.3 %) but the effect is
smaller than expected. The effect on the efficiency is zero in the area of the higher rotating
speed (including the design point). The results of simulations thus showed that the increased
friction eats up the gain in the blades. In the area of higher rotation speeds the influence of
the friction on the larger surfaces negates the seal effect. All the efficiency values for the
different labyrinth designs confirm this result, but it is necessary to consider the uncertainty
of the results from the numerical solution for such complex flow fields.

Labyrinth seals with three or six teeth — (b), (¢) have no practical effect on the axial force
acting on the rotor wheel in comparison to the original geometry. This is due to the similar
pressure distribution behind the rotor wheel. The labyrinth seals with one tooth (d) and (e)
have an effect on the acting axial force in the order of £6 N thus about 20 % higher or lower
than the value of the basic design (a)) for 28,000 rpm. This effect is positive or negative
depending on the tooth diameter.
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