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Abstract: Design processes and numerical simulations
have been presented for a few cases of turbines designated
to work in ORC systems. The chosenworking �uid is MDM.
The considered design con�gurations include single stage
centripetal reaction and centrifugal impulse turbines as
well as multistage axial turbines. The power outputs vary
from about 75 kW to 1 MW. The �ow in single stage tur-
bines is supersonic and requires special design of blades.
The internal e�ciencies of these con�gurations exceed
80% which is considered high for these type of machines.
The e�ciency of axial turbines exceed 90%. Possible tur-
bine optimizationdirectionshavebeenalso outlined in the
work.

Keywords: ORC; turbines; MDM; numerical simulations;
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1 Introduction

1.1 Motivation

In the last few years the interest in alternative energy
sources has been rapidly raising up. It is due to the in-
crease of the environmental pollution and the threat of the
global warming. Burning of the fossil fuels is believed to
be the main cause of the greenhouse e�ect. The technol-
ogy ofOrganic Rankine Cycles is a very promising one from
the point of view of renewable energy sources. This pa-
per describes the series of turboexpanders which are des-
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ignated to operate in small-scale ORC CHP plants working
with MDM as working �uid.

The presented turbines di�er one from another with
respect to the �ow direction, number of stages, degree of
reaction and power capacity which varies between 75 kW
and 1MW. The design process for each case begins with 1D
computations which in some of the cases is followed by
generation of the full stage geometry and numerical simu-
lations.

1.2 The MDM cycle

Figure 1 shows the schematic of the multitask ORC test rig.
It is being built in the laboratories of the Szewalski Insti-
tute of Fluid-Flow Machinery of Polish Academy of Sci-
ences (IMP PAN). The maximum assumed pressure at the
turbine inlet is 12 bar(a) and the maximum temperature
equals to 553 K (point 2). The back pressure is assumed
to be 0.17 bar(a) (point 3). The system is powered by gas
boiler which is connected with theMDM cycle bymeans of
the thermal oil loops. The lower oil loop delivers the heat
to the preheater and the upper one supplies the evapora-
tor. The condensedworking�uid is compressedby the feed
pump. The heat received in the condenser can be used for
heating purposes. Themaximumpower of the original sys-
tem is 100 kW and it is assumed that it can be scaled up to
1 MW depending on the various CHP applications.

1.3 The set of turbine design parameters
and turbine con�gurations

Table 1 shows the set of turbine design parameters which
correspond to di�erent scales of the MDM cycle described
above. It can be observed that the higher the design power
output the more complex becomes the turbine con�gura-
tion which is economically justi�ed [1]. The turbine de-
signed for 75 kWconsists of an isolated centrifugal impulse
stage while the radial turbines for 200 kW and 500 kW are
single stage centripetal reaction machines. The axial tur-
bines for 500 kWand 1000 kWhave 10 stageswith variable
degree of reaction across the �ow path.
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Table 1: The set of turbine con�gurations.

Type Power [kW] Inlet pres.
[bar(a)]

Inlet temp. [K] Outlet pres.
[bar(a)]

Rotational
speed [rpm]

Number of
stages

Radial, im-
pulse

75 7 521 0.17 20000 1

Radial, reac-
tion

200 12 553 0.17 13500 1

Radial, reac-
tion

500 12 553 0.17 8500 1

Axial 500 12 553 0.17 3000 10
Axial 1000 12 553 0.17 3000 10

Figure 1: The schematic of the IMP PAN multitask ORC test rig.

1.4 The design calculations

The design calculations are based on the one-dimensional
mean line code [2]. The loss calculations are based on the
Craig-Cox loss model [3] which is one of the most compre-
hensive correlations. It is suitable for single stage andmul-
tistage axial turbines and the loss prediction error given by
the authors did not exceed 1.25%. However, it must be un-
derlined that for radial turbines it may not be as precise
because the forces act di�erently on �uid elements. What
is more, MDM reveals a strong real gas behavior and it still
remains an open questionwhether the classic correlations
are reliable for these kinds of �uids. Recently, a lot of ex-
perimental e�ort has beenmade in order to investigate the
dynamics of real gases [4–6].

1.5 Geometry of the blades

The full geometry of the blades was created for 75 kW
and 200 kW turbines. As they consist of single and highly
loaded stages, the �ow in the nozzle is highly supersonic.

This �ow regime requires a convergent-divergent channel
design. There are various methods for designing this kind
of geometry, however, a very e�cient tool is the method
of characteristics (MOC) for potential irrotational �ow. The
convergent-divergent nozzles designed for the presented
turbine stages are �at and they produce parallel uniform
�ow [7]. In order to obtain the appropriate geometry the
real gas behavior of the MDM was taken into account.

The rotor blade shapes were obtained by means of
parametric geometry description based on Bezier curves
created in Matlab environment and commercial software
Ansys BladeGen [8].

1.6 Numerical simulations

The RANS simulationswere performed bymeans of a com-
mercial code Ansys CFX ¹. The numerical model used in
the computationswas similar to that usedby other authors
who simulated ORC turbine stages [9–12]. The equations
describing the �ow were solved by means of the �nite vol-
ume method. Second order discretization scheme was ap-
plied. As the turbulence model the k−ω SST was selected.
The thermodynamic properties ofMDMwere implemented
via a property table generated in the Refprop library [13].

The imposed set of boundary conditions consisted of
the total pressure and total temperature at the inlet, av-
erage static pressure at the outlet and the rotational speed
of the rotor domain. The values of the boundary conditions
corresponded to the design point. All of the computational
meshes were hexahedral.

1 Ansys CFX, Release 12, 2009.
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2 The 75 kW radial turbine
One of the problems concerning pure radial stages is the
centrifugal force that acts perpendicularly to the blades.
However, due to the properties of the �uids with large
molecules the enthalpy drops in turbines operating in Or-
ganic Rankine Cycles are relatively small.

The proposed supersonic, impulse and centrifugal
stage is an atypical con�guration and there is not many
literature publications devoted to these kind of machines.
Some research in this �eldwas performed by Cho et al. [14]
and Klonowicz and Brüggemann [10]. A clear advantage of
these solution is a small axial thrust exerted on the shaft
which is characteristic for the impulse stages in general. It
is also relatively easy to manufacture the blades and ap-
ply the rotor shrouding as both the hub and shroud sur-
faces of the rotor are perpendicular to the axis of rotation.
Additionally, the numerical simulations show a promising
aerodynamic performance of this stage.

The design parameters are lower than in case of all the
other cases described in this work. They were gathered in
Table 2. The results of 1D computations are presented in
Table 3 and Table 4, velocity triangles are shown in Fig-
ure 2.

The divergent part of the nozzle channel was designed
by means of MOC as a �at nozzle producing parallel and
uniform�ow, Figure 3. For impulse and centrifugal turbine
blade design no literature references has been found. The
free vortex �ow method originally developed by Boxer et
al. [15] is not suitable in this case mainly due to the signi�-
cant velocity growth in the rotor channels (from 171 m/s to
236m/s). Due to lack of a suitable designmethod the rotor
was designed so that the blade anglesmatch the predicted
�ow angles and the channel width between the blades is
constant. The blading of the stage is presented in Figure 4.

The computational domain of the numerical task con-
sisted of one nozzle channel and one rotor blade. The nu-
merical model was consistent with the description in part
1.6. The total size of the mesh was 2.3 million nodes. The
size of the nozzlemeshwas 1.7 million nodes, the rotor do-
main consisted of 0.6 million nodes.

The distribution of the velocity and static pressure at
50% of the span are shown in Figure 5 and Figure 6. The
velocity distribution shows lack of �ow separation in the
rotor domain. This results in relatively high internal e�-
ciency which is equal to 81.4%. In the presented case the
exit loss is equal to about 4%. This loss can be reduced be
using a di�user, however, in a radial out�ow turbine de-
signing a large di�user will signi�cantly increase the ex-

Table 2: Design parameters of the centrifugal stage.

Total inlet pressure 7 bar(a)
Total inlet temperature 248°C
Total outlet pressure 0.17 bar(a)
Design mass flow rate 1.57 kg/s
Rotational speed 20000 rpm

ternal casing size which would be problematic from the
point of view of mechanical design. A signi�cant fraction
of the overall loss is caused by the shocks in the rotor
which are much stronger than in the nozzle (at least at the
nominal point). The gap between the nozzle and rotor is
also a source of loss. On one hand, the smaller the gap the
smaller are the friction losses in the bladeless region but
on the other hand the stronger is the rotor-stator interac-
tionwhich has a negative in�uence on the e�ciency. Find-
ing the optimal radial gap size was not the subject of this
paper and should be studied in future analysis.

Themost important results obtained fromCFD simula-
tions are shown in Table 5. The resulting mass �ow rate is
only 0.13% di�erent from designed one. This shows a very
good agreement between methods of characteristics and
CFD. The small di�erence is a result of the boundary layer
which was not taken into account in MOC.

The designed shape of the nozzle is not optimal from
the point of view of a centrifugal blade row because it pro-
duces the parallel and uniform �ow instead of circumfer-
entially uniform one. On the other hand, the MOC seems
to be a good starting point since there is no dedicated de-
sign method in the literature. In future, the optimization
methodology for a centripetal supersonic nozzle described
by Pasquale et al. [16] will be adopted. Also, a dedicated
rotor blade design method should be developed or, alter-
natively, a proper optimization method should be applied
[17].

3 The 200 kW radial turbine
The centripetal turbine stages are widely used whenever a
compact design is required, for example in the turbocharg-
ers. This type of stage is characterized by a good e�ciency
and can process relatively large enthalpy drops. In case
of large particle �uids, like MDM, the pressure ratio can
exceed 100. On the basis of the previous designs [18, 19]
the dimensions and rotational speed have been adopted
in order tomeet the demands of the new power output, as-
suming that the �ow angle at the nozzle outlet should be
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Table 3

c [m/s] w [m/s] α [° ] β [° ] M [-] D [mm] l [mm] p [bar(a)] T [°C ] ρ [kg/m3]
0 7 248 54.97
1 320.6 171 12.8 24.5 2.46 150 36 0.22 210.7 1.31
2 59.5 236.1 88.2 165.4 1.81 220 38 0.17 211.1 1.01

Table 4: General characteristics of the stage.

Rotational speed 20000 rpm
Internal power 76.4 kW
Internal e�ciency 81%
Degree of reaction 7.2%
Number of nozzle channels 12
Number of rotor blades 31
Critical section of a single nozzle
channel

1.08 mm

Figure 2: Velocity triangles of the centrifugal stage.

Figure 3: Distribution of the Mach number in the supersonic nozzle.

Table 5: The most important results obtained from CFD.

Mass flow rate 1.568 kg/s
Internal power 78 kW
Internal e�ciency 81.4%
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Figure 4: The blading of the centrifugal stage.

Figure 5: The distribution of the velocity at 50% of the span.
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Figure 6: The distribution of the static pressure at 50% of the span.

greater than 10°. Additionally, a long blade has been im-
posed at the outlet in order to minimize the out�ow loss.
A classic reaction stage kinematics has been assumed (de-
gree of reaction equal to 50%). The set of the design pa-
rameters for the stage has been given in Table 6. The main
dimensions of the stage have been shown in Figure 7while
the velocity triangles have been displayed in Figure 8.

The stage geometry was produced by means of the
methodsdescribed in thepart 1.5.Due to ahighvalueof the
Mach number in the stator a convergent-divergent nozzle
shape was necessary. Analogeously as in case of the cen-
trifugal turbine, the method of characteristics for design-
ing a �at nozzle was applied. The obtained nozzle shape
has been presented in Figure 9. The geometry of the rotor
blades has been created in Ansys BladeGen software.

It is assumed that the impeller is shrouded. This so-
lution allows one not only to increase the e�ciency of the
stagebut also to reduce the axial thrust exerted at the rotor.
Figure 10 shows an exemplary dependence of a centripetal
stage e�ciency with respect to the tip clearance size. The
rotor shrouding gives a bene�t of e�ciency of about 3 to 5
percentage points in the range of practical clearance sizes.
The main disadvantage of a shrouded rotor is connected
with theworse structural properties than in case of the un-
shroaded impeller. Thus, structural analysis is necessary
because the peripheral speed is signi�cant and equal to
240 m/s.

The hexahedral meshes prepared for the numerical
simulationswas equal to about 350 thousand nodes for ev-
ery domain (single stator channel and single rotor chan-
nel). The results obtained from numerical simulations
have been presented in Figures from 11 to 17 and in Table 7.

The internal e�ciency of the stage obtained from sim-
ulations is equal 86.6%. This is a very good result tak-

ing into account a large pressure ratio processed by the
turbine (about 70) and signi�cant Mach number at the
stator out�ow (average value about 1.9). Nevertheless, a
�ow separation is visible in the rotor domain (Figure 16)
which should be in future designs improved by means of
optimization. One of the possible optimization direction
would lead through changing the distribution of the β* an-
gle in the rotor and the meridional shape.

The performed simulations neglect the leakage over
the rotor shrouding which in reality would introduce ad-
ditional loss and reduce the e�ciency. The e�ect of this
clearance will be taken into account in future studies in
order to estimate the machine performance and to obtain
the optimal size of the gap.

The presented results were performed for the nominal
point but from the point of view of the real system also the
o�-design performance should be investigated. Because of
the large value of theMachnumber the part-load e�ciency
can be poor.

4 The 500 kW radial turbine
Since the design parameters, except the power capacity,
are exactly the same the turbine geometry presented in the
previous section can be used. In order to obtain the ap-
propriate mass �ow rate through the machine the shape
of the blade rows must be properly rescaled. At the same
time, to keep the �xed value of the peripheral velocity,
the rotational speed has to be changed. It is expected that
the losses in the whole stage will be only slightly changed
because the Reynolds number in�uence will be small. Its
value in the stator will rise from 5 million to about 8 mil-
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Table 6: Design parameters for the centripetal stage.

Total inlet pressure 12 bar(a)
Total inlet temperature 535.5 K
Total outlet pressure 0.17 bar(a)
Mass flow rate 3.5 kg/s
Rotational speed 13500 rpm

Figure 7:Main dimensions of the centripetal turbine stage.

Figure 8: Kinematics of the centripetal stage.

Table 7: Results of numerical simulations of the centripetal stage.

ḿ, kg/s P*0, kPa T*0, K P1, kPa T1, K P2, kPa T2, K c1, m/s
3.497 1200 553.5 129 518.9 17 500.6 248.7

c2, m/s w1, m/s w2, m/s α2, deg P, kW ηi, %
80.8 52.2 155 92.2 211 86.6
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Figure 9: The distribution of the Mach number in the designed nozzle.

Figure 10: Internal e�ciency of an examplary centripetal stage with respect to the tip clearance size.

Figure 11: Static pressure in the nozzle averaged along the circumference.
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Figure 12: Static pressure in the rotor averaged along the circumference.

Figure 13: Static pressure distribution in the nozzle at 50% of the normalized span.

Figure 14: Static pressure distribution in the rotor at 50% of the normalized span.
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Figure 15: Velocity vectors in the nozzle at 50% of the normalized span.

Figure 16: Velocity vectors in the rotor at 50% of the normalized span.

Figure 17: Mach number in the stator at 50% of the normalized span.
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Figure 18: The comparison of the main dimensions of the 200 kW and 500 kW stages.

Table 8: Detailed results of 1D computations for 500 kW axial turbine.

1 2 3 4 5 6 7 8 9 10
Internal
power [kW]

34.54 41.49 47.73 54.11 60.71 68.08 74.38 78.4 80.52 81.09

Internal
e�ciency [%]

80 82 84.3 85.7 86.5 87.7 89.2 90.3 90.9 91.2

Degree of re-
action [%]

5 7 10 14 18 22 29 37 47 60

Number of
stator blades
[-]

29 31 34 40 47 56 54 44 35 30

Number of ro-
tor blades [-]

102 115 127 139 150 151 127 85 53 34

Figure 19: Velocity triangles of the 500 kW axial turbine.
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Figure 20: Meridional view of the 500 kW axial turbine.

Table 9: Detailed results of 1D computations for 1 MW axial turbine.

1 2 3 4 5 6 7 8 9 10
Internal
power [kW]

70.31 74.29 78.19 85.2 95.06 109.81 128.26 148.83 171.07 194.05

Internal
e�ciency [%]

84 85.4 86.4 86.5 85.7 85.9 87 88.5 89.6 89.4

Degree of re-
action [%]

5 7 10 14 18 22 29 37 47 60

Number of
stator blades
[-]

35 37 37 42 52 63 64 53 44 39

Number of ro-
tor blades [-]

111 114 122 135 151 161 145 104 68 48
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Figure 21: Velocity triangles of the 1 MW axial turbine.

Figure 22:Meridional view of the 1 MW axial turbine.
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lion and in the rotor from 3 million to 4.8 million. The loss
correlations predict that the internal e�ciency of the stage
will be changed by less than 0.5 percentage points assum-
ing that the relative roughness of the blade surface ismain-
tained. Additionally, the losses could be reduced if the tip
clearance is taken into account. In order to change the
power output of the stage from 200 kW to 500 kW the scale
factor must be equal to 1.581 which is the square root from
the ratio of those two values. Thus, the rotational speed
will be reduced from 13500 rpm to about 8500 rpm. The
comparison of the original stage and the rescaled one has
been presented in Figure 18.

5 The 500 kW and 1 MW axial
stages

Thepurpose of this part of thepaper is toproject theperfor-
mance of two axial turbines (500 kW and 1000 kW), that
were designed for the same input parameters except the
mass �ow rate, i.e. inlet pressure, temperature and out-
let pressure. The stage design procedure was based on 1D
computational matlab code which is consistent with the
description given in the part 1.4. The ORC turbine design
process, and more speci�cally the �ow path design pro-
cess, was based on the distribution of enthalpy drops and
degrees of reaction in the particular stages. The general se-
quence of this process includes:
1. Turbine basic speci�cations, i.e. rotational speed,

number of stages, pressures, temperatures and some
assumed distributions of enthalpy drops and degrees
of reaction.

2. Determination of the optimum �ow path. The opti-
mization algorithm calculates the sets of geometrical
parameters seeking for the maximum of the objective
functionwhich is the internal e�ciency of the turbine.

On the contrary to the highly loaded turbines described in
previous sections, themachines describedhere havemany
stages, low Mach numbers and e�ciencies above 90%.

5.1 The 500 kW turbine

The mass �ow rate in this case is 9.78 kg/s and the rota-
tional speed equals to 3000 rpm, the number of stages is
10. The computed value of the e�ciency is 91%. Table 8
presents the detailed results of the calculations while Fig-
ures 19 and 20 show the velocity triangles of the stages and
the main dimensions of the whole group.

5.2 The 1 MW turbine

The design mass �ow rate for this case was increased to
19.56 kg/swhile the rotational speedwas kept at 3000 rpm.
The internal e�ciency is equal to 92% so it is 1 percentage
point higher than in the previous case. The detailed 1D cal-
culation results for every stage have been presented in Ta-
ble 9. Figures 21 and 22 present the kinematics of the stages
and main dimensions of the whole turbine.

6 Conclusions
The presented turbines were designed according to the
principle that in case of the small power turbines the most
important feature is the compact design and cheap man-
ufacturing. The resulting e�ciency should be as high as
possible but it is not the primary issue. The described
highly loaded stages achieve satisfying e�ciency values
despite of high Mach numbers in the stator. Along with
increasing power output the design complexity can be in-
creased. The multistage axial turbines described in the
paper have much better e�ciencies but their designs are
much more sophisticated. They require signi�cantly big-
ger manufacturing e�ort.

The next step will be the detailed analysis of the clear-
ance �ow in the stages. Also, turbines optimization will be
performed which will be preceded by the sensitivity anal-
ysis in order to determinewhich of the geometrical param-
eters have the biggest in�uence on the e�ciency.
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Nomenclature
c - velocity in stationary reference frame [m/s]
w - velocity in relative reference frame [m/s]
α - velocity �ow angle in stationary reference frame [°]
β - velocity �ow angle in relative reference frame [°]
M - Mach number [-]
D - mean diameter of a stage [mm]
l - length of a blade [mm]
p - pressure [bar] or [kPa]
T - temperature [°C] or [° K]
ρ - density [kg/m3]
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Indices:
0 - stage inlet
1 - rotor inlet
2 - rotor outlet
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