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ABSTRACT

This study presents the three-dimensional and unsteady simulation of a high-expansion cantilever ORC
turbine which operates with toluene in the real gas region. To this end, the Reynolds-averaged Navier-
Stokes (RANS) equations are solved. A multi-parameter equation of state (EoS) is applied to define
the thermodynamic state. A flux-conservative assembling technique for the treatment of non-matching
three-dimensional meshes is applied to account for the unsteady stator-rotor interaction. The simulations
indicate strong three-dimensional and unsteady effects, especially in the rotor blade passage. Because of
the highly supersonic flow at the stator divergent section, unsteady shock waves emanate from the stator
trailing edge, which disturbs the flow field downstream in the rotor channel. The analysis on the third
direction indicates that the blade profile at different span-wise location and blade height distribution need
to be optimized to reduce losses — generated by flow separation, secondary flow, and shock-waves —
and increase the power output of the simulated high-expansion cantilever ORC turbine.

1. INTRODUCTION

ORCs have been widely applied to convert energy from low-to-medium grade heat sources into electrical
power. The thermal energy available from biomass combustion, solar radiation, geothermal reservoirs or
waste heat from industrial processes, is arguably immense, but the low temperature of these heat sources
— typically between 120 to 350 ○C— is the main disadvantage for their conversion into electricity. The
main distinction between a standard Rankine cycle and an ORC is the working fluid; an ORC utilizes
an organic compound with a high molecular-weight. The working fluid represents an additional degree
of freedom to the ORC system as it can be selected to best match the temperature at the heat source
(Colonna et al. (2015)).

Another distinction of an ORC with respect to a Rankine cycle is the expansion process. The expansion
takes place close to the working fluid’s critical point, in the dense-vapor region, where the ideal gas
assumption is invalid. Therefore, to accurately describe organic fluids, complex equations of states are
necessary (Hoffren et al. (2002); Colonna et al. (2008); Guardone et al. (2013);Wheeler and Ong (2013)).
Moreover, an organic fluid features a small specific enthalpy drop which results in few expansion stages
with a large pressure ratio. As a consequence, the turbine has a highly supersonic flow at the stator
exit. For these reasons, design diagrams and correlations of steam turbines are not suitable for ORC
turbines.

Several degrees of complexity can be included during the design of ORC turbines. Numerous studies
have gone into detail on this topic in terms of preliminary design methodologies (Casati et al. (2014)
and Uusitalo et al. (2015)), shape optimization using CFD (Pasquale et al. (2013) and Pini et al. (2015)),
and detail blade design applying the two-dimensional method of characteristics (MoC) (Anand et al.
(2019)). These studies concentrated on delivering a turbine design at the meridional plane, neglecting
the span-wise direction. This is an acceptable approximation for the stator nozzle. However, for the rotor
— and more specifically for a radial-inflow turbine — the three-dimensional (3-D) effects can become
significant depending on the conditions/fluid (Wheeler and Ong (2014)).

Many efforts in advancing the physical understanding of the fluid dynamic operation of ORC turbo-
machinery expanding non-ideal fluids have been conducted using numerical calculations. Most CFD
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simulations of ORC turbomachinery are under the assumption of steady-state with the implementation
of the mixing plane boundary condition at the interface between the stator and the rotor, for example Har-
inck et al. (2013); Sauret and Gu (2014); Al Jubori et al. (2017). However, in this type of simulations, the
unsteady information between the stator and rotor is lost. Several studies that compared both steady and
unsteady simulations of an ORC turbine stage are Rubechini et al. (2013), Wheeler and Ong (2014) and
White and Sayma (2016). Both studies reported a significant performance drop in the unsteady simula-
tion compared to the steady computation using the mixing plane boundary condition between stator and
rotor. Therefore, the unsteady stator/rotor interaction influences the ORC turbine performance.

Another flow feature of ORC turbines frequently overlooked is the 3-D effects, as only a handful of stud-
ies have accounted for them in their predictions. Instead, most calculations consider a two-dimensional
(2-D) or a quasi 3-D (Q3D) domain, see Bülten et al. (2015) and Rinaldi et al. (2016). An article that
does consider the full 3-D geometry of a high expansion ORC turbine is Harinck et al. (2013). Other
authors — for example Rubechini et al. (2013), Wheeler and Ong (2014), and Al Jubori et al. (2017)
— have also performed 3-D simulations of ORC turbine but mostly consist of standard radial inflow
turbines with an expansion ratio less than 11.

This work shows for the first time, by means of 3-D calculations, an analysis of the unsteady phenomena
— shock waves, viscous wakes, and shockwave-boundary layer interaction — in a high-expansion ratio
ORC turbine. Therefore, we investigate the three-dimensional, supersonic (Mach ≈ 2.5), and highly
unsteady flow of a radial-inflow single stage ORC turbine (expansion ratio ≈ 100) operating with toluene
(C6H5 − CH3) as the working fluid. An in-house unsteady RANS code — see Pecnik et al. (2012)
— is used to solve the system coupled to the multi-parameter EoS from Lemmon and Span (2006), to
capture the unsteady interactions of the turbomachine and to account for the dense-gas effects of toluene,
respectively. A flux-conserved assembling technique for the treatment of non-matching mesh interfaces,
see Rinaldi et al. (2015), is used to model the unsteady interaction between the stator and the rotor.

2. GEOMETRY AND NUMERICAL DOMAIN

We designed a cantilever — radial inflow-radial outflow — turbine geometry for the expansion con-
ditions of a commercial ORC power unit by Tri-O-Gen BV in the Netherlands, with a nominal power
output in the range of 130-170 kW. The turbine consists of 18 stator nozzles and 43 rotor blades. The
diffuser is not taken into account in the present study. The working fluid is toluene with inlet condition
close to the critical point; the reduced temperature and pressure are in the range of Tred = [0.9,1.0] and
pred = [0.75,0.85], respectively. Moreover, the rotational speed of the ORC turbine is in the range of 24
to 30 krpm.

To design the turbine stage, we used the MoC, as described by Anand et al. (2019), for the radial inflow
supersonic stator and our in-house blade parametrization for the rotor; the latter is not reported in this
article for the sake of conciseness. Cantilever turbines require an increase in flow area due to the expan-
sion of the medium. However, an increase in flow area in the blade channel is hard to accommodate due
to the high volume flow ratio of organic fluids and to the radial inflow configuration. The blade height
distribution is the free parameter used to control the area ratio in the rotor passage.

This study aims to account for 3-D effects in a high expansion ratio ORC turbine and quantify the impor-
tance of the 3-D effects on the flow field and overall performance. Therefore, two types of simulations
are performed: a quasi 3-D (Q3D) and a full 3-D (F3D) simulations. Due to the computational burden,
the number of rotor blade was decreased to 36 to reduce the numerical domain, 2 rotor blade per stator
nozzle (see figure 1a). A 2-D plane grid is generated at mid-span — constant for both simulation type to
have a reasonable comparison — as depicted in figure 1a. The nozzle and blades boundary layers were
generated using an O-type structured mesh and elements were clustered at the wall — controlled by hy-
perbolic tangent function — in order to achieve a y+ ≈ 1. A Q3D domain corresponds to the meridional
plane utilizing a single cell in the span-wise direction. Therefore, it is not possible to observe 3-D effects
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Figure 1 Numerical discretization of the computational domain: (a) 2D mesh, constant for all cases, and (b) F3D

in this type of domain. The cross-sectional area varies with the distance from the axis of rotation to al-
low the fluid to expand as in the 3-D geometry. A F3D simulation accounts for the whole blade passage
in span-wise direction, using in our case 50 cells in this direction, see figure 1b, making it possible to
estimate the flow behaviour in the direction normal to the meridional plane. The thickness of the blade
varies from hub to shroud because of strength and vibrational purposes in the actual machine. Hence the
rotor blade is thicker at the root and thinner at the shroud. Figure 1b also illustrates the sharp increase of
height in the rotor channel. The discretization in the span-wise direction is made such that elements are
cluster near the wall at the hub and the shroud, achieving a y+max < 10.

3. NUMERICAL METHODS

Solver: An in-house CFD code (see Pecnik et al. (2012)), which discretizes the compressible Navier-
Stokes equation using the finite volume formulation, is used to simulate the high expansion ORC turbine.
An approximate Riemann solver, AUSM+ from Liou (1996), is used to approximate the advection term
of the Navier-stokes equation. All simulations are performed using second-order spatial accuracy to
reconstruct the face value of a given variable. A two-step Backward differentiation scheme is used
to advance the simulation in time, solving the linear system with the Biconjugate Gradient Stabilized
Method from Van der Vorst (1992).

Equation of state: The multi-parameter EoS of Lemmon and Span (2006) is used to represent the fluid
properties. A look-up table for toluene is generated for a range of T = [310,390]Kand ρ = [0.005,145.0]
kgm−3 using 400 nodes for each axis. A uniform and a logarithmic spacing, for the temperature and
the density, respectively, are used to discretize the thermodynamic table. The look-up table tabulates
pressure, entropy, enthalpy, viscosity, thermal conductivity, and the speed of sound. We used a linear
interpolation scheme, which for the tabulated region had amaximum interpolation error of 0.05%.

Turbulence modelling: The one-equation turbulence model of Spalart and Allmaras (1992) is used
to model the Reynolds stresses and close the system of equations. Other authors have used this eddy
viscosity model for ORC turbomachinery, see Rinaldi et al. (2016); Wheeler and Ong (2014); Bülten
et al. (2015). In our previous study, see Otero Rodriguez et al. (2018), this model gave accurate results
when solving full developed channel flows with a strong variation on the thermo-physical properties if
compared to direct numerical simulations.

Boundary conditions: In table 1, a summary of the boundary conditions is given. A fully conservative
flux assembling technique for the treatment of non-matching mesh interfaces is used to model the un-
steady stator-rotor interaction, see Rinaldi et al. (2015). The non-matching mesh technique was extended
in this research to handle 3-D geometries.
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Table 1: CFDboundary conditions. † For the F3D simulation, a zero angle in the spanwise direction
of the velocity is set at the inflow. †† To initialize the flow field, a static pressure is prescribed at
the outflow. For the turbulence model, an inflow value of the Spalart-Allamaras scalar is given.
At the wall, the Spalart-Allamaras scalar is set to zero.

Type of domain Inflow† Outflow†† Walls Top & bottom ω [krpm]
Q3D T0, p0, α ∇p = 0 No slip and adiabatic ∇vn = 0 28F3D Adiabatic wall

4. RESULTS

This section of the article reports the outcome from two unsteady ORC turbine simulations: a Q3D and
an F3D simulation. We first examine the unsteadiness of the flow field with time-evolution contour plots.
Afterward, we investigate the 3-D effects in the ORC turbine by comparing the two simulations.

4.1 Unsteady flow interaction
In figure 2, we present the time evolution of the relative Mach number with constant pressure lines. To
avoid redundancy, we will only discuss the unsteady shock-wake interaction for the Q3D simulation.
Moreover, we have limited our analysis to half the angular period — the rotation of one rotor blade
— given the periodic nature of the flow field. In this plot, and in several contour plots in this paper,
constant pressure lines in the range of 20 bar to 0.2 bar are illustrated as black continuous lines. A
cluster of pressure lines represent a strong pressure gradient, which indicates a shock wave. Therefore,
the unsteady interaction of shock waves and viscous wakes can be visualized using theses plots.

The flow features in the static domain are typical of a well-designed radial inflow supersonic stator vane.
Because of the high expansion ratio of the turbine, the flow is accelerated to sonic conditions at the throat
of the stator and later becomes supersonic in the divergent section. A highly supersonic flow is reached at
the end of the nozzle, with a Mach number of around 2.7. There are two oblique shock-waves stemming
from the stator trailing edge (STE), one enters directly towards the rotor and the other one hits the long
stator wall which is then reflected towards the rotor, see a snapshot of the pressure gradient contour in
figure 3a. Both shock-waves disturb the flow field downstream; however, these are weak oblique shocks
and do not generate any recompression in the semi-bladed region between the stator and rotor. Thus the
design of the stator blade achieves the desired expansion ratio.

The rotor blade suffers from several flow phenomena that increase losses. A bow shock-wave is produced
at the rotor leading edge (RLE) because the flow is supersonic in the relative frame of reference; the
flow at this location has a relative Mach number of 1.25. Moreover, the flow becomes detached in the
suction side (SS) of the blade inducing a recirculation bubble and another oblique shock; the flow is still
supersonic in the relative frame. Because of the increase of area in the blade channel, the flow continues
to accelerate, reason why two oblique shocks emanate from the rotor trailing edge (RTE).

The unsteady nature of the flow is revealed between the stator and the rotor, and in the rotor blade passage,
see figure 2. We can distinguish three unsteady structures in the flow field: (1) the viscous wake (VW)
at the STE, (2) the bow shock (BS) at the RLE, and (3) the oblique shock (OS) emanating from the
flow separation at the SS of the blade. Between stator and rotor, the flow field is unsteady as a result of
the influence of the blade rotation on both the VW and the oblique shock-waves that emanate from the
STE. The BS of the RTE of blade 2 interacts with the VW of the STE, see τ = 3/12 to τ = 5/12. This
interaction continues until the wake enters the rotating domain, seen in τ = 1/12 and τ = 2/12 for the
BS of the RTE of blade 1. From τ = 0/12 we can see — between the pressure side (PS) of blade 1 and
SS of blade 2 — how the BS and OS interact with each other. This shock-shock interaction is rotating
with the flow, as seen in τ = 1/12 − 3/12, until it impinges in blade 1 PS at τ = 4/12. In τ = 5/12 the
three unsteady structures — BS, OS, and VW— are interacting near the RLE of blade 1. The detached
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Figure 2 Time evolution of the relative Mach number with constant pressure lines for the Q3D numerical domain. The
pressure lines goes from 20 bar at the stator divergent part to 0.2 bar at the exit of the blade channel.

flow in the SS of the blade is also unsteady, see for example in τ = 3/12 and τ = 4/12 how eddy induced
shocks are emanating from the separation bubble of blade 1 SS. These eddy shocklets are created by
the interaction of the VW with the rotor channel. The detailed study of high-expansion ORC turbines
requires time-dependent simulations with a flux-conserving interface between stator and rotor.

4.2 Three-dimensional effects
The time-averaged entropy contours at mid-span of the Q3D and F3D simulations, see figures 4a and 4c,
have similar flow field structures with disparities in the rotor. The flow field in the stator is not influenced
by the three-dimensional effects. In the rotating domain, we can see that the shock-waves are weaker in
the F3D simulation at mid-span, confirmed by the snapshot of the pressure gradient in figure 3. However,
the bow shock in the F3D simulation is part of a larger 3-D shock as seen in figure 3c. The flow separation

(a) (b) (c)

Figure 3 Snapshot of the magnitude of the pressure gradient field: (a) Q3D, (b) F3D with XY view, and (c) F3D with 3-D
view: pressure gradient iso-surfaces = 3 107.
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Figure 4 Time-averaged entropy contour with constant pressure lines for the (a) Q3D, and F3D numerical domain at three
span-wise locations: (b) 10% span, (c) 50% span, and (d) 90% span. The pressure lines goes from 20 bar at the stator
divergent part to 0.2 bar at the exit of the blade channel.

in the SS of the blade is present in both simulations. However, the F3D simulation has a higher entropy
increase. These results already show that there exist substantial differences between a Q3D and F3D
simulation of a high-expansion ratio ORC turbine.

The entropy at the mid-span section of the F3D simulation is always higher than for the Q3D simulation
for the same shaft speed. Figure 5a gives a quantitative representation of the mass-averaged in time
and space of the entropy as a function of the radius in the Q3D and F3D simulations; the latter only
considers the mid-span section (35% to 70% span). There is not entropy difference in the stator until the
throat. In the diverging part of the stator nozzle, there is an increase in the entropy for both simulation.
Caused by the flow detachment, the blade channel is the section of the turbine where the highest increase
in entropy is observed. The behavior of the averaged entropy distribution across the turbine stage is
comparable between the two simulations — Q3D and F3D— at mid-span. In the stator nozzle, until the
STE, both simulation types have equivalent entropy distribution. However, in the rotor channel, the F3D
simulation has a higher entropy increase, especially near the RTE. From these results we can conclude
that the 3-D effects have a substantial impact in terms of entropy across the rotor of a high-expansion
ORC turbine.

A F3D simulation provides the possibility to investigate the flow of the turbine at all span-wise locations.
In this regard, figure 4b)-d) describe the time-averaged entropy contours for the F3D simulations at three
span-wise levels: 10% (near the hub), 50% (at mid-span), and 90% (near the shroud). Amore quantitative
description of the flow field is shown in figure 5b, where the mass-averaged in time and space of the
entropy is plotted along the radius for the hub (mass averaging between 0% − 35% span), mid-span
(35% − 65% span), and shroud (65% − 100% span) sections of the domain.

In terms of the flow field in the stator, figures 4b)-d), there is no change in the vertical direction. However,
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Figure 5 Time- and mass- averaged entropy along the radius of the turbine stage comparing: (a) Mid-span section of the F3D
and Q3D simulations and (b) span-wise sections of the F3D simulation.

clear differences are seen in the averaged entropy for different span-wise locations, as shown by figure 5b.
There is a larger increase in entropy after the STE, near the hub and the shroud, as a consequence of the
boundary layer formation at the top and bottom stator walls. Still, the nozzle vane can be designed at
mid-span without any consequence in the third direction.

Large differences in the flow field are observed in the span-wise direction at the rotor channel, see fig-
ures 4b)-d). Three important flow features change along the span-wise direction: (1) the size and location
of the recirculation in the SS of the blade, (2) the strength of the bow shock at the RLE, and (3) the vis-
cous wake of the RTE. Therefore, to have a well-designed rotor of the simulated high-expansion ORC
turbine, the blade profile needs to be adapted in the third direction to account for these changes of the
flow field.

Contrary to the mid-span, the entropy increase at the hub are not restricted to the recirculation bubble,
compare for example the rotor channel in figures 4b and 4c. Quantitatively, the hub is the section of
the domain with the highest increase in entropy as seen in figure 5b. These discrepancies between the
mid-span and hub are a consequence of the boundary layer at the hub wall.

The flow field near the blade shroud has the highest difference if compared to the mid-span. The flow
detachment has change in location relative to the chord distance of the blade; the separation bubble at
the shroud is closer to the RLE, see figure 4d. Moreover, the shape of the flow separation at the shroud
is distinct. Figure 6 depicts the reason for these differences: secondary flow caused by the high flaring
angle of the blade height distribution. The high flaring angle of the height distribution is a consequence of
(1) the radial inflow configuration, and (2) the high volume flow ratio. Therefore, the height distribution
needs to increase rapidly in the rotor channel to compensate for these two factors. The high flaring angle
in the radial-to-axial bend drives low momentum fluid towards the shroud because of the meridional
stream-wise curvature in the span-wise direction. Regarding figure 5b, the entropy increase in the shroud
is equivalent to the hub — due to the already discuss near-wall effects — until the height distribution
starts to change in the rotor channel. A sharp increase in the averaged entropy — due to the secondary
flow — is seen just at the inlet of the rotor channel for the shroud section. The blade design of the
simulated high-expansion ORC turbine needs to consider the span-wise direction effects, a consequence
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Figure 6 Entropy iso-surface snapshot with a contour of the relative velocity in the z-direction. Vectors represent the relative
velocity field.

of a high flaring angle of the height distribution, as they decrease the performance of the turbine.

The F3D calculations give a worse performance of the high-expansion ORC turbine compared to the
Q3D counterpart for all simulated shaft speeds. We have measured the performance of the ORC turbine
by means of the power output, and the isentropic and total-to-static efficiency. There is a 3.15% and
1.19% drop on the F3D simulation relative to isentropic and total-to-static efficiency of the Q3D sim-
ulation (Δη = ηQ3D − ηF3D), respectively, resulting in less power output: −15.3kW. The additional loss
mechanisms, quantifiable by a F3D simulation, decrease the performance of the high-expansion ORC
turbine stage.

5. CONCLUSIONS

Utilizing detailed RANS simulations, we investigated the three-dimensional, supersonic, and highly un-
steady flow of a high-expansion ratio ORC turbine operating with toluene as the working fluid. We
performed two types of numerical simulations, a quasi-three-dimensional and a full three-dimensional
calculations. Because the fluid expansion takes place close to the dense-vapor region, the fluid’s ther-
modynamic properties were evaluated with a multi-parameter equation of state. In this original research,
we investigated for the first time the unsteady phenomena of a high-expansion ORC turbine via three-
dimensional calculations.

In our analysis, we illustrated the most relevant aerodynamic features that need to be addressed when
designing a high-expansion ORC turbine. Between the stator and the rotor, there is a strong coupling
between the shock-waves and viscous wake emanating from the stator trailing edge, and the rotation of
the blades. These unsteady phenomena, emerging from the stator, modified the flow field downstream in
the rotor channel. Moreover, we observed flow detachment at the suction side of the blade that generate
a large entropy increase. The designer of the high-expansion ORC turbine needs to analyze the effect
of the height distribution relative to secondary flow at the rotor channel. The three-dimensional effects
resulted in a drop in performance, as a consequence of the loss mechanisms quantifiable only with a
three-dimensional simulation: the hub and shroud boundary layer, and a secondary flow in the blade
channel.
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NOMENCLATURE
Acronyms SLE stator leading edge
2-D two-dimensional SS suction side
3-D three-dimensional STE stator trailing edge
BS bow shock-wave VW viscous wake
CFD computational fluid dynamics Symbols
EoS Equation of State p pressure
F3D full three-dimensional T temperature
MoC Method of Characteristics v velocity
ORC organic Rankine cycle Greek letters
OS oblique shock-wave α velocity angle
PS pressure side ρ density
Q3D quasi-three-dimensional τ time period
RANS Reynolds-averaged Navier-Stokes Subscript
RLE rotor leading edge 0 total conditions
RTE rotor trailing edge n normal direction
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