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ABSTRACT

Organic Rankine cycle (ORC) systems are a readily available technology to convert thermal energy from
renewable- and waste heat sources into electricity. However, their thermal performance is relatively low
due to the low temperature of the available heat sources, but more importantly, due to the low efficiency
of the employed expander. Designing the turboexpander is exceptionally challenging, because the flow
field is highly supersonic and unsteady, and since the expansion takes place in the highly non-ideal
dense-vapor region. In this work, we perform unprecedented three-dimensional unsteady simulations
of several high-expansion cantilever ORC turbines to highlight distinctive loss mechanisms. The simu-
lations indicate strong unsteady effects in the rotor blade passage, as a result of unsteady propagating
shock waves interacting with viscous wakes and boundary layers. Moreover, the flow field in the rotor
blade passage is strongly affected by three-dimensional secondary flow features and a sharp expansion in
the shroud region at the inlet of the rotor blade. These span-wise mechanisms and unsteady flow in-
teractions introduce irreversible losses which must be taken into account for designing highly efficient

ORC expanders.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

ORC power systems are a viable alternative to convert low-to-
medium grade heat sources at temperatures between 120 and
500 ° C[1] to electrical power. The thermal energy available from
biomass combustion, solar radiation, geothermal reservoirs, or
waste heat from industrial processes, is arguably immense. Still, the
low temperature of these heat sources is the main drawback for
their conversion into electricity. While the operating principle of a
steam Rankine cycle is comparable, the working fluid of an ORC is
an organic compound with a high molecular-weight. As aresult, the
fluid can be selected to best match the temperature of the heat
source, adding a degree of freedom to the system design, yielding a
higher thermal efficiency compared to a steam Rankine cycle for
the same conditions [1]. In terms of overall efficiency, the expander
is the most critical component because of its direct impact on the
overall system performance [2].

The expansion process of an ORC is distinct from its Rankine or
Brayton cycle counterpart. First, the expansion takes place close to
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the working fluid’s critical point, in the dense-vapor region, where
the ideal gas assumption is invalid. Consequently, complex equa-
tions of state (EoS) are necessary to accurately describe organic
fluids [3—7]. Second, an ORC expander features a small specific
enthalpy drop due to the molecular complexity of the organic fluid.
Therefore, the designer can choose a few numbers of stages (one or
two) without the expander experiencing efficiency drop or high
rotational speed [1]. As a consequence, large pressure ratios per
stage can be achieved, as large as 100 in a number of applications.
However, the large expansion ratio and the low speed of sound of
organic fluids — relative to air or steam — lead to supersonic flows
with inevitable shock waves and complex flow features. For these
two reasons, mean-line flow models and diagrams derived from
experimental data (e.g., Balje diagram), which are commonly used
for steam and gas turbines, are not highly reliable for designing ORC
turbines [8].

Several efforts in improving the predictive capability and un-
derstanding the flow features have been conducted, which are
summarized in Table 1. This literature survey is expanded in the
following paragraphs, structured in terms of simulation type, for
instance, time-independent/dependent simulations or estimations
considering three-dimensional numerical domains.

Most computational fluid dynamic (CFD) studies of ORC

0360-5442/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
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Literature on numerical simulations of ORC rotors/turbines with information related to the working fluid, the expander type, the pressure ratio (PR), the simulation approach,

and the flow regimen between the stator and rotor.

Reference Fluid Expander PR Simulation Flow regime S/R
Pini et al. [9] MDM Cantilever 4 Flow through method Subsonic
Sauret and Yuantong [10] R143a Radial inflow 2.7 3D steady Transonic
Vitale et al. [11] D4 Radial outflow 5 3D steady Transonic
Fiaschi et al. [12] R134a Radial inflow 5 3D steady Subsonic
Jubori et al. [13] Several Axial 6 3D steady Subsonic
Harinck et al. [14] Toluene Cantilever >100 3D steady Supersonic
White and Sayma [15] R245fa Radial inflow 3 3D steady & unsteady Transonic
Wheeler and Ong [16] Pentane Radial inflow 11 3D steady & unsteady Transonic
Biilten et al. [17] Methylcyclohexane Cantilever 60 quasi 3D steady Supersonic
Rinaldi et al. [18] Toluene Cantilever >100 quasi 3D unsteady Supersonic
Persico et al. [19] MDM 6 stages centrifugal 58 quasi 3D unsteady Transonic
Marconcini et al. [20] Cyclopentane Radial inflow 20 3D steady & unsteady Transonic
Rubechini et al. [21] Not specified Radial inflow =10 3D steady & unsteady Transonic

turbomachinery are under the assumption of steady-state with a
mixing plane boundary condition at the interface between the
stator and the rotor [10—14,17]. Because of the averaging at the
interface and the assumption of periodicity in the tangential di-
rection, only one blade passage is simulated per rotor — indepen-
dent of the number of blades of the turbine stage — making the
simulation computationally less expensive. However, because of
the mixing plane assumption, the unsteady information between
the stator and the rotor is lost. For instance, the impact of the
viscous wake emanating from the trailing edge of the stator over
the rotor blade can not be quantified [22]. An alternative is to use
the frozen rotor approximation. Still, these simulations are physi-
cally inconsistent due to the absence of unsteadiness. These types
of simulations are unable to accurately estimate unsteady effects
that bring insights on otherwise unmeasured loss mechanisms
[15,16,18—21].

To evaluate large expansion ratio ORC turbines (PR> 10) oper-
ating with an organic compound with a relatively low speed of
sound, it is of paramount importance to consider time-resolved
unsteady simulations. Such machines have a transonic/supersonic
flow at the exit of the stator. This flow regime enhances the already
inherently unsteady flow between the stator and rotor due to the
formation of shock waves, which interact with the boundary layer
and enhance flow mixing. Several studies that compared both
steady and unsteady simulations of an ORC turbine stage with a
pressure ratio in the order of 15 are [15,16,20,21]. All these studies
reported a significant performance drop in the unsteady simulation
if compared to the steady computation. In particular, Rubechini
et al. [21] recognized a nearly linear relationship of the relative
error between the two computations (steady and unsteady) with
the nozzle discharge Mach number. To the authors’ knowledge,
Rinaldi et al. [18] is the first available open literature, which
modelled the stator/rotor interaction of an ORC turbine with a PR
greater than 100. From this study, the unsteady losses resulted in a
1.4% drop in efficiency. It is obvious from these studies that un-
steady effects influence the predicted performance of an ORC tur-
bine with a large pressure ratio.

Three-dimensional (3D) effects are another flow feature in ORC
turbines that are frequently overlooked, as only a few studies have
accounted for them in their CFD simulations [11,13,14,16]. Most
papers consider a two-dimensional (2D) or a quasi-three-
dimensional (Q3D) flow, see Ref. [17,18]. An article that does
consider the full 3D geometry of a high-expansion ORC turbine is
Harinck et al. [14]. This scientific paper utilized a commercial
software, ANSYS CFX, to perform a steady-state simulation of a
cantilever ORC turbine. Marconcini et al. [20] investigated the un-
steady interaction of a radial inflow ORC turbine (PR = 20) by

performing a full annulus simulation. More recently, Vitale et al.
[11] performed a 3D simulation of an optimized rotor blade of a
radial outflow ORC turbine. Other authors have also performed 3D
simulations of ORC turbines but mainly consider standard radial
inflow turbines with an expansion ratio of less than 11, see for
example [12,13,16].

To the authors’ knowledge, the present study is the first CFD
investigation of a ORC turbine stage with a pressure ratio larger
than 100 which accounts for the combination of real gas effects,
unsteady stator/rotor interaction, and three-dimensional effects.
We consider two different rotor blade geometries, while the ge-
ometry of the stator nozzle is left unchanged. We refer to the rotor
geometry as (1) the “old” blade design, which closely resembles the
geometry from an ORC manufacturer, and (2) a “new” design,
which has been obtained by an indirect method that minimizes the
change of flow turning and the cross-sectional area in the rotor
passage. The novelty of this work is that it shows for the first time a
detailed analysis of the three-dimensional unsteady phenomena
(shock waves, viscous wakes, and shockwave-boundary layer
interaction) in high-expansion ORC turbines.

The structure of the present article is as follows: first, an over-
view of the system is presented with a brief description of the two
ORC expander geometries. Later, we introduce the numerical
infrastructure, which includes the computational domain, and the
numerical methods and models. We discuss the results of the CFD
simulations in section 4; which consists of the unsteady and three-
dimensional effects. Subsequently, we make a quantitative com-
parison between the two geometries and the numerical domains in
terms of the entropy generation and turbine performance. The final
section of this article presents conclusions and future works.

2. System: ORC expander

In the present study, a cantilever turbine (radial inflow-radial
outflow turbine) is studied for thermodynamic conditions repre-
sentative of a commercial ORC unit. The electrical power output of
the ORC turbogenerator, manufactured by Tri-O-Gen BV in the
Netherlands, is in the range of 150—200 kW. Fig. 1 (a) shows a
photograph of Tri-O-Gen’s turboexpander which consists of 18
stator nozzles and 43 rotor blades. The expander has a PR > 100 and
operates with toluene as working fluid with inlet conditions close
to the critical point. The reduced temperature and pressure are in
the range of T,y =[0.9,1.0] and p,,q = [0.75, 0.85], respectively.
Moreover, the rotational speed is in the range of w = [400, 500] Hz;
for the current study, we apply a rotational speed of 430 Hz
(=26 krpm).
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(a)

(b)

Fig. 1. Geometry and numerical domain of a cantilever ORC turbine: a) Image of the
actual turbine stage, b) 2D view of the numerical domain, where we distinguish two
domains with the light and dark grey.

2.1. Turbine stage geometry

As mentioned earlier, we consider two rotor blade geometries
and maintain the stator nozzle constant for two investigated tur-
bine stages. The investigated rotor blade geometries consist of an
old rotor blade, similar to the current blade of Tri-O-Gen’s ORC
system, and an optimized blade geometry [23]. Both of these rotor
blade geometries are analyzed in the present article using unsteady
3D CFD simulations with the numerical domain depicted in
Fig. 1(b). The design methodology for the stator and the rotor blades
is based on an in-house developed design methodology and
parametrization, and is briefly discussed hereafter.

Stator: First, the diverging section of the stator vane is designed
using the Method of Characteristics (MOC) for an axial configura-
tion for fluids near the critical point [5]. This supersonic axial nozzle
is then converted into a radial configuration using conformal
mapping to conserve the area ratio and the outflow angle. The
reader is referred to Refs. [7] for more details on the stator vane
design methodology.

0ld rotor blade: The geometry of the old blade is determined

Energy 217 (2021) 119339

using a direct approach (without any aerodynamic optimization)
with ten geometrical parameters. We investigate numerically a
blade that closely resembles the turboexpander geometry from Tri-
O-Gen. In span-wise direction, the blade thickness varies due to
strength and vibrational constraints in the existent machine.

New rotor blade: We use an inverse design approach coupled
with an optimization procedure to generate the new rotor blade
shape [23]. The first step is purely geometrical and follows the idea
to design a rotor blade passage that has a smooth turning flow and a
steady increase in the cross-sectional area. This methodology is
then applied in an aerodynamic optimization, where the design
parameters are the blade angles, stagger angle, number of blades,
among others. The objective of the optimization is to minimize the
outlet total enthalpy, which essentially results in an increased po-
wer output of the turbine stage. We did not aim to maximize the
turbine’s total-to-static efficiency because the outflow of the
domain is supersonic: the outlet boundary static pressure is not
fixed. Therefore, the algorithm could inadvertently decrease the
pressure ratio of the turboexpander by optimizing the efficiency.
The fitness of each blade is estimated by means of Q3D simulations
using SU2 (CFD solver) [24] with a mixing plane approximation
between the stator and rotor; the mixing plane surface includes a
non-reflecting boundary condition as presented by Giles [25].
Finally, the optimal blade shape is mechanically analyzed, which
resulted in the conclusion that the blade thickness in span-wise
direction can remain constant. For further information on the
new blade design methodology, the reader is referred to Ref. [23].
Tri-O-Gen B.V. is planning to manufacture this blade and test it in
the near future.

Cantilever turbines, which are usually of low reaction [26],
require an increase of the cross-sectional area due to the expansion
of the medium. However, an increase of the cross-sectional area in
the blade passage is difficult to accommodate due to the high
volume flow ratio of organic fluids and due to the radial inflow
configuration. The blade height distribution can hence be used as a
free parameter to control the cross-sectional area distribution in
the rotor passage.

In Fig. 2, we depict the resulting blade profile and height dis-
tribution from the two blade design methodologies. This figure
compares the new blade — including the shape optimization —
with the old one. The blade thickness for the new blade has
increased and the number of rotor blades has increased as well
from 43 to 47. However, to achieve a steady increase in the cross-
sectional area, the blade height distribution has also increased,
such that the trailing edge height of the new blade is almost 15%
larger than the one of the old blade.

3. Numerical infrastructure
3.1. Numerical domain

Since this study aims to investigate three-dimensional unsteady
effects in a high-expansion ORC turbine, we perform two types of
simulations: Q3D and fully 3D simulations. Note, to have a
reasonable comparison, the grid topology and number of mesh cells
from the Q3D mesh is also used for the 3D mesh at mid-span and
then projected towards the respective end walls.

In terms of the Q3D geometry, the cross-sectional area increases
towards the machine axis to capture the same expansion as for the
3D geometry. We depict the Q3D numerical domain as a function of
the radius for both rotor blades in the right plot of Fig. 2.

The 3D simulations account for the whole blade passage in
span-wise direction, which is discretized by 50 cells, clustered near
the walls at the hub and the shroud, achieving a y* <1 for most of
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Fig. 2. Comparison between the old and new blades in terms of profile (left) and height distribution (right).

the hub and shroud; however, close to the rotor leading edge at the
shroud the simulations achieved a y;;,,, < 10. Even though a shroud
leakage is present in the real machine, the tip-clearance is out of the
scope in this research; therefore, we simulate shrouded blades.

In all simulations, the nozzle and blade boundary layers are
discretized with O-type structured meshes. Their elements are also
clustered at the wall, controlled by a hyperbolic tangent function, to
achieve a y"=1. To ensure mesh-independent results, we per-
formed a Q3D simulation on a fine grid, which was determined
using a grid refinement strategy as done in our previous works for
the same turbo-expander configuration [7,18,23]; the grid used has
=~ 45,000 elements while the fine grid = 68,000 elements. Grid
convergence was evaluated in terms of turbine performance, mass
flow rate, and outlet conditions, resulting in a relative difference of
<0.2% — for all parameters — between the fine grid and the mesh
used in our simulations.

Several approximations are available in the literature to alleviate
the computational demand of a 3D unsteady simulation. The most
common are the phase-lagged boundary conditions [27], harmonic
balance [28], and changing the blade count. While phase lagged can
take a long time to converge, the harmonic balance has drawbacks
in handling discontinuities at boundaries. We chose to scale the
rotor blade count as it represents a trade-off between accuracy and
computational cost. The number of rotor blades was decreased to
36, such that the numerical domain consists of two rotor blades per
one stator nozzle, as illustrated in Fig. 1(b). The blade count
reduction changes the solidity, which leads to inaccuracies in the
blade loading and loss mechanism.

3.2. Solver and models

An in-house CFD code is used, which discretizes the
compressible Navier-Stokes equation using the finite volume
formulation. This in-house code has been extensively validated for
turbomachinery flows in previous studies [18,29—31] and more
details about the implemented numerical methods and models can
be found in Refs. [32]. In this work, all simulations are performed
with a second-order accurate spatial and temporal discretization
scheme.

The fluid properties for toluene are obtained with the multi-
parameter EoS of Lemmon and Span [33] and tabulated using a
look-up table (LUT) approach as discussed in Rinaldi et al. [18]. The
ranges for temperature and density are (T = [310,390] K) and (p =
[0.005,145.0] kg m~3), respectively, using 400 points in each di-
rection. The LUT tabulates pressure, entropy, enthalpy, viscosity,
thermal conductivity, and the speed of sound. The computational
time with the LUT is drastically reduced, more than 20 times

compared to the direct evaluation of the EoS, and the maximum
interpolation error is below 0.01% [18].

Turbulence has been modelled with the one-equation turbu-
lence model of Spalart-Allmaras (SA) [34], in accordance to previ-
ous authors [16—18,20,21]. Moreover, in our previous study on
turbulent flows [35], the SA model gave accurate results in fully-
developed channels with non-ideal gases if compared to direct
numerical simulations.

3.3. Boundary conditions

The boundary conditions are specified as follows. Uniform dis-
tributions of total pressure, total temperature, eddy viscosity and
velocity angle are prescribed at the inlet of the computational
domain. At the outflow of the rotor domain the static pressure is
prescribed, as long as the radial outflow velocity is subsonic,
otherwise, Neumann boundary conditions are specified for all
quantities. Standard periodic boundary conditions are applied
along the circumferential direction. At all walls no-slip boundary
conditions are specified for the velocity and the eddy viscosity is set
to zero. Adiabatic boundary conditions are applied for the wall
temperature, which includes the stator vane, the rotor blades, and
the turbine’s hub and shroud of the 3D simulations. For the Q3D
simulation, a symmetry boundary is set at the top and bottom of
the domain.

To model the unsteady stator-rotor interaction, we use a fully-
conservative flux-assembling technique. An auxiliary mesh is
generated at the interface between the stator and rotor by inter-
secting the elements of the two non-conformal grids. The conser-
vation of the flow quantities is ensured by calculating the fluxes for
the elements of one mesh and adding their contribution to the
respective control volumes of the other mesh. During the unsteady
simulation, the auxiliary mesh is updated each time step to obtain a
new auxiliary mesh topology. The reader is referred to Ref. [36] for
more details on the flux-conserving technique. The non-matching
mesh technique was extended in this research to handle 3D ge-
ometries, like the cantilever ORC turbine stage.

4. Flow field analysis of the CFD simulations

This section reports the outcome of all unsteady simulations for
the old and the new blade geometry. For each geometry a Q3D and
3D simulation has been performed, which results in four simula-
tions in total. We first examine the unsteadiness of the flow field,
followed by an analysis of the three-dimensional effects.

The number of time steps per period (two-blade pass) is 60,000
and 80,000 for the Q3D and 3D simulation, respectively. An
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unsteady simulation is converged when a characteristic quantity
from the calculation becomes periodic in time. For all simulations,
we have verified the convergence with the transient statistics of the
mass flow rate.

4.1. Unsteady flow interaction

The time evolution of the relative Mach number for the Q3D
simulations of the old and new rotor blades are depicted in Figs. 3
and 4, respectively. We have limited our analysis to half the angular
period. In these plots, and most contour plots in this paper, the
isobars are depicted as continuous black lines.

4.1.1. Instantaneous flow field

The flow features in the stator passage are equivalent for both
blade geometries and are typical of a radial inflow supersonic stator
vane. Because of the large pressure ratio, the flow is accelerated to
sonic conditions at the throat of the nozzle and later becomes su-
personic in the divergent section. A highly supersonic flow is
reached at the end of the nozzle, with a Mach number of around 2.7.
As the flow enters the free expansion region between the stator and
the rotor, the supersonic flow can not maintain its direction due to
the flow coming from the adjacent nozzle. Therefore, two oblique
shock waves, ST; and ST, in Figs. 3(d) and 4(a), emanate from the
stator trailing edge (STE). The shock wave ST; directly enters the
rotor passage, while ST hits the neighboring stator wall. This shock
wave is then reflected (R) towards the rotor as well, as can be seen
in the pressure gradient contour in Figs. 6(a) and 7(a). Both shock
waves disturb the flow field downstream. However, these are weak
oblique shocks and do not generate strong recompression in the
semi-bladed region between the stator and rotor. Thus the design
of the stator blade achieves the desired expansion ratio.

The old rotor blade suffers from several flow phenomena that
increase losses, see Fig. 3. A bow shock is formed at the rotor

MachRel

26
24
22
2
18
16

#

¥
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leading edge (RLE) because the flow is supersonic in the relative
frame of reference (relative Mach number is approximately 1.25).
Moreover, the flow becomes detached at the suction side (SS) of the
blade inducing a recirculation bubble and another oblique shock
wave. The flow detachment is likely produced by the strong cur-
vature of the suction side and an excessive incidence angle at the
RLE. Because of the increase of the cross-sectional area in the blade
passage, the flow continues to accelerate; therefore, two oblique
shocks emanate from the rotor trailing edge (RTE). Two obvious
solutions to reduce losses in the rotor passage are (1) a thicker
blade that would reduce the flow recirculation on the SS, and (2) a
higher rotational speed to have a subsonic flow in the relative frame
of reference at the inlet of the rotor. The former solution is
considered by the new rotor blade as seen in Fig. 4.

The new blade reduces the separation bubble at the SS of the
blade. The flow detachment is likely to be produced by the strong
curvature of the SS of the blade. Moreover, the new blade has a
more uniform expansion, if compared to the old blade, along the
rotor passage, as depicted by the isobars in Fig. 4. Qualitatively, the
new blade considerably improves the flow field inside the high-
expansion ORC turbine; even though the flow field is highly su-
personic downstream of the nozzle.

4.1.2. Time evolution

Figs. 3 and 4 also reveal unsteady nature of the flow between the
stator and the rotor, and in the rotor blade passage. To avoid
redundancy, we will only discuss the unsteady shock wake inter-
action for the Q3D simulation.

Following three unsteady structures within the old rotor blade
passage one can observe the viscous wake (VW) of the STE, the bow
shock (BS) at the RLE, and the oblique shock (OS) emanating from
the flow separation of the SS of the blade; all named in Fig. 3(a). The
blade rotation influences the shock waves (ST; and ST,) and VW
from the STE, generating a highly unsteady flow between stator and

Fig. 3. Time evolution of the relative Mach number contour with isobaric lines for the Q3D simulation of the old blade.

5
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1=2/12

A

AN

Fig. 4. Time evolution of the relative Mach number contour with isobars for the Q3D simulation of the new blade.

rotor. At a later time, 7 = 1/12, the VW enters the rotating domain
near the RLE of blade 1; where, the BS starts interacting with the
VW. This interaction continues (from 7 =2/12 to 7 = 4/ 12) until
the VW enters the rotor passage completely, seen at 7 =5/ 12 at the
BS at the RTE of blade 1. From 7 = 0/12 we can observe, between
the PS of blade 1 and SS of blade 2, how the BS and OS interact with
each other, thereby unfolding a complex flow field in this area. This
shock-shock interaction is rotating with the flow, as illustrated at
7=1/12 — 2/12 until it impinges at blade 1 RLE at 7 = 3/ 12. At
7 =5/12 the three unsteady structures (BS, OS, and VW) interact
with each other near the RLE of blade 1. The detached flow at the SS
of the blade is also unsteady, e.g., at T=2/12 and 7 = 3/ 12, we
observe shock waves induced by the separation bubble of the SS of
blade 1. These shock waves are created by the interaction of the VW
with the flow separation; this is observed by following the VW that
impinges at blade 2 RLE at 7 = 0/12 and continues to disturb the
flow at the PS of blade 2 until 7 =3/12.Between7=3/12and 7 =
4/12, the OS at the SS of blade 1 is formed as a consequence of the
flow detachment. This OS interacts with the shock waves induced
by the separation and the BS at the RLE of blade 2 (v = 5/ 12); this
is how the complex shock-shock interaction, already discussed
above, is formed. It is important to note that this highly non-
uniform flow field and these unsteady interactions can only be
captured with unsteady simulations. Accordingly, unsteady simu-
lations are necessary to account for their associated loss mecha-
nism in the stage performance.

The time-averaged, maximum, and minimum values of the
pressure distribution on the old rotor blade are displayed in Fig. 5 to
quantitatively analyse the unsteadiness at the rotor blade surface.
Ideally, the blade loading along the surfaces should be as high and
uniform as possible. However, we interpret large oscillations of the
blade loading as the minimum and maximum pressure largely
deviate from the time-averaged values; the maximum pressure
differs from the time-averaged value by around 1 bar at the RLE

i
o
o))
~
=
=

Pressure [bar]

! [ | I
0 0.2 0.4 0.6 0.8 1
Blade distance (0: Trailing edge and 1: Leading edge)

Fig. 5. Time-averaged (solid lines), maximum (dashed lines), and minimum (dotted
lines) values of the blade loading at the SS and PS of the old rotor for the Q3D
simulation.

pressure side. This pressure oscillations are directly related to the
bow shock at the RLE, while the flow detachment of the rotor blade
is visible between a blade chord distance of 0.5 and 0.9. A signifi-
cant variation is seen at this location between the maximum and
minimum pressure loading. As such, the forces acting on the blade
are highly unsteady and can be included in the mechanical and
vibrational analysis of the rotor blade loading.
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Fig. 6. Snapshot of the magnitude of the pressure gradient field of the old blade: (a) Q3D simulation; (b) XY view, 3D simulations; and (c) Iso-surfaces of the pressure gradient (=

3107).

Fig. 7. Snapshot of the magnitude of the pressure gradient field of the new blade: (a) Q3D simulation; (b) XY view, 3D simulations; and (c) Iso-surfaces of the pressure gradient ( =

3107).

The highly unsteady flow field of the new rotor design is illus-
trated in Fig. 4. The oblique shock waves stemming from the STE
(ST; and ST) and its reflection (R) intensifies the non-uniformity of
the flow in the region between stator and rotor and in the rotor
passage. Because the rotor inlet flow is still supersonic in the
relative frame of reference, shock waves are produced in the rotor
blade passage. Three shock waves are depicted in the rotor blade
passage named in Fig. 4(d): (1) a bow shock (BS) produced at the
RLE because the flow is supersonic in the relative frame of reference
(Ma,e;=1.3), (2) a separation shock wave (SW) generated by the
flow detachment at the suction side of the blade, and (3) the re-
flected shock (R) from the tail of SW impinging at the PS of the rotor
blade. These three shock waves rotate with the blade developing a
complex shock structure at the PS, which is highly unsteady, see
from 7 =0/12 to 7 = 2/12. Subsequently, at 7 = 3/ 12, R and the
tail of SW interact with the BS until this shock-shock interaction
merges into a single shock at 7 = 4/12. Near the reattachment
region at the SS, an expansion fan (E) is being generated, see
Fig. 4(d); the flow recompresses in this region. The flow continues
to accelerate after the separation bubble achieving supersonic
conditions again. Therefore, a fish-tail shock waves emanate from
the RTE.

4.2. Three-dimensional flow analysis

4.2.1. Qualitative comparison between the Q3D and 3D simulations
There are distinct similarities and differences between the flow
field of the Q3D and 3D (at mid-span) simulations for both rotor

blade designs, which we will highlight by plotting the instanta-
neous pressure gradient (Figs. 6 and 7) and the time-averaged
entropy contours of the Q3D and 3D simulations at mid-span
(Fig. 8(a) and (d) for the old blade, and Fig. 8(b) and (g) for the
new blade).

Concerning the similarities, both simulations (Q3D and 3D)
depict equivalent phenomena, e.g., the viscous wake from the STE,
the flow separation at the SS of the blade (compare Fig. 8(a) and (d)
of the old blade and Fig. 8(b) and (g) of the new blade), and complex
shock-shock interaction at the rotor passage (see Fig. 6(a—b) and
Fig. 7(a—b)). No qualitative differences are seen in the stator flow
field between the two simulation type.

Concerning the differences, the 3D simulation at mid-span
shows a thicker wake and larger thermodynamic entropy in-
crease within the recirculation bubble, a consequence of the span-
wise effects, and a change in the strength of the bow shock at the
RLE. For the old blade, the bow shock wave is stronger than for the
new design in the 3D simulations. Both rotor blades suffer from
span-wise effects, which we will investigate in more detail in the
following sub-section.

4.2.2. Span-wise effects

Fig. 8(c)-(e) and 8(f)—(g) describe the time-averaged entropy
contours of the 3D simulation for both rotor designs at three span-
wise locations: 10% (near the hub), 50% (at mid-span), and 90%
(near the shroud). Large differences in the flow field are observed in
the span-wise direction at the rotor passage. Three important flow
features that change along the span-wise direction are: (1) the size
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(a) Q3D old blade design

(c¢) 3D old blade at 10% span
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(b) Q3D new blade design
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Fig. 8. Time-averaged entropy contour with time-averaged isobars for the Q3D (a—b), and 3D (c—h) simulations at three span-wise locations for both blade geometries.

and location of the recirculation at the SS of the blade, (2) the
strength of the bow shock at the RLE, and (3) the viscous wake of
the RTE. All these differences are a consequence of the three-
dimensional effects that are modifying the flow field in the rotor
passage.

4.2.2.1. 0Old rotor blade. The strongest three-dimensional effects are
seen within the rotor passage. Contrary to the mid-span, the en-
tropy increase at the hub is not restricted to the recirculation
bubble, compare for example the rotor passage in Fig. 8(c) and (d).
The flow field near the blade shroud has the highest difference if
compared to the mid-span. The flow detachment changed location
relative to the chord distance of the blade; the separation bubble at
the shroud is closer to the RLE, see Fig. 8(e). Moreover, the shape of
the flow separation at the shroud is distinct. Fig. 10(a) depicts the
reason for these differences: a secondary flow caused by the strong
flow detachment at the suction side and the high flaring angle of
the blade height distribution. The high flaring angle is a conse-
quence of the radial inflow configuration, and the high volume flow
ratio. Therefore, the height distribution needs to increase rapidly in

the rotor passage to compensate for these two factors. In this
particular case, the high flaring angle in the radial-to-axial bend
drives low momentum fluid towards the shroud because of flow
recirculation and the meridional stream-wise curvature in the
span-wise direction. A sharp increase in the averaged entropy —
due to the secondary flow — is seen just at the inlet of the rotor
passage for the shroud section. The 3D effects are actively modi-
fying the flow field inside the high-expansion ORC turbine; there-
fore, the designer needs to consider these span-wise effects during
the design phase by adapting both the blade profile and height
distribution.

4.2.2.2. New rotor blade. Just as in the old blade design, the three-
dimensional effects become apparent in the rotor passage as shown
by the time-averaged entropy contour of Fig. 8(f and g) and the
instantaneous relative Mach number contour in Fig. 9 at different
span-wise locations. But unlike in the old blade design, there is a
sudden expansion at the inlet of the rotor passage near the shroud,
check the rotor inlet of Figs. 8(f) and 9(e). This pressure change is
related to the height distribution, see right plot of Fig. 2, which has
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Span= 50%

Fig. 9. Snapshot of the relative Mach number contour with isobars at five span-wise locations (10%, 25%, 50%, 75%, and 90%) at 7 = 4/12 for the 3D simulation of the new rotor

blade.

u

Fig. 10. Radius iso-surface snapshot with a contour of the relative velocity in the z-direction for (a) Old blade and (b) New blade, at 7 = 5/12.

an abrupt blade height increase at this radius.

The bow shock at the RLE is a three-dimensional structure as
depicted in Fig. 7(c). The shock wave structures within the rotor
passage are stronger at mid-span, given the absence of near-wall
effects. Compared to the 25% span-wise location, there is barely
any difference in the relative Mach number contour, compare Fig. 9
(b) and (c). However, there is a significant disparity with the rest of
span-wise locations, see Fig. 9(a), (d) and (e). For the flow near the
hub (10%) and the shroud (90%), the bow shock at the RLE is much
weaker, which can be attributed to near-wall effects. Furthermore,
this 3D bow shock wave affects the blade loading; there is a sharp
decrease in pressure at the PS in Fig. 11 near the inlet of the rotor.

There is flow separation in all span-wise contours in the rotor
passage, but differ due to the 3D effects close to the casing and
shroud:

e At 90% span, the flow detachment is barely present. The entropy
increase due to near-wall effects from the shroud have a larger
influence in the flow field at this region. As mentioned already,
the pressure at the inlet of the rotor passage is less (=0.3Abar)
at the shroud than at other span-wise locations. This phenom-
enon is also clearly seen in the blade loading near the shroud at a
scaled radius of 0.97 (Fig. 11).

e Near the hub (10%), the separation creates a sharp increase in
thermodynamic entropy and has a distinct shape, different from
the mid-span and near the shroud, see Fig. 8(h); a secondary
flow — illustrated by Fig. 10(b) — causes this sharp entropy
increase at the hub.

The flow in the rotor passage suffers from a secondary flow
because of a significant increase in shroud height. The sharp



G,J. Otero R, S.H.HJ. Smit and R. Pecnik

2 — w '
» Near shroud (90%)
o Mid-span  (50%)
v Near hub  (10%)
— 1.5} PsvvvvvggZZZZXZss
e szoo°°° AAAAAAAAA
=) N
g 1
]
@
wn
0
=
A 05
0

0.85 0.9 0.95

Scaled radius r/rg/g [-]

Fig. 11. Time-averaged values of the blade loading at the suction (SS) and pressure (PS)
side of the new rotor blade at different span-wise location.

expansion at the shroud of the rotor inlet drives fluid to bend from
radial to the axial direction; still, not all the fluid manages to turn,
especially near the hub, as depicted by Fig. 10(b). The new blade
leads to reduce viscous losses by decreasing the separation bubble
at the SS of the blade; still, strong span-wise effects are generated in
the rotor passage.

5. Quantitative analysis of the turbine stages

We now quantitatively compare the two rotor blades, utilizing
both numerical domains: Q3D and 3D, by analyzing the accumu-
lative rate of entropy generation (Fig. 12) and the time-averaged
performance (Table 2). In Fig. 12, we depict the accumulated rate
of entropy generation based on span percentage to have a fair
comparison between the Q3D and the mid-span section of the 3D.
The rate of entropy generation per unit volume, see Ref. [37], is
calculated as:

Energy 217 (2021) 119339

Table 2

Time-averaged performance comparison between the old and new blade for the
high-expansion ORC turbine for a Q3D and 3D simulation. We measure efficiency in
terms of isentropic efficiency 7y = (hin —hout)/(hin —houtis) and the total-to-static
efficiency 7y = (hino —hout,0)/(Rin,o —houris) With h as enthalpy. Moreover, ps/r is
the static pressure at the stator/rotor interface while p,,,,jeoy is the nozzle’s design
static outlet pressure. We averaged in time (for one period) and in space using area
averaged for the pressure and mass averaged for the rest.

Old blade New blade

Q3D 3D Q3D 3D
Power output [kW] 2524 237.9 270.8 249.9
Kinetic energy waste [kW] 107.6 95.12 81.21 79.81
Nts — Nts,old—design3D [A%] 0.98 0.00 7.79 422
Nisen — Misen,old—design3D [A%] 3.12 0.00 3.66 0.36
Ps/R — Pnozzleout [Abar] 0.158 0.100 0.169 0.267

A

Tij Oy
Sgen = Tz i

P (1)

T\ 2 N

ax,-
where A and 7;; are the thermal conductivity and the shear stress,
respectively.

5.1. Accumulative rate of entropy generation

The accumulative entropy generation analysis of the ORC tur-
boexpander can help us to clearly identify the sources of losses.
Furthermore, by comparing the mid-span simulation with its 3D
counterpart, we can also discover which potential losses are con-
cealed by a mid-span design approach. This section consists of four
parts. First, the Q3D simulations are compared, followed by a
comparison between the Q3D and 3D simulations at mid-span for
the stator and rotor, respectively. And finally, the 3D simulations for
both geometries are analyzed.

5.1.1. Q3D simulations
By examining the accumulative entropy generation for the two
Q3D simulations in the right plot of Fig. 12, we arrive at two
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Fig. 12. Accumulative rate of entropy generation per unit volume as function of the radius of both geometries. The left plot depicts the hub (mass averaging between 0% and 35%
span), mid-span (35%—65% span), and shroud (65%—100% span) sections of the 3D simulations. The right plot illustrates the Q3D and 3D simulations; the latter considers the
entropy generation across the whole span and only the mid-span section (35% to 70% span).
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conclusions. (1) The strong bow shock of the old blade disturbs the
flow field upstream, as depicted in Fig. 6(a), resulting in a signifi-
cant increase of the entropy generation between the throat and STE
as compared to the new blade; this demonstrates the importance of
taking into account unsteady effects, as steady-state simulations
can not capture this phenomenon. (2) Reducing the flow detach-
ment lowers the entropy generation in the rotor passage as the
slope of the accumulative entropy generation line between the RLE
and RTE has decreased significantly for the new blade if compared
to the old one.

5.1.2. Q3D/3D stator

In terms of the stator nozzle, there is no significant qualitative or
quantitative difference between the Q3D and 3D simulations. The
flow field and the accumulative entropy generation from the Q3D
simulations agree well with the ones from the 3D simulations for
the stator nozzle. Therefore, we conclude that the nozzle can be
designed using a mid-span approach because there are no addi-
tional 3D effects (apart from the boundary layers at hub and
shroud) that affect the stator performance. Furthermore, entropy
generation before the throat is negligible due to the low velocity.

5.1.3. Q3D/3D rotor

For the rotor, the comparison between the Q3D and 3D simu-
lations prove that designing a rotor blade using a mid-span
approach can potentially conceal additional losses. Both of the
rotor designs have substantial entropy generation due to secondary
span-wise flow effects that cannot be captured by Q3D simulations.
The 3D simulations exhibit two different span-wise mechanisms
that can introduce additional losses:

1. Span-wise effects close to the rotor inlet can significantly alter
the PR over the free expansion region between the stator and
rotor. In the case of the new blade, the sharp expansion at the
rotor inlet is modifying the pressure between the stator and
rotor (see Table 2), leading to an increase in entropy generation
in that region; this is not captured by the Q3D simulation (see
Q3D concerning the 3D at mid-span for the new blade in Fig. 12).
Concerning the old blade, however, a 3D effect (the secondary
flow) occurs further downstream of the rotor passage because of
the more conservative increase of the shroud height. It, there-
fore, does not affect the free expansion region between the
stator and the rotor.

2. 3D flow effects can increase the entropy generation locally. For
the old blade design, the accumulation of entropy generation is
equivalent for both simulation types (Q3D and 3D) across the
turbine stage until the rotor passage, as depicted by the right
plot of Fig. 12. However, in the rotor passage of the old blade, the
3D simulation has a higher accumulation of entropy generation
where the secondary flow is located.

5.1.4. 3D simulations

Fig. 12 shows that the turbine with the new blade has a higher
entropy generation, than the one with the old blade, at the exit of
the stage. This can be explained using the mechanisms described in
section 5.1.3. First, due to the first span-wise mechanism, the PR
over the free expansion region increases for the new rotor blade.
Extra entropy is generated near the hub and shroud compared to
the old blade (see left Fig. 12), leading to a larger entropy accu-
mulation at the inlet of the rotor. Second, due to the second span-
wise mechanism, there is a steep increase in entropy production in
the rotor passage near the shroud of the old blade, a loss mecha-
nism that is considerably less for the new rotor. Furthermore,
because the entropy production at mid-span is almost similar for

1
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both blade geometries, we can conclude that the reduction of en-
tropy generation near the shroud of the new geometry is the
leading cause for a higher entropy generation in the rotor passage
compared to the old blade.

The entropy generation analysis demonstrates the importance
of considering the span-wise and unsteady flow effects, and in
particular, its influence over the pressure between the rotor and
stator (ps/g). The unsteady stator-rotor interaction strongly mod-
ifies the free expansion region, e.g., there is a quantitative differ-
ence in entropy generation between both rotor blades for the Q3D
simulations. In the 3D simulation of the new blade, ps/r changes
significantly from its Q3D counterpart (=0.16Abar) due to the
sharp expansion at the shroud of the RLE. This pressure is of
paramount importance because it affects the flow field in the free
expansion region (oblique shock waves and viscous wake from the
STE) and, therefore, the uniformity of the flow entering the rotor
blade passage. Moreover, the region between the stator and rotor
can be the source of additional (mixing) losses that are not
accounted for in a steady-state Q3D simulation, as seen in the right
plot of Fig. 12. Even though the rotor performance does not directly
influence the stator nozzle design, special care must be taken with
the pressure between the stator and rotor as it affects the oblique
shock wave from the STE and the flow uniformity at the rotor inlet.

5.2. Turbine performance

The 3D calculations give a worse performance of the high-
expansion ORC turbines compared to the Q3D counterpart. We
have measured the performance of the ORC turbine employing the
power output, and the isentropic and total-to-static efficiency, as
displayed by Table 2. On the one hand, for the old design, there is a
3.15A% and 1.19A% drop in the 3D simulation relative to isentropic
and total-to-static efficiency of the Q3D simulation, respectively,
resulting in less power output: 15.3 AkW. On the other hand, the
new turbine stage also has a drop in performance for the 3D
simulation: 3.57A% —3.30A%, and —20.9 AKW for the total-to-
static, isentropic efficiency and power output, respectively. The
additional loss mechanisms, quantifiable by a 3D simulation,
decrease the performance of the high-expansion cantilever ORC
turbine stage, proving the importance of the span-wise effects in
such a machine.

The steady-state optimization that produced the new rotor
blade improves the performance of the cantilever ORC turbine.
There is an increment on the power output — if compared to the
old blade — for both types of simulations: 18.38 AKW and
11.97 AkW for Q3D and 3D, respectively. In terms of total-to-static
efficiency, the improvement of the new rotor blade is of +6.81A%
and +4.22A% for Q3D and 3D, respectively. The ORC turbine does
not have such an improvement in terms of isentropic efficiency
(<+0.55A%), a result that matches the entropy generation analysis
of the 3D simulation for both geometries (right plot of Fig. 12). The
reason for such an improvement of power output and total-to-
static efficiency of the high-expansion ORC turbine is because the
new blade is capable of extracting more kinetic energy from the
flow, as illustrated by Table 2.

6. Conclusion and future works

This article presents detailed unsteady numerical simulations
via three-dimensional calculations of high-expansion radial inflow
ORC turbines, which operates in the dense-vapor region. To account
for the unsteady stator-rotor interaction, a conservative flux
assembling technique for non-matching three-dimensional meshes
is applied. We consider two rotor blade shapes, a geometry that
closely resembles the turboexpander of an ORC manufacturer
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which we call old blade, and a new blade derived from an indirect
design methodology and an aerodynamic optimization. The simu-
lations indicate strong unsteady effects, especially in the rotor
blade passage, for both geometries. Because of the highly super-
sonic flow at the stator exit, unsteady shock waves emanate from
the trailing edge of the stator and interact downstream with a bow
shock at the rotor leading edge and the viscous structures at the
suction side of the blade. In terms of three-dimensional effects, the
stator blade can be designed at mid-span without any consequence
in the third-direction; this area of the ORC turbine has no three-
dimensional effects apart from the boundary layer at the stator’s
hub and shroud. However, both rotor blades suffer from strong
three-dimensional effects, e.g., a secondary flow inside the rotor
passage and a sharp expansion in the shroud region at the inlet of
the rotor. These span-wise mechanisms introduce additional irre-
versible losses: in the free expansion region between the stator and
rotor, and (locally) in the rotor passage. The high-expansion
cantilever turbine designer needs to consider these loss mecha-
nisms as they decrease the overall stage performance (—3A% in
isentropic efficiency for our particular case). In a broader sense, our
detailed simulation results are valuable for designers in (1) ORC
applications with different working fluids under similar thermo-
dynamic conditions (reduced pressure and temperature) and (2)
supersonic turbomachinery where there is a strong unsteady
shock-wave interaction between the stator and the rotor.

Considering each geometry in more detail, the flow field of the
old blade geometry indicates a large recirculation bubble at the
suction side of the blade and strong three-dimensional effects; a
secondary flow is generated at the rotor leading edge close to the
shroud of the blade. Moreover, the blade loading of this geometry
features sharp fluctuations — as high as 1 bar — caused by the
unsteady shock wave interactions. On the other hand, the new
blade has a more smooth pressure distribution, decreases the ki-
netic energy wasted at the outflow, and reduces the secondary flow
in the rotor passage. As a consequence, an increase of the power
output (+10 AKW) is predicted by the simulation of the new high-
expansion ORC turbine if compared to the old one. Still, the new
blade suffers from another span-wise effect (substantial expansion
at the shroud near the rotor leading edge), which modifies the
pressure between the stator and rotor. Even though the stator
nozzle design is independent of the unsteady and three-
dimensional effects, the free expansion area between the stator
and rotor is being modified by the rotor blade’s profile and height
distribution. These findings can be used for a stator redesign by
changing the nozzle’s back-pressure.

In a future publication, we will present a comparison between
our simulations and experimental measurements. The ORC manu-
facturer is currently instrumenting both the old and new high-
expansion turbine designs, which will give us the unique oppor-
tunity to validate our detailed three-dimensional unsteady simu-
lations and to quantify the impact of the reduced blade count
approximation.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

The authors thank the Netherlands Organization for Scientific
Research (NWO) who funded this research through the grant with
project number 14711. We wish to acknowledge Quirijn Eppinga
and Jos van Buijtenen for providing insights into Tri-O-Gen’s ORC

12

Energy 217 (2021) 119339

turbine and for their contributions to this work.

Nomenclature

Acronyms

2D Two-dimensional

3D Three-dimensional

BS Bow shock-wave

CFD Computational fluid dynamics
EoS Equation of state

LUT Look-up table

ORC Organic Rankine cycle
oS Oblgiue shock-wave

PR Pressure ratio

PS Pressure side

Q3D Quasi three-dimensional

R Reflected shock-wave

RLE Rotor leading edge
RTE Rotor trailing edge
SA Spalart-Allmaras

SLE Stator leading edge
SR Stator/Rotor

SS Suction side

ST Stator trailing edge shock-wave
STE Stator trailing edge
vw Viscous wake
Symbols

H Blade height

T Temperature

h Enthalpy

p Pressure

r Radius

Sgen Rate of entropy generation per unit volume
v Velocity

yt Scaled wall distance
Greek letters

A Difference

n Efficiency

A Thermal conductivity
p Density

o) Shaft speed

T Time period

Tjj Shear stress
Subscripts

0 Total conditions

in Inlet

is [sentropic

out Outlet

red Reduced

s/t Between stator and rotor
ts Total-to-static
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