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Abstract: Transonic flows of a molecularly complex organic fluid through a stator cascade were
investigated by means of large eddy simulations (LESs). The selected configuration was considered
as representative of the high-pressure stages of high-temperature Organic Rankine Cycle (ORC) axial
turbines, which may exhibit significant non-ideal gas effects. A heavy fluorocarbon, perhydrophenan-
threne (PP11), was selected as the working fluid to exacerbate deviations from the ideal flow behavior.
The LESs were carried out at various operating conditions (pressure ratio and total conditions at inlet),
and their influence on compressibility and viscous effects is discussed. The complex thermodynamic
behavior of the fluid generates highly non-ideal shock systems at the blade trailing edge. These are
shown to undergo complex interactions with the transitional viscous boundary layers and wakes,
with an impact on the loss mechanisms and predicted loss coefficients compared to lower-fidelity
models relying on the Reynolds-averaged Navier–Stokes (RANS) equations.

Keywords: non-ideal gas flow; turbine cascade; large eddy simulation; Organic Rankine Cycle

1. Introduction

Organic Rankine Cycles (ORCs) have encountered significant success due to their
superior efficiency for heat recovery from low- to middle-temperature heat sources (typ-
ically in the range of 80–300 ◦C) and due to their robustness, compactness, and lower
maintenance costs [1–4]. Recent studies have also stressed the potential interest of the ORC
technology as an alternative to classical steam cycles for the exploitation of medium- and
high-temperature heat sources, such as waste heat from industrial processes or thermal
engines [5,6]. For such applications, the commercially available ORC systems, typically
limited to maximum temperatures of the working fluid lower than 300 ◦C, are not optimal
in terms of maximum achievable performance. In particular, supercritical ORCs involving
transcritical expansions have been identified as an interesting future technology for improv-
ing heat recovery [7,8]. The development of high-temperature ORCs introduces several
technological challenges, such as the selection of working fluids with suitable thermal
stability and the design of efficient expanders [6] that work in thermodynamic conditions
characterized by the occurrence of strong non-ideal gas effects [9]. Medium- to large-scale
ORC applications generally use turbomachinery expanders, which are known for their
higher efficiency with respect to volumetric expanders. Since the enthalpy drop available
for ORC expanders is much lower than those typically found, e.g., in gas or steam turbines,
fewer turbine stages are generally required in ORCs, thus leading to cheaper and lighter
turbines. On the other hand, dense organic vapors employed as the working fluids in
ORCs have a much lower speed of sound than lighter gases, such as air or steam, thus
causing ORC turbines to work in the transonic and supersonic regimes. In such operat-
ing conditions, highly dissipative systems of shock waves are generated in the turbine
vanes, interacting with the surrounding boundary layers and wakes and yielding lower
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isentropic efficiencies than those typically encountered in gas or steam turbines. This has
recently motivated, for instance, the use of an increased number of stages (up to five) for
high-temperature, large-size ORC turbines operating with a relatively higher enthalpy
drop [6].

ORCs generally use working fluids of mild to high molecular complexity: hydro-
carbons (e.g., isopentane, toluene), hydrofluorocarbons (R134a, R245fa), perfluorocar-
bons (FC-72, R14, R116), fluorinated ketones (Novec 649), or hydro-fluoro-ethers (Novec
7100). Reviews about working fluids for ORCs can be found in [8,10]. Most of the above-
mentioned fluids are characterized by medium to high molecular complexity and weights,
and, for thermodynamic conditions close of the liquid/vapor saturation curve and of the
critical temperature, they may exhibit a drastically different behavior compared to that of a
perfect gas. This so-called dense gas behavior is governed by the fundamental derivative
of gas dynamics [11,12], defined as

Γ := 1 +
ρ

c
∂c
∂ρ

∣∣∣∣
s

(1)

where ρ is the density, c =
√

∂p/∂ρ|s is the speed of sound, s is the entropy, and p is the
pressure. Γ represents the rate of change of the sound speed in isentropic transformations.
For so-called dense gases, Γ < 1, and the definition (1) implies ∂c/∂ρ|s < 0, meaning that
the sound speed grows in isentropic expansions and it drops in isentropic compressions.
Note that, in the perfect gas case, the fundamental derivative reduces to Γ = (γ + 1)/2
(where γ = cp/cv is the ratio of specific heats at constant pressure cp and constant volume
cv). For organic molecules of moderate to high complexity, Γ can become less than the
unity, or even negative, at pressures and temperatures of the general order of magnitude of
the liquid/vapor critical point in the vapor region. This causes dense gas flows to exhibit
a strong non-ideal behavior due to the possibly non-monotonic variation of the speed of
sound in isentropic perturbations. Indeed, the ratio of relative Mach number variations
to relative density variations at constant entropy in quasi-1D flow conditions is written
as [13]:

J :=
ρ

M
∂M
∂ρ

∣∣∣∣
s
= 1− Γ− 1

M2 . (2)

For a perfect gas, J < 0 at any point in the flow, and the Mach number, M, can only
increase during an isentropic expansion. On the contrary, for a dense gas with Γ < 1,
it is possible to identify flow conditions such that the Mach number decreases during
an expansion. Such conditions can be of interest for improving the isentropic efficiency
of ORC turbines. In fact, a lower local Mach number implies weaker shock waves. In
turn, this results in a reduction of shock losses, as well as of additional losses due to the
shock-induced boundary layer transition and separation [14–18]. Finally, for some heavy
dense gases of high molecular complexity, the fundamental derivative is theoretically
predicted to become negative in a narrow thermodynamic region about the saturation
curve, called the inversion region [12]. This may lead to the appearance of so-called non-
classical phenomena, like expansion shocks and mixed waves composed of compression
(expansion) shocks and continuous compressions (expansions) (see, e.g., [12,19] and the
references cited therein). Such fluids are known as Bethe–Zel’dovich–Thompson (BZT)
fluids. The expression for the entropy jump across a weak shock, written as a function of
the pressure jump and of Γ:

∆s =
Γ

ρ3c4
(∆p)3

6T
+ O(∆p4), (3)

shows that expansion shocks are physically admissible in BZT flows if the upstream
conditions are such that Γ < 0, while compression shocks are forbidden. Additionally,
for flows such that |Γ| � 1, the entropy increase is much smaller than in a perfect gas for
which Γ = O(1). The possibility of suppressing dissipative compression shocks or strongly
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reducing their strength has motivated fundamental research about the use of BZT effects to
increase the efficiency of ORC turboexpanders [14–16].

The role of non-ideal effects in the turbine performance and their implications for
turbine design have been discussed by several authors [9,16,17,20,21] for both transonic
and supersonic turbine configurations. The great majority of studies rely on the solution
of the steady inviscid flow equations or of the Reynolds-averaged Navier–Stokes (RANS)
equations supplemented with an eddy-viscosity turbulence model, without ad hoc cor-
rections for laminar-to-turbulent transition or compressibility effects. Some studies have
attempted to take into account unsteady effects due to rotor/stator interactions [22,23] by
solving the unsteady RANS equations. Unfortunately, by their nature, RANS models are
not suited for capturing flow transition and separation, or for non-equilibrium flow condi-
tions involving strong pressure gradients, rotation, and streamline curvature (see, e.g., [24]).
As a consequence, the influence of these phenomena on ORC turbine performance has
remained largely unexplored. Only very recently have computations of ORC turbine cas-
cades based on higher-fidelity models been reported in the literature. Specifically, Ref. [25]
carried out a wall-modeled large eddy simulation (LES) of a supersonic centripetal turbine
stator using the commercial code FLUENT14.5 and a grid of approximately 4× 106 points
with a near-wall resolution corresponding to ∆y+ ≥ 30. Their results show that, despite
the rather coarse grid, the LES solution significantly deviates from the RANS one, shedding
doubts about the reliability of RANS models employed in ORC design. In addition to
the above-mentioned limitations of numerical models, experimental data remain very
scarce and are limited either to global measurements of turbine performance (e.g., [26])
or to static temperature and pressure measurements and visualizations of simplified flow
configurations, like nozzles and airfoils [27]. Various teams are developing experimental
benches capable of providing more detailed information for turbine cascades [28–31], and
it is expected that such data will be made available to the scientific community in the near
future. However, high-fidelity numerical simulations of turbulent flows of organic vapors
in geometrically simple configurations, such as freely decaying turbulence, channel flows,
and boundary layer flows, have shown that the turbulent statistics may exhibit significant
deviations from those of light perfect gases like air [32–35]. Additionally, laminar-to-
turbulent transition mechanisms are also modified [36]. Although the modifications remain
relatively small at transonic and low supersonic Mach numbers like those encountered in
ORC turbines, their impact on the development of turbulent boundary layers, wakes, and,
subsequently, turbine losses remains unexplored.

In the present work, we carry out a numerical investigation of the flow through a high-
temperature transonic ORC turbine cascade. A wall-resolved LES strategy is adopted in
order to capture laminar-to-turbulent transition and to ensure a higher-fidelity representa-
tion of turbulent boundary layers and wakes. We focus on a turbine cascade geometry that
has been largely investigated in the past using both RANS and LES as a representative of a
high-pressure gas turbine stator [37–40]—namely, the VKI LS-89 stator cascade studied ex-
perimentally by Arts et al. [41]. This allowed us to validate the present LES against air data
before its application to strongly non-ideal flows, for which no experimental data are yet
available. Inviscid flows of organic working fluids through the same geometry have been
reported in [42,43] at thermodynamic conditions, leading to mild non-ideal gas effects. The
present simulations are carried out for a heavy fluorocarbon (PP11) at two different inlet
conditions (subcritical and supercritical) and two pressure ratios. The role of non-ideal
thermodynamic effects on wave systems developing around the blades, their interactions
with the surrounding boundary layers and wakes, and, ultimately, their impact on turbine
losses are investigated.

In the following, we describe the flow configuration and the selected operating condi-
tions in Section 2 and we present the numerical methodology and the computational grid
(Section 3). Numerical results for various flow conditions are reported in Section 4. Both
time-averaged and fluctuating flow properties are discussed, and the LESs are compared
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with lower-fidelity simulations based on the RANS or inviscid flow equations. Conclusions
and perspectives are drawn in Section 5.

2. Flow Configuration and Operating Conditions

The selected turbine cascade geometry is the VKI LS-89 turbine guide vane [41].
The geometry corresponds to a standard high-pressure gas turbine. The original LS-89
blades have a chord of C = 67.647 mm, a pitch-to-chord ratio of 0.85, and a stagger angle
of χ = 55◦. The flow angle at the turbine inlet is equal to 0◦. The geometry is characterized
by a blunt trailing edge with DTE/C = 0.021, DTE being the trailing edge diameter.
The cascade has been widely investigated both experimentally and numerically [37–41,44]
for a variety of working conditions using air as the working fluid. Numerical results have
also been reported for inviscid flows of dense gases (propane [42], toluene, and R245fa [43]).
Although not specifically designed for organic vapors, the geometry is representative of
high-subsonic/transonic nozzle vanes employed in multistage axial ORC turbines for
medium- to high-power applications.

The working fluid is a heavy perfluorocarbon, namely PP11 (C14F24), which has been
previously considered in the literature for analyzing dense gas effects (e.g., [14,33,45]).
Contrary to other perfluorocarbons, PP11 is not currently employed in ORC applications,
but it has received interest from the community in view of the exploitation of BZT effects
for improving ORC turbine performance. This fluid is expected to exhibit a rather extended
inversion zone, as shown in Figure 1, where the Martin–Hou [46] equation of state has
been used. In addition to the inversion zone, where Γ < 0, highly non-ideal effects may be
encountered in the wide dense-gas region, characterized by Γ < 1. PP11 is then well suited
for highlighting highly non-ideal effects. According to the producer, F2 Chemicals [47],
dry, air-free FLUTEC vapors are unaffected after many hours of exposure to temperatures
exceeding 400 ◦C. The temperatures considered in this study are below this value.

0.000 0.001 0.002 0.003 0.004
(s° sc)/RTc

0.98

0.99

1.00
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1.02

T
/T

c

G < 1

G < 0
Liquid gaz
coexistence

IC1 LPR
IC2 LPR
IC1 HPR

Liquid/gas
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Figure 1. Temperature–entropy chart for PP11 (Martin–Hou equation of state). Expansion lines for
the three cascades considered in the study. The bold solid line corresponds to the liquid/vapor
coexistence curve; the dashed line represents the Γ = 1 contour; the dark gray region corresponds to
the inversion zone; the light gray region corresponds to Γ < 1. Conditions at the turbine inlet and
outlet are computed as average values on the inlet and outlet boundaries of the computational domain.

Various operating conditions were investigated by changing the cascade pressure
ratio (PR) and the inlet conditions (total pressure and temperature). A low and a high
PR (respectively, LPR and HPR) were selected among those investigated in the air-flow
experiments by Arts et al. The pressure ratio is of current use in the experimental practice
for defining the operating conditions. Furthermore, it enables a simple numerical setup
of the outlet boundary conditions. In the case of air, the LPR leads to nearly sonic outlet
conditions (e.g., case MUR129 from [41]), and the HPR leads to supersonic ones (e.g.,
case MUR243) due to the post-expansion in the half-bladed region behind the trailing edge.
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As discussed later, the flow conditions achieved at the turbine outlet for the dense gas are
very different due to the peculiar variation of the speed of sound, but in both working
fluids, a higher pressure ratio corresponds to a more severely loaded configuration.

Based on a preliminary 2D study [48], we also selected two sets of thermodynamic
conditions at the turbine inlet that lead to highly non-ideal effects. The first one, denoted
IC1, corresponds to a subcritical expansion starting in the BZT region and ending in a
region where Γ is positive yet lower than one. In such conditions, the flow is characterized
by strong non-ideal effects (the compressibility factor Z = p/(ρRT) is 0.43 at the inlet
and below 0.8 at the outlet for both PRs), but non-classical BZT phenomena are negligible,
since the expansion rapidly drives the flow state far from the negative Γ region. Inlet con-
ditions IC2 correspond instead to a transcritical expansion characterized by Γ > 1 at the
turbine inlet and Γ < 0 in the region around the blade trailing edge. The case allows an
investigation of both highly non-ideal effects (the compressibility factor is between 0.24
and 0.56) and non-classical shock systems due to BZT phenomena. In order to reduce
the number of free parameters, we have assumed very low free-stream turbulence at the
turbine inlet in all cases, approximated as no inlet turbulence in the simulations. The wall
temperature was set to a value close to the mean adiabatic temperature along the wall,
Tw = 656 K. In total, we carried out three LESs—two at condition IC1 and two pressure
ratios (IC1-LPR and IC1-HPR) and one at condition IC2 (IC2-LPR). The ideal expansion
lines in the T− s diagram corresponding to the three cases are reported in Figure 1. Table 1
summarizes the operating conditions for the three cases, as well as the average values of
the fundamental derivative Γ.

At the preceding operating conditions, the characteristic Reynolds numbers based
on the average outlet flow properties and the blade chord would be of the order of 10 to
20 million, i.e., approximately 20 times higher than for air flow through the same cascade.
Typical mesh resolutions employed in the literature for air simulations range from some
tens of millions to approximately 1 billion mesh points [39] for coarse and fine wall-
resolved LESs, respectively. Since the mesh resolution for a wall-resolved LES has been
shown to grow as Re1.8 [49], a factor of 20 in the Reynolds number corresponds to a
factor of approximately 220 in the number of mesh cells (i.e., O(10) to O(100) billions of
meshpoints), which is barely affordable for even advanced computational facilities. The
computational cost could be reduced by using wall functions or RANS for modeling the
near-wall flow behavior (see [25]), but wall models have not been developed or calibrated
for dense gas flows until the present, while the solution is likely to be sensitive to the wall
treatment. In the absence of experimental data for assessing the roles of such additional
models, we retain a wall-resolved LES strategy, but we rescale the chord length by factors
of approximately 24, 14, and 20 for cases IC1-LPR, IC1-HPR, and IC2-LPR, respectively, in
the simulations with PP11 in order to achieve an outlet Reynolds number similar to the
one encountered in air flows around the same geometry at the same PR.

Table 1. Thermodynamic conditions for dense gas simulations. p◦, ρ◦, and T◦ are the total pressure,
density, and temperature, respectively, pc, ρc, and Tc are the critical pressure, density, and temperature,
Γ is the fundamental derivative of gas dynamics, and Re is the Reynolds number. The indices 1 and 2
denote the inlet and outlet conditions, respectively.

IC1-LPR IC1-HPR IC2-LPR

p◦1/pc 0.98 0.98 1.35
ρ◦1/ρc 0.62 0.62 1.47
T◦1 /Tc 1.001 1.001 1.019

Γ1 −0.093 −0.093 6.706
Γ2 0.59 0.75 0.18

p◦1/p2 1.58 2.10 1.58
Re2 1.13× 106 2.26× 106 1.20× 106
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3. Numerical Methodology

The following calculations rely on the compressible Navier–Stokes equations sup-
plemented with thermodynamic and transport property models suited to dense gases.
The thermodynamic behavior of PP11 is modeled by means of the fifth-order virial-
expansion equation of state of Martin and Hou [46], which is reasonably accurate for
fluorocarbons and requires a minimum amount of experimental information for setting the
gas-dependent coefficients. A power law is used to describe the specific heat variation with
temperature in the dilute gas limit. The transport property dependency on temperature
and density is modeled through the laws of Chung et al. [50]. Fluid properties are given
in Table 2.

Table 2. Thermodynamic properties of PP11 (C14F24): molecular weightM, critical temperature Tc,
density ρc, pressure pc, compressibility factor Zc, and ratio of ideal-gas specific heat at a constant
volume at the critical point over the gas constant cv(Tc)/R.

M Tc ρc pc Zc cv(Tc)/R

624.11 g mol−1 650.2 K 627.14 kg m−3 1.46 MPa 0.2688 97.3

The governing equations are solved by means of a finite-volume scheme for struc-
tured hexahedral meshes. The spatial approximation described in [51] uses a nominally
third-order centered approximation of the convective fluxes, supplemented with non-linear
artificial viscosity based on a blending of fourth and second derivatives: The higher-order
term damps grid-to-grid oscillations, while the lower-order order term is activated close
to flow discontinuities to prevent spurious oscillations and to enable shock capturing.
The scheme has been shown to introduce dispersion and dissipation errors lower than
0.1% if a given frequency of the solution is resolved by using at least 10 or (approximately)
20 mesh points, respectively. The latter value changes according to the artificial dissipation
coefficients in use; namely, it tends to zero if no artificial viscosity is applied. In practice,
the following computations are conducted by keeping the lowest possible artificial dissi-
pation coefficients while ensuring the numerical stability of the computation. A standard
second-order approximation is adopted for the viscous terms. Since the numerical scheme
introduces a sufficiently selective numerical damping, we adopt an implicit LES (ILES)
approach [52], and we rely on the regularizing effect of the numerical viscosity to ensure the
required energy drain at the smaller scales instead of introducing an explicit subgrid-scale
model. The effectiveness of such an approach has been discussed in previous studies
(e.g., [53]). The solution is advanced in time by means of a six-step optimized Runge–Kutta
scheme supplemented with a high-order implicit residual smoothing (IRS) operator to
relax the constraints on the maximum allowable time step [54,55]. The preceding numerical
methods are implemented within the in-house parallel-structured finite-volume code Dyn-
HoLab [56]. The numerical methodology has been validated for LESs of air flow through
the LS-89 cascade in [55], to which the reader is referred for more details.

The computational domain consists of a single blade passage, which is sketched in
Figure 2a with boundary conditions. The inlet section is located 0.7 chords upstream of
the leading edge, the outlet section is 1.5 chords downstream of the trailing edge, and the
spanwise length is set to 0.1 chords, as in [38,40]. Periodicity conditions are applied at the
inter-passage boundaries.
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(a) (b)

Figure 2. Computational domain with boundary conditions (a), and close-up view of the grid (b),
where one point out of four is represented.

The spanwise domain size b is dictated by the characteristic size of the largest struc-
tures in the flow field. Given that no turbulence is prescribed at the cascade inlet, the largest
structures correspond to the vortex rolls naturally shed by the blunt trailing edge. The char-
acteristic wavelength λz of such structures in the near wake may be estimated to a first
approximation by means of correlations existing for flow past cylinders. Following [57]
and references cited therein:

λz/D ≈ 25 Re−0.5
D ,

where D is the cylinder diameter and ReD is the Reynolds number based on the upstream
velocity and D. For the present turbine case, we use a Reynolds number based on the
average velocity just upstream of the trailing edge and the trailing edge diameter. This
turns out to be of the order of 104 for all present cases, leading to λz/DTE ≈ 0.24 and
λz/C ≈ 0.005. In the present LES, the spanwise length of the domain is b = 0.1C; hence,
λz/b ≈ 0.05. Further downstream, λz/DTE ≈ 1 [57], and λz/b ≈ 0.21. In other terms, the
spanwise extent of the domain is expected to contain approximately five wavelengths for
the largest structures, which indicates that the flow is not significantly constrained by the
lateral periodicity conditions.

One-dimensional characteristic conditions based on conservation of the Riemann
invariants are applied at the inlet and outlet boundaries (see [16] for more details). At the
walls, the no-slip conditions are imposed, along with ∂p/∂n = 0, where n is the direction
normal to the solid surface. An isothermal condition is applied by fixing the tempera-
ture close to the mean flow temperature (leading to a quasi-adiabatic flow). The den-
sity is deduced using the equation of state, and the viscous stress terms are evaluated
from the interior points by using backward differences. The computational grid is H-
type, with 180 points in the pitchwise direction, 850 points in the streamwise direction,
and 200 points in the spanwise direction (30.6 ×106 points in total). The upper and lower
blade surfaces are discretized with 550 points each. A close-up view of a longitudinal mesh
plane is shown in Figure 2b. For parallel computations, the mesh is partitioned in 250 blocks
by using the Message-Passing Interface (MPI) library. The average sizes of the first layer of
cells adjacent to the blade wall expressed in wall units (respectively, ∆x+, ∆y+, and ∆z+)
are given in Table 3: The mesh is sufficient to capture the boundary-layer development, but
it is too coarse to ensure a converged value of the friction velocity beneath the turbulent
boundary layers. It can therefore be categorized as a coarse wall-resolved LES. The same
grid was used in our previous perfect gas LES [55] at a close-by exit Reynolds number,
where it was shown to provide a reasonably good agreement with experimental and nu-
merical results from the literature [38,41]. The table also reports the dimensional time steps
used in the simulations, and the corresponding maximum values of CFL number reached
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close to the blade wall. Note that the local CFL decreases rapidly with wall distance and is
below 1 for most of the flow.

Table 3. Large eddy simulation (LES) parameters: ∆x+, ∆y+, and ∆z+ are the average sizes of the
first cell close to the wall in wall units, ∆t is the time step, CFLMAX is the maximum CFL number,
and f.t.t. is the flow-through time.

∆x+ ∆y+ ∆z+ ∆t (s) CFLMAX Time-Steps per f.t.t.

IC1-LPR 55 0.92 13 6.5 × 10−9 7.0 13,000
IC1-HPR 99 1.54 24 6.5 × 10−9 4.7 10,000
IC2-LPR 51 0.74 12 6.5 × 10−9 5.4 15,000

All simulations are initialized with a laminar 2D solution extruded in the spanwise
direction. The initial transient is evacuated after ten flow-through times (time required for
a particle dropped at the leading edge to reach the trailing edge at a constant velocity taken
as the average of velocities at entrance and exit of the blade passage). Flow statistics (time-
and span-averaged fields) are collected over the five subsequent flow-through times.

With the aim of assessing the influence of the flow model in use on the computed flow
fields, numerical results based on the inviscid and RANS flow equations are also reported.
These calculations were carried out with the finite-volume code of [51] based on the same
spatial discretization scheme and a similar treatment of the boundary conditions. A four-
stage Runge–Kutta time-stepping scheme with implicit residual smoothing was used to
speed up convergence to the steady state. For the case IC2-LPR, a converged steady-state
solution of the RANS equations could not be achieved, and an unsteady RANS (URANS)
approach was adopted instead. The URANS solution was advanced in time by using a
dual time-stepping technique [58]. In all cases, the RANS equations were supplemented
by the standard one-equation turbulence model of Spalart-Allmaras. No transition model
was used. A C-type grid composed of 384× 64 cells was selected after a grid convergence
study, ensuring ∆y+ ≈ 2 close to the wall. The inviscid calculations made use of a C-type
grid composed of 384× 32 cells.

4. Results and Discussion

An overview of the three-dimensional flow around the LS-89 blade at various op-
erating conditions is provided in Figure 3. Turbulent structures are visualized through
an iso-surface of the Q-criterion. Numerical Schlieren pictures (isocontours of the nor-
malized density gradient) are reported in the background. For the three cases, the flow
is characterized by wave systems (corresponding to regions of large density gradients)
departing from the trailing edge and interacting with the boundary layer of the adjacent
blade. For IC1-LPR (panel a), weak waves develop from the pressure side of the blade
trailing edge, while a stronger, quasi-normal shock wave departs from the suction side;
for IC1-HPR (panel b), the wave strength increases according to the pressure ratio and
a fishtail shock system is observed at the trailing edge. For IC2-LPR (panel c), the wave
system topology is significantly different from the previous cases, leading to multiple
interactions with the adjacent boundary layer and the wake, as discussed in more detail
later. In all cases, the boundary layer remains laminar at the blade pressure side and over a
large portion of the suction side, as also observed for air flows through the same cascade
with low inlet turbulence [38].
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(a) (b) (c)

Figure 3. Instantaneous iso-surface of the Q-criterion (Q = 1000 s−1) colored by the velocity
magnitude (m/s), replicated three times in the spanwise direction, and snapshot of the relative
density gradient in the background for cases IC1-LPR (low pressure ratio) (a), IC1-HPR (high
pressure ratio) (b), and IC2-LPR (c).

4.1. Mean Field Properties

Hereafter, we discuss first-order flow statistics, computed as time and spanwise
averages of the unsteady 3D LES results. The contours of the non-dimensional pressure,
Mach number, fundamental derivative Γ, and speed of sound are reported in Figure 4 for
the three cases. For the IC1-LPR case (left column), the Mach number (row a) increases
monotonically through the turbine vane as the pressure (row b) decreases, and reaches sonic
conditions near the exit of the bladed portion, i.e., at the trailing edge on the pressure side.
Due to the rounded shape of the trailing edge, the flow further expands downstream of the
throat, reaching a maximum average value of approximately 1.1 close to the suction side
of the trailing edge. Afterwards, the flow recompresses across the shock wave. Although
the expansion starts in the BZT region (see the isocontours of the averaged Γ, row c),
the fundamental derivative becomes positive shortly downstream of the blade nose, and
it remains lower than 1 throughout the expansion. This results in a reverse behavior
of the speed of sound (shown in row d), which increases monotonically through the
cascade up to the shock wave, instead of decreasing as in perfect gases. Nevertheless,
the maximum Mach number in the cascade for the present molecularly complex working
fluid is significantly higher than in air flow through the same geometry. Similar results
were reported in [42] for an inviscid flow of propane through the same geometry with a
similar pressure ratio. For case IC1-HPR, the Mach number (middle column, row a) also
exhibits an overall increasing trend, although a local maximum is observed at the suction
side, close to the mid-chord. This is due to the impingement of the right-running shock
wave departing from the adjacent blade shortly downstream of the trailing edge. The
latter is more clearly observed in the averaged pressure field (row b). In the trailing edge
region, the flow first undergoes a supersonic expansion due to flow turning imposed by
the rounded trailing edge, downstream of which a small recirculating region is created.
At the end of the recirculation bubble, the supersonic flow coming from the suction and
pressure sides re-aligns by means of left- and right-running shock waves, respectively.
Similarly to the preceding case, Γ is lower than one everywhere, and the speed of sound
increases through the cascade (rows c and d). The supercritical case IC2-LPR (right column
of Figure 4) exhibits significant differences with respect to the subcritical ones. An abrupt
growth of the Mach number (row a) and a pressure drop (row b) are observed downstream
of the channel throat due to a wave attached to the pressure side of the trailing edge. The
fundamental derivative of gas dynamics (greater than one at the cascade inlet) becomes
negative within the trailing edge wave system and then rises again, remaining less than
one (the isocontour Γ = 0 is highlighted in white). As a consequence, the speed of sound
(row d) exhibits a non-monotonic behavior: It decreases at the beginning of the expansion
while Γ > 1, and it increases afterwards.
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Figure 4. Isocontours of averaged quantities: Mach number (row (a)), pressure p/p◦1 (row (b)),
fundamental derivative Γ (row (c)), and speed of sound (row (d)) for the cases IC1-LPR (left),
IC1-HPR (middle), and IC2-LPR (right).

Figure 5 provides a close-up view of the trailing edge region for the three cases.
Average streamlines are superposed to the pressure field to highlight the recirculation
bubble downstream of the trailing edge. The latter has a characteristic size of the order
of the trailing edge thickness or less (for case IC2-LPR, see panel c), and it significantly
deviates toward the suction side for the IC1-HPR and IC2-LPR cases due to the flow
supersonic expansion around the rounded trailing edge at the pressure side. The computed
base pressures (normalized with inlet total pressure) in the recirculation region are equal to
0.58, 0.45, and 0.64 for cases IC1-LPR, IC1-HPR, and IC2-LPR, respectively.
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(a) (b) (c)

Figure 5. Close-up view of the trailing edge: isocontours of average pressure (background) and
average stream lines for the cases IC1-LPR (a), IC1-HPR (b), and IC2-LPR (c).

The averaged distributions of the skin friction coefficient (C f = τw/(1/2ρ2V2
2 )) are

reported in Figure 6 as a function of the curvilinear coordinate S along the blade wall
(S = 0 at the leading edge, S < 0 at the pressure side, and S > 0 at the suction side),
normalized with the chord C. The figure shows that, on average, the flow is fully attached
for case IC1-LPR, except at the trailing edge (panel a). For case IC1-HPR, the interaction of
the impinging right-running shock with the adjacent blade originates a small recirculation
bubble for S/C ≈ 0.7. Afterwards, the flow reattaches to separate again at the trailing
edge. Finally, for IC2-LPR, the complex interactions of the non-classical waves with the
boundary layer at the blade suction side lead to successive separation and reattachment of
the boundary layer, which is otherwise attached almost everywhere.
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Figure 6. Wall distributions of the averaged skin friction coefficient for IC1-LPR (a), IC1-HPR (b),
and IC2-LPR (c).

For better understanding, the highly non-ideal case IC2-LPR is analyzed in some more
detail in Figure 7, with a focus on the wave system associated with the trailing edge and
wake region. The left column of Figure 7 displays maps of the averaged flow properties as
well as three streamlines, denoted “line 1” (solid line), “line 2” (dashed line), and “line 3”
(dotted line). The right column reports the evolution of various flow quantities along these
streamlines. The fishtail-like system is composed of three main waves, denoted A, B, and C.
Wave A departs from a location shortly upstream of the trailing edge at the pressure side.
The second one, denoted B, is located roughly at two-thirds of the suction side. Finally, wave
C also departs from the trailing edge system at the suction side and propagates downstream,
interacting with the wake. The density distribution reported in row a shows that the flow
undergoes an abrupt supersonic expansion across wave A and weak compressions across
waves B and C (see also the Mach number distributions, row b). In particular, expansion A
can be categorized as a mixed wave, which starts smoothly and then steepens abruptly to
form an expansion shock as the fundamental derivative Γ becomes negative (row c). Across
the continuous expansion, the speed of sound and the Mach number experience a non-
monotonic variation, as Γ, initially greater than 1, decreases and finally reaches negative
values. In particular, the Mach number initially increases (as in classical expansions) and
then decreases. Across the expansion shock, the parameter J in Equation (2) is positive
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(row d), so the Mach number decreases. The flow remains supersonic downstream of A.
The expansion wave is sharp in the vicinity of the trailing edge and tends to spread as it
propagates through the channel. Finally, it impinges the lower blade, where it is reflected.
At point B1, the over-expanded supersonic flow recompresses through wave B, which
interacts with the boundary layer. Accordingly, the density increases along streamline 1
and, to a significantly minor extent, along streamline 2 as they cross wave B. The latter
develops in a region of positive Γ and negative J, and it corresponds to a compression shock
wave. Downstream of B, J changes its sign in the supersonic region above the boundary
layer, while it is negative close to the suction surface of the blade. In the flow region next
to point B3, complex interactions with the expansion wave reflected from point A1 and
with the wake are observed. The wake is deviated upwards by flow expansion at the
pressure side of the trailing edge. This leads, in turn, to a compression at the suction side
of the trailing edge, corresponding to wave C. Across C, flow properties vary smoothly. At
points C1, C2, and C3, the density increases and sound speed decreases. The Mach number
decreases slightly close to the wall, i.e., along streamline 1, where J > 0, but exhibits a
non-ideal behavior along streamlines 2 and 3, which cross a positive J region. Since wave C
originates in the negative Γ region near the trailing edge, we categorize it as a non-classical
(smooth) compression wave. Such a wave also interacts with the wake and with the other
waves downstream of the trailing edge, leading to a very complex unsteady wave pattern.

In order to assess the effects of the flow model on flow topology, RANS (or URANS)
calculations were carried out for the same configurations. More precisely, steady RANS
results are reported for IC1-LPR and IC1-HPR, while time-accurate (URANS) results are
reported for IC2-LPR (as anticipated in Section 3). The pressure and Mach contours for the
three cases are reported in Figure 8 for comparison. The RANS cases undergo a numerical
transition at approximately one-third of the chord at the suction side. The overestimated
growth of the turbulent boundary layers yields a restriction of the effective blade pas-
sage section and thicker wakes, substantially modifying the trailing edge shock system.
By inspecting the same views for the LESs in Figure 4, we can see that the normal shock
appearing in the case IC1-LPR at the suction side is much weaker and located earlier in the
steady RANS, and the inclination of the fishtail shock attached to the trailing edge in the
case IC1-HPR is altered. The URANS results or IC2-LPR strongly deviate from LES at the
rear part of the suction side, due to the appearance of massive flow separation. Pressure
distributions extracted at the first cell center off the wall for the LESs and RANS/URANS
calculations are reported in Figure 9. The solutions are in quite fair agreement. The devi-
ations observed in the laminar region at the suction side are due to small differences in
the discretized blade geometry used for the two sets of calculations. In the figure, we also
report results of inviscid flow calculations using C-grids of 384× 32 cells and a slightly
modified trailing edge geometry (with a wedge). The overall agreement indicates that a
large part of the flow is dominated by inviscid effects. In particular, the non-ideal expansion
wave of case IC2-LPR is robustly predicted at ξ/C ≈ 0.5 by all models. Inviscid calculations
fail in the rear part, predicting much stronger trailing edge shocks. We conclude that the
trailing edge shock system is extremely sensitive to the model in use.
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Figure 7. Maps of mean quantities (left) and their evolution along the three streamlines, labeled 1 to
3 (right) for case IC2-LPR: density (row (a)), Mach number (row (b)), Γ (row (c)), and J (row (d)).
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Figure 8. Reynolds-averaged Navier–Stokes (RANS) results for the Mach number (a) and normalized
pressure p/p◦ (b). Cases IC1-LPR (left), IC1-HPR (middle), and IC2-LPR (right). For the latter case,
the time-averaged unsteady RANS solution is presented.

0.0 0.2 0.4 0.6 0.8 1.0
ξ/C

0.6

0.7

0.8

0.9

1.0

p
/p
◦ 1

LES

RANS

Euler

0.0 0.2 0.4 0.6 0.8 1.0
ξ/C

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

p
/p
◦ 1

LES

RANS

Euler

0.0 0.2 0.4 0.6 0.8 1.0
ξ/C

0.4

0.5

0.6

0.7

0.8

0.9

1.0

p
/p
◦ 1

LES

RANS

Euler

Figure 9. Normalized pressure distributions along the wall for cases IC1-LPR (left), IC1-HPR
(middle), and IC2-LPR (right). ξ/C denotes the normalized chordwise coordinate.

To further quantify the role of the model, we compute the loss coefficient, defined as:

ζ =
T2,is∆s

h◦1 − h2,is
, (4)

where T2,is is the local isentropic temperature at downstream location 2, ∆s = s1 − s2 is
the entropy difference, h◦1 is the total enthalpy at the inlet, and h2,is the isentropic static
enthalpy. The values for the LES, RANS, and inviscid calculations (computed as a mass-
weighted section average at a section located approximately 0.1C downstream of the
trailing edge) are reported in Table 4. These values must be taken with caution, and, in the
absence of comparison with measurements or grid convergence of the LES simulations,
they cannot be used to establish a hierarchy of performance among the different operating
conditions. Nevertheless, they still bear interesting information about loss sensitivity to
the different flow models. As expected, the inviscid flow model underestimates the losses
for all cases except IC1-HPR: For this HPR case, shock losses (well captured by the inviscid
model) are stronger and contribute significantly to the overall losses. On the contrary,
RANS models overestimate the losses by predicting earlier fully turbulent boundary layers.
The overestimation is dramatic for case IC2-LPR, for which a massive flow separation
appears in the RANS solution. In the last line of Table 4, we report the loss coefficients
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calculated for air at the same PR and exit Reynolds number as IC1-LPR (i.e., case MUR129):
ζ is approximately one order of magnitude lower than for dense gas at the same pressure
ratio due to the larger enthalpy drop (denominator of ζ). Similar observations can be
found in [42] (for the same geometry and with propane as the working fluid). This case
is subsonic for air, and the LES and RANS yield closer values than in the dense gas case,
whereas the Euler simulation again predicts lower losses due to the absence of boundary
layers. Overall, the results show the solution’s sensitivity to boundary-layer development
and its interactions with the external flow.

Table 4. Mass-weighted averaged loss coefficient at (x− xte)/C = 0.1 (where xte is the trailing edge
coordinate) for various operating conditions and flow models.

LES RANS Inviscid

IC1-LPR 0.82 × 10−1 0.90 × 10−1 0.69 × 10−1

IC1-HPR 0.59 × 10−1 0.82 × 10−1 0.73 × 10−1

IC2-LPR 0.53 × 10−1 0.37 × 100 0.45 × 10−1

MUR129 0.81 × 10−2 0.82 × 10−2 0.62 × 10−2

4.2. Second-Order Statistics and Unsteady Flow Properties

Next, we focus on turbulent flow content and unsteady motions. Due to the interac-
tions of the trailing-edge shock systems with the unsteady wake motions, both turbulent
and inviscid contributions to the fluctuating field exist.

Figure 10 displays the instantaneous contours of the wall shear stress τw along the
suction surface for the three cases. The distance to the leading edge is reported in terms of
the normalized curvilinear abscissa S/C. For case IC1-LPR, the shocks originating from
the trailing edge and impinging the boundary layer of the adjacent blade are too weak to
trigger transition. However, the perturbations are amplified downstream of the interaction
point, leading to a roll-up of the boundary layer shortly upstream of the trailing edge. τw
reaches a maximum downstream of the blade nose at S/C ≈ 0.5, and the wall shear stress
contours remain smooth all along the suction surface, the signature of streamwise rolls
being visible only in the close vicinity of the trailing edge. An instantaneous separation
bubble is also visible at S/C ≈ 0.57, but was not observed in the time-averaged skin-
friction profiles. This is likely due to boundary-layer interaction with impinging time-
varying compression waves generated at the trailing edge of the upper blade, which
may instantaneously sharpen into shocks. The flow ultimately transitions to turbulence
in the wake. For case IC1-HPR, the oblique shock wave generated at the trailing edge
impinges the boundary layer of the adjacent blade and leads to instantaneous boundary-
layer separation (S/C ≈ 0.66) and transition to turbulence downstream of the interaction
point for S/C ≈ 0.73. Further downstream, the flow partly relaminarizes due to the
favorable external pressure gradient, and a fully turbulent state is only achieved shortly
upstream of the trailing edge (S/C ≈ 1.24). The wall friction distribution for IC2-LPR
is radically different from that of IC1-LPR due to the strongly non-ideal expansion. In
this case, an abrupt variation of the wall shear stress is observed at location S/C ≈ 0.75
due to boundary-layer interaction with the sharp expansion wave. However, due to the
favorable external pressure gradient, the transition is delayed to S/C ≈ 0.93. As previously
observed for IC1-HPR, the boundary layer partly relaminarizes further downstream under
the effect of flow expansion, and finally transitions to turbulence close to the trailing edge
(S/C ≈ 1.22).

Although the details of the transition process and the position of the transition region
may be sensitive to numerical resolution, the present calculations provide qualitative
evidence that, at the selected Reynolds numbers, the flow is laminar over a significant
portion of the blade surface and that shock-wave/boundary-layer interactions play a
significant role in triggering transition.



Energies 2021, 14, 772 16 of 20

(a)

(b)

(c)

Figure 10. Instantaneous isocontours of the wall shear stress (Pa) for cases IC1-LPR (a), IC1-HPR (b),
and IC2-LPR (c). Vertical dashed lines highlight the locations mentioned in the text.

The isocontours of resolved turbulent kinetic energy k based on time- and span-
averaged velocity fluctuations are reported in Figure 11. High values of k are mostly
concentrated in the turbulent wake and, according to the operating conditions, in the
boundary layer at the rear part of the suction side. The regions of high k values observed in
the inviscid core, especially for cases IC1-HPR and IC2-LPR, are not due to turbulence, but
to unsteady motions of compression/expansion waves downstream of the trailing edge,
leading to high velocity fluctuations. This effect is particularly noticeable for IC2-LPR due
to the extreme sensitivity of the non-ideal wave system to small fluctuations of the local
thermodynamic conditions.
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Figure 11. Isocontours of turbulent kinetic energy k for cases IC1-LPR (a), IC1-HPR (b), and IC2-
LPR (c).

To characterize the unsteady flow content, in Figure 12, we report the power spectral
densities of the axial velocity component at three “numerical sensors” for the three LESs
(shown in the inset). For IC1-LPR (panel a), the two sensors at the suction side of the blade
do not exhibit any significant broadband content, confirming the laminar nature of the
boundary layer at these stations. The dominant frequency detected in the signal of sensor
one at a Strouhal number (defined as St = f DTE/V2, where f is the frequency, DTE is
the trailing edge diameter, and V2 is the outlet velocity) of about 0.013 is likely associated
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with the slow unsteady motion of compression waves impinging on the boundary layer.
A marked peak at St = 0.191 and its harmonics are observed for sensor 3, located just
behind the trailing edge. Such a characteristic frequency is clearly representative of vortex
shedding, for which the trailing edge thickness represents the relevant characteristic
length [59]. Additionally note that the peak emerges from a broadband content, indicating
that the flow behind the trailing edge is turbulent. For IC1-HPR (panel b), turbulent content
is noticed much more upstream at the location of sensor 1. This station is downstream of
the shock impinging on the suction side, where shock/boundary-layer interaction leads to
flow transition. However, the spectra are more characteristic of transitional flow than fully
developed turbulence for sensors 1 and 2. For this case as well, the spectrum at location 3
is marked by a sharp peak (St = 0.18) corresponding to the vortex shedding frequency.
For the highly non-ideal case (panel c), the first sensor is located shortly downstream of the
mixed expansion-wave/boundary-layer interaction: The velocity spectrum exhibits a low-
frequency peak corresponding to a Strouhal number of about 7× 10−2 and no broadband
content. This confirms that the boundary layer is still laminar or at most transitional,
and the low-frequency signal is associated with the unsteady motion of the expansion
wave. The second sensor is located in the turbulent boundary layer, where half a decade of
the inertial range following Kolmogorov’s −5/3 law is observed before the LES cut-off of
the smallest scales. The third sensor, located in the wake, also returns a turbulent spectrum,
but no well-defined inertial range −5/3 slope is observed. This is likely due to the vortex
shedding from the bluff trailing edge that adds to the turbulent content, and corresponds
to the "bump" in the spectrum observed around St ≈ 0.2, before the LES cutoff. For all
cases, no significant effect of the thermodynamic conditions on the characteristic frequency
of the vortex shedding is observed, and the Strouhal numbers are in the range observed for
transonic turbines using perfect gases [59].
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Figure 12. Velocity spectra for cases IC1-LPR (a), IC1-HPR (b), and IC2-LPR (c), evaluated at the
three sensor locations shown in the inset.

5. Conclusions

Wall-resolved large eddy simulations of dense gas flows through a two-dimensional
cascade of stator blades at highly non-ideal operating conditions were reported for the
first time in the literature. The chosen cascade geometry corresponds to the VKI LS-89
configuration, which has been widely investigated in the literature for air flows, and is
reasonably representative of a transonic ORC nozzle guide vane. The chosen working fluid,
PP11, a heavy fluorocarbon, is well suited to investigate the influence of strong non-ideal
effects on cascade performance. Several operating conditions, corresponding to subcritical
and supercritical pressures at the turbine inlet, were considered, as well as two pressure
ratios. The subcritical conditions led to mildly non-ideal gas dynamic effects in the flow
field. On the contrary, dramatic deviations from the ideal-gas behavior were observed
for the supercritical operating conditions. The latter included non-classical expansion
and compression waves in complex interaction with the surrounding boundary layers
and wakes. The use of a wall-resolved LES allows one to account for boundary-layer
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transition, which is seen to have a crucial role, at least at the moderate Reynolds number
investigated in this study and in the absence of free-stream turbulence. According to the
present simulations, the supercritical inlet operating conditions, which involved BZT effects
in the trailing edge region, do not improve cascade losses, since the flow is severely over-
expanded by non-classical waves, and it recompresses through a complex wave system
downstream of the trailing edge, which is absent in the subcritical configuration at the
same pressure ratio. Comparisons with the lower-fidelity, cheaper RANS models showed
that RANS not only fails in predicting the transition point, but, more generally, leads to a
significantly different boundary-layer development with an impact on the external flow.
As a result, RANS is inaccurate in predicting cascade losses. Inviscid flow simulations were
found to provide reasonable estimates of losses, at least for flow conditions dominated
by shock losses. In future work, massive simulations with finer resolutions will help to
get more quantitative insight into the complex mechanisms mentioned above. Massively
parallel simulations will also enable the study of flows with higher Reynolds numbers,
which are closer to conditions met in practical ORC applications, with specific a focus on
the role of laminar–turbulent transition. LES studies of other working fluids and geometries
are also planned.
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