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Abstract

Positive displacement machines are the most suitable devices for small-scale waste heat to power conversion units based on an
Organic Rankine Cycle (ORC) due to their capabilities of handling small mass flow rates and high pressure ratios. Among the
technologies, sliding vane machines provide unique features such as low operating revolution speed, geometrical flexibility and
uncomplicated manufacturing. Nonetheless, research and product development in this field have been constrained by the lack of
interfaces between deforming and moving fluid domains that characterize sliding vane devices and the design tools at the state of
the art. This research work tackles this challenge and presents the development of an analytical grid generation for sliding vane
machines that is based on user defined nodal displacement. Through this approach, the numerical methodology discretizes the fluid
domains enclosed between the cells and ensures conservation of intrinsic quantities by maintaining the cell connectivity and
structure. Transient 3D single phase simulations on a small scale ORC expander were further set up in the ANSYS CFX solver and
provided insights on the main flow field as well as in the leakage paths between rotor blade tips and casing. The numerical results
were eventually validated with reference to an experimental dataset related to a waste heat to power conversion application in
compressed air systems where the sliding vane ORC expander worked with R236fa, at a pressure ratio of 2.65 and at 1551 RPM.
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Peer-review under responsibility of the scientific committee of the IV International Seminar on ORC Power Systems.

Keywords: sliding vane expander; organic Rankine cycle; waste heat recovery; computational fluid dynamics; algebraic grid generation

* Corresponding author. Tel.: +44-1895-267707; fax: +44-1895-269777.
E-mail address: giuseppe.bianchi@brunel.ac.uk

1876-6102 © 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the IV International Seminar on ORC Power Systems.


http://www.sciencedirect.com/science/journal/22126716
tel:01895269777

2 Giuseppe Bianchi et al. / Energy Procedia 00 (2017) 000-000
1. Introduction

Among the rotary positive displacement technologies, sliding vane machines are nowadays employed in
compressed air systems [1], as pumps in automotive [2, 3] or Oil&Gas fields [4], and lately as expanders for
refrigeration [5] or waste heat to power conversion units based on an Organic Rankine Cycle (ORC) [6]. Nonetheless,
although the experimental methodologies to investigate such kind of machines have become sophisticated [7, 8], the
modeling approaches that can be found in the literature mostly employed a chamber model approach, i.e. a lumped
parameter formulation of the conservation equations whereas spatial variation of quantities is assumed to be
homogeneous [9-12]. In fact, apart from the recent progresses that some commercial software companies have made
[13, 14], the main constraint for the employment of design tools at the state of the art like Computational Fluid
Dynamics (CFD) software is the unavailability of general, parametric and effective approaches to discretize the fluid
volumes identified by rotor, blades and stator of a vane machine.

This research gap has started to be addressed with some recent works on ORC expanders. In particular, Montenegro
et al., investigated a sliding vane expander with an elliptic stator [15, 16] while Kolasinski and Blasiak performed
experimental and numerical studies on a micro ORC sliding vane expander with circular stator and radial inlet and
outlet ports [17]. Working fluids were R245fa and R123 while CFD solvers employed in the afore mentioned studies
were OpenFOAM and ANSY'S CFX respectively. In both the research works, correction terms had to be introduced
to deal with inaccuracies in the rotor grids.

In the current work, a general grid generation methodology for sliding vane machines recently developed by the
Authors [18] has been tested on a small scale ORC expander geometry. The discretization approach for the moving
and deforming fluid domain enclosed between rotor, stator and blades of a vane machine belongs to the user defined
nodal displacement type, whereas nodal locations for each time step are calculated externally, prior to the numerical
flow solution in the CFD solver [19]. In particular, this method combines the parametric generation of the mesh
boundaries using trigonometric functions with the algebraic algorithms with transfinite interpolation, post
orthogonalisation and smoothing developed for twin screw machines [19-22]. Three dimensional transient CFD
simulations were performed using different grids to assess the main flow topology and the impact of tip clearance gaps
on leakages. The numerical simulations were eventually validated using the experimental dataset related to an
installation of the expander on an ORC power unit for waste heat recovery in compressed air systems [7, 23].

2. Grid generation and Numerical setup

Starting from the ORC expander prototype shown in Figure 1.a and thanks to the symmetrical features of the vane
machine geometry, the grid generation procedure was developed with reference to a 2D cross section of the rotating
and deforming fluid domain and then replicated along the axial direction to get the 3D mesh. In particular, the reference
fluid domain is the one enclosed between stator, rotor and blades (Figure 1.b). The developed grid generation
methodology aimed at producing a computational grid that fulfilled the topology of an ‘O’ grid since this structure
avoids any inaccuracies that can be introduced due to a non-matching mesh connection between core and leakage
regions of the so-called rotor mesh.

Prior to the distribution of the computational nodes, the grid boundary is reconstructed through analytical
relationships that describe the trajectories of rotor, stator and blades points. This approach provides flexible and
parametric features to the overall procedure since it easily allows to model any vane machine geometry. For the current
case, some geometrical data of the expander that have been used to generate the rotor boundary are listed in Table 1.

The discretization of the rotor grid boundaries is shown in Figure 1.c and considers different number of nodes for
vane tip, vane sides and rotor locations. The specified nodes are then distributed on the various parts of the segments
using control functions. The total number of nodes used for discretization of the rotor boundary are maintained for the
discretization of the stator boundary. The sudden transition from the leakage gaps to the core is handled by the
introduction of stretching functions that gradually flare the radial mesh lines from leakage gap into the core as seen in
Figure 1.d.
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Fig. 1. Grid generation procedure: (a) prototype, (b) boundary generation, (c) boundary discretization,
(d) stretching function applied to stator, (e) internal node distribution, (f) 3D grid

Figure 1.e shows the hexahedral cells in a 2D cross-section, whereas the continuous mesh between the tip leakage
gaps and the core cells formed between the vanes allows that the number of cells covering the radial direction from
the rotor boundary to the stator one remain unchanged. A refined boundary layer could have been introduced; however,
in addition to the greater total mesh count, these cells would have further increased the cell aspect ratio in the tip gaps
which are already stretched. Furthermore, a previous study on a dry air twin-screw expander showed that, with ANSY'S
CFX as solver and relying on the wall functions used by the k- SST turbulence model, the influence of adding
boundary layer mesh is negligible for the prediction of the machine performance [22]. For these reasons, boundary
layer refinement is not considered in this analysis. On the other hand, a key parameter for the grid generation is the
minimum tip clearance gap, which is assumed to be constant at each angular location of the blade. In this work, three
different values have been considered, namely 10, 20 and 50 pm.

Full hexahedral 3D grid is displayed in Figure 1.f. Besides, Figure 2 represents the tetrahedral mesh used for the
static ports of the real gas ORC expander. High pressure inlet, low pressure outlet and the axial interface of low
pressure port with the deforming rotor domain have been highlighted by the color scheme. Radial interface of the high
pressure port with the rotor is not seen. All these interfaces have been defined in the ANSYS CFX solver as non-
conformal conservative flux type of fluid-fluid interfaces. Table 2 summarizes the specifics of rotor and ports grids
while Table 3 presents the details of the CFD solver numerical setup. The operating conditions that were considered
as benchmark for this case were 1551 RPM as revolution speed and 12.11 bar, as inlet pressure with 90.5 °C as inlet
gas temperature. Outlet pressure was 4.57 bar,.

Aungier Redlich Kwong real gas model was used to specify the coefficients of the polynomials to define material
properties and equation of state. Coefficients for specific heat and critical state temperature and pressure were supplied
to generate a lookup table in the temperature range of 273 and 400 K, while the pressure range was between 2.0 and

60.0 bar,. The formulation for the specific heat at reference state (1.013bar,, 25°C) cg used by CFX is reported in
Eqn. 1. Coefficients are valid for R236fa only. Temperature is expressed in Kelvin while the units of the specific gas
constant R are the same as Cg ones (J/kgK). Values for thermophysical properties at the critical point can be easily

deduced from the literature or well-known fluid property databases.

Cg/R =9.3568—-0.013304 T +0.00021207T* —4.6189¢ —07T*% +3.7799¢e —10T* (1)
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Table 1. Summary of geometrical specifics. E !‘J‘:fﬂt
Rotor Diameter 65 mm axial interface
Stator Diameter 76 mm
Axial Length 60 mm
Tip Clearance 10/20/50 um
Table 2. Summary of mesh specifics.
Ports Rotor (10pum)
Cell type Tetrahedral hexahedral
Node count (Million) 0.135 0.157
Maximum aspect ratio 23 228
Minimum orthogonality 10.0 116 Fig. 2. Ports mesh and sliding interfaces with the rotor grid

Table 3. Details on the numerical setups in the ANSYS CFX solver.

User defined nodal displacement via junction box

routines in FORTRAN Advection scheme

Mesh deformation Upwind
Tetrahedral with boundary layer refinements
(Generated by ANSYS pre-processor)

Co-located layout

Mesh in ports (Rhie and Chow 4th order)

Pressure-Velocity coupling

Second order
(Fully implicit Backward Euler)

SST - k Omega

(Standard Wall Functions) Transient scheme

Turbulence model

Inlet boundary Opening (Specified total pressure and Transient inner loop

Up to 20 iterations per time step

condition temperature) coefficients
Opening (Static pressure
Outlet bounda - .
condiition i In case of backflow used as total pressure and Convergence criteria r.m.s residual level 1e-03

temperature)

Control volume

gradients Gauss divergence theorem

Relaxation parameters Solver relaxation fluids (0.4)

Time step size resulted from the ratio between the angular spacing at which the customized grids are available and
the revolution speed. In this case study, the full rotation of the rotor was defined by 720 grid positions. This resulted
in an angular step of 0.5° per solver step. Hence, to achieve a rotational speed of 1551 RPM, the time step size was set
to 5.3728e-5 s. In these conditions, the RMS Courant number of the coupled solver during the calculations was in a
range between 7.0 and 8.0 while the maximum Courant number was in the order of 110.0 at all time steps.

3. Results and discussion

In a sliding vane machine, when the working chambers move from the discharge port to the intake one, there is an
angular phase when two environments at highly different pressures are directly connected. Besides, during operation,
the rotor blades slide along the inner surface of the casing through a thin fluid layer whose thickness results from a
balance of hydrodynamic and pressure forces. The mutual curvature of blade tip and stator generates a nozzle that,
depending on the angular position of the working chamber, can be exposed to severe pressure gradients. Both the afore
mentioned phenomena remarkably affect the volumetric and energy performance of the vane machine since they
trigger fluid leakages from high pressure to low pressure locations of the device. The numerical simulations that are
presented in this research work aim at highlighting these issues through three levels of detail: after a comprehensive
overview on the main flow topology, detailed views on leakage paths at some crucial tip clearance locations are
discussed. Eventually, the role of the minimum tip clearance gap width, whose value is assumed to be the same in all
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Fig. 3. Absolute gauge pressure field at rotor and discharge domains with superimposition of non-dimensional velocity vectors over a full vane
rotation

the blades regardless of their angular position, is presented with respect to indicating pressure data from a previous
experimental campaign.

3.1. Flow topology

Figure 3 shows the pressure field over a full revolution of the vane, whose duration is 51.4°. In particular, the
angular positions refer to the last 50° of the 11" simulated revolution. Minimum tip clearance gap is 10 um. In Figure
3, the non-dimensional velocity field at mid-length is superimposed to the pressure fields in the rotor and exhaust
domains. Revolution speed sense is clockwise, as shown at the bottom right of the figure.

In Figure 3.a, the intake process takes place through the vertical branch of the inlet duct. Flow direction is from top
to bottom. On the other hand, the horizontal branch does not have any flow inlet port and behaves as a stagnation zone.
A recirculation can also be noticed near the outlet port, where the different outlet flows from the axial interfaces merge
from former flow directions at 90°.

The first vane, i.e. the one marked with label “1” in Figure 3, at 310° is in the middle of the intake process and has
pressure and temperature values imposed by the inlet boundary condition. Moving from subfigure (a) to (f), vane 1
completes the intake process and, in frame (f), is at angular position that corresponds to the beginning of the closed
volume expansion. From (a) to (c), pressure in vane 1 decreases due to the slight increase of the chamber volume.
However, when the second blade of cell 1 faces the intake duct at 340°, this partial obstruction of the duct leads to a
pressure increase. In the last 20°, the chamber volume keeps increasing and lowers the fluid pressure of about 1.5 bar
compared to the initial position (a). Therefore, the sequence shown in Figure 3 explains the reason of the not isobaric
nature of the intake process in vane expander, in contrast with what occurs in compressors.

Due to periodic nature of the vane machine, cell 1 in subfigure (f) is approximately cell 2 in subfigure (a). Moving
from subfigure (a) to (f), cell 2 nearly performs the full closed volume expansion phase, whose actual span is 80.6°.
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Furthermore, the pressure differences that occur between vane 1 and 2 lead to leakages that are clearly visible at 330°
and 340°. Indeed, with reference to the tip clearance region, a remarkable pressure decrease can be noticed at the
central region of the tip, which behaves as the throat of the nozzle created by blade and stator surfaces. Even though,
the peripheral speed and pressure difference involved in the leakage are able choke the flow at the throat, the divergent
section of the nozzle downstream the throat contributes to the pressure recovery. Further details are given in Section
3.2 and Figure 4.

3.2. Tip leakage flows

Figure 4 details the flow regime at two main tip clearance locations. The reference position for this magnified view
is 310°, i.e. Figure 3.a. Therefore, Figure 4.a shows the leakage that occurs between vane 1 (at intake pressure) and
vane 2 (at the beginning at the closed volume expansion phase) while Figure 4.b is related to the flow between vane 6
and 7. In this particular location, blade 2 and 7 are symmetrical with respect to blade 1. However, even though the
nozzles shape is the same, the flow fields differ because of pressure differences across the blades and leakage flow
direction. Indeed, in Figure 4.a the leakage flow is aligned with the revolution sense while in Figure 4.b the leakage is
opposite to it. In Figure 4.a the tip clearance gap gets chocked at the nozzle throat which is located in the first half of
the blade tip profile. A similar situation occurs in blades 3 and 4 that are not shown.

~—— leakage flow —7
e ———

(b) blade 7 (a) blade 2

revolution sense

7]
o
o
Q
2]
o
z
\

Mach Number
Fig. 4. Mach number field at main tip clearance locations: (a) between chambers 1 and 2, (b) between chambers 6 and 7.
Reference position is Figure 3.a at mid axial length while minimum gap width is 10um

3.3. Comparison with indicating pressure data

The developed grid generation methodology assumes a fixed minimum clearance at the gaps between stator and
blades tips. The input value specified by the user during the simulation setup not only has an impact of the overall
rotor mesh quality but also on the simulation results. In fact, there is a direct relationship between minimum clearance
and leakages. In real operating conditions, this value has an angular variation that depends on the peripheral tip speed,
the pressure difference across blade as well as the hydrodynamic capabilities of the working fluid [10, 24].

In order to assess the impact of minimum tip clearance gap on the overall angular evolution of the chamber pressure,
simulations with values of 50um, 25um, 10um were compared to experimental indicating pressure data. The
experimental pressure trace was reconstructed through a phase-locked average of the raw data provided by four
piezoelectric sensors shown in Figure 5 as diamonds. Further details can be found in [7, 23].

The effects of different tip gaps are highly noticeable in multiple angular ranges. Let us firstly refer to the angular

phase where the vane is exposed both to intake and discharge ports and lasts from the Intake Port Opening (IPO) to
the Discharge End (DIS-END). In this phase, pressure would normally increase due to the decrease of chamber
volume, as shown for cell 7 in Figure 3. However, the larger the tip clearance, the steeper is this pressure increase
since the throttling action of the nozzle generated by blade tip and stator is more limited.
During the intake process, which starts in IPO and proceeds beyond the Intake Port Closure (IPC) of an angular
quantity equal to the vane width (51.4°), the overall vane pressure is lower with larger clearances because of the
resulting leakages from the filling vane to its neighbors. Regardless of the tip clearance gap width, the pressure peak
right after SPC occurs when the expander cell is at a position where the leakages across the tips of the blades and the
stator are minimized since the gap towards the following and preceding cells are extremely narrowed.
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During the closed volume expansion, which starts at EXP-SRT and ends at EXP-END in Figure 5, due to leakages
the high pressure mass that is trapped at the end of the intake process gradually tends to move towards lower pressure
environments. In turn, even though the three simulations have the same built-in volume ratio, in the 10um one the
expansion is more effective and slightly goes below the discharge pressure before approaching the opening of the
discharge port. On the other hand, in the simulation cases with larger tip gaps, the over-expansion gradually vanishes.
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Fig. 5. Effect of minimum tip clearance on simulated vane pressure trend and comparison with experimental data

Although the numerical data are in good agreement with respect to the experimental pressure trace, some deviations
can be certainly noticed. Some of the explanations for these discrepancies are the approximations on the grid
generation methodology and for having discarded the leakage paths that take place between the chambers and the end
wall clearances. In fact, if larger leakage flows occurred due to the additional paths, with reference to the trends shown
in Figure 5, one could expect a better matching with the experimental data, without necessarily considering unrealistic
tip gaps. Besides, the numerical approach did not considered any heat transfer. Nonetheless, the sensible and
convective heat transfers to the environment are expected to be minimal due to the limited temperature differences
between the fluid and the operating ambient conditions during the tests. Moreover, the occurrence of such heat loss
would actually bring the pressure trace below the adiabatic one, and not opposite to it as in the experiments.

4. Conclusions

The moving and deforming features of computational fluid domains were the major obstacle to the application of
the numerical simulation for the development of next generation sliding vane machines. The research presented in this
paper tackled and addressed this challenge through the development of a grid generation methodology that is based on
user defined nodal displacement and it is able to successfully discretize the cell fluid domains. The developed approach
is detailed and parametric in representing the vane machine geometry. Furthermore, the generated grids can be coupled
with most of the available commercial and open source CFD solvers.

Using the customized set of grids, single phase transient three-dimensional CFD simulations in ANSYS CFX were
carried out with reference to a small scale ORC expander. The numerical analysis provided remarkable information
on the overall flow topology and the tip leakage flows. The effect of minimum tip clearance gap, which is an input to
the grid generation methodology and whose dependency with the angular position has been so far neglected, was
further investigated through different simulation cases and compared with experimental indicating pressure data.

The agreement between numerical and experimental data is fairly satisfactory. However, a more accurate validation
would require the inclusion of end wall leakage fluid domains as well as an angular variation of the minimum gap
between blade tip and stator.
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Nevertheless, the numerical methodology herein developed is potentially applicable to any sliding vane machine
such as air and refrigeration compressors as well as oil and water pumps for automotive applications.
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