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ABSTRACT

Recent studies on the use of 3D Computational Fluid Dynamics (CFD) for the analysis and design of sliding vane
machines has proved beneficial for the detailed evaluation and optimisation of the vane expanders for a given working
fluid and operating condition. The authors have earlier developed a customised rotor grid generator for integration
with commercial CFD solvers and validated it for use in typical small-scale ORC expanders for waste heat recovery.
In this paper, this customised grid generation is extended to an open source CFD solver OpenFOAM, by using a
connectivity methodology originally developed for roots blower and twin-screw machines. The control of the rotor
grid deformation is through a user code integrated within the flow solver. A case study of the reference ORC expander
operating with R245fa was used for validation. The available experimental data for three operating conditions are
compared with the results calculated with ANSYS CFX and OpenFOAM-v1912 solvers. During the filling and
expansion process, the internal pressure traces are accurately captured by both the solvers and the difference is within
0.05 bar with measurements. However, between the outlet port closure and inlet port opening process the pressure and
temperature prediction with OpenFOAM solver is considerably different from the ANSYS CFX solver. It was
observed that the OpenFOAM solver is resulting into a non-physical low temperature zone upstream to the tangency
region of the rotor and the stator that goes below 80°C. Overall, CFD solution obtained with the commercial solver
ANSYS CFX is much more stable and robust than the open source OpenFOAM solver. The generic nature of the
deforming grid generation used with an open source CFD solver presented in the paper allows broadening of the
utilisation of CFD modelling tools for the design of vane machines.

1. INTRODUCTION

Organic Rankine Cycle (ORC) expanders for heat to power generation use sliding vane machines. Off-design
conditions are well accepted in terms of inlet thermodynamic properties of the working fluid, revolution speed,
working fluid flow rates. These expanders show wider margins of flexibility when compared with the other machines
and such advantages make them suitable for small size ORC-based power units to recover low-medium grade heat
usually wasted into mechanical energy. However, the efficiency of rotary vane expanders may be lower than other
positive displacement machines (Vodicka et al., 2017). This is due to high volumetric losses, particularly the ones due
to leakages between adjacent vanes which take place between the blade tip and the stator inner surface. A further
limiting aspect of this machine is the fixed expansion ratio. In Yan et al. (2019), a variable expansion ratio rotary vane
expander, which adjusts its expansion ratio by acting on the outlet opening angle has been investigated. To overcome
some of these drawbacks, the concept of supercharging a vane expander was proposed. Supercharging the expander
requires another suction port along the closed-volume expansion phase through which an additional quantity of
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working fluid is supplied at the same suction conditions. In Fatigati et al. (2018a), using a 1-D thermo-fluid-dynamic
model, validated on experiments performed using a single intake expander, an optimization analysis to define the
circumferential position of the auxiliary port and its area which maximize the mechanical power produced was carried
out. The results showed for the optimum configuration a 50% increase of mechanical power produced with respect
the baseline case. In Fatigati et al. (2018b), an experimental comparison between single and dual intake expander was
carried out keeping constant the intake and exhaust pressure. The results showed that the dual intake port expander
can elaborate a 40% more of mass flow rate with an increase of indicated power of 50% in comparison of the original
device. Nevertheless, the dual intake port expander allows to also improve the efficiency of the machine with respect
to the baseline expander under certain condition and circumferential position of the auxiliary intake port. In fact, in
Fatigati et al. (2019), an analytic relation which expresses the global efficiency difference between single and dual
intake expander, keeping constant the intake and exhaust pressure, was found. Through this relation it was theoretically
demonstrated if the increase of mass flow rate aspirated by the dual intake expander with respect the baseline case is
lower than that of the mechanical power produced, the efficiency of the dual intake machine is higher. Fatigati et al.
(2020), present a theoretical and experimental evaluation of a 2.0 kW vane expander and details of leakages inside the
machine to quantify their effects on the expander performance. In order to achieve a deeper understanding of the
supercharging process and its impact on the vane expander operation, Bianchi et al. (2019), performed numerical 3D
CFD simulations using ANSY S CFX solver and SCORG grid generator on the machine developed and tested in earlier
works. When operating at 1516 rpm and between pressures of 544 kPa at the inlet and 320 kPa at the outlet, the
supercharged expander provided a power output of 325 W. The specific power output was equal to 3.25 kW/(kg/s)
with a mechanical efficiency of 63.1%. For the CFD modelling strategy the essential requirement for the CFD
modelling of a vane machine is the application of deforming working chamber grid and in Rane and Kovacevi¢ (2017a,
2017b), the grid generation using algebraic techniques has been extended to differential techniques in order to improve
the mesh quality. The application in this study was with twin-screw compressors. This differential technique has been
applied in Bianchi et al., (2019) on the basic algebraic grid described in (Bianchi et al., 2017a) and applied on the
ORC expander analysis. The grid generation has been implemented in the customized grid generation tool SCORG
(Kovacevi¢ et al., 2005, 2007). The methodology developed in (Bianchi et al., 2017b) was adopted to model the
supercharged expander in (Bianchi et al., 2019). The results show not only the successful model validation but also
an extensive comparison between standard and supercharged machine. However, state-of-the-art research has been
only applied to commercial CFD solvers. Initial works on application of open source CFD tools for analysis of positive
displacement machines can be instead found in Casari et al. (2017). They presented a review of the techniques
available with OpenFOAM-v1606+ solver. The application tested was a single screw expander. Casari et al. (2018a,
2018b, 2019) further developed an OpenFOAM interface with the customised grid generator SCORG and the
application was demonstrated on Roots Blower and Twin-Screw Compressor with OpenFOAM-v1606+ solver. An
oil injection study using lagrangian particle model in the Roots Blower application was presented in Casari et al.
(2019) using with OpenFOAM-v1606+ solver and SCORG deforming grids for the rotor domains.

The objective of the presented analysis was to extend the use of customised grid generation with open source CFD
solver OpenFOAM-v1912, by using a connectivity methodology originally developed for roots blower and twin-screw
type of machines (Casari et al., 2018a, 2018b, 2019). The rotor grid deformation was controlled through user code
which works integrally with the flow solver. A case study has been presented on the reference ORC expander operating
with R245fa (Bianchi et al., 2019). Three operating conditions have been evaluated, for which experimental
performance data are available for validation of the numerical methodology using ANSYS CFX and OpenFOAM-
v1912 solvers. Through the analysis it was found that further research into the development of a robust and stable
solver with positive displacement applications is required to account for the large grid deformation and volumetric
changes that occur in these machines.

2. NUMERICAL ANALYSIS METHODOLOGY

Analysis of the ORC vane expander using OpenFOAM was carried out based on the available test data in literature
and a corresponding, well established model in ANSY'S CFX solver. Comparison with a validated ANSYS CFX model
allowed for comparison of the detailed physics inside the expander for which numerical issues of the solver could be
studied, together with their impact on prediction of the flow field.

2.1 ORC vane expander and test data

The supercharged expander was tested in an automotive ORC loop at the University of L’Aquila operating with
R245fa. The expander is directly coupled with an asynchronous electric generator which constraints the expander to
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rotate at slightly higher than 1500 RPM when the machine is connected to the electric grid. Further details on the test
rig can be found in (Fatigati et al., 2019). From an instrumentation perspective, two Coriolis mass flow meters are
installed downstream the pump and on the primary inlet of the expander. Pressure and temperature transducers are
located across each component of the ORC loop. The expander performance is eventually measured through a torque
meter and through a set of 3 piezo-resistive pressure transducers. The overall expander dimensions are summarized in
Table 1. The dual intake phase starts immediately after the end of the main one. Three test cases were selected to
enable the CFD validation. A summary is reported in Table 2. Depending on the opening of the ball valve upstream
of the secondary inlet, different supercharging ratios were achieved.

Table 1: Specification of the Table 2: Experimental data at three operating conditions of the expander
expander geometry
Test case #1 Test case #2 Test case #3
Number of Chambers 7
Stator Inner Diameter 75.90 mm p T m p T m p T m
Rotor Outer Diameter 65.00 mm +0.3 0.3 0.3 0.3 0.3 $0.3
Eccentricity 5.45 mm bar, °C kgls bar, °C kg/s bar, °C kg/s
Chamber Width 60.00 mm Main Inlet
Blade length 17.00 mm (M +0.15%) 455 66.1 0.047 544 943 0.061 557 823 0.055
Blade thickness 3.96 mm Superchar. Inlet 2
Intake port opening angle 44° (m £0.05%) 475 661 0.054 474 943 0.039 577 823 0.064
'E”tzke F:O’Trct'os'”g_ angle 48° Outlet 310 586 321 859 3.60 735
xhaust port opening o
angle 180 2‘?&‘:&?‘1 1511 1516 1517
Exhaust port closing angle 320° T_or e
Tip clearance 25 um (+0%2 Nm) 1.50 2.05 2.11

The operating point that will be selected to show the validation of the CFD results is the test case #2, even though in
(Bianchi et al., 2019) the validation has been successful in all the operating points. At this point, there is limited
supercharging which in turn leads to a 1bar pressure difference between the suction conditions of the primary line and
the ones related to the supercharging port.

2.2 CFD Model description and OpenFOAM solver implementation

Rane and Kovacevi¢ (2017a) have presented the setup requirements for SCORG grid generator with widely used
commercial CFD solvers. In case of vane expanders, Bianchi et al. (2019) presented the CFD model with supercharger
using ANSY'S CFX solver and the same has been employed in the current work. The working domain is split into five
main sub-domains namely rotor domain, inlet port, supercharged inlet port, outlet port and axial end leakages as
highlighted in Figure 1a. A sample cross-section of rotor grid is shown in Figure 1b.

Inlet BC

", b. 2D Rotor Grid
(P Tin)

Axial End

Radial sliding Leakage

interfaces
Axial sliding
interfaces

Supercharged
Inlet 2 BC
Outlet BC (Psc» Tin)

(Pout)

\

Supercharged
Inlet 2 BC

(Psc» Tin)

2D Differential
Mesh Structure ¢. 3D Rotor Grid

a. CFD Model

Figure 1: ORC vane expander, a) CFD Model showing various domains and boundaries, b) Grid in 2D cross-
section and c) Grid of the rotor in 3D with alignment of ports and axial leakage

All sub-domains are connected within the solver using non-conformal interfaces as shown in Figure 1c. Supercharged

inlet pressure was 4.74 bara with 94.3 °C gas temperature. Outlet pressure was 3.21 bara. The ideal gas model was
used as the equation of state since it was found that the Peng-Robinson Real gas model was unstable in OpenFOAM-
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v1912 solver, although it is recommended to use a real gas model in these operating conditions (Rane et al., 2021).
Dynamic viscosity, thermal conductivity and specific heat properties of the fluid R245fa are set constant. Table 3 and
Table 4 provide the details of the specifications of the CFD solvers ANSYS CFX and OpenFOAM-v1912 respectively.

Table 3: Specification of the numerical setup in the ANSYS CFX solver
Mesh deformation User defined nodal displacement Advection scheme High Resolution

Tetrahedral with boundary layer refinements

Mesh in ports (ANSYS Mesh) Transient scheme Second order Backward Euler
SST — k Omega Transient inner loop . . .
Turbulence model (Standard Wall Functions) coefficients Up to 20 iterations per time step

Inlet/Supercharge boundary ~ Opening (Specified total pressure and

o Convergence criteria r.m.s residual level 1%
condition temperature)

Opening (Static pressure,

backflow acts as total pressure and temperature) Relaxation parameters Solver relaxation fluids (0.4)

Outlet boundary condition

Table 4: Specification of the numerical setup in the OpenFOAM-v1912 solver

Mesh deformation SCORG — OpenFOAM Module Advection scheme First order - Upwind

Mesh in ports Polyhedral (SnappyHexMesh) Transient scheme First order Backward Euler
SST — k Omega Transient inner loop . . .

Turbulence model (Standard Wall Functions) coefficients Up to 20 iterations per time step

Inlet/Supercharge boundary ~ Opening (Specified total pressure and - . 03

condition temperature) Convergence criteria r.m.s residual level 1e

Outlet boundary condition Opening (Static pressure Relaxation parameters Solver relaxation pressure (0.8),

backflow acts as total pressure and temperature) velocity (0.4), energy (0.8)

One of the other differentiating factors between the two solvers is the tetrahedral grid in ANSYS CFX and polyhedral
grid generated by SnappyHexMesh utility in OpenFOAM, as represented for the inlet port in Figure 2a and Figure 2b
respectively. The number of nodes and cells in the respective solvers is also listed in Figure 2.

Mo Inlet2 Outlet Rotor Al Main Inlet2 Outlet Rotor el
Inlet Leakage Inlet Leakage
#Nodes 21525 7944 113094 171360 41510 #Nodes 61389 25642 183849 171360 41510

141702 147000

30128

. #Cells 108200 7051 578850 147000 30128 #Cells 44044 19608

a. ANSYS CFX b. OpenFOAM

Figure 2: Grid structure in the port domain, a) ANSYS CFX — Tetrahedral, b) OpenFOAM - Polyhedral

Similarly, the supercharger port and the outlet port were both generated by SnappyHexMesh for OpenFOAM. The
axial leakage grid was generated in ANSYS Meshing and used directly in ANSYS CFX solver. For OpenFOAM they
were first converted using fluentMeshToFoam utility and then combined in the OpenFOAM setup. Thus, the rotor, tip
and axial leakage grids are identical in both the solvers. ANSYS CFX utilized a vertex centered, pressure based
coupled solution algorithm and total energy formulation. Whereas OpenFOAM solver was cell centered, set with the
compressible rhoPimpleFoam segregated solver with sensibleEnthalpy energy formulation.

ANSYS CFX provides a coupling feature called Junction Box Routine that is a user defined library to specify mesh
deformation from custom applications such as SCORG. The solver updates the nodes coordinates from set of pre-
generated coordinate files after every crank angle step (or its submultiples). Solver time step size finally results from
the selected crank angle step (at which the customized grids are generated) and revolution speed of the rotor. In this
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case study, the full rotation of the rotor was defined by 700 grid positions. In case of OpenFOAM, a customised
SCORG module was developed (Casari et al., 2018a, 2018b, 2019). Table 5 provides the implementations details of
this SCORG — OpenFOAM interface in terms of the parameters of the two dictionaries that control mesh deformation
in the solver based on the set of rotor grids supplied from SCORG grid generator. Solver is allowed to use time step
interpolation in this interface in order to set an independent time step size, but for consistency with ANSYS CFX
solver, the time interpolation of grid was not used in these case studies.

Table 5: Implementation parameters of SCORG — OpenFOAM interface

Dictionary Parameter Value Usage

SCORGDict conformallnterface True/False Distribution selected in SCORG is Rotor-to-Casing Conformal set this as True
nonConformalinterface  True/False Distribution selected in SCORG is Rotor-to-Casing Non-Conformal set this as True
rotorToCasing True/False Distribution selected in SCORG is Rotor-to-Casing set this as True, otherwise set as False
singleRotor True/False Calculations involving only one rotor. Vane Compressor, Set as True, Else Set as False
lowPressurePort True/False Theoretical Suction Port from SCORG transferred to OpenFOAM, Set as True
highPressurePort True/False Theoretical Discharge Port from SCORG transferred to OpenFOAM, Set as True
prisms True/False Convert the hexahedral cells into prisms using this tag

dynamicMeshDict frozenPointsZone frozenPointsZone Collector for port nodes - do not apply mesh deformation
malePointsZone malePointsZone Collector for main rotor nodes - Apply mesh deformation
femalePointsZone femalePointsZone  Collector for gate rog nodes - Apply mesh deformation
conformal True/False Set True in case of Type of Distribution selected in SCORG is Rotor-to-Casing Conformal
numberOfGrids 700 Number of Grid files written from SCORG for one cycle
numberOfGrooves 1 Number of Lobes on the Main Rotor. In case of Vane rotor = 1
omega 1511 Rotor speed in revolutions per minute units

Initial conditions for the flow solver were provided as constant pressure and temperature values and the calculations
were performed for 1400 time steps in every case which represent 14 expansion cycles (2 full machine revolutions).
The rotor speed, inlet and outlet pressure and temperature listed in Table 2 are used as boundary condition
specifications for the CFD model. The results were found to converge in the first few cycles for pressure and torque
but took a little longer for outlet temperature. Data from the last few converged cycles has been used here for results
presentation in the next section.

3. RESULTS AND DISCUSSION

The analysis results are presented here as comparison of operating condition of Test case #2 for each of the two solvers
ANSYS CFX and OpenFOAM-v1912. Two variants of the CFD model were investigated, identified as Case A and
Case B respectively for each of the three operating conditions. Case A has 25 um tip leakage clearance and Case B
additionally has two axial leakage clearances of 50 um introduced at both the rotor ends as indicated in Figure 1c.

3.1 Internal pressure and temperature distribution

A comparison of internal pressure distribution during the filling, expansion and supercharging process followed by
further expansion is presented in Figure 3 between the measured data and Case 2-A and Case 2-B with ANSYS CFX
solvers.

6.0 p 2
------- Case 2 Experimental
Casc 2-A ANSYS CFX
----- Case 2-B ANSYS CFX

o
n

W

Pressure [bar]
N
wn

40
35
3.0
0 30 60 90 120 150 180
Rotor Angle [Degree] Absolute Pressure [kPa]
Figure 3: Comparison of pressure with vane rotation Figure 4: Instantaneous pressure distribution in the
angle during filling and expansion process vane rotor and ports for Case 2-B ANSYS CFX
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It can be seen in these stages of the expander; the internal pressure traces are accurately captured and between 30-
100° rotor angle the difference is within 0.05 bar with measurements. The introduction of 50 um end leakage in Case
2-B did not produce a significant influence on the internal pressure trace as it closely matches the Case 2-A data. The
initial flow pulsations, dip in pressure at around 55° rotor angle, followed by a re-filling from the supercharged inlet
is captured by the internal pressure traces. In correspondence to these data, an instantaneous distribution of pressure
in the expander is shown in Figure 4 for Case 2-B with the ANSYS CFX solver. The peak pressure in the chamber at
this rotor position, where one of the vane is at tangency to the stator, is 560 kPa. While the lowest pressure is seen to
be close to 280 kPa which occurs at the tangency vane’s tip region where flow velocity is high.

A cross-section of the expander at mid-length of the rotor is evaluated in Figure 5. Figure 5a is a contour plot
for Case 2-A and ANSYS CFX solver, while Figure 5b is a corresponding plot of pressure for Case 2-A and
OpenFOAM solver. Five monitor probes are located in this cross-section identified as Probe-1 to Probe-5. Data
at these probes will be compared between the two solvers. On examination of Figure 5, a closeness of the pressure
results between the two solvers is evident. Angular positions of significance such as closure of the main and
supercharged inlet and opening of the outlet have been marked in Figure 5. As observed with ANSYS CFX
solver in Figure 4, the peak pressure in the chamber at this rotor position is 560 kPa and the lowest pressure is
close to 280 kPa in the OpenFOAM solver too.

a. Case 2-A ANSYS CFX

Absolute Pressure

Probe-5, —23° 560 \
; 0° Reference Outlet Closure | 0° Referemie

490

.

B 420
“" Probe-1, +23°

350

280
[kPa]

\ Supercharged

\ y \,‘ Inlet 2 Closure
\\ // !
\ 4 Probe-2, +77°

‘-\\ L\“'
ik \/

R Probed, +130 b. Case 2-A OpenFOAM "

Figure 5: Monitor probe locations and pressure distribution in the expander cross-section at z=0.03 m,
a) Case 2-A ANSYS CFX, b) Case 2-A OpenFOAM

Probe-4, +167°

Probe locations Probe-1 to Probe-4 are evaluated in the plots of Figure 6 where pressure and temperature data over
one full cycle of the vanes has been compared for Case 2-A, between the two solvers. Probe-1 is overlapped on the
main inlet. Hence the pressure at the location remains very close to the range of 520 — 560 kPa. Flow pulsations cause
the pressure to vary from the condition of 544 kPa at the main inlet. Probe-1 is not exposed to the supercharged inlet.
Probe-2 is located such that at 25° rotor angle it gets exposed to the supercharged inlet. Hence in the 0-25° range the
initial expansion has caused the chamber pressure to drop to about 450 kPa and it fills back to 540 kPa supercharged
inlet pressure at 25°. Probe-3 starts with a chamber pressure of 450 kPa which steadily drops to 350 kPa as expansion
is progressing and at 25° rotor angle the probe gets exposed to the chamber which is open to supercharged inlet port.
This results in a rise in probe pressure to 460 kPa over the remaining cycle duration. Probe-4 is located open to the
outlet port from 0-10° rotor angle. Following which it gets into the expansion chamber at 390 kPa and steady drop in
pressure is observed in the remaining cycle. A systematic variation of pressure in the chamber is observed from the
Figure 6a plots. The results between ANSYS CFX and OpenFOAM solvers are comparable and the local differences
are of the order of 10-15 kPa over the cycle.

A comparison of temperature data (Figure 6b) at these probes also follows a similar trend. But since gas temperature
has significantly higher local variation, the point probes are not able to represent the chamber’s average property.
Nevertheless, probe data from ANSYS CFX solver and OpenFOAM solvers is close to each other over most of the
cycle span. Large differences are seen at each of the Probe-1 - Probe-4 when the transition of the vane happens. At
these rotor angles the points are exposed to the tip leakage gas and data generated by the two solvers is different in
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these regions, thus indicating a difference is accuracy of the solver in these critical regions. Typically, OpenFOAM
solver is producing a dip in the gas temperature when the vane tip approaches the probe location, while the ANSY'S
CFX solver is producing a jump. This can be observed at Probe-2 and Probe-3 in 20-25° rotor angle and Probe-4 in 5-
12° rotor angle. Probe-1 with ANSYS CFX solver is uniform as it is exposed to the inlet port, but with OpenFOAM
solver there is non-physical jump at 30° rotor angle from 94°C inlet temperature to about 98°C.

a. Pressure Probes for Case 2-A b. Temperature Probes for Case 2-A

600
550

500
450
400
350
300
250

Pressure [kPa]
Temperature [°C]

0 5 10 15 20 25 30 35 40 43 50 0 5 10 15 20 25 30 35 40 45 50
Rotor Angle [Degree] Rotor Angle [Degree]
Pr-1 ANSYS CFX P12 ANSYS CFX Pr-3 ANSYS CFX Pr-4 ANSYS CFX Pr-1 ANSYS CFX P12 ANSYS CFX Pr-3 ANSYS CFX P-4 ANSYS CFX
= = =PrlOpenlOAM = = =PL20penf0AM = = = Pi3 OpenlfOAM = = = P14 Openl'OAM = = =Pl OpenlOAM = = = PL20penf0AM = = = PL3 OpenlfOAM = = = P14 Openl'OAM

Figure 6: Comparison of pressure (a) and temperature (b) data at Probe-1, 2,3 and 4 locations for Case 2-A

The location of Probe-5 is distinct and not in the expansion cycle. It is located between the outlet port closure and inlet
port opening rotor angle range as indicated in Figure 5. The pressure and temperature data over one full cycle of the
vanes has been compared for Case 2-A and Case 2-B between the two solvers in Figure 7. After about 5° rotor angle
the chamber containing Probe-5 disconnects from the outlet port and pressure starts to rapidly increases. In Case 2-A
ANSYS CFX solver the peak pressure reaches close to about 700 kPa. In Case 2-B ANSY'S CFX solver, the presence
of axial leakage flow reduces this peak pressure to about 650 kPa. After 18° rotor angle the pressure starts to drop at
Probe-5 and at the vane transition at 27° the least pressure of 210 kPa is observed in both Case 2-A and Case 2-B.
Following this, the pressure in the chamber remains uniform at about 350 kPa till the end of the cycle. The pressure
prediction with OpenFOAM solver is considerably different from the ANSYS CFX solver at Probe-5 in both Case 2-
A and Case 2-B. As seen in Figure 7, the peak pressure with OpenFOAM solver is nearly 1100 kPa with Case 2-A
and close to 1000 kPa with Case 2-B. Since the experimental data of internal pressure is not available at this probe
location, it is difficult to validate the results in Figure 7. The temperature data plots in Figure 7 indicate a similar trend
in results. Peak temperature in ANSYS CFX solver reaches close to 117°C in Case 2-A and 115°C in Case 2-B.
Whereas with OpenFOAM solver the peak temperature is close to 122°C in both Case 2-A and Case 2-B. An odd
effect is seen in the OpenFOAM solver that gas temperature in the 0-25° rotor angle is higher in Case-2B, which in
the presence of axial leakage is expected to be lower than in Case 2-A.

a. Pressure cycle for Probe-5 b. Temperature cycle for Probe-5
1200 125

1000 Lot 120
' ; 115
110

105 |

Pressure [kPa]
Temperature [°C]

100

95

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Rotor Angle [Degree] Rotor Angle [Degree]
Case 2-A ANSYS CFX = = = Case 2-B ANSYS CFX —— Case 2-A ANSYS CFX - — = Case 2-B ANSYS CFX
= = = Case 2-A OpenFOAM weeereees Case 2-B OpenFOAM = = = Case 2-A OpenFOAM seeseees Case 2-B OpenFOAM

Figure 7: Comparison of pressure (a) and temperature (b) cycle data at Probe-5 location

To test these results further, the temperature distribution in the expander domain is compared between Case 2-B
ANSYS CFX and Case 2-B OpenFOAM solvers in Figure 8. Figure 8a with ANSYS CFX solver indicates a uniform
distribution of temperature upstream of the tangency region and a local dip at the tip of the vane to about 85°C. In
Figure 8b it is seen that the OpenFOAM solver is resulting into a non-physical low temperature zone upstream to the
tangency region of the rotor and the stator that goes below 80°C. Probe-5 data in Figure 7 does not capture this local
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low temperature zone, but it was found to be close to 65°C from data. Within the same chamber the adjacent gas
temperature exceeds 105°C and this odd nature of the results can be attributed to numerical inaccuracies.

Low temperature zone

a. Case 2-B ANSYS CFX Temperature [Cl b. Case 2-B OpenFOAM

Figure 8: Comparison of instantaneous temperature distribution in the vane rotor and ports,
a) Case 2-B ANSYS CFX, b) Case 2-B OpenFOAM

3.2 Comparison of mass flow rate and rotor torque cycles

A cyclic variation of the gas mass flow rate at main inlet and supercharged inlet is presented over three consecutive
cycles in Figure 9. Cases 2-A with both the ANSYS CFX and OpenFOAM solver have been plotted here for
comparison. The corresponding cycle averaged mass flow rates are reported in Table 6. A clear repetition of the flow
is apparent from Figure 9 indicating that the solution is being well converged. Case 2-A main and supercharged inlet
have different nature of variation. Main inlet being further from the rotor shows smoother variation with two pulses
per cycle. Relatively, OpenFOAM Case 2-A main and supercharged inlet have a different nature of flow variation.
This could be due to the difference in implementation of the total pressure boundary condition in the two flow solvers.
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Figure 9: Comparison of cyclic mass flow rate at the Figure 10: Comparison of cyclic torque on the vane
two inlets (3 cycles) rotor (3 cycles)

Similarly, a cyclic variation of the rotor torque over three consecutive cycles is presented in Figure 10 for Case
2-A and Case 2-B with both the solvers. Cycle averaged rotor torque is reported in Table 6. Unlike the flow
variation, the nature of torque variation is similar in both the solvers. But it is clear from the plot that average
torgue in OpenFOAM solver is lower as compared to ANSYS CFX solver for both Case 2-A and Case 2-B. The
difference between Case 2-A and Case 2-B is minor in ANSYS CFX as compared to OpenFOAM indicating a
stronger influence of the axial leakage flow. The drop in peak pressure from 1100 kPa to 1000 kPa at Probe-5
indicated in Figure 7 is required to be noted here which could impact the rotor torque significantly.

3.3 Comparison of the expander performance

Performance data of the expander is obtained from the CFD model in terms of cyclically averaged mass flow
rate at the main and supercharged inlets, gas temperature at the outlet, torque on the vane rotor and expander
power at corresponding rotor speed. These performance data from ANSYS CFX and OpenFOAM solvers has
been compared with test data available in Table 2 and the comparison has been presented here in Table 6.
Expander specific power is obtained from the net mass flow rate of R245fa from both inlets and the power.
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Table 6: Comparison of expander integral performance quantities

25 um Tip, 0 um Axial

Casel-A Case2-A Case3-A
clearance
Parameter Measurement ANSYS CFX OpenFOAM Measurement ANSYS CFX OpenFOAM Measurement AEIE;ES OpenFOAM
0.0203 0.0185 0.0251 0.0215 0.0242 0.0219
Inlet mfr [kg/s] O 56.71% 60.61% ety 58.0206  64.75% —— 56.07%  60.18%
) 0.0370 0.0353 0.0290 0.0294 0.0430 0.0411
SCinlet mfr [kg/s] Bty 31.39% 34.63% WEElY 2566%  24.73% T 32.76%  35.79%
. 58.93 60.60 85.50 86.00 73.86 74.00
Outlet T [*C] SR -0.57% 3.41% BAL 0.47% -0.12% TR -0.49% -0.68%
2.76 213 317 261 3.78 3.05
Torque [Nm] 1 -83.93% -41.72% Bl 5473%  -27.51% &1 7921%  -44.69%
25 M Tip, 50 um Axial Casel-B Case2-B Case3-B
clearances
Parameter Measurement ANSYS CEX OpenFOAM  Measurement ANSYS CFX OpenFOAM Measurement AEIE; S OpenFOAM
0.0204 0.0180 0.0257 0.0214 0.0242 0.0214
Inlet mfr [kg/s] D 56.67% 61.71% D 57.83% 64.93% B 55.93% 61.12%
i 0.0381 0.0360 0.0295 0.0299 0.0443 0.0420
SC inlet mfr [kg/s] Do 29.43% 33.30% iR 24.40% 23.27% D 3079%  34.42%
. 59.12 60.00 86.00 86.00 74.29 75.00
Outlet T [*C] S -0.88% -2.39% a0 -0.12% -0.12% el -1.07% -2.04%
2.76 1.96 317 2.45 3.78 2.88
Torque [Nm] LEY 8389%  -30.86% 2 5472%  -19.43% it 7926%  -36.72%

In Cases A when there is no axial end leakage, the mass flow rate through the main and the supercharged inlet is
consistently lower than Cases B at all the three operating conditions. This is estimated by both ANSYS CFX and
OpenFOAM solvers. Within each operating condition, OpenFOAM solver is underestimating both the main inlet and
supercharged inlet mass flow rate as compared to ANSYS CFX solver. Since a number of leakage paths were
discarded, e.g. the clearance gaps between rotor slots and each of the seven blades, both solvers are underpredicting
mass flow rate in comparison to the measurements. The difference is significantly larger for the main inlet flow. Outlet
gas temperature is sufficiently accurately predicted by the CFD models as compared to the measurements. Overall,
OpenFOAM is resulting into 0.5-1.5°C over estimation of the outlet temperature in all cases. This is an odd result
considering that the total mass flow rate is relatively lower in the OpenFOAM cases and hence after expansion the gas
temperature drop is expected to be higher. This is likely due to the simplified real gas model adopted. The rotor torque
is overestimated by both ANSYS CFX and OpenFOAM models as compared to measurements. Since the peak
pressure observed at Probe-5 is much higher in OpenFOAM results, this creates an opposing rotor torque. Thus
relatively, OpenFOAM torque results are closer to measurements even though internal pressure variation during
expansion is similar in both the solvers. Due to a lower total mass flow rate, the specific power calculated from
OpenFOAM is lower than ANSYS CFX across all the cases but in both the solvers it is highly overestimated as
compared to measurements. This is due to significantly higher rotor torque.

4. CONCLUSIONS

The analytical and differential grid generation methods built in the software SCORG are available for the rotating and
deforming domain of vane machines and well-integrated with commercial CFD solvers. In the work presented in this
paper, this customised grid generation has been extended to an open source CFD solver OpenFOAM, by using a
connectivity methodology SCORG-OpenFOAM module, originally developed for roots blower and twin-screw
machines. The rotor grid deformation was controlled through the user code integrated within the flow solver. A case
study has been presented on a reference ORC expander operating with R245fa. Three operating conditions have been
evaluated using ANSYS CFX and OpenFOAM-v1912 solvers and compared with the available experimental
performance in order to validate this numerical methodology.

e  The CFD solution obtained with the commercial solver ANSYS CFX is much more stable and robust than the
open source OpenFOAM solver. Further, the real gas equation of state could not be used for R245fa fluid due to
the instability of the OpenFOAM solver. In a separate exercise, ANSYS CFX solver obtained stable and
converged results with all real gas models including REFPROP, Peng-Robinson and others.

e  The indicated pressure traces obtained by the experiment and through simulation agreed well in both solvers
during the filling and expansion processes. However, a large difference in the peak pressure and temperature was
noticed in the process following the closure of the outlet port.
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e A comparison of local temperature distribution indicated that the OpenFOAM solver is resulting into a non-
physical, low temperature zone upstream to the tangency region of the rotor and the stator.

e  Cycle averaged expander performance data was comparable between the two solvers. The mass flow rate through
the main inlet was under predicted whiled the rotor torque was over predicted by the OpenFOAM solver.

The generic nature of the deforming grid generation together with an open source CFD solver is available to broaden

the utilisation of CFD modelling tools for the design of vane machines. However, further research to improve

robustness and stability of the solver for calculation of positive displacement machines is required, in order to account

for the large grid deformation and large volumetric changes that occur in these machines.
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