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The research presents a new analytical grid generation methodology for computational fluid dynamics studies in
positive displacement sliding vane rotary machines based on the user defined nodal displacement approach. This
method is more inclusive than state of the art ones since it enables the investigation of a broader range of design
configurations, such as single, double and multiple-acting vane machines with non-circular housing, slanted
blade and asymmetric blade tip profiles. Node number and radial divisions of blade tip are the parameters that
affect most the mesh quality. The method was validated against indicated pressure measurements on a rotary
vane expander resulting in a confidence interval within 4.31%. The benchmark analysis showed that the pro-
posed method is as accurate as the manual ANSYS ICEM one but more than 1500 times faster (111s instead of
48h to generate 360 grids). The paper further proposes a novel method to track the leakage flows at the blade tip
gaps of vane machines through a post-processing routine in ANSYS CFD-Post based on rotating monitoring
planes. The leakage assessment on the vane expander case study showed that a 10 pm gap between blade tip and

the 76 mm stator led to a 0.06 unit increase of the expander filling factor.

1. Introduction

Among the positive displacement machines, rotary vane ones benefit
from simple geometry, low manufacturing complexity, compactness and
competitive performance [1]. For these reasons, vane machines are
currently employed in a broad range of industrial applications, such as
refrigeration [2,3], compressed air [4,5], heat to power based on
Organic Rankine Cycles (ORC) [6,7], desalination [8,9], automatic
transmissions [10,11], as well as oil & gas [12].

The state of the art on rotary vane machinery research encompasses
theoretical and experimental investigations. Regarding theoretical
modelling, zero or one-dimensional (1D) formulations have been pri-
marily employed [13,14]. The lower order formulations of conservation
equations usually coupled with ideal gas assumptions undoubtedly
reduce the computational cost. In turn, these simplified methods are
suitable for optimisation studies [15]. Another key advantage of lumped
parameter models is the easy integration of multi-physics phenomena,
such as thermofluids and kinematics for the evaluation of friction losses
[16]. On the other hand, the lack (0D) or low (1D) spatial resolution of
the results does not thoroughly reflect the real complexity of the flow
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topology [17,18] and, in turn, hinders pathways to design optimisation.
Experimental research works have enabled performance assessments
of rotary vane devices [19,20] and their systems [21,22]. Most of the
experimental methodologies employed black-box setups, where the
machine performance was evaluated through measurements at the inlet
and the outlet ducts [2,23]. Some studies considered the installation of
piezo-electric [22] or piezo-resistive [24] pressure transducers to
retrieve the angular evolution of the pressure inside the vanes; this
technique is commonly referred to as indicating measurement. To
overcome the low spatial resolution of indicating pressure measurement
techniques, some positive displacement machines have been investi-
gated through the use of Particle Image Velocimetry (PIV) [25]. This
methodology allows to retrieve planar velocity fields but involves sub-
stantial challenges to provide a suitable optical access to the pulsed laser
beams. For these reasons, there are no PIV studies on vane machines.
The use of numerical simulation as a tool for research and design of
rotary vane machines was therefore a breakthrough in this scientific
field since it allowed to resolve complex flow topologies and gain in-
sights towards optimised configurations. This was possible only after the
development of algorithms that accurately discretised the moving and
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deforming computational fluid domain of the working chambers,
commonly referred to as rotor mesh. The most common grid generation
methods based on the finite volume method to calculate the partial
differential equations are spring smoothing, diffusion smoothing,
layering, re-meshing and User Defined Nodal Displacement (UDND)
[26]. Among these approaches, UDND methodology can be used to
generate a series of node coordinates representing the rotor mesh at each
time step externally, prior to the numerical flow solution. Hence, this
methodology ensures space and equations conservation without any
artificial sources [26]. To date, UDND methodology has been success-
fully employed to generate the computational mesh for vane machines
and led to the development of two different algebraic strategies for grid
generation.

In the first algebraic strategy, Spille-Kohoff et al. [27,28] developed a
UDND approach that has been implemented in a commercial customised
grid generation software named TwinMesh™. In this approach, after
grid boundaries are imported from external files, the tool produces a set
of two-dimensional (2D) rotor grids at each angular step including
refined boundary layers towards rotor and stator walls. Afterwards, an
iterative and explicit approach is used to smooth the grids to improve
the mesh quality, i.e. orthogonality. The set of 2D grids are finally
assembled to 3D grids and supplied to the CFD solver. As an application
case, Lobsinger et al. [11] employed TwinMesh™ to generate the
computational mesh for a double-acting rotary vane oil pump in auto-
matic transmission systems of vehicles and carried out the CFD simu-
lations with ANSYS CFX. The blade tip leakage as well as the cavitation
characteristics were investigated in order to weaken cavitation and
improve the pump efficiency. To reduce the computational cost, a 2D
model instead of 3D model was selected. Besides rotary vane machines,
this UDND methodology has also been successfully applied to
twin-screw machines [28,29] and scroll machines [27]. However, to
date, this methodology is exclusively available for numerical simula-
tions with only ANSYS CFX as the CFD solver. Moreover, from the
published literature, there is no evidence about the capability of this grid
generation method to account for advanced geometrical features such as
the blade offset or asymmetric blade tip profiles, which can be found in
industrial vane machines, e.g. refrigeration compressors [30,31].

The second algebraic strategy was developed in the authors’ earlier
work [32] and it has been implemented in the Screw Compressor Rotor
Grid Generator (SCORG™) software developed by PDM Analysis, a
spin-off company of City, University of London. The UDND grid gener-
ation approach relies on algebraic algorithms with transfinite interpo-
lation, post orthogonalisation and smoothing for internal nodes
distribution. This method was experimentally validated against indi-
cating pressure data on a rotary vane expander for ORC heat to power
conversion applications [33]. Numerical studies were also carried out to
assess the potential of supercharging the expander through a second
intake line to increase the power output [24]. The validated simulation
results showed that supercharging the expanders could increase the
specific power output up to 2.4 times since overexpansion of the
working fluid was avoided. However, this deforming grid generation
methodology is only available for single-acting vane machines with
circular stator profiles and blade centred configurations.

Besides the above two algebraic meshing methods, researchers also
employed commercial meshing tools for grid generation for vane ma-
chines. Montenegro et al. [34] simulated a vane ORC expander with an
elliptic stator with R245fa as working fluid based on OpenFOAM soft-
ware. The rotor mesh was generated by the built-in Cartesian mesh tool
in OpenFOAM. Rak et al. [35] also carried out numerical research on a
vane ORC expander. To avoid the negative volumes of the rotor mesh,
they decreased the blade thickness and increased the blade tip clearance
gap. An embedded tool of ANSYS suite was used for the movement and
deformation of the rotor mesh, which relocated the internal nodes based
on a displacement diffusion model. Ye et al. [36] conducted two-phase
simulations on a vane machine for desalination applications with
ANSYS Fluent. A User Defined Function (UDF) was developed to control
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the blade movement. The initial mesh generated by ICEM software
deformed and reconstructed according to the boundary movement.
However, the mesh had the disadvantage of a small number of grids
(sometimes even one layer of grid) in the blade tip clearance gap, which
may result in inaccurate simulation results.

To overcome all the shortcomings encountered in the above state-of-
the-art research, this paper proposes a general grid generation meth-
odology for rotary vane machines that is fully analytical and applicable
to a broader range of rotary vane machine configurations such as
multiple-acting chambers, non-circular stator, offset blade, asymmetric
blade tip profile. After the development of this new grid generation
method, a sensitivity analysis of the grid generation parameters on the
mesh quality of an ORC vane expander was carried out to obtain the
optimal mesh. Three-dimensional simulations were performed on the
vane expander with ANSYS FLUENT as the solver. The simulation results
were validated against the experimental indicating pressure data.
Finally, a new post-processing routine was developed in ANSYS CFD-
post software to obtain the blade tip leakage flows. The numerical re-
sults with analytical rotor mesh were compared to those with ICEM and
differential rotor mesh.

2. Grid generation methodology

The analytical grid generation methodology of deforming domain
(rotating part) in rotary vane machines includes: boundary generation,
boundary discretisation, interior node distribution and coupling with
the CFD solvers. The first three steps were carried out through a two-
dimensional (2D) approach since the deforming domain has a constant
cross section along the rotation axis. This 2D mesh of deforming domain
is then assembled into 3D. Besides the deforming domain, the stationary
domains including the two axial end leakage gaps and ports can be
discretised through conventional meshing software such as ICEM or
Gambit.

2.1. Boundary generation

A rotary vane machine consists of a rotating rotor with several slots
machined at equal angular intervals along the rotor surface to host the
blades. As the rotor rotates, the blades are expelled from the rotor,
sliding along the slots toward the stator inner surface due to centrifugal
force. This leads to periodically variable working chambers bounded by
rotor, stator, blades and end wall plates.

In geometric terms, the rotor and stator are mounted with a given
eccentricity (e), as shown in Fig. 1a-d. Based on the geometrical features,
rotary vane machines can be classified into single-acting, double-acting
and multiple-acting devices. As displayed in Fig. 1a and 1b, the single-
acting machine has zero or one tangency region between rotor and
stator, while the double-acting and multiple-acting devices have two or
more tangency regions respectively, as illustrated in Fig. 1c and d. The
rotor is always a circular cylinder to ensure rotodynamic balance, while
the stator inner surface may have a non-circular cross section. Besides
the circular curves, the stator profile can also accommodate elliptic
curves, simple harmonic cures, polynomial curves, combination curves,
etc. In Fig. 1e a vane machine geometry with a radial blade arrangement
is shown. Fig. 1frelates to a blade-offset design configuration, where the
blade centreline and the radial direction define the angle fp;, named
blade eccentric angle. As shown in Fig. 1g, the blade tip profile is usually
symmetrical and circular. However, an asymmetrical blade tip profile
can also be employed for rotary vane machines [37]. Similarly, a blade
tip eccentric angle (Byp) is proposed to account for this geometrical
feature, as displayed in Fig. 1h.

The grid boundaries include rotor, stator and blade walls outside the
rotor slots. Fig. 2 displays the calculation scheme of grid boundaries. As
shown in Fig. 2a, the Cartesian coordinates of the rotor can be modelled
as in Eq. (1):
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Fig. 1. Geometrical features of rotary vane machines: single-acting device with
eccentric stator (a), single-acting device with centred stator (b), double-acting
device (c), multiple-acting device (d); centred blade (e), eccentric blade (f);
symmetrical blade tip profile (g), asymmetric blade tip profile (h).

{ Xrot = RerOSH (1)

Yrot = R0 sinf

where 6 is crank angle (rotor angle) and R, the rotor radius.

Unlike the always circular shape of the rotor, the stator profile may
have a circular, elliptical or even irregular cross section. For instance,
with reference to an elliptical configuration, the stator profile equation
can be modelled as in Eq. (2):

—b,, (eb_wcosrp + a.\t\/ (u.\.,zsinzrp + by, *sin’gp — e2sin2(p) )

a:,zsinzrp + b:,zsinzgo

Xy = cosg

(2)

—by (ebx,cosgo + ax,\/ (as,zsinzqo + by sin’p — & sinzga) )

a.‘,zsinzq; + hl‘,zsinzq;

Vo = sing

where ¢ is the stator angle, e the stator eccentricity, ay and by, the stator
semi-axes. If ay is equal to by, the elliptical stator profile becomes a
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(b)

Fig. 2. Geometrical parameters to define rotary vane machines: relationship
between crank angle 0 and stator angle ¢ (a), blade eccentric angle S, (b),
blade tip eccentric angle S, (c), angles to define blade side walls (d).

circular one.
With reference to Figs. 2a and 2b, the relationship between the crank
and stator angles can be expressed as in Eqs. (3) and (4):

(.0—0+cosl< il

1 €l
——— | —cos 3)
V x.\rz + y.\-rz ) <Rmi)

ey = Ryosinfy, ()]

where ey is blade eccentricity, fy; is blade eccentric angle.

The blade boundaries are defined through key points of the blade tip
and side walls, namely the centre of circular tip profile (Ogp) and four
endpoints (I, J, P and Q). The trajectories of these points depend on the
blade tilt angle (y) and the blade tip eccentricity (esp), shown in Figs. 2a
and 2c respectively. These quantities are also defined in Egs. (5) and (6).

y=0+py (5)
€hip = RtipSinﬂtip (6)

where Ry is blade tip radius, S is blade tip eccentric angle.
With reference to Fig. 2c, the centre of the circular blade tip profile
can be calculated by Eq. (7):

{ Xotip = Xst — (Rtip + C[,'p)COS (7 + ﬂlip)
Yoiip = Yst — (Rtip + Clip)Sin (J/ + ﬂtip)

As illustrated in Fig. 2d, the rotor wall key points I and J can be
calculated by Egs. (8) and (9) respectively:

@)

{ X1 = Rypcos(0 + 6;) )

Y1 = Ryysin(6 + 6,)
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{x, = R,,icos(0 — 6,) ©)

Vs = Ryysin(0 — 02)

where 6; and 0, can be respectively calculated by Eqs. (10) and (11):

—ty/2
m:wf(@igL)—G—mJ )
- f_ B 1 ebl+tbl/2
0, = (2 ﬂb,> cos (7&01 an

Another two key points P and Q on the blade tip wall can be calcu-
lated by Egs. (12) and (13) respectively:

,llbl/z - etip)

Xp = Xoiip + RjpC08 (}/ + sin
tip

/ 12)
i /2 — ey
Yp = Yotip + Rtip sin (y + sin 171/7)
Rlip
/2 + eqp
Xo = Xgip + Ryjpcos (y — Sinilu)
tip (13)

1 bi 2 1i]
Yo = Yoiip + Rip sin (y - sin’lu>
tip
With the obtained key points, the blade tip wall (PQ) and blade side
walls (IP and JQ) can be respectively generated through Eqs. (14-16):

Xpo = Xoiip + Rypcos(y + 61)
yPQ = ymrp + R[[pSin(y + 61)

th /2 + ey /2 — ey
7sin’17b1/ i < & <sin 17“/ i 14)
tip tip
Xip = X; + Srcosy
Yip = Y1 + 8y5iny’
0<8 </ (5 —31)" + (3 — 1)’ (15)
Xj0 = X; + O3c08y
Yo = Xj + S3siny’
0<8 < /(v —x) + (o — )’ 6)

Since the minimum gap between the stator wall and blade tip wall
occurs only once considering the finite blade thickness, an adjustment is
needed to perform the inwards or outwards translation of the blade
along its slot, as displayed in Fig. 3. If the minimum blade tip gap is
higher than its input value, an outwards translation of the blade along its
slot is performed for correction. On the other hand, an inwards trans-
lation occurs when the minimum blade tip gap is lower than its input
value. It should be noted that if the blade eccentric angle is equal to zero,

Fig. 3. Schematic of the blade offset along its slot: inwards translation (a),
outwards translation (b).
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the inwards or outwards translation is along the radial direction.
Otherwise, a new general equation needs to be developed to calculate
the offset magnitude along the blade slot according to Eq. (17).

doy = mi“(\/(xM' —xw)’ = O — yM)z) = Ceap a7)

where doy is offset magnitude, M is any point on the blade tip wall, M'is
the corresponding point on the stator wall. These two points are
collinear with the centre of the circular tip profile.

2.2. Boundary discretisation and node distribution

The fully analytical approach allows to use an “O” topology for the
rotor mesh. Division lines (II’, JJ’, PP’, QQ’ and KK’) are proposed to
divide the “O” domain into three types of region: core region, blade side
region and blade tip region, as shown in Fig. 4. An eccentric angle of the
regional division line, Ay, defines the division lines. PP’ and QQ’ are
parallel to I’ and JJ’ respectively. The stator wall is therefore divided
into multiple segments I'K’, I'P’, P’Q’ and J’Q’ that correspond to rotor
wall IK, blade side wall IP, blade tip wall PQ and blade side wall JQ
respectively.

The index notations for the boundary discretisation and node dis-
tribution procedure refer to the scheme displayed in Fig. 5. Herer;j(x, y)
represents the points on the boundary profiles in terms of the physical
coordinate system, where r is nodal radius vector, index i is along the
circumferential direction of the boundary profile (composed of the blade
tip wall, blade side wall, rotor wall together with the stator wall) and
index j is along the radial direction of the mesh line. A value of i = 1
indicates the first node on the boundary profile while i = I is the last
node. I is the total number of nodes used to discretise a particular
boundary curve. Index j = 1 indicates the rotor boundary (composed of
rotor walls, blade side walls and blade tip walls) and j = J indicates the
stator boundary (stator wall). J is the total number of nodes in the radial
direction.

2.2.1. Core region

The discretisation of the core region is illustrated in Fig. 6. The inner
boundary is the rotor wall IK and the outer boundary is the corre-
sponding stator wall segment I'’K’, as shown in Fig. 6a. The nodes on the
inner boundary outer boundaries are uniformly distributed according to
their arc length based on Egs. (18) and (19) respectively:

ri o1 (%) =it je1(x,)] (18)

|ri+]. j:](lﬂy) —-r; j:l(xvy)‘ =
[rict s (6,9) =i jms (6, )| = [ri s (6, 3) =it e (3, 3)] 19)

wherei=2, 3, 4...(Nyot — 1), Ny is the number of the nodes on the rotor
wall.

Core region

Blade tip region

Blade side region

Fig. 4. Regional division of rotor fluid domain.
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ri j-1(X,y)

ri j-1(X,y)

Fig. 6. Core region discretisation: boundary generation (a), discretisation of
inner and outer boundaries (b), connection between inner and outer boundary
nodes (c), internal node distribution (d).

Fig. 6b displays the resultant node distribution with 10 nodes on the
rotor wall IK and stator wall I’K’. The next step is the connection process
between the nodes on the rotor wall and the corresponding stator wall,
as shown in Fig. 6¢. After that, all connection lines are respectively
divided into equidistant radial divisions (seven divisions are shown in
Fig. 6d) for interior node distribution.

2.2.2. Blade side region

As shown in Fig. 7a, the blade side walls (IP and JQ) are parallel
surfaces that form a convex connection with the blade tip wall (PQ). This
convexity is a big challenge for generating high-quality mesh because
the aspect ratio between the core and blade tip regions changes by many
orders of magnitude. Therefore, a stretching function is applied on the
blade side walls in order to gradually flare the radial mesh lines from
blade tip region into the core region, which concentrates the nodes to-
wards the blade tip region while increasing the node spacing close to the
rotor wall. A stretching parameter o4 is introduced on the blade side
walls (IP and JQ) and the corresponding stator wall segments (I’'P” and
J’Q’) according to Egs. (20) and (21) respectively.

Advances in Engineering Software 159 (2021) 103030

(b)

(@

Fig. 7. Blade side region discretisation: boundary generation (a), discretisation
of inner and outer boundaries (b), connection between inner and outer
boundary nodes (c), internal node distribution (d).

|"i+1. j:]()ﬁy) —ri j:l(x-,y)‘ = 0.\ide( ri, j:l()@y) _ri—l.j:l(xvy)|) (20)

|"i+1,_,’:1 (X,y) - j=J (x,y)| = Gside( T j=y (X,y) —Fi-1, j=J (x.,y)|) 21
where i = 2, 3, 4...(Nsige — 1),0.1 < 65ige < 1, Niige is the number of the
nodes on the blade side walls.

The resultant node distribution with 8 nodes on the blade side wall
and ogg. = 0.85is highlighted in Fig 7b. Similarly to the core region, later
steps are the connection between the nodes on the blade side walls (IP
and JQ) and the corresponding stator wall segment (I'P’ and J’Q’), as
seen in Fig. 7c. Finally, all connection lines are respectively divided into
equidistant radial divisions for interior node distribution (see Fig. 7d).

At the tangency region between the rotor and stator, the nodes on the
blade side walls (IP and JQ) would be fairly dense due to the short length
of blade side walls, thus potentially leading to poor grid quality or even
computational divergence. Therefore, a small geometrical simplification
was introduced to convert the blade side wall into a short segment on the
rotor surface, as shown in Fig. 8. It should be noted that this geometrical
simplification of the blade side wall does not affect leakage flow as the
tip clearance gap does not change. Regardless of the blade sliding
outside (Fig. 8a) or inside the rotor (Fig. 8b), the simplification with an
offset angle (o was introduced on the blade side wall when its length

(@)

Stator Stator

—— Geometrical shape — — Approximated shape

Fig. 8. Simplification at the tangency region: blade slides outside rotor (a),
blade slides inside rotor (b).
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was smaller than a critical simplification threshold (L;). This critical
value was determined by Eq. (22):

Loi = Ryéon 22)
where {; is critical simplification angle.

2.2.3. Blade tip region

The discretisation of the blade tip region is displayed in Fig. 9. The
blade tip wall PQ is the inner boundary and the corresponding stator
wall segment P’Q’ is the corresponding outer boundary, as shown in
Fig. 9a. The nodes are uniformly distributed on the blade tip wall PQ
according to Eq. (18), where i = 2, 3, 4...Ny, — 1, Ny is the number of
the nodes on the blade tip wall. The arc length values of the blade tip
wall PQ and the stator wall segment P’Q’ are not equal, thus potentially
leading to poor grid orthogonality. Therefore, another stretching func-
tion is introduced on the stator wall segment P’Q’ to improve the grid
orthogonality. This function concentrates the nodes close to both ends of
the P’Q’ and increases the node spacing in the middle of this segment.
Equidistance distribution is modified using a stretching parameter oy,
according to Egs. (23) and (24).

|rict, s () =1 j:J()C,y)| = 0" ri s (%, 3) = ric1, = (6, 3)], (23)

1, i< (14+Ng)/2
k=4¢ 0,i=(1+Ng)/2 (24)
-1, i> (1+Ny)/2

wherei=2,3..Ngp — 1,0.1 < o4 < 1.

Fig. 9b shows the resultant node distribution with 11 nodes on the
stator wall segment P’Q’ and 64, = 0.99. Similar to the core region and
the blade side region, the next step is the connection between the nodes
on the blade tip wall PQ and the corresponding stator wall segment P’Q’,
as shown in Fig. 9c. With the equidistant node distribution in the radial
direction, the internal node distribution is illustrated in Fig. 9d.

2.3. Coupling with commercial CFD solvers

Fig. 10 summarises all the numerical steps of CFD simulations with
the newly proposed analytical grid generation methodology. All pa-
rameters for geometry, boundary discretisation and node distribution
need to be prescribed at the onset. Table 1 displays sample inputs of the
main parameters for the vane expander test case. After the boundary
generation, boundary discretisation and interior node distribution
mentioned above, the 2D mesh is generated for all time steps, repre-
senting a full rotation of the rotor. The grids are then assembled into 3D
mesh for the first position (baseline mesh) in the solver. The analytical
grid generation procedure yields a grid database consisting of node co-
ordinates for all time steps. This information is stored in a series of data
files read by the CFD solver as the mesh is updated with time.

Fig. 9. Blade tip region discretisation: boundary generation (a), discretisation
of inner and outer boundaries (b), connection between inner and outer
boundary nodes (c), internal node distribution (d).
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| Grid boundary generation |

y

| Regional division |

—>| Generation of all positions

v

Write vertex, cell connectivity,
domain boundary data

v

y

| Grid boundary discretization |

Read baseline mesh

y

v

Parallel UDF for mapping and

| Interior node distribution | dynamic mesh motion

v v

| 2D node coordinates | | Coupling with CFD solver |

| 3D mesh coordinates |—
Fig. 10. Flow chart for analytical grid generation coupling with CFD solvers.

Table 1
Geometric parameters of the rotary vane expander.

Quantity Value Unit
Number of blades 7

Rotor radius 32.50 mm
Stator x semi axis 38.00 mm
Stator y semi axis 38.00 mm
Eccentricity 5.45 mm
Axial length 60.00 mm
Blade thickness 3.96 mm
Blade tip radius 4.25 mm
Blade tip clearance 0.01 mm
Blade eccentric angle 0 °
Blade tip eccentric angle 0 °
Main intake port opening angle 4.4 °
Main intake port closing angle 48.0 °
Second intake port opening angle 93.2 °
Second intake port closing angle 106.8 °
Outlet port opening angle 180 °
Outlet port closing angle 320 °

The next stage of CFD simulations is the coupling of the generated
mesh dataset with the commercial solver. The detailed coupling method
is reported in the authors’ previous work [32] while the parallelisation
of the User Defined Function (UDF) for the FLUENT solver is thoroughly
explained in [38]. Once the initial mesh is loaded in FLUENT, at the first
time step, the parallel UDF performs a mapping procedure to find a
unique correspondence between mesh nodes and node coordinates
stored in the data files resulting from the grid generation. Afterwards,
the same UDF is employed to read the node coordinates in the data files
and update the mesh at every time step. Finally, the rotor mesh is con-
nected to stationary fluid domains, e.g. ports, by non-conformal
interfaces.

3. Sensitivity analysis of mesh quality

Mesh quality is crucial to ensure calculation stability and to obtain
accurate results. A sensitivity analysis of the grid generation parameters
on the mesh quality was performed with reference to an ORC rotary vane
expander, whose geometrical features are listed in Table 1. The ranges of
the ten independent grid generation parameters for the sensitivity
analysis of the rotor mesh quality are presented in Table 2. The four
indicators used to evaluate the mesh quality are: maximum aspect ratio,
maximum expansion factor, minimum orthogonality quality and mini-
mum skewness quality.

Fig. 11 shows the effects of grid generation parameters on the node
count and the mesh quality indicators. The total node number increased
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Table 2
Ranges for independent variables of mesh quality sensitivity analysis.
Grid generation Min Ref Max
parameters
Node number onbladetip 9 13 17 21 25 29 33
wall (Nyp)

Stretching parameter on 094 095 096 097 098 0.99 1.00
blade tip wall (o)

Node number on blade 4 6 8 10 12 14 16
side wall (Ngige)

Stretching parameter on 070 075 080 0.85 090 0.95 1.00
blade side wall (0sige)

Node number on rotor 9 13 17 21 25 29 33
outer wall (N;o)
Node number in the 5 6 7 8 9 10 11

radial direction (Nyaq)

Node number in the axial 35 40 45 50 55 60 65
direction (Nayi)

Offset angle of regional 15° 20° 25° 30° 35° 40° 45°
division line (Ay)

Critical angle for 0.1° 0.4° 0.7° 1.0° 1.3° 1.7° 1.9°
simplification (eri)
Offset angle for 0.1° 04° 0.7° 1.0°0  1.3° 1.6° 1.9°

simplification (Cofr)

drastically with the number of the radial and axial nodes (Fig. 11a).
Therefore, these two parameters need to be carefully selected due to the
impact on the computational resources and time.

Increasing the number of radial nodes (N;qq) led to higher aspect
ratio (Fig. 11b) and worse orthogonality quality (Fig. 11d). However,
too low value would result in inaccurate simulation results. Therefore, 8
radial nodes were selected for the present case.

A larger node number in the axial direction (Ng,;) helped to lower the
grid expansion factor, as displayed in Fig. 11c. Taking both mesh quality
and cell count into account, 50 axial nodes were recommended for the
expander.

Increasing the number of nodes on the blade tip wall (Ny,) contrib-
uted to better orthogonality quality (Fig. 11d), but also led to higher
aspect ratio (Fig. 11b) and worse skewness quality (Fig. 11e). With
reference to the overall impact on the mesh quality, 21 nodes on the
blade tip wall were selected.

The node number on the blade side wall (Nsig,) also had a significant
impact on the maximum expansion factor. As shown in Fig. 11c, the
maximum expansion factor decreased as the blade side node number
increased from 4 to 8, and then increased as the blade side node number
increased from 8 to 16. Hence, 8 nodes on the blade side wall were
assumed to be acceptable.

A larger node number on the rotor wall (N;,) helped to lower the
maximum expansion factor (Fig. 11c), but with no effects on the grid
aspect ratio (Fig. 11b), orthogonality (Fig. 11d) and skewness (Fig. 11e).
In order to keep the total number of cells of the computational mesh to a
minimum, 21 nodes on the rotor wall were considered to be acceptable.

Although the other five grid generation parameters had no effect on
the node count (Fig. 11a), they influenced the mesh quality in different
aspects (Figs. 11b-11e). As shown in Fig. 11d and 1le, the grid
orthogonality and skewness were sensitive to the stretching parameter
on the stator wall segments which corresponded to the blade tip walls
(o1p). A slight stretch with this value of 0.99 helped to obtain the best
mesh quality.

On the other hand, the stretching parameter on the blade side walls
and the corresponding stator wall segments (osiqe) also influenced the
grid expansion factor, as shown in Fig. 11c. The value of 0.8 helped to
gradually flare the radial mesh lines from the blade tip region to the core
region.

Increasing the eccentric angle of the regional division line (Ay) from
15° to 45° resulted in low aspect ratios and expansion factors as well as
high orthogonality and skewness of the grid. Therefore, 45° is selected
for this eccentric angle.
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With a low critical angle for the blade side wall simplification (),
the geometrical simplification would not be carried out, leading to high
grid expansion factor, as shown in Fig. 11c. From the results, 1° is rec-
ommended for this critical angle.

Fig. 11c also shows that an offset angle for the blade side wall
simplification ({,f) higher than 0.4° helped to control the grid expansion
factor. However, large offset angles should be avoided since they would
change the shape of the upstream and downstream regions of the tip
leakage gap. Therefore, a 0.7° offset angle was selected for the expander.

In conclusion, the parameters that mostly affected the grid quality
are number and radial divisions of blade tip. Table 3 further summarises
the outcomes of the sensitivity study and compares the mesh quality of
the baseline and optimal grid generation parameters. The parameter
improvements contributed to better mesh quality even with less grid cell
count.

4. Simulations setup

The optimal rotor mesh and the ports mesh of the ORC expander are
shown in Fig. 12. The test case refers to a supercharged expander, i.e.
with two suction lines, as displayed in Fig. 12e. The rotor mesh was
generated by the developed analytical grid generation methodology,
while the port fluid domains were discretized using tetrahedral mesh by
ANSYS Meshing software. Table 4 shows the port mesh quality. The cell
count for all port domains was 261696. Experimental values for rota-
tional speed, pressures and temperatures at the inlet and the outlet
sections of the machine, listed in Table 5, were used as boundary
conditions.

As displayed in Fig. 12, the suction process occurred through two
radial ports: main inlet and second inlet (supercharging port), while the
discharge ports were located on the two end walls of the rotor fluid
domain. The non-conformal sliding interfaces along the stator surface
was used for mass and energy exchange between inlet ports and rotor
domain, while the interface on the end wall plates was used for mass and
energy exchange between outlet ports and rotor domain.

The working fluid was R245fa in the present study. The Aungier
Redlich Kwong real gas model was employed to develop the coefficients
of the polynomials to define R245fa properties and equation of state
[39]. In this work, a four-order polynomial for the specific heat of
R245fa was developed in Eq. (27). The critical state pressure 36.51 bar
and the critical state temperature 427.16 K were provided to establish a
lookup table in the pressure range from 2.00 to 60.00 bar, while the
temperature range was between 273.0 and 400.0 K. Though this equa-
tion is a function of temperature, the coefficients are zero pressure, ideal
gas coefficients obtained from REFPROP and the solver internally uses
an energy integration procedure in each computational cell to get the
specific heat data varying with pressure as well as temperature [39].

C)(T) = 1.149 x 10> 4+3.536T — 5.174 x 107°T* +6.958 x 10~°T’
—4.261 x 107°T*
27)

Detailed settings on FLUENT solver are presented in Table 6. The full
rotor revolution was defined by 360 grid positions, leading to an angular
step of 1°. Therefore, at a rotational speed of 1515 RPM, the time step
was equal to 1.100 x 10~% s. Three full rotor revolutions were consid-
ered in the present analysis, leading to 1080 time steps and a periodic
flow solution. All CFD simulations ran on a PC with i7-6700 CPU at
3.40GHz. Four cores were employed while the RAM usage was 6.6 GB.
The parallel simulation run in double precision required around 34 h to
complete the simulation of three full revolutions of the expander.

5. Experimental validation

To validate the novel analytical grid generation method, the nu-
merical results of the indicating pressure trace have been compared with
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Fig. 11. Impact of the grid generation parameters on mesh quality: number of total nodes (a), maximum aspect ratio (Max-AR) (b), maximum expansion factor (Max-
EF) (¢), minimum orthogonality quality (Min-OQ) (d), minimum skewness quality (Min-SQ) (e).

the corresponding experimental data [24]. In the simulation, a series of
monitoring points were foreseen to retrieve the internal pressure, while
in the experiment three piezo-resistive pressure transduces were used to
measure the cell pressure values. Fig. 13 shows the comparison of the
internal pressure between the simulated and experimental results. The
pressure values were in good agreement, given the modelling simplifi-
cation (e.g., no leakage at the end wall plates). The experimental pres-
sure value before 45° remained constant since it was not measured by
the piezo-resistive transducers, but by a low frequency pressure trans-
ducer at the inlet duct. This pressure value was used to set up the inlet

boundary condition of the simulations. After 45°, the simulated and
experiment pressure traces followed a very similar trend. The error be-
tween experimental and simulated pressures was within a 4.3% confi-
dence interval. This outcome allows to retain the quantitative validation
of the proposed analytical grid generation methodology as satisfactory.

Table 7 presents a summary of the numerical and experimental
performance of the rotary vane expander. The simulated mass flow rates
at both main and second intake ports were respectively lower than the
experimental ones. This was because the expander was overfilled. The
additional flow rate did not produce mechanical work but was
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Table 3

Summary of the sensitivity analysis on mesh quality.
Grid generation parameters Baseline Optimal
Node number on blade tip wall (Ny;p) 21 21
Stretching parameter on blade tip wall (oy;p) 10 8
Node number on blade side wall (Ng;qe) 21 21
Stretching parameter on blade side wall (6gige) 8 8
Node number on rotor outer wall (No,) 50 50
Node number in the radial direction (N;.q) 0.85 0.80
Node number in the axial direction (Ny;) 0.97 0.99
Offset angle of regional division line (Ay) 30° 45°
Critical angle for simplification ({c;) 1.0° 1.0°
Offset angle for simplification ({of) 1.0° 0.7°
Total nodes of rotor mesh 162400 151200
Total cells of rotor mesh 139258 129654
Maximum aspect ratio 788.783 753.469
Maximum expansion factor 9.832 6.877
Minimum orthogonality quality 0.056 0.077
Minimum skewness quality 0.140 0.247

laminated through the clearance gaps (like the end face clearance and
rotor slots) that have not been considered in the CFD modelling. This
explain the mass flow rate mismatching. The lower value of the nu-
merical outlet temperature is instead justified by the assumption of
adiabatic walls. The lower experimental torque value was due to the
actual mechanical power measurement in the experiment. In fact, the
friction losses were not considered in CFD results. Therefore, the ratio of
the experimental torque value to the simulated ones in this work can be
used to estimate the mechanical efficiency of the vane expander. The
obtained mechanical efficiency of 65.7% was very encouraging
compared to other positive displacement expanders [40,41].

6. Results and discussions

This section reports a comparison between simulation results ob-
tained through different rotor grid generation approaches. The purpose

. Main inlet port interface
. Second inlet port interface
. Outlet port interface

(©

Advances in Engineering Software 159 (2021) 103030

of this assessment is to show the improvement with respect to the state of
the art as well as the impact of the grid generation method on the vane
machine performance.

Another innovative aspect of this research is the numerical compu-
tation of the leakage flow at the blade tip of rotary vane machines. In
fact, this clearance gap has a crucial impact on the volumetric efficiency,
i.e. the filling factor in the case of expanders. To better appreciate the tip
leakage flow in the case of a standard vane machine, the second inlet
port was discarded.

All simulations were carried out with reference to the same port
meshes (see Fig. 12), and the same settings in the FLUENT solver (see
Table 5). The different rotor grids referred to the same geometrical pa-
rameters (Table 1) but resulted from: manual grid generation in ANSYS
ICEM for each rotor position; the current analytical methodology; dif-
ferential grid generation method according to [42]. The ICEM grid is the

Table 4

Mesh quality of inlet and outlet ports.
Mesh quality Main inlet port Second inlet port Outlet port
Maximum aspect ratio 17.993 5.488 17.636
Maximum expansion factor 6.656 4.849 9.665
Minimum orthogonality 0.064 0.617 0.151
Minimum skewness 0.440 0.604 0.212
Total cell count 59703 12260 189733

Table 5
Experimental boundary conditions with measurement uncertainty [24].

Pressure Temperature Rotation speed
=+ 0.3 bar +0.3°C + 1rpm
Main inlet 5.44 94.3 1515
Second inlet 4.74 94.3
Outlet 3.21 85.9
y (e
X

\ Main

inlet port

Radial

Axial
sliding <<
interfaces

Second
inlet port

Outlet port

Fig. 12. CFD model of the vane expander with supercharged inlet: 2D rotor mesh (a), 3D rotor mesh (b), inlet ports meshes (c), outlet port mesh (d), assembled

model (e).
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Table 6

Detailed settings in ANSYS Fluent solver.

Criteria

Specification

Setting or value

Solver type

Pressure-based

Aungier Redlich Kwong real gas

Physical R245fa
properties model
Model selection Turbulence model SST k-0
Solution Pressure-velocity Coupled
methods coupling
Control volume Least squares cell based
gradients
Spatial discretisation Pressure: standard
Density: first order upwind
Momentum: first order upwind
Turbulent kinetic energy: first order
upwind
Specific dissipation rate: first order
upwind
Energy: first order upwind
Transient formulation First order implicit
Solution Flow courant number 2
controls Explicit relaxation 0.25
factors
Under-relaxation factors 0.1
Convergence criteria 0.001
Angular step size 1°
Number of time steps 1080
Max iterations per time 100
step
6.0
— Simulated result
----- Experimental data [24]
5.54 8
5.

Pressure (bar)
S

»

Fig. 13. Comparison between simulated and experimental results in terms of

30 60

90

T T 1
120 150 180

Angle (°)

angular pressure trace.

Table 7

Summary of the simulated and experimental performance of the expander.

Items Simulated result Experimental data [24]
Main inlet mass flow rate (g/s) 24 61 + 0.15%

Second inlet mass flow rate (g/s) 33 39 4+ 0.05%

Outlet temperature (°C) 83.7 85.9 + 0.3

Rotor torque (Nm) 3.12 2.05 + 0.02

Specific power (W/(g/s)) 8.66 3.25

Estimated mechanical efficiency 65.7%

benchmark since this method required no geometrical simplification at
the tangency region. From here onwards, reference to the three rotor
grids will be respectively made through the following abbreviations:
ICEM, analytical, differential.

10
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6.1. In-cell angular pressure evolution

Fig. 14 presents the pressure versus angle results for the three grid
generation methods. This angle refers to the centre of the cell defined by
the two adjacent blades (upstream and downstream blades). From 0° to
340°, there was an overlapping of the three pressure traces: after the
intake process at 74° (the corresponding upstream blade at 48°), the
working fluid over-expanded from 5.4 to 1.6 bar and, between 154° (the
corresponding downstream blade at 180°) and 180°, was recompressed
to the average outlet pressure of 3.2 bar. From 340° to 360°, all meshing
approaches showed pressure spikes due to the low and decreasing cell
volumes. Unlike the rest of the cycle, the peak pressure values resulting
from the three methods presented some differences. More specifically,
the pressure peaks for ICEM, analytical and differential results were 7.7,
7.6 and 8.5 bar, respectively. These disagreements are due to the
different treatment of the blade side wall introduced in order to main-
tain the specified tip clearance gap, as shown in Fig. 15. Indeed, unlike
the ICEM method that successfully discretised the actual geometry
(Fig. 15a), a small geometrical simplification was introduced to convert
the blade side wall into a short segment on the rotor surface for the
analytical method (Fig. 15b) and differential method (Fig. 15c¢) at the
tangency region between rotor and stator. This structural simplification
in the analytical method, which is relatedly smaller than that in the
differential method, is closer to the real geometric shape.

The very good comparison between the benchmark (ICEM) and the
analytical results confirms the accuracy of the analytical method and
how this has improved previous research efforts. Moreover, given the
very low cell volumes corresponding to the angular range where the
pressure peaks occur, despite the mismtaching, the impact on the
expander power is marginal. In fact, the torque values for analytical,
ICEM and differential approaches are 0.70, 0.69 and 0.67 Nm, respec-
tively. Hence, this comparison established the validity of the geomet-
rical simplification.

6.2. Blade tip leakage

Leakage flows at the clearance gaps between blade tips and stator
have a significant impact on the volumetric performance of vane ma-
chines. To assess the magnitude of this phenomenon, an iso clip plane
was used to monitor the instantaneous blade tip leakage mass flow rate.
As shown in Fig. 16, the plane was orthogonal to the throat of the nozzle
resulting from the blade tip profile and the stator surface. In order to
monitor the tip leakage mass flow rate, a post-processing script coded in
ANSYS CFD-Post was developed to reposition the monitoring plane

9 —_
84 : .
Analytical y
7] - - - ICEM
----- Differential

Pressure (bar)

180 270 360

Angle (°)

Fig. 14. Internal pressure trace of the expander with different rotor mesh-
ing methods.
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Fig. 16. Post-processing setup for blade tip leakage flows evaluation: posi-
tioning of monitoring planes (a) and detail in the blade tip region (b).

during the rotation of the rotor domain at every time step.

Figure 17a shows the post-processing results with respect to a 10 pm
tip clearance gap for the three grid generation approaches while Fig. 17b
reports the angular evolution of the tip leakage flows for different gaps
and with reference to the analytical method. As with Fig. 14, the angle in
Fig. 17 also refers to the centre of the cell between the two adjacent
blades, while the tip leakage rates refer to the upstream blade. The tip
leakage flow mainly depends on the differential pressure across the cells
that a given blade separates.

With reference to the pressure traces in Fig. 14, from 0° to 26° (the
corresponding upstream blade moved along the tangency region from
334° to 360°), the cell differential pressure was negative, i.e., the
pressure in the downstream cell was higher than the upstream one. This
led to negative values of the leakage flows, i.e., the flow direction was
opposite to the revolution speed. The pressure spikes even resulted in a

11

Advances in Engineering Software 159 (2021) 103030

()37
24 Analytical
_ - - - ICEM
% Differential
Y
on
[}
2
<
=
S
©
ket
=
m
_3 T T T 1
0 90 180 270 360
Angle (°)
()91 .
Analytical mesh

—=—C,,, = 10 um

—*—C,, =20 um

) —+—C,, =30 um
]
an
<
-
<
=
B
©
=l
=
@
-3 4
'6 T T T 1
0 90 180 270 360
Angle (°)

Fig. 17. Evolution of the mass flow rate at the blade tip with different rotor
meshing methods (a) and different tip gap size (b).

sudden change of the leakage flows. After that, the filling process of the
cell led to an increase of the leakage flow from negative to positive
values. As the blade moved away from the suction port at 74° (the up-
stream blade at 48°), there was a sharp decrease of the leakage rate.
During the expansion process between 74° (the upstream blade at 48°)
to 154° (the downstream blade at 180°), leakage flow remained positive
due to the positive pressure difference. After 154° (the downstream
blade at 180°), the cell started to connect to the outlet port, and the
recompression process led to negative pressure difference, which cor-
responded a decrease of the tip leakage from positive to negative values.
At 206° (the upstream blade at 180°), the pressure difference dis-
appeared. Therefore, the leakage rate increased from negative values to
positive values. From 294° (the downstream blade at 320°) to 360°, the
downstream cell pressure increased to a high value, leading to negative
pressure difference and the resultant negative tip leakage rate.

As shown in Fig. 17a, while the analytical and ICEM results were in
very good agreement, the differential ones showed lower leakages
except for the first 30° and last 45°. The cycle averaged leakage flows
were 0.08 g/s for the ICEM and analytical results and -0.17 g/s for the
differential ones. These differences are due to the deformation of the
blade tip profile introduced in order to maintain the specified clearance
size for the differential approach. The very satisfactory comparison be-
tween the ICEM and analytical leakage results further validated the
reliability of the newly developed method. Moreover, unlike the ICEM
meshing that is a manual process and cannot be fully parameterised, the
analytical one has been automated to significantly expedite the grid
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generation step. For instance, to generate 360 rotor grids for this
research paper, the ICEM meshing required 48 hours while the analyt-
ical one 111 seconds.

The evolution of the leakage mass flow rate at the blade tip with
different tip gap size using analtical approach is given in Fig. 17b. The
curves show similar angular trends, with larger tip clearance gaps
resulting in higher leakage flows, as expected. It shows that the tip
leakage flows are proportional with the tip gap. It can be concluded that
the tip gap size has little effect on the cell pressure within the range of
the tip gap from 10 to 50 pm. In other words, the upstream and the
downstream pressures across the vane tip are almost constant under the
conditions of this paper. Elaboration of these results is presented in the
next section 6.3.

6.3. Volumetric performance

As with volumetric efficiency for pumps and compressors, the
volumetric performance of expanders can be represented by the filling
factor [43]. This filling factor is defined as the ratio of the measured
mass flow rate to the theoretical mass flow rate displaced by the
expander, where the measured values refer to the simulated results here.
Fig. 18 shows the mass flow rate and filling factor of the standard
expander (no supercharged inlet) with different blade tip clearance size.
Both mass flow rate and filling factor were be expected to increase with
the tip clearance size due to larger internal leakage flows across the
blade tip [6]. The mass in the cell between the two adjacent blades grew
after the intake port closing. This was due to the fact that it was fed by
the leakages from surrounding cells [44]. Actually, leakage occurs on
the blade tip clearance, the end face clearance, the clearance between
rotor and stator, etc. Only the blade tip leakage was considered in this
work. As shown in Fig. 18, both mass flow rate and filling factor are
directly proportional to the tip clearance gap. Every 10 pm of the blade
tip clearance led to a 1.66 g/s increase of the mass flow rate and a 0.06
increase of the filling factor.

7. Conclusions

This work proposed an innovative grid generation methodology for
CFD simulations in sliding vane rotary machines that further enables the
investigation of machines with multiple acting chambers, non-circular
stator profiles, blade offset arrangements and asymmetric blade tip
profiles. A series of analytical formulations were developed to carry out
the grid boundary generation and discretisation as well as the interior
node distribution, leading to a ‘O’ grid topology of the rotor fluid
domain. The stretching functions both on blade side walls and the stator
wall segments were introduced to improve mesh quality. A preliminary
sensitivity analysis showed that node number and radial divisions of the
blade tip are the grid generation parameters that mostly affect the mesh
quality.

With reference to a vane expander test case for Organic Rankine
Cycle (ORC) heat to power applications, successful experimental vali-
dation of the methodology was achieved. The simulated cell pressure
results were in a 4.3% confidence interval with respect to the experi-
mental indicating pressure data. Simulations did not consider the
leakage gaps at the end walls or the blade slots and, in turn, under-
predicted mass flow rate and torque.

A comparison between the proposed methodology with the manual
meshing approach available in the ANSYS ICEM commercial software
and a previously developed user defined nodal displacement differential
grid generation method was carried out. Even if the ICEM grids benefit
from no geometrical simplification at the tangency region between
stator and rotor, the analytical methodology led to analogous cell
pressure, torque and leakage flow results. Moreover, the analytical
generation of 360 rotor grids took 111 seconds rather than 48 hours.

The leakage flow results were retrieved thanks to a novel post-
processing routine based on an ANSYS CFD-Post script file that
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Fig. 18. Mass flow rate and filling factor with different tip clearance gap size.

computes the leakage flows between the blade tip and stator surface at
every vane position. A sensitivity study referred to the ORC expander
showed that every 10 pm of blade tip clearance led to an increase of 1.66
g/s in mass flow rate and a 6% increase of the filling factor.
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