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Abstract. Intermeshing rotors exist in various applications, such as kneaders and extruders, and their
performance could be assessed using computational fluid dynamics simulations. It is essential to evaluate
the robustness and accuracy of such simulations. Here, we apply the overset mesh method to simulate
intermeshing rotors using a Newtonian fluid to assess the suitability of the method. First, the simulations
of concentric cylinders were used to evaluate the effect of three numerical approaches. Second, the
simulations of a rotating impeller were applied to study five different mesh topologies. Finally, two
intermeshing impellers were simulated to demonstrate the functionality of the overset mesh method, and
the conservation of transported scalar was evaluated. All cases were simulated using the OpenFOAM
open-source software. The general observations were: 1) The simulated velocity fields were in good
accordance with the reference cases and the passive scalar was conserved in the simulation case of
intermeshing impellers despite the inherent mass conservation errors. 2) However, fluctuations in power
number were detected for conformal meshes in the two impeller case.

1. Introduction

Various applications utilize intermeshing rotors, i.e. rotors which come close to each other and have
intersecting sweep areas. The geometry of the rotors can be different, for example, they can be impellers in
kneaders or screws in twin screw extruders (TSEs). These applications are often designed and optimized
using the experimental trial-and-error -approach which requires resources significantly. An alternative
to the experimental approach is provided by numerical analysis utilizing computational fluid dynamics
(CFD). The main challenges in simulating intermeshing rotors are related to the rotating geometries, the
existing narrow gaps, and the intersecting sweep areas. The rotating geometries induce large relative
motions between the rotors and the stationary walls. These motions distort the mesh used in CFD
simulations, affecting the quality of the mesh and consequently, the accuracy of the simulation. In the
narrow gaps, high mesh density is required for accurate simulation, and the large relative motions distort
the mesh substantially. The intersecting sweep areas have overlapping domains which cannot be simulated
using conventional mesh methods, such as sliding meshes.

Several numerical CFD methods have been used to simulate intermeshing rotors. In the finite element
method (FEM), quasi steady state simulations of TSEs [1,2] have been studied using remeshing method
for the rotating geometries. However, this method is very time-consuming. Therefore, other methods
have been developed including the mesh superposition technique (MST) and the fictitious domain method
(FDM). In the MST [3], independent meshes are constructed for the fluid and the rotors. The position
of the rotors is updated at each time step, and it is detected whether the nodes of the fluid mesh are
in the fluid region or the rotor region. In the fluid region, the velocity is calculated according to the
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governing equations, but in the rotor region, a penalty formulation is used to match the velocity to the
screw velocity. This method has been applied e.g. to kneaders [4,5] and TSEs [6-8]. The FDM [9] is
analogous to MST, but Lagrange multipliers are utilized instead of the penalty technique, to include the
rotating geometries. This method has been used e.g. for a helical ribbon mixer [10]. However, both
MST and FDM have certain disadvantages. Alsteens [11] noted that mass conservation in these methods
is not guaranteed. Giguere et al. [10] stated that mesh refinement is required for MTS to improve the
mass conservation and to obtain a good description of the moving rotors, especially in the narrow gaps.
Sarhangi Fard et al. [12] noted that FDM had fundamental accuracy issues mainly in the narrow gap
regions despite the local mesh refinement.

In the finite volume method (FVM), the rotating geometry of intermeshing rotors has been simulated
using the overset mesh (also referred to as Chimera mesh) method. In the overset mesh method [13],
the stationary background mesh covers the computational domain completely and dynamic meshes are
created around the moving rotors. These separate meshes overlap, and the information between the
meshes is exchanged via interpolation on specified cells. This method has been applied, for example, to
a mixer [14] and helicopter rotors [15]. The advantages [16] of the overset mesh method are its potential
for simulating large relative motions, the simplified grid generation of the individual meshes, and the
consequent improvement of the mesh quality. The challenges [16-18] of this method are related to mass
conservation: the FVM utilizing overset mesh method becomes non-conservative due to the interpolation
between the meshes. In contrast, the FVM in the single mesh simulations is inherently conservative
since the cells are connected via shared faces. The error of the mass conservation in the overset mesh
simulations could inflict unphysical pressure fluctuation since the pressure correction algorithms applied
in the FVM utilize the mass defect to calculate the pressure in incompressible fluid. Consequently, the
accuracy of the flow solution could be reduced. The mass conservation has been evaluated in the literature
using different approaches. Several studies [19-21] treated the conservation as part of the discretization
error and not as a separate issue. These studies utilized methods based on the Richardson extrapolation
to evaluate the uncertainty of the simulations. Others have evaluated the mass flow difference between
inlet and outlet [22] or compared the L1 or L2 norms of the analytical and simulated quantities [23,24].
Vélkner et al. [16] defined the mass defect as the sum of mass fluxes across overlapping surfaces between
interpolated and calculated cells. Chandar [17] approached the issue through the pressure equation
derived from the incompressible Navier-Stokes equations and proposed that the mass conservation error
could be interpreted as a source or sink term due to the overlapping region. He calculated both L1 and
L2 volume-weighted errors between interpolated and exact quantities. In addition, other methods for
simulating intermeshing rotors have been proposed, such as the smoothed particle hydrodynamics (SPH)
method [25,26], the immersed solid technique [27] and the added and eliminated mesh method [28].

Various commercial and open-source CFD software are available. One open-source software is the
widely used OpenFOAM® which has been applied to simulate various applications with rotating geome-
tries, such as stirred tanks [29-32], bioreactors [33,34], centrifugal pumps [35,36], and turbines [37-40].
However, the methods applied for these applications were not suitable for intermeshing rotors and only
a few studies use the overset mesh method implemented in OpenFOAM®. Singh Tomar et al. [14] eval-
uated a mixer with three rotors and studied the heating of a viscous fluid in the mixer. The overset
simulation was validated using the well-known case of Taylor-Couette flow between two concentric cylin-
ders and the velocity profile simulated with the overset mesh method was in good accordance with the
analytical profile. Casari et al. [41] evaluated suitable methods available in OpenFOAM® for simulating
positive displacement machines. They stated that the computational times of the overset mesh method
and the remeshing approaches were unacceptable for realistic machines, and the Immersed Boundary
Method had issues in solving boundary layers. Therefore, they suggested using body-fitted structured
grids for twin screw compressors with intermeshing rotors. However, this method had issues related to
mass conservation in 3D simulations even though the simulated results were satisfactory compared to the
experimental data in 2D simulation.

Here, the main research focus is on the overset mesh method in OpenFOAM®. Two research gaps were
identified based on the literature survey: 1) The mass conservation error has been addressed separately
from the discretization error in only a few studies and 2) the intermeshing rotors have been simulated
using the overset mesh method only in limited number of studies. The main objectives of the study are: 1)
verify the implementation by comparing the concentric cylinder case to the analytical solution, 2) assess
the implementation using one six-bladed impeller, 3) demonstrate the functionality of the overset mesh
method for two counter-rotating and intermeshing six-bladed impellers, and 4) evaluate the conservation
of a transported passive scalar in the intermeshing impellers simulation to highlight the conservation
properties of the overset mesh method.
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2. Numerical methods

2.1. Fluid dynamical properties. In the present study, Newtonian fluid was studied using the prop-
erties of water (density p = 1000 kg/m? and kinematic viscosity v = 1076 m?/s).

2.2. Governing equations. The governing equations for the simulations were the incompressible Navier-
Stokes equations which read as follows [17,42]:

V.U =0, (1)

0

a(U) +V+((U-1U,)U) = -Vp+rvV?U, (2)
where U, Uy, p, and t were the velocity, the velocity of the moving mesh, the kinematic pressure, and
time, respectively. In order to determine the velocity of the moving mesh, the space conservation law

(integral form) was solved as follows [42] [43, p.330]:

0
E/VdV—/SUg-ndS—O, 3)

where V and S were the volume, and the surface of the simulated domain, respectively, and n was the unit
surface normal of the surface. In the OpenFOAM® code, the fluxes are computed using interpolation
of the field variables from the cell centroids to the cell faces. The linear systems of the governing
equations were solved using overPimpleDyMFoam which applied the PIMPLE algorithm utilizing the
pressure correction algorithms. [44]

The transportation equation of the passive scalar (¢) was as follows:

g—; +V+(Uc) — aV?c =0, (4)

where a was the diffusivity of the scalar c.

2.3. Simulation cases. Figure 1 presents the three simulation cases studied. The two-dimensional
simulations were conducted using OpenFOAM® version v2306.

(a) Case | (b) Case II (c) Case III

Figure 1. The simulation cases (a) Case I: the concentric cylinders, (b) Case II: one
impeller, and (c) Case III: two intermeshing impellers.

In Case I, the well-known case of two concentric cylinders was applied to verify the implementation of
the overset mesh method. In this case, the outer cylinder was stationary while the inner cylinder (with
diameter D) rotated at a constant angular frequency (w) such that the Reynolds number was Re = 100.
This case was simulated using both the single mesh and the overset mesh methods, and the results were
compared to the well-known analytical solution (see the derivation, e.g. by White [45]). The sensitivity
of the results to three numerical approaches was investigated including the time discretization scheme,
the time step length and the overset interpolation method.

In Case II, one six-bladed impeller (diameter D) in a tank was simulated to assess the implementation
of the overset mesh method in OpenFOAM®. Similarly to the first case, the tank wall was stationary
while the impeller rotated such that the Reynolds number was Re = 100. Both single and overset mesh
methods were applied, and five different mesh topologies were studied.
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In Case III, two six-bladed impellers in a tank were simulated to demonstrate the overset mesh im-
plementation in OpenFOAM®. The impellers rotated in opposite directions with the same angular
frequency than in the one impeller case. The overset mesh method was only applied for the two im-
peller simulations since the single mesh method is not suitable for this case. Also, the conservation of a
transported passive scalar was evaluated.

2.4. Meshing approaches. Two meshing approaches were applied in this work: the single mesh ap-
proach and the overset mesh method. The single mesh method was used to obtain reference solutions for
cases where single mesh can be used. An illustration of the single mesh is presented in Fig. 2(a) where
the added (green color) cylinder indicates a rotating object.

(a) Single mesh (b) Overset mesh d) Interpolation

stencil

overset
boundary

rotating hole

body

Background boundary

Figure 2. The meshing approaches: (a) a schematic of the single mesh approach, (b) a
schematic of the overset mesh method, (c¢) the overlapping meshes applied in the overset
mesh method, and (d) the interpolation stencil for the overset mesh method where the
applied abbreviations are as follows: A — acceptor cell, MD — master donor cell, and D
— donor cells.

A simplified example of the overset meshes is presented in Fig. 2(c). The overset mesh represented
the domain around the rotating object (green-color cylinder in Fig. 2(c) added for clarity) while the
background mesh completely covered the simulated domain. Each cell was classified by one of the three
cell types: passive, active, or interpolated. The passive cells were inside the boundaries of the solid
rotating object and thus, no calculations for the fluid flow were executed in these cells. These cells are
marked with a red color in Fig. 2(b)-(d). In the active cells, the linear systems of the discretized governing
equations were solved to obtain the field variables similarly to the single mesh method. These cells are
marked with a blue color in Fig. 2(b)-(d). In the interpolated cells, the field variables were interpolated
from the overlapping mesh. These cells are indicated using a grey color in Fig. 2(b)-(d).

In the overset interpolation, the algorithm started by identifying the acceptor-donor pairs in the
interpolation stencil (Fig. 2(d)). First, the interpolated cells were defined adjacent to either the overset
boundary or the passive hole cells as presented in Fig. 2(b)-(c). An example of one acceptor cell (A) at
the overset mesh is presented in Fig. 2(d). Second, the master donor cell (MD) from the overlapping
background mesh was identified. The MD was determined as the cell closest to the acceptor cell and it
was found using the global cell numbering. If the cell type of the MD was passive, the cell type of the
acceptor cell was automatically changed from interpolated to porous. In porous cells, the field variables
were obtained locally, similar to the active cells. Third, the neighboring cells of the MD were assigned as
the donor cells (D). This process of defining all the donor cells is called the donor search.

Finally, the field variables, such as velocity and pressure in the acceptor cell, were defined as follows:

¢acceptor = Zwi(z)donor,h (5)

where @gcceptor a0d Pgonor,; Were the field variable value in the acceptor and donor cells, respectively. The
interpolation scheme of the field variables was embedded into the sparse linear system of equations i.e.
Eqn. 5 is solved implicitly. The weights w; were calculated using the distances between the centers of the
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acceptor and the donor cells according to the applied overset interpolation scheme. Here, two schemes
were applied:

e Inverse distance method (invD)

e Least squares method (LS)

1 di,x d; M; - di, -
i — (T S i + i S i + il 2P -
w; =
di, >
2 ae E(|d\22|d‘2+4|d\2 fits + 1 S i)
where d; was the distance between the cell centers of the acceptor and the donor cells. M = (AT A)~1AT
was a matrix calculated using all the donor cells A = [“Zﬁl # d } The pseudo—mverse (AT A1

was calculated using the singular value decomposition.

3. Numerical set-up

3.1. Standard simulation set-up for each simulation case. In the standard simulation set-up, time
was discretized using the backward differencing scheme. As a remark, it is a common practice in CFD
simulations to prefer at least second-order time and space discretization methods in transient simulations.
The time step was adjusted automatically such that the maximum Courant number Coy,q, = AtU/Ax
was 0.5 to ensure that the fluid particle did not move through the cell during one time step (Co <
1) and thus, to improve the transient accuracy. The divergence term of the velocity was discretized
using Gaussian integration with linear interpolation. The default discretization schemes were applied for
the gradient terms (Gaussian integration with linear interpolation) and the Laplacian terms (Gaussian
integration with linear interpolation scheme for the diffusion coefficient and corrected scheme for the
surface normal gradient). For the overset interpolation, the second-order least squares method was applied
in Case I but in the impeller cases, the first-order inverse distance method was applied to increase the
numerical stability. The applied boundary conditions for the different simulation cases are summarized
in Fig. 3. For the pressure boundary condition in Cases II and III, a reference pressure was applied on
the outer edge instead of on only a single reference point due to issues in the numerical stability (see
Chapter 4.4).

(a) Case I

(b) Case II (c) Case III

f

U=0  U=noSlip U =noSlip
P=Per VP-N=0 = RN

Figure 3. The applied boundary conditions for the different simulation cases. The
abbreviations are as follows: U — velocity, p — pressure, n — surface normal vector.

3.2. Case I: sensitivity to numerical approaches. In Case I, the sensitivity of the results to three
numerical approaches was investigated. In the first approach, the time discretization scheme was changed
from the second-order backward differencing scheme to the first-order implicit Euler scheme. In the second
approach, the time step sensitivity was investigated by decreasing the maximum Courant number from
0.5 to 0.25. In the third approach, the overset interpolation was calculated using the first-order inverse
distance method instead of the second-order least squares method. The reference simulation case was
solved using the single mesh method. These numerical approaches are summarized in Tab. 1.
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Table 1. The sensitivity of the results to the following numerical approaches was studied
in Case 1. The abbreviations are as follows: invD — inverse distance method, LS — least
squares method.

Time Maximum Overset
Numerical Simulation discretization ~ Courant interpolation
approach method scheme Number scheme
Reference single backward 0.50 LS
Standard overset backward 0.50 LS
Time scheme overset Euler 0.50 LS
Timestep overset backward 0.25 LS
Interpolation overset backward 0.50 invD

3.3. Case II: sensitivity to mesh topologies. In Case II, the sensitivity of the results to different
mesh topologies was tested to estimate how the location of the overset interpolation affected the results.
The tested meshing options are presented in Fig. 4. In terms of the overset mesh, three different topologies
were tested: 1) a circular mesh with a large diameter (Djqrge), 2) a circular mesh with a small diameter
(Dsmair), and 3) a conformal mesh where the overset mesh boundary followed closely the impeller shape.
The first topology (Djarge) was applied in Meshes 1 and 2 presented in Fig. 4(a)-(b). This mesh extended
the overset interpolation to region where the gradients of the field variables in the interpolated cells
were smaller than when using the other topologies. In the second topology (Dsmai), these gradients
were increased (Meshes 3 and 4 in Fig. 4(c)-(d)) and the third topology — using the conformal mesh
— increased these gradients even further (Mesh 5 in Fig. 4(e)). In terms of the background mesh, the
large passive area (AlaTge) extended the overset interpolation to a region with smaller gradients of field
variables (Meshes 1 and 3 in Fig. 4(a) and (c)) compared to the small passive area (Agsmai Meshes 2, 4
and 5 in Fig. 4 (b), (d) and (e)). For the conformal mesh around the impeller, mesh refinement on the
background mesh was required in the region where the meshes overlapped to ensure that the interpolated
cells of the background mesh had donor cells available from the overset mesh. In addition, the effect of
the overset interpolation method was tested using the Meshes 1 and 2. The reference simulation was
obtained using the single mesh method where the rotating impeller was simulated utilized the multiple
reference frames (MRF) (see e.g. Patil et al. [46]).

3.4. Case III: sensitivity mesh topologies and conservation of transported scalar. In Case III,
the functionality of the overset mesh method for simulating two intermeshing impellers was demonstrated.
The suitability of different mesh topologies was investigated by studying two mesh topologies presented
in Fig. 5: a) the large circular overset mesh with small passive area at the background mesh as well and
b) the conformal overset mesh.

The conservation of a passive scalar was evaluated to understand how accurately the scalar was con-
served when the overset mesh method was applied. The value of the scalar was initially 0 on the left side
of the tank and 1 on the right side. The convection equation for the scalar was solved using three different
divergence schemes: the standard Van Leer scheme (vanLeer) and its bounded version where the scalar
was bounded between 0 and 1 (vanLeer01) were tested. Also, the bounded version of the gamma NVD
(normalized variable diagram) scheme [47] (GammaO1) was applied in the numerical tests. The diffusion
term of the transport function was omitted, and the number of the correctors was set to 2.

3.5. Metrics of the functionality. In the first metric, the mass conservation was estimated using the
mass conservation errors. The global mass conservation error (¢) and the error using the absolute value of
the velocity divergence i.e. L1 error (e1,1) were calculated based on the mass conservation law as follows:

€:‘W7 ®)

ST dA;

_ 2 (V- U)ildA; (9)
N > dA; ’

where U and A were the velocity and the cell area, respectively. Only the active cells were included in
the calculation of € and e1;. The error was normalized by the representative velocity gradient (U/Ax)
where U and Ax were the representative velocity and the corresponding cell size, respectively. The
representative velocity was the tangential velocity of the rotating cylinder or the impeller tip. The

€r1
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(a) Mesh 1 (b) Mesh 2
Overset: D Overset: D,
Backgrour " Background: A,

(c) Mesh 3 (d) Mesh 4
Overset: Dy, Overset: Dy
Background: A, Background: A .,

(e) Mesh 5
Overset: conformal
Background: Ay,

Figure 4. The different mesh topologies investigated in Case II. The abbreviations are
as follows: Djgrge — large circular overset mesh, Dgpnqu — small circular overset mesh,
conformal — conformal overset mesh, Ajqrqe — large passive area at background mesh,
and Agmnqen — small passive area at background mesh.

(a) Circular mesh topology (b) Conformal mesh topology

background background

left impeller right impeller left impeller right impeller

Figure 5. The different mesh topologies investigated in Case III.

corresponding cell size (Ax = /Age;) was obtained from the cell adjacent to the rotating cylinder or
the impeller tip. The means and standard deviations of € and €17 were calculated at the steady state
conditions.

In the second metric, the dimensionless power number describing the ratio between the power resistance
to the inertial forces was studied. It accounted the effect of the pressure and viscous forces and thus, it
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could estimate the oscillation in the pressure and velocity fields. The power number was calculated as
follows:

N= -2

pN3D5

where P was the power (absolute value applied in this work), p was the density of the fluid, N was the

rotational speed (N = w/(27)), and D was the diameter of the rotating cylinder or the impeller. The

power (P) was calculated based on the torque (I') as P = 2rNT' = wI' where the torque was obtained

from the rotating cylinder or impeller wall. The mean and the standard deviation of the power number

were calculated at the steady state which was presumed as the simulation period where the mean power
number remained essentially constant.

In the third metric, the velocity profiles obtained from the overset mesh simulations were compared to
the reference profiles to estimate the accuracy of the overset mesh method. The profiles were obtained
along the selected lines as presented in Fig. 6. The velocity profiles were normalized by the tangential
velocity of the rotating cylinder or the impeller tip.

(10)

(a) Case [ (b) Case II

Figure 6. The locations where the velocity profiles were obtained for (a) Case I and (b)
Case II.

4. Results and discussion

The mesh independence study for each simulation case is provided in the Appendix A. In line with the
objectives of the study, this section aims at verifying the implementation of the overset mesh method by
comparing the concentric cylinder case to the analytical solution, assessing the implementation using one
six-bladed impeller, demonstrating the functionality of the overset mesh method for two counter-rotating
and intermeshing six-bladed impellers, and evaluating the conservation of a transported passive scalar
in the intermeshing impellers simulation. An approximation of the simulation time could be interesting
to industrial applications. To simulate one rotation of the Case I in serial, the simulation time of the
reference case was ~1 second while the overset simulations lasted closer to ~1 minute using a personal
computer. Regarding one rotation of the Case I, the execution time for the reference case was ~2 s while
the overset simulations using circular and conformal meshes were approximately ~5 min and ~50 min,
respectively. For the Case III, the CSC supercomputer Puhti with single core (please see more details
in [48]) was utilized and the time to execute one rotation was significantly longer (~ 10 - 100h) on a
single processor depending on the solver settings.

4.1. Case I. The velocity profiles of the different numerical approaches are presented in Fig. 7. The
reference profile obtained utilizing the single mesh method corresponded with the analytical solution
accurately. For the overset simulation, the profiles obtained from all the numerical approaches were
essentially reproducing the analytical velocity profile. The velocity profiles were not sensitive to the
different numerical approaches.

In Fig. 8, a representative graph of the steady state velocity field is presented in Fig. 8(a), and the
normalized divergences of the velocity are illustrated for the single mesh simulation in Fig. 8(b) and for
the overset mesh simulation in Fig. 8(c)-(d). In this example, the standard numerical approached was
applied. The maximum and minimum divergences were located close to the rotating cylinder for both
the single mesh simulation and the overset mesh of the overset mesh simulation. In the background mesh
of the overset mesh simulation, the maximum and minimum divergences were found in a few interpolated
and passive cells.
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Figure 7. Case [: The effect of the different numerical approaches on the velocity profiles
(normalized by the tangential velocity of the rotating cylinder). The approaches are
summarized in Tab. 1. The abbreviations are as follows: BG - background mesh, OS -
overset mesh.

In Tab. 2, € and €17 obtained from the different numerical approaches are summarized. The ¢ and
€11 were not sensitive to the different numerical approaches, but some fluctuation was observed when the
overset interpolation was changed from the LS to the invD (Interpolation).

Table 2. Case I: The conservation errors € and €r,1.

Numerical approach e (-) er1 (-)

Reference 41-1073£29.1071% 59.107°+£2.0-107°
Standard 87-1076+14-107% 9.4.-107°+1.4-107°
Time scheme 4.0-1076+£9.1-1077 7.7-107°+£1.1-107°
Time step 1.0-10754+20-107% 9.6-10°+£1.6-10"°
Interpolation 53-107°4+£2.7-107° 15-107*+3.8-107°

In Fig. 9, the analytical IV, = 43.8 is presented along with IV, obtained using the different numerical
approaches. No pressure fluctuation was observed in N, due to the applied boundary conditions and N,
was utilized to assess the sensitivity of the different numerical approaches. The reference case simulated
using the single mesh method corresponded well with the analytical solution. The overset simulations
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(a) Velocity field

Normalized U
0.0 0.5 1.0

—

(c) Overset mesh method

(b) Single mesh method

Normalized divl)
-0.0010 0 0.0010

\i\

(d) Overset mesh method

(background mesh) (overset mesh)

Normalized div(0) \ Normalized div(U)
-0.0010 0 0.0010 -0.0010 0 0.0010

| i | \
\
\ ‘
\
\

Figure 8. Case I: (a) the normalized velocity field as well as the normalized divergence
of velocity for (b) the single mesh simulation, (c¢) the overset mesh simulation (back-
ground mesh) and (d) the overset mesh simulation (overset mesh). The peak values of
the velocity divergence are highlighted. The velocity was normalized by the tangential
velocity of the rotating cylinder and the divergence by representative velocity gradient
(Ucylinder/AxinneTBoundary)~

were the most sensitive to the time discretization scheme (Time scheme in Fig. 9) while other approaches
estimated IV, accurately compared to the analytical solution.

The reference simulation utilizing single mesh method matched exceptionally well with the analytical
solution. Therefore, such single mesh simulations could serve as useful reference cases in more complex
impeller simulations where analytical solutions are not available. The overset mesh simulations were
the most sensitive to the time discretization scheme and therefore, the second-order scheme (backward
differencing) was applied in the impeller simulations.

4.2. Case II. In Fig. 10, the velocity profiles are presented at the steady state conditions. It was noted
that the resulting velocity profiles were not sensitive to the mesh topologies.

In Fig. 11, a representative graph of the steady state velocity is provided for the single mesh simulation
(a) as well as the divergence of the velocity for the single mesh simulation (b) and the overset mesh
simulation (c)-(d). In this example, the conformal mesh was applied. The maximum and minimum
divergences were found close to the tip of the blade for the single mesh simulation. In the overset
mesh simulations, the maximum and minimum divergences on the background mesh were found in a few
passive cells while the maximum and minimum divergences on the overset mesh were located near the
interpolation boundary.
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Figure 9. Case I: The effect of the different numerical approaches on INV,. The ap-
proaches are summarized in Tab. 1.
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Figure 10. Case II: The effect of the different mesh topologies on the velocity profiles
(normalized by the tip velocity of the blade) over (a) Line 1, and (b) Line 2 presented
in Fig. 6. The topologies are illustrated in Fig. 4.

In Tab. 3 , € and €1, obtained from the different mesh topologies are summarized. In terms of ¢, all
circular mesh topologies (Meshes 1-4) had the same order of magnitude and ¢ was the lowest when the
conformal mesh (Mesh 5) was used. One potential reason was that the mesh refinement was required on
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(a) Velocity field (b) Single mesh method

Normalized U Normalized div(0)
(0X0) 0.5 1.0 -0.010 O 0.010

(c) Overset mesh method (d) Overset mesh method
(background mesh) (overset mesh)

Normalized div(U) \\ Normalized div(U)
-0.010 0 0.010 N ! -0.010 0 0.010

Figure 11. Case II: (a) the normalized velocity field as well as the normalized diver-
gence of velocity for (b) the single mesh simulation, (c) the overset mesh simulation
(background mesh) and (d) the overset mesh simulation (overset mesh). The peak val-
ues of the velocity divergence are highlighted. The velocity was normalized by the tip
velocity of the blade and the divergence by the representative velocity gradient

(Utip/Axtip>'

the background mesh due to the overset interpolation and the mesh refinement typically improves the
accuracy of the simulations. The £,; was not sensitive to the mesh topology.

Table 3. Case II: The conservation errors € and €r,;. The topologies are illustrated in Fig. 4.

Numerical approach e (-) er1 (-)

Reference 6.4-10713 £35-1071 74-107°+94-1071
Mesh 1 1.3-107°4+1.7-107° 2.0-107%4+3.7-10°
Mesh 2 14-107°4+52-107% 21-100%4+9.1-107°
Mesh 3 1.3-10754+8.8-107% 22-107%+1.3-107°
Mesh 4 1.3-10754+6.6-107% 2.1-107*+5.5-107°
Mesh 5 23-1076+£1.7-10°6 1.1-107%4+4.3-1076

In Fig. 12, the N, obtained using the different mesh topologies are presented. The reference N, = 9.0
was obtained from the simulation utilizing the single mesh method. It was noted that the N, obtained
from the overset simulations was sensitive to the mesh topologies. When the circular meshes (Meshes 1-4)
were applied, the IV, obtained from the overset mesh simulations were in accordance with the reference
case. In contrast, N, was overestimated when the conformal mesh (Mesh 5) was applied. The accuracy
was increased to accepted level when the conformal mesh was refined such that the interpolated cells
at overset and background meshes did not overlap. The pressure fluctuation was estimated by studying
the standard deviation in the pressure component of NN,. The fluctuation was insignificant when the
circular meshes (Meshes 1-4) were considered. Regarding the conformal mesh, fluctuation was observed
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but refining the mesh decreased also the fluctuation. In addition, the overset interpolation method did
not influence the accuracy of Np.

20 N, =9.0

15 I
;’glo _ _ I

Figure 12. Case II: The effect of the different mesh topologies on NN,. The topologies
are illustrated in Fig. 4. Please note the high NV, fluctuation for Mesh 5 i.e. the conformal
mesh topology.

The simulated velocity profiles and N, matched well with the reference cases. Therefore, it was
expected that the acceptable order of magnitude for the errors € and £, were in the range ~ 1076 —107%.

4.3. Case II1. The suitability of the circular and conformal mesh topologies was evaluated for the inter-
meshing impellers. When the circular meshes were applied around the impellers, few of the interpolated
cells were replaced with the porous cells. These porous cells are marked with red in Fig. 13(a). However,
the porous cells are not supported for the simulation cases where two inset meshes are on top of the
background mesh such as the case simulated here. Therefore, the only meshing topology suitable for
Case III was the conformal mesh around the impellers as presented in Fig. 13. In the present study, we
did not use the circular meshes in Case III due to the appearance of porous cells and only the conformal
mesh topology was applied.

(a) Mesh with porous cells (not used) (b) Conformal mesh topology (used)

background background

left impeller right impeller left impeller right impeller

)k

Figure 13. (a) the mesh with porous cells (not used for the simulation of Case IIT) and
(b) the conformal mesh topology (used for the simulation of Case III). The cell types
are indicated as follows: active cells (blue), interpolated (light blue), passive (grey) and
porous (red).
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The normalized divergences of the velocity are presented in Fig. 14 for the background mesh (a) as
well as for the left (b) and right (c) impellers. The maximum and minimum divergences in all meshes
were found at a few interpolated cells and passive cells similarly to Case II.

(a) Background mesh

Normalized div(U)
-0.030 (0] 0.030

(b) Overset mesh (left impeller) J (c) Overset mesh (right impeller)

Normalized div(U) \‘\ Normalized div(U) 0. 070

0030 0 0030 -o.oéz 0030 0 0030
- e

Figure 14. Case III: The normalized divergence of velocity for (a) the background
mesh, (b) the left impeller mesh, and (c) the right impeller mesh. The peak values of
the velocity divergence are highlighted. The velocity was normalized by the tip velocity
of the blade and the divergence by the representative velocity gradient (Upp/Amyip).

The conservation errors € and €1 were 5.2-107%4+4.4-1076 and 3.9-10% £ 1.4 - 10~?, respectively.
They were in the same range as for Case I and thus, it was assumed that the mass conservation was at an
acceptable level. The NN, values obtained for the right and left impeller were 31.3 +34.0 and 31.9 4 34.2,
respectively. The standard deviations of the N, for both impellers were high, but phenomenologically,
we expected that some of this fluctuation was of physical origin. We note that a reliable reference result
without overset mesh method is lacking in Case III. In the literature, several researchers have studied
intermeshing rotors in the context of kneaders and TSEs [4-8] even though the geometries matching
our simulations were not found. These studies utilized FEM and MTS for 3D simulations. However,
possible phenomenological pressure oscillation was not discussed. Singh Tomar et al. [14] studied a mixer
utilizing a 2D simulation and conformal meshes but they did not report any pressure fluctuation. On
the other hand, Chandar [17] studied a 2D simulation of an oscillating cylinder in a closed tank. He
stated that such simulations are challenging since there is no mass flow in or out of the system and noted
that the drag coefficient was highly oscillatory. In our Case II with one impeller, no physical pressure
oscillation was expected. Indeed, the viscous component of N, was constant for all studied meshes. For
Case III with two impellers, the viscous and pressure components of IV, are presented in Fig. 15 and
Fig. 16, respectively. The viscous NV, exhibited periodic oscillation which could be of physical origin.
The maximum and minimum values of the viscous IV, were observed when one blade of the right and left
impeller, respectively, were approaching vertical position in the intermeshing region. A similar periodic
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behaviour was noted also for the pressure N,. However, we observed also some additional unsteady
fluctuation which could be caused by the overset interpolation and the conformal mesh topology (see
standard deviations in Fig. 12).

T=—t
10.0
1 VAVENN VAN
3
2 00
=}
2
Z 50 /\/\/\/\M
-10.0 . — .
0.0 0.2 P! 0.6 S08 o - Lo
-
P Rotations (-) S~o -
- - ~ -~ ~
'd - SN
- - -~ ~ -
- ~

AR Kk X

Figure 15. Case III: viscous component of Np. The abbreviations are as follows: t -
time for one rotation, T - period time.

3

As a final example, the transport of a passive scalar is presented in Fig. 17 at three instants of time
using the van Leer scheme. The scalar fields appeared very similar for all the studied schemes. After
ten rotations, the normalized scalar average (cque) for the vanLeer, vanLeer0l and GammaOl schemes
were 0.9995 £ 0.0005, 0.9995 4+ 0.0005, and 0.9994 + 0.0004, respectively, i.e. the scalar was essentially
conserved.

4.4. Challenges related to the overset mesh method. The pressure boundary conditions were found
to be challenging for the overset mesh method in the impeller simulations (Cases II and III). Since the
impeller was considered as an impermeable wall, the Neumann pressure condition (fixed gradient) was
applied at the impeller boundary. When the Neumann pressure condition was applied also at the outer
wall of the tank, the pressure value in the simulation domain was fixed only at one individual pressure
reference point. This caused no stability issues in the single mesh simulation. However, in the overset
mesh simulation, the unphysical pressure fluctuation was observed, and the conservation error due to
the overset interpolation accumulated around the pressure reference point. The same phenomenon has
also been noted e.g. by Chandar [17]. To stabilize the simulations, the pressure at the tank wall was
determined using the Dirichlet condition (fixed reference value). In three-dimensional simulations, a
reference pressure is typically assigned at the inlet or outlet boundary and thus, the Neumann pressure
condition could be assigned to other walls to simulate their physical conditions more realistic.

Another challenge for the overset mesh method was related to the circular overset meshes that over-
lapped in the two impeller case (Case III). The circular meshes could have been more accurate than
the conformal mesh based on the sensitivity comparison of the mesh topologies in the one impeller case
(Case II). However, the circular meshes could not be utilized in the simulation where two overset meshes
overlapped on top of the background mesh due to the mesh hierarchy algorithm. Therefore, the con-
formal mesh topology was the only option for simulating the intermeshing impellers. A few algorithmic
modifications could be useful for future research to allow the use of circular mesh topology. First, the
overset mesh algorithm could support also the overlapping of two meshes on top of the background mesh.
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Figure 16. Case III: pressure component of Np. The abbreviations are as follows: t -
time for one rotation, T - period time.

(a) Four rotations (b) Seven rotations (c) Ten rotations
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Figure 17. The passive scalar fields after a) four rotations, b) seven rotations, and c)
ten rotations as well as the temporal evolution of the normalized scalar average (cqye)
using the van Leer scheme.

Second, the mesh hierarchy algorithm could be modified such that the background mesh could interpolate
also from the mesh further in the hierarchy and not only from the mesh at the closest hierarchy level.
This could facilitate the use of circular meshes around the impeller and improve the mass conservation.
Consequently, the unphysical pressure fluctuation could be decrease and the accuracy of the overset mesh
simulations could be improved.
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5. Conclusion

In this study the main research focus was on the overset mesh method implemented in the open-
source CFD software OpenFOAM® and its functionality for simulating intermeshing impellers. The
main conclusions of the study were:

1) The simulated results of the concentric cylinders were the most sensitive to the applied time dis-
cretization scheme. The length of the time step and the overset interpolation scheme had less effect on
the accuracy of the velocity and Np,.

2) The velocity profiles of the one impeller simulations were not sensitive to the studied mesh topologies.
In contrast, pressure fluctuation and deviation of the N, from the reference value were observed when
the conformal mesh topology was applied. The mesh refinement improved these issues. The acceptable
order of magnitude for the errors € and €7, were in the range 10~% and 10~*, respectively.

3) The conformal mesh topology was applied for the simulation of the intermeshing impellers due to
the restrictions of the implemented overset mesh algorithm. The conservation errors € and €7, were in
the same range as in the one impeller simulations but pressure fluctuation was noted indicating possible
unphysical fluctuation.

4) Despite the unphysical pressure fluctuation in the simulation of the intermeshing impellers, the
transported passive scalar was conserved during the simulations.

It was concluded that the overset mesh method could be applied in one impeller simulations when
the proper mesh topology is applied. In the simulation of the intermeshing impellers, the overset mesh
method may also be applicable while keeping in mind the possibility of pressure fluctuations.
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Appendix A. The mesh independence study

The mesh independence study was conducted for all three simulation cases: For Case I (the concentric
cylinder), we investigated the standard numerical approach. For Case II (one impeller), we evaluated the
mesh option where we used the circular mesh with the large diameter around the impeller and the large
passive area at the background mesh. In these cases, both the single mesh and overset mesh simulations
were studied while for Case III (two impellers), only the overset mesh simulation was evaluated.

The representative cell sizes were calculated as follows:

h:q/%ZAi, (11)

where N and A; were the number of cells and the cell area, respectively. The representative cell sizes are
summarized in Tab. 4, and the figures of the applied mesh densities are presented in Figs. 18-22.

For the mesh independence study, N, and the velocity fields were investigated. The total N, values
are summarized in Tab. 5. The velocity profiles for Case I and II are presented in Figs. 23 and 24,
respectively. For Case III, the velocity fields is presented in Fig. 25 and the velocity components along
vertical line in Fig. 26 and horizontal in Fig. 27. These results indicated that refining the mesh beyond
the medium mesh density did not affect the results significantly and thus, the medium mesh density
applied in the simulations was sufficient for the present work.
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Table 4. The representative cell sizes of the applied mesh densities for the different
simulation cases where D is the diameter of rotating cylinder or the impeller.

coarse medium refined medium fine

single mesh ~ 0.070D  0.048D - 0.035D
overset mesh 0.061D  0.043D - 0.031D

single mesh ~ 0.056D  0.039D - 0.028D
overset mesh 0.049D 0.034D - 0.025D

Case 1

Case I1

single mesh - - - -

Case I L orset mesh - 0.018D 0.014D 0.012D
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Figure 19. The mesh densities for Case I when using overset mesh method.
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Figure 20. The mesh densities for Case II when using single mesh method.

(c) Fine mesh density
idimesh)

) Coarse mesh density
(overset mesh)

(e) Medium mesh density
(overset mesh)

(f) Fine mesh density
(overset mesh)

Figure 21. The mesh densities for Case II when using overset mesh method.

Table 5. The mean N, for different simulation cases at the steady state conditions. The
applied abbreviations are as follows: left — the left impeller, and right — the right impeller.

coarse  medium  refined medium fine

Case 1 single mesh 43.9 43.8 - 43.9
overset mesh  43.7 43.8 - 43.8

single mesh 12.0 12.1 - 12.2

Case IL - erset mesh 12,1 12.3 ; 12.2

Case III

single mesh

overset mesh

left: 41.4
right: 41.8

left: 40.4
right: 41.0

left: 42.1

right: 42.4

43
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(a) Medium mesh density
(background mesh)

(b) Refined medium mesh density
(background mesh)

<%{ S\
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i

(c) Fine mesh density
(background mesh)

(d) Medium mesh density
(overset mesh)

(e) Refined medium mesh density
(overset mesh)

(f) Fine mesh density
(overset mesh)

Figure 22. The mesh densities for Case III when using overset mesh method.

(a) Case I: single mesh method

(b) Case I: overset mesh method
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Figure 23. Case I: The velocity profiles obtained from three mesh densities along the
radius utilizing (a) the single mesh method, and (b) the overset mesh method.
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(a) Case II: single mesh method

(Line 1)
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(c) Case II: overset mesh method
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(b) Case II: single mesh method
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Figure 24. Case II: The velocity profiles obtained from three mesh densities along one
blade (Line 1) and between two blades (Line 2) the utilizing the single mesh method in
(a)-(b), and the overset mesh method in (c)-(d).
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(a) Velocity field (medium mesh) (b) Streamlines (medium mesh)

Normalized U
0.0 05 1.0

| —

(c) Velocity field (refined medium mesh)

Normalized U
0.0 05 1.0

| —

(e) Velocity field (fine mesh)

Normalized U
0.0 0.5 1.0

| —

Figure 25. Case III: The velocity fields and streamlines obtained from three mesh
densities utilizing the overset mesh method.
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Figure 26. Case III: The velocity along vertical line (a) u, and (b) u,.
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Figure 27. Case III: The velocity along horizontal line (a) u, and (b) u,.
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