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ABSTRACT: A moving grid method is introduced in this paper and different motions of the body
are simulated using this method. This study indicates that by regular and systematic change of grid
connections in some elements with regard to the size of the body’s motion, a moving-grid can be
obtained which is capable of being adapted to the large motions of the body without reducing the quality
of elements. In order to model the rotational or translational motions of the body, cylindrical or elliptical
shells from the elements around the body are taken into consideration to change the grid connections.
To indicate the correct performance of introduced moving-grid method, several test cases including
rotational and translational motions are solved. The Euler equations in the three dimensional unsteady
form is solved using a dual time implicit approach. Numerical dissipative term using Jameson method
is added to the equations. To accelerate convergence, local pseudo-time stepping, enthalpy damping and
residual averaging are used. The results are validated with experimental or numerical data and excellent
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agreements among the results are observed.

Unsteady

1- Introduction

A variety of time dependent applications can be found in
literature. These include flutter analysis, store separation,
analysis of flow around helicopter blades in forward flight
and rotor-stator combination in turbomachinery. Most of these
applications are concerned with the complex geometries with
moving boundaries. For evaluation of flow field properties
in these applications, it is necessary to develop improved
solvers and moving grid methodologies.

For a moving boundary problem, the computational grid
must move with the moving boundaries. The primary method
in this regard is to regenerate the grid around the body after
each step of its motion. Despite its simplicity, this method is
not efficient since grid regeneration for complex geometries
is too difficult. Being time-consuming and requiring a great
deal of data interpolation are among other disadvantages of
this method [1,2].

The sliding mesh techniques were introduced for the first
time by Rai [3,4]. In this technique, two different parts of
the grid can slide on each other. Sliding mesh technique is
mostly used in Turbomachinery in which one of the grids is
related to the stator (fixed) and the other is related to the rotor
(moving). Two methods can be used in this technique; the
first one is based on the topological changes technology. The
second one is the General Grid Interface (GGI).

The first method can be time-consuming, as it needs to
re-organize the topology and the internal numbering of
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faces and cells at each time step. In GGI method, weighted
interpolation is used to evaluate and transmit flow values.
The GGI weighting factors are basically the percentage of
surface intersection between two overlapping faces. This
method needs a specific algorithm which results in many
issues in the process of simulation [5-7].

In the dynamic grid, displacements and changes of the
body are transferred to grid elements. One of these methods
is simulation of nodes connection with springs. In this
technique, it is supposed that the nodes are connected by
springs. After each change in the situation of the body, a
process of making the grid uniform is conducted by balancing
the force of the springs [8]. Spring factor can be the same
in the whole domain [9] or different in various zones. The
reason is decreasing deformations in the zones that nodes are
closer to each other [10,11]. In some of the research works,
torsion springs are used in order to prevent the interference
of elements [12,13]. Generally, using this technique in large
displacements can reduce grid quality and, in some cases,
grid regeneration is needed locally.

Other methods keep the elements which are close to body
unchanged. These types of methods are known as moving
zonal approach. In this method, a zone of elements near
the body displace along with the body itself. Therefore,
displacements are transferred to elements away from the body.
The elements which are farther away from the body surface
are larger in size. Hence, reduction of these elements’ quality
will take more time [14]. The selected technique for this zone
is different in various research works [15-17]. However, with
decreasing the quality of the elements, the need to generate
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a) / b)

Fig. 1. Cylindrical shell around a rotational body (oscillatory wing); a) 3D view; b) 2D view

the grid is felt.

The overset grid method is introduced for cases where
large displacements of the body occur. The most famous
method in this category is the chimera grid. Chimera grid
is made up of two grids: the main grid and the local grid.
The local grid, along with the body, moves on the main
grid. Transfer of information between local and main grids
is difficult. Therefore, it usually requires a structured grid
or at least a Cartesian unstructured grid. But recently,
unstructured grids are also used in the chimera grid method.
Repeated interpolations in this method reduce the accuracy
of solution [18-23].

Most of the current methods endeavor to fix grid
connections as much as possible. Reduction of the grid
quality and limitation of body movements are among the
drawbacks of these methods. Additional details and some
of the applications of the mentioned methods are presented
in references [24-28].

In the present study, the flexibility of grid has been
increased regarding the idea of change in the grid
connections. To this end, some of the grid elements
have been considered as a deformable shell. This shell is
modified simultaneously by the rotation or translation of
the body. In the moving-grid defined here, in addition to
the ability of modeling the large movements of the body,
the primary quality of elements is retained and there is no
need for transferring data between different parts of the
grid, regenerating the grid, deletion/insertion of nodes, and
repeated interpolations. As for a limitation of the defined
moving grid method, the incapability of modeling the
simultaneous motions of two bodies with a small distance
can be mentioned.

To validate and demonstrate the correct performance
of the 3 Dimensional (3D) moving-grid, several test
cases including rotational and translational motions have
been considered. Therefore, the 3D unsteady form of the
Euler equations is solved. An averaging method is used
for calculating the properties over each cell faces. Also,
numerical dissipative term using Jameson method is added
to the equations [29,30]. An implicit dual time method is
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used for time integration of equations [31-33].
The obtained results of several test cases are compared
with experimental or other numerical data.

2- Grid Configuration

Most of the current methods keep the mesh connections
stable in order to prevent configuration of the mesh from
disruption. But it reduces the quality of the mesh and limits
the movements of the body in the domain.

With the change in the mesh connections, a flexible
mesh with high performance can be obtained. But, making
change in the mesh connections without any clear planning
and order may lead to disruption and disorganization in the
mesh. Therefore, any change in the connections must be
made only in a limited number of the elements. The manner
of arrangement and the place of these elements are so vital for
having a clear order and obtaining a regular method.

The elements which are considered as for changing the
connections must form a closed ring so that the idea of
changing connections in a regular and permanent manner will
be applicable. The place of this closed ring must be chosen
with regard to the type of the body’s motions. Any kind of
the body’s movement can be divided into rotational and
translational motions.

2- 1- Rotational motions

In order to model the rotational motions of the body, a
cylindrical shell from the elements which are around the body
will be taken into consideration to change the connections.
Thus, the mesh is divided into 2 zones: the first zone consists
of the elements which are placed between the body and the
cylindrical shell. The second zone includes the elements
outside the ring to the outer boundaries of the domain.

In Fig. 1, the cylindrical shell around a rectangular wing
for a three-dimensional domain with outer cubical boundaries
is shown. In Fig. 2, the domain is shown completely along
with the elements in the first and second zones.

In order to model the rotational motions of the body, there
is a need for the elements of the first zone to rotate along with
the body while the elements of the second zone have to be
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Fig. 2. Unstructured grid along with cylindrical shell around the wing (before
rotation); a) Complete view of domain; b) Close up view

ZA?{

Fig. 3. The mesh after the wing rotation along with the elements between wing and

cylindrical shell (zone 1); a) Complete view of domain; b) Close up view

totally motionless. Therefore, the elements within the shell
get deformed (See Fig. 3).

This way, other elements of the mesh which are
outside the shell will not become deformed. As a result,
firstly, the quality of other elements which include most
of the mesh’s elements is retained. Secondly, the quality
of the elements that are close to the body’s surface is
maintained. These elements are of high importance due
to being small and the occurrence of flowing phenomena
in them. Thirdly, with the distinction of the deformed
elements there isn’t any need to control the quality of
all the elements or search to find the defective elements
and finally, geometrically desirable elements with more

lasting quality and higher deformation tolerance can be
used in this shell.

However, the capacity of these elements’ tolerance
for deformations is limited and therefore, it may cause
problem in the large rotations of the body. To offer a
solution for this problem, the idea of change in the
mesh’s connections can be used. Consequently, with
every node reaching its neighbor node in the cylindrical
shell, the mesh’s connections get modified (See Fig. 4).

If it is supposed that there are n nodes on each of
the borders around the cylindrical shell, after the 360/n
degree rotation of the body every node on the interior
border of the shell with the first zone will reach the
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Fig. 4. The mesh after the wing rotation along with the elements of zonel and changes in
connections of the cylindrical shell; a) Complete view of domain; b) Close up view

Fig. 5. Connections change process in the cylindrical shell (a) Before rotation; (b) After rotation
of zone 1; (c) After rotation when each node on the inner part reaches the previous position of its
neighbor node; (d) After rotation and change in nodes connection

position of its neighbor node prior to the rotation. In
this position, the previous connections are replaced with
the new connections in a way that each node connects
with the node facing it in the new position. Hence, the
deformations are controlled and the quality of elements
returns to its primary state. The process of changing
connections on one of the rings of the cylindrical shell
after the 360/n degree rotation of the body is shown in
Fig. 5.

Considering the size of the body’s rotation and the
repetition of this process, the high-degree rotation of the
body can be modeled without any concern for reduction
of the elements’ quality and disruption of the mesh’s
configuration (See Fig. 6).

It is worth mentioning that any geometric shape
can be used for the elements of the cylindrical shell.
However, regarding the existing geometrical symmetry
in the hexahedral elements which enhance the ability
to bear these deformations in this type of the element,
this geometric shape was used for the elements of the
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cylindrical shell. Of course, the process of changing
connections for this type of the element is applicable much
more easily. In equal conditions, with regard to the number
of nodes and the dimensions of the cylindrical shell,
employing hexahedral elements in the mesh lead to the
reduction of the number of elements in this shell. The
comparison between the number of required elements
for building the cylindrical shell using the hexahedral
elements and the wedge is illustrated in Fig. 7. As it
is demonstrated in the above-mentioned figure, the
number of required elements for the elements of the
wedge is twice as the number of hexahedral elements.
It is evident that this number will increase using the
pyramidal or tetrahedral elements.

In order to have more symmetrical elements and
making the form ofthe hexahedral elements of cylindrical
shell close to a cubical form, it is necessary to select
the number of elements with regard to the thickness
of the cylindrical shell. Thus, as the thickness of the
cylindrical shell decreases the number of the nodes and
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Fig. 6. The grid after 70°
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Fig. 8. The number of the elements for two different thicknesses
of the cylindrical shell
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Fig. 9. The cylindrical shell with two layers of elements; a) 3D view; b)
2D view

the elements on the shell have to be increased (See Fig.
8). To prevent disorder in changing the connections, it
is better to utilize a layer of elements for making the
cylindrical shell (See Fig. 9).

The type of the element which has been used for the
mesh of the zone 1 and 2 doesn’t affect the configuration
of the mesh and can be selected with regard to the
existing limitations of the problem at hand. Considering
the advantages of the unstructured method in the mesh
generation around the complex geometries and the more
distinctive features of the deformable shell in Figs. 2 to
4, pyramidal and tetrahedral elements have been used
in zone 1 and 2. Pyramidal elements have been applied
only in the vicinity of the cylindrical shell and the rest
of the zone 1 and 2 is covered with tetrahedral elements.

But in general, this method has been devised for the
rotation of a body around an axis. If the simultaneous
rotation of the body around several axes is considered, a
sphere has to be used instead of a cylinder.

2- 2- Translational motions

As for modeling the translational motions of the body,
two shells with elliptical sections should be employed.
The manner of placing these shells is shown in Fig. 10.
Accordingly, the mesh in the solution Domain is divided
into three zones. The first zone includes the elements in

zix\

Fig. 10. Two shells around a translational body (wing) in 3D view

the inner shell. The second zone consists of the elements
between the two shells and the body. The third zone
contains the elements between the outer shell and the
outer boundaries of the domain (See Fig. 11).
Simultaneous with the movement of the body, the
elements of the second zone move along with the body and
the elements of the first and the third zone remain stable. This
way, the elements within the two shells are deformed. In this
situation, with the regular changing of the connections, the
translational motions of the body can be modeled without
causing disruption in the configuration of the mesh. The
modeling of the translational motion using the rotating shells
is very much similar to the translation of the body on a specific
path on the conveyer which is used in the mines and factories.
The length of the shells is adjustable according to the
range of the translational motion which has been considered
for the body. Also, the distance between the two shells is
determined by taking the size and dimensions of the body
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Fig. 11. Two shells around a translational body (wing) in 2D view
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Fig. 12. The unstructured mesh along with the shells around translational wing (before
translational motion)

Fig. 13. The mesh after translational motion of the wing along with the elements of zone 2

into consideration.

Justlike the rotational movements, there isn’t any limitation
regarding the form of the elements. Therefore, regarding the
previously mentioned advantages of the hexahedral elements,
these types of the elements have been used in the shells. The
tetrahedral and pyramidal elements are used for the rest of the
mesh in the domain. The translational motion of an airfoil,
the deformations in the two shells as well as the changing of
these elements’ connections is illustrated two-dimensionally
in Figs. 12 to 14.

4- 1- Rotational and translational motions
In order to model the rotational and translational motions
of the body simultaneously, both of the previous positions

must be combined together. In other words, a cylindrical
shell around the body and two other shells in the direction of
the translational motions must be used (See Fig. 15). All the
points mentioned for the two previous states are also the same
for this state and therefore, will not be repeated again.

It is worth mentioning that by changing the form and
dimensions of the shells and using the idea of making change
in the connections, any kind of the body’s motion can be
modeled.

5- Solution Algorithm

The three dimensional unsteady compressible Euler
equations in the Cartesian coordinate system can be written
as
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Fig. 14. The mesh after the wing translation along with the elements of zone2 and changes in
connections of the shells
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Fig. 15. Three shells around a moving body (translational and rotational wing)
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where Q is the vector of state variables and F, G and H
denote the convective fluxes in the corresponding x, y and z
coordinate directions.

where P is the pressure, p is the density, y is the ratio
of specific heat, (u,v,w) are the three Cartesian velocity
components, and E is the total energy of the flow.

The Eq. (1) are augmented by the equation of state, which
for a perfect gas is given by
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For a control volume with volume V and surface S, Eq. (1)
can be rewritten in integral form as
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Fig. 16. Compariébn of the elements volume in the éylindrical shell 2D
view); a) Before rotation; b) After rotation

Sdiborr G+ T+ Thas=0 )

Appling Eq. (3) to each cell in the domain independently,
the spatial and time dependent terms are decoupled and a set
of Ordinary Differential Equation’s (ODE) is obtained in the
following form

j—t(QiV,- )+R, (Q)=0 )

That first term of above equation indicant change in
control-volume depend of time and R ‘Q) is the convective
fluxes of cell faces. Where V is the cell volume, considering
the fact that in rotational d1sp1acements the form of the
elements outside the shell is constant, these elements will
have no volume change in relation to time. Of course, no
volume changes occur in the shell in rotational displacements
due to the existence of symmetry (see Fig. 16).

Therefore, it can be concluded that the volume of all
elements is constant in relation to time and Eq. (6) can be
rewritten accordingly for rotational displacements:

Table 1. Turbine characteristics

Description Test 1 Test 2 Test 3
Mach number 0.5 0.85 1.2
Angle of attack 0 1 7
Chord length 1 1 1
Wing span 4 4 4
d
Vid_t(Qi)+Ri (Q):O )

where J, is the cell volume of each element, —(Q) indicant
change in control-volume depend of time fnd R(Q) is
the convective fluxes of cell faces.

With regard to the fact that the elements’ surface changes
in the state of translational motions, in general, Eq. (4) is
considered.

The properties over each cell faces are evaluated using an
averaging method. In this method added numerical dissipative
term to Eq. (4) with using Jameson method.

207,)+R,(©)-D, (©)=0 ©

A dual time stepping scheme was used to solve the
equations at each time step.
3- Numerical Result

The experimental and numerical results are compared and
presented in this part. A rectangular wing with NACA0012
airfoil is considered.

In the first phase, the flow was simulated around a
motionless wing. The conditions of flow are demonstrated in
Table 1.

Specifications of the three used meshes for the grid study
are shown in Table 2.

In Figs. 17 to 19, obtained results are compared with

Table 2. Mesh specifications

Mesh type Number of nodes ~ number of Number of nodes ~ Number of faces
elements on the airfoil on the outer
boundary
Coarse 52255 82760 100 41492
Middle 119550 190232 150 95228
Fine 208860 332936 200 166580
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Fig. 17. The NACA0012 airfoil in subsonic flow with M_ =0.5,0c=0" ; a) Comparison of the pressure
distribution; b) The pressure and velocity contours
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Fig. 18. The NACA0012 airfoil in transonic flow with M_ =0.85,,c=1"; a) Comparison of the pressure

distribution; b) The pressure and velocity contours
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Fig. 19. The NACA0012 airfoil in supersonic flow with M, =1.2,0c= 7

a) Comparison of the pressure

distribution; b) The pressure and velocity contours

Table 3. AGARD test case descriptions

Description Test 1 Test 2
AGARD number CTl1 CT5
Mean angle of attack (a,,) 2.89 0.016
Angle of attack variation (a) 2.41 2.51
Mach number 0.6 0.755
Reduced frequency (K.) 0.0808 0.0814

AGRAD-211 data. The results indicate that the grid
performed very well.

In the second phase, the oscillatory wing was studied. The
characteristics of the tests are summarized in Table 3. Results
shown in Fig. 20 confirm the accuracy and efficiency of this
method.

The comparison of grids specifications and computational
timings obtained from the presented method and two other
moving grid methods are demonstrated in Table 4 [34]. It is
seen that the number of elements as well as the computational
timing reduces in this method which is a very valuable
feature. This is due to eliminating the total and local mesh
regeneration, obviating the need for usual interpolations in
moving grids, obviating the need to use several series of local
and background grids and transferring information between
them, and obviating the need to calculate the surface of
elements in every time step.
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In the third phase, the unsteady flow around a wing with
NACA 0012 airfoil moving with the speed of Mach 0.5 in
stationary air was simulated. After the initial translation, the
flow domain around the moving wing should become steady
with respect to the wing. Pressure contours on the wing
surface at the middle of span after six chord translations are
presented in Fig. 21(a).

The C, distributions along the wing surface at the middle
of span from steady state and translational wing are compared
with each other in Fig. 21(b). It is seen that the agreement is
excellent.

The moving grid specifications of the spring method in
reference [33] are compared with those of the presented
method in Table 5. It is seen that although the capability of
the presented method for modeling the translational motion
is 100% higher than the capability of the spring method, the
dimensions of the domain and the number of nodes and
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Table 4. Comparison of grids specifications and computational timings for three
moving grid methods

Time
i Number of divided by iterations and
Grid type elements Y
number of elements
Overset 212937 4649 x 1074
Spring 97245 5.562 x 107*
Present 6030 1.100 x 107°
0.8 0.5
0.7 04 +
03
0.6
02
05 r 01
S 04 5§ o+t
03 | 01
® Experimental 02 )
02 r = Computatinal 03 L =—Computational
01 - 04 L ® Experimental
0 T T T T T -0.5
0 1 2 3 4 5 6 3 2 1 0 1 2
a a
Fig. 20. Comparison of normal force coefficient from computational with a) CT1 test case; b) CT5 test case
a) b) 1

w— \OViNg flow

0.6 —%— Moving airfoil

0 0.25 0.5 0.75 1

Chord

Fig. 21. a) Pressure contours after six chord translations; b) Comparison of pressure distribution from stationary wing with
moving flow and stationary air with moving wing
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Fig. 22. Computational model and mesh configuration, a) Complete view of domain, b) Close up view
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Table S. Comparison of grids specifications and capability of translational motions for two
moving grid methods

swngmetnd e o
Number of nodes 3500 2913 20
Number of elements 6850 2789 145.6
Surface of domain 1963.5* 4207 367.5
Size of translation} 6 12 100

*Circle with =50 Chord
T rectangular 28*15 Chord
$Chord

elements are smaller. Therefore, in the presented method,
fewer computations are needed and also the computational
timing takes a shorter period of time.

In the 4™ phase, the effect of rotor blades movement on
stator’s blade was investigated in turbomachinery. The
findings of this study were compared with those of reference
[35].Cross section of rotor blades is NACA0024 with a chord
length of 50 mm. The blade spacing of rotor is 0.1 m. A stator
blade in a real machine is represented by the flat plate where
its elliptic leading edge is located 40 mm downstream from
the trailing edge of the airfoils (Fig. 22). The free stream
velocity was set to 3.0 m/s for all experiments. The speed
of the rotor blades was selected 0, 2, 3 and 4 m/s . Fig. 23
shows the comparison between numerical results and the
experimental results for the boundary layer velocities on
stator plate. The validation shows a good agreement between
the implemented numerical model and experimental results.

4- Conclusion

In this study, cylindrical or elliptical shells from the grid
elements around the body are taken into consideration in order
to change the grid connections. These shells are modified
simultaneously by the rotation or translation of the body.

The results of the study revealed that large displacements
of the body can be simulated using the introduced method.
Moreover, the idea of regular manipulation of grid connections
avoids reduction of the grid quality. Simplicity of the method
and shorter Central Processing Unit (CPU) time are among
other advantages of this method. Using this method for
simulation of different moving bodies is suggested.
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the y direction

Z; velocity of control-volume boundary in

the z direction

angle of attack

ratio of specific heat

density

pseudo-time

angular frequency

R
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