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Abstract; A hybrid Cartesian structured grid method is proposed for solving moving boundary unsteady problems.
The near body region is discretized by using the body-fitted structured grids, while the remaining computational
domain is tessellated with the generated Cartesian grids. As the body moves, the structured grids move with the
body and the outer boundaries of inside grids are used to generate new holes in the outside adaptive Cartesian grid
to facilitate data communication. By using the alternating digital tree (ADT) algorithm, the computational time of
hole-cutting and identification of donor cells can be reduced significantly. A compressible solver for unsteady flow
problems is developed. A cell-centered, second-order accurate finite volume method is employed in spatial discreti-
zation and an implicit dual-time stepping low-upper symmetric Gauss-Seidel (LLU-SGS) approach is employed in
temporal discretization. Geometry-based adaptation is used during unsteady simulation time steps when boundary
moves and the flow solution is interpolated from the old Cartesian grids to the new one with inverse distance weigh-
ting interpolation formula. Both laminar and turbulent unsteady cases are tested to demonstrate the accuracy and
efficiency of the proposed method. Then, a 2-D store separation problem is simulated. The result shows that the
hybrid Cartesian grid method can handle the unsteady flow problems involving large-scale moving boundaries.
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0 Introduction

Computational fluid dynamics (CFD) for
steady flow has already become a practical engi-
neering tool for many different flow problems.
However, flows around most fluid machines and
living beings involve strong unsteadiness such as
flow over wings at large angle of attack, wind
turbine aerodynamics, store separation trajectory
prediction, and so on. Among the mentioned
complicated problems, accurate numerical simu-
lation has difficulties due to the strong unsteady
features caused by the large displacement or the
quick movement of the wall boundaries. Thus,
more efforts are required to improve the efficien-
cy, accuracy and applicability of CFD methods to
solve the unsteady flow problems involving mov-
ing boundaries.

Several common grid methods have already
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been developed for moving boundary problems:

grid remeshing, dynamic mesh"!,
mesh!?*,

needs to generate new grid cells during every time

overset

and so on. Grid remeshing method

step, which affects the simulation efficiency dra-
matically. Dynamic mesh method is simple and
easy to be implemented, but it may break down
when encountering large-scale movements. Over-
set Chimera grid method has been proved very
powerful for moving boundary problems. In fact,
the hybrid Cartesian grid method in the present
work belongs to the overset grid method. From
the work of Refs. [3-4], it seems that the most
appealing grid topology is a hybrid of Cartesian
and viscous layer grids. Following this sugges-
tion, here, a hybrid adaptive Cartesian/Quad grid
method is selected for unsteady flow simulation.
The near body region is discretized by using a

body-fitted structured grid, while the remaining
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computational domain is tessellated with genera-
ted Cartesian grids. The Cartesian grid is used for
unsteady problems because of the following three
reasons:

(1) Solution-based and geometry-based grid
adaptations are straightforward to be carried out;

(2) Tree-based data structure can make
searching operations efficient;

(3) Grid remeshing would be avoided and the
processes of refinement or coarsening of grid cells
are performed.

Frequent hole-cutting and donor-cell search-
ing process are necessary to facilitate communica-
tions between the structured meshes and the Car-
tesian meshes during the unsteady moving bound-
ary computations. After a few of time steps, new
holes are cut out of the geometry-based adaptive
Cartesian grids and new donor cells are identified.
Flow solution is interpolated from the old Carte-
sian grid to the new grid with inverse distance
weighting interpolation formula. By using the al-
ternating digital tree ( ADT) algorithm"', the
computational time of hole-cutting and identifica-
tion of donor cells could be reduced significantly.
Compared with other overset grid methods, the
overlapped region of the current method is the
least and "donor cell” is used to communicate two
different grids instead of common interpolated
methods. Based on the hybrid grid generation, a
compressible solver for unsteady flow problems is
developed. A cell-centered, second-order accurate
finite volume method is employed in spatial dis-
cretization while an implicit dual-time stepping
low-upper symmetric Gauss-Seidel (LU-SGS) ap-

proach is employed in temporal discretization™® .

1 Grid Generation
1.1 Cartesian grid generation

There are three steps employed to generate
the initial hybrid Cartesian grid:

Step 1  Generate a body-fitted structured
grid by using some commercial software such as
Pointwise, ICEM, and so on. The outer bounda-

ry is used as the initial interface.

Step 2 Generate the background Cartesian
grid to fill computational domain, refine the ini-
tial cells which are intersected with the interface
until the cell size is matched.

Step 3 Cut unnecessary Cartesian cells loca-
ted in the interface and the hybrid Cartesian/
Quad grid is built.

It should be noted that a cut-paste algo-
rithm™ is used in Step (3), and this algorithm
can also be used for multi-body overlapped grid.
When tackling multi-body problems, a precondi-
tioned step is needed to make gap between differ-
ent structured grids. Two examples are used here
to illustrate the basic grid generation algorithm.
A single airfoil case and a two-element airfoil case

are shown in Fig. 1.

T

Fig.1 Cases of hybrid Cartesian grid

1.2 Identification of donor-cell

Fig. 2 is used to describe the identified condi-
tion of donor-cell. For the face IJ presented on
the structured grid front, a donor-cell is identified
from the Cartesian grid block and it should satisfy
the next conditions® ; (1) A set of cells where
the unit vector along the line joining face mid-
point and cell centroid makes an angle « less than
the pre-defined value (30°—50°) with the unit
normal n to the face I] are identified. (2) From
this set, a cell centroid J which is closest to the
mid-point of face IJ is chosen.

Cell searching should be done frequently dur-
ing initial grid generation and donor-cell identifi-
cation. To accelerate these processes, the alter-

nating digital tree (ADT) algorithm is selected.
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Fig. 2 Identification of donor cells

It could be found in Ref. [ 5] for more details
about ADT.

2 Numerical Method

2.1 Finite volume method for dynamic grids

The  time-dependent Reynolds-averaged
Navier-Stokes equations for dynamic grids can be
expressed in the integral form as

J
It

anm +3§70<Fr —Wo, —F)dS=0 (1)
where W is the vector of conservative variables,
F. the inviscid vector, F, the viscous flux vector,
and v, the velocity of mesh. A uniform unstruc-
tured data based, cell-centered finite volume com-
pressible solver is developed. The numerical flux
is computed by using the advection upstream
splitting method + (AUSM—+) scheme, the so-
lution reconstruction procedure is used to obtain
second-order accuracy and the implicit LU-SGS
method including the dual time-stepping method
is used for the time integration to capture the un-
steady phenomena. The two-equation SST kw
turbulence model™ is implemented to handle tur-

bulent flows.

2.2 Inverse distance weighting interpolation for-

mula

During the unsteady simulation, after a few
time steps, the boundary moves to a new position
and new Cartesian grid cell appears. In this stud-
y, an inverse distance weighting interpolation is

used. In Fig. 3, the structured grid moves from

the red position to the blue position. The Carte-
sian cell I then is the new appeared one, and its
flow value could be interpolated by old Cartesian
cells a, b, ¢, d around itself with the following
equation

=3 10) (2 ) @

= T i—1 T

where m refers to a set of cells a, b, ¢, d and r is

the distance between two cells.
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Fig. 3 Identification of interpolated cells

3 Conservation and Grid Independ-
ence Study

Conservation property is one of the impor-
tant issues associated with overset grid method.
Inviscid subsonic flow past a 5 ¢ 3 ellipse in a
channel is presented to analyze the conservation of
current method. Solid wall boundary condition is
imposed on the lower and upper walls while sub-
sonic inlet and subsonic outlet boundary condi-
tions are imposed on the left and right walls. The
mass loss 5 between the inlet and outlet walls are
calculated to test the accuracy of this hybrid Car-
tesian grid method. Three different girds are test-
ed here. Fig. 4 shows the coarse grid which has
20X 160 structured meshes and 5 582 Cartesian
meshes with four mesh refinements. The num-
bers (n.) of the coarse, medium and fine grids are
all listed in Table 1. Fig. 5 gives how the mass
loss changes when the mesh number increases.
With the increase of mesh number, the mass loss
is decreased and the value of # could be less than

1.0X10 " with the medium grid. So, it is con-
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cluded that mass inflow into the computational
domain is almost the same as mass outflow, as-

suring the conservation property of current meth-

od.

Fig. 4 Coarse gird of flow past an ellipse in channel

Table 1 Numbers of three different hybrid grids

.. Structured Mesh Total
Grid . .
grid refinements number
Coarse grid 20 X160 4 8 782
Medium grid 302X 240 5 21 894
Fine grid 40 X320 6 40 314
4
3t
1
2
=
1k
0

0 1 2 3 4 5
n./ 10°

Fig.5 Estimate of mass loss 7

4 Results and Discussions
4.1 Laminar flow past a rotating cylinder

In the first case, the Mach number and
Reynolds number are Ma=0. 30 and Re=200, re-
spectively while the cylinder is rotating with o=
0.5 (the peripheral-to-translating-speed ratio,
a=w,D/Uy), i.e., the speed of the cylinder wall
is half the translation speed and w, the angular
speed. During the unsteady calculation, the body-
fitted structured gird moves with the rotating
wall while the outer Cartesian gird does not
change. Hole-cutting process is not needed and
only donor-cell identification is needed. In the re-

gion of wake development, the Cartesian gird has

been refined and mesh details are shown in Fig. 6,
including 9 000 body-fitted structured grid cells
and 18 768 Cartesian grid cells.

Fig. 6 Initial mesh details around cylinder

The computational results of wake develop-
ment behind an impulsively started translating
and rotating circular cylinder are compared with
experimental results by Madeleine and Chris-

[10]

tian Wake streamlines at four different nor-

malized times, T=1.0, T=2.5, T=4.0, T=
5.5, are presented in Fig. 7 and good agreement
can be found between the present result and the
experimental result. Then the evolution of U/U,
along the flow axis X at different times is exam-
ined. From Fig. 8, it shows that our results agree
well with the experiment results at time T=1.0,
1.5, 2.0, 3.0.

4.2 Turbulent flow over oscillating NACA0012

airfoil

The case of turbulent flow over oscillating
NACAO0012 airfoil is a viscous turbulent flow
problem. The flow parameters are Ma=0. 60 and
Re=4. 8 X 10°. The airfoil oscillates along the
following expression: a = a, 1+ a¢sin(wt), here,
an= 4. 86°, ao = 2. 44°, and k= wc/RU.)=
0.081. The axis of the motion is located on
0. 25¢. The unsteady computation starts from the
converged steady result. The initial mesh con-
tains 12 600 structured cells and 2 818 Cartesian
cells. With the motion of body-fitted grid, the
hole-cutting and donor-cell searching processes
are needed at every time step. Then 180 time
steps are used for each cycle to capture the un-
steady features. Fig. 9 displays the computed

Mash number contours when o« =6. 97° increases
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Fig. 7 Computed streamlines and experimental results at

different time during wake development

t=1.0 (Present)
t=1.5 (Present)
t=2.0 (Present)

t=3.0 (Present)

=1.0 (Experiment)
t=1.5 (Experiment)
=2.0 (Experiment)
=3.0 (Experiment)

Fig. 8 Evolution of U/U, along the flow

axis x at t=1.0, 1.5, 2.0, 3.0

and ¢=2. 43° decreases. In Fig. 10, the pressure
coefficient (C,) distributions along the airfoil sur-
face at four typical angles of attack are displayed.
Fig. 11 shows the time history of the lift coeffi-
cient. Both results show good agreement with the

experimental results''"/,

-05 00 05 1.0 15
.
(a) @=6.97° increasing

-0.5 00 0. w s

(b) ¢ =2.43° decreasing

Fig. 9 Mach number contours when ¢«=6. 97°

increases and a=2. 43° decreases

4.3 Prediction of 2-D store separation problem

The last case considers the prediction of a
2-D store separation problem. The fluid dynamics
and rigid-body dynamics equations are coupled
here to simulate the {ree fall of the 2-D store after
separation from a wing section. In Ref.[12], the
non-dimensional moment of inertia I equals to
2.45 and the non-dimensional mass m equals to
63.206. To compare the results, both geometry
size and flow parameters keep the same with this
reference, Ma=0. 60, a=0. 0 and the governing
equations being the Euler equations. Initial mesh
details are shown in Fig. 12, in our initial time
step, there contains 4 500 structured cells around
the NACA64A010 wing section, 4 500 structured
cells around the store and 16 989 outside Carte-
sian grids. We start the fall simulation after 5 000
steady calculations and set unsteady time step
At=0. 05. Fig. 13 displays the pressure contours
when t=0. 0 and 1=3. 0. Fig. 14 shows the time
history of aerodynamic coefficients C(lift: C,,
drag: Cp,, moment: Cy) and we compare them

with the results of Ref. [12]. Good agreement
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C, distributions along airfoil surface at

four typical angles of attack

shows that our method can predict the 2-D store
separation accurately.

Next, we change the values of m and I (m=

1.0
0.9
0.8
0.7
0.6
0.5 Present method

Experiment
0.4

03 L 1 1 1
20 30 40 50 60 7.0 80

Angle of attack

Fig. 11 Time history of lift coefficient

Initial mesh details

Fig. 13 Pressure contours at 1=0.0 and t=3. 0 during

store separation (m=06

189. 618, I=49.0) and keep other conditions the
same. In this condition, simulation starts from

5 000 steady steps and ends until /=30. From the
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Fig. 14 Time history of aerodynamic coefficients

following three different pressure contours (1=0,
t=15, t=30) in Fig. 15, it can be found that
large-scale movement appeared and the proposed

method keeps effective under this condition.

Fig. 15 Pressure contours at t=0, 15, 30 during

store separation (m=189. 618, I=49.0)

5 Conclusions

From 2-D cases for both laminar and turbu-
lent unsteady flow simulations, as well as the
simulation of 2-D store separation problem, the
computational results show good agreement with
the experimental data or results from other refer-
ences. The accuracy of the present hybrid Carte-
sian grid method and the ability of handing large-
scale moving boundary problems are both demon-
strated. For the future work, we try to extend
the proposed method to 3-D unsteady flow prob-
lems, such as wind turbine aerodynamics, heli-

copter rotor problems, and so on.
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