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ABSTRACT

We discuss the stabilized finite element computation of unsteady in-
compressible flows, with emphasis on the space-time formulations, it-
erative solution techniques and implementations on the massively par-
allel architectures such as the Connection Machines. The stabilization
technique employed in this paper is the Galerkin/least-squares (GLS)
The Deformable-Spatial-Domain/Stabilized-Space-Time
1DSD/SST) formulation was developed for computation of unsteady
viscous incompressible flows which involve moving boundaries and in-
terfaces. In this approach, the stabilized finite element formulations
of the governing equations are written over the space-time domain
of the problem. and therefore the deformation of the spatial domain
with respect to time is taken into account automatically. This ap-
proach gives us the capability to solve a large class of problems with

method.

free surfaces, moving interfaces, and fluid-structure and fluid-particle
interactions. In the DSD/SST approach the frequency of remeshing
is minimized to minimize the projection errors involved in remeshing
and also to increase the parallelization potential of the computations.
We present a new mesh moving scheme that minimizes the need for
remeshing: in this scheme the motion of the mesh is governed by the
modified equations of linear homogeneous elasticity. The implicit equa-
tion systems arising from the finite element discretizations are solved
iteratively by using the GMRES search technique with the clustered
element-by-element, diagonal and nodal-block-diagonal precondition-
ers. Formulations with diagonal and nodal-block-diagonal precondi-
tioners have been implemented on the Connection Machines CM-200
and CM-5. We aiso describe a new mixed preconditioning method we
developed recently, and discuss the exteusion of this method to totally
unstructured meshes. This mixed preconditioning method is similar,
in philosophy, to multi-grid methods, but does not need any intermedi-
ate grid levels, and therefore is applicable to unstructured meshes and
is simple to implement. The application problems considered include
various free-surface flows and sirmple fluid-structure interaction prob-
lems such as vortex-induced oscillations of a cylinder and flow past a
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pitching airfoil.

1. INTRODUCTION

In this paper, we focus on finite element computation of unsteady in-
compressible flows governed by the Navier-Stokes equations. Although
a great majority of the computations we report in this paper are based
on the velocity-pressure formulation of the Navier-Stokes cquations, we
also report some Newtonian flow computations based on the velocity-
pressure-stress formulation. It is of course not necessary for Newto-
nian flow computations to be based on the velocity-pressure-stress for-
mulation; however, we consider these computations to be prelude to
non-Newtonian flow computations, which would necessitate the stress
tensor to be treated as a separate unknown.

Finite element computations based on the standard Galerkin for-
mulation of incompressible flows can involve numerical instabilities due
to the presence of advection terms in the governing equations, and due
to using inappropriate combinations of interpolation functions to rep-
resent the velocity, pressure and stress fields. To stabilize the computa
tions, in this paper, we use the Galerkin/least-squares (GLS) formula-
tion [1]-[6]. This formulation is cousistent in the sense that an exact so-
lution still satisfies the stabilized formulation. Consequently, potential
numerical oscillations are prevented without introducing excessive nu-
merical diffusion (i.e., without “over-stabilizing” ) and therefore without
compromising the accuracy of the solution. For unsteady flow computa-
tions based on the velocity-pressure formulation, the GLS formulation
is implemented in a strict way by using a space-time finite clement ap-
proach [3]-{5]. For computations based on the velocity-pressure-stress
formulation, on the other hand. to avoid the high cost associated with
the space-time technique, we implement the GLS formulation in a less
strict way [7]. We achieve this by time-discretizing the time derivative
of the weighting functions before the spatial discretization: this saves
us from being forced into a space-time formulation.

A major challenge in computational fluid dvnamics is how to handle
moving boundaries and interfaces. such as free-surface flows, two-liquid
flows. fluid-particle and fluid-structure interactious. In the DSD/SST
(Deforming-Spatial-Domain/Stabilized-Space-Time) procedure [3]-[3].
the GLS-stabilized formulation of the problem is written over the as-
sociated space-time domain. In this way, we automatically take into
account the deformation of the spatial domain and also protect the




computations against numerical oscillations. The finite element inter-
polation functions are piecewise linear but discontinuous in time so that
the fully discrete equations are solved one space-time slab at a time.
In the DSD/SST approach, there is substantial freedom in the way we
can move the mesh. We only need to remesh when it becomes neces-
sary to do so to prevent unacceptable degrees of mesh distortion. By
minimizing the frequency of remeshing, we can minimize the projec-
tion errors associated with remeshing, and increase the parallelization
potential of the computations {7]. In this paper, we also employ a new
mesh moving scheme that minimizes the need for remeshing. In this
scheme the motion of the mesh is governed by the modified equations
of linear homogeneous elasticity. The modification is achieved by drop-
ping, in the computation of the stiffness matrix. the Jacobian of the
transformation from the element domain to the physical domain. This
is equivalent to introducing variable material properties to the equa-
tions of elasticity, with smaller elements having higher rigidity than
the larger ones. This way smaller elements deform less, and the larger
ones, by deforming more. take more responsibility in mesh motion by
deformation. A similar mesh moving scheme can be found in [8].

To solve the large implicit equation systems resulting from the finite
element discretization of realistic problems. especially those formulated
in space-time and 31 domains. we use soplisticated preconditioning
methods and massively parallel algorithms. In the CEBE (clustered
element-by-element) preconditioning [9]-[10] the elements are merged
into clusters of elements, and the preconditioners are constructed as
series products of cluster level matrices. We attached our CEBE based
iterative solver to all our finite eletent codes. in such a way that this
solver is called just as easily and transparently as one calls a direct
solver. Tn the ('C' (cJuster companion) preconditioning [11] we first
start with a “primary” wmesh with different levels of clustering. Tor
cach level of clustering in this primary mesh. we define a “companion”™
mesh, such that each cluster of the primary mesh forms an element of

the companion mesh. We define a C'C' preconditioner based on each
companion mesh, such that there is a C'C' preconditioner associated
with each CEBE preconditioner based on a certain level of clustering.
This way, for ecach level of clustering, we obtain a CC preconditioner
which we expect to have more inter-cluster coupling information than
the associated CEBE precounditioner has. Conversely, the CEBE pre-
conditioner can be expected to have more intra-cluster coupling infor-
mation than the associated CC preconditioner has.

The idea behind the mixed CEBE/CC preconditioning {11] is that
the CEBE and CC preconditioners complement each other, and there-
fore when they are mixed together they will result in better convergence
rates. The mixing is currently implemented by using these two precon-
ditioners alternately at each inner iteration of the GMRES method.
The CEBE/CC preconditioning can be viewed as a multi-grid method
without the intermediate grid levels. The preliminary results (see [11])
are quite promising. Qur numerical tests, for 21> and 31 problems gov-
erned by the Poisson equation, demonstrate that the mixed CEBE/CC
preconditioning results in convergence rates which are significantly bet-
ter than the convergence rates obtained with the best of the CEBL and
CC preconditioning methods. The details of the CEBE/CC method
can be found in [11]; here we briefly describe the CEBE/CC strat-
egy for totally unstructured meshes. Figure 1 shows two hypothetical
meshes superimposed on each other: a fine primary mesh and a coarse
mesh, both totally unstructured and arbitrary. In this case the clus-
tering is achieved by distributing the elements of the fine mesh among
the elements of the coarse mesh. Figure 1 also shows how a cluster
of elements (marked in this figure with shaded areas) forms, in an ap-
proximate sense. an clement of the coarse (companion) mesh.

In an effort to solve our large-scale problems by massively parallel
computing, we have implemented almost all of our finite clement for-
mulations on the Connection Machines (CAM-200 and CM-5) (see [7]).
These initial implementations are based on the GMRES search tech-

nique and the diagonal and nodal-block-diagonal preconditioning meth-
ods. The next step will be the implementations based on the CEBE
preconditioning and eventually the mixed CEBE/CC preconditioning.
It is our belief that the mixed CEBE/CC preconditioning technique
will be more easily parallelizable than the multi-grid methods.

We present several numerical examples, including those involving
the dynamics of liquid drops and other free-surface flows. and flows
past oscillating airfoils.

2. SPACE-TIME VELOCITY-PRESSURE
FORMULATION

Consider a viscous, incompressible fluid occupying at an instant ¢ €
(0,7) a bounded region ; C F™«4. with boundary I'y. where ng, is the
number of space dimenstons. The velocity and pressure. u(x./) and
p(x,1), are governed by the Navier-Stokes equations:

du
p(7+u-Vu—f>—V-o‘ =0 on Q, Vte{0. 7). (1)
0
V-u =90 on 2 Vte (0,17), (2)
where p is the fluid density. The general body force f(x.1) can, e.g.,
represent the gravity. For a fluid with viscosity g, the stress tensor o
can be decomposed into the isotropic and deviatoric parts:
o=-pl+ T,

T = 2ue(u)., £(u) (Vu+(le)]>. (3)

I

2
Both the Dirichlet- and Neumann-type boundary conditions are taken
into account, represented as

u =g on (Lyy,. (1)
n-g =h on (I'; ). (3)
where (1), and (1';)4 are complementary subsets of the boundary T}.
The initial condition consists of a specified divergence-free velocity field:

u(x,0)=up on Qq. (6)

In order to construct the finite element function spaces for the
space-time method, we partition the time interval (0,7 into subin-
tervals I, = ({n,tneq ), where ¢, and 1,4, belong to an ordered series
of time levels 0 = tg < t; <+ <ty =T. Let ,, =Q;, and I, = [(,.
We will define the space-time slab @, as the domain enclosed by the
surfaces Q. Qny1, and P, where P, is the surface described by the
boundary Ty as t traverses [,. As it is the case with Ty surface P,
can be decomposed into (P,), and (FP,), with respect to the type of
boundary condition (Dirichlet or Neumann) being applied. Tor each
space-time slab, we define the following finite element interpolation
function spaces for the velocity and pressure:

(Sl = {ut e Q] Tt =g on (2)) (D)
Vi = {uh |u € {H”’(Qu)}”:d.uh =0 on (Pn)y}. (R)

(S8 = W= {0t 1t e Q- (9)
Over the element domain. the interpolation is constructed by using
first-order polynomials in space and, depending on our choice. zeroth-
or first-order polynomials in time. Globally, the interpolation func-
tions are continuous in space but discontinuous in time. Iowever, for
two-liquid flows, the solution and variational function spaces for pres-
sure should include the functions which are discontinuous across the
interface.

The stabilized space-time formulation for deforming domains can
be written as follows: given (u“);. find u* € (‘Slhl)’l and pt € (Sl/})n
such that Yw’ € (Vi),.. Yot € (V;f)“:

.. 0 .
/ wh.p % +u" . Vu' - f> dQ + e(w'y :a(ph u)dQ
JQn S




+ / PV udQ + / (whit
Q” Q?l
+ Z / { (—-—+u th>—V~a‘(qh,wh)]

[ (t?()—t+u)‘ Yu' —f) - V-o(p",

(netdn

+ Z/ 6V - wh pV  uhdQ = / wh R p, (10)

p((utyf = (ut)7) ag

uh)} dQ

where
(uh) llm u(t, +¢). (11)

The solution to (10} is obtained sequentially for all the space-time slabs
Q1.Q2,...,QN_1. The computations start with

h G
{u )(T = ugp. (12}
Remarks
the first three terms
of the left hand side. together with the right hand side. constitute
the standard Galerkin formulation of the problem. The fourth

integral enforces, in a weak sense, the continuity of the velocity
in time.

L. In the variational formulation given by (10).

2. The fifth term in (10) is a least-squares addition to the formula-
tion, and this term provides the necessary stability for advection-
dominated flows in the presence of sharp boundary layers. The
same term stabilizes the method against nmumerical oscillations
which arise from certain combinations of interpolations for veloc-
ity and pressure. including the equal-order bilinear interpolation
used in the current computations. See [3] for definition of the
stabilization coefficient 7.

30 At high Reynolds numbers, the stability is improved by incor-
porating the sixth term into formulation (10): this is the least-
squares term for the continuity equation. The coeflicient & is

defined in [5].

3. VELOCITY-PRESSURE-STRESS FORMULATION

The physical problem under consideration is the same as the one de-
fined by equations (1)-(6), i.e.. Navier-Stokes equations for flows of
incompressible Newtonian fluid. However. the ngg(nsg+1)/2 indepen-
dent components of the deviatoric stress tensor T are treated as addi-
tional unknowns, and equation (3), enters the variational formulation
The case of deforming domains is not covered here, so the
The interpolation

directly.
subscripts denoting domain time level are dropped.
function spaces for the velocity, pressure and deviatoric stress tensor
are given as:

Sio= {u'pate )] =g on b )
W= {utidh e o] e =0 ot b ()
sto= vi={ e i} (15)
Sk = Vh= {Th | T e [11”1(9)}""“”“““W}. (16)

The velocity-pressure-stress formulation given here is an extension
of Method II described in [6] to time-dependent problems, and can be
written as follows: find u* ¢ S%, pt ¢ S: and T* ¢ Sff such that
vwh e Vh v ¢ V;f and vS* € VA4
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Remarks

4. Aside from stabilization terms described in Section 2, the formu-
lation given by (17) includes a least-squares form of the constitu-
tive equation (3). Consequently, this formulation can be applied
in conjunction with arbitrary combinations of interpolation func-
tions for all variables, including presently employed equal-order
bilinear combination.

5. Definitions of the coefficients 7, & and a, as well as stability proof
and error analysis for the steady-state case are given in [6].

6. In the computations that follow, formulation {17} has been dis-
cretized in time with the Crank-Nicholson scheme. The use of
discontinuous Galerkin discretization (space-time method) is also

planned.

The time derivative of the velocity weighting function represents

the variation of the time derivative of the velocity itself. For
example, i the case of space-time method. this term is the true
time derivative of the weighting function. On the other hand, in
the case of Euler-type time discretization with time step At. the
term Ju’ /0t is replaced by (u” 1 —ul)/At. with ul known, and
thus the variation term becomes w? /At

4. NUMERICAL EXAMPLES

Viscous drop fulling in a viscous fluid

In this axisymmetric simulation. gravity is applied to two different
fluids which causes the heavier fluid (drop) to fall and deforin until ter-
minal velocity and shape are reached. Surface tension is accounted for.
At terminal velocity, the Reynolds number is 105, the Weber number
is 5.51, and the drag coefficient is 1.61. Shown in Figure 2 is the drop
at 5 equally spaced instants throughout the simulation. Also shown
is an iso-surface of the vorticity and two iso-surfaces of the stream
function. The finite element mesh cousist of X,151 nodes and 7.865 el-
The simulation was performed on a (M-5
each non-linear iteration within each time step, approximately 48,000
equations are solved simultaneously using the GMRES technique with
a diagonal preconditioner.

ements. supercomputer. At

To follow the motion of the drop as it falls,
the entire finite element mesh translates together with the drop so that
the center of gravity of the drop stays at the same location relative to
the mesh.

A new mesh moving scheme is used to deform the mesh as the drop
changes its shape. In this mesh moving scheme, a linear, elastostatics
problem is solved whenever the mesh from the previous time step or it-
eration needs to be deformed into a new one. The boundary conditions
for this elastostatics problem are used to define the new, desired shape




of the domain. and then the interior nodes get distributed accordingly.
The equation being solved is

mo_ . o
of; =0 In Q, (18)
with o™ defined as
U;]n = ('zjkffz’ll‘ (l())
where ;5 ave the fictitious Hookean elastic coefficients, and €™ de-
J
fined as , "
A
m ] 7t ‘
el = L, (20)
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where v denotes displacements of the nodes. To better preserve the
structure of the original mesh in the high resolution regions. the smaller
elements are made stiffer than the larger ones. The modification is
achieved by dropping. in the computation of the stiffness matrix, the
Jacobian of the transformation from the element domain to the physical
domain. By doing so. the smaller elements become stiffer than the
larger ones; and thus, retain their shapes better. In this problem, we
control the distribution of the nodes at the interface to have equal
spacing throughout time.

Vortex interaction wilth a free surface

In this free surface problem (see Figure 3), surface deformations
are gencrated by a pair of vortices approaching the surface from be-
low. The vortices create large surface deformations. and eventually the
generated wave breaks. The problem was solved with 7.802 elements
and 8.016 nodes. The -17.570 field equations and 15437 mesh move-
ments egquations were solved on CA-5 using a GMRES techuique with
a diagonal preconditioner. The results we report here are preliminary
and were obtained with no remeshing at all. However, it is quite clear
that this is a problem in which we will need some remeshing once in a
while. In fact, due to unacceptable level of mesh distortions, after the
last frame in Figure 3. the simulation becomes unreliable. In future

simulations, remeshing will be used to generate a new mesh when the
current mesh gets too distorted.

Fountain

The space-time formulation is applied here to solve a problem in-
volving dramatic deformation of the initial domain. A flow from a
fountain is simulated by prescribing a unit vertical velocity at the lower
(inflow) boundary of an initially rectanguiar 1.0 x 2.0 domain. Vertical
slip condition is imposed at the side walls of the initial domain, while
the topmost (outflow) boundary is left free. As the fluid enters the
domain, it overflows the slip walls and falls down under the influence
of unit gravity. The fluid is assumed to be inviscid, and the time step is
taken as 0.05. Three finite element meshes and pressure fields from this
simulation are shown in Figure 4. In this case. a new mesh is generated
automatically cvery time the domain is deformed. and the solution is
projected from the old mesh to the new one. The number of elements
grows from the initial 614 10 2,126 at { = 6.0.

Sprinkler

Similarly to the preceding example. the space-time formulation is
used here to simulate flow from a sprinkler-like configuration. A short
vertical pipe 2.0 units long and 1.0 unit wide is located 0.5 units above
a perpendicular plate blocking the flow of fluid from the pipe. The fluid
enters at the upper end of the pipe with unit downward velocity. The
vertical pipe walls, as well as the blocking plate. are assumed to permit
slip along the surface. The fluid flows around the plate and proceeds
downward under the influence of a unit gravity force. The viscosity
of the fluid is 0.001. while the time step is taken as 0.01. In this
problem the surface tension coefficient at the fluid interface is 0.001.
Three finite element meshes and pressure fields are shown in Figure 5.
As in the preceding problem. large deformation of the domain justifies
regeneration of the finite element mesh at every time step. The clement
count increases from 780 to 1.840 at { = 4.0.
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Flow past an oscillating airfoil at Reynolds nuinber 1,000

Flow at Reynolds number 1,000 is forced past a NACA 0012 air-
foil which is oscillating with a non-dimensional frequency of 1.0. The
airfoil oscillates between angles of attack of 10 and 30 degrees. Shown
in Figure 6 is the vorticity at various instances during the simulation.
The simulation was performed on a C"M-5 supercomputer. At each
non-linear iteration within each time step, roughly 39,000 equations
are solved simultaneously using the GMRES techuique with a diagonal
preconditioner. The movement of the airfoil is facilitated by deforma-
tions in the space-time domain; and thus, no remeshing was needed.
The finite element mesh, which consists of 6.609 nodes and 6,460 ele-
ments, can be seen in Figure 7, at 10° and 30° angle of attack.

Vortez-induced vibrations of a cylinder in vertical direction

This problem represents a simple model of fluid-structure interac-
tion. A cylinder mounted on lightly damped springs is allowed to move
in the vertical direction in response to the fluid forces acting on it.
The motion of the cylinder alters the vortex shedding mechanism of
the cylinder significantly and leads to several interesting physical phe-
nomena. A detailed numerical investigation of such an oscillator can
be found in [5]. The motion of the cylinder is governed by the following
equation: ,

%% + 2”'”“\0('7)1 +(TF)Y = (\;

Here Y represents the normalized vertical displacement of the cylin-

21)

der. The displacement and the velocity of the cylinder are normal-
ized by its radius and the free-stream velocity respectively. M is the
non-dimensional mass/unit length of the cylinder. ¢ is the structural
damping coeflicient associated with the system.and €7 denotes the lift
coefficient for the cvlinder. F, is the reduced natural frequency of the

spring-mass system and is defined as:

2fna
T
where «a is the radius of the cylinder, {7
and f, is the actual natural frequency of the system. In this problem.
F, =66/Re. M =472.74and ( = 3.3 % 107, Results are presented for
two different Reynolds numbers — 324 and 300. For both «:
unsteady flow past a fixed cylinder at the respective Reyuolds numbers

b=

(22)

is the free stream velocity

ses. the

is used as the initial condition. The time step for the computations is
1.0. The finite element mesh consists of 4,209 nodes and 4.060 elements.
At each time step approximately 25.000 equations are solved using the
GMRES technique. In both cases, as a result of the cylinder vibrations,
the drag and the torque acting ou the cylinder increase substantially
while there is a decrease in the amplitude of the lift acting on the
cylinder.

Reynolds number 324

For Reynolds number 324 the reduced natural frequency of the
spring-mass system and the Strouhal number for flow past a fixed
cylinder have very close values. As soon as the cylinder is released
it starts oscillating with an amplitude that increases with time. Even-
tually, a temporally periodic solution is obtained. Figure X shows the
time histories of the drag and lift coefficients and the normalized ver-
tical displacement of the cylinder for the periodic solution. Figure 9
shows a sequence of frames displaving the vorticity field during one
period of the cylinder motion. The first and Tast frames correspond.
respectively, to the lower and upper extreme positions of the cvlin-
der while the middle frame corresponds to the mean cylinder location.
The vortices in the wake of the oscillating cylinder have a larger lat-
eral dimension compared to those in the wake of a fixed cylinder. The

solution was computed on CRAY-XMP-EA. The lincar equation svs-

tem resulting from the finite element discretizations is solved using the




GMRES method in conjunction with CEBE preconditioner [10]. An
average cluster size of 23 elements and a Krylov space of dimension 25

was used for the computations.
Reynolds number 300

At Reynolds number 300 the reduced natural frequency of the
spring-mass system is larger than the Strouhal number for flow past
a fixed cylinder. Initially, the oscillator exhibits the phenomenon of
beats. At a later time, the vortex shedding frequency of the cylinder
locks on to the natural frequency of the spring-mass system. Finally
the cylinder reaches a periodic oscillation amplitude of approximately
one radius. Figure 10 shows the time histories of the drag and lift coef-
ficients and the normalized vertical displacement of the cylinder wheun
it reaches a temporally periodic state. Figure 11 shows a sequence of
frames displaying the vorticity field during one period of the cylinder
motion. The first and last frames correspond. respectively, to the lower
and upper extreme positions of the cylinder while the middle frame cor-
responds to the mean cylinder location. In this case. the longitudinal
spacing between the vortices in the wake of the cyvlinder is smaller than
that for a fixed cvlinder. This arrangement of vortices appears to be
unstable and therefore the vortices coalesce downstream. These com-
putations were carried out on CM-5. The tinecar equation system is
solved using GMRES in conjunction with a diagonal precouditioner.
The dimension of the Kryvlov space used is 30.

Flow past a stationary NACA 0012 airfoil at Reynolds number 100,000

Unsteady laminar solution is computed for fiow past a stationary
NACA 0012 airfoil at 10° angle of attack. The Reynolds number. based
on the chord length of the airfoil and the free-stream velocity, is 100.000.
The finite element mesh emploved for this simulation counsists of 26.900
The airfoil of unit
leneth is located at (0.0). The compuiational domain lies In a rectan-

nodes and 26.600 quadrilateral clements. chord

antar hox whose bottom left and top right coordinates are (-6.-6) and
respectively. The time step is 0.002. A uniform inflow velocity
LU s specified at the left boundary. The right boundary is an out-

206
(V!-
flow bonndary. and traction-free condition is applied there. Symmetry
conditions at the lower and upper boundaries and the no-slip condition
at the airfoil surface are specified. At each time step approximately
160.000 equations are solved using the GMRLES method in conjunction
with a diagonal preconditioner. The dimension of the Krylov vector
space employed is 50. These computations were carried out on CM-5.

Figure 12 shows. respectively, a sequence of frames displaying the
vorticity field and streamn function at five different instants. From these
pictures, it can be observed that the flow on the upper surface of the
airfoil separates very close to the leading edge. Our computations do
not reveal any apparent periodicity in the shedding of the vortex struc-
tures. This fact also manifests itsell in the time histories of the lift and
drag coefficients on the airfoil which are shown in Figure 13. We do
realize that. in reality. flows at such high Reynolds numbers are turbu-
lent. Our goal lere is to demonstrate that our formulations are robust
enough to handle numerical challenges posed by such high Reynolds
nmumber flows.

Flow past a freely falling NACA 0012 airfoil

This simulation involves a NACA 0012 airfoil falling under the ac-
tion of gravity and fluid forces. The airfoil is assumed to be made of a
material with density of 50. The density of the surrounding fluid is 1.
Based on the density and the shape of the airfoil its mass and polar mo-
ment of inertia are, respectively, -1.068 and 0.22.1. The center of gravity
of the airfoil lies at 0.417 chord lengths from the leading edge. The air-
foil of unit chord length is initially located at (0,0}. The computational
domain lies in a rectangular box whose bottom left and top right coor-
dinates are (-10,-10) and (20.10), respectively. The gravitational force,
of maguitude 1.0, acts in the negative x-direction. The finite element
mesh employed for this simulation consists of 8,446 nodes and 8,304

1A

elements. Zero velocity is specified at the left and the top boundaries.
At the lower boundary. second component {the component normal to
the lower boundary) of velocity is specified a zero value, while the other
component is free. Traction free boundary conditions are specified at
the right boundary. The viscosity of the fluid is 0.01. The time step is
0.025.

At 1 = 0, the airfoil is relcased from rest at a 10° angle from the
line of gravity. Figure 14 shows the time histories of the forces, ve-
locities and the displacements associated with the airfoil. The pitch
rate and the displacement are in degrees/unit time and degrees, re-
spectively; the linear velocities and displacements are reported for the
mid-chord point of the airfoil. We observe from the figure that the
airfoil reaches a temporally periodic solution. In addition to having
a linear velocity, there is a superimposed pitching nmiotion. Figure 15
shows a sequence of frames of the vorticity field at various instants
during one pitch cycle of the airfoil. The frames in the left column
show the global vorticity fields; the close-ups around the airfoil are dis-
played in the right column. In our computations. we move the mesh
with the velocity of the mid-chord point of the airfoil. The pitching
motion of the airfoil is accommodated by moving the nodes according
to a scheme described in [5]. Tt should be noted that this problem in-
volves very large displacements of the airfoil; despite that, we are able
to carry out the computations without remeshing. These results were
computed on CM-5.

Flow past « “projectile”

The

projectile is modeled by a two dimensional. missile-like object. The

In this problem we simulate the dynamics of a “projectile”,

nose section of the projectile. one-fiftli of the chord. is a half ellipse.
The remaining part of the object s a rectangle with rounded off corners.
The maximum thickness of the projectile is 12 percent of the chord.
The finite element mesh used for this problem is very similar to the one
in the previous problem. The density of the nose is 1.000 while that
of the rest of the object is 50, The density of the surronnding fluid
is 1. The mass aud polar moment of inertia are, respectively, 23.6.1
and 1.23. The center of gravity of the projectile lies at 0.21 chord
lengths from the leading edge. The gravity force. of magnitude 0.005.
acts in the negative y direction. Zero velocity is specified at the left
houndary. At the lower and upper boundaries second component (the
component normal to the boundary) of velocity is specified a zero value.
Traction free boundary conditions are specified at the right boundary.
The viscosity of the fluid is 0.001. The time step used is 0.025.

The initial condition for this simulation is the unsteady solution for
flow past the projectile which is being towed at a 10° angle of attack
in the negative o direction at a speed of 1.0. Then the projectile is re-
leased. Figure 16 shows the time histories of the forces. velocities and
the displacements of the projectile. The pitch rate and displacement
are in degrees/unit time and degrees, respectively; the lincar velocities
and displacements are reported for the midchord point of the projec-
tile. Figure 17 shows a sequence of frames of the vorticity field and
stream function at various instants during the computation. From the
figures we observe that as the simulation progresses the magnitude of
the vertical component of velocity increases while that of the horizontal
component decreases. As expected, the overall speed of the projectile
decreases. Also, the pitch displacement of the projectile increases with
time but the angle of attack stays at a value close to zero. This fact
can be observed from the stream function pictures.

Flow past a cylinder at Reynolds number 3,000

The velocity-pressure-stress formulation is used to compute flow
past a fixed cylinder in two dimensions, at Reynolds number 5,000. The
upper and lower boundaries are flow symmetry lines, while the down-
stream boundary is traction-free. The mesh consists of 21,408 quadri-
lateral elements, with continuous bilinear interpolation functions for all
variables. The element size near the cvlinder surface is of the order 0.01.
A time step size of 0.1 was selected to provide sufficient resolution of the




A diagonal scaling with no preconditioning
was applied to the system. The Krylov subspace size is 50. with 5 outer
GMRES iterations. and. typically, 4 non-linear iterations per time step.
The simulation was continued for 2,080 time steps after restart from a
steady-state solution at Reynolds number 100, and reached a periodic
state with Strouhal number 0.256. near ¢ = 100.0. This state is char-
acterized by a downward deflection of the vortex street, and nou-zero

vortex shedding periods.

positive mean value of the lift coefficient. The presence of two distinct
periodic solutions at this Reynolds number was confirmed by numeri-
cally inverting, at ¢ = 160.0, the entire flow field about the horizontal
line passing through the center of the cylinder. The resulting upward

deflection of the wake continued unperturbed, proving that the two

solutions (upward and downward biased) are equally admissible by the
system.

Four different vorticity fields are shown in Figure 18. The four
frames represent the fully developed periodic flow field, at an instant
when the lift coefficient attains the maximum, mean and minimum and
subsequent mean values. respectively. Tle entire time history of the
drag and lift coefficients is shown in Figures 19 and 20.

The performance measurements taken for this problem revealed the
total computation speed of 560 megatiops on CM-200 computer with
32.768 processors. This figure includes parallel output of data to the

DataVault mass storage svstem. li the solution phase the speed of

comnunication-bound GMRES solver routine applied to the system
with 129,610 degrees of freedom was 520 megaflops. On the other hand.
the highly parallel matrix formation phase achieved 1.610 megaflops on
the same machine. All computations were performed in double (G4-bit)
precision.
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Figure 1. The CEBE/CC strategy for totally unstructured meshes:
the fine (primary) and coarse (companion) meshes and the cluster of
elements associated to a typical element of the coarse mesh.
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Figure 2. Talling viscous drop: shape (left), iso-surface of vorticity (right top) and iso-surfaces of stream function (right bottom) at terminal
velocity.
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Figure 3. Vortex interaction with a free surface: mesh (left) and vorticity (right) at different instants.
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Figure 4. Flow from a fountain: mesh (left) and pressure field (right) at ¢ = 2.0,4.0 and 6.0.
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Figure 5. Flow from a sprinkler: mesh (left) and pressure field (right) at £ = 1.0,2.0 and 4.0.
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Figure 8. Flow past a vertically oscillating cylinder at Reynolds number
3924: time histories of the drag and lift coefficients and the normalized
vertical displacement.

Figure 10. Flow past a vertically oscillating cylinder at Reynolds num-
ber 300: time histories of the drag and lift coefficients and the normal-
ized vertical displacement.

Figure 11. Flow past a vertically oscillating cylinder at Reynolds num-

Figure 9. Flow past a vertically oscillating cylinder at Reynolds number ber 300: vorticity at the lowest, mean and highest location of the cylin-

324: vorticity at the lowest, mean and highest location of the cylinder. dor
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Figure 12. Flow past a fixed NACA 0012 airfoil at Reynolds number 100,000: vorticity (left column) and streamlines (right column) at t =

14.4,14.6,14.8,15 and 15.2.
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Figure 13. Flow past a fixed NACA 0012 airfoil at Reynolds number 100,000: time histories of the lift and drag coefficients.
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Figure 15. Flow past a freely falling NACA 0012 airfoil: vorticity at various instants during one pitch cycle of the airfoil.
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Figure 16. Flow past a “projectile”™: time histories of the forces. velocities and the displacements related to the projectile
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Figure 17. Flow past a “projectile”: vorticity (left column) and stream [unction (right column) at ¢ = 0.0, 17.5,35.0,52.5,70.0 and 87.5.
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Figure 18. Flow past a cylinder at Reynolds number 5,000: vorticity field at ¢ = 200.1,202.4,204.0 and 205.9.
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Figure 19. Flow past a cylinder at Reynolds number 5,000: time history Figure 20. Flow past a cylinder at Reynolds number 5,000: time history
of the drag coefficient. of the lift coefficient.
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