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Abstract

We present st rategies to update thc mesh as the spat ia l  domain changcs i ts  shape in computt t t ions of  l low problcms wi th moving

boundar ies and inter faces.  These strate.q ics arc used in conjunct ion wi th the stabi l ized spacc-t ime f in i te c lement formulat i< lns

introduccd car l icr  for  computat ion of  f low problems wi th f ree surfaces.  two- l iquid inter faces.  moving mechanical  components.

i rnd f lu id-structurc ancl  f lu id-part ic le intcract ions.  In these rnesh update stratcgies,  based on the specia l  and automat ic mesh

moving schemes. the f requencv of  remeshing is  minimizcd to reducc thc project ion errors and to minimize the cost  associated

with mesh gencrat ion and paral le l izat ion set-up.  Thcsc costs coulc l  othcrwisc become ovcrwhehning in 3D problems. We present

scveral  examples of  these mesh update strategies bcing used in massively paral le l  computat ion of  incompressib lc f low problcms.

l. Introduction

The deformable-spatial-domain/stabil ized-space-time (DSD/SSf; f inite element formulation was

introduccd earlicr [1.2] to produce a general-purpose computational capabil ity to solve compressible

and incompressible flow problcms with free surfaces, two-liquid interfaces, moving mechanical

components, and fluid-structure and fluid-particle interactions. Because the formulation is cast in the

space-time domain of this class of problems, determination of the unknown boundaries and interfaces

becomcs a built- in component of the overall DSD/SST strategy. In the implementations we consider

herc. the finite clement interpolation functions are picccwise l inear in both space and time. but

continuous in space and discontinuous in time. For each time step. there is a corresponding space-time

slab with two space-time nodes associatcd with each spatial node. Therefore, for each spatial nodal

variable, we have two unknowns per time step. Although. in a sense. t ime is treated as another

dimension, because the computations are carried out at one space-time slab at a time, solution of the

large algebraic equation systems gcnerated by this formulation is sti l l  kcpt at manageable levels. The

stabil izecl nature of the formulation prevents numerical oscil lations for high Reynolds and Mach

numbers. even in the presence of shocks and/or boundary layers, and also for incompressible flow

implementations using equal-order interpolation functions for velocity and pressure. Thc stabil ization

techniques used are streamline-upwind/Petrov-Galerkin formulation [3.4] for compressible flows, and

Galerkin/least-squares formulation [5] for incompressible flows.
A major issue in these computations is updating the mesh as the spatial domain changes its shape

with trme. There are quite a few ways of doing this. depending on the nature and magnitude of these

changes in the shape of the spatial domain. The first thing that comes to mind (but probably the last in

terms of effectiveness and sophistication) is to remesh (i.e. generatc a new set of nodes and elements)
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every time step. The remeshing can be done by call ing an automatic mcsh gencrator. typically with

triangular elements in 2D and tetrahedral elements in 3D. We reported cxamples of this approach

earlier [6]. There are three disadvantages associated with this approach. First therc is the projection
errors involved in projecting the solution, every time step. from the old mesh to the ncw one. Then the
cost of call ing a mesh generator every time step. Finally, in massively (data-) parallel computation of

these problems, the cost of mapping each new finite element mesh on to the parallel processors and

computing the communication traces through the interconnect network of the machine. Although thc

costs for automatic mesh generation and parallelization set-up may not be so significant in 2D problems,

they could be overwhelming in 3D problems, especially for problems with complicated geometries and
parallelization set-up strategies involving partit ioning techniqucs [71.

Quite often, for a specific problem, a special mesh moving scheme that is based on moving the nodes
around according to an explicit ly defined rule can be all that is needcd. This eliminates remeshing

altogether, and the associated projection errors and the overhead associated with mesh generation and
parallelization set-up. Several examples of this approach can be found in [6.8-14]. This strategy, of

course. becomes very attractive in 3D problems. However. this strategy is l imited to problems where

init ial meshes and subsequent movements can be handled with such explicit ly defined rules tlf mesh
motion. For example, if the init ial mesh is a product of an automatic mesh generator. it would be very
difl icult to explicit ly define a mesh motion. Also, although the init ial mesh might be a structured or a
semi-structured one, it may not be possible to explicit ly dcfine rules that accommodate the latcr changes
in the geometry.

For a more general mesh moving strategy that is applicable to complicated geometries and meshes
generated by automatic mesh generators, we designed an automatic mesh moving scheme in which thc

motion of the nodes is governed by the equations of l inear elasticity, with the boundary conditions for
these equations imposcd by the motion of the fluid boundaries and interfaces. Similar strategies werc
used earlier by other researchers [1-5]. Normally in our strategy. we drop from thc finite elcment
formulation the Jacobian of the transformation betwecn the physical and element domains. This

translates to smaller elements being assigned larger rigidity in the mesh motion. Assuming that these

smaller elements are placed at crit ical zones of the domain, the result is minimal deformation of the

mesh at these crit ical zones, something that is probably desirable. Examples of this approach first

appeared in [6], with conceptual cxamples appearing later in [8. 11]. This approach is of course
applicable to 3D problems. however, it involves the added cost of solving the equations of l inear
elasticity. We can use this automatic mesh moving technique unti l the deformation of the elements
becomes too large for the computations to continue to be reliable. At that t ime. of course, we remesh.
This leads to a mesh update strategy that mixes automatic mesh moving with remeshing as needed.
When we remesh is determined by checking the deformation of the elements according to some
measure, and comparing these deformations to a predetermined allowable level.

In our favorite mesh update strategy, we combine the automatic mesh moving plus remeshing as
needed with special mesh moving. Sometimes it is quite effective to have structured or semi-structured
meshes in some zones of the domain, and unstructured meshes in other zones. For example, Reu and
Ying [16] used, in the context of the finite volume method. a hybrid grid around an airfoil to investigate
dynamic stall. Our structured or semi-structured meshes are updated with special mesh moving
schemes, and our unstructured meshes with an automatic mesh moving scheme. This not only reduces
the cost associated with the solution of nodal motions in the automatic mesh moving schemes, but also
leaves, if desirable, certain zones of the mesh deformation-free. Earlier examples of this approach can
be found in [8. 11]. When remeshing is needed, it wil l very l ikely need to be performed only for the
unstructured zones; this reduces the overhead associated with remeshing. For example. in a flow
problem involving more than one airfoil in relative motion, each airfoil can have a structured mesh
around it. and an unstructured mesh elsewhere in the computational domain. The structured mesh
around each airfoil goes through rigid body motion with that airfoil while the unstructured mesh is
updated with the automatic mesh moving scheme. It is important to note here that regardless of
whether the mesh is structured, unstructured or semi-structured, our parallel implementations are based
on the assumption that the mesh is unstructured. Therefore the parallel performance is somewhat
insensitive to the complexity of the mesh.

ln Scction 2 of this article. we brieflv review the DSD/SST finite element formulation for
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described in Section 3. In Section 4incompressible flows. The automatic mesh moving scheme is
prcsent several numerical examples.

2. The deformable-spatial-domain/stabilized-space-time finite element formulation

Consider a viscous, incompressible fluid occupying, at an instant / c (0, Z), a bounded region
O,cp" 'u with boundary { ,  where n.,r  denotes the number of space dimensions. The veloci ty,  u(x, t)
and pressure. p(.x,t) are govcrned by the Navier-Stokes equations of incompressible flows

/ 6 u  \
p ( ; * u ' Y u  f ) - V ' u - 0  o n O , .  V / e ( 0 , r ) .

Y . u - - 0  o n O , .  V / € ( 0 , 2 ) .

wherc p is the density of the fluid. and o is defined as

o :  - p I  + 2 p u e ( u \ .  r ( a ) : ] 1 O ,  *  ( V a ) ' ) .

where v is the fluid kinematic viscosity and 1 is the identity tensor
boundary conditions are represented by

( l )

(2)

(3)

The Dirichlet and Neumann-type

u :  g  o n  ( 4 ) "  .

n . ( r : h  o n ( { ) r ,

where ({)" and ({), are complementary subsets of the boundary {. The init ial
divergence-free velocity f ield specified over the entire domain

u(x, t) -- u,, on O,, .

(4)

(-5 )

condition is a

(7)

(8)

(e)

the
The

and

(6)

To construct the finite element function spaces for the space-time formulation, we first partit ion the
t ime interval  (0,  f )  in to subintervals  { ,  :  ( t , , t , , * r  ) ,  where t ,andtn*,  belong to an ordered ser ies of  t ime
s t e p s  0 : / , ,  ( / , < . . . <

domain enclosed by the surfaces An,An*, and {, where P, is the surface described by the boundary,f
as / traverses {,. As in the case with {. surface P,, is decomposed into (P"), and (P,)r. For each
space-time slab, we define the following finite element function spaces for the velocity, pressure, and
their variations

(s l ) , ,  :  {uo  lu "  e lHt ' (e , , ) lu 'a ,11h :  gh  on  (p , ) r }  ,

( v ' : ) , :  { n "  l r "  € I H " ( e , , ) ] i . d ,  ] r r ' : 0  o n  ( p , ) * ]  ,

(sjj),, : (v';,),,: !p" I p" € H'o (e,,)j .

Hcre Hto(Q,,) represents the finite-dimensional function space over the space-time slab Q,. Over
element domain. this space is formed by using first-order polynomials in space and also in timc.
interpolat ion funct ion spaces are cont inuous in space.  but  d iscont inuous in t ime.

The stabil ized, space-time formulation is written as follows: given (zo),,. f ind ut' e (Sl),
p'€ (s; l), ,  such that Vwh €(v!), ana vqn e(vl),,

. / t t \ r
|  , .  I d u
|  , " ' r , \  ^ -  ' r r " . v t " _ � t ) a O + l  e ( w ' ) :  , ( p " . u o l d Q _ � I  n ' . h ' ( ] P

J ? . ,  
'  r  d I  -  

J e , ,  J t P , t n

* | q"v.u" do + [ 6")i  .  o(l(u"1; - fu'),) oo
J Q \  J t ) . ,

"'. i ' '  1,,; lr(+. u" .v,") -v-o(q" . '")] [o (+. , '  .vu" r) -o o(p". u\]as
( " " r ) ,  , -

*  
. 2  J " , 6 v ' w r ' p V '  , o  d q : { t .  ( 1 0 )
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This process is appl ied sequent ial ly to al l  space-t ime slabs Q,,Q.,
following notation is being used

(""),- :lT, u(r,, r, t) ,

I  t l
Ju , ,  ' ' '  ) do :  J , , , J , , , ' '  

" r d0  d t  '

I  t l
J , , , , , '  

'  ' t  dP  -  
J t . J ,  ,  

'  )  d l_  d r  .

The computations start with

(u " )u  :  u ,  .

Q ,  , .  I n  E q ' (10) ,  the

( l  l )

( 1 2 )

(  l 3 )

(  14)

The motion of the

REMARKS
(1) The first four integrals in the variational formulation given by Eq. (10) constitute the standard

Galerkin formulation of the problem. The fifth integral weakly enforces the continuity of the

velocity f ield across space-time slabs.
(2) The sixth integral is the least-squares term corresponding to the momentum equation. This tcrm

provides stabil ity for advection-dominated flows. It also provides stabil ity when equal-order

interpolation functions are used for velocity and pressure. The definit ion of the parameter r can

be found in [12] .
(3) The seventh integral enhances the stabil ity at high Reynolds number flows. This is a least-squares

term corresponcling to the cclntinuity equation, and the parameter 6 is defined in [12].
(4) The addition of the stabil izing terms to the Galcrkin formulation does not compromise thc

consistency of the formulation, since these involve the residuals as factors.

3. The automatic mesh moving scheme

(1s )

where/ is the prescribed body force. The stress tensor o* is related to the elastic strain tcnsor €* as
follows

( 1 6 )

ei' is related to the displacement

(  17)

motion are imposed by thc

Consider an elastic body occupying a bounded region 'f l  C R"'u with boundary f
mesh u(x) is governed by the equil ibrium equations of elasticity:

V ' o *  + . ; r *  : 9  ,

o* :  , , \ ( t r  e*) l  + 2pe* ,

where ,\ and p are the Lam6 elastic constants. The strain tensor
gradients bv the expression

l
r . : r 1 S u + 1 V u ) r ) .

-L

The Dirichlet and Neumann-type boundary conditions for the mesh
motion of the boundaries and interfaces, and are represented by

u : g *  o n ( f ) " - .

n . o * : h *  o n ( 1 - ) r . ,

(s l )  :  loo  lo "  e . lH th  (a )1"  u .  u r '  =  (g* ) '  on  d .  )

. / : ) :  { r "  l n "  e l H t h ( D ) " . ,  1 1 , r ' -  o  o n  { , }  ,

( t 8 )

(  1e)

where (f )*' and (I ')o= are complementary subsets of the boundary f.
The finite elcment function sDaces for the automatic mesh moving scheme are constructed as ft l l lows:

(20)

(2r)
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The automatic mesh moving scheme can then be

, '  . 7 *  da

o.5

o.o

[,, r*(r"): o*(o") on - 1,,
_ r-  

J ' ; .

formulated as follows:

wt '  .  h*  dr

f ind ui  € Sj such thatYw" €vf,

(22)

REMARKS
(5)  I f  / * :0  and h*:0.  by d iv id ing the equat ions by p,  the number of  e last ic  constants can be

reduced to a single one: I f p.
(6) It is desirable to preserve the structurc of the mesh in the more refined areas, and have the

deformations of the mesh weightcd towards thc larger elements. To accomplish this. we would

like to have a variable stiffness coefficient where this cocfficient wcluld be larger for small

efements and vice versa. We implement this by dropping from Eq. (22) the Jacobian of the

transformation between the physical and elemcnt domains. By doing this, in areas where

refinement is important, small elements (which are more susceptible to distortion) retain thcir

shape better.

The effect of varying ). lp on the distortion of the mesh can be scen in Fig. 1. For a given

deformation of thc d<lmain, we vary the elastic constant t lp and plot the maximum of the changes in

the aspect ratio (here defined as [the maximum edge length squared]/[the areal) for all the elemcnts in

the domain (where 0.0 means no distortion). It can be seen that the formulation with the Jacobian left

out results in less distortions. A similar, relative behavior can bc seen if wc monitor the changes in the

element areas instead of the chanses in the aspect ratios.

4. Numerical examples

In this section, several examples of f low problems involving moving boundaries and/or intcrfaces arc
presented. A number of mesh update strategies are uscd to facil i tate the boundary and interface

motions that are involved in these problems.
All of these simulations were performecl on thc CM-5 with vector execution units. The partit ions we

used ranged from 32 to 512 processing nodes. The GMRES search tcchnique with a diagonal

preconditioner was used to solve the largc l inear equation systcms involved in thc computations.



7A A.A. JolLwn, T.E. Tezdurdr I Conpat, Method\ ApPl Mech. Eng9 119 (194) 73-e+

A viscou.s tuop falli g in a rbcous fluid
This problem is an example of a mcsh update strategy using the automatic mesh moving scheme

alone on a fairly structured mesh. The problem involves a heavier fluid (the drop) falLing through a
lighter fluid. As the drop falls, it changes shape until a terminal velocity is reached. This is an
axisymmetdc simulation, with surfac€ tension (see [2]) present at the fluid interface (surface of the
drcp). This problem was previously reported in [6].

There arc two types of mesh motions taking place in this problem. The first one is the translation of
the mesh as a whole, wheie the entirc mesh is moved so as to tiack the center of gravity of the drop as
it falls. On top oI this global translation, the automatic mesh moving scheme is used to tlack the surface
of the drop with rcspect to the center of gravity- The nodes at the inteface are moved so that no fluid
crcsses this boundary. We accomplish this by matching the normal velocity of the interface nodes with
the computed normal fluid velocity at the same location. The tangential velocity of the nodes on the
interfac€ is frcc for us to choose, and we specify that velocity in such a way that we ke€p the spacing of
the intedace nodes uniform throughout the computation.

The non-dimensional pammeters for the simulation are

p -  r .0  ,  i :1 .444 ,
t '  = 0.00577 . i:0.0115 ,
g: 1.0 ,  ^y :0.066'7 ,  d"= 1.O ,

where 7 is the surface teNion coefficient, I is gravity and do is the diameter of the initial, spherical
drop. The paramerers wifh ' ' are those corresponding to the fluid inside t}lc drop. In Fig. 2 we show a
close-up of the mesh at the initial and terminal stages. Fig. 3 shows the shape and location of the drcp
at 5 different instants during the simulation. The top image (on the left) shows tlle drop shape at the
initial stage (a sphere), and the bottom one at terminal v€locity. Also in Fig. 3 (on the righo, we see t}le
vorticity and strcam function inside and outside ot the drop at terminal velocity. The values of t}le
significant non'dimensional parameten at terminal velocity are

Fig. 2. A viscous drcp talling in a viscous nnid: close-np view of the 6nite elenent nesh (8151 nodes and ?865 elenenfs) at the
initial and tcrmi.al stascs.
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Fig. 3. A viscous drop faling in a viscous fluid: the drop shape and tbe vonicity and stcam lunction at terminal velociry.
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(23)

where U is the non-dimensional terminal velocity of the drcp. The shape of the drop at terminal
velocity compares well with those computed by other researcherc [17,18].

Flot+' past a stationary NACA 0012 ai4oil
This simulation is the first in a series of two-dimensional simulations involving NACA 4-digit series

aidoils. ln these simulations, quaalrilateral elements are used around the aidoil, and triangular elements
are used to fill the rest of the domain. Quadfllateral elements treai the airfoil result in better accuracy ir
those zotres. and the conhol of mesh refinement becomes easier near the airfoil where proper resolution
of the boundary layer is important to obtain accumte results. Triangular elements generated with an
automatic mesh generator' are used to fill the rest of the domain since it is diflicult to genente a
regular, quadrilateral mesh where complex geometries are present. These examples first start with fixed
airfoil rcsults, and then, using this as an initial condition, the airfoils are moved with some prescribed

This first simulation involves flow past a NACA 0012 arrtoil at Reynolds number 10U0 and angle of
attack of 10'. Close-up views of the finite element mesh for this simulation can be seen in Fi8. 4. This
mesh has 8117 nodes and 12 416 elements. There are 3572 elements in the quaddlateral element region.
At each notrlineai iteration of a giver time step, an equation system with roughly 45 000 unlnowns is
solved. The time step used in this simulation is 0.01. The initiat condition is the nearly steady state
solution which can be seen h Fig. 5 (vorticity and stream tuncrion).

Fig. 4. Flow past a srarionary NACA 0012 airfon: dose_up vies of the nnile elemcnt nesh (8117 nodos and 12 416 elenents)'

r Except for the @se of the do$le NACA.1412 airloil mesh, all of tne dmgular elemcat neshes wcre ge*ratcd bv the Eu".

a nsb gereralor from lNRlA. France [19]. The ddgular nesh fot thc double NACA '1412 airioils was generaled bv one of our
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Fig. 5. Flow past a slalio.ary NACA 0012 airfoil at Re= 1000: vo.ricity and stean funclon a1 inilial condition (steady{tate

Fig. 6. Flow past a stadonary NACA 0012 airloil at Re = 1000i vorticity and strean lunctiod during early vortex shedding

Fig. 7. Flow pdl a slalionary NACA 0012 airfoil at Re=1000: vorticity at various instdts during one pcriod ot the lift

Fig. 8. Flow past a stationary NACA 0012 anfoil a1 Re = 1000 srrccm iunLrr.n cL vln.us in.lanF during one period of lhe lift
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The vorticity and stream function cluring early vortex shedding can be seen in Fig. 6. The vorticity

and stream function during one period of the l ift oscil lations are seen in Figs. 7 and 8. Time histories of

the l ift, drag and moment coefficients are seen in Fig. 9. The Strouhal number (non-dimensional

frequcncy) for the vortex shedding is 0.86.

REMARK
(7) This simulation was performed to establish the accuracy of the method. A similar simulation for

NACA 0012 at  10"  angle of  at tack at  Re:1000 was prcv iously  rcpor ted in  [12]  wherc

quadrilateral elements were used throughout the domain with roughly 22000 elcments. The

quadrilateral element region of the mesh in the simulation presentcd here was in fact designed tcr

match as closely as possible the mesh near the airfoil in the previc'rus simulation. Thc results

presented herc (time histories of the l ift, drag and moment coefficients) match almost exactly with

what  was computed in the previous s imulat ion.  and thus,  shows that  th is  method is  cqual ly

accurate near the airfoil. even thoush much fewer nodes are uscd overall.

Flow past an oscillating NACA 0012 airloil
This  s imulat ion involves f low past  an osci l la t ing NACA (X)12 a i r fo i l  a t  Rcynolds number 1000.  The

airfoil undergoes forced sinusoidal oscil lations in the vertical dircction and also pitch oscil lations, both

with a non-dimensional frequency of 0.5. but with a phasc lag of 90". It pitches betwcen angles of attack

10" and -10" .  and ver t ica l ly  osc i l la tcs between t0. -5 and 0.5 chord lengths.  The mesh and t ime stcp

l',A,V/\'A'V\\M/\

I - 5

=
; =  ( ) . 1  r

E  ( )  1 l - a

-

^ rullv' vVivr'\lV/rtV ii v
\ V

'  '  a r \  
l t- V \ n "

\/\/[,ut1'y ri '^' r-tl\l,,l/,1V,

Fig.  9.  Flow pasr a stat ionir ry NACA 0012 air fo i l  at  Re -  1(XX):  t ime histor ies of  the l i f t .  drag and moment coef f ic icnts
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size used in this simulation are exactly the same as those used in the stalionary NACA 0012 airfoil
simulation.

The automatic mesh movjng scherne (with the Jacobian left out of the formulation) is used to
facilitate the motion of the airfoil. In these motions, the quadrilateral element region urdergoes
dgid-body inolion with the airfoil, and the triangular element region takes up the deformations. The
mesh motion equations aie solved using the finite element method, and lhis leads to an equation system
with roughly 15 000 unknowns. This system is solved once at each time step.

The vorticily and stieam funclion during one cycle of the airfoil motion can be seen in Figs. 10 and
11. The mesh during one cycle of the airfoil motior can be seer in Fig. 12. Time histories of the lift,
drag and moment coeflicients are shown in Fig. 13. lt can be seen (as expected) that the lift and
moment coefficients are symmet c about the zero axis (since this is a symmetdc motion), and, frorn the
time history of the drag coeflicient, it can be seen that this motion produces a net thrust torce. Detailed
computational studies have been perfomed to analyzc thrusFprcducing airfoil motions Gec [20,21])
where many parameters such as frequency, pivot location and amplitudes are varied.

Fig. 10. Flos past an oscillilins NACA 0012 aidoil at Re = 1000: vorticity at various instants during one period of rhe notion.

Fig. 11. Flow pasl an oscilating NACA C012 aidoil at Re= 1000: srea6 iunction at various instants durirg one Penod ol the
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Fig. 12. Flow past an oscillating NACA 0012 airfoil at Re:1000: the nesh al vdious instdts during one period of the dotion.

Flow past tt|o stationary NACA 4412 aitoib
This simulation involves flow past two stationary NACA 4412 aidoils arranged in a bi-plane

configumtion at Reynolds number 5000. Two airfoils are used here to demonstmte the mesh moving
strategy while using different element types in the domain. It would be very dificult to genemte a
structured mesh alone around botl aidoils and throughout the domain. By using this method, a regular
structured mesh can be genemted around each airfoil, essentially for all positions or orientations they
maybein.Air foi lAislocatedat(+0.125,0.250)withangleofattack20',whj leAidoi lBislocatedat
( 0.125, +0.250) with angle of attack 25'.
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Fig. 13. Flow past an oscillating NACA 0012 airfoil at Re - 1000: time histories of the lift. drag and moment coefficients

Close-up views of the finite element mesh for this simulation can be seen in Fig. 14. This mesh
contains 7310 nodes and 9994 elements. There are 4352 elements in the two quadrilateral element
regions. At each non-linear iteration of a given time step. an equation system with roughly 42000
unknowns is solved. The time step size used in this simulation is 0.02. The init ial condition is the nearly
steady-state solution which can be seen in Fig. 15 (vorticity and stream function).

The vorticity and stream function during early vortex shedding can be seen in Fig. 16. Vorticity and
stream function during roughly one period of the l ift oscil lations are seen in Figs. 17 and 18. Time
histories of the l ift. drae and moment coefficients for Airfoil A and Airfoil B are seen in Fiss. 19 and
20, respectively.

Flow past two NACA 4112 airfoils with one oscillating
This simulation again involves flow past two NACA 4412 airfoils arranged in a bi-plane configuration

at Reynolds number 5000. However, this time Airfoil B undergoes a forced oscil lation between angles
of attack 15'and 25" with a non-dimensional frequency of 0.5. The mesh and time step size used in this
simulation are exactly the same as those used in the simulation of the two stationary airfoils of the
previous case.

As before, the automatic mesh moving method is used to facil i tate the motions of the airfoil. l 'he
quadrilateral element region around Airfoil B undergoes rigid-body motion with the airfoil, while the
quadrilateral element region around Airfoil A is deformation-free. The triangular element region takes
up the deformations.

The vorticity and stream function during one cycle of the airfoil motion can be seen in Figs. 21 and
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Fig. 14. Flow past two NACA 4,112 airloils: closc-uP vieNs oi the finne elencnt nesh (7110 nodes and S994 elenenls)'

Fig. 15. Flow pasi two NACA 4412 airfoils ar Re = 5000: vorriciry and strean tundior at initial condiiion (stcady-slate solution)

Fig. 16. F]os pasl lNo NACA .!412 airfoils at Re=5000: vorticny and strcan turction during earlv vortex shedding'
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Fig. 17. Flow past rwo NACA 4412 airfoils at Rc=5000: vorticitt al various instants dunng one penod of the lifl oscillaiions.

Fig, 18. Flow past two NACA 4412 airfoih ar Re=5000i stream tunction at variou insranb dunng one penod ol the lift

22. A close-up view of the mesh at two instants during one half cycle of the aifoil motion is shown in
Fig. 23. Time histories of the lift, drag and moment co€ffici€nt for Airfoil A and Airfoil B can be seen
in Figs. 24 and 25, respectively.

Flotr tfuough a sluice gate
This last problem involves th€ instantaneous rclease of a gate which separates the dccp and shallow

regions of a reservoir. The gravity causes a surgc of fluid, which is initially at rest, to go through the
gate and create a large breaking wav€ in the shallow reselvoir. The computations are carried out until
the tip of the brcaking wave com€s in contact with the fluid. This problem was prcviously computed by
other researche$ with the MAC method [22]. The non-dimensional parameterc for this simulation are
as follows

/  =  0 . 0 3 4 3 ,  l l : 1 . 0 ,
p = r . 0 ,  C = 1 . 0 ,
H o . r , , , : S . t ,  H " " r : ' � 7 . 6 ,
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Fig.21. Flow past two NACA4412 airloils at Re=5000wiihone oscillating: vorticity at vaious instanis during one pe.iod olrhe

Fig. 22. Flow past two NACA 4,112 airfoils at Re=5000 with onc oscillating: sftcam tuoction at various instanrs du.ing one

where t is the gate height, and Hb.gr, and fl..d are t}le heights of the deep rcgjon of the resenoi. at the
beginning and cnd of the computation.

ln this problem we use automatic mesh moving plus remeshing as necded. The main mechimism is
the automatic mesh moving scheme. However, this alone is not sufficient since the breaking wave
creates large distortions in the mesh. Because ofthis, periodic remeshing of lhe whole domain is carried
oui. Also, as in the viscous drop problem, the nodes on the free surface are moved tangentially so as to
keep the nodal spacing uniform. The remeshing dccision is based on a combination of elemental aspect
ratjo and area change. This computation is caried out 133 timc steps vrith 10 remeshes. The iinit€
element mesh has approximately 2500 triangular elements throughout the computation. The Reynolds
numb€r for this simulation is

./E
R e :  - :  8 8  ,

where H is the height of the deep rcsenoir at the bcginning of the simulation.

(:24)
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| . _ 5

l _ 2

Fig.  25.  Flow past  two NACA '1.112 ai r l i r i ls  a l  Rc -  -5(XX) wi th one osci l la t ing:  t ime histor ies of  the l i f t .  drag and moment
coefficients for Airfoil B.

Fig.  26 shows c lose-up v iews of  thc f in i tc  e lcmcnt  mcsh at  scvcra l  instants dur ing the computat ion.
Fig.  27 shows the vor t ic i ty  f ie ld at  those same instants.

5. Concluding remarks

We presented our mesh update strategies for parallcl f initc clcmcnt computation of f low problems
with moving boundaries and intcrfaces. We use these strategies in conjunction with thc stabil ized
space-time finite element formulations for f low problcms with frce surfaccs. two-liquid interfaces,
moving mechanical components, and fluid-structure and fluid-particle interactions. Wc designed special
and automatic mesh moving schcmes to minimize the frequency of remeshing. This way. we not only
reduce the projection errors involvcd in rcmcshing. but also reduce thc cost involved in mesh
generation and parallelization set-up. Although these costs may not be so significant in simple 2D
problems, they could becomc prohibit ively high in more complicated cases. especially in 3D problems
and whcn the paral lc l izat ion set-up involves mesh par t i t ion ing techniqucs.  Our s t rategies inc ludc thosc
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Fig. 26. Flow throngh a slnice gale: close up view oi lbe nesh a1 larions instants during the sinulation.

designed for combinations of structurcd and unstructured m€shes. We presented seveml examples of
incompressible flow problems computed on the Connection Machines with these mesh update
strateqies,
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Fig. 27. Flow through a sllie g.te: vonicity al !6nors instants duiing the sinulation.
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