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For general moving object (GMO) problems, when mass density of the moving object(s) under
coupled motion is lesthan that of fluid, the existing explicit GMO methodFhOW-3D® often

fails due to stability difficulties In this work, animplicit GMO methodwas developed and
incorporatedinto FLOW-3D®. The main difference between the implicimd the explicitGMO
methodsis that in each computational cycler time stepthe former calculates the olsjemotion

and the fluid flowiteratively whilethelater calculate themseparatelyUnlike the explicit method,

the implicitapproachimposes no limitations on mass dignmef the movingobjects. Tests show it
possesses good stabilifgr density of moving objects as low as 0.1% of that of fludose
matches between the computatial and experimental results wesbtained ér simulations of a

light boat under coupled rtion in water stream.

1. Introduction

A fixed-mesh methoddr general moving objects fluid flow (called GMO model)is
one of the recent additions f.OW-3D® (Wei, 2005a, 2005b). A general moving object
is a rigid body with any type of motion vdhi is either useprescribed(prescribed
motion) or dynamically coupled to fluid flowcoupled motion). The methaallows for
multiple general maing objects in groblem,and each of theran be assitged anytype
of prescribed or couple motion with 6 degs of freedom (DOF), fixed axis or fixed
point. Userprescribedcontrol forces and torque are allowed forobjecs in coupled
motion. At each time step, area and volume fractions in a fieethngular mesh are
calculated to describethe objecs docation and motion Hydraulic, gravitational,
environmental, nofnertial and residual control forces and torques areutated for
everymoving object. In theriginal GMO mode] at each time stegguations of motion
are solvedexplicitly using the forcgtorques of the previous time steprhis model is
calledthe explicit GMO methodn this work

The explicit GMO method has received applications in various engineering areas

(Wei, 2005a, 2005b, 2008arkhudarovand Wei, 2008, 2006k. It is numerically stalel

if all moving objectsare underprescribed motion. Focouplel motion prodems
however,its stability is conditionaldepending orthe mass density ratio cd moving
object under coupled motion tbat offluid. If the densityratio is greater than ond, is
stable; otherwise it can experience instahilitiie possibility ofan instability increases

with the density rati@ndusuallycannot be resolved by using a smaller time step kize
anexample of a solidlgect dropping into water, computatiorfsosv thatstability cannot

be obtained foany mass densitgf the objeciessthana halfof the fluid density. Tis
instablity stems fromthe explicit approachof the methodwhensolvingthe equatios of
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motion for the rigid body it usesthe force anddrque of the previous timeegi to
calculate object motion at the curremhé. Using this methoda small fluctuation of

pressure around eelatively light object can causa big fluctuationint he obj ect 0s

motion, which in turn intensifiethe fluctuations of pressuren the fluidand causes even
bigger flc t uat i on @ MotianiTlee grovahofetlioet fldctuations results ian
instability andeventually in dailure of computation.

In order to overcome this instability, an implicit GMO method wesppsed and
implemented intd=LOW-3D®. With this methodtheforce and torque of the current time
step rather than the previoaseare used to solvthe equatiors of motion forthe rigid
body. In each cycleof the computation, hydraulic foreeand torqus, mass center
velocities and angular velocities of the moving objects, velocity and pressure
distributionsin the fluid are calculatedn a coupled manneteratively. Tests show that
the implicit GMO method possesses high stability and good efficiendyoforheavy and
light moving object problems. It is espalty suitable for problems of light moving
objecs where the existing explicit GMO method fail$A\ detailed descriptionof the
implicit GMO method andheresuls of several applicatiorere presemd and discussed
in the following sections

2. Numerical Method

According to kinematics,any motion of a rigid body can be partitioned into a
translational motion and a rotational motion. Velocity of any point on a rigid body is
equal to the velogit of an arbitrarily selected base point on the object plus the velocity
due to the rotatiorof the object about thaiase point. For ©OF motion, the GMO
mod el sel ects t heG ashtheebast pant. Braatians of enotibne r
governing the two sepat motions for E©OF \rpotion are@oldsteinet al., 2002)
FC: m dVe

v 1)
Tiz[aléjdlfw% (3169, @

where I; is the total forcem s the rigid bodg mass,'lz is the total torque about GJ][

is momenf ineria tensor about G in a bodijted reference systenin general, the total
force can be divided into several net components,
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where IE; is the gravitational fore, IEE is the hydraulic force which is the net effect of
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pressure and wall shear forces on the moving obf€cts the net control force such as

propulsive thrust force and axis force to control or restrict the obj 6 s moﬁj; B on,
the net nofinertial force if the object moves in namertial space system. Similarly,
partition of the total torque about mass center is
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Ts, Ty, Ty, T, and T, are the total torque, gravitational torque, hydraulic torque, control
2

torque and nomnertial torque about mass center, respety. T, vanishes for &©O0OF

motion. Equations of motion for fixe@xis and fixegpoint motions can be found in Wei
(2005a). For moving object problemshe continuity equation anthe momentum
equationfor fluid flow andthetranspot equation fothe volume offluid (VOF) function
are
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where r is the fluid density,u fluid velocity, Vs volume fraction,As area fractionp
pressuref viscous stress tensdg gravity, andF fluid fraction.

In the GMO model, the equationg motion(1) and (2) are solveat each time steip
the object moves in a coupled fashion. Locations and orientations of all moving objects
are tracked, and area and volume fractions are updated accoréiqgstions (5) to (7)

. . \ . :
are numerically solved wittihe source term u_utf onthe righthand sidecomputedas

WV,

cell (8)

where Sy, 1 and UObJ are surface area, surface normal vector andcitgl of moving

objectin a mesh cell, respectively, ande, is the cell total volume, as illustrated
Figure 1.

ob]

The explicit GMO m#hod solves equations (1) and (2) for mass center velocity and
rotational velocity at the current time step (n+1) using the hydraulic force of the previous
time step (n). The discretized equatiéms(1) and (2) are
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where the upper index denotibe time step,§ IE,/ and § 'IE,/ represent respectively the
sums of all the force and torquemponentsn equations (3) and (4xcept forthe
hydraulic componentsAt each time step, afté«z’G“+1 and W™ are calculated in this

manner,fluid velocity and pressure are calculated by iteratively solvireg continuity
and maonentumequations
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Figure 1. Schematic showing the calculatairthe source

termin Equation (8)

The implicit GMO method proposed in this work savbe equationgl) and (2)

implicitly using the following numerical scheme
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wherethe hydraulic force and torquat the current timstep (+1) are usedUnlike the
explicit GMO method which solgeobject and fluid motions sepely, the implicit
GMO method solve them together throughteraions At each time step, thenain
computational procedures are

OO

(implicit GMO) (11)

“ORRY

1. Calculate force and torque ftihe moving objects under coupled motion using
pressure and fluid velocifyom the previous the step.

2. Calculate mass center velgciand angular velocityor objects under coupled

motionexplicitly usingequations (9) and (10)

Calculate locations and orientationsatifmoving objects.

Updatevolume and area fractions.

A ;
Calculate- F using equation (8).

2

Conduct one predictazorrection iteration for pressure and fluid velocity
calculationusing a discretized form o&quations (5) and (6)f computational
convergence is achieved, go to sit€p

7. Update force and torque fatl moving objects under coupled motion using the
newly updatedbressure and fluid Vecity in step 6 Apply underrelaxation to
fluid pressure and flowelocity if necessary.
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8. Updatemass center velocity and angular velocity for all moving objects under
couplad motion using the implicit scheme in equations (11) and \{A) newly
updated force and torqu&pply underrelaxation if necessary.

9. Return to step 5.

10. Proceed to the next time step.

Note that the rigid bodies are rattuallymoved during iterations steps 9. Compared
to the explicit GMO method, the implicit methodposes stronger coupling for flow and
object motion calculation The undeirelaxation for bdt object and fluid motions help
constrainfluctuationsof the moving object velocity, fluidoressure and velocitguring
iterations and ensure convergencé is especially useful for light moving object
problemsWith these treatmentspmputational stabilitys greatlyimproved

3. Implementation and Validation

The implicit GMO methochasbeenimplementednto FLOW-3D® version 9.2 A new
input parameteimpmobwasadded asheflag for activation of the implicit GMO method
in the xput section ofprepin project file. The implicit GMO method is activated if
impmobis setequal tol. The defalt value ofimpmobis 0, which means the explicit
method is use

The implicit method is compatible wittall three pressure solvers@f, ADI and
GMRES) currently available in the codé&he default value of the undeelaxation
coefficientomegais 0.7 if the implicit GMO method is usedhe user can alsdefinea
differentvalue ofomega The lower the mass density ratioaifnoving object tahat of
fluid, the smaller valuemegashould be usedt is noted that an unnecessaltibyv value
of omegacan slow downthe computation. Values less than 0.1 am recommended.
When a calculation has difficulties to convergenaemegais automaticallydecreased
according to

M/new: (01+ M/old)/z’

If Wnew< 0.15, .. =0.1

new

The codehas alsobeen modified to makethe GMO collision model andthe implicit
GMO solvercompatiblewith each otherTests were conductddr a fewcoupledmotion
problems for both light and heavy moving objects

3.1.A spheredropping into water

Considera spheref 2.5 cm radiuglropping into waterAt t=0, the centerof the spherés
4 cm above watesurfaceand hasa 10 cm/sdlownwardvelocity. 3-D computationsusing
the implicit GMO method were carried dor densityratio of the sphereo fluid at0.1%,
1%, 10%, D0% and 200%A computation is also conductéor the 10% casasing the
explicit GMO methodto compare theesults of thetwo methods The computational
mesh is noruniform and the total number of meshlisis 52 513 51=132,651 Figuresl
and 2 showthe @lculated object and fluid motioms the planeof symmetry(y=0) by the
explicit andtheimplicit GMO methods for the 10% cadeis seerthatthe explicitGMO
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methodis unstable angdtherefore,unsuccessfulthe sphereéebounds fronwater surface
from a big spike of pressure forceand movesout of the domairin about0.1 second
Figure 2 shows theomputation is stablevhen using theimplicit method. After the
sphereoucheshe watersurface it sinkspartially in water andhenmovesup and down
with a smallamplitude oscillationcorresponding tosurface wave motion Figure 3
presentstime-variation of the verticalcoordinate ofthe spheré xenterfor different
values ofobject to fluiddensityratio. It is shown thafor a light sphergthe magnitudef
the oscillations decreasesvith its density which is common senselhe oscillation is
nearly unnoticeablé the spheredensityis 0.1% of waterlf the sphere density is greater
than waterthe sphere sinksontinuously Simulatiors wereconductedising a computer
with a 2.0 GHz AMD Athlon processofFor all the cases,imulation time is 1.0 sec
omegawasprescribed in the rangd 0.3-0.7. CPU timefor each rurvariedbetweer9.8
to 21.3 min The GMRESpressuresolverwas usedn all cases
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Figure 1.Calculation by thexplicit GMO methodof a spheredroppinginto water
Densityratio of thesphere to fluid is 10%Color: pressure. Vectorfuid velocity.
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Figure 2.Calculationby the implicit GMO methoaf a spheredropping into water
Density ratio othesphere to fluid is 10%. Color: pressure. Vectors: fluid velocity.
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Figure 3 Thez-coordinate othespheed senter vs. time for different values thie
sphere to fluidensityratio. Line 1: 0.1% of water density, line 2: 1%, line 3: 10%, line
4: 100%, line 5: 200%

3.2. Log Transportin Water Stream

A problemof thetransportof logsby a stream ofvateris consideredn this section(also
discussed in Wei (2006))l'he computation was conducted using the implicit GMO
model since the explicit model produces an unstable solufidre newly developed
collision model(Wei, 2006)is also ativated to simulateghe collisionof logs against
surrounding walls and other lagéhe computational domain includes a reservoir and a
channel which are connected to each othea floodgate. The reservoir is 6nbdeep,
15.0mlong and 18.0 m wide. The gate has a step®friLhigh from the channel bottom.
The total number of mestellsis 700,000. Initially there are 5 woexllogs 6.0 m long
and1.0min diametemwith the density 0600kg/n¥, floating in the quiescentater of the
reservoir.The cefault value of 0.7 is &l foromega The energetic restitution coefficient
for collision is 0.632, anthefriction coefficientmfor thelog contact is 0.1. At time t=0,
the floodgate is instantly opened and the logs start moving to the floadgats by the
flow. The compuation iscompletedwith a good stabilityduringthe total simulation time
of 1.0 minute Figure 4 shows log positions at different stages of theggso During the
whole process, there armultiple collisions of thelogs with walk, the step of the
floodgate and the bottom of the channel, indicating thatrhplicit GMO method works
well with the collision model. The computation was conduae@ PC with a3.0 GHz
Pentium 4 processo€PU time iA5 hours and 12 minutes.
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Figure 4. Computational resistfor thetransport of wooednlogsby awater stream.
Color in (af) represents fluid velocity.

3.3. Motion of boat in water

In this sectionthe motion of a model boat in water is simulated and compared with
experimental result. The boat is 3r0long, 0.8m wide and 0.45m deep, as shown in
Figure %a). The massof the boat is 118.Xg, volume is 0.59m°, with average mass
densityof 200.3kg/n? (about20% ofthe waterdensity, and the inertia tensor about the
mass center is

(MANJ

The purpose of the simulation is to calculdte hydraulicforce actingon the boat when
it movesin the positive x directionat a constant speeih quiescent waterTo avoid too
largea computational domain and amacceptabl@umber of computatiat mesh cells
the calculation is done in an intertial coordinate system attached to thdhespeedof
the boatis then equal t@erg while water flows in the negativex directionat theoriginal
speed ofthe boat(see Figure 5(a))For simplicity, the coupledmotion of the boatis
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