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Abstract

We investigatethe dynamics of a flexible, elastic fibre,
suspendd in a fluid and subjectedto a 3D shear flow
Simuldions are performedusingthe “ImmersedBourdary
Method' and are distinguishd by their ability to captue
the hydrodyramic interaction betweerthe fluid and fibre,
as well as the detailed structure of the individual fibres.
Susensionsof flexible fibresare encountered in manyin-
dustrial problens, although we focusin this work on the
apgication to woodpulp fibre suspensios

1 Intr oduction

The study of suspension®f long, thin particlesis of
gred impoartancein awide rangeof applicatiors, includng
wood pulp processingpolyme compsites,andformation
of fibre-reinforcel materialssuchasplastics,concete,etc.
Owing to the tendemry of long, slenderparticlesto oriert
themselesin thedirection of theflow, suspensioniof such
particlesexhibit fluid propertiesthatdepeid on fibre orien-
tation. Concentrtéed suspensiamarewell-knowvn to exhibit
a nonlinear fluid stress-straimelationshipwhich leadsto
flow behaiour very differentfrom thatseenin simpleflu-
ids or dilute suspensiosr However, befae beingable to
formulatea mockl for concetratedsuspensionwhich ac-
curaely captuesfluid-fibre andfibre-fibre interactiors, it is
essentiato have anintimate understading of the dynam-
ics of fibresin dilute suspensiog Direct simulationsof a
smallnunmberof fibrescanbeusedto computedistributions
of quantitiessuchasorientation ande andintrinsic viscos-
ity [9] whichmaythenbeexploitedto build betterrheola-
ical modelsfor concentatedsuspensions.

To this end, a significantbody of recentwork hasap-
peaedin the literature on direct numeical simulationsof
fibresin suspensionMost simulatiors of a large numker of
particlesignore the flexing of individual fibresandinstead
treatthe suspendd particlesasonedimensioml rigid bod-

ieswhich arecharactesedsolely by positionandorienta-
tion (for examge, [4, 16]). However, it is well-known that
suspensianof flexible fibresbehae very differentlythan
rigid ones[6], andso simulatiors thattake into accountffi-
breflexibility areessential.

Most previous simulatiors of flexible particlesarebased
onmechaital modelsn whichasuspenddfibreis divided
into a sequene of masslesssolid bodesthatarelinked by
joints allowing bendng, twisting, andpossiblyalsostretch-
ing motions (se€[11, 14, 15]). In all of the aforementiord
works, the fibresare subjectedo a givenshearflow which
exetts a preceterminedhydrodynamicforce the fibre, and
hencethe fibreshave no influerce on the dynamicsof the
surraindingfluid. Previous work by the presentautha [13]
has shavn that including the two-way hydrodyramic in-
teractionbetweenfibre and fluid can captue pheromena
(narrely, skewed orientation angledistributions)which are
obseredin experimentsut arenot captuedby theseother
simulatiors. Furthemore fibre modelsbasednsolid, rigid
bodes areincamble of captuing important charateristics
of particlessuchaswoodcellsthathave averywell-defined
internd structure(describedn Section3).

In the presentwork, we preseh simulationsof a flex-
ible fibre using the immeised boundary method[8]. In
the immersedboundary framework, which we outline in
Section2, flexible 3D structuesare built by interweaing
onedimensioml elasticelementgo form a surfacethatre-
sistsbendirg andstretching This is a naturd constrution
for wood cells, which have an undelying structue con-
sisting of layersof cellulosefibrils, describedn detail in
Section3. We focus on the apgication to wood pulp sus-
pensios subjectedo a planarshearflow, which occurin
several stagef the papermaking process.Ourimmersed
boundarymockl for a wood cell is describedn Section2,
and numrerical simulationsusing the Immeised Bourdary
Genenl Softwae Padkage or IBGSP [3] are presentedn
Section4. The IBGSPis a distributedmemay implemen-
tation of the codedevelopedin [7, 8] for simulatingblood
flow in the hearton the Cray seriesof shareememoy su-



peromputes.

The originality of this work stemsfrom several consid-
eratiors, oneof the mostimportan beingthatthesearethe
first simulationsof pulp fibreswhich take into account the
actualphysical structureof a wood cell; namely its non-
circular cross-sectionhollow centre, and cellulosefibril
corstruction. Furthemore, thesearethefirst directnumer
ical simulatiors to includethe influenceof a defaming fi-
bre on the surroundingfluid, hencecapturirg the two-way
interadion betweenfluid andfibre. Finally, this is one of
thefew non-bological applicatissof theimmersedbourd-
ary methal which further demorstratesthe efficacy of the
methal to awide rangeof problemsin fluid-structureinter-
action.

2 Thelmmersed Boundary Method

In this section,we provide a brief descripion of theim-
mersecbourdary methal (or “IB Method) andthe under
lying mocel equdions. Full detailsof themodé andits im-
plemenationareavailablein theliterature for examge [8].
The precusor of the presehwork was a two-dimersional
mockl for wood pulp fibresdevelopedin [13].

2.1 The Model Equations

The IB Method s distiguishedby its ability to simu-
late the motion of comgex, defoming, elastic structues
simply and efficiently. Other method for handing fluid-
structue interadion tendto be significartly more compex
and computationallyintensive, dueto their useof explicit
front-trackirg or moving grids to ensurethat the compu-
tational coordnatescoindde with the position of the im-
mersedstructure.

In the IB mockl, a defomable,elasticboundaryor sur
faceis immersedwithin anincompeessiblefluid thatlieson
bothsidesof the surface. Thefluid motionis governedby
theinconpressibleNavier-Stokesequatims,

ou
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whereu(z,t) andp(x, t) arethefluid velocity andpressue
atary timet andpositionz = (z,y, 2) in space.

We next describethe specificatiorof the extemal force,
F(x,t), whichis theforceexetted by theimmeisedbourd-
ary ontheneighhlouringfluid particles.In thelB model,an
immersedbourdaryis constructd outof aninterwovennet-
work of 1D, masslesglement®r “immersedfibres” (notto
be confusedwith the pulp fibresunde consideation here,
whichhave a 3D structue) thatconsistof pointsconrected
to eachotherby “springs” or “links.” A singlelinear ele-
ment, T, canbe describedby position X (s, t), wheres

is aparaméeer which canbetakento bethearclengthalong
the fibre in an unstressedonfiguation. Then, the elastic
forceexerted by the k" immersedibre canbewritten as

Fk(wat) =
jy%

where  f.(s,t) is the force density and
d(x) = d(z) - 6(y) - 6(z) is athreedimensiol Diracdelta
fundion. A typical springlike restorirg force would be
given by aforcedensityof theform f . (s,t) = 92X /0s>.
The collective influenceof a setof ny immersedfibres,
Iy, for ¥ = 1,2,...,ns is then given by the sum
F= E:il F'.

Thefluid andimmeisedboundarymotionsarethencou-
pled togetherby the requrementthat the bourdary must
move at the velocity of neigtbourirg fluid particles,oth-
erwiseknown asthe“no-slip conditian,’

Fr(s,t)-0(x — Xg(s,t))ds, (3)
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_ / u(z,t) - 6(x — Xi(s,1)dz, (5
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wheretheintegral in the secondlequvalent)form is taken
over theentirefluid domein, Q.

2.2 The Numerical Method

The fluid—fibre systemrepiesentedby equatims (1)—
(5) repesentsa coyled system of norlinear, integro-
differential equdions thatmustbe solvedfor u, p, and X..
The fundanental ideain the IB Methdl is that the fluid
equatims arediscretisen a fixed, rectangilar, grid, hav-
ing constah grid spacingh = Az = Ay = Az. The
immersedboundary on the otherhand,is describedyy an-
other set of points which are allowed to move relative to
the uncerlying fluid grid. This avoids having perfam ary
comgicatedfront trackirg or grid remesing nearaninte-
rior bourdary, which is a significantdisadartageof mary
othermethod for fluid-strudureinteractionproblems.The
efficiency of thelB Methad derivesfrom thefollowing two
consideations:

e the immersed bourdary influence the fluid solely
through theforcing term F' in equatio (1), andhence
we canemplgy fast, efficient fluid solversfor rectan-
gulargrids. In particudar, for problens with periadic
boundary conditins, an explicit pressureprojedion
scheméasedon a FastFourier Transfam is oftenan
excellert choice.

e theinteractionbetweenfluid andfibre throwgh equa-
tions (3) and(5) is compued usingconvolutionswith
Dirac delta functiors, which are handed in the IB



methal by replacingd(z) with a discreteappoxima-
tion suchasdy, (z) = 75 (1 + cos (5%£)) for |z| < 2h.
Henceall integralsarereplacedy quadaturesnvolv-
ing points lying in aregion of width 44 in eachcoardi-
natedirection which canbecompuedvery efficiently.

Usingthespatialdiscretisatioroutlinedabove, theequa-
tionsarethenintegratedin time usingthefollowing explicit
appoach:

1. At eachimmersedbourdarypoint, theforcedensities,
f, arecalculatedrom the currentbourdary positiors,
X. Theseforcesare thendistributed onto fluid grid
poirts usingequatia (3).

2. At eachfluid grid point, the velocity andpressue are
upcdated(underthe influerce of the force F') by inte-
grating the Navier-Stokes equatims usinga split-step
prgectionmethod

3. Finally, the new fluid velccities areusedto computed
updatedvaluesof theimmersedoundarypositionsX
usingequation(s).

Full detailsof the numeical metha canbefound in [8] or
[13].

2.3 Immesed Bourdary Genernl Softwae Padage
(IBGSP

The IBGSP [3] is a Fortran¥7 implemenation of the
IB methal basedon a code written by Peskinand Mc-
Queen[7, 8] to compue the flow of blood within a beat-
ing hearton shared-ramorymachiressuchasthe Cray C-
90. TheBGSP hastotally revanmpedthe datastructurs in
this very specialiseccodein orderto hande a muchmore
gereral classof fluid-structureinteradion prodems. More
impartantly, the codehasbeenredesignedfor implenenta-
tion on both serial machinesand distributedmemay ma-
chines suchasthe SGI1Origin. At thepresentime, thecode
runsin serialmodeonly, but anMPI-basedmplemenation
for SGl machineswill be availablein the nearfuture. The
IBGSPis alsosupplenentedby a high-quality, 3D visual-
isationpackagewhich allows easy interactve, exploration
of thecomputedresults.

The pottion of the algorithm devotedto the fluid solver
(Step2.) is particulaty easyto implemen efficiently on
pardlel machinessinceit cantake adwantae of the native
FFT’sthatareoptimisedfor a given architectue. Lik ewise,
the compuationof thefibre forcesis alsoeasilyparalleliz-
able. However, the force andvelodty interpdation stages
(in Stepsl. and3.) involve interactios betweerfluid and
boundarypointswhich by far make up the majority of the
costin a given compuation. Becausehe boundarypoints
move relative to theunderlyingfluid grid, they have nolog-
ical conrectionor ordeing in relationto the fluid poirts,

andso theseinterpolation stepsare extremely challengng
to implementefficiently in parallel. Someof theissuese-
lated to implenmentationfor sharedmemoy machires are
detailedin [7].

3 ImmersedBoundary Model of a Pulp Fibre

Wood pulp consistsof a suspensiorof hollow, fibres
rangng from 0.1to 0.3 ¢m in length, and having an as-
pectratio between30 and 100. The fibres are taperedto
poirts at eachend, and the cross-sectionare not circular
(asis truewith mary man-malefibres)but ratherrectang-
lar with rourded corrers. The walls of the wood cell are
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Figure 1. Left: A mature softwood fibre.
Right: A close-up, cut-away view showing the
cellulose fibril layers (adapted from [2, Fig. 2-
4] and [10, Fig. 115]), which also indicates
the range of winding angles for each layer.
The secondar y walls form the basis of our
immer sed boun dary model for the wood cell.

compsedof interwoven cellulosefibrils, which lend the
wall its strengthand flexibility. In the cut-avay view of
awoodcell in Figurel, it is alsoevidentthatthe cell wall
consistsof several distinct layers,eachcharacterisedby a
differentorientationof the cellulosefibrils.

Consequetty, theimmersedowundarymethodseemso
be a naturalframevork in which to simulatethe motion
of thesecells, wherén the force-bearingpoirts lie along
cunes, X, which have a closecorrespadenceto cellu-
lose fibrils. We focusin particdar on the threelayersin
the cell wall which have a well-definel fibril orientation,
namelythe S1, S2 and S3 secondry layers,andconstruct



animmersedbourdary mode thatis depictedin Figure2.
The S1fibrils, in Figure2(a),arewoundhelically aboutthe
circunferencein both directiors, with a winding angle of
¢ ~ 50 — 70°, measuredelative to the axis of the wood
cell. The S2fibrils, in Figure2(b), have awinding angleof
¢ ~ 10— 30°, whichwe appoximateaspurely axialfibrils.
Finally, the S3layer, in Figure 2(c),aremuchmoresteeply
inclinedatanangleof ¢ =~ 60 — 90°, whichwe replae by
asequencef circumferentialringsinclinedat ¢ = 0.
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(a) Double-telica layer of
S1fibrils.
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(b) Axial layer of S2fibrils.

(c) Circumferental layer of
S3fibrils.

(d) The complee immersed
fibre model, shaving all
three layers.

Figure 2. The layered construction of our
3D wood fibre model, showing the immer sed
boundar y analogue of the cellulose fibrils.

All immersedbourdary poirts are connectedto their
successie neighbours by spring-like links that resist
stretchingand compession. While it is possibleto intro-
duae bendimg-resistanforcesinto ourimmersedbowndary
mockl, this is not necessarypecase the interwoven struc-
ture of immeisedbourdariesnaturallygives riseto a bend-
ing rigidity. Furthernore, we can ensurethat the mocel
woodcell lengthremainsappoximatelyconstan{like real
cells) provided we take the elastic stiffnessto be large
enaigh, When our model cell is placedinto a fluid flow,
thefibreis ableto berd anddefam under theactionof fluid
stressesNote that fluid lies bothinsideandoutsideof the
woodcell; asaresultof theinconpressibilitycondtion, and
theno-slipcondition onthecell walls, theinterral pressue

of thefluid maintainsthe geneal shapeof thecell.

4 Numerical Simulations

We now presentimmersedbourdary simulationsof a
singlewood cell having length0.4 ¢m, immersedwithin a
periadic fluid boxwith dimensios 1 ¢m onaside. Conse-
quenly, theseresultscorrespad to a regular, periodicar
ray of fibreswhich form an idealisedversionof a dilute
suspension The cell is construted out of 14 helical (S1)
fibrils, 13 axial (S2)fibrils, and32 circumferential(S3)fib-
rils. Thefluid domainis dividedinto a 322 grid, with grid
spacingh = 3% Theimmesedbourdarypoirts locatedon
eachfibril arechoserso thatthe separatiorbetweenthese
pointsis atmost% (thisis arequrementthatminimisesthe
interpdation erra from usingdiscretedeltafunctiors, and
henceavoids ary leakag of fluid). Consequetly, a total
of appioximately 2100immersedbowndary points arere-
quired to describethe configuration of the wood cell, and
32768 pointsfor the fluid. A typical simulationrequiles
slightly over 60 minutesof clocktime onanSilicon Graph-
ics Onyx2 maching(with two 195MHz IP27 processors).

Thefluid andfibre motiors aredriven by a planarshear
flow which is gereratedby including poirt forces on fluid
grid points that lie onthe planes z = 0.20 andz = 0.80.
Thewoodcellis placedatthecentreof thedoman, equally-
spacedetweerthetwo sheamplanesandthefluid andfibre
arestartedrom rest.

In the following three nunerical simulations,we con-
siderwoodcellswith differert flexibility andinitial config-
uratiors andshav thatour computedtrajectoriesepioduce
someof the qualitative behaiours of real pulp fibres. Ex-
perimants on flexible fibres subjectedo a shearflow ([1]
for examge) shaw thatthefibresexhibit very well-defired
orbitaldynanicsthatdifferbasednthefibre flexibility and
symmety of theinitial conditions.

Rigid pulp fibre: We first considera short, thick, wood
cell (with aspectratio 10) which essentiallyrotatesas a
rigid body Fromthetime sequene shovn in Figure3, it
is clearthatthe shearflow causeghecell to rotateapproi-
matelyin the z, z—plare, asis expectedfrom expeliments
on rigid fibres subjectedto shear We have retainedthe
periadic imagesof the solutionin the z—drectionin order
thatthe upstreanflow canbe visualised. The marker par
ticlesincluded in theseplotsindicae thatthe fluid flow in
the neigtbouhoodof the wood cell is clearly not a simple
sheafflow. Othermethod whichignore theinfluenceof the
defaming pulp fibre on the local fluid dynamicswill miss
this effed.

Flexible fibre undergoing an S-turn:  Next, we increae
the aspectratio to 30, which makes the fibre much more



flexible, andtake a fibre thatis initially straightandsym-
metric. The resultingdynamics pictured in Figure 4 are
known asan “S—turn; andmatchqualitatvely with orbits
obsevedin experimentg1]. Similar dynamicsarealsore-
producedin othernumeical simulationsusing symmetic
initial condtions [12, 6], but theseothe methals are un-
ableto captue the fine detailsof fibre defomationswhich
areevident in ourresults.

Flexible fibr e undergoing a snake turn: Thefinal case
we corsideris a nonrsymmetic situation,in which the fi-
breis initially givena slightbendat oneend(seethe index
N = 0 plotsin Figure5). All otherparanetersareiden-
tical to that from the previous examge. In contrastwith
earlierresults thesubsequat fibre orbit in this cases non-
symmadric, althoughtheperiodof rotatian is similar. Thisis
in factthetypeof orbit mostcomnonly obseredin exper
imentson flexible fibressincethe level of initial symmetry
requredto obtainan S—turnis almostnever seenrealwood
fibres.

5 Conclusions

In this paper we preseted simulatiors of a singleflex-
ible wood pulp fibre suspendeéh a planarshearflow, us-
ing theimmeisedbourdary method We have attemptedo
captue the cellulosefibril microstructue of awoodcell as
accuatelyaspossibleusinginterwoven,elastic,“immersed
fibres” which resiststretchig andcompression. The sim-
ulatiors are ableto capturethe hydrodyramic interaction
betweerthe fluid andthe fibre andso capturethe fibre de-
formationandfluid dynanics in unprecedeted detail. Our
nunericalresultsdemastratethatthe methal is capalbe of
captuing thefull rangeof fibre orhital behaioursobsered
in experiments. This work also hasthe poterial to have
majorimpactin the devdlopmentof improved rhedogical
mocklsfor concentratedparticlesuspensions.

Our conparisonswith other expeimental and numreri-
cal resultsaresofar only qualitatve, andso a greatdeal of
work is still requiledin orderto validae the modelandnu-
mericd results.First of all, nunmerical experimentsmustbe
performedto determingheactualflexural strengh of wood
cellswhichwe constriet outof interwovenimmersedibres.
Onceflexibility canbe measurd, thenwe canmake more
guantitative comparisonsto experimentsand carefully in-
vestigde how theorbital type,period andoriertationande
distribution dependon various physical paraneters.
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Figure 3. A rigid wood cell immer sed within
a shear flow, including marker particles (blue
and red) that help visualise the flow around
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Figure 4. An initiall y straight fibre executes a Figure 5. A fibre with asymmetric initial con-
symmetric “S-tu rn orbit.” ditions executes a “snake orbit.”



