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Abstract : Flow through complianl tubes wilh linear Laper m wall lhickness 18 numeiically simulated by finile element
analysis Fo1 verificalion of the numerical method, [low through a complhant slenolic vessel i simulated and the 1esulls are
compaicd to the exmisling experimental data. Steady Lwo-dimensional [low 1n a collapsible channel with milial tension 18 also
simulated and the resulls arc compared wilth numerical solulions fom the lileralure Computational i1esulis show thal as
cross—seclional area decrcases with the reduction in downstream messure, Mow rate increases and reaches Lhe maximum whon
the speed ndex (mean velocity divided by wave speed) 1s near the umly al the pownt of mimimum cess-seclion aea,
indicaling the flow limitation o1 choking (flow speed equals wave spend) 1n one~dimensional studies. For further reductions in
downstieam pressure, [low 1ate decreases The llow limitation o1 cholung consisl of the main reasons of waterfall effecl which
occurs 1n Lhe airways, capillaries of lung. and othor weins Cross—sectional nairowing 18 signmificant bul localized. When the
1atio of downalream-lo—upstieam wall (hickness 13 2, Lthe aiea Lhroal 15 located nea1 the downsiream end As this ratio iz
mncreased (o 3, the conslriclion moves to the upstieam end of Lhe Lube
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Introduction

In many practical siwations the Iuwid dynamic forces
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acting on & physiologic vessel cause lhe walls (o undergo

significant deformation. These deformations  Irequently
influence the rate of flow through the vessel and can also
elicit important biclogical elfects. Examples m the first

calegory imnclude collapse of the vems above the level of
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the heart. flow limitaton during a [orced expuoation, and
the water[all effect in the pulmonary microvascular bed[1].
Other, biological effects arize [rom the deformation of the
vessel  wall, resulling in allered  gepe  expression  or
secreton of various agents. such as, cviokines or growth
{uctors,

Numerous studies have heen conducted on vessel colla-
pse using  experimental or numencal methods. Experi—
ments by Conrad[2], Brower et all3], and DBertramld],
have demaonstrated the nch  variely and  complesaty
associated with such phenomena as flow hmitation and
self-exeited oscillations Numerical inveshgations based on
lhe assumption of one-dimensional flow have reproduced
nemy of these same phenomena. This simple approach
worked remarkably well In  the predichion of  fow
hmitabionld. 6] and large amphtude flow induced oscill-
alions[7]. Questions still remained however, concerning
the precise physical mechanism ol flow instability in
certun types of [lutter, Because of the simphfying ass-
umptlions on which the analyses were based, thev were
obviously not capable of addressing 1ssucs involving two-
or three-dimensional effecls.

In order to produce a more realistic  simulation.
Pedlev[®] firsl ewamined steady, two-dimensional flow n
a collapsihle channel at low Reynolds number using
lubrication theory FExlending Lhis work, Luo & DPedlev]9,
10] <olved the [ll Naiver-Stokes equations for steady
and unsteady [ow. again for a lwe—dimensional colla-
psible channel. In these studies, the wall was modeled as
an elastic membrane having zero tluckness. This is a
useful simplification for thin-walled vessels hut one which
fails o accounl for hending stiffness and in—wall shear
stresses that are wmportant In a wall of fimte thickness.
This assumption provides no inlormation on he stress
chistribution inside the vesscl wall. More recently. Hedl[11]
produced a three-dimensional solubion of [low through =
coltapsible tube using a Stokes {low approzxumation [or the
fluid and a shell model flor the wall respectively His
results accurately reproduce the three-dimensional char-
acter ol vessel collapse and compare  [avorably  wilh
experiments but have thus far heen resiricled to low
Reynolds number flow and thin-walled vessels.

[sing a fimte element code that solves the fully nonli-
near equations [or the sohd and fluid, Bathe & Kamml12]
recently analyzed [low al high Reynolds number through
an axisymmelric stenclic vessel Though (he axisymme
trie  assumplion precluded bucklmg of the wall, the
solutions allowed for significant nertial eflfects i lhe
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[Muid and provided detaiied imformation on the stress [eld
within the elastic wall. The deformations computed in
that work, however, were relanvely small due to the so-
[Mmess of the artenal wall and slenosis relative o the
magnitude of pressure Muctuations

In thiz study we use the same approach as DBathe &
Kamml12], but consider a problem with large amplitude
wall delormations, Axisymmetrie flow 15 considered under
condittions thar lead to flow limtation In an attempt to
minimize the mflucnce of 1he downstream rigid attach-
menl point, models ol tubes are used thal have a linear
taper m wall thiclmness Flow 1s induced by a progressive
reduction 1n downsirearn pressure. Steady  solutions {or
given pressure dilferences are obtamed solving the (ull
Navier-Stoles equations and the equilibrium equalions [or
the sold elastic wall having linite thickness. We examme
varving degrees ol wall taper to clucidate its cffecl on
vessel collapse. A commercial [inite element package
ADINA[LZ] 1s emploved (o accurately simulate the css-
enlial character of fld structure interactions. To validale
the accuracy of the code, we solve for [low and defor-
malion in 4 stenonc complianl lube and two-dimensional
collapsible channcl, and compare the numerical predictions

lo exisling expenmental and numerical data.

Computational Model and Methods

Flow through [exible-walled vessels is sumulated using
the commercial package ADINA[LZ)L Tesponse of the
elastic wall is analvzed using the standard Lagrangian
formulation for  which the governing feld equations
evaluated at cach lme slep in the analysis are

T =0 {1)

where & is the §j-th component of the Cauchy stress
tensor (i = 1,2), w15 the material particle acceleration in
the coordinate ! direction, and s 15 the density ol sohd.
The comma denoles parbal differentiation, ADINA uses a
muxed chsplacemenl/pressure-based finite element [ormul-
ation to solve lhese equations In the solutions presented
here, nine-node axasymmetric quadrilateral elements wilh
quadratic  cisplacement  interpolation and  linear  element
pressure are employed

The governing crguations for viscous ncompressible
[luid [low are ohtamed [rom the prnciples of mass and
momentum conservaton. The equations mn veclor notation

are
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and where U 15 the velocily vector; gy is fld density,
and ris the stress tensor, the components ol which are
given by

T,== pd, +2jte, i4)

Here p is [wd pressure, 4§, the Kromecker delta, #
the coellicient of viscosity, and the components of the

strain rate tensor are given Dy

€,= 5 i)

Application of 1he usual Galerkin finite element discre-
tizabon [or equation (2) wields the followmg matrix equ -
ations i symbolic form®

KEX-=I (G)

where K 15 the sulfness matnix, X is the veclor of
unknewn nodal variables (velocities and pressure) and R
contains  Lhe cxternal driving (orces. Three node axisy-
mmetric iriangular clements with a linewr mterpolation
funcion for velocily and pressure and an  additional
bubble velocity funcuion are used o discretize the {luid
domain in equation (2), Since the malrix equation shove,
derived [rom [uid governing  equalion (2), iz highly
nonlinear 1t must be solved by an inecremental iterative
scheme such as the Newton-Raphson method or the
method  of suecessive  substitulion  within each tme
step[ 131, A simalar matrin equation [or the salid is derived
[rom apphcalivn of the varialional principle o equaiion (1)
and discrelization ol lhe sobd solubon domain  with
nine-node axisymmeliic cuadrilateral elements having
quadratic displacement inlerpolation [unctior. In the sohd
malrix eguation, the unknown variables are the nodal
displacement veclors.

To simulale interactions berween lhe fluid and solid
domams, ADINA utilizes rhe Arbitrary Lagrangian Eul-

erian (ALE) formulation[13] requiting that the momentum

ol
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cquatton - {2) be modihied to  account lor mesh
movement. This necessitales o simple change in he

convective term leading to the form given below:

&, [ &d,
£ B—T{W? v Py

where

{7

oy, . . . - .
3 IS the ume-derivalive of the velocily

component  p, ab the position of the moving mesh point

S, . . .
=18 ihe velocity of the moving mesh

considered, and
n the j-Lh direction.

Solunon of the MNwd and solid cquations 18 accom-
plished by a fullv-coupled method salistying force equili-
brium and matching of the velocilies and displacements al.
each nodal poml for each Ume step during  the
compulation  This 13 accomphshed by an  ierative
lechnique  bewtween the flud  and  schd  solvers  until

attaining the desired convergence,

Results and Discussion
1. Verification of the code

ADINA was developed originally for the solution of
structural problems. and extended in recent vears to add
the capability lor selving Muid Mow or Tlhnd-structure
interaction(FSD prablems, Since then, 1t has been uscd
for a varety ol [luid-structure inleraction problems in
engineering, many of which can he found 1n  the
lileratmre[12, 13, 14]. Ilere we present two  validanon
studhes in which the vessel compliamce 15 a dominant
factor.

1) Flow through a compliant tube with a localized
constriction

In crder w tlest the FSI capabiliies ol the code, we
solve for steady flow through a stenotic comphant tube
and compare our results  with  existing  experimental
dala[15]. For this computalion the working fluid 1s water
and the membrane 13 made of rubher, modeled here using
the Mocney-Rivlin descripton The ratio of bullk modulus
to shear modulus is set equal w 1500, giving a Tosson
ratio of 04997 1w lhis hnear elastic analysis. The
geomelry of the stenolc tube is shown m g, 1(a),
selected o mumic that used in the Stergiopulvs exper—
iments As seen m the figure, the stenosis extends for a
length of Ls=30mm and has an unobsiructed diameter DO
of &mm The slenosis diameler af zero  transmural

J. Biomed. Eng. Res Vol 21, No. 4, 2000
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Fig. 1. Tubs and channel geometries Trom the present
simulations: {a) The stenctic tube with elastic wall as
used in the study by Stergiopulos et al [15] (b) The

two-dimensional collapsible channel with initial tension
as used by Luc & Pedley (8] (c) An axisymmetric com-
plignt tube

pressure Ds is 253 mm so thal the severity of the
stenosis defined as [1— D3/ 0§ ¥ 100 =90%. We use the
following equation for the shape of the stenosis as in the
case of Stergiopulos’s experiment,

_ 2
D) =D B0y 1—cod Zim
¢z L

The mesh system of the fluid region is composed of
4818 2639 and 122
elements and 315 nodes n solid domain. During  the

t8)

triangular elements and nodes
simulation, inlet pressure is held constant at a value of
Pin=7dmmHg and outlet pressure Poul is decreased [rom
TAmmHg in lmmHg increments External pressure Pe is
maintained constant at 3mmllg. At each pressure, the
symudation is continued untill the solulion becomes sieady
This procedure is followed until Pout = 4lmmHg. al
which point the numerical solution is no longer able to
converge Since at this stage the Revnolds number based

on average oullet velooity and uncbstructed diameter 1s

o] FEE A A2LH, A4E, 2000

n,
o

2478, soluhons [or lower downstream pressuras would be
strongly influenced by lurbulence. the effects of which are
absent from our analvsis. In addition, as discussed helow.
the transmural pressure 15 bevond that needed to buckle
the tube, (hus validating the assumption of axisvm-
metry. Thus, while the cause of the solution breakdown
is unknown. there 15 good reason based on  physical
grounds, not (o attempl to continue the solutton any
further since the results would be mcreasingly wnrealistic

The streamlines obtamned from ihis soluuon exhibic a
farge region of recuculatmg flow  dewnstream  of  the
stenosis, as one would expect n the vicmnily of a sudden
al the
throal, raising the possibihly of collupse of the stenclic

expansion  Pressure  attaing a mimnum  valuc
lube at lhat pownl. Progressing downstream [rom the
slenosis, lhe presswe mereases, corresponding o [low
deceleration with some pressure recovery, Figs, 2ia) &
(b) show the vanations of flow rate and internal diameter
of the slennsis as [unctions of oullet pressure, When the

pressure  chfference 13 small, there 1= good agreement

between the measured and predicted [ow rates and
mternal  diameter of the stenosis. As  the pressure
dilference ncreases. howevar, the numerical solutions

deviale some from the expermenlal values due to the
three dimensional elfects as pomted out by Stergiopulos
el al[15], The compulations are tormmated at a pressure
difference ot to the point where the
fibe
collapse. For (he reasons menlioner above, and because of
al
higher flow rales, no altempl was made to contie the

HlmmHg  prior

experimental results show flow lhnutation and

the reporied tendency for flow-induced oscillation

caleulations any further,

2) Steady flow through a two-dimensional colla-
psible channel

The resulls of Luc & Pedley[d] are chosen far

Table 1. Parameters used by Luo & Pedley (1995) for
simulation of [low through a two-dimensicnal channel
with a thin membrane

"—Fﬁd density 10%kg/m® R
Flud viscosity 10-3kg/(ms}
Reference imnal tension: To 161 N/m
External pressure Po 093 Pa
Channel height 11 00l m
Collapsible lengih: L 0.05 m

| Downstrean lenglh Ly 0.07 m |

mpstream length: Ly 0.02 m j
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Fig. 2. Comparisans of computed results to experimental data by Stergiopulos, et al.(15]. (a) Stencotic diameter versus
pressure difference. (b) Flow rate versus pressure difference
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Fig. 3. (&) Deformed shapes of the collapsible wall according to several valuss of B({=T/To where To=1.81N/m). (b}
Comparisons of the camputed maximum displacamant varsus A to tha results of Lua & Pedley(9]), The minimum channsl

height 1s Ymn

comparison with the steady two-dimensional fluid-struc -
ture interaction simulalion. Luo & Pedley used the full
Navier-Stokes equations o analyze the fluid flow but
employed a thin membrane approgimation with non-zero
mitial tension n the comphant wall The detailed peo-
melry of the problem is depicted in Fig. 1(b) and the
parameter values used m Luo & Pedlev are presented mn
Table 1. In every mstance, we specified the same para-
meter values used by Luo & Pedlev. Additional para-
meters were required [or the solid wall in cur simulation
due to its finile thickness. In collapsible tube problems, it
has heen shown that the computation based on the sohd

wall with thin thickness can produce some smmular result
with the calculation using the assumption ol thin mem-
brane[11] that most closely
approximales that of a thin membrane in constani ien-
sion, we set the Young's modulus of the hnear elastic
solid(EY to 10 Pa, the Poisson ratio to 0.0 and the wall
thuickness to 10% of the channel height H. No-slip boun-
dary conditions were imposed at the wall segments OA,
ED, and CB: a parabolic velocity profile was assumed at
the enlrance EQ wiath zero normal traction at the outflow
boundary AB. We calculated the solution for Re=1 where
Revnolds number is based on channel height and the

To produce a situation

J. Biomed. Eng. Res: Vol 21, No. 4, 2000
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Table 2 Material properties and reference values used
In simulations of an axisymmetric compliant tube

Fluid densilv . o 103ka/m’
Flud viscosity @ g i0-3kg/(ms)
Elastic modulus of solid © E |2 103N/

Polsson ratio of solid @ » 03
Unohslrucied area | Ag= xR 5104 m*
Relerence pressure - Prer =Ehy/] 200 Pa

Reference flow rate @ Qu= 7 RY(Eh/ 0Dn)' % | 158 mlis

mean velocity at the entrance of the channel for the
purpose ol compatison to publshed results

Luo & Pedley imposed an initial tension in the wall,
specilied as T=To/f where TO 15 a constant tension and
8 is a scaling [(actor. Higher S umphes lower wutal
tenswon 1n the wall and consequently grealer deformaltion
for the same transmural pressure Qfference. Fig, 3 shows
deformed shapes [or several values of A and g J
wdhcates the maximum deformation As can be seen in
Fig. 4, while the apreement with Luo & Pedley (Fig. 4(a)
in their paper) s generally good, the maximum displace—
ment of the wall in the present study is somocwhal
differentirom the wvalue previously reported. This 1=
hecause Luo & Pedley assumed constant tension during
the deflection process whereas the wall tension  wall
nalurally increase in our sunulalion as delormalion incr-
eases. For example, the tengion in the cdeformed state is
larger than the initlal tension by 8% for §=6d, accounting
for the deviations of masumum displacement between our
computation and thal of Luo & Pedlev

2. Axisymmetric tube with tapered wall

The axisymmetric model used In the this simulation 1s
shown mn Fig. 1(ch Here, hl, the upstream wall thickness,

o

o

d

TR

Table 3 Maximum Reynolds number at sach wall
thickness rauo in axisymmetric tube simulation

hyln=1 (Rehwe=910 3 :
hTy=2 (Rejme=1141.4 i
by =3 (Re)me=1238.8 !
hy/hy=4 (Relna=1285.9 |

18 held constant at O-dmm. Wall thickness tapers linearly
o a mummum value, he, at the downslream end. The tuhe
length-to-radius ralw, Le/R. 1s equal lo 79 and tapers
hefhy of 1, 2, 3, and 4 are used The tube wall 15 taken to
be lnearly elastic with Young's mocdulus of 2x10" Pa All
other parameter values are given 1w Table 2. The
relerence pressure is proportional to the ratio thl/R) and
Young's modulus E and 1he relerence low rate is delined
using the wave speed in Eq (9} and the cross sectional
area xlt"

A no slp wall boundary condition 1s apphed m the
flud along hnes AR and C1 while symmetry is asswmed
around line EF. Line BC comcides with line [} ol the
sohd domain constituling  the [lud-structure nteraction
boundary (Fig 1. Il 1s along this boundary that displace-
ments and traction forces are passed between the fhud
and solid domawns In these simulations, the fluid and
solid domains are discretized as shown in Fig. 4. The
mesh consiats of 3,333 nodes, 6247 trangular elements
clustered in hoth ends of the elaslic wall lor the [uid
domam and 140 quadrilateral elements for the sclhd
domain. To assess mesh dependency. compulational re-
silts using [ner (one third more mesh pomts) and coar-
serione thurd fewer) mesh pomts for ho/hy=1 produced
ditfferences in [low rate and minimum area teduction ol
less than 2.5%.

Flow is mduced bv the pressure difference AP=Pin-

Solid Domain

Fluid Domain

Fig. 4. Mesh system for the axisymmelric tube with 6 227 tnangular fluid elements and 140 quadrilateral sclid elements

g FahE A 21, A4E, 2000
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(al

{l)

Fig. 5. Streamline patiars in the axisymmetric tybe correspanding to the maximum pressure difference hefore loss ol
cenvergence (a) hz/hi=1 at AP/Py=08, (b) ho/hi=2 &t AP/Pr=14, (e} h2/h1=3 ar AP/Pref=06 (d) ha/hi=4 at 4

P/Per=0 6

Poul between inlet and outlet. Inlet pressure and external
4l Pin=
downstream pressure 18 decreased in 3 Pa incremenls,

pressure  are mainlained constant Pe=0 while
allowing the solulion to converge at each condition. The
compulalions are conducted in a step-wise manner using
the steady solution [rom the pevious step as the inilial
guess for the next caleulation.

Maximum Reynolds numbers at each wall (hickness
rauo are given in Table 3 where it 15 seen that Lhe
largest value. 1200, occurs in the (ube with (he largesl
mean wall thickness (hy/hy=1). Streamlines at the conch-
tion of maximal pressure chfference just prior 1o loss Lo
convergence arc plolled in Fig. 5 for the four values of
wall thickness ratio. Narrowing 1s highly localized near
downstream end of when the tube 1s of uniform thickness
thyhi=1) or when the taper is mild (hylu=2). Remions of
recirculating flow are observed (or these Lwo cases due

to the high degree ol narrowmg and the relatively abripl

arca lncrease downstream of he munimum area point
Figure G shows flow rate increasing as downsiream

pressure 18 veduced, rapidly  ar fiest, then  slowing,

reaching a mesumum, and finally [alling gradually as the
This pattern
suggestive ol wave speed tlow lhmitation as is often

tube hecomss increasmgly  collapsed. 18
abserved in collapsible tube flowl[d], although (he frop m
Mow rate after reaching the peak is not predicted by the

previous  one-dimensional  (heories,  This  behavior 15
discussed more {ully helow.

When ihe degree of wall taper is large (Lw/hi=3 or 4),
the bchavior 13 distinetly different. The poinl of minimum
area moves Lo a localion near the wpsiream end of the
tube, and the recireulabion zone 15 less pronounced or
completely absent due to the more sradual area increasc
downstrcam. Variations 1 minimum area are particul:uly
with 1muider

nfercsting  showing, n contrast Lo cases

Laper, an increasingly sleep dop as downsmream pressurc

J. Biomed. Eng Res: Vol 21, No. 4, 2000
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15 reduced, up to the point of non-cenvergence (Fig, 7)
Flow limitation, however, is ohserved (Fig. 6) and [ollows
a pattern that is relatively uninflluenced by (he degree of
taper. These solutions tend to lose convergence soon afler
maximal f{low is attained. I the pressure drop through
coilapsible tube exceed the condition i which the choking
happens, the flow rate decreases and the tube evenlually
collapses due t¢ the decreased pressure i the throat.
Cnee the tube collapsed. the pressure in the inlel prevails
to the collapsed part. Then, the increased pressure in the
upstream may leads to the opening of the collapsed tube.
But if the flow starts, the pressure drop along the {ube
cause flow lmilation again Tlus may lead Lo the
dynamic phenomenon of walerfall effect. [l 15 widely
admitted that the [low limitation or choking are critical to

ol ZaE A A2, A4E, 2000

analyze the waterfall effect which happens in the airways
and venules of lung. vena cava, other veins[16].

The distributions of (wd pressure and solid ellective
stress are presented for hylu=2 in Fig 8 Fluid pressure
decreases up lo the area nummum, then increases agam
reflecting a degree of pressure recovery downstream of
the throat. Effective siresses in the solid are large near
the downstream end due to the combmation of large
bending ellects and the highly negative transmural
Dressure.

In view cof the lendency Jor flow limitation seen 1n
these results, il is of interest to compute the speed index,
S, defined as the rabio of mean [uid speed to wave
speed. Here we eslimate wave speed lor long waves, c,
using the Moeens-Korteweg equation[16].
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In a one-dimensional [low analysis, maximal flow
oecurs when S equals unily[6] This is seen to be wue in
the present simulations (Figure 6) when the speed index
evaluated at the poinl of mummum cross—sectional area.
based on cenlerline velocity, is plotted against the pres-—
the

one-dimensional theory, however, the [low rale is ch-

sure  dhifference.  Unhke prediction  from  purely
scrved to decrease and S continues to mse as down-
stream pressure 1s further reduced Moreover, the prolile
of 5 vs axial distance. z/L (Tig 9 continues lo change
upzslream of the point where S=1, albelt slighdy, following
the first occurrence of critical flow. These observalions
coadd be due to the presence of longitudinal bending
stilfness or Lension, either of which intreduce wave speed
chspersiom (so thal waves of fimte wave length iravel
more rapidly than predicted by eqn. (O17]. In fact, the
possthility ol a transition lo supercritical (low (S>1) near
peint  had

tentatively explained based on an

the downstream attachment been observed

experimentally  and
approximate correction to the one-dimensional theory that
uwcludes these longitudinal effects[17].

With larger taper (h2/hl = 3 and 4, Fig 6lc) & (d)).
the (low rate once agmn reaches a maximum when 5 is
approximately one. The fall in flow rate and the increase

in speed wdex after the point of maximal [low, however,
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Fig. 8. Computed results for the axisymmetric tube with
hz/h1=2 just prior to camplete collapse (a) Distribution
of effective straess in the elastic wall. (b) Distribution of
pressure in the fluid domain

Fig. 10 Close-up of the distorted mesh in the axisym-
metric tube for ha/hi=1 at AP/P=r=0 6 just priar to hre-
akdown of the computation

arc hoth more abrupl, and the solution falls to converge
much sooner. Note that 1w these cases, the point of
mimmum area and the [irst occurrence of critical [low are
both end of the tube.
Downstream of this point the [low accelerates bevond
5=1, speeds,
continuing (o fall mn the direction of increasing sliffness.

located near (e upstream

then qucklv decelerales o suberilical
While the transilion to suberitical speed appears io be

smecth  as  suggested in  previous experunents  and
one-dimensional theory for lubes with tapered walls[18],
the axisvmmelric assumption of the present analysis
makes it difficult to make a direct comparison.

In every caze, the computations faill to converge prior
to an outlet pressure of -500 Pa. This may be due to the
highly distorted mesh for h»hi=1 and 2 as shown in Fig.
10 In the cage of ho'hy=3 and 4, the numerncal instabilily
appears to result from the increasingly steep reduction in
mmimum cross-section arvea as the outlet pressure de-

creases (Fig. 7). Wlle the cause for lack of convergence

J. Biomed. Eng. Res Vol. 21, No. 4, 2000
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is unknown, 1t mav he indicative of
of the

mn these cases

numerical  instahlity, or possibly a  breakdown
sleady solution leading to oscillatory hehavior,
Since many of the relevant expermments were condu-
cted on much longer tubes, we examined the cllect of
tube length by calculating two addiional cases for the
taper of hwh=1: L/R=10 and L/R=5. The (low rates and
area reductions of these cases diflered by no more than
4% [rom those of L/R=75. confimmg that the [low
these simulations s nol

phenomena  1n signulicantly

influenced by Luhe lenglh,

Conclusion

In this paper. we present the model of sleady axisy-
mmetrical flow as a step toward the analysis of [ully
three-dimensional and unsteacy conditions, The solutions
presented here agree with other pubhshed results from
expermments and computational analysis, providing somc
degree of confidence thal these same methods.

We used the [ull Nawvier-Stokes equations to describe
fMlow within the collapsible tube, and allowed for a wall
with finite thickness that undergoes large delormation
These are all necessary if a reahstic sumulabion 15 o be
crealed. The lrue flow [ield occwring m collapsible tube
interacting with an elastic wall has compheated chara-
cteristics certam to be nfluenced by wviscous dissipalion
and possibly flow separation behind the throat of elastic
wall These effecls cannot be simulaled with inviseid or
Stokes flow assumptions, Furthermore, while mosl previ-
ous studies approximale the collapsible tube or channel as
a membrane of zero-thickness, many of the existing
experiments and real occurrences of collapsible tube [low
m physiclogy deal with tubes that are not necessanly
1hin.

Numerical solutions for the cellapsible tube show Lhat
flow rate reaches a maximwn when lhe speed index 1%
near unity at lhe point of nummum cross scchional ares,
mdicative of flow hrmtation or choking. These consist of
the main reasons of waterfall phenomenon which occurs
m a number of vens. The conslriction poinls in the tubc
vary according to the rato of downstream-to-upstream

wall thickness
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