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ABSTRACT. This is a study of the fluid-structure interaction between the sta-
tionary Stokes flow of an incompressible, Newtonian viscous fluid filling a three-
dimensional, linearly elastic, pre-stressed hollow tube. The main motivation
comes from the study of blood flow in human arteries. Most literature on
fluid-structure interaction in blood flow utilizes thin structure models (shell or
membrane) to describe the behavior of arterial walls. However, arterial walls
are thick, three-dimensional structures with the wall thickness comparable to
the vessel inner radius. In addition, arteries in vivo exhibit residual stress:
when cut along the radius, arteries spring open releasing the residual strain.
This work focuses on the implications of the two phenomena on the solution of
the fluid-structure interaction problem, in the parameter regime correspond-
ing to the blood flow in medium-to-large human arteries. In particular, it is
assumed that the aspect ratio of the cylindrical structure e = R/L is small.
Using asymptotic analysis and ideas from homogenization theory for porous
media flows, an effective, closed model is obtained in the limit as both the
thickness of the vessel wall and the radius of the cylinder approach zero, simul-
taneously. The effective model satisfies the original three-dimensional, axially
symmetric problem to the e2-accuracy. Several novel properties of the solution
are obtained using this approach. A modification of the well-known “Law of
Laplace” is derived, holding for thick elastic cylinders. A calculation of the
effective longitudinal displacement is obtained, showing that the leading-order
longitudinal displacement is completely determined by the external loading.
Finally, it is shown that the residual stress influences the solution only at the
e-order. More precisely, it is shown that the only place where the residual
stress influences the solution of this fluid-structure interaction problem is in
the calculation of the e-correction of the longitudinal displacement.

1. Introduction. The focus of this paper is on the fluid-structure interaction be-
tween a viscous, incompressible, Newtonian fluid flowing through a pre-stressed
tube with thick, three-dimensional elastic walls. The main motivation comes from
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FIGURE 1. Ultrasound of the human carotid artery, [§].

the study of blood flow in human arteries. In the last few years there has been
a significant growth in interest in the theoretical and numerical study of fluid-
structure interaction problems arising in blood flow. This is a complex problem
involving several spatial and temporal scales, and a severe nonlinearity in the cou-
pling between the fluid and the structure (vessel wall). In addition, vessel walls
are anisotropic and inhomogeneous, composed of several layers with different me-
chanical properties. Taking into account the detailed mechanical structure of the
arterial walls would make the study of the fluid-structure interaction intractable.
This is why most models in the related literature utilize the simple linearly elastic
(or viscoelastic) membrane equations to model the behavior of arterial walls, see
M B, @, 6, 7 15 16, 27, 22, 23] 24]. In particular, the membrane models assume
small vessel wall thickness with respect to the vessel inner radius (lumen). This
is, however, not the case in the blood flow application. Arterial walls are thick
three-dimensional structures, with the vessel wall thickness h comparable to the
vessel inner radius R (lumen), [20]. See Figure [l The focus of this paper is on
the fluid-structure interaction between a viscous, incompressible, Newtonian fluid
flowing through a pre-stressed tube with thick, three-dimensional elastic walls. The
main motivation comes from the study of blood flow in human arteries. In the
last few years there has been a significant growth in interest in the theoretical and
numerical study of fluid-structure interaction problems arising in blood flow. This
is a complex problem involving several spatial and temporal scales, and a severe
nonlinearity in the coupling between the fluid and the structure (vessel wall). In
addition, vessel walls are anisotropic and inhomogeneous, composed of several layers
with different mechanical properties. Taking this property into account leads to new
information about the coupling between arterial walls and blood flow, discussed in
detail in Sections and[@ In particular, we arrive to a modification of the Law of
Laplace that relates the fluid pressure with the wall displacement holding for thick
walls.

Furthermore, most of the models used in the literature on the interaction between
blood flow and vessel walls, do not account for the fact that arteries in vivo exhibit
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residual stress: if cut radially, arteries spring open releasing the residual strain
and approaching the zero-stress state which is a sector, shown in Figures Bl and El
See [9, [T, [T6, [T7, 18, 25]. In this manuscript we take both phenomena into account
to derive a simple, effective closed model that approximates the three-dimensional
axially symmetric problem to the e2-accuracy, where ¢ = R/L << 1 is the aspect
ratio of the vessel segment of length L.

More precisely, we study the fluid-structure interaction problem between a three-
dimensional, linearly elastic thick, pre-stressed, hollow tube filled with an in-
compressible, Newtonian viscous fluid satisfying the Stokes equations. Assuming
the aspect ratio of the tube to be small, and letting the thickness of the tube
wall to be of the same order of magnitude as the tube radius, we derive a closed
effective model that approximates the three-dimensional axially symmetric prob-
lem to the e%-accuracy. From the reduced model the following three interesting
new results follow. One is a new algebraic relationship between the fluid pressure
and the vessel radius for thick structures, given by ([([Z0), that is a modification of
the well-known Law of Laplace that holds for thin membrane shells. This is ob-
tained in Section [ We show that using the classical Law of Laplace to study the
pressure-displacement relationship for thick stuctures, under-estimates the radial
displacement of the structure. In particular, the error increases with the thickness
of the wall and is of order O(1) for medium-to-large arteries. Thus, we suggest that
using the pressure-radius relationship (1) is more appropriate for the blood-flow
application. The second result concerns the influence of the residual stress on the
solution of the fluid-structure interaction problem to the O(e?) accuracy. Residual
stresses have been studied extensively in the past ten year in the contex of mod-
eling the mechanical properties of vessel walls. It has been shown using numerical
simulations of the arterial wall mechanics, [I7], that under the static physiological
loading, the influence of the residual stress on the vessel wall displacement is rel-
atively small. In this paper, we show using asymptotic analysis, that even though
the residual stress does not enter the solution to the leading order accuracy, it in-
fluences the calculation of the longitudinal displacement of the vessel wall to the e
accuracy. This is shown in SectionlB And finally, our third result concerns the mag-
nitude of the longitudinal displacement. Most of the literature on fluid-structure
interaction in blood flow assumes that the longitudinal displacement of the vessel
wall is zero, arguing that the vessel walls are longitudinally theatered, composed
of a "series” of approximately independent rings giving rise to the negligible lon-
gitudinal displacement. In this manuscript we show in a consistent way that the
leading-order longitudinal displacement is zero, assuming that the longitudinal dis-
placement of the cylinder’s external boundary is zero. More precisely, we show that
in any three-dimensional linearly elastic cylindrical tube that is interacting with an
axially symmetric flow of an incompressible, viscous fluid, the leading-order longi-
tudinal displacement in the three-dimensional structure is completely determined
by the ambient boundary condition applied to the external lateral boundary of the
cylinder. This result is a consequence of the fact that the axial component of the
fluid stress at the fluid-structure interface is negligible to the leading order. Thus,
if the external boundary of the vessel wall is longitudinally fixed, the longitudinal
displacement throughout the three-dimensional cylindrical wall will remain zero to
the leading-order accuracy. However, we also show that the e-correction of the
longitudinal displacement is not zero. In fact, the e-correction of the longitudinal
displacement depends on the residual stress, the tangential component of the fluid
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stress, and on the zero-th order approximation of the radial displacement. This is
obtained in Section and Section

2. Mathematical formulation. We study the flow of an incompressible viscous
fluid through a pre-stressed tube with three-dimensional linearly elastic walls of
thickness h. The main assumptions in this paper are that the thickness h is com-
parable to the inner tube radius R which is small with respect to the tube length
L:

h R

E :O(l)a f =€,

and that the walls of the tube, prior to the physiological loading, exhibit non-zero
residual stress.

It has been well accepted that blood in medium-to-large arteries can be modeled
as a viscous, incompressible, Newtonian fluid, utilizing the Navier-Stokes equations
as a good flow model. The study of the fluid-structure interaction between the
incompressible, viscous Navier-Stokes equations and the equations of the three-
dimensional, linearly elastic structure, is complicated due to the following features:
the fluid equations are non-linear and the time-dependent coupling between the flow
and the structure introduces additional nonlinearities in the problem. In particular,
the time-scale at which the waves in the structure and the fluid flow are captured
to the leading order accuracy, is determined by both the time scale of the ”far
field” velocity, as well as the time scale of the vibrations of the structure, see [, 2.
However, in our current work, we have realized that in order to understand the
influence of the residual stress and the structure’s wall thickness on the solution
to the fluid-structure interaction problem, it is sufficient to focus on the stationary
Stokes problem, thereby avoiding additional difficulties associated with the time-
dependent coupling. This is why in this paper, to keep ideas simple and to emphasize
the basic features of the underlying fluid-structure interaction problem, we first
focus on the stationary Stokes problem. The results presented here will still hold
in the non-stationary Navier-Stokes case where additional difficulties related to the
time-dependent coupling with a three-dimensional structure, will be dealt separately
in [2].

For completeness, in this section we present the general, non-stationary fluid-
structure interaction problem for the Navier-Stokes equations coupled with the
three-dimensional structure equations, and focus on the stationary Stokes problem
in the next section.

We begin by a description of the structure equations and the form of the Cauchy
stress tensor describing residual stress due to the circumferential and longitudinal
stretch. Since the structure equations are typically given in the Lagrangian frame-
work (measuring the deformation of the structure with respect to a fixed reference
configuration), and the flow equations are typically given in the Eulerian frame-
work, we use different notation denoting the two coordinate systems: we will be
using (r, 6, z) to denote the radial, azimuthal, and axial variable in the domain oc-
cupied by the fluid, and (s, 1, ¢) to measure the radial, azimuthal, and axial variable
in the domain corresponding to the structure.

2.1. Description of the elastic structure. The reference configuration €y for
the elastic structure (wall) is a cylinder with annular cross section, with the internal
and external radii R and R + h, respectively. See Figure
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FIGURE 2. Prestressed reference configuration for a tube with
three-dimensional elastic walls.

In cylindrical coordinates the reference domain is given by
QY = {(scos¥,ssind, () e R®|s € (R,R+h), ¥ € [0,27), ¢ € (0,L)}, (1)

with the exterior boundary

W ={(scos?,ssin?, () € R®*|s =R+ h, ¥ €[0,27), ¢ € (0,L)}, (2)
the interior boundary
e = {(scos¥,ssind, () e R*|s =R, ¥ € [0,2n), ( € (0,L)}, (3)

and the inlet and outlet sections
By = {(scos?,ssind, () e R®|s € (R,R+h), ¥ €[0,27), ¢ =0}, (4)
YV = {(scosd,ssind, () e R¥|s € (R,R+h), ¥ € [0,2), ( = L}. (5)

We will be assuming that the reference configuration €2} is pre-stressed. Namely, it
is well-known that arteries in vivo exhibit residual stress: when cut along the radius,
an artery springs open to form an open sector, see Figures Bl and H [9, [I7, [T6].
Residual stress is the stress supported by a body in a fixed reference configuration
in the absence of external forces, [I8]. Residual stress is the Cauchy stress field T
satisfying the equilibrium equations and the zero traction condition, [I8]:

V.-T=0 in QY (6)
Tn=0 on 09, (7)

where n is the outward unit normal. To calculate the distribution of residual stress,
we used the approach and the results presented in [9, [T, [[&, [, [6]. In contrast
with the rest of the manuscript where incremental elasticity is used to study the
deformation from the pre-stressed, reference configuration {2, the calculation of the
residual stress relies on the theory of finite elasticity. A brief summary is presented
next.

2.1.1. The form of the Cauchy stress tensor for the residual stress due to the cir-
cumferential and longitudinal stretch. Assume that the stress-free configuration of
the arterial wall is a cylinder with a cross-section which is an open sector as shown
in Figure B left. Consider a mapping which takes a material particle from its posi-
tion (x, v, &) in the open sector, to the new position (s, ¥, () in the intact unloaded
(ring) configuration Q) shown in Figure Bl center, given by:

s = s(x), z9=@10w, ¢ = Ag, 8)
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FIGURE 3. Cross-section of an arterial segment in the stress-free,
unloaded and loaded state.
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FIGURE 4. Residual Stress in Pulmonary and Ileal Artery, [25].

where ©g is the opening angle and A is the axial stretch ratio associated with the
residual stress, [16] .

Assume that the vessel walls are incompressible. Then the product A a3 of
the principal stretch ratios

ds ]
AM=—, d=——, A=A
1 8)(, 2 90 Xa 3
must be equal to 1. This implies
SN
57— 57 = H(XZ - X9 (9)

where x; and s; are the internal radii in the stress-free and the unloaded configura-
tion, respectively. The deformation gradient J and the right Cauchy-Green tensor
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C associated with this deformation, are given by the following, [I6]:

2
@0){ 6OX
A —= 0 0
mAs 0 0 (ﬂ'AS
J= s C= 2 . (10)
0 - 0 ) s
Oox 0 < > 0
Oox

Define the Green-Lagrange strain tensor as E = (C—1)/2. Then, the Cauchy stress

[ RESIDUAL STRESS PARAMETERS (CAROTID ARTERY) [L] ]

a = 44.2 kPa
b =16.7
sy (inner radius of the unloaded config.) = 3.1 mm
sp (external radius of the unloaded config.) = 4.0 mm
X1 (inner radius of the stress-free config.) = 5.05 mm
XE (external radius of the stress-free config.) = 6.04 mm

TABLE 1. Parameter values needed for the Residual Stress calculation

tensor can be obtained as follows, see [T1]:
ov 1[,0¥
T=pI+J—=J" -2 |J—=J7 1|1, 11
PLISEY T3 [ OE } (11)
where p is the Lagrangian multiplier that ensures the incompressibility of the ma-
terial, and ¥ is the strain-energy density function. In this manuscript we will be
taking the strain-energy density function ¥ corresponding to the human carotid
artery as proposed in [1 1]:

U= % {exp E(Il - 3)] } . (12)

Here a and b are parameters representing the material properties and I; := C : I
is the first invariant of the right Cauchy-Green strain tensor C. Substituting this
expression into ([I]) we find that tensor T depends only on the radial variable s and
has a diagonal form with

2 2 9
Tos =p+30Css, Tog=p+350Co, Tec=p+ 3500, (13)
where
ov o o b
(b B 8E55 B 8E1919 o 8E<< =a {exp |:§(Il - 3):| } ) (14)

and C,,,Cyy and C¢¢ are the diagonal components of the Cauchy-Green stress
tensor C, given in (). The zero traction condition implies Tss(R) = Tss(R+h) = 0.
To calculate the Lagrange multiplier p we use the radial component of the equation
Vo= dT. T. T
ss ss — 1499
Is + S =0. (15)
Integrating equation ([[H) from the internal radius s; to s € (R, R + h) one obtains

p=—2(¢Cus — L(s)), where L(s) = /S? <%>—<@”—X>] ds.(16)

S[S
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Using () we can now obtain the components of the Cauchy stress tensor describing
the residual stress:

2 2 2
Tss = =35 L(s), Too = 3[6(Coo — Css) = L(s)l,  Tee = 510(Ce¢ = Css) = L(s));
(17)
where L(s) is defined in ([[), ¢ in [Id), and C is the right Cauchy-Green tensor

given by ().

To completely specify the residual stress tensor we will be using parameter values
from [TT], shown in Table[ll The values for x; and xg are obtained by integrating
equation (&) from s; to sg to get

¢l (0x\* ([ ms\'| _
[ -(63) 1“—0' 1s)

Equation ([J) is a compatibility condition. The choice of x; and xg must be such
that ([¥) holds. In particular, we used x; = 5.05 mm and xg = 6.04 mm, and for
the values of parameters A and Oy we used the suggested values from [T}, [[6] which
are A = 1.1 and Og = 0.6387 = (1 — 130/360).

Figures H and Bl show the components of the Cauchy stress tensor and the Green-
Lagrange strain tensor plotted as a function of the radius. We can see that the
magnitude of the radial component of the stress is much smaller than the circum-
ferential and longitudinal ones, see Figure [l left. Moreover, Figure @l middle shows
that the circumferential strain is negative in the inner part of the wall and posi-
tive in the outer part. This is in correspondence with the results in [I8] and the
experimental measurements presented in [9] and [I6].
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FIGURE 5. Diagonal components of the Cauchy stress tensor de-
scribing the residual stress.
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FIGURE 6. Diagonal components of the Green-Lagrange strain ten-
sor describing the residual strains.

2.1.2. The Model Equations for the Structure. We assume that the elastic solid un-
dergoes small deformations from the reference pre-stressed, unloaded configuration
QF, and that the gradient of the displacement u = (us, uyg, u¢) from the reference
configuration, Vu, is small, allowing the use of linear theory. The equations of the
structure dynamics in the absence of body forces in the Lagrangian framework read
as follows [I8]:
2

QW% =V-S inQy, (19)
where S is the first Piola-Kirchhoff stress tensor. Following the approach in [18],
we assume that S is differentiable and that for small Vu it can be expressed as

S(I+ Vu) = S(I) + DS(I)Vu, (20)

where we denoted by S(x) the stress tensor corresponding to the deformation x. In
the above expression, S(I) represents the stress in the structure in the absence of
deformation. Therefore S(I) = T. Tensor T does not depend on the displacement
u or its gradient. The form of DS(I)Vu is discussed in [18] and it is given by

1
DSI)Vu=WT + §(ET —-TE)+1L, (21)
where L is the (incremental) elasticity tensor

L = 2uwE + A\ (trE), (22)

with E and W denoting the infinitesimal strain and infinitesimal rotation, respec-
tively,
E =

(Vu + (Vu)t), W = (vu - (vu)f), (23)

N —
N | =
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with constants py, and Ay, corresponding to the counterparts of the Lamé constants
of the classical theory.
For simplicity, we now introduce tensor Q

QzT—i—WT—i—%(ET—TE) (24)

which accounts for the contribution of the pre-stress, so that S can be simply
expressed as

S=Q+L.
Written in components, ([[d) reads:

*us S — S 0Sss  10Ssy  0Ss
Us _ 99 4L 199w | 09

he T T s 9s s 90 o’
(9211,19 . S + Sys 0Sys 1 0Syy 881%
oo =T 5 T tsan T ac

02 Ses  O0Ses 108, S
0w 2o _ 26 Cs 4 2900 | 90¢c
ot? s Os s OY o¢

where gy, denotes the density of the elastic solid. Equations ([d) are supplemented
by boundary conditions. To reflect a typical situation in blood flow modeling, we
assume that the external boundary is exposed to the external ambient pressure P,

n.Sn, = —P., (25)

where n. is the outward unit normal vector on Y., and that the tangential dis-
placements of the exterior boundary are zero, namely

ug(R+h,9,(,t) =0, uc(R+h,9,(t)=0. (26)
On X%, we impose continuity of stresses
Sno(R,ﬁ,{,t) = (I>fn0(R7197C7t)7 (27)

where ny is the outward unit normal vector on X3}, and ® is the stress due to the
fluid flow in the lumen (interior) of the annulus, written in the Lagrangian frame-
work. The fluid stress ®; will be specified later in {l). Thus, neither the internal
or the external boundary of the structure are given explicitly. Both boundaries will
be determined as a solution of the fluid-structure-ambient interaction problem.

At the end points of the annular sections we assume that the displacement is
Zero

u(R,9,0,t) =u(R,9,L,t)=0. (28)

Although the latter set of conditions is not natural for the blood flow application,
the asymptotically reduced problem has this set of conditions relaxed in a way
that is appropriate for the use in the blood flow application. Namely, following
the approach in [B] one can show that the homogeneous boundary conditions for
the displacement at the inlet and at the outlet boundary are “incompatible” with
the prescribed stresses at the inlet and outlet. As a consequence, a boundary
layer forms near the inlet and outlet boundaries ”contaminating” the solution of
the full two-dimensional axially-symmetric problem in a small neighborhood. It
was shown in [B] that this boundary layer decays exponentially fast away from the
boundary. However, in the asymptotically reduced effective problem, studied in
Section B, conditions [8) drop out and the displacement of the structure in the
reduced model will be governed entirely by the inlet and outlet fluid pressure and
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w

the conditions imposed on the external and internal boundary of the structure XY,

and XV

int*

2.2. Description of the fluid. The domain occupied by the fluid is not known a
priori and it will be denoted by Q7 (¢). In cylindrical coordinates (r,, z) the fluid
domain is defined by

Q) ={(r,0,2) e R®|r € (0,7(0,2,1), 0 € [0,27), 2 € (0,L)},  (29)
where v(0, z,t) is the fluid-solid interface given by:
¥(0,z,t) = R+ us(R,9,(, t), (30)
with
(0,2,t) = (04 uy(R,9,(, 1), +uc(R,9,(,t),t) (31)
relating the Eulerian coordinates of the fluid description with the Lagrangian co-

ordinates used in the description of the structure. The inlet and outlet sections of
the fluid domain are given by

S5 ={(r,0,2) e R3|r €[0,R), 6 € [0,27), 2 =0}, (32)
SP={(r,0,2) eR3|r €[0,R), 6 €[0,2n), 2= L}. (33)
The motion of the fluid is described by the Navier-Stokes equations for an incom-

pressible, viscous fluid. In cylindrical coordinates, in the absence of body forces,
they read as follows:

10 1% ov,

cor i T O (34)
ov, ov, g Ovu, ov, ’Ug _Op Uy 2 Ovg
9(W+“TE+739 *”25‘7)—‘5” A=~ e)

(35)
Ovg Ovg  vyv9 g Ovg Ovg B 10p Vg 2 Ov,
Q(E““WJF v +7W+“ZE) —‘;%”(A”G‘ 2 ﬁae)’
(36)
ov, ov, vy Ovu, ov.\  Op
Q(atﬂrar*?ao +”Zaz)__£+“mz’ (37)

where v = (v, vg,v,) is the velocity of the fluid, p is the pressure, g is the fluid
density and p is the dynamic viscosity of the fluid. We used notation A to denote
the operator

Ap (38)

==—|r St e = Aot o +
ror\or ) 2067 T 922 T T T 2002 T 922
applied to a scalar function p(r, 6, z).
The coupling between the fluid and the structure is performed by requiring the
continuity of velocity and the continuity of the stress at the interface. We write
these conditions in the Lagrangian framework:

v(v(0,2,t),0,2,t) = %—?(R,ﬁ,(,t} (39)

with (6, z,t) defined in @II), while the condition on the stress reads
det(F)oF 'ng = Sny, (40)

18<8_<p)+132<p 0% 1 0%  02%p
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where ng = (—1,0,0) is the outer unit normal on X. Here
det(F)oF ! = & (41)

is the Lagrangian form of the fluid stress o = —pI 4+ 2uD(v), F = I + Vu is the
gradient of the transformation between the Eulerian and Lagrangian coordinates,
and D(v) = (Vv+(Vv)")/2 is the symmetrized gradient of the fluid velocity, given,
in cylindrical coordinates, by the following

Our L(10v v ve 1(%+%)
or 2 \r 06 or r 2\ 0z or
1 /10v, Ovg g 10vg v, 1 /10v, Ovg
D = — — _ _— —_ — — _—
V=13 o = Fo0 T 2<r69+6z)
l(avr n (%Z) l l@vz n % ov,
2\ 0z or 2 \r 00 0z 0z

At the inlet and outlet boundary we require that the pressure be prescribed and
the flow enters and leaves the domain parallel to the axis of symmetry. This gives

v, =0 and p=Fy(t) at z=0,L. (42)

Remark. In the follow-up paper [2] we show that the kinematic lateral boundary
condition ([BY) determines a new time-scale necessary for the asymptotic analysis
of the coupling between the non-stationary Navier-Stokes problem and the three-
dimensional elastic structure. This new time-scale interpolates between the time
scale at which the oscillations in the structure take place (fast traveling waves) and
the time scale determined by the velocity of the fluid. It is only with this new
time scale that a closed system of equations can be obtained. Nothing like this is
necessary in the stationary Stokes case, as we shall see in the next section. Thus,
the two cases differ not only in the traditional sense, but also in the choice of the
time scale necessary for a derivation of a closed set of reduced equations.

3. The stationary, axially symmetric stokes fluid-structure interaction
problem: summary. In this manuscript we focus on the fluid-structure interac-
tion problem assuming axially symmetric, stationary Stokes flow. The axial sym-
metry means, in particular, that the following holds
Assumption 1. All the quantities are independent of the azimuthal variables 6
and ¥ and the azimuthal components of the displacement and of the fluid velocity
are both equal to zero vg = uy = 0.

The stationary feature of the problem implies that the fluid velocity, the pressure
and the structure displacement are all independent of time.

Under these assumptions the flow equations simplify to

1 2 ov,

rar vt g, =0 (43)
Op v, v\
—E + 12 (Arvr + W — 7”_2> = O, (44)
Op v\
_E + w (Arvz + W) =0, (45)

ror \  or
Qf = {(rcos,rsinb, 2)|0 < r < y(2),z € (0,L),0 € (0,27)} (46)

1
where A, := g <r£> These equations are defined on the domain



REDUCED MODEL OF FLOW THROUGH A 3D ELASTIC TUBE 409

bounded by the fluid-structure interface
V(2) = R+ us(R, ), (47)

where z = ¢ + u¢(R, (). Here us and u¢ are the radial and axial displacement of
the structure, evaluated at s = R. The fluid equations are defined in the Eulerian
coordinates where r denotes the radial, and z the axial variable, while the structure
is defined in the Lagrangian coordinates where s denotes the radial, and ¢ the axial
variable.

The structure equilibrium equations, determining the displacement (us, u¢) read

Sss — S 0Sss  0Ss
L L 908 _

4
s 0s o¢ 0, (48)
S(js 3Sg5 8S<<
Zes  ZEeS  TRS6 4
s + 0s + o¢ 0, (49)
where
S=L+Q (50)
with
2 88“; + Apdiva 0 2ptwesc
L= 0 2417 + Apdiva 0 (51)
2/ esc 0 2;111,86—72< + Apdivu
and
Tss 0 wscTee + 5esc(Tee = Tss)
Too 0
— (52
Q —ws¢Tss — gesc(Tec — Tss) (52)
where
1 (Ous Ouc 1 (0us Ouc
P S =2 ey 53
s 2<ac as> € 2<ac+as) (53)
The boundary conditions for the structure at ( = 0 and ¢ = L are given by:
u(s,0) =u(s,L) =0, se(R,R+h). (54)

At the external cylindrical boundary the structure is exposed to the ambient pres-
sure P, and the axial displacement is equal to zero:

nesne|Zext = _Peu UC(R + h7 C) = 07 (55)

where n. = (1,0,0). At the internal cylindrical boundary X the structure is
coupled with the fluid through the stationary form of the kinematic and dynamic
boundary condition, respectively:

v(7(2),2) = (0,0), det(F)oF ‘ny

Sint — Sno, (56)

where ng = (—1,0,0) is the outer unit normal on X, and F = I 4+ Vu is the
gradient of the transformation between the Eulerian and Lagrangian coordinates,
with o = —pI 4+ 2uD(v) denoting the fluid stress. Finally, at the inlet and outlet
boundary of the fluid domain Qf, we require that the pressure be prescribed and
that the flow enters and leaves the domain parallel to the axis of symmetry:

v, =0 and p=PF,, at z=0,L. (57)
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4. The non-dimensional variables. To introduce the scalings of the independent
variables, recall that we consider a three-dimensional elastic cylinder in the case
when the radius R of the lumen is comparable to the thickness h of the elastic
cylinder, namely h = O(R). Thus, the radial variables for the fluid and the structure
are scaled with the same parameter as

r = R, s = RS, (58)

so that § € (1,14 h/R) for the elastic cylinder. In particular, we are interested in
the reduced, effective model when the aspect ratio

R h
€E= — = —
L L
is small. The cylinder length L gives the scaling for the axial variables
z=1L3 (=L( (59)

The dependent variables are scaled as follows: the two components of the displace-
ment

’U/S(S,C) = Usas(§7C)7 UC(S,C) = UC’&,C(E,C) (60)
and the fluid velocity and pressure are scaled as
vp(ry2) = Voo (7, 2), w.(r,z) =V,0,(7,2), plr,z) = Pp(r,z). (61)

Finally we introduce the characteristic scale for the residual stress tensor to be 7
so that
T = 7T. (62)
The pre-stress scale 7 is around 10% Pa, as shown in Section EZTl, Figure B
With these scalings, the non-dimensional reference domain for the elastic struc-
ture becomes

QY = {(5cos¥,5sin9,¢) e R¥|5¢€ (1,1 +h/R), ¥ €[0,27), € (0,1)}, (63)
while the fluid domain in non-dimensional variables is given by
Qf = {(Fcos,7sinf, ) € R® |7 € (0,%(2)), 0 € [0,27), 2 € (0,1)}, (64)
where 5(2) = v(z)/R.
4.1. The Fluid Equations. By plugging the non-dimensional variables into the

fluid equations ([E3)-(EH), we obtain the following system of fluid equations in non-
dimensional form. The incompressibility condition becomes:

V.L10 00,
L= (7D, Z =0, 65
V. Rror o)t gz (65)
and the momentum equations read
PR 0p v 0%
- a~ AF ~’I" - = 2 e
IV, OF + ArD = +e 552 0 (66)
PR? 0p 0%
— — + A, + = =0, 67
WLV, 05 ToT T g0 (67)

where we recall that ¢ = R/L. From the incompressibility condition it follows
that a consistent scaling for the velocity components is given by V,. = €V, [[]. To
determine the appropriate scaling for the pressure we follow the approach based on
the homogenization theory for porous media flows, presented in [7]. Determining
the “correct” scaling for the pressure is important for several reasons, one of which
is that the correct scaling for the pressure will give rise to a reduced system that is



REDUCED MODEL OF FLOW THROUGH A 3D ELASTIC TUBE 411

closed. Following [7] we obtain P = uV, /(Le?), which is of “Poiseuille type”. With
these choices the Stokes equations become

10, . o,
;ﬁ(rvr) + 95 0, (68)
10p b 0%,
—6—2%+ATUT—F—2+€ 622 =0 (69)
op N 2070,
~33 + AsU, + € 552 = 0. (70)

In particular, the following is the non-dimensional form of the fluid stress tensor &

O, O, 0V,

—j+ 222" 0 B 4

v, v, or 5 0z or
_pVe Ve 92l . 71
7 EQLU 2L _ 0 ~ P2 7 0 . (71)

€3 Oty +e% 0 —~+262802

9z ' “or P 9z

To obtain the effective equations that approximate the original, three-dimensional
axially symmetric problem to € accuracy, we expand the dependent variables with
respect to €, plug the expansions into the non-dimensional equations, and ignore the
terms of order €2 and smaller. The expansion of the dependent variables is given
by the following;:

v, V.0, V. (09 + evl + ... wWVe o pmVe o
(vr ) = ( ‘/rﬁr )Z ( VTZE((’INJ%-F) ) >7p: EQLp: €2L (p0+6p1+)

(72)
Then, the divergence free condition up to O(e?) reads:
1o, . 0

The balance of radial momentum implies that the pressure is hydrostatic up to the
second order:

P =53, ' =p'(2), (74)
and the balance of axial momentum at ¢ and e implies, respectively:

ot —f@ and 2(%; —F@
oF  dz oF ~  dz’

2 (75)

4.2. The Structure Equations. To study the leading-order problem for the struc-
ture we will be assuming the following

Assumption 2. The radial and the axial displacement of the structure are of the
same order of magnitude, namely

Us =Us =6, (76)

where 6 < h.
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Under this assumption the non-dimensional form of the incremental elasticity
tensor L becomes

pOs | Au iy 0 (Dt Otic
05 e ¢ 05
= 5 ﬂ/s )\w o~
L:ququE 0 2— + —diva 0 ,
_ _ S Hw ~
(s | Dl 0 225 1 2w iy
oc  0s ¢ Hw
(77)
where
~ 10 ot
divii = (t—N(gas) + eif) . (78)
505 ¢
Similarly, the contribution from residual stress @) in non-dimensional variables reads
Tis 0 dyTec + §és<(fcc ~Ts)
Q=7Q=r1 0 Too 0 )
R 1. = ~ ~
~WsTos = 5esc(Tec = Tss) 0 Tec
(79)
where
- 16 ( Ous Olc _ 16 ( Ous Ot
¢ =355 = — = |: €s¢=353 =+ —= |- 80
W 2R<68< 8s> Cs¢ 2R(€8<+8s> (80)

The radial and axial component of the non-dimensional equilibrium equations ([
describing the structure equilibrium for the stationary problem are then given by:

See — S, 0S.s 0S8,
oo + + € f

19, = 8S¢c

where S = L + MLWQ so that S = pwS. In the rest of the manuscript we will be
using the following assumption:
Assumption 3. The scaling pu,, for the incremental elasticity tensor L is of the
same order of magnitude or bigger than the scaling 7 for the residual stress T.
We will see that this assumption is reasonable for the blood flow application. In
fact, as shown in Section ZIZIl for the data presented in [9, [TT] 7 is around 10° Pa,
whereas [, for the blood flow application, is around 10° Pa. Thus, 7 is smaller
than g, which is in agreement with our analysis.

By expanding the structure dependent variables with respect to e:

s = Uy + et + O(e?), U =1u¢ + ey + O(€), (83)
and plugging the expansions into equations {1l), [82), we get the following leading
order equilibrium equations for the structure displacement u® = (@2, 112)

Aw 0|10, T R Tvss _Tﬁﬁ a/Tvss

2+ 1) = |z == (1Y) = ——= 84
( +uw> 93 [585(8“5)} fiw © ( . a§>’ (84)

37 & T 7 8{‘2 Co(Q)
(2 + Zl,u—wTSS - 4’u—quq) - = ) (85)
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defined for (5,¢) € (1,1+h/R) x (0,1). Notice that the equation of the equilibrium
for the stress tensor T, ([[H), implies that the right hand-side of (&) is zero. Thus,

the zero-th order displacement u® = (a2, 112) satisfies

o11d
EF E%(SUS)} = 0, (86)
37 ~ T ~ 8&2 Co(&)

1

Similarly, a calculation shows that the e-correction (u,

,¢) of the displacement
u = u’ + eu' satisfies the following equations in the radial and axial direction

respectively

Aw T o/~ ~ 9249
- — 1 + — - T + Tss 5 2 9 88
K uw> A4ty ( ¢ )] 8Cos (88)

- ClT(O — Kl + )‘—“’) - 4/%” (T“ +TSS)} %%2 (89)

[

The expansion of the interface v, defined in @), is determined by both the radial
and axial displacement. The expansion for the radial displacement enters explicitly,
whereas the expansion of the axial displacement enters through the relationship
between the Eulerian and Lagrangian coordinates as follows:

7(2) = R+us(R,¢) = R [1 +2 (aga,é) + 6@(1,5))} =R[°+e'],  (90)

R
with 5 5
) = 14+ 21,0 and 3() = Sak(1,0) (o1)
where z = ¢ + u¢(R, ¢) implies
) sz 0 s« = 0
F= (o Tuc(1,0) = C+eqiic(1,) :<+6§’a2+0(62). (92)

As we shall see later, for the physiologically relevant external boundary conditions
given by ([28), the longitudinal displacement ug will turn out to be zero throughout
the structure, implying

Z=C+0(). (93)
This will imply that only the radial displacement determines the position of the
fluid-solid interface up to the O(e?)-order.

4.3. The Fluid-Structure Coupling. To couple the structure and the fluid equa-
tions, integrate the balance of axial momentum ([0]) with respect to 7 from 7 to
~(%) and use the no-slip boundary condition in ([@f). After collecting the terms of
order €Y and €' one obtains the following expressions for 7 and 9! respectively:

0
02 = 4P -EEOATE), (94)
1 dp' 1 o1 9p°

B2 = 1P - GO () - 5397 (95)
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These equations define the axial component of the velocity in terms of the pressure
p and the interface 7.

Next we obtain the expressions for the radial component of the velocity in terms
of p and 4 by plugging the expressions for the axial component of the velocity (@)
and (@) into the incompressibility condition [73)), and by integrating with respect
to 7 from 0 to 7. The equation at the €' order gives

arn = DL AR Tpds (96)
’ 4" dz dz 16 d2?2 8 dz?

At this point we have expressed the axial and the radial component of the velocity
in terms of the pressure p and the fluid-structure interface 4. We now derive an
equation that relates the pressure and the interface. This will lead to a result which
is a generalization of the well-known fact that the pressure gradient is constant for
the Poiseuille flow in the stationary Stokes problem through an axially symmetric
domain with fixed walls. With deformable walls, we will see that the effective
pressure gradient is not constant, but inversely proportional to the forth power
of the structure displacement at the interface. More precisely, by integrating the
incompressibility condition with respect to 7 from 0 to ¥ we get

RONY B 73 95,
/0 %(rvr)dr + /0 55 7dr = 0, (97)

and then recalling the no-slip condition o, (y(2), 2) = 0.(7(2),2) = 0 we get that
the average over the cross-section of the axial component of the velocity is constant,

to all orders, in Z:

o e

53 /0 U, 7di = 0. (98)
By expanding 4 and ¥, and by using the expressions for 0 and 9!, given by (@)
and (@), equation (@) implies the following pressure-interface laws at the ¢ and
€ order, respectively:

~0
e e - o (99)

d [ dp* o dp®\ d (At
oo - a(@L)L(5). aw
At this point, the velocity (70 + edl,ed!) and the pressure p° + ep' can all be
expressed in terms of the two functions 7° and 7' determining the fluid-structure
interface 4° + €5'. To obtain a closed system we need equations that determine 7°
and 4%, or, from (@), 4’ and @ at § = 1. They will be provided by employing the
interface condition () describing continuity of stresses at the fluid-solid interface.
More precisely, from the fluid side we need to compute det(F)oF ‘ng at § = 1
and set it equal to Sng. For this purpose denote e, = (1,0,0) and e, = (0,0,1).
Recalling that TSS|§:1 = 0, and that ng = —e;, the condition det(F)oF~'ng = Sny
at the e®-order gives

§al op A 1

14 =5 e, =— L2 | (24 22 s

(*Rég_l)“ PRKU) o
T

1 T, duc
_ﬁ{_ﬁ<<‘§—1}¥~

s=1

I3}
=}
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This says that in the radial direction es we have

5 @l ) 81t K )\w> 90 Ao @0 }
1+ == Pl=—ra 2+ ) 22 == , 102
( RS s PR fw) 05 |soy M 8 5y (102)

and in the axial direction e; we obtain that there is no effective elastic shear at the
interface:

~0

Oc 1,0)=0 103
55 (LA =0. (103)

A similar calculation gives the e-correction of the interface condition det(F)oF~'ng
= Sny. More precisely, in the radial direction e, we have:

§ @0 > 5 dug 5
1+—-= P s—| P +==2
( L R OC |52 R 5 m (104)
= _(S’u_w 2+ /\_w 811; + /\_wﬁ_é
- PR fw ) 035 |5, w S |5y

and in the axial direction ec:

8’02 +£~08ﬁ‘2 1+£ﬂ_2
OF |, R” C |54 R s |,
PR VTR M O =1 05 |5

These condition will now be used to determine the leading-order solution and
the e-correction of the fluid-structure interaction problem for the stationary Stokes
problem.

5. The 0*"-order solution. First notice that equation ([II3) says that the radial
derivative of the leading-order approximation of the axial displacement is zero at
the fluid-structure interface as a consequence of the fact that the axial component
of the fluid stress exerted to the structure interface is negligible. This implies
that the function Co(¢) in (BH) must equal zero, and so 8&2 /05 = 0 identically.
Therefore, the axial component of the displacement, 112, is constant in the radial
direction starting from the contact interface and ending at the external surface.
This means that the axial displacement of the structure is entirely determined by
the axial displacement at the external interface. In our case we have taken the
external boundary condition on the axial displacement to be zero, see ([£8), and so
this implies that
u; =0

everywhere in the structure. This is an interesting result since, often in the hemody-
namics literature, the assumption that the axial displacement of the fluid-structure
interface is zero, is imposed a priori. Here we showed that this is a reasonable
assumption only if the external lateral boundary conditions are such that the axial
component of the displacement at Yoy is zero. We state this results as a proposition.

Proposition 1. Consider azially symmetric flow through a cylindrical tube with
small aspect ratio ¢ = R/L and with three-dimensional linearly elastic walls of
thickness h. Assume that the thickness h is comparable to the inner radius R of the
tube, and allow the azial and longitudinal displacements of the wall structure to be of
the same order of magnitude. Then, the leading-order azial displacement ﬁg of the
three-dimensional structure is entirely determined by the axial displacement of the
structure’s external boundary, namely, by the external lateral boundary condition.
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As a consequence, we have the following

Corollary 1. The axial coordinates in both the Lagrangian and the Eulerian frame-
work are identical to O(€?), namely,

Z=C+eil +0(&) =+ O(e?). (106)

With this property, the fluid-solid interface leading-order approximations are

given by
Q) =14 Za1,0) and 7O = w0 (107)
Notice that they do not depend on the axial displacement to the e2-accuracy!

We continue our calculation by determining the radial displacement %0. For this
purpose we need to take into account the structure equation (8fl), the fluid-solid
interface boundary condition ([IIZ) and the external boundary condition ZH) de-
scribing the external pressure load on the structure. These two conditions provide
the two boundary conditions for the second-order differential equation ([B8) deter-
mining %2:

010 )
53| = o searemmicon, oy
A\ Oty Ay g PR
24 )t T e AP et s=1 109
( * ,Uw) 0§ + fw 8 T (2)p°(2) at § , (109)
Aw 0l Aw my PR ~
2 ) T T ot §=1+h/R, 11

where 7Y is given by equation ([II). Here B =P /P is the non-dimensional
external pressure and 3°(2)°(2) = 7°(¢)p°(¢) to the leading order. Notice that ¢
here plays the role of a parameter since the differential operator involves only the
radial variable 5. The solution of problem ([08)- (1) is simple:

0~ 0 ) 0 )~ 0 s 0y~ ~.a
a3(3,¢) = [m7°(2)p°(2) — axP]5 + [7°(2)p° () — P.] ;3 (111)
with constants ai, as and as given by:
a = PR 20 2—1—ﬁ 1+)\—w - a2 =a 1—1—22
1 = 5/Lw R R [ , 2 — U1 R )
w h]?

We can now use the expression for @ to express the leading-order fluid-solid
interface entirely in terms of the internal (fluid) pressure and the external ambient
pressure data. Namely, evaluating (ITI)) at § = 1 and substituting it in (@) we
obtain that "

1-01P
~0/~ 11e
Z) = —FF—, 113

where

) 1)
by = E(GQ + a3), by = E(al + ag). (114)
With this equation we have obtained a closed system of equations that allows us to
calculate the leading-order components of the fluid velocity @9, 29, the pressure p°,

FAR ]

the fluid-structure interface 7°, and the structure displacements @, 7. Recall that
the fluid velocity and the structure displacement have been expressed in terms of p°
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and 7°, see (@), @0) and (). Thus, solving the two equations (@), (I3 for p°
and 4° will determine the leading-order solution to the fluid-structure interaction

for the stationary Stokes flow. Substituting ([[I3) into (@) and integrating (@) in
z we get,

~0

(3 1[1_(005+01)‘1/3}, Ze(0,1), (115)

2
where Cy and C; are constants determined by the inlet and outlet pressure data

@2
Co = [(1 b P) P - (1 b2P0)*3}, C1 = (1—boPp) 3, (116)
where ﬁo and ﬁL are the non-dimensional inlet and outlet pressure data
P°0) =Ry, p°(1) = Pr. (117)

This completes the calculation of the e®-order solution to the fluid-structure inter-
action problem for the stationary Stokes flow. The solution is given by:

[1 —(Coz + 01)*1/3} :

- 1-b,P,
0 _ e

PRESSURE AND THE FLUID-STRUCTURE INTERFACE

1
2 N for Z € (0,1)
= (1-0P.) (Coz+C)'P?

0/~ * ~0/=\~0/~ 51~ [~0/\~0/2y 1713
u(s)(sv C) = [al,y()(z)p()(z) - G/QPG}S + [Vo(z)po(z) - Pe] ?
- hoo-
@l(5,¢) =0, forse (1,14 }_z)’ ¢ €(0,1).

RéDIAL AND AXIAL DISPLACEMENT IN THE 3D STRUCTURE
where Z and ¢ are related via (@), and

~0
BED = -G, fe 0506, 56 0.1

(7, 2) = 0,

AXIAL AND RADIAL COMPONENT OF THE FLUID VELOCITY
where Cp and Cy are constants determined by ([IH), by and by are given by ([[I4)
and a1, a2 and ag given by ([[I2).

6. The 1%t-order correction. To calculate the e-correction we proceed as before.
First, we consider the boundary value problem for the e-correction of the displace-
ment %l. The problem is defined by the PDE (BR), the fluid-structure interface
boundary condition given by ([ and the external boundary condition [Z3), with
ﬂg =0:

ato, 1 .
2 |h ]| =0 seqisnm. e

Ao Ol ()\w Pﬁo(é)) il PR, _ .. i
24 W) s ([ 2y S=——73°2)p (2) at §=1, 119
( Mw) e+ (2 2 S (2) (119)

5
~1 ~1
<2+A_w> 3US+A_W%ZO at 5=1+h/R. (120)
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This system determines %! in terms of p! and the lower-order terms. Now, 4! and
p' are also related through equation ([[O0). Thus, these two completely determine
@l and p! in terms of the already calculated lower order approximations. With the
and p' known, we can recover ¥} using (). Therefore, the e-corrections @}, p',
, i} can be easily determined from this closed system of equations. Notice that @}
does not influence the calculation of these functions. The e-correction of the axial
displacement can be now determined by solving equation ([Bd) with the boundary
conditions () at the fluid-structure interface, and ﬁé = 0 at the external interface.

Thus, the problem for a} reads:

3T ~ T ~ 311% C1(0) Aw T [~ ~ oul
1 T,s — —1T, —_— = — — 1 — | - — T Tss Sv
< " Apy CC) 5 5 K i > 4uw( T )]

8w T dug Ly T oul
Ow (T p ) Oy T p )%
PR< Titw CC) 95 PR\" Im, <) 3

fOE 00 (L Oy
or " RY ac R s -

;=0 at 5=1+h/R.

Notice that this is the only place where the pre-stress enters the calculation of the
solution to this problem.
In addition, we have already calculated the e-correction for the radial component
of the velocity which is given by
1o fNOd;‘y’O dﬁo 7:3 d2]50
WA =TE E T 16 4
We now have the following result.

+ g(ﬁo)Qdf Fe(0,5°2)), 2 € (0,1). (121)

Proposition 2. The velocity field v = V, (20 + v}, b)), the pressure p = %—ZL@O‘F
ep'), and the displacement w = (e, ) + eul) solve problem @3)-[ED) to the e*-
accuracy.

The proof of this result follows the same steps and the proof of Proposition 7.1
in [7.

7. The pressure-radius relationship for a thick-walled cylinder with small
deformations. In this section we derive an explicit pressure-radius relationship
that holds for a pre-stressed, three-dimensional elastic tube, loaded by the pressure
exerted by the stationary Stokes flow, under the assumption that the deformation
of the structure is small. This will give rise to a generalization of the Law of Laplace
that holds for thin elastic structures. We start by utilizing equations ([I3)) and (@)

to obtain

1—b. P, 5 o
STt g, 0 . 122
= 9(3) TRl (122)

We can write this equation in terms of the transmural pressure Ap(2) defined by

. b2 0. 5
Ap(2) == b—lpo(z) — P.. (123)
By noticing that bs = b1 +O(h/R), we see that in the case of a thin-walled cylinder,
the definition of the transmural pressure ([[Z3) becomes the usual one, to the leading
order:

Ap(Z) == p°(2) = Pe. (124)
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Now, the pressure-displacement relationship ([2Z2) becomes

1 §

— =14+ =@ . (125)
b ~ S|~

1-— 17b1115{i Ap R °ls=1

Since our model was obtained by assuming linear theory of elasticity, it is mean-
ingful to investigate the behavior of expression ([[I3) for small transmural pressures
Ap which implies small deformation dt;. By expanding equation ([[2H) with re-
spect to 6/R and ignoring the terms of order (§/R)? and smaller, one obtains the
following leading-order pressure-displacement relationship, for a thick-walled cylin-
der with small deformations, written in dimensional form:

(h 2+Nh/R 2pu(pe + M) P
Ap(z) = <ﬁ(1+h/R)2 2t + o _E> us(R, 2). (126)

We can express the coefficients involving the Lamé constants A, and ., in terms
of the Young’s modulus F and the Poisson ratio o by using

Ao+ pw  E 2ppwrw  Eo
oo T 20 1—02" Dyt 209  1-02
Then, the leading-order pressure-displacement relationship for a three-dimensional
linearly elastic tube with wall thickness comparable to the tube radius, loaded by

the stationary Stoke’s flow, becomes

Ap(z) = <K$ - %) WO(R, 2). (127)

where
1 2+ h/R

- 2(1+h/R)*
u2(R, z) is the radial displacement at the interface, and Ap(z) is the transmural
pressure, defined by ([[23). Notice that for K = 1 this is exactly the Law of
Laplace. Indeed, by assuming that the cylinder wall is thin in the sense that (h/R)?
is negligible, and by assuming small displacements, equation ([Z7) reduces to the
well-known Law of Laplace, describing a pre-stressed linearly elastic membrane
shell, see e.g. equation (2.5) in [I]. Namely, we obtain

Eh P,
Ap(z) = | ———rms — — ) u®(R, 2). 128
0 = by~ ) WA, (128)
| PARAMETERS | AORTA/ILIACS |
Inner char. radius R(m) | 0.003-0.012 [24]
Char. length L(m) 0.065-0.2 (0]

Dyn. viscosity up(%) 3.5 x 10734

Young’s modulus E(Pa) | 105 — 10924 [12}, [T4]
TABLE 2. Table with parameter values

The Law of Laplace has been widely used to model linearly elastic behavior of
arterial walls in the blood flow literature, [, [6, [0, 5, 21, 22, 24]. However, the
thickness of the vessel walls in elastic and muscular arteries is very much comparable
with the vessel radius, see Table[d [20]. Thus, equation ([2) is more appropriate as
a model for the linearly elastic behavior of arterial walls. A calculation of the value
of constant K for the muscular arteries is around 0.6, implying that the effective
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| ARTERY | RADIUS | WALL THICKNESS |
ELASTIC ARTERY 9mm Lmm
MUSCULAR ARTERY | 3mm 1lmm

TABLE 3. Table with Radius and Wall Thickness Values

stiffness of the vessel wall with the new model is 0.6 of that in the Laplace Law.
Similarly, a calculation of K corresponding to the elastic arteries is around 0.85
giving rise to an error of 0.15 which is larger than € if L is larger than 6¢m, which
is the case for the typical abdominal aorta. Thus, we conclude that using equation
(@20 instead of the Law of Laplace (IZ) is more appropriate for the blood flow
application.

8. Numerically calculated solution. We conclude this manuscript by showing
the numerically calculated solution emphasizing the structure deformation for a
couple of different parameters. Figure [dshows the radial and longitudinal displace-
ment of the structure for the parameter values corresponding roughly to the blood
flow application: the inlet pressure is taken to be Py = 15990Pa which is about
120mmH g, the outlet pressure Pr, = 14391 Pa, which is taken to be the same as the
ambient pressue P.y¢. The inner vessel radius R = 3.1mm and the vessel wall thick-
ness is h = 0.9mm. The vessel length is taken to be L = 10c¢m, and the Young’s
modulus of elasticity £ = 10°Pa. In both figures one can notice the “squeezing”
of the structure near the inlet where the pressure difference between the ambient
pressure and the lumen pressure (transmural pressure) is the highest, leading to the
largest deformation. The two pictures in Figure [ correspond to the incompressible
and a slightly compressible structure. We considered the case of a slightly com-
pressible structure since it has been noted in [I6] that arterial walls are not trully
incompressible. The figure on the left shows the deformation for an incompressible
structure with ¢ = 0.5 while the figure on the right shows the deformation for a
slightly compressible structure with ¢ = 0.49. Both results have been calculated
for the outlet pressure equal to the ambient pressure. Notice how the location of
the fluid-structure interface differs in the two cases. In the incompressible case (left
figure) the fluid-structure interface at the outlet boundary is not displaced, while
in the compressible case, the displacement near the outlet is negative. This is in
agreement with our calculation, in particular, with equation ([[I3).

Remark. For a related numerical comparison of the solution to the reduced equa-
tions with the full 2D Finite Element Method calculations with different values of
€, please see [I9]. Reference [I9] discusses the flow through a long and narrow 2D
pore in a porous medium with elastic walls. The pores were not pre-stressed, which
considerably simplifies the calculations. However, similar ideas to those presented
in this manuscript, were used in the derivation of the effective models in [T9]. The
focus of the work in [T9] was on the numerical comparison between the reduced and
the full model solutions, justifying the methodology used in the problem reduction.
Excellent agreement was obtained.
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FIGURE 7. The figure shows a cross-section of a thick cylindrical
structure along the length of the cylinder (fixed polar angle ¢). The
deformed structure is shown in dashed lines, while the reference
configuration, which is pre-stressed but unloaded, is shown in solid
lines. The figure on the left corresponds to the Poisson ratio o = 0.5
(the incompressible case) and the figure on the right corresponds
to the Poisson ratio o = 0.49 (the almost incompressible case).
Notice the negative displacement near the ”outlet” of the almost
compressible structure.
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