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Abstract: An asymptotic model of an arterial bifurcation is presented. We propose a simple approximate
method of calculation of the pressure drop matrix. The entries of this matrix are included in the modified trans-
mission conditions, which were introduced earlier by Kozlov and Nazarov, and which give better approximation
of 3D flow by 1D flow near a bifurcation of an artery as compared to the classical Kirchhoff conditions. The
present modeling takes into account the heuristic Murrey cubic law.
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Introduction

The circulatory blood system in the human body contains about a billion bifurcation nodes,
which help to distribute blood throughout the body and return to the heart. Most of the nodes
belong to the capillary system, the smallest blood vessels, which are peculiar to their functioning
laws, cf. [11]. Arterial and venous systems have also a considerable large number of nodes. The
arterial nodes, in which the blood flows under significant pressure, are the most vulnerable ele-
ments of the circulatory system. Changes in the vessel wall geometry cause stress concentrations,
provoking local damage, which in turn could create an obstacle to blood flow.

Our goal is to propose a simple approximate method of calculation the pressure drop ma-
triz @ [18]. This is achieved by using classical shape optimization techniques. The pressure drop
matrix was introduced in [12, 18] as an integral characteristic of a junction of several pipes with
absolutely rigid walls. It appears that the elements of this matrix are included in the modified
Kirchhoff transmission conditions, which describe more adequately the total pressure loss at the
bifurcation point of the flow passed through the corresponding junction of the pipes, see [3, 9, 10].

In [10], a one-dimensional model of Stokes’ flow at a junction of thin vessels with rigid walls
for a fixed flow of the fluid at the inlet cross-sections and fixed peripheral pressure at the outlet
cross-sections was developed. With the help of the pressure drop matrix @) apart the Neumann
conditions (given flux) and the Dirichlet conditions (given pressure) at the external vertices, the
one-dimensional Reynolds equations on the edges of the graph are supplied with transmission
conditions at the internal vertices containing a small parameter h, where h is the thickness of the
vessels, and passing into the classical Kirchhoff transmission conditions as h — +0. It has been
established that the pre-limit transmission conditions ensure an exponentially small relative error
O(e_p/ k), p >0, in the calculation of the solution to the three-dimensional problem, but the limit
Kirchhoff conditions only give polynomially small relative error O(h) for the pressure and O(h?)
for the velocity vector.

For obvious reasons (cf. the discussion in [9]), the bifurcation node functioning is predetermined
by two of its characteristics, that is, the lumen shape and the elastic wall properties. Moreover,
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the influence of each of them causes distortion for the classical Kirchhoff conditions (that are only
valid in the first approximation) in a one-dimensional model. The Kirchhoff transmission conditions
require the vanishing of the total flux and the pressure matching at the adjacent ends of the vessels.
So shrinking/dilatation of walls violates the first Kirchhoff law as a result of provoking the local
currents. This aspect of the node functioning remains outside the scope of this paper. At the same
time, it is easy to take into account the uniform shrinking/dilatation of the lumen of the elastic
node (the change of coordinates x +—+ ha transforms the pressure drop matrix Q — h™3Q, see the
discussion in [9]) and therefore, neglecting elastic side effects, we restrict the study to a connected
channel system with rigid walls. Of course, the problem considered finds applications in other
matters of fluid mechanics, not only in hemodynamics.

In Section 1, we consider the Stokes system in an unbounded domain with cylindrical outlets to
infinity (see, e.g., [1, 2, 4, 14, 21]) and prove the unique solvability of the problem stated in the class
of “energy” solutions, see [12] for details. For obtaining the asymptotic behavior of the solution,
we exploit special homogeneous solutions to the Stokes problem with non-zero flux and with a
linear growth in the pressure at infinity (see [18]). As a consequence, we obtain a definition of the
symmetric pressure drop matrix (), which plays a crucial role in the functioning of the bifurcation
node.

In Section 2, we apply asymptotic analysis for the study of the bifurcation of thin vessels with
rigid walls. Using the method of matched asymptotic expansions (see, e.g., [6, 22]), the modified
Kirchhoff transmission conditions have been derived.

Section 3 refers to some basics for implementation in computer modeling. The introduced
matrix @ of pressure drops depends on the shape of a bifurcation region and possibly on its elastic
properties, see Assertion 1 in Section 1. To find such dependence for real vessels it is possible
only in solving inverse problems based on data obtained by the MRI method. Nevertheless, we
propose an elementary procedure of finding these coefficients in the case of a three-dimensional
Stokes system (cf. [9] in the case of a two-dimensional Stokes system).

The heuristic Murray law is used to describe the radii of bifurcating vessels (see [16] and
[5, Ch. 3.3]). By minimizing the cost function, which is the sum of the friction power loss and the
metabolic energy proportional to blood volume, Murray derived an optimal condition for a vascular
bifurcation. Murray’s law states that the cube of the radius of a parent vessel equals the sum of
the cubes of the radii of the daughters, namely,

Ry=RY+R?. (0.1)

It means that the radius of at least one of the two vessels R4 after bifurcation differs a little from
the radius Ry of the vessel before the bifurcation. This law was verified experimentally [7, 8] but it
did not get any theoretical justification. However, a number of optimization problems in branching
arteries were solved by using this law (see, e.g., [5, Ch. 3.3]). We emphasize that the third powers
of the radii often appears in haemodynamics.

Murray’s law was a reason for several attempts (see [5, Ch. 3.3]) to derive a dynamic law of
distribution of the blood flux in a bifurcating artery but should not be considered as successful.
Such local law cannot exist since the flow leaving the main vessel is always defined by global data.
The most frequently used in applied models of arterial flows are the classical Kirchhoff transmission
conditions and their interpretations (see [17] on this topic and reference therein, and some reviews
in [5, 20]). In any case, such conditions take into account neither the elastic properties of a vessel
nor the most of the geometric characteristics of the bifurcation region. The modified Kirchhoff
conditions have no these lacks.

In Section 4 it will be explained why the modification of the second Kirchhoff law by means
of the pressure drop matrix unexpectedly deeply increases the accuracy of approach for three-
dimensional fluid flow in a system of thin channels by the one-dimensional Reynolds—Poiseuille
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model. In addition, we present a simple relation for a distributional law of Murrey’s type.

1. Statement of the problem

1.1. Domains with cylindrical outlets to infinity and functional spaces

We introduce the domain Q with three cylindrical outlets to infinity (see Fig. 1). Let £ be an
open unbounded domain with Lipschitz boundary 02 admitting the representation

Q=uUQUOtUQ, where QNP =3 for a#pB, aB=04+

Here, Q% = {z% = (y*,2%) : y* € wq, 2% > Ly} in a certain Cartesian coordinate system
% = (y%,2%) in R3, where y® are the variables in the cross-section of the outlet Q% z% is the
variable along the axis of Q%, and w, is a bounded domain in R%. The bounded domain €' is given
by @ ={z € Q : 2% < L} for certain L, L > max, L,. Henceforth, x = (z1,x2,23) is a global

coordinate system in R? related to the whole domain €.

)C34

Figure 1. Artery bifurcation (the domain ).

We define Lj g(€2) as the space of measurable functions in 2 with a finite norm
1/2
|z, ,(0) = </ u(z)Pde + ) / 12928 |y (y” )|2dyadza> .

a=0,+

If 5 =0, we will use the usual notation Ly(2) for this space.
By using the Sobolev space H! () together with Lo 1(£2), we introduce the space of real-valued
vector-functions in (2

H(Q) = {u= (u1,us,u3) € (H(Q))?| divu € Ly1(Q)}

with the norm

e = [ (Va@P + u@)P)do+ 3 [ Pidivate =) Py

a=0,%+

Let also Ho(f2) be the subspace in H(f2) consisting of vector-functions equal to zero on 9€2. The
dual space of H(f2) is denoted by (Ho(£2))*.
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1.2. Formulation of the problem
Consider the Dirichlet problem for the stationary Stokes system with nonzero divergence
—vAu(z) + Vp(z) = F(z), —divu(z)=_G(z), z€Q, (1.1)
u(z) =0, z €. (1.2)

Here, u(z) = (u1(z),u2(x), us(x)) is the velocity field, p(z) is the pressure, and v > 0 is the viscosity
of the fluid, which is assumed to be constant.
In order to define a weak solution of problem (1.1), (1.2), we introduce a bilinear form on H():

3
a(u,w) = Z/ Vu;jVw;dx.
j=179

So, if (u,p) is a classical solution of (1.1), (1.2), then multiplying the first equation in (1.1)
by w € Ho(§2) and integrating over 2, we obtain

va(u, w) — / p divw dx = / Fw dx for any w € Ho(§2). (1.3)
Q Q

A weak solution of problem (1.1), (1.2) is a pair (u,p) € Ho(2) x Lo _1(2) satisfying the
integral identity (1.3) for all w € Ho(€2) and the equation —div u = G in €2, where F' € (Ho(2))*
and G € Ly (1) are given.

To prove the main result of this section, we need the following statement.

Lemma 1. For arbitrary g € La1(S2) subject to

/ g(x)dr =0, (1.4)
Q

there exists a vector-function u € Ho(S2) such that —divu = g in 2 and

[ullr) < ellgllr,. -

Here, c is a constant independent of g.

P r o o f. We first consider an auxiliary problem; namely, we look for a solution of the boundary
value problem

—div ue (zY) = 1o (y*)Ga (2%), z% € Q% (1.5)

ug(z®) =0, z%€ 00, (1.6)
where

1a(y®) € Cg°(w®), / Na(y®)dy® =1 and  Go(z%) =/ 9(y®, 2%)dy*.

Wa

One can verify directly that the vector-function

4a(5) = (0.0 (5 walz), walc) = = [~ Galt)at,

solves problem (1.5), (1.6). Moreover, by Hardy’s inequality (see [13, Theorem 5.2])

lallzazooe) S [ FIGaPde" < Clglls g (1.7

[e3
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Using (1.7), we obtain
oy < callgllL, , @e)-

We are looking for a solution to —divu = ¢ in the form

u = Z Xa(2¥)ua(y®, 2%) + U(x) (1.8)
a=0,%+

for the equation —divu = g in €. Here, the cut-off functions x, are defined by
Xa(2%) =1 for 2z%>2L,, xa(z%)=0 for 2%<L,.

The function U in (1.8) satisfies the equation

—divU =g + div( Z Xa(2)ua(ye, za)> =g € Ly1(Q)
a=0,%+

in Q. It is easy to see that
/ gdy® =0 for z%> L,. (1.9)
wa

Let us introduce a local covering of €. Let
QF ={(¥"2%) y* €wa, La+j—1<2"<La+j+3/2}, j=1,...

Then

Q:Q’JrZin‘.

a j=1

Let us consider the partition of unity corresponding to this covering:

1=¢'(z)+> > ¢5(z*), where ¢F€Ce°(La+j—1,La+j+3/2)
a j=1

and ¢’ is a smooth function supported in . We can write

By (1.9) and (1.4), we have

/ g&dz® =0, and, / §'dr = 0.
Q? Qf

So, we obtain the problem in each bounded domain '
—divUj* =47 in QF, (1.10)
U*=0 on 0Q7, (1.11)

and a similar problem for U’ in Q. These problems have solutions U € Ho(25) (see [21]) which
satisfy

HUJOCHH(Q;X) < CHQ]OCHLzl(Q;X)
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Thus, the vector-function

U=U'+>_ Y U eHo(Q)

a j=1
solves problem (1.10), (1.11) and satisfies

U3y < Cl<||U/||H(Q’) +Y > ||Uf||H(Q;.1)> < Callgll Ly, (-
a j=1

The proof is complete. O

Now we prove the existence and uniqueness of weak solutions to the boundary value prob-
lem (1.1)—(1.2), cf. [12].

Theorem 1. Suppose that F' € (Ho(RQ))" and G € La1(Q) is such that

/ G(z)dz = 0. (1.12)
Q

Then there exists a uniquely (up to an additive constant in the pressure p) determined weak solution
(u,p) € Ho(2) x Lo —1(2) of problem (1.1), (1.2). Furthermore,

ullagey + 1121l 2o 1) < e (1Pl oy + |Gl Lan @) -

Here, ¢ is a constant independent of F' and G.

Proof. Let V(z)=u(r) —w(x), z € Q, where u(x) is a solution to the problem (1.1), (1.2)
and the conditions of Lemma 1 for w(z) are satisfied, namely,

—divw(z) =g(z), z€Q, w(x)=0, =z N
Then, we arrive at the Stokes problem

—vAV(z) 4+ Vp(z) =F, —divV(z)=0, zeQ, (1.13)

V(z)=0, z€09Q, (1.14)

where (Ho(Q))* > F(z) = F(z) + vAw(z). The weak formulation of problem (1.13), (1.14) is as
follows: find V' € Ha(Q) such that

va(V,W) = / Fdx forany W e HIV(Q). (1.15)
Q

Here, Hi"(Q) = {W € H{(Q) : div W =0in Q}. By the Riesz theorem, there exists a uniquely
determined vector-function V' € H3¥(Q) such that (1.15) is satisfied and

V) < el o))

Here, we introduce

L21(Q2) = {g(x) €Ly1(9Q): / g(x)dx = 0}.

Q
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By Lemma 1, for any g € L9:(12), there exists a vector-function u, € Ho(£2) such that
—divuy, = ¢ in Q and
ugllre) < elldllrs@)-
We consider the functional
G(q) = / Fug dz —va(V,uy) (1.16)
Q

on Ly 1(£2). In virtue of

6@ < e (1B gy + 1Vl ) gl < ellFllge-

the linear functional G(q) is continuous on Ly 1(€2) and, by the Riesz theorem, there exist a unique
element p of the dual space L _1(£2) such that

G(q) = / pq dx  for all ¢ € L1(Q).
Q

Al Ly1 ()

Then, by (1.16), we get
va(V, uq) +/pq dr = / Fuq dz,
Q Q

or

We have the estimate for

va(V,ug) — / p divu, do = / Fug dz for all u, € Ho(Q).
Q Q
1Pl 1 (0) = sup

/pq dx
L2,1(2): llgllLg ;=119

/ Fug dz — va(V,uy)
Q

= sup < C||F||(’Ho(ﬂ))*-

L2,1(2): llgllg 5 (@)=1

Finally, then (u,p) = (V + w, p) is the required weak solution, and the estimate

HUHH(Q) + HPHLQ,_I(Q) <c (HFH(HO(Q))* + HGHLQ,l(Q))
is fullfilled. U

Remark 1. Consider a non-homogeneous Dirichlet problem for Stokes system, i.e., equa-
tions (1.1) are supplied with the boundary condition

u(z) = H, x € 09, (1.17)
where H € H(Q2), and, instead of (1.4), we require

/ Gl)do + [ H(z)-ndD =0,
Q o0

where n is the unit outward normal to 9. Substituting u(z) = v(z) + H(z) into (1.1), (1.17), we
obtain
vAu(a) 1 Vp(x) = f(z), —div o(x) = g(a), zED,
v(x) =0, x€d,

where f(z) = F(z) + vAH(x) € (Ho(Q))* and g(z) = G(z) + div H(z) € La1(Q) verifies (1.4).
Now, the application of the previous theorem gives the existence of a pair (v,p) € Ho(2) X Lo —1(Q)
solving problem (1.1), (1.17) and satisfying the estimate

o]l + 1Plrs 1) < C(||f||(7{0(9))* + 119/, @) + ||H||H(Q)>-

Moreover, p is defined up to an additive constant.
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1.3. Asymptotics of the variational solution

Let the right-hand sides in (1.1), (1.2) satisfy
|F(x)|*dx + Z/ |F (29[22 dz® < oo (1.18)
9% — Jaeo

and

/ G(2)2dz +Z/ IG(2)[2620%° do™ < o0, (1.19)
Q/ o Qa

where a is a positive number. Let also G be subject to (1.12). Then, according to Theorem 1,
problem (1.1), (1.2) has a solution (u,p) € Ho(2) x L2 _1(2). We can conclude that this solution
satisfies the following asymptotic representation at infinity:

(w,p) = Y XaCa(0,1) + (3,5), (1.20)
a=0,%+

where xo = Xa(2%) are smooth functions equal to 1 for z* > L, + 1 and 0 for 2* < L,, (0,p) are
exponentially decaying terms as z* — 0o, and ¢, are real constants. Since this solution is defined
up to an additive constant, we can (and will) assume ¢y = 0. Then the solution is unique, see
Remark 1.

The remaining part of this section is devoted to finding formulas for evaluation of the con-
stants ¢y and c_. For this purpose, we need solutions of homogeneous problem (1.1), (1.2), which
have a linear growth at infinity. More precisely, we introduce two linear independent solutions
(VE, P¥) which have the following asymptotic representations (see [18]):

(VE PE) = —xo(V°, PY) + x: (VE, PE) + (vF, p), (1.21)

where (V, P*) is the Poiseuille flow in the cylinder Q%, i.e., Viu(z) = 0,7 = 1,2, P*(x) = —A; 2%,

and Vi = VX

% (y®) solves the following Dirichlet problem in wy:

o = Ay inwe, V% =0 on dws. (1.22)

The normalizing constant ¢, is choosing to satisfy

/ Via(y®)dy® = 1. (1.23)
Wa
In the most important case of the circular cylinder, i.e., wo = {y* : |y®| < ro}, we have
2(ra — ly*?) —8v
Zaa (,I) == aﬂ'T’ Pa(,fﬂ) = 71'7“401( 2%, (124)

The remainder term (v*,p*) in (1.21) satisfies the problem
—vAVE +Vpt = fF, —divet =¢F in Q,
vF =0 ondQ,
where the right-hand sides
F5 = vAxoV = x2VF) = VxoP’ = x+P¥) (1.25)

and
gt = div(xoV° — x1V¥) (1.26)
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have compact supports. To verify condition (1.2) in Theorem 1 for g%, we apply the Gauss theorem
for the domain Qr = {x € Q : 2% < R}, where R is a sufficiently large number, and obtain

/ tdz = lim div(xoV? — x+VE)dx = /
)

R—o0 Qr

Vo (O)dE—/ VI (yF)ds = 0.

"JR R

Here we used the normalization condition (1.23). Therefore, (v¥,p™) admits the asymptotic rep-
resentation (1.20), where ¢y = 0 and (9, p) exponentially tends to zero as z% — 00.
Now we can present formulas for calculation of coefficients in (1.20)

Theorem 2. Let the functions F and G satisfy (1.18)—(1.19) and let the asymptotic for-
mula (1.20) be valid with co = 0. Then

e = / (FV* + GP¥) dx. (1.27)
Q

P roof. Let Qg bethesame domain as before. Multiplying equations (1.1), (1.2) by (V*, P%),
integrating over )p and using Green’s formula, we obtain

/ ((—vAv + Vp) VE — divoPF) da
Qg

= Z/ (— v V 8za’l}za —v@zaVi) + (szjé - Pi’l}za)>

dy®.
z=R 4

Taking here limit and using asymptotic formulas for (V*, P¥) and (1.20) we arrive at (1.27). O

Applying formula (1.27) to the solution (v*,p*) of problem (1.1), (1.2) with the right hand
sides given by (1.25), (1.26), we obtain the representatlons

(v",p7) = x2Qx+(0,1) + Xx+Qx5(0,1) + (b, p), (1.28)

where the coefficients are evaluated according to the formula
Qyr = / (VT +¢"PT)dx, ~,7=+. (1.29)
Q

From (1.21) and (1.28), we get the following representations:

(VE, PE) = —xo(V°, P%) + x+ (VF, P¥)
+x+Q++(0,1) + x+Q+5(0,1) + (0+,p+) (1.30)

with the remainders (04, p+) exponentially decaying at infinity. Note that a straightforward cal-
culation gives the equality Q) = Q. The coefficients @4, in expansion (1.30) of the pressure
at infinity in Q4 form the symmetric (2 x 2)-matrix @ called the pressure drop matriz. Another
approach to introducing the matrix ) was presented in [18].

Assertion 1. Since the replacement p — p = v~ !p eliminates the viscosity v in the Stokes
system (1.1), the matriz QQ admits the representation @ = vQ, where Q depends only on the
geometry of the set ' (the bifurcation node).
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Remark 2. Solution (1.30) describes the flow of the fluid (blood) with unit flow through the
cross-section wy in the direction of the bifurcation node and its outflow through the cross-section w4,
that is, the flow through the other cross-section w+ is zero. The constant component in the
representation of the pressure at infinity in the supplying blood vessel 2 is also made to be zero,
but P* contains the linear component Ay 120 which together with —A;ElzjE ensures a pressure
drop between the infinitely distant cross-sections in the blood vessels g and 2. The summands
with the coefficients @, in (1.30) also make their contribution, however, it is finite and, therefore,
the (2 x 2)-matrix @ = (Q4r),r=+ composed of them is called the pressure drop matrix. We note
that the absence of the summand Qo+ in (1.30) fixes the pressure Py and, therefore, the matrix
Q itself, while earlier the arbitrariness in the solution to problem (1.1), (1.2) was eliminated by the
condition ¢y = 0. Due to conditions (1.18), (1.19), we apply the fact that some external actions F’
and G in the model are negligible on cylindrical outputs at infinity, since we study in principal the
problem with the bifurcation of an artery.

2. Asymptotic analysis of the bifurcation of thin channels with rigid walls

Let the bifurcation be characterized by a common small parameter h > 0. More precisely,
suppose that
- 0 + -
Q=0 UQ,UQ uUQ,,

p=Ax: |y¥| < hre, 2% <lp}, a=0,+,

re > 0 and [, > 0 are certain fixed radii and lengths, respectively, the radii g and r4 are
comparable, and h << max{1, ralri}.

In the domain €, consider a stationary Stokes flow. The velocity vector u” and the pressure p”
satisfy the Stokes system

—vAu () + Vept(z) =0, —divu(z) =0, ze€Qy, (2.1)

with the no-slip conditions

uh(az) =0, z€X,=0Q,Nn00N. (2.2)

on the lateral boundary.

Nonhomogeneous boundary conditions at the ends I'f = {& € 90, : 2* = I}, describing the
inflow and outflow of the fluid, will not be used, but we can take them the same as in Section 4.
Asymptotic ansatzes for a flow in a pipe Qf (in what follows, it will be called the Reynolds-Poiseuille
ansatz) have the form

P(x) = pa(z¥) + ..., (2.3)
h : h W —2), 2 o
uy?(x) =0+4+-,i=12, wuzn(z)= E(Ta_h [Ya|*)Dzopa(2%) + - - - (2.4)
Here, u}y‘q and u” are the velocities along the axes vyt and 2®. The flux through the cross-section

in the p(l)sitive direction 2z is evaluated as
h « 47Ty 4
’U,za(x)‘zcx:zdy =h 8—]/ =:h Aoz- (25)
ly*|<hre
The unknown functions p,, a = 0, £, satisfy the classical one-dimensional Reynolds equations

—An0%pa(2%) =0, 2% €(0,1,). (2.6)



A mathematical model of an arterial bifurcation 119

Boundary conditions at the endpoints z¢ = [, are not needed, but to adjust the solutions p,(z%)
at the common point O with coordinates z* = 0, we apply the method of matched asymptotic
expansions (see, e.g., [6, 22]).

Theorem 3. The solutions po, o = 0,=£, of the Reynolds Eqgs. (2.6) satisfy the modified Kirch-
hoff transmission conditions at the bifurcation point z% =0

po(0) =p+(0) + 1Y Q+rA;0:p-(0), (2.7)
T==+
Z Aaazapa(o) = 0. (28)
a=0,%+

P r o of. We stretch the coordinates with respect to the center of the bifurcation node:
z— E=h"1(z - 0O). (2.9)

Taking the formal limit at A = 0, we transform €2, into the unbounded domain ; with three outlets
to infinity having the shape of the semicylinders Q' = {¢ : |n®| < 74,¢* > 0}, where a = 0, =+,
and £* = (n®,(®) are local coordinates obtained by stretching the coordinates (y®,z%) (cf. (2.9)).

As usual, for the application of the method of matched asymptotic expansions, it is required to
find all solutions to the Dirichlet problem for the Stokes system in €21, which may grow at infinity
no faster than linear functions. One of such solutions is obvious, that is, the constant pressure

P’ =1, V°¢ =0,

There are two more solutions (1.30) generated by the unit flux of fluid in Q1° from infinity, which is
compensated by an equal flux in Q'F at infinity as well. Now we will use the procedure of matching
inner and outer expansions. As an inner expansion, we take the linear combinations

Ry diVEE), (2.10)
+
af P’ (&) + > alPE(8). (2.11)
+

The additional factor h is used in the velocity expansion (2.10) according to the general algorithms
of construction of boundary layers (see, e.g., [15, Ch. 4]); it is needed, because the vector v/ in (2.1)
is differentiated twice, but the scalar p" only once.

By using the Taylor formula with respect to 2%, we rewrite the outer expansions (2.3) and (2.4)
in the form

P(2) = pa(0) + 2%0,apa(0) + . .. = pa(0) + h(%D.apa(0) + ..., (2.12)
nay = 2 _elys o _ e epya o 9.13
u(x)_E(ra_ 2 )zapa()+---—ﬂ(7“a—|77|)zapa()+--. (2.13)

Comparing the coefficients of constant and linear functions in representations (2.12) and (2.11), we
take into account (1.21)—(1.24) and (1.30) and arrive at the relations

po(0) =af, p+(0) = af + Qzia + Qr_a”,

hAp0,apo(0) = a}j_ + aﬁ, hALD.ap+(0) = —al,

where the quantities A, from (2.5) and (2.6) and (1.21)—(1.24) are used. These relations guarantee
the matching of the leading terms in the asymptotics (2.4), (2.10), and (2.13) and imply the relations

ag = pp(0), afil = —hA10,p+(0)
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and (2.7), (2.8). O

If we logically take the limit as h — 0 in relations (2.7) and (2.8), then the latter terms in (2.7)
vanish and we obtain the classical Kirchhoff transmission conditions

p+(0) = po(0),

Z Aaazapa(o) = O,
a=0,%+

which mean the continuity of the pressure and the vanishing of the total flux from the bifurcation
point (cf. (2.5) and (1.23)).

Let us explain why it is preferable to keep the last two terms in (2.7) despite they are small, see
the discussions in [9, 10]. The solutions p® to the differential equations (2.6) are linear functions

p(2%) = &(h) + 2%cL(h), a=0,+. (2.14)

The coefficients ¢, n = 1,2, can be found from the Kirchhoff conditions (2.7), (2.8), and boundary
conditions at z® = l,, see Section 4. The quantities ¢ = ¢['(h), n = 1,2, are rational functions of
the small parameter h, since they are determined from a system of linear algebraic equations with

invertible matrix, polynomially (linear) dependent on h. The functions
() = p*(2*) = e (h) + 2%co(h),

h2
e (2) =0, i =12, ula(w) = (% — h*lyal*)ca(h)

constructed according to (2.12), (2.13), and (2.14) form the Poiseuille flow in the cylindric parts of
the vessels €2ff and, hence, they exactly satisfy the Stokes system (2.1) and the no-slip condition (2.2)
restricted to the corresponding parts of the literal surface.

Near the bifurcation region of Qj,, there appears a boundary layer (we go over from the method
of matched asymptotic expansions to the method of compound asymptotic expansions; cf. [15,
Ch. 2]). By definition, relations (2.7) and (2.8) become conditions of an exponential decay for the
boundary layer. As a result, we derive that the constructed approximate solution leaves in the
problem (2.1), (2.2) exponentially small discrepancies as h — 0. Thus, using the more complicated
coupling conditions (2.7), (2.8), we obtain estimates of the asymptotic remainders with majorants
Ce P/", p > 0, whereas the application of the Kirchhoff conditions delivers remainders of order
O(h) in the asymptotic representation of pressure and of order O(h?) for the velocity.

3. Asymptotics of the pressure drop matrix

3.1. Elementary procedure for finding the pressure drop matrix. Murrey’s
law

Consider an infinite three-dimensional symmetric channel T with a bifurcation, which is de-
picted in Fig. 2, where its geometric parameters are shown. The walls are assumed to be rigid
and the angle 0 is small. The vertical dot-and-dash divide T into four parts: three semi-infinite
cylinders QF and Q° and a middle part Q°, which is located between the points z = 0 and z = —L,
in the figure. The length and width of the middle section * are evaluated as follows:

Le = (sin®)"'(2R — Rycosf) ~ (sinf) "' (2R — Ry), R = Ru,

2a4(2) = 2(Ry — zsinb). (3.1)
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Figure 2. Symmetric bifurcation of a three-dimensional channel.

We assume that the cross-section of the middle part €2® is an ellipse whose semi-axes are connected
by the relation

be(2) = (1 + B2)ae(z), z€[—L,0], with=L; 2+v2)"!

Let us find approximate formulas for solutions (1.30) of problem (1.1), (1.2) in the three-dimensional
junction Y. Its symmetry with respect to the horizontal axis allows us to consider only one of the
solutions, e.g., (V,P) = (V*, PT).

Theorem 4. Let the radii Ry, o = 0,4, of the supplying Q° and accepting QF channels obey
Murrey’s law (0.1). Then the pressure drop matriz @ in (1.30) is positive definite.

P roof Owing to the large parameter (sin#)~!, we can use a three-dimensional Reynolds—
Poiseuille ansatz (2.3), (2.4) ignoring the boundary layer effect, which brings an error of order O(1),
small with respect to O((sin#)~!). Thus, we seek the one-dimensional distribution of the pressure
in the form

P(z) ~ P%(z) = Aalz for z € (0,+00),

Ple) % PH(z) = A2 4 Quy for 2 € (o0, —La) 5
Px)~= P (z) = QJF, for z € (—o0,—Ls),

P(x) = P*(2) for z € (—Las,0).

In the three-dimensional case, the coefficients, cf. (2.5) and (1.21)—(1.24), are found by the formulas

1 Ry R*
A.(Z)_Tra()( +/8Z) A(]:Tro, A—ﬂ-
v (14 (14 B2)?)’ 8v 8’
(see, e.g., [19] for calculation of an explicit formula in case of ellipse of the coefficient A,, which is
proportional to the torsion rigidity of a section), and the Reynolds equation on (—L,,0) takes the
form

—0,(As(2)0.P*(2)) = 0. (3.3)

Taking into account (3.2), solving the Reynolds Eq. (3.3) for unknown function P*® and satisfying
the Kirchhoff transmission conditions at z = 0 and z = —L,, we find the quantities Q~,, 7,7 = %,
n (1.30):

Q- ~P*(—Ls) =~ — ¢4+—(R, Ryp),

v ¢++(R, Ro).

msin @

7T81n9

(3.4)
Qi ~P*(—Ly)+A 'Ly~ —
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Here, the functions ¢4 have explicit but cumbersome expressions and do not depend on the small
parameter sin 6.
Using Sylvester’s criterion for the pressure drop matrix (), we state the assertion of Theorem 4.1

z 21%0 i [

[1]2r{
Vi)

’
Figure 3. Asymmetric bifurcation of a three-dimensional channel.
A three-dimensional channel T with branching is depicted in Fig. 3, where all geometric pa-

rameters can be found. We accept the notation and assumptions from the symmetric bifurcation.
Formulas (3.1) are replaced by

Lo ~ (sin@)7'2R, 2R.(z) = 2Ry — zsin. (3.5)

Here we assume that the cross-section of the middle part Q° is a disc of radius Re(2), z € [—Ls,0].
Since there is no symmetry now, we must construct both solutions (Vi, Py).

Proposition 1. The same Theorem 4 is valid for the asymmetric bifurcation (see Fig. 3).

Proof. We start with (V,P) = (V, PT), the flux of which goes to the left channel QF of
width 2Ry and, similarly to (3.2), we obtain

P(z) ~ P’(z) = Ay 'z for z e (0,+00),
P(x) ~ Pt(2) = Ay 'z + Q4+ for z € (—o00,—Ls), (3.6)
Px)= P (z) = Q4— for z € (—o00,—Ls), .
P(z) ~ P*(2) for z € (—Ls,0).
We have the relations
4 4 4
A.(—L.):M, AO:W_RO’ A:@.
8v 8v 8v
Equation (3.3) is valid, and the Kirchhoff transmission conditions at z = 0 and z = — L, show that
8v 1 1 8v 1 1 6R
= - —= ~ -+ = 3.7
Q- ™ 350 <(R0+R)3 Rg> ey <(R0+R)3 R? * R§> (3.7)

For the solution (V, P) = (V—, P~), the flux of which goes to the lower (see Fig. 3) channel of
width 2R, the two middle relations in (3.6) must be changed according to

Plz)~P (2)=A'24+Q__ for z € (—o0,—Ls),
Px)~ Pt (2)=Q_4 for z € (—o00,—Ls).

In this case, we obtain

v 1 1 8v 1 1 6
R - = N ——=+ = . 3.8
Q-+ 3msin 6 <(R0+R)3 Rg)’ @ 37 sin 6 <(R0+R)3 R8+R3> (3:8)
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Using Sylvester’s criterion, we state that the pressure drop matrix @ is positive definite. O

Remark 1. A possibility to obtain approximate formulas (3.4) and (3.7), (3.8) for the pressure
drop matrix @ is provided by the fact that, for small @, the junction elongates and has length
O((sin@)~1) (see expressions (3.1) and (3.5) for L,). At the same time, the limit passage 6 — +0
fails, i.e., one can use these results only for “not very small” angles 6.

Interesting to note that the entries (3.4) and (3.7), (3.8) of the matrix of pressure drops are
inversely proportional to the cube of the radii in accordance with Murrey’s distributional law (0.1).

4. Pressure drop matrix and modified Kirchhoff transmission conditions

Let us truncate cylindrical outlets in 2 and assume

Q=0 U uQuQ;,
Qﬁ:{x |ya| < Ty, Za<h71la}, OéZO,Zt, (41)

where A > 0 is a small dimensionless parameter, and r, > 0 and [, > 0 are certain fixed radii
and lengths, respectively. In the domain €2, we define the homogeneous (F' = 0, G = 0) Stokes
equations (1.1) and, on its lateral surface X = 9 N 92, we impose the homogeneous (H = 0)
no-slip conditions (1.2) (hereinafter, we refer to these relations implying that they are restricted
to these sets). On the truncated surfaces I'Y = {x sy < re, 2% = h_lla} , assign the following
conditions:

uZ?(x) =0, i=12 uy(z)=-0h"), zeT), (4.2)
uZ_T (£)=0, i=1,2, —vd-ul(z)+p"(x)=p>, zel], 7=+ (4.3)

Here, \Ifg is the Prandl function, that is, the solution of the Dirichlet problem for the Poisson
equation (1.22). In other words, at the inlet cross-section of the vessel (1Y), the incoming unit flux of
fluid is assigned and, on the allocated ends of the outlet cross-sections of the vessels Qf, peripheral
pressure poo is set. At the same time, the compression of coordinates by h~! times transforms the
problem stated to the usual problem of the blood flow through the bifurcation node of thin vessels,
which walls, as already explained, it is assumed to be rigid (see Section 2, cf. [9]). In the new
coordinates, the vessels become the smaller radii hr, and the fixed lengths . We emphasize that
the problem (1.1), (1.2), (4.1), (4.2), (4.3) is still included in the symmetric Green formula in .
Its interpretation in the framework of the weighted spaces technique with detached asymptotics is
given in [18]. The conventional Reynolds—Poiseuille ansatzes (see Section 2)

uP(z) = —(8v) 1Pl (YN esaBoapa(z®) + ..., PME) = pal(z®) + ... (4.4)

(where e,a is the unit vector of the axis z% directed away from the node) on the vessels Qf, after
the substitution into (1.1), (1.2), (4.2), (4.3), generate the differential equations and boundary
conditions

—Aqd%pe = 0, for 2% € (0,h74,), Ay = (8v) tard

ad
—Agdopo =1 at 2°=h"ty, pr=p>= at 2 =hly
for unknown functions p,, o = 0,£. The latter functions linearly depend on the longitudinal

variable z,, and, thus, it is possible to remove the dots replacing lower-order asymptotic terms in
the right-hand sides of Eqs. (4.4).
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As an approximate solution of the problem stated in €, we take the sums
" = ha" VT +ha" V™, Pt =dt Pt +ad" P +af, (4.5)

where (V*, P¥) are introduced special solutions (1.21) and the latter term refers to the constant
pressure. Using the method of matched asymptotic expansions in the interpretation of ansatzes (4.4)
as the outer expansions and the linear combination (4.5) as the inner expansions (see Section 2,
cf. [9]), we satisfy the boundary conditions (4.2), (4.3) up to exponentially small terms as h — +0
and get the following relations:

1= a}}r +a", (4.6)
P> =al —h 7 Lral + Z Qroal, 7=+, (4.7)
a==%
8
where L, = —V4la, a =0, =+, and henceforth £ = diag{L,L_}.
r

Let e = (1,1) and a" = (a”,a") be columns. In virtue of (4.7), we deduce
(P — agle = (Q = h'L)a",
hence,
a" = (h™'L— Q) e(ag — p™),

and thus equality (4.6) rewritten in the form e - a" = 1 leads to the relations
— h 00
1= Th(a’O -D )a

Th=e-(h'L-Q le=h"te- L' I -hQL H le=h"te (L' + AL7IQL™! + O(h?))e.

We finally find that
al =p® + 1,71,

Tp = h Hto+ ht1 +O(h?)), to=e-L'e>0, t;=e-L'QL e, (4.8)
so, we get
ay = p™ + htg'(1 — htg 'ty + O(h?)). (4.9)

Thus, the pressure at the “input” I’g up to the smaller terms is equal to
R Lo +p™ + htyt — Bty %t + O(h%). (4.10)

The first term of (4.10) is the pressure drop, which provides the unit flux delivery to the artery
bifurcation, the second term is also positive, it is necessary to supply the fluxes to the points
zt = h7l4, and the third term, the sign of which depends on the pressure drop matrix Q,
corresponds to just the shape of the node.

Proposition 2. Leta/ = 1/240"/2 in accordance with (4.6), and let b* € [~1,1] be the factor
of flux distribution. Then the partial Murrey cubic law

1/r3 —1/r3

W=+ L=
1/r3 +1/r3

(4.11)

is satisfied provided that 14 /ry =1_/r_.
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Proof. From (4.7), we deduce
0=—h""Ly(1+b") +h ' Lo(1=b") + Qi (1+0")

+QTT(1 =" = Q—(1-0") = Q1 (1 +0"),
or
BTy A L)+ Qe Q- —2Q ) =h NIy — L) = (Q1+ —Q—),
Hence,
Ly —L —h(Q++ —Q—-)
(L + L) =M@t + Q- —2Q1—)

If we put Iy /ry =1_/r_, then we arrive at (4.11) as h — +0 or, similarly, the flux ratio is

b= —

Ly—L_

1+th1_L++L, Lot ol

L—oh " Le =L " Ly ek 3
L+ L

5. Conclusion

For the arterial tree, under the assumption that the walls of the blood vessels are rigid, for
every bifurcation node, a (2 x 2)-pressure drop matrix @) appears, and its influence on the Kirchhoff
transmission conditions is taken into account. The modified Kirchhoff transmission conditions via
the matrix @) depend on the geometry of the bifurcation region. We do not know the exact value
of the matrix Q for any concrete bifurcation of an artery. In Section 3, we have produced the
calculation scheme of an approximate determination of this matrix. With the help of Murrey’s
cubic law, we indicate general properties (sign definiteness) of the characteristics introduced for
the certain nodes in which some information about the matrix is nevertheless accessible.

Acknowledgements

The author was supported by Linképing University, and by RFBR grant 16-31-60112.

REFERENCES

1. Amick C.J. Steady solutions of the Navier-Stokes equations in wunbounded channels and
pipes. Ann. Se. Norm. Super. Pisa Cl. Sci. (4), 1977. Vol. 4, No. 3. P. 473-513.
URL: http://www.numdam.org/item/?id=ASNSP_1977_4.4.3.473.0

2. Amick C. J. Properties of steady Navier—Stokes solutions for certain unbounded channels and pipes. Non-
linear Anal. Theory, Meth., Appl., 1978. Vol. 2, No. 6. P. 689-720. DOI: 10.1016,/0362-546X(78)90014-7

3. Berntsson F., Karlsson M., Kozlov V. A., Nazarov S. A. A Modification to the Kirchhoff Conditions at a
Bifurcation and Loss Coefficients. LiU electronic press, MAI, LITH-MAT-R-2018/05-SE, 2018. P. 1-10.
URL: https://www.diva-portal.org/smash/get/diva2:1204214/FULLTEXTO01.pdf

4. Bogovskii M. E. On solution of certain problems of vector analysis associated with operators div and
grad. Tr. Semin. im. S.L. Soboleva, 1980. Vol. 1, Novosibirsk. P. 5—40.

5. Fung Y.C. Biomechanics. Circulation. 2-nd ed. New York: Springer—Verlag, 2011. 572 p.
DOI: 10.1007/978-1-4757-2696-1

6. Ilin A. M. Matching of Asymptotic Expansions of Solutions of Boundary Value Problems. Transl. Math.
Monogr., Vol. 102. Am. Math. Soc., 1992. 281 p.


http://www.numdam.org/item/?id=ASNSP_1977_4_4_3_473_0
https://doi.org/10.1016/0362-546X(78)90014-7
https://www.diva-portal.org/smash/get/diva2:1204214/FULLTEXT01.pdf
https://doi.org/10.1007/978-1-4757-2696-1

126

G. L. Zavorokhin

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kassab G.S. and Fung Y.-C.B. The pattern of coronary arteriolar bifurcation and the uniform shear
hypothesis. Ann. Biomed. Eng., 1995. Vol. 23, No. 1. P. 13-20. DOI: 10.1007/BF02368296

Kassab G.S., Rider C.A., Tang N.J. and Fung Y.C. Morphometry of pig coronary ar-
terial trees. Am. J. Physiol. Heart Circ. Physiol., 1993. Vol. 265, No. 1. P. H350-H365.
DOI: 10.1152/ajpheart.1993.265.1.H350

Kozlov V. A., Nazarov S. A. Transmission conditions in a one-dimensional model of bifurcating arteries
with elastic walls. J. Math. Sci. (N.Y.),2017. Vol. 224, No. 1. P. 94-118. DOI: 10.1007/s10958-017-3398-0
Kozlov V. A., Nazarov S. A. A one-dimensional model of flow in a junction of thin channels, including
arterial trees. Sb. Math., 2017. Vol. 208, No. 8. P. 1138-1186. DOI: 10.1070/SM8748

Kozlov V. A., Nazarov S. A., Zavorokhin G. L. A fractal graph model of capillary type systems. Complex
Var. Elliptic Equ., 2018. Vol. 63, No. 7-8. P. 1044-1068. DOI: 10.1080/17476933.2017.1349117

Kozlov V. A., Nazarov S. A., Zavorokhin G. L. Pressure drop matrix of a bifurcation of an artery with
defects. Eurasian J. Math. Comput. Appl., 2019. Vol. 7, No. 3. Accepted.

Kufner A. Weighted Sobolev Spaces. Ser. Teubner Texte zur Mathematik, vol. 31. Teubner, 1980. 152 p.
Ladyzhenskaya O. A., Solonnikov V. A. Determination of the solutions of boundary value problems for
stationary Stokes and Navier-Stokes equations having an unbounded Dirichlet integral. J. Sov. Math.,
1983. Vol. 21, No. 5. P. 728-761. DOI: 10.1007/BF01094437

Maz’ya V. G., Nazarov S. A., Plamenevskij B. A. Asymptotic Theory of Elliptic Boundary Value Problems
in Singularly Perturbed Domains. Vol. II. Ser. Oper. Theory Adv. Appl., Vol. 112. Basel: Birkhé&user,
Verlag, 2000. DOI: 10.1007/978-3-0348-8432-7

Murray C. D. The physiological principle of minimum work. I. The vascular system and the cost of blood
volume. Proc. Natl. Acad. Sci. USA, 1926. Vol. 12, No. 3. P. 207-214. DOI: 10.1073 /pnas.12.3.207
Mynard J.P. and Smolich J.J. One-dimensional haemodynamic modeling and wave dynam-
ics in the entire adult circulation. Ann. Biomed. FEng., 2015. Vol. 43, No. 6. P. 1443-1460.
DOI: 10.1007/s10439-015-1313-8

Nazarov S. A., Pileckas K. Asymptotic conditions at infinity for the Stokes and Navier-Stokes problems
in domains with cylindrical outlets to infinity. In: Advances in Fluid Dynamics, Quaderni di Matematica,
ed. P. Maremonti, Vol. 4., 1999. P. 141-243.

Pélya G., Szego G. Isoperimetric Inequalities in Mathematical Physics. Ser. Ann. of Math. Stud., vol. 27.
Princeton, USA: Princeton University Press, 1951. 279 p. https://www.jstor.org/stable/j.ctt1b9rzzn
Simakov S.S. Modern methods of mathematical modeling of blood flow wusing reduced or-
der methods. Comput. Res. Model., 2018. Vol. 10, No. 5. P. 581-604. (in Russian)
DOTI: 10.20537/2076-7633-2018-10-5-581-604

Solonnikov V. A. On the solvability of boundary and initial-boundary value problems for the Navier—
Stokes system in domains with noncompact boundaries. Pacific J. Math., 1981. Vol. 93, No. 2. P. 443-458.
URL: https://projecteuclid.org/euclid.pjm/1102736272

Van Dyke M. Perturbation Methods in Fluid Mechanics. New York, London: Academic Press, 1964.
229 p.


https://doi.org/10.1007/BF02368296
https://doi.org/10.1152/ajpheart.1993.265.1.H350
https://doi.org/10.1007/s10958-017-3398-0
https://doi.org/10.1070/SM8748
https://doi.org/10.1080/17476933.2017.1349117
https://doi.org/10.1007/BF01094437
https://doi.org/10.1007/978-3-0348-8432-7
https://doi.org/10.1073/pnas.12.3.207
https://doi.org/10.1007/s10439-015-1313-8
https://www.jstor.org/stable/j.ctt1b9rzzn
https://doi.org/10.20537/2076-7633-2018-10-5-581-604
https://projecteuclid.org/euclid.pjm/1102736272

	Statement of the problem
	Domains with cylindrical outlets to infinity and functional spaces
	Formulation of the problem
	Asymptotics of the variational solution

	Asymptotic analysis of the bifurcation of thin channels with rigid walls
	Asymptotics of the pressure drop matrix
	Elementary procedure for finding the pressure drop matrix. Murrey's law

	Pressure drop matrix and modified Kirchhoff transmission conditions
	Conclusion

