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Abstract. In this paper, the Riemann solutions of a reduced 6x6 blood flow model
in medium-sized to large vessels are constructed. The model is nonstrictly hyperbolic
and non-conservative in nature, which brings two difficulties of the Riemann problem.
One is the appearance of resonance while the other one is loss of uniqueness. The
elementary waves include shock wave, rarefaction wave, contact discontinuity and
stationary wave. The stationary wave is obtained by solving a steady equation. We
construct the Riemann solutions especially when the steady equation has no solution
for supersonic initial data. We also verify that the global entropy condition proposed
by C.Dafermos can be used here to select the physical relevant solution. The Riemann
solutions may contribute to the design of numerical schemes, which can apply to the
complex blood flows.
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1 Introduction

A simple set of equations for the blood flow in medium-length to large arteries and veins
are given by [28]

(1.1)
(Au)i+ (Auz)x—F %px =—Ru,

where A(x,t) is the cross section area of the vessel, p,p,u represent the density, the pres-
sure and the averaged velocity of the blood, respectively. We treat p as a constant. R is the
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flow resistance per unit length of the tube, assumed to be a known function here. See [27]
for more details.

To complete the system, an additional condition on the pressure p is provided by the
tube law, which is analogous to the state equation of fluid flows. Following [23], we have
the tube law

p=rpe(x,t)+(A;Ag,K), (1.2)

where

A
=4
The p,. is the external pressure of the vessel. K is the stiffness coefficient of the vessel,
which represents the elastic properties of the vessel. Ag is the cross section area at equi-
librium state. m >0 and n <0 are two constants. For flows in arteries, m=1/2, n=0,
see [22]. In this paper, we take 0 <m <1, n =0 for simplicity.

In [28], Toro and Siviglia took p,,K and Afr as a function of x only. Moreover, they
added the following conditions to complete system (1.1)

Y(A;Ap,K)=K(x) (o™ —a"), a (1.3)

atpgzo, atKZO, atAEZO. (14)

Substituting (1.3) into the second equation of (1.1), we have

A A A A
(AM);H‘(Auz)x"f‘;lPAAx-i-;lPKKx-i-;lPAE (AE)x‘i‘;(Pe)x =—Ru. (1.5)

Following Toro and Siviglia [28], we add an advection equation for a passive tracer ¢
representing the concentration of a chemical species. The tracer is transported passively
with the fluid speed, so we have

31 (Ap)+dx(Aug) =0. (1.6)

The advective equation is decoupled from the other equations. We note (1.6) does not
add new difficulties to the Riemann problem. But for future applications, it is convenient
to consider all six equations as follows

U+Q(U)a U=S(U), (1.7)

where U= (u,A,K,Ag,pe,¢), and

Loy Ly L . Ru
oA gt pPar A
A u 0 0 00 0
o= 0o o o o oo sw=| o (1.8)
0O 0 0 0 00 0
0O 0 0 0 00 0
0O 0 0 0 0 u 0
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System (1.7) is non-conservative, it is analogous to the flows in a variable cross section
duct [2,9,16,25], the two-phase flow [3], and the shallow water equations [17]. In this
paper, we mainly consider the homogeneous form of (1.7), which corresponds to the
non-resistance flow and is non-strictly hyperbolic because the characteristic fields may
coincide with each other. For more details, we refer to [8,10-13,16,18]. Some numerical
results can be found in [4,5,7,14,19].

In [16], Lefloch and Thanh constructed the Riemann solutions of the isentropic flow
in a variable cross-section duct. They divided the phase plane into subregions, in which
the system is strictly hyperbolic. They also discuss the resonance and the non-uniqueness
of the system. Sheng and Zhang [24] discussed the interaction of elementary waves of
flows in a variable cross-section duct.

Han et al. [10, 11] discussed the Riemann problem of a reduced 3x3 blood model.
By using the L-M and R-M curves, which are stationary wave curves attached to two
nonlinear wave curves, they constructed the Riemann solutions for the subcritical and
supercritical data respectively. They also gave some numerical results showing the non-
uniqueness of solutions.

The 6x6 blood flow model is analogous to the 3x3 model. Toro and Siviglia made
characteristic analysis of the equations with the conditions (1.4) in [28]. They discussed
the Riemann problem briefly. The resonant waves are not included in their paper. In
this paper, we mainly construct the Riemann solutions of (1.7) in (u,A) plane. We use
the classification methods in [25] to obtain the solutions according to the initial data are
in different regions. The solutions lose uniqueness for some initial data. To select the
physically relevant solution, we follow the global entropy condition in [6], which states
that not only should the entropy increase but it should be increasing at the maximum
rate. Numerical results are consistent with the criterion. In future work, we are interested
in the interaction of elementary waves and constructing numerical schemes for the 6x6
blood flow model.

This paper is organized as follows. In Section 2, we make characteristic analysis of
(1.7), and discuss basic properties of elementary waves, including rarefaction waves,
shock waves, contact discontinuities and stationary waves. To select a unique solution of
stationary discontinuity, we are not able to use the monotonicity criterion as in variable
duct flows. Here we follow the conclusion obtained by [20]. In Section 3, we construct the
Riemann solutions in (#,A) plane. The resonance and non-uniqueness of solutions are
shown in this section. In order to use the global entropy solution, we define the entropy
in blood flow model. In Section 4, we design a numerical scheme for blood flow model.
We also give some tests to show that the scheme preserves the mechanical energy very
well.

2 Characteristic analysis for system (1.7)

2.1 Preliminaries

In this section, we consider the homogeneous form of system (1.7), namely



230 W. Sheng, Q. Zhang and Y. Zheng / Commun. Comput. Phys., 27 (2020), pp. 227-250

o U+Q (U)o, U=0. (2.1)
Considering a smooth solution of system (2.1), Q(U) has six eigenvalues
AM=u—c, A=u, Az=u+c, Ayz=A5=A=0, (2.2)
where c= %1,[7 A- The corresponding right eigenvectors are

= (C/_A/O/O/O/O/)T/ In= (Olololololl)T/
A p(?—c*) \T
N (1A 00 23
1=(,A4,0000)7, 1= (1, ~,00,-5— ) (2.3)
Is = (0/0/1/01_¢K10)T/ Ip = (01010111_¢AE10)T-

It is easy to verify that the 2-, 4-, 5-and 6-characteristic fields are linearly degenerate,
while the 1- and 3-characteristic fields are genuinely nonlinear. System (2.1) is not strictly
hyperbolic because Aq,A; and A3 may coincide with A; =0 (i =4,5,6). More precisely,
setting

Iyiu=c, T_tu=—c, To:u=0, (2.4)

we see that
)Ll = A4,5,6 on F+, )Lg = A4,5,6 on F_, )\2 = A4,5,6 on ro. (25)

In the four dimensional space (u,A,K,Ag), I',T_ and I'y are three surfaces on which sys-
tem (2.1) is not strictly hyperbolic. Moreover the three surfaces separate the (u,A,K, Ag)
space into four regions, denoted by LILIIL IV, in which the system is strictly hyperbolic:

1= {(u,A,K,AE) Ay < )\1},
I={(u,AKAp): M <As<A2},
= {(u,AKAp):Aa<As<A3},
IV={(1,A,K,Ag): A3 <As}.

(2.6)

2.2 Rarefaction waves

We look for self-similar solutions depending on { = 3. System (2.1) reduces to
[ —G(A)e+(Au)e =0,
A A A A
—C(Au)f;ﬂ‘(Auz)f;ﬂL;#’AAﬁ o YKt (Ap)et 2 (pe)e =0,
—¢(4

$)e+(Apu)e=0, (2.7)
:0,
Ap)e=0

pe CZO.

=
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The Riemann invariants associated with A and A3 are:

for Ay=u—c: {AE,K,pe,qzu—i—/c(AfA)dA},
c(A) (2.8)
for Az=u-+c: AE,K,pe,gb,u—/TdA ,

where ¢ = \/ %1/]14 = \/ ’”TKM”, which is a function of A,K and Ag. For a given left-hand

state Uy = (110, Ao, Ko, AEy, Pey,P0), we determine the right-hand state U = (1, A,K, Ag, pe,$)
that can be connected to Uy by rarefaction curve as

(2.9)
K:KO, AE:AEO/ Pezpeoz (P:(PO

The subscripts 1 and 3 represent the backward and forward rarefaction waves respec-
tively.
2.3 Shock waves

We can not define weak solution for (2.1) as usual because of the source term. However,
the Rankine-Hugoniot relation associated with the variables K, A, p, of (2.1) is

—0[K]=0, —0[Ag]=0, —0c[p.]=0,
where [f]: = fi — fo is the jump of the variable f. We have the following conclusions:

1) 0 #0,[K]=[AEg] = [p.] =0: the variables K, Ag,p, remain unchanged across the dis-
continuity with non-zero speed;

2) 0=0: the speed of discontinuity vanishes, here we assume [f] #0, f =K, A, or p..
We call it stationary contact discontinuity.

From 1), the Rankine-Hugoniot conditions corresponding to (1.7) is

—o[A]+[Au] =0,
o 2 mk m+1| _ 2.10
U[Au]+[Au +p(m—i—1)A’§A 0, (2.10)

—o[A¢|+[Au¢] =0,

where 0 is the speed of the discontinuity given as

M B mk  AAg(AmH— AP
U1,3—uo:FA—O, M_\/p(m+1)A§5” A A , (2.11)
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and Uy = (19, A0,Ko, Ak, Pey,Po) is a given left-hand state. The shock curve consisting of
all right-hand state U satisfying Lax shock condition is

mk (A= Ag)(AmH— A
U=1ug— A AA , U<y,
S13(U,Up): p(m+1)A¥ 0 (2.12)
K=Ko, Ap=Agr, Pe=Pey ¢=do.

Denote the 1-wave curve Wi (U,Up) = Ry (U,Up)US1(U,Up) and the 3-wave curve
W3 (U,Uy) =R3(U,Uy)US3(U,Up), we have the following result [10].

Lemma 2.1. For 0<m <1, the 1-wave curve Wy (U, Uy) is strictly decreasing and convex, while
the 3-wave curve W3 (U, Uy) is strictly increasing and concave in the (u,A) plane.

Proof. We first prove the 1-wave curve W; (U, Uy) is strictly decreasing and convex. From
(2.9), we have

du c d?u 2-m ¢

IA Lt =7 <0, Az o = >0. (2.13)
For 1-shock wave, we have
du
A ) (2.14)
_ \/ mKAA mA" 1 Ag(A— Ag) +Ag(A"F2— ATT2) o
o(m+1) AF (A—Ag) (A" — Ay~ 2(Aho)?
d%u

A straightforward but tedious calculation shows that <5 >0 for 0<m <1. Han

dA? |51(u,u0)
et al. gave a skillful proof, see [10] for details.

The proof for the 3-wave curve W3 (U, Uy) is similar, we omit it. O
2.4 Contact discontinuity

The contact discontinuity is associated with the 2-characteristic field. Across the contact
discontinuity, the variables u,A,K, Ag,p. remain constant. Given the left-hand state Uy,
the right-hand state U that can be connected with Uy by contact discontinuity is

](u/ UO) T U=y, A= AO/ K:KO/ AE :AEOI Pe=Peys (,b #‘PO (215)

2.5 Stationary wave

A stationary discontinuity is a time-independent solution. We search for the steady so-
lution for (1.7). The stationary discontinuity solution is determined by the following
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ordinary differential equations
(Au)x :0,
A A A A
(Auz)x + _lPAAx+ —lPKKx+ —lPAE (AE)x +— (Pe)x - O/ (2'16)
% % % %
(Au¢),=0.
For smooth solutions, (2.16) is equivalent to
(Au)x :0,
1, AN\™M
hl =) = = 2.17
<2pu +K<(AE) 1>+pe>x 0, (2.17)
(Au¢),=0.

Given the left hand state Uy, the right hand state U connecting with Uy by stationary
discontinuity is

Au:AoMo,
1 ANm 1 Ag \™
So(U,Ug):{ = pu? =) — =~ pui? 20— 2.18
o(UUo):§ Spu +K<(AE) 1>+pe 2pM0+Ko<(AEO) 1>+Pe0/ (2.18)
¢=1¢o.
Substituting the first equation into the second one, we have
®(K1A1AEIPE;AO)
AmT2 1 Ao \" 1
::KA—%H— <§pu%+K0 <A—Eg> +K—Ko+peo—pg> A2+§p(Aouo)2:0. (2.19)

Since the variables K,Apg,p. change only across stationary discontinuity, we write
D(K,A,AE,pe; Ag) =P(A;Ap). Taking the derivative of ® with respect to A, we have

4 KA™ (1 Ao \"

® reaches its minimum value at

(2.21)

1/
) pug+2Ko(£2)" +2(K— Ko+ pe, — pe) mA
rmn( 0)— (m+2)K E

We conclude that ® =0 admits a solution if and only if ®(Amin) <0. More precisely, we
have the following lemma.
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Lemma 2.2. There exists a stationary discontinuity connecting two states Uy =
(110, A0,Ko, AEy, Pey, o) and U = (u,A,K, Ag, pe,¢) if and only if ®(Amin) <0. Moreover, we
have that

1) if ®(Amin) >0, there are no stationary discontinuity;

2) if ®(Amin) < 0, the function ®(A,Uy) = 0 has exactly two solutions U, (Uy) =
(us, A, K, AE, pe,¢) and U*(Uy) = (u*,A*,K, AE, pe,d) with Ay < Amin < A*;

3) if ®(Amin) =0, the two solutions U, (Uy) and U*(Uy) coincide.
3 3

U, and U* are in the supercritical area (1 >c) and subcritical area (1 < c) respectively. In
fact, from (2.21), we have

We conclude that u, >c, =/ 2K (ﬁ—z) LUt <ct=, K (f—g) . 1.e., the two solutions

A, <Amin(Up) < A, (2.22)

which yields u2 > ¢2 and u*? < c*2.

Remark 2.1. The condition ®(Apin) <0 may not hold in some cases. For example, when
the difference between p,, and p, is very large, or the variable K is large enough compared
to Ko,pe, and Ag. The flow will across a shock wave to reduce the speed and make
®(Amin) <0 solvable under these cases. The explicit solution will be discussed in Section
3.

As in [3, 10, 25], the Riemann problem for (2.1) may admit up to a one-parameter
family of solutions. To select a unique solution, their principle can be simplified as: The
flow is subcritical (supercritical) at one side of the stationary discontinuity iff it is also
subcritical (supercritical) at the other side of it.

Siviglia and Toffolon [20] considered the steady flow in blood vessels with discon-
tinuous mechanical properties of a collapsible tube. They concluded that in arteries, the
transition of subcritical state to supercritical state is not possible across the steady waves.
They also proposed a principle to choose the stationary solutions. Basically, they defined
the momentum flux

H2 A
$(A):=pg +Alpety)— [ paa, (223)

where H = Au remains constant across the stationary discontinuity. The physically ad-
missible solution is selected where g(A) has the minimum value. Generally, a smooth
transition between subcritical solution to supercritical solution only happens under criti-
cal conditions, i.e., the state on one side of the stationary discontinuity is critical: 1o = co.
Following their results, we have the following lemma.

Lemma 2.3. For the 6 x6 system (2.1), across the stationary discontinuity, the states on the two
sides remain in the closure of only one domain in (u,A) plane.
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v \ 11 U

u

Figure 1: The stationary curve remains in one domain in (1, A) plane.

Under the assumption of Lemma 2.3, we call the stationary discontinuity as stationary
wave, denoted by So(U,Uyp) from the left hand state Uy to the right hand state U. We note
that the sonic curve I' . (¥) is a function of K and Ag. The stationary wave curve will
change continuously on one side of I'. (¥) from Lemma 2.3. See Fig. 1.

For stationary wave So(U,Up), Lemma 2.3 tells us that when U is subcritical, we
choose U] as the solution. When Uy is supercritical, Uy, is chosen as the solution. For the
critical case 1y = ¢, there are two solutions, one is subcritical, the other is supercritical.
The selection of the two solutions will be discussed in Section 3.

Remark 2.2. For blood flows in veins, Lemma 2.3 may not hold, which causes multiple

solutions [21] and further research is needed.

2.6 Shock wave coincides with stationary wave

In order to construct the Riemann solution, we have to know when the shock speed
equals to zero. When 1 < ¢p, from (2.11), we have

M mK [ Ag\" mK — A(Amtl_ Amt
n<cp——= — | — — 0
Ao Y AE p(m+1)AKE” A()(A—A())

1 mK

N pAAT

. m_K<ﬂ>m+ mK A(A"1—Apt)
p \ Ak p(m+1)AY  Ag(A—Ag)

From (2.11), let 07 =0, by using the relation 1y = ‘%(”)‘, A > Ap, we have

(A —AAY) <0, Ag<Ag<A, (2.24)

where

5 AgmK Am+1—A6”+1 _ﬂ%(ﬂ

m
= 2
! _Ap(m+1)Ag1 A—Ay A 0 AE> <ct, Ap<Ap<A. (2.25)
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Combining (2.24) and (2.25), we have 01 <0 when Uy € IUIIUIV. When U €], there exists
a point Uy € Il such that oy (Up,Up) =0. For 3-shock wave S3(U,Up), there exists a point
Up € Il such that 03 =0 if Uy € IV. Therefore we have the following lemma.

Lemma 2.4. 1) The 1-shock speed o1 (U,Uy) may change its sign along the shock curve Sy (U,Up).
More precisely,

i) If Uy e TUIMULV, then o1 (U,Uy) remains negative
01 (LI, U()) <0.
ii) If Uy €1, then there exists a point U = Uy €11 on the shock curve Sq (U,Uy) such that
o1(Uo, Up) =0,
o1 (U,Up) >0, Ae (A, Ay), (2.26)
o1 (U,Up) <0, A€ (Ag,+co).
2) The 3-shock speed o3 (U, Uy) may change its sign along the shock curve S3(U,Uy), i.e.,
i) If Uy € IUTTUL, then o5 (U,Uy) remains positive
03 (U, U()) >0.
ii) If Uy €1V, then there exists a point U = U € I on the shock curve Ss3(U,Uy) such that
o3(Uo, Up) =0,
US(UIUO) <0/ A€ (AOIAVO)I (227)
o3(U,Up) >0, A€ (Ag,+co).

Now we are ready to construct the Riemann solution of blood flow model (1.1). It is
well known that the Riemann solution is not unique and there are up to three solutions
for some initial data [2,11,16]. How to select a unique physically relevant solution is still
an open problem. Here we follow Dafermos [6] and Andrianov and Warnecke [2], where
a global entropy condition is proposed which states that not only should the entropy in-
crease but it should be increasing at the maximum rate. First we use the entropy defined
as [6]:

1 K A
S=_uPt——my | — 2.28
2 p (m —+ 1) Ae ( )

in system (1.1). We note that (2.28) is derived from the conservation laws. But it can be
applied to nonconservative system as well [1]. Then we give the global entropy condition
in blood flow model.

Global entropy condition. In blood flow model (1.1), the physically relevant solution of
system (1.1) is chosen such that the entropy defined in (2.28) not only increase but also
increase at the maximum rate.

Under the global entropy condition, we can pick out the unique physical solution.
Some numerical results are shown in Section 4.
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3 The Riemann problem of system (2.1)

In this section, we consider the Riemann problem of system (2.1) with two pieces of con-
stant initial data

(uflAflelAE—/Pefl(Pf)/ x<0/

@3.1)
(u+/A+/K+/AE+/Pe+/(P+)/ -x>0'

U(x,t)|,_y= (u,AKAEp.P)|,_,= {

We will establish the global existence of the Riemann problem for (2.1) with (3.1). Under
the self-similar transformation {=x/t, the Riemann problem reduces to a boundary value
problem of ordinary differential equations (2.7) with

(u, A, K, Ag, pe, ) (£00) = (us, As, Ky, (Ap)x, (Pe) £, ¢+). (3.2)
We will use the following notations:

(i) Wi(Uj,U;) ®W5(Uy, U;) indicates that there is a backward wave Wi from the left-
hand state Uj; to the right-hand state Uj, followed by a forward wave Wj from the
left-hand state U; to the right-hand state Uy.

(ii) U denotes the right-hand state from the left-hand state U = (u,A,K, Ag,pe,$) by
contact discontinuity J(U,U) associated to A, =u. In (u,A) plane, U and U denote
the same point.

(iii) Denote a vector Q)= (K, Ag,p.). Q only changes across stationary wave which sat-
isfies (2.18).

The Riemann problem of a reduced 3 x3 blood model is discussed by Han et al. [10,
11], in which they classify the initial data into subcritical and supercritical in phase plane
respectively. Here we give a different approach. Since the stationary wave Sp always has
zero speed, we classify the Riemann solutions based on the (x,t) plane. Noticing that for
blood flow in veins, we can also use this method to construct the Riemann solution. The
only difference is that in veins, the transition through critical condition is likely to occur
due to an abrupt change of the mechanical properties of the wall vessel [21]. However,
a straightforward and similar calculation shows that we still have Lemma 2.4 holds in
veins, which means the sonic curve I' . () can still be used to classify the solution. More
specifically, the Riemann solutions in (x,t) plane have the following structures:

1) Wi,J and W are on one side of Sp;
2) Wi, ] and W3 are on both sides of Sp;
3) Either Wp or W3 coincides with Sy;

4) Two stationary waves are included in the solutions.
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Case 1. Wy, ] and Wj are on one side of Sy, which includes two cases: Sy W; @ [H W3 and
W1 JOW3@®Sy. We discuss them separately.

Subcase 1.1. U_ €I, U, €I and some part of I. U_ first jumps to U_, €1 by stationary
wave Sg with () shifting from ()_ to (), see Fig. 2. By Lemma 2.4, there exists a point
U_.€lonS (U,U_) such that the shock speed vanishes, i.e., oy (ﬁ,*,u,*) =0. Denote
{Up} =Ws (U, U)NWy (U, U-_,). If i, <up, the Riemann solution is

So(U—s, U-) & W1 (Up, U—) ® ] (U2, Uz) W3 (U1, ). (3.3)
A t
rw) A0 So w
_ U Us v 7 v
o ,\_ i 3(Uy) Uz "
iU
u_,
w;(U_,) U,

Figure 2: Subcase 1.1 and wave configuration.

Subcase 1.2. U, €IV, U_ €IV and some part of Ill. See Fig. 3. Denote U, € IV
jumped by U, from the right side with stationary wave. There exists U, € II satisfy-
ing 03(U, ., U, .) =0 by Lemma 2.4. Denote {Uz} =W (U,U_)NWs (U, U). If uz<ii,,
The solution is

W1 (Us, U-) @ ](Us,Uz) W3 (U1, Us) © So(Uny, Unt). (34)

r_w L)

Uy

Figure 3: Subcase 1.2 and wave configuration.

Remark 3.1. If u, — %CJF >u .+ %c_* in Subcase 1.1 or u_ +%c_ <uUis— %C.H in Subcase
1.2, there exists a vacuum. As shown in [10, 22], the collapse of vessel in arteries may
not appear under normal physiological conditions. Thus the vacuum solution only has
academic meaning.
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Case 2. Wy,] and W3 are on both sides of Sy. The solution can be W1 Sy® P W3 or
Wi B ] So® Ws. We discuss as follows:

Subcase 2.1. U_ €1. Denote U_ €0 on Sy (U,U-) such that the shock speed vanishes, i.e.,
o1 (U_,U_)=0. U_ jumps to U* by stationary wave using subcritical solution. Denote
Upe S1(U, LNL),MO <ii_, the state U; obtained by stationary jump from Uy forms a curve
So(U;,Up). See Fig. 4 (left). Denote {U;} = W3(U.,U)NSo(Uy,Up), Uy is jumped by
stationary wave from Uy € S1(U,U-) if u} >0 (or from Uy € J(U,Uy) if uj <0). This
construction holds for U, e HUII or U €1V,03 (U}, Uy ) > 0. See Fig. 5. We have

1) If u; >0, the solution is
S1(Us, U-) ®So(Uy, Us) @] (Uy, Uy) @ W3 (U, Uy). (3.5)

2) If uy <0, the solution is

S1 (U4,u_) @](U4,U4) @SQ(UI,U4) @Wg(U+,UI). (3.6)
A A
r(¥) r_(¥) r(¥)
So (U1.Uo)
\.G'_ W)
| S .
u Sy(U]) u_ Us U

u, u,

Figure 5: Wave configuration for Subcase 2.1 and Subcase 2.2.
Subcase 2.2. U_ € IUIL Denote {Uc}=W;(U,U-)NT'1(¥). Uc jumps to UE €I by

stationary wave. Denote Uy € Wy (U,U_)(up < u.), the state U; obtained by stationary
wave from Uy forms a curve So(Uj,Up). See Fig. 4 (right). Denote {Uz} = W3 (U, U4 )N
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So(Uy,Up), Uz is jumped from Us € S1 (U, U_) if uf >0 (or from Us if u% <0). Similarly, if
U, ellulll or U4 €1V,03(U2, U4 ) >0, we have

1) If uz >0, the solution is

Wi (Us,U_)®So(Uz,Us) (U2, Uz ) e W3 (U, UZ). (3.7)
2) If u <0, the solution is

Wi (Us, U- ) ] (Us,Us) @ So(Us, Us) © W3 (U1, Us). (3.8)

Case 3. Either Wy or Wj; coincides with Sy. The solution can be W1 &Sy W, B B W3 or
Wi B JBW5dSo® Ws. We discuss as follows:

A
r_¥) (%) t

Wy (

Figure 6: Subcase 3.1 and wave configuration.

Subcase 3.1. U_ € IUIIIUIV, U, €1 and some part of II. U_ passes through a 1-wave
first. Denote {Uc} =Wy (U,U_)NT, Uc jumps to Uc, € I by stationary wave. There
exists a point Uc, € S1(U,Uc,) satisfying al(ﬁC*,uC*) =0. See Fig. 6. Denote {Us} =
Wi (U, Uc, ) NW3 (U, U). If ug > i, the solution is

Ry(Uc,U-)®So(Ucs, Uc) ®W1 (U, Uc, ) ® ] (Us, Us) W3 (U, Us). (3.9)

A
@gw W) riw,) L) ¢

u,
Wy(U,) /

U

W) Yo
U

~ U::

Uy

Figure 7: Subcase 3.2 and wave configuration.

Subcase 3.2. U_€1V, U, € IUIDUIIT and some part of IV. First we denote two curves in
(u,A) plane: IT'* (¥4 ) and I'* (¥4). I'" (¥ ) is formed with states jumping from I'_ (¥ _)
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by stationary wave using subcritical solutions. For any Uy € I'* (¥ ) €1II, there exists a
point U; €T on S3(U, Uyp) satisfying o3(U;,Up) =0, the state Uy forms the curve r* (F1).
Denote {U{} =W3 (UL, U)NT* (¥4), Uc, is jumped by Uc €T_(¥_). See Fig. 7. Denote
{Uz} =wWi(U,U-)NR3(Uc,Uy). If Uy € IUIIUIT or Uy €1V, 03(UE U, ) >0, then the
solution is

Wi (U7, U_) @](U7, U7) @R3(UC,U7) @So(Ué,UC) @Wg(qu,U(*:). (3.10)

Subcase 3.3. U_ €1, U, €1. We consider an interesting coinciding case. When the initial
data (3.1) is given such that the function ® defined in (2.19) has no solution. We construct
the solution as follows: U_ first jumps to U: € Il by a shock wave, then U €Il jumps to
Uc on T, (¥) by a stationary wave, followed by a backward rarefaction wave connecting
Uc and Uy, U jumps to U; by a contact discontinuity, finally U, and U are connected
by a 3-wave W3 (U, U, ). See Fig. 8. The solution is

51 (Ué,u,) &Sy (LIC, UE) B Rq (Uz,uc) @](Uz,Uz) B W;s (U+,U2). (3.11)
A t
_(¥) r(¥)
Ui
U
% wylu,)
Y
Ry
sy L
u_
u X

Figure 8: Subcase 3.3 and wave configuration.

Remark 3.2. We extend this construction to a more general case when ® has no solution.
We claim that the Riemann solution involves a shock wave to decrease the speed of blood
flow in this case. In fact, for arbitrary initial data Uy, we can prove that there exists a state
U; € S1(U,Up) such that (U, U, ) admits a solution. An extremely case is that the flow is
at rest across the shock wave, thus (2.19) has a solution.

Case 4. In this case we consider a solution contains three waves with the same zero
speed, i.e., two stationary waves and a standing 1-shock wave. This case holds for U_ €1,
U, € IUMUIIUIV. See Fig. 9. First we have two points U*,U_, €I, see Subcase 1.1
and Subcase 2.1 for the definition. From (2.10) and (2.18), we can easily derive A =
A i ,=A u_, thisis exactly the conservation of mass. Thus U*,U_, are on the curve
Au=A_u_. We have two cases: ii* <ii_, and 7* >1_,.

Subcase 4.1. ii* <ii_,, see Fig. 9 (left). From U_, the solution jumps to a state U; (()p) by
stationary wave with an intermediate value Oy € [(Q_,Q.]. Then U;(Qp) connects with
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A A
(W) (W) rWw) (W)
Sp (U1.Up)
\Gk So(UnUp) U,
B
W, (U,) ] yg N
U N P u,) U
uy(Q SU) 3(U) P Sy(U_»)
SINC u
U aus J s -
Ul((l N ) - Au=A_u_ - Au=A_u_ .

Figure 9: Subcase 4.1 and wave configuration.

U, () €1 by a standing 1-shock wave S;. Next, U () jumps to U (Q ) by another
stationary wave with Q) shifting from Qg to (), .
As shown in Thanh [25], set

Li={UuQ)|Qecn 0]}

If W3(U.,U)NL={U,}, then the solution contains three discontinuities having the same
speed zero, see Fig. 9 (left). The solution is

So(ul (QO),U,)@Sl(ﬁl (Qo),ul(ﬂo))@So(Uz,ljl(Qo))@](UQ,UQ)@W3(U+,U2). (3.12)

We note that the solution is unique in this case.

Subcase 4.2. @* >ii_,, see Fig. 9 (right). We see that W3(U,,U) may intersect with
S1(U,U-,), So(Uy,Up) and L at the same time. The solution lose uniqueness and has up
to three solutions. Namely, Subcase 1.1, Subcase 2.1 and Subcase 4.1. We use the global
entropy condition in Section 2 to pick out the physical relevant solution. Moreover, we
will show that the numerical results are consistent with the global entropy condition in
Section 4. Which is to say, the physically relevant solution is the one that maximizes S in
(2.28).

4 Numerical simulations

In this section, we will develop a numerical scheme for the model (2.1), which is built
in [15] for compressible flows in a variable cross-section duct. It has been proved that the
scheme captures exactly equilibrium states. Given a uniform time step At and an equal
mesh size Ax. Set x;=jAx, j€EZ, t"=nAt, n€N. Let U]-” be the approximation of the values

U(x;,t") of the exact solution. Our well-balanced scheme for (2.1) is defined by

At
U == (s(Up Ut ) —g(Uf ), @D
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where Ut ; _ and U, | are given shortly below. g(U,V) can be any standard numerical
flux for blood flow model. Here we take the Lax-Friedrichs flux:
1 1
S(ULV) = (F(U)+£(V) =5 (V-),

- (4.2)

U:=(A,Au,A¢), f(U):= (A”fA”2+W

A’”“,Amp).

In the scheme (4.1), the states

]Tl+1,f = (A/A”/A‘P)]r‘lﬂ,fr ]Tlfl,+ = (A,Au,A<,b);’,1,+ (4.3)

n

are defined from the mechanical energy equations (2.17). We compute A;? 'y andu 1,—

from the equations

Afuf g = Al ul
m
1 no\2 A?‘H n
EP(”]‘H) +Ki'\ 4 ((m =1 +(pe)ia (4.4)
1 Al "
=50t P4k (The ) 1) 40

n n :
and compute A 14 and u 14 from the equations

n n — n n
Al qui  =A7 jui

1 Al \"
EP(”?l)szK?l(((AE]i)"ll) —1>+(Pe)?1 (4.5)

A m
1 n nflﬁF n

Remember we have the steady solutions

Al qug = Ajug,
m
1 n 2 n A?‘H n
50(141)"+ j+1<<(AE)}1+l 1) +(pe)ia (4.6)

A \"
- %p(u?)z—f-K;-l <<@> —1> +(pe)-

Therefore, the unique solutions for (4.4) and (4.5) will be

n _ n n N
{ Al =4, uj,_=uj,

A" A", u?!

B e (4.7)
j-14+ = A Wi = U
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which indicates (see (4.1))
u]’?+1 =ur. (4.8)

This means we exactly recover the steady solutions.
In a domain where K, Ag, p. are constant, it is not difficult to verify that

n _ n n _ n
i, =Uj, Uy =Up . (4.9)

This implies that (4.1) reduced to the standard Lax-Friedrichs scheme where K, A, p, are
constant.

In our tests, we use the computing correctors d? > 0 introduced in [26] at the discrete
level. d;? is defined by

d;?:Ax-maxMi(Ufﬂ<|A;7+1—A7|+|u;7+1—u7]>, =12, 6, (4.10)

which will enhance scheme (4.1) especially in resonant regime.

Now we give some numerical simulations of the Riemann solution involving station-
ary wave using the scheme (4.1). The results are consistent with that in Section 3. For
the other case, we note that it is the same with Euler equation and will not discuss here.
Take the blood density p=1050kg/m?>, m=0.5. The CFL constant is 0.5. We use 2000 mesh
points. The solution will be computed for x€[0,20], the stationary discontinuity is located
at x=10. Here U= (u,A,K,Ag,pe,P).

Case 1. The initial data is
U_=(2.5,0.0003,2000,0.002,2.0,2.0), U =(2.1685,0.00034586,1000,0.001,1.0,0.5).

We have U_ €1, U, €1. The result is obtained at time t =1.25s. The solution contains a
stationary wave and a contact discontinuity. See Fig. 10 (left). We see that the schemes
captures exactly the steady solution. It is the same as the Riemann solution in the Subcase
1.1.

Case 2. The initial data is
U_=(2.5,0.0003,2000,0.002,2.0,2.0), U+ =(2.25,0.0008,1000,0.001,1.0,0.5).

We have U_ €1, Uy €1. The result is obtained at time ¢ =1.5s. The solution begins with a
stationary wave, followed by a backward shock wave, followed by a contact discontinu-
ity, then followed by a forward rarefaction wave. See Fig. 10 (right). It is the same as the
Riemann solution in the Subcase 1.1.

Case 3. The initial data is

U_=(0.75,0.00015,1000,0.000015,3.0,3.0), U+ =(3.5,0.0002,2000,0.0001,1.0,1.5).
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«10* Vessel diameter [m] Velocity [m/s] .10 Vessel diameter [m] Velocity [m/s]
35 255 9o Approximate solution 2
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33 o 7 23 |
32 235 6 22
31 23 5 21
225
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22
29 215 0 5 10 15 20 195 5 10 15 20
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04 2 3
o 0.2 18
06 18 Exact solution 16
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08 14 0.6
12
12 0.8 i
1 1
o8 1 08
1 1.23 0.6
06
-1.4 0.4
-1.4 04 0 5 10 15 20 ) 5 10 15 20
0 5 10 15 20 0 5 10 15 20
Figure 10: Case 1 (left). So®]. Case 2 (right). So®S1®JDR3.
.10 Vessel diameter [m] Velocity [m/s] 55 <10 Vessel diameter [m] s Velocity [m/s]
21 o Approximate solution 35 [ o ppproxmate
Exact solution 3 5
45 2
15¢ 25
4
25
2 35
1 15
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1 25
!
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Figure 11: Case 3 (left). R1@®So®S1DJDR3. Case 4 (right). S1BJBS3DSp.

We have U_ €1I, U, €. The result is obtained at time t =1.5s. The solution begins with
a backward rarefaction wave, followed by a stationary wave, followed by a backward
shock wave, followed by a contact discontinuity, then followed by a forward rarefaction
wave. See Fig. 11 (left). It is the same as the Riemann solution in Case 3.

Case 4. The initial data is
u_= (—1.5,0.0005,2000,5 X 10’5,3.0,3.0) , U,= <—3.5,0.0002,1000,10’4,1.0,1.5) .

We have U_ €Ill, U, €IV. The result is obtained at time t =2.0s. The solution begins
with a backward shock wave, followed by a contact discontinuity, followed by a forward
shock wave, then followed by a stationary wave. See Fig. 11 (right). It is the same as the
Riemann solution in the Subcase 1.2.
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Case 5. The initial data is
U_= (0.1,0.0002,1200,10_5,1.0,3.0) , U,.= (0.2,0.0006,1000,10_5,5.0,2.0) .

We have U_ €1, U, €Il. Fig. 12 is the result obtained at time t =2.5s. The solution begins
with a backward shock wave, followed by a stationary wave, followed by a contact dis-
continuity, then followed by a forward rarefaction wave. See Fig. 12. It is the same as the
Riemann solution in Case 2.

6 x10% Vessel diameter [m]

o Approximate
Exact solution

Velocity [m/s] Pressure [KPa]

0.3

0.2
0.1

-0.1
-0.2 55
-0.3
-0.4

-0.5

-0.6

2 -0.7 4
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Figure 12: Case 5. S1®Sy® B R3.

Case 6. The initial data is

U_ = (—0.01323213,10°,0.290682,1072,3.0,3.0),

U, = (0.050242,1.243x107¢,0.24708,10~2,3.0,3.0)..
We have U_ €1V, U, €1. The result is obtained at time ¢t =80.0s. The solution begins with
a backward rarefaction wave, followed by a stationary wave, followed by a contact dis-

continuity, then followed by a forward rarefaction wave. We see that the vessel collapse
in this case. See Fig. 13. It is the same as the Riemann solution in Case 2.

12 .10 Vessel diameter [m] 0.06 Velocity [m/s] 077 «103 Pressure [KPa]
: o Approxin|1at_e solution : .
EXxact solution 0.05 | 27681
1
004 2.766
0.8 2.764
0.03
2.762
0.6 0.02
2.76
0.01
0.4 2.758
0 2.756
0.2
l -0.01 2.754
0 J -0.02 2.752

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Figure 13: Case 6. R;@&VacuumaeSyE P R3.

Case 7. The initial data is
U — (2.0,0.00025,100,10—4,3.0,0.0), U, = (0.48125,0.000925,1000,10—4,3.0,100.0) .
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0.5

0.6

N W A o N ®  ©

1
0.4 0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Figure 14: Case 7. So®S1PDSo® ] D R3.

We have U_ €1, Uy €Il. The result is obtained at time t =1.5s. The solution contains
three discontinuities with the same zero speed, followed by a contact discontinuity, then
followed by a forward rarefaction wave. See Fig. 14. It is the same as the Riemann
solution in the Subcase 4.1.

The next two examples are taken from Han et al. [11]. The initial data are chosen
such that the solutions are not unique as in the Subcase 4.2. The multiple solutions are
computed in Han et al. [11] for each example. We will see that our new scheme captures
the solutions exactly. We also use the examples to verify the physically relevant solution
is the one that maximizes the entropy defined in (2.28).

Case 8. The initial data is

U_ = (6.655409,106,58136.483963,104,3.0,3.0),
U, = (0.0,5.038 x 10~6,56392.389444,104,3.0,3.0) .

We have U_ €1, U, €1. Fig. 15 is the result obtained at time = 2.0s. The solution be-
gins with a stationary wave, followed by a backward shock wave, followed by a contact
discontinuity, then followed by a forward shock wave. See Fig. 15. We see that the new
scheme captures the entropy solution very well.

s .10 Vessel diameter [m] Velocity [m/s] Pressure [KPa]

o Approximate
Exact

, 6 42 \
6 5 -44
5 4 -46

4 3 -48

3 2 -50
2 1 52 ¢4

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Figure 15: Case 8. So®S1BJBS3.
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Case 9. The initial data is

U-= (0.023530423,10’6,0.919219,10’4,3.0,1.0) ,
U, = (0.022542384,10’5,0.781336,10’4,3.0,1.0) .

We have U_ €1, U, €1. Fig. 16 is the result obtained at time t =150s. The solution be-
gins with a stationary wave, followed by a backward shock wave, followed by a contact
discontinuity, then followed by a forward rarefaction wave. See Fig. 16.

10 10 Vessel diameter [m

Approximate solution
EXxact solution

Velocity [m/s] 103 Pressure [KPa]

BN W A O O N 0 ©

Figure 16: Case 9. SyBS1P ] P R3.

In summary, we construct the Riemann solutions of a 6x6 blood flow model using
phase plane analysis methods. When steady equation (2.19) has no solution for super-
sonic initial data, we also construct the solution in this case for the first time. The solution
lose uniqueness and there exist up to three solutions for the same initial data. To follow
the global entropy condition, we propose the entropy in blood flow model. We develop
a numerical scheme which is showed to preserve the mechanical energy very well.

Acknowledgments

This work was supported by NSFC 11371240 and 11771274. Zhang was also supported by
the State Scholarship Fund from China Scholarship Council (201706890042). The authors
gratefully acknowledge Professor Jiequan Li for his enthusiastic help.

References

[1] N. Andrianov, Analytical and Numerical Investigation of Two Phase Flows, PhD Thesis
(Otto-von-Guericke University, Magdeburg 2003).

[2] N. Andrianov and G. Warnecke, On the solution to the Riemann problem for the compress-
ible duct flow, SIAM J. Appl. Math., 64(2004), 878-901.

[3] N. Andrianov and G. Warnecke, The Riemann problem for Baer-Nunziato model of two
phase flows, J. Comput. Phys., 195(2004), 434-464.



W. Sheng, Q. Zhang and Y. Zheng / Commun. Comput. Phys., 27 (2020), pp. 227-250 249

[4] W. Boscheri and R. Loubere, High Order Accurate Direct Arbitrary-Lagrangian-Eulerian
ADER-MOOD Finite Volume Scheme for Non-Conservative Hyperbolic Systems with Stiff
Source Terms, Commun. Comput. Phys., 21(2017), 271-312.

[5] V.Caleffi, A. Valiani and G. Li, A comparison between bottom-discontinuity numerical treat-
ments in the DG framework, Appl. Math. Model., 40(2016), 7516-7531.

[6] C. Dafermos, The entropy rate admissibility criterion for solutions of hyperbolic conserva-
tion laws, . Diff. Egs., 14(1973), 202-212.

[7] S. Gao and T. G. Liu, A Solution Structure-Based Adaptive Approximate (SSAA) Riemann
Solver for the Elastic-Perfectly Plastic Solid, Commun. Comput. Phys., 25(2019), 781-811.

[8] H. M. Glaz, T. P. Liu, The asymptotic analysis of wave interactions and numerical calcula-
tions of transonic nozzle flow, Adv. in Appl. Math. 5(1984), 111-146.

[9] E. Han and M. Hantke and G. Warnecke, Exact Riemann solutions in ducts with discontinu-
ous cross-section, J. Hyp. Diff. Equations, 9(2012), 403-449.

[10] E. Han, G. Warnecke, E.F. Toro, A. Siviglia, On Riemann solutions to weakly hyperbolic
systems: part 1. Modelling subcritical flows in arteries, technical report NI15003NPA, Isaac
Newton Institute for Mathematical Sciences, University of Cambridge, UK, 2015a.

[11] E. Han, G. Warnecke, E.F. Toro, A. Siviglia, On Riemann Solutions to Weakly Hyperbolic
Systems: Part 2. Modelling Supercritical Flows in Arteries, Technical Report NI15004NPA,
Isaac Newton Institute for Mathematical Sciences, University of Cambridge, UK, 2015b.

[12] E. Isaacson and B. Temple, Nonlinear resonance in systems of conservation laws, SIAM J.
Appl. Math., 52(1992), 1260-1278.

[13] E.Isaacson and B. Temple, Convergence of the 2 x2 Godunov method for a general resonant
nonlinear balance law, SIAM J. Appl. Math., 55(1995), 625-640.

[14] S. Jin, A steady-state capturing method for hyperbolic systems with geometrical source
terms, Math. Model. Numer. Anal., 35 (2001), 631-645.

[15] D. Kroner and M. D. Thanh. Numerical solutions to compressible flows in a nozzle with
variable cross-section. SIAM J. Numer. Anal., 43(2005), 796-824.

[16] P. G. LeFloch and M. D. Thanh, The Riemann problem for fluid flows in a nozzle with dis-
continuous cross-section, Commun. Math. Sci., 1(2003), 763-797.

[17] P. G. LeFloch and M. D. Thanh, A Godunov-type method for the shallow water equations
with discontinuous topography in the resonant regime, J]. Comput. Phys., 230(2011), 7631-
7660.

[18] T.P. Liu, Nonlinear stability and instability of transonic flows through a nozzle, Comm.
Math. Phys., 83(1982), 243-260.

[19] A. Navas-Montilla and J. Murillo, Asymptotically and exactly energy balanced augmented
flux-ADER schemes with application to hyperbolic conservation laws with geometric source
terms, J. Comput. Phys., 317(2016), 108-147.

[20] A. Siviglia and M. Toffolon, Steady analysis of transcritical flows in collapsible tubes with
discontinuous mechanical properties: implications for arteries and veins, J. Fluid Mech.,
736(2013), 195-215.

[21] A.Siviglia and M. Toffolon, Multiple states for flow through a collapsible tube with discon-
tinuities, J. Fluid Mech., 761(2014), 105-122.

[22] C. Spiller, E. E. Toro, M. E. Vazquez-Cendedn, C. Contarino. On the exact solution of the
Riemann problem for blood flow in human veins, including collapse, Applied Mathematics
and Computation, 303(2017), 178-189.

[23] A. H. Shapiro, Steady flow in collapsible tubes. Trans. ASME: ]. Biomech. Engng 99, 1977,
126-147.



250 W. Sheng, Q. Zhang and Y. Zheng / Commun. Comput. Phys., 27 (2020), pp. 227-250

[24] W. C. Sheng and Q. L. Zhang, Interaction of the elementary waves of isentropic flow in a
variable cross-section duct, Commun. Math. Sci. 16(6)(2018), 1659-1684.

[25] M. D. Thanh, The Riemann problem for a nonisentropic fluid in a nozzle with discontinuous
cross-sectional area, SIAM Journal on Applied Mathematics, 69(2009), 1501-1519.

[26] M. D. Thanh and D. Kroner, Numerical treatment of nonconservative terms in resonant
regime for fluid flows in a nozzle with variable cross-section, Comput. Fluids, 66(2012), 130-
139.

[27] E. E Toro and A. Siviglia. Simplified blood flow model with discontinuous vessel proper-
ties: analysis and exact solutions. In: Modelling of Physiological Flows (D. Ambrosi, A.
Quarteroni, G. Rozza, Eds), Springer-Verlag, 2011.

[28] E. F. Toro and A Siviglia, Flow in collapsible tubes with discontinuous mechanical proper-
ties: mathematical model and exact solutions, Commun. Comput. Phys., 13(2013), 361-385.



