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EFFICIENT AND LONG-TIME ACCURATE SECOND-ORDER
DECOUPLED METHOD FOR THE BLOOD SOLUTE DYNAMICS
MODEL
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ZHENG

Abstract. In this paper, we study the blood solute dynamics model to understand the rela-
tionship between the widespread pathologies of the vascular system, the specific features of the
blood flow in a diseased district, and the effect of the flow pattern on the transfer processes of
solute within arterial lumen and wall. The proposed finite element algorithm is based on the
second-order backward differentiation formula and the explicit treatment of the coupling terms,
which allow us to solve the decoupled Navier-Stokes equations, advection-diffusion equation, and
pure diffusion equation at each time step. We derive the unconditional and long-time stability
in the sense that the solution remains uniformly bounded in time, leading to uniform time error
estimation. The long-time accurate behavior is one of the most desirable physical processes for the
development of cardiovascular diseases that occurs over long-time scale. To validate the proposed
method and demonstrate the exclusive features of the blood solute dynamical model, we perform
four numerical experiments. Moreover, the impact of the development of atherosclerosis lesion
and abdominal aortic aneurysm are studied by illustrating the complicated flow characteristics,
streamlines, pressure contours, solute concentration, wall shear stress, and long-time accuracy on
the several geometrical setups for the physiological interests.

Key words. Blood solute dynamics, second-order method, partitioned algorithm, unconditional
stability, long-time stability.

1. Introduction

Over the past few decades, atherosclerosis and aneurysm considered as the most
prevalent kind of cardiovascular diseases, have been studied extensively to identify
the causes, genesis and the risk factors to achieve some methodologies for improving
the human health by developing new prophylactic, diagnostic and therapeutic pro-
cedures [1, 3, 5,4, 2, 6,7, 8, 9]. Atherosclerosis is the hardening of large arteries due
to the penetration and the development of the fatty plaque within the arterial wall,
which leads to a gradual narrowing of the arteries. On the other hand, abdominal
aortic aneurysms (AAAs) occur in the abdominal aortic artery where the artery
has a balloon-shaped expansion; hence, the increase in the lumen diameter reaches
up to 50 % of its standard diameter [2, 10, 11, 12, 13, 14]. Thus, the study of such
cardiovascular diseases (atherosclerosis and aneurysm) involves the contribution of
mass transport across the permeable endothelial layer and fluid dynamics of blood.
On the other hand, in [10, 15], authors identified that hypertension is one of the
main reason which enhanced the inner arterial wall due to the significant effects
on the macromolecule distribution. Moreover, the dependence of shear stress on
the solute transport from blood to the stenosis artery wall has been discussed in
11, 18, 16, 17].

Based on the arterial anatomy and the high dependence of the development of
lesions on the transport procedure within the arteries, scientists have been set up
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some partial differential equation models and numerical tools to study the blood
flow. In [16, 17, 19], the authors introduced the wall-free model to describe the
dynamic of the macromolecules (Low-Density-Lipoprotein (LDL), albumin, oxygen,
etc.) from the lumen to the arterial wall through the endothelial layer, which is
considered as the common interface. The wall-free model is based on the coupling of
the Navier-Stokes equations to describe the blood motion in the vascular tissue, the
solute concentration in the lumen is modeled by the advection-diffusion equation,
while the solute dynamics inside the wall is considered as a given quantity. On
the other hand, a more sophisticated and realistic blood solute dynamics model
is proposed in [20, 21, 22, 23] by considering the fluid-wall phenomena. In the
fluid-wall model the solute dynamics into the vascular wall is taken into account
and modeled by the pure diffusion equation by neglecting the convective field due
to the small variety of blood velocity in the wall. Furthermore, the conservation
of solute concentration and the exchange of flux of solute through the permeable
membrane from lumen to the arterial wall are governed by two coupling conditions
[22, 23]. In nature, the blood vessel is elastic, deform due to the cardiovascular
system, while certain studies assumed the arterial wall as a rigid structure [19, 24].

It is worthwhile noting that many numerical methods have been developed to
decouple the original problem for the accurate and efficient resolution of the multi-
domain, and multiphysics problems [25, 26, 29, 27, 28, 33, 30, 31, 32]. The long-time
feature is essential for the realization of the development of cardiovascular diseases,
thus the long-time accuracy of the algorithm is highly desirable. Jiang investigated
a second-order ensemble method based on a blended backward differentiation time-
stepping algorithm for the time-dependent Navier-Stokes equations in [34]. The
unconditional long-time stability for a particular velocity-vorticity discretization of
the 2D Navier-Stokes equations studied in [35]. Hou et al. derived the second-order
convergence of a projection scheme for the incompressible Navier-Stokes equations
in [36]. Besides, the second-order schemes have been considered to decouple the sys-
tem of Navier/Stokes-Darcy equations extensively. In [37], Layton et al. proposed
uncoupled Crank-Nicolson Leapfrog (CNLF') and BD2-AB2 schemes and derived
the stability of the system. Chen et al. [38] proved the unconditional and uniform
stability of two second-order BDF2 and AM B2 schemes, which imply the uniform
control of the error. In [39], a third-order scheme has been studied, while in [40], the
authors presented a second-order decouple scheme and uncouple the velocity and
pressure by artificial compression method. A second-order partitioned method with
different subdomain time steps for the evolutionary Stokes-Darcy system presented
in [41]. In [42], Heister et al. considered the decoupled, unconditionally stable,
higher-order discretizations for MHD flow simulation. The long-time stability of
the extrapolated BDF2 time-stepping methods for the Navier-Stokes equations
and related multiphysics problems have been studied in [43]. Ravindran [44], pro-
posed the second-order BDF2 partitioned time-stepping algorithm for solving the
transient viscoelastic fluid flow. Moreover, some numerical methods for the blood
solute dynamics model have been presented. In [47], the author proposed a robust
modified characteristics variational multiscale (MCVMS) method, which is based
on the combination of the characteristics temporal discretization to deal with the
difficulty caused due to the nonlinear terms, and the projection-based variational
multiscale (VMS) technique to stabilize the spurious oscillation caused by the lower
diffusivity of the solute concentration. Also, an IMEX scheme and a data-passing
scheme for the blood model were considered in [46].
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In this paper, we propose and analyze an efficient and long-time accurate second-
order backward differentiation partitioned time-stepping algorithm for a sophisti-
cated blood solute dynamics model governed by the Navier-Stokes equations for the
blood flow motion and the advection-diffusion equations for the solute transport
in the lumen, and pure diffusion equation to describe the solute concentration in
the arterial wall. To the best of our knowledge, this is the first approach to inves-
tigate the blood solute dynamical model with the second-order long-time accurate
decoupled finite element method. Herein, we discretize the system in time via
second-order backward differentiation formula BDF2 and the explicit treatment of
the interface terms. Hence this numerical method leads to solve each subproblem
independently at an individual time step, which allow us to use legacy code. We
analyze the unconditional and long-time stability of the proposed scheme over a
long-time interval 0 < t" < oo in the sense that the solutions remain uniformly
bounded in time, which lead us to derive uniform in time error estimate. The
optimal error estimates over the long-time interval for the proposed scheme are de-
rived. Long-time accuracy is the highly desirable feature because one would want
to have reliable numerical results over a long-time scale. The validity of the pro-
posed scheme for the blood solute dynamical model is illustrated by performing
four numerical experiments.

The rest of the manuscript is organized as follow. In Section 2, we introduce
the blood solute dynamics model. Some notations, mathematical preliminaries,
and variational formulation are presented in Section 3. The second-order decouple
backward differentiation scheme BDF'2, unconditional and long-time stability are
discussed in Section 4. In Section 5, we derive the error estimation for the fully dis-
crete scheme. In Section 6, numerical tests are presented to illustrate the stability,
accuracy, and efficiency of the numerical method. At last, in Section 7, we report
some concluding remarks.

2. Blood solute dynamics model description

In this section, we consider a multiphysics model of solute dynamics in the
blood lumen and the arterial wall [22, 23, 46, 47], see Figure 1. The domain
2 consists of two subdomains including the lumen Q¢ and arterial wall €, in
R¢ d = 2,3. The common interface between the lumen and the arterial wall is
denoted by I' = 092y N 9, , which can be considered a permeable membrane.

The time-dependent Navier-Stokes equations is used to describe the incompress-
ible Newtonian fluid flow in the lumen

0
(1) B—‘t‘+(u-V)u—uAu+vp:f in Qf, ¢ >0,
2) Vou=0  inQ, t>0,
(3) u=>b on 0 \T', u=0 onT, t >0,
(4) u=uy withV.-up=0 onQy, t=0,

here u: Qf x Rt — R? is the fluid velocity, p : Qf x Rt — R is the kinematic
pressure, f is the external force and v is the kinematic viscosity. Moreover, b and
ug are the given boundary (on 9y \ I') and initial data.

The solute concentration in the lumen is governed by the advection-diffusion
equation

(5) —= =V - (uVCs)+u-VCr = f; inQf, t>0,
(6) Cr=0 on 0Q\T, t >0,



LONG-TIME ACCURATE METHOD FOR THE BLOOD SOLUTE DYNAMICS MODEL 27

S

o

S e

FIGURE 1. Geometrical description of the arterial lumen and the wall.

where Cf : Qf x Rt — R is the concentration of the considered solute in the
domain €2y, py is the diffusivity tensor which is a function of the rate of deformation
1(3“" 9y
2 aij (“)a:,
which could be the effect of the chemical interaction between the solute and other
molecules in the blood.

Because the velocity inside the wall domain is very low, the solute dynamics is
modeled by the pure diffusion equation

(7) ‘9;’;” — V- (1VCy) =fo  inQy, t >0,

(8) Cy=0 on 0, \T, t >0,

tensor d, such that d;; =

),i,7 =1,2,...,d and f; is the force term,

such that, Cy, : Q, x RT — R denote the solute concentration in the arterial wall,
Iy is the diffusivity tensor and f,, is a source term in the wall.
We consider the matching conditions at the interface I' [22, 23], such that
0C,,
(9) pw == —ng - (4 VCr) onT,

w

(10) ny - (urVCr) +¢(Cr — Cy) =0 onl,

where ny and n,, are the unit normal vectors to the lumen and arterial wall, re-
spectively. The positive definite Lipschitz continuous function ( denotes the per-
meability of the wall, which is a function of the shear stress o(u), ¢ =| o(u) |, such
that o(u) = 7-T(u) - ny and T'(u) = 2vd, where 7 is the tangential vector on the
wall.

It is worthwhile noting that the first interface condition (9) guarantees the con-
servation of solute concentration in both domains €}¢ and ,,. On the other hand,
the second coupling condition (10) indicates that the exchange of flux solute through
the permeable membrane I' is related to the difference of concentration in the lumen
and the wall multiplied by the permeability (.

3. Notations and preliminaries

In this section, we define the following functional spaces and notations. The
inner product in L2(f2) space and its induced norm is denoted by (,) and || - ||,
respectively. Furthermore, the L*°(£2) norm is denoted by || - || and H*® denotes
the Hilbert space of functions and its distributional derivatives of order 0 < s in
L2(€2). To set the variational formulation of solute dynamics in blood flow and
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arterial walls, we define the following spaces [45].
Vi=Hi Q) ={ve H(Qp):v=0 on 90},
Q:=L3Qy) ={qge L*(Qy): / gdxz = 0},

Qf
Xy o= Hjo () ={Cr € H'(Qy) : Cy =0 on 99, \T},

Xp:= Hggw\r((zw) ={C, € H' () :Cp =0 on 09, \T}.

Define the product space
X = Xf X Xy = (Cf,Cw); VCf S Xf,Cw € Xw},
which is equipped with the following norm
I Crw IP=1 C¢ I? + || Cu |17, YCyu € X.

The variational formulation of the equation (1)—(10) is given as: find u € L*(0,T; V)N
L>=(0,T; (L3(Q)9),p € L*(0,T;Q),Cr € L?(0,T;Xy) and C,, € L*(0,T; X,,),
Vt € (0,T] and Y(v,q, ¢5, dw) € (V,Q, Xy, Xy), such that

ou

(11) (E,v) +v(Vu, Vv) + C*(u,u,v) — (V- v,p) =(f,v),
(12) (v -u, Q) :07

oC
(13) (aftf» o5) + (upVCy, Vr) + (0, Cy, ¢5) + (Cp — Cu, b5) r =(f;, b)),
(14) (25 60) + (10 VO, V) + (o~ Cp, G0 = b0,

such that the skew-symmetric form of the trilinear terms can be written as [43]

(15)  C*(u,v,w) :%((u -V)v,w) — %((u -V)w,v) Yu,v,wev,

1 1
(16) 0%(u, G, ¢¢) =5((u-V)Cy, 6¢) = S((u- V)¢, Cp)  Vu € Vi Cy, b € X

By adapting the results illustrated in [48], we introduce following lemma for the
trilinear forms.

Lemma 1. [56] For allu,v,w € V;Cf,¢5 € Xy
C*(u,v,w) = -C*(u,w,v),
b*(u, Gy, ¢5) = —b*(u, ¢, Cy),
[ C*(u,v,w) [ < e Va ]| Vv [[[| Vw |,
[ 0" (w, Cy, ) | < c || Vu [[| VCy [[[| Vo || -
Next, we recall the following basic inequalities, [45, 49].
Trace inequality: If cyy and ¢y, are strictly positive constants depending on

the domain 2y and £, respectively but independent of mesh size such that v €
V(orXy) and ¢ € X,, satisfies

1 1

Ivilr<cws [vIEIVVIE [ vie<cuy [ VY]
1 1

¢ lr<ciw @121 VENZ, | ¢ llr< con [ VO
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Poincaré inequality: If ¢,y and ¢, are strictly positive constants depending on
the domain Qf and €2, respectively but independent of mesh size such that for
v € V(orXy) and ¢ € X, satisfies

[vi<cpr IVVIL o l<epu | VO
Young’s inequality: Va,b,c,e > 0, we have

b2 n € 4
— + —c
8e3 2

Standard inequality: If d = dim(2) and u € V, we have

1 1
azbze < —a® +

| V-ul|<Vd| Vu].

We introduce a family of regular finite element triangulations {Tp,}r>o (resp.
{Twh}tr>0) of the domain Q (resp. 1), where the subscript h refer to the level
of refinement of the triangulations. The simulation time 7" can be divided into NV
smaller time intervals with [0,7] = Ug;ol [t™, t" 1], where " = nAt, At = L.
Denote (Vi, Qn, X, Xwn) C (V,Q, X, X)) the conforming finite element spaces
which contain piecewise continuous polynomials of degree (k) and (k — 1) such that
Vi :={vy, € C(Qf)d,vh|]( € Pk(K)d,VK S Tfh},
Qn :={an € C(Qy),qn|x € Py—1(K),VK € Tp,},
th ;:{th € C(Qf)70fh|[( € Pk(K),VK S Tfh},
Xuwh ;:{th (S C(Qw),th|K S Pk(K),VK S Twh},
Wi ={vh € Vi : (V- Vi, qn) =0 Vgr € Qn}.
The finite element spaces of the velocity and pressure (V;, Q) are assumed to
satisfy the discrete inf —sup condition

V.
inf  sup M2ﬁ>0,
9h€Qh vy EX), ” qh HH Vv, H

such that 8 is independent of the mesh size h. The above finite element spaces
satisfy the following approximation properties

it {ll =i || +h | V(a=va)}

< chF || |pgs Yuc H Q4N Y,

(17) Jof o= an < ch® 1 p . vp e H (Q)'NQ
inf Cr — h| V(Cr—
¢f1€nxfh{|| = @rn |l +h || V(Cr — @pn)}

< ch* | Cf e YOp € HEH Q)N X,
inf {” Cy — wah ” +h ” V(Cw - ¢wh)}

Gw€EXwh
< chP | Cy ke YCW € H Q)N X,

4. Numerical scheme and its stability

In this section, we propose the second-order backward differentiation partitioned
time-stepping scheme for the blood solute dynamics problem and the explicit treat-
ment of the interface terms. Moreover, we prove the unconditional stability and
long-time stability of the proposed algorithm.
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4.1. The second-order backward differentiation partitioned time-stepping

scheme (BDF2). Algorithm. Suppose that At > 0, for each N = A given
(up, CFt Conh), (g, CF, Cy) € Vi X g X Xogn, forn=1,2,3,..., N — 1 and

V(Vh, @ fhy Gwn) € Vi X Xpp X Xopp, find (UZH,C}LJI,CZZI) € Vi X Xypn X Xopn,
such that

n+1 n n—1
<3uh —4u} +uj

,vh) + C*(2uy — uzfl, uZ“, vi) + V(Vuzﬂ, Vvi)

2At
18 - V'thpn—H = fn—H,Vh )
h
(19) (V : uZ+17q) = Oa
307 —40m, + 07t
( L QAchth L a¢fh) + 0" (2ufy — L O dpn) + (0 VO, Vo)
(20) +(CH =0y, = Cu ) bn)r = (7 o),

3Cn+1 _ 4071 4 Cn—l .
( Sy VE— ,aswh) + (VO Vbun)

(21) +(Cptt = (2CH, = C3 )y dwn)r = (fa s dun)-

4.2. Unconditional and long-time stability of the algorithm. In this sub-
section, we derive the unconditional and long-time stability of the BDF'2 algorithm
for the blood solute dynamics model.

Firstly, we report some important preliminaries and notations which are neces-
sary for the estimation. The symmetric G-matrix can be defined as

1 _1>
e
-1 g

and its associated G-norm by || x |= (x, Gx), Vx € (L?(Q2))%
By adapting the results from [50], the G-norm and the L?-norm are equivalent,
where there J¢,, ¢; > 0, such that

(22) allxlleslixl<el xla -

To estimate the stability of the proposed algorithm, we introduce the following
well-known lemmas.

Lemma 2. [50] Set x° = [vO,v!]T and x' = [vi,v?]T.
L?(Q),i=0,1,2

the following relation holds

Then for any v' €

3 1 1 1

(Bv2—avh 4 gv0v?) = S I~ 10 )+ 5 (V2 2 40 |
2 2 2 4

Lemma 3. Set x"~! = [v"~1,v"|T. Then for v?* and v*~—! € L?(Q), we have
| =2v" + v P< 2] X" 1%

Proof. Let x"~ 1 = [v*»~1 v"]T, such that v*~1,v® € L*(Q).
We can write (x"~!,Gx"~ 1) as follow

n—1 1 n—1
n—1 n—1y\ __ \4 2 -1 \4
(X 7GX )(( V")’(—l g)(vn ))7
5
§V

I = (0 G = [ Gyt v

—_

n)(vn—l,vn)

[\
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1 —1 2 -1 2
i n —9(vy" n e n
5 VI =20 V) S v
1 n— n— n n 1 n
= SV P =V A v P ) + S v P
1 n n— n
=5(lI2v" —v PV
1 n n—1 112
> 5 H v —v ” )
2
hence, we complete the proof. (I

For convenience, some mathematical notations are provided

(23) Dv" ! = gv"H —2v"h + %V”_l, Syttt = yrtt gyt oyl

4.3. Unconditional stability of the BDF?2 algorithm.

Theorem 1. The proposed second-order backward differentiation decoupled algo-
rithm BDF?2 (18)-(21) is unconditionally stable on (0,T] and satisﬁes

—1 -1 C?JfAt +12 3 ntl (|2

B*+ M" < (1+cAt) (B + M™ )+T | €7+ )12 + Hff 2,
where
vAt
B" =l wy || +— [I'Vu Sanll i
n n 2 aA n+1 (|2 alt no|2
8107‘ crw .
€L = % o = min{pf, fy }-

Proof. For the sake of simplicity, we drop the index identifying the mesh size h.
Plugging v = 2Atu™*! into the equation (18) and ¢ = 2Atp"*! into the equa-
tion (19). After that by using Lemma 2, Cauchy-Schwarz inequality and Young’s
inequality, we can get

lwi & = Twn™" IIE + w7 +2vAt || Va2

znfA 1+1 2 12
(24) SE T AL || VTR,
such that wll = [u L

1 At

Remove the non-negative term — || sut |2 and add VT || Vu™ ||? on the both
sides of (24), we get

n VAt n SI/At n

(it 16 +— T vum™ ) + I Va2 H vu" |?

e vAt n

25)  <(lwi™ G+ I Vur IP) + fy [Fianlle
At

Let B = w & +77- || Vu'1 |12 then

2

(26) B < B!+ || |
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To estimate (20) — (21), firstly, we denote Cf,, = (C},Cy), ¢}, = (6}, ¢7,) € Xp =
X x Xon and ff2 = (ff, f). Setting ¢y = C7 in (20) and ¢, = Cp* in (21),
we get

<30;}g1 — 40}, + CFt
2At
+(CFtt = e —oph, o)+ (Citt - (207 - Y, e,
(27)
=(frtt, CRh).
Multiplying by 2At both sides of (27) and using Lemma 2, we obtain

’C}Lj}-l) + (vacv]?+l7 vc?-‘rl) (‘uwvanrl vcn+1)

lo™ I& =" 1IE +* 16 CEIt 117 288 (upVOFH, VOFTH)
+ 20t (1, VO vc:},“) +2A¢ || CEI IR
(28)
=2At(fiuH, CR) + 248207 — Cot, CFFhr + 2A(2CF — CF 1, Cithr,
where w" = [C},, C}Lwl]T. Moreover, the bilinear terms satisfy
(uf VO VO + (p, VORI, VO
(29) a( | VO IR+ | VORI ) = a || VORI,

with o = min{py, pw }-
Now we bound the right-hand side of (28). For the interface terms, we use Cauchy-
Schwarz inequality and trace inequality to get

2At(2C7 — Cp~ ', CF e + 2A8(2CF — CF 1, Ot h)p

<aAt( | 205 - Ca el O3 e + ) 267 — O Il €5 e

<2euppemat( ] 205 - 17 |F|| 2VCs - Vet B Vet |
+ 1207 - €M 1F ) 20y - vOpt F Vet | )

<2y, penuit( |20 - o7 |E (V2| VO IF + | VeRTtE ) | vt
+ 207 -yt E (VR Ve IE + Vet ) Vet

(30)
ZQCtTfCtrwAt (Il + IQ + Ig + 14) .

Using Young’s inequality and Lemma 3, each term of the right-hand side of (30)
can be bounded as

L =V2 | 205 — ot |3 ven |5 veptt |

27
SE ” vcn+1 HQ +

n n— € n
F 126 = o™t 17 +3 1 vy 1P

mn 6 mn
- || VORI 4o INTPENT +3 1 VC I,
I = H 207 — ot ||%|| veort || vertt |

el R e el R e
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= || Vet P + || w" ||& +* IveRt7.
Similar for I3 and n

L =v2 |20} - Cp7t |2 VCR |12 veptt |

27

€ mn n € n
< SIVOE P+ W I +5 | VOR IP,

Ii=| 20} —Cp7 |12 VC"_l 12l Vet |l

||G+ Vo= 7.

w

E n+l 12 , <"
<SNVOH P 4o

Choosing € = % and combining the above inequalities with the equation (30),
CtrfCtrw
yields
2At(2C7 — Cp~', CF e + 2A82CF — CF 1, Ot h)r

w

81ct cct. At n 2aAt
_Agi{;;444w|w Hé-+ | vepstI?
2aAt

For the forcing terms, we use Cauchy—Schwarz inequality, Poincaré inequality and
Young’s inequality

alt
(32) 2A¢(fr ", Cprt) < || fr 1P A== IVERT I
1
Substituting the above estimates in (28) and drop the non-negative terms 3 I
] C}‘Jl |2 and 2At || C”+1 %, we get

2aAt

n 8lc} ccf ., At . .
HW”%+MN“VQfW%O+‘4%74ﬁHW Wé+ | vorst P
2aAt
+ = I VCF, II” + || VCi, ||2
3
(33) +—§fnvqylw 2 e,
Now addlng H vey, |? on the both sides of (33), we have
n " aAt
™ I +alt | VOR1* +== [ VO, |I?
8lct, 1t AL o .
<+ — L) fw 1Hé+aAtHVCmH2
aAt
(34) +—— VO 1P + H 7ol
n aA 1012 alAt
Setting the following term M" =| w™ ||% ¢t oA v | VO | er |
SICtchtm
VCJCLM |2, where ¢; = — Q3 the above inequality can be rewritten as
altcy altcy
n vCTL+1 2 \vieis 2
M+ L+ At Iver | +3(1+C1At) IVCFn |
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3
(35) <1+ aanmrt + 2220 g e
Neglecting all the positive terms from the left-hand side of (35), we get
3c2 At
(36) M™ < (14 MM T+ +— | 7l
Combining (26) and (36) to get
3
B+ M < (L+ ) (B + Mo t) + D e 3900 oz
hence, the proof is completed. ([l

4.4. The long-time stability of the BDF2 scheme.
ad

384t ¢
rf trw
then the solution of the BDF2 scheme (18) — (21) is uniformly bounded over 0 <

t" < o0.

Theorem 2. Assume that the time step restriction At < is satisfied,

Proof. The derivation of the long-time stability of the second-order decoupled back-
ward differentiation scheme for the incompressible Navier-Stokes equations can be
found in [43]. Hence, we omit the detail derivation of (18) — (19) herein. On the
other hand, we derive the long-time stability of the advection-diffusion equation
and pure diffusion equation (20) — (21) for the blood solute dynamics model. To
prove the long-time stability, we add and subtract new terms in the interface term,
(27) becomes

lw™ & — o™ I +* 16 Crat |12
+ 20t (g VO, c;z“) + 2At (11, VO VO
+(CFHL O e + (O =200 + Oy~ OF e — (Gt CF e
+ (O Ot e + (CFT =207 + C3H, Ot e — (CFF, et e
(37)  =2At(fih, Chih).
Rearranging the terms of (37), we get
lo™ & =l & + 16 Ot |12 +2A4(upVCFT, VO
+ 20t (41, VO, VC"+1) +2A¢ || O —Cptt 1R
(38) =2At(f7, ", ORI = 2A8(6CH, O p — 2A4(6CF T, Ot ).

Estimate the terms of the right-hand side of (38) by using Cauchy-Schwarz inequal-
ity, trace inequality and Young’s inequality on the interface terms

—2At(0CTH, Cotye <24t || 6CFH (|l €t I
2epp ot | SCTT (2] VCTT |2 VOt |
<euppemt || 5CTH|F (| Oyt
(39) V2V I+ | Vet |E ) | vert ).

Each terms of the right-hand side of the equation (39) are bounded by applying
Young’s inequality

[aCE Izl Vet |Iz]| Vet |
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€ ” € " 16 n
(40) < IVCET I+ 55 1 VT IP 5 6CFT 1%,

V2 8CE || VCE |7 Vet |
€ ” € ” 64 "
(41) <ENVOR P 45 I1VCE P 455 11603 P,

n i n— i n
FocE 2 Ve =] vert |
€ € i 16 "
(42) SSNVORH P+ | VO P 47 6O .

We can obtain the similar estimations for the term —2A¢(6C%T1, C}LH)F as just
derived for —2At(60}’+1, C™ Y1 in the equation (39). Combining the estimations

of —2At(50?+1703+1)1“ and —2At(503+1,0}1+1)r and setting € = . fCZ , we
trfCtrw
can obtain
_ 2At((5cn+1’cg)+l)r + (6Cn+1 C;}Jrl)r)
At At
< 220 vep 2 + 2 wop
+ 7( I VCHI? + || VC"_I 12+ VCy 1>+ 1 Ve~ 17)
192¢} ¢}, At n 192¢} et At N
+ ta t H 50 +1 ”2 t f ” (5C +1 ”2
TaAt " e
=—5 Ve Tl ? + (|| VO, P+ VCi1?)
192¢} et At .
(43) + —L 6ch1 2.

By using Poincaré inequality and Young’s inequality, the forcing term can be bound-
ed as

8
(44) —2At(ff L Cp) < H Far 112 + || VORI IP

Substituting (43) and (44) into (38) and drop the non-negative term 2At || C;LH -
Cn+L |12, provides

. 1 192¢t et At . "
o 1 +(5 - %) 16 G350 I +ant | VRt P
8
<ot 1+ 22 vep, 12422 ot 4222 e

If the time step At satisfied the followmg restriction
3

45 A< ————

( ) B 384Ctrf ctrw

then

lw™ II& +oit || VeI

8cpAt
(46) <[ TG+ adl) VG, 1P+ o2t VO IP + || fo 12
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At
Adding 3a | VCF ' |I? on the both sides of the inequality (46) yields
n n 3aAt
lo™ & +alt | VCFE |7 + I VCF, II?
alt " 8c2At N
@7 <" g+ I VCF, 17 + || VO IP =l S 1P
f o My
2 ntl )2 O‘At 2
Set M™ =|| W™ ||Z + || Vel —i—— | VCF, |I?, then the above inequality
can be bounded in the followmg way
At At 8
(a9 M+ O vopt 0 vy, e Mt B8 e

Using Poincaré mequahty and the equlvalence property of the L2—norm and the
G-norm, the two terms of the left-hand side of (48) can be written as

a n
5 || Ve 1P+ I1VCE I

n || VORI IPP +5 H VCE, 17+ ( ICFt 1P+ 1 CFu 1)
ac?
2* I VEFI 1P +2 H VCi, P +55 || " IIE
* n alA
>yt (1w 1% + 220 1 o P +T | VG 1)
(19) =M,
where v* = min { :cé 2At} Replacing the above bound into (48), gives
8C2At
(50) (1 +7"AM" < M1+ (7
By the induction argument, the inequality (50) can be written as
8¢, At n-! 1 i
5 < (a1 A e p S (L)
B0 M AT MO S R Y (e
) 1
Since ———— < 1 and n — oo, then
1+ vy*At
Ly Uayay T A an
()
_ T+yAt) 1 1++*At
o 1 YA AL
1+~*At 1+~*At

Plugging the above geometric series results and using the triangle inequality, the
equivalence of the L2-norm and the G-norm in (51), we obtain

| CH IR+ 1l O 1P +AL | V(CHE + CF) |1
<e(1+7" A0 (| Ch,y 2 +AL || VCY, 1P + || C, |2 +4¢ | VCF,, |I?)
8c2 (1 + ~v*At
; Satral

n+1 12
e L
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which illustrates the uniform stability. [l

5. Convergence analysis of the second-order backward differentiation
partitioned time-stepping scheme

To illustrate the optimal error estimate, we assume that the exact solution of
u,p, Cy, C,,) satisfies the following regularity conditions
Cy,C tisfies the followi larit diti

u € LP(0,T, H*™(Qy)), uy € LP(0,T, H* (), wee € LP(0, T, H* (),

p e LP(0,T, L*(Qy)),
(52)

Cy € LP(0, T, H*(Qy)), Cu.p € LP(0, T, H*1(y)), Cyee,y € LP(0, T, H*(2y)),
(53)

Cy € LP(0, T, H**1(Q,)), Crt. € LP(0, T, H*1(Q,,)),

Citw € LP(0,T,H (), p=2,00.

Moreover, we introduce the following discrete norms

N
Il v |||2L2(0,T,Hk(9f|w)) = Atz | v ||§1k(Qf‘w) :
n=0
v |H%°°(O,T,H’“(Qf‘w)) o< <N x v HH" (Qfjw)>
and define the following errors
et = u(t™t) = by + gy —ufT =it it Ve, €V
(54) 6?+1 = Cr(t") = dr + ¢y — CF P =it 4 Tt ey € X,
el = Colt™) = ¢u+ o — O =T + oL Yo, € Xy,

Theorem 3. Let u,p,Cs and C,, are the exact solution of the solute dynamics
model (1) — (10) holds the regularity assumptions (52) for p = 2, and if the time

step restriction

a3

At ———
B 384C?rfc§rw

holds, then the approxzimate solution of the scheme (18)—(21) satisfies the following
error estimate

Few ™ 112 + 1l e’ ||2 +llega 1P+ Il efu 17+ 1 Vel ™ |12 + || Ve |2

N
+ 1 Veg, * +At Z IV (e +em) 12 +AtY | Viefh! +efu) I
n=0 n=0
(55) <é(At* + h?F).

Moreover, if the solution is long-time regular in the sense the solution satisfies
the regularity assumptions (52) for p = oo and T = oo, then for any 0 < t" < oo,
there exists a strictly positive constant ¢, such that

I ed 02+ 1 el 12+ 11 e 12+ 1l el 112
| Vel I+ 1| Vel 12 + | e, I
&1+ min) (N 0h 12+ 1165 12+ 1 9 I+ 1 s 12

+ AL Vel 2 +AL || Vb, |2 +AL | Vb, |?)
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(56) + (At 4 B,

Proof. To derive the convergence analysis of the blood solute dynamics model,
firstly, we deduce the error estimates for the Navier-Stokes equations. Secondly, we
derive the error estimate of the advection-diffusion and pure diffusion equation.

Consider the proposed BDF?2 scheme (18) — (21) over the discretely divergence
free space Wy, = {vy € V}, : (V- vp,qn) = 0,Yq, € Qr}, instead of V},, which lead
to vanish the pressure term (p"*1, V-v). Subtracting (18) from (11) and (19) from
(12) at t = t"*1 gives us the following error equation

L (D v) Vet ) — (), T )

+ C*(u(t™ ), u(t" ), v) — C*(2u™ —u" " u" T v)
(57) == (,,,n+l’ V)7

u

(58) (V- (") —u"*),q) =0,

1
where r" 1 = u, (t"t1) — EDu(t"“).

For all v € W}, and any A € W}, we have

(59) (p("t1), V- v) = (p"t!) = A",V - v).
Thus
1 n n
E(Dgpu—i_lv V) + V(V%Ou+l7 VV)
= (TZ+1aV) At (DﬁnH ) V(vn3+17vv)
— C*(u(t™t), u(t"),v) + C*(2u" —u" " u" V)
(60) + (p™th) =AMLV - v).
Plugging v = ¢ ™! and g = ¢! into the equation (60), we get
1 n n n n
Do en ™) A vV Ve
== (it el = (DMLl = vV Vet
= C* (™), u(t" ), op ) + C7(2u" —u" T it
(61) + (p™th) =AMLV it
Multiplying both sides of equation (61) by 2 and using Lemma 2, we obtain
1 _ n
(I I = ™ 125 1 6l 12 ) 20 || T |2
= =200 e - 5 (DﬂnHNPZH) 2v(Vit onth)
_90* (u(tn+1), u<tn+1) n+1) +2C* (2u” — —1, n-‘,—l7 SDZ—H)
(62) + 2( (thrl) o /\n+1,v . <PZ+1),
with X7} = [, @]

Next, we estimate each term of the right-hand side of equation (62) one by one.
Using Cauchy-Schwarz inequality and Young’s inequality, we obtain

u =

8¢2
(63) —(rptl oty < —BL gt 2y || Vit |2,
1%
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8c?
(64) (D) < S| Dy 24 Y | et P,

N
(65) =20 (V™ @l ) < Svepp || VP + || AL

Using the approximation properties (17), and the followmg inequality: for suffi-
1

ciently small h < hy with Ch} < C1, and by using the inverse inequality ||vp|[m,q <
Cplmmin(a )th||l », there holds

_ 1_ 1
IVt pe < Ch™IF3G=2) |t .

_3
< Ch™2 [l e

< Chz <.
thus, the trilinear terms can be estimated as
=2C* (u(t" ), u(t" ), op ) + 207 (2u" —ut T utt, ot
= —2C* (u(t" 1), u(t" ), ol *) + 20*(11(15"“) "L =20 (u(t"t)
—2u” +u"Hu"t ,@ZH)
= —2C* (u(t"*1), U(t"“) »w’fl)
—20*(u(t"h) + —2u" 4 u" Tt ot
= —2C* (u(t"th), n+17 Lpﬁﬂ)
—2C*(u(t") — ut i) — 20 (gun H"HAOZ“)
= —2C* (u(t"*1), "HNPZH) +20" (") —u gt ot
=20 (u(t") ~ u(t"™h), opth +2C*(5 " ent)

5U"+1»U(t"+1) w”*l) +20(u(t™ ), it ot
=20 (Su(t" "), ny T op )
= —2C" (u(t"*1), "“7@3“) +20 (u(t" ) —u gt ot
=20 (u(t" ) —u"hu ("), ot +2C*(5(U(t”+1) —u" )t enth
5(11(15"“) "“) u(t"™h), @it = 207 (Su ("), gy ot
+ 20 (u(t" ), u(t" ), ot
<e(a@ e IV ez i ee + Ta(™™) — a2 [ Vi ps 0l e
+ @) — 0" e [Va@ ) [ s 0l e
8™ ) — a2 [Vl el o
+ 8™ — w2 [ VaE | s ln e
+eu )2 V™ s oyl e
+ [[ou(E )| s [[Va@™ ) 2 llon | e
<SCE(Ilma ™12 + oI + lony ™1 + lae™1%)
(66)
+e(Vn 2 + ou ) + ||W"+1||2-
The last term can be bounded as

2(p(t™H1) = ALV gt ) < | p(e ) = A Vit
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16d

67 <= gLy e+l g2 Y ntl 2
(67) IO platy A |
Plugging the above estimates (63) — (67) into the equation (62), to obtain
n e 1 n 3vAt n
o I = a1 +(5 — CRa) | st |12 +—— | Vet II?
4c? At 4t At 1
<_pf n+l 12 pf Dyt 2
TR e 22 L pye
+ (4vcl; + Q)AL || Vit |12 +eAt||su(" )12
16dA¢t n " n " "
(68) + I p(e™ ) = A FHR) 4+ CEAL(lm ™ 1P + el 12 + lloms™1%).

At
Adding VT | Vo ||? on the both sides of the above inequality and rearranging

the terms to achieve
A"+ (5 - CIAL) || depth |1 +T( I Vout 2 + | Vel |17 ) + vAt || Vet |12
4% At 4% At
SAn_l + pf H TZ—H ||2 + pf H i
At
+ (dvep; + AL || Vit P +eAt]su(E )|

(69)
16dAt

Dyt |12

+ (") = A2 + CEAL (1P + eI + lloma ™ %)

u u u
such that A"=| 3 [ +720 | Vit |12
In the following, we derive the convergence analysis for the advection-diffusion
equation and pure diffusion equation of the blood solute dynamics model.
Subtracting (20) and (21) from (13) and (14), the error equation can be con-
structed as

1
(Dt dp) + s (Ve ™, Vy)

At
+ 1o (Ve ™, Vo) + C* (u(t™™), Cr (t"), é5)
= C*(2u" —u" P p) + (ef T ) — (Cu(1"T1) = 207 + C ™t o)
+ (e du)r — (Cr (") = 2CF + C7 1 gu)r
(70)
== (T?Jlaﬁbfw)a

where
1
T?Jl = (T}L+1,TZ+1), 7’:”'1 =Cp (") — EDC’i(t’Hl), for i=f w.

Using (54), choosing qi)?“ = <p}”“1 and ¢,, = ¢! adding and subtracting the
terms (CFH, @it)p and (Cpt, ©f™)r, the error equation (70) can be rewritten
as
1 n n n n n n
(PP P )+ e (Ve Ve ™)+ (Vi V™)

+ C*(u(tn+1), Cf(tn+1), @?-{-1) _ C*(2u" _ un—l7 C}H_l, SO}L-H) 4 ((p}H_l, SO}L-H)F
+ (et e e + (T e e + (et e

— (@t e e — (it e e
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( n+1 n+1)

ot o P et e = (B0 e e — (6C7 T, it e

S UV RA o
(71)

n 1 n n n n
= (o) = 27 (DM 05 ) = i (VT Ve ) = (Vi Vi),

Multiplying both sides of equation (71) by 2, using Lemma 2, adding and subtract-
ing the term 2(VCy(t" 1), ntt) ., we get

1
yviS R el R +* I ogpa 1I*)

+2a || VRt 12 42 of T — ol IR

<- (ﬂf@m%uiwﬁfwﬁw—MWW“YM“U
+ 20t =t et — it = 207 (u(t™H), Cp (), 7T
+2C*(2u™ — ™ CPFL P ) 4 2(6C, ("), o T 4 2(8C (87, @it )
(72)
— 2087 e = 2060 o e — 200t e — 20 o e,
n+1

where X" = [} ,gafw] .
Estimate the terms involving the right-hand side of the above inequality one by

one, we obtain
2

(73) Q(T?J17@fw) _T [ Tj pt I|? +efw |l V‘Pf+1 [
(74) At(DﬁnH,sﬁﬁjl) < — || 7D77f+1 I +erw || Vi 112,
(75) —2a(Vptt, Vit < H Vit 1P +egw | Voprt 117

To estimate the interface terms, we use Cauchy-Schwarz inequality and trace in-
equality

207 P e + 2t e e — 20t o e = 27 @l e
<2 | el @f e 42 (™ el @™ e

+2 et el @F e +2 ™ el @it e
<265 | Vit I Vet Il 4265, | Vi I Vet |l

+ 2cirpeirw || V™ I VO | +2ci peirn | Vot I Vet |

2 tr n w n 2 4rw w n
5ffuv R o A et A R o A2

+ 2 trf trw || V n+1 ||2 +€fw

n+1 ”2
€ fw 2

| V‘Pf

2Ctzrfcfrw nt+l 12 , Efw n+l (|2
2 H4-2HVw [
€ fw

2 4
S “”f H v n+1 ”2 trw || v n+1 ||2
Efw 9
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QC?rfcfrw n+l |2 12
(76) T I VnFit 11 +epw || Vot 17
And
2(6C, (t" ), @f ) <2 6Cu (") ol ©F ™ IIr
ChrfCiru nt1y (2 ntl (2
(77) S——— [ V6C, (") IIF +esw [| VF™ |1
Efw
Also
2(0C(t™ ), @) L < 21 6C (") el et e
C% f€ e
‘s rTw n n
(78) ST | VOC (") |12 +efw || Voutt |1

In the similar way, we achieve

C
(19) 200t e < %nva P e I VIR,
w
n n ctr ctrw n n
(80) 20t < Ve P e || VTP

w

Adapting the similar techniques as illustrated in (39) — (41), the two interface terms
can be bounded by

20007, ot e + 26T e e
(81)
n 192¢}.ct, n
|| Vert 12 +5 (1 Ve, 12+ 1 Vet 117 ) + —52 [ deftt |12
(0%

By the same techmque in (66), we have

— 2(b*( (tn-‘rl) Cf(tn-‘rl) (‘D}L+1) —b* (211” _ n—l7 C}L+1’ ‘P}LJrl))
<CT(lma M P 4 D™ 1% + lom M I + lloen™ 1)
(82) + (19 A+ 1ouE ) + epul Ve 1

Plugging the above estimates (73) — (82) into the equation (72) and taking e, =
%, to achieve
1 192¢} ¢}, At
n |12 - tr-tw
I 1% +(5 - ==
+alt || VRt | 124t || of - %H 7

, alAt n
<IX G+ (Ve 17+ 11 Ver," 1)

” 5 n+1 ”2

(At 2+ | D P
AL VR P A || VOCH, (1) ||2
A VI I 4 su) 2 )+ ) vt

+ CEAL(lm 1P + Nl 1P + Nl ™1+ || e %)
(83) + At (VI + lou ).
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3

@
If the time step restriction At < 3840 o1 is satisfied and by dropping the non-
384cy, 1 Chru

negative term 2A¢ || c,o"+1 e |12 yields

I X" 15 +adt || Vi |12
e oAt
< X" +—5 (I Vegy 12+ 1 Vet IP)
+C<At e 2 A | 7an+1 2

+ At || Vg IP +AE || VECh (8" |7

VAt
AL Va2 a2 ) + T | Vet |
+ CEALln 12 + ot )2 + ome 2 + I st |1?)
(84) + (|2 + [uth)2).
Following the similar steps as in (48) to get
At At
"+ o | Ve 2+ | wfw 12

<gn! +c(At 77 1% At | an+1 &

+ AL || Vg | +AL | vfSwa(t"J“l) I?

AL Vo du(e ) [2) + 2 et )
+ CRAL(lm I + 12 + o 1P+ 1 dou™ 1)

(85) + AtV 2 + [du( ).
At At
where £"=|| x" [|% +aT | Vo n“ 2 —|—L | V't |7 . Combining (69) and

(85) and applying the triangle 1nequauhty7 we obtaln
A"+ (5 — 2070 || g |
F 22N o) 12+ 2 IV + o) I
gA"—l +enta(at )P

+ A g P A S Dnﬁ“ I +At | *an“ I

+ AL V2 A | an“ I +At || Va( ) |2
N 16dAL |, N
+ AL VO, (") || +A | Vang ™ {12 +——— || p(t" ™) — A" ||2)

(86) + CEAL(lm M I + Neon™H P + lom FHI%) + AtV 12 + [[duE™ ).

Now we estimate each term of the right-hand side of equation (86) one by one. By
using Taylor expansion and the approximation properties (17), we get
tn+1
6 P <@t [ P d < ot | o1 -
tn—1
tn+1

(88) || T?Jl ||2 S CoAtg/ || wa,ttt ||2 dt S C()At4 || wa,ttt ||%oo(0’tn+l’L2) .
1

tn—
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gt

| Su( 1) |2 < coAr? / e |12 dt
1

(89) < coAth || ugy ||%w(0,t”+1,L2) :

f”+1

| V5Ch (") [P < codt® [ TG | i

(90) < QAL || VCiu, it 700 (0, 4m+1,12) -

1 1
| Ry Do 1P < coh® ™0 | Dule™) [

n+1
coh20+D) / )
[ u 41 dt
= At i || t ||Hk+1

(91) < coh®* ) | w [

1 coh20e1) ot

+1 2 2
i e R [

(92) < o TV Cpi ([F e 0,041 vty -
I Vo 12 < coh® || du(t™™) | Fis

< Co h2kAt3 /

tn—
(93) < coh” AL* || uy H%oc(o,tnﬂ,mﬂ) :

tn+1

| g (300 dt
1

tn+1

| Voni P < coh?*Ar® / | Chot [Pyers dt
tnfl

(94) < coh™ At || Cpuyut [ Foe (0,m 1 prnsy -
(95) I V™ 12< coh® ([ u™* G -
(96) I Vngst 12< coh® (| CFEY (G -

We bound the pressure term in the following way
(97) I (™) = A P< coh® (| p |17 -
By inserting (87)-(97) into (86), sum over 0 to N — 1, we obtain
N-1 N-1
3At n n oAt n n
AN+ EN + 5 Z I Vient! + o) II” T Z | V(‘Pfjvl + @) 12
n=0 n=0

S AO + 50 + 5<At4(” Uit ||%2(0,t1\7,[‘2) + || wa,ttt “%2(0¢N’L2))

+ At we H%2(O,tN,L2) + || VCiu,ue H%?(O,tN,L?))
+ B2 () u, H%2(O,tN,H’°+1) + | Cpu,e ||2L2(o,tN,Hk+1))
+ B2 AL (|| uy H%2(o,tN,Hk+1) + || Cu, 1t ||%2(0,tN,Hk+1))

+ h?F [l a |||2L2(0,tN,Hk+1) +h?* Il Cw |||2L2(0,tN,H’€+1)
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(98) R ) [ a1 ) A Z o2,

By the the equivalence of the G-norm and L2-norm, we can get
el 12 + 1l o ||2 g 12+ Lo 1P+ 1 Vol HH 2+ || Vet |1
+ | Vi I1? +Atz I V(eu™ +ou) |7 +Atz IV + et I?
n=0 n=0
Sé( Fou 1P+ 1o 1P + 1 o 12+ 1 €50 117 +AE || Viy |12

(99)
N-1

+ AL Voy, |7 +AL ]| Vg, |17 ) + (A B+ CTAL Y (ot
n=0

By the Gronwall inequality and the triangle inequality, we get
Fed ™ 1%+ | ea ||2 Flefl P+l efu I+ 11 Vel ™ 12 + 1 VeR |17

N
+ || Vep, I1? +Atz IV (ext +en) P +At > | V(eftt +ef) |7
n=0 n=0

Sé( Fow 112+ 1 en 12+ 1 ehu 12+ 11 €5 17 +A¢ ] Ve, |12
(100) + At || Vo, I +A¢ | Vi, |2 ) + (At +h%).

Long-time error estimate: To prove the long-time error estimate, we rewrite
the terms on the left-hand side of (69) in the following way

uAt n vAt n

(11 V@it 12 + 1 Ve I12) + 25 1| it |2
ve At " vAt n
> |V I+ 1 Vet |

pf

>y (19t I+ Ve 1)

(101) =y A",
vel At

where v = min{2, R }.
“pf
Substituting (101) into (69), we get
(1+7)A" + H st 2 + 220 | vpne |2
2
<A™ 4 4CPfAt | 7! n+1 ”2
o v
2
N dey Al
16dAt
+

I AtDm?“ 12 +(4vepy + QAL || Vit |2 +eAt|su(" )|

I p(t™ ) = A1)

(102)  + CRAL(ni 1 + Nl HIP + om 1 + ol 11%).
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Also, the two terms in the right-hand side of (85) can be estimated in the similar
way as (49)

alt " alt
S Ve I+ 1 Ve, I
n alt n alt
>yt (1 I +75 1 Vet 12+ 55 1 Vi |17
(103) =yen,
2AL 1
such that ~* —mln{acl , }
Then

(1+7")E" <€ 4 oAt | i P+t | 5 Dt P
+ AL Vi 2 A | V5wa(t”+1) I
At
+ AL Vo P 4 || sue ) |7 ) I Vet |12
+ CEAL([l P+ Nl ™12 + lom ™12 + ||590”+1|| )
(104) +eA(|[ V2 4 ouE ).
Define i, = min{~y,vy*}, combine (102) and (104) and using (87) — (97)
1
(L4 Ymin) (A" + E") + (5 = 207 A8) || Gy |12

< (AT EemTh + EA75<A754(|| Wit (|7 00 (0,00,22) | Crostitt 700 (0,00,12))
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+ B2 D) 1700 (0,00, 10y FOTAL 07|

Then by induction argument, we get
N-1
(106) A™ +E™ < (14 Ymin) "(A” + €°) + & (At + 1°F) + CTAL > [lgn ™%,
n=0
similarly by using the triangle inequality, we can achieve the long-time error esti-
mate (56). O

6. Numerical results

To illustrate the theoretical results, four numerical experiments are performed
to show the validity and accuracy of the proposed algorithm. In the first example,
we confirm the predicted convergence rates for the proposed scheme by taking the
exact solution of the model problem. The second numerical test investigates the
blood flow and solute behavior in the bifurcated artery, with and without stenosis.
Moreover, we present the long-time stability of the BDF2 algorithm for the blood
solute dynamics model. In the third example, we conduct numerical experiments
on the double stenoses artery to present the impact of the permeability and shear
stress on the concentration of the blood solute. The fourth example demonstrates
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TABLE 1. Convergence performance of BDF2 for fixed At = 0.001

at T=1.0.
R (u@™) —w™1  rate lp@") —p"[[ rate ICy(t") — CF¥[l1 rate [[Cw(t™) — Cylli  rate
T/4  0.047824000 0.091399300 0.003204570 0.00857860
1/8  0.012148700  1.9769 0.020391500 2.1642  0.000687313  2.2210 0.00206354 2.0556

1/16 0.002752490 2.1419  0.004918160  2.0517 0.000166088 2.0490 0.000537018 1.9420
1/32 0.000606100 2.1831 0.001169130 2.0726 4.1498e-005 2.0008 0.000133321 2.0100
1/64 0.000164973 1.8773 0.000330698  1.8218 1.02211e-05 2.0214 3.27424e-005 2.0256

TABLE 2. Convergence performance of BDF?2 for time stepsize
At =hat T = 1.0.

At [[u(t™) —u™l1 rate  [[p(t") —p"[| rate [[Cy(t") — C¥ll1 rate [[Cw(t") — Cylli  rate
1/10  0.005690610 0.010121200 0.000849795 0.001308850

1/20 0.001632060  1.8018 0.002863090 1.8217  0.000213983  1.9896 0.000341998 1.9362
1/30  0.000678053  2.1663 0.001274040  1.9969 9.5982¢-005 1.9773 0.000154399 1.9613
1/40  0.000399693  1.8371 0.000740176 1.8877  5.4146e-005 1.9899  8.72836e-005  1.9826

1/50  0.000266068 1.8236  0.000500251  1.7557 3.48286e-005 1.9774 5.81180e-005 1.8225
1/60  0.000185646 1.9740 0.000359595  1.8102 2.39885e-005 2.0450 3.92048e-005 2.1592
1/70  0.000129001 2.36145 0.000275997 1.71641 1.77227e-005 1.96385 2.94223e-005 1.86212
1/80 9.98899e-005 1.91531 0.000230029 1.36437 1.35649e-005 2.00222 2.26074e-005 1.97315
1/90 7.48173e-005 2.45383 0.000199417 1.21245 1.07254e-005 1.99411 1.81025e-005 1.88675

the effect of the dilation of the artery due to the abdominal aortic aneurysm on
the blood flow. We use the well-known Taylor-Hood elements P2 — P1 for the fluid
velocity and pressure, and the continuous piecewise quadratic function P2 for both
concentration in the lumen and the arterial wall.

6.1. Convergence test. Let the domain Q be composed of Qy = [0,1] x [0,1]
and Q,, = [0,1] x [0, —1], with the common interface I" = [0,1] x {0}. The below
analytical solution satisfies the interface conditions:

uy = 10(z% — 223 + 22)(2y° — 3y* + y) cos(t),

ug = —10(22° — 322 + 2)(y* — 24> + y2) cos(t),
p =102z — 1)(2y — 1) cos(t),
Cr=z(1—2)(1- y)e

Cop:i=2z(1—2)(2—y—3y?)e "

The right-hand side data in the partial differential equations, initial conditions are
chosen such that the true solution is satisfied. The parameters value are considered
as: v = 1.0,y = 1.0, y, = 1.0 and ¢ = 1.0.

In Tables 1, we compute the errors between the exact solution and the ap-
proximate solution for the proposed second-order backward differentiation scheme
with final time 7' = 1.0, time-step size At = 0.001 and varying mesh size h =
1/4,1/8,1/16,1/32,1/64 . The result shows that the optimal convergence order
O(h?) is achieved for the velocity and concentration u, Cy, Cy, in H'-semi-norm and
pressure p in L2-norm. On the other hand, we set At = h and varying time step
size, At = 1/10,1/20,1/30,1/40,1/50,1/60. Table 2 shows that optimal conver-
gence O(At?) is obtained in time for u, Ct,Cy in H'-semi-norm and p in L?-norm.

6.2. The bifurcated artery with and without stenosis. The main reason for
cardiovascular disease, including atherosclerosis, is to believe that the transport of
the macromolecules, in particular “Low-Density Lipoprotein (LDL)”, from the lu-
men to the arterial wall leads to narrowing of the artery which disorder the smooth
blood flowing. Thus the study of the blood behavior in the artery gives a better
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FIGURE 2. Left: a sketch of the simulation domain. Right: illus-
tration of the computational mesh.

understanding of the relationship between the local features of the blood, the effect
of the flow on the concentration of the macromolecules and the development of the
pathologies [51, 52]. In this example, a 2D-simplified conceptual domain is consid-
ered to demonstrate the flow speed, streamlines, pressure field and concentration
behavior in the lumen and the arterial wall, in both bifurcated arteries, with and
without stenosis. On the other hand, we illustrate the effect of the development of
the diseases on blood flow by taking different stenosis size [53, 54]. Furthermore,
the long-time stability and consistency of the proposed scheme are presented.

The geometrical model for the lumen Qf and the wall €, for the bifurcated
artery are shown in Figure 2. The interface I'y,, is defined as T'y,, = {(z,y) : y =
1.5,0 <z < 34} U {(z,y) : y = —1/6.20 + 10.84/6.2,34 < z < 9.6} U {(x,y) :
y=—0.7/3.6x+12.12/3.6,9.6 <2 < 6.6} U{(z,y) : 1.3/3.62+ 0.12/3.6,6.6 < z <
9.6} U{(x,y) : y=1/3.12+4.35/3.1,9.6 < x < 3.4} U{(z,y) : y = 2.5,3.4 < = < 0}.
The boundaries of the arterial lumen are described in the following way: 0y =
[, UTPUDG™, such that: T9 = {(z,y) : © = 0,1.5 <y < 2.5} and T3 = {(x,y) :
x=9.6,05<y <1.5}U{(z,y) : z =9.6,3.5 <y < 4.5}. On the other hand, the
boundaries of the wall domain are considered as: 9§, = I',, UL, UT" UT'9%* such
that: Ty, = {(z,y) :y=1.2,0 <z <34} U{(z,y) : y = —1/6.22 4+ 10.84/6.2,3.4 <
x<9.6}U{(z,y):y=-1/622+5.28/6.2,9.6 <z <34}U{(z,y):y=28,34<
r <0}, T ={(z,y) :y=0,15 <2 < 1.2} U{(z,y) : y = 0,2.8 < x < 2.5} and
rovt = {(x,y) : 2 =9.6,02 <y <05} U{(x,y): 2=9.6,1.5 <y < 1.8} U {(x,y) :
x=9.6,32<y<3.5}
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The current numerical test is performed by imposing the following boundary
conditions. In the upstream of lumen I'#*, we utilize parabolic profile by consid-
ering u, = 32.0(y — 1.5)(2.5 — y)ems™! and u, = 0. On the interface 'z, we
assume no-slip boundary condition u = 0 for the velocity vector field. Constant
inflow condition Cy = 1.0gem™3 and C,, = 0.5gcm ™3 is considered for the solute
concentration of the blood in the lumen and the arterial wall F?” and ' respec-
tively. Homogeneous Neumann boundary condition (—vVu + PI)-ny = 0 and
urVCy -ny = 0 are considered on F‘}“t and T'%“* for the free out flow. On the
interface between the lumen and wall I'y,,, we utilized two interface conditions (9)
and (10). We choose the parameters value in the following manner: the blood vis-
cosity v = 0.5cm?s ™1, the diffusivity in the lumen and wall iy = p1,, = 0.5cm?s™1,
permeability ¢ = 1.0cms~!. The final time, the time step size and the mesh size are
considered as T' = 5.0s, At = 0.001s and h,,q, = 0.1cm, respectively.  Figures 3
and 4 present the velocity vector field, concentration of solute and the pressure con-
tours without arteriosclerosis in the bifurcated artery for backward-Euler scheme
(BES) and BDF2, respectively. As expected, the velocity profile, concentration of
blood molecules, and pressure field appear regular and reasonably for the healthy
cases. Obviously, one can observe the higher value of velocity in the upstream side
of the artery, which leads to penetrating a large amount of solute to the arterial
wall. On the other hand, the velocity in the downstream side of the artery gradually
decreases, due to the bifurcation of the artery, which disturbs the uniform blood
flowing, as a consequence, low concentration in the downstream side of the artery.

The impact of the gradual increases of the narrow size of the atherosclerosis on
the blood flow in the bifurcated artery is illustrated in Figures 5 and 6, respec-
tively. The flow speed, solute concentration, and pressure contour shows that the
development of the atherosclerosis has a significant influence on the regular blood
circulation. Hence, the bigger the stenosis, the obstacle is higher for the blood flow
in the bifurcated artery.

In Figure 7, we present the efficiency and long-time stability of the BD F'2 scheme
by illustrating the velocity profile for the final time 7' = 1.0 and T" = 10.0, respec-
tively. As expected, both figures appear in a similar pattern, which shows the
long-time efficiency of the proposed method. On the other hand, Figure 8 presents
the long-time behavior and stability of energy || uy H%2(Qf) + || Cyn Hsz(Qf) + |
Cuh ”%2(91”) at time-step level with different mesh-size h,,,, = 0.1,0.075,0.05, and

0.025, respectively for the BES and BDF?2 schemes. The numerical results show
that the varying mesh sizes do not affect the stability of the presented scheme.

6.3. The double stenoses artery in the case of physiological interest. The
cardiovascular and the arterial disease illustrated that many stenoses might develop
in the artery, which leads to irregular blood flow, as discussed in the previous
experiment for the single stenosis. Thus the geometry of the artery has an important
effect on the blood flow [55]. The main objective of this experiment is to investigate
the magnitudes, streamlines, pressure field due to the presence of double stenoses.
Moreover, we demonstrate the effect of the shear stress on the solute flux through
the interfacial wall.

To perform the current simulation, we consider the double stenosis artery, which
is shown in Figure 9. The interface between the lumen €y and the wall €, is
assumed as 'y, = {(z,y) 1y =0,0 <2z <3} U{(z,y) : y = 0.125(1 + cos(2max —
m),3 <z <4}U{(z,y) :y=0,4 <z <8tU{(x,y): y = 0.125(1 + cos(2mx —
177)),8 < < 9} U {(z,y) : y = 0,9 < & < 12}. The blood solute distribution



50 S. ATROUT, M.A.A. MAHBUB, C. LI, AND H. ZHENG

FicURE 3. The bifurcated artery for the backward-Euler scheme
(BES). Left: velocity profile. Right: concentration of solute.
Down: pressure contour.

from the lumen to the arterial wall through the permeable endothelial layer I'¢,, is
described by the two interface conditions (9) and (10).

In the upstream of the lumen ', we consider the parabolic profile u, = 15(1 —
((y—0.5)/0.5)%, u, = 0 and the solute concentration C'y = 1.0gem 3. The homoge-
neous Neumman boundary condition (—vVu+pl)-ny = 0and pusVCs-ny =0 are
imposed in the downstream of the lumen I“)’c“t. On the other hand, no-slip bound-
ary condition u = 0 is imposed on I'f,, UI'y. Moreover, we assume C,, = 0.5gcm ™3
on the boundary I UT,, and p,, VCy - 1,y = 0 on the wall downstream T'9%%.

The parameters value of this numerical experiment are considered in the follow-
ing way: the blood viscosity is v = 0.033cm?s™! and py = p,, = 5.1075cm?s ™! are
the lumen and the wall diffusivity. The wall permeability { is given as a function
of the shear stress o(u), ( = K; + Ka | o(u) |, such that K; = 3.11.10 3em~ts—1
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FIGURE 4. The bifurcated artery for BDF2. Left: velocity profile.
Right: concentration. Down: pressure contour.

and Ko = 1.57.10 *cm3dyn—'s~!. The final time, the time step size and the mesh
size are considered as T = 1.0s, At = 0.0001s, and h = 1/50cm, respectively.

Figures 11 and 12 show the concentration in the wall boundary, the permeability,
and the shear stress on the wall. The highest value of the concentration in the lumen
and the wall is located in the most constriction part of both stenoses.

The up plot of Figure 10 demonstrates the pressure in the double stenoses artery.
One can see in the upstream side of the first stenosis, the pressure gradually decreas-
es and get a lower value in the most constriction part of the artery. The pressure
contour recovers but does not attain the higher values, thus again the lowest value
in the second stenosis part of the artery. The middle plot of Figure 10 shows the
velocity contours in a double stenosed artery, which illustrate that a higher magni-
tude of velocity is developed inside the constriction of the first stenosis, and slightly
lower in the downstream part. On the other hand, the flow again developed and
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Ficure 5. The bifurcated artery for BDF2 with smaller
atherosclerosis. Left: velocity profile. Right: concentration of
solute. Down: pressure contour.

getting the highest value in the constriction of the second stenosis and gradually
decreased in the downstream location. As expected, due to the stenosis presence,
the streamlines are disturbed, which leads to a lack of the blood flow to another
part of the artery. Thus recirculation zones appear in the downstream side of the
first and the second stenosis, which is illustrated in the down plot of Figure 10.

6.4. Abdominal aortic aneurysm. One of the common cardiovascular diseases
that occur in the abdominal aortic artery is the aneurysm, where the artery getting
dilate at the weak area in the arterial wall. In this example, we investigate the
velocity contours, streamlines, pressure field, and the wall shear stress through an
aneurysmatic artery to understand the relation between the aneurysm development
and the hemodynamic factors, such as blood pressure and the wall shear stress. In
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FI1GURE 6. The bifurcated artery for BDF2 with larger atheroscle-
rosis. Left: velocity profile. Right: concentration of solute. Down:
pressure contour.

addition, we study the development of the aneurysm by increasing the dilation of
the diseased distinct [14].

The geometrical description of the aneurysmatic artery is shown in Figure 13.
The common interface I's,, between the lumen Qf and the wall Q,, is considered
as: Tpy ={(z,y) :y=0,0 <2 <4}U{(z,y) : y = —a(l +cos(2mx —9m)),4 < x <
5} U{(z,y) : y = 0,5 < x < 10} where the interface conditions (9) and (10) are
satisfied. The parameters value and the boundary conditions are imposed same as
the previous numerical experiment, subsection 6.3.

Figure 14, illustrates the impact of the different aneurysmatic artery on the
contours and streamlines due to the loss of arterial wall integrity. As expected, the
vortices begin to appear for gradual increases of the aneurysm. Moreover, it is noted
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FIGURE 7. The bifurcated artery for BDF2 with long-time sta-
bility for the different final time. Left: velocity profile for T' = 1.0.
Right: velocity profile for T' = 10.0.
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FIGURE 8. Energy vs Time on the time step points with different
mesh sizes. Left: BES. Right: BDF?2.

that the vortex size increases with the expansion of the balloon-shape aneurysm
until it fills the entire aneurysm.

Figures 15 and 16 shows the concentration behavior and wall share stress on the
interface I'f,,. One can observe that the lower flow speed located in the dilation
region of the artery, which leads to minimizing the values of the wall shear stress.
As a result, a few concentrations located in the aneurysmatic area. On the other
hand, the greater the size of the aneurysm produces the smaller shear stress on the
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FiGURE 9. Up: a pictorial representation of the double stenoses
artery. Down: illustration of the computational mesh.
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FIGURE 10. Up: the pressure contour for the double stenoses
artery. Middle: the magnitudes and pressure contours for the ve-
locity vector field. Down: the illustration of the streamlines for
the velocity profile.

wall, which essentially leads to a lower concentration in the diseased region. The
right plot of Figure 16 presents an important factor in hemodynamics which is the
blood pressure distribution on the interface I'f,, for different dilation size. One can
observe that the pressure starts to decrease in the upstream part till it reaches the
dilation of the artery where it starts again to develop until it reaches the highest
values, while in the downstream part, the pressure gradually decreases.
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FIGURE 11. Left: arterial wall permeability on the interface Iy,
Right: arterial shear stress I ,,.
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FIGURE 12. Solute concentration on the wall boundary. Left: lu-
menal concentration. Right: arterial wall concentration.
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FIGURE 14. Velocity contours and streamlines for different a-
neurysmatic artery size I'¢,, = {(z,y) : y = 0,0 < 2 < 4}U{(z,y) :
y = —a(l + cos(2mz — 97)). Up: a = 0.05. Up-next: a = 0.1.
Down-previous: a = 0.125. Down: a = 0.25.
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FIGURE 15. Solute concentration on the interface I'f,, for different
aneurysmatic artery size. Left: a=0.05. Middle: a=0.1. Right:
a=0.25.

FIGURE 16. Left: wall shear stress distribution. Right: pressure
distribution.

7. Conclusion

In this contribution, we investigate a sophisticated blood solute dynamic model
where the blood flow is governed by the unsteady Navier-Stokes equation, and the
solute concentration is modeled by the convection-diffusion equation. On the other
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hand, the solute dynamics in the wall region is described by the pure diffusion
equation. We propose a BDF?2 time-stepping scheme based on the second-order
backward differentiation formulas and the explicit treatment of the interface terms.
Therefore, two decoupled problems can be solved subsequently at each time step,
hence the scheme can be implemented efficiently by using the legacy code. We
show that the proposed algorithm is unconditionally stable and long-time stable
in the sense that the solutions remain uniformly bounded in time. Moreover, the
uniform in a time-bound of the solution further leads to uniform in time error
estimates. The accuracy and the efficiency of the proposed numerical method are
demonstrated by considering four numerical experiments that show the complicated
flow characteristics, magnitudes, pressure field, solute concentration, wall shear
stress, and long-time accuracy on the pseudo-realistic geometrical setups for the
physiological interests.
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