CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Analysis of the rogue waves in the blood based on the high-order NLS equations with

variable coefficients

Ying Yang(#%#), Yu-Xiao Gao(/ L ¢), and Hong-Wei Yang(#%41. 1Y)
Citation:Chin. Phys. B, 2021, 30 (11): 110202. DOI: 10.1088/1674-1056/abff31
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Soliton, breather, and rogue wave solutions for solving the nonlinear Schrodinger

equation using a deep learning method with physical constraints

Jun-Cai Pu(JEi#24), Jun Li(Z=%), and Yong Chen([%: 5)
Chin. Phys. B, 2021, 30 (6): 060202. DOI: 10.1088/1674-1056/abd7e3

Closed form soliton solutions of three nonlinear fractional models through proposed

improved Kudryashov method

Zillur Rahman, M Zulfikar Ali, and Harun-Or Roshid
Chin. Phys. B, 2021, 30 (5): 050202. DOI: 10.1088/1674-1056/abd165

High-order rational solutions and resonance solutions for a (3+1)-dimensional

Kudryashov-Sinelshchikov equation

Yun-Fei Yue({& 2 k), Jin Lin(#£41), and Yong Chen([% %)
Chin. Phys. B, 2021, 30 (1): 010202.  DOI: 10.1088/1674-1056/abb3f3

Lax pair and vector semi-rational nonautonomous rogue waves fora coupled
time-dependent coefficient fourth-order nonlinear Schrédinger system in an

inhomogeneous optical fiber

Zhong Du(#14), Bo Tian(FH %), Qi-Xing Qu(JE J& 4), Xue-Hui Zhao(i#X 27 &)
Chin. Phys. B, 2020, 29 (3): 030202. DOI: 10.1088/1674-1056/ab7442

Dynamics of three nonisospectral nonlinear Schrodinger equations

Abdselam Silem, Cheng Zhang(5K Ji%), Da-Jun Zhang(7k K %)
Chin. Phys. B, 2019, 28 (2): 020202. DOI: 10.1088/1674-1056/28/2/020202


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abff31
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abff31
https://doi.org/10.1088/1674-1056/abff31
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd7e3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd7e3
https://doi.org/10.1088/1674-1056/abd7e3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd165
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abd165
https://doi.org/10.1088/1674-1056/abd165
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb3f3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abb3f3
https://doi.org/10.1088/1674-1056/abb3f3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab7442
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab7442
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab7442
https://doi.org/10.1088/1674-1056/ab7442
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/2/020202
https://doi.org/10.1088/1674-1056/28/2/020202

Chin. Phys. B Vol. 30, No. 11 (2021) 110202

Analysis of the rogue waves in the blood based on
the high-order NLS equations with variable coefficients”

Ying Yang(##1)!, Yu-Xiao Gao(= £M%)?, and Hong-Wei Yang(#4 )1

1 College of Mathematics and Systems Science, Shandong University of Science and Technology, Qingdao 266590, China
2Qingdao West Coast New Area Hospital of Traditional Chinese Medicine, Qingdao 266590, China

(Received 17 March 2021; revised manuscript received 7 April 2021; accepted manuscript online 8 May 2021)

The research of rogue waves is an advanced field which has important practical and theoretical significances in math-
ematics, physics, biological fluid mechanics, oceanography, etc. Using the reductive perturbation theory and long wave
approximation, the equations governing the movement of blood vessel walls and the flow of blood are transformed into
high-order nonlinear Schrodinger (NLS) equations with variable coefficients. The third-order nonlinear Schrédinger equa-
tion is degenerated into a completely integrable Sasa—Satsuma equation (SSE) whose solutions can be used to approximately
simulate the real rogue waves in the vessels. For the first time, we discuss the conditions for generating rogue waves in the
blood vessels and effects of some physiological parameters on the rogue waves. Based on the traveling wave solutions of the
fourth-order nonlinear Schrodinger equation, we analyze the effects of the higher order terms and the initial deformations
of the blood vessel on the wave propagation and the displacement of the tube wall. Our results reveal that the amplitude of
the rogue waves are proportional to the initial stretching ratio of the tube. The high-order nonlinear and dispersion terms
lead to the distortion of the wave, while the initial deformation of the tube wall will influence the wave amplitude and wave
steepness.

Keywords: rogue wave, variable-coefficients high-order nonlinear Schrodinger equation, deformable blood

vessels, Sasa—Satsuma equation
PACS: 02.30.Jr, 03.65.Ge, 87.19.Yt

1. Introduction

The flow and circulation of blood are the most basic
and important part in the process of life. In order to under-
stand the mechanism of blood circulation, many famous hy-
dromechanics experts have made important contributions to it.
Womersley!!?! and McDonald®>#! systematically studied the
pulsating nature of arterial blood flow, which laid the mathe-
matical foundation for blood research. They treated the arte-
rial tubes as elastic thin-walled circular tubes and discussed
the rules of arterial blood flow characteristics in the tubes
on the basis of considering the restraint effect of surround-
ing tissues on the blood vessels. Yomosa, Belardinelli, et
al.>81 proposed a simplified and idealized soliton theory of
the blood movement model system in great vessels and ap-
plied it to study the propagation characteristics of pressure
waves in blood vessels. Using the long wave approximation,
Choy!®! employed the reduced perturbation technique to study
the propagation of weak nonlinear pressure waves in an elastic
tube filled with non-viscous fluid, and the general governing
equations were reduced to the well-known standard nonlinear
Schrodinger equation (NLSE) by proper scaling. However,
in recent years, researchers found that the standard nonlinear

Schrédinger equation is far from enough to properly describe

DOI: 10.1088/1674-1056/abff31

the nonlinear phenomena including various physical factors,
making the studies of high-order nonlinear Schrédinger equa-
tion (HNLSE) and the effect of high-order terms increasingly
important,[10-13]

The concept of rogue waves originates from the extremely
Due to the

increasing number of accidents caused by rogue waves, the

violent isolated waves generated in the ocean.

physical mechanism of the phenomenon has aroused wide
attraction in several fields of nonlinear systems representing
ubiquitous physical phenomena. With the limitations of the
complexity and uncertainty of the actual observation environ-
ment, people have to seek other ways to understand the phe-
nomenon of rogue waves. In particular, the NLSE has played
a pivotal role as the simplest universal nonlinear model to de-
scribe the rogue wave approximately. Due to the limitations
of NLSE, it is necessary to go beyond the standard NLSE
based model to explain the rogue wave phenomenon.!'#l Even
in the one-dimensional case, high-order terms such as third-
order dispersion, self-steepening, and other nonlinear effects
must be taken into account in the equation. In current research,
the behavior of rogue waves and their solutions for integrable
HNLSE are mainly focused.[>-20]

Several methods for solving the explicit traveling wave
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solutions of nonlinear evolution equations have been pre-
sented, such as the extended modified direct algebraic
method,?!! the homotopy perturbation method, *?! the Jocobi
elliptic function expansion method,?3! the homogeneous bal-

24] etc.[25-30] 1 order to obtain solutions of the

ance method,!
extended high-order nonlinear Schrodinger equation with vari-
able coefficients, we use a method which is called the (G’ /G)-

31321 and has been proposed to construct

expansion method!
new bell and kink profile solitary wave solutions, triangular
periodic wave solutions, and singular solutions to many non-
linear evolution equations. The core idea of this method is to
construct the traveling wave solutions of the complex nonlin-
ear evolution equations by using the solutions of the second-
order linear ordinary differential equations.

The structure of this paper is as follows: In Section 2, the
momentum flux conservation equation and the Naiver—Stokes
equation, the equations describing blood flow and tube motion
are established. Using the reductive perturbation theory33-34]
and long wave approximation, the equations are transformed
to the standard NLSE with variable coefficients. In Section 3,
by expanding the small parameter € into higher order, a third-
order NLSE with variable coefficients is obtained. According
to the existing research on the solution of rogue waves, we
discuss the conditions under which the rogue waves are gen-
erated in the blood vessels and the effect of some parameter
changes on the rogue waves. In Section 4, we further derive
the HNLSE, and the G’ /G-expansion method is used to find
the traveling wave solutions of the fourth-order NLSE with
variable coefficients. And we analyze the effects of higher or-
der terms and initial vessel deformation on the pulse waveform
and radial displacement of the tube wall.

2. Equation for the standard NLSE

Assume that the blood vessels are uniform, incompress-
ible, cylindrical thin elastic tubes filled with inviscid, incom-
pressible blood. In this section, based on the stress—strain re-
lationship of the tube wall, the momentum flux conservation
equation and the Naiver—Stokes equation, the equations de-
scribing blood flow and tube motion are established. In the
long wave approximation, the equations are transformed to the
standard NLSE with variable coefficients.

2.1. Establishment of basic equations

Setting z and R as axial coordinate and radial coordinate
respectively within the cylindrical coordinates (R, 6,z). As-
suming that under the effects of uniform internal pressure P
and axial stretch A, the internal radius r( of artery in equi-
librium state will be deformed. Considering the external con-
straints, the axial displacement can be ignored. A finite radial
displacement u* to be a function with respect to z* and ¢* is
introduced based on the static deformation. z* represents the

axial coordinate after static deformation and ¢* is the time pa-
rameter. The position vector after deformation of the general
point of the tube can be expressed by the unit base vectors in
the cylindrical polar coordinates e,,eg, e, as

R'=(r+u")e,+7e, 7"=N1Z", (D

where Z* is the axial coordinate of a point in the cylindrical co-
ordinate system before deformation occurs, r and Ag represent
the internal radius of the artery after finite static deformation,
and the circumferential stretching ratio.

The stretches along axial and circumferential directions
are given as the follows:

1
dur\?|?
1+<az*>1 ,

)QZAQ(]“FM), AQZL. 2)
r o

)vl :)“z

In the analysis of the propagation of pressure waves in
arterial vessels, the dynamic deformation of the vessel wall
caused by pressure deviation can be considered as a small dis-
turbance superimposed on the initial static deformation. Then,
we establish the equation describing the radial motion of the
tube

Ju*
d 97 X

8z* au* 2 %877(,1
e (5) ]
dz*

_mor WP _ poro O°ut
om U ST o

uro

3

where 1 X indicates the strain energy density function, u is the
shear modulus of the tube, P* and H represent the fluid pres-
sure received by the artery and the thickness of the tube before
deformation, respectively, and the mass density of the artery

135 we will

is written as pp. Refer to the study of Demiray,
use the strain energy density function of soft biological tissue
in two-dimensional case as the energy density function of the

soft biological tissue to carry out numerical analysis later,

)|

In order to simplify our

exp [a (lzz + o>+ % -
Y = 2’Z 2’9

; “

200

where o is a material constant.
model, we suppose the artery to be an infinite, straight, cir-
cular, uniform elastic tube filled with incompressible, inviscid
blood, and the axial velocity v*, the fluid pressure P* are uni-
formly distributed. Then, the model including the one that
describes the fluid flow in the longitudinal direction based on
the Naiver—Stokes equation and the other which expresses the
incompressibility of blood is given by
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v v 1o
o 97 podz

du* _Jdu* N
2at*+2a* (ke+u)az*_0. (5)

At this point, it may be convenient to introduce the di-
mensionless quantities as follows:

ro
' = <C0> t, Z*=roz, u =rou, V' =cqv,

i H H
P =prep, co? =L, =P ©)
Prro Prro

Substituting Eq. (6) into Egs. (3) and (6), the equations de-
scribing the motion of tube and fluid are finally transformed

into

du 8u av

8\/ 8v 8p

o a7

e R 1O
P = (he +u) 92 T A(Ag +u) 9
19 du/dz 23
(Ao +u) 0z [1+(3u/8z)2]% oM [

2.2. Derivation of the standard NLSE with variable coeffi-
cients

Considering the dispersion relation of the linearized
field equations, we introduce the following slow stretched

coordinates: [3°!

E=ez—gt), =€ m=¢&r wm=¢cr -, @8

where € is a small parameter to describe the dispersion and
nonlinearity, which should be taken as a positive value to bal-
ance the nonlinearity and dissipation, g is the scale parameter
to be determined from the solution. Noting the following dif-
ferential relations:

d 0 0

0z 8z+88§’

0 0 0 d d 4 0

% o B T T g T gt @

Using Taylor expansion of the strain energy function X
around u = 0 and du/dz = 0, the pressure p can be approxi-
mately written as

0%u
n 1
£V f%”,-gﬁ ’

2%u du\? o\ J%u
TGz ™ (82) ‘(2“1‘19)”&2

200 o\ 2% L/ &
(Ocz /19+/192>uaz2 3(n 2)

N Pu_ (o, (9u)®
X<8z> 072 ((xz lg)u<8z>
o 2 oco)u82

7>

30y 2y [ Qu du\*
_2,19> o2 (az) o <8z)
3 (91/[ 2

9

7 1500\ [ du\" 0%u
77 ><8z) 92
e g )(3)
lg 2z
2}/1 (0%) 3061 306() 2
2 32
% <‘;’:> ‘;—Z;‘+~~, (10)
where the coefficients o;, f; (i =0,1,2,3,4,5,...) and y1, P
are defined by
_tor L ok
T A0k’ ' 22 0A0Ag’
azzi d3x _ b 2*x
26 IAgZ0A, 86 91, 00¢>
G LT g1 ox
86 9N, 000" Adg Ao’
1 9’2 By 1 B
P = T on de P T A ons A
/A0 dAg 0 20 dAg 6
1 9'2 B 1 X B
b=zt 7o P T o e
z/\0 ) 07z 0 0
1 9T B
Ps = Taomen, FYV Y
A, 9% A, 3L
%:%W7 Yzzmﬁ- (11

In general, it is impractical to deal with nonlinear equa-
tions by analytic method. To deal with the governing equa-
tions, we will use the long wave approximation method and
reduced perturbation which should first introduce the follow-
ing perturbation expansions of field variables u, v, and p with
respect to £:

n n n
u= anun, V= Ze”vn, p= Ze”pn. 12)
pa i=1 i=1
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Substituting Eq. (12) into Egs. (7) and (10), and equat-
ing the coefficients of like powers of €. From the first-order
equations in €, we obtain

8u1 dvi  dp1
o ot 5 =0 Gt =0
m 0%u; 0%u;

P = % +Brus. (13)

Searching for the solution in the following form accord-
ing to the differential Eq. (13):

ul(é,fl,fz,...)
Vl(é,’t],l’z,...)

pl(‘g,Tl,Tz,..) (7L/'L

We set Uy = U (&, 11, T0,...) and Vi = Vi (€, 11,12, ..),
where U; and V) are unknown functions and their governing

= Uleie +c.c,

=Viel®tcc,

+/31> Uel® +cc. (14)

equation will be obtained later. k, @, and c.c represent the
wave number, the angular frequency, and the complex con-
jugate of the corresponding expressions, respectively, and the
phase can be defined as 6 = w¢ —kz. Then, combining Eq. (13)
with Eq. (14), we obtain

2a)
U =U(,1,1,... V
1 &.1,1,...), Vi= lgk
_ 2(1)2/11 —mw’k> + 30(()19/12164 + ﬁllglzkz (15)
&= 40 0k + 2mwk3 ’
besides, the differential relation satisfies
Ao k2 (opk® +
w? =% (k" + 1) (16)

2A, +mk?

If we consider the coefficients of o(¢£?) and o(&?), the fol-

lowing equations are available.
The o(&?
8u2 (9 I/ll 8 ul

0 d d
JF)L(-)( V2 avél>+ulav§1—0,

vy Bvl 8v1 8v1 8p2 api
or SaE Mg toet o Toe
m 82u2 2%u,
=3 < a2 ch?é‘at) (17)
82u2 82141
o5 +27g5:)
m 2%u, uy 2
an oz («91)

a2
—(2&1—?0) 82 +B2M1 .

Introducing the assumptions of the solutions in the fol-

—|—cc>

) order equations are

io,

+ Biup —

lowing form:

R

pa=py) + <prf)e-"(ie>+0-0>7 (18)
then, we get

2iou) + (2“’—2 ) U ingk)) =0,

k ER
2
i (- )0
2iou? — idghv f3in —0,
iov? —i (’::2’:: + iji +30k° — %’E + ﬁzk) 0>
+i (4232" ~dogk® — ﬁ]> P =0, (19)
pg)ﬁlu§)+2<le Oilkza;erﬁz)Wza
) = ()”1 +ﬁ1>
#2i (k- 32 5

(2) _ [ —4mo’ > 2)
= k
Py ( Aelz + QoK™ + Bl) 125}
aok?

mo?
+ +30yk* — =+ >U2
<A92/lz 1 7o B2

Here, we set ugl) =0, (i=1,2,3,...).

Eq. (19), the solutions of u; and v, can be obtained as

According to

W_o O_:(28 _20\U ) &
M2 —0, V2 _I(M{_W) %, MZ —@()U 3
@ _ (294,39 )2
2 (Mk lgzk
2072, — mw?k> + 30 Ag Ak* + BiAg A, k 20)
§= 40 Ok + 2m k3
where
o — 1
07 3 (BiAgk? — 202)
3 2
X (f’ +/31k2+3a119k4+ﬁ219k2> . @
0
The o(€3) order equations are given by
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¢
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_om 82143 3
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m

$9Ean
2%uy
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_9 (91/11 8u1
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(a2

2 &zl/l]
or?
(24

) |(

m

_|_ [
163)%

3

Introducing Eq. (18) into Eq.

au§°> n
98

3vé0)

uj

h—-—+

_2g

(
(-

du
dz

Aok Ag
40 9|UJ?

%)]

(92141
0&?

9z 98
2%uy
9Eaz

2

(22)

+2

)

o 282141

272
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o (a“2 3;2) 2V28u1 " (aV3 >+
a& l + 188\24—81734-88[;2 —
jrlualt Z%gZ ) + Bour® + 2Bouruy + Brus
1) ] o
T e ] (G
o (5) (a5
)2+28u1 g’g] ou -+ Bur’.
(22), we obtain
%)

8o U
K3

8p2

0 vgo)

+ g I

:O’

-5

()
3

oU

8\/&1)
8 85

= (e
(i
o[

2i0u

ia)vgl) —

The following results are easily available:

_ (0)

o U|UJ, = (
ma@

Ao’ A,

V2
_ e g
2g% — Ao

8wg

g

2g2]
Ao’k A%l

Ao2k2 &

+ 60 1](2—

2
Ao

:O’

(ng ) 30 ) nyy (

52))_1,( m
mg* B 827U+ 2mwi U
Tk )98 T A on

2
2B ) vu® + (}'L"(f

0 \z

95

(0 _2io

' av(l)
—2ikUv, 1
0

f*lk

8p2
d&

<>> 0.

:07

200U 2io
lgk 811 Ag

+m) >+(

50k>

Ao

5(X1k
Ag

+(X1k27&

i +/32)

Ao

(Uvgo) +U*v (23)

ook?

200k* —
+20 2

+ 2B2> vul”

30pk?

+2 2k2 —_—
Ao®

+ 3(y1—050)k4+3ﬁ3} UPU.

Substituting Eq. (24) into Eq. (23) and eliminating the
third-order perturbed quantities v3, u3, and p3, we finally ob-
tain

6w

"k

U
0&2

8U

UPU =0
. +w|U| ,

+ U555 (25)
(24) .
where the coefficients (| and y, are defined by

My

1 2mgwk  mg*k*  4og  20°

Y0
Aok

(

2
ST +2¢% — 3Ag a0k )
Ao

1

A, 2, K TR

100w? S5mw?  Sopk?

23 )

Aok

5

300>
Ao

8wgk 2m?

{

2mwgk
Ao,

Ao

+60uk>+2 ﬂcp
)Lozl 219 1 32

Z

+ l@kz <
Aekz (ma)z
192}\'2

3mw? 5o k?
2h Ag
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Equation (25) above is the standard nonlinear
Schrodinger equation (NLSE) which has been a traditional ba-
sic model for nonlinear wave researches. As we all known, the
NLSE includes only basic effects on waves such as the lowest-
order dispersion and the lowest-order nonlinearity. With the
development of nonlinear model, it is found that the nonlinear
Schrodinger model can be used to describe many nonlin-
ear phenomena in almost all branches of physics. However,
in the process of practical research, researchers found that
the standard nonlinear Schrodinger equation is not enough
to properly describe the nonlinear phenomena including var-
ious physical factors, so high-order effects are growing in
importance when the characteristics of the solution extend be-

yond the simple approximations which are used in deriving

the NLSE. The nonlinear Schrodinger equation was extended
to more complex forms such as variable coefficients, higher
dimensions, and higher orders for practical research. The
high-order NLSE model plays an vital role in describing wave
processes in weakly dispersive and weakly nonlinear media.
Thus, the models to be studied in the rest sections of our paper
are mainly focusing on the high-order nonlinear Schrodinger
equation (HNLSE) with variable coefficient.

3. Research of rogue waves in deformable ves-
sels filled with blood

3.1. Derivation of the third-order NLS equation
Similarly, collecting the terms with coefficient e?'® in

Eq. (22), the equations in the following form are obvious:

4o 6g 601 JU
4i —2idgk dg+— | P+ oo — —
1(1)143 iy V3 [( g+ X > 0+)¥9 lgk] 8& =0,
2)
. . 4og Vwg 4g 4o U
2icvs® —2ikps @ + 222 <—qt> +—) — =0,
: b3 &'5 ﬂ,ek 0 ;Lezk 192 Agzk aé
60uz® — 1/(1)—“’(],45 ) — 4kU vy —329kv3)
20
wv3®) — TUvz( ) —kp3®) =0, (27)
)
4mw? 8mw? 2mw 200k] . QU
@) _ 2 . _ 8 wg Qo ou
D3 (4(10]( 7ol +ﬁ1> +i [(S(Xok Aol )450-1- le pa + 601k — QL(-) Uaé ,
Imm? 5mw*  Sopk®
() = 2 4ok 42B | B
p3 ( ol +ﬁ1)us +[(3~9le 7 LAk + B2 | %o
mw? 3oukr apk? Bapkt
- 4 20k* — —3pkt Us.
193&-# o 7o 2 nk"+ B
Solving Eq. (27) results in
J 0
m():iPzU£’ =105 Y O U, v =, (28
where
1 16mw’gk 8mw?
P = 1800pk? — - 2
° T 407 S | 8mw’k K/l@k2+ % Tk Aok T ﬁ')
= Bapkd + — 2Bk
Aok Ao
160 6w> 45> 4o 4mogk 600k>  2mw?
By s 00 28 20 | IO gkt - 22 4 2N +2ﬁ2}
)vg k lg k2 A,(.) )v@ k )yg ), )LO )vg )u
2 2 3
Py = — 21 KIO? +5m(2” k_ 300k +14a1k3+2[32k)
) ki9 © Bk Ao’k Ae*A, Ae
Aok Ag A,
100 mo*k 3ok okl Bapkd
- = 5 +2mk — - — 37k + k],
" 2k e e a2 SRR
20 2g 20 3g 3w 2w 6w 4w
= Zp- |2+, =P 2 Py . 2
0)) ok 2 [(lgk—i_/lgkz) 0+/l 2 lgzkz} 03 ok o 0 o'k (29)
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The governing Eq. (7) at o(&*) can be expressed as

81/4 aV3 8V3 8vz aVQ 3111 8v1 -
s (23 (32 32) (520 38) o ()
aV4 3V3 81/2 8v1 +v <8V3 aVQ) (aVQ 8\/1) avl ap4 ap3

Vi
+g

8u4 8u3 8u2 8141 (8143 8142) (8142 N (9u]> . aaul

W_gf‘i‘aiﬁ“r P +7+7 07

9z I
m (% 0%u; 0%u, 0%u; ,9%u; 0%u;
Pa= g ( a2 22580 Canar ronar 8 982 *%3¢an )*5‘““

_m 2%us s 2%uy 4o 2%u, te 282u1 N 0%u, _2 2%u, e 2%u,
Ao L\ 9 T 89Ea T Tamar 8 ag2 ) T an agaz T
du 2 Juy dus  duy duy  duy dup 0%uy %u3; 0w
— o [(ag) +2< 9z 9z 9z 9E +ag—az)_“°< 52 29ga: Tt agz)
8u2 2 (04) 82143 82u2 82u1 82u2 82u1 (921/!1
+<3z>] (2“1 ze> [“'(azz +28§8z+8§2>+u2<8z2 t2580: )* u3 az}

2 m 2 82142 82141 82u1
+ Bauz +2ﬁ2’41u3+l 3l [Ml ( 92 _2g8§8t +2M1M2W
3(92111

o o . Juy duy L om Juy duy S % 2 m
2" %) |7 oz 9z T 9z 98 Jz Mok o
20 (04)) 2 32142 82u1 82141 306() 8141
— (OC Ae +M) |:L£1 (822 +28§8 +2uuy ——~- 92 |~ 3y — Fe
82u2 82u1 8u1 8u1 82141 (0%) o 8u1 &ul 4
- (azz ”a(:az)“aw PR ]‘(”"‘3 lﬁzg) ! (az> o (az>

B 200 30%u 30 2%u, duy 2 4
(Oﬂs /16+192 /193) 1 82 (37’1+3O€1 2/1)”1&2 9z + Baur”,

= 0, and taking it into Eq. (23), we have

m_ (2 20 > *U { 60 <4g 20 ) 1260} 2i U
= ~ — + + @ U - ==,
"3 (zekz 7o) 38 P\ T ) B k) VY aran

+3Bsurup —

setting ugl)

(30)

(€29}

In this case, the complex conjugate is denoted by ‘*’. From Eq. (30), we obtain the zeroth-order equation system as follows:

duz® ov; 0 4ig  4iw LU 2U* 3\U|2
“2 g thege + (ﬂtek_ lgk2> (U gez Uger )+ 2¢1+M gn, O
030 9p3 @ 9p, ding 4iw? L0%U 2%U* 3|U|2
—& + + 55 " T3 U
dE & a7 202k2 Ao*k3 "o

AT =0

2imw 2iopk 02U 22U*
) _ (0) x oY
Bruz™ + ()‘9 }, +2iqk— 7o ) (U 862 -U 862 )7

substituting Eq. (25) into Eq. (32), we can obtain the following solutions:

U aU* U aUu*
0) —; * i 0) —; T2 gl
usz 1P()<U 85 Uaé), V3 IQ()(U aé U5‘§>7

where

A
Py = o

2g (2(151 4 ) 4w 4g
=—PF- — +t— |+ -5
Qo Ao 0= H Ao /'Lez ;ngkz lgzk

110202-7

mo opk? 2me 200k dwg? 40
2u + ok — S+ ) < +200k — >+< -——= 1|,
2g% — Ao [ ()uez}l ! Ao P lgzl % Ao lgzkz A92k3

(32)

(33)

(34)
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In the same way, collecting the terms with coefficient e'®

of Eq. (30), we obtain the equations below:

Setting uf‘l) =01in Eq. (35), we have

M _ (- 29U, U
. Aok 915 |1 QES
o|U?
+N{U |a€| +N1|U|28§) (36)
where
N 20 2 2
I W~ R W= R DG Lk
P L[(20 28y (% 20
M = Agk[(lgk 70 ) D\ e Tk ) P
60 2w 2
+M—MPO_2]€QO]+W.U2»
v 1 [ 20 20 2
M= lek[<le lek)(er(?Lek /16>¢
6w 4w 2
+ TQPZ + TGPO +4kQ0:| + m“% (37)

According to the dispersion relation Eq. (16), 14" v,

and p4(V in Eq. (35) are easily eliminated, and we obtain

oU ’Uu |lU|?

5, THagE TV uvP2Y aé =0. (38
Introducing the following coordinate transformation:
Z=z—Agt, T=At, V=AU,
PRy (- Wy - (39)
E°Up 21

combining Egs. (8), (9), and (39), Eq. (38) can be approxi-
mately equivalent to the third-order NLS equation with vari-

able coefficient expressed as
Vzz 2
IV + 7 + V‘V|

Fid{ paVazz + €07 [ (VD) ,V + usVzV ] | =0, 40)

aU 2i Q°U 2¢ 20\ U
2o gk 4250 - 5058 (k ) ER
20 2¢ 20 60 20 |UJ?
* [(lek e> e </19 lek) Pot Ao’k e fo ZkQO} v 35
20 2g 2g 2o 20
+[ P+ Po+4on+<Mk M) 0+<M Ak)d%} |U| ag =0, N
) 20 U  ops'V [ 4g 20 U 2wg  2g%\ °U (35)
vy + e + -
lgk 872 85 Aek l@kz 81186 lek:; /’Lekz 853
8w? 10a)g> <2a)g 8¢ 8w’ ) 40 24a)g] , U
+ (- + =+ =4 D+ — —
K A2 Ao’k 2k 22 e T QZ U5
_ 8w?  2wg 6wg  4g° 20 12(02 12wg] , d|U?
—ik “MK +)<1> +(+)<1> - - ] =0,
b4 )L(.)zkz Agzk 0 lezk 192 : },9 Qo )L(.)Skz 1931{ aé

\
where, iAu3, ilszllzm, and iksz/llzus represent the third
order dispersion coefficient, the self-frequency shift effect co-
efficient, and the self-steepening complex coefficient, respec-
tively.

3.2. Conditions for generating rogue waves in blood vessels

Rogue waves (RW) were first found in the ocean, appear-
ing out of nowhere and disappearing without a trace. It can oc-
casionally rise up to surprising heights above the background
wave field and form a huge amount of energy in a short time,
which is a disastrous natural physical phenomenon. Thus,
rogue wave phenomena have received wide attraction in sev-
eral fields of nonlinear systems representing ubiquitous phys-
ical phenomena these years. Because of the destructive power
of rogue waves, it is of great practical significance to study the
problem in elastic tubes filled with fluid. Here, we focus on
the conditions under which the rogue wave occurs in the fluid-
filled elastic tubes.

flow of blood through the blood vessels, we can explore which

By finding a solution that describes the

parameters in the blood vessels of the human body have an
important influence on rogue waves, and then control them to
gain a better understanding of the flow characteristics of blood
through the blood vessels. At the same time, we hope to pro-
vide a potential reference for medical clinical research.

When the variable coefficients are chosen to satisfy the
following constraints:

241ty

41
H2 “h

Ms =214, 3U3=

equation (40) is degenerate into one of the famous existing in-
tegrable extensions of the NLS equation called Sasa—Satsuma
equation (SSE)

Vzz
IVT + 7 +V|V|2

+ids [Vozz +3 (V7)) ,V+6V2VI] =0, (42)
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in which the high-order terms represent nonlinear dispersion
and third-order dispersion.

Here, A3 is an arbitrary real parameter to scale the inte-
grable perturbations of the NLSE. As an extension of the non-
linear Schrodinger equation, the SSE contains additional terms
explaining the third-order dispersion, the self-steepening, and
the self-frequency shift as often found in many important
physical applications. When Aus = 0, Eq. (42) reduces to
the standard NLSE which has only the terms describing the
lowest order dispersion and self-phase modulation. As we all
know, the rational solutions of the NLSE are always located
on a background plane wave. Hence, we start directly with

the plane-wave solution serving as a background for rogue

waves!H8l

c i 0}
W(Z,T) = A exp { A <kZ A Tﬂ , (43)

the dispersion relation among the amplitude ¢ (¢ > 0), the

wave number k, and the frequency ® reads

O=6k—k+2c2 -k, 4(1+3k)?%>972. (44)
Under the constraints given above, the solution describing

the rogue wave of Eq. (42) can be written as

c n—-n* ) k o
Z,T) = — 1— — 7 T 4
ven 21#3( c G) P [I(MM REYE )} @
where
_ |oP’Re[n](no*i+n*oh*) + (nll> +n*[h?) (n*c* 1+ noh*)
N2 (|o]2 + 1> +|A[2)* - |62 + 2A1|* Im(n)? ’
3
9¢2 (9¢% + 10K?) + 3¢ (9c2 —4K?)2 —2K* L 11 2 12 1
— , K=1+3k, a=-(1+3k)?*—12c¢* 1,
n=i 3V3K a 3( ) c
h3c[ °c_ . 12222 } 130[ c . 12422
K+d—n (K+d—-n)*]’ K—d+n (K—d+n)*]’
9 (—6c? *+3a(—18c+a—1)n*+a’| T
o D6 S0 (1 )T
6(dn+2n%+a)
1
—14iv3) (K?’n —9¢*n —n3)3 2 (K> 418¢2 4 3n?
d:( +1f)(;] c’n 17)+ (K*+18¢*+3n?) 46)

The lowest-order rogue wave in the SSE can feature a
double-peak structure as well as an analog of the Peregrine
soliton which is more complicated than the rogue wave so-
lution of the standard NLS equation. In particular, since V
involves the fourth-order polynomial, there is a significantly
more complicated structure than does the Peregrine soliton,
These
complexities are related to the fact that the spectral problem

which only involves the second order polynomials.

of the SSE involves 3 x 3 matrices rather than 2 x 2 ones in
the other cases.
Combining Egs. (39) and (45), we obtain

___¢c n-n
U(z,t) = A <1 . G)
|k () kg
X exp{l LANBZ—F (812/132 _2.US> t}} (47)

Obviously, the solution depends on variables z and #, as
well as on three real parameters A U3, k, and c. Taking all the
constraints Egs. (16), (41), and (44) into account, we can see
that when the wave number k takes a fixed value, variables c,

3(—1+iv3) (K2 — 92 —n3)s

®, Ag, A, can also be determined accordingly. This provides a
reference for us to discuss the conditions under which a rogue
wave appears in an elastic tube filled with fluid.

In Fig. 1, the wave number of the plane wave is chosen
to be k = 0.5. This choice of the wave number means that
the circumferential stretch ratio A9 = 1.5, the axial stretch ra-
tio A, = 1.4, the angular frequency @ = 2.7, and the growth
rate v ~ 1.4. Similarly as indicated in Fig. 2, when the wave
number k = 1. the condition for the occurrence of the rogue
wave is that the circumferential stretch ratio Ag = 1.8, the ax-
ial stretch ratio A, = 1.2, the angular frequency @ = 13.2, and
the amplitude ¢ = 1.4. For this choice of the plane-wave am-
plitude, the growth rate v ~ 3.3. The characteristic structure of
the rogue wave when the wave number k = 1.5 is depicted in
Fig. 3. As shown in Fig. 3, when 1y = 1.5, 1, = 1.1, ® = 4.9,
and ¢ = 1, there is a possibility of rogue wave forming in the
elastic tube filled with fluid. Notice that the three figures all
display the double-peak rogue wave structure with two zero-
amplitude points. As the value of k increases, the peaks of the
rogue wave get closer and closer, and the crest rotates clock-
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wise. In the end, at large enough values of k, the two maxima
will merge and the solution has a single peak. By comparing
the three figures, we find that the amplitude of the rogue wave
c increases with the increase of the circumferential vascular
stretch ratio Ag. Similarly, the decrease of the axial stretch ra-
tio A, leads to a reduction in c¢. This suggests that the thicker
the blood vessels, the more likely they are to produce the rogue
wave, the larger the amplitude of the rogue wave. Thus, in ac-

(a) k=0.5

12

U]

—~10 —2 t

tual life, more attention should be paid to preventing the rogue
wave from occurring in the expanding blood vessels or larger
vessel such as the aorta. When people feel nervous or afraid,
their blood vessels often dilate, which increases the probability
of rogue waves. Hoping the problems studied and the results
obtained in this section have some reference significance in
many practical applications such as diagnosing vascular dis-
ease or heart disease.

-2 -1 0 1 2
t

Fig. 1. Characteristic structures of the Sasa—Satsuma equation rogue wave when A9 = 1.5, 4, = 1.4, the amplitude ¢ = 0.8, and the wave
number k = 0.5. (a) The changes of the amplitude, shape, and propagation direction of RW, (b) the distribution of the crests.

(a) k=1
25 1

U]

P 505

1.5

1.0

0.5

—-0.5

—1.5
—0.5 0 0.5

t

Fig. 2. Characteristic structures of the Sasa—Satsuma equation rogue wave when A9 = 1.8, 4, = 1.2, the amplitude ¢ = 1.4, and the wave
number k = 1. (a) The changes of the amplitude, shape, and propagation direction of RW, (b) the distribution of the crests.

(a) k=1.5

50

40

30 7

U]

20

10

V)

z _57=0.05 "

1

: w0

-1

\\\3\\\\\*,,//*77’//655 —2

2

0 0.05
t

—0.05

Fig. 3. Characteristic structures of the Sasa—Satsuma equation rogue wave when Ag = 1.5, A, = 1.1, the amplitude ¢ = 1, and the wave number
k =1.5. (a) The changes of the amplitude, shape, and propagation direction of RW, (b) the distribution of the crests.
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4. The contributions of the high-order terms to the wave propagation in elastic tube
4.1. Derivation of the fourth-order NLS equation with variable coefficient

Substituting Eq. (18) into Eq. (30), and collecting the terms of e>1?, ¢31? and e*, we have

81/[22) 314&2) 10io ., (3) . (1
41a)u4 21lgkv4 —2g JE +2 P AgkU uy ' —3ikUv;,
o, 0 mou o 0),2) (2) (0)
—ikU*v;" + Mg a?g vl 5E +U 2 —2ikuy vy —dikus vy =0,
@ 50 (1)
) v, vy 4w, (3) 4iw ( ), 20 v,
2 - —Zun - oy
v 8t /1 Zo 0 T Ik’ g
® 1)oU v 2 apY
+T§ etV vé 2 — ik (W) =217 + 5’2 —0,
awl Y 1o . o (48)
61a)u4 3119kv4 —2g 82 + Ag 8% T e ng)—41kUv<3)
4w 8ug) @ () ()8U 8v2 2(0 (2) 90U
— p— 2 =
+lgkU 85 Sikuy vy ' 42, JE +U P l uy JE 0,
) (3)
w_ 6o 0 20 9% ) 20, @0V g0 9P
Jiwvy,’ —g JE 7o Uv ok 85 ikvy vy lgkvz JE 3ikp 85 =0,
14
Swug“)—TwU O _ 6k — skt — adghvV =0,
2
4o — %’Uvg =2k (W) — 4wl =0,

Introducing pii) (i=2,3,4) into Eq. (48), we have

) 92U U\ 9’U oU\?
P = My Ua52 + M} ((%) +MUPUE, VP = U S FER ((%) +Ny|UPU?,

U U 4
W = iUt 5 W = iU S 5E W) =mut, WY =Nt (49)
Similarly, the o(€”) equations of Eq. (7) are as follows:

dus Jus Jduz Jdur Jdu duy 8143 8143 Jduy
(5 o5 +Ga g au) o (5 58+ (5 5¢)

+zv3<9uz+8ul> 248”‘+/19(8V5 aV4>+ (8\/4 av3>

d¢ ¢ d¢
aV3 aVQ 8vz 8v1 &vl o
+M2< aé>+ ( 9 +u —0, (50)
3V5 3V4 a\h aVQ (91/1 (9\/4 aV3
- 52* C9n Tan TG TaE
8\)3 &vz 8vz 8\/1 8v1 dps  dps
\
Owing to the similarity of derivation process with the ©0) _ N (UaZU* LY 22U ) N ,OU* QU
foregoing chapters, we will not repeat it here. We obtain uio) 982 082 0 8 85
and v‘<10> from the zeroth-order equation of Eq. (50) below: +N§ (|U \2)2 , (629
O _ (v 22U LU 22U y U oU and the final result can be derived as
0 0
982 s d& & >
2 &U+A|U|2 U+A8U&|U|
+Mg (|UIP)", Yon TP g T 9 T
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Chin. Phys. B
277%

92U U\ ?
2Y ¥ L
+AszU 28 + AU <a§>

U JU*
+AsU = — + A|U[*U

IE JE
U 2 (JU]?)
9&2

EEd =0

+ A7 +AsU (52)
Combining Egs. (9), (25), (38), and (52), we finally de-
rive the fourth-order NLS equation with variable coefficients

in the following form:

i (U, +8U,) + Uy, + 2 maU|U |

i [M3Uzz + € (g + ps) UZ|U|> + €° s U U]
+A7U.... + * AU U |*

&2 [(A1 +Ag) Up|UP + (Aa+ As +2A5) U U,

+ (A3 +Ag) UPUZL + (Ar + Ag) U2UY] =0, (53)

where z and ¢ are the propagation variable and time in the mov-
ing frame, respectively, with the function U (z,t) being the en-
velope of the waves. Real constants €, y; (i =1,...,5), A;
(j=1,...,8) are free parameters in our model. In particular,
the coefficients 3, A7, and €*Ag control independently the
values of third-order dispersion U, fourth-order dispersion
U...., and the effects of fifth-order nonlinearity U|U|*.

4.2. The traveling wave solutions of the fourth-order NLS
equation with variable coefficients

For that purpose, we assume the solution of the following
form:
U (z,1) = w(§)e! e,

{=z+nt, (54)

where y(§) = y(z,t) is a real function, K, €2, and n are con-
stants to be determined later. Substituting the traveling wave
variables (54) into Eq. (53), we obtain

where

ky =m+ 2K, —3K2‘U3—4K3A7, ky = U3 +4KA7,

2
€
k3 = ?[2ﬂ4+2u5 +2-K(A1 = A3 + Ay +Ag)],

ks =—Q —gK — K>+ 13K> + K* A7,
ks = W — 3K 3 — 6K* A7,
ke = €2y — Ke?us — e2K2A,

+ 82K2A5 — €2K2A3 — £2K2A4,
k7 = €2(A1 + Az +24s),

kg = €2(2- Ag 4+ Ag+ As +2Ag). (57)

Integrating Eq. (55) once and combining the result with
Eq. (56), then, setting the integration constants to be zero, we
get
3 5 2 “4) _
v+ AV + AV +ky (V) +AwY =4, (58)

where A is an integration constant which can take arbitrary
constants, and f; (i = 1,2,3) can be written as

kiks ksks  kik;
=y — —2 ke — _
fi=ks Ky f2=ke I I
Kk
f=¢*A 711—23. (59)

Considering the homogeneous balance between > and
v appearing in Eq. (58), the solution of Eq. (58) can be
supposed to the following form:

y(§) =ao+ai (g)

and G = G(§) satisfies the second order linear ordinary differ-

(60)

ential equation

G"(§)+¢G' () +uG(§) =0, (61)

Im: kv +koy® +ky?y =0, (55)  where ag, a1, U, and A are constants to be determined later,
and a; # 0. Substituting (G’ /G)-expansion (60) into Eq. (58)
and and utilizing linear ordinary differential equation (61), col-
lecting all terms with the same power of G'/G together and
Re: kay+ksy” +keW’ +lay?y" +kgy (v') ine thei - :
el KYTRsY TheY T RIYTY S kY (Y equating their coefficients to zero, yield a system of over-
+ A7 l//(4> +&*A¢ 1//5 =0, (56)  determined algebraic equations for ag, a;, i, and ¢ as follows:
|
Aks  Akyag®
a0’ f3 +aoar’ Wk +ao’ fo+ao fi +ku5— 17(20 0,
4 2 3,2 2 2 2 2Aapay kg
Sap a; f3+2apa1"Quks+a;’uks+22a; 9 uA7+17a u"A7+3ap"ar fr+aifi — —Z =0,
Akqay?
10a0’a’f3 +apai*ks 0 +2a1 ks ¢, 1L + 15 A7a1 ¢° +2apa; ks L+ 60 Aray ¢, i +3aga;® — 27‘“ =0, (62
2

Sapar* f3+2a’ks ¢ +agar*kg +60A7a, ¢ =0,
ar’ f3 +a’ks +24 Ara; = 0.

10a0%a® f3+ a3 0%ks +2ap a1 29, kg + 2 a1’ ks +50a; 9> A7 +a> fo +40a; A7 =0,
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Solving the algebraic equations above by Maplel6, we
get one of the results

1
A=0, a9=0, a==+ (17/\7—flz)7 A=0,
ks %
e _Zﬂks(—3/\7u2+f1)
? 7M1 + fi
—TA ‘u2+f #2k2
P . DIK (63)
(17A712 4 f1)

1) When u < 0, Eq. (58) admits a solution known as hy-
perbolic function solution in the form

B 1 f1
Uzt) = + . (17/\7— ”2>

 Ary/=Rsinh(y=C) +A> /=i cosh( /=)
Aycosh(y/—RE) +Azsinh(y/—RL)

x el KR e — oyt (64)

2) When u > 0, Eq. (58) admits a solution known as pe-
riodic traveling wave solution in the form

1 f1
Ulet) = £/ ¢ (17A7_L12>

8

y —Azy/isin(y/i8) +Asy/Icos(y /i)
Azcos(\/i8) +Agsin(\/1g)
K00 v — 2 4m. (65)

x ell

Here, A1, Az, A3, and A4 are arbitrary constants, and when they
take different values, the traveling wave solutions for different
situations of Eq. (58) can be obtained.

In particular, if taking A; = 0 and A, = 0, we have

1 1
U(z,t) = £ k—g (17/\7—::2) X /= coth(/—u¢)
X ei(KZJer), E=z+nt, (66)

and if taking A; = 0 and A, = 0, we have

1 1
U(z,t) = £ = (17/\7—{12) x v/—utanh(y/—ug)
8
> ei(KZ+.Qt), C:Z+nt, (67)

equations (66) and (67) above are known as singular wave so-
lution and kink wave solution, respectively.

As seen in Fig. 4, (a) depicts the variation of |U| with
respect to z, ¢ for different initial axial stretching ratios when
Ag = 1.2, 2, = 1.2; (b) shows the comparison of |U| with re-
spect to z for different A9 and A,. Obviously, under differ-
ent initial arterial deformation, the waveform of |U]| is a bell
curve. Besides, |U| depends on the values of Ay and A,, which
are specifically expressed as follows. With the increase of Ag
and A,, the wave amplitude increases, the waveform becomes
steeper and the wavelength becomes shorter. The deformation

displacement of the blood vessel is proportional to the circum-
ferential stretching ratio as well as to the axial stretching ratio.
In the other word, the greater the degree of the vessel initial
deformation, the greater the influence of the wave on the ves-
sel wall displacement.

(a)
1.5

1.0

Ul

0.5

3.0

2.5}

2.0

U]

1.5F

1.0+

0.5}

0

5 0 5

Fig. 4. The waveform of |[U| when = -2, A; =2, A, =1, ¢ =0,
K =2, and Q = 2. (a) Waveform of |U], (b) the comparison of |U| with
respect to z for different A9 and A,.

Figure 5 shows the different solutions to the amplitude
of the nonlinear Schrodinger equation when A; (i = 1,2,3,4)
take different values. Panel (a) represents the solitary wave
solution when = -2, g = 1.2, A, =12, A1 =0, A, =1,
¢ =0, K=2, and Q2 = 2. Panel (b) draws the comparison
of y with respect to z for different Ay and A,. We can see
that with increasing Ag and A, the wave amplitude increases
and the waveform becomes steeper. When pt =2, 49 = 1.2,
A, =12,A3=2,A4,=1,9=0,K=2,and Q =2, the periodic
traveling wave solution can be obtained as shown in Fig. 5(c).
Taking A; = 2, Ap = 0, we get the singular wave solution to
the amplitude of the fourth-order NLS equation as depicted in
Fig. 5(d).

We analyze the effects of the higher order terms and the
initial deformation of vessels on wave propagation as seen in
Figs. 6 and 7. The results show that the high-order nonlin-
ear and dispersion terms lead to the distortion of the wave,
while the initial deformation of the tube wall will influence
the wave amplitude, wave length, and wave steepness. Com-
pared with the standard NLS equation, the fourth-order NLS
equation with variable coefficients can more truly reflect the
propagation characteristics of the pulse wave.
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(b) T o]

150 ~
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5 ¢

Fig. 5. The exact traveling wave solutions of the fourth-order NLSE. (a) The solitary wave solution, (b) the comparison of y with respect to z
for different Ag and A, (c) the periodic traveling wave solution, (d) the singular wave solution.
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Fig. 6. The variation of u; (i = 1,2,3,4) with respect to z for p = —2,
Ao=124=12A=2,Ay=1,¢=0,K=2,and Q =2.

5. Conclusion

On the basis of existing studies, ignoring the viscosity
effect of blood, this paper considers that blood is an incom-
pressible ideal fluid, while the blood vessel wall is regarded
as an incompressible soft biological tissue material. Using the
reduced perturbation and long wave approximation, the ba-
sic equations describing the wall motion and blood flow are
transformed into nonlinear Schroédinger equation (NLSE) and
high-order nonlinear Schrodinger equations. Under particular

0.4 U= €eu; 0.4 4 = cur+€us
0.2
3 0
—0.2
s R 1 2 1 2
z zZ
2
0.5
1
0 3
3
0
u = eu+€e ust-edus 1 U = eug+e2ugt+eSuztetuy
05556 1 2 2 1 o0 1 2
z z

Fig. 7. The influence of higher order terms to u when L = —2, 49 = 1.2,
A=12,A1=2,A,=1,0=0,K=2,Q=2,and e =0.1.

conditions the third-order NSL equation can degenerate into
SSE which may exist the rogue wave solution. We further dis-
cuss the conditions under which the rogue waves are generated
in the blood vessels and the effect of some parameter changes
on the rogue wave. Similarly, we derive a fourth-order NSL
equation with variable coefficients and obtains various solu-
tions forms by the (G’/G)-expansion method. Finally, the ef-
fects of higher order terms and the initial deformation of ves-
sels on wave propagation are discussed. Through theoretical
analysis, we obtain the following conclusions:
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(1) The amplitude of rogue wave is proportional to the
initial stretching ratios of elastic tubes. The bigger radius of
the elastic tube, the higher possibility of developing the rogue
waves, and the larger the amplitude of the rogue wave.

Appendix A: Coefficients

(2) The high-order nonlinear and dispersion terms lead to
the distortion of the wave, while the initial deformation of the
tube wall will influence the wave amplitude and wave steep-
ness.
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