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Abstract: A generalized (3 + 1)-dimensional nonlinear wave is investigated, which defines many
nonlinear phenomena in liquid containing gas bubbles. Basic theories of the natural phenomenons
are usually described by nonlinear evolution equations, for example, nonlinear sciences, marine
engineering, fluid dynamics, scientific applications, and ocean plasma physics. The new extended
algebraic method is applied to solve the model under consideration. Furthermore, the nonlinear
model is converted into an ordinary differential equation through the next wave transformation. A
well-known analytical approach is used to obtain more general solutions of different types with the
help of Mathematica. Shock, singular, mixed-complex solitary-shock, mixed-singular, mixed-shock
singular, mixed trigonometric, periodic, mixed-periodic, mixed-hyperbolic solutions are obtained. As
a result, it is found that the energy-carrying capacity of liquid with gas bubbles and its propagation
can be increased. The stability of the considered model is ensured by the modulation instability
gain spectrum generated and proposed with acceptable constant values. Two-dimensional, three-
dimensional, and contour surfaces are plotted to see the physical properties of the obtained solutions.

Keywords: new extended direct algebraic methodology; generalized (3 + 1) dimensional nonlinear
equation; gas bubble; modulation instability

1. Introduction

Researchers’ attention has been drawn to liquids through gas bubbles because they are
common in physics, engineering, nature, science, and life. Bubble liquid mixture equations
have been extended, to express the weakly nonlinear waves through liquids keeping gas
bubbles [1,2]. As a result, it is found that the energy-carrying capacity of a liquid and its
propagation can be increased with gas bubbles, as seen in some applied and scientific fields,
similarly condensed matter physics, fluid mechanics, plasma physics, elastic mechanics,
and particle physics [3-10]. There are many nonlinear wave phenomena in nature that
can be explained analytically. Therefore, one of the most important achievements in
mathematical physics is the study of integrable properties and the finding of exact solutions
as nonlinear evolution equations [11]. In recent years, finding the exact solutions of NLEEs
has also become important in research. Some nonlinear physical phenomena have been
described using nonlinear evolution equations (NLEEs) and the propagation properties of
waves [12-15].

It is well known that generalized and successful methods are available to study non-
linear equations. Namely, the KP hierarchy-reduction method [16], the Hirota’s bilinear
method [17-23], the modified ((%) and (é) expansion method [24], the improved tun(%)
expansion method [25], the sine-Gordon expansion [26], the optimal galerkin-homotopy
asymptotic method [27], the inverse scattering transformation method [28,29], the homo-
topy perturbation method [30], the Backlund transformation method [31], Lie symmetry
analysis [32], a kind of new (%)—expansion method [33], the (%, é), and so on. The exact
solutions of NLEEs can supply a wealth of physical data and additional understanding
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into the physical components of the problems [34]. It is important to find the exact solu-
tions to NLEEs, e.g., soliton [35], travelling wave [36] and periodic wave solutions [37].
Accordingly, via Bell-polynomial manipulation [38], the integrability of NLEEs could be
defined by a number of significant factors, such as infinite conservation laws, bilinear form,
the Painleve test, Lax pairs, and infinite symmetries. As we know that there are many
methods, Hirota bilinear methodology [39], Backlund transformation (BT) [40], polyno-
mial expansion methodology [41], and Hirota-Riemann methodology [42] were suggested.
According to several studies, the linear acoustic-wave propagation occurs in isothermal
bubbly liquids due to the phenomena of one spatial dimension . In the three-dimensional
(3D) case, nonlinear waves in liquid containing gas bubbles are considered. The nonlinear
evolution equation is given for a description of long nonlinear pressure waves. The Hi-
rota method is used to find multiple solutions to the nonintegrable evolution equation in
three dimensions [43]. The model of transcillatory heat transfer is induced by gas bubbles
buoyant in liquid. The algorithms for calculating the coefficient of transcillatory transfer
have been discovered [44]. Higher-order terms with respect to the small parameter are
taken into account in the derivation of the equation for nonlinear waves. For long weakly
nonlinear waves, a nonlinear differential equation is derived that takes into consideration
liquid viscosity, inter-phase heat transfer, and surface tension [45].

The first analysis of the bubble dynamics issue was carried out by Rayleigh [46].
According to some studies, linear acoustic-wave propagation occurs in isothermal bubbly
liquids in the case of one spatial dimension [1] . Nonlinear wave studies have focused on the
research of the bubbly liquid, which has drawn the interest of different researchers because
liquids with gas bubbles are common in many professions, including engineering and
medical science. The generalized (3 + 1) dimensional nonlinear wave equation narrating a
liquid through gas bubbles is one of these models [47].

(Q + 100 + 200xx + 030 )x + 04Qny + 050, =0, 1)

where () is the wave amplitude function of the scaled spatial coordinates x,y,z and the
temporal coordinate f is the partial derivative represented by the subscripts x,y, z, and t.
01, 02, 03, 04, and o5 describe the bubble-liquid non-linearity, the bubble-liquid dispersion,
the bubble-liquid viscosity, the y transverse perturbation, and the z transverse perturbation.
Additionally, 03 = 0 was simplified to the generalized (3 + 1) dimensional Kadomtsev—
Petviashvili equation . It is noted that the solutions for its travelling wave, bright-dark
soliton, and rogue wave were also derived. The pressure dependency of thermal expansion
coefficient conductivity may be the cause of the coefficients” temporal fluctuation of seawa-
ter coupled with the oceanic temperature-salinity relation’s large-scale meridional variation,
transforming hydrography from deep to shallow water topography of the continental shelf
and other dynamical conditions [48].

Recently, Akbulut et al. [49] explored, using Nnucci’s reduction, increased, and mod-
ified, Kudryashov algorithms, and solitary waves for the generalized nonlinear wave
equation in (3 + 1) dimensions with gas bubbles successfully determined . Akbulut de-
veloped the three different classes of solitary wave solution. This implies that there are
many solutions that are not explained yet, and to the best of our knowledge the modulation
instability analysis is still a mystery. Our purpose is to develop more propagated structures;
we will apply a generalized expansion method and derive thirty-seven different solutions,
as well as provide a graphical explanation. The stability of our model will be discussed
through the modulational instability gain spectrum.

The main motive of this article is to generalize the (3 + 1) dimensional nonlinear wave
equation describing liquid with gas bubbles, in order to find the exact solutions . The new
extended direct algebraic method will be used to achieve this goal. In Section 2, the proper
details with respect to the method will be presented. In the following section, the different
solutions to the provided model will be obtained using the new extended direct algebraic
methods. Graphical representations for a derived solution will be described in Sections 3
for stability analysis. Finally, the conclusions will be provided.
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2. Construction of Analytical Solutions
2.1. New Extended Direct Algebraic Method

The proposed method is successfully applied to the complex nonlinear governing
model [50].
We have a nonlinear partial differential equation:

P(Q/ QX/Qf/th/ Qxx/---) = 0/ (2)

where P is the polynomial function in (), and its spatial independent variables and temporal
and accommodating Q(x,y, z, t) is an unknown function of its partial derivatives .
It can be changed through the ordinary differential equation:

O(E,EE",...)=0. (3)
Apply the following transformation:
Q(x,y,z,t) =E(A), 4)

where A = kyx + koy + k3t. Let Equation (3) have the solution

E() =) [a](R(A))f}, )
j=0
where,
R'(A) = log[x] (« + BR(1) + 1R2(V)), x #0,1, ©)

where, a, B, and 7 are real constants and & = B2 — 4ay. The general roots regrading the
parameters &, 3, and <y of Equation (6) are
(Family 1): When B2 — 4ay < 0,and 7y # 0,

Ry (M) = —2[1 + \/ftanx (f}x) @)

Ry(A) = —% _ \/fcotx (‘/jGA) ®)

Rs(A) = —% i ‘/2_76 (tanx(\/@)\) + \/%secx(\fm)), )
Ry(A) = —2/37 + \/2_76 (cotx(\fm) + \/ﬁcscx(\@A)), (10)
Rs(A) = —fy—i—T(tanX (?2&) — coty (V? >> (11)

(Family 2): When B2 — 4ay > 0, and 7y # 0,

Re(M) = —2/1 - \f tanh,, (?A) (12)
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Ry (A) = _P @ cothy (?)\),

2 2y

By(1) = £ + 9 (~ tanhy (V&) s immsecy (V61
) =+ 45 o (V51 £ 151,
<~ 5 o (51 o (25

(Family 3): When ay > 0and g =0,

Bir(1) = |/ tane (VA
Rip(A) = —\/zc‘)tx(\/ﬁf\),
Ri3(A) = \/z(tanx (2y/ayA) £ /mn secy (2,/ay))),

Ryy(A) = \/f (= coty (2y/TTA) £ v sy (20/TTA)),

Ri5(A) = ;ﬂ(tanx (@A) — coty (@A) ) .

(Family 4): When ay < 0and B =0,

Rm(/\) = 4/ —% tanhx(\/jx'y)\),

Rip(1) = == cothy (v=E72),

Rig(A) = R (— tanhy (2¢/=@7A) £ iv/mrsechy (20/=&7A)),

Rig(A) =/ —% (— cothy (2¢/=ayA) £ V/mncschy (2¢/=ayA)),

Rao(A) = —;R(tanh)((\/?A) + cothx<\/?)\>>.

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)
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(Family 5): When f =0and « = v,

Ry1(A) = tan, (xA), (27)

Rop(A) = — coty (ah), (28)

Ros3(A) = tan, (2aA) £ /mn secy (2aA), (29)
Ros(A) = — coty (2aA) % v/mi csey (2aA), (30)
Ros(7) = % (tanx (%/\) — cot, (%/\) ) : (31)

(Family 6): When f = 0and v = —ua,

Rzﬁ(/\) = — tanhx(tx)\), (32)
Ry7(A) = — cothy (aA), (33)
Rog(A) = — tanh, (2aA) & iy/mnsech, (2a), (34)
Rog(A) = — coty (2aA) & /mn cschy (2al), (35)
Rap(A) = —% (tanhx (%/\) + coth, (gA)) (36)

(Family 7): When 2 = 4av,

_ —2a(BAlog[x] +2) .

(Family 8): Whena = pg, (9 #0), = p,and vy =0,
R32(A) = x" —q. (38)
(Family 9): When f = vy =0,
Ras(A) = ad log[] (3)
(Family 10): When g = a =0,
-1
Ras(A) = TAlogl’ (40)
(Family 11): Whena = 0 and B # 0,
_ mp
Ras(A) = v (coshy (BA) —sinhy (BA) +m)’ (1)
Rsg(A) = — : B(sinhy (BA) + coshy (BA)) (42)

(sinhy () + coshy (BA) + )’
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(Family 12): When y = pgq, (4 #0), B=p,anda =0,

myPA
Ra7(A) = T — g (43)
A A A -A
sinh, (1) = %, coshy (1) = %,
A p—h A A
tanhy (1) = XX Lo (1) = I TIE L
mx* +nx mx* —nxy
2 2
he(A) = —— = eschy(A) = —— >,
sechy(A) o — cschy(A) o —
, mxih — iy~ in i + A
siny(A) = =5, cosg(A) = =,
A _ ik iA —iA
(1) = P

mxd + ny A mxih — iy A’

where, m,n > 0 are arbitrary constant deformation parameters.

2.2. Application of New Extended Direct Algebraic Method

In this portion, we will apply the new extended distinct algebraic methodology to the
generalized energy-carrying capacity of liquids in the presence of gas bubbles. To extract
the solutions of Equation (1), we set up a traveling wave transformation:

M(x,y,z,t) =E(A), where A = 6(01x + 02y + 03z — @t), (44)

where ¢ is free constant parameter and @ is the speed of soliton, and g1, 03, 03 are the
direction of the cosine.
2, 2, 2
atate=1

Equation (1) takes the form by introducing Equation (44),
2(030% + 0403 + 0503 — 03@)E + 0103E? + 202620201 E" = 0. (45)

The solution can be revealed by the setting of the homogeneous balancing constant of
Equation (45):

E(A) = ag+a; R(A) + a2 R(A)?, (46)

where,

R'(A) = a In(x) + BR(E) In(x) + (R(€))*In(x), x #0,1, 47)

now, we plug the solution of Equation (46) into (47) and identify the coefficient of the
dissimilar powers:
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R(A)?: 262001 %a1 B (In(x) )& + 4 620201 *ana® (In(x))* + 0101%a0% — 2 a901@ + 2 A90405>
+2a90503” + 2490301

R(A)! : 201012000, + 2(52(72Q14a1ﬁ2(1n()())2 +2a10301% + 210400 + 2a10503> — 2a,01@
+48% 001 a1y (In(x))*a + 12 6%0201 are (In(x))* B

R(A)? : 16 620201 aza (In(x))*y + 6 820201 a1 B (In(x) ) >y + 8 620001 a2 82 (In(x) )

+ 2010178002 + 20203017 + 2 820402” + 280503 — 28,01 + 010171

R(A)® : 20820201 a2 (In(x))*y + 4820201 17 (In(x))* + 2 010124142

R(A)* : 128%0201 277 (In(x))? + 0101%a%.

(48)

The algebraic system of Equation (48) is solved with the assistance of maple, and we
will obtain the following:
Set 1:

12a6%yIn(x)*020? 12In(x) 26202028 12In(x)2y26%0202
ag = — o s = = o A2 = = o
3*ar01In(x)[4va + ] + 030] + 0403 + 0503

01

(49)
0 =

The general solution of Equation (1) by putting Equation (49) in Equation (46) is

1200%yIn(x)*;a07  12In(x)*y6*c207B R(A)] - 12In(x)*7*6* 007
1

Q ///t:_
(x,y,2,t) o o o

[R;(A)]%. (50)
Set 2:

e 72(52171()()202&(2%7 + B?) b
0~ (%] G (%] (o1
8 0201In(x) [y — B?] + 0307 + 0403 + 0503

01

 12In(x)*v8*0201B 0y —  2In(x)*y*8 o0}

(51)
@ =

The general solution of Equation (1) by putting Equation (51) in Equation (46) is:

28%In(x)*0207 (2ay + B7)  12In(x)*780207p R(A)] - 121n(x)*y*0* 0207

Q 7 7 /t -
(x,y,2,t) o o o

[R;(A)]%. (52)

Set 1: Now, we will derive many different solutions by taking R; from Equation (7) to
Equation (43), respectively.

(Family 1) When 2 — 4ay < 0,and y # 0,

The shock solution is obtain as

— 1290%n(x) 0201 X [uc + ,5< — f)’ V-6 tan, (m)t> >

(%1

+'y<—2’i+ \/z_fyigtan,((mA))z].

O1(x,y,z,t) =
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The singular solution is gain as

(o1 2 2y 2
) (54)
+ L S cot —© A
T\ "2y T T2y O T2 ‘
The mixed complex solitary-shock solution is taken as
12982In(x)?0203 V-6
(v, y,2,t) = —— HU(X) i x { +r’3( £y T(tanx(v —6?\)
1 — ) (55)
Vv Vv P — V=6A) £/ V-6
£ mnsecx( —6)\)) + —E—FT(tanX( - ) mnsecx( - )) .
The mixed singular solution takes the appearance of
12982In(x)? V-6
Qu(x,y,2,8) = ——7 ”;’o Ll [ +ﬁ(— L > (cotx(\/—G/'\)
' 5 vs ) (56)
£ V/mncscy (\/ —6)\) )> + 'y( - Z + 2y (cotx (\/ —6/\) + /mncscy (\/ —GA> )) ] .
The mixed shock singular solution is derived from arrangement of
1296%In(x)*020% Vv —
Os(x,y,2,8) = ——7 ) oer [ +/3< P VS (tanx (m)\>
(%1} 47 4
(57)
Ve B V8(. (V8 V=8 )Y
_COtX <4)\ >+’)/(_2’)/+4")/ tanx T)\ —COtX 2 —A ) :|
(Family 2): When B2 — 4ay > 0, and 7y # 0,
Then, mixed trigonometric solutions take the following form:
_ 1298In(x)* 0207 B V6 V6
Qs(x,y,2,t) = o X {a+[3<—2ry—2rytanhx T)\
bVE. (VB 9
12y82In(x )220 B V6 V6
(x,y,z,t) o X { +‘B(_2,),_2,),C0th?€ T/\
pVvE (VB )
*%wzm4zA»}
12982In(x)2020%
Qg(x,y,2,t) = — o7 In(x)"0201 X |:IX+‘B( gid + @<— tanhx(\/@/\)
o1 2y 2y (60)

+ iv/mnsechy (\/@A))) + 'y( — Zli + f (— tanhx(\/g/\) + iWsechx(@A)))z].
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o2, ) = 12752171 Vet [ N (_ B xf(_ Cothx<@A)
(61)
& Cscy (m))) 1= £ L (ot (V1) = vimsc (V&) ) |
Q9,2 1) = — 127(521110(1)()2(72@% % |:tX i ,B< _ f ( tanh, <\/46)\>
(62)

o () ({5 E)T

(Family 3): When ay > 0 and 8 = 0, we obtained results in the expression of the shock
solution,

2
O1(x,y,z,t) = _12752171()()202@% X {zx + 'y<\/ztunx(\/@/\)> } (63)

%

We take the singular solution as

2 2.2 2
Qp(x,y,zt) = 1287 In(x)"201 X [zx + 'y< - \/zcotx(\/ﬂ/\)) ] (64)

(%1

The dissimilar solutions of the complex combo class is derived as

12982In(x)20202 2
Os(x,y,2,t) = — i ”(T(X) 7201 [ac + 7(1 /%(tanx(z/rx'y/\) +/mn secx(Zw/ocw\))) ] (65)
1
1298%In(x)?020} [ 2
Qu(x,y,z,t) = — i ”U(X) 7201 o [a+'y( %(— coty (2\/ayA) £ /mn cscX(Z,/zx'y/\))) } (66)
1
12 2 2 2 v Vv 2
O5(x,y,2,t) = — 187 In(x) 0201 X [zx +’y(11/“(tanx(m/\) — cotx(m/\)>> ] (67)
o] 2\ v 2 2
(Family 4): When ay < 0 and B = 0, we obtain trigonometric solutions as
129621 (x)?020 2
Oie(x,y,2,t) = — T ”U(X) LT [oc+’y( -4 /—j';tanhx(\/—oc'y)\)) ] (68)
1
12982In(x)20902 2
M7 (x,y,2,t) = — ik nU(X) 728 |:Dé+’)/( — 4 /—j';cothx(\/—oc'y)\)) ] (69)
1

The mixed trigonometric solutions are obtained as follows:

1296%In(x)*020%
Og(x,y,2,t) = — 197In(x) o201 X {a—kv(,/—:/(—tanhx(zx/—oc'y/\)

” (70)

2
+ iv/mnsechy (2y/=ayA) )) ] .
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1298211 (x) 20202 _
Ous(oyz8) =~ 0(1X> = x {"‘+7< — (= cothy (2v/=w72)
’ 71)
& Vicsch (2 =770)) ) |.
127621 25 2 _
Oaol,y%6) = = ! HU(X) 24 X {a#-’y( - ;P(tanh)c(\/?A)
| ! 72)

com ()]

(Family 5): When 8 = 0 and & = v, the periodic and mixed periodic solutions have
been derived in the formation of the periodic and mixed-periodic family,

() 127252125;()2@@% y [1 N (tanx(m)ﬂ 73
Om( .2, 1) = _12725211;(;()202@% " [1 n (_Cotx(“ )‘)ﬂ' 74)

O (x,y,2,t) = — 127252121(X)202Q% X {1 + <tanX(2a/\) + /mn secy (204)&))2} . (75)
Moy (x,y,2,t) = — 12725211;1()()202& X {1 + ( — coty (2aA) £ MCSCX(ZM\OZ} . (76)

s, = 2P0 (1 an (2) —eone(32))) ] 9

(Family 6): When § = 0 and v = —a, single and mixed wave compositions are derived
in the following class:

Ooe(x,y,2,t) = 12725211;1()()2029% X :1 + (— tanhx(uc/\))2: . (78)
oy (x,1,2,t) = 127252[’;1(")2‘729% X :1 + (— cothx(zx/\))z:. (79)
Og(x,y,2,t) = 1272521:5)()202@% X [1 + <— tanh, (2aA) £ A/%sechﬁZw\))T. (80)
oo (x,1,2,t) = 1272521’;5’“)2‘729% x [1 + (— coty (2aA) % \/mn cschX(sz/\))z]. (81)

12920%1n(x) 2020} z
Qso(x, 1,2, 1) = —7 Z(X) 001 {1+ <— ;(tanhx(;)x> —i—cothx(;)\))) ] (82)
1
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(Family 7): When ﬁz = 4avy,

36%In(x)%020? { ) <—2a([3)\10g[)(]+2)>
Q r s /t =X +4
31<x y 4 ) 0_1 ﬁ IY:B ,BzAIOg[X] (83)
i ( —2a(pA logx] + z)ﬂ '
p*Alog[x]
(Family 8) and (Family 9) have constant solutions.
(Family 10): When g =a =0
1292821 (x)020% K -1 )2]
Os4(x,y,2,t) = — X || ———] |. 84
34(3( Y,z ) 2 ’)’/\log[)(] ( )

(Family 11): When &« = 0 and B # 0, the mixed hyperbolic solution has been in
formation of the

_129%8%In(x)?000% mp ?
Qas(x,y,2,t) = — o - X K— 7(coshy (BA) — sinhy (BA) +m)) ] )

12928In(x)%00? B(sinhy (BA) + coshy (BA)) \?
Q6(x,y,2,) = — 7 - x K‘ fy(SinhX(),éA) +coshx()[(3)\) +n)> } (%)

(Family 12): Wheny = pgq, (9 #0), p=p,anda =0

12920821 2. 12 pA pA 2
Our (2, t) = — 2P-a 0000y [0 ™ N ma T
o1 m— qnxP m— qnxP*

3. Graphical Explanation

In this section, we will discuss the outcomes in graphical form by using distinct values
of parameters. It is easy to bring out the complex solitary shock, periodic, singular wave,
shock wave, and singular wave. These various kinds of outputs are favorable and have
been recently discovered. As we know that waves can transfer energy from one place
to another place, the phenomena are explained graphically in this portion. By choosing
the different values of the parameter, the diagram of several declared solutions is divided
in three dimensions, two dimensions, and their related contours y =1, = 0.9, « = 1,
w = 0.1, ;o = —0.4, and 07 = 0.3. Therefore, these graphical images of our latest results
should help us to examine and accurately predict the results for nonlinear wave problems
https:/ /www.academic-agency.com/, accessed on 1 October 2022. Figures 1 and 2 display
the shock-wave solution Q1 (x, y, ) at direction cosine ¢; = 0.1, 0.3, 0.6, 0.9, 1.2, 1.5 and
speed of soliton @ = 0.1. If we increase the value of the direction cosine, then the amplitude
of the shock wave also increases. The amplitude of the wave varies from 1 m to 800 m
in the predicted values in this study. Figures 3 and 4 represent the mixed hyperbolic
solution wave solution at direction cosine ¢; = 2,4, 6,8,10,12, and the speed of the soliton
is @ = 2. The amplitude of the mixed hyperbolic wave solution Q35(x, v, z, ) increases
as we increase the value of the direction cosine. The amplitude of the wave varies from
0.003 m to 1 m in the predicted values in this study.
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e 210

-5 0

(h) @)

Figure 1. Impact of direction cosine visualized through 3D, 2D, and Contour on wave amplitude
for solution Oq1(x,y,z,t). (a) 3D visualization of wave amplitude at direction cosine ¢; = 0.1.
(b) Contour visualization of wave amplitude at direction cosine ¢; = 0.1. (¢) 2D visualization of
wave amplitude at direction cosine ¢; = 0.1. (d) 3D visualization of wave amplitude at direction
cosine g1 = 0.3. (e) Contour visualization of wave amplitude at direction cosine ¢; = 0.3. (f) 2D
visualization of wave amplitude at direction cosine ¢; = 0.3. (g) 3D visualization of wave amplitude
at direction cosine g; = 0.6. (h) Contour visualization of wave amplitude at direction cosine ¢; = 0.6.
(i) 2D visualization of wave amplitude at direction cosine ¢; = 0.6.
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Figure 2. Impact of direction cosine visualized through 3D, 2D, and Contour on wave amplitude
for solution Oq1(x,y,2,t). (a) 3D visualization of wave amplitude at direction cosine ¢; = 0.9.
(b) Contour visualization of wave amplitude at direction cosine ¢; = 0.9. (c) 2D visualization of
wave amplitude at direction cosine ¢; = 0.9. (d) 3D visualization of wave amplitude at direction
cosine g1 = 1.2. (e) Contour visualization of wave amplitude at direction cosine ¢; = 1.2. (f) 2D
visualization of wave amplitude at direction cosine ¢; = 1.2. (g) 3D visualization of wave amplitude
at direction cosine ¢; = 1.5. (h) Contour visualization of wave amplitude at direction cosine ¢; = 1.5.
(i) 2D visualization of wave amplitude at direction cosine ¢; = 1.5.
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Figure 3. Impact of direction cosine visualized through 3D, 2D, and Contour on wave ampitude for
solution O35(x,y, z,t). (a) 3D visualization of wave amplitude at direction cosine ¢; = 2. (b) Contour
visualization of wave amplitude at direction cosine ¢; = 2. (c) 2D visualization of wave amplitude
at direction cosine ¢; = 2. (d) 3D visualization of wave amplitude at direction cosine ¢; = 4.
(e) Contour visualization of wave amplitude at direction cosine ¢; = 4. (f) 2D visualization of wave
amplitude at direction cosine ¢; = 4. (g) 3D visualization of wave amplitude at direction cosine
01 = 6. (h) Contour visualization of wave amplitude at direction cosine ¢; = 6. (i) 2D visualization
of wave amplitude at direction cosine ¢; = 6.
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Figure 4. Impact of direction cosine visualized through 3D, 2D, and Contour on wave amplitude for
solution O35(x,y, z,t). (a) 3D visualization of wave amplitude at direction cosine ¢; = 8. (b) Contour
visualization of wave amplitude at direction cosine ¢; = 8. (c) 2D visualization of wave amplitude
at direction cosine ¢; = 8. (d) 3D visualization of wave amplitude at direction cosine ¢; = 10.
(e) Contour visualization of wave amplitude at direction cosine ¢; = 10. (f) 2D visualization of wave
amplitude at direction cosine ¢; = 10. (g) 3D visualization of wave amplitude at direction cosine
01 = 12. (h) Contour visualization of wave amplitude at direction cosine ¢; = 12. (i) 2D visualization
of wave amplitude at direction cosine ¢; = 12.

Remark 1. The Figures 1 and 2 is displaying the periodic and periodic singular soliton solution
due to variation of direction cosine. Figures 3 and 4 display the anti-kink soliton solution due to
variation of direction cosine. Figures 5 and 6 present the 2-dimensional impact of direction of cosine
on the obtained solution.



Symmetry 2022, 14, 2294 16 of 21
— g=0‘1 — g1=0.1 — p1=0.1
— g1=0.5 — 91=0.5 — g1=0.6
o=09 or=09 o=09
s——1 — pth — plh

(b) ()

Figure 5. Impact of direction cosine visualized through 2D on wave amplitude for solution
O11(x,y,2,t) (a) 2D visualization of wave amplitude at t = 1. (b) 2D visualization of wave am-
plitude at t = 20. (c) 2D visualization of wave amplitude at t = 50.
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Figure 6. Impact of direction cosine visualized through 2D on wave amplitude for solution
Qs5(x,y,z,t). (a) 2D visualization of wave amplitude at t = 1. (b) 2D visualization of wave am-
plitude at t = 20. (c) 2D visualization of wave amplitude at t =50.

Physical aspects: A wave is an energy-carrying disturbance in a medium that does
not include any net particle motion. According to the laws of physics, the amplitude
is directly proportional to the energy density. Thus, the obtained solutions predict that
the liquid with gas bubbles has more capacity to carry the high amount of energy and
also can transfer it more rapidly and smoothly. The results of solution 041 (x,y,z,t) can
be applied to macro-level energy consumption systems and Q35(x, y,z, ) to micro-level
energy consumption systems. The direction cosine controls the capacity and transmission
of energy density in liquid with gas bubbles. The use of these results on an industry level
is more beneficial to us and improves our work. Physicists and chemists can obtain their
required outcomes from these results by using the influence of direction cosine on the wave
amplitude. We will discuss this collectively.
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4. Modulation Instability Gain Spectrum
Linear Stability Analysis

In this part of the paper, the goal is to expand the modulation instability (MI) gain
of the steady-state solution of the executive system by the decency of the linear stability
analysis. The MI can be included in the exponential development of the small perturbation
in the stage of optical waves or the amplitude. It is remarkable within nonlinear physics .

Let us suppose a steady-state solution in order to execute a stability analysis

Q=./p (88)

where p is the initial incidence power(real constant-amplitude). Additionally, the solu-
tion (88) converts to the perturbed stationary solutions as

Q=VP+00(x,y,zt), (89)

where 6 is real function of x, y, z, t and the perturbation coefficient parameter is ¢ << 1.
The perturbed stationary solutions are put into system (1) and obtain the disturbance
equation

2

y%@(x,y,z,t) + oy <]4 (aazz (x,v,z, t))f—i—;t <G(x v,z t))ﬂ(x,y,z,t)
+y2<ai9(x,y,z,t)>2> +0 (y <8844 (x,y,z, t))f—l—y ( 0(x,y,z, t))@(x,y,z,t)

(90)
o[ 0 0 92 92 JP
+u QG(x,y,z,t) a@(x,y,z,t) + o3 ﬁG(x,y,z,t) +oy|p 8]/2 0(x,y,z,t) | VP

02 92
2 P =
+u <8y2 (x,y,z, t))@(x,y,z,t)) + o5p aZZG(x,y,z,t) 0.

After linearization, the disturbance Equation (90) can be write down as

y%()(x,y,z,t) +o0 (;4 (8822 (x,y,z, t)))\/ﬁ—i—az (;4 (8844 (x,y,z, t))ﬁ)—i-
2

i - - (91)
o3 5 50(x,y,2,1) + 04 (y <ay2 (x, .2, t)) ﬁ) +osp550(xy,2,t) =0.

Now, we have to organize the 0(x, y, t) such that
O(x, Y.z, t) _ @et(ax+hy+czfdt) + v—weft(aerherczfdt)‘ (92)
The function (92) plugs into (91), and we obtain the system of the homogenous equation

1 © Md(In(e))?a + u ENd(In(e))*a — oy 1 VPO Ma?(In(e))>—

o1t VPENa?(In(e) ) + oo VPO Ma* (In(e))* + oo VPE Na*(In(e))* —

o3 © Ma®(In(e))? — o3 E Na?(In(e))* — o3 © Mb?(In(e))* — o3 Z Nb?(In(e) )?
— oy VPO MV (In(e))? — o3 VPENb*(In(e))* = 0.

(93)

2a — o1 ©a*(In(e))*VP + ouu @ a*(In(e))* VP
In(e))? — o3 ® b (In(e))* — o3 O b*(In(e) )*V'P = 0.
20— o uEa®(In(e))*VP + capu Ea*(In(e) ) *v/P—

) — o3u Eb*(In(e))? — oy Eb?(In(e))*VP = 0.

(94)
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The coefficient matrix of system (94) can be written as follows for ® and E:

AoH@ [o]
= , (95)
0 B 0

[11

where
(96)

The non-trivial solutions exist for the coefficient matrix (95) when the determinant
vanishes. The dispersion relation is derived by modify the determinant of the above
coefficient matrix

200,02V P + 2 0y 2a*(In(e) ) * v/ Posb?
e))*Poyb? — 2 oo p2a (In(e))®V/Posb?
e))®Poyb? + 2 oy p2b? (In(e) ) * v/ Poza®
e)) oy VP 4 012 u2a* (In(e) )P + 0n2p2ab (In(e) )P
®d + 03?2 (In(e))°b* + 04°p?b* (In(e) )P
801V P — o3p2a® (In(e) 2oy VP — 2 y?d(In(e) ) *aPoy VP
8450y \/P — 2 2d(In(e))*aosb® — 2 01 2l (In(e) ) Por
+ 207 p%a* (In(e))*VPos — 2 0y p2a® (In(e) )/ Por
+ 12d*(In(e))*a? + 032 u?b* (In(e))* + 2 0524 2a* (In(e))®
—2u%d(In(e)) a®o3 + 2052 420% (In(e) ) *a® + o3p%a®(In(e) )P oy b?V/P = 0.
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It is well known that the generalized nonlinear wave equation in (3 + 1) dimensions with
gas bubbles is modulation-stable for any wave number a if and only if four roots d (97) are
all positive real numbers. However, it is not a simple task to obtain the roots of (97) since
we have to employ the efficient analytical formula and the related phenomena for the roots
of a fourth-order polynomial. The results of a dispersion relation (97) are developed as

d= % ( — (In(e))*VPa*cy +1/2 (In(e))*a?03 + v Pa’cy + VPVoy + a’os + b3 —1/2 \/‘?> (98)

where
¥ = In(e)*atos? — 4ln(e)?a*cs? + 4a*os?. (99)

Thus, one can notice that the modulation instability of the generalized nonlinear wave
equation in (3 + 1) dimensions with gas bubbles occurs when either

VY <0,

or

%(—(ln(e))z\/ﬁfl(h +1/2 (111(6))26120'3 + \/ﬁaz(ﬁ + \/ﬁb20'4 + a203 + b20'3 - 1/2\/‘? < 0.
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Furthermore, the modulation instability gain spectrum MI gain can be deliberated and
modified by the maximum absolute value for the imaginary part of the wave number and
defined as

MIgain = a3(d) = \/ln(e)4a4032 — 4ln(e)2ato32 + 4 ato32. (100)

The modulational gain spectrum Figure 7 ensured the stability of the considered model by
satisfying the aforementioned conditions.

01=0.1
=02
03=0.3
— =04

— 05=0.5

-15 -10 -5 5 10 5
Figure 7. Modulation instability gain spectrum.

5. Conclusions

This study examined the generalized (3 + 1) dimensional nonlinear liquid wave
equation with gas bubbles in a sort of solitonic theory. The new extended algebraic equation
method is used to discuss the explicit solitonic structures and modulational instability gain
spectrum developed. As a result,

*  The used method generated the plane solution, the mixed-hyperbolic solution, the
periodic and mixed-periodic solutions, the mixed-trigonometric solution, the trigono-
metric solution, the shock solution, the mixed-shock singular solution, the mixed
singular solution, the complex solitary shock solution, the singular solution, and
shock-wave solutions .

e It is noticed that the energy-carrying capacity of liquid with gas bubbles and its
propagation can be increased.

*  The modulational instability gain spectrum is developed and ensures the stability of
the proposed model.

®  The researchers and experts can apply these results in the different fields of modern
sciences at macro and micro levels where needed. These results are also beneficial for
the industry level.
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