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For_ce vi_bration, Due to the increasing use of new materials, such as auxetic structures, it is necessary to investigate
iy“ngr'cta' Sqe”’ mechanical phenomena, such as vibration, in structures made of these types of materials. This
|nL\ll)i(sc:Zi|[l?g = paper examines the forced vibrations of a three-layer cylindrical shell containing inviscid fluid
Shock load. ' under shock load. All three layers are made of aluminum, and the central layer is made of a re-

entrant honeycomb cell structure. Using high-order shear deformation theories (HSDT) and
Hamilton’s principle, the governing equations of the system have been extracted and solved by
the Galerkin weighted residual method. The outputs of the Abaqus finite element software are
used to validate the results. The system is investigated with both simple and clamped support
conditions. Finally, this study investigates the influence of the geometrical parameters of the shell
and the auxetic structure, as well as the type, intensity, duration, and location of the load, and the
effect of the fluid on the dynamic and time responses.

Extended Abstract

1. Introduction

n 1987, Lake [1] introduced a foam with negative Poisson's ratio (NPR). Four years later, Evants et al. [2]

replaced the word "Auxetic" with the word (NPR). The distinguishing feature of auxetic materials is that they

behave in tension or axial pressure unlike normal materials, and have different deformations. This difference
is shown in Figure 1.

Compression Tension

= =1 L—— -
Positive Poissoris Ratio m - - -
1
-- - - T

Reference Configuration - - - - - -

Figure 1 Comparison of the behavior of materials with negative and positive Poisson's ratio in the face of tension and axial pressure
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Compared to composite materials, auxetic materials have better strength, indentation resistance, light weight,
high ability to absorb energy [3] and fracture resistance [4, 5]. Due to the unique performance of these materials,
their use in various fields is increasing. As the most important applications of these materials, we can mention
things like making medical stents [6, 7], piezoelectric sensors and smart filters [8]. In recent years, due to the
advancement of additive manufacturing technology, the possibility of manufacturing many materials with complex
cellular architecture has been created, thereby making materials with an auxetic structure affordable.

Better properties compared to less weight have attracted the attention of many researchers and have increased
the number of studies on auxetic materials. In 1997, Larsen et al [9] proposed the first re-entrant honeycomb
structure with double-sided arrow structure. Chen et al. [10] investigated the energy absorption ability of sandwich
sheets made with double-sided arrow structure. Lan et al. [11] proved the superiority of cylindrical re-entrant
honeycomb sandwich structures over aluminum foam core using an experimental method. Quan et al. [12]
investigated the vibration and nonlinear dynamic response for a three-layer nanoplate including thin gold layer,
auxetic layer and piezoelectric layer and subjected to uniform pressure. Ma et al. [13] proposed the initial idea of
materials with negative Poisson's ratio as flexible protection for explosion. Duke et al. [14] investigated the
dynamic response in the vibration of double-curved thin sandwich shells with an auxetic core with re-entrant
honeycomb structure and subjected to explosive loads. Zhang and Yang [15] experimentally investigated the
vibration behavior of isolator bases made of re-entrant honeycomb auxetic structures. Jin et al. [16] investigated
the response of metallic honeycomb sandwich structures with a cross arrangement to explosive loads based on
numerical methods. In another study by Tran and Phuong [17], the vibration and dynamic behavior of a sandwich
plate with a core of the re-entrant hexagonal structure was investigated and the response of the said plate was
obtained under explosive loading. Imbalzano et al. [3] proposed innovative three-dimensional auxetic composite
panels (ACPS). Novak et al. [18] investigated the blast response of sandwich composite panels with three-
dimensional chiral auxetic cores through a valid numerical method and considering the maximum displacement of
the panel and the energy absorption property. Gunawan et al. [19] investigated the free vibration of fluid-filled
cylindrical shells on an elastic bed using a semi-analytical finite element method. Jam and Nikjoo [20] investigated
the free vibration and critical buckling load of composite cylindrical shells containing fluid using the first-order
shear deformation theory.

By reviewing the mentioned articles, it seems that the forced vibration of a sandwich cylinder with an auxetic
core made of a re-entrant honeycomb structure and in the presence of a fluid has not been investigated so far.
Therefore, in this paper, the forced vibrations of a three-layer cylindrical shell, containing a non-viscous fluid and
under shock load, are investigated. Each three-layer is made of aluminum and the central layer is made of the re-
entrant honeycomb structure (Figure 2). In this article, using high-order shear deformation theories and Hamilton's
principle, the governing equations of the system are extracted and solved by the Galerkin weighted residual
method. The validation criteria of the answers are the outputs of the Abaqus finite element software. The system
is investigated with both simple and clamped support conditions. At the end, the influence of geometrical factors
of the shell and auxetic structure, type, intensity, duration of application and location of load and fluid effect on
dynamic response and time response are investigated.

Figure 2. Re-entrant hexagonal structure under tension

2. Problem definition and mathematical modeling

A three-layer cylindrical shell with length L and radius R and total thickness h containing incompressible fluid
at height H is considered as in Figure 3. A cylindrical coordinate system with x, 6, and z components is considered
to describe the problem. This shell is stimulated uniformly in the radial direction under the compressive force g.
In general, the displacement field for cylindrical shells is considered as equation 1[21].
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Figure 3. Three-layer cylindrical shell containing fluid in assumed cylindrical coordinates

In equation 1 uy(x, 0, t), vo(x, 0, t), wy(x, 6, t) represent displacement respectively longitudinal, peripheral
and transverse layers of the middle layer u, (x, 6, z, t) , u,(x, 0, z, t) ,u;(x, 6, z, t) displacements corresponding
to every point of the cylindrical shell. Also, the functions ¢, (x, 8, t)s ¢, (x, 0, t) express the rotation of the

middle plane around the x and 6 axes, respectively. f;(z) and f,(z) is also considered for different theories as in
Table 1 [21].

Table 1. Various theories for modeling structure.[21]

Theory f1(2) f2(2)
. z 2
ESDPT exponential -z Ze‘z(ﬁ)
TSDPT Trigonometric -z ﬁsin (E)
T h
. . z 1
HSDPT Hyperbolic —z hsinh () = z cosh (E)
PSDPT Parabolic -z (5 > 2)
a7 3p2”

Assuming the linearity of the strain-displacement relations for the cylindrical shell, it will be in the form of
equation 2 [22].

Ju; OJu ap
Ex= o=+ iz )2 2+ ) o
1 <6u2 n ) _ 1( +aV0) +f1(Z) 0°wo 0170 fz(Z) a(bz
€0 “p\ox "3) TR 20) " Rz \962 96 )T R 06
10u; | du, dvy | f1(2) (0%wy Ovg dug 0, 6¢)2
Y6 =250 Tox " ox | R \oxd8 ox + 96 +f1()a ae+f2()ae + @) @

O IOy 8 | OB

Yez = ¢ + dz ~ ox 0z 0z 1

Ve: =73 Tz kR -\ T oz )\kae ®)T o o

10uz du; uy (1 4 afl(z)) <1 dwy vo) 4 daf,(2)
R 360 R

Mechanics of Advanced and Smart Materials Journal 3(4) (2024) 432 — 465



435  Korosh Khorshidi, Saboor Savvafi, Sadegh Zobeid

The structure and coordinates of the unit cell for the assumed auxetic structure are shown in Figure 4. The
elastic parameters of inner, outer and the auxetic layer are calculated using equation 5 and 6 [23]. In these relations,
the changes in tensile and bending deformations of cells are taken into account.

E® _ g (3 sec 6,)3(ny + sin 6;) c® — N3 Sec 6,

LT 1+ n2(tan? 6, + nynpsec?6,)] 3 * 2m,(ny + sin61) (01 + 213)
£® N33 sec 6, 2 _ secOytan; (1 —n3*)(n, + sin6,)

= V. =

2 S (1 + sin 8;)(tan? 6, +n3) 12 [1+ (tan? 6, + nyn,sec26,)n2] -
c®_g n3 sec 6, (1, + sin6,) V@ sin 6, (1 —n3)

T i@+ 2mn3) 2 (tan? 6, +n3)(ny + sin6y)

cos @ +2
Gz(g) — Gs T]3 - 1 p(z) — ps 773(771 )
1, + sin 6, 2 cosf; (n, +sinb,)
Inequation 5, n, = 2—2 N3 = i—land N = i—z Also, G, and E, are the elastic layer properties and p, is the density
1 1 1
of the base material of the auxetic core.
@ _ s __E w3 _ a3 _ _VE (13) _ n3) _ p3) _ ¢ (©)
11 22 1— 2 12 21 1—2 44 55 66 2(1+v)

/2

X
Figure 4. Single cell structure of re-entrance honeycomb [23]

Equation 6 relates the Young’s modulus, shear modulus and Poisson’s ratio of the inner and outer layers to E,
G, v respectively. Ssuperscript 1 and 3 associate with inner and outer layers. Ssuperscript 2 represents core layer.
In this study, Hamilton’s principle was employed to derive the equations governing the motion, which is consistent
with equation 7.

t
f (6Tsnenr + 0Tf1uia — Ushen — w)dt =0 (7
0

In equation 7, 6Ty, represents changes in the Kinetic energy of the shell, §Tg,,;4 represents changes in the
kinetic energy of the fluid, U,y represents changes in the potential energy of the shell, and w represents the
work of the external force. Changes in fluid kinetic energy are expressed as equation 8. Where @® and ¢
represent the displacement potential of bulging and sloshing modes, respectively.

1 H p2m
Tyia =5 pr” [ | 0Plyzp + 0Ol _)ow RdGdx ®)
0 0

In the analysis of forced vibrations, transverse loads introduced into the system are dependent on time; Thus,
loads are considered as a function of space and time Figure 5 and are expressed according to equation 9.

0r(,0,) = Qr (6, O)F (£) = Z Z B () = Z Z P Wo(x, O)F (£) ©

That f (t) accepts any of the values listed in Table 2. ps5 is considered in the form of 10 relations according to
the conditions of simple support and support.
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Figure 5 Cylindrical shell under transverse excitation force
Table 2 Different functions used in forced vibration
Function Type Step Function Triangle Function Sin Function Exponential Function
A F1) AF) AF@) \ F(1)
K
K, , b
Function
il 1 b it t t 1
F(t) F(t)
F, t<t ¢ Tt -
F(t)—{ 0 t>t1 _ Fo(l—a)tﬁtl _ Fosmz t<ty F(t) = Fpe™ %
0 t>t 0 t>t

From Figure 5, it can be shown that the load is applied uniformly and in the form of a rectangular surface with
dimensions of 21; x 21, on the surface of the cylindrical shell, and the values of I, and [, are obtained from
equation 11.

2l = (xp — x1)

2l, = R(6, — 0y)

(11)

Also, x and 0 are the coordinates of the load center. Now, if the sides of equation 10 are multiplied by
sin(ax) cos(7) for the case of simply support and by sin?(a;x) cos(78) for clamp support and then integrate
on the surface, the coefficients ps; will be obtain by equations 12 and 13.

5= ifxz f;lz qo sin(azx) cos(fif) dfdx n=20

(s—5) 12
Dain = —fXZ fa: qo sin(azx) cos(fi@) dddx  n>0 (2

mit ﬁfxz v qo sin®(azx) cos(if) dfdx n=0

x, L, _ (c—o¢) (13)
Piidi = 371_fo1 fel qo sin?(azx) cos(@f) dédx  n >0

Finally, the equations of motion are obtained according to equations 14 to 18 and solved by Galerkin method.

— Wi _ .. Wiz 14
—wfme(t)(Ioum+11 a;""+13¢1ﬁﬁ)=Tm(t)<lou o+ = +13¢>m> 44
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3. validation of the results of forced vibration of the cylindrical shell

In Figure 6, the time response of the three-layer cylindrical shell with an auxetic core (radial displacement) can
be seen under the loading of sinusoidal, triangular, step and exponential functions. In these diagrams, the answers
obtained based on mathematical modeling have been validated with the output of Abaqus software. In the
mentioned diagrams, t, is the duration of load application and is equal to the natural period of the system at its
first natural frequency.

4. Investigating the influence of different parameters on the dynamic response

The influence of the geometrical parameters of the cylindrical shell: Figure 7 shows the effect of L/R
length to radius ratio on radial displacement. It can be seen that with the increase of this ratio, the transverse
strength of the shell decreases and the displacement in the loading center increases. It can also be seen that the
increase of this parameter leads to a delay in the time response of the structure.Figure 8 shows the effect of the
total thickness of the shell on the time response of the system. It can be seen that with the increase of the total
thickness, the stiffness of the system increases and naturally the amount of radial displacement decreases. On the
other hand, increasing the h/R ratio reduces the response delay, or in other words, the time to reach the maximum
displacement with a low slope decreases and the maximum displacement occurs earlier.

The influence of the geometrical parameters of the cylindrical shell core on the time response: Figure 9
shows the effect of the thickness of the central layer (auxetic core) on the time response (radial displacement) of
the force application time with an exponential function. It can be seen that with the increase of the said thickness,
due to the increase of porosity in the system and the subsequent decrease of the transverse strength of the shell,
the maximum radial displacement also increases. Figure 10 shows the effect of the angle of the cell forming the
auxetic layer on the radial displacement. This diagram is obtained based on the 90% contribution of the auxetic
layer from the total thickness. It can be seen that increasing the size of the angle, regardless of its sign (Figure 4),
due to the decrease in porosity, the central layer becomes denser and the stiffness of the system increases, and this
causes a decrease in the size of the maximum displacement.

The effect of loading type and load intensity on the temporal response of the cylindrical shell: In Figure
11, the responses received under all four types of loading functions can be seen. According to the definition of
impact, which is the surface under the graph of the loading function, it can be concluded that the largest radial
displacement is related to the step function, which has the largest surface of the graph, and the smallest responses
are related to the exponential function with the smallest surface under the graph. Figure 12 shows the effect of the
size of the applied load F, on the radial displacement. The linear and direct relationship between the amount of
applied load and the maximum radial displacement is well seen. In addition, in this graph, the lack of change in
the delay of time responses is evident; that this event is due to no change in the natural frequencies of the system
and only the amplitude of the vibration is changed.
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Figure 6 Validation of the time response of a three-layer cylindrical shell with an exotic core under type a) sinusoidal b) triangular c)
step d) exponential loading with the results obtained from the finite element in Abaqus software, F, = —1000 (Pa) t, =

0.03125 (s). 21, X 21, = 0.526 x 2 (m?).
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Figure 7 Time response (radial displacement) of the three- Figure 8 Time response (radial displacement) of the three-layer
layer cylindrical shell with an exotic core in different length cylindrical shell with an exotic core in different thickness-to-
ratios under exponential type loading, F, = —1000 (Pa) t; = radius ratios under exponential type loading. Fy =
0.03125 (s) 2I; x 2, = 0.526 x 1 (m?) —1000 (Pa) &; = 0.03125 (s),2l; x 21, = 0.526 X 1 (m?)
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Figure 9. The effect of the thickness of the auxetic core on the Figure 10. The effect of the angle of the unit cell inside the
time response (radial displacement) of the three-layer auxetic core on the time response (radial displacement) of the
cylindrical shell under exponential type loading. Fy = three-layer cylindrical shell under exponential loading.
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Figure 11. Time response (radial displacement) of three-layer Figure 12. The effect of the applied load intensity on the time

cylindrical shell under different loading. F, = —1000 (Pa),
t; = 0.03125 (s). 21, x 21, = 0.526 x 1 (m?)

response (radial displacement) of the three-layer cylindrical
shell under exponential type loading. &y, = —1000 (Pa),
t; = 0.03125 (s). 21, x 21, = 0.526 x 1 (m?)

The effect of the duration of load application and its coordinates on the temporal response of the
cylindrical shell: What can be obtained from Figure 13 is that the shorter the loading duration is from the value
of the natural period of the structure (NP), the less the maximum displacement and vice versa. According to the
findings, it can be seen in Figure 14 that when the place of loading is close to the edges and supports, the
displacement of the center of the load surface becomes less and happens in a shorter time, and this is due to the
greater influence of constraints on the system. will be, although moving the loading location will not change the
natural frequencies of the system. It can be seen that by changing the load center from L/2 to L/6, the maximum
displacement is reduced by 51% and 61% faster.
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The effect of the fluid inside the shell on the time response of the cylindrical shell: Figure 15 shows the
changes in the displacement of the center of the loading surface. According to it, if the shell gradually from water
fluid with density 1000 (Kg/m3) , it can be seen that as the depth of the fluid inside the cylindrical shell increases,
the maximum displacement of the middle point of the shell surface decreases and also a delay in the time response
is observed, and this is in agreement with what was expected; because the mass of the system increases with the
height of the fluid and the stiffness of the system increases. Figure 16 shows the effect of fluid density on time
response. It can be seen that the increase in fluid density will reduce the maximum displacement and its early

occurrence.
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Figure 15. The effect of the fluid depth inside the shell on the
time response (radial displacement) of the three-layer
cylindrical shell under exponential type loading. Fy =
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5. Conclusion
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Figure 16. The effect of the fluid density inside the shell on the

time response (radial displacement) of the three-layer
cylindrical shell under exponential type loading. . Fy =

1000 (Pa)t; = 0.03125 (s) 2l, X 2, = 0.526 X 1 (m?)

In this research, the forced vibration of a three-layer cylindrical shell with an austic core containing a fluid has
been investigated. The effect of different adjustable parameters for the cylindrical shell and its austic core was

investigated and the following results were obtained:

Mechanics of Advanced and Smart Materials Journal 3(4) (2024) 432 — 465
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1) By increasing the overall thickness of the shell, the radial displacement decreases and its occurrence time is
faster.

2) By increasing the share of the exostic core from the overall thickness of the shell, it increases the flexibility of
the system and increases the maximum displacement.

3) By increasing the size of the cell angle, it causes more compaction of the austic structure, and the maximum
displacement will decrease and its occurrence time will be slower.

4) The use of different functions in loading has an effect on the maximum displacement and its occurrence time.
5) A linear relationship between the amount of force applied to the shell and the maximum displacement was seen.

6) As the loading duration increases compared to the natural period of the system (NP), the maximum displacement
increases and vice versa.

7) By bringing the center of the loading surface closer to the supports, maximum displacement is reduced and
occurs faster.

8) Due to the increase in the mass of the system, the presence of fluid reduces the maximum displacement and
lengthens its occurrence time. In the case of denser fluid, this phenomenon will be more obvious.

Mechanics of Advanced and Smart Materials Journal 3(4) (2024) 432- 465



FEO G FYY Slnio 1Eo¥ Jlu F ojlois ¥ 038 coaniigh g 4y Sl Soilso

3 Do g g A plion Sl g0 S0 Ll\/l A.S. _I

"o YYAPFYY. Lo 2iouiigs g aid uiny 3lgo Swlss els dlxo

lheas Jluw Gl i 35T amd b asYaw slaslgim! gaiwgy 5 k! solss
YU A yo (o 9 SIS i sl a5 51 eoliswl b (glas o 5L

- e o . seeall - -
€ am) @ole 7 (Slpo oo FT Gl 9> (hg,95

k-khorshidi@araku.ac.ir ¢yl yl « STl STl ol8iils ¢ cwadige g (o3 00Siild (Sl gudige 09,5 «,Luisls

saboor.savvafi.eng@gmail.com ¢yl « STl STl ol&iils «SCilSle  cmaigee 09,5 el sl IS (ggzmiils -
sadegh.zobeid96@gmail.com ¢yl ! (ST} STl olfisls (SilSa  cwadigo 09,5 s | cwlils )IS<

oS s B3l

s (Sl sloonsay o oSS FT o sl dlax 1 g Slge glgil 51 yg58054, soliiw | Lo & g 5kl b))
2 . . .. . . & . & . “5|A3‘9M‘
Sl bl o b allas o o0 a5 4y (559,00 e £45 cpl jloads aisle slaosle jo il gossay ST L
-l 5k

ol 5o el o Blod 5, 39,8 (659554 S ST il 5l ot 425l (655 50 4 5 parivall iz
i 2 oSl Yol oilian ol g YU aie (i JSB s sloay i 5l eslai ol L el
Sz ol (bl Las oot Jo oS (555 0ailendls (2 51 9 00t gl
ot 5t 3T oSS g o5les FASE (550 Loy 90 0 L e s o | pagSLT Sg0me ylall l5ila 5

VPY[ARYA iedl 0 fu,b
LS TAD 4 SPSCH P
VY INNE by g,
Oloside w95 « S FT lile g di gy (Sooidd uSind ow s sl Jole 13T doil [0 09 oo
e g oo dlllogei &j00 d o los Fwl g (Seluo dwly p Jlw S5 5L 58,518 e g Lol

2 S 50 S8 Jelga o

oo -)

(Y] oo 5 wlgsl cdmy Jlo Loz 20,5 2yme (NPR) ite (ygmilyn s b pgd o )] S VAAY Lo o
NS 1 5970 5Lz b 2aS 3 a5 Canl ) S35 slge 3les axg ozl (NPR) Ladd 3%l |, "Wl 5T (sl
Lol 0o ools L Y S jo Sglay cpl aS syl Jglae S s g auS oo L8 Jgens Slge

§ 970 3L 3 Gl b agrlg0 1 Cudn 9 (it (ygmol gy 36 (5110 Do HLid ) dumlin } IS

! Negative poassion ratio
2 Auxetic

CASYYEYOVY + 150l ¢ Jgtans o gi #
k-khorshidi@araku.ac.ir : s pSI Gy o010



mailto:k-khorshidi@araku.ac.ir
mailto:k-khorshidi@araku.ac.ir
mailto:saboor.savvafi.eng@gmail.com
mailto:sadegh.zobeid96@gmail.com

FEY o) Golo «(Hlgo jamo (gaulyss 0995

L anlio ,0 535 olge .l Ll jo asd) IS a0 Jgho LSl 51 Slie olge cpl 40 oo os Lolys 5 (SlSo L3,

Sl 58 Caglie o [¥] (65,50 ©am Lo YU SUlss () (S ¢ KiBy9,8 plp 50 Cosglie YU aloxinl 5l b 9melS Sl

Sl a g, calises gl aie 50 LT 0 )5 olge 1l 9,8 s pastie o ,Shoe s b i 1895 5 6 e [0 ,F] cusls
colo oKl g8l cole (6550955 b i s a4 sl la Sl )0 .0ged o,Lal [A] siaiign slaild 5 G aSUly 5

u—~°—‘°;—' W 43)..0 44‘)3).&@ s.iu;] )L._'>L...: Lv \)‘5.& u.‘>l.~u U] S o 445 .)LDU‘ m.\...?v.u ‘slﬁlw Ls)l.o.v.olao‘}a )l LS)L"““"

@ dgaze Olalllae cpl adl.cdl il iCglle slo S5 b g o )Lolu (g9, p addllas gl yulioes az g5 ol
Sl nglm O g cpo,¥ 1RV Lo jo Jlie (lgie 4 .l SV ol [COUIP aiion slylo g ol ood 3l sldle
mosle o 35 50 65, @dx 2Uls u O 5 o ol sl 1) fad bogs SISy JLslu b g, ()90 (5 955 4Y
Oslgy oy aS asidl o goae Jaw Sl oolaiwl b Lpil adols JI8 oy 0 g0 | ad bgs SIS, Ll b onds asl
oLl 56T 5 s00e slo g, 5NV T lSan 5 0l (6,58 101 ke S S5 35T an o515 L S5 35T bl e
90 o )libe 5 mly Olsie |y som a9y (9950 69055 4 5 sl o)l I IR sl 5 eogas eolitil sgue
30,5 S35 olge 0 )5 (6 arals wls) el ad o a (g he C3le LS o b (Shy s elsS 50 g9 ks HIE )
Bl al38l olge oyl 5l JSaie (gl o3l yo Dliles ) alaz 5l Sl sl 003y oy 1 6l Dlalllas jlads T s 4 g
DY ohKes 5 oY majlop oo ST slalisew jo 3lasyl odsdy oy p sl 0 ploul Slalllas 9,0 4 isw cpl 5o

7 ooy o 3l oolitul b o saguinagll psd (saind a4 Cons | slalgial 55 9,0 (555055 AY (manile o bSle 5
oo jo o5l pabcaw plpls g il 4ol Ceos 4 Zaoga wlse > Ll sl oo oled 5o Ldinges OLSI
A Byme el | cblis g ps owidige y0 ST slaojle sl oad aislid Gblye cp iates 5 S Oloreds ol
5 ST Y Ol 36 aY Jols aVaw axio ¢ S slp 1) das e Sealos b g sl VY] e 5 o)lsS

S5 50 (sl alimdlo B o ¥ o Cealind il gl ek idged gy |y SISy JLd (om0 5 S0 Sl 4Y
il sl pdy Sllasil Ladlws ploie @) chie O3y o b dlge adgl ol DNFI oSen 5 Lo sls 3 o8l
Sealns gl V0] 1) San 5 Sgo g jlomiil 51 56 (63,31 Gdr 50 Slge ol (Sl oleri ol Jus iols sleiny
50 30ls 18 a2 9550 1y (5 5lmil glo)ly (2 5me 50 5 SIS din b izl 50 ST56 (zmgails sl atwgy (3] o
&5 Ol rerk Sl 8 5 (Senlins ks Ll 4Bl o ot 28,5 8 Slaias g (45,0 59 Sl Ll aalllas
alginl 3las ) g as e (Seolis slo gl 7] )10m 5 SS90 (6,503 (2mghy o 09 5slxil sl il 5o baatng,

Ll b ab isges axdllae SVl sy 65, |y 55 Gayd 63y &Y LLSLo b K355T anen b aVans omgails

i IS ,L 51 ol a s malS 31l ST Y pais Jolo o9 Sl Y 0 Glailginl aing oS LK
Vilolas slo al cobe,l ks, VY] Kb g Kl ol omlio o)lxil sla)b b ablis slp b5l opl 5 09 salys
L as axsly olo Ll .asols 18 R D90 78 Do ds ]y g, 9,0 (5 95 Y ST slo,bisle 5l ool anslu
DS oo Iy 5y 0 S hes ol 5 S (oo oy Gl (i gy 0 k55 A Sl Ll o JBr alS
5 O )l (5568 g g ool mals wod wl) b ) Jeere slo b b anslie 0 SIFT sl al yizen
e slo iy sliae p sliil (sl 1) eblite iz b (5555 4 (53 (il sl ol sl AL o) Sen
@lab>Mo LB 55k 4y (55, ©dz 5 55 250 SBlymmil iz Lulpd (o a8 slo e Lt LT gl isls 18 w050
Slad b oo gl amio SO Sealis g oolasy) s, [VA] a8 g 0655 bawgs 300 G o (b S oo lo il 381

O el S a6 lmiil (650551 (o me 50 595 e dio Gl 5 WSS w5y 090 ke A LSl o

3 Stent

4 Additive manufacturing
°> Double Arrow Head

¢ Chiral

7 Isolation Base

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g L5 31 ooliiwl b glay pi Hb ilicans Jlow golo o3 35T asud b 4V glailginw] saiwgs g bl (olai,l  FFF

Ol 45 0SS ood (S92l 00l g Sl g sk 4rgl) kS 51 e s g (il 3 kS oS 0D adie
(ACPS) ailsT55 (suvms ds 55351 a5l o by [¥] iS00 5 gl3iloas] ol o s s 55 ol 58, Sty 3l ST
3 el 0 Jeero glo o b aslie o ond slpainn g lo Jiy a5 ol las asllae ol Lais )8 slpiy |,
Gl bl il gy [V ] S 5 STas a)ls (gaoyo B+ Gil38l (gl i colll (o 5 gooye ¥ als (Bl il
AN (28,5 55 0 b g tee 008 hgy S sk 5l ) amans JInl8 ST laats b amguile Sujenels
aly Jobo aials 30 e )lge 251 50 a5 ol oo plis bagsile 4l W0 (qwyp 655 @i Ceols 5 Sl lral>
e SYlie (lalllae oSS S 4 Cnl 22U Jolo Job b avalie )0 (6550 @i Cuals 5 Slpzl 2Shae SR8
olals ) V237 Jls 5o m hogel (285 15 ) 0590 Jlw jga> 0 b dlginl ol () p ggoge b osd
Ly (23 Lol ol )8 byl 9)5e ) » ders gty 5 o515 JB f @it Jbw ol (B lalgiul slaaiug,
O Sy g gl ) s 2 oS S¥olee bas s SedlST (6,555 5l eoliitul b g ailgiul sleil 99 55 ool (55 5
laks )l bl assls bl 8 ,Kluoals glailginl loatuw g5, 51, laddlas YooV Jlo o [YY] LaSY 5 Sl55 0905 >
on Rl S g (ooye (B SIS S I e L) ST BB g g mle b eled o lailyinl g
A gy ¥olre 5l Jlow o)laz ool ojly jlad § Jeusly o glcassty g Jlow [L8, sw)yp olp addllas cpl o 5o S
OlglisS anl sdelcawsas gloals> milg g ouls Jdow 385 Jo oy, Jles! b oS> O¥olas i g5l jo .ol oolaiu!
65> 21y Sl 5l oty (slalyinl sladiogs ol3T 3l eogase olall (uloxs ad g, S0 5l oolizal L [YF] o S
JisS Ghoy Sl e whaw p 9)ly LA anilre 5 (S9y0 b lld il jolaieds WS (o) S Jn SO
i byl ;o s dliwgty gl S5 5 (Seelins JB8, Sl s ol esliial Jlew b ojle wled (Sl
Jsl 4y by IS s (55 31 oolital b [V 52505 5 02 18,8 )15 (om0 0550 St s 5 Jlow 5 oy
1y s s oS ¥olao LT 08,5 e |y Sl o5l i 3500lS (sllgins] (sloatonsy (ioleS Sy 5 5 o3 b |
970 1y Sl Lules 5 w051 s &1 (LS e sl 5 oo Lo lS 8 5 00505 S 2 by s, L
g0l oy p |y dngy Slogly poad Jlesl ()15 jLad 4

el el wisle S53ST g b (gl gailyinl (gilal (3l sy g0 S5 &y 80 EVle sy b
wwgy G k) DLl ol gallie )3 g,cnlil sl 418 55 S5 () 2 9550 (3S el 90> 53 555 9,5 S5
w3l 6350 4 g porinagdl iz Sl a¥an 2 058 o (o Slpe b S g e e ol Ve gl
by UK i sl 15 51 oolil b callie ) 50 sl o Ll (F US5) 5, 00 69053 S 35T il 31 oy
e igd oo Jo TSI (S oailanBl (g, 5l 5 eads gl e @S SYslae gilos Jol 5 VL e
o Mo g ool SBaSS Lulpd 50 o b piecs el (oS LT 3game Ll 133l 5 (sla g2 dagealy (i Ll
A g ok 8508 e 5 Jlael plojine woad g oSS b 5 dtngy o sloale ;b doml 53 298
2550 B oz 3590 o Sloj Gl g (Sesls ol Jlow

1«

«— S
«— —
«— —_—
-— —_
— —

v

DS gy (3959 (s i LSl ¥ ISl

8 Bernoulli equation
2 galerkin weighted residual method

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FEO o) Bolo «(Hlgo jamo (ol yss 09,95

Albno iy 5 -

S oV USS wb H gl )l 4 3l o515 Jhw ol b IS cules g R glads g L Job a4 a¥au lailginl ang,
Cot gy (ol el ool a8 5 s s altiie aogd 5l x, 0, 2 gladdlse b slailginl Slaise oSiws (ol oals a8 F

Bgd oo S, CHESS O jgods g glad Sy 0 q 6Lad (5o

X, Fluid

Fluid

0,u,

P90 Slailginw! Olaize 0 Jlow olo A auw lailgiow! awgy ¥ JSCh
gs'ob) Slw o =¥
ool Mol (b gy SO s 4y o -Y-Y

tWgd(os (PP fho y Dpz Sy LS 3¢ 9 Oxz (F)9d Sl 0k ol (b JSb i slad i o
5L sy geeal e pd 4 s8 (nl 5 a s Cuss @ yho (She by Glail (Bays)) Sl3T sl ;0 eizeen
LYol gt 0 48,8 (a5 10 ) alal, &gt slailginl sboatuwg slp olbals e A5 s 006l

w(x, 0,2, £) = up(x, 0, £) — £,(2) E20 4 fo(2)g (x, 6, 1)
s, 6. 2.6) = vy, 6. 6) 2 (M;’;” 2 t)) + 02,0, ®

u3(xa 69 Z, t) = WO(xa 9’ t)
e Y b 5 e s sk sl lraly Sl o 4 woCr, 6, 8) v (x, 6, 8) atg(x, 6, ) < alad o

&g uioren el lailginl aiwgy 5l ddadie gl blis sl obal> uz(x, 0,7, 1) ,uy(x, 0,2, t) ,uy(x, 6,27, t)

Ss,55 6l 3 2(2) 5 [1(2) v B9 x sl jse Js> Sl amio i 2 Slo i 5 4 02 (x, 0, £) 594 (%, 6, )
Ivol wgs o ad 5 Jas o) Joaz asiles calise

[Y8] b ojlw gibudie gl cilisio G695 Y Jgor

loa, s f1(2) f2(2)
ESDPT exponential -z Ze‘z(%)z
TSDPT Trigonometric -z ﬁsin (E)
T h
. . z 1
HSDPT Hyperbolic -z h sinh (E) — z cosh (5)
. 5 5
PSDPT Parabolic -z z (— - —zz)
4 3h?

LVl o9 anles ¥ galal, & g0 lailginl atwg slp ol - 16,5 Ly, og Jas o3 L

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e Sy 15 51 03lisenl b 512 6 5 b Sl 3l S5 35T At b 4y Vewo 1l gl saimgy 5Ll syl FFF
du, 0Ju,
Exx :W— +f1(Z) +f2( )—
du, 1 dv, f1(2) (8%w,  0v, f2(2) 0¢,
0 =1 (ax“)—ﬁ(wﬁﬁ)* Rz \o62 a0)" R 90
10u, 0du, vy f1(2)[(0%*w, D auo
=—-—or+t—-—= =2
Y =230 Y ox " ox T R \oxee ox) TR fl()a ae+f2()ae +f2() ™
_Ouz  Odu;  dw, 0f1(2)\  0f(2)
Vez = Gy E‘W(” oz )* 0z
Clous | duy L@ <16w0 v0>+6f2(z)
Yor =250 "oz TR ( oz )Eﬁ‘f 0z ¥

M 6‘4)‘9.“.4‘4.»..»54 vﬁ)f).’as)\bjwl)‘s.a).ctswfu,m;admybb]CB.‘a‘uéﬁ)u‘ysaMo)Lw‘dsda;uw

Oy B 1) 4K
x 11 12 O 0
®) )
0-96 21 22 O 0
gzy =10 0 Q¥ o
Oy o o0 0 Q¥
o,/ Lo o o o
)

w__ b
11 NONE)

1=vi vy

(1,0

w _ _E
12 GG

1—vi vy

(®)

w__ B
22 (O

1=v, vy,
W = g0 o = 6 gl — ¢

GZ3 4 Gl3 rN66 T G12

SBgd claay 5 ST sl 6hls (aen) by Y a5 ol a3V |

V] aa ¥ alal, & g0ty (16,8 - i Ll onl o

0] (Exx\
0 €00
0 |- l)’ez L k=123 Ay
0 | | 7|
gg)— kngJ
:(j o as
)

) (k)

. . B é- e k k k k k
Wt g Ladyg; Gomlyy o rd 9 (B Jae « b Jooe ke V21 9V '62(3)'61(2)'61(3)’5'2( )'E( b ekl )
o Ll ol J.»X»u Lj.a.’s).ij))‘ O‘}o )‘ FLy ML’LSA ‘_,;:LOU 9 6:[555 AJY )iiL».: k= 1,3 U)L».c Ay AJa.J) o ML“SA
F U 0 gyie ST sl glp axly Joko Glatse g sl cwl SS35T an Silo k =2 zagp ool jo

i Ly cpl 50 [VV] gl o il

0 abal, 5l oozl b 03357 ¥ SVl gl yiol )y el su ools )l
o9 oo bl b Joho ies g o285 sl IS

2

[YV] 55 590 9085 4Y Johuw S5 jlis b ¥ JSCs

X

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FEV o) Bolo ((Hlgo jamo (ol yss 0995

(n3sec8,)*(ny + sin 6,)
*[1 + n3(tan? 0, + n41,s€c260,)]

EP =E

133 sec O,

EP =E
2 * (1 + sin ;) (tan2 0, + n3)

13 secO, (n; +sinB,)

(2)
G, =E

2o i1+ 2nmd)
G(z) _ N3 COS 01

23 1, + sin 04 s
c? =¢ 13 sec 0, ©

3 * 21, (11 + sin 0,) (4 + 2112)

2 _ secO;tan8; (1—n3?*)(n, +sin6,)
Viz = Zg 20.n2

[1 + (tan? 8, + N M,5€c?6,)n3]
@ _ sin6, (1—1})
21 (tan? 0, + n3)(n, + sin 6,)
n3(Mq +2)

p® = ps

2 cos0, (nq +sinfy)

=7 = . t t
Oized Aiiwd S5 ST diad odijle sole JKa ps g SVl ol Gy g Eg apy = f €Ny = i M3 = i O Ly, o
Al ioe Cowts £ ol & g0t Fsall, k= 1,3 g gl sy sy

a3 _ a3 __E

11 22 1-2

4 = ol = 1 ®
1—v?

13) _ p(13) _ H(13) _ ~ _
44 _QSS — X66 _G_2(1+V)

IVAL o Vool gollas g 098 oo ooliinl (ygilean Jol 5l slailginl aimgs &8 1> 5 @Sl SYolre 040,51 Cows 4 sl

t
fS(T—U—W)dt=0 40!
0

181l g A gy Jomiiliy (65 91 -Y-Y

AVAL 0T oe oo 0 A alal) 51 Y slailginl aswgs Jewsby (65,1

3
1
U= EZ f(k)({axx, 0909, 0x0) Oxz, O-GZ}(R)' {Exx; €00, Vx0) Vxz y@z}) dv® )
k=1""

IVAL a4 galal ) & g0t o] s

h
s
2
o= f fh (Oxx8xxt 0998 €9o+ OxgVxo O+ OxzOVz+ 09, 8Y0,)dz dA @)
AJd—=
2

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g L5 31 oolitiwl b g1y pi Hb ilicen Jlow solo Soi 35T astud b a ¥ glailginwl saiwgs 6 bl (olai,l  PPA

Ny . 925y, 0P, 19Ngg 1 0254 1 0S4
su=| (-T2 Swo — =2 by — =22 Sy + — 20 Gy 4 — 00 5
L ( ox Ot t e W0 5 0T OVt pa g OWot ey OV
1Py, Noo Ny 2075, 10844 0Py
200 s, + -0 5 Sy + 20 T sy — 2
R0 °P2 TR O Mt Raae O TR G OV T oy 0%
10N, 10Pyg oT, 10T, Tos

~R a0 SU0 TR ag 91T gy OWo T Qu 661 — o Swo — 7 Vo

+ QBZ 5¢2> dA

Sgd oo i V) Ll Ojgods 0o)ly slagles g by Ve gakal) yo a5

3
{Nxx,Nog,Nyg} Z f {0xx) 000, Uxa}( )dz
z

=1 k-1
{Sxx:SBG'Sxe} f {o-xxv 006, O-xG}( )fl (Z) dz
k=1 Zk—-1
3
{Pex,Poo,Pxo} = Zf {0 006, 020} f2(2) dz an
Zk-1
N af( ),
Z
{sz'Qez Zf {sz' UBZ}(k) .
Zk—1
d
{sz'Tez} - Z f {ze' 0-92}(k) ( fl(Z) )dZ
Zk-1

)il giwl dwgy s (555 -T-Y
IYAD 05 oo iy a3 VY (galayl, b (glailginl atugy b (55,
1 3
T = —Z p® | @2+ @2 +u2)dv® O
2 v
VAL e VY adal ) b ol T ol s e

—+——0——+—-—6—+—-6—-—)dzdA OY)

ST = f f 0u1 6u1 du; O0u; Odu, Ou, OJus 6u3)
at ot at ot at ot

:M”I‘f Cawd Ay sy s i (6 8 LRSI SO SR gadaly o1y ) galal, 6;L>-4.,L> Olose )fl

0%u, 3u, 0%uy 23w 0*wy
oT = L 10 atz Suo + 11 W ow, [3 atz 6¢ 11 ox atZ 5u0 + (12 + 15) 26t2 SWO
2 3 2
0%y 0° ¢y 0%, 0%v, I, 93v,
13 atz 5u0 + [5 a atz 5 14 atZ 6¢ 10 atZ 57]0 +E6€at2 SWO
I, 0%v, 0%y, I, 93w, I, d0%*w, I2 3wy
220 Sy —1 S S R P NI 5 )
R 0¢? 3362 9%2 " Ragarz OV t Rz gp7ae2 0o t R25gac2 OV
Is 03w, 1, 0%v, I, 93y, I, 0%y, I 0%v,
- — - - - 6‘
R 960e2 °%> +R a2 OV "Rz 3gaez O T RE gz OVt R 9%z
2 3 2 2 2
0°¢, 0>, I50%¢, 0°¢, 0°w,
13 6t2 (S +EW (SWO +EW 6 14 ot > 6(1) IO ot > 6W0 dA
Wgdoe ol V0 salaly Bl (o> lagles A F (sabal, 5
3
{10'11112'13114—'15} = Zf p(k){1'f1'f121f2'f22'f1f2} dZ (\&)
k=1"%k-1

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FEA o) @olo ((Slgo jgmo (gaumliyes 09,95

(e g9 58 -F-Y
Oygods 558 )b Jemily (6551 Dl 9 098 (oo 15 17 alail) b Billae G (5,6, 1) 05,05 )b Lawgs oo el 1S
Aval ogd oo o VY alal,

1 L r2m
= Ef f qr(x,0,t) wy(x,0,t) RdOdx %)
0 0

1 L r2m
SW = Ef f qr(x,0,t)6wy(x,0,t)RdOdx av)
0 Yo
i s 58,5 5 0 (a0 a2 oS S¥oles YT JIVA

ON. 10N 0%u 63w
xx xB . 0 + 11 + 13 ¢1
ax R 96 Jt? dx0t? at?
1 Ngg 1 0Sgp ON,g 10S,s T,

QYY)

6“0:

SV — - - =
VoR"96 RZ 09 ' ox R ox 'R 0n
(- ) Tt (b ) P (- 520
° R " R?) 9t R R2)004t? 3 at?
dT,, 10Ty, 02S,, 1 0%Sge Ngg 20%Sy
Swy: + = - ——— + ,0,t
o' 5x TR 96 gx* RZ 967 R R 0x00 qr(x3 ) .
=l—— [, ———— (I, + I -1 —(———)— ()
0 6t2 L 9xat? (, S)axzatz >9xdt2 \R R?/360t?
R29020t2 R 000t2
0P, 10P 9%u, 92¢,
0d: — — =1 +1 xY)
1 dx R 96 Oxz = 15 otz 't gtz
ang 1 ang 15 62170 15 63W0 az¢2
0¢,: —( —) = AV
b5 TR e ez otz T Rogacz T4 e

oY @bmb slradgs cans p SYolso U"‘ Jod gl il onls aisgs 9 sleadlgs caws o YY 6” VA Ly,
(o 952 ‘_;)L><\.:l> (5[.@4&]5.0 o> O 9 ¥ ‘_g)LoL.u Y oleo )l oolawl L: ‘) AR 64.2.1‘) )SL»-MS 9 9).».: 6[.%4.9.}9.@ Cl

e -2 (EZ;O ) 2122 aa¢;2+ <6;¥0_%> aau B2 aaqb + B aa:;() RAR
96 = Fl(?al;(] ) 1;:0;;2 (aaevzo_%?) Al% +Azaa¢ 3% o
P
i1 e B -GS en i en
= <f;;° w) e R

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e Wy L5 31 oolitiwl b glas pi Jb ilicen Jlow solo i 35T astud b a ¥ glailginwl saiwgs g bl (olai,l  Foe

—_ — — — Y"
60 (ae ) R 90 507 98 )ty the gy A4 9x2 )
D T A\
Pro CZ a tCo oy ox T 9x00 0dx) R 90 ' R 06 ™
aw,
sz = E6¢1 + (ES + E4-)a—0 (VY)
X
(D3 + D,) (0w
=g (g ~ ) + Det e
aw,
T, = (E3 + Ey)$y + (E; + 2E, + ES)W 9]
D, + 2D, + D) /0w,
Ty, = (D3 + Dy)op, + “R+5)<6—90 - 170) (Yo)

3

Z
Uidodsdudsad =y [ QROSSS Sl f3) a2 )
k=1"%k-1
o[ o
{31,32,33,34,35,35} = ZJ {1 f2,f1;f1f2,f1 fz }dz YY)
k=1"%k-1
{(C1,Cy CoCarCo Co} = f QLo fofufuf 217} dz o)
Zg—1
ofy 8f, 0fidfy (0f1\° (0f2\
(k) ZJ1 ZJz FJ17z 2J2
{Dl'DZ'D3'D4'D5'D6}_ZLk ) { 0z’ 0z’ 0z 0z’ <62> '(62) dz R

ofi 0f, 9fi0f, (0fi\" (0f2\°

(k) 1 2 1 “n “J2 .

(E1 Bz By By s Bo) = ka IQ { 0z’ 0z’ 0z 0z’ (62) '(62) dz ¥

{FlﬁFZ'FS'F4—'F5'F6} - f Q; {1 fZ'fl'flelfl f2 } dZ (f\)
Zk-1

AIA Lals) g s oSl Yol 43 FO JIYY Luls, Soke 4l bagylas o by s b Lo 1o Lals ) (o 1351 L
Cewd A \id L?” £y .E)b) d,sUa.o Yol U”‘ as $)5| Cewd d o_>l>4.al> 6&4.0.!9.4 e | pjl? Yol 0 ‘9”&5" 5(YY

5 Ay (3%v, 0wy A, 0%, As [ 03w, 0%y, + B 0%u, 0, p ¢1+B 23wq
t = 9x00 = dx R 0x30  R2\0x00% 09xd0 1 9x? 2 9x2 3 9x3
1 9%y 0?2 C 93w, 0%v C, 0%u, C,0?
C1 0 + . ¢)2 _3 2 02_ 0 _1 20 _2 d)zl (fY)
0x00 0x00 0x00 0x00 R 00 R 06

azuo 23w, 02 ¢1
=hge thgge T3

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FO) | o) @obo ( SBlaw jamo (guad 95 9595

202 T 29 R 202 T R2\ 383 902 1 ox ae+Aza 36 " 333700
F, (0%v 6 F, 02 a3 L) 0%u R
= I3 2o IWo +_4 ¢22+ V‘;o 0 + As 0 + 4, 1
"R 9602 ' 90 ) "R 96 a0 962 9x90 9x90
63W0 62170 6 ¢2 3 6 Wo (72120 Cl 6 uo Cza (pl
MEFr 269>+C1 oz TG a 2z R ( 9x206  9x2) R 0x0 ' R 0xd6
1 C 62170 C 6 d)z Ls 63W0 _62170 +%62u0 %az¢)1
379x2 T 4 gx2 9x200  0x2 R 0x06 ' R 9x06

5v F1 62170 aWO FZ azd)z F3 63W0 aZUO 32 a d)l a Wo
voi o) 42 k) A

(D1 + 2D, + Dg) fow,
+§<(Ds + Dy, +ITZS<6_90—V0>
_ 2[1 12 62170 11 12 a Wo 15 6 ¢2
_<I°_7+ﬁ) otz +(E‘F)aeat2+(13 ) otz
GIoN %w aqb (D1 + 2Dy + Ds) (02w, OV
Swo = (B3 + Eg) 5~ +(E1+2E2+E5) Z| @5+ D) == 2yt RZ > 692"—6—9‘)
_3 63170 +a WO _ﬂ a ¢2 __5 a Wy _ 63170 _B 03u0 _B 63¢1
9x200 ' 9x2 R 3x200 R2\0x29602 9x200 3 9x3 Tt ox3
64W0
5 x4
L (F5 (0%, 0*wo\  F0°¢, Fs(3'w, 9°vg dug 3¢,
_R_(_<693 v ) TR e tre\aer "9 ) TN ar T M nae
+4 0"wo
5 9x2962
F1 avo FZ ad)z F3 aZWO avo auo a¢1 aZWO
-= 2 A — A+ A ——2
< (60+W>+R66+ 362 90 ) T Max T2y T2
2 C 63170 63¢2 5 64W0 63“70 C3 asuo C4, a (p]_
R\“ 92700 T “5x200 9x200% 09x280) R 0x002 R 0x062
+q-(x,6,1)
_ d%w, _ 23ug 1) 0*wy 3¢, (11 ) vy, I, 0%w,
079tz Mgxatz 2 % 9x29t2 S9xdt? \R R2?/000t2 RZ0029t2
5 0°¢,
R 060t?
Az 62170 aWO As 62(].')2 A4_ 63W0 62170 02 ¢1 Wo
PR— ) +=2 =2 - B B B
e <6x69+6x + % 506 T 72 \ 9007 ~ 06 T BrawE T Bo gz T Be 3
1 azvo a ¢2 63W0 62170 Cza uo C6a ¢1
<Cza ae tlogxa0 TR (26x692_6x69 TR 02 TR g0z ) Een
92 Up 92 b1
—(53+E4) _13 ot? +1, ot?
62 ¢2 C4 6 WO a UO Cz 62u0 Cﬁ 02¢1
: 2 — = 2
Y R P < 9x206  9x2 ) R 9x00 ' R 9x26

Fz (32170 (3W0 F6 62¢2 F4_ 63W0 0 Vo 0 Ug 62¢1
+_<_<aez "6 ) T R 902 505 962 )t 2 5x00 T o 5xa0

200 R a0

at2 ' RHAt2 't ar2

d Ds; + D,) (0 I\ 92 Is 93 0?2
+A4a Wo)_(s 4)(&_1]0)_1)6(1)2:(13__5) Vo 15 0"Wp (o]

(fv)

(%

(tfo)

(t#)

Jlow 5L, 3 oS> Y oleo -0-Y

90515 BB e (i e Jhw (2,8 L slalgial atng 3;0 Jlow Slegs jl8; p @Sl SVolae i3u (pl jo
5 " Sidlul laoge (6 ats 90 4 lagge S (s 5 o5l b Laipe Blas j3 o0 s @ pp Sz L gyl

Lt.b.u).o 6[&09.@ uoya} ) REGGIW- )mo)‘yo u.ul;u‘ “5....1[.' Mt@aﬁbduwwﬁ @)L..Cd.: ..\49,...)69 uo)S

19 sloshing
' Bulging

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g L5 31 oolitiwl b glay pi Hb ilicans Jlow solo o3 35T asud b 4V glailginw] saiwgs g bl (olai,l  FAY

Joily i Jlw (logs Sl Sl Gla S8 5 Wgd oo (5,8 o Ojgods 99 10 dlug g G5 (S
LY ] 0o BV ool dolas 5o b e Juandly opl g 098 o0 00ls Lis B(x, 0,7, 1) b Jlow e yoo

0% 100 190 0% _ V)
ar2  ror r206%2 0x?
el o0 428 F a0 FA calal b 5 Sinlen & g0ty Sl b pus Jmeily andllas ol 5o
B(x,0,7,t) = iw B(x,0,r)e'wt (fA)
Sl lgsso BT poz ol 51 oolicid by s Jloow slrasls Jowilyy 0(x,0,7) 52 = =1 FA aobee 4o
Cebgs Sl b b o gl il § Seadb b s o plal> iy pon Jol> ©jg0a 1) Jlw olal>
Dgh o0 atdys FA galal, 50 a5
¢ =0® +¢® (f9)
Uiy, (3351 oy (glys it Sipidsl 3 Simlly plrals Joily Sl ey 4 005 0B £ b, o

1398 g0 485 Ja 13 5 Ojge 4§50 Ll L

(B) )
atx =0 6(2 =0 ) 6? =0 oY)
X X
a
atx =H p® =0 oY) w2®=ga—® (3]
x
(B) (s)
atr = R a?jr = W(x’ 9’ t) (av) agr = 0 (A())

95 2 Slp O IS )3 (S3gee Sy 39 Jho (B8 L e Ll ph el (e IS OLLS g OF salal; )3 a5
l)).:‘)) wﬁ.} a)‘j..).b u)ij )o JL.M.» GCLxm u.c).w ;_i.u.?:.“.» J.WL.: 6‘)) w‘ 0D My s_im.wy-u‘ 9 &..«.?:JL: J.M,..JLJ

)..) JL.M CA.C)...J ‘&M)L.ql JWLJ 6‘14 w‘ 0l UOJ‘S J.A..o J“]" JL..u .)bT c.la...u )..) ‘Si...ct.:\) )L.....S 9 :Lu.uj.: u.cru
el 00 M;)Jag)b g d.]a.:‘) u)ﬁwb JL\...J O‘)—‘ C.‘a.m o 5).1.0].:‘)) ‘wy uow 04)3 u.l.o J.Jb L M}: U)SL?!A
e diigi OF salal 5 0dgei (65l OF alal, o |, b uuilty UT pazr Lol 51 eoliciul

a
wz(z)(B) — ga(q)(B) + @(S)) at (x =H) %)

D9 oo albgl OV (galayl,) I 0068 o colaiul by psie (g5lulas g, 5l Jbow Jamnsly Zuly 9 yglcamods glp

9 = Ry (r) ©(6) X(x) @)
el OA salaly & goas Sl b Lo po iy genly toles 7Y Y] OV salslas o 5l
M N
- 2m— 1) 2m —1)n
B = Z Z A, cOs (%x) cos(n@) I, <% r) (OA)
m=1n=0

OF alayly g pdyBlasil ojleys b lad e oailendl (6550 by b a5 b a5 aiiies Jogmo %l),bﬁmn DA alayl) o

N

Z Amn (2m2;I Lm cos <(2m Z—Hl)nx) cos(nf) I, <—(2m Z—Hl)nR) =w(x, 6) (03)

m=1n=0
I ] Ses oo aiiigs £o sabal, & g0t Amn ol y 0% alal) g 4568 (6 o Jaes daz g3l e o

2m—1
B 2“3}2{] fOH fOZT[ CoS (%x> Cos(ne) RdOdx

mn — — )
2m—-Dmn I ((Zm 1)7‘[R)

2H 2H

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FOY o) @obo ( Slaw jamo (guad 95 9595

1 ifm=n=0
coff =492 if morn=0
4 if mandn#0

axtyi P alal) el Kl Jeonity b o SEBDol b e (5550 Ll il 5 e g, S 3l oslizal L

Dgl (0
K N
P = Z Z B, cosh (Tx) cos(nh) J,, (%k r) ¢Y)
k=1n=0
Debse b FY galaly 4 (Sobglul (6550 Ll pd 4y axgi LY galal,
Enk
Ln(dr ) =0 at (r=R) )

A0 PY aluly g0 o] (chuiz (6550 el 0ad (28 oST5 BB e Jlw S S 0500 Jlow Sl 4 4z b
AR YN JNPLER 4
1 09
— 2 -
=5 Pro La’an ds )
Oygods Jlow (i 6551 Sl g s 605 SIS e e o § g s o o Jlo i1 Jlow S8 pf &S
29 oo Ol Y ek,
1 H r2m
0Ty =5 wazf f (@®),—g + 0©|,—r)w RdOdx #H
0 0

g_;“‘"}")l" 4 ‘h-.") O yg0dy s g0 (o 6‘)-.’ ‘) Ogken J‘"‘ d‘ﬁjs‘ (Jbw 55> 6“\3‘53-*"‘ wgs u’-e)f)'l“"ﬁ L
.‘.)9.0.3
¢
f (6Tsneur + 6Tf1uia — 6Usheny — W) dt =0 )
0
plo g 0,138 = Slow dolee ;o s Jlw jea> el W L canlie Jlow PSES Gl Olyss Aol azgi b
S o lag yemi Vo (o Aol 4 FF (g dolas ol s scls aialssn (5 s sanlcawsas SYolee

0 D, + 2D, + D:) (9%w, v
Swo = (Es + E) 5~ 0% +(E1+2E2+E5) ((03+D4)ﬂ ® RZ 5)<6620_6_90>)
As 6v0+6W0 _éa%__s 6wo_63v0 B %_ 03¢,
9x200  0x? R 0x200 R?\0x200%2 0x206 3 9x3 Tt oxd
0wy
CUS gxt
1 (K 63v0+62W0 +E63¢)2 Fs 64wo_a3v0 2 %+ 03¢,
RzZ\ R\ 963 = 962 R 0063 0% 963 S ox  *oxoe?
0w
* 50x2692) )
1 (F, (0v, F,0¢, F;[(0%w, 0v, du, ¢, 92w,
E(E(WJFW)JFR 2 TR (692 ae) R e
2 23y, 3¢, Cs 0*w, 2%v, C; 93u, C, 03¢,
S o +C, =y ) - = +—
< 9x290 9x200 < 9x2002 6x200> R 0x062 R6x692>
+q,(x,0,t)
0%w, d3u, 3¢, (I, L 0%v, I, 9%w,
210—2 Lo—= FYETY) s Ch 5) X2 2 5 2_<___2) 2 D2Ap2a+2
. 5’93t¢ 16x6t at dxdt> \R R?/060t> R236020t
~ 3608~ 3 Pro @@l + 0911

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g L5 31 ooliiwl b glay pi Hb ilican Jlow solo o3 35T aswd b 4V glailginw] saiwgs g bl (olai,l  FOF

S o OYoleo Jo -F

L M 6‘“‘3"“‘"“ 4......49.' GAAJL M&' 61).1 Lol ol soliiw! Y olss J.’> st.: u..S)lf GO u.us) )l axJlas U”‘ o

uy(x, 6,t) =

vo(x, 6,t) =

wo(x, 6,t) =

1(x,0,t) =

M= D= EA
= -

] ||IM N
=] ﬁlM =

P1=

Uty (X, 0) Trma(t)

g
1
=

ViaVo (X, 0) T (1)

WiiaWo (X, 0) T (t)

I
fu
1l
-

d) i 1 (% O) T (0)

b:(x,6,0) = Z Z 2 25 ) Tun (6)

m=17A=1

Lv] el oot a3 5 as o VY sabal, oo Jles! (59,0

(QAD)

...\;.Ju_a Cowd s balas (g5le aeS 5l o a5 ail oo Jopome ol o Do 9 Prpn Winn Vi U V) akal,y jo

Sire by b @y al 45 Aiibse o 55 4 pgage 55 Ba(X,0)5 B1(x. 6) dWo(x, 8) Fo(x, 6) To(x, 6)

&S plaazg baig) oo Jled a0 55 (59 @l plea (1S I g,y a5 anlei Loyl ) (5590

(-9 -

C-0-

6)L>| Slislas ‘Jﬁlz’ )é w‘

iy (x, 8) = cos(amx) cos(i6)
o (x, 0) = sin(ayx) sin(fif)
Wo(x, 0) = sin(ax) cos(7i6)
$1(x, 0) = cos(anx) cos(7i6)
¢, (x, 6) = sin(azx) sin(7i6)
fiy(x, 8) = sin(2azx) cos(7i6)
o (x, 6) = sin?(a;x) sin(7i6)
Wo(x, 0) = sin?(ayx) cos(7if)
$1(x, 0) = sin(2azx) cos(fib)

®,(x, 0) = sin?(azx) sin(fi6)

b wislys LISl VY o VY

vY)

Y

= Alr @i 5 e 5 Jsb slagge p dlasi Silo cos 5 5T 398 Ll o

oads 48,5 b5 o ey g 1S 16&bu)yomub‘dl);b‘m Sloj Ay disly cptnmw 4 00l Oy Lo ye sla b
g oo ot Y salat e 5 @ JS2)
456,00 = QOF O = ) D Fan O = ) D pun Wo(x OF (©) %)
m A m A

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FOO o) Bolo «(HBlgo jamo (gaulysS 09,95

- L -
e Sy (S y C lailginl gaiwg & S
Dpdy o) Y Jgaz )y casl polis ISy @ F (8) a5
Gl )l 5o b, )15 @ aliso led ¥ Jour
Function Type Step Function Triangle Function Sin Function Exponential Function
A F(1) A F() A F() v F(1)
K
F, F, h
Function
il t h it t t 1
F, t<t F(l—3y e < Fysint ¢ <
Fo={0 130 ro={P0TR IS g RSN ISt = e
: 0 t>t 0 t>t
B9l oo aid)S a5 S VO Laly, O jgods j10,5 g 0ole 28 4SS Ll 4y ax g3 L s YT ekl jo
Z Z Daisi Sin(azx) cos(Q)F (t) )]
q-(x,0,t) = m )
L Z Z Piisi Sin? (azx) cos(fi0) F(t) -0
m A

2l = (x; — x9) )

2l, = R(6; — 61)
30wl gy bl cl glp 1) VO adal) 8k 51 s asiee (b el S0 Slaite 50 9 X e
e JS b Jles! zlaw (59, 5 09505 w0 sin®(amx) cos(fif) o s .5 > ly ¢ sin(amx) cos(ih)
il o s W VA VY alal) & g0t P ol po

. D = ﬁfxxf f:f qo sin(azx) cos(fif) dodx  n =0
s—s V)
D = ;_foxlz f:f qo sin(azx) cos(fif) dodx  n >0
: ) D = ﬁf;: f:lz qo sin?(a;x) cos(fif) dOdx n=20 e
c—c
o = %fxx: f:lz qo sin?(a;x) cos(fif) dOdx n>0

w0dd Jloel b g o1 (35l 50 s crisb GuilS 2 4 4255 b g e <5 > S¥0lae 50 FY glagaly 5 151> L

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g L5 31 ooliiwl b glay pi Hb ilicas Jlow solo i 35T aswd b 4V glailginw] saiwgs g bl (olai,l  FOF

mn

ox

2, I\ _ L I\ oW, Is\
~@haTna(® ((’0‘7*@) wt (7 7) g+ (5= F) Pomn

, _ 9 _ ) _ Wer
— Wi T (O ( IoUma + Iy + o1 | = Taa(t) IOUﬁﬁ+117+I3¢1ﬁiﬁ V%)

_ A+)
. 2L, L - L L\ 0Wan I\ -
=10 (05 )P - 32) 5+ (=)
_ Uzn 0OWay 0y (L L\OVmz I 0*Wgga
2 T o Zumn mn mA _ _1__2 mn__z mn
0T (0) (10Wmn LR (g p) g i (L 2T 2
)
. ou O MWe  0Br I\ OF, “v
— o ﬂ_ ‘rﬁﬁ_ lﬁ'lﬁ_ 12 mn
= Tal®) (lowmn LR (gl R g (L 2)
_I_Zazwﬁﬁ _1_56¢2,ﬁﬁ _
R? 067 R 06 T
05 Taa(®) (I3Uma + i) = Taa (O (s Usnis + L ) (AV)
I\~ s 0Wns - i} Iy - L oWas -
~0aTa(®) ((1 =) T + 2 14¢z,ﬁ> = Tona(®) ((1 =) Vo + 2T B *Y)
.qﬂu_a Cawd 4 AY galal) S 4 pg0 4l e (Jgere Sl yans doles cVoleo 08 )b (g5lwoslu 5l
. i (t
Taa(t) + 0 Tmn () = Qma(t) A%
Jmn
L ,m _ L T _
i@ = [ | 4 Wandodx = || @,C00)F(©) Wiy dodx *o)
0 J-m 0 J-m

L ,m
Jima = f f L(Uza + Vs + W)
0 J-m

W~ 2_, OWama-  OUmq — Vs —
I o —— 2 _ W~
* 1( ax mn T RVmit poag miT gy Vmn T Rgg Vmn
Vi OWmn_ W — Wan — 0 Wi —
L2 _Zmrg 2 Mg mh oL — LGS 7Y
* 2<R2 RZ06 ™ oxz ' T Rzge "M T g2 " %)

bl ) 8k 5 T (8) Sloj @b s (8 o a8l (oot (slog 1 Qi () g 00l Jlo s o> Jma 398 g 5o
oy o0 [ AV (galaly g a8 5 WOLY Jas AT

7 (S
5 Tan(s) + whala(s) = 252 v
7l
1 Qmals)
Trn(s) = — AA
i (S) Tup 52 +0)$,~1ﬁ (M)

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FAV o) Golo «(HBlgo jamo (ol yss 09,95

1

Jma@aa

t
Tra(t) = f Qoo () sin W ( — 7) dlt A%
0

gl oo 4ty AF (1A Laily; & jg0s pies by VY skl 0 AR alal) olo )8 L

M N
w8 = Y Y I 0,6) [ Guule)sinmate - ) d @
fi=17A=1
M N ¢
vo(x, 6) = Z Z F’:Zﬁn 5o(x, 6) JO 0 (£) sin Wi (£ — 7) dt @
M=17A=1
M N ¢
wo(x, 6) = Z Z ]mw’:;n #s(x, 6) fo 0 (£) sin Wi (£ — 7) dt @
fi=17A=1
M N ¢
4160 = Y. Y P G,0) [ Qua(©sinoa(e—0) dr an
M=17A=1
M N
$2(x,0) = Z Zf—ﬁigz(x' 6) fotQﬁﬁ(t) Sin Wz (t —7) dr A%
m=1q=1" noeomn

@ aog b aS aites @y 4 pgwge Pa(x, 8) g Gy (x, 8) Wo(x, 8) To(x, 0) dp(x, B) a5 ob S5 5 i
el s grel ol 8 Wi e Wgh (o0 Gy VY 5 VY Laily) 3ok (5500 Ll

i b ayVa slaslgiol ang Sloj gwly ¢ £ S0 o el odsluwads N=M=1 0 Slilas b jlogead slod allin oyl 4o

b )logad cpl o cewl samlice B Sled g (gl aly o gilin ¢ qwgivem i i 4y il (6,105 )L co (bl olasl>) &,.))ﬂ

B 553 sla,loges ;o ailoads ouiw,licl U%SLT J8le 5 9, b ool gildas ulal odelCowsdy slo <lo>

;Q J.JLS el 00U 4..\.5; J.]a.J )o QT LJB‘ (ﬁ-\b u.wlf)s )\) W‘M ‘5'......‘0 uaLu 0)50 L: J")" 9 | )l) JLo.Cl uLQ)A_)M

Fewly a5 05l oo cdalin ool x=§,9 =0 ,0 5 &,l08,L ;50 Slaisw 4 by e odeliwss slo Ful 45 ol

295 sl Billas ouls oolaiul sl se85 il b oS Ll S58le 5 5 (gile 4 ool Cawsd 4 (b olal) S
35l

Sine Pulse
0.0002

0.0001

-0.0001

-0.0002

Radial Displacement (m)

-0.0003

-0.0004 w— Present

wennw Abaqus

-0.0005

0 001 002 003 004 005 006 007 008 009 0.1
Time (s)

Al

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g a5 51 oolisnl b 614y b 5b plicans Jlow golo S5 35T ditud b &Y (g4l gl G&we gl ol )l - FOA

g (A £93 (6,105 ,0 Coni’ SUT 351 gasiwd b a¥ s glailgiw] awgy Sloj wly (o lacl £ o

0.0002 -

0.0001

Radial Displacement (m)

-0.0003

-0.0004

-0.0001 -

-0.0002 -

Triangular Pulse

0.0002 -y

0.0001 -{

-0.0001

Radial Displacement (m)

-0.0002

-0.0003

-0.0004

— Present

=ss==s Abaqus

Exponential Pulse

— Present

sssss Abaqus

001 002 003 004 005 006 007 008 009 0.1
Time (s)

S

Time (s)

<

0.0003 -y

0.0002 -

0.0001

Radial Displacement (m)

-0.0003

-0.0004

-0.0005

— Present

sssss Abaqus

-0.0001 <

-0.0002

003 004 005 006 007 008 0.09 0.1

Step Pulse

001 002 003 004 005 006 007 008 0.09 01

Time (s)

c

@ L (2l Az Hio(o g9 6,08k cod S 51 saims b ¥ aw glalginl diwg (Sloj gl (i liel £ U
21, x 2l, = 0.526 X 2 (m?) &; = 0.03125 (s) Fy = —1000 (Pa) «wsSLT 3810 5 50 dgamo ol I Jol>

Jdo @ pizman el ool a3 )3 lai o ¥ Jouo b asVan lalgiul aig 4 by cwiid 5 gole Dlasin
9 Lo zlienl oles g5 (6,108 ,L sl bl 04 oo oolainl oles 98 (6,151 51 o lxal (b (gl i jo asy

S 00 wm )1).9‘ ey

ST 13810 5 (Soliud Judoni 5 o odlisiaw! S 35T acwnd b ¥ dws (gdiwgy otk 9 3o (o195 ¥ Jgu

E@Pwa)y EP®Pa) 6P (Pa) 62 (Pa) 62 (Pa) v v p@(Kg/m?)
A FP0O Y.Ygeay A//\FVA\"x\~V A/\~\~Ax\~v \‘/~\°~\°\’><\~A —\/AYZYY —+/OfFY A AMAD
N1 N2 LE] he./h h/R L/R v E
Y \ ERAW AN A ofe s YYYYY o 4 A Voex)o?

S0l d grwly p gl ginnl diwgy ciliseo g Jole il oy -#
Slailginl Gaiwg cwiid b Jole z5TG V-5

gy 55y Sl GaalS s 4y sl o o0ls (i elad gl © elad 4y Job a6 Y S5 0
Fally ool QRPN L 45 090 g osalie (rizmen il (o0 (I SN S0 5 el aile e Gl I Pl 4o

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FO  aw) @olo ((Slgo jgmo (gaumliyeS 09,95

elal> oldl Gl lp a3 Gl ¥ Jgax 0005 e oanlie gloj rwly ;o U (o gl ol Lo
SSlas w5 sl % Cnd azmilizz a5 098 o 0dnlie ¥ Jgoz slo sols (6 dunlio b .l 0o 00,91 jiSlas> el
b oo oS do o Y Olyee b ol

JSb b b o (slailginn! gy (olad olrale Hlaie Gumwy BS1as & plojoae P Jguar

L/R \ Y o Y \e
t of+-Y SRRy o AT o[eYY

YAASOXY T e VYY) ofee YATY e YYOV oo YPE

Wmax
RV S| IR-OWOSIIE-WIPY L SRGIUY EVR ) 1| FRRGOUWI [PG OWOURpp | Dy oF W] FRSUIP LOWT VY L SRWIVN E - KV-P ot F | PRIy g L O
2 oeled plraly Sl gy lp oY plojan 8 Joaz 53005 (o S elad lralsr ke bl 5wl

sl N /D lake }l% Elad 4 Calbes Cand ad plpes b aS 55 e 0000 el 0o 03,51 (5,138 ,L 55 e

g osd o ey 55 Bl EalS el T e (IR GKes Bub Slal (oe (SRIS 90,8 VT e & 5,50 55 5o
bl oo G Fog) plralr Sl 5w o 28] 0 ot b plralr 2Slae 4 Gae ley SR o )le

Exponential Pulse Exponential Pulse
1 2E-05 000012
e /R =0.1
SR06 - ‘etvee /R =0.05 A SE-05

.- WR=0.03 'y

4E-05

&
by
!

-8E-05 -

-0.00012

Radial Displacement (m)
Radial Displacement (m)

-0.00016

\ <0.0002
X
2E05 4 V4 -0.00024
—=— LR=10
-2 4E-05 -0.00028 T T T
0 001 002 003 004 005 006 007 008 009 01 0 001 002 003 004 005 006 007 008 009 01
Time (s) T'ime (s)
Slailginl dwg (b glraly) Sbj gl A S5 14 gl Ay (Elad ol ails) Sloj gl ¥ JSb
Sl a4 Cwolis grcans jo S 381 gaiwa b Y aw mos Cglisie Job (b 55 S 35T ghiwd b &Y dus
t = Fo = —1000 (Pa) (2l £ 95 5,145, codd Lglio &1 = 0.03125 (5) Fo = —1000 (Pa) « o3l g8 5,155,
21, x 21, = 0.526 x 1 (m?) 0.03125 (s) 21, x 21, = 0.526 x 1 (m?)
IS b b o (glailgin] Ay olad il asler sl (i 510 & olajia & Jaaor
h/R ofe¥ A </
t RN NERY 2 YRR
Winax AR A R y/ganaxy .~ Y/evVExy. T

(Sloj Eowly 32 S14lginl Satmgy dnd cwid slo Jole 3l -Y-F

1 les &l b gy Jlael oo (elad ol lo Gy p (S35 ann) (535 50 Y Sl 3l 4 IS

Aol 2lS T Lo s g s o S5l 33l o 4y o5 e Caolids i3] L 45 el oanlicn b5 ams o (L

Ol dais Eely e amlsy o pd Cunols S0 Bk llosh e i i sl plraly Sl wieg oo
Sy dalg> elad olal>

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g a5 51 oolisnl b 614y b 5b plicans Jlow golo S5 35T ditud b &Y (g4l gl C&wg bl ol )l - FPe

Exponential Pulse

0.0004
"
+*
[\
0.0002 - * "\
+
E
= 1
2 |
7 t %1 \ \
S 00004 o | + *\ 4 \
-} + [ J 4
k] \ +
& * |
-0.0006 4 | - e hic/h = 0.1
i ! eee heh=03
* | a-a- heh=05
00008 4 |+
* | —a— hc/h=0.7
\j —+= ho/h=09
-0.001 T T T T T

T
0 001 002 003 004 005 006 007 008 009 0.1
Time (s)

(s £95 63105,k i Y duw (51l gl Aigy (ool 2o ail2) (Sloj sl 1 S 35T s Conlius w3l 4 JSS
21, x 2l = 0.526 x 1 (m?) &, = 0.03125 (s) F, = —1000 (Pa)

Ve e obol o Jloges ol 09l co oy ol Sloal> S535T Y sasms LSis b augl; J.uL Vo IS
Codle (i85 LA 08 a0y cdugly o3lail iol38l 4y aS 84 e edalive .l sdsliiwsd IS Cwls I SSET AY sas s
5 aub oo il 8l e S g odd FpSTie (535 0 4Y (SSFT Caols zals g s melS Lo 4 (F JSo) ]
WS (o0 s 42,0 A 4 F e Sl b gl 5 Sloj S5 p9bar 29d o0 plrale STa olail AalS o 9090 0
cls walys 36 0o V8 T o, ol g rals wope V) et slals

Exponential Pulse
0.0004

— feta = -10 A—a= teta = -60

eee feta=-30 =ik teta=-80
0.0002

-0.0002

-0.0004

Radial Displacement (m)

-0.0006 -

-0.0008 -

-0.001 r — T T

T 1
0 001 002 003 004 005 006 007 008 009 0.1
Time (s)

EP GO b i a¥ aw (slail gl diwgy (elads Slraly) Sloj Fwly 3 S 35T dmd 9y 950 sty Jokw asgl; )..ob Vo S
21, x 21, = 0.526 x 1 (m?) &, = 0.03125 (5) Fy = —1000 (Pa) « ol

(14l gtan! daogy (silo gl o 5k S 9 5,185,b g9 il -7

3 ST din b slailginl a¥aw atugy 651051 )0 (pugiw 5 olod (Hie (slaly £ 55 oz 45 b 53 NI

Sy 4 azgl b o ssalin BB o)L &b gg ez o cod (28l lagel V) S o canlond and Sl

oS el aly 2l @ b ye (olad plrale (it &5 S8F amS Gl e ol ()15 )L @ Jloges i rlan oS 450
Sl Hloges 5 e (2SS b pleml @ ba e lagaly (5SS 5950 1) gl waw (n 5S 5

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



C o 5 s s &
PP o) @obo (Slpe yeme (sod 95 (985
Exponential Pulse 0.0003
0.0003
— F0 = -1000 n
0.0002
0.0002 FO = - - )\ =
—a— F0=-2000 - RS
0.0001 0.,0001 -
i 0 E
E = 0 4
£ -0.0001 g .
£ 3
3 / = .
L —— . = -0.0001
=3 Z
z ! 8
= .0.0003 y =
2 -0.0003 4 5 -0.0002 -
5 h 2
2 v =
-0.0004 "
: -0.0003 w—— Sine Pulse
-0.0005 )
bl e e o [Exponential Pulse
«
-0.0006 ) -0.0004 - ~+—— Triangular Pulse
—a—  Step Pulse
-0.0007 T v - T T T T T T -0.0005 T T T T
0 0.01 0.02 0.03 0.04 5 0.05 ’ 0.06 007 008 009 0.1 0 0.01 0.02 0.03 0.04 0.05 0.06 007 0.08 0.09 0.1
ime (s) T'ime (s)

¥ s gl gy (s2lad o lrasle) (Gloj gty 1) IS
&1 =0.03125 (s) Fy = —1000 (Pa) «glio 5,105 ,L caxs
21, X 21, = 0.526 X 1 (m?)

(Sl (o lrale) Gloj Gl 3 031y 3l oo 3 IY S
Fy = 5‘5[Lo.i &9 ‘5)|&f)l.g Co Ay aw glailgiwl wgy
21y x 21, =0.526 x 1 (mz) &, =0.03125 (s) —1000 (Pa)

b M (s oias g oo (bl sl o0 o0l i el olrasle s (Fo) oaols ,b olul il VY S o
).S‘A} 4.4.....19) » .b)‘j )L A u&j.o.) ).:‘).: 90 l) as ‘y.u u)l L ‘.)94..)‘50 0l @5}4.: ‘SCLM @l}cbb ).\SLX} 9 od.mb)ls

(S14lgunl atgy giloj ly 2 o bk 9 5k Jlos! lojsase o3l -F-5
S (NP) o5l b gl 0,90 4lada 51 (6,105 ,L lojciae azym a5 Cowl (pl 05 co bl 0 VY JSLs 51 S asdil

(b iS850 il 8) (il 8 s a5 sl ] e L wSe 5 05 o0 oS 5 slrals ST il
Bed oo plals SSlas als jalS Coge jel (pl a5 00,5 o 50 wais 4l A wul oo il

Exponential Pulse

Exponential Pulse

0.00012 0.00012
e X load = L/2
8E-05 -| -« Xload=L/3 8E-05
—&— Xload =L/4
4E-05 || eeeee X load = L/6 4E-05

g 0 g g
] s
2 2
5 -4E-05 £ -4E-05 -
51 S
= =
o o
.2 .
& -8E-05 o & -8E-05
3 5
& - 12 & -0.00012 -

-0.00016 — -0.00016

-0.0002 00002 4 NS eeees t]1 =025 NP o= t] =] N.P

--@- t]=05NP —=— t1=2NP
-0.00024 T T T T T T T -0.00024 T T T T T T T T
0 001 002 003 004 005 006 007 008 009 0.1 0 001 002 003 004 005 006 007 008 009 0.1
Time (s) Time (s)

eal) Glo by 3 NS )L Jlos! Joo 25T 1P UK o3 el p 61353k Jlosl lojoae 136 Y UK
Fo= (ol g9 6,I08)k cod ¥ aw glailginl dwg (bl g9 6,108k cod Y aw glalginl atwg (bt o lrale)

21, x 21, = 0.526 x 1 (m?) . t; = 0.03125 (5)—1000 (Pa) 21, x 2, = 0.526 x 1 (m?) Fy = —1000 (Pa) oo

55 e ol s o a0 olS A 5 o) 4y (6,18, l5e 45 Sl oS 29 so odpd VF S (glaazily b zillas
a5 Wiz, Og dalgt pleaw p laad i S0 cde 4 (pl g sl e BT BelisS oy j0 g g oo oS )b e

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e g a5 51 oolisnl b 614y b 5b plicans Jlow golo S5 35T ditud b &Y (g4l gl C&we gkl byl - FPY

ST L 35 0 yti b aS 090 g0 0003 .0 S wlgsei bml (65 s (ke S ,E 50 (IS L e ol
L

8l o GUEST gy a0y ) 5 GRS w00 B) ploale iSTas = 47

lailgiwl Gaiwg (Gloj gl 2 g (5950 Jlw S1-0-F

ol Jbw 5l TN | diug 514 098 o cdmliv aas o lid |y 61051 maw 30 Slals Olass VO S
Sleo dlais lralr Sl e 1S gy il (slailsil sy (9,8 Sl Gas 4z 0 eeiS 5 Voo e (2) IS b
ol (SKalow ) oo jUatilazsll (nl g 998 o0 csalin loj uly )0 23U Grizren 5 00l JoS divgy mhaw
ol s fbed plral 2Slas lade £ san 0sdpe fiin e (i 5 4l bl Jlow gla)) (2l L ptece
ol 0a ooly lias Jlew alizes slaglas)l o oyl £434

b b g o Jlw (g9lo slailgin] diwgy (Gilv abill gl ale G5l polic £ Jeus

H 0 L/3 L/2 2L/3 L
t S JAYE Y. -/-YYa TN efef
Winax N Y ofee \OF ofee o VED ofe e AN efeee\Ye

5 I8z wrge Jlm Bz Gl 45 055 00 canlie 058 o saalie Jloj gusly 2 Sl Sz 555 VP S8 0
(P Sl JBz ST a5 GlaigFa wd wnlys o plimog; 98y 5 Sl plraly (EalS 4 ;0 5 el oo
bl wale sas o Ve iolidl Sleg ),_>L 560, WV Lzals olrals iSlas wad aid )5\l o Ol JB> ol e

Exponential Pulse Exponential Pulse

8E-05 0.00012
e Density = 1000 A—a- H=0
OE05 1 = =« Density = 2000 SE-05 | H = L/3 »
S e . )
E05:<) —=— Density = 3000 \
——®- Density = 4000 4E-05
2E-05

0 4
0 -4

2605 -4E-05 %\

-4E-05 —

Radial Displacement (m)
Radial Displacement (m)

8E-05 - )
»
\
-6E-05 | \d
000012 + %
-8E-05 | X
000016 { % 1
y «
-0.0001 \
o
-0.0002 - vy
-0.00012 =
-0.00014 : , : I ' : . . -0.00024 I | I ; I I T
0 001 002 003 004 005 006 007 008 009 0.1 0 001 002 003 004 005 006 007 008 009 0.1

I'me (s) Time (s)

Sl gl yr duwgy 5350 Sl Sz 5T V7 U
G185 5b i Y aw glailginl dwg (bl gloals)
21y X «t; = 0.03125 (5)Fo = —1000 (Pa) « o s £ 45
21, = 0.526 x 1 (m?)

o3 Gy 2 gy 0930 Jlow o 10 SO
&I HL i Y aw glailgiw! dwg (el olals)
21y X <ty = 0.03125 (5).Fy = —1000 (Pa) . oL &g
21, = 0.526 x 1 (m?)

S S azii =Y

SYolas ol ooy @8ly gy 1 8,90 Jlow (59l S5 35T an b Ve syl oy o bl ol )| reghs cnl jo

¥olen o 2l il yiheas ol (6,554 b o YU o oabmdlol oy cslody 5 5l osliul b allie el o oSl
Jsloce (sl 0 sl cow a¥a lalginl gy Jlow 5 00d (o (25,15 (39 0ailodls Jo (29, Jlos! b sasloussa,
L s kil ol ilodas 5l eselcmsst mls ol 48,5 3 e liel 5,50 (e 5 glaly (e o gt
T 5 00d gz 0] ST a5 Sladlgial dimgy (sl rkass BB (sloJale 3B o)l GugSLT l3dle 5 (sl >

1 Jol> p;

ol Sy O 985 Oloj 5 Rl oled ool atag (5 culs IEIL O

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FPY o) Bolo ((Hlgo jamo (ol ysS 09,95

S ool iolsal

S0 ol £995 Loy 9 Lrals Slas sloail> 5 0us ST sl i o515 comge Jokuw augly gojlasl ialsl (Y
RPN

oge 5 o az 50 4S5 sbay ol 3l (T ggds los 5 2o plrale p 6 8L s Gl @l 5l ool (F
g aelys S ] g58y loj g iy didon olralr Wil i (Ble) - 90) 613850 &

Pod LS)""L j)-‘-’ u.....vbﬁ‘ c\S.u‘ u,o..o W) 0 dl}d.ul} )..S‘J} 9 4.......»54 » 03 \))‘5 65;..1 U‘)“"' O LSE’ 64.‘44‘) (A
S0 6,8t ST pleals g53s b

v&xlla 9 J)La‘so wbﬁ‘ ‘S:L'>=L1L‘> )..SL.\:> (NP) p...m.....u Gﬂ...».b usL..u 0,90 4 S 6)‘.)?)[.7 uLa)uJ.o w‘)s‘ l) (;
S dwlg> Golo s ol

Sises o0 E583 % sy 5 LRl 1Sl Sl ale ST & (555l gl 50 55 Susp L (Y

rgas 3 WS (e FVsb |y ol gs8s ploy 5 (el 1) plralr e g 2 (alE Cde 4 Sl 2925 (A
g aelys 555k ey (ol 3 JB Jlews

Authorship Contribution Statement

Dr. Korosh Khorshidi  Biegraphy: Korosh Khorshidi, an Assistant Professor of Mechanical Engineering at Arak
University, was born in Sari, Mazandaran province, Iran, in 1977. He received his B.Sc. degree in
Mechanical Engineering with a focus on solid design from Mazandaran University in 1998. He
then pursued his M.Sc. and Ph.D. degrees in Mechanical Engineering from Iran University of
Science and Technology in 2000 and 2006, respectively. His research interests include vibration,
sound control, and nonlinear dynamics. He has published several papers in reputable journals and
conferences, including the Journal of Sound and Vibration, International Journal of Mechanical
Sciences, and Ocean Engineering. He has also contributed to the field of mechanical engineering
by designing, manufacturing, and applying small-scale magnetic soft robots.

Contribution Statement: Conceptualization, Resources, Data Curation, Supervision, Project
administration, Writing - Review & Editing

Saboor Savvafi Biography: Saboor Savvafi is a M.Sc. student at Arak University. She was born in Arak in 1985.
In 2009, she received her B.Sc. degree in Mechanical Engineering with a focus on production and
manufacturing from Iran University of Science and Technology. From 2009 to 2022, she taught
mathematics and physics. She also has been working as a mechanical engineer at R&D department
of KHD.Co from 2008. She has been pursuing her M.Sc. degree in Arak University with a focus
on nonlinear vibration and hyperelastic materials since 2022.

Contribution Statement: Visualization, Writing - Review & Editing.

Sadegh Zobeid Biography: Sadegh Zobeid was born in Ahvaz, Iran, in 1994. He received the B.Sc. dgree from
in Marine Engineering from “Khorramshahr University of Marine Science and Tecnology” in
2018 and his M.Sc. dgree in Mechanical Engineering from “Arak University” in 2022,
respectively, with a focus on the Shipbulding Engineering and Applied Designing. He Presented
his thesis in the field of buckling and vibration analysis of sandwich cylinder with Auxetic core
containing fluid due to shocking load in 2022.

Contribution Statement: Conceptualization, Methodology, Validation, formal analysis,
investigation, Software, Visualization, Writing - Original Draft

&1y -A

[1] Lakes R. Foam structures with a negative Poisson's ratio. Science. 1987;235:1038-40.

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



e gy L5 31 ooliiwl b gl pi Sb ilica Jlow olo S 35T astud b 4V glailgin] saiwgs g Ll Golas,l  FPF

[2] Evans KE, Nkansah M, Hutchinson I, Rogers S. Molecular network design. Nature. 1991;353:124.

[3] Imbalzano G, Tran P, Ngo TD, Lee PV. A numerical study of auxetic composite panels under blast loadings.
Composite Structures. 2016;135:339-52.

[4] Donoghue J, Alderson K, Evans K. The fracture toughness of composite laminates with a negative Poisson's
ratio. physica status solidi (b). 2009;246:2011-7.

[5] Lim T-C, Rajendra Acharya U. Longitudinal modulus of semi-auxetic unidirectional fiber composites. Journal
of reinforced plastics and composites. 2010;29:1441-5.

[6] Bhullar S, Ko J, Ahmed F, Jun M. Design and fabrication of stent with negative Poisson’s ratio. International
Journal of Mechanical and Mechatronics Engineering. 2014;8:448-54.

[7] Gatt R, Mizzi L, Azzopardi JI, Azzopardi KM, Attard D, Casha A, et al. Hierarchical auxetic mechanical
metamaterials. Scientific reports. 2015;5:8395.

[8] Alderson A. A triumph of lateral thought. Chemistry & Industry. 1999;17:384-91.

[9] Larsen UD, Signund O, Bouwsta S. Design and fabrication of compliant micromechanisms and structures with
negative Poisson's ratio. Journal of microelectromechanical systems. 1997;6:99-106.

[10] Chen G, Cheng Y, Zhang P, Liu J, Chen C, Cai S. Design and modelling of auxetic double arrowhead
honeycomb core sandwich panels for performance improvement under air blast loading. Journal of Sandwich
Structures & Materials. 2021;23:3574-605.

[11] Rad MS, Hatami H, Ahmad Z, Yasuri AK. Analytical solution and finite element approach to the dense re-
entrant unit cells of auxetic structures. Acta Mechanica. 2019;230:2171-85.

[12] Lan X, Feng S, Huang Q, Zhou T. A comparative study of blast resistance of cylindrical sandwich panels with
aluminum foam and auxetic honeycomb cores. Aerospace Science and Technology. 2019;87:37-47.

[13] Quan TQ, Anh VM, Mahesh V, Duc ND. Vibration and nonlinear dynamic response of imperfect sandwich
piezoelectric auxetic plate. Mechanics of Advanced Materials and Structures. 2022;29:127-37.

[14] Ma z-D, Bian H, Sun C, Hulbert GM, Bishnoi K, Rostam-Abadi F. Functionally-graded NPR (Negative
Poisson’s Ratio) material for a blast-protective deflector. Proceedings of the 2010 NDIA Ground Vehicle
Systems Engineering and Technology Symposium Modeling & Simulation, Testing and Validation Mini-
Symposium, Dearborn, MI, USA2010. p. 17-9.

[15] Duc ND, Seung-Eock K, Cong PH, Anh NT, Khoa ND. Dynamic response and vibration of composite double
curved shallow shells with negative Poisson's ratio in auxetic honeycombs core layer on elastic foundations
subjected to blast and damping loads. International Journal of Mechanical Sciences. 2017;133:504-12.

[16] Duc ND, Seung-Eock K, Tuan ND, Tran P, Khoa ND. New approach to study nonlinear dynamic response
and vibration of sandwich composite cylindrical panels with auxetic honeycomb core layer. Aerospace
Science and Technology. 2017;70:396-404.

[17] Zzhang X-W, Yang D-Q. Numerical and experimental studies of a light-weight auxetic cellular vibration
isolation base. Shock and Vibration. 2016;2016.

[18] Jin X, Wang Z, Ning J, Xiao G, Liu E, Shu X. Dynamic response of sandwich structures with graded auxetic
honeycomb cores under blast loading. Composites Part B: Engineering. 2016;106:206-17.

[19] Tran P. Nonlinear dynamic response and vibration of sandwich composite cylindrical panels with auxetic
honeycomb core layer using Reddy's FSDT subjected to mechanical, blast and damping loads. European
Journal of Mechanics-A/Solids. 2017;20:692-717.

[20] Novak N, Star¢evi¢ L, Vesenjak M, Ren Z. Blast response study of the sandwich composite panels with 3D
chiral auxetic core. Composite Structures. 2019;210:167-78.

[21] Amabili M. Free vibration of partially filled, horizontal cylindrical shells. Journal of Sound and Vibration.
1996;191:757-80.

¥ oylols [V 0590 NFeY Jlu /diaigd g aid piy Slgo S0



FPO  aw) Golo ((Slgo jgmo (gaumliyeS s0g)95

[22] Toorani M, Lakis A. Shear deformation in dynamic analysis of anisotropic laminated open cylindrical shells
filled with or subjected to a flowing fluid. Computer Methods in Applied Mechanics and Engineering.
2001;190:4929-66.

[23] Tj HG, Mikami T, Kanie S, Sato M. Free vibrations of fluid-filled cylindrical shells on elastic foundations.
Thin-walled structures. 2005;43:1746-62.

[24] Jam J, Nikjoo M. Buckling and free vibrations of cylindrical stiffened composite shells with internal liquid.
Res J Appl Sci Eng Technol. 2013;6:3495-505.

[25] Khorshidi K, Karimi M. Analytical modeling for vibrating piezoelectric nanoplates in interaction with inviscid
fluid using various modified plate theories. Ocean Engineering. 2019;181:267-80.

[26] Sheng G, Wang X. Thermomechanical vibration analysis of a functionally graded shell with flowing fluid.
European Journal of Mechanics-A/Solids. 2008;27:1075-87.

[27] Zhu X, Zhang J, Zhang W, Chen J. Vibration frequencies and energies of an auxetic honeycomb sandwich
plate. Mechanics of Advanced Materials and Structures. 2019;26:1951-7.

[28] Fu T, Hu X, Yang C. Impact response analysis of stiffened sandwich functionally graded porous materials
doubly-curved shell with re-entrant honeycomb auxetic core. Applied Mathematical Modelling.
2023;124:553-75.

[29] Hajmohammad MH, Nouri AH, Zarei MS, Kolahchi R. A new numerical approach and visco-refined zigzag
theory for blast analysis of auxetic honeycomb plates integrated by multiphase nanocomposite facesheets in
hygrothermal environment. Engineering with Computers. 2019;35:1141-57.

[30] Kim Y-W, Lee Y-S, Ko S-H. Coupled vibration of partially fluid-filled cylindrical shells with ring stiffeners.
Journal of Sound and Vibration. 2004;276:869-97.

[31] Khorshidi K. Effect of hydrostatic pressure and depth of fluid on the vibrating rectangular plates partially in
contact with a fluid. Applied Mechanics and Materials. 2012;110:927-35.

[32] Kayran A. Free vibration analysis of laminated composite shells of revolution including transverse shear
deformation: University of Delaware, 1990.

£ oslod /T 095 NPT Jlu [ooivah 5 4 piiesy Slgo SesilSo



