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3- Karimian Aliabadi, H., Ahmadi, A.,Karamat, A. (submitted on 2018), “Frequency

Domain Analysis of Water Hammer with Fluid-Structure Interaction in
Viscoelastic pipe”, Journal of Fluid and Structures
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I- Karimian Aliabadi, H., Ahmadi, A.,Karamat, A. (2015), “Frequency Domain

Analysis of Fluid-Structure Interaction in Viscoelastic Pipeline”, The 13th
International Symposium on Fluid Control, Measurement and Visualization,

Doha, Qatar
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" Fluid Structure Interaction
2 Coupling
3 Water hammer



JUl loase (b 5o 90,15 5 5 Sl laojea 5l (S 2855 ame g se bl oo
il o el by ennle 61 45 1S5 s 55 4 e (slalall 5 30938l daaly) 5
Lol 5 ool o35 J5 5975 41, ol asgoma 3,Khas s b b dalys s ol
il IS 5 5l el ] S il Sy e 5 o ol aiebdn pgd SIS 1 ]
g waly> ples &jga Jladpue 9 Jd SIS oS 5
Sl (gwidigen 30,10 3925 (pwdige e Gladine 1o FSToway 5l egite slacuils
o Gan b ol oil e 14l 5 o ol s o 5 35505 Saslisog] 5 S
awd (pl 30 K0 Ojlie 4050y o0 g0 wled oo Sl |y ol 093 digi 4 aS g s Sl 3,
SYolao 85 (3,95 2 a9y iges joha) (L 4 dtsly (wiia slapiie 5l (B S Lo )5
Ol yes gwiige o (Kahawita 1988)04.8 oo aLilSl Jauws )b > slacawS plu g ool aiuly
Gt Fhve JHN Ly s O e 4 opdie e 4z Gz S A (s psle s
5 osbe p LS 5505 &ls ol [lad cod g)lxe )0 pgat 4 0Lz 5 ol sleaasis
o ool SVl Gz slo osuay g Caep lad Jold by 1) sl s o Glals)|
Clls ol 5o el o sl Sl s 51 SIS odwe a5 (2,15 b ,2) ol cadilo p b Wl jo .l
Sloogas aslllas o9 4 Baw 5305 3925 wgllae (b 2 Sl I paein (i a5 (A3 (L)



] SlSe (owiige b oelog: o5
3
3,
bi) — Ol (g Slgyae sl ojles
__)'
3
o
— B 03 9,5 oS ST

Jhs 5 03 S35 s oo slo dim carogs —)-) S5

odl o3ld Gioled gwdige alie slo 09> jo S il allus alisee golas V- S o

ol ol g Jlew (iaS 8l Slallas gl 1) (IS (guis aiwd 90 (ylgi co d lgie a7 jghailen o]
2GS g all (gl b sguze) > B L (JSls a5 el (b > o slad sliw o (SO oS
0 05> wgs 4 aS Al oo axdllas (04 1,35 g Llo b 5 05l )Ld, y0g Siline b Sl sl
B Az 3,50 Ghegh (nl 30 Lol el Azl agh e 53 (LU L > (ol STy o Wil
Jb ey el ojle Swlus [L8; slows g (3 b > b (L3 las dlise SO o el aid F
o,la 5,8 L FSI dalllas .l ol a8 3 Jlai o0 Soiw¥IgSung olge £45 5l Gudod ] 5o ojle
03950 a5 Ll 5l Lol ol o oo sla Canliz g oo IS Gl 043wy 4 s Y]
o oS aigm Jay PVCT |y 5" il Ly sl gl ol Sl slo o i (505 5
angi oS yacly aly olge a3 Lol g i (pw s 35 e S 9 ol Pl e

1w 00U 4.._>‘.>).> Agod dles g_i’

1 Polyethylene
2 polyvinyl chloride
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fmax=20;

f=1:0.1:fmax; % Hz

E=1.43e9; % *(1+0.013); %210e9; % *(1+0.017);
nu=0.36;

o\

§m——m no FSI- Viscoelastic---—----—-—--—-——--—--
j1=1.057e-10;

tul=0.05;

j2=1.054e-10;

tuz2=0.5;

73=0.9051e-10;

tu3=1.5;

VE no¥FsI=JCnoPC(E, nu, jl, j2, j3, tul, tu2z, tu3, fmax,0);

e JC- Viscoelastic-——-——-——-------———
31=1.057e-10;

tul=0.05;

32=1.054e-10;

tu2=0.5;

33=0.9051e-10;

tu3=1.5;

VE JC=JCnoPC(E, nu, jl1, j2, j3, tul, tu2, tu3, fmax,1l);

G——mm PC-ViscoElastic-—-———=-——-=-=—————-
31=1.057e-10;

tul=0.05;

72=1.054e-10;

tu2=0.5;

33=0.9051e-10;

tu3=1.5;

VE PC=PCandJC(E, nu, 3jl, j2, j3, tul, tu2z, tu3, fmax,0);

F————— = no FSI-Elastic-—-—————----=—————-
1=0; %1.057e-10;
tul=0; %0.05;

[
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32=0;%1.054e-10;

tu2=0; %0.5;

33=0; %0.9051e-10;

tu3=0; %1.5;

E noFSI=JCnoPC(E, nu, jl, j2, 3j3, tul, tu2, tu3, fmax,0);

j1=0; %1.057e-10;

tul=0; %0.05;

32=0;%1.054e-10;

tu2=0; %0.5;

33=0; %0.9051e-10;

tu3=0; %1.5;

E JC=JCnoPC(E, nu, jl, j2, j3, tul, tu2, tu3, fmax,1);

= —————— PC-Elastic-—————====------——-

31=0; %1.057e-10;

tul=0; %0.05;

32=0; %1.054e-10;

tu2=0; %0.5;

33=0; %0.9051e-10;

tu3=0; %1.5;

E PC=PCandJC(E, nu, 3jl, j2, j3, tul, tu2, tu3, fmax,0 );

Fmm PC+JC-ViscoElastic—-———====-==-——-————-
31=1.057e-10;

tul=0.05;

J2=1.054e-10;

tu2=0.5;

33=0.9051e-10;

tu3=1.5;

VE PCJC=PCandJC(E, nu, jl, j2, 3j3, tul, tu2, tu3, fmax,1);

Fmm PC+JC-Elastic-—————=——=--"---——-

31=0; %1.057e-10;

tul=0; %0.05;

32=0; %1.054e-10;

tu2=0; %0.5;

33=0; %0.9051e-10;

tu3=0; %1.5;

E pPCJC=PCandJC(E, nu, jl, j2, 3j3, tul, tu2, tu3, fmax,1 );
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function [ YY ] = PCandJC( E, nu, jl, j2, 33, tul, tuZ2,
tu3, fmax,jc )
SUNTITLED3 Summary of this function goes here

% Detailed explanation goes here
% 960930

1=20; % 277;

d=2*0.3985; % 0.051; % 0.75

e=0.008; % 0.006; % thickness

g=9.81;

af=pi*d~2/4;

as=pi* ((d+e)"2-d"2)/4;

mvalve=1l; % kg

$gq0l=af; % for v0l to be 1, steady state flow in m3/s
%h01=0.051; % for v0l to be 1, steady state or upstream
reservoir head in m

hlr=0; % amp for the upstream constant head reservoir
rof=1000; % fluid density

rot=1000; % 1000; % may be PVC

o\

jO0=1/E;

K=2.1e9; % bulk modulus of liquid
E1=1/91;

miol=tul*El;

p0=1;

pl=miol/ (E+E1l) ;

gO=E*E1l/ (E+E1) ;

gl=E*miol/ (E+E1) ;

rof* (1/K+d* (1-nu~2)/(e*E)))"-(0.5); % a
0.0005; % friction factor ten times larger than laminar

| |
O
O
(@]
N
~
o\©

=(d*rof) / (4*e*rot) *f f;
=21 % 2*zeta*ct in Hz (ct”2=E/ro for the structure)

% zetawn:0.00S*f;

s=2*pi*f*1j;

kv=j0+31/ (1+tul*s)+32/ (1+tu2*s)+j3/ (1+tu3*s); %
=(pO0+pl*s)/ ((q0+gl*s)

% equations sAY+B(dY/dz)=r in which A=A+C/s

\RAt



az22=1/K+d/e*kv* (1-nu"2);
ad2=d*nu/ (2*e) *kv;

add=-kv;

AA=[1 0 0 O0;...
0 a22 0 0;...
001 0;...

0 a42 0 a4d4];
BB=[0 1/rof 0 0;...
1 0 -2*nu 0;...
0 00 -1/rot;...
001 0];
CC= [£ £ 0-f£f £ 0;,0000;,-fs 0fs+D s 0;0000]; %
zeros(4,4); %
AA=AA+CC/s;
rr= [0;0;0;0]1; %
% rr=[g0l/af; ...
rof*g/K*h01* (1+ (1-nu”2)* (K*d) / (e*E)); ...
0;...
01;
[SS, Landa]l=eig (BB, AA) ;
landal=Landa(1l,1);
landaZ2=Landa(2,2) ;
landa3=Landa (3, 3) ;
landa4=Landa (4, 4)
TT=inv (AA*SS) ;
rbar=TT*rr;
EEdn=diag ([exp (-s*1/landal) ;exp(-s*1/landa2) ;exp (-
s*1/landa3) ;exp (-s*1/landad)]);
Kup=SS; % EEup=eye
Kdn=SS*EEdn;
Dup=[0 0 1 0;0 1 0 0]; % BC: reservoir head and axial
displacement at upstream
Ddn=1.0*[1 0 -1 0;0 af -s*mvalve -as]; % BC: axial
displacement and fluid velocity
Ddnl=[1 0 0 0;0 0 1 0]; % no junc coupling immovable
end

o° oo

o\

14 14

if jc==
RR=[Dup*Kup; Ddn*Kdn] ;
else
RR=[Dup*Kup;Ddnl*Kdn];
end

gdn=[exp (-s*1/landal) -exp (-2*s*1/landal) ; exp (-

s*1/landa2)-exp (-2*s*1/landa2) ;...
exp (-s*1/landa3)-exp (-2*s*1/landa3) ;exp (-

s*1/landa4d) -exp (-2*s*1/landa4) ];

Qup=zeros (4,1); % gg at upstream equals zero and SS*qgqg
also is zero

Qdn=SS*gdn;

if jc==

V7Y



FF=[[0;0]-Dup*Qup; [-1/s;0]-Ddn*Qdn]; % laplace
transform: rof*g*h01/ (K*s)
else
FF=[[0;0]-Dup*Qup; [-1/s;0]-Ddnl*Qdn];
end

vvO0=1inv (RR) *FF;

% for z=0:1/20:1

z=1;

EE=diag([exp(-s*z/landal) ;exp(-s*z/landa2) ;exp (-
s*z/landa3) ;exp(-s*z/landad)]);

gg=[exp(-s*z/landal) —exp (-2*s*z/landal) ;exp (-
s*z/landa2) -exp(-2*s*z/landa2); ...

exp (-s*z/landa3) -exp (-2*s*z/landa3) ;exp (-

s*z/landad) -exp(-2*s*z/landad) ] .*rbar;

KK=SS*EE;

Q0=SS*qq;

Y=KK*vv0+QQ;

YY=[YY Y],
% end

o°

solve (det (BB-landa*AA), landa)
simplify(ans) % [VV,DD]=eig (BB,ARA);

o°

end

end
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Frequency Domain Analysis of the effect of Fluid-Structure

Interaction in Viscoelastic pipe

Abstract

In this research Fluid-Structure Interaction (FSI) during transient flow in a viscoelastic
(VE) pipe has been studied in frequency domain. The main aim was to investigate water
hammer problem using Transfer Matrix Method (TMM) in a typical reservoir-viscoelastic
pipe-valve system. One of the generally expected advantage of frequency domain analysis
is that the integral form of equations in time domain would be transformed to algebraic
form. Here it was more beneficial to utilize frequency domain methods since convolution
integral which appears in viscoelastic models in time domain will also be eliminated.
TMM has been adopted to the transient flow in a VE pipe to derive field matrix where a
non-oscillating valve is considered as boundary condition. The generalized Kelvin-Voigt
model was used to simulate the viscoelastic behavior of the pipe wall. The proposed
model has been exploited to solve two well-known case studies of FSI in frequency
domain. Results of both cases shows good agreement with the analytical and experimental
data. To investigate the simultaneous effects of viscoelasticity and FSI in frequency
domain a sample problem has been solved. Results of different cases of interactional and
non-interactional analysis and for viscoelastic and elastic pipe material have been
illustrated for comparison. Also a comparison between three, five and higher number of
Kelvin-Voigt elements has been performed to illustrate the possible improvement in the

simulation.
Keywords

Frequency Domain; Viscoelastic Pipe; Transient Flow; Kelvin-Voigt Model; Fluid-

Structure Interaction.
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