LSS M%
-7 Irregular blockage

A e

S~~s Irregular blockage

ST —ara S T

Fig. 1 Sketches of irregular blockages in practical water pipelines
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blockage radius changes continuously along the axial direction

[

Simplified

I o

Fig. 2 Simplified regular blockage in previous studies

blockage radius keeps constant along the axial direction

https.://www.luminultra.com; Yuan et al. 2015



Transient wave-irregular blockage
interaction in pipelines

Tong-Chuan (Tony) Che
PhD Student

Prof. Huan-Feng Duan
Assistant Professor

Department of Civil and Environmental Engineering Q
The Hong Kong Polytechnic University Q’b
Hong Kong 2‘/

Present at HKUST Workshop



Contents

1.

2.

Background

Transient wave behaviors in a nonuniform blockage
Transfer matrix for a nonuniform blockage
Numerical applications

Summary



Background - experimental system & settings

Qo Pressure transducer
i
Pressure
vessel Inline valve
Pipe 1 Pipe 3 /
| |W|
e > Sk > Discharge
L1, Do, ao Lb, Db, ab L3, Do, ao X_n tank

Side discharge valve {

(Transient generator) |

Pump - ——————————- Water cycling system ’

S EEEEEEEENEEEEEEEEEEEE] P ---------------------------------------------------------------------------------------- YesEEEEEEEEEEEEEEEEEEEEEEEEEEE R

Fig. 1 Sketch of experimental test system

The regular blockage is severer than the irregular blockage.

| | | | B
Db = Do Db < Do Db, 6
(Blockage free) (Regular blockage) (Irregular blockage)

Fig. 2 Inserted sections for different tests

Duan et al. 2017 2



Background - experimental tests & observations

N
Tabl 7
0.8
Test no. and blockage type
0.4
1: Blockage-free
2: Regular blockage < 0
by
3: Irregular aggregate -
blockage 0.4 - |
A Irregular coir blockage 08 -
1.2 . ; .
0 0.5 1 15 2
£ (s)

Significant influence of blockage irregularities!!!

Duan et al. 2017 3



Background - TFR-based blockage detection

pipe wall < Iy >
heciocen 6. i i i i S © ] where su i
perscript
predicted blockage/ R P \ “R” = real value:
irregular blockage Dy | Do | Do [, ) ’
equivalent blockage Y P” = predicted value
N
e T 2Rpi it s a6 iRy 1y 7P _ 7R
| >| 7/(%): 7R <100
I5

Fig. 1 Schematic of irregular blockage detection in the pipeline

Table 1 Detection results and accuracy of transient-based blockage detection

Test no. and test Blockaae size (mm) | Blockaae lenath (m) | Blockaaoe location (m)
case Inaccuracy / Failure by current TFR-based
2: Regular blockage method!!!
8: Roughaggregate | o3 | 5y08 | -1218 | 550 | 1789 | 200 || 2041 | 2157 | 5.6
blockage
4: Rough coir
59.6 52.73 -11.54 5.94 14.67 165 20.41 21.38 4.76
blockage

Duan et al. 2017 4



Background - research scope

L

Irregular blockage

LT L 7

Irregular blockage

—~

b ) L
Fig. 1 Sketches of irregular blockages in practical water pipelines

(a)
N Pipe ~ Uniform in uniform shape
blockage P
I —
I, A1, ai by, A2, a2 I3, A3, a3 ls, A4, as
(b)
“ Nonuniform
el B blockage in exponential shape
h, A1, an b, A2, a2 B3, A3, a3 1, A4, a4
(c)
v\ Nonuniform
blockage 1 1
P e — 2 in linear Shape
I, A1, an 2, A2, a2 13, A3, a3 14, Aa, aa

Fig. 2 Blockages in various shapes

https.://www.luminultra.com; Yuan et al. 2015 5



Transient wave behaviors - wave equation

—
.....IIII-._,

/n—l, An—l, an-1 [n, An, dn [H-H, An+], dn+l

Fig. 1 Linear blockage used in analytical investigation

Water hammer Equation of state
Key assumptions
o(pA), ApYA) _ o (1) . ) y P
ot OX _2 — =
a(pUA) P _ o () a® A 1. Frictionless
ot ox 2. Elastic pipe wall
\/
2
Al E =a’ Q[A@j
ot OX\  OX
l Rewrite
o’P  ,0°P  _,A 0P

——a —5=a"—-— Wave equation
ot OX A OX
Duan et al. 2011



Transient wave behaviors - wave equation

Wave equation for a conduit with varying cross-sectional area

O°P 0P _ ;AP

2 a 2
ot OX A 0Ox
l P=P,+p where P, = mean pressure; p* = pressure deviation from the mean

*

2 2 ! *
0P 0P AP
ot OX A OX

l p*(X,t): Re (p(X)ei‘"t) where o = angular frequency; p = complex variable

2 ' . . '
dp N A dp K2 This is called Webster's

dx? A dx Horn Equation in acoustics

l for Section n

—
T

. . [n-l, An-l, dan-1 ln, An, an lﬂ'H, An+l, an+l
Equation for n-section



Transient wave behaviors - plane wave solutions

Wave equation for pipe Section n —
‘—
d 2 I d l’n-l, An—l, dn-1 !n, An, dn anrl, Anﬂ, dn+1
I32n+'°h P k2P, =0 l 1
dx A, dx |
l Pipe radius r (X): SX+R .
, Cross area Ah(x): ar? = 7;(3)(4_ R )2
d 2s d ‘
pz” + Pn + k02 P, = 0 Derivative A, = 2572'(5X+ Rmin)
dx* sx+R., dx
N where S = slope; R,;, = pipe radius at L.B.
Pn =
SX+ Ry, where o = a constant remains to be determined
a’+ks =0  Characteristic equation
Solutions for o
Y .
o, =ik, o, =-IK,
Solutions for p,
( ) eikox ( ) e—ikox SuperpOSition Ieikox + Re—ikOX Where
P = (P,), = = _
N1 oy Rmin N2 oy Rmin n SX + Rmin | and R = constants
Two special solutions for p, General solutions

Zhang 2007 8



Transient wave behaviors - visualization
—pmmmmmmmmmmmm-oo oo _—

Uniform pipeline
n Nonuniform pipeline n+l ~ \/

Incident wave

Fig. 1 Uniform pipeline & nonuniform pipelines

20 x

\-—--Uniform pipeiine—Ndnuniforrﬁ pipeline‘(linear)\ |

10

I
]

-10- |

_15 | [ [ [ [ [ [ | [
0 10 20 30 40 50 60 70 80 90 100

n X XIR n+1
Fig. 2 Wave evolution as it propagates in the pipeline




Transfer matrix - derivation (follow Chaudhry 2014)

eikox | + e—ikox R

SX+ Rmin
_ A [i kO(SX +R . )_ S]elkoxl _[ K (SX iR )+ S]e—ikoxR
|0, (X + Ry |
A l, n+1
I
At point n (x = 0)
_I+R
pn B Rmin
— A1 (Ik len _ )I ( K Rmm +S)R
lwp, Rrim
(|k Riin +S)p a),OO Ry (ikoRmin —S)pn +i((),00 R0,
| = A, o A
2ik, 2ik,

10



Transfer matrix - derivation (follow Chaudhry 2014)

N n+1

At pointn+1 (x=1))
O :Ullqn +U12 P
pn+1 :U21qn +U22 pn

(qj =(U11 Ulzj(qj Transfer matrix for a linear pipeline
PJia \Ua Ux APJ,

iRmin + - ikl . ik,
TGl 4 R ] Allf ik (51, + Ry )~ T +[iky (51, + Ry ) + 5T |
Ulz ) proko 8;:1+ Rmin )2 {[I kO (Sln " Rmin )_ S](I ko Rmin + S)eik()ln - [I kO (Sln + I:zmin )+ S](' ko Rmin - S)e_ikOIn }
DR in ik, ikl
U = 0'n __ e 0'n
i 2k0 (Sln + I:zmin )A] (e )

1
Uy, =—
2ik, (sl +R

j [(ik,R,y, +5)e™" +(ik,R,,, —s)e ™" |

Let Uy, = 0 —> 2i[ky(sl, + R, Jcos(k,l, )—ssin(k,l,)]=0 Resonance frequency

11



Transfer matrix - visualization

n n+1 n n+1

Reservoir Valve  Reservoir - Valve

Fig. 1 Sketch of a reservoir-pipe-valve system

5
4X 10 { ) |

| ] ------- Uniformzpipeiine'—Ndnuni‘forrﬁ pipéline‘(line!ar)\ |

w
(.]"l
\

2i[k, (sl +R_. )cos(kl, )—ssin(k,l )]=0

£ \ { J LYJ ]

i J i
1.5 Y

N

n+1

1- Cauge of frequency shift ]

0.5F |
0 JL [ J: i JLh [ Jg. i S J;. i J;.. [ Ju. [ JL. i JL;.

0 2 4 6 8 10 12 14 16 18 20

Fig. 2 Frequency respor?se for single pipeline
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Numerical applications - 4 pipelines

State vector at B A 1
{q} { cos(k,l,) —iMLsin(kOILl)}{l o} {un Ulﬂ {1 o}

= _ 4 X[
hj, |—1M,sin(kl,) cos(kol,) |0 1] U, U, [0 1

Uy UL [T 0] [ cosih)  —igsin(kyl)][a
" u;l u,, io 1] | =iM,sintkl)  cos(kly)  |h],
!

State vector at A

q
{ } { }{h} Overall transfer matrix for 4-pipeline system
A

= {[COS k0|4)(U11) '(]/M ) (ko|4 ( 21) :kull)z +[COS(kOI4)(U1'2)3 _i(l/M4)Sin(k0|4XU22)3KUé1)2 }COS(kO|1)
{[COS(kO|4XU11)3 '(1/M ko|4)(U21> :KUlZ) [COS ko|4)(U1‘2) i(1/M4)5in(ko|4)(U22)3:kU22)2}[_iMlsin(koll)]
", = {loos(ikol, XU ), —iW/M, )sin(kl U5, ), JULL ), +[eos(iol XU, ), — i@/ M )sin(kl, XU 5, ), JU L ), T-i@/M, )sin (k)]
{[COS(kOI4XU11) I(]'V/M )Sln(k0|4 ( 21) KU12) [COS k0|4)(U12) i(:I/M4)Sin(k0|4)(U22)3ij22)2 }Cos(koll)
U;l = { [_ II\/|4 Sin(kol 4)(U11)3 + COS(kOI4)(U '21)3:kU11)2 + [_iM4 Sin(k0|4)(U]'.2 )3 + COS(kOI4 )(U 22 )3 :KU I21)2 }Cos(koll)
+{[FiM, sin(kol, XU1,), +cos(kol, XU, ), U ), + =M, sin(kol, UL, ), +cos(kol, XU, ) KU s ), JI= 1M, sin (ko )]
U3, = {[-iM, sin(kol XU, ), +00s(kol, WU ) JU ), + =M sin(kgl, YU, ), + cos(iol XU, ), JUn ), = 1@/M, Jsin (ol )]
+ { [_ IM4 Sin(k0|4)(U11)3 + COS(kOI4)(U I21)3jKU]I.2 )2 + [_ IM4 Sln(k0|4)(UiZ )3 + COS(kOI4)(U 22 )SKU 22 )2 }Cos(koll)

13



Numerical applications - 4 pipelines

Let U, =0 Resonance frequency pattern for 4-pipeline system

—a’(2R, - R, )s’wcoslk, (I, -1, - I, -1, )]+ a*(2R, = R, )s?wcog[k, (I, + 1, +1, —1,)]+a’R_, s*wcos[k, (I, -1, =1, +1,)] -

2a’R,s’wcog[k, (I, +1, 1, +1,)]-2a’R,s’@cos[k, (I, =1, + 1, +1, )]+ 4a’R,s’@cos[k, (I, + 1, + 1, +1,)]-
a’R,, swcoslk (I, + 1, +1, +1,)]+ 4RZR,, @° cos[k, (I, + 1, + 1, +1,)]-a’s*sin[k, (I, =1, =1, -1,)]-
ﬁ 2aR R, sw’sinfk, (I, -1, =1, -1,)]+ a’s*sin[k, (I, + 1, -1, =1, )]+ 4aRZsw? sin[k, (I, + 1, - I, — 1, )]+ =0
S adstsinlk, (I, =1, + 1, — 1, )] - a%s®sin[k, (I, +1, + 1, =1, )]- 2aR,R. sw? sin[k, (I, + 1, + 1, -1, )]
a’s®sinfk, (I, =1, =1, +1,)]+a’s>sin[k, (I, + 1, =1, +1,)]+a%s* sin[k, (I, = 1, + 1, +1,)] -

a’s®sin[k, (1, +| +1,+1,)]+ 4aRZsw? sin[k, (I, + 1, +1, +1,)]-4aR,R , sw? sin[k, (I, + 1, + 1, +1,)]

(1) If s = 0 (blockage-free)
cos[k (I, +1, +1,+1,)]=0

(2) If s — o= (l,= 13~ 0, discrete blockage)
coslk, (I, +1,)]=0 ~ coslk, (I, +1,+1,+1,)]=0

Discrete blockage does not induce frequency shift.

(3) If @ — o= (high frequency)
COS[kO(I1 +1L,+1,+ |4)]: 0 Extremely high frequency components do not induce frequency

shift. 14



Numerical applications - numerical validation (MOC)

Reservoir |@ = 1000m/s; 1, =300m; I, = I, =100m; |, =500m; D, = 0.5m; R, = 0.15m

/ I / / Valve
1 > - Jl*~ 2 ,L . Discharge
— ] et
. ./
A Nonuniform blockage Pipe B

Fig. 1 Sketch of the numerical experiment system (MOC coupled 1D WH Eq.)

X 105 H (a‘.) ¥ il 4 Lh | Ll 50 I I (b) I I
{ I S I B Blockage-free {—e— Analytical result —=— MOC numerical result
15} — Linear blockage (analytical) | £
— Linear blockage (MOC) « = 407 g
>
LC) 30ﬁ o
10¢ =
3
= 20¢ .
S
il 5
§ 10¢ -
O 3 . A O I r
0 5 10 15 20 0 5 10 15 20 25
P Resonant peak number, m

Fig. 2 Validation results for nonuniform blockage (linear)

Che et al. 2017 15



Numerical applications-uniform & nonuniform blockages

Reservoir Reservoir

I Valve 1 I ! L Valve
‘r|< = Discharge . ! — ‘! : ! = Discharge
tank tank

. v
A Uniform blockage Pipe B A Nonuniform blockage Pipe/ B

1. Same volume of blockage (uniform & nonuniform)
2. Linearized steady friction

gx10° | | ‘ ‘ ‘ ‘
----- Blockage-free — Uniform blockage — Nonuniform blockage (Iinear)\
6r i
< 4+
Low frequency components
2r -
QJ 2 4 6 8 19 12 14 16 18 20
@ 6% 10° L ‘ ‘ ‘ ‘ ‘ ‘ ‘
] ----- Blockage-free — Uniform blockage — Nonuniform blockage (Iinear)]
4ﬁ -
Relative high frequency -
components 2r 1

f%O 182 1 184 T 186 T 188 190 192 194 196 198 200

? 16

almost coincide



Numerical applications-uniform & nonuniform blockages

Reservoir

Reservoir

Valve

*

s \r|< A Valve Discharge I ! L \! I ! N
tank ——-—;
Uniform blockage Pipe/ B A Nonuniform blockage Pipe B
0.4 |
0.3~ o
0.2-
£
3 0.1-
2@
=
s 0 1
& 0.1~
(<)
>
g -0.2- “
LL . . . .
.0.3l Unlike the uniform blockage, the extent of periodic frequency
shift caused by the nonuniform blockage is frequency dependent.
04 i.e., higher frequency mode, less shift!
-0.5 [ [ [ [ [ [

[ [ [
0 10 20 30 40 50 60 70 80 90

Resonant peak number, m

Resonance frequency shift caused by two blockages

[
100

Discharge
tank

17




Numerical applications - various blockage severity

Reservoir

rfm
o o o
Y ™ (o)

de change
)

1 h
B

*

Frequency shift, dw
S Ar_ppolitu
sz N

P
>

@
ao

Fixed blockage length (I, = I; = 100m)

g

b

&

L

Valve

>

Nonuniform blocka;

1<

Pipe/

B

10

Discharge
tank

Rin: Pipe radius at blockage centerline

<R . =0.10m—=-R . =0.15m-2a-R . =0.20m
min min min

1

more severe

less severe

[

[

' The blockage severity only affects the extent of frequency
shift and amplitude change.

I

I

[

I

[

I

[

[

0 10

20

30

40

[
50

60

peak number, m

Anreplianty chifitge

70

80

90

|
100
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Numerical applications - various blockage length

rReservoir| FiXxed minimum pipe radius (R, = 0.15m)
/ / Val
1 = s 4‘ : L _ Discharge
. j&[ tank
A Nonuniform blocka 4
3X 10° |

Pipe¢ B

R pp radius at blockage centerline

A Hll\lill|lll|l|llMH i H"

-2| The blockage length (or slope s) affacts the patterns of
frequency shift and amplitude change.

peak number, m
Arkptiqudachshife
19



Preliminary Conclusions - (for linear blockage case)

» Blockage-induced frequency shift & amplitude change are
frequency-dependent:

Overall, less significant for higher frequency mode; and more
significant for larger blockage severity;

The extent of frequency shift / amplitude change periodically
decreases with frequency

» Blockage-induced patterns of frequency shift & amplitude
change (linearized steady friction):
Magnitude of shift / change pattern: ~ Sy,qaqe (05 ~ LoDo/LyDy)
Period of shift / change pattern: ~ (L/a)/(L/a)yockage

20



1. Transient wave behaviors in a nonuniform blockage;

2. Transfer matrix for a nonuniform blockage is derived and
validated by the numerical MOC;

3. Unlike the uniform blockage, the frequency shift of
nonuniform blockage becomes less evident for high

frequency components;

4. Improved transient-based detection method need to be
developed for the nonuniform blockage in future works.

21
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Numerical applications - 4 pipelines

Let U, =0 Resonance frequency pattern for 4-pipeline system

—a’(2R, - R, )s’wcoslk, (I, -1, -1, —1,)]+a*(2R, = R, )s?wcog[k, (I, + 1, +1,

|2 _Is +|4)]_

1,)]+a’R,, s@cos[k,(l, -

2a’R,swcoslk, (I, +1, — 1, +1,)]- 2a’R,s*wcos|k, (I, — I, +1, +1, )|+ 4aR,s*wcoslk, (I, +1, +1. +1,)]-
a’R_ s’wcoslk, (I, +1, + 1, +1,)]+ 4R?R_. @° cos[k, (I, +1, + 1, +1,)]-a’s*sin[k, (I, I, —1. = 1,)]-

ﬁ 2aR R, sw’sinfk, (I, -1, =1, =1,)]+ as*sin[k, (I, +1, -1, —I,)]+ 4aRsw?sin[k, (I, + 1, - I, -1, )]+

0]

oo 3s3sinfk, (I -1, +1, —1,)]-a*s*sin[k, (I, + 1, +1, —1,)]- 2aR R, sw? sin[k, (I, + 1, + 1, —1,)]-
a’s>sinfk, (I, =1, -1, +1,)]+a’s*sin[k, (I, +1, =1, +1,)]+as* sin[k, (I, =1, +1. +1,)] -

a’s®sin[k, (1, +| +1, +1,)]+4aRsw? sin[k, (I, + 1, +1, +1,)]-4aR,R , sw? sin[k, (I, + 1, + 1, +1,)]

(1) If s = 0 (blockage-free)
cos[k (I, +1, +1,+1,)]=0

(2) Ifs —> oo (I, =14
coslk, (I, +1,)]=0 ~ coslk, (I, +1,+1,+1,)]=0

~ 0, discrete blockage) SUM(Term(s®))=0 SUM( Term(s?)) =

Discrete blockage does not induce frequency shift.

(3) If @ — == (high frequency)

COS[kO(I1 +1L,+1,+ |4)]: 0 Extremely high frequency components do not induce frequency

shift:



Numerical applications - various blockage length

~a’(2R, - R, Js’wcoslk, (I, =1, I, -1, )]+ a*(2R, =R, )s?wcos[k, (I, +1, +1, -1,)]+a’R_, s*wcos[k, (I, -1, — I, +1,)]-
2a’Rs’wcoslk, (I, +1, 1, +1,)]-2aR,s*wcos[k, (I, -1, + 1, +1, )]+ 4a’R,s’@cos[k, (I, + 1, + 1, +1,)] -
a’R,, swcos[ky (I, + 1, + 1, +1,)]+ 4RZR . &° cos[k, (I, + 1, + 1, +1,)]-a’s®sin[k, (I, - I, -1, 1, )] -

4RIR . @°

2aR R, s’ sin[k, (I, =1, — I, =1, )]+ a’s”sin[k, (I, + 1, — I, =1, )]+ 4aRZsw? sin[k, (I, + 1, =1, —1,)] + =0
a’s® sm[ o =1, +1,—1,)]-as*sin[k, (I, +1, +1, - 1,)]- 2aR,R . sw? sin[k, (I, + 1, +1, =1, )] -
a’s’® sm[ o =1, =1, +1 )]+a s sm[k (| +1, -1 +|4)]+a3s,3sin[k0(|1—|2+|3+|4)]—

infko

i '”'”’""’W'l”l’””“W“ WWH ll||l||||HIHH H i

o

[ [ [
100 200 300 400 500 600
peak number, m

Arfiptiqudachshife



