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Abstract

Background and Objectives

The analysis of transient flows in closed ducts has always been one of the most important and favorite topics
of hydraulic engineers. Haghighi and Ramos (2012) performed leak detection in pipelines using inverse
transient analysis and CFO optimization method. Akbari et al. (2021) investigated the detection of leaks in
polyethylene transmission pipelines using pressure wave reflection of transient flow. Therefore, a laboratory
model was conducted and a computer model was coded by Visual Basic programming language, with the
ability to simulate transient flow in pipelines in presence of leakage. Then the parameters of temporal and
spatial acceleration coefficients ky: and kux and discharge coefficient of leak orifice cq were calculated.

Methodology
In this research, a 47m long pipe that made of polyethylene with 10bar nominal pressure and diameter of 63mm
was used in experiments (Tab. 1). The transient flow was generated in it by very fast closure of the end valve.
The coded model analyzes the basic unsteady flow equations in pressurized ducts, and the inverse analyzer is
an optimization algorithm using a defined goal function to find the best fit of the recorded pressure waves and
those simulated with the least error.

Table 1- Range of variables during experiments

P Diameter Pipe length Discharge Time to valve  Leak diameter  Distance of leak from
arameters 9 :
(mm) (m) (Lsh closure (s) (mm) reservoir (m)
Range 63 47 25-3-35-4-45 Very Fast 4—-6-8-10 27 —-33-39-45
The Torricelli orifice equation was used to simulate the leak:
Qu=Aey29(H, - Z) (1)

After describing this equation in the pipeline for method of characteristic in x-t plane, below equations was
obtained to calculate unknown parameters in order to simulate the leak:

QL? =4, ’ZQ(HL? —Z1) (2

n 2
H'for = Hiyy — L0 ©
Findings

Table 2 shows the values of ky and kux coefficients related to the wave simulations, in which the waves from
computer simulations in comparison to the recorded laboratory data have the lowest total squares of error. The
values of k. for leakage and non-leakage state were approximately the same, and the coefficient of ku for
leak state would be less than non-leakge state. The values of kyx coefficients for leakage with a diameter of 4
mm were greater than those for leakage with a diameter of 10 mm, and both of these values were less than
non-leaking. The reason is that as the diameter of the leak increases, the damping rate of the pressure waves
increased and therefore the value of the kux coefficient decreased.
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Table 2- Comparison of kut and kux coefficients for simulated transient flows with leak and no leak using two
coefficient unsteady friction model

Discharge (L s) 2.5 3.5 4.5
Reynolds number 59003 82605 106206
. _ Kut 0.0050 0.0052 0.0053
L eak location: 27m Leak diameter: 4mm Kux 0.0449 0.0446 0.0451
ook diameter: 1ommm Kut 0.0051 0.0051 0.0049
Kux 0.0410 0.0407 0.0412
. , Kut 0.0050 0.0051 0.0053
L eak location: 39m Leak diameter: 4mm Kux 0.0447 0.0446 0.0445
ook diameter: 1ommm Kut 0.0051 0.0052 0.0054
Kux 0.0412 0.0415 0.0412
No leak Kut 0.0050 0.0042 0.0035
Kux 0.0530 0.0498 0.0480

The change in the leak location had almost no effect on the values of ky: and kux. The coefficient of k. in the
presence of leak, either at a distance of 27 m or at a distance of 39 m, were less than its values in non-leak
state, and both values were also approximately equal to each other (Fig.1). The performance of the two-
coefficient unsteady friction model was evaluated by statistical indexes. Also, the numerically simulated waves
and the laboratory samples was compared to each other. The two-coefficient unsteady friction model had a
good ability to simulate a transient pressure wave in presence of a leak.
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Fig.1- Comparison of kut and kux in two-coefficient unsteady friction model with leak location changes in
presence of leak

Conclusion
- The values of ky: for leak and no-leak state were almost constant and the values of kuy for leak state
was less than the kyx for the no-leak state.
- Changes in leak location had almost no effect on the values of ky: and kux.
- Selecting a steady or unsteady type of friction model to simulate the transient flow in the presence
of leakage had almost no effect on the orifice discharge coefficient.
- Two coefficient unsteady friction model had a good ability to simulate the pressure wave of transient
flow in the presence of leakage

Keywords: Coefficients of unsteady friction model, Discharge coefficient of orifice, Inverse analysis,
Leakage, Transient flow.



Gla g ol VY Jlo VA BOAY claais ¥ ooyles YY als /[ SB g O il 4y

b g3 Al
1905 U2 6L T1g0! (S lwdmad 33 ST Wb pé STl il 3o S 3
50 Juld ig ) b dlgf b 5 T i Pl

Teudo 8y gin ! (Shosmo O ol

VENVVE sl VENVY/ A Sl s
VESYVA: Ul et VENV VNS s Sl b

Ol colzsle S (31 oty (o e 05,8 lsliul -

Ol S1sal Ol o g olSils (o Jamn 5 O ptign 0SS (ol (glas 3l 03 8 colol -
kK_mohammadi@razi.ac.ir : S s = s « e J st

oussa

Ol (3283 (pl Hu il Hlasea s sleda s cneal 5l enis lola gl bsba 5o HBwLe 2 slagb e dallls
by s 8o 3T 5o 50 8V b 5 Stanlie W Hhd @ LSl L G 51 glad sl ba o et Hguaa 501,
ol cul s Jspae sla il (olbwdand alKia 408 K 158 (goludundd 5 Jalad o) 50 s0id guae Ja Jao
Sla ol o anulae Vo sgaa Jalgu; sae B Cd andd 555 4ldS s (inas g Kux G186 s Kut oL
Kix s s cnian 5wty s oLy 5 ol Loy it oo wlla 5 i wpm s il (515 Kut 5aulie S o5 o7
olie (s, o Slaia 80 i Jae Ho il ol @l Gow alla gl Kux saolie 51 38 e s ga g lla 6l
s 5 Shia 3L Gloa golednd ¢l LBl e b 5 S8k (SKaial Jas g5 olaml ol Kux g Kut
5ot csm slad Sl ye psame Sl £/08 5 /AV iShun 5 Jihin polie Gimas ool s €5, wlas
oalie 2B Soblad ot Hseda 5o o 3s g0 5Bk 2 (SEhal Juo o & sud ()lutand LE GLos
sl e 5 Sie Sl Jus



VoY Jlo /Y oylos Y sls / S g ST il 4 i

.o ‘PA.QA Ls.?(«é (S0 AL

(Vo)) Humila wols Gand 2515wl co cows o ol
e Yo Jsb 4 gldsl ba g5 5 B3 sl b
Omaad Hobie o 1, HBWLe 2 Gl (s s 2 ods )
Ol L3 5B ae L 9 0 S (i ps i B g
1 o Jae (goldid £ oo (590 o9 o 530 (S5 Se
(Yor¥) Ololan 5 (ol oS 0 S e oulie 80 L
oSt 5aIBT g, 00,8 alinle 5T Slallas
da SuS 5 dac 23 (0 S i e o le 0loa
A s a0 b gl gladal i o jlad ol juss
o8B a3y b (Y1) OllSea 5 3100 .l
e b gos tlae wul i (bd jut glag s
Iy Alise gan glady! gl SKb ol oy
(sl a8 oo LS susle st el 0 gad (e
o) @ slite SIaeal s b sl slaalyl

(i i (ualS L (005w 8 5 Uluin
oualS s sue glaa 3 51 o 8l Gl 38l £ se (ol sae
L 5 0908 5k U8B (Y-1Y) ohlSas 5 5l by oo
5ot (S e 5 SUEL Soe G sl Gl
o0 o3 1 wad HBale e glaglsa JSas
il €S 0 b el e 3a8a3 ool Lo uls L8
@ el Bl 5 o wlvuns Sy 5 (SLSE 5k 4 las
S upmt ) i o A sla,lds sl Ssa
usels g (A8 b aald o o (Sl a e
9o Ol usSae BT (g, 5 suldid b (Y+1Y)
29 s aladl 4 CFO (hlwding (i, SS 4
(VAAY) Oolsan g andio als aiiala,y adl bgha
S 0 ) e saae glad s G, b
JES ol 50 oae slaglbios (Silsoms (—ws
Sobid mli € w0 S s 2B slaslEsm O
s AT g, sYL by

Bl e flisa (V1Y) pale ald 5 (guane
Sl Jao g |y el bl 5o a0
ode Julas 5 elanbeyl ws s Julas 8wl e

dousoe
(5[%SJAJJ\TJTCA_A1I3(‘5J‘JJ:’Q‘}€—} ‘A&AMJ-‘:\M
O3 ladaias (JEn) Jobaa da KT sy aslals
clLadSed dyl bsha Ja g a5 sladSed 565080
Olae 0ol 3 ads F il (Sae —28a5 5 ookl
hosa s R0l caal S JLEGI gl b shaa
5 Golame pgs o IS e K58 4S n il oo
E)TJ&L‘ A;J))JL;‘SJM‘ Jléf‘%yo QTJJS.LAL
gb;;\\,:quJLELILJ]a’;JJMJPJJJJiw
L o slore slagbinoe (Sulpoans B 5 glesac
ol 131 .aal sty JED) bghd o suel s ga s
ol glsel (Sl goums olbiim piad il s
asas D51 5o JUEDI bghd o suel wsa o (51538
Slaie s o s S 5ue slaglsa po8 s 4l Sl
Oxinad g 805 SIS B0 eSS O 2 sn (29
JJQMTJ&JQ&&&L&JMC&AB ‘Lla_a.u‘\g‘l_’t
L#QéJﬂTJJJJQ&“MBJ&J%
.J&Ml&i&fﬂ‘;hkddﬁw‘x&.“ﬁgjm‘

5 Oshsor Oiaad 5 (VANY) LS 5 G
olid HBule yue SKhol sladus (V44Y) o), Kan
3 O Hs—ise Jaa 30 S C)l_‘al Iy gldand
o8 s @M: JAA L.)ﬂ):JJleSJS'; (\c\°\\) O‘)lS.A.A
gloel @ L Bise s olwdn b olagl 5o Jae
@Y b e s sl 3] o sud 5,8 a3l (g Luks
oo 1o el olidas (i was 51 (S (V44Y)
Ol Alide 5 5 5 IS (pain 5o oo § s g
.!o‘:h‘)d&__‘il‘)‘méd_ﬁnua;_.ﬁmdd‘ar‘aj‘
JUE) gl bad b sai¥T ol ge s g, sl Glhee (V444)
s 5 o G B ana ol diwy 4 &S
Sasalan 0BT 5 ae Olsa Gle) e G2k 5l &S



VA

e el il s 3 Ble e Sl cylps b))

5 dmulie (53 500lS Jao s 5 su (g5lwdn s
w288 5108 Julas 550 LT Slis gad

Lagig, 9 9190
sladus sl zuleyT Hu 3:8a3 ool lzule 3T
Sy b 5 0T (g sa il (S50
GAla Jao .oy alad) 3 sal o) pay st o121
5 Il saipilaad) Ayl 3 S 3ot
JSas 580k sue Gl aal s Hokie 45 Juoy 9 pdad
She 0 (Sl plS 51 ol T o3 ol su
59 Ootiaad Ll 108 bk gl L s suss Jdo caraid
) ol sadd auad Loy 5 alad st cba sledl
VoS sl=as b olal L puia S s3e £V ke
D @ alanbeyl 5o jtalic W WS L 5 a0 Liewdl)
o9 by LIS @ gla puaia sy guns V s o) 4G
Job o gl cpiaan aas oo s 1, Gule)l A-
saas S 5lge 5 48 S 518 (5318 ARASE (595 5o saeus

N E TR P SR P SV ) K 7 S
sai sulii il UF6000 P870 i gl 3l o) s 3
3 (Saelins HLas (55885l 5 sliie 4 (yrinan ol
solei il o, 90 (Pressure Transducer) ,L_is Juass
O ASau s 9 (soldd Jane () JSd) ool 48 S )18
Sl iSlan w5 5 susd suls L3 a3 S Jae
el ol aasge gy oo O bo S saal usay ©
aliule 3T o dis, LIS & Sl s slacl s e il
sla 0 6l ol Sl da ;0 Ve (slos Ho Gl oyl
o oS5 o s s Sl Efo 5 & X 0 X Y/e
ool e ss VoY1 5460 AV 0 VeA-E 04
dgaa Salgu; sae B A8 laule )] S el Jls o
(Vo8 eOIoan 5 G sal) ass 4385y aladl e e e
Sl sz slaplon 5 aSla rulaad = ¥olas
3 S gy oYolas S anjlie HLdd il g lae o

So—ens Jlo5as (3ol buas 59 4S 4 9o g

Jao 5 580k sue (SKaal Juo b s (g5lwtn
BN (g S e (2ore Wy, LBk L Sl
50 aae i (YIV) ololSan 5 51500
aaos A ad S oo glasa L8, 5 SLSL palal
oAl 4 Yl 505 ol HLis i W g L))
el Sl g sae 53l cad s 5 el i
Sl (53 4 (YV014) (SLS 5 pullo a3
S Sy camla b d ol gladsads 50 1500 ol
G8a3 ol guae 5 AL iyla] mls Laidla
olKes 5 oalnlen , ol da s 1, 48€ olalllas
il (Saelins slasagay (goae Jao S8 4 (V414)
cn gl b glad Lo Siieo¥! e s Sl s 58wkt
eidie 3a8a3 (pl Ho iu sl (s5lwdae 1) LS GLsa
L S ghage sl QI S S 5 ol 3 o
g8 o> Ll (oSUSE Hu 58wk 5 ol
el L ol 18 5l 50 48 Glals Wik e 30
5 oS o sane (J 08 BB glag—uly 4 Wl 5 0
JUESI b shi Lo e jand 85 (Y- YY) oloLSan
LI Ol ol g oo CBOL Sl saliiwl b olal

el gy pLis 3.8a5 ol wials HL8 s o e |
Ll sy 31 soliieal €S was o Glts Lol 31 Juola
S ealiin & e A ot gllad s 0 (5565
otube] 3l suel s 4 (5,5l £ g b g0 e 5
s
) solii ol L 1ol 3ada3 ol Lo opllis
29 o S8k e Glsa (A ale T s3lawdas
i S50 Al e et (gl 4 (gl gt
el 0Ly S T B Gy 5 =8 813
S ai Al P elS guae o Sons S5
o8 sl basha 50 15,38 (boa ol d Ul
Sl ial sl 4sll a ol e la |y ey aa
skux sKut Sl 5 Sbe) slactin col s J seas
Sgda 50 Salsu, sae BCd o 9, wlas o s

@*‘Mums)mclylwmmg.A\’-\"’



VoY Jlo /Y oylos Y sls / S g ST il 4 i

.o "D..\.QA Ls.?b..é (S0 YAY

S gy dolas Lol Laia) @ wlal ju g sad w535 (VB)
O Ly pe2 = : PP
6t+V6x+pC ax—O [¥] 9 S paalga s,
(oS 85) a siie g0 dalas
10pP i
p6x+ +V +gsm0+ =0 [\]
(SoLdis Juso ygeuinn (D) g gl dad ju ouddi ulaal e (@) ) oled — \ s
aldube )yl Jobo o Lo adie suguae -\ Jgua
O Ol cndis alals il k3 o G Gl & doddob sl panl Gs
(m) (mm) () (Ls?) (m) (mm)
YWoXY —Ya—gfo  £-T1-A-\e mw i Ye-Y—Ye-t—¢/o £V v 89 5950

OEMHA‘UTMJJJMMQJJLAJJMJML
M...JMJ&AMTJ\,;J‘L{&‘\&AOL&);
}‘ (gl GJL—‘-UJJ-Q JJ.EZ\.A 14. &Ba:i Oﬂ‘ BL .JJ‘J
M‘é@ﬁ‘)‘&)&}“&}ﬁﬁ}&)ddm
9 sSaine) o (Vo4 Auda 5 slalid) su S o sulinl
(YA o)l
QL =Ac\29(H, — Z}) [¢]
éa_‘.uAe = CdAL PN LS')J QL & 4-‘&?‘_) B
(5_).AU&CJQ_“.1AL ‘u__u%_,_‘ACd ‘Mﬁ_}&)ﬁy
Hy 5 3 s 5 4l o 5o gl lad gl )1 Z) ccaits
ol Jae 53 L Gl dalas ke 4 o ¢S]
590l sl gad Bo b i, o salit il b
‘MJH A‘)‘JLAJ:\.‘ASJJCAYJL’-O@L\%JA(S‘}JA

CAJHJJdﬁL&JJQ—&SJJ@JG‘}f%‘M

phio o g L8 P g A =¥olas ol o

om0 Yo JES L pean a0 P Oloa
clida g Juw e s V e o s 4l H5ne
S ol oy f gl S D oyae)y (w3l S

Ja il oo (s, £ oo e 5 € 9l g — (sl

Losa % gl (558 900lS (guue Jao o a¥alas (0l
M‘b@ﬁ‘)‘MJ\’hQQ\;B\;&u&JJ
lemmgudﬁ)ngmchM|mH

g e dulae ) dal,

;:'Dlx

c= D [¥]
1+E

:J‘:\_u.l e ‘La.s_t.u.i.:_t.u** :‘ M JJJAK Y ‘ua:t“) B

S Sa ol dy cnlise gl slasS oo E



YAA

e el il s 3 Ble e Sl cylps b))

Ol e s Jalas L plis )l MBA) 5 S o
A aalsd Blad cois Jae 51 ol (g)lale at ool
Jame G iose—die (VAAY) GLLSer 5 (5358 Jae
Ok olwand Lo, 5o JBuk jue  SKa)
(V2T gaane) silyoo o sle
J=Jos+5 (5 - a5) [\]
Sl ($55 e S K s dolae ol o
mHaJ@JJKﬁ‘S\SLJ.clJKSLAJ:d:‘;JSgﬁ
Ol il po B3 05 g Yl Hu oLl £ g0 LT
I Pled 5 Pl bl a3 50 58 Sl usa g b dasl,
QJHglJ‘sﬂjaﬁguulwlaawﬁw
LK o 48 e s ol 4588 Sl Hu L
b ol sa i Jlael Sial,l g0 5o el (g lass
DBl jue SIal lasly ol 5o wlo oo Gl divus
led ik 5 (SlSe SLs SRaloly o 5l eplal Sy 4
9 oty s e ol S s Hu il e 386
29 ol £ e Slowds (S8 Soble e o Z_Z
ese il SLLE I 5 (X pms) o) Lok g
g—ly o aalsa (T sae) Olo) 4 s (g lid
853 5 Seatd HLey g 90 Gl 5o S S ol
lais (e b Jsb o 5o goldid oo ol uis
O9sas ok s (gl ale gl goldd £ e (Sl
Voo ¥ Gusels s soosl) ad ) 5a) ddal (St 0l
OlSes 5 (Sl Sy = Yoo & GllSea 5 usely —
(Yoo s
J = Jgs + 3 [Ku 5r + KuxSignWa 52| W]
s ()l (5l e paddie SlBaEaS () o
5 suss B Kue < Kue (Kue & 10%K,) sl
50,004 < Kyp < 0.0054 55 s0ns il ol s (5o
SO SHlea s S 4 ulas 0.033 < K,y < 0.05
© Ollaa 358 ol s S alS o il oo (eddie
22 586 Glose 5 Jleel Sl 5 plo)y S slag 5
£15 0 ol s et e JS SISlial e o S

© ) IS G385 I 5o b ol 5o LR Ol ssa s

...\AT M‘J.& [WIVETR]

t A
n+1 o > ©
+ "
C I/ C
n @) == 00 —> (@) I\
>
>

i-1 i i+1 X
Syt gl Iad yu culih g g Suilach slad —Y S
Xt cilaalie dades o duadidis bgha Ja i,

Jao 53 (S gy ddolas GBS 51 50 b Jla

JOVARIENY {PENRE Af

Qt1 = QL? + Qi1 [e]

o9 Sl dad s baa afulas o o 6K

09 e dma e dlolas g S Jae sl

{i+1Ln)s(i—1,n) pblie 5o ends Jae ¥

il po Fubs i) a¥olas

QP?—F1 = Cp - CaHP:H-1 [\
QP?—F1 =0 + CaHP:H-1 [v]
el Hu S

Cp = QL1 + CoH{“ 1 — RAtQL11Q1L4]  [A]
Cn = Q41 — CoH[y 1 — RAtQ 41014 [4]

edd Jae 5o LE Glsa @oladnd ¢l el sl

bl aaal A
Hp*™* = (€ = Cn)/2Ca -]
Qpl ™t = (Cp+ Cp)/2 [\\]
Cp = Qitq + CoHiLy — [vv]

RAtQ:, Q4|
Cr=(QFy — Q) — Cal Fi1 — [\v]

RAt(Q, — Q. N|(QF1 — QL]

QL? = A, /ZQ(HL? —Z) [vé]

m Qi /4)?
Hi+1:Hl?11_L2—g [\e]

0 s e @l Bl aS il sand (358 G Sl Vo

j‘ﬁbé}]@&ﬁ‘)‘m\jdﬁwﬁdﬂw 20 _}‘



VoY Jlo /Y oylos Y sls / S g ST il 4 i

.o ‘PA.QA Ls.?(«é (S0 VAR

So5e o9 age GBS aas LI B SLios e | Baa B
o9 Omby el S el T LAS ploa Sdalss
Sl 0155 00 1538 Glsa sasay (Sulsrams ()l
03 Oloslis a0 S e s Ghgs 5 Slialas cnSl
Lk oy (B, 3L Gl o sSae Shlas
soliia) Aua sl i e¥olas o (gl mn s
el s
L olading oo Il S laie @ pusSae Slas
Cpoitola 5o 4S ugdi e el Gaa Wl ) suliil
O bd Sl se psane o s 0 Wl e (Sae S
o S Ol sliulas 5 Slaalin glasals
Of = Xi1(He; — Hoy)? [\Al
Gol—d L slaai kb aa LB Of () 5o a8
DL HO; 5 ous drlas s5Las ,L HE wad uilas
el 5a Guinea 00 ua sa b saal B (g Lk
T3 S s (5330 > dile J sgae slayiel
L) o s el ot Lo et Jao syt
W3S o s oltings O sl Saa pb € (LT alas
s By 53 50 el T 4 bassse slansd Wl
i b5 S HnsS gl w0l e gOl—wdings Jae
oS alasl pley aa b 4 Jseae SielLk

Measured Data I

Arguments for OF evaluation or
derivatives calculation

g b elele s aas S Jab oobe Yol a8
goe2lome DlaBe s age a3 5 LIS Gloa solas
(VY (ganns) cubl salya a6 o ,Las
Gmad Hslie 40 THAS (e e Jalas
slasols Sl oaldi b 2l s 1 Jsgae sla i,k
soliiual  shite 45 0 b oo alail HLt st (5 S0 31l
o Y¥olas i€ Ja s oS ol a3Y S5 ol )

LU, 5o aa b e sSae (goniua 55800 Ko 51,08
L b gl @l (Yoo ) Gusels o ol sS) sl
Jalad 5o S cl 5ol 1538 Gl e Julas
potae aica o slasiel )l alad L Glsa Al s
SR o soldd g e Lol Gog pslas b g ol
Ol pusSae Jalad (59, o Lol s aal i dailas
Lo ol Jsgme pin o 51 ol ial L 1,38
wdua b oS dueS 5 (ool 9o ()t
(7 US8) 908 oo daulas aliunis J ggae slastal)l
S ol sl P50 S GuSae Shilas
&l 1o sl (i B oS oo al 1) oludings )
LE Gloa Sdalad K0 (o 5 S gy i s
OB 5a L LR Ghsa (Salsoma ilwdn i Joe
Sdalad ols sage 5 Gare o0 Il (8 S
G oad Slsal s GusSae Sdulad b 81,58 (Lsa

Input Data

Inverse Solver
(Optimisation Algorithm)

Transient Solver
(Hydraulic Simulator)

}

Optimal solution

Parameter calculation

(Y00) Gugely 9 el 95) Glasa ugsas Jalad Jue S (590 blid yl 0 gan Y s

3 Inverse transient analysis- ITA

1 Phase shift
2 Damping rate



\a.

e el il s 3 Ble e Sl cylps b))

obwdand (58 Jae 5l sadd bl (o Ldd i
aa 5l S (A gl gladin i Lol wlad o
ulai oo (Aot Jpene

Gt Yl Joae (38,8 S8 50 b ainas
e smade (5 (JEaly KE /A Slal L o1 (SSL)
GV s Ko 5ia s (B A+ (0) Yl
oeie 53 B V6N Y Pl (SIU o) (o
ity O gige ¥ bl 5 soliiead 5 (Vo€ (s5lusa)
55 Alae 1 st alas) slityledT Lo (5, g 5o
el 4l s sTe Yo Jobae o Slade <

o 58 JISal 5o 6 o3laind 3l alla ol o
505 Lo oty LS 5 (S coaal st sol LS
s obed slacbia ol s sla el ool sl
S )5, A3 Co s Crinen g Kux g Kut SIS
b yo Kux g Kut ol s 5aalie ¥ Jgaa .ad opuas Cd
el oy L83 1 S0 sast alail slags st 4
L s rseelS ol 5l Joola glsel a8l g 50 aS
L nlBe 5o 1) Ued slas e pyane (o iaS Lgsl

b e 1l sad od aKasle )T slasols

S g bl
Lossyo slassls o 5 LagtlesT alasl 31
wndd asa g b gl b o sad a8 (5,5l gl gel 4
dol soeddasag alla 5o L8 b Hlw @
59 ol e SISl Jus 3l suliial clla o
ol d mliie 5 ¢ J il .cs Saladl o ys
Sleolii b cdd ssa g alla 5o 15K by (soae
b anlio 5o s o JBLe st (S ol Juo
cndd Alide HUad) g ladas ol 1) AL ST mls
Te /1 8) st (ST Gisas 510 0 SLS (sl 5o
Oled o Hiw S Ui cpl Lo aas e ol (E
5 euie sla,ld iShia oS el sl Lui] i
5o aal i 3l lobis o s ,Ltd gl pel (LS ik
el s 5 gl bshi 5o ssa e lacl v g 5

Wl Slgiine 39 50

2L 2X47
TC_0'15<T_%_ [Va]
0.31s

Sl oA Bs 0 g8 JIK &l o S G S Lea

LSl c:‘ML*;'J-E I cule solis gladia by



VoY Jlo /Y oylos Y sls / S g ST il 4 i

. “DJ&.A Ls.?ué (S0 ALY

Q=25 lit/s
1.4

121
14 == Observed

0.8 = Simulated

0.6

0.4 4
0.2 1

P/Pmax
o
L

-0.2 9
-0.4 1
-0.6
-0.8 1

0 0.5 1 15 2 25 3 35 4 45 5 55
Time (s)

Q=35 lit/s
1.4

1.2 A
14 == Observed

0.8 1 = Simulated

0.6 A

04

021 AL

P/Pmax
o
<

-0.2 1
-0.4 1
-0.6 1
-0.8 1

Time (s)

Q=45 lit/s

1.4
1.2 1
14 = Observed
0.6
0.4 +

0.2 j
0
0.2 A
-0.4
-0.6
_08 4

P/Pmax

Time (s)

Saslio Ve by ends G5, kS

P/Pmax

P/Pmax

P/Pmax

Q=25lit/s

14 === Obsered
08 4 = Simulated

Time (s)

Q=35litls

Time (s)

Q=45it/s

Time (s)

Sarlie &yl odd 59, k8

09 D 99 HBuile yud (Slshasl Juo jf ouldtiedl b udid w92 9 Sl Hu 1,38 (L (Soas (5 lesdands alis —F IS

e YV o Jas () g Al 3T el b duslis

3 oY eaalS Llia L 6,38 liya Lo 4S

S8 ) oS e S gl Dlas (Su st lachs S
L 653 oloa gl i aus ol 4S s Lo (YA
ot 33) O s ol s el 3l Ol
SLol S Laloil L0 el L L Kwle i SISk ol

U S al po o olun (Shu Ho o

aMl—ijJigudS_i)adQ;OT
&s‘_"\.\ u.é)t\é“;l:mﬁﬁl\s‘ GL.A‘)SS‘JA BE “'M;U’A
S caline gl oo sl ol s 5 AKEuL)T

S el Juls o ki Onl i oo A

ol eslaa Hougase (o laES (Hlwand
‘J.% R M‘PMGJJAGQMSQLLL r‘iﬂ

1 Vortex sheet



\ay

e el il s 3 Ble e Sl cylps b))

Q=25 lit/s

1.4
1.2 1
1A == Observed
0.6
0.4

024 oy v

P/Pmax
o
\

-0.2 9
-0.4 1
-0.6
-0.8 1

P/Pmax

G aals ol Lo L8l e ol SIS ol slaJus

A aal sA dAlS (g0 gua

Q=25 lit/s

14
1.2 4
14 == Observed
0.6 q
0.4 q

0.2 1 Por S N

-0.2 4
-0.4
20.6 4
-0.8

Time (s)

Q=35lit/s

1.4
1.2 1
14 == Obsened
0.6

0.4 1
0.2 1

P/Pmax
%
b
}

-0.2 1
-0.4
-0.6
-0.8

P/Pmax

-1 T T T T T T T T T T T

0 05 1 15 2 25 3 35 4 4.5 5 55 6

Time (s)

Q=35 lit/s

Time (s)

Q=45lit/s

0 0.5 1 15 2 25 3 35 4 45 5 55 6

Time (s)

Q=45lit/s

14
124

1 4 === Observed

0.8 o

= Simulated

0.6
0.4 4

0.2
0 <>

-0.2 1
-0.4 1
-0.6
-0.8 -

P/Pmax

P/Pmax

Time (s)

Sraalie Vol mudh B, b

0 05 1 15 2 25 3 35 4 45 5 55 6

Time (s)

Sraslie € ol ys i 35, b8

09 D 99 HBuile yud  (Slshasl Juo j) ouldieal b Gudid w92 g Sl Hu 538 Ly (Soas (6 lesdands 7alih -0 S

e ¥ o Jas () g AL 3T gl b duslis

Sy alil cias o LES 50 Y Jgan 59 3 9a 50 Kux
clls 5o i ssa adla gl Kut ssolis gl susl
s Kut S p ol Ly 5 el LB e o s
5 ol Sga (Gled) X sene Job 5 pee DB plls
s o B, Sy 5 S Kux ey s (igans

JSE o gl Wy, bl g dsls 2aK L

RS dliiu g 4 g9t 9o (ol 5 0als £ S £l
o84S Jalo ol a0 S e dalSel Kux cu s luie
A Hldd edl wml it Kux qu s liie Haly

s Kut soalie 4S5l T ol bl . uSalls 5 a g aalsa



VoY Jlo /Y oylos Y sls / S g ST il 4 i

.o ‘PA.QA Ls.?(«é (S0 Vay

gloe) o Olose e hE ud ubs b oS
(b8 o 4 5 L Gl sl 5wl I8 (oLt

b ralS Kux oo s e
o9 omdd WAy o LAY JSE Hu sad &) slalo ga
ol Kux 5 Kut saalie (55 5o (Slia 580 cutd s
YV dbols o dy cndd asa g alla 5o Kux cos sl
SN S Hlae g0 58 (g500 YA dhals jo dn 5 (s 5%
rl 58 a5 adlee d Gaa adla o Kux salis

alla g ol SIS 80 (HLad) Y Hsme o oo
il G g adla gl Kux aalie 3) 38 enids s ga g
sl 1y Kux s Kut psalie Vo g1 LSzl g aalsa
enlio uyse b asa s by ol (o slacdla

VR B
dsas alla o o) pedde U Ka G K a0
L s ol Kut clped Lo sac o slite slahd b ot
Kux olys Hlate Ll ol olaSs el gou alls
6l OF salie 51 i ladie £ kS b ot 5l
oealie Cpl 99 58 Ciaas 5l Saalie Ve GhE L s
OF s cpl Jalo il o ot (s wlla ) 1S

Joe L Cudih (ygus g cudib uga g Oulla o oudi (5 jledandi (51,38 by (51 Kux g Kut caal pud jaulils dewlia Y Jgua
B 9o Ssbsl

(L S_l) Lﬁ"“

Y/o Y/e ¢/o

S, sae

0. AY1.0 IERLER!

Sazlie &l cutn las

kut Y- «[+s0Y «[e0Y
Kix /884 /.58 T

Saslie Tl s

kut ./..o\’ ./..o\ ./..o.
Kux N NEEAnd NEEA L

Sazlie Al cuts las

Kix [ €YY +/-¢)a .- §Yo

)-\-A-\-L\-Q‘_._ \'J.:‘).\Culu_)]ai

kut RRE-A NERY-A NEREAN
Kix /- €\e  +/-geV [ ENY

Fanlie £l ot L3

kux ’/*ii\/ ’/’ii‘\ '/'iic

Sarlie Tl cts

kut ./..o\’ ./..o\‘ ./..of_

Kux /YA -/-s¥1 <[+ EYA

Fanbie Al ot L3

kut ./..o\ ./..o\ ./..o\‘

Kuw  +/-8Y0  [-EYV /oYY

Sl Vol i a3

kut ./..o\ ./..o\’ ./..oi

Kux AN SRV AY- /AN

V- RY




\a¥

e el il s 3 Ble e Sl cylps b))

il s il pad puas Halsi sae GRalS L Gl

80 el 5 b sl

EERU v R PP | B 1

Ls:'u)h‘_)l,!:kuxakut%‘)_aéé_)‘_}.c‘l_}.A..l‘)‘.lgua

SIS o 5 it sl L € L e

%M@M‘J&‘@‘ﬂ&})\jg‘)mc&n

io—e 93 Sl gladae a8 4 o

2l s 50 S eu,ullS Bua 1L loa ()b o
55aalIS b 4 ol s ol Yaeal 5 el Ku s Kt
oy © 5l ol S su g pals sae S sl
557 5 JIS o oS G Silan col s ool bl e

PJ&A&)J&JJJ&J‘M&‘;{SM‘M

0.06 0.06
0.05 0.05
i ) m———m = ——- =4 I A== ————- £
0.04 - Ll - m - d 0.04 - Ao $ommmm e -
=4 k5-DL=4mm =& k5-DL=4mm
0.03 1 —m k5-DL=10mm 0.03 4 == k5-DL=10mm
— i~ k6-DL=4mm = &~ k6-DL=4mm
0.02 =& k6-DL=10mm 0.02 - = &= k6-DL=10mm
k5 - No Leak k5 - No Leak
0.01 4 k6 - No Leak 0.01 k6 - No Leak
[ . L EE K] P === m - em == P === == - =
0 T T T T T 0 T T T T T
50000 60000 70000 80000 90000 100000 110000 50000 60000 70000 80000 90000 100000 110000
Re Re

D3 YV sl O5ae 5 s dlsls

i g g g Sulla o Cadi o8 &l it b s b 9o L8uile yué SIShaisl Jao o Kux 9 Kut joalis dowlio -7 Jsut

0.06 0.06
0.05 4 0.05 -
P S m—me e e = === -
0.04 - 0.04 e ececesssss==sf=s==aaoe==-=%
=& k5-LL=27m — & k5-LL=27m
0.03 + — % K5-LL=39m 0.03 1 -8 k5-LL=30m
—a~ k6-LL=27m -4~ Kk6-LL=27m
0.02 =& k6-LL=39m 0.02 =& k6-LL=39m
k5- No Leak k5-No Leak
0.01 k& - No Leak 0.01 k6 - No Leak
B mmeeeee == ] L] [ T [ PR - =
0 T T T T T 0 T T T T T
50000 60000 70000 80000 90000 100000 110000 50000 60000 70000 80000 90000 100000 110000
Re Re
Saalis £yl ks 45, ka3 Sraalia Vel s 43 95 ks

a3 ga g L cadis Jas & M-nL.‘ﬁﬁdegﬁu#éélshm|J..\.aJakux3kutJ3.al§.ad.u.“a|.§.a—VJS.«..Z

9 LT (65530 S Sl 5 53aS o gl Juls 4o
GyjlwadauTgﬁijLi& abay) Jslis

QQ&AJ&AA&‘JKUQ‘)AGJL—J&MJJQJ@

Jdﬁ‘ht*mwbﬁﬂuﬁ@)d‘)é&‘\%}dﬁ.&

Jsb 4S) 3:8a5 ol 5o 488, IS

L Al mbe)l Jus

dpnnlae Gla3 s 5y i 3 (a2l o ol ol

@aae Jao b g alla ool 5o oS g oael,l Ko

Booo wldS cupid W (pae Wb sad (s S
&1 00t el sl sial b ool ol et
sal ALY Jan Ho cdi ladi s, wlas ul o
Loeeis sladd) gy oo oo saaline «S 5 sbylan .ol
s 5 555 el s (il V) ity Ll
s ol 5 ol (Slaskis £) S 5l3 L sladihy, @



VoY Jlo /Y oylos Y sls / S g ST il 4 i

.o ‘PA.QA Ls.?(«é (S0 AR

oaald iy 4 ,ldd oo (solwdnnd Hul, H S
€ G Solas b sauni s el slay yo g gans g5be]
S ol Jus ol pod B § Jgan a5 )
o8 —eslie MalS LIS o 5o S8l yue
ssas ol Hu L8 Gl soladd £se olwdn
&l 38a3 0l ) s s Ll ol e s
5 ousaly ©laEaS B sd 4 Kux g Kut saulse
83 gaae il s ol sl LT o aS Y-8 ) Kan
51,0 0.033 < Kyy < 0.05 5 0.004 < Ky, < 0.054
sogane 30 ol Lo« YoV E (gosle fpinan gou
mas 0.025 < K, < 0.053 4 0.006 < K, < 0.057

(0 Joan) wlad oo anli 1) ool sss S

WAl oy wadla ol Ho S e endlas By, sud
G 5 355 955 (Si3ab oliis sad OB i
JEBI L sl 5o i3 5 ool Gha (Salgaa bl i
b sad dnilae bl & glas < asl s ju ¢ SV sbs
wal HSady B0k yue 5 Buldnd SKhsl Jos

SHX Glisa ol—id poe o385 5 b, Ol G

L oS Jae o s (oldd ua ol ead ad
Yaal ey oF sl S5 ol hns Wl U5
99 o9 S )5 laS s il G 5 e
il I oy aine o5 aa b S3e olla
99 LWLk e S sl Juo o Slac dalsl o (puinan
gl il 5 s obel Gt b s
sad ol dsal by dulae (goae sud (5ldnn

sad e $30S o oUlgS il awlia A 20kl

2D 99 HBike ud SiShaial Jao b oaid (6 jleudasid 51 438 Gl o (6l p di) gy dalAS (s S pulie dewslis —F Jgan

(LsY) o Y/ Y/o /o
Salsu, sue o4 -Y AY1-o ARRS B
Slalie Ve sl cadi LbE /o) foeA ey
JAAJLAEJJ‘)J ).L\s */0~V ’/EO\ ‘/5.’5.
)vax‘)fu.m" :"Ja.a
Siaslie Vo sl cuti b3 Jog /0N NI
Siaalie & olys cadt jlad JeNY g NP
_):\.AVQ _)..tl_):auﬂu‘ ."J.s.a
_):\-c\:\-l:\-o\' ).:‘).\Culu_)]ai «[ooY <[o\V </¢a
)_ml.mf.)q‘).x )Jﬁ A% A LA
aslie Vo by cnin Hlad RS /oYo </evi

syl 99 (Slibuol Jao b oudd (5 jlundandd 138 gLy 9 LS ge lboa Blasyo £ gas palie - Jgua

(Lsh) o Y/o Y/e ¢/o

Sl g,y sae 04.-¥  AY1.0 Vv

sashio 8 jul s cndn s Y/Veo Y/AY ¢/od
).m\'\/ )_,l)_, ¥ J;.n

shaslie Vol cudd jlad \YAR AN \/VA

SSE srasbia &l cnds s AR Y/NE Y/va
> YY ‘)-“‘)-‘ ¥ J;A

taslio Vo )y iy lad Y/VV Y/ Y/¢o

‘)A.a\'a\ ‘)Al‘)_\ ¥ JM )-\AA.LAE.‘)-\“)J )Jas ¢IVY Y/A Y/o4




Vas - gloel (il ands Bk e Sl olps b))
el Ve sl i LlE VY V) LAV
el by ook skd YAY VIAA ¢y
siasbia Vol s Hhs Y/ce Y/Yv Y/NY
d.\l&oCb@:&'a:i‘,dkux"kutg:ﬂf.éx.:&o‘,tdﬁodgmwm—b Joua
L S'l) X (M) g Jsbs Sl gy sae Kut 63 gans Kux 83 5ans
(Y++2) OoKan 5 Gl Voo =Yoo Yeouoo — T Y I R [0 — [T
(Y’\Z)GJ‘A[% LSJS U_lg cfeoVe = ofe ofeoYe —+/-You
sesla 3aEa3 £V T R N AN R L T Y A

2ol 5oLt ln s hols gl Bl T 5 s
oAl Ll o halS Loy oIS L a0 sad 5udS
Co S gloel IS 5o (alone i bl s diels
e Kux s 1o (28K L pos g Gl 5 0als
Ol ieS o di s ey alla (gl Kux cu s a0 S o
ol s Lo gae ol et s dla (sl Kux ol
Dlatie Lol ol lps e o alla b Lo Kut
S i Slaalie £ 5l3 Lo gl Kux ol —a
e 5 ool Slaalis Ve 8 b s gl T ol
il e el G pw alla 5 1S 5u0l8e Cpl ga 58
G0 » Pl LS e Bl Jae 5o S Gaines
S k8 b s glady g sl Kux s Kut ool
O o GBS A s (Glabe V)
g oAl sl (Gladie €) S jlad L sladsy,
Jilaa 1, (b goladus o oslite SKhal Jas
Job 4S) 38a3 cpl 5o G, LIS @ AREL ST Jus 5o
Gaslae QlAS o s 5 (Sl 31wl g ok !
sl o ys waldla cpl o S e e D), sad
O 9 D500 9sa (o ol pad Bl 5
JESS bghaa 50 L 5 ol Olisa (Sl soas bl
BB ) 55 AT g bl LUSTI 55 e oY s
SEh sl Jao fpinas a Sl QA s guns o plEs
o0 —eslie MalS QLIS o g SISk yue

e
8, 3ad G (s 5lae 5o LIS slaglsa Jalas
ple Olocusige 4le u)50 5 pgeo Sl Salio 51 (S
Sl slaghion Yol S ha ol sass Sy 0
5 oad sualibie oSl OF JUEI glagicuss 5
Sl 15 5 HBle e p63 5 Gl cuals Lo gac
Pl & Sl T olan b s sas 3 b Sk
gl bshd Glebas oS 5o 5 OT ois (g 5ls 30 40
Slaosa s (Sl cuaal 51 5 aas £ ol (Sae JlET)
5 ol 5o IS Be S50 S e wab
T JGEI 035, Lo LK JUAT slasl camse o o Skae
S ol L las) 3483 gl 5o (nlsalis aa S o
29 o S8l e Glsa (A ale T (s3lwdas
00 do30 iy o o (Il 4S (glad o) b glaa
ol 0Ly S T 5 Gy 5 =8 8 153
Cad e S P elS (e Sons Jlo5as
o8 sl basha 50 1,38 (Loa il d oLl
Sl ial sl 4sll 5a ol e o |y ety aa
s 5 Kux s Kut SlSe 5 Sle) slaclis ol s
e ) Gl Salghy sae (5150 Cd o )5, alas
£lsal omiaad ot rulaa Voo sugaaa B
sad ol 5 ol asleyl Hu Slaaline o Las
350 BT olus pad 5 dnlio (55 500lS Jao b
Oael asas o boly s il e S 5158 Jalas



VoY Jlo /Y oylos Y sls / S g ST il 4 i cpdie (B ( Ghexe ay

iy jeeaa 5o 1L Gloa (55Lds £ge ol s
.JJ‘J
ouldigl 90 @u.o

Akbari A, Fathi-moghadam M and Mirzaee M. 2021. Detection of leakage in polymeric transmission pipelines
with using reflected compress wave of transient flow. Journal of Irrigation Sciences and Engineering
44(1):61-75. (In Persian with English abstract)

Brunone B and Golia UM, 1991. Some considerations on velocity profiles in unsteady pipe flows. Pp. 481—
487. Proceedings of International Conference on Enthropy and Energy Dissipation in Water Resources,
Maratea, Italy.

Brunone B, Golia UM and Greco M, 1991. Some remarks on the momentum equation for fast transients. Pp.
201-209. Proceedings of International Conference on Hydraulic Transients with Water Column
Separation, IAHR, Valencia, Spain.

Chaudhry MH, 2014. Applied Hydraulic Transients. Springer, New York.

Collins RP, Boxall JB, Karney BW and Brunone B, 2012. How severe can transients be after a sudden
depressurization. Journal of American Water Work Association. 104(4): 67-75.

Covas D and Ramos H, 2001. Hydraulic transients used for leakage detection in water distribution systems.
In: Proceedings of the 4th Conference on Water Pipeline Systems: Managing Pipeline Assets in an
Evolving Market. York, UK.

Covas D, Graham N, Maksimovic C, Ramos H, Kapelan Z, Savic D and Walters G, 2003. An assessment of
the application of inverse transient analysis for leak detection: Part 1l — Collection and application of
experimental data. In: Proceedings of the International Conference on Advances in Water Supply
Management. London, Balkema.

Daneshfaraz R, Rezazadeh Joudi A and Abraham J, 2017. Numerical investigation on the effect of sudden
contraction on flow behavior in a 90-degree bend. KSCE Journal of Civil Engineering. DOI
10.1007/s12205-017-1313-3

Daneshfaraz R, Sadegfam S and Majedi-Asl M, 2011. The effect of non-linear terms on the process of
computing water hammer with regard to friction coefficient for different cast iron pipe. International
Journal of Engineering & Applied Sciences 3(3):15-22

Fathi-Moghadam M and Kiani S, 2019. Simulation of transient flow in viscoelastic pipe network. Journal of
Hydraulic Research, IAHR. Pp. 1-10

Fathi-Moghadam M, Haghighipour S and Mohammad Vali Samani H, 2013. Design-variable optimization of
hydropower tunnels and surge tanks using a genetic algorithm. Journal of Water Resources Planning and
Management, ASCE, Pp. 200-208.

Funk JE, Wood DJ, vanVuuren SJ and LcChevallier M, 1999. Pathogen intrusion into water distribution
systems due to transients. Proceedings of 3rd ASME/JSME Joint Fluids Engineering Conference, July
18-23, San Francisco.

Haghighi A and Ramos HM, 2012. Detection of leakage freshwater and friction factor calibration in drinking
networks using central force optimization. Journal of Water Resource Management 26:2347-2363.
Jonsson L, 2001. Interaction of a hydraulic transient with a leak in a pipe flow. 14th Australasian Fluid

Mechanics Conference. Adelaide University, Adelaide, Australia.

Joukowski NE, 1898. Memoirs of the Imperial Academy Society of St. Petersburg. Amer. Water Works
Association 24:341-424.

Lai CC, 1991. Unaccounted for water and the economics of leak detection. Water Supply 9(3,4): IR1-1- IR1-
8.

Loureiro D and Ramos H, 2003. A modified formulation for estimating the dissipative effect of 1-D transient
pipe flow. Pp. 755-763. Proceedings of Conference on Pumps, Electromechanical Devices and Systems
Applied to Urban Water Management, International Water Association (IWA)/International Association
on Hydraulic Engineering and Research (IAHR), Madrid, Spain.

Meniconi S, Brunone B and Ferrante M, 2012. Water-hammer pressure waves interaction at cross-section
changes in series in viscoelastic pipes. Journal of Fluids and Structures. 33:44-58.



VaA e el il s 3 Ble e Sl cylps b))

Mohammadi K, 2021. A review of unsteady friction models in transient flow. 9th National Conference on
Civil Engineering, Architecture and Sustainable Urban Development of Iran (ISC) Tehran, Iran. (In
Persian with English abstract)

Mohammadi K and Fathi-moghadam M, 2017. Analysis of rapid unsteady flow in pipelines using unsteady
friction model. Water and Soil Science 27(2):157 — 169. (In Persian with English abstract)

Pothof I, 2008. A turbulent approach to unsteady friction. Journal of Hydraulic Research 46(5):679-690.

Rahmanshahi M, Fathi-moghadam M and Haghighi A, 2019. Numerical simulation of dynamic phenomena of
unsteady friction and viscoelastic effects in pipeline under the transient flow. Journal of Irrigation
Sciences and Engineering 41(4):201-216. (In Persian with English abstract)

Ramos H, Covas D, Borga A and Lourerio D, 2004. Surge damping analysis in pipe systems: Modeling and
Experiments Journal of Hydraulic Research 42(4):413-425.

Shamloo H and Haghighi A, 2009. Leak detection in pipelines by inverse backward transient analysis. Journal
of Hydraulic Research 47(3):311-318.

Vitkovsky JP, Lambert MF, Simpson AR and Bergant A, 2000. Advances in unsteady friction modeling in
transient pipe flow. Pp. 471-482.Proceedings of 8th International Conference on Pressure Surges, BHR
Group, Bedford, UK.



