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Experimental Results of Pressure Fluctuations in a Water Conduit
Section Due to Formation of Unstable Two-Phase Air-Water Flow

A.B. Kabiri Samani, M. Borgheie and M.H Saeidi
Department of Civil Engineering, Sharif University of Technology

Abstract: The study of two-phase fluid flow behavior in hydraulic structures such as pressurized flow tunnels, culverts, sewer
pipes, junctions and other similar conduits is of great importance. A two-phase mixture flowing in a pipe can exhibit several
interfacial geometries such as bubbles, slugs or films, depending on the fluid and hydrodynamic properties of flow. The main
variables, giving rise to a variety of flow patterns, include relative discharge rate of fluids and the pipe slope. The
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flow patterns mostly attainable with air and water include stratified include and slug patterns. In this paper, the experimental
results of pressurized water tunnel model are presented. The results include pressure transient and its variations for different
hydraulic and geometric properties. It is shown that trapped and released air can cause tremendous pressure surges in the system
and, eventually, may cause failure in systems (e.g. the maximum pressure inside the pipe would reach up to 10 times of upstream
hydrostatic pressure). Finally, relations for forecasting maximum and minimum pressure in these situations are presented as a
function of mean pressure, flow characteristics and pipe geometry.

Keywords: Two-phase flow, Flow pattern, Slug flow, Pressure fluctuations, Experimental model

e Cans
Pa T 0gm i) o bgia l23 Py drs s Lo 5318 bwge clile C
m’/s i Q m/s gl z50 Loy €
SO sl 54e Re m |=e ks D
s é\w@”ﬁﬁ T NETI s34 30 Fr
s Ole t NETI lasd T 2s e Fro
m/s olesm  V, Ao o = f
A o F33ds We SO b s SKewl e frp
m ST Ges Ve kg/(m”.s) SL s o e G
NP S8 J gl s o m/s® JEoks g
A o gijb.a&;q,\..m.; B m L;\«:a’dcjatb;?)l H
A |es cui So @ m sVl O35 3 O Ges by
Pa.s IS u m Ssb hasis L
Kg/m’ asls p SETRpE g e 1
N/m e RES c Pa Sl P
Pa ool o S Ty
S slmay 3 o b ol Slged dia3l OF @b oS asdie —

il iU 5 b Glaelils 1 tege 5l SOl BIS
S b o (3L e 0L LSS 5 1 s O bl
S0 s Sl (Il (50 Lo Slgatns Coms 3
53 ol il mle G Olegan DL 5l S0 oS 358 o aiS
53 0 DSl 58 56 s e aile 58S 5 mle 50
S e Dt SV GGy oS 8 &S s
33 0L ) Wledamy Sl 4 (556 53 0L o lgaitnnns

o O 2 55 slaaascin 5 ((Golme 5o (G cSS (530

WAY el ¥ &l oYY Jl (o

Sloelw b wkige glsels 5 LB, 2w

555 Ll e 5l glale=dle LB sl OF 0L o S5 5dn
S S i Al e s 158 3505 S o o
Lo 4 Lo 5555 51 53 Adl | (93555 55 Lawls S
5 A28 o spee oilw 3l aS LT 0L > (gl RSl
AL T e L S e oS i Ol Spslae o &S lge
oS 5 aS e slomsl suies 5w ol 1 2S00 ol G

syls JUs a5 1) lanal U glaeds s 5 OMane (Ko



LB 3L 9 sl Slasiis 5l gindr gl e
5SS oS Al Bl solee 53 656 55 0L > slgas s
a5 Ol byl gy 0 olilesl s 5ITE] S
sls Gl oL du)ﬁ| e Sl ols g (! slad
AL o Slatie e 0L Sl ol o
Sl 0l 1 @L» d)AUé Co J{l}.a):)'lf

Sl Jds s lansd 055 e oL Slean 3 Ol o
Oz Iy 5 o3l 53 S5 sleis sl 5 SLis s
o 51,8 13 a5 550 L LS Sl Sl e Gl s
ol w0 0155 oo glad 0L > LSS (g dats slae sl
L Sl glasdisadss o5k sl 4 Joate &t
L Lo 6 5 Lad d oonlol sleatnns codVL 51 J 28
a5 ol [0l bolestl s S oylal Sl sudss ob >
2 Sl 0 il a5 S e sl sl
L0355 oo (SIsster Sleatonews

@l O 2 (68 PSSt il OF 53 45 (5305
TS Blesle ool 5

3 = AU g o Jll A e s (glasd O o -l
Oyse 53 ol Ges hy &5 /AS hY/DSY/0 35 500es 55 das
2 gl 03) e gLl Ly e, RED 5 s YL
sl (Glo sl

S 63555 b (8e2Se) b b b sl IS 5o~
3,8 oo D E VS Y/DLV/0 &5 o 5l 5 oS sl
(LHe 5o 6l > JS55)

Lyl b as B (Sl 058 0l b solre s -
S b S5 Bl 03 1) s s 2 (Bl and
e e sl

33 0L 5550 53 Gl [V] 05 255 5 (SaS
Slme 53 (Sdssden o g sy s e 5 Ol 536
G e g5 0 dd Ol (gl g Ol e LT (Ssls rlq;,\ Jpoe
Asls &l 5 Onse w |y S

s
Q _00066(Fr—1'4 . Fre—Yw ")

w gYe

VA

SO sl b alio 5 W6k > g cnl (S 5 enel
[Y]s 550 S50
Jad s s DV gl gaaib L s - s
L 0l sl bollassl o 58 5 mle 56 55 o S 2
o) e 5 et Ol i e 0dal O sl S
5 Cadge s Ypans Ol lgos It il > &
SAd 5 (S ol Ol S ) B s S
s a5l 5l Les JUiml o8 5 sl 5l om0l
8 el 636 53 0l eSS el
ol 03 e sl Jelge 5 s e Sy 158 5
L 38 5o UL > 5l s 52 5dome |5 5 (ke
0SS Spdos Slasie 5 calive —wdia S5
S cul LS5 4 (’JN Al e B S g sl lay s
gl glsaib gl 4S5 ol sl gleid S o) s
Lty ol olod el ool foe 4y (530 53 0L (sleess
Olidis o sl O, bia b pllbe LISl oS Cud o
ol iy o il (Slgay Sy ST aS ok 4 Ll
o3 eslinad 3550 ke ol (gl sl 5l (gles S duls
B L s 0l il Ol ¢ el LSl il S
(Sl 0L o lad O o ((r 50 0L 2 sl 0L
L s li S 0l 5 sl Ol (sle a3 0L >
Sl ety 5 o rtege NS sk 4 [P )
Solzee 5 L) Bl Koo 5 B (gole 5o Jatoee
Sy porar Ll 5 e cslad sl (ans
Fo SorsS Db dsb 03 L ds ple il ol e Job
Sleosy am s Ik 3 JLSI L e o 5 00l
Lases b S 53 o 5 b Jds oddsl Lol
WS sk sl el Bl ) A 4 ool el
Sy ks gleald a5 L Ol Sl (g5l
s ol oo a3 S S e lgess el
Ay e
iy s L [8] S AT s Sl eslial Ly

\YAY seas! Al g)la...:r JY JLM LdM‘



Sla S s o 5 cidisne loa i L LLII 3 jLas

A3 sl e g ol o Y

Sl s (ol GleSdamy 5 s piie 300 4 a5 L
s SVsla Sl eslinal Ol oS SVl i
Gl idoles b (6l o 5 ol S5y g 0 aiaed
Glaiss 31Ol o | mms o3 O bl 5 Jlis s (ol
DLl el a5 o8 eslinad (olayl Jlosd SIS
(ST By sl 4 (S LS (ol 5 (Sadd]
Slasin 5 (5a 5 O SVl ol (o glas o
[Y]s5o 00 Ol 5 Soyse 4 dslae 1 55505 0L > (s5la
P=1(Q,, Vyw,D,L, g s, HyysPa > Pw» 05T, P) (™)

Jsb) Jsb basialdes 05Q, L3P ol 3«
SenS O il Pt B Ol g (e g
w330 5w 53 lad 50 53 0ol 00 b A5 To (elaw
lr G S S W 58 Glem s Dl GG e
(oSS s e Olge 4 py 3D WV, bl b s O
Sy dalst 5O 4 d o sla ane Aslee

P Q, T c

Pw Ve f(VwDZ’pwVv%’wava’ )
L,&,E,L,Q,sin@)
D py My PwVwD V2
)
P :f(Qa’ 1) ’ c L
pwVe  Qw pyVe pyDVy D ©

Pa Mo My gD
Pw Hw PwVwD V‘%

03,5 opine Ly roman 50 Sal E=% e &
L .z Py) Se=sing s K=(L/D)frp h=V,*2g P,=Ply,

il V0] a3l wlis Slles Jlesl 5 (g3lwesle 5 g 1S

WAY el ¥ &l oYY Jl (o

G Ve odd ol (glsa (o3 ldie Qq 258 sds Fr S
5 phis maw A Of 33 aS Gl AIT L ol 5 (Sdssdes
AU el S0l e e Vi 5 0k W 2o T
Ol v Isn 5 OF 0L > Sles Slasin 1
[41J1558 555 e 5 plon JALsAT 5 O g T ol Cilein
il a8 815 ey 3550 [V ]IS S S s I
3L Sl Ll s e [N Sl 5 Slele
OLLSen 5 KI5 s (glansd 0L > 4 gl 0L >
I 5wl oS iy 6l S Jae VY]
OLaa 5 585 .5 S @l swsl,y sl 4 lasd OL
e 00 Al e 53 Sl s UL s 4 VY]
PPN St N VR WIS WP P P
Ol Al 5 5l ledle L [VE] cies
Clas an &S Ly S ol 4 (B (55lms o glad]
T R P VT P PP J S WP P PSP
2 el Slallas am ST el e xadly sl
w8 O g wie Solre 3 S 2l (sSILLL L LS
sl o6 b glaaly ol J s oS wed
sy Gles Ol G Gnte Sl e Sl
SAasdar 0 SLEIS 5 e e GlelS e 2l
Sl el 2als L bLo 1 5y Sledlbl 5 48 a5 das o OLES
Sole wnls cplagls s s (hy) VL O 5 Ol Gas
g~ =l o» hy/D=V/e a5 +/A<hy/D<V/e 51 el
el ST 0L VU 5 hy/D=v/A 5 Jlasess Ob >
Loy of 0l 0055 osmes lon el amsls opl o
Al e lisd Al b bl g OF Clate 5 Lpd e
o by 6 pdal Ol Lol 5ol | s ol > Esls
Al azils JLos
S 53 0 AT ) s e ol s
S 5lis e s ARl Jue s, 18 5 O

\Al



3ol o 3 e o Jold (2T (gl e

Sl il HLLE v das Glgnad e 5 (Jsb (sl g
5 ol s bl L Sl b 5 (5,5 651l
L Validyne =L DP15-34 5 DP15-30 ,L:3 sla S
Sla Ko ml ol eslinal 4l a3 il Ve Ll
s U bwgme 5 oml slaslics o Seslasil gl s
w0 by Dbl cils gl el | b ARG
SHOLes Aty s slasd 555 o (glansd s Slasein
L;\ﬁ.JJasLm\A_gU{sJ_wc,Jalﬁﬂ};a@wagﬁa
J513 53 O Gree 5 asd Ll 4 b e SeDILl il
S e 0553 4 o Sl s
Sl s el o e Se A e b L oo (s
5 Bl L melss) oliws SO 5l sa (s Jlide s
Vs s ards oo i s i o Seslul LB s slas
of JPEEERONIV 7| JU IO I WG S I PR TR
e e S 5l L 53 S b olas
s el s et il L otk
el 5 cmsVL O3l s O e s eslin il zedes
A e ek V B L LA 1S ke gl eslanad b s
Slo S 5 IS 55y Sl 5 Sl ceal b b
Sl o Sls s false g 1 SO

il Ol Cul I il Ol e LS
o L ST S glie oAb gl
IS el olvg b s Sl — el
il Ole Ol aS A Siee A les
Aol 5 S glaslio e e S5
Sl edi a8 b 55 Ole) oS duS e bl & 5 s
Sl AL BV 1S L LS by o
33 .w\d|e%@9,m¢uuy¢;d|ﬂpvouj
D] LS bty (olel o Sl eslizad b G ol

Sl A Sl sV or Dbl el gl p3Y Oley ke

\43

Al e s 4 3 g 4 3B 53 0Lz L LS

@y P B e e 175, (0)
T

w w

FI‘}RC LWC)LS)'L_‘.))J L;&L.p‘ ol “-’-ifprP‘ts
fQ)HA_gjon_gb))_é)jJJﬂ) LJ_:}JL,\_Q‘w;J;A_:
Fr,=c/4/JLg s Reg=GD/p

9 H:aua +(1—G)HW HJJ eled ;H.J’G

‘Weg =G?D/po

53 b by s e ) S S pEopy H (- a)py
Ll

B e e
5 @l e Jb L oslesd z pn ot € (s Sl
T Jsb SO 56 e ) 5B I glas S a
Aaen (G5 3550 g0 Jsb 55 S a4 sl

Sl Slasein 5 A0S Jas -
W\é|w&u(\)p&b‘emf\}dm
i L st b by el (s e b T Ui
Sl gl eszm Yoo st dd sk s ol Olis
haie o s sk b sl el sl ol Ls DUl g
AV A Qe e bl ) Dl S sde Vol
ow.w\eu@(\‘)d&i&b(@)s\w)\o~
Sl eSSy s S et s CaSo il S5 VL
B8 e (Sl 6 el 0 sl ol lae,lgs
Ol il ol dnd O35 40 |z Jlasl (gl el Ve
(‘\)T%Umm?\j&.i_ﬁmtgﬂmbj}d:)))
i S Sl D5 35 oa | e 3515 e 5 0D
i 93 01 ol syles 53 s essn lis WS o SL
Sl ml ol s O mha J S LB L s
03 45 Glakise j3 O3ee cpl w39, 5l e e 3 2 2
Badier gl O Sl e d Sl edd el O VL
L s O el 6l o3 O35 Lol Je gl L
32l g T 2 S Sl s O 5 2

\YAY seas! Al g)la...:r JY JLM LdM‘



| Upper
Lower DAS Tunne .
Reservoir —  Air Release Reservoir
Cab A
. 1 \
Weir T SN H [ 4—
Pressure Transducer (X)
/ Air
4 Valve<§§>
Compressor
Pump
> P >

hﬁ"’“u}#duﬂjﬁ ﬁ‘)i W". "9—" }S.w:'

RGO I 4 oJ)jT

b -Y
Sy glaesls QL;&__{Laﬂ oo 3l Oliabsl (5
s lie ey Olioes s b sl s @ S Il o

JEE U WL TGt | LR WP (J\—V)‘_}_ﬁ.ﬁzﬁ g g

VWAY diiel oY 85l VF Jle oMz

T Lo 3| pol G 3 OLis gl K il
il Solial gladis 53zl 0oxixt slol 4 Ol
el ol ealaal
SLedbl 5 ol plowil lilesl S LL (V) Jsir
YWY 5 ilesT £00 ¢ gamme 53 das o OLES 1 edd ol

(W1 e 03 i SLedbl Lol o plail il

\4



ok Zudls p DM 5 0k plonl Slisleyl JS by - Jyue

o 52 23 o o S8l slgnadse | G il slgabse | o Ol
(do9) e | (Lit/min) | (Lit/sec) (o) Hlid (4 2) elaie S|
Yj\j'/O)' j\"j-\\/ §—Y» j\'//\\'}\/-\\ j-\' jY“ EX J.EU.?—

f_ﬁ"j j\O"j\Y' jO/YT}i/'Y \/\' }\0'}\*"5Q' 4.5.;3.)*

DARRLE AAY VY
jYV'}Yi'
DARKEE
£ 'j\”\'
7 0.05
6 masigesas Yakubov (1999)
<o Present data 0.04 -
5 |
= 0.03 -
<4 o
o’ | <
3 0.02 -
2 £
. 0.01 - o  Present data
raaoblsaoa Yakubov (1999)
0 ‘ : : 0 ‘ ‘ ‘
0 2 4 6 0 1 2 3 4
Q,/Q, Q/q,

L gio 5L25 (0 o (93 o LS 31 (LI EVA] 5 G ol 51 ool gl Al ¥ IS0

(Q,=2 lit/sec) gﬂ 2> = okl YL

6[;:4)_;.)_.;\)3@)”)_4&@\&_'@0_7?‘)&%)
4 Azl b ells ol Jue &S b s st 10850
uajwujf&_m&ijﬁucutqjobfwb
ﬁﬁb@&ﬁ)b}@&ﬁd‘)be&Quw
&Gcbb@‘oﬁwéﬁjﬁuuﬁjieﬁdw‘)m
5 Gs ol Sl ol CL“ ol &yl oledbl s 5 anslie
o) > s b el V] OLen 5 S5 ARSI b

Yo

Sl ol 0 anslia [VA] obm,qﬁg@upq
Y/t d_l;'-h)_la}é\,\;ﬁfo_iua_”:e;us_A:)H
A Ol ne JSE ol sl e Y0 sk el
45,5 51,5 eslitul 3550 (Ve=(@D)™ 5 Q=VeA,) Qu/Qe
53 e ol anlie 6l sl Slme LS ol
Joe Sl el ael U odd V0 5 daw gz 5Lis (F —0) IS
deglio 5550 0 B me mx o DlEObI 5 LSl ARl
P LI CIF P PRGN e g
Y el Sl il sy o Sl Lo
5 b 23S U el Y08 k3 s aS el S3

\YAY Lawl ¥ g)lA..:r JY JLM Ld%‘



1
—— Kunugi et al. (1999)
¢ Present data
0.8 -
<o
0.6 -
g D
o 3
o
04 -
<&
0.2 4 o °
0 T T T T
0 0.2 0.4 0.6 0.8 1
ylD

V] @ 5 Geiow onl 51 ol gl gl ¢ S

D5 A ot Gl B LS s pd e D e 55 LS e
Moy Jeled Gl 5 (s Coow 4 lad db)’\ﬁ)‘)
Loes 52 02ls &5 Gl 0L 5l gl e (V) K808 e

s e ol sl e s 1)
0okt S 1y Dl wlley gl (V) JS
byl s s e Ol (V) IS0 il slasls slgmnd e
w2 Sl dlosle IS8l 4 by Sssde 5 eds
Lome e el o 2 EVE S AW 55w ol g Ise
e S VAR WP GV PR S
WD 4l o) sl sl YV ol s YU O350 5
wlilol 5l e opl 53 a8 Canl ol w0 S YVE
ISl oo (Cal ods 555 Hsm eSSl eslatal L ea
Oeamas 5 S M Ol oo 1y e 5y i s Slla g
3V00 Gllss pm GBS e 55 03 45 25d e aa>d
oslitul &) peo 3 Al e GBI 50 e (sla Ll a5 VAL
ol sl s Sllas o sl Sl sl o Sl
sl s 1y 5 Wsles U1 5 oo (U S S A a5
f(t)=Kn+0.755§ H+

n=l

2nmt

)

2nK it
sin(nK ,_;) cos(=——2-1"
o o ( n 1) ( T )

H
K, =H+——cos(
2nm

V)

WAY el ¥ &l oYY Jl (o

DMiims 55 5 5l G ol fglie 5 s 2 5l g

I mls AlS ) p ol S 5l Oliabl 5 iy
sty p b s )se Sldal 4 plaas gl Gdes ) s el
b0 el (B yme Slgas S Ol 5o Al s ax 5 Lol s
55 5 el 58 55 O 5y G UILE lasd OL
Aul o 3 gm s 4 | e 53 LS s Dbl g R s
=50 = o=l s S 25 AL sy e 5l S
35 Jaee 0L sla S A (0) Ko 3 amlis OL
53 oy ea slgws ol 1 sl ki b (olme 5 Ly
les Aol Jis L Sl eslizal b cilsie (glgrs
Lol cils p Sledbl (IS8l 4 ol (gl das o
Cmu 540 v_ij)qu,.u\J_gdl:ﬁg: e S el
Sl lea i sl 3 (Sl 5 s cslace)
A Winsurf 1530 e 5 5505 SAeDbl e 5 0 LY
NEIA IR ! el Gl 5w 51 e sl 55l Dbl
oS 3 pi e alae sl ol 33 (0) IS &y g0 4l o5
Sy Sl Ol ald 31 oS a35dome 53 Gl o 2
om0 Ol 58 (0 S 3 RIBIL Ll 5l
S S oo 5 oo 10 5l Sl es (slgioe 4S5
53 i 5 35 e Gl Gl 0L gy 4 5 ks s

iy g a5 Sis Sslite SlS e 3 5L slend

A



Slug Flow

Slug Flow

Slug Flow

Qw
Wavy-Slug Wavy-Slug
Wavy-Slug
0.002 0.003 0.004 0.005 0.006 0.002 0.003 0.004 0.005 0.002 0.003 0.004 0.005
$0=0%  Qa $0=0.5% Qa $0=1% Qa
Slug Flow
Slug Flow
Wavy-Slug
Qw . Wavy-slug Qw Wavy-Slug Qw
Stratified-
6]
Stratified-Wavy
0.002  0.004 0.002  0.004 0.002  0.004
S0=3% $0=4% Qa

S0=2%  Qa 0a

it Glgd Gl sl B L ol 5 Wiy e Jate O gla )l A2 -0 IS
(et 450 ) caKo o o Lgwd)

e 53 odd oS5 a5 51 5145 gad -1 Y2

vV VWAY diiol oY 85l VF Jle (Dl



P, (mw)
=)
~N

20 40 60 80 100 120 140
Time (Sec)

P (mw)
o
o
— |
= |

20 40 60 80 100 120 140

P,(mw)

ouU
Time (Sec)

P, (mw)

T I T b . T
20 40 60 80 100 120 140

Time (Sec)

=
0.4

P, (mw)

-0.2

- mmwnumumuxmmwmmmmmmn.i.m.mmmw

100 120 140

04 F

Time (Sec)

0.2

P, (mw)

-0.2

!
| MMWIMMIhnhﬂulmmm T A O

140

Time (Sec)

=
0.4

0.2

P, (mw)

-0.2

A S R A ot

0 120 140

Time (Sec)
it glay gl glgmad g 5o phate S 5 L DUl g sl Y IS

WAY el ¥ 55l oYY Jle (Joizad

YA



Loy s J=5 b sl el sl 1 p3Y Cldgas
S e 2503

2w o bl com s Pr/h ol a5 (V) IS
Ol e JS3 ol iasMa b ey o 0L e (slgund
il U da e Lis o Lyl ed aled 3 a5 il s
o3t 3 g 3 e 5 e Rl 8 Lo e il
LS (o sie B jasite e 5) ez Sl ks S
Alr g Bl GBL jie b s Ll S pl s Ak e
G/EY ol by o bale (Glslas dss bl s 5 0/0
Lo b 03 dy e 355 e o Sbe 0 Lo g2 L2
Oy P Ay Ol Gl 4 48 baw e clale lue
SLES e JSTas pes 3 3 ls 13 0/0 5 /8T o ool
ERRCE TP It S0 ¥+ CRUPSRW AN PP PRI B o (g
U s Gl el YA s Lo d s 5 YV
o2 (12fp (558 95 SWasl s 2) Jlis o,
2y5 3 oo b el ol Gb (5L 5 SISl
bS5 esland

GD )05

frp =0.079(— V)
u

Aas o Gl Ky o s 1 PYh Ol s (7)) K2

CKp s g hage JLis S Sl s Ol e ISSE s
era = UKy Gl L 5 b e o 50 2 j0 S50
L gl S5l sme 3 e bl il o il 33l s gme LLS
e s b o il o gre Las Tauome Ky il 531
5 Al e GLET Yot 350 Ky o L plad 53 a SUs
Aoyt o YA UPMJJY/VJ\WVA{;SLA
o sy lage JLas Ol s (V) K6 S e s
ol e glend 53 (Reg ) (508 5o 5055 e
DL e suls pe BLII a8 s e DL IS ol s e
A Gkl sl s (650 g s g sde  lau g
oxb e SN s oS S [T0] Ol I (55l

va

Sl Jls Ol e 4 Llansd el o e H T S
ek HE0V 5 a SET=VAY (V) IS e by s Lail 2
Sl b 5l oL Dbl Jloy (6w ot ol 5
U et PR S oS nl Sl el eoliad
ol ol Ol 5 sl Y sl 5,5 L gloyss b f(1)
Sl e Sleslan Uy sls laey Slidie (6w &) 50
ke il b e ) EO=H2 (53 L 5 5 Sl
RGOV I W OUPS. S S P SOOI GRCIVON [P VR S ] W%
IS s Slas G B 5 0 planil gl S eI
Lol 41,1 (A)

S s ol b e bl s ol i (1) S
b Olan s oo DL Cilisen (sl sl (slgiund s o claie
Jlash baylid o iy LS o mag5n 3 350 00 4hdle S
sl pRalS e b s a5l DL 5 550
L oled o3 s o 805 5l i a8 oL egsm 53 )3 5
Lol (s oml slie 0l baslis T 5 dizea (5
s g Jld Slluy Cun o 4S5 i s Sleroe
ol 3 (00) S el el ag doas e OLES |y |
S A Gbls sdady ol g 8 oS s e adle SO
53 Qi Ol ) (RS (it oS v & Sl (BUD)
o B g d e Gas S s 5 ez e ) S
S HLad Sl o ol s Al e 5]
S ol

bt s ey SUe s Shasylis (1)) S
Gos) il glagsly slgmadge 5o A Jlesl gl Lid
DS e a1 (Calos g 2o 0/Y40 CedVL O pe 53 O
s o 45 il 5 5LE5 ey S1e oS 555 e el
iy o YV T s s aids 5 W s 3 Gl
e 1 sV O i ol Y70 T g o
s3dem U dacugma 5LE5 S48 3l 36 sl Jig b o)
el 10 5 S e | Jlais ol 31 2i o8 5 Y/0hy

il 22U Sy ol g8 (e S 3 b

\YAY seas! Al g)la...:r JY JLM LdM‘



0.8
0.75 ‘

Measured — — — - Fourier Series l

0.7
|||\I | il . Ak Sads l\r ﬂ|||||P 11 I|||| 7 A I|Il le '\1 "'U' &l || ||
() | i 0T A A 1 AL U

0es | ! il L EA ;' B i e :II'I Ll |‘|'!u} | |!i Ilh'||| ‘
0.6 | ; | !! | 1) i i1 T | |: | 1 ||| | l

0.55 ! | R | \;‘

0.5

P (mw)

|
|
|
1
I

0.45 | |‘ ‘
| L LR
Rl 40t R AR O SR
0.35

0 20 40 60 80 100 120 140
Time (Sec)
géL‘J' S .h....a B] J»\ﬁl’ c_gl:a' PRE™ fl?'u" ‘_;Lgix:aj‘.ﬁ‘ @lﬁ d o —I\JSJ

0.6

0.5 ]

0.4

0.3

0.2 o

0.1 0
0

Ave. Meas. Pres. (m w)

0 30 60 90 120 150 180
Piez. Angle (Degree)
it glagly Glemad s s phis S 5o 5L b g Sl g Dl eis -4 IS

0.104

0.09

0.08-

0.02-

0.01-

0.00
-0.05-0.04 -0.03 -0.02 -0.01-0.00 0.01 0.02 0.03 0.04 005

pee 53 Jaw gia 5Lid Dbl g IS g 5 (slgsiomin 51 (sl sed -V 0 S

VWAY diiel oY 85l VF Jle oMz



A\

P (mw)

0.1 30 60 90""--\“.1_2_9\__ 150 180

-0.2
Piez. Angle (Degree)

il lasls slenadge 53 AP Jlesl Gyl hau g 5 e ey S A lie VY ISS

4 O
¢ S0=0% 50
o' S
3.5 |0 0.50%
A%
3 A
X 2%
£ g5 | |X3%
e 0 4%
2 A
1.5
1 W
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Concentration

<
1 i
0.5
| ©S0=0% 00.50% A1% %x2% X3% ©4% |
0 T : : : : :
0 50 100 150 200 250 300 350 400 450

K,

\YAY seas! Al g)la...:r JY JLM LdM‘



o0
X
3.5 X
X
3 o A
S 25 a
o
2 i
1.5 ° SO=0% o 05%)
) 2 1% X 2%
X 3% o 4%
1
100000 1000000 10000000
Re,
36 93 5H g, 3 i gt LS O pis SVE S
4.5
S0=0%
———=0.50%
------- 1%
————— 2%
- 3%
4%
< Bog
n-.: Cp 60%)
()]
Lo
%O
* o
YN 8
HOREX
\~
0.14 0.19 0.24 0.29 0.34 0.39 0.44 0.49

hﬂ:ﬁdw BL) 6‘425;‘ s Ajj'? dde Wﬁph/h Q‘M—\O JS.Z

Pi/h ol x5 (V1) S8l o 28l s 5 )31 5L
OI)JAS‘J\_AJL;A ol il sled o WIS (o i
WIS 3 aS 355 o0 ala>De .ol We/Fr(1-S9)"7 bl wis
o S e ay o gza L3 lde gt oS 53 Ve 550
St et 53 TV 350 ) e Skl ey e 5 s

UL YU RWEL IR S AU ISR pL S PR ERH

WAY el ¥ &l oYY Jl (o

O ARLELIS Y\ E RN S
sde v Pr/h ol i3 ((V0) S ol 52U Jl
Lodas o olas calie gl s o 1y (glasd T S0
NE s g e 3 aS Sl s Olg e IS8l M
G 39,0 5de Jul5dl b g ol ol s eles 5o LS
b e fall LS s ys t 5 Y lend 5o 4 eV E

lo) ¢ glaws C}asjjés.xoui.i\}é\liwﬁij\” Slewd s

AY



4%

P./h

\
1 Ao
0 500 1000 1500 2000 2500 3000 3500
We/Fr(1-S,)%*
Md%ﬁ)éWfSWﬁbﬁ)welﬁ—\-\J&&
12
* Qa/Qw=0.1 O Qa/Qw=0.2 <
1111 A Qalaw=0.5 x Qa/Qw=0.8 X
10 || x Qalaw=1 o Qa/Qw=1.5 XX
+Qa/Qw=2 = Qa/Qw=2.5 Max %
91 K
x&
£ 8- >&>8
a R
x 71 X
. . 2%
g + T o R
g 51 + 1
s = . + + * o .
41 [] . + + o o Min
3 =k X
oo *X
2 . 02+++++ o OD%MWMWN
11 a " im ‘ + " ? @‘ g O oo | | |
1 1.5 2 2.5 3 35
P,/h

w)A)LﬁLFWﬁ)wWJ

e S ss 3V alie Sl ks -V K

I8 5 ol ilises glgms

W)V.MJSLA WA )JYLG)J );Ju.d Q‘)‘:’:*'? (\V)Jg.l
)QTM&L&JJM)JJLSJL)MMJ;‘)JUJ

=l S e e b s ool o s e 0L (Q/Qy) |s»
M}ﬁ}bSMﬁYbﬁﬁ)L&AbLﬁ)‘d‘j&J&&
)QTJ}&M&L@.@JW}JJLIJL}ZAM);b)m

AY

e SLE ol (gl s &L (0) Aslas s 5 e
el SN wm o 3 SVoles cod oLl (sla e om
5 Sl Glos slie LU Al ol 53 55 ol 5l
)JQTJ‘HMJC«@JL’UMLFQ)WVW

\V/\\c Lol LY g)la...:r LYY JLM LdM‘



14

© Qa/Qw=0.1 + -
12 | |0 QalQw=02 -
A Qa/Qw=0.5
X QalQw=0.8 +10% o L
10 | |X Qa/Qw=1 @
0 Qa/lQw=1.5 2 .
+ Qa/Qw=2 -10%
3 8 |-aqaqw=25 e
= o
£ P80,
£
T 6-
<o
4
>
2 _
(o]
0 T T T T T
0 2 4 8 10 12 14
(Ph/hp ) meas.

(A) Usleo )‘ ealaiul b ‘;'.,_.a:é' @L’Ja K 64,:5/9}‘.»\5‘ @L’Ja Z.M_LE.‘:—\/\ JS..’&

& S 4w =0
Sl s s ol plosl gy el llis ol
Lebiss 5o 15a 5 ol 36 53 0L allesT e s s
Sled 53 Slisbosl .l sl @il Hlisoos g ls
o3 eslil sy 50 Gled u A e S Ao E L i
s s 5w ol plonil s ol sl
ESs Sose 53 a s ST ILLL 0L > 48 das e Ol
S S5os a kS o dlasl ol 5 sl (Slos glets
Sl ST 58 ssdis 4 oilue 4 Jlesl SLES Lo gza oS
o2 iy oo Solial das s Ve sl 4 ele 4 Jlesl
Laoslgs 5 Lsd o dlosh By S 5 Dl 0 2l oS3
5300 5 00 GlSa lss 5 658 a2 3t Sl
(A) Vsl 5L25 poin 5 wan Sl puslie (pnd (S e o
a2 U sy ol a8 Sl 4 g L gl e slelis (4)
RSO PN ST S Vi W B COUS I VRNV JGEN W
¥ Cliged 55 0555 40 2 Lo pasn ¢ 555 Joz|

VWAY diiel oY 85l VF Jle oMz

Bboalgly 55 Oose 4 s

Py 0485 [ 1 5 Pn2 Qa 1075
(h jmax = 0.6¢ [1.2( ) +2.4(Q ) J W)

w

w

(Phj — 0,625 [0.95(T)l~1 +o.45(§a)°-85j @)

SNles ) ealinal b pasid s 08) 5 0A) sl
e | Ao Jus 51 ol s 5 (1) 5 (M)
S ol 5 ass Sledbl 45 5 e ala=Sle LS s
O o5 ol ol 5 Lls 1B TEN Y B3 pdoee 53 el
GSS b ol sy e dd (6, Sl 5 e 8
(0) idslan dny s sliel 4 [Lis ( Kks Slade (VD B (OY)
Sla e LLII s 6l 0155 o ol e b 03ls s
(@) 5 () SYslns Sl oiun 5 o Slo uslin 5 oy 5,58
2 S eslaxal

AL



<© Qa/Qw=0.1
O Qa/Qw=0.2
A Qa/lQw=0.5
X Qa/Qw=0.8 +10% .
3 || X Qa/Qw=1 o+
o Qa/Qw=1.5 OH«-H(
+ Qa/Qw=2 «@
= -10%
- Qa/Qw=2.5 b )
2 XA
S [ .
< 2 e
-y o
~ =+
-
aK
i 3
x
1 ®
0 ‘ ‘
0 1 2 3 4
(Phlhmin)meas.

(4) Walao 51 ealisal b uas gl 5 55 3101 b glis 14 IS

L;;‘:JJ&

B3 sl sl Je lgdslas Slakwy s
eSS O Sislan 5 0Ll O e e Ol

A0

‘QT&quﬂjﬁwngc@b

Martin, C. S., “Entrapped Air in Pipelines,” Proc. of
the 2" Int. Conf. on Pressure Surges, BHRA Fluid
Eng., London, September 22-24, 1976.

Falvey, H. T., “Air-Water Flow in Hydraulic
Structures,” Eng. Monograph, No. 41, US
Department of the Intrior, Water and Power
Resources Service, 1980.

Levy, S., Two-Phase Flow in Complex Systems, John
Wiley & Sons, Inc., New York, 1999.

Collier, J. G., Convective Boiling and Condensation,
3" Edit., Clarendon Press, Oxford, 1996.

Hahn, U., “Safe Operation of Closed Conduit
Systems at Slug Flow Condition,” Wasserbau und

e doals el ol S Cotls adl s dles!
o=l Oldie jlaaslsl SLS F—o 50 Lo ol &S ol j2i

G| ej)J._::

agls
Wasserwirtsckaft, No.75, Technigsche UniversiTat
Munchen, pp. 68-93, 1995.

6. USBR, Design of Small Canal Structures, Bureau of
Reclamation. United States Department of the
Interior, Denver, Colorado, 1978.

7. Kalinske, A. A., and Robertson, J. M., “Closed
Conduit Flow,” Trans. Am. Soc. of Civil Eng.
(ASCE), Vol.108, pp.1435-1516, 1943.

8. Albertson, M. L., and Andrews, J.S., “Transients
Caused by Air Release, in Control of Flow in Closed
Conduits,”  (J.P.Tullis, ed.), Colorado State
University, Fort Collins. Colorado, pp.315-340,
1971.

\YAY Lawl ¥ g)lA..:r JY JLM Ld%‘



9. Hamam, M. A., and McCorquodale, J. A., “Transient
Conditions in the Transition from Gravity to
Surcharged Sewer Flow,” Canadian Journal of Civil
Engineering, Vol.9, No.2, pp.189-196, 1982.

10.Li, J., and McCorquodale, J. A., “Modeling Mixed
Flow in Storm Sewers.” J. Hyd. Eng. Vol. 125,
No.11, pp.1170-1179, 1999.

11.Soleimani, A., and Hanratty, T. J. “Critical Liquid
Flows for the Transition from the Pseudo-Slug and
Stratified Patterns to Slug Flow,” Int. J. Multiphase
Flow 29, pp.51-67, 2003.

12. Zhang, H. Q., Sarica, W. Q. C., and Brill, P. J., “A
Unified Mechanistic Model for Slug Liquid Holdup
and Transition Between Slug and Dispersed Bubble
Flows,” Int. J. Multiphase Flow 29, pp.97-107, 2003.

13.Zhou, F., Hicks, F., and Stefller, P., “Effects of
Trapped Air During Rapid Filling of Partially Full
Pipes,” Annual Conference of the Canadian Society
for Civil Eng. Canada, 2002.

14.Issa, R. 1., and Kempf, M. H. W. “Simulation of Slug
Flow in Horizontal and Nearly Horizontal Pipes with
the Two-Fluid Model,” Int. J. Multiphase Flow 29,
pp.69-95, 2003.

15.Barenblatt, G. 1., Similarity, Self-Similarity and
Intermediate Asymptotics, Consultants Burea, New
York, 1979.

VWAE deial (¥ 5,k YE Dl (i

16.Freund, J. E., and Walpole, R. E., Mathematical
Statistics, Third Edition, Prentice Hall, 1980.

Ol Al 5 )5 (sl e Cf iSlale 5 S NV
JLisls dSs Al ;/,'4;_'4/“5./.5,(4'};?3 52 4 %4/’45)[9' 3

\Y‘/\Y 4Q‘Jo.9 L;.AJ.L.@.G ;M‘J c;b”j».:l (;M

18. Yakubov, B., Tanny, J., Maron, D. M., and Brauner,
N., “Experimental Study on the Characteristics of a
Fluidized Bed in Inclined Pipes,” Proc. of 2" Inter.
Symp. On Two-Phase Flow Modeling and
Experimentation, Italy, pp.1825-1832, 1999.

19.Kunugi, T., Sataki, S., and Ose, Y., “Direct
Simulation on Wave Formation and Breaking of
Turbulent Flow”. Proc. Of 2" Inter. Symp. On Two-
Phase Flow Modeling and Experimentation, Italy,
pp-819-826, 1999.

20. Zielinski, P. B., and Willemonte, J. R., “Effect of
Viscosity on Vortex-Orifice Flow,” J. Hydr. Div.,
ASCE, Vol.94, No. 3, 1968.

21.Kabiri-Samani, A. R., Borghei, S. M., and Saidi, M.
H., “Fluctuation of Air-Water Two-Phase Flow in
Horizontal and Inclined Water Pipelines,” Submitted
to Int. J. Multiphase Flow, Jan., 2005.

A



