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Vizualizacija kavitacijskega toka med prehodnimi reiimi V cevnih sistemih 
Visualisation of Transient Cavitating Flow in Piping Systems 

ANTON BERGANT -ANGUS R. SIMPSON 

Glanek obravnava vizualizacijo kavitacijskega toka med prehodnimi reiimi v cevnih 
sistemih. Pretrganje kapljevinskega stebra v preizkusni postaji je posneto s hitro snemalnim 
video sistemom. Postaja je sestavljena iz posevnega cevovoda, ki je vgrajen med dva tlacna 
kotla. Doliina cevovoda je 37,2 m, notranji premer je 22 mm. V cevovodu smo posneli 
diskretno parno kavitacijo in podrocje kontinuiranega kavitacijskega toka, ki nastaneta v 
primeru hitrega zaprtja ventila. Rezultati meritev (vizualizacija toka in meritev tlaka) so 
primerjani z rezultati, dobljenimi z diskretnim plinskim kavitacijskim modelom. Odstopanja 
med rezultati izracuna in meritev so minimalna. 

The paper deals with the visualisation of transient cavitating flow in piping systems. 
A high-speed video-system is used to record liquid column separation events in an experi­
mental apparatus. The apparatus comprises a straight 37.2 m long sloping pipeline of 22 mm 
internal diameter, connecting two pressurised tanks. A discrete vapour cavity and vaporous 
cavitation zone were observed in the pipeline following downstream end rapid valve closure. 
The results of measurements (flow visualisation and pressure measurement) are compared 
to the discrete gas cavity model results. There are minor discrepanlfies between the computed 
and measured results. ,1 

o UVOD 

Moderni hidravlicni cevni sistemi delujejo v 
razlicnih prehodnih rezimih, kakor so razbreme­
nitev vodne turbine, izklop crpalke, zapiranje 
ventila itn. Zmanjsanje pretocne hitrosti v cevnem 
sistemu povzroci zvisanje tlaka. Po odboju vala od 
roba sledi padec tlaka. Teorija vodnega udara daje 
pravilne rezultate za tlak, vecji od parnega tlaka 
kapljevine [I]. Kapljevinski steber se pretrga, ko 
se tlak zniza na parni tlak kapljevine. V podrocjih, 
kjer je tlak enak parnemu tlaku kapljevine, nado­
mestimo model vodnega udara z modelom pretrga­
nja stebra [lJ do [41. Clanek obravnava diskretni 
plinski kavitacijski model. 

Pretrganje kapljevinskega stebra je z vztraj­
nostjo vzbujena hidrodinamicna kavitacija. Pred­
postavimo zanemarljivo kolicino prost ega in izlo­
cenega plina v kapljevini [1], [21, [51. To velja za 
veCino industrijskih sistemov. Obstajata dva tipa 
pretrganja stebra. Prvi je lokalna parna kavitacija 
z velikim kavitacijskim razmernikom. Drugi je 
podrocje kontinuiranega kavitacijskega toka vzdolZ 
dolocene dolzine cevi. V tern primeru je kavita­
cijski razmernik majhen (blizu nic). 

o INTRODUCTION 

Modern hydraulic pipline systems run at a 
broad range of transient regimes i.e. water tur­
bine load rejection, pump failure, valve closure, 
etc. A pipe flow velocity decrease in a piping 
system generates a pressure rise and subsequent 
pressure drop following wave reflection off the 
boundary. The water hammer theory gives valid 
results when the pressure is above the liquid 
vapour pressure lll. If the pressure drops below 
the liquid vapour pressure, liquid column sepa­
ration occurs. A column separation model [11 
to [41 is used instead of the water hammer 
model for regions in the pipeline at which vapour 
pressure is detected. A discrete gas cavity model 
is presented in this paper. 

Liquid column separation is inertial driven 
hydrodynamic cavitation assuming a negligible 
amount of free and released gas in the liquid [11, 
[21, [51. This is usually the case in most indu­
strial systems. Two types of column separation 
may occur. The first type is a localised vapour 
cavity with a large void fraction. The second is 
distributed vaporous cavitation, which may extend 
over long sections of the pipe. The void fraction 
for this case is small (close to zero). 



4 STROJNISKI VESTNIK - JOURNAL OF MECHANICAL ENGINEERING. LJUBLJANA (42) 1996/1-2 

Mehanizem pretrganja kapljevinskega stebra 
se ni povsem razjasnjen. Vizualizacija kavitacij­
skega toka med prehodnimi rezimi v cevovodu 
lahko pomembno prispeva k boljsemu razumevanju 
pojava. Z vizualizacijo toka razberemo tip kavita­
cije (diskretna parna kavitacija, podrocje kontinui­
ranega kavitacijskega toka) in casovni razvoj do­
godkov (nastanek in zrliSitev kavitacijeJ. 

Prve studije z vizualizacijo toka pripisujemo 
Ducu [51 in O'Neillu [71. Duc je fotografiral kavi­
tacijo v visokem kolenu erpalnega sistema po 
izklopu erpalke. 0' Neill je fotografiral nastanek in 
zrliSitev diskretne kavitacije vzdolz cevi po hitrem 
zaprtju ventila na navzdolnjem robu vodoravnega 
cevovoda. Isti avtor je vizualno opazil kavitacijo 
pri ventilu (diskretna parna kavitacija) in stevilne 
majhne kavitacije vzdol z cevi (podrocje kon tinui­
ranega kavitacijskega toka). Diskretno kavitacijo 
pri ventilu na navzgornjem robu preprostega cev­
nega sistema so posneli Li in Walsh [8], Baltzer 
[91 in Safwat [101. Tanahashi in Kasahara [11] sta 
spremljala nastanek in zrliSitev diskretne kavita­
cije v visokem kolenu erpalnega sistema. Foto­
grafije pretrganja kapljevinskega stebra v sesalni 
cevi vodne turbine pri naglem zapiranju vodilnika 
je podal Nonoshita s soavtorji [121. Ugotovili so, 
da vrtinec v sesalni cevi turbine povzroci izloca­
nje plina iz kapljevine in stem tudi znizanje tlaka 
po zrliSitvi diskretne kavitacije. Swaffield [131 in 
Kojima s soavtorji [141 sta fotografirala pretrganje 
kapljevinskega stebra v kerozinu in mineralnem 
olju. Mehanizem pretrganja stebra je enak za vse 
vrste kapljevin. 

Vizualizacija toka je v splosnem pokazala, da 
diskretna kavitacija pri robu (zaprt ventil, visoko 
kolenol lahko zajame polni ali delni preeni prerez 
cevovoda. V podroeju kontinuiranega kavitacijske­
ga toka so stevilne majhne kavitacije, ki niso 
homogeno porazdeljene po preenem prerezu cevo­
voda. Vse dosedanje fotografije pretrganja kaplje­
vinskega stebra so bile posnete s hitro snemalno 
kamero. V tern elanku je podana nova tehnika vi­
zualizacije pretrganja stebra. Hitro snemalni video 
omogoea vizualizacijo celotnega dogodka pretrganja 
stebra in stem tudi boljse razumevanje zaporedja 
hitrih dogodkov. 

Snemanje pretrganja kapljevinskega stebra s 
hitro snemalnim video sistemom je bilo izvedeno na 
preizkusni postaji. Postaja je sestavljena iz posev­
nega cevovoda, ki je vgrajen med dva tlaena kotla. 
Dolzina cevovoda je 37,2 m, notranji premer je 
22 mm. V cevovodu smo posneli diskretno parno 
kavitacijo in podroeje kontinuiranega kavitacijske­
ga toka, ki nastaneta v primeru hitrega zaprtja 
ventila na navzdolnjem robu. Izsledki s fotografij, 
dobljeni s hitro snemalnim video sistemom, in re­
zultati meritev tlaka so primerjani z rezultati izra­
cuna po diskretnem plinskem kavitacijskem modelu. 

The mechanism of liquid column separation 
is not yet fully understood. Visualisation of tran­
sient cavitating pipe flow may significantly con­
tribute to better understanding of the phenomenon. 
Flow visualisation detects the type of cavitation 
(discrete vapour cavity or distributed vaporous ca­
vitation zone) and time sequence of events (evo­
lution of the formation and colJapse of the cavity). 

Early flow visualisation studies were re­
ported by Duc [51 and O'Neill [71. Duc photo­
graphed a discrete cavity at a high point of a 
pumping system following pump failure. 0' Neill 
photographed the formation and collapse of an 
intermediate cavity in a horizontal pipeline fol­
lowing closure of a downstream em valve. He 
visually observed a large cavity at the valve 
(discrete vapour cavity) and several small cavi­
ties alOng the pipeline (distributed vaporous ca­
vitation zoneJ. Li and Walsh [8], Baltzer [91, and 
Safwat [10] presented photographs of a discrete 
cavity at the downstream side of an upstream 
end closing valve in a simple pipeline system. 
Tanahashi and Kasahara [lll studied the for­
mation and collapse of a discrete cavity at the 
high point of a pumping system. Nonoshita et al. 
[121 presented photographs of liquid column se­
paration in' a draft tube of a water turbine fol­
lowing wicket gates closure. In addition, the 
effect of the draft tube inlet swirl flow on co­
lumn separation was studied. The swirl flow 
generates gas release and subsequent attenuation 
of maximum pressure following discrete cavity 
collapse. Swaffield [131 and Kojima et al. [14] 
employed photography to visualise column se-

. paration in liquids other than water (kerosine, 
mineral oill. No , differences in the column se­
paration mechanism in various liquids were ob­
served. 

Generally, previous flow visualisation studies 
have shown that a discrete vapour cavity at a 
boundary (closed valve, high point) mayor may 
not occupy the entire pipe cross-section. Small 
cavities were observed in a distributed vaporous 
cavitation zone. The cavities were not homoge­
neously distributed in the pipe cross-section. All 
reported flow visualisation studies of liquid 
column separation have been carried out by a 
high-speed camera. A new observation technique 
is proposed in this paper. High-speed video enables 
observation of the evolution of the entire event of 
column separation and should thus lead to a better 
understanding of the sequence of high-speed 
events. 

A high-speed video-system was used to re­
cord liquid column separation events in an expe­
rimental apparatus. The apparatus comprises a 
straight 37.2 m long sloping pipeline of 22 mm 
internal diarqeter, connecting two pressurised 
tanks. A discrete vapour cavity and vaporous ca­
vitation zone were observed follOWing down­
stream end rapid valve closure. The results ob­
tained from the high-speed video-system photo­
graphs and pressure measurements are compared 
to the discrete gas cavity model results . 
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1 PREIZKUSNA POSTAJA 

Preizkusna postaja za raziskave vodnega udara 
in kavitacijskega toka v cevnih sistemih je instali­
rana v Robinovem hidravlicnem laboratoriju Od­
delka za gradbenistvo in varstvo okolja Univerze 
v Adelaidi, Avstralija. Postaja je sestavljena iz 
posevnega cevovoda, ki je vgrajen med tIaena 
kotla (sl. 1). Najveeji dovoljeni tlak v cevovodu je 
5 MPa in v tIaenih kotlih 690 kPa. Pretoeni medij 
je demineralizirana voda. Podrobni oris postaje je 
podan v [2l in [15l. 

tlacni kate! 1 
press urised tank 1 

D=0 .485m 
V = 0. :378111:3 

1 EXPERIMENTAL APPARATUS 

The experimental apparatus for investigating 
water hammer and column separation events in 
pipelines is located in the Robin Hydraulic Labo­
ratory at the Department of Civil and Environ­
mental Engineering, University of Adelaide. 
Australia. The apparatus comprises a straight 
sloping pipeline connecting two pressurised tanks 
(Fig. 1 J. The design pressure of the pipeline is 
5 MPa, while for the pressurised tanks it is 
690 kPa. Demineralised water is used as the fluid. 
Details of the apparatus are given in [2l and [15l. 

Ucd"ni kat.el 2 
press urised tank 2 

D= O.SGGm \ 
!"= 0 ,:')09rn 3 \ 

. 
" , 

/ 

tlacno zazl1ava]o 
.~ressure transducer 

20:3111 
~--

~-- --

O.OrYl 
~----~~ ___ \L . __ 

zaporni ven til 
closing valve 

\ cevovod 
L pipelinE' 

D=O .022rn 
L=37 .2l11 

S1. 1. Preizkusna postaja 
Fig. 1. Experimental apparatus 

Meritev v preizkusni postaji poteka v dveh 
fazah. V prvi dosezemo zelene ustaljene pretoene 
razmere v cevovodu. V drugi fazi hitro zapiranje 
ventila vzbudi vodni udar in pretrganje kapljevin­
skega stebra. Venti! je lahko vgrajen ob tIaenih 
kotlih ali na polovici dolzine cevovoda. Lokacija 
ventila omogoea simuliranje poljubnega hidravlie­
nega sistema (pretoeni sistem hidroelektrarne, 
erpalni sistem itn.). Venti! je zaprt roeno ali z 
zapiralnim mehanizmom s torzijsko vzmetjo (cas 
zapiranja ventila je krajsi od 0,01 s). Elektronska 
regulacija tlaka v obeh kotlih zagotavlja poljubno 
smer pretoka v cevovodu in stem tudi studij 
prehodnih pojavov v cevovodu s pozitivno ali 
negativno strmino. Koristna prostornina vode v 
tIaenih kotlih in zmogljivost kompresorja ome­
jujeta najveejo pretoeno hitrost v cevovodu na 
1,5 mls in najveeji tlak (visino) v obeh kotlih na 
400 kPa (40 m). 

Each experiment using the column separation 
apparatus consists of two phases. First, an initial 
steady state velocity condition is established in the 
pipeline. Second, a water hammer and liquid co­
lumn separation event is initiated by rapid closure 
of a valve. The valve can be located at either end 
of the pipeline, adjacent to either tank, or at the 
midpoint of the pipeline. As a consequence, the 
experimental simulation of various types of hy­
draulic systems (hydroelectric power plant, pum­
ping system, etc.) may be performed. The valve 
may be closed by a torsional spring actuator (valve 
closure time less than 0.01 s) or manually by hand. 
A pressure control system for maintaining speci­
fied pressure in each of the tailks enables the flow 
in the pipeline to be in either direction. Transient 
behaviour in both an upward and downward slo­
ping pipe can thus be studied. The net water vo­
lume in both tanks and .the capacity of the air 
compressor limit the maXimum steady state ve­
)ocity to 1.5 mls and maximum pressure (head) 

. in each tank to 400 kPa (40 m). 
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Neposredno merjene ustaljene velicine so tlak 
v obeh kotlih (Ux = ±0,3 %l, barometrski tlak 
(Ux = ±O,1 kPal in temperatura zraka (Ux = 

= ±O,5 DC), kjer je nezanesljivost meritve Ux iz­
raiena kot koren vsote kvadratov sistemskega in 
nakljucnega pogreska [151, [16l. Velicine, merjene 
v odvisnosti od cas a, so tlaki na petih ekvidistant­
nih mestih vzdoli cevovoda (Ux = ±O,7 % za piezo­
elektricna tlacna zaznaval~, Ux = ±O,3 % za in­
duktivna tlacna zaznavala), cas zapiranja ventila 
(Ux = ±O,OOOl s) in temperatura vode (Ux = 
±O,5 DCL Meritev je registrirana z merilnim 
racunalnikom Concurrent 6655. Ustaljena pretocna 
hitrost v cevovodu je dobljena posredno s prostor­
ninsko metoda (Ux = ±1 %) in metoda vodnega 
udara (Ux = ±O,7 %). Hitrost sirjenja udarnih valov 
(Ux = ±O,l %) je dolocena iz casa potovanja pri­
marnega udarnega vala med ventilom in bliinjo 
cetrtino doliine cevovoda. 

Ob hitro zapornem ventilu je vgrajen prozorni 
polikarbonatni del cevovoda. Razvoj nastanka in 
zrtiSitve parnih kavitacij smo posneli s hitro sne­
malnim sistemom. Podrobni oris hitro snemalnega 
video sistema je podan v naslednjem poglavju. 

2 VIZUAUZACIJA TOKA 

Vizualizacijo kavitacijskega toka med prehod­
nimi reiimi v cevnih sistemih smo izvedli s hitro 
snemalnim video sistemom (s1. 2L Sistem sestav­
ljajo prozorni del cevovoda, svetilo (mocan svetlob­
ni vir) in hitro snemalni video Kodak Ektapro 1000. 
Najvecja hitrost snemanja je 1000 slik na sekundo. 

Ob hitro zapornem kroglastem ventilu je 
vgrajen prilagodljiv (zamenljiv) polikarbonatni del 
(Lexan), doliine 150 mm in z notranjim premerom 
22 mm. V fazi testiranja je bil prozorni del vgra­
jen tudi na polovici doliine cevovoda. Del, vgrajen 
na polovici doliine cevovoda, vzbudi neieleno in­
terakcijo med tekocino in konstrukcijo. Prozorni 
del na polovici doliine cevovoda smo zato zamenja­
Ii z del om iz brona [17l. 

Prozorni polikarbonatni del je osvetljen s sve­
tilom ILC PS300-1 (300 W ksenon-oblocna iarni­
ca). Snop svetlobe v vodoravni ravnini se odbije od 
ogledala v navpicno ravnino. Navpicni snop svetIobe 
osvetljuje prozorni polikarbonatni del skozi nastav­
ljivo reiD na spodnji strani skatle, ki je pritrjena 
na ogrodje prozornega dela. Usmerjeni snop svetIo­
be omogoca natancno lokacijo kavitacije v vzdoli­
nem prerezu cevi. Moc svetlobe dovoljuje 250 po­
snetkov na sekundo. Avtorja nacrtujeva gradnjo 
laserskega vira svetlobe za vecje stevilo posnetkov. 
Tanek snop svetlobe dobimo z razprsitvijo laser­
skega iarka v ravnino [181. Uporabi svetlobe v vo­
doravni ravnini smo se izognili zaradi ucinkov sen­
cenja in moznosti poskodbe opticnega zaznavala v 
hitro snemalni video kameri. 

The directly measured steady state quantities 
are the pressure in each tank (Ux = ±0.3 %), ba­
rometric pressure (Ux = ±O.l kPaJ and ambient 
temperature (Ux := ±0.5 DC), in which the uncer­
tainty in a measurement Ux is expressed as a 
root-sum-square combination of bias and pre­
cision errors [15], D6J. The time dependent 
quantities are pressures at 5 equidistant points 
along the pipeline (Ux = ±0.7 % for pfezoelectric 
pressure transducers, Ux := ±0.3 % for strain-gau­
ge pressure transducers), valve closure time (Ux = 

= ±O.OOOI s) and water temperature (Ux = ±0.5 DC). 
Data acquisition is performed with a Concurrent 
6655 data acquisition computer. The initial steady 
state velocity in the pipeline is measured indirect­
ly by the volumetric method (Ux = ± 1 %) and the 
water-hammer method (Ux = ±0.7 %l. The wave 
propagation velocity (Ux = ± 0.1 %) is obtained 
from the measured time for a water-hammer wave 
to travel between the closed valve and the quarter 
point nearest the valve. 

The flow visualisation polycarbonate section 
is positioned adjacent to the fast closing valve. 
A high-speed video was used to record the evolu­
tion of the formation and collapse of vapour ca­
vities. Details of the high-speed video-system 
are given in the following section. 

2 FLOW VISUAUSA nON 

A sophisticated high-speed video-system for 
visualisation of transient cavitating flow in piping 
systems has been developed (Fig. 2l. The system 
is comprised of a flow visualisation pipe section, 
high intensity illuminator and high-speed video 
Kodak Ektapto 1000. The maximum rate for the 
high-speed video is 1000 frames per second. 

The flexible (removable) flow visualisation 
polycarbonate (Lexan) section of 150 mm length 
and 22 mm internal diameter was positioned 
adjacent to the fast closure ball valve. Another 
flow visualisation section was positioned at the 
midpoint of the pipeline. After initial tests and 
subsequent investigations, the central polycarbo­
nate section was removed due to fluid-structure 
interaction effects on the transient event, and 
replaced by a brass insert [17l. 

The polycarbonate section is illuminated by a 
high intensity illuminator ILC PS300-1 (Xenon arc 
lamp of 300 W). A horizontal light beam is ref­
lected off the mirror in a vertical direction. The 
vertical directed light illuminates the transparent 
polycarbonate section via a flexible slot at the 
bottom of the box which is fixed to the flow 
visualisation block. A plane sheet of light enables 
accurate location of cavities in a longitudinal cross 
section of the pipe. The intensity of light allows 
250 frames per second. The authors are planning 
to build a las"er illuminating system for a higher 
frame rate. A thin sheet of light can be obtained 
by expanding the laser beam in one plane [l81. The 
use of a horizontal light beam was omitted due to 
shading effects and the probable deterioration of 
the optical sensor in a high-speed Video-camera. 
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81. 2. Hitro snemalni video sistem 
Fig. 2. High-speed video-system 

Elementi hitro snemalnega videa Kodak 
Ektapro 1000 so hitro snemalna videokamera, video 
racunalnik in video zaslon. Hitro snemalna video 
kamera spremeni opticni signal v elektricnega, ki 
se shrani v hitro snemalni video kaseti video 
racunalnika. Kavitacijski pojav opazujemo na video 
zaslonu neposredno med meritvijo ali pa s pred­
vajanjem po meritvi. Casovna ustreznost posne­
tih dogodkov z meritvami, registriranimi z ra­
cunalnikom Concurrent (tlak, cas zapiranja ven­
tila, temperatura vode) je dobljena s povezavo hi­
tro snemalnega videa prek vmesnika na 
preklopnik (si. 2), Ta registrira lego ventila med 

The high-speed video Kodak Ektapro 1000 is 
comprised of high-speed video-camera, video-com­
puter and Video-display. The high-speed video-ca­
mera converts the optical signal into an electrical 
signal which is then recorded on the high-speed 
video-cassette in the video-computer. Cavitation 
photography is monitored directly on the video­
-display (monitor) during the experiment or du­
ring play-back after the experiment. Time compa­
tibility of the high-speed video photography with 
the measurements recorded by the Concurrent 
computer (pressure, valve closure time, water 
temperature) is obtained by connecting the bigb­
- speed video via a Kodak interface to the s witch­
board (Fig. 2), The switchboard registers the valve 
position following valve closure. The initiation 

zapiranjem. Zacetek (start) prehodnega procesa . (start) of the transient is recorded on the Kodak 
je tako oznacen na hitro snemalni video kaseti. . high-speed video-cassette. 
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Posamezno sliko na zaslonu hitro snemal­
nega videa Kodak Ektapro 1000 dobimo v obliki 
fotografije s prenosom slike na video tiskalnik 
Sony Mavigraph UP-5000P. Kavitacijski pojav po­
snet na hitro snemalni video kaseti Kodak lahko 
prenesemo na standardno VHS video kaseto. Iz­
sledki s fotografij kavitacijskega toka, dobljeni­
mi s hitro snemalnim videom, so podani v po­
glavju 4. 

3 TEORETICNI MODEL 

Natancna dolocitev najvecjih tlakov po zru­
sitvi kavitacije je pomembna za ekonomicno 
nacrtovanje cevnih sistemov. Diskretni pami ka­
vitacijski model [191 je najpogosteje uporabljan 
model v racunalniskih paketih, dostopnih na trgu. 
Rezultati izracuna, dobljeni z diskretnim pamim 
kavitacijskim modelom, niso vedno dovolj natanc­
ni [21, [41. Boljsi v primerjavi z diskretnim par­
nim kavitacijskim model om je diskretni plinski 
kavitacijski model ob uporabi dovolj majhnega 
plinskega kavitacijskega razmernika (ao ~ 10 -7) 
[201, [211. Diskretni plinski kavitacijski model 
daje dovolj natancne rezultate za sirok spekter 
podatkov [21, [41. 

3.1 Model vodnega udara 

Nestacionarni tok v cevovodu (vodni udar) 
popisemo s kontinuitetno in gibalno enacbo v eni 
izmeri [II: 

Each frame may be recovered as a photogra}: 
by connecting the high-speed video Kodak Ektapl 
1000 to the video-printer Sony Mavigra}: 
UP-5000P. Cavitation phenomena recorded on it 
Kodak high-speed video-cassette may also I 
transferred to a standard VHS video-cassette. n 
results of high-speed video transient cavitatir 
flow photography are given in section 4. 

3 THEORETICAL MODEL 

The accurate prediction of maximum pres 
sures following cavity collapse is important fo 
the economic design of piping systems. 
commonly used model in commercially availabl 
software is the discrete vapour cavity model [19] 
Numerical studies have indicated that results fror 
the discrete vapour cavity model are inconsisten 
[21, [41. An improved model (compared to th 
discrete vapour cavity modell is a discrete ga 
cavity model using a low gas void fraction (ao 
~ 10-7

) [20l, [211. The discrete gas cavity mode 
performs consistently over a broad range of pa 
rameters [21, [41. 

3.1 Water-hammer model 

Unsteady flow in pipelines (water-hammer 
is described by an one-dimensional equation o~ 
continuity and motion [1l: 

2 aH aH a · av 
-+v--vsin8+--=0 (I) 

at ax g ax 

aH av av Avlvl 
g-+-+v-+--=O 

(2) 

ax at ax 2D 

Konvekcijski cleni v enacbah (I) in (2) so 
majhni in jih zato obicajno zanemarimo. Standard­
na metoda za resevanje enacb vodnega udara je 
metoda karakteristik. Enacbi (t) in (2) preobli­
kujemo v dva para kompatibilnih enacb vodnega 
udara in enacb karakteristicnih krivulj. Te enacbe 
se v obliki koncnih razlik v numericnem vozliscu 
vzdolz cevovoda j v casu t glase (majhne clene 
zanemarimo) [II: 

- kompatibilnostna enacba vodnega udara 
vzdolZ karakteristike C +( I1x 111 t = a): 

The pipe slope and convective acceleration 
terms in equations (ll and (2) are small and usual­
ly neglected. The method of characteristics is the 
standard procedure for solving water- hammer 
equations. The equations (1) and (2) are transfor­
med into the following two pairs of water-ham­
mer compatibility equations and characteristic 
curve equations written in a finite-difference 
form at a computational node j at time t along the 
pipeline (small terms are neglected) (]J: 

- water hammer compatibility equation along 
the C + characteristic line (l1x/ 11 t = a): 

a [( ] Adx I I H -H +- v -v +--v. v. =0 
j,t j-I,t-At g U )j,1 j-I,t-At 2gD J,t J-I,t-At 

(3), 
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- kompatibilnostna enacba vodnega udara 
vzdolz karakteristike C- (6.x l6.t ~ -a l: 

- water-hammer compatibility equation along 
the C- characteristic line (6.x/ 6.t = -a): 

a [ () ] A tu I() I H - H. -- v. - v ---v. v = 0 
j,t j+l,t-llt g j,t U j+I.t-Llt 2gD j,t U j+l.t-llt 

(4J. 

V enacbah (3) in (4) obicajno uporabimo 
konstantno vrednost Darcy- Weisbachovega koe­
ficienta trenja A [221. Neznanke v sistemu enacb 
(3) in (4) so piezometricna visina Hj,t, vstopna 
hitrost (vu)j.t in izstopna hitrost Vj,t v nume­
ricnem vozliscu j. Za kapljevinski tok sta hitrosti 
enaki: (vu)j,t '" Vj,t. Sistem enacb resujemo 
algebraicno z eliminacijo neznanke. 

Na robu enacba robnega pogoja nadomesti enD 
od kompatibilnostnih enacb vodnega udara. Robna 
pogoja za racunski primer v poglavju 4 (cevni si­
stem s pozitivno strIDino po sliki 1l sta navzgornji 
kotel s konstantno gladino vode (numericno voz­
lisce j = 1, piezometricna vis ina Hur) in venti! 
prikljucen na navzdolnji kotel (numericno vozlisce 
j = N + 1, piezometricna vf;sina Hdr ). Pretocno 
hitrost pri navzgornjem kotlu VI t izracunamo iz 
enacbe (4) pri predpostavki Hl,t' ~ Hur' Piezo­
metricno visinG HN + 1,t in pretocno hitrost VN+l,t 

na navzgornji strani venti la, prikljucenega na 
navzdolnji kotel izracunamo iz enacb e (3), kjer 
je (VU)N+I,t - VN+l,t' in obicajne enacbe za ventil 
[ll, [231: 

kjer je brezdimenzijsko odprtje ventila r izrazeno 
z enacbo: 

V obravnavanem numericnem modelu upora­
bimo deltoidno mrezo v metodi karakteristik [ll, 
[2J. V prvem koraku izracunamo ustaljene pre­
tocne razmere v casu t ~ O. V racunalniski 
programski zanki za izracun prehodnih pojavov 
najprej izracunamo pretocne razmere v nume­
ricnih vozliscih vzdolz cevovoda, oznacenih s sodo 
stevilko (casovni korak (2 n + 1l M, kjer je n celo 
stevilo) in nato v numericnih vozliscih, oznacenih 
z liho stevilko (casovni korak 2 (n + 1) 6.tJ. Temu 
sledi izracun robnih pogojev (navzgornji kotel, 
ventil na navzdolnjem koncul v cevovodu (casovni 
korak 2 MJ. 

A constant value of the Darcy-Weisbach 
friction factor A is usually used in equations (3) 
and (4) [221. The unknowns in the system of 
equations (3) and (4) are piezometric head H t, 

. J, 
upstream velocity ( vu ) j, t and downstream velocity 
vj , t. At node j, however, the velocoties are 
equal for the liquid flow: (v)j,t"'vj,t. The sys­
tem of equations is solved algebraically by elimi­
nation of a unknown. 

At a boundary, the boundary equation replaces 
one of the water hammer compatibility equations. 
The upstream reservoir with constant water level 
(node number j = 1, piezometric head Hur) and a 
downstream end valve adjacent to the reservoir 
(node number j ~ N + I, piezometric head If.Jr) 
are the boundary conditions for the computational 
example presented in Section 4 (upward sloping 
pipe system in Fig. IJ. The flow velocity at the 
upstream reservoir V1,t is calculated from equa­
tion (4) assuming Hl,t ~ Hur' Piezometric head 
HN + 1,t and flow velocity VN+l,t at the upstream 
side of the downstream end valve are calculated 
from equation (3) in which (VU )N+l,t '" VN+I,t and 
standard valve equation [11, [23l: 

(5), 

in which the dimensionless valve opening T is 
expressed by the equation: 

(6J. 

The staggered grid in the method of characte­
ristics is used in the numerical model described 
in this paper OJ, [21. First, the computation of 
steady state flow conditions is carried out at 
time t = O. In the transient loop within the com­
puter program, the computation of the even num­
bered pipe interior nodes at the time step 
(2n + 1)6.t and the odd numbered pipe nodes at 
the time step 2 (n + 1)6.t is first carried out. 
Computation of the pipe end boundary conditions 
(upstream end reservoir, downstream end valve) 
follows at every 26.t time steps. 

Kapljevinski steber v cevovodu se pretrga, ko . When the pressure head in a pipeline system 
tlak kapljevine pade na parni tlak kapljevine. ' drops below the liquid pressure head, liquid column 

. ~ 
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Pretrganje stebra je lahko v obliki diskretne parne 
kavitacije ali kontinuiranega kavitacijskega toka 
pri parnem tlaku kapljevine [2), [3), [241. Dis­
kretni plinski kavitacijski model nadomesti model 
vodnega udara, ki velja za kapljevinski tok 
(enokomponentni enofazni tokJ. Diskretni plinski 
kavitacijski model simulira dvokomponentni 
dvofazni tok. Z obravnavanim modelom tudi na­
tancno izracunamo vodni udal', ko izberemo dovolj 
majhen plinski kavitacijski razmernik (ao ~ 10-7

) 

pri referencni tlacni visini ho *. Diskretni plinski 
kavitacijski model simulira tako vodni udar kakor 
kavitacijski tok med prehodnimi rezimi v cevnih 
sistemih. 

3.2 Dlskretnl pllnskl kavltaclJskl model 

Diskretne plinske kavitacije so vgrajene v 
vseh numericnih vozliscih v deltoidni mrezi me­
tode karakteristik. V cevnih odsekih med nume­
ricnimi vozlisci obstaja kapljevinski tok. Diskretna 
plinska kavitacija v numericnem vozliscu j v casu 
t je popisana z dvema kompatibilnostnima enac­
bama vodnega udara (3) in (4), plinsko enacbo 
(izotermni proces): 

separation occurs either as a discrete vapour I 

vity or vaporous cavitation zone [21, [31, [~ 

The standard water hammer solution which 
valid for liquid flow (one-component one-ph 
flow) is replaced by a discrete gas cavity mOl 
The discrete gas cavity model simulates tv 
-component two-phase flow. In addition, 
discrete gas cavity model accurately predicts 
water-hammer if a small gas void fraction (a 
~ 10-7

) at the reference pressure ho• is selec 
in the model. The model thus simulates watl 
-hammer and transient cavitating flow in pip 
systems. 

3.2 Discrete gas cavity model 

The discrete gas cavities are lumped at 
computing nodes within the staggered grid of 1 

method of characteristics. The liquid is assun 
to occupy the full reach length between compu· 
tional nodes. The discrete gas cavity at a comJ 
tational nodes j at time t in the pipeline is fu 
described by the two water- hammer compatibil 
equations (3) and (4), the equation of the ideal I 

(isothermal process): 

( H. - Z. - h )(V). = ho*UoA& 
J,t J v g J,t 

in integrirano kontinuitetno enacbo diskretne 
plinske kavitacije v deltoidni mrezi metode ka­
rakteristik [1), [21, [211: 

and the integrated continuity equation for t 
discrete gas cavity within the staggered grid 
the method of characteristics [II, [21, [211: 

(v) =(V) + {\Jf[V. -(V). ]+(l-\Jf)[V. -(V) ]}A2M 
g j,t g j.t-2~t J.t U J,t J.t-2~t U j.I-2~1 

Vrednost uteznega koeficienta rp je od 0,5 do 
L Neznanke v sistemu enacb (3), (4), (7) in (8) so 
piezometricna visina Hj , t ' vstopna hitrost v 
vozlisce (v u) j, t' izstopna hitrost iz vozlisca v j , t in 
prostornina diskretne plinske kavitacije (Vg)j, t. 
Sistem enacb resujemo algebraicno z eliminacijo 
neznank. Izracun prostornine diskretne plinske 
kavitacije po enacbi (8) ponovimo, ko je izracu­
nana prostornina po enacbi (7) negativna. 

Diskretni plinski kavitacijski model, upo­
rabljen za racunski primer v poglavju 4 modifici­
ramo na robovih. Kavitacija ne obstaja pri navz­
gornjem kotlu (vodni udarl. Pri hitro zapornem 
venti! u (tc < 2 L / a) na navzdolnjem koncu cevi 
diskretno plinsko kavitacijo zamenjamo z dis­
kretno parno kavitacijo (velika kavitacija pri parni 
tlacni visini [21). Nastanek diskretne parne ka­
vitacije je odvisen od zmanjsanja tlacne visine na 
parno tIacno visino kapljevine. Diskretno parno 
kavitacijo pri zaprtem ventilu popisemo s kompa­
tibilnostno enacbo vodnega udara (3), kjer je 

The weighting factor rp takes on vall 
between 0.5 and I. The unknowns in the Systf 
of equations (3), (4), (7) and (8) are piezometl 
head ~,t' upstream velocity at node (vu ) j 

downstream velocity at node vj , t and discn 
gas cavity volume (Vg)j,t. The system of equ 
tions is solved algebraicalIy by elimination of u: 
knowns. When the discrete gas cavity volur 
computed by equation (8) becomes negative, th 
the cavity volume is recalculated by equation (i 

The discrete gas cavity model is modified 
the two boundaries for the computational examI 
in Section 4. There is no cavity at the upstrea 
end reservoir (water-hammer computationsl. A 
downstream end fast closing valve (tc < 2LI a) 

discrete gas cavity is replaced by a discrete VapOl 
cavity (large cavity with vapour pressure head [; 
A discrete vapour cavity forms when the pressu 
head drops to the liquid vapour pressure head. TJ 
discrete vapour cavity at the closed valve is ful 
described by a water- hammer compatibility eq. ( 
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HN + 1, t ~ ZN +1 + hv' in integrirano kontinuitetno 
enacbo diskretne parne kavitacije v deltoidni mrezi 
met ode karakteristik (2): 

Kapljevinski tok se ponovno vzpostavi po 
zruSitvi kavitacije pri ventilu (negativna prostor­
nina kavitacije1. Piezometricno visino HN =l t 
izracunamo iz enacbe (3), kjer je {vu lN+l,t ' 

VN+l,t = O. 

4 PRIMERJAVA REZULTATOV 
IZRACUNA IN MERITEY 

Primerjava rezultatov izracuna z meritvami 
tlaka in fotografijami kavitacije zagotavlja solidno 
podlago za overitev postavk v diskretnem plinskem 
kavitacijskem modelu in prispeva k boljsemu razu­
mevanju pojava pretrganja kapljevinskega stebra, 
Tu obravnavamo primer zapiranja venti la, ki je 
vgrajen na navzdolnjem k~ncu cevovoda s pozitivno 
strmino (s1. 11. Pretocne razmere so: 

- ustaljena pretocna hitrost Vo = 1,50 mis, 
- piezometricna visina v navzgornjem tlac-

nem kotlu Hur = 22 m, 
- cas zapiranja ventila tc = 0,009 s in 
- hitrost sirjenja udarnih valov a ~ 1319 m/s. 
Y numericni analizi smo izbrali naslednje pa-

rametre: 
- stevilo cevnih odsekov N ~ 16, 
- utezni koeficient if; = 1 in 
- plinski kavitacijski razmernik pri referencni 

tlacni visini (barometricna tlacna visinal (xo = 10-7
. 

Izmerjeni tlaki so podani kakor piezometricne 
visine z osnovnico na vrhu cevi, prikljucene na 
kotel2 (kota 0,0 m na sliki ll. Frekvenca zbranih 

in which HN+l,t ~ zN+l + hv and the integrated 
continuity equation of t he discrete vapour cavi­
ty volume within the staggered grid of the method 
of characteristics (2]: 

(9l. 

When the cavity at the closed valve collapses 
(negative cavity volume) then the liquid flow 
is reestablished. The piezometric head HN~l t 

is calculated from equation (3) in Which 
{vu lN+l,t = VN+l,t = o. 

4 COMPARISON OF COMPUTATIONAL 
RESULTS WITH MEASUREMENTS 

Comparison of computational results with 
pressure measurements and high-speed video 
photography should give satisfactory verification 
of the performance of the discrete gas cavity 
model and a better understanding of liquid column 
separation phenomena. The results for the closure 
of a downstream end valve in an upward sloping 
pipe (Fig. 1) are presented in this paper. The 
flow conditions are: 

- initial flow velocity Vo = =1.50 mis, 
- piezometric head in the upstream end pres-

surised tank Hur = 22 m, 
- valve closure time tc ~ 0.009 s, and 
- wave propagation velocity a = 1319 m/ s. 
The following parameters have been selected 

in the numerical analysis: 
- number of reaches in pipeline N = 16, 
- weighting factor if; = I, and 
- gas void fraction at reference pressure 

head (barometric pressure head) (xo = 10-7
• 

Measured pressures are given as piezometric 
heads with a datum level at the top of the pipe 
at tank 2 {elevation 0.0 m in Fig. 11. The samp­
ling frequency for each measured quantity in the 

podatkov za vsako izmerjeno velicino v preizkusni experimental apparatus is fs ~ 5 kHz. A compa-
postaji je fs ~ 5 kHz. Primerjamo casovni potek rison of the piezometric heads at the upstrean1 
( t) piezometricnih visin na navzgornji strani hitro side of the fast closing valve Hdv and at the 
zapornega ventila Hdv in polovici dolzine cevo- midpoint of the pipeline Hrnp versus time t is 
voda Hrnp. Visini sta izmerjeni s piezoelektricnim presented. The two heads are measured by Kistler 
tIacnim zaznavalom Kistler 603 B. Yisina ob 603 B piezoelectric type pressure transducers. 
navzgornjem tlacnem kotlu je konstantna. Yisini, The head at the upstream end tank 2 is constant, 
izmerjeni na cetrtinah dolzine cevovoda sta po- whereas the heads at the quarter points are simi-
dobni visini na polovici dolZine cevovoda. lar to the head at the midpoint of the pipeline. 

Izmerjeni in izracunani piezometricni visini Measured and computed piezometric heads at 
pri ventilu Hdv in na polovici dolzine cevovoda the valve Hdv and at the midpoint of the pipeline 
Hrnp sta primerjani na slikah 3 in 4. Najvecja vi- Hrnp are compared in Figs. 3 and 4, respectively. 
sina v cevnem sistemu je visina vodnega udara The maximum head that occurs in the pipeline sy-

stem is the water-hammer head at the valve {Fig. 
pri ventilu (s1. 3). Izracunana najvecja visina je 31. The computed maximum head matches the 
enaka izmerjeni najvecji visini (Hdv)rnax = 224 m. measured head (Hdv)rnax = 224 m. The minimum 
Najmanjsa vis ina vzdolz cevovoda je enaka parni head that occurs in the pipeline is the liquid va­
tlacni visini kapljevine hv = -10,3 m {s1. 3, 4J. pour pressure head hv = -10.3 m (Figs. 3, 4l. The 
Izracunani cas obstoja prve diskretne kavitacije computed . time of the length of the first cavity 
pri ventilu t = 0,331 s se razlikuje od izmerjenega • existence at the valve t = 0.331 s differs from the 
casa t = 0,339 s za 2,5 odstotka. Za drugo, tretje ' measured time t = 0.339 s, representing a 2.5 % 
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8l. 3. Primerjava piezometricnih visin Hdv pri ventilu 
Fig. 3. Comparison of piezometric heads Hdv at the valve 
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8l. 4. Primer java piezometricnih visin Hrnp na polovicj doliine cevovoda 
Fig. 4. Comparison of piezometric heads Hrnp at the midpoint of the pipeline 

in cetrto pretrganje vodnega stebra pri ventilu se 
izmerjeni in izraeunani easi obstoja kavitacije 
dobro ujemajo. Iz rae un ani in izmerjeni tlaeni 
sunki, ki zaporedno slede nastanku in zruSitvi 
diskretne kavitacije pri ventilu (sl. 3) in konden­
zaciji kombiniranih podroeij kontinuirnega kavita­
cijskega toka in diskretnih kavitacij vzdolz cevo­
voda v kapljevinsko fazo (sl. 4), se ujemajo v za­
dovoljivi meri. Izraeunana najveeja prostornina 
diskretnih kavitacij vzdolz cevovoda (red velikosti 
to- 8 do 10-6 m 3) je mnogo manjsa od prostornine 
diskretne kavitacije pri ventilu (red velikosti 
to- 5 m3). Najveeja prostornina diskretne kavita­
cije pri ventilu (Vv)dv = 3,97 x 10-5 m 3 je mnogo 
manjsa od prostornine cevnega odseka V = A!1x = 
= 8,95 X 10- 4 m 3 (4,4 %). 

difference. However, the measured and compu1 
times agree well for the second, third and fOUI 
lengths of cavity existence at the valve. There 
reasonable agreement between the computed a 
measured pressure pulses following subseqm 
cavity collapse and reopening at the valve (Fig. 
and condensation of combined discrete vapour ( 
vity - vaporous cavitation zones along the pipeli 
back to the liquid-phase (Fig. 4), The compu1 
maximum volume of discrete cavities along t 
pipe line ,of magnitude 10-8 to 10-6 m 3) is mu 
less than the volume of the discrete cavity at t 
valve (of magnitude 10-5 m3). The maximum v 
lume of a ~iscr3e~e cavity at the valve (Vv)dv 
= 3.97 x 10 5 m IS much less than the pipe rea 
volume V = A!1x = 8.95 x 10- 4 m 3 (4.4 %). 



) STROJNISKI VESTNIK - JOURNAL OF MECHANICAL ENGINEERING, LJUBLJANA (42) 1996/1-2 13 

Diskretno kavitacijo pri ventilu in podrocje 
kontinuiranega kavitacijskega toka vzdolZ cevovo­
da smo razbrali tudi s hitro snemalnga videa 
Kodak Ektapro 1000 (poglavje 3), Razporeditev pro­
zornega dela pri ventilu in fotografije kontinuira­
nega kavitacijskega toka za obravnavani preizkus 
so podane na sliki 5. Kapljevina na fotografiji je 
v crni barvi. Oblika prve kavitacije je bela, no­
tranja prostornina kavitacije pa je temna. Kasnej­
se diskretne kavitacije pri ventilu in v podrocju 
kontinuiranega kavitacijskega toka so fotogra­
firane v beli barvi. Ob vsaki fotografiji je podan 
cas od trenutka vzbuditve prehodnega pojava. 

A discrete cavity at the valve, and distributed 
vaporous cavitation zone along the pipeline, was 
visually identified by Kodak Ektapro 1000 high­
speed video photography (Section 3l. Layout of 
the transparent section at the valve and photo­
graphs of the cavitating flow for the considered 
experiment are given in Fig. 5. The liquid is 
observed as black. The shape of the first cavity is 
identified as white. The internal volume of this 
cavity is observed as dark. The subsequent dis­
crete cavities at the valve and in the distributed 
vaporous cavitation zones are observed as white. 
Each photograph shows the elapsed time from 
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Opazovana najvecja prostornina diskretne kavita­
cije pri ventilu se pojavi v casu t = 0,264 s. Prva 
diskretna kavitacija ne zajame celotnega precnega 
prereza cevovoda. Izracunana najvecja prostornina 
diskretne kavitacije pri ventilu se pojavi v casu 
t = 0,275 s (razlika 4,2 %l. V nadaljevanju pre­
hodnega procesa se najvecja prostornina kavitacije 
pri ventilu zmanjsuje. Pretrganje vodnega stebra 
pri ventilu je turbulentno, vzdolz cevovoda pa raz­
beremo podrocje kontinuiranega kavitacijskega 
toka. Podrocje kontinuiranega kavitacijskega toka 
je delno sklenjeno. 

Sklepamo, da razlike med rezultati izracuna 
in meritev izvirajo iz pribliznega popisa konti­
nuirnega kavitacijskega toka z diskretnimi kavita­
cijami v numericnem modelu [21, [41. Odstopanja 
v manjsi meri izvirajo tudi iz diskretizacije v nu­
mericnem modelu ('6.t = LI (aN) = 37,2/0319 x 
x 16) = 0,00176 s), aproksimacije neustaljenega 
koeficienta trenja kapljevine z ustaljenim Darcy­
- Wisbachovim koeficientom trenja ). [221 in po­
greskov pri merivi [151. Domnevamo, da oblika 
kavitacije ne vpliva na porast tlaka po zruSitvi 
kavitacije [81. 

5 SKLEP 

Meritve vodnega udara in pretrganja kaplje­
vinskega stebra smo izvedli v preizkusni postaji. 
Ta je sestavljena iz 37,2 m dolgega posevnega 
cevovoda, ki je vgrajen med dva tlacna kotla. 
Prehodni pojavi so vzbujeni s hitrim zapiranjem 
ventila. Izmerjeni casovni potek tlaka in vi­
zualizacija pretrganja kapljevinskega stebra s 
hitro snemalnim videom pomembno prispe­
vata k boljsemu razumevanju fizikalnega po­
java. Vizualizacija toka razkrije tip kavitacije 
in casovni potek dogodka. Izmerili in fotogra­
firali smo diskretno parno kavitacijo in kon­
tinuirni kavitacijski tok pri parnem tlaku kaplje­
vine. Domnevamo, da oblika kavitacije ne vpliva 
na zvisanje tlaka po zruSitvi kavitacije. Rezul­
tati izracuna z diskretnim plinskim kavita­
cijskim modelom se dobro ujema z rezultati 
meritev. V izracunu izbrani plinski kavitacijski 
razmernik era = 10-7 je dovolj majhen za na­
tancni izracun vodnega udara in simuliranje 
kavitacijskega toka med prehodnimi rezimi v 
cevnih sistemih. 

the initiation of the transient event. The visual 
sed maximum discrete cavity volume at the val 
appears at time t = 0.264 s. The first discr€ 
cavity does not occupy the entire cross section 
the pipe. The computed maximum cavity volur 
at the valve appears at time t = 0.275 s (a di 
crepancy of 4.2 %). The maximum cavity volur 
at the valve decreases at subsequent column s 
parations. Liquid column separation at the valve 
turbulent and the distributed vaporous cavitati 
zone is visually observed along the pipeline. T 
distributed vaporous cavitation zone is partial 
homogeneous . 

In conclusion, the discrepancies between t 
measured and computed results are contribut 
to the approximate simulation of distribut 
vaporous cavitation zones by discrete caviti 
[21, [41 within the model. In addition, the di: 
crepancies also originate from discretisation 
the computational model (M LI(aN) 
= 37.21 (1319 x 16) = 0.00176 s), the unstea 
friction term being approximated by the stea· 
state Darcy-Wisbach friction factor). [221 a 
uncertainties in measurement [151. The shape 
the cavity does not seem to influence the pre 
sure rise following cavity collapse [81. 

5 CONCLUSION 

Water-hammer and liquid column separati' 
measurem'tnts were carried out in an exper 
mental aPparatus. The apparatus comprises 
straight 37.2 m long sloping pipeline connecti 
two pressurised tanks. Transient events a 
initiated by rapid closure of a valve. Measur 
pressure versus time traces and observation I 

high-speed video photography has prOVided 
improved understanding of liquid column separ. 
tion phenomena. Flow visualisation detects t 
type of cavitation and time sequence of t 
events. The discrete vapour cavities and distr 
buted vaporous cavitation zones were measur 
and observed in column separation tests. Tl 
shape of the cavity does not seem to influence t 
pressure rise following cavity collapse. The r, 
suIts of a discrete gas cavity model agree Wi 

with the results of measurement. The select 
gas void fraction in the model era = 10-7 is sm, 
enough for accurate water- hammer computah 
and simulation of transient cavitating flow 
piping sys~ems. 
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OZNACBE 

preeni prerez. 
hitrost sirjenja udarnih valov. 
premer cevovoda. 
frekvenca podatkov, 
zemeljski pospesek, 
piezometriena visina: 
H=p / (pg) +z =h+ z, 
tlaena vis ina, 
parna tlaena visina, 
absolutna referenena tlaena visina, 
stevilka vozlisea, 
dolzina cevovoda, 
stevilo cevnih odsekov, 
tlak, 
cas, 
cas zapiranja ventila, 
prostornina, 
pretoena hitrost, vstopna hitrost v vozli­
see, 
izstopna hitrost iz vozlisea, 
koordinata, : 
geodetska visina, 
plinski kavitacijski razmernik pri refe­
reneni tlaeni visini, 
potenca v enaebi r venti la, 
easovni korak, 
dolZina cevnega odseka, 
strmina cevovoda, 
Darcy-Weisbachov koeficient trenja, 
gostota tekoeine, 
brezdimenzijski cas odprtja venti!a, 
utezni koeficient. 

INDEKSI 

navzdolnji kotel, 
venti! na navzdolnjem koncu, 
konena lega, 
plin, 
zaeetna lega, 
polovica dolzine cevovoda, 
navzgornji kote!, 
para, 
zaeetno stanje, 

ZAHVALA 

Raziskave pretrganja kapljevinskega stebra 
v cevnih sistemih je podprl A vstralski svet za 
raziskave, za kar se mu iskreno zahvaljujeva. 
Clanek je biJ napisan med obiskom dr. Berganta 
na Univerzi v Adelaidi, A vstralija. A vtorja iz­
ratata zahvalo vodstvu Litostroja, Slovenski 
znanstveni fundaciji, Ministrstvu za znanost in 
tehnologijo Slovenije in Univerzi v Adelaidi, ki 
so podprli ta obisk. 
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NOMENCLATURE 

pipe area, 
wave propagation velocity, 
pipe diameter, 
sampling frequency, 
gravitational acceleration, 
piezometric head: 
H = p 1 (pg) + Z = h + z. 
pressure head, 
vapour pressure head, 
absolute reference pressure head, 
node number, 
pipe length, 
number of reaches in pipeline, 
pressure, 
time, 
valve closure time, 
volume, 
flow velocity, downstream velocity at 
node, 
upstream velocity at node, 
distance, 
elevation, 
gas void fraction at reference pressure 
head, 
exponent in r valve equation, 
time step, 
pipe reach length, 
pipe slope, 
Darcy - Weisbach friction factor, 
liquid density, 
dimensionless valve opening, 
weighting factor. 

SUBSCRIPTS 

downstream reservoir, 
downstream end valve, 
final position, 
gas, 
initial position, 
midpoint of the pipeline, 
upstream reservoir, 
vapour, 
initial condition. 
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