


UNDERANDI ANGDMODEL L | NG

TRANSI ENWAAER FLOIW3XIJRBAN

STORMWATIERAI NAGE SYWITEM A
FOCUS ON SPRKENGEYSER

L1 EIF

PhD

The Hong Kong Polytechnic University

2019



The Hong Kong Polytechnic University

Department of Civil and Environmental Engineering

Under st anMioidnegl d@inndgr a n sMae etr A
FI ows | 8t &r mdatagarnage ws t it e m
aFocwo® Splritkneg Geyser

LI Fei

A thesis submitted in partial fulfillment
of the requirements for the

degree ofDoctor of Philosophy

May 2018









Abstract

Extreme rainstorm events and the associ a
mor e anfdr engoureent and i ntensive in the wor
| osses in social Panred iecuosn csmiucd i reess caunrdc ef si.e
evidensedht haban fl ooding accidents coul
system dratgwpagedoapaon due t o-wahteero cfcd uorws
wi thin t he syst ems under sudden and f a
comprehensive under sttamdisngndnd ndralaxgi ©
process betweenflobeasdphased watef signifi
i's however not very clear about its physi
for current tNhoetoirvya taendd Ilpy atchtii sc eorbejseecatricvhe ,
aims to unpghlrysit ame cabnade i mand e | the evol uti

transwaneraift ows under various initial a

Coded in a distributedrieacnéwoMAThbABed! a
numer i cal mo d e | so-Bvokhgatie@and uwilt 2 Da Nawu |
of Il evel set (LS) and volume of fluid (VC
This proposed model and numericawatmat hod
i nterface evolution det aiitlhsmst hasougél Ist a
represent physical conser-geatabhi shadabtetea
cases in the Iliterature, the developed
validated and verified to be safabsuftiyci

reproduce the compl et e di ffwateat if htoevr fs

vii



dynamics during the Biughl wsunstebdpbsleowi gi o
we l | as the tempor al and spati adt ieovnosl,ut i ons
which ar e-dermpu di ailn dteod sitrand t he mechani sm and

t wohase fl ows in practical engineering syste

Afterwards, the validated 2D model i's appli
perspective fygst eamadteitcaid real -yaantidersof | owsnandat
di fferent condi t-l oshteo remdwaduenrtaegree & nign nreeali ng s
Specifically, t hestroapmavhafemblbengyptemess si mn\
for under st ainmfi inge ndiifaflergat amet er s of t he

conditions o-watlke dwmnhami @c&imeovdoellrudisnodnt. s Wi t h

and analysis, the underlying physics of rapi
transformati ovrel 1l elaast itchres hvied oa&cds ty and pressut
patterns of both air and water phases. To ex
di fferent assumptions is performed and compa
further highttamgdtt memdk eayndpar amet ers which ma
atwat er i nteacdampgadroinssan Taamd hdwsalay®i € hat the s
with closed wall boundary is capable to con
propagating s pgeneadntb epfooirnet trheeacshteas t he wupstr.
system wietnh i walled outl et may suffer mor e fi
within instant moment, so that more energy I
the downstream endekypyuhdghet adnathageetapaci
changes of the upstream drainage pressure an
could greatly affect the transformation and
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t he dynwaniecr aiinmt egatheonapddrfilling proc

Based on the results and findings of ra

atwatspr Hnggeysering (or i nertia surchargi
both horizont al pi pe f i lelsisnegs aamrde wtehretni cian
by the developed 2D model , Sso as to exan

system parameters and flow conditions to

process spofilnguecyhe e u Bt/ isaur ge st avrarhétrhagd nag e

systems, which is one of the main object
factors for inspection include the size
vertical riser, initial pressburesimntawvied

cases are conduct edt of oascseyrsttaegmattilte adamn
affecting the wvariation magnitude and e
di stributions as well as the transfor mat

cation r esulhtes -4 dhamcenasitrr ap @c ktentatt e n o

o}
©
©

vul nerable and fragile to break into pie€e
contact area with water, which is suffe
bubblagpe shand corresponding |l arger var i g
di strilbrutadadisti on, the motion of air p ha
may have notable influence on the transf
the distoewattr onst effaces under different

which thpsvetalysrole to teheolwhaloen fpaoromeet

atwat er mixture geysering/surcharging in
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Chapter 171 Introduction

1.1 Background

With the gl obal climate chahgemaawmefrfapi ¢
vol mmal peak discharge have been greatly
to the increasing frequency ag@@8umneenasait
2014)For i nstance, t he Hong Kongébés annua

2,800 miwHiioletwas ,near |l y 28020 1hG grhean tammu

rainfall of about 2,400 millimeters. Thi
ri sks i n t he downstream ur ban areas, c
economic | osses wess wed{ILdvwiedhee a lIAtchh R @il $ ¥y ,

severe flooding event was caused by a vi
Chi na, which influenced over 1.(6Wamigl | i o

201RP)gl(a)l. Shows one of the underpasses w

mi serabl e issue, |l eading to significant
economic costs. Similar falr@g6dilngnt Bagedy
Australaita | wiatsh 24 |l iyveanl dseh Honéhtt aed
2011)



Figl(al). Fl ooded main road in Beijing, China
Lok Street on June 7, 2008 in Hong Kong

I n Hon@m Kdmgp,ding disaster with a maxi mum f I c

recorded on June 7, 2008 i n {(Fheg (SDh)ldung Wan

which resulted in serious business interrupt
are@han et al. 2010)

To address these drainage challenges, the H
over HK$ 10 billion from 2008 tosc2a0lle8 t o | a

proj edthse freerconsrtehuacliiloint aatda toonr mwfg 68 e @emr ent

Fig.ill&Biessgraner eofonssucrhuct pr ojSehcetu nign Wame men
Di st(rLieastng et whema& étlle& ow tad&n d stt me mwat er

pumpi ngwstuaatdiean consssa uaxgsg i ba provide more st
Meanwhi l e, tame odt r-Giutee gmBcl lupefl r astructured was
2014 by the Hong Kong Government with the
stor mradiemageHoygt €mSpPHK .2 UInd)er t his backgro
t heresuegest need to | mmpamomag@ge nehnetr lbeefrs i tgme an o

stor mwradiemage system so as to control floodi



Fi g2Coln.st rsucttei oorfVa i&nhdeeurnggt ou tady(ka) and
stor mwamgirng station (b)

Actuall vy, many fieladorladwidenthawvwds arematinis
t r anasiwantewph afsleows can cause serious and
stor mivedaenage systemdg.orthwa@aenageaenprentess
easily trapped in poor vetnitablllaycdkd t piep @l
cressestional area and thus sevarselwmelrl e dausc
cause severe disasters such Masasnwbyber &l
transient interactions of iehltatipprsd a&f rpn

and finally rel easestroarpmadaldyteagant stulch a@st Imal

Hamam and McConrngpoddledd ¢t had2)xseveral citi
problem with manhole coversapgpgRO@Bof f

further descri bed HamidOtredcaGiaichcamta , h avh e e ree &
sewer with a downstream i ntpeirpcee pdrpe rwiedIr
severe pressure surges during tha ghhl dw oonfst.
a welded manhole cdvomnGamdaaodlODelrsihaosmveecnde n |
a picture of s ucnma mphcelne nteonvae ra bboluad wiatnhte i nd
Mi nnes dt9as 2 ; and another figuretaosmadtoarn

3



sewenr 7IRe8c ent |l y, many field accident observat
conti nue stuoc hd ipstecéauvoenrg h t eRki ga.( al)s230aln0 )i ma g e
taken from a video recording of a geyser [
Boul ewvmaMdntr €d £BCWsL220WB) ch caused | arge | et
and air from manhol es, ma n hfdloeo da cmwge r sb rb enign
about enor m&usni damageys@apiacdurHie2dd 1i5nUS A
(KOMOews 20Wbher enatrhyea teu redhibloltba w42 et hi gh from
the storm drain inftthea mi ddlire kEFfingt héai &t rsegeauta
(b)) . Three manhole covers in HdWNexKong al s
mediNeaws 200Bg¢se coveursd weagh HOO were still

the geyser sprayFiag) high as 30 feet (see

Fi g3(al). Geyser from stor mAsewer m( @B&€i Newsr 26
into a temporary geyser bh @GapedothHoughat
(KOMO N2Wks5)



Fi gd4Mah.hobeer shot by furious geyser in H
nemedNews 2005)

Amontghese geysas whedirormbpea hetrlugtviomlsent (gc¢
phemeonon has only been reporstuech asdev e vter
happemelMi nnWrpiog hits e}, avi t h20he specific
i ncl udiimogh:g X )he <c onstehceu tfiivres te reurputpitoinosn, i s
ternhsei@ihd véluothber ones; 2) the erupti ol
greatly exceed the makRari ttundee mor en oa amaro rclc
spr-iinlge eruptions, mo st of the <cities s

threatessl stcthng the manhole cover duri ng

There i s ntohkedoalstyradblygetytaer wel Iprabngeehe s
er up,taicearosnpvaind keedt rfulcaodheewg®@se underl ying t|
cautsree medd o gt oi etoyn.sequently, the investi:

amwattewph afsleows i's criticabraantdi ctanipoen @int



appl icatwhamncsh nmeasys e bteined§f nt seconomi c, social,

environmental aspects.

1 . Moti veotfiisctlas ear c h

The Il nteraction bet ween di fferent phases r
complicatedgswiwthh cdhr a saitviod vteopol ogy changes an
due to the | arge density aribrebosepsityerat
comptliicgg mi xed phases including free surface

exchanging with each other through this proc

di fficult.

Howewéire, desi gn and evaluati onstodr mwhae edr ai na

systneamsy dependeoerel|l opedf stleady or gradual va
(e. g., peak fl owrate( Maysnd2udatnl netf laolw v200 lubnae
Duan et )whi |l 20im6bt muUmdrhiec &lximddellgs such as

Stor mManagemeht t Medeompl ex hydaeéwdaytnearmi ¢s S U
mi xfeldow ei ther neglect aratexcdgainseleyntsipmplbil
treatinghasesifhglwe or negl(eZootpipmog) t2ADeD tehnt r app
i's unable to capturent h-eurdffeeady ereitzeacdh sf | ow
(Kerger 201.0ConSteagd ed2 uin$)e r st amad enlgd fianngd

tranaiwanfelroawrseecessampodatmdndesi gn and i mpr oV e
urban drai nade chydthaam o ubledn elfriitnsg ipno ttehnet i as |

ur ban ecosromaomi &ls devdel opment in worl dwide cit



Due to the I i miutneleer Ehawtledge t bé compl e
transient c hamawattdedriowtsit@msnma b b & thgeg £ e ms ,
investigfatriaos waritent erarcd Vv olnyptr iocheasse c 0 me

chall gdmodgionapx peri meotadaedomermaddl Thng

Ssituiagimai nly because of the complicated
fl oows deaPnp@Bownmeso et Spleci 20ta) | vy, i n t
regi me, htghhyobwsesable state with freqt

pressanmnfirzeeadr f d o8ver, t he frlagwmwadpihaatieosopss

wat arandaitxurfée ui d of ten occur s, addi tion:
entrapment woul d result i n flow discon:
separdevent mahgss esearchers devoted then
made signifi cant layudwbael ru eodf psrtougdrieesss have G

this area, including experimental and nui

For the experimental studies, the early
spi kes caused by the(®abeantda®Smeg 4dadB Qe
1988NHhil e the (rWrcieghhtt settu dade. € a210eld ,s e2Welrly | k
that trigger geysers including trapped a
bring about hi gher magni tude pr ewrsquea e f |
wave in a pressurizatii®e pMaotcesnd. eSomé . ot
and McCor qutordiag & t1®8Ri)nd out the wunderly
ini tial conditions (including the vol ume
atwat er moti on. Recently,Ladr E€X@Ek8) mantd:s
(204@8¢cessfull ywnrepnwadol @egd Qlegser erupti c
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relatively moderate inertial surge in simpl
under Imeicrhggani sm of geyser formati on may h

Kelt¥Hehmholt zdewnsldapn | i hgwatreamsii rtnégr actri on.

When it comes to numemghcadrdsptmas @at model var i
have been proposed nowi nmge pproadauess ,t hlkeelapirn ga dtv
mechani cs of geyser organi zation by di ffe
Specifically, i Bungpidnt@i Wegngred b8BBd4ysunstab
flow regime so that the rpee ssswrrfiacea fflloow, caann
Vasconcel os a)drWrhieghretd t20&7 i dea by introduc
i nto pressure component . To Hakemthedair p |
McCorgqguodanlaele( 128 Do ssi bl e t opoccaklectu lmaotvei ntgh.e r
Recentl vy, the ©prosper devel opment of comput
simulating of more corElhiod at2dd 8y e rSthiama la nrdi sio
by devel-ppasgmddwlod WiarvgSeo kBS) eqMaartea ons.

det ai | ed elviiteewr &towrl @ be found in chapter 2.

Despihese preliminauryrnmeamatd i e o an® o easr se

founde nadegounadanhaecctud ataepture fuaivwygt etrhe tran:
i nteractionduandt opr woeepdfi tB essi.de s, t he ener g
transformation pattewat emn i i asrudfcftgicd ne nids nya ot
i nvestigated to fully understCaoamdegqhenoVegrall
further expflormateicthhraa ndan huetpir @ modtsrsansi ent

atwatpeirp é obonesc omes waedmpodtoganrtit dhggapft hi s



t heammr acwh iciehhaei ont hn sse@hicé rwislelarlcen bui | t
manprevi ous studi esx panmdienraqp¢d idcyat ibonn h

mat hemadd eclalhidno e rsii enaull .at i ons

1. T3hecope of this research

Thi s proposed research ai ms t o under st e
atwat er fl ows I n ur ban dr ai nage pi pe S
fundameinst adndassci enti fic support to the d
we l | as t he desi gnstanmdwanaera e me nAppobp
mat hemati cal model s and numeri cal schei

systematical anaadtyewissfilonb tthriasn ssiteundty .ai r

It is noted that this research wil/l be c
situations of drainage pipeline systems,
vent riser, pipe fildndgdbewmpdayrtihgs,r amdl w
findings wild.l be extendable and applicab
sewer s, with the aid of necessary numer
Mor eolvies ,research focuseolenttbiewaitadmdbns
i nteractions and eruptions, but n.ot t he
Speci fifciat $ty, et hpti onei andhehehrohgept es
woul d decay wuniformly. During the erupt
cawprte t he -vdatsdari nicrit eariacti on o faisl @ oofi ntvh

t hkecet ai | ed def .oBensaitdi esn,d yir @omciea@senof i at er ac



before the expliciti newressgiti igant ewldviel |l dd el e iyl @edt h e
angiressure evolution mechanisms derived in t
understand the for matLiacn dfut ¢ mpavart eheer ul petaisan,
mi xtiusreecogni zed as a whole forFremerndiy strans

perspeetmaien Bibh®preeoébhdhbs

(lnvestigate the air trappi npgi paentldu npersogp agati o
transtenmeatewistpher speodunder sttéhredi fngr mat i on

mechani sm and parora €6 somssf oit maymssteeems

(2) Stwurdygn siheenpr ecod $ sitthieo nf o r antewd t felrgawss i e n t
i ncludingithe asigthiiapdarnnlesw ar i ous asilropes, as

bubbl emortiisoinngi nvol ved with vertical risers;

B)Acaunt t herenergy analysis method on the ove
systematic numeri cal swantuelra ttiropnnse pabfs etnhaen t doy n e

i ntegrated insight for. the transient dynamic

1. Rlesearch objectives

This prtejnacst tio i nvestigate the water and air

during the highly transstioernmtwadrdadiTrhaqe . proce:

detailed objectives ar e:
(1) Develagpropr-patse t model to Si mud tad re t he c
inteoastin the vertical riser by i mpl ement

10



and more advanced approaches -qfil ei dthe
met hod), to accurately reconstruct the
ri sing andnceemsemn@n,ngwipihasht eprse ttoher elpe o d!

spr-iinlge erupti ons

2 After t he calibration and validations
experi ment al data avail abhe kay tphet elni
contributing -Waetorfsl ows tlye taisti ng i n
boundary conditions, to investigate wh

air volume wdodw!l d nhe uesicsentihal fl ow i ntei

BBy undertaking numeri-phhsei maotletei kreg/v et
velocity and pressure evsalrupgaieesns upga tzted
shifting ttamwmdiltecican,aldo tdne avail able d

and further investigation of energy var

1. PPoresent state of knowl edge

Fom he aforemeeti oneadal stutdresd mosti gel
the influence of initial state on the f1
i mportance of air phase. Much of t hese

gual wreeastul t s ot her than quwamprigh &mdii oenr a b &

numeri cal met hods, the exitempey xfeddaevl s ai
simulation, such as calculating the speec
mordeet ai l ed characteristics, . e. t he di

11



model s ar eori niandadcqruussticained haad see dfyln@awmgi @ sh
complewatient er alchhe omai n l i mi tations of t he

knowl eduwtel iameed o0a s :

Q) The negligence of air phase wil|l i ntroducc¢
operation of real drai nagwat ensitermat and t

i nt ernaacyt ipoponse t hreaten on urban flooding;

2) The insufficient wmderadteandil mgvso fantdh e vtard aira

contributing factors;

3)Current numer i cal model s cannot wel | S

freerfpaessurized fl ow;

4 Unabl e t o cwaaptteurr ei nttheer faadawemp p nacvad teelr i n t he

evoluaution

As a fredsrdudetr,st amad enlglfsiantgh a nas iwa nhgeirp € o ws

undsetror mwan ciratrseb\nst Wal | £ acguirnsgemte nes éacch

and engineering applications, AwHi cthhemot i vat
according sveantempy or release these weak poi

foll owing chapters.

1 . Reeseasangmi fi cance

The intenteiscemasrocthot de-pleb®@ AumMaoi c al model so
Nav-Seokes Egsadaptnibroe t hea nf ualewahthshmaasmisc s

12



especially t hveerdrjiinsairi .c sMda aan vihhiel e, energy

be taken into consideration for under st al

The achievemenmayohavdi gr @athjag@atgniefriicanc
mechani sm of atiwraet einnt &@m xaice nton and respo
neamodoryi zontpail p esatinrdae ggehrtt i ¢ ale xrpiescdresd, twh ii any
and enhance the theor yabtmatde rp htaedee Th é owf t
devel oped models and tools as wella as ex

benefaindi alnv al ueanbglien eheerlipn gf oprr 0j ect appl i ca

13



Chapter 21 Literature Review

2. 1At roducti on

e

e

a

a

e

n

istgr mbaaenage procemsal, dthablaa rdriani nargiegip
ily trapped and pressuri zed, and then pr
esi walilee dirransi ent f | ow moas Idditatigi e,nged t

ch only considers t hesidfrdomev filnowlr aGonacgeer nsi

devel opment on this issue, this chapter
s study.

cifically, the two major sections are di\
section 2.2, toget berewi etw theseaaomeoncaal

oratbobhg ebesdyyati on anwamemmanwriemdantf | onw tih
izontal or slamgéetilnytnodlcecdd monaautiiten 2.
ver taincda It hrescseepd ptmeadre bgpdvancedsbmsetrument

n features of tmeé embdbticemMmde i @mmmaipregerdt haen d
swalrrieat i on are investigat.edBa sneds eon itome s2e
il abl e experi mental atdian@, t @ onthmei bruetcihnagn i 1
nsienpr dlliomi naarrei | y fsdmudlarmeantwltvwl iisndimen g s

atly promoted the {fhewr yodeVsl omameantmoo fe
be foundd. L n §ett oeesvdoBnlvy me rhiec a i model

e | oipnntel nutde Inwgc itdhaet i on of currenti model s anc
ti2nagd3.2. 3. 3. exdArmongneddaiseches and numer

14



Ssimulations in the past, the analysis o
addit poodekElei n section 2.4 due tgo athime si g
t he ocvoemparl d hoenn stihoen t ransi ent dwaaercfpowp

Findglhdegncl usi on i s summari zed in the end.

The purpose of this revieweinsi oo ©obr pire
research in this area, as well as provid

t wohase model in the present study.

22Experi ment alanab dred adt ¥ tuedryansi ent

fl ow

I n order to bettsérsumdvartshtea nadi atntse ephy f |

experi ment al and field studies have been
content il l ustrates the detailed invest:
of each experi menstseod afsi ewed Is.t udy is di s
22. Ai-watterransi ent fl ow in horizont al or s |

Wh e n entrapped air pocket propagating i
conduits i n t he complicated ur ban dr air
transiwantraifd ow featured with different

been preliminary investigated in the in |

Pri mi tTiavielelu k I(1e9rYy 6 c| ar i f ifé dwt he gmaien tr ans

15



horizontal and) inearlyxieoaworetnala,l g @ohd elravtagri on
this clarificatiLlaucwkwdsa(ZadidBmaci.zetdadlyfyl ow
pattern disscmaimiblyapttdhe size of air bubbl e an
bubble | ocation, | owspuags fpll ey | dudglobAl, le 0 wf,

stratified smoot h dnabnwnulsatrr aftliFofwyle(ds2nwoawny ifnl o w

Bubble
flow

(a)

(b)

(c)

(d)

(e)

(f)

Fi glTh2., cl ar i fwiadeatri dr odrfo panizroet ab conduits

For the trandsieemti rf lpow ket entrapped between
columns within a | engtheniFnigguinddeul alt owg pi p
pattern i s si miilgr)(R.owiatnhs ptlehead Hmlogyhv n(@ ai r poc
al most occupysaeqgtoifiothhe wbeokar cher s have achi
considerable performance on the assessment
pockets pr op(algzag uinegr door oecte sasl . 1999, Zhang an

Zhou et. al. 2013)



Entrapped air _ ,’_T\

" iy #” More undulating pipelines

Pump-driven water Sloped pipelines

Fi g2ThZzZchemdt ithiepehed hpr opagalbheoweeonh @wo
bl ocking watehi codumasgt hening undul :

Among the above mentioned diverse fl ow
i nvol ved with | ar ge oannronld wbhbiInes et o mag aetdi
and relati-watgr stabeeface profile, whi |l e
ar e hi ghly unstable for obgeanaiif oo atriec

description.

Fomore common situadti oemntwidmpedad ei raitrhe oad
straight pi pelki g3e) ,ZaibmMabduesvtorl auttea d ni mppr ocess
with the situation of gravityl esduernrseinttys

fluids encounteri ng biumtyca nanyo tf hoerrc ef lad iodh gd

|l ong bed.
Closed wall Open/ .
boundary well ventilated
boundary
Fi gd3Wwaz.er col umn coll apse towardapitde in
filling process of) nemptyo pipel

17



Foirnstamaan break pr &bb3E@m w(ftédattihree du pisnt r eam
column falling towards -$hef aoevnsomneéiami em)d a
we-acknowl edged gBaasveodh y t bar rreemptrse.sent ati ve e
conduct edetb YladNpr thilmber eca k pr obl em phseadal ways D
for the model validation with the data on t

front and the remained water column height.

For engineering planning and preliminary de:
regarded as the opyent hceh aSaniedt f(VPoevla insso |avgedda thi o
Skeels 1998, TamMHoardeChu f2009urther investic
t haetwa tperrof i l e involved with the highly disto
advanovwpwd afsleow model shouladonkse deakéenon.nt Wit |
supplementary data of Lwauvbeerveanodci Hyggecrol ( &€

Cruchag(@0®tfr iaeld. t o simul ate the process by s

Nav-Seolgsauations with the interfdcagtrackin
experi ment al observation validated the effe
mod&kecentdhyao (2013) well repradvwbasehi s int

Nav-Seo&kekver coupled with Volume of Fluid (V

I n contrastd, ffblihbeprapess in closed systen

of the st rRii gdht(2hpitpheel ifnleow regi me performs w

patternet Ha9pdar f or med t lwe ttH>pevrearnieincta l gat
installed ian hdrei znondtddle rodct angul ar duct so
and downstream air are initially 1isolated.

18



atwater fluid, the air phase participatio
be i g@Goonrge2dd.&t 6djuct ed series of these rapid
t he air phase s i goriexitceanndceed. eXipneirlianrel nyt, a
numer i cal wsitrmudtaftd emé mimn a s paencdt  broautnidoasr y
condidnohbe rapid filsloi nlge pfrwrctelrsesr wexug ldc

research.

Conver sfeolry t he s istuuraftaicoen fwhoewmn nforveeeng t owal
regi on, various pressure surge would oc
conditions (such as dieffa&tr entem@mdanidon
McCorquodalre ed19®2)Yi gure out wvarious fac
transi ent spi(pseucshi zaes. tphee. sBafiadad & owt va
198&@ndraj kovi(lc99&1l) pal featrhme aocg@rpdrsi,ment

coming out the fiwdieng haamen bgue sd ebgs v
dynamiwaterr transi ent interaction may po:
system. Mor eover, accor@uaomganadl 9dedg f (| el d
surge strength at the end of the pressur
surge probl em, and operational and stru
strengt h; similar Sbng!| OBl dyt(ed opbeedhyt
grades!l and over fAddvi thiyabnmralgmyd,p Jedo nalluct € d

series experiments with varied slope, ve
experi menttad dtacdy i mul tipl e pressurizat.
conf i rprsn cti lpea | i mport arfodommif n fetnetmgs e & a
oscill ati onRedhadtagit eal sinvestéh)gatednsi tio
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mi xed bubble flow propagaatnidn gt hteo pperrefsosruntai nzceed
mi xed f |l owluamd etolnéfomanitrhe dynamic process i s

Il nspected.

Partially open end

o [,

Fully open end
! h.—
( ) Orifice installed at the end
C t

Closed wall Open/ ]
boundary well ventilated
boundary
Fi gdMo2.e intended eoaderoff | torwamwsiténtt haei rcl osed
of conduit
Stwith the wall boundacoyn duwi tt oips oifnitthiea Icloyn dfu
but the downstlrpepaem ,e ntdhei saiprarctaivailty wi | | be

phase propagates to the upstr)eBaann|vaat enr phas
(1968)ried on the reseédrtheomaitheavhayawi éhi
t hat the propagating velocity of the air ca
condui tWi l kameomoondwdt2d t he experi ment for
Gui zani etlal ab. réeo06ed tarned fshhape tafajtelce of r
advance i n t MBaifnielsleixml drpalc d he. experi ment b

upstream end of the duct so that the slight
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consi dertaltda omr,o fainlde frontief mehsuragi 8of i

di scussi on

Wi tmor e advanced Ciamrdti reu megvidaslc.da maamd &%) and

(2068)ended t he exapecroidmsstaadn tihyy s etdile in@p st r e
of itrhieti ally fillwidt th dtllhye cohpteanl dpoiwmnesltirneea
2 4)(b)so that the influencavoftythaeatupsio

be further exami ned.

For more complicated situati on, such as
infrastructure danddge rodp cErdtneodn tiom, Qiebmebd

main configuration of t hpilsi ffi lea@o daisn gt hfea i s
Fig. 2. witdh) the pressurized upstream wate
t hkcownsternedam Bot h t he rexape&diome netta hanld.b s20 0
numerical (€hwoul aetti o@mn . t RiOL2bppi d Ffillin
conducted ta@aiwatparrofiute Bahd pbDbeasure obeske
of -waaitrer mi xed spray f | ow twaes pwipten eesnsde da n
caused fierce pressure oscillation, whicl
system would make great di fference for

armwat er revol uti on.

2. A2 bmbbémemtvertical riser
S mi wiarh pbekeat radvancing in near horizo
movement in vertical picreresrealfahtpbiaspa
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(198%0)posed the model t o predict fl ow patt

g alsi gfuliadw i n vertical tubes, and the accordi
al so presented, ingl wgi hgowhechwummlwe | éd Wowt h
breaks into the turbulent disordered pattern

As gracetegeration gr eadaltyeri ntnenesriafciteéesont hhen aif
riser, only the dmnwvwlfarb | felxopwe rii snemd ladt iowesley v
furtherexamiergattihums Habhéemannand ) MorMuacrh (1953
theoretsxcmdwearn e ciumpbDawmeans eandyWayt er afgd988)
BeardmorenB8ad®6Bel or Be2Wadl@s ,s pfdD9p0638rd t he

seqimpirical expression of the steadily risi
d menwoifont he ri sebrewiBecéemh@dmyy 2101 6 ) , det ail ed
descri ptiroenc uarorle nacieeabubbl e ri sing experi ment

performed for further investigation on the b

Moreover, as the Dbubbl e i si naltnnoes tb outntcoom torfo Itl
riser, the experimental configuration is of!
connecting horizont al pipeline to introduce
which is felamplriefdi eads ¢ ehyessesrt itghpes edomlilnowi ng

section 2.2. 3.

2. Fu3 ther invemplgdtkedngemwsser system

InNnt he real Bsbr myusthbmmsiwa tttdinreansi ent revolutio

horizont al and inclined pipelines as well a ¢
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pleacin the «c¢omplsi deddeewlip dsaygsla geartsi.on i n hor
vertical moti on has been di-atusrseidntherf aa
i nduced pressure oscillation is the mair

mor et ecdlta@ao the geyser phenomenon for prof

Subsequwerotul e,t eaxlt.e n(d2e0d0 4t)he rapi d filling
vertical riser at the doawn setdr eaatm tehned twoipt
Similar witaptthefitlkbisgofl ow, the introd:
significant di fference in pressure magni
filling result. Among these extensive ex
the pressure hampildd at h ® nyna githlo ctuidrmeéhse o f

or i guipmsalr eam pr etsoswervee rheadhneumpeaktanrdeasitslue
only occurred at the first 1~2 periods

promi nent wditshc rt ehpaamadiedayrewyesdecr phenomenon.

BycontYasdconcel os ancdonWruicghetd (t2hCellexper i n
pumping pressurized air propagating towas
shaft. Althoygkrkbepbembmanogewiflbowthse e
observed dwatemg thansiient i nteraction, t

and the magnitude seems stild] qgui te di ff

S mil &aewy s (2011) and Cong (2016) al so

experi mehntagi fwier ent initial and boundary
val uabperomnthaeatairr transi ent fl ow, but P2
(2011) , thedecdd nsutrigea o witnhoncehaeicuely
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upti evmtefr @amiktmote tcloawdoughly clarify the

e violent geyser.

ncerning on tMe ari olae do fYa araenvoepabl aeéd2 PtOh3a)t t h ¢
trapped air in a horizontal pipe advances
X1 mum v ad wree ohlfi gphreers, whil e the air compres
e transi emdt essrepylallkavwedelaos amavWsitglgiat €ed005
ewat er interaction and made qualitative o
vel opi ng tshe Bleasrigdeesst, stuhréfres ghtdy esuaggest(edl
dicated that the entrapment of | arge air |
yser process, which is essenti al for t he

vestigations nonofdedian | pdclpetedeoatrapment a

Vasconcelos and Leite (2012)

B a

spicemmplf iocndteieopnr oduci egnt h20gyg@&ysand Choi (

ccessfully made the breakthrough on the
upti on akedeprnert.hi B | aboratory measur eme
al ytical derivation, the detaisl emaymechani s
rel at edHdalomh dilet Ke( KH)n i nstability, and th

uption veleditgribsuinhesti gla¢r ence.

Blumer moallel s for simul at iwag ettt he tr

ansient fl ows

sed on t hea tmerasauagderd atirransi ent i nteraction,
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observation is also of signifheanel atad d
numer i cafCormoedseplosnldeé ngx pe®ri ment al researctlt
could well repr owlautceer tcdyn atmmiacnss i veintth aalrmo
patterns (such as thdéowe lzacwa tefgd roond urceegd neels

bye Scheppern.et al. (2008)

Asi |l lustrated by the bexpernihme notpaeln ocbhsaenrnv
pressurized flow are exi-wdt enrg falnsmwcshhti aidt e
the different tsamfsace capedepiveaws ii),iIB€e . 4
tédh accaerodiprng cated i ntrea@cetsi omhee xtc o mmleéd i
numeri cal Neivmul dtil es s, many reseairschers

field and made si ghinfpipcaopshwiseali oed pr ogl

Fosi mpl i thietoy,atlcmai suedpaecessuri zedi 61 ow t
firstly proposed for il lustradnalnyti rals
i nvest ifgpdtlioomedi soy more complicated numer
setion 2. 3. 3i mtirtehs adaigfpfte roennst; and finally

compared and summari zed in section 2.3. 4.

2. 3hkoratdalcyshi ssruedpacceessuri zed fl ow

Prior to accurately invewat g@matnf hdgrwasi mia gter
pi pelines, a good start is to simplify a
causes, formation and propagation proces
section, the formation and i mfdl udeinscceu sosfe
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based on the basic |l aws (con{phmasiet ¥ wan &r jno me

flows in the drainage pipelines. Note that
negligible dissipation are i mposédrfopbp such
the detailed theoretical derivation process
anal ysi s, It S ai med to understand the fc

i mportance of air -wataesre ffloow tphreo d asasn,si&md ati
toropvi de scientific explanation to the unex|

st or mwyd teeg ms .

Transition from free saurface flow to pressur

The purpose of st or nmlrsaeiweary adteesal sgtheei 6§ st or mon v
and/ or sewsr )usuahil gh guadet attireralsufrif awe ¢ ol
However, thand@l|l stvaregi met he decammlaigeatpepes
after a wirolaercti dethdr fe. g., drainage pump f ai
t he pippaet tfedhoowg lwli Yy | depend on the transient dr
the wupstdroenanns tarecaam of d heempt.ipNadtliupmeail dvgrt h

water depth increases promptly, as soon as i
the downstreamrentd, davelbbppgs and ptopagates t

the ot hdri ggen® .(bsee
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e

e

Fi giTrzansition from free surface fl o

This transient flow is highly dyndamic: 1
surcharged pressurized flow exi st si mul
pressure in the downstream, some assumpt

process:

1) The upsvtvermtaiml atsedvesd t hat aisuphase i

infl ow is constvemtd whetihghtthe velocity

2) The downstream wanhdr the pubkbgbBise@rchar
which can actuall yebat@RaofBgbd| bw. t Bet deo i
vi ol ent twraa resi efhleowsgse of surcharging i

analysis in this study,;

3Yhis rectangul ar dult i1 s horizontal wit

4Yhe |l ength of the pipe is relatively sho

Al ong with the pressurse ismagienawreyneegoahny
consideredsypteadi of $dwm, tswedet fa onmpeeads of

fl ow, itshe mass and momentum equation of t
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Mass equation:

T M0 @Q mov A 2.1
Mo ment um:
m m0 @ E m0O @ © ?Q 00 2. 2
From the m@s9®. dghuea tfirooont surge speed i s
6 L2 00 . B
Q O

Substiittutneg o the mdmppPumeedoa@whsbnedm pressur

out as:
., MQU v " Q
0 . . @ . B
0o 1Q ¢O
Transfer this pressure into pressure head:
o L RV v R 2.%
"'Q Q0 Q ¢O
Thi s regulat i ocaf2b&. s2uysed to verify the 1Ini

surchar giHhgH md ehrag tilke si tuation of surchargi
derivation i s corsruercftaclotdihlarwbies ei,nitthheal flhyeep

rdo the anal ysis. I n this study, the surchail
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i n order to study the poseot mahd tgeem.ser pl

Appthis analytical sol utniiotni ailn tionvd 50rwe avleil
m/ s, and partiall yo=1i6imedt we t h olwaitne d u d e r
and the downstream is a dead end with no
the pressurHzda0d. gmessvhi ehblge ewh dlye edecetd
This result | mpressively shows the exter
this prompt transition from free surface

the possible trigger of powerful geysers.

Confrontat izoend offl opw essur i

Thissecti on intends to explore more compl e
upstream surge and downstream pressuri ze
with each other ikhi g)he2itnandwdleudtosragth®np

head caused by this confrontation.

] I A | ¢ |
| Cux | | -4 Ip
P | | H | fa
I v, I ]hﬁ—"‘vﬂi -:—=Vd
—--.--I i ——
Fi gl ni.tial state of upstream and d

Fi r shdfyore the confrontation of each par
downstream coul d be caleulwatyeddi stehpea s @ de

afor emesnecitmmoerdansi ti on from free SDurface
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Specifically, | et t he suvchardg esce tu pdsotwnesa m efali
va, Wi t h fuHl Andet heeimgihdd!| @ tmwiimviftlho vh ep agrhtt v
ho. Based on the c¢chosen control vol ume of u |
applied mass and momentum equations could t

(similar 2t . dgquation

. MQUy 0 "o

5 _ b 2. 5%
0 Q 5o

a0 0 "o

5 — b 2. ¥
o Q %)

|l mmedi Atehg meeting oFi ghe2ad@aesn (Hhee mass
momentum bal ances are applied by choosing t
conduct the analysis separ adreupg dHergesagain

the mamhol @/sl trieasedf ace ffrleew.

T A
G Cr
I
-1 B *2
H g|
|

Vu
—

Fi giCoafrontation of pressurized fl o

Fot he | eft conttokivgl omet hef relherge surge a

manhod,e ainsd average speed of the whole regio
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pi pg&, aaccording toombeegmati ooty and m

AL VO @.B
0 ©
m MOV & MOU & 00 00 2.P

Substitut2e Beduati loea MHom@nBuMm equati on

. MOOUL U . 2.3
v o 5 0 0o

Consider the pr e8 sausr eqgqnoif vsatlaanitma ph ®lses ur e
hei@htthen it cofcDuwdeldsert Hatee surface co

the velocity ien etxipd gmamshdol e can b

%, ® 000 O 2. 3
"
U U OO (@)
Consequently, the velocity in the manhol ¢
O U £0O 2. 3

Wher epltotsesu ssihgonul d be physically reasonabl

S milarly, for the right control vol ume,

~ LO 00 2.3
© o o
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50 MO0 v V) . 2. 3.

U] 5 0 v O
Again, the manhwlreé tvelno biyt ¥y hea ntheshwver st € eam s pe
%’ ™ 000 © @3
£
vov MO0
O U £0 2. 3

Combithmesexpwe623 )ohp3). 1If6or t hel aomainthyol®eanw get :

b 0 A0 U EO 2.3

0 0 EO £O0 £EO 2.3

Sot hat the height of manhole outflow can be c

O &£ 0 U 2.3

Onc® i s obtained,car ebev edalgdialRa t8endl by

Apply theser manhmiobet he Zoh.tamd3d).¢ly3t egonat hen (
|l eft and right speed can be compultledbeespe
determined based on the specific conditions
that an only physically wvalid solution can |

i's solvable and unique).
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From the analytical sl e i bhguuaedknown bwn
the values of upstream and downsespeathi 15

equations. Apply this scheme into engine:¢

Thaeight square driali=-Benge Thkanmeaelti al wat e
vel 6t y Qad.efh and2m/ s respectively. The upst
pressurized flmivsveFobguteeosutr eéhé& height

pressurized fl ow meet at the bottom of m:

Accor deighuga tioB n 820.dB ,(7

. MQU U " Q )
L 0 O o TCCRA
5 MQUO U " "Q i i

S ) ¢ TG GgOX

Substtiot etg@ aBit @8 cal cul ate the height of m

ale]

"® 000 O g ™ vO0OO0 ©
MO0 MO0

An dg et the Oespi|t whhah i mplies that when
pressure head from upstream encounter wi
this meeting can approxsmagdlny coppbdmed , 9
the value of dowgwdtm/ san{ bwe lho ceigtuyi vad ent
downstream hw=alh/ 4. Bohipwastdream head chang
the 1 nitn,alt hceo nsda dhgesodgihntg i s 4. 85m and 1.

results and comphbhltlps@escashowncinode that
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(1)) The transient drainage process with rapioa
capacities an these@ipeblaprt cpressure sur ge
Ssystem, so that uncontrolled and unexpect e
the system such as fluid geysers with re

explosive forces;

(2.The confrontatisamr eofsutrg@assiienntdrpriensage pip
dependent on various factors and conditi on

and boundary conditions and system conf

systematically armaleyz emorlkatodr tihn st lree sreeax tc
These theoretical anal ysi s and results wil/
proposed numeri cal models | ater in this stu
phases and fulll physical process (e.g., fri

thesercempa may help to understand and anal

transwabheraftows in the drainage systems.

Tablldodmpari son geyser height in different in

Ini ti Upstr e| Surg
Upstr{Downstr Downstr g )
wat el pressu heig
speed) speed pressur e
depth h e am ( ( m)
1.6 5 -5 4 20. 6 9.1
1.6 5 -1 4 4. 3 4. 85
1.6 5 1 4 1 1.6
1 5 -5 1.17 5.25 5.74
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2. Dez el op mewnatt eorf tariarnsi ent model s

Gener Akl ye,xigs trilxoe™d numeri cal model s typi
cat egaoadcersdi magi ftfer ent treaemantawabegnt oh
I nt er:a(cigiionmdt @emmedel ; -fMRgset wooupli hgl Imode!
t woh afsleono d ddf.urt hemandoklarefy the above t
model sswatferaifrl ows, the typical assumptio

afterwards.

Prei sSmhannmet hod

Actually, the Shall ow Water Equation is
Howeven, ttwbewater depth reaches the pipe
makes the shallow water equatilmeeanby | on
studies hopefully intended tShaddlowe Wah e
Equatwiadr surgeCuemgleatamds Wegner (1964)

presupposed a narrow sl ot exi sting i n

pressurizati on, and this hypothetical mo
which has received apprfeecs audrei podgaf laowdg y
since then. Unfortunately, Prei ssmann sl
freerface fl ow, even under the poor vent

in depressurized fl ow.

ThBrei sSmathnapproacltoincepit siplasmdit@dey t o
Shal |l owEgqWaatteiae mad ell 3r e dti ltiednsc r @oga esds m@r e
pressupraaesismpt er mwyas tgeunstedHle.ntc lemest hod
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hasecewivdepuliarhé y commempuntadotfitaowac eudi ng
XRSWMMa nEIPASWMMhbothhvbergn used widely in engine

and practices.

Thimodel ref er rped for gradual transitions, al
Prei sSimilltnchiet he si maokgttit 0x avo fi hepsispieBa n e

as siunbghwh en e \n®irezohmedaer bel ow the crown of the
sur faaucteo mawioc a ldl Womrgn. et Ploi nt(d@® 8 Dt t hat t

assumpioadreal b esd atclsgphy spicpeecsud Wp poergati ve

presslthri s | i mil tadgct@imognu ewaesd by Vasconcelos and
using tbmpdwent Pressure Approach, which tre
pi peline as two component s: hydrostatic prec

sectionieaedi nedapressurized fl ow).

Rigid Col@mmhasdetoupl i ng model

I n spite of the signidnmnzhansbedpt pgt @éaesi otompéeée
simulation of air phase stil]l i ntroduced in
Hamam McrChbr quodal e (1982) proposed a rigid
mo d e | t fd omi xpeedessure transients. Thi s met h
hypot heti cal stationary bubble across compr
|l ater was Lextaonndet EoY A®®O@Fi mul ati on of the
of the trapped air bubble. Wi th the Iimitati
dynamic i ntwataent i pmaod, atithi s ki ndalolffednodel ,

t wohase coupling modrdi,meinsi csohsved udpe da
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momentum equation.

Theriginal Rwgs dolCloy umbl| esttad i oapt yraith
trapped betweenottthe aviat eibnagtlmlhg mmeyvt h t he
And It&dtermodel was e xet egnedretdl et omocveepnteunrte otf
trapped -fildvwmi xemdd McCor guwsdaweel | 19399 )si mu

release proc2lscu iat.palpel2h@2b)

The Fiodiubrent hiosdt r ai g hftofro riwaprlde memincaalegonat es
bothtaenaiprh as ptstoe si il @t stohdee spressure cal
compressed waitmi pod¢ khet smo mteennt wuen telgeuat ebar
i mpact from the compressed air pockets i
t he Rigid Col utminr imegt hcoadmporne scsaepd air ef f e
not satisfactory . fdntlgelyyse mulsaatinma tactro 6 n s
i nteractions i s v e rdyy nlainmictsheild i@ rpriSa smau | at i o
compliegred menchsd A di tyiighrsaslubmevwked fli ned sur ge
presédet ween the air whnad hwatsemunpleadestic
transi e.Bte spwWelsgwibtthyhceo nt rcooll luemlupposed t o

uni f whmpg Bmpir o bfadl evi olespteci Ablwy the film

ver triidalri ng geysers.

Twphase fl ow model solving NS equation

As tiwatairr i nteraction i s -felsew,ntapdfauslieln t
fl ow model i's i n immediate rneeand ov eslionmtu
variati on. Compared with the Sivdlolkew Wa
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equations are much more complicated but rel
dynami ewsatienr afilrows . Besides, the prospering
and efficient al gorithnbst olkzlse elqhhat sohsi m@a
which is of promi nenwatienmp oir i tesetroosrcniwveotne itiund y

system.

Numermadel sNawiSteho ls®$ vhearisee en adopted for nume
simul atdiohf ewi &t transidatl cwnandi,vab¢ch s(gtfE®e
Hi rt and NicBhbd®001B981IMRedcemts|l yeytalaildat(e2d0 1 8)
the <capability of t he Npv-Beoked a thioa e $ sol vi
capturing theé hmaiexameaedr ¢ r ah sviadnad,i taynd c on/
mo s t pop-@Damolgeyashe detailed distribution p:

velocity under diverse transient conditions.

Theeri st somehaosdremodevos, which yalofo aiarke t h
phase i nto consideration, rendeBuicnhg the ca
numeriecals | udel atyhesvatawor preo d edryBnewdr dar i as et al
(201 %) osaedfwatmer, pampe s-ft lhei dt wood el is discus

Maseeltl al. (1998)

A t-wmase fl ow modleénties fraaleie ennoaderiretad rsf & chee

di stiimguiasihr and wat er ,oftttleankse st htilse tiymptee roffa cnec

mo v ibogun.damul ati on of the iIintenttmeei EhAbw pos
probltehme assxact i nterface shape and | ocati on
t hei mul ati on. The wupdating calculation of [
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solved during the whole advancing sol ut

wolud be discussed in next section.

2. Nu3dneri cal schednescdmBiunmgewnd i omgt

At the surge front, dvalseaddactagdspntdhegre®ssg:-

whit e pressure headwhiisc hdibsdomgtsi ntulbars di

advectteirvmes . Consequentl vy, t he traditiona
met hod I s no | ongeér s caopnpffl ili mwobul s& o f el i nmihnee
undesirabl e numeri cal oscillations and r

schemelseiavel oped.
A)Shock capture /fitting method

Shock captunelTedcdéme/sri at sohemdé mpnophbsad
Harten,Fl X8 ) Bdiastc i and &HDElI dtyipel RI 2)ma
sol yY&rera and WbechHhoawe¢ edotihier eli ¢ SImpphi

model . sdhemes typically wuse information

side to discretize the advective ter m.

Wi gger tdegviedl7e2ped a different approach, C
di scontt hma ixfeydpirm bUep mt ksehock captutrheng sc
shock fitting met lsad alteelgnmtt htahdeids s mteit n wiat
I dir eidtrlayaheidéawed i nt er nkh bloustdweoa yf, | avh e
regiamees i abl adedtdiamudi tsyol ved ndepadatveél yw.ol

procedumn®eimnor htadnmidhper ¢ $ ® wr ¢ abeed ifnmpolwe ment ed
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each rTehgismemet hod is originally proposed for

related wor kGuwananbge ($oulvadi g net .al . (2003)
2Theol ume of fluid (VOF) method

Theol ume of fluid (VOF) method was first int

whi c hasucsaeldar to represent the Avolume fract.i

value of foer a het gmds phase while the value of
and the value in between represents an inter
representing the interface as volume fracti

mai nt ai ni ngatmasns fcoansenrcompr essi bl e fl ow.

The VOF method is widely wused along with so
and pr oj ec(tGuwing nnaertdh oedt al . 2001,,aRddman 199
Shao20de)yelaopDNh v-iSepo-kased cnooudpelle WOEFEh t he

met hod to simul ate t he ibrusibdmdt loren fsli megn tpir alc e s s

factors of geyser surge.

Besi dehsa,s ibteen adopted by the popul ar C 0O MmEe
dynafphiCéE®pdes such as FLOW3ID andgeFEUBMWB.t o mc
For i I l@ksair aet omd!|. | (r2dd@rdoduce t he dynamic e
experi ment al tVeasstcso ngeerl fosr naevdd tbyr isquicth (a2 O0CIF1D)
commer ci al dedwdrea Wwhincddh Avgp ttera tdrl ojpve s naf t s

i asymmeantdwmhaise favothblawmd®rstandi ng of t
mec hmsni af vi oplheemto mepanyaeer t hanl ¥ hemgHsasnep | | f i ed

numeri cal Rmo@Rdil2Y,h&8hi eved the numeri cal S |
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meti cud aopitsdglye mai n c harwicdleea nigteeydve t &f t h

certain CFD package.

Comparing witehx ptehe mphysicdalhe numeri cal
conceives distinct strengths as wel/l as
provi de ntoirneg croensvulint s f or its factual d
l i mited measurements and particular rang
potenti al error from flow disturbances

feasi billni tyonghasntumeal cladbu model s may be

reliabitlhiet yadvant age o f convenient treat
situation for all desired quantities and
space and ti me, evennsh oboughi oglperanyng

that may exi st aEven <areFULUENBIiIisiaai gan
for most fluid fWwatwer butowesrespeci dlilcy ag
mechanism is stil!]l unknpwed andtheadiodied
appropriately applicable for dhser éapagmc w

foun@Qhd@dia018) ) .
B)Level set (LS) method

Duridm@gsthterface shiftingOprmeeksesd sushdiaf
comput ee alcoccuarlatcur vat ur ewhiflrem ewelu meetf rma
wel | handl e the sharply tchangumygat mnerifa
by finite difference of t PDs héeevalnds &tet h

(19)8&hi ch ie sl dasfian di stance from the [
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z et ewselt . | n t hi s case, t he | evel set funct

negative in the gas.

Level Set function has smoot hi nsgo cthhaatacit ter i

makes cumdyv astuurrfeacan tensi on comipiuchat i en astr a

desirabl e f efaltouw,eu bf hodrpniomiexesd usi ng | evel set
i ncl udesSuwosrkan begtWaalg. et 1 Za%h¥ig e( 2e0t1 191 . (2003)
Besi des, recentt o ecsembichershatt®mpnhd VOF me
coupled method has been applied Lwvn estome <ci vi
al . @a@alypampai o, ethatugh (2006B) more simpl e ce¢
droplet falling thriomght i oughiwgter piardbéduéd

Popinet and,Sdeslsamakni a(nld9 gPAStuksestnta n( 24 ®MOM)3 )

2. Brdef summary on numeri cal model s

I n summary, the following assumptebhbBnbave b
of trawaitkawdain previous studi es:

MDTheair phase is incompressible

Mo s o f t he menti oned model s assume t he ai

(Prei sSmamn model , TPA model ,-phRaisge df [Coow u mn
mo d e | solving incompressi bHeyN$ avquatri/ @an),
modeéeéBour dar i asanedt -fthwmiodd 20Msa3s)e |l | a et al . 19 ¢

Accor dSunsgs maon et al .pt (@894%, atgpsdaappmoxir
|l ong as the fluid velocities are much smal
t hestrriction on the size of time step.
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2)The surfacehéeéa&msfi omc @ althed gMeeecnt epchas e s

Mo sotb neh ansoedse | ( i nPreds8ghannmodel and TPA

wel | as r i gioaodnlcyotltuanknevariold ed hear stress,
body force into consideration. Meanwhi
highly simplified in the transient pr oc

these model s. Al t hough TPA vreoared i daenrde dr
mo der amtad eaa aqitrithbear, main force i s concerne

than shear force between air and water

B3)The air phase is negligible or simplifi
Ast hRer ei sShmahn model has weaeéeeaered!| bwe doma
freecsuff aw, the air phase is totally |
TPA madelbmed t-©itae ady qfulaecw of the air pl
and the air phase pressur ¢ Vias cwomicfed rom te
Wr i ght 2007pr esSSiumiel aahmg, vel oci ty ar e

t hroughout t e gadr cpooakiehtemied eals sumpt i ol

model s are questionable in cases in whi
(Bousso et al. 2013).

It i s 1 mpor ttahnatt toon | p/oisnotmeo uotf these asst
vali dated through different experiment al
mainly based on the empirical data anal

further verificami anmse amud uv &1 iwbatki.onTshi s

objectives in this research, I n which so
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i mproved necesnodareildlnydnlgdya tfauldnalDysi s, so t hat

and explainabl e tror etnhte tdheevoerlyo pamrmedn tp roafc tciuc e

2. Mnal ysis on energy twamnhefornmatnisorend

i nteracti on

As the t-wanherehtowifs intrinsically unstead)
traditional numeri cal model andreheeungddain lfyi n
mechani sms of twade eado mpKtaecredoetdh@® Gt ed t hat

the energy approach could support an integr

propagati<condoitl 6bedw, which té&ephegalcaltiyg

pipeline system andsocpoulsttri memé letdii mrnt eppoeésd h
simply, efficient way.

Alt hgppuemty of | iterature researches are cari
constitution and tr aenlsdf oofmava@Bu apriada entme ml .i n

2010, Gray 1953 heldleeavai 1@89)anal ysis on the
i nvol vement on the energuatdrsgirpatsiian omoda
received sufMarctiemtetbadledtheb@dd[s)si pati on r at e

fr-aier condition).

The | ack of enevagye ranakyngsii & ¢ ®dpleaisf i cal | y, t
i ncapalkialicuy aci on for eBpevjmabt aheresébaeche
dat anssaffoci & umptuhteirngc ot he energy terms such
vel ocity data for estimating the kinetical e
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Similar !l yphaimedasltnlgd eai r phase is i gnhor e
transformation betweenfigor @hases Addiutnia
signiddhciaeniesmeandcomp |l i s helda shea sraad eoln, ttwhoe
geyser phenomemoinmarsfyoarstcdedd annitmg@ domi na
on t hef ggrempteiocress and enhsepoof adurad niagfkl u
further relationship of energy transform
Besi des, the concerning terms of differe
straightforward to access odeltshe Santelgat

|l itemomtumhmes field could be found.

in this study, the energy anal yswast ewi | |
transient flow model s, and the energy r
calcul ated foertbhempomemntind mweaspectively,

i nvestigate the energy transformation at

drai nage process. The numeri cal anal ysi s
expected to i mpr ovye aanndd pernahcatniccee-wtahfes rtt hhee o
t wohase flows in drainage pipe systems.

2.5 Suaomalymitations of previous st

Researhcahvpee s f or med consi derabilwatefrf dmtasnnsii
fl ow,ademdeatperi mentamns exawme ndetien carried
| aboratory and field, to observe and un

transiwantraifd ows in drainage pipelines u
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condi tions ,-poicrkeeltudtirmagppaintgr aanesspriomadgatri aon

pi pelines, as wel |l as the simplified geyser
used for the model validations and further u
of geyser phenomenon. Besi deetse d Ityh es tirmgpsosretda ni

these experiments conclusions.

Despite of the devaeHvapfelecmw tolfe arhye amrdanmad celts
i tevatr womesseaanmrd hpractice hhate demoesatrahedr i e
met haordes i na deaedu stuead @ rnrmogd edolfd ntghe mechani sm an
process afwattferowsldhret strengths and | imitatiol

and mat hematical schemes are compared as f ol

For thephasseaglleBweissSimamsModel andaiT®PA model ,
weaknesst he overl ook of hydrodynbamces aatd th
pressurized flow. Wi thout the consideration
instability and accoeayc yalwdfl | €inmu lnagt iinsgs uarse
mo d alrseu i tfaodri mp h d -sl poewe d -f rhigxvendu Iwaittiho nmoder at e

interface changing for strengths of |l ess tim

Asment i onesdi nbuelfabthieo nr ioghi d gorod autmny trebadred | 1 f 1 e d

phase, whibtle liesctumwfhe complicdtnegdkr igoamics
Al t houghaseofl ow model sol ving NS equation
reprodueveattelne i atitheerraec tsitoinl,lI appears to be sor

| iterature about arhde tohsat gmwy ofumaegreiycalr s mode

i ntensively time consuming.
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Subsequentl vy, t o further under st and t h
freseur paessur, zraxddmowel shoulandeapwp@lli aad
to more complex and nreeaalnidstape rdartaionna geo n
stor msvas ee m, with aiming to achieve the
Specifically, the 2Dsnnopgteasuali smdidieviorsadll

for the -watbaeasi Ehbwawast i mmbgerravpaahd adtaitoend f e a

Besides, the energy analysis also deser ve
di ssipationtnaduicendt byr otess with both a
recei ve pearnsmpeattiewle oagséoamhtitom of di ff

f or ms.
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Chapter 317 Model and Method Development

3. Introducti on

In this chapter, a coupled | evel set and v
corresponding auemeveéelkapedcaedeutilized for
simations by sNavibeg&gedwat foahl WDth the integ
devel oped tihvearhm$ udthade, curvaturdaeramd) sur f ac

t hewater fl ow process can be captured accur

meami t Be maescuUuiomad el set function can al sc
precisely by the incorporated volume of fl
numerical scheme and appldiectoaniilbhi preoeeduoer. a

3.dve@rning equations

3. 2MNaviSeomkgsati on

The governing mas s and momentum equations

aiwat er afabtsowsol | ows
nJY m (3.2.1)
o ng nd‘ e« 0 e N'Oe
!Y .Y:)I.Y ” ” rl ” “O (3 - 2

WheUUe (ui,s vtihe velPobsitphwe ffpiesedswirfegce tensio
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coeffll eiiesntt he | oc al —me-a-nis ctumerasur Bace t

f orkies the body f B c@0,dmemsdt ohgraai ¢ yof de

tensor
0 Y 7Y (3.2.3)

The déensi vyscoantycufwvatrdkeegendent on t he

func(,i oml aBgi i &d
3 " p O- "Oe B3.%2.4
3 “ p O- “Oe B3.2.5

Wherdéri A are defined as the density and
respect iOreil yhHeearwd si die functi on

PQQ 1

O Léwni vQ Q

B.2.6

3.22 e vsedlt $§s(c h e me

Duridmg@asnhterface shifting processvVOsfuch as
met hwads f oundd ff o cblet to comput eofactchuer at
atwat er f abkeem vol um(eSufsrsantatni oanrsd , wPhui cckhe t t

however can be handled by the LS method
i nterface. tlme LdcSuorveatthbgeteatsvewat &irr) it er f a
obtained by finleeeldi 6eerdnunaneOsbart hamdr r

Sethi @nvhiac$h8 i s defined as a distance fr
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zet ewvelt . I n this case,i sthpeoslievele sat tfhendti
negati ve Biyntthhe gweagr,f dde dareebe 1 mplicitly j
cell domaiciw wdGnrcee t he free surface is sett
funce¢ iduhh i s establ i sheodncas ftrhoem xsghhogpr tpebsietn tdi(s t a

freerf ace hakt ptriongga glag v oln set equation is as f
e YDe T B.2.7

Accordi mpgitnhaiapnhaelsytdfc dé@meitnriyt = mor mal vector

and mean llcaurrev arteumree sent ed

Ne 3

T s 3.2
I N 3

SIS G- F

Not e tfhuanctliSon has smoothing chasactlkeati sttcs
makes curvature and surface ,whkincsh oms camput
desirable featuremuflan pimdseéed Uukowg. | Bvelh set
may reabekSubdyman etHoalevelfFauanhdkri on itself is
conservative variakhlue omabaecibbyeonserdwoatsi onno
equaMasea .maopscsc ure ianpiptbm c wiLtShc tehme onl vy, so th
di fferenti aleidz amasosn cor e et iucsruasdlyemesqui r ed
calcul anmifeomcéeéot he masTso ctomisseremd, onhhe VOF

i ntroduced and applied in this study.
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3. 208 uade |IduMO Fmet hod

Theol ume of fluid (VOF) method was first
whi c Bt ues eftcamlragpr esent the fAvolume fracti
Speci fvahlbkeypfazero stands f or otnhee dgeansot pe
the | iquid phase, caonud dt Btphreensé ne amo bet e
identi fyut hagacriefe cal | vy, i n @madchecamplt

domain defined as:
m s @ ® OEQ O ® 3.2.10
Sot hat the volume MmMraamndlmr d nsed:ch regi on
0'Man Qo adQn 6 QQ

b 0" im Qb HRH | 6.2
b 0EM HE & o GEBAGGE RO 6 QO

"Qm
Si ntchee -sfurrdeace region has beememtlirccraeddy leeswv
set ecguwhddi omhe vol umen fcraanc ttihoem fbuen cdteifd n e

§ma Qn RGO : O Wb QAo

=

0@ auEA & & Q¢ Yoo

So t hat onlvy | ttime ieadyvlkoiedh cebyw Heaviside

equation.

The out st drmdgiengofadveapnr es b wtoil ugnet e aicthti em

obtain acagmradatnd ai s mlgtamasea €Eonsemcompr e:
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As a rtersaunsporat equation dxpr ddaasedhee®e hr acti on

vol ymasasehser vatsican bteo t he evolution of the v
M OYRQ T 3.2.13

With coupling the LS and MW0O&t esrc hiemteesr, f achee dz¢

be accurately expressed-wandr mbdew!| @d o€ es s .t

numer i cal treatment and i mpl ememngdtfiwinl of t}
2D model are el aborated in the following sec
3.3 Numerical di scretization method of

3.13taggered met hod

i+1
1
l
1
s
1
Ui+1ji+1 )
-—-t---¢----j*1 Pressure, LS and VOF
control volume

s

x-momentum equation
control volume

7

y-momentum equation
control volume

- . . . MAC
UU‘fU +9ij Pi,j " |ocated at cell centers
x q

1.1
i5.j15 located at cell corners

. Hii%j, [ ] Uijj-i% located at cell edges

Fi glTh%®. computational grid a¥nmtk dédrati on of ¢
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A ggeared numeri cal met hod as shown in F
efficiently and accurately solving the 2
VOF schetnmesssaggered grid systeun, athdee hor
vertical, vaeleo cdietdy,miefelr aatc otnpeut at i omal cel
I Il ustFriagt.ed3 h®n scal ar variables such as
fordensity andalwiesfdmsidt yata Hehvee vceerl,| tcheent e

based viéldacapwm/ s | ocated at t,iwditentaéae

pressure difference term (which wil!/l be
projectiion dethodd at the cell corners.

Actually, di fferenlti ecdnftarol eavH uenalsc wlr &t |
exampl e, to predict t heushoyr itxmemeal umdyv e
equation contr ol vol ume domain is applie

verticalfi wpptlboesi tiynvol vemdomeintthumt heequat i on
vol ume domai n. Besi des, the LS and VOF t
mai n griid, erreeqgliioh drid | ines in Fig. 3.1)

and evolution relati onshtitpe offoltlhewivrag | saed

By appl gitmaggelseéd ugttuldee overall scheme i s
consi stendti veir-figleeneda beonbtut aiamtso fesec kperron
boar do , soMhutcihoncan promote the effitbeesa

time can guarantee tH{eMcDoamwiulgiht Y 0f0OBr) t he
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3.2Projection method

The mef tog oidlnvighweel oci ty andalsgdy @sisabblee density
approxi mate p(éd]jegteongmbipphoc ¥AdBatmd t he

side of the NS momentum equation (3.2.2), we

e nD' « 0O e T'Oe
RPN g

5 O Y'Y (3. B

” ”

Both take the divergence of each side and with the mass conservation equation

(3.2.1), we get the pressure Poisson equation:

n'f?nr‘] Nt 3. 3B

whi chbeowlséd for updating the pressure field

x P .
Y 5 3.3

For the nuemrical discretization of the projection method, the approximation of the

left hand side of the Poisson equation is
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S
D|°
222222222
N
-
|
e }
|
-
|
—
s }

Qv
¢
Q

wherefy N n .

Thediscree divergenc®U becomes:

0 § 0q R U j @. 3

Thé | owchart of this projectiomimgetBo® col
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At t"=0, initialize
(u,v,p)" at each

computation cell

(uv,p)"
v
Apply the
momentum
“_ n equation (3.2.2) by
P ) substituting the
lagged pressure
_ gradient p"or p’
Calculate the I
difference in |
pressure g by the (CAY
discretized Poisson
equation(3.2.15)
A Calculate the
discrete divergence
by equation (3.2.18)
No
' If DU*=0
Yes

Update (u,v,p)™*

Fi g2Th3. procedure of projection met h:

3.3Approxi mation of the advection term

Basetdthenmomentum equati onalonwe,t heqpatoijerct(Dd.n

can be ds$scretized a
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e nh) nd' .0 s N0

YooY r O ® (3.3
whetbBe more detailedisdiaeaxpeesgadiiom

By expandi ng Ytbhaes efdi rosnt ttheer redge ( ®.f3 .c6e)l |

becomes:

7 T 7
Y 76 Y 15
T h T h ~ - . (3 B
Vorc YUY ©
sot hat we EYaprﬁ foreditche initial sWatthe with
As the i+bg2atiisont h(e mut ual eddsg) odint)h(e co
(skieg.(a3. el ow)as etdn ivse fqpctcgben lydr ebcei ct ed by
the Il eft and r(8ktlsedeal of 106BB% edge
i i+1 i i+1
-Ui'+1 1 . 'Ui' ! .
------------ *:-ir------i---------ﬁ? """"{fﬁ :-J“----:F--- ---- j+1
. ; 3 :
[ T I nE
__A I D Y | R A __A I R LY R S S D
¥ JIU-L;.(__L?UHQ ] ¥4 [_/Ifi'j 29 :rUi+1j J
-------- T e B S R
(@) | | (b)
Fi g3Th3. sketch for extbaped adn n(gadtnhdel efetl
sides of the edge of the computational
edge.
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Speci fintctad | yrrbedi ct or we extrapol at+el/t2he vel oc

P tatf’r omidelflbé(t side extrapol ation becomes:

in whi chWt_E\eoUédmbe eWﬁpiY—eT‘ssﬁedsbyt hat :

NY A . yo . o Y(‘)é RV Yo oy YOwV
h i R O AT Fooc Oh
. . . . B
NY Yo YO ., Yo by YOwV
h C h C B C h
S mi ltalrd yr,amgchtsi de extriagjpl ati on from cell (
o -h y Yo Y& i " ] Yo oy ybd) 3.3
_F h C h C f C h

To eval uat™ jtime tthe rsmneqruoatt gleimoiittesdr d @ r t h
sl ope approxi(@at ebhamébB8ji ed herein by appr
cl osest estimation of velocity difference. C

bet ween theiwi fbddioevti nwgt @erm€ e s s :

())c opmar e among t he adjacent grid cell s t o

di fference:
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1 O
czi E® og® o s QB 6 06 0 n @. 3.
T EMI VLA Q

2t heni@aeamt with the center difference t
170 [ El———R 0 zi Qb 0 3. 3.

3)conduct further comparison with high or

zi Qb

N

aln
¢
o

3. 3).

4introduce the compari:son to more surrou

o

Yo 10 b b 3.3.14

B)pr onfouret her compatamsamdovwaihft r @e@aenn c e :

Yo a4 Q&6 g 6szchd 6 sz¢ 3.8)1
@6finally accomplish the:approximation by
Yo 6 6 zc¢fo o 6 Tpg
S - 3. 3.
°FYe Vo 3.3
(7M)simil ar procedures could be apwplied to
we l | paasr dtitlael er e fivyt i avlhi cdities wsh@plex mmat i o
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I gdi rection

The above process is hvearnesfeiccjiealit‘\ﬁacbﬁi(s/@nsterrmn@t

as in the met(lPuadc ket ¢ p,edvehasidoly sit99va)t ed by t he

bottom and top side of t Hg) hamgdlzont al edge b

. . Y& Yo ..
Yieor Yh T VR Y
3. 3.
. . Yw Yo ..
Yo 7 Vi <~ VRt Y

Ast hese vector calt andaht amd meorchaldecdmmonent s

i's chosewi mdi mqn aapppnoabb besmdl velocity at

'Q'mﬁ T T € '625 T 0 h 1 Tt

‘ "R T Q. mte, mO, 0. 0w

U 7, T h - h - h- A - (3. 3.
1 u\ e, ”n e h b \
U

Afterwastd®tfe vIBYgtyobet ween the bottom and top

det erbny ntedle aboboeema,ssngegdation (3.3.17)

S I R

Yaor W Yaor Yaor 76 th T T @. 3.
O S
b

FFal the transverse déorvabugbdtitenmdg hearf obbé o

form as:
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Af ttelme establ i shbnaesnetall ot i t Wefieellgé by equa
(3.3.10) for the left anedtiiogpktd slides eba
approxi mation cprlcaud agts omhesnreervel oped co

choose the state between these two sides.

-h -h
Gi vehat t he bot()h_H ahde_ﬁsha/\adzubsen,adnetermi

upvi ndi ng proceduré_ﬁi:s adopted to chose

_ onN O® noe® o6 ]
6 0 mMO® v néEi6 6 9w (3. 3).
onNO® nove® o m

Accordingl y,l‘)ﬁ__tdwaen vallsaabbe constructed by

procedure above.

So far, the mél @¢stitgpmewied ddemcdaduodur acy h
obtained. However, -ftrheee dciosncdriettieond ihvaesr g €
considered when conducting tdrer @y pedancitn @l

t he MAC p(rBglelct @ owmiatlh t1Oe 1ff olr Imo wisn appl i

correction:

(3. 3).
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Fot he -mamdhtsi de, discretizing the term yield

. —h -h h - h — 3. 3.

Int hi s MAC projection method, the spatial

arde std i dud ei |Fiugt ratsed in

MAC;'TI i+1
________ Piitly _al oo
2

] +5
v

.., 1
.'L,_,H-E

Ay| T2l Tty gty I

_______ i————- ————j_"]

F 3
Y

Fi gdLox.ati on of computing pretsteaurMA@nd vel

projection process.

Fort he Poisson equatifmpncB8uBdlbe tmpl pcesbyr &

which in turn helps to correct the velocity

Fotrhe op®rati®@n ,the following discretizat:.i

0 A ooLn dh 3. 3).

so as ttoheroarereadct-banesdt ade BaadTthi ¢ e :
62
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whet be qda it stgi mply

esti manodt Fshjeabentave
celil)s a(n b .(

S mi [tamd yvertical

ta.d vceacnt | avbes bveed @i cnietdy by a
cal cuprad d erdourr ec h adseistcygiobte @ ct i ion ¢e picetsesd
shown in the foHilgp:widhgs fl owchart in

Calculate the veI00|ty

Calculate the velocity
ﬂ*%ﬁv E‘ 5, +%,
u_l,andu iy at the _1 andv_l at the
i+zJ +3J Ljt+s
vertical face centers

horlzontal face centers

Apply the upwmdmg procedure to

sl
determine u, 2

Apply the upwmdlng procedure
Iy by equation(3.3.21)

el
to determine v 21
2

|
¢

Discretize the right side term

pM4c(yn+3) by equation (3.3.23)

l

Solve the implicit Poisson equation
(3.3.22) for the pressure p}’/*“ (located

in cell centers in fig 3.4)

Obtain the pressure gradient term
(GMACHMACY, 1 12,7 by equation (3.3.24)

!

Predict the edge based velocity field
ir"‘)t and v‘:m{ by equation(3.3.25)
2

Fi gSEXx3p.l i ci tc oprreeccitmtrors ¢ heedpea sveedi ot g dif ¢ £ 1 d

0 .and.;
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Furthehesgs®eretted velomentienedi phoabduee ar

applied to deter miTYné'F1 hyh et rag pigwipiro vaptlee :st at e

Y OXV)] Tt

Y Jy 2y oy Q@ 3.3
¢ Q® T
Y
Therefor e, the advection term can be constru

(3. 3).

To contdudeal t process for the estimation of

in the foll &cdwBng di agram in
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initialize the velocity field Ufj in
center of each computation cell (i j)

4

h 4

v

Apply an monotonicity-
limited fourth-order slope

[

Construct (UZ! )”

v

Discretize the right
side term X of the
momentum equation

approximation method from
equation (3.3.11)t0 (3.3.16)

Evaluate U7, ,,, and
U] 11/, by equation
(3.3.17)

(3.3.6) by the following
section 3.3.4

-

-

Choose state

~adv
Vi j+1/2

by equation (3.3.18)

Choose state U; 11/,
by equation (3.3.19)

v

Y

Calculate (v ﬁ;)” by

Calculate (UY),;

equation (3.3.20)

h J

Calculate the edge

based velocity I[f_1 .
1+E}

n+%R . L. n+%B n+%T
U * byequation (3.3.10),and similarly constructV 7 andV 3
i+ j Ljts Lj+s
2 2 2

1
+2’,L by equation (3.3.9)and

v

v

w7y and v’
+.J ij+

Apply the MAC projection method to
get the divergence-free velocity field
Ay APY as flowchart fig.3.5

2

h 4

Choose the appropriate state U:'+L/2,j

n+1/2

/2 by equation (3.3.26)

2 |

2
and Ui,j+1/‘2

v

Calculate the nonlinear advection term
((U- MHU)*+1/2 by equation (3.3.27)

Fi geThZZpprobacbonstruct

3.43Di scr et

t er ms

To sol ve t

zation of

he 2D NS
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t he

pressure

equation, it

advect

i o

gradient,



ri dfnfatrsd de of the momentum equation (3.3.6),
Vi scous term and sur f ace tensi on t er ms, wh |

foll ows.

With regard to thERe@opmesddbacedgr adi eon, form i s

and egsepdeas:

n . N . _ " . _n
oy cYw Yy
ons OV, ‘ & 3. 3).
16 (’)ﬂ_ﬁ_ r]_ﬁ_ I’]_ﬁ_ r]_ﬁ_ﬁ’ ( )
Y0
& ¢ o

Fort he viegdiiounsD' ¢« O,t he first component of t h

represented by the surrounKiign.g .omputati onal

i-1 i i+1
Uidjea | Y (Ui | i+
| Juty
i, Uy b1
____JE__E_&___.._?_&IJE}L___ _____ j
i—1j Liij Ui+1j
a 1 * 1
- s :
I T - -1
Ui—1};—1 ?,Jij—1 Ui+1'ri—1
Y 1 1 1
o Ax

Fi g7ZTh3. spatial divssrce®tuiszatiroon for the
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As a tresuditsorf etwiszadgt®iromm can be expressed

; h, O TO FO h T T
R o TFo Tw T TFw
' P

. 06 5 Oj

whetde Vviscosity that comes across the

adjacent grid cell s:
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Accordinhgeéeysecond va csmpeactesmtm ocfant hhbee di scr et i :

the similar met hod, as:
o . B h, T R
" Ry RO R R R FO
" +0R 0 F  OfR O 7§
TYoY®
'_FIO R Op O Op
TYoY®)
(3. 3.
'_F]UF]UFl ‘_ﬁUﬁUﬁ
Yo
"+ _UR  Or " _UR Uf
< )

I n tehms seafreti zati on of f[sierrnfOac e ttheen smeoamn t er 1
curvdtubased on its definition given in eqgl

rewritten as:
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wh e ré¢e s theetediaspcproximation%gfatnhje l evel s

@ i € ;
v T TN T 3. 3.
@ rr 7 € 1R 7
wi t h
° h * h *h *h
YW
@ 7 h Tk . R . B LI * 7 (3 3)
cYw
As a resul t, t he mean curvature can be c:
0%
€ vy ¥ € ¥R T € TR T €& 1R 7T
Y (3. 3).
€ v ¥ € ¥R T € TR T €& ¥R T
Y

Consequbkbetsyrface tension term can be di:

o[ 0% f 0O R 3.3.30

wher e

o . 0o—" i (3. 3).
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. -h - -h - -h - -h -
v cYa o
o N ~ 3. 3
h o o . o o 7 S
o -5 - —h - -h - —h -6y
YW
o o

3.4 CLSVOF based interface treat ment

The oupl edorsdeecro nadons er vaadweec toipoenr asohrensep liigt a

for extrapolating ®dosbalsprack( dtwrdarng me9 d&®)mai

Specifically, for theé knmwn computational ce
Yo Yo
i . ipg —ip —ig5 3.
R Aot R hR ( 3
wher e
i Oi L1 B.%.2

Substiitut dikgi nt @ otutpd ed spl i tting equation pr

i_ﬁ iﬁ — P Ou—lﬁ (3%

I'n thithisst uslgial. @rouf Hu»stand for thke LS and

c sand® . respecani vteHiys poi nt, the evolutions
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functions are expressed with the above e
the foll owi.ng asnedct3i.odns2,3.s40 as to update
directi omafter tima eaiface states. The wupdea
then i mplemented to the corrections give
order to iahegrahnevahhwsi dvdlt hiorhthernpg rea tf aatci

expression.

3.4S1lfunpgdabinng

Accor dtihneg anmmnv ésopnleidt advecti on method sho

thelsares flfuxr LS furextiradpodan ebe

(1Al ong the xdongictuodonnal

(l1a)o f.ormm

—h C -h Yoo Yo
which calbaslealt e 1i,he grid cell (
(1b) otherwise, this term wil.l be cal cu
of this edgieljwith grid cell (
Yoo Yo o 5 ek
o o o = _— O~ el = 3
—-h h q p O_hy(b Cy(JL) ( ;I'

suthat the xgnecaicdatiiommn iisn obtained:
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3.

(2A)l ong yceirdeowotal

(2a)u.fom

Ya . Yo en e Gy

(2b) ot her wise

Y& . Yo o ° i 3. ¥

can be

y, the LS fpuemrdtoirome dupdyat i ng

process for LS function is

For ¢ hiuspidtayt i ng

flowclFagt &f 8
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initialize the LS
function ¢}’ in each
computation cell (i,j)

extrapolate the scalar flux extrapolate the scalar flux
Pyt by equation (3.4.4) Pyt by equation (3.4.5)
2" 2"

I |

conduct the prediction in
x direction to get ¢; ; by
equation (3.4.6)

<, 7>

Yes
extrapolate the scalar extrapolate the scalar
flux @ij+l by equation (3.4.7) flux @iﬂ; by equation (3.4.8)
vz vz

I |
v

update the LS function
@} by equation (3.4.9)

Fi g8Pr3.cedure of LS foaoepl ®do rsdgect@ ncdomg elr w &
operator split advection schen

3.4. 2uVOFi &n wupdating

Accor di Imdge ftiaoift iVoOOF f unction i neeme@ti on
calcul ation of( SWAF awnal adreo sfE0WXhje 1 fjj@ace ed
bet wegin) caikhdj) (with the positiveoaedt 1ega

can be il lustrRitee.d y9 the sketch in
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! L i+1
: y : :
o1
A N 3 —F . o
1 : 1 : !
P | Lo
o U 1 1 1 |
1 . . 1 # ] 1
e e
Ay |--f-=----- ':—*.*f*—l—'lb——— j Ay el -O-};————r*{ ———————— --j
RS2, ! 30 1
! 1 P
| 1
Lo 1 At : u. 1 At
AN, - DS A
v : :4—7—p y]_l ) 4 : 1 :
p ! | L
! x'1 : X1 L
(a) : L+E (b) L+E :
x. 1 —Atu. 1. X, 1 —Atu, 1
i+ i+3.] +5 145

Fi g9Geo.metri c calcul ation of VOF volume f | ux
@,)) and) (with the positicweanpamenrnegati ve V¢

Forcl ar i ftihceat ploynsi c al-c pmrsotcrewrscst i avrad eorfe ftlheew ai r
i nterface under di ffereht g.fdrBew9dceofnidned oasd 2

il lustrated as foll ows:
(Dal ongditrhect i on:

(la) ther f |l ow _c ars(ei .oef. , wx-vtehl opcd stiyt icvoemponent |

the total flux will phaskadambbéheVahQuatded

through the rectangal &5 rnegi dmhdvdsel gthhhe olf e

depicted, ihmw cHhi gc.on3 .r9 butwlsofitlead ®an@nfant r uct t h

0 YVYaParti dwlairnghfe)dix across the edge, the

expressed by mah&« el gi.af a3).eQiwohni ¢ mt egr at i on

throughobuapetzhesgnialwi t h t he

| @dgthei ght

h

e
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"Qp and the sl ope "@-fﬁﬁ totbe ali ineeld 8 riomt € |

funcAs oa . rietshulttheswe | i thwiodl uanmed™Qftadcthaolr f |

VOF function cany be approxi mated

. T T (3. 4).
Q ; IRV
—h 0 . YOV®
(1@} her wi ®e nefgarntxivied /oxety compoment , Wi

t hseal aroff | IQF f unction can be calcul at ec

the final resul t i s,

. . T Toe "L aeQe
0 3. 9.

wher-q:frepresents for the Il inear irjeconst
bysbhope egquaeatcept on the plane grid cell

~

e R ® O O O O (3.4). 12

Dur ihnigsetonsprocexamyti m¢é erceptions to f|
abwi th aplpéysmhgs quaarree fmertshtoldy obt ai ned,
mi ni mize the dingcraetli z2zédk erurrarouaro ng ¢

Fi glDP.3.After war dai,n tahbeo vpea reagnueatteiron i S C
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conservation condition of Mdrhe d/eotl auimee df r ¢

description of t hicanr gacddSaesstsrinecnt | @amd pPwclk st

200f00r further reference

i-1 i i+1 i-1 i i+1
i . i : | :
] I 1 1
. 4o P sy al s . 1 1 1 R
__(1__1;"2) _____ ( fi‘,"_+_12___(5f31',’_'f9_ j+1 IS R Lo |j+1
| : i | i
1 1 1 1 1
J S ¢;; = interjac '. ! .
(i—le) \I\ (i+1:‘_j) : j
I ) [
? ¢i; Nax +iby +
1 i 1 i
Ay __(f:_li;,i:l_)_____(f":_ll___“_’f}i;":l)__ j-1
l : i
A A 1 1 1
@) P () |BX—s
FiglodBe sketch for the Iinear reconstructio

With -tbestrructed scal ar ofl utxheabWOFR, f urhet ipo

al ongditcrhe on can be obtained and expressed

Yo . .
- L LR
Q T . (3. 4.

(2)al ong t hyedivercttii oal, acboanvseic i mn| aret hed can

applanedd,t he results are obtained and given

(2a)v.fomit has
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i . o Qo
3. 4.

the resul t becomes

ot her wi s e,

(2b)
vy o
- h 0.l Qoo
Q _ _Uv (3. 4).

L. Y
Consequent Iby,v eboanssetdr uocnt iaon results of the
the VOF function updating result can be |

Yo i
Q 0., QU. 0. 3. 4.

For chavsGQFt yf,untcti on updating process 1 s

fl owchkamglb f ow:

s



initialize the volume
fraction function £;”; in
each computation cell (i)

<.y, 0>

Yes
extrapolate the scalar flux extrapolate the scalar flux
lej by equation (3.4.10) lej by equation (3.4.11)
2" 2"

I |
v

conduct the predictign
in x directionto get f; ;
by equation (3.4.13)

<, 70> <, =T

Yes Yes
gxtrapolate the scalar emxtrapolate the scalar
flux fl,},+l by equation (3.4.14) flux fi},+5 by equation (3.4.15)
1 2 ! 2

Y
update the LS function
fii** by equation (3.4.16)

FiglPBocedure of VOF faowpgli eodo radgeaartd ng by
conservative operator split advectio

3.4.3 Further correction on LS and VOF evolu

After wupdating the LS and VOF functi on, a f
el i minate the unphysical Vowatmer feirmtce n foamc v .
evaluation pr dades sv.ol Tareet Hirfbicewiblaysen t he

defined interfacewiltohc atthieo nf:oilnl olwS nfgu nfcotrino n
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(9]

Q. mé e Yo

17 T .
Q p QQ  peiry Yo (3. 4.
'FQ, €/ 0 Q
Vi
Il bhis way, all the vol udmeef ifnreadc twiotnh ivna lau er

doanmi n [ O, 1] .

Afterwards, thehekh@ddcorlrSedtuend thyyynmoor e acoc
consist with the surrounding computation

nor mal di stan¢&S&onoandeHOht 00B&¢a ecficiamn p

be described as foll ows:

QD Tag al l comp,p)wat bBigih=®, cel |l s (

2l n each computational cedrdr,ocmdiildggd at e t
(i .e., t(eljehleje k (+clerl LI(-1,)), (+ 1)), (i-1,j-1), (i, ]-2),

(i+ 1j-1), with the surr rApBjG,détHh g aceldléfiaqgamrtde ri

312, and then check the following condi

*H o h T 3.4. 18
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-

$a-1r00 PjrnTeeriyrn<P .
A B Cl

.

5

FiglZBe involtvednabmpaths for correcting th

(3)Fot he sceetlilssf yi ng abo,ec emtuianti mbent ff Skc Ke diBn g

conditions,
Q N oTip DE QR e * & L1 3.4.109

@For t hemtcédlalid ttho sati afrgkelelpu@ftaicoen (3. 4.
centroids and cell abarénkedesf i(Mfeddgat i on at
312 as peoistiliteitv aegaitd vaccording to the s

v d i E i'Q O'ﬁ;

(b)Fort he t©tlkéal s satisfy equation (3.4.19), t
reonstructed again, based on the wupdatec
as the correction of volume fraction by
equation (3. 4r.dwndifrog a@dlll st.heThseurr econst
i s indicated by
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* OF ® © W O O Wy 3.4. 12
For conwankeig)eéeffaqde centroids and cel
p oiamtc,é ,h, as ngiFvegn al. lﬁ)}accmrrﬁiiﬁ(lx,g t o
Y o b T@aYa) s eyt Oy 6,0 Gy .) For
exampl e, the sign at ciodbn'e(-rﬁﬁa(xa,could
Ya) )
4Checki,g)éltlo (fi nd t dhteo ewxpackat edimtdatga ntchee c el
wi t B(igp)o1l,=
To ascertain this distance,ort k@A ol | owi
BB BHas in Fi®@ si3gra@ ):idifQ m the
di stddmscecal cul aatetd nf rFoing .p 03i.nlt2 ; or other

di s used as the shbhtrda etshe g9%sgmbagaxeesf r om

the teacenhson | ineairj.Tiing erfacatiiwve cprddc

showhi gin3 3.

G)Update the LS QiQuwusitn @ nt nd exadt di stanc

to the interface:

Rt 000 - ¢ ih0abo b oy
L .- £®D1 00 Q @ 4.
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Mark the sign of each cell (i’ "), / No d= Ato—\
n = Ato|JK
S(A) = S(B) — ase — S(H) = S((pi,:;v,l) | |

d = Bto|JK|

d = [bB|

A 4

Check cell (i’,j’) to find the distance d

Similarly for cell C,D,E,F,G

d = Hto]]

pd
o
= ‘

Update cell (i’,j’) by distance d, Yes
update ¢*%! by equation (3.4.20)

i, jr J—
“ \ d = [hH] /

Fi gl3IBe procedure for finding the distanc:

B6)For any igt hwtirdigp=ed,l correct its value as
0 p Yo'QQy
* A : Iy v 3. 4.
L pYw QQ; Tt
wherKker epresents the width of the interface.

di scretization prasebBesentthreamecr Kamer il ¢ amlel W\
cell s. IK=thiiss staweyg, for the indestefhdthe in

ofashaHepavi si dé&-f,unac tsinbonot hed H®@ & vciasn dbee funct i
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Substast:ut ed

Tr 00 -
0. Pp L Prgil Q@s - 3. 4.
p

wheres a parameter whi o dthendatfeorf atclee
NCQi o Yo Q
I n sumnheer ydescri bed algorcobhbml addL$Pr aodd

(CLSVOF) in this sectiormriogafsn 3he shown in

Update the LS and VOF
value ¢} f/i"* in each

cell (i,j) by equation(3.4.9;
3.4.16; 3.4.17), tag(i,j)=0

Check cell (i,j) and its sounding cells (i’,j")

n+li_n

If o7 (pi,f},l <0

h 4

Assign ¢} /" by equation (3.4.21)

Mark all cell (i,j) face centroids
and cell corners (location at point
————| a,b,c,...,h)as “+” or“-" according
to the sign of ¢ *:s(a) =s(b) =

- = s(h) = s(ol)

If £+ € (0,1) and

n+1 n+1

+1
(sz ((P;’J’ + @0,

Reconstruct the linear expression of level
set equation (p:;rl,g by the updated ¢}

Mark cell (i,j) face centroids and cell corners v

(Iocation at point a,b,c,. .. ,h) as “+" or *-” Check cell (ij,jj) to find the
according to ¢ (x,y). (i.e., ¢} [ (xa,ya), distance d; update ¢ "%,
oF [ (xb,yb), @} TR (xe ye),..., @] (xh,yh) and tag(i j’) =1

e.g.,s(a)=s(g'; *(xa,ya))

FigilL8rrection for LS and VOF functions
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3.5 Initial and boundary conditions

Asi |l l ustrat eldaritn ofhet hfel omwvemer i cal met hods o
CLSVOF algorithm, the hydraulic parameters
pr essshuobeedi ni tialized for the initial confi g
while the parameVOF ¥ahaotbsomwde tie8snma misbed porye

their definitions.

Thegoverning equations |listed in section 3.2
momentum wequation, and the hyperbolic LS a
el Il iptical pressurseo Pmeesmsonntergudud edch fhars tah
proodsd he proposed numeri cal met hod.

As for the boundary condiogti ommdeodfe nmagment um

system, di fferent types of open channel fl

consideratliloy, fSprecsdperacriti c&d—=f | ows, t he

P, andowrmstdi samr bance wawess t oGoamaetq uternatvleyl,

both the wupstream velocity and water depth

condition for htihe ifnofrl oswu bsctraitte;caw f | ows, t |
could spread in both wupstream and downstr e:
shobédspecified at the inflow and the water

outfl ow.

Wi t h r etghaer db otuon d @amy ®©dndihte LS and VOF funct

reqguirement i s needed when ttohe ssti rgema mlhien ef | el
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pattern.

When it comes to the pressure Poisson eq

accordance with tshoe apdhlytes add év oragaeahicvee lonsi |

field, which tphruess siunrdei cgartaedsi ean tz efroor t he b
Asi ntroduced in section 3.3.1, the veloc
di fferent cel l units f olmatt haddniutmeorniaclal gt
(adjacent to the boundary <cell s) are ne
treat ment at the bFiugLbdbad.i es, as il lustrat

Ui i1

Pijlea .u

7. U

Bk

ui’}'

ﬂyI

Ax
s
Hin
pi—‘.l,j{‘}:l I:i,j_ 5 Ugye, j Mour+1)j
3 A% H:j . e e
Visiay V; Vgut,j|-Out+1 j
U

Ghost cells

Computationcells

Figl®Bagram of the computan iaomdalghgadtd, c &
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351 | ahdowwtofulnadva r vy

Gener al | 'y svpeel aokkcildei gg, stpheeci fi ed by an assignec
entrance of inl et. For exampl e, the follow

pressure at the bobhdwriysfoonai gdeeddfined i

o0p O B.pb.1
TUT[FU L 3.5
T_(b A Un V)
T G. 5
Td) h h

wheoddb M} is the given velFoicglby3.and pressure (

At the bouowartyhefveluadilty relatitomsehip is a

uni form out fl ow:
-
— . T B.»
T w
Sot hat
0 E6 g E 0 R B3.5.5
whemeshd i s the velfolcdaw ye mttrBRi e hdouvtn i n

Meanwhihlee,out f |l dwstprrieclwsiuideere ot ai mgd tlige

Poi sesgaurat i on.
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3.5.2 Wall Dboundary

The boundary condition for a fluid Iin co
nor mal fliulke belt wiednarhd colrieduwabt h e zer

nor mal ocity component .

As il |l ukitgldtH.brinhe point |Iies on the to
prescriolied ahich is the average of relev
computational <cells, as foll ows:
(1)f or vertical/normal velocity componen!:
OUp U
0 % 3.5

(2)For the |l ongitudinal/taogereadittiiadnwvemiog!

consideredafes offfieatemtest in this st

(2axsIm@ boundary condition:

, o0p O ,
6 M ————f; o 3.5

(2b)slfirmeboundary condition without t

e

1o Oh _Ohp o, @. 5

- R h h '
I n addition, t he pressusheuclbdns ndér ywi ¢ ar
di verfgreme e vel oci ty field. To enforce t
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homogeneous N e ucnoamadii t b @wwn d afroyr exampl e at t h

yi el ds:

S
=
5

Mi A @. 5

wheres i s the normal deri vatliswe cati htoleel elso wn d d&

zenordfmabwaurydarondi ti on.

By applying the similar method above, ot her
functions i mpl ement ed t o t he ghost cell s,
computati onal efdlulxs atco oascsh itehvee wzae rlo.

35 3 Boundary at corners

A
Cl b E
F
G
A}'I‘Ax‘
Ghost cells
Computation cells
Figl@®.undary condition at the wal/l C

At the connection of di fferent pi pes or ma
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cormeundatih si(nsgwcharast ycor nsehrovhiagind )3c.or ne
Unhder trmstsgarcaseome specialized numeri cal di

be

—

atkeahlnyiocsadl ve the probl em, Sso as to
this pur posmmo nwigiehu sae dl , the value of vel
i mposed t of csrete xasmpzleer,0 v(al uEBi @lth ,& corrnetrhi G
value is averaged from the surrounding c
val ue DFagldp.B.Wint h such tnreendati menretd, dti hsec raef
met hod f oroupD emodweilt hc LS and a¥Oked afhaame s
the calculation effaaonwvarcy€oaeecspacdi g
velocity field tvraeraitanbelnet ,i st hteh epnr ederuirwee d

equation under tthhee pcoon seicd e roant inent hoofd desc

3.6 Summary of method framewor k anc

Ti || now, the main algorithms and numer.
mod el have bedeentianillbbeveastedsBaygst ol tsuimsna
and integrate the whole method framewor |
prior to further the validation and appl

The fl owchart of t he dreivge 7 o3maerdl méteh ap pd a

procedures are as foll ows:

Q)Step 1: based on stttag edu BB is@Gadnohes b ods C
di scretize the momentum equation for a

vel ociy afnideladdvectYdi®&n % et mhal ft"*tiifme st e
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t he 2D mordel t(hvehdroa metwl tiismet hset eppr,e saenndt t i me
prediction). I n tahp psr csacelp ,i sMAaCp plriog de ctta ofni |
fielas tsoo satisfy the r dgqguwier evned notcsi toyf ftihed de

correction and the conservation of mass/ ma:

(2)St epwia:h t héy uipdat ##endOFR un stei(oand

Q) areoubéerd asdgnchroemousdy by the CLSVOF
al gompirtovinded i,nnswehbicaubrnwtaBas4 e i s obtained
diféece of the LS function, whil e VOF met

reconst r tcothiser vmas s

3)Step h&: up8autnecdk i ocnoul d be appltheddemsictay c ul

and viwsictohs iftoyl | owi ng for mul as.

° 7 - o [ (3&1
T e T B.p.2
T e T B.p.3

4)Stephbased on t-hesséabpverpebsaitlftels NS moment um

equation (except for the pressure term) cal

‘D f* fi r e Tnao. 7T @.F
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Il mhis equatissmu,sr etaldsesa Igd eids i jmr ea | | comput
boundari es i n t he stdgogar ad 6 i da croensf
intermittent’YY vah odbiet yobftiaé Ina d by sol vi

equati on;

B)Step 5: & heerdwafredesge nvceel Brciitsy dd leilaved

applying the projection method:

— vV —— 3. %

whevendicates the discretization of tr
sectionSpacBfRcall ynt tvheel ocnt gr noiatltceul at
contri but es disoetedivengéncBiJu me etqhueat i onhd 3. 3.
pressune ifsi ellpddat edsdlyvimgpltikeétPgi sson
resul t, t-heedi vetgenteg efd edmrdd cuamd abtee dc o

obtained pressure gradient in above equ

(6)St egor6:t he tempgor &l ,updatsiemg step compu
the following criteguar ast o oplhhsedumedi

(Sussman an0d Puckett 200

(7)St gppdate the solution results for all
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domain i pvebeet rtalcul ation time step, and

predication by repeating all above steps.

System description and
allocate the configuration of
computational grid cells

|
v v

initialize the LS and volume initialize the velocity field UI“J in center of
fraction function (p?j, ff} in the each cell (i), and locate the pressure
center of each computation cell (/) P?J_,%Ji% at cell corners as Fig.3.1

I
v v

Predict the edge based velocity field Calculate the nonlinear
ADV ADV - - _
U1 and Vsl using the explicit advection term
2! ] n .
predictor-corrector scheme as Fig.3.5 ((U-MU)™*1/* as Fig 3.6

A 4

Update the LS and volume

1 1
fraction function 7 7%, £ by |_,| Update the parameter #?fE, p?fa
the CLSVOF advection algorithm by equation3.6.2.36.3
as Fig.3.14 ’

v

Calculate the intermediate
velocity field U* by equation 3.6.4

Y
Conduct the projection step to
update the velocity field U7/

n+i :

and pressure pi%f% as Fig.3.2

FiglLm"Be algorithm for the overall compuf
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Chapter 41 Model Validation and Evaluation

i or tloctahe ompm@f the devel oped 2D model

r systemati c a+dwal vsp tstawaef ftlroawss iiemt urab &
pelines, it i's necessary and i mportant
r I ts accudriadcyy dmd tva s <chapter, this

rough diestabénshwedl t ests cases (with n
om the |iterature and the | aboratory

search.

-

clfaeneryt ©Wedst cases from simple to r
r the method wvalidation. Speciz2fbh cal |l vy
compr es s3thd keg aNaatviioenrs (equation 3.2.1 a
ctiomnBhe&. sijoomulmdt hod f or-wactaepriphntawgeeg t |
t emd taib@nsse d comnu ptl eed LSumodi ¥OF(i . e., equ
ction 3.2.2 and equarteecsrn edl. 2felc®raicth h e et
plicafThensal i dvathoni pfecess test compl

mmamkisz éd I Wlidadwms contents of Sections 4.1~

r shtgp ryo poshav-Qeo kes( sall velrati on scheme f
uatiiapp)tioe dsoilnvpel emh a&svea)tf ¢ o w p rwhb lxehms
assic wanhhl awiviac | abd stta olniss hoerd whed ohenr i ¢ a |
e |literatutrlee ¢lo-dssweamptavusedg herein

rpose in(Bbcsioprséalyh
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Fol | omvitnigec csesls s f ul validati on dforfNI®uisdbl ver, ;
i nterface evol uttda owalairceatceartrheedc owpl ed LS a
(CLSVOF 9gomhev@e)d,hv errgeeencvee|l ocideyi hedl dorstpee
whol e domain ingt é¢ad\NmoiiSkete Emmuttilimns hi s

researscihmplteheobj ect advecshoar fFligwdawomndj reeve

sheararfel owest ed by the devel ¢pedt menhdd2and

Further mat @da&atSbes ol vileaed a@ldS V@RI pnumer i cal sche
atwatent erfexzoe s tarnudcpt d aotail g y i tilkem & ptpHd e d
benmartkest §r dor chrafnbnlekd ws wi th either known
solutionsstarbl wehkkd e X pseurcihmeamadhh eaad ae
propaa@atdi oonpen chaeawel utfiidm ifdh owhe <cl assic

refer(eSrecgs.on 4. 3)

With these successful applications, the deve

schemes can be verified andi ddiatty dasedsédr ft

complex flows, which are thereafter further
the -mbhase Tftlreams tweartter aifrl ows in drainage pifj
research project, i ncl udi-wgtsruaspgigdh rwoaut gehr i |
vertical risers in a simple drainage condui't
has been designed and built for this researc
for this validation in the Hydrahdiiacs Labor

University (Section 4. 4).
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4 Tlhe f dNbhViS2Dkesv aloil datri on

Asa basic and essenti al vali denhi cmavstegp,pt
which is typical in the fluid mechanics
numerciodals and for validating the accurac

i n this research (chapter 3).

Actualdl ydrilven cavdltaspproedadlremboit  @aesear c
engineering, whictho htaseth etdH@é ovk esoIr y ondeave d
al gorwitthtims t-é®t aebalsiyshed rectangul ar domai
boundary conditions. Variety of solutions:s
been established and validated as feasi
comprehensyseamatditcudi es Ghoadedt.eadl.rb yt1h9 82
section, mdarmk sd bteanGc hi evadal| ius(edI8dD) t he

purpose.

4. 1.1 Description and settings of | id dri

The g¢geofmsdanrdya rdd ilviedh ccaovnistiys tdsa soefn sti von a | S
with a square domainm whicid wanhdséipefin
wal | boundar y sceoen dR)it,g.d mMicdlruaumdy (@ upsi de

three other stationary wall s.
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u=1uyGv=_0

F 3
A 4

FiglThéketchrofvelni davity geometry syste

Asstatedomnn3s®c?2, t he Dirichl et boundary c¢
| ongitudinal /tangentu alndveetiocalt ynocommponeal
compowtmt determine (in advance) the wvalues

homogeneous Neumann b opumlidiaerdy fcoorn ®t heonpsr e a s

condi ti omosranatl h adte att vea h & vibso upnrdeasrcyr i bed as 0.

Fort he f-drsvenidi mulati on, Rdyreo|lcdasRRen uonfb efrl ows
=1000 is firstly investigated, with other ir
moving=1im/=571, mt hsei tdyenof t helkigrifstinde f | ui d
vi scosi tkyymAl sa@@d0OO®Ohe pressure of this comput :
t he compari son and validation o f t he numet
devel oped met hod asmdoym0O@Ck78rmarhde tg edied sstiezpe

=5 108s, which are the saGtei ammuarnerdlc.al( 1s®82)i.ng W
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4. Reulitssualamdhitsicouns si o n

Thevolution of the cavity within the <co
velocity and ¢gr d@dreuri e sv deimagiildghs ftahel d.r o «
codes ,dnihwend icdavity approaches to the st
flow computati on. To ¢that hest eitirmseteisstii ngualt a¢
results of velbarmy tgareompphented FaAgd . vids 2a
and HAp.e3c.i fi cal l yyeltdhei tpy odlidreg otfhex=vertic
OmMp throughout the geé&mgt r i dcwrthedrc bifsy p
along the hoatizomt @) 5t hneughoet the geon
pl otted res@Faeqgtkaedrel3yompari son, the data f

et al. (1982) are also plotted in the sal

Re = 1000,u-velocity profile at x = 0.5 m
1 T T T T - T

0.8

0.6

°  Present data
Data from Ghia et al. 1982

y (m)

0.4

0.2

0 r °° o r r r
-0.5 -0.25 0 0.25 0.5 0.75 1
u (m/s)

Fi g2T h4e. compavwdlsamnipobf il e al ong txXxre vert.i
Omp through the geometric cent
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Re = 1000, v-velocity profile aty = 0.5 m
0.6 0 T T I
°  Present data

Data from Ghia et al. 1982

0.4

0.2

v (m/s)

-0.2

0.4 o 3

0.2 04 06 08 1
x (m)

Fi g3T hde. compwawedalsoocni toyf profil e along the hori z
=0.mp through the geometric center

It can bemfbBiuggd. f4. 2 and 4.3 that the numer
2D met hod i nmmatthcihse ds twed yl -easrtea bd d thd sa@x twed dt e d
from the reference of Ghia et al . (1982).
accuracy of bdel progdosdeedvemoped code for :
Nav-Seokgsations for I|id driven fl ows. To fu
efficiency of the proposed method and progr a

streamline patterns larand egHrnagetwend ifdr. &m t he

respectivel y. Clearly, these complex results
results published in Ghia et al . (1982). As
devel oped 2D model and emdtoh ondu mes i wcalli & iarud a:
typical flows in fluid mechanics field.
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Pressure field (Re=1000)
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4. Ex3 ensive tests and discussi on

The results comparison and analysis above |
accuracy of the developed model and method
drifvleoaws wunder spe®ief i1c0 OcOo)n.di Ttoi ognesn e(rea.lgi.z, e t
more test cases of the same syR&emmunder di

100 to 10000) are further applied herein in

Tabl belt o.

Tablldh4ae. i nitial flow conditions and numeri c a
Re Grid si|Ti me Vel ocity of|Dens|Viscc
(m) (s) (m/s) (kg/| (kgl
100 |aarey=0. 00]5 1&# 1 1 0.01
1000 aarey =0. 00]5 1 &4 1 1 0. 001
5000 aarey =0. 005 1 & 1 1 0. 00O
1000 aarey =0. 00({5 1&# 1 1 0. 00O

Based on the developed 2D modeiagndt he veloci
components through t he ngaeiomea rredFcigdcedtntt eed iorf t
and 4.7, respectivel y. Both results reveal t
met hod mloare loifhetchi s | i d driven problem under
Specifically, t he vel octi twi tphr otfhie edsa taar ef rionm ¢
al . (1982). Mor eover, t he proposed met hod
featurew patterns and evolution processes,

inflection paiempten,deartd cthtaen gteisme
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u-velocity profile at x =0.5m

1 i =~
T H} T 'Loﬁe +:§u o o o
1 o0
|
0.8
oon"o
Present data (Re = 100)
0.6 O Data from Ghia et al. 1982(Re = 100)
’ «  Present data (Re = 1000)
€ © Data from Ghia et al. 1982(Re = 1000)
: + Present data (Re = 5000)
0.4 A Data from Ghia et al. 1982(Re = 5000)
' + Present data (Re = 10000)
¢ Data from Ghia et al. 1982(Re = 10000)
0.2
|
0 tgf%h&*r***## LY °i I I I
-0.5 -0.25 0 0.25 0.5 0.75 1
u (m/s)
Fi g6Th4e. compavwdlsomi toff al onx=0t. 159 Vemrt ida dIf ¢
flow conditions
v-velocity profile aty =0.5m
0.6 T T T I
° Present data (Re = 100)
O Datafrom Ghia et al. 1982(Re = 100)
= Present data (Re = 1000)
0.4 © Data from Ghia et al. 1982(Re = 1000)
¥ & + Present data (Re = 5000)
1 o A Data from Ghia et al. 1982(Re = 5000)
0.2« " - + Present data (Re = 10000) H
. I S ¢ Data from Ghia et al. 1982(Re = 10000)
-
w I oo
E ¥ 9
> .
-0.2
-0.4 &
o%&av
-0.6 [ [ [ [
0 0.2 0.4 0.6 0.8 1
x (m)
Fi g7Thde. compwwdlsococni toyf al ongy=tOh&omhodi 2 b6et &

fl ow
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Consequbativwnl]idation results for the simple
driven flows confirm the effectiveness and a

code developed in this research.

4. 2 Validation of CLSVOF scheme

Based on the valiwatkdal®dvemodehe fCaBMEOF sc
subseaquuaelnitdayt ed i n this-waeecetrdfdmrfddn itnrteaifrag e
evolution withinfraeet ywdlcadi tdyi vfeirgglech,cei n whi

characteristics arestdfqtuatee adyw)SaM&diverachi e

computati onal field. By this way, the inter
motion of marked cells during the dynamic f
evolution process is perforemddrby htehd opd @po 3

two kinds of simple object advection moti on

results used in turn for validating and ver.i
4. Zerttings of interface evolution tests

For testing, a nurmreired adtute xlpye ainmeaidnsi somw aof
wel lanasnclinedsmedthangwloah i hlkear| shapesacann
examined through the numeri cal tests and t
proposed CLSVOF scheme. BEorwiat emparnatteirviea c @ n
evolution process is traced by massl ess mar
the distinct i nterface border is recorded b
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mar kers would by no means rmsrooducdeamy i
fi el d, the moti®memmdcealtthle tmaairrk ean anal yt i
to the constrraee¢e dahkeawadgeywheoretically, th

of each particle markers mathh dde wiatl lt uil tag

c hanYeé) It ¢ .

A common computation region ilsOnmgetwiadc
20200 mesh grid sizes for the numeri cal [
di verfgreemme evel oci i petullsd(m/d. @r/8@8s cand t he
time step Mts @add@PFedabsul ation. During t
the numerical datsias asawawad imoreraadl py¢i 0. &

typical cases of endr&kmd ddaprisbadea® xfaml |

Case (a): tamenudsursitreirt iodl leypn Mo dawietdh at h € 4.

radofussmalid=emM andcloeter raBians a$§ sthogmpr

Fig.(ad.;8

Case (b) i nr eFcitgawigar.h8(tbh)e: laenglcm 2mnd wi dt
i ncliimetdhe domain wittheahoangteroér st54r e
(2m,7 #) 1( 8m,1 ) 7( €&m,1 #). 7( PDm,7 ). 1 respsctive!

shown i nrb).Fig. 4.8
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case (a) case (b)

10 . . . . 10
9 9
8 8
7 7

D (4.7,6.1)

y (m)
y (m)

) = (44:44) P (6.1,4.7)
AR741 4 2

2 2
1 1
0 0
0 2 4 6 8 10 0 2 4 6 8 10
x (m) x (m)

Fi g8Th4e. initial states of two different obje
si mul atanonnslhiasf@a) (b) rectangul ar shape

4. 2.2 Results and discussi on

For case (a), the propagation procsess of t |
retrieved and pl ott etk i0rs FRingd. t4wo9 dfyomra mi rci teiv
St attees 2astt =a ndds , respectivel y. By inspection |
auxilitamhygt | separ ates t hded aggpmnad e isetd&lodment o
throughout the evolution process of the ann
annulus propagation is right | ocating in th
adding the traXosp®otoi g3 .02 stlamcéocati on of
centter 4ast i m ar) 6 Wwhé ch i s exactly same with
Consequentl vy, the propostehde ntoadregle t c ooubljde cdr ewci

unexpected deformati on.
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10

9 o~ N,

8 ya ] “%Zrmi

7 | - \ /

6 8 % 7
Es ]
> /

4

3

2

1

% 2 4 6 8 10

x (m)

Fi g9T hd4e. pr opagatniudbyg $o fi nt htehe f |l ui d sy-¢

Similarly, for tthtee rtercd @akignud apr cases (ibg |

As exprercomdt he anal ytical solution I n 1
configuration of the object i 9 kpeptceshe
Mo rper e c,i stehey corners A, B, C, D move to t

initial st attee t3a 5tshe wdhti &the hwigthh y accor ds
since the proceeding distancei tMd @&Xxactly
Yo 0. 83. 5=@2. 8Therebéme®yl ttsh confirm again t

validity of the proposed model for capt ul
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10

D' (7.5,8.9).

y (m)

x (m)

Figl0OHde propagatcilamedforntghedcan g usltdaetrme f |1 ui d s

I n summary, the application results of these
and effectiveness of the developed model and

si mul atthdeg n a mf ¢ pr epcheassse offl omw litnit er f aces (or ¢

4. 3l iVhat i on of the dphaeteptdowmsdel for

The i nvestigations of typical and fundamen
validation of the developed 2D model and pr
have well reveal ed that ahe pPpubbypysgdambiiieé
simulate the detailed flow and interface be
the proposed model separately with simple gc¢
section aims to validate t he tihntse grreasteeadr crhu m
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for relatively complex (realistic) hydra
practicalsefviemees f aoctu adtuieont o s hde ant ostii %
exerted by extensive external mfosceane Bd
t hos ei nweelslt i g-snta eflr elee ncthe f dde ef | owat er an
whiichhcoriploe aekefect of the body force (gr :
procedsdidcsadre capturi ngditsh earntdd oV a0 Icwatt iean
atwater interfadevidati ¢bbuitthephoapgerties su
viscosity between differewat eorhaklesaw ®Bas ¢

adopted herein for the further validati ol

4. 3.1 Dam break probl em

Dam br elakm phadd been widely investigated
Martin et am@Bel I(10661B,)alt.hr@lg extensive
i nvestigations and numeri cal Ssimul ations
numer i cal data ar ealviabruaatbiloen, f owval madeli o
Similarly, the devel oped model and met ho
verified through these data from the |it

research problem in this thesis.

The cl| pesi me retxa l testdebased ®Macikhietajweb y
(19b2)taken herein for the il lustration
the computation fiHd dO0.ix28d6enfi Laared . 1D B gitehi d

which are ttthemgsamae tbhethe square channel
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experi mentbdar siyalBBd2)ni ti all ysfithedi bs§iodé& we

with H = 0. 10.3GMi7sbhn#t ept vetritlilcabyski dies gat e
assumed that, aheei antetathe, comp gate is s
t hat the rectangul ar water bl ock will fall
channel due to gravity force. For clarity,

shown in Fig. 4.11.

x;=0.05175m
+—>

hy=0.1035m

Iy
A 4

FiglTHde configuration of dam break sy

With regard to boundary conditions, the top
freerface flow situation (i .e., with atmosp
channel , whi | e tlhef to,t hreirg htthreaerd sh dtetsom fwal | s
nel ip condition. Ot her parameters related

foll ows: the density and dikgéand 0O0iB8@bsity
kgBAm and those kagffamndr OabkgB@ml@s3spectivel y; t

accel eratiison seft drawiettsconstant at 9. 8

The employed grid of thies andnutllae5 toinme ns tt e
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10sAfter numerical calcul ati on, the prop
hentg of remaining water column are retr.i
result comparisons wiMah tienr(@e9.5 2npkind atl e dtah
good accuracy of the devel oped model s f

behaviorsakffdem burface fl ows.

(a) Evolution of water wave front location x varying with time

16 U T U 3
12 i
B gl = Numerical simulation ||
: ===Experimental result
4 4
0 [ [ [ [
0 2 4 6 8 10
t(s)
(b) The height of remaining water column h varying with time
1.2 T T T T T T T
S i
0.8 i
€ 06 = Numerical simulation ||
Z ’ === Experimental result
0.4 -
0.2~ 4
0 I I I I I ---_f ------ =
0 1 2 3 5 6 7 8

FiglZHAdevol ut(iamaat erf w,awn@hbjhreormtei ght of r er
wat er warlwimmg with ti me

To inspect the capability of the devel op
pr ogptaigon profiles of the dam break fl ow
Fig. 4. 13 for analysis. I n more detail s,
reveal clearly the process of the water

bregkdown towards the rightmdnd (Wadflgr.e A
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strikinpatstdaer iwphtl, the water wave front cli
4.13(d)), asndmmintrt heswabl i wsth the top side
smapi eceswadferainm xi FggdidpsefPeeDuring this j
wave tends to relhemsdaet dwardd i ohe dueftt o the
Finally, t he r ever sheadrsdwhes eefridgt. UsSeme ft)9 , t e dl
repesathe propagati #nrassdrdeg rweaslsl deufef etcd luenftti |
energy wil|l be completely dissipated out (i
domai n) .
@t=0 (b)t=0.15s (c)t=0.18s
0.2 0.2 0.2
0.15 0.15 0.15
go,l ;\go.l go.l
0.05 0.05 1 0.05
0 0.1 0.2 0.1 0.2 0 0.1 0.2
x (m) x (m) x (m)
(d)t=0.29s (e)t=0.40s (f)t=0.52s
0.2 0.2 0.2
0.15 0.15¢ 0.15
EE/O.l EE’O.l \E’O.l
0.05 0.05 0.05 i ¥
0
% 0.1 02 % 0.1 0.2 0 01 02
X (m) X (m) x (m)
Figl3IAde evoff udamnbreak fImawatbhbynnumeri cal
Actually, these obtained results and physica
i's exactly consistent with the fundament al L
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problems in the classi Mateki{d®BRIt cdaenrrd 1 e
wor ds, the developed model and met hod i

freerface flow modelling.

4. 3.2 Bubble rising process

To particularly concentrate on the inte

t wohase fl ow pirocaiss, btlhkel el missi ng proce

(e.g., Puckett et al. (1997)), which is
changes of i ntwatferc ephadsdswveen air
A similar case as presented i mufmeak etatl e

study, as sketched in Fig. 4. 14 . mThe <cor
000m4 which is filled with wateradfFAt ini
0.0mMiIs | ocatemd a0t.mMO®BSOOB3&&e t he waeer f i e
bubbl e wil/l start risithgotlampwgegh dwatye rwah

with | arge density difference between t he

A computati @aB8gresdappl 6dd for the numer.
step iIis se8t O \h@lrWd&DORar ameters for the
densitykghand. 25 cosilodk giksmn Wav7&@628ensity
kgPand viscosila®kghsm RampBli,fitchaeg i ®umr f ace |
force is ignored during the bubble risin
water body areslaispuwaldl ¢ oi dole@osnaedr swmor dwn

domai n.
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0.014

0.012

0.01F

0.008-

y (m)

0.006 -

0.004

0.002

FiglLdHde initial state of air bubbl e ri

The evolution states at different time insta
Overall, it can be foenwethatithandywamec ur
drasbpotieggr mati on during the bubble rising
the evolution of i nterface distortion and

findings in Puckett et al. (1997) .

Furt heirtmoirse enotthiacte adbulr i nog otghree seée foexr mi nhanges
of twetarrinterface such as splitting and de
accel eartati ba i rregul ar parts on t he i nterf
fl uctauwrtfi ngge ma yno sveuflfneerreatbd gmng process due t
st rsetsreafifrect during the bubble rising process
the findings of Puckett et al. (1997), which
of the devel opreidn gnettdaddesp ifteowe cfalpdw behavi or s.
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(a) t = 0.00685s (b) t = 0.01597s (c) t= 0.02597s

0.014 0.014 0.014
0.0105 0.0105F 0.0105
£ o007 E o0.007F £ 0007
) ) ) m
0.0035 @ 0.0035F 0.0035
% 35 T T —
x(m) x(m) . x(m)
( )x103 ( )x103 ( )x103
(d) t = 0.03997s (e) t=0.05179s (f) t = 0.07267s
0.014 0.014 0.014
0.0105 0.0105F 0.0105
E 0007 E 0007} /A E 0007
> > \ > i
:@
0.0035 0.0035F 0.0035
% s 7 O35 7 S T
x(m) x(m) . x(m)
( )x103 ( )x103 ( )x103

FiglHde si melsaittiten of bubbl e rising proce

To further i nvestigat e t he perfor mance
proposed modelof tshenurdated tot al mass dif
is plotted in Figon+viltysd migfheesste t chtea tdiesvteil
mo d e | i scovebkermadsdur-waget henwdohet iaom p
whole computngt iwdarnal edaogmaiTtvi g hi mp N®s Di0W0& %
makes the used model and numerical schem
mass 1 ncreases dabkibogst ws uchh fausr i tolues or i gi n
pi eces, e. g.,radbowdd .ttBeortrn enep d hceienbgu btbd e
evol ssthioomBi gnl M4). &bdB.1&FBorhe bubblsefregol ut i
4. 189) where the reconstruction of i nstin
numerical error.

113



7.5 TE 3 T E 3 T F
;\é\ L
= 5
= i | o040 ooy
S 25 P tea, o o
S I F; |:|-|:|-|:|":"|:|-|;|~
g A = =
2 h-ﬁ-u.n\n, \ ﬂ\
s |
2 25 &
8 | |
E ‘
_7.5,,,,\Frr»rFrr,,FrrrAFrrrrFrrrr;rrrrFrrrr
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
t(s)
Figle/a&ri ation of mass conservation for b
I n conclusion, t he -wpad oed pgrne deirctaicoen nooft i tome aa
during air bubble rising process indicates
devel opeandnen hmer i cal met hod in this researc
the reasonable basis and essenti al support
further invest iwaatteronf loofwst riann stiheentf oalilrowi ng

4 VMJal i dati on of dtehe fbev ée-Wwaapmed einldo vas r

The devel oped 2D model and numeri cal code h:
verified through above applications of di f f
confirms the promising met hofde asidbitloiotlys alredv
applicability for the swatematfiloowandlaysirs ia
thesis research. As illustrated in the intr
transiwanteraifd ows are to be, anapydegpi pe f hbDs

filling pmmwadess mamxd uaier geysering phenomena.
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accuracy and effectiveness aofturtthhee rd eweerliof
through an experimental setup raldi mMesarrsy

study prior to the extensive and systemat

It i's also noted that the experimental
Hydraulic Laboratory of the Hong Kong Po

t hesearch project (HK RGC project no. 257

4. 4.1 Capture of rapid filling process

I n the resatosmiwearmradme syst emsurtfhaec es taantde
pressurized fl ows always alntermati we lmul wi
other in the drainage conduit/ pipeline s
drainage conditions. According to vari ou:
|l iterature (reviewed inigedtifdmw202tENn, c
more to the intensivel npdaemesumeu ®sdcamhaqei
pipeline system, which is however usual

operation process of wurban ddr afiinlalgien gs ypsrto

of drainage flows is firstly studied her
research, S0 as t o further undaevrag tean d t
interface evoluti on, and meanwhil e, to v
For investigation, a typical case of air

|l i teratur e i s carried out herein, with t

studHosionda et &Als. dep9%4)ed in Eogsoidt 17,
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hori zdounstialdml on@®Snwi.de, mhddgis eltt higni ti al
volume of air, a ver tmicall eg aotfe ¢unad Idieuststt, a | al nec
wi amperator to WwWisteledr )a®n.efl Asei dgeatoef t he duct
with wawvdedey the -mpeddheedagat e, and the othe
phase (i .&hwatwanep iynet}dor i tdgheersd d e p adrutctof t he

by withdrawi n,g ttthwes mididtl ieatgiaigg t he propagat.

gate

L 1m e
! !

[
.

0.05m

FiglmTHe test configuration of air cavity a
(Hosoda et al. 1994)

In this c¢closed system, the computational doi
surroundsdiwi bmumadary colnldsi.t iFoonr onfu mehrei cfaolu rt
mo d el accuracyt mmae coinfvfee ygemtc es(eltesh ptfh t he nu
height) are adopted herel®mM0 meldaumi gri @i et k
80@0, and cobdb@,gespectTiwebyedilletse three cas
are obtained by the devel oped model and pl c

experi menthds oddaa ae tf paolmc o(nlp%Sr4i)s on .
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(@t=0.6s (b)yt=12s
0.1 " o . . 0.1 1% . . i
] e (-
0.08} ' 1 0.08 | ‘
o o
__0.06 | 1 __0.06F
E E
< 0.04 < 0.04
A fine grid A fine grid
medium grid ) medium grid
0021 o coarse grid 0021 o coarse grid
© lab data \ © Jab data
0 3 r Y 3 0 3 r r
0 0.5 1 1.5 2 0 0.5 1 15 2
x (m) x (m)
(c)t=16s d)yt=22s
0.1—® . 0.1 -
| |
0.08 0.08
. 006 \ _. 006
E E
< 004 —— < 0.0/ —— 3
A fine grid S . fine grid |
) medium grid = _,* " medium grid
002 o coarse grid . 0.0 coarse grid
O labdata lab data
0 : : : 0 : : :
0 0.5 1 15 2 0 0.5 1 15 2
x (m) x (m)

Fi gl 8hde. e s u & twsa ticerfirt e r f asbye xpreadilimemeta s ur e me n
and numedebvaidrhg f erent grid sizes

As shown itnhaelwagienrtde rlf8asc eo fpradfli Iteh & htehr e e
numer i cal mod el coul d agr,eewhnviedH owdrtfhi rtrs
t he wvali diirtaycyamnd adcam mareivedflop e tndgth e

hydrodynamic c¢har adcwetrfdlrotwisasweotfigert eahacen
evolultn omt hetrhpepwop @ ®padieh t hi scameseandte!| y
capture the anda mpeogkaed wope othlifd ¢ d @ ngngr oc

whiltdhs been val i dtah e de xwweil iarheertei n by

Further more, the results comparisloinghitn F

di ffeeeinskesamong the r esulatdso pditienbddiiefhf,er er
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whiicmpl i es the good efficiency of the develo
a relatively coarse gri d nmmoadye Iplhienvd deansaicerefpt a
arwat er I nteraction pradeeseel@®dr onmmdehi sanger sy
numer i cailn stcihhiesnet hdsigd pye saenadb tdref ftelte i ve t o

tranasimwranfelrow si mul ations in drainage pipelini

4. 4.2 Capture of air pocket advancing

To further i nvestigate rtilneg aiarpipdo cdr eati naadgvea mpcr
detailed experimental test for the wave fron

i's applied hthe proopousaed drmegtimgd and model

valve

ocer” I |

|‘ 1.25m e 0.45m =|

Figl9dxperi mgatam bédwamcipog pr od@g&)ti on (Co

Thixspeeri messytsatemsi sts of a closed straight pi
amani pwl avtail ve-waheo &nbdbl edr sFeicgt.i o4Tdle® as sho
tot al pipeline | engthciwsord, 70mcladdingg home ze

with water of 1.25m | ong, and the pipe | engt

The diameter of the inside cross section 1is
the water rapidly filblubpstneamtpeeasurseetdi oc
resulting in transient air pocket advancing

To simulate this air pocket madv@thicomg proces
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|l ength and height i's used in thpeoekevel oj
front advancing at diff er erotdetlp lmentdtpeod nit 13
Fig. 4. 20 for comparing with experi ment
comparison of the results indicates very

the @aket padvancing process with regard toc

1.8 T T T T T T T T T T T T T T T T T T T T
1.6+ -

141 .

12) -

B / =—&— simulation result ||

\></ 0.8 / experiment data

5

0.6 //' 4
041 1
0.2 i

o) SRS S S S S S S S S S S S S S S S
0 0.5 1 15 2 2.5 3 35 4

t(s)

Fig20Hde air poclkteitimnodnr on't

Combined with the dam break problem pres
boundary conditupbpesanddfliowtsaht psessom
advancing process, both results validat:i

of compvad>eraiimteraction flows under diff

Consequentl vy, It i® appt gbltdheamdeveebped
numeri cal met hod f or t he swatdegr ainmdt ea mel
process in drainage pipeline systems, w h
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research.

4. BidplPpfilaidkeyser simul ati on

It is also a reminder that the other object
the trgamidnggretyser safmutl wé&teanr mi xture in dra
pipelines under different extreme conditions:t
curent model s and methods i n thpeaclkiatgeersat ur e

could not effectively reproduce such compl i
regard, it i's necessary to first wvalidate t

for t heonsiomfiulsauadah complex flows so as to b

systematical analysis later in this thesis r
Despite that few | aboratory experi ment al t es
the liteCanmn(gkrOeL6()g. d.s, vendedsftfandubhndt obtain

accurate flow and system conditions and ope
anal ysi s, such as the oper