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b weviow of Whe work alveady done on Cohoverent gag-tdauld
Guephope flovw fn horizontel pipee lodicabed thob many of the conclusions
ponshed ond eapdidead fommles presented wore based nowre ‘on visunl obsoyw

svabions thon on ootwal axperimentel wmeasivamentos  The propent repeszeb

Eal

wag dndbietod in an obbempt o geld by owperinentation o clesror ploture
af bho ;ii@rxﬁa,mﬁaz;%s&& ghavosterdetios of this conplox Fype of LLlow.

The gpecial appovetus and teshniore develeped for messuring
volocdbys éi@zw.;%;w ond phagd detrlbubion over the plpe crops-gectlon and
'ifgh@‘ prossure drop odong the pipe ave degeribed and bhe p:‘z;’féma@:m oublinad .

The vesulbs are prepentod madnly dn grophicel fovie.

I ""”"ﬁ"‘_,’-'g};e:‘ma;ﬁ:l;’@s i hes beon pogsible B0 follow the &h@lﬁﬁiﬁ?%
pobtern ;f;&.ve;m the strotdficd foram 4o the fully dicpersed ammlé;é :Eitc;fwir,
Shvguph e gevdes of nodes which have hitherbo hosn, 3-defined as
annedlar £1oWe |

The distriluilon of waber enbrained in the eiy sbreom 38 glvan
in the ﬁ'wis; of voncentrabtion cubvony o form which has nob pravionoly |
‘boen veed in goasmliognid ﬁ:‘lm%. According to the yabos of flov covored
those ciwves hiave two quibte digbinet formsy  Ghe ired, for lov ond
noderabe flow robes ls exponsendial, end the savond, £or high 3?353“3‘35* i
tending progronsively towrrds a oymotrical foume Sorweloblons bobwoen
the oxporimented vosulis and o send~onpdrilonl form glves ngreemont wibhin
& 26% vhideh ot this ghago, considering the comploxdty of bthe pyoblem, is

eongldorod gavlofactorye




Valoodty neasabenment by PAtod tube mebbod has been used
gonpeprvabively ood its ldnltebions discuspeds Tho graphs prossuted ghow
o pimdlordty bobweon gnbrolned ldquid perbleles in o goo sbrean and
opspended golid 1’3&3?%&1@5 i o Moudld atreswe The eovrolation i}if‘
rostlbs dn glven and digoussed ia the Light of Twwrbulonce coneopbte
frplanpbion of eyperinented fivndings ave glvens

A piudy of the dliferent ways of corvelaling prossure drops i
madlo and although 1% ydolds promising resulisy yeb 46 alse indlontop
whot bhe applicabtion of the fondemontals of furbulent £lov is bvep~ ‘
plnplificd ond fadlp bo glve péasonable predictlon of prossure dropse

& treatuent of pregmire drdp using Fanndng formulo ond apply=
sing the weon denslty of tho obre proves 4o bo adutneto within the ranpe
Qi’ oxporingabs and 4% is suggewtdd thob much mothod mey be used nuccess~
sfudly 1F bhe mean doneliy of the dluporsed ég:%ﬂ srlrban g predieted
émamﬁing to the pemdwempdrloal fommule glvens |

A edppelation anolopoug 60 those proposed for gag=golld flow

Lid

i progented and chove sablsfaciory resulis within 2 .1:0;;_%..
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LLRODUCEION,

Inborest in tuoephose btuwo-componsnt coseurvent Llow hag

dnereased yapldly duming tho lagt fwonty yeorse Although fnvoghlgations

of the chapsoberistion of this btypo of flov were begun o cenbury ogo,

only recenbtly hag progress boon nado in this field, due maluly to widenr
sing £loldy of gpplication in onglueoxing ap in wabor tube bolleors,
339%3.;;&'%93'5: » potroleoun woflnerien ond chenicel engineoring generallys

The fact thab progress bag besh plow do readlly uwnderstood
when one congiders the number of variables Involveds  These axo, the
ratlo of the phose flow ratesy the dlaneber and pogition of tho pipe,.
surfoco benglon and viseoslly of tho ligquid and the slip veloeity
botwesn the phagcds | .:

Sovearal abbempbs mwcz beon made b0 coxvaelate the ouporinontal
vomulbpe  Dub all Bheovobleal abbenpbs o analyse such £low hove been
bosed on the treatmont off each phase mpamtelgr and have dnvolved nainy
asgmptlonde

Two-phage £lov investigobions have beon careled oub in four
difforont {ioldgyw

(2) (Easéliquzici Flows dn hoedzontol and verbicol pipose

(L) Vaporw«liquid flowe

() Copwpolid £love

(d) Liquidwsolld £love



b

Thin 4o tho £iold in which most work has boen done by previcus
dnvesblontorse
age(12) dnvestlgated wsgawmemwu;y alzraber

and adr«oil cowouprend Llow in pipess  They showed thab pressure drop
For giveon airwsil vabios snd constond aipr flow rote would be proporbionsl

s 4o
W py Beve s - )\ &

sbipe oy
whepe N 48 independont of £ o | ><
Yaing Blog ;,wlz‘gss aoquations they th‘f@m:l}ec& Lh@ir rasulby o8
e pacH .
(LL)-‘-p = =~ 0.18% }9];’ ‘i\-\
Ligpid viscoplty effest wos siudied and 44 ves concluded thab ( )_r -
m@&@ﬂ ag /UL Q: Ge ,:_
They aleo suggeshed thats
P I ® ] .
(s2) fI[Re sRey » Fr, We]—h2

. edl
Fe xWe Fu&!’

they showed that tho volocity 4o sustadn capillary waves on the uaber

Conpldering ap o nedulug for the capillary waves Formebiony
gurface wag 075 fhefEode

Marbineldd ood gomuorlo u(46) vorried oub exbonpive tesbs with

1Y dlometer glops and B *‘” ddomoter galvanised plpes uplng ol ond olghb
Aiffepont mim;i.?iﬁ with lpothermald. £lov vanging fron all Liauid to ell
alr in the pipce

Lleos sunface téngion wap reduced bésr adding debergouts bub

Bhie did not appeay to change thoe precoure drops



Be

Vigueld snd ;’éh@i*i‘mgwaémﬁ.a ohoeryablons wore made vhich revealed
- phe folloving modes of flom

(1) Bubblo flow dn witeh ode flowsd on the Sop parb of the mixbure
in fowin of Wubbleds |

{2y Steatified Tlow da whioh the diquia Flowed along the bobton
withoul disturbavcos and ade“dn thy bop pavbe

(8) Wawy w@mma when waves appeared ob the interfacde

{¢) ﬁffmggi?;g; Slow where mwocessive slugs of water ond air possed
along the tubea "

(5) Amwlor £low in which the lﬁ,cg}ﬁﬁ Ploved along the pipe wll
while the gos £illed the cenbpdl aorge

A wory low ldquid Lflow vates the btype of ;E‘;!;@w changaed

ammler wlbhout im;f:mmrg intp o vegion of glugeing forme  In tholpy
theoroticed annlyeis, the Following éxcsﬁumzzﬁzt@iaﬁ were nodes

(n) The static pressure drop for o Liquld phagse mgh be sl
o that of pasacus phagss

(1) The oross section ococupled by 'é{ifm ddepld and gas wes egual,

to bhe tobal crons gection of the plpce

Uping the ovdinsyy friction fommlesy Lworphigse présmws
drop eodd he oxprossed og

' 0o¥3 o-4b o-75] 24

- (), [t T el



Lo

fow Lm-’imj.mw ummmm; mgwi..xm.ci m.&a wowhleh is tho most comuon cane
In proatice.

ey gave za;vmﬁ,enr formloo ;E‘c:ar obher poseible conbinabions
of gopriiquid Lo |

&my clodned presupre drop pmclmuim{; ol 4 807 fron expbrde

mﬂnh«x& msulm.
’ 112 'zd;s), anvesblgated %:%m phyeienl phonomens taling place
dn twowphase flow dn hovizombel pipdse By woiphing tho tend socbion of
e pipe he wa oble b0 cpvinste the ratls of the oreng aseupied by each
phags Lfrom

cfy; _3_‘_5_:'... Weo —~ W

=

‘ X W

. ii‘i addltiony bopte weve cavvied oub bo debermine vhe ﬁﬁ.ﬁtx‘ib’a‘iﬁﬁﬁ of
phapes by the uge of pempling tubes svd a gpeelol ?mﬁ.fa“ Ba mpker whilch
ollovad the phase dleteibution to be meamved in l:m'imnml peeblong
formed by moving Who mechanism acposs the sectione A high speed cexera
was uged and the Jifh ez«mzﬁs £low pubberneg reporded vore nlmoat the same os
vepordsd by Merbinelld, oxcopt for the faclh that ag onomular flow developed
tho entralonont of waber droplebs in "&&ﬁé eore bectame Imporbante

Tor vhe predichlon of pressure dyop with oonviley flov whers

ade moves separaliely io the corey he obboined o coppelabion boged on the

yoblo g
A




%_Si\':‘

far wihieh the value bi n won depondent on the value of L ~ g To
gonplebe The prepmuwre drep. prodietion (2. - #) vas exprosned as o funchion
of Re and Iy for aiy ouly (:mzawfmml)ﬁ.

Eopation A3 gave ﬁi’@iﬁfi%:‘»ﬁ’fm%zzy agrdemont yith owpevinonind

romulio token fpom bosts on 20 mue ondl 56 vme dlamebor piposs

: : Metnod ("i*") developed o mobthed fov corpelating
wholy resulis &n o sinpler way than AR«  Thele corvelolion wap baged
gn e geme sosampbdeas as In the eardier work by Martinglla(28), and

on the application of thig non-dnensional expronsion Y n ¢ vhore

I3
[y

G
' "&“C)g
m .

i

, -
and W .:-.JC(CP)‘ - A -5

The volue of P wng obtained by magapi.ng 8 ganplo b’@ﬁwm‘
two quick elosing covks and mespuring the amound of water ln o pipts

Eﬁz*éalin(é} discusped gonoyally tug-phage ;ﬁ‘m@ and Indicated
the nethod to be used in cpbinabing progsuve drops uping agim{im At

. . ' : ; , AP
and based hic mothod on a chapd relabing %’ and W as well ag (—ﬁ_ 154

P 3 oy .
& )3 y bhe labber tue Suncblons were glyen by Mortinellie

Algeg he observed moss brangfor botween the phages. Ubilising

the concepblon of miperfieial Reynolds numbsy and friction factor oblained

from squabion
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AP = A 2
(AL)T.F,» d fg »;l‘g | A6

‘he dave o pordes of cuvves 'aimb hope geme relation bo frdicticvn factoy

obtetned from sdngle phage flowe

Jawpelin and Gantey(il) dnvestigated the different modes of

flow weporbed previcusly end fyom vigund obpevvibions produced o choxd
showing bhe pauge bhvrough ’%&i&ﬁh each nede of flow g,ﬂeam}:lga'hé&ﬂ. The reglionp
of Blow wewe defined by boundary lines on the Chard (Figed)s

The pbratlfled flov Pori wis investigabed, bub the mesulbs
. dhenproad with Martinellils equation (ﬂaﬁiﬁ) for the pressurs z%;mp‘
predlebions &b wap 'fmn;i thot an Interfecicl grodicnt exleted in bhe

Licuid phage indledbing au fepoviefble oxchange of momentun betwson pas

U

~Na

and Ligide

{29} mma:id@md the effeat of mwaa on intorfacial

Gasls
gim,w. Ho g ha‘h@& that energy tmuw pasg undininiched fo waber with smooth
;‘i_nwrfaﬁa‘ but where waves oxdpbed gome energy wos dlesipated in sugtaining
the wavege  Ag dn the sm;cvaﬂyizémziﬁ beundary leyor, dist whhumga would be
initiabed dae bo Laberunl ov exbernal agenciogy and those wowld be arplie
“sfiod wnbdl wneteble conditions ook plices A prosuire drop couation

‘Uaf:‘: g*%:msx Por wheatifiod i‘imx baged on pelabive avess of £low of each
:@m:-m- |

Sazpogber and Ga #ley(10) carrded oub bests

- yhkth awwwcar miswivees dn o vwbiml tubes  Thelr reculbs compapred with

Moptineldile corrolation (&«33 whihin & 30%»

L
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Yo -

Jonking(82) wes able bo corrolate bis experinental dote,

obtoined with onwlor flowg Lo within 407 of Loekhart and Marbinelld
Formile hed, bub Found thet his date f¢ld within BY of the best Line
throtgh each :m;,um ratiey s imﬁif: ilng theb gome Packor g mdesing
£pom he mmm.

_’: ﬁ{{i?) reprosented the different moden of flow and aurried

1l ;mm,ﬁi;ig abione on the dnflucuce of z:a.x.ma aiae ond popibion on hydvaulic
repigbunces. Ho 'i'sméa g eoprélation of his rosilts by giwing o serles
of cweven for ( “ ) vhege 1 = AT P, (ot R0

g
B 2 - '
e = 7l 5 . ﬁfp A
and }\T.p. wai[ ) P TP K Al A-6
@ rp

Ris conpideved a5 o ighitioun Reynoldif nusber for ady wien 15 £lows
inside the pipey

B G
and  Tr = lé TP

.?" -Dﬁ“[j":(ﬁ (’1-=/3)]2

}\Tpmm shown $o be 80-80% higher than ﬁs:mgla phoge walues with the

bige

Lva

Eew aiifmmmm ab lower supsrficinl *»:e'fa,‘i,mwm.nm

| Yaddelta(6s) tests wewe moda B0 dabevadius the pressure drop

in the £lovw of aix‘zsz&ezf @il ﬁ*;&caamﬂmﬁmﬁ,fﬁi@:@a‘mﬁgf@m theongh hordzontal pipose
feveral. eurves wore glven showlng the velstionshily bolween feletion factor
and 'sg';ialﬁiéi‘&y of the ofr for pmooth brons plpes of 25, 36 wne dlamebers
Maompts were made to epbablish a t:gnam-mmm hagle for those resulis Wb
no reliable theory wag found wop did R«isg;:.zﬁineﬁ;m' s formula prove gabls-

sfaciorye Ho concludod thab twe phase flow lo teo complex to be solved

Ll




Ba.
by & plaple formalo:

hngon snd Abon-Bab 3(33) oxbonded #he work: of Gasley By

maldug visusl obsevvabione of bhe @ifforont flow pableies 2 higher waber
wakoss  They pointad oub the ewlsbeace of mbes Gronpfer hobusen phasoes
nt high ale flows -

Alsoy monmigotherial, £low in heizental, pipes wen studled which
ylelded pesulls thet were compaved with Marbinellile covrelationss

To nesuie the Melip" belieen the fHuo :@hiﬁ»@ﬁ:l’ﬂ s the ratda
botugen goe o waber velooliden,guiok closing cocke were upgde

Sovanzen(l) %o a roseprol oo Jiquid £iln cooling for Jots!

+

nozzles, found thab ripples wey take plece at o covbein aiy velocldy ;éma
waber £low wabee  Hhon the liquld thieknsss beoomen greator thon the
loniner houndavy loyer, the offect of turbulence du tho main abveam would
glve wise Lo ‘i@ﬁ&"@“@ﬁ' ab the inberfodes
Writiog down the veleoily and thickinwes of boundery B,ag@r in
nonsdinenpional, expraeseions he suggested a nethod Tor celoulationge
mm:iﬁ) made & caveful sbudy Lo Bo~phnoe £lau by adopting
the congapbs of Wurbnlswse asnd usling “bha findings h«:?zz? Bpmande
He aseumady () Bnnmiler Slow, whére o woksr £1ln wobs the
whole ciromiferenes of Mﬁi}%m phpas, (-:3:&} o adr core which is unifornly
Giesperaed with wber droplebs ;i’-fi:‘mfsg whth the gone apamz ag alvy
() sone mixing lepgth for single and two phose £Love ]
Sterting fon the fundanombal Prandl equation fox shoar
obress dn e burbulont Plow and & supggested veloolty dﬁ.{s}tzﬂlmﬁim diagran

vhore the eore veleelly curve incorporated no lominay publoyer due to
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RE zssi; bhe :_i.gri;:v;g;@‘am, he obtedoed an expression for the akip boiween
‘ﬁh@ 10 ph&ge'}.

Pm;:'mdhw from theb expregeion and uslng frmond's (3'} resulis
Jbe ws :&bii&eﬁﬂ glve o mowa wationsl, though wheh Anvolved 'aqmﬁmn:i‘ar

presmure dmn ,,m hovdzoutol ov inclined tuboss

I(AE),.,—; '2.3;’[) [(’“ﬂ) P‘fj f’c(xa

Ho eleimed for testp coreled on o 2% By pipe n clopar

, .
-3

#

~agreenont bolusen theony and experdmental vegulbe bhan had hitherto been
possibles | |

Eodrd( 3&) duvesbigated dn o speclal opporatus tho effect of
weves mwiw on the boundary. of o plipe dn the lamipor £low reglons - Hig
epparatue olloved bla to piudy tho effect of frequencys. wave length and
pupliindae on jé;ei'z,fe by dronkic &“easfzi,é;“;-a;;g;e. flo found that Hriction lopses
incronsed f*{) hlmc:" the value obbtalued with wave=froo Flove

Hs;; e,;a':gga:f“_a:ls:xad tho plenonogon of the fuptoblllity of the wnter

surface in u:w-gahmrm flav by suggesting that A the encpgy io absorbed

conblonouslyy f;hee Aetwrbed reglon will grov and turbulent flov wonld
toke plucey bub L the dle l&w?}mﬂ‘ cmerﬂ,;}f ig digeipated foster than 16 is
supplipdy leminor flow weould exlebe  funnular £low ie 40 bo oxpected when

the dnbexfactal sheor styosses oro sulficleat to support the liguid layors
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Diocuogions

‘W@@E on tuwo phage Rlow in clveuloy pipes hag Indicobed conw
seidorablo comploxibys Several niobhods have hoen used for tackling the
éwwbl%m-

The nobhod of Marbsineldi, vhich hag Boen follawed by o nunber
of invepbigators, wos based on Capbuvplodid » fommle(2l)s and provided an
ﬁﬁpiwiaml mebhod fop predleting %ha.yraﬁﬁuéa deop dn onnular £lou yithoutb
undus congorn regavding flow mechaniony Vlse, afﬁéat“af turbulencoy
momentun end nops trangfer on the flow &%wu@ﬁura@

The different pabieris of flov we one of the padn podnbe
roised in most investigetions, wEE onmday flov receiving mosh attonbione
Ihe hypothebleal form of onmtlar flove which consldered a core of alr
and o layer of webor oo the walls was used for corvelabiongy Aszmand
and Eosteorin indlcoted thad thils 3denlised £low would @giaﬁ'ﬁﬁxy ine
gmall venge snd that the m&iﬁq&ﬁaﬁlaf Llow sompidaen a loyer of liquid on
the valle with a eore of aly disporsed with waber dvoplebie

Differonco in cove denegity due Ho Tiauid entmoinmend wag conw
soidered theorebleally by Chisholn buby due 4o look of oxpevlmonbel daba,
theory wae applied with punercus egsonpblens wblch ronderad dbs application
Limitode

The other appronch of Povgelin op Koglerin wos based on Lhe
applicatdon of the usual fedetion oquations and incovporatod seme fick-
sitions non-dinonsional groipte Thin methody howover, mey prove a
gyemiging way for corpelating bhe resulbs 10 allovances were made fow song

factors neglectods




¥he outstanding worlk of Lalvyd, although nob direetly conneebed
wlth two phage é?:it:nw,hﬁsx eophaolaed the dmportance of inborfacial waves on
hydrawlde yeu! aﬁame. .+ Unforfuvately this wvork wiop confined to the

. - L Y
viseous ale flowy and the work required cubenslons to the turbulont rangés
w ) - /

Mg o fundamental brench of btuo I:éii&ﬂ&) flow in is‘%:m%mag,
Jiouidevapour £lov Lo of Inberegt ;:zmm % fzpwum frequently in wa i;cn:r:* tubs
bollers, refrigerators ond refrigerating magshmcm. o a b:t':naﬁ:‘ puimary of

work done in this £icld s includede

dabtomicy =“;13) gavn & paper on the Llow of evaporabing water
through Hubose

WDpnand pnd Trephohe 1{4) made use of formor miwary developed

Wy the f‘.lmt( 5 ) ond plated the offech of sboom prepcures in the wcage of

boilerse Tho p:?@am*a drop was pm@mﬁ% froin

(8B ), + (B0 eosgbameet . [ B> e

vhiore P ip the zsaéi&fﬁss‘* PRREBUR G &n ogroonent within 208 wn quotsd
for oxporinentsl rosullse
Shebuah(57) nade o compyehonsive sbudy of bhe tuo phase £low
in verbical Wwbho bollerge - By amwzrmg g covbaln ghope of o dn
yartidal phean gazmmﬁem whdoh dnvolved bubblos of sheam wlith separating

Toyeurs of wabers Ho dovelopod equatilons of motlon aid of pressuro drop,




o

i 2.

bhe latber dn fwo parlsy one dne to the zotws of glean bubbles and the

obher duo 4o the waber leferss . The net liftlng foree was shoun o bo o

funeblon of the ratid’ betussa the veloolby and the wabor voloelty 4a
the anmidnte

B ﬁy‘(m}, Anvegblgated odiabable Fflow of stean-walcr

mistwres 4o plpsge By adepbing Qﬁj&%ﬁv&famy{& method{13); he showed thatb
Javge devietlons oxlebed bebudon his mm&%& ond the thevrye The dlgorep«
sonciog wawe ablributed o the apsumptlon. of no welative velovily baluaen
gﬁ%ﬁ&mm@;ﬁ;@ e

filne(43) presenbod theoreblenl methods for ealouleting

adiobatit £low of eveporating Jdguids in pipese By adopblng both
sonblmdty and riomethum holewee equatlons ho cbladned an expropslon fop
provewre droppe  Wis fortwls wog adepbed for dhe different flow pablerus
possibles  For puell tuben up 4o 02188 disnotor, theory and oxporimental
vesulis, agreed welly vhile dn 1@:&3@5@% pipes the mearread valuos wwre Lowew
than prodicieds  Yhe interface volesiby pabtio lngreased B0 L2 ab éa:ééain
cubleot conditions feon Whe piphs  He found the well shear foree per unii

ares Go bo o funcblon of Iiquid yoloclly and densibye

Theorotioal anplysis of vepour-uaber 2-phase flov was einlley
e gas-liguld flow oxeepb f@rlﬁh@ foot thot die 4O eontlnuous avapayaﬁimm
the pablo vagzau;*/liqu&d raben of £lov chonged along the pipo and rendoved
the problem nore mmga:&&éaﬁaé. 'ﬁ&'h*h@mmyﬁs work was proved later by

#

Drencld do lagh penorelizabion due to neglach of the effeat of Yaliph
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hobween phogdse
Bushyehl e appreach was interogbing 2ud gawe o clearer physical '
pﬂ.eﬁwc-@ oF *i;sm mw bub pone of the anmumpiions neod nmowe Invesbigablons
Linodngts worlk ves dndicated later to incorpovate an incovrect ‘
foctor which :s:%max'éﬂ hig oquations ynapplieable ot high shean prossuges
The dupoetance of the effect of velecity pable was realised by

many of thepe etbhorss

Mapg teongler 3.11 suppendaed ﬁéﬂim&nﬁ in ohanaols wog investionbed
by ‘*f.ﬁ. Venond(65) ond lober by :&:maﬁl(ai). The experdmental dato were
uged to sindy the offuuts s::;;? the propense of pind in aufsp@m ion on the
ghavacheriabics of the flowe Thoy phowed that the tmé.wzwfg. gonptant
of turbulent eséliange B ap g@v’w by Von Kevmen(d4) deorésscn with the
ducresae of sugpended moderials  Temall oliowed $hat the weble between
monenbum tronsfer sosfiidient sud magr transfor gﬁ&fﬁi@imﬁ g grgoter
than walby bub turied aseording %o the eize of pend useds - Tho woluo ﬁf
e menentinn transfor cosffielont de affvebed by the presence of wond |
anly Shrough the ﬁh&ﬁg% in K ~

Lavegen end Ldn dn o e’iﬁ.mmﬁa&em of Iemi‘.ﬂ g paper am m&t; Dpree
with i,heg enbhor! g congluglong. ii.imy qu:i;zmimhdw |

4 K i5 nob eud eEleiontly defiined o cushle rational

ponvlusions to be drdime

i

8¢ that B is ool o less Hhan unddye
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P

. AM*&MM ‘Zf‘r:%.::ﬂas‘. f%.sa Fsigg e

ﬁﬁ‘%m gdon of ﬁmﬁ,é&, ﬁ.n g8 8 4e i:‘zmﬁamczw tally the seme problem
de Jiquid dn goe and aiy in bhe. mam m, dﬁ,ﬁ@wgm Lo enéeph- for the fact
that solid ;awb}iélw would behave diffovently beoavae of the ohuonse of
surfoee tonsions ' |

Gagborptadt{al) defined 13@*&@51&;3:»@;&3;@9? dn tronsporh of solldp
sugpended 3n alr by o :i’e}:maﬁ& depending on the yablo of the propsurs -drop
- owith the solld mmg,mm%m% o thal with c},&z@ alone ab the amm Voloeitye
Gramp(16) wecoguised the effsh of 3;1:33?‘2}:2&%1@ veloolty on the @as;zm‘b:imm of
motions "f"mii an& Badley gava a dotailed mmwm of the momenbum &r&m«*
. iqgﬁéaﬁ“ h&i@mﬂw m wnwyét r:,xi:@ and the ﬁiﬁlﬁ.ﬂﬁq ?h@y mmmdmé that the
z‘agmik of the yaxvi.-u,»;i,w ez,vpgem'fa “3;::3 be o peries of loaps ﬁu@; 1o aevadynamie
i‘wseﬁ and c;a;awlﬂy @i’ﬂﬁzaw. wading z%ha mim e of mimi Zlow }iimm(aﬁ)
ﬁ&fﬁ'ﬁ@f}ﬁad {-Iw@k:; geparato Q.i.d,sﬁi umwzﬁm Xff Yhe ca{c)ii,ﬁ.c!fs S0 l&.;;hie and
are scted upon by a phesp msm,w g&"ﬂﬂ&@ﬁi}g thepe dg Fibble wnmeé with
the pﬁ.p:z; iiﬁi:il"éz and the bk c:;;f, maberial wopld he @a'm:um% by Ghe cenbral
portion of L&m alr In the plpoe | M‘ tha pmmmws ara eyiwe;z'zeﬂy onadl,
the ve::iamty tmgzm reach aly veloelly and the m:tmwa wi’ll bohove o8 6
true Lluide ‘%mgis and Sﬁhiw(ﬁ%} uged dimenslonlesy pressuve dvops yabie
C{ off Gustens ma{; t0 mv:a'mmra @h«s el a’m@' to diiminete sloe offech
e;%;(.‘ *?:ah.c;a mrmw@ﬁ mci of é}h‘:‘% p‘i.pﬂz:%e :

zmm and }1@1.3 ta&(?ﬁ} ga;mdi ad the b m:apgzsxfiﬁ a,é" sokids 5.@
Wrmml ztslzmm Ei’ih@y ﬁanaidwm &h@ pa*a*aam*ea detp ag tho gom of the
gmsa m-sgs cl*"x:»p e l.e bhe mxwi«:w gaa and "ikhea preseure dvop due 4o the
AolAdse '
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Wovk on Mguidegelddd ma;}zmmim wan usad Go Gent the gf;amemi
devailopments 4o the turbulence hypothesis by different pelenbisine Hxpords
menting with Jauideoodid nixbores 40 wvog found thet turbyplence was
suppreseed due 4o solids exiebing in the Z;iﬁgu,‘ifi fiows shown by desvesse
i voluo of Von Kevmends undversal songtont Ke i_‘;.‘ha dines followed in bhis
gose would be helpinl ko anolyse she-liquid Do

Hith alewgolld suspenplons the correlabions wewoe much the sons
an were used by Myetdnelld and other fuvesbigoborss L.eey prodicbing ﬁﬁr};

pressure drap whthoutt doep wderstanding of the change in the mechanish

It de oot purpeielng b wm nechonles of Huosphase Flay bolog
o complleatod thab noue of the previcus dnvestigatore atbenpbed any
mobhod of ﬁq:;?rg@aﬁim hab ﬁcmm tie wp the fundamental chavachboristige of
tegephage £lote

Thay vere ouly bouched upen by tho dlfforent au:bh@m and &xmlzm@
alone triod pome measuvenenty of the dlstwilubion of phopede

The main type of smaular £low which s congildered most 1likely
in o eowcurrond geewdiquid flow ip bho one dndlenbed by Msganﬁ and Kosbering
vigey o loyer of Miguid on the twbe wall and a core of gos dlepersed wilth
Liqudd droplebge



. e

In the pregent wovk phoge distydbubion and e study of the
Sundamentals of gueh o Dlow sag made 4o get o oleorer widsrstending of the
fogts Thal control, Aty nechawlomy .

Mage Gronefoir in Ilguid-golids flow as has been glveng
would be helpful o claxlfy sone of the aspects davolved in the siudy of

twaephage fldiy
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Lo

- The sppavatus wos deslgned with the Lollouing objecks in
Vi
de To spboblish the difforent poblems of flov and Lo oboeyve hoy
they are develiped and inltdatads

¥

Bo pecord the prosmwe drops along the expewimentel plpoe

o3
- -

Se do dai;mzﬁ,zﬁge the slip bebtween waber and alyry feesy watlo
| hebuden ade and waber velookbics of :%’.;il.m-h

%o To plob the dletribution of the phapede

Gengral, Tayoube

The goneral featupgy of the plplng are shown in FigeRy and
a 1dne dlagran of the syston 3n Figele

Ady was supplied from o b’amw&ag@ slegbricnlly a%r:i_v@f:z‘i
congtaut gpeed aly conprageoy of maximan capaciiy 200 ouefhe/mine froe
adre L byesposy on the dischavge pide was vsed o yemwlate the flow
of air bo the sppavaluse Alr pagsed through e weservoir wiich demped
ody presswre Fluctuations ond pepeisbed any il o wabed Vapoure

A pegulation valve and on opdfice meber were fized in the
edr pipe, alpo & pregsure gouge and & 'isizex*m:}mtfm were uepd to resord
the erifice dovnsbresm pressure and tenperaliurde

The erifice meber wag nede aceording Lo the German Shandayd
(1931) (28)e Thwee ovifice plates, H/16%, 3‘/?‘“ and 5/8% disucbcr were

uped bo cover the twhode range of alr dischorges
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ach mﬁi‘f@g@ wan ealibrated in o wled pipo lino and i;hea
coefPielents of dlscherge appingt Reynolds nanbers ape shoun .‘m PigeGle
g = chooky & phandapd PLWOY tube we zztmd 5o Araverse the

wlwm sevbion of the pipo and the m:l:&' diﬁéhwg{% wan gelouloted by mulbl-

plying ving ayeas ond coryesponding mme;s,bmm The roadinge agrosd welle

The wotiow clroudt conplgled of o vescrvoley o fi‘:::?_.mgumtimg phmp
a.z;d overhead tonke Puwp dlachavge wap regrlehed unblid cn overfloy frof
e overhead tank wag medviaioed. thus enpurdng congband hond.

_ & wonbucd was vsed o dndieate the waver Dlow rabe duving the
Mpw:}.mam. Before doch hesh Uhis r@:;:«mi%:lng g chookeds by welghing the
yaber ob the ond of the experdmental twbo. “11@ vonburd veading wne
indlonted by o cavhon foby whit:wiﬂ@ HANOnEEete

A nounereturg velvey £ i.-w*ad bafore the nixing chowbor aawed
o dsolate the mﬁas* yysben when the prossure roge due 4o shy Ls:zng gsff ‘he
quick clomivg cockse A pepulating *emmes a e water .,!..mcs Erom me !
overhend tank wes used et the mixing polnbe

Habor seporated from the aly wap welghed vhen roquired, and
roturned back to tho wesewvolre  Such a syeben mede’ posgiblo the use of
Tiquide having differoul chavachévistlogs Also, a vory oiopdy liquid
flow wag obtednsds  Howsver, for high £low vobes in the LM diameber
pipo experineots, the hoad wos Lound dnsuificient and the pump wes used
bo guppdy the Jdquid direetly bo the mizing a.aham’i:a;aﬁa-‘ It wap popsible
ehiain feizly constanb dlscherde !3};')‘&1%«3&;?.‘:@53 #}m lyawposs valves  Tho test
pipe wag connoobed by o bber tube to the mixlag chamber end one

adjustable honglog point wes provided ab the other endy so thet the tube




Fig.

7



i

1.9

could be byousht hovdzontal ov m«m alightly for deeiulng afber the

quick ecloging cotks were uged .

;;&;,ﬁmﬁx “%a‘a EXe

J Soveral nkxcing gskxfzaﬁi%ze:s:;*ﬁ; were teded before budlding the
appavakuge  kn gome of Lhem ol Hag #zﬁmi'&%éi Phwouph the plpe and wlor
injected ab different anglep on ibe _ | |

Tt vas found thab for stebility ond repeatability tho most
satiafactory syrengenent was sinilor to Gezley'e(22)s Tt consisted of
on fnney thhe surretmded by an oubsr ond low&mg an anaalar gpoee bolweon.
The waboy passed Sheough the &mﬁu;&m: and ‘the aly enbepod theough the inner
Wbe. Fg- 7 -

5&. rolief valve oy f’;ﬁim%m@ o the mixlng chamber '{;t:: avoid

preseure from building up vhen the opdel dlosing cocks wore voods

& o

Pipes, 1 and ;@’*mm&w diamgber weve uped in tho studye
For the ;ig‘* LeDe pine z?a glase tubo and an old "eupty® stool tubo vere useds

o the A% L.De oduo o povepen tube was used, Lolloved by A" TeDe oteel
fmép Yhe plogs dnd perppor pipes a2llowsd vigael @?&sﬁé@%‘iiﬁ.@z;@ o be
rade and aleo thoy repressnbed the characborisbicn of ﬁ?ﬂt}m}h‘ pipas while
ho shecl $ubop enabled 'bhéz éimcly for raugh plpes 40 bo wndde

The J.%* Lol "Byran® glape pipe consisbed of two postions,
pach 6 £he in longbhs The sections wore carefully oligned with o brase

pressure toppdng Inserh, po theb no sbatruction would take placoe
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at the jonction of the plpe f&i‘w'i&{?ﬁ{jg E‘:lg.ﬂ. Prdos e m)p,i&?.ffb VOPD
folion ot wpeteesn(l), eonlval(R), and dowa. @bzrmmiza),a poinbae  Fho
deenge betwemn () and (3) wae Lo fn bhe cnse of L7 pipes ond 42.85%

Fow Iﬁ"“ glaps and stoud pipose %he mmﬁﬁ‘i} i mmﬁm e

Sor m:amﬁ.m,l. 13%' * o y;?@_m m&a 'i:.?l’. wos Le 0D :i..:mas ’
n " abool " i&. HGG
"N %*‘ povapa ® 8 %% pomm 8
ghock ¥ L T

Ty ﬁ{;%,ﬁﬁaﬁ aonln word uned ab gooh-ondof he Yagb pipe

Trvo aposial
bo trap o ponple of tho oy g é&aﬁ@wﬂ,ma tho maber Dlow aren and honed
Bhe ‘f’;"@mﬁﬂmw ﬂé” adw and watiore  Opuslruotlon detalds avo ghown i
Tigneby O& and HHe

Tha %:@01;53 ware mads 6f brbes and vewo dedlled to apotly the sep
ddeneter pa the lonsp. dlomoter of the ;;:s,ipa i erdar bo cnmwe none
duboryupbed Tlow when the sodks wowe Gpoite ‘

The elesrence boluoen the volve body ::sﬁ 'b%aﬁﬁ ﬁ?«%m::&i* dore was hopd

o mindmun gllowing o wuaaing £ (leps then 0.0NE")e  Aftor machining
thay wore begbed for leakoges and ib wwe found that with puch grald
slosranse ond with o cctbing of ge 9880 and graphite no Loakase book
plane updor presgure up b0 50 i&%:a/mﬁ ¢
The ogeks ware ﬂbﬁ:’iﬁfﬁ dooded ‘apd bobh vero conmssbad 50 o dvem and

teigper oo shown dn Dhge 6, 00 thab bobh cocls woild ho dlosod
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dnpbantly end afmuliancously when the dwigier ls releaseds

’,1,;3 oygrsone the 1:9:3@!}&:1:30 o r::l.a;) sure due O pregsure Emild*up
in the mw:mmm;; plde of the weh., a smotl pérvo plobon cylinder wag
abbaghed to the lnleb valve lovers

The neren c;fmmm:’ aew* Latad of a 3% dlometer gbeol plston
fittod in a bross ¢ylindere -’,i?hen top side of the cylinder could be
ammac;‘t-ed olther Lo abnosphere ow b0 meln elv pipes through two smoll
valvese 8o beforo triggerings the gervo f:y}.mriw e convesbed bo the
wadn alv pipo and then tho brigoey wes beleageds  The seivo mobor would
pull down the lever and as the valve dg shud the resiotange would increase
il 26 the pane ‘b:ima aly praessure being higher wotld mein blgger force
oy sepvoenobore  Lhis avrangement was found effvebive sud provided
fnstontaneous vﬁl‘v’e closuree

Becausn of the blg forgon acbing on bha dnlel valvo, 1% wag
nounbed In a apeelal biockel uhich 83 J.atiad ;ilg::.d ‘M’ixa@‘ agadnet any

Llongitudinal movement hub allowed Wiliing of the pipos

To find the digbuibution (;u; phasges, & speclal sompling tube
vag ngeds  Ib wap made of otainless ol beal tihe hmm ot 20° ond tho end
was bapered to kalfe Q@ga o nininlse :-‘m*i;ea:’xr:mp'h:w}s‘» The dlemctor of the
tuhs wap cheson 4o give ninlunun chgbyuetion and ab -iie sane time avoid
cholzlng due o woter draps ontoring duelng aa‘:;‘lpling. Aftey nagy briois

the hest eepulis wore obbalned by using 2 B mv Ol slainloss pbeol tubd
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Rie

(Q;Q&ﬁ 17.;1“3.-)9 Ao, &b proved suiteble and wlgld enough to stond the
bigh velockbles i;}m%s had to bhe measurads

The tubo constzuciion iv shoun in FigeOand Fige8he  Propsurs
recording polut near bhe Bip of the slalnless giecl tube ws made by
jointing a 1/16% OuDe (16 &) brass plpe and drilling o 1/32% holo through
ond then gealing the brags tube oty Bhe end ag woll ag the hole on its
oubor wadle  The hrass Gtubn, | open end pams:saa through in o /4% 0.Dy
brasg pipo which acbed as & cloged gpace foon which this pressuve WA
happed off for meaguvencibe

The 1/4" 0.0 part pasged theough a glond machined s thab
when acreved in place it wen flush with the pipy cireumference. The
pregsure bhus rvecorded was nsed b0 equalise tho head nesr the Hlp of the
tube wlth the abatie progsiro whon a ssuple was drawm i bhe sewnpling
Tuhoe

The two phase somple was discharged through o praduabed
ppecial seperating chamber(l) where the water content was soporateds and
cowld be measured in o corlain tine intervel.

A shopeouk ot the hobbon was nsed to emply +his chombope The
top rubber sbopper had one vomeobion fo the fuo-wey cook lending to the
dnedined manousbor; o socond o a ghop cock and then the ojechor suetion,
the third wns pomneched Bo the pamjpi@r. The chamber was Tltled at a
level lowor than the pipe, Lo allow a samplo bo £lew moothly vmder graviiy
offect once 16 enberoed the *Lmbaa_ i}m swshaped plece of copper tubing

with o regulabing coek nelnbained the level of waldr conshent whon bhotal

heod meagurenents were mads, Figed and Flges e
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B poepod bo the waber el djector(il) «‘;ﬁgmza yap connenbed &9
an ol sé‘srzzsﬁé%%eﬁw “x%al %ﬁsﬁfs whieh aly wag mmwma ?3-; & {mg m@m
'mmm@ i mczéing Dol QUisihe pOT mml%‘?cm Foe De

Prossuze could ho wdetrded olihior From tho feza;ma‘émw chouhs
o £eom é:m émpymg* pmim on the pailiog m}w Ty tm‘mg Bhe o oy
m@iﬁé@ﬁ«%)- .

 Bu ke giml& wancHeter wse wﬂ.eti buh due bo mmen e Slootuablons

on Snolinad mandiheter wop Senmd gmpeéaﬁﬁmf ond acoupebe ontugh bo reocpd
ihe :f.,l.uﬁ‘?'ia hﬂ:%&iz‘ﬁ( 1N ~iiz§;'%;’és>:£* mangaetor vag uned vhen bhe i@?ﬁ;ﬁ:@zﬂm hend e
wibhin tho vonge of ﬁﬁﬁ ab c:-{:-.‘i;i‘*ﬁ"’e‘sw@:«-ﬁ:« qﬁm&esﬁ ‘mfmm An® « 90%, then &
rarenry uclined mmonoter o 12° wos ‘lﬁﬁ;é‘*d@ 3}"%@,. OHe

e wwﬁm&% sciahand s f@h\mm in E“&gﬁw oovelabed of o migw.sw‘ -
mobot gy uhiih noved Yhe a‘a«:}m&ahﬁs&ﬁ% o whieh tha mww@mapllmg
wulbe uag £ixsd ond wes pildalt hobeen /2% dlomaber podae  Ono o e

Oty e gradunbed G ﬁtﬁ%‘ﬁ-‘* woadingn vhile ﬁiw mm&m hoad o Bho

micronster sovel coupldd 49 o vemnler diwlded to .00
The trovereing mevhonien and w?:m Vigre m:&wmﬁ% on & Wwess pEpo

whdeh had o epéod a:my wade Flad _e;ca 4 mg;«u T 3 o @mm«a w’:swrmﬁg ’é@
be dono ab any angle (ovapy 5° 48 voguived)s Yows angle vefenrod bo
verbloo) teavovscs  Phe seaupling tube hoplaontel vide wy Long m@agh
bo adlow the onbrinda bo go aneide the hont peibion whether ﬁziﬁ@ﬁﬁh o
vough piploge  0a the Bane pipo o quiel cloblug cook wag £ e

| Thie geb-ip e Tiade 40 adloy begling 6F any Tlnd of '32@&3?{, of
the gemg e&ia;am‘%;g;&? without changing the end pipe ov the guislk olepiag

gool poadbinne



A podifiod apparetus feom vhot deslgued by Awvmand(d) wes used
B0 £ind vhe digtribntion of phapes ol high waber and low ale £low zattss
Regults found by dhin method were not included and weps cons

veldeped nob accuyabe cuough 4o repregent o true ssuple fron the ¢oros

~




FROCEDURE



Prelinioory boshs wore wade with alr alone to find the feietion
coefflelont of the pipose By uolng o stendard Pitod fube wede according
$0 Prondbl stendardp, brovoress vore made ab the ond of the tost pipe for
the oo ale flows s usre ueed .'m%‘:v in cana of Swosphope Clow to allow
sonpapieon bebusen velockly profilote

Tho oueves of voloodbty dlateibution dimes node ¢onpayed favours
ably with Nilkuradse's vesalie

L z‘m“ac%mﬁ;&%m and wader punp storsed with vhe ovordlew
of tha top tonls {in the coge of LJL/2" T.De pipe only) so adjusted to
maintain constand levol and the waber Llew through the plpe was contrelled
Ly the valve on the waler linge Ady 3:‘1'%1.53*3.:231‘»3&&!&3133.‘@@ by tho vending of the
opdfico moter, and pressiye und 'S:.@mpémﬁum of the aly ab the c;.&;ﬁii;‘ma.’

Hator yos run ddvestly from bhe pump in the eage of 4% I.D.
plpe end 4n bobh cagea the wabér dlpchavge wos pead by the veniurd mebor.
Befors each Geat bhe ce:s:thm*aetgmhlwﬁﬁdaﬁ veadings wero checked hy wolghe
ving the dischorge in a welghing wachinge
) L hour wee ellowed wibth ald the setlings kept tho pane wntil
fa@m@ econditions vere obloingde

"25:1@ Inalined monchebey wag gobh bo o corioin level and the
voloolty heod tap read wvhon o sbondy veadlng wos atibainods

Tha bwo woy cdcl wae burned Go rocord the balancing ?pmssmm&p
and the cock leading to ojector wap opendde  The amount of guckich
vap chonged by a elomp on the rubber tublog while the botbtom cook on

goperablng chanbor vag kepb cloneds



Blontor suetion wes agdjuetod watdld o prossuve balonge boluwson
gtatic prossure and '%;aig;i of the sampley wag achleveds

Aiw dn the panmple vas regopded by toling the time for Qel cleLbe
B0 pags through the ges nolery and the 'E*'ﬁ%ﬁiﬁ?‘ Fwi;ma'bcaé in the groduated
goporabor v m@am’cm& in 5 winutes dotovrvalie

Thip precedure s eponted for each pogilion of the traverne
which was made du 04" otopo. |

Iawing every complete byaveyos elr pressure and tenperature
ao well an water lemparaiuro tm:*’u weoorded severel bines Lo onpure abeady
condliblonse »

Berdep of congbanb wax%wrwmﬂaﬁla aly wabop wope boken. For
avery aly mta@ 4 wator £lows weve tonteds  Tho veluvs of these rabtes ore

;

given in Toble I, in Appendix Le

Eighough the nothed of sompling wes nob o conplicabed @m:
yob so many adjueitnents bad to be done ab vhe same bime thak 1t wan o
Alfiieult for ono oxperimonter bo keep all the different conbrols such
phat sbeady condibions could be mnintained all the tlue. Thus every

wvaverse (15 rending for :%“ pipes) totk nearly throe houvse

wipddne Technicdude

Sompling vac made b the end of the tesbed plpe and einece

3%

the prossuve dveps for the twe helves of bhe pipe wore aluays the sane
it wep asonmed bhot no acceleration and no fundmmontel change in the

flou pabttorns would btake plocee



¢

oy d

Uhon o twvo semple is vequived from o sbvenn of edv-waler mixe
viure, velociby of saupling should be dqual o ;:‘T;':!.@-:}, yoloulbys I8 the
latier ig grenber Lhan ely, slvoon iines will cwrve awey from the '?}“::ibﬁ |
while the water parbiclosy by thelr high dndrbla will go bhyrough i
tuhe pud thug o bigher concentrotlon Will he recorded than the eebanl ono.
oo opposibe. wold happeott 18 sanpling welocity is higher then flow velocibye

In the ‘congbyuction of the sampling tuhe » veloelly progoure -
head at the tnbe end sught o ho equaliped (by opplying suchion in the
seporating chembor) to stoble pregsuves Although there tug o siight
pragpure. drop bobweon pliot tuhe Bip and the topping point yob it gave
satisfochory ropulbge

The tihe was chockod aggéimﬁ:f a gtondard Pivob tubes ’Sam_p;'_l‘ing
- yoleedty wae calevlated by dividing the aly quanbily possing thyough the
gos moter by the cross seoidon of the sampler (eoxach Inbernal dienober
wae measurgd in the meipology leboratory ond was of an average valne
0,081%),

The average ratlo bobwoon Dluw veloolby azn&égmggl:iﬂg volocity
wio Qe » 1405 which wog congidered a gatlofactory evidetice m the validity
of bho methode T4 1o inbopesbing to nobe thel this mobthed was someuhnd
similay 4o o bechnigue developed ond usad o dohermine the dups vontond
in flve gopen(ld)s . The suthor was nob awpre of this unbil sfbor the
weohulque wag developed and. all the cliff:m{z:l;h:i.aa WO OUONConde

Progsurs meoswrenonts wors mode. ot three polnba on the teud
pipo sestion and esebbling E}@tﬁi&s ware ueed o trap e llgndd freon lodeging

in the Mo



Progsuprey wore neaguved 0w a:mmi‘f wRlor OF mercuny meNoncsorde
teaversen vere wosbly mode in the vertical planss Tut sous wove laken ab
45° and iu the horvilzonbal plonss - . '

Supfaoe Genslon vas roduced, to besb dbe effeot on the distri-
bubion of phosoa, by edding Liesapol