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'summgﬁx-=

The results of an experlmental 1nvest1gat1an of the 1sothermal
'-fiow ef water—alr Mlxtures are dlscussed.

The 1nvestigat1@n was undertaken tc detenmlna the effect of
surface tensimn on the pressure drep of a two phase system,flawmng in
a horxzantal tube._

The nressure drap data are compared Wlth data givenﬁiﬁ the pﬁb— o

1ished literature cn_thg twa pha§e-flqw-affflui@ss '

Restrictions impred;ﬁuriﬂgftha.ihﬂeétigatiéafwere:?:bbthfphases.

: in turbulghﬁ_isbthgﬁmal fl@w, no m&Ss_traﬁSferigr'heaﬁ tra93€??'be£ﬁﬂén_
: phaseé, éu&face tensiéﬁ #alﬁés.beﬁﬁeen 3H'dyﬁes/&mfaﬁé'?hfd§ﬂé3féﬁ,-ahe '
test section af m I clear plastlc Blp& was uSed vaper to.llqnld ratio’
11mited to values between 2 and 16 approximabely {based an aver&ge tempera~
ture and pressure in plpe)

Two concLuSLQns are drawn, vizs. the varlatlon af surface tensmaﬁ.
of the llquld phase had - no effect en tha pressure dr@p w;thln the 11m1ta—
tlans of the . experument, the data ebtaiﬂed 1n thls 1nvest1gat10n are in

'reasonable_agxgeggnt:w;th_ether_publishgdrgorrelatiansa_




e oSt

o E’E;E.ortam g o-Pross ure d-._'z-b?_ in ping systems dmngmﬁﬁph&be ffleﬁ* is f@-f" _'
ih%eiéét iﬁ”féﬁieus 5&anéﬁe$-@£:éh§iﬁéefiné; Petrmlenm engineers have
perhaps been mere Hnﬁerested in the subaeet than aﬁy ether group._ Tf 
._1ntense 1nterest of thls wr@up has beeﬁ due te the nreblem.of handllng
'mixburea of llqulds and wases durlng drllllng and pnmplng eperatlons‘
Alse, englneerS'workxng w1th heat transfer phenomena have devated con—
smderab]e tlme to a study ef thas field of fluzd.dynamics. In recent
years the alrcraft 1ﬂdu5ﬁry‘and mllmtary servlces haﬂe become cspeclally
1nter83ued in. the sdbaect of ﬁwe phasa flcw. Thls 1nterest ia due to
'3ths high altltudes and accampanymng 1aw atmosgherlc pressures Lo whlch
.:mllltary alrcraft are subject, these conditlons x@pose resiralnts on
-'the fuel plplng system'whlch muS T be unaerstoed.

The mllltary servmces Object tc presaurlzed fuel tanks due o tha _ 
."firgihazard-ln case of;fa&l tank»punctures_heﬁeﬁer, ;f the fuel~tanks-are
-1gf§_épgn.tc.ﬁtmdspﬁeric'ﬁressuré,-tﬁe_fﬁslqﬁaﬁp$ﬁénﬁs héﬁing a 1dw.boil;_-
ing'péin$ willzrapidly increa5é éﬁéF%aﬁib 9f:vapér}ggkmiQnid (?71) tﬁéﬁ'
wust be hamiled by the fuel pumps. fﬁé-pregs}m drop in the fvel lines
between *he fuel tanks and the englne dziven.fuel pvmps affects cons1der— _
| ably tha V/L ratio that nust be. handled by the pumps.. Gonsiderable
_attentlan has been glven to a study of the mechanlsms contributlng te

' presuure dran in fuel 11nes when o phase (lnquidugas} £low prevalls._




| ff'Thls th331s‘was originated as a result of a study of seme of the fuei

;:line nressure arop probiems. .

1fFrev1ous'Wark.——u0n31devable wark has been done, bath thecretical and
}::axperimEntal, 1n attempts ta understand the machanlsms cantnﬂnﬁang ta.
';presaure drops 1n two phase ;lgw. kany af the eerrela%ians reaulting
ﬁfram these stuﬂlea have led ta equatlons of such a cempllcatea nature
';as to be' llterally unusable far practical,puryoses. The maat widely
:”accepted correlatlen aﬁ preSent lﬂ that of Lackhart and Martznellll*

ThlB partlcular correlatlan is. rel'tlvely szmple and suihable for design*ﬁ.

purnoses, but is subaeat te two:restrlctive aasumptlons‘- v13, sbatlc
'prassure drqp fer the llQHAd phase must aqual the statma preSSure drop
':for the gas phase regardless ef the flaw paﬁtarn as long as & appreclw

able radlal sﬁatie pressure dlfferance daes not axzst, the volume occupled f‘_ 3

by the. hquid' plis .'the 'velmae sccupied by the gas at anar 1nstant st
';'equal the tctal volume af the plpe. Thase assumpti@ns 1nfer that the

-iflﬁw pattern~does not ehange alon9 the plpe 1ength and thus "slug” flaw,
_' : m Whlch alternate 3lugs af llqm.d and *fas mom ticrrm the ‘tune, is ehm-« '
';nated fron c0n31derat10n. |

- ﬁetw1ﬁhatand1ng the volume of prev1aus“wark en the general pr@blam o
.:-of two phase flsw, ¥ery llttle has been aone ta establlsh,the effect of :
:._surface tenslan af the llquld phaSe on @he preblem at hand A 11terature';
'_isearch? reVeals thaz artlcles by Kasterln and Rﬁbancvlch2 and Tayler3 |

?are the only'two papers puhllshed\en thzs subaect. E@gh;pgper,reggrts-

“ .

*Sﬁ@érs@fipﬁgﬁuﬁbgraﬁréfér*%@fféfé?éﬁﬁeéfliétéﬁfiﬁEtgé-bigiiggraphy;2_




that for & law valus of surface: tenslen Qf the llquid phase ‘the pressure;

'_&rop is tha same as that f@r a hﬁgher valne af surface benslen.

-Obgect cf Preseat Investﬂgakxon.-—Tha dbject of ﬁhls inmasﬁlgatlon'was

+o stndy tha effect af varyzng the surface ten51on ef the llqulﬂ phase'
and to pravmde dddltlﬂﬁal exPerlmental ev1dence te substantldte the

'statements of the above authors or. tc permlt making & neﬁ statement

o regardlng the effect of the- surface tansien.




CHAPTER 11

E Iln' oga.er-‘te dbtatn experiuental eviderice, the ﬁ:'zsop-sga'l was made
to measure pressure drop for a *F'ixed 1engm of test sect.ion {s5e detaﬂs‘:
.'.'mdér Sea‘blcn IIE of thls papar) using a:t.r and. water* as i;he gas ami
1ic;_-mc1 pha.ses > rasmectmrely. _ Each phase was. te be i tu:z'bulent. fle"w a'b
all _tz-.mes.

The expemments were conducted under. canditlcrns af 1gathermal
flcm (the va.matmn :Ln t,emperatura dur:mg a:ay run was a- maxmum of twe
.-degrees ‘“‘ahmﬁhelt), | The liqm_d flcaw rate was’ vam.ed i‘rom 2. 20. gpm ‘&o
16 gpm (arbltram.ly seleci;ed for cemrenwnce) whlla the air flcw rate
' 'was varled i‘rm & mmmum to a maxmm far aach value of J:Lqm.a flfm
' ..rate. . (The mlmmu:n a.nd. maximmn values were not Imc‘wn at the ta.me of
plam:.ng tha exz)emment. Ba,sed o a.n averaga pressm*e and tamperature
in ‘bhe ptl.pe, the air i‘low var:.ed fmm abaut lL ? cfm W P 3L ofm gw:r.ng
value‘s__'- of the _vapor—-l:_l_._qmd r_at._m' I?L_ang_ing-_ fr:mHZ’eo '-16“-a.pprmmate1y-_-_)'

The pressure drop across the test section was measured for sach
of th‘e' m__i-@i é'émbihé.tﬁ;ons" of flew .".j.;s.;bééﬂ i‘or aglven vﬁa:]..'ue-. of s-éiefaee -
':tensn,on for 'bhe Jiqu:l.d. ) ’I‘his series af masurements msing a glvezl mlue
.'of surfa.ce tension was called a “run. ‘I‘he preee&ure was repeated fcsr
‘_.fiv'e diffemnt runs us:mg f:we dlffere:rt values af su.r'face t»ens:z.on of
__the 13.61113:1 phase, vary:.ng frem ?h dyms/cm ta BLL dynes/cm. _ Bata obtamed

_ in th:i.s mannar were examined in t.he hgh’t ai‘ ‘th.e me'bheri prepased by

LN




Lockbart and Martinglli, This method of correlation will be discussed

in a s-ubé_éciuént._j’s-e'c't.ibn of this thesis. -




CHAPTER ¥IT

DESCRIPTEON (F EQUIFUENT

} Bchema’t:z_c 'D‘-'! agram

The aqulpment used 1n thls experament 18 shmwn schamatlcally in
F «ure (12) ‘ﬂfhen operata.ng the flulds flmng are in’ the &l recta.ons
ind;cated hy the arrows.

| .-De?.taile_di_agé-cz?iptié_gs

nTes§ Se§ti¢ﬁ;é+£11~eﬁperimeﬁtsaWere~canémcted:ﬁsihg:&-1;00 inch'ﬁD'clear.'

plastic bipe as the test secti@n, The to$al length was appr0X1maﬁely'30-
. feet and,con81sted of two sectlons approximately 15 feet long Jcined by
:flan?es that were solvent walded %e the plpe. -The_ouﬁer;ends<of,the
vectlon.of plastlc pipe'were fltted WIth salyent welded flanges to match.
a 125# shandard 1" flange, Each end ox the plastlc Sectloﬁ was attached:
to a 11 1ron bipe by means of these flanges.. All flanged connectlons
were. carefully fltted sm that no disturbance af flow pattern could: be .
noted:at:ﬁhe connectmOns. The dlstance between pressure taps was 20 67
feets thls measur@ment determines the length cf the test sectlon. The
lpressure taps were cannected to mercury'manameters wltb tygan tublng in-
"such a manner as to Lndlcate the presaure drop netween‘pressure taps
_and the upstr&am statlc pressure._

Pressure measurement;—ﬁDurlng two phase flew the indicatlens read fram

£

mercury manmmeters vazy‘w1dely and an.sffort must be- made to estlmate




aﬁ é%;fage}readiﬁgg Tha dlfficulty here 13 deubled 1f an attempt is. made
t@ read both 1egs ef bhe manameter. r tbls reaaon, the graphs &hown
'1n Flwures (2) and (3) were. drawn shawxng pressure dlfferentlal and
 stat1c presSBre,frespaatlvelygzasra-functlcn,of-thEJreadlng.gn ﬁne‘left '
'lag of ths manometer. Th@se graphs 1nclude cerractiena for dlfferences{.
"1n elevatlon and the dlfference 1n density of water aﬁd merrury.- The

£

 assumpt1on was made {perhaps aptlmistlcally}ﬁt_“,fall tabulateﬁ valuea

of manameter readlngs have a maxmmﬁm errnr of i:@ 5 1nehes af mercuxy

ﬁ'Méasﬁ?eﬁﬁﬁtiéfﬂﬁibw”Raﬁgs;;%IiQ@id“flﬁﬁﬁ5é{97aﬁd.ai£ flow'rate-wéré:
'm&&sﬁr@dﬁbﬁsfigcﬁéf andzéofﬁér Rotaiétérs;. Behh af these lnstrumﬁnts
© WAre callbrated before beglnning the exPerlmant. The ﬁotam@ter used
.'%a msasnre 11quid flew rates WaY. callbrated by settlng the float at a
glven p051t10n and measuring tha time required to. pass a. glven quantlty
of-water. The rahe ef flcw was then compuxed and bhe proeedure was
_repeaﬁed for ‘& different fleat pasitimn.- The'Calibratimn‘of'the
,Rmtametar used to measure alr flcw rates was mare 1nvalved and a
'debailed dascrlptlon is given in tha ﬁppendlx Cpage 32)._-The-cai1hia~.
~tien eurves for tha adp Rotameter and 11@ﬁid Ratameter reapectzVely

are shswn in Figures 1 and - h.

wlﬁir Sﬁgé_ .-Air was supplled frﬂw a campresser at 90 t@ 128 psig
:pressnra and was thrattled through a pressnre redncing valve befere;

'Hentering the alr Rotameter. ,Varlatlgn of.pgeasure_13,@hexﬁetamstgr3
was ca‘ntrolled "hy'valves.-befafé :'aﬁ:d; -aftetz}-z-ﬁhé fﬁaté;uiéé‘ér{ In order |
.to provmde mare exact centrol cf alr flaw, £ gate valxe and a globe

-valve'were used upsﬁream fram the Rbta&eter. The gata valwe was




' regulated e maintain spproximate desived float position and the globe

vélée_wéS"uSédﬂid bbﬁéin”a'finé“gdﬁﬁétmsht”aﬁf%he'8ésiréd”pesitioh.

Clreulatlon Egylpment.n~Liq31d clrculatlon'was accompllshed by a Goulds

matcrwdrlven cantrlfugal pnmp. Water enters the pump fram the hottma'

of the llaulﬁ tank and after dlscharge Lfﬁm the pump 1t may ‘be allawed

vo: enter tha test sectlon or may be bypaased back into the tank. &ssumlng_.:
the bypaas valVe to be clased, the llqmld dlscharged frqm bhe gump enmers'
_:Lhe test sectlon, ths flcw rate belng contralled by the valves before an@
aftsr the liqnld Rotameter. After passmng thraugh the test sectlen, the
-water returns to. the ll@Uld tank through a- eyclene type separator Conm
aistlng ef a l%“ plpe brazed te provmde tangenxial entny ta an 8" p;pea
"The cytlene separator was used to r@laaae aﬁ 1east a. pertlen ef the air

_'entrained;;n;thecwaterr '

.Eixlng of Fhases.auﬁxperiment shawed that the pemnt at whmch air‘was

:mlxed wlth th@ water had a daflnlté effect en %he fluw pattern develaped.
Tn’ order to reduce the severa vibraﬁlcns frﬁm slugglng flgw, the best
arTangement'was found te be the 1ntrodusﬁion @f alr vertlcally dewnwar&
 into the water,'w1th ns mbstructlons such as valves or elbews between
the peint of introductlon ef air and the test secblon. Thl&‘was
accomplished by a 1" screwed plpe tee. Ths ralatlve locatlon of thls |

polmt is Shawn on.the schamatlc dlagram CFlgure 12)

uantrol of Surface Tanslon.-—surface tensxen of tne‘water‘was cantralled

by—tha addltlon uf a cawmeralally obtalnable wett&ng agant sald vnder

ﬁthe trade nama af “Vlctawet “' This WBttlng agent LS seld by the



”V1cter Chemical Cﬁmpany; Th@ ehemlcal cemp951ti@n was ﬂot avallable.

| blrat experimsnts wzth thzs wetting agent shﬁwed a deerease Ln surface
tensian‘wlth the addltmon af enly"a 3lighb amount wf wettlng agent,
.ﬁfter settlnv nvarnlght, hﬁwaver, the surfaca ten51en returned to its
erlginal valug.; A\plau31ble conclnsmen is that the'wattlng a«ent was
f_reaetlng wlth the iren 1n tha system and that glven sufflelant tlma tha
surfaea taﬂ31en-w9uld on’ each future acca91mn return ta 1ts orlglnal

'-value. ﬁltho h the tlma rquired far cQMpletlng a ran was short

eﬁaugh that there sheuld be ng appreelahle change af surfaee tensien .

-durmng the ﬁast au effart wag made t@ complate a ruﬁ aa rapldly as
p9351b1e and thms mlnlmlze the effect of thls chanbe on the results of

__the expar:mant.




- PERFOBH&NCE OF TESTS

_'._Gbeelﬁi.ng Eqmmt Calibz-atwn.-——ﬁf‘ber callbratmn @i‘ beth R@tametera s

' tests wem run flrst uslng all air and then using ai].l water.. I‘ress‘are
drops uere measared with a micrema,nemeter and the resﬂlts used to cem- _
3 pute 't;he Weisbach ﬁ'ictien factw far the ﬁest seetlen. 'I?he 're'sults |
R are: shmm :’Ln graphical fam m Flgure 5 . Thls flgure alse compares
t.heSe resulta wrbh eaah a'ther anﬁ n:r.th “bhe thecretleal frictmn factor‘ '.

far a “smae‘bh" pipe. ‘I‘he results 1ndiea'be ‘bhat 'bhe aalibrati ens are

substa.nta_al]y eerrect and smtahle i‘er the purpeses of ﬂ.‘lls axparimnt. o

| (The calibra‘bian is actu&lly eloser than might be J.mp}.led by a eursory
glanee at F:Lgm'e 5 aines the :E‘law rate is scmared mhen 80}1!?111311:}3 tha

fncticm faetar, thus magmi‘y:.ng an;y ez*ror in callbratien)

Inﬁrﬂdﬁﬁti-én'_-_.ef’rﬁé‘é:tf}_ i Agent.~=Prior Lo eaeh test the tank was filled

with water (abaub 900 pounds) and 2 sr 3 e of. ’che wett;mg agent added. _
The Pw 1._'-3“-8 epe_rateﬁ fer .a-bout 30 ma.m-:c-i’-.es ---wi’c.h-tha ‘bypass- epen- and -tha

test --ééctién-'elase&; Sinee the bypass empt.ied. mte ‘the tank below the

snrfa.ce of 'bhe wa‘her, thare was ne appertunity '{;a intraduse air and: thua. L

'affeet the valua ef surface tensmm _ Samples ware takem every five
' -minutes ab the same leeatien in the tank and tha surfaee tenslem wa.s
'measured by a Ganca duHuo;sr Tensieme'ber as manufactumd by the Gezatral

Scz.entlfie Cempa.ny Addltlenal amsunts of t.he we‘bting agent were added

until t.he des:r.red valne ef surface tensien was obtamad.




'Measurememts Obta1ned.~«TestS'were begnn 28, semn B the da81red value of

surfaee tensmen was reached Far each value of surface tens1an the teats

'_were eonducted'in_the-same'arder.- That 13, a glven mlnlmnm 11qu1d flow
rate was, malntalned (by regulatlng the thrattilng valves before and
afﬁer the 11qu1d Rotameter) whlle varlous aix rates Were usad. Then a
higher 1¢qu1d rate was u&ed and another ser&es of air rates was used.
Pix dlfferent valwes mf 11qyld fl@w rate were used and 8 max1mum af
séven valuas of &ir. rates were uae&. Where & sualler number of alr
 ratas appears, 1t was due 12 llmitatlans af the alr anpply.

A "-'-jﬁ'ba'-l' _‘?’f. 1511 t &’5‘"’5' 3. i 9?3" m‘ﬁ_e_! -.-ajxclusiv'e ..gf ..._ca._librati_m.i runsand B

rms using mo air.




CHAPTER V-

'DESCREPTION OF FLOJ- PATTERNS CBIATNED =~

ﬁbiesfﬁéréfﬁaée"as*to ppevaiiihg:flswuﬁaxtéfﬁsfféﬁ éﬁch'eéndiﬁian'
of fiaw.' Na amtempt has beex ade t& cerrelate theae flow patberns with
3”f1@w rates, nevermheless a recard of the aatterns mas made. 
| Terns used ts descrlbe flaw patterns ‘are essentially in agreement
wifﬁ establiShad:prapticeg gHawsver,-thg;folldwingfeammenﬁsisgam to bey
:appreprlate.... | . | | . |
The eqnipment used 1n thls experiment ccnld nob be nade ta pr@duce
"stratifLed flcw. Hawever, thls %erm will be used 1n leadlng Lp ta a
deacrlptmen of other Plow patterns.
| Stratlfled flaw usually eX18ts at very low alr rates and very law
_'11Qle rates. In thms flaw battera the air accnples the upper part of
:thp pipe and Waﬁer @ccuples the 1awer part.. &3 the alr flsw rate in-
fcreases, the air velecity inereages and lnterm1ttently 1ifts alugs of
T:wdter fram the lmqﬁld uurface. If these slugs CQVer the entlre Cross
_section off the plpe, the flaw is called\“slug" flﬁw. 'Ifsthg slugs form
.'bnt éa ot cover ‘the’ entlre cross’ sectlan.of the Bipe, the flow is called-':
':"crestlng“ fIow. _
If the air flsw is 1ncreased fUrthar after raachlng cresﬁing flﬂw,
‘a centlnumus flgw of liqmid wlll be seen ta cever the entlre 1nner pipe
fsurface.' Thls has been called “crestlng~semi~annﬁlar“ fl@w. -With--

'further increase of- alr flaw, the crests cease to f@rm but a continunus

-




.fllm of 11qu1d covers the entlre 1nnar_p1pe surface‘ Tﬁis'has baén

called “aemi annular” flﬁw.-
The flaw patterﬁs descr&bed as "slag-semi annmldr” are the same
ag - “crestimg»sem: annnlar“ axcept f@r the characterzstlcs mentlemed
'_above that dmstlngulsh between.slng fl@w and crestlng flaw.
| Altheugh ﬁ@ aﬁtempt was maﬁe ta use the flew patterns in amy
._klnd of cerrelat&an, the type of flow. for sach camblnatlan af flow rates'

_13 1nd3cated 1n Table 2.




| ANATTSTS OF DATA A;\uj._ .ﬁcoﬁcﬁiﬁszozrs}"

:Sample Galcu&atlans.~~The carrelatlon prenesed by Leekhart and. Martlnneli

1nvalvss three defznitions;

where. 315) = ‘pressire drop per unit length during two phase fiow.

B (%?) préssure- cirop per wnit, lengthwhenmly liowid is -_fl'_c;ﬁﬁg,

( %—3;) pressvre dr@p @er 'rmlt 1eng‘oh when only the zas is i’lcrwing.' '
ATl __ _ | |
It should be- noted’ :'tha;t-; }c? iy d’ g _

The Lockhart and %artlnellm correlatlon LS based @n the postulate
and verafled experimentally that»




-New fer the rasults @f the pfesent stusiy the values i‘or (A P)
'asﬁ (AF)L can be read alreetly fmm the data (Ta.bles 2 and l) " ‘E‘he
valwps i‘or (AP}G ocari be read. i‘rom mgura & 3.51‘ the welght rate af aly

'.flerw is comerted to a volme rate of f.LcH based ori the average pressure

and temperature 11',1 ‘bhe test secthz. *"hl nvolves an assmaptlen of

_ llnear pressare vam.atmn m.ish pipe length plus an assmptmn that the
; absolu'he pressw:e wa.s equa.l te atmespherm pressux’e a’i:. the ex:l_t end sf
_the test sectmn. 'i‘hus > ‘bhe average va.lues of th.e abs@ltrte pressure
-babulateci in Table: 2 were obtaiued 'by addlng @ne half ef ﬁhe tsps’trea.m
| S'batz,c pressure *bta t;he aMasphemc pz‘essnre. o

The plan of e@rrelatmn folIWed :m this e;q:erlment was te plet

LHe carrelatlon of lm:khaz'b amd Martinem 'based on their values c;f _
¢L for the case af b@th phases 131 turbulent mef and co*apare thls m_th
| 'the results m“' i:he nresent experment using the ?’fz'ebe,r Hmber as a.

: parame.tar.. h-e T‘.Teber Number :e_s & dimensi@nless tern: 1mrelv1ng t-he m'tio

of 'in_er_i;ia forces to caplllary :t‘orcas and 1s dei‘lned by

" __viher.e- }3"__-;: pme dlameter

dens:x.ty of ‘E-he 1iqu1d

[}

: veloclty of the 1iquid, based oF the ff:l}; crosSs. sectional

&
ﬁ '

area of tha p:l_pe

surfaee tensmn 0,&. the hqu:u:i

o

2o = d:.men51 enal canstant




The Weber Number of t‘le hquld phase ca.n be written f@r a. l" Z{}}

‘pipe as

'_where.' Q

= gp?n -flqw_ix&g
& = dynes/’ cm
V= velec:f.tg ai‘ the llquld phase based 011 only the llqmd flemmg

e plots of¢2 as a -'-fmcfi_éi:.az.fefr x? uppesr in Figwes 7 through

1.

D:i_z‘;s' cﬁs__si_@r# efResul'bs.mAstudy a,f‘ Fz,gm'es ? threngh ll shmvs that 4)2
- is 3nreasanab1eagreement wzth the Lackhart a.nd. Eartlmelll carrelation.
The. '_daz’i‘elatién' '_ GfLeckhaz't and mart’.mell:r. is repor‘bed by 'l:hese authers
te be acéﬁraﬁe iwithiﬁ +hh$€ -51% acs plattad 1n Flgures 7 *t.}:reugh 1.

] .Th:r.s nppnr and 1@wer lz.mt ZLS 1nd3,cated by the dotted I:Lnes abcve and |

below the accpp‘ted carmlata_en curve. Walu&s ef q)L_are- eons:a.sten-t-ly :
hlvher bhan preda.ctecz b;r the L@ckhart and M&rtz_zmah recmmndatlens 3

'but thera :E.S esaentla.lly no change J_n relatlve posa,tlon of the values'

of 0 ‘ag the suri‘ace tens::.on was varled fram 3L dynes/em to ?h dynes/ma.}_ '

- Onie conclus:.en obnously 1.6 that vary:.ng ":,he surfacs tensien of
_'tha 1:1.qu:|.d phase m.tba.n the aoni’ines ef ’chms exper'ment had e effeet
en pressura drop._ .é.n@ther conelusmn is t.ha:b the correlatlen r:;i' Lcskharb :

.'and Ma.rtz_ne]_l:l. i‘or thls set of dat.a ig lndepemdent of nhe surface tens:.on'”"

oi‘ the hqmd phase.




The effeet sf snrface tem31ea in the devalepmeﬁt sf the Loskhart
'T;and Martinelli Cerrelatienl is emplrieally in@lied. The preaant inves—
]tlgatlan pr@vides exPerimental eVIdence of : tha effect ef surfaee tenalan'

on the Leckhart and Hartinelll cerrelatlen fer the case ef is@thermal

'flaw mhere there 13 ne nass transfer or heat transfer betneen phases.




CHAPTER VII

SUGGESTIONS (R FUIVRE WORK

Th::.s expemment was cne af an axplecratory na’c.ure and was s@;:act- .
to very'llmlted conﬁltlans. Saae af the llmitlng cendltlans could be
.; enmana,t_ad agt | :
1;_3Bath phases in turbulent flewﬁ_:

2. 'Dnly*twe flu1ds were censldered

3. ."F:Lcw was isothemal |

'Q;I'Ne mass transfer or heat transfer between phasea;_

5 _Snrface tens;en ef tha liquyd‘was sub;ect to a mﬁleum
varlatwen of abmut 2 to l (3h dynes/cm te 7 dynes/cm)
&aly one test sectlon'was con31dered.-

'__Raﬂges af flﬁw rates for beth phases were 1lm1ted hy
equipment characterlstlcs.

:MGre experlments shauld be c@nducted to determlna $he infliuence

~oef the surface tenslan on the prassure ;rop under a. wide ranga of eendl;-jl-

tians; Further;TMﬁre'experimant&l_e?iﬁenee*under a:Wﬁ&e*range:of'aen- |

'dltions is needed to- astabllsh the effect ef varlahle %éber Number BK

the L@ckhart and hartlnalll ccrrel&tloﬂ.




APPENDIX




ROTAMETER POSITION

Calibration of Liquid Rotameter,

Figure 1.
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20

15

PRESSURE DROP (INCHES OF MERCURY}

20 24 28 R 36 40 42 a5
READING ON LEFT LEG OF MANOMETER (M)

Presgure Drop Across Test Section as a Function of Mercury
Position on Left Leg of Manometer,

Figure 2.
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STATIC PRESSURE (INCHES OF MERCURY)

/ Ppip. = P = (193 Mg - 42.21)

28 32 36 40
READING ON LEFT LEG OF MANOMETER (Mg )

Figure 3. Static Pressure at Entrance to Test Section as a Punction of
Mercury Position on Left Leg of Manometer.
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ROTAMETER FLOAT POSITION

1 2 3 4 5 6 7
25
003000 ' /
READ LEFT SCALE /
002800 AND BOTTOM SCALE )

.w ‘]0

"

Figure 4. Air Rotameter Calibraticn,
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Figure 5., Comparison of Theoretical Friction Factors and Exper:.mental Prietion
: Pactors for the Test Section,
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Figure 6.

10 20 30 4 . 30
AlR FLOW RATE cfm (BASED ON AVERAGE P&T IN PIPE)

Pressure Drop in Test Section as a Function of Air Flow Rate.
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Figure 7. Correlation of Data Taken in Run Na, 1.
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Figure 10. Correlation of Data Taken in Run No. 4,
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c;gmeRM__roH OF THE AIR -Rém;mzﬁ

The. Rotameter used'fcr ﬁeésuring-air ﬁ&é SQﬁipped with"a tube
callbrated 'bo read . gal] ons per- mimzte at the: speeiflc grava.t;y l. 0 com—
pared to water at 60° F. ;Calibrataan=r¢r'alr-sgrvlce_was.as followms,

“assuming air o follon the perfect gas relation

Frqgﬂthelihebry of thé"Rotamgﬁér,”it:déh-bélsheﬁﬁ ﬁﬁét'the:ﬁeight'

- rate of flow o_f alr is given bys:

P
' W#-% 3 (Q)
: g

Where'w 1b/éec of air flauing
_H : apnarent m@lecular welbh% ef air
Q. rate af flow at referencs conditlens
Subseript 8. 1ndicates "standard conditlons“ er reference.
stata,

_Galiﬁrétion'was accamplished;bygéttaéhihg_aiﬁéiiéﬁs;fype.volﬁme
g.és 13_18"581‘- on the d}.scharge side of the Roﬁ'@fﬁe‘.ﬁer.;:: The gas -Jaetef.re_ads !
-velume actually passing ‘through at the eondi ﬁzans 1ﬁ31de the meter.

A prassure of 0 pSlv Was, malntalnad 1nside the gas meter and a
pressure of 10,9 p31g was malntalned 1n51de thﬂ Rstameter.' B&ramgter

reading Wa3=1k;20 psiaﬁ, Temperatﬁre af the alr was ?8’ F.




Data were recorded g follows:

| Time (win). for 10 P  Average Cfm ﬂverage Cfa
Rotameter through gas. meter K - &t gas metler  threugh
‘Pesition . BRun #1.- . Run #2 ' ﬁ;_@&éi‘hi@nﬁl | _Rn'ba.me‘b_ef"-

1 L6 LR B3 3.8

o2 os  msk 68
o.62 0.0 M0 9
ok ods o0 1243
036 036 e 1870
030 030 333 se
" 0.26 o 026 35 A
R wOB L s

Plvl 2?2 W}lel‘e Tl = Tge

*‘a:sbﬁamed by applzﬂng
T 1

"Subscmpt 1 :Lndlcates Rotameter condit:z.ems ar;d Subscmpt 2 indicates gas

meter cend:z,tmns 2

’suhstitutimg'ﬁha-canditi§n$ @f the-reféfeécéjStg%e:inﬁa'Eqﬁatien (1)
givest | | |
'.Where'--;P absalute prassure in. Rotameter (psu.a)
_T_g absolute tanperature :m Rotmneter ( °R)-

D= va,lus as tabalated :Ln cahbmt&on ta‘ble ghove.,




3k

Figure {4) is a plot of t%_;_z‘.s"rel_.}:fiti‘gn._psed__ to obtain the mass flow
.i’atg of air through the Retameter "_v'v}ié_n Ro’tame':ter_readi_ng-,.._pm-53wa,' and

temperature are known,



Table 1. Pressure Drop (in hg) for Various Values
of Surface Tension When Only Liquid is Flowing

| Iiquid Rate Run '.#1_' o Rm 2 Runf%B . 'Rm‘--;#h-- | hun £5
gpa & = Th &=66 =23 =13 &=52
' - : ' g - - dynes/fen:

a2 o a2 a0

A o o
b6 .70 - . .72
1.0 1 -1.68".-_?; L N Labdy
2.3 2.6h . 2_.;h<_3
93360336 338




" Table 2.

Rum #1 ' ) .
Surface Tengion = 7h dynes/cm

At Tempsrature = 88°

Hater, TemperatuEE- 8h° T.

'-Bamwmr ihEOpﬁa

Expsrimental'ﬁata

Air Rate

15/5@0”'

Iiquid Rate
gon |

: '“H

©
RN

01255
0188
0253
L0319
W38
SOl

_.12.
u23 ’

355
t 81 Z"

Bt b el DN

»E e B

«00660.
L0125
L0188
#0253
0319
+0382
\'0 Ol«l}-;l

12m
W22

35

w5k

W72

1,02,

| BGT. I N )

O Co D0 O N0 D M R -1
R0 BT W0 Ol G e o nn

inZSS
0257

Kty

JOLkLS

~0L0
. #10
a8

W25

i3
cSh—

(continued}
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Table 2. Exp_erimeﬂté.l Data {(continued)

. Average
© Alr Rate Liguwid Rate AY - Pressure aF; -, o T SR _
lb/sec o | y | psia : _ T Flow Typ_e*' .

_-»Q%Q2 ' 9((’&__ - Ry _ .1_5-&'&3
L0207 _ S 14430 18,30
+0330 . ' 19.10. -20,1&'
L0278 : : L7265

+00630

00738
L0140h

- #0211

0235

.00660. _

. »0_1&.3;_3-

oo oo H ks e e

_ "Ruﬂ #2 ' S '
Burface. Tensz.on = 66 c}.ynes/cm .
Ay Temperature = Bh F.
- Yater Tempersture = 887 F
..Barometer 11;.30 psw, o
2 20 BT _ a D43 25.6
2.0 ¥ A2 1647
L o 1h.86 W38 1008 .
5y 36 BT 245

E (cqntiﬁuéd-}
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| Table 2. Experimental Data (continusd)

S o _ _ "Aﬁeragé : o
Air Rate Iiquid Rate 4P Presswe -ékPG'
Ib/sesc - gpm - o psma S

ol

20391

- UE6E0
L0129l
SOI9LO.
0261
’.0329-

.Oh5§ :
- _.oc%ao- '

_.'lE;ZSI
16416
T
- 1kiB9.
15,16

15§65 o
15.9?

I

e W W

-, W

Bhwoorfoowokwelso | 2

Dl
8 Bt
i Ry

.FV :

-“i.’.ol;o " |
030
30
o
o086
S 3 6. . _ﬁ.Q33 --
.06k S 1688 .03l

Ld

uio\
™) L] »
\Qm AHERE |
R0 O O b b 5 O R 10 b A N O 1 e e o

(contlnued}




Téble~2.-Emperimenﬁal'ﬁata {continuad)

- - o Average
~ Air Rate Liguwid Rate Ar Pressure é&P o
/e gm "y psia g g

S0Th5 I 173 19,60 o196
L00765 ' 1148 7.4 290,0
| L0870 | | S0 17.22 355,00
Aextie] S -=16;9 : 19,50 S073 - 232.0
. . -Run #3 . . : . i
Surface Ten51on = 3k &ynes/cm
Air Temperature e 84°
Water Temperatiwre = 88 F.
'Barometar = 1&.30 psma

.% “Q?'~ '.%I
2 o AR
) OSI . . '_ u23
.4’2 . . . T .;36.
Qﬁ'ﬁﬁf,
) :-18;: o
Tk
o t?h'
cwal
i
'-%1

L
:Q

o %o ol o

B R

0L £ OV 001 OV O
WRCRRYSECATIUN IRV CEWFEFE

(centlnuad)




Table 2., Experimental Data (continued)

- . Average
Iiquid Rate A - Pressure - ékfh 2
gpm - S psia “H . @G _

S
RS

N, - Flow Lype"

<]

- Tk

- 6.52 o kel 191 Nslite 116.0
o 6.5 . 15,72 W10 6540
1663 a8 ~ h3.8
_17.39 .28 bouk
_ '18&§8-' _ £2 - 'ﬁB!& '
S 15372 633 179.0.
15072 a0Lo 162,5
17,12 LO%h T 113.7
18,40 W17 8LlO
19401 o .21 7ha2:
19,73 - .26 1.5
1653 G033, 31850 .
-16 88 . LWOWOT 2870
: .553 ' ”.@91;, '.156.0 _
.-Qii_ 3&5.0:-
o7 228.0
CL085 . 209,0.
A1 ;18@ Q

-:h9;OG'

gﬁ@m.
.« & @

O TNR B e B

*

245

N R

-

i
3
X

)

.

_Emﬂ?rm@

v

UL W Aobed AR T D
L ]

Tk
7.0
349

5
1.6
3.6 :
6.0,
Yo
8 5

6.9
5 5
T2uT

N

60, u;

180 L
101;8‘ 295.0 _
96,1 R
L7.3

-39 h__

30.5

3

W

# e ¥

*
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. (continuad)’
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Teble 2. Experimental Data (continued)

Bun. #L :
Surface Tension = L3 dynes/m
Air Temperatire = 78° P,
Water Temperature = 80° F,
Barometer = 1k.30 psia-

Average _
Pressure 4%
psia _ “Hg_.

>
v

._;3

Air Rate- Liquid Rate
b/sec apn:

'1:}.4_-'30 ' . _!'Gll-o
1h.30 - s
;ﬁ;éh QZE
196 35
15,82 .75
165,16 - 1.08
LIS T .00
1L.69 PRRR
- 35.21 20
16,16 LB
16.38 L0
3lh.96 ' 035
15,70 096
lé;hg” .}1?'
17.49 27
18,18 Csh2
18,82 . LEL
119,02 T2

4@0668 2‘20_
L0127 -
»01L90kL

L0256

0323

0387

OLhT

« 00688

20127

0190k

20256

.0323.

0387

WJOBhY
L0568

L0127

01904

.0338

OL20

0158
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Table 2. ZIxperimental Data (continued)

e Average
Air Rate - Iiquid Rabe AP Pressure : ALPG
1b/sec cgpm - MHy psia-: | "H

e

<0272 ' ' 16.5 : 19.35’ - #25
Rerall8 | | .2 - i8do a8
OIh3 S 108 16088 - 10
+00750 S _ CTeld 15,97 . D1
00608, B : CBLT 1560
0231 _ ' ' 19.3 20,30
#023k o 188 19,88
o $0143 ' ' . 13 8 . 1855 .
00750 ' L 9.6 16,88
0681 g, IS B ¥ v
0150 S L 206 20,69
. -.Ol_l_;ﬁ_ . : - 1745 0 19,60
- 0109 _ . 15l '18.?71
200770 13,8 17466
L L0675 - - 1058 17432
DR R 45 B _
Surface Tenﬂlon - 52 dymes/bm
Air Tewperature « -83° T,
ﬁhter"Temperature = 82% F,
Barometeor w 14.30 psia

7 B e DR VIV e SN v 1
2,20 LT 30 - a1

-8 %

el
o

Y

e
"
R 1 b odi i ¢ .
NEEFERE e |
D OO O O coly
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Table 2§4;EX?erimental'ﬁata'(conkinﬁﬁd)

o : Average
Air Rate quma Rate . AP Pressure APG
‘1b/ses gpm ny vgia ",

-

g

1ﬂ¢82. - «21
15"hl W53
15485 W7
16,22 1.08
10,30 o
1k.,69. A1
15536 .20
15460 337
36507 U Lhy
15,&5". e
-zs,ao. C 058
18 18: S diz
. '3‘3 - . !59 .
15;3?= .030”
17437 10
19451 JS
20,25 -35

[0189
428N
038l
a0k
:.00653”
0189“
#0258k
w0320
<0384
. iQh.h,j :
'-a0125 o
L0189
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033k
f%%’
SOE06
00758 -
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- W03k2
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Table 2. Experimental Data (conbinued)

o o - Average
Alr Rate liguid Rate S P Precewme A P(} CRRE
1b/sec gpm. ' MHy,  opsias “I—Ig QD-G '

o

L0239 13.18 - 19.7 2044k a9 1103.,7
0218k 18.8 20,02 16 117.4
O3 - - 13 Ao 093 1540
01073 o 118 17471 062 1920
- 00758 -  9ah 16,73 W00 - 245.0
L0612 _ o 9.0 1668 036 300.0-
L01900 1 TORGL T T R0%E T s 1~ R S o I
LLLss ‘ 176 19455 086 205.0
IO : ey 18,70 058 - 2W7.0
00768 - - 12,0 0 17,69 .35 3h3.0
00662 10:5 0 AT.AT. .. 2030 350.0

> ..»

S

e

v el e w .
YO R Ol © O o
WY S (I T s oS

*Flaw Type Code. 'l."Crestlng .
Q‘g'Gresting-semx anaular
3, Semiammuler
.. Slug-semi antular
5.='Grest1ng~slug
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