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1=}

= Wg/ﬁDiug superficial gas Reynclds number

Ré] = 4Wl/ﬂDiul

s = dummy variable in entrainment correlation

superficial liqﬁid Reynolds number

T = temperature (F)

ATf = (Tg - Tiw) = tempgrature drop across the liquid film (F)

-V = mean velocity (ft/sec) |

Vw = wave velqcity (ft/sec)

W= mass f1ow réte (lbm/hr)

Xy Xy = pormalization constants used in Chebyshev folynomial
curve fit

§ = film thickness (in)

Gm = mean film thickness (in)

amd = modal film thickness (in)

GS = continuous liquid sublayer thickness (in)

Gz = film thickness given by Zivi's correlation (in)
&' o= film disturbance layer (iﬁ)v" .
e'= wg/wt = dynémic quality

u = dynamic viscosity (lbm/ft—sec)

p = density (lbm/ftg)‘_ :

X = wg/(Wg + we) = entrginmént quality

cu = copper

cw = cooling water

e = entrained liquid
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I. INTRODUCTION

At the present fime thé ihteraction.of'a slow moving liquid
and a high speed gas and the resdlting interfacial wave character—v
istics are not well understood. The generatiqn of these interfacial
waves occurs in external flows such as air movement across a body
of water aud in internai gas-liquid flows such as those found in
‘tube condenseré, tube evaporators, and oil-natural gas pipelines.
These internai flows have been categorized into numerous flew
regimes and a listing of these regimes is given by Bell,’Taberek,
and Fenoglio (1).

0f special interest in this study is the annular mist flow
regime which occurs in the condensation of steam in a small vertical
tube. Annular mist flow may be defined as the qoncurrent flow of
a gas and a liquid in a circular duct with part of the liquid
fiowing in én annulus adjacent to the duct Qall while the remainder
flows entrained in the gaseous core. The present available methods
for predicting the mass, moﬁentum, and energy transfer for this
two-phase flow ptoblem are often inadequate. They usually rely
on either a model requiring several simplifying assumptions, which
are sometimes invaiid, or a rough empirical correlation with limited
| applicability. The information'currently available on the properties
of the vapor-liquid interface and their effect on masé, momentum,
and.energy transfer is rather incomplete. A more thorough uﬁder—'

standihg of this problem could be devived from kndWlédge of the



» behavior of:thé liquid film and the surfacé~wa§es wﬁich‘usﬁally
occur in this typé of f1ow.v Mofe spegifically,informationvabout
the interfacial wave height; frequéncy, spacing, veldcity,‘and >
the relations betWeen’fheSejquantitie5>and the dynamic fiow}paréi
meteré.such‘as'iiquid énd‘vapof Reynolds numbers é&nd the heat
transferléoefficients would be hélpful.

The‘purposeydf this investigation is to thainbthis'inforf

mation.



llteréture on’the,gu
i':"-v’»:,atudy McWaﬂus (2
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Pletcher and MeManus »6) hav '1nvebt1gated heat tran fer 1n

= horlzontdl alrw ff'lﬂs:e S ‘They fou d'the 1oca1 heat transfer

’e;ffcoefficient:to'céffelatei ‘th the gasVReynolds numbéf For glven

.nulquld flow rates.; Thls coefflclent was calculated trom the te

"[;gsectlon, QualltatLvelysthe_heat"tran fer coeff1c1ent appeared to f ?;

| In this type of flow £ilm behavior

henomena. Furthermoce




'ahd'gas veldcities and\flcw:fétés présehts”considérable difficulty;
Nevartheiess,'several aﬁélytiCal and éxperimeﬁtél studies have
been conducted on the preééure dfop.and ﬁeat'trénsfer in condensing.
flows. ‘For a éondéhsing,vgpor Soliman, Schuster, and Berenson (7)
have developed an analytiéal‘meénsVof'predicting'the heat transfer
by inclu&ing mass;.momentum, aﬁd‘grévity éffécté. These terms
were used to obtain an overall ffiétién'fagtor'whiéh;'with the
Prandtl ﬁumber, was used:to correlate the heat transfer coefficient.
In their analysis the assumptiénszefe'madé of a‘smootﬁfvépor;v
liquid interface and no liquid entrainment. Both effects were |
absorbed by the Lockhart—ﬁértinellivpreésufe‘parémeter employed.‘:
'The Lockhart—Martineili correlation for prediction of pressure-
dfop generéllj gives thé bést results of Fhe most widely ﬁsed‘
- pressure drop correlatibné_as'diSCQéséd ﬁy Dukler and Wicks (8). -
' ﬁevérfheless, tﬁis{correlation AftenvprEdicté pfessure’drbp with
an error as“much asione huﬁdre&=percent.g-Thus the use éflfhis |
parameter which igﬁbieé the,detéils of?the flow pattern leaves
much'to‘be Aésiréd in thévéqcurate pfediétion df tﬁe heat transfer
coefficient. |

Goodykosntz and Dorsch (9) have taken exteﬁsive‘data coVering
a Wide range of hegt»ﬁransfer coéfficiéntsbfo: high yelocity con-
densation of steam and Freon in Ve;ﬁiééivtﬁbes. -A general gorre-:‘
'_latidn of the heat transfer.éoéf icient and a gaS'méss fiqw:

parameter, B(Wt/At)z, was obtained.  This correlation was independent



fof the pipe dlameter. tThe'heat transfertcoefficient was shown to - - . -

P _1nrrease as th1s parameter rncreased . Inﬁaddition;fthé nressure, R

1drop rorlelated 1n terms of common plpe frlctlon parameters that

'ﬁ'1ncluded the flow rate, total conden51no length and spec1f1c

'1’volume of the vapor at the 1nlet. Nelther of these correlatlons

’zhclncluded £11m characterlstics. ~~'Th

» Robson and H1ld1ng (10) made f»'m measurements for steam ;i

'"[7>c0nden31ng“1n~arhorlzontalrtube., Wave frequency and velocity

“measurements were taken at varlous tlrcumferential p051t10ns at

- two dlfferent locatlons. Gas and l1qu1d Elow rates at theoe two'

”ﬁ;locatlons were determlned from an energy balance. No 51mu1taneOUs it

~]vmeasurements were made to determlne the local heat transfer ;'ff;f'

'*}*coefficients; _ﬁ={f;

For the present 1nvest1gat10n several technlques for neasurlng;-w*

7?11qu1d f11m propertles were‘cons1dered These methods are dlS.

cussed by Colller and Hew1tt (11) and by Bergles (12) Finally

'l,selected was the needle contact method where Lhe d1fference betweeni:-' -

:u'the electrlcal conduct1v1ty of the gas and of the l1qu1d 3s used

' t_;to detect the contact of the liquld f11m or of a wave w1th the

“ftdn of'the needle-probe.«'lts advantages are that wave amplitude S

l‘_can be determlned falrly accurately, the probes can be easily




‘«fﬂfwave form.-

"‘g;fprobes,rone may obtaln two dlffere_

'?;'Hmerely aﬁ]on—bff=sw’ h, it gives no direct'information as to the =

Hlldlng and Robson (10) used two such probes p051t10ned one f;?r5;“i
,,ihalf 1nch apert to determlne wave veloc1ty., Chlen and Ibele (13):‘;i1
w:also used contaet probes for a study of fllmtthlcknesses and

- pressure drops An an alr—water mlxture. As Chlen and Ibele sug-'—[‘.~'

1: geefed the experlmental determlnatlon of the tnlckness of a wavy*Qlffl'“”:v

F”'fllm 1s somewhat a matter of deflnltlon.‘ Us:Lna needle contact ’_':

_but related measurements of -

“Ir’-fllm thlckness.; One, the modal fllm thlckness, is defrned as- thedff“=7'

uadlstance between the probe t1p and the tube wall where th-_frequency9*
”'“of wave: tontact w1th the probe 1s a max1mum.u The second chehmean
pl,flln thlckness, 1s the d1stance between the probe t1p and the tube

ufrwall where the probe 1s 1n contact w1th gas and 11quld for an equa1‘~;?

ifbfamount of tlme;d Unfortunately, 1t 1s dlfflcult to ascertaln whlch
'g;'of these two methods glves the best flgure to use in an enalysis

“iln whlch mean llQuld and gas veloc1t1es are to be determlned,,a--fﬁfv*

357:Q;;Nevertheless, Chlen and Ibele (13) have reported the two measure—'7jr

”";}ments to be Jn close agreement for a superf1c1a1 liquld Reynolds

:Tﬁfffv lu°.me an . thncknessvls larger than modal and For Rel below, the.

:"fntmber, Rél, of &000 For an alr—water flow.i For Rel above thls

 reverse .i.s trae,



III. DESCRIPTION OF EQUIPMENT

A schemgﬁic diagram of tﬁe test facility used‘in this study is
given in Figure 1, The‘faéility consists‘primarily of the steam and
the coolﬁng wafer systems, the céndenser, the test seétion;.and the
associated instrumentation.

The operation of this facility is aescribed és follows. Steam
from the huilding supply at 75.psig‘flows through a two-inch supply
line to thg-plenum chamber,.which is a cylindrical‘tank‘twelve inches
in diameter and thirty inChes.lqng. installed in this supply.line
are a.valve tovpontfél plenum chamber pressure, a quick-acting ball
valve for emergency shut&own; and a steam strainer.. The'steam then.
flows through the condenser and test section. The steam and_cbndensate
mixture leaving the test section is totallj condensed ahd subcooled'
in the coil of three-quarter-inch copper tubing, thirty feet.iong,
placed in the water bath. Subcooling‘the éondensaté reduces evapora-
fion losses ét the weigh tank, whicﬁ is used to determine the steam
fiow rate. The cooling water system includes a surgé'tank which con-
tains an air cushion té dampeﬁ pressure fluctuations. ‘The water;
which enters this tank firét, exits to the condenser through piping
which permits either parallel flow or counterflow. Tﬁe fidw rate of
'the cooling water is also determined by a weigh tank. |

‘Figure 2 giveé the details of the condeﬁser and test section,
showing locations for the pressure taps, wall ﬁhermocdﬂplgs, Qoolingv

water 'thermocouples, and the needle probes. A two-inch by three-

8
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quarter-inch reduéing'nozzle, which is nine inches long, provides’a
smooth entrance of fhe'steam'into the condenser. The end of the
nozzle which is in the plenum éhamber is recessed three and Qne-half
inches, as shown in Figure 2, to minimize the amount of condensate
entering ﬁhe condenser.

Thevcondenser and test section consist primarily of two
concentriec copper pipes. Cénceﬁtricity in the condenser is main-
tained by spacer rings as‘shown‘in the figure. During construction
the pipes were cleaned to insure urniform surface conditions. The
outsides were sandblasted and thé inside of the small tube;waé'
cleaned with a rotating steel brush. The resulting surfaée was
smooth to the touch. An expansion bellows allows relative movement
between the two pipes. Thebtest'section is fastened to the con-
denser with steel flanges fabricated éo that water and stéam flow
continuously through the annulué and small pipe respectively. .Care
was taken to see that the inside pipeé'of the two sections were
flush when joined together, minimizing film disturbances caused by
the joint.' The test section was designed so that it could be easily
disassembled for futﬁre modifications. |

Details of the installation of tﬁe pfessure'taps, wall thermo-
couples, and cooling water thermocouplés are shown invFigure 3. The
loop in the stainlessbéteel‘pressure tap tubing accommodates radialv
thermal expansion of the tubing itself and relativevgxial thermal

expansion of the two copper pipes. Lines of one-quarter-inch copper
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refrigeration tubing connect the éealing glands for the pressure taps
to the sixteen‘mercury manometers used to determine the steam'pres~
sures. The mancmeters were connected so that each one measured the
preséure difference between two successive points. A Heise bourdon
tube gage (range 0-250 psig; least count 0.5 psi) was connected fo
the plenﬁm chamber and an identical gage connected to the loweét tap
on the test section to give a reference for the>manometers. The
pressure liges were arranged so that air could be bled froﬁ them.

The outside wall temperatures albngbthe smaller pipe were
measured by copper—-constantan thermo¢ouples, the copper conductor
being the copper pipe itself. For the installation of one of-these
thermocouples (see Figure 3) a 0.025 inch diameter hole was drille&
tangent to the tube radius through the one-eighth-inch pipe wall.
The 30 AWG ;onstantan wire insulated with Kapton was insertéd and
the exposed tip soldered flush with the outside wall. This instal-
lation minimized heat conduction along thé wire away ffom thé
thermocouple junction. Kapton insulation was chosen for its eﬁcel—
lent abrasicn and moisture resistance properties an& for ité high
temperature rating.

A detail of the cooling water thermocouplé installation is
also given in,Figure 3. These thefmocoupleS'are copper—constantan
with an exéose& junction. The leédé‘are sheathed in a one—siﬁteenthr
inch stainless steel tube, six inches long, and connected to a plug.

terminal. Twc, twenty-four-point recovding potentiometers. were



’ .

connected to thebtwenty—niné cooling ﬁater thermocouplés, and to a
thermocouple located in thé»plenum chambér; An ice bath was used
as a reference temperéturéf‘ Before usé these instfuments were
calibrated using a standard voltage soﬁrce. In addition, the wall
and codling water thermocouples were checkéd at three different
tamperatﬁres for accuracy. .The teﬁperatures used for this calibra-
tion check were that of cold water at 60 F, room temperature, and
saturated steam near 60 psia. The instrumentation discﬁssed here
provided'arfpll.knowledge of.conditiéns in the test section.

For measuring film propéfties’two needle contact probes
vmpunted in machine screws were fastened one half inch apart on a
movable rectangular piston és shown in‘Figure 4. This pistoﬁ'was
placed in a Plexiglas (methyl méfhacfylate).mount‘which was seéurgd
to the test section. This mount also held in piace the micrometer
(range OFI inchg léast count 0.0001 inch) which wasbﬁsed for deter-

mining. the probe . position. Compression springs, though not shown

S.

the figuré; were placed in front of the piston to hold it firmly

)

gainst the micrometervshaftf Aiso not shown are four teflon plugs
"which were embedded in_oné side.of,the'pistdn to ;educe‘thé clearance
betﬁeen the piston and the rigid Plexiglas mount. vThis'avOided any -
eﬁcess motion of the piston as it:was moved backaégd forth by the
micrometer. -The'mounf was désigned so that the’eléstic defleétionvof:
the ?lexiglas‘caused by thruét'forces bf'thg microﬁeter shaft actiﬁg:‘
‘ against thé s?ring forces did not cause significant error in the

~determination of the probe position.
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Detailé of the needle-probes,béeals,-and entry pbrtg intb the
small ?ipe are shown iﬁ Figure 5. Theiprobés wefevmade from thirty
: AWG.insulated iron wire sheathed‘ih.six—inch long, 0.0425;inchv0.b.
by 0.027-inch I.D., stainless steel tubes. Each end of the‘probe
was sealed with epoxy. The wire at the éoﬁtacf end protfudea
approximately one sixty-fourth of an inch from the epoxy and was
sharpened to a point. (Most of thé data were taken with this type
pfobe.‘ Afterwards a probe with a 5lunt end waé tested and the
eignal chsaracteristics were compared with those of the probe with
a poinﬁed tip. Results of this comparison are discussed in a latér’
section.) The probes were éealed with one-sixteenth-inch NPT packing
glands with re-uéable teflon sealaﬁté{ Tﬁese»glands were tightened
just enoggh to provide an adequate pressure séal and yet permit
probe movement. ’The probe tips ﬁere placéd behind each other wit#
respectvto the steam flow directibn and. at the same position félatiVe'
t0'£he pipé wéll! |

- The instrumentation and‘the'probé Ciicuit'employed in obtaining
film data are shown in Figure 6. The circuit was arranged so that
the electrical potentials between the two ﬁeedle probes and the pipe
wall provided the input signals to the two channels on‘thé oscillo-
scope (Tektronix type 564 storage oscilloscope,»dual trace.) 'Theb
potential between thé upsf?eam probe and the wall was the iﬁput
signal for the electronié‘counter’(Hewlett—fackard type 52?3L), Tﬁé

microammeter was connected to measure the actual current flow in
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the circuit (i.e., between the upstfeam probe and the pipé %ali).
Tﬁo D.C. batteries were usedbas the power sources shown on thev
circuit diagram. | »

Photographs showing the test facility and a closenup'cf the
 test section are given in Figures 7 and 8.
The.techniques employed in using theAinstrumentation déscribed
" zbove to obtain film and heat transfer data are detéiled»in the

following section.
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Photograph of Test Facility

Figure 7
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IV. EXPERIMENTAL TECHNIQUE

Priorrto facility stért~op'air in the preseure 1inesvoes
ellmjnated by filling the small plpe w1th water: at 60 p31g and
bleeding the pressure_llnes.v When all the air had been removed‘
each manometer indicated a zero_pressure;differential, einoe.the
hydrostatic,difference betweeh two‘taps on theioOndenSer»hes:
equalized by the hydrosteticidifferenee in theepreSSurehlihee.,
When this taek1Was‘completed the’plenum‘ehehber‘wes ellowed‘to
come to atmospheric preesore and the bourdon tube’gage zeroed at
this pressure. At’the samertiﬁe‘the gage forbthedlowestvpressurev
tap was zeroed and readingeelater edjoeted to aecooht for hydro—i'
static pressure differencee; 1By.obServihg‘the‘barometric pressure,
the absolute preesures in the plenom chaﬁber end et.points elong,h
the condenser could he;determined.: B | | | -

v After the eooling water'wee'medelto‘flow in the'ahnulus
between the two pipes, ‘the steam ﬁas torned on w1th water occu-
pying the plenum chamber and.the condenser tube. The throttllng.
iixdlve at the condensate welgh tank was then opened to permlt
eleaoe ornthe water and subeequedt flow of the steam. Sineer
steadv state:conditions were required .the,facility‘ﬁas;oéerated i“
approx1mately an. hour before obtalnlng any data. -

To vary flow and heat transfer. condltlons in. the ﬂondenser

and test section, the pressure in the p]erum chamber waef"et'and ”;f”“z

then maintained by the pressure control'valve. .Forjeach setting

)
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of the plenun chamber‘pressure, several coollng water flow rates
were selected by adJustlng the throttllng leve at the coollng »
water welgh tank.' Furthermore; for»each Water'flow rate the»
throttl:ng valve at the condensate welgh tank was moved>to several
different positions to 01ve d1 fferent steam flow.rates. Both

the condensate and steah flow rates were determlned by the welgh

- tank method. Befofe the data}for_a{given set ofvconditiqﬁs'were
obtained,‘the‘plenum‘ehaﬁber‘wes draine& of”tfaéped:cohdénSate.

“For the film measurements,{ehe néé&ie.probés Wefeeinitiaiiy
poeiﬁiened,in theveteam ¢o¢¢15na then heaverSed:eeroes the liquid
£film toward the - p*pe Wall., This movement Wes aceompllshed by
advanclng the mic rometer, therebv mov1eg therplston on whlch the
probes were mounﬁed. uDuflng thisep?qcese readings fqr wave;veloclty,
wavevfrequency;‘an& ?elafive'eehfabt:time for-eech‘runlwere,tehenu”
at approximately fifteen aiffefent,positiehsiefethe éfebee.g_At ‘
 eaeh poSitionvoﬁ'the.ﬁrebes in;fhe:filmbehd_als01thet‘p6Sitioh h”
© at Which_the p?eheeifirst teuehéa'the'pipe Well thefmicfometef

setting was noted.h The poiﬁf.at which'the brehes'touchea ﬁhe Wail-
,_was,eael ly determlned, since the current flow in the ammeter suddenly
blnereased and the 51gna1 on the osc1lloscope reached that of ground.
rhis last micrometer readlng wes‘subtracted frqm.the_readlngs'for
:the"previOﬁs various probe_poeifipns to give the:dietenceefheﬁween

~probe tip and pipevwall;v
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AvAs.the probes advanced to&ard'thé‘wallg intermittenticontact
with tEé waves on the liqﬁid film‘Waébmade;j Since the electrical .
cbnductivity of é liquid ié greétgr‘than‘that»pf its vapor, tﬁé
:wave contact with the probe caﬁsed a measurablé‘drop in voltage

between ﬁhé probes and the waii; This ?oltage chénge during con-
tact could be detéctéd on the osci}loscope and with the eleétfonic
counter.

The countetr was uséd‘to gi&e thevane'frequency of the‘upsfream
probe. Each*timeva.wave contacted ﬁhé Eip the volﬁage between the
probe and the wall changed and a‘single.éount'was displéyed on the |
éounter; Counts were averaged over five coﬁnting periods ofAten'
éeéonds each, giving'frequeﬁcy in,coﬁnts per‘second; It Qas.noted

:that'at a giveﬁ;prcbe position:the»avérage‘for‘one tenésécond periédef
Varied at the most five percént”froﬁ.the average for the five perioés;wf
Unfortunately, it'Waé occa;ionélly neéessary‘tq réplacé a probe which
had sﬁort-circuited or ha&:loét thevébdxy seal atlthe tip.“Itvwas
rather difficult‘to mgke‘gll prbbeé identiéai.éﬁd,_therefore? réplace—
ments altered the resistiVitybqf the'total ¢ircuit.‘.Since fhe |

‘ cqnﬁact ffequency de?ended on the;counfing ievél‘(i.e.,bfhe voltage
change below which thé counter ﬁould nOﬁlregiSter) fhe level'&és
arbitrarily set befo%e'each run at a voitage midwa§ betwéén that
when the probe waé in tﬁe‘gas‘ahd wﬁen'the'p:obeftip7was)cdﬁ£inUCusly
submerged inbthe film. This étep*waS'taken to ré&uéérdépendéncebof

- wave frequency on probe characteristies.
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To determine the relative contact timé of tﬁé waves, the
microammeter in the eircuit was ﬁsed.' ForfeaCh rﬁn the.t§tai‘
déflectioﬁ'was'taken\asbthe.differénée between the‘twq,feadings
on the ammetér; one for ﬁﬁich>the upstream'éfobe‘waé positioned
in the steam core and ﬁhe otherfforvwhich'it'waé subﬁergedviﬁ'
the liquid film. The relative contact time waé;takén to ﬁé fﬁe
percentage of this total defledtioh indicated'ﬁy the ammeter for
a givenvprobe position, a‘procedure used by McManus (2); énd'Chien'
and Ibele (13). | 7 P

In obtaining wave velocities for a given probeﬂposition the
oscilloscope was set to display and store a single sweep of'the
two probe signals. The tfaces displayed iﬁdicéted“the véltage 
changes which.occurred‘when'a moving Wavekpassed by the fwo'probes.
The wave first contacted the upstreaﬁ probe‘and a moméﬁt'later
the downstream probe. This resultedvin‘a horizontai displacement
of the two contact signals shéWﬁ»on the screénu Byvnoting this
displacement and the sWeep‘rate Qf‘theboscilloscdpe fhe'time
required for a wave to tra&él the distance betweenvthe p;obes
cbuld be determined. While obtaining this information oﬁvwaﬁe
velocity it was often neéessary to display and erase a signéi.
several times until a sharp, eaéily reaa»trace'was prdega@; vAf
eagh probevpositiqn;’this entire‘proce&ure was repéatédfseve:al
times in»Qrdef.tobobtéiﬁ‘fhe averagejﬁavé velocity for that point.
For probe positions beloﬁythe mq&él filﬁ thickneés, the probé éignals

could not be deciphered to give wave velocities. This difficulty

\
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is e#plaiﬁed by contact hysteresis. At these lower probe positions'
water froﬁ'a passing wave tended to cling to the proBe tiﬁ and
before contact could be b;oken another;wa§e‘passed’by.

Several photogfaphs of the.oscilloscope patterns wére,taken
dufing the investigation and two are given in Figure 9. rProbe
contact Qith the waveé‘and the‘displacément of -these coﬁtaéf Signals
. can be:easily'obserﬁéd. For thisbstudy twenty-four ruans, deéignated
with consecutive numbers froﬁ thifteen through thifty-six,bﬁérgvﬁade.
For the first twengy the cooiing watef ﬁas flowing upward (counter-
vflow) and for the iast four,'dpwnwérd (parallel flow). The‘résulté

are given in a later section.
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h = 0.0040 (in.)

Figure 9 Oscilloscope Traces for Two Probe Positions



V. ANALYSIS OF EXPERIMENTAL DATA

In tﬁe anélysié of:the éxpe?imentaivdata obtained in‘thisv
investigation the followihg asSumpﬁioﬁs wére‘méde aboﬁt,thé con=
densing fléw.

1. All conditions arektime invariant.

2. vConditioné aﬁout the pipe éenterline'are
.agisymmetfic. | o

3. Axial heat conductiqﬁ effects afe negligible;

4. Body forces are négligibie. |

5. The tempeérature of tﬁe steam at the interface
is the'éaturatiop_teméerature corresponding
to the»locél static‘pressure. .

6."Thermodynamicianﬁ.tranép0ft‘prqperties of the
liquid and‘gas are those at satﬁration.-

7. ‘Theré‘Waé no heat transferﬁto thé‘s@rrbundings.

8. The measured changé'iﬁigooiing w;terftémperatﬁfe
gqualé'the'changétiﬁffhe bﬁlk témée%ature~of the
cooling]ﬁatér: | | »

The data takeﬁ inlthis in?estigétion geﬁeially fall»intb tWQ _
categories, that for the heat tfanéfcr aﬁd that for the‘iiquid fiim,
In‘this analysis curvesvwéré;fiftéd:to the-daté fbf gtatié:prgSSuIE,
wallLtemperature,,and cOoliﬁg_Water tempeféture'as a funétion of
the axial distaﬁce élong thebc§ndenSer and the test éectioni(Appendix\v 

A). From these curves the local heat flux and_the localvheatv'

28
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transferb coefficient at the needle probes Were determlned (Appendlx
B):/ In dltlon; fltted curves were obtalned for the wave frequency
and the relative contact>time'from whicﬁ:the'mean and qual film-
thcknesses were okrarned Eor eaeh.thickneSSvthé gas and iiQHid,
flow areas Were-computed;' Tﬁeée areas-aleng with the heaﬁ trensfer
infOrmation were usea in‘an‘energyibaiaQCe tq‘determrne thevges
an¢ 1iquid mean velocities,-fleﬁ,rates; andmeeverai other iecal‘
parameters‘at the probes. These oarameters are the gas and 11qu1d
Reynolds numbers, the superfrc1a1 ges and 11qu1d Reynolds numbers,
~the film Nusselt number,'and the dynamic quality, The details of
all these celcuiatioﬁs are presentedvin Appendix’B'and the results
are given in Tables BII éﬁd'BIiI; | | |

Finally, seVerel paremeters deegribingntﬁe’film surfaee Werer
~determined. These are the thiekness of‘the continuous liquid‘
sublayer, the disturﬁance 1ayer,thie§eess or wave amplitﬁde3 and;
the ratio of the difference between the @éan £ilm thiekﬁess'end
the sﬁbleyer thiekneés'to the Wéve.emﬁiirude; Theée»paramefers o

for each run are given in Table BIV..



VI. RESULTS AND DISCUSSION

In this study a large amount of experimental data was obtained
and many were of a statistical nafﬁre. Conséduéntly,vall the
relationships inherent in these data are by no means exhausted in !
tﬁis discussion. Rather, several important correlations were

derived and these are discussed.

A, Heat Transfer: Results

\

The typi;al results of the axial temperaturé profiles of the
saturated steam, the outside wall, and the cooling water for écn-‘
ditions OE counfervfiow are shown in Figure 10. The results are
similaf for conditions of parallel fibﬁ except that the slope of
the axial cooling water temperaturé variation is reversed. The
teﬁperature pfofile of the steam simply reflects the behavior of
the sﬁatié pressure»since‘saturation conditions were assumed.

The siope is negative since the pressure drop from frictional
losses is greater than the rise from momentum,recovery; This

élbpe decreases slightly bvér the condenser length as the difference
" between these two decreases. Goodykoontz and Dorséh.(9)kreport

~ this effect and actuélly éhow_é static préssure rng.near thé.

totél condensing length. Total condeﬁsing was ﬁot-achieved in

thié iﬁvestigétion, and such é pressure rise Qés not realized.

The slope of the axial cooling water temperature variation for

130
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thé run shown in the figurevactually.inctéasés. This increase
is less for higher rates of water f£low. Thevexperimentél data
for the static preSsureé and températures of the coolinngater
and the outside wall are given in Tables cI through CIII.

Thé axial vériation of the local héat»transfer coefficient
and the iocal heat flux is éhbwn in Figure 11. Thé heét flux,
whicﬁkis directly proportional to‘the siope of the axiéllcooliﬁg
- water temperature profile (Appendix B), iﬁcreased over the con-
denser length at é constant fate. Tﬁéﬁldéal heét transfer coef-
ficient, influenced strongly by the heat flux, increased at»first
and then decreased further down the tube. The decrease resulted
from the increasiﬁg thérmal reéisfance across the growing 1iduid
film. The maximum heat tfansfér coefficient foé most runsvbccurréd
ébout four to six feet from the stéam entranqe. These results
are similar to trends obéerved by Goodykoontz and Dorsch (9).

The heat transfervcoéfficients,at the needle probes, which are
of special concern in this study, raﬁged ftom_2214 to 5401
(B/hr-ft2-F). All computed‘values'of‘the local heat tramsfer

coefficient and the local heat flux are given in Table BI.

B. Results of Film Measurements

The experimentalvdata from the measurements of the liquid
film are given in Table CIV. These measurements wera wave contact

frequency, relative contact time, and wave velocity for varicus
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probe positions. Typical results of the measurement of felatiVe,
contact time and wave frequency are given in Figures 12 and>13. As
these two figures indicate, the dynaﬁic quaiity strongly influenced
these measurements. Collier and Hewitt (11) show similar resulfs
for an upward flow of air aﬁd water in a one énd one-quarter inch
diémeter\pipe. waever, for the same qualities these invesfigators
reported film thicknesses genefélly greater than those obtained in
this study. This difference réSults»from several factors.. Among
these are the diffetent pipe diaméters, the oppésite flow directions,
and the dissimilarities between air—wéter flows and condensing 
flows.

A more relevant comparisén wépld be that of the‘presént film.
measurements with the prédiction of film thickness given by Zivi's
correlation. Zivi (14) has derived an anaiytical expression for_"v
the void fraction of‘a.condensing vapor using the principle of
miﬁimum entropy”production. From this correlation,iassuming nb
liquid entrainment, a characteristic film thickness can be easily

derived and is given as

D, D, SR ‘1 - 1/2 , )’

§ =4 - = (1)

2z~ 2 "2 e, 3 f _
| 1+ (pg/pl)

A comparison of the two measured film thicknesses with that'
given by Zivi's correlation is given in Figures 14 and 15. In most

cases Eq. (1) gives a higher value than either measured value except
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at lower qualities where the modal fiim-thickneés agrees with
Eq. (i) féthef well. |

A comPariSon_of the two ﬁeasufed fiiﬁ»thicknesses.ié‘shown
in Figure 16.  In most runs the modal film.thicknessjwas higher
than the mean thickness. This fact contradicts the‘relatibh"
between fhese two for Rél.> 4000 which was suggesﬁed by Chien
and Ibele (13) for an'air-water_fiqw, For all twenty-four runs
made in’thié study the superficial liquid Reynolds number at
the probes was aﬁové 4000, raﬁging frdm‘5840.to 19100} Further4
more, no criterion fqr.détermining.ﬁhe reiaﬁive‘magnituaes of these
two méasurements was inaicated by any of the data.

The wave velocity measurements did nOf_vary significantly
over the liquid layer. Roll w§ves, Wéves‘with a crest velbcity
higher than the trough velocity,_wﬁich are normally present in
this type of flow, were not detected experimentally. This fact
is a result of the shapelof the needle probes. The dimensions_‘
of the expdsed,,poiﬁted tip were of the same order of magnitude
as those bf'the'wavé amplitude. As the‘probes movéd thfough the
£ilm fhe wave crest was probably ﬁhe first pertion of the wave

to make contact for each probe positioh;

C. Correlations

The film measurements yielded several significant functional

relationships. First, the thickness of the disturbance layer, the
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distance between the wave crest and trough, was dependent on the

dynamic guality.- It decreased with increasing quality as- shown

e

n Figure 17.

Tﬁe actual surface of the film appears to be quite random
in.nature. Thevwaves themsélves vary in éize'ahd‘shape for a
given seﬁ of‘conditions. Névertheless, a‘statistical Wavé form
has been derived which gives some insight into the gas-liquid
interaction. This form is simply é time averaged shape of the
waves and was determined from the Wéve frequency, relative con-
tact time, and wave veldcitj data. A constant vélocity equal
to the average measured wave velocity was assumed over the dis-
turbance 1ayef. The analyéis, ﬁhich gives this statistical
wave form is_detaiiediin Appendix D and the resﬁlts are given
in‘fable DT. N

The statistical wa&e fbfm_aé shown in-Figufe 18 for several
>runs‘is very sharply peaked and has a relatively narrowvbase.
Certéinly an actﬁal wave with,such'proportiohs could sur&ive‘[‘
only mbmentarily in a realvflow,'since it would be brbken up
rapidly by the higher véioqity gas. it is, therefdre,'reasbned o
that the'filﬁ surfaéé is‘in a continuéué:state of transience .
ﬁith waves being formed and almost‘instanﬁly déstroyéd.vk

'An.aﬁtempt was made to find, by graphicalvihﬁggféfioﬁz a
_chgracteristié filﬁ thickness fromvtﬁié stétisticai\wévgif§fﬁ;

The ordinate on the graph,above and below which there was an -
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equal amOuht‘of eree‘under the curve of‘the etatisticai'wave formvh
‘reoresented this thickness. For the three Lyplcal statletlcal
‘wave forms obtained, vthls film thlckness agreed qulte closelybw1th
‘the experlmental mean film tnlcknese.

Using the data for relative contact time endkwave velocity,'.
the liquid massiflow occurring in the waves wee obtained by
numerical integretion over the disturbance layer.' The‘resultxwas,-
the total amount of liquid:which,flows_in theAform of;ideﬁtifieble
waves. For runs where the gaS‘veiocity was low, this.totai plus
the liquid tlow in the subiayervagree&'CIOSely with the liquid
mass flow minus entralnment calculated from the axial. energy
balance. '(The sublayer flow was»determlned by assuming a‘meanb
_ velocity equal to half the eﬁereée wave velocity.) 'For fuoé with
a high gas velocity, however, only-about thlrty percent of the o
dlfference between the Lotal 11qu1d mass flow and that accounted
for‘by the entralnment correlatlon could be accounted for 1n the
- waves end in the SLblayer. vThlseresult'suggests the presence of',
mﬁch mote»entrainment in”the form ofvspray.or;miet then the cor-vv
relation:given by ?oss (lSi?predicts. This cotrelation, which was
usediin the axialtenefgy haleﬁce,hwas,obtained'usihg an impact -
prohe’located at the center of e pipe in which thererwasvevcoqj
densing annular;mist two phase flow._fThe resolting_ehtreinmeﬁt'Was
aesumed to’be conetant oVet.the gaeeoee:core. Since thie cotre—

laclon does not account for such a large portlon of entr awhed
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'liﬁuid, a radial entfainﬁentvgradieﬁt is conc¢luded. Pfdbabiy moét'l
vdf this>liquid is a dense.ééray‘néar £ﬁ§.Waves.. : o .
v The percentage’of thebﬁétal 1iqﬁid mass flow wﬁich.occuréiv
in the'fbrmboﬁ waves ahd in.the éontinﬁpﬁs’liquid Sublayer was
found to be a function‘df the gas'ﬁelocity;j Thié functioﬁal
relationéhié is éhowh in Figﬁre 19. L
Most analyses of’thisntypev§f flow involve the determination
of tﬁe mean gas and iiquid'velocities. Usﬁally, as‘iﬁ’thévpresent
:analysié, these are détéfﬁinéd‘ffgﬁ'én'éxial energy balaﬁce modi;l‘
fied somewhat by an enﬁrainment cdrrelatiOn. Qﬁe.of thé_reéults
is a certain amcunt of 1iQuid flowing with'a cértain»velqcity in
an afea &efined byiaicﬁaractefistic filﬁithickhess.' Wheﬁ»the flqw:
rate of liquid aésdmed‘to be in the fiIﬁ>isvtoovhigh,tthe fesult
is an unreasonably_high ﬁean fi}m.vélocity1i Such is thé case with =
‘tﬁejliquid Velécities_detefminediéévdescribed in»Appendix B and
listed”in,TabiefBII;”'A betferfapprdach‘woﬁld be eithervtpjaééﬁmei
the mean liquid;velocityvt¢;be évgertain;f;aétion-of the wave
velqgit&, or fo,mpdifj the:entrainménﬁ"coffélafion to,indlude-
:entfaihed 1iéﬁidbin‘the ﬁéigﬁbdrﬁobd:ofvthe'waﬁes; | ”
‘As thié diécuégibn‘tﬁ;ns fb.éomeiréiétibnshipsIiﬁéolﬁiﬁg the
‘ ﬁeat tgéqsfet, sévétal{résulté’arevﬁdtéd; ‘The heat tfanéfer'céef-"
qficiénté Whiqh are éiven iniTablé‘BI agreed fathérﬁwell-withréhosé.
' repo£;¢d By Goodykobntz éﬁd}Dérsch‘(g){ 'Anothér:reéulﬁ}wésvthat‘%f

- the film.Nusselt number, based on the mean film ﬁhiékness;at tﬁe s
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~:locat10n of the probes, was found to correlate roughly w1th the.fz“a
_parameter G(pl/p ) Thls correlatlon is: shown in Flgure 20'1,
's”Whlle the heat transfer coefflclent 1ncreased w1th thlS parameter,p}

.an- OppOSltC trend for the film . Nusselt (Vu = hG/k ) was observed.ﬂf;{”

»“lThls was because tbe fllm decreased at a faster rate than the heatr}i~ff7’

‘ff:transfer coeff1c1eat 1ncreased for 1ncrea31ng G\pl/p )

R

'D.: Experimental Error‘:'

Several factors in the experlmental procedtres and 1n the

‘analy51s glve rise to some: uncerta1nty 1n the results. The wall A

, temperature measurements from the test sectlon, whlch are g1ven (R

' in Table CII were. somewhat scattered Th1s scatter, negllglble3ril
for 1ow water flow rates, was con31derab1e at the h gher coollng”;v?

"-'water flow rates.. Much of thls svatter is attrlbuted to therfi_

ljentrance/ex1t effects whlch reduced the ax1symmetry of the waterf}t.fn"

. flow. For counter flow condltlons the cool water enterlng the‘d"_go,{ﬂfff il

"; condenser through a three-quarter 1ncn plpe 1mp1nged dlrectly on‘;

‘**the one wa]l thermocouple 1ocated below the needle probe. This
f;htemperature was cons1derab1y 1ower than that measured Just above

hjfthe needle probes. .For parallel flow condltlons,the,scatter,ln;thej

‘nid test sectlon was less than for counter flows but stlll slg if i

bn'fﬂfor hl°h water Elows.- Thls 1s attrlbuted to the uonn ';’
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flow pattern of-the uater’leaving the test section{v of 1§sge;>impof;
tance, the rather 1owtuali tenperaturevat’the top of'the:condenserb

for parallel flov conditions aisovresulted'from impingement‘of cooi |
- water on the thermocouple.; Another possihle factor in the seatter,of
these databwas the uneven surface conditions resuiting from'foulingt':

' The>uncertainty Which was of an§ importance‘lay‘inmthe uetermina-
tion of the waii temperature at the probes. ,In_the analyéis;bthe wall
tem?eraturebwasvdetermined fromvthe‘curve.fitiin.whichbthe'lowest‘watl.:
'temperature'meesured in'the‘test‘sectionfand‘the highest on the'con- ,
“denser were weig.htea lightly. | |

| As wentloned ina prevlous sectlon, a blunt needle probe was‘
tested Better 31gnal characterlstlcs (less contact hysteresls) andv
ra sharper termlnatlon of frequency as the probe neared the Wall Were.:
the results.» The probe thn the p01nted tlp dld not 1nva11 ‘cases glvev;;:
bza frequency uhlch went. to zero as the probe touched the contlnuous
ltllquld sublayer. The contact area on the t1p 1tse1f fluctuated as h
waves passed even when the p01nt was contlnuously submerged The
'resu]tlng voltage fluctuatlons contlnued to- trlgger the counter. fSone
iuncertalnty, therefore, arose in the deternlnatlon of the liquid sub—
~ layer thickness. Both types of probes, however, gave 1dent1cal results

ouer'most of the.llqu1d'1ayer.



| VII. CONCLUSIONS

Ihe film*sﬁrfacévinfa §oﬁden§ing-f1ow appeéfs tovééﬁsist 
not oniy of distinctﬁﬁaVes; but éf a'Qensevsbrayg The flow of
this loose spray may émounfﬂto gsvﬁuchiaé‘seV¢nty peréénﬁ;bf ;
the total liquid mass fiow rate for;ﬁigh éas velocitiés; 7:“

R The‘time averaged forﬁ of thé w#ﬁeé has a long nérrow peak;

a fdrm of wave which is rathef shéftflived. Thisvindicétéé;tﬁat

the waves are consfanfly Eeing féfmed and{subséquently deétréyéd
" by the high speed gas. - | |

The presence of spray in a cbndensing»flow appearé'to‘béi
more prominent than for an aiffwatervflow Qhere the iiquid-énd_
gasvflow rates are constant ovef the fiow length;v

The ‘local Nﬁsée1£ number, based‘éﬁ thé.ﬁeénvfilm thiéknesé;

»correlgtgd'with the»mass pafametefie(pl/pg)a..v

Furthéf”investigatipn-of the wave Véloéities with a blunt
probe, or eﬁenaap impact prébe,vwoﬁld yield‘fruitful‘résﬁlts.A
More accurafe liquid maés flow rateévéquid‘bé'détérmined for

~the iiquid layéf, ‘In addition, én énélytical model involving_
an expérimentally determinéd'density prdfile could be émpldyed  A
‘to give a more accurate prediction of two;phase flows éf this

type.
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Appendix A

Calculation of Polynomials for Least Squares

Fit of Experimental Data

A1l of the calculations described beléw wﬁich involve fifting
curvesvté thé data weré'performed_onian IBM'360,‘ﬂode1 50/65
digital computer. A library of scientific subroutines given in  L
Reference (16) énd»availabie toithé computef waé employéd se&éral
| Eimés'iﬁ thesé calculations. i

By using the metﬁod of 1éaSt»squares; a general polynomiél was
obtained which fit a givén éet of experiméntal datévwhich cénsisted-
ofvargument and éorfesponding fuhctibn values, Thisbpéiynomiél_was
formed‘from a series of Chebyshev polynomiais and may be représentei?r
by | |

PGx) = I ayT,(x) o @y

Ho™M B3

=0
where Ti(x) is a Chebyshev polynomial of the order i and n is the

order of P(x). The first two polynomials are

T, () = 1 |

Ti(x) = x .

o

The successive polynomials can be obtained from the recursion

formula,

Ty(x) = 2473 1(x) - Ty () .
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«Tﬁese Chebyshe§7polynomiale were iaeal source functions for fitting.
experimental datavbecause-fhey possess the property’of eQuel’distri-
buﬁion of error. A more detailed discussion of the application of
these polynomials is given»in'Refereﬁce (17),

For each run five sets of data were fitted with smooth curves;
These sees are the static pressure,.the’wall temperatufe, and the
cocling water temperature as a function of the axial position§ wave
frequency as a function of the common'lcgafithm of the probe posi-
tion; and the common logarithm of the probe position‘as a funciion
of the relative contact time. for tﬁis last curve the relative
contact time was used as the'argument since the probe pesition at
fifty percent relative contect time could be obtained directly from
the curve fit.: Using the logarithm of the probe positioﬁ here
gives a better graphic indication of the dependence of the wave
frequency and relative contact time on the probe positioh. This
praetice is commen in-the literature (11), (12). |

The computer subroutines APCH and APFS'of‘Reference (16) were 
‘employed to calculate the values of ai,,(i>¥ o;n); These coeffi-
cients for the different sets of data are listed in Tables AI
through AV. The number ofvcoeffieients listed in tﬁe tables, (n+1),
is the number of Chebyshev polyﬁemials used to obtain P(x).“_'

Since the use of Cﬁebyshev polynemiels'fer this purpoeé
requires arguments'in the range- (-1, +i};_a11 arguments iﬁ theiiﬁppt'

data were normalized in the above subroutirnes. Therefore, in
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calculating the smoothed function values from P(x) for a certain -
set of data thebfollowing procedure was used. The input argument

x'" (i.e., L or loglﬂh) was transformed by.thé relation
x = x' xy +ox ’ ‘ - o o (A2)

where xD-and‘xD are the ﬁofmalizatioﬁ coﬁstants given algso in
Tables AT through AV. This value of x and the polynomial épeffi—
cients were then substituted into the expression for P(x) to give
the desired functipn value.

The following is an éﬁample:of thé above calculation usingr
the tables.

Example: - :Calculation of the cooling water témperatufe at

| L= 5.5_ft.for’Run 20.

From Table AT for Run 20 -

Cxy = 177
xq = -1.00
ao'= 35.57}”‘ |
,82‘; -1.68

Transforming L gives

L xDv+_§é»
(5.5 (.177) - 1.00

®

.0265
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Then,

P(x)

éaTdéx)'+'51T1(*) %’a2??(*) |

li

85.57 - 1}9».09x">-'~'1‘6_8(2x2-)-1)_  .
= 85.57 + ‘.-51”+‘1.6'3' o
- 87.76 (F)

Calcdlations,suéh as this oﬁeiﬁere'pe?fqrmed>on:the qompﬁtef>.‘

.by.subroutine_CN?S'of Reference (16).




o TABLE AT

Coe£f1c1ents of Chebyshev Polynomtals and Nornal.t.zat;.on Constants_ -

- fc ‘v:Least Squares Flt of Coolmg Water Tempe:ature vs. Len th

100.93

o T79.84
80437
S 8133
8065 .
. 99.05
sLes




Run

13
14

15

16
17
18
19
20
21
22
23
2%
25
26
27

28

29

30
- 31

Y
33

34

35
36

TABLE AII

"Coefficients of'CheBysheV Pblynomialé and Normalization Constants

o

242.21

237.72
236,69

© 243,40

242.78
243 .43
257..42

258.11 -

260.32

250.52

269.60
272.93
273.51

"273.20
- 273.21
275,01 -

244,17
245.39

- 246,63

246,21
243.07

 268.26

275.32

24271

for Least Squares Fit of

a1

-17.92

-22.80
-27.23

' -18.15
-18.86

-26.20
-17.61
-17.16

-21.53

-23.78

- -13.10
- =12.16
- =12.36

-10.31
-10.29
~-10.62
-17.13

-18.06
-18.66° -
C-21.44

- 6.37

- 5.4k

- 4012

- 5.99

)

-12.65
. ~16.68
-17.80
-12.68

-12.32

-17.78
-10.32
-11.57

=-12.18
-15.99 -

- 6.75
- 6.05
-~ 6.60

- 2.3%
- 2.33

- 2.87

-12.81

-13.67

-13.96 -

-15.55

-7.39
C=2.77

.20

- 9,44

Wall Temperature vs. Length

%

-3.59

-5.43
-6.14
-3.49
-4.03
b 44
- .72
- .87
-3.69

©=2.93
-1.10

- .99
- .82
- .64
- .18

- .79

-2.52
-2.54

-3.13

-4.67

5,41

2.36
.27
6.23

'176

-1.00




) TABLE AIII -

Coefrlclents of Chebyshev Polynom1als and Normallzatlon Convtants

for Least Squares Flt oF Pressure vs. Lengfh




Run

b
14

"f,ls.f

16
17
18

- 19

20
21
22

- 24
25
26
27

- 28

29
30

.33
34
35

36}‘

23

RN BT
32

. TABLE AIV

Ceefficients of Chebyshev Polynomials and Normalization Constants

' 30

-2.78
‘2036
-1.91

=-2.96

-2.95
-2.27
-3.02
-2.96

-2475

L0.43

-3.09

22.96

-2.83

-3.08

. “3912-

-2.96

N -2-82
- -2.82
- =2.73
[ R My B

-2.83

© #3.05
-3.29
*2082:

)

146
- .041
075
.102
- 4055

.081 .

.120
076

.043

.163
.133
<126

.193 -

.230

- .070 -
159

.079
.063
.018
132
072
JL74

128

for Least Squares Fit of Ldgloh ‘vs. Relative Contact Time .

a

a3

-.115
- 0033
-.069"

-.138
-.137
-.131
-.164

-.087 -

-.123
'?187
--208

-.224

'0170

""0164

_0273
-.201

-.128

--094

-.120 -
S =132
-.106
- -.104

~;319
-.133

.020

.020

.022

.020

- .020 -

L 020
.021

.020

"1.00

- ~1.00
- =1.07

- -1.04
=1.04°
-1.00

-1.00
-1.11

-1.00

 19‘4 .;



TABLE AV
'FFCoefficienfs of ChebyShev PolYnomials and Normalization Constants

- for Least Squares Fit of Wave Contact Frequency vs. Log10h

- 16

18

“T26

. 27

28

35

88.76 -

-39.31

- 67 043

- 4.84

C)N

Run - 2, a; a, - a3 34 35 ag Xy -
13 167,10 30.33 -113.72 ~15,50 52,12 -11.35 - 1.27
14 46.12 16,59 . - =~ 50.61 -16.42 7.61 W43 - 1.13
15 30.52 24,98 - 21,17 . - 5.38 2.03 97 - 1.53.
, 68.90 19,35 - 67.49  -27.91 36.67 9.55 -29.78 .99
17 72.19 = 16.33 - 82.78 . ~ -20.80 - 28.18 7.20 - 8.87 .99

b4 34 1.29 - 52,54 - .98 9.61 - .50 3.10 1.17
19 107.93  17.94 -131.31 -33.52 - 63.13 16.98  -32.01 1.02
20 88.86 - 18.31 . -102.75 -35.04 50 .44 11,72 -32.41 1.02

21 87.68 4.50 - -96.40 - 9.68 29.27  11.41 - 6.74 1.02

22 52,54 1.67 - 38.84 - =20.60 - 3.24 - 13.68 - 7.17 .84
68.59 3.65 -103.19 S .23 60.93 .- 9.88 -25.89 1.03

24 82.39  -1.90 - 96.25 -12.60 51.81 8.05  -30.22 S 7
2 '81.90 - 2,04 ' -100.94 .36 42,07 -10.44 - -14.56 1.04

26 84,79 . -42.94 . = 97,09 52.38 17.64 -30.49 18.26 1.31

1119091 -55.99 - 98.91 130.97 47.07  =26.02 - 9.20 .94

L 144,17 -41.34 =134.09 - .58 69 .82 -42.73 15.45 .89

‘29 . - 72,06  =47.50 - 52.35 17.98 18.51 - 9.08 2.00 1.01
30 83.48  =37.52 - 61.89 - 3.08 19.98 - .50 .93 .86
31 . 93.52  -40.17 - 67,56 - .26 17.51 - 1.26 2.81 .96

32 66.96 = - 6.89 - 71.58 - 6.63 19.82 .60 1.65
33 . 77.68  -49.83 - 47.19 11.56 11.96 - 3.12 1.14 1.02
T34 42,20 -26.38. - 25.56 9.55 3.96 - .64 - 1.87 - 1.07

23.67 - .22 - 43,58 3.78 36.68 -25.54 12.24 1.05
, ‘ 1.07

.84
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" ‘Appendix B
Reduction of Experimeéntal Data

The 1ocalbheat flux based on the inside area of the pipe is
calculated from a radial energy balance
T

- ‘wcw cp’,cw cwW . ; | .f. (Bl)
4= I D, L.~ :

whgre cp,cwv is the specific heat for water a? 100 F and 14.7 psia.
The term dTCW/dL_represents thg siopé of the curve that was fit to
the experimental data for Tcﬁ as a function of L. Discréte pointsi”
taken at regular argument intervals from this smooth curve wer;
btransferred to the subroutine DGT3 (16) which galculated the slope

‘using an interpolating.polynomial.

The local heat transfer coefficient is defined as

h S 27 . - (B2)

g Tiw

The inside wall temperature, TiW’ in (B?) is obtained from the

equation for radial heat conduction through the tube wall,

Cr 4 quln(Do/Di)

iw ow 2.k (83)
o Scu

The value of kcu is 217 (B/hr—ft—F), which is the thermal conductiv-
ity of copper at 280 F, This is a characteristic temperature of the

copper pipe fér'the-da_ta‘ taken.
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The rate of . total heat remcved from the steam bétWeeﬁ the

entrance and the needle probes is
W ar - e
» Qt W pyCw . oW IR . ' ( ) .

vhere AT _ is the temperature drop of the cooling water between
these two locations. .

The mean and the deal film thicknesses were each used to
calculate the gas and liquid flow areas. These are giVeh_as

A
g

]

1, - 28)%/576 Lo “_;7 'i‘  : (B5)

A

]

1 Hé(DiieAS)/l44 ' . .(Bé)
where § represents the fespecti§e'value of film thickness déed.
In the calculation of mean gas and liquid velocities the

fclldwing‘axial.energy~5alan¢efwaé employed.

Q. 1 Ve : v S
-t - H +—— | H ’+'——l—- + 6 [H N —8

Wt o .Wt | 1  >2gcJ g chJ
W (,.‘g‘v-z‘: , : ST

'vKuatiQn (B7)‘aésﬁmes fhat the entfained”pérticleé move;Withﬁa
?élocity that ié;ninety pe£cent of the gas veloéitym The enfrainé
ment‘flo& réte, Wé;,iﬁ'(37) iS‘calculaﬁedifrom an ethginment’
" correlation given by Goss (15) which is expréssed'in“fé:émetricv[ 

form as



 where

o R e T

o
B

638377

7A31r13?103=-“‘

. .7911254 ,-

These equatlons (BI) aﬂd (B8) were solved 1terat1vely by the

following process.:g“l:

1.

2.

.é}and s from step3'lfand 2
,fuThe follow1ng calculatlonu were: taen perfofﬁeﬁbtea}if”

-_obtaln local flow rates and veloc1t1es._e,v"

'_6'was _nltlallzed at a low value, .IOQ‘¥f>

‘USLng thlS value of 9 Eq. (B8a) was solved for s.;__':i’

Slnce 0 < s < /7 a unlque solutlon ex:sted.

ex’was obtalned flomrEq. (B8b) u51ng the values of‘l;;_i’;ll

W=
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5. - At this poiﬁt all quantitiés in Eq.v(Bj) had Beén :
determineé. Theéé values ﬁeféjtheh’substituéed iﬁto
(37){ If the expression on. the left of the equal sign
was‘nééative,le was increased by -1 and the above
steps. werse %epe ted, . This process was coﬁﬁinued until
tﬁe expressibnbin (B7)_Bécame positive, at which:time'
6 was'decreased sﬁccgssively by .01 until a sigﬁ

_chénge iﬁithe éﬁpfeséion churred.again. ‘As béfore,-
8 was then increased, but this time by .001 and’whénl
the sign §f tﬁé‘eépreésioﬁ inv(B7) changed a fourth
time the proceduré:étbpped,‘ Thé most reéent ﬁalues

: calculateé,iﬁ'sfepb4 and'the most recent.valueiof 6

(to the nearest .001) Were taken as the sblution.
The remaining parameters calculated were the following.

1. The gas Reynolds number

>p vV (D-28) . S
= —8.B —
R, =TT TR | (89),

2.  The liquid Reynoldsinumber"

. ‘pvs ) N » ‘ . . )
11 . . o

Req = 35— , - (B1O)

3. The superficial gas Reynolds numbet
‘ 4

W S : v

R' = & . (B11).

e . ; 11)
g ﬁDiug | o o
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%, The superficigl—liqﬁid,Re&noldé number,
. - "'léwi ;:v  - }1>‘ . o -
Rer T o (312)
5. The fiim,NusSeit'number“
o= -2 e O 13)
oKk . . . : . )
It should be-ndted’that 6'repfésénts in Egs. (B95; (Bl0), and
(Bl3),thé fiim thiéknéss-used,umodal_orbméan. Therviécbsifiéé
Were'obtained from a correlation given by Bruges, Latto,'and Ray

(18). The densities and the thermal conductiVity of the water in

the liquid film_wereitaken'from Reference (19).
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Heat Tranofer Results
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<
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TABLE BI (countinued)

Heat Transfér Results
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e
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14 - 11430 530 - 154 - 352 .. .29 . 96,

17 . 10470 638 - 272 343 b2 17207 | 13,99

TABLE BII
' Su{rdmary'of Flow Parameters

R, = 1073 R!

. ’.-'3 v -
‘ . : 10" ‘
6 °g Rey ® 1007

_ Wew W Wy Wy |
CRun - (1bm/hx) (1bm/hr) (¢bm/hr) - (ibm/hr)

13 1143 . 682 301 357 W44 191,

140460
- is9r
15.33

150 11560 . 468 - . 8 . 358 . .18 53.
13.93

16 - 10470 - - 673 308 342 46 - 1953,

N0~

‘18 ~10480 515 - . 145 . 346 .28 . . 90.9 © 14,71
19 6080 - 185 342 226 . .58 216.2 - - 9.33
20 - 5840 o 53L . 294 221 . .55 185.0 - - 9.25 &
2L 5840 0 - 476 229 . 232 . .48 424 9.99
22 58400 . 343 . 111 . 218 S.327 0 69.3 0 ©9.26 -

23 2920 - 548 . 370 164 .67 S 231,50 6,99

25 . 02900 - 447 o 2660 0 168 - . .59 163.9 . . 7.46

24 2900 . 484 . . 305 165 . '.63 188,99 7.27

26 1180 . 530 .. 381 © 136 72 237,70 - 5.84
27 . 1160 - 4300 o274 144 .64 17004 6,27
28 1250 . 387 . 228 O 147 - .59 140.9 ' 6.52
29 11710 . 723 ©287 409 .40 181.8 16,79
30, 11710 . 706 . 266 - 412 .38 0 167.6. . . 0 17.24
.31 . 11710 . . 667 - . 213 - . - 4260 32 133.2 . 18.10 -

.32 0 11710 . 610 . 140 440 223 0 87.2. - 0 119.10 e

33 . 12000 0702 .. 269 . ..-405 .38 © - 170.9 © 0 16.59

3% 37500 594 351 -~ 226 .59 . 219.0 . 9.69
35 150 - . 550 - . 372 . 163 - . .68 . 231.8 7.06

36 12000 692 . 276, 390 .40 1745 1613
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. TABLE BII (continued)

Summary of Flow Parameters

‘Run ]Vg* : ; .Vgg* o c “‘vlkx : vl**-.
(ft/sec) (ft/sec) - (ft/sec) (ft/sec)

13 283 , 285 - 88.0 41.6
wm 126 129 L 26.4 14.7

15 70 75 o 10.7 4.8
16 : 282 . 282 . . 1l 79.3
17 . 250 250 . 99.3 79.7
18 ' 118 o 119 23.0 14.5
19 297 298 - 95.0 58.8
20 . 248 : 248 , 73.8 ~ 57.8
21 174 : 174 - 45,6 34.2
22 89 90 ©19.2 11.4
23 290 Co291 - 85.1 54.0
24 216 216 60.8 38.7
25 . 183 : 184 44,8 128.0 .
26 290 290 - 75.0 63.2"
27 201 L 202 79.0 53,4
28 - 156 . 156 46 .4 48.6
29 157 157 -~ 114.5 106.5 -
30 224 224 ‘ 95.7 ’ ¥
31 - 170 170 78.4

32 ' © 105 - 105 40.4
33 , 264 - 244 - 107.6
34 270 268 87.2
35 277 277 . . 106.3

36 241 ' - 241 102.4

* - Calculated using mean film thickness

%% - Cglculated using modal film thickness
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~ TABIE BIL (continued)
'Sﬁmmaryiobelow Parametérs

Run Regh x 1072 Reg#* x 1073 Rep x 1073 Ry x 1073
13 , 192.4 193.4 ©.3.62 3.63
14 98.3 99.5 3.75 3.76
15 7 - 56.0 ' 59.0 3.88 3.95
i6 196.3 ' 196.6 3.49 3.49
17 173.4 173.6 3.50 3.50
18 92.5 93.5 3.70 3.71
19 216.8 217.1 2.34 2.34
20 185.6 185.8 2.32 - 2.32
21 143.3 . 143L61 2.50 2.50
22 70.2 70.9 2.33 - 2.33
23 2321 . 232.4 “1.75 “ 1,75
.24 ' - 189.5 189.9 - 1.82 ~1.82
- 25 164.7 165.1 - 1.87 - 1,87
26 238.2 _ 238.2 1.46 1.46
27 ' 170.7 170.9 1.57 1,57
28 141.5 141.4 1.63 1.63
29 ' 182.6 182.6 4,20 4 .20°
30 168.4 168.4 4.32 4.32
31 o 184.0 134.1 4,53 4,53
32 o 88.3 - 88.4 4.79 4,80
33 : 171.7 S 171.7 - 4,15 4,15
34 219.7 - 219.5 - 2.43 2,42
35 232.2 , 232.4 1.77 1.77
- 36 175.2° . 175.3 S 4,04 4,04
* - Calculated using mean film thickness

%% - Calculated using modal film thickﬁess
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TABLE BIII

Summary of Heat Transfer Parameters

3

28

Run ' h,‘cxlO_3 S QtXlO_ _ Nu*i Nu#* e(pllpg)‘
(B/hr~ft2:F) . (B/hr)

13 4.19 358.9 -1.06 ©2.25 265

14 2.78 349.5 - 2.34 4,20 149

15 2,42 353.6 5.15 11.58 - 88

16 4.10 S 343.0 . .76 1.i10 269

17 4.27 -  344.5 .92 1.15 ' 247
18 2.66 '343.3. 2.52 4,02 142

19 3.92 227.3 .58 .94 322

20 3.68 - 222.1 .69 .88 296 -
21 2.89 229.5 .92 1.23 . 231 .
22 2.21 - 215.3 1 1.38 ©2.65 162
23 3.67  166.6 W4h 700 335

24 3.23 ©165.3 .55 .87 . 282 _
25 3.17 - - 167.6 .75 - 1.20 2587
26 5.40 139.0 b1 73 349
27 4,80 145.0 .46 .81 300
: 3.96 145.8 . .79 .75 256

29 4,19 409.4 94 1.01 228
- 30 3.77 - 410.9 1.02 - 1.0 - 203

31 ©3.41 422.9 - 1.16  1.30 161

32 3.14 434.6 2,15 2.38 -108
33 3.71 ©405.5 .87 .89 - . 220

34 4,00 226.1 .65 .43 . 288
35 3.30 165.5 .24 L0 322

3.47

36 389.7 .83 . .93 222

% ~-Calculated using mean film thickness

%% — Calculated using"modél film thickness
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35

-

7
36

- Summary of Film Parameters

[t

% o

26
27

1.26

8, X 10 Gmdlx,lo
(in) (in)
1.18 ~ 2,51

- 3.93 - 7.08 ¢

- .9.96° , 22.39

.87 1.26
1.01 o 1.26

- 4.43 , - 7.08
.69 1.12
.88 1.12

1.50 © 1099

- 3.33 5.62
.56 .89
.80 - 1.26

1,11 1.78
.53 .63
.53 W79
.93 .89

1.05 1.12

1.26 1.26

~1.60 1.78
3.21 3.55
1.10 1.12

.76 © W50
<45 .56
1.11
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Measured _vao"o'ling Water Temperatures (F)

. TABLE CI

13

94
91

91 -

91

87
83

83

.80

80
79

80

79
78

72

73
72

66

65
65
64

62

77
72

o 72
72
) 66
66
65

i
94
91

91

90
90

g9

>
87
82

82

- 82
80

.80

79

79
79

72

72
69

’

87

15

92.

88

87

85

8l

81

77

77

76
71
70
69
.69
67

65

S 90
e

88 -

86
86

a0
79
78 .
77

64

64
62
61

Run

89

17

793
91
90

90

© .88

81

87

86
86
82

82

23

78

78

L
.

77

71

71

70

69

68 .
64

64
61

el
" 60

60

71

18 .
95
93

93

92
92

91

89
89
88
84

84

84
80

79

79

79

78

73
73
73

67
66

65
64
63
62

77

- 80

19

104
103

102
162
101.

- 100

99

98

98
93

93

93

89

88"
87

88
87

. 86 .
80
80

)
o

76

72

72

71
g
68

66

50

104

101

= 101

100
100~
98

97

96
91
92

%1

87

88
87
87

87
SV
78

78
77
77

75

G o

70

69

68

66
64

9%

08
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MeaSured’Cooling Water Temperatures (F)

. TABLE CI (continued)

1051

i
104

- 101
101
99
100
179‘8'.'
96

96

91

o910
91
87

85

85
86

-85

77 -

78

77
77
4
08
89
67‘
66

64
64

94
91
sy
-89
-84
83 .

96

2

TTor

97

s
97 °

96
93

94

.83

84

82

76

76
75
73
- 68

69

114

65
64
63 .

131

o120
121

117

115 -

115

109

108
© o107

100

100

.99 o
98
88

- 88

87

- 86

.82 .
78

- 78

Sy

s

73

70

122 .

24

130 .
124 -
124

123

1220

118
DU & A
116
© - 110
~110.

- 167
104

102 -
101

100
.- 98.

.96
.91

89

87 .
86
84
.80

fw76'

75
[ &

R

Run

25

132
125

124
123
122

119

.- 116
115

- 110
<110

109
101
101

101
99
97

91
90
88

87

83

1 -

L

79
76

73

72

69

116

107

o9
L

193
186
185

182

181
175

172

S 169
‘167
- 161

160
157
150

146

141

138
134
129

122

118
113

107

97

91

85
78

, 77: 
65

"fv'66

n

84
176

173

170

170

- 165 .

16l

159

157

152

151
147

141

137

131

127

125

122
114

107
103

97

91

81

79
76

3
71

28
189
179

178

175
175
169

165

161
155

j154",
- 150

CLGA
141

135

133

128 -
124

113

106
1020
97

84

77
75

73

69
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4.97

5.81

6.64
7.48
8.32

9.4
9.73
10.30

10.63

11.38

- (fe -
oL
.81
164
L 2.47
3.31
414

| essured Vall Temperatures ®)

o ommEcr o

'S?kﬁh‘ ~;

13

, .14m','

230
257
247
- 255 .0
o254

243

251
’}”T250Ft
1249
217
225
223
227
- 156

7926

255

Cou
254
248

. .252 ¢

241
249

47
- 2l4
',&215:  
B VA

138

15 _ 16

A

C 209 T 292

S228 0229
257 259
2450 0 247
256"ﬁ5;‘;\257fx'_
250 251 .-
254 2540 o
242 244
S 246 2530
247 . 249

S 250 251
2460 250
201 217
206 227

206 - 228
L1250 159

298 232
260 264
L2470 251
255 262 oo
251 256

254 260 .
243 250

251 258
249 2530

251 254

249 249

221 216

S o228 222
w2210 219 o

158 -142'j1i \ -

20

Cv 247
2730
262 -
27
*'fi”;265fff'.
29
L0266
oo2sl
258 -

T 2430
241
245
186

s
273275
D262
272
266 2
2700 2
 ¢261 ;2‘.w»4-'j'
268 27
263
259 .
f239d‘43,
244 o
Comh
245 245
185 178

"ifiﬁfﬁf¥

  §$? o

2690
256
S 268
2600

C267
257
ho259

v 2590 .
o254
17‘226 ,,‘f
©.232 . o 260

e

»265f5ﬁﬂ.“
281
274
279 .
2760
2717 -
272
275
273 .

EF€Z72_"‘:>(5
270

256 59
259

259
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TABLE CIT (continued)

Measured,Wall'TEmperatufes ¢

154

238

262

272

248 - =

246 et

Run
_25_ 26 27 _28 29 30
269 277 277 278 228 - 228
284 282 282 284 - 259 261
277 280 280 283 251 254
283 280 280 282 257 259
280 279 279 281 256 257
281 277 278 279 256 258
276 276 275 277 247 249
278 274 274 277 254 256
277 274 273 276 252 255
277 273 272 274 251 253
273 271 271 274 250 251
259 267 264 267 223 223
262 268 267 269 229 230
267 265. 266 1267 228 228
266 265 - 266 1268 228 229
217 243 240 237 160 - 158
Run
31 32 33 . 34 35 36
231 234 154 198 229 155
262 263 243 271 280 241
255 255 258 277 279 258
261 261 256 276 278 257
258 259 . 256 275 277 258
259 260 253 - 273 277 254
251 253 247 269 274 251
257 . 258 247 270 275 248
255 256 251 269 274 251
255 256 239 266 274 . 239
253 254 247 268 274
1223 221 247 267 273
230 ° 227 2267 261 273 226
231 230 222 258 270 . 222
230 224 238 265 272 ¢ 237
146 236



TABLE CITL
Steam Pressure (psia)

_Run o

Coage

17

w13 s 1s 16

|
|

52,3 0
518
51.4
50.9 -
- 50.5
50,1
- 49.7
49.4
~r’f496l :
o489
S A2060 0 487
C48.T
486
4816 AL AT

.01 . 50.0 52.0 . 53.0 -
.81 - 49.0 51.4. - 52,5
1.64 48,1 - 50.9 52,10 -
2,47 47,1 50.4 o057 0
'3.31 46,1 49,9 51,3
4,14 -~ 45,3 49,4 .0
4,97 . chhL o 49,0
. 5.81 43,6 - 48.7
S6.64 e 42,8 484 5
L7480 42,3 0 48,20 50
. 8.32 . 41.6 - 48.0 50,
9.14 41.2 - 47.9 . 50
50
50

e .o e e
o . e

. .
.

OV 00O 00 U N OO

NN WP HUroNNE 000 O
FOOFHOURNNE OO
NS R N N
N Lo L B U -0V s 0080 O

o N S N N N N C O

09.97 - 41.0 o 480
10.30 + 40.9  48.0 . 50,3
. 10.63 0 o 40L8 T 47.9 50,2
o 11.38 0 - 40,7 47,9 0 50,2 41.8

R
PO
. -9 .
NRRT)

NS
i
\O

(g0 1920 2t 22

.01 51,9 52,8 55.8 . 51.0
T -1 51,6 . 952.2 .. 55.4 50,8
0 .1.64 . 50.7 0 51,6 0 55.00 . - 50.6
2,47 . 49,9 - 50.9 . 54,5 77 50.4
3.31 49.2- 50,30 - 54.1°° 50,2
ohui4 0 48,600 - 49.7 - 53.60 0 - .50.0
S 4097 0 47,90 49,0 53,20 . 497
- 5.81 o473 - 48,5 52.8 49,5
C6.64 o 47.9 0 5205 49,3
C 748

) 47.4 ¢ 52.2° 0 49,2

6
A
g o 4 46,9 51.8 . 49.1
914 9 46,4 - 5L.6 - 49.0
9097 6. 46,1 © 51.5 0 49,0
'10.300 44,5 46,0 51,40 49,0 0 o
10;63  ‘;:_44;3,‘; 745;8.'..' 51;3ﬁf{:'j48-9J 1}?
11,38 . 4&L 0 4506 51020 ’

B B




| TABLE CIII (continued)

| Steam Pressure. (psia) =~

~Run.

_“26 :g '_27:>LV .\:28 ‘ } ﬁ v&égiL;;ff.T 3d fi?:ii er.

S . )
Q R ‘ - B
= e el
PO
w

- 58,1 . 57.4 60.3 52,2 54,0
o575 . 57.1. - 60.2 51,2 . 53,1 .
57,0 0 56.8 59,90 - 50,2 52,20

56,4 - 56.3 .. . 59.6. 49,1 51,2
55.8. . .5 ©.59.3 48,2 50.4
55.3 :

54,7 5!
54,2 5L
9 0F T IO 5316~; 
- 7.48 . 57.8° . 53.0 5
©8.32  57.4 .  52.4 5

9.14 57.2 . 52,0 5
9.97- -~ -57.0 - 5L.5 . .53
:

5

5

U 000N OV AD B N

59.1  47.4 49,6

. 58.8° © 46.5  48.8

4,8 58,6,  45.8 48,2 0 . . .
& 58,3 45,0 - 47,6 . "

4.1 ° 58,0 &h.5 47,1

3.7 . 57.8 43,8 46.5

3.5 57,5 43.4 46,2

3.2

3.1

3.0

2.7

N
S
)
RO RGO R = TN

G S T
0.0 WWWYWWO QI "fpi-d o
. - B . .

C57.3 43020 46,100
. 57.3- 43.2 0 46,0
5702 0 43,00 55,9 .
. 57.0 42,9 . 45.8 0

10.30  56.9  5L.4
- 10.63 56.8 - 51,1 53
11.38 56.5  50.6

Run

w
w
oo
IR
w
Ut
W
=)

.01 55.0° 57.2 -
.81,~'f-f;54.4  a 56,7;> o
. 1.64 53,7 56,1
2,47 52,7 55.4
3.3 52,2 54.9
4.4 . 51,5 544
4,97 - 50.9° © 53.8°
5.81 504 . 53,5 .
6.64 49,8 53,2
7.48 49,5  53.0
8.32 . 49.1 o
9.4 48,8
S 9.97 48,8
S 10.30 - - 48,8
10083 '
©11.38 i

‘“$;$7py#*$ﬁﬁV$‘¢>$SuwA f;“f o
0 W U0V OV 000 Oy .
00 L. 00 P N 00~ ~I N )



 TABLE CIII (continued)

‘S‘team Pressure (psia)

Run S -~ Plenum Chamber v
' ’ Pressure "(Svatur‘a‘ti:én) .

13 - | . 5k

15 , T 54,7

16 - S '55.0
17 o o 53.5
13 e S4.4
EE L 54.7
20 S " 55.4

20 G - 57.6
22 ‘ 52,1
23 o , o 59.2
26 S 61.9
25 o 6246
2. e o - 60.3
27 o Cr T 59.0 -
28 SRR 61.5

23 L : S 56.6
30 S .. 58.0
3 o '58.6°
32 R A ~60.1
33 o 54.6
3% - . IR ©60.5
35 - 61.3
6 . 55.4



TABLE CIV

Liquid Film Data

Run 13 R | Run 14

, Relative o Vi o , ’ - Relgtive - Vie
h . £ . contact h £ contact '

(in) = - (sec'%z; time (%) . (ft/sec) (in) - (sec~D) - time (%) (ft/sec)
0149 8 10.4 o .0351 5
-.009¢9 41 10.4 7 .0251 . 36
. .0049 158 - . 1044 .0201 59
o ..0029 - 230 21 10.4 - .0181 70 ,
©.0019 o215 33 0 10.4 ' .0151 , 85 - 18
. .0014 . 183 43 9.9 = .0126 97 . 18
- .0009 12 73 - . -.0101 105 25
140007 3 - 79 - . .0076 - 105 29
.0004 0 100 SR L0051 105 . 42
SR, : ' AR : : ©.0031 90 . 54
.0021 - . 56
-.0016 S 45 77
.0011 13 88
.0006 3. 100

~NLO O

Lnl-—‘QOO
OHOCOFOMF PR H=W
> - . . . .
moapkhNoD>oooy O

] E.I
.

e el el el e

~
=
1

88



TABLE CIV (contlnued)'

quuld F11m Data

Run 15 SRR e g Run 16 n
Relatl-\'e REE ¢ A e . T R Rt 'V-Relatlve VW

5rcontact

“contact SRS o -
- i"j,tlme (A‘;” oLfE/

. ; time (%) . t /. sec)

17
17
14
14




L .,0056 . . 63

0036 114 15 16.0 S .01l5 98 14 11.6

TABLE CIV (continued)

Liquid Film Data

~Run 17 - B - C L - Run 18 ~
o Do Relative : v o ST Relative - V.
h .~ & _ . comtact S h £ L.  conmtact A
in) _,w(sevc"jf) o _time (%) (fr/secy - - (in) - (sec”) = _time (%) (ft/sec)

| 20.8 0515 3
S .0096 19 23,1 0415 11 17.4
.0086 26 20.8 ©.0365 . 20 17.4

2 0 17.4
2 0
L0076 34 SR A 18.9 S 0315 27 0. 1349
‘ 6 o0 .
7 3
8

L0106 12

6066 Gt 18.9 - ..0265 42 13.9
18.9 - .0215 60 13.9

0046 83 1L 17.4 0 .0165 83 S 12.3

06

.0026 148 200 ‘16.0 - - .0090 103 250 11.6
L .0016 194 . 33 _ 4.9 . . .0065 100 38 12.3
L0011 - 198 . 46 - - .0055 100 : 44 - 11.0 -
.0006 137 67 - .0045 95 53 . 11.6 .

~.0004 87 93 = . .,0035 . -87 61 ' -
0002 0 23 01000 o - . ..0025 .. 62 o 7 S -
S .000r 0 6 . 100 - .0020~ 44 84 L -
S Do e Lol E : ‘ .0015 17 94 S -
L0010 5 ~100¢ A -




. TABLE CIVf(cdﬁtin§¢¢5 ﬂ)

© Liquid FilnData

" Run 20 e
- Relative = V. -
Lo oeomtact o
ecT) o time (%) (ftfsee) - .

. “Relative .V

S 20.8
© 20,8
Cooile
ERRB 5 8 TR
21,9




 TABLE CIV (continued) =~

. Liquid Film Data

CReb 2l eun g
. Relative V. - LT e e Relative = = V..
. eomtact T o L . comtact

Q0 <44 CQ N QO
O PO O

5

.

2

S s




TABLE,CIV (continued) - o

_ Liquid Filn Data

VvvRun'ZB.;,

1 Run‘24

(in)

.f.‘f:‘. : . S B s :
""(fée;ci?‘.l:) coontime (%) 0 (fr/sec) o _(in)

Relative = Vy -
contact - ' “h

£

(sec™ b

1y

Relative .-

- contact .
time (%) (ft/sec) =

.0086

L0046
.0036
.0026

.0021
~,0016
,0011

.0008
.0007
.0006
.0005

©.0004

2
6

C o931

1 41 .
84

160 - . 12 - 23,1 .0022

2320 22 24.5 . .0017
270 34 o219 .0012 -
272 36 - - .001L
g4s 54 - =7 ,0010
162 66 = - - .,0009

133 - 84 - 0007

46 1000 o S ,0006
4 . - 100 e .0005
5 100 = - ..0004

. AR . ,0003 .

,0002

L0001

0 23,1 .0137

e 2 . .0087
21 2 23,1 .. .0067
R A 23,1 . .0047

125 10 23,1 . . -,0027

L

38
T4
114

ole2
S198
227

260
268

- 198
153
119

77

17

270
258

58

27

R T

Y

21,9
21.9

20.8

21,9
. .20.8
~20.8
-21.9.

21.9

20.8
. 20.8
120.8




. TA@LE Cin(continued)‘

‘Liquid Film Data

«RuanS: L S L . " Run 26

B

£ " contact h - £ _ - contact

"v~ ﬂ' o :Cin),'
L0168

0138

.0088
150 15 20.8. . - 0018 135 15 © 21,9

0068
.0048
0038

0023

-.0011

- ,0008

0007
~.0006

- .0005
.0002

.ﬁﬁﬁcfllv", time (%) .’Kftjéec) S v(ih) . (sec™h

4 1.4 L0068 2
18,9 .0048 11

4 0
'17@4- oo . .0038 21 R '23.1
0

12
45 ‘
C17.4 0 .0028 49 \

18.9 - .0023 - 75 1

W W N O

189 .20  20.8 .0016 - 106 15 . 23.1

o214 220 19,8 . 0014 137 : 15 S 23,1

235 32 . 19,8 . 0013 . 162 = = 17 23.1
244 36 o 20.8 - .00l - 178 20 23,1

242 - a9 - . .0009 221 22 23,1

238 0 47T = ~-.0008 262 32 0 23,1
152 ’ 69 - ~.0005 281 ' 41 -
110 : 80 o= L0004 - 1200 50 -

93 - 85 - ©,0003 9% - 100 : e

75 90 = - .0002 42 1000 e

27 0 - S S
18 oo o -

“ Relative = =~V _~ ' e o v . Relative v

tine (B - (fefsee)




TARLE CIV (continued) -

Liquid Film Data

Run 27 3 . ' o ‘Run 28 v
~ Relative ’ _ s : Relative =  V
~h £ contact - h - f . comtact
(in) (§ec*;) time (%) {in). B (sec"})g Ltime (%)

<

o~
=h
pk
0
)
(¢}
g

L0181 10
L0131 28

0131 2 0
} .0

.0081 78 . 3
8

0

..0081 . 1z 2
: 5

7

.
.

.0061 ‘ 29

.0031 103 _

L0021 161 - 10

0016 200 . 14

- L0011, . 265 19 0016 = 313 32

- ..0006 - 314 40 L0011 351 . 41
.0005 . 278 . 53 - S .0006 . 333 . 70

- .0004 207 69 - - .0001 180 - 100
L0003 . 153 90 - e o : R

- .,0002° 123 . 100 : - :

So,0001 0 o100 0 100 -

.0056 133 -
.0031 224 15
.0021 272 2%

QW00 WwWw
. .
00O WO 0 O -

NS 2 Ra RO RN IS

*

6
6
6
6.
6‘
6
6
6

6.0
16.0
16.0
16.0
16.0
- 16.0
16.0
16.0

56



TABLE CiV (continued)

© Liquid Film Data

Run_29 . s o oL Run 30 .~
, v ~ Relative v o - . - Relative V. =~
R £ coatact o ’ . h . - f _ coutact e
G (see”d  _time () (ftfsec)  _(im) . (sec™h)  _wime () _(ft/sec)

L0192 1 0 23.1. L0193 2 0 24,5
0142 3 0 . 20.8 . .0143 -8 0 24.5° -
0092 16 - 2. 20.8 . .0093 34 4 21,9
- .0072 - 32 4 2301 ' .0073 5% 8 20.8 0
1.0052 58 ST & S 23.1 ©.0063 72 9 2l
- .0042 7713 23,1 - .0053 -~ 87 .. 13 S °20.8
' 15 19 .23,1 . ,0043- 109 - 19~ 21,9 . o
132 32 21.9 : .,0033 . 13% 25 . 20.8 -
159 51 20.8 ~ L0030 - 141 30 - 20.8 ¢
161 55 o219 .0028 39 30 18,9
157 Co55 0 23.1 .0023 . 141 34 20.8
157. - - 55 .- L0021 156 . 36 © . 20.8
L 154 60 = ,00l8 - 155 38 20,8 0
. .C007 145" 68 - - ,0017 - 159 .42 20.8
~.0006 137 77 - .0015 . 163 45 .
.0004 9% . 100 . - B .0013 167 49 -
.0002 79 . 1006 - . - ,0010 167 - 57 -
. .0006 151 . 72 -
.0005 %L 760 -
.0004 . 22 9L -
.0003 - 99 : wo -
.0002 90 100 - SRR
.0001 82 1000 - e




TABLE CIV (continued)

Liquid Film Data

__Run 31 . . :’. v o .v  o Rnh 32 Lo

h

Gm

-0 Relative. - .. v, . NN . Relative v
£ - ‘contact |, ‘h £ . contact o

0240

L0190
L0140
S looso
©.0070
.0050
- .0030
0020

.0015
0010
.0005

':ff,QOOZf“-

13 20
152 25

';(seé“%2 ’V_ytime_(%z i "(ft/sec} o L (dn). (sec*l}n_ time (%} gft/sqéh;f'

L0428 . 2
.0328 12
.0228 . 38
.0178 . 60 16
.0128 95 14
.0078 136 0 26 16
0068 - 139. - 28 12
14
14

°

B B

~J
)
= i~
;0RO O
CVWVLOO LMD
=
S Qe o

104

e 2 e .

W00 OO

166 o310 , S - .0058 - 151 . . 3L
176 41 . - o 0048 . 152 . 39
177 53 - 7,003 158 46 -
167 66 . = . ,0028 - 150 - .51 -
120 8 e ©.0018 136 67 -
88 100 . - 0008 - 68 - .8 -
L e ©©.0003 - 31 100 . o -

5




© TABLE CIV (continued)
Liquid Film Data

Run 34.

T Relative ¥,

o ARESRRAVE W .
£ ~contact

ey

£

Relative
contact -
time (%)

0180
L0130

.0080

0060

.0030

© 40020
S 0015
-~ .0010
L .0005
S .0003
s 00002 o

~ (secT;L

time (%)
2 0
8 - 2 ‘
C 34 o4 18.9 .
5 .8 - 20.8 - . .0035
8 17 20,8 . - .0025
10 23 8.9 - ..0015
132 35 18,9 - - .0010
144 . 42 18,9 - 0005
9 52 0 18.9 ~.0004
123 7S , . .0003
S92 100 - -
-85 . 100 - S

2640 - ,",0675 Jj,
- 18.9 o .0055
L0045

~.0002

2
5
11
~.19
- 29
51

t g
76
71
67
36

ﬁ‘jseg’i)"

Ve ;
; jfthgcz e
26,0
o231
23,1
C23.1
23,1
20.8
~20.8

86




 Run 35

| TABLE CIV (continued) ~

" pelative

tact

time (%)

Vi

S L0045
SO 500350
,0020
L0015
L.0010
0005
©.0004 0
..-.0003
©.0001

102

_: 1

D10:p?CjCLCT

120

‘:357 f.,Q .

81

00

‘}QSQl 

'i720;8 ﬂf;

©20.38

- 20.8

- 18.9

-~ 20.8

Run 36v

  h:7  f}}’
(in) |

Relative

. contact

'f“Q246 ;';.
";;‘90146
~.0096 .

S .0076.
- +,0056
+0046
.0036°

.0026

.0021
. .0016

. .0011 - -
L0010
.0009
©.0007

~.0006
.6005 -
40004
,0003 .
L0001

140
- +160
170
181
181

186
169

©121

105
125 -

183
o157

111 1‘:f L
e

L _time (%)

- 18.9
18,9

1  }17}4ff

Wf>

CgEse .

wig,gi'“'”“H

18,9
18,9
C18.9

20.8 -
18,9 o
8.9




' Appgn&ik D

‘Calculation of a _Stvalﬁisticél Wave Form

The film distﬁrbéﬁce iayervwas-firétﬁdividgd into a number of
small incremenﬁs or strips on a commonﬂlogarithmic scale; The wave -
frequency and felative cdntacf time correspoﬁding t0‘thesgraphic mid-
pointvofveach increment‘we?e_detérmined. A §onstant velocity'over
the distutbancé 1a§er wgs éésumed to beveQUal to_that of #hé ave:ége
' measurea’wave velpcity. :Aﬁ}éverage Wéve density in waves pef fodt
' was-determined'for.eachistrip'b§1di§iding'the frequénc&rby the wave
‘velocity;  Tﬁ¢féssﬁmpﬁion was then made thatvthe eXpérimepfai‘relé—
tive contact time was fﬁeiactual pefCeﬁtége'Qf tiﬁe tﬁét the Waﬁeér
wgré'in contact with thé probe. Then, dividing.thé félativé contact

time by the'wavev&ensity,yieldéd'the wave thickness for a givei

strip. This calculation is summarized by the following exzpressiomu:..

(contact‘timé) (wave'veIOCity)
frequency

wave width =b

(p1)
Also, for each stgié, tﬁe 1iquid mass flow which écéﬁrred in the
form:cf identifiabie~waves was determined. Fir#f,'a charactefistic
strip‘density #ésﬂdéfined éé the préduct'of relétive,éontact.timé and
liquid maés denéitj; :Th¢.mgss flow in avstrip is'then‘déterminedv
from QOntinuity: | | | o
W=‘(coﬁtact-time)p-.ﬂD.‘Ah vV R (02)
- + % w Co R ' ‘
‘where Ah_rapfesenté the incrementfwidth. The‘résﬁlﬁs'qf‘these

calculations are presented in Table DI.

w000 :



 TABLE DI

 Statistical Wave Form Calculations’ — .

. Tmerement of - Mid-Point of . Average . Liquid Flow dn




18

.23

 29;

TABLE DIT

~Liquid Mass Flow in .Id:entifiablﬁe,Waves

_ Liqﬁ‘id ‘Flow Mass o
© in Waves and Sublayer -
_ (Ibm/hy)

118
304
319
S
103

168

Fraction of Wy in

_Waves and Sublayer

33
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A STUDY OF INTER AACTAL WAVES AND HEAT TRANSFh
'FOR TURBULENT CONDLN&ATION IN VERLIuAL TUBES
by

y'Oseaf BrYen Taliaferro, Jr.e

;

 ABSTRACT -

A.stueffwes'ﬁede ef’the fiim‘cheraeteristicsvendttﬁe 1oeetiﬁeet
ttansferlceetficieﬁts for‘the deénwafd fiew-of éteaﬁ eondehSiﬁg;infa,
Vtertlc“ tebe. VThe_meés &eloeity of the steeﬁfﬁas;eﬁch‘that the .
floweOCCﬁrted_in.the aﬁnularfmistbregime;ibThetiﬁterfaciel'wave veloeav;

4

- ities, frequencies, andjemplitudes”were experimentally determine
' using needle contact probes. From these data on wave characteristics
a statistical wave form was obtained. The liquid mass flow occurring

in identifiablevwavevaaS‘determined from\a numerical integration

tf?bﬁefﬁ' e$dlsturbance 1ayer (1 e., that portlon of the 11qu1d layer in

riw%iéhtwaves‘dre present) and compared to the 11qu1q mass. tlow given
by an energy balance and ‘an entralnment oorrelatlon: “The - re°u1t° -
blndlcaved a heavy ﬂoﬁcentratlon of 11qu1d par ‘CLé entlainnent in theltt
nelghborbood of tbe lem. .In addlt‘on, tae ax1al proflles of “he -
1ocal heat fLuxes and local heat transfer coeff1c1eﬂts acrossvthe

filﬁ %ere‘ohtained » The £ilm Veeeelt number at tneilocat1onrot the
probes based on an operatlonallv def:ned mean fllm thlcknebs was. feund'
to correlate,with the product of.the,dynamic §Qalityjaﬁd,tae ratxa Qf'

‘liquid to gas densities.
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