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Lvaporation ip quite o ponoral prnaoaé,
Uhonover a liguid surfoce 1n in contaot vith a gascons
onvironnent, moleoules logve tho liquid snrfaoevmnd pix
up vith tho gao. Evaperation froo insido o 1£§uid body
andor tn? forontion of vopoar bubbles is colled bofiling,
Boat tranofor to boiling ocours in covoral hinds of nont
oxehongc apparatuscs,. Tho nost conmon ozanplos arc stegn
beileroc and tho ovgporators of rofrigorating plants and
chentiesls induoirios.

Inopite of tho vide upo of oguipnent of this
port oard oven with the fact that oztonsive studioo bhave
boon and are bolng pade of tho hoat tranofor in thio
cquipnent, the infornntion dovelopod concorning tho hoat
tronofor to bdolling liquide ig otill far fron somploto

or cotisfaotory.

Qogt tronsfor to bolling liquids is o convection
proooos involving o change im the phane from liquid to
voapour, Yho phenononon of boiling heat ttonsfer aro
conoidorably roro conplex than those of convootion
vithout phosoe ochobge, becauso 4in pddition to all othor
Variabloo acocooiatod with convoetion, thooo apsociated
vith chango of phaso are also roievant, Ac ceen in tho

liquid phace convestion, tho goonotry of tho nyston,



the viscosity , tho donsity, the thornal conductivity,

the expansion coefficient and the spocifioc heat of tho
liquid are sufficiont to doscride tho procoss., Uboroas

in tha boiling boat transfor, the surfaco charnctoristices,
the surfoce tension, the latent hoat of vaporization,

the prossuro, the donsity and possibly othor proportics
of vapor also play an inmporiant part. As a result of
largoe nunbor of variablos involved noither gonoral
eguationp dosoribing tho boiling procoss nor goenoral

oorolations of boilinpg hoast transfor data arc available

uptodnto,
Tho purposc of thio work §s

a) To npko an oxtensivo study of tho nmooha-
nion of vaporisation and,

Bb) To co~rolato tho hoat transfer, proosuro
drop datan for o vaporiazing liquid as voll
a3 to study the the local hoat tranafor
coofficionte. Tie vaporizing liquid
selectod for thiso vork is Preon_4;
a8 it 13 the nost conmoniy usod refrigor-

ant in the rofrigeration applicntions.

Tho problon of hoat tranofor ratos of evopor-
ating Fronnh&g 18 of groat sipntifionnco thooo days duo
to incroasing onphasis boing laid on tho optioization
of ovaporators, Alr-borno rofrigerant ovaporators in

particular have placed a preniun on ointoun sizmo and



weight, An improved knowledgo of local evaporating
heat transfor and pressure drop is thorefore mendatory

before the optimization can be acocomplished.

As most of the cooling coils of the rarrigaratian
plants aro made borizontasl, therecfore hent transfor
rates of wvaporizing Froonn‘z in horizonial tube are of
practical value, Any inclination of the tube to the
horizontal would certainly affect the hoat transfer
rates, The sxperimental investigation in this work aims
at exploring the heat transfer rates mainly in o horiz-

ontal tube. However effect of warying the tube angle

on hoeat transfier has also besen studiod,
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CHAPTER -1

PHENOMENON OF VAPOHIZATION

The physical interpretation of boiling
regimes have been dealt here. Tho nucleats boiling
has boen presented from the fluid 1iow and heat-
transfer aspeots, disocussing the mechanism of
bubble formation. The ¥Yarious faoctors affecting the

nucleate boiling have been discussed in the end,
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Tho proocoss of vaporigation , a5 considerod
heora, rosults in the convorsion of o liquid into vapour,
Tho ovaporation asgociated with tho trannsfeor of heat

tron a solid wall to the fiuld 4o of privary intorost,

In general, the processes gnd data for heat
tronufor associatod with ovaporsiion have not been
adeguantoly dosoribed and corelatod, Thoy aro groupod
according to the nature of the tluid,notgon-and nocording
to the phystoal dispovition of the heating surfaco. The

varicus types of hoating surfaces pro:-

1, Hortzontnlly subnerged flat plates.

2. Vortically subnorgod tabes or platos,

3, Horizontglly oubnorgod tubes,

4. InsidGe gurface of s tubo vith Lfluid floving

thercoin ™

Theo various types of rosulting flaid ootion

are,

1. Evoporation vithout boiling.
2. Rucloato Boiling,
3. Pilu Botling,

If tho liquid 18 greatly ouboooled the processes
of ovaporation by boiling nay oocour locally at tho heoating
surfaco and bo acconpanied by oubneguent condonsation
in tho coldor bulk of the fluid, resulting in no not

evaporation,



evapsration,

In discussing the evaporation processes thoro
are threoe inmportant magnitudes to consider %7, temp
of the heating sarfoce at theo liqutd solid ianterface,
tsat* the saturation toopersture or the hoiling point of
the liquid, corresponding to thoe prossure, and tliq’

tho teoperature of liguid boing evaperated.,

In tho ordinary boilliag of water al iis satura-
tion toeop, evaporation ococurs ot the free surfaco without
tho formation of bubbles whoen tho heating sarfacc touper-~
ature, tu 1s only a fowv dogroes ghove saturation tenp,

toat+ AS tho teop. difforential i.e. ¢ - ¢ ia

W sat
inerensed vgpour bubblea form and agitate thae liquid
$n tho vicinity of tho hecting sorface. This t;po of
boiling 1s called nucleatc bolling, the detsils of whioh
shnll be discusged later. Evontually with the inoroense
in toopernture differentinl , itne amount of heating
sarface covered with vapour bubbles 15 increased until
theo entiroc fros sarfn&a becounua "vapour blonketed”. Tiis
rosults 4n a yprocoss czlied " T4ilm bodiling®,.This usuanlly
does not occur in refrigorators,

l1e1 BVAPORANIIUON O A FIOL LIGUID
SURFACE VI Ju0UT BOTLING,

Using Mstilled, dogasifisd water in a clean

glass container, Heidrich investignted the tooperature



distribution on iieat flow rates in ovaporating water
without boiling. The rosulting temperature digstribution

and the heat flow rate curvas are shown in Fig. 1.1,
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y FIG 11 EVAP OQATION WITHOUT BOILING.
‘ It 1s observed that nesr the surface the

tenp gradient is very nearly linecar, suggesting a

stagnant Iayar in which heat is transferred by conduct-
ion alone, Boelow thiq layer temperature is nearly oconstant
with depth, suggesting eximtence of convoction currents
which tend to equaiise tho temperatures, Ehe rate of
ovaporation, whioh is a seasure of the rate of heat
transfer;, incoresses more rapidly at bigher vplues of

tl,b - ‘at' This offect is accompanied by a decrease

in thicknoss of the apparently stagnant surface layer

due 1o an fnoreasc! natural conveotion below the surxface
layer, since the heat asdded at vhe walls of ihe container

produces a less dense fluid at the bottonm,



1.2 RROIMES IN BOILING,

By observing the boiling phenomenon with the
aid of high speed photography, it has besn found that
there are various distinet regimes of boiling in which
heat transfer mechanisn differ radioally.Bxperiments
in pool boiling wiith an clectrically heated wire submerged
horizontally in a tank of wator at saturation temperature
have been reported by Farber and :‘hwm,!x1 and noadansi The
ragulting chanracteristic ocurve in Flg, 1.,2. $1lustrates

the various regimes,
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Fig. L.2. PHysicAL INTERPReETATION OF BOiLING CURVE.

I~ Pure oonveotion: Hoat transferred by superheated
Ilquid rising to liquid-vapour interfsve where evaporation

takes place,

I Nucleate boiling- Bubbles condense in superheatsd
liquid as in Case i,

111~ Nucleate boiling- Bubbles rise to interface,

IV~ Spherodial state beginning: Partial nucleate

bosling and unstable nucleate film,
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V- Stable £iln bdoilinp,
Vi- Radiantion conming into ploy.

As the wall tenperaturc rises gbovo tho saturat-
fon tonporature, oonveotion quirents virculato the supor-
heatod liquid and vapour i3 produced by ovaporation at
tho Iree surface. Further inoronse in surface tomp is
accorpontocd by the formation of vapor bubblos vhich riseo
ot tho favorod spots on tho Detal surfsce and condenso
boforo renching tho froo surface, In Regipe 11T nore and
luéaor bubblos foro and transport wapour to thq vapour
spaco., Boyond the poak of the curve, an unstoblo filp forne
around tho vire and large bubblos are forned at the outor
upper surfgco of the filn, This Ziln ie not stablo and
undor tho aotion of circulation currents it collapsos and
roforns rapldly. Thoe prescnco of this I4Ip providos an
additionol rogsistance to heat transfor and reducos tho
hoat transfor rate.For nigher values of ATx tho vapour
£ilp round the vire 4o otadls in tho ocense that it doos
not collapse aud reform repentoedly, but the shape of the
outor £1in varlon continuously. For valucs beyond 1000°F

the influcnco of radiation beconos pronounced,

Tho obaractoriotic ocurvo of Fig,.1.2 10 obtained
roadily if ocondonoing vapour hooting io wood, but vhon
elooctrical hoanting 45 used the roginoo IV is difficult
to obtain, As the oloctrical omorgy and honoe hoat fiuz S

A
is incroased, tho resulting ATx increnseos in rogino 1IX



1

“hon tho peal value of g/A 1o reachod, any furthor
increase in elootrienl onorgy is acoovpanied by o lowor
q/A. The differonce hotucen those two quontitios couges

a rige in tnternal onorgy of viroe accompanioed by a furthor
deersnse in g/A, In short, tho systen is unstable and
unless tho slectrical inmput is rﬁduced, tho syates will
prococd toward point b of Fig,1.2, vhore the wire

topp 1o very high, Gonerally tils touperaturo is abovo
pelting point for cool netolg, and tho wire nolts boforo
roaching tho point b, For this roason point a &0

generally rof nod to as the burn-out point,

FUCLDATE NOILING

For tho digousalon of heat tranofor of ovapor-
ators used in rofrigoration, tho regioo of macleateo boiling
ia of considorable significancc, Boforc a peothod of co¥rola~
ting the heoat tronsier ratos is sought, it is nocoasary to
reviow the phonovenon of mucleate botling, Thore aro nany
cxperinontal datn cosnceruing sucloate boiling heat trancfer
anid also pany thoorotical works executod to olarify thig
problon, It nay bo sald, hovever, thgt tho phonomonon rooains
Iar frop being understood, Tho anucloato boiling 18 o kind
of problon non-reproducnble in charaotor, Tho non-roproducable
charactor condists in creation of bubblo nucloi, Ao tho
bubblo muolel gre oranted in vory five frrogular vavitios

on heating ourfacos, thoir orontion can not bo treatod fron
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nwaroscopie point of viow, ond thore is no altornative

but to treat it as phenononon govorned by chances, I£ wo
put tho orcation of bubblo muclol cut of considoration,the
phononouon taliding plaoce thereaftior groving and rising of
bubbles vill not have the non-reproducible charancter any

longor and can be troated by physics of contibian,

Tho problon of nucleato bolling has boen studicd

by pany invostigators from the folloving twe aspooto:

a) Pluid Flow Problen,

b) Heat Transfor Problon,
1.3(c) Flutd Flou Problen

As in any othor conveotivo procoss the hoant
trancfor to o batling‘llqﬁid doponds up on tho flov ocondit-~
fons of tho fluid, An undorstanding of tho flov and of tho
flov rogipes 46 theroforo o pro-roquisitc for an annlysic
of tho proowsso of hogt tyansfor. In nuclonto boiling thio
ontnils on understanding of tho proccasos associntod with

tho vopour gonoration (nucleantion and bubblo growth) and

tith the problon of vapour ronoval.

1,3(b) Bubblo Growth:; Sourco Flow.
-Folloving tho nnelcation fron a onvity, tho
bubblo grovws in suporboatod liquid filp adjsecont to tho

hoating surfnoe, The bubblo grovth hap boen prodictod by
Pritz and Bndo by the equation of tho form,

6 ( Ty ~ Tant) C8/
D o - ( % sat) (%’f‘) 1.1

S by,
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vhich approxioatos satisfactorily tho exporimontal

datn of Staniscowslki for water and nethanol in pool
boiling at saturation tenperature, Since local conditions
in pool boiling are neither known nor measured, thereforo,
the average vaiue of (T, - T,.¢) can predict only the
avorage [rovth and not the growth of a specific bubdble

(untcop it ocoincidos with the avorago one).

Although the bubble olightly deforns (it flattons)
vhile growving attached to the surface. Conccptual models
based on tho source fiow (F1g.1.3) were formulated by Bankoff

for nuocleato boiling of subcooled liquids and by'zubor5
for liquids ot sgturation. The fig, 1.3 gives a schenatioc
roprecontation of source flov and the wako flow associated

with growing and doparting dubbles,

) (b)
F1G.4.3 A SCHEMATIC REPRESENTATION OF THE SOURCE

FLOW AND OF THE WAKE FLOW ASSOCIATEDR VJITH THE
GROWING AND DEPARTING BUBBLE.

1.3.¢ Departuroc of a bubble: The Vako Flow,

A bubblo grows and rongino attached to tho
surfaocc until, at tino % (vhore ¢ 1o bubble break-off
tine) it reaches a charactoristie dianotor Dy(vhero Dy
is the digmetor of broak-off bubblo) breako off and
departs fron the hoating surface, The departurc io

governod by the dynopices of surrounding liquid as well as



7.3

by buoyant gnd adhosion forcoo. Frits considored only
tho etatic oguilibriun botwoen buoyant and adhosive foreoos,
ond dorived tho following equation,

L
o "
Db o Cag[mj 1.3
whoere

€4 = conotant and was found to bo 0,0140 for
bubblos of Hy0,

Irmodiatoly aftor tho dotaochnont tSQ lovor
6urfaoo of tho bubblo ro-onters and doforno tho bubblo
in tho lenticulor shapo. Ligquid is ontroined in tho walko of
dotcehing and rising spherodial bdubble. Consoquontly the
flov osscciatod wvith bubble departure can beo approxinatod
as wglho flouw (Fig. 1.3), Tho voloeity of tho rise of a sphor-
odinl bubblo 19 given by,

3
& ?L-?V)
Ut = Const [ %sz } 1.3
L

ehere, tho value of conctant has been found to be botwoon

1,18 ond 1,83, Folloving the departurs of a bubblo, coldor
liquid conos 4n contoct with the solid and gots hented during
o "dolay tino® ¢4, ot tho ond of thioh anothor bubble is
miologtod fron tho vamo cavity. Tho now bubblo grows until

at tine ¢p, &t in turn departs froo tho nuitaoo and

procaoss 1s ropoatod, A bubblo ooluon 4o thuo forped by
bubblos ounocessively rieing from a nuoleating oentre, The
duration of delpy tine t4 doponds upon tho conditions

in the vicinity of tho mueleating cavity, 1.0, up on the
loeal heating rate, thormal fluotuatioms in tho 1iquid and
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the rodius of tho cavity. The duration of "break-off tino" .
%, depends oo the locol superhoat tonporature diZforonce
and on tho loocal hydrodynonic eonditions, For o givon
cavity, both $, aed t, vary fron run to run end varies
froo difforont cavitios as woll, Consoquently the frogquency

of bubblo opiocion i85 alovo n statiotionl distribution

e
tar by

b = __‘%”" = iyé
Although both Iy and £ are given by siatictionl diotr-
ibution , Jakod <fLound thpt thoir product renpino constaont
i‘ﬂ'.

Ps 4 = conot 1.40

1.3 d Tho Ropitios of Dubblo Re-oval,

Tho rozgines of babblo raaoval in nuoloato
boiling £rom a horizontal surfacco woro 1avosttsatcd'nxpor~
inontally by Joanagata and Niohikown o It was aloo notod
and discusoed by Zubor, that remo#nl of bubbles and tho
flov roginos deseribod by Yapagata and N&unikaua4nrv idont -
ical with thope reported by Davidecn and Anicks , for the

foronation of gas bubblos at orifices.

At vory low gas (vapour) flou ratos the bubblo
foroation 48 o problon of hydrostatios. Tho dianotor of o
bubblo oon bo dotomined by considoring a bnlanco of buoyant

ond adhosion forcoo at the orifice (at nucleating centro),



Thus approximately semaller bubbles aroe spherical, the
larger ones are spheroidal or bsll type (Ftg.i1.4 a,bh).
Bubbles rise at constant velocity without interacting each
other, The bubble volume is iudepnﬁd&nt of wapour flow rate,
but the frequency of bubblo emisaion incréaaﬂa with ifnore-
asing flow rate, In the Iiterature this flovw regime is
reforred to as "laminax® or as t#s reglon of isolated

bubbles.

At intermediate vapour flow rates, the frequoncy
of bubble formation remains essentially constant, while the
b.bble volume incresses with flow rate, The spacing between
rising bubble decrsases so that s bubble intergot with its
predecessor above inhe orifico. Coalescence takes place at
the orifice. Bubbles are of uniforms size and have been
described as "mushroom 1lke", In the literature this regime
has been referred to as "turbulent” or the region of *multiple

bubbl ea®

S O
Y
a0 O j

(o) (b) (€) «)

77, ,77 77
(g)

FiG. 1.4 A SCHEMATIC REPRESENTATION OF ¥
VARIOUS BUBBLE SHAPES \N NUCLEATE BOILING
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At still highor gas flow ratoo a oswvirling vapour
otrenn 4o genornted ot tho ortfico, Tho jot of vapour ip
found to bo sirilar te a taraads or a wator spout, Larpgo
dfsoontinuoug jots are shattored into snall dubdbles in above

orifioc, (Fiﬂc 1.4 0,‘)-

In micloate boiling a bubblo can interact not only
vith it# predevonsor rising above the ancloating sito bat
1% can interact with the noighbouring bubblcs on the surfaco,
8toilarly two or nore owvirling constinuous vapour colucns
oan intornct vith cach other, An imtersotion botwoon tue

molcating sitos 1s shoun im Pig, 1.4 g.

The considorations in the abovo lcad to Lho concl-
uoion that flow roginos of vgopour romovel f£roo a single nucl -
oating contro chango with inoreasing ratoo of vopour

genorations

1.3 (o) Sho Plop Nonicos induced by o
) Suarn of Subbios 3 e

In ordor to annlyse the flow tnduood by a ougen
of rising bubbles in muoloato pool boiling, it is advantageous
to considor the oipllarity botweon nucloate pool bdboiling fron
o horigontal ourfaoo snd tho procoss of gas bubbling through
o porous ploto, Thio sicvilarity wno asnalyocod by Zubor% ) §
vas choun thot both tho requircmenmt for initinting tho
bubbling proocss nnd the flow rogines in theso phononenon &ro
sinilar, Consoquently the infornation whieh 48 availoblo
in tho litoraturo on tho hydrodynanio oonditionn'dnring tho
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proocsn of bubbling fron a porous plato can be ugod to

analyoo the procons of bubbling in nmaocloato pool bolling,

FPron oxporinents perforned with air bubbling froo
perforatod plates 3iomos oonoludod that as long as apacing
betwoen aotivo bubbling centers wao groator than tho dionoctor
of bubble nt doparturc, thon the regine of bubble ronoval
vora siotlar to those obgoerved vith singlo oriffeos, The
oxporinontal invootipgations indicate that tho proooss of
goos bubbling from porous plato is charaoctorised by threo
diotinot 2lov roginos nanoly “Laninar® ,“turbulont® and

osoillating "olupg® or “plug® Llovw,

Tho lopinar flow rogines oxists at lov goo flow
rates, Bubblos of conotant voluns rico vithout intergoting
vith onob othor. Thic rogice corropponds to tho lanindr
rogine in bubbing f£ron an orificc, In laninar roginmo tho
1iquid ohoad and behind tho rioing bubblo is at root, No
grooo liquid circulantion oxiots 4n tho field. At theso
flou ratos an inoronse of gas Lflow rosulis nostly in an

inoronsc of munbor of activo pores 1.0. 0f bubdloc population,

Tho "turbulofit® rogino is ochoractoriocd by tho
large 1iquid oonvestion currents induced By riotng bubbdles.
It oau oziot ot lov gas flow rotos 1£ tho liquid is cot 1in
votion DY dioplaccnont and entrainnont in tho wakos of rioing
bubblog It sluayo oxiots ot highbor flov ratos. In this regine
an ineronso in gos £lov rato rosults in ineroncing both,

tho bubble population pnd bubble volumes, Bubbles in thio
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rogion aro of tho "rmliiplo typos®.

Thoe change froo laninar to turbolont rogioe is
aduociated with budbble coalesconco. In both tho reginoco
the geonotry of thoe vapeﬂf phaso is moro or loss sphorieanl.
At higher gat flov ratos bubbleo intoract ond forn suirling
vapour colurno which in turn can intoract to forn large
vapoor slugo. At thoso high goo flow rates tho goonolry
of vapour phooo in tho vieinity of plato &u8 coluonar,

1.4 Ront Zranofor Problon,

Daping tho growth snd the departure o budbblo displacos
1iquid ond ontraino liquid in its wobo, Tho £flou osetillotiono
induoo largo teoporsturo osoillations in theAfluid.filn
adjancont to tho heting ourface and {o the surface itsolf,

Tho hoat tremafor rotes in mnroloato boiling woro thorofore
ottributed to tho invesiigntions of Jakob and co-vorkors

to those bubble induced flous, It is of intorost to quoto the
dosoription of tho flow and of the heat Sransfor proooso.

*Strong forvard and backvard flows oust ocour
in thoe vieinity of o groving and doporting bubblo,
It $o ovon poseiblo that in betwvoen naighbouring
babblo colaons dowavard tlawiﬁg stroane fapingo on
tho ourfnoo thore by the heat'trnnufoi ratos booonces

vory mﬂh sase’

“Uhen tho vapour bubbles rise in large munbors
tho foreced conveotions induced by tho vapoerization
procoss becoles inportant ,,.. ¥ when bubblo

colunns bhecolie punerous and ovenly distributod
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ovor the surface 1t appoars visuplly that a liqutd
circulation 1s forped choreby liquid risos togothor
vith the vapour bubblen; flows dovmward at othor
places and flovs essontially horigontally over tho
hoating surfaco®, * I2 tho total heat transforrod
ic considorod as the sum of cuoh fotal trancfers
thon tho hoat trensfer vooffioient should bo indop~

ondont of tho oxporinontal surfoco,

By oonparing Jakob's dosoription of nuolcato pool
boiling froo o horisontal surfaco and Touvnsond!s dosoription
of £lov rogine in turbulont notural conveotion,; it appoars
thaot flou regimes in thoso Svo hoat tronsfor processos arc
rathor sinilor, Tho flov through tho ‘conduction layer!, iho
flow through tho Pup draught® |, the localiocod nature and tho
notntonance of “upfraught siton® dosoribed by Townsond are
ginilar to the flow parallol to ths gurface and to tho flou
nosooiatod vith o bubble colunm rising above a nucloating
ofto ap desoribod by Jokob. The flov deptotod in Fipg,1.3
¢an bo lookod upon ac "updraunght® indncod by tho bubblo
cotion. ¥ho aenpefaturc fluctuntiono in tho rogionn of
“aotivity® descrided by Touvnsend, and which aro charaotoriot-
100 of convootive prooossos arioing near tho boundary are
pot digoimilor with tonp, fluotuptions oboorved in tho
nucleato boiling in tho vieinity of hoating surfaco,

In viev of tho forogoing 4t appooro desiradlo to

formulate boot transfor problom by considering turbulont
nataral convoetion,
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1.0 PACTOQS AFPJCTING RUCLLATL PUOL DOILIMNG.

{a) Prossuro—

In boiling 1iquid, prossare #f!acta the rato of
growth of p bubblo gnd theroforo affeoln the tenperaturo
dt £Lbronbe botwocn the hcating surface and thoe bulk liquid,
Dzporinents porforpod by Parbor and‘Sceraé'for tator doiling
ot ddfforont provsures show that tho tonporasture differonco
dooronsos for o given hont fluz ac tho prossaro incronsos.
It has oloo been ohown that tho narirun nllownble hent flux
for boiling liquid inoroasos with prossurc till tho oritical
prensuroc io rcachod, and honcoforth dcorcagos with progouro,

Tho fir. 1.5 ochous tho offaot of proosarc on botiling,
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FIG.45EFFECT OF SURFACE MATERIAL
ON BOILING.

(b) Intexial of tho Honting Jurface,

Tho offoot of potorinl of tho honting surfaoo
on tho boiling £1ln cocffieciont of heat tronsfor hoo boon
studfiod by lMoAdans’ and othorc, At o given prosours, for g
givon toaporaturo difforenos, botvoon the surfaco and tho

boiling liquid, tho oconvootivo £ilo coofficiont 1o dofinitoly
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hignor for sonc matorial than tho othors. In order to

obsorvo this phenononon noro slearly and to obtain detailed
quontitativo resuits, H_ °
ueing difforent nagtorials on the surface ¢of blach stesl

conduotod a sories of cxporinonts

wiros. Tho curves of film cooffiefont h vorsun the tenper-

ature difforonecc o7,
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F1G.1.6 BOILING FILM CQEFFICIENT VS TEMP.

DIFFERENCE FOR VARIOUS MATERIALS OF HEATING

SURFACE

(e) Prosence of Gas nnd Naturo of Surfnco,

1

0

licad and others invootigoted the offoet of prosenco
of diooolved goses. A5 a rosult of tid o work 1€ wao eoncludod
that dicaolvod gas had littlo effeot on tho attainablo liguid
suporhoat, but gas disporsod in swall bubblos or ontrapod in
surfaco goo pookots lowored tho deproe of cuperhoast attatnablo
Thic night indiecato thot gae bubble with o rolatively large
radius of ourvaoturc ocauoos nuoloation at the epall acount

of superheat,

Uhen a bubbleo has fortied, a sot of interfaclial
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foracs aro sot vp no shovn in Fig. 1.7, vith o lotoral
LiQuio

VAPOR

B
s Toi
/AR I 8 G /e A N
HEATING SURFACE

FI1G.LTSURFACE TENSION FORCES ACTING AT POINT
BuesLe ConTACT.

oquilibriun balance in tho form of
Gos - 0op = OuyCes P

Tho torn ((sz - Us) 10 oallod nfhogion-froo snorgy and
dotornines the angle p o If its valwne is positive, p is
los: than 80° and tho liquid is soid to wet the ourfaco,
Larson suggosts that for f <« 90‘0 batble fornmation should
oscur vithout 1liquid suporhoat, that for g LBO° (Pig. 1.8n)
bubblo fornation can not ocour vithout cono liquid suporhont
and that for £ > 90° (Pig, 1.8¢) a very thin vapour f£1in
should forp on tho osurlace ot o tomperature lcos than the
noronl boiling tenperagturo, If the gao i3 obgorbod or
adoorbod on the surfaoo, or 1f a gos 1o liboratod beoguso
of a chonical proocess, bubblo formation night ocour bolow
the normal bofling point, the bubdblo containing both vapour
and goo. Fig., 1.0 ohovs tho offoot of intorfacianl tonsion
on tho shapo of bubdbles 4,0, tho anglo of contoet botooon
tho bubble and tho heating surfaco, chioh is o measure

of wottability of o surfaco vith a particular fluid. Tho

Figs. 1.8 ghovs that oonteot anglo doorencos with groator



wetting. A totally wetted surfaos has the smallest ares
c¢overed by vapor at a given excess {emporature and conseq-

uently represents the most favourable condition for efficient

ﬁeat transfer,

/,"/,/x ‘////////I//' 7
[ 77 Heating S

FIc13EFFECT OF INTERFACIAL TENSION
IN SHAPE oF BUBBLES. '

e em e ¢ T
et g s <5 E

(4) Tempersturs of Liguid, -

v
A study was made by Cryder and Finalbargo to

deteraine the offect of liquid temperature on the boiling
film coefficient, The liquids tested inoclude water,
- methanol and carbon-tetrachloride, Tho experimental results

for water are shown in Fig, 1.9.
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(e} Physical Properties of the Finid,

The data fros Cryder and ¥inalbargo for the liquids
tosted were oltudied by MeAdams and plotted in a graph of
boiling £ilm coofliolent versus temperature difference,
a® shown in rig, 1,10, Undor the same conditions different
liquids give ddfferent values boiling film coefficient, In
gonoral bdubble sizo inoreases with the dynamic viscosity
of the 1iguid. As bubble size increases the frequency
of bubblo formation desoreases, This reduces the ratoﬁkiﬁ

heat transfsr, o ; L

1 1000 |

700|./
A

h, Btu/f12 hr*F
>
o
=]

400 ,
g’u 45 6 810 20 30 40
<\$’ » AT= 1;" fq,"F
18410, hvs. At FOR VARIOUS BOIING:.
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(f) Mechani cal Agitation.

The offect of agitation on a boiling liquid was
investigated by Pramuk and Westwater, Msthanol was boiled
under stwospheric pressure, The agitation was carried oat
by moans of a propeller at speed upto 1000 r,p.m. The heater

was a stoam hoated horizontal copper tube, It was found



that rate of heat transfer inoreased as the degree of
sgitation increased, at any temp, difference, The resulis
obtained shows that haat transfer may dbe inoreased more
than 100% by agitation.
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GUAPTER 3

AEAT TRANSFER DURING EVAPORATION

A method of co¥relating the heni transfer
data in nuocleste pool boiling In the form of general
oeguation for foroed conveotion has deen dealt, The
co¥relation application to the axp#rimantal date of
varions tnvestigators has slso beon dealt. Finally
the hoat transfer in bolling with fLoroed conveotion

is discussed,

27
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NEENCLATUND

Total heat transfor asron f@a.
#irot torn in oquation for ourfoco tonsion 1bL/{t,

Cooffloiont for, ¥ 1in oquotion for surfpoo
tonoion IDE/EL. F,

Cooffiotiont for §a in oquation for ocurfaco
tonoion 1b£/26.0%,

Blanotor of the bDubblo oo &t loavos tho hoanting
QﬂrgOaOQ

Initinl intonmnsl onoxgy of vapour bubblo,Dtu,
Pinal fntorngl onmorpy of vopour in bubblo,
Intornnl onorgy of £1ln,

Unit intornol onergy of liquid Dtn/1b,
Surfsco aron of bubblo (ft?)

F.roguonoy of bubblo foroation,

Mooo wolosity of bubbles at thoir doparturo £ron
Benting surfaco,

ceoloration of graovity,
Convoroion Raotor.

Lotont hoot of ovoporation Din/ib,



n*

Unit enthalpy of vapour in budbles Btu/lb,
Unit enthalpy of 1iquid Btu/ld,

Thormal conduotivity of 1iquid (Btu/ft,nr,F)
Bumber of bubdies por anit surface .

Fussolt Nasber,

Frandtl Namber,

Initial mass of vapour in bubdle (1bm)

Mass ol vapour in bubddble,

Incremental mass ot»liquiﬁp

MHass of malter in tlli'

Liquid pressure 1b2/ft3,

Vapour pressurs 1b/1t2,

Heoat quantity.

Initial bubbtle radtas ft,
ftgul bubble radius ft,
Ads tem, °8

Temp, dttteranﬁla%,hnzwaan tubo surface and
saturation tenp ' F,

Initial anit internal energy of wapour in
bubdbls Btu/lb, i i




st

Final usit Snternal energy of wapoonr in
bubble Btu/lb,

Unit {nternasl energy of liguid,

Unit internal energy of film,

Volume of system Cu,ft.

Unit volums of };Q&iﬁ.tﬁafib.

Inftisl voluws of Yapour in bubbles £¢°/1b,
Finsl wolume of vapour in dubble,

'égrk quantity Bia,

Surface tension A + BT o cr? lb/lta.

Coefficient which depsnds on nature of fluid
heating surface combinntion,

Bubble contaot angle in degrees,

Density of saturated lfquid 1b/eu.ft.
Densityof sat.ratsd vapour 1b/eu,ft,

Viscosity of saturated liquid lba/ft. hr,
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It soono aoloost fopossiblo to obtain singlo
hont transfor co-rolation equation to corclato tho offcots
0% proazsurc, hind of liquid, and kind of heating surface
over tho ontirxe range of A%, including all the rbgtuos of
boiling, Thic difficulty aripes fron the faot that tho
hent transfor pecohanien diffors radieally in various
rogipos, Roasoncbly guccessful attompts havo bHosn nade
to aﬁ?elata tho data within a rogion vhoro a porticular
rogime prevails., For oxpuplo, in the rogine of intorface
evaporation vliore no bubdlos oro forood, hovo boen
eorolatod by ordinary matural sonvestion cquaticns ,Tho
dats in rogioo of nucleate boiling havo boon corelatod,
for atloast the offoct of prosscurc on tho boilidg
procosc, Tho data in rngiﬁo vhere stable £ilo boiling
goours, have boon corclotod in otfll o third way. The

tropngition-type rogions romaln un-corolatoed.
R
1,4 CORELATION OP POOL BOILING HCAT TRANSFER DAZA,

Sinco tho nagjor portion of the heat is tranoforrod
dirootly £roo tho surfaco to the liquid and tho bubblon aot
as ogitators, if scens dosirable to look for a compariocon
ot the heat transfor in forcod convootion turbulent
- flov without boiling, In tils lattor ocasc the hoat tranofor

datn aro corolatod by a rolatien,

NﬁU = ﬁ ( m‘ﬁ@ L 4 N?r ) s Sl



For pool boiling oosontiolly with saturatod liquids

Jakob shous that the hoat transfor fron tho surface

ic for the nmost part transferrod direolly io tho liguid,
the fnorenscd heat transfer rato associated with boiling
being accounted for by tho rosulting agitation of tho
fiuid by motion of tho 1iquid flowing behind tho woke of
the bubblo departing £ron the ourfaco. Rohsenov and
clurk?g;oved a oioilar rosult in studying motion pileturocs
of MoAdamna for oubecoolod liquids floving in forcod conveg-
tion with surfoco boiling but no aet gonoration of vapour,
Ganthor and m:‘citlamnnd Gnnthor“ 'proacntaﬂ photozraphic
ovidenoe that 4n highly subeoolod 1iquids in pool boiling
and in forood sonvootion with sarfnco boilings, the
bubblos gonld form at the surfaca, groz and thon ccllapse

while renaining attachod to the surfpoo,

As tho ratc of heat trancfor ig inorossod and
bubblo ngitation bogomoes noro vigorous, tho ofioct of
forced oonvection fluid velooity and honoo tho Roynolds
nuchor basod on tho pipe dianotor booonos loss and less,
This offoct io shown by the date of Nohoonow and,clark‘g~
roproduged in Fig, 2,1. This dota io roproscntative of
dato of othors for ourfoco boiling wth foruodvconvoction.
In thio figuro tho curves of various £fluid volooitios
arc shon to norge into one curvo, showing thot as tho
boiling becones nore vigorous, tho offcot of £fluid

Volooity didoppears, It soons roasonablo thon to sook g

32



co'relation of heat transfer data by mcans of a bubble

Reymolda number based on bubble dia. and velocity.
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F1G.21EFFECT OF FLUID VELOCITY ON HEAT TRANSFER
RATE IN NUCLEATE BOILING.

For the purpose of analysis ons cao visualizo a pumber
of atreams of bub.les receding from the heating surface

ani a buhblo Reynolds number defined by

Gy Dy

AL

Nge, b

i

.1

based on the wass velooity of the dbubbles and their
diaretors as they leave the surface, The Reynolds mumber
is often interpreted as a ratio of inertia $o viscous
foroes, Hemoo Gp associotod with tho inertia of the
bubble and /¢, associated with friotion foroe on the

bubble are used in equation 2,2,

33
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Sinco fron continuity tho rato of liquid flov toward
tho beating surfgeo oquaels the rato of vapour flov avay
£ron tho surfocc, thon 6, = G, agdtho inortia forvo of
ﬁao,b oay altornatively bo thought to Lo that ansoclatod
vith the 1iquid agitation resulting Irom the budblo cotion
6pe

Sinco nost of tho heat is tronoiorrod to tho
1iquid a9 in tho caso of non-boiling forood convoction,
tho Prandtl asohor of tho liquid oupght to appoar in tho
bolling co¥rolation, eince 1t appoars in cgquation 2.1,

Thon for pool boiling,

%'b e Py (ERQ‘;L » ﬂ?’”al ) 2.2
vROro,
(3/a) b,
g,y 2 = 2,3
- v S (V)

which io o bubblo Ruosolt nunbor with hx o (9/A)fRx
- Assurdng that tho bubblos on tho avorage, nay bo approzicatod

as opheres,

% o ‘g— nha gv £ n

Tho rato of host trannfor to tho bubble es 1t
bronks of froo tho gurfaco will bo obtained by considoring
the thorpodynardos of vapor bubbles,
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2.1(a) Heot Transfor ito Pubblos:

The fornation of n ntnglavhnhblo is analysed
by considaring on 1nﬂrenentﬁl growth in on extoting
bubble and writing the corresponding heat quantity dq,
in terns of onorgy and vork quantitios, dE and dw, Tho
resulting ozprosoion for d¢ 45 thon tategrated fron
gero bubblo radius to o finite radiun giving the hent
roquired to form n bubblio of that oigo. During this
increncntal chango it 18 perniosible to dofino o systen
to favludo tho apour in tho bubble, tho 1liguid ohich
is vaporizod during tho chanpgo, and tho liquid filo which
gonstitutos tho phaso boundary, The phooo boundary is
aloo conoiderod to bo a control surfceo across waich tho

wvork and hoat flov, Fron first law, vo havo

Ak e 49 - du | 2,5

Tho work gusntity du 4ic that work domo by the

pyston on the surroanding liquid end is writton,
du = PL “ﬁya
| ePL VL, P Wy, 2.0

Tho ohange in tho intornal cenorgy of the oyoton
is vritton

40 ¢ B* . (B ¢ 0 dn ) + 4By 2,7
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Thorefore, conbining oguntions 2,8 and 2.7 it io found,

B* ~ (BY 4 0dn) +dBp = 8Q ¢+ py Uy G0 ~p AV 000 2.

or noplecting Kinotlc onergy and Potontianl onorgy temns,

eguntion 2,8 booonos

(Mo ¢ dn ) u” -~ Mou' ~ 4 dn + B¢ - p, v, Ao + p; [(ngy ¢ D)
ve - HMov?| o 43 2.9
Sines tho ohange in onorgy of bubble &5 duo pricorily to tho
tronsfor of nass dn and io ouch less dopondont upon tho
chanzo m{ tho thornodynooic state of vopour within the
bubble due to thic npoo transfer, o.g. stote ( )72 otato

.'!
( )’ Equation 2,9 beoonos,

u"mmmhﬂn-pbvtamﬁpbv“dna»dﬂg nﬁQ - 2,340

and integrating thio oxproscion from M o 0, o.g. all liquid
to 1 = ﬂg

M (a® ~u, ~p ¥V, +p V") ¢ B e Q - 2,11

Row the onorgy of tho f£iln on tho fully dovolopod bubblo

nay bo writton,
B =% +0F 4+ Ugng

But sinoc tho nass of tho fi1ln nog 18 oxtronoly tinuto,



this 19 written with practically no error

E,

? ,
— = - (g)

80 that Equation 2,11 is then given,

; 20
uul*i’x,v'”(ub*pva)] + F - FT (2=
e Q - 3413

Now, tho moss of the budble is ( - wmw)( «=e ),
2 ve
its surface arex is & Tr"", and p;, 1is related to p*

through the expression for sguilibrium,

b = p* 20

b b

| Substituting these into equation 2,12 and re-
arranging, expressing o + py as squal to h, we arrive
at axﬁreasiun giving the heal gquaniity required to form '
a single bubble of radias . r*,

3 |
[F-2 (‘;% )]f -2,13

The last ters in the dbrackets acoounts for ithe energy
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obanzo of the phooo boundary during tho transfornntion
ond 1s oimilor to that givom by Laroon, W 5 givemar 5= A+eT4cy?

usth 2,43 dooonoo,

4r 3 . 2
] r ——; h‘t“ ) . - £ &
Q= § {W( h, ) ¢4 - 289 s*c*r% 3.16

vhero, @ is in BL por bubble of radius r",

Excopt for vory snall bubbles (¢? < 2 x 10-5 £t ) tho
torns A - 2B% - 36?3 in ogquntion 3.1¢ oy bo negloetod
Alge tho offoot of survoturo on oguilibriun caturption

conditiono ip inportont Lor vory cinnto bubblos. (r“«:tO’f&)

oo that b bococsos hpg and nL 1o that liquid onthalpy
corrosgonding to tho temporoturo of tho suporhoatod liquid
fron wbioch tho bubble fornmn. Egquotion 2.14 pay bo uritten
vith good approZinntion no

hep
g = %F r"3 —;;— 3.18

vhore all $ho proporties corroppond to the saturation stato
at the prossure of tho liquid, Thies form of oguation has
aloo beon suggosted by Boonjakovige.

Thoe rato of boat transfor to the bubblos por

oquarc foot of hoating ourfaco arca 1o,

(n), ebtg TpifSn 2,16
vhoro, ab_ = ar%
1
ond ev o M-F?
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Sinco hx& and & aro funotions of proosuro, (q/A)b

io o funotion of P , prossurc ond n.

Gzanthorﬂ has ehoun that Db does not chango
approciably with g/A. At o given prossure, if to éaaamed
to bo indopondent of q/A , thon ( Q/A )b"( n nn&?‘*;/a is
aloo proportionnl to n, honeco, q/ﬁo((q/k)b 3,17

or froo eguatlion 2,16,

T .3 |
Ay = Cybg gDy f % n, 3,18

whore, (:‘l is tho coefficiont of proportionslity,

11.4,.0 Non-~dinongfonanl GroBnpo,
Bxprossions for MNee,b pond Nweud gro obtoinod

by substituting oguantions 1,2, 2,4 and 2,16 into cguations,

2.1 ond 3.3
uly bhave, L
Re,b "ve A 'hf.s, g (%=-%)
and e/, g, ¢
4 o
I Trarll S el
A‘x K‘L 4 (fv'?‘- )

Bach of thooo ox;ctoofons $o dimenslonless, as is P 0

vhich 30 in rodians of ab are,

In oguation 2,2 tho rulos of dinonoionless anplyoio
perpit tho roplocenont of Fya,p DY 00y produot of poworo

ofothor dinonoionless group.
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A oconveniont pgroup 4o,

Prob Tar.f Sty

b,
”Na.b fg

2.31

vhioh L5 a nov dinencionloss group iatorpretod as the
ratic of Yigquid ouporhont onthnlpy ot tho hoating surfaco
to the lotont ontholpy ohannso in ovaporation,

Thon oguation , 2.3 pay be reoplaocd by,

o W (Mpy p, Bop g )  2.222

The proposod cosroelation oquation 2,23 hav boon
'applie& to itho data of variouno oxporicontors, It vill bo
of intoreot to hnow tho dotall of ito ppplication to tho
datp of Aﬁdonua, Lor pool boiling of wator boosuso of vide
raage of prossurc coverod, - 14,7 pola to 2665 pola. In
theso oxporinponto dogasod digdillod vator vas boiled Dy
noano of an olootriocally homtod horigonsnl platinum virc,
Doto Lor o ulre of din 0,034 1pch are choun in Pig, 2.2.

A plot of |
Op) | | =T v, o
Atmij (}(ﬂ’ﬁ) $ ﬁﬁ»

io ohown in Figa. 3.32b, On thios plot thoe pooitiono of thono
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lines rio¢ to o paxicun with prossouro ond thon £allo,

At the proosarc corrcspondiag to tho highost 1ino ob ¢his
gpot, tho prondtl 38 vory soarly at ito minirun value,
I tho fumctlon ( , of cguation 2,22 i3 exprossed s

o pover sorios and 1f only first tern is anod

3

A -
Ce b e [0 [RC ) | Ces
™ = Csf E‘—ZL—;{; T(.-%) K 2,33

t

whero cni = {Constant) and hohoo ohould bo n fanotion
of the porticular filuid heating surfaco coobimotion, Pron
Pige 2.80 ond 2,2 b the ozZponont r wvao obtainod,A croao

plot of W¢g Agg. Yo Np for tho constaont voluoco of
hfg far
ordinatc gavo the valuo of oxpononta, Tho Zingl eo-rolat-

fous hao boon gbovn in Fip, 2.B0 guich rosults in C.z= 0,043,
uith p oproad of approzinmptoly 2 20%.

Thios prooocas was ropeatod for thoe data of Cichelld
and pBonilip nnd Crydor and Finplborgo giving tho values of
C,g for vorioug flusd-honting surfacos. Since the magnitudos

B core mot avoiladlo for those dots, thorofore, P of

”uo,b vas fspludod in the torn Cope

1$ has boosn cophasioed that acomrate volmes of
fluid proportios ore ogsseatial in obtaining o co-rolotion

applios caly to olsan surfaocos,



The forsgoing method of corelating data for nucleate
pool boiling hng alsc beon appiied suocessfully to boiling
of finids inside tubes by forved and natural oconvection,
Fig.2.3 shows the ourve of bolling data of sub-coolod foroed
convsotion in tubes,. The system in whioch these data were
obtainod consisted of a voertioal anoulas onntainint én
clootrically hented stninless stesl tube placed centrally
ip tubes of various diameters, Degased distilled water
was passed through the annubas at velocitics fros i to 12 fps

and pressures from 30 to 90 psia.

Ji Q PO N0 A S

oS £ ' .
! O -
= A I
. 7 Q L 7
7 —1 ./L’// Y Y. S S
ZZ;_,__,_ grVANR N B v — .
ry ‘ry %
/7 / ,r/
.4 2 LinE SUBCOOLING
27 7 —— 20F
’ 1/ 4\.“ /" 4 l - 1
N2 A s0 ‘
ad [ ———— 100

%}’ RirzERENCE BETWEEN SURFACE AND FLUID BBLKG
The dotted lifes represent forced convectior-oonditions
at various velocities and various degrees of suboooling,.
The solid lines show the devigtion from foroed oonvention

caussd by surface boiling, The beginning of boiling caused
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St =g (N3, ) ¢ (N ) (A"

This walua of 9 1s thon used in equation 2,24
in the same manner as total heat flux in mmcleate pool
bO‘lln‘ﬁ
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by focroaoing the hoat flux dopends upon tho volooify

ol tho fluid, and the dogroo of suhoooling below itno
saturation temporature at tho existing pressure. An
inoroaso io tho volooity inmoreascs the offeotivonoss

of forood comvootion, docroases the osurface tenmporature
ot & given bhent fluax and thoroby dolays tho onset of bofle
ing. In tho boiling rogion tho curvesc are otoep and the
voll tonporaturo L6 prootically indopendont of fluid
volooity., This shous that tho agitation opusod by tho
bubbloo 1o rcuoch nore offeotive thon the turbulanco im

Lorecd conveotion uithout boiling,

fo apply tho fool bﬁiiina corolation to forcod-
convootion boiling, the totnl hopt f£1oo cust bo soparated
in tuo ports ono g boiling heat flux 9b/4, the other

oonvootive heat flax qc{# s OF

Uotgt = Iy * %%

Tho boiling heat flux is dotornined by subirocting
the hogt-fiovw rato, accounipble for by ferced convootion

giono, fron thoe total hoat flux, or

.
B = o ~ABe (2, -8y 2.0

vhoro ho 4o Gotoroined £rom the oguation of tho typo
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St om g (Bg ) (N, ) (M)

This valuo of %, is then used in sguation 2,24
in the same manner as fotal heat flux in rmmcleate pool

boiling,



CHAPTER 111

T4l TUBES

The flow patterns for two-phase flow have hoon
discussod as studied by differont investigators, A
brief lit:ratarw survey is thon made of the experinents
oonducted dy various oxperimenters to deteraine the hsat
transfsr rates of evaporating refrigerants in tubes,
Finally the co-relation egquations given by B,Pierre have

been disocussed,
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Vaporization of rofrigorants ioside horigontal
tabo has boen studied thooretically and ezperiocontally
by nany rescarchorz, It will Yo of a particular fnterest
to mnow the Ilov npeochgnicns in evaporator tubos, Since
bath 1iquid and gosoous phasos of rofrigerant arc present
in all parts of cvaporator, vo arc doaling with two
phase flov the Xinetics of vhich nre rcore oompiieateﬂ
than those of singzle phaoo flov, The various forno of
tve phaso flou providoo as vith farthor poooibilitioo

to ovpluate ond $o Soprovo tho heat tyansfer procossos

in an evaporator.

Tho oot thorough fovestipations of tvo phaso
flow wore pado with plr wator ond plr.-oil oystens,
Hoogondoon whooe fnvootigations of tnu»pkaan oystono
ot the Hoyal Sholl LahorotorylinvAnsturﬂam voro oconfirnod
by othors, diseovorod tho followinmg sevon dtotinot ponai =

piltttes for two phase floving desido cpob othor, Thoy
aro illustrated tn Fig, 3.4,

(1) Boixr phasos are oslnly fiowing by the oide

of oach othor oepanrated by o plane gurfaco,
(2) Both phaoos arc coparatod by o vavy curfnco.

(3) The gnooous phase above the vavy separstion
surface contaoine g part of the liquid pheoe

in the drop form,
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{¢) Slugs of liquid are oncloged in tho gas

stroan and travel vith flow gas strean,

{(6) The waves of separation surfooe betwoon

thoe phanes are turbulent,

| {0) Liquid flown preforontiaslly in an annular
pattorn anlong the tubo-wall, whilo iha gao
forns o flou nucleous within this cylinder
whioh contalns o part of the liguid phaso
in the drop form,

(7) Tue gas ond liquid ore floving through the

tubo as g foun,

CC 70 Tl ]

1. LainaRTRANGUIJFLOW_ 5. TURBULENT C&sscm“ Fuow

( oo CGasniiis]
2. WAVY FLow ¢. AnnuLar Frow
Uiy ULl
3. DROPS N THE, GAs STREAM r. fgm

Fi6.3.1. FLow PATTERNS

Tho flow paltern cnunoratod hove corrospond to -
dofinite naos flow ratos of oaoh phase gnd ocour at doftnito

cos ond 1iguid velocitios., The flov pattorn dosoribod
horo wore sloo obacrved in tho strosne of boiling rofrigorant
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(nit and Hxa) doponding upon tho hoat flox donmoity as woll
‘as vapour voloeity.¥indings by Bryan and Boignizlateer confa
irped by Bokeéaindiente that o lavinar flov pattorn wvith
1ittlo wotiing ocours pt lov ratos 0£‘§eat fluz donsity,
changing to o wavy pattorn tovnrds the ovaporator eutlct,

At high hoat fiux ronging fron 1950 to 3700 Btu/hr sq.ft,
giug shapnﬁ or rinp shoped £low was obaorvod boginning nt
thoe ovaporntor inlel, Torpoc and Sohnidéseontirncﬂ thooo
rosulto fron obsorvations on o rofrigerant ,, glass ovaporator
thtoh cnablced hic to Qotornmine tho flow patterns of £fig.d.1
oocur in tho soguoneo as oither goo voloeity or hoat flux
donsi ty inoronooo, Hocent inveotigations by [Nofsoboidt anloo
findicnto n dofinito ooparation of liguid and pis flow rates
0f boat fluxz donsity (oo for instaneco in gir-coolins anitc)
and that no fonoing takos placo,

At the sano tino, Hufoohnidt oxprossod the cone
Jocture thnt in tho onoc of laminar flow, rofriperant ocouro
in tho forp of g thin f£filo in proas whiich aro not cottod by
1iquid, dccording to obsorvations by TVorso-Schmidas, thio 1o
tho onde only if oil is presont, Dokor nloo indicates thot
non-wottod curfaec Zirticipate in hoat trgnofor proeosc to
only o ocall oztent, so ungt bont tronsfor coofficiont
in ouch grog® ore vory lov,
Hogourcoonts by Dovio and investipgotions by'ﬁnrrnylb
oapport tho concopt that tho hoat tronsfor doponds to o largoe

ogtont on tho votting of tho tube wall which in turn doponds
op tho flovw pattorn, Tuio stotenont 19 ¢asontially in ggrocnont
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vith Plorro oquation according to which hogt traongfor cooff.

iciont inoronsos with inercano of rofrigerant flou rato.

Vartous ozporinental invostigotions have beon oade
for gtudying the boat transfor choractoristion of oVngruéing
rofrigoranto in tubes. The evaporator hopt tranofor analysis
wos initiasted by Prank Oaﬁéukaii71n £033. Tho latest oontribution
towards thia ficld honoun to author 45 by Rotiant ond Agnltun£$
Doc. 1003, Tho prolicinary vork was carricd out by'nartiégisse.
HoAdgno, Goods ond Brynéolﬁdi, Anhlo;ulsdz, and Uitsig, Ponhoy
and Gypheronin 1048, Tho progrosoc wpos furtheor onde by Frank 19061,
Yodor and DodggAisﬁZ, Daker, Touloukian and ﬂuﬂkingslﬁﬁs, Bo~
Picrro 10064, Dryon and Siogel 19566, Dakoer 1956, Hoofnan 1967,

A 27 28 .
Murray 1069, Altoan, Norrts and Staudb 1960 and R,Polho 1963,

_ Ashlo;uin 1942 Dado teoto to dotorpine tho hent
tranofor of ovaporating Fraon~13 in a 0.878" I.D, Coppor tube,
The tost eovpporator worhod on nechanienl vopour conprossion
oysten, Load, flaohing goo, suotlon tonperpture ognd tho anount
of omooso liquid voro variod, An gnalysis of tho rosalts
indieanted thnt tho Freon_iz heat tranpfor oay bo corolated
vith ooon Lopd on tho evaperater (including £laoh gan). It
tta0 beliovod that tho variablos of diomoter, lonzth of oirconit
ond pothod of circuiting nay dbe includod to ozpreos g

gonoral rolotionohip.
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24
Uttzig, Pannyz and Cyphoro in 1948 porforned ozpor-

inonte to dotornino hoagt traonsfer ratos of ovaporating
-Froon*‘a in g horigontal 0,305 inmch I.D, Coppor tube,

The offocts of onss flow rate, progroosive ovaporation,
evaporntion tonperaturc and oil contgnmination vere
otudiod, In their test sot-np coopressor was not uased

in the ciroculating systen, Tho firet toots woro to onploy
oil-frec Froon, and thon tho toote wore followod in thich
oll wos pdded in definito goounts, It vas found that for
lower naso flov rotoe romge (upto 46 lbo/ar) it hod no
offopt on tho tomporature differonco botwoon tudo ond
evaporating Froon, At the highest raotos of povor input,
the opss flov rate alco had 1ittlo offoot, A ntatieiioal
troatnent of the datn confirped this, Uhilo oxmpgoining tho
tenperaturo distribution along tho oveporator tabe, it was
found that undor oconditions, vhoero o high porcontogo of
Freon wos boing ovaporntod, a sharp rtoo in the tomperature
vas obsorvod until thds point {p ronchod, ihe tenporature
of tho ovaporator is constant, Thig agnin holds good for o
lowor nnss flow rako, Howover, ithis hoos not boen obsorved

eithor ip practioc or by othor investigators,

Daring tho otudy of tho offool of tooperanturo
difforonoo on tho hont trapsfor roto, thoe ovaporation
tomperpturc wao kopt constont and thoe rosilis vore

corckatod by tho follouving oguations

o/, =143 t>38 (487 <t < 12,8%)
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at tenporaturoe of 68°F

q ' .
= 260 tP( % < ¢t <21,9%)

at tooperature of 19.4°F.

The offoot of ovaporating tooperature on hoat
trannfor ratos wvas soen to bo prodoninant, Tho heat
tronsfor rates dooronsod vith ovaporating tonporature

for o constont tomporpture difforence,

To otudy tho offoot of oil contacination 19 of oil
by voluno vas added, Tho rooulis indieated thot 1t roduced
tuce hogt transfor rato at the pgiven teoperaturc difforonce,
Hovover, tho hept tronofor rato has the samo funotional

dopendonco, on ¢ as wos found buforo,

Yodor and Doﬂg;y;n 1962 studied the filn hoat
transfer coofficionts for Fraon“ig boiling in the ranze
of 60°F to -100°F, The ovaporator used vas vortieol
electiriocnlly honted tube 8 £¢, long and 0.084 inoh ID,
Tho syston usod was 3 stage wapour oomprossion, Results
indiontod that ot o givon hent flux donsity thoe offcot of
fiov ratc on tho averago bolling filo ococfficicent vas vory
bigh. It wos found thpt one of tho cont ionportaont variablos
affooting the filn cooffietont was poroentago vapour in

tho nixturo,

26
Baker, Touloukion and Haovking in 1953
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investigonted tho bofling of Froonﬁlz for surfaco to
balk teopornture differentinle less than 12°F andrfleu
rates losa thon 120 1lbg, per hour, The ovaporstor vas
0.6545 inch horizontsl copper tube 38" long, The heat uns

supplied by envelopin: bath of condensing Fraon vapour,

~51
Tho oxzporinentol rosulis woro ce-rclated by a nonw.

dinensiondoss oquntion of the forn of Roshnow's equation,

12
Bryon and 3oigal in 1855 investigatod tho heat

tranafor coclficiont of I"):'f:nnu:k“_u in n horigontal tubo,

The photograshie study of tho nochaniso by vhich hoat 1s
tranoforred vas wddo. An anoclytiocnl study of loenl filn
cooffiotont along tho lonath of ovaporator was also
conducted, inoc offoot of turbulanco procotors was atudiod
by introducing spiral viros insido tho tubes. It wae notod
that tho hoat tronsfor coofficioent incroased vith inoroasocd
turbulaneo, ibe whole systen vas designod to work on o
forced ciroculation syotoa by ocmploylng o liquid rofriperant
punp. Yho rosults of tho toost indicated that gt lov flov
and low hoat transfer rates the liquid flows at the botton
of the tubo and is gpepnratod Lrom tho gas at tho top Ly &
gos iiguid interfpoe vhich is at times unotable, Tho higher
gas voloocity cauges vaves to foro in tho liquid ot tho
gas liquid intorfaco, Those vaves booono nore prorounced
aa the gas velocity increpses until the gas undor-cuts the
vave obd spraoys the liguid on the top surfnce of the

tube resulting in a hiphor heat transfor rato for the top

of the tube than gt the botton, A thooroticnl annlysis of
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tbo flow hns not boon obtainod and tho erpoericeal annlyois
prosonted in this favestigation docs not satisfactorily
prodiet tho hent transfeor in baroc tubos for tho tronsition
zone or vhen the liquid waves are pickell up and sprayed

in varying amount on tho top surface of the tube,

' 27
Altoan, Norris agnd Stanb in 18660 conductod tests

to investigate local heat tronsfer and prossurc drop

of Franngaz evaporating in horizonitnl tubo, Tho Hartinelll
~Neloon oetbod of ealeculating two plaso prossure drop ingide
pipoa wos oztendod for use vith Froan_aa anud vao thon eop-

loyod to coxrolato the prossure-drop dota $n this itnvestipgntion,

Tho evoxrelations of heoat transfer for ovﬁpornting
refrigorants of wideot ostabliochod ncopo scen to bo tho too
daveloped by B.Pterrgi Thoso corolations apply to soveral
differont rofripgerants nanoly, ﬁofriaornnt_{;;iz and 59 and

to Gﬁs Cf , are surmgriged below,{ - , )

tgquation 3,1 bolds for cutlot vapour qualitics
well dbolow §0» dry ond equation 3,2 1o for conplote eva-

poration whoro outlot oonditions are 11°F suporheat,

J Ax) 70.5
bave ®/k. o 0.0000 [( L (— ] 3.1

tor 0% < taga K, < 0.7 z 1012

, 0.4
A ™
hove O/x = 0.,0083 [(m)/,m )2 (L2 )] 3.2
tor 30° <n® &, <o0,7 x 1012 |
Wheve  Ax - Vapouy WL‘J Cb%?o;) ke = Thevimel Cendudhv l_«, of Qﬁ'?/"‘"‘&
A = lalewr bheat o Vapomzaliowm R o wvseoe ol Ligpudl
ke - lead daddi o 3 AXA Moz %we wiseosify o 219
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The panjor odjeotion to Pierrc’s oorelations
is that thoey consider only the gverage, and not the local,
hoat transier coelticient and that the ontloet ponditions
are either at 11°F suporbest or well below 90 poroent
vapour quality, The nature of any dependence of the heat
tronsfer ob looal guality is thersfore not oconsidered

in the ?iaxro‘s work,
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The various points to be siudied during the
experimental work have been disocusscd, Then the choice of
particular test set-up and 1iis dosign has boen made,

The iunstrumentation and the test procedore bas boen discussed

tn the end,
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4.1 AIN OF CXBGIMLNTAL COLR

The oxporipontal work pregontod in this
chapter oioo at studying tho folloning acpoots

of ecvapornting Froon ,, in the horizuntol tubo,

(1) Host transfor oharactoriotioo in tho forn
of on cquation givon by lohgenow for pool

boiling.

(2) Bffoot of tooporsturo difforonece botooen
the tude ourfaco and ovaporating Frnonﬂia

on tho hont transfor ratos,

(3) Cffoot of pressurc of vaporisation on tho

hoat transfor coofficiont,

(4) Proasurc drop ao relato@ to tho hoat

tranpfor cooffioiontmton,

(8) Diotribution of local hoat transfer cocff-

ioiont plong tho ovaporator tube length,
{0) Effoot of vpos flov ralo on proscurc drop.

Ap olroady voniionod in the bopginning, the var-
iotion of tubo anglo with horicontal may affect tho hoat
tronsfor rotoo, thorofore, tho opporinontal work also
covors the otudy of heot-transfor coofficicnts in caso of

inoiinod tabo,
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4,2 REQUIRFHBNTS OF APPARARUS;

Lecopiug in viow the above ains, tho teot sot-up
vas dosignod and fabriecated to noot the following

roguircnents,

(1) A clogod systen in which Froon ., pasoing
through tont sootion could be ovaporatod

by tho application of uniforn hoat flux,
{(2) Varying flou ratoo through test scotion,

{(3) Yarying otates of rofrigorant ontoring the

ovaporantor,

{4) Condonsing tho rofrigorant ovoporatod froo

thoe ovgporator tost gsootion,

(5) Ciiningtion of oil contooination with tho

rofrigorant,

(8) Honourcoont of pressurc drop during ovaporat-

ioa at the tuo onds of the toot pootion.

(T) Provision for vorying tho evaporator tube
angic,

Tho vapour conprospion syston vns not enplcyeﬂ‘
in tho toot set up firotly ao it would not havo beon
posoidlo to got oll froe rofrigoront ond sosondly proosuroe
pulontions wounld have pado 4t diffiocult $o noasuro tho
prossaro drop. Duo to non-nveilability of the liquid

rofrigorgat punp, tho thormo-oyphon syston for cireulating



tio rofrigorant vos nado use of,

4.3 ASSUMZRIONS MADL IN DUSIGN OF APPARATUS,

Tho folloving were tho assunptions nado in

dosigning tho apparotus:

2) oot Seotion~ straight coppor tudbe 3,5 £t,
long, 3}& ineh 1.0,

2) Laxioun prepsure drop in tho cholc syston
& psia.

3) Mozimun saturation tenporature 80°r,

4) Overall hoat transfor cocfficiont during cond-
s 2 po
ensation of Froon ,, 200 Btu/hr ££° P,

5) L.M.T.De during condonsation of Fr'rmn__d3 by
chilled woter 12°7,

6) Uanicun flow vato 3 1bs/oinute,

OF_APPAAIUS .

Ropition ef Condensor:

b acbiove thoe floo Sue to Arfforenco of dons—
itien of liquid and vapour oolunn, tho copdonsor position
was dotornined with rospeet to ovaporator, using difforoneco

of donoitian 77.6 1lbp/eu.f.t,

Voight of condonsor gbovo tho ovpporator
tubo = ~EAE. | 955 2t ~ 10 £1,

Sine of Copdonaer,

For tho oakte of simplicity tho condenper dopignod
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“ao of shell and coll typo,

Hoxirno beat rojoction in condonsor (Bta/hr)

whon ovaporation occurs at 90°F

e (Lnthalpy incrcase in ovaporator/lb of rofri-
gorant) = (voight of rofrigorant flovins
por howr) o Hopnt addition defore and aftor
evoporation,

= (58 23 260 ) + 109 of hoat addition,
= {B68x3 260 )x1,1

= 11,484 Dtu/ur,

)

Heagt tragnofor aren = 12 x 200

e 4,78 ﬂq;ftq ] Bq.f‘f-‘v.

Yahing coppor tublng of §°® 0.D.

Longth of tubo  p -4

= 38,2 £¢t,

Piguro 4.1 ohous tho condenser which consisto

- of 40 ft, long &Y 0.0, Coppor tubo bont in foro of

coil onoloood ip g oylindorical veoscl 8' x 1'-9% prop-
arod out of 1/16" G.I, 3hcot, Tho ecoil wns forrod in

o vay co %o keep constont slopo dowmwards,. Tlic chapo wao

nointoinod by providing throo woodon olatpo.
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16 4.4 OCHEMATIC DiacRAM ofF TEsST SeT-Up

7




mplete view h ¢

Tagt Set-ug,

Fig., 4(11) A view of Evaporator




‘CoppPER CLAMP
Corpeg Tuste INSULATION
7 3 e / !
/0 77

el 7
" ACOMINIM INIUM Fay, | 7 /

TRy e //////

THERMO-COUPLE Juucn
/Ao GAGE. CONST. WIRE.” %{

VA erEys ////// <

GAGE CONST. wuéa

Fio 4., TeEST SECTION WITH THERMOCOUPLE JUNCTIONS
AND CLAMP FOR ELECT. HEATING

Liquid liue aud voponr 1line sere selected as 3/8"
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A schematic dingrarw of the apparatus is shown in
Fig, 4.2 and a photogropiio view s given in Fig, 4.{1).
ihe following 13 the key of iig, 4,2:~

A- Ammeter Al After Heater,

U~ Condenser CV.. Cuarging Valve,

CT- Gnrgen& transformer F. Flow Control Vnlvo.
H~ Manometer P~ Pressure page,
¢d- Prehetor 3T~ 3tep down transforoer,
I3~ dest ieotion, V- Voltneter,

V1. Variac e upnter cooler,

I~ uater Inlet Wi, -uaier Oatlet,

ios it= The evaporator test scction consisted of a
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hord copper tubo 3/8" 1.D. and 3,5 £t, long- Thormecouplo
Junctions woro made on the tube surfase using constant-on
thernooouple wire (60 gavge). Tho tube itoelf agetod as the
second retnl, Thoe soldering of finc constanton wiro wos
not pesasiblo, To onsnre the porfect colectrienl contact
betvoon tho viro and the surfaoce, the vire was stickod to
woll cloaned surface of the tubo in tho roquired pooition
for about 1" longih, by noans of an ndhostive tepo, The
loadn of these finoe wires wore run to a short longth,
ingsuloted gnd proteetod by tepe. Thoy worc then connoctod
to an ordingry 24 gauge conotanton wiros to tac selcoter
sulteh, Pho tost longth wan ingsulpnted with a thin layor of
insul oting ootorial and over it vns wroppod an aluniniun
foil. The foil vas urapped in ono cingle pileco cnsuring
that thors wan no overlapping of fuil and that thoro vas
no gap left botuveon the tvo odges ¢f tho foil, A aniforn

ttagt flun was thes pohiovoed,

30 as to omako the hept losses to o miniowo the
seotion vas insulpted by thermocolo and thoen by asbostos,
A part of tho test seection with thormogouple junotions
and insulotion ie shown in Fip,.4.3 npd o photopraphio view

in Pig, 4.(11).

Proshcator- %o control the state of refrigorant ontering
tho teast acotion a prochoater was nade, In tils eano 1t
was not poocosary to hove oxgotly uniforno hoat flax,

Theroforo, stripped nichivere tire wos uocod g tho hoating
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clenont, ibo pro-bontor was nado of a vertiocal ocopyor

tubo 3/8° 0.D, aond 22" long, inoulgtod with o thin lapyor

of an ipsulating paterial and wound by tho nichrone viro,

To moke hoat looses to a nininmun it vns insulatod firot

vith asbentos popor, asbestos cloth agnd finplly with asbostos

pulp.

AMtor-diontore It was nade to conplotoly vaporigo and
suporhont tho rofrigorant passing out of tho tost sootion,
A copper tubo 3/8" 1.D. and 8” long was usod for thin
purposo , and wss proparod in tho sgmo way oo pro-boator,
Tho position of after-bontor was nade vertiosl down the
tont sootion, It onablod tho liquid rofrigorant froc toot
soetion to colloot in iho aftor-hoator and thon boing
ovaporated in 1t to join tho vapours rioing up in tho

vapour lino,

Mpnonoter- To peoasure the prossare drop botuoon tho twe
ende of toot cootion during boiling , o manonceter with nor-
cury voo usod. Tho gloss tubo obviouscly could not bo uood
due to poosibility of brosking ot the jointo vith copper

)

3/16" 1.0, vas ucod. Tho Joints were fillod vith aroldito

tubing.fhoroforo polyotholone tubing (innert with Fr_,,

oo to onourc no lopbkngos. Ono liob of tho panonetor vas
niado inciined to 30° to bhorigontnl for accopsibility of

oboorvationo,

Proganxe Gpuno- A coppound proooure gaugd woo enployod

to nogoore tho prossure of syston,
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Flow Contyol Vnlvo- A hond oporatod flouw control volve
vas uped in tho 1liquid line to vary tho pavs flou of

Chprning Valve- It was onployod to oharge tho systom with
F 2‘0011‘_130

By.pofns Botwoon the pro-bostor and tost cection a by
pass was noado to join tho condensor, Tho passagoe wao vade
of polyothylone tubing.iho 1in0 wao providod vith g chut-
off volvo, Tho purpooo of by poss wng to soo tho boiling

Freon_,,.

Condonsor- It vno plaoccd gt o hoight of 310 £t, gbove tho
ovaporator and consiotod of o drnn 2 £, &io. ard 1'-0°
high in which 40 ft, longth ooil tns placod soo fig, 4.1.
iho onalinﬁ was achioved by c¢htllod vator fron the wntor
coolor. ihonworking ot lov ovaporator procouros woo of
100 blocko vwas pado. Ao nontionod boforo the condonsod
iiquid passco out of condonsor oasily, duc to dounward
slopo of coii. Pho drun vas insulated at tho ocidon ond
botton to provont heat loss froo surroundingo. Tho

vholo condenoor wao placed on o wooden plank suported by

anglo tron franc omboddod in tho wall,

Tho vholo of tho liquid 1tno pnd tho space botwoon
tho pro-hoator, test ocotion ond oftor-hoator vas vell

inpulated to provent any hoat losses,

Yoriptinn.og-fubo Anplo. For varying the teot sootion
onglo, the two onds woro hold Dy aofid stool olanps sliding
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Fig.4(111) ‘A view of Instrumentation

Fiz. 4(1v) A vieu of SpeedgmaX. . =




tp ond dom on two nild ptocl ol coting po otends, o-ledded
in tioc vall. A photograpute viow 1. 4{111) oboun tho
ipoliuod toot gootion with the elcoops and stonds at tho

tuvo ondo, %ho vertical movenont of tho clepps on tho
nild-stoel rod wns posoible (a) duo to flexibility in
poveuent of vppour 1ino and (b) Auo to coll opring of

liquiad liuo at tiec botton of pro-hoantor.

¢.6. Inatruontntion,
Hont Supsly syoton,

aho toat scotion a3 hontod by paoript oloetriend
curront through tho glamintan foil, Cop .or conivotors in
tho foro of clesps voro usod as tho clootrionl terciaanlo
ot tho two ondo. Porfoct olcetrioenl contpet vos gonioved
Dy heoping o tuin shoot of lepd botwoou the oonyor olompe
and glupinion foil. Tho olootrioal rooistorco of foll tos
poasurcd os U,0435 ohco opploying doubblo Kolvin Dridzo,
Ao tho rosiotoneo uao of o lov ordor, o wolding tranoforcor
woao thoreforo uced vith o oaxdcun curron. ocoarrying oopnoity
of 21U acporos., prioary - 640 voltos osinrle phnrooc. Lent
f1azos to tue toot gsostion woro vardod by vorying tho
curront output fron wolding transfornor. Chotographio
viou Fig. ¢(141) ocaovo o wolding treounfornor with otaor
tnotrunonts.tig. G.4.0 0boLo tuo olootricnl cirouit

diaggren vith tho ponouring instruionts uoed,

70 p.o-hoator .oo boatod by pasting eurront

throngh ¢op)0r conduetors voielu hold tho tvo ocuds of
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the houting elooont vound ovor tho inoulptod tubo,

Ag §t woo not possible to givo 6 aops curront through
auto-tronsforoor, o stop Qown transformoer was ooployod to givo
the higher eurrents, ¥Fig, 4.4 b gives tho oleotricel cirouit
for proheater, Tho hopt fluxos werc voried by varying input

fron auto transformor.

Tho hoat oupsly to pftor hoator was nado in the sano
voy a8 for prcheatdr., Fipg, 4.4¢ givos the olecotrionl oircuit

for nftor-hoator.

Fho povor supply to tuo topt sootion, pro-hontor
and after hontor woro wvoapured by anmotors ard velt notors..
It vas assuncd that tho rooistance of hootoro doos not vory
vithin tho toopornture rangos involved, iho curront passing
through tho toot seetion vas omonsurod by enploying a eurront
irausforaor ond an ordinary aonoctor (0.5 pops) in ooocondary
of thio transforaor,Tho povor faetor for tho aglaninian foil
vos ecloulated as 0.90 and for opch of the guxiliarvy hoators

as 0.90.

HMoansurcoont of Unss Flov fate,

Diroot dotoroination of tuss flow rate 1r tho absonoo
of rotapotor vos not poosiblo. It was done Dy roading tho
proscuro and tooporaturcs of Proon_,, ot points (1) boforo
tho prchoator coction (11) After the prehontor and beforo
tho tost scotion, (1i1) aftor tho toot geotion and bofora tho nf.

'tbn hoator- and (iv) ofter tho gftor-heator, Tho enorgy balanceo
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nothod vas used for finding out the npos flov rote. It
vas poounod that thoro was no hont loos to tho atwosphore,

during tho flow of Frqon_lz fron prohoptor to tho oftor-henter

vithin tho range of expericont,

. The tepporatures aolong the tost scotion ond at
other polints wore poasurod by 40 gaougo constanion wire,
The thorococouple wires wero enliboratod by Leads Northrup
potontionetor, The speedonax Lends Northrup tonporaturo
rogorder vas usod to rocord tho tooporaturcy diroetly. At
A& photograpiic viow of tio tomperat-uro rocordor with its

range adjustnent and goro andjustcont 4o chown in Pig, 4(iv)

Tho teuporaturc of Froon‘13 ontoring ond loaving
tho tont sceetion vao peasurcd by providing thoercocouplos
ot o distonco of 10" guvay fron onch ond. Thus the conduction
offoet was roducod to a pinicun, In pll 18 thornocouplos
coro usod fLor woasuring tho tenporanturcs nt difforent
points of tost seotion,Tenporaturos at top and dotton of tho

tubo vore noagurcd at four placon,

Tho tooperaturc of Freon_la at inlot to pro-hoator
ond outlot to aftor-hoator voro anchiovcd by insulating tho

therno-couplo junctions,
4.7 oot Progodarc,

Before getunlly starting the tests tho apparatos

was teotod for loaks by omoking it to vithstand tho prossure
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of nbout 150 poin for 48 hours. Tho quantity of Froon
to bo chargod wos caleulatod on the basis of caproity of

tae oyston and was knoun ot tho time of charpging.

bud i
F R o VoY
- e

fests were conductod aftor tho apparatus bnd been
vorking for a suffiofent poeriod to ostablish equilibriunm,
ihe dosirod svaporator pressure was achicvod by varying
tho coollng rote in tho condonnor, Tho Hquid flov rate was
¢hoargod by adjusting tho flov control volve tn the 1iquid
lino, The clcotrioal.in@ut to the prchostor was rogulatod
in seoordance with tho quplity desirod at the entrance to -
the test evoporator.tho oloctrioal inpit to tho aoftor-hoator
waos rogulatod so ao to omnure that not only cooploto evapor-
stion has takon place but a ensll auoint of suporhenting
is pregent, Unorgy to the icst ocotion was suppliod in
nocordonco with tho chongoe of nase flov rate and tho prohogtor

input,

Aftor tho varioblo (flow rate, ovaporstor pressure,
energy input) bocone constant, records of temperaturo all
along tho gpporntas wert pnde, by using solector switch and
tho tenporaturc rocorder, The pdvor supplied to the pro-
hoptor, tost sootion and apftor hogtor vas also rocorded,
howovor op some ocensions tho sot onos and this had to bo

tolorated,
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Bptn for Horimontnl Tube,

At & portiocular pressuro, the data for horizontal

tabe worc obtainod in tho following voy:-
(o} Fiow control valve sot in n particular position.

(b) Test-noction, prehoater and aftor-hoator woro

given an oclootricnl input,

{c) Sufficient anount of foo wao Lkopt in tho oond-

enser 8o as to havo the roquirod proossaro in

tho Pronsurc-gopge.

(6) Aftor tho pressure was constant for o consider-
ablo tinc, rondings of thoroocouplo ot ontranco
to proheator, at ontrance ond oxit of teot seotion agftor-

hontor and glong tho ovaporator tubo longth wore rocorded,

{o) Progssuroc drop acrosp the ovaporator tubo wns

rogordod by noans of nercury nanomotor,

(£) Maso flov rote vns Goterminod by considoring

caergy balonco at inlet to pro-hoator gnd outlot

to gftorionter,

Tocenty throe oots of ropdingo at various ovaporator
prooourcs vore iakon in the obove oannor to corclate the

heat transfor ratoos and to otudy othor factorc no plroandy

nontionod proviousnly.

fo Ta

iho giv vas not to co-rolnte tho hoat tronofor datn
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but to study the offect of angle of tubs on heat transfer
rates, Thorefore, tesis were conducted at 0® s° and 10°
abgie of tube wiih horigontal, ot a ohogen pressure of

95 peia. Mass flow rates of 20,40, 80 and §0 lbs/br. were
solected the tests, The total numbor of 654 runs were made
at differcnt heat flux to the evoporator. Speoial care

was taken to Beep the evaporator progsure consiant throug-
hout nll the runs, Qest of the proocedure was gamc as for

horigontal tube,

The sample onlculations for the horizontal and

inelined tube has boen given i{n the gppendix,
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CHAPTER §

DL3CUA3ION OF THE TEST AESULTS AND COKCLU3Y ONS

Dota and test results obiained by sxperiment-
stion huve been discussed here, The correlation eguation
cbtéined has been compared with the datn of other favest.
igators, Pressure drop, loopl hoat transfor ecoefficients,
and effect of tube angle on heat transfer have bLeen dealt
with separately, Lo the end several conolusions have been
drawn on the basis of discussion and the need for farther

investigation has boon cmphasised whorcever necessary.
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Tho rosults of tho ezporinont and thoir dig-
cussion will de progonted in the follovwing paregraphs.

The roaults havo beop tabulatod in Appendiz A,

“he ropults could bo boot intorprotod by atudying

the folloving curves dravn fron tho togt rosults:i-

| Co 8% I ftjg}i:l
1) A plot botwoon WWW by M $(5.-%)

for horizontgl itudo for the ontire range of oxporinont

to givo a corrclation oguotion,

2) A plot botwoon log ¢/A ond A%, for horizontol

tubo to show tho cffoot of A?xr on hoat trannfer, ratoo,

| 3} Plots of tubo surfaeo topporature ond loogl
hoat transfor cocfficlont onainat tho distance fron ova-
porator iniot for horizontal and inclined tudbo to phow

tho voxiagtion glong tube length,

4) A plot of hnvo and A?n’ for goco tuo parti-
cukar ovoporagtor prossuye to shov tho effoct of ovaporator

proosure on boat tranofor ratoso,

, p
B) A plot of Hy,, Vs === gor tho entire
(L/D)

rongo of tho hordzontol tubo to chow tho rolationohip
oL prosourc drop during botling vith tho sont transfor
ratos,

G) A plot of nano flow raotos and P for tho
entiro rongo of horigontal tobo to shov tho offect of

tpoo f1ov rato on pressuro drop,
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7) A plot of ha. ocRd tubo angle wvith horigontal
to ohow varigtion of heat transfor vith tudbo

onplo,

8) Ploto of ha Vs q/A for Miffcr-nt tube anglos
and difforont nnss flow ratos to show varintion

of hoat tronsfor coofficlont oith hoat flux,
Corro] on Launtion.

To obtoin tho corrolotion of the forn,

» ~S
S;£—é13— = % Eiﬁgi
L\f? k{.} M }(" V) v

Ce O7Tx Q/A , 30
the convention i3 to plot W‘? againat U, M‘} ?’(ﬂ'?v)

As a roould of tho oxperinontc conductoed by Addoms
for pool boiling, the volue of 3 = 1.7 was dcteroinod
by o cross plot of Eﬁgéli

valuos of dbubblo Hoynolds Fupber, Honeoo, value of 3 wns

vorsus mpr for conotant
taken to be 4,7 . Fig, D.1 roveals the pethod of corrolation
in the forn oontionced pbove 1o ronsonably succasoful,

Tho following corrolation ognation has beoen
obtnined Lor ton oraturo difforontinlo loos than 12°7

and noos £1o7 rato: loss than 120 lbo/hr,

LN 54‘
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6
Bokor, %¥ouloukins ond Upwbino in thoir oXpor

icontal investipgation of boiling Fr~13 in horfzontinl
ovaporator tubo, corrolatod tho datn and detorminod tho
voluo of cﬁ, and r oas 0,01256 and 0,333 respeotivoly.
Probably tho no&t eipnificont couso of diffor neo in tho
valuo of ael of the ruthor and obovo {nvostipntors is
duo te tho faot that €., 1o o function of P unten

io dotorvined by tho oharoctor of and kind of hoating
gurfaco and by the proportics of tho flaid, Additional
inforpation rogarding tho voluo of P 15 , thorofore,
noeosoary for roaching on agroonmont, Tho difforence in tho
vpluo of oxponont r 40 probably Liu dotoroining the
ncoursto volue of A T.. 45 vill bo ocon lottor, that

g/A risos rapidly oith oopll chonsos in a¥,, %ho valoo

of ATx is obtainod by subtrpoting tho saturation
tooperotaro frow tho detoroincd heating surfacc tocporature,
A stoll orror in ropding tho ovaporntor pressuro nnd sONY -

oquontly tho saturation tonporature ©ill change tho vslus

of AT: and vould thus affoct tho torn ff;ﬁEE_K. Dowoveor,
n!’g

the difforceneo in tho tuo valvos does mot soon to Do

discouraning.

Tar) ; £L

Fig. 5.3 ohovs o plot of 105“/A VOrsas
A%, for tho four difforont ovaporator prossurcg, It io

obsorved that q/A rigos rapidly with ooall chongos in ATg.
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1t moy bo sodd that AF, 10 tho driving forco for tho
heat transfor.%ho ebrvos are in agroomont uith tho resion

16
of mueclopte boiling.

Study of Fig, §.3 vhich 18 a plot of Bn ve
AQ& for two difforont ovaoporntor proscuro indicaton that
for o given tenperaturc differince agnd pass flov rato,
the heot tronsfor imorensos as tho ovgporator prossaro
io inoronscd, Xt 15 in agroonont wvith tho cork of ot.or

investigotors Giscussod tn Chaptor %,

Locnl Hent Trannfo offio

It 1 of intorost to otudy tho digtribution
of the loogl cocffictont of hont transfor along tho lorgth
of tout section, Fig.5.4 suovn tho Glotri . ution of local
cocfficiont ond tho surfaeo touporaturc of ovaporator,
@hon tho tubo voo horizentol. The curvos indioate that
heat tranofor at first doorossoes gnd thon inoroases tovards
tho ond, Tais poy bo pttributod o tho foot that os tho
rofrigoront onteroc tho tube, Boiling starto vith tho
vapour phaosc in lapingr flow. Ao tho boiling proocods along
tho length of the tubo, more and nore anount of vapour
io thus roducing tho wottod aron ond consoguontly roduoing
thoe hoat transfor rato, It ooy bo prodictaed that a sotage

ic roaohod vhon tho tarbulopno otarts and agoln tho hoat
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tranocfer As lnorcascd, Therofore, it appeoars that ouch

wvill dopond upon the ocondition of rofrigorant entoring and
looy ing tho ovaporator tubo, The four ourves in Fig.5.4
reproesent the different ontoring and loaving conditions

vith the corresponding hogt flux, It 18 farthor to be notod
that duo to incroansod apount of vapour portion at tho outlot
of cvaporator, tho heat tranofor coofficient ig less than
that ot tho inlot, Tno oxception is ocurve D whieh roprosonts
about sapc vnlue of hogt tronofor coocfficicnt at both ends,
Fig. 5.5 roproocnts tho hont transfor and tube toopernturo
curves whon oore than 705 of the rofrigeront is in tho form
of vopour at tuo tine of ontoring the ovaporntor tude, Curvos
B and C reprosont the suporhogting ip tho part of the ovapor-~
ator. ho heat transfor Bos contintousnly doeronscd £froo ono
end to othor ond. Curveo A aud D roproson coturntod condition
at oxit opd. In oanch oase tho heot transfor has deerocasod,
Tho offeot of turbulonco sesns to Be non-provalont in ocompar-

ison oith tho doercano of wottod aron.

Pipg. 8.6 ond 5,7 toprosent the dfotribution of loeal
coofficionts in inciined tube, Tho curvos of Fipg,8,6 havo boen
dravn ot o particolar boat flux and for varylng pase £low rato
It ic to bo notod that with inercasing ceos £flov rotos, tho
hent tronofor coofffcfent inorogsos. Curvo A suporbooting in
tho port of ovaporator, Tho curves of Fig,5,7 hove beon drown
ot o porticular onss flow ratos and for varying hoat £lazos,

doat trancfor cooffictont firot dooronoceo and thon inerepson
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es soen in provious easop, oxvopt for tho Curve A,

The plpoe of mintoun hoat tronofor appears to bo
G4fferont in horipontel and tnelinod tube, Tho average
position of ninfoun hest tranofor in enso of horizontal
tubc oppears to bo 3 £4, froo inkot vheronn it apponrs
to bo 2.8 £, {n ¢ano of {nciined tado. Additional dnts
1o pecessary beforo this could be gonorpliscd, Hovever,
ono thing 1ip cocoon for both thnt tho onrvos booono noro

£lat oo the dArynoss fraction at ontranco of ovaporator

inoroases,

it vas not posoiblo to corrolato tho data to givo
o gomoralisntion of rosults. Dovovor U; ond prossero
grandiont have boen plotitcd in Pip. 6.8 for tho ontiro
rongo of oxporioont, Tho corrolation on this basic 18 in
tho forn of tho cnzrvo tho grodiont of ubioh dooronses as
prosourc grodiont finoreasos,. Bryan ond Qu-ainizscorwlataﬁ
‘tno boat $rancfor and prossuro drop dota for Frcun‘ii by
plotting % Yo pf{ % )e A sintlor typo of ourve was obge
orvod, Tho olope of Doot otroight iino draun through tho
doto of Dryon ond Quaint vop 0,73, Aobley dota ointlarly
plottod gove tho olopo oo 0.7, Tho author boo fouad o
slope of 0.8 for tho bost otraight lino droun through tho
doto plotiod in Pip,6,.6,



.‘___‘____-_
3

Fa Bluhr fe2op ——

(9]
8

-t

T —— %b7580

1
!
PRESSURE 95 P

B i ianne wimae e SR L LR NN o

|
1
- e | e+ ]
¢
;
- “+ -
IA
-

- [N R PR —

L Y4 de400

-

—
40.0 . PR N e -
Y= 2360
0. | Lo
| ‘IJ/ | .
—— ., /A=1IB2BLu
A R gt
200 5
R i ]
| v
T.ﬁsf ANGLE quTr HORIZONTAL __,
VARIATION OK HEAT TIRANSFER v{mH ANGL

l Fi7 510 |

i

l b
{
H P t-\

- ——




90,

A1d I93H HIIM 1333

S3ITONV 3
8

N1l IN3¥3

. ”

[

H...:O HOd4 X

—— - Inth:qrm cOIX ¥/4,

¢ 5

uwu{mz<mw.r iIV3H 40 N OTIVIAVA'S 914

O

."“f" —
'
]
1

-

4
v L e e —

T PpUS————

NONV O]

B T T

S

¥

m
|
|

ANV O

“ToYisase u%,ﬁmmmmmuo

.

------ afony 'S |

ooz

|

{

§

+

|

i
ey
t

i

ool

ooz "

.
i j

O
%

Avmg !

4

oo - - -

oL T

e, e



91

1

Pig. 8,0 roprosonts the rnoo flov rate plottod
againot prossuro drop. Tho scattoring of pnﬁnts at lov naos
flow rote indicates that o correlation is not possibloe for
thio range. At oose flov rotes groator than 30 lbs/hr s co-
rrelation hos boen obtatnod, The slopo of the atraight lino
drawn through tho dats plotted 1o 0,84, Tho puthor hos ﬁot |
boeon gble to find ont the datn of othor investigotors for
thio plot. It ooy ho notod thot at any inorensc of rass flov

rate 1n the region of lovwor oass flou roto 1s not followod by

thoe inoronse in prossuroc drop.

Ao pointod out in tho boginning tho author has boon
intorostod to study tho offcot of variation of tubo anglo
on tho hoat tronsfor. It hoo not bDoon poosiblo to po fLor

anglo core thon 10° duo to tho linitotion of the apparatus.

¥in, 5,10 reprosents tho plot of hnve vorsus tubo
ongle for difforent heat fluxes, The hent transfor coofficiont
dooroascs as tuo tude anglo inoronsos, Tho plot 45 not vory
puoli satisfgotory ns tho dato oould be tokon only at throo

angles 0°,8° ong 109,

Fipg. 6.14 roprooonto tho dnta for inclined tubo
in o nore inforoativo way. Avorago hont transfor coofficionts
bave boon plottod agntnot hoat flux for tho difforont maos

flov ratoo and difforent tube gngles. Tho following pointe



Tt ho observed fron tho figure.

1)} For %ho pono hont fluz B g, lnOTEAS0S 08

tho nase flov rote incropsos,

2) Por tho sane vase Llov rate b .o docroasocs

os tho tubo angle inercavon,

8) The doerease of h . betuoen 5% and 10° 1o

o
oore than tho decreaso botvoon 0% and 5°,

All tho ocurves chow tho above pointc consistontly.
Tho dcoreasc of hoagt tranpfor vith inerogso of tubo gnple
ooy bo due to tho roason that for oaue mass flov rato,
the voloeity of vapour phaso will doorcaso vith thoe asonll
inoronoe of anglo with gorizontnl. Elov far 1t moy bo truo
with groator agugles can not bo cold., Tho doorcnso of hoat
tronofor nore prodeninpnt botueon 8° gna 10° nay do dao

to obove montionod point,

Beforo o gonoralived statonent ray bo opdo additionnl

doto s nocossary to oladorato thie point furthor,

CONCLU3LONS

On tho bpois of oxporicontol data and tho discuocoion

0of 1to rogulto follouving conclusions oay Do dArawn.

1) Tho boiling of Fr_ia in borizontal tubo ooy bo
reprosontod by tho oquation 8,1 for raos flow
rates leos than 120 1ds/br, and tesporaturc

difforcotialo leoos than 1897, uhich inoludos



2)

3)

¢}

5)

a3

the entranco of gub-cooled liquid and
1iqudd vith a drynogn fraction nloo, ‘

e tomporature difforontinl botween tho
hoatin  ourface and bolling liquid io ipportant

fron tho point of vicw of hept tranefor,

Hoat tronsfor coofficlent incropsos with the

increaso of ovaporator prosonre,

flont transfor coofficiont tmnmoroaoos with tho
oaso flou rote apd ¢/A, tho both ineronsing

sicusiltanocously,

Loonl heot tronofor cooffioicnt £irst dooronsosn
and thon olightly ingroases slong tho longth
of ovaporntor tube for incomplceto ovaporntion,

but continnously doeropscs vhon conploto ovppor-

ation nnd soporhoating takos placo. FThe variation

of loonl hopt tranofer ecofficient deoones 1oss
prodontnont vhon tho drynoos fraction of liquid
ontoring tbe ovaporntor inorensss. The place of
pintoun bent tragnofor chif€s towards tho ond as
tho tuboe io modo fvelinod to horizontal.Hovover,

efdditional oxperinontption 1o ncodod to otudy 1.

G) Boapt transfor rato fnoroanncs wvith the prosouro

drop in ovaporator, At hipghor prossure drops

the ineropoc 18 not proportional.
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7} At lovor pass flov rntos prossure drop doos
doos not inorease puch. At onss flow ratos
grootor than 30 1ba/hr; the pressuro drop is

proportionsl to tho nass flow rates,

8} Hont tranofer dcoronsoo with tho tnornase‘
of tuobe ongio. It 40 diffiounlt to genoraliso
thio sintesont vith tho fnforaantion gvailoble
bore, Additionnl oxporinentation is neoodod to
study i¢t,

The abovo conclusions docs not noko tho ntody
of thio pubjoot goaploto, but houover, pgivo us an inasight
into it, Farthor work io noodod to obtpin consistont data
with respeet to progrossive voporigation , The fnolination
of ovaporator fubce anglo still pooes tho problon thieh

oay bo goen by additionnl oxporicontation,
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TABLE A -1
BL3ULT3 £0 TIHE HoR) ZUNTAL TUDE

Tun bvapor Hoat Haos  Avorago g{
Ko ~ator Flux Flov Tenp ﬂ ATz h e1e. cL ,a._ cl. 4z
Pross- q/A Rato Diff -t '-ﬁ3 K, n. ()
uro Btu/ 1bs/hr Bet Tabo "Ig n “g' x
gl he 212 Wall & = Tpr
3at | notng
TonpOF) _
TN SR S - W i S : 2 D 18
1 66 5440 94.8 0.7 0,0840 0.43 2.33  0.00838
3 (63) 2660 47.8 7T.6 0,027 0.211% 2,33 0.0055
3 962 20,0 6.1 9.0188 0.075 2.33  0.00438
4 196 5.16 3,2 0.0116 0.Cip 2,33 0.00237
1 70 7880 149 11,3 0.0419 0.622 3,40 0.00889

2 {68} 4810 83.5 9.3 0,08461 0,300 3,40 0,00735

3 1152 21,5 6,3 0.0228 0.003 2,40 0.004023
1 5 892 24.6 5,2 0.0220 0.06 2,73 0.00415
2 {62) 712 23,7 6.t 0.019 0.052 2,713 0.00345
3 483 17,3 4,8 0.,6178 0,035 2,73 0.00324
& 328 16,2 4,6 0.0171  0.024 2,73 0.00311
(68)
1 80 4130 38,3 8.4 0.0308 0©.320 2,62 0.00500
2 (66) 2700 83,8 6,3 0.0333 0.212 2,63 0.00454
3 1605 30,19 7.4 0,0279 ©0.126 2,62 0,00543
1 81 1432 22,32 6.6 0.,0289 0.112 2,65 0.00475

(67)
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2 5 6 " 8 5 10
1 83 4160 4¢é 0.8 0.0372 0.212 2.8¢ 0,005854
2 (68) 1960 28,2 8,2 0.0311 0,133 2,81 0.00687
1 65 8540 72.6 11,8 0,0452 0,866 2,71 0.,0083
2 (70) 4090 37.8 10,3 0.0308 0,310 2,74 0,00725
3 2660 27,8 7.2 0.6374 0.208 2,7¢ 0.00504
4 2290 20,86 T.0 0.03063 0.179 2,74 0.004p2
8§ 1608 18.8 6.1 0.0233 0.1148 2.71 0.00428
6 1056 1B.4 5,1 0,019 0.082 23,714 0,00350
7 7?8 13,4 &,6 O 0176 0.022 3,72 0,00818
i 88 2465 54,3 11,64 0,0430 0,103 2,74 0.00785
(72.85)
1 89 4260 30,6 9.6 00,0373 0,338 3,7¢ 0,00360
2 {73) 4126 ©61.85 i1i.5 0,0445 0,323 2,74 0.0080
1 20 4000 64,7 14G.8 00,0417 ©,3%0 2,78 0.00859
2 {14) 2200 17,3 7.0 0.,02714 O0.181 2,75 0.00488
1 93 2450 26,26 8,2 0,0331 0,312 2,81 0,00584
(70) 1403 30,9 6.6 0.0284 0,125 2.81 0.0044
1 95 3316 37.0 7.4 0,0201 0,181 2,83 0.00400
2 {(71.5) 1604 20,14 6,6 0,02614 0,125 2,83 0.00448
3 4130 6.4 B.8 0.,0228 ©,.0908 3.83 0.,00388
4 800 13,92 5.4 0.0212 0.062 2,83 0.,00301%
8 498 9,03 3.8 0,014 0.039 2,83 0,00247
8 0 a gy a9 n fdOn n nan o s N AndOs
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(93)

3,07

8 K o 7 8 0 10

o7 3170 62.8 7.9 0.0311 0.260 2.83 0,0053

{10}

98 4000 60.7 7.0 00,0275 0.311 2,87 0.00458
119.8) 440 14.85 3.0 ©.0121 0.033 2.87 0.0020%
100 4000 30,7 6,1 0.0245 0.383 2.88 0.00406
{81) 050 0,3 5.0 0.0199 0,077 2.88 0,0033

436 23.8 8,0 0,0463 0.035 2,88 0.00237
102 8956 a87.1 4.0 0.01p2 0.068 2,80 00,0033
{82) |
103 2658 34,8 8.9 0.0357 0.180 2,88 0.006
(83) 3360 31.9 7.8 0.0203 0,104 2,68 0.004D
108 4000 B8.,4 0.4 ©0,0378 0.3068 2,02 0.0001

(84)

100 615 32.3 4.1 0.0167 0.047 2,08 0.00308
{86.5)

110 4130 39,6 6.6 0,034T 0,206 2,03 0.00568
{87)

116 1676 30,2 5.6 0.0232 0.126 2,95 0.0037
(01)

120 4130 66,2 8,0 0.033¢ 0.3% 0.,00525



TaBLE A -3 (Contd)
| itn Lox Hord

99

Bup  Proosurc Hpos Presoe.

- | - ap  Congii-  Condition
Ho, pola. Flon are avo Bﬁua (m-' tion of of Rofnt
Spto, -%E%tnrop Btu/hr hd Refnt, leaving
TeppF™ )} " Ben gt2 Op K Entoriny cvaporator
poia 21 Bvapor- N
ator, ]
_ xt

1 65 pa.8 1,0 ©B60 2718  1.287 0.1 0.63
2 (83%) 47.5 0.63 348 193 0,797  0.13 0.56
3 P00 0,185 185 2 92 0,238 0.18 0.63
ry B.16 0.405 59 29.4 0.130 0,3 0.58
1 710 159 1,26 674 380 1,62  Subcoolod 0.46

(58) 3
3 83,6 0.901 847 270 1463  0.08 0.48
S 21.5 0.185 108 56,2 0.238 0,43 0,56
1 T 24.6  0.198 26 67  0.2348 0,72 0.99
3 (o8) 23,76 0.193 116 62,8 90.248 0.78  2%uperheat
3 17,8 0.468 200 BO.5 0.213 0.8 1.8 ouporhont
a 6.2 0.158 71 38,4 0.196  o,8s 9rv ond oad
1 77 15:3 otbiﬁ? 10265‘ %aﬁ 0@3‘&1 095? 0.02

(6e)
{ &0 38,3 0,66 508 263 0.005 Sugﬁoglod 0,78
g (06) 33.5 0.3 635 242 0,682 Subgoglo&~ 0.69

5

3 30,2 0,13 217 131 0.42 0,82 Dry ond oat.
1 22,3 0,311 217 123 0.348 0.45 0.78

81
(67)
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I S S S S TS ¥ g9 30
" 83 & 0,62 62¢ 243 0,708 0,208 0,98
{60) 5.3 0.31 208 119 0.302 0.368  0.88
8 86  T3.6 4.79 736 419 2,31 8%ub- 0,86
- gooled
(70) 37,8 0.552 397 230 0,71 0,4 0.93
37,8 0,086 871 218 0,625 0.16 0.89
20,6 0.44T 827 189 0,576 0.14 0.73
18,8 0,303 248 163 0.30 0,28  0.97
16,4 0,253 207 120 0,525 0,3 0.89
13,6 0,283 176 98 0,30 0,36 0,70
0 86 54,3 0,943 216 127 00 0,68 0.0
(72.5)
0 1 B 39,5 0.60 &85 262 0,172 0.5  0.00
a3 (13°%) 61.56 0.66 330 213 0,85 0,45  0.98
14 1 80  44.7 0.618 380 228 0.7056 0,39 0.0
a (1¢) 1%.3 0,37 3av 196 0.415 Sub-coolod dry &
10 P pot,
12 1 P8 28,3 D.485 299 181 0,625 ©.20 0,80
3 (76) 30.9 0.3¢ 313 129 0.438 0,57 0.08
13 1 o8 57,0 0,668 301 165 0.73  0.48 0,06
3 (11.6) 30,1 0.378 o¢37: 300 @.480 0,23 0,00
3 16,4 0,32 06 430 0.376 ©O°32 085
¢ 13,0 0,208 148 90 0.84 o4 6-73
& 9,02 0,316 184 g0  0.%8 o4 0.3
6 6.53 0.114 61,5 36 0,169 0,66 0,85
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3 4 B 7 8 9
14 97 62,6 0.882 401 248 1.13 0.50 0,57
(19) ‘ : |
15 o8 60,7 0,990 574 385 1.27 0.44 0,99
(79,5) 14,8 0.8% 137 85 0.27T  0.68 0.90
16 100 9.33 0.233 100 119 0,31 Sub.oooled 0,76
'+
(61) 23,8 o0.24 132 16  o0.308 B oy
17 103 7.4 0.307 186 118 0,395 0,78 0,99
(s2)
18 103 34,8 0.49 276 174 0,03
(83) 81,9 0,47 328 204 0,605 0,38 0,99
19 405 58,4 0,761 427 213 0,078 0.46 0,085
(B4)
20 109 32,3 0,372 146 95 0.38 0,85 0.99
(88.8)
(81) :
33 116 80,2 0,56 299 198 0.695 0,49 0,93
{91)
23 66,3 0,883 517 344 1.14 0.47 0.978

120
(93)



TABLE A-2

RESULYS FO% CVAPORATOR TUBE_INCLIKLD

AT _SHALL ANGLES TC HORIZONTAL EVAPORATON

PROSSUNE - 05 Psia,

t
v

Run Tube Hass

Tost

_ q/@ Avera- Goﬁdiﬁ~ Cond~ Avorage
Ho Anglo Flow Seotion Btu/hy g0 Tonp of ition [ .
vith  liato Heat g ULfL, lofnt o ? & 2
dorizo- ids/ Input £4% Botwoon Zntor- o o §?§f er
ntal hr, Bta/hr Tubo ing Lgav * bh
degrees Uall & Test T ren
Bofgt  Sact- ing btajhr.ft
£ % don o0t
z 5 Soot.
7 — i ion
i 2 3 4 & 6 7 g% 90
1 0 20 542 1162 6,0 0.2 0.07 102
20 760 1672 7.5 0.16 0,00 223
0 20 1080 2355 8.8 0,10 2° oup~ 268
orhoat
4 0 20 1124 2450 0.0 0.08 2% -do 273
6 0 40 842 1182 8.0 0.0 0.64 as2
¢ 0 40 1080 23566 7.2 0,2 0,67 327
8 0 40 1030 42320 10.6 0.,19 2% oup- 300
erhaat
0 0 60 542 1182 4,38 0,4 0,67 274
10 (1] ao 1080 2368 6,36 0.0 0,72 312
11 0 60 1930 4220 9.5 082 0,87 448
12 0 80 2936 6400 12,6 0,10 0,93 808
13 0 60 3475 76880 1.8 2%ub~ ©,97 548
toolod
16 0 80 Be2 1102 3.7 0.2¢ 0,36 320
i o 80 1080 2355 8.0 0.30 0,43 . 428
10 0 80 1930 4220 8.3 0.6 90,586 809

contde—

102

20?



S W] T B T 7 8§ 8§
17 80 80 2938 6600 10.0 0,20 0,88 567
18 0 80 3475 7580 42,1 0.16 0.80 625
5 30 542 1182 6.6 0.2 0.67 170
20 8 20 766 1673 7.8 0,15 0.80 217
21 g 20 1080 2356 0.0 0.10 2%sup- 262

orhoant
22 5 20 1126 2460 0.2 0,08 2%-do~ 266
23 5 40 BAZ . 1182 5,9 0.4 0.86 207
24 5 40 1080 2365 7.4 0.3 0,67 318
25 5 40 1450 9170 0.0 0.46 0,77 302
28 B 40 1030 4220 10,0 0.19 27 pup-387
ar hegt
27 B 60 542 1182 4,65 0,8 0.57 200
28 5 60 1080 2356 6,6 0.4 0,72 862
29 8 80 1030 4220 9.7 0.32 0.6 433
30 b o 2935 8400 13,7 0.10 0,93 493
31 it 60 3475 1880 14.1 2° subw0.07 538
oooloed
32 5 80 542 1182 3.8 0.24 0.36 911
33 6 8o 1080 2385 5.7 0,30 0,02 414

Contd,../



jo4

8

2 3 4 8 i 7 9
36 B 80 1930 4320 8,6 0,16 0,68 490
85 B 80 2035 Gdoo 11,4 0,20 0,86 861

\36 B 80 3475 1680 12,3 0.16  0.99 698
37 10 20 562 1182 6.9 0,3 0,07 174
38 10 20 766 1672 8.3 0.16 0.80 204
39 10 20 1080 2356 0,5 0.10 23%ocup- 248

oxrhoat
40 10 30 1136 2650 9.8 0,08 2°-23- 280
41 10 40 542 1162 6.0 0.40 0.06 197
42 10 40 1080 2308 7.8 0,20 0.67 302
43 10 40 1650 3170 9.4 0.18 0.77 337
44 10 40 1030 4p20 41,8 0,10 0°sup- 368
or hoat
48 10 60 643 1102 0.8 0,40 0,67 208
46 10 80 1080 2365 6.8 0,40 0,72 346
T 16 G0 1030 4220 10,4 0,33 0.87 417
48 10 60 2036 G400 14,4 0,10 0.93 462
40 10 00 3476 7580 14,0 2%sudb- 0,97 510
: toolod
50 £0 80 543 1182 6,0 0,26 0.36 295
54 10 00 1080 2355 6,0 0.30 0,62 392
B3 10 60 1930 4220 9.4 0,16 0,58 466
53 10 80 2035 6400 12,1 0.2¢ 0.85 B30
66 10 80 3475 1580 13,6 0.0 0.80 061
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TAULL AB

Piotridution of 3urfcoc Tozp, ond Looal Hogt Tronofor
Coofficiont glong tho oot 3ootion(Inclinocd §

to Uorizontal)

Q/A = 2385 Btu/hr tta, Lyaporator Ppogouro
96 puia, Bat, Toop., TT.0°F

| oDy xon Inlet of Topt-gootion (£t}
3, Uass , ’
o Flow 0,13 1,26 1,76 2,26 2,18 3,28
?g;? N I R S R S R
1) S -
1 20 Tubo gurfmcu ' ,
Tonp OF 83 8¢ 64,5 83 86 66,5 88 88.3 6.8
Local b Bgy/
nr. 297 437 262 336,0 354 277 262.0 32¢ 314,0 208
2 40 Tubo ourfpoo
Toap OF 82 83 84 B4.B 86 065 86,0 85,0 84,0
Locat b Btu/
nr.2¢% °F 523 427 362 336 277 263 277 918 362
3 60 Tube surfaco
Foop 83 63,5 83 B4 84.5 85 86 84 84,5
Local b Bta/
hr.ft? °%F 528 470 437 362 336 314 334 382 336
4 80 Tube surface

Temp 81 84,5 82 83 B3,5 84 B84 84 83.5

Locol b Bta/

hr,ft*°P 673 088 533 42T 303 362 363 303 302




Tnblo A0

DESTRILUTION OF 3UWFAdu TWIP ALD LOCAL HCAT PRANIFEU
COBVFICKuND ALUNG TE3T SLCI1ON (INCLINGD A7 10° 70
ORI ZUNTAL) MAS3 FLUJ JATE 40 1bg/hr, CVAPORATOR
vBE>8ULE 95 P314 , SAN TLLP 17,87,

3,No q/A

Dtu/br 0.75 1,35 1,75 23,6 2,76 3,26
gt /N i S R W R

1 1182 Tubo curfpco Tonp 80,5 81 81,5 81,5 82 63 82 61,5 82
po V _ . e

\-Otﬁ‘ z

Load h Dtu/br.ft 394 338 206 200 263 263 203 206 263

2 2355 Tube surface Toop’F €8 84 84,5 85,0 66 87 8 84 85

Locol b Btu/ur 187 438 302 336 206 277 248 217 336 316

t

8 3170 Tube Yurigco Tonp 84,5 BF 86 87.0 08,5 885 67,5 BG.5 086.5
Op
Local b Btu/hr.28% 453 422 373 317 285 289 027 990 353
FO

4 ¢320 Sudbo sarfaco Tonp 86.5 87.6 66,6 80 89,5 90 00,6 94 0f
5’0

Logal b Btu/hr.2t? (70 432 384 367 982 336 325 813 313
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APENDLX.B

SAMPLE _ CALCULATIONS,

Hoto:~ Tho onloulations have boon dono by nsing P.0.
Chart for ?raansia. »

Todie A.1 Set No.8, Dunm No.2

Lvaporator tube longih 3.5 £t, I.D, » 3/8%, 0.D o §°
Evaporator prescare = 85 poia.
Saturntion teoporatures T0°F
Tooperaturo of ?~ia ontoring tho probontor o 63,.5°F
Topporpturc of ngz‘lcaving tho aftor-hoators T3°F,
Pouor factor for Tost Spotion e 0,08
Powvor faotor for Prohoutor o 0.00
Powor foctor for Aftor.boator = 0,90

Curront floving throaph toot

sootion, e 145 aupo.
Voltago drop across tont coote
ion = 5,00 volts,
&
o« + 7Toot geotion Input e 146 x 5,00 x 0,056 n 3,41

= 1C73 ﬂta/hf "

and T.5. Hept Fluxm, q/a a~*£§%%3§3§§- = 4990 Dte/ur £t
Curront flowving thTcusd Procbhontor o 48 aopo.
Voltpgo drop aoroos tho Pro-hoator e 2 volts,

»

s » Prohoator input s 3 x ¢80 x 0,0 n 3,442
= 2056 Btu/hr,
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Carront floving throupgh anftor.boptor o 38 aopo,

Voltago Grop ooross aftor-hoator = 1.067 volto,

»

+» o Aftor hopter Input "= 1,67 x 38 x 0.9 = 3.412

= 183 Btu/hr,
Total heat supplied * = 1872 + 2006 + 183

= 2380 Btu/br,
Enthalpy of rofrigoraont at 85 poio ond 63,8%° o 22,6 Bta/ib,
Enthal py 0f refripornnt gt 85 poin and 12°F = 84,7 Btu/1b
Asguning no heat laaené for the tamporntnra rongo invelvod,

Mpos_flow rato o =200’ = 37,8 Ibo/hr,
(86,7 - 22,8)

Prehoator Input /ib of rbfrigerant P *3%%%*
E .
« o Lntholpy of refrigerant ontor-
ing Tedy = 22,0 + 7.8

s 30.8 Dta/ib.

fost gection Imput/ld of te?riﬂqrant géggfgh,

= 49;5 Btn
L J
» «Onthalpy of rofrigerant lcavibg tho

At_70%F Sntaration tepporpturc, .
Spocific hont of liquid By,, € = 0.231



3
Sarfpoo tonsion of liquid

Byae G

2

o

24
Thernol conductivity of liquid

Byo By

Jynanie viscoolty of 1iquiﬁ.ﬂlz e

3]

Latont heat of vaporization, hfg

Avorago topporaturc diXferonco
betuoen tubo surfpec and liquid

refrigorant ?x

Donsity of liquid

Dennity of vapour

Bow,
g, ATz
L = 0,231 x 10,3
Deg 60,309
= 0.0308
| 4000
a /A - - : , ,
T b~ 3600 x 0.00633 & 60.309
fc 4 (fg,— Sy)

NP, o G Ay

rofrigerant ¢,

rOfﬁgOrnnt, f v

=

=

-]

=

=

£
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200,000 1bn/br®

0.056 Btu/hr £¢°F
0.0833 1bn/ft hr

60,800 Btu/ib,

(80,3 - 70)
10.3°P
82,717 1bs/oudbic £t,

3,091 1bo/eudic ft.

X

/2000

32,2 (82,72 - 2,09)

o 2090 x 10,72 .
' 3600 x 0,0633 x 60.309

o 0 .323

0,234 x 0,0633

0,064



( wp_ o7 e (2.708)17

C, ATx |
hxs (mr’ 1u7 ‘ 5:‘5
= 0,007285

DiZference betweon I[ig ﬁn‘bs of wmanomoter = 1,13*

*

e » Pressure drop, AP = {1.12 x .492)
= 0.B62 p‘iﬂ

s, ~AB_ _ Q.62 50318 xats ..
(L/D ) 3.5 x 12
= 0.71 1bs/tt,2

Average hest Transfer Coefficient, have

a/A 4090
, o e
A'f-"x 40,3 |
= 397 Bta Snr £t° °F

na&?a = .

Bave 2

Ka = K

307 x 0,378
12 x 0,054

e 230
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At n distance of 0,786 ft, from entrance,

tube surface tenp = 79.5°F
L '.u Mmﬂ. A?x ~ {70.5 - 7 ﬁ} = 9450 t 4
Locat h " a/A 4000
ATx local 9.5

= 430 Btu/hr,.ft®

Other ovefficients hpve been calculated in Table &.3
Bun Hﬂaan )

Table A-2, Run No,28

Evaporator pressure = 95 psia. saturition tomp 175 %p

PTabe Angle 5° to borigontal

»

» » Mass flow rato = 60 1bs/hr,
Temporoture of refrigerant entering prohoater = 15°P

Temperature of refrigerant leaving nfterheatore78? F

Enthalpy of refrigerant entering preheantor = 25 Btu/lb,
Enthelpy of refrigeraont kaving afterheater = 85,3 Btupils,

»

« « Total heat Input « 60 x ( 85.3 - 25)
= 3648 Btu/hr,

Current flowling
through %.9. = 86 amps,
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Voltago drop gerosoc T.S5,. © = 3.78 volto,
»

» » Input = BG =z 3,768 X .95 z 8,412

e 1080 Btu/br.

‘ 1080
or qf, = 458

e 2336 Dta/or £t°

-

Carront flouing through prolutor o 4.5 anpo.

Volta o drop acroos tho prchontor « 109 volto,
Prchoator Inpat o 4,8 = 400 n 0,2 x 3,413
= 1500 Btu/or,

Curront floving through oftor
boater : e 3,88 anpo.

Voltogo drop acroos tho aftor.-
bogtor, s D4 volto.

3,08 % 06 » 0.9

Aftor hoator Inpot = 13,442

Apounieq no hopt loooon for the tocporaturo rougo fnvolvod,

Bntholpy of rofrigoront ontoring T.+8. = 25 ¢ ( ggo )

e GO Btu/lb,

Honeco, dryncso f£rpotion of rofrigorant
ontoring %.3, = | o 0.6

Sioilorly ontbalpy of rofrigorant leavinp
thO ?‘3“

gﬁ"o#(‘m)
i1 2]



Avurage temperatare differcnce betwoen tube surface
and rofrigerant AT,  a (84-77.5) 6.5°F

. a/A e
. o h ve Tp e———" - M
. LT 6.8

« 862 Btu/mnet® OF

Local heat angfer coelficien

Ath distance of 0.75 from evaporator entranos
tube temp = 82°F

.
e 0T, = (82 - T7.8)

" n . 2388
* * "Local” 4.5

= 528 Btu/hr saft’y

othe-r gocfficient have besn calculinted in table AL,



8

2

e

De

G.

B4

146

FARBED B.A. AD SCORMI B.L. "Hoot Tronsfor of Uator
bolling updor prossurc ASHE Trans, 70 P.360.84(1046).

HADAMS U,H, ® Hoat Transfor fron einpglo horizontal
virod 6o boiling wator® Chon.DUnpg.Prog.ds 690-64{1048),

TOVAK ZUDCR ® Inolonto boiling tho rogton of inolatod
bubblco and pictlarity oith patarsd oonveotion®
Int, JJont ond Unsc Tropsfor Vol, € No.t p.83-.T8.

B.YAMAGATA AND B, HISOICAUA ® On Corpolation of punloato
botiing heat tronsfor® Ime, J.lost and Mass Tranafor
1,210 (1000),

DAVED3OR ALD MXCE ° Porantion of oo Dubblceo ot Dorise
ontnl ortficen®, ﬁg; lﬂﬂtucﬁﬁﬂqnﬂﬂrﬁ. J.3n336{1956);

180 8,%. *Cagincering Boot Feansfor® D,Van Hostrond
Congony, Ino, 1503,

CUYDLO D.S. AlD PIDALDADGO 3.0, ® Hont Tronsfor fron
cotol curfocos S0 Doiling liquids® Troms, do,lnot,
cheatﬁnara¢,val. 33 v, 340 {tBQV)Q

DOIBCRO0NT 7.0, Alill CLABE J.A. 9A stody of Moohanioo of
boiling hoot Sronsfeor® ASHE Trgns, 73: 000.20(10G1).



B, NOU3CNOU U.M., ®A pothod of Corroloting hoat transfor
dota for surface boiling of liguido ASME Trans,.Vo.74.
700-716 {1952},

ia.nnnfasa P.C. AND KRIETE F. "Photographic study of
bubble forootion in heat trancfer to sud-oooloed vator®
P.113, Hognt Trannfcr‘nnﬁ Fluidrﬂoeyanicp Inotitato,
Calif, 1040, |

ii. Gunthor ?.§. °Fhotographic otudy of purface bolling
heat tronsfor to vator with forood oonvootion®

Trans,ASUD Vol,93, lo,2 P,1156 Fob, 195%.

12, BOYAN U.L. AND L,G,SIGGAL ° ilopnt Tronofor Coofficiontso
in Horipontal tubo ovaporators®™ Rofripgorating Ungg.
Vol, 63, lUay, 1955,

28, HCOL BAKER ° Hoat Tronofor ratoc froo hoated horigontal
tude to Freon ,," Rofrigorating Bngg. Jon . 1966,

14, T orp " Tho cechanisn of nuclonte boiling Hont Pransfor®

Int, J. Hoot ond Mass trannfor Vol, 6 Wo.11{1068).

16, P.Lorpo-Schnidt., " Some c&aruéteristicn of flov pottorns
ond Hest Transfor of Fr_,., ovaporating in horigontal

tubos? ‘Journgl of Rofrigoration Hareh/April, 1960 p.40.

16, K.Jurray "Local Hegt Tranefer Coofficiont in horisontal
| tube ovaporastors® Journpl of Refrigoration 1050

Pe 118,



118

17, FPRAKL 0, GASHILL ® Lvapporntor hont transfor anpglyois
Bofrigorating Epgincorin  Sopt, V. 20 1933 P,.126,

18, RATIANI GV, AND AGALIALXY DV, * Ooat Transfer to

boiling refrigerants 12 ond 227 ASHRAC Journnl
to Doe, 19263,

10, HARDTIN U.d, "Hoat Tronsfor Cooffioiont in boiling
rofrigorant” Bof.Cngg. Sopt. 1038 p.175.

20, MoAdpns VU M. , U,K.Uo0d, and Y.L, Bryan "Vaporization
{nsido Horigontal Toboo® ASUE Trons,.Vol.6S, p.04s
(1941). |

81. ASILEY €. 2U8AY Pronsfor of Lvnpornting P?eanﬁta”
Bog Bngr.Vol,.43 Fob 1942, P,.89,

23, uITzaag ,.7,, G.M, PCERY AND J4,a. CYPULUNS " liant Tronsfor
rates to ovpporating Fraanaiz in o horigontnl tubo

ovaporator® Rof.bngr. vol,.$6 August, 1948 P,153,

23. LAGSON f.L., G.0. QUAIST ARD U.L.DRYAS °Gffoot of
tnrbﬁlont promotors in Dofrigerant Evsporator Coils
ofrigerating Ungg. Doc, 1069,

34, YODER R.J. AND D.P, DODGB® Hoat Transfor Coofficionts
of BoixingAFroonntz” lofrigorating Dngg. Vol,00 -
Fob, 19002,

26, BRYAU W.l., G.W.Quoint, "Uoat Transfor Coeffieciont

ip Horizontal tudbo ovaporator” Bofrigernting Bngg.
Jan, 10561,



119

2Ge DALLR, L4, Yeds FOULOULIAR ALD G.AJALUIN3 %ogt Yronofer
£11n coccificient Ror rﬂfrigornnta-bdiling tnsido |
tubag® Rofrigorating Lugg.Sopt,. 1068,

27, ALTUAN NODRIS AND STAB " Hoat Tronsfor and Prossare drop
of Refrigoronto boiling in bhorigontsl evaporater?
Journal of Hoast Tronsfor August, 1960,

28, 8,POLEE “Lvaporation of Uofrigoront-12 inotdo horigontal
tubes ASHIAE Journpl Joly, 19063,

20, PRANK KHIES! “Prineciple of Hont Tromsfor®.

30, HARTNETT J,P. °Rocont Adveoncos in Hont pnd Maos Trgnofor®
P, 838 (1901).

33. ASHEAE JOUBNAL 1060,
323, UAKD BOCE OF CAESISIiOY 10th odition,

33, UANDBOOK Me ADANS ¥ HEAT TRANSHI3ZSIOR® Hebrav.liill Book
Conpony 3rd Laition,

34. JAROD U, "Hoat Tromsfor® Vol, 1 Choptor 28, John Uiley
~ ond Sons, Ine, Novyork 1949,
35, Bo- PIERRE ' The Coelficiants  of HeaF T"Wf@" fov Bdu“? FV—:

in Hoviyental  Tube ” SF. Review Vi Ne2, neg 1955 Pss.sy



	MIED63504.pdf
	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Appendix
	References


