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Lam`11ODUC71ON 

Vaporationr in quite a Bono zl pr000ns#  

Zionovor a. .l.. j d surface t o in contact th a gtroou 
onvironnent, tnoieouleo lon ra tbo liquid surtaoo and riz 

up pith, the Sao. vapOrAtiofl frea tncido a liquid body  
under tho fo roat en of vapour bubbles 1t called bat  ling, 

Boat tronitor to boiltnjj ocoura to oovoral binds of bout 

cebantjo apparatunoc. Tho root oonon oizaoploa nrc stean 

bol Toro and Liao evaporators of roftigorating plants and 

c!cti et1 s it uctri ca. 

Inoptto of the ado use of o u poont of this 

cart and o en vitb the fact that o=tonoivo Qtudion bovo 

boon and are being Dodo of tAa boat tranoter is tbio 

oquipoent, the Information dovelopod concarnin; the boat 

transfer to boiling liquido La *till far from doplolo 

or ont efnotary. 

float transfer to boiling liquids to a oonVsotion 

prococo Involving a change In the oco iron liquid to 
vapour., Tho phono2onon of boiling *at tt vt$r arc 
oonoidorcbly care Conlon than ti ooc of convection 

citb©ut phaco ohonga, bacauco in addition to all othor 
variabloo ca000iatod nit'h convection, thoco associated 

VTLth cbanzjO of phase are also rolevtnt, As coon In the 

liquid phase' convection, the goonot r of the cyoton,- 
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tho vi 3cooi ty , the donsity*  the thorDal conductivity#  

the czpaflion coefficient and the apoei 'ic test of the 

liquid are outiioiont to deocrlbe the procoga. T#oroas 

In the boiling boat transfer, the surface obarctoterteti.cer  

tho surface tension, the Intent .feat of vaporization, 

the proseuro. the density and possibly other proporti 

of vapor also play an thportant part* As a result of 

largo nanbor of vortabl os involved neither general 

equtiono describing the bailing praco s nor general 

*relations of boiling boat transtar data arc avail ble 

Uptedato. 

The purpose of lid.a w or c is 

a) To onto an o tematvo study of the mocha-

niors of vapori sate era afld, 

b) Te co-rolato the boat transfer, proosuro 

drop data for a vaporizing liquid no veil 

an to ottzdy the the local heat transfer 

eooffioicnin. 1ue Vaporizing liquid 

selected for this cork is Preon_i  
ae it Is the cast oormonly used ref ricer-

ant In the refrigeration applications. 

xbo problo of boat tranofor rates of evapor. 

sting Vroon 	to of groat Aign.fioanoo th000 dayo duo 

to i eoreasi ug cpbasIo being laid on the optici zati on 

of evaporators. .r-borne ref  refrigerant ovaporatoro in 

particular hnvc plc ced a premium on nin .sun size and 



,eight. An Improved knowledge of local evaporating 

heat transfer and pressure drop to thereforemandatory 

before the optimization can be a000spltebed. 

As moat at the coo U ng coils of the refrigeration 

plants are made horizon al, therefore. beat transfer,  

rates of vaporizing Preon_1,2  to horizontal tube are of 

practical value, Any inolinntion of the tube to the 

horizontal would +o*rtminly affect the juat transfer 

rates. The experimental Investigation in this work also 

at exploring the heat transfer rates mainly in a horiz- 

ontal tube. However effect of varying the tube angle 

On heat transfer has also been studied. 
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Total hoot trnctor (* ) 

a 	ThorI diffuoivity (L2  OW-  ') 

CL 	Specific boat of liquidd at constant proorniro. 

D 	Otonotor of bubbi o (L) 

Dtacotor of a biabb2o doparttn z fron a Doatod 
horinontal ourfaco (L) 

do 	Dior otor of oavi y on to licaftn ourfaco (1.) 

9 	Prouoroy of bubbla o3ttsion ( 	). 

a Maoo1orcation duo to Gramty ( L&) 

LL98 	Latont bout of vaporization (llrl) 

fubb3,o brow t-off tiro ( 0  ) 

IVs, Abooluto tooporataro of colt4. 

Vcat 	Abooluto saturation t oraturc. 

Ut 	Terminal 

 

Torninni vol oct ty of bubble non ( L' 

I 	Donsity 09 liquid (L) 

v 

 

Donotty of vapour {  ,) 

Surfo o tonol on ( i 2)  

Contoot o a tn do, pro+ o 
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P }4OMENON OF  yM o zA :zoN 

The physical interpretation of boiling 

regimes have beam dealt here,. The nucleate boiling 

has been ,presented from the fluid flow and heat.-

transfer osgeia, discussing the mechanism of 

bubble formation. The various factors affecting the 

nucleate boiling have been discusood in the end. 
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A 	Total heat transfer (z) 

a 	Thersat diffusivity ( 2  O) 

	

L 	Specific beat et liquid at constant preeurs. 

D 	Dja ►stor of bubble (LI) 

Diameter of a bUbble departing from a heated 
horizontal surface (L) 

do 	Da**tet of cavity on the feting surface (L.) 

9 	Eregtzonoy of bubble ats4on ( &)  

9 	Acceleration due to CraIi,t y ( L) 

hLatent beat of Vaporization (UK 4) 

Bubble break-off time ( Is  ) 

	

fw 	Absolute temperature of solid. 

feat 

 

Absolute saturation teaperatUre. 

Crt 

 

Teraiiial velocity of bubble rise ( L 

L 	Density of liquid 

Density of vapour ± 	3) 

surface tension ( r'&)  

contact angle in degrees* 
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The proocrno of vaporization , ao oona.t dorod 

bore, reDulis In the convoroton of a liquid into Vapour,, 

The evaporation r osoeiatod r4th the tranetor of heat 

fro a solid wall to the fluid to of privary intoroot. 

in general, the processes and data for beat 

trantitor as9ootatod citb evaporation have not been 

adoquatoly donortbod and corointod. They arc grouped 

a000rding to the nature of the fluid otton afl according 

to the byAioal diopoettion of the boating surface., The 

Various typcs of boating surfaces aro:- 

.* Horizontally oubmergod fiat platee. 

2. Vertically oobcorgod tubea or pia to. 

3. Horizontally oobnorgod tubei . 

4. instd:o surface of a tuba pith fluid doing 

therein, 

The var ooc types of resulting fluid botton 

are, 

I Evaporation without boiling, 

2,  Nucleate Boiling. 

3. Film flailing,. 

It the liquid Ia greatly oub000lod Vila processes 

of evaporation by boiling any occur locally at the boating 

ourfaco and be accompanied by oubooquent Condon nti,on 

in the colder bulk of the fluid, resulting in no not 

evaporation. 
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ovarti . 

in discussing the evaporation proueason there 

are throe inpurt. t magnttudes to conslUer i7. teitp 

of the bout .ng u.rrfeco at the liquid solid interface, 

tent* the saturation tumperAture or the boiling point of 

tho liquid, uorrespondir g to the pressure, and 	i41  

the tczperaturc of liquid being ovapar at e+ . 

In t.to ordinary boiling of at er at its eaturn-

Lion top, evaporation occurs at the free surface w# trout 

tho formation of bubbles iion the bentiig surface t -spur-M 

atur©, to is only a few degrees above saturationn t.c pr 
teat• As the tamp. diUfarcnticl i.e., tri  - toat to 
increased. vapour bubbles torn and agitate the liquid 

in tho viotutty of the homing, surface„ This t i)o of 

boiling to called nuol®ato boiling,, the details of wh ioh 

shall be discussed later, Eventually with the i oronse 

In temperature dttferentin, . the arnount of heating 

surface covered ith vapour bubbles is incr iscd until 

the entire free surface bocomen 0vapaur b' and etodO. Tt4s 

results In a process called * -filr bet: i g' . his usually 

do*S not occur in refrigerators. 

I..1 EV www I or' of % MIL; LI +UUI 0 
3UtZELCC 'I MOU? D ?ILi t. 

Using dIstilLed, dog Lied tutor in a clean 

glassr coat 4.aner, Koidr$ch investigated the toperature 
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1 strtbott on on heat flow rates in evaporating water 

without ioeut bol l i . The resul ting t e peratLxre dis tribution 

and the heat flow rate curves are shown In Fig. 1..1. 
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It Is observed that near the surface the 

temp gradient is very nearly linear, sui gesting a 

stagnant layer In which heat is transferred by condnct- 

ion alone. Below this layer temperature in nearly constant 

with depth,, augest.n existence of connection currents 

which tend to equates the temperatures. The rate of 

evaporation, hicb is a measure of the rate of heat 

transfer, increases more rapidly at higher values of 

tl,b - tot* This effect is accompanied by a de rt ase 

in thickness of the apparently stagnant surface layer 

due to an I ncreaso 1 natural convention below the surface 

layer, since the beat added at the malls of the container 

produces a less dense fluid at the bottom, 
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1,2  m imas iN na rNG. 

BY observing the boiling phenomenon with the 

aid of high spend .photography, it baa been found that 

there are various distinct regie®s of boiling in ihieb  

bent tr ►nofer mechanist differ radical! Exp.ria oats 

in pool boiling with an electrically heated wire subaerged 

horizontally in a tank of water at saturation temperature 

have been reported by Farber and Soorah1  a nI McAdams * The 

resulting cltaract,rtstjo curve to Pig. 1.2. Illustrate* 

the vari ous regimes, 

0 
BOILING CURVE 

0.1 	1.0 	to 	100 	1000 	10,000  
AT °F 

FIG. L... PHYSICAL INTERPRETAT%ON OF BOILINGCUgVE. 

Pare convection: Heat t ransterred by superheated 

liquid rising to liquid-vapour interface where evaporation 

taken place. 

Ii- 	Nucleate boiling-  Bubbles condense to superheated 

liquid as In Case t 

Itr 	Nucleate boiling- Bubbles rise to Interface. 

IV- 	Sphere#ini state beginning: Partial nucleate 

boiling and unstable nucleate film*. 
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V- 	Stable fith boiling. 
~- 	Radiation coi4nt into play,. 

A the bail temperature rioco above the 9aturat- 

ton toaporature, convection 	rents itrculato this super- 
heated liquid and vapour to produced by evaporation at 
the free surface. Further Anoroaao In surface top to 
accoapaniod by the foreattan of 'vapor bubbles vhiob rise 
at to f'avorvd spots on the metal surface and condense 
before roncLljnI3 the free surface. In Rotho 111 mere and 
larger bubbl ea torn and transport vapour to the vapour 
space.* Beyond the peat of the curve, an unstable fib forms 
around the tiro and large bubbles are fornod at the outer 
upper ourfac o of the film. This film to not stable and 
under the action of circulation currents It Qollapaon and 
ref orris rapidly, The preserve of tt4s film provides an 
additional rootatanoo to beat transfer and reduces the 

boat transfer rate,.Vor higbor va .nos of a?x the Vapour 
filh round the ctro to Otablo iii the sense that It dose 
not collapse and ref o rn repeatedly, but the shape of the 
Outer fun Varian continuously. For valaco beyond f000°F 

the influence of radiation beooaoo pranoanaad. 

The characteristic ago of Fig.1.2 to obtatncd  

readily if condensing vapour Wonting is used,, but von 

electrical beating is used tae rogtho TV to difficult 
to obtain. As tho electrical energy and hence .boat flux 
to increased, the resulting Ax increases in rcatoo I11, 



on the poaii value of Vl to roaoho4, any further 

increase in electrical onoray is ac000pant od by a lovor 

q/JM The 4tfferonoo bo Voon those to quantities anuses 

a ring in internal onerry of tre a000 pant od by a farthor 

deorease to i/A. In short, tho s *stem is unstable and 

unless the s ,ectrical input is reduced, tbo syatc rill 

gr0000d toward point b of ?ig,i.2, oro the w iro 

tor►p to very nigh, 0oncrally the to peratura io aboo 

aolttn ' point for r ont notal , and tho tro- molts before 

roaobi.ng tho point b, For thin reason point a to 

Goucrally rot nod to as the burn-out point. 

iCi,zCx C i wYwLX $a ~Yriwywwr~ MI W 1 rwY~iM~wM~w~gi 

'or the discussion of boat transfor of ovapor-

atoro used In arofrigor3tton, tho rogina of nuclooto boiling 

Is of considerable signiftoanoc. l3ofore a aothod of ooVrola- 

ting the boot transfer rates Is sought, it to n000:;o ry to 

rovi of the phonononon of nucleate bob; l 1 ng,. Thorn aro uany 

oz er..hontaJ data ooJ ecrili.nz nucleate boiling hoot transfer 

and also any tbcoroticol worts ozocutod to clarity this 

problon. It nay be said.,, honever, that tho phonononon rosins 

lar from being understood, The nucloato boiling to a hind 

of probi oz non--rogroduoabl a in oharootor. The non-roproduoablo 

obaractor conaisto in creation of bubblo nuolot. AS tho 

bubble nuclei aro created in very ftno irregular oaritioa 

on tenting narfnoos, their oroation can not be trentod from 
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►aaroocopto point of vacs, and there is no o3tornotivo 

but to treat it as pbonoaonon Sovornod by chanoao. it uo 

put the creation of bubble,  nuclei out of aonoidorati.on,.tbo 

phenomenon taking place thorn for grovinr and rising of 

b*ibbl o ti UU not have the non-reproducible character any 

longer and can be treated. by phynicv of conti taro 

The problem of nucleate boiling ha n boon oLnciicd 

by many invoitigatorø from the foiIo ling to aepocto: 

a) Pluid ilotr Probla , 

b) Ueat ?rauitar Problem.. 

1,3(a) Qlujd Plots Probica 

An in any other convective prooaoo the boat 

tranofor to a botlina liquid dopondo up on the :loci oondit-

iono of the fluid, ,n undoro tandi ng of tho floes and of the 

flow roa1Doe to therefore a pro'.requiotto for an analyoio 

of the pr000ao of hoot tranofor. In nucleate boiling thin 

cantaila an undorntnndtnrj of the pr0000eoo aoioointod vt h 

the vapour generation (nucleation and bubble arorth) and 

vdth the probl ou of vapour ronoval, 

1,3(b) 	o 2LSourceFlo. 

Polloaing tho nucleation froo a onvity, the 

bubble crone in auporho tod liquid film adjacent to the 

boating surface. The bubble growth ban boon prodiotod by 

Fritz and 1ndo by the equation of the toast, 

£ 	6  ( TO goat) c  L vj 	) 	1.1 err 
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xrhiob approninatof satisfactorily the oaporimontal 

data of Stanisco 7oid for r7aator and methanol In pool 

boiling at saturation temperature. Since local conditions 

in pool boiling are neither knon nor measured, thoroforo, 

the average value of (Tv  - 	can predict only the 

average Urouth an not the growth of a specific bubble 

(unlooe it ooinoidos ciith the average one).  

Although the bubble slightly deforms (it. flattens) 

Ahile grovzinrj att.ucI od to the surface. Conceptual models 

based on the source flow (1? ,g,i • 3) gore formulated by DanhoU 

for nucleate boiling of subaoolod liquids and by Zubor 

for liquids at saturation. The fig. 1...3 gives a schematic 

r©pr000ntation of source floc and the traho floc associated 

with growing and departing bubbles. 

7777rf 7 T777 rr7.- 

(a) 	(b) 
FIG. i•3 A SCHEMATIC REPRENTATION OF THE SOURCE. 
FLOW AND OF THE WAKE PLOW ASSOCIATED 1T11 THE 
GROWING AND DEPART 1P44 BUBBLE. 

t.3.o De arturo of a bubble: The Jako Fiot.. 

A bubble grot and remains attached to the 

surface until, at time tb, (rb,oro tb to bubble break-oft 

time) it reaches a characteristic diameter Db(thero Db, 

is the dianot or of brash-oft bubble) breaks off and 

departs from the boating surface, The departure is 

governed by the dynamics of surrounding liquid as moll an 

i3 



by buoyant ,cad adhoo on for000. Fritz conai.dorod only 

the static equilibrium bot oeu buoyant and adhesive toroos,, 

d dortYod the tolloiin& equation,, 
I 

7 L C 

C, 	nanot ant and ao found to be 0,0140 for 
bubbi os of fPO,. 

I odiatoly after trio dotaobaont tho lover 

ourf000 of the bubble ro-cntors and doforna the bubblo 

in the lontioular ohapo4 Liquid is entrained in the taho of 

dobcohto" and rioinn aphorodtal bubble.. Conooquontly the 

tic.. aoiooiotod. 1t r bubble departure ann be aprozinatod 

00 rraho 'lay (Via, 1.3), The voiootty' of the rise of a ophor. 

odini bubble to given by, 

Ut 	not 	Z 	 13  

vhoro, the value of oonotanb baa been found to be botr~oon 

,18 and 1,53, Polloving the departure of a bubble, colder 

liquid 00000 in contact pith the solid and gets heated during 

a O'doluy taros t4,, at the and of chi. o i another bubble to 

galo ,t+od iron the cone catty* The ncm bubble roar until 
at time tbt it In turn departs from the ourtaoo and 

process to repeated. A bubble column to tiro formed by 

bubbles aucoocoively ricing from a fuo1voting centre. The 

duration of delay tine td depends upon the conditions  

In the vicinity of the nucleating cavity, i.e. up on the 

local hoa ,Ung rate, tho* al fluo'mtIaao in the liquid and 



tho rnldiuo of tho cavity. The duration of m"broatx-oft Liao° 

t'b, dependn on the local ouperhoat to poraturo dU foronoo 

and on the local bydrodynanic conditions. For a given 

cavity, both td and tb vary iron run to run and Varies 

`ran different cavittoo an well. Connoquontly the frequency 

of bubble a .onion is aloe a statisticalretribution 

zx 	es 	m 	 1 •,a 

	

11 	t d+'9b 

Although both 0b and I are given by otatt item diotr-

ibution f Jakob found that Choir product rtaind oonot nt 

	

tb 4 	at conot 	 ;.40 

1.3 d Jo Roj;tnc of bbl o Ito oVt l 
i1Nii NIY INMNiI AIi Ii1 NI NNI~lii1~II1N ~~l iN1YY rN11I~11N1lMIIINI~~irl NWII~II~11 	I 

The roZicc3 of babble rozxov'aZ In nat~loatO 

boiling Fran a horizontal ourfaoo Coro invontiigetod ozpor-- 

ihantal ly by onaGata and Niobi hiat * It r ac aloe notod 

and di. oou€ o od. by Zubor, that roov i of bubbles and Cho 

flotr rogina deøotibotl by Toriagotn and Nilohtlhat,aarc idOfltiw 
5 

Ical vtth thooe reported by Davidoon and. iuiok , for the 

fornation of gao bubbles at orifi ace, 

.hA vory lot Sao (vapour) Xlotr rnt os the bubble 

formation to a problom of bydrootattoo, The dto otor of a 

bubble can be determined by aonoidoring a balance of buoyant 

and adhesion forooc at the orifice (t nucleating centre), 

95 



Thus approximately smaller bubbles are sphorbal, the 

larger ones are spheroidal or bell typo (P3 g:. 144 a, Via) ,. 
BubbieB rise at constant velocity without interacting each 
other.: The bubble volume to independent of vapour flow rate, 

but the froiuonoi of bubble .scion increaos with more. 
acing flow rat** In the literature this flow regime to 

ref erred to as i eat r' or as the region of isolated 
bubbles,. 

At intermediate vapour flow rates, the frequency 
of bubble formation reins essentially tonotaut, while the 
b..bblo volume increases with flow rate. The spacing between 

rising bubble decreases so that a bubble interact with its 
predecessor above the orU.fico. Coalescence takes place at 

the orifi+*. Bubbles are of unifora six* and have been 
described as 'suebroos liken s In the literature this regime 
has been referred to as ' "turbulent ` or the region of 0muliiplo 
bubbi a ~~' ,. 

0*~~ O 	~ 

C) 

O 
(a)  0b)  (C)  (d) 

P 
Qa 

~ o b 

Fic 1 4 A SCHEMATIC REPRESENTATION or  
• ~` 	VARIOUS DUBI E S)fAPI tN NUCLEATE SO'U$ 
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At otilx bi,ghor gat ti. r r tare a a .rlir; vapour 

otren is Conoratodl at tho orifice, The jot of vapour is 

found to be of ler to a tarnado or a vator spout. Largo 

di000ntthuoun Jots are shattered Into smell bubbles In above 

orifice. (Pi. 1.4 o,Z)., 

In flhtolo to boilintj a bubble oan interact not only 

itb Ito predecessor rioin above the nuolaabnL site but 

It can interact iith the othboarjnt bubbles on the surface. 

Siullcirly ttzu or more OVir1IIj O3atInUOUD Vapour coluaao 

*an Interact tttb each other* An ijoraotion bott oou trio 

uuolcatth3 altos Is sbotrn In PIC, 1.4 (1, 

The conc.dorattono in the above lead to the oonol— 

anion that flot roginos of vapour r ovci troD a single nuol-

eating contro change , itb increasing rates of vapour 

b,onorott an.. 

1,3 (0) ho Plosaes in4uood , n 
D bubbles:~ 

In order to analyse the tlor lnduuod by a c crn  

of rising bubbloB in nuclonto pool boiling, it in ndvantagoouo 

to consider the slhiiartty bctoon nuolealu pool boiling 2ron. 

a horinontal. curtaco and the process of San bubbling through 

a porous pinto. This air. larity Sao analysed by Zubor, It 

can aboran that both the requtrcotont for initinttng the 

bubbling process and the flop rogtvea In those phenomenon

sinjlar. Consequently the info nation tiioh Is available 

in the literature an the hydrodynacio conditions during the 



pr00o00 of bubbitna troti a porous pinto can be uaoa to 

anaiyoo the procooa o bubblinG In nucleate pool boiling. 

Prom ozporthont perforeod itb air bubbling. fro c 

perforated platoe Stow oe conciudod that as long an opactng 

bottioon active bobbling oentera was creator than the diootor 

of bubble at departure, then the ro tnc3 of bubble rotoval 

tioro Sintlor to th000 oboor rod rith single ortfico s *  ?to 

ozportaontai Investigationsindicate that the pr000no of 

gao bubbling fron porous plate Is oharaotcriaod by three 

dioti.not floe roGicioo namely °Ln aarr , "turbalontO and 

oaoillatinrj Oalu&' or plugt3  fiov# 

Tbo ltjninar Clow r+ ictou o1øto at tot gno k loc 

rotor, Dubblon of oonatont Volume riots titboat interacting 

with each other. This rogizo corronpondo to the laminar 

ragfno in bubbing 8ron an orifice, In iacinar rogues than 

liquid ahead and behind the ri.ni.ng bubble to at root, No 

groco liquid circulation. oflato in the field At tboaa 

floi raton U inoronno of sea flog ros nita costly in on 

increase of nuobor of nottv'o pore+ 1,0, of bubble population... 

Tbo Oturbulei t° rogino is obo rnotoriaod by the 

large liquid oonvootion currents induced by rining bubbloa. 

It can cud,at at lo u gac fion rates if the liquid to cot In 

notion by dioplaocmont and entrain aant In the matzos of rising 

bubbio it alayo ozioto at higher flow rat000 In tbio rogirya 

an inoroano in coo flare rate rosinta in incronoitg both, 

the bubble population , nd bubble volumes, Dubbl oo in thin 

i8 
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ro t on are of the '¼uitiplo typos.: 

The change trco laninar to Vurbtlont raging is 

acoociatad vitIi bubble coa1asuonoO. In both the rug :coo 

the goonetry of the vapour phase is more or logo sphorion:l 

At higher gas ilo r ratos bubbles interact and fern anirlina 

vapour colunna t7bIoft In turn can interact to form large 

Vapour slapp. At these high goo .riot ratub tho do airy 

of vapour phtoa in the vicinity of plato to culu r, 

Daring the grvntb and the departure 6 bubblo dtaplacos 

liquid and ontraino liquid. in Ito rrnko,: The flow oscillations 

in oo large to poraturo osoiilations in the fluid film 

adjacent to 'tho bciting ourfaco and In the surface ibooi '. 

The boat trcnator rates in nucleate boiling t7uro tihoruforo 

attributed to the fmugtignttons of , a sob and caionhory 

to these bubble induced flora. It is of interact to quota the 

description of the flog and of the beat tronofor precede,. 

"Strong forward and bac?uard flo m aunt occur 

in the Vicinity of a gr-oning and departing babblu0  

It le swan possiblo that in bot oon neidhbo firing. 

bubblo coxunns duunc nrd flo ing ctroacic tzipinga on 

tho ourfaco there by the beat tratofor ratos bonnxos 

very high ....." 

" bon the vapour bubble rise to large mnboro 

tho i`oroed convections induced by the vaporizettun 

pr000ss becomes Important 	when bubble 

4olucno bocono 	tames and evenly distributed. 
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over the surface it appoaro titcuafly that a liquid 

circulation to #oraod *horoby Liquid rioaa together or 

tb the apOUTvapour bubbl oo; 1lo char and at other 

mcaa and fLora essentially horizontally over the 

hoattatS our uc . " If the total beat tranaforrod 

to con idorod as the sum of 000b total tranoforo 

thou the host tranofer 000fiioient chould be indOpr 

ondont of the cEporthontal outface, 

fly comparing 3akob'o donoriptton of nucleate pool 
boiling from a hots. zontcl eurfnco an xov oud'o daaoription 
of floi., rogtno in turbulcnt natural ooz wootion it appoaro 
that floc ro i000 In those tvo boat transfer proaa0000 are 
rather othilar. The float tbrouzh the 'aonduotion layer',, the 
Slow through tho up draugbt~' . the loonitood nature and the 
nainton n..00 of 'npdraaght ottoc" dooartbod by ¶omrsond aro 
s milar to they tlor parallel to the surface and to the Ylotr 
associated with a bubblo cold a-.otne abovo a anclontinil 
alto an doaoribod by Jaxob, The 11ev depicted in Pjg,i.3 
can be looked upon as Oapdraughte tndaood by the bubblo 
cotton,' o temperature fluotuattono to the ro,5ton of 
4,ot.ivit ' describedby U`ovon4, and c i cb are cbararot+ortot- 
too of aonvootivo pr0000000 artaing near the boundary arc 
not diaairdtlar vtth Loop, fluctuation obooi od In the 
nucleate boiling in the vicinity of boatinrj ourfaoo. 

In v ov of the ford ;oing it ►ppoaro doat rablo to 
fozizlnto bout tranafor problem by oonotdoring turbulent 
natural convection,, 
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1,5 P#C?O G /U r 3CTU.G !UCL,.4 P OLw bOIL11? . 

(a) Prosouro-- 

In botlina liquid, prossuro affeo o trio. , to of 

yrot tb of a bubble mid therefore atfooto the teoporaturo 

'Sbronbo bottroon tho hcatiu sur `aoo and the bulk l quid, 
s 

porinoato portorood by Farber and Scorah for srntor bolli 

at difforont prooauroe rihor that the t ooporotu ro diU'Uoranoo 

400roa000 for a given heat fiuz. no to pressure i noroae oa... 

It has oloo boon oborrn that the o i ut aflo:rablo hoot "lox 

for botliuj liquid inoroacoo tiitb pro:rouro till the critical 

prooauro to roachad, and honcof orth dcoroaoo3 cith proocuro4 

The Pit. 1.I photo tho off cot of prooflaro on boiling. 
tò  

10 

~
Wad 
Tungsten 

f 	hro-el A (Yl N~QtCY_ 

_ `Ch?omel C  

i  s  I 
b--- 4- 	

' Fr .'er 0. $cure h(3) u  

10 	100 	1000 5o o 
Tea °F 

FIG.1.5EFFECT OF SURFACE MATERIAL 
ON BOILING. 

 todial of tho. lootin!7, Jurfaoos 
Mlr6iy.i14,~~1~~~~1~M IrYI~Y~1~r.fYtll~r~r►iilrr~rll~rr•1F 

rho off oat  of octorial of tho hontin; ourfaco 

on tho boiling fun 000ffioiont of heat tranofor boo boon 

otudied by L!oAdn.o and otuoro, At a given prosooro, for a 

given tonporaturo difference, bot~roon the aorf000 and the 

boiUn liquid, the convective fib 000ftiotont to definitely 

10 4 

m103 

10 2 

to 
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hillor for Sono a latoriai. than the ofhorn, In order to 

oboarvo this pJicnarionon more clearly and to obtain detailed 

quantitative roulte, Haab  oonduotod a ocri.00 of ORperthonia 

uatng d i Uerent nator ie on the urtaco of black etcf . 

iron. bo curvoo of film 000flioiant Li varauc the temper-

aturo dUforonoo i T are ahoan in j'ia, 

	

t 	i 4t  

2400 	-4 t- 	J  

2000 t r y 	 - 
I  

1600 

X200 

Boo— 	; 	
f.f_ 

 

400 	 +- r +— - 
I  

	

0 2 4 	8 to X2'4 16 18 20 222q- 
AT (OF) 

FIG.1.6 BOILING FILM CQEFFICIENT VS TEMP. 
DIFFERENCE FOR VARIOUS MATERIALS OF HEATMG 
SURFACE 

(c) Proonoo of Gag and Oat uro of Surfno 

load and othoro tnvontteatad the affect of presence 

of di000lvod gases. Aa 4 rocult of tIt. o wort it woo concluded 

that di000lvod gan had little effect on the attainable liquid, 

euporboat, but acv diopercod In o atl bubb1oz or ontrapod in 

nurfaco goo pochotD loorod the doeroo of c penccat attainable 

T xie taight indicate that goo bubble pith a relatively largo 

radius of curvature cau000 nuoloation at the suall az ount 

of superheat, 

t:hon a bubble bao fortiod, a oat of iniorfactal 



forces are cot up no obon in FIG. 1.7 1  tith a lateral 

HEATING 5URFACE 

FIG.1.7SURFACE TENSION FORCES ACTING AT POINT 
BOBBLE CONTACT. 

equilibriumbalance in tho form of 

s torn (6vs  - ESL) 10 calla l a 	ion roo onort y and 

dotorrline3 the Flo p . If its value in positive, 12  Ia 

to a than 9O and the liquid is quid to tet the a fat o. 

Larson su, joo tai that for 	900  bubble foraatx as should 

occur tithout liquid superheat, that for p JUL90  (Fig0 i.8a) 

bubble fornation can not occur cii thout coca liquid oaporhoat 

and that for 	OQ' (Fig, 1.8-) a very thin Vapour Lila 

should torn on the ourtace at a temperAture lca than the 

noel boiling tenperaturo, It the gas is absorbed or 

adsorbod on the surface, or it a asp to liberated because 

of a chemical process, bubble fornation might occur bo1 o 

the normal boiling point, the bubble containing both vapour 

and gao. Fie. 1.fl oboru the affect of Intorfaota1 tension 

on the shape of bubblo t 1.0,. tbo angle► of contoCt bat on 

the bubble and the be ting surface, shish in a me  ►sur 

of c ttability of a surface vith a particular fluid. Tho 

FjgS, 1.8 oho is that contact angle dooreaoos vith greater 

23 
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Wetting. A totally, wetted eurtao* has the smallest area 

covered by vapor at a given ezoee temperature and conseq-

ntly represents the most favourable condition for lettiotent 
beat transfer,* 

_—= _Liquid -- ----- -- 

" 'ji/ IieatinLi SurEaCe //!%i~ 

FIG.1$ E.FFECT OF INTERFACIAL TENSION 
r 	. IN SHAPE OF BUBBLES. 

(4) MAMA. .er,tur of 14~lz, d, 

A study .errs mat* by Cr ear and Fiiialbargo to 

determine the, off tot of liquid tesporature on the boiling 

film ooefXtoi.nt The liquids tested inoinde water, 

methanol and carbon-tetraohjorj4e, The experimental results 

for water are shown in rig, t.9. 



(a) ph ioal Properties of the fluid.  

The data from Cryt.er and Etnalbargo for the lt4uids  

tooted were atudiod by McAdams and plotted in rt graph of 

boilinC file coefficient 'versus tesperottre difference,, 

as shown in ig, i.iO.. U dor the same conditions different 

liquids give different values boiling film coef iotent, In 

general bubble size increases with the dyne eic viscosity 

of the l quid. e bubble size Increases the frequency 

of bubble formation decreases* This reduces the rats t; 

heat transfer.  
r  t 

104 

70C 

N SW 

40C 

300 

Zoo 

00 ~a ta~ 
a Tols - fR °F 

lv ,~~0,}LVS.dt FOR VARIOUS BO W, 

Mechani gglAtLtatt on. 

The effect of agitation on a bcilinL liquid was 

investigated by Pra*uk end We stwater. Methanol uaa boiled 

under ateospherlo pressure. The agitation was carried out 

by means of a propeller at speed upto 1000 r..p.a. The beater 

was a steam boated bortuontal copper tubs. it was found 



that rate of beat transfer Increased as the degree of 

agitation inc ase s, at tny tamp*  t iUorenco. The r.suJ,t 

obtained shops that, beat transfer war be Increased more 

than 140 by agitations 

26 



IIBAT TMNJ?EIZ ZUHUNO EVAPOftION 

A method of ooreiatinj the bent transfer 
data i.n irnoloote pool boiling to the for* of general  

equation for forced convection has been dealt. The 

OCarre1attOf application to the ezpthaento3. data of 

Various investigators has also been Ae iit. Finally 

tae beat transfer in boiling With forced oonv *tton 

tos cu •ed. 
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A 	otat beat t tnt tar øroo f s. 

Firot tc in oqttntiOb for iiurteo tension lbf ft w 

Cooffioiont for T In oquotion for curfaco 
to ton 1bf/ft °P,~ 

oofliotont for 	in oquation for outftto 
toncion lbS/ft1 f2 

£iactor of tho babblo no It 1OOVOO tho bOatiz3a 
on coo. 

In lizl intomal onortjy of vapour 'bubblo,fltu. 

jGO 

 

UL ,1 rotor 	onorgy Of vO1OUt in 'b#abblo, 

Ht lfl$Oyfltil on+r► of ftic, 

	

0 	Unit intornal onorgy of liquid Dtt/lb. 

	

0 	rfaoo aroa of t.bblo (tt8) 

V .roquono t of bnbbl o Sortritt on, 

o t v of oot ter of bubbl eo at, thoir r dcpa aro 'roc 
boating ourfaco, 

	

t3 	cOOlOXatiQn of 13ravit ', 

gnanco 

6Latont boat of o aporation f3 u/Lb*. 



h 	Unit afthal py of vapour in bubb1 e ► Utu/1b,, 

	

L 	Unit enthelpy of liquid D 	b. 

.. 

 

.ttersa1 oonduotivity of liquid(tu/ftbr.°?)  

a 	Number of bubbles per unit surfeoc 

osolt $uabsr, 

Npr 	Prandfl Number, 

No 	initial *us of Vapour In bubble (i ) 

* 	Kai* of upour In bble, 

da 	more■ tst 	s of liquid,.. 

*51* of eat►for In f ,im. 

#16 	Liquid pressure lbS/ft2. 

p 	*pour pressure lb#/tt20 

Q 	fiat qu tity 

Initial bubtie rodius ft. 

r ` 	insl bubbl, radius ft. 

T 	Abe tam. '°ft 

	

AIX 	Toap, differs nttaj between tube surface and 
saturation tamp F. 

a s inflh.i unit tatornal energy of vipour in 
bubble Otu b. 
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tthal uM f internat energy of vapour in 
bubble Btu/lb, 

u1 	Unit internal enargy of 1tqufd, 

O f 	nit thtsrnai energy of 381.... 

V'aya 	Volume Of systaa .ft. 

unit voIuaa Of liquid ft/1b. 

Initial Yolaasa of apour in bubble* It /lbw 

Final volnac of vapour . in bbbte.  

V 	Work quanttty Dtiz.. 

4 	Surface t+ t 	0• i 2  4 ?2  lb/ft2 . 

Coefficient whiob depends on nature of fluid 
ban tag surface oo*btaation,► 

bubble contact angle in degrees,. 

I 	D,jt7 of saturated 'Liquid lb/cu,ft. 

Den t tyaf aat,ratad vapour Ib/óu.ft. 

L 	Visoastty of saturated liquid lba/ft.br, 



It DOOM almost Impoo9tbta to obtain ol to 

host tranofor oo.rolation equation to earolata the otfoct 

of pro3ourc kind of liquid, and kind of heating surface 

over the entire range ofd , Including all the reSt000 of  

boiling. Thin difficulty artoco from the Root that the 

beat transfer acohanion differs radically in various 

roL ioea. R0000nably 9u0000otui o toupto have boon naZo 
K 

to co,re1ato the data vitbin a ro ton horo a porticulor 

rogino prow le,. For oxcepl o, in the rcg ho of i.ntortnco 

evaporation t2orO no bubbion are X©rmd,, bavo been. 

caroletod by ordinary' natural convection oquationc.?bo 

data in roi loo of nucleate bailing have been corelatod, 

for atictist the offoct of procoury on the boiling 

proovcc.,, The data in rogtoo More otablc film boiling 

occurs, have boon corolatod in cUill a third ray.. The 

transition-type rogi on a remain -corol at od. 
R 

1*d Lt?~.►'`it2J 1, POOL BOILING UcIx 'Tfl#1 VEf DA' &► 

Since the najor portion of the bit io tranoforrod 

dirootl froo the ourfaco to the liquid and the bubbloc aot 

as agitators, it cacee desirable to look for a oorraparioon 

at the bent tranofor in forced convection turbulent 

tbo r shout boiling. In CAB latter case the heat tr ,nofor 

data are corobatod by a relation, 

Neu 	a , ( nRc , flr ) 	• 2 
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For pool boiling ooGonttally vttb saturated liquids 

J ai b oho "hat the boat tronofor from the onrfaoo 

tG for the most part tranfcrrod directly to the liquids, 
the inoroaeo4 beat transfer rate aesoctatod vtth bet 1m G 

being accounted for by the roso1 ting witatton of tho 

fluid by notion of the liquid flotng behind tho coke of 

the bubble deporting from the ourfaco. tobaonola and 
%19 

Clark ohovo4 a oteilor roault In studying motion pioturoG 

of !!cAtn for oub000lod liquidn floitng in torood. oonvoo.-

tion ith surfaco boiling but no not acnoration of vapour. 

Gunther and 1roitb nd Gunther prc ontod photorjrophio 

evidence that in highly oub000lod liquids in pool boiling 

and in forood eanvootion utth rnrfaco botli.. ,o, tho 

hubbloc could form at the surface, grate and then ooltapoo 

ihilo renaming attached to the ourfcioo. 

Ac the rate of heat tranofor to iaoronnod nd 

bubble agitation bcooros rioro vigorono, the of L oat of 

f orcod oonvooti sin fluid von, ool ty and hence the Ltoynoldo  

nunbor based on the pipe diaractor boo +c Joao and boa,. 

This effoct to cho a by the data of flohoonon and Clark 

roproduood In Fig. 24.. h .e data 10 repro sontat ,vo of 

date, of othoro for ourfeco both 	 forood oonvootion. 

In V110 figure the cur ca of rariono fluid voloottioa 

are Mahon to morgo into ono curve, ohoving that no the 

boiling h00onoG norm vitcrone, the effect of fluid 

velocity dioapearo It coons rcw3onohlo thoti to cook. a 

32 



o&r$2etion of heat transfer data by means of a babble 

Reynoldsl number based on bubble dia. and velocity.  

p =2000 PSI 
3.0 	tcio =460 F 

N 
r 2.0 
U- 

0.3 

OZL 
60 	100 	200 

WALL YEMP.—LIQUID TEMP. (OF) 

FIG.2•4EFF£CT OF FLUID VELOCITY ON HEAT TRANSFER 
RATE IN NUCLEATE BOILING. 

For the purpose of analysis one can vi ualizo a number 
of otre 	of bub4es receding #row the heating surface 
anti a bubble Reynolds number defined by 

tRe ,b 	= 	GaDb 	
20,1 

bagod on the mass velocity of the bubbles and their 
di.~r. etore as they leave the surface. The I.eynolde number 
i10 often Interpreted as t ratio of inertia to viscous 
forces. aonoo Gb eseociatod with the inertia of the 
bubble and 	1 associated with friction torso ou the 
bubble are used in equation. 22, 

33 
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Since froa oontinuity the rate of liquid floc to rand 

the hoo tin ourface oquaio the reto of vapour tl ou away 

from the OUrltOO, than 	= , a4Ct the Inertia forte of 

Vgo#b mayalternatively bo thought to be that ocscciatod 

Frith the liquid agitatIon resulting from the bubblenotion 

Gb. 

Since not of the heat is t ronDforrod to the 

liquid no in tho caoo of Oon-boil.inu forced convocation, 

the Prantitl smbor of tho liquid ought to nnpoer In the 

boilIn Oo rolQtiOn, ainee it appoaro in equation Zed. 

Then for pool boflt , 

b' 	(N10,1 , 1P~ ,̀1 ) 	2.2 

tiro, 	
($/, ) Db 

23 
4T  M1. 

ttttoh to a bubble Nuosolt for itb bu  
oua..ria that the bubbles OLL the aver s,, aay be oprouthatod  

ac ophorao,, 

5 	D 	r 

The rate of hoot tranofor to the bubble aa it 

b Brooke of Fran the surface rit i. ho obtained b ► considering 

the ttioruodynaoieo of vapor bubbles, 



35 

	

2.1(a) Lloa 	anoforto flubbloo:  

'rho formation of a off, n, to bubble ii analyaod 

by consideringan inorenontnl Gro #tb In an oziottn{; 

bubble and writing the oorr ponding beat quantity dQ, 

In torn of onergy and cork quantttioo, dg and dt7.. The 

reoultin, oproeoton for dQ to than interjrat.d from 

zero bubbio radius to a finite radtuo giving the heat 

roqidrod to fora a bubble of that oiza Uurtng this 

inoreriontal char o it to per 1 noibl o to dofino a oystou 

to inolado the vapour in the bubblo, the liquId th1obi 

to Vaporized daring tbo chanCe, and tho liquid fain u%►toh 

oaastitutco the phaae boundary. The roe boundary to 

aloe conoidarod to be a control aurfcaa aaraaa &toh the 

t ork and boat ,f .on. Fran first Inv, to have 

dgadQ» d 	 2.8 

Tho oxt quantity dv to that work done by the 

oyotc on the aarroan4ing liquid and to artt ton, 

dv apL d'D7C  

 'L  VL 	+ pL bubb1 a 2.6  

'iho ohOnCo in the internal onorgy of the ayoton 

in arittoxi 

	

d 	 (V +o dn ) + dE't 	 07 



3s 

T1orotoro, caabtoing o uationo Z6 and 2.7 I t to founds 

odD.) . ,0 a dQ + PL VL 	Pia + ' bubble- 2.8 

or no l,ec ing Z inetie energy anti Potontt :. energy terns,, 
equation a,s bcowos 

( o * 	) u" - flou -~ uj6 + O f - pL 	+ p (no, • ) 

Since the obngo in onorgy of bubble is duo prizrnrtly to the 
tranofor of n so di and to much lose dependent upon tho 
change ti the thorodynaDie otato of vapour vtthin the 
bubble due to thin raoo transfer, e.g. otote ( 	•,, otato 

' Equation 2.9 b oo of o , 

UO+dm-UL do-pL VL +n+VL v1d +Mg d --2*10 

and .integrating thin uoproeaion from i1 = 0,0 e.g. all Liquid 

Li. , U'a - UL ' ,L VL 	PL y0) + , 	Q 	211 

Now the energy of the film on the fully dovobopod bubb o 
y be vritton, 

of 	= ti + 6' P + lI or 

But niaco the asap of the tiled mf it otroeoly rAnuto, 



this is written with practically no error 

a 

so that Equation 2.11 is then given,, 

+ Q 

 

-242 

~3 
Now, the 	u of the bubble is ( 	P, L ""` 	), 

V. 
its surface area is 41r , and p, is related to p' 

through the expression for equiltbrius, 

g1 
ro 

Substituting these into equation 242 and re 

arranging, expressing 	+ p 	equal to h, we arrive 

at expression giving the heat quantity requi retl to for* 

a single bubble of radius r'. 

t (b" -- L) 	2 r''2 + 3r, 

[ff- _ P 	)J 

The last tars in the brackets accounts for the erg ` 



cti1n5o of the guano boundary &&ring the transformation 

nd is cirri ar to that gt ►'cn by Laroon 1 Wnti  
Ut Roto b000r oot 

'- I—( b,' .It1J ) + A 2B 	ST2 	.3.16 

cboro*_ Q to to OLL per bubble of radius Z". 

, oopt for very iii bubbl o (roc t t t -5 ft ) the 

toms A - 2flS -sa In ogaation 2.14 may be uogysotoa 

Alto the offoat of euzcturo on aqt ilibriur saturation 

condttiww to ii,Tortaut or vary tthiito babblos. (t" <tOTtt) 

a* that h* boC.ucee hi and hL to that liquid onthalpy 

corroponding to the tot ors taro of the nuporhoatod liquid 

fro ► abiOb the bubble taroo. Equation 2.14 uay be rittcn 

t7itb good a, prozi .tion no 

vboro all the proportico oorro pond to the saturation elate 

at the proosuro of the liquid,, This form of equation has 

aloe boon ouWo*tod by Doenjako io. 

The rato of beat tranofor to the bubbice par 

oquaro toot of hOtinrj ourfaco area to, 

(' b C 	)b 4 ,) 	 2,16 
S7iioro,,  

an 	gV ,~ 
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S .ryas UCH and 	~ aro funotiono of preosuro, 
to a tuaOtio . off' 	r pr000uro and a, 

4iunU for U AaO eAovn that 	does not ebnago 

cipproct &4 y ri h ejA. At a given ,proQeuro, it 	is a0 90c04 

to ho indopondent of q/A # then (q/A ) an and. T q/A # 

oloo proportional to a# boaco, ' oc (q/A) 	' 2.611 

or froze equation 3.16,. 

q4 	Cq la g 	D 	 v u 	 2,19 

t OrO, 	q to #iao co of f i ci ent of proportionality. 

##,.i.3~,niaoa  

proouiono for 	c N*owb arc obtr~inod 

by subotttuting oquat#ono 1.2, 2.4 and 2*10 Into equations, 
2,1 and 2.3 

0 $ by 	a ( 4v-QI) 

and 	 q, 	 c 	 .20 

OrOD 0$ = j ir Cd/C and. C14 ' .X Cd 
9 

ct of tbcoo o1ou to dionstonioso, as is 

uiob is in radIans of an ore, 

In oquatton 2.2. tbo rulo of dirtonotonloso analysts 

porn## tuo roploocu oat of Nu b by any produot of pot oro 

o#otbor ctacnot oni os s group& 



A oaavoniont group to, 

IC 
.2i 

thick to & ,air 4icouotontoO Group intorpretod cc the 

ratio of liquid oup rboot onthaipy at thee. hooting curt ace 

to sue latont ontbalpy ahwo in evaporation. 

Than equation , 2.3 may 'bad replaced by 

tg. 
~..~ .,.. 	9' (R1lob, 8 '' 	2,,,222 

11.2. 	i 

The propos i oorro1a.tion oqu, tion 2,23 boo boon 

applied to the dn.ta of ! ariouo o critontoro, It till  be 

of tzztoroot to . xnov the data l of Ito .application to the 

data of A4dor oa, for pool boilingof rater .booauoc of vido 

range of pro o rc covered. — 1d,.' poL,a to 246 polo. In 

tboao o porthonto dotj000d diatIIiØ4 tator vao boiled by 

measw of on electrically boated iiorinontal platinum vim. 

Data for a ciro of dia,Os,034 inch are obovn. in 1 g. 9.2. 

A Plot of 
Q' ~e 	 CL Q Tx 

10 choem in i Ig* 2,2b. On thie plot the poottiono of the o 
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taco z±o to a naithzn vitk proaouro +aid tbon fallo.. 

At the proøaro oorros o din to tho t4 I oot lino on tt to 

o ot, the prandtl to Cory nearly at ito ainic Value 

12 the t otiou b. b of oquatton 2.22 to exproaod as 

a paver oartos and it on y first term i t sod 

CL ATx   	~j 	~" 	 [j 
ttoro Coif (Constar) 	and bunco o ou d be a tanotion. 

of the particular fluid heating me rfaeo 000bina tono t'rror 

Pjd, 2.2n and 2,2 b the opoiont r rao obtainod.. croco 

plot of ~ Q ' 	a p~ for tho oo otant rat uoo of 

ordi to ,cvo the value of ozpononta . 5ho tiuol ca -rolat-

Loan heo boon a .o n in ?in; 2.2c vtaica roouitn in c= 0.013, 

ti th a oproad of approicatoiy20g. 

" hto pr000 o vas ropoatod for the data of GichoU1t 

an4. Bonilla and Crydor and .finalborGo givik13 the Values of 

C., for vorioui fliaid-hoating ourfc000.. $loco the ag3nitUdoo 

3 rjoro not available for thoac data, tboroforo,. (3 of 

13acr -t 	inoludod In the torn C. f. 

I f hac boon ophootood thot accurate vala09 Of 

flu .d proportloa are 0000ntinJ. in obtath1ji a co-relation 

applies only to *loan ourZaoo.,.. 
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IX, 	 U4nt i4. Cpjtton.  

The foregoing methodof co relating data for nuoleat+, 

pool boiling has also been applied successfully to boiling 

of fluids insido tubes by forced and natural convection, 

Fig,29 shoiw ' the curve of boiling data of sub. oolcd forced 

convection in tub 	The a t.* in which these data were 

obtained consisted of a Vertical hulas containing  

electrically boated stainless steel tube pieced centrally 

to tubes of various diameter  Degued distilled water 
was passed through the snnuas at velocities from t to 12 fps 

and pressures from 30 to 90 psi&. 

H1. r 

,TYPCAL BOILING DATA FOCI SUB  
tD CONVECTION — MEAT FLUX VS TcMG 

ENGE &ETWELN SURFACE AND FLUID. 

The dotted iá. represent forced cameo T ti diti;ons 

at various Velocities and various degrees of sabocoling. 

The solid lines show the deviation from forced convection 

caused by surface bailing. The beginning of boiling caused 



St 	s, 	(Na z ) 9-( pr ) (' 4̀~/A() r 

Wilts valuo Of is thou used in equation 2.24 

in the same *saner as total beat flux in imcl oast a pool 

boiling, 

r' 



by iuor000tu3 the boat flux dopenda upon the volool- y. 
of the fluid, and the degree of sub000ling bolo Ito 
oatun tiai temperature at the eziettng pressure.,aaUro.. An 
inoroaoa In tbo velocity inoroacoo the of ecttvonoss 
of famed convection, dooroa as the ourfnao tooporauro  

cat a given beat Slat aad tboroby dolaya the o of of boll. 

1nj. In the boiitna region the curvoe are steep, and the 
call t OaporatrzrO to proof i call y i ndopondont of fluid 
velocity. '"pia show that the ettation oausod by the 
bubbZoo to coh ogre aftoo ivo than the turbulunco in 
forced convection eitot boiling. 

To apply the tool bailing aorolation to forced-. 
aeDvootion boiling, the total boat tlz = cast be ooparatod 
in t zO porte one a boiling beat flux q ►, ►,~ the other 
a onvao i ra boat fluz' ' -A , or 

ho boiling boat fez to dotcritned by aubtrcating 
the hoot lov ra:to, a0eoubtblO for by forced convootion. 
alone,, trot the total boat flux; or 

IL1 	 : ( P 	2.24 

uhoro he to dotoroinad from the equation of the typo 



St 	( Nile ) !& ( NPr  ) (A4/,4 ).0 

This value of 3o then used In equation 2..84 

in the sane tanner as total Iieat flux in c Coate pool 

bo t.tng,, 
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'iii. flow pitterni pitta 	 for two.phase flow have been 

isc t aa+ d 

 

at studied by different Investigators*  A 

brief litersture survey is then made of the experiments 

conducted by various experimentersto det*mire the boat 

traratcr rates of evaporating refrigerants in tuba. 

Ftntliy the aa—relation equations given by 8„Pf arra have 

been discussed, 



Vaporization of rofrigorants inside horitontal. 

tuba has boon studied thoorotio ly and ezpar; Donta. ly 

by may rooaarc ors.. It trill be of a, particular interest 

to now the tlou coehaniono In evaporator tubes. Since 

bath, liquid and gasaous pbaeos of roar ,cram are prooent  

in all parts of evaporator, +'a are doaUn i1th to 

phaso 1lo the Zdnetios of vbjeb are more oorai,lieted 

than, those of sl to phase .tl.atr,, The various tome of 

two ph so Clot provefloc us tth further posotbilitios 

to aaa1aate and to .aprovo the boat transfer processes 

in an evaporator*  

pia r_PMMtcxas in 'fro nhttno Plow; 

The coat thorough cyoeugationa or tvo phase 

fey tore nods ritb air water and air-ail cyst s, 

floogon&eon.vbooe iavoati ratio s of t o.phaoo 575teas 

at the Royal $bell Laboratory in notordoc ware coot irnod 

by otborrs,, discovered the toii.on#ng .seven distinct mad. 

bill ties for We phase hosing beside eaob other. They 

are 	in p`ig 3,,.1. 

(1) Both phones are otlril.y ft o 	by, the sale 

of cash other so,paratod by a plane ourfaco, 

(a) Both p mass are coporatod by a cavy curfacs. 

( ) The gaseous phone above the navy separation. 

ourtaoo contains a part of the liquid phase 

in the drop tit=, 

47 



(4) Slu O of liquid are anoi000d in the Gas 

stream and travel vith flour gee 9t `oan. 

(&) The Vavoa dd separation our "aoe bet ioen. 

the phans are turbulent,,. 

(6) Liquid flovrn preferentially in an annular 

pattern alone the tuba .eall,, ebi l o the gao 

tore 0 floe *rnclano vithin this cylinder 

iob contains a part of the liquid phosa 

in the drop for. 

(7) bo Can and liquid or* floein through the 

tube oo a 'czar. 

LC 
1. LAMINARLTRANgu1LtFLOW 

2. WAVY FLOW 

3.  Do's  IN YHE. GAS ST.  AM 

1. 
 

4. SLUGS 

FIG.3.1. FLOW PATTERNS 

Tho floe paLtorn onuuoratod hove eorro9pond to 

dofini. to uaoo floe rates of oaob phase and occur tit definite 

Can and liquid voloof t on, The floe pattern doecribod. 
:aro ecro aloe oboorvod in tho otronun of boiliz refrigerant 



(fl  11 and I1) dapondin upon tho hoot flux dom ity too coil 
tz an Vapour volooitsrAndja n by Bryan 4and Sotgal letter aonf~. 

i 
trod by Dokor ifdicato that a iaain fiot? pattern tttb, 

little potting oocuro at lob' rate of boat fi-uz don ity,,. 

Ottflginito a cony pattorn Masa o the evaporator outlet. 
At blab boat fiu ranting from 1950 to 3700 Dtu r Mc ,f t, 

oIU13 obnpod or rina 9hapa i floc ran obcorvod bocinninc at 

tbo evaporator late'.. torcoo and So1ridt oonfirriod thoco 
.ronul to from obsorvaii ono on n rof'rigorant 12 giaso evaporator 
tbtob enabled bin to +totorctno the flog pottorno of fiG,3..i 
OOOUr In tho oogaoaco no either Sao voloolty or boat -flux 
donsity inorogaoa. too+ooi tnvoDtiationa by flufeor4dt r loo 

indionto a definite ooporation of liquid and! C&s flour rates 
of beat flu density (no for instnnoo in a1r.-000lt" anita) 

and that no fob n t rkoo place. 

At the nano ttr o, ilufoohaidt oxpTO30od the eon 

Jocturo that in tho oaaa of IwAnar flo r, refrigerant 000nro  

in the torn of a thin files in arena cr i1oh are not vottod by 
liquid. eoordin to oboorVationo by oroo.Sobc1dt, Chia in 

trio cane only It oil to pronon . nohor oleo tndicatoa that 

non aot.tod ourtac ,~oa teip~ato in boat trqnafor proeoio to 
only a ocall ortont , no '4nQt bor„i tronnfor 000ffio#ont 

In ouch croon are gory 1oa. 

V000urzonto by flcvio and tnveati onona by urray16 
oupport the concept that the boot tronefor dopondo to a lux e 
ortont on (be aottinr; of the tuba ecu titcb in turn depond9 
on the flow pattern. L,jio Hide aont to oonontially in roonont 
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+pith Plorro equation acoordi.na to vMob boat tranotor cooff.. 

tot ant inoraas on c7, th 1 noroaaa of rofrigorant Sion rate.. 

U.t 	t 	.. 
Various o €poricontal tnvontigat ono have boon cad+ 

for atudyina the beta tronofor obarootoriatton of oVar~arntinn 
rnirtQoronto in tubas. The evaporator bout tranofor analyst 

17 
mo initiated. by Fronh 0.Gaobziil In 1033. The latest contribution 

is 
towards this field tmoin to author to by flatinni and kaltcnt 
Doe. 1003. The prolictinary port van carried out by Llarti n 91030, 

2. Ad , toodo a d Bry 41941,. Aebioy 1942, and uit2tC,, Penney 
22 

and Cy boro in 1948„ The progrona coo further made by Franh 1051, 

` 3tador and Dodz 041053, D, or, 'Iouioublan and ftuohino61053, 8o 

Pierre ±004, Dryan nd SLonel L95, Onxor 1966,, 1ooft3an 1957, 

?rroy 1950, Aitciin, Iorzto and Staub 1960 and IL.Pol?to 1963. 
21 

Ashley in 1942 *ado tooto to dato .no the beat 

tranoior of ovaporat1ng '`roon_12 in a O.STSO I.D. Copper tube, 

The to evaporator orod on aeobantoal vapour oonproaeton 

©3ratci. Load, tlaohio Sao, emotion toripnroturo and the mount 

of o 0000 liquid tore Varied* An onlyoto of the roonito 

indicated that the Preon- beat tronafor nay ho aarolatod 

ciith mean load on the a pastor (ina1udina finch Sao). It 

too believed that the varlabl oo of d1.nxotor, l on,nth of circuit 

and riothod of oirouiting may be tnoiadod to ozpreao a 

gonorcl rolati onobip.. 
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2! 
tttzi,g, Po*nyq and Cyphoro In 1048 porfomod o br- 

it onto to dotorcino beat trznofer rotes of ov°aporottn 

Vroon 1,2 in a horizontal 0-305 Inch i.D, ccppor tubo. 

pile *tfooto of Dees fey rat*, pro, roonivo evaporation,, 

ovaporation tooporoturo and oil 000to. atnat1on core 
otudiod. In their toot not .up conproinor as not used 
in the rcuiattn oyoton, Tho first tot 	ro to p loy 
eUU-free Pro, and then the tooto corn iollorrod in i ch 
o l tr.o added In definite oeounto, itvas found that for 

o er r~ano floc rato rat o (upto 16 ibo/br) 'it had no 

effect on the temperature difference botwoon tuba and 

ovaporatinrj Froon. At the hiCboat rotor of poor input, 
the one Zlocr rate aloo had little effect. A otattotloal 

t roatoout of the data coaf't rood thi a. t l o oron1 nt. ng the 

tomperaturo distribution c loan the evaporator tube, It can 

found that under oondition, vhoro a high porno ttroo of 

`.rooU Lass bOtfli eVoporotod, a ob.arp rino to the toeporataro 

gran observed until this point to reached, the to poratoro 

of the evaporator is + oajtant,, ThIsi again holds good for a 

boor Qaoc fbou rote, ilox over, thin boo not been oboorved 

either to practice or 'by' other tnnont1gator3o 

Dorm tho study of the offoot of tooporztturo 

dtfforonoo on the hoot transfer rota, the evaporation 

tonpsraturo rat) kept conatont and the ron.xlto ooro 

oorol~atod by the fol b otLn equations 

q/ , = xu.a t ' 8 (4.s P <t < 12,800) 
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at toaporaturo of 68or 

A 
	o.o t .2+ ( 80P < t < 21.i°P ) 

at totporr turn of i9.4° ', 

The offoot of evaporating temperature on heat 
trnnotor rates x un on to be l rOdauinnnt. The heat 

transfer rates decreased Frith evaporating for pornturo 

for a constant temperature difforonoo„ 

To otudy the offoot of oil contnnination i of oil 

by voluno t'a added. Tho roonits indicated that It reduced 

the host trunofor rate at the Givon toriporaturo diffhronoo. 

Eintrovor, the boat trrxnafer rate has the ouna functional 

dopondonco, on t as any found buioro. 
24 

Yoder and Dodge In 1052 studied the film hoot 

transfer coofficiunts for Pr~oon-12 boiling In the ra c 

of . C~ " to . 000P, The evaporator need vae vertical 

electrically heated tube 8 ft * long nod 0..054 inch ID, 
The cyoten udod c ae .3 atago vapour ootproaoion, fcaui to 

indicated that at a aivon beat flux density the effect of 

floc rate on the ovoroao boiling file coefficient ran very 

high. It coo found that one of the oaet i.nportant vnrinbioo 

affecting the film coofficiont was percentage vapour to 

the matures. 
26 

Baker,, Toul ouki un and linvt t no i o 1053  
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i ►+ oatlaoted tho bot1tag of Lro0a-12 for nurfaoa to 
bulk toopo °ature d1 fferontiaio less than 1208 and fiar 
rates 1091 than 120 ibo. per hour, The evaporator as 

a.645 inch horizontal copper tube 38# long, The hoot no 
ouppliod by envaiopinf- bath z of condensing Freon i1 vapour,. 
Tho OzpOriaontal results ero co-related by a non- 
dicont3ion o9a equation of the fora Of foobaar,'n equation._ 

12 
Bryan and 3otgal in 19&5 invooti gatod tho hoot 

tranofor 000tflciunt of Proon~a in a horizontal tuba * 
The pZzotogra4c study of tho coo: aniar by r7b ich hoot to 

trwwforrod as nado. An analytical study of I000l film 

000Lttoiont along the loxzth of evaporator vas also 

conducted, 'Frio oUUoot of turbulanoo procotora cos studIed, 

by introducing opirai vireo insido the tuboo. It was noted 
that the heat trznof or a oeff i of ont i acroan od ri th increased 
turbui aoo. The ohole ay to vac doutgnod to cork on a 

forced circulation oyotoo by onployin,g in liquid refrigerant 

puop, 'ho ruauLto of tiro tout indicated that at lore floe 

and 1Ov boat transfer ratoo the liquid flora at the bottoc 

of the tube and is ooparotod from the gale at tho top by a 

gas liquid interface htth to at tt e.e unotabi.a rt Tho higher 

goo velocity oauaes t nVcc to torn in the liquid at the 

nos liquid interface* 'hose aVoo boaooao c3oro prorounood 

as the gas velocity incroaou ; until the Gas under-cuts the 

rave and sprays the liquid an the top surface of the 

tube resulting in a higher heat transfer rota for the top 

of the tube than cat the bottom. A thoorotiool anaiyais of 
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tho tioo has not been obtainod and tho ezporionl analyoi 

pr000ntod in this invoatiaation door not antifiotor;i.' 

prod :ct the t cat tranofor in baro tuboa for tho transition 

zone or anon the ii quid evavoo are pi oltot up and sprayod 

in varying amount on tho top surface of the tube, 
27 

. itcian, •Norris an Staub in 1.060 conducted tests 

to ifVC3ti,8nto local beat tranafor and prosao.ro drop 

of Prean . evaporating in horizontal tubo. Tho Unrtinollt 

+loon oothod of caloulattuC to p aso pro suro drop f noido 

pipes cno Ortendod for uoo clttb L'roon_23 and r no ten onp- 

lopod to coxrol zto the procure.-dra latn In this invortigition, 

to OoXrolationc o1` .bat transfer for oVapor+tinC 

refrigerants of riidont ostabli obod a0opo soon to be the to 
3s 

developed by O.Plorro,. Th000 oorolationo apply to oovoral 

cf ffcront ro 'r1aernnts nar3oiy, Rofrttorant 11 12 and 2a anc 

to G13 C1 , are oatr~ari od bolos,(  

kgaati ors 3.1 holds for outlet vapour quail tic$ 

well below 0t i ry and equation 3„2 l ca for oo apl e o ova-

porati on ,aboro outlet oondi tiong are 11OF suporboat, 

have 	0.0009 r 	L ) 2 ( 	
]O.5 

for 	100 -, ,VL .E < 4.7 z 1Ot2 

have ' 	 01.00E 	(Gjvxt~ )2 ( 	A A 	Md 3.2 L 

for 100 'N at <0.7 z 1012 
4Jhe,p 	x 	Va¢nkY 	Y~ 	(~a+,qe 	 k~ 	Thev+naQ 	e{uc~+  

A 	LAt 	lea} e4 Voo1.cr+  

kL 	i 	— J QxA 



e **Jor objeotian to Pierre"s ooreiations 

to that they oonsidsr only the average, and not the local, 

beat tr ei*r coetlioisnt and that the outlet oonf .tion* 

are either at 110  ' superheat or well below 90 percent 

vapour quality. The nature at any dependence of the heat 

trausZer on local quality is therefor not oon dorod 

In, the Piano's work* 

Z-J 



PER 4 

&. 9i 1&a 	2 T-ti' 	i TESL' IWC DURF 

Th a various points to be studied during tb 

experiaental work have been disou sc * Than the choice of 

particular test set -u ► and ite design has been made., 

The iistrusentetion and the toot procedure has been discussed 

to the and* 
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4.1 Iu Off? . c$~,'L%JNj I'TAL CO i . ~»rrwiwr+wrwr~w~+.r~r~r~rnw ~fin r ~u~ 

The o.%?orl ontai uori pr vontod to theta 

obap cr .4u at studying tho fo1lo1ng aopeet 

of ovapormtlnC Froo :..12 In the horizontal tubo. 

(t) Rout tranefor obnrnntnrLati.or to to torn 

of in oquation given by fib error for pool 

boilit .. 

(a) Lftoet of toeporoturo difference bat roan 

the tube onrfnoo and ovopornting Uroon.t2 

on the boat tr'anofor rates, 

(3) Zf1oot of proanuro of vapor' anti ors on the 

boat transfer coefficient. 

(4) Promero drop no rulutod to the heat 

tranotor coeffintont ztnv. 

(g) Dj.otrjbutjcjn of local beat trnnefnr a tf- 

b lent long. the evaporator tube bonjthw 

(o) Etf ,;t of none tlor rate on proecuro drop. 

Au already nnnttnnod in the- beginning, tho Vnr-s 

i nti on +at tube angle vi tb boricontal may af f o t the boat 

tranefor ro oe thoroforo, We o nrtcontol lark else 

oovore the otudy of hoQt4ransfor coefficients in eeou of 

innlinod tube. 

57 
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4.2 	 OP . PPARi tUS1 

ICoopiug in viov the ibovo Dino, tho toot cot-up 

ryas 4°s t nod and fabricated to soot the fo loving 

roqut rcacnt. 

(1) A clocod eyctan in rbiob Freon 12  posoin 

through toot cootton could ho evaporated 

by the application of unifora boat flu.z, 

(2) Vorying foe ratoo thro gh toot soet1 on. 

(3) Varying st ;te s of refrigerant ontori nn the 

evaporator. 

(4) Gandoncisaj the rofrigorunt ovaporatod from 

the evaporator toot 000tion.. 

(& ) Elimination of oil eantaoination vitb tho 

refrigerant,. 

(6) tUonouraaont of preooure drop during ov poratx. 

ion at the tto On ,& o the tout 000tt on. 

(7) Provioton for vowing the evaporator tube 

angle. 

The vapour oo procoion system to not oupicyod 

in the toot sat up firstly an It could not have boon 

poJOibia to got oil free rofritoraut and cocondly prououro . 

pulsations vould havo r ado it difficult to e000uro the 

proceuro drop* DUO to nonevo lnbiitty of the liquid 

refrigerant pump, the tborcio—oyphon uyotoo for circulating 



tuo ro.Yti.aorout voo riudo uco of. 

4,3 &sv 	LA19 1040 	Di; - ow PPA1, iii us * 

Ttt foIio7Lg were tho az JuIptions Made In 

d0 tgnts rj the opparotuo: 

1) 7oat, Seotion otreigt copper tube 3.6 ft, 

Iona, 3 lnoh X.O. 

a) Maximum proosoro drop In the t.oio o ►scot 

3) Uarimm oüturQtion to poratur* 9 0P 

4) Over1i hoat transfer 000fftojont duat»l3 Cond. 

otiOn of lTOOfl j2. 200 to r ft2  P0, 

5) L. .T.il, dart n condonootfon of Proon-12  by 

chiller! + at+ .r 

6) tazictm flo r rata 3 lbo/ninuto, 

4 0A 

ib achieve the tloü due to difforenco of dono-

;tier of liquid and vapour ooin .,, the 000donnor position 

vao dotorDtnod vi U t roepoot to evaporAtor, uci.ng tai fforooco 

of donoitice 77.6 lbo/cU 41rat, 

`oi ,bt of condornor abovo ;t o evaporator 
tube 	r4rC 0.48 it ' 10 U'U. 
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For the o& .o of etc pltctty the condenoor doolanod 



' Jao of rthofl and1 Coll typo. 

UUagi nun beat ro joction in con ionsor (Btu/br) 
+bon ovaporot#on oocuro at 000? 

(Cnthta y ircrra€~o in •oraporator/lb of rofri- 
gornnt) z (tiotgbt. of rotriaorant flovin 
par hoer) • float addition bofore and of t or 
ova?orz tion. 

= ( 58 : 3 r 60 ) e 100 of boat addition. 

a ( 08 a 3 t 00 ) : 1,. 

a 11,484  Otu/br,, 

Hoot, tranofor Aaron  

0 4.?8 q.ft. 5 sq,ft, 

Taking coppor tubatea of b'° 0«0Q 

Lonabb of tt o 	.....~, „~ 

a 30.2 ft. 

'iguro 4.1 oboao tho oondonoer vbiob conotato 
of 40 ft. long b" 0.9. Coppor tuba boat in torn of 

coil onol000d is a OylIndoricai v0000l 2' u t'-D' prop- 
arod out of 1/10" 0.1. 	cot, `kilo Coll woo forr-od in 
a 'ay C to hoop constant 3l. Opo $Q::E. ar !;. 4 o Gtia o too 

ctaintainod by providinC tbroo ttooaoo ciczpo. 

• VJ 



TI .,.  E,CKEMAT IC DIAGRAM OF TEST SET-UP 
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COPPER CLAMP 
COPPER~TUBE 	 INSULATION 

/ 	 ALUMINIUM_Fsn 	~/ 
/t~ 	 / /~̂PPQX_ YT GEMENTi1//f 

  THERMO-COUPLE JUNCT[ 

O 	
7 ., 	 x,40 GAGE CONST. WIRE' 

GAGE CONST. Wt(E 

i `' 4•. TEST SECTION WITH THERMOCOUPLE JUNCTIONS_ 
ANp CLAMP FOR ELEGT HEATING  

Liquid ltue ax.d von,r line were solectei as 3/13" 
and ?/E" O. ).Cop or t-.be rci eotively. 

4 . rs _) .a t;; r L.' 	v: .k ' £L1 AP 1'.:1 i:: a r'V. . 

A schematic diagrav of the as?arntus is hi own in 
Fig. 4.2 and a photogra~rtaio vior is given in Fi g , 4,(i). 
Elie followi.n; i3 the key of Pig, 4.2:.- 

A. Ammotor 

U. Condenser 
CT- Current tran3former 

Manometer 

.Oil.. PreI►etor 
T3_ east lootiou. 
V''11_ Variao 
.rl_ +attar. Inlet 

AU- After Heater, 
C%L C i rging Valve. 

L-» `low Control V r ive. 

P- Pressure rage, 
4i- 3te? down tran~sforvzor, 

V_ Voltmeter. 

:s.. ator cooler. 

x :. --, i~cr Outlet, 

The evaporntor teet section cociii gtod of a 
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hard copper tuba 3/6" I.D. and 3.5 ft. lom(_ ?horoocouglo 

Jnn.ctton3 taro meta on the tube outface using conntant..on 

tbon 000up1e giro (40 gauge). The tuba itcol acted ao the 

second otai... The Doldoting of Zinc oonotanton t7i ro 7nG 

not posei.b .o. To oneure the perfect oieetricn . contact 

botvoan the tiro and tno outface, the Vit was atloIod to 

roll cleaned surface of the tuba i,n tho required paoition 

for about I" lox the by moans of an adhocive tapo, The 

bade of tt oco lino rirao uoro run to a short length, 

insulated c n4 protcctod by tape. They raga then conneotod 

to an ordinary 24 , auco cone tanton * i roe to too sal cotor 

snitch, Tho toot length nee inouloted ritb a train layer of 

insulating ixitortel and over It ryas vr'ap?od an alrarintuct 

toil, The foil tree vrappod in one ainglo ptoce onauring 

that there race no ovorlc pptng of toil and that thorn roe 

no Cap loft botveon the tto edges of tbo foil, A untfora 

boat Ilan sac thco aohlovod, 

30 n5 to nakc the hoot loosen to a rainidoo the 

aoation VGC insulated by tbC OCOlo and than by asbestos,. 

A part of the toot aeatl on. i , th tbart000upl +e junoti on:~ 

and insulation to aboan to 1'ig,,4.3 and u botograpbio vloa 

in Via.. 4.(U). 

Pecs. a to 	To control the ototo of rofrfroraot entering 

the toot ocotion a preheater naG made. In t: .a cane it 

aaa not nocccoary to have o ctly uniform boat fltu=*. 

rheroforo, otrijpod ntcbrona t:ire non uvA 0e the boating 



oloront. iLo pro..bootor Tao . do of a Vortioal oop,-tor 

$ubo 3/8f  G,.D, and 120  Jonas  inoaiatoll uttb a thin layer 

of an tiunzl cati ng o stort al and vound by tho ni ohrono ciiro , 

To n,1c boat ioosea to a a1nnnan it vas in ulatod firot 

pits ,oboatoo paper,, aoboatoo cloth and finally pith aub*otoo 

pulp. 

Afqjianpi,  It rras made to ooa totoly vaporioo and 

superheat tho rofr1aorant pna3ing out of to toot section. 

A cop for tube 3/8" i .D. and 8" Iona eao used for thin 

purpoco 8  and vas  prepared in the same ay no pro -tiontor. 

The poai't4on of apftor• hootor an tado vertical down the 

toot QOOtiOf. it enabled the liquid refrigerant from toot 

on ion to colloot is the aftorhoator and than boinZ 

evaporated in It to join the vapouro riotrg up In the 

Vapour t .no *  

rio 	To Daaauro tho pronsuro drop bat on the the 

ondo of toot coo Uon during bolii, 	, r uanoDotor eith nor- 

cury vac wood,, Pxo ,1l.r n tuba obviously could not be uood 

duo,  to poa ibiltty of broaking at the jointo vitb copper 

tubing.Thorotoro pol yotbolone tubing (i nnort vt #h 

3/id" I ,D, Drug rood. The joints yore tilled vi tb arol di to 

an to onouro no loatizgoo. One .1iDb of the raanoDotor rno 

coda Inclined to 300  to horizontal for acc000ibtlity of 

oboorvattono„ 

k.ronni oI1lionuM  A compound pronouro gauge ran o ployOd 

to aoc;onro tbo pressure of iyototi.. 



A band oporrtod fioc7 control. Volvo 

tree uood in tho liquid line to Vary the on floe of 

it van employed to dirge tho 9y, to ttb 

11otaoon the pro cctor and toot aaotiou a. by 

paon voa undo to join the conduuoor. Tho pnoowjo -was undo 

of polyothylono tubs ng., fho line vao providod t03 th a otaat-

off voivo. The purp000 of by paso t no to 000 the boiling 

i rcon 12.. 

QQrdor2 sor- it crno placed at a h.oig t of i0 ft, hawo the 

evaporator and conoiaiod of a drum 2 ft„ din. and V-00 

high in %7hiob 40 ft,, length Dail ao placed o0o fig. 4,1. 

•bo coolingvao aci.iovod by *billed voter fro:i tho voter 

000lor. 1hon orking at iori evaporator pr000uroo uoo of 

10o blooho vas mado. 1 a montionod 'botoro tho condensed 

liquid poonoa out of condon5or oaoily , duo to doc,nt and 

slops of coil, Tho drum moo inouiatod at the oldoi and 

bottom to prevent bout loon from ourroundingo. Tho 

uhuio oonftnoor v,ao placed on a oodon plank 9up- lortod by 

anglo iron f rauo amboddod in ttio tail. 

The v.tioio of the liquid line and the opaoo bottioon 

tho pro-4hoator, tout cootion and aftor.4ioator ram uoll 

Ftuon,". 

insulated to prevent any hoot ioaoes, 

Varl at~► .. 	~bs~ 	t~lo . 

 

1r varying the toot 000tion 

angle, the Lao aMa aoro hold by ON ,tool olnnpo eliding 
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CURRET TRANSFORMER 
1  
1 

1 
440 VOLTS 	I 	I 	 TEST 

SUPPLY 	 V 	SECTION 

1 
1 	1 

WELDING TRAN5FORMER 
SINGLE PHE.E.)  

~ I 	 A 

VOLTS 	 E 	 AFTER 22o  
HEATER 

VARIAC TRANSFORMER 

220 VOLTS 	 I 	I 	 PRE-HEAT R 
I 	1 

VARIAC 	 STEP DOWN 
TRANSFORMER TRANSFORMER 

LCi 

4 	. POWER SUPPLY SYSTEMS 
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a and down on tue 11I1 otooi roil coti L- co otcini-i, o--.;ec3t?oi 

in iuo call. A j poto--pLiio vio 	4(iii) oboto the 

i tlol i uod toot 000tion t i t*4 t1: o cl =po an I oter a at the 

tto ondo, who vortical ooromont of the ci+capn on tho 

ai.ld-otcol rod rno p000iblo (a) duo to flozibility in 

tovo.ient of vo,)our line € nd (b) duo to coil .oprtn of 

liquid litio at the bottom of pro-bootor.. 

4.G. 	cro t.f 

`ibo toot 000tion 	bontod by paO7ir7 olootrioni 

current ►hrouGh the alatinian foil. Cop_.or oox;Snotoro in 

the fore of olezo eoro toad co the olootrioni tor^3nnlo 

at tho tto onto. Porfoct olootrioni oontact t-co nc 4ovod 
1y itoopinrj a Lain shoot of load botroou tbo oo) sor ola~po 

and luciniao foil. The oloo!.rioci rooiDtonoo of foil t"zo 
paaourcd ear O. 26 ob z op~io.yicirj doo.bblo tSolvin Drid.o. 

to tuo roolotanoo rrao of o loc. ordor f a voldin7; tronoforcor 

j o thorof o ro uaod t i th a oa is w curronn : oars rr oepaoi ter 
of 31~+ rcporoo. , pricary - 40 volts at n ;l o p aoo. '-cat 

flwioa to tho toot cootion voro varied by varying the 

currant output from voldinrj tr .  ofornor. Photo rapbio 

viot? 2I,G. 4(iit) oiotc a tolcln trataoforror r'ith other 

iz otruonto.i . 4,4..3 o:Io::o the oloctrioal ci rossi t 

dtajrou ciith the nonourin3 jaotru.:onto uocd, 

O p o- ioator -„oo iiootoci by pao,.. n ; currant 

throaCh Ood,)ox c udnotoro t7 io.a bold the tuo of&& 0i' 



tho 1xo:stinS olonont t,ound ovor trio Inoolotod tubo,. 

As It ioo not p000iblo to Civo 8 cops current through 

auto-ti atorr,  or, a stop do 7n tr nofor~aor ,aa ooployod to give 

the Maher currants. Fig. 4.4 b gives tbo olootri.col oirouit 

for proheater. The boat MEWo voro Voriod by iroryin input 

from auto tranoio,roor. 

Tho boat oup,)ty to after boator xoo ado In the onno 

;p as for proboatOr* 11g. 4.4o airoo ttho olootrico.l circuit 

for ` or-Hooter,► 

Tho povor Gu sily to to toot ocott.on, pro- Kantor 

cnd: alter boater voro coaourod by anmotoro ate volt uotorn.. 

It ao as used that the roof tanco of bootoro Qoo3 not Tory' 

r~itbi.n the toc orntaro rant oo involved, 'o currant 	in 

tbroug1a the toot section +rao aonourod by onp1oyinj a current 

trattptoraor and an ordi.cary annotor (OM.5 arps) in 0000ndnry 

of this tranofarror.Tho pot~or factor for tbo alauintuo foil 

vas aaioatato4 ao 0*05 and for each of the au iltary boatoro 

as 0.00. 

toaouroaont of Uana 11 ov kto, 

Direct dotornination of mass tlor rate it tho abSonoo 

of rotanotor ciao not ponoiblo. It vno done by roodinc ttao 

prosoaro and toapornturon of L'roonn12 at pointo (i) before 

the prebootor onetton (it) After the proheator and before 

tho toot sootion. (iii) aftor tho toot section and before the of 

$bv Zoator- , fit (iv) after the oftor-beator. Pt►o energy balance 
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methodd pans Good for finding out the taco: tlor7 rate. It 

r~o aouaod that thoro trio no boat loss to tho o.tcon ptzoro, 

duri.na tho flow of 'roon, i2 from proboator to the oftor oator 
c i thi n the rag o of ozpori coat , 

The tonporaturao along tho toot 000ti on anal at 
other potato s oro Doacurod by 40 gau o con tnnto trc. 

The thora000uplo tiiroo ucro calibora.tod by Loads Northrup 

potontionotor, The opoadoaan, Loads Northrup tonporrturo 

recorder sins uood to record the ton,)oroturc3 directly. At 

A pbotograpato vi.or of the tozporat-uro recorder t7ltb Ito 

rar a adj.0 tciont and core adjuotcont is obova in Pig. 4(i) 

The toaporoturo of Froon .2 ontori as and loavi nt 

the toot nection can moaaaroa by provi.Gir thorcocou loo 

at a dtotanoo of i0'' away from oaob and. %uo the conduction 

off'oot t7aa reduced to a a iniauc. In all 12 thornoconpioo 

Cora nand: for coaauri.ng tho tozporaturoi at different 

points of toot sooti.on,Tocporaturco at top nn bottom of the 

tube voro Qoacurod at four pladao, 

Tho to sporaturo of Q'roon.i. at inlet to pro.hoator 

and outlet to aftor.-hoator Toro achiovod by i ulatina the 

thorcio-oouplo „jufotiow), 

4.7 spt P 5o trc,~ 

Before actually otartin the toots he apparotua 

trao tooted. for Ioa(W by site; it to rithoiond the proarzre 



of about 150 polo for 46 bouts. Tba quantity of 'root 

to be chargod goo anioul tod nn the basis of c ipnoity of 

to QyatOD anti uao knortn rat the time of ebar(in . 

feats nnro ounducto i t ftor the apparatus  bad been 

vorIind for a cuffio .ont period to establish a uilibrium* 

The dos.irod evaporator pretsuro an aobievod by varying 

tbo nouiing rate in tbo eonrtonnor. The liquid floc rate rims 

charged by adjusting the fiot control valve in the liquid 

line. Tic olcotriozi iu ut to the preheater vao rotuiatod 

in acoordanoo v i iii the quality desired at the entrance to 

the toot ova?orntor.Tho electrical inp_it to the after-hooter 

vao regulated so an to on ure that not only oos plote ovapor.-

atien has taken place but a m loll ano rr t of supor iecatI ng 

in present. Pnorgy to the Loot 000tion vas supplied In 

accordance with the nbanac of ciasc tiov rate and the proh©atnr 

input. 

After the variable (flow rate, evaporator proseure, 

energy input) bocano oono tart, records of toaparoLUrO all 

along the a poratue t oro a dc, by using soi octor ucr .tcb and 

the temperature recorder. The pibrror oucppli od to the pro... 

hooter,, toot aootion and after hooter tan also rocor'dod, 

hocavcr on eeac OcCa0ion13 the sat onos and this had to ho 

taiaratod, 
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At a particular prc ouro, the data for horizontal 
tube tro ra obtainod in tho t.oI i of : t Qay 

(a) `law control valvo sot in a particular paoi. Lion, 

(b) TostM.00ction, prcboatOr cad eftor oatar 10r0 
Given an olaatricai input, 

(c) Sufficient amount of too aaa bopt is the oond-

Gn9or no as to have the roquirod pr000ura in 

the praaGuro- ego, 

(d) Attar We proauura ciao conotaat for a avaaider~- 
able ttho, rondi nos of th.arnocoupl o at entrance 

to prcthoetor; at entrance and o it of toot coation aftor. 
boater and along the evaporator tube lonZth vorc recorded* 

(o) Pracouro drop acroco the evaporator tube iao 

racordod by means of aorcury canomotor.. 

(1) Urdu floe rate ao dotorrinod by con3idartna 

energy  balance, at inlet to pro-hoc for ani outlet 
to aftor.  ootor. 

?tunny Uhroo act* of roadi oat various evaporator 

proDnuroo taoro to cen in the above canner to aaralato the 

boat tran3for ratoa and to otudy other factors ao alroady 

montionod pra+taaaly. 
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Tho etc sxaa not to oa-rolato the boat tranaior data 
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but to study the effect of angle of tube on heat transfer 

rates# i'ioruforc, tests were conducted at 0 50  and 100  
angle Of tube with lko ri: sontai , at a chosen pressure of 

9 pslo. Mass flow rates of 20,40, 60 and 80 lbs/br, were 

ideated the tents, ibo total number of 54 runs were made 

at di lercnt lost flux to the evaporator. 3po,utail *are 

was taken to Uoep the evaporator pressure constant throug 

gout all the runs. (Lust of the procedure was ease as for 

horizontal tube. 

The sample calculations for the horizontal and 

Inclined tube has been given in the appenc x, 



UtSO A31% OF THE TI ST UE3UL1?S AND CO 'CLU T O1 

Data and test results ob 6ni ncd by experiment.  

stion h. v• been di s+usse dare, s eorrel nt I on equation 

obtained has been compared with the data of other t*vest 

tgntors, Pressure drop,, local boat transfer cooffini ants, 

and effect of tube angle on heat transfer have been dealt 

with separately* In the end several conclusions have been 

dxssn on the basis of discussion and the need for further 

J.a wes Ligation has boon espbasieed wberover neesssary,, 
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'bo results of the oeporthont and tboi r dio-

cuenion uiLl be pr000ntod in the fallOrAnC pa.ratrapboi 
Itke rOsalta have boon tabulated In Appondtii A. 

Iho roaul to could be beat Interpreted by studying 
the ,toll o Tin curvoo Ora. rn from the toot rosultu - 

1 A plot botc oon Ct 4Tx 	%._-- A UL. /Thi!ii. 

for horizontal tube for the entire runco of of porii ont 
to Give a correlation of uation,, 

3) f plot but oon lob 4/A and A 5, for horizontal 
tube to slut, the effect of o' x on boat tranofor# rntoa. 

3) Flute of turbo ourfeoo tooporaturo and local 

boat tronofor 000fficiont oatnaL the dint nco fro a ova_ 
porator inlet for boriaontat and Inclined tabu to ohoc~ 
the variation alone tube Lone ,, 

4) A plot of have +c nd aT. for ooro to parti-
cola r evaporator pr000uro to shat the effect of evaporator 
pr000uro on beat transfer rates. 

v 0) A plot of 	Av 'V'o 	for the entire 
(L/D) 

ranl3o of the t~orizonto1 tube to ahoz the rolationohip 
of profouro drop dortnj boiling vith the i3oat transfer 
r ,tois 

0) A plot of Hasa flow rates and P for the 

entire rano of horLsontal tube to ahoy the effect of 

aoo Zlov rate on pr0030ro drop. 
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65-77 ps,A 	o 
80 -85 1 S1A 	X 

s$ -7 Psi A 2 

I•o 	 93 - Io3 Ps%A 	A 
105 - %Z© PSIA 	D 

EYAPORAIOR TUBE 3/8I.D. 3-5 MET LONC~ 

TUBE —HORIZONTAL 

4 	 4J''C> '!  

' -O011i ___ 	
I 1 

Kt. 

0.0001 w" 

0.001 
	

0.01 	 0•1 	 1.0 



7) A plot of ha and tuba angle r 1 tb ihari zontol 

to oboci voriotion of host tranafor itb tuba 

8) Plots of ha Via q/A for differ•nt tube angles 

and difforout cao floti rotas to 8bo vnrtotion 

of boat transfer ooOfficiont til tts boot flux. 

+ arrr~ ait 	nt am. 

'o obtntn the corral otion of the fore, 
_S

- 	

1 
cat d T 	C ~, 	 /A 	~a o' 	rc,L(L  LK J 

the convention is to plot 	aT" 	 '¼ 

M u. reoul t of the ozpuriecnto oondctod by Addo z 

for pool boillnS, the value of S 	1.7 'nw dotoretnod 

bg a oroos plot of C' -- 	vorouo l r for cunotmnt 

VraIiicO of bubble Re olds .Number. Son*** value of S fr, fl 

takon to be 1,7 . Fig. 0*t revonla the method of correlation 

in the form ooutionod a.bovo to roauonab,Ly suoeo ful. 

The fOilo1Ing corrOlation OquA iOn ha been 

obtained for tocoraturo differontialo 10 thnn i2° ' 

and iioO3 floc rate i loco gran 120 lbu/hr. 
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16 
DcLt or, TOUiOUIiI3tJ and flatibin, iii ttioi r vapor. 

i.aontai ifvootlaatlon of botitn; Lt 12 In borizontal 
evaporator tubo, correlated the data and dotorainod the 
v,nLue of rj and r no 0,0125 and 0,333 reepeottvoiy. 

Probably tbo not eigaifioant caiwo of differ noo in the 
aluo of Co f of the author and above 3nvo9t1 ►atom to 

duo to the fnot that Co f to a function of P rater 

to dotof~inod by the character of and kind of boating 

dt rfaooazid by the proportto3 of the fluid, Additional 

Information rogardtnrj the value of ' it , thoroforo, 

noocsoary or roc oiiiflg an azjrooront. The diftoronoe In tso 

voluo of o onont r to probably in toror 1nira tbo 

acourato valuo of & a. Is call be aeon latter, that 

q/A rioo, rapidly cnitb ntell chan;*oo In A , Tho val©o 

of z is obtatnod by 3ubtraotiflj the saturation 

to poroturo from  the dotoroino+i boating ourfnoo torpornturo, 

A ocoll error in roadtn , tho evaporator prosaaro and nonO.~ 

ogUOfltl7 the saturation toporaturo rill change the value 

of & a.1 and trou ld thuo afoot the tore C&, , LIO OVO?, 

the djfforgjco in the to Valuos does not noon to bo 

df000ura iuj. 

+a~ ,jn j ro,~Ejft± rant nln. 

11a* t .a OOt7f3 a plot of 1014voram 

for the four dt1.feront evaporator prof ros. it to 

oboorvod that g/A rfooi ra2idly citth onati ch,c oo in 
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it any be cold that &T'm  to tho drivina3 forca for the 

beat tr .otur.,. o otarvoo are in agraoront rtth tho reSlon 
2G 

of xoloc to bolll , 

Study Of Via, S,3 vbict to a Plot Of fika  Vr 

p T., for t 	ttow nt o raporator proocuro indicotco that 

for a Given to.cratuzo diffork nee and t3agc flare rcto,, 

the boat traaafor imoro oo on tho evaporator proaouro 

to tnoroaood. It to in a,rvaziant iiitb the corn of otar 

tUVesti13atOrs diecuceod in ciaptor 1,. 

it to of 1ntoraat to study the distribution 

of tho local cooffi otont of boat trcinofor alonrj tiro loz ;tb 

of toot oeotlon. 	aw,ar a tbo dtot ri .ution of local 

000ttiotont and the curfoco tcriporaturo of o aporato ',, 

ban the tube coo hon z ntal. The curvoo indicato that 

boat tranafor at first dooroa000 and than inoroaoo tot ands 

the end. Foie any be attributedto the tact that an the 

rofrt grant ontoro the tube,, bob. i t ae otarto r7i tip the 

vapour phaac In laminar iloi. lie the boiling procoado alone 

the lonth of the tube, ooro and more amount of vapour 

to thus ro4uoiiij the vattod area an . conoa uon.tly .ro ain( 

the boat trunofor rata. It ray be predicted that a rat ► 

to roachod txbon the Curb loaco otarta and actn the boat 
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transferIs inoroasod. Therefore, It appcarc that much 

vi U. depend upon the condition of rofrigorant ontorin and 

3 oav tag the evaporator tube, The four ourvoc in 't g.5.4 

represent the different entering and leaving conditions 

with► the corrosponuti , boat flu, It to further to be noted 

that duo to inoroneod anoint of vapour portion at tho outlet 

of evaporator, the heat tranofor coefficient is loss than 

that at tho iniot. Tho exception is carve ! icfl ropro onta 

about aarao value of boat tranofor 000ffioient rat both oado, 

5.5 ropr000ntc tho boat transfer and tube tot3pornturo 

curios s bcn core tbon , 7O of tho refrigerant it in the form 

of vapour at Lo tiac of entering the evaporator tube. Ouroo 

8 and rcprosont the ouportoaitng in the part of the +vapor. 

ator. Tho heat transfer has continuouoly docroaood trot one 

end to other ond, a rvoo A and D roproecn oaturatod condition 

at ozit and. In each cane the beat transfor has dooroaaod, 

`he off oot of turbulence eoenn to be non-provabont in compar-

ison oltb the dooroaoo of roiiod area. 

Pig,, t3 .G and 5,?  toprosont the distribution of I0o01 

cc ffintonto in inclined tube, Tho curvo, of Uig. , 6 bgvo been 

drive at a particular boat flux and for varying oaot floc rater 

It is to be noto i that crith inorQa f nC taco fbou ratoc, tic 

feat tranofor 000flioicnt incronneau Curve A1. euportioating in 

the part of evaporator. The  cures of Nisi.? bovo boon drawn  

at a pn'iicubor oeo.o .flow rntoa and for varying boat fluxco , 

float tronobor 000ffictoni first dooron000 and than tncroa000 
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as coon. in provioan ca000, oxoopt for the Curve &, 

e p aoc of DinLcci boatt tranafor oppoara to be 
different In ►or1zontaL acid i oZthod tube, The eve e 
pottion of elnionc beat tronofor in caoc of horizontal 
tube eppooro to be a ft. Iron inlet thorcan it oppooro  
to be 2.5 f t * to eaac of inclined tubo, A441 ti ona1 data 

to nec000r ry boforo this could be Conorollood. fc cvor, 
one thing to coc oo for both that the curves boco o Coro 
f .at as the drynoaa fraction at ontranOO of ovoporator 

It yes not po3otblo to corrolato the data to Givo 
a 6cnor Uoettonroonito. Uoyooptad proosiaro 
gradient have boon plotted In Vt . 6.8 for the entire 
r n o of oxporizont. Tba correlation on this boiir to in 

tbo for of the curve the rodiont of vzhieh decreases on 
25 

p wouro gradient inoroticco. Dryen rod Quaint correlated 

the beat tranofor and praaourc drop dote for boon.,... by 

plotting 	Vo P/( ). A stellar typo of curve Sao obo. 

orvod, `"ho oiojo of boat otraight lino drawn tbrang i the 

data of flryøn tad Quaint tiao 0.73. Aobioy data otci l arty 

plotted gave the elope no O.T. he author bee found a 

elope of 0,.G for the boat otraiiht  line drama through the 

data plotted in  rig,s,s, 

M 



r 

~s~ 

_e 

loy 





Fla. 5,0 ropro onto tbo r aoo Lion rate piottod 
woinut proozmro drop. Tho scattering of paints at Ion mans 
`low rate tndtoa oa that a correlation to not pooslb o for 

thto range, At ceo Zinn ratoo groator that 30 lba r 0 00-
rroiotton. ban been obtained, 'rho elopo of the atraight line 
drawn through the data plotted to OJd, The author has not 
boon able to find out the data of other inVoatigatoro for 
the plot, it MY bo noted that at any inoroano of oars t.iar7 
rate I.a the rooton of loner OQDa Zion rate to not foll©vod by 
the i ncroane in prosouro drop. 

ootproiLppe 4niiei1  

,mss pointed out In the beginning the author bao boon 
4ntoroatod to study the off cot of variation of tube anglo 
on the heat tranofor. It has not boon pooalbl o to go for 
ale sore than 100 duo to the Iteitatton of the apparatus.. 

1g,, 5.10 reprosonto the plot of have voroun tube 
an~io- for difforont heat £1 oa, The heat transfer coaffi:ciont 
doorcoeca an tt4o tube en ;lo incroanon. The plot to not very 
ouch satisfactory no the data could be taken only at throo 
ankles O*' G° and 100. 

'IC. Bo ll rapr000nto the data for Inclined tube 
in a more infornativo coy. Average boat transfer 000f ` cionte 
:hove boon plotted anal not boat flu= for the 4* UU'oront noon 
fl  on ratoo and different tube 001o. Tho foUo7lng potato 
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observed frog the tiguo  

x or theeano host fluz h ► increases an 

the eaao ftoti rate inc acaa 

	

2) For the- Serra aka fiot rate 	decraaaaa 

an the tape anglo i,acrc oa. 

8) The docreano of ha  ,o  bett700a so  and 10° to 

Core than the deoronoo bot ton 00  end 50  

Al!: the, eurvoo obo the above points oonaiatently4 

o dootanoo of boat tranofor with inamoo of tube Rio 

	

stay be duo to the reason that for aoue 	9 flow rate, 

the velocity of Ue.pour phooc vin. dooraaaa with the a aril 

inoranoo of entjlo its► hortzontoi,, Etna far it coy be true 

with ; roator aloo can not be Maid. The doore+tino of host 

trwwf or nore pre4otinnnt between 6 ` and 100  aay bo duo 

to above cantionod point. 

Doforo a ,Sonorolioad_ at.atonant may be ado additIonal 

data is a00050ary to elaborate this point further,, 

On tbo basis of ozporioontol •data and the disaa.aoion 

of it* rooulto fo!Lowiu G000luotons my be dra 

i) The boiliw Of 	in horizontal tube wrap be 

represented by the equation 5.1 for mas fl0 7 

,ratae loco than 120 lha/br, and toipornturo 

diff,ia1rcntt,alo icon than i2°', which includes 
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n3 

tho witrcinoo of c b— coolod UUqu i d and 

liquid ti ° h a drynon5 traction aloo, 

The tc peratu 	(formmti al bot oon the 

boson, , iurace and boiling ltsquid to it or ant 

from the point of Vio r of heat tr snefor, 

3) boat tronøfor coefficient tnorc 000a ttb the 

inoteano of ov'aIorcitor' Pronsuro. 

4) Uor t trcnofor coefficient t noroagoj pith tho 

tiQ3D tl ot7 rato and 4/ti, the both l noror of ng 

o3cult Oou41y*  

5) Local beat tra*wfor 000ffiotont first daaroei oo 

and thou oliGbtly tneroanoo ulong tho length 

of o! o?orator tube for Incomplete ov,noradon. 

but contiuziouiy dooroii000 tban oo loto ovapor- 

nt .ors zifld nporboattng taboo place. bo variation 

of loa,l bo tranofor coefficient becomes lass 

proelor2inant ,cbon the dryuoo trcic ion of liquid 

ontoring the evaporator tnororises . The place of 

iintuun heart transfer critfto touar4a the and as 

the tube to audio inclined to hart zontcl.Eiotiovor. 

additional OCtt3OfltOtiOti to Headed to etudi it. 

0) Taoat trQnotor rate t naroaoo3 ti th the proar flrO 

drop in ova roratOr. At tti ,bcr pro oaro drops 

the tnoroaoo to not proportional.. 



7) At 1oror won flot, rato pro anro drop dooa 
doce not iflcreoa Llu . At, tu ti of mto 
groc for than 30 1®,# r, the p ro r u ro drop is 
proportional to tho mass .low rtones  

8) Uot tranoZcr docro ooa t t th tho t,noroaoe 
of tubo wialo, It to di lioul t to Conoranf o 

io otato font viti2 the intora atton ovoilcbio 
bare,*  Addition  ozporihantation to noodod to 

studs it, 

! +o abouo conoluotono does not s tto the otndy 

at to oubJ# at coriIoto, but bo-cov'or, g,tvo  us an tnct bt 

Into it, IurUiot !ark to flooded to obtan conoiatont d t 

tb rospoat to projrooivo voporiantion Tho iaoiiaz tton 

of ovaporator tuba ang10 still pooeo tho problor t ich 
zay 1b 000n by additional oxqortcontatton. 
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TABLE A - I 

f313UL ' 3 011 T'i13 Si aI Zi NTht. TUBS 

flun i'i a or t .oat Ilaos AVor ago 	jJ4 	 ,ut co -tor Fl 	`.1 ov Temp 	4T a 	".,. 	ce.; 
°i 	B3tu/ lbs/hr Bet Tubo r 	 f 

tat 	hie 	3 	'Gall A 	 pr 
n. 	 to 

	

Mlw 	ii lY~~liiliilIrM11lMililfllliii~lllil ~IlYillrrrf 	 _ 	 - 	 -- 

05 5440 0408 9,7 0,0349 0.43 3.33 0.00835 

a (53') 3660 67,15 740 0.0315 0.211 2433 0.0005 

	

3 	052 20.0 501 0.0165 0.075 2.33 0.00438 

	

4 	IDS 	5,10 3,3 0.01 i6 0..015 	3.33 	0.00237 

1 • O 7580 119 11,,3 0.0419 0.622 3446 0.00889 

3 (68) 4610 83.5 9.3 0.0361 0.395 3.40 0.00735 

	

d 	1152 21.5 6,2 O.038 0.035 2.40 0.00603 

i 75 893 24110 7,2 0.0229 0.065 3,13 0.00415 

2 (62.) 712 23*.7 8.1 4.019 0.052 2.73 0.00345 

	

3 	48,E 17,3 4.8 0.01.78 0+035 2,73 0.00324 

	

4 	328 16,2 4,6 0.0171 0.024 2173 0.00311 

1 77 845 18.2 5.2 0.0194 0.066 3,56 0.00386 

(84 ) 

80 

3 (00) 

3 

81 

(67) 

4130 39.3 84 0.0306 0.326 2.63 

2700 33.5 6.2 0.0233 0.212 2,.42 

1.605 30.19 7.4 0.0319 0.138 2.02 

1432 22,2 6.6 0.0249 0.112 2.65 

0.00506 

0.006014 

0000563 

0.00475 
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a 6 7 8 3 to 

4:150 4 0..8 0,0372 0.212, 2, 91 0.00654 

2 (6$) 1060 2842 8..2 0.0311 0,133 2.81 0.00587 

1 65 $540 72*6 11.8 00452 0.600 2.71 0.0093 

2 (70) 4090 37,8 jO,3 0.0305 0,310 2.71 0 000725 

3 2660 27,4 7*2 0.0274 0408 2.71 0100504 

4 2290 29,6 7.0 0.0203 0419 2471 0.00402 

5 1608 18.8 6.1 0.0233 0.11.8 2.71 0.00429 

6 1066 15,4 5,1  0.0195 0.082 2171 0.00350 

7 778 13,4 4.6 0,0115 0.022 2.11 0.00315 

as 2665 54.3 11.6 0,0639 0.103 2.71 0.00785 

(72,5) 

i so 42.60 30,6 9.6 0.0372 0..333 3,74 0.00660 

2 (13) 4125 61.6 U.S 0.0445 0.323 2.76 0.0080 

1 90 6000 44.7 i4.6 00417 0.310 2.75 0.00659 

2 (74) 2200 1713 7.0 000271 0.181 2.75 0.00486 

03 2450 26.25 8,2 0.0321 0.212 2,81 0,00554  

(70) 1492 30.0 6,6 0.0254 0.125 2.61 0,0044 

1 95 2315 37,0 7.4 040291 0.181 2.83 0.00495 

2 (71.5) 1004 20,,1 0,6 0..0261 0.125 2,83 0.00445 

3 1130 10,4 5.8 040228 0,090 2,83 0.00388 

4 800 13,,92 5,4 040212 0.002 2 083 0.00301 

5 408 9,,02 3,48 0.0146 0.039 2083 0.00247 

6 1 eR A CIO 43 	of A 	A4,4ttt in 	r4) +4 	#so A Arrt tY' 





0 1 0 0 t0 

1 01 3170 	62.5 Tog 0.0311 0.25 2.83 0,0053 
(lo)  

1 9.8 4000 	60.1 7,0 0.0275 0..311 2.87 0.00469 

2  (' 9 05) 410 14,05 3,0 0.0121 0.03 2.87 0400201 

I 	too 4090 30.7 6,1 0.02" 0.333 2,88  0. 	00 

a 	(81) 050 0.3 5,0 0.0100 0.017 2,88 010033 

3 436 28,8 3*G 0,0143 0.035 2.88 0.00281 

1 	102 695 27.1 6.0 0.0192 0.038 2,80 0.0032 

(82) 

1 	103 2655 34,8 8.9  0.0357 0.189 2,00 0.000 

a 	(83)  2360 31. 7.3 0.0293 0*101 2.00 0.0069 

1 	1,05 	6000 58.4 0.4 0.0378 0.306 2.02 0.0001 
(84) 

1 	10 	615 32,3 4.1 0.0107 0.047 2*03 0.00300 
(oo .5) 

1 	110 	4130 30.5 8.5 0.0341 0.204 2,93 0.00506 
(a,) 

1 	Ito 	1075 30,2 5.6 0.0232 0.120 2„96 0.0031 
(01) 

1 	120 	4130 66.2 	8,,0 060334 0.31 	2.07 0,00525 

(93) 



as 

Run Pxooauiro Saw; Frew , 	 C*n, 	Con45jttofl  

	

O# OL80 	Fiou are 	vo 	1i 	ti on of of jornt 
/%rDr p Btu/ .* 	 ao:nt, leaving 

	

c i 	 2 o,  K 	tDtorizj ovnporttor 

a► 

1 	65 	94.8 1#0 66 ' 278 1,.287 	001 	0.63 

2 (S3?) 	47,5 '0.62 us, I73 	0.97 	043 	0.56  

0.185  185 	02 0.238 	048 	0.52 

	

5.16 0,105 59 29,,4 0.129 	003 	0.58 

TO Ito $426 671 350 1*62 3ubeoolof 0.46 
(68) 3OF 

88,5 0,901 517 270 1403 0„05 0.48 

1,5 0.185 x.08 50*2 0.230 043 0.58 

I is 44.4.6 0403 124 67. 0.348 0,72 0.90 

a - (a) 23.75 0.193 116 62*4 0.248 0.78 a  3° uperhoat 

a 17 ,3 0.145 100 50,5 0.212 0,9 1,8 ouporho t 

6 10 02 0.158 71 .MM. 0.195 048 Oat  

1 77 18.2 0.1.87 102#6 89,0 0,24j 0.51 0.02 
(04) 

1 so 38,3 0.64 508 283 0,005 $ub0oolod 0,78 

4 6) 33, 5 0.53 635 262 0 #682 v  Subgoot cad 0.59 
5 

3 3002 043 211 tat 0.43 0.02 	Dry and oat. 

1 81. 22.8 0,371 all 123 0.348 0.68 0..78 (67) 



as 46 0*62 624 245 0,798 0.206 0.98 

(GO) 28*2 0„31 206 	itO 	0.392 0.365 0.88 

8 85 72.0 1,19 726, 419 23t Spout- 0.86 
cooled 

(70) 37,.8 0,552 307 230 0071 0,1 0.93 

2166 0,480 311 210 0.625 0 #15 0.90 

29.0 0.447 321 too 0.515 044 0.13 

18..8 0.303 246 143 0.39 0.28 0.97 

15,6 0.253 207 120 0.329 0.9 0.82 

13,6 0 433 110 98 0.30 0.34 0*70 

9 80 54.3 0.343 9*6 ta'f .46 0063 0,9 

(12.5) 

1 49 39,5 0..60 646 2262 0.772 0*15 0000 

2 (73?) 61.5 0..06 359 212 0.85 0,46 O O6 

11 1 90 4,,? 0,619 380 230 01796 0,39 0.0 

t (14) 1713 047 327 195 0.476 Sutoao1o+ dry t. 
10 r cot, 

18 1 93 28.2 0.485 209 181 0.025 0,29 0.80 

(16) 30.9 0,.34 213 120 0.435 0.51 0.93 

13 1 95 $7.0 00668 301 IN 0173 0.48 0.00 

(77,5) 20.1 0.379 0.400 0.23 0.06 

a 160.4 0133 105 120 0.314. 0.32 ~• 4s5 

4 1349 0.205 146 90 0.316 0.4 ~•tig 

5 9,02 0.218 181 00 0.28 o'4 n•~3 

0 0162 0.116 61.5 30 0.1167 0.05 0.80 

100 



S 4 5 6 7 8 9 10 

14 2 5 0.862 401 240 143 0#,50 0407 
(To) 

is 1 98 60.7 0,990 $74 355 1,2? 0,44 0.99 
2 (79,,5) 14.,8 0.2j 137 85 0.27 0.68 0000 

16 1 100 003-3 0.233 1.00 *19 0.31 Sub0001ed 0.76 

2 (81) 23.8 0.24 1.22 76 0.306 0.50  o, 7 

1' 4 102 2j 0.307 186 lie 0.395 Otis 0,99 
(82) 

1.8 1 103 34.8 0.49 216 M 0*03 

2 (83) 31.9 0.4? 323 204 0,605 0*38 0.99 

19 1 105 68*4 0.761 42? 272 4.078 045 0.985 

() 

20 1 109 32,3 0,212 1.48 96 0135 0,85 0.99 
(86.5) 

31 1 110 39.5 0*885 486 Sib 161 0,18 0.08 

22 1 116 30.2 0.54 299 195 0.695 0,49 0.93 
(91) 

23 1 130 663 0.883 617 344 11.14 0.47 0.975 
(9 3) 
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r'ASLE A-2 

i UL'rs +"f '.1 	' tP M1A O !U1H I:Gw.a NA 
Ai' 3WUL ANGLES ?0 fl0f! fit: ? AL 1V'AP0R&' 0A 

P'RC33U IC - 05 i~►- 

Ran ` 	be Uase Test j Avery- audit- Cons- 	AVorr 	+ 
j'k Rio :oi Section Btu fbr ?c 

~y0 p of Ition 	~►~a ►t 
th 

flodzo- 
llatO 

.Ibs/ 
HV M 

Input ftz 
0iff. 

Botvoon 
r-.V 	nt 

&tor- of 'Transfer 
Ar, lat bT 'babe In L 	Vt,0+~h 	. 

dog t?al 	A ?cot L+ a- - 	h 	2a Stathr.ft Rot t Scot- Jn F ton Set- Ion 
1 2 3 C o 	0 

1 0 20 642 1182 0,5 0,02 0.07 	102 

2 0 20 60 1672 7.5 010 0.00 	223 

3 0 20 1080 2356 6,8 0.10 2 	cup- 268 
oxboat 

0 20 1134 2450 910 0.08 210 -do 	272 

C 0 40 5412 1182 6.6 0.4 0004 	212 

0 0 40 1080 2366 74 0,2 cool 	327 

+7 0 40 1450 3110 8.1 0416 0.17 	363 

0 40 1930 =0 106 0.19 2 	cup- 398 
erboat 

0 0 60 52 1182 4*36 0.4 0.57 	211 

10 0 00 1ö80 3355 6.35 0,4 0.12 	372 

it 0 60 1930 4220 915 0.82 0,07 	446 

1 0 00 23B 0400 13,0 0.10 0.03 	Soo 

13 0 60 3415 1580 11,,8 213oub.- 0.97 	548 

i6 
 Cooled 

0 so 642 1102 367 0.24 0.30 	820 

to 0 80 1000 2356 5,6 0.20 0.43 	48 

to 0 sG 1930 6220 8.3 0.16 0159 	Soo 

oontd - - 



.,~..w.. 

it so 80 2935 6400 10,0 0,24 9,85 087 

is 0 80 .3475 1580 12.1 0.16 0..G0 625 

to 6 It 514 ► X18" 0,0 0,2 0..67 179, 

20 a 20 Too 1672 7.8 0.15 0.60 217 

21 8 20 1090 2355 040 040 202  

22 6 .0 1124 2480 9#2 0.08 30-40_ 266 

23 6 40 .548 ilea ' 6 4.7 0.4 0.66 207 

24 5 40 1080 2365 7,*4 0,2 0.07 310 

25 a 40 1450 3170 9.0 046 0.77 302 

2 5 1930 4220 10.0 049 20 cup 387 
er heat 

27 5 60 642 1182 4.5 0,4 0..57 260 

28 6 00 1080 2365 6,6 0,4 0.72 362 

20 5 so 1,030 4220 9,7 0,32 0.07 430 

30 5 00 2935 0400 13„7 0.10 0.93 493 

1 a 60 3676 1580 144 2" sub 	.01 5130 
cooled 

32 5 so 5d 1182 3.8 0.24 0,36 311 

33 6 8 1080 2355 5,«1 0,20 0.62 411 
Contid,.,./ 
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0 2 3 6 0 0 7 8 

34 5 80 1030 4220 8.0 0.10 0.68 490 

35 5 80 2035 0400 11.4 0.26 0.05 561. 

sO 5 80 3475 7080 12.2 0.16 0.89 690 

3? 10 20 542 1182 6.0 0, 2 0.47 171 

38 10 20 700 1072 8.2 0.16 0.00 206 

39 *0 20 ±080 2350 Des 0.10 2°oup. 2 Q 
C.itaat 

40 10  0 1124 2400 0.8 0.08 0» o- 250 

41 to 40 $42 1102 0.0 0.40 0.04 191 

42 10 60 1030 3355 7,8 0.20 0.07 302 

43 to 40 1600 3170 9.4 0.15 0.?? 33? 

44 to 40 1030 41320 11,,8 0*10 ' aau r- 358 
or boat 

60 to 00 0162 Ilea 4.8 0.40 0.67 240 

46 to 60 1080 2385 8.8 0.40 0.72 346 

47 to co 1030 4220 10.1 0032 0.57 417 

48 to 60 2935 6400 1,4 0,10 0.93 462 

Ad 30 Go 3476 1580- 14 40 2°suer-  0.97 SILO 

so 10 sQ 542 1182 4.0 0.24 0.36 206 

at tO t0 1080 2355 6,0 0.20 0,42 302 

62 10 00 1930 4220 04 0.10 0.50 466 

63 to so 2936 0600 12.1 0.24 0.85 030 

04 10 80 $476 7680 *3,6 0.10 0.80 501 
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PA Ji4 .i11_4S 

D1otrt ution oY Surr`aoo 	and Local Rout 'r0notor 
Coo:ffjciont a.lona tt~o Toot 3ovtion(InO1iood a 

to Uor .zonal ) 

q/A = 2300 Btu,/'br tt2, 6':vaporator P oo uro 
95 poi a, 3ot, Toip. 77.0 F 

S. C1.ar~ 	 D . 	r Yo o 	'd t 	o iron ft 
ixo P'1 o'r 	 073. 1036 	1,15 	2, 25 3.73 	3.25 

1 30 Tubo aurtr oo 
'Ac ap F 	83 	84 34*5 80 80 60.5 80 83.5 89 *3 

Loom I Bi 

	

br,Xt ? 427 	363 330*0 314 277 203*0 224 316,0 303 

3 40 Tubo ourfaoo 
Toap OF 	82 	83 84 	84,5 86 60.5 80,0 85,0 84,0 

Local h Btu/ 

	

br.Z13 OF 533 	637 362 336 377 283 277 31 	302 

3 60 Tabo ourfaoo 
oaP 	82 	82.5 83 ad 84.5 8 so 	84 	84.5 

L0041 tj Qto/ 

hr.fta 1' 	533 	470 437 333 333 314 314 382 	338 

4 30 Tube surface 
op 	81 	8tJ 82 83 63.5 64 34 34 	33.5 

Loci h Btu/ 
br i t2cF 	673 588 523 437 392 363 363 363 	302 
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i}I S 11JU f O:v (IL 	iPA,4►.1: `1k W AD LOCAL 1IL4T °TM O C.L 
COLWFI1I hr ALONG 'L3? SLC 1Ul (I cLzNCn A7 100  TO 
iiOt zo—I AL) 	33 I-'L(IJ :1AT 40 ibg/hr,, UV 'O A 0a 
t3 	Ui1 95 21t , apt ' ? P 77,5 F. 

13tu/hr 	 0.75 1.25 1,15 2.5 2,76 3.25 
- 	 - 	 - 	

- 	 YiT 
i 	#•j$2 '*tbo aurfaoo Trap 81,5 St 81,5 $1.5 8 2 82 82 	81.5 82 

Led h Otu/izr.Zt 2  394 330 290 290 203 263 203 296 203 

2 2365 rube aurface T4op0F es 	84 84,5 83,0 86 87 86 	84 	85 

Laval t Dta/br f t 2V 428 362 336 	294 21 2.48 277 336 31 

3 3170 Tuba ' Ltxiaoo Totap 64.0 85 	66 	81.5 68.5 88.5 ST.5 85.5 0G.5 
OF 

Local h Btuftr.tt2  453 422 373 317 288 280 317 390 302 
PO  

4 4220 Tubs surf oc TO ip 86.5 87.6 66.5 89 89.5 90- 90..5 91 91 
F0  

Loyal. b Dtu/ br., ft 670 622 384 367 352 338 325 313 313 
,k' 



A 9P", C1. UL0T1 OATS ,. 

UotO:- Tjo vatoa1ati.ofl9 1tc boon done by a9in P.R. 
Chart for '3c'!4hoiC , 1i 0 

, b1.* Awl Set No.8, flub No.2 

Evaporator tube Iowth 3.5 It, 1.0, a /8", O.D 	r 

Evaporator prasou rc a 65 ,gala. 
Saturation terporaturo! ?0a1` 
Taz perataro of P.... OntOrIn8 the pr boi for c 03.,5°F 
ioapOrcturo of V12 lonviag tho tor- o tat 720F. 

Povor factor tar Toot Section c 0,.,05 
Po%0X ttator for Prabont r 	0 0.00 
'aoor factor tar Attar.•boator a 0.90 

Currant fiovin tbvozij toot 
000tt as. 	 a 115 arpa 

Val t o drop acr o o toot acct. 
ion 	 -+ 5.00 Volta,, 

Toot Coattan Input 	 0 Its x 5400 0.95 3; 3.4t 

a 1C12 Dte/Iii , 

ind T.S. LLoot . a 9 	 ~ .~ ,~ 4090 flu r ft2 

Currant flovin,a th- cn3 tra-hoc~tor in 48 es o. 
VaIttjc drop aor000 tbo Pro.4.ont.or a 2 Volta. 

44 
., . PratoatorInp it 	2n4Ya099n3.612 

is 200 Btu/hr. 

log 



Garton+ floc n tbrot tah aftor. oc tQr a 38 asp# 

'colt c drop across nito -honor 	In 1.57 Vol to. 

* * ILttor boater Input 	, 1.5? a 38 i 0.9 n 3.612 

a 183 Stu/hr. 

Total bout ouppliod 	a 1872 + 395 + 183 

2350 Dt i r,,. 

£ntb,alpy of refrigerant at 85 pain and G3,,8° . 2L,5 Btu/i.b. 

Ent. t:a y of refrigerant at 85 pale and 12°' 	84*7 Btu:/ib 

Miftur3ing no heat lessee for the to porntu o rat c tat volvo4,r 

Has.2 ._g 	c 	o 	a 37.9 lba/hr, 

Pr eater Input /J b of refrigerant = 

a 1.8 13tU0 

Cntbipy of refrigerant enter- 
iorj T.$. 	a 22.5 + 

0 30.3 Dtu b. 

Toot oecti. on I np t 	of retrino rent +  

40.5 Btu 
0 

~►gr thalpy of  rotrlgorcixzt i oa i ng the 

	

' ISIO 	 a 30,3 + 40.6 

so P 

00F 3itpJo uroAIL, 

Sp*oifto boat of liquid ft2. 	= 0.231 

110 



114 

32 
rfaoo tClo#on of liquit2 

a..* 	 0- a 209 000 lbrifttr2 

Thermal conductivity of liquid 
aI2 K . 0.054 Dtu r It0P 

32 
Drncio visco©l y of liquid P-1 ,Gl` 0.0033 ibn/ft.br 

L itont boat of vaporization,, bta 

Avorago tODpOirctUrO di.UUaronoo 
beta of n tuba urfaco nd liquid 
rcfrigor nt , Z 

Deity of liquid rofrt eront ''L 

a 60.309 Dtu/i b. 

a (80,3 .- 70) 

a 82.717 1b,/oubio ft, 

Doøity of vapour rof gorant,, g V 	2.091 Ibo/cubf c ft. 

Nor, 

f, 
 

00.309 

a 0.0305 

-- 09 YI~i~F~1Y 	 yNi1- 

3600 -9 0.0433 z 60.300 

j. aoa4000 
32.2 (82,72 2.09) 

-, g x4! .72   
3600 a 0,0633 00,.309 

a 0.322 

P 	CL a14 	0.23j Z 0.0633 
ax 	 ors 1TOG 

0,054 



= 5.45 

A'd`z 

Mfg 	 ) '? 	5 * 45 

0400735 

D. 	 t 

D. UZ,r+~ncs between Ig l l abs of manometerr 

. Pre*ears drop, a P a (1,12 z .492) 
m 0'.552 Asia 

& , 	 X552 x 0.75x 44 a 

a 0.71 lbs/$t*2 

Average beat Ti ter caernnojent, hel• 

A 	4090 'lave 
~ TZ 	10.0 . 

391 Stu /hr 't2 O 

WLJ 
12x0#054 



Lit 	 feat :et ► e . Coe.ff1c enter 3 

At a dLotnoo of 0*,'?5 ft. from entran+ e, 
tube Surface tamp  

Wool Q 	(70.5 - 7 0) o5° F 

Local b 	 q/A 	4000 

ATx ocal 	910'5 

le 430 Btu/hr.ft2 

Other coo.tlic ents haV`0 been calculated  i n Table S 

Run No.2 

.u. at-ian~ ftsr nglinad Tube. 

Table A.-2, Rua No.28 

AVapora for prosnur. ta 95 pet i . satu r:x.t t on t eep..115 0P 
Tuba 	+ So to horizontal 

Kass flow rata so ibs/ r. 

Tempers turn of refrigerant enteringpraboat r 

Temperature of refrigerant leaving a `terhestar=78° F 

Enthalpy of refrigerant tutoring preboator 	W 25 Dtu/lb. 
E.ntbalpy of refrigerant }.aving afterheater 	0 85.$ Btu b. 

Total host Input , 60 s ( 85.3 25)  

36i$ Btu/hr. 

Current flowing 
through I.S. 	86 amps. 

113 



Voiit o drop cor000 S. 	3.70 volto. 

• . Input 	80x 3*18 it *95 a 3,412 

a 1080 Btu/hr.,  

• 2355 u/► r ft2  
0 

t zrrrat tiow1np3 thrauab pro for a 4.5 nipo. 

Voi to: o drop oor000 tho prcbctor a 100 vol to. 

Proiioator Input 	 a 4,sU100nQ0 =3,412 

ft 1500 Dtu, r.. 

Otirront fl oz7i r►3 throuCt cf t or 
'banter 	 0 3,00 oipo. 

Voltaco drop aoroo,) tho a; to 0- 

boc t tero 	 a 06 vol duo 

Attor bontor input 	' 

a 1020 Btu r. 

out fag no boat t000o! for the tocporo urc rrflgO InvolVad.. 

a 00 Dtu/lb„ 

£lonoo, drpouc fraction of rofrigornt 
ontorlwj ' * ,, 3t1 	 as 0.4 

St 10 rly oaths g;r of rofri orant lorry^ nZ 
tho `s$ 

114 

a 00 Btu/Ib # 



de 	con tief 	ant 	P' i , 0gO,.72 

Av.rege tem erature ditternee between tube surface 
and rofrigtrsnt LlT,, 	~► (84.71'.5) a 8.5°P 

b ~r  d" x 	so15 

M2 Btu/hz,ft2 or  

J6 	he 	t b'+ 	ei !! 

A distend. of 0.75 from evaporator entrsnOs 

tubs t* p . 82°? 

d 	(82 17,8) 

ii 

a 52$ Iitu, r safe ' 

otbe.r coefficient have been sieuint*d In table A5, 



t. ?Annr 3 	1) SCOW tZ. L "it Sro119for of Bator 

boflhi unaor prO3ztzro. , $1IT Tr s..*  T 	 ► , 

of 	".ft. 14  float ►`rittS ° froct ntrttlo sort ont . 

* rob to boiUnj tor 	 039."(1048). 

3. Z0V4s: r'  fCU " rnoio to bi.11int the ro flon of t0olttO4 

babble and s icl i iu'2 ty tt tb zzttirn1 oomeoti on' 

IM, J oat cil Lido ' rc for Vol. 0 196*1 p.63-?8* 

4,. LLOYAS1 GAVi M4f no IS C At 1 '0  On Coro1otion of lmolonto 

Dottn bczt tr tor°  It. J.ftc ;t and Uc G r a3fcr 

1,310 (woo), 

., DABD3O3 AL3 ZCI a V,xz-tton of Ono bibb1c ct booms. 

Ofl1 o ficoi,' . 	* la t.Cbori.CnC . Joao 6(4050)* 

o, usti s.` O 	1 ;-car; 1 flcct 	ft.r fl.Vcn IottraiG  

" , C o! n,S, AIM 	LDM0O A.c, Uot rnnofor from 

ChQ3.Ckr,, Vol*  33 I', 4O (193?), 

0, 	scto t .U. a #D CI4flt 	StU47 of I3OObOn1O of 

boiling boot trcLfore Si V4 	?S: 000-204000o  
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g* flOLL3LOti V,ti# *A aaihOd of Corraintjn { boat tranofor 

data for eurfaee boiling of liquido ASiC Trano.Vo.74. 

7094.713 (195a}., 

l0*GUU dEft P.0 AND Kili2 F, 1'Photograpbin study of 

bubble torotton in boat tranofor to nu'b.0003o+ Vato.r 

0.ii3. 'Boat Tzanator an . Plaid Uioch nina !ootituto, 

calls, 1040.0 

ii. Gunther P.C. °Ehnte, roptiio otudy of ourf oo boiling. 

boat tranofor to 7aiar vi th forood OonVantion° 

!rQuo.itsLU Vol,t73,, U0*2 P.i1E P ib,, 1951. 

12, CftYA U.,L, AflO L.GoS1CGU 0 Lloat ' rauvfor Cooffiojc to 
In 11orit ontt1 tuba ovapornto 4' soft .rorniin5 mss. 
V01, as.. ixa3"x' 1955. 

13. !ICI2L Ui1UZ 0 at Trauofor ratoc from boaiad horiz~onta 
tube to F'reon.12" flofrigorotingEngg, Jan ,• i96. 

14. ' ,liora 4' The coobanion of nuolooto balling li'oat ►'r ofor4' 
i t. J. float and aao tranntor Vol... 6 Na.it (1063), 

.&. ".Loran- 	4t, " Some c?notortoticc of Z1a7 pottorno 

ant`s fleet i'ranofor of Fr, .. ovaporatin, in borionto1 

tabor`' 'Journal of 'ilefrigoratiou rnb/Apri i.,1000 p.40. 

16. it.J,UUrrng 4'LOoti Heat rrnnefer Coefficient In .bortsontal 
tuba oo+iporators4 Jou .ai of Rtrigorotion 1050 

V. 118. 



11,E FAN:,. O. GA$II U 	cvo,orotor boat trona1or anolyot9 
ao:ri orating t,ogincoriu, Sopt. V• 20 1933 P„i2G. 

IS,* R4iIIJ4I G.V,w /x) AGALXM4 D,. V. 	float r an for to 

boil'in rot ri ,or .tt 12 and 221̀  ,SIR4C Jou ,i 

to Doc* 1963. 

10. UM If U.U. Moat' rz notor Cc ofZl of oni in boiling 

ref ri ,orcnt" aof,Lng. Sopt. 1938 p.1?5, 

r, ?10 Iora t' a i1.. , U,.LUood, and 1.L. Sr ran 'Vaporization 

in ido 3ori ontr t. Tarn' . I ' rans.Vol.63, p. 48 

21. IS C1 CJi. OL t' 2raum or of Cvo orating Proon.121' 
F.i ngg.Vo3,43 X77b 1042„ P.89. 

["1!iZIG i2,L', , G.4 	C 	? 	YP t ; 	` •1oc~t !ro for 

rates to ovcporotin Freon 	in a horizontal tube 

ovaporrtstorU flof.lng.. voi.$G AuEnSt, 1948 P.1G . 

33. .U3Ot a.L., G.V. QUt 04D c',, Loa 'ww deffoot of 

turbulent prof otors in Rot ,aer t v por for Cail0 

i1otrigoratin CnGg. eels. i949# 

24, TOPCR fl.J. W LP. DODGBD neat Tranafor Cooiftoionto 

of Dotting Froon...0 Motrigorgtuj tng . 101.0O 

Fob, 1052. 

215, 13fyAU U,.t., G.1'.Quaint,, allont Pranofør CoefficIent 

In Horizontal tube oVBpOratOTe Uctrigerrtin„ Cngg 
Jan, 1951. 
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:0, riu►zlt :~„, Y• . ?O OUiZXI MD G*A#UAiUtr43 'iIcnt Yronsfer 
film coaffioiont for rofrigor ate boilinrj tncide 

tubd&'0 	fri...ort ti. i iGUGG*So ►t• i053. 

2? AI.IT3A1 801=5 . U D STAB " QOit Transfer and Prosi3uro drop 

of Llotrtgoronto boiling in borisont 4 evaporator1' 

Journal of .flout !rai for Auguat, 1960. 

2$. f,p0l °Evaporcition of nefrigorantt2 inotdo horizontoi 

tubas J3Uu1M Joarn1 Jul g., .196 3, 

2f. 	I EI, Prtnoiplo of Uont rc n for . 

30. UR1N15P J,P, °fl000nt Advcnoc9 In Uoat and Uaot Tr otar° 

P,,. 33 (tool). 

31. ASUfl 	101 5 	1# 40,. 

$z, LM1D flOoI OF CilEiIST 10th os ition, 

33, U DI3Q M He ADJt!S 1ICAT ?flA13UI33IOtO toGr 	111 Book. 

Gor pany 3rd idttion.. 

34 JiC0D U,, aaoat Trcin fora Voi, I Gboptor 29, John taio7 

d Sons, TIME. Novyork 1949 

55. 80- PzP-Riz 	'~ rhcoQ 	a~ 	~f J- T4  t? - 	Fb.,. 

ii 4o 	t t TMb& 	.F• 	i2eview 	ir.~ Na s, »e i a 9S5 P-5.1  
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