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eYODOPAIS

In tho rofrigorating plont; the condcacing hout
axchongor ploys on ioportont rolo in its porformones cnd the
cepncl ey, The propent vork is intondod for the study, design, cod
porfornonce of cordonsing hoat oxchensors. Forecd comvection 1o
tho moot inpoptant modo of beot transfor in the condensing hoot

oxehanfors,

To otart with, the fundaoontols of foveod convoetion
end Macsolt'o analysis for condensation of puro vapours aro denlin,
Thon, tho corrolotions of munmerous investigators for foreed convece
¢ion in ingido tubse @b in esnoulor spaces ore indicoted, Tho
offects of trbalent flow, vapour volocity, 0%c., on eondensation
of vapours are _'aisa d1ocussed, A brdof discussion on boundary
layer trentment for condensation is alse given.

Later, thooffont of tho arrangonont of tubes in p miltle
tabs condensor on condansation of vapours is discussod, ond tho
thorpal cnolycls, vize LMW approach, is doalt ulth,

For tho omporinental net up, tho design of a double-pipo
condensing boot cschangor for a cepacityyd/4 ton 10 nade. The
proccdure Lo thop discusped ad tho data obtalned during the ompoTe
icmt ore tntulatod,




Te resulis of the axperimental work arec discngsed
in the last, It 1s observed that the expsrimental condensing
£11m end water film cpeffictients are in good agreement with the
predictions made on the theoretical basis,
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ABSTRACT .

hig cagptor doodls vith the fundagontals of
convoction, Tho dinanaional analysis is Qiccusped for forcod
eoenvootion, Tho Duosoli's analysis for condongotion of vapsuy en
hordzontel tubon ond the dincnsionless fors of tids analysis
for toth horig-ntnl ond voptical curfacos oro trooted in dotnil.
Corrolation and prodiction of heat tronsfor coofficionts cud
spplication to deaipgn vill bo disoussed in euboequeat ohoptors,

o gxchango of boot £ron o wall fo o £1uid op
frou a fluld to » wall 49 o vory ivporlont procoss in angincering
hoot tranofer, IS io involved fn almost oll typos of heoot anchone
gors; ¢ 1g involved in warlous voys in the operction and
porfomance of engines and other types of nochmien) conipment,
Tho tecasfor of hoat may oecur in one or noyo of thrco onsentioe |
1ly éifferent vayn viz., confduetion, ru@intion; ond conveetion,

o most importent moco of heat tronefer in o
condensing hoat exchangor i\a by eonvection, Convoetion is tho
procesy of transfor of heot within o gov or a liquid by moving
. mosges of the fluld, The ootlon of the flunld moy bo eccugod oithey |
by d4iforcnes in donsity within the f1uld of W come nochonieqd
dovico, The f4Pob procosc 18 called astural convoetions cnd tho
coeond Zozecd conveotion.




In the hoat czchongors tho trensfor of hest Galwo
place betveon fluids that ore soparated by o loyer of golféd
nnterial, Heot £lows fron the hottor fluld to tho murface of tho
solld by' tho procoos of convection andfor conduction, Tho hont
then £loug throngh o rolid natoricl by conduction cpd 4o
finolly Golivored Cron tho surfaco to the coolor £luld by convoss
tlen ond/or c-nduction duo to tho fosnation of stognant £iln ob
the surfaco. Tho tronofor of hoot I such caces 1o simplificd,
howevor, by the uvoo of coeenlled convoetion csoificionts vhich
inclefo tho conbined offeet of toth confuction and convacltion,

The propont 4iscuosion will bo rosterieted to foveod
sonvaetion only. This 1o Justficd Boeenso mwot only dods tho
anst of tho enorgy troucfor toko placo by physicel displocenont
of f£luids, Imt cloo the idontdfying feaburvon of the procesc are
due to tho flou omsed by rechonical msend.

e conoopt of o bonS transfor oF tpocalled LI
copfficiont vun introdusel by Dowvton in 1704 Ho rocomandod thoe
folliaing ogation to doperibe tho convactivo csoling of objoelod

9‘.' 4 A (TS - T°°> snnssnes dek

Dhthourh this 45 oftea voforred %o an lowton®s Lay
of Coolingy it hao proved to 3 podlly a doffplion of b
pathor than o lav. I¢ obtotss that the hont Sronofor poy unid




F 1G.l-1 TENPERATURE DISTRIBUTION IN A TURBULENT

BOUNDARY LAYER FORA FLUID FLOWING OVER A HEATED PLATE
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arca ond timo £ron & surfaco €0 o £1uid floving along 4t is
equal to the proGuct of tho tcaporature 41fforcmee betuecn tho
surfaco ond tho stroom fov fron the surfaco ond o quentity, hy
vhich dopcado on the convectivo eharacter of tho floving f£iuid,
tho throal proporties of the £luld, and tho gosnotey of the
systen, - '

Altbough g, L1 45 pomorally usod to detormine tho
Pol0 of hont flov by convection botwoen o curface ond tho fioid
in contoct with 1%, thdo relation s incfoguate O cwmisin tho
conveetiveshent-Llov nodhandom, A neoninsful onalysto uhich wiil
oventually loed % o quantitetive evalustion of ths esnvoetivo
heatotrensfer cooffictent mst start with o study of tho dynerdes
of fluld Liocu, .

#maweng the oxatplo of heat tromofop fram 6 £olid
well to  £1u3d 1n a tatulent flom, o £126 ot host ean only
flou by confuctisn, in tho imediete viclulty of tho wall, becouro
the finid particles ore stationory volative to the méw, Yo
aaturally ampoet a lowpo Somporature dvop in thig lapor, 4n vo
move furthor say feon the velly $ho novenend of thy £laid cldo
in tho euoegy Sronsport and tho Seopovaturo grediond will bo
loos atoop, oventually, iovelling cut in the nain sironts,. Tog
dr floving tortalently ovor a £lat ploto, tho Scapornturo Ol os
tritutlon shown in Fig, 3,3 illusiraton thoso 4dcon quodd telivaly,

e forogoing Sicowsrion suggosto a nothed for




ovaluoting the pato of host Uransfor botucon o £oldd uell cd
a £1uid. Sinco at tho intopface (1.0, 8% ¥ < 0) hoot £ious
only bty condnetion, the rote of heat flov can o calcnlatod

£ren tho cougtion

'3.;0 BoBaBE 1334

Tis qprooch hao iﬁ&@ﬁ bren unoely bat for cugineoping
pisposos $ho concopt of o convectivo-aoletrancfor ceofficiont
g0 mach rore comveaical. I opdor oot to loso oight of Cho
phyoieal pieture, ve choll relate tho heet transfor coofficicat
detined by Cgction 3.1 $o the tamporetuso geefiont ot the wall.

Benating Bese 1.1 ond 1.8, vo obtain

= —k 2T - | :
2 Ks A Y 450 = %A(Ts*T&) s6ode deds

Sineo the nogadtuds of the tonporoture predient 4n
tho £1nid will be tho scmo vogardlocs of Yho feforenco $omporoe
fmro, wo ¢ vEito 3T © T o Fp)e Mtroducing o mpnificont
iength Ginoncion of gysten L o opotify tho gosootsy of
tho objoot £ron thich boot flouny wo cen vEdto Do 4.8 in
¢inencionloas foms 0o |

-7 }(Ts =1 ) |
.—il: - Yl Y=0 - Ts = Tex aevse Lol
Y
%:=°0

Tho conbinatien of tho convastlveshoctetprnofor




coofficiond I, the signdfiecont icazth L, and the tiorenl
ocnfuctivity of o fluld Xg in the fom % ig ealled tho
Duoeoit mobor, Nae » Tho Decol$ ansbie L5 o diomsionlons

quantity,

Ingpoction of Bge 1.4 shoupn that the Nuagelt
could bo intorprotod physfcelly as the ratio of the temporature
geciiont 4n tho fluid frmofintely dn centoct with tho surfaco
to o roforcaco touporatnre grefient { 75 - Tee Wi In proctico tho
Dupealt mnbar 45 a convendod noacare of e exmweetive-ioole
trensfor cpofficicat boeanco, once 4Us valve is | tnstm, tho
stvocid vomhoata-trenafor coofficiont 60 bo exlenlated Crom o
rolotion '

L2 Nuw "ff‘; . conee lofs

Tho tonparaturo éistivution for o £1uid floving past
a hot vall, oo skotehcd 1y tho soli@ line in P11, chous that
the tomporature grediont in tho £Inld is confinod t a welatively
¢hin layery; S, in tho vidindty of tho mpfoco. Uo shall new
a&mpl;fy the ¢sue pleture by replacing the aetunl tﬁn;wmw_a'
d4striution by o doohed penight lno ghowa in Fip, l.i. Tho
Sachicdl otsoight line 4s Crugent to the cotual tooporaturo curvo
ot tho uall cnd physdcally ropresents tho Scoporature éistzitution|
in o hypothotleal layor of £luid thickness S vhich, 4f couplotoly
otacnent, offors tho swmo rosiotmeo %o tho £iov of bout as tho
ectunl toundcry loyor. In this stognent layor, hoct oo £lgw endy
by condnotion cad tho rate of hoat troncfer por unit aves 4o




_%—-:K:f(:r’s‘-l’g ';‘ﬁa(Ts—ToC)

S, Ceeen 1,8

An incpootion of Bge 1.8 shows that h may o amproscod

Ke
% = Sb' soe 37
ead tho Duopelt nuoboy an
/V = :é..é_‘:- = ’L"’:,"' /
NU K 4 St ‘/ cosn 1.8

Uhile this pleturo 46 considorably oversimplificd, 14
doos Allustrato tho £aet that tho Chinner tho hypothetical
boundary loyor g: ; tho largor will be tho convoetive conduetencod
To trangfor large quontitios of hoat rapldly, ono atterpio %o
refuce the Youndory loyoyr thiciness as much as poseible. This
can bo occompliohod By incrogsing tho volosity snd/or the
wurbulence of tho fluld, I inouletlon of the mefoeo 18 tho
Goolpod almy o Shiek stagnont loyer is boneficial,

Thoro ara foud pgonornl vothods avalloblo for tho
avnluation of convoetlve-hootelranofor coefflcionts,

%, Pimonolonnl onolyois combinod with exporinents.
2, Bxract mathonaticnl colutions of tho toundury.iayor
oquationn,

2, Approzinato onnlyoio of tho Boundosy Layor by
intogral mothody,




4, Tho gaology bstuocn honty navsy; end conontyny $rancor

411 four of thoso techniquos hove cnﬁ%ziﬁziﬁcﬁi ‘to our
undorstanding of coavoetive heat ¢eenofor, ¥ei; no single nothod
ecn oolvo oll the problons baccuso each onc bap lcitations vhich
roptefet 4ts seope of epplicotion. Only tho £irot nothe s denlt
¥ith 4n the folloving sectlon.

Dluonsionsl cnolysis is nothomatically ispié emd hao
found the vidosd pango of cpplicaifon. Tho chief initation of
tiio nothod 45 thot pogults obtained by 43 aro fnoosploto ond
quito vrolens vithout oupoviconial doto, X% contributos 1ittlo
%o ous upforstanding of thy transfor procoos, tut foctilitatos
the intorproSation and oxtondo tho range of application of
expsricantal Gats by corpoloting them in torns of dimensfonless
£Eups.

'i‘hn moos porious linitation of dimngionyl analyslp
io thot it givao mp information about the naturo of tho
gﬁm%m In faet; o onply dioonatonal onalysio 4% z‘ﬁ .neeeaa»
ory to Imou beforchand tast varioblos inklucneo thy phonetonsn,
onf the suecoss oF fallwro of tho nothod dopends on tho propor
neloetion of. thote voariobles. Xt g thoreforo nostnsnry to have
atloagt a prelininery theosy oy o Shorough phycienl nnlorstmding
of o phonomomon bofore o dinemplonol annlysic con ba perfornud,
Houover, onco tho portincnt voriablos aro mowa, diccnsiongd
caplysio can bcr appided to neot protlemo bY o wouling precefuro
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vhalch 4o outlined BoiGHe
PRITIAMY DRICUGIONS AID DRIGUBIOCAL PORIULAB,

o fieat otop Lo fo coloeh o systan of prinoyy
4{~molong, T cholce of tho prinary dincnsions is orbdiraryy
bt $ho dinonsional formalace of il portinen® vworiellos ract
b crprposoiblo ém ferns of thoh. The princry diccaciono of p{eliggtia
L, %00 @ 3 Bemporaturo T o d poos M oro uscd in thic

déccaondon.

™o ¢immeical foroula of o physicol aratdty follcid
geon dcinttions or physicol Rown. To dimcasional foprmioo oo
tho oyobolo of physledl quentitico oceuring &n thio éloonosion
aro givon in Soble X3 ' ’

e Varlobio | Oyatol Pdwenstomal
— — . . _ Dquation,

1, Tubo dtanotor D L

2, Thoroal confuctivity of kg  MLjedr

e fluld,

8, Wolscity of tho £lngd, v L/e

¢, Donsity of tho £indd, 1 M| L3

G. Vigeodity of the flmif, M M/L6

G. Epceific hoat af cozotent Cp L I 6T

PROSSRR) ‘
7. BonbetreaofonCoofficicat, 4 M| &>
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DUCEINCOAT v <THICRE],

o Gotosmdno tho numbor of independcat dimensionlons
groupo roguired Co apross volatien descerihing o phcnenonon, tho
Tonkidnaheon o- Sheoren moy bo ucod oo o vdo of thuob, Aceording
to thip sulc, tho rocwirod maboy of dndcponrdont Gfnanoionlons
growpo wbhich con o forncd by conbining tho ghyefesi vartoblog
of o prollca L8 oquold o tho total mnbor of thuse physieai
quentitlon a (for auople ; donoity, vAoessity, honteSponofop
cocffledcal, 0t ) mimmo tha mobor of primary dimonoionc cn
o poquigcd tv amprooo tha dimonoional formales of the n ghmllwt
ol cacatdtios, X2 wo enll thoso SFoupn 4,y Mo 08¢y tho
cquotlon cxproooing tho solationchip arong ths variadles hao o
coivllion of tho foym

F(ct, rta, “3“"") e} veovy Dol

Fop o p&wx&omm vhick san W ﬁaﬁm'i,haﬁ in Sepns of
@heoo dincacdenloon groups (8000 88 men ¥ 9 ), Bg, 1.0 hag Sho
formn
GOb Y 2@
F(C(,)n:.)tt'g,) = 0 Q.#L
bt con nloo b usttton oo

Q, = {((‘lz,ﬂ?)

For cuoh o cano, omporitmtol dotn ecn B2 corrolatcd
by plotting «,p asednot (L o varlous volucs of o 3 o Corndinon
A% 20 posoible to combine fta of o w's 40 cono oonpor oand Qo




plot thio parateter agoinst tho Feacdning « on o singlo GASVQ,
DETERIIINACION OF DZEUSINTLESS GROUPB(FCICED ClINEOTION)

A pirplo nothod will pow bo 1Mustrotod for dotornining
dimcnnfonioss greupd bY epplying 44 o tho psoblon of corroioting
oo nntel conweoldveshontetrenofor €ota for o £1uld dn o
tartulent £loy theoush o Boated tubs,

FPron the aonmwmn of the convoetivochoaletrosgos
PPocoony 4% 4o roatonablo to anpoct that tho physicsi quentitlos
Botcd 2n Tablo .1 aro porfinent to the problen. There oro tso“u-c‘:n
phyoical cquontitios ond fLour prinmary dimonnlons. Ho, thoroforoy
orpoet that throo dinoncioniess groupn will Do roquired o
sorralato tho date. To £ind those dinensionless greups, vo wrdso

.....

4= C'Owk,tbfdﬂefpfﬂ? sape Lo1i
end pubotitulo tho ddcamotonnd éﬁ#amzlaea p
@ b
(7] = & LI [rfe7] [m):]
: e f 7
Plee] [</e1] [“/e]
Dguotion .28 erm U0 $xio caly 4f tho ouponent of cach
of tho pringey insacien ¢a tho pight 4o oquol to Shat on thoe

10£0. 40 rocudlo 40 o ayotes of foup cquations invelving ain
unlmotane 80y oolving (hoco four cquetiens 4o tomg of the 4o

eseo 1,13
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| Tho volluge of 8,0, cad £ avo to B2 dotormined

oepopdinontally oftor viiod Og, 2130 con Bo wood o Gotornino
the hoat Swenofor cooficiont 4n turknlcot £lov. Tho corpolation
of ozporirontod dato vith o akovo .é&mmnﬁcm& eanlyclo 40
dock$ vith im dotoil 4in tho pont choptor,

8o far, tho discusolon on vomvootlon hao asouned $hat
the chandent conpooition o8 phaco of tho Lluld did nof CAcnz0.
As thoro 40 o chonigo of phogo in ¢ho procont vork on tho hoat
onenengors, o brfof dicomosion on (ho phonomunon aocookatcl with
ghnono of phave end tho proecuron ugctd 4n dotomining onowqy
teonoforn dnvelved 4o ncdo in tho follsving Cootisng, whilo
corpoiation nnfl tho offectis of turbulont £low ore wasoyvod Lov
tho cubnogquent chopboros

Vhon eithoy s oaturatcd or supor hootcd vopony Conop
fa contact with o ouelooo podntaincd ot a Somporotugo lowor them
tho coturatica Scoporoburo; hoot £lov pesulio £son $do Vopousw
soloaning 240 lotant hoot apd condcasinyg on tho surfoso, Tho
condoncation procoos opponry o proccod in tvoy moFe oF lood
64s%ined vayn, Xf thore oro no Lnpusdtics in $he vapour oF on
ttn cavfocop tho condenpobo vill form o contimous liquidd flin,
vhich 4o calicd Siicvics condenontdons I, howver, such cmnts
coinonlo asfatty oaeldo ero proeont, ho vopour will condcaso
fn o)l droplotos. Thoco incroucs 4n odbo amfil thofip uofght
oouons then o fan dova WY curfoco, vhich 4o lmoun oo dsopvioo
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o aaa e

gopfcaretion, For tho somo Somporatuso 61 fforencs hoat twonslop
with dsopuios condenontion may be fiftaon to Svoniy tinos groatow
then vith £1lnuico confencntion. Although the droptioe {ypo of
condonoation 1o very docieobloy tho conditienc uniQr ubieh 49
11 occar gro mob conplotoly wadorotoods

Filn condonoabion hop becn thoorotieslly canlyecd Yy
moooils in 030, 22 o vopour 10 condonoing in o £ilm on o vordicnd
Cooling surfuco, tho £ilm floup domm, undop tho influwneo of
gravity, tmt do petamiod by choeping foreco bocouoo of the
‘vageoodty of Sho £luld, Tho lotont hoat £rocd by condencotlon
patoes theoush the £iln fpan (ho condcaoing vasour to the wall,
fhe f13a pocloto $hin hoot £1lov boceuss of Cho Jov confustivity
of 1lquido, ond, thowforos e coprociatlo temporaturs drop
aevoss Sho £iln cosaRs. Yhore tho £11m 48 in contact vith tho
eooliap vurfaeo L¢s temporofuro 4o ogqual Co the curfoen tooporps
ture, Unogelt Lurthor nomemcd that the intesfass Botuocon £iln
end vopour ip ab tho sotweation tomperoturo, Xf ¢his woro annetly
o po condopsation ecould oceuy, Obviounly, tho tompopotuso of
tho 1fquid sasface A0 conteot with condencing vepour mst by
olighly bolov sotupation Somporaturo end vwill dogronso vith
dooasing vall tonporampo,

In my cooop Sho confapention dopands pon thoe thidmoo
of o lienld £43n ond tho venduoblvity OF tho Meid onf thorce
foro vAll bo eonpovatively canile.
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In dropwioe confionootiony cn tho othor head, ¢ho
cooldng surfoco 46 in Girect cmbect with tho vopous, Zhus, tho
ofgeotive tenporaturo 842foronso 10 moch lorger, cnd forpation
of droplots io much ooro ropdd then the cam'anpmcmﬁg fornation
of licuid on tho £iln mrkaoco,In this $ypo, tho 1iquid Lo cavricd
aay coro quickly thon 4n the cogo of filn confcacation, oo o
dsopo Foll dowm cné toko othor deoploto with Shom,

ot vithotending il Ok edvenSogon of deopdoo condcie
sotdon, £1lm condonsation 40 of parcount dnportonuco, boing
ogtablished more ¢acily rmd reaadhing mich more otnllo in operate
fon.Uith thic 11¢510 bockgiound, Muosclto anclysio on £iime
eondenontion will nou b3 preccntods

Puscolt®? (1030) in his thoory of £ilm condemontion

has combined tho lavn of Rouner flov of o Mquid £iin ond of

eswiciyidon through 40 FAzst tho oguotdons for tho floy of
the £21m hed to ho dovolopods & 1fquid 1o is ouppooed o forn
ond flov dovm o curfoco vhich nay bo dnalincd by tho anglo
sqoinat o hovfsentol plonc. Lot ¥ Bo tho dovaverd volodd Sy
parallol to tho cuefoeo off a dhotench ' £oon tho murfoso. i‘hca
o thoay otrops oeonpp in tho liquid wvbieh oca b expronscd by tho
yoll bnowa oquation, |

5= /(4 %%‘ oosse 320
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vhope M %o tho éyncaic vioeoodly of tho liguid, 32, fusihow,
¥ Acnotos o tposifie voiht of tho liquidy tho cuntion of
nechrnionl oilsibrive vill bo

Az =Y sim P oly oR 22 = - B @ cooo L.10
ez
Proa Baoe %24 o 1,38

A X Sim @

"’;('?7"3. Yo 4o bu %m

wad by intopration
9- - L e G

gi+ Gyt voos, 137
ﬁmﬂ the 1iguid pfhoron &o tho woall, |

| Yz o at g:o
and thoreforn Caz O,

Hopoudith

V = - V:;¢ y + €, F enoo o ¥

fho valuo 08 ¢ dcpondo vpon o flov of Sho confonolng
vepousy fory 4€ Uho vopour olwocao dleng tho £ile vith tho
valosdly &, A% Qropto o thooring fores uwpon tho quid,

Yor vepotw vnich io virtuclly of oot 29 congiblo
£piotdion oecurs ob 4080 inboBoce with (ha £4ln, Lot § 2 ¥, Mo
thiehnooo of tho £4in of eny plocop then, coeording o By i 20y
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(déf 3-7 o =19
E Sm o
C, = __7-£ y (X2 L5

co Yhat for vepour ot yogl

e - 7""”’4” (i*l)’y) esss 3,21

I tho ecmﬁmng Vapour of donolty £, flovo. along
tho curfaed vith tho velooily U, y Sor aaaﬁmﬁ,; ingfdo &
pipo of vidth By Chon the chearing mbross occaring on the £iim
carfeco can bo caleulatcd Sren ¢ho ogotion of prescuro. ismp -
in Tuhao, vhich moy b wriita no |

__f_(.e- 2 - 45_ ?on”ze
A D 2,

vhiwe £ 4o s funclion of Hoyooldo ambor, md tho esordinato
. 40 in tho dirsetion of wain £lov of the condononte £33,

bues .22

On tho othoy honG, couilibsiva on o dmer cusfaco
of tho tubs poquiros

Sgay WD = — WDT P 1,28

—_— g 'Ly
4~

N

Fron Dass 2,22 ond 23

= f L ?/y,ol
Ta

Difforcntioting Bome 1,18 end oubotituving #= y 9 Wolng aloo

Eone L,24 oo 3,09

Sg;y T 1,24
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Sy s M ERR)
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Tho posdtivo olpn on the pight helds fop vapour flov
dotawnsd, tho nogative dign for £lov upvord.
Pron Daags 3:18 mé 1,86,

For UV - _pse? g* ... 2e
v (x5 By Ly sm )y -2 |

By inCcgeation ong obtcino tho nocn voleoldy of tha owndonanio
£iln,

For tho condemootion oF vepoup of 7208¢ on {ho ouscido
of & horipmtol Cubo cooled from tho incldoy, Muesedl pardosncd
tho following derdvation,

Lot B =87 o ¢he oulor dicaotor, cnd in o oo
cocldon poreporiioulap o tho Subd axfop, @ She anglo wvaich a4
pedius r forno vith o vortlenl lno, Than, cocomding o g0 2, 879
Cho nocm volocdly of tho £4in aft tho ond of tho redfus vill o

o't 2 ¢,
”on‘—'gi,}y S'”’? snoe Zoll
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In o o oootlion of ud s Aoty B ave clomcab
rdg o folloving ciount of heot will bo anchenged 4n walt

" gimo o9
9. kr(rs-T9 G

o loot Cors bolng Sho coount of lateont hoat Xdbarated My
sonficaoation, ‘

2 XA d(Z.Y)

Prou Dolife Jef3 (né 120
d('g") = ?S A d(y Simn ?) sope 38D

Fron Bgo. 1@3@ cnd 3@33

Bl y.d(Y Com @) =D S Ay Y cardd

sRVH 1&%
- uhero
B = 3ﬂl<"(75"73)
' 3
Intretucing > = (',4__.__:/: epoh Sl
' B
18 Loilovs thot
%s;mq%—rZCdS? =0 sony bsdD
Tho colution of thin Lincor difforontiol cquelion &0
' /3 o
) .
2. L Ahg (§f9~ P *C> voce L3R

I po 1iquid 40 dpcpping om tao Cop of (ho (abo, $ach
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gor @ = 0 the £110 thicknoss y cuf thoroforo z  vill Uz £inite.
shig requires C =0

a4 thorofere

f J5m @ e non 2036

‘Z"aswcf

Pren Done 1,33 ond substituting $ho vcluo of B in Qal,
\/ ‘1‘) ‘ ?)JV*S/VK"(T:"TS> sow 1,30
fho loeal eoofficlcat of hest Sronsfor ut the amglo @ hecomon

—ﬁ'—__’.(..; :\ ___;__4' "‘617\|<3 _ K Lg‘?
T v B s

fy intograting ovor the rango from @ % Ptk Lollowing mooh
eooffiesicat o obtaincd, 72 ool

NN S— 1 2 o
| o @""j% = J—E‘(sz”@’) & Z ees 1,80

Grophicol intogration of this e:@maaiun choved that,
wdor W oorumcd conditionn, 69.450 of tho fotal confdononto vos
produccd in tho uppor holf of tho fubn md 40,87 in tho louor
O,

It noy bo nontioncd that the oguations dopivefl obovo
apo alco valld for ontsldo cooling of tuba ond ingido confcasing
6f o vepour 4 ¢ Lpuosl for tho dncido pciing.

A noch coofficiont of hout tromofor I for £iln
condonootion of vopour of rook on o vortiecl gurfeco ig fewmd




= 3 o AT 2
£ :i Ak = 0743 TAK evoudeED
™ Vet > 4/"#[@—75) //;/[7{-7_9 4
Coporison of Bgo. 1.30 emd 1,38, tuling @ ,-¢, = 1809
vovopls $hat tho folloving wolatica holds botuoen e n-con
£1In coofficiont Dy,, for o howlontal fubs of dierator D
ol Dgoee, For e vortical tuba or othor surfoco of beight B,

‘gﬂw. - O 7 - * H |
= 70 f -
'£ Vevt, D veR 1"43

Subotituting tho voluo of Bp from L.39 for byuoo.

| VEEPNE o
‘K)M = 0725 / e 1@‘&1

If sevorel horizontal fubos (say N ) aro lovateS omo
abave the other, thon tho condanpate formsd on sny uppor tubo
dwopo upen the nent lover oo, reducing tho heat oxchanpo on - that

The noan eoofficiont of haat transfor for such
arpronpeacnt will bo found €5 ba

ces 1438

o cguctiens for D, e b2 axprecsed 4n dironcloniono
form, oo hag boon domonotrated by IAsiibridgo (1921), Censidoring
o Dozdrontad sazfoco, the local eoofficicat of hout Uranofor, Dy
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In¢roducing
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(NRE) Uor)a 4YD = M 2 ,7 Tyl }-_va}

M M

ubhich holdp fo8r @ = ('c;':;E

Fron Ea. 1.47, ofter soae mmm&mw&p vo got

V ...L
T e
\ = /~5/(_4_J_"_> s ceui]-5l

M
A sinilsar exprossicn as given bolow, nay bo dorivod

fop condensation of vapour on g vordical surfece of hoight R,
From 02, 189 cnd after sane pogPrangenent. |

2 VS : "'g‘ /"
<?ﬂi> = /4‘7(‘7'1‘/” - /.47(/\/&5),4 /
3 K
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CHAPIIR 2

THECRY OF PORCED CONVECTION IN TUBGS
AND FILM COHDENSATION OF VAPOUAS




ARSTRACT,

Tho offoulo of tomporatugo ﬁﬂ.ﬂﬁ'mmncoﬁ @l L/D rotfo
on tho hoat Sromofor epofficiont for turlulont flov inm ploin
tubos ond in enmalar spaces are considorcd along vith tho
corrolation of agporinontol data, The modifications of Huoooltd
eaclysio ond condonpotion of vopousrs with laminor and tnebniond]
flov ave discusped. & boulory loyor trcatment of lemines
condonsation 35 intvoduacd,

Ag chova in Chaptor I, for tarinlent floy &n tubog,
dénonsional onnlyods givoes

- Soe  cp /M
%D S"(_ﬂw C”ﬂ) oR c 7 ‘f’;(ﬂ ’*K)

vhore tho functionn  and ¥, ave to B0 Gotornined aipori-
nondally. If tho tubs leagth is dopordent, oo with phepd
tubsgy the ratis LA must b includod, For o givon £indd
vhoso physiedd proportles ovo funetions of tamperature ond
eould inclido o functlon of a valio of fvo characloristie
temporatures, such oo gurfnto and halk girocl,

Bfforto Yo inmprove tho corralation of data have
pooultod 4n clightly G1ffering valuos for the conotant wmnd
czpononts, tho uoo of ono sot of data for heating mé chothor
fop cooling, and variouo procefuros fov ovaolunting tho g}wazcdq
proporilos involved,
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4 mnbap of ubanwem( report dota fow hooting or
cooling various £luido vith Prondfl panbirg renging {som
0,7 S0 120 for Roynoldp mumbsre fron 10,000 to 320,000 ond
gop LD of CO oF noro, Theoo data for noforntod §( 1.0 Ty = Tp )
hovo Docn esrrolated by threo typos of cguaticas. Ong ovaluatoo
oll phyoieal proportloo ot tho ik tonporature,

4-
4., D .
L - 0.023('3’0”) (Cp /tl) vese 2@1

Ky
For vdocoun liquido vhoro oU“/ MJT Lo Lovpe thore 10 oomo
difforones in opinien ap to the tenporoturo ot vhich tho
viscosity chould Yo ovaluatod, |

Collurn ovoltuaton nll phyolesl proportios azeopt
Cp in the Stanton mnbor, at the film tomporature of the
fluld % botng oqual o % (% * Tpdo

______(c,,/‘?"/i” _ 0023 |
CPb f¥ - (‘fDU//‘_lf) o2 doan S8

A third cvoluatos oll physical proportios ot tho
Yall temporaturo, oneopt M, 4n o viocsoily ratfe tom,

2. Cp/" /3 M o4 00212
to (&K /b ) = T 02 eous BeB

Collusa dofincl o hont ¢ranofor fackor § oo

. 2./3 2/ /3 .
Cp -~ . N 4
CP Ty (Lﬁ\) = st PR / : suse 2l

He found for bolth lominar ond turbalont Clov 2n
tulwo ond slong £iot plotoo Shat § wvep oqueld ¢o oncohalf




the f£riotion doofficlont, In tho enoo of turbalont £Aov in
pipo for Roymeido mmboro £Pon 6000 So £30,000 the friction
coofCictent (£) for smooth tubos 4o civon bty tho rolation

. 02
- . Y |
{ - © 045( /4} ' sove 208
Toup Lson BEdle gggﬂﬁaa g 2.8
j = -"'g“ ‘t_woo 2.0

o Dge 3.0 on bo conventontly ncdo aoo of ia
findtng out the voiue of eoofficiont of hoal tranofors

In sdditicm %o providing o dlroel compoaricon of
hoat Sronpfor and friction, Colbusm poinfcd ouf that tho Lorn
of Gq. 2,8 bhop Sup othop aﬂwwﬁ«égaa ovar that of Bg, B
First, datn proocnted in Serms of oguotion 2.2 wore usunlly

s 00 0 [(42)" verma(72) (E) [22)

vl be fownd to B J(F2%) , Concoguently the carlor
progeduro voo oguivaiont to plotting J(/ fﬁff) agoinot (ﬂ%ﬁ')

which not only Znvelvod plotting o fumction gpaingt SCcelf
ﬁn% requiired o much grontor poale sango for tho ordinoateo.
' Botondly, 4% noy bo oboomed that B (1PL) Alnm: it P2G(7%)
oo Shat tho Staonton numbor D
0

2 _ D (72
oty | L b vosoe 2oF

nay b ovpluated dirostly £ron maﬂ_mm& @ata vithout
Gotoroination of cay phycdend proporties, a

o wollablo doto oro evreroloted vith 4n o nontom
doviotion of 2 <0 poroont by the Sheoo cqualiono vig, 8.3,




OR

2/3 . 1427
() - el

2,0 nd 3,3, Fop oxtzopolating roouwdlo fop 2igquido o hipgh
tomposaturo Gifforonse batuocn (ho oupfooo ond £lwdd) BgeB,d
contoing $hz kll Roynoldo munbor ond tho woatis of Sho
vinessitios at the vall and bullt Conpornturosy Bq.2.2 involvol
Fy 6 (Gp2) 4 Basod on tho arithmetic avoraso of vall cud
il tcoporatvron. The avolloblo doto opo iacfioguato o shov

wothor or not oo of thooo Svo oquabions, 2,8 and 2.3, 40
peoforatlo to tho othomy, cnd use OFf olthor 4s rocomcndcd by
ot a0, 28

Broll findg thot doto of o munbor of sboosvors Loy
tusbalent £10v of gosen and Liquido for LA fron 1 to G2
indfsuto m%ﬁt’:— . 6%)0.7 o

Z < | sebw
vhore tho meun volwo of i foon = of O % = of I,
Banod on al, o called hm 4o rolated to €. at lavge L
vhon LD goochon {0, the retle /M. hos follom %o
3,067 and doevcascs kat 140010 oo L/ 49 furthor ineroancd,

Por turtulcat flou at Wlk Roynsldo mabsra, FOYM, |
abovo 10,000, in tubes uvith oguarceodiged ontrico, for Prond(@
mabors fyon 0.7 to 120, tho socomondotion of ﬂm@sﬂa
ig to omploy o conbination of Bgs 208 ond £, £,3 or Bg.2.2
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PN o Qi inopinyiy S dgan priaiaady

flost Svonnfor Lo Mqu&ﬂa gloving in amlaz' apmuo

8.0 oot Peenofon Cootfidicat fov fapbalont Ficy in Amuid,

40 grocuently chemunbored in proetics, poriieularly 34 doubioo
pipo hoat anehcngort, joohoted pipoo cad oloilar oquinnanle
Aithough o maber of oguntions :}axas:zng individucd £4ln coolfe
teiontn o Fiuld 7;:20933%@:3 aad @p@a&uﬂ dimoapieas hovo bacm”
prosontod in tho post meny yooro, thoso, Lo ho moet pard
hovo Boca baocd on maﬁmmm dota amwim'mm%od;msgm
of tost conditicnp. Tho omproscions bovo tolun neny fomsy
prinoeily Sn (hat 8ifforcat Sumotions of cquivalent dicnotor oF
hydpculic dhemotor (oo o thapo fnetor) onf of tho diamgtor
 gotio, Do/By bavo boen omploycd by vuriouo inveotdgatorss

fao folleving apo tho cogpolations mtfo by cono ARVOG-
tdgaters oo quotcd by Hesdcao. BB, |

1) The valuo of hoot Srenofor coofficiont for Supbulont

flov in camli ot outow vell of dfeotor Dy 10 Goually coPre
 ¢lated &n torns of tho dincnetonloos oguotion. :

I T, /3 _ oozsc,u o
ot LK Jb (oefzo/ﬂ)”"' L enes 2038

oY %za otuivalcnte

41) Hoared cnd Polbonfs doto fop comnopclad olecd camld,
pp/Ds of 3,86, with voter fleuing fouad

_ /s \°° 14 , Lo
V/; / /7(/?“)) pouw 1230} P
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~ £34) Uoing 4elo fov olp end voler of govorcl obporvorg
Davipl0 found

(Dz ) %) pans 'é,:mb

ﬂhﬁm n oo botysen 0.05 emd 0.16 approzioutely.

iv) Doped o oquotions froo vorloup souwrcss, for pa/my,

fsca 3 to 19, Udogncd proposed ¥ 2 LG, For Dg/Pg foon 1 S0 10,
tho solotion mowzzﬁaﬂ by IeadencB0 for tho cutor wall 4o

. 2/3 /4 23
J C;onP (—2——) ) = ;eoflﬁ//') saoas Do 120

v) Por Bk of the isnor vall of dianctor Dy, Bg. 2,11 4o
ojedn caployed, For D2/Dy of 1.65; 2.45, and 17, Ionred and
Polten fomd 053

?’20‘87[“% ' *

- seon S 124
v&} For vorious ﬂm’:a, ﬁmam found

= ’35( _9 é———) cse 3@’3@:

A %bﬂ 2,2, thic ¢ rofueon to (f'b/ﬂu » Bt for Dp ogual
R0 i?g;, ca unreagonatlo Fesult Lo predicted. For Do/D3 fﬂm -

1 to 10, Wiegnad propoocd

D2 o 45
< ) soee o189

vii) Carpentor o%'ﬂaz made iovestigations %o obtain heoal
trenafor ¢3d friotion data, vhich ﬁaﬂ ugad for Linding ‘énﬁ“ﬁhae
oquivalent  diomator 4s fo bo used Lor onnulor gpaces, fow
vator flcving in tho conulus of o vortical doulic-tubs oxchangor
for D1 of 1,823, ovor a vido Pm30 of Roynodde mnbdore,




o friction dota indicstcd that the propoy Roynolds
mmdor to employ 1o Defw//«/ o tiwre De Lo ths ogaivalont
dirmoter of tho pmwius, D8 - Pl This dota vos compared ZoF
viscous mé turbulont flow, with ¢ooreilesl vdleotions cnd with
tho corrapponding £1ou incife com—orslad pipes, vhich vae found
to to a good ggrconcnl. |

In the tusbalont Pojlon, $he hoot freaofor coofficient
foy srmulae spanea my by amprosscd by tho rolation

e L
c,.,a’zV [’Z’] ( - "{52%%7@“2 vee 2320

‘But the plot botuoon $ho loft cide of Bg. 2.12¢ and
Royanlds murber has o Slope noaror 0,1 thon 0,2,

In tho viseous region, the rocommnded ctuation for

f£lov in tho gmlaer spaces 48 o
X /9 e
A De Mo IR
é"k’j( -”/V'j = [ con 2:120

vi11) Prof, Icaching®S axtendod tho concpt of the
malég? T bebwean hoat trpanofor o £luld fdolion o apply 4¢
to tho turbulont flov of alr in goonler space ond obtainod @
somi-thooreticsd oquotion, vhich eould corrclate o data for
aly g€ vas alo in cleso azpce-ont uith lonred and Pelionts
oguation, 8,128, if gpplicd for liquid, Tao hoal trenggor




woffieionty b 4o given by -
% - ()‘0/2) CP fz‘é

— [ 02 12

ol T ()
o T el

v ® Loecdd L£iudd volocity

¢ ®hveraze £1luid volooity

4

P = Redipl diotoneo £yom contro (o o point &n Zlvid

OUF6 O

Buffinog,

0 = Emor tubo vall ox ropgion inolde welsus
of nardoe voloel iy,

3 © (utor tubs urll or sogion ountside wedivn of
ooriran volocd $y,

& ® Redduo of foundary botweon leminny loyor
mé turbulont eorn,

o Redins of nonivun velodd Uy,

Pinally, xmwm:r% Focomcats to uso e 2120 for
teth o outor cad fnner vallc of eoncontrlecnmill,

Zn tho provious cheptor; the fundemontols of comdcages
Yion, ond condoavation of vapour ot rost havo Men Ofscusced,
Sérso tho preccnt protlca ineludon tho flow of vopouy inadlo
the o ; o dlocuooion on tho affoet of vagour volosity cnd
teplaioent fiov on eondcacotion insfdo vortdcal tubog vill pov by |
precented, follovcd by £iim condemsotion fn hoPdrontal tuboo.




thon tho velscity of tho uncondonscf vaopour 4o
pubotentiol coopored with tho voloddty of condansato of tho
vopour =condcasato intopfaco, bacouce of Lriction totusen vapouy
anf tho condansato £iln tho vopour veloceily influonces tho voloe
city ond thickmass of tho condomsato £41n ond, consoquonily, the
eaofficiont of hoot fwencfos. Thus upvord £lov of vepour in o
voptical tubo gondo to incronso tho thickmoss of tho filo, ond
with high vopour volocitios aanéamwn may B easPicd oud ot tho
Sop of tho comdessor. To avold thie, it may B3 necossary %o uso
o mnlop of short refiuz confonsers in parallel instoed of one
Sall condonnor of 1initod CXODO0s000EL0N, |

Cospontor oné Colburn® conduetcd on cnporimont with
dovmvosd €lov of ¢ conficasing vopour ab high voloeildy inoldo o
tubo, cmdé possurcd the hoat (rensfor confiicicats uhich are ap
mach as 10 tinos thooe probictod by Husselt’s equation (1.52)
for £iloalypo condenontion noglecting the éﬂ:eci; of vopoup
volowitys Bven o conparficen of the rosults vith prcfilolidno uping
the Imosoil relation, whieh 4¢ ineclufies tho offoed of vapsur
£riction on the thichmoos of the viscous condensato loyor, choucd
that tho veluon ware hichop than the preidietions, in como caves
sovorolefold highore ho outhors voropthomeforey led to tho }
hypathoeds that in tho procongo of o hiph £8ieSionol forge £oon
tho vapour on ito outor mriace, the condensoto wuld haaemv
tortulont at oueh lovor valuco of tho Royrolds nunboer thon 2300,
26 voo roaconod thot vhon tho major foreo oetling on tho ecndonnatc
loyar woo vepour £84¢Gilon rathor then gravidy, the veloeity
@iptriltuticn night Lollow that fourd for pipus £Alilcd vith lﬁ.qm’lﬂs
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pnd Sho thiclmoss of tho leminar enblayar could B0 ootimatod by
rolations applying to thia eacas

’rhey accd tho folloving relﬂtioﬁm;: £or vapour friction

{fy) on tho condensato cugfoco,

/:‘ae‘ = j(é” o | sous ﬁtm
2 s |
(Dota that Fy 4o molated to the utual volue of PReosuro dmp an |

follcun Py ® 4P 7. 0/44 Yo In the above ofuation $ho valuo of
£ Lo tho frietion Laoter for the vapoust in the pipe containing
condcasate, md the valuo vill bo mnmambw highor then for o
dey pipo. aLtor condusting o povion of ﬁpstsg thoy node o oloplie
$300 corrolotion of daln for esndonsution of vepousr floving dovn.
vord 48 o untorecooled tuls ot high ve:szamy cnd umma a

d&mmawnmm rolation

LM G s -
W = 0'065{—-‘:“;{/) Forr s5o8 ﬂam

Tho valuo of fy vas scdoulotod for the purpsscs of this mm&aﬁ:&w
by utilising two Mmg&ﬂ.mmﬁ&mwu The first 15 thet the fmﬁﬁim |
footor &8 obloined frem tho uoual gropho for oo eoupunont f.‘&w
(thuc nogloeting the presensg of tho condensate) ad the wmnﬂ

in ot o “ovoroge® veluo of vapour volocity 4o onployed,Tio |
propor avorage value %o bo uped deponds upon the condomsing roten
threaghout the tubd, 28, for convonienco, tho acsumpiion is medo
thot the condonsing roto 4o uniforn md thoty thorofore, tton tha
propar gvorese voluwe (1.0, tho eno vhich will g&ve tho sams.

total £xloMon) 4o doriveld $o by




_ c7,+cv,6,_+os N\
GNW = ces o 2. 15
3

vhory Gy 1o tho valuo of Gruot Shoe op of tho tulo, ond
Gg 10 tho volue et tho batton of the tubs, Note that whca
tha vapour 4s fotally condensad, Gz = 0 oné G = 0,5863,
Bge 8,24 woy Do convcniently @rcs&eﬁ in toynn of avorage
VaptaE vclccmy then in toPmp of Emamm as

CoPKf
' - 65( oann Lol
£ = 00 27 Fop . 57/»7 2,10

It nay bo neted that in this omatlon, & f, K o o
/1 ore proporties of tho condonootd, el £ , fo o axd &
vofor to Sho vopoug,

‘ﬁw ﬁa@cux’o vecd in conducting tho %ests for the abovo
%Welaﬁm vore stean, nollerisl, ethonel, tolucne. p ond
tri chlaronthylenc,

Uith £iln cenfemsation of vapour on a foll verticsi
tubo, ono con onpily obicln condcasation raton cuch that tho
Roynolds munbar4-/7 /ﬂf czeacds tho ertiedd voluo (1209) of
wvhlch tarbuloncy Boginng ¢is 45 not tho case vith hordsontcl
tubas vhopo Sho condenning height { 4. /> 3- Lo inhorontly
ouoll, Boeonso of turbuloned 4n the loyor of eonfoasato on
the lovor part of tho tuko, the moan coofficical for Gho ontivro

tubo chould 120 abovo tho lino prefiated fren 1. 3.0&.,
Rivkbeio® eorrolated tho data £ov tho ew&m&aﬁion £ d4phenyi

oxido and Douthorn &4 on vortienl tubos, giving tho roesmendod
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FIG.2.1. MCADAMS RECOMENDED CURVES ABANDCE FOR FILM-TYPE

CONDENSATION OF SINGLE VAPOURS ON VERTICAL TUBES OR PLATES




aamnmumm oguation Lo 4/’//, y oucooding 1000,

/3 |
’ﬂmm ) 0.0c8% /" D)b ‘
K ndve 2ol
fﬁ ¢ = ©.0077" _ﬁ,ﬂ—j oee
W
Binco W ﬂf L4 /'}D /qf

vhore © 4o woight rote of condonsation,

7
4 traiothoopoticend rolation of Colburn 40 grailablo
for Sho condcaoato £1ln for tho eano vheso 4//M, areccding
2100. before woaching tho botlom of o vorpticnl tubs, A tho top
of the tube tho locsl coofficiont fow the oboss 1line region 40
gheen by ::quaﬁm : Ys

£ = Kf ff ? 3/1//1 vosye S il

Vg
and that for tho turtnlent recion 48 dncod on on omation sizilar
t0 Eq. 2,3 vith (f2) replacod by //y o T0%/y voplesed b

4 /7//“ v ené onnd tting the tera //“//r)° & s Biving

LY a7 ‘9/3—~o-027 7= e .10
__(._{_:/__ = ,,7(;‘-—) dvons Te il

Cplz - /(f
The ropulting intoprascd relofion ond dota ot oonfe

sing Giphonyl Anvelving tho noan coofficiont fop o ontiro

%ubs end [7 o 49 obotm in Pig, Bl cuovos I d TP pwo fop
two valnen of (/% / K 4 oo preficted by the obtove oguotion,

thilo the data sgottor conoldorebly, thoy thev o pgenorel foiy
sgroemont vith tho profictcd iino Lor Cho tustulent vogion foy
o voluo of P/ YKy 8 3nio plot is convonient Yo wco vhoro tho
mwmboy nd ddosotor of tuboy can b convondontdy asoumcd, thuo




fizing tho velus of 417/ ond o lcagth Lo 108 vardant,

origall condonnsd covercl differont vopourg on tho
ontoldo of verticol tubop hoving beightp £ran 3,2 Go 203 £4, Tho
Roynoldo mambors 4 /b/ M wenged £ron 800 %o 38,000, enfl tho
Prond Ol minbors of the condcasato £4ln gongod fyon 1.8 €0 8.0,
Tho valuos of hy 2en progrossivoly gbovo tho Masodde oguation
for lominap fiov ap tho condcnpation ratos inereacsd and tho
Prendtl pusboy incronsad, Tho tvende are olndler %o those shovi
in Pigs 2%

Bobea®® Gomived rolations eonofdoring o vortiedd plemo
for tarbulont £flov in tho loyor, Unesck$'o soounplions aro potalnod
and tho mothof of chalyois uesd 1o ciuiler to that ouployed Yy
Bunoolt ond by Collura, Tho moon valuo of the hoat Secnsfor
goofficiente hove baon carrded cut for o renge of Propdil munbero,
£zom D.oto 5,0 and for Roymoldo mumborp as high oo 108, He conele
wdod thet the troncition value vas probably batwoen 3209 ond 3620
:m en opaminatica of evolloblo omporimsntal posulto, vhich GHPPOCs
pordo to foluwyno sosurption and Grlgull,

Tho pesults of his Gooto 0P procentedl &n tommo of tho
geoup _ﬁ_@_ .—-ﬁ—z’“ 7
| kK \£*7

end ho Roynoldo muabor 4 /"’//v pfor o mnbar of valuoo of tho
Prondtl munbog of tho liqudd, Tho ocno rooulto oro proscated 4n
a difforeat voy vith tho Royooldo manbar gdven fn Somo of tho

P




gonoralioad length of tho layoyp
/3
2

% . C ( 7t —Ts b4
G P T (B
thore 7, 48 o tomporaturo of tho outor odgo of 1@%

‘Thio voprosentation $0 wovo gonvaniond thra (hot of . |
tho abovo and proconte tho uosh hootetrenofer coofficiont aloo,

Nee = 4[' - 4-4«:—»(7.:“7‘5)

 Whon 4% o degdped G0 condcnoo o vepour ond cool tho
eondianoate in a singlo opparatun, ono could onploy a vordiend
fubular eondonpoy vith dovm £lov of vopour [md up mm € eoodeny
thue pocusing esuntorfloy, With fsethornal streos 1ing fioy of
#inglo phaco of condensato under tho influcado of grovityy; coouming
a lnear geoileat dn ftenperature through the £ilmy and negleeting
shaapo S.ni phyaical pwpw tien vith chengo in tempernturo, Colturn
0% a1? ehoued that tho meen tomporoture T of the sondonsato
baforo sulooling, 4g

Tow = Ty ~ —?’“<Ts - T
ms Tou = g (T = T ¥
Thy goofficiont of host tyonofor in tho subgooling
goatlon; an given by Colburn, io
, : |
A - X e seay el
I XY, 2

and thot for confonoing coctlen bW Bge .30 I8 vas ohewn by




Coltazn of ;_319 that this pwoeoduro £5 natiefactory Lor intorw
proting tho Sata for confancing ond subeopling scovoral opgenic
*vapanm; cooflicicale for suboooling Fongod £rom 80 fo 130

hoatsd vapour 6iffors Lron that of soburatod vaopaur. Hwar%holccaﬁ
vith eorrosponding ourface Seoporatavos snd vapous ;masms?osn

mporhoated vapour hop ksen found o Gransfer beat ab g woto only
. 8lightly highor Chon saturated vappur. For cnanplog Hiorkol shovod
that, in condonging stoen éith IEPCF euporhioat, tho Pot of hoate
txanofor 9/;; van omly 30 coro then for ocaturclied clocn ot tho
oaso prespure ooff with the seo vall turporodure. Sindlsr findings
heove beon ropartcd by othora, Henco, fov fAlm-t¥po condonsction
ol saperhosiofl vapour, litile opror ic nafe in ennputing the roto
of hoateflou por unlt ores 2/ W multiplying be valuo of My
for o saturatcd vepous by the difforongs botween the paturation
teaperatars { Ty) mdé the surfaco Sompersburo { 72 )

?: —ﬁw ” (Tsw - 7;) @avm-gq@

o If tho pipd uall ie sbove the satux*a%:&on ﬁwpem%m
-ai' the vopousy no comdcngation will ko plaeco; tho vapour Wl
norely loose gors of Lo suporhost. . Tho hogt tronsfor mochanion
in tho oome as thot for cooling o mon—condcanscblo gany Bg. 2,1
nay b usoed Lor thisc typo of cooling immdo tho tubos,
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Cosgeds It may happon that the temperamre'of the tube wall
{8 alove the suturation teomperature of the pure vapour near the
vapour inlet andbelow the ssturation temperature at the outlet,
Under these conditions, the vapour will be cocled without confen-
sation in tho first part of the gpparatus and will condense in
the latter part. It should be mumxeﬂ_that coefficient of heat
transfer in the dosuperhsating region is ﬂééﬁ; smal.l compared with
that in the condensing region ond such pmblama should be divided

into two stagep- dosuperheating snd condensing,

2,7

Lmrim— mL

In sections 1.9 and 10, derivations for film-type
condensation of vapour on a horizontal tubs have been presented
on the Nusself's theory and also given the formla for a vertical
surface,

Ched6ock® indicated the formilae for filmmconfensation
eof vapour on o vortical tube with slight varlations based on
Bugselts theory, the resuliing expression for the averago
coafficient of heoat transfer ise:

!

+ _

3 2 ! 943 _0-

o 743 Kf ‘f}(ﬁ-fé) ? A 7 - W ovew 20%
A HiTg ~ T

ooy =

oxy altema%imly

Kf(f b é

sadp 2.29‘-




CooLiNG FLUID

VAPOUR

BCcTT0M CONDENSATE

/-_IG-Z-Z.F!LM CCNDENSATION OF VAPOUR INSIDE
A HORIZONTAL TUuBE
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If vgponr condengos on the insido of a borisontel tabog
tho condensato must colleet in the bottom of tho tubo and £lov
off in the axtal dizoetion. Tho ho$ condencalo £41ling tho lovop
orpos section of the tuba aeto to reduce almoot completely tho
hoat Grouofor through $his rurfacc. So, obly thot porticn of tho
tubo above tho candensalo, 1.0, from anglo O ﬁé;vas shovm in the
gigaro 2.2, for one half of tho tubn, vill b offocitive for tho
hoat Srencfor,

o Duosolt dordvation nay aloo ba cpplicd to sondcasatios)
on the outnido {or ingldo) of o hoviromtol tnbo, as digewsced in
Soctiion 1.9, Progcasfing in tho o010 vay oo in Soodion 1.0 and
integration over tho surfaco covercd by ths copficasing £2in (1.0
ovor the £1ln englo O to @ only) gives the pvoraso heat Lramsfor

coofficient ovor ﬁhia nma Y
3 2
£ o %36/ Ky ﬁ/f;—f”); A]
o M-D(7s~7s 555
= /B JL/(D Aé) 74

ov, altoraactlvsely

Lo 74é[f ] (ks 14 (1 fv)?] [

. B¢
(NQQ'/"
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Compordcon of oquations 2,28 onl 2,80 shous that

thoy oro idemiienl in forn oncept that tho tubo length H for tho
vortical purpfaco o Gubs is roplaccd by the tubo dignetor D in tho
eaco of the horleontal tulos oaleon the conotant 0.848 of ,2.29
is ropleccd in Dge 2,85 Dy tho quantdly B , vhich is dopamfont
only on tho valuo of the £1ln engle @ » The equnlionn 2,20 and
2,80 clepy Giffop in that constant {1.47) of Bg. 2,24 is roplnoesd
in Og. 2,23 by B, o fuaoiion of the £ilm englo @ . Uo noto, hovs
over, in the comparficon of theso eguntions that both malro use of
ho quentitios - and @ which wro nefde vp of physiesl propose
tiog of the fluldd, Ia Cocll, tho donoify of tho vopour Ty oy o
orpinatod ot the sawe teoperoturo oo Shoé of tho licuid £iln,
tho munll pefiocoont in the labomt heat of vopousisation

)\' 2 A+ 06 Cp AL may b neglocted by dpoppinn tho ssoend tosm,
toth with nogligiblo orror omeopt when 11goid cabeooling 1o vory
highs |

Comparing nou the mivantages of horigontsl tuby ovesr

vortical tubsy ve oboerve thal ot long as tho condenoing £1in on
o vortieal tule rencins in leninar Llovw, ¢ho hoot Svemodor
toofficlan® will continuolly dogwense along tho tuls lcagth dus o
tho grouth of the £iln thielmoss, O the othor tend, for tho
hopieontdl tubo, o o pavrticulor cagdo @ woaecurgd feon tho top
of the tubo (Fig. 249 ), the Pilo thickuoss 19 conntont vith
leagth, Tiuo, oo pointed ont by Ueffdenp, o oinglo Dosteontal tulo
boo a dlotinet cdventogo ovor o vortical tubo for condenicabfon on
tho ontoido surfoos vhengvor the tubs longObsto-8iamator ratio 4n
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DR, £ o tubko ki o rotio of leagtetoUicmotor of 0001,
thoorotieally, by for the horlrontsl pooition would Lo 2,44 Sinos
ot for the vorticad ponition, '

in proctieco, hovovor, thoro eve o nundoy of Loctors vhich
tond Qo pohaen {mﬁ eﬁ%mﬁaggeﬁﬁ’imﬁ, onpaeirental investipations
hevo gndfcabol Shat condonslng Boot Sranafor cooffieionta fos
voricad tuboo aro oloub 2557 highop thon thepo indseated b 00.2.23)
82emd, hosd ontol tubos are uood 4n Wows rathor tham oingly oo
thot condonoato fall,iﬁg fron on upper fou of tubos o o lover Fou
Sonds fSo inepoosco tho Chicknoos of ho 1igquid £11m ond, *’E:sio:*oby, '
pofuce the heat Urenofoy £ron tho lower Subso vhich 1o dincunocd
in detall &n tho numt chrplor, Thizd, 1f the tabdo i surficlcally
long o trepgition Co turbulont flov of the condensing £1lm oceurs
on the veriicel tubs vith o subsoguont incrosno in heot transfer
Palee The first of theso offocts 4o ooslly talon indo sccount by
mlSiplying . @,a’?s by tho faotor L2j the second ﬁiz: aaesunﬁcfﬂ
for Yy chenging the dimotor of Bq. 295 fzan (D At} szg (/vaey"*
thers 11 As the mmbss of borinntal tuloy Sars.

Hith those eaapos thy »obio of hoot Srousfor ceaffictent
£ condenontion on o horfcontad Cube Yo that ob a veridesl Wl

-

boesmoos
Lombp . O 728JL/(N.DAL) # - 0 ¢ p /%
Loy (o 943)(t- 2)\0,/04 A9/4 - + 4(1»/0)

- TR 202?
Gonpldoping nov the thisd fastor of Sronctition € o
wrbalont confanning £1lm, the Boyeeldo mintor of whifeh turbylcne
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Bogino 4o o vortical tubo, ansuning nagilciblo vopoup vokecdly,
i gonorolly pecoptsd ap 1800, Benoting tho rightehond nenbors
of Bg. 2,20 tf 2,58, cnd colving for o Ropnolds nunbor glvesy

(Nu)’/s = 1-56(8)a)lad) 7+ coe 2oED

Sobotituting Nee & 3000, cnd colving for o Aol
16‘—’3“% 30049 thoe eontisryoun lcanth uplo &89 point of mﬁmﬁﬁg
onc obioings

Ny ./ s
Hcr - 3, 700 L{A&]Lﬁ(ﬁ—f”)?’]  sas E@f‘:}

Rofeigoaaiion condencors are nomally docignad for o
ovorall tcperatume differonce botwacu §° T cad BIC7, oo thata €
oiveon pofsigorcat and tuby uoll 4o obout &0 to 2007, I ooy
soen thot tho {ubo leagths calewlatcd fxon tho abovo oquatfons,
for the pmpoo of 2 Co 17 fora s, aro longer than aoraclly
employed in pofrigoront condonooy design, mady thovefevo, tho
trensition to turbulont £lov of tho candonsing £iln 1o mot o B0
enpaetied,

Lot up droy o ecaporicon nou Dotucom vorlicol md
hord pontod sreongescnis t:hm.%%zn vopouy conficness insido tho
fubao, Ap Gfscusacd abovo, forilo horisontcld cemadempor this moml
that the catico loucr cPoso goetion of tho tubde Ducopos Filled
with tbo hot comdonoate cad, thoroby, toconun fmofiogtive a6 o
boat tveacfer sunfoec. X£ w0 acnleot conplotoly ooy hoat tﬁmﬁ’as
theounh io “hotten condcnoptcly theo fpen Oge 2,80 o cvepcso
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Doet Spamofor cooffieiant Daged on tho Soto) Wby aron Bacoons

2.
Loooy = —,?‘ Arg '?;' "(%‘Zt]'/‘* eoves 2uID
vhope @ 4s tho proviourdy definod "£ilnm ensle® noasured fron
gho top 62 tho tubd ¢o tho pofut vhoro tho condensing £4in opdp
ot the surfaco of thoe bolteecondcasato (Fig. 2.2.) Conmdining
craovions 2.23, ond 2,80 for (o ratio of hordsoninletn-vorts cod
tubs porfornancy (bringiag dn tho recomrenfed mléipiying Coelop
of 1.2 for tho vortical tuks) pivoss

/
_:__Z'_"_”_’i_ = PA ___/’L) /4-. oe 2,33
D LA B T2 3 &
oo ¥ AVAY - 4

3t may bo notod that for L/D of 100 md tho tubo hals
£8110d with comfonsato ( @ = €09) , tho horfo:ntal tude hao on
efivantage of 217

Considering the condenssto £illing the lovor ooans
paction of the horizontgl tube of Fig., 2.2 1s in lorinay flou,
Chrdtoa® derivod on omprossion for the hoat flow through this
"lotteh-confonoato® given by |

2k, At L cn’p 1
Qs [t lyge (G500

horo yq, i1g tho thiclmosp of the condemaing €ilnm ot thy £4In
onnla P 5 Tho hest flou through tho uppor portion of the Sube
curfaco covorcd by tho condcasing £iln vill bo piven by

] = *Krmcp [¢o» DL) Al on 2,30

vhoro :zn?gw evaluated fron Bg. (2,26), vhilo the Uniuo of

Daan £43in caglo (G ow) :Zn 2o by avoluaficd €oan
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4
L(At)éh‘ o-/
@, = a - ‘}-471——;7.7‘5‘
.ymﬁ-wapa’s.
Where /
s (x5 (H-Fu)
- /‘;; foc3 )\E, . see S0

Teo conploto colution for £inding tho poon DOot Sronpe
for coofficdoat of tho condonoete oo In computinn ho voino of
moca €410 mele @, £590 Bgo 2,80 cnd cubotitoting this valuo
in Bgs 2,30 cdlong vith othor voluos. T foctlitato Mo ealenlotionr
of this Lypoy; Cheddock tolmlatcd ﬁm values dopentiing on tho
phycical proporiios of fluldo cuch mﬂ o By J‘ 9 aﬁ'.e, cnﬁ
other fonctions ocuch ap % 4n his artiolod.

%@ :!:3*;-“’;1 2 I »l s f-
ﬁ;zﬁ 'fl 33 .;?ﬁ 15

i.i Lid 3 1

Canticasn; ot
Sv(intinra, '

Dussel® (1916)27, in bio mnalytical otudy of leninap
film condonsation, noglected tho effocts of both cnoray econvootion
anfi fluld cecelorations within the eﬁm*enaeaﬁe layor. Ovor the
yearp, there havo h@en»a nunber of itproveomonts in Duoselt’s
analyois po discussod cerlicr. A choraotoristic of Sho provious
analytical vork hao boon o focuscing of attonticn on the specific
detnils of tho condongstion problen, vwith g congaquant nozloct
of rolationcaips uith other hont tranofer-f1uid mochenics probleas,

In tho ennlycds of sporrov ond 0’.5’053339 £iin condcnootion
on vortieal curfoeos hao bean gppseachcd o8 o neabor of She fondly
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of toundoryelayer phemprome. The oborting “point for thoir oluly
40 the bounforydoyor oguotions, vhich includon £flvid frielion co
yoll oo spangy convtootion. Mons partlal ifforonticl omntionn
arce roducsd o ordinaey difforanticl oqustions by maoas 02 o
fdrilardly Yranofommation, Tho pFroviting omdinory Gifi’e c:m’:ial
cganticns oo colved mamirdeally by tochafiqeon vhdeh hove boen
aced provicusly in othor brustdorPelegor probloos. The solutiong
ttmao obtained Join tho ranlo of %Mo baundrryelayor enily,

'Basccﬁ on tho above thoory, tho mthoss have arrives ot
the follouing rolations for Inth hoot trancfer rosults f.0. vith
ond witbout aeecloration Soznot

e local heat tronsfor coeflficiont oo dosgired by tho
cuthoro and onpsvessed in torns of LDuoselt manbory nay bo veittca

&8 , -

- Cp (L For) % ~ /
Niwa| ~43% 9, T(7%.1) %3

The right cide of D4, 2,33 dopends :m 7 < OF dltornitivoly
Cp A &/,, p Slnce his i cqunl to 75 8 ?S I(Zg,/).xt ooy
bo onsily shown that the averazo hoat tronnfor coofficiopd N
is 4/3 of tho local voluo Brw 4 plot of this [ooeol)temanbop
rooult oo érowm by the ocuthorg 4o given 4n Fig.2.3 for voluos of
Cp &t] 4 botwoca 0 end 2, this rongo oztcads voll boyond
noot cupront proetical cpplicationg.
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0 Pocults of Rohsoror™® are aipranoed; vith areolload
pocuraey, by the follouing uimple Sorouin

)
N P (P~ far) 2° /1068 o A’*//i “
Ny 4,\) K C,b At//l S0 0 2:3?

Tho tovn ( 3 + .3 6p AL/4 ) on tho Ti(hS sido 1s a Fefincacnt

of hio cnolysis vhich boeomes rore inportont of high voluos of
18quid cabeooling oF wre procigsoly high valuoo of G AL/, ., A
plot of [q. 2,37 40 aleo glven in Pip, 2.3. Tho agrecaent boivoen
the resulto of Sparrou cnd GRopg end Rohpomovu io exmesllent for tho

renpgo conoddopcd abovo.

Sparrey anfl Grogp showed that 1% is veocennble o gxpoet
ineyensing offocts due o retontion of scccloration Sorns ot %ha
lover Prendtl nmumbors. Splutions voro obtained by tho sathors
mmerically for Prenfitd nunbors 1,30 end 300 for tho ronge of O

F Cp at &2,
yA et 2d

Solutlon of thoe oquations in Como of @0 variablon
of tho canlycis for tho locol Phopclt-meibor 4o

— i
A elfi-t) 23] 2 .
Noz 4 3K T4 0 Bg. 2,53

I Ro %;j 4o feund Lron the colubions of cquctionn of
s ' 3 P”/-“ . 2 P J ,
F ‘f NpR ( ) T I, 2,80

rad
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and 40 o fonetion of Prend$l mnbor and C, 04/ )

A plot of oquation 2,38 is prevented in Fig. 2,4,

Aloo ochova in the figaro 4o o enrvo Popreccating the sooulto
obtcincd Lron coluiions vith po aceclorotion tomnp, B

Noz = 300 pomults are eotn ©o colneido (vithin tho ceale of
tho figuro) vith thoso for no accolor.tion terns, The porulln
Zor Nek = 10 méNep® L can b3 plotted ao seporato carvos for
ot loonS pogt of tho pangoy it thaly lorpoot doviotion foon
tho curvo for mp neceloration Torns o quito smoll. (Tho largood
devsotion is about 87 for Nerx = R ot Cp Aé//l = 2)s

So for proocticol purposes, the offect of Prond(l
manbar on tho hoot Sromsfor cppoare to by noglipgidlo for the
ronga NVpr Z %, Tho hoat tranpfor vosults are thue opaputablo
£rom BQo 2,37, uhich uvas dopived on tho basis of no accolorat
ion %o, |

Sporsou and Orogg®S dosdved tho raletions for hont
trenofor cooffiqionto on horicontul sylindor o oloréing vith
dunfary-layor ogastions cppropriate o tho horisental oylindor
oand Yrensforning the portial difforentinl cquation Go o inoyy
diffovonticl oquations vhich are volid over o majer portion
of Yo urfoco of tho cylindor, ao 8%cenrcsed oorlion, Tao
trcacfornation hao boca covsdcd out ia cueh o way Shot {ho
rogulting onlinoey dAPorcnticd ograticns ooinoido vith ¢heso
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for cmdensation on o vertical plato, Dild glng tho mmerienl
colutions of the Grennformed oquaticas, hoat tromofor posulto
havo boon prosomted for tho Morirontal eylindor oves tho Prong{il,

mmbor Eonge £9om 0.003 ¢o 300, ;

KM AE
the enthosn® gop Prondtl mnbors powviing £re0t 0,009 fo 300, the
eatharo Fecomacndod Bgs 2,41 for mall valuos of Cp A4/, | gop th
hoat trancfer remults for £1uifs of eny Preadil fmbaw

Va
o 77 AD
NNU = 0 73'3 [ kﬁ ‘Tf__'zs).] dos o gﬁm

In the abovo oguatlon, oinco voluas of Cp 44/ ) arg
asouacd to b0 gmall vhich corrospond to thin £ilnp, tho offocts
of both canegy conveotion and fnortla forecs aro very small, 8o,
5gs 2.42 donerides $ho heat Srensfop pRocess in the 1dniting
situation vhese tho caoppy convaoiion pnd inordia ploy o noplips
£blo rolo, It Lo intorosting %o oboerve nt Luosoltls enalyat 527
Bg. 3,43, which donks with only thic Moiling situation, Yeads to
& rosult 2dentlenl to bg. 2.4, cnegpt that hig conctant 40 3 O

So0m,

Froo the plot of €, 4t/ mé /Vm/" 733[79 AD ] Bmm by

% find tho polationship Dotweon vortical plade hoiphbt
tad eyMndor diomtor soquired Go protuca oqual heat Crennfop
eooffickcals Lo plato md ceylindor, for tho nony teoporaturo
difgcronecn, md £lusd proporlon, nolngy Gag. 8,431 o4 .80, 4%
vill B2 Lound Chot

B® 370 D sosn S48

I
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as cméreﬂ to a value of H = 2,87D as quoted by HoAdans2S
baged on Nusseelt's SBingle theory, Using this squivalencs, corre
elations of the hoat transfer cosfficient for cylinders may alse
bde used for vertical platos and vice-versa.

hl /u'k(r T
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CHAPTER 3

EXPER IENTAL ANALYSIS F COUDENSATION OF
VAPOUR FOR SINGLE AND MULTITUBE COIDENSERS
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ABSTRACT,

n caolyidont oothed cieag with corrolation of
reﬁgwﬁmmw& data cre procontod forlominop condcagotion 4nofdo -
bowd contal rad inclincd tubog, Ullcon'®o gropbical rothed of
dotordning tho moas coofficiont of hieat tranofor 2o indicatod.
A 62ocussion of tho offect of aremageicat of tubss in rultdtubs
condcanorn, and tho dotemingifon of hont $ramofoe coofficlents
for sach typos ave nefo. Finolly, tho othor typo of condcasation,
94z, dvopfoo eondcacation, 1o eoncldorcl,

Deno of tho invostignbicns ﬂ&gfm‘ssad in tho provious
choptor coveys tho ammmuma the mnéeaﬁﬁ% laoyer on the
b&%m of the tubo is doop onough to influense The heat Srensfer
geriously, £18 whoro the vepous shesr &5 rolatively iovw for
nost of & long condcasor tubo. For osdinary flulcs with Prenddl
mmbers of tho ovder of ono or groztor, tho firet approximalien
or Hussolt’s eeelyois, yioldo sceurato rosulto, For Liuids vith
3@ Prandtl mbamg such as 1iquid motsls, the heot Srancfor
eocfileiento oro concidornbly bolov theso predicetod by $ho sirpe
14€3ad colution,

Gante® gavootigatcd, toth enolytienlly end amporimendel
olly, fivid ncéhenico ppf hoot Sronofor phonononn oceawing durdp”
loninge eondcanption ingdde oinglo paso boptoontal oad inelin@dd




tnbop. Ho ebtained o colufion to tho prolilca of condcnsation
ot cn inalincd oupfaco by uriting the romentum and cuergy Oquations
for tho confensato flow, By using the conecopt of sindleriiy, theoo
cquatiens vore then refuccd to a singlo omdinsry di fferonid o
oguotion with Wt ono dapcadent end ohe indopenfent vardgble. Ho
dovhved the foprmlao for toth horizontol ond Snclingdd tubas, for
" osa host teoasfor coofficitm$, volunebric liquid condensato £ioy
4n tho £roc poridon of the tubs and condononto £low co tho botien
of tho tubd.

fn confinetod Lvo ooporfnantp vith fefrigoront 118 %o
corpclato tho Gota and Go oicplify $ha tho anslyticsl valuos oo
tho solution of thoen oguebions 48 tcilous, The £irot vos o fludd
pachasd el snology oppoestus using water. This sob-up was used
primarily for investigation of the bohavious of the liquid dischavo
¢o ot the outiet cud. Plov Sepths were dotornincd by meamring tho
the fraction of tho {uhe circemforonce uhich was covered vwith
1t auid, Volumstsie discharga ralton vors noamred vith o tasetto
and n stop valich, |

Suo gocomd omposinentad nod wp vop o notapcl cireulation
mg; for condonoation cpoviconds. Tho emdonsor Gost soetion
consiotod 0of 28 25 in. lougy 0.572 in. woan I.D., otondand
ginnod eoppes tubing. Vopour vas goneraicd in o drass boilor ool
atop o 2300-ua%t flot-plato heataer, BRootriccd lunut woo
populoted by tvo variacs il nsoourcd W oo vttt oRCPy 13, Showend
esvples vore mofo of Sd-grage copporecnnsisaten deog, cofd hed 2.6@39
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reforonco jumctions. Tholr potentiol vas noasurod by o oorde
precicion potentiomdtor Lhrough a tonepoini soleetor o tch,
MF volociSios cround the Sost ssoklon wero controlled by two
frany end wovro mdacurcd vith on cle wetor. 4L0or cquilibrium
vas roociod in o took run, oboorvatimsd vwors ncldo of the prossupe
ony Uooporoturos, £icy condificns ingido the abs gpfd hoator
inputo.

Foy noarly hoyizontal ?n}ws, wth o nl_.opa of not ©oPo
than 0,002, tho pean condensale omglegy; O = 2. (a-¢@) pealeulos
tod by tho sumerfcol intosrotion proccturo end obscrved during
the rungy wore ulthin 8 Gogrtos ¢f o mach vopour maglo P =320
dogroes, The heat treusfor coefficionts eslenlatod by both the
intoprotion procofure ond by apsusing o m@ﬁl anglo of 20° phovod
good corrolation vith anporioontal datns

For tho inelincd positions a ooried doerours in conds
susato dopth and o covsocponding incveane in hoat Ssonsfoy
rodes ves oboorveld md egleulatod upto o diope of phoud 0.0,
Puethor inereaso in glopo docroosod tho dopth wothor aleuiy.
Sinee for laorge inclinations the uall hoot Cpensfor begins Go
Gotorioratoy on opimman olope con bo found for o given got of
conditlions vhich bswﬂ.ﬁba fho mondoun hoal Srangfor pato,
Deponding on tho mﬁ@ﬁm conmldercd, this gptimun incUnation
reaged £ron 10 o 89 danpons, |

Chola petoEndcd tho folloing relatious woing o com




vapsuy onglo-of 77 o 320 dog goinco tho heat tronslor
rogults are Folubivoly inconsitive to the veriation of tho
voapour Mmgloe

Tho noan hoat izmb.afa;z coofficiont, baood on tho
ontiro internal groa is8

%
B - 0-68Gpy AL\ 3
-/fam B 0'468”L? );L()? fa")/\ (H ){ )K;‘] sops 33

HMpe ok
- { 0.002< T < 0.6)

Tho valuo of @ 46 %o In found oul by triel ond orpor
nothsd foy tho voquired miopd (2~) end thio £8 to bo subotitutcod)
4n the oguation given DLolou |

| rith the vepowr engle thus found, tho wozn heat trown-
pfor coofficient, based on the ontlre intornel avea tecossog

| £, = 0-3004[?ff(ff ~fo) A (/-,« 0-€8 Caj\AL) k*j /4
[Ete ot

4
{"" /. . - :
o/&'m 3¢d¢f co/s/"[sm ‘g eene 2

vhore A = Corpootion foctor for low Prondil pumbars,
7 © glope of Tuboe
lz = Ionop gedius of ¢$ubds o£%
ata(Ty-75 )

Baferc vo pmcw on o tho othor :mmeﬂa of
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21nfiing ouS tho lesol coofficionto of convestive hoat-trennfor

2% 40 very Gsofel to introdaco the tom loctol overall evofficiont
of hoat tranofors D the nojerdty of hogt-twonsfor encos not i
isotsial practlico, heat ic baing Seansgorred £xon ono £luid
through o £olid vall fo cnother £lwdd,

In on gpparatuc ouch as 80 ghovn dlogronzatically 4n
Pige. Jpd; cold fluid £loup through tho Jockot; omd o hot £luld
flouo through Gho tubs, AR noes flov Fatos aro cmstant, ané tho
monly etato has Dica nttainc(y hoaco tho Semperature ot cach miﬁ'
ot in tho cppowates 80 indopondoat of 400, Coatldor eny erens
geetion locatcd at s distengy 2 from Sho aatsy of tho cold finid
Zf Che cold ofreen voro dearn off of thio toction anfd miwed, 4G
would hove o Sanporature e, Gollef thy bull Coporaturoy ¢h 4o
tho corretponding tulk tcoporaturs of tho kottor £1mid ot Z,
- Por such conditionn levion suggested that the vato 76'3 ¢ of hoat
trenofor per vnlt surfncd avos was diyectly propaptical to the
ovoroll differonco Dotvoon tho Semporstures of tho warcor ond
coldor LLulds, T « G OF A&,y and %o tho hout trracfor carfaso

ans
d9 = U (da) (ats) asse 3o

ond $ho proportfenn2ily factor U 48 colled tho loenl ovesoll,
confiictont of hoot transfor oF norely the locol ovornll eonffe
foiond,

In computing U ; ono nay uco $ho oroa of hosting cure
gaso A Ay, o 0 oxoc of tho cooling susfnco o A , or tho
Rogoritinlesmoan surfaco oA,y Sineo i & givea cano A F/A¢to
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g0 4G, ono eon oblcin throe valuos of loeal ovordll Gooffe
$cicnto DU ¢ Oye Vg vhieh ovo rolnted by noaRs of ares gotiog
Ve dde =04 dAw vUcdde, It 40 tomatortdl uvigeh Goot
treaofor curfodo Lo chioden o long ac & 4o cpoedfiod. To avold
ricapdopoiondingo, the aron hode of o overall cpofficiond
slould Shawcofose duays b a%ni;cﬂ;

Ap vill Bo chowm lobow, $ho nmeriedd volue of VU 4n

o givoa ot of unida uoy vory ooy $oid, deponding on tho antuzo

of the £ivid, thdlr volocition, md¢ othor £ootors. Be.d.8 4o tho

baoie rolotion for hoot Sronsfor botvoon flulds coparated by o -

rodaining vall, Thio roguiroo eoncidoration of tho noturo of tho

thoraol pocistoncos not as tho heat Llovs feon tho vamor £Iugé-
b by rotaining vall o tw evidor £l

The hont trensfor £xon (ho hot fluld fo a short longth
of saomlar cpeco obf cocton 2 vould bo piveon in {ermo of locol
hoot trcasfor coolficlcat £, ood o losal Semporoturo d4fforcaco
AtygTor t:is loccl Kapercturo digfopcaes 40 e comvoniond
$o moo the £luid Tulk Sorpercturo ninuwe ho innor woll torporas
tupoy tme A 7= Leodde(be-Lus) » Siltariy on the codd
pido of ¢h loeation Z 9613 AAle dA{ Evoc "‘fc) vhore ¢ we
dcnoos tho toaporature of tho outor surfoco of tho innor fubd,
Sinilerly tho hoot Spomofor raty throush the voll,




A= Kesdhos (S22 Loftmno By 20 B0 thorek conduettvaty
of tho voll , Ay tho wom areny, tad { B, - 5y ¥ tho vold
thidmoss, Spiving for tho Lodividuol tcopopatusa 41fforcacon

end c86484cn of thoos Gigforaness will yiold
/ te ___./__.__.-
Abo: by-te=dZ 4 Lozl t Z.dAe

LydAe Ko dhos sos Gol}
Conporicsa of e 04 with &3 giveo
/ ad_ L (l-t)dh | Ak |
.—-U" -£‘a(4.4 s d4” ’&c dAe ono ol
Ly (e | Al %8
vhioh ney bo vedtten in the intopral forn oo
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4 forther igoussion on this 1o rusorwved for tho

In mrfeco wuﬁémamg o vapour 4o baing eméoneod
on the outop tusfaes of o tubd, whilo o Mquid, nsudlly cooling
vator, £lows in twrinlent notden insido o tubo. Athough
4o cona éﬁﬂas Mo Somporatures bave Wen meacurcd,ospocially
in tootinp sinpgle-fubo onmperimcntel epporatus, in the nojortilty of
ensee tuba Scoporoturos have not boon mooraveds henco ovorall
coofficionts of hest Cyonofor; U 4 ave avollable, X atlonpling
to carvolato thoge ovorall cesfficicts, nany emginesrs have
£allo6 to tsho efivimtage of the Lact that tho ovorall rosistancy
%o hoat floy { B S¢=) 40 mnorieddly ogal to S oam of
tho individunl oorios resiotancss, nanely, vho ma&etmm iz
tho vapour alde T, that of tho wall 8t0el? By, aad that
on thy wator oldo By. If thore are 4ixt doposito an eithoy
oide of tho wall, thoy nay sleo bo eddcd, In 1935, Uilcon™s
ooployedl a valunblo grophlcal malysio of tho overall coefflcs
m& m’ hogt Sranofor, Tho Zollowig Srestment progento tho
mﬁhaﬂ ont 4llupteaton tho opplication o coveral aeto of dotos

Congddor o pories of sums ucfo in confonsing £abote
eiclly cdn-£280 vopour ab o given texporeture, omploying
diggoront votor valod tlen, Pron the conewpt of sesioteraces
it 45 cloor that tho totol rosistonco 40 oqucl %o tho pun of




tho individuc) wesictoce Wy = By < By, < By, » Agcording o

the theapetleak Oguation of Duacelt, tho wosiotangs on the vapour
fido Gopantis :séan tho tooporsture difforaneo and the topornturc
of tho conflonbnto £1lng and honee Ry dwold vary concthat ag
wator volocdSy is caangcld, Aloo, shongos In fu-uldl Somporatura,
brought about by changoo 46y volor volociey, vould ecnno rdner
verdotiono in Sho thormol conduetivity of tho ‘ubs wnll, Heusvowm,
oneopt vhoro vory hiph mﬁ.m woloedtfos aro uscld, tho wotor oldo
rofd otenee ip uennlly tho pajor rocigtonee f£ron condencing vapouws
to ldquid,; onf, undor thoso conditions; surlious error would net o
introdneod Y ascuming thot $he o of the £irol fus individucl
redistoaces, (Ry ¢ Byly Lo cpproninataly conptant, 4o is veil
o, the vatoreside veslotance 4o e davorse fumotion of the
vatay velocitly, v! $ throagh Shoe tubss, andy, noglooting the
offects of chenges in water tomporatury, duo to changes &n vator
velocdity, the vator odéo resiptonco, Bpg could By takon o6 o
function of tho vater velooity alone, A Uilson points out, o
plot of ..é V $— 90' D ghould give o atrafght Iino vhen plotted

R0 oxdinary Fodtragular cr-08inaten, For furtulont flov of o
o8

vater in o given mpporatun 4 §D(V9 oy b Sekom as G, ( VD

onfl oned

/
/. - — 7 7] ~ )
7 = ‘et R > 2R souue 80

vhope Gy 40 cn omporferd conotont end nay Bo eonnfdorcd an Sho
opparcat individusl coofficiont of hoot troncfor Lron tuds to
vator; tnocd en tho ianddo mefocs for wator velocily of 3 £4/50¢,
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pros $ho otove geRoph, Sh iadopcopt on o vortSlcsk amio vill bo
ogual to tho son of the wecdetmeos of va;mxéxf cnd voll, cod tho
pooiprocol clope of tho ntraight 1ino wAll givo tho volue of O3
Toowlng tho portotenoo of tho vall which c¢an bo onsily culeulated
'£pos tho Gota of tho tubko, tho reoictence of tho vopour vill bo
ogial to $he valus of the intercept ninus tha rosisteneo of o
unll, Shus, by tho aié of thip &s*;;gmcal nothedy, the obgosvcd VO
a1} hoot Secngfor cnefficient has boon subdivided 3nto the throo
eomponont resistoncos Byy By ond Bpe

Buon 1f ono doos not vish fo ovaluate tho individual
ornol resistansen as ontlincd akove, the gropbiesl nothod gives
a otrolght Mno, thoroby facilftating intowpolation and ontrce
polation. Hhon tho wetor volocity 1o oo lowy ho asunpiien of am
8,8 azponont will B dncerryoct; henco thip rolatien vill breok
doun et low vator valoedtion,

In condenoing o va;;sakx‘ thoso condonsate has o lov themnaoll
conductivity, thoory chous that the theraal sosistunso om the
vapour sido should be larger than for condonsing vepour, ond hanec
sone of the assumptions unfdoerlying #hdo grophical mothod wvill
oppoor someovhat questionsble.

In nodifying the Yiloon method, Chu mnd othors cijuat 4o
overall Semporature potentinl i:a give $ho seao ovoraso hoat £lexm
U 4%, of pll vator volooitios, $hns cacsring ‘eonoteat valne of
bn on %hoe vopowr side, Ag tho valug of by ob ¢ho wvetor Ado 4o
proportlonal fo ( % ¢ 0,011ty ( v*)08, c%-:ﬂ vse % / (ﬁée.oxm)(v'ﬁj




Lo plottcd,

If pofincaonto in tho nothof be deosizeldy 1% 4o poscidlo
to introdueo Soetorn for uator vicooolly and tubo diavoter ints Sho
obsedoos.

b brief aeoount of $ho cordonsation of Vopour on horle
rontal £inned Gubon vill nov b given,

Doncl@ of 0f*7 conduetcd cmporinento on iz cinglo,
fionod copper tulao 8 ono ploln coppor fuby, oogh 8 foot dong to
dotornine omposinontally boot frengfor aocgfiodents vidch would
norve of tho bosls for prcdicting tho oloo of condensers for
_ meam vapours, Supsrhoatad Froom vopours from a Selon cmpacity
conpPosco¥ or ssiurpied vepours from o still wore condoncod on
tho outsido of the tuboo by pasving utow el o sorien of voloeitiod
B0,0,8 and 20 £4, por pos, Shrough tho 2&9&599

Mo enporincatol undt consloted of o condemoor, ofill
md a soapsioger, ihon Shoe lotter vao wocd, the refelgesetion
clreult was complotcd by having cn ozpensicn valvd ond en ovopoPe
ator. Tho condonpor concfsted of two concontrlc tubop, tho imnow
ono boing o £iunod tWbo of plein tubo, as tho ¢ato nay B0 ; en
thich tho Fecon vopours poosing theough tho ammular cpago vore
condcaocl. Coolinpg voter vao sdramlatod in tho innor tubo, Tho
08411 clco concdoted of $uo conecateris tubog, just liko the
condenoors In $M40y Pocen lquid vao osoln eircalabed in o '




mlw gpoce cnd ptoca voo ciraudntod dn tho dnnor; {inned

tulyy o ovaporate tho Proon Iquids Thooo vopours word eisculoted
in tho eonfonvor ond thy condcnsofio Scuparaturod oxd volgh$ roto
end 6lgo veter Pate moacsremento wore nofdo for oash typo of fubo
to Mo Sootod. Tho ddfforcnso botuoon ovoraso tcoporaturos of Froon
md vatoy wovro matatained constant ot differont wotor velocities
co oo to flfil tho conditions of tiloca plot

Tho overall hest Swennfor eoofficiont voo caloulatod
from the oguation
| - U A, ot san B0
vhopy A ¢ 8 peercas tenporaturo difLorenen batuean the saturation
genporaturo of Froon in copdonoor d votew,

From tho Uilgen plod; av explaingd in the previous ooot.
fon, the hoat trenofor ecofficionto of $ho condenoste end that of
vatoyr vers cplenlated Sron the ouporimyntal data, Tho conbined
hoot tronsfor coofiiciont of tho condcasate vas alse ¢nleulatced
analyticolly uslng the By, 5,89 Sor Yorifeod curfacos ond BgeRal
for thy ortontal oylindor portion Saking theuo valuss proporilon
ol So tholr avonn, ploin teby turhee boing conciGorcd oo hosd zontol
porlion maé fin marfeco ap vertlcol portdlon. Tho welor-£4iim
coofficiont van coleviated onalyticolly by using Be 2,1 Tho
ospordocatol valuor voro compoarcd with that caleulotcf by anm‘%mri
nothods, ¢ wao found thnl aporirsate} valuop of vatorefiin
ooafTiofonts anvocd ncnorelly W 380 those obtotncd U7 $ho Dgo2 14
2t tho ozporirantal valwin of hoat Syonofor coofficdont of tho




condcansto voro fooo then thopo enlonlatod enalytonliy. Tho
Govirsdon of thopo vosulto vordod. botuvoon L2 to 96,3%

Tho apporimontel velueo vory Svon B08 (o 2&6 for plodn
tubag ond 218 to <26 for finncd tubos basoed on tho oufor avea of
tho tudoo, vhich varies frvonm 0,608 %o 4,828 oft, for fimncd Cuden
enfd 0,C070 for ploln fudy, foz m cvorsgo tomporature 9491 arcneo
of ¢0°F, | |

Taoos vordations of values aro found to be vidiln Poaced.
ablo imito.

Is tho diocussion nado no £ar; verious motheds btoth
thoopobiond ond arperimentel, doterudning hoot Yrensfer coofficela
of tho condcnoation Of vapour hievo bamn conmddorod for o stnpglo
hotirontal oF vortleal Subo vith both incldo md cutride condepe
pation, Ext oormercinl hofloental condencorg are normally connte
Fuoted with a btundlo of al.ai:n or £imacd tulss in thioh tho cendono

sation $ron onc tubo dvdpo into cuothor tubo. This pipping omécns
poto Ksom the tulwe dogronoes the hoot tvonofor eofficicat for
the lowor tubso in o mltitube condonoors 8o, a brief discussion
of tho offoot of Cho appongoment dn mltitube condencors on tho
hoot trenofop coofficlont vill mou B3 nodo,

For I Dyilomtel tuboo arrenged in o vortieond plomo
go that tho eondcasato £ron one tubs £lovo dirosiily on o tho top

——

of tho Subs Gipoclly bolow vwithout cplaching, Ry &n Bg, 1,49




Sheoroticnidy Gopordo on tho invorco fourth of voof of m, Thio
offoet of I! 15 mtonatically aliewcd for w BYe 1,53,, -x;m@:a
contoing r" o baocd on tho totck conflenscato from the lowash tulo
in tho tior, Considor moasurcd cooffictantn hyp By seeeoly]
for cach of 11 sous of hordrontal pipes 4n o vortleal (ler ob
for cuceoscive gootions of o vortieal sarfaco. Tho coofficicmio
gop tho Sop tuls or sovtion may conpared with Bg, 1.42 ov
1.29 for the coofficionto en o murface hoving no condensato fod
%o $ho highont point. Sinco the sectnd vov oF goction rocelvos
condansoto £rem tho £irot, tho cpoffisieats for theca soetions
ghonld not o compascd vith Bq. %48 or 1,39, Hovevor, the momn
eoofficiont Lor I tm;r higheot soctinng may corrselly bo compud-
of vith Bq, 1.5%, involving [7' leaving thy cacend soction, If tho
Suo poetions are oquel in rizo

4. o (Gt %) [=A

| (ot + Ata)/2

Bon0s L., JI§kip g ohowd 1 plotted vs 4 /3 L/ ena

compared with B¢ 1.8%, vhapo /] (?/—f 7. )/ Al for tvs horisontad
tubos 4n & vorilool tor end /;' = (3,., ;71)/,\,10 for the tuo

highoot soctions of o vartieal fulss A similaer procedurc ppplies
for ooy munber of cecticons, oo lang s Cho Reypold€o panbor ¢s
1ass then 2100 for tho condonsoto leaving tha botics coction.

ihe loval eoofficiont Iy Lor eny wou I 40 theorobe
deodly rolotcd fo thot for Cho top rovw b7 the oguabtion

AN o 75 o078 ‘
‘&l = — é\/._/ goe 3@3@




Sims hofty 40 0,@3; Dy 46 0,60, axd &y * by © Bl Sy
45 0,7C2 oo 48 cleo pucfifetcd Wy /by © 20,86 & 9,702 A6 s
1gtop, tho cosfiicionto for the leuor tubso pun hicher (hop pros
dietod, oving to tin affoet of tarnices canscd by drdpping ead
splaching o ho eeadenante falls intoend téently £2on ono $ubs
4o, tho mnd. -

[uperas favontigatorn hovo confuetcd arnorinonto OB 8
sante of Doth plain ewd fisncd Bordsontcl twhap to couparo B
emoricanGal zocalto Wih that of thiorotlcal values taocd on
Dascoltts theory. Some of tho invostigations ore zaporicl howdy
in detall Pageréing tho amperinenisl oot vp, proccfurc tad tho
espprolation of $ho dato vith Huonclé's ooy

Young tnd z-&:mﬂummw sonfuatod azporincnts on o hoRle
zontal condonger, consisiing of & coppar tubes, Sfa 88, 0.0, 412
in, long, vith omop in o veriical plaac. Tho oholl woo cerpose@

of o pioce of 30 fo. pipo vith valded horfio. The surfoee TOPED-
stupos of tho tube oud thok of Con md <20l
by eopporocsnsianton thoruoesuplos. CRcan-I2 vap uoed an tha
vorldog £1uld, She condcanoy preScuT0 vAs conboollod by posurlote
ing tho ntors flov %o the croporeter, Surfreo Czporaiurg of o
todo vno controlledl by varying toth tho ind8icd Sompervature ond
volosity of the cooling votor. A suffictond Scoporatuxe oo of
tho cooling voter vac inouRcH.

ine wotor voro noammpel

Aftor tho boak of £ive tubuo hed Baon tootcd, the
conodotcney of tho data was invoostigatcd by Dlenling off the Lop




tunoo, ono at & Ued, oud operating (his miallor maobor of tubss
ovor tho #cage of teod conditionc, Taio process uns corxicd om
il boako of £avo,four,throa, cad Cuo 3&3?33;3 hed Soenm tontods
fa this nonner, oach tuld wao tostcd in o mamber of polotive )
‘positions in tho tubs boalk,

Tue mthors ngle obtworvations of tho tula through the
e2at glose vhich shouod Shot, undor all conditicas ood peto of
m&mae&ng o vory gulot, otrecuifne filo forczd on o Bt
tuba 4o S Donlz, 4G thoe Botlon of tho tulo, tho Liqnid formed
drope vhich £oil %o tho socond fudd. Thepo (84 no% clvays £nil S0
thy oono pointy ot tioos tho point of oxfgin of gnch roved bach
end fopth plonn £ho tuboo. A% high rakes of ccnﬂmmmm,, %’écaa
drops bovans snall stesents

a0 £4200 en o1l Subap Bolow the first in the baalt wowo
8ofinitoly Giotarbsd at all ratos of eomdeasntion, A g:aia%& #&r
lino filn forrsd on il the tubos, & drop falling fron above
sirack a fuby ond fell dowm ovor the top of tho axfebing cmooth
£2in. Toip fomed o pivaleS cpprominotoly WO in. vdo thich
inerenoed the £1ilnm icimecs ssound $aas poot of the Suls, As Cho
pato of condcacation inoroncsd, the antor of civlots Doesmy
groator un®l nil Dat tho Lirot tubo exhitlited o Powidiy roving,
¥ipplcd filo, For oll Mt the lewoot raton of condcnontion, by
Iiguid 2ell of tho botien of vach of thoe lover tubos in otocdy
otracnt, Undor no condiilons voo ony MAqild coca So boock auey
£ron tho £1la end drop off tho fubo Weforo rocshing ¢ho Dottes,




)

Tho enporinental dota wno ussd o invastigonte tho
filcecocfficiont of hoat tronsfor for condenoing. Froon-12,
in order to conparo Freone-12 vith othor fluids, oll Gont
rasults voro given in torns of host-transfor coofficient, h,

3 2
and %’fé‘ . Tdo clso sinplificd the anolysis ond porndttod

all datn to bo plotied ggeinst only tuvo voriobles, sinco tho tern
*

A k3f /‘fDAt toleo into acesunt the slipght changos in physical

propertios of tho fluid in this Soaporature ronge,. |

It voo found froo tho egperimental rooulis, that
tho £ilo eoofficiont vas gonllor for the top tubs md g-oator
for $he lover tubrs campared to the volues baged on Iaoositts
thoory. |

Fron tio plote nede with filn confiiciemd :z:aé/\d"lks/ﬂo&
| the folloving sat of oguations for the filn coofiiciont, h, on
the gas olde of o horfzntal multi-tubulsy condonser wers given
by VYoung ond Holhlentorgs?,

The oxporirontol valuos voro aloo copored vith thoe
thooroticnl valnos predietod by Duoselt sl Heldoin. The omile
ions for tho cooflicicnt of boat tranguos voro Ompropced oo

h=C ,;\uf: K: g hore ¢ Lip o conotunt v ich varios fop
A

cach Subs pleecd in o voptlieol $lor. Tho valuoo of ¢, os dotore
nincd f£ren the ozporirontal poenito of Youms ot a1®0 e oo
profdeticd by Inopolt end UoMdens, ave po follevos




mq@gﬁg ile,
eabla I ¢ = 0,688 0. 726 0. 728
Zoblo 2 © ©° 0,576 0,493 0,63
Table 3 ¢ = 0,551 0,438 0. 551
Fatlo & O = 0,408 0,01 0.513
Toble § ¢ =464 0,376 0,488
Lota o% alza nedo oxperinonts on g confonsor vhich

hed 40 fimncl $ubos, ouch threo fect longg with 10 passos for tho
vater, %o obtain o.¢saparison botvean tho porfornmnco of single

| fimned tubos ond tubag in o miltitubo condonser,This eoumcredol

. condemser vas tooted by ingtalling 4% howip ntally on g 25-ton air
 conditioning unit using Freon-12, Tha aireconditfoning unit vas
vperatod with o hoat lond of 180,000 - 220,000 Bil/be furnished

by the tmilding bolng cooled, Tho water rato for the condensor
van vavied from 2 to 18 £%. por oee, uwith g variation in Freon
gs,?éamm in tho condenser aecompenyiug o chango in the water rato.
For eslovintion parposes, the tomporuturc on the Freon gife vas
uged as thoe soturstion Tcuporaturo corvesponding to tho operating
pregeure in tho condomoor. Tho ovepuld ‘cooffieients voro bosed

on the outoddo awae of tho flmmed fubes, which hod 10 fine por inch
a £in haight of 0,003 inch ond the root dicmoter ronged fronm 3780
to 1%,

e difforont proceduros, oo outlined bolov, woro ussd
by the outhors €0 cdErolote tho datng
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Tho £irot procofure was to eorrolote the data uith
tho theory of Muoselt for plain tubes. The awr@a £iin cooff-
jeiont for condenging vapour on I .ﬁu!’:ss in a v&rﬁicax POU VAL
token as o function of the confensing caeffidu&t for a pinglo
tubo Wy

By ogabe jﬁn&ﬁ’gwﬂ

: svse Sa Xl
%28 8

vhare ¥ = gvorano munber of tubog An o vortical wou,

If tho nmanbor of tubos on onc vertical rovu arc diffe
erent fron anothor row, ths Bg. 3.12 bancd on Bge 142 nay B
noed to £ind out the averape nunber of Tubsus per rows

N R ' +No+ N3+ Nat --- ek
UL - te BER» 31&22

S N NG
MNP NP NS NS e

Subseripts 1,2,3, otfe., rofer %0 individual rous, and B 4s
the nusbor of tubeo in ouch ow.

To obtain o f£ilo coofficlent for condenoing Froom,
the ovarull coofficicnt wvgo goperstced into a vnltor £iln cooffe
iciont znd tho ceadonsing filn coofficlent by Bg. 2,15

A S & —
4 T v 4!’64& ,ew anvs 13

vhore R, 1s tho rosiotones of tho cotel vhich noy bo negloetcd.

Ths vator-Liln amﬁ*iéiamn wore ecapated bty Ctho
Bg.Z2.1 multipiiod by o rolifying factor 1,15 on tho pight hond




gida,

Tho condonging £iln coofficient conputcd by Bg. 3,13
gg tho average condonsing coofficient for rovs having Have.
tubes por v (3.2 tubos in thoir @eﬁmnﬁ} voptically ono
above nathor, Tho condensing £1lo eoofficicato for singlo finne
od tutoo of the fypo usod in thaco ¢ondensers wore takon fron
thoir preovious papar.-:a

Fron tho avatlablo dote, tho avorago velue of the
exponent U in Bq. 3,11 vas calculated to Do 0,223 as conpared
to 0,225 usod for plain tubdy, Singe iiﬁnﬂﬁ tubas represent
o conbination of horignial ond vortieal sarfuces 4t appears
difficult to prodict the emnct pover that should be used for
the average nunbsr of tubss in a éw as indicated in Bg, 314
The @ats showed considoradle sprect in tho exponent f'oF geversl
mag 25 conpared with ovorage voluos

- & pecond procetuso omployed by then for enerolating
the 8ata vas to plot tho rociprocal of tho ovorall coofficlent
as a fonction of the »eciprocal of ﬁhé 0.8 pover of tho wvator
voloelty , vis Ulloon plot, Por this couparifon, colculated linop
nwore deaum for difforont valuos of A% ond tho cctual pointo
olso vere plottod on tho supe figuro., The caleuloted limos
varo Gotornined by valnes of tho ovorall cooffieicat enleulated
ab infinito and o preoetical vater voloeity. o values ot
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infinite vator volocitly woro obtuined by mlliplying tho

value for o singlo tubs under souo conditions by tho factor
0.728 inotecd of 0,725 in Bg. l.41. The overall coofficient

at practical vetor veloelty wes calculated by combining tho
yotop £iln and condensing £1in coefficionts, Tho valer £iln
coufficiont vas caleulated by uoing tho Be 21 a5 modificd
obove, Tho eemdonging £ilo coofficiont was calculated by Dussol
=$to ogmation, and tho valuc vee g0 adjusted By o trisl mnd
orror procons undil tho fimmeraturc drop nerons $ho condensing
£i1cy used in the oquation was proportional o the risistoncs
of tho condensing £1ln vhen comporcd o the ovorall tenporaturo
drop and overall posistanco,

It vas gaen that tho dets vere penorally consictont
vith theso curvos, uith good agreouent et tho uabor rates
corrosponding to comwercial practico, '

4 tairg procefuro oxployed vos Lo chocking tho
relationship Dotucen caleulatod caperincnial coafficiantso,
fo prcdiet the ovorall coofficient for the petual corditions
of occh pun by using tho veter2iln eooffictont end coensensing
£11n coofficient for singlo tubos nodificd by the Lootor
corpegpending to tha 0:.25 povor for . By such compard son,
tho axperinental overall coofficlents vore about 10 porcent
bichor on the aversgo,thon tho caleuwlated coofiicionts,




Dosipn chorts were alco constructed o Cactidtato
tho predicti-n of tho cusfoc? retuiromontc vacn condensing Fel12
on intogeal spizal fiancd tubop having 18 fins per inch on@ tho
nothod of nsing theoo charts for designing o muliletuto condensor
for '«12 vos nlgo indicatod. |

Buln ot &29 uclo oxporicoute on a *emﬂmr‘ having
olx hoplzontel finned tulds in a vortical rov. Tho tubes had 18
potunl fing por inch, tut are Listed ap nominol 10 fino por inchy
o6 ncdo up of copper with /LT root éia::;etem The e-ndengor
caoll vco constracted fm o Meinch pipe, 3 foot long with tubo
shaotn € 1 Yo tnch Ghick volded on coch 2. The omporimnat:
wop condueted in tho oome way as explaincd bofore aad using
Fecon=32; n-butona acotono, and uator ag teat fluids o give @
wido reaso of gﬁti&ﬁ of surfree Sension to Gcaoity,

In trenslating datn for condonsing refrigeronts on
finned tubao into expacicd perfornpnco for patrolcum or organis
chomicals, diffarencos in physical proporides should bo congidors
ofl . Btatic tosip fo dotomins the ligquid rotention en f£imnod
tubas indleatch thot liquids of bizh carfaco tension and 1ov
donsity Shoved to the Lottom of tho fimacd {ubos cnd {nersased
thoe £1in thicknoss, Ay rotcatfon of liquid upndoy dynede confe
i¢iono vould de ooot dignificent for tho louvoy tudos in o voRrte
Lcal rowe

e ovorndl hoot Sronofor coofficionts vore coloulated
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for ocgh taln £20n tho dota tolen oof o nodified Uilson plot wao
neflo, tho slopo of vhich dopemés upon tho physienl proporties

of tho cooling wotor znd tho condengor tublng. (e codiffcotion
consiotcl of o gorroction foctor So inclufe tho offect of tompore
aturo on tho phyoiccl proportios md cooling valor, By $ho uso of
tho corroetion factor (100,011 T3)/ (190.011 Zy) on tho velseity
tofny tho sam olope uvoo ugod for & given tuboy indopondont of tho
matorial. The ozperimentolly deoterminod ¢ondonsing £ilo coefiis
gdonto voro compared wth thono caloulasted £yon the Hansal$
oguation for each of oot flndd, Rathor thom soplying tho equatice
ns for oncd tho horieentol and vorticsl surfoces $o rolative
orenn poprosented, as disensced proviously, Eg. 3-11 vac uced
vith the following definitions of the equivaln$ dlameter hosod
apon tho fractional horfsontal ond thy fractionel wortieal ourfe

800,

—72 ° oir2s L% 4

Del/4. o725 ”e,y e7 pove Juid
whero

4g = Areo of fino, sft,

&g = Area of hovirontal $ubo boving dicmotor oqupl to
wot dicaotor, aff,
bog = 8y 2 A, x 2in officicacy, oft,
= Root Gianetor (£t )
L - S Averago hoight of Linncd gron, £f.
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fho £in officionsy was groator thon 0,96 for oll
conditions and wvas uncd no 300 poreont. The coofficiont cplenlatcd
£roa Magooit oguation for tubs 3 vas oblninsd £rxon the coofficicnl
fov tuds 1 by tho BQe 320, 4 siniler coleulation was nefle for the
lovze tudoo, '

Tho doviantion Totwaeon tho amporineatol onfl prodicted
ecafficionts for the Sop fube (tudo 1) for organie 1iquié wao
loas tho 34 poreant ond 10 as ¢lone oo that proviousiy fwzzﬂmt
Tho foto indleatcd thot Cho decrense in condonsing coolficionts
for tubos teleu the fop fubo ves much loss then that pradicted

by Busocolt, This is duc to tho reoson that the 1iquid dvipping -
| from ong tubo may not strilte the tubo buloy, nor Gous 1t nocssse
- apdly docresit the £iin thickneso ovay the entirs hoat-tronsfor
area. Alon, tho 0ffect of turtulent flow of the 1lquid would
tend to inevease tho epofficients over tho caleuloted valuos .
for tho lower fubos inihe rov, |

For o benk of eln finncd tuboe in a vortlcal sou
the averago condensing hoant $rensfer coofficiont vas only 10 8
boloy that of tho top tubs For dosign puvposses luscoltf’s thoory,
applicd to o brak of horfzontal finned tubag, noy b oxpected %o
8ivo condensing haat trongfor coofficients bolow the amperinmtal
Vvaluos,

Short ot A8 Bed oefle experinents on éuanty horicone
£l ploin beoss tubso, 0.G25 &n 0D and 0,495 in. I.D. for Fell
enf 0.82 T in. for otroca md having o vortical cpeeing of 1,8 in,
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botucon tube eontzop, reuntcd botuvoem tobo dhicoto.opoecd £2.08
inehoo opard &d dotormined Sho comicasato=filn heat Sramofor
coofilcionts for individuci horizontol tubos in o vepticsd bk
of tubos ond compored tho ozporioentel dals vith tho volues
proficted by Duosclé’s cnelysio £or Vrcon~il nd otonle

Tho amporinéatol procclurc follouod by tho mthors
vas the scao as thot dosewibcd corlier, Tho moen temporaluro
difforenss aevess tho £ilm renged from 0.6 to G.2°F for tho
Preonold Qocts ond fyom 30 o Q6% for tho stem Uoots, Tho
condonsato £lov raton £3eo the top tabes of tho condeacor, por
2o0% of tubo long®h, ronged from 1 to 7 lho/hw. for the Froo2-11
" topts and froa G.7 So 33 l/hir, for tho ctoos testo,

T onalysis of the sosulte folloucd by Shs authors
vae sliphtly different from tho rost of tho proccfupo discussed
so far. Tho apalysis of tho rosults and coProlation of the data
wlll be briofly prosentcd, no 28 follouss

Ovorsll tennfor potes wore noasurcdy ¢ sufficiont
infomaticn vas oblninod to poredt ooperction of tho inaido £luld
socistencs Rg £rom tho outsldo condcnsate rocistcace Bne Fig.3-2
{5 & plot of tha cversll themmsl Pocistencon for toth condanoers
fop throo cerios of rumo, tus vith varigblo wntor alde (insido
tho tuby) rogiotoncos cnd ond vith o variable condcasate. In oael
eano tho £luld zosistanco on tho oppocito side of tho fubdy veo
reaconatly eongtmt.




{3

coucider tho o¥Csn eomienssy perforngncs roprooontad by
tho lovont lino of Pig. 3.2. 40 ineroase in the pabor pate throagh
the tubo emocd o lower water £1lm rosistenes By endy with tho
st ovorall topporature éifforenco, n incvosso in thy condcagoto
pato vould occur, Tho incroased condonpate rate vould ernoo o3

incroago in the thormal rooistonce Ry on ¥ho condenoato eléo,

By Doy incPense as Ry decrecses in such & nonnor as to couso

R (tho ovorall rosistanco) ¢o b9 a lingay function of /P8

To allew for coro voriotion in the “repsonally constent™ wvosidual
rosistance, #a oquatian of tho forn

| : 73 . .
_—('7— los = /(’éffw =Ry tRe = 117+ 2 1'/0_8 sse2e 1B

was used. Co 18 obteincd from the slopo of the ldno Lf the ling
is stralpht, or fyom $he moen botween Sus succecsive points 42
the line io curved, Ovorcll resiatance (fp) enf condonsate roto
(I") for oithor point arc thon ussd to obtaim Oy Such a procciure
sppsars dosiratle vhen the recigtancop By onf RY ovo of tho

sane osfor of nogniteldo ol tho proccluve for nointaining enc of
tho rosistconcos écagtent 48 hichly coaplicated,

Anothor plot vag mdo, using the condeasato £i1o coCffe
icionts for all tubas éeﬁominad in this fochion frem tho overall

3/'4/7’3 A
e (Go/") @i 4/Yp tor

Proon-31 uyhich 18 a goof correlation vith tho lino obtainod fron
the proficted valuss basod on the Nusoelt®s mmolysis for top tubo

eoofficiontn 4 hafimaea




A plot botuoen —ﬁ[ 332?) ond 4 % shouod that
the heut transfor ccefficieonts with tho Proon-11 to b higher
for tho top threc t:ihaé then indicetod by Hussolt top tube line,
It oleo chowed, however, that the trensfer rate for the middle
tubos of the bonk wore loss thon that indicatod by the Tussolt
top tubs line and thot the lowest tubes of the bonk had transfer
ratos pgroator then thoee indicated by this line, '

o

For the 's%aam condonser the mpi'avaaent of tho trongfo
mte by tho oplliling of ﬁne condensote onto s lovay Suba ie
not apparent mm\ the a}gﬁh to tenth tube of the bank, This
pay be o resalt of tho higher surface tension of tha ustor vhich
vould degronge the hoipght of fall of drops or interpittent stregho
since the tubo spccing wes the samo for esch condenser.

{/hemn o condensing surface 1s éﬁa%miﬂataﬁ ith o subo
tenea vhich prevents the condensato fron wotling the mrface, the
vepour vill condenso 4n drops rother then ae & contimious filn.
This 45 Imoun as dfapmw gondensction, Dropuwice condensation
hat beon obtainod uvith nixtures of gteam and othor vapours, but
. stoan is the only purae vopour for virich esnclusive avidenco
of dropuise concensobimm 1s gvallalblo, Dumerous investigators
have oxisined the phonomena end oastotlished that, undor condite
lieng of chemical cloanlinoso, wator vwill ceadenso oa a notol
surfoco as o ¢rntinucus £ilm. It is sosentliol for dropuing




condenoation that somo promoter, usuclly a fatly acld or cort.
ain other types of orgenic conpound, be prasent on the surface,
en® these will zive Plives® of purcly dropuise condengation
for 1icdtod lengtho of time, Polishing of the notal surfaco,
the prosenco of a gall guentity of nonecondenssgblo gas 4 the
tonperaturo of the surfaco, ond the rate of condensation sleo
have apprecioble cffeets on the 1ife of a surfaco giving purely
dropvice condonsation, as discussed balow.

Dreny 4 Hagh wnd smithm investigated the conditions
mndor vhich dropuise condengation of stean would oceur. They
confirned the roports im the itersturc that drepuiso condomsw
stion 4g induced md oaintained moro gasily -n smooth than on
rough surfaces. Gomorally, eteen eontalns gone contaninmmts,
apparently inactive as dropepronoters for o given metaly vhich
‘turn out €0 be highly effective aftor that metal has boen polie
.smaﬁ of even slightly smoothed, For the easy promotion of
dropuise condensotion the condoncation purfaces should e as
smooth as possitle, though filn condonsation may occur on highly
poliched surfages in tho absence of contaminanto.

Tho offeets of spscific organic materinls on tho
type of camdons:tion wers studiod on several typ.s of condonsesd,
supplied monc ticgs vith bollosr stoan mmd come tines vith puro
stou, & vory snall coount of the orzoulce onupound uner concie
- doraticn vas mbkad on o surfoes of thy condensor tubs op

vas injocted into the stonn chenber.Coepper, brass, nancl, nicke?,
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chromniun plete, chromownichel stocl, mild stoel, cnd aluniniun
vere used as tho testing surfacos for promobion of dropulce
condensati-n, The gonarsl ¢onclusions fron the results of tho

| gbovo ozperincnts for prozotion of dropvi se condunsetion moy
be confiensell a8 £0llougte

1, For all potals, mineral oils arc ineffoetivo or only
s13chtly offective in prorsting dropuise condengation,
2y For all rot ls, the highor Loty gcids avo vory T-3'¢ o

cetivo.Boaovas end the fnbty binders in the cdonereidd cnery
cné Tripold Wmuffing tonpounds acted sinilarly.

3 Nopecpbens, Xentholes, ond dithiophosphatos oro vory
offective an copper sné the copper alloys.

4, Far all notaly, tho gleohols, organic Hitrogens
compounds and orgenic halldes tried ere inoffective or only
slightly effoctive.

5s H11d stecl end sluminium eould not be of foctively
tpoated to oaintain dropvisce condens.tion, although 1t could
bo procurcd temporsrily on fresh surfeces Wy treatmont vith
fatty oneldo.

In goneral, the quentity of a dropw-proroter needgd
to maintain non-wattability of a €o

ndenstng surface 45 ninmuto.
Procunably e manpe-colecular layer of the aetive cubshonco on
the motal is sufficiont.

Horpeon ot a1 have investicated on tho condensation
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of otoo and found tho follouing particulay canditions ROCOOC-
nry for long 1ifo of dropviso condensation: (1) indtda) cloone |
ldnose of the notal surfaco boforo opplying the pronoter,

2) o porfeetly dsy supface, ond 3) applicablion of tho promotor
in o colvont tho polntion oirongth uced voo solvont %o
procotor 071, IV vas found that oomo poriod of time wae
nogaspory -odout half an hoarenftor intreduotion of ptom o thé
apporatus tofoxo tho sarfnce nesumcd 4ts *Adool? appoovencs of
fropuloo condopootions but, ooso attalndd, thins econdi¢ion
porslatod Zor comatine beforo finally beoaking up into tho
mired type, The conditions fovouring o long life of dropwiog
eondepsation voro cxmanined oystemotically, and it uwoo found
that o chromiumeplatod surface sppliod with o ‘éﬁ;ﬁttma of

obeso acld and o 14ttlo quamtity of 14ght lubreating ofl, vhe
ick hod toen Wffed %o a nirror polich gave o 1ifo of 40.60
hours, vhile an cd8ition of 041 por cent of ndr to tha mmmim
oloam incressed the lifo of ¢$his surface to sonothing mero thom
soven dayoy ond the somo offest em o polished braps surfooo

- wop oblainod with 0,15 por cont nitrogon in the ctorn,

Houpoon o a3 found that tho valuco of ¢the 080D
sido eoofficlento rongef fron 12,000 to 27,000 BIU/F2.hpeop,
tho lovost value for tho horizontol position emd the higha ot
voluo for tho vortlenl position,

In thedr invooticotions thoy found furthoy thot tho
offact of tuby cloonlinoon 45 concdderablo dopending on tin | intale
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for vhich the ¢ondoensor vap used, th offect of wator voloeitly
on tho overall hool tronofor coofficlent ves vory high, and

4% incareoood oo the velocity of wator incroosos, while o 11ttlo
shenge wonn obaerved in ovepall coofficlont for filmulcs condon-
ootion by incrousing $ho wolor velocity boyond 10 fpo. A conpes
ploion of otocn pide coofficionts for Sho two typos of confanse
ation chovud that deopuise condensetion van 12 Co 13 times nore
offoativo then filmevise gondonsotion,

It wop Pound that tho stosn sido cooffloiont increansd
ty 12 poreent vhen tho oloamechest progsoure vas incroancd £you
g to 10 inchos on the waeler gamugey At vad sucpootold thot ely
d4ffusod in come vay onto the plate ﬁmi‘{;ﬁgﬁ% tha lowor
pruosures, 8o, o furthor sordes of toots yob undertakien to
Sotorming the nagnituflo of the offeet of caall mumtition of
inort nonmoondonsable gas (itrogon m uoel) én the viﬁ@ﬁﬁlinﬁ }ngfc
ptoet. Tho experinmio ohoved that the offocd of tha gag wes
mueh more for dropuico condonuation conpoxrcd to £4levioe condons
ation, Tho roason for thu degrogss in tho coofficicat 10 duo o
ﬁhza gas pecurulation Sthrough vuich the veapour mmot diffuso to
the purfoee of tho condensato £ilm,

fr, 6 35
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ABSTRACT,

Thermnl enalyols, vis LUET approach, of hoat
onchongor 2o node. The corrolation of oxporinmtol data vith
 tho thernal cnalysis 19 prooented. ™o dosign, toth qualifnte

ivoly end quuontitativoly, of hoot onchongor is r?.ismpsa&,
Finplly, %ho dosign of o double-pipe condensing hoat oxchangaeyp
dp illuotrated,

4 hoat oxdhonper 1o o dovies vhleh effoets tho
tronefor of heat fron ono £fluid to another. Thoxo are throo
types of exchanger systems as follouss

i} The conventlonsl girmcta{rsnsfar fype
tuw fluids exchenping thormpl onergy ore separated by tho hoat
tranefer area vhich avo ploo acacd as pPocupBrators,

ii) The L N QBmyEsngiar bhypo vhich Conge
lato essent&au.y of tvo ézmatam?mafar unpd ¥s couplcd with o
punped hoat tronsfor ncdiun, The tronofor fluid civeulaton
botveon tho hot €1nidd onchenger, vhors the therasl oxowyy iso

pickod up, and tho cvld fluid oxchengor, wvhero the thernal
caorpy 1s uoed $o hoot tho cold £luid,

Ao powie )3 e ko tho cormen L jungotzon
adr-prodoatop, concioto of o naleix hont i:ranni’er curdeeo
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vhich 18 rotated po thut cn clcnent is periedfcslly passed £
tho hof to tho cold flow streans and baelt again. As the het
fiuid posses through tho matrix the fluid 4o cooled ond the
matrix 1e boated, and in the cold side part of the cycle the
cold fluid 1s hoated mnd tho matrix coolcd, 'rﬂ/f? typasof
oxchangers gre also cnlled ao voponorators,

In tho folleving coetions, tho discussion will be
linited to the firzst typo, that 1s dircotetransfor type or
FOCRPEr ators,

Tmre sro neny forms of rocuporators ranging fron
e simple pipe-vithin.g.pipc with a fev squaro feet of hoat
transfor surfaco upto o cooplox surface conlemsors and ovapor-
ators with rony thousands of oguare foot of hoat transfer
sarfoce. In botuson theso ontrenes 15 a broed field of common
shelleandatubo ezehompors. |

Tho eimplost type of shelleand-tube heat hengoy
is shown in Pig. 3.0, It consiots of a tubs or pips leated
comcantrically insido anothor tuho wiich forms the sholl for
this arrongecont. One of the fluids flows through the intos
tuba, the other through tho ennulus formed botueen the inner
ond tho outor tubo, Sinco both flulds streazs transvorso tho
erchangor only oneo, thio erraapenent 45 called o pingloepass
heat exchongor, If both £lulds flov in tho sgmo diroetion,tho
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heot fiow wvill vapy fros soctlon fo section.

foro, the terporature of the rluids louving the hoater section

exchanger is a parallel flow types if the flulds move in
oppoeito directions, the oxchanger is of the vounterflovu type,
The tenperature difference botyeen the hot and the cold fluld
18, in general, not congtont along the tuba, end the rate of

thon the two flulds flouing along the hoat {ransfor
sarface rovo at right snglos %o each otheyr, the heat exchanger
is of the cross flov typo, Tarec meparato ervangenonts of this
type of oscheznger aro possille. In the fix*‘s% cape each of the
fluids 45 uwnmlxed as 4t passsp through the onthoager and, thovee

are not unﬁ;fam; being hotter on onp sido than tha athor, In
the soconf onse, one of the flulds is unmixned end the other in
perfactly nized as it flousthrough the .exéhm;;a& The tenperaturd
of the mixed fiuid will be uniform acrss eny ssofion =nf will
vary only in the direction of flow, In the thiﬁ casa, both
of the flulés are mixe6 as they flow through the exchanger.

In 6};'&@1' to increase tho offective hest tponafor
surface area per unit volums, mont cormorcelsl hoat cxchenzers
provido for more than g single poog through the tubas, ed the
flndd floving outsiée tho tubos in the shell 1o routed back
gnd forth Ly neans of bafflas.

Tuo approaches, ore, generally folloucfl in the anclysisg
of heat exchangors,vis, !) Log-noan rate oguaticn approcch,
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2) Effcotivenoess ond Dunbor of exchongor heat Seanofor undtn
approach, Only tho first gpprocch ig dfscussof nov for a oimplo
typo of heat exchangoer, -

In pzetion 3=2, tho local ovorenll coafficlent of heat
Cransfory U, hao beon dofined gné tho local rato of heat trence
for over o turface oron of 44 10 given by tho exprossion

d2 = UdAd(aT) ens 3,

Tho terporaturos of flulds in o hoat axchangoer aro
generally not ¢onstant, but very fron point to point as hont
 flous from tho hottor to ths cold fiuid. Bven for n constomt
thormal resistance, ! /U s %ho rate of heat flow will, thereforg,
vary along the path of tho emchongors &aﬁ@im ita valus depends
sn the temperature difforcnce MWwiwen tho hot amd the celd
fluld pt the coction, Flpuros 4el; 4e8, ond 2-3 f1lustrate tho
changes in tamporature that nay oceur in oithor or both flulds
in a siople chelleanCetubs onchanger {Fige 3.1). Tho distanesa
betwoan tho solid 1inos are proportionsl to the towmpsrature
difforances A ¥ botuzen the two fluids,

Figs <=1 11lustrates the case vheore g vepour g
con’ensing st o conctant tomperaturc while the other £luid i9
" baing hoated, Figs 4.2 onf 4,3 roprocont tho conditions in a
parallole=flov ené covntarfloy anchapiors,

T dotormine the rate of hoat trenofor in any of




89

ths aforousntioned caces the Bg. 3,3 must W intograted over
tho hoot trenofor area A aleng the length of tho oxchangoer.
If the ovorall unit condactenco, U, is constont, it changes
in Kinetic onargy are neglocted, ond if there ave no heat
logssn, Bg, 3.3 con easily o integrated analytleslily for
parollel and countorflou, 4 onopgy balance over g differontial
proa QA yiolds

A F = my CppgdTy =+ meCp, A7c - ydn (Te-7c) PP % |
vhore plus sign in tho third form appllies o parallel) flov, wnd
tho mimus sign to comtorfley, If tho opocific hoato of the
£1luids o not vary vith tooperutare; ve con Qﬁ% o host balence
£ron the inlet to mm arbilrory erons section in tho exchanger,

oF - C_&(f.g—&b) :(c (&‘ﬁw)

SEEEE '@xg

vhore CL:W-&CP&, J C = ome Cpe

Solving Bq. 4.2 for Ty oives

T‘& > Tpe. ™ Ce (7&"‘ TCW) woson 4B
| | | Ce -
£roo vaich vo obtain

C
7"& _ TC: - - [/-f— _gf__ 7& -+ CCL Tecn T —[&‘M eoses (8
' -

Substitating Bq. 4.4 Lor (Th « Tg) in 0. 4ol yiclds aftor
gomQ roarpongeaont

- O(TC ( — = _(/_2/_’2. ssoas Leb
Le ¢ :
-—[/'f' Ce Te C.Lﬁw"'&w_ Ce

Intograting Bd. 4.6 over the ontire longth of tho




oxchenpgor (1.0, £ron A = 0 0 & = A gptal) yiexﬁﬁ
Ce
[Hg&)f"“’ Ce. e +74cn ( +-") VA
et b
(/-* c)fcw *—"Ew’faw 4 soune 4.6

Bquotion 4.8 com Yo sinplifficd o rosd

N+ E)(Zin- Tt) 7 _@.—MJ _

&m - 7C n
Lo
_ C -

CC & Py Q&?

Proo Bg, 4.2 ve oblein for tho total laupgth of tho
acherpos
G Teok = ltin |

_— = - ————"’—’7___ covn Col¥
C,& ’ ok — lcim

uhich em be ucsd to clininate the hourly boat copacitios in
Bge 4.7, 4f%0r some Tesarrpngonont wo god

La?'e[& o M_/ Z:, st = Tort) (i "E: *—: 4,0

since Q:Q[Z-M-fcdm) :(&/7‘4,;.."74“&
Lotting T = Tg =4 T, Bg. 4.0 ca be uritten
o — 875
- UVA — AT
e | Tb)
vhore the cubserlpis n end b wofor o tho rempoctivo cads of
tho onchangor. Xo preetico it 4o conveaiont $o wso on averoage

LA 3-8 6010

offoctivo teoperaturc difforomoe A T for tho cntivo hoat
oxchangor dofined by
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Conparing Bg. .10 end 4,11, ono finds that, for parallcl or

countorfloy
' AT — ATy

L A'Ta. S8 8 éam
ogel a7

which 18 callod tho loparithnic nean ovor nll temperature diffe
opence often designated as LUSD, The LU also applies vhon the

AT

temporatura of ono of the flulds is constanty, ag shoun in Fig.
4,1,

The use of logavithnic moen teomporature is only an
opproxination in prectico Bcouse U is not constant, In
general, U is troated as conptant for deslpgn vorlk, IL U varles
congiderably, & numerieal stop-by-step integration may o
necuasary.

If the tomperaturg differencel £, 18 not more thon
50 percent greater then A Ty the arithmatic mean tauperature
difforance will bo vithin I porcent of 1M end nay be uscd fo
~ siuplify ealculstiont,

Foy more comploxn hent exchangers cuch gs the shell-ands
tubs arrengevonto vwith sovoral tubo or choll passes end vith
eroas £loy omchengors the mathcenaticnl &avﬁ%mﬁmof an GIproe
goion fop the poon toperature difforonee bacomns quito conplox, |
Tho nsucl procsdure Lo to modify tho simplo LU for counters

£lou by corrcetion factors () uvhieh have Boc donld in greot
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dotntl for di€fopront Cypas in roforcmec 25,

In tho provious soetiono, o thormal pnolysis of
hoat onchencers has boon diszmussed, Manowosus invosticateors
seafueted onporinonSys on difforent typos of hoat oamchonpers
cnd tho rosults wore based, geanorsily, on the mothols of
cnolysis po diccusnsd ocavlior, In this ond the folloving
paetionn, the resultp of their data and thole gpplication to
prectical dosipgn of hoat egchoagers ore prosonted,

In 1920, Stounrt omd Hollend36 confuctod tosts on
éﬁ&bﬁadyiﬁﬁ ecoldor snd confichoor uning asunnia as the vorking
fluid, The spporatus connisted of 8~3p in. pipes inside 2 in.
pi;;éa@ 1{3 £t long, mmgeﬁ in tho for: of coils, The ame
onin vapoure entercd thrugh the onpular gpace mxﬁ ﬁmiﬁng
. votor enteored through tho immer tube; the fluids being arrangod
o hvo o counter flow. Tho coolin; wator wan circulatod with
an inlet tenpornturo of 60,70,80 gnd 80°F mmd ulth o consume
ption raote of §,10,15 and 22 pgallons per min, Tho omonia to
b2 condenocd was thon co edjustcd for onch of tho abowve
toporatures that ai-p?ﬂf&mi‘ﬂ- corrasponding Yo g saturation
tanperotura of £9; ¢, md G adovo tho tenporaturs of wator
losving the condencor, rosulted,

Tha condcager fomao-30 vas ealeulatod fren tho rato
of confcnoato flov ond the indtlal and finsl emthalpiaen of
aronia, o U wos doternined by plotiing sctual torporatum
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of prwonia and vator as omlinates, and position along tho
pipo oo abociooa. BY finding the Inclosed area for ¢ given rum
tho moen ¢oordinate in degreos, cond the pean Banperaturo
difforence AT a6 dotoroined above vas checked by the Bge4.)

Tho nathozatical yolation of noon teaporaturo ¢1ffe
gronce and U was oxprosseé by the cquation

:@ &?‘Blﬂ*?

thore € 45 o conotant

Uhen voloeity 4¢ tolwn into account € varjos with
the velocity of wator (V£ -p-m. Yooe

¢ =23 * Vo2 ’ PN T

U was thon exprossed as

L2 3 23 ﬁ’ w

cs.@,i}.z‘}*? |

Tho 4. 4,15 was in good agroonent with the rosults
obtained omeopt for low volocitics, Fron tho romulic obtatned,
the following ecnclusions wore nmafe :(1) The condensor tommage
85 o funelion of the water peto gnd tho 11.7.D. {2) Te oroonin
fila surfaco epofiiciont of canductenta vorios as U vorlos,
md invorgoly ao cone fumetion of tho total quantdty of heat
tranofor. Tho £1ln thietnocs vorios as scw function of tho
wight of amrania condencod por scucre foot {(8) o coofileiont
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of hoat tronsfor varies as tho veloeily }zﬁer 1.22, (&) The
mefi‘ieient of hoat tronsfor varles inversoly as the tzem
tenperature differenco fo the 0,7 pover,

The mean tonperature difference, condenosr. tonnnga,
U, snd voeloclty vere plottcd as a common sot of coordinntoes,
the confonser tonnage as at;cwiss-a, vhich resulted tho porfore
Dmeo curves which ean bo usod for the design of a sicdlap type
of ozchongers.

RratBec t»al‘?’a

invostigated the hent Yransfor dn a
mltd tubsemltiposs type of Sofidensory uhich concisted of two
cholls placed horizontally containing seven Subos of 12,82 f£t.
long. The tubes wore mefe of charcoal iron, and each tube had
an outoide @iamoter of 2.00 in, ond en ingdo dlamotor of 1,31
in. The tubos wore arranged in the sholl so that ths uater
passed through the seven tubes in series. The two shells
wvore connoeted in parsllol and oqual awmounts of water pasned
through ¢ho tubos m' each saoll. A sorios of fests ﬁwnﬂuatcﬁ
vith vurying prFessure of amonin,

Tho amoniowfiln best transfer coofficient as dotere
mined fron the Uileon plot, vas 1635 BIU/hr/0q.f8./OF, The
vater film coefficient vas found, from the sae plok, to bay
by © 23 v8, Tho muthors found out an omporical relation,
Bacod on tho dinonsional cnalyrio ond taldng into consicoration




K

the offect of eatrance of wntor into tho tuboo, uhich woy

oxprepnsed 08

-8 -
.02945k 50\ LD Y ,
Ly —?—0——,57—“-’(’* r)(f—-;«:’) vee 4,10

hepe | © patio of ctusl tabo longth to cetucl inside dlamobor
mf Iy © Conduetivily of uator, BIU/he/ o3, £8./0F per £8. of
thicknosg, '

Froo the shove oguation, tho valuo of Ik for the
congensor tostod, vas fomd tobedps vO-8, The caleulated valuos
of U, bascd on the above rosult, vere within Units of atoud 10
| vhich 15 probodly o scesptalle dogres of accuracy for tho
prectical purposo of condcnser design. The ovarall coofficicnts
of host tronsfer varied fron 130 to 450 as the procsure of
onia increaped £ron 126 o 175 psi.

Zumbro® conduotcd tosts on a vortical shell ond tubo
typo condenser wsing azonia as the working fluid, The condensor
vag 36 ¢n, outsido dicnotor and contained 1J08+2 in., seslecs
ptoel tubos of IIO « 10 gouso egnd 2 £2, leng. The nusbor of
tubos in the condencor wos variod Lron tine to €ino by yluggiim
the topo vith vooden pluss. The teosts yera conducled with initigl
condensing vater temperaturos of spprozinately asm-;s%sa" and
55°F end with varyine vopowr pressures o uvotor volocitions

Prom tho ootual Sost deta, 4% wos found That tho
oversll heat tronafor cosfficlent incronsss oo o otroight line
function of tho quontity ofgmzﬂmsmn vater por tubs cnd piot
of tho tono of mfﬁgoratiozl; md condonRger pressure alco shouad




42

o straicht 1ine rolationship, Thia typa of condenser is copablo

of hendling lorge ovor loads by increasing the supply of watory
ond thic 1€ obtalnable due to gravity foll without my adéitiong]
ezpondi turo of pover %o foreo the vator through condonsor,
although ofditional horso-pover is roguircd to pump tho vater
apoinst the stotic bend, The tost data cen bo uged convenicntly
rar tho design purposos and uould eleo cnable ono to prophosy,
with rensonable accuracy, the performance under vurioug eondi {-

‘ fong,

In this ooetion tho design of horizontsl typo rofrie
gorent condensars is ciscussed baﬁh guolitatively ond guantlte

Tha process of condenolng vepours on cold surfecos
is ono vhich has boen very cuceptible to theoroticol attacky

and groot progress hoo boen ncle with guch onclyticol nypmachesl,

bopinning as for back ep 1916 vhen Hussclt firgt fosmulatod tho
mathemotices fnvelved in eo.domaing puse VopoursS., 49 grootor
undorstonding has boen daveloped af procossco of floyy diffusion

and hent tranofer im gonersd, morc procise nothods of salculote
ion of host Sronsfor 4n candensors of toth pure cnd pixed
vopours have toen possidlo, At tho peae tine, oo nicatics
huve nofio the problons morp complen oo thaty fPex tho design

agpoct, tho procise proexduraos have boon upldesirolle in concule
ption of tino, oo o result thoro has boonm a mocd for gpproximt

 aan
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pothodo vhich could bo golved rewldily and which veuls yiolf
rotults suffictiontly aectzﬁat:e for cost purposeg,

In tho design of hoat oxchangors, o ounber of factors
have to bo specificd, Usually the cpparatus is dooctgned o moot
tho recutveacutis of tho pafety codoo of tho ASIE, Tue follouing
agpects ore to bo consldarcd in tho dostgn of & conflencor,

A gholleondetubo exchangor with fixed tuboe shects

35 guitable only for those eases in which the fluid in the sholl
foes not foul the tubos, e large difforances in teoporstuse
botweon the shell and tubop ney produse sevore temporatir o
stresses, end vhen thio 1o encountered, e typo of constraction
that will allow indepenfiant cupansion of oither the shell (sm
expangion Joint) or tubss (flooting hesds) should bo provided,
A1 tarnatively, tamporature stvresces nay be avolded by tho uce of
U ~cheped tubos, wadch, howsver, are moro d1£ficult ¢o clesn |
fumido ty mechenicol moetio. 17 frogant cloening is rozuirod,
the constmetion omployed ghould facilitate this, Fop thip

roatoh nony onchangors are provided uith receykatlo tubs bundlop)

If one of tho flulde foule the surface nuch more
rapddly then tho othor, 1t chould bo routed tipough the tbog,
ginco {ho inoifo surines mey bo closncd vithout resoving tho
tubo tundls fron ¢ho choll, If both £luids oo ciually none
fouling enf cnly onc 4o uncor high proasuro, 4t chonld fiouy
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inoido the tubos to avoid the ozponse of high preosuro sholl.
Vhgro only ‘r:éae of tho flulds is corrosivey it should flov ingido
tho tabos to avold tho onxponse of cpseial motal foF both choll
ond tuben, If ono of tho flulds 1s much rore vigcous than tho
othory, 1t may ba routod through the shell %o inercoge tho ovorall
goofficicent, A% timog, bocauso of o linitotion ibg"vauabm PEQSe
oure drop; it is nocogpary o route o given aﬁzmm; thyongh the
cholls

Although tubo longths of ¢ to 28 L. oy nore aro
obtainablo , one ofton soloots n stondard length of 8, 12, o
16 £4, uoing nore than ohe pasp vhore nocosscry, dopending on
tho g7allablo spoco and whon lorge shill diametors are roquireds
The tubs dionotor i8 %o bo solected deponding on the foyling
foctors mnd voloeily of the fluld %o bo used. In sone casos
fouling may b2 refuced by uso of high veloelty, thus pornitiing
the uso of tubos of modorate diomotor. Tho thicimoss of tube
vall should bo selactod not ohly to vithotond woricing prooowos
and oxtromo tanperatures and to provido allcvance for eovposion
Mt alss Vo feeilitato ompanding tho tubso info tho tubo shooto,

Tho bafflon, uacd Yo incronos volocdty on the duell
gldo, should have loos clearence with the shell to rofute tho
lealnge, Souetices tho minicun cloaraneo botueon tho tubas
edgen of holos in tho bafflos 48 1 porgont of tho tube diamotor,
ut sinse tubss nay have o diemotor tolorance of 2 porecat, tho
noxirun eloarance ngy ks 8 porcont) ¢apoquently, seno fiuld wily
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fleu tarough thoso clonvemcos, Tho baffle is a fizture, vhorong
tho tubes om bo roplaced inéividuslly, end the barfios my bo
subjoctcd Co conoideratle atuss when the tube bunclo 4p baing |
vitkirawm; conscquently the baffle. sheuld b ot least tviea
a0 Shiclk ao tho woll of the tubo., Sufficicnt gpeco botween
| bofflos should bo provided o facilitate wWloening,

The initial cont of a tubuler hoaot ozchanger, mpmss&b
o8 por oquare fool of hoatetronofor area, dopends upen a large
mnbar of foetorsy the totsl hoatetyonsfer surfoca, the tubo
olez end longth, the matorial of construetion of the tubss ond
tho choll, tho wsidng prossuro, tho dogroo of baiiling, end
the coot of special foatures, 1 any,

In the provious cheptors, quantitative rolationg,
elthor derived malyticclly or correlated fron exporinental
data, hove boon given vhich cm bo used in the Gosion of tubula
hoat Sremofer apporotus such ag hootews, coolors, cmd cmﬁamwl.
In many capon tho dooignos is Sroo to enploy e optimnm veloe.
ity ot which tho total csstp aro at a nintrung bowovar, %mg
asy lead %o irprocticot proportions of ppparstus, At timag,

becaum of process roguirencnts or for othap reagons o ﬂm:ﬂ
pragouro drop is avcilobtle, end the oxchangos &5 dosipgrod to
neet this sdtustion, f1%arnativoly, one may fiz the fube lcagth
end figetor and uso whatevor volodty end progsouso dpop aro
hacossary, Ropardlens of which foctors oro fined in rdvenoo cnd
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vhich arg computedy tho scme basierolations oo aluaye involved, |

The following section presents tho npplication of hoat
tranefor data %o practical dosign of horfssntal sholl typo rofe
rigoront amdenaof, a8 preconted by meg uaing Freon-12
as mmc;érm, Conpideratle regoorch was dono on hest tronsfop
cogffieionts in gondonpors, tut tholr cpplication wvop larpoly
mp,,ézrica}.. Tho practice vas to estollieh a £fizod nunber of gquero
£cot por ton of refrigoration, rogerdloss of othor influencing
geetors. Purchase of a condensing unit 10 on tha bastin of tio
tornage vhich tho unit con deliver unfler a givon oob of conditieds
Por a given motor loading, ot a fimod wotor teopor.turo loavi ng
the condensor, the unit operating with tho loueat condoncing
mnpwaﬁm*q iﬁ the ono capablo of profiuetng the post 2oL Tigore
ating canoef iy,

Fig. ﬂ;.»é chous that condenger perforrmnce nesns to a
gpecific Pl condonsing unit at o fixed evaporator tenperatura
and a fizod leaving condonsor woter teuporaturo, Curva A chows
tho percentage incroano in tons wileh eon be expeetod as tho |
condenoing tomperature 1o decrensed £ron tho salacted top limit
of 120°F, Curvo B shove the mmmﬁma inezeno0 An unit cost
which vould bo ompected using this particulor Sypo surfaco in
ordor to obtain the various comdonsing tcopepaturon,

By cubtruetin; cusvo B graphically fren cupve 8, GUIVG
€ 15 obtainod, cwving tho percentopo doercnge in tho cost per
ton , &8 tho condensing Somporaturo bolancos boley %7,
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Tho bost cost per ton iIn €his cose 1 WPF to WPF woro 48
1s proctically constwats Curve D suous tho porecntogo ﬂem’eaaé
in bralis hep, por ton ap the condonsing teaperubu o s reduced
balov 120?5’. If thig wore oporated at 10707, condencing tenpere
oture, tho cost par toan vould bo dogroased wpprodfinatoly by
190 ond tho Doheps por ten would bo doercascd by sbout 237 of
their roopactivo values at 1200F, If tho unit vere pperutod

at 1039P, tho docronse 4n thopo volues will be rospoctivaly
207 tnd 267 Thus, in refucing the condensing temporoturo fron
077 to 10207, Chore vould bte mo gain in copt por unit ton,
tat Lmdtial cost vould increcce about 130, The pouor ﬁacréaaa
rogulting froo the 4% refuetion will Do approxmatoly 5% Tho
cost of pover would bo fnfiuvential 4n determining vhothar the
bighor $nitick unlt oot could be Justifled,

 In order to malo cueh eompord consy one must have s&zﬁa
noans for maljmng condlonpoy perfornace, Pﬁ%ﬂiﬁm prosentod
ono mothod. L1l onglysos ware nedo o the basio of o oingdo
tubs in orde: to conbine tho variablos of condenser longth é
| pass ovrangcaents for o mltiepass shodd cad tuto confenaer,
L350y BQeL8s por toa ves used to taln ¢ore of looding, co thot
for any given duly tha mmbar of tubss PO p0gs nay by dotorpine
el voedily for any sizo confcasew,

Toordngl dLeforcace, or f4ffovenco botuoen taaporataro
corrocponding o cmdonning proscaro ond outgoing cooling vator,
vao usod as tho buois of comp ricon for condensor porformence,
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since by using this value the offoct of Qepens por ton, or
wator range, may be segregated. In all colculations, a hoot
removal in the condensor of 15000 BTU per hre por ton was

useds thig value represonts on gvercge condition for common

pafricorant s,

Overall heat trensfer will ioprovo as tubo 8igmeter
io docreased, but to arrive at an ocononlcel surfeco for prate
ticul use, it is necossury to corry analyeis couslderably
furthor then memw'obﬁuimﬁg heat transfer valuss, Gmﬁeﬁaw
performence con bo nousured by tho Sormingl difforonce obtaine
able for a given sguare feet of condensing surfoco por ton
of refrigerstion, On all heat transfer curfacos, vater prossur

-

Grop noy 11 -1t the maximum pemissiile vater velocity,uvhich
ghould bo utilised in selocting tig arrangement of passos,

tiith the maximum gllovable pressure drop emd terningd
temperature diiference boing {izel over a particular longth
of travel, the rote of flov of vator can bo £% dotormined fronm
ubich thoe tubs dicmeter comn be selecteds Conparicon of porform
ngnee of different diametors shous that the smallor the tudbe
diemotor, tho shorter the total longith of travel necossary
in ordor to maintaln the soame tersinol t@mpofat:um difforonce
and loading, |
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Hornl ﬂn!mm vill have 1ittlo or no offoet upon
non»feméus tubas after o thin oxido £1ln hus doon formed,
Esvovar, ﬁnﬁm scnotines tormed ©tenmporary horé wotor, or
vatorg uhich vill deposit snlts upon hooting ezn ocoogdenally
canpgo ﬁronbie; I-‘Ialnizainmg higher volocities w1l holpy 08 tho
vator vill have a tondoney to ﬁﬁaap tho salts out, as they
are precipitatedﬁ

| Bealing hes o groater offoot upon £in tube thas on
bare tube surfeee, oo A% sho.dd muays bo concddored in tho
forner cad?, In tho caso of noneforrous tuboo, thoe senlo faotow
varles from 1000 $o 4030, Fervous tubes, unlike noneforroup
tnbes, soem to hove an inersasing scale resistenvo, bosmuoe
of thu contimous ozidation of insdde tube surfacas, cven with
rormal vators. Thorofore, it 1s imposoiblo to ogteblish o
fined value for scale conductividy,

4o tho condoncor tules beeons poro end mors cealed

- or covroded, the roointanco Co hoat Spencfor continmolly incrom
aso8, 80 that for tho swe load the tenporatare ¢4£fe- onco in
tho condengor muat bo inevaased, cousing o corragponding inesope
£0 & hecd presoure and in camproceor horso povor. Tho offoet of
‘Sorporaturo @4fforcaco oy bo refuccd by eloaning tho eordempar,
causing o corrogponiing wodmetion in pover roquirencnto; ond
o ccaenical balonco cuot Yo struek botwaen tho povor oaving
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a0 tho cost of elconing. ShoxeeedS: dorivsd o fommla fov

tho optizun poried totuoen cloonings, vhich ooy o stated oo

- 2C
K= oc’

vhoro r = Optinun poricd Potuosn cleendngs, doys,
e = Total cost of crob cleundng of the conGencor,
¢* = Pover coot por hup-8ay (sume uniis as above)

p © Lvorago dedly necossary incroaad in povor, Guo
o tho sucting of the confeonser tubos,

In this coction tho dosign of condensing heat gxchragory
eapuble of taling up o lopd of /4 o of wﬁiga&aﬁiw at evope
oxotor, is flluctratod. Fmoxz»la fo Saken ns the working fluid,
It 1s sssuncd thot tho ovgporotor proceure 1o 30 PS'* 3 condenser
prosgure 152 p.sle with o saturation temperature {(8g) of
100, 406%7, The vapoars leaving the couprescor are tckon o be at
200PT {fgypy and tho 119uid is subecooled by 6°F in the condenson)

¥ith the cbove poswptions, the rofrigeramt con %oko
ap o load of 57,76 B por pound; which requires tho gote of
flow of yofrigeront o bo 1668 1./ b,

Ths inlet tooporaturo of tho eoolinp wator (§3) is
asouncd to Dy . It boppong that Sho tenporatnro of the tabo
woll 40 adove the sotarction feaporcturo of tho puro vopour noar
tho vepour inlot and bolew tho sataration %‘:mpamﬁ:&m ot tho
outlot, Undor thooo conditienn, Cho vopour vill L2 coolced
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vithout condensotion in tho first part of tho epparatus, will
eoadengo in the soeond pord, ond vwill bo mh@.@m& in tho
latter pars, the effect of which nay be canbinod vith second

part sinco tho cubscooling 4o assursd to be very call. Since tho
cosfficient of hont %mmr in tho demperhoating ropion is very
tinall comparcd vith ¢hat in the condeasing region; the dosign of th
héat gmmgur 1o divided into tuo stagess Sosuporhenting ond |
cendancinge

The hoat %Syansferrcd in the dosuporheating region g

2 2 W (Heup — Hsat)
= 185,9 (108,28 « 87.8) = 2300 BIU/hs.

shile that in ths condeasing regien i
3& = W(//Sat "”Li?) ‘
© 356.9 (87.8 » 38) = 8638 By,
The folloving dats have boen {urther assumed,
Type of enchongor: Doubloepips heat cuchemnor, |
Inney tubos 8/8 in. TuDe eoppor Gabos.

(D1) Dlaootor (Incldo) o 0,807 in, - 0.0253 £%.
() Dicneter (outrfi€o)= 0.376 fn, = 0,03125 £%

Hall thiclnoote 0,088 in. » 5, 009859 £35.
Fiuide Froon=12,

Jocket Tubos G748 in. 0.0, Coppor Suby,
{Pg) Dignotor {inpddo) = 0,072 In. » 0050 £6,
Do) Dcnotor {outside)™ 0,78 inee 0.0025 £¢,

[¢%)
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Anmuinsy
(Dc) Equivalent dianotor = 0,207 in, « 0,08475 £,
Fluld « eooling wotor, o
Voleeily of cooling wator: &4 £t, por scc.

TC

.’ Rate of cooling uator (v} = s 0,G72%.0,3752)

& x 3600 ¢ 62.4
= 1521.06 lyme,

Aftor apsuming tho above date, tho dasign is sioplificd
to the dotormin. tion of tho lonpth of the hoat-tnchangor, Ao
otated carlior, the dosipgn is split up into two partss dasupors
hoating ond condensing. 8o $ho lengths of haat axchanger 0Nl
104 for the two regions are calculatod soparately and tho sum of
thaso tuo gives the total lenpths of oxchenger,

Tho coniflent of hoat Sransfor in tris gootion nay
bo agvaluatcd m_m. the equation 2.1, Sineo the Pramfitl nunbdors
of comzon gases do not vary videly, tho follewing gquation s
rocomendod by Headang®d |

i 062 _
w, = 0,014 cp a%8 i rors G017

providcd tho offeets of natural convoetion aro nog inportant,

Tho koat tronsferred {q3) con be oquatod to

Q1 = l){a('a D¢ L') at, vosoalle 1B
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A% tho condensor proccurg, CP = 0.1818 B/op

md G =

”/4 x mezsoﬂ

= 302,000 1b/hr, s£t.

bubstituting oll the valuos in Bqe 4,17 tho eoefficient
of hoat tronsfor is found to W

B, =136 BIU/Mr. 8¢s £4./°F

Tho hoo% transforrcd {q3) con aloo D2 oguated ¢o that
abserbed Dy cooling vater, f.os

L5 3 & ﬁsp ‘gﬁ - %2} T £, 3D

On ‘substitution of She valuos in Bq, 4,19 the tenpe raturs
of the tooling water at outlet (Va) of the dosuperheating scction
comteg out %o bo

%5 = 7L71 0P
Tho longemoanetorporaturc difforcaco ?% ) 15 eslenlatoed

fron tho oquation

AZ‘. .
L a? ( i.::,: ___éé,) PPN ‘Qmm

which yiolds g value of A 4y, = 74,0 OF.

fobotitmblon of tho atovo velues in Bqe 4010 gives tho
leasth {&4) of hooteoxchongor in the dosuporheating ropion squol
to 3,8 £¢,
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Tho longth of heat axchangor in the condonsing gsootion
1g calculaticd uoing the oquation {Cw23) for which tho oversil
coofficiont of hoat trancfer 1o to bo dotominsd fivst, widch,
in tum, requires tho Jetorminution of £11n cogiflciont o Mot
tzznnfor of condcaning Proone12, md vator, Tho fipst one ig

prcdieted froa tho Nuscolt's equatlion, oo given by 4.21 oinco thio
tubo 45 ascumed to bo horisontal, walle the focond ono s prode
Lcted from tho oquatiem 9,22, tho volus of vilch &g ingronesd
by 18 porcent, 0o roeccnonded by Rabs of al.2? compored to ot
of Bq, .2519

The film coofficiont for o tompersture drop of
9,,\ 52.806°F 15 first oalculotod end $hen nodificd by o tricl ond
& orror matind to ko in%o account ¢ho temperature drop through

T

N

g&'» - Atho wator £iln ¢ copper vall,
AS

5 Tho proportios of Fe12 avo takon fyon ¢ gtordard
tablos corrogponding o o te-peroturo g = Sgy - %A{: vhogo

A YR g w Gy vhile fw ic Sho wverage Serporature of

vatos ond Uho valuo of A corregponds to tho seturatien prosouro

1.0. 350 p.oto.

@wo teoporaturo riso of esoling vabtor in tho con cnoing
ogion in (3.3 o 8

8 G, 7°F. Tho talot vatop




temperature in the éonﬁansing rogion baing 4o ?1‘?1‘31?‘, tho
 outlot vater taporature ($3) is 7L71 + &7 = 77,431%F

Tho average water toroperature §, = m = 94,500

L

P At = 100,445 » P53 = 34,88

and &g T 300,445 - % n 34,868
= 88, 226°F
The following values ore taoten ot a taopersture of Up =82,2089

| _ﬁ%_g g m ﬁ-ﬁm Em&wfﬁwﬂﬁi

M 28 1b/apeLt,
75 = 83,188 1/ctt.
A = 8.4 BIUADL,

D¢ = o0.0285 2%

Substitution of the above values in the équation 4,21
Loone = o725|KET 3 A %
A /} DC /f{ é‘) $toe du,ﬁl
[ For Zc“f5':34-8855

gives hgye = 312 BIU/By. OF.6q.8¢ 0f ingido surfaco arca.

o vetor £1ln coofficiond of hoat transfor is

predicted Cron the ocuotion
De 57] H sos Q.28

DBory = 1 15x(0-023)
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Tho proporties of vater gre talmn ot an gverapo
temperaturs %y = %66

¢ =4 x 36800 x 6.4
.4 = 800,000 1W/EEE/Ar.
M =g 2826 1u/hr £t
K = 0,477 DTU/br. £1,07

Cp = 1 BYU /1b,OF,

Substitution of the values in Bq. 4.22 pgives by
based oa, the insife surfoce of the amulus = 1178 BTU/hr. 2400

Tho ovopell cozfficient of heat tPansfor based on
the 4noid surfoco aroa of enmulug is caleulated from the Sqitae

tion. : :
/ D, Dy Lege Ofoe A
_— 2 — 2, + £,

Substitntion of the values alreedy detornined gnd
Roopper = 222, in oy, 4,23 wo got

& =0.002015 ¢ 0.0001 * 0.000849
= 0.004778
The teoperature drop through each of the f1ilm i
proportionpl ¢~ tho resistanes of cach filo, or the reciprocal |
of tho heat transfor cosfficient,
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The tomperaturo drop through the condeneing £iln

Tho fingl rosults of the t9al and error solution
for tho overall coofficient ond tho conflensing £filn cosfficiont

ares

havo {ad “f - ﬁg) ﬁ %Q‘ﬁ& | = 2.5 BIY per h?;u Q‘cht&

- = 2845 T,

.*. Overall coofficiént of heet trancfer for o mean tampe
‘ eroture difforence of 34,88&%; based on tho ontside surfuce
ares of tho tubs 1o

U = sotfrems = 215.6 BT per hresq.ft..oF

The heat trensferved; qg , ¢m be uritten ao

%3 = U (ﬁ D LZ) A é: vens 4,30

tiore kg is tho loagta of fhe heat exchanrer in the aonﬂmgf
rozlon,
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Substituting the valunos in Bq, 4,24 the longth, Lo 13 eplons
loted to bs '
Lz = 1L,78 £%,

Tho total Jength (L) of the condonsing hoat cxchane
gor 16 equal to tho sum of tho laengths daterminod individunlly
Lop domuiperheating and condensing prgiong.

Tho total longth of condensing heat exchunger,
L =1L78 ¢ 3,3 = 1508 ¢,

Ths confensing beat oxchanger has been fabricated
for a lmgth of 16,33 £4. end uith the razedning porticulars
as assumed earlier. The shketch of thoctehanger is given 4in
the next chepter,




TESTIHG OF CONDRUSING BE.T EXCHANGER.
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AESTRACT «

Thip chaptor Gonln vith the doscription of the
epparatus used for the emperimental pusposo olong vith tho inptre
unonts used for $ho moagurements. Tho procedure glopted for tho
expericent on cornfoanotion of Freonw12 vapours isg nlve outlined,
A cornary of tho dote takon is procentof, Tho rethod of ecaleulodlon
of hosot transfor coofficients is >w&ca§u§a

n order to obfain dota of s rore genorol naturs, ovore
all hosteSronofor coasurononts vore nefic for the condonsation of
Fpoone12 vapours on the inside mirface of o f4n. ploin copper
fubs, The dato vore obinincd to Lind out tho effect of tho followw
ing on the conflonglng-L1ln coofficients and overull hestetronsfer
emefficiento,

2) Tao tomporeturc of the cooling flutd ot inlat.

b} “ho velocity of tho coonlins fiuléd,

2} The direction of flov of thoe cooling £inid,

&) The averopge texporature difforones otuwecn the cendeonmoing
vapour and the cooling $luld,

In oll tho obovo casos, the cooling fluid, vig, votors
vap edvculatod in the comular opcco forned batuoca 374 in.tuba
and W in, gﬁml
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Condansing-filn coefficients vore dotornined fron tin
ovorall cocfficients by the uss of wilson-typo plm‘:ss. Thaoe
con@enoing odofiicionts have boen compared vith the coleulated
valu:s from tho Iudcolé's 1323&1333.52?6 :

Thao vator-£iln cofficients vore alep dotermined £ron
thao slope of tho wilcon«typo plet and corpoared vith tho corve
clations already nado by somo fnvestigators,

The cpparatus is shown in Fig. &3 through 6,56 md a
Gingromautic flow ghcot z'é éﬁva& in Pig. 5.6, The oquipnent
eonpiotyd of a condonser, oxponsion valve, avapor tor, ond
conproocor in a clogsd circuit comoetod by e high prosoure vipe
our line, a condensste iing, ené o lov pressure vapour line,

The cendonsor under investipution consloted of o donble

pipe parallel or countor-flov coil type with 3/8 in, plain conpok

tubo inoide a 374 in. plain coppor tudw having on offective Gote
ol longth of 16 £6. 4 in, Tho comploto dotuils of the condensor
oro givon $n Tatlo G.le '

Innor éianctor (Dg) » 0,307 4n,
Cutor dicmoter®1) « 0.975 in,

Cutor tubd: 3/¢ in. ploin coppor tubo,
Innor dicnoter (Po) » 0.672 in,
Cutor dlcaeter(By) - 0,75 in,

¥
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‘Bguivalont 6lemotor © By = Dg o Dy
® 0,207 in. or 0.02478 20,

Avon bapsl on o ingdéd ¥ 0.00162,2 oq.0E,
| sarfoco,

Effcetivo total longth = 16 £, 4 in.

The higheprovotwro, suporhontod Froon.12 vepowrs fyom
fho corpressor wero adritiod into one méd of tho top G in,
fnner tuby of tho condencer ood tho confomsato vas mumoved from
tho other enf of tho totton Subo after ¢he romaval of supere
boot and latent beat by tho cooling vater. This high prossurg
Uquid vas passed threugh o Gahydrator and then thvough m
ontonetie ezpansion valve where 1t wes throttled to o Lower
prassuro, The olzture of lovoppossure liguid and vegww van
circulatod in tho evaporator in which 1%t absorda ite lotont
hoot £ron vator. o lowpressurs vapours frem tho OV enOTEtor
were thon supplied to o hermetically soaled type of conpressey
of 1 H.P. capaeity in which tho Vapours wers comprossed and
oappliod o tho condo )

ppdi o th DBOL, /ﬁ/

Tvo pressure gaugosy ono (pe1) on the diecharge png
the othor {gg) o tho suetion iinos of tho CODPrOsLor, vore
provided to rocord the prescuros of he rofrdgoront,
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The fizst one givoes tho pressure of tho refrijorant in tho
condencer. In order %o neusuro the temperaturc.of the rofrigore
oty ol thormoccuplos wore provided at inlet, outlet, end

at all rotusn bends of the condonsor,

Hateor for the condonser vpas drawn froa the naias,
In ordor to pot 6ifforant inloet vater temporatures, the vetor
vas prehoatel in a tank by immersizn coils and xz!.mulated by
a pump. Uator velocify in tho condensor was regulated by tho
mandpul.tion of the roculating valvo. Since tho punp was having
core copacity then thot ragairod by the condensesy a part of
the vater from tho punp wes £¢d back 2o ¥he teals,

’i‘m. hoot tronsfor prucess in the condonser could o
o smﬁer ;;ar}-l}.sz, or comntoreflos vith the help of the
valvas 132,83, and 4, provided in tho wvator lino for the conde
angor, For porallel flov, the walves ) and 3 were oponed ond
valves 2 md 4 vere closed, tho vator entered ot tho sume
point vhore tho rofrigerent ontored ond loaves st the smo
point as that of refrigeromt, Fop counter-flou, tho vilves 8
&l 4 vove oponed aond valves 1 and 3 vore closod,

The coolicg voter £or the condongir was pogsed throe
agh tho gonular cpace foroed botweon the tve tubos of 3/4 in.

ead 3/8 in. size.furing 4o paspwgy ic tho condensor, 4t cxbsorbi
haat frem tho sofrigerant thas poooving the supsrboct ad laten
heot of ¢ho rofrigorant.
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4 collocting tenlr vas also provided at tho outlet
of tho cooling wator to doteormine the rate of flou of eosll g
vator vith e help of a platforn ctolo uhich had an cecuracy
of nouguring veight upto 1/8 1b, In ordor to osacure thon
‘tooporature of tho cooling fluld , six thormocouples vore provie
ded pt inlot, outlal and at all tho return \banéa of tho unloy
1linc, so that thesc values vould corrappond to thoso of the
rofrigerant glong tho loapgth of tho condonser.

Tho ovaporator was £o8 vith uptor oithor fyom the maing
or frcn the punp. A tho vater vao cooled, 1t vwag drained off
arl f£roch water uod supplicd,

The homt-omehager vas well insulated to prevent heat
transfor %o tho surrounding atmosphere.

In oerdor te deternine tho rate of houtefronsfer in tho
eondenoory fron tho vopour o tho ¢coling fimid; the roto of
flovs of eooling fluid was oeoucured, After the stoalyeototo
conditions hed boon recehod, the condonser vator was turnod
into tho volgh-barrol and o sun startod. 4t all ratos of flow,
tho woter was collooted for not iéa oo than 10 minutes ond voighod
on ¢ pl.tformeseclo fron voich the axeot pote of uater flov yan
dotor incd,

Hoosurcnent of the tonperaturos was by the uso of
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thorro-couplas, Tenporaturcs of condensing fluid and eoolinp
f£iuid vore rocordcd ot tls points oach along the leapth of tho
confonoer, The axact locations of these thoeroocouples are
ropresentod bty the points |- o 12 in Fig, 5.6, Chromel and
Alucol vives of 3 oz standaxd sizo vore usod as thormocouple
vires. Tho soldorcdejoints of theso two vires, vhich formad tho
not junetion ,voro placod at the contro of the tubs for oach of
tho flut® so that they mﬁlﬁ give the average tenperaturo of
tho fluid at that point. They verc all located in the smg
nznnor and vore bolieved %o give fulr volucs of the Semparaturo
" differponce fron point %o point, ALl the thormowcouple joints
vora saoaled off and voro fosted for leskazes upte e moximin
presmure of 200 peoigs

The Alumel wires from all the junctions vors connote
© ted Co n peloctor suitch v.ich vwas in fturn commoctof ¢o tho
potentiomoter by Alumel wiros Tho chromel wiros €réni.gli o
Junetions vore soldered o ong cnd of anpthor Alamal wire,
vhich formod the eold junction, and the othor ond of 4% wvas
eonnocted to tho potentiomoetior, ™o cold junction vus kopt in
oo 4co ton emd wop oointained at o temporature of 3297,

The voltege in nillivolts, rocordod by o conieprocie
sion potuntienotor, vas convorted iato tenperpturen (OF) using
tho ctondand convorsion tableg,

Loforo charging the plent, tho refrigorent 1ino
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wag ovecuated by moans of 6 voouun pump ond 1% was maintainod
cor about 24 hours. A cylindor of Fremmw12 ves connoetod €o
tho avocuated opporatus by oecns of copper i;ulnng, Yator vos
furnod into the condenser tubo oné the Lluid ovgporated ron
the aylindor mmd condonoced & (e epperatus. Yhen scuo ervon.
cous €ata vero gathercd, purging vas dond as gone alr wao
Inovik i beprosant in the gpparotus.

then tho @pﬁratua hed boon chowged and purged,

the vator poto through the condensor tubs vat reguloted %o
tho @esircd value, Tho inlet vater temporature was cf Justod,
vhon possitlo; ©o thot it vae ot 78,26°F. In sono cases the
availoblo water supply was olrondy above this and po adjust
nent was mefie, The comprossor wae startoed and tho desired
prossure of the condensing vapour was achieved by edjusting
the throttle value and was obtaingd on gém;'ﬁ pel, Eqilidbeiny
vas considored %o have beon established whem tho pressuro
gonge,; pel; Deomring the procsure of the codensing vopone
wns steady for ab lonst 20 nimutos,

Uhen equilibrium had been reachod, tho condonsor
uator was tupned into the woigh -barrol and o vuaslortcd.
Tho woter wao colloeted for ot leost 20 ninuton,

At the boginning ond the end of a Tun, rogdings
't‘mro nefie of tho vopour gad conflenoato Scmporaturces ot 04ffe
oront points opd prosourc. 5intlarly, roodings voroe ncfo of
the eooling vator tomporsture obf difforont points Dy nomno
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of o potentionotor as oxploined ogrliore

For each rato of flov of the cooling wator, runs
uexe nedo for both pardlicl £flov and countor flow, Runy
voro alco pefo nt g serios of different vater ratos tut with
noorly constant oversll temporature @iffercnce, A § = I,
botween the condonging vapour md tho average vater tmperaturoi

This procedure vag nocessary in orfor to have gatite
i‘acﬁo-tf @ata for viloen plot of rzeedprocol of overall cooffice
ient of hoot transfor vovsus rocipyrocal of water veloeity to thd
0.8 power. The uater volocity renpe was €rom a ninirunm of aboud
- 2 £8./90c, %o atout 7 £¢./08c,

Pata vers obtsined for three more teuperature 8iffore
oneos, botwoon woter ond Freon, 279 31°F, ond 36%F with inlot
vator tauperaturos of ?‘i"?, CORF end 0aPr x*esgaaﬁiaalm to £ind
oul the offect upon the coefficients and condensor Sonnago.

Tho exporinctel dats od caleulated ovorcll hoad
trenofor coefficlonts aro recorded in tobles 5.2 through 6.5,
| This data corregpond to on avorago rate of fiov of 150 1b./hw,
of Breonw-i2, Typical oboomwod roculls of tomporature dlotrtime

tions ore shown in Fig, 5.7,

T total hoot loed in tho rpparotus was caleulated
froa the vator rato snd tosporature riso,An eZaiplo egleulation
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of the heat tronsfor coofficiont fron the oripinal data is
given in 4ppendix 1, Tho following nguation uas necd for calew
ulating ovarall coofficien®s of haat transfor,

g = Ug b (Aln) ves Bol,
in vhich

g * hoat trensrorred ; BSU per hour.

Us = overall coofficient of hoat %nggr based
on tha outslde surface area of tho¥/g in,tubs,
BIU per br.op, ag,£1.

8o F Cutoldo avea of 3/8 in.tubo, By, £t.
Afy = ﬁiﬁiax’éme of saturation tamporature and sverage
vater toaperature, op,

The mean tompersture difforenco could b roadily
dotermined by everaging oquifiistent point volues of temperaturo
differcnco ovor the condensing length. The vater Yemporaturs wooe
slmost linoarly with length in most of thoso omporinents so that
the arithootic overage of the tarninagl temperature difforenco
roproconted tho true noon in such enges, So theA g, in Be. 5.1 voy
tgken o tho difforcaco botwcen tho avorago weter tcmporaturo and
the ooburation tpzporamrss of the Freone12 corrooponding %o tho
pressure in tho cordensor, vhieh is vocorded in i%on 18,

FPron tho necmarcacnts &k of uwotor flou roto, the velowtty
of cmalmg vatgr (£3./00¢) vas dotoraincd uoing tho ogquation 8.2,

)

= 2 4200 of ePooS-Cogtlon of
tnalus (oo, €8, ) et 5.2

o




Talo valuo s reeorded in iten 13, Iten 11 4g tho
tomporature 6 t¥oronce bolucon ootupstion teaparaeuga of Froon-ig
corrosponding to tho condeonsor prossure (iten 4) and the inlot
vator tamperature {iten 7).

5:6: Corpalot

ﬁ‘e dotorning cendeneing-filn rosistances from tho
valuos of oversll thomel ropioteneo, uso was nofo of the mihod
onggostel by wilcon®3, as discuosed in Chapter 4. In this prooe
edurpe, tho overal resistenco (1/U) wop plotted against the recie
procal of tue 0.8 pover of the vater Valocliy in £, por coc.
¥lison pointed ot that Lrom oquation 4.32 tuch a plot should
yicld o otroight line 1f the ualor £iln occefficient, by, 15 the
only socfficlent varied, The siroight lines thus obtained through
the dota wore oxtyopolatod to infinite valor valoeity., Table 5.6
iists, for sevoral overall tespersture differcac-s, the wilsmm
plot intercepts which corvespond to afinito vater veloclty
loss the zaa&sﬁmaé 0f thy eoppor tubs wall., Thornal remistones
By of tho copper ftude woll wos edlenloted by Tte Ba3

R., = Do Lege [D'/DQ |
w - 2 Kw a»i&&

Using o thornal oconductivity of 282 for copper, the catdy
unll rosistoneo ves caleuleted $o be 0,000014 hey, OF, 83,£¢, por
B . Tho rociprocal of the wilsom plot intovredpt ninus the thore
mal resiotanco of the tudo wall gives the £4ln coofficlent of |
heat tranciov.
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Pilo ecfficint for condonging Freone12 vag eaputod
uping the Dussolt cquation 1,4) for horizontal tubs and an oxohe
ple of colenlations 1o given in the appomdizn 2. The overskl
coefﬂciamt of heot tronsfor wes Cotarmined by using Bo. 4.38
tos;* an gvoroge nosn terporsture difforonce botueen smaturation
toporature of Froone12 corrcgponding %o tho condonpor prossurd
md the avorage tarporators of wvator torresponding to o velocity
ef ¢ £%./c2¢, Using thio oversll coefficient and the individual
rosistencos tho temperature érop acinos tho emdencing £4ln wves
ealcaulated, Tals toupersture Grop was used agoain for doternining
the coefficient of heat trenpfor for confiensing Freoon, Dy mex,
cnd arror colution for the ovornll coefficiont ond the condonsin
£iln coefficlont bencd on tho insldo sarfece oron vas nodo,

The condansing 11z coefficient Uatod on the sutsido ares was
agaln calenlutod, | |

Tho coleulated filn mefficients are coopursd with the
axperimental ropulis in Tadlo 8.6.

Fop turbulent flov of vater in a given opparatus,
ths voter filo coofiicicat ooy bo ftubon as G Vo‘_a s D3 B,
vhore €3 1o on empmiaal constent and noy Bo considered as the
cpporond individual eefficlent of hoot trensfer fyoz tubo to
vator, The rocdprocol glope €3 for occh sel of tooto uaa fonnd
%o bo 380, indiccting that the vater ocido confficionfy at o
wotor veloodty of 1f%/cac, woo 380 DTU/hr, 9g.£1,0F, difforonao
£ron tubo to vctor, Using Shis voluo, the vater £iln coafficiont

L%
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hy, voro coleulated of Giffoyent volocities by using the formila!
wal, V 8 end aro shownm in Table §,7. Toking tho physiend
prepertiss fron stonfard tobles , the valuo nf@..,D%Q/@pﬂ/(;.*
cad Deéy//u wvere ¢aleulatod for all the eols of readings mnd aro
shoun in Rtablo S.7.

o- 4
The voluen of @u&/ﬁ/@»/"/@ yare plottod é@ainﬂt

Roynolds muober, ANge = D'}f’ , ood are shown in Fig, 5.8,
Thooo values wero m:zpareﬁ. wth tho valuss obtuined by ¢he

oquation,

-8 o-4
HwDe _ , 23 -D—-e—-éz‘j (e’ eere 5ud
I M i<

By = water fln eoofficiont, BTy, OF, sq.1€.
) of inslde curfacc of sonvius,

Dg = Emivelont dianoter of tho ﬁﬂﬁﬁiun, ©o D 2,54
E = Tiomal coduotivity of vetew, BT0/hr,£1.00,
¢ = Maos vate of flow, 1b.por hr, of.£%.

M = Viscooity of water, 1b.por £%. hp.

Cp = Gpacifie hoat of wotor, BTG por 1b. oF,

In af@itio: to tho above plets, the folleuing plots
werd olso mdgy yhich are discusscd in the noxt chaplor, .

i, 4 plot of vator wolocity versus ovoroll coofficient
of hect tronofor, Fig.5:.10, 8, 4 plot of l.T.0. vorgug ovorpll
coofficiont of hoat transfor, Fips Ge1l, 8.4 plot of consoncer
heat tronsfer ond HeTeDsy Fig. Go1B.; 44 4 plot of 11,5.D° vorcus

Teoporaturo difforcnes (iSom 1), Fig. 8,13, 5, A plot of volocs
1%y vorsus uator Sonporaturc wiss (tou ©), Fig, 5. K.
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2. 5o, Sztu- Initt ﬁem ?m- Wﬂm Expere Calous Deviation
W epatie Watar ersture imental lated fram
on Temp ?mam fvmmcn intm film Filn oxXporing.
~arats ture , oF, cept Coefflicw Coeffs ntal
ures,s; oy minus  fent icient  walueag

wxll res-BTU/hr. BIU/Mr.
Ast:mu. Qp.uq.ftg’?-sq.ttw

i odiipegintepainy

1 91 725 16 0.,00308 90,5 2990 L67

2 107 77.00 27 0,008546 2 282.0 2818 D.1772

3 114 80 31 251.8 267.5 6.857

4 123 84 38 0.004198 24,0 297,68 2,27

A A . L
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ABSTRACT,

o roosults of tho obsorvations nofo duving the
azporinonto ore Giccusoed, Tho onporinemtial condonsing ond
wptor £iln coafficiontc aro in good egwwemont vith the theorotioce
prciictions, Application of tho reoulis for tho denign purposcd
is givon,

6. 3o ﬁ =Y O

Figs &8 45 o plot of the rociprocal of tho overall
coofficiont vorous tho rociprocenl of thoe 0,8 .ower of tho wator
velocity in £%. por soc, Tho straight linoo through the dota
oro oxbrepolated $o infinito vator voloeily, The data ineludo
obsorvations medo for tomporature difforences of 1607, 2707, 3107
. oné 33°F emd with initiol vater temporatures of 73,25°F ;t?"ip%
80°F, ond 8¢% veopoectivoly, Ao the temporature diffeorcnoo
ineroasos thy sﬁ#g&gﬁt linoo possing through tho reopoctive Gola
aroe noving upwards shouing Shot tha vilson plot intorcept incroe
asen as A ¢ imreamm Thio 1o in ogrocoend mth tho thoory of
~ condonsation,

Tadla 6,08 linto tho valuos of wilcon plot intorcopts
1lcco tho coppar tubo wall rasistaneo corvegponding to difforent
voluon of A ¢, tho cmperimontal ond calculated valuop of eonfonse
ing £4ln coefficionin.
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Tho calealated £4lm coofficicato ore compared widh
tho oxporinental Fosults in the Tablo 5,6, The agrocnont is
very good, |

tho cxporinental £iln coofficionto ore in good
agrosnont with tho caleulated voluos, the doviation boing fron
about =0,%7 to 6,65 fyen cxperivmisl valuos, This shous that
Mussolt'e snalysic can be used for predicting ¢ondensing £llm
cnofficlonts for thin typo of grrengenents

o mcapmcax slope (@) uf the atrnigh% lineg in
wileon plot uag found o be 300. ﬁsinu this valuo of Oy, the
yater filn cocfficiente wero ocaleuloted by using tho evuation
6&1(; o-8

,Z' ~ C[ V

« ) HRED aol
emé theso valuos are tabulatod in Table 8,7 olong vith velws

of (Lo oe/,()/(c,/"/,cj '*m?ﬂ De &/,«/

Fige Bl 12 o plot of vater filsn coofficionts axprow
gocd &n tormy of [hssoltte and pranitl mumbors vorous Roynelds
nunber, De 4/,4 , and sioup thot the oxpori.ontal values aro in
guito good agresnant with those obtained by tho squation G4,

Actually, tho omporimontel valuss ¢lightly ezeecod the calcula‘ar!
valueg by sbout 4 poreent, possibly duo %o thoe Turbulonco in {hae
uator ac i¢ entored tho Gubo, Dul, in genoral, tho agroenont
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of tho oxporinentol woonlis is very good uwith thoss of tho
enleulatod valuos within the orxperimontel orsoro,

Figs 510 is o plot of ovorall gooffictent of hoat
tronsfer versus vator veloolty for differont nean tooporaturo
difforoncos toth for parasllel end comnter Llow. This crovs that
the ovorall coefficiont is hipgher pt low tooporaturo differencos
for tho sone yaoter volocity, The overall coofficient of hoat
transfor 18 morg for countorflou then that for parallel Llov
for tio same BeLeDo ond veloct ty of cooling vator,

~ The values of wvarall coalficiant of hoat transfer

are plotted gs ordincte ond the pesn temporature 4ifferenco as
nbocison for o given volocity of water. Those curvos gppoor in
Figs 6 11.Tho valuo of (), decroasos as the taan Yesperature
éii‘f@mmé inereases, for a given quantity of cooling vater

as 10 chown in tho figurc. For tho sgw noen teaporaturs diffe
eranco the volus of (Jo increns~s ap the ¥ate of cooling woben
inoroppos, as pointed out carlior.

Fig. 512 shous the sot of curves obtainod by plottind
thg poon tempora‘aux?e difforonco ap ordinate oné the condencor
tonnnge Lor g givon water rate as abociooes For o given quonte
1ty of uwator, thore s -8 o otralcht lne rolotionchip
botyoen the condeonnor hoat Srenpfor ond momn Loporaturo
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di¢forcnco. Those ptraight lines tond o convergo te o comaon
polnt at goro negn tomporature differcnce. If runs were modo
at vory lov moan temporature differcnces, theoe linoco nmay bond
end ‘pass through tho origin, A

Fop the oono mosm temporcture Gifsroreaco, the emdonsor
hont $rensfor incroaoes oo the voloedty of the cooling vatop

ineroanod,

The ouyves in Flig. 5,13 show tho relation btotween tho
maan temperature digforence, end tho difforenco in tompersture
of the saturaticn tonporature of Froon-12 mnd tho .ontering wator
Senporature {Ifen 11) Cor o given veloolfy of ¢soling woter. It
nay bs observed thol tho relationship botuson thoso tuwe is n
ptraight line for o givon velocity. These Xines sopoeor to
CONverso a# low HaT.De md diverpge es tho H.TD, incroasssn,

8.7 Zermerature

Fige 5.4 i5 o plot of copling water velocity versus
tomperature rige of cooling wateor for a given memn Yomporature
giffergnco, both for parallol mé comnter flow. The eurves
are taoling ths shapo of hyporbola nearly. It may bs obaorved
fron the pat of cupvos that the torporaturc rise of cooling
wator, for o given veloeily omd o givon ooen teaparature di(fw
emonco, 18 nore in counterflow thon in parallol £lou, It has
bean obsorved in tho caco of countor{lov thoe subicooling of tho
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cunﬁeaaa;leio pore thon that in poarallol flov and honeo thdo
incroape in tomporaturce vioe,

3 | o eaﬁ; shoun on Pig. 5,2 are baged on a diamtor
rotio of Do/Dy ® 1708, 4 conparision with tho omperimcatal
roculto obtained indicates thot tids daoto may oloo be uced vith
roaoonable nocurasy for other narrov annular spacos of dlemotor
patlos of Dp/D, fronm about 1.5 to 2,0 in the turbulent rogion
for on avarage Somporaturo of cooling wator fron about 78 to

2 The cwvoes of Fig.5.10 are based on an gvoroge tenpole
aturp difforence £rox obout I8 F to 3G Ft, This data nay bo
auged for proficting the ovorall ccofficiont of hoat transfor
eorresponding o o particular velocdty and ovorapo Seouperaturg
difference or the seme nay bo dome with tho use of vilsm

plot {,0, Fig, B.8s

2 Tho curves of Fip 5612 nay W usod to pradiet tho
moan tacporature difforemcd, if the totol heat tronsforsod
by tho condancor and the voloelity of cooling wator aro £ized
corliior, |

4, If the ocaturation toaperaturo of Freonw12, inlet wator
topperature gal tho voloeity of tho cooling vator nyollnown
oarlior, tho cupvep of Pige 5,13 noy o ueod uith poasonablo

aecuracy to dotormine tho nean tempercturo cdfforence, fren
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- e

vhich tho ovorall coofficiont of hoat transfor end hont tronte
forrcd by tho condonsor eon bo doternined as stofod abeve,

- Ge Dy Conclurionss,

The friction data o%uﬁ.neﬁ indlento that the peepor
Roynolds nunber ﬁo ugad ig PoG/u , uhere Do is the oquivalon
dlametor of the snnulusy vhich i3 equal So tho difference of tho
tuo diemotors of ennular opeoe,

Tho feiction dato in the turbulent ropion aro within
roogennblo aocuraey of the caleuloatod values, ond 4t ig bolieved
that this corrolation ean 0 upoed for othor oizos of gnnuli,

The reoults of the exporinmecmtal £11n coefficionts have
oon ipund to bo In good spPoocmont vith prodictiens from stnfe
ard hoat trancfor oquations,Though this data can Lo usod, with
Fooscnablo ascuracyy for the docign of mmaller units, 1t 1s to
bz confimoed vhethor or not thiso data ¢sn bo used for ﬁm dosign
of highor copacity planta,
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roon-12 prossure in tho condonser - 131 poig.
~148,7 p.sia,

Tgwpammm of Froon in vapoup o
iine, - 185,01 F,

Saturation tenpoeraturg of FPreon
From table of %h«emnﬁynemiﬁ

proporties). « 107,283 P,
Inlot wator tooperaturc | - 76,82 F,
Outlot vater tenporoturoe - 82,27 7,
Rate of i’la%i of cooling vater - 32,00 1b,/uin.

¥ooporaturo riso of cooling vator = 82,27 - 76.82
= B.487, |
lleat transfosrrcd in condensoy = 32,00 % 60 » 5,46
= 30,470 BIU por he,

ivorage tooperature of ecooling
vator
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Avorngo tooporature aifiorczmo betuveon . 3 =70, '
saturoted Froon vepours and cooling 107,283 72,8545

vator
outoldo grea of tubw = N “'vﬁﬁ x 16,33
& 1.G03 g, £, ~

1.6 £ boat ransfor = JOAD
Ovorall coofficient o a 1,603 n 57,738

T 234.5 BTU/hr, 00, L5, 0F

Roeiprocal of coof Piant geem ¥ 0.00027

Aven of oross poction of the anbe , . ’
uler space B 0.001622 g, £%,

VYolocity of cooling vater ]

= 806 £t /aco,

Rooiprocal of 0.8 povor of voloel ty= .,_23..“...,
8o W’

= 0,27

Torporatare difforence botuvoon soturated Froon Vapours
end inlot wator © 107,205 = 76,83 = 80,4063 Fe
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Annanair

Frcon Prosuure - 130 psig, .
Averago temporature difforence botuoon saturated
Freon vepours and cooling water Q) « 277,

Averags uvater texperature = 8 F,
Yolocity of cooling vater , - & £%/500c,

Tubs data from Table 61,

The pater £1iin meffiemn#, By is celculatod from
the squations

Tho phyafieal proportios of vater are taliem ot an
averago tomperatare of _&ﬁ”?n

& 0.02476 £%.

G = 5x3600 6,4 = 1,125,000 1/8q,ft. hr,
F =203 1yme.28,

Cp = 1,0 BIU/1b.Gag.F.

K = 0,363 BIU/ME.£3,°F
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o =35
hy © (L35) (0.029) [‘0“676331"325&%(7 Q”"z}ss S

= 1510 BTU/Mr.9F « £0.8%. of inoldo surfaec of emnulug,

Eondonsing

Tho condonsing £1)m cooffliciont of hoat tromofor ig
caloulatod £ron the equotions

K 9 A ,,'./4'

by 075 oAt

Tho valucs of K, £, & /M for Froon-is .ar;s Saken ot tho
£41n teoporaturo, which 1o tho tenporature of the condensing
vapours minuc%atg Tho veluofor A\ 10 token st tho temperatuso
of tho me&maﬂ,ag' Yapours.

The £ilm coofficiont for a 874t 1s first alenlated
eof thon modified W o trisl and orror mothod to tale into poce
ount tho Lemporature drxep through thy wveter £iln end coppor tube
Yalle

% BW7.8 x2? o867

B 0.0280 £¢.
Bz = 0,00966 BTU/hy, £%. Op

/43‘ = 0,622 1b/hr, £,

T o en.gre 1wert,
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A\ = 54,808 BTU/Lb,
g »4,17x l!s z‘f@/hl‘qa

;me.mﬂzknxxﬁxmm
- e.mxa.aasexm

% 329.5 BTU/hr.deg.F.8q.ft. of inside surface of
. fnner tude.

by = 0.726

gverall Ceeffictent of heat transfar is determined frem the

sgustlons
Uy o —— + 2 Lege®ip) | D 1
°” L 2 T D Ry

Up « overall ceefficlent based on the cutside surface sres
of the inner tube.

Dy = 8818, = 0.03126 fty

Kcorper

Keapper = 222 BTU/Mr.f2.d0g.Fs

" .
» o Uy

* D,00065 + 0,000014 » 9,0087
- a.m

The tempersture drep through each of the film is
preperiional to the resiatance of eash film,

The final resulis of the trial and srrer methed
for the condensing £1lm and overall coefficients of heat trensfer

- ares




= 0,000864 + 0.008848
V@ 0.004200

Up * 237,65 BTU/bT, deg.F 2q,ft. of outetde sixface
" arsa, _

Condensing £ilm coefficient x
based on outslide surface ares

& 281,65 PTU/Mhr. deg.F sg.ft,
of outside mggéa ;rem
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