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Heat Transfer in an Oil-Steam Mrect-Contact 

Condensation Sy& tern. (Augus& lg7$) 

Christopher i~lexander &fain& B S» Texas AkN ih;I versity 

Directed by: Dr. R~ B. Davison 

The volumetric heat transfer coefficients asso- 

ciated with direct-contact oil- st eam condensation were 

cbtai»ed by calculatin» ent!xalpy 'hei=aces on a three 

st& ge pac1:ed conden. , ation system. Tho system eros run 

at n vari ty of physi c ':1 conditions and with two differ» 

ent packing types ~ 

The volumetric heat transfer coefficients were 

, . c:"re. '. : cd w2. h pacI:in& & . tcr& oil and &'"'. t 'r 

flow�„ 

steam density&;, nd liquiu to vapor;acio This cor- 

. i-:. cion was obta& ned by the leo st s&Iuaros method. 

was add it& onally doter&. I nod that a chem', cal modif ice- I on 

of the oil used impr& vec, , '. :. . . ;. ~t transfer at low wa', cx 

oi . . rat los 

Tho result;-, oI th. ', s & nvv' t I g, "t I on trad t » 'ndj cate 

di rcc:. ''-;. . '~tact cil stcam co& de, . s'. t' cn cc«ld be 

co; . 'ct i t 1'~o w. ' h . 'DG3:" convent I Qna I s. . . n'"'de oi . to:am 

c o n d e n, , t:. o & &: 



ACKNOWLEDGMENTS 

This investigation was made possible through the 

suggestion and direction of Dr. H. H. Davison. 

To Dri R~ G~ Anthony and Dr. N. J. sBob" Fox, Jr. , 
I wish to extend gratef'ul acknowledgment for their con- 

tributions to my research efforts and thesis' 

For their support by financial aid, tho Texas 

Engi. ncering Experiment Station and Dr. CD D. Holland 

ax'e cknowledgede 

' ins ly g 'this thesis '' s dedica ed to al" t11o '0 Qcn 

who are still listed as Nissing Xn Action in Southeast 



TABLE OF CONTENTS 

ABSTBACTo ~ o ~ ~ o ~ ~ ~ oo ~ ~ ~ o ~ o ~ o 

ACKKO'iFLEDGEiENTS ~ o ~ ~ o e ~ o ~ o ~ ~ 

XIST OF TABLES ~ 

LIST OF FIGUEEES 

CHAPTEB 

~ etc 

o ~ ~ ~ 4 ~ 

I- 1NTRODUCTXON o e ~ e 

XXe DBDVXOUS llfOli!' oee ~ oe ~ eel ~ ~ ~ ~ o e ~ ~ ~ ~ ~ 

XXXo '. i"l":X. ' of 4 . i sX:o: i oo . D ' j, S el"- AO, TXQ!1 ~ ~ 7 

EXp;oPl. liiQ!%f81 S) ", i;Ci". o o ~ 

OP T E: i. ODo e e o ~ e ~ e e ~ ~ ~ ~ e e e e o e ~ 

7 
16 

I" D: BTVATXOE"S ~ 

'o " 

BEE& XO" P~~iieriY 

APPE'iDX". :; 

XX ~ DATA U:;;Ii I!! !!E;A EOSS C; . '. ". UL'. TXONS*, 

Xj". i o Di'I;": CONF;. ::". l &I!i CN AND STATX' ioXCSo . . o . . - e e 

';XTA-. e ~ ~ e 5' Fi 



LI ST OFr TAKE, E S 

Ie DATA UNMODIFIED OIL PAeLL BINCoS ~ e e o ~ ~ e 

XIe DATA i UNMODIFIED QIl~XNTAIDX (@ 
SADDLESeo e ~ ~ 0 ~ o 1 ~ e 

IIX ~ DATA 5 AVEBAOE MODIFIED OXL XNTALOX 
(~y 

SADDLES ~ ~ ~ ~ 

IVo CON'l ' BSIONr FACl'QBS ~ ~ e ~ o ~ e o ~ ~ ~ ~ ~ ~ 

TEE"-'EBATUBE DIFFEBENTIAl S USED IN 

HE . "eI aOaS r A i ULr"i. T sQrrSe e ~ e ~ e o ~ ~ ~ ~ e ~ o 

VI ~ EEleEBX:ENTAr AIrD CroBBEI ri r ED VQoLrT„H. '„TBTC 

HEAT TBANSF ' "i COE Flr '-CIENr TS ~ o ~ ~ o e ~ e e o 53 

CUPVE-FgT S'rr. -. . -', rIXi', . e e 55 



LEST. OF FXGUBES 

1 a IIXBF CT COI'ITACT CO I BENS XNG S YSTEIeI ~ e ~ o ~ ~ e 

TYPX Al II' SU. BRIINN'ATEB ~ ~ e o * ~ e o e o o e ~ 

3o TYPXCAL CONBi' NSXNG S ' AGEe ~ ~ o o ~ ~ o ~ ~ e ~ 

4e SEPARATOR SYSTE. 'fe ~ ~ e ~ ~ ~ ~ ~ ~ e 

MASS FLONe ~ ~ 4 ~ a ~ ~ ~ 

oe ENTIXALPY FLOW ~ o o ~ ~ ~ a 

ENTIIIi, I '. "Y I"LOB FOB Q, L 

BETE BI'IXNAXX ON. e e ~ ~ e e ~ ~ ea ~ 

8 ~ TEK~R. BATUBEe API'ROAC!X 'ROFXLE I'OB STAGE 

11 ~ e eoo ~ eeo ~ aeo ~ o ~ eeeoee 

]IIAI1BXOTT AN}i NJ E, zANIIT lgt1II ) o o ~ o „~ o o ~ ~ 

lO o BEST VOLUIISPIIXC IIEAT TBVTooS FEB 

COEFI''XCX ' IeTS ~ e ~ e * ~ a e ~ ~ ~ 



Cx«~MT''R I 

Today most commercial desalination is done by flash 

dist illation. This process has three dx «!» bacl«s ~ Heat 

transi'er across the metal surfaces employed is limited 

due to limited area. The heat transfer may be furthe" 

impeded by Che build-up of insoluble scale on the C ans- 

f ex' surface This sca7inp is also responsibl. ~ c '. ' ':;. , 

x!1th corrosion! for ix»here!!Cly high maintainnncc c! 

L". stly! Che necessity of corrosion rcsisCant ccr:struc- 

tion m" Cx»xi als causes initial equipment costs Co be highs 

Bixec«c contact f lash oistillat ion. is another method 

of cea'ester d»; «salting capable of moetin» the hi~. "h f re'h 

xx!!'"er pr»duccicx: lex«els usx!ally asscci«!ted !xith con»ren 

Cix!ha 1. f 1". s!'! distil7iation The di 1 ec!' contac'. px'ocess 

ax«olds Che dracbaclxs of the cor!«entional process ~ The 

ma;&ox dis«xd»';«. »' »! e in the direct-cont-ct proc . . ss is the 

neces. 1» -, " of ph:. !!e separation. lx! keeping xxitb the cost 

ad» al Ca»res of Cho d. » x'ect cox!tact f. ieshin( of bx'lny and 

bx»!;-&:1;»r» f! cc!! a: ox-, !, direct-con!tact ne xt ", rar sf ex could 

1. at Lens ("»', '( bc f (! ) X (s; i ". j: pa(, o«! f oil;»s»' t!7 e. 



be used, to advantage in the condensation of steam 4'rom 

the direct-contact f'lash. 

Direct-contact condor. sation has received little 
attention in the literature. When direct contact con- 

densation cf steam in an industxially feasible system is 
considered, this is especially true. Since the avai. l- 
able literature were both lim4ted and subject to contra- 

dictlonx a broadly based program of study was planned' 

This pxogram included. the design, construction, and oper- 

ation i" f' a pilot-plant scale d» rect-contact oil-sti:am 

condeix iat ion c'i styli Tixe constx i'ction BQ erials used 

wcx;-: not what would be used in a full scale system. 

Howevex x cho heat transfer liguid and physical opexsting 

conditions were those which would. be uxiod oxi;. n indus- 

tx'i. xil scale ~ 

Aa off'ox' was made to obtai:» ai comprcho xcive data 

field by cpex sting the system over a widox range oi 

physioal conditx, ox&s* Two different packing types were 

used~ When tho second set of' packing material" was usedx 

the heat transiex' licxuid was used both in its pure form 

and modified by tire;;!' Xiton iif an;". lipuisti. c alcohol- 

he f xnal ol)deci:. vc of (. 'h$ s xvorl; w" -' thc correl@ ' 

't i on of the coX "Acts . i ox a xa such . '. . iisx:. ~P the ' la roe ~ 

Scale "y. 4 Vms c(xuld Pe de:: igncd 



CHAPTER II 

PREVIOUS &1ORK 

As mentioned before! the svaila'ble literature on, 

direct-contact condensation is both limited and sub &ect 

to contradiction. This is particularly true of work 

done on packed condcnsers operated at industrially 

f'easible conditions. This is not to say, however, that 

whet information is availsblo is ot diminished va'ue ~ 

Cheng (196') and Harriott and. i'iegandt (1960! all 
worked on direct-contact heat transfer in packed con- 

do! sar systctss Tbc volutl'et Fic heat t 1 ansf 8 J' ccef 

', ots obt iced ' y Chen, -, (1 -69 ) uq!! e ~ homes- J ! oui* 

scant lolly less tean iho e developed by Harr!, ott and 

'Eli egandt (1964! jerkin~ in. con ~uncti(n w$ t b Milks 

al ~ (. (!6! j! Chang (196$) used Aroclor!, a highly 

v'i cous, expensive, chlcrin;&ted bi-phenyl ao a heat. 

tran. , fer Liquid& Th) s was done because V3 lke's group 

was using Arocler as s. heat transfer liquid in the flash 

disslllatl on of seawater! and 1 t was de. !ired. to coo bine 

the two proc!:sses 1'or tk «purposes of cost rcducti on 

8. ' d hea't o co, so18y a 

Cb cog ( 1 ~&6 g ) f nun&. ' tf let th: h:-': ' t t ra!1' i c)" 

coc, fici ca'!!! ' t. ""* . ct"'i"! ': cd by . '', C, ebt':! '! d in his 



Li, 

work could be reasonably predicted by a modification of' 

the (hilton-Colburn J factor method x 

These volumetric beat transf er coefficients, of' approx&- 

imately 111 800 J/m~. s ~ K„werc well below, by a factor 

of four, the vaLues px'edicted by tixo . penetration tdxeory 

supported by the work of: Harriott and Viegandt (196XX) ~ 

'X'bey have suggested that x possibly, the very high vis- 

cosity of' Aroclor &wa responsible for tbe rcducod vain«cs 

obtained by Cixeng (1963) ~ Their own work with a water 

and methoxy. " ci11ox'ide system 'texxdst e sxlppox't tfx3. s clef m 

Z& ~ 1 «Y ing " or the'. s v & x ia 1 ou, ho«:cvex x L&otb '"x'o'up 

agx:ed that beat transfer in packed condo;xsera is cc. «- 

tx"cllx&d by tb= 1iquid «ase resistance ~ Harriot t and 

Viegandt (1':&64) al-o ob-erved that the volumetric beat 

t, ransfsr cocf, "Lci out varied with Liquid flow, reporting 

the ro1 ation&ship: 

LO&4 to O&6 
v 

Xt wa. also thc f x&nera3 r crso "«& us that the volu- 

metric b:&at traxxs&f xxas ix dependcxxt of gc. & flow. 

H' ' x. o ' t "'. r d. 1i' xox ". '. . :. x i«f x ' 
3 x U;*. 'cx'6 "d boat 0 x au&sx ox' 



coefficients of 2 79$ 000 J/m-3. s«K on their system well 

bef'ore flooding conditions wore reached. &hereas Cheng 

(1963) only achieved ill 800 J/m~. s«K rather than the 

465 800 J/m9« s ~ K px'edic'ted f ox' 31is system by che pens 

tration theory (Harriott and Niegandt 1964) ~ 

Oheng's work with Wilke et al. (396x4) was limited 

by' the use of Aroclor which is industrially unfeasible 

due t. c its high initial purchase cost, pumping costs& 

3 imited heat transfer abilityx and odor and flavor which 

Cond to taint Che product freshwater« 

l«sckcy (3. 961) a3. so used Aroclor«However, he u ed 

a venturk contractor xathex then a packed column to 

condense steam. Xn oxd. er to produce volumetric heat 

scoff 3 c$ ento oX 2 'po 3 000 - 'p !3/0 000 3/m~«s«Kx 

he fou xd it necessary to use temperature gradierts of' 

&~ ~ &y„s. "', ". , and $8 ~ 9 degx ees kelvin» While Chess 

values a: e obvious ll «mpx'act x '. '. T. oxx axx indust x'3 al sos le x 

Ctxeir use did escpha 'ise the dependence of steam x le I 

rate on ':, empe. ature difie entxal ~ To obtain an ''acres«e 

in Ch~ steam flow rate without usin, the" e ozccssi. , 

t ompex'at ure g\ -'8 cuts x . 'Caa and Hickmoxl (3 9 jg ) have sug 

gest d the ad'"iCion of scene'. ". '. scxs" Co th& heat trans- 

p ex liquid«Added in eo canes «es ~ Cha. . one per cent by 

hX Chose 'sen itiso, , su x o ~ 
I 3v a'f'Epxxa/ iq ale lix 



provide surface sites for condensation. However, these 

alcohols will not increase the heat transfer to levels 

beyond that which the heat transfor lic~uid is inherently 

rapablei 

hheng (]. «!6~y)» !larriott and 1»ie:=andt (»96$)» 

Sideman (1966), and Naa and Hickman (19y2) all agree on 

the basic characteristics of' direct-contact heat transfer 

in packed condensers. 'Zho results of their work, how- 

ever„ leave considerable doubt as to how direct-contact 

oondonsat ion cooi!»ares with other methods of condensation. 

Sideman (1/66), in his co:spilaticn of' work directed at 

this subject, stated, "~ ~ ~ it is noted that» despite the 

advan'«ages and effectiveness realised. in utilising latent; 

heat cransport, re. 'I '. ti veiy lit tie is !-now»» of the basic 

mechanism of thi. importarit phencmonon» and the various 

factors -. f footing it ~" 5even years later this is still 



EXPERIMENT&, SYSTEM AN3 ITS OPERATION 

Experimental System 

The system shown in Figure 1 (p. 8) i. s a direct- 

contact o' 1-steam condensation system. It' consists of 

three sub-systems. Onc is for steam supply, one for 

condensation, and one for phase separation, . In addi-. 

tion, f- ciliti s are provided such «hat any throe con- 

es utive st, ages of u thirty to . orty stage system may 

be mode1ed. 

Th ~ beat Crabs»"er licuid used is a hydrocarbon 

fraction, -. pproxim;telv ninety per cert: of which boils 

wit-. in »' degrees lcelvin of the O, ~ 
bci in" point 13 

'1'his cil was selected for 'ts Icw vi cosity, low 

expense, wete- insole i. :iCi ~ los toxicity level~ and its 

inability to act os a solvent for the salts associated 

with seawater. 

Th" apparatus shown in Figure 2 (p» S), is a 

typical de supe rhe 'Col . ' n 'Che sCem" s'4 Jplv sub sy ~ C em 

Tho Coals apply su J Bye t( pl ccn 1st of CL re dcsuper 

heaters nd Choir a. ' oqiatod control e) ement . » Each 

o. Cuo 'coup, ;c, ters» s made of, , c». ti o, I of si, s nch 
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steel pipe 0. 91$ m longe JL one-fourth of an inch wire 

mesh grid. , 0. 1/2 m above Cl e low'er erd of' the desuper- 

heaters supports 0 ' 610 m of wet-pacl&ed one-half inch 

Baschig rings ~ A hot water circulating pump recycles 

water at a high flow . ate around a one inch pipe loop 

from the bottom of the desuperheater tc the perforated 

steel distributor above tho packin 

materially 

Utility 

steam at a pressure of 689 MPH N/m guage is supplied 

to . each desuperhoater through a pneumatic control valve ~ 

The etc=. :s entors the dc. :upcrheatcrs from tho ido, 

0~076 m below the pac'king support grid' Each pump loop 

i, supplied with a manual drain and a pressure relief 
vaLve. The desuperheaters are each insulated with one- 

irch piJt-. hell glass fiber pipo inst"Jatlons 

1'esupcrheatcr 1 ' - on absc1utc pressure con' rol* 

Sep*rat=. IIoncywell pressure transmitters are u;;ed for 

vacuum oporai ion and operation at atmospheric prcssure 

and above. The t ransmittcrs are connec ed to a Honeywell 

differcnti . 1 pressure transmitter, which is connected to 

a Hcneywe'1 'hrec pen recorder for flow meosuremcnt ~ 

Besupcrhe" toro 2 and arc c s nti aJ Iy 1&!enticel i w 

t hoi r cont rol arrand ccient e Tn-'teed of d I reer prcssure 

controL, ho r vcr, desuperiseators 2 ard 3 arc on diffcr- 
ntial p): «8 -:ur ' contrc. l. '" . th the d 'supt i'ilchtor ic i! 0 



ately above & see Figure 1 (p. 8) ~ 

Figure g (p. 12 j characteriras a typical packed 

stage in the condensirg sub-system. Each of th!ese 

sects. ons is connected. Co Che corresponding desuperheater 

by a one inch steel pipe with a manual shut off valve 

and a one-wa; check va3. veo The condensation sections 

consist of a steel distributor section, a glass pipe 

packed section, and. a glass pipe support and sieam 

supply section. These sections are insulate!1 in Che 

same manner as Che lie sune rhoa'tel s 

Toe distr9butor section has four ono-inch pipe 

downcommers wiCh V-notched tops to provide for even 

flow distribution. Xr. . stages 2 and )„ liquid from the 

Cage»bove comes '! nco Ch. di. ;Cr' l uter se ction v9 a a 

7. ~ 22 n 1'!ng "ection of' four-inch steel pipe which acts 

as a hvd. raulic leg Xn Cn" first stage, liquid enters 

the distr ibr!Car section from Che phase separator recycle 

19. ne» Each d; stributor "ection 9. s designed tc prevent 

vapor f'low between stagcso The distributor sections 

are fabricated from a 0- lq~2 m long section of s9 x-inch 

s'teel pipe Each of these sect 9!!ns 9s pL ovs ded w9 th an 

«ir b~ eed vc lvco 

il typical glass p9 pe packed section is Q~ C) 1 Bl long 

and 0. - 1)2 m in dl!!!eater» lt is cce»9 ctely pac!=o&i with 
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either five-eighths of an inch st col Pall rings or three- 

fourths of an inch ceramic Int alex!pw saddles ~ 

C:J 

The glass pipe support sections in& lude a one-fourth 

oi' an inch wire mesh grid at the top ord for the support 

of the packing materials~ The steam supply lines from 

the desuperheaters enter through thc uppurt section 

end plates ~ Each support section is constructed from 

a 0 ~ 152 m long section of six-inch glass pipe ~ 

The liquid flow from Che last condon ation stage 

enters ihe phase soparaticn sub- ystcm by four-inch 

stool pipee The phase scparaticn sub- ystem in ligure 

(p 14 ) consists of' Cwo insulated 0~ 18/ m~ steel 

tanks! These ta&ks are arranged in eries and are con- 

nected by a cne-in! h stool pipo oil overf7 ow 7ire ~ fhe 

first Can!& acCs as a gravity separator. t. Honeywe7 1 

differential pre sure t-, "r!emitter conn. . ct d Co an in!Ci- 

cating controller and pn. »metic valve provi&le oil-water 

irterfaco control in thc separat& r tank. Pccumulated 

:! et cr is discharged Pro! . the bark b. the int erf a e 

cc:. , «ol vaive ~ A wet&!x . 'ecyc7e line r&!ns free! he lo'vol 

o!!u Gf '. hc ''!!pares oi ! a ! ski oilgl a ce';!C j 11 &!ge 1 pump 

and back Co Chc condensation !ub- ys' &m. In th&. r ccyc7e 

linc Chere ic on integral o! if ice conn!=cted Co a 

f1orcy!! o 1 1 r(!!;os der' co. 2 ' ';. "«' ) or " . . 1 ". ' 7. I&'I'. co!!C re 7 ~ 
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From the separator tan'k, oil over) 'ows into the second 

tank& which is prox ided Co give suff'icier)t oil hold-up 

to prevent oil recycle From got ting ahead of' phase 

separation. Thi s tank is provi(led with a manual system 

to r erne«e water accident ally carx iod oxez. from Che . ep- 

arator tank and thus to prevent water f'rom entering the 

oil recycle line ~ Oil is rec; cled by» means of' a 

Flowihru 
O& 

pump) Downstream f'rom the pump is the same 

type f I oy!-measuring syst cs! that 9 s used on Cho steam 

lines ~ The exception) in tb. is case is ' hat a f'low 

recorder-controller is used to con( rol thc oil flow raCe ~ 

The oil and water recycle lires merge prior to entering 

an ovo! -s' red, stainless stool, shell an 1 tube heat 

exchan, ", cr* Tho recycI e stream fle(! = tub&" . idc, wh» 1e 

551 $0)3 K/m gus& e utility )&ster f'!. ows shell si&3e ~ This 

heat exchan er provides ten pe!"sture contr(1 f' or the 

recycle st roam) The tomperature . caser is comme. -ted 

Co ( Goneywcll tom per stare recorder 'cc! t re. les e'c d 

loca(od in the inlet to the dist ri?)(, Cor section f or 

condensation stag»(. 1: y&. 11ow tc!(» Xudust 1 ios thor;". . ' 
istors i)"e 7 oca'to&), , ) sh(wn, ' u C &*!I (. 

Cher!sist or p; ovi(, '»; igna is ) . !i ct) e!&~ e. a . '. esisi, ence 

balance) 1)? 1„' b( le!'I&'c is u. ") d ' i'! )'('n) J in ct ) or& with 

calib!" . ci&)?" c!)). )I&');. 
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Operation 

Data uns with the system described vere made at 

pressures ccrr sponding to those of saturated steam at 

tho temperatures of approzislatoly 33/ K, /$6 K, 374 K, 

and QB9 Ke J(t each of these tesperatures& a series of 

oil flow rates »as run to waxy the loading oF the 

column. Ab each oil flow r"te, a series of watex flow 

rates »'as run to lxrodol various group . Of three stages 

throu(:„bout a thirty tc fox. ty stage ystem. 

This general format vcs followed »1th the c(mbi- 

nations of' Pall rings nnd pure oil, Xntalox Qr~ 
saddles 

and pu e oil, Tntalo:( ~B saddles and oil modified»lith 

0e 5 por cc nt 1'rct(1decallol. l "xi(1. Invaxox Qq 
sad(3 los and 

oi, l medif ied with le G pex cent octadecanole This schesle 

of ops xeat ion 

Some va 

provide(i a vide data "iolde 

riations vere xeouixcd, when operatir. uniiox 

vacroum; ho»re(ex, the operating proced»ro used. at 

ambient pressure arid, abase is fairly indicative of' hov 

the riata '»ra ' o '1" - r 'xledr The Fol Loixl 1'lg pe'or edure 1. & s 

ur s 6 (i 

1. '~'1 e oxl re(y:. xc pi, iop li's op '"(te(2 at f u11 flow 

f cr e. iso siiilut el s to cat "b i i . Il varpor scale ill 

"il o c ir 'on' '* ( . ('1'1 . 'I, axe 1 . i st rib' t E 1 alr(' hirdl'«u 
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2 ~ The main steam supply va3ve was opened so that 

condensate could be purged through the steam 

t rap. 

The indicating cont. o13. er f' or desuperheater 1 

wa. . set at the desired value~ The manual supply' 

valve to the desuperheater was then openede 

The pump ir the circulating loop was tuxned on» 

When the pressure in desuperheater 1 reached 

the desired value, the pressure dif'x"erential 

to desuperheater 2 was set ~ 1'his deaf'f'erentla3. 

was not allowed to exceed. the pressure ex;artsd 

by 1~22 m of oi3 in the hydraulic lcg connecting 

condensing sections 3. and 2o The manual supply 

va3, vo to desuperheater 2 was tb. en opened. with 

the circulating pump turned oni 

5e When the desi red pressure was reached ixx desu 

pexheatex 2, step f our was repeated f' or the X est 

desupexheat ox ' 

6I When all 'hreo desupexheater, w, xo operating in 

a stable manner, thc air bleed v"lve for con 

dcnsing section 3 . ". nd the supply vxx3;o x rom 

dc super'xeater x. wex, "e cpsxxecl. s 

7~ As soon a- steam bog" n to vent from th» bleed 

val. -ex it wss shut, x aod Xhe:. procedure in . tcP 
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six was repeated f' or condensing sections 2 and. 

8~ The separator intorf" ce control was set for an 

interface 0 ~ 2$ m above the tank bottom 

9~ Tne oil and, water flow controllers were set at 

sero flow. The temperature controller was set 

at six degrees kelvin belo«s the desired. value. 

10. The oil flow pump was then turned on. Oil flow 

was increased at the rate of one controller 

division per minute until the desired value 

was reached~ 

lie Five minutes after reaching the desired oil 
flow rate, the water flow pump, if it was "o 

be used q was tu~ned on, The water f 1«n«rate 

was then adjust ed upward at tne rate of one 

controller division por minute Until tbc 

desired valve was reached. 

Five minutes after the correct wa. , es flow '"ato 

sas established, the temperature controller 

setting was inc. re se6 at the rate of one degree 

kelvin per minute until tho desir«d reading 

was roach ed i 

i''hen all recorders indicated ste-. dv-state 

operation boo been obi oined; ' hc' tbeM«. s 'o' 



resistance readings were measured» lfhen three 

consecutive -ets of tempexature readings were 

within 0 ~ 05 degx*ee kelvin, the last set of' 

temperatures was recorded» 

14» Changes 3. 0 the oil and. water f3. ow x'ates f' or 

f'urthcr data co13ection were accompli hed at 

the same rates that the initial settings vere 

made. 

Changes in tbe operating pressures were guided 

by intuition to pxevent system upset» 

Shutdown pxocedurcs wore simple» The f'ollow- ng 

was the procedure used& 

1» Stoam f'low !xa. , stopped to each. desuperheatex' 

by setting lt; pro:&sure contx llcx to sero 

scale» . !'l! e man!&!al valvos in t! e supply lines 

were then cl os cd» he ! 1 eed val»rc s f'ox' 

desuperheaters '&»cre tlxc!! opened with the cir- 

culating pu&np shut of'f. 

2» Ccndensix!g section tea«! supply lin&. s were 

clos „. - d, Ci3 and. „a& er flow contxol lee; were 

s et a 0 0 h &, ! c '! i 0!! «c& !p ~ - re! c us 8» t& he! & 
't as! os x. 

' 

at ores ™cash od& $10 de, ress kei':in, f" le'& -on- 

txol3&xxs !»ore sct s& sero f3&m. ; ax!d 0!!e recycle 

pu& p"'' we r eh U '-": f. 



3 ~ Condensation section bleed valves and phase 

separator bleed valves were opened, and the 

main steam valve was shut off' 

As water accumulated. in Che desuperheaters it was 

necessary to remove it so ChaC the desuperheater packing 

would not flood. Xt was also necessary Co remove excess 

condensate from the separator tank and the oil holding 

tanks At ambient pressures and above~ this was simply 

a matter of opening a valve; however, under vacuum a 

different method was required. . A tant:. . was provided at 

higher vacuum than Chat of the system. This tank was 

connected Co the various drain lines as reguired ~ When 

it become necessary to drain ono of the various sub- 

sysien. o. 'csents, the drai» va'. . v'e was &pened ano. water 

drained into Cbo high vacuum tank. The tank, «as Chen 

vented~ drained~ and pur. ". ped. bock down to Che reg«. —: &od 

vacuum. 

Prinr to data collection runs, hot water~ at Cempsr- 

aC uncs col . esponding to those used in d»ta colic "ion 

rur s, ';"~s run through tho sy. , tom with tb e sC a:u of f. , 

The resul' ing Cemneraturo clif f ereoces wel e used to 

de I er'mino h eat loss c" f rom Che sy. ;t::m '-he-, e heat losses 

were used in cath' lpy hol noes during & ata reduction ~ . 



CHAPTER IV 

DERIVATIQNS 

In oxdex to obtain volumetric heat transfer coef'- 

f'icient f'rom the flow and Cempex'atux'e data coliecCed, 

it was necessary to derive mass and enthalpy balances 

on the system. These balances were then coded ir. 

Foxtran IV, and the associated calculations were per- 

formed by a Digital Scientific META IV computex" 

For simplicity in developing the mass and enthalpy 

balances, a single condensation stage, designated as 

stage n and bounded by condensation stages n-1 and n03. ~ 

was spccixied Figure $ (p. 2E) shows Che moss flow 

scheme x or co»densaCion stage n ~ The mass balanc e for 

stage n was 

mo, n-i & w, n-f ms, r — mo, n ™. , n 

Since no change in the oil mass f'low occurrec. Pros! cue 

stags Co the next, equation '3 was further simplified 

"o + '&, r. -&»s, n: mo C ""'. x, x)-7 

Ih Che deve7 opment of the enthalpy balance for stage 

n. Che entbalpy flow scheme shown in Figurc G jp. D'7) was 
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used. The assumption was made that t' he oil and water 

entering stage n werc at the same temperature, Tn 

and that the oil and vater leaving stage n were at the 

same temperature, Tn. Xt was further assumed that the 

saturated steam leaving desuperheater n did not change 

in quality prior to entering condensation stage n. 

Thus, the heat content oi' the steam entering the con- 

densation stage was assumed to be the latent heat of 

saturated steam at the desuperheater temperature and 

pressureI Thc mean heat capacity of water was evaluated 

at the appropriate temperatures by the curve-fit pub- 

lished in the 19$/ ASM' Steam Tables ~ This fit has a 

base temperature of 273 degrees kelvin. The oil mean 

heat capacity was evaluated at the prop, . r temperatures 

by tho estimation, metl«od suggested hy Cragoe in 1929 ~ 

This fit also has a base temperat'ure oi' 273 degrees 

kelvin and is shown below: 

Os't024 A- OOOO' ToC 

I, «oIO. g 

Based o» these as u««pticns, the cnthalpy balance for 

condensatio» =-' age n ass dcv loped. 

'~«'ith the f. . »ther as . ucption tbot the sy. , tcs«was ir. 

steady state o«'«erotic»« the f 0 lo««i«!g «. s true « 



mo o, n-l + w, n-l m, n-l ™s, n"s! T H F 

moso, n + W, nP~, n + &1 ss, n 

This equation may be r. . stated for purposes of' ca" cuia 

tion as 

o Po~Tn 1' n-1 w, n-l 'P 
~ 
Tn 1' n-1 

s, n"a~T, „: o 'po( Tn n + Wv, n pw! fn'Tn ~ 
l 

~' Lo s s y n 

&s uming the h«t boss «fm &~~s» co»d b«stimated~ ~ss, n 

equation 7 was rearranged. in the f'oil. owing manner„so 

that 'hc steam entha" py~ 0 t, cauld bo u ed. as a 

conveflicnt check ol tea fy':" ate operation ' 

o polTn-1 ". "' mw»" 1 N ITn-1 

m syn s! sy 

Coll ec!. . "' ng . erms in equa". icn 0 gx~ c the foli owing! 

mw ) 

leap 

~ 

aT~„„! n'p ' 1' ' n ~~lass n . wf 

Q, , ~ sa eamon 



Prior to the calculation of volumetric heat transfer 

coef'f'icients, it was necessary to estimate values for 

Ql ~ Figure 7 (p~ 27) shows the enthalpy f'low 
sean 

scheme used in the determine- ion of' Q& ~ Xt is L. ossian 

essentially the same as that used in s standa d data 

run, with the exception that steam and oil enthalpies 

were not involved. Once again~ assuming steady-state 

operation: the following was derived: 

s'w, n 1Cp ITn l'Tn-1 

F10) 

However, since the water mass flow 's constant from 

stage Co stage, equation 10 may be reduced to 

'W&OJg, ~Tn, '-n-1 - O~, IT . Tn) "-. Loss, n 

Once heat loss data was reduced k y cquaCion 11& a curve- 

fit for 0& was devclopedo This curve-f'1 was oss)n 
suoseouently u ed in Che alculation o" the vol~ met. ic 
heat transfer coefficients~ 

The final assumption requir d to calculate Che 

volumotric heat transfer ccef . . intents:xas tne tempore 

Cure approach profile ~ ~'igure 0 &p. 'iB) shows thc 

prof lc Ck a'k 1 85 used H . rr 1 0 and 't'~iegand't ( I o6&-) 

indicated Ch ' pro ilc shown in Fxgurc o (n k'-"~) . "ok' 
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packed condensation colus. ns ~ The slight reduction in 

vapor temperature was due to packing pressure dx op. 

However, without facilities to measure packing internals, 

the profile chosen was a good approximation. The mean 

temperature used with this profile was given in Kreith 

(1966), on page 092, as 

(&2) 

Utilizing this mean temperature, the following expres- 

sion was deriveds 

(-st eam, n Uv' V. elm (i3) 

Equat ' on 13 was substituted 'nto equation 9 «o give 

w~n. t p ~Tn ~ 
n, -l w, n"p, ITn' 

qLo s n — v lm (ih) 

Replacing the terms on '. :he 3 eft s'de of equation '14 with 

Q, t, » end rearranging the «erma yielded to'tal, n 

(I5) 

Equal ion 1$ was used to blain che '~ slum . sic heat izans 

fer coefficients desir=d. 



Further calculations required f' or data correlation 

are given in Chapter V. 



RESULTS AND IIISCUSSION 

The volumetric heat transfer cocf'ficients and 

associated irdependent variables obtained using unmod- 

ified oil on Pall rings are given in Table I (p» 33)o 

Each oi' these data sets is the average of' data collected 

on all three stages under a given set of operating 

conditions. The same is true of the data colleoi:od 

using urmodified oil on Intalox 
gR 

saddles, which are 

shown in Table II (p~ 36) ~ Table III (p, 38) includes 

the same information f' or data collected using modified 

oil on the Intalox 
0& 

paching. Figure 10 (p. 40) il. lus- 

trates the highest heat transfer obtained for 'ach oil 

condition and packing typeo 

The largest: volum tric heat transfer coeffic o»ts, 

u ing unmodified oil~ werc obtained with high oil and 

water flow rates and Intalox ~& saddles» Under ihese 

constraintsq the highest volume'trio heat transfet coef- 

ficients were obtained at low sbsolut - prc sure and high 

stagewise temperature diff . 
& cut isli 

The cont, ribut J. cn of oil and water flow t o tho 

vclumctxic heat transfer was accounted for by the 

f ollowing 



TABLE I 11ATA: UNMQMFIED OTL-PALL BXNGS 

SieTVPeriTEii STEED'. 373 K; 2 ~ 22 K STAGEÃiSZ ZT 

001ZP» 
GOBPR 
nr ev 

GQ-'ePE 
Qn r rrp, 

GQBPP. 

259 527 
293 

Q 8 
319 99« 
362 231 

41 Q 

226 
3 r'7 

r4( 545 
*) . 8 7~8 

21 
21 

2Q 
2Q 
29 
37 

I 

37 
37 

105 
105 
io5 
iG) 

551 
551 
55i 
997 
9"7 
997 
997 

PeQN N'e U~ QXL FLOW 

/ 3 / 2 
~ 8 ~ K 1" g /ll I' ~ El 

86e 94 
1 893e 86 
"- 602. 95 

3i2, 11 
121«25 
6~5, 40 
60"-» 9G 
63lr ~ 53 
153. 88 

3 379. 48 
4 567. 47 

956 '7 Q 

58e 52 
66. 89 
69, 68 

Bie73 
91 ~ 94' 
Q'e „25 

100 ~ 31 
103 57 
118 ' 42 
1?1 ' 98 
127 71 

K ATE% FLOW STEAN FLON 

kgChre~ / 
2 

9 
9 
9 
9 
0 
9 
9 
9 
9 
9 
9 
9 

o. 643 
o. 643 
0. 643 
o. 643 
o. 643 
0. 643 
o. 643 
o. 643 
o. 643 
o. 643 
0. 643 
0. 643 

STEAM 

MNSZP 
k-. /m 

362e 
343. 
340 
336. 
363e 
350 ~ 

34Oe 
340. 
368. 
349 
349e 

13 125 
83 125 
24 
92 125 
05 125 
08 125 
91 125 
79 125 
36 125 
40 125 
77 125 

125 

SATQNQTEB STEPeii 373 K; 1 e 67 K STjGEV1SE G. T 

Gi 3PE 
Gr 1 4 P 8 

5PLI 
Gi 6PIi 

247 623 
34~ 563 
425 776 
547 "86 

21 
29 
37 
37 

105 
551 
997 

66. 3i 
93e 53 

598-BG 
5 913. 14 

43. 68 
62. 26 
75. 25 
97 ~ 10 

0. 631 
0 ~ 631 
o. 631 
0 ~ 631 

484. 69 
476. 14 125 
453e82 1?5 
«52. 22 125 



TAElXE X» Qontlnve~e 

SATUBATEXr STECI:, 388 K: K STAG""VXSE A T 

017PH 
Or 8PR 

OZGPE 
OZ I, PI! 

303 176 
341 963 
41 r 281 
44; 834 
593 733 

21 
29 
29 
37 
37 

105 
551 
551 
997 
997 

3 261e03 
64. 20 

4 566. 85 
85e 51 

5 869. 64 

38. 62 
43 27 
54 79 
57 ~ 55 
68 ~ 73 

I e 015 
I ~ 015 
teQI5 
I ~ 015 
I ~ 015 

6 
6 

6 
6 

630 ~ 92' 
684e 43 
622e70 
661. 38 
63' 25 

X 2'5 
125 
125 
125 
125 

. "", KTI PereTEO STErA~4 355 K1 3 ~ 33 K STABEIlXSE AT 

QZ'ZP ~I 

023!ZR 
4PV 

GZ 5P )I 

392 634 29 
4cr8 3 rt 29 
5 r3 368 37 
625 4O9 

551 
997 
997 

r69. 16 
4 696. 12 

216 ' 83 
6 036. 19 

11. 4. 23 
142 ~ 10 
146. 29 
' 81 ~ 57 

0 ~ 355 
0 ~ 355 
Q ~ 3 c5 
Oe 355 

260e 18 
241. e 01 
26' 22 
242, 

125 
125 
l. 25 
125 

8 ATI! RATE 9, '. ) TE Alt 3 "5 K e 2 ~ 22 K STAGElfXSE AT 

026Pe), 

GZSPh 
GZGPII 

389 468 
486 397 
501 300 
(e23 566 

2 I 
, r g 
37 
37 

551 
551 
997 
997 

I IZe 3Q 
r'Ze 

e&5e 95 
5 947. 63 

7'5e 25 
94e 31 
9! ~ 10 

120, 89 

0. 339 6 
0. 339 6 
0. 339 6 
0. 339 6 

394. 20 
362 ~ 39 
394e 30 
363e 51 

125 
125 

125 

ATQIIAT ' 0 STEAtrt 339 K STAB. RVXSE 2 T 

0 OPS 
03' PH 
03?PB. 
033PII 

419 219 29 
526 543 29 
538 093 37 

157 17 

ZOZe I 0 
6 020 59 

105. 70 
132. 83 
135. 62 
170. 26 

179 
Oe 179 
Oe 179 
0, 179 

281. 06 
257*73 
28t. 66 
258e 53 

125 
125 
125 
125 



TAB~~ I- Oontknusd 

SATURITFQ STEPXi 339 Kt 4. &W K STAGENISE &T 

03'. &PE 
0352& 

03 JD 

431 291 29 
5-10 757 29 

761 37 
690 674 

551 
551 
997 
997 

165 ~ 3'7 
7 51 ~ 06 
272 F 08 

6 108. 78 

142. 58 
178. 62 
182, 99 
229. 40 

0 ~ 200 2 
0 2002 
Oe200 2 
0 ~ 200 2 

208 F 42 125 
19? ~ 04 125 
209al3 125 
192 ' 23 125 

Sl'TV~B'lTEl STEAN 339 Kf 5m 55 K SYA3EKISE DY 

0 3 9? 8 
0&'0? P, 

1&30 080 29 5 g 1 

53 . . . 342 29 551 
55'2 885 37 997 

249e 71 
798 ' 29 
321 F 17 

168 ~ 58 
211 AD ?9 
216. 87 

Oo 208 2 
0 ~ 208 2 
0 ~ 208 2 

176~77 125 
162 ~ 5'7 1?. 5 
176 ' 69 125 



TABLE IX DATA& UNMODIFIED OXL Xa»aTAMX  SADDLES 

S. "iTURATED STEAM 339 Ks 3 ~ 89 K STAOEVISEi» T 

RUiV Ã0 Uv 

J/m ~ s» K 3 2 
kg/iver. m 

2 kf /hl' ~ m 
2 

kg/M. »m 

OXL FLO'iV '. VATER FJ OaV STEAM FLOW STEAM 
DENSI)Y 

kg/m 

001 XS 
"'0"'I" 
ia c1 

QQ:;I& 

4420 7 29 
5&-" 990 29 

?11 3/ 
711 086 37 

551 
551 
997 
997 

' 83» 21 
4 /15» 82 

235. 16 
6 062. 04 

123» 51 
155»11 
158» 36 
1 ~18 ~ 31 

0 193 
0» 193 
0» 193 
o ~ 193 8 

240. 72 
220» 9? 
241. 43 
222»1/ 

150 
150 
150 
150 

sATUPATED sTEAM 339 K» 5 55 K sTAGEavIsE &T 

005XS 456 62/ 29 55» 
C06Xs 572 670 29 551 

58~ 965 37 997 

?49» 2/ 
'i 798. 79 

$18 ~ 56 

168»55 
211 ' 29 
215 ~ 45 

0 ~ 200 2 
0 ~ 200 2 
0» 200 2 

176. 80 
162. 5'7 
177. 84 

150 
150 
150 

Sdi'URATED STEAM 355 K: 3. 33 K STAGE1VISE DT 

QQBXS 

010XS 
Ol, " XS 

(i? 0 
??2 v 

540 

896 29 
252 
292 
778 37 

551 
9 lg'7 

997 

170» '78 
4 698. 48 

21, 9 ~ 25 
6 058»38 

11's» /1 
1 lp3, 13 
147»23 
183» 00 

0 ~ 355 
0 ~ 355 6 
0» 355 
0'355 6 

259 ~ I 0 
239» 29 
259* 57 
?oO. 74 

S. 'TURlaT'D STEAM 355 K: 2*39 K STAOEMXSE ET 

Q12IS 
Qa 'XS 
Qa ~iXS 
015XS 

401 279 ?9 
50 a 0'/7 29 
515 850 37 
60O 816 "7 

551 

997 
997 

Q '75 
a 636. 40 

5 959 ~ 81 

80 ~ 83 
101»26 
1 04 ~ 05 
129 ~ i2 

0» 3111 
0» 341 
Q. 3lpa 2 
0 341 2 

367. 09 
337'. 62 
366. 67 
340. 43 

150 
150 
150 
150 



TAB~ II — Continued 

916IS 
017IS 

91 9 

387 679 29 551 
l;7&~ 548 29 551 
'95 991 37 997 
610 9. '~0 37 997 

7 

142. 38 
4 659. 

182 09 
999 ' 64 

S. tTVPATZB STE18jt 373 K: 2e 22 E STiGSVISF, . DT 

95 ~ 67 
116. 57 
122a15 
1 50~ 02 

o. 650 
0. 6go 
o. 650 
o. 650 

310. 3? t 5o 
150 

31 2. 56 150 
3 29&. 21 1 50 

CCOXS 
T C 

922IS 
CCSIS 

9 921 

566 

29 551" 
29 551 
37 997 
37 99' 

$9 ~ 62 
609. 18 
127e84 
924. 6i 

66. , 89 
82e68 

105eoo 

0 ~ 635 
0. 635 
o. 635 
o. 635 

9 V&3. 27 '- 50 
q& 3, 16 150 
lgl, ', 6 06 1 50 
ut8. 30 150 

sA URctTPC sTzvt 388 Kt 1 ~ 11 K sTCCKl&IsE nT 

02»IS 

026IS 
9, jv 

35-'s 388 
629 297 

546 122 

29 
29 551 
37 997 

997 

/9+ 23 
4 570. 21 

86 ~ 94 
5 873. 43 

46o 34 
5b. 66 
58 ~ 52 
70. 62 

to015 
1 sC15 
1 ~ 015 
toot 5 

6 639+22 150 
6 624. 2' 
6 650+79 150 
6 621~22 150 



TABLE XIX DATA' AVERAGE NODXFXED OXL-XNTALOX  SADDLES 

SAT'JRATED STEAM 373 K: 1» 6'7 K STA1EWISE. DT 

RJ»N No» U~ OIL FLOW 

3 J/ill ~ 8 K kg /hX'» lB k-/ar. n 2 kg/hr»m 
2 

WATER FLOW STEAN PLOW STEAN 
DENSI'$Y 

kg/ln 

COlNIS 
002" 1Is 402 303 29 551 

91. 16 
1 376, 99 

61. 31 
64'10 

o. 643 3 
o. 643 3 

483» 48 150 
482» 50 150 

" ll i»ED 8;EilN 373 K l 1 ~ 88 K ST;. „r». FKQSE DT 

00"':"::;:-' l-'09 Sv, 29 
00~:-"»': ) 4 "i~ 1 zZ zo 

678. 33 
968 ' 38 

77 ~ 10 
82» 68 

0. 643 
o. 643 3 

434» 94 1 50 
405» 41 150 

x':. 'l. ". D STE»4~' 373 K: ' 67 K STAC 'WXSE 6T 

0' 5::iIS 54-' o30 37 997 
515 328 37 997 

116. 55 
1 405. 19 

0. 643 3 
0. 643 

488 ~ 32 1 50 
476. 56 15o 

SATURATED STEAN 373 K: 1 ~ 88 K STAGFWISE hT 

0 &'-" IS 
009NIS 

981 37 997 
jt 0 217 37 997 
5« 566 37 997 

2 708» 00 
3 998 

285. 70 

96. 62 
102 ' ZC 
1. 06»84 

o. 643 3 
o. 643 3 
0 ~ 643 

421» Z9 150 
410. 91 150 
405 F 12 1 50 



TABIZ III »Cont1. me@ 

SATUZATZZ STEAN 339 Kr 5» 55 K STASEVISE AT 

01 GNIS 
011NLS 

539 398 
693 

29 551 
37 997 

262. 22 
336. 64 

177 ~ 37 
227 ' 98 

0. 244 8 
Ge244 8 

168. 08 1 50 
168 ' 14 150 

S. ". TREATED STEAN 339 Ks 5. 27 K STAGEIIISE AT 

012NIS 
0, Qx;. To 

I 

0i6NIS 
0 1 7 1iIS 

523 600 

810 
6", 6 81ry 
161 
„q2 4 c'7 

29 551 
'37 997 
29 551 
37 997 
29 551 
37 997 

1 
1 
2 
2 

4 

548 F 00 
619. 42 
857+32 
92. , 40 
158. 18 
'92& 27 

180. 24 
228e25 
1 r'8 
245+ 64 
21' e 7'4 
259o11 

0. 244 8 
0. 244 8 
0 ~ 244 8 
Ge 244 
0 ~ 244 8 
0 ~ 244 8 

1 72e 54 
173o41 
163m 08 
166. 60 
159a 20 
163. 21 

150 
150 
150 
150 
150 
150 



0 0 
OIL FLOW g7' 99/ kg/hrem2 

& 1JNNODIFIED OIL 
INT ALOX (g SADDLES 

o TJNiJODIFIED OIL 
PALL RINGS 

OIL FLON 29 5/1 kg/hr. ~2 & S10DIFIED OI1, 
IN"TALOX (@ SADDLES 

1000 20OC $000 4000 $000 

NATER FLON BATE keg/i r. u2 

6000 

FFGUB 10~ BEST VOLDSJETRIO BEAT TRANSFER COEFFICIENTS 



Uv -0 ~ 000100&&1 4 ~ 

meehan 

+ 1 9& 6923 ~ mw+ f 
12 ~ ~&'026&mo 28549 ~ /"! (16) 

For the unmodified oil runs„ term 16, liquid to 

vapor ratio& steam density, packing factor„ a!!d. volu 

metric heat transfer coefficient were all correlated by 

use of a least squares linear regressior program on an 

IBM )60/6$ computer. The correlation obtains&1 is given 

below: 

"v: fit r 
A 

0 ~ 2053 0 0 ~ 96/2 
vf 

0 ~ 992$ ( 
& ]'1-) 0 ~ 08&6 

(1y ) 

Tho water to o. -I ratio & as originally included as 

one of the independent variables. However& a very 'low 

power on the ratio and poor szatistics were considered 

sufficient justification for omittir 8 water to oil ratio 

in the final correlation ~ Dquation lg has an average 

error of 1 ~ 8 pez cent with a !oaximum c ror of p. 9 per 

cento The statistics cn thi curv — . -fit are given in 

Appendix III, It is notabl that tbc o&'. . elation is 
dimensional and does not a]low for variatiors &n vis- 

cosity an(1 surface phe&!omenol! ~ Vis, o' ity a!]d sul face 

phonomenc && i&a tl. c !!!:;-, odif1!. 8! oi, r&!!&. ! 
& 
! ere:!ot varied 



suf'f'iciently to be included in Che curve-fit ~ ALso, 

provision was not made to measure either of' these param- 

eters ~ Had these two f'actors been included, the data 

correlation might have been characterised in terms of a 

more common dimensiorless group. 

The stability of Che physical character of' the oil 

was in some question throughout the data collectione 

This was due to rust in Che system and dissolved paint 

and light and heavy hydrocarbon impurities ir: the oil. 
The power on Pv in quation 1, in Che data corre- 

f 
ation supports the strong dependence of' volumet" ic heat 

transfer on liquid flow suggested by Chang (lo63) ard 

Sidemen (1966) ~ 

Tho power. on Che p. ~cking factor, P ~ in equation 

17, indicates thaC choos. 'ng " packing with n larger 

packing f'actor would improve heat transf'er. 

Steam f'low was strongly dependent upon st*gewise 

temperature differential, as wes suggested bi tbc work 

o+ lackey (lq61)e St. as +low~ alone~ was not considered. 

Co be Rr' iolpcrtant i act ol f n the co3 relation 8 ! co all 

of' Che p' ev Loss work has indi '. ted Cb:. , vol arnot ri c beat 

transfer is independent cp c~- sam low. ifowever, stsam 

f'low is included in the liquid to vapor ratio. 4" quid 

Co v por r" Ci o and ' 1 'cli d "" ''L! wc'e nG ' st, . cng con 

C r i but ors 'L o (he ", 
, '1:C. ' on . ' r he ~ Crass" c1 ~ Llmi. on 



of ei. ther of these in the data correlation procedure, 

however, produced poorer statistics and larger percentage 

error terms ~ 

The number of data points collected, using oil 

modified by 0 ~ ~~ per cent octadecanol and l. ~ 0 per cent 

octadecanol was not sufficient tc make ary curve-fiC 

meaningfulo The general trend associated with the 

addition of the "sensitizerss was Co greatly is&prove, 

by as much as twenty per cent, heat transfer at lo&w 

water to oil ratios ~ As the water to oil ratio was 

increasedq the effecC of Che "sensit"zero became less 

pronounced. Another observation is that the var9. ation 

of percontage of' «sensitizer" used eemed to have no 

effect on the volumetrir 'heat transfer coefficient. 

This may nave bee. -& attr9butable to the fa&t that the oil 

was already partially' ser&sitizeds by the presence of 

foreign materials ~ Visual inspoctior. of the oil and 

pendant drop interfacial tension measurements tend to 

bear th9. s out ~ Thi" ;&oui&i also le- d Co the &!cnclusl, on 

that truly pure oil wo&. l&l give poorer heat transfe- 

Chs&r& CI "t Rt t« its&. ". . us i. ij. " un:i iif is&i oi 1 in tb ' s syst m. 

The gross effect of the add". tier. cf "sonzitizers" to tbe 

oil was Co 9ncreos&: heat transfer at kbe low watez 

rate end of' Che overall sy. Co&!! s;!ch that the total 



heat transf'er on a full scale condenser would be greatez 

than that obtained. with unmodified oil ~ 

The result s of this work indicat e that, while the 

values of' U obtained are not a. . hi h as would have been 

desired, they are better than those obtained in the 

closest comparable work (Cheng 196$) ~ The conclusions 

of' Naa and Hickman (19/2), with regard to the effect of 

"sensitizers", have been supported but require much 

further invest' gation. 

Tho volumetric heat transfer coefficients obtained 

in this work tend to make direct-contact oil-stcam 

condensation a possible contender, against other more 

convent. "'onal processes, on an industrial seal. ~ 



N OMEN CLAT UHE 

A Packing factor dirsensionless 

C Const ant 

Cp Mean heat capacity Cal/grnideg C 

d Paxticle diamet: r 

Gai Galileo number dimensionless 

H Enthalpy pex unit mass J/kg 

YTU Height of a trax;sfer unit ft 
L/V . r. , iriuid to vapor ratio dimensionless 

m Mass floor rate kg/hr 

Prandtl rumber dimensiolnless 

Enihalpy J 
Be ~ Hcy!roid - nur bcr dirncrrsior;le:s 

S Epecif'r. c g-avii'y dimensioxrless 

T Temperature 

Uv Volumet ric heat transfer coefficient 

V Volume of packed suction rn~ 

J/rs-r. =. K 

GREEK S yliBOT. S 

Xndxc=tcs propcrcional' t'ai 

Speci. . ' ', a rdrarrgo:in thc vaxi;. iris it prececds 

l stunt Irc i 

Dens i. ty kg/rn 
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NOW'. N CIATURE-- C ont i nu ed 

SUBSGB1PTS 

f Flow 

F Fahrenheit 

K Kelvin 

L Liquid phase 

lm Log mean 

Stage designation 

Oil 

Registered 

Steam 

Voter 

1nitial condit ' on 

Final oondition 

SUPEEiS CHIEFS 

d Arbitrary exponent 

f Arbit rary expor ont 

h Arbit ral y exponent 
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APPENUIX I 
CONVERSION FACTOHS 

The conversion factor in Table XV, below, are 

provided to make it easier 1;o eaami ne ti:e results of 

this investigation in terms o. units more common'1;" 

used in the field of Chemical Engineering. 

TABLE XV 

CONVEHSION FACTGHSa 

TO CONVEHT TO FHO"'1 NULTXlaLY BY 

BTU/ft3ahradeg F ~ a o ~ ~ ~ a J/m3o soE a ~ a $s 36'7 839 E 02 

ibm/hro ft ~ o ~ ~ ~ ~ a ~ ~ ~ ~ ~ 

1'1am/ft3 ao ~ ao ~ ~ ~ ~ ~ ~ aa 

ibm/in o ~ ~ ~ ~ ~ a ~ ~ oa a ~ os 

gal(US) * ~ a ~ ~ o ~ ~ o ~ a ~ oa 

kg /br s m2 a o . ~ 

a 

kg/m& ooaao ~ ao 

N/ma a ~ o*oaaa 

m3 aoooaaoaaa 

1. 620 641 E-O1 

":. a 242 797 E-Ol 

1 ~ 450 3SO E-04 

2a 641 776 2+02 

ft ~ a ~ o ~ a ~ o ~ a ~ o ~ o ~ ~ ~ ~ ~ o a aaoaaaooaooa 3 280 833 E~O 

deg F a ~ o ~ a ~ aa ~ aoaao ~ a K a ~ o ~ as **a ~ TF 1 BTV-4)9 67 



APPEMDXX XX 

DATA USED XN BEAT LOSS GALCULATXONS 

Prior 'to the deta r!los in which oil «' s used 

was necessary to determine the heat losses f'rom the 

experimental system. These heat loss terms were then 

used in the calculation of' the vclumetric heat transfer 

coeff'icients ~ 

The heat losses f'rom tho system were obtained in 

the f'olio!ring manner: 

lo Steam was circulated counter-current «ith water 

throughout the condensation stages unti. l the 

'temperatur'e of the «3'ter' 1!1 the s operatic!'! 

system . . cached 400 K. 

2 ~ Steam f'low was then stopped ard. the ccr. donsation 

stages were allowed to completely f'lood. !rith 

water, 

The water circulation rate was th!-. n reduced to 

l&5. 35 kg/hr. 

0 ~ Since tho d: aired temporat re opcrat- on prof iles 

ware known, con &tant. s!or it orang cf iho inlet 

temperature to each stage was maine ainedo "ifhen 

the inlet tes poxatur, . s reached values t& ";0 were 

eapectc. u u. "" -' n;- op"''. ' n 0- cho vs': s! wash 



oil, both the inlet and outlet temperatures f' or 

the stage in ouestion were recorded. 

This procedure was repeated three times in its 

entirety. Tho resulting temperatures were 

averaged and t hen used to determine t' he heat 

loss f' or each stage ~ 

6 ~ The stagewise host losses were then curve-f'it~ 

encoded in Fortran IV, and used in the calcu- 

lation of volumetric heat transfer coef'f'fcients ~ 

Table V (p. gl ) sho~s the average temperature differen- 

tials obtained by the above proceduro. 



TABLE V 

TEMPERATURE DT. FF EBEMTXALS USED XE 

I-'EAT LOSS CALCULATTONS 

TENPERATUBE (K ) 

OUT 

388e50 387. 78 

373e OC' 3/2* 33 

353 ~ 50 352 ~ 95 

338e60 338e10 

STAGE 2 

TENPERATUBE ( K) 

OUT 

389e61 388 ~ 77 

375 22 374. e50 

343. 04 342. 4g 

STAGE 3 

TENPEBATURE (K ) 

390e72 38ge84 

3/6e88 3/6 ' 10 

06 358, 3P 

34/ ~ 48 346e87 



APPENDIX III 

DATA COL&BELATIOX AND STATISTICS 

Table VI (p* 53) contains the vo. " umetric hest 

transfer coefficients obtained fxom erthalpy balance 

calculations on the experimental system„ 'he volumetric 

heat transfer coefficients predictod by the correlation 

in eguation 17, the difference betwoen these two ua2. ues, 

and the percentage error terse ~ Table VII (pe $5) shows 

tho p' rtinent statistics associated with the data cor- 

relation. 
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TABLE VI 

EXPF. BIIrlENTAL ANR 

VGLUFIETBXC HEAT TRANSFER GOEFFXGXENTS 

HUN NQ» EXP» U 

J/lS ~ S ~ K 3 

FXTT::0 U 

J /ll'e ~ s * K . 3 

DIFF» 

J/m e seK 3 

PER GENT II I FF» 

OQIPB 
002PB 
003PB 
oo4pa 
005PR 
oo6pB 
00'?PH 
008PB 
GQ9PR 
01 OPR 
011PB 
Q12PR 
01 3PH 
014PH 
0'l. 5PB 
016PR 

01 BPR 
019PB 
020PR 
021PR 
020 PR 
023PR 
024PB 
025PR 
0261'H 
02'? PR 
028PB 
029PR 
0 3 ok" R 
031 PH 
0321- R 
033PR 

259 
293 
307 
319 
362 
408 
426 

461 
524 
545 
568 
24( 
349 
425 
547 
303 
341 
417 
447 
539 
392 
488 
50'I 
625 
389 
486 
501 
623 
c41 9 
526 

p 

675 

527 
451 
852 
998 
231 
P9 P 

410 
226 
377 
717 

757 
623 
563 
776 
986 
176 
963 
?. 81 
834 
733 
634 
371 
368 
4og 
486 
3 9'? 
300 
566 
?. I g 

0 c1 3 
542 

257 786 
292 334 
305 683 
319 017 
368 4oo 
413 16g 
430 874 
448 764 
4r7 200 
531 991, 
552 927 
574 673 
251 676 
360 345 

8 302 
562 
279 177 
334 067 
408 o32 
434 642 
521 946 
401 10? 
489 201 
519 958 
626 565 
388 Ogo 
73 5"9 

505 775 
60( 
424 
518 008 

Ic2 
6l63 668 

2 

5 

3 
15 

7 
7 
5 
4 

10 
I? 
14 
23 

7 
9 

13 
I '/ 
8 

16 
I 
I 

4 
16 

5 
8 

12 
II 

741 
lI/ 
16g 
981 
169 
072 
464 
538 
823 
2'? 4 
382 
916 
053 
78r 
586 
072 
ggg 
8g6 
?4, g 
192 
787 
468 
830 
59Q 
156 
456 
848 

Bkg 

0 c';9 

874 

-Oe 6/I 
oe 381 
0 ~ 704 
0»30/ 
I ~ 7O3 
1»243 
1»047 
0*795 
3. 42g 
I e 386 
I . 353 
I ~ 040 
1. 637 
3. 084 
2. 956 
2* 568 
7» 916 

-2» epg 
-2 ~ 21/ -2. 946 

29c 
2» 157 
0 ~ I'?0 
3. 296 
0 185 -o. 374 

-2. 641 
Oe893 

-2. 697 
I 219 
I F 621 
?. 248 

-I e 758 



TEALS VI--Continued 

034PB 
035FB 
o361 B 
037PR 
038PB 
039PB 
o4opB 

291 
54o 757 
553 761 
694 674 
430 080 
539 341 
552 885 

t«3o 
526 
559 
675 
436 
533 
566 

835 
903 
682 
106 

319 
509 

13 
5 

6 
6 

13 

456 
854 
921 
568 
867 
022 
624 

-o. t 06 
-2. 526 
1. 069 

-2. 817 
1-597 
1«117 
2. 464 

001 IS 
002IS 
003XS 
004XS 
005IS 
006 Is) 
007XS 
008I: 
009IS 
010XS 
011XS 
012XS 
01 3 I!) 
01 4IS 
01 5XS 
01 6IS 
0 I 7I. i 
01816 
01 9IS 
02QIS 
021 XS 
022XS 
023XS 
024XS 
025IS 
026 IS 
027 XS 

442 
554 
567 
711 
456 
572 
584 
420 
524 
54o 
67t 
401 
5Q! 
515 
640 
387 
474 
49« 
610 
359 
444 
460 
566 
354 
42o 
450 
546 

077 
990 
211 
086 
627 
67o 
965 
896 
252 
?92 
778 
279 
077 
850 
8l 6 
679 
548 
991 
04o 
021 
164 
5i 7 
429 
388 
297 
zoo 
123 

443 
541 
575 

453 
55' 
587 
416 
508 
540 
651 
4Q5 
494 
5„') r 
633 
38') 

r) 0?. 
6o4 

458 
487 
587 
348 
424 
Qi, r, 1 

43 

617 
52? 
101 
595 
595 
666 
7 L. 2 
r «4 
?05 
119 
264 
220 
594 
6o9 
337 
5«5 
752 
267 
656 
173 
523 
667 
082 
807 
') 8 0 
851 

1 
t3 

7 
17 

3 
19 

4 
16 

20 
3 
6 
9 
7 

2 
6 
5 

16 
14 

20 
5 

1 

2 

540 
468 
8'90 
491 
Qg ) 
004 
77 I 
322 
047 
173 
514 
941 
573 
759 
4 io 
1 r4 
796 
2' 6) 

384 
ir ) 
359 1!0 
653 
501 
017 
6rjt 
990 

o. 348 
-2. 427 

1 ~ 391 
-2. 46o 
-0, 664 
-3 ' 318 

o«475 
1 ~ 027 

-3. 061 
0, 032 

-3. o54 
0«982 

«1 312 i. 892 -1. 167 
0 040 
0 589 
1. 265 

~ 0. 883 
4. 516 
3 ~ 233 
5. 886 
3. 646 
1 ~ 552 

-1 «169 
o. 367 
0:548 



TA- LE VIl 

CURVE FIT STATISTICS 

t TEST 

MODEL: lnU» B~ lnA + B2lnp 4 B3lnL/V g BtlnU» + BO 

HYPOTRESIS: Pararnet er has no significance in curve-fit ~ 

DEGREES OF FREEDOM: 66 PI 0 ~ 1 tp 66 1 ~ 645 

PAR. 'OTTER 

B3 

COE F FI CIENTS 

0 ~ 2053 

0 092$ 

0 0836 

Oo 3652 

t-VALUES 

6. (99 
-9. ~r&8 

-, ". 6i8 

66. 626 

Cfit — cBO 

B~ 0 0237o 

U is ctetermined by e»aluating the antilog of the 

MODEL. The inrlcperAent »ariables were chosen by use 

of the orthogonal array methods 
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