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SCOPE AND CONTEN'r 

~l'his disser tati on is divid.ed into three ma.jor self-contained 

sections . 'l"he first one conta:Lns a. revievr of previou~~ \Wrk in t ht·! 

field of mass transfer in drops for liquitl-liquicl sys tems . 

The second section outlines the numerical solutions of the 

continuity equation for· :f'orc Pd. convection 'tli t11 sin~ull:.a;y~ous chen .. ical 

reaction in the disper s ed phase. The so l utions are compa.red Vli th those 

predict.ecl by existing theoretico.l models for mass tr<<nsfcr in the 

dispersed J:lhai>e . 

The third section dcscr:i.lies the exper1mcnta.l equipment v.nd 

method .of operation . Physical mass transfer i n dxops i s studied 

i nitially . This established. a bo.sis f or eval uatinc; the effect of 

clj(~mical reac tion on the rate of mass t ransfer i n a l ater study . The 
·' 

r esnl ts from these expeTime'IJta l studies a.re used to test the ab i l:L ty 

o f existin;:; mod.els to predict mass tnmsfer with simul tu.neous chemical 

r eaction :Ln drops . 
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I General Introdu.ction and Scope of Work 
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2. 

'I'his tb.esis is concerned with a theoretical and an experimental 

study of mo.ss trnnd'er with chem:l.c;.:;,l rea.ctj_on in single drops by forced 

convection. Hesistance to mass transfer v:-as confined in the dispersed 

phase. 

Theoretical models have been developed to descrJ_be mass transfer 

into stagnant, circulating c.md turb·11lent drops by Vermeulen, Kronig and 

Brinl;:, and Hancl.lo~-; and Baron, resp2ct:'L vc:ly. 'rhese equations were extended 

to include the effects of simultaneous chemicnl reaction by Danckuerts. 

Recently, solutions for a model describing mass transfer from a 

viscous~ circulnting drop were presented by Johns and Beckmann, for drop 

Heynolcl.s NtGnbci~S :in the Stokes flov regime. 

'l'he present study genera1_i;::t'd the model to :i.nclucle the effects 

of simultaneous cheli1ical reaction on the tn:msfe:c rate into drops. 

'l'l1cj circulation r<d.es inside tllc drop varied fronl stagnant to fuLLy 

circulatin.:s, for :ReyrJolds Numbc:rs up to 80. 

Experimentc:l studic::; l·rere carried out. to te~;t the reliability of 

thene models. Initially, the effects of concentration driving forces on 

the rates of physicv.l mass transfer into aqueous drops l'lcre examined. 

'l.'hcse results :oerve:•l as a basis for la.tc~r comparisons wi tll data from 

reaction m::tss tr&nsfer 'stud)cs into aqueous sodium hydroxide drops. 

'i':'lus, this thes:i ~; i:; separn.tcd into Urcee m<dn sections. 

1) A literature sm·vcy section to sunn::1.riz:e previous studies in the 

2) " <:cc·'.-l.Or1 -1-rl -'Jr-''c·,-.-·1-'Jrc> 1 ~ IL..' ~ • l - ....... '- l ~ -" 1.) .1. •• l '-



to predict nmss transfer ·with reaction into single drops by 

forceu. convection. 

3) A section to shm; the results of expco:rirnent,d ;;tucly of' mass 

transfer \·ri th e,nd vlithout reaction :i nt~) sinc;le clrops. 

Each section is complete 1di..h its mm introduction, main body 

and conclnsions. 

3. 
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II-A Introduction 

This survey is concerned with mass transfer with or >-lithout 

simultaneous chemical reaction involving only liquid drops moving through a 

.liquid. Transfer processes for gas bubbles or solid drops will be dis

cussed only in cases which are useful in evalu~ting liquid-liquid transfer 

processes. 

Many general surveys, such as by Harriott (1~8) and Kintner (74), 

have been published on mass transfer to and from dispersed fluids. 

Recently, a comprehensive text on this subject was published by Treybal 

(10). The fluid dynamics required to describe the motion and the con

vective mass transfer to and from dispersed phases, in many cases, have 

been thoroughly reviewed by Levich (39). 

II-B Mass Transfer Peripds 

Whitman et al (l) shoHed that there were at least three periods 

in the life of a drop during which mass transfer occurred. 

l) During drop formation in the continuous phase. In this case, the 

mass transferred during the drop formation, the break-off from the 

nozzle and the acceleration or the deceleration to its terminal 

velocity, was included in this period. 

2) During free rise or fall of the drop through this continuous phase . 

3) During coalescenc e of the drop at the end of the :free rise or fall 

period. 

Since then, this concep t has been develcped and analyzed by several 



. \Wrkers (2-ll). Pedods (1) and (3) are usually comllined together and 

exprc::ssed as combined end-effect corrections in m;::;,ss tram; fer stuc1ies. 

End-effect corrections and mass transfer phenomena in period (2) lv:i.ll 

be discuss eel separately in the i'ollNring ·sections. 

II-C End Effect Corrections 

1rhe tvro important papers on the calculation of end--effect 

corrections have; been lvritten by Hamiclee · (7) and Popovich (15). 

HamieJ ec ve,s inte1·ested in defining a metlJOd for calcule,ting the overall 

end-effect corrections. Popovich -vms interested in the :formation end-

effects. 

II-C-1 Overall End Effect Corrections 

The important pa,pers on this study 1·rere rev:ievJed by Hamielec ('(). 

Since most of the ear1y investigations involved extraction from drops in 

spray tNrers (1,2,3,5,9), they are not pertinent to this study. Ho\·Tevcr, 

it \vas concbJ.de:d by I.icht ancl Pan.sine; (5) Utat much of the formation encl 

/ 
b • 

effects Here due le.rgcly to osciLLations of the drops, jusJc after bree.king 

off the nozz.le and before reeJ:l1ing their terminal velocity. 

A gre,phical techniqc.w 1-ras developed b~r HamieJ cc (7) to calculate 

the end effect correct:!.ons. 

The various transfer ret:;inns vtere defined in terms of effie ienc:i es 

as foLLmrs:-
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= (II- 1) 

C2 - C3 -----
c2 - c~ 

c1 - c1~ 
---·-
.cl - C0 (II- 2) 

= 

where cr) is tllc saturation concentration of the solute in the dispersed 

phase. I'L1e other concentrations a:cc as shmrn in Fic;ure II-l. 

Period ol' forr;ation) initial oscillation 

and drop acceleration or deceleration. 

Steady fall T'cd.od of drop. 

Pe:ciod of coalescence and contact of 

settled dispe-rsed pbase vith conUnuous 

phase. 

-------------------- --------·-..... 
El-1 is the frac,tionul approQeh to equilibl":i.um during ;.;teady fall or rise 

period. Variuus mechanisms' are tested in this period. 

ET is the fr<:wtj onal approach to equ:i l:i.br:i.um, calculated by mcantring 

the concentration of entering e.ncl J.c:aving d:i.:,;pc:rsed phi".ses. 

Efl i~.; the formation end effect, \·rhich inc:l.ucJccJ ma::::i; trDJtsfer during 
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E:r2 is the coalescence end-·effect, >·rhich includes mass transfer du:cing 

drop coc:descence and mEW include transfer to the coalesced phase. 

'l'his follm·rs from the assumption that the end effects are 

independent of the ccJncentrati.on driving forces of the solute between 

the dispersed and continuous phases. l~'or continuous drop sizes and 

formation rates, the end effects arc normally assumed to be independent 

of colu.rrm height. 

From. the dcfinition.s: -· 

(II- 3) 

(n- t~) 

Ej.'' the corabined c:ncJ effect, rn2.y be found. by extrapolo.t:i.ng a r;raph of 

totc:"l mn.sf; transferrcct agains·~~ colwnn height to zero hc:j ght. 

Welle}:; (22) claime'l th:1t Haxdelec' s teclm:Lquc.: lias valid cn-l.~r for 

cases vrhere tr:e plot of the data vms a stTsi.ght line. Instee.c1., the 

coalescence enrJ. effect was minimized by rectucine; the interfacial a:cea, 

of the coalu~cecl. layer t'J a minimum. Since the exit concentration of 

the drop 'i'TG,s noH approximately equal to the concentration just before 

coalescence, the fo:cmation end<.!f'fec:t was the cxi t conccntr8,tion from 

the shm:tcst oolwnn hej_,f;ht. Hence, the ave:r-c.cge fu·op concentratiml d1l'ring 

' free fall from u1y colu.:nn heiglrt vms considered to vary from the exit 

coDcentr<ttion of t~1c shortest column CE, to the exit concentration from 

(II- 5) 

Cp -- Ci: 
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Ho-vrever , i t can be shmm that 

CL - CE ---
Crj - CE (II- 6) 

i.e., the me thods of find i ng the end effect cor rec t ions for mass transfer 

·studies by Harni e lec and Wellek Here equi val ent . 

I-C-2 Formation End Effects 

A survey of the i mportant paper s on mass transfer du:cing drop 

formation only, "\vas g iven by Popovich (15). Early model s predicting 

this, '.·rere b ased on the Higb i e penetration theory (19). The theory 

assumed t hat the depth of penetration of the diffusj_ng sub stanc e was 

small compared to the d.Top radius . Licht (5) devel oped a model in vrhich 

the 1-rhole drop area became older accordine; to Higbie ' s theory . The grm-1th 

of the whole drop surfac~ area with time only, was considered. 

Heertj 'c~s (18) studied the t r ansfer betlv-een i so butanol and "\va.ter 

in a spray column . A model i·ras developed based on the Higbie (19) theory, 

in "'\·Thich t he vel oc ity of diffusion ~-ras sma.ll compared to the drop gr mrth 

rate . Coul son and Skinner (16) developed an apparatus -vrhich formed o.Tops 

on the end of a capillary and then vri thdrevT them before breaking a'.·ray. 

Organic acids were extracted f rom -vra·cer with benz ene drops ivhich -vrere 

formed at a constant rate and then pushed back into the nozzle at the 

same r ate . The total mass transferr ed was measured and the amoQDt trans -

ferr ed to a single drop was calculated . 

Groothius and Kr arner s (17) measu:cecl the absorption of sulfur 

dioxide by grovring -vrater drops . It was assumed that as the drop formed, 
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fresh su_rfa~e urcas 'l7ere co;1t:lnuously exposed to the transfer rn.ediun:. I\'o 

m:i.x:i.ng was a.l1ovred. bet•..reen aru1s of different aQ;cs. Hitb these ur;Gu.nl:ptj_ons, 

a model v:as devc1c:>p(;d, aga.in bar.~ed on the Higbie (19) theory. Baird (12) 

correlated the re:;ultr> of Coulson (16), und of Groothius (17) uith the 

equation pr0110sed by Ilkovic (13) and derived by Il;;.cGillovry (ll~). 'I'bc 

model \·TaS based 011 the a.ssu:n:rJtion that the inte:rface r.1o·reme:at influenced 

the diffusion layer th:i.ckness, stretch5.Di'o it evenly arot.wd the srh2rc. 

Corrlparison of res'-.llts with the Ilko·,ric equatio:1 sho·t?ed a deviation of 

~ 18}~, probably dae to the heat of absorption of sulfur dioxide in \·Toter 

( Groothius (17)), the non -s:phcr:ical shape of dro_ps ( CoLtlson ( 16)) fu'1d to 

circulation in the dro_1>. 

Popovich (1~) studied the cxt~ection of radio-active sodium 

l• cJ· :·,_,'l.~"· (l''·'a 1311) f' · l .,.. d o 1' tc · ·1 + oJ · · ··- . ;ran s1ng. e w2~cr r ps n· > 1s00u~an ., UGlDC an 

to that d.cvelOIJSd by Coulson ( lG). Jkor• 

formation and 'tTi t:hdravm.l tin:;es vere: var:i.ed independently anu mass trnnt~fcr 

du:"ine; format10t1 th1e \Ja3 found by extrar:)latj on to zero tim;:!. 1'he 

vari~lti:::m o£' dro:t' ar·c~a \!l th tirfie wus defht,?d a::;:-

v.'here the cons tan ~s KA and n accoanted for the ve.riat1on of area AD Ht"Lh 

t • • J d • t 1 1 
• ro I • 1 • ( r· ) G C l • u:ce l.nvo .. ve· 1.n · .lc meC{W.nT::;ms or .JJ.C.l"G ) , ~:::·oo\. u.us ( ,'() Ilk .'. ('-::) •. 1. , __ ,o·n c J . ..J 1 .1 

Coupled 1-ri th tbe Hi,c_;bl.e penetration theory, the rate 

llc s C:l ven w.~:-

(:u-8) 
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The r e sulta nt correlation for t he mass tr2.nsferred by the different 

mechanisms Has as follovrs :-

( II- 9) 

1·rhere MA i s the mass transferred from the drop in time t, and elf i s the 

fina l drop diame t er at the end of the formation p eriod tr. The constants 

varied \vith the proposed mechanism. It 1-ras found that the experimental 

data, -vrere b es t corr c l a t ecl by t he Ilkov:i c mechani sm (13). 

The dynamic situation_present dur i ng drop formation Has no t 

r eproducecl ivhen t he method of drop vri thdravm.l after formation ~-ra.s us ed 

by Coulson (16 ) and l ater by Popovieh (15). 1-J:eertjes (70) overcame trlis 

p roblem by maintainine; the c olu.rm1 effect and the coalescenc e effect s,s 

small as poss ible :i._n order to li1ea~;ure t he f ormation effect . By -ch i s 

method , it 1·ra.s found the;[; t he mass t:c a u s:fcr to groHing drops vras b c;:; t 

described by a sr.mni nG t hat drops c;reH by fo:rw.a tion of fr esh su.I"face 

elements . 'l~'l.e m2,ss transfer cfliciency a;t f ormation Erl >ms g iven by:-

+ 4 i rD t --1 - -, L J. 

3 b -T;-
(II- 10) 

It j_s very difficult to measuxe t he mass t ransfer rate fro1rt a 

di spe:cs:~d phac.e clueing the fall Rcr :i._o cl immec'lio:tely follmvi ne; drop 

format:Lons . Any method. vrhich i nvolv ecl physical cont0.ct 'llitn the clispersecl 

phc:.se p:rocluc: eel error r: . 'due t o co0.le sccnce encl- ef':fec ts . 'l'o over c one this 
I 

d:i.fficll_l ty , ·a photographic t echnique- •.-ras recently descr ibed by Marsh 

ancJ. Hc i d.iger ( G9 ) . 11K rate o:C t raris:L'c:r 1·18.8 ' ,; t erm:Lned. by t he rate of' 

change :Ln t h-e tl.Top cliamete:r- as rcco:cclecl o~l a movi e fil.m. This method. i s 



IIC-3 Coalescence End Effects 

11ost of the study of this J)h~'nomcnon rJD.r:> been directed tmmrds 

the definjj:;ion of the conditions for coalescence to occu:r·. Johnson and 

Bliss (9) found that drops coe,lesccd more easily ".rhen solute transfer 

was from the cli:::;persed phase to the continuous phase. Groothius and 

Zuidervwg (20) observed thPd; vrhen acetic: ac~d 1·:as cxtractecl f:com a dis--

per sed pha;:~e of benzene into vm,ter, coalescence of the drop vms promoted. 

This vms due to the c0mposit:lon dependence of the interfacio.l tension for 

the benzene--lvu;t~r-·acctic ac:Lcl system. St1ith et al (21) shmved that ease 

of coalescence mrty be predicted fro:n the terno.ry solubility diagram. If 

the mutual solubility of the maiD conponc:nt in the disrJersecl and. the con-

t:lnuous phase 1·ra::.: increased by tlw solute, then if the transfer -vr<:Ls from 

promoted. J!'or the Ol)positc cl:Ll·ect:Lon of transfer, coa:tc:scence vw.s 

inh:i.bi ted.. No s:imila:c mechanisms r~re available for bina.ry systems. 

1-lacKEW and [,Jason (31) studied the r·ate of thinning of the liq_u:LCJ film 

coalescence of tlle drop. The effect of coalescence on mass transfer 

VTC:l,S not stuc~:Lecl. 

HomieJ,cc (7) SLl[!/~C[;tecl that coc.lescence enc1 effects may be des-

crib eel by the Higbie o.ppro<:/ch (19) 1rhere eaeh ,drop coalesced and spread. 

a layer of in:i.tLll, tmiform COlJccntrntion c?, a.cro~;s tfle previously 
..) 

settled phase. Transient l!tass tranE:fer U1e11 occ1J.Trecl, until the next 

12. 
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(II- ll) 

A film presented_ by G. V. Jeffreys (University of lvlanchcr::tcr, 

Manchecd;er, Englancl) e:md J. L. Hawksley (ICI, Billingham, England) Ht 

the AIChE: conference in Pittsburgh on May 17, 196l.1., shm·red tbat as drops 

coale,sced, it seemed to jet into the coalesced pha.se. Hence, the hydro-

dynamic and mass t:co.JJsf'er phcmomer1a eluTing coalescence are very complex. 

Conside:cable ex;)e:cimental and theoretical study in this field are still 

required. 

II-D 

Dming the steady fall or rise period of a drop, heat or mass 

is tra.nsfe:crecl in or mrt by a t:cansicnt _process. Most of the theoreticeJ_ 

and experimental investigs,tions have been directed to;-ro.rd the study of 

this process. 

Equations describinc; this h<w<:e been DUlnmm:ized by Sideman et al 

(51), Hellel: (52,53) and Hamielec et al (7,8). 

~:he basic assumptions •:JeTe as follo,:rs:-

1) tbe clrops vere sphc:r:i.cEtl. 

2) the systems ·vrere so dilute the,t physical propel'ties were unaffected 

· by the solute ( m:: aver e.g c. valuos vrore used). 
I 

3) tbe fluids \vCl'8 incorn;:n:essible and Ne-vrtonian. Except ·Hhere noted, 

the contim.1ous phase rcsistrmce vms assu;ned to be ne!_3lic=Lblc. 
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For staG;n2-11t drop[~ Hi th no internal circulation, mass v18,S tnms·-

ferrecl b~r moJ.ecl)_lar diffusion only. Using as a model, the drying rates 

in porous, solid spheres, Ne1•m1an (5!J.) defined the follmiing equation, 

based on F1cl<:' s second l<U·T of diffusion. 

:::: (II- 12) 

Th:ls assum<?cl a constant diffusion coefficient, with spherical symmetry 

for solute concentrations. 

'l'l.-1e bmJJlc1En:·y concH tions Here:·· 

c ::: c2 o~r~a t :=: 0 (II- 13) 

c ::: finite r - 0 t •.. t (II- l)l) 

c -- C¢ r -· a t > 0 (II- 15) 

lsoundary cond:Ltion II- 15 intl)lied that the cont:i.nuous phase resiste.nce 

was negligj_ble. The concent:ro.tion nt the center vas kept at some finite 

value. The solutj_on in terms o:f extract5.on cfficicnqr Has in the form 

of an infinite series:-

1.0 - 1 

h' 
(II-· 16) 

Trw boundary con eli t:i.on II- 15 i'lc\S modified by Groebcr (55) to account 

for finite resiste.nce :i:n the cont:Lrn101W p'nar3e, TlK· resultant solution 

of' :Xluation II- 12 -vras s1wvrn to be:-

J - G £._ An cxp[-A 2.· Dr/c 7 
h = I 11 ..... ;f:i." J 

(II- 17) 

An outline of tl12 clcri vation of :::e1ua~;ion II- 17 

A ta-ble of An and ,A
11

valn2c:; cu:" functions of the co:nti:n.ucms phase Nns::w1 c 



Number > vas ca lculated by Elzinga and Banchero (1.~7 ) fm· h eat transfe r 

situations . 

where 

Nusselt Nuf!ibcr is de:E'ined as : -

N u 

h 

hL 

KH 
(11-18 ) 

fHm coefficient , BTU/ (sec.)( em? ) ( deg. F. ) 

conductivity , BTU/ ( secJ( cm)( dcG. E ) 

charac t eristic length of h~at transfer path , em 

I n order to relat e the heat transfer solutj_on to the case of 

mass transfer , Hellek ( 52 ) suggested including the equilibriwn constant 

i nto J akob's derivations ( 56 ) . Thus , the Nusselt Number in Elzinca ' 

15. 

ta'ble (!.+7 ) should be r eplaced by _the She:c'..rood Nwnber 'i·ihen using the values 

of An and ;\ for mass t.rnnsfer applications . 

Slw:n-r·Y d NurL..be.r is def:i.ned as:-

Sh Kr)-· (II -19 ) 

vlhere m i s the djstribution coefficient f or solute b et'i·ieen phases at 

equil:Lbrium (II-20 ) 
c 

CB is t he buU~. concentration of solute B i n the contj_nuous phase . 

/In empirical equat:i.on closely approxims t:.ing the Nei·rman Equation 

III -16 ·' Vermeulen ( 57 ) follovs : -'i/ 3. 5 suc;e;ested by as 

EM = r 1 .. exp L-Dr~2t J] o. s 
L ac 

ln ( J. 1<1,2 ) 2 ( II -21 ) or - .. DL Ti t '•1 ·--z--
a 
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By expanding cxp ( - DL Tf
2t) tn the right lwxtd side, this equation may 

~2-

(II- 22) 

It "''ws shown by Ham:i.elec (7) that this cquu.tion shol,-ed close agreement 

with thc Nev,'fi1on equaU.6n for E.M < 0. 5. 

The Navier-Stokcs equution for the motion of ~ispersed and 

continuous phaGes in the Stokes flo;·J region (o.o<Re<Lo) was solved by 

HadWil<-1rd ( 37) and Hybczynsk:L (3()). The equation for the concentration 

distribution inside a drop, with :i.nterna.l circulation rates as described 

by the Hadamr:trd equation, vms derived by Kron:Lg c1.ncl Brink (58). s;ne:c: 

the circulation time Has assumed to be swJll, compared to the solute 

diffusion rate, the concentro_·l:,ion profjJ_es -,!ere iden-l;icccl to the interr1Dl 

circulation profile. ~-'his limj_tecl their solution to systems 1·Ti th lo1-r 

viscosity ra,t:i..os of approximately zero. Here, viscosity re.tio vms 

defined as:-

·x (II- 23) 

Kronig &nd Brink modified the stream functions of Hadmn&rd by_, 

translatjng th;~ Qj~:Le;in of thc co-onJ.inate sy-stem to the center of the 

drop, 1·d th the raclius a o:f the drop, as the:~ unit in 1rh:Lch the distance 

from the origJn :is mcasuL·ecL 

t/; · th;: intcci'nal stroc\r:tlinc: for the d.rop is:r J., 



The ve locity components VR a.nd . v8 v:ere der j_ved fr om t he follo~>ring 

d eft n i.tions :-

VR 1 d {/( 
~--- /.!_ ___ -v-;---

d 8 R siu9 
(II-25 ) 

Vg 1 _i! 0 -- --~---
(II - 26 ) 

R sin8 d R 

The c: o-ord:Lnate system W.:iS expJ·cssed :i.n t erms of 

(II-27 ) 

1-1h ich represented the s t rea:nl ines )V; and 

(II-28 ) 

wh j_ch repre:3ented lines or t hogo:1al t o S . 
Thus ~ = 0 a t R ~ 1 , 

( on t h2 drop b ow."1dary und the pol ar axi s ) 

5 = 1 .at R -- -~ .;;_-, 8 -· 77 ( II - 29 ) 
2 

'rn e t\·i O sets of curves are u s shmm in 

Figur e II - 2 : the upper que.d:cant 

of t h e vertica l cross - sect ion . 

Axia l symmetry 1-ras assu!l!ed f or 

t h e other hal f of t he dr op . 

T'n e r esult i ng par ti u. l d1fferent i.al ecluat i on f or the nass trans f er 

mech t>..n :i.sm \-las 

q ( 5~ ) d_~_ .. , ., 
d ~· 

(II - 30 ) 



18. 

1·rhere ( II-·31) 

The boundary concli tion.s for transfer into the drop vrere:-

c = cc~; 5 == o, t > O (II- 33 ) 

c c2 -s~ 5' t ·- 0 (II - 311) 

Condition II-- 33 stn.tr::d that there vras no resistance to mass 

t ransfer in the continuous ph?-se. The SLJ:rface concentra.tion of the 

drop Ethmys equo.led the equil ibrillJ:n conc entration of t he solute i n the 

bull~ phase. 

'l'he solution of thE; equa.tion vras:-
oO 

l - 3/8 ~ A Yl
2 exp [ - ;\ l'l lGDLt ] 

th l Cl' 
(II-- 35 ) 

Values for Ah and ), n for n = 1 and 2 ·vrere obt .ined . ThiL: 

vms shmm by Heertj ::s et al (18) to b e inaccura.te at short U .me durations. 

Henc e the values of An ancl A 11 I•Tere found for n = l to 7 a.s shoHn i n 

Table II- l. 

Table II-1 

Values for An and All for Kronig and Brinl·; Eqn. by Heertj e3 et a1 (18) 

n l 2 3 4 5 6 7 

An l. 33 0 . 60 ~· 36 0. 35 0.28 0 . 22 0.16 

An 1. 678 8 .~.8 ' 21. ] 0 3f3 . 5 63,0 89 . 8 123. 8 

Danck11erts (59 ) has sho~-rn that E:;uut:i.on II - 35 may be used a.t drop 



19. 

fa:r. from the postulated behav.Lo:c . In practice, the K:ronig and Br:Lnl<.: 

equation uas probably valid up to d_-cop Reynold;:; Number = 10 . 

Drop Re no l ds Number \vas clefined as : -

1\c. No, = (II- 36 ) 

.A/(0 

1vherc ~ and~,. are the density and visco s ity of the continuous phase . 

d and VD arc the die:uneter and veloci t.:y of' the drop. 

A modification of the Vermeulen E:'j_uation II- 21 was shmvn by 

Korchinski to r epresent the Kronig and Brinl~: Equ.ation II-· 35 vrell:-

l - exp (- R ;: j)LDf's (II- 37) 

• 
where R enhancement factor for the molecular cli.ffusivity, 

produced by the circulation in the d:cop 

effective diffus i vity 
mo l ec:ulo.r cl i'i'fu~; i vi ty 

. 
(II- 38) 

A vaJ.ue of R == 2 . 25 '•ICl.S used by Korchinsld to correla te his 

resul ts . It uas shmm by Hellek (52) t ha:t H vo.r:Led f rom 5 . 97 to 2 . 70 

for EM v a lues of .osnG to l.O. Henc e :i.n:-; t eo.d of H = 2 . 25 , a value of 

R = 2 . 5 -vras sugges t ed as the best e:weTae:e valiJ.e for use over the nornml 

• 
r ange ~f extraction efficienc:i.es . Hovreve1· since R :is a va.r iable , 

accurate results are obt<d ned 011.ly by the use of the exact equc:;bon. 

In the ir study of heat tl·ansfe:r. to l iquid ch:ops , Elzinga and 

Banchero (Li-7 ) extended the ' Kron~Lc; and Brinl<.: solution to the case of 

finite continuons phase resistc:mces . Al.tboue;h the form of their solution 

vra.s the s ame e.s Kronig and Br i nk ' s, t he values of An and Ah Here no1·r 

functi ons of the contj_nuous phase resistance to transfer . Vallws of 

A.., and A fol' n =~ i. to -~ 1vcrc co l culated . . , n -



Hamielec ('7) modified the Groc'b2r Equation II ... 1'7 to define 

0 

the factor R as follm·rs:-
0(} 

EM l - 6 C:: A c_ n 
h =: I 

(I I - 39 ) 

It 1•Tas ah;o shmm tha t for E11 ~ 0 . 5, Equation II- 39 v.ras approximated 

by the follmving empirical equation:-

= 0. 0189 . (II- LfO ) 

1rnj_s equation uas introduced as an i mprovement over the modified 

Vermeulen Equation II- 21 , for zero r es istance in tbe continuous phase . 

20. 

Hellek (5 2 ) sho1·Ted that for EM== 0 . 1 to 0.5, Equation II- L!-0 correlated 

experiment dat8. better' than t he Vermeulen equation. For EM < 0. 1, the 

Vermculc~n equation Has better . 

11-D-3 Mass 'I'ransfer into 'I'urbo.lent Drops 

Handlos and Baron (60 ) propo.3ed another model fm~ higher ra.nges 

of Heyno l ds N.J.mb er s (about 1000). They asswned that mass transfer -vras 

due entirely to the eddy diffus ion effects of a turbulence cav.sed by 

random radial motion superimpo::;ed upon the circt.llatory pattern. T'nese 

patterns ~-rerc assumed to take the shape of a torus , rather than the 

Hadnmard c1rcul8.tion pattern in th2 Kronie; and Brinl\. model (58). Tne 

·' entire transfer proces.s Has asswned to occur i·r:Lth:Ln thP outer surface 

of the torus . A p:cobabili ty function for . t he l ocat:i.on of a particle 

in a given position iTaS deve l oped . 'i'he average circulation time -vras 

defined by an equa tion developed by ;\ronig and Brink (58) . The eddy 

diffm]:i.on ;,-rD.s descr i bed as a function of the torus ro.d :i.us . Since mass 

transfer :i_n the t orus Fe.s or; ly :in tll(' :r rtd :i.a1 cl:i r,-cct.:i.on , the partial 
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d i fferen t ial e quat i on vra.s : -

120 d2 _u l 
l-y 

[ (1 - 5Y + 10y 2 (II- l ~ J. ) 

v-rh ere Pe1 modified Pee lc~t Nu1aber 

- Pe (II- 42 ) 

. 1+4/u.a 
Pe ·- dVD (II - ~ 3 ) 

1Jj~ 

:r ::= l - 1'1_1 -· l - LJH (II - ~.!.t ) 
cr-

·\'There VT == r ad i a l d i s t ance from t he c entr e of t he circ.u l atioD Jco rus . 

re·ne b ounda.ry condit i ons f or t ransfer i nto the d:rop >·reno :-

c 

C == Crj y := 0 

t . = 0 

t > o 

(II - 1+5 ) 

(I I - 46 ) 

Again, as :for t he Kr oni g .:md B:c :i.nk model," condition II- 11·5 indicat·~d 

no r esis t nee t o t r;;msi'cr i n t he continuous phase . The s urfa.ce c on-

c ent ration of t l!e t orus r emained equal t o the equilibr h un concentr s.tion 

o f t he solute i n t he bulk phase . 

'l'he soluti on vr2.s g i ve; n as : -

2 i_ Bn
2 

cxp [ - O'n _.!?_f~~c1 
] 

h " ' l 20d'-
(II - 117) 

Handlos a nd Bar on c l a, i me d t ho.t only t he fir st e l c;enva lue , "{ 1 == 

2 . 88 vras r e qu \r ecl . B1 -vra .s s e t equal to un ity . 

Hc.:ll ek ( 52 , 77) extended t he HanclJ.o s and Baron ill:Xle l t o the c ase 

of f i nite continuous phase r es :i. stance . ~~he r esultant s o l u b.on vvas : -

wh ere b Vn 
1?1T'l+- d'-"--. ..,...! ~) d 

- . \ L -.- /"\< ~-<o 

( II- l1.8) 

(II- 21-9 ) 



A list of Bn and '6 
11 

as calculated by Hel l ek f or n = 1 to l+, 

i s given in Table II - 2 . 

Table II-2 

Values for Bn and Yn for Ira.ndlos and Bc:n·on Eqn . by Hellek et a l (52 , 7'7) 

n l 2 3 l.~ 

Bn 0. 225 0.1+21 0 . ~· 79 0.071 

Y n 2.868 21+. 56 75 . 60 367. 0 

By solving Equation II- l~l numer i cally, Ol ander (76) sho'tred 

t hat at short contac t times , the analytical results of Handlos and Ba.ron 

grossly underes bma.ted the amount transferred . At dimensionless time 

D-- t J.J 
a2 

> 0 . 1 

t he numerica.l solut:i.ons by Olander Hfl.s approximate l y 

(I I - 50 ) 

Again, the Handlos and Baron moc1c1 was solved numel"ically by 

22. 

Pc:.,te l and He l lek ( ?8 ) for t.ransfer i·rith f:Lnit~ continuous phase res i stances . 

This 'do_rk confirmed the j_nacctrr·a.cy of the a.n<'l.lyti cal solutions f or the 

Hancllos o.ncl BaTon mode l FJ.t short CCJnta.ct times. 

II -D- 1~ Mass Transfer into 'OscHlating Drops 
-··----~- -.----------·--~~---

'I'he Handlos and Baron model i·ms described as app l ying to 

t uxbulent and/or oscillating drops (52,53,75,77). However Rose and 

Kintner ( 73) shom~d photop;ra.phic<:J.ll~r thr:..t 1r:itllin oscillating drops, 

fluid moti on vas i n the orcle:r of ro.nclom m:Lxing, with only a slight 



tendency touards internal c i rcul ation . Hence it vras concluded that 

the I-I<:mdlos and Baron model applied only for drops at high Reyno l ds 

lfumber in the non-oscil l a,ting region. 

Based on their observati ons, Rose and K-intner (73) developed a 

h ighl y compl icated extraction mode l for fully oscUla ting drops, '.-Thich 

considered t he effect of interfac i al stretch. All resistance vras confined 

to a. thin zone near the inteTf'a.ce. The core o f the drop vras assmnecl to 

b e well-mixed . Similar i ly, An8elo et a.l (79 ) have developed a generali-

z a tion of the p enetration t heory for surface stretch to predict mass 

transfer to oscillating drops . Both mode l s :cequ j_rcd csb.mates of the 

amp l itude and frequency of oscillat ion. Although tlws e mode l s more 

accuTa.te ly represented the physical situation, comparisons ,~-j_th experi-

mental data shmrecl no significEmt differences \·Ti th th e p:reclictiorw by 

the Handl os and Be.ron lfloclel. 'l"'his vras due to poor and scanty data in 

the high Reynolds l'h12nbcr r eg :ion. 

Very :feH studies have b een reported in the l itel'ature on the 

s ub j ec t of dispersed phase mass trunsfer accomp<mi cd by chemica l reaction 

for li quid--liquid sy::>te;ns . 

A qu.al:itative study o:f' extraction o:f orc;anic acids from benzene 
I 

drops in-Go <.:t<}Ueous potassi1.un h;,rdroxide solutions 1ms made by Fu j :Lnmra 

(61) . In all c ases , at a critica l concentr&,tion of the alkali , the 

extrac: tion r::d:.e of the solute (l(~crc:lsed . No explarw~tions I'Tere given 

This may h<:ws 1Y"en rlue to t he salt e:C'fect of the 

allmli Hhich reduccc1_ the solubil:it.:r a.nd hence the d_i_fflJsion rate of' the 



solute in the continuou.s phase. Hovrevcr , neither this effect, nor the 

possible influence of inter-facial t·lJxbulence '.WS considered . This 

mechanism is caused by localized interfacj a l tension l m·rering by solutes 

(1·rrd.ch may b e present or prodllced by the :ceact i on) '~llhich induced sponta-

neous convection cmTents at the interface . Current studies by the 

author have shOiTn that these t Ho phenomena bacl very important inf luences 

on the transfer rates . 

A method fo r analyzing the mCJ.ss transfer process by simultaneous 

dj_ffusion and first order che;T!'i_cal react i on :i. nto falling drops i·rB.s given 

by DanckHerts (59 ). ~:"ne method descr·ibecl the transient concentre.tion -

dis tribution and tb·2 rate of G.bsorption by transformation of express:ions 

for diffusion without reaction . Since these expressions exist for 

stac;na.nt , ci:cctJlatint:, and ttrrbnl ent d:cops , reaction mass t:r ansfer i nto 

them may be analyzed by this method . 

'fhe tra.nsforma.t i on vas : -

c == + (II- 51) 

where c1 = solution for diffusion \'lithout chemi.cal reo.ction . 

'l'he :i.ni·tial solute concentration in the absorbent \·ras ze:,·o. 

Dancb·re:rts sol vecl the Kronig and Drink ?qua.tion TT- 35 and the 

Ne\T:tlEUl ~i~quation II-16 for rnass t:r·ansfer i nto circulat:i.ng and stagnant 

drop s 11i th Di':J.Ul tanc::-ms fir~st o:cdcT :reactioll using this method . 

Equation I I- 51 \-TaG fou:nc1. emQiri.cal l y by Dancbrerts . Recently, 

Lie;llt:foot (62) develop ed 8, wcthod for unsteady stat e masc; tra.ns:fer j_n 

systems Hhe:ce the velocity prof LLe o.nd. ccuc:entration boundaxy conditions 



vras found.:--

C (r,t) e; cxp (Kn~ ) + f (r,t) exp (KRt ) 

- Kp, / tf' (r, t) exp ( Kgt) dt 

0 

(II- 52) 

The first term on the right hand side extended Danc:J\.Werts .' 

solution to systems of finite in:i_Jda l concentrat:Lon in the a,bsorbent. 

25 . 

The s econd and thj_rcl t erms Here the smne as those. in Danckvrer ts. i solution. 

'lrne appli.Cc-1- t:Lon of the Danclsvrerts modifications to mass transfer 

models to account for . first-order equations are shovm in Table IV- 3 in the 

Exper i mental Section IV of thj.s the sis . 

Unti l the advent of co:nputers , models descr :i b:Lng mass transfer 

:i.nto drop0 r a pidly bccc:w1e too compl i cat ed t o so l ve anal;ytically . Hence 

the models descr ibed in Sections II-D and E, all contained sj_rnpl.ifying 

n.r3smnp tions 1·rh ich enab l ed the:n to b e solved . 

Johns and Beckmann ( GG ) 11ere t he f:i.rst to shmr numerical 

solutions for mass transfer into a viscous, circulating drop . · Fvxthe:r 

discus~ions of their work will be g iven in the theoretical s ection of 

thi s r epor t sinc e the:ir results are compared vith those obtained by the 

autho1'; 

It has l ong b een kDO'tTn t hat Marangoni forces ha.ve a l arge effec t 

on mac:s tr1:msfcr ac1·osc~ liquid-liquid i nterfa,ces . 1iJhenevcr i nterfac i al 

t ensions were stron3ly affected Ly Eolutc concentrations, i nterfac ial 
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instability can b e produced to signi:Ocan tly enhance the mass transfer 

r ates . 

I nterfacial turbul ence have b een observed by many I'JOrkers 

(23,2Lt , 25 ). This phenomenon >vas reccntJy reviewed by Davi es (71, 72 ). 

A quali tative investigation of this phenomenon was made by \'Je i (23,27). 

'J'hey ob served that no activity occurred unless either phase c ontained 

n. componen t vlhich wn.s soluble in t he other . 

Turbule'nce 

Sternling and Scriven (2e) vrere the first to define the conci:i.tions 

t o formul ate a q"~.J.anti tative mechi:mism under vrll,ich :i.nstabi:U.ty caused by 

Mn.rangoni effect occurred on a flat i nterface . Their model vms limited 

t o consideration of t1w-d:Lmcns:i.onal, ro.;thP-r t han threc::-dimens ional 

solutions . 

It vms assc::rted t l1at s mall fluctuat.ions of concentration or 

t empc:ra/curc:: about the i nterface may b e a rnplif j ed i n:co fully developed 

flmrs under favom:abl e condit i ons , by the Marangoni effect . Variations 

i n the interfacial concentrations 1vould cause corresponding changes in 

the interfacial t ens i on. 'l'hus, the interface t ended to secl\: a state of 

lm·rer free cn~re;y thror'.gh expansion of regions of' lo'I-T interfacial t ens io11, 

at the expense of adja.cent r egions of hi£S~1Cr energy ( the Marangoni e:ffec:t) . 

Due to the continuity of velocity at t he i nterface , f l.ovT •:ras ind1.1.c ed i n 

one phase by fluid. motion in the other , Depencline; on the di:cer:.t :i.on of 

the induced flo•:r, the original f l oH m.:1y be dampened or cunplified.. 
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Such flovrs may be the highly :i rregular , interfacia,l turbulence , or the 

ordered , J. am:innr floHs -vrhie:h mc_y arrange themse lves into r egul a,r cellular 

pattern . In both co,ses, the flm.'S decayed as the concentration driving 

f orces a l so clim.inishecl. 

The model consisted of t1'lo-dimensional roll c e lls formed in t•llo 

semi-infinite J.j_quid phases in contact Etlong a plane j nterface . A sing le 

c omponent 1-ras transferred bet1·reen the tlvo _planes . ~'he resultant problem of 

hydrodynamic stabil ity i n the presence of small perturbation due to 

diffus ion and interfacicd movements, 1·ras so l ved by the method of Li. nea:cized 

stability (So) . ' The theory decm1posed the motion into a mean flmr 

(-vrhose stn.bib.ty :i.s under study) and into a disturbance superimpo~ed on 

it . '.L'he stability e:t'i teria vnJ,s expressed in terms of \•rave numbers (or 

frequency of rol l -ce ll disturbances ) and amplification factors . Hhen 

both their signs are the same, the system became unstable and interfacial 

turbulenc e occu:crecl. These conditions depended on the v:i.scosi ty ratio 

of the t Ho phases , the diffusivity ratio of the solute i n both pha,ses 

and a function :celating them to the disturbance . 

Or el l and Hestwuter (29 ) p:cc:sentcd a comprehensive survey of 

experimcmtal and t heoretical invest:Lc;ations of int.erfac i::J-1 tuxbulcnce 

phenomena, up to that ti.me (1962 ). Or e ll had studied photor;raphically 

the interfaci2\ cellula:r convcctio:c1s acco;npany·ing the extraction of acetic 
' ' 

acid uut of ethylene c;lycol lvi th ethyl acqtP,te , 'l'he cells vwre found to 

consist of 3- d:Lmensionctl roll cc;,ll.s \·Ti th adcl i tional floir rising in the 

center. 'Ihus, it vras cunclucJed thD.t the Ste:cnling--Scriven mude l must 

b e modj_f:i.ed grc~atly bcf'o:ce th2 phenom.2na couJd b e accuTately defined. 
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A qualita tive study of the phenomenon 1vas made by Goltz ( 32 ) 

for the case of solute transfer from a drop suspended in a stagnant 

l iquid-li quid system. 

Dependine; on the concentl·ation dr i vine; :force of the solute b et<;reen 

the t vm phases, thr ee different transfer r eg i mes vrere observed : -

l) At a subcritica l dr i ving f o:cce or decrease in interfac ia,l t ens ion 

:forces , t ransfer occur:ced. by mol ecula r diffusion only. 

2 ) At a cr:i.tica l driving force or decrease in interf a,c i a l t ens ion , 

eruption of solute-rich mo.tcrial occurred . It was postulated 

tha t as a small' area of l oH in terfacial t ens i on a,ppeared, l iquid vras 

pulled mray t ane;entially by the surroundi ng areas of hie;her interfac i a l 

t ension . D1_1_c to continuity of v e l oci ty at t he interface , fresh matcr:i.al 

·Has brought from the clrop interior t o tlle interfac e . The resultant 

r apid , initia l tre,ns f er rate B.t the nevr i nterface wa s believed to 1.Je 

r esponsibl e for the en.1.ption . 

3) J~bove t he critica l concentration dr:i.ving f orce or interfacial 

t ension decr ease , the drop :i.nter f ac<) •·ras i n c,, state of constant 

t urbulence . 

II-G-- 2 Rucr; ens t.e in Mocie l for Pr(::dict :Lon of Int.erfaciaJ. ~L'urbulence 

Rucl;:enste:i.n ( 33) notccl t hat v!hen interfac i a l activity- became vrell-

developed , c e llular structures Here present not onl y for fl a t interfac es 

be tl-re en phases , but also :for cuxved interfaces . He extended th e Stcrnline; 

and Scriven model for the appcc-.ra.nce of i nterfacial tucbulcmce , 1·1hen 

diffm;ion i n one.: of the phases l'ras acco:-rpaniecl by first order chemicoJ. 
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reaction . The charac-Lt:ristic equat i on ,,.rc.,s der i ved in a manner s i m:i. LLar 

to t he St ernl ing and Scr i ven t heory. /~c;ain , the i nstabi l ity cond j_tion 

>·ras examiDed in term::; of H<:wc nwnbcr <md ampl i ficc.t:Lon factors . I t -vms 

noted that since Lhe wave milllber must be a real quantity, i t must be 

great er or eq,_~al to zero . Hence the s~,; stem -vras unstab l e -vrhen both the 

1vave nmnber and atnp l:i. ficatioD factor :-3 Here p ositive . 

'J'he f o l lm·r:ing conc l 1.J.sicms vre:cc dravm by Ruckenstein rq!:ard:Lng 

the s ta1Jili t y- of ;c;ystemc 1.rhere cU:ff'usion was accom.p::mi cd by chem:i_cal 

reA,Ct:i.on . 

l) The occvxr·encc of inste.bility vras determined by many phys i cal-· 

chemical paro.mcter:s . The cri te:cia. of i nsto.b:LLity were .so dif f erent 

f rom the c ase of d :i. :ffusicn ' only, that even smal l val1J.es of t he 

r c3.ction .ro;!~r::: con:;tc:mt ch<:::xlc;ccl ·(;he eonrl. i t:i.ons. L·1 \·Thich i nstD.bil.it.y-

'lrnus , D. systc:n mo.y b:..: stable vhen d i ffusion 11as not 

acco:0hianied by cb ::·rnico.l rcact.i.on and unstabl e vrhen a reaction 

OCCl.i.Tl'Cd . 

2 ) Ins ~a.bj.J_i ·cy ah!Dy[3 occu:r:ced vrllcn t he reaction. p:coduc t d iffused 

thrcr:.lc_;h only one pho.se , :i. :f not :i.n one d irection , then i n t he othc:c , 

o.t steco.dy stote . C<t.st~s in \vhich the system Has unstab l e vri th 

t:ransf el' in eit.1w:c direction Here a l so possible . \)hen t he product 

diffused th_rough ·both pho.ses, tr1e s sten mo.y- rem.ai n stable . 

3) I''or very .Si,Lall cell siL~es (c1u.2 to v~sco1.Js sheo:r forces ) and fo.c very 

c:;nJ:.>l:i.ficat:i.on VC:\ S i~ecJ.ur~ed . Henec; betireen tllcsc ti-ro extremes , there 
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'rhese modc:: l s of Sternling and Scr i von anu of Huckenstcj_n vrere 

applicable only for situa tions \'Jhere the system I•Tas stD.gnant and all 

mas::> transfer uas by diffusive forces (mo l ecular diffusion or interfac io.l 

turbul ence ). I-lo\•rever, in the case of extraction from a drop moving in a 

flu id, a boundary l ayer t ype of concentration gradient 1ms set up around 

the drop by the viscous dr ag forces of the conti nuous pha.se . This con-

c entration gradient m?-y cause interfacial turbulence t o occur. Ruckenstein 

(3!+) has extended the Ho.cbrrJ.ard (37) , Hybc:zynski (38) o.nd Lev:i.ch (39 ) 

solution for t ransfer from a r i s:ing bubble , t o i nc l ud.e Marangoni effect 

at the interfac e . H:is result s indicated t hat tl1e dTop velocity and the 

mass t rans f er coefficients \·Tere affected by the Marangon:i. e ffect only in 

small drops . The mass t ransfer coefficj ent 1w.s influenced by the directioE 

of tr B.nsfer , due to t he concentrati on gradient around a moving drop. 

This ha.s b een observed ex;,>erimentally (35 ,36) for c; a.s- liquid systr~ms . 

'J'he t :r-ansfer coeffic i ent may b e increased i f t he i nterfac i a l tens:ion 

dimini shed as t rans:t'er continued dur ing t he motion of t he d:cop . 

II-G- 3 Effects of Inte:rfac:in.l 'l'uxbulence on 1-In.s s ~['ransfer Rates 

'.l'he effects of concentration dr ivi.ng forc e on mass transfer 

coefficient s for three c omponent systems have b een studied by Sm.TistcYvrs ki 

et al ( 30) , O J~nnder et 'al (66 ) and Blol;:J;:er et a l (67,68). In ell cases , 

the overall coefficients increased sharply >·Ti th concentrat:Lon d:ri ving 

forces. Th is i ncrease vn:Ls ca1J.s ed ent.irely by interfacial tuxbul ence . 

It vras sbmm by Ol andeT (66 ) that even at. l o<:; concentrat:Lon 

driving forces, i nterfaciaJ. tUl·bulen ce coul d occur. I n fact, the ac-.:t :i.vity 
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did not have to be visually appaTent to affect the tranr;fer mechanism . 

'l'hus , at l east three components 1·rere required to produce interfacial 

turbulenc e . 

Several \Wrkers ( 23,26 ) have shoun that 1:1hen mass t ransfer vras 

accomp anied by si.mul taneous chemical reaction , interfacial turbulence 

occurred in many cases . Tl1is resulted in a t ro.nsfer rat·2 enhanced b eyond 

that produced by the chemical react:Lon alone . 

J:I .. JT Effect of. Surface-i\ctive Impurities 

l'·1D>ss transfer rates into drops e.re cmhanced by interfacia>l 

turbulenc e and c:i rculo.tion c·urrents ·in them. \)hen thes e phenomena are 

roduced by sm:·J':a.ce active im!YUri ties, the tT<msfer rates are also reduced . 

Studies of the reta.rdo>tion mechaniSi!l3 are p_;j.ven j_n this section . 

It vras shu'rn by 'I'reybal (l10) tl:w.t :i.rd:;erfac:i.al turbulence is 

da>m~Je.ned by su..rface-act:Lvc im.:Yu.l~i ties uhich redlJ.ced the i nterf8cial 

tension i mbalc..ncec.; cu.us:Lne the convec tion currents. 

A l arge a:nount of \'/Ork. on the action of surface-a.ctivc agents 

has been clone by 'i'er jesen, et al ( l~-l ·- J ~5 ). Surfe.ce-acti ve B.gents 

soluble only in the acrucous phe.se reduced the rate of transfer from the 

aqueous solution to organic drops to 8uch an extent that the mass_. transfer 

coeffici ents b ecame equal to those for- solj_d bocLi.es , 

Drops movi ng through a fluid tend<> to circulate, c11Je to external 

viscous shear forces at the interface . As surfGce-act:L ve agents a.re 

,s;,rept to the rear of the drop, a surface t ens ion gradi ent opposing tb.e 

ext<'ry·,;- J s'n""'r (h8) n1r:~v "Je e·s+" 1o] -·L"t'"'C'' ...:.._ . .L!tJ,.' l -...c~ . . . ·) . c-.. o.J !.. .• v\..v __ ,, ..._ .... !. . Hence internal circulu.tion 
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currents are reduced at the rear of the drop . If enough mn.tcrial is 

present , the entire drop may become stae;nant. li'or drops \vi th a high 

surface tension, an appreciable tension grad:Lent may be produced by only 

a trac e of i mpur :Lty (1+8) . Garner and Skelland (l-J-9 ) had noted the laTge 

dampening effect of trac e i mpur ity on the :i.nternnl circulation of drops . 

'l'hey observed that as interfac ial t ens ion increased, the circulations 

i n drops decreased . '.rhis observation vras l ater confirmed by Linton ancl 

Sutherland (50) . 

J.i'or a, given system, the effect of surfa.ce tension gradient incres,sed 

i nverse l y l'ci th the drop size . Drops beloH a c ertain size did not circulate 

(1.1-8). The critical Reynolds Nwnber required fo:c circulation -vras correla t ed 

by Garner and Skellancl (11·9 ) as : 

Re No loo (ft o) _lf/3 (II- 53 ) 

II-I Conclusions 

'rhis su.rvcy has sb~)I-JD tha:t the bro<:,.d field of mass transfer into 

drops have been studied . HO\,rever , several D.rerls v~hich require f\n·thel' 

i nvestigation have also b een incti.cated : 

l) general toodcl predicting convective mass transfer rate into drops 

vri th simultaneous chcm:i.cal react:i.on 

2) the effect of conc entration driving forces on mass transfer rates 
I 

for bd.na::cy systens 

3) mol"e experjmcntal data for mass transfer -vrith simultaneous chem:iccl.l 

reaction into drops, to test t he vQr:ious models predicting this 

plleno'!i0non 



tu rbul ence phenomc::non 

5 ) more 'wrk on format i on en" -effects for drops to i ncl ude t he mass 

t r ansfer r at es af t er breaking off t he nozzle and before r eaching 

t ermi nal veloc i t y 

6) more 'IWrk on coal escence end effects. for drops 

Point s ( l ) to (3) are i ncluded i n the scope of this t hes i s . 

33 · 



II-J Nome;nc l n.ture 

a - ra~i.us ::.tt the surface of a fu•op , em 

surfa.ce area of a drop, cm2 

inter f o.c:ial area at coa l escence , cm2 

An, \ n = constant s for n' tl1 term in series solution b:y Elz i nga and 

B 

Banchero (LI-7), and by Heertjes (18). 

2 = surfuce area of rest fu·op, em 

r a ti o of drop surface t o volwne , cm-l 

BrP '6 n == constants for n ' th term i n series sol ution fo r IIand.J.os and Dc.ron 

Equation II -47 

C = concentration , gm/cc 

CD = average concentrc.t1on of solute B in a continuous phase;. gm/ cc 

c1 = initial concentn1 tion~ r:,m/cc 

C¢ equilibrium conc entration, vrn/ cc 

d diame t er c.t surface of drop , en; 

effective d.iffusivit:y , cm2/s cc 

dr fi n.:1l dt·op eli wac t e r , em 

molcculal' diffus i vity, cm2jsec 

h = heat t ransfer coefficient, B'J'U/(sec ) ( sq cm) (dee; F) 

= cocffi cicn t for variation 0f suxface area Hith time 

KH t hermal condn.ctivfty, BTU/( scc )( cm) (dcg F ) 
. . . 

K1 mass transfer coefficient , em/ sec 

fi rs t onle:r ch~micaJ reo.ction r ate constn.nt , sec - 1 

L charactc:rist.i c: l enc-Lh, em 

m distribution coefficient for solute between ~10 phases at 

equilibr:Lwn, i e • C == nl!-:;:,t· 
-~ 
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MI\. = mass transferred across drop of area Jl,D, gm 

r ate of mass transfer across drop of area AD, gm/ sec 

Nsh = Shervwod Number 

Kr}l 

DL 

Nu = Nusselt Numb 2r 

bd 
KH 

Pe Pcclet Humber 

l Pc = modified Pcclct Ihunbcr 

Re drop Reyno l ds Humber 

R enhancement factor 

rD ·- drop radius, cm 

= dimen s ionl e ss radius of to.cus 

1M 
d 

t time, s ec 

t -r ·- drop formo;t.ion tiw': , sec: 

v = drop vo )_ l..1.m~: s cc 

= drop velocity, cr1/ sec 

\·-c,lunle of relessed dr p } cc 
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v e l oc j_ty components of streamlines in the H and. G dil·ec tions , 

r espectively, em/ se c 

r adi a l distance from center of circylation torus , em 

X viscos i ty r e.t io 

y 

Efficiency 'l'erms 

overall mass transfer efficiency 

ms.ss t rans f er effic iency dur i ng stea dy r:ise or f all of drop 

overall end effect 

Ef1 fo r ma tion end effect 

Ef0 coal escence e nd ei'fcct 
L 

Gre e l~ Le t ters 

e:i gcnvalue for n ' th t erm in a s er i es 

streexlll im:: , cc f sec 

_,A. --· viscos ity, c entipoise 

~ density , gm/ cc 

Subscr i pts 

0 con t:i.nuous ohasc 
'· 

D, i = dispersed phase 

L cordi tion for l ong c o l mcm 

E conch tion for shorte: s \; cc<Lumn 



1 

2 

3 

4 

at i nitial state of drop 

at start of free fi1J.1 period of drop 

at end of free fall period of dTop before coalescence 

at f:Lnal state of' drop after coalescence 
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III Theoretical Study of Forced Convection 

Hith Simultaneous "Chemical Reactions in Drops 
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III -A Introduction 

Th i s section is concerned vdth development of a model to predict 

mass t ransfer by forced cor..vection in drops i·rith s1multaneous fir st -order 

chemical r eact i o:J.. 'E1e rest sta nce to transfer i·ras confined to th e cH s-

per sed phase . Pred:i.ct ion s l\Y the model i·lere comps.red ui t h results from 

currently existing models . Ti:1e accuracy of tl).ese model s \·Tere exa.i11ined 

in the experimenta l sect ion of thi s thesi~ . 

Drops may mov~ throut;h flui<ls either as stagt1ant drops or as 

circul ating drops '· due to the vi scous shear forces at the i nterf ace . A 

graphical representation of a drop Hith i nternal c:i.rcul ation pat terns or 

streamlines formed by the cont i nuity of the v elocity profile at the inter-

fac e , is sho1,;n in Figure II I -1, fo r creeping flmr. 

In stagnant drops with no i nternal. circulation, mass is transferred 

by molecular diff u s i on. Th i s system has b een solved by Ne1.m;an ( 51+ ) and i s 

sho',m i n Equation II-16 . 

Before a solution of the forced-convect i oa equation may b e 

attempted , a knmrledge of the veloc:Lty di stribution in fluid parti cles 

moving .under the influenc e of grav:lty l s required. This informat ion j_s 

avai l able for the Stokes flm-r re(!;ime and to a linli ted extent , for the 

intermed i ate Reynolds Nu.mber r ange . Hadamard ( 37 ) and Rybcz~ynsk i (38 ) 
·' 

have sol ved the linear ized 'equations of moti or'l for floH in and around 

fluid spheres. This s olution applies i n the Heynolds Number range: 

0 {Re ~ L Sa tapathy and Smith (81 ) sol ved the linearized equations for 

fl o·..r in nc1 around fluid spheres follo•.r:i.r:..~ llad9Jnard and Rybczynski, but 

set the disturlli~_nce to parallel flo\·.' C:!".l.l..!~>c:d 'oy the sphere to he zero on 
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a finite, concentric, sphe rical boundary . I n tl1is manner, a. 'mll effect 

h as b een allm,red for . Tnese solutions :indicated t hat as the Hall 

proximity i ncreased , the circulation velocities i n the fluid spheres 

also i ncreased. Hamielec and Johnson (82,83), using an error - distr i -

bution method, have predicted velocity distributions for tbe Reynolds 

Number r ange , 5 ~l(e { 90 . Solutions of t he potential f lovr equations 

closely appl'oximated the profile s around and in f luid spbere s of loH 

viscosity ratio) 4 i == 0 
Ao 

greater than 100 (7). 

,,,j_ th the continuous phase at Reynold Numbers 

The Hadamard and t he Ha mie lcc profiles are shmm in a composite 

diagram i n Figure III- 2 . At lmr Heynolds Nmnbers , t he circul ation 

profile in the drop i s de scribe d by tbe H<:tdamard and RybczyT1Ski profile . 

As the Reyno l ds Numbers incre LCsed ~ an almost stagnant cap :formed i n t he , 

r ear of the flui d sphere . F'j_nally, \·rhen the exter i m:· f lo ·l separated, 

the surface ve l ocity changed direction and a second vortex ring fo rmed 

42. 

i n t he rear portion of the sphere . 'l'his effec t as shm.;n in Figure III-2 , 

has b een d.escr ibed by the Hamielec nnd J ohnson (82 ) solution of the 

momentwn equation. Experimentally-, circulati on patterns similar to 

Ha d:lln'lrd ' s ha v r; "b een pl.tot ograrJ11ed by su ch people a s Ki ntner (85 ) . However , 

t he profile predicted by Harnielec and J olmson h a s not so f ar been observed . 

Due to t heir ~ma.ll size ; the s rna~ll vo r·tex rings at the r ear of the drop3 

may be hiclden b;>' the refr cti on of light around the moving drop . Drop 

de f ormation may a l so reduce the si~e cf t he s econcl vortex ring a.nd 

r educe vel.ocitics within it. 

Recently, a m::>re nccuxa-t.e velocity profile has been oota.ined by 
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Nakano and 'I'ien (81+ ) by modifying Hamielcc 1 s solution f or f'lou ins ide 

fluitl spheres . By the r e t ention of the inertia t erms of the i nterior 

fluid in the solution, circulation ve l oc i ty. within the drop ,,,as found 

to increase i·Ti th the increase of internal Reynolcls Number ) vhich i s 

define d as:-

= (III-1 ) 

•~here VD is t he relative velocity betvreen the partic l e and the fi eld 

fluid . The externa l flovT character istics · such as drag coefficients 

vrere unaffected by t he internal Reynolds Nwnber . 'I'he solution of Nakano 

and Ti en appr,·oached Hamielcc 1 s at internal Reynol ds Number, Rei 0 . 

Unfortunately, since this neH velocity profile bec ame available only 

r ecently, it 11as not used in this vrork . 

'lne f orced-convection equation has so far pr oved i.nsoluble by 

any analy·tica.l me tl1od . Kronig and Br inJ;: (58), using the Hadwnard-

Rybczynski velocity profile , modified the forc ed-convection equation 

using an approxi mation. Their model assumed that l ine s of constant 

concentration and the stream. lines 1·1ere coincidental. This required 

tha t circulation veloc ities be much greater than diffusion velocities, 

limi t:i.ng the applicability of the moclel to systems of l ovl viscos ity 

r atio o.nd long diffusion times . 'J'his mcdel vras sh01m in Equation- n-~52 

Recently, J olms and' Beckmann (86 ) solved the forced-convection 

equa tion using fin i t e difference mctllocls and the Hadarnard-Rybezynski 

velocity profile . Us i ng spherical coordinates, t hey l·rere unable to find <-· 

stable solution near the center of the fluicl sphere. Thus , a. r ec t ant:ular 

me::::h Hith a circular boundary Has used to·ot'L.::lin stable sol u tions . 
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The present study, vrhicb is also concerned 1·rith solving the 

forced convection equation, using finj te dH'ference methods Has initiated 

b efore the results of Johns and Beckmann l•rerc available. H011rever, stable 

solutions "'ere found u sinG spherical polar co-ordinates . 'l'he present 

study is also concerned Hi th simultaneous chemica.l reaction and the 

i ntermediate Reynolds Nwnber range . In this sense, it is an extension 

of the vrork of John.s nd Bed111ann to a far l ess l imiting condition . 

III ·-B Theo:r·y~ 

Tne solution of the f orced-convec tion equation by finite 

differenc e methods 1·1hich f ollo\·rs makes use of the follo'Hing basic 

asswnptions: -

1) Spherical , circulating drops or bubbles moving under influence of 

gravity at cons tant velocity . 

2 ) Phys ical properties are independent of solute concentration, viz, 

molecular diffusion coefficient, viscosity and dens j_ty are 

independent of concentration . 

3) F,luids are incompress ible and Newtonian. 

~) Axial symn\etry is as :owned for the concen.tration profile . Hence the 

profile for only half ofthe sphere is required . 
·' 

Tlle spherical element for mass balance is sho\m in J!':Lgure I II- 3. 

The solute transfer in the vohune :is due to a sum of:-

1) Convective flux due to tangential and ro.d.ial velocity com_9onents, 

Vg and Vn of the .streo,ml:i.nes . 



2) Moleculu.r diffusion flux~ descr i bed by Fick ' s f:i.rst lm·1: -

N 
A 

(III-2 ) 

L e. mass flux N i s due to the concent,ration gradient d c1 of 
A d x"t: 

the solute . 

3) The chemical reaction 'Which ac t s as a sink. 

The d i mensionless forced convection equati on \vhich describe s 

thi s transfer of matter :i.s:-

-' RK C + (III- 3) 

'~<There VG, VR = ve l oc ity profile ~omponents ( III-~- ) 
and the following dimensionless t erms \·Jere used . 

c = c1 = concentration (III-5 a ) 
c¢ 

H = rl -- r adi11s (1II-5b) -a 

T -- DLt = time (III-5c ) 
ac:-· 

RK --· RK1a2 - r eac tion constant (III-5d) 
~· 

Pe :::= 2av1l Peclet number (III-5 e ) 
DL 

Boundary and Jnitial Conditions 

n :; l c :: l T ~ 0 (III-6 ) 

0 ~ I{ ~l c - 0 T :::: 0 



The mass transfer coeff i c i ent and t he dimens i or.a l s ur f a c e flux 

are define d by the mass b a l anc e equat ion : -

D1 [ -~ ;l] r == a dA 
(III-7) 

\vhere 
== - ~ r ~ -~-1] r 

( III-8 ) 
== a 

and A == d r op sur·f at.:e area , cm2 

I n dimensi on l ess t errrs, l ocal mass transf er coeffici ents are 

expre ssed as local Sheruood Numbers :-

Loca l 
_gal~( local ) "' -2 _d CI 

D1 d R R 
Sh 

at the s urface of t he drop . 

The ove:call Sr1cnrood Num1)er i s :·· 
7i 

Sb ~ J Sh sin 9c19 
0 Local 

I II - D Mass Transferred 

( III -9 ) 
1 

( III-10 ) 

The a ve r age concentrat i on , C , of t he s olut e i n the flui d s phere 

was ca l'cul a t ed f rom the sum of t he conc entrat i on i n each elemen t.a l 

vol wne JV , as shoHn : -

(III - ll ) 

Hhen the reac t ion C0;1stant i s ~ero , the mass t ransferred during 

~ t i s t h e change i n t he a·v-crage concentrat i on of the mass in t he drop . 

'l'hi s j_s n oJ.:, t !·uc uhen r eaction is present . I nstead , Equat i on I I I -8 

must be solved. Th8 tot.PJ. maof3 transf erred N1 is : -



Ml 
J AD1 [ -~ ;lJ adAj tdt 

r 
li 

t 
== j D I d cl1 z1j a2 sin 8 dg j dt ( III-12 ) 

L( ~-·r - r a 

or in dimensionless tenns 
li T 

M = j sn 77 sin 8d·8 j dT 
· Loc 

( III-13 ) 

'l'he cj_rcul"tion time of a particle on a Hadamard-Rybczynski 

streamline \·m.s g:i. ven by Kronig · ar1d Brinl~: ( 8 ) as:-

( III-15 ) 

vrh ere q ( 5 ) 1-ms a function def in ed by Y.: ron i g a nd Brink , to describe 

the position a long a dimensionless stre.s..rnline ') , defin ed as :-

Va l ues of :; and q ( S ) e.re shmrn i n 'rable III 1 

Table III-1 

Values of q ( 5 ) at Streamline §; 

0.1 0 . 2 0.3 0.6 0.8 

(II -l5a ) 

1.0 

3.26 2.93 . 2.75 2.62 2.52 2.44 2.37 2.32 2.27 2.22 

Us i ng t he definition f o:;· dirnenaion1ess time t fr om Equ:;.tion 

III-5C and the definitions i'o:::' drat, coefficient Cn: -

48. 

CD '"' Q.lf'J.:--=.fi?-t..c.£l:. . ( :from gravitational force balance ) ( III - 16 ) 
3 ·Po Vn -

and 



Equation III -15 is redefined J. n terms of dimensionless time a s:-

(II I-17 ) 

\>!h ere X == viscosity r atio ~" ~i ( III-18 ) 
/{ o 

This express i on f or circulation time is u sed later in exarnini Dg 

t he var :l.atio:rif; of the Sherwood Iifu;nbcr \·rith titne . 

Arl explicit} fonrard dt fference method ''laS us ed t o solve 

Equation I II-3 . In this method; the derive.t:ives \>Jere r epresent ed 1)y 

finite difference approximations . 'rhen , based on t he conccntratioa 

prof H e at time 'I' > t he ne"r concent r ation profi le at t ime ( T +A -:' ) <-I::<.s 

calcull:li~ed. 

Tne finite difference equa tion whi ch r eplaced Eq_u2tio:1 I l:I -3, 

for t he r ec; io:1 o < R ~l and 0 ~ 9 ~ 71 i s :-

CONC ( I,J,2 ) 

COXC ( I , J,l ) [ 1- 2 .6 T- 2bT - RK t•.6 ·r] 
6 R2 R26 g2 

+ CONC ( I+ 1) J_. ll l:::-._'£r + /-J. 'J.' 
L\ Rc R~R 

+ co:w ( I - 1, J > ~- l b T -· .c6,. T 
2_\I{2 R-.61.:: 

+ CONC ( I , J-1,1)[ - o~~.,-~ .1~~ 
2H'- ,0. 0 

PeV ..6 'rJ ~-.t\~-· 

+ PcVnLl T] -4.6. R--

( III-19 ) 

uh e.r.e I and J def :i_ned the radial and ansular incre!ner~t , res pee ti ve1y . 

'l'he c i rc·,lar mes~ s.Yst.e:r1 w;Ed i s shovn i n Figu1'0 III--li.. CONC ( I , .J , l ) is 
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Flmr n:t rc~ct i C'n 

F:i ;;u -·c III !, 
--··"'- -···-~---·~~~·-·'*'' 



t he concentration at point ( I,J ) at time (l) and CONC (I , J,2), the 

concentration at a time b. T l ater. After a co:npl ete march through 

t he mesh , CONC ( I ; J-, 2 ) i s set equal t o COl'IC (I,J,l ) and the process i s 

repeated . The c'"'ncentratj_c;n at the centre , R = 0, is defined to b e :-

CONC (1, J·, 2) = ~(2,~-~ CONC l~NAIT_ig_,__~ ) ( III-20 ) 
2 

7T; i. e. 6 C = constant on the axj.s of symmetry 
y-R 

where <J =-c NAIN'C e.t e 

at the centre of the drop. Also , since d C 
(j e 

0 along the ax j_s of 

symmetry , 

CONC ( I,l,2) = CONC (I, 2 , 2') 

CONC ( I,NAINC,2) = CONC ( I,NATNC-1 , 2 ) ( III 21 ) 

where H t 0 and H -f l 

A copy of the program is enclosed i n AlJ:pcndix VIII l. 

Transl ated i nto a system of spherical co-ordtnates (R, EI,¢ ) 

v.rith the or j gin at the centre of th e fluj_d sphere , the diwensionless 

Hadamard·-Rybczynski strearn fu_Ylc:tion lb i is g).ven by: 

2 ( 2 ) . 2 
([;_ l. = HR J - B , s J.n e 7 A.i-+T __ _ 

fl o 

itihere H is a function of the pos:i.tion of th e outer spherical boundary . 

Rmax values for H are. t c:.bu1.ated in Table IIJ-2 for var:Lous viscosity 

r at ios X = # i 

?o 

51. 
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Ta"ble IIJ -2 -------

Hall Proximity Factors by Sa. tapa thy and Smith (81 ) 

Hmax X=O X=J X=2 

1.1 -5-3510 -5· 3L~50 -3 -5505 · 

1.3 -2.0115 -l. 9081 -1.11 5)~ 

1.5 -1.2776 ··1.01!18 -0.6555 

1.6 -1.0749 -0.8210 -0.5453 

1.7 -0 .9293 -0.6777 -0. !.~685 

1.9 -6.7456 -0.51311 -0 . 3693 

2 -0. 686J~. -o.h632 -0.3357 

q. -0. 38LJ5 -o". 2187 -0.1527 

6 -0 .3295 -0.1703 -0. 1222 

8 -0. 3062 -0.1620 -0.1101 

10 -0. 293!~ -0. 1532 -0.1037 

20 -0.2702 ··0 .1379 -0 .0925 

00 -0 .2500 -0.2500 -0. 2·500 



The dirnensionless velocity components are given by : 

l 

R sjn G d R 

2 
2H ( l-:?.R .) sin9 

(l + x) 

0 ' 

( III-23 ) 

( III-23a ) 

( III-2~- ) 

( III-2ha ) 

( III-25) 

The approximate solutions of Hamielec ( 82 ) may be expressed a.s :-

El (R2 R4 ) . 2,..., F (_2 Rl+) . 2,..., ,..., 
SlD a - ' l M - Sln oCOSo ( III-26) 

. ( III-27 ) 

( III-28 ) 

Values of E1 ar;d F1 are tabulated in Table III-3 

53· 



Reynolds 
Number 

20 

6o 

20 

60 

Coefficients for Hamiclec (82 ) Velocity ProfHes 

Vi scos:L ty E F 
Ratio 

1 l 

0 -0.4 26 0.069 

0 -0.457 0.141 

0 -0.525 0.226 

2 0.160 0.087 

2 0.573 0.185 

2 -0.309 0.466 

Results fr om the numerica l so:tution of Equation III -19, i<lere 

compa!.·ed 1-;i th those obtained by D::mch1erts ' (59 ) modiftcations of th e 

NeHman (54 ) and the Kroni g and Brink ( 58) equations for transfer with 

fi rst-order rea~t ion into stagnant and ful l y circulating drops 

r espectively . Result s u ere also co~nparcd i-li th those obtained by J ohns 

and Becl:mann (86 ) fo r p:1ysica l mass transfer i nto viscous drops . 

54. 
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III-I - l Dc:u~ck\v·~rts ' Modification of the :Nevnncm ~quation f or Mass 

'I'ra.nsfer Hi th Heacti on i nto Stagnant Drops 

The dimensionl ess average concentration in a stagnant drop in 

which mass is t ransferred and reacted Hith a reaction rate cons t ant 

RK, i s : -

- - (III-29 ) 

The r a t e of t ransfer ancl the mass transfer coefficient are func -

tions of the concentration gradient at the surface of t he absorbent . 

The dimensionless concentrat i on gradi en t 0 _Q i·JC.!.S c a lcu l a t ed from 
~ JR 

_d-~] . '- 2 ~l RK + 1}7{
2/ exp [ T(RK + n2 i7 ~ )) (III -30) 

d F R= l RK + n 2 71 2 

and the dimens i onless rat e of tra.nsfer N, fro:n : -

N CJ c] 
() R n=l 

(III-31 ) 

The Shenrood Nwnb er , or dimensionless rnass trans f er coefficient 

\vas calculated as shm·rn in Equa tion III-9 . 

M, the t otal dimens ion l ess mass transferred per un:i. t drop vohune 

given as : -
,.a 

T=T .c 
M = I N d T :;: 6 z 

0 n =-= l 
( 2 2 ) 2 -2[ ( r · 2 ?.I ) J HK HK + n ?7 _! . - n II e xp __ _:1~~~? ;;-__ ~, -1 

') 2 0 ( HK + n'- ;; ) c_ 

- - (III-32) 

A comput er prograrn g i vin[; these calculat:i.on s is shO\m in 

Appendix VIII-2. 



III -I-2 
I 

Dancln·rcrts Modification of the Kronig and_~rink Ect<:_a tior:: for 

Mass 'rram;fcr Fi th Reac t:Lon into Fully Circulating Dro_J2..~ 

'rhe dimens ionless average concentration i ns ide the drop for 

(III ·-33 ) 

where An and An values are given i n Table II~l. 

Tl:Ie dimens ionless concentration crad:i.cnt vras g iven as:

c) c·J = 2 ~ .\,-l2 A n ( nK + l6 An/ cxp [T[RK + l6 An)] ) 
'::\ r{ n - l ------RK -t-:-ft;).- n·--o H - - ,,_f /\ 

1'he rate of transfer \'las c n.lculai:;ed as sbo·1-m in Equc,,tion III-3l. 

1'he Shcnrood NuJnber -vras c a lculated as shm·rn in Equati on III-9. 

A progra:n giv1ng these c a l culations is shown in Appendix VIII-3. 

III-I-3 Transfer into 

The cTohns and. Decl{IWJnn model for mo.ss t ransfer into viscous drops 

\vas similar to the model proposed in t h is UJe.s is as given in Equation 

III-3 . 

Us:Lng the HadnJ:l<.Wd--Rybc?.ynski ve loc ity profile , thc~ir equa tion 

vras given c.s :-

. (III-36) 



wher e C (I I I -37) 

Since a sign conventi on r everr;e t o that used i n t he pref;ent 

vrork Ha.s employed by J ohns , aJ_ l t he velocity components are negati ve 

t o t hose sh:nm i n Equations III ··2l+ and III -25 . 

A m:::>d.ified. Peclet Nwnber PeJ·, 

PeJ = Pe 
IT(i+x) 

(III- 38) 

was used to correct f or t he effec ts o f ·the vi scos i t y ratio X ( = A i ) , 
,/ro 

<ts defined by t he denomi nat or of t he Had.amard-Rybczynsll:i ve l ocity 

c omponents> v l z':-

(l - R2
) cosG and VQ 

2 ( l +X) . 

The common denomi nator (2(l+X) ) was r emoved f rom i nside t he 

brackets i n Equatj on I II-36 and combined. Hi tb Pe to r; i ve the moch fiecl 
2 

Pee l e t Number , Pe J . Thus, t his morlifica t.ion of t he Pec l et Number for 

v i scosi t y effects , must b e ch anged vri tl1 the vel c)(~ i ty profile u sed . 

'TI1e mass t r ansfer coeffi c i ent KL, was defi ned by J ohns and 

Bc:;kmann as :-

(III - 39 ) 

and as b e f ore , the Shenrood. Nu:11ber Sh J i s :-

Sh T = ' - 2 d c I ' 
< ""YR" n=l 

(I II - 39a) 

I·Im-rever, compar ing the clef:in.\. tion for ·the · rnaE; s t :ransfer coeffic i ent KL, 

i n Equation III-9 and i n Equa tion JII-8 :-

Sl1J· Sh 
· l ,.-7"" 

- ''· 
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It was l ater decided to use J ohns ' definition of Shenrood 

Number since it has the advantage of r;iving an asyrnpto tic vG.1ue , \•rhich 

is not zero , as time tends to infinity . 

I II-- .J Discussion of Hesu.lts f or Phys_~~al Ms.ss Tra.nsfer Calculat i ons 

The r esults for physical mass trG.nsfer calculations i nclud i ng 

the compar i son with .Johns and Be::: lmmnn data are shmm first, for drops 

with the Hadrur(a,nl-Rybc zynski veloc:L ty profile. This is fo1lov7ed. by 

r esu1 ts for mass transfer in to drops in t he i ntermedi.at e Re~;nolds Number 

r ange. I n the graphs ) the ca lculated point s are shmm :inorder to 

identify the var j.ous curves . 

'fhe effect of the step s izes on the predicted mass t ransfer uo,s 

ini tia.lly investigated . The follovring step sizes -vn;re studied:-

l ) Ho.dial step sizes - 0.05, 0.025, 0.0125 

2) Angular step si zes - 6°, 3° 

3) Time step sizes - l x l o-5 , 2.5 x l o-6 , 6.25 x 10-7 

Step sizes i n time i·re:r:c chosen as l arge as possible for a 

par ticu1a.r choice of r a tl:i.o.1 and angular step sizes . Above this maximwn 

/1 '11
, t'n" soJ.ut'-l· on d" d L.J. ~ l verge . It was found th<:d~ the mass transfer predicted 

by a mesh size of (lf l , 31 ) 1-rere identical to (81, 31 ) vrbere l.t-1 and 81 are 

the number of r adial i ncrements and 31, the nwnbe:c of angular increments . 

'l'he rcsul ts f or (l.J.J.~ 31) Here also i dentica.l Hi th (lrl, 61) . 

F'inite difference solutions f or mc;sb sizes (lf1, 31 ) and (81, 31 ) 
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are compared \·r i th tlte Kxonig and BrinJc solut i on in Figure III-5, as 

t abulated i n AppencUx VIII -1+. These r-esul t~o~ are gi vcn at Pe J" = 250 

and vi:scosity r atio = 0, 1'/i.th Ha.darnard-Hybczyns -i velocity profiles . 

As time i ncreased, the a.greement beti·reen t he finite difference method 

and. the Kronig and Drink model improved . 

The reacons for the disagreement at short diffusion time vms 

due to t he assumptions of the Kronig and Brink model. It 1·1as aBsumed 

t hat at all timef~ , t he line s of constant concentration and the stream 

l ines \·Terc co i ncidental. This assumption breaks dovm Et t short diffusion-

t imes since a finite time is required for t he solute to be distributed 

evenly along a stream line. The finite difference model allovrs for this 

t o occur, resulting in a slNrer initia l buildup of' so l ute i n t he sphm'e . 

At l arge diffusion times, the lines of cons tant concentratjon and 

stremnl ines b ecome coi nc idental and tli2 t1w solutions , finite differcnc·'3 

and ano.lyt. i cal , approach each otbe!.:- . 'Ynis is shmrn i n F.Lgure I II -6 . 

Lines of constant concentrations are plotted and shoun t.o be similar 

t o the veloci t y profi l e defined. by t he Had<'wmrd-HybczynsJ-;::i. st.rea..:nl incs , 

as time incrcaced . ~rne s treamlines are shown i n Figure IIJ - 7 . 

'l'he agre ement can never be exa.ct bec ause of t he i ni t:Lal s J.mr 

so l ute buildup in the cphere . 

I n ord:cr t.o obtp.in accuTate r esu.l ts at mi!1hnum computer times, 

62. 

a mesh size of (1+1,31 ) snd ~.time step si?e, L\ 'I'"" 2 . 5 x l o-6 were chosen 

f or f urther computations i n fluli regint-:'!S, where the Kronig and Brink 

model did not apply . 
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Referring to Tnblc III-2 e.nd Equations III-23and III-24, it can 

be seen that increasing the ~<Tall proxlmi ty merely increased the radial 

and tangential velocity components by a constent factor H, times the 

Hadamard·-Rybcz:ynsk:l. velocity components. H constants of -0.25, -0.375, 

-1.0 and --2.0 were used. 'lnese values correspond to 1, l. 5, 4 and 8 

times the Hadamo.Tcl-R;yrbczynski velocity profiles, respectively. The 

results for l. 5, !~ anrl 8 times are compared 1vi th the Kronig and Brink 

solution in Figure III-8 and in Appendix VIII-.lL 

Since all these compute,tions \·rere run at Peclet Number of 1000, 

the modified Pcclet Number PeJ· = 250 at viscosity ratio = 0 for the 

Hadamard-Rybcz:ynski vc'locit~v profile. 

~.'hus, nt l. 5, l+ and 8 tim•2r> the Hadnn:ard.-Rybczynski velocity 

pr'ofiles, the correspoDding values of the modified Peclet Numbers PeJ 

are 375, 1000 and 2000, respectively. 

Increasing the ~<Iall proximit;y and hence the modified Peclet Number, 

increased the circulation velocities. 'I'his resulted in a faster initial 

solute .build up, and the Kronig and B1·inl<:: model is approached in a 

shorter time. Hence, as the vrall proximity is increased, the raDge of 

applicability of the J(ronig ancl Brink model is increased. 

III-J- 3 Vrn·iations of Hhenmod. Uu.:nber 1vi th Pee let Nwaber 

Variations of the mocUficd Shenrood Nwnber ShJ with the modified 

Pee let Number Pe J a"•·e chcNn :i.i; F':ie;u.re III-9 ancl in Appendix VIII-·5. 
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As the modified Peclet Nurabers increased, a.ll the solutions 

tended to oscillate about the Kronig and Brink line. As "the 

Peclet Numbers decreased, the solutions approached the Ne"Ynnan line, 

until they merged. This agreement with Newman's equation was used to 

check the accuracy of the program. 

The initial oscillations of the Sherwood Number a::·~ believed to 

be due to the velocity profiles affecting the component profile in the 

drop. In Figure III-10, the circulation times on a streamline tq == -. 0061 
T' TX+l) 

and$= .01 are shown for different multiples of the Hadamard velocity 

profiles at viscosity ratios of 0 and 2. The streamline cuts the drop 

radius at R = 0.16 in the interior and at R 0.985 at the exterior, at 

G = 90°. These times are also tabulated in Appendix VIII-7. By examin-

ing the circulc-ttion times for a streamline near the surface of the drop, 

it is seen that the oscillation periods of the Sherwood Number versus 

time curves correspond to the circulation times at each Peclet Number. 

'l'he Sherwood Number is a function of the concentration gradient at the 

surface. As mass is transferred, it is circulated around the streamlines 

in the drop. The concentration gra.dient is set up in half the circula.tion 

time at the surface of the drop. This gradient is maintained as the 

solute is swept around into the interior, to complete the circuit. Then 

on the next cycle, more mass is added to the streamlines and the con-

centration gradient is further decreased. Hence, the period of oscil-

lation of the Shenrood Numbers corresponds to the circulation time of 

the streamlines near the surface of the drop. 
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IJI - J·- 1~ Com.par~~-vri th Johns and Beckmann Results for Physi:;al Mass 

Transfer i nto Vi scous Drops 

In Figure I II-11 , t he variations of c onc ent rati ons \v:i. th time for 

different modi fi ed Pec l e t Nurnbers are shown, a l ong wi th predictions by 

Kronig and Br i rll-c and t he Newm<m equations . 'I'hc r esults of J ohns and 

Beckmann do not aeree very vel l \vi th t he Ne-vrm.an model. At modified 

Pecle t Nwnber=BO, t he . concentration resul ts do no t agree 1vi t h t hose pr e 

dic t ed by thi s s t udy at shor t t imes . However , thi s may have been due to 

differences in t he mesh sizes u sed in the t vro me thods of calcul a tion . 

71. 

In Figw::-e III- 12 , the var i a tions of the modi fied Sher1·rood Numbers 

vi th t ime are shmvn graphica.ll·y f or modified Pec l e t Nwnbers = 0 Emd 80 . 

Super i mposed points from t h i s stud.y agree very closely \vi t h t hose by 

J ohns . As shovm previ ously , t he SP2ne oscilla.tion of t he Shenrood Nui<lber 

with time :i. s ob served i n t h is \·rork als o . 

III - J·-5 Mass Transfer a t In termediate Heynold~ Nwnber Flovr Regi me 

Hass tranofer resu l ts i nto a drop \ ·T i t h a Reynolds Number of 60 

ar e shmm in F'ie;ure II I - 13 and are t abuJ.atecl i n Appendix Vlii - 6 . 

Hamielec ' s ve l oci t:r profil es given i n Equations III-2 7 and I I I-28 vrere 

u sed at viscosity- r atios of 0 and 2 . Due t o the vray t he vel oc ity 

components ·,·rere found. , modi fied Pecle t Numbers coul d no t be usecl a s a 

val':i.aq l e . Hence the Hcynolds_ Htmiber and the viscos ity r a t ios f or t he 

drop vri th Pec l et Number of 1000 are Diven . Mass t ransfer r esults 1·rere 

compared \·ri t h t hose pred:i.cted by the Ne1-rman equ.ation~ t lie Kron:ig and 



Brink equation and by the mode1 1vi th fL Hadam8,rd Rybczynski veloc:i. ty

profile and a viscosity ratio of 2. 

1""ne solution for the Hadamarcl-Rybczynsld model agreed with the 

Nevmwn equation. At thin lov drop velocity, drops vri th a viscosity 

72. 

ratio OJ':' 2 behaved. essentially as a stagnant drop. Hm·rcver at Reynolds 

Number of 60, the transfer rate vras increased markedly by the circulation 

rate. In fact, referring to Figure III-8, the concentration results for 

viscosity ratio of 2, agreed very closely >vi th those predicted for 

modified Peclet Number of 375 and a Hadamard Rybczynski velocity profile. 

At HeynolrJs Number of 60 the inviscid solution vas clone to that for 

modified Peclet l'Jwnbcr of 1000. 

Hmiever even at inte:cmeclio,te Rey11olcls Numbers, the Kronig <mel 

Brink equation defined the upp2r limit to the rate of nw,ss transfer into 

circulating drops for physical mass t:ransfer into dropn. 
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I II - K Mass ~rransfer into Drops with Simultaneous Chemical Hea.ction 

When mass i s transferred Hith chemical reacti on , a s t eady state 

concentration is soon reached . 'l'hus i t i s more meaningful t o study t he 

variations of Sher1wod Numbers VTi th time at var i ous Peclet Numbers . 

Cases vrere run 1-Ji th a d i mensionless reaction constant of 10 , at 

modified Peclet Nm1bers of 0 , 100 , 5 00 and 1000. The r esul t s are 

t abulated in !lppenclix VIII-9 and plotted in Figure III-ll.f. . 'I'hese results 

are compared Hith t hose predictcrl by Dar:.ck\verts ' modifications of t he 

Kronig and Brink and t he Nevrman equation. 

At l 01v Pee l et Nun1bers, t he results tended t o-vmrds t he resul ts 

predicted by Newmo.n . !It higher Peclet Numbers~ t he r esul ts t ended t o 

merge around those rredictecl by the Kroni t:; and BrinJ\ mode L 

'J'he differences vri th the predictions by the Kronig and Br i nk 

model a t h igh Peclet Numbers are very noticeable in Figure I II-15 for 

var iations of' Sherwood Numbers Hith time for r eacti on constant of 200 . 

'l'hese variations ere also t abul ated i n Appendix VIII-10 . 

As· shovm i n Fit:;ure I II-15, even t he predictions by the Ne'lvlnan 

e quati~n d:i.d no t agree vd th those by the numer i cal soluti on . 1-JO'Ivever , 

this is due t o errors -in the Ne\·rman equation which i s solved by a ~ er ies 

s ol ution . 'I'he variations of the modified Sherwoocl Number \'T.i t b the number 

of t erms in the series i s .shovrn bclm·r: .. 

Variations of Mod:if:i.ed Shen;oocl Numbers ,,,l th Nmnber of Terms j_n 
S2ries Sulution for Dancl;1-.rerts ' Modificntions of the Ne•VJnan Equation 

Nwnber of t.c r·ms 10 30 

Hodj_f:i.ed SlJer.1w ocl Number ?3. ?r; 29. 1.:6 



RK 200 2CJ() PCJ =-· 1000 

T 
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This was correlated by the follm,ring equation for the modified Shenmod 

Number ShJ, Hhe re n number of terms in the series solution, 

32 . 31 (III-41) 

at time = . Olt.. 'l'he intercept value of 32 . 31 corresponds to the Sherwood 

Number pTedicted by the model in this study . 

The Kronig ancl Brink model j_s also solved by a series solution. 

Hm,rever , since only seven eigenvalues \vere available for the model, only 

seven terms Here used in the solution. Thus , the errors in the KronJg 

and Brink solution of' mass transfer 1vi th reaction He . e frObably 

caused by the small n1.lmber of terms in the series solution. 

Ho-vrever , as the rnodiffccl Peclet Numbers increased, the lines of 

constant concent rations became coincident Hith the streamlines, as pre-

dieted b;r the Kronic; and Brink model. This is sho\m in Fjgure III-16. 

Lines of constant concentrations are shm-m for mass transfer 1-1 i th 

reaction , at rer=tction constant = 200 for drops Hith modified Peclet 

Numbers of 250 and 1000 . At Peclet Ntm1ber of 1000, lines of constant 

concentrations formed inside the drop, i·Ihich appro8.ched the veloe:Lty 

profil~s . 11ms, as in the case for physical mass transfer , the He1-nnan 

and Kronis and Brinl;: equations modified by DancJ;:v;erts for chemical 

rea.ction, a€_;ain defined the loHer and upper lirnits for the predic-tions 
·' 

by the model developed in this study, for mass transfer Hith reaction 

into drops. 



III-1 Conclusions and Contributions 

A f'ini tc diff'el'ence method has been dcvelopecl to predict mass 

transfer l'ri th s:Lmul taneous chemical reaction into circulating drops in 

the Stol;;:es flm·r a.ncl the intermcdia te Reynolds Number flovr regimes. 

Accuracy of the model vms shol'm by the close er.;reements with 

mass transfer and Sbenroocl NLJr£lbers predicted by Johns a.nd Beckmann for 

physico~ nmss transfer. 

'J:he Kronig and Brink equation and the Nev..rman equation defined 

the upper and lower limits of the mass transfer and Shcr1vood Numbers 

predicted by the model. As the circulation rate increased, due to 

increc:.sin13 proxin1i ty of a concentric spherical vrall surrounding the 

drop, Ol' to increasinG values of the modified Peclet Number, the results 

tended to approo.ch the predictions by the Kronis; and Brink equation. 

For mass transfe:r into drops 1d th simultaneous chemic<l.l reaction, 

similar agreeLJJents \'lith Danckiterts' mocUficati.ons of the Nc1·nnan <:mel the 

Kronig Emd Brink model for reaction transfE:r l·rere found a.t low and high 

ve.lues of the modifj_ed Peclet Ntunber<::. 

It has also been shmm, that as the reaction rates increased, 

accuracy of the Danckv.rerts' modifications of the Nel·llrlan and the Kronig 

a.ncl Brink solutions suffered, unless an increasing number of terms in-· 
·' 

their series solutions vrcr& used, 



III-M Hecommenclations 

Further 1wrk at different veloc :L ty profiles are r equired. 

This can be eas ily done by simply c11anging the velocity pr ofi l es used 

i n the prograrn . 

More vrork at highe r chemica l reaction r a t es are r equ ired . At 

t hes e high r eactj on :ra t es , Dm1ck-.:vel'ts ' modifications of t he NeHmo,n and 

the Kronig and Br ink equations may no longer be accurat e enough and 

numerica l methods may be require d t o solve them . 

At high Pec l et Numbers and. reac tion r a t es the· explic it for'l·rard 

difference method of s olution of t he mass transfer e qua tion became 

impractica l for use . Such sma:ll 4 'r time step s \·rere r equired thaL 

t oo m11Ch computer time 11as r equired to solve the mode l. Hence another 

method of s olution is des irable for use in these studi es . 
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I II-N Nomenclature 

a -

A ::: 

Arp An 

cl ::: 

cl 
c 

= 

C¢ 
cl 

en --

-

DL --

EJ_,Fl = 

H 

M 

= 

drop r adius , em 

surface area of drop, cm2 

coefficients for Kronj_g and Brink Equation by Hecrtjes 
et al (18) 

drop -concentration , gmj cc 

average concentration, gJn/cc 

dimens i onless concentra.tion 

equilibr i wn concentration i n the dispersed phase, gmj cc 

i niti al concentration i n the dispersed pha.se , gmj cc 

cln>E coeffic i ent 

molecular diffusion coefficient, cm2jsec 

coefficients for Hamielec (82) velocity profiles 

wall proximity factors by Sata,pathy ancl Smith (81 ) 

mass transfer coefficient, em/ sec 

mass t ransferred/unit volume , gmj c:c 

dimensionless maE-;S" tra.ns fe:rred/ un:L t vo l ume 

. ' 

NA rate o.f transfer> gT!l/ sec 

N climens ionJ.ess rate of transfe:c , mass/ unit time 

Pc 2tWn 

Ii"1 
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= modified Peclet Number 

= internal Reynolds Number 

Re 

= drop Reynolds Number 

r = radial dista.nce, em 

R = r 

RK 

a 

dimensionless radial distance, em 

first-order reaction constants, sec-1 

= 

== dimensionless reaction constant 

= Shervood Number 

Sh 
1-""C 

modified Shenmod Number 

t == time, sec 
·' 

= dimensionless time 

v volume, cc 

Vn drop ve loci t;y·, ern/ s cc 

81. 
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Vn = dimensionless radial velocity c01nponent 

VG == dimensionless angular velocity component 

V~ = dimensionless axial velocity compon9nt 

xl ::: distance, em 

X -- #· J. --
/Ao 

- viscosity ratio 

Greek Letters 

p 
::: density, gm/cc 

= viscosity, centipoise 

dimensionless streamrinc 

G polar angle, spherical co-ordinate 

i = dispersed phase 

o :;:: continuous phase 
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IV-A Introduction 

Results of the exper:Lmcntal study of mass transfer by forced 

convection i.nto drops arc presented i.n this section. 

1'he areas of st·udy were as follm'ls:-

l) Physical mass transfer into drops to examine the effect of con-

cent.ration driving forces on the trallsf~r rates for binary systems. 

2) Mass transfer accompanied by· simultaneous chemical reaction into 

drops. 

3) Examination of the ability of existing models, includint; the general 

model developed in the theoretical section, to predict mass transfer 

by forced convections into drops vri th or vTithout simultaneous 

chemical reaction. 

In all cases, the drops 1·rere sph~';rical, non-oscillating and 

falling with He;yT1olds Numbers in the la.minar region. Hesistance to mass 

transfer >·ms confined entirely to the insicle of the dispersed phase. 

The physical mass transfer studies 1vere carried out -vri th the· 

following systems:-

1) E.thyl acetate transferring into aqueous dispersed solutions. 

2) Butyl lactate transferring into aqueous dispersed solutions. 

3) Paraldehyde transferring into aqueous dispersed solutions. 
·' 

1+) Cyclohexa.nol transfer~dng into aqueous dispersed solutions . 

. Mass transfer studies accompanied-by simultaneous chemical 

reactions 1ve:ce ca:cried out Hi th the follmving systems:-

l) Butyl lactate transferr lnc; into aqueous WaOH dispersed solutions. 

2) Ethyl acetate trctwo.fc:r:cing ii1to aqueous ll[t0H dispersed solutions. 
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IV-B Discussion of Theory 

The many theor e tical model s which have b een developed to describe 

the transient mass transfer inside the drop , dur i ng the steady fall or rise 

p eriod, have already been r evievred in the li t.erature survey . They a.re 

tabula t ed in Tables IV-l and IV-2 for refe.rence. The model which 1·ras 

us ed depended upon vihether t he drop vras movi~g as a stagnant, fully 

circula t ing or turb1.1_lent or oscilla.ting drop . Ca lcula tion of the drag 

coefficient of t he movi ng clrop i ndicated v.rhether it 14as stagnant or 

circulating. 

Knowing the t erminal ve l ocity and hence the Reynolds Number , t he 

drag coefficients for a solid sphere moving r e l ative to a fluid could b e 

found i n several r eferences ( 11,80). 

The actual dra.g coefficient vras calculated from (ll ), 

( IV-l) 

vrhere d drop diameter , em 

drop velocity, em/sec 

g acceleration due t o gravity, cm/ sec2 

fJi, }J
0 

= density of drop and continuous phase respectively 

I f the clrag· coefficient \'T13.s l ess t han for a solid sphere, the 

drop 1ms c i rcul.ating . , 'I'he drag coeffj_c :Lent - Reynolds 1Jwnber cuTve (11) 

does not shmT a Yiell-defined l aminar- ttrcbulent transition f or solid 

spberes . nut, since fluid drops f a.l ling in the tu.:rbulent r eg ion tend to 

oscill ate , t his can be confii.~med by observation . 



Eqn 

IV- 2 

IV- 3 

IV- 4 

IV- 5 

I V- 6 

" 

IV- 7 

Table IV- l 

Expressions for I'lass Transfer Effic iencies EM, ET into Drops 

Source 

Ne'dman 
(54) 

Kronig and 
Brink (5.8) 

Korchi.pski' s 
approx of 
:Sqn IV- 3 
(46) 

Ramie lee 
( 8) 

Handlos 
and Baron 

(60) 

'iJell :...mixc=d 
Drop 

I 
Correlation 

e>O 

exp r -D1 n
2 

11 2t f EM = l - 6 £~ 1i2 n a .J 

"':' 
exp f-An l6D1t J EM = l - 3 ~ An2 

T i. ~ 
1'\, ( o-

EM =Y • 2 
R 71 Dr t 

a2 

ET = (l - ~) v R 77 2
DT.t 

a2 ·-
+Er., 

.i:' 

E = l M 

ln (l - ET) 

2 ::( Bn2 exp f - 0 ~2 tv£ l < l 2)oa J .,.,,_, 

3 K1 t 

a 

I 

I 

I 
I 

I 
I 
I 

Condition 

stagnant drop 

fully circulating drop 
for 0 ~Re ~10 

for EM < 0 . 5 

for EM < 0 . 5 

for turbulent dr op 

co 
0\ 



IV-B-l Models for Mass Trcmsfer ~:nto Drops 

Express ions for E111, the fr actiona l approach to equilibrium 

i nside drops durinG their steady ris e or fall p er j_ocls arc listed in 

Table IV-l. Thes e ntodels predi c ted the physica l mass t rans f erred into 

drop s under the conditions indicated . 

The cons t ants A11 and )\ n in the K:roni s and Brinl~ Equa tion IV- 3 

are t abul ated in Table II-1 :i.n the li t erature survey section. 

Equa tion IV- 5 1-ras defined by Harniel ec ( 8 ) by combining 

Equat ion IV- lJ. B;nd the definHion fo:c Er.'!J 

EM = ET EF 
l - Ep 

(IV-8 ) 

in order to find Ep from. the i ntercept of the plot of ET versu s 

lvhere t = dxop t ime in seconds . 

1 
t 2, 

The constants Bn Hnd '( n in the Handl os and Baron Equation IV-5 

ar e t abulated in 'l'2,ble II-2 in the l i t eratcl.rc survey s ection. 

For \-rel l-mixcd dxops , the mas s transfer rate is due solely t o 

t he concentration clr i ving forc es , i . e ., the differenc.::; b ebveen t he so l ute 

conc entration out s ide and inside t he drop . 'lnus Equati on IV-7 Has 

I 
derived fr om the follm·ring rel ation for mas s transfer rate V dCA as a 

d.t
f unction of concentrati on dr iving force (C¢ - C]_ ) 

( IV- 9 ) 

vrhere equi librittm concentra tion, gmj cc 

initial concentration, gw.jcc.: 

8( . 



with 

KL mass transfer coefficient , em/sec. 

v = 

bounda,:cy 

c· 1 = 

c = 

drop volume, cc 

,., 
surface area of drop, cmc 

concli t.ions 

0 O~ r ( a t = 

cr r = a t = 

0 

t 

( IV-10) 

(IV-11) 

Equations for physical mass transfer into drops 1-1ere modified 

by Danck1verts (59), to account fm." the effect of simultaneous first--

order chemical reaction on the transfer rate . 

These equations are tabulated :in Table IV-2 -

83. 

The general analyt:i..cal model clescr ib:ing mass transfer wi tlJ simul--

t aneous reaction :i.nto ci:ccul a,tir.g drops vms shmm in the previous section 

of the thesis. In dimensionless foTm, it vras:-

(l eA =[ (J 2cA + 2 O CA + cot G d CA + l "d 2c - RK CA ] __ A 
~T- 0 ., 2 R OR R·L.. ?}:F" R-2 d Q2 

J\ 

Pe 
[ 

Vg d el\ .,. V·.-, d CA } (IV-15 ) 
[\ 

2 ·-- 2l-G a 1)-E 1. \ 



Eqn 

IV-12 

IV-13 

IV- 14 

Model ---

Newman 

Table IV- 2 

Danckwerts' Gener alized Models for Ma.ss Transferred into Drops 
with Simultaneous First- order Chemical Reaction, at Time t . 

Mass transfer into stagnant drops 
, 

M 

Mass 

c:x:> 

Sa 7[C1DL ~ 

1'\ = I 

RK " (RK "+ Dr,n2 7i 2 

a2 
) t - DL:2 7j2 0x{ 

, 2 2 2 
(RK + D1n 7/ ) 

a2 

t (RK "+ D1n2 i/ 2 )}- 0 
a!_ 

Kronig and 
Brinl\: 

M, == 

tr<msfer into ful l y c irculating drops 
00 

8a 7i C¢DL < f'-n.
2 

A n i RK,(RK ' + l6D~ An) t - 16D1 /\n ~xp[- t (RK' + 16D{'n)J 
~ a a 
1'\ "I ,. 1 2 

(RK + l6D1 l'n )-

Handl os and 
Baron 

a2 

Mass transfer into turbulent drops 

oa 2 ) " ·/ B ' ' · I I 
M == a2c~vp ~ n ~n. R.X(RK + ~.VT) ) t - Onv1j fexpf-

96 L 256a 256a \ ' 
, I 2 

1'\ ~ I (RK + 0 h v D) 
256a 

t(mc '+~)]- 0 { 
256a "} ~ 

co 
\.0 

" ~l 



Therrr:osto..tt.ed Nozzle 
with Deta chable 7ip 

Tner;nostatted 
Glass CoJ.uwn 

Col te(~ u n; 
Fu:::n.;:~l 

Coa l e:>C'cd L2ycr 
of the D.isp::·!rsed 
Fhas;e 

Tefl on Ke~dlc Va lve , 

0 

Exit t 

GL so; Burette 

Teflon Needle Valve 

.,.. ___ _ 
Oli 

---C 
Electric Stopclock 
Controlled by 
Photoelcct.r j_c CelL; 
for On-Off Control 

90. 



FiYure IV-2 
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IV-C Experimented Appa!atus 

The experimental apparatus is sho"m in Figu.Te IV-1. Details of 

each s ection are shm·rn in subsequent Figures IV -2 to IV·-5. The apparatus 

is similar to those us ed by other worJ-;.ers in the field, such as Hamie l ec 

(82 ) . Only glass, Teflon or stainless steel 316, were used i n t he 

apparatu_s to prevent contami nation of the solutions used . 

The column, main nozzle e:md the solution bur e tte vrere a ll thermo -

sta tted to maintain a constant t emperature ( + 0 . 5 C). 

The flc:1·r of dispersed phase from the glass burette through the 

nozzle vras controlled by a Teflon needl e valve. Constant flovr rate was 

mc.dntained by a constant head deyice in t he bure tte. This i s a g l ass 

. tube pierced through an air --tight plug ancl i nunersed in the l iqui d held 

in storage . A constant hea.d 1ras maintained t hroughout this depth of 

i mmersion since the solution presS1xce at the bottom of the tube ·vras 

exactly balanc ed by the atmospher ic preDSUl"e . 

In order to pr oduc e spherical drops 1·rl1ich fel l vrith no osc:i..llations, 

drop sizes vrer e kept as small as practi.cal. This limit vras dictated by 

the fac:t that end effects and sampling titnes increased as the drop sizes 

decreased . Interchangeable tips l'lere used. on the thermos tatted nozz l e 

to _control tht; drop sizes for each system studied. Hm·rever , cLue to the 

small size of the noz7.le required for some systems , the dispersed phase, 

tended to vret and cling to the tips , cau.sing l arge fluctuations in the 

drop .:format:i.on rate . This 1ras stopped by attaching a. piece of Teflon to 

the end of the nozzles. "J:!Je di.mension of t hese nozz l es l abelled A and B, 

ancl thc"":i.r Teflon tips are shmm in I<'iguxe IV-5. 
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The continuous pha,se ,,ras kept in the main glass cohmm . Constant 

holdup of tlle coalesced dispersed. phase in the collecting funnel 1-ms 

maintained lly another 'reflon needle valve at the bottom of the column . 

Glass needles \·rere required in the bottom of the collecting funne l to 

aid in the coa,lescencc of the dispersed pha,se. Othervlise , coalescence 

was very difficult . 

'I'he time require d for the drops to fall from the nozzle to the 

collecting funne l >vas measm'ecl by the us e of photoelectric cells connected 

to an electric stop clock, calibrated to + 0 . 01 sec . The drop height -vras 

measured by a Cf"theto:neter to the nearest . 001 em. 

Terminal velocity of the dispersed phase -vras measm·ed photo

graphica,lly with a Strobotac, as. descr ibed in Appendix I X-l. Termina l 

v e l ocity cannot b e !fleasured accu_rately from the total drop tim.es, since 

the drops do no t fall j_n a str a ight line . This 1·ms caused by many factors . 

A ma jor c aus e was the disruption of the strea l!lline s around the fa.ll:Lng 

d.:r-op, c aused by mas s tr ansfer effects such as interfa,cial turbulence . 

The slight departure from sphericity of the falling drops also contributed 

to this departc:rre from a stra i ght lj_ne. However, once term.inal velocity 

1ms reached, measurements shovred tha t this velocity vras constant until 

the drop coa,l esced at the bottom of the column. 'l'hus drop time and 

drop velocity ... 111ust b e measux- ed separa,tely . 

The follmving systems vrerc used in the exper i menta,l study . 'I'o 

i nsure cons i stant rcsul ts, all systems VTe:cc f:ir s -t pur:i.f'iccl by re-distilla-

tion . 

/ 
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Press BoiLing Point Range 
Material Pu.:rity !lll.!l Hg of Cuts 1'akcn-de::g. C. ------ ----
Ethyl Acetate Certified Grade Atmos. Press. 76-78 

Butyl Lactate Practical Grade 15 mm Hg 64--66 
(97'/o+) 

Paraldehyde Certified Grad_e 10 mm Hg 25-26.5 

Cyclohexanol Certified Grade 5 llL'11 Hg 58-60 

Distillates for all systems except Paraldehyde •;-rere analyzed 

by gas chromatogr2"ph for iraptrri ty. Paraldehyde vas analyzed for acetal--

dehyde by a titrat:Lon method given in Appendix IX-2. No impurities ~<rere 

detected j_n ethyl acetate and cyclohexanol distillates. Butyl lactate 

contained l. 2% by Height butanol in the distillate. Paraldelzy-cie 

contained . 03~~ by IJeic;ht acetaldehyde in the distillate. 

IV-E Prep3:_ration of the Contim.wus Phase and the Apparatus 

Great care v1as taken to prevent introduction of surface-active 

impurities I·Thich may affect the results. All glass and Teflon parts 

lvere cleaned with chromic ae!id before each new series of experiments. 

1'he stainless steel nozzles vrere cleaned 1-r:i. th chromic ac:i.d and a.cetone. 

Fresh continuous phase ,loJas used for each ne1v dispersed phase system, to 

reduce any possible build-up of contaminants. 

In all cases, the continuous plmse i·ras saturated Hith vrater, to 

insure that res:Lstance to mass transfer rested solely in the dispersed 

phace. 'J'he continuous phc:tse vras satu.:raterl with vratcr by first mixing it 
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vrith as much water as possible a t 5°C above the experimental temperature 

for 24 hours . Then the solution Has poured into the main column and 

cooled to the required t emperature. As more Hater was sprayed in; the 

supersaturated system b r oke dmm and the column b e came fj_lled with tiny 

vrater drops . This generally took about 12 to 24 hours to settle out. 

'l'he clear solution Has -noH saturated a t the r equired experimental 

temperature . 

IV-F Experiments.~ Procedures for Stud;y2_r.!_g Phys ica l Has s Transfer i nto 

Physica l mass tra ns fer vras studied vHh th e sy s t ems tabulated 

in Table IV -4 . The initia l concentrat ions of the sol ute in th e di.spersed 

phase were varied as shmm . 

Table IV - l~ Exper i wental Co~~£:~ ti_o_!'23_!_~r Physical i'<'lass 'I'ransfer Studies 

Continuous Phase Nozzle I nitial Aqucoas Temp Dr op Rat e 
( sat ' d vrith HZ?)_ Si ze Solution Cone . ~ Min/Drop ---

~ b~ Ht 

-Ethyl Acetate A 0.0 20 .038 - .045 
1.6 
3·7 
5.4 

Butyl La ctat e A o.o 20 .115 - .126 
l·7 
4. 2 

Para l dehyde A 0. 0 20 .24 - . 30 ---
2.85 
5·75 
9·4 

Cyclohexanol B o. o 30 .076 - .088 
0.9 
1.78 
2. 65 

The physica l pr0110rt i es of the syst em are t abulated in the Appendix IX-4 . 



All systerfls except cyclohexanol 1.;ere run at 20°C. DJ.e to the 

h:i.gh freezing t emperature of the l atter , experiments were run at 30°C . 

Duplicate runs 1-rere made on each system. The mass transferred 

was measured for drop heights of 90; 70, 50 , 30 and 7 em. At each drop 

height , the height of the continuous phase vras kept 2 em h i gher , in order 

t o keep a constant resistance to t he drop form:i.ng at the nozzle . 

After the nozzle h e ight and the drop rates ,.,-ere adjusted , t he 

exit flm.,r r ate from the col urrm was ad j usted t o maintain a constant level 

in the collect:i ng funn e l . The drop rate 1.ras found by measuring the t i me· 

required for 10 drops to form , vrith a stopl·m.t ch . The coalesced l ayer 

i nt erface \·laS kept to a minimum to reduce the coa lescence end effects 

as discussed by Hamielec ( 7 ) . 

The photoelectric ceJ ls connected .to a stopclock were ad j usted 

at the nozzle and the collecting f unnel , to measure the drop times . 

97 . 

About tvrenty m:i.nutes 1rere alloued for the system to come to a 

s t eady state . This time was checked by measure:7lents on occas ional samples 

f rom the exit flow . Once stea dy state 1.,ras reached , tvm ten minutes samples 

were taken f rom the exit fl.mvs . 

· Durinc; each run , t he drop formation r ate vms checked every t1vo 

minutes and kept con s t ant by adjust:i.ng the feed rate from the di spersed 

phase burette . ' Hence, ~nowing t he sample t ime and the drop formation 

rate, the average drop radii vere ca lculated from the sample vreight 

collected . 

The extraction samples vlere analyzed 1-1ith a Bausch and Lomb 

D:i.pping Refractometer which can measure refractive index to 0 . 71+ x lo-5 . 



'rhe refractometer \vas used -vrith Prism A and calibrated \·lith knov.'Yl 

solutions. The calibration curves are shO\m in Appendix IX-3. 

Finally , the terminal velocity of the drops was measured photo-

graphically using the Strobotac. 

IV - G Mass Tra.nsfer -vlith Simultaneous Chemical Reaction· i nto Dro.E!_ 

'l'he experiment-al procedure was the s ame as for physical mass 

transfer only, except in the analysis of the samples. The systems used 

and the conditions folloHed '"ere as shmm in Table IV .:.5. 

Continuous Phase 
( sat ' d vrith H20 ) 

-----------
But;yl h."l.ctate 

Ethyl Acetate 

Nozzle 
size 

B 

B 

Nol'"mality 
of Aqueous 
NaOH DrOIJS 

o.o 
0. 506 
0. 998 
1.975 

Temp 
deg .C 

20 

20 

Drop Rate 
Hin/Drop 

. 09 - . 12 

. 03 - .039 

The physical properties of the system are tabulated in Appendix X-1 

· Tvro analytical methods Here used to measure the amount of esters 

t ransferred to the aqueous drops . 

IV-G-1 Alkali Method 

98 . 

Five ml of lN sodium hydroxi.de solution vras added to the extraction 

s amples to insure complete rea ction of the esters. T'ne mass transferred 

-vras fow1d by back titration l·rith 0 .lR sulf~ric acid solution . 



TV -·G-2 Acid Method 

The s ample vras r eacted 1-1 i th 5 ml of l N sulfuric acid solution. 

The mass t ransferred Has f ound by back titrating vii th 0. 1 I\1 sodiwn 

hydroxide solution. 

99 · 

The t \·10 analytical methods were u sed to obtain h m different types 

of data . The acid method 1-1as u sed to stop the saponif i cation reaction of 

t he esters in the NaOH: drops . It was hoped to obtain transient r eaction 

da t a by ba ck ca lculat i ng to determine the amount of unreacted e ster in 

t he drop at the coa l escence l ayer. 'l'he alkali method· \-laS u sed to calculate 

t he tota l mass of esters t ransferred into the drops . 

Both methods of analys is 1-re r e u sed lvith the butyl l actat e-sodium 

hydroxide-water sy stem. 

The aDml.i method uas u sed fo r t he ethyl a cetate-sod:i.wn hydr ox ide 

Hat er syst em >lith 0 . 5 N sodium hydroxide . For higher sodium hydroxide 

concentrations) the a cid method vras u sed . The r easons for u s i ng these 

methods are given in the discuss ion of r esults . 

TV-H Operation of the Equ2:_pment 

In Genera l, the equi pment vras simpl e and easy to operat e . The 

ma in difficulty l ay in l)Jai ntaining a cons t e.nt drop r a t e . Due to the l arge 

pressure drop a t the no zzl e , th e d)_·op rate fluctuated ba dly under 

atmosph eric pres s'-.lre conditions . This fluctuat ion vras overcome to a 

certain extent by n:a i ntaining a nitrogP.n pressu.r e i n t he burette. 

H011ever, close check on the flmv r ate was still r equir ed during a run . 
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Another difficulty l ay in the u s e of the photoe l ectric c ells to 

measure drop times. Since the drops did not a ll fa l l in a stra ight line , 

the photoelectric cell at t he top only was triggered by the drop. The 

bottom cell vas t rie;gered manua.lly by using a knife blade to i nterrupt 

the light beam to t he photoelectric celL This was still more accurat e 

than u s ing a manual stop1-ratch, Hhich r equired human reaction to bot h 

activate and stop the "ratch . 

Hence a drop counter would b e very useful to give a very accnrate 

count of the total number of dr ops collected in t he extraction sample. 

A much more sophisticated system of photoel ectric cells \·/Ould also b e 

r equired to measur e the drop time more accurately . 

IV - I Presentation of Experimenta l Dat a for Phys ica l Nass Transfcl~ Studies 

All data were initially correlated by the multiple r egress-ion 

ana lysis ( l·iLTHG ) program , suppli ed by th<:~ ~~cktst er computer department . 

IV-I -1 Tabulation of Experimental Dutu. in Appendix IX-5 

Physica l mass transfer results are t abulated as functions of 

drop h e ight s . The contributions to the sc a.tter of the data 'ivere studi ed by 

the analysis of variance . These resul ts are a lso shovm in I•' i gures IV --6 

to IV -9 . 

IV - I-2 t - t est 

t was defined as the differen ce b ct,:reen the mean of a sample x , 

and .A', the true mean of the popul at ion from vlhich the s ample wa s drmm ; 

divided by S (x), the estimated s t andard deviati on of the mean. 
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~~us, t was written as:-

t (IV-16) 

Since the t - function gave the distribution of deviations of x i'rom ,.U 

in terms of relative frequencies or probabilities, the true mean was 

expressed from Equation IV-6 as follows:-

fi '""' x + t . s ('X) (IV-17) 

The term t • S (x) is an estimate of the precision of the 

measurement of x; 95% of similar measurements of x would fall within the 

range of x ~ t.S(x) if t was taken at the 0.05 significance level from a 

standard t table for a given degree of freedom. The degrees of freedom 

were defined as the number of independent measurements which were available 

for the calculation. Since the determination of the mean involved fixing 

the sum of (n) measurer:1ents, only (n - l) of them could be independently 

varied without changing the sum. Hence, there were (n - 1) degrees of . 
freedom available for estimating the variance or standard deviation. 

Here S (x) was designated as the estimate of the population 

standard deviation from the sample xl' x2, -·xn. This estimated standard 

deviation \-TaS given as:-

s (x) ;: v :£. (x - x)2 (IV -18) 
n - 1 

S (x) was the estimated standtil~d- deviation of the means of samples 

of size .(n), dra1m fror.1 the population, which were estimated to have a 

standard deviation of S (x). These t\vO quantities were related by:-

s (x) , _2_~ 
p 

·(IV-19) 

Hence, the confidence limit of duplicate r1ms ·,;ere found by these 

calculations. 
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Follm'ling this procedure , the standard deviations for repli-

cation of data were found for each system and drop height and tabulated 

in Appendix IX-8. The 95% probability range of experimental data for 

a normal distribution was also calculated. These show that replication 

of data for physica.l mass transfer 1vas very good. 

IV-I-3 Analysis of Variance 

Normally, S (x) the standard deviation, Has used to measure the 

scatter of the data and to set the confidence to a 1nean or a single 

determination. However , if the precision and hence the standard deviation 

of a single measurement was desired from a process in 1-rhich several factors 

contributed to the variation of the measurements , the total variance must 

be first analyzed for its specific components. Then, the desired standard 

deviation was calculated. The estimated varia.'1ce , s2 (x) 1-ms the square 

of the standard deviation. 1ne variance was defined as the SQm of the 

squares of the deviations fr om the mean, divided by (n - 1 ) degrees of 

freedom, as shown:-

s2 (x) = (IV-20) 

Thus, the variance and the analysis of variancewere very ~nport ant in the 

statistical interpretation of data . 

. The t test 1-ras used to determine if the estimated means for the 

samples fell within a desired distribution range abo~t the actual 

population mean. Similarly, the F test provided a method t o determine 

whether the ratio of hro variances 1-ras larger than might be expected by 
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chance , i f they had been dTavm from the same population . 1'' test char ts 

are available at various probability or significance l evels for the ratios 

of the variances . 

I n the ti-ro-factor type of experiment with replica,te observations 

at each cond.i t:i.on of the experiment , the comparison of the replicates 

provided. a measure of the error . A sum of squares 'vvas calcul a t ed for 

all t he replicates by pooling the suJn of squares f or each set . This sum 

of squares , plus the sum of squares for t he main class ifications , sub

t racted from the total swn of squares gave a :cemaincler cal led the interac tion 

swn of squares. This remainder represented. a measUTe of the different 

effect of one factor at different l evel s of the other . 

Ca lculation nethods f or analysis of var i ance can be founcl in any 

standard statistics text book (87, 88). In the analysis, the interaction 

me<m square was tested ae;ainst t he error mean square by t he F t est . If 

it was significant, each combinati on of the hm f actors behaved d.ifferentJ.y. 

If the i nteraction rne<:m square vras i nsignificant, the significance of 

e ach factol' was tested against the e:cror mean square . If ei ther or both 

vlere found significant, the means f or tha t factor were examined to 

deterrrri.ne >vhich one differed significantly, in t erms of t be error 

var i ance , from the others . 

In thi s s t udy , 'the var i ables vrere: -· 

l) Initi~l concentr.ation of solute i n the dif>perscd pbase . 

2 ) Drop height . 

3) Interaction o:L drop heights and initial concentrations . 

Although these facts ma.y have been self-evident, the anal ysis 

/ 
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of variance actually showed the effects of these variabler>. 'l'he analysis 

shmm i n Appendix IX-9 , indicated that the effects of a l l these variables 

'"ere significant . The concentration effects shm·Ted t hat the regressed 

cur ves "'ere i n fact separate and dist i nct . The drop height effects 

shm·red tha t the data. were not necessarily regressed by a straight l ine . 

The i nteraction effects shm-red t hat the regress i on l ines were d i ssimi l ar 

i n slope , i. e. , mass transfer rates varied f or each drop concentration 

at each drop height . 

I V - J Models for Ana lysJ:_s of Data for Ph;y ~ ical Mass 'l'ran~fer il2::~'?. Dro:e~ 

Results of drag coefncient studies tabul ated i n Table IV-6 , 

shm-red that the drops for all syst ems studied were c ircul ating . 

Thus , experimental data were ana l yzed by equations describing 

t ransfer i nto c i rculating dro_ps and vlell -mi.xed drops . 

The i ntercept me~~hod t o f i nd overall end effects EF by Equat i on 

IV ··5 , i s inval id i.f the mass transfer rates are affected by concentration 

effects. These effects >·rere present i.n a l l . systems except the cyc l ohexanol 

1 
system , since the slopes of ET versus t 2 plots in Figures IV~lO to IV-13 

( 'rrhere -L = drop tJme ) , a ll varied vith in:i.tial drop concentrations . ET 

values Here calculated frorTI r egressed concentrat1on data in order t o 



Continuous System 
(Saturated with 

vrater) .. 

Ethyl Acetate 

Butyl Lactate 

Paraldehyde 

Cyclohexanol 

Table IV-6 

Comparison of Spher ical Drag Coefficients f or Systems Used in 
Physical lluss Transfer Studies 

Init ial Dr op Termi nal Average Drop Dr op Dr~g Coefficient 
Solute Cone Velocity Radius ReNo Actual Solid Spher e 
Wt Percent em/sec -em 

( + 1~ ) -- I 

o.o 10 . 30 0-134 ~ .0009 473 0. 32 0.465 
1.6 10 .24 0.135 + .0011 474 0.34 0.465 
3·7 10 .01 0.136 + .0012 465 0.35 0.465 
5.4 9·93 0.134 ~ . 0011 455 0. 35 0.465 

o .o 1.16 0. 234 + .0047 11.15 2. 55 4. 35 
1.7 1. 16 0.208 £ .0025 9.94 3· 59 4.65 
4. 2 1. 12 0. 203 ~ .0039 9·35 4.05 4.84 

o.o 3·05 0. 300 + .0059 12.80 0.18 4.00 
2.85 3· 35 0 . 265 + .0077 12 .45 0.84 3·96 
5·75 3· 53 o. 243 + .oo8o 12 .00 0.84 4.17 
9·4 4. 29 0. 230 ~ .0055 13 .80 0. 61 3·83 

o.o 2.67 0.156 + .0020 6.19 2. 70 6.18 
0.9 2.97 0.153 + .0016 6.75 2. 33 5·70 
1.78 3.02 0.158 + .0017 7·09 2.22 5·71 
2.65 3.26 0.156 ~ . 0009 7. 56 1.96 5· 50 

!-' 
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calculate EF values from regressed data extrapolated to zero drop h e i ght . 

'l'his had been done to find an order of magnitude for EF . 

Since the intercept method of Equation I'V -5 \·las sho"Ym to b e 

invalid, the Ep value for ea ch system ,.,as set equal to extraction 

efficiency at the mini.mwn experimental drop height (7 em ) . This value 

represented t he maximum end effect value possible. Dr op tlmes "Yrere ca l ·· 

culated relative to the time for the minimum drop height. The ca lculated 

relative EM and t values are tabulated in Appendix IX··lO. T'ne EM va lues 

' l 
vere then correl ated aga inst t2 ralues by multiple regression analysis, 

and the r egression equations are tabulated in Table IX-11 . The values 

from these regre ssions are plotted in Figures IV-11-~ to IV-17 . This 1ms 

done in orcle :>:> to find the values of t he dimensionles s correlating factor 

. 
R, \·rhich ha d b e en defin ed as : 

effectiv6 diffus ivity - - - ---- --- ---·"'-
• 
R ( IV-21 ) 

molecular diff'us ivity 

l 
from the s lope s of the F1.1 versus t 2 curves , as given in Equation IV-1+ . 

These slopes vrere calcul ated by differentiating the regression equations 

• l 
for the da ta . Plots of R versus t 2 are sho;m :i n Figure IV -23) for each 

system) fr om values tabulated in Appendix IX-12 . 

. 
The variations of R \olith dj_mens :i.on l ess ) i nitia l concentrat ion 

forces \·lere sho,,m more clea rly in Figure IV -25 , at a gi v<::n drop time . 

Thi s driv:i.ng force .>ms defh1ed as:--

C! - c:, 
~t'-=c'/J..,.,- .~,. 

( IV-22 ) 
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IV-J-2 Mass Transfer into Hell-Mixed Dr ops 

'lbe effects of initial drop concentrations on the mass transfer 

coeff ident s K1, we:ce calculated from the sl~pes of curves of ln (l - E'l, ) 

versus t, as given by Equation IV -7 . ET val~es ''ere calculated directly 

f rom experimental data and values of l n (1 - ET ) were correlated against 

dr op t ime by multiple regress ion analysis . The r egression. equations 

are listed in Appendix I X 13 and the regressed values of l n (1 - EJr ) 

:u6. 

are plotted against t i n Figures IV-J.8 to IV -21 . KL values were calculated 

from the slopes of the curves, fOW1d by differentiati1i.g the regression 

equations. The KL values are plotted agai nst t in Figures r:v -22 and 

t ab'J.l at ed in Appendix IX -14. Cros s..:plots of K1 versus dimens ionless 

i niU al concentrat j o:1 driving forc e , at a given drop time , are shovm in 

Figure IV -2!+. 

IV -J- 3 C<,?mpar:Lson Hith Hami el ec ' s Data 

Experimental data found by Hamielec ( 7,93) for mass transfer from 

water saturated ethyl acetate and cyclohexanol systems i nto vrater drops 

are t abulated in Appendix IX-15 and compared with experimental data 

found in th :i.s study. 

In Table I V-7, t he exper i mental conditions for which the data 

were compared , are shmm. In all cases th e dispersed phase vras pure water . 
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Table IV-7 

Experimenta l ConcH tions for Comparative Hass Transfer Data 

Hamielec Data Experimental Data 

Syst em Temp Drop Diam. Re No Temp Drop Diam. Re No 
deg ..Q. em 9~· em - -- ---- ----

Et hyl Acetate 25 . 258 472 20 . 268 473 
H2o 

Cyc l ohexanol 25 . 434 6.~ 30 · 310 5 ·91+ 
H2o . 282 2.3 

Err da ta by Harnie l ec for ethyl a cetate are plotted i n Figure IV-18 . 

The plot shO\ved a higher r ate of mass t ransfer than found in this study. 

The drop Reynolds Numbersin both studies vrere in the t ransition zone 

b etween stea dy fall and drop o s c i llat ion . Due to loHer interfacial 

t ension at the higher solution temperature , t he drops in Hamielec ' s · 

case v.rere probably oscillating , accounting f or the higher t ransfer rate. 

For cyclohex.anol , Er data f rom Hamielec plotted in Figure IV-19, 

were in fairly clos r: agreement with the experiment a l results for the case 

where the drop Reynold Numbers ,.,ere similar . Due t o l onger residence 

t ime0 , drops f alling at Reynolds Nwnber == 2. 3 shmr higher extraction 

eff:i.dency . 

\-Jhen :r1-1 va lues found by as suming EF as the extraction effic'iency 

at the minim'J.m' drop height >·rere used , agreement betvreen the t '.ro sets of 

data vere surprisingly good as shmm i n Figures IV-14 and IV ·-15. However , 

t his 'Yl8.S probably fortuitous . 1\ga i.n , due to the d:l.f'ficulty in f inding 

EF va lues , comparison behreen Er values are p:cobab1y more significant . 

/ 
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IV -J -1+ Discussion of :Model StudLResults 

. 
Values of both the effective diffusivity factors R and the mass 

transfer coefficients KL increased.Hith rising initial concentration 

driving forc es for ethyl acetate, butyl l actate and paraldehyde-water 

systems . Conc~ntration effects were negligible for the cyclohexanol-

water system . 'l'hese observations vere. emphasized iri the cross-plots 
~ 

of R and KL against dimensionless , initial concentration driving forces 

at a given time . 

Resu ts for mass transfer coeffic:i ents are more accurate than for 

effective diffusivity factors. KL values are functions of E-r values vThi.ch 

are calculated directly from exp~rimental data . R values are functions 

·of EM values which must be calculated from EI' values and an estimated EF 

value for that system. If the ~ estimate vras incorrect , the E11 values 

and h ence the R values 1-1ere also incorrect. This estimation i s difficult 

to make if concentration driving forc es affect the mass transfer r ates . 

Under these conditions, the Ep values may no longer be constant for a 

syst em , and may vary vrith the drop height . 

J:V-J-5 ~lanations f or Concentration Effects on the Hass Transfer ·Rates 

As des~ribed in· the literature survey , earl:i.er studies have shovm 

that for three component systems , the mass. transfer coeffic i ent s increased 

with concentration driving forces for the solute . This increase in 

transfer rat es wa s caused by interfacial turbulence produced by r andom 

areas of high solute concentrat ions a.t the interface (71, 72), unbalancing 

/ 



t he local interfacial tension forces . Thus , at l east three components 

were required to produce i nterfacial turbulence . '.rhis turbul ence 

disappeared as the concentration driving forces diminished . 

Thus , no i nterfac i a l t urbulence \vas formed in binary systems . 

119 . 

Hovrever , if' a thi rd component which i s solubl e i n e i ther or both phases, 

was formed by any reaction, i nterfac i al turbul ence may r esult and t ransfer 

r a t es may be a.ffected by concentration dr i vi ng f orces . 

\•/hen saturated \v i th Hater , esters formed an equilibr i um with 

t heir components as shown:-

EtAc + H20 ~ EtOH + AcOH (IV-·23) 

I t v.1a8 shmm by Seta (26 ) that the al cohol caused i nterfacial 

t urbulence i n ester-Hater systems . Similarily para ldehyde decomposed 

to form small quantities of acetaldehyde . As little as O. Ol% acetalde 

hyde in freshly distilled pa:caldehyde "i•rcts enough to cause i nterfacial 

t urbulence . This was obs erved >ihen paraldehyde Has poured on -vmter . 

Th:i.s effect Has intensified -...rhen paraldehyde containing more acetaldehyde 

was poured on "~dater. 

Since cyclo1:"1E::Xanol was inert i n water , it formed a true binary 

system . · Thus , there Here no interfacial t 1.rrbulence <:md concentrat ion 

dr i ving forces had no ef fect on t he mass transfer rates . 

As t his thesis -vms be i ng -...rri tten, this phenomenon was confirmed 

by Schlieren photographs recently published Smr:istovski et al ( 61.~ ), for 

many b inary systems . No explanations 1Iere e;iven by him for this 

phenomenon . 

\>Then interfacial turbulence is present, the assun1ption of a 
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constant Ep for an;>' drop he i ght f or an~r given system may not necessarily 

be true . As mentioned in the literature survey (82) , EF i s a function 

of the formation end effect Efl' and of t he coalescence end effect Ef2 , 

a s shO\vn : -

( IV -24) 

The forma tion end effect for any given system is constant f or 

any drop h e i ght, sine~ the initial concentration gradient at the interf ace 

was the same . At sho:rt drop h e i ghts, solute t ransfer into the drop may 

be small enough t o permi t interfacial turbulence to p~rsi st unti l the 

drop coo.lesced at the bottom of the column . Hence t he .coa l e scence end 

effects m<w be l are;c , incr easing the overall end effects . As t he drop 

he i ght is increased, solute t ransfer i n to the drop may become l a:cge enough 

t o stop interfac i al turbul ence . Hence t he coalescence end effect and also 

the overall end effect may t end tovtards a minimum as the drop he i gh t is 

i ncreased . 

IV-K Present&.ti on of Da t a f or Mass Transf er with S:imu..l t aneous Chemical 

React ion i n Dr ops 

Exper i mental data are tabula t ed i n Appendix X-2 for systems 

a ) Butyl l ac t a t e - sod:ium hyd.roxide-\vater 

b) Ethyl acetate - sodium hydro2dde - water 

and are plotted in Figu.res IV- 26 and. IV-29 . Tne vrords acid and alkali 

·Here u sed t o indicate the me thod u sed t o de t ermine the mas s t ransf erred. 

These data \·Tere correl ated agains t drop he ights by mul t:Lple 

r ec;ression analys i s and are i..oJml ated i n Appendix X-3. Correlations 
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against drop times are tabulated only for the ethyl acetate system in 

Appendix X-1L 

Statistical analyses of the data are. shown in Appendix X·-5 . 

Var iance of replication of data and 95% probability r ange of these data 

are also shown. 

Results of the· analysis of variance of the variables for each 

system are sho-vm in f~J1p e r' clix X-6 . 

IV-L Discu.::sion of Results for Butyl Lactate - Sodium Hydroxide-Water 

System 

122 . 

Experimental data are l>houn in Figure IV-26 . Analysis o:f var i ance 

Here carr ied out on the follo\"fing variables:-

1) Initial sodium hydroxide corwontration in the dispersed phaE:e . 

2) Drop he i ght . 

3) Interaction of drop heights and initia l sodiw11 hydroxide 

concentrations . 

Analysis of variance shm-red that the all\.ali concentration effects 

1-rere very l a:cge but the drop heights had. only a small effect on mass 

transfer rates. The interaction effects vrere very small. 

Thus , correlations for - experimental data for the initial .sodj.um 

hydroxide concentraL:i ons lfez'e \'Tidely separated , but had slopes ,,rh:i. ch 

Here a1Juo s t zer o . 

Analysis of variance 'V.Tas also used to determine t he difference 

in mass transfer data obtained by t.f'.te two analytical methods desc:r:·ibed 

in e>~perimcntal procedu.re s. 1rhe results shm,red thut due to the fairly 



Figy,re IV-2'{ : Aqueous NaOH Drop Falling Figure IV-28 : Aqueous NaOH Drop Falling 

in Butyl Lactate in Ethyl Acetate 
....... 
1'\) 
w . 



l arge variances on the repUcation o:E' data, either analytical method was 

applicable . 

As a further check, analyses of variance ·vrere made on the hm 

sets of data found by the tHo analytical methods. The resu~ ts of tl1ese 

analyses vrere sjJnilar . 

Since the slopes of the experimental. correlations vrere almost zero, 

mass transfer for these systems occurred mainly during drop formati on . 

This vras confirmed b;:{ observa tion, as sho-vm photographically in Figure 

IV -27, along \·!i th the contrasting picture of a quiesc.en 1:; drop of sodium · 

lwd:coxide solution fa.lling in tl1e ethyl acetate continuous . phase . Inter

facial turbulence 'l-ias so vigorous for the butyl lactate system dm'ing 

drop formation, that tiny v.rater droplets were expelled and obscured the 

nozzle . Tnis phenomenon vv.nishecl as t he drop fell from the nozzle . 

The vigorous interfacial turl.l1Jlence caused large mass transfer rates a.t 

drop formation . Since by contras t, there Vt:<S very little mass transfer 

as the drop fell, no further anal;:{sis was done on this system. 

Experimental data are shmm in l<'igure IV -29 . 

IV-1>1-l Heasurcment of Mas& Transferred 

The acid method described i.n <::2ction JV-G-2 vras u sed to measure 

mass transferred for lN a.nd 2N sod).uJn hydroxide drop concentrations . 

'I'he alkali method descri ·Jed :Ln see:t ion IV -G-1 ,.,as used for 
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the 0.5:N sodium hydroxide drop concentration, since all the sodium 

hydroxide in the samples had been fully reacted. 

When the initial sodium hydroxide concentration was greater 

than the ester transferred, the two analytical methods gave comparable 

results. This was due to the relatively long residence time of the 

reactants in the collecting funnel at the bottom of the column. 

This was shown by assuming that the funnel acted as a plug flow 

reactor. 

where 

The saponification reaction is:-

NaOH + Ester- Na Salt + Alcohol 

Rate of reaction = 

t = 1 ln f 
Ki( CEt -CNa) ~ 

t = resid~1ce time, minute 

KR = reaction constant, cc/mol :n:in 

CEt initial ester concentration, cc/rnol 

CNa = initial NaOH concentration, cc/mol 

Xo = fraction of NaOH reacted 

for lN NaOH - EtAc - H2o system 

t == 4.28 min 

KR= 5, 500 cc/rr,ol min 

CEt = 6.41 x 10-4 mol/cc 

CNa 10 x lo-4 mol/cc 

Substituting into Equation IV-25, 

Xo == 0.64 

• •. amount of NaOH reacted = 6. 4 x 10-4 mol/ cc. 

(IV-24) 

(IV -25) 

126. 



12'(. 

Analysis of variance of data shO'vrcd that their correlat1ng 

equations vere uniqtlc ,,lith different slor•es for each sodhun hydroxide 

drop concentrat1on. 

Rer)licate standEJ.rd deviations for data were smaller for this 

system, than for the butyl lactate-sodium hydroxide-water system. The 

alkali drOJlS fell smoothly \-lith no large turbulence effects, as observed 

in th,; butyl lactate system. 1'hus, the ethyl acetate-sodium hydroxide-

water system was more suitable for mathematical analysis and experi-

mentation. 

IV-M-3 Salt Effect on Rate of Mass 'I'ransfer 

PloLs of mess transfcorred versus drop height, given in Figure 

IV-29, appeared to indicate that n;ass t::'>msfer rates decreased, '.Jith 

increasing concentration of $Odium hydroxide in the dispersed phase .. 

T!1is apparent retardation was due either to the change in the .transfer 

coefficient, or the concentraUon gradient (Cp - Ci) or both of them, 

as described by Seto (26). 

T.'le factors for thr~ change jn r.r.ass transfer coefficients vere 
~ 

all speculative, and ,,re're not proven. These :(actors were:-
I 

1) Modification of hydrodyno.mic condHions near the interface. 

2) Presence of an c .. dditional rcsi.stance, due to slovr chemical reaction. 

H0\1cver, tbe decrear~e in co~1centration. r;radient vras due to 

changes in ethyl &cetatc sol'Gb1lity, by the salt effect of sod:i.um acetate 

and sodium hyd.rox:lc1e }Yt'e~~ent at tbe inte:r-:t·~,.ce. This decrease in 



solubility produced by an electrolyte vms given by the simple empirical 

relation (89):-

ln §o 
s 

Ks cr (IV -26) 

where cr ion concentration in the solntion, mols/litre 

S0 solubilit;y in pure water, mols/litre 

S = solubHity in the elctrolyte solution, mols/Utre 

Ks salting coefficient 

0.222 litres/mols for ethyl E;ceto.te in sodhun 

hydroxide solutions 

Salt effect of sodium acetate on ethyl acetate vas easily 

evaluated by a feiv simple experiments. The salt effect of sodiu.m hydr-

oxide on ethyl acetate could not be measured exper:i.mentally since they 

reacted uith each other. Hmrcver, experimental data on ss.lt effects 

(90,91) indicated that the salting coefficients for both sodium hydroxide 

and sod iurr. acetate on ethyl acetate \·lcre the same. 

Thus the variations of ethyl acetate solubility in sodium 

hydroxide solutj_c,ns at twenty degrees centigrades are as shown in 

Table Iy-8. 

Table IV-8 

Solubility of Ethyl Acetate in Aqueous Sodium Hydroxide Solutions~ 
·' 

Sodium Hydroxide, Normality' 

Ethyl Acetate concentration, 
mols/litre 

1-975 0.998 0.506 o.o 

0.580 

Thus) as the alkall normalit~' increased to 2.0, tbe ester 

solubility droppc~d to Lf?. r)ercent of the value in pure vrater. The salt 
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Continuous 
System 
(Sat ' d vith 

\..rater) 

Butyl Lactat-e 

Ethyl Acetate 

Table IV - 9 

Compari son of Spherical Drag Coefficient s for Systems Used in 
l':l.tas s Transfer >.rith React ion Studi es 

Initial Temp Drop Ra d Drop Drag Coefficient s 
NaOH Cone deg C em Re No Cn cn 
i n Drop Actual Solid Sphere 
Normalit y -
o.o 20 0 . 231+ 11.15 2. 55 4. 35 
0. 506 0.162 16 .7 4.76 ') .., ,.., 

..) • ..)C 

1. 545 0.109 8 .9 2. 14 4.85 

0.0 20 0.134 473 0. 32 0 .465 
0. 506 0.134 436 o .h8 0.468 
0.998 0.128 428 0. 52 0.474 
1. 975 0.124 590 0. 49 0. 391 

f-' 
f\) 
\.0 



~ 
'j 

~ 
l .. ~ 
- -.J- fP" 

]_0 . I ' "~-
~ ... . --
~ 

·-J-. ,, I 
._. 0 

r,_, ,...-! 
n ~ v· .} • 1:~ ~- ! ~< -. 

~ 
~~ 

~ r. (.' 

c- ~ ---~ 
~::.,· . t~· 

[{') •O 

~· o' ~~ !· ~ .. l 

~ .. 
'· II . ~ 
!·~ 
; 
u 
h . ~ 

'· ., . 

-· ~· . 

11 

. ) . 

"' L , 

!_ • 

(' . 

() .. :!.0 . 

:?"ir .. lJ.""rC T": T '"'Q 
~·-~-~:;).- Pred i_ ctior:s of Do.nckwerts ' !·:oclified Eq_'J.n.tions lncludinb Sa~t Effects ~or 

Reetc1:,j_ng SJ"StCr1 - ~~~yl . J\.cet::_~e - O. S ~ r.:aOR 

~cact~o~ Const~~t = 91 .8 cc . /mol sec . 
Di ffas i o"1 Coe:'.fic:l. •::::nt == l x lo - 5 
c-:::,?.jscc . 

~rop EoiGht - em. 

E:mdlos and Ba:con Eouatio:J. 

H20 Drops - Expey5_r:ent.::.1 Data 

Ex:per ir.1entaJ. Data 

Kronig and Brid-. Eqa<:rt. :ton 

-------
Eque.tion 

,..;,____,L~~-.A--- l;., oe• .l ·~ 
20 . 50 - 6o . '='" ._)'.../ . 

1· (' ,. ~--' . (0 . 30. 00 
~~ \. / e L..< 

t.A; 
0 



!-J 
0 
(H 

w d 
.p 0 
u ...-I 
CJ .p 

G 1 (lj 
'+; 'j 

~"-1 b< 
~l 

4) 
r·~ d 
c0 () 

(f) ,, 
rJ 

lO p~ 
s.~ 

·r-1 t(5 

... ~.::1 d 

,:~ ('j 

0 w 
r~~ 0 

H r-1 
'V 

(i) h-• ~ 
~~ 

l=''•f 

<d 0 
0 cJ p:; 
•rl }~ 
.p C) 

(lj :?. (;) 

bi !li 
0 .....__ 

r'"l • (tJ 
r-l () 

'tl C,J ~' OJ t0 (.> 
•rl 
c,., 0 rlL<""'\ 
•r1 .p C• I 
'0 (\'! f1 0 
0 4) ' -.... ..-! . ' Q) 

""' 0 () >~ 
< () 

(!1 ,-j 

f. r·-1 0J >, 
CJ ... ~ .. ~ 
~;.,; 4·' 0\ .p 
~'4 fiJ r~ 
tJ Cl 
~! •r4 
d .j) 0 
n ~· •d 

fl cd , __ , 
r.-..~ C.l +) r.,...{ 
0 .p [J) (i) 

(_!) r:! 0 
{.") :-"'·) 0 () 
r. trl 0 
0 d 

•r··~ u r1 () 
+.:> 1:~ () •d 
u •.---: ., ~ cn 

•r·l +' 4) :::l 
<($ t> () c,.., 
CJ ci cl '+~ 
~-1 (.' (; •r-1 

P" c.r~ r~ (-~ 

~~)I 
~':.> 
H 

<ll 
f-.< 
(l 
.,~ 
r,, I 

-4,_01 >: 
'I 
pJ .. .J".,T~)._~-~ t7 

(Tj 
.p 

C·J 
(.".~ 

rl 
rJ 
+' s:; 
(l) 

fi ·< 

•r~l 
!.; 
Ci 
p, 
>~ 

rrJ 

('J 

P; 
0 
Li 1 

'?\] 
~·1:1 

• ,-, .. ; ,' '"' ~rcJ·~· .._, u I .... ::· t ·.~ 

t . 

rJ 
.p 
(~ 

t=t 
r-~ 
('j 8 +) 
r.:: •d 
OJ ~.) 

s cd 
.,-i 5: ,, 
OJ ro'l 
p, 
}~ --""' f='l d 

•,4 

""' P."l 
l-1 
r:J; ra 
0 s.~ 

t~ c) 

liD 
~z~ .,, 
0 d 
(lj 0 ··-r.~ ! ' 

'"' f'=·! 

~ 

0 

r-4 

... __ (, 

131. 

""""' n o·, 

0 """" r~1 CJ 
0 
•rl 
4) 
(·~ ., 
(_~,1 

i:"t.l 

ffi 
r 0 
.;-. t~ 

.~! 
,::...4 

R 
0 

c) 
\[.> 

~-~ 
,i".~ 
l<D 

·~-: 
Ci 

~r·: 

P-< 
() 

}·• 
C) l·l IIF~~ 

~" 

0 
<" -~ 

Ci!:.':· 0 
()"-·) 

0 
(\J 



!~ t 
0 
~-1 

VJ 
.p 
t) 
(J 

('1·! 

~ i 
t:.-cl 

+' 
t··~ 

ro 
({j 

M 
~~ 

•r·t 
'C1 
~:1 

r-1 
t) 

-~ H 

tO ..,, 
tL-s r: 0 

0 crJ 
•,-; ... . ..... 
4' 0 
~j ·-~ ((l r., 
::5 t) 
o' 0 .....___ 

r:r~ . (\J 
(\J 0 

rtj Q) u (\I ~J (J 
•<-i 
G-; Cl r--1 V"\ 
·1-'l ~~ 0 I 
';) c,;! f' 0 0 ~P "- ·-·1 llo._··t 

C> jlo:.-':t 

0 0 " ~-< 0 
tl) rl .p r-~1 co 
~I >-) 
CJ rc~ r-1 :::: 4-' 0\ .. p 

,...\:~ [:;-:1 ri 0 () 
~' •r~ 
c! 4) 0 
(~~ t1 ~-~ •ri t: ro ('l-~i 
G-; CJ .p c. .... 
0 4·) t:} 0 

t~) r~ 0 
t[J ?-.. 0 0 f.! t.i) u 
0 r:1 .,; t;J ,; 0 .p s:~ 0 •d 
() •r··l .•r-~ l') .,., 4-) .. p :> ru () 0 ,-,., 
() 0:\ Cj ~-i 
~' () (j) •r1 p, rr; p~ n 

f;"j "> 
1-t 
C• 

~::I 

·~ r'-• 

r! 
0 
•d 
·l' 
(•J 
') 
l.')-1 

r'~l cd 
~-' ).~ <'J 

0 (:1 
~i 
('j .-{ d p~ crJ (lj 

~J 4J •t1 ~ i,:~ s:: (> OJ co s 1'1 ..-i or! ~; !--. (\) Cl P! p, 
X X ~T1 r,1 

...... 
t~ () p, 

C(j 0 ""* ~-· 1-1 .. ,.. 
"'' 0 (' j (\J 

~J~ (\1 

~~ \ (\J 

r1 
0 
•d 
.p 
c:l 
;~5 
(Ji 

r•l 
r'<: 
f~ (:; 

·rl 0 
~ .. t;-i 

(.Q ~' 
oJ 

•cl ::3 
~ (."! ·' Qj r'~ 
b[J f'' ·< 

•t-1 ((; 
r! p 
0 j ~:: 

~ () 

~ .... : ... 
f~-1 

r-i 

• .J 

0 
G() 

0 
!:'--

c 
\_() 

. 
Cl 

G 
0 

.f) 
.. c;:.: 
t:J ., I 

~-S 
'"' 
P" 
0 
~! 

\ ("~ 

(_~ .. 

(_'; 
"-• (') 

() 
,. (\J 

132. 



133. 

effect on mass transfer into drops ''as found by comparing the data for 

physical mass transfer into 2 N sodium acetate drops; with those for 

mass transfer with chemical reactions j_nto 2 N sodiurJ. hydroxide drops. 

T'nis comparison shO\ved that the rate of mass transfer was enhanced by 

chem:i.cal reaction. 

IV-M-h pomparison of E.?SRerimental and Predicted Hass Transfer Data 

As a first approximat~onJ the experimental data were analyzed 

by asswning pseudo-first order reaction rates for the saponification 

of ethyl acetate by sodiwn hydroxide. 

Experimental da.ta were compared vrith those predicted by mass 

transfer equations generalized to include first order reactions as listed 

in Table IV-2. 

These equations vlere:-

1) Ne,nnan Equation IV -12> for transfer into circulating drops. 

2) Kronig and Brink Equation IV -13> for tra.nsfer into circulating drops. 

3) Handlos and Baron Equation IV -1!~> for transfer into turbulent drops. 

Comparison bet>wen predicted and experimental data for sodium 

hydroxide-ethyl acetate system are shovn in Figures IV-30 to IV-32· 

For com1X1rison purposes; the predicted results are giver·. the same end 

effects as for the eX})eH.mental results and ta.bulatecl in Appendix X-7. 
. I 

Calculation of.drag coefficients as shmm in.'l1able IV-9; indicated 

that the sodium hydroxide drops >·rere stagnant. 1-IOI·rever J the model studies 

sho1~ed that the results lny behreen those 11recUcted by turbulent drop 

model and fully circulating dreg model. 
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During the saponification of ester, alcohol \vas f ormed , as 

shmm in Equation IV- 24 . As described previously for physical mass 

t ransfer , i nterfEtcial turbul ence \va s caused by the alcohol . 'I'his •·ras 

shmvn in some current HOl'k by Seto (92 ). Compar i son v.ri th predicted 

r esul ts shmved t hat the resultant effective diffusivi ties De for this 

system l ay b ehreen t he value for turbulent drops and circula.ting drops 

and vary -vri th time . 

Studies 1vere ma de on the prediction of mass t ransfer vli th 

simultaneous reaction into stagnant drops using a model . whe:ce De \·las 

made time or concentra tion dependent . Details of the computer study are 

given in Appendix X-8. 'Ihe me thod cons i sted of increasing the transfer 

r ate into a stagnant drop by- increasing the diffusion coeffic i ent , until 

the predicte d mass equa l ecl the experimen tal re sult . 

Experimental r csul ts have shmm t hat t he s aponifica tion of ethyl 

acetate by 2N and l N s odium hyd1·oxidc so l utions could b e treate d ac. 

p seudo-first order sinc e the C011SU!l1p t:i.Oil of the alkali i ncre as ed linearly 

\vith time. Hm·revcr , since al l the alkali -vras used up for the .0 . 5 N 

system, i t vras treated as a second-order system. Results of this study 

are sbmm in Figvxes IV- ~3 to IV- 35 and. t abul ated in Appendix X-9 . 

Variations of effective cU. ffus ivity and Sller\wod Numb er vrith time are 

also sho',m . 

The Sbcnrood Numb er , Hhich is a dimens ionless mass transfe i~ 

coefficient , dropped sharply \·lith time for all sodhJ..m hydroxide sys tems . 

'l'his pr edicted Shenrood Number Sh, Has b a.sed on the effective 

diffus ivity D8 , e.s sho1m :-

( IV-2 '7) 
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Hmrever, exper i mental Shen10od Numbers uere based on molecular diffusi-

vi ty . Thus , the p red:i.cted Sherv:ood Numbers -vrere compared ",ri th 

experimenta l r esults in Figure IV - 36; by r epl a cing t he De \·rith molecular 

diffus).on coeffici ents . Although i nit i al agreement bet....1een the hro 

Shenrood Numbers \vas poor , the t\vo va lues approached each other as time 

increased. 

ShenTood Number is a funct ion of t he dimens ionles s concent r at ion 

gradient a c ' at th e surface of the dr op 
(j H 

Sh - 2 'd cl 
p~ H=l 

( IV-28) 

Thus , the i nitial poor agreement b etween exper i mental and pre-

dieted Shenmod N1.1111bers, was due t o errors j_n ca l cul at ing the very steep 

concentration gradient at the start , with the mes h s jze used in the 

num'er ).cal solutions of the mass t ransfer model. This was true e spec:i.ally 

fo r th e 211' sodium hydroxide drops . 

~'he ester solubility vas so l ow t ha t thi s con cent r ation sraJient 

r e;nained steep for a l ons time . Tn i s f act was l earned by studyi ng the 

effect of mesh size s on the accuracy of results . 

Another cause for the poor i n itial agreement in SherHood Numbers 

a r ose f rom errors i n the experimental data . viben De i s c.ffected by 

i nterfacial turbul ence effects , the overall end effects cannot b e found 
' 

accurately by i nterD olat ing experimenta l data to zero drop time . Hence 

experimental Shenrood Nwnb ers are also i naccurate a t. short times . 

As shOim in Figure IV -37} De incre~..tsed vith time for all sodium 

hydro:d de drop coacent.rations . As the reactants were c onsumed , De tended 

to leve1
. off and fall to1-:ards mol cenlo.r cUffusi vi ty . For 2n sodium 

139· 



hydroxide drops, the ester solubility Has so low that the reaction 

effect surpassed the diffusion effect, causing a l arge increase in De. 

IV-N Conclusions and Contributions 

In thi s section , the . conclusions and contributions from each 

area of experimental study are given . 

IV -N-1 Physicallhss Transfer into Drops 

I nitial concentration driving forces have no effect on physica l 

mass transfer rates for hro component systems, since an equilibrium is 

established at the interface . This \-/as demonstrated quanti t at ively with 

the cyclohexanol-i·.rater system . 

Hov;ever if a third component :i.s formed by side .reactions in a 

ti-ro component system, m:tss transfer rates may be enhanced vdth increasing 

i nitial concentration dri ving for ces . 

lltO. 

This increase in transfer rate may occur if interfacia l t urbulence 

i s formed by the third component . 

This enhancement has been shm·m qu3.nt i tat i vely for the follovri ng 

systems :·· 

l) Ethyl acetate - \-:ater 

2) But:yl l actat e ·· \-Tater 

3) Paraldehyde - vater 



IV -N -2 Nass Transfer with Simultaneous Chem:i.cal React:i.on 

Experimental study ·Has conc luded on the follm..r:i.ng systems:

l ) Butyl l actate - sodium hydroxide ·- uater 

2) Ethyl acetate - sodiurn hydroxide - v:ater 

141. 

These are the only knO\·m data currently available , VJhich involve 

resistance to t ransfer solely in the dispersed phase for rea.cting systems . 

The rate of m3.ss transfer of ethyl acetate into aqueous sodium 

hydroxide drops VJas apparently reduced as the concentration of the alkali 

i ncreased. Th:i.s vas shovm to be due to the salt effects of the alkali 

which r educed the solubility of the ethyl acetate in the aqueous drop. 

Hence it was shmm tha t the rate of ma ss transfer was enhanced by chemJcal 

react ion. 

For both systc:rPs , the rate of mass transfer Has greatly increased 

by interfacial turbulence formed by r eaction products. 

IV-N-3 Model Studies 

No model current ly available 1-ms able to accurately predict mass 

transfer with chemica l react i on into dispersed phase . This includes tlle 

model developed in this thesi s , s:i.nce t hey all consider only constant 

convection eff'ects upon, the transfer r ates . 

This VJOrk has sho~>m that in many cases , interfacial tu.rbulences 

may occur , enhancing the mass transfer coeffieients. It has been demons 

trated that the i ntensity of t he interfacial turbulence is a variable 

\-Ii th time ancl system. 
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IV-N-4 General Conclus:i.ons 

All mass transfer studies have stressed that clean, inert apparatus 

and pure systems must be used to prevent surfactants from decreasing the 

mass transfer rates. Tnis work has shown that physical mass transfer 

studies must be carried out with system which are inert under the experi

mental conditions. Othervrise, transfer rates may be enhanced by inter

facial turbulences caused by decomposition products. 

All results for mass transfer with chemical reactions should be 

examined for effects of interfacial turbulence caused by reaction products. 

Currently, there are no useful hydrodynamic explanations for 

interfacial turbulence since there are no equations of motion for the 

interface. Thus, before an accurate model predicting transfer with 

interfacial turbulence can be made, a phenomenological equation describing 

this motion is required. 

IV-0 Recorrunendations 

This work has shown the need for more study to determine formatio~ 

and coalescence end effects. Work has been do~e in formatio~ end effects 

only for physical mass transfer systems. Nothing has been done on the 

effects of interfacial turbulence or chemical reactions on formation end 

effects t As far as is knor.m, very little work has been done on. 

coalescence end effects. 

A wider range of reactio~ constants may be studied if a solute 

soluble in both phases was transferred from a continuous phase to a 



reactant in the disp2rsed phase . By a j uJi c ious choice of systems , 

i nterf'adal turbulence may be avoi ded. 

More experi ments.l data are required to characterize the occurrence 

of interfac i a l turbulence. 

Finally , more experimental data are required for mass transf er 

wi th and \·rlthout chemica l reacti.ons into oscillating drops. Above a 

certain oscillat ion frequency , interfaci al turbulence effects should 

have no i nfluence upon t he mass transfer r ates . 



IV-P Nomenclab.1.re 

a = 

An =: 

CA 
l 

CA 

--

cl 

CD 

cr 

Crf 

6 c1 

::: 

6 c == 

= 

drop radius , em 

2 SlU'face ar ea of drop, em 

conc entration of solute A, gm/ cc 

dimensionless conc entration 

initial concentrat.ion in the di spersed phase , gm/ cc 

drag coeff icient 

ion conc entrat io~mol s/cc 

equilibriwn concentration in t he dispersed phase , gm/ cc 

concen tration driving forc e across dispersed phase i nterface , 
gm/ cc 

dimensionless concentration dr iving forces 

d == drop diameter , em 

DL molecular diffusivi ty , cm2 / sec 

effective diffusivity, cm2/sec 

Ef1 fo:cma t:i.on end effect 

coal escence end effect 

overall end effect 

EM ext:rac tion efficiency during f ree f all or rise of drop 

ET = overall extraction effi ciency 

g accelcra t i on due t o Gra.vi t , em/ sec2 

KL = dispersed. phase rnass transfer co::::ffici ent, em/ sec 

r eaction constant, c: c/mol m:i.n 

/ 
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l~s == salt effect coefficient , cc/mol 

M = mass transferred, mols 

RK1 == chemical reaction rate constant , sec-1 

= dimensionless chemical reaction rate constant 

Pe dVD 

Re 

r 

R 

so 

s 

t 

VR,VG 

v 

VD 

V I 
D 

DL 

Peclet Number 

== enhancement factor 

= 

= 

= 

·-

-

::; 

= 

::: 

::: 

dVn/6 ---
~0 

drop Heynolds Number 

drop radius, em 

r -a 

dimens ionless drop radius 

saturation concentration i n water , mol/cc 

satuxation concentration in salt solution , mol/cc 

t:im·2 , sec 

vel oc;ity components of streamlines i n the radial and angular 
directions respectively, em/sec 

I 

drop volume, .cm3 

clrop velocity, em/sec 

modified cl.rop vclocit~,- , c!r./ sec 

/ 



lh6. 

Xo == fraction reacted 

X = /ii 

/£ o 

== v iscosity ratio 

Greel: Letters 

fi == vi scosity , centipoise 

~ == dens i ty , gmf cc 

G pol ar angle, spherical co-ordinate 

Coefficients in Series Solution 

n == n ' th term in series 

An , ). n coeffi cients for Kronig and Brink equation by Hecr t jes et al (18) 

coeffic i ents for Handlos and Baron equation by vlellek et e,t (77) 

Subscript 

i dispersed phase 

0 continuous phase 

Statistical Terms 

S(x) estimated standard deviation of t he popul ation 

S(x) esti mnted st.andarcl deviation of the means of samples of size n 

x sample 

x sa.Flple me<:m 

= t rue n1e an oi .. popula,tion 

t == values from t-t cst t ables 
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The principal contribution of Section III vras the extension 

of .the J'ohns and Beckmann model (86 ) for predicting mass transfer 

into circulating drops, t o account f or simultaneous chemica l r eac tion. 

Nwner ical solutions v.rere obtained for the model , using polar co-ordinates 

(R,G ) . This permitted easy sub stituti on of various velocity profiles 

inside the drop, t o accoun t for effects of Reynol ds Nwnbel~s up to 80 

at viscos ity ratios from 0 t o· infinity· on the mass tr<msfer rates . 

Solutions were also found f or dimens ionl ess r eaction rate constants of 

0, 10 and 200. It vw.s also shown t hat the lm-rer and upper lim:\. ts of 

the model vrerc defined by the Ne>·rman eq_uation (54 ) for transfer into 

stagnant clrops ancl t,he K.ron:i..g and Brink equation (58) for transfer into 

fully c:i..rcul&,ting clrops , r especti vcly . These mode ls had been modi fied 

by DancbJel"ts ' method (59 ) to account for ch2mical r eaction . 

The principal contr ibu tions of Section · IV \'i'Cre the present a t ion 

of experimenta l data for mass transfer i nto dispersed phase . ~:':.l'le eff'ectE.; 

of i ni tia l concentration driving f orces on phys ica l mass t ransfer rates 

for bil!ary sys t ems >·rere shmm . Fo.c true binary systems, there 1-rere no 

concentration effects on tbe mass transfer rates . Ho-vrever , i f a t~ird 

component was produc ed by a sid.e reaction, interfac i a l turbulence may 
·' 

occur , enhanc ing th e ma.ss t-.c ::msf er rate , Interfac i a l turbul ence effects 

Here further clcmonstra ted by studies of mass tr·ansfer \·r i th simultaneous 

chemical r eaction i nto dispersed phases . 

1.'hese eX})erimental stwi. :Les have shown tha t current r11oclc l s 



describing mass transfer :i.nto drops v1ere i naccurate when i nterfacial 

turbulence occurrerl. Tne variations in the diffusion coefficients 

with 'time due t o interfacial turbulence during mass transfer vii th 

chemical r eactions -vre r e a l so sbovm by a computer study of t he transfer 

process . 
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Appendix VIII-1 

Computer Progra:n to Solve the General Model for Mass Transfer 

with Reaction into Circulating Drops 

A general model vras developed , as shovm in Equation III- 3 t o 

describe mass transfer with simultaneous chemical reaction i nto circulating 

drops . The model 1·ras solved by a finit e difference approximation as 

given in Equation III - 19 . 

A program was written· t o ca lculate the mass transfen·ed, the 

Shenmod Number , and the drop concentration , by the method of solution 

outlined in Secti on III . Hmrever , t he concentr a tion gradients required 

t o c a l cul a te the l ocal Shenmod Numbers , were found by differentin.ting 

t he Lagrangian interpolation of the concentrations at mesh point s near 

the surface of the drop . 

The method foll owed , as g iven by Lapidus ( 9Y ), expressed the 

concentration gradient as :-

dC = 
dR Rl 

3R1
2 

- 2R1 (R2+R3+R1~ ) + (R2R3+R2R4+R3H4) 

(Hl-R2 ) (Rl-R3 ) (R1-R4.) 

+ 3Rl
2 

- 2Rl (R1+R3+R1~ ) + (R1R3+R1H1~+R3R4 ) 
(R2-Rl) (R2-R3 ) (R2- R4 ) 

+ 3~12 - 2Rl (Rl +R2+R4) + (Rl R2+RlH4+H2R1~ ) 
(R3-R{ ) (R

3
-R2 ) (R

3
- RJ+) 

+ 3R1
2 

- 2H{ (Rrt-H?+H) + .(RJ_R2+R1H3 + H2R) 

(RJt-Rl) (R4-R2) (R4-R3) 
(VIII-1) 

where cl, c2 > c3 and cl.~ were the concentrations at a seqD.ence of' r adial 

mesh points , b ec;innln3 -..ri t h po int R1 at the surface of the drop and going 

j nside to point R4 . 
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The program listing and. sample output are included at the 

rear of this section. The input data are defined. belo-vr, in the order 

of their appearance:-

JCONT 'l'his is a SI·Ti tch to determine the initial concentration profile 

in the drop. 

If JCON'l' = 1, the initial concentration profile inside the drop 

equals zero. 

If JCONT f. l, the initial concentra tion profile ins ide the drop 

is read in from a set of binary input data cards . 

'l'hus, if the calculations vlere interrupted at any time , a set 

of binary data cards may be punched out along with the final 

output data. ldllen the calcula tions •·rere resume d later, these 

binary data. cards lflay be used as input to redefine the ini t:ial 

concentration profile. '.rhe program as given shm·rs onl:r the 

provisions for binary data deck input . If required, the state-

ments to produce binary deck outputs can be easily entered at 

the end of the progra.-n. 

KRUN = program numb er 

NRINC =· numb er of radial incremcmts 

NAINC = nwober of angul ar increments 

PE Pec let' Nwnber 

RK dimensionless reaction rate constant 

VR = viscosity of dispersed phase 
viscosity of continuousPii.ase 

DT = dime nsionless time step 

NPRINT = number of printouts 

NINT = nwnber of iterations per printout 

/ 



~'he velocity profile may be readily changed by replacing the 

f unctions for :-

V'I'H dimensionless a,ngular velocity component 

VRAD = dimensionless radial velocity component 

i n the se6tion ti tled C COEFF FOR MARCHING CALCN 

The program l isting i s as show-n in the fol l ovring pages . 
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V:ur:.1:.b Sa.mple Output 

fn the output, inost of the terms are ;eif.::~~planat;ry; T'ne 
(' . . . . .. . .· . . . 
concentration profile in the drop form a large part of the output; 

With physical mass transfer; t he term titled; " COHREC'l'ED AVG 
. -

CONC"; represei1ts the mass transferred ; as well as the average solute 

86n~~~1tration in the drop. Hm-rever; the mass .transferred vlith simul:. 

t~neous chemical reaction in a drop; is gj:v ei:1 as "TOTAL MA.SS TRANSFERRED" . 

The t~rm titled~ "SH NO JOI-rNS", r epresents the inodified Sher1wod Number 

as given by Equation III 'I'he t erm titled~ "AVG CONc.::. sor.JNS"; vrhich 

~~~~is (1_; 0 - Average Drop Concentrati;n) ; ~va~ :i:-equired to calculate the 
, . 
inodifh:d Shenrood Number. 

r ,. - . 

The sarr..ple output is as shmvi1~:. 
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~--o -=-·-n rl..Q_£> • n ~~. n S~.i!...~J..i..LD~ C1 \) ~ .. !2DJ.l_rl_~Q_Q_J!_ • o Q_t.!.....J!...~JLL.V_'!__Q_tl_Q_J _!_Q_ (~Q_ _ __________ _ 
(_l 0 0 0 0 0 • f) ') (i 0. (: u (i •J • n n IJ o .o;1 o () • 0 IJ IJ 0 • () 0 () 0&0fliJ o. nuu 0 9 0()1) 1 . onu 
Ot CI OO u.uou 0. r1 n l ) (J .fl (I O iJ • ( I ( 1. (1 o • .n!)o 0 • Jj (I u 0.00(1 (J.CJ (•C: o~ooo ). .ouo 
o.uoo 0 • o n \1 u~t.•n v ().()()(\ () .(!()() u. ono o.ono ()qf)(l(J () ~ () 0 v {) • (j () 0 l ,OOU 
ofiuno 0 . (j() ;) o • c: n u r!~r,no () ' 1) 0 ll u. ono o.noo c~~ooo li~OOU u.ouo 1 .ooo 
04 f li) 0 0 0 (1 fi ;j O.l; ilU i) • (_) () I i 1) • (1 l i () {) . () ,)() o.oou o.oou 0 • (! () (i u. uoo 1 ~ ooo 

I 
0.1'()0 (_) • (I {) Cj I.J [ ' {) I) (' ' () 'I (1 (I , [)!_I() (~-~...0..JLQ....0)_Q_D.___O • o Q...Q_l!_dH~..!J--~~-·- -Q_D_(U _9_ Q_i-l_~J __________ 

~----'--··-· . -- -
(1.( •0 0 li.() ,)•J u. 0 •) u i ) o (J 0 (I n • c' 1., n I I • () 0 l.i OcOOfl o.unu o.ooo 0.0(10 1 .(i(l(l 
0.1.1()(/ I; . O!l!l u " 'i (1 u {).U l)(' r1.(, f)CI o.oon u.uoo o.ooo u.ouu u.ono l flOOO 
(l 0 ( I Q CJ (\ • l\ f) ~I () • ( i !~I I I \) • I I f)(_) (\ . 0 (J 0 n.ono o. ooo O. U()(l (/. l) (l u u.ouu 1 .uuu 
o .. ( 1 n lJ 0.11 0 '1 o. (' n 11 li . \l(;(l (J t' ~1.) () 0 0 0 (l I) f) o.DOU o.on o o. o(Jll i J. 0 0 0 l . oou 
(l.ll(l() () . ( 1 !),.1 Q 0 •' I) i 1 tJ • u f1 0 r~ .. (I I) ~\ (J • t 1 (I I) li • I I () il n .v:lU o.uou o.u ou 1 oOOU 
u_. o o o 0. (1(\ t l (I "-L~!..!~--~~~- ~!J.'~-~G_. __ {_l.J_!J_! _( ~~J!_()_.!LJ~.i2.JliLJl.. ~J.L.Cl 1L.D .. .J!..0 .. \2_t _._ Q_•) (I __ _____ _ ~_ 
() • (J u (J O . O · ! ~ l u ~ l ' (\ (_, I I • ; } (\ II I i • (J ( 1 ( I {_I • u () !\ o.o ou 0 • 0 0 (J U. Q (I \1 u. uou 1. 0 0 \_/ 
U.IJ()(l O.Un 'l lJ • i! () u ij • I I !IIJ (J < 1\ \) () [I 

4 
IJ il () (i ~ 0 0 IJ 0 9 !) 0 (J (\ • (1 u 0 (J. U (l(J l .,Q(j(l 

O.(J(J(J 1).(),") ,) i l • n (ll ) \! • l.' (1 ( i n.ouo ( : 
0 

() I) () () ~ I) () () 0 ~ (I (1 1_1 (J • () 0 u (J • (j () 0 l 0 0 0 ,-, 
0 u I) () ll 0. (• () J I' ,, (. Ou 1.1 • !'.l n n f) 0 () i) (l ~~.OflO n. oou 0. I_) 0 u (I • (l () I) u.oon l .000 
(J 4 I 1 (I (j u. u :.) tl () • U ( I (J \ I • (: ( ) 0 n . uO!! u.noo o. uou o.oo o (i.(J(J(J u.oou 1~00u 

__ __!l__r_•.U).J)_O _'?..!_UL;!_(l_•..! I_L' JL _\_) ~- !.l.J .. l~_JL!c..C:_c~.Q_[.L....J!_fL.Q __ ~~- iJ O..fl_ J) _ QJ)~() __ _!L ... UJL\LJl_ ~-Q ... o __ ()_J q __ Q _v_u ______ ... 

1 1• () • c. h -, l 

1 '~ f:- • h (11' { 

146 ~ ()t' ' "" ·r 

·' .1 <;. 1, • b h n 7 
J "' '" ' •. 1,t1h' I 
.l lf 6 ;• h t' t .1 { 

1 L:-l l ,l) r.r, 7 
1 -'l- (> < (-, (, () 7 
J l;.(). {-, r1 ( , 7 

) t~r:,.r-,6(:./ 
1 ,, r • • r) (> r, 7 
1 Lf b • h l) 6 "/ 

) '+ { l • " ub -I 
) 't h. 66b 7 
l 1+ () • () b (., 7 

---------J.!~:.:j __ ~()_f: .~~_!_ ____ _____ ··---------- - ·· ··-----·-- - -- - ··--·-···--····- -·- ----·--·---------- ---··- ·· -

\ll)(_t) i·1[ J s '+ . ~~~- :32 1 

I f) •• 'uP Cl >,·:c F r--'O ' i !··ni ,, (lf · 1. 0c sH !\'o :: .ooo~)'+q 

l <r6o6b67 
l f+6o6ot>1 
l '+ G ~ 6 6 () 7 

r-·cr)i~l,: t_c-n=:~l--i \\i r ,--f'i). -l(:--o;--- ·------·-:-~-'l (~--J4----.---------------------------------·---- .. 

I I. ·sr1 ;,J() , JfpHc-; ;: l ~;;'. ·: (_'<, , ;-, r,)n •\\i(~ (() ' IC -,J() r:' .~; ::.: ·: tdt'·() t_,Jl· 

l 1 1 .\ s ::; ·1 h t\ . 1 ·-; ·· ; 1 :_, T • u 1 ~) J (· ;; -, 111 D 1 , 1 i\ s ~~ ·;-r: ~~ , ~ ("' r r- ~" n-~ IJ • u o2 :~ 1.i 2 
·--=---·----------- ------ - ------------------- -·-----------·---------- ·- ------- -------- -- ---------- ---· ---- --·- · --~------- ·· - --· 



nppendix VIII -2 

Prog ram to Solve the Dand".,rerts ' Modification of the Kr~!?-.ig_ 

~£d Brinl( E~wUon for lvlass Transfer '\vith Chemical Reaction in 

f_irculat.~!~€L_Dr£J?S 

'I'he Kron:i.g and Brink equat:i.on Has modified by DanckYrerts to 

account for mass transfer 'lvith chemical reaction in circulating drops ) 

as shmm in Equa tion III-33 . A program ¥ras written to calculate the 

mass transferred > the Shervood Number and the drop concentration , by 

the methods given in Section III-I-2 . 

The :program listing and sample output are included at the end of 

this section . 

168. 

The input data B.re defined belo;T) i n the order of t heir appearance:-

DT dimensionless t:i.me increment 

CHEM (L) di mension~Less chemical reaction rate constant 

L number o:f different reaction rate constants analyzed 

A( I )> U(I ) functions for the Kronig and Brink equation 

as g:i. ven by Eeertjes et al ( 18 ) ~-n Table I I -1 

I number of functions in the series solution 

I n the output, the ti t l e "SH NO JOHNS " is used to represent, 

the modified Shenrood Number as given by Eque.tion III- l~.o . The term 

titled, "CONC - JOH.NS "> equa l$ (1.0 ·· average drop concentration ). 

/ 



c 
C DA~CKWERTS METHOD FOR K AND B USING ANALYTICAL METHOD FOR SH NO 
c 

------.-------DH+EN-5-I-01'-! --tH E-rH 5-)-,--i- I HE-(-50-h--Ce I\!C-t5D+;--E--ritA·S-(-50 }- -,--SHN0-(--50--)-,----------
1 RATE(50l, COf\IJ(50), SHJClN(50), THAS(50), A(7), U(7) 

---------------f( FA!)\ s-;-1 0 1 )--Dr-------~----~--------~-------------~. --------------------------------

L4 == 1 
~----------'RE'flo-(s-,-lon---ccHE~~< rr, L-=-r,-c-4-l __________________________ ~--------

R FA D ( 5 , 1 0 1 l ( A ( I l , I = 1 , 7 ) 
---------RF.C,i)-{·5;-IO·U---(--U(-I·)-;·--I·--=--I-r-7·)-----------------~-------------

VOL = 4.0*3.1415926/3.0 
---------------w RTT E--r60-05 r-rll.-( TT ;-I --=-T; 7T ______ _ 

\.-/RITE (6,106) (U(IJ, I= 1,7) 
------~---oo-rD-r--=-T'T"t- ____________________ __ 

hiRITE (6,107) 
--------- ·i>JR lTE---(-6-;---1 oz·-) -- CH Et·1 (·L_:-)-,--DT-~--------------------~---------------------

00 2 K = 1, 't-1 
---------TTP1 E'fKT-=-or>TFTOAT\K;:. 1 )-~----------~------------------~--------

DU~U = 0. 0 
-----------ou iJ\2 -=--o-;o---------------------------------------------------------------

DUH3 = 0.0 
-----------00 --4---I----=----1 --,--1--------------------------------------------· -------------

A NU f-1 = A ( I l ':'A ( I ) 
---------x ---=--I 6-. o >:, Ui -r ->- ----- ---------~-----

REACT = CHEM(Ll + X 
--.---------- --FUt'-'C---=--X-1 EX P (-TI HE ( K} >:<-R Et\-C -ii----- ---------------- -----------------------------------

FUNC2 = (CHEM(Ll + FUNCI*ANUM/REACT 
--------------8l:J fld---=-DU Ft 1- -+-F UNC-2~:'-(_cl-H-l ---------------------------------------------

DUr-12 = DUf,i2 + ANUr·1>HJ(IJ>:'(CHEfii(L)':<TH1E(K)>:<REACT- FUNC + X)/(REACT 
------------]_- ':'R EA£-T-)--- ----------~-------------------------------------------------- --------

DUM3 = DUM3 + FUNC2 
-----1+-Cfl NT-I NU E------------- --------------

c 
------·-------SHNO-(K--l--~=--.tr.-O>:'DlJfltl----------------------------------------------

CMAS(K) = 6.0*DUM2 
--------------CD NC·(·KJ--~-l.-o------o-.-3-75 o:<OU t-t3 

RATf(K) = l.5*SHNO(K) 
-~--~-------1~1-A S+K-)--= -VOL >:<0~~\~,-S ( K-} ------------------------------------- --------

C 
----€--------G-ONVE:R--5-I-ON--TG----JOHh!S---NOH\·T-I-GN---------· -----------------------------

CONJ(K} = 1.0- CONC(K} 
------ ---s-H--J UN (·K) -----= -s-H f\1 0 ( ·!(-) /CB NJ {-~<;---)--- --------------- ---- --------------------

2 cmn I ~-!UE , 
------c------------------------- ______________ ' ------------------------

1 

~I R I T E ( 6 , l 0 3 ) 
-------------- --\-1--R-l:f--E~---( 6,·1-04-}--(-T-I fvf f-(-K- h--RA-T-f--{ -1<-) -,.----<;.Hfup ( K-h--C-GNG {-K-l-,-TH-A-S ~-K-l--,--------------

1 C H A S ( K ) , C 0 1\J J ( K ) , S H J Df'J( K ) , K = 1 , ttl ) . 
--------10 -CONT-I Nl:J E ------------------~--------------------------------------~_-------------

C 
----- ----'1 0 1--FOR f·ItA. 'f -Ff-F 1 0 .. -3-) ---------------------------------------------------~-----------------~-------------

102 FClRfJtAT (2X, 15HREACTHH~ RATE = 7 F15.3, 2X, -'1HDT =, Fl5.6/) 
------ - -1 0-3--FO R f:il\ T--- (f) X,- L, HTI .fi; E r----1 OX--, AHRI". T E-t --1 OX-y- 4HSHN0-,--10X-,---L:f-i GC! ~,\G .. ,---2X , _________ -----

1 1 0 H T 0 T 1\ L r-;, A S S , t,_ X , 8 H l'i /-'\ S S I V CJ L , t, X , 1 0 H C [)r,t C - J 0 H h! S , 4 X , 
------------ 2--lOHSHf,!D-JOHf''S/l}------- -------- -----------------------------.------------------------

1 0 1t Hlf; r:tA T ( 2 X , F 8 o 5 , 3 F 1 Lt o 6 , 2 F 1 2 • 6 , 2 F l'! • 6 ) 
- --- -- -105 FG R i:\/; T - ( I 2 X-,--AH/\ ( H I 2 X , 7 F-10. 't-1/-) --- ---- --- --------- -~ ---~-------- --------------

106 1-ElRf'iAT (/2X, L;HLJ( II/ 2X, 7FlO.It/ll 
··-- ---1-Cl-7 ·-- FCl R HAT----{-/-//--)-------- ------- -------------------------------- --------------------- ----------- ------------------



VIII-2-b Sample Output 

A ( I l 
------l~~0----&.36B - .2~~~}8---~~~Hr------------------------------------

---U-(-I \---------------------------------------------- - -----------------------------------------------------

1. 6 7 8 0 8 . 4800 21.10 00 _3 8 .5000 63. 0000 8 9.9 00 0 123. 8000 

-R-E~6J.,.J_I-ON--R.M:-,C: - 100 . 0-0-0--DT - 0. 0-0 1-J,!..\,U,'-----------------

---T- I-1"'1 c -A-T-E- S-HN ;-g NG------=f-&t-A-l::--M-A-5-S M-A-$-5-/_),) 0 L C 0 N.C--J-G-1-#-J-5 ~R.-HN-S-

o. o 1 5 5.5 88 470 103.~25 647 0. 0 4 99 77 o. o o. o 0 .9 50023 1 o 9 . 1 8 21 9 o· 
--0-~-0 0-l-G-O-----..S-2-.-9-2-3-2-Q.L:~-5-~.-2-82-1-% 0 • -1--o-S-5-1-'5-5 0 .., ~ 0 0-o-1-W.---1-£:.1' 0-.-R?;-f'r-2~<-5- G-5--4-Rl-2--4~1--

0 . 00 2 00 59 .7 426 1 5 39. 82 8 4 1 5 0 .211 61 1 Oe7 59018 0 . 18 120 2 0 . 7 8 83 8 9 50.51 8 70 7 
---0-.-0 0 3-0 0 -9.-0-6 9 8-8-5 :?r3.-3-7-9-9--2 9 0-.-2-4-7-8-3-l o-.-9-B-6-~2-3-§--3-G-1 9-rl-5--2-l-6-9 :Jrr?r-7-8-2-2-G---

0 . 00 4 00 45 . 14045 7 30 . 093643 . 0 . 2 74036 1. 18 48 8 2 0 . 28 2 8 7 0 0 . 725964 41 . 453339 
---0-. 0-0-5.iJ 0 ' 2-.-2-5-8 9-5-+ _-3-.-1-7--2-6->8 G-.-2-9-4-l-6-B---h-3--0-7--4-LrQ G-.-3-2-64-5-5 0 • 7-G~?.-2 ~9-..-9-1-4-06 2-

0 . 00 6 00 40 . 409180 26 . 9 39453 0 . 3 1 0 190 1. 540328 0.3 6 7726 0 . 6 89810 39 . 053 4 36 
---0-o 0 0-1-00 3-9._1-4-1--3-l-2 2 6....--0-9-4-2-Q.B 0-..-3-2-3-2-7>-L }~-D-('}-7-B-2----0-..-?r-0-7-(h.~f ~.,::(...6-:J_f:.i: ~-.9-,,_;}~S-1-?-0-5----

0 . 0080 0 38 . 230515 25 . 48 7 0 1 5 0 .3 3 Lr0 14 1. 86873 1 0 . 44612 7 0 . 6659 8 6 3 8 . 2A95 77 
---0-o 0 0 9-{) 3~-.-5-5-3 2-3 8 2-5-.-fl-3-54-9-2 0-o-3-4-3-0-2 l: 2-..--0-2-7-3-8 1; 0-.--4-8-40-G--2 0-.-6-5-6-CJ-:r-6 3-3--e-l--0-+-l--3-2-

0 . 0 1000 37. 03 6 346 24. 69 0 90 3 0. 350613 2 . 1R355 7 0 . 5212 8 6 0 . 6 493 8 7 3 8 . 021 8 20 
---D--. 0-l-l-Q.C 3-6-..-6-H 9..§.-=7- ~'-4-.-4-2-2--63-8-----0-.--3--c5-7-DL!-D -~..z,_7+1--l 0 . 5-5-a-1-1-3 O. 6 ~-2 9--o-C).. · }-7...,--'"')JL~>-l--

0 . 0 1200 36 . 3 1 5765 24 . 2 10510 0 . 36252 7 2.490 579 0 .5 9458 2 0 . 63 74 7 3 37 . 9 7 88 5 1 
----O-• .O-L3-0 0 &-0.6-l-0.-2-0-----_)..J•-.-0-~-.0..61).0 0.......31>-1-2-J. ~ "- - &-td<--2-l,S;~;_,_W-7...6 5 0 • A...J..<-:...7-B-,5 D--9-9..l..8..3-1--

0 . 01400 35 . 8 5495 0 23 . 9033 0 5 0 . 371239 2 .7 9 2750 0 . 666 7 20 0 . &2 8 761 3 8 . 0 1 654 1 
--- 0-.-Q-l -5 (J 0------35-. 6-8 6 8-'+L, 2--3--.--f-.9--l -2-2-9--- ---0--.-3-7-1+ '{ 04---2--,-9-4-2-5-7-3- --G-..--1-G-2-4-fl-8 ~...1=.-2---=.'1-2-% 3--8-.--0-4-7--9-2-''3- -

f-' 
-.J 
0 



Appendix VIII-3 

Program to Solve the Danckwerts' ModJ:.fic~!-j_ on o[ t he I'TeHman 

Equat ion ,!'or Has s Transfer 'Vdth Chemi ca l Heact).on in Sta~_ant Dr9ps 

The Newman equat ion "ras modified by Danck,..rerts to account for 

mass transf e r \vith chemica l r eaction in stagnant dl'Ops J as shovm in 

171. 

Equation III - 29. A program vas \·Tri t ten to ca lculate the mas s t ransferred) 

the Shenrood Number an.d t he drop concentrat i ons ) by the methods given in 

Section III - I-1. 

T'ne program li stings and sample outputs a 1·e included at the ena 

of this s e ction . 

The input data are def·ined b e lovr ) j_n the orde r of their 

appearance : -

DI' dimens ionl ess time i.ncrement 

CHEN( L) di mension l ess chemical reaction r ate constant 

L == number of different r eaction rate const ants analysed 

In the output ) the title "SH NO JOHNS '') is used to represent 

t he modified Shen:ood Number as given by Equation III-40 . The t erm 

entitled ) "CONC - JOm:s ") equals (1.0 - average drop concentration ) .. 

The program listing is as shown in the fol lmving page . 

/ 



172. 

c 
C DANCKWERTS MODIFICATION OF THE NEWMAN EQUATION 
c 

--~---~----o-I H ETI:S-I-ON- CHH·i (~5 J-,----T-I~t•iE·(·4·5-)-,--~-c-oNC>I·5-7t+5 ·t-v-- Cr'l·A s-( :J·,-tr51~-,---sH NO (·s--, -tFS"1-;----
l RATE(5,t+5l, CONJ(5,45), SHJmHs,t,5), H1AS(5,LJ~5) 

~ ~---~-----~~--L<+--=-1 ----~ -- ------- ------- -------~---~~-----------~-------~-~-~-------------~------ ~-------~~-

R E A 0 ( 5 , l 0 1 l D T , ( C H U\ ( Ll , L = 1 , L LJ- l . 
-- --------o U f"i 4--:::: -6-~-D7 { 3~-p;: I5 9 2 6':' ::q,---------- --~------------~~---------------------------~-~ 

VOL = 4.0*3.1415926/3.0 
---c--·-·-----···------------------------------- -------------

00 10 L = 1,L4 
------------wRTTF-(-6 ;-lUZl--Tf!EFllTT;-oT------------~-·-:---------~-----------~--~-----~-·-----

00 2 K = 1' Ld 
-----------r-THEtK:-)·---~oT-o:<Pt-OAT-(-K~-t)----------

DUHl = 0.0 
----------ou fv'l-2-- =-B-.-e

our-~3 = o. o 
----------oCJ--L~--~--=--I--,-·tCJ---

X =FLOAT(!) 

-----------

____ _, __ - -y--=- ·( X *-3- ~--u+ l592(y)·o:<>:~2----------- -------------------------------------

REACT= CHEM(L) + Y 
----------FUNC---=--EX-P++I-H E-( K )-•H<;EM:; T-i ------------------

FUNC2 = (CHEM(L) + Y/FUNGl/REACT 
------·--DLH·11- -=-------DtJ~1t-+-----r:Ui\1C2 ______________ - ---

DU ~1,3 = DLJ 1•13 + FlH,!C 2 I ( X':' X) 
------------------oll rv,2 =-- DU 1·12--+--(-R EA-CTO:'CH Hii-L ) ,:q- I rJi E-( K-)-·+--y --~--v-/FtJi\iC )-;R·E-ACT:::~~:' 2_--------- ------

4 COf\!T I j\ILJE 
---------- -s H i\JO(-t ,--K-7 --=---LJ . .-0 :;< [)tJt.-\i-··· -------- ------------------------·-------------------·---

RATE(L,Kl = 1.5':'SI-if\!D(L 7 K) 
-------------ct,\f'.S(·t-,-Kl-=--6.-o,:'Dllf\12------------------------------------------- -------------~-

TMAS(L,Kl = VOL*CMAS(L,Kl 
------------eoi,IC (·t-,-K-)---=--l;-o-------ou~·1Lr':'-DUV13 ------------------------------------------~-----------------

c 
-----·G---------'--GUNVf-RS-Hii·J--TO-JOHi'l-5--NOT-A-T·-IOf\l---------------·-··--

CONJ(L,Kl = 1.0 - CONC(L,Kl 
------------s 1-i·J CJ ~Ht:' i<:i ~--=- SHf\l fJ ( ~ L-;-t<.) / C ONj-(-t-,K-J·-----~---~--------------------·-----·-··-·-

2 C Q f\1 T I N U E 
----- -------HR-1 T E-~ (-6-;-lD 3-}------------. -----------------------'--------------------

l--1 R I T E ( 6 , l 0 4 ) ( T I ~'1 E ( K ) , R A T E ( L , K ) , S H f\1 CJ ( L , K ) , C (1 N C ( L , K ) , 
---------1-T-f"'·AS..{-L-,-K)-,---G-t"fA-S{-L-,-K-l ~--G-ONJ-(-L-,-K~- 1---SHJ-PN-(-LTK.h--K-=---±--,..L;-1-l--------------------

10 CDf\ITJf\!UE 
-------------- -· -5-TO P·-··---------·---or-----~----~--~-------------------------------------------------------

1 0 )_ F 0 R ~·1 !IT ( 8 F 10 • 2 ) I 

------102 --F URhAT---{-2 X ,---1-5 HR-E-AGT-1 CJ1\1 ·-Rt\~E---=,--f= 1-5 .;;S-,---2X-,-4HOT--=--,-f-l5-.-hi) --------------
1 0 3 F 0 R ~:1.ll. T ( 6 X , 4 H T I i·:l E , 1 0 X , 4 H R !1 T E , l 0 X , 41-1 S 1-H~ 0 , l 0 X , Lt H C [) f\.1 C , 7 X , 

----------------1--lOHTGJT/i L--- !>'!A-SS-~---A--X, --8-HI"'/\-5S-/V8L--,--4-X-,---Hi HG Qf,!G-JBHNS-,--4X-,---------------------
2 lOHSHNO-JOHNS//) 

-- -----10 t,---F DR f·JiA-T-- i :2 x-,--- F 8-.-5-,-- --3 f-1 ,,.-6-;--2 F-12 .-6-;--2 F 1-~ .-6}-------- -----------------------------

E f\1 D 

'l''he sample output is nc. shmm in the next })3[!;E'. 



Sa.'Uple Out-pll:,t 

-t=-ttt 1---n.JN---RA---'fl: - 1 00-;-0-0u------tJl' - (T;Uo-tiJCJA-------------------------

--T+-tM-;::: ~ATE SliNG CGNt;----=f-BT-AL f'IASS 1
1•1.£.-'-5--5-!-VOL C-81\+C-J-8-Hff-5 -HI\ifi-'-J-frt+l,;-5--

---------------------~--------------------------------------------------------------------------------------------------------------

o.o 60.000000 40.000000 0.057856 o.o o.o 0.942144 42.456329 
-o-.-uo-to 4-3-;-7-7 sz--z~ -z-q--;--r-ss-Lts-6 -;-1-DHL03-o--o-2.-l_3_3_6 o--G--;U5-0Y3-6 --;-'2;9-'5797 3 z-~-6 s 3-3 5-1--
o.oozoo 35.493622 23.662415 0.138846 0.377585 0.090142 0.861154 27.4775~)4 

i)-.00-3 0- 3-o-;.-8-9-5-i-7-2 ;2-0-;-5-9-6-7-8-a----e--.I-6-2-4~3----e-;-5-t-5-7-5-7 0.--I:-2-3-i-2-8, 0. R 3 7-5-0-" 2:-'-r--.--5-<,'-2-9-1-2--
0.00400 28.137009 18.758011 0.180498 0.638938 0.152535 0.819502 22.889511 

-o-;-o-os-oo [6--;--55"8413 4 1 ~IS9-g-s u.-1-<Jlfo-s~r-s-2-s-Lto o. 1 79/z-7 o--;-sus-:?:r-1 l-~-~32!~~'~27--

o.oo6oo 25.171326 16.780884 0.206148 0.860632 o.205461 o.793852 21.138550 
-cr.-o-o-7-00 2-Lr:;--3-2-547-o l-o.-z-I-69-8e o-.-2-15 5-5s o-.--CJ&4-2Dl--o.-z--3<H-sn -e.-7-844-4-2 zo -.-o 73?"79----
o.oosoo 23.707596 15.805073 0.223386 1.06L736 0.25L187 0.776614 20.351?57 

-D-.-0-090-0- 2-3-•'-2-LrA-3-f)-8 l--5-.--49-6-2+2 0.-2-2-9-9-6-l _. 1:-6-3-0-2-R 0. 2:-Tf-f:r-5 3 G. Ff-B-0 3 9 2-0-.-l-2-3-9-1-7--
0.01000 22.889648 15.259769 0.235524 1.259619 0.300712 0.764476 19.961090 

-o--.--D-l-1\J o z-.z--.-t,-l-3-5-s-B r-s-.-D-75--?-3-3" o-.--.c-4 o c6 r.3--s-4-s-9-1 o--.--3-c34-5~f-59-7-3 -1-<:;-.-e 1.--3 -z 9 2--
o.o12oo 22.395721 14.930481 0.244314 1.449147 o.345959 o.7556B6 19.757507 

--Q-.-{)-l-3-00-------2-.2-;.-2-2-]: 8-1"1 1 Lr o 8-1-4-54-5 -ro2A~~-9-5 l--o--5-Lr-l:-5-8-t----0-o-3-6-8-2-6-L~ 1--.-7--5-2-2-0-5 l-9-.u6 9it-R 09---
0.01400 22.081619 14.721085 0.250796 1.635358 0.390413 0.749204 l9.648q56 

--+}-.-0-1-5-G-0 2-1:--.SJ-6-7-{,Sf-7 l:-4-.-&4-5--l-3-8 0....-2--oS-3-3-9-3---l-..-7-U&Oh----0-.-4-l--2-4-~-7-4-&(;() 7 l 9-.-6-l-5-5-70-
0.01600 21.874435 14.582966 0.255643 1.819422 0.434355 0.7~4357 19.591354 

-0-.;-G-1-'7-0C 2-1.--7-Y76-3 8 1 L:--.-5-3-H-6- A--;.-2-5-7-5-9-8 1:---;-9-i-D-8 8-2 G-.-'-tcS-6-1-9{ r.-7-'-;--2-4f'r-. ~ l:-9-.-5-7-3-.c;-7-5-----
0.01800 21.733994 14.489338 0.259302 2.002049 0.477954 0.740698 19.561737 

-o-~-o-l-9-f?r- 2-1.-6-8-1-0-3 o l:-4-.-+540-2 9 o-.. -2:-f-A}-7-8-8 2 -.-D-9-2-9 7 ,, 0-.-48 9-CJ,S-1 0-.-+-3-9-2-1-2 1-9-.-:5-5 3 2-f;4-----
o.b2ooo 21.636749 14.424507 0.262088 2.183696 o.521319 ~ o.737912 19.547729 

-f':r.-0-2-l-GO h-~9-95--9 . -4--.-3--9-9-1-3-l )-.-2-f-rJ-2-2 2--.. -2-=7-4-2-48 G-.-5-4-2-9--3-~ :-.-~-M l9-.-5A--4-?-50----
0.02200 21.568268 14.378849 0.264220 2.364655 0.564520 0.735780 19.542328 

-()--.-0-2 3-0 ~ 2-t--o-5-41-8 09 ]:--4-.-3-&l-2-1--Q 0-.-2-65(}9L;--2-.--4-5-Lr94-7--0-o-5-R 60~(-6--0-o-7-3-49-66 '-9 o--5 1-:1-55 0---
0.02400 21.519379 14.346256 0.265861 2.545130 0.607605 0.734139 19.541611 

--e--.-D-2-5-00 2-l-.--5-00-305 14-.;-3-3-3-54-2 - -.--2-66-536----2-.-6-3-5-2-2-8---0-;.-6-29-J:-1-5 -.-7-3-3-4hLr 1-9--.-5 1+-.?-;:;-52---
0.02600 21.484055 14.322712 0.267129 2.725254 0.650607 0.732871 19.543?89 

-0--.-B-2--7-<70 2:-:l-.-4-7-f'r1-8-4 l-L,-.~BA61 Oo-2-6-7-6-5 ~ 2-.R-J:-5-2-1-8 0-.-6-7-2-0-8~-2--3--Lr- l-9-.-5-'-;-4--6-3-2----
0.02800 21.458313 14.305550 0.268113 2.905124 0.693547 0.731887 19.546127 

-e-.-e-2YGU it--.-4-4--&-r-2-e -tr-.---2-9-8-75-6 -r-.. -2-6-s-s-CD Z:-.994-vs--7 o .. 7 rs--e-e--r------.--T-3---r-4i3D l-<r.-S-Lr-7-7-l-4--

f-J 
-.J 
i_.V . 



Appendix VIII-l.f 

Mass Transfer into __ J?!ops 

Computed mass transfer results are compared for phys:ical 

mass transfer into dro:rs vith Hadamard-Rybczynski velodty profile 

and modified Peclet Number PeJ = 250. 

Dimensionless Concentrations 

Dimensionless Time Kronic; and Mesh Size :t<lesh Size 
---·------__ 13r~_nk_l!?.9e!-_ ___ ( 81,_31_) ___ · (.,_4_1, 3l_L 

.0005 

.001 

.002 

.003 

.oo4 

.005 

.oo8 

.011 

.014 

.016 

.018 

.020 

.108 

.160 

.225 

.270 

.305 

. 3)_~0 

.425 

.475 

.523 
·550 
.585 
.610 

.073 

.102 

.143 

.175 

.203 
~230 

.078 

.105 

.145 

.178 

.205 

.230 

.305 

.j60 

.470 
·520 
·560 
·590 



Appendix VIII-5 

The effect of l·mll proximity increa:o;ing the Hadamard-Rybczynski 

velocity profile on mass transfer is shmm for l. 5, 4 and 8 times the 

velocity rate at viscosity ratio ~i = 0 
flo 

Dimensionless Concentrations 

Dimensionless Kron1g and Matrix (81,31) l~atrix (1+1,31) 

175· 

Tj.me ____ B_r_i_n_k. !::1_9,?-_eJ:_._8 ~_J_r_a_d_.v_~e_l_. ____ 1_.~5_x_"_r!a.d.Ve~. 4 x Had.VeJ::. • 

.0005 

.0010 

.0015 

.0020 

.0025 

.0030 

.oo4o 

.0050 

.oo6o 

.0070 

.ooso 

.0090 

.0100 
.. 0110 
.0120 
.0140 
.0160 

.108 

.160 

.190 

.225 

.250 

.270 

.305 
·340 
.368 
·392 
.425 
. lt37 
.455 
.1n5 
.490 
·523 
·550 

.073 

.113 

.150 

.198 

.240 

.270 

.305 
·338 
.j65 

.078 . 078 

.105 .105 

.128 .130 

.145 .155 

.163 .185 

.177 .215 

.208 .277 

.240 ·330 

.275 .365 

.310 ·387 
·345 .405 
.j80 • !~28 
,!J.l8 • 455 
.448 .1170 
.476 .490 
.515 
.545 
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Appendix VIII-6 

Variations of Hodifi ed She nwod Number Sh J with T:i.me for 

Physical Jv1ass Transfer into Drops at Various ModifJ.ed Peclet Numbers PeJ 

Fe PeJ X RK t c Sh ShJ 

0 0 0 0 0 .036 146.53 152·5 
.00125 .118 31.55 35·9 
.0025 .162 20.90 25.0 
.00375 .195 16.55 20.6 
.005 .223 14.02 18.05 
.0075 .269 11.05 15.1 
.0100 ·306 9·29 13. !~ 
.0125 ·338 8.09 12.2 
.0150 ·366 7.21 11.4 
.0175 ·392 6.53 10.75 
.0200 .415 5·98 10.20 
.0250 .456 5·13 9·43 
.0300 .492 4.51 8.9 
.0350 ·524 4.03 8.·45 
.ol~oo ·553 3 .6!~ 8.15 
.01+50 ·579 3·32 7.88 
.0500 .603 3.01~ 7·65 

80 20 0 0 0 .036 146.53 152.5 
.00125 .117 31.55 35.8 
.0025 .161 20.92 2)+.9 
.0037'5 .195 16.58 20.6 
.005 .222 14.06 18.1 
.0075 .268 11.12 15.2 
.010 ·305 9·39 13.5 
.0125 ·337 8.22 12.4 
.015 .j65 7·38 11.6 
.0175 ·390 6.72 11.0 
.0200 .414 6.21 10.6 ' 
.0250 .4)6 5·43 9·98 
.0300 .lt93 4.87 9.60 
.0350 ·527 4.lf5 9· 1t3 
.0400 ·559 lt..l2 9·35 
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A11pendix VIII -6 ( cont 'd) 

Pe Pe.r X RK .j.. c Sh ShJ:_ " ------· 
320 80 0 0 0 .036 11~6.53 152.5 

.00125 .117 31.69 35·9 

.0025 .161 21.19 25.3 

.00375 .194 17.00 21.1 

.005 .222 14.66 18.9 

.0075 .268 12.09 16.5 

.010 .308 10.75 15.55 

.0125 .344 9·96 15.2 

.015 ·378 9·h7 15.2 

.0175 .lt11 9.1~- 15·5 

.020 . 4l+l~ 8.93 16.0 

.0250 ·510 8.65 17.6 

.030 ·576 8.39 19.8 

.035 .640 7·85 21.8 

.040 .698 6.89 22.8 

4oo 100 0 0 0 .036 11~6.53 152.5 
.00125 .117 31·77 36.1 
.0025 .161 21.35 25.5 
.00375 .194 17.26 2l.h 
.005 .2~7 13.59 18.1 
.0075 .269 12. o~ 17.3 
.010 .311 11.1~8 16.7 
.0125 . jlt9 10.85 16.7 
.0150 .387 10.lf9 17.2 
.0175 .426 10.27 1'7.9 
.020 .464 10.13 18.9 
.025 ·541 9·89 21.6 
.030 .616 9·19 23.9 
.035 .682 "(.72 24.3 
.OltO ·735 6.00 22.7 



Appendix VIII -·6 ( cont 'd) 

Pe X RK 

1000 250 0 0 

8000 1000 1 0 

___ t ______ c ______ ~-----s~j-
.0005 
.001 
.002 
.003 
.005 
.007 
.010 
.012 
.015 
.0175 
.020 

.. 025 
.030 
.035 
.040 
.0445 

0 
.00125 
.0025 
.00375 
.005 
.0075 
.010 
.0125 
.0150 
.0175 
.020 
.025 
.030 
.035 
.040 

.078 57·5 

.105 37·5 

.145 26.0 

.178 22.5 

.228 l9.ltl 

.280 18.68 

.360 18.44 

.419 18.32 

.500 16.ln 
·554 12.62 
·590 9~00 
.646 6.21 
.699 5.68 
·730 5.29 
·767 4.34 
·79~ 3.6o 

.036 11+6. 53 

.119 50.92 

.185 1!9.37 

.263 49.17 
·370 36.16 
·398 15.70 
.45~· 14.99 
.499 11.11 
·538 10.55 
·572 8.76 
.603 8.27 
.657 6.8ol~ 
·702 5.74 
·740 4.91 
·773 4.24 

62.5 
41.9 
30.1+ 
27 .1+ 
25.1 
26.0 
28.8 
31.5 
32.8 
28.2 
21.9 
17.6 
18.9 
19.6 
18.6 
17·5 

152·5 
57.8 
6o.6 
66.8 
50.75 
26.1 
2-(. 5 
22.2 
22.8 
20.5 
20.8 
19.8 
19·3 
18.9 
18.7 

178. 



Appendix VIII- 6 ( cont 1 d) 

RK t c Sh s~_ 
·-------·----------~-----=---·· 

Ne>,rman 0 .001 .109 28.69 32.19 
Equation .002 .146 22.31 26.13 

.003 .177 18.39 22.33 

.005 .224 13-94 17.98 

.007 .262 11.49 15·57 

.010 .309 9.28 13 .1+ 3 

.015 ·370 7.21 11.4~ 

.020 .419 5·98 10.29 

.025 .460 5.14 9·52 

.030 .496 4.51 8.96 

.035 .528 4.03 8.)5 

.oho ·557 3.61+ 8.22 

Kronig and Brink 0.0 .001 .161 53·30 63 .1+9 
Equation .002 .225 35-49 45.80 

.003 o 2c{2 2'{. 25 37 .1+1 

.005 .340 19.61 29-72 

.007 ·393 1:) .86 26.i3 

.010 .lt56 12. 61+ 23.24 

.015 ·539 9.60 21.17 

.020 .603 7·76 19.57 

.025 .. 656 6.1~8 18.86 

.030 -701 5·51 18.46 

.035 ·7lt0 1~. 75 18.22 

.oho ·T73 4.11 18.09 



Appendix VIII-7 

Effect 9LY._i scosi t.x__Rat~ulation 'l':Lme _!.___..!9_£ 

Hadamar~t~~a.11lh:.es t~. 

It was sho•,m in Equatior1 III-r(, that the dimensionless 

circulatj_on time, T 

Brink (58): 

8J.~ _ _!)__g_l~) . according to Kronig and 
Pe 

where q ( §) == 3. 26 for S == 0.1 at Pee let Number = 1000. 

The Kronig and Brink co-ordinate ) = 0.1 is equivalent to the 

streamline (j}j =- .. :_?~ 
l+X 

at G == 90°, this st:c-eam1ine cuts the radius 

at R 0.16 and 0.985 

Viscosity Ratio = /li Multiples of . Circulation Tirr.e 
---------~--__.1:!.9-damard Jel~i~X.. __ (dimens3.onless) _ 

0 1 .0261 
1.5 .0175 
~~ .0065 
8 ' .0033 

2 1 .0783 
1.5 .0525 
4 .0195 
8 .0099 

180. 
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Appendix VIII-8 

Physical Na.ss Transfer into Drops with Hamielec Velocity 

Profiles at Viscosity Ratios of 0 and 2 at Reynold Number = 60 

Pe X RK t c Sh ShJ -------- ---
1000 0 o.o 0 .036 146.53 152.5 

.0005 .orr8 59· 53 64.5 

.001 .106 42.10 47.2 

.002 .11+9 34.20 1J0.2 

.003 .187 32.57 40.2 

.005 .262 31.99 43.5 

.007 .346· 31.63 48.5 

.010 .h16 19.02 32.6 

.0125 ·500 11.50 23.0 

.0150 .543 10.24 22.4 

1000 2 o.o 0 .036 146.53 152·5 
.0005 .0'{8 58.80 63.8 
.001 .106 4-0. 61~ 45.5 
.002 . ])+9 31.59 37·2 
.003 .187· 29.11 35·9 
.005 .257 2'{.56 37.1 
.007 ·327 27.02 ho.6 
.010 .423 22.56 39.1 
• 0125 .490 16.47 32-3 . 
.0150 ·538 13.33 28.8 



182. 

Appendix VIII -9 

Variatlons of Sher>wod Number w:i.th Pec1et Number for l'l.i<:lss 

Tra.nsfer vrith Simultaneous Chemical Reaction 

Pe PeJ X RK t c Sh ShJ --... ---·-- ------
0 0 0 10.0 .oo .036 146.53 152.03 

.00125 .117 31.90 36.13 

.0025 .161 21.41+ 25. 51~ 

.0050 .220 14.80 18.96. 

.0075 .262 12.01 16.28 

.0100 .297 10.39 1h.78 

.015 ·350 8.56 13.17 

.020 ·391 7 ·52 12.31+ 

.025 .424 6.84 11.8.:3 

.030 .451 6-37 11.61 

.035 .lJ-711 6.02 1Lll6 

.040 .494 5·75 11.37 

4oo 100 0 10.0 0 .036 146.53 152.03 
.00125 .117 J2.13 36.37 
.0025 .159 21.89 26.oh 
.005 .21B 15.76 20.17 
.0075 .263 13. 51~ 18.36 
.01 .301 12.47 1'( .81~ 
.0125 ·336 11.91 rr.92 
.0150 .369 11.59 18.36 
.0175 .401 11.41 19.05 
.020 .1+33 11.29 19.91 
.025 .495 11.10 21.96 
.030 ·552 10.5l 23 0 5'( 
.035 ·599 9·51 23. 71.~ 
.040 .636 8.33 22.85 
.0438 .656 7·59 22.07 
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Appendix VIII-9 (cont'd) 

RK t c Sh 
--~---------.... _ ..... ____ ShJ 

Danckwerts 1 10.0 .001 .108 28.74 32.23 
Nodification of .002 .146 22.45 26.27 
the Nevman Equation .003 .175 18.62 22.58 

.005 .221 14.35 18.h2 

.007 .257 12.03 16.19 

.010 .29.9 10.01 14.28 

.015 -353 8.18 12.61+ 

.020 ·394 7.14 11.79 

.025 .428 6 .!~ 7 11.37 

.030 .455 ).99 11.00 

.035 .478 5.6lJ- 10.81 

.040 .498 5·37 10.70 

Danckverts' 10.0 .001 .160 53·51 63.70 
Nodification of .002 .224 35·911 ~-6.30 
the Kronig and Brink .003 .269 27.91 38.18 
Equation .005 ·335 20.55 30-90 

.007 ·385 17.02 27.66 

.010 .443 ]_l~ .05 25.23 

.015 ·516 11.37 23.lq 

.020 ·570 9.82 22.8h 

.025 .612 8.80 22.70 

.030 .647 8.06 22.81 

.035 .674 7.51 23 .0~-

.o4o .697 7·07 23.33 



Appendi x VIII -9 ( cont 1 d) 

Pe PeJ X RK t 'C" Sh sh.r_ 

2000 500 0 10.0 0 .036 146.53 152.03 
~00125 .116 37·29 lJ.2.19 
.00250 . 164 31.08 37.16 
.0050 . . 255 29.91 l.~o .15 
.0075 ·354 29.15 45. 15 
.01 .4JO 19.25 33·79 
.0125 .1}72 12.95 21+. 52 
.0150 · 503 12.03 24.21 
.0175 · 533 11.90 25.50 
.020 .562 11.10 2).32 
.025 .604 9.hl+ 23.80 
.030 .639 8.90 24.67 
.035 .666 8.16 21~. 47 
. Oi+O . 690 7·79 25.12 
.0438 ·10l.f. 7.44 25.15 

4000 1000 0 10 .0 .oo . 036 1~6.53 152.03 
.00125 .119 51.17 58.05 
.0025 .184 49.61+ 60.81 
.0050 · 324 37.02 54.77 
.0075 ·387 17.69 28 .87 
.010 . 439 17.0~ 30.35 
.0125 .478 13 . 57 26.02 
.0150 . 513 13.08 26.86 
.0175 • 51+2 n. 56 25.24 
.020 . 568 11.16 25.80 
O'Y • c..) . 610 9·98 25.59 

.030 • 6llJJ. . 9.16 25.76 
. . 035 . 672 8.57 26.11 

.Ol+O .695 8.10 26.54 



Appendix VIII-10 

Variations of Sherwood Number v:L th Peclet Number for Jl1ass 

Transfer I·Ti th Simu1taneoe1s Chemical Reaction 

Pe PeJ X RK t c Sh ShJ 

0 0 10, 000 200 0 .036 146.53 152 . 5 
.00125 .110 38·33 43 .1 
.0025 .140 30 .82 35 ·9 
.00375 .158 28.1+6 33 ·9 
.005 .170 27 . 39 33 .0 
.0075 .183 26.51 32 .4 
.010 .190 26.20 32. 4 
.0125 .193 26 .. 07 32.4 
.0150 .195 26.00 32 .4 
.0175 .196 25 .98 32 .1+ 
.0200 / .197 25.97 32.1+ 
.0250 .197 25 .96 32.4 
.0265 .197 25 .96 32.40 

320 80 0 200 0 .036 146 . 53 152 . 5 
.00125 . 109 . 38.46 1.3 .2 
.0025 . li+O 31 .05 36 .1 
.00375 .157 28 .77 34 . 2 
.005 .169 27.78 33 · 5 
.0075 .183 27 .02 33 ·1 
.010 .190 26. 78 33 -1 
.0125 .193 26.69 33 .1 
.0150 .196 26.66 33·3 
.0175 .197 26 .65 33 ·3 
.0200 .193 26.64 33·3 
.0250 . 198 26.64 33· 3 
.0300 .199 26. 61+ 33 · 3 
.0350 . 199 26 .64 33·3 
. Ol+OO .199 26 .64 33 ·3 
. Ol~25 .199 26. 61! 33· 3 

1000 250 0 200 0 .036 146.53 152 .0 
.0005 .076 60 .37 65. 5 
.001 .10 l~ 3.14 118 .0 
.002 .129 34 .47 39 .6 
.003 .148 32 .08 37·7 
.005 .172 30.82 37 .2 
.007 .188 30 . 59 37 ·7 
.01 . 203 30 . 54 38 . 3 
.015 . 214 30.41 38 .7 
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Appendix VIII-10 ( cont ' d) 

Pe PeJ X RK t c Sh ShJ ------
1000 375 0 200 0 .036 146.53 152 .0 

.0005 . 076 61.03 66 .0 
(1. 5 x Hadamard Velocity ) .001 . 10 h lJ .• 4o 49.4 

. 002 .130 36.61 42 .1 

. 003 . 150 31.1.84 41.0 

.005 . 178 34 .19 41.6 

.007 . 199 34 .13 1+2 .6 

.01 . 219 33·93 lf3.h 

.015 . 229 32.83 42.5 

1000 1000 0 200 0 .036 11f6. 53 152.0 
.0005 .076 68 .08 73.8 

(h x Hadamard Velocity ) .001 . 100 57.04 63 . 5 
.002 . 138 5h. 51+ 63.3 
.003 . 171+ 5Lf.45 66.0 
. oo4 . 205 54.lh 68.0 

' . 005 . 227 )+9.14 63 . 5 
.007 . 244 l.f2. 67 56.5 
. 01 . 256 l.l2 . 44 57 -0 
.015 . 264 b,]., 9£3 5'1 . o 

Danclnrert s I 200 .001 .098 . 38·75 42.93 
Modificat:i.on of .002 . 129 30.84 35·39 
the Ne1-rman Equation : .003 .147 28.00 32 .85 
(43 t erms in the .005 .169 25.85 31.. 12 
series solution ) .007 . 181 25 .09 30 . 63 

. 009 . • 187 24.76 30 . 47 

. 010 .190 '24. 67 30. Lfl.f 

D<:m ckHerts I 200 . 001 . 098 37·95 h2.06 
Modiftcation of .002 . 129 30.06 34 . 50 
t he Kronig and . 003 .148 27 . 22 31. 93 
Brink :E~quation . 005 . . 169 25.07 30.18 

. 007 . .181 24 . 31 29 . 68 
·'' .010 .190 23.89 29 . 48 

.015 .195 23.70 29.44 

.020 .197 23.66 29 . 45 

. 025 .197 23 . 65 29.45 

. 030 .197 23.65 29 . l.f6 

. 035 .197 23.65 29.1.16 

.040 .197 23.65 29 . 46 



IX Appendices for Experimental Section IV for 
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Appendix IX-1 Mcasm·ement of TeTminal Velocity of Dispersed Phase 

The terminal velocity of falling drops vras measured photo

graphically by an open flash technique, us i ng a Strobotac. The Strobotac 

i s a strobe1ight 1vi th a variable flash rate , normally used to measure 

r otational speeds . 'I~1e accuracy i s :_ 1%. 

Tne apparatus is shmm schematically in Figure IX-1. The 

Strobotac was placed to the rear and above t he nozzle . The camera was 

focused in front of t he apparatus and the shutt ers were held open. Tne 

drops were photographed ,,ri th the room lights off and. vri th the Strobotac 

providing the only source of light . 

Hence , a picture showing a series of images of a single drop 

f alling i n f ront of the camera -vms made . An example is shovm in F i gure 

I X-2. Knovring the flq,sh rate and the magnification factor, the d_rop 

velocity vw.s found b y measuring the d.isto,nces beh·reen the images of 

t he drop . 

I 



of Falling DrOJl'-> 

Stro1Y2Hght. 

0 



190. 
Figure IX-2 Stroboscopic Picture of a Water Drop Falling in Paraldehyde 



Appendix IX-2 

. Tomoda' s method ( 95 ) was used to determine the acetaldehyde 

control. The compound v.'as alloVTed to go through a series of reaction, 

as represented by the following equation:-· 

CH3CHO + NaHso3 -:>- CH3CH-9H 
S03Na 

Na2so3 + C02 + H20 + CH3CJIO 

~ NaHSO., . J 

Finally, the sodium sul.fi te formed, -v:as ti tratcd with iodine solution 

fmd the equivalent a'Uount of acetaldehyde >·ra.s then estimated. 

IX Procedu-re 

l) Place the sample in a 250-·ml Erlenmeyer flask, containing cold 

water and 5 mls of 2of:, sodium bisulfite solution. 

2) Let stand for ten minutes. 

3) Titrate -vrith .02N iodine solution. 

4) After the blue end point is reached, add an excess of sodium 

bicarbonate, and continue titration to second end point. 

IX Calculation ------·' 
% Acetaldehyde by wt 

= Iocline titre x 22.() x 100.0 

191. 



192. 

C<tlibration curves were made for Bausch and Lomb Dipping 

Hefractometer , using Prism A. An initial curve was made for refra ctive 

index versus vreight percent concentration of solute in aqueous s olutions . 

Saturation concentration of the solute Has found by first measuring the 

refractive index of the saturated solution . 'I'hen the solution was 

diluted until the refractive index fell 1d.thin the indices for known 

solution . Flno.lly ,the calibration curve vra s extrapolated t o the saturation 

conc entration. 

The calibration curves 1vere plotted in Figure IX- 3 as percent 

by weight concentration versus · scale r eading on the Re fractome ter . 

Charts are available to convert these r eadings to refractive indices 

if desired . 
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Appendix IX-4 

Physical Properties of Systems Studied for Mass Transfer 

Continuous . p Initial 
System ... .-a Drop Solute Cone. ;0 Temp • 
(Saturated with Water) grr-./_ c r;_. poise 1:_ by Wt. gJEL cc. ~.c. 

E-i:.hyl Acetate 0-9070 0.0053 o.o 0-9982 20 
1.6 0-9990 
3-7 0-9988 
5-4 0-9968 

Butyl Lactate 0-9926 o.o483 o.o 0-9982 20 
1.7 1.0014 
4.2 1.0021 

Paraldehyde 0.9960 0.1425 o.o 0.9982 20 
2-85 1.0096 
5-75 1.0126 
9.4 1.0149 

Cyclohexanol 0.9510 0.128 o.o 0-9957 30 
0.9 0-9998 
1.78 0-9997 
2.65 0-9995 

Saturation Cone. 
Solute in Hater 
ojo by Ht. 

7-92 

5·35 

13.0 

3·59 

f-' 
\2._ ..... . 



Appendix IX-5 

SysteM Initial Drop 
Drop Rt. 
Cone. ern.. 
% by '\'lt . 

.. 
Ethyl 0 94.631 
ltcetate 
-H2o 

75.582 

53.143 

30.457 

7.231 

o.o 
1.6 ~4.631 

Physical M,.ss Transfer De.ta 

Drop Time-Sec. E~<it Efficiencies for 
Avg. +~- ~ (;::' Cone. Regressed Data - l-~05~ ··) 

% by ~vt. E'.i' EM 

9.50 0.026 5-95 6.20 o. 757 0. 701 
5.90 6.00 
5.90 5.85 
6.20 6.20 

7.61 0.025 6.10 5.90 0. 768 0.714 
5-90 5.80 
6.00 6.00 
6.00 6.00 

5-35 0.014 5.40 5.60 0.674 0.599 
5.60 5.60 
5.60 5.55 
5.50 5.55 

3.09 0.016 3.60 3.70 0.495 0.379 
3.60 3.80 
3.80 3-70 
3.90 3· 70 

. o. 78 0.016 2.15 2.05 0.263 0.094 
2.30 2.20 
2.20 2.10 
2.05 2.15 

o.o 0.0 0.187 0.0 
9.57 0.028 6.20 6.20 o. 724 0.668 

6.20 6.20 

Drop Rad-~m. 
A _,_. '"'fx) vg • ..:.. '.o5;;:;,' 

0.134 0.0009 

0.135 0.0011 

l-' 
\0 
\Jl 



Appendix IX-5 (cont 1 d) 

System Initial Drop 
Dr op Ht . 
Cone . em. 
ofo by Ht . 

.• 
Ethyl 1.6 75 . 582 
Acetate 
-H20 

53 . 143 

30 . 457 

7. 231 

0.0 
3.7 94 . 63J-

75 . 582 

53 .1)+3 

30 . 457 

Pr~sical Mass Tr~~sfer Data 

Drop Time - Sec. Exit Effic iencies for 
Avg . ·+ c<(:::) Cone. Regressed Data 

::::. v. o5'"' '" % o:r wt . ET EM 

7. 61 0 .018 5 .90 5 .90 0 . 686 0 .622 
5 . 90 5 .90 

5-37 0 . 021 5. 30 5 . 40 0 . 578 0'. 492 
5.40 5.1+0 

3. 04 0 .013 4.00 4. 20 0. 421 0 . 303 
4.20 ~- . 35 
4 .10 4 . 10 
4. 35 4 . 35 

0 . 73 0.015 3. 10 3. 00 0 . 231 0 . 07)+ 
3. 15 3-15 

0 .0 0. 0 0. 169 0 . 0 
9.50 0 .022 6 . 20 6 . 20 0 . 588 0. 498 . 

6.10 6 . 25 

7-53 0. 021 . 5 .90 6 . 00 0 .546 0 . 447 
6 . 00 6 .05 

5 . 28 0 .023 5.l+5 5.60 o . ~-28 0 . 304 
5 . 50 5 .60 

3.10 o ;o14 4. 80 4. )5 0 . 297 0. 14l+ 
4 . 85 4.95 
5. 05 5 .05 

Drop Rad- cm . 
Avg . :.t.otf> C"X) 

0 . 136 0 .0012 

1-' 
\.0 
0\ . 



Appendix IX-5 (cont'd) Physical Mass Transfer Data 

System - ·.+-· .., Drop Drop ~l'ime-Sec. Exit Efficiencies for Drop Rad-er;. J.U~v~a.t. 

Drop. Ht. 
. 

Avg. +t s(i) Cone. Regressed Data r-) Avg. :!:_t,
05

sp: 
Cone. c1n. - .05 o/o by Ht. ET -;;' 

r{o by Wt . 
"'"'M 

... 

Ethyl 3-7 7.231 0.73 0.013 h.65 4.65 0.199 0.024 
Acetate 4.45 4.55 
-H,-,0 

r.:. 
l:..45 4.50 

o.o 0.0 0.0 0.179 o:o 
5. 34' 94.631 9.54 0.027 6.20 6. 30 0.404 0.388 0.134 0.0011 

6.50 6.L!-O 

75-582 7.64 0.019 6.20 6 .. 20 0.328 0.310 
6.25 6.10 

53.143 5-37 0.017 6.00 6~00 0.239 0.218 
G.oo 5.90 

30.457 3-13 0.015 5.80 5.80 0.148 0.125 
5.80 5. 75 

7.231 o. 79 0.015 5.45 5.50 0.056 0.030 
·5-35 5.ho 

0.0 0.0 0.0 o:o27 0.0 

Cyclohexanol 0.0 94.631 31+. 22 0.156 1.95 2.00 0.552 0.415 0.156 0.0020 
H 0 2.05 1.90 - 2 

1.90 1.95 
2.08 2.10 

75.582 26.70 0.212 1. 70 l. 70 0.488 0.331· 
1.60 1.55 
1. 70 1.75 

I-' 
\.0 
-...J . 



Appendix IX-5 (cont'd) Physical Mass Transfer Data 

System Init:Lal Drop_ Drop Ti:ne-2ec. Exit Efficiencies for Drop Rad-cm. 
Drop Ht. Avg. +t s(X) Cone. Regressed Data Ave;. ::_ t_

05
s (X) 

Cone. a:n. 
- .05 % by '1vt. ET -;;> 

% by vlt • 
.wM 

. " 

Cyclohexanol 0.0 53.143 19.41 0.184 1.55 1.50 o. l-tl2 0.233 
-H2o 1.53 1.45 

1.60 1.65 

30.457 10.75 0.100 1.25 1.30 0.336 0.133 
1.20 1.20 
1.30 l. 38 

7.231 2.34 0.013 0.95 0.90 0.258 0.032 
0. 75 0.80 
0.90 0.90 

0.0 0.0 0.0 0.23 0.0 
0.9 94.631 33.66 0.122 2.38 2. 35 0.531 0.375 0.153 0.0016 

. 2.30 2.23 
2.35 2.35 
2.35 2.30 

75.582 27.38 0.081 2.16 2.16 0.474 0.299 
2.14 2.20 
2.08 2.03. 

53.143 20.24 0.111 1.93 1.97 0.407 0.211 
2.05 2.15 
2.10 2.05 

30.457 11.36 0.056 l. 72 l. 78 0.340 0.121 
1.95 1.90 
1.95 1.93 

f-J 
\.0 
OJ . 



Appendix IX-5 (cont'd) P:.>1ysical Mass Trnnsfer Data 

Sys~em . Initial Drop Drop Time-Sec Exit Efficiencies for Drop Rad-c:rr. 
Drop Ht. A\.rg. +t ?(x) Cone. Regressed Data Avg. +t s(x) 
Cone. em. - .o % by Ht. ET EM - .05 
% by wt . 

.• 
Cyclohexa.'1ol 0.9 7.231 2.38 0.018 1. 52 1.52 0. 271 0.029 
-H20 1.58 1.55 

1.65 1.63 
o.o 0.0 0.0 0.249 0.0 

1. 78 9)+.631 33.73 0.042 2. 75 2.75 0.531 0.410 0.158 .0017 
2. 75 2. 70 

75.582 26.58 0.085 2. 70 2. 70 0.486 0.353 
2.65 . 2.65 

53.143 18.88 o.ol.~o 2.50 2.50 0.420 0.269 
2.50 2.55 

39-457 10.59 0.057 2.40 2.~-0 0.338 0·.167 
2.40 2.45 

7.231 2.34 0.019 2.20 2.20 0.239 0.043 
2.20 2.23 

o.o 0.0 0.0 0.206. 0.0 
2.67 94.631 33.60 0.076 3.18 3.18 0.531 0)~39 0.156 .0009 

3.23 3.23 

75.582 26.69 0.048 3.10 3.15 0.486 0.351 
3.13 3.13 

53.143 18.93 0.041 3.05 3.05 0.420 0.247 
3.05 3.10 

f-' 
\C 
\C . 



Appendix IX-5 (cont'd) Physical Mass Transfer Data 

System Initial DroP. Drop Time - Sec . Exit Efficiencies for Drop Ra,d- em. 
Drop Ht. Avg. :!:t.05s(x) Cone . Regressed Data Avg . :t.t.0 fCX.) 
Cone. err.. . %by wt . ET r.:M 
.% by Wt. 

- l 

Cyclohexanol 2.67 30 . 457 10. 82 0 . 053 3.00 3. 00 0 . 338 0 . 141 
-H20 3.00 3. 00 

7.231 2 . 37 0 . 020 2. 95 2 .90 0 . 239 0 . 34 
2.90 2 . 90 

0 . 0 0 . 0 0 . 0 0 . 206 0 . 0 

Paraldehyde 0.0 94 . 631 24 . 22 0 . 536 8 .1.;.5 8 . 35 0 . 6~:4 0 . 508 0.300 0.0059 
-H"O 8. 35 8 . 30 c. 

75 .582 19 . 51 0.282 7-95 7.95 0.601 0 . 4l.J-9. 
7.80 7 . 70 

53 . 143 ll.~ . 89 0 . 138 6 .90 6 .90 0 . 541 0 . 366 
7. 10 7. 05 

., 

' 30 . 457 9 . 45 0 . 159 5 .90 5.95 0.456 0 . 249 
6 .00 6 . 00 

7. 231 2 . 42 0 . 058 1-:- . 25 1+ . 25 0 .328 0.071 
4. 20 lj. , 30 

0.0 0 . 0 0.0 0.276 0 . 0 
2.85 9l-t . 63l 22. 61 0.187 9 . 30 9 . 30 0 . 632 0.507 0 . 265 0.0077 

9 . 25 9 . 25 

15 .582 18. 56 0.113 9 . 05 9 . 00 0 . 603 0 . 469 
8 .90 8 . 85 

1\) 
0 
0 . 



Appendix IX-5 (cont'd) 

S:srstem , Initial Drop 
Drop Ht. 
Cone. '2:1".. 

~s by wt . .. 
Paraldehyde 2.85 53.143 
-'1-( 0 -·2 

30.457 

7.231 

o.o 
5. 75 94.631 

75.582 

53.143 

30.457 

7.231 

o.o 
9.4 94.631 

Physical Mass Transfer Data 

Drop Time-Sec. Exit Efficiencies for 
Avg. .-!:_t.o?(X) Cone. Regressed Data 

% by lvt. 'li' EM .,~.:;r,-, 

.1. 

13.95 0.150 8.30 8.30 0.539 0.382 
8.30 8.35 

8.61 0.105 7.30 7.35 0.440 0.250 
7.25 7.1+5 

2.27 0.074 6.05 6.05 0.303 0.067 
5. 75 5.80 

0.0 0.0 0.253 o.o 
22.18 0.320 10.05 10.05 o.6o4 0.507 

10.20 10.15 

17.80 0.115 9. 70 9-70 0.541 0.469 
9.8o 9-65 

13.24 0.138 9.15 9-15 0.481 0.382 
9.15 9.25 

7.98 0.052 8. 70 8. 75 0.397 0.250 
8.60 8.60 

2.05 0.059 7.50 7-55 0.246 0.067 
7-~·5 7.60 

. 0.0 0.0 0.179 0.0 
21.04 0.192 10.95 10.90 0.452 0.365 

11.00 11.15 

Drop Rad-.cm. 
Avg. ."!:~o5s(i) 

0.243 0.0080 

0.230 0.0055 

J\) 
0 
f-' 



Appendix IX-5 (cont' d) Physical Mass Transfer Data 

System Initial Drop Drop Time-Sec. Exit Efficiencies for Drop Rad- em. 
Drop Ht. Avg. ~t.0~(x) Cone. Regressed Data Avg. ~t~0;S(x) Cone. ern. % by Wt. ET El\1 
(Jl by Wt f.E_.:_ • 

Paraldehyde 9.4 75.582 17.12 0.238 10.85 10.80 0.388 0.292 
-H20 10.70 10.75 

53.143 12.70 . 0.415 10.65 l0.65 0.313 0.205 
10.65 10.55 

30.457 7.10 0.120 10.25 10.25 0.238 0.118 
10.25 10.20 

7-231 1.79 0.059 9-95 9-95 0.160 0.028 
9.90 10.00 

0.0 0.0 0.0 0.136 0.0 
Butyl 0.0 90.0 74.44 0.610 4.60 4.60 0.865 0.819 0.234 0.00)+7 
Lactate 4-.60 4.60 
-H20 

70.0 61.35 0.590 4.25 4.27 o. 799 0. 730 
1.;.. 30 4.30 

50.0 45.75 0.355 3.68 3.65 0.671, 0.558 
3.60 3-50 

30.0 27.18 0.269 2.73 2. 76 0.513 0. 345 
2.60 2.50 

7.0 5.88 0.086 1.80 1.85 0.316 0.081 
1.60 1.65 

o.o 0.0 0.0 0.256 0.0 
1.7 90.0 83.55 0.384 4.45 4.~-0 0. 763 0.684 0.208 .0025 

4.45 4.50 
i\) 
0 
i\) . 



Appendix IX- 5 (cont'd) Physical Mass Transfer Data 

System Initial Dro.e Drop 'Iime - Sec Exit Efficiencies for Drop Rad-cm. 
Drop Ht . Avg . . =.t:o!f(x) Cone. Regressed Data Avg . :!:t~ofCX) 
Cone. em. % by 1Nt . ET EM 
% by Wt . .. 

Butyl 1.7 70.0 67. 25 0. 325 4.10 4. 15 0. 649 0. 532 
Lac t G..te 4. 00 4.10 
- H20 

50 .0 47.21 0. 462 3.65 3.60 0.535 0. 380 
3. 70 3.60 

30 .0 28 . 39 . 0.062 3.10 3.15 0.421 0. 228 
3. 25 3.30 

7.0 5. 8~L 0.055 2. 75 2.60 0. 290 0.053 
2. 85 2.85 

0.0 0.0 0.0 0. 250 0.0 
4. 2 90 .0 78 .60 0. 555 4. 85 4. 85 0. 556 0. 456 0.203 .0039 

4. 85 4. 80 

70 .0 63 .13 0.995 J.: . • 75 4. 75 0. 504 0. 392 
4. 75 4. 75 

50 .0 43 .11 0.140 L~ . 65 4.65 q.i.J35 0. 307 
4. 75 1+. 75 

30 .0 25 . 38 0.096 4.60 1+ .60 0.348 0. 200 
4.60 4.60 

7.0 5. 34 0 .01+9 4 . ~-5 J.: .• i+5 0. 226 0.051 
1+.45 4.45 

0.0 0.0 0.0 0.184 0. 0 

f\) 
0 
VJ . 



Appendix IX-6 Correlation of Paysic~1 Mass Transfer Data 
for Percent Transferred. vs Drop Ht. by HLTRG Analysis 

System. D~op Correlation Standard Degrees 
Cone. Error Freedom 

% by Ht. Estimate 

Et hyl 0 -- y = 1.479 + o .o8l1-x - 0 . 405 x lo-5x3 0 . 18556 37 
Acetate, 

y = 2.668 + 0 . 054x - 0 .189 x lo-5x3 1.6 0.10743 21 
H20 

y = 4. 456 + 0.0096x + 0 . 238 x lo - 3x2 - 0 . 164 x lo- 1x4 3. 7 
' 

0 . 08399 20 

5.3~ y = 5 . 409 + O.Ol 03x 0 . 08167 18 

Cyclo- 0 y = o . Sl~o + o.01205x 0 . 09419 30 
hexano1, 

0 .9 y = 1 . 571 + o . oo8x 0 .08041 30 
H2o 

l. 78 y = 2. 152 + o . oo865x - 0 . 256 x lo- 4x2 0 . 02927 17 

2 .67 y = 2. 892 + 0 . 003211-x 0 . 02164 18 

Paralde - 0 y = 3. 591 + .0976x - . 7699 x lo- 3x2 + 0 . 2877 x lo -5x3 0 . 08662 16 
hyde, 

y = 5. L~l8 + 0 . 0'724x - 0. 336 x 10·· 3x2 2.85 0 . 08878 17 
,- 0 
~ 

5 . 75 y = 7. 048 + o . 0729x - 0 . 8172 x 1o- 3x2 + o.T-1-129 x 1o-5x3 0 . 07591 16 

9 . 4 y = 9 . 89 + O. Ol20x 0.07761 18 

Butyl 0 7 4 y = 1 . 363 + o .o46x - 0 .1358 x 10- x 0 . 09312 17 
Lactate, 

I 1.7 y = 2 . 606 + 0.0207x 0 . 0741~5 18 
H,.,O 

l y = 4. 408 + 0.0069x - 0 . 248 x l0-~·x2 c: 
4.2 0 . 02909 17 

Hot e: MLTRG = Iviultip1e Regress i on 
f\) 
0 



Appendix IX-7 

System Drop 
Cor.c. 

% by vlt. 

Ethyl 0 
Acetate , 

?.:20 

Cyclo 
hexanol, 

H 0 ... 2 

Paralde
hyde : 

H
2

0 

Butyl 
Lactate , 

H2o 

1.6 

3. 7 

5. 34 
' 

0 

0.9 

J. . 78 

2.67 

0 

2. 85 

5. 75 

9 .4 

0 

1.7 

LJ .• 2 

Correlation of Physical Mass Transfer Data 
for Percent Transferred ·..rs Drop Tj.m.c by H.LTRG .Analysis 

Correlation 

y = 1.429 + o.8464t - o.oo4o5t3 

y = 2.671 + 0. 5382t - 0.00186t3 

y = l-t.2~62 + o.o846lt + o.o26l4t2 - o.177 x l0-3t4 

y = 5. 325 + o. l49t - o . oo2~5t2 

y :: 0.8464 + 0.0333t 

y = 1. 561 + 0.0225t 

Y = 2. 158 + 0.0242t - 0. 2039 X 10-3t2 

y:: 2. 894 + 0.00909t 

y :: 3.664 + 0 . 2 ~-7t - 0. 896 X 10-4t 3 

Y = 5. 389 + o. 234t - 9.121 x 1o-3t3 

y = 6.998 + o. 284t - o.o12t2 + 0.25 x lo-3t3 

y = 9. 865 + 0.0546t 

y = 1.523 + o.0318t + o.4ol x lo-3t2 - o. 493 x 1o- 7t4 

y = 2.61 + 0.0219t 
). 2 

Y = 4. 415 + 0.00776t - 0. 325 X 10-~t 

Note : Ml.TRG = Multi:9le :Regress:'con-

Standard Degrees 
Error Freedom 
Esti mate 

0. 1866 37 

0.10·40 21 

0.08502 20 

0.0744 

0.0899 

0. 0769 

0. 0303 

0.0215 

0.0858 

0.0872 

0.0773 

0.0685 

0.0817 

0 .0737 

0.0307 

17 

30 

30 

17 

18 

17 

17 

16 

18 

16 

18 

17 
[\) 
0 
\Jl 



Appendix I X- 8 

System Dr op 
Cone. 

%by Ht. 

Ethyl Acetate 0 
- H20 

1.6 

3. 7 

5 . 34 

95% Probabil-i..ty Range for Nor mal Distribution 
.:. l. 96S¢c) for Physical Mass Transfer 

Dr op Avg. Exi t Degrees Replicate 
Ht. Cone . Freedom Standard 
em. % by l-it . Deviation S(x) 

94 .631 6 . 025 7 0 . 151 
75 . 5E32 5 . 963 '7 0 . 092 ' 53. 143 5 . 314 7 0 . 088 
30 . 457 3. 715 7 0 . 104 

7. 231 2 .163 7 0 . 085 

94 .631 6 . 20 ? 0 . 001 ...) 

75 . 582 5 .90 3 0 . 001 
53.143 5 . 375 3 0 . 050 
30 . 1~57 4 . 206 7 0 . 135 

7. 231 3. 10 3 0 . 071 

94 .631 6.1·38 3 0 . 063 
75.582 5 .988 3 0 . 063 
53. 143 5 -538 3 0 . 075 
30 . 457 h .942 c: 0 . 102 .I 

7. 231 4 .542 5 0 . 092 

91.~ . 631 6 . 35 3 0 . 129 
75. 582 6 .188 ? 0 . 063 ...) 

53 . 143 5 .975 3 0 . 050 
30 . 457 5 . 788 3 0 . 020 

7. 231 5 . l:.25. ? 0 . 065 ...) 

Cone . 
95% Probabili t.~; 
Range ± l. 96S(!) 

0 . 287 
0 . ]_ 75 
0 .167 
0 . 217 
0 .162 

0 . 0019 
0 . 0019 
0 . 095 
0 . 257 
0 .135 

0 . 120 
0 . 120 
0 . 143 
0 . 194 
0 . 175 

0 . 245 
0 . 120 
0 . 095 
0 . 038 
0 . 1235 

i'.) 
0 
0'. 



Appendix IX-8 (cont ' d) 

System Dr op 
·Cone. 

cfo by Wt. 

Cyclohexanol 0 
- H20 

' 

0. 9 

l. 78 

2.67 

95% Probabilit.7 Range for Normal Distribution 
. ::_ l. 96E(x) for Physical Mass Transfer 

Drop Avg. Exit Degrees Replicate 
Ht. Cone . Freedom Standa..rd 
em. 'fa by Ht. Deviation S(x) 

9l-t . 63l 1.99 7 0.0786 
75 . 582 1.667 5 0.0753 
53 . 1)+3 1.547 5 0 .07l2 
30 .1+57 1.272 5 0.0694 
7.231 0.85 5 0.0753 

94 .631 2. 326 7 0.0475 
75 .582 2. 128 5 0.0621 
53 .143 1.042 5 0.0811 
30 . )._~57 1.872 5 0.0979 
7. 231 1..575 5 0 .0554 

94 .631 2. 738 ';;) 0.025 ...) 

75 . 582 2.675 3 0 .0289 
53 . 143 2.513 3 0.0250 
30 .457 2. 413 3 0.025 
7. 231 2. 208 3 0.015 

94 .631 3. 205 3 0.0289 
75 .582 2. 128 3 0.0206 
53 .143 3. 063 3 0.0250 
30 .457 3.00 3 0.000 
7. 231 2.913 3 0 .025 

Cone. 
95% Probability 
Range ± l . 96~) 

0.1l.t95 
0 . 1430 
0. 1355 
0.132 
0.11+3 

0.0903 
0. 118 
0.15)+ 
0 .186 
0. 1055 

0 .0475 
0.055 
0.0475 
0 .0475 
0. 0285 

0 .055 
0 .0391 
0.0475 
0.0 
0. 0475 

1\) 
0 

-..;J . 



Appendix IX- 8 (cont !d) 

System Drop 
··cone . 
%by Ht. 

Paraldehyde 0.0 
- H2o ' 

2. 85 

5. 75 

9. 4 

95~~ ProbabHi ty Range for Normal Distribution 
:: L 96S(x) for Physical Ivlass Transfer 

Drop Avg Exit Degrees Replicate 
TJ.L. 
. u.lt .. Cone . Freedom Standard 
Cr.J • % ~:v- \vt . Deviation S(x) 

94 .631 8 . 363 3 0.0629 
75 .582 7. 85 3 0.1225 
53. 1~-3 6.699 3 0 .1031 
30 .457 5.963 3 O.Ol.J-79 
7. 2Jl )_~ . 625 3 o. oL~os 

94 .631 9.275 3 0.0289 
75 .582 8.95 3 0.0913 
53 . 143 8. 313 3 0.0250 
30.457 7. 338 3 0.0.354 
7.231 5.913 3 0.1601 

91+ . 631 10 .113 3 0.075 
75.582 9 . 713 3 0.0629 
53 . 1)_1-3 9 .175 3 0.0500 
J0 . ~'-5 7 8.663 3 0.0750 
7. 231 7. 525 3 0.0646 

94.631 11.00 .., 0. 1080 :> 
75 . 582 10 . 775 3 0.061+6 
53 . 11+3 10 .625 ') 

j 0.0500 
30 . 1~57 10 . 238 3 0.0250 
7. 231 9.95 3 0 . 01+09 

Cone. 
95% Probability 
Range ± l . 96S LJf) 

0. 120 
0. 233 
0.196 
0 .091 
0 .0775 

0.055 
0 .173 
0.0475 
0.162 
0 . 304 

0. 11+25 
0. 120 
0.095 
0.143 
0.124 

0. 206 
0.124 
0.095 
0.0475 
0.078 

rv 
0 
(;:) . 



Appendix IX- 8 (cont' d) 

System Drop 
··cone. 

'fo by Wt. 

Butyl Lactate 0 
- H20 ' 

1.7 

4.2 

" 

95% Probability Rar..ge for Norma.1 Distribution 
_::: 1 . 96S(X) :fer Physical Mass Transfer 

Drop Avg. Exit Degrees Replicate 
Ht . Cone· Freedom Standard 
em. ~fo by Wt. Deviation S(x)" 

90 . 0 4 . 60 3 o . oco6 
70 . 0 4 . 28 3 0 . 0245 ' 
50 . 0 3 . 608 3 0 . 0789 
30 . 0 2.648 3 O.l20L~ 

7. 0 1 . 725 3 0 . 1190 

90.0 4 . 475 3· 0 . 0408 
70 . 0 4 . 088 3 0 . 0629 
50 . 0 3. 638 3 0 . 0479 
30 . 0 3. 20 " 0.0913 .) 

7.0 2.75 3 0 . 1181 

90 . 0 4 . 838 3 0 . 0250 
70.0 4 . 75 -:> 0.00 ..) 

4 . 70 50.0 ~ 0 .0577 ...) 

30 . 0 4 .60 3 0 . 0006 
7. 0 . 4 . 45 3 0 . 0008 

Cone. 
95% Probability 
Range ± l. 96S(~) 

0 . 0014 
0 . 0465 
0 . 150 
0 . 229 
0 . 226 

0 . 0775 
0.120 
0 . 0913 
0 . 135 
0 . 22L~ 

0 . 0475 
0 . 00 
0 . 110 
0 . 00114 
0 . 00152 

f\) 
0 
\0 



Appendix IX-9 Analysis of Variance for Mass Transfer Data 

Source Degrees Variance Calcid 
Freedom s2 (x) F 

System: Ethyl Acetate, H20 Initial 3 8.03 922.75 
Cone 

Variables 
(l) Initial Drop Cone Drop Ht 4 26 . 34 3,026 . 8 

o%, 1 . ~%, 3-7%, 5 . 34% 

(2) Drop Ht - em Interaction 12 2. 24 257.71 
94.631, .75.582, 53.143, 30 . 457, 

7.231 Error 88 0 . 009 

System: Cyclohexanol, H20 Initial 3 11.097 3,139 . 81 
Cone 

Variables 
(1) Initial Drop Cone Drop Ht 4 1.440 407.50 

'-, o%, 0 . 9%, 1 . 8%, 2. 65% 

(2) Drop Ht - em Interaction 12 0.1777 50 . 28 
94 .631 , 75 -582, 53 . 143, 30 . 457, 

7.231 Error 84 0 .0035 

Tabulated 
F .05 

2. 71 

2 . 47 

1.87 

2 . 72 

2 . 48 

1.88 

Total 
number 
Data 

108 

104 

rD 
~ 

0 



Appendix IX-9 (cont'd) 

Analysis of Variance for Mass TTansfer Data 

.. Source Degrees Variance Calc'd 
Freedom s2 (x) F 

S:,rstem: Pe.raldebyde, H20 Initial 3 52.982 8,919.973 
Cone 

Variables .. 
(1) Initial Dron Cone Drop Ht 4 19.528 3,287.685 

od 2 8"-% 5 75d 9 4d ;0' • ,I 0' • I ,o' • fO 

(2) Drop Ht - em Interaction 12 1.123 189.053 
94.631, 75.582, 53.143, 30.457, 

7.231 Error 60 0.0059 

System: Butyl Lactate, H,..,O Initial 2 9.417 2,028.03 
c. 

Cone 
Variables 
c- ~ .L, Initial Drop Cone Drop Ht 4 5.350 1,152.07 

o%, 1. 7%, 4. 2% 

(2) Drop Ht - em Interaction 8 1.092 235.11 
90.0, 70.0, 50.0, 30.0, 7.0 Error 45 0.001+6 

Tabulated 
F.05 

2.76 

2.52 

1.92 

3.20 

2.57 

2.14 

Total 
nw.'TI.ber 
Data 

8C 

60 

r\) 
;-. ..: 
;....> 



Appendix IX-10 

EM Data Ca~culated Relative to EM at 7 em Drop Height.Drop Time t 
~alculated Relative to Drop Time for 7 em Drop Height 

System Initial Relative t 0.5 Relative System Initial Relati"l;e to. 5 
Drop ~ Drop Time EM Drop Drop Time 
Cone. Sec. Cone. Sec. 
~ b~r wt. ofo by Wt. 

Ethyl 0.0 8.72 2.95 0.67 Cyclohexanol, 0.0 '31.88. 5.65 
' Acetate , 6.83 2.61 0.685 24.36 4.93 

4·.57 2.14 0.557 H20 17.07 4.14 
H20 2.21 1.49 0.315 8.41 2.90 

0.0 0.0 0.0 0.0 0.0 

1.6 8.84 2.97 0.641 0.9 31.28 5.60 
6.88 2.63 0.591 25.00 5.00 
4.64 2.15 0.452 17.86 4.24 
2.31 1.52 0.247 8.98 3.00 
0.0 0.0 0.0 0.0 0.0 

3.7 8.77 2.97 0.486 l. 78 31.39 5.60 
6.80 2.61 0.434 24.24 4.93 
4.55 2.14 0.287 16.54 4.06 
2.37 1.54 0.123 8.25 2.87 
0.0 0.0 0.0 0.0 0.0 

5.34 8. 75 2.96 0.369 2.67 31.23 5.6 
6.85 2.62 0.289 24.32 4.93 
4.58 2.11~ 0 "10 1

• •-./'-' 16.56 4.07 
2.34 1.53 0.098 8.45 2.91 
0.0 0.0 0.0 0.0 0.0 

Relative 
EM 

0.396 
0.309 
0.208 
0.105 
0.0 

0.357 
0.279 
0.187 
0.95 
0.0 

0.384 
0.324 
0.237 
0.130 
0.0 

0.420 
0.328 
0.221 
0.111 
0.0 

f\) 
1-' 
f\) 



Appendix IX-10 (cone d) 

EM Data Calculated Relative to~ at 7 em Drop Height.Drop Timet 
Ca~culated Relative to Drop Time for 7 em Drop Height 

System I.nitial Relative +0·5 
v Relative System Initial Relative t0·5 

Drop .M Drop Time ~ Drop Drop Time 
Cone. Sec. Cone. Sec. 
%by Wt, %by Wt. 

· Paraldehyde J o.o 21.80 4.67 o.470 Butyl 0.0 68.56 . 8.29 
17.09 4.14 o.4o7 Lactate) 55-47 7-45 

H20 12.47 3-54 0.318 39-87 6.31 
7-03 2.65 0.191 H20 21.30 4.61 
o.o o.o o.o o.o o.o 

2.85 20.34 4.50 0.472 1.7 67-71 8.24 
16.29 1~.04 o.431 61.41 7-84 
11.68 3-~-2 0-338 41.37 6.43 

6.35 2.52 0.196 22.55 4.76 
o.o o.o o.o o.o o.o 

5-75 20.13 4.50 0.474 4.2 72.26 8.5 
15-75 3-97 0.391 57-79 7.6 
11.19 3-34 0.311 37-77 6.15 

5-94 2.44 0.200 20.04 4.48 
o.o 0.0 o.o 0.0 0.0 

9.4 19.25 4.40 0.347 
15-33 3-91 0.271 
10.91 3-30 0.182 

5-31 2.31 0.092 
0.0 0.0 o.o 

Relati,:e 
H' 
41 

0.803 
0.706 
0.519 
0.287 
0.0 

0.666 
0.506 
0.345 
0.185 
o.o 

0.426 
0.359 
0.270 
0.158 
o.o 

I\) 
1-' 
w . 



A~pendix IX-11 Correlation of Regressed P~ysica1 Transfer 
Data into the Form~ vs t2, by VlliTRG Analysis Using,Relative EM Data 

System Drop 
Cone. 
~by Wt. 

Ethyl 0 
l;.cetate 

•r 0 .L2 
1.6 

3·7 

5-34 

Cyclo- 0 
hexanol, 

H20 
0.9 

1.78 

2.67 

Paraldehyde, 0 

H20 

Butyl 
l:.J.ctate, 

H20 

2.85 

5·75 

0 ).j. 
.,;• 

0 

1.7 

4.2 

... 

Correlation 

y = - 0.0227 + 0.2628x 

y = - 0.0277 + 0.2232x 

y = 0.0021 + o.0586x2 

y = - 0.210 x lo-3 + o.o422x2 

. y = - 0.876 x lo-3 + o.Ol25x2 

Y = - 0.567 X l0-2 + O.Oll4x2 

y = - 0.1814 x lo-2 + o.o214x2 - .1621 x lo-2x3 

y = - 0.126 x lo-2 + o.0135x2 

y = 0.1325 x lo-4 - .0369x + .0561x2 - 0.5692 x lo-2x3 

y = - 0.0215 + 0.1066x 

y = 0.8397 x lo-5 + 0.0545x + O.Oll3x2 . 

y -2 2 0.3945 x 10 + O.Ol795x 

y = 0.0221 + 0.0119x2 

y = - o.4417 x lo-2 + o.848 x lo-2x2 

y = - 0.975 X 10-4 + O.Ol0~x2 - 0.5172 x lo-3x3 

Note: ~lliTSG = Multiple Regression 

Standard Degrees 
Error Freedom 
Estimate 

0.0505 2 

0.0451 3 

0.0291 3 

0-7343xlo-3 3 

o.4717xlO -2 
3 

. -2 
0-7925xl0 3 

o.6094xlo-2 3 

o.1787x1o-2 3 

o.1726x1o-2 3 

0.9903x1o-2 3 

O.l948xlo-2 3 

o.6628xlo-2 3 

0.0313 3 

0.9786x1o-2 3 

o.4317xlo-2 3 
1\) 
1--' 
+=" . 
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Appendix IX-13 Correlation of Physical Mass Transfer Data 
into the form ln (1 - Et) vs Time by ~~TRG Analysis 

System Drop Correlation Standard Degrees 
Cone. . Error Freedom 

of by Wt. Estimate 

Ethyl 0 -~ y = - 0.2025 - O.ll56t - O.Ol539t2 + 0.156 x 10-3t4 0.07016 36 
Acetate, 

y = - 0.1933 - o.o9075t - o.oo8718t2 + o.673 x lo-4t4 1.6 0.03099 20 
H20 

y = - o.l416 - o.o8o31t 0.0421 3-·7 22 
' 

5. jl~ y = - 0.00673 - 0.05179t 0.04174 18 
'· 

Cyclo- 0 y = - o.2470 - o.o1589t 0.04398 30 
hexa."lol, 

0.9 y = - 0.2662 - O.Ol404t 0.04748 30 
H20 

1.78 y = - 0.2452 - O.Ol55t 0.02988 18 

2.67 y = - 0.2813 - O.Ol38t - 0.976 X 10-7t4 0.04569 17 

Paraldehyde, 0 y = - 0.3173 - o.o3159t + 0.136 x lo-6t4 0.01605 17 

H20 2.85 y = - 0.2721 - o.03707t + o.4029 x lo-6t4 0.01604 17 

5-75 y = - 0.235 - 0.03117t 0.02391 18 

9·4 y = - 0.1216 - 0-0303 0.0303 18 

Butyl 0 y = - 0.3844 - o.4o8 x lo-3t2 + 0.213 x lo-7t4 0.03365 17 
Lactate, 

y = - 0.3207 - o.oo439t - 0.1037 x lo-3t2 1.7 0.0413 17 
H20 

4.2 y = - 0.2293 - 0.00754t 0.0505 17 
1\) 
I-' 
0\ . 



Appendix IX-14 

System 

K1 x lo- 1~ Calculated from ln (1 - ET) = -3KrJt 

a 

Drop 
Cone· 

1:_ by Ht:.:.. _ __:.o. ___ 2;::..-___ . ~4 ___ .:.6=--_ __:.8 ___ _,9~ _ __..:_t sec. 

Ethyl 
Acetate, 

0 51..6 76.8 88.8 73.8 19.8 27.4 

1.6 40.9 55.6 64.5 61.9 41.6 23.3 

3·7 '36.4 36.4 36.4 36.4 36.4 36.4 

·----""5. 3 23 .1 2~,.:1-~ 23 .1 23 .1:___.:;;2;;.,;3...;..;•1:::.,__ __ 

0 5 10 __ ..:..20"'----"3::..o.O__ 35 

Cycl.ohexanol, 0 8.26 8.26 8.26 8.26 8.26 8.26 

1.78 8.16 8.16 8.16 8.16 8.16 8.16 

2.67 

Paraldehyde, 0 

0 5 10 

31.60 31.52 31.05 29.77 27.24 23.09 

32.80 32.60 32.60 32.30 31.60 31.40 

5·75 25.30 25.30 25.30 25-30 25.30 25.30 

t sec. 

_2.1~ 17.75 17.75 .!.7·7}_17.75 _ll..12 .. ...1..7·75 --

Butyl 
Lactate, 

0 5 10 20 60 

0 0 3·17 6.29 12.20 21.30 23.80 
·' ' 

1.7 3.04· 3.76 4.48 5-91 8.76 11.65 

4. 2 5 .10 5 .10 5 .1.0 . 5 .10 5 .10 5 .10 

t sec. 

217. 



Appendix IX-15 

Physical ~ass T~a..'!sfer Study Data by Hamieiec (93) 
for Transfer into \-later Drops from Water-Saturated Continuous Phase 

System Temp. Drop Drop Satura-:.ion ET Er.i Relative Drop Relative 
deg.. e. Re. No. Diam Cone. EI'1 Time Drop Time 

em. ojo by ITt. Sec. Sec. 

Ethyl Acetate, 25.0 470.0 -258 8-73 0.0 0 
0.298 0.298 0.6 

H 0 0.448 0.449 0-151 1.4 o.8 2 
0.594 0-595 0.297 2.2 1.6 
0.685 0.686 0.388 3·3 2-7 

Cyc1ohexano1, 25-0 2.3 .282 4.15 0.245 0 
0-395 0.20 5-2 

H20 0.505 . 0.34 0.14 16.0 10.8 
0.561 0.42 0.22 22.0 16.8 

25-0 6.4 .434 4.15 . 0.20 0 
0.295 0.119 J.O 
0.403 0.254 0-135 13-5 10.5 
0.493 0.366 0.247 29-0 26.0 

ru 
~ . 
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Appendix X-1 

Physical Propercies of Systems Studied for Mass Transfer with Chemical Reaction 

Continuous Continuous Phase Initial Dispersed Phase Avg Drop Terminal 
System _,.-o ~ NaOH /' _,..u Radius Velocity 
(Sat'd with Water} gm/cc poise ::roTinali ty gm/cc. poise em. em/sec. 

(+ 1%) -- ~---

Butyl Lactate 0.9926 0.0483 0.506 1.0623 ·9150 .162 +.004 2.50 
1. 545 1.0219 .109 ~.003 1.98 

Ethyl Acetate 0.9070 0.0053 0.506 1.0219 .0150 .134 +.002 9-54 
0.998 1.0433 .0129 .128 +.002 9·77 
1.975 1.1756 .01)0 .124 +.002 13.90 

K = 91.8 cc/mol sec for reaction rate constant for Ethyl Acetate - NaOH system 

!\) 
I\) 
() 



Appendix X-2 

M<.tss Transfer idth Simultaneous Chemical R'eaction Data 

System Initial Drop· Drop Time-Sec·. YBss T4a~sferred Drop Rad -·. em. 
NaOH. Ht Avg. .tt.05s(i) X 10-' mol/cc Avg. :.t.05s(i) 
Drop em. 
Cone. 

Normality 
Ethyl 0.506 90.0 10.84 0.036 6.45 6.62 0.'134 0.0020 
Acetate, 6.73 6.88 
Na.CH: 
H2o . 70.0 8-33 o.o44 5.98 5-98 

6.18 6.23 

50.0 5-99 0.054 ).28 5-22 
5-49 5-47 

30.0 3·57 0.024 4.08 4.40 
4.38 4.60 

7-00 0.81 0.013 2.49 2.38 
2-93 2.67 

0-998 90.0 10.00 0.035 5·72 5-53 0.128 0.0016 
5-73 5·90 

70.0 7·97 0.033 4.84 4.71 
4.47 4.90 

50.0 5.61 0.042 3-70 3-90 
4.01 4.15 

30.0 3-25 0.029 2.73 3.06 
3-02 3.20 

7-0 o.83 0.021 1.79 1.95 
. 1.72 1.90 r\) 

r\) 

1.51 f-' . 



Appendix X-2 Nass Transfer with Si:nultaneous Chemical Reaction Data 

System Initial Dro:p Dro:p Time-Sec. !<!ass T4ansferred Drop Rad- em. 
NaOH E' krg. .:.t.-05s (x) 1-) 

-"G X 10- mol/cc Avg. .:!:_t.o5s,x 
Dro:p C1U. Acid Complete 
Go~ c. Quench Reaction 

Normality: Acid Quench 
:Butyl 0.5 90.0 42.60 0-333 5.88 5-75 6.97 7.08 0.162 0.0039 
Lactate, 6.18 7-53 6.63 6.62 
i\'rnf';~..r 
.!.~c .. ...__,.:.).' Complete Reaction 
H20 70.0 35-38 0.239 ·5-35 5-64 7.06 6-57 0.161 o.oo46 

5·87 5-51 6.06 6.20 

50-0 25·39 0-353 5.88 5-78 6.32 6.31 
5-53 5-39 6.16 6".39 

30.0 15.27 0.162 5-77 6.30 5.86 6.18 
5-57 5-87 6.12 6.13 

7-0 2.84 o.o64 5-54 5.88 5.88 5-52 
5 .61+ 5.66 5-77 6.23 

1.5 90.0 48.83 0-976 15-72 16.49 16.88 17-17 
16.60 16.67 15-76 16.61 

Acid Quench 
0.109 0.0034 

70.0 36.60 1.025 16.25 16.93 16.94 16.87 
16.31 16.60 16.58 16.46 

Complete Reaction 
0.113 0.0051 

50.0 28.81 0.362 16.65 16.31 16.29 15-76 
16.1.;-3 16.55 15-79 15-71 

30.0 16.56 0-353 16.22 15.47 15.51 15-53 
16.22 16.08 15.42 15.47 

7-0 3-07- 0-053 15-59 15-96 14.60 ]_4.88 !\) 
i\) 

15-56 15-76 14.42 J.4.75 1\) 



Appendix X-2 

System Initial 
NaO}I 
Drop 
Cone. ----Normality 

~th:;rl 1.975 
Acetate, 
NaOH: 

' H2o 

Sodium 2N 
Acetate, 

+ 
H2o 

Y~ss Transfer with Simult&~eous Chemical Reaction Data 

Drop Drop Time-Sec. Vass T~ansferred Drop Rad-cm. 
lit Avg. :.\05s(x) X 10- mol/cc Avg. ::~05s(x) 
em. 

90.0 7.18 0.045 5-41 4.83 0.124 0.0019 
4.10 3-98 
4.41-t 4.85 

4.61 

70.0 5-58 0.043 4.94 3·53 
3-91 3·94 

50.0 3·97 0.045 2-73 2.44 
2.76 2-35 

30.0 2.34 0.029 2.31 1.68 
2.22 1.67 

7-0 o.65 o.o11 0.30 o.o 
0-33 0.0 

50.0 3.'93 0.022 0-75 0.74 0.123 0.0027 
0.77 0.83 

30.0 2.34 o.o48 0.66 0.58 
o.65 0.75 

7-0 0.61 0.039 0.31 0-34 
0-37 0.43 

r\) 
1\) 
w 



Appendix X-3 

System 

NaOJ.-I Soln 
in 

3u-':.yl 
Lactate 

NaOH Soln 
in 

Ethyl 
Acetate 

Na Acetate 
Soln 

l.n 

Ethyl 
Acetate 

Multiple Regression A~alysis for .Correlation of ~~ss Transfer 
With Reaction Data for mol/cc x lo-4 Transferred vs Drop Height-em 

Drop Correlation Sta.~dard Degrees 
·Cone. Error Freedom 

Estimate 
X 10- X lO-

0.5N NaOH Y = 5.657 + 0.8759 x 1o-8x4 0.42152 18 
(Acid) 
0.5N HaOH Y = 5-739 + O.Oll4x 0.25197 18 
(Alkali) 

y = 15-548 + o.ol87x - 0.1321 x 1o-7x4 l. 5N NaOH 0.29643 ,~ 

-I 
(Acid) 

y = 14.394 + 0.0354x - 0.1415 x 1o-7x4 1.5N NaOH 0-33425 17 
(Alkali) 

0.5N NaOH y = 2.074 + 0.0853x - 0.385 x lo-3x2 0.1835 17 
(Alkali) 

lN NaOH y = 1.512 + o.o469x 0.18057 19 
(Acid) 
2N NaOH y = 0.040 + 0.0532x 0.4724 22 
(Acid) 

2N y = 0.256 + 0.0154x - 0.2016 x l0-5x3 0.05520 9 
NaAc 

Note: 
1) Term Alkali refers to system where addition NaOH soln added to effluent. 
2) Term Acid refers to system where effluent quenched in acid solution. 
3) y x lo-4 to obtain mol/cc transferred. 

1\) 
1\) 
+:-



Appendix X-4 

System 

I~aOH 

Soln in 
Ethyl 
Acetate 

Multiple Regression Analysis for Correlation of Mass Transfet 
With Reacti9n Data for mol/cc x lo-4 Transferred vs Drop Time-sec 

Drop 
Cone. 

0. 5N NaO:H 
(AL~al_i) 

l.l"i NaOH 
(Acid) 

2N NaOH 
(Acid) 

Correlation Standard 
Error 
Est:i_mate 

x 1o-z.;:- xJ..o-=4 

Y = 2.093 + 0.7093x - 0.0267x2 0.18325 

y = 1.)12 + o.4187x 0.19295 

y = .0135 + o.6773x 0.4864 

N.B. Terms Acid and Alkali - to indicate method of analysis. 

Degrees 
Freedom 

17 

19 

22 

f'J 
1\) 
vl 



Appe:ndix X-5 95% Probability Range for Normal Distribution [! 1.96S(x~ 
for Mass Transfer vli th Reaction ..; 

System Initial Drop Avg Exit Degrees Replicate Standard 
NaOH Ht Cone ffster Freedom Deviations S(x) 
Drop Cone. c~. x 10- mol/cc x lo-+ mol/cc 
Normality (Acid) (Alkali) (Acid) (Alkali) 

Butyl Lactate, 0.5 90.0 6.335 6.825 3 0.817 0.236 
70.0 5-593 6.1+ 73 3 0.220 0. 44~t 

NaOH, 50.0 5.645 6.295 3 0.226 0.099 . 
5. 878 6.073 0.308 0.142 30.0 3 

H20 7.0 5.68 
" 

5.60 3 0 .ll.J-3 0.293 

1.5 90.0 16.37 16.605 3 0.437 0.608 
70.0 16.523 16.713 3 0. 31~. 0.230 
50.0 16. ~-85 15 . 888 3 0.149 0.269 
30.0 15.998 15.483 3 0.357 0.049 
7.0 15.718 14.663 .... 0.181 0.199 .) 

Sodium Acetate, 2N 50.0 0. 773 3 0.1382 
30.0 0.66 3 0.0698 

H20 7.0 0.363 3 0.0512 

N.B. Terms Acid and Alke.li - to indicate method of a.YJ.alysis. 

Conc~95% 
Probability 
Range ( +l.96S(x) 
X 10-)+ mol/ CC 

(Ac:i.d) (AB:a1.i) 

1.55 0. )-+~-9 
0.418 o.8!-1.5 
0.429 0.188 
0.585 0.270 
0.272 0.556 

0.830 1.155 
0.596 0.438 
0.283 0.512 
0.678 0.0931 
0.344 0.378 

0.2620 
0.1325 
0.0974 

r0 
f\) 
0'\ 



Appendix X-5 (Cont'd) 

95% Probability Range for Normal Distributi-on t .::-_ 1.96S(x3 
for Mass 'ITansfer vri th Reaction 

System Initial Drop Avg Exit Degrees Replicate Standard 
Na.OH Ht Cone "'ster Freedom Devia~~ions S(x) 
Drop Cone. em. x l0-4 mol/cc ·x lo-4 mol/cc 
l'Jormali ty 

Ethyl Acetate, 0.5 90.0 6.67 3 0.0~-3 
· (Alkali) 70.0 6.093 3 0.093 

?-Tao:rr, ' 50.0 5.365 3 0.102 
30.0 4.365 3 0.123 

H20 - 7.0 2.618 3 0.165 

1.0 90.0 5. 72 3 0.150 
(Acid) 70.0 4. 705 3 0.190 

50.0 3.940 3 0.190 
30.0 3.003 3 0.201 
7.0 1.774 4 0.174 

2.0 90.0 4.603 6 0.526 
(Acid) 70.0 4.08 3 0.602 

50.0 2.57 3 0.206 
30.0 1.97 3 0.345 
7.0 0.158 3 0.185 

N.B. Terms Acid and Alkali - to indicate method vf analysis. 

Conc-95% 
Probc..b:i.li ty 
Range (~l.96s(x) 
x lo-4 rr:.ol/cc 

0.081 
0.177 
0.19)+ 
0.234 
0. 313 

0.285 
0. 361 
0.361 
0.382 
0.330 

1.000 
1.11~5 
0.392 
0.655 
0.351 

!\) 
!\) 
~ . 



Appendix X-6 Analysis of Variance for Mass Transfer with Reaction Data 

System: Butyl Lactate, Nu9H, H20 

Var:.i_ables · 
(l) Drop Ht. - em. 

90, 70, 50, 30, 7 

(2) Initial Drop 9onc. 
0.5N 0.5N l.5N l.5N 
(Acid) (All~~li) (Acid) (Alkali) 

Variables 
(l) Drop Ht.- em.' 

90, 70, 50, 30, 7 

(2) Analysis Method for Initial Cone 
0.5N 0.5:N 

(Acid) (Alkali) 

Variables 
(l) DYop Ht.- em. 

90, 70, 50, 30, 7 

(2) Analysis Method for Initial Cone. 
l.5N l.5N 

(Acid) (Alkali) 

Source 
s2 (x) 

Degrees Varian§e 
Freedom x 10-

Cone 3 

Drop Ht 4 

Interaction 12 

Error 60 

Analysis l 

Drop Ht 4 

Interaction 4 

Error 30 

Analysis 1 

Drop Ht 4 

Interaction 4 

Error 30 

665.06 

2. 70 

0.53 

0.113 

2.278 

0. 750 

0.185 

0.125 

1.224 

2. 730 

0.609 

0.101 

N.B. Terms Acid and Alkali - to indicate method of analysis. 

Calc'd 
F 

5,882.52 

23.87 

4.64 

Tabulated 
l''o. 05 

2. 76 

2.52 

1.92 

18.186 4.17 

5.987 2.69 

1.477 2.69 

"12.134 4.17 

27,067 2.69 

6.038 2.69 

Total 
Number 
Data 

so 

40 

40 

!\) 
f\) co . 



Appendix X-6 (Cont'd) 

Analysis of Variance for Mass Transfer 1vi th Reaction Data 

System: Butyl Lactate, NaOH, H20 s2(x) Tabulated 
Source Degrees Variange Calc'd Fo.o5 

Freedom x 1o- F 

Variables Cone l 1,080.09 7, 963.7 4.17 
(l) Drop Ht.- em. 

90, 70, 50, 30, " Drop Ht 4 0.440 .3.289 2.69 I 

(2) Initial NaOH Drop Cone.- Acid Method Interaction 4 0.410 3.026 2.69 
0.5N l.5N' 

Error .30 0.1356 

Variables Cone l 915.02 10,112.43 4.17 
(l) Drop Ht.- em. 

90, 70, 50, 30, 7 Drop Ht 4 2.87 31.772 2.69 

(2) Initial NaOH drop Cone.- Alkali Interaction 4 0.54 5-994 2.69 
0.5N l.5N Method 

Error 30 0.09 

N.B. Terms Acid and Alkali - to indicate method of analysis. 

Total 
Number 
Data 

40 

4o 

!\) 
[\) 
\D . 



Appendix X-6 (Cont'd) 

Analysis of Variance for Mass. Transfer with Reaction Data 

System: Ethyl Acetate, NaOH, H20 

... 

Variables 
(l) Drop Ht - em. 

90, 70, 50, 3?, 7 

(2) Initial NaOH Drop Cone. 
0.5N 

(Alkali) 

Definitions 
Alkali 

'lN 2N 
(Acid) (Acid) 

Excess NaOH added to sample 
Ester transfer found by back-titration 

Acicl 
Sample added to acid soln 
Ester transfer found by back-titration 

s2 (x) 
Source Degrees Variange Calc'd 

Freedom X 10- F 

Cone 2 4.297 49.707 

Drop Ht 4 26.595 307.62 

Interaction 8 2.067 23.913 

Error 50 0.0865 

Tabulated 
Fo.o5 

3.18 

2.56 

2.13 

Total 
Number 
Data 

65 

1\) 
u> 
0 . 
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Appendix X-7 

Mass Transfer of Ethyl Acetate with Simultaneous Chemical 

Reaction into Aqueous Sodium Hydroxide Drops Predicted by Various 

Models Modified by DanckHerts' Method. 

Initial Mass Transferred - mols/cc X 10_)~ 

NaOH Drop Drop 
Concentration Height Ne1-.rman Kronig and Handlos and 
Normality em. Equation Brink Equation Baron Equation 

2.0 90 0.7 1.3 7.3 
70 0.6 l.l 6.3 
50 0.4 0.9 5.3 
30 0.3 0.6 4.4 

7 0.1 0.2 3.1 
0 0.01 0.01 0.01 

1.0 90 2.6 3.9 11.0 
70 2.3 3.5 10.0 
50 2.1 3.1 9.0 
30 1.9 2.7 7.8 

7 1.6 1.9 6.1 
0 1.5 1.5 1.5 

0.5 90 3.5 4.8 11.2 
70 3.1 4.4 10.5 
50 2.8 4.0 9.8 
30 2.5 3.5 8.9 
7 2.1 2.6 7.5 
0 2.0 2.0 2.0 
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Appendix X-8 

Computer Program to Study the Variations of Diffusion Coefficients 

with 'Time During Mass 'l'ransfer vli th Chemical Reaction into Drops. 

X-8-A Introduction 

In the Experimental Section IV, existing models were found 

1mable to accurately predict the mass trcmsferred into drops, when 

the transfer process vras accompanied by s:i.mul taneous chemical reactions. 

This -vms due to :interfacial turbulence vrhich enhanced the transfer rate. 

Since the interfacial turbulence varied in :i.ntensi ty l·li th time 

and s~rstem, the resultant effective diffusion coefficients coulcl not 

be measured directly. Instead, the chanees in the diffusion coeff:i.d ents 

were studied vri th o. mass transfer model, using a computer. 

X-8-B Theory 

The ethyl acetate-sodimn hydroxide-1mter system vras chosen for 

the study. Since the drops of aqueous sodim1 hydroxide were found to be 

stagnarit, the model described mass· transfer vri th simultaneous chemical 

reaction into stagnant drops. The diffusion coefficient was varied_ in 

ma.gn:L tude untfl the pre,dicted mass transferred equaled the experimental 

amount, over a short period of time. This was continued until the 

variations of the diffusion coefficients over the entire drop time 1ms 

found. 
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This study \vas based on the follo~ring assumptions:-

l) Spherical drop. 

2) Resistance to mass transfer was confined inside the drop. 

3) All physical properties except tbe diffusion coefficient, were 

constant. 

4) The concentration profile showed axial and polar symmetry. 

X-8-C Model for Mass Transfer \vith First-Order Reaction 

Mass transfer v:ith simultaneous first-order reaction into stagnant 

drops is described by:-

' ac I I 

RK.C (X-1) 
~t 

where the effective diffusj_vi ty De, is defined as:-

De = D1 (l + B) (X-2) 

The coeffi.cient B is used to vary the value of the molecular 

diffusion coefficient D1 

where 

Equation X-1 is made dimensionless as shovm:-

R r 
a 

+ 

dimensionless radius 

(X-3) 

(X-3a) 

C ·c' di~ensionless concentration (X-3b) 
Cp I 

RK RK'a.2 dimensionless reaction constant (X-3c) 
De 

T dimensionless time 

vith boundc<.ry and initial conditior1s 



R = l c -- l 

c 0 

T~O 

T = 0 

(X-4) 

(X--5) 

The dimensionless mass transfer coefficients or Sherwood Numbers 

are calculated from the concentration gradient at the surface as shm-m: --

\There 

and 

Sh 2KLa 
De 

=- 2 dC] 
d R R=l 

The dimensionless mass transferred M is 
T 

M A Sh/ d1' 

2 T=O. 

A dimensionless surface area of the drop. 

(X-6) 

(X-7) 

(X-8) 

The experimental Sherwood Number Sh is calculated from:E 

== de' 
dt 

(X-8) 

'·'here d0v' 1' s the slop<" of t,_tP l t · t f d · t .. _ r _ curve re a 1ng mass rans erre :per urn"' 
dt 

drop voLune 1 against drop time. 

Tne accuracy of the calculated Shenrood Numbers are ex:amined by 

comparison vith experimental Sherwood Numbers. The calculated Shen-rood 

Numbers \verc multiplied by De so that both mun1)ers are based on the 

DL 

molecular. cUffu.sion coeff:i.cient as shmm:-

(X-9) 
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X-8-C-1 Method of Soluti0!1 

Equation X-2 is solved by an explicit finite difference method 

as shmm:-

cone (I, 2) CONC (I+l, 1)[ 4_~ + ~T J + 
f). R2 R6R 

CONC (I, l) [ 1 - 2 6 T RK. b T ] + 
6R2 

CONC (I-1, 1) [6~ -6 T ] 
D.R2 R6R 

(X-10) 

whe-re CONC (I,l) is the concentration at point I, along a radius at 

time (T) and CONC (1,2) is the concentration at time ('r +6T). 

The concentration gradients required to calculate the Sher·.rood 

Numbers are found by differentiating the Lagrange interiJOlution of the 

concentrations near the surface, as shovn in Appendiz VIII-1. 

X-8-D Model for Mass Transfer with Second-Order Reaction 

Experimental results have suggested that reaction during mass 

transfer of eth;yl acetate into 21~ and lN sodium hydroxide may be 

re1wescnted by first-order reaction expressions. However, the reaction 

betvreen 0. 5~i sodiwn bydro:dde and ethyl acetate was of second order. 

The dimensionless equation deseribing mass transfer with simul-

taneous second-order reactlon j_nto stagnant drops is:-

~ 
(:)T 

ac:s 
-'ai' 

R (3H 

2 oc:s 
R oR- (X-11) 
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wher''' RY ~ ·~A RK a~B~ 
DLA 

1\.1\: a2cA~ 

DLB 

(X- lla ) 

(X-llb ) 

DLA and DJ-'B are diffusion coefficients for CA and CB , 

respectively and 

CJ¥ = 

CB~ 

The i ni.tial and 

l 

i niti?-1 concentration of reactant 

saturation concentration of B 

boundary conditions are 

T ~ 0 

T '-= 0 

A 

. (X-12 ) 

(X-13 ) 

These equations are solved by a method similar to that used for 

solving mas s t ransfer •1ith fi rst-order reaction i n the previous 

Sectio!l X-8-c. 
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X-8-E Program Li stin~ 

This progra.m studies the variations i n effect ive di.f'fu sivity 

with time during mass t ransfer of ethyl a cetate into aqueous sodium 

hydroxide drops vii th simultaneous f irst or der reaction . 

The input data ar e defined belovT) in the order of their 

appearance :-

J CONT T'nis is a switch to det erm:i.ne the initial concentration profile 

i n the drop . 

I f J CONT = l ) the in:ttial drop concentrat ion profile is 

calculat ed fro:n estimated end effect. 

I f JCONT 1- l ) the initial drop concentrat ion profile i s read in 

from a set of bj_nary input dat a cards . 

These data car ds are punched out at the t ermination of the 

progr an; ) so that calculating may be conti nued l ater . 

NPRINT number of printouts 

NINT number of iterations before printout of r esult s 

NRI NC r adial j_ncren;ents 

B f actor to increase va l ue of diffus ion coeff j_cient 

DELB i ncremental ch<m[!;e :i.n B 

Al) A2) A3 ::: ooeffi cie~ts from correlat ions for experimental mass 

I 

transfer data with time 

Dl'HlE = incremental change in dimensionl ess time 

CNAOH initial concentrati on of sodium hydroxid e in the di spersed 

phase ) mols / cc 

RAD ::: drOJ) radius ) em 



CSAT solubility of ethyl acetate in water, adjusted for salt 

effects, mols/cc 

DENS. == initial density of the dispersed phase 

DIF~F molecular diffusion coefficient, crn2/sec 

REAC = second order reaction rate constant, cc/mol sec 

WM:OL 

CHEC!K 

mol cot, gm/gm mol 

tolerance on calculated mass transfer ,.,ith respect to 

experimental data, mols/cc 

The listing is as sho\vn in the following pe.ges. 
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· 11.8 H h;\ ft\0:\ 
I S~1 

239· 

F0RfRAN SOURCE LIST 

0 :tiGFTC 
C S 0 L U l1 C N Fd: i<'\ S S T R /\ t~ S f E .1_ ~~ I T H F I R S T 0 R DE R R E ACT I tiN I NT D 0 R 0 P \H T H E 

l 

2 
l~ 

10 
ll 
12 
13 
1 '~ 
15 
16 
17 
20 

21 

22 
23 
2 ~~ 

25 
26 
27 

30 
31 
32 
33 
3'~ 

35 
36 
'tO 

Lt5 

'~-6 
t, 7 
50 
5l 
52 
S3 
54 
55 

C 0 I F F tJ S I V i T Y , C H t\ w; I \J G \·/1 rl l ll AD U 
c 
c 
C ;{ [ P E ;\ T U F ~; fP K \-JI T H 2 H ;\lt\ 0 H , U S I N G S r \ALL E R 0 T H1 E 
c C DE = 1 • e lS USED TD DESCRIDE fHE ·v~LUE 0F EFFECTIVE DifFUSIVITY 
c 

c 
c 
c 
c 
c 

c 

c 

c 

c 

UIM[NSISH C(42,2) 1 R(42) 7 XXl200) 1 DE(42), BC0N(42), DE2(42) 1 

1 DE8[42), CEB2(42J, CB{42,2) 1 CNA{42) 
READ (51101) JCCNT . 
R E fl D ( '.) , l. 0 l )' riP R ItH , N I.Tf , \'! ~ I N C 
R\~l\D (5d02) B1 OEL3 
READ ('J.dO?l :\1, i\2, 1\3 
READ {5 7 102) OTI~E ·. 
REM> (S,tG2l Cf~,\F:H, !~;\!), CSJ\fv DE'-lS 
!{ L\ 0 ( 5 1 l. 0 2 ) D I t= F , R E ;\ C , \/1-: )(: L , C H [ C K 
~RITE (6,108) NPRl~T, Nl~T, NRINC 7 JC0NT 
~1:-{[Tf: {6,109) S, OELB, !,11 ::\?, J\3 • 
~~ i·~ f r 1: { 0 , 1 1 0 l D T 1 i·1 c , ·C N ,\ 'J H 1 R 1\ 0 , C S .1\ T 1 0 EN S 
~1 R I T E ( 6 R 1 l 1 ) U I F F , Ft i: 1\ C , t·!i·\ ;5 L 7 C H E C K 

SET TESf TI~E TG ~0 SEC 
C:\LL TI;·;SI:T{t:O) 

I iH T I'd. i-l;\SS = DErlD 
DEi'W == Al 
CSTA~T = DEND/CSAT 
hR1Ti (6,1.21) DUW 

Nl :::: 1 
1'12 = rn ... 1 
N3 ::: Nl -l 

CGt:FFIClEnTS 
LR ~ N;{f\!C - 1 
Lft2 = :·n 1 i',iC - 2 
L R -.5 •:-: 1M L' l C - 3 
uu~- -= ~m c.:c - It 
ORAD = 1.0/FL~Af(LRl 

Kt\01 1 Ii1 DR0P 
DZ 12 I= z,:,HUf·~C 

12 R ( I ) = · 0 ;~ /l.l) l:· F L ~ /\ T { I _::1 )' 
\; iH n: ' ( A 1 l 1. 6 L ( lH t\f), 0 r Pl f, CHI~ f·i) 

CCCFFICIUHS r;;R Cl'd_t~ !)F' LGC/\L SH NZ· 
Rl : OR;G~FLGAT(Lk2l 
R2- CRAD*FLCAJ(LR3) 
fU = L ~t 1\ U ::;: U>\ T { L! U< ) 
P/t = IU. ;!-;~2 
B 5 -·- H.l ::· ft 3 
f\6 - R2 -:.-:{ '::> 
'" n u ~~; 1 ·'o= -~ .. - 2 • l< c R 1 l· R 2 + ;{ 3 > ... c R 1+ + u 5 + B 6 > 
f\ i·: U r·, 2 - J o - 2 .. * ( L .. + R?. + R 1 ) + ( ;{ 2 + R 3 + !3 6 ) 
;\:1Ul·13 ::: J., -· 2.~,(1 .. + K.l -l- R3} + (Kl + ;{3 ~- B5) 



UllH II !<1i\T 1\D1\ 
ISN 

56 
~) -, 
60 
61. 
62 
63 
6ft 

65 
66 

c 
c 

67 
72 
17 

10tt 
c 
c 

105 
106 
107 
111 
ll.3 
ll 1t 
115 
116 
11-f 

c 
120 
131 
132 
l3lt 
1.35 
llt2 
l 1t 1 
150 
151 

c 
c 

152 
l'.i3 
J..5 It 
155 
156 
1 '57 
160 
161 
162 
163 
164 
165 
166 
16l 

c 
171 
172 

f·IL TRG 2i,l F0RTRAN SOURCE LIST 
SDURCE S L\ 1[1·\ENT 

AMU~4 = 3. - 2.*(1. + R1 + R2) + !Rl + R2 + A4) 
OEi·~l.- {!_.,- R1)~,(1.- RZ)*(l,.- R3) 
OEN2 = CU -- L)~·{Rl- R2}-:<-(Rl- R3l 
DE~3 = (R2- l.)*(R2- Rl)~{~2- R3) 
DEN4 = (R3- 1.)*{~3- R1}*(~3- R2) 
F 1 = ,\;'WI·'· l/DUH 
f2 = f\~·HJic\2 /DEN2 
F3 = J"l.:,lUt·:J/DEtJ3 
F'• - MlUi•ltJ /DtNlt 

UINJ\RY DECK H!PUT 0/\Tt\ 
iF (JC:!i'H .. EQ.ll G0 TfJ 20 
RE:\D !5l ((:!!,11, I= l,~F<HJC) 
READ {5J(TMAS, B, TIME, CeNC~ SHN0, DELB) 
G0 "H1 21 

INITIAL C0~DITI0N 
20 00 10 LT = 1 1 2 

OG 11 I :.:: l,LR 
11 C!f 1 ll == CSTi\RT 
10 C{N~l~C,LTJ = 1.0 ' 

THH = o .. o 
Tli-\[ = 0 .. 0 
T i'L\S = 0. 0 
ccr,;c = o .. o 
G0 TO 22 

LOC 2 
21 WRITE (6~105) (TIME, (C(l,l)1 1 = l,NRlNC)) 

OU 51 I = 2,N~INC 
51 DE{I} = (1. + Ul*DIFF 

DE(ll = ()[(2) 
WRlfE (62llDl (OE(l), I= l.N~l~CJ 
l>i\ZI TE ( 6, 106) ( SH>W 1 CfP.JC, ih H1AS) 
\·>'l?. [ T f { 6 r L2 0 ) lJ E L B 
hi'tiTE (61llJ) 

23 JCZNf = 5 

1 CW!lLlUE 
C.J\LL fHiTST(I) 

·'· 

2lt0. 



11 1 il 1i \·!J\T.\D:\ 
r s t~ 

l T~ 
1-(6 
1"1-1 
200 
201 
203 
20't 
205 
206 
20l 
210 
2ll 

212 
213 
2llt 
215 
216 

c 

c 

. - . . . . - ··~- ....... ~-· ~--·- -----·····- --~-·-··--. -·- .---- . -- ,_ ~ .. -··- -- -~----· 
·----~-·-_, __________ ....... - ----:....· .. ,~ •• <,.'__.,. ______ • _______________ :::_.-•• __ --~--'--:: __ - __ -_. ______ ;;_:.___::_ __ ~ __ ,___·_~, ______ _:_ __ • 

t·\L TRG 2i,i 
S D U R C E S T /\ r t: i-\ C: f-1 T 

IF (I.LT.O) G0 T0 91 
00 2 K = l'll'HNT 
f:LDSH = Slt,i0 
00 24 I = N2~NRINC 

24 Dt:{l) = (L + 13),~-DIFF 
DE U.Jl} = DE { ~!2) 
OE (l) == DE ( 2 l 

F0RTRt\N 

0 T == DE (; FU N C ) * D T H1 E I ( R A r-;-~. R :\ D ) 
CHcl·: = i1Ei\Clt·CNM5l:-~·Ri\D>:·R;\D/DE{f~F~ItH::) 
~J tl = C H Ui i: D T 
DUMl - OJ/(DClNRINCl~DRAD**2) 
OUM2 = Ul./(DE(NRINC)RDRAOl 

00 3 I = Ni1LR 
tH = DE { 1 ) * 0 U :n 
W2 = (0[(1+1) - DE(l-lll*DUMI/4. 
\D = C: E ( l } ~ D U :l: 2 I I( { I ) . 

S0URCE LIST 

3 C(I,2l = C{I+l7ll*(Wl + W2 + WJ) 
1 C(l-1 1 l)*{Wl- W2- W3) 

+ C!_I,l)*(l. 

C CCNC AT CEflTRE 
220 
221 

222 
223 
225 

226 
2r1 
230 

233 
235 

236 
23-l 
2 1t2 
2 1t5 
250 
2 1

) 1 
254 
257 

260 
261 
262 

c 

c 
c 

c 
c 
c 
c 
c 

c 
c 
c 

c 

c 

c { ~··l l. ' 2 ) ~ c ( il 2 ) 2 ) 
C(~RINC 7 2l = 1.0 

o;~ 9 I o: Nt,''liUlJC 
9 C{l:ll ~ C{I 7 2l 

2?. CG(ffi.\lUE 

G_,\LC DF i-;~iSS TR..i\:'lSFER:\ED 1 Fl\Gl-1 Sl! N0 
D :\ :W S U 1\ F !\ C c 1\ R E A = 't -~ J • l tt 1:> 9 = l 2 .. 5 6 6 3 7 0 't 
fH~ :JP V }; L :::: 1t * 3 .. t "tl 59 I 3 = 4. 1 1\IH '1 013 2 

2 1"::1 1\ S = H\ /\ S + 0 T -::- 3 • ltd 5 9 ? b * ( G L D S H -:- S 11 i'W l 
C 0l'! C = H\l'x S * C S t\ TILt .. 1 U u 10 0 U 2 ·}- D Hl D 

C:H\P.":.iUS0N \dT!l EXP 0,\Tt\ 

ITER = ITER + 1 
IF (NSl<TP.EQ4 1l G~:1 T0 60 
IF (CW.!C.GT .. FUtlCL,\'lL~.CW.1C2.LT .. FUi'JC2l G0 T0 32 
I F t C 0 n C • L T ~ HJ;\J C 2 • MW .- C \:PK 2 .. G T .. F U0K l ) G 0 T 0 3 3 

6 0 r; S K I ? := 2 
1F {C0NC.GT.FUNCll-G0 T0 5 
IF !GGi-lC.LLFU!lC2l GG_ HJ 6 
GiJ T D B ' 

OECCFL~R4TI0N 0F 03 FACf0R 
3 3 DB == C t' I 2 ~ 0 

Ga T0 6 ' 
32 08 = [;.[:,/2.0 

·'· 

--- w -- .... ----- -- -~---.---~ ... ..,... ... ~·!"··-....... -,-........ ----·--~.·----- --



Hl H \·U'.T i\0.~ 
ISN 

c 
26.3 
264 
265 
266 
267 
270 
2l?. 
2T3 
271t 
2"75 
276 
277 
300 
302 
303 

c 
30'• 
305 
301 

c 
'310 
31L 
3H> 
32"{ 
33 1t 
3 1tl 
1> L , . ., 
.::1 1- ~: 

3'~3 
3SO 
355 
356 
360 
361 
362 
363 
36'~ 
365 
36() 
367 
370 
311 
3-16 
1s-03 
410 
lt 11 
416 
L~23 
ti"zt~ 

'~25 
lt-26 

lt27 
't30 

. -
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NLTRG 2tJ 
S 2 U R. C r: S T J\ T E 1-1 EN T 

CH;\i-lGE IN B F /\.C T ZR 
s ·n = B - Of:\ 

U:i·K 2 = C 0!'-~C 
K H I G H :·= K Iii G II + 1 
T:--L'\.S = El·;t~s 
D3 ~1 I = Nl,NRINC 

It l c { I 1 l ) = B c ~j N ( I } 
G0 Tg 7 

6 B = 5·+ DB 
Cf~iNC2 = C 0UC 
L0~4 ::: LG\i t- 1 
ri'~AS = EN/1S 
00 42 I = Nl,NRINC 

42 C{ I, tJ = ecr;n< I> 
G;J T0 7 

8 lTfll = KHIGH + L0H 

00 50 I = N2,NRINC 
50 DE2(I) = (L + f)}o:-DfFI: 

DE2(Nl) = OE2(N2) 
UJC 3 

· FORTRAN S0URCE LIST 

~·lRITE ( 6, U7) 
:~ R I T E ( 6 '1 1 0 1< l 

1 T E R i D T, D T H\F 

h R I T 1:: ( 6 I 1 0 5 } 
~-1 R I T E { 6 1 1 0 1 ) 
!iR.lTE 167119) 

( K H I G H , L 11 \~! 1 I T E i'~ ) 
!TIME, !CII1ll, I= l,NRINC)} 
c S!-iiJ·:·~ ·1 umc, ccrw ·1 PH{C l 
(FU;·.lCl, Flii~C;~~ lh Hl1\S; Ei-lASl 
DB · i·i :<.. I T E ( 6 , l 2 0 ) 

hP,ITE {6 7 173) 
W~I-fE (6,118) !DEli), I= l'~N~INC) 
W c{ I T f ( 6 , l ? 2 ) . ( DE 2 ( I ) 1 I = 1 'J n R 1 >l C ) 
DELB = DELB + 0.1 

l Ci;~H I NUL: 
G:? HJ 31 

91 f[ME = fiXE - DTIME*FL0~T{N1Nf) 
P~:;~C = Oo 0 
C0MP = Al + A2~TIME + h3*TlhE*TIME 
FU:.Jel = C/"WP + CGi·\P;:CHECK 
FU~~C2 = CZiAP - C0i·lP>:-CHf:Cl< 
S H\LJ = 1--JL DSH 
C.O;\lC = EH!\S!:·CSAT/4.1£\8790132 + OUW 
W~ITE !6tl30J KK 
WRITE (6,104} (KHISH, LDW1 ITEM, TIME) 
~-JrU T E ( 6 , 1 0 7 } ( S H i· l ::J ., Cl.l :·~ C 1 C G f'', P 1 P El <. C ) 
~·!i\'IfE (6,ll<Jl !FU~~Cl1 FU:·!C2: Bt H1i\S, G~AS) 
t·m. I T E ( 6 1 l 2 0 } DB 

31 vlfU n: 1 n < c < r, 1 1 , I = 1, r:R. n:c > 
i-n. I TE { -/ J ( fi.lt\S, H, T 1 \1E, CY-:\JC,. SHNO 1 DELB) 
STOP · 

1 o 1 F ;nuu r t J I ':i > 
1 0 2 F Z R J.i :\ r ( t1 F l 5 o 8 ) · 
101;- Ff!;{i·\i\T (l!!Or 2X, lMlllfGH·Ilc~~\TION =, IlO, 2X, l'JHL01i ITERi\THJN =t 

l I l 0 , n: 1 711 T G T t\ L = , I l 0 ) . 
105 FJi-l..l'·LH {lfiOr 2'1. 7 l?llC·~~lC GF ET!\C, 5X 1 7HTHlE IS, Fl0o5//(21F6 .. 3i) 
106 f(:~~i,;;\f (lliO, ?X 1 (liS!! 'HJ -=, F20a8: 2X, lghr·~f.\SS TRi\i~S t·HR/CC =, 

1 F 2 0 § 1 5 , 2 X , <] H C G E F F o = ., F 1 0 .. 4 , 2 X , 6 H Hll; S == 1 F l 0 .. 7 ) 

·'· 



l H H \·! 1\ T :\ D ;\ 
I Sf'J 

433 

1d7 
t1AO 
'~:'• 1 
lt'~2 

443 

444 
4't5 
1t'~:6 
11- 11- ·r 
It 50 
't51 
'~-52 

1~:5') 

;·r.oo900:: 

.... CUOCJQQ::: 

2~j. 

l-iL TRG Zll · F0RTRAN S~URCE LIST 
s;.::uRCE Sf!.\lEt·lEf~T 

101 H~Rf.i.YT (lH01 2X, -/HSI! ~~/J -=1 F.L0 .. 5, 2X, l8HC.'\LC f'L\SS 1·'0L/CC =r 
1 r: 2 o , 1 s '1 2 ~< , 1 l HE x f.l r/ ;\ s s ;-; u L 1 c c = , r 2 o • 1 s , 2 x , 9 H P :.: R c r: t l r == , F 1 5 ~ s 

119 F0Rf'uH (lHO, ZX1 ll!HJW LU<'If =, FZO~l5, 2X, llHLf\~ LHiiT =, 
l F l 0 ~ 1 '5 , 2 X , 3 H B = 1 F t 5 .. B , 2 X , 6 H n: /\ S = , F 1 0 • I , 2 X , 6 H f:J~ !\ S = , 
2 FlO.J) · 

1 0 8 F G ;~ :·.iJ'\T ( 11 i 0 ~ 2 X 1 8! F l P Fn N T = , 1 7 , 2 :< t 6 H N I IH -- , I ·r 1 2 X , 7 H N fU N C = , 
l 17, 5X 7 lHJCCI\if =7 17) 

109 F0RMAT (lHO, 2X, JHB =t F9.4? 2X, 9HDELTA B =, Fl?.8 1 ZX, 
l 12HLIR~ CGEFF =1 3Fl2.8J 

110 FCRi-l;,\f {1H0 7 2X 1 4-HDT ::::1 Fl2 .. 0-) 2X, 1 U!C~1NC i~t\01-l =, Fl2 .. 9, 2X, 
11 0 ! 10 I~ ;: P R Ml = , F l 2 • 9 , 2 X 1 6 H C S !\ T -= , F 1 2 • 9 1 2 X , 9 H D Dl S 1 T Y = , F l 0 • ·r 

1 11 F 0 :~ 11 !\ T ( l H 0 1 2 X , 6 H ~~ I F F c:.o , f 1 2., 9 1 · 2 X , 711 i~ E ACT = , F 1 2 .. 9 1 2 X , 1 ? HE f 1 

l C I,! G L ~ J T = 1 F 8 ., 1+ 1 2 X 1 2 1 H T 0 L E R /1. i l C E fJ :~ C\ L C R E S U L T S = , f 1 2 • 9 ) 
1 12 F 0 R 1·1·\T (11--iO ' 2 X ' Lr ll L 0 C l ) 
113 FCR:L'\T (1H07 2X, ttf!LiJC2l 
115 FCR~~T (lOX} 20F6.2) 
11 6 F G R t·i !-1 f { l h 0 , 2 X '7 6 H rn. ;\ D = , F 1 0 .. 1J , 2 X , 7 H D T I t-'1 E -= , F l 0 • 5 , 2 X , 

. 1 l l H C f1 E 1-\ PH::J D H1 E ;'l ) -= 1 F HL 5 l 
ll 7 f .Yi R (·\.\ T (ll i 0 , 2 X , t, H UJ C 3 , It X 1 6 HI T:.:. R = , I 1 0 , 2 X , !If! D T = , F 12., 8 , 

1 2X 1 12HDfiM~(SECl =, Fl2.R) 
1 1 8 F C ::z V ;\ T { 1 H 0 , 2 X , 8 i 1 r::: F f D I F F I I { 2 X , 1 0 F 1 l ,. ·r } ) 
1 2 0 F ~j :C·1 c\ T ( l H C 1 2 X , ttl-l DB = , F UL 5 } 
.l 2 l F ~1 R H '\ T ( 1 H 0 1 ~ X: , l. ~ ll r= ;·J D E F r !:.:: C f = , F 1 5 ~ El ) 
1 2 2 HJ: \!·! !\ T ( 1 H 0 r 2 X r .3 21 i E F F D I F F Ff~ R ;u:.: X T D f H', t nu~ N S F E!U I { 2 X , 

1 1 or: 11 ... 1 l > 
t23 F;.l~i·LH {lHOv 2X, <tOHtFr' DIFF FR/Ji·t DTlliE BtF;~fU: USED HiR C/I.LC) 
tzt, H5iU'::\T (lHO, z:<, 5lEHH ==1 IlO, 2X7 ~iHf,!:J2 =, IlO, 2XJ '5HNJ3 =, 110 
12') Fz;:>J':'\r {tl-!0, 2X, 6llTii-1c -:-.:.,FlO .. ~!, 2X, 6HC01·~P ==, F15~B, 2X, 

t 7!lfU>:Cl =, Fl5.e, 2X, lHl-UtK2 =-, f=l5.r3l 
126 H.:P,:-L\r (UW 7 ZX, 61iC:NC =, Fl.'.i,r17 2;(, 711KHIGH ~, Il01 2X, 5HUH-! -r 

1 I J. 0 J 2 ;-< 1 6 HI T!:: R .:::, ll 0, 2 X 1 ] Hi; :-= , F 1 ~5" 9 ) 
130 FOi"U"'•,f (lHO, ZX1 lflllT:\iJST LT rli·'SET1 1~X,, 1d-lY,K =., Il0//{4X, 

1 231-!~EPEAT 0F PRlVl~US O~T~ll 
E il D 

A S<u'TIJlle output ls gl vcn as follmrs:-
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."-1? .\I :'~T .::: . 10 Nii'>)f = 200 NRINC = ft. 

c = o.oooo DELTA 3 = 2.00000000 LIRA CCErf = 

JC/~N T = 2 

0.00000135 Q. 00006 Tl3 ·o. oooooooo 

. 
..:::t 
..:::t 
(\J 

CT = O.QC3GOOOO C0NC NA0H = 0.00197500 D~OP RAD ~ 0.12225000 CSAT = 0.00028100 DENSITY= l.l1~~u~~ 

DifF = 0.00001000 REACT = 91.80000019 ETAC M0L ~T = 88.1000 T0LERANCE 0N CALC RESULTS = O.J~~JOQS~ 

E:\D E FFtC ~r = 0.00000135 

Di<.:~D = o • o 2 4 3 9 D r n·a: = 0.00300 CHEM [NZ DIMEN) = o.ooooo 

CDKC 0f ET :\C T I :·~E .IS 0.60000 

o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo~ o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo~ o.oo4 
0.004 0.004 0.004 0.004 0.004 0.004 0-004 0.004 0.004 0.004 0.005 o.oos 0-007 0.014 0-029 0.063 0.131 0.252 

EFf DlfF 

0.0001329 
0.080i329 
0.000!32~ 
o.oool329 
0.0001329 

~ 

0.0001329 
0.0001329 
0.0001~29 
0.0001329 
0.0001329 

0.0001329 
O .. OOOl3L9 
0.0001329 
0.0001329 

0.0001329 
0 .. 0001329 
0.0001329 
Ou000132') 

O.OOOt329 
o.coo1329 
CL0001329 
0 .. 0001329 

0.0001329 
O.OOOl329 
O.OOOl329 
0.0001329 

0.0001329 
o .. 00Jl329 
0 .. 0001.329 

.0.0001329 

0.0001329 
0.0001329 
0.000132:) 
0.0001329 

0.0001329 
0.0001329 
8.000112~ 
0.0001329 

0-002: 
D.OOJ 
n ~n~· 
v•0-J. 
o .. ooo: 

s :-l ~~0 = 13.31130517 MASS TRhNS M0L/CC = 0.00004199 CZEFF B = 12.2875 TMAS = 0.605~2! 
f10 -uu -

l ..... ,... .. 
J..J \_..,£_ 

0.30000 

' 

L0C3, JI T::~1. = 6 1 DT = 0.00002878 DTIMEiSECl = 0.00300000 
I 

H!GH ITERATIZN - l L0~ ITERATI0N = 't TZTAL = 5 

cc:,:c 0f ETi\C T U1E !S 1-20000 

.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o.oo4 o~oo4 

.. 004 0.004 0.005 0.005 0.007 O.OU9 0.012 0.018 0.027 0.042 0 .. 063 0.093 0~134 0.189 0.259 0.346 0.44) 0.569 

sr·! ~~z = 12.69265 CALC MASS ~ZL/CC = 
T0? LI r~I T = 0-00008271 L0W ll['·'tiT = 
D3 = 0.15000 

EFF D!FF FRZM DTIME BEFZRE USED F0R CALC 

EFF DIFF 

o .. ooc f:3l~ 0 .. 000143"~ O.OOOl43 1t 0.0001434 
0 • Q 0 J lt".J. Lt o .. ooo u~34 0.0001434 0.0001434 
c ~GOO 1r-3 1~ O.OOOl.4-3f-t 0.0001434 0. 000 l't34 
o~ 000 lr3l: o.ooo143't 0.0001434 0.0001434 
o.ooo 434 o. 000143'1' 

EFf DIFF FZR NEXT DTIME TRANSFE~ 

0.00008264 EXP MASS M0L/CC = o.oJ008263 P·ERCEf\~f 

0.00008254 B = 13.33749807 TMAS = l-2111597 = •, 
'-' 

o. 000143't 0 .. 0001434 0.0001434 
o .. 0001.~-3'~ 0.0001434 0.0001434 
0 .. 000 l43't 0.0001434 0.00014:~4 
0 .. 0001434 0.0001434 0.0001434 

0.0001434- 0".000 lt3l;-
o. 000l43{t o. 000 ~->~~ 
0.0001434 ).000 (i·3"t-
o.000143!l' :).000 '~3<+ 

O.OOJ 
o.oc:J 
n ') n '1 
V. U Ult 

o .. oo:::: 



X-8-G Nomenclature 

a drop radius, em 

B ::: coefficient used in calculating De 

::: concentrations of A and B respectively, mols/cc 

CAo, CB
0 

= initial concentrations of A and B respectively, mols/cc 

c1 = concentration, molsjcc 

C~ = equilibrium concentration, mols/cc 

C = dimensionless concentration 

M 

M 

= 

= 

= 

= 

= 

= 

cl 
C¢ 
effective diffusion coefficient, cm2jsec 

molecular diffusion coefficient, cm2jsec 

= molecular diffusion coefficient for A and B respectively, 
cm2jsec 

mass transfer coefficient, em/sec 

mass transferred, mols 

= dimensionless mass transferred 

RK = reaction rate constant, cc/mol sec 

RKA = RK a
2CBo 

DLA 

= dimensionless rate constant for A 

RKB = &'<: a
2

CAo 
Dr,B 

= dimensionless rate constant for B 

r = radial distance, em 

R = r 
a 
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= dimensionless radial distance 

Sh == 2aKt 
De 

·- Sherwood Nm11ber 

ShE :::: 2aKL 

--r5J: 
= experimental Shenrood Nvmber 

t = time, sec 

T = Det 
~ 

:::: dimensionless time 



Appendix X-9 

Predicted Variations of Effective Diffusivity vrith Time for 

Mass Transfer of Ethyl Acetate l'iith Simultaneous Reaction into Aqueous 

Sodium Hydroxide Drops. 

Sherwood Number 
NaOH Drop Effective Based on 
Concentration Time Di~fusivity Effective Molecular 
Normality sec. em /sec x lo-5 Diffusivity Diffusivity 

2.0 0.0 l.O 150.3 150.3 
0.6 3.8 35-9 136.5 
1.2 9.0 17.7 160.0 
1.8 l!t.l 11.8 166.0 
2.i~ 19.0 8.9 169.0 
3.0 21+.2 7.1 172.5 
3.6 29.1 . 5-9 172.5 
4.5 37.0 4.7 174.5 
5.1 42.9 4.1 176.5 
6.0 51.3 3.4. 177.0 
7.2 65.5 2.7 178.0 
8.1 711-.9 2.3 175.0 
9.0 90.7 2.0 178.5 

l.O 0.0 1.0 150.3 150.3 
0.4 0.9 65.9 57.4 
0.8 1.5 39.1 58.6 
1.2 2.3 26.5 61.5 
1.6 3.2 20.3 61~.9 
2.4 4.9 14.1 69.0 
3.2 6.2 11.2 69.4 
4.0 7.7 9-3 71.8 
5.2 9.6 7.6 73.4 
6.0 10.5 6.9 72.2 
·r. 2 11.5 6.1 70.5 
8.4 13.8 5.4 75.0 
9.2 13.8 5.2 71.5 
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Appendix X-9 (cont ' d) 

Sherwood Nwnber 
Na.OH Drop Effective Based on 
Concentration Time Dif'fusivity Effective Mol ecular 
Normality sec . cm2j sec x lo-5 Diffusivity Diffusivi ty 

0.5 0.0 1.0 150.3 150.3 
0.4 1.5 48.8 70.6 
0. 8 3.1 24.0 7L~ . lJ-
1.2 5.1 15.5 79.0 
1.6 7.11- 11.3 83.0 
2 . 4 10 .9 7.3 79 .0 
3.2 14.3 5.3 75.0 
4.0 17.1+ 4.0 70.0 
5.2 21.2 2.9 61.0 
6.0 2~· . 3 2.4 57.5 
7. 2 26.2 1.8 48.2 
8.4 26.2 1.5 38.2 
9 .2 26.2 1.3 33 .3 

I . 



Appendix X--10 

Variations of Experimental Shervrood Number with Time f or 

Mass 'I'ransfer of Ethyl Acetate with Simul tan.eous Chemical Reaction 

i nto Aqueous Sodium Hydroxide Drops , 

NaOH Drop 
Concentration Time Sherwood 
Normality sec . Number 

2.0 181.0 

1.0 73 . 3 

0 . 5 0 . 101+ . 0 
0 . 5 100 . 5 
1.0 96 . 5 
"2.0 88 . 6 
4 . 0 73 . 0 
6 . 0 57 . 1 
8 . 0 1.1-"l . 5 

10 . 0 25 . 7 
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