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I. lNTRODUCTIOI 

Elttra.ction ia the 1epe.rat1on ot a mixture into it.a OCllllt:IODenta 

b7 t.he action ot a aolvent that 1e ••lectin tor one of 1ta eom-
ponen\•• Thi• unit operation, usual.q carried out u an 1.other-

ul proceaa, 1• emplo,.d 1rlben it. 11 econom.icallr !nteu1'ble to 

pertor.ia aeparation ot a mixtve b;r nch aet.hoda u d18\ill&\1on 

and eftporatioll, or when the pb.f1ical propert1e• ot thtt qe\em 

(aueb u un1itiv1t1 of COllponente to t.hermal increa••• or oom-

ponenta haYlng reht.ivel.7 the 1ue wlatilitiee) 'WOUld no\ allow 

the •ploJJllCt ot diatlllation or evaporation u aepvatlon 

aet.hoda. Ex.tn.et.1on mar be di'fided into two main t7pea, !· !• 
llquld-aolid and llqu1d-11qu1d.. 

Uctuid•liQUid extraction ia the treatment. ot a liquid 

(carrier eolvent) cont.a1n1ng a 10lute ld.th a 10lwut that 11 

more aeleoUve tor the aolut.• t.han the orig1nal. U.quld-U.quid 

«&\net.ion inwlnes (1) ld:dna of \he aolwnt and teed mix-

tun, (2) separation ot the roaulting phuee, and (3) ftDIDftl 

and recover;v ot 801Tent. from each phase, waualJ.7 acocmapllehed b7 
d11t.Ulat.1on. One oriteria for ulec\1on ot eolnnt1 tor a 

.,nm i• tbat thq eboul.d be imiad.ble, or at the •Cit cm.11" 

pU't.iaJl1' ll11cible, with nch otller to all.ow 1eparat1on ot th• 

ab.\un into tw pha.Ma after oont.act,J.ng and Httlina ot th• 

three C<'DPOM!lt• tu.. place. 
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Bate of traneter ot a eolute throuah an interlace 1• 

dinctq proportional toa (1) ccnductance, (2) area of 

\he lnt.ertace, and (3) ccncentration gradient aero•• \he 

interface. In :maaa t.nnater, conduc\ano• 1a im'eneq related 

t.o t,be resiatance ottend b7 an int.•rtaoe. Tot.al mas transfer 

t.hroUgb an interlace bet.•ci two given liqaid9 1.r1q be increued 

b7 reducing the 1ntertac1&1 reaiatance or 'b7' llloreuina the 

total :lnt.ertacial area between the two liqaid.9. I\ bu been 

dmonat.n~ in DUMl'OU euea that ul.t.ruon.ic waw1 pl"Oduoe 

aelectiw intertacial m1croagit.a\1on, groaa atinina, and UMr-

ul etteot• in mlti•pbue UqQid qat. ... 

The purpo1e ot th1a inTeatigation wu to deaip and con-
ltrut. a laborato17 Hale liqu1d-liqu1d extrac\ion uni\ lneor-

poraUng an ult.ruonic t1elcl 'dt.h equipment epeeiticatiou u1 

(1) in.Ion.at.ion trequeno7 ot 400 kiloc10lea per aeoond, 

(2) inegnat.ion int.end.ti.. cornaponding to plate C\U'l"el1ta 

ot 0 to 3>0 wdllbmperea, and (3) tlow rate ot sol-went.. Uld 

teed t.hl"oqh i-eactor nn&inc apprcximatel.7 troa orae-halt to 

tea pound9 per llinut.e, 1n n171n& aolTent-to-teed rat.101. 



_,_ 

!be ulUM\e ue ot th• equipaen\ and knowled&• pined b7 
\hi.a bftat.igat.ion 1lr1ll be \o tacillt.at.e t.h4t etuq ot t.he efteo\ 

ot ul.\ruoa1o c•ra on w• \nnat•r 1n mltiple-emponen. 

t...pb&M JJ..cpd.d •1•t... Three iapor\an\ pbJaioal operationa 

\bat an Wied or reoop11ec:l 1>T cb-.ioal englneen an \o be 

OCDbSM4 iA t.hla 1tuq to aiw a 'bet.\er undentandbg ot tll• 

il&ernlaUon ot t.b• t.bl"M. Th••• operatiau an ~llqd.d 

utn.e\ioa, aa1 t.l"aMler, and generation and applioat.ion ol 

W.truoDio ..... end • ...,.. 

For th• pvpoae ot dlaauaion, the llt•n.tun ""1n tor 
\bi• illftatJ.pU.on bu been 41T1ded 1nt.o \hr•• u1ra 1M\iou1 

(1) ..S.\ operation ot liquld-1.lqdd mnotion and u .• lnbennt. 

.... \nuter, (2) uU.l'UODica, and (.3) appllcat.lcm ot 111\n-

IOAl•• \o li.q1d.d-11quSd .uuu.. 
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Liquid-liquid P.xtnotion 

Soparat.1on. ot the ccmporaent.a ot a liquid eolation b7 t.b• 

unit operation ot 11quid-liq1.l.id extraction ha• gained oond.der-

al>le !aport.moe duJ"1ng recent 7ean in the chemical and oil 

indut.17 in general. St\ld7 ot this partiCN.lar open.ti.on v1U 

be dinded 1.nt.o tour general categorie1, eaoh with related 

t.op1c11 (1) oYer-all field and ftl'led u .. , (2) ,... 

t.nnater ffCVl'1n& in liquid-liquid mractlon, (3) d1tter-

ent a.traction 17at.ema ot open\1on1 and (4) ex\ncUan 

proMll equipunt. 

Liguid-ysuS.d lxtraction. A common prob1- taoing moat 

c:bcie&l en&J.neera in t,odq • • complex obemical induat,17 la t.h• 

aeparatlon of th• oomponenta ot a liquid solution. lxtru\ian 

11 one ot HTeral methods ued. 1n thie tn>e ot aeparatioa. 

Ot.hent include naporation, fnot.1onal cJ78t,alllut1on, and 

di.till.at.ion. Liqu1d-llquid ex.traction le u.nal.17 conaict.Nd 

••a meau ol pertondn& t.he desired eeparation llhen(9), 

(l) bo1.ling point• ot liquid aixture component• are within 

a tev degreea ot eaob other, (2) one or non compotUldl an 

aeuitJ.w to beat, and (3) relati•el.7 IDl&ll amount• of desired 

~ct 1n eolutlon 1llOUld necne1\at• large hea\ nqtlireaen.ta 

tor other ae\bodl ot ••paration. Table I 1ndicate1 the 



Method 
Cry1tolllutlon 

Enpot•tio" 

A'*-Pllo• 

Ion Hchon9• 

TltenMI 
dilfutl0tt 

o.dlttary 
dilllllallott 

Areolloplc or 
eatractln 
dlstlllatlon 
Llqvid-liqvld 
e1tr1ctfon 
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TA.BI.I I 

Ap2l1cations !!. Vanous ttOD-MChanlca1 

Sepapt.1on Methodl 

Olaot .. d Solids 
Liqul<I Solutiottt 

Volatlle Fraction Volatlle fractioft Clon-Boilln9 
si .. , •• T- or More Minor Major. fr•ctions 

Ne,so.- KCI frOM NaCl 
10H,O ~ s..,.,, NaCl N.CI lroM N.OH C0ttcettllatl0tt of Flathin9 of r><OPI•• 

tpettt H,SO,, lro"'propane-/at 
butattol I.om di· ••tr•ct 
butyl phthal<ite 

An6biotics Oacoloriu6on Oryi•9 of b ......... Reco•ery ol erom.tics 
of...,., -guolmc( etc., with_ lrom hyclrocarhont 

dliu t• ed ,. 
alu111i .. ,.1 . 

S....,atlon of 
he .. y ..... 1., 
w1ter 1oftenin' 

Tall oil1 11paratl0tt 
ol hi9ft.octatte 9HO-
line coMponcnb 

St.billu6on of 
t•10liftc1 recovery 

G110Une rerunning He1vy wtter 

of or,attic ool .. nts1 
.Vlppin9 
Absolute alcohol Toi•••• lroM hydro· 
ulln9 lrichlor· IOIMlll; butadiett• 
eihylette or ether rKOYet'Y 

Piteftol lrom NaCl from N10H Anlllne I.om wator Ac•tlc atid from lube oil refinin9 
wet.., usin9 utin9NH,, utin9 nitrobe:n1e11e ...... 
benzene chrorn•I• front 

vo .. dote 11lb 
usin9 lieet,,.•1 

Hut.S.ns.iti•c 
Mat.,ials 

Quinine from 
all<•loidt 
E•a-ated .,.;1~ 
lttt11dryin91 
frvit ilitic• con-
cH1tr1tion 
Anttbiotic1 

Mol .. ular distil· 
l1tion; vitemint. 

Antibiotics tf'ld 
Yiternins 
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appropriate empl0J1D.ent or the varioua unit operations which 

involY• pbaH cban,gee or aue t.raneter bet.ween pha•••(SS). 

Liquid•liquid extraction muet. include the tolloving sequence 

ot eiepe(BS), (l) product.ion ot an intDat.e contact of tffd 

aixt.un vit.h eolTent, (2) 1eparat.ion into two liquid ph&Ha, 

and (3) l'HOY•l"Y ot •olut.• fl"Oll ext.net. pbaae anci 10lYent. troa 

both phaaee. DependiDg on the particular type ot eq,uipunt 

uplo7ed, at.ape (l) and (2) mq 'be ea:rried out eiaul.taneoueq 

1n the -• ut.raoto:r or eeparatN, in cU.ttarent piecn ot 

equipzaent. Skp (3) 19 carried out Wl:Yiduall.71 unallJ' by 

dieUllat.ion. 

Liquld-liq\lid extraction a1 a Wlit. operation ha• inoreaaed 

1n popglari.ty 1n recent TUr• in JUn1' ditt•rent. tielda and 

proc1a1 .. , c.litfennt reuone being naponaible in each cue. 

Iearq nd..,. on unit operationa, including liqu1d•liquid ut.rac• 

t.1on, are pruented 1n • lDclu.t.rial and Eng1newing Chailt.17. • 

Applie•t.ion• of J.iguid•HsuJ.d ~£!9,lon• The petroleum 

induatry haa the lugeet. number of operat.1.one 1.nTOlTinc Uqu14-

Uqu1d ext-not.ion, on pinq a TOhae buia<8~). Iapo~ant 

appUcaticoa ot t.hi• unlt operat.1on, cm a JIUOh ..U.er TOlUM 

baaia than •J>lo1ed 1n the pet.rolua induat.ry, an in t.be field• 

of pbuuaaev.tJ.cala, Yitaa!ne, and ant.ibiotiae. 



In general, extract.ion 1• tboqht of a.a be.lna applicable to 

t.he ••pa.ration of mol.611ul.Eus ot different. cht111cal t7pee, wb.1le 

1n contrut diaUll&tion 1a carried out. t,o aoccapli.Dh tho aep.Ln.• 

tion ot molecule• or dittennt eie or aol.oculu wight.(24). 

r.xt.nction aetJlode hoe proyen valuable tor J"iWlfal. ot traco · 

8llOWlte ot impui.t.iea and colored bodiu, tor recovery and pari-

tication of vide Yarioty of organia campounds and phamaceut.icaa, 

and in treating liquor• vhoee solid content. create dltticult.7 1n 

beat. tnnater in t.h• deaired oc;parat.ion b.r vaporiu.tion methoda. 

The uJor comercial applications ot llqut.d•ll.qu1d utrac• 

tlon proceaaea are ll•t.ed(4') in Table II. Varied Glllple:s ot 

tbie increaeingq popular urJ.t. operat.ion ares (1) extrac\lon 

or chloropb71 traa altalfa(.36), (2) separation ot chraaia a.'ld 

Yanadium ealt.a(87) 1 and (l) h)'drocubon aaparaticn b7 uae ot 
liquid carbon dioxid•(2?). 



..... 

TAii.& B 

ftt.1s· -.nW. A1!211e•\MM U 
. J4iQ4•Mold !1W5U9 b!••!HI 

I. Petroleum Refining 
A. Separating high purity products 

Toluene . 
Butadiene 
Olefins 

B. Separating one or more groups of compounds from cuts of wide 
boiling range · 
1. Treatment of kerosene, Edeleanu ·(9S) 
2. Lubricating oils treated with selected solvents 

Edelealiu Oiquid S02) 
Chlorex [bis(2-chloroethyl)ether] 
Duo-Sol 
Furfural 
Nitro benzene 
Phenol 

C. Dewaxing, deasphalting, and decarbonizing operations 
II. Extraction of Acetic Acid 

A. Wood distillation 
B. Recovery of acetic acid from dilute solutions __ from cellulose .ace-

tate, etc. 
III. Phenol Recovery 

A. Raschig process, primary phenol production 
B. Gas works liquids, recovery and by-product ph.enols 
C. Recovery of phenol from a wide variety of solutions 

IV. Chemical Processes with Liquid-Liquid Contacting · 
A. Nitration {Here the value of countercurreilt operations may be 
B. Sulfonation questioned becausP. of the danger of over-reaction 

V. Vitamins and Antibiotics 
VI. Vegetable Oil Refining 

VII. Fischer-Tropsch Synthesis of Liquid Fuels 
A. Separation of water-soluble by-products 
B. Separation of oil-soluble oxygenated by-products 



.., .. 

Mu• trlll8fer 11 the moyment ot one or more caaponent.a 

M\wc pbaae• at a qet•(6). !xamplo• of mua t.nnater an 

t.he abti0rpUon ot a 'f0lat1le ocaponel1' fl'Oll a npor phaae, t.be 

atraatJ.cin ot a component. from a 80Ud or liquid in 80lut.1on bT 
a eolnnt., and 19Jl6r&\1on ot ~laUle ccmpoQent.e of a liquid 

. ' 

'b7 dietillaUcn. 801.ute tranater acroae a liquld•Uqldd int.er-

tac• 1• a partiaulu oaee of a general probl•1 that ot react.iona 

occurring at or aorou pha• boundar1ea C39). 

Dittuion Proo••!• Morlng 1-iacible liquid.a are brought 

into oont-&c\ in Gt.rut.ion operat.laraa tor the purpe>•• ot cau•inc 

cllttuion of a eolute traa one liquid to th• other •ro•• th• 

phue bounc1a17(15). In t.hla dittuion proo•• the aolut.e paaaea 

\hn>ugb Yariou porUou of th• tl.u1d that an 1n 'fisooua or 

t,urinalent now. 
T!!:Ala Tb!Ort• Experiaontal work concluc\ed on ldnetica 

of aaaa \nnater aoroaa liqu1d•Uqv.1d bcnmdar.lu baa been i.aa 

than that. carried on tor gu-Uq,uid and eollcl•liquicl qa\all. 

Th• \vo•tila t.heo17 dneloped b7 Lni• and Whitun(U) tor au 

abaorpt.1.cn baa been pnel'&lq a:tendecl to liq,uht•liquid 
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Altuap\1ona m&de 1n th• cue of the t"°•tila theo17 mq b• 

nm&rlud(S) UI 

l. •On eit.ber aide ot the 1nterla.ce, bet.ween the t.wo .moYing 

imiacible llquida 1n contact, there uiata a relat.1Yeq etatton• 

arr nuw til:a. 

2. The diat.urbed aa1n bod7 ot e&cb tluid ia in COlllp&.btivelJ' 

violent. mot.ion and aolute concentration gradient• \herein are 

rapi~ equaliud due to a1x1ns b7 fluid motion. 

3. Traneter ct solute aoroaa t.he interface doee not take 

plaoe b7 dittuion. EquUibriwa ia ••t. up here and th• t.raneter 

ot eolut.e involved ia the result of the prevailing equillbriu.a 

condit.iona. Thia reaction ia eo rapid that. it ia not a can• 

trolling tact.or in t..he proc•••· 
4. Puaage ot the aolute throqh the a\ation&17 tilu can 

occur onl1' b7 clittuaion and cono•trat.ion gradient• are ••t up 

in con11«1ueno• thl"O\\lh each ata.Uonar.r tlla. 

J. the onq control.11ng fact-or in \he proaeaa i• the rat.• 

of aolu~ dittuion aoroea the i&:rt.ertacial .t.at.ionar'1' tilu.• 

!!:YAit.z ot T!!•tilll TheoU• The tw-tila t.heo17 u 

denribed, while generalq applied t.o llquid•liquid qat .. , 

ia not alvqa accepted. u the proper approach to t.be probl•• 

Inwetipt.ione bne ahown that. under oond1t1ona ot high tur-

bul.enoe, edd1 and not. mleoular d1ttuaion aq be \he Mchania 
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(39) 
of tnnaport to the 1nt.ertue 1n liquid•Uqu!d qe'-8 • It. 

bu aleo been touml(40) that tnneter ot ~ organlo OGllpCNDda 

aoro1a JJqa1d•liqu14 Snt.el'taoea ••t• "P intertaalal tm4Nl.eno• 

nan 1n \JDaUnoecl apt.eu, tor uaple, acetone \nneterring 

betwc •ttv-1 aoet.ae and •\er• I\ 1e th• op1nion ot Lewi• 

end Pratt. <39, 40> tba\ unle11 turbulence 11 knom t.o be abaen\ 

a\ t.be intertao•, t.h• t.wo-tilm cone.pt. ahould not. 'be &PPlied1 

tor nen 1t •p1r1aal oorrel&Uona can be obt.alned with one e;rst.m 

1D a pa\ioular ut.notor th• data cannot b• t.nnafernd t.o other 

.,..,.. ot ot.her equi.--nt. 

E&1a C!!!l1t,iopa. In a lltudy of mobile and rSc1cl tlla1(39) 

S.\ ha• been suu••t.cl tbat tdlile in genenl 110blle tUu baT• no 

•tteot en t.renaf •r rat.ea, r1g14 tllu nduo• \ranater poealbq 

"7 daping 1nt.ertaolal temion. 

lil!:trphan Irtn!ttr. The OYer-all rate ot re.et.ion at 

:pbau bowv.iari•• Pl"1 be thought. ot u betnc cont.rolled lq' the 

toU.ow.t.ng tu\or1<84>1 
1. Maea traneter en th• cant.1nuoua•phaa• aide ot the 

lnt,ertaoe. 

a. Cheical ruotion at, t.he interface OJ" JU88 transfer 

through it. 

J. Hua tnnater on t.h• diaper1e4•pbaee aide ot \be 

illt.•rt .... 
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Thi• clud!ication lsada to three poeaible tJP•• ot 

react1ona(l9) a 

l. Trana~rt•controlled, when th• rate ot reaction ia 

much taster than the rat.a ot mua transport. to and trot11 the 

boundaJ7• 

2. Reaat.ion-oontrolled, where the rate of reaction 1a 

much elover than th• transport. rate. 

3. COla}:lex, where tho two :rates are ot the aam. order 

and both !actors are t.bentcre important. • 

.Rate ot Tra."tsfer. It. h&a been propoaed(8)) that rate of 

t.ranater ot a aclut.e between tw 1.m1.aciblo Uquida 1a cont.rolled 

b7 lawa ot dittueion. Thie would inciicate that \he rate ot dit• 

tuaicn ia proport.ional to t.he concentra\ion gradient. and surface 

area acrou \tfbicb the d.1.ttuaion 1• taking place. Potential tor 

tbe ditruion 11 determined b7 the ooncentraticm Of t.h• diftueina 

aat.erial in tho bulk of the t1ret. fluid, awl t.he aolute concen-

trat.icn which would be in equillbrim with the 'bulk ot the aeeond 

llq.uid phaH. U the two concentrat.1C>ns are equal, no d1ttu1ion 

or aua traneter v1ll take place<60>. 
Rate ot aolute traneter troa diluent, t.o eolvent l.qer 1• 

dinotq proporUonal to the area ot contact, and degree ot 

ag1t.ation(2l). Prediction of mus tran•t•r behador for 

agit.a\ed heterogeneoue qstema mq be made 'b7 a •\.hod dnind 
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b7 Veraenlen, vnuue, and Langloie(84). Their uthod ot 

d.eteJllinin,g intertacial area and mean drop dlaMkr bJ" photo-

eloot.rio cell .meuurement1 ottero e. pract1oal index to \be 

etfectivene .. of part,iculv met.bode ot dx1ng haiecibl• lk&u1da. 

Bate ot tnnat'm- JI&)" also be expreaeed us 

+ • I A .tCla 

+· 
I • over-all aaa1 irmltel' coettioimt,, 

lb mole/eq ft - br - 111lit. coao ditt 

A • t.ot.al intertaoial area of oonkot, 1q. ft 

~la • loprithmio aean cmcent.ration clitf8"Do• 
at eit.h•r eacl ot extractor b&Hd en 
inoqanic phaae. 

(l) 

Kt!!\ of Plov late en Tran1ter. ror low flow ra\e1, vu,_ 
porio to t.he 1nt.ertaae take• plaoe b;r moleou1ar clittuicm (.3'). 

W1t.b an inoreue in tvbulence, an iacnaeecl tnnater rat.• vill. 

N mclent. U the diffulional. lqel' t.blolmeue1 vill be deana.ncl. 

l>ial'\Jpt1on ot t.h• dlttuejonal ~r by inenued t.utR&leo• vUl 

•-• t.raneter to the interface by edd.r and net sleoular cllttu• 
, 

•ion, with a •liabt. inoreaae in flow rate haYiq a 1arp effect. 

on t.h• t.nn1t ... n.t,e. 



Oy•,.,U Maaa Iraneter Co!ffioi!!Jt• The OYer-all coetti-

cient, 1• oonlidered &e the reciprocal of the total roaiatance 
(60) 

t.o aaae t.ran•!er !rec tee bodT of one phUe to the ot.her • 

Over-all reeiat.encc 1a uaum«l to be compoaed ot two roaiat.• 

anoe• 1n ••des, reeiat.ance to the two tilze at the interface 

being oon11dvec.t a.pprec!allle. In t8J:"JU ot 1nd.1v1dual tUa 

tranater coetticienta, tho OT&r•all coefficient baa b"n ebom 

t.o be1 

K,, • over-nil coet!icient. baaed on water phaae, 
lb 'flOls/br • sq ft. • lb aol/ cu t\ 

indirl.dual. coefficient et water phue, 
lb mole/hr - eq tt. - lb m.ol/cu tt. 

Jc8 • individual coetlicient. ot aolvent pban, 
lb mole/hr - aq tt. • lb 'llJ)l/ou R 

H • distribution c~fic1ent., d.iaenaionlesa. 

(2) 

Di!)ribut.ion !guilibrlum. The lava ot dittuaion and cU.e• 

ttlbution eq,uilibrl& garem the tranater ot a aolute traa the 

carrier eolnnt. to the extract.inc aolvtrn\ in an utracticn 

opera\ion. 

U to a liquid. qat.• of t.wo phuee then i1 added an 

amount ot a t.hbd liquid or solute that ia eoluble S.."l both 



phana, tbia added aubatnnce will be diat.ribut.ecl between the 
(29) tw pbaffe 1n a detinite ratio at. a given temperature • 

In equation torm, this diat.ri'but.icn l&w mq be at&t.e<l aea 

wheres 

C1 • eol.ute concentration in tiret liq,uid. phaee, 
mol f racstion 

(3) 

c2 • solute oonoent.n.t.ion 1n aecond liquid pbaae, 
mol traction 

H • diatribution coefficient, di:aen11oDle1a. 

For ideal aituaUone, thla law giT .. a llnur relaUonabip. For 

moat actual •xtraot.ion ope1rationa, bowcrrer, the lln-.r relation• 

ahip holds onq fer verr dilute aolut.10n1 ( 2'). 

The relation o! solute d11t.ribut.1on bet.wen tho c&ITier 

eolvout. and propo:sed o.xt.racting aolvent 1a an iraport.ant tact.or 

in choice ot t.ha 1olTent mat adnnt.ageoua tor 1111 putioular 

extraction operation. figure l llluatrat.ea the d1at.ribut1on 

of a aolut. between two liquid p!uuea .. 

Ibeoret1cal ttMater Uni\. In order t.o e'Y&luate oo&-

t1nuou extra.ct.ion equi}Dent, there is need ot IOll8 standard 

to vhioh the equiP1ent 11&7 be compared.. To 1•t. aw&T trm tb• 

ideal •ta&• ot ainal• contact., Colburn(l?tl8) proposed the ldta 

ot t.nneter unit.•. Thia transfer unit. ia \he conoentration 
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. MOLE FRACTIONS 

0.10 o.20 ().30 Q.40 Q.50 0.60 Q.70 
~32,X32 • MOLE OR WEIGHT FRACTION ACETONE 

IN WATER LAYER 

f:lgu.N l. . D11t.J"ibution t,>f Aoet,cnc. Between Wat.er 

and 1111 2-Triobloroet.hane at a!l "'C 
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change e~rii:nced r;~r, uv~t. oi: co~lC~ntration e&\W.ng the change. 

In equation torm, t.he trenater ~t ,~ 7be expnsised u(32) a 

N • mmbv of maeo tranetor unit.a, dimcaionleaa 

7 • c:oncent.ration ot eolut.e in one phue, mol 
traction 

~ • concentr&t.ion ot eolute in extract. ph&oe that. 
1• in equ1libriua vit.h the concent.raUon ot 
&olute in ratt1nate phaee a\ the saroe point, 
aol. tracU-

1'1 • concentration or aolute in th• extract. phue 
at the teed end o! the colUJllD1 mol traction 

72 • aonoentration of aolut.e in the ext.ract pbue 
at. the aolnnt. end ot the ool\111111 mol 
traction. 

(4) 

E5[M)i09 U.tic:lew, Heigh\ of a Tpnafer tbit. ror 

extract.ion operat.itlQa in general, th• et.a&• •fticimq atq be 

thought of u th9 n\lllber ot theoretical •t.aaM required tor 
the extraotlon di•ided by t.he mm.ber ot actual •ta&•• required 

to pertora the de11nd ext.raoUon. For ue in oontimaou 

ut.ncton, Colbum(l7,l8) baa euapated that a unit, lengtb 

ot a column 'be detined aa the oon\inuoua countercuft"811t 
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equiy&l.ent t,o a \heontical tranefer eta&•• A •uun of the 

oolulln ettio1•!101 1• the actual height ot a p&l"ticular column 

divided by the number ot tranater unit.a. Thi• u:, be upreeeed 

all 

H.T.U. • .JL 
)1 

H.T.u. • heighi ot a tran•l•r unit., tt 

H • height. ot coluam, tt, 

N • nu.mber ot theoretiaal t.ranater uni.ta, 
dimend.onleee. 

From thh, \be H.r.u. value for a colwm can be uaed u --.ne 

ot ev&lu&tina the column ett1c1enq. 

(') 

H•kbt. !'diluivalont to a TheoreUcal stw. St.ageviM eoluana 

a,y be oCMpared by meane ot tho height. eqd:l'alent to a t.heo1"flt• 

ical etaa•(26), or H.E.T • .S. The H.E.T.6 ... be defined u th• 

total act.ual height o! tho column dirlded bT the nuab•r ot t.heo-

retloal •tagee. H.E.T.s. 1a analogoWJ to H.t.u. but. 1• uaed tor 

e\ageviH ext.net.ion, vhU. H.T.U. l• uaecl for oct.inuou count.er-

cunent ext.raot.lcri. 11pn 2 ill.uatrat•• \he difference betWMO 
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Th• open.Ucn of extraction .., be diri.ded Snt.o tour 'bade 

8711\au "1th rep.rd to oontaat bet.wen t•ed and eol•d• Tb•• 

f0'\11" .,...._ .. an<9>, (1) aingle oon\act, (2) 1iapl.e ml.Uple 

aontact., (:J) cwnt•nnuTent. lllltiple oant.aot, amt (4) OOD• 

Unuou oo\111\erournnt conuat. with reflux. l tunher b...U.• 

Clow ot t.h••• tour e7et.au w been Jll'Opo•ecl bJ" nc11a<2l> ... 
:t. Singl.At Cont.act. 

n. Kul.Upl.e Cont.aot 

A. Coov.rrent. 

1. Multi•t.1&• 

a. DitterenUal 

l. With Refivx 

2. Wit.boa Rotlmt 

§1pale Coeff!t. Tbie 1a th• 11aplest. tJP9 ot atl'&GU.on, 

llOlYeD\ and t"'1 'being ~rou&ht. togethttr tor a~ batob 

utnot,ion. Flnal extr11Ct and rattinat• trcm a ·~ oontut. 

openU.on an ••HDtial.q in equU1br1• wi\h euh ot.ber, t.be 

lillOUDt of •lut.e which IUir be extract.eel vit.h a &l•en aount. ot 

IOlTen\ being lJaitect(62) • Thll \7Pet t1PiCal t1ov ~ 



being ehown 1n Figure 31 ia ecldca omplo7ed 1.'or largo scale 

in<luntri&l work. 

Mul\iple Conte.ct, Coourrent. Multir.tago extraction of 

this clG.seiticatton indica.tee teed solution being treated. vit.h 

suceeasi.ve portions or tre~h csolvent, each port.ion ~rtorming 

en ideal contact. The mixtuN form.Gd in ea.ob •tage ia •eparated, 

with rattinate aoing to t.he next st.ago to be caatacted with 

tnah eolvent.(9). In ditterent.ial cocurrent, om™t, eolnnt 

1• added in d1ttennt1al portione, with extnet beintc J'9l0Yed 

u taa\ u it ia tOl"llOd. Illuetra.tion ot tl.ow arnncment. tor 

t.h1a t1P• extraction is inacle in Figure 4. 

Multiple Contaot.1 Continuous Countcrcu1rmt. True eounter-

current extraction Wllld nquire the two llttuid phaaea in con-

tact with each othor to pase continuousq in oppoaito direct.lone. 

Reflux 118,1' be ue(ll(! in ~xt.raction operat.1on11 1n a m&nnel' d•d Jar 

to t.hat ot distillation (1>2) • Retlw< le pi-ovided by NIDYlna 

solvent trcn the extract lo&v1Jli th• column eo au to tons o. 
be&V extract phaoe eat.urated with 1SOlvent, pa.rt. being ret.umed 

to th• col.mm, and the 't'all&ir:lder bein& vithdravn as extract 

product. Thi• procedure givea an extract. much richer tlwl an 

extract ot ocmpoaition in equilibriwl wit.b the teod. 
Two maJor point.a ot int.rest concendng the ue ot re.flux 

in ut.racU.on cannot be ove:reatiu.t.ed t:rca the standrioint of 
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pnoU.oal applicullit.7(82) 1 (l) t.hroqb t.h• ue ot proper 

reflux it i• poaaible, '4th a reuonabl• number ot 1\qu, \0 

uke a.para.t,ion• whieh -.oul.G ot.tumd.M be illpouible nen bf 
~· un of an Winit.e nUlllber ot .U,ee, and (2) in order to 

aepa.rate a cout.it.uent. froa a •inure, th• eolftll\ ueecl doe• 

not, neoea~ hav• t.o be aelectJ.Ye toward that. c:out.ltu-, 

if th• riibt t.Jpe ntlux ie emplo,e4. Th• tact mat. no\ be 

owrlooked. that renux ldTantagea aq be had oD17 a\ the a.penae 

ot aore 601.nnt, or enora per tmit ch&qina .took and leee 

throughput. ot J'Z"Oduct. An example ot fl.ow arrangwnt tor oon-
t1nu.ou1 ccnmterwrrmt. extraction ia elioWu. 1n figure 5. 

§yst•• of OpsratiS!l bf §olvmit ·cia1eit1ca\ion. .Anot.her 

oomeniont method ot cluaif71nc extraction a,st.- dependa upon 

\he natUN of tbe eolYent and )>h7a1cal ~t ot t.he appara• 

tu• ~('16), ea.cb division h&Ying bot.h at.agewiae and ccm-

Unuoue con\&ot, depend'• upon deaincl ccmdltione ot openticn. 

1. 81ngle eolveut qateu, includina all t.hoa• *1.ob aon• 

aia\ ot, or •tch lMQ" be reduced to the equiTal.ent. ot t.brM 

oaaponen\a, the t,wo to 'be eepan.ted and t.he aolvent,. 

2. Hind eolnnt.a, arrancmenta aaplOJ1lag a aolvea\ eola• 

tiou conaiet1q ot at leaet. t.w componenta. 

3. Dwl:>le eolwllie (traoticcal extraot.1on), arn.na-.nte 

vhon ad.:xt.un to be ••parat,ed 1• dletrl.bu\ed bet.WHD t.wo i•'•i• 
'ble eo1Yct1, the .,at.• cont1Snt.na at. lwt. tOllJ" ~. 
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Moat liquicl•liquld extraction operat.iona an of the tiret 

olaaaificat.ion, or eingl• aolvent ayotema. In epaoial cue• 

when it. ia deeirod to bring about. moditicat.ion ot eingle sol• 

nnt ettect.• such u .tmprovment ot aelectivi~ and lowering ot 

aolvent. frntsing point, a mixed aolvent. or eolvsnt. eolut.ion 1• 

apl.oyed a• the extracting medita(77). 

Calculation Metbod11. Al.gebnJ.c method• of calculat.inc th• 

u.mber ot theoretical. n1.111btir of 1t'1ge~ required t.o achieTe a 

cenain de&J"ff of extraction han been propoaed(34). Howe'rer, 

bocaae ot cU.tt!cult7 in application ot the &lgebralo aet.hoda1 

graph1oal aethcd• uring the principle ct theae ideu h&Y• come 

into prom1nm4e. 

Tho mat.bod ot Ponchon and Baverit.t. baa been modified. !or 

utillaation in extract.1on(lt3), making uee of the 1olTen\ content-

ooncent.rat.ion clia&:nm ror a ternaey 17atera. Thie particular 

utboc11• coYend bf .erow<6>, Perrr<2s>, anti Bull and Coll(9). 

Matari.al balances carried out. on t..he triar..gular pbaae 

d1agnra gan a graphical aolut.ion to cou.ntvcurrent. atege-

wiH ut.ractJ.on operationa. Proper ~cmt ot thia t.ype 

phaao dJ..agrm, giving neceseary robticna between oampoaition 

and q,uantitr ol extract. lqer leavina arq stage and U'lon 

of raltinat.e lqer leiaving t.he s•:e :stqe, 1• covend by 

- Huntor and Huh(:)4),, Perry(2S), and Bull and Col1(9). 



·Zl-

8ul aacS Ve l>J'ak(SI) mpbaal•• the an•logS.u betvec 

dlatUlation and extnotlon 1n their aa1n toru and alao aent.lon 

the po••ibW\7 ot ~ to at.not.ion a gnphioal Mtbcid et 
ocmpu.k\ioa •i•:U ar to t,bat. dneloped b7 McCabe aacl Th.U.. 

Bxpl anat.1cn and applioat.ion ot t.bia method 1• ooYencl b7 
Brom(6) met Bull am Coll C9). 

For the exact. proolldun ot the T&l"ioua grapbioal Mtboda 

of oalculat.ion, nt•noo• i• made t.o t.he au.t.bor• oitecl, par-

t.ieularq to Per17(aS), -..ho ciTe• & Ter'T good clieouaicn and 

b1bl101raJ!bl' tor the •ar1oua .. tbocta. 

Operaticna inYOlTing Ji>T•ical •epu&Uca an ... mt.ial.q 

onea in wtd.eb power i• -eel '° ll&ke a 1epanU.on<2>. lxtno• 

t.ion S.. ou ot •«•nl open.tione in wbiab t.be powv nquired 11 

upendtMI to a na80a&ble d•ll'ff ot ewer-ell dtiolmoy, power 

~t.a in mn.cU.on being 1arpli' t.M heat. required tor 
reooY•l'T ot eol.mt.("6). A• operaUns ooet.a ot \he 1etual 

U.Vutor it.nlt _,. be ooneldencl mall. in ocaparillOll \o t.otal 

ooet. ot opent.1.na t.he en\in 1179t.a, 1nclud!ng po•r, a deat&a 

ot Atnotor tba\ wU1 giY• •n eue in operat,iq and le• 

a&t.n\maoe trouble 11 uaualq t.be cne eboHn. 



In a continuous Uquid-liquS.d mn.at.icn operation, th• 

tunotion o! t.he cont.actor is to pzorlde a large ifttertaci&l area 

tor maaa \nmetv between the two liquid ph&H11(20). Production 

ot tbi• interface 1n • manner beat euited tor the particular 

qat. in operation determines many of the special teaturee 

found in tbe different extractor deaigna. 

Ccmercial extraction equipnmt baa not. been generally 

•tandardiud, dneloping over a period of 7eara aa found best. 

.W.table fer particular e1t.uat.1ons, ra1x1ng and contact.ing ot 

t.be two J>ha••• nret. and then 1eparat.1on of the phuea being 

the buio dut.;r ot equipmm\. in the onr-all operation. 

!gy.1pist. Claaa1ticat.1cn. A major olauiticatlon ot atrac• 

t.ion equipunt mq be baaed on the method ueed tor aeparat.1.D& the 

two phaau, 11"avit7 or oentritugal toroe, soat. comercial cnrac• 

tore being ot the graviv type(46). A gmeral clu11ticat.1on ot 

Q'pea ot a.treat.ion equipaent. ia ginn 1n Table m. llluatra• 

tiona ot t.1Pical utraot.or tne• diecuaed are show 1n Figurea 

6 t.tuoough 12. 
Kix!t=•-'tl!£• The 111.Dr-aett.l.er type ot mractor, uein& 

a eeri•• ot Ye8"la, 1• t.he oldeat e:xtraot.ion dnice for both 
(86) 

batch an1 continuoua operation • Thia tn>e ext.notor coc• 

818'1 ot a •ix1~ cbuaber followed bJ'" a aett.lin& chamber tor 

each e\age of ut,ract.or. The mixer, onq a omtl'ihgal pump 



TABLE Ill 

~laet1t1cation gl. Ext.raction lguipnent. 

I. Two .Pbaaea Sepe.rated by Grant)' 

A. Contact. ude throqh one phaee u a tilm 

l. Ex\ended 8\U'tacea 
2. Puked t.owera 

Lara• packirJ& grid• 

B. Contact ud• with one phaa• diapereed aa droplet.a 

No addit.ional. power 
uecl to maintain 
d1aperaion or 
rediapera1on 

1. Sprq t.ower 
2. B&tne t.ower 
J. Perforated plate 
4• Bubble C&p s. Packed tower 

!xt.ra power '"" to rediepene or 
maintain diaper-
aion 

l. Mixer and 
aet.tler 

2. wn. tower 
nth monble 
membera 

11. Two Pb&••• Separated b7 Cent.ri.tugal Force 

MOrello, v. s. and N. Pottenberger1 Commercial Enraotion 
IQuiPHDt.1 Ind. En&• Chem., ~ 1021 (1950). 



Heavy liquid in 

Mixer 

Light liquid 
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control 
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at. t:1ae1, 11 u.1ual.1¥ a chamber having & propeller or turbine 

agitator and ba.ttl••· Several Yariatione ot tbia type extrac-

tor have developed oYer a period ot TQ.r•, two recent develop• 

mmte being one reported. by Nat.ional Research Corpora.Uon(ltS) 
(20) 

and a "purap-mix• settler developed by Coplan and te.vidson • 

Sprg Column. A spray colWtin :1 e a vertical cylinder through 

lllhieh one liquid nows a.a the oont.inuous phaee, with the aecond 

liquid dispersed in the firat(S5). Denaity relation or the two 

liquide det.ennines direction of now. Sprey columnf! are the 

simplest t;ypo ot extraction equirtQent in eonstruct:!.on and 

operation, having low coat, high oapa.cit.y, ~nd ease in cleaning. 

Thie eol\D:m io not uaod to any large o.xtent in c~"imorcial extrac• 

tion oporationa; howeYer, cne or t.he !ew co=:nere1al appllcationa 

is that emplo,-cd in the Columbia alkali procet10(80) !or ext.racting 

aodium chloride a.nC sodium chlorate t.o make •1 rayon gra.dert caustic 

aoda from electro}rtic soda. 

Packed Column. Thie extn.ctor io veey &1m.1.lar to the aprq 

oolumn; a eolld m&t.erial such aa .Raachig rings or Derl aadd.lea 

is emplo7ed a.a packing to help increa.eo dlaper&ion. Pa.eked 

towors are uaed extensive)¥ 1n !Aalty chemical and petroleum 
(85) 

operat.ion• • 

Perforated an:i Sieve Plat.e Columns. The pr1.~c1ple ot 

rediat.ributing the c11aperaed phase into droplets a. mamber of 
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t.ia•• by' paaeage through plates having a luge number ot emaU 

holea ie utilized in this type ot extractor. There are marJT 

Yariou deaigna ot thi• t.1P• column, t.rq spacing• v&J"7ing tf'Oll 

eix incbea t.o t.wo teet.(SS). Operation of t.hia t.)1>9 column 

deponda upon the diapersed phue collecUng under or above 

each plate unt.11 auttioient preaaure ia dneloped t.o cause the 

liquid to move throqh the holea in a Jet. and form droplet.a 

that proceed tc the next plate t.o pertona t.he qcle again. 

Perforated plate oolumu, eapeoialq tboae with perforation• 

in vert..ioal plat.ea, have provecl ve17 aatiataoto17 where t.hq 

haw been wt.al.led, being ftl"T popular 1n the oil induatr,. 

Battle Columna. The baoio idea ot th1a tJPe extrac\or 11 

a tower tit.ted witJi horiaontal-battle• over 'Which the dispereed. 

liquid phaee nova, tond.ng a large aurtaoe tor contact with th• 

oontinuoue phue(SS). Liquid tlova aero•• one battle and then 

aucadee t.o the one below. Thie t7P8 collll?l ia one ot the aoat 

eat1etaot.or,r tJPU ot cormercial extrac\ora(4'), being ot e.iaple 

conet.ruct1on and with no aall bolee to plug or corrode. &loo\b 

t1ow ot liqu.14 aak•• it. poaaible tor this t.7J>0 column to handle 

liquid.a that amle11)' euily and would preeent, probleu in 

ot.her tJ'pe ext.net.ore. 

Mae pol\lll'IDI. In recent year• an idea ot gi'f'ing inanaaed 

turbulence and int.ertace 1n eit.ber a paoked or perforated plate 
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oolumn hae led to developnent ot pulae columne. In aucb a col.mm* 

an up-and-down pilaing mot.icn ta superimposed on the net, count.es--

current. tlow ot th• lif:luid pha••• thro\lgh a aenee ot at.ati01W7 
(61) 

perfoz-at.ed pl.a.tea or packing material • l:aperillent.al pul.ee 

column• have dellonat.rated t.hat the7 are equal in mraction per-

foraed to ordine.ry columns three to ti•• t.imea ae high. Eau.lei• 

tioat.icn pro'bleu are thought t.o be a possible Uait t.o maximum 

use ot. Ude tJPe column. 

Centrifuaal Ext.ractot. In recmt. years a epec1al tJ'}'e ot 
extractor ut.Uialna aentritugal torce baa come into UH tor 

apea1&1 purpoeea. Thill tne ext.ractor 1a expenai.Te, requiring 

oant\Ll deaign and conatl'\lcticn to withatand aevenaechanical 

atreeses. Thie ex\ractor, havin& a high throughput. to :lmanto17 

rat1o(46), 11 TfJ7' ueetul in handling material.a vbieh are eaa1q 

decc:aposed, or which undarao 1pontaneou• degradation in the 

proce11 Uquore. Application of t.bi• tl'P' at.net.or oomeroialq 

hu been mai~ in t.h• field ot ant1b1ot1ca and ntamina. 



LU\'.'EST:\ e'l'.tr:ictor cornbinl"\ three \t:1gcs 111 one machine. 

Have 12. tuweta ( Cent.rihgal) txt.notor 

Von Bvg, n.. L.. and H. F • Wiegand\• J.i.Cluid•liquld 
Ext.racUon, Ch•· Engr., a, 6-189 (l9S2). 



•Uliruonta1,• ...tiaea oontultd vi\h •nperaonica,• 11 

th• \em ~ ln t.he tlel.4 ot acouetiae that, ret•r• to eo1IDCl 

V&T•• ot a fJeqUnq that 1• abo'N that 110ftlal.l¥ de\eatect IV' 
h\IUD being•, approxlaat,eq 1,,000 t,o 20,000 qlea per a.oondU5>. 
( •Bupenon!o.- 1• now ceneral.17 t.hoqbt ot u relat.ed. to th• 

•J'Hd of a.irpl.anea or aiaallea tn.•elina at a epnct great.er tllao 

t.bat ot tound in all'~) 

, Lomt • and wo04 ( U) 1 . in 19271 •UTied cut a Ml'i•• ot 
im'eat.igatiaa• of the appl1caUOD8 of ultraeonio1 that bad a 

great 1apaat an the \MnkSnl and ettort.1 ot other 1eient.1.et.a 

in t.h1a tiald ot irl't'elU.gation. Tb•ir 1nYeat.ipt.ion1· wre aon 

quallt.ati'f'e \ban quant,1t.aUn, in that. obaenable etteote ot 

ult.raeonio wna auob u oaritat.ion, ..W...Uioat.ion, rormaUm 

of tog1, et.o., were reported. Huch Yar:led 1llOl'k bu been aooca-
pliehed alnoe the t..S.. of tb!a etud,r to tvtber inftat.i&a\e t.be 
propert.iea, effeo\a, and pouibJ.e UMI Of ultruc:m10 W&YM(#t,)O, 
44,64,?2) • 

Rl\EMOft1o a-•ratoq. Onr \he period of JUl"I dur1q 

wbiob ultJUCnlo w'h at.udiea ht.Ye been co.nduot.ed, aneral. 

t.J'PI• of vaT• 1envaton ban b•n dweloped. Four priuoipal 

\JP• of gmerat.or• uaecl 1n ultruonio vol'k ant ( 1) pieso-

eleoUlo, (2) aagnetoat.r1ot.1Ye, (3) eleot.rcmap.Uo, and 
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(4) &&• CUIT8Dt. Of th••• tou.r t.7P9• ot generatore, th• llOI\ 

v:l.cleq aco41pt.ec1 and ued tor th• t.reatunt. ot li(lU1d 17.t..a la 

t.he p1esoeleotria. A• the generator uaed in Ud.a brtat.igatlcm 

le ot the piel08lect.1'1o tJpe, turt.ber d1eoUNion1 ot the l&d 

t.hne tne• v11l not. be under'8k11h 

J!1ngelst.r1o Oeperator1. Pieeoeleot.rio 0171\al• ven 

maploJ'ed in \be ult.ruoa.!o geeratora in1t.iell7 con.atl'tlct.l 

toie aper!aent.al nudiea and are •till pradnent. in th• appliaa• 

Uon ot ul\ruonia va••• t.o Yarioua a78tema of clitterent. et.ate• 

ot matter. The wrd pieaoeleot.ria caaea troa the Qnek l.ar.icuaae1 

aeaninc •preuun eleot.r1o1\J. • Jaoquea and Pierre Curi• (U) 

found in 1880 that th1• effect ot •pruav.n eleot.rio1V- bold• 

tor aenral. 0178'ala, 1nclud1na tourulin•1 ql&&l'ta, and ttoob.U. 

wt.. A more quant1\a\1.e datin1t1m ot piaoeleotri.olt.7 la(l.2) 

•Ute elenrio polariaa\ion pl'OCluoec:l ~ uobadcal 1\rain iD 

0171\W belqiDg t.o oert.ain owaa, \he polui&aUon Hine 
proponlonal to tJl• 1tra1n and oban&Sng •l&D with 1t.. • 

It pnsaun 1• applied to a 017et.al beloncf nc to a Ol'Jl\al 

••"- vit.hcNt. o~r ot .,_.,17, oerkS.n 01711\al tao•• beocaa 

el.eotrioall.J obar1ect1 CODY•J'Hl¥1 it a pot.en\.ial clittennc• ii 

applied to oer\a.S.n taoea ot th• 017atal, 1\ oont.not.11 or expand• 

aooordin& \o the direction of the applied 'YOlt.ap. FipN 13 

111.uat.rat.1 t.bepi•soelect,rio obarail1& •fteot, ot a q~s 0178'.al. 
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au.n.r, T. r. and R. H. Dolts •Senio,• P• aa. 
John Wiley and. Sona, Inc., New York, N. t., 
l95S· l eel. 
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Imitation ot p1eaoelectr1c 017atal8 18 caund b7 applioa• 

Uon ot a high bequnoy electrical fielcl to th• 017atal eurtaoe. 

Max111m11 rlbration ot the 0J71Stal eurface ia obtdned when th• 

floequen.07 ot the applied electric field 1a the ••• aa th• 

natural mechanical freq,ueno7 of the c17atal. Pieaoei.ot.rio 

or.rat.ala ueed tar ultraaonio atucliea are connected by suitable 

electrodes t.o a high fJ'9ClUenGT generator and e1t.her ime:raed in 

an oil bat.h o:r munte4 ao \hat the 0178tal surface ia 1n oontao\ 

with oil or other liquid tranmitting aediua. In acD.e cuea, t.h• 

\ranait.ting media mq be th• liquid t.h&t. ia t.o be treat.eel. 

fiezoel!gt£1o Ma\eriale. Pinoelectrio aat.eriala tor ultra• 

ecnic g~eraton are anilable in a Coap&ratiYeq ldAle Tarie~(lO). 

Propert.1 .. ot t.be 'Y&rioua aateriala ditter wideq, and clet.eraiDI 

\o a. large extent,· th• applicaUon of nob t.n• -'•rial. Quarb 

017atala an nr'f veil auited tor fnquenc7 ocnt.rolJ quarts and 

'l11t (et.bTlm• cl!••1ae tartn.t.e) are ueed tor C17st.al ftlteringJ 

AJ)p (auonium ~l'OleD pholphate) baa betn UM 1n &ppl1oatJ.on8 

ot Sonar(lO). 

A p1esoelecstric •terial that baa proyecl t.o be wU Md\ecl 

tor ult.ruonio applicationa 1n U.C.uid udiuu ia th• owaaio 

bmm Utanato (Bat103)(10). th• oompariMD ohar\, Table n, 
incl1cat.el aaae ot the deisirable propert.ie• of bari• t.it.anat.e 

1D relation \o ot,her piecceleotric mat•riala. For a 11•• 



Expander Modes 

Rochelle Salt (34°c) 
X cut lateral 
Y cut lateral 

ADP 
Lateral 

Quartz 
Lateral and) 
Parallel ) 

Lithium Sulfate (LB) 
Parallel 

DKT 
Lateral 

EDT 
YX cut Lateral 

Tourmaline 
Parallel 
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TABLE IV 

Caau.\1ve C!wJ a! "'7a1c!l ?nRU'i•• 
Sl, Pk!s!lft\r!t (imtrala 

Volt!&!! Out Elastic 
Motion Q!!t Force in Modulus Voltage Out Coupling 
Voltage in Dielectric g y Motion in Coefficient 

d Constant V·m lO"Newton Y·g 
10-,. m/V K Newton ma- 10" V/m k ·Vdg v 

185 200 .093 19.3 2.11 .54 
27 11.2 .33 10.7 3.8 .31 

24 u.s .177 19.S S.4 .211 

2.S 4.5 .058 80 4.8 .lOS 

Ul.O 10.S .175 441 8.0 .se 

11.0 8.5 .1112 25 4.8 .2S 

H.S 8.2 .158 28 4.0 .22 

l.llS 8.8 .033 180 5.S .10 

Barium Titanate, Prepolarl.&ed 
Parallel 1110 1700 .0125 87 1.10 .ff 
Lateral 71 1100 .0052 87 .45 .19 

Frequency 
Constant 

short-
circuited 

kc.mm 

2100 
1180 

USO 

2700 

2380 

1770 

2050 

seoo 

2000- 2500 
2000 
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applled TOltage, the obtainable plvld.cal motion of a bnrium 

titanate c17et.al 1a approximateq a> timoa greater than that ct 
quarts. High potentiala, in the order ot thcuands of TOlta 

tor quarts, are not required tor the use of barium titanate. 

lav material• fol' production of barium titam.te crratalJs are 

abundant in thie countr.r. and t.his material mq be out, f'r•••ed, 
OJ" ext.J'Uded 1n varioue shapea and sises according t.o demand. 

Swenl dittermt ebapes ot &Tail.able bariwa titanate c17etala 

an llbovn in Pigure 14. A Tery ueetul barium t.itanat.a element. 

ie that toned in the shape ct a tocuaing bowl. Higher 1nt.ena1• 

t1e1 are obiainable from tocuaing elementa, in relation to other 

t)tpe el•enta, as 11 evident. in Fi.pre lS. 



Pigve llu Variwe A'Yailabla Sha.pea ot Baria 

Titanate Cl'J'•tal.8 

Stickea, c. 1. an4 ,J. E. Viviana Applicat.iona ot Salic 
Energy 1n t,tw Prooeaa lnclWl\r1e1, •Ultr&Mnica-t.w 
b;JJDPO•i&•" c~. Engr. rroa. a,.. 8viea, No 1, !tL 
lJ (1951). 



SOUND 
INTENSITY 10 4 
AVAILABLE 
BY MEANS OF 
PIEZO·ELECTRIC 1 
ELEMENTS IO 

WATTS 
CM. 2 

LIQUIDS 
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FREQUENCY C.P.S. 

Pigue 15. Speet,ra ot th• Sound• that. Can Be Produced 

"7 M•an• ot P1esoeleatrio Qeneratiol'9 

SlaMl, a. w.1 P}\yaioal and. iconca1o lJ.ait.a,iona in tbe 
Application ot Sonic .net Ultrucnio !nera to Indu• 
\rial Pnoe•M•, •Ult.raeonic1-t.w s111119aia.• Chea. 
Ertgr. Proa •. ~· Seri•• lo l, !iJ., 79 (19.Sl). 
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Ettnt• ot UltraeoB!g Wa..-•• 

In t.he appl.icat.ion of \lltruonic wave• to the t,"ataent of 

llquicl e;yatema, cavitation 1a reaponeible tor JWV' of th• reailt• 

1ng etfect1. For t.bie diecuaeion, th• effect• of can.tat.ion 1n & 

liquid. are diri.dod into tour part•• (1) mechanical, (2) ther-

11&1, (3) ch-1cal, and (4) electrical. 

Cavitation. 11Cavitat.1on• retere to the tormati.on and violent 

collapae ot aall bubblee or C&'Yit.1 .. in a liquid due to prealN!'e 

ohangea, in a •plus aad rdnua" relation, to which t.he liquid mq 

be eubject.od(S9). A etudT and underatanding of ca'dt.at.1on ie 

iaportant 1n ncb var.led field.• aa medicine, h7<1rau.Uce, water 

tranaportat.ion, water aignal t.l"anllliaaion Ol" ocaaunication, and 

1nckietrial aatorial1 procHling. The importance of thia pbencm-

enon of oavit.a.t.ion in liquid.a ie emphaeised b7 the impn1dn 

&J'T&7 ot work• ocaplled aa a cavit..aUcn b1bl1og~(49) by t.be 

David Taylor Model Baain in Waah1ngton, D. c. 
Magnitude ot tb• preeaure required to produce thu rup-

t.Ul'1ng ettect 1n a liquid d4tpenda upon condition• nrroundin& 

and oond.J.Uon of the lictuid. 978\em in que.UOn. Cav1t1ea, 1a•. 

OJ" Tapo.r tilled ranging in •iz• troll aubraiC1"08COp1c t.o large 

enough to be aeen "1 the naked qe, aq be formed in a llq,uid 

\71' cheaical, mechanical, or t.bemal act.ion. CaTit.at.ion can 

ooour 1n a liquid qa\em when the total pressure at a point. 
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1n th• liquid bodl' ie reduced to the npor preetUN ot t.he liquid 

or below, and 111&1' be produoed 1n a liquid. bT ih• appl.1ca\1oa of 

high 1ntena1Q' ultruonic waves. l liqu14 undergoing ultruonio 

treat.act. 11 aubJec\ed t.o c7cllc compreeaion and tend.on, rupt.un 

of a liquid b7' t.bi• aamor depending greatq on the magnitude of 

the tenaion, or negati•• pre1aun, during the raretacUon pbaee 

ot \be ultruonic waYe in the liquid. 

Cond1t.i09e Favorable fer Cavit&tiop. Cadtat.1cn v1ll. not 

ocov in eve17 liquid 8J8't• 1n80n&t.ecl b1' ultruonic vavee. 

Int.enait.7 ot th• waYe, pbyaical condition of \he liquid, and 

~ conditione caabine to d.etess!ne when and vbe:re 

cavitation vill occur. A pnenl. 1nt.enait)" lwel of appro:d.-

aa\eq 0.3 wat.t. per equare centillet.er 1• IUU•llted bf S.Hl (S9) 

u that required tor cavitation in a liquid qatc UDSa atme-

pberic preaeure. PbTaical condition of the actual liq,uid 

in10na"4 la d1rect1'f nlated to the occurrence of ca'f'it&tion. 

Preaenoe of d1aaolved guea or nuclei 1n llqUida :t.1 neo••A17(9l) 

tor cavitation to toke pl.aoe under normal operat.in.g condit1CJ11. 

An out.aide pnaaure on the liquid of approximate]¥ two atmo ... 

pbena 1a na••i44 ae the moat. favorable tor cavitat.1oa(l3.,6I). 

Mechagical &tfeate ot Carlt&t.ion. Torrilio point,-wiu 

bamering and. poWlding forcea reeult, traa the high in-eeasuree 

produced on oollapee ot eaYit1ea in a liquid. The OYer-&ll 
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resultant tore• 1• one ot T•J'7 violent. agit.at.ion. Pn•l1ln• on 

the order of 76' t.ona per llqU&re inch JU1' be creat.ed bT a oa•it7 

collapaing at l/100 1ta original eize(SO). Agitation oauaed bJ 
tbie t.erritio ahearing and tearina act.ion pl.qe an important. 

role in the ettect• ot ultruonio WY••· 
Th•mtl ltfec\e ot CaTit.atiog. It 1• know that a liquid 

undergoing ult.raaonic 1naonat.1on owr a period ot t.iae uhibita 

a teperat.ure ri••(J,42,64). ~lthough the ri•• ot th• entbe 

bod,y of liquid laq' be onq a tw degne1, it haa been eltiaat.ecl 

that point-will• t.eaperaturee at oollapM ot cavitiee u:t riae 

u much u anval h\llldnd degJ"Ha(as). 

Intense IOW\d t.reataent. in Uctuici and 1elid e7ataa ia 

alwqa accompanied bl' coneiderable thenaal. effect.a which an 

ve17 groatq increaaad in the p:reaence of extended pbue 
(64) 

bound.ariea, &I th411' OOCUJ" in micl"O-be\wogeneoua 91at.eu • 

Ch!deal Ktteata ot CavitatJ.(!Q• Weiaalel'(SS) report• 
det&Uecl inve.Ugatiou ot &OM oh-1.o&l ettecta of intenae 

ultraaordo vav-u in liquide aa tollove1 (1) liberation ot 

iodine fl"QI an aqueoua solution ot potaae1ua iodide and carbon 

tetrachloride, (2) delq in format.ion ot colloidal aulf'ur, 

·and {l) dapol1a•rization of poqat;rrene in toluene and 

~t.b71 cellulon in water. In the tbreo cue• ltuclied, 

it. waa found t.hat ult.ruonic vaY•• oauH chemical reactiows 



in liquida onl.T in the presence ot d:t.seclved gaaea, 1nd1oa.t1ng 

that oaTitatim la reapond.ble tor th••• etteot.e. W1ia1lel" 

cletillea •ecmocbaiat.17•(89) aa •\be product.ion ot chemical 

change• b7 •cund vana." 

A GOllpreherut1T• 11at1ng ot reported etf ect.e produced in 

ult.ruonic tielda that. appear to be corNlated witb cbeaical 

a.cUqi ia preaented 1>7 Thcmpeon(72). Such effect.a includes 

(1) accelerated reaction rat.et'!, (2) eleot.rol.Jtio etteot1, 

(') oxida\ion, (4) lminoecence, (S) po11merizat1on, 

(6) deoarapoaition, (?) 1nver111on ot aWJroee, (8) increaaed 

Cl'f1lUll Station, and (9) the deterainat.ion of moleoUlar 

properi.1••· 

aeotr1oal lttecte. JU.ect.rical etteot.a ot can tat.ion have 

\>Mn inve1t1gated, but due to t.b• lack of conclueive Woru.• 

tion, no d•tini t.e theoriea in regard to \hie effect have been 

a4Tancad. One 1nveat1gat.o:r(S3) did tind oonaiderablA vari&nou 

in potential in a region ot caYitaUon in a. 114uid,, while none 

were fowld in th• aame licluid not. umergoing cam.tat.ion. A.not.her 

1nn1Ugat.or(28) adTanoed the idea t.bat elect.rioal torcea onat.ect 

during oa'rita.tion an reeponeible tor obeened cheaical reaction•• 
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Amlloationa ot Ultraeonic ):!wet 

Cbaieal eagineere haw al.vqa bnn intrigued b7 new encl-

ditteront fO?U Of •MJ'O' &J¥l poaaible appllcat.iona Of t.hat, fON 

ot ene1"17 to operationa or proc•H••· A• another new form ot 

enlJV with ponible uaea, ultf'UOnio vana ha• becOM a new 

tool(?l) availabl.9 to ch-1.cal engineen Sn their endeavor t.o 

enr iapl'OTe unit. operation• and unit. procen••· Th• application 

ol ultraaonic vana in a technical 111.DMr U1' be d.irl.ded into t.w 

aaJor t1eld.a(4S), (1) low-powr aJ)plicatJ.ona, ultrumio vane 

being uaed u an imtl'\lllent. tor 1napect.1on, t.eet.ina or aeaaurina 

and (2) high-power applications, where t.he energr carried in 

the ul\raaonic voe h ut.illsed in bringing about a f'b711cal or 

oh-1.cal change. 

Ultraeonic Test.s.pg. Non-deatrucUv• teat.ins ot aa\eriale 

b7 uae ot ultrasonic 'N&Tea 1• one ot the first. ~pplication• to be 

•ployed caaerrcial.q on a large ecale. Ult.ruonio inet.ruaent.e 

are uaed. tor 1nepect.1on and diacan1'7 ot llimlte tlawe in llU1' 

tn>•• ot material.a, including ateel.1 alwdnwa, magneelua, 'Dnsa, 

plaat.ica, an:l glue. There an three general t.n>e• ot teat.a 

that can be performed b)" uae ot ult.raaonic voea<16> 1 (1) .t.ep-

bf-etep plant 1napect1on during tabr1cat.1on, (2) tatique u.unc 
to periodJ.calll' check part,a that. mq dnelop tault.e clue t.o 
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continued use, and {3) repair t."eting, t.o locat.e areaa to be 

raoved, rewalded, et.c. The advantages of ultruonio te1ting 

are brought out in the reillza.tion that. mall tlawa t.hrough 30 
- (71) feet of eteel J111 be detoct.ed. 1 and that. tatique t.astina sq 

be done on equi,;ment Bh&tt.• and axleo Wile act.uallT in place Oil 

equipment pieces. 

Thickne11 gaging tor auch ma.teriale as 11"91 or alUJninua ia 

carried out b7 'Ult.ruonica wdag a pil.aed. ultruonic teeter(lS), 

g1:dng good reault• on th1ckneaau ol one-halt inch and up. A 

reeonance 11aihod 1a V.Md in teat.in& thickn••• ot pa.rt• bet.ween 

o.oos and 0.5•1ncb thick. 

llltruoqic Cleaniy. Perbapa one ot the moat ueetul appli.-

cationa ot ultraaoniaal.q induced cavitation 1• in t.he elunina 
ot aaall pncision aetal pa.rt,a that b&T• been oontaminatecl 'b7 
duet er proaesa oila. Jlaington Rand and 8ch1ck(Z.S) eaploJ thie 

idea to gl'9at. advantage in the .conc&dcal, fut, and nre clean• 

ing of electric rasor heada. Ultraaonio clnn.1ng ot YU'f mall 

and accuratel.T machined pa.rte tor dellca.t.e inat.rument.a bu bea 

dneloped by Bendix Arl.&tion Corporation(4'). 

Ult£!!99ig l)!ul•l£icatio9. The poaaibUit.7 of uaing ultra• 

acnic enera aa a mean• ot obt.&1ning emul 11one ot two :lMi acible 

liquid.a baa been inTeatigatAd quite tborouatilT by BoDdy and 

Sollnv(6J,'6,67,6S) and by othere(l4). Thea• innatigatore 



tound that th1• emulaif)'ing erteet, depends en ultruonicallT 

induced cavitation. Int.ereot 1n th1a uthod ot !onaing tlll\l!aim1 

1a high 1n the phamaceutical induat.17 tor apeoial purpooee and 

tor aakinn culsiona of WJ'1 am.all qua.nt1t1ea o! llqu.ide(l.4.). 

TroprC45> reported that large vol.tuuu ot liquid.a l1IS3' be 

aucceestully pi"Oceand bJ' ueing the Pohlunn m.tra801'lic \'bietle. 

One thouand. liter• of a 20 per cent paraffin .uloion were 

obtained b)" rocircn.tlatien. Without t.he un ot ultra.son1ce, 

oni, a tive per cent em.ul.ei.cn vaa obtained. 

Ultrasogic Comunicatim. Sound aignalling vaa one ot the 

tirst techzdcal applleationa ot ultruonica. Oft• ol the tiret 

inveatigatora in\erened in t.hia tield vaa M. L. r. nicha:deon(S6), 
who wa.e intluonced bJ' tho ain1dng ot the 0 Titant.1o. tt His work WU 

centered around patented met.beds tor detect.ing t.he preeenee ct 
iceberg• in fog by tae ot ultraeonio wave a. Underwater a-J.baariaa 

eignalling using ul.traaonic waves baa created int.ereot during war 
tiae(?l). 

Miaoellanaou Applieatione• A• a new t1'P8 ot energ, the 

poeaible uae ot ult.ruonica 1n many end varied fielc1e haa b•n 

at.udied b7 numercua paraone. Mot. all of t.ho•• at.udied appllca• 

Uona are ued on a cammerc1&1 ba.aie, tor Yarioua reuona. SOiie 

ot the .. aiacall&neows application• ares (1) ilaprcYe:aeut. ot 
leather conditioning(4S), (2) flotation ore dn111ng(4S), 
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(') water degaaaingC33, 4s>, (4) deguail\g ot molten glue and 

metala(33,4S}, (S) tinning of al'Ulllinum tor aolde:rlng(33,4.5), 

(6) de1eal1n& m.et.&l atripo(J.5), (7) accelerat.icn ot electro-
chemical reactJ.ono(30,Sl), (8) clu8t prcc1p1tat1on(2l,.22), 

( 9) carbon black aaglaneratim ( 70), and ( 10) proceeaing of 

milk(~). 
+i 

Appllcation or Ultrasonics to Liguid·lig%d &xtraction 

Prcblaa in which rat,e proceeaea are cont.rolled b7 dittu• 

aion ot material at an lntertaoe ue en1'1d4T ocounence1 tor 

chaical engineer•. Thee• dittuaion ratee, within reuonable 

llaita, are rel.a t.ed to Teloo1t1u at such intertac••· Because 

ot t.h•'1high local Yelcc1t1ee usociated v1t.h hl&b fl"91luen07, 

high intensity eound energy, U. i• thought that. an inoreued 
i 

rate ot aaao tnneter aq be obtained at the int.ertacial bound&l7 
between tlfO phaeee(50). 

Liguid-11.gu.1.d Extracticn. Liquid•liquid u.t.raotJ.on prioceau• 

include the toll.ow1ns eequence ot atepaa (l) production of an 

intimate contact. of teed mJ.xt.ure vit.h eolvent, (2) aeparat1on 

into two liquid phaeea, ancl (J) recoV•l'1 of 101.ut.e from e.xtrac:t. 

phue and aolvmt trca bot..h )iiaaea<8.S). Stepa (2) and (l), 

although afteoting the over-all econoado etticieno7 ot an 

extraction operatiC111, do not attect \he actual 1aa1e tnneter 



ot eolute 1n the sy&t.em in the rtuuu·utr ot step ( l). The accClll• 

pllehmont ot a better contact between teed and aolYent has been 

the prime conlideration ot the many and varied new equipaent 

d•oigna created. Tho number ot deaigns p:ropo1ed1 not all com-

merciall.J eucc•eatul, ia ve:ey large, u evidenced b7 t.he pa.tent. 

literature (7B). 

Liquid iU.xiS&• Mixing in a liquid eyete 11 brough\ about 

by' tur'bulcr.ce a.."\d t10mt1nt.um traneter(S?). Turbule.+ice involve• 

flu.id motion ot a rot.u,r eddJ' curront t.nie and t.ak1H place in 

&ll direction•• Turbulence ia 'brought about by the interaction 

ot momentwa, tluid P?0P9rtiea and aurta.cee, and it la 'b.Uned 

that rid.x1ng ia accompllebed 0,.. t.raneter ot IGaentua to and lNIA 

ell&ll ru.asoa, thua cauaing the to move 1n various direc\1ona. 

Turbulenoe produce• a diapenion ot one liquid phase in the 

other 4nd prorl.dae a l.e.rge aurfaca are& tor mua t.ranater at a 

phaH bOWldU7 between the two pbaaeo.. It aleo aida ma.ea tnn•• 

ter to the phu• bound&rJ' 1n a eingle phan 'becauee ot the JIOW'•• 

aent., and o1rculat1m vi thin each phaee relative to this IW"-

t&e•( 8S). 

JF!!nctign Cont.aa\Qr. In a oontinuou. liquid-liquid extrao• 

tion open.t.ion, t.he function ot the contactor u to provicie a 

luge lntArtao1&1. area tor maaa tranetar 'betwen the two l1qu1d 

phaaee(ao). A• baa been pnrriouel.T diacuued, inoreaeeci 
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t.urbulence in the cont.actor v111 increa.1e thie intertacial are& 

aTail.able tor ma11 tranlfer. 

Ult.raeonio Dillperaion ot Liquid Droplet•. Ultruonic dia· 

pen.ton ot droplet.a ot one liquid pbaae into a Mcond, illliaoible 

with the first, hu been duonat.rat.ed JUn1' tilaea (14,53). Thia 

dieperaion ettect. baa been utilized in production ot emuleiona, 

but could alao be utilized in proYiding an increue in 1ntertac1al 

area bet.ween th• two phaaee present. in a liquld•liqu!d extraction 

qstma. Thia dUperaing action re&Ulta tr<a oant.at.ion, which 1• 

favored at t.he interface bet.wen two liquid pbaae1(6S). 

UlttffON.o Stirrin.s Ett•st•• A aeoond aanner of lncreuing 

uae tranater in a liquid-liquid extraction .,at.• would be \hat 

of keepina a eolute concentration gradient. acrosa the t.wo ~ 

interlace that. 1• &llflJ'• aa large u poaaible, giving a greater 

dr1 Yin& force tor tranater ot the aolut.e. Grou stirring 

ettect.a(6S,?3) ot ultruonic wayea would reduce the conoent.ra-

t.1cm gn.dient wit.bin a single liquid phaae, inc"814.ng the 

gradient aero•• a t.w phaae interface, b7 keeping tl'Mh aolut.e 

cont.&ining teed liquid. ot one phase and tnah aolnnt, with 

relaUftq ...U amount ot eolut.e, at oppoaite a14ee ot the 

lnt.ertaoa. 

!Jltm!ODic Thermal gttec\!• A third po111ble ettec\ ot 
ultruonio wavea on mua tranefer 1n a t.wo pha.ee lilluid. ll,18ia 
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la the reault.ing t.ampentun etteot... I\ bu been Npe>ri.ed that 

po1nt.-viae t.1t1.perature1 n.W.tJ.na trom collapse of caYiti•• ia 

on the order ot eneral hundred. d.egreea<08>, and that two piaee 

liquid qa'--8 having an int.erto.ae haYe a more marked thermal 

ettect reault.ing traa \&lt.ruonic treatMnt t.han to aingle piue 

qatmaC64). In ecrae cue1(?), aolub1llt.1 ot a solute in a 
eolYent incnaaee with an incnaae m t.•pen.ture. Al tbia 

taperat.ure ri•• 1a an inherent. charact.erie\1o ot liciu1d1 

lnaonat.ed b7 ultruonic .., •• , it• poaai'ble etteot. la not to 

be neglected 1n t.he appllcat.ion ot ul\raaonic energ to aua 

t.raneter in llquid•liquid u.t.raction. For certain qat••1 

thi• etteo\ aight. be adYantageoua, and tor othora it. aight. be 

det.rillental. 

f£!!!oua AtzeYcaUgne. To the present. knowledge ot the 

'Nl'iter, onq t.w inYeatigaticne appqing ult.rumic energr to 

Uquid•llquid U\n.ot1on have act.ual.q been ccmiucted. The 

tuat 1• th• 400 Jdloc70le 1naonat.1on ot the 117eta carbon 

t.etraablorlcle-.ae\one-water<47) and t.h• aeeOftd. 1• th• applloa• 

t1on of ul.truonioe t.o a ep~towr ext.ract10A of pbaant.hrene 

troa m.et.hanol b7 gaaollne, increuina th• ext..raot.ion bT 76 per 

cent in a ....U apparatu C3l). Brie! aent.ion of application ot 

ult.ruonica t.o at.rac\1on operation• ha.a been made in th• 



(8 28) lit.aat,ure ' • but evidence of turt.her worlc troll t.hen 

authora ia not known. 

foabk"'9• Know propert1ee ot ultnaon1c ••••and. 
ettect,e ot th••• vaY•• that ban been obaened would lead one 

t.o bellwe that tbla tora of enera can 1- uUlised to inoreue 

maH t.nnater in a liquid-liquid u.t.rac\ion operat.ion. 

B7 conaidering toge\ber the known propert.1•• tmcl etteota 
ot ult.raaonio wave• and dittennt. method• •plo,..S. to increue 

.... tnnller ot a •olute 1n a liquid•liquid 97atu, i\ t. 

poat.ulat.ed that. ultn.eonio energy aq atteat. ..... t.ranatv in 

a 1.iquJd•liquid ext.rac\icn a.yat.m 1n a poeit,in clireoUon '7 
a\ leu\ ihl'M aeohan5•1, a!mltaneouaq ocCNZTing but Hpar&t.e 

1n nat.v.re(?4), (1) inoreaesng cand:uctance of 1ntertao• b7 
decreuina int.ertaoial reaiat.anoe t.o ••• t.nnatv, 

(2) incnaeJ.ng int.el'faeial area bot,wea two liquic1 pbaae1 

'by nducing aize and incruid ng IUllber of parUolee of .U..-

per1tld phaae1 and. ()) tncnaaing ccocent.raUon gndient 

aoro•• t.he 1n\erlac• b7 decreaaing conoentra\im gndimt. 

wit.bin a eingle pbue. 
\ 



The experiment.al aection ot t.bi• ~he•1• ie divided 1nt.o 

the toll.owing 1ection11 (l) pvpoae ot inTeeUaatlon, 

(2) plan of 1nTeetigation, (:J) aateriala and equipment, 

used, (4) construction and operational p,rocedure, end 

(S) equipaent. eTaluat.ion. 

Purpoee ot Inveetigat.icn 

Th• purpcee ot Uda 1.nYeeUgat.icn wu to deaign and con• 

at.ruct. a laborat.ol"T ecale liquid-liquid extraction unit, 1noor-

porat.1ng an ult.ruonic field wit.b equipnent. apec1t1cat.10IUI aet 

(1) 1Monat.1on 1'requenq of 400 k1loqcle1 per aecond, 
, 

(2) in•oaat.ion intensitiea correapon<iing to plate c:vrenta 

of 0 to 200 mllliaperes, and ()) tlov rate ot .olyent. and 

teed through react.or rangin& approldmat.eq traa one•balt to 

ten pound• per minute, in T6J7ing eolnnt.-to-teed n.tioe. 
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Plan ot Inv151gat.1op 

. 
Th• phn tor the aocomplishlent ot wrk ent.aile4 in t.hi• 

iareaUgat1on va1 divided into tour main aect.ioaas (1) lit.era• 

ture rnlev, · (2) design ot equipunt., (3) oonatruct.ion, and 

(4) teat.ins ot equipaent wit,h the q.t.• acet.one-water-

1,1,2-trichloroetbafte. 

Literature rniw tor t.hia inYeeUgation va.a conducted 

v:ltb t.b• idea of atudJ1ng the publlabecl result• of reoearcb 

worker• dealing vit.h th• two major concept• present in . ih• 

general field ot inn•tigat.10111 (1) u.aa tl'alutter 1a \he 

unit opel"&Uon ot llquid-lJ.cluid utract.ion, and (2) the 

aanner in wh1ob ult.ruonic cera atreot• aaae tnnafer. 

Three 1mpo!'t.ant, f actora conaidered in t.he original eq,uip-

aent. dedgn wn oTer-all tl.ow plan of Uquide, inat.NMnt.at!on, 

and react.or d•li&n• Each ot the•• waa in•eatJ.aated before con-

at.Net.ion Ngan. 

Tb• projeo\ mid 1nveat.1gat.ion. were cmpl.ete when t.be unit. 

wu open.ting 1n & a&nn•l" considered proper by deeign Md oon-

.t.ruotlon penomel, band en knowledge ot ultruordoa anci 

liquid•liquid extract.ion. feating wu done with the 878'• 

acetone'"'Vl.ter-1,l,2-tricbloroetbane. 



-62-

M&terlal! 

Conatruction aaterial• aal lteme or appan.tua omplo,red 1n 

the design and conetruc\ion ot tb• llquid•liquid utraotor an 

g1Ye 1n Table V • 

f.gu1ment. 

Thi• aeotion deal.a vi\h equipunt aneabllea and hb• 

uMmbUee and cont.aim intormation conceminc •election, con• 

atnct.ion, and &dembq o! the individual it.. ot the extract.or 

qatc. 

Sel•ctlon ot SP!oial !gyipnent Piecea. Tb• pr1aary problea 

ar11ing 1n the aolect.ion ot indirld.ual 1net.l"Ullent8 and con\rol• 

wre1 (1) theaccvato meaaU?'SJOnt ot tlow ratree and tapen.• 

turea, and {2) a aethcd ot obtainlng atead3 rate or flow tor 

teed C'ld eolvent. The HIP!RSONIC Generator, Model BU-204, and 

tocued barium titanate oerlllic traneducer were ealeoted ae the 

ult.ruonia eq,uiJMDt tor this inwat1gat.ion. 

flow Met..m• The u:t.ractor of thi• t.beaia vu 

cleeigned tor ue with 11Clu1d 17otaa ot T&J7in& 1peo1tio 

gravitiee. Thia requincl tlov matera that. were call• 

brated wit.h a correction tor 1pecU'io gravity. No 
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con•t.ant, volume motera having capac1t1ea withiD t.he rana• 
of operation ot thia extractor 17atom,. appl'Pillat.eq 100 

to 900 graae J)4tr llinute, were available. "TRI-FLAT• flow 

metere, F1acher and Porter COllP8ll11 were eelected. Faoto17 

callbrat.ion ot theee met.era waa accurate within l•l/2 per 

cct ot max1mwn tlov. Calibration accuracy mq be increased 

by ~inc correct.ion factors tor tloat. design and fluid 

ri.scoait.y. 

Ihenaocoyple Szeto. Matched. vin tor copper-cona\an• 

tan thermocouples n• employed. A. Rubicon poten\iome\er 

wu wtallecl tor meuuring potential, and provision• were 

118.d.e tor t.!le future inatallation ot a aultiple•po1Jlt1 

1nd1cat1ng potentiometer. 

9<m!\agt Flow Airoeratue. A poeitive preasure waa 

nquired for teed and eolyent etreame entering the reactor, 

to overcome back pre11ure cau•od b7 \lltruonio cayitation. 

Air prea8UJ"9 in the range ot ten pound• per aquare 1ncb1 

1aae1 cont.rolled by a pressure regulator, waa eeleot,ed u 

th• motivating force tor emoot.b and pod.t.ive flow from 

tMd and eolYent. tanks to the react.or. 

l'gpiP!ent Sub-A1amblie!. In caeee where 1tandard engineer-

ing 8JJi ac1ent.1t1e it.ma ot apparatua were fll'Apl.orad or cout.ru.ated, 

enatneering drawing• and p1ct.urea are ahown t.o identity the 
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pan.icular eub-aaa-.bq tor the reader. Onq it•• of \Ulique 

1nt.ere1t to thi• investigation are discussed in detail. 

Ultraeonic Generator. HIPERSOtUC generator, model 

BU•204, W&a ueed in thia 1.nveotigation. Thie generator, 

produced by Bruah llnelop1ent CODp81'l7, Cleveland,. Ohio, 

hao a ncm1nal output ot 250 wat.t• over a trequeney range 

of 100 t.o 1000 ldloqclea. C1rouit 11 a aelt-exa1ted 

Hart.lq oscillator. Im.ponant. ph7s1cal teat.urea ot tbia 

generator are ahown in Figure• 1.6 and 17• 
Barium Titanate T[&naducioo C17atal. The trana<haca 

emplo,-ed in thia 1nvaat.1,gat1on waa a tocuead, bovl•abapod, 

baria t.1t.&l'l6t.• oer•11c eloment ot approx1-.t.eq 400 kilo• 

c,clea trequ•DC7'• Tho t.raneducer waa mounted in a metal 

ho'Wling to tacilltate electrical connection• am1 eat• 

handlins. Figure 18 ahow• the unmouniod traneduaer1 a 

Yiev or the traneducer mounted in the housing la giYen in 

Figure 19. Illustration ot the principle or operation ot 

\hie particular type ot p1ezooleot.ric tranaducer i• giYen 

in Pigure 20. 

React,or. A apecial reactor waa conat.rw:t.ed for tbi• 

in'Yeatigat.icn. The reactor waa made troa a wrex glue 

tunnel and vu titted with an acouat.ical 'W1ndov of 0,001• 

inch nickel eheet on the bot.tea. Deeign tor tJda nut.or 





Fipre 17. HtPf.ISOllC Generator, with Tmd.11& 

Drawer RWWW'ed 
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Figure 18. Urmounted Tranad\acer 



Commf'rt·ial focu~inl( tr:mi«ltu·n howl. .4, air-filll'd box ; B, cerumit• 
bowl; l', inlet for coolinl( liquid; \', t•onru-c·tor for dri\'ing voltage; T, trentmf'nl 

chamhf'r. Courtf'Hy of Hr1111h l>en•lopment Company, Clevl'land, Ohio. 

TnDaducer Mounted iD Metal Houiq 



PIEZOELECTRIC 
CERAMIC 

\ 

I 

I 

F1£UN 20. ileot.rical Cond1t.1ona tor Ml Jbas1t.a\1on 

ot lowl-ebaped Barima Tit.an&\• C•nal• 

Mterwnh,. J. w.1 lllowat.t.a et Ul\ra10nio Powr 
tor Indut17,· •Ul\ruonio-'wo a,;.po•ia• • a.a. 
F.ng. Pro. $J'll. Seli.ee, Mo 11 !iJ.,. PP• 69-75 ( 1951). 
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i• shown in Figure 21. A picture of the aonlt.l'UCtecl 

reactor 11 •hown in Figure 22. 

Cqn!irol Panel, frame and Tank Rack•· Pl4n• tor \he 

ditterent. 1ect.ion1 ot the maJor control panel are gi'fen 

in Figure• 231 24, and 25. Plane tor the panel trarae are 

given in Figure 261 and tor the tank raclca in figure 27. 

Figure 28 ehowa the major aont.rol panel, extract. and 

raff'inate t.anka, am area tor reactor and eett.lJ.n& colUSBn 

after thq wel"8 incorporated int.o one unit. 

'{ubW e:x! F1!rt1naa. A achemat.io .tlow di&gra tor 

ultruonic extraot.ion ia ahown in Figure 29. The ekot.ch 

tor teed a.ad aolvent. tank tubing ia given in Figun 30, 

!er extract and rattinat.e tank• in Figure :u, and for 

reactor and eettJ.ina column 1n figure 32. 

Sight. Oyee end Se!,Uing Colp. figure .33 abowa 

det.&ile ot a1ght. 1110 conatnict1on1 and Figure 34 gin• 

detail.a ot eettllng columi conetru.ct1on. Figuft 3S abowa 

the mounting used !or teed and eolYent tank eight. &aa••· 
Th• iaa\&lled ut.tling cobmn i• shown 1n figure 36. 

th•mcouele and Ehotrical Hirins §ya\!!• The thez:oso. 

couple well containing a copper-oonetant.an tbenlOOouple 1a 

ahown in Figure 'J7• Arrangement. of the Rubicon Pot.ent.1• 

caeter in relat1onahlp to tho control panel la :Uluatratad 
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MODIFIED REACTOR DESIGN FOR 

ULTRASONIC EXTRACTION 
SCALE: FULL 
DRAWN BY: ~· 
CHECKED BY: ~ 
APPROVED BY: lrJ. 

DATE 

4/14/S5 
#.,~/rr 
r/,./.rr 

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 2 I 
SHEET NO: I OF I 
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DRILLING PLAN FOR ELECTRIC 
PANEL 

ULTRASONIC EXTRACTION 
SCALE: I" c 4" 
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CHECKED BY: t:J/ 
APPROVED BY: b;?. 
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DRILLING PLAN FOR HYDRAULIC 
PANEL FOR 

ULTRASONIC EXTRACTION 
SCALE: I"• 4 11 

DRAWN BY: ~· 
CHECKED BY: °M, 
APPROVED BY: /':J. 

DATE 
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CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 2 5 
SHEET NO: I OF I 
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CONTROL PANEL FRAME 

ULTRASONIC EXTRACTION 
SCALE: I"• I' DATE CASE NO: 5 5 

FILE NO: 5 9 9 
FIGURE NO: 2 6 
SHEET NO: I OF 2 

DRAWN BY: ~ 4/25/55 
CHECKED BY: M. 11/,t>/JT 
APPROVED BY: b:1 ,/,./rr 
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ULTRASONIC EXTRACTION 
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DRAWN BY: ~- 4/25/55 
CHECKED BY: b-:J. ¥/,#/r r 
APPROVED BY: }!!:r:J, S-/,_jrJ-

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 2 6 
SHEET NO: 2 OF 2 
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Piaun 28. Coqlletecj, Control Panel and J.dja•en\ 

lqui,._t SU-..HflbliH 
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DRAWN BY: ~· 
CHECKED BY: ~. 
APPROVED BY: kJ. 

EXTRACTION 
DATE 

4113/55 
'II ~1>1~-r 
S-/~;,-r 

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 2 9 
SHEET NO: I OF I 



114" PIPE 1 AIR LINE FROM 

AIR CONTROL PANEL 

LEVEL 

GAGE 

NOTE 1: OPEN PORT OF TEE 

FOR THERMOCOUPLE 

TANK 

NO. 

v-2 

..... .... , 

CONST. TEMP. 

WATER BATH 

NOTE I 

V-3 

TANK 

NO. 

2 

LEVEL 

GAGES 

TANK 

NO. 

3 

V•S 

< 

I ... .. .. 
' .. > 
"" ,,, ,,, 

"" ,,, ,,,,. 
/ 

..... ..... .... ..... ..... ..... ..... ..... .. > , ,,,,. , ,,,,. ,,,,. 
"" 
CONST. TEMP. 

WATER BATH 

FROM FROM 
FEED [ 
SUPPLY 

v-1 V-4 V-8 V-9 

v-12 V-13 

FEED TO REACTOR SOLVENT TO REACTOR 

TANK 

LEVEL 
NO . 

GAGE 

4 

DEPARTMENT OF CHEMICAL ENGINEERING 
VIRGINIA POLYTECHNIC INSTITUTE 

BLACKSBURG, VIRGINIA 

TUBING SKETCH OF FEED a SOLVENT 
TANKS FOR 

ULTRASONIC EXTRACTION 
SCALE: NONE 
DRAWN BY: ~· 
CHECKED BY: f!:t1. 
APPROVED BY: litJ. 

DATE 

4/13/55 
'11••/rr 
s/s/rr 

CASE NO: 55 
FILE NO: S 9 9 
FIGURE NO: 3 0 
SHEET NO: I 0 F I 



LEVEL 

GAGE 

TANK 

NO. 

5 

V·21 

EXTRACT FROM 

SETTLING COLUMN 

v-22 

TANK 

NO. 

6 

LEVEL 

GAGES 

TANK 

NO. 

7 

v- 27 

V-29 

RAFFI NATE FROM 

SETTLING COLUMN 

V·24 

TANK 

NO. 

TO STILL OR 
DISCHARGE 

8 

\ 

LEVEL 

GAGE 
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TUBING SKETCH OF EXTRACT a 
RAFF I NATE TANKS FOR 

ULTRASONIC EXTRACTION 
SCALE: NONE 
DRAWN BY: ~· 
CHECKED BY: f7:J. 
APPROVED BY: Jif:1 

DATE 

4/12/55 
~/~o/r' 
.r/~;rr 

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 3 I 
SHEET NO: I 0 F I 



FLOW 

METER 

FROM FEED 
TANK 

V•14 

SV 

(I) (2) 

REACTOR 

NOTE I! OPEN PORT OF TEES AT (I), (2), a (3) 
FOR THERMOCOUPLES 

SV FLOW 

METER 

2 

FROM SOLVENT 

TANK 

TO EXTRACT 

TANK 

FLOW 

METER 

3 

V-19 

SV 

SETTLING 

COLUMN 

(3) 

. L!.t 
DRAIN 

v-20 

TO RAFFINATE 
TANK 

v-11 

SV 

FLOW 

METER 
4 
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TUBIN_G SKETCH OF REACTOR Bi 
SETTLING COLUMN FOR 

ULTRASONIC EXTRACTION 
SCALE: NONE 
DRAWN BY: ,A/.-.). 
CHECKED BY: J$;/. 
APPROVED BY: t:r.t. 

DATE 
4/13/55 
'113~/~·r 
S-/'-/J·s-

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 3 2 
SHEET NO: I OF I 
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TAPPED FOR 1/411 NPT 

114- 20 NC-2 

ALUMINUM FLANGE 

,-
=-l'lt 

._L_,.......~~~~~~ .......................................... ...L..L."'-1-~-l-~--..'-'--'--1-J-'-'-'--"-'-.t....f..-<'-'-'..L..4~~-1-J-.......... ~ ,-
=-iv 

i 

ALUMINUM 

1/8 11 GASKET, 
ASBESTOS 

3" 
STANDARD 8 
PYREX GLASS PIPE, 

1811 LONG 

1/811 GASKET, 
ASBESTOS 

DETAIL OF END CONSTRUCTION 
(SAME CONSTRUCTION FOR BOTH ENDS) 

DEPARTMENT OF CHEMICAL ENGINEERING 
VIRGINIA POLYTECHNIC INSTITUTE 

BLACKSBURG, VIRGINIA 

SIGHT GAGE FOR 

ULTRASONIC EXTRACTION 
SCALE: t" = I /2 11 

DRAWN BY: ~· 
CHECKED BY: /W:f. 
APPROVED BY: AT 

DATE 

4/21 /f55 
~/J6/J.r 

~-;,./rJ~ 

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 3 3 
SHEET NO: I OF I 
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NOTE 1: DETAIL SHOWN IS FOR TOP OF COLUMN, BOTTOM 

CONSTRUCTION HAS ONLY CENTER TAPPED HOLE 

~----TAPPED FOR i' NPT 
4 111 

---- 2-------4 ALUMINUM FLANGE 

~ 2" ______ ..._.J--
l_ 20NC- 2 4 . 

GASKET, 

ASBESTOS 

STANDARD 2 11 PYREX GLASS PIPE, 
1211 LONG 

~· GASKET, ASBESTOS 

ALUMINUM FLANGE 

DETAIL OF END CONSTRUCTION 
(SEE NOTE I) 

DEPARTMENT OF CHEMICAL ENGINEERING 
VIRGINIA POLYTECHNIC INSTITUTE 

BLACKSBURG, VIRGINIA 

SETTLING COLUMN-

ULTRASONIC EXTRACTION 
SCALE: I"= 111 DATE 
DRAWN BY: ~. 4/30/55 
CHECKED BY: 'M. "f/,o/rs-
APPROVED BY: k}. ~/j,/.rs-

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 3 4 
SHEET NO:I OF I 
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ft.gw-e .35. Mou.D.1'1ng ot Sl&bt Gagea tor Feed and 

Solnni Tanka 





PORT FOR LIQUID 
ENTRANCE 
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THERMOCOUPLE 

BEAD 

1/32" METAL 

PLATE 

MATCHED WI RE 
FOR COPPER-

CONSTANTAN 

THERMOCOUPLE 

COMPRESSED RUBBER 
STOPPER , SIZE 00 

PORT FOR LIQUID EXIT 

......_ __ STANDARD !S/16 11 SWAGELOK ALL TUBE TEE 

DEPARTMENT OF CHEMICAL ENGINEERING 
VIRGINIA POLYTECHNIC INSTITUTE 

BLACKSBURG, VIRGINIA 

SKETCH OF THERMOCOUPLE WELL 
CONSTRUCTION 

ULTRASONIC EXTRACTION 
SCALE: NONE 
DRAWN BY: #-:J. 
CHECKED BY: hJ. 
APPROVED B,Y: 'i!:r.:f. 

DATE 

4/30/5!5 
~/#/r.1-

s-; ,./>r 

CASE NO: !S 5 
FILE NO: !S 9 9 
FIGURE NO: 3 7 
SHEET NO: I OF I 
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in Figure Jo. Tb9 wiring <11agrmr. tor t.he entire extractor 

1a g1Yen it& Figure 39• 

Con!\.!Q\ l!ffiP!F&ture Dath. Arrar.gcment. or cocnant. 

tc:perature ba~h, coollrc co1la, and circulating pmape 1a 

9bolia'I in Figul'tlt llJ, •pec1t1ed 1n Tabla V, page 63. 

Air fr!•nre control Pa.nel. Inat.mnt.atJ.an and 

arrqcm.ent. ot am.11 control panel tor air prcaeure 11 

ahown in Figura u. 
Deaip and Cm•H!!gtion P£0Cad\ll'e. Pipns ~. 24,. 2s, 26, 

rt, '2:/, JO, )l, )2, 33, 34, and 37 ahov con&trucLion det.aila tor 
equipment aub-uaemblle2 omatru.ct.ad ua1ng at.arA:lrd engineering 

t.eobniquea. 

i\eaot.or P.•1.Jn• Th• Wliquo design 4nd conatrw:tion problm 

ot t.hia work was that. of a eUS.table reactor, er cont.actor, for 

•lxinz .toed and aolvent 1n an ultrasonic field. To the knowl• 

41Cige or the aut.hor, no reactor ot th• tJPG ovolTect tor thie 

problc h~ut been eillJ'lc)'c1 1.'1 ult.raaonio atw:11eo before. 

rut.ore cona1.ci•Hd important in C:.Uign and conotruation ot 

tho naotor wre• (1) loc&Uon o! inlet. and outlet, tm>oe tor 

lictuida, (2) poaiUon 1na14• the nact.or ot ultraaonic tiel.cl 

Of high J.nteneit.7 01" focal point, of traneducer, (3) &n"lml•• 

ll8l'l'ta tor t.nnatormv oil cil'oulat1m tor coollng tranaduaer, 

(It) .... of making Jlbot.oanphic at..udie• ot &git.at.ion and tlow 



F1t;un )8. Ananeement ot ?tubicon Potentio:nstv 1n 

ae.l.ation to Control Panel 



~REGULATED VOLTAGE 

r"\ 

f l NORMAL LINE 
VOLTAGE 

r-..=---_;, 
I - I 

r---- - ----: 
I l I • l I 

BOX 1
1 

DISTRIBUTION T l 1 I, j I 

L---- - -~-~--_..,.-J---------------------------T 

~._.·--+---~-------' 
L-------' MAIN PANEL 

r --- - -
I 
( 
I 

SWITCH 

I- -- -- -- -- -- - - - -

I 
_.L _ PIEZO. 
,.-" CRYSTAL ..... r..__ 

I 

GENERATOR 

r----, 
I I 
I GEN. I 
L"TT __ _J 

2 CONSTANT TEMPERATURE BATH 

3 FEED CIRCULATING PUMP 

4 SOLVENT CIRCULATING PUMP 

1 
J • 

LEGEND 
5 COOLING OIL PUMP 9 ROTAMETER LIGHT 

6 WASTE PUMP 10 SIX VOLT TRANSFORMER 

7 FILLING PUMP 

8 FAN 
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PANEL WIRING DIAGRAM FOR 

ULTRASONIC EXTRACTION 
SCALE: NONE 
DRAWN BY: N-J. 
CHECKED BY: Jir:f. 
APPROVED BY: ?:!f. 

DATE 

4/12/5 5 
-f /,,Y.sf' 
•/z.;rr 

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 3 9 
SHEET NO' I OF I 



ftpre 40. Arnla&.._t. ot Cou\aa\ Tempwnt.ve Bat!&, 

Coolinc Colla, and Circula\ina P-.. 
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Figure 41. Air Preasure Control Panel 



pait.rm in react.or, (S) reait~oe to corroeion, and 

(6) etruct.un.1 strength ot tWehed reactor. 

Reactor fhaRe• The reactor was designed in the 

abape of a cone to ut.ilbe the effect of focused wane 

trcm the traneducer a.ore •tticientq than. could be done 

with a nrtical c7lindr1cal t)'Pe reactor. '!be cone ahape 

ot tho reactor torcea all liquid !lowing thl'OUgh the 

react.or toward the tield ot hi&h 1nt.ens1t7, there'bJ" 

&1Ying &reater liquid agitation b7 the ultraeonie W&'ff8 

tor a ginn reactor \'Olume. 

Ma.terieJ. ot Cona~ru51.on. f1J'U glua •• Mleoted 

lor the original reactor as the material ot conat.l'\10\ion. 

T!Mt glue, h1ghq reeistant to eorroeion, &llov• photo-

graphs to be u4e ot aixin,g and flow pattema inaide t.he 

:react.or. 

Otl&inal Deaitm• Th• original design tor the reactor 

i• ehown in Figure 42. Thia deeign vu coneid•red to be 

impra.ct1oablo, lMoawae ot the oloe• tolerancea, tor the 

manufacture ot ·a glae• reactor b7 a ma.jor gl.aea C01fl.Paft1'• and 

vu IWl'or realised. 

flafiio fteactor. A l\all•alze reactor of original 

d .. ign, 1~ 431 waa camel trcrn •Lucite" to tumieh a 

model tor reactor atudi••• This reactor was emplc7ed 1n 
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NOTE 1: 

NOTE 2: 

NOTE 3: 

SECTION 8-B 

CONSTRUCTION OF PYREX GLASS 

DIMENSION TOLERANCES :!: 0.10 MM 

UNMARKED FILLETS AND ROUNDS MIN. SIZE 
FOR EASE OF CONSTRUCTION 

DEPARTMENT OF CHEMICAL ENGINEERING 
VIRGINIA POLYTECHNIC INSTITUTE 

BLACKSBURG, VIRGINIA 

REACTOR DESIGN FOR 

ULTRASONIC EXTRACTION 

108 MM ·--· SURFACE FLAT AND GROUND SCALE: FULL 
DRAWN BY: fo.1-J. 
CHECKED BY: h 
APPROVED BY: /!t;'f, 

DATE 

4115/55 
~/,.;'s-.r 
r/t../.r.r 

CASE NO: 5 5 
FILE NO: 5 9 9 

SECTION A-A FIGURE NO: 4 2 
SHEET NO: I OF 2 



NOTE 4: 5 MM THROAT IS CYLINDRICAL AND' VERTICAL 

NOTE 4 

,. 

DETAIL I 
(SCALE: 6 MM• I MM) 

2 
2 
• -31 MM TO BASE 

TUBING. 0. D. 10 MM 
I. D. 6 MM 

TUBING, O. D. 13 MM 
I. D. 9 MM----

DETAIL I __ _, 

TUBING, 0. D. 10 MM 
I. D. 6 MM __ _, 

SECTION c-c 

DEPARTMENT OF CHEMICAL ENGINEERING 
VIRGINIA POLYTECHNIC INSTITUTE 

BLACKSBURG, VIRGINIA 

REACTOR DESIGN FOR 

ULTRASONIC EXTRACTION 
SCALE: FULL 
DRAWN BY: ~· 
CHECKED BY: /!r.f. 
APPROVED BY: /:1:1. 

DATE 

4/15/55 
¥/JIJ/r-s-
q,,11-r 

CASE NO: 5 5 
FILE NO: 5 9 9 
FIGURE NO: 4 2 
SHEET N0•2 OF 2 
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prel1111nar,y atucliea t.o aet.ermina tlov pat.t.ema ineict. tho 

reaotor. hben plll.Ced in operation, t.hiB plasUa reaot.or 

waa a~bJ•ot&d ta an irusorut.tion ct int.a.eit.y level appro.xi• 

aateq on ... hal.t that which vu desired in future ennction 

atu4ioe. Thie or1gin&l duisn 1Rl8 cliecarded when it vu 

learned that pl&eement ot the reactor over the traneduc•I" 

vaa very critical, an4 that. t.he small a>.-.a ot the uit. 

tube, vith t.he resulting high velocit7 of liquid, tended 

t.o favor the IHChanical fOrm.:l.tion of an .W..ion &t t,hia 

point.. 

Moditled Duim· Tald.?ag ad.Yant.a&• ot knowledge gaineel 

trcm Fr•U1dnaq reactor etudiea conducted with the plutic 

reactor, & .moditiect react.er derdgn w&a made baaed on a 

lt.andard 60-ctog"• wrex glaa1 tunn•l• Detail.a ot thia 

modified 4••1&n an g1Yen 1n Figure 21, page 72. A gl&aa 

react.er <lt t.hia de11an, with tu.-ther aaod11'1ed cooUns oil 

indent.at.1on1:1, ia shown 1n Pigure 22, pap 73. 

Acn•tiaal Window. Sheet nickel ct o.OOl•inoh t.hick-

n••• waa ut.illced u an acouatieal. window tor the bo\t. of 

the react.or. llet.&il ot t.he bond tomed betVHn the niclcel 

ahen &?Ji glui> reactor ie illuetrated 1n Figure 21. Tbe 

~ bet.non the nickel eheet and the glaaa of the reactor, 
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after being uaed in equipment evaluation teat, 1• lhotG 

in figure 44. 

ruat. attempted. method of at.t.acbin1 th• nickel ehee\ 

t.o glua wu tha.tot platJ.na platinum on th• glaaa ed&• 
and •J>l.011na win aolder t.o bond the Dickel sheet to the 

platinum. (The gl&aa eda• wu paint.e<t with a saturated 

eolut.ion ot chloroplat.1.nic acid and tired to llOO .,, at 

which temperature \he platinum plated out..) Thie pro-

cedure wrked ve-q wll tor glua tubing ot .32 mUU.-

met.ers out.Bide diameter, but would not produce a bend 

atrong enough t.o support- t.he ve1ght. of liquid in t.bo tull 

size react.or. 

A atudf ot the conditions under which good bonding 

could be obtained with reapect to t.biclmoea ot paato and 

tiring wu conducted ampl.Ofing glaee tubing eeot.1ona and 

a DuPont ailY•l" put• number 6216. For appllcation to the 

naotor, the put.• wu applied to the glaea eda• with a 

aall ~rub, and the reactor fired to 1100 •r to pla\e out. 

the oilver. A lqer ot copper vu then fixed on the .Uva 

b7 tlaahing troa a 07Wde aopper bath. Th• nickel llheet 

w.e at.t.acMcl to the copper plate with win eolder. Thie 

procedure gave a bond bet.ween the nickel and glue tba\ 
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ripn 44. Example ot Bond !et""'1 Niokel Sheet. 

and Glu• Edge ot Reuter 
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wae atrong enoU&h t.o reaiat. preaauree and llq,uicl aura•• 
encountered in \he equip:aent. eTaluation teat. 

Metal B•actor. A react.or ot all met.al conatru.ot.ion 

vu tabricat.ed in an elf or\. to obtain one t.hat would at.and 

poeaible rough treatment. in tint. "•hake-down" teat• with 

the extract.or. Thia react.or was conatruot.ed ot tin and 

vu con1cal.J¥-lhaped in \he c.UAeneione of the glaae reactor. 

The tin wu cop,,.r plated, and the acoustical window ot 

O.OOl•inch nickel aheet att.aohed to the bott• with wire 

eolder. Entrance and Pit area tor ciroulation of cooling 

oil betWHn the aotal react.or and t.ranlduoar vu obta.1ned 

bT meana ot aern.t.ed ed&•• at. the lower edge ot the ut.&l 

reaot.or. 

Thi• aetal reactor, Pipre 45, vaa uaed in performing 

teat.a in evaluation of t.be extract.or. The glue reactor 

prniouq deecribed and ahow 1n Figvo 22, page 731 vu 

Aleo u.aed in the evaluation teat. tor •aklag pbotographio 

et.udie1 ot flow pat.tema. 
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Op![!tionat Procedure 

It ie ncca.ended that. e.n:r penon intending t.o operate thia 

ext,raotor tint. bec<ae thoJ'OUSlq tudl.1ar with t.be t1ow pl.an, 

wiring, and. general chan.ct.er11t1c1. Thi• aq be done by ptv'a-

1•all¥ checking the equiptent, and by etudy1nfJ t.h• flow d1agra 

and the viring diagram. The flow dJ.asl'aJI, Figure 33, page 86, 
v1r1ng diagram, Figure 43, page 99, and general conat.l"UCtion ot 

the extract.or, Figure• 27 to 32, paaea 79 to 8S, and Fi.guru 37 

and 38, papa 90 and 921 will be found in an intormation tolder 

that. will be with the extractor at. all timea. 

Th• ext.ract.or vu de11gned and conatrwlt.ed tor eaae of open.• 

t.ion and with tho idea \hat 1t. would be cJ>loTed under &Yarief.7 

of experi.Mntal concU.t.ion1. For this reaaon, all cont.rol1 and 

11'18\rmuntation an located in 811Ch a 1WU1er t.hat one person can 

operate the equipunt. 

§a!fil Meuu:r.9. 5atet7 precanUona haYe been incorpon.ied 

into the unit and include awit.chea, tuea, indicating lighte, 

tank nnta, an1 cut ott valv••· A thorough chock ot the OOQii• 

iim ot gcenl wiring, ult.raeonio generator, and eJ.eot,rical 

lnat.ruunta ebould be carried out before operation 1• a\art.ed. 

Special attention abou.ld be given t.o the condition and aaount. 

of cooling oil in tb• t.raneducer and t.he oil q1tea. The 

extractor 1hoWA DOY•r be operated until the oil ctrculat.ing 



qeta 11 operating and then ia a conet.ant lnel ot oil at, 

least one inch aboYe the top of t.he barium titanate t.nnaducer. 

A toned air •entllation hood ia in t.h• area iamlediat.el.T adjacent. 

t.o th• extract.or and ebould be sp107ed wbenner liq,uida are 

being handled that can pnxtuce olmoxioue tumee. A co2 tin 

ext,inguiahv 1a looat.ed clooe to th• left aide ot the ext.ract.or 

and llhould be checked before aJV' teat 1• atart,ed. 

!)'!psation tor Sffl"t.-up. In preparation tor a nan-up ot 

t.he extract.or, all 1l7dnulio and air •al••• should be oloaed, and 

all electrical avitcbea placed in •ow poe1t.1on. A vr1t.t4m plan 

tor a particular teat, pnpand notebook tor recording data, 

aampl.e bot.tlee, and audl.iar,y equ1puot, ·the use of which 1• 

anticipated, ehould t>. on h$1d betore oparat1on begine. The 

tolloving check liat. ia given tor init.ialq opon.U.na t.he 

extractors 

1. Volt.age regulator turned on 

a. Main panel ewitch t.umed OD 

3. Feed amt eol•ent. t.anke tllled 

4. AdJuatam\ and operation ot conat,ant \emperat.ure bat.ls 
and Oil'OulaUng teed and aol•ent puape 

s. .Proper operation ot oooling wat.er e;rat.• 

6. Proper operat.ion ot cooling oil qet.• 

7. Adjustment ot air preuve on teed and aolYent. t.ank8 
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a. Proper poasitioning ot valves cont.rollin& !low of teed 
and 1e>lvent. into reactor 

' 
lloct.rioal Powe£ Sp\oh•!• Svit.ch for volt8«• :regulator 

1a loca\ed on the tirat tl.oor of the Ultrasonic Laboratory, in 

th• Conatant Tapert.t\IN J"OQI. _Main panel •witch lhould no\ be 

t,urn.d cm unt.U all 11'1l1vi4ual circuit. mtoh•• an 1n •otftt 

position. 

f ill&M Feed. ,!!!d Solve~ Tank!• Feed and eol•ent tank• 

an tilled by UM of pump cont.rolled by panel avitoh 1• To· 

till the feed tank.a, tbe diecharge of t.he tWJng puap 1• con-

neot.ed. to t.he end of nteed" tubing located on right. 1ide ot. 

panel l1'8118 and iaedi&t.eq below aet.t.ling column trq. 

Val•• !:! 1• opened to till t.ank ,!, and valve · v-& 18 openecl 

to till tank&• Tank• raa.r be tilled aimultaneouaq. Val.T•• 

V-2 and !::'l are left cloaecl during tllling cycle. Air line 

-nnt., locat.td on air lino to &a&• an panel board, 1• opened 

for nnting 'wllen lillln& teed or sol'tent. tanka. Solven\ tank• 

an tilled by connectJ.nc pump dieoh&ri• to end of •aolnnt• 

t.ubing, looated. olo•• to •t•ed" tubing beneath Mt.Ui.ng col:mm 

t."9"1 and .-alve !:! or I:1 opced, depending on wtdoh \ank le 

to be tilled. Valna v-~ and J-6 rtma1n abed durin& tilUng 

cycle. 
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gparati99 gr C999t.ant. 'l'ep!rat.ure Ba\b• 8tirror and heater 

tor con1\ant taperat.ur• bath are cont.rolled bJ' &witch 4, on t.he 

panel board. A4Ju$t:lent to ds11red t..perature ia made by use 

ct Ul"CUJ7 contact and rolq loca.ttd on lramo of th• b&tb. Cool• 

1rJC vat.er tor tho bath ia cont.rolled b.T val.Te !,:ll, located under 

•ink• am val.T• 1:1ft., located in risllt. rear comer ot ebop. Water 

tor tilling bath 1a obt.ained traa line controlled b.r ya].ye !::ll. 
looated adJaoent to t.be constant temperature bath. Three aete 

ot tubing coil• are 1-ereed in t.be con.Btant temperaturo bat.I\. 

One coil 1e for cooling water, one ia tor aolvo:nt, and GO• la 

tor teed. 

9R'£&ticm of Coolly OU ptetm. Coolina cil tlov \o 

t.raruJducer ia regulated b7 valve V-18. The rate ol tl.ow 11 -
indicated on tlow meter m..i• Pump tor cool.in& oil la con-

t.rolled by mt.obi on t.he panel ·board. Flow ot water for oil 

heat exchanger 11 controlled br valve !:ll.t located on ehop wall 

behind the heat •uhan&•r• 

Feed and SolTent Circul&U.09. Feed and aolnnt. are o1rcu• 

lated through reeJ*St.i•• t.ubinl ooU. in the conat.ant. t.Gpera-

ture batb by pumps controlled b,- panel svitch•• land Jt1 

reapoctiveq. To circulate cont.enta of tank!• valve!::!: 

ia opened ent.1."4' ar¥l valve v-a 1a opened alight.q. The 

ohculatina pump talc•• li~uid from the t-ank, tore•• it. 
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through t.he coil 111 t,ha conatant t.e;;r.pere.ture bat.h, and back to 

t.he tank. A low tlov rate t.hrough ~ is required to keep 

Uquicl tram be.eking u.p in air line, as the circulaUng purlp 1a 

oapablo ot proawrea hii;her than t.h• air pressure on th• .teed 

and eolvent t.an.ka, ncnaal.13' in t.he range ot te."1 pound• por 

equare incb, gqo. Other teed and solvent. tanki\ are cil'cul.&t.ed 

in the auw manner, uning appropriate valvee ae ehown on flow 

diagnm tor each tank. 

ft•aul.a\!-ion gt Air Pressure. Air preaaurc i• pl.aced on the 

feed and solvent t.anke b7 operation of valvo V•]O, which 1e 

lccat.cd. on the emall air aontrol p6lllel. The l&ttor 1• a:r;proxi-

aateq t.vo teet. trom the ri&bt oide cl the major control panel. 

ValTe V•lQ ehould ~be tumed on unUl t.he pres1w-o regulator 

1• oloaed. rull line preeeun tor air, 70 to 90 pound.a per 

11q11&n incbt 1-ce, UT be read on the presaure gage on air 

oont.rol panol. Valve y-'l b thon opened and the pre .... :re 

regulator a.dJucted to give ton pounde per squan inch on t.he 

gaao locat.ed on tho u.1n panel board. Th• air vent on the 

line to the operating J>Ne&UH gage ahoulc1 be closed before 

ail' pre1eure 1• placed on the teed and eolyent. tanka. 

&ct:rnct. and natt1nate Tanks. Extract rroa aettJ.ing ool\llm 

1a directed. t.o tank.I b7 opening valve V•21, and t.o tank! b7 
opening valve v-22. Battinat. ia directed to t.ank 1. b7 openin& 
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Val.Ye ~ and t.o tank .§ by o~ning valve l::Ua• Valvoa V-2~, 

y-26. !:ll... and v-;a, should r&m&in closed during teat. Valna 

!:!i and !:Z.Q. ahould be optJn when llt;,uid etart.m through the 

eett.ling C(.Jlwm, ~then adJust.\td £o;r desired interfe.cial lwel 

after liquid .tlow ha.a ccmtonced. 

Sf!nera.tor ,.,ara•ue. Power t.o generator lo controllod b7 
ewit.ch l on the panel board. The filament switch onq, loc:ated 

on t.he face ot t.h• generator, uhould be turned on initiall,r. 

The ton, ccntrollod by panel avit.cb J!, ehould be 1n operation 

at. &nT tJDe t;he genorator 1• uaed. Powerstat. 1heuld bo nt. at 

•c• belon power avikh ia operated at. a lt.ter atep in the pro• 

Pff<l .and 5o1Yertt Flow Ra.ta Cont.rgl. For normal operation, 

air pre11eu" on t.he feed and 110lYent tanka should bo adJuat.ed 

t.o ten pounda per aqua.re inch, ga_p. As t.hio preeeure will giY• 

oorusiant now for all but. the very highest. ratee, 1 t ahould not. 

be exceeded except tor theH unuaual ca..s&a. control ot teed 

rate to reactor is accompliah\ld b;y means ot valvea ~ and Y•ll. 
Feed now rate ia indicated b;y tlow aetar llL!• SolYent. tlov 

rate ia controlled 'b7 val.Yea ~ and V•ll,, and the !low rate 1• 

inclioated on tlow meter f!..i• When oponiQ& val••• tor tl.ov of 

teed and eolvent into rea.ct.or, care ahould be taken t,o open \h• 

alowl.y, eo u not to aive a audden eura• ot liquid t.hrough the 
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reactor. H1ch Pl'••auree dweloped b7 sudden aurgea vUl. endan&•r 

the aooutJ.oal w1ndow ot t.he reactor. 

Int•r(aotal Cm\rol. Adjuetment. ot 1nt.ertacial lnel 1n tbe 

aettJ.in& column la accoaplllhed b7 valve• I::!2. and v-20. Valve 

J•.20. regulating flow ol the heavy pba.10, 1• oloaed t.o tol'C• a 

lqer ot the heavr phae• liquid up to end ot entrance toe in the 

1et,tl.J.ng column. The Tal.Ye 1a then adjuated to allow a con.st.ant 

flow raw ot t.he heav phaaa out ot the eettling column. Thia 

adjuatment kNJ>• the 1ntertacial leftl oonatant.. 

§apple Colleotion. Sapl.ea ot teed and aolYOllt.t are taken 

thl'Wgh valv .. ~and v-1.s, l'tlapect.inq. Extract and rat• 

f1nate umplea are taken through ftl.yea I:l! and 1:!ZJ reepec• 

tivel)r. Sample• ehould be Uken el.owl.7 over a period ot tiM, 

inet,ead of running tu1l flow 1nt.o eample bottle. Thia procedure 

llin1miaee dietul'bance ot flow rat.ea an4 equ1l.1br1m. 

Power \9 IE!P!dsc•r· Afier th• tvo liquid pha••• are tlov-

in& through t.bo reactor and aet.t.llng column, paver to t.be barium. 

Utanat.e oeramic t.ramducer trom the ult.raaonio generator sq be 

turmd on. Thi• 1a done b;r the power •wit.ob and powrat-at on t.be 

taoe ot t.he HIP!BSOHIC generator. H1&h power, 70 to 8:> •the 

powva\at. eoale, ahould not be -.ployed "*1en tira\ operaiing the 

generator. Power tub•• should bo allowed t.o vani up tor tov or 

fiT• ldnutea art.er the ))OW9r 1wi t.ch i• thJ'own. AdJuetmmt. in 
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power lnel 1• then accompliehed ld.tb the pover•t.". Cr1t.1ul 

trequenq tuning after tbe generator and transducer haft W1'Md 

up 11 done 'b;r uUlhation ot the l.arae tuning knob on the gen-

erator taoe, C\U"IWlt inpu,\ to the t.ranaducer ia M&alred bl' a 

radio fnq\lGnCJ' m.illiaaaeier mounted on th• panol Juet abtwe the 

generator. 

I•J?!raiure Meanr•ent:•• T•perat.ure uuurement.a are 

made witb aeven copper-conatantan t.hennocouplee wired to t.he 

t.hermcoouple aelector IWitch and t.h• Rllblccn potent.icaeter. 

Con-vereion ot potential t.o t.mperat.ure ia acccmpllihed through 

t.benaocoupl• calibration chute. 

Electrical Pover M!p!!'S!nta. Eleet.rioal power meaave-

aent.• are rude wit.h a vol\u\er and an uaet.er mounted on the 

panel jun abcYe t.he generator. Power input t.o either generator 

or loacl, aonaiating of p.aapa, light.a, and other elec\rical equip-

ment, can be aacerta1ned b7 proper unipulaUon of t.he double-

pole, double-throw IVit.cb tor each meter. 

Q!!J!ral Oprat1on. An.er the extract.or 1• pla.ced 1n op9J'&• 

tion, t1ow rat.ea, teeci to aolYent. ratioe, and 1naona\1on ln\en• 

eit7 oan be acl.ju.ted tor' a part.1cular tut. S•ple• ot liquid 

etrecaa •11 bo obtained md t.heiul conclitiona aaoendnld. 

Lnel ot Feed and Solyent Tanka. A.a a no\e of caution, 

the opera\or eboul.d pq .tori.at ait.ent.ion to t.he le't'ela in th• 
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teed and solYat tanke. lo tank lhould be emptied compl.otel.7. 

7.'b• n1ene \ank of teed or 10lftllt, should be utiliud before 

t.b• tint. t.ank 1• empt1ect. Emplo,..nt. or tanta 1n th1a -.nner 

"111 eU•tn•t.• air sett.ha in t1ow l.lnea dur1D& a \elt. ID4 

cU.atvbina the equil1brim oondlt.lona that. han beCl eat&bl.hhecl. 

@!t:do!m Proc9dure. When a t.e1\ ia completed, the tollow-

111& procedure ahoul.d be empl.019d tor lhllt.-dcnG. Th• ultneoalo 

generator abould be \wned ott u aoon u th• te1t, 1• complete. 

Alter \he aen.rat.or 1a \urned ott 1 the ooolJ.D& oU QSt.• and 

the coollq water qat• both 11Q' be t.urned ott. t'be teed and 

10lnnt, t.anka lbould all be pat, on ltnaa gnctulq and empt.led. 

U large aounta ot teed and eolnnt. Nl&1n 1n the t&Dka at th• 

coapletion ot a te.t and continued llb1ng ot the t.w la not. 

deainc:l1 th• t.anka ahoul.d be emptied linplarq. 'fta1a 1• 

aooompliahed b7 d1aoonnecting t.h• teed and eolnnt line• ping 

1nt.o the nut.or and at.tachina in plaoe ot the ruotor lint• 

that. lead to a atorage o~ or oon\ainer. It oorroliw tMd 

or eolYent, wu ued in a teat, th• entire 1119t• abould 'be 

tluah•d. wi\h vat.er or other vaebing liquid. 

l!pk1y Extn.cst and Battlnat• Tanb. Extraot and rat-
tlnate \anD are ~led b7 uae ot vute pump, controlled "1 
plMl awitoh !• Yaln1 !:i1, ~ J:i7., and J::U. control 

th••• tanka. Cilq one tank ebould be apt1ed at a u... 
,j 

I 



§hgt.-dow and Cbecld.p§. A.t'te.r all required pumping in com-

plo\od1 aaJ.n panel electrical switch and air control va.ln !:l2 
ehould be turne<l otr. A thorough check tor arq leaka ox- damage 

to ext.ractor should be conducted before it ie left idle. A 

periodic check tor leaka ehould al.ao bo conduct.ed during teat.. 

Jxtractor 1Talu.atio9 

An evaluation teat 'Wit.b t.bia extract.er vaa c&JTied out w 
ucert.ain ite operating abaracteriaUce. The rate ot maaa 

tranater occurring in the teot 17at,em w.a not ot uJor concern 

1n thi• \eet. Detailed atudiea ot aa11 t.ranafer in RTeral. 

qateu will be UDC1ert.ak•n &t a later d&te. 

snt• l!J?lgred tor Eval.uat,129. The qat• acet.one-water-

1,1,2-trichloroet.hane vu oboeen tor making the original tut 

wit.h th• ex\ractor. Anilabillty ot qata ccaponen'8, eaee 

ot anaqeia, relat.lwq low coJTOaion, and available da\a on 

prenou.a ext.notion work amploJing thi• 878t• are tactol'll that 

led to thia oboice. Liquid equilibria data tor thia 1Jf8t.• at. 

25 •c an given in figure 46. 
Hake-up ml H!f!H!nc of F•ed and Solvent. A teed ahtv.re 

of wat.er and acetone, approna&teq 20 per cent. ace\one bf 
wei&ht1 wu mad• up tor th• evaluation teat. Regular tap 



Liquid lquilibria of ~TR• Aoe\one-Wa\er-

1,1,2-Trioblereetbane at. 2j •c 
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w.ater traa V1rginia Pol.Jtechnic Institute water euppq we.a 

eaplo;red ae the carrier eolYent. A 15-gallon ceramic crook 

h•l4 the teed eolution '"1ile llix1ng was aocompllthed with a 

Llght.nin llixer. During addition or teed ccnpcnent.1 to t.h• 

naael, aixing, and pwaping it into t.anka .! and a, the top 

ot the crock wu ccwered vit.h h•av towel.a aatun.ted vit.h water 

to reduce napon.tion. 

The 1alven\ tor thie teat waa l,l,2•trichloroe\hane aatu.• 

rat.ad with water. A ceramic crook siaU&r to the one u\ilhed 

tor t.he teed vu •PloJed tor t.he preparation ot t.he eolYent. 

A known exceaa ot water va.a placed in the crock witJl t.h• 

l,1,2-t.riobloroe\hane, and t.he tw wre mixed vith the IJ.&bt.nin 

mixer. Aft.er eepa.ration of the t. wo phaaea in t.be Yeuel, t.be 

eolwn\ wu pumped. t.o t.mlk• l. and It• Wet. tovela wre &leo Wied 

1n thia lnatance to leaeen eyapora\ion ot IOlYent. 

After the teed end 80lTent. were pwaped 1n\o t.anlce ! and 3,, 
and l, 111\cl A,, reapeot.ivei,, the7 were c1rc\1.lated in oloaecl qeteme 

through t.h• conatant taperature bat.h unt.U a t,eraperatv. ot 

2.S •c va• reached. Int.ermit.tent ciraulat.ion vaa carriod on 

duri.lta actual t.e1t to llAintain thia . t.•pe:ratun. 

Solnpt-to-leed Rat.~. A eolyeat-to-tffd rat.io of appro.xi• 

aa\eq lsl waa eboaen becauee it 1e practical and Jeno.rs to be in 

t.he order of u.gnitude that will bo cona1dered 1n tut.UN etudi••· 



fl.ow Rat.••• Min~ tlov rate ot each phaae w.a aet at 

approxiu.te]J 100 graaa per a1nut.e, witb maximua now rat• 

approximateq :JOO grant• per minute. fiye ditterent. rate• within 

\hi• rana• were 1nvest1gat.ed. !xact. rat.ea employed tor each teat 

conducted will be found in Table VI. 

lumber ot ta.ta Mad!• Pin teat. rana ot d1tl1ren\ tlow 

rat.•• were con:luctad without 1naonat1on, and tive wre made with 

inacnaUon. The second eet ot te•t• had flow rates that. 1191"9 

approxima\el.T the eae a.a tlut corresponding test in t.hooe lid.th• 

out inBOnation. 

In1onat1on Int.enaiq. Cun-en\ input to the \ntladucer 

vu measured aa a tunotion ot pnerat.or plato current fO't' t.hie 

walnation teat. A. conatant input, <voltage ot 120 wlto and. a 

plate current ot 160 ailllaaperea w•re uaed ae t.ho z:aeuure ot 

1nten1it.7 ot 1noonat1on. Thie lwel ot 1nsonat1on, 1Z> volt. 

and 160 milUamperea, wu empl.Q7ed in all teat• conducted w1tb 

1naonat,1on. 

~DJ?l• Collect.t.en.. Opvatin& eampl.ea ot teed, aolvent, 

extract, and rattinate were taken ten minutes attar at.art.lftg & 

ten of a particulal' flow rate. Theee operating ••pl.e• wen 

tbecked with an Abbe retraotc:aeter, and auplea to represent 

\be t.••t. condition• vere taken art.er two ope:ratln& amplee taken 

t.en a1nutee apart. had a oonatant ~ia. Sample• ot 



Test 

1 

2 

3 

4-1 

L~-2 

5 

G 

7 

8 

9 

10 

a 
b 

TABLE VI 

Ope,rat1oa§i~ ~ ~ Rgsults for ~traoto~ Eyalyat!on Test 
(Ext~iaQtion ..Q! AQ§~<m§ ~ WAt.g,r with l.l,2-TrJ.c.ll)..OJ.;oetJM.<:.la) 

Plate b Phase Flow Ra.t0, S/1? Refractive Acetone, 
Current, Rutio Index, 

05 
gm/min 

n..., 
vrt cd ma D /0 

-
0 Feeu, 9" v 1 • .13:1 1.3467 1992 

Solvent, 105 l.4G44 o.o 
:8::-:.tract, 143 1.44 :G 12.l 
hn.ff il1:.i t.;J , G5 1,:-)404 10.0 

0 Food, 115 l.'.~G:l l.:A67 le ,, 
J atJ 

.:.>olvunt, 145 1.46·1:4 o • .o 
S.xtruct > 1 167 1.11454 10.6 
Rai'J'tn·~G:j, 

("\~ 

-;;;O 1. ;./'.: 01 10.2 

0 .F'OU.t~ , 1G5 l.:Lb: _ ~L •. AG7 l'~. n 
:./ • t.,J 

Golv~;nt, 190 :~.4G44 o.o 
Z:·:tJ• _lC i:., l\35 l • .;~~i,12 11. ,.) 
R:.i.fi'il1<..:.t8 , 152 i.,_:,4rn~ 10.2 

0 Foau, 210 1.16:1 l •. .A67 19.2 
Solvent, 250 l.4G41~ o.o 
:Ix.tract• 280 1.4461 11.3 
H.::.i.i'f1n:..t:te, 175 1.,)415 12.4 

0 FCO<t, 210 1.12:1 1 • .>4G7 lS.2 
Colv1..:nt, 2:J5 l.4G•A o.o 
3:1.t.1·-.1.ct 2'/'I l.·1•1S4 10.6 
R1fi'in·.1.to, 1G5 1 • .J4.-l~ 10 ·:· 

,J..S..; •'-J 

0 Foetl. 250 1.20 :l l.34G7 10.<~ 
Solv<mt, 300 l.4G44 o.o 
.Ex.tr:.J.ct, 345 1.4452 10,G 
Raffin:J.t.e, 200 1 ·~·;·oo ad.:JD..; 8 .G 

160 Feod, 93 o.92:1 l.J450 17.8 
Solvont, JG 1.464'1 o.o 
Ex.tr uc t, 110 1.4410 12.0 
Rai'f irn1 tc , G5 l.:::>400 10.2 

160 Feed, 1:35 l.OO:l l.~)450 17.8 
Solvent, 1215 l.t,,G44 o.o 
Extract, 149 1.4452 10.9 
Raffinci.te, 127 1. :)402 1 ") C) u.,.., 

160 Feed, 215 1.16:1 1.:)450 17.3 
.Solvent, 250 l.·~G~'.14 o.o 
Extract, 301 l.·147~3 9.G 
Ho.fi'inato, 158 1.:5400 10.2 

160 Fei,:;Ll, 243 1.21:1 l •.. J450 17 .<3 
Solvont, 295 1. 1164.A o.o 
~tract, 336 l.4~'76 9.G 
R.1i'1' in.::i. t. a , 215 l.~'>390 9,0 

160 Feod, 152 l,mj :1 1.~j:1GO 1'1.3 
Solvent, 155 l.4G04 o.o 
Zxtruct, 136 1.1::-671 9.9 
Rafi'inc:.to, 100 l .;)LlQ5 11.0 

--.. 

Temporature~ 25 oc 
Brush IfIPSRGOiJIC Generator. Moel.el IJo DU-~~04. Serial lio 52-D-071. 
400 ldlOCJCle in.s ona ti on. 

Stace 
Effioioncy, 

.. 
'o 
/0 

uo.o 

104.0 

lOG,5 

lOG,5 

9G.5 

ios.o 

109.0 

100.a 

~)J.O 

101.1 

94.3 
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approziaat.elT 40 cubic centilletera were taken in lal"p teat 

tubee, the toet t.ube tittod with a tit,ht. cork, and covered with 

alumima toil. 

fJ:l!tlva1a of FMJ?!es. Retnat.1 vo index wu emplt\,-ed aa 

methed ot anaJ¥a1s. Samploa 1n corked t.eet tubee were placed 

1n a conatant tmperatun1 bat.h at. 25 + 0.1 •c and atter reach--
ing OOIUltant tmperature, were analTzed bf means ot a dipping 

retract.ometor. 

Intormation(?9) 1e oailable in the literature tor conver-

aion ot retracti VG index t.o per cent acetone b;y· wight tor the 

e,rete.n aeetone-.ater-l,l,2•tr.ichloroetharut. 1,l,2•Tr1chloro-

et.hm• empl07ed u 80lvont in thie t.est. waa checked and vae 

found t.o have a re.traot.1w index corresponding to & two per 

cent acetone b7 weight mixture on the retract! n index Yenue 

concentration curve tor acetone-1,1,2-trichloroethan• ah• 

tu.res taken trom the 11t•rat,un, A new concentration OUJ"Y• 

vu conatruct.ed uaing tho ••• elope a• that of the pml19hlcl 

WrYe, but placing the point ot the cune referring to IH'O per 

cent. aaet.ono b7 weight at the refractive index ob1ened tor 

the part.icular lot. of l,l,2•trichlcroethano empl.orecl u eolYent. 

! check ot t.ap water uaed aa carrier eol•ent ahowed that, 

th• rotrac:tin index vu the same as t.hat. published(?9) for 



wt.r wit.n no ueton• pi-eaent, ao it•• ntract.ive ln4ex vcnua 

ooaceint.n."ton Cllfff tor acetone in the wat.er-rioh pbaH vu 

uU.lbeu •• paDilahod.. aetnot.lve index venue acetone coa· 

•en\nUon Jiel' eent by wi&bt. tor l,l,2-t.riobloroet..bine-rich · 

pbau i• &lven in l'1gve 47, am tor t.h• vat,.ei--rlcb J:ihaoe in 

P!,pn 48. 

~brtt\sn o( [!Qw ll!Htl• C&Ubra\icme v...- saade to' 

ditt9"nt. liqU14 pbaeee, or atream1, in order t.o meuuro tlov 

rate• lllCre acow-at.eq t.han oould b• dorw with tacio17 oall'bn• 

U.ona. it•tho4 •Pl.o7ed 1n oallbnt..tna ia t.bat. .reccaundod bf 
F.teoh•l" ud tort.er C:oaJ16C7 tor t.he •TaI-FlA'r' flow aet.er(93). 

Special eallbrat,1cma. wtn at.de to:- aolvontt and for the 

1,1,a-t..-icbloroet.han••ric..'\ phue lem.ag ihe •dt.lina colunm.. 

Fee\o.17' eallbra\icia• wro mpl07ec1 tor t.bo teed and vaks'-rl.ch 

pbae• 1 ... 1Ag t.h• mt.liq col.w:n. ?he callbration tune for 

tolTOnt. i• 0.'ffn in ligun 49,, tor the i,1,2 .. t.rlchloroetb&M-
, 

in ficve '1· 
9¥lbttt.1oe ot lll•J.?:92ouiln• fhenzocouplee were calibratect 

bJ et.and6rd aethod, aoat:W"ina tho ~tonti&l aenen.t.ed bf' ih• 

t.MIUCCNPlo in t.rnain; wc.w ul4 1n water l>oillna at a k1*llll 

YapOJ" pn•aure and t.amperature. Callb;-at.lon O\U"'VO for oopptl'-

coua\an\.au thomoeou.plea ie given in Figure 52· 



TADLl VII 

Refractive Index Data for Aoetone-'Jater-1,1,2-Trichloroethane 

~tures fil 25 °c 

1, 1, ::~-Tr icll.lor oetl1ane ';later 

S9.o9 O.ll 
'>1.Tj •:).26 
90.11 0.3-6 

3"1.G5 o.G9 
'7':J • r-50 Q.'lG 
'7G.'72 o.99 

70.:36 l.,;3 
G7.52 l.g 
G4.17 l.. :; '7 

G0.06 ~.11 
54.JB 2.93 
40.73 4.Cll 

43.di.3 s.oo 
38.31 G.d4 
3l.G7 >;.78 

2G.39 l~ ··r.: ,_) .. );,,) 

24.04 15.:.>7 
20 .;30 11..~. <.}._) 

20.71 l~- ,,_)l 
15.:-.:is 26 .1.>3 
10.00 34.96 

9.G3 35.38 
6.77 41.35 
4.35 40.47 

2.13 55.97 
1.72 Gl.11 
1.17 GC,S<.3 

i.0;2 71.:.,.;Q 
o.s2 7l;,, .54 
o.7D Do.:co 

0.10 &~.94 
O.G5 87 .c.s 
o.s2 94.GG 
O.ll-4 SS.GG 

Acetone 

o.oo 
G.Jl 
9.53 

14.76 
lS.Gi·~ 

z.J.;.i9 

20 .~~l 
31. C)/l 
30. 'JG 

37.J3 
:12 .1-1 
47 .:21 

51.12 
54 •. ~5 
s0 •. ~s 
Go.:~G 
GC:,:;9 
C0.17 
r: ( . (~. r) 
s...) ~ ...... !\_) 
f::•"\ .. --:· 
JUe·..JJ 

55.04 

54.99 
51.80 
47.lJ 

41.r..>5 
o?.17 
3~:; .25 

27,lG 
z,l:. S4 
l ') '>(') v. ()f...J 

l~i .~JG 
11.72 

~ ·-,(') 
'-:x: .ot:..J 
o.oo 

Refractive 
InG.o.x 

2G 
nD 

1.4683 
l.4GB8 
1.4504 

l.'1·116 
l •. ;.333 
l.42CG 

1.4218 
1,,11'73 
1.,1109 

1.4088 
l.·~032 
1.3972 

1.3927 
1.3888 
1.3029 

l •. j792 

l.J'l:J~ 

l.0'/50 
l.3GS5 
1.3672 

1.3672 
l.3652 
l.6G26 

l.3G01 
l.3G78 
l.,:JG43 

1.0518 
l.::S501 
1.34160 

l.:::i .. '.130 
l •. Al2 
i.:s0c2 
l •. ):::>28 

·rreybal, R. ~., L. D. ·/Jeber, and J. F. Dale/: The .System 
Acetono-·:;ater·l, 1 t2-Trichloroetlmnc, Inu. Bnc. Chen., 
2.Q, 817-821 (1946). 
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TABLE vm 

Gallbrat.12!J 2' "TR~·PUTtt Flow Met.el", Seri.;J. X2•1JW3• 
tor l,l,2-Trichloroet.hano .ll 2S •g 

Tube Soale Reading now Rate, 

p/mbl 

2 2a.1 

4 105.0 

6 197.0 
8 292.0 

10 397.0 
12 497.0 

14 11J7.o 

l6 710.0 

18 azs.o 
20 9JJJ.0 
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FIGURE 49. FLOW METER CALIBRATION FOR SOLVENT 
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Calibration a.t "TR!•FLA'f• .~ J.ieter, Serial X2•1Jlt/J4, 

.£!1£. l,1,g•Tr19hloroet.hane Rich J1;xtract. Phase & 25 •o 

Tube Seal• Jteadi na Flov Rate, 

p/lllin 

2 14.3 
4 60.9 
6 120.0 

8 181..0 

10 2s2.o 
12 316.0 

14 389,0 

l6 460.0 
18 S.)7.0 

20 609,0 
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FIGURE 5 0. FLOW METER CALIBRATION FOR EXTRACT 
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TABLE .X 

Sa11brat1on .2! :J!U•VMi" ~ .Meters. Serial• M-llw./l a l· 
tor feed .!!!! wate[ ftic" Rattinate Phase _ll 25 •9 

Tube Soale B.eadh11 Flow R&\e, 

p/m.n -
2 16.0 

4 6?.0 
6 125.0 

8 1156.o 

lO 2ss.o 
12 325.0 

14 397.0 
16 471.0 

18 546.0 

20 62S.O 
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FIGURE 51. FLOW METER CALIBRATION FOR FEED AND RAFFINATE 
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l*mpleo ot th• difteront typo calauhtiaia JtAde in this 

l&WeeU.gation aN presented fo t.hia 15oct.1on. Tw •et.a at oal• 

oula~ion• will he c.1ecuased; (l) aalculationa tor c.Ubra• 

t.100 of tlow ••t.•r•, am (2) ealoW.at.ion ot stage ett1cienoie• 

tor tl:c ditfer.ent. teatu l!U'.lde with th• q•t• Metone•wat.er-

l,l,2•tri4llloroethe.~. 

~ibr~~ion,oJ flow th,t.ora. Caloul&t.ion• for tl.ov meter 

caltbr.at.!on w•n =ade aa ougencd by Fieoha and Porter 
(9J) 

Cari:J!~ • C~tions J>Heented. here are tor o•U'ra.tioa 

of t.be tlov aet..r employed tc 111.euure the rate of flow of 

ut.ra.c:L luaVirig t.he eet.t.l.ing oolurm. The aal.culatione inYolve 

oix a.j4)r s\.epa, u al:ow belowa 

St!p &• ~tat.em•n' ot tltdtl proJ)1tr\1ea end met.er dia«udOD 

value•• 
l. Pl.oat. aa.t•r1al.1 glue 

2 .. rio..t d~t.ert 0 ·.3 7,...1nah 
). float. de.n•i tyt 2.28 graa peJJ ou.bie 

cent.U.etar 

4. fl<wit weia,.\t.. in .airs 1.04 iJ'atlS ,. nu1c1 Y110ot1tJa o.9s aenUpoia• 

6. Fluid denait.71 1 • .28 gr.min per cu'bia 
csen\J.uter 



·lJ;t· 

DIP i• Caloulat.ion ot vi.Hou• influence ntlflllb•t 

rJ Al (6) • v w, (- /f ·-'" ) ;P f '1-
wl".cre• 

~ • vi&eO\US intlue.~ce nua\ber 
.,/,/ .. tluid visco.S.ty, OW•t.ipoisea 

~- tloa.t. lft!igbt. in air, gnDu 

4. float dcmait.y, gre.u per cu.bie ~en\i=tetcr 

;P .. fluid ciand.ty, greaie per cubic ouatai.ter 

ll • d d '"I (0.95) ....... (7) 

(1.04)(i'il! ~.1•28) c1.2a) 

I • 1.24 (8) 
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1. c. 

I. c. • in1t.rwa.nt conatant 

Dt • di.met.Ctr ot tlo&t.1 inchea 

f'1 • tl.o.tt. '14Klt>ity1 grama per cubic cciiaeter 

;O • .tluJ.tt doneity, gram1 per cubia c•ntJJaeter 

lit • wi&ht ot tlcie.t. 1t1 air, grarH 

I. c. • (O.J7S) 

(Notes va.lu• ot !fp,_6 1• flow u.nlt. convc:raion tac\O:r 

tor oumref'ting pounda per ain~• to ~ per aiftute, ••taken 

fJiall Piacher and Porter inat.J"Getiona ( 9') • ) 

I. c. • 129.5 (U) 



ft.ea &• U•• ot Ball rlcat Characterlat.S.O Cum x-1006, 

Figure''' 
tocat,e Yiaoou• lntluno• number ot ordinate of OUT• 

I•l.OC6 1 and read up t.o int,ereection with Tarioua Dtf'Dt ntlo 

ou.rr••· lead aero•• tram lntereectiona and locate ftluea of 

th• 1.tmplified flow coettioient, I, tor the ..-arioue ratio• of 

D/Dt• 
stem 2• Tabulate values of Dt/Dt• x, :t. c., an4 the 

resulting tlow in duind ~t.11 

flow • (I) (I. c.) (U) 

See Table JI. 

&n &. Plot. of a oallbrat.1cn c1U'Te1 diaaeter ratio t.ube 

Male verau tlowa 



VISCOUS INFLUfNCI NUMBIR N 

11.gun ''. Ball Fl.eat Ch&nc\erin1• Cun• x-1006 

The 1 ' P TlU-rLA.T Yariabl.e•Area Fl.ow Met.er Hind.book, 
,. 14, Cat&log lO-A-91. 11Mhw and Pol"\er C«a~, 
Hat.boro, Pa. , l95J. 



TABLE XI 

Qallb£!t.ipg Hat.a tor E!t,rac) !Js! H•HE 

Dt/Dt 1. c. Flow 

p/ain 

i.2s 6.10 129.s 790.0 

1.20 4.70 . 129·5 609.0 

1.18 4.15 229.5 '31.0 
1.16 3.55 129.S 460.0 
1.14 3.00 w.s 399.0 
l.12 2.45 129.5 318.0 

1.10 i.9s 129.s 252.0 

l.08 l.M> 229.5 w.o 
l.00 0.93 1241., 120.0 

1.04 0.47 129.s 60.9 
1.02 o.u u9.s u..3 
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Calpl!t.ion of S\y! Etticlenp;. Dat.a tor t.eat, A:1 an 

ued. tor the•• calculat-iona. 

s • at.age ettichnq, per. oea\ 

'TA • act.ual conaentraiion ot acetone 1n th• u.t.ract 
ph ... , night, per cent 

To • cODDent.raUcn ot aoetone in the 110lYent, 
wight, per om\ 

Tg • id-1 coneen\n.Ucn of ac.tone in th• extnot 
Jlban1 wight. peJ' Ola\ 

(lot•• Tg tor t,hh \eat 1a ll.l weiaht. per cent., oalou• 

late4l 'bJ' graphical M\hcd• aa preaent.ed: by Bull and Coll ( 9),) 

8 • 10,6 - o.o z 100 n.1 - o.o 

s • 9s.s • 

(JJ) 

(14) 

(lS) 



lV. DISCUSSION 

the following eeotim includes t.be diecueaion ot reaW.ts, 

recomen.dat.iona, and lillitationa impoeed on the portol'll&Me ot 

the deatgned and conat.l"UCted llquid·liqu1d extractor. 

Diecuaeion ot Deaign and Conatruction 

Performance ot the ctn.otor, aa deeigned and conat.ruct..t, 

wu buioalq that. anticipat.ed. The oYer-all delign and conetNo• 

Ucn wa1 touna to be of a aouncl nature. A quoat.1on ot opt,1mua 

deaign tor .ab•uaemblloe aroM in two 1n1\ancae durin& the 

nal:uat.1on teat. One cue wa• that of the c1rculat.1ng linea to 

and troa the oonat.ant. temperature bath fer t.he teed 81¥1 eolvent., 

and th• aecon:i was that ot th• electrical leade from avit.ahea on 

t.ta. ninging electrical panel to t.h• individual. circuit.a. 

Coeaknt. T!!J)!pture Circulat.in& Linea tor Feed and 8olnntc. 

It vaa lea.med t.hrouah operation ot t.be extract.or t.hat t.be teed 

and aolYeD\. llqu1da that. were circulat.ed throuab t.be eonatant 

Umpen.tun l>at.h could be toroed back into the air pnall\lft 

line ml.ea• caretul at.t.ention waa given t.o at.\&1.nina a low 
t1ov rate. The line• ret.urnina to t.he tank• trom the conet.ant. 

t.nperatur• bath utilised the ••• inlet pipe tittina at. the 

top of the tanks ae the air line. Thia arrangement should be 
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changed and the line containing the circulating liqldd. ehould 

be run dinctq into the tank• through their ow titt.inga and 

not through t.be aaae one •plofecl b7 t.he ail" line. 

Eleotrical Wirty. Pl'fC!eont. arrangement is not the moat 

IUitable tor the eleat.rical leads going trcra the 1nd1rldual 

oirov.it ewitchea located on the evinaing electrical pand. to 

\be ..U Tert.ical panel tor connect.ion to the corresponding 

circuit.a. Tb• present. w1ring 1• eatiefactort, however, the 

bending ot the '111.rea, which takes pl.a.co when t.he aw1nging panel 

1• opened am cloaed, wu reaponaible tor several broken wirea. 

Flexible braided wire onq ahould. be emplcrred where it. 1a Abject. 

to bending. 

Pucuuf.on ot the naact.or 

The reactor wu the e\lb-aaambq ot \he extract.or that. 

required t.be 1reate1t till• and oonaideration. 

»••Mn• the glue react.or empl07ed 1n photographio at.udiee, 

figure 22,. page 13, wol"t'ecl ti'<* mmuwoua conaid.erationa, tbe 

prinoipal one waa \hat a conical ehape vaa employed to utilln 

th• energy of the oonioall,-•tocued ultra..eona va.vee. 

Con1truotion. Glue wu preferred ae the conatNctJ.cn 

aat.erlal becauae it.1 t.raneparenq allowed photograph• t.o be 
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aad9 ot the t.wo-)lh ... liquid mSxSnc taking plaae in the NM\or. 

At\aobaen\ ot t.be acou1t.1oal window, o.001•1.noh nickel ehee\, to 

\be 11.aa mot.or boclT vaa the d1lt1oult. part. of the nanor con• 

at.notion. A technique emploJtna a .UYer eurtaoe, depoei\ed ui 

th• al.an naotor bJ beat.ing a •llftl' paat,e painted on th• eda• 
to 1100 ., , and a i.er ot copper- plated c.a the lilYV permitted 

a IKmcl \o be obtained Htwe tho nickel mi glaaa t.ha\ with• 

lt.oc4 the hich :preacun1 and liquid aura•• tound 1ll the reactor 

during operatJ.on. Flnt at.temp\• at bondJ.na th• nlckel lbeet. to 

the clu• reactor wen not eathtaot.or.r and prompted the oonn.,.• 
Ucn ot a reae\or tl'Oll aheot tin. Thia ut.al react.or vu f&})-

rioatecl to vit.hatand the utrae oondiUona ot preaeun and flow 

rate• that. eould appe&r in 1111 enl.uat.ion teat. ot an ateaa:lve 

nat.ure. 

' Mguid Mi:d• 19 tl!• Reaotror~ A atud7 vu 1n1t.1atecl of 

t1ov patt.ema tha\ oceu.rnd in \he naotor, t.he pJ'iM OOM1dera• 

tJ.cn of Wiob vu to obae.ne the •S'dna effect.a 1D \be reaetor 

bo\b 1n ~ pn1enoe 8lld uunee ot ineon&Uon. CaYiktJ.m 

ooourrinl in th• liquid dv1nc iucmat.1on waa obaened aleo. 

9P'rat.1on wi\h<M\ leeanatton. Figure 54 lhova \be 

naator operaUDg with a 10lnnt to teed ratio ot appiroai• 

aa\eq lsl and tlow rat•• for teed and eolYen\ ot approxi~ 

aateq 300 pua per minute each. Kislng ot \he Uq\dda 
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Figure S4· React.or in Operation without Ineonation 
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in tJi• react.or without. inaonat.itti waa acccmpllehed bi' t.h• 

turbulence created b7 t.he entering two pbu••· 

Operation with Wanat.ion. Figure '5 above t.h• 

react.or opentina under imonation ot 400 kiloqclea 

f1'9quenc7 and an intenait.7 lnel. e<tUi•alent to 190 
•Uli111peree plate C\lrrent. Tb• tlow rate• ot t..S 

and aolTent were t,he aae u in the prnicu teat, 

figure 54. ~ cavit1ea were formed in the liquid 

b7 action ot the u.ltraaonio vavee, and could be d18'1n• 

guiahed, b;r turbulence, tram the particle• ot the light 

phu• dlaperoed 1n tt. heav phase. A continued inTeat.1• 

gat1on ot caTita\ion b7 •ana ot bigb•apeed mot.ion pic-

ture• would Uluatrat• uniqueq the llb:ing and gro11 

etin"ing eitect. obtaiuablo wit.h uli.raaonio inaonaUOD 

which cannot. be adeqw.t,eq npreaent,ed by atill pho-

tograpb)- or ill deacript,iY• phnaea. 
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Figure ''· Reactor ill Operation with Inaonation 
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Dbcu1ai09 0£ Extractor OP!rat.ion 

The t.11!.0•pha.ae 175\em acet-one-water-l,l,2•trichloroet.hane 

vu emplofed in an evaluation t.eet. designed tor & ltueb" of the 

open.t.ing chara.cteriatice ot the extractor. Iaaaauch u \bu 
vu t.be .tiret, operat.ion ol t.he utractor aa a wdt., i\e per-

foJ'alDce waa quite eatistactorr. Aa ant.icipat.ed, there were 

opon.t.ional cba.racteri.tioe obsen-ed that ahould be alt.erect 

for Saproyeent. 

Collution of S'!P!!a• Operation of the aample T&lw1 v&e 

u.thfaoto17. Howffer, cx:cuionalq a aiphon ettect vu onated 

in th• llquid llnee when ii. :;mple Talve vu opened and air waa 

draW11 in, dubabing equilibrium conditiona ot the qetm. A 

11aple re-d••i.F ot the pl&camt of t.be aampl.e Talvea will 

,...,_,\hi• ditt1cuiv. 

S!llrical Meuuraouta. The total current ch'&W b7 eleo• 

t.rical. eQuipaumt. ot the mract.or waa 1r1 the nna• ot om-tilth 

that, eatlaate4 tor ux1llwa load. For thia reuon, reading• on 

the .-.ter wen on the lower portion ot the non•llnUJ' aoale 

vbere th• accuraq ot tho met.er reading vu not. aaUatacto17. 

Incident.}¥, aekr• with linear ecal.ea were ordered but. ooal.4 

not. be aupplied within the t!Ju required. Tb• aaet.er pnaent,q 

in ut• hu a rating ot ten ampere1. AD uruter vit.b a linear 
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1Calc and rating on the order or two amperes lhculd bo installed 

1n \he extractor • 

.f!.i.ecu~eion ot Extracticn Reaul\e 

Mu• t.ranater which occurred in the t.eet qat,em wu invea• 

t.i&at.ed. to t.he extent. of detenaining et.age ettioienoiea tor each 

ind1v1.dv.al test cond.ucted. 

Ye.rianc• or ~tu• Uficienq lifi th flow Ratee and Ineona.tion. 

ot eleven indiviciU&l teet.a, eight. calcnalatfJd. at.ea• etticieru:iee 

were over 100 p.r cent, rattgiq !rem 101.1 t.o u.o.o per cent.. 

Tho re:rsa1n1ng three teete had •tt1e1encie• rancin& trail 94.3 

t.o 9s.o p.r cent, in the range ant.icipa.1.ed tor thie extract.or 

· tor tbie e;retm.. There w.• no definite order t,o t.he ch&nJ• 1D 

stage etficienciea of the cU.tterent, t.eet.e. Ro reliable oonela• 

ti.on can be .mado between u.traot.ion elt1c1enc7 and flcv ratoe or 

1naonat1oa udng data traa t.lli partioular ee.-1•• ot ext.ra.ot.icn 

teat• on the qotMa ac.t.on.-wateJt.l,l,2•t.r1ohloroetbane. 

gog\en\ of ktpgt Sa:rapl•f • A clear, light yellow color. 

a1ailar to that. of tnablT diet.Uled nitrobensene, vaa YG'f7 

evident. in t.h• e&'!plea taken ot \he extract. phase dul"1ng the 

nalutJ.on teat.. Thia color inci1c:at.ed an acquired illlpurit.T in 

the .. pi., ae th• three cc:raponent.a ot th• teed and eolvent, 

under et.\ldy wre clear. It 1• thought that. eoJae foreign 11atter 



auch au process oil, pipe doi:e, or a prot.act.ive coating inside 

the tank.a wu present 1n tho eys"!ll and waa diaaolved b7 the 

l 111 2•trichloroethano. This 1mpurit7 in the eat'lple vould oau.ae 

a re!ract1ve ~cex to be read that w.1 not. r.preMntaUve of 

\he a.cert.one content of the a.aapl.e. Ae the natun and. conc1ezstra• 

tion of 1mpur1t1ea were not known, t.he refractive index ot ea.eh 

auple waa reported as found. 'lo eliainate the poeaibilit.7 ot 

web an occurrence happening during other extract.ion atlMli•• 

epl.QT1ng this extractor, it i• auggoatod \hat tho .t.ra.ctOJ" 

fun be tlu£hed with the dittercnt. 1olvent1 and thtt aolnnt.e 

~eel tor possible contamination betoN stud)" of the 

parti.oular .,-ater.t 11 undert.a.ken. 



Recomendati09a 

Thia extractor wae epeciticallT designed and conatl'\ICt.ed 

tor use -1th the Bru.ah HIPERBONIC Generator and 40()-kiloqcle 

barium titanate, bovl•ahaped. t.ransducer. '!he tollow1ng reo011J1eo• 

elation• an IUCle on the baaia ot continued uee or t.hia 1qu1paent. 

UUl.Uation ot ot.her ult.raaonic equipnent. 1llOUld. require llOd.1.tica-

Uone ot the extract.or that will not 'be cliecuaeed. 

A!actor Dedg. A at~ abould be continued u to th• poaai• 

billtiee ot uein,g th• conicalq-•haped glaae react.or tor ext.raa• 

tion at.udiee. Int.roduct.ion ot teed and aolvent at.reau into tbe 

reaotor by uana of J•t.• should be innetiga\ed. The t.urbulence 

thua provided b7 the deaign ot the J'e&Ot.or added t.o th&\ pro• 

Tided b7 t.be inaonation ehould proyide a more ettective ut.hod 

of extraction than either on• alone. 

fU!!P!. Cent1'1fugal pumpe capable of dweloping appro.xiaateq 

30 \o 40 pound.a per equar. inch preaeun, gage, and clellvering 

fin t.o ten gall.one liq,uid per ainut.e, ehoo.l.d be aubatJ.t.ui..t tor 

the •mall pampe pr9aentq 1n use. Th••• puape ahould be apeoit-

ioalJT deligned tor oont.inuoua operat.ion. 

feed em SolYent. Circulation LS.nee. lt 11 HCOllllendod that 

the t~1n& arranguient. ot the line• handling ciroul&t.1on of teed 

and eolTent through the conat.ant. t.empe:rature bat.h be rededgnecl. 
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Tb• line• 101ng baok to th• tank• tl"Oll the conat.ant t.mpen.tun 

bath lhould ao.dinletJ¥ into the tank and not int.o t.he comon 

tubing line eaaing out. ot t.he cne l/4-inch pipe titting at. th• 

t,op ot each tank. Thia proposed a.rnngo=ent would el.bdnat.e artf 

poeaibilit.7 ot liquid 0.1.Dg forced back into the air line. 

§eP!• Valves. Preeent tubing leadSna froa main at.reau 

to eaaple va.lvea ehould be ohanged. Tubing tor liquid atreau 

to bo eapled ehould be connected on t.b• l'Wl ot th• tubing tee, 

and t..ubing t,o the reactor or reoeiving tank• ehould be connected 

to the aide port ot the tee. Thia arrangement would CIUH the 

eample nl.Ye, when open, to be the line ot leaat. reaiatance to 

liquid tlatl· ond would allm1nat.e AZlT ditticult.1ee 1n agple 

oollection due to a siphon ettect. 

flow Me!.!fr filter..!• IndJ:ridual. line tilters ahould be 

placfld 1n the J.nlet. line ot each now meter to trap arrr foreign 

utter in the lines that could contaainat.e the tlo&te in the 

aet.era. 

nee~rr Column. A reoOY•1'1 qetem tor solvent• i• neect.d 

in the i:ncdiate TI.cinit.7 ot t.be ext.rutor. Thia anugemen\ 

would allow the opentor to O&JT'T on puJ'itieat.1on ot 8ZV' accnma-

lat.ed extract or rattinat.e tdltle attending to t.eet. bdng cal• 

ducted vit.b extractor. Seeded area tcr MlOh NCOT•17 equi)aeD\ 

11 anilable. 
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p•t.•E• An a.meter ot two ampere ratina and with a linear 

eoale lhould ~. inatallecl 1n the extractor to repl&oe the preeen\ 

-et.er of t..n ampere rat.ina and. non-linear ac&l.•• 

Pertoraance ot the liquid•llqu1d e.xtra.ctor u deaigned and 

co.rurt.ruct.e4 val cont.rolled b7 \he following l.1ra1t&tiona. 

leed and Solunt C!pacl!rz. Operating tank capaolt7 tor 

..Cb WU 20 gallona. 

Flft llat••• Uaing a liquid ot apeoitio gravity cl l.O u 

baaia ot measure, tl.ow rate• were obtainable tor m:r one 11quid, 

teed or IOlTent., ot 0.132 pouni per 111.inut.e a!nuaua to 12 pound• 

. 
§.olnnt-io:f•ed Hat.to. On baeie ot above tlow rat.ea tor 

on• Uquid, 10lTeni-to-f"4 ratloa could be Yariecl over the 

range ot ltlOO to 10011. A ratio of 111 waa eap1o.red in t.be 

utnotor •Yalu&ticm \eat.. 

Beet.or• Tb• reactor, or cont.acting yeanl, tor t.hla 

ext.rut.or vu a epeoial deaip ot conical ah&pe, td\b a Tolwu 

of 12.8 cubic inch•• (0.21 llter). 

§.t.tUu Col!Pl. The settling col.mm mploytd baa a total 

volume ot 37,4 cubic inohaa (0.61 liter) and an 1ntertaoe bet.wen 



Jlba••• ol 3.14 equare inch••· Sample• were taken trm eingle 

phaM line• art.er th• a.tract and rattinat• leti th• eetAl!ng 

col\1111'. 

Ult£!!0P!C Erodpamt. The BNah H!'PERSOKIC Ganentor 

eaplored in t.hia SmNt.igation baa a rat.ed m•:dmwn output. ot 
2SO vat.ta, with nriable tnquenq trcm lOO to 1000 ld.loqelee. 

Th• tnnaducer ueld in con,juncUcn with the H?PERroNIC Oenen.tor 

wu a tocuaed, bovl•ahaped, bariura \1\anat.e oeraio el-.nt. of 

ap;prox1ma~ 400 ld.loqclea trequenq. 

Teptn.tu.re Measurmaen\a. Tm.perature uaau.Nacnt• ~ 

made at enen point• in th• ext.net.or with copper-aonl\an\an 

tbel'llOOouplea. 

§r•ta Studi-1. Maa1 tnnater in the •78t• aoetone-watv-

1,l,2-trichloroethane waa obnned in the evaluation teat.. Feed 

aixt.urea ot approx1mate}T 20 weight per cent. acetone, water•• 

the oanier aolYen\, were eploJect. 
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v. coocwsxons 

A llquid•liquid at.net.or utilising ult.ruonio enera7 vu 

cledmecl, oocat.ru.ct..d, u¥i teet.ed with th• t:wo•pbaae, three-

ec.ponent. 17atea acet,one-wa\er-l,112•t.richloroethane. 1 special 

eonic&lq-eh&ped glaae reactor w11 developed and ueecl 1n con• 

junctJ.on wit.h a Brueh HtnmsoHIC Oenerat.or ot 2So watt.a power 

and a bowl•ahaped, barium Utana\e oertldc traneduoer. fhi• 

inwatiga\ion led to \be toll.ow1ng conoluaioruu 

l. A llquid•lJ.quid ex\re.ctor having maxi•ua ocmb1necl flow 

rat•• of teed and aolTent ct approxiu\el.7 24 pound• per ainut.e 

and inaorporaUni an ult.naonic gan.erat.or ot 2.50 vat.ta power 

01&\pl\ tor 1naonat.1cn ot th• liquid qat.m under .tudy vu oon-

1\ruot.ed and operated on a pn.ct1cal basis tor laborato1"7 acale, 

uperimental. wrk 1n the tield ct aua t.ranarer. 

2. rour-wmred kilocycle 1naonat.iai ot the two phue1 of 

t.be liquid qat.a acetcme-water-l,l,2·t.richloroeth&ne wb1l.e 

oontained bT tho apoc1al conicalq•ahaped react.or created a 

a1xln& ot tho ttrlO phaee• t.hat vu in u.eeae of that a1xina 
obeened aoleq tn:a tluid now turbulence in th• react.or 

without. 1neonat1on, 



Thia inftGtigation wu conctuct,ed to provide l.aborato17 eea1e 

eq1liJ11ent that. will facilit.a.t.e en accvate et.udT ot t.be effect, of 

ult.ruon1o enera on aa•• t.ranatu in ~wo-phue, aultipl.tt-ocs-

ponent liquid q.t.1111a. 

A liquid-Uquid oxt.n.ot.or 1.ncorporaUng an ult.ra1cnic gen• 

erator and tranaduoer vu cieeignocl and constructed t.o t.be 

toll.owing apec1ticat1one 1 ( 1) ineonat.ioa ~uanq ot 400 

ld.loqol.e1 per MCond, (2) inaonat.ion 1ntena1t1ea equiftlen\ 

to ))late CUJTCnW of 0 t.o 200 aUUaaperea, and (3) flow rate 

ot eolnnt and teed t.hrough the react.or ranging appro:da&\ely 

tree OM-balt t.o 24 pounds per m1nut.e, 1n Tal'Jing eolyen\-to-

IMCI nt101. 

A apeo1al r).awa reactor, or oontactor, wu ccnat.ru.at,ed 

hca a at.and&rd, 60• )l7l'eX gl.ua tunnel end fi\t.ed with an 
aoout.leal v1ndcw ot O.OOl•inoh ahee\ nickel. Phot.ographia 

et.udiea wen a.de ot t.ho t.wo-pbaee a1d.ng taking plaoe uaide 
the na.cr\or in bot.h the preaenoe and abeance ot ul\nacn!.a 

iuonat.ion. .An all metal J'ft.otor, or th• ••• 1em•ral de1ip 

u t.h• glaa• l"AC\or, vaa ocnet.rueted tor uae with \he ut:aotor 

wh9n inYeetigat.iona wen to be made tb&t. would imolYe high pree-

wna or 8\1.dden liquid eurgea t.hrcugh t.he react.oJ". 
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An na:u.t1on t.st or the ext.ractor vu conduot.ecl ~ 

the &yd.Em 20et011•-wa.t.sr-1,l12•trichloroettu.me. st.aao .ttioiml• 

ciea calculat.W. .for t.hs in<li-Yi<b;.&l. teat.e, elev= 11\ all> Yarllcl 

bca 94., to uo.o per oeat., An ob••ned 79llow eolor 1n t.be 

ut.raot. c.mplo1, prebabl7 due to dieBOl.Ttd inp.tri \.1•• 1n t.h• 

1111.2-t.richloroe\h.ane, coulcl have been re•pon1ible tor Vi• ob•na• 

Uon ot nhact1 Ye index nadinga that did. not. pn Uu• repnaen\a• 

\icn ~t \ho aoetosw eo."lcentratian ot \b• eaple. 

O•rl t.aticn W&a ob1ened in tbe reMtor td1Ue the t.e.t. Q'at.• 

WU und8J"&Oinc ul\a'Uonio ineonaUon. The ,groee R.1rr1DC etteo\• 

nallltina from c&Tit.&tioa in t.h• liquld1 oauaed a atx1ng ot \M 

two Jhaet11 that "...,. mre int-.. t.han that taking plaoe in th• 

N&O\or withcut inoonat.1on. 
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