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 DEVELOPMENT OF A JET-MIXED EXTRACTION COLUMN

Daniel R. Kahn' and Thendore Vermeulen®
“ .

Department of Chemical Engineering and
Lawrence Radiation Laboratory
“University of California

‘Berkeley, California

February 1969

ABSTRACT’

i A jet-mixed exfraction column has been developed which incor-
'ébrates most gdvantagés of existing column-type extractors, while 1
'-elimiﬁating the need for'internal moving parts. The column wés dé-
”éignéd to prbvide high rates of mass transfer,:with only nofmal of‘eveh

decreased extents of unwanted'longitudinél dispersion ("axial mixing").
_ A.guidevto some of the more iméprtant‘eipefimental'studies involving
longitudinal dispersion in“varioﬁs cblﬁmn-type extractors, and fwo
-theoretical models which describe the combined effect of mass transfer
- and longitudinal dispersion, are présented;

The concept of a jet-mixed column is discussed, énd the
apparatus employed in the present study.is described. The column utilizes»
uniformly.spaced, horizontal, tubular; jetting.and infakevrings at the
" inner and outer boundaries of an annular cross-section. At eaéh level,
both rings are perforatéd S0 as tb pfomote neariy'straight-line fadial:
flow between the jetting and'intake'rings. Eiternally these rinés ére

connected by way of a small centrifugal circulating pﬁmp.
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Semiquantitative bests of the colum in single-phase and two-
vphase operation have been,made to study the effects of number, size,
and p031tlon of the ring ports, compartment height, jetting 01rculatlon
" rate, and longltudlnal flow rates, upon the vortex patterns, the extent
of interception (desired) of the discontinuous phase, and the extent of
colloidal dispersion (unde81red) of dlscontlnuous phase
| Further experlmentatlon, 1nvolv1ng a complete mass-transfer
analysis using two different solvent-solute systems and a larger number
of jet-mixed stages, is needed to complete the performance evaluation of

this new design.
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I. INTRODUCTION

A. Types of Extractors

1. General Considerations.

Commercial extraction equipment can be divided into two main

' categories, dependiﬁg,on whether the mode of operation is staged or
" column-type. Several reviews (2,10,20,41,45) of iﬁdustrial extractors
have been publishediwhich describe the operation, application, and

~attributes of the more common.deSigns in each of these groups; The

purpose of the present study is to éxplore the feasibility'of a new

design which incorporates many of the advantages of existing column-type

‘extractors while eliminating the need for internal moving parts.

Stagewise contacting is characterized by a dispersioh of one

phase ihto a ‘second phaée,‘followed by a cbmpleté settling and separation

of the two liquids. Each two-step cycle constitutes one stage in the

extraction process. The total desiréd.mass transfer is usuélly achieved
by a céscade of stages with countercurrenﬁ feediﬁg of the two phases.
Although such mixer-settlers provide good contacting, are highly efficient,
and can be scaled up with some degree:of reliability,’they'aléo require

considerable liQuid>hb1dup, large floor area, extensive piping, and.

~relatively high power costs and initial investment..

In an attempt to combine the basic advantages'of,staged'extractors

ﬁith'sﬁch attributes as high capacity, low residence time, and the ability

“to handle systems with wide ranges of flow ratios, engineers havé de-

fveloped various column-type extractors. In such equipment, both phases
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afe_iﬁ continual cOnﬁact; the dispe?sed phase remains in the_form of
uncoalesced small droplets, while the continﬁous phase follows a flow
path that 1s relatively unintefrupted through the entire column. It is
possible to'sﬁbdividé‘column-type'contactors into two.main groﬁps, de-
pending on whether external power has been added to ﬁromdte ihterphase-
dispersion. Those»ianlvihg exterpal poﬁef aré further classified
according to the force field usea to transport and separate the two
phaseé. Table 1 summarizes the various groups of column-type extractors
and lists several ﬁell-known exampleé in each caée._ A description of
columﬁ-tyﬁe extractors involving centrifugal transport can be found'in.

Ref. (2) and (20)."

.2. Column4Type‘Extréctorgf--Né Exfernaleower

' Column-£ype'éxtractbrévinvolving no form of external mechanical
pover utiiize the denéity_differencé between the two phases in a |
gravitaﬁional field to produce coﬁntercurrent'flow and iﬁcrease in-
terfacial area. Some 6pera£e in a differentially continuous manher, as
in spray and packed téwers,.while others are "sémi-staged", as in
perforated-plafe towers. iThe majbr'attribute of these columns is their
simplicity in design and 0pérationf':Futhermore, maintenance costs- are
' kept low, since théfe are no intérnal movingrparts. Where difficult
. separations are to be made involving many transfér units or'Stages; ﬁqre
sdphisticated equipment is needed which providés for inéreased efficiency

. and capacity, relatively easy_scale-up,'and reasonable cost.
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Table 1

' Classification of Column-Type Extractors

UCRL-18679

‘I. No external power

'A. Spray column
B. Packed column

C. Perforated-plate columnl

" II. External power added

A. Gravity transport

1. Pulsation

a.. Pulséd—pégked.coiumn

5. Pulsed sieve-plate column
 .2. - Mechanical agitatidn

a. ©Scheibel column

b. Rotating-disc column

c¢. 0Oldshue-Rushton column

B. Centrifﬁgal transport .

1. Podbielniak extractor (L&)

2. Westfalia extractor (14)
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3. Column-Type Extractors---External Power Added

The efficiency of gravity-powered columns may be significantly
improved by utilizing some_methéd to introduce mechénical“ehergy into the
: flowing liquids. Mechanical'agitation increases the scale of turbulence,

creating a highervinferfacial area and minimizing the diffusional re-
sistances in both phaées. As a,reéult, the rate of mass fransfér is’
?ingreased, enabling many théoretidal stages to be contained‘in‘a singlé
column. One ﬁndeéirable feature which may be produced by the intense
mixing is the phenomenon of backmixing in ‘both the continuous and dis-
persed phases. Most designs”have iﬁcorporatea some form of baffling to
‘loéalize and minimize this efféct, A more detailed description of back-
mixing or "longitudinal dispersion" and its effect upon mass transfer will
. be preSehted-in Sectidh_i-B. | |

a. Pulsed Columns

Numerbus-investigators haVe'fbuﬂd that the efficiencies of packed- -
~ bed columns (8,9,i5,h0,53,65).and perforated-plate_c@lumns'(15,15;56;57;61)
can be.improved by.a facﬁor of two or three by applying a pulsing flow
"~ to the'contenﬁs of £h¢ columh. Pulsation aids in»breaking_up the dis-
'pefsea-phase aroplets by intensifying'the turbulénée, thﬁs créatiﬁg a
largerbinterfacial area fof mass.traﬁsfer. Obtainiﬁg a uniform ais-
rpersion in large diameter columné, héweVer, may be a pfoblem. .
For plate Qolumns,'pulsing'simplifies the:construction. Upcomers
'_and dowhcomeré are no longer ﬁecessary;. the pla£eév¢kt¢nd over ﬁhe.entire

"cross-sectioh of the column.  'In operation; the 1light phase under each
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plate is forced through the perforations on the ub stroke and dispersed
into the next staée. 'The heavy phase is draWﬁ down on ﬁhe opposite
stroke. The nucleér industfy hés méintained a méjor‘interest in pulsed-
plate columns because of their highleffiéiéncy'andflack of iﬁternal |
moving parts.

b. Mechanically-Agitated Columns---Gravity Transport

K The Scheibel column (k9,51) illustfated in Figure la is one of
seﬁeral vafiantS’of the same general principle which has been used in
indusfrial'processes. In_the altefnate sections of mixing and settling

“provided; dispersion is created By turbine-type impéllers driven by_a
central.rotating shaft, while wire-mesh packing of 95-98% Void.voluﬁe
aids in coalescence.

he rotating-disc column (46) developed by G. H. Remép has
also found wide industrial acceptance. ‘it is'higﬁiy'éffiéienf, simplé

! to maintain and operate, and may well have the most ecqnomicai con-

‘struction for éhy specified capacity and efficiency. The roféting—disc
column (RDC), unlike the Scheibel coiumn, does ﬁot provide for any
interstage coaleséence. As shown schematically in Figure 1b, the RDC
consists of ‘a number of compartmenté formed by»stator rings supported
at the toﬁér wali. Midway between each pair of rings'is a flat disc
mounted oh a central rotating shaft; The stator openiﬁg is Siightly
greater than the diameter of the rotating disc, enabling the entire shaft

assembly to be rembved for»méintenance purposes.  An extra stator ring
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Fig. 1. Mechanlcally-alded column-type extractors (adapted
from Ref. 1). v
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and a wire mesh grid are‘provided at each end of the column to promote
coalescence and to miﬁimize disturbances in each settling compertment.

Fiow within each stage of the RIC involves two steady-state
vortices of oﬁposipe sense, as illustrated in Figure 2a. Dispersioﬁ of
fhe discohtinuous phase is produced by the turbuleﬁce of the vertiees due
to the action}of“the rétating discs; The stator rings reduce interstage
mixing'by diverting.the liquid flowing;along the walls into the cenfer of
each stage. |

'The Oldshue-Rushton column (42) shown in Figure lc 1s similar to
the RDC, having a central retating eheft, with.annular-rihgs_to separate
@he:tower into a series of mixing.ceils. Turbine-type blade impellers
locatea'midwey betWeeh each pair of rings create the diSpersiOn, while
&erticel-baffles extending from the wall enhance agitation and improve
efficiency, The sfageS'of the Oldshue-Rushton coiumn are usually deeper,
‘and the stator opehings smaller than in the.RDC, resultihgfin additional
flow cOm@arﬁmehtalization.v Settling zenes are again provided at the
" upper and lower ends of the column. The VOrtex motion created within each
stage of the Oldshue-Rushton column resembles that in the RtC, as illustrated
in Figure 2b.

Table 2 lists'somefof the factOfs whieh.affect fhe befformahce of
both'the rotating disc and Oldshue-Rushton columns. The data show how the
capacity and efficiency ﬁill change for an iﬁérease in each‘given Veriable.
:'It is evident that fhe final design of.either type of extractor will de-
..pend_ufon the relative importaﬁce of high column throughpu?;and of high

column efficiency.
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4 Fig. 2. TFlow patterns in the (a) rotating-disc and (b)
Oldshuve-Rushton columns. - . o



Table 2

UCRL-18679

Variables Affecting the Performance of Both

Rotating-Disc and Oldshue-Rushton Columns

Increasing Variable : Capacity
' (1bs/hr-ft2)

‘Phase ratio, Vd/VC (ft hr

: Agitator speed, N (rev/hr) » decreases
) Agitator diameter, R (ft) _ decreases

Diameter of stator opening,

d, (ft) - increases
Compartment height, h, (£8) increases
. *%
Tower diameter, D (ft) , constant

ft hr) .
increases

Efficiency

(theor. stages)
ft. column ht!

*
increases

increases

decreases
decreases

*%
- constant

increases

May pass through a maximum owing to backmixing at high

X% ‘
. At constant R/D.
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B. ‘Longitudinal Dispersion in Solvent—Extractibn Columns

1. The‘Phenomenon:of Longitudihal Dﬁspersion

| It is recbénized wiaely that longifudinal dispersion,bor,axial
_hixing, may substantially reduce the performance 6fv§ontinuou§ counter-
current solvent-extraction columns. “Longitudinal diépefsi§ﬁ is particularly
' eﬁidenf in mechanically aiﬁéd coﬁtactbrs, wvhere fluid-flow aspects can
limit column‘bperaﬁion even though interphase dispersion and mass-transfer
rates are high. The gbal of rational design of extraction equiément there-
fore prodﬁces'ah inéentivé for a thorough understanding of the mechanism
and effects of longitudinal dispersion.

'f_Longifudinél dispefsion‘is the'result of several effects:
(1) ébntinuoué-phase "backmixing”,udue to

® frue.turbulent and.molécﬁlarﬂdiffusion aléng the axis of

the extractor; | |
® local eddy‘motion.andyentrainment of fluid in the wakes -
of rising dispersed phase drqplets;
| o radiai diffusion éwing to a nonﬁniform velocity prqfile

| across the colum.
| "(2) Dispersed-phase "Eackmixing" caused Ey :
[ local high,velocipies of continuous phase éddies;
L a_distribution of residéﬁce times for the dispersed phase

 owing to the initial drop size distribution.
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(5) Channeling flow due to the particular colﬁmn internals.

The above mechanisms, whether acting separately or in combination,

reduce the concentration driving'force for mass tranSfer; ‘thereby a

longer column (for any given mass-transfer coefficienﬁ) is requiréd to
achieve the same overall separation. Figure 3 shows schematic'con-,
centration profiles in a liquid-liquid extractor; where
7 =.dimensidhléss leﬁgth Variabié, ranging from. zero at the
X-feed end to unity at the Y-feed end of the column,
c.= concentratipn of solute in phéée i, gram-moles/cc.
‘The nﬁmber accompanying c, 'if a subséript, is the Z
value inside the column; if it is a superscript.(o éf 1), -
vif isuthé Z value in the feed or product stfeamléutside
the column, and
| m = slope bf équilibrium_curve, dcx*/dcy.
The broken linéé.(AD’E and FH'K) represent_ﬁrué éountercﬁrrent flow;
the solidvlines (ABDE and FGHK), accounting for_the éfféct5of _
longitudiﬁal dispersién, ekhibif a sharp jump in concentration as each
phase enters the column. The decrease in driving forcé is shown by the
vertical arrows.
| During the past fifteen years, the phenomenon of‘lbngitudinal_
dispersion in solvéht extractidh columns has beeﬁ studied by‘many in-
ﬁestigators. The Sﬁbject'has recently been‘feviéwed:by Vermeulen and

co-workers (63), Li and Ziegler (3%0), and Hanson (21). Research effort

'in the field can be divided into two major areas: the study of the
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' particularly usefﬁl in interpreting and éorrelating'ekperimental data
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[vdegree of backmixing in various column-type eXtractors, and the.de-

velopment of mathematical models which describe the combined effect: of

mass: transfer and longitudinal dispersion.- The models have been

¢

- for the design of new extractors. A guide to some of the more important

» experimental studies is presented in Table 3.

2. Theoretical Models Describing Longitudinal Dispersion

a. Backflow Model

Twovuseful approaches have been developed to account for longi-
tudinal dispersion in solvent-extraction columns. The first is the
backflow model proposed’by Miyauchi and Vermeulen (39). Shown schematically

inAFigure M;”the model consists of a series Qf well-mixed stages in“

cascade with a‘backflow of each stream superimposed upon the net flows

"~ through the column.  The net volumetric flow rates betweenladjacent Stages

are denoted by fx and Fy’ while a reverse flow occurring in each direction,

F, is given by the sum of the individual backflows for each phase,

”Fx and Fy' The total interstage flows for phases X and Y are therefore

F +F +F. F +F + i .
(FX F, Fy) and (Fy Fy Fx)’ respectively |

To formulate the basic equations for the model, X will be de-
signated as the continuous phase and Y the dispersed phase, with mass

transfer occurring from phase X to phase Y.. To simplify the analysis, it

~will be' assumed that sufficient cbalescence_énd redispersion of the dis-

cohtinuous rhase takes placevwithin each stége, of height LO,'to cause.

~ each dfoplet to have the same concentration. As a result, the dispersed
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Table 3

- Important Experimental Studies of Longitudinal
Dispersion in Column-Type Extractors

Type of Contactor -

Reference

 .Spray Column

.Packed Column
Pulsed-Packed Column
“Pulsed-Plate Column

' Scheibel Column

" Rotating-Dise Column

- OldshuexRushton Column

'u, 16, 17, 18, 22, 23, 29,‘u7; 6L
6, 7, 11, 2k, é6, 27, 3k, 4o
- ho
5, 12, 32, 37, 52, 56, 62
. :
36, 58, 59, 60 66, 67
3, 19, 56, 37 |
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phase pehaves as a.second continuous phése; E& then répfesents the mean
.concentrafion of s@lute in the dispérsed phase, and Cy the mean con-
bentratipn in the_continubus phése, in each stage. For a.cbnstant over-
all méss—transfer coefficient, ‘Kox;  interfgcial area per unit volume,
a, and a.iinear eqﬁilibrium,' gx* =b + mc&, the'steady—stéte material'

balances for each phase around the jth stage are given by

. _ L _ | L1

l:(F +F_ e +F ¢ ]--[(F +F_)e_ +F_c ]- [k al (c. - ¢ ,)]: 0

X X' X, X X, ., X X".X.,. X X. oX O X, X, .
J-1 J+l - J J7 J J

- (1)
and .
[ (F# Joy HHyey } '[(Fy+Fy) °y. Ty ]+ [koxaLo(cx - S )} =0
GRS RS T R B S I |
(2)
The following dimensionless variables are now introduced:
F. ‘ :
i o
, Fi :
' k_al, R |
m, =20, (%)
F,
i
' ®i | I '
[ .
X

s 1
o oc.=-(Q+mc)) S
X == -, | (6)
S1-(atmcy) .




-17- ' UCRL-18679

1y
. m (cy- c{)
A '

(7)
.
- where Q is the constant, b/cxé, - and Cyl denotes thé dimensionless

solvent inlet concentration. Equations (1) and (2) can therefore be

written as

(1+ocx)(xj_l - X) - %y (Xj - xj+1) =N (X, -Y,) - (8)
“and
(e )T, - T, ) - (T, ., -T)=nN_(X, - T, |
(10 )(¥; - T54) _’Y_( -1 - T5) " oy | Y5) \
(9)
' The général‘solution to Equations (8) and . (9) 1involves five variable

parameters;_and can be expressed in the form

X =X (@, ,N_,n,A) , | (10)
and

X (O&’O§,Nox’np’A) s S . (11)

=
Il

- Where A is a dimehsionless capacity ratio,‘mfg/f&, and np'is the.total
- number of stages. Vermeulen and co-workers (63) have summarized the types
of sqlutions‘avaiiable for these equations.‘ The backflow model seems
'particularly suited for the.study‘of axial-mixihg effects in agitated
‘countercurrenﬁ extractors, sqch as the puisedvperforatéd-platekcolumn,

the rotating-disc éolumn, and the Oldshue-Rushton column.
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b. Diffusion Model

iThe second ﬁddel for describing loﬁgifudinal dispersion in
solvent-extraction columns is the dispersion model.proposed‘by Miyaﬁchi
‘and Vefmeulen (38) and also by Sleicher iSﬁ)i'”It assumes that axial
mixing in\eaéh phase can be described by a diffﬁsional-type process re-'
: presented ﬁy aﬁ axiél-dispersioﬁ ééefficiént, E, which ié superimpdsed
on a plug-flow regime with:meaﬁ»Véiocity, F. The model further assumes
that the dispersed_phase'béhaVes,as‘a secohd EontinuouS'phase,.rather thah
the actual situation in an éxtractor where the second'phaéé remains dis-
persed in the form of dfdplets, as illustrated in Figure 5. Simiiar to v
-the backflow modei, the simplified repfesenﬁation'is'a.valid approach
when sufficient coalescepcé and redispersion of the discontinu§us phase
océur at éachulevel iﬁ the column. The idéai and actﬁal model>Become
ideﬁtical'when there is no qohcentration fluctuation in the diépersed
' phase across the column cross-section. |

The simplified,modei showh in Figure 6 aépicts.two-thSe counﬁgr-
current fléw with'each phaée ﬁndergoing.longitudiﬁai dispersion;‘and mass
>‘transfer occurring from phase X to phase Y. A steady-state material
balanée for each phase in a differentialvslice of the extractor, 4z,

. leads to the equations:

- dgcx _ dcX :
vEx —— - P 3 - k2 (cX -c. ) =0 (12)
dz
and ‘j :
' o decy _ dcy ‘ :
Ey s - Fy, o= t k2 (c. =c.)=0 |, (13). .
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Fig. 5. Actual situation in an extractor.
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Fig. 6. Diffusion model for countercurrent operation .
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Wherev E& is the superficial axial dispersion coefficient for phase 1i.

. Equations (12) and (13) can be written in the dimensionless form:

. _ .
dCy - ac, . N, P B - (Q+m c ) (1)
5 - R gz
az S x '

and
2, - C" . s -

y + PB y + N _PBlc -(@+mc )|=0, (15)

—5 y 37 oy Yy X v y
az

| in which Z, Ci, N ;7 Q, ‘and m have been_preﬁioﬁsiy defined, and where

B = dimensionless.ﬁeight,vL/d,
d = characteristi§ iocal iength, for instance, A
particle diametér (d ) in packed beds, cm,
ii'= effective m1x1ng length E, /F s cm,'
L = total column length, cm,
‘Pi = local Peclet number, d/li? dimensionléés, and
P.B = column Peclet number for phase i, LF,/E,, dimensiénless.

Substituting the generalized concentrations, X and Y, given by Equations
(6) and (T), and again introducing the extraction factor,

A = mF?/F&, Equations (12) and (13) reduce to

o ' . _ :
ax ax : _
—5 -P3B 3 - NOXPXB(X -Y) =0 . L (16)
az , , _
ﬁ-and'
3%y ay o o
—, + PyB = »+ ANOXPyB(X -Y) =0 : R (17)
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T._Numeric and analytic'solutions to the above set of linear second-
order differential equations have been reported by Sleicher (54) and by

Miyauchi, McMullen and Vermeﬁlen (33, 35, 38).. The general result is in

the form
X =X (NOX,,A, P_B, PyB,'Z) s _ (18)
Y=Y (N_, A, PB, P B, z) . A (19)

The Z 'valués of mést interest, at the‘ends of the column, are O‘ and 1.
Miyauchi and Vermeulen (35, 38) have also éresented analytical solutions

- for speéial cases obtained by simplifying'the basic equations. Appiications
b_of their use #o.specifiq types of apparatus are also indicated.  Theor_
etically.the diffﬁsion mbdel is.more.appropriaté for unstaged cOntaétors,
such as packed and spray columns. However, for long columns'v |
_(NOX>>l -or np>>l) the diffusion model and the backflgﬁ model are re-

latively interchangeable (39).
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' II. STATEMENT OF THE PROBLEM

A. Experimental Objectives

Ihe“purposé of the:pfesent sfudy is to de?elop a new type of
‘countercurrent solvent-extraction column which (1) provides for a high
 degree of mass transfer; (2)'minimizes'the effect of longitudinal
'_ dispersion; and (3) has no interhal mbving parts._ High rates of mass

'Atransfer usually require mixing patterns of sufficient intensity to
‘subdivide_and circulate the dispersed-phasé droplets withoﬁt.forming a'
stable emulsion. Certain column-type ethactdrs, such as pulsed-plate
and rotating-shaft columns, meet thgse criteria while prbviding many
. "transfer units" (of maﬁy "theoretical stages"). Longitudinal dispersion
is réduced in these types of colﬁmns by compartmentalizing the flow, as
 discussed ih Sectién'I-A. Other.désirablé featufes on which the choice
of extractor design can be based include high capacity, simplicity in
coﬁstructibn, reasonable construction and”oﬁeratihg cO;ts, and relatively

" precise scale-up.

B. Concept of a Jet-Mixed Column

A jet-mixed extraction column (JMC); which;is beliéved'to ful-
fill fhe design objectivés, is currently uﬁder development in this
'laboratory. The JMC contains several stages vatWO.COéXiél tubular
perforated rings,_the inner and'oute¥vring_at eachAlével being connectea
»through a smallvcentrifugal pump‘outsidé the éolumh; >Small'horizqntalz
uniformly spécedvports’afe_drilled around the inside of the large rings
" and the outside of the sméllvrings, to permit flbw into or out of each

ring.



24 A ' UCRL-18679

At each stage, iiQuid is cqntinuélly withdravn from the column

‘through the ring connected to the lbW—pressure side of the pump

(intake ring), and re-emitted into thé column thréugh the porté,df the
Aopposite fing (jetting ring). The cross flow at a ring-level may be
dirécted inwérd or outward.. Since phé fluid is subjgcted to high sheafing _
forces wheh ?assing through the centrifugal pump, it is important to‘recir-
_cﬁléte only‘the cohtinuous vhase tp avoid forming stable colloidal
- dispersions. Sﬁperimposing the radial floﬁé“at each sfage’on the counter-
current flow of the continuous and dispersed phasés,_the résultaﬁt vortex
patferns producéd in'éach compartmenﬁ,éré éhown schematicélly in Figure 7.

The JMC provides for:nearly uniform, contrbllaﬁly fine dispersibn
of the discontinucus éhase. The effect of longitudinal dispersion'is re-
duced'byvﬁoﬁh the'pdsition and the action of.the.rings; .the rings tend
to’cbmpartménfalize the flow, while ﬁhe radialvjetting givéé a nearly
' unifofm conceﬁtration agross any one cross-section of the column.
‘Theiinternal design of the'JMC contributes several bther important

advéntages. Becausé void:volumeiis high, relatively,lafge.thrﬁughputs

can be attained.  Also, Since there are no moving parts within the'column,
maintenance costs ?re kept low. If a pump fails it can'belexternally
disconneéted and'quiékly replacéd; thereby miﬁimizing shut-down time.  This

type of unit should be well suitéd for shielded nuclear installationms.
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.~ Fig. T. Resultant vortex patterns in the jet-mixed. column .
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IIT. APPARATUS

A. Column Bodj

Tﬁe éplumn body shdwﬁ'in Figure 8 is fabricated from a 2l-in.
'length‘Of 6-in.—o.d; casﬁ acrylic tubing with a 1/4-in.-wall thickness.
| Acrylic plaséic is relatively.tranSpafent, allowing interstage mixing
patterns to be visﬁally obServed and phofdgraphed. Also, it has a re-
latively high tensile, compfessive, and'flexural strength, making it easy
| to attach and position the intake and jetting rings. Nine pairs of 1/2-in.
. -dia: hbles'wéfe driiled ét 1-in. intervéls»along the column'length; Wiﬁh
h5° spacing.between inlet- énd outlet-rihg connectiohslat each level.
_Figufe 9 sho&é an eXpioded éésembly f oné of the column fittings which
| permits the fnsertion’of a"l/2-in. ngiﬁiess—steei connecting‘tgbe into
the column. At thdsé holés noﬁ being used for rédial circulatioﬁ lines,
; the drilled tail-piece fittings are replaced.with_tailpieéé plugs. Only
three stages of_ring assemblies have been testéd during:the present study,
| with stage heights varying from 1 to 8 inchés._ With the design described,
repositioning of:the rings has proven’tp be simplerand rapid.
The choice of a plasficAcolUmn does resttict.the types of sol&ents

that‘mayvbevinvestigated. A¢fylic p;agtic is soluble in ketones, esters,
>ana'aromatic and chlbrinated hydrocarbons,‘althougﬁ'unaffected by aqueous

~acids or alkalies. Aliphatié.hydcharbons énd alébﬁols (éﬁch as isodo-
. decané and 2-ethyl hexahol), along'with water, have been used_without

~damage to the apparatus.
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XBB 6812-7360

Fig. 8. Column body before assembly.
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Fig. 9. Exploded assembly of column fitting . -
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B. Column Heads

Expanded aluminum end-sections, used in previous extraction
studies by Jacques (27) and Moon (40), were bolted above and below the
column (see Figures 10, 11, and 12). Since the column was designed to
operate with either the light or the heavy phase dispersed, the same
construction was used for both upper and lower heads. Fittings included
two 2-1/8—in.-dia. pyrex glass windows for visual observations, a 6-in.
inlet distributor nozzle, two symmetrically placed outlets, and two
Teflon-coated liquid-level probes for two-phase experiments (shown
schematically in Figure 11 as a single probe). O-rings made of natural
rubber provided a leak-proof seal between the plastic column and the metal
heads, while Viton O-rings were used for the head flanges and windows.

To prevent corrosion and reduce contamination, the inside surface of each
aluminum head and cover plate was coated with a white epoxy paint.

Special consideration was given to the design of the inlet nozzle
for the discontinuous phase (27) (see Figure 13). A uniform drop size
was desired in order to achieve a velocity profile as flat as possible.
According to Johnson and Bliss (28), the injection velocity should be
maintained between 1000 and 1500 ft/hr. The distributor nozzle was
therefore designed with a set of removable injection plates containing
0.10-in.-dia. inlet holes, varying in number (from 19 to 169) to provide

for a wide range of flow rates.
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XBB 6812-7370

Fig. 10. Photograph of column head.
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XBB 6812-7369

Fig. 12. Column head and flange plate.
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‘Fig_. 13. . Deiail of nozzle consti'uction .
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C. Rings

Each pair of ripgs[was_formed frpm'5/8;in.;o.d; sﬁaihléss—steel
tubing'with o,ohé-in; wall thickness (see Figure 1u); The outside aia-
meters,pf the inner and outer'ring'are 1.875 inches and 5.25 inches,
-'réspectively..Pfior to weiding} eéch riné;étém was separately méqhinéd
- from a 1-in, stainless-sﬁeel block, and drilled to accomodafe é l/2-in.
threaded connecting tube. Each stem oﬁtiet projects.i/E in. out of the
plane of the ring, tb pfovide'space between ﬁhé outer ?ing and the con-
nector tube of thé inner fing.__For the outér rings, weiding the
machined étem to the iﬁner side of the ring made it possible to reduce
the clearance between thé ring:and the colhmn wall to 1/16 iﬁ., and thus
f prevent serioﬁs wall effecfs. The top'view of a ring-Stagé faéfened to
the column body is shown.in Figure_l5. | |

Detailed design criteria for selectihg'thé's;ze and distribution

of the ring ports will‘be developed in Section IV.

D. Pumps and Tubing
Radiél circulation at.each riﬁg-stage waé provided by an
" Eastern Induétries model B-1 centrifugal pump (115 volts ac-ac, 1/20 hp)r
delivering ﬁp tobl.5'gal/min. Thé three pumps used invthe present;ﬁork
ﬁere mounted on a plywbod panel next to the column, each>at tﬁé same
level as its respective rinngtége. The;pumps were connected’tp the
outer fittingélof the column by 5/8-in.-o.d.,.1/h-in.Qi.d. ﬁolyéthylene
tubing, chosen for being inert totthe solvent systems employed, and

~..-Tlexible enough to accomodate éhanges in Stége spacing.



-35- UCRL-18679

1 ‘ll ‘*i’r % Y 51 il ] U | '; | llq Hm\ ‘mh\mﬁ\'\ﬁ\i
farpe v - LAWRENCE RADIATION LABORATORY

(SR Sm et 1 I N ol ALIFURNIA

XBB 6812-7364

Fig. 14. Inner and outer rings.
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.
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Fig. 15. Top view of a ring stage.
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It is important to maintéin equal radial flow rates at each
'stage,band to have accurate knowledge of these flows. Variable trans-
fbrmers'(Supérior Electric hPowerstats”)"conhected to the pumps pro-
vidéd flow.controi at circulation réﬁes;ﬁéﬁwéen 0.2 and 1.5 gal/min.
By shifté in'tubing_cbnnectidns; a calibrated rotameter (1.52 gal/min
at 100% maximﬁm floﬁ)vonbthe péﬁel board could be inserted betweén the
'>pump outlet and the jetting ring of any desirednétégé; and calibfation

curvés af‘flow rate‘vs.”P6Werstét éetting develbped fof eacn pump.

E. Liquid-Interface Level Control

v ‘The'interfacé could bebmaintained at the top or the bottom of
:Zthe célumn; sg as to make'the water phaée'eiﬁher conﬁinuous or dispersed:
" Coarse édjustment 6f the interface was accomplished byﬂraisihg or lower-
iﬁg the'invertéd—U'leg'of the exit'ﬁatér\line, éé:shbwn‘iﬁ the piping
diagram of Figure 16. A globe:valve in the exit water line sérved as a
fine éQJustment.

To indicate the positidn of the interface, two Teflon-coatéd
nickel-rod probes were mountedAin‘each head section. 'Tﬁe probes were
slightly sﬁaggered in ievel to provide a neutral zone. Probe leads were
‘connected tovan elecfronic circuit which was constructed to give a
: maximum closed-circuif current Of,i ﬁa. Vérious.current readiﬁgs could

be obtained, depending ﬁpon the poéifion Qf the interface felative to
:'the_pfobe tibs. HoWevér;*use 6fvconductiVity to eétimate'thg iﬁterface

level was unsatisfactory, mainiyvbecause the liquid-liquid interface was
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not always sharp and distinct. Hence it was decided not to use a
solenoid valve in the outlét water.line.
As an alternative, the interface could be controlled manualiy
if it could be observed visually. Thérefore a é-l/E-in. hdle Qas
drilled in the uppér head, and a 5-1/M—in; Plexiglass'”window".was glued
to the aluminum surface by epoxy resin. "With this addition, it was possible

to maintain the liquid-liquid interface in the upper head within narrow

limits by manual adjustments of the exit globe valve.

' F. Piping Arrangement and Storage Facilities
The cbmpleté flow arrahgement‘is shown in Figure 16. The dfganic
phase.wés piped from 55-gal. storagézdrumé By means of centrifugal pumps.
' Water-fdr_thé‘experiments was supplied under gravity‘flow“ffom a 150-gal.x
" constant-head tank mounted on the roof of the building, about 50 feet
above the column. The product organic phase was returned to the supply
: tanks'through an overhead line, and product water was drained to the sewer.
" The incoming aguéous énd organic fiows were manifolded and valved,
"in order to meter each of them through the appropriate unit in.a bank
‘of six fotameters. The rotameters were calibrated by volume flow of
water. Organic flow rates were corrected by assuming that equai-weight
“flow rateé gave equal_readings, and by using standard correction charts
by the Fisher-Porter Company. The working ranges‘of watef flow through
- the six rotameters were O to.ho gal/min, O to 6 gél/min, 0 to i;5Igal/min,

(2) 0 to 0.8 gal/min, and O to 0.3 gal/min.
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IV. RESULTS OF;EXPERIMENTAL TRIALS

A. BSingle-Phase Flow

1. Ring Design

a. Initial Design driteria

The primary objective in settingifhe size, numbér, and locétion
of the ring porpé'has_been to maintain substéntially uniform flow through
‘éach ring . ‘A éecond aim has been to prdVide sufficieﬂtly\intehse‘jet-
ting action to éubdivide diSpersed-phasé dfoplets and inCrease their ovér-
‘all mass-transfer coefficient. Two types of stage cdnfiguéation were
possible in'the-preSent deéign. In the first type, designatéd as
:IRJ—ORW, the jetting‘fluid‘émanates fromvfhe;inner ring aftér‘being-
withdrawn throﬁgh the outer ring. The éecond type, referred t¢ as
» QRJ;IRW, invoivesbflow in the oppbsite direction.

.. It was recognized at thé start thét a mére unifdfmifloﬁ would
result»through all the ﬁorts, aésuming theéé to be of equal diaméter,
- if the resisﬁance té flow ét the ports exéeeded the.resistanée inside
the‘tubular.ring. Accordingly, the ratio of the tofal‘port area ih.eéch
ring to'the inner cross-sectional area‘qf the.tubular ring was not to

exceed unity:

. . | .._. | |
_Z;__E__ < 1  o - ) : .(20)1
Since . _ .
R . 2 .2
AL = 1 [9.575-2(o.ou9)] = 0.060 in~ ,

. 5
) A, < 0.060 in
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In order to improye tﬁe uniformity of the jetting action by>a nearly
equal spacing of porté, twibe as many ports were provided in the outer
ring as in the inner ring. The initiél-holes were drilled on a 22.5°
spacing around'the'inéiae diameter of the outer fing and on a h5.0°
spécing ground the outside diameter of the inner;ring. Table‘hv
summarizes thgse design values.

Table 4

Initial Ring Design -

Configurations Number of Port '  Total Cross- A
Ports Diameter = Sectional Area z: e
(in) of Ports A
5 . t
(in")
IRJ, IRW _ 8 3/32 0.055 0.92
ORW, . ORJ | 16 . 1/16 0.049 0.82

b. TFlow-Distribution Analysis

Flow distributions in hblowing" and'"sucking" manifoias‘have been
di5cusséd by Acrivos, Babgock, and Pigford (1), who have showﬁ that'equal
rates of flow can generally ﬁot_be dbtained from identical porﬁs.. When
a fluid Sﬁream is aivided into parts by means of a manifold, changes in
fluid pressure occur due to wall,fricﬁion and to_the'cﬁénging fluid
momentum. While friction causes the pressure to fail in ﬁhe direction
of'flpw,'thé sudden changes in direction of the portion of;flﬁid'flowing
thrbugh:each port resulﬁé in a local pressure rise iﬁ a blowing manifold,

and a lo¢a1 drop in a sucking manifold. Acrivos et él.'present a
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_ one-dimeﬁsiénal thebry for the divisién of a fluid into parts within a
straight.manifold, and give design chafts’for‘estimating rgﬁidly the
nonuniféfmity of fiow.. . L |

A'seriés of expe?iments were pérfdrmed with the IRJ-8 ring
(see Table 4) to examine the flow uniformity. Usiﬁg water as the fluid
medium, thé velocity profile_around'the ring was détermined by collecting
| the flow into air thfoﬁgh each port, during timed inﬁervals. Figuré 17
v shows the resﬁlts of these expérimgnts for several inlet flow rates. At
approximately 1 gal/min, the experiments géve avh6% higher flow from the
outer-most ports (U4 and 5) than from the first ports (1 and 8), while
_ the design chérts based.upon Acrivos's theory'predictedipnly a &
difference fér this ratio. In calculating fhe_latﬁer'vélﬁe, £he ring
was modelled as-a straight tubé equivalent in_length to one-half the
meén ring. circumference. The discfepanéj"seems:due to the faéf thét
parallel flow in the tubular ring is not_establiéhea_- 

Several applicable cohclusions are 6btained from Acrivos's
article: | | |

(1) Tn a sucking manifold, the friétiOn_and'momentum effects
occur in the same direction, creating.ﬁhe lowest preséure and.hence the
maximum flow at the port neafest the opén ehd, These.effects oﬁpose one
another in a blowing manifold, and fhe lo;ation qf maximum and minimum
flows depends upon the system variables..
o (2) ‘To obtain a uniform pressurevdistributioh.alqﬁg a manifold with

‘identical ports, it would be necessary to conétruct one with a gradually
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decreésing cross-sectibnal.afea, 80 as:to keep the fluid velocity fairly
constant while the mass flow rate decreased.. Such a design is not very
practigal, chiefly because a manifold designed to provide identical flows
through all ports at'dne maiﬁ.flowvrate éenerally does not give identical
flows at another main flow rate.

In the present Work; an ineduality in flow through the ring ports
will be agcepted, provided therg is suffiéiently strong jetting action
- from each port to insure adequafe radial_flow‘acfbss the column.

(5)‘ For Substantially uniform flow in a straight.tubular manifold;
Equation (20) should apply. In the_case gf a cirqular @anifpld.Where the
flpw divides; half th¢ total pprt area shduld.be comparéa-with the.man-
ifold crossgsection. For the intake and jetting rings in the_preéent

work, the limiting—port-area criterion was revised to bé:,

A B .
_Z—A_E_’Sg v o (21)

Based upon this requirement, the intake rings were modified by
drilling 15 additional 1/16-in.-dia. holes uniformly around the outer
ringé and‘8 additioﬁal j/BE;ih;_dia. holes around the inner rings. The
number of jetfing ports were notlincreaséd'beqausevit appééred tﬂét<
satisfactory jetting aétiohbcoﬁld.be obtaiﬁéd using the initial'criterion.

The modified rihg-port designiis given in Tablé-S. E C . ' -
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Table 5

Modified Ring Design

Configuration - Number of - Port Total Cross- Z:A
Ports Diameter Sectional Area P

(in) B of Ports A

(%)

p:% 8 o3/ 10.055 0.92

ORW ' 31 - 1/16 ' 0.095 1.58

my 16 3/32 | 0.110 1.83

ORJ | 16 116 0.0L9 0.82

c. ‘Radial-Flow Limitations

Follow1ng these changes, the.column was reassembled at a b- 1nch
stage spac1ng, with the IRJ -ORW conflguratlon at stages 1 and 3 and the
IRW-ORJ de51gn at stage 2. After filling the column with water at a
" continuous-phase flow rate of O.8lgal/m1n, each radial line was purged
'to release entrapped air prior to operation. The radial tumps were

subsequehtly.started and observations were made at various.radial filow
rates. TFlows greater than 1 gal/min tended to oreate an excessive amount
~of small air bubbles throughout the column. If the pumps Were started
slowly and gradually 1ncreased to somewhat.less than 1 gal/mln, a small
:but tolerable amount of bubbles was formed Varylng the contlnuous-phase
flow rate-dld not affect thls'result, It was concluded thqt the air

bubbles originate from dissolved air in the;feed”water, and are»released
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k)

in the intense mixing éreated by the jeﬁting rings. .The problem has.been
partially solved by reétricting radial flows to less thaﬁ 1 gal/min. A
further reason for this restriction, pointed out in Section IV-B, is that
high radial flow rates initiate fhe formatiOh of stable emulsions’ |
(during two-phase flow operations). |

2. Dye-Injection Studies

a. Apparatus
:By'injecting a water-soluble dye (bromophénol blue)'upstream of

a jetting maqifold during single—phase flow opefation, and obsefving the
‘resultant~mix£ng patterns, the qualitative effects of varying stége con-
figuration, stage spacing (hc); and radial and longitudinal fldw rates
(Fr and Fc, fespectively) were determined. Dye was injected frbm a
250-cc Erlenmeyer'flask fitted-with avtwo-holed rubber'stdppef;>into
which two lengths of l/h—ih.;o.d. polyethyiene tubing were inéerﬁed. One

tube wés coﬁnected to.a compféssed—air source, while the’ofher servéd as
fhe dye outlet and was connected directly into the desired cifculation
line by means. of a polyethylene tee fitting and a 3/8-1in. stainlesé-
steel Hoke valve. | |

b. Effect of a Central Cylindrical Wall S

JInitial dye—injection.tests fevealed that longitudinal}dispersion
was being increased along the axis of the column.: As shown sc@ematically
by the arrows in Figure 18a, dye soluﬁiOn flpwédvraﬁidly downﬁard
(in excess of FC) through the inner rings of each stage, essentially

unaffected by the adjacent vortex patterns. Regardless of stage
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position,'the ORJ—lRW'configuration-contributed in large measure to the
observed "downdrafting'. To eliminate this undesirable effect, a central
cylindrical wall, in the form'of aIEO-in.-long l-l/h-in.-dia. Lucite rod,
.was snugly inserted through the inner rings, as lllustrated in Figure 19.
To position the plastic rod, a stainless-steel pin was placed through
the,center of gravity of:the rod.andvsupported_by the inner'ring at

Stee S . S R . .

The addltlon of a central cyllndrlcal wall was hlghly effective
in reducing ax1al dlsper31on, as ev1denced by the more locallzed m1x1ng
patterns in the column (see_Figure 18b and c)f -Although the ORJ-IRW
stage configuration continued to permit dje to surge‘downWard adjacent
to the Lucite wall, this occurred to avsnaller and more tolerablevextent.
No "downdrafting" was observed when the IRJ-ORW configuration was used
at every stage, where two - vortex rings were now'produced in each stage.

Dye-mixing photographs 1n the IRJ ORW conflguratlon, taken at
1, 3, and 5 seconds follow1ng a one- second dye 1nJect10n, are given in
‘Flgure 20. Although the mixing patterns are not clearly dlscernlble, due
to the increased amount of dye that was necessary to produce”more,contrast,
the'symmetry and localization of the flow can_he observed.

c. Effect of Stage Spacing

As stage spaclng (h ) was 1ncreased from 2 to 8 1nches, the
vortices produced between stages also became progres31vely larger
Because one aim of the JMC is to reduce backm1x1ng, a small nc is

desirable. In the present work, with the IRJ-ORchonfiguration-at




-lo. UCRL-18679

XBB 6812-7660

Fig. 19. Completed column assembly with central cylindrical
wall.



Fig. 20.
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XBB 6812-7664

Dye-mixing photographs (hc = U in., F, = 0.52
gal/min, and Fr = 0470 gal/min) following a
one-second dye injection after (a) 1 sec,

(b) 3 sec, and (c) 5 sec.

UCRL-18679
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eachbstage éﬁd using a 6-in. célumn diameter, é f-in. compartment
heighﬁ gave the best result, producing an effective vdrtéx structure in
each "stage" while avoiding overlap of vortices between adjacent com-
partmenté. Optimum'stagé spaciﬁg in a scaled-up version of the JMC
ﬁill ultimaﬁely depénd‘upon the’relati?é'importance of tower height and
radiallpumpiﬁg costs versué’the desiréd degrée ofamass transfer and

avoidance of axial dispersion.

d. Efféct of Through Flow and Radial Flow Rate

| ' Varying'fhe overall flow rate (Fc) influenced directly the speed
.vat which dye was swept out the lower end of the'column. ‘As Fc ﬁés

: deéreésedz dye reméinedvcompartmentaliéednbefwéen ringkstages for longer
inﬁervals df time, and vortex motion witﬁin}each cbmpaftment was more
easily diScerhable. Reducing the radial floﬁ rate resulted iﬁ'slower
vqrtex mbtion; énd hence 1ess'mixing;vaaryihg Fé or F;_dia n§t apbear
to élter aﬁpreéiably the intrastage mixing patterns produced by the

. jetting rings.

6. Comtrol of End Effects

With the central cyiindricai wall in position, dye injection
at stage 1 reﬁealed slow, nonuniform vortex motion occurring more than
© one stage diétance aboventhis'poinﬁ. A similar observation ﬁas made
 below stage 3 immediately after injéctiqn at stages 2 Qr.5. .Suéh.end
.effectsvenhance lpngitudinél dispersibﬁ, and may bé reduced by ihserting
a éalming gria or wire-mesh screen approximately one-half to éne étage
height abéVe the firéf sfége and- below the last stage in the.coiumn.

/
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B. Two-Phase Flow -

1. Extraction Materials

Two-phase experimental trials were conducted with city water as
the continuous phase and isododecane (IDD) as the diSpersed phase. The
IDDl(“Chevron Isoparaffin 370"),Aa>55O-MOO°F distillate fraction from
‘sulfuric acid alkylate bottoms, was suppiied'through the courteéy.of
 Chevron Research Co. The important physical properties of IDD for the
. Tpresen£ work are a density of 0.755 g/cm§ (20°C), a viscosity of

2.4 cp (20°C), and an interfacial tension with water of 40.5 dynes/cm.

- 2. . Intake-Ring Modifications

The ﬁﬁrpose of the two-phase studies was to-systemaﬁically
' test the effect of radial pumping rate and ring-port design, ih'order
to detefminé_the édnditions which give the most intense mixing of the
two liquids without prodﬁcing'a ﬁermanent-émulsion.

For the same column designs descr;bed in Figufevle and c,
and with F = 1.0 gal/min and'Fd ;“O.Bifo l.O“gal/min;'é3milky‘emulsion
was formed throughout the column at querate radial flows (0.4 to
0.7 gal/min) without evidence of sufficient dropiet breakpp. The
emulsion was attributed to the capture of fisiné organie aroplets by
the intake rings, the droplets becomihg fineiy diépersed in‘the'watef
phase as ﬁﬁey passed through the rédialvcentfifugal bumps.?iIﬁféas
therefore neéessary to develop a méthod‘that would retard.ﬁhisléfécess

“and allow higher radial flow rates to be obtained.
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A trial solution to the problem, which proved workable, was to
soft-solder a 1/32-in.-thick curved brass disc or bonnet to the bottom
of each intake ring. The bonnet extended to the level of the top of
the ring, thus shielding the intake ports from the action of the jetting
ports. The disc construction is shown in Figures 21 and 22 for both stage
configurations. The insertion of such bonnets permits radial flows to
be increased as high as 0.9 gal/min before the contents of the column
becomes cloudy. This is illustrated in Figure 23, where a series of
two-phase mixing photographs have been taken at the same longitudinal
flow rates (Fc = 0.75 gal/min and Fy =0.T1 gal/min), but for varying
radial flow rates. At 0.8k gal/min, a good dispersion is obtained
without cloudiness, whereas at 0.98 gal/min, emulsion is being produced.

3. Jetting-Ring Modifications

A primary purpose of the jetting rings is to intercept the
dispersed-phase droplets, entrain them into the local circulation
patterns, intermix them by coalescence with other droplets if possible,
and subdivide them by the local turbulence if they grow too large. In
order to improve the interception of dispersed-phase droplets, the inner
and outer jetting ring-port designs were modified by decreasing the hole
diameter and increasing the number of ports. The total port cross-
sectional area of the IRJ-8 ring was adopted, since this design showed
strong jetting action with reasonably uniform flow. The four
additional jetting rings designed on this basis are listed in Table‘6

and are shown in Figures 24 and 25.



wlia UCRL-18679

(157111&1/![1154[:”[:1rlfff;rglt[q;lqlfq’%t{{m‘lnqnmgpmnqrmwn‘f‘m‘ip;Tﬂgllﬁ‘[mpmtglunmlpnpg\l\\\lupu\{\a\m\m\m\\m
LAWRENCE RADIATION LABORATORY
2 CHNINERS SO - CALIFORNIA

e et

XBB 6812-7368

Fig. 21. Addition of brass bonnet to outer intake
ring.
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TR
N BORATORY
_CALIFORNIA

XBB 6812-7363

Fig. 22. Addition of brass bonnet to inner intake
ring.
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Two-phase mixing in the jet-mixed column

(hc = b4 in., F, =075 gal/min, and Fy = 0.71
gal/min): (a) F, =0, (o) F, =0.70 gal/min,
(c) . 0.84 gal/min, and (d) B, = 0.98 gal/min.

UCRL-18679
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Fig. 24. Inner jetting-ring designs: (a) IRT-15;
(b) IRJ-slit, and (c) IRJ-29.
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XBB 6812-7365

Fig. 25. Outer jetting-ring designs: (a) ORJ-16, and
(b) ORJ-31.
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Table 6

Summary of Jetting-Ring Designs

; : . Total Cross- A
Configuration Number of Port Sectional Area 2; Iy
Ports’ Diameter - of Pgrts : Ay
' v (in) ‘ ~ (in%)
IRT 8 : 3/32 3 0 0.055 (basis) 0.92
C 11@1/64 - :
IBJ 15: , 4 @ 5/6M Q.oul - 0.68
IRJ 29 3/6l 0.050 0.83
: continous - 1/64 R o |
1’ s slit : thickness 0.078 o 1300
ORT - 6 /16 - o.0b9 - 0.8
ORI . 3% . 3/éh - 0.05% 0 0.88

To examiné visﬁally thé aro?lét-Breakup effectiveness of:each
jétting ring, each inner jéﬁting ring Waévconnected to the ORW-31
(1/16-in.-dia. ports) bonneted ring, and each outer jettingvring was
!;éttaghea to the IRW-16 (3/32-in.-dia. ports) bonﬁeted ring. The column
{fwas then_operated at several flow ratioé (Fc/Fd) and‘various radial flow
'”rates (ranging from Q.B to 1.0 gal/min). In addition, the floﬁ dis-
tribufion around each.jetting ring was examined qualitatively by obserﬁing
v:the flow into aif ﬁhrough éachvport. From these tésts, the bes£ stage
:‘coﬁfiguratipn was found fo be IEJ(29);CRW(31). 'Thisvdééign was'more
- effective iﬁ breaking'ﬁpirising organic droplets than its couﬁterpart, #hé

ORJ(31)-IRW(16) configuration, for the same flow rates.
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c. 'Suhmafy
The singleQPhase and_tﬁo;phase flpwvéxperiménts provided a Basis
for improved modifications‘ih the initial design of the JMC. As a result
of the manifold flow aistributiOn aldng a jetting ring, the limiting-port-.

area criterion for the intake and jetting rings was revised to be:

. zingf <2 .

t

Hence the initial nﬁmbéf of intakéArihg ports was doubled.

. Dye-injection studies showed that a central cylindrical wall
Vplaéed through the inner rings was effective in eliminating longitudinal
' .dispersibn aldng the;axis of the column. The dye tests also revealéd
that the IEJ-ORW configuration at each stage‘produced‘mérévefficiént,
loéaliZed‘miXing action than its éoﬂntefpaft, the ORJ-IRW.configurafion;
for the fofmer, two vortexrrings.of’épposite sense wére.obtained within
each éompartment, whereas only oné vorﬁex ring was formed betweéen stages
of oppoéite'configuration. | |

Brass bonnets added to the intake rings reduced the eptrainment'
. of discontinuous phase ﬁhrough thé intake rihg and line into the jetting
'bump, and permittea the haximum alloﬁable radial fldw rate to approach
' l.gal/min before a milky emﬁision formed. The intércéption of riéing
dispersed-phése drdplets by effective jetting action in the cdiﬁmn was
enhanced'by décreasing the diéméter, and incréaéing the number;'pf-;

Jetting-ring pérts.
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The stage design:
TRF-29 = (3/6l-in.-dia. ports)

ORW-31  (1/16-in.-dia. ports) ,

4

. produced effective droplet breakup and intense mixing of the two phasesb
at 0.84 gal/min, without forming a stable emulsion.

Excessive énd-miking ﬁas observed dufing the experiments. If the
assembly of stages.dqeé not fill the column complétely, as in the ex- -
ploratory phase described hére, a calming grid or wire-mesh screen
should be inserted above the first stage and below the last stage in the

_column in. future runs, in order to reduce end effects.
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V. SCHEDULE FOR FUTURE HXPERIMENTATION

A. Apparatus Modifications

Appropriatefquifications of the-éxisting ex#faction apparatug
should be made priof'to furthef experimeﬁﬁal work. First, to provide
visﬁal obéervation of'the liquid-liquid interface for the case when water
is the heavy dispersed phase, a 2.5—ih{;éia; window should be provided
in the lower columr head, as has been.déﬂé'for the upper head (see |
Figure 11). .AlSO,‘iﬁprovemeﬁt in the liquid-level control systém is
needed to permit more rapid and accurafe positioning of the interface.
at thé desired constaﬂt level in either head. The present gldbe valve
in the outlet water line (see Figure.l6) requires continual adjustment.
This situation can be improved by using the outlet globe valvé for coarse
interface adjustment, and the overflow arm, modified to slide éasiiy
upward or dowhward, for fine levél cohtrol;

To evaluate convincingly'the:performance of the jef-mixed column
- will require a larger number of ring stages?'and a series .of organic-
phase and aqueous-phase sampling probes élong the column wall to indicafe
the internal concenﬁrationvprofiles. The size and spacing of the rihg-
stage holes, and the}design of the colump fittiﬁgs ét éach hole, have
been describea in Seétion III-A, A discussion of samplingvtechniques
wili follow in Section_V-B; |

- Nine pairs oflinnef and outer rings‘are aVailable which ére in,

or convertible to;'the optimum port layout. Since a 3-inch cdmpartment
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height has been fouﬁd to prodoce satisfactorily localized continuous-
phase mixing pafﬁerns,.the present 2h-inch column will.aocomodate.eight
stages and appearé suitable for further study. If extehsive study of
Y_inch stage SPaoing'seems deéirablo, a.taller column should-érobagly
.be constructed, and the existing column frame would take a 32-ihch column
_séction without major modifications. Wire screenslof 1/k-in. oo 3/8-in.
" mesh shoold be insefted one-half:stage height above the first stage and
‘below the last stage in tﬁe column in order to confine.thé circulation

patterns created by the end stages.

B. Extracfor Performance Eﬁaluation

The porformancevevaluation of the JMC should include tﬁe.measure_
" ment of_inﬁérfacial afea,'dispersed-phéseiholdup, flooding and- emulsi- - |
ficétion limits, aod column concentration profiles for several solvent-
l solute o§stems. The purpose of the following section, therefoge,vis to
outline'possible procedures ahd'meﬁhods of apﬁroachvfor oompléting the
above experiméntal‘SChedule.

Aftef ouch data oecome available, they should be compared to
- performance data of other mechanically aided column-type extractors, such
as pulsed-plate, rotating-disc, and Oldshue-Rushton columns. The
backflow or diffusion model for describing.the combined effect of mass
: traosfer»andllongitudinal disperéion may.bo used fo.correlate aod.

._interpret the results.

1. Measurement of Interfacial Area
Sevefal methods are available to obtain good_approximaﬁions

“.,
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of interfacial area inlthe JMC. OneAinvoives determining the ambunt of
light transmitted through the dispersiqn_(hS). A second, more tedious,
technique fequires two types of measﬁremenfs. First, the average drép
size of the dispersed phase ié‘measured by taking photographs thrbugh
the column wall (25,31,37,43). The total volume of dispersed phase
presenf is tﬁen measﬁréd by any convenientéméans, as described in the
next paragraph. Froﬁ.theée two quantities, the number of drops, ﬁhe
surface arealéf ﬁhe_average dro§,vand finally the total inteffacial area,
may be calcuiated.'

2. Holdub Measurements

With the column operating af éteady stéte énd fhelintefface at
ra known lével,'thé inlet and outlet flows and éli radial jetting pumps
should be stépped simultaneousiy._ The increase in the interfacellevel
represents the volumétric hbidup of'dispersed phase. Correlation of
the data will}involve plots of dispersed-phase hdldup versus diséontinuousf
pﬁase fiow_rate, with rédial jetting rate as fhe third vafiable parameter,'
at constant continuous-phase flow rates.

3. TFlooding and Emulsification Limits

The maximum throughéutAobtainable, or flooding limits, of the
JMC should be dtermined, including the effect of thé Jetting flow rates.
Fldoding.develops,Lat any given flow rate of thevconfinuous phase,'when
the disperséd-fhase flow rate is maintained high enough so thatnthe

hbldup increases markedly, the driving force for forward flow of dispersed
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phase'drops'off, and the entering dispersed phase is discharged as an

"underflow" with the'effluent continuous phase.

Emulsificatioh‘in the JMC at moderate jetting flow rates
(1 gal/min) has been a problem in the present study. The occurrence of

emilsification is a result of entrainment of discontinuous phase through

"~ the intakekrings and into the jetting pumps, where the drops become

finely dispersed in the continuous phasé'befdre being emitted through

. the jetting rings. An improved method to increase the emulsification

" 1limit would result in a decréase_ih dispersed-phase drop size, and an

increase in the interfacial area for mass transfer.

L, Concentration-Profile'MéaSurements_’

a. Extradtion:Systems

A minimum of two solvent-solute systems should be selected for

"~ the measurement of dispersed- and continuous-phase concentration gradients

in the JMC. One suitable ternéfy system, which has been investigated by

Moon and co-workers (40), is that of water—crotonic acid—isododecane.

The distribution of crotonic acid between water and isododecane, as

measured by Moon, is shown in Figure 26.
An alternate solvent, 2-ethyl hexanol, exhibiting a lower
interfacial tension with water (o0 = 11.h4 dynes/cm).than isododecane

(o = 40.5 dynes/cm), has been found to be compatible with the present -

fﬁapparatus. A suitable solute for the water——_2~ethyl hexanol system

remains to be chosen..
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’ Fig. 26. Distribution of crotonic acid between water
~and isododecane . o =
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b. Sampling Techniques

To obtain a concentration profile in the extractor,_pbint con-
centrations of the solufe in each éhase need to be determined. The
continuous: phase can be sémpled coﬁveniéntly.by drilling hbies along the
column wall to provide an‘énﬁrande,for hypodermic needles (25); The
needles'may'be‘connected to individual collecting flasks by polyethylene

or latexﬂtubing; using pinch clamps to regulate the flow}l Gier and

Hougen (18) fitted sampling needles to 20-cc hypodermic syringes, each

syringe resting upon a common support, By éttaching two syringe stops

. to each sampling point, all continuous-phase samples were withdrawn

Simﬁltaﬁeouéiy, at apprbximately thé same rate aﬁd for the same total
sample'volume.
‘Discontinuous-phase sampling can be achieved by several means.

Moon and co-workers (40) used a probe consisting of a 0.75-in.-dia.

 bakelite sphere intO'which a 0.5-in. hole was drilled. A sampling tube

extended through the wall of the sphere, and the entire probe was
pointed in the direction that wouldvtrap the moving droplets. A thin

disk of teflon felt was cemented into the mouth of the cylindrical cavity

. In the sphere to give selective flow of the organic phase. As an

alternate method, hypodermic needles may be packed with a granular

- material preferentially wet by the dispersed phase (25).. For any deSign,

the sampling probe should be made as small as possible to minimize flow

~obstruction.
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‘Conﬁinuous- and discontinuous-phase samples may:either be taken
at the same level;in the column,‘or staggerea in position. For the
former, the point cohcentfations obtained should not be considered as
those of passing streams, since ﬁo directioﬁ flow is clearly indicated.
It would be interesting'to obtain'seVeral samples of each phase at.the
~ same column cross-section, and in the same stage compartment, to in-
vestigate jet-mixing efficiency{ |

: Sémples shoula not be takén until the interface has beén held
éonstant with the column operatihg at steady state. Common practice
is to ailow sufficiént féed‘té be introduced to change the éontents of
the column ﬁhree or four'timeé.. The sampling rates of each phase shoﬁld
be‘less'fhan l%'of fhe total flow réfe, as Geénkoplis (17) found this

réte to have little effect on column operatioh.’

c. Method of Analysis

‘For the watef;—cfofonig acid— isododecaneISystem, the amount of
' acid in each sample can_be determined by titration with 0.1 N and 0.01 E
‘standard sodium hydroxidé solutions, with 6.05% phenolphthalein as
ihdiéafor. | | |

The‘gontinubué-phase‘samples will probably contain negligible

amounts of aisperéed phase. However,vdiécontinuous-phase samples with
continuous—phase contamination are likely to occﬁf.v These samples must
| be correctéd, as massvtrahéfer will be téking place during Sampling and

prior to analysis. One procedure is to deliberately allow the,two phases
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to reach equilibrium by vigorous shaking of the samples. A material

balance for this proéess'giVes:

%)

Vﬁcw * Vscs = Vﬁcw +.,Vs‘cs ='VﬁCW * Vchw 2 (22)
o) ) e e .. e e
where
Vw’ Vs = volqme of aqueous and organic phases,;
reépectively, in each sample, cc,
Cw B CS = concentration of solute in aqueous and
° ° organic phases,'respecti?ely, Just prior
tO»sampling,bg-moles/cC,i
h CW', Cs = equilibrium COncentration of-soluté in éqﬁeous-and‘
e e

organic phaSes, respectively, g-moles/cc, and
K ='eQuilibrium distribution constant of sblute between

organic and aqueous phases, Cs /Cw .

Introducihg the volumetric sample ratio, ¢ = VS/VW, and rearranging

Equation (22) yields:

Q
1l

e 2

“and

Q
i

C, (lbf'l/K b) ) c./¢o . . - . (21)

O €
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At leésﬁ-one pair of Ewo-phése sémples wiﬁh unequal.values of '¢. is
necéssary to simﬁlﬁanéously.sdlve these equations.

Ambng many'ektfaction'studiesAin thevliterature, almost none
.include interior concéntration measuremehfs; The recently developed
'v,understandiné of axigl dispersioh has'made it evident that interpretation
of column performance is inaccuféte if not impossible in the absence of

. such internal measurements.
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NOMENCLATURE
specific interfacial area of mixed phases, cm?/cc
area-of-a port in a tubular'jetting or intake ring, in2
innef:cross-sectional area 6f a tubular ring, in?

interéept value -for partition equilibrium; in the relation

* ,
“CX' =Db + mcy, gram-moles/Cc:- Loy

dimensionless height, L/d

vconcentratioﬁ of solute in ith phase, gram-moles/cc
_éi/c#o'(dimensionless), with cxo'the:feed-stream

‘concentration

- equilibrium concentration of solute in aqueous and organic-

phases, respectively, gram-moles/cc
éoncentrétiqn‘of-Solute in aQueous and organic phases,
réépectively, justvprior to'éampling, gram;moles/cc
characterisfic local lenéth of equipment,VCm
superfiéial'longitudinal dispersion coefficient in the
iﬁh phase, ém?/sec

mean'vélumetric flow rate of main (through) flow for ith

phase, cc/cm?-sec

volumetric rate of interstage mixing for ith phase, cc/cmg—seq

‘sum of the volumetfic,rates»of'interstage'mixing'for phases

X éhde, cc/cm?-sec
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'volumetric flow raté of continuous»phase,_gal/min
volumetriC'flow rate of discontinuous fhase, gai/@in
volumetric jetting flow rate,vgai/min | A
compartment height in the jet-mixed column, in
over-all coefficient of mass tfansfer pased on:iﬁh
phase, cm/séc IR

equilibfium aiétributionﬁcOnsﬁant of solute betwgen organic
‘and aéﬁeous phases, CS /CW ’ dimensionléés |
effective mixing 1§ngthf fi/fz, cm

heighf"of éolﬁmn, m

stage height;'cm

equilibrium partition coefficieht,.in fhe relation
icx* =b + mcy, dimensionléss | | |

total number of stages,'diﬁehSionless

number of over-all transfer units in colwmn based on ith
phase, kbxaL/Fg, dimensidnless  ' |
local Peclet number for ith phase, d/li,.dimehsionless
éolumn Peclet number for,iﬁh phase, LF&/E&,
‘dimenéionless

b/cxo, dimeﬁsionlesé'j

volume -of aqﬁeous and Qrgahic phases, respectively, in
each samplé, éc | |

‘generalized solute concentration in‘X;phase,

[CX - (Q+ mCyl)] / [l f (Q:+ mcyl)]v, dimensiiness

g
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?1 Y = generalizéd solute concentration in Y-phase,
‘m(C. - C l) /11 -(q+ nC l) , dimensionless
Yoy _ . Y _ :
z = length within column, measured from X-phase inlet in

direcfion of flow, cm

7 ='fraC£ioﬁal‘lengthvin coluﬁn, z/L, dimensionless
A = extractiqn'factor, mF%/F&,.dimenSionless
¢ = interfacial tension, dynes/cm |
¢ = volumEtfic.sample ratio, VS/VW,'dimensionless
Subscripts
F = feéd-end-value
i ;_designateé phase concerned; éithéf XorY
v J = stage number | |
L = outletfend Val@e.
o = over-all :

.x,y .= X or Y phase _h

0 = feed-inlet end, inside column

‘1 = feed-outlet eﬁd;’insidé'columh
Superscripts

¥ = equilibrium value

O = feed-inlet énd, outside column

1 = feed-outlet end, outside column
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,

: app'aratvus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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