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The operating characteristics of a Podbielniak model 5,000 centrifugal extractor, having 
a combined-stream capacity of 450 cc./min. at 5,000 rev./&. and a rotor holdup of 529 cc., 
were investigated. Variables studied were density difTerence, rotor speed, light-liquid-out 
pressure, flow rates, holdup, and number of stages. 

A technique for holdup determination that comprises displacing either phase in the 
extractor with the other phase is described and experimentally demonstrated. An equation 
useful in predicting flooding limits is verif3ed. It is suggested that the effective values of the 
rotor dimensions in this equation be determined by the behavior of the extractor. 

A relationship among number of stages, light-liquid-out pressure, and flow-rate ratio 
is demonstrated by extracting boric acid from isoamyl alcohol with water. With only a few 
runs this relationship should permit one to map in a family of curves for a particular system 
and thus rapidly to estimate optimum operating conditions. 

A procedure is outlined for applying the methods to other systems using similar ex- 
tractors. First the constants in an equation are estimated from holdup measurements in 
order to predict flooding limits. Then a few extraction runs are made to estimate optimum 
operating conditions. 

The centrifugal extractor is a relatively 
new countercurrent liquid-liquid contact- 
ing device consisting of a series of concen- 
tric stages in  which both mixing and 
settling are accelerated by a readily vari- 
able centrifugal-force field. The centrifu- 
gal-force field enables the extractor t o  
handle systems of low density difference 
more efficiently than do conventional ex- 
tractors. The low holdup and high 
throughput capacity of the centrifugal 
extractor lead to short contact times, 
which have proved useful in  the pharma- 
ceutical industry. Low holdup and rapid 
attainment of steady state operation may 
considerably reduce process- and feed- 
stock-switching losses in petroleum refin- 
ing. For comparable capacity the cen- 
trifugal extractor occupies a fraction of 
the volume required for conventional 
extractors. Additional stages beyond the 
extraction capacity of a particular unit 
are obtainable only by duplication of the 
unit. 

The Podbielniak “Pup” model 5,000 
laboratory extractor used in this study 
haa been described previously (1). It is 
convenient for studying many systems in 
a relatively short time because of its low 
holdup, rapid attainment of steady state 
operation, and substantial capacity. The 
manufacturer claims to  be able to  extra- 
polate data  obtained with this model to 
commercial-size units. 

F. M. Jacobaen ia at preaent with American Oil 
Company, Texas City, ‘Texas. and G. H. Beyer at the 
University of Miwoiiri, Columbis. XIiesouri. 

4 literature review indicated few arti- 
cles (1 ,5)  on the operating characteristics 
of centrifugal extractors. The  first objec- 
tive of this study, therefore, was to 
investigate these characteristics. 

The literature review also led to an 
equation tha t  would be useful in predict- 
ing operating limits if it could be experi- 
mentally verified. Inferences drawn from 
reported data  (b,S, 4)  suggested a method 
of relating the number of stages with 
several operating variables. Additional 
objectives of this study, therefore, were 
to test the validity of a n  equation for 
predicting operating limits and to investi- 
gate the feasibility of relating stages and 
operating variables. Attainment of these 
objectives led to a procedure for rapidly 
predicting operating limits and for esti- 
mating optimum operating conditions. 

DESCRIPTION OF EXTRACTOR 

Operating Principles 

The centrifugal extractor studied had a 
rotor approximately 18 in. in diam. and 
2 in. thick. The rotor was constructed by 
rnnchining concentric annuli in two mating 
disks and then bolting the disks together. 
The annuli were connected at 180” intervals 
by slota, with the slots in adjacent rings 
rotntcd 90” to assure radial flow in each 
annulus. Figure 1 is a photograph of one of 
thcse disks. Figure 2 is a schem:itic diagram 
of the extractor, showing for the sake of 
clarity only five of the annuli. 

Figure 2 is uscful in explaining the opera- 

tion of the extractor. The heavy liquid is fed 
axially through a rotary seal at one side of 
the extractor so that it enters the contacting 
section of the rotor near the axis. The light 
liquid is fed axially through a similar seal at 
the opposite side of the extractor and then 
into a small radial channel leading from the 
axis to the periphery of the rotor so that i t  
enters the contacting section near the pe- 
riphery. Centrifugal force causes the heavy 
liquid to be thrown outward, thereby die- 
placing the light liquid inward. The heavy 
liquid leaves the Contacting section near the 
periphery and is channeled radially to the 
axis, where it leaves through a rotary seal. 
The light liquid leaves the contacting section 
near the axis and is discharged through 8 
similar seal. 

The litzht-liauid-in Dreeaure is determined 
by the d;nsity^difference of the light-liquid- 
in and heavy-liquid-out phases, the speed of 
rotation, and the rotor radius. The heavy- 
liquid-out pressure is atmospheric; the 
heavy-liquid-in pressure is essentially the 
same as the light-liquid-out pressure, which 
is adjusted by a back-pressure regulator. 

Two important differencea between the 
centrifugal and conventional tower ex- 
tractors should be notel (6). The first is that 
the settling effect of density difference is 
multiplied by the centrifugal force. The 
product of these factors is sufficient to force 
the two phases past one nnother through the 
small slots shown in Figures 1 and 2. Thb 
procedure permits the extractor effectively 
to handle systems of very low density difler- 
ence. The second difference is that the liquid 
is either accelerated or dtcelerated radially 
nnd the process of acquiring or losing energy 
crcates turbulence. 

Conditions in the contacting section dur- 
ing operation may be thought of in terms of 
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a “principal” interface, to 4escribe the 
behavior of liquids in the contacting section 
aa a whole, and of a series of “minor” inter- 
faces, to describe the behavior of liquids in 
the individual stages of the contacting sec- 
tion (1). Considering the entire contacting 
section, the heavy liquid will predominate 
radially outward from the principal inter- 
face to the periphery; whereas the light 
liquid will predominate radially inward from 
the principal interface to  thc axis. Within 
each annulus there is a minor interface be- 
cause cnough of the dispersed phavc must 
build up to develop sufficient head to pass 
through the slots. 

The minor interfaces in the annuli are 
one source of interfacial area through which 
mms transfer may take place. Another, and 
perhaps more important, source of inter- 
facial area is provided by the dispersing 
action of the slots; for example, as the heavy 
liquid passcs outward t.hrough a slot it forms 
droplets which are dispersed in the continu- 
ous light-liquid layer on the outer face of 
the annulus wall. These droplets continue 
radihlly until they coalcsce on the inner 
face of the next annulus wall. The l ight  
liquid droplets moving inward through the 
slots and heavy-liquid layers exhibit similar 
behavior. Thc net effect is the continuous 
creation of fresh mass transfer area. The 
principle is that of repeated mixing and 
settling, cwept thnt the scttling is accel- 
erated by ceritrifug:il forcc and that the two 
layers must flow past each other radially 
until thoy escape into anot.her annulus. 

Thc position of thc princ:ipal intcrfncc 
between the light. and heavy liquid is con- 
trolled by t.he lightliquid-out pressure. 
Thus, changing this pressure is analogous to 
opening and closing the outlet valve in the 
exit liric of a toner wtractor. At. low light- 
liquid-out pressures the heavy-liquid phase 
predominates in  thc contacting scctiorr ; 
whereas a t  high liKlit-liquid-out ~ircssurcs 
the light-liquid phasc: prcdominntes. There- 
fore, as the light-liquid-out prer;snrc. is var- 
ied, :I chririge rii:iy lie es~icctcd in both types 
of mass tr:insfer urea. 

Flooding 

Two typrs of flooding have been ob- 
served wit11 this cxtractor. Thc first type, 
caused by too largo a throughput, is fixed 
for centrifrigal extractors by their design. 
The second type of fiooding is analogous 
to level control in a tower extractor. It is 
caused by movement of the principal 
intcrf:ice to  either of the effluent stream 
take-offs. Icor a pirticular centrifugal 
extractor this type of flooding depends 
primarily on rotor-speed and phase- 
density difference. At a srifTiciently low 
light-liquid-out pressure the rotor will be 
essrntially full of hravy liquid, and so the 
principal interface will spill into the light- 
liquid-out line. This condition has been 
defined as flooding in the light liquid out. 
Likewise, :it a sufficiently high light- 
liquid-out prrssure, the rotor will be 
essentially full of light liquid, and so the 
principal interface 15 i l l  spill into the 
heavy-liquid-out line. This condition has 
been defined as flooding in the heavy 
liquid out. The useful operating range of 
the extractor for a particular system may 

be described by  lighbliquid-out pressures 
between flooding ] b i t s ,  because at  and 
outside these limits stable operation is 
difficult. 

Holdup 

The liquid volume or holdup in this 
extractor is contained in two functional 
sections. One is the rotor or contacting 
section; the other comprises the seals and 
feed and product lines. If V e  is the total 
extractor volume and V c  the  rotor vol- 
ume, then the difference 

v, - v, = vs 
will be called the seal volume. The  sub- 
script L denotes the light-liquid phase and 
the subscript II the heavy-liquid phase. 
The following equations are then implied 
by Equation (1) : 

(1) 

v, = v11 + VL ( 2 )  

v, = v,, + V C L  (3) 

Fig. 1. Extractor disk. 

1 7 b  = I’SH + V,L (4) 

T I ,  = T’c, + V S L  ( 5 )  

I’ll = Vcr,  + l ’ sn  ((9 
In  these equations T I E ,  Vc, V.q, Vsr,, and 
V,T I, are roilstants; whrrcas V I A ,  V1,, V C L ,  
and arc wri thles  dependent upon 
experimental conditions. 

Previous workers ( I ,  :j) reported the 
extractor holdup as V E  = 600 cc., and the 
contacting sertion lioldup as = 65 cc. 
Values experinienttllly ohscrvetl during 
this investig:ition were L Y E  = 6,38 and 
l’c = 529 CC. 

EXPERIMENTAL INVESTIGATION 

Morgenthaler el nl. (6) derived the fol- 
lowing equation for light-liquid pressure 
drop across the extractor: 

P L l  - PI’o = A ~ z o ~ V ~ ~ ~ / ~ T O ~ ~  (7) 

Barson and Beyer (I) derived the fol- 
lowing equation for light-liquid-in press- 
ure: 

P,, = Apw2r2/2g,  (8) 

and evaluated r as 7.71 in. 
Eliminating PLr from Equations (7) 

and (8) and solving for P L o ,  one obtains 

PLO = A W 2 ( r 2  - V c ~ / ~ ! ) ) / 2 g ,  (9) 

Equation (9) has two important uses. The 
first is to predict operating limits for any  
system. The  second is to estimate opti- 
mum operating conditions in conjunction 
with a relationship between rotor inven- 
tory and number of stages tha t  will be 
demonstrated below. 

Before the validity of Equation (9) is 
tested, i t  seemed wise to check both 
Equation (8) and the effects of flow rates 
on the light-liquid-in and light-liquid-out 
pressures. Recent data  (4) ,  such as those 
shown in Figure 3, indicate tha t  Equation 
(8) is an excellent approximation. It has 
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I 
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/ 
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Fig. 2. Schematic diagram of flow through 
extractor. 

also been shown (4) that  thc change in 
light-liquid-out pressure at either flooding 
limit with flow rates is small compared 
with t.he light-liquid-out pressure range 
between flooding limits. Data at incipient 
flooding in the light liquid out are shown 
in Figure 4. The light-liquid-out pressure 
between flooding limits is of course opera- 
tionally independent of flow rates because 
one may choose it and the heavy- and 
light-liquid flow rates indcpcndently of 
one another. 

Holdup Studies 

If the two extractor parameters, r and 
b, in Equation (9) are known, that  equa- 
tion may be used to  predict operating 
limits. Thus, specification of Ap and w 
fixes P L o  a t  both flooding limits because 
Vcrr is constant a t  either flooding limit. 
At flooding in the light liquid out, V c o / V ,  
will be essentially unity, and :it flooding 
in the heavy liquid out, V C R / V C  will be 
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Fig. 3. Relation among rotor speed, density difference, and light-liquid-in pressure. 

essentially zero. This section outlines 
methods by which the constants in Equa- 
tion (9) were evaluated. Thc application 
of these methods to other centrifugal 
extractors is discussed in a later section. 

The application of Equation (9) is not 
limited by a varying rotor width if b is 
defined as the effective rotor width and 
evaluated numerically from the behavior 
of the extractor rather than from its di- 
mensions. Defining b in this manner 
should permit the application of Equation 
(9) independently of the internal arrange- 
ment of the contacting sections of similar 
extractors. 

To  test the validity of Equation (9) it 
was necessary to make direct holdup 
measurements. Previous workers ( I ,  5) 
attempted to measure holdup by vslving 
off both the feed and efRuent streams, 
stopping the rotor, and then draining it. 
The limitation of this method is evident 
from Figures 1 and 2, which indicate the 
tortuous path either liquid has to follow 
in leaving the rotor. A more promising 
approach appeared to be displacing either 
phase from the extractor with the other 
phase. Equation (2) could then be em- 
ployed to check the consistency of the 
results since the sum of V L  and V N  must 
be constant a t  all operating conditions. 

An aspect of Equation (9) useful in 
demonstrating its validity and evaluating 
the constants in Equations (1) through (6) 
is seen by solving Rquation (9) for V c l f :  

V c ,  = rb(r2 - 2 g , P L o / A p ~ ~ )  (10) 

Vol. 2, No. 3. 

and substituting into Equation (3) to 
obtain 

v,, = (17, - rbr') 

+ 2rbgCP,o /A~w2 (11) 

Since r and b are defined as effective rotor 
dimensions and rbr' is therefore rotor 
holdup Vc ,  the first two terms on the 
right-hand side of Equation (11) vanish, 
giving 

V , ,  = 2rbg,P,o/Apw2 ( l l u )  

Substituting Equations (10) and (l la) 
into Equations (6) and (5), respectively, 
one obtains 

VH = (rbr2 + Vs,> 

- 2rbg,PLo/Apw2 (1 2) 

V ,  = V,,, + 2~bg ,PI .o /Apw~ (13) 

Equations (12) and (13) are of the form 

vx = ax f G P L O  (14) 

where the ax's are constants and ca is 
constant a t  constant Ap and w. Equations 
(12) and (13) predict that the volume of 
either phase in the extractor should vary 
linearly with P L 0 .  

Before the data used to verify these 
equations is discussed, however, two other 
points should be considered. The first 
point is concerned with the rotor inven- 
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Fig. 4. Relation between total throughout 
and light-liquid-out pressure at incipient 

flooding in the light liquid out. 

tory a t  either flooding limit. The second ia 
concerned with the effect of rotor con- 
struction on holdup-determination tech- 
nique. 

It was observed earlier that when the 
principal interface spills into either efflu- 
ent stream the rotor will be essentially 
full of one phase. At flooding in the light 
liquid out, for example, when the rotor is 
essentially full of heavy liquid, Equation 
(13) indicates that if the rotor were eom- 
pletely full of heavy liquid, V L  would be 
equal to V S L ,  and Prd0 would be zero. 
Experimentally, it  was observed that the 
light-liquid-out pressure was not zero a t  
flooding in the light liquid out. The 
amount of light liquid in the rotor under 
these conditions was therefore estimated 
to be the difference between V ,  a t  flood- 
ing in the light liquid out and V s L .  The 
light-liquid seal volume V B L  was esti- 
mated from Equation (13) when P L o  was 
zero. Evaluating V s L  in this manner 
assumes that the rotor is full of heavy 
liquid when the light-liquid-out pressure 
is zero. Likewise, the heavy-liquid seal 
volume T I s H  was estimated from Equa- 
tion (12) on the assumption that a t  
flooding in the heavy liquid out V H  = 

The second point is concerned with the 
effect of rotor construction on holdup- 
determination technique. This point will 
be discussed with reference first to heavy- 
liquid and then to light-liquid holdup. 

Tabulated heavy-liquid holdups are 
actually the sum of two heavy-liquid vol- 
umes. The first of these volumes was dis- 
placed while the rotor was spinning. The 
extractor was permitted to attain stable 
operation a t  the desirrtl values of the 
operating variables: 7u, Ap,  and flow rates. 
Attainment of stable operation was 
judged hy the constancy of these vari- 
ables for a 10-min. interval. The heavy- 
liquid feed W:LS then turned off and light. 
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TABLE 1. VARIATION OF HOLDUP WITH LXGHT-LIQUID-OUT PRESSURE FOR LIGHT-LIQUID-OUT displace additional light liquid from the 
rotor while i t  waa slowing down and after PRESSURES LESS THAN 100 LB./SQ. IN. 

Isoamyl alcohol-wakr sxstcm 
Rotor speed = 4,950 to 5,000 rev./min. 
H flow rate = 90 to 105 cc./min. 
L flow rate = 125 to 150 cc./min. 
Volumes = cc. at 25" C. 
P L ~  = Ib./sq. in. gauge 

Light-liquid hsldup 
Run H €'LO V L  Run H 

56 9 . 3  123.55 84 
57 8 . 7  121.01 86 
58 8 . 6  127 91 79 
92 23 .8  203.10 81 
93 23.8 210.65 75 
68 39 287.41 78 
69 39 283.67 

Heavy-liquid holdup 

i t  had stopped, after t& spinning rotor 
had been thoroughly flushed, were unsuc- 
cessful. This indicated that substantially 
all light liquid may be displaced from a 
spinning rotor by a denser liquid. 

Selected data (4)  indicating the volume 
by either phase in the extractor as a 

P L O  function of P L o  are given in Table 1 for 
P L O  < 100 lb./sq. in. gauge and in Table 
2 for P L o  > 96 lb./sq. in. gauge. The 59 

59 
77.7 479.03 following equations were obtained from 
79 473.30 these data by least squares: 

V L  

::;:&: 
98 573.67 
98 573.76 T',t = 663.14 - 5.03P, ,  (1%) 

Run H P L O  J'H Run H P L O  VH for light-liquid-out pressures less than 
266, 12 96 Ib./sq. in. gauge and 60 9 622.60 39 77 .. 

61 
62 
63 
94 

9 
9 

617.93 
622.18 

9 on. 05 
23.8 541.29 

40 
41 
42 
43 

79 265.51 
80 268.73 
76 268.74 
77 272.73 

95 23.8 537.70 44 79 272.72 
70 40 466.91 77 98 178.60 
67 41 460.39 88 98 174.27 
85 59 353.49 89 98 175.77 
87 59 352.50 

liquid was introduced into both the 
heavy- and light-liquid-in lines. Closing a 
valve in the light-liquid-out line forced 
the total input to thc extractor to leave 
through the heavy-liquid-out line, facili- 
tating displacement of the heavy liquid. 
The rotor speed w ~ s  not reduced while 
the heavy liquid was being displaced. The 
displaced heavy liquid was collected, 
sepatated from the light liquid, and 
weighed to determine its volume. 

The second of tliesc heavy-liquid vol- 
umes was obtained by stopping the rotor 
after no more heavy liquid was being dis- 
placed while it was spinning and by 
flushing the extractor with light liquid 
while the rotor was slowing down and 
after it had stopped. The origin of this 
volume of hcavy liquid may be seen by 

observing in Figure 1 that  centrifugal 
force will prevent displacement of the 
heavy liquid normally contained in the 
rotor a t  a radial distance from the center 
of the rotor greater than the radial dis- 
tance of the heavy-liquid take-off. The 
average volume of heavy-liquid in the 
rotor that could not be displaced by a less 
dense liquid while the rotor w&s spinning 
was approximately 25 cc. This volume is 
the heavy-liquid rotor inventory a t  flood- 
ing in t.he heavy liquid out, 

(V,/t)p, = 25 C C .  (15) 

Similar considerations indicated that 
the rotor might contain light liquid that 
could not be displaced by heavy liquid 
while the rotor was spinning. Attempts to 

TABLE 2. VAHIATIOX OF rio1.nuP WITII LIGHT-LIQUID-OKT PRESSURE FOR LIGHT-LIQI:ID-OUT 
PRESSUSES GIwATER THAS 96 LR./SQ. IN. 

Isoamyl alcohol-water system 
Rotor speed = 4,950 to 5,000 rev./min. 
H flow rate = 90 to 105 cc./min. 
L flow rate = 125 to 150 rt../min.' 
VolumeR = cc. at 25" C. 
PL,, = Ib./sq. in. gauge 

Run P L O  

H75 98 
H78 98 
G3 104 
G7 1 1 1  
G5 113 

Run PI. 0 

H77 98 
H8X 98 
1189 0s 

Light-liquid holdup 
VL Run 

573 67 G6 
373 76 G8 
5x0 70 H53 
391.21 H55 
590 02 

Heavy-liquid holdup 
VH Run 

178 60 ri5o 
174 27 Ha19 
175 77 H51 

P L O  

113 
118 
120 
122 

P L O  

114 
116 
118 

V L  

590.61 
618.86 
607.23 
615.03 

VH 
154.02 
147.66 
150.44 

V H  = 314.53 - 1.41P~o 

V L  = 417.83 + 1..57P~o 

(12h) 

(13b) 
for light-liquid-out pressures greater than 
96 lb./sq. in. gauge. The foregoing equa- 
tions and the data from which they were 
obtained are plotted in Figure 5. 

The reason two sets of equations are 
required for the light-liquid-out pressure 
is that the constant b is common to both 
the slope and intercept of Equation (10) 
and therefore of Equations (12), (I%), 
and (12b). The data in Figure 5 indicate 
that the effective rotor thickness prob- 
ably changes sharply somewhere between 
the center and periphery, as a t  a hori- 
zontal heavy-liquid take-off. 

By substituting Equations (12a) and 
(13a) and Equations (12b) and (13h) into 
Equation (2) ,  one obtains, rcspectively, 

V ,  = 747.52 + O.OlP,.O 

V ,  = 732.36 + 0.16P,, ,  

( 2 ~ )  

(2b) 
These equations indicate that the experi- 
mentally determined sum of the heavy- 
and light-liquid volumes in the extractor 
is sufficiently constant to warrant placing 
considerable confidence in the methods 
used to determine holdup. 

A comparison of the first term3 of the 
right-hand sides of Equations (13) and 
(13a) shows that 

V S L  = 8zi.38 C C .  (16) 

This value is 46 cc. Iower than the value 
of V L  = 130 cc. calculated from Equation 
(13a) a t  incipient flooding in the light 
liquid out, for which P L o  is about 
9 lb./sq. in. gauge. This 46 cc. represents 
the light liquid in the rotor at incipient 
flooding in the light liquid out, 

(V,,).vL = 46 C C .  (17) 

At flooding in the heavy liquid out, 
PLO = 128 lb./sq. in. gauge for this 
system at 5,000 rev./min. Under these 
conditions the rotor contains cssentially 
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Fig. 6. Holdup of external extractor piping and internal lines and seals exclusive of 
contacting section. 

no heavy liquid, and from Equation (12b) 

V,, = V,, = 134.05 C C .  (18) 

Substituting Equations (16) and (18) into 
Equation (4) gives 

V ,  = 84.38 + 134.05 

= 218.43 C C .  (44 

Comparing Equation (18) and the first 
term on the right-hand side of Equations 
(12) and (12a), one obtains 

V c  = 663.14 - 134.05 

= 529.09 C C .  (19) 

Substituting Equations (4a) and (19) 
into Equation (1) gives 

V E  = 529.09 + 218.43 

= 747.52 C C .  ( 1 4  

VOl. 2, No. 3 

The constants in Equations (1) through 
(6) have now been evaluated. 

Since that portion of Vs outside the 
extractor was peculiar to the particular 
feed- and product-piping arrangement 
used in this investigation, it is of interest 
to report the portions of Vs both inside 
and outside the extractor. The quantities 
and locations of holdup in the piping 
external to  the extractor are outlined by 
the broken 1ines.in Figure 6. The volumes 
were obtained by measuring the liquid 
required to fill the particular lines. Holdup 
data are summarized in Table 3. 

From Equation (19), 

V C  = *br2 = 529 C C .  (19) 

and for r = 7.71 in., b = 0.173 in. 

Prediction of Operating Limits 

With numerical values of Vc,f a t  either 
flooding limit and b, one may predict 
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operating limits for various systems by 
substitution of the appropriate constants 
into Equation (9) ; for example, the rotor 
constants are r = 7.71 in. and b = 0.173 
in., and the system constant is Ap = 0.167 
g./cc. At flooding in the heavy liquid, 
V c x  = 25, and Equation (9) yields 

(Pl ,O)PH = (4.86 X 10-'w2) 

1b.-force'sq. in. ( 2 0 ~ )  

At flooding in the light liquid, VcfJ = 
529 - 46 = 483 cc., and Equation (9) 
yields 

( I ) , , ~ ) ~ ~  = (0.4.1-7 x io-Wj 

1b.-force 'sq. in. (2Ob) 

where w is the rotor speed in revolutione 
per minute. Thcse equations are plotted, 
in Figures 7 and 8, respectively, together 
with experimental data. The agreement 
between predicted and experimental val- 
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uea shown in Figures 7 and 8 indicates 
that Equation (9) predicts operating 
limits satisfactorily. 

EXTRACTION STUDIES 

Proposed Relotion Among Stager, 
PLO, and Flow-rote Rotio 

The data of Barson (6, 3) a t  low light- 
liquid-out pressures and the data of 
Jacobsen (4)  a t  high light-liquid-out 
pressures suggested Figure 9A, which 
shows Iines of constant light-liquid flow 
rate R ,  at constant heavy-liquid flow 
rate Re on a plot of number of stages 
against P L O .  The relationship shown is 
based upon the idea that P L o  is an indica- 
tion of mass transfer area. The curves 
shown are members of a family of curves, 
each representing a dserent  operating 
line slope. Other systems might show an 
increase in number of stages with increas- 
ing light-liquid-out pressure. One may be 
able to estimate the qualitative effect of 
increasing light-liquid-out prcssure from 
a knowledge of the relative resistances to 
mass transfer in the two phases. The 
useful feature of this relationship is that 
with a small number of laboratory runs 
one should be ahle to map in a family of 
curves for a particular system and thus 
rapidly determine optimum operating 
conditions. 

Since the hcavy-liquid rate is the samc 
for both curves shown in Figure 9 A ,  these 
curves are also lines of constant-flow-rate 
ratio. h cross plot of Figure 9.4 would give 
Figure 9R, which shon.s lines of constmt 
P L o  (constmt rotor inventory) n t  con- 
stant heavy-liquid flow rate on a plot of 
number of stages against flowrratc ratio. 
These curves are similar to those in Fig- 
ure 8 of R:irson and Ikyer's p:iper ( I )  for 
conditions of incipient flooding in the 
light liquid oiit. as under thcsc conditions 
the rotor inventory is essentinlly constant. 

Moteriolr ond Methods 

Each strenm experiences a tcmpcrature 
risc of approxim:itely 10°C. in passing 

through the extractor. Reagent-grade 
boric acid was used as a solute in the 
isoamyl alcohol-water system for all ex- 
traction studies because this system h w  a 
straight equilibrium curve independent of 
temperature between 15" and 45°C. The 
equilibrium data for this system were 
obtained from Barson's work (2). 

The number of theoretical stages ex- 
tracting boric acid from isoamyl alcohol 
with water was calculated from the ex- 
pression 

1 -  

Representative data are given in Table 
4. A complete discussion of composition- 
analysis procedure, material-halance er- 
rors, a.nd attainment of steady state is 
given in reference 4.  
Experimental Relation Among Stoges, 
P,,o, and Flow-rate Ratio 

Figure 10. a plot of number of stages 
against light-liquid-out pressure for scv- 
era1 flow-rate ratios, supports the rela- 
tionship proposed in Figure BA. The 
following additional conclusions may be 
drawn from Figure 10. First, more stages 
arc ohta.inetl with this system when ex- 
tracting from alcohol to water a t  lorn 
light-liquid-out pressures t.han at high 
light-liquid-out pressures. Second, in- 
creasing the flow-rate ratio increases the 
number of stages at low light-liquid-out 
pressures but has little effect at high 
light-liquid-out. pressiires. Third, the ef- 
fect of flow-rate ratio on the rclntionship 
between number of stazgcs and Iight- 
liquid-out pressure becomes increasingly 
important a t  higher flow-rate ratios. The 
effect of total throughput on the relation- 
ship between number of stages and light- 
liquid-out preesiirc was found to be small 
experimentally. Although the rate of 
mass transfer should increase with in- 
creasing throughput because of greater 
turbulencc, thc contact time in any one 

T , m . t ;  3.  S[w\r.mY 01" JCxnt.wrort Ilol,l)cr 1 ) A . r A  

Source of holtlup Holdup, cc. 

Rotor holdup, 1 ' ~  . . . . . . . . . . . . . . . . . . . . . . . . . .  529.09 
Interrial I,L liric and w:il volumo . . . . . . . . . . . . . .  1i.o.i 
Intcwuil H I ,  liiic arid w11 volurnr . . . . . . . . . . . . .  01 .69 

Totd  iiiterii:il liiic, Iioldup . . . . . . . . . . . . . . . . . . . .  108.63 

Ext.rnctor tioldup . . . . . . . . . . . . . . . . . . . . . . . . .  6:<7.72 

Extrrrd HI,  linr Iiolt iul)  . . . . . . . . . . . . . . . . . .  7 2 .  '10 
External L L  l i i w  hohlup . . . . . . . . . . . . . . . . . .  37. :'A 

- 
Tot:il c.stc.rild liric! 11ol~Iu~1 . . . . . . . . . . . . . . . . . . . .  101). 80 

EquipmcLrit holdui), 1'8; . . . . . . . . . . . . . . . . . . . . . . . .  7.17 
L liiie ho ld i i~~  T'.v,, . . . . . . . . . . . . . . . . . . . .  S4. ?S 
H line holtliip. 1.-.<,, . . . . . . . . . . . . . . . . . . . .  1:3 L .05 

. -. - - ... 
Total l i r i c :  holdup, 1-s . . . . . . . . . . . . . . . . . . . . . .  218 

I(; 
25 

I, in rotor at  flooding in  t tic: light liquid out, (\'(.I.)E.,, . . . . . . . . . .  
H in  rotor :it flooding in t h c  ticivy liqukl out., (L'(~,,IF,, . . . . . . . . . .  

.5'L 

.13 

stage would be correspondingly shorter 80 
that  stage efficiency might remain un- 
changed. 

APPLICATION TO OTHER SYSTEMS 

The procedure for applying the meth- 
ods presented above to other systems 
using similar extractors involves two 
steps. First, the constants in an equation 
for predicting flooding limits are esti- 
mated from holdup measurements. Then 
a few extraction runs are made to esti- 
mate optimum operating conditions. 

For an extractor having the same effec- 
tive rotor dimensions and holdup as the 

LL 

W m 

5 
L I  

LIGHT - LIQUID-OUT PRESSURE 

FLOW RATE RATIO 

Fig. 9. Correlation among number of stages, 
flow-rate ratio, and light-liquid-out 

pressure. 

b o  I SYMBOL 
FLOW RATE RbTlO I 5  2.0 4 8 - 6 6  
*EPVY-LIOUID RATE 100 100 4 0 - 5 5  
L IGHT -L 'OUIO RATE 150 200  235-290 

0 

L L 2  
rn 
I, 

29 40 60 80 I00 120 
LIGHT-LIOUID-OUT PRESSURE. PSI  G 

Fig. 10. Variation of number of stages with 
light-liquid-out pressure and flow-rate 

ratio. 
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TABLE 4. DATA FROM REPRESENTATIVE EXTRACl'IO?; RUNS 
All concentrations expressed as grams of KBOI per liter 
Rotor speed: 4,950 to 5,000 rev./min. 

Feed Solvent Raffinate Extract 
Run conc. conc. conc. conc. 

A9 7.628 0.096 1.164 13.64 
A13 2.207 0.079 0.572 4.462 
A20-1 8.037 0.083 0.153 4.291 

B12 7.923 0.042 0.696 10.54 
B17 7.878 0.063 0.981 13.51 
B36 7.858 0.319 4.240 23.30 

B40-1 7.845 0.288 3.683 25.17 
B40-2 7.845 0.288 3.705 25.31 
B40-3 7.845 0.288 3.627 25.45 

B41-1 7.845 0.288 3.527 26.42 
B41-2 7.845 0.288 3.503 26.83 
B41-3 7.845 0.288 3.643 26.50 

extractor used in this investigation, one 
may use 7 = 7.71 in., b = 0.173 in., 
V c  = 529 cc., ( V C , ) , ,  = 46 cc., and 
( V , H ) p ,  = 25 cc. to calculate the maxi- 
mum permissible rotor speed (within the 
pressure limitations of the equipment) 
from Equation (8) and to estimate both 
flooding limits as a function of rotor speed 
from Equation (9). 

For an extractor having different rotor 
dimensions and holdup from those of the 
extractor in this investigation i t  is sug- 
gested that the procedure outlined below 
be followed, a two-phase system in which 
no extraction takes place being used. 
Working with such a simple two-phase 
sy&m will provide a background of 
experience that will be useful in explaining 
and circumventing apparently anomalous 
behavior with more complex systems. 

The procedure is as follows: the light- 
liquid-in pressure is measured a t  several 
rotor speeds; the light-liquid-out pressure 
is measured at both incipient flooding and 
flooding in the heavy liquid out at a 
single rotor speed; and the holdup of each 
phase is measured at this latter rotor 
speed and a t  least two rather high and 
two rather low light-liquid-out press- 
ures, including incipient flooding in the 
light liquid out. These data are then used 
to estimate 7 ,  b, V C ,  ( V C L ) , , ,  (VCH)P, ,  
and the holdups of the various sections of 
the extractor. 

The rotor radius r is estimated by sub- 
stituting the data for light-liquid-in press- 
ure as a function of rotor speed into 
Equation (8). 

The equipment holdup V E  is estimated 
as the sum of VL and V H  at each light- 
liquid-out pressure, according to Qua- 
tion (2). 

The light-liquid-holdup measurements 
as a function of light-liquid-out pressure 
are used to obtain the equation 

VL U, + uJ'LO ( 1 4 ~ )  

for low light-liquid-out pressures and the 
equation 

Material 
balance, 
% error 

10.6 
5 . 1  
0.6 

4 . 9  
5 . 3  
7 . 4  

2 . 1  
2 . 9  
4 . 7  

4 . 9  
3 . 7  
1 . 8  

H flow 
rutc, 

cc./min. 
103.5 
102.9 
106.2 

98 .6  
99.1 
40.1 

46 .5  
45.5 
45.9 

45.4 
45 .1  
45 .3  

VL = a:< + d ' ~ o  (14b) 

for high light-liquid-out pressures, where 
the ai,  i = 1 to 4, are estimated from the 
data when plotted as in Figure 5. 

The light-liquid line volume is esti- 
mated as a,. The light liquid in ehe rotor 
at flooding in the light liquid out ( V c L ) y L  

is estimated as a2PLo when P L o  is given 
its value a t  flooding in the light liquid out. 
The rotor holdup V c  is estimated as the 
difference between V L  a t  flooding in the 
heavy liquid out and V S L ,  where V L  at 
flooding in the heavy liquid out is com- 
puted from the measured value of P L o  
under these conditions and Equation 
(14b). 

The effective rotor width b is estimated 
fromrbr2 = V c .  

The heavy-liquid line volume is esti- 
mated as 

vs,, = v, - v, - v,, (22) 

The heavy liquid in the rotor at incipient 
flooding in the heavy liquid out (Vc , , )p ,  
is estimated as the heavy liquid flushed 
from the extractor while it is being 
stopped, after no more heavy liquid can 
be flushed from the spinning rotor. This 
step completes the estimation of constants 
required for the prediction of flooding 
limits. 

The second part of the procedure for 
applying the methods presented above to 
other systems involves making a t  least 
nine extraction runs: a t  three flow-rate 
ratios and a t  low, intermediate, and high 
light-liquid-out pressures. Such data 
should permit one to map in a family of 
curves on a plot of stages against light- 
liquid-out pressure, such as shown in 
Figures 9 and 10. 

I t  should be noted that the system stud- 
icd was characterized by a small change 
in density difference between the inlet and 
effluent streams. When large changes in 
density occur as the r w l t  of solute trans- 
fer, the propcr method for evaluating the 
Ap term has not been established. 

L flow Floa- ]'LO, Number 
rate, rate Ib./ of 

cc./min. ratio sq.in. gauge stages 
193.9 1.873 116 2.36 
261.8 2.544 108 2.03 
57.0 0.537 120 2.13 

150.4 1 ,523 44 2.27 
203.6 2.054 62 2.49 
273.4 5.917 101 2.19 

283.7 6.101 61 3.48 
282.9 6.213 61 3.57 
286.7 6.252 61 3.78 

288.6 6.355 40 5.45 
286.1 6.343 40 7.71 
287.4 6.349 40 5.48 

NOTATION 

V e  = extractor holdup, cc. 
V c  = rotor holdup, cc. 
V 8  = line and seal holdup, cc. 
V ,  = heavy-liquid holdup, cc. 
V L  = light-liquid holdup, cc. 
T I C H  = heavy-liquid rotor holdup, cc. 
T I c L  = light-liquid rotor holdup, cc. 
V s x  = heavy-liquid line and seal holdup, 

V s L  = light-liquid line and seal holdup, 

RL = light-liquid flow rate, cc./min. 
R, = heavy-liquid flow rate, cc./min. 
PI,r = light-liquid-in pressure, lb./sq. in. 

gauge 
PI,o = light-liquid-out pressure, lb./sq. 

in. gauge 
Ap = density' difference betmeen two 

phases, g./cc. 
w = rotor speed, rcv./min. 
r = rotor radius, in. 
b = rotor width, in. 
gc = gravitational constant 
iV = number of theoretical stages 
m = slope of equilibrium line 
a = slope of operating line 
y2 = feed concentration, g./liter 
5, = solvent concentration, g./liter 
y, = raffinnte concentration, g./liter 
z2 = extract concentration, g./liter 

cc . 

cc. 
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