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1.0 Abstract

A calculation manual for liquid-liquid extraction processes is pre_sgnted s
provj.ding the background for, a.nd the development of, a consistent mathematical
picture covering the rate of extraction. The basis for the treatment 1s the
idea that diffusion is the coﬁtrolling process, and that the resistances to
diffusion reside in two liquid films adjacent to an interface.

The analysis leads to methods of interpretation and correlation of experi-
mental data, to procedures for equipment design, and to suggestions on the

planning and conduct of experimental work.
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2.0 Igf:rg_duct:l_on
Liquid-liquid extraction, as a unit operationm, 'is very old. Many proce-
dures and many equipment details were developed long before any extensive theore-
tical work va.ﬁ begun. Nonetheless, extraction as an engineering tool is compara-
tively so recent that even now the theoretical aspects have not been developed

andrurlﬁ.orstoc‘)d to a satisfactory degree. There is no adequate text on the
subject. The technical literature is widely scattered and is con‘rlused_‘by air-
fering nomenclature and 5y conﬂicting basic assumptions. Consequently, need
wvas seen for a summarization of extgmction the;ry that is camplete, up-to-date,
and consistent in regard to viewpoint and nommenclature.

The slow develc;pnent of extraction theory reflects the fact that in the
past the process of ektraction has not been particularly effective. In turn,
this is because the known solvents were hardly ever very selective in their
act.ion. But in recent years, it has developed that for many inorganic compounds
there exist organic "solvents" that react to form loosely-bound ccamplexes whose
formation is so specific and so selective that mew realms of possibility have
been opened up for solvent extraction.

A serious dotar?ent to the develoment of extraction as a unit operation
has been the overuse of the analogy between the usual countercurrent process
and a succession of equilibrium stages. It has been customary to express the
behavior of a countercurrent process in terms of so many equivalent eqﬁiiibri\m

stages, by use of the HETS, height equivalent to a theoretical stage. The
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Introduction (continued)

analogy 1s easy to employ, 1s useful, and will always have a place. But the
anslogy is basically Incorrect in any actual case excepting that of mixer-
settlers, and beyond a point in its use is actually harmful. It does not supply
& true picture of the actual processes, yet by appearing to do so, the analogy
~operates as a mental block to a more complete understanding. In any actual
countercurrent system equilibrium is never attained at any point. Indeed,

if equilibrium were attained, the extraction process vould stop because it
depends for its progress on a driving force which i1s exactly the degree by
which equilibrium is not attained.

A basic, and more sultable, approach to extraction problems comes fram
consideration of the actual diffusional behavior. Material diffuses in rese
ponse tc a gradient in chemical potential which, for engineering purposes,
is adequsately expresssd as a concentration gradient. Sultable differential
equations smbodying this fact have been integrated across the two-film resis-
tances of & liquid-liquid contact, and from one equipment terminal to the other.
The resulting equations are expressive of the diffusional character of the
process. This procedure leads to the concept of a.transfer unit which repre-
sents & definite amount of progress in a diffusional transfer. The HTU, height
of & transfer unit, bears a definite relation to the older concept of HETS.

The diffusional approach has not yet been widely applied to'liduidmliqﬁid
extraction, mainly because of its newness. One of the most successful instances

has been the work of Colburn and Welsh, who planned their experimental work in



Introduction (continmued)

such a manner that the individual film resistances were sepmtely nggsu:qd,
"'l'hia is a distinct advance over previcus work vwhich always measured the cam-
bined resistance of the two adjacent films, and left uncertain the contribu-
tion of each. This technique, if properly exploited, could supply the deta_.ileﬂ
information on the behavior of individual film resistances, without which no
general advance in the state of extraction theory is possible.

The diffusional approach to extraction processes requires for its best
use & considerable body of physical data on liquid diffusion coefficients.
Very little of the required physical data is at hand. Therefore, some atten-
tion should be paid now to the problems of obtaining such data.

This work was done while the author vas a Research Participant at Oak

Ridge National Laboratory, on loan fram North Carolina State College.
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3.0 Mass Transfer Through Fluld Films

3.10 Film Concept of Mass Transfer

In the development of the diffusional theory, a praminent part is
glven in this report to mass transfer through gaseous films. For the purposss
of building up a diffusional theory for liquid-liquid extraction, this might
appear somevhat strange. Actually, ther_e is good reason for this. Historically,
the diffusional approach was first applied to gaseocus systems. In so doing,

a la.rge‘ body of terminology, numerous equations, many assumptions, and many
manners of approach were developed and are in constant use today. Many of thsss
jdeas snd forms are applied directly to 1liquid-liquid extraction cases by mere
substitution or redefinition of symbols. Or, at other times, a method of
approach for the gaseous case i{g carried to an arbitrary stage, then additional
assumptions are made to apply to the 1liquid case, and the development continuad.
As a result, it 1s quite difficult to follov many papers on extraction unleas
one is familiar with the work on gaseous mass transfer.

The diffusional approach emphasizes the fact that there are similarities
between Leat transfer, mass transfer and momentum transfer (involved in friction
losses). While the analogies between the three processes are still incamplete,
it is clear that the effective fiims involved in mass transfer are substantially
the seme as the onss postulated' in heat transfer and momentum transfer. This
means that there is a close similarity between distillation, absorption, heat
transfer, extraction, leaching, dialysis, crystallation, humidification and

drying operations. The realization of these facts has gregitly acceleraizd both

T
[ ]
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Eilm Congept of Mass Transfer (conmtimued)

theoretical and experimental work in extraction, as witmess the recent
"Absorption and Extraction Symposium"™ in the Jume, 1950, issue of Industrial

and Engineering Chemistry.

3.11 Basic Picture

Consider an object immersed in a flowing stream, either gas-
eous or liquid. Notwithstanding turbulence in the main body of flow, same of
the fluid forms into a thin f£ilm-like layer that hugs the object tightly,
covering it campletely, and following its contours. This film is reu;a_rkp.bly
1like a skin of variable thickness. The fluid that comprises this skin-like
layer is not stagnant, for it possesses motion. But the motion within the
film is always streamline, or laminar, meaning that the lines of flov are
parallel to each other and follow smoothly the contours of the object. It
has beern shown that the velocity of flow decreases through the film as a
phase: boundary 1is approé.ched, and that the veloeity reaches exactly zero at
& solid-fluid boundary.

Wherever a fluid possesses & phase boundary, there the fluid also possecees
this film. Even when two fluids are in contact, such as a vapor and a liquid,

or a liquid and another liquid, each fluid possesses a film at the boundary.
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3.12 BRelatica of the Film to the Maln Body of Flow

In the usual case; the fluid beyond the film is found to be ia
& ontate of turbalenst flow. The slower the average flow the leas the turbulence
and the thicker the film, until finally in the end the film extends throughout
the fluld space. But the reverse does not take place. While the laminar film
does decrease in thickuess as the main body turbulence increases, never doss
the film disappear entirely (except perhaps at some supersonic velocity).

The transition from the film to the main body is never abrupt, there being
an 11l-defined transition region vwhich fluctuates with time in its behavior and
which smooths ocut the turbulent swirls and diminishes their violence so that
they grade imperceptibly into the two main patterms. This makes it difficult
to define the film thickness with precision, and has led to the use of the

terminology of an “effective film thickness", or a "fictitious film".

.13 Hvidence for the Pilm's Existence

The evidence in Pavor of the fllm is overwhelming. Theories
and deductions based upon the fiim concept have had remarkable success. It Las
been demonstrated physically by photographic techalques and has eveun been explorsd
for its velocity profile. One such veloelity profile for an air film of about
0.015" thicknsss on a fiat plate is shown in Figures 39 and 40, pages 102 and
103, Mchdame, "Heat Transmission", 2nd edition. The veloci@y profile for films
inaide amooth, round pipes is shown in Figures 49 and 50, page 110 of the saus

references.



Evidence for the Film's Existence (continued)

The order of magnitude of the film thickness is fram 0.01 to 1.0 milli-~
meter. This makes it very much thicker than the "f£ilms" of which the physical

chemist speaks in commection with adsorption and catalysis.

3.1% Importance of the Film
‘ To the engineer, these fluid ﬁlnsmoftralendouailpor-

tance because they are barriers, or resistances, to flow toward and away from
phase boundaries. Since the only fluid flow in the film is streamline flow
| rarallel to the phase boundary, any transport perpendicular to the phase
boundary must be by diffusion. Transport by diffusion is a very much slower
process than is t_ranqurt by fluid flow or tur'buleng:e (in the usual case).
Hence, while the fluid film may form only a fractiom of & percent of the thick-
ness of total fluid, it usually represents virtually all of the resistance to
transport to and from a boundary.

Strictly apeaking, three resistances to transport to and fras a phase
boundary can be distinguished. Ome 13' the f£1ilm resistance, one is the resistance
in the boundary or transition zohe, and 6ne is the resistance in the main body
of the fluld. Of thess, the £ilm resistance is at least 80 percent of the total
for most chemical engineering applications. Because of this, it is custamary to
imagine a fictitious film whose thickness is sufficient to prow_ri_de 1;1 e‘_fife.ct the
total rgsiaf.ance of q.ll the classes. Practically all chemical engineering cal-

culations are made in terms of this "effective film".
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Importance of the Film (contimed)

There are same who consider it desirable to treat the system as consisting
of two resistances, one as effective film resistance and the other an "eddy"
or "core" resistance to mske up the total. But no general system of ideas, nefhodq
and correlations has yet been built on the use of two classes of reeistance.
On pages 541 to 543 of Chemical Engineeiing Handbook, 3rd edition, can be
found a discussion involving these points, and a guide to the most pertinent

literature.

3.20 Single Film Mass Transfer

3.21 Gaseous Diffusion (Binary Case)

3.21.1 Stephan Equation

For the diffusion of gaseous molecules A in a mixture
of A and B, the classical kinetic theory plus the assumption of steady state

behavior (no acceleration) leads to the Stephan equation.

*dCA = Qap CA CB (UA-UB) dB

vhere
C = concentration in 1b mols/ﬁ:3
U = velocity, in ft/hr

B = "effective" film thickness, feet
Since ‘we have a binary gas case, Cy + Cgp = C = constant, and

acy + dCB = 0. We can show that
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Stephan Equation (continued)

Tn other words, for a binary case there is only one diffusion coefficient.
Molecule B diffuses exactly as fast as molecule A, the driving forces being
equal. The diffusivity of Hp is the seme as that of Hg in a mixture of H, and
Hg, but this diffusivity value is different from that of Ho in Hp and air. For
& binary system, the diffusivity is a common property of both phases, sm_evhq.t
1ike the case of interfacial tension between two 11quids. For examples of thia
effect, see Figures 4 and 5, page 21, "Absorption and Extraction", by T. K.
Sherwood .

. With liquids, the case is sufficiently similar in this regard to say that
the diffusivity is the same for both components of a binary mixture. If one has
a multicomponent mixture, then the individual components acquire individual
diffusivities. Similarly, for multicomponent ionic solutions.'..

We define the volumetric diffusivity for the vapor phase, Dy as 1b mols of
A per hour per square foot per unit of concentration driving force in 1lb mols
A per cubic foot per foot of travel. If the concentration driving force 1is
expressed as 1b mols of A per 1b mol of phase, per foot of travel, the diffusi-~
vity is written Dy and called the diffusivity in mée units. Since, in a binary
sysfem the total concentration, Cp + Cp, is conéta.nt and we have previously
seen that Qqyp = Opy = @
we may then write Dy = '%f:— , where C = Cy + Cg = total concentration

The diffusivity, Dy, may have the units of ££2, en® or any Length®/Time.
hr sec
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3.21.2 Conversion to Cammon Units

let Ny = 1b mols of A diffusing per hour per sq. ft.
Then, Ny = UpCp = (ft) (1b mols) = 1b mols

hr) (£t5) (hr)(ft)<
Substituting into the Stephan equation,

-dEA-_-.ﬂ [N_A'E’{‘GB

Dy Ca CB

If ve express in terms of mol fraction,

Cs = ygpC dCp = Cdwy
Then

JAYB N, - I
-4 s JAYB A 2\ a
A DyC [YA m]

= g o - ] @
Similarly, in termms of partial pressure, and

because C= B = _X_, C =
v

o
i
Al
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3.21.3 Single Ccnmnent Diffusing Through & Film -

Exemples of a single camponent diffusing thrqu@l 8

gaseous film may be found in humidification, absorption, and adsorption. Diffu-

sion through liquid films 1is found amodg: crystallization, dialysis, leaching,

end extraction processes.

Refer to the accompanying Fig. 'l . In this case, U'.B = 0, HB = 0, and

ac, = 3 B e

Dy C
‘NA = D-—vf- (-Ec-&)a i’v_c. ;‘E‘l:DVC( )
CB dB cg dB

Compare these equations with equation 49, page 538, Chemical Engineering

Handbook, 3rd edition, which, in our symbols, is

The above egquation is for equimolar counter diffusion, & slightly different case.

Converting to mol fraction, we get
D 4B . pc 3B

N bud A
ATy B a5
YBL Bg
d In & = NA d:B‘1
TBG DyC
1n JBL o _H:_l_l_ Bg
TBG DyC
Since (yg) log mean = ¥YBL - ¥Be = JYAG- YAl
1n 3BL n 3BL
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B B= Bg

Figurs 1
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Single Component Diffusing Through a Film (contimied)

N, = € Tag - Jar = D9 Tag- Tat
B o ®%; O9)m

This is equation 55, page 539, Chemical Engineering Handbook, 3rd edition.

Note that while the B molecules have no net diffusion rate, they neverthe~
less end up with a concentration gradient that apparently should give them a
diffusion rate opposite that of A (See Figure 1). The answer is that in a
sense, the B molecules are diffusing to the left, ('put_jbheir_ velocity of travel .
18 just enough to keep them where they are. Q_bviou_slx, then, the tgster the
transport rate of A, the steeper the concentration gradient of B, and the more
the gas film changes towards just B molecules. This effect in turn chokes down
on the flow of A. It is because of this manner of build-up of B in the fiim

that the devised equation has the term (yB)]m.
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3.21.4 Two Camponents in Equimolar Counter Diffusion

The only case in counter diffusion that it 1s practical
to handle is the one wherein the two counter-diffus:rlron rates are enctly Qqunl.
This situation is closely true for both the vapor and liqn:ld. films in distilla-
tion, and is approached sametimeés in liquid-liquid eﬁmcti@.

Our basic assumption, then, is that IA = - 'B'

Then since -ac, = CaCB [N_A - g] a
DL G4 G

1 3
‘dCA = m— [HAGB +chA] a = :A dB
v
R Y . F
dB

This is apparently equation 49, page 538, Chemical Engineers Handbook, 3rd
Edition. v
In this case the gradient across the film is straight (see Figure 2). The

integration leads to

m = € - = Dvx . -
" 5 (7ae - 1) TR, ( TG Ta1)
This is equation 52, page 539, Chemical Engineers Handbook, 3rd Edition.

Note that the log mean inert gas concentration is absent.

3.21.5 Two Components Diffusing Through a Third Component

' This situation arises frequehtly in such cases as the
absorption of NH; from air by HxO. If one takes into consideration the simul-
taneous movement 6f both 1m3 and HoO vapor through the stagnent air, the case is

somevhat different from the movement of EE3 alone.
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v : Unclassified
Figure 2 #11203

EQUIMCLAR COUNTER DIFFUSION

y=1=32 + 78 Gas Film y=1=3 +7
A — - JBi
Jac 4
/
7
/ S>SSSSSu
/ e <v << Ky
/
/

Jai
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Two Components Diffusing Through a Third Camponent (contimued)

The exact solution for this case has been worked out by E. R. Gilliland
and is presented by T. K. Sherwood, "Absorption and Extraction"_, page 10-1h,

Fortunately, the movement of the extra camponent can be neglected within about
10% error.

3.21.6 Concept of kg

In the pest it has been customary, for a single cam-
ponent diffusing in a steady state, to set up equations as follows (or sometimes

in terms of partial pressures).

Ttmols A
N, = X (ag - 1) = Tar)(fv)2

- Dyx (YAG - YM_)
Since Ny g (,B_)h
kG - Dyx DyC

BBg(¥s)1m  Be(¥)1m
Yor the case of equimolar counter diffusion, we define a slightly different

kg’ and get

'-DV‘SDVC
SR e

14

kg = (Bha %




3.21.7 Concept of Hg

A Consider a va.por-rliquid contacting tower, with vapor
flowing upward and liquid downward. Focus attention on a differential height
of tower, dZ, in vhich is exposed dA units of interfacial area available for
mass transfer (see Figure 3). First the equations will be worked out for the
case of one component diffusing. The amount of mtgrial transferred across dA

is as follows:

Dyx (yag - yas) 4 .
lbmols _ v AG ~ JAL = kg (yAG - yAi) aA

N,dA =
A (br) BT Bg (¥8)1n

bmols inert l1bmols A
NpdA = V44T = (ﬁ') (1 () (£8)2 1bmols inert
8 = puperficial tower cross-section

Y Ja lbmole A

I8 lbmol inert
dy,
ar = 4 (y,/¥) = L
A/ B ——
Y g
D - 4
Thus vt (Jag - Ta1) A = 8Vy e/ S

Rearrenging, and defining Vy ¥ = vy
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Figure 3 U;.;lassiﬁ.od
coumxmn CONTACT IN A TOWER

Y = mol ratio = lbmols A
1bmol inert

@ T
4

exposed

qé—-—-—— S = superﬁcidl

cross-sectiocn area
of tower.

L

Iy = lbmols of total liguid Vy = ltmols of total vapor
Li = lbmols of inert component V4 = lbmols of inert component




Concept of H; (contimmed)

(78)1m 9a - (Dyx (deA)= Dyx A
(y8) (yag - ya1) RfBg/ \Vi3 / RIBgVS

Now, for any given packing material, or spray nozzle, the square feet of
interfacial area exposed per cubic foot of tower is a constant. In other words,

A = &V, Vp Dbeing the tower volume,

and dA = aﬂ.Vlr

Furthermore, Ve

—_—= 7

S

Hence, (yg)yy dy4 - Dyxadz _ k, a (yB)]_Ill az
(yg) (Fag-va1) RTBgVy A/

The concept of the height of a transfer unit, and the number of transfer

units arose fram two aspects of the above equations.
(1) The left hand member is a function of y, alone, contains in itself (practi-

cally) all of the y terms, and moreover is dimensionless. Furthemore, changes

'in y, have little effect on the right-ha.nd " terms. As a consequence, for any

given circumstance, all the ch@ges that take Gi:la.ce in y are refleéted only in
the left term. This term, then varies with the required changes in concentration
across the tower. The more the y values must ch.a.n_gei to give greater adsorption,
the bigger the expression gets, and vice versa. It is, therefore, logical to say
that the left term measures the difficulty of carrying out a given separation.

The units in vhich this difficulty is expressed are called transfer units.



Concept of H; (continued)

Thus X ) /(yB ) 1m dyA
G (Y_B) (YAG 7A1)

Ng = mumber of transfer units, based upon gas film concentration
units
At this stage, we can say N = Dyx & g7
RTBgVy
(2) Por a gas film, the expression %a_._ taken as a whole, can be shown
M

theoretically to be independent of x, practically independent of y, dependent
upon absolute temperature only to the 0.06 power ('1'0"06) , and dependent only

upon 70‘2. The net result is that for any reasonable changes within a tower

Dyxa = constant = 1
RTBGVM o

Then nG=_l_ﬁz=L
Hg J Hg

Writing thus, 2 = KgHg
Hg is seen to be the height of a transfer unit, I(G.

In accordance with these ideas, Gilliland and Sherwood, I.E.C., 26, 516
(1934) showed experimentally tha.t Hg 1is independent of total pressure. Colburn,
A.I.Ch.E., 35, 219 (1939) showed that H, varied as Vy 01 4o v.02. me effect

of tenperature has not been proven, but apparently is slight.
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Summarizing, for one camponent diffusing

N = (y8)1m d¥a - 2
(3) Gag - ad) He

Hy = RTBg 'y = ™ = (B ) (Superficial Vapor Velocity, ft/hr)
Dyxa kga(3B) Im Dy a

If we treat the case of equimolar counter-diffusion, we get

K = [ 2z
JaG - Jai1 By
__RTBGVM M _ (Bg) (Superficial Vapor Velocity, ft/hr)
B " Dyx ayp -k’Ga.yB" Dy & ¥p

3.21.8 Correlations for Gas Diffusion Coefficients

The equations usually derived treat only the case of one
) canponen'r; diffusing through a mixture with another component, as EQO through
;: H O0-air. The best correlation is that of Gillilmi.d, reported as equation 50,
page 538, Chemical Engineers Handbook, 3rd Edition. With this equation, the Dy
values for binary systems can be calculated just about as accurately as they
usually are determined experimentally. i
The case of one gas diffusing through a multicomponent stagnant gas mixture
has been treated by C. R. Wilke, Chem. Eng. Prog., 46, 95-103, 1950. Rules are
given for the calculation of the proper diffusivity coefficient.
L For gases, kinetic theory indicates that the Schmidt mmber, 4 , is
constant for self diffusion of a molecule among its ovn kind. 'rhispig.ga is some-

times extended to a multicomponent system to estimate the effects of temperature,

pressure, and density changes upon Dy.



3.22 Liquid Diffusion

3.22.1 Approach Used
Liquid diffusion is more complicated than gaseous diffu-

sion, since molecular interactions are much stronger in the condensed phase.
Lacking any sound fundamental approacp , we are left with nothing better to do
than to assume the same basic form, the Stephan equation, that we used for

the gasecus case, and to assume further that the diffusivity term, Dy, takes
into consideration all that 1s necessary. The result is that Dy frequently
varies more with concentration than we would like, and in regard to the deriva-
tions of equations, some confusion can arise as the result of various workers
making different assumptions as fo vhat to d.o:v:lth various minor terms they

do not feel justified in carrying along.

3.22.2 Single Camponent Diffusing
Strictly by analogy with the case for gaseous diffusion

of a single component, we write

d 1n Cs
AR =

vhere the subscript s denotes solvent

v

Usually ve can say that C = total conc. = mCgq + b, in vhich case the inte-
gration leads to

KA = DL ca.vg in csL

By, | Csi




Single Component Diffusing (contimued)
Where Cayg = & (Cg)m + P
‘Now CBL = IBL cL

Cgg = Xg3 C3 ¥ Xgy Gy

Carrying these substitutions through, we get

= DL cav (xAi - xAL)
B (Xs)im

Np

3.22.3 Two Camponents in Equi-molar Counter Diffusion

Again, by analogy with the gaseocus case ,' we start with

acy

Np = 5

Proceeding as above, wve quickly get

® = DLCavg Zas -Ta)
B

30220h Concept Of kI‘

)

Formerly, ve said N, = ki Cyyy (ka1 - x;1) (This differs
from equation 84, page 549, Chemical Engineers Handbook, 3rd Edition), from vhich

we got
kK, = Dr, , for single cemponent diffusion
BL(%y ) 1m
kL’ = ____:L , Tor equimolar counter diffusion
L

kL, = (f5)1m kL
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3.22.5 Concept of Hy,

Take first the case of one canponentr rdiffusing. Refer to

Figure 4. The amount of material transferred across dA is as follows.

Nada = DL Cavg (xp1 - xa1) dA
BL(xs)1m
NpdA = SLg d x

X= A, ax = d‘A.,E.
xs’ Xg

By substitution and rearrangement,

(xg)1ym axp = D, cavg aA . ¥ (xg)ip ca.vg dA
xg (xp1- xa1) Iy By, 8 Iy 8

Strictly by analogy with the gas case, we define

HL = (xs)mkdxA = Z
Xg(Xpy - Xp1,) By,
and E = MEL L Iy _ (superficial Liquid Velocity £t/br)
Dy, Cayg 8 kp, & (x3)1m Cavg ‘ Ky, & (Xg)1m

In the case of squimolar counter diffusion, we get

= dxA
& (xa1 - x1,)

B = Iy By, 1y _ (superficial Liquid Velocity tt/ar)
Dy, ca.vg Xg ki’ axg cavg ki’ a x4
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-X = Mol ratio = 11-013 A
1tmols pure
solvent

‘-F_'
dA exposed iz

X

& ———8 = superficial
-cross-section area
- of tower

Iyg = lbmols of total liquid
Vi = lbtmols of total vapor (ar) ()2

\

- _, ‘ Lg; = lbtmols of solvent
V4 = 1lbwmols of inert component , (hr) irt;g
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3.22.6 Correlation for Liquid Diffusion Coefficient

In a recent article, "Estimation of Liquid Diffision

Coefficients"”, Chem. Eng. Prog., 45 , 218-24, 1949, C. R. Wilke presents the

only generally useful procedure for estimating liquid film diffusivities. He
demonstrates that for liquid system the grouping ( —]-)-L-?-/T—)is rsubstantially
constant. He correlates the value of this grouping against the solute molal

volume (used also in gas diffusivity correlations) for various solvents.

"=+ 3,30 Two Film Transfer Theory

3.30.1 Physical Piéture %j.

According to the theory of Whitman, W. G., Chem. Met.

Eng., 29, 146 (1923), vhen two fluid phases are in contact, there exists for
each fluid at the phase boundary a fluid film with properties similar to those
found when a fluid contacts a solid. These filme are indeterminate in their
thickness, each blending gradually in properties with the main body, and in
addition, the phase boundary iteelf is not stable. Nevertheless, considerable
success has been had with the theory that the resistance of each fluid film
region can be treated like that due to an effective f_ilm thickness.

Mass is transferred across these two effective films at a rate vhich is the
same for both vhen the steady state has been rea.ched;. The: two films constitute

twvo resistances in series.




Physical Picture (contimued)

_ It is assumed that at the interface between the phases, the boundary con-
centrations are in equilibrium with each other. This equilibrium relationship
is bound to hold unless there is a resistance at the interface. No such resis-
tance has yet been found or even postulated for the conventional case. It 18
xiow known that if intqrfacial tension depressants are a.dded or present they
concentrate at the interface and constitute a third and additional resistance.
Also, in the pimilar case of crystallization, there is an additional resistance
at the 1nterface due to the orientation necessary before the average molecule
cen £it into the crystal lattice. Ve shall assume no resistance at the inter-

face.

A schematic drawing of two idealized adjacent f£luid films is shown in

Figure 5.
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Physical Picture (continued)

Note the discontimmity at the interface. This arises from the fact that the
1iquid diffusion equations, founded as they are on the simple gas theory, are
basically incorrect. The driving forces for mass transfer are certainly not
concentration gradients, such as A y and Ax, 'but probably are chemical poten- -
tial gradients, %ﬁ . At least vhen dy =0 ,“no ia.sg transfer ta.ke_s place, A
but the seme cannot be sald about concenfration gradients.

Because we have stated our driving force; incorrectly and moreover since
we use, in y and x, two different sets of concentration driving force units,
we have two equally valid ways of setting up ovei-ail driving forces across the
tvo film resistances.

Consider first the driving forces in y un:l:ta. Across the y film we have
the driving force yp4 and Jay- Across the x £ilm there is really no Ay. But
we can procee(} as follows. Suppose the x film were replaced by a ¥ film that
maintained an identity separate from the first y film. Next adjust the outer
concentration of this imaginary y f£ilm to that camposition, yax*, vhich is in -
equilibrium with the X% camposition. The y*AX composition has the same escap-
ing tendency as the Xygs and so serves as its counterpgrt. The result is that
the effective driving force across the x film, in y units, 18 yAx* - Ja1e and
the overall driving force adross both f£ilms 1is yAx* - Yay*

Similarly, driving forces in x units may be postulated as Xy " xAY* across

the y film, x5y - yp4 across the x film, and x)y - Xpy* across both resistances.
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3.30.2 Definitions for Single Component Diffusion

Based upon the two film theory of Whitman, and proceed-
ing strictly by analogy with our previous definitions of Hy and Hy, we define

overall coefficlents as follows:

x _ [(y8)m dya /(1Y) 4y - ﬁ-y)f dy
oY (v8) (vac* - vay) (1-y) (y* -y) 1-y) (y* - y)
vhere (1-y)g = (1-¥)y = (%) = (i;y“l:y(,l-’*)

‘L]-'Y*)

e ey _[(x)g ax f(l-x),ax
X =) G - Fap) L T () T =

vhere (1--x)ml = (1-x)f = (xs)(l! = _(1-x*) - (1-x)

1n 45y
- 1tmols A
Hy = Yy _  (superficial Vapor Velocity, rt/hr)m
KGQ (1-y)m KG a (1",')(“
H = Iy = (Superficial Liquid Velocity, f£t/hr)
oM K, a (1-x)gy Cavg K, a (1-x)y

vhere X, = Kg ‘(y*u - ay) = K Cavg (xax - xI-A,!) for single component diffu-
g:lon, Compare with equations 8%, 98, and 100, peges 549 and 550, Chemical Engi-

neers Handbook, 3rd Edition.

3. 30.3 Definitions for Equimolar Counter-Diffusion

In a fashion similar to that above ;, ve define the following
dya dy

N, = = . -
oY T ax - YAy f(y* = y)
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Definitions for Equimolar Counter-Diffusion (continued)
» e N = r d_x - - dx
0X J XAY -~ X*ay = (x - x*) g

A ~ (lbmols A} J
W VM _ (vapor Vvelocity, 97,0 ey |

Hoy = KG’ & Yo = KI.G a (1'7)014 K'G a (1'y)(ll
Hoy = Iy . (Liquid Velocity, ft/hr)
K1, 8 XimCavg - K aXgy

= x/ - - x/ ‘ -
Where Ny = K’g (y*ax - 7ay) KL, Cayg (ax - Zay)
For equimolar counter diffusion, compare with equations 84, 98, and 100,

pages 549 and 550, Chemical Engineers Handbook, 3rd Edition.

3.30.4 Relations Between Individual and Overall m‘tI's\

Take the case of one component diffusing. Here it just

happens that y is greater than y*. Consider a section of differential tower height.

az_  _ HOG (1'7)0“ = HG (1'7)]4
dy (1-y) (y-y*) (1-y) (3y-y1)

From which Hog = EG(—% %%%

also: dz = Hoy (1-x)q = Hy (l-x)y

& (@D 0 G

From which Hyy, =  Hy E:*':; 8'3!4
1 oM

We make this rearrangement,

-y - ¥y o+t ¥ o-o¥ .l + oy -y
-y T-¥4 Ty -¥
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Relations Between Individual and Overall HTU's (contimued)

Substituting, we get

_ (1-y)n (v - (1-y)u
Boc = EG(l-ySm * 37 -7y O-¥v)m

We can relate HG and Hy

B = (9G7v) x (-xudy

i,  (3)y 9 (1-x) (z;x)

-

Substituting, we get

- (1-y)x B O (1-y) (1=x)y(yy - 7*)
Be = Ty T F OO0V GO

Now a material balance gives
V4 aY = Iy dX
From which comes

VM = dx (1-y)
Ly dy (1-x)

Substituting further
e - Fg VM . HL(v_u) (1-x)y (31 = 3*)
I‘H

(l'yj(ﬂ (1-y) (xy - x)

Consider now, Figure 6, a plot of the equilibrium curve and the operating

1ine, and the compositions y and x at same point in a tower.
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Relations Between Individual and Overall EEU'{”s" (continued)

The average slope of the equilibrium curve over ﬂ.\e pertinent section of the
curve 1is, | ‘

m = slope = Y-y
X - X

Using this m value

Hee = Hg l—y)M ( By (1-x)u

(1-y) o™ 1-¥)m

If the gas film controls, xy->X, yi—» v

The equation then simplifies to

" - mVy B (1-x)om
0G Hg + Tar L T

This is equation 9:13, page 550, C’hqipal Englineex

similar rearrangenemts, it can 'bq Bhovn that

ﬁ‘oi:” o HL (]_q-x)u + Hg 114 (1‘7)u "

1-x) nVy Il—x)m

and if the liquid film con'trols , this reduces to

Chgmica.l Engineers Kandbook, 3rd Ed.ition. For

This is qmmtien 97% pase 500,
the case of eq\ﬁ.mo]a.r counter d.iffus?.on, the rollowing eqp.a‘bions are obta:lned

The opportunity for -further simplificatim in a.ccoraance to ﬁhiéh ﬁ]n controls

: N
\\'-5,

does not exist for this case.

mVy (1“’!) : q;;_‘?vm :
= + H T
Hog Hg L T (1.},) .
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Relations Between Individual and Overall ETU's (continued)

Ly (1-y)
f = T * Ry )

»It is implied in the section under equation 97b, page 550, Chemical Engineers

l-x

1y terms should not be there. But the dert -

Handbook, 3rd Edition, that the

vations lead to them.

3.30.5 @mséipns S_peciﬁca.ll_x for Liqgid-Liquid. m:action

The equations derived above can be used directly for
liquid-liquid extraction, merely by defining one of the liquid phases to ca.'rry’
the symbols ascribes to the vé.por phase. | |

However, they are readily converted to more standard extraction teminolgéy.

If we speak of extract and raffinate phases, we can write
By = (1-2F)y . ( M ) (1-R)y
E = p R aFfy ) (T o

If we can say that the raffinate film controls, then
1B\ (1-xP)ou
Bog = Hg + Hn(

(T2 ou
Similarly,
(1-xR)y niRy  (1-xF)y
Hpg = B + E ,
OR R T2 o EIET T2y

If we can say that the extract film controls,

-xE
Hop = B + Hg m;é? %_xu;g:
a

In the above equationsb n = HE
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Compare these equatibna with equation 93, 9%, 95, and 96, page Thab, Chemical

Engineers Handbook, 3rd Editlon.

It is more pertinent, however, to speak in temms of the discontinuous and

the contimuous phases. Let us use y to denote concentrations in the discontimuous

vhase, and use x for the contimuous phase. Here m =

- mp (17N (mVD) (1-x)y
= ®
o (T-y)ou v e Vo /1 (1-¥)m

If the discontimous film controls,

- mvp \ (1-x)om
- B+ Eo(SD)

Similarly,
= (1-x)y Ve ) (1-y)x
Hw EC ‘ l-x ; o * HD IRVD (l-x) o

If the continuous film controls

Boe = Hg + ED<_VC_> (1-¥) om

ay*
dx
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k.0 Calculation Methods

.10 Operating Lines

k.11 Phases are Mutually Insoluble
Tn practically all industrisl cases, the phases are only

slightly soluble in each other. Otherwvise, the solvent losses would be quite
high, perhaps requiring extra equipment for recovery purposes.

An operating line is a material balance made around a terminal end of a
tower, as a fixed point, and through same generalized intermediate tower sec-
tion. The material balance may be made to include either, but not both, ends
of the tower, as convenient. "

The material balance is rigorous, the phases being insoluble, vhen made
in terms of the mol ratlos, Y and X. Thus, as pictured in Figure T,

Vy (T -Yo) = Iy (X - X2) = 1‘:;1;]: of A

Yn( n + [ xe]()xnﬂ’

If the material balance is made around the lower end,

Y, =(;i_ X, *+ !1 111] ( )xu +d

g8ince these equations are: straight lines regardless ot the dilution (as

e e e i o

long as Vi and Ly are constant), they are highly desirable foms. By virtue of
their straightness, the task of evalua.ting Nop» Noe and H“S is frequently greatly
facilitated. To make use of this situa.tion, often the equili‘bri\m data ‘are recal-

culated into terms of Y and X. 1



Phases are Mutually Insoluble (continued)
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If the equilibrium data are in terms of y and x, mol fractions, it may be

desirable to have the operating line in those same terms.

Starting with the

operating line in Y and X, and remembering that

e e X
I = 13 X 1-x
We geot
vy Z. _ Y2 = Ly X - XD
l-y l-yo 1l-x 1-x5
Setting r = T faya , 8 = T faxg , t = (r - 31 s)
i
L L '
= 1 ] + [r - & ]
y = Vj_ V
L
o -]x+l+r-—a
1
[}i - t] X 4+ [ t] This is definitely not a straight
Vi line equation, yet not often does

If the solutioans
and 1 - x =

then

-t-»l] x + [t+l]

are dilute, then 1 ~ y

the line deviate much fram straight-

ness.,
= 1- yo = (l'y)avg

'(——y—"lg v [y - ya) ='(I?i'1)'i';?"(x - xa]

W (- x)-

In [X-Xe]

(w)x + [ - -
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Phases_are Mutually Insoluble (contimued)

s b )
Y= — X + Yy - —
. \ 1l \rn X
Both of these operating lines are straight.

enough, they can be used.

ORNL-929

If we used the material balance around the bottom section, we get

If the solutions are dilute
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}.12 Fhases are Somevhat Soluble
If it is felt that the two phases are 8O soluble in each other
that this fact must be taken into consideration, use can be made of a mmber
of calculation procedures. All require knowvledge of the mutual solubility of
the tvo phases as &8 function of solute concentration. Reference shgu_@__bq made
to the 2nd and 3rd edition of Chemical Engineer's Handbook, or "Graphical
Methods as Applied to Extraction Problems”, by Bull and Coli, Bulletin 72,

Virginia Polytechnic Institute.

%.20 The Group (m V[L)

The group (m V/L) turns out to be a factor of very great importance
in all cases of mass transfer between two phases. This jmportance has been
realized by many workers, and at various times this ratio, or its equivalent,
has been termed the nextraction" factor, the nghsorption” factor, the "perfor-
mance" factor, or other similar titles.

The magnitude of this factor determines vhether or not the transfer procees
ijg controlled by one oOr the other of the £11ms present. For {nstance, we have

these simplified equations for the overall HTU values. Here mV/L = mVp |

v,
nV: 1-x ' C
HUqgp = D (1-x)ou (Discontinuous £11m controlling)
l‘y oM
. 1- "
HlUge = E, + Hp ( VCA (- (continuous film controlling)

nVy, ’ —(1.-1)(m
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The Group (mV/L) (continued)

If mVp is small enough

E

;) closely
Ve (1-y)m

B0 = (Ep) mVp (1-x) oy

closely.

In this case, the Hgp for the continmuous film plays very little part in
the trensfer, and practically all of the resistance to transfer lies in the
discontimuous film. One would know in that case that any changes to speed up
transport would have to be changes that affected the discontinuous film.

The group ?‘1 is dimensionless, and must always be so formulated. It
is, in fact, a ratio of two dimensional quantities which are in themselves
ratios. For instance, % is the ratio of the flow rates of the two phases.
Appearing thus ,als a ~ntio, it is immaterial vhere V is expressed as a simple
velocity (quantity per hour)or as a space velocity (quantity per hour per square

foot) as long as L is treated the same way with the same sized units as 18 V.

The units can readily be checked, 6. g.,

1b.mols. A 1b.mals total V )
ny - 1b. mols total V x hr)(ft -~ Dimensionless
L 1b. mols. A 1b. mols. total L

1b. mols. total L hr) (ft
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The Group (mv/1.) (continued)

Many different formulations of mV/L have been used. A mumber of typical omes
are given in a table in the appendix. A procedure for assuring a correct fom&
1ation is shown as follows. Assuming that it is desired to measure and corre-
1ate values of the overall HTU based upon a certain organic phase. The labora-
tory furnishes measufenenta of concentration in terms of gram mols of A per

gram of sample, and flow measurements in pounds of total phase per hour per
square foot. First, one should specify which phase is the equivalent of V, which
the equivalent of L, in mV/L. It is a matter of convenience, not necessity,
which choice is made, since the f£inal result is readily inverted to provide

the other alternate formulation. However, that choice is better vhich derives

from the following form, which shows a common use of mV/L.
mV ) (1-x)oM
HTU = + - )
oY HTUy HTUy ( I TT-?T—

Note that Y and V refer to the same phase, as do X and L. If we define the
certain organic phase as the Y phase then H!I.'lflOY 18 the desired HTU. Since V
goes with Y, V is now the designation for the organic phase. Hence V/L is
obtained from the flow ratio of the organic to the other phase. A check on
dimensions shows that m = %CC-E! , where cv is the concentration in the V phase,
nov the organic phase. The final result will be dimensionless if
Cy and C, = Ibmols A/1b. of total phase = gm. mol. A/gm. of total phase

Wy and Wy, = 1bmols total phase/ (br)(£t)?

£ )

L dcy, / \vg




The Group (mj/;),(continued)

The range of value of (mV/L) in industrial processes is really quite small,
usually varying fram 0.5 to 0.8, with an extreme range of perhaps 0.2 to 0.95.
The industrial optimum for either vapor-liquid or liquid-liquid operations 1is
stated by Colburn to be close to 0.7, or samevhat higher if the solute is of
relatively little value. Here it 1is assumed that the direction of transfer is
from the V phase to the L phase. If the direction is reversed, the values of
oV /L quoted above should be inverted. The typical range of mV /L then becomes
1/0.5 to 1/0.8, or 2 to 1.25.

The small variations encountered in the (ﬁY/L) tem in practice is amazing,
since differing cases can easily vary a thousand fold in m or V/L.

Another reason for the importance of the group mV/L is that in recent years
it has been shown that the efficiencies of phase contacting devices, such as
bubble trays or packed columns, is a function of (mv/L), decreasing as (mv /1)
increases.

For absorption and stripping columns, and also extraction columns, Colbura
presents on pages 708 and 709 of Chemicel Engineers Handbook, 3rd edition, a
series of equations relating the optimum operation of the tover as a function

of mv/L and cost factors.
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4.30 The Average Slope, Mayg

There has been considerable confusion concerning the correct value
to assign m in the case of an experiment in vhich m varies considerably over the
tower. Such cases arise frequently in practice.

Furnas and Taylor, Trans. A.I.Ch.E.,36, 135-171 (19k0) suggest, but do not

prove, that the average m be calculated as follows:

S ndy
Mave = 7, - 3,

This definition has been used by Duncan, Koffolt and Withrow, Trans. A.I.Ch.E.,

28, 259-81, (1942), by 0. S. Knight, Trans. A.I.Ch.E., 39, 450, (1943) and

others. However, it apparently gives poor results.
The following derivation appears rigorous for a countercurrent tower
(by the author):

az = (Hoy) (4 Byy)

Assuming one camponent diffusing,

(1-3) gy &7
AN~ = oM
T TR
_ (1-y)y mVy (1-x)y
or * My B o
(1-y)m dy - 'S (1-x)y dy

Then dZ = HY

T -7 L, X1y ¥ -3
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‘The Average Slope, Mavg (contimed)

- (1-y) dy v, (1-x) dy
az =ﬁ M M M
Ve S s - S A Ty oy

The term Mavg is always interpreted to be a single value applicable to an entire

tower. Since it is a constant, its definition comes from this equation.

(1-y) ay v (1-x) dy
7 = M M M M
By (1-y) v -3 t/“g Loy x (1-y) v -7

Comparing, we see that

M (l-x)M dy
- ﬁ In T T Py
f Ty . 1-x), ay

v X (I vy

This definition is quickly simplified. For a given run (VM/Iﬂ) is usually con-

Mavg

stant. And the ratio %:.x_).};._ has an average value close to 1.0 for any precti-
1-y
cal case. Hence, these terme can readily be taken outside of the integral sign,

whereupon they cancel out, as follows.
f a mdy
M = Xy -3

avg &
/ B v -y

Now the systems involved may be either vapor-liquid or liquid-liquid. For

each case, for any type of equipment studies so far, and regardless of which
rhase Hy is defined for, experience shows that Hy 1s either a constant or a
function of V or L, or both. Therefore, for a given test condition, Hy is sub-

stantially constant and can be eliminated.
mdy

V=
Y*-y

Hence Mavg =
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The Average Slope, Mgygy (continued)

To evaluate this equation, it is necessary to be able to specify m as a
function of y, asm = f (y). With the present state of knowledge, \this is
impossible to do in the general case. If the equilibrium line is only gently
curved, m is usually evaluated at the y* values. If the curvature 1s a.ppreci-'
~able, it is suggested that m be evaluated at the points which are 3/1@ of the
way fram y to y*. If the curvature 1s great, information on the relative

values of the two film resistances is required.

4.40 Relations Between HETP and HTU

mVD 1n Vc ~
EVD - 1 - VD :
Ve Ve
mVi Li
HETP = HTUyp .

- HTU
[mvi ] [ : mViJ oD
-1 1 -
L1

Ly

If we assume that Y* =m X + b
L1 xgj

i

(&) = +[Y2 i

We can calculate up a column step by step and show that

1 *2 - Yo

NP=ln<l;Xi> > N
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1 -
But Nnyy = n 12 12 (by integration)
oY mV{
R 1 Y*l - Yl
Li
Comparing ,
(-2) L- )
-1 . - 1
Ly e .
Bp = v, ‘ Noy = n (Li ) oY
ln( I; ) L]
mV L
3 In Lii 1n mVi
HETP W HTUoy [ mvy | BTocY
[ Ly Ly
*
Herem = g‘;

If we deal in mol fractions, y*

mx +b, and y = Ly (yz—L/sz),

v
then we get -
mvM
-1 mVy
= E - ( - ———
¥p M Noy = M oy
In < Ly In{. )
. m VM
mVM
in T, 1n M
HETP = - ETUOY = mVM

(?;M'l) (1-’3%)

These equations check those of Colburn, Ind. Eng. Chem., 33, 462, 1941.

They disagree, however, with equation 102, page 550, Chemical Engineer's Handbook,

3rd Edition.
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mVy \/1 - X mVy
42 Noy = N ( ( ) ct —
ox oY 7] 1-5 Noy n
= mvy
Nox = ( I ) oy
p
Usually we can use the simplified forms
A A A
Boy =J7* - ¥ and Hoy ‘/x—x*

ORNL- 929

Assume that the two phases are relatively insoluble, then by a material balance

v, a@ =1 &

dax
A1 1-y = Ly T 1-152

TN

Assuite further that the used portion of the equilibrium curve is straight enough

to allow substitution by y* = mx +Db.

[ l.-x
Hox = x_ - (1 -~ X / __I
Ny = (1-x) =Wy f dy - (l-x)
X (1-y) Iy mx +b -7y (1-y) 1,4 y* -y
(1-x) [ =V nVy |
Nox = (1-y) LMH 7] Nox = (__N___) Noy 1If dilute

end Hyy = %:;% ’;:H é....) Hoy If dilute

If the symbols Y and X are used, and if Y =mX + b, then the derivation leads to

mnVy )
Fox = "7 Yor

Hoy = éﬂ%—) Hox
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(AY) ~ (ay)
k.43 = 1m = am
Mavg L™ -(——)—‘ 20

If the equilibrium curve can be approximated by a straight line, and if the

operating line is fairly straight, it can be shown that

fiy Yy, - Yo
Bot “ /¥ -y © 16751“

- _ ax _ xl - 12

ox J x - x¢ (Bx) 1m
Now from the material balance, we can derive (see section k.h2)
dx = Iy (1-y) v 5 - ¥
dx /" (1-x) X - Xp

and from section k.42 above,
- (1-x) /mVy x
Substituting, we get

(A7) _ (AY)arithmetic mean
(Ax)1n  (AX)arithmetic meen

Mavg
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h.hh N Plates = log mean of Nyy and Ny
This derivation follows the derivation of R. N. Lyon, July 15,

1946 (unpublished).
Assume that Y* = mX + b, and that the operating line is V4 (¥-T1) =11 (X -X1).

ay 1 % -Y
‘Then Noy =[ —— 1n—
™-X 'iv_i.-l) ™ -Nn
Ly
Since Ny = .l W
¢ Jox T \L oY
mVy
N = 2t In Ye*-TYo
ke Mioa) ¥ -1
Ly

The log mean of these two expressions is:

(Nox, oY) 1m = 1 1n Y2 - 12
1n L h* -1
Ly

With the aid of the same assumptions as above, we can calculate up the

column step by step to get

1 Yo - Yo
= mmber of plates = 1n S
e P 1n WL 2

Li - ‘ | ..
Comparing the two expressions, we see that
Fp = (‘0!’ I‘OX)].g mean .

Tt is easy to show that

1 1g mean of 51 and -1
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4.45 The Loss Ratio, L

The loss ratio, L, has been used a mumber of times by various
people. It is, however, only valid vhen both the equilibrium curve is a straight

line through the origin, Y* = m X, and the operating line is straight, meaning

the phases are insoluble, so that Y, =(I‘_i_) X, + [Yl - %— x;_)]
Vi
SR

It can be shown that

L = loss ratio = (R-1) + m (&Y - 1) X
lee = 1
(r ™ -1) X5

Where, R = M1 . [/am) W

N = number of theoretical stages
Yy = entering camposition in the V; stream
X» = entering camposition in the Li streanm
X) = leaving camposition in the L; stream.
If appropriate, these terms can be replaced by Iy, Vy, m = dy*/dx, and
y and x, in mol fractioms.
This equation differs from the one quoted as equation 69, page T4l, Chemical

Engineers Handbook, 3rd Edition, which is this one.
(R-1) + T1 (g -1
ey ( )

(RN+1-1)

The difference has not been reconciled at the time of writing.

L = 1loss ratio=




The Loss Ratio, 1 (contimed)

When Y, = 0, both equations reduce to

L = (R-1) . <

Rn+1—1 ).C:}

A plot of this equation is given as Figure 41, page Thl, Chemical Engineers

Handbook, 3rd Edition.

k.46 Stage Efficiency
Frequently, the equipment for contacting two phases simulates

the idea of a theoretical stage or step. Such extraction equipment includes the
conventional bubble cap contactor, sieve plate extractors, mixer-settlers, disc
and domut units, the Scheibel column, and other types of stage extractors. It
seems quite natural to interpret the data in terms of the HEFS. But it must be
remembered that the HETS is function of (nVD/Vc) , as vell as the usual factors
of flow velocities and properties.

For the case of bubble plate distillation columns, Gerster and others,
Chem. Eng. Prog., 45, 716 - 24 (1949), derived equations relating the local
efficiency EOG with mV/L as follows

1 1

I S . A (n_n!>
1 Ng ¥, \L
In(1%




Stage Efficiency (contimued)

It can be seen that vhen mV/L becames high, E(X} becomes low. Gerster uses
this correlation (plotted on page 611, Chemical Engineer's Handbook, 3rd Edition)
a8 a means of predicting plate efficiencies for various systems, by camparison
with experimental data on air - H20 systems.

This general method has been applied once so far, in the literature, for

liquid-liquid extraction. Pyle, Colburn, and Duffey, Ind. Eng. Chem., 42,

1042-7 (1950), show on their Figure 7 a plot of 1 versus m VE/HH for

“In(1I-E)

the system acetic acid - ethyl ether - water.

k.50 Calculations for Tower Height

4.51 Conventional Use of HTUgy and HTUQX

It can be shown that:
Z = height = |Hy (1-y)y nVy (1-1);( {7 a7
(1-7) o (1‘7)m (1-y) (y*-y)
This is usually treated as
{HY . mv“ Kx ‘x)a;‘ ﬁ‘Y)m dy
Iy Jave (1'3’)05]) (1-y) (y*-y)

(1-y) o 4

N
!
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Conventional Use of HIUgyy and HTUgy (contimued)

The HTUgy 18 evaluated at the average value of (m Vy/Iy) and the Fgy is
evaluation by any one of several methods.

If (mVm/Ly) varies greatly over the tower, the tower can be considered to
be made up of several sections, over each of which (nvu/lu) does not vary more
than a permissible amount, and the total height is calculated as the sum of
the section heights.

Another, .more exact procedure is to set up this expression, vhere n'mor = £(y)-
‘EfUoy (1-7)oy

- (1-y)(y*-y)
Integration of the area indicated supplies the height Z. See Figure 8.
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k.52 Method of Simon and Rau

References: Ind. Eng. Chem., k0, 93-6 (1948)

We start with dZ = HTUO! d'NOI

= (1-y)y =V (1-x)y
vhere HTUgy = M, BN
o or = Hr (1-1)0: Iy I P
Mo = (1-y)ou 4y
0T (1-y)(3* - ¥)
Substituting,

(1-y)y 9y mVy (1-x)y dy

@ = By s Gt X () Py

Now according to Simon and Rau,

me oV - 45 the limit
Xy - X ax

The material balance is

Vi (Y - 12) = Li (x ‘Nxz)

p 4
l-x

vhere Y = il_ and X =
-7
Assuming V4 and L; are constant, differentiating, we get

dy Iy (1)

ax V—n' l-x
Therefore,

(dy)(dx> Ly (y) 1 &
S\aF) - Wim = &



Method of Simon and Rau (continued)

“

Substituting,

dz

(1-y)y ay W W ayr O¥) (-x)y &7

(1-y)y dy (1-x)y dy*
dZ = HTU M M
(1-y) y*-vy R S ) M=

For a given design condition,

HTU‘Y = constant, HMW, = constant

X
1- l-x
A-y)y = constant, n 2 constant
(1-y) 1-x) '
Therefore,

7 = (1-3)y ﬁ + ETU, (1-xX)y fy*
i (1-y) -y e = I =

Almost always,

(1-y)y < 1 & (1-x)y

(1-y) N 1-x

So Z = EIUy dy + BTU dy*
y*-y X [y*-y

Simon and Rau interpret this to mean

Zy, (resulting from the

Iy Ty TR W W & T G

y*-y

(resulting from

’
Z = resistance of the y + iﬁe resistance of the

£11m) x £1lm)

ORRL-929
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4.60 Evaluation of Overall Coefficients

4.6l Graphical Integration
It is, of course, always possible to graphically int egrate the

forms a )
-y v dy
J (1-y) (y*-y) and -y

These integrals are in the form f ? (y) dy. To integrate graphically, plot
f (y) against y and measure the area under the curve from y, to yp. This proce-

dure alwvays gives an answer as exact as the method of plotting will permit.

k.62 Wiegand's Approximation
Reference: J. H. Wiegand, Trans, A.I.Ch.E., 36, 679-81 (1940)

Consider the fom

N = (1-y) o &7
oY (1-y) (y*-y)
(1-y) - (2-y*)

vhere (1-y) =
o™ 1n G-I

By replacing the log mean average by the arithmetic average,

1Py = (1-y) ; (1-y%)

We get

Noy /‘y_,_y -1/2 m( _y2>=2 = +1/2ln1_y1>

2



k.63 Conversion to Other Units

l. Units of Y

e X = ol I
b4 iy ° Y ﬁ:%yr» 1vy= 1§

= ﬁi-!l)m day
Soy J @) (-7

Using Wiegand's approximation,

1
ay l1+7Y
Noy = + 1/21n 2
™-Y 1+Yl
2
2, Units of X
X dax 1
X=1T-x° X =TTx)2 » L-x=7Tx

N _ ﬁl + X))y 4X
0x - (1 +X) (X-x*)

Using Wiegand's approximation

dX 1+Xy
Nox J Tt Y2l 1og-

3. Weight Fractions

welght fraction of A

Let w =
l-w = welight fraction of B
r = molecular weight of B . Mp

molecular weight of A My
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Conversion to Other Units (continued)

Using Wiegand's approximations,

aw 1 - (1-r) w2 (1-wp)
By = | w-w + 1/21:11’_(1_1‘)“1 +1/21n'(1_-7r;)—

2
This equation differs slightly from that of A. P. Colburn, Ind. Eng. Chem., 33,

k61, 19h41.
k. Weight Ratios
- Mp

letH = 7 , T = i'; (see above)
Using Wiegand's approximation,

1

_ dH 1 /2 1n l+rH

Hoy = H* - H - 1+rH,

2

h..6h Evaluation of ‘/;{‘5;-

If (y*-y) is a straight 1ine function of y, then the integration
can be made very simply. This assumption is usually true only vhen the equili-

brium curve and the operating lines are both straight.

1
dy = N1 - Y2 = 1 - Y2
y*-y (y*-y)lm O
2
o - * -
(a¥)yy = (y1* v1) - (3* - ¥
ln( ¥ - )
. yg
Similarly, (1
dx - xl - 1!2

2



Evaluation o%*—a% {contimued)

Even vhen it is not possible to say, for a given case, that th_e equilibrium.
and the operating lines are straight, it is always possible to consider the tower
as being made up of several sections, each chosen so that over it the equilibriom
curve and the operating lines are substantially straight. The number o:é transfer

units for the entire tower i1s the sum of those for each individual section.

4.65 Colburn's Equation

If we can assume that

>

bX + ¢
(Lifvy) X, + [ n- L/ xl]

then Noy « [5iy- = (1 nvi) 1n [(1 - EH) (Yi - §§)+ mVi/H]

1}

and Y,

This equation can be used directly. It has been particularly useful in
providing an equation for transfer units in a tower terminal region, for use in
economic balances.

A plot of (essentially) this equation is shown as Figure 28, page 554, Chemi-

cal Engineers Handbook, 3rd Edition.
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Colburn's Equation (continued)

If, vhen attempting to use this equation or the plot based upon it, you get
Yy - mXp
Y2 - mXp
vhich you are using are reversed. It is entirely arbitary vhether an operation

a negative wvalue for

s 1t means that the terminology of Colburn and that

is to be called an absorption or a stripping operation. Tt is possible to use
the graph or the equation to get the answer desired -anyvay.

First, consider Figure 9 in which the left situation is the one in mind,

and which gives negative %;_:2_ values, and the one on the right is made
2 - Bkp

from the left one by interchanging the definition, Y for X and Vi for Ly.
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Colburn's Equation (comtinued)

' \J
An Nyy defined for the right hand chart, using Y'*- Y values, is exactly
the same as an NOX for the left chart, using X* - X values. Colburn's equation
and chart can be used to obtain Noy for the right hand scheme, and that value

will be Nox in the left hand scheme. But we know that

_ /L
Noy _(1> Nox

In this mammer, we get the Ngoy desired.

Many times one works in mol fractions, y and x. If the solutions are suffi-

clently dilute yp = IM/iy Xy + 7p - I“/‘V x;, and the equation becames

mVy

ﬂ*y (‘Tﬂs [(1 ) m) (n mXe)+ In

4.66 Colburn's Equation for Two Tower Sections
In case the equilibrium line is not straight enough for the use
of the above equation, it may yet be possible to approximate the equiligi;iﬁﬁ ‘gutve
by two straight 1ines. Colburn found that if the break in the two straight line
gections is made at y, = —\)'i-:TQI then an integration could be made. In such
a case, yo being the dilute end, the equilibrium curve between yo a.nd Vg 18

moly
assumed to be y* = mo x. This dilute region has T—) 5 o
M
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Colburn's Equation for Two Tower Sections (continued)

The summation for both sections of the tower together gave

R R =

- y* f — - *
FOR N S| SR

The plot of Colburn's first equation can be used to solve this equation if the 1

¥

group .

moV
<yl ] m2x2> (l G(E!)Q is used as abscissa
(yg - mg‘Xg)(l - n1*/ xl)

§'¥1 - mx2> .,
(yl - mx2>

to replace

If mV/L is greater than 1.0, this equation breaks down.

4.67 Method of Scheibel and Othmer

Reference: E. G. Scheibel and D. F. Othmer, Trans A.I.Ch.E.,

38, 339 - 364 (1942)
Scheibel and Othmer assume that the equilibrium curve is a parabola of
the form y¥* = mx2 + bx. This is basically a much better assumption than tha.t.
y* = mx + b. The resulting integrated form, however, is cumbersome to use.
The suthors discuss the use of their equations in a number of cases, and supply

a chart to facilitate numerical solutions.
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4.68 Method of G. E. White

Reference: G. E. White, Trans. A.I.Ch.E., k6, 363 - 368 (1950)

White focuses attention upon the twvo terminal driving forces
and a "central" driving force taken at the arithmetic concentration average of
the terminal concentration values. This method assumes that a parabola 1is
passed through the three points envolved on the equilibrium curve. This para-
bola need not pass through the origin of the xy diagram, but rather is set up
to fit best the region of the equilibrium curve that is pertinent to the speci-
fic problem at hand. White derives equations to evaluate N, = j by

ot ™ -3
and supplies a namograph to facilitate numerical solutions to his equations.

k.70 Evaluation of Single Film Coefficients

k.71 Experimental Technique of Colburn and Welsh

References:

1. A. P. Colburn and D. G. Welsh, Trans. A.I.Ch.E., _3§,

179-202 (1942)

2. G. S. Laddha, and J. M. Smith, Chem. Eng. Prog., 46,

195-202 (1950)
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Experimental Technique of Colburn and Welsh (continued)

Ordinarily, when a person thinks of a mass transfer process between two
phases, he thinks of a three phase system. A typical case for a vapor-liquid
system would be the absorption of RH3 from an air phase to an aqueocus phase. A
typical case for a liquid-liquid system would be the extraction of acetic gcid
from an aqueous phase by diisopropyl ether. Such ternary systems are the cus-
tomary ones for studyeven to this date, although, as it turns out, it is quite

1PPicult in this case to disentangle and evaluate the resistances of the indi-
vidual films (which is highly desirable).

A much better technique is to use a binary system, wherein the diffusing
substance is one of the phase components itself. The advantages of doing this
can be made apparent by the study of an actual case involving acetic acid, iso-
butanol, and water. If we study the tramsport of acetic acid from water to iso-
butanol, we get concentration gradients across the two f£ilm which are schemati-
cally shown on the right hand diagram of Figure 10. On the other hand, if we
study the transport of water itself into the isobutanol, we get a situation a.s

in the schematic diagram on the left of Figure 10.



Jvs

Unclassified

11211
-T5- OBRNL-929
Figure 10
CONCENTRATION GBAD]II!S FOR MASS '!BABPOR!
Two Camponent System Acetic. Acid Transport
Water Transport Three Component System
- Isobutanol Water
Iscbutanol Water Film | Flm
Film Film
x*,y
: 100% 320 A -
- _ /
Yvw ' /
//
/xAi
XA
Water : < Acetic
< : " Acid
Jav
yvi
ya.:l




=76~ ORNL-929

Experimental Tecknique of Colburn and Welsh (contimued)

Consider first the three camponent case, with acetic acid. There is a
decided concentration drop, in general, across both films. In each film acetic
acid is an alien component and appears in a molal concentration which is small
campared to 1.00. In each film, acetic acid must travel by diffusion alone
across two definite and distinct films. Direct measurements give only the over-
all concentration driving forces » never the interfacial concentration, hence the
capacity coefficients obtained relate to two resistances in series.

In the second case, that of water pickup by isobutanol, the situation is
quite different. For one thing, the first film encountered is camprised mainly
of the same component, water, that diffuses into the isobutanol. In the limiting
case of no iscbutanol solubility in water, the film would be 100% H20, and there
would be ro diffusion problems across the water film. It would be simply that
at the phase boundary the water film would furnish H20 molecules to travel through
the isobutanol film, but as these boundary H,0 molecules were used up, they would
be replenished by having the water film as a whole physically move toward the
btoundary, adding to itself on the other side by a fluid flow process. Actually,
of course, there is some isobutanocl solubility in the water phase and the water
£ilm is not quite 100% H50 , 8o & slight diffusion gradient is set up to cambine
its process with the "melting away" process mentioned above. The net result is
that the interface value Ywi 18 closely approximated as the equilibrium value for
the solubility of water in isobutanol. Therefore, the concentration gradient is
known specifically for the isobutanol film, and the resistance of that one film

can be obtained from the transport measurements.
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Experimental Technique of Colburn and Welsh (continued)

This trick of using & two-camponent, two-phase system torisolate specific
£i1m resistances is an old one, having been used a number of times to evaluate
the gas film resistance in hunidification and dehumidification experiments with

air and water. But Colburn and Welsh were the first to apply it to liquid-liquid

‘extraction systems.

Obviously, the dvasic idea beccomes more exact the more nearly inaol\_;ble are
the two phases. But then the more difficult the analytical problems become.
The experimenter faces the problem of compromising between the ideal approach
and the practical problems. To my thinking, Colburn and Welsh chose & system

(isobutanol—va.ter) with too high a mutual golubility.

4,72 From Overall Coefficients

We start with

\'j (1-
Hon‘HD"El'l-‘]')"*‘c xclom

Colburn and Welsh, and Laddha and Ssmith showed for packed and spray towers that
for a given system and equipment, that

H‘D = constant = C,

B, = Cp (Vo /vp)°" T by Colburn and Welsh

0.54 to 0.96
B, = Cp (V¢/¥p) Sk t0 0-9° 4y 1addhe and Smith



From Overall Coefficients (contimed)

Colburn and Welsh had difficulty in deciding upon their exponent of 0.75 for
instance stating that 0.67 would f£it the data about as well. Laddha and Smith
reported different values for three. different systems, the averages for the
three being 0.57, 0.86, and 0.96. However, an inspection of their data shows
that these values are not well established, and that an overall average of 0.75
would serve quite well.

Using these correlations, we get

Hp = Cp* cz[“‘ (YA r—(t:;)iz
0.75 \} (1-y5)
d = C (V c c DM
and Hopg (Ve /¥p) + 1( v ) T
Tt 1s obvious that is Hy) 1f plotted against m (vD/vc)ll b (1-2c) o , or

1-y,
1/4 DM
simply m (VD/VC) if the solutions are dilute enough, a straight line should

result, with slope of Co and intercept of C,. In this manner the individual
£1i1m coefficients are obtained from measurements on the overall coefficient.

On the other hand, it is quite common to see plots made of HOC versus
Ve ) I}r Ve (1-yp)om

mVD mVD (1"0)04
vapor-liquid systems. From the derivations above, one would not expect a corie-

]. This is done because of a loose analogy with

lation of this type because the intercept is not constant. However, in practi-
cally all cases, correlations are apparently obtained. This anomaly is due

to the fact that (1) the data are invariably poor, (2) the experiments are
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Fram Overall Coefficients (contimed)

almost always poorly planned and do not :over a wide range of Vb/ﬁv , and (2)
the intercept is a small number compared to the HbD values, is quite difficult
to locate precisely, and variations in the intercept value have little or no
influence on the upper reaches of the "correlation". In sﬁite of its apparent
success in some cases, this correlation procedure is not sound and is not
recoomended. If H,, is used, the relation (HTUbC) (Vb/vc)o’75 = C5 + Cy times
(l/h)(beVD)l/h‘ (1-yp)ow suggests that it is more profitable to plot

(e
(HTUOC)(TD/VC)O°7 versus (l/h)(VC/TD)l/h, with perhaps the minor correction

termms included. .

4.73 From Overall Coefficients, Special Cage

By Judicious selection of the systems being studied, it is posr
sible to minimize the influence of one film, hence have the measurable overall
coefficient be roughly equivalent to a single filh coefficient. The gist of
this procedure lies in the control, by selection, of the value of m.

There are two ways to develop this procedure theoretically. One way is
as follows: :

- mvp \ (1-x¢)
o = EC,(_VE'> zl-frﬁsg:
If m is chosen to be very small, the second term on the right beccmes

negligible, unless excessively large VD/VC ratios are used, and

~A
Hp = Hy
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Fram Overall Coefficients, Special Case (ccntinned)

Similarly, if m is made very large,

-/
Hoc=ﬂc

A second way to develop this idea is based upon a glfaphical picture.
Consider Figure 11 showing the driving force gradients across the tvo films
of a two phase system.

Take the case when m is quite emall. From the graph, ve see that y-y*

is a close approximation for y-yi. Hence

- Ay ﬁx__ =
Nox | y-y* ¥-vi Ty

Similarly, vhen m is large, x* - x becames an approximation for x4~ X, and

N ~ = dx
ox L) ¢ 2%

This idea has been much used in the past, but there always arises the
question about how high or how lov m must be in order for the approximation to
be satisfactory. For this reason, the method has been losing its popularity as
a means for measuring individual £i1m coefficients.

In special cases, howvever, the method can be made much more effective.

Take the case of the extraction of acetic acid from benzene by an aqueous phase.
If some NaOH is introduced into the squeous phase, it will react immediately
with the acetic acid as it comes into the aqueous £11m from the benzene film.
The reaction product, Na Acetate, is not soluble in benzene, hence does not com-

plicate diffusion in the benzene phase.
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From Overall Coefficients, Special Case (coﬁtimxed)

Effectively, by the addition of Na OH, the value of m = dy*/dx has been
reduced to zero. This technique has been used by W. S. Farmer (among others)

in his vork reported in ORNL-635. T. B. Drew, Trans. A.I.Ch.E., 36, 681-682

(1940), has shown that, if y, —> o,

Cfames o, =0
L= =2

Drevw's equation 1s valid only 1f the reaction rate is fast enough to maintain
the £ilm concentration of solute at zero. If the reaction rate is slower,
the solute builds up a back pressure and eventually some diffuses into the
pain body. Where the reactions are ionic, such as the absorption of llHé"'by

H,S0y, or HAc by NaOH, Drev's equation 1s valid.



-83- ORNL-929

5.0 Correlation Information

5.1 Discontimious vs. Contimuous Phasge 3ehavior

Two facts of great importance have become gpp_a.rent over the years.

(1) There are two major ways of cperating a liquid-liguid extraction
column. A given phase can be fed either as the continuous pha.se or
the discontimuous phase, with considersble difference in behavior.
This effect can be attributed to the fact that the discontinuous
phase resistance is constant when once established, but the con-
timous phase resistance is a function of turbulence within the tover.

(2) For each of the above methods of operation ,k there are two subrclasses
of behavior. Either one or the other of the phases may be the one
that wets the packing. This difference shows up markedly in the per-
formsnce. In practically all cases the aqueous phase wets the packing.

Congequently, for a given column and packing, and a given two-phase system,
there are 4 modes of operation, each of which gives different answers.

The work of Colburn and Welsh, end Laddha and Smith indicate that one
should talk and correlate in terms of the discontimuous phase and the continuous
phase, noting which wets the packing, and not in terms of the specific phases,
gsuch as benzene and water.

Most of the available data are on systems in which the aqueous phase is

the continuous one.
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5.2 End Effects
At the entrance and at the exit of a tower there are turbulence

effects above and beyond those obtaining further inside the tower. In most
careful work, this excess turbulence is minimized by calming sections. In
addition to this effect, there is always exposed at the tower ends some inter-
facial area available for transport that is not included in the tower area
proper. These terminal area effects can also be minimized by careful design,
if such is desired for purposes of experimental evaluation.

The total effect of these terminal conditicms is called the end effect.
In this term is usually lumped both terminal effects as if they were alike,
vhich may not be true. The end effect is usually in the neighborhood of 2"
to 5" for packed towers. Such a height is quite important for short experimen-

tal columns, say from 1/2 to 1 feet in height.

For spray columns, Sherwood, Evans, and Longcor, Tra.ns. A.I.Ch.E., 35,
597 - 622 (1939), found that the end effect, which was I;cated in the drops
as they formed, caused 40-45% of the extraction for their towers. Fammer,
ORNL-635, found an effect of the same magnitude for his spray columns. Shulman

and Molstad, Ind. Eng. Chem., 42, 1058-70 (1950), reported end effect data on

gas-bubble columns. Geankopolis and Hixson, Ind. Eng. Chem., 42, 1141-51 (1950)

in their Figure 11 show that the end effect increases as the flowrate increases.

Licht and Conway, Ind. Eng. Chenm., 5_2_, 1151-7 (1950) provide similar data.




-85- ORNL-929

End Effects (contimued)

For mass transfer in packed columns, jnformation can be found in the follow-
ing sources. The end effect will vary as the tower detalls vary.

McAdams, Pohlenz, and St. John T" end effect

Chem. Eng. Prog., 45, 2i1-52 (1949) |

Weisman and Bonilla 4.5" end effect

Ind. Eng. Chem., 42, 1099 - 1105 (1950)

5.3 Wetted Area of Packing (For Packed Towers)

Consider these expressions, for a single canponent diffusing,

- HBcWM _ _InBr
Boc Dyx a and HL—DLcavga

Those quantities, the ignorance of which prevents us from predicting the helights
of tmnsfervunits , are the £11m thickness, B ,:l;h.er rdriffusivity, D, and the square
feet of transport area per cublc foot of packing, a. In time the basic physical
data on diffusivities (D) are certain to be obtained. It is almost certain that
we will come to be able to relate film thickness (B) to turbulence and physical

property factors. Therefore, an important uncertainty lies in the problems of

determining the value of "a".
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End Effects (contimied)
The first major work along this line 1s that of Weiesman and Bonilla, Imd.

Eng. Chem., 45, 1099-1105 (1950). They show that for vepor-liguid sass transfer

over spherical packing that

& el

0.31 0.5
= 0,00067 [-£_ L (Equation 19)

for the experimental ranges of flow rates.

where 8q = area effective for diffusion
&y = total surface area of the spheres
L = 1bs. per hour per square foot of tower cross section.

They spsculate that the expression could be generalized somewhat to

0.31 0.5
24 . 5.00508 (DPG) E)
&t 00> :??; 1,

For 1" Raschig Rings under certain limits, they found that

284 . o.omy  g0e31  ;0.07
&y

These results show that at higher rates of flow of either phase, more area of
the packing is made available for the transport process. This is as to be

expected. No informmation is yet available on liquid-liquid extractors.
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5.4 Effect of Reynolds Number of the Contimious Phase

For flow inside smooth round pipes, the situation is as follows; a
a-
vast amount of heat transfer work leads to (Ht :! = T (Re, 0‘8) vhere Hy =

heat transfer unit. Fallah, Hunter, and Nash, J. Soc. Chem. Ind., S5h, 49T (1935)

and G111iland and Sherwood, Ind. Eng. Chem., 26, 516 (1934) found that (—g—dj =

4 (Recn) vhere H; = mass transfer unit, and n = 0.8 and 0.83, respectively. It

e true that Brinsmade and Bliss, Trans. A.I.Ch.E., 39, 679 (1943) found

n = 0.67, but most workers have accepted n = 0.8 for this case for either heat
or mass transfer.

For flow over packing material (with an immobile surface) scmetimes n has
been taken to be 0.8 in a mistaken analogy to the case of round pipés. But
McAdeams has shown for heat transfer that n = 0.6. In recent years the following
workers have shown that n = 0.6 for mass transfer within the range of thelr |
correlations.

Moletad and Parsly, Chem. Eng. Prog., 46, 20-8 (1950)

Taecker and Hougen, Chem. Eng. Prog., 45, 188 (1949)

Riggle and Tepe (they found n = 0.7), Ind. Eng. Chem., 42, 1036-41 (1950)

Bedinfield and Drew, Ind. Eng. Chenm., k2, 1164-T3 (1950)

Parekh, M, PhD. Thesis, M.I.T., 1941
Reported on page 289, "Heat Transmission" , McAdams

Maigel and Sherwood, Chem. Eng. Prog., 46, 131-8 (1950)

Attempts et a more general correlation have also been made by a graphical pre-
gentation without using an exponent on the Reynold's number. See Figure 16,
page 546, Chemical Engineers Handbook, 3rd Edition, and Figure 6 by Gaffney and

Drew, Ind, Eng. Chem., 42, 1120-7 (1950) .
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5.5 Effect of the Schnidt Number of the Contimuous Phase

By analogy with some restricted work on heat transfer, Chilton and

Colburn, Ind. Eng. Chem., 26, 1183 (1934) suggest that the Schmidt number should
enter to the 2/3 power. This suggestion has came into general use, but now
appears to be incorrect. Bed:lnﬂ.eld and Drev in the foregoing reference, analyzed
available mass transfer data for vapor-liquid systems and found the proper exponent
to be 0.56. Gaffney and Drew in the foregoing reference obtained data on liguid
systems in vhich the Schmidt number was varied from 150 to 13,000, and found

that the exponent should be 0.58. The 2/3 value should be abandoned in place

of 0.58.

5.6 Effect of Mobile Interface

When a fluld flows past a solid, the interface between the fluid and
the solid 1s stationary and a characteristic amount of stability exists for the
fluid filme. Even the case of a solid surface covered with a liquid-soaked
layer of paper comes in this class. But when two liquid films, or a gas and a
liquid £1lm, exist side by side, the interface acquires a mobllity that is fre-
quently visi'blp as ripples and other movements. Through such mobility, another

factor affecting the transport is generated.
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Effect of Mobile Interface (continued)

The case for transport at immobile interfaceé is covered on pages 546 and
547 Chemical Engineers Handbook, 3rd Editionm, with the usé of the incorrect
Schmidt exponent of 2/3. It is claimed there that in the case of mass transfer
to droplets, less than about 1 mm in diameter, the surface is practically immo-
bile. Bedinfield and Drew (loc. cit.) give a good theoretical treatment of
this case and obtained a good general correlation for gas films. Gaffney and
Drew (loc. cit.) claim that liquid films and gas films at immobile surfaces
give different correlations. However, these investigators worked with very
short towers, some less than 3", but made no correction for end effects. Their
vork is important, though, in showing that at low values of Reynold's numbers
some free convection takes place which introduces a Grashof number as in heat
transfer.

The work on two adjacent films with a "mobile" interface leads to much

more camplications. O'Brien and Stutzman, Ind. Eng. Chem., k2, 1181-7 (1950)

summarized the information for gas-liquid films in contact and arrived at a com-

plicated correlation for the contimuous film coefficient, involving the Reynolds
N

pumber and the Schmidt number of the contimuous phase but no property of the

liquid phase. At least they concluded that the case of the mobile interface

is quite different from that of the immobile interface.



Effect of Mobile Interface (continued)

The best evidence for behavior of a moblle interface as a variable in itself
is the camparison between a wetted wall tower operated with a vapor core, and

one with a fluid core. Gilliland and Sherwood, Ind. Eng. Chem., 26, 516 (1934)

found a relation for the gaseous core that can be expressed as

(%}_)=376(72 pnv>o.56

While Fallah, Hunter, and Nash, J. Soc. Chem. Ind., 54, 49T (1935) found for a

0.83

1liquid core an expression equivalent to

a av.\o-80 0.46
{'—)= 0.00921 —9) (_’f_‘_)

By, A oDy -
The "constant" terms, 3.76 and 0.0921, are so different considering that the
equipment employed and the exponents used are so similar, that it is evident that
some factor has been neglected. This factor is 1og_:lca.11y related to the physical
properties of the two comtacting phases. Since the x;obility of the interface 4
can be observed visually under many conditions of flow, it is a logical sus-
pect for the difference., Some day this mobility effect will be properly expressed

in a function of the physical properties of the two phases.
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5.7 Effect of Interfacial Tension Depressants

In experiments in which the interfacial area wes maintained constant,

E. Hutchinson, J Phys. and Colloid Chem., 32, 897-908 (1948), found that adsorbed

£1lme at benzene-water interfaces usually, but not always, greatly retarded dif-
fusion across the interface. However, the retarding effect of a given adsorbed
layer /as a function of the configuration and structure of the diffusing molecule.v
Henge, it was concluded that the retardation was not merely that of a mechaniqal
obstruction, but included scme kind of interaction between the diffuser and the
adsorbed layer.

Chu, Taylor, and Levy, Ind. Eng. Chem., 42, 1157-63 (1950) extended the

study of the effect of interfacial tension depressants to packed extraction towers.
Théy interpreted their results to mean that the presence of an adsorbed layer at
the interface caused an additional transfer resistance that retarded diffusion,
but at the same time the lowered interfacial tension decreansed the droplet size,
increased the exposed interfacial area, and increased diffusional transfer. If
the agent were exceptionally effective, the increase in area overbalanced the
increased resistance of the adsorbed layer, and a net adventage was obtained.

The maximum increase they obtained in extraction rate was L6%. With less effec-
tive agents, and particularly with relatively high concentrations of addition

agent, the net effect wes a decrease in extraction rate.
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Effect of In‘l;erfa.cial Tension Depressants (contimed)

A general conclusion is that interfacial tension depressants are quite
specific in their action, and that most show & range of concentration wherein
they aid extraction in commercial equipment, and a range of concentration

vherein they retard extraction.

5.8 Treatment with Dimensionless Groups

For liquid-liquid extraction, there exists a discontimuous phase
film and a contimuious phase £ilm, for which the correlations are different.
For each film, there are two correlations, depending upon which film wets the
packing.

For the contimious film that wets the packing, the present information is

that the group (_&.) , where dp = packing diameter, is a function of the follow-
H
C

ing groups.

\'J
1. Reynolds number, (;-Q

The evidence is that for packed towers, the Reynold's number enters

to the 0.6 power.

2. Schmidt number F/DL-)
o)

The evidence is that the Schmidt mumber enters to the 0.58 power.

Many use the 2/3 power tentatively proposed same time ago by Chilton

And Colburn.
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Treatment vﬁlthrl)mensionless Groups (continued)

)

Heat transfer work indicated that the end effect is a function 'of 'bhi_s

3., End Effect Number ,( E‘P

group. In most cases the effect 1s equivalent to an additional tower
he;_gh_t of from 2 to 5 inches.

4. Grashof Number

Analogy with heat transfer, and the work of Gaffney and Drew indicates
that at low Reynold's mmbers free convection, represented by the
Greshof number, playse & part.

5. Groups (or group) Related to Interface Mobility

This group has not yet been formulated. It seems to me that it would
contain only the physical propertles of the two adjacent f£11lms, such
as densities, viscosities, and interfacial tension.

A general correlation for all two phase systems would include all groups.
above. For a specific 1iquid-liquid gystem in the usual flow range, 8 good corre-
1ation could probably be obtained with only the Reynolds and Schmidt number.

For the wall f‘luid of a8 wqtted wall column, which corresponds roughly to
the discontinuous film that wets the packing, the Schmidt and the Reynolds
numbers are the only £1rmly established groups. See Brinsmade and Bliss, Trans.
A.I.Ch.E., 39, 679 (1943). For the discontinuous film that does not wet the
packing, the usual case for packed towers, no gtudiee have yet been made, but a

Scmidt number reliance has frequently been assumed.
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5.9 Simultaneous Mass Transfer and Chemical Reaction

No generally useful treatment for problems in this class has been

developed. In practice, the desired answers are sought by experimental techniques.

If the reaction is extremely fast and irreversible, such as are many ionic
reactions, and if the reaction products are soluble in one phase only, the ratg
of transfer is governed only by the film of the non-reacting phase. The extrac-
tion of the acetic acid from benzene 'b; aqueous HaOH is a typical case. ~ Drew,

Trans. A.I.Ch.E, 35, 681 (1939) has performed the integration for this case to

allow the calculation of the number of transfer units.

A general treatment for combined mass transfer and chemical reaction has

been proposed by Hatta, and extended by T. K. Sherwood, "Absorption and Extraction”,

page 200-205. R. N. Wilhelm, Chem. Eng. Progress, 45, 208 (1949) has also

treated this case. These theoretical treatments are so far useful only in
special cases, and for general deduction.

If the reaction is reversible, and if it is slow enough for the diffusing
molecules to penetrate, on the average, through or a good way through the "react-
ing" f£1lm before they are converted, then there ought to be a different extrac-
tion rate correlation, depending upon the direction of extraction from phase to
phase. Fa.mgr, ORNL~-635, has shown that acetic aclid, vhich associates to a
large extent into double molecules in CClh y glves different extraction rates
(under comparable conditions) depending upon whether the acetic aci& is extracted

into or awey from the CCly phase. Because of this behavior, every system being
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Simultaneous Mass Transfer and Chemical Reaction (contimed)

gtudied should, if possible, be teated under both directions of diffusion to

gee if the same behavior is obtained.

6.0 Recommendations

In order to take advantage of the diffusional approach to solvent extraction,
and in order to make the most out of the experiences of others, the following

recommendations are made for basic studies in liquid-liquid extraction.

6.10 Experimental Programs

6.11 Equipment
1. The contacting towers should be as short as possible in order

to avoid great changes in the property of the system over the
tower. Otherwise, it may be quite difficult to pick average
conditions, particularly the average slope of the equilibrium
curve, to characterize the entire tower. On the other hand,
the tower should not be so short that end effects become
large. Tentatively, packed tower heights should be 2 to 3
feet. If possible, the end effects should be determined for

the equipment used.
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Equipment (continued)

20

The details of distributors, entrances, packing supports,
method of dumping the packing, etc. should be standardized
with some care. If this is done, information on different
towers of the same approximate size should be comparable,
and the correlation of information on towers of different

sizes should be greatly facilitated.

6.12 Systems Used

1.

If possible, systems should be chosen in which the distri-
bution ratio is as near constant as possible with changes

in concentration. It is also desirable to have little change
with temperature.

The equilibrium curve should be determined with care, if not
already available. The number of data points should be
enough to permit an evaluation of the accuracy of the data.
Where possible, the system should be so chosen that the
diffusing substances has the sesme molecular weight in both

phases.

. Experiments made to study single film coefficients should be

made on & binary system having a mutual molar solubility of

less that about 5 percent.
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1. The equipment should be run to provide a wide variation in i

/b

1
the temm m (Vp/vp) ™" .

2. 'As an aid to correlations, and to allow caomparisons with
future correlations, measurements should be made of tempera-
ture, flow rates of each stresm (not just their sum), and
the densities, viscosities and interfacial tension appli-
cable to both phases, for at least certain key runs.

3. A record should be kept concerning which phase was made dis-
continuous, vhich phase wet the packing and walls, and to
vhat extent.

k. Enough measurements should be made to permit, for each run,
a weight balance of all pertinent material flows.

5. The tests should include runs, under camparable flow condi-

tions, covering both possible directions of diffusion.

6.2 In Working Up Test Data

1.

Material balances, in weight units, should be made for each run as
gsosn as possible, so that corrections can be applied judiciously.
The helight of a transfer unit, based upon the discontimuous phase

calculations, should be calculated. !
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In Working Up Test Data (continued)

3. The HTUOD gshould be correlated against ma.Vg (VD/VC)]'/ b', at least

for packed and sprey columns.
4. The HETS should be calculated.
5. For each run, and for each correlation, one should state clearly

which phase was discontinuous, and which phase wet the packing.

6.3 Diffusion Coefficient Determination

The knowledge of the inherent diffusivity of a component is one of
the most important single properties that can be specified for a given extraction
case. The task of formulating a general correlation for the prediction of
extraction rates will never be completed without knowledge of this property.
Therefore, it is important that work on the thoery of 1liquid-liquid extraction

ineclude also a program of determining liquid diffusivities.

o TR



7.0 Appendix
7.1 KNamenclature
Symbol Description
A Interfacial area exposed for diffusion transport
a Ratio of interfacial area exposed to cubic foot of
equipment volume
B Effective film thickness
c Concentration
a Diameter, as of a pipe
Dy Volumetric diffusivity, 1b. mols of A per hour per
square foot per unit of concentration gradient in 1lb.
mols of A per cubic foot of phase per foot
Dy Mass diffusivity, same as above except concentration
in 1b. mols of A per 1lb. mol of phase
H Height of a tramsfer unit, usually with a subscript
BETU for a special case
H Weight ratio
kG Gas phase capacity coefficient, 1b. mols of A diffus-
ing per hour per square foot per unit of concentration
gradient in mol fraction of gas phase, for single
component diffusion
k'G Gas phase capadity coefficient for equimolar counter
diffusion. k's = kg (vey)
kL . Liquid phase capacity coefficient, 1b. mols A diffus-

ing per hour per square foot per unit of concentra-

tion gradient in 1b. mols of A per cubic foot of phase,

Por single component diffusion

ORNL-929

Engineering
Units

1b. mol.
£t.3
£t.

£t.2
hr.

1b. mols

(ur.) (1)

ft.

lbs. A
1b. non A

1b. mols A
lhrSthszasys

1b. mols A

(hr) (££)2(8y)

4.
hr.
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Nomenclature (continued)

Symbol

1
k L

wwu,ﬂzgz

4 d B n W

Engineering
Description Units
Iiquid phase capacity coefficient for equimolar ft.
counter diffusion. k'y = kg Xoy hr. *
Lb. mols of liquid phase per hour per square foot of 1b. mols
superficial equipment cross section. (hr.) (£t )2 a8
- . 1
Loss ratio, exit concentration over inlet concentration - None |
Molecular weight 1bs.
1b. mols
Slope of equilibrium curve y*/x
Lb. mols diffusing per hour per square foot 1b. mols
(nr)(£t)?
Number of transfer units, usually with a subscript None
for a special case :
Number of theoretical steps (plates or stages) None
Number of 1b. mols 1b. mols
Partial pressure atm.
Gas constant (ft;3) (atm)
(1b.mol) (°R)
The dimensionless group mV/L None
Square feet of superficial equipment cross section ft.2
Absolute temperature ( °r
Velocity ' £t. /nr.
Lb. mols of a phase, often vapor, per hour per square 1b. mols .

foot of superficial equipment cross section (hr)(£t)2
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Nomenclature (continued)
Symbol Description

VT Volume of tower

v Velocity; volume of flow

v volume

W 1bs. of total phase per hour per square foot

v Welight fraction

x Mol fraction, usually in a liquid phase

X Mol ratio

Yy Mol fraction, often in & vapor phase

Y Mol ratio

zZ Tower height

Greek Alphabet

a Diffusivity coefficient
P " Density

M Viscosity

M Chemicel Potential

n Total pressure

ORNL-929

Engineering
Units

£t.3

ft./hr.; ft.3/hr.

£t.3

1b. mols
(hr) (£6)°

1bs. A
1b. total

1b. mols A
1b. mols total

1b. mols A
1b. mol non A

1b. mol A
7b. mols total

1b. mol A

1b. mol non A

ft.

1hs.
£t.3

1bs.
Tet. ) (hr.)

energy/ 1b. mol

atm.
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Namenclature (continued)

Subscripts

Symbol
A,B

D,C
E,R
L,G
Y,X
avg.
am

lm, lgm
M
oM
M
S
1
£

1,2

Superscripts

*

E

Description
Camponents A and B

Discontimuous and continmuous phase
Extract and raffinate phase

Liquid and gas, or one liquid and another liquid
Y and X components or conditions

Average

Arithmetic average

Logarithmic average

Logarithmic average across a single film
Logarithmic average across two films
Mol units

Solvent

Interface; inert camponents

Film quantity

Terminal ends of a tower, 2 usually the dilute end

Equilibrium value
Extract phase

Raffinate phase
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7.2 Summary of Equations

a. Number of Transfer Units (NTU)

Single Component Diffusion Equmohr Counter Diffusion
Ny = fl-y)u dy No = f dy
(1-y) (74-v) y1 -7

_ (1-y)omdy f 4y
N, = N =
oG T (77 G vy

_ (1-x)y ax _ f _4ax
NL (1-x) (x-x1) & x-x
N - (1"!)@1 d.x dx
oL (1-3) (x-x%) FoL = Tx - x*

The driving force terms may have the sign reversed.

b. Height of Transfer Unit (HTU)

Hy = RTBg ' _ ™ H, = RIBGVM - ™M
Dyt & kg a(¥g )M Dysayp k'g ayB
= VM - VM
Hog kG 2 (I-y)M Hog K'c a(l-y)oM
Hx = Hy = IHBL = _ Iﬂ Hy = HL = IMBL = Iﬂ
L " By Cavg @ Cava®al 5 e
L “avg ki, a Cavg(XsIM 1Cavg®%s L 8%:Cavg
Hox = Hop, = .l H ., =Hy = Iy
K, & Cavg(l‘x)ou 0x K'p a Cavg(l-x)m
(1-y)y = log mean of (1-y) and 1-yy)
(1-y)gq = 1log mean of (1-y) and 1-y*)

Similar definitions hold for (1-x)y and (1-x)OM.

f




For equimolar counter diffusion, drop the subscripts on the (l-y) and (1-x)

terms.

-10%-
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c. Overall HTU's as a Function of Individual HI'U's

- (1-y)y mVy (1-x)y
oo o G v M I (l-y)a;\

If the G film controls

- ny  (1-x)om
fog = Hg + B (7)o

Bor = H (1T . gy I (vl

If the L film controls,
o IM  (1-y)ou
Tor = B+ Hy o (Tx)g

B (1-y)y mvp (1-x)m
"o = BTy * Ve (-)m

If the D £ilm controls

~ mvp (1-x)oy
Hop Hp + He vc (l-y)al

~ (1-x)y Vo (l-y)y
Hoc = W zl-xsm + HDmV]c) (1-x)

If the C film controls

~ Ve (1-y)m

Boc = E + B mVy  (1-x)oy

Some terms will then cancel.

dy* /ax
y refers to G film
x refers to L film

Single camponent

diffusing
= 4y*
n ax

y refers to D film
x refers to C £f1lm
Single camponent

diffusing
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d. Capacity Coefficients

Single Camponent Diffusion Equimolar Counter Diffusion
Np Np
= . k' =
¥ (Ya1 - Tag) G (a1 - Yag)
DY n Dy x
= k', =
"o ETBG (¥8)1m G BB,
Cavg (xar, - Xa1) Cavg(XaL~ Xa1)
- DL, -
L \%s’Im By,
Na N
Ko =Ky = - K', =K'y, = A
IaL* - Ias ¢ T (Tp1* - Yag)
K, =Kx = L/ K'L = K'Y = NA

Cavg (a1~ Xag™) Cavg (xa1, - Zpc*)

Other definitions have appeared in the literature, among vhich are the follow-

ing.
N
o
- (pAi - PA(;)
- Ny
. (xa1, - 1)
e. Some Formulationsof the Group (mVy/Iy)
Designation Group Definition of Tems
mol fractions _d_y*) ™ y and x = mol fractions of A
dx /\Iy . Vand L = 1lbmols total phase per

hr per ft.
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Some Formulations of the Group (mVM/I.M) (continued)

Desi&a:bion

mol ratios

weight fractions

welght ratios

molar-volumetric

welght-volumetric

. molar-weight

(

Group

(i)

awy,

(o) ()

(&9
(=9(%)
(299

(=

4c,

(e

Definition of Terms

Y and X = mols A/mol non A
V4 and Ly = lbmols non A per
hr per ft.

vy and wy, = weight fractions of A
V and L = 1lbs total phase per
hr per ft

By and Hy, = lbs A/1b. non A

Vy and Ly = 1bs nog A per hr
per £t

Cy and Cp, = ltmols A/cubic foot
of phase

Vv and VL = ft.> of phase per
hr per ft

py and p1, = ibs A/f‘b.3 of phase
Vv and Vy = ££.3 of phase per

hr per ££2

Cy and Op, = lbmols A/1b. total
phase

Wy and Wy = 1t total Bhase per
hr per %

The m term is the slope of the equilibrium curve. The flow rates can be

expressed in any time and area units, just so the result is dimensionless.
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Some Formulstions of the Group (mViy/IM) (contimued)

£. Miscellanceous

. f mdy
m, ve = v -y = average slope
S
. -7
Z = height of tower = = (number of transfer units) x (height

of a transfer unit)

Colburn's equation
1

L[ L (), o
o —LF*-Y (1 /1) [(l /0 vz Iu]

e RN A 8
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7.3 Sample Calculation

A 3.2 mol percent sohtim of propionic acid in wvater is to be extracted
at 30% with CCly in a packed tower to teke the acid concentration down to 0.2 mol
percent. TFor each 100 pound mols of entering aqueous phase, 104.3 pound mols of
CClh is to be used. Water is the contimuous phase.

Physical data for the system at 30°C are as follows:

" Carbon Tetrachloride Phase Aqueous Phase
30°C Density Mol Percent 30°C Density Mol Percent

gn/ml Acid gm /ml Acid
1.57h3 0.0000 0.9958 0.0000
1.5743 0.0068 0.9959 0.048
1.574h 0.0782 0.9965 0.21h4
1.5687 1.201 0.9989 , 0.965
1.5579 3.361 1.0010 1.7h2
1.5341 8.17h 1.0048 3.08
1.4832 17.58 1.0101 - 5.38

(a) Calculate the number of theoretical stages required for this separation.
(v) Ca.léula.te the number of overall transfer units for the discontimious phase.
(c) Calculate the value of Myeoe

(d) Calculate the value of (mavg v/L)
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Sample Calculation (contimed)

(o)

(a)

What is the minimum theoretical amount of CCly, that could be used, in pound
mols per hour, and still maintain to tower rtop conditions, and treat the seame
feed? What would be the new value of y2‘2 How tall would the tower be?
Basis: 1 hour

Let Ly = 1bmols of pure Hy0 = 100 (0.968) = 96.8

Vi = 1ldmols of pure CCly, = 104.3

x conc. in the aqueous phase, mol percent

Yy = conc. in the CCl, phase, mol percent

The flow sheet is as follows:

CCl1y »

phase
¥, = 0.000 x5 = 0.20
ye = 2-801 x2 = 3.20
Y
Aqueous

Phase
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Sample Calculation (contimied)

The overall material balance is as follows:

L X 51 )
. -
100 - x, 100 - 3,

[}

s
’—\
S

N
1
N

]
=

8'4
[ ol
oy

\/

3.2 _ _0.2 Y -  10m. xp . )
96.8 |796.8 9.8 3 (w0 = °
| x5
3.2 - 0.1950 = 3.0060 = 10k.3 (100 —
X5 = 2.801

The operating line is as follows:

x - X1 = y .. N
Ly (100 - x 100 - xl) V1 (100 - 100 - y1>
X - o.ooaooh) = 1.0776 _.L__)
100 - x 100 - ¥y

Points calculated on this operating line are as follows:

Yy x y x
0.0000 0.20 0.5596 0.80
0.0093 0.21 0.7458 1.00
0,0186 0.22 1.212 1.5
0.0466 0.25 1.679 2.0
0.0931 0.30 2.142 2.5
0.1864 0.40 2.801 3.2
0.2796 0.50 3.082 3.5
0.3736 0.60 9.195 10.0

In order to step off the theoretical stages, it i1s custamary to employ ordi-

nary rectilinear graph paper. Accordingly, Figurell is such a plot made of the

equilibrium curve and of the operating line (vhich is practically straight).

The number of theoretical stages ccomes out to be T7.67 to go fram y = 0 to y = 2.801.
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Sample Calculetion (continued)

Frequently, a plot on logaritimic paper provides an easier spacing of the
stages, and allows a better evaluation of how the equilibrium curve should be
drawvn to fit the data points. Such & plot is shown as Figure 2. On it the
theoretical stages is 7.92. The difference fram the other answer is the result
of the sensitivity of the graphical work. ILet the amswer be 7.8 stages.

(b) The general equation is as follows:

(1-y)qq 4y

or T Ty
Since we have defined y to be the composition of the discomtimuous phase, this
equation fits ocur case exactly. To use it we need a plot of y versus x, which
we have in FigurelZ.

Using Wiegand's approximation,

d (1-y5)
N == ——l—__ + 1/2 1n o)
oD e 2
i- 0.972
1/2 1a 1~§2 = 1/2 1n T.600° = 1/2 1n/0.0295 =
1
- 1/2 (0.0290) = - 0.015
dy
Thus Nop =  —~=—— =~ 0.015
o ™* -y

The integral 1s evaluated by graphical integration as follows. Values are taken

from the logarithmic plot. They can be followed on the rectilinear plot readily.
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Sample Calculation (comtinued)

1
Yy y* y*t -y ™-3
0.000 0.084 0.08% 11.90
0.050 0.129 0.079 12.67
0.100 0.17h 0.0Th 13.51
0.150 0.229 0.079 12.67
0.200 0.292 0.092 10.9
0.250 0.363 0.113 8.8%
0.300 0.439 0.139 7.19
0.400 0.605 0.205 4.88
0.60 0.97 0.37 2.70
0.80 1.h1 0.61 1.6
1.00 1.90 0.90 1.11
1.5 3.38 1.88 0.53
2.0 5.15 3.15 0.32
2.5 7.3 4.8 0.21
2.801 8.7 5.9 0.17
3.0 9.7 6.7 0.15

A plot of 1 versus y is shown on Figure 13.

By graphical integration

1
—-L—d = 60%
¥ -3
2
Thus NOD = 6.18 transfer units = 6.20 - 0.02
mdy /lmdz
(¢) My =22 77 = J2 y*y
/_<1L__ 8.20
1 Y*~y

To evaluate the integral we need values of m as a function of y. Not having any
better information, let us &ssume that m can be evaluated as the slope of the
equilibrium curve at the y* values assoclated vith the X, y values. Consider the

logarithmic plot. Let the slope of the log plot be s. .
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Sample Calculation (contimed)

s= dInyt _ dyx x . 4y x_ _ , (g/y¥)
d In x y* dx ax y*
m = y* (s)
X
p i X y* 8 m
- 0.09 0.1 0.0245 0.577 0.142
- 0.04 0.15 0.051 0.566 0.192
0.00 0.20 0.08h 0.575 0.242
0.093 0.30 0.169 0.578 0.325
0.186 0.40 0.277 0.587 0.4%07
0.280 0.50 0.405 0.589 0.477
0.374 0.60 0.555 0.591 0.54k7
0.560 0.80 0.90 0.595 0.669
0.746 1.0 1.30 0.598 0.777
1.22 1.4 2.26 0.604 0.975
1.679 2.0 4.0 0.606 1.212
2,142 2.5 5.8 0.607 1.409
2.62 3.0 7.9 0.607 1.600
3.00 3.h42 9.7 0.607 1.72

A plot of the instantaneous slope, m, is shown on Figurell. Values of m as

needed are interpolated from this graph.

m
We can now formulate -y
m

x ﬂ z - z m ﬁ - x
0.000 0.084 0.084 0.238 2.83
0.050 0.129 0.079 0.283 3.58
0.100 0.17h 0.07h 0.328 4,43
0.150 0.229 0.079 0.370 4,68
0.200 0.292 0.092 0.410 4 46
0.250 0.363 0.113 0.451 3.99
0.300 0.439 0.139 0.488 3.51
0.400 0.605 0.205 0.558 2.72
0.60 0.97 0.37 0.683 1.85
0.80 1.41 0.61 0.796 1.31
1.00 1.90 0.90 0.899 1.00
1.5 3.38 1.88 1.131 0.60
2.0 5.15 2.15 1.340 0.425
2.5 7.3 4.8 1.540 0.32
2.801 8.7 5.9 1.658 0.28
3.0 9.7 6.7 1.731 0.26



Sample Calculation (continued)

On Figure 13, ;'}_;y- is plotted against y

Graphical integration gives

mdy
je;_y = 3.m

Hence, "avg = %—;é— = 0.550

The instantanecus m = 0.550 occurs at y = 0.39

(d) At the top of the column

Y = 104.3 1b. mols total

L = (96.8)(100/99.8) = 97 1b. mols. total

VA = 1.075
At the bottom of the column

v

L

(v/L) = 1.073
Therefore, (V/L) avg = 1.07h

(mgyg VL) = (0.550)(1.074) = 0.591
(mgog v/* < (0.55%0) (1.018) = 0.560

(104.3)(100.0/97.2) = 107.3 1b. mols. total

(96.8)(100/96.8) = 100 1b. mols. total

ORNL-929



Sample Calculation (continmed)

(e) The minimum reflux ratio is best obtained graphically on Figure 11.
Since the tower top conditions are maintained, the operating will always pass
through the point Y1 = 0.0, x = 0.20. Assume that the operating line is
straight with slope L/V. As V, the CCl, rhase, is decreased the operating line
swvings upward, pivoting on the top concentration point. When the line beccmes
tangent to the equilibrium curve, the V is a minimum. The tangent value of L/\T
1s found to be 1.333. The average value of (L/V) was previously 1.07h, when
104.3 pound mols of CCl), were required.

Therefore, V., = (10%.3) i—% = 8k4.0

The height required is an infinite height. The Yo max. = 3.98 mol percent,

from Figure 11.
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7.% Problems in Mass Transfer Related to Solvent Extraction

The individual film coefficient for heat transfer for air at 100°C and 760 mm
Eg. pressure 1s 20 in a particular case. What 1s 'l;he effective fﬂn thickness ,
in millimeters? For kerosene at 68°F providing a heat transfer coefficient of
150, rvha.t is the film thickness in millimeters? Are these film thicknesses
ccnpara‘olé to those effective for mass transfer?

Calculate the value of Dv in n®/sec. at 25°C and 1 atam. for methyl isobutyl
ketone in air, by Gilliland equation. Convert to ft.afhr.

Calculate the diffusivity of methyl isobutyl ketone in dilute aqueous solution

at 25°C, using the correlation of C. R. Wilke, Chem. Eng. Prog. , _&2, 219 - 2k

(1949).

Calculate the atomic volume of uranium from literature data on UFg. Using this
value, calculate the diffusivity of UOo(W03), and UO,(NO3)p (TBP)o at 25°C.

TBP = +tributyl phosphate. The solution 18‘ dilute aqueous.

Gilliland found that for a gas film mass transfer coefficient inside a round

' 0.83 0.4k
d ayv : M
0.02 ,_..2)
(TG-)‘ 3(,« (ﬁ;') z

vhere 4 = dlameter of the pipe.

pipe that

In comparison, Fallah, Hunter, and Nash found that the liquid film coefficlent

for the core liquid in a wetted wall column could be correlated by the equation



Problems in Mass Transfer Related to Solvent Extraction (contimed)
—————— =720 ‘ranster Related to Solvent Extraction

0.8 0.h6
K _ / avp
o - 09 ( A ) Gﬂ&,

Convert these two equations to give an expression for (%E) and ( g_l' respectively,

and caompare them.

6. Starting with the equation for a binary gas system.

"y - g (me-ma] o
vhere Dy = aiffusivity in £t.2/hr.
C = concentration in 1b. mols. per cubic foot.
N = 1b. mols. per hour per sq. ft.
B = film thickness in feet.

For the case of a single camponent diffusing acroes a single film and assum-

ing that ¢ = % and Cy = % » derive the following formula.

N, = Dy x (PAG‘PM)
BT Bg (P) 1m

vhere the subscripts G and i refer to values at the main gas side of the film

and at the other interface, respectively. The termm (pg);, 1s the log mean

of the two bounding values.
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Probl@sin Mass Transfer Related to Solvent Extraction (contimed)

7. Yor one component diffusing through a gas film, the Stephan equation reduces

readily to

—ac, - % 4
A Dy C

Asguming that this equation can be applied to ligquid diffusion, and further
assuming that Cy + Cg = m Cp + b, derive the meaning for the Cayg term

that appears in the usual integrated form which is as follows:
D, Cavg (xA1 - xAL)
By, X

Xy = 1g mean of the boundary values for the solvent.

!A=

8. (a) Make an 1dealized drawing of a two phase contacting system, indicating
schematically thereon two adjacent vertical films and the terminal and
intermediate main body and interface compositions. Use these campositions
to make clear the definition of (l-y)oys (1-¥)y, (1-¥), (1-x)y, (1-xX)y,-
and (1-x). _ ‘

(d) On a rectilinear plot, draw an operating line and an equilibriium curve.
Indicate on this plot'a value of y, yil, y*, x, xi, and x*. Défine m in
terms of these synbol§ , and contrast with the value of m In y = m X.

9. Starting with

Fg = Ho

-y, ;HI.. (nv.\ (1-x)y

7w I ) (Vg
Derive the following relationship,

1 1 + B
Kg a k a ki a
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A certain chemical reaction produces as a by-product an aqueous phase contain-

ing on the average 0.60 mol percent propionic acid. It is proposed that this

propionic acid concentration be reduced to 5% of its original value by extrac-

tion with diisopropyl ether at 3o°c. The solvent is distilled fram the acid

and returned water-saturated to the extraction column. In the extraction

column, the ratio of mols of entering water phase to mols of entering ether

phase will be 5.5.

(a)
(v)

(c)

(@)

" (e)

(£)

Calculate the exit concentration of the diisopropyl ether phase.
To vhat percentage of the planned smount would it be possible to
reduce the flow of the DIPE phase, as an absolute minimm?

Détemine the number of tranafer units required, based upon DIPE con-

- centrations, by graphical integration.

Determine the mumber of transfer units by the use of Colburn's
charts.,

Determine the number of transfer units by the appropriate use of an
integrated equation involving the log mean driving face.

How many theoretical stages are regquired?
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Problems in Mass Transfer Related to Solvent Extraction (continued)

The equilibrium data for the system diisopropyl ether-propionic acid-water at

30°C 1s as follows:

Water Phase Diisopropyl Ether Phase

Mol Percent Mol Percent
DIPE P. A. Ho0 DIPE P. A. Hp0
0.131 0.0000 99.87 96.58 0.000 3.42
0.132 0.0299 99.84 96.35 0.175 3.47
0.133 0.0853 - 99.78 95.86 0.511 3.63
0.135 0.1378 99.73 95.35 0.873 3.78
0.138 0.2277 99.63 9%4.53 1.425 4.0k
0.142 0.3914 99.47 92.84 2.600 k.56
0.148 0.6184 99.23 90.46 .24 5.30
0.155 0.8003 99.05 88.38 5.68 5.9%

11. A mixture of air containing 21% of SOp by volume is to be scrubbed isothermally
at 20°C in an 18 inch dismeter tower packed with 3 inch spiral rings. The
pressure is 760 mm Hg, the exit gas strength 1s 2% 80p, and the entering water
contains no S02. Equilibrium data are given on page 1129, Perry, 2nd Edition.
(Other samewhat different data are given on page 396.) The ratio of entering
pure water to entering pure air, in 1lb.-mols., is 56.2. Neglect the pressure
drop across the tower, and assume no water vapor in the air.

(a) Calculate the equation of the operating lin‘e,’ in terms of y and x, mol
fractions. Check the accuracy of your equation by demonstrating thst

Vhen y = 0921’ X = 0.00&35.
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Problems in Mass Transfer Related to Solvent Extraction ‘continued)

12. The data of O. S. Knight, Trans. A.I.Ch.E., 39, 439-56 (1943) have been recal-

(b)

(c)

(a)
(e)

Plot on the same graph the operating line and the equilibrium curve

in terms of y and x.

Calculate, for the tower top and the tower bottam conditions, the slope
of a line passing through a point y, x on the operating line and yi, xi
on the equilibrium curve. The requisite data may be taken from Figure
30, page 1191, Perry, 2nd Editionm.

Calculate the number of transfer units for the Qa.s film itself, Hg.

Calculate the tower height, in feet.

culated by J. I. Stevens to provide values of the overall ETU's for the dis-

1/k
persed phase, and values for Myyo (VD/Vc> . The Mgyg was calculated fram

the relationship d/:;gx___
' M - Y -3
avg ay
,/r;* -y
1/h
Bun H0qp HTUoc HETS Mavg /¢ Mavg Vo/Vc
Number
1 12.37 5.31 h. 77 7.92 0.62 7.02
2 21.2 3.01 7.0 8.23 1.052 8.34
6 18.3 1.96 9.h42 10.61 1.19 11.08
T 56.T 11.92 28, 29.89 0.295 22.05
8 k7.4 8.49 19.9 27.29 0.1575 17.2
9 47.3 9.50 20.h 26.33 0.328 19.4
10 48.3 7.0k 15.0 22.49 0.481 18.74
11 34.9 12.35 17.5 29.63 0.1872 ) 19.48
12 46.2 5.71 12.8 22,61 0.495 18.95
13 43.1 6.20 13.3 23.95 0.437 19.46

P
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Problems in Mass Transfer Related to Solvent Extraction (contimmed)

vc \
(a) Plot the data as HTUy~ versus 1 <
) oc Mavg Vp/
Compare with the original plot by 0. S. Knight, where !‘,g was calculated
by the method of Dodge, and Furnes. Note that Knight amitted two points..
from his plot.
‘ 1/k
(b) Plot as HTUyy versus M, . (Vb/VSB
(¢) Estimate HTUy, from the papers of Colburn eand Welsh, A.I.Ch.E., 38,

179-202 (1942), and Laddha and Smith, Chem. Eng. Progress, k6, 195-202 .

(1950).
(d) Draw a straight line through the points of (b), using the information
of (e).
13. A certain countercurrent extraction process is operated under conditions such
that the equilibrium and operating line relations are as follows.

Y, = 0.0000 and Y, = 0.0200

X T* X I* Y
0.00 0.0000 0.08 - 0.0320 0.0120
0.01 0.0005 0.09 0.0405 0.01k0
0.02 0.0020 0.0000 0.10 0.0500 0.0160
0.03 0.0045 0.0020 0.11 0.0605 0.0180
0.0k 0.0080 0.0040 0.12 0.0720 0.0200
0.05 0.0125 0.0060 0.13 0.0845
0.06 0.0180 0.0080 0.1k 0.980
0.07 0.0245 0.0100

by the following means

Evaluate the integral dy
2 I* -I
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Problems in Mass Tmsfer Belgted to Solvent Extraction ( continued)

(a)

()

(c)

(a)

(e)

Exact integration, knowing that

Yh = 5x2

Y = 0.2X - 0.004

The use of Figure 28, page 554, Chemical Engineers' Handbook, 3rd

Edition. This figure and the equation upon which it is based assumes
that both the operating line and the equilibrium curve are straight.
When tﬂe equilibrium line is curved, frequently the slope uﬁilized is
that :for the tower end where the most transfer units are required,
usually the more dilute end.

Colburn has derived an equation for a tower broken into two sections,
the break occurring at Y, = ﬁ;f;.’ This equation is presented as
equation 13, Ind. Eng. Chem. 33, 461 (1941) and is quoted by Elgin

as equation 108, page 7_&5, Chemical Engineers' Handbook, 3rd Editign.
A certain procedure is advocated vwhereby the equation can be solved
graphically by the use of Figure 28, page 554, Chemical Enginesrs'
Handbook, 3rd Edition. Note that the procedure bresks down when mV/L
is greater than 1.0, so the value of m must be chosen carefully.

The method of Scheibel and Otbmer, Trans. Amer. Inst. Chem. Engrs. _;3§ .
339-64 (1942). Note /‘;arefully the definitions of m, and mo as illustrated
in figure 1, page 341.

The method of G. E. White, Chem. Eng. Progress 46, 363-8 (1950).
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Problems in Mass Transfer Related to Solvent Extraction (dontimled)

1. Given 1
(1-y)om &¥
Noy = [ oM
o£E ‘(T'Y) (y.'y)
2
Where

( ) (L-y) -1(1 - 3*)
1 el y m = -
in 4
1=
Convert to the symbol Y, the mol ratio such that

—
1-3

Y =

Then assume that the lg mean (1-y) can be replaced by the arithmetic mean

(1-y), which is Wiegand's approximatiom, and showv that
I

ay 1 1+ Y1
Noy = r T

™ - Y
A

15. A certain extraction operation is carried out in a 4" 1.d., 25 foot column
packed with 3/8" metal Raschig rings. Aqueous feed containing 60 mg of the
component A per mg of solution is feed to the top of the column as the con-
tinucus phass. Tha content of A in this phase is reduced to 0.C1l mg/ml at
the tower exit. Ths sextracting solution is & dispersed crganic phase
entering with no content of A. The ratio of the flow rates of the dis-
continuous phase to the continuous phase is 3 to 2, Equilibrium dzta for

this syatem are &s followva:
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Problems in Mass Transfer Related to Solvent Extraction (contimed)

Mg A per ml solutioen Mg A per ml solution
Organtc Aquecus - Organic  Aquecus
0.00010 0.0013 1.0 1.5
0.00025 0.0015 20.0 3.0
0.00060 0.0020 35 6.0
0.0025 0.0025 35 10
0.020 0.005 k5 20
0.060 0.010 60 25
0.50 0.040 58 ko .
1.5 0.15 60 60
3’5 0.60 & 80
6.0 0.50 60 00

)

The molecular weight of A is over 200.
The molecular weight of the solvent is about 85.
(a) Plot the equlibrium data on logaritimic paper (6 cycles by 5 cycles) so
that the mmber of overall transfer units may be most readily calculated
. "for the dispersed phase.
(b) Show that 1t is satisfactory to treat the system as dilute. Then calculate
the exit organic phase concentration.
(¢) Pormmlate the equation for the operating linme , and plot on the graph with
the equilibrium data. | |
(4) Prove that the slope (s) of the equilibrimm curve on hép.rithnic paper equnls:
x/y times the slope (m) of the same curve on rectilinear paper, y being the °*

ordinate.
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Problems in Mass Transfer Related to Solvent Extraction (continned)

(e) Prepare a logaritimic plot of m versus the concentration in the dispersed

phagse. Assume that m is evaluated at y¥*.

(£f) Calculate the mmber of transfer units, Ngp.

(g) Calculate the average value of m.

(n) Calculate (Myyg

FPP/rep

Vp/Vg) for this test case.
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