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LONGITUDINAL DISPERSION IN TWO-PEASE CONTINUOUS-FLOW OPERATIONS:

" . Terukateu Miyauchi, Alice K, Mciullen, and Theodore Vermeulen

U A Lewrence Rediation lLeboratory and Department of Chemical Engineering
R AN University of California, Berkeley, California

The effect of Jlongitudinal dispersion upon concentration or temperature
profiles is shown grephically, for individual éemplete profiles, for outlet
concentrations under a rsnge of cénditiens'; and for the ratio 6? the comcentration
change &t the inlet %o the over-all concentration change, In edditdon, en

. algebré.ic correl‘ation. is given for "extérier appsrent” NTU, as & funcﬁion of
"true" NIU and of & suitsbly Gefined "number of overeall d.ispersion units,"”
These calculational tools are intended to facilitate the analysis of longi-

tudinal-mixing effects in operating equipment,

L I
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LONGITUDINAL DISPERSION IN TWO-PHASE CONTINUOUS-FLOW OPERATIONS:
CALCULATIGN METHODS

Terukatsu Miyeuchi, Aliee K, MeM\‘xllen, and Theodore Vermeulen

Lawrence Radiation Labox‘atory end Department of Chemical Engineering
' University of Califomia, Berkeley, California

March 1960

Exact mathematicé.l r‘ela.tilons are aveilsble, for exemple 4n .thez fore-

.-going paper (3), for calculating the concentration or ‘temperature profiles in

non-staged contacting egquipment (e.g. absorption or exﬁmction columms , or
tubular heat exéhangeré’) under such conditions that the pertinent physicel
paremeters are constant throughout the length of the column, These _‘paremetera
are the longitudinal~dispersion coefficient for each ph@se; the over-all "true" .

coefficient of mase or heat transfer, and the capecity ratio (or product of

- flowrate ratio and solute partition coefficient).

Tebles have recently been computed for meny representative combinations
of these varisbles (4,5). This study provides typical graphe of the tebulated.
functions, in & form which allows moxe direct spplication for interpreting

experimentel data. It also gives an epproximate interpolation method for

. relating the “number of over~all dieperéiou units," the mmber of over-all

mese~ (or heat-) transfer unite, and ‘the actual perfomance of equipment,
80 &8s to permit calculation of sny one of these properties if the other two
are known. Although countercurrent flow is emphasized, a few results are also

shown for cocwrrent flow,

'I'his work was perfomed under the auepices of the U, 8, Atcmic Energy

COnmission .
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NUMERICAL RESULTS Fm CONCENTRATION .mm ‘

The diffusion-equation model for- longituﬁinal dispersion, used in
| preceding papers, yields the relative outlet concentration or temperature
* values (6), and also the profile of va.lv.ea for eech phase throughout the
length (3). Various sets of velues of the paremeters correapond to the samé
"exterior” perfomance » Or combination of inlet and outlet concentrations;
but each set of paremeter values corresponds uniguely to a particular pair
of "interior" profiles, Experimental knovledge of the cqmplete‘profiles is
therefore an essentiel factor in proving that the fheory does apply edequately
to given types of flow equipment , and in confirming the numerical -rates -of
dispersion and of interphaese transport that ave assmed

. fhe following dimensional variables are used:

(a) For each phaset superficial velocity P,; superficial axial

: §

dispersion coefficient E;, analogous to a diffusivity; mixing length .81 w B 1/1?1;

concentration ¢4 or temperature t '
(v) For the two phases together: over-all transfer coefﬁci.ent K, q»

or height of over~all tranai’er unit H 4 @ 1/k &, expreseed re]ative to either -
phase; partition coefficient m = de /&c (vhsch is unity in heat transfer);
length within the colum, 2, memsured from the X-phase inlet; characteristic
length 4 (for mstance » the particle diameter dp in packed beds>5 total calmn
length L.
From these, nine dimensionlese variables are developed:
1,2, Colwnn Péelet mumbers, sz and PB, with B = a/x. and Pi = 4, /4.
3, Capacity ratio, or extraction factor, A = ml"x/Ii‘y

L, Bumber of true over-all tremsfer units (relative to the X phase),

Box = L/H l‘oxa't‘/F
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5  Fractionel length, % = g/L.

6,7, Bimensionless ”concentrations,"" ¢ = ci/c 0 °F ti/t or Vhere

- subscript O denotes the inlet value,

,9, Generalized concentra‘t.ions X end Y, vith

X - (Q +mf%l . N : . 4(1)
1-(Q+ uC ) ' '
and ,
: 1
- m(cy cyi (2)
1-(Q +mcy )

Solutions of the diffusion-type differential equations, using these

dimensionlsss varisbles, are obtained_-in the form

X = x(§ x, A, BB, PyB, 2),

= Y(N ozt & BBy PyB, z)

The behavior of these solutions 18 exomined in some detail,

Countercurrent. €ase

The general so‘lution for this case, reported in the preceding paper ,
has been evaluated n\nneriéally on an IBM 701 computer. Figure 1, in block-
diagrem form, shows the computation program that wes u.se&.. Values of X and Y
have been tabulated to the fourth decimal place (h) for the following range
of varieblesz

A= E,B-,K, ,1 2, 4, 8, 16,

N, = 1, 2, 4, 8 4n some cases also 16, 32, 64,
PB= N _,N_, 4N
x L “ox? Yox? " Yox?
1 1 ' n .
PyB = B PxB, £y PXB’ PxB’ 2 PXB’ 8 PxB,

Z = 0, 0.05, 0,15, 0,50, 0.85, 0.95, 1.00.
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The fractionsl-length (Z) values were selécted" to permit comstruction
of the enj;ire profile by grqxhical inberpo]_.ation.' .The curvature of any profile
increases toward the outlet end, since &t this point a zero slope is reached.
Plots of typical profiles (with P.B = P.B in each) are glven for the following

cages:

A=At H o= 1 and b (Figur re 2). The uniformly varying pistone

flow case is shown by the :P Bs w» liues». Peffect mixing in both phases (PxB =

B = 0), not shown, correspords to & horizontal lime at X = (AN +1)/
(a By + Fox 1)} 1i.e., 0.667 and 0,555, respectively, Because of the inversion
relations discussed below, Figure 2 18 also a_"plot of Y against Z but with the
coordinates reversedv. | } _ | ‘

A= %' No = 1 and b (Fiqur fe .3'),' Aga:ln the range from no“m.xing
to almost complete mixing is given; néw the horizontal-line limits are X = O, 555
and X = 013333; Hiﬁa the éapacity ratio inverted, this becoﬁes & plot of Y versus
% at & new patr of N, values, |

A=l K . 1lend b (Figureh) The horizontal-line limits for X |
are 0.833 and 0.810, .I'he curves .forlxox = 1, here, are the complmenté of those
for N_, = 4 4n Figure 3; that 1s, if one figure describes the X-phase behavior
in e column, the other describes the accompanying Y-phase behaviarl. |

.: Inversion relations exist because of symmetry in designating the X end

Y phases, If actusl changes in generalized concentration were calculated and
were compared with the total possible change to give & percentage of completion,
the X and R pha.sea would lose their identification with raffinate and extra.ct
or with warm and cool fluid, and would become completely arbitrary. As ddecussed
in the preceding paper, the inverted functions (aesigmea with the aagger*) are

given by
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At w
| (3
erax; x' = 1-71

" For countercurrent flow, also, -.‘75'r e ] -2,

The separate efffécta of PxB and ?yB can be shown graphically if the
' other variables are réﬁuced in nmumber; for instance, by setting 2 =1, and
plotting only the outlet: concentration xl Figure 5 shows t.he variation 1n
xl that can occur at & speeiﬂc pair of parsmeter valwaa‘ A= l, sox : h.
The e.bacissa is P.B, on a nonli.near sca:le_, while the contours cor:esyond to
different PyB velues. Pexifeet mixing in one phase, 'with edmplgte gbsence of
nixing in the 6t.her, is represented by the uppermost right-hand point and

‘the lowermost left-hand poixit-; if A were not equal to unity, the corresponding

X

, Vvalues would not be equsl.

M .chm'renﬁ Case

Tables similar to the above hmve been caléul;a.tsd for pa.ra‘.nel‘ flow of
the Mes in cént-aci (5), corresponding to the solution given for this case in
the preceding paper, .In tﬁie c?w‘e, the ’mwfsipn relation for fractional : |
length is Z? = Z, while the other véria.blea_ st1ll conform to Equation 3 Bes
cause Y* is now relaﬁed to X at the sﬁme %, conversion of X to ¥ .{s facilitated;
end the tabulated mnge of variebles has therefors been reduced (compare& with
those covered for cmmt&rcun‘ent ﬂ.ow) by eliminating A values greataer than 2

Typical profiles are given in Pigure 6, for A = ;; and A = &, It appears
that cocurrent flow vill alwaas give pLots that are concave upward on X+Z co-

ordinates, unlike the comercurrent proﬁles with A > 1 typified by Figure h

- i - -
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Qutlet Concentration for One Phese, with Negligible Concentration Change

. Occur:;m" in the Gther

If one of two pheses (éay, the Y phase) is supplied at large flowrates

(1.e., Fy -~®), or provides an irreve:aible outlet for the solute (m —0), the

) ‘capacity ratio becomes venishingly emall (A —0)., Under these conditions »

the Y phase has, either actually or effectively, am enﬁirely uniform concentration

from entrance to exit Within the apparatus , regardless of the flow pattern, the

Y phage a.cts ags if i1t underwent perfect mixing (P B = o) Therefore it is

convenient to use the equations for perfect mixing in one phase (Caee 5 in
Teble I of the preceaing paper) a8 a starting point for introducing the condition
that A = O,

The X—phase concentration wil.l continue to show the mlet diacontinuity '

and subsequent continual decrease chare.cteristic of longitudinal dispersion. It

is possible to describe its béhavior by a still simpler equation than for PyB = 0,
If the condition that A = O i& aflded, then in the Case 5 equation E = 0 and X = F/D,

The equation for outlet conéentre.tian, with some rearrangement ’ ‘then becomes

1

h y erB/Z

(v
*PBZ’
B e T |

(Xl)A -0 ®
' : (1+v) e

with » = (1 + hmox/PxB)l/ 2. A similar result has been obtained for first-order

B chemical reaction in single-phase flow (2,8).

Exterior-a.pparent NTU, KoxP’ is related to outlet ébncgntmtion by the
Colburn equation (1), ae discussed in the preceding paper. In the case discussed.
here fhis becomes ‘

‘ K '
(%)p 40" ¢ - . | (5)

or

Boxp = 1n(xl)z\ -0 * (5a)



9= " UCRL~3911 Rev,

Thus, for A = Q, either xl or N oxp c88 be calcu.‘_l.ated from on and PXB by use
of Equations 4 and 5. The resulting numerical relations are plotted in
- Figure 7. Concentrations other then the outlet velues are not given by Figure 7 :

‘but can be calculated from the relation X = F/D,

INLET DISCONTINUITY AS A MEASURE CF PERFORMANCE

If the complete concentration profilga in a coluwmn are not ﬁi)eeified,
-8 good indication of its behavior can still be had by kmowing the interior
concentrations at the inlet ends (xb, Y,), together with the outlet values
(xl_= x* ) Yo = Ye). In any experiment, the mathematical discontinmuity at the -
inlet 18 not -aghiew}ed completely, because the dispersion coefficient is likely
not to remain constant at the ends of the equipment, Hence it is best to
estimate xo end Yl by extrepolation from the X and Y values et other mteridr
points. | '
Each discontinuity depends primarily upon the three variables A, N
and FB for the phase involved, end secondarily upon PB rfor the other phs,sel.
As a result, eny one set of the four mdepenaex_m variebles .corresponds uniquely
to some one set of four terminal interior concentretions %, TRY |
With previous knowledge only of A, and not of either dispersivities or

y ¥y ¥
transfer coéfficien_ts s 1t 1s necessary to apply trisl-and-error broeed\n'es in
order to find the values of the controlling variebles that match the experimental

concentration data,

Plote of x.o or Yl

Direct plotting of X, or Y, is one evident method., Figure 8 shows
1 figure U

es a function of N, end P B, with PyB and A specified (both zero)s here X, 18
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determined from the equation X = F/D, which corresponds as ebove to Case 5

in the preceding paper. Similsr diasgrems for other cases can be calculated

from the respective equations, or from the numerical tables available (4,5).

"Jump Ratio" Plots

Better groundwork could be laid for trial-and-error procedures if the
multiplieity of graphe like giguge.é;eould be reduced, This would require
finding a variable to which concentration is relatively insensitive, such sas

P,B for the opposite phase, as already cited, Further simjlification can be

i
brought about byvusing'a‘aecandary function of experimeantal concentration

values, the jump ratio, defined as follows for the two phaseés

e = (1-%)/Q1 - X),

B (6

x‘y = Yl/Yo .

For either phase, then, r is the difference between the feed concentration and
the inlet-end 1nterior'cqnceptraxion,;dividad by the difference between feed

and outlet concentratiqné. This ratio ts much less eensitive to No? than the

Xo or Yl values themselves,
gigggg_glshows_a particularly favorable case for using the r  and Ty

values, &t A = 1, The plotted values have begn obteined from the available.

concentration-profile tables (4). A complete grid of contours is given here

for N . = 2; end a partial grid, with every second value of BB, for § = 8.
If N, is known only to um 50%, the P,B values can be determined to within
about 106, The resulting estimstes can be used with the X, value, 1;;} methods.
to be described below, to provide s better estimate of N, . Thls in turn gives
better values of the.PiB's, and the proeéss can bé.repeated as many times es

necessary.
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A " A similer plot for A = 4 48 given in Figure 10-. Here an ecéx&ately
| known peir of r values, taken with a 50% error in N _, can give a 25% erroi'
in PB or PyB'. Figure 11 shows the mlgtimmpé for A = 16, and gives about
“the same error in P,B's as is introduced in Ny Even this large discrepancy
does not prevent convergence é.ftér iteration through several cycles,
The inversion relations are utilized in 'li‘ig\xgeg 10 _and 11, to meke
them epplicable also to case of A = 1/4 and 1/16, For such use, it showld
be remembered that P, B e R,B, and P;B = P.B. Plots at intermediate values
ofA--ie., Zandl/z, and 8 and 1/8 ~- conldalaobeprepm'edfromthe
tables available. For a A appliceble to eny pa.rticula,r experiment » interpolation
between the grephs alreedy availsble would fm’ba‘bly be ﬁreferebl.e to re-golving
the exact equation by machine mputation to develop an entire new teble,
The present tebles do not cover A values outside the range of 1/16 to
.16, For such extreme values s it would be deeire.ble to test the appl;ca‘bint._y
" of A=0 beha.viorx., with inversion of the designatione of the two phases 1f‘
necessary, - | |
Another type of limiting behavior is shown in Fiw 12, applicable
vhere column performance is determined entirely by 4ispersion phenomens -« ;
| i.e., for N —=. For this situation, the mm‘effects‘ in the two phaaes
can not be identified sepsrately; théy are combined algebraically in what -

amounts. to & sepérate function, defined as PoyB in theé preceding paper:

-1
o N

A three-way confirmation that the mf.tnite X ox éppmMat_ion-_ is satisfectory,
in a given cese, ic obtained 1if the PoyB values deduced from Tys from ry, and
from 31 are all equal, It 1s noted that gigjm_;e; 12 appliés to the full range

-of A values.
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RAPID CALCULATION MEYHOD FOR EXTENT OF COMPLETION

The calculaetion of some one poi‘nt' on the concentration ﬁroﬁle , Such as _‘
xe or xl‘, i8 inherently mdre simple than & computation of the entire profi;l.e.
In this paper, it.hes been possible to describe Xe by a series of graphs relat~

ing 1t to X,. Elsewhere, Sleicher has given graphs illustrating the behavior

T
of %, (6). An slgebraic caleulstion method of X; will now be given which 1s |
less exact, but much fe'.ster., then the complete snalytical solution represented
by Figure 1. R

The relation selected for this purpoee takes ite form from Miyauchi .
equation for N, — = (Case 9 of the preceding paper), With A ¢ 1, the

generalized outlet concentration 18

-

. 1
. (A-1)PBPEB
(x,) : R et ‘ - (8)
Hox = o . (A-1)BBEB] o
1 o« A% ¢ o
A" exp PETAPD

b -

This expression cen be compared with the Colburn equstion (l), used here to

define the exterior apparent (or piston-flow-madel) B’M: B

(l.sA) exp [(A'-l) Ngg_li}
1. Aexp [(A 1) N ] )

& o= (9)

Combination of Equations 8 end 9, for the case in vhich N =« only, ylelds

S A
(N_.) - 224

1 » -
oxP N, s A- i’ﬁﬁ + 5;5 \ .. (10)
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('l‘his relation 18 continuous through the value of A = 1; there JnA/(A 1)
1s unity, end also X = 1/(1 + B x?) )
Since NoxP is a function of N ox? A, P B, end PyB, it can be broken
up erbitrarily into parts that retein this functional dependence, The behavior
of N oxP in the two limiting cases of mass iransfer controlling ‘and of longi-

tuiinal dispersion controlling is consistent with the sddition of reciprocals,

1 1 1 ‘
P T S Y » L (11)
HoxP Nox Noaﬂ)

vhere §_ o 18 the "mmibez; of over-all dispersion units," referred to the X
phase -- evidently a function of A, P, B, P.B, and probebly aleo of N,

Equation 11 retains its validity if every term is multiplied by the .
column he:lgh'b h The quotient H, = h/8 ox is recognized as the custcomary
true HIU, H o= h/noxP becomes ﬁhe‘ exterior apparent HIU; and H xD = h/N oxD
becomes the "height of a dispefsion wit,”" Thus, K oxp © K + H ooD* This
concept haa been utilized in fixed-bed separstion operations by Van Deemter
et al. (7). |

Combination of -Equations 10 'and' 11 indicates that the former givés -
the limiting value of Noyp? 88 I%ox —+ o, This relation is therefore assumed
to provide a general form for the evaluation of No xb’ |

Ny = 24 4 4+ (m),. (12)

As a firet step toward possible correlation , Equation 12 was used wit!i
¢ =1 and with (PB)y = Poya as calculated by éqmtm 7. 'Fiﬂ-gf e 13 shows the
resulting correlation, in dashed curves, compared with the computer values as

gsolid curves, Since the sgreement seens adequate at A = 1 but not elsevhere,
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it was conclufed that the correlation had been put in suitable algebraic

formvbux that & different definition of the over-all Péclet group would be

For this reason, (PB)y has been defined by the equation

‘ -1
A 1
(PB)., = |z + ' .
¥ TP B TP B

(13)

Here the weighting factors f, end fy are functions of Rox'and A and g may

N ,» 60d A, In practice, ¢ is assumed to deviate

from unity only in the region of low Péclet nurbers where, because perfect
mixing is spproached, the mass-transfer framework of calculation is put to

its severest test. Thevfactbrs fx and f_ are not true constants, but only

y
average values which provide a reasonable epproximetion over the entire rangé

of possible béhavior. Thus the velues of N

o be developed from Equations

12 and 13 must always be viewed as approximate,

For each availsble Xl value, known &s & function of the 1ndependent"
variables, Bquation 9 can be solved explicitly to cobtain the corresponding

N

oxP; Equation 11 then leads to the exact N

oxD*
At given A and Nox’ two different combinations of PxB and PyB can be

_ solved simulteneously (with ¢ = 1) to obtain values of £, end fy' It was

noted that, since the definitione of the X and Y phases are arbitrary, £,

and fy should be closely relaxed.' The ihversion properties are

Al = /A,

1
Bx = ABg»

and hence

£, (A, N) = £, (1 AN ) . (14)
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‘A pair of empirical functions having this property, and fitting the limiting

conditions at Nox =o and also at A =1, is

20 =0,5=00"
Nox + K Nox A

2«15« ’

x
Nx *° Nox A
- (15)
o 0,5«
fy ) Nox tx ,Nox AT
w & 40,5
Box tK Nox A

A very rcasonable fit of these functions to the computed fx end fy values

is given by the co_néta.nts o =0, | 'k = 6.8, The bebavior of £, and fy’
calculated by use of Equation 15 4s & emoothing function, is shown in
Figure 1. Other exponents on A were investiggst;ed, which did not improve
the ‘correlation.

Determination of ¢, as the correction for the difference betwsen

correlation values of (PB)y (from Equation 13) and "exact" N ,p'e, leads to

the relaﬁion

¢f¥-A¥%XL | )

The entire correlation becomes unsatisfactory in the range where ¢ becomes
negative, |
estimated by means of the correlation just

1
12 :
presented, using in turn Equations 15, 13, 16,/11, and 9, sre shown in

Typical values of Cx

Table 1 along with comparative values from the exact computer calculations,
The estimated values generally agree within lﬁ of the feed-concentration level,
and therefore appear satisfactory for use in meny design calculations. . 4 °

complete comparison from A = 1/16 to A = 1/2 15 given in the Appendix,
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Table L

Cdmparisbn of approximate and exact raffinate compositions

( A=0.,25)

'Nox L PxB PXB . ‘ vxl ,
Estimated Computed

2 1.0 0.25  0.3860 0. 3844
I 1.0 '0,3628 - - 0.3728

4,0 0.3520 0,3518

%0 1.0 0.3179 - 0.3190

4.0 0.2819 0.2883

. 16,0 . 0,2689 ‘ 0.2690

8 1.0 0.25 .0,2213 \ 0.2178
1.0 0.1807 0.1906

L0 0.1569 0.1468

k.o 1.0 0.135% 0.1465

4,0 0.0760 - 0.0796

16,0 0.0540 0.047Y

16.0 4.0 0,039 0.0U51

16.0 - 0.0156 0.0149

64.0 0,005 - 0.0106
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In this correlation, (PB) is insensitive to amall changes in N__
Hence 1t can be evaluated with an inaccurate N x? end uged in Equations 1l
and 12 to develop & more éccuraxe value, With the recognition that longi- .
tudinal dispersion 1 often a significant factor in eqpipment performence, and

with the development of calculation methods to account for it, a preseing

need has developed for measuring complete concentration profiles in

operating equipment -- mot merely outlet values -f wvhich will supply

more accurate values of transport rates than were heretofore availeble,

- alohg with new quantitative information about digpersion rates,

Tables were computed in the University of California Computer
Center, | ' A
Norman Riathze L1 assisted.in the preparation of the jump-ratio

plots,
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NOTATIOR

Interfaciai area per unit colwun volume (cmz/cm3)

L/d (4imensionless) B

Concentration of solute in ith phase'(gm-molee/cm3)

ci/cx0 (dimensionless), with cx0 the feed-stream concentration
A length characteristic of the equipment (cm)

Calculstion parameters in the_e#aluation of X at PyB =0

' Effective longitudinal dispersion coefficient (superficial) in

the ith phase (sz/sec)

Weighting factor, in Equation 15 (dimensionless)
Superficial-volumetric flow rate of ith phase through unit cross
section of the apparatus (cm/sec)

Height of en over-éll transfer unit based on the ith jhase (em)
Over-all coefficient of mass (or heat) transfer based on the ith

phase (cm/sec)

 Mixing length; E,/F, (cm)

Effective colwmn length in direction of meen flow (cm)

Sqlute partition goefficient; dcj:/dcy (dimensionless)

Fumber of over-all transfer units in a colwmn, based on the ith
phase; L/H , (&imensionless) | |
Local Péclet number for the ith phase; a/z (dimeneionless)

»
Intercept on linear equilibrium plot; c

3
x = Q + mey (gn-molee/cm )

Jump ratio in the ith phase; see Eqﬁation 6 (dimensionless)

Temperature in-the ith phase (°c)

Generalized solute concentration in the X phase, [C - (Q +mC 0)]/

[l - (Q +m C )] (dimeneionless)
0
Generalized solute cancentration in the ¥ phase; m(c - c, /[1 - (Q + mCy )]

(dimensionless)
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Length within the column, measured from the X-phage inlet in the .

direétiqn of flow (cm)
Z Fractional length in cclumn; z/L (dimensionless)
o Adjustable exponent in Bqustion 15 (dimensionless)
K Numerical coéfficient in Eqnation,ls (d4mensionless)
A Capacity ratio; mFx/Fy (dimensionless)
¥ (L+ 4 ﬁox/P#B)l/z (dimensionless) | |
¢ Correlation factor, in Equation 12 (dimensionless)
-Subséripts .
D dispersioﬁ
iv designates phase concerned, either X or ¥
o Over-all
P piston~flow model, or exterior apparent ?élue
x,¥ designates X‘or Y phase
o feed-inlet end,.insidé column
1 feed-outlet end, inside column

Superscripts

o

1,

equilibrium
designates inversion of phase definitions
feed~inlet end, outside column

feed-outlet end, outside column



(1)
(2)

(3)

(&)

~(5)

(6)

(7

(8)
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0, - 02 o4 06 __-0;8'-

F;(B/(F;(Bwox) ‘

Figure 5. Effect of coluum Péclet numbers on outlet concentration,
a.t £ = 1 ' '
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o Figure 8, Effect of longitudinal dispersion in the X phase; with

. ‘constant concentration in the Y phase; inlet-end interior
concentration X., '
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