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LONGITUDINAL DISPERSION IN SOLVENT-EXTRACTION COLUMNS:
PECLET NUMBERS FOR ORDERED AND RANDOM PACKINGS

Gabriel L, Jacquesvand Theodore Vermeulen

Radiation Laboratory and Department of Chemical Engineering
University of California, Berkeley, California

November 1957
ABSTRACT

Dispersion phenomena in packed beds in both axial and radial
direetions were studied to provide basic data for extraction-tower
design. Nine different beds were used, involving regular and random
arfangments of spheres, and random arrangements of Raschig rings and
Intalox saddles,

For one-phase flow a wide range of Reynolds numbers was used
(5 to ZOOO), covering regions of laminar, transition; and turbulent
flow. For the axial Peclet number, different constant values were
found in the turbulent range and in the laminar range. The existence -
of a fairly sharp transition région,was observed, Radial-dispersion
results showed similar behavior. The axial Peclet number was found
to vary,inversely'with.bed porosity, while the radial Peclet number
was almost proportional to porosity. |

For two-phase flow, méasurementsvwere;made up to the flooding
point, which occurred at Reynolds numbers near 100, The axial Peclet

number for both continuous and discontinuous phases is a function of

_ the Reynolds numbers for the two individual phases, For each phase,

the laminar value of the axial Peclet number obtained for one-phase
flbw is an upper limit, Values as low as one~fifth of this limiting
value were found at relatively largé flow rates of the.secondlphase,
The radial Peclet number was measured only for the .continuous phase
of two-phase systems; it was found to decrease in the same direction,

but by a smaller percentage.



. \'\

-6~ UCRL-8029

LONGITUDINAL DISPERSION IN-SOINENT-EXTRACTION.COLUMNS:
PECLET NUMBERS FOR ORDERED AND RANDOM PACKINGS

Part I. SINGLE-PHASE FLOW

Introduction

In a packed bed containing a single fluid phase, heat transfer

" and material transfer take place through the combined effect of moleculsr

diffusion and of mixing, .The mixing is produced By eddies behind, and

. adjacent to, the packing uhits, and also by nonuniformity of the velocity

. of the various fluid elements, which brings together various portions of

fluid having dissimilar temperatures and concentrations, The effects of
such mixing can be expressed in terms of an empirical parameter, E, the -
dispersion coefficient. |

- This dispersivity is not isotropic, but has two components in
cylindrical symmetrical bedéi a radial component and .an exial component,

In turbulent flow, both components are proportional to the linear veloc-

ity through the bed, and to some extent .a function of the particle diam-
“eter, An .exact knowledge of the dispersivity is useful in the design

of reactors -and extractors, .Longitudinal dispersion affects the residence

time and the concentiation gradient within the bed; radial dispersioh
plays an important part in temperature contrcl,

By‘use of dimensional analysis a dimensionless number, the Peclet
group, can be defined,

. NPe = Ud /E

where NP is the Peclet number, U, the interstitial mean ve1001ty3 E, the

.dlspers1on coefficient; and dp, the partlcle .diameter,

_The Peclet number, either radlal or ax1al, is widely used to

characterize dispersion in packed beds., It is a function of the Reynolds

number on the porosity .of the bed, PFor a packing of 40% poresity, in

)+;19)3l has a value of about 10
17,28,40

and the axial Peclet number has a value .of .2,

turbulent flow, the radial Pecdet number
It is found in
this study that both values may decrease markedly, for the continuous

fluid phase,.wqen a secohd fluid is present,
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In the degign of packed extraction towers, it ‘has always been
difficult to scale up bench experiments. AThisidifficnlty can be ex-~
plained by two factors: channeling (or variation in velocities at any
given cross section) and longitudinal eddy dispersion. The combined
.effect of these two factors can be.eXpressed-as a longitudinal dis-
persion. 'In this project longitudinal-dispersion coefficients have
been measured in two-phase countercurrent flow for both the contlnuous"
and. the dlscontlnuous phase.

‘The effects of this' dispersion can be expressed mathematically,

.,HoxP ;'Hox * HoxD’
vhere H xP is the height per transfer unit observed; H’X is the true
height per transfer unit based on the mass-~-transfer rate; and H oxD is

a correctlon for dispersion. 23 The H term is dependent upon flow

condltlons, H is independent of flow conditions, but ie a. function

.of the packinzxgorosity, size; and arrangement. As this dispersion
term can be substantial, it explains the failure of certain attempte
reported ‘in the literature to correlate HTU's for liquid extraction.

For chromatography, Klinkenbert et al. have introduced a similar

consideration,38'so that,(HETP)P = HETP + HETP,_, where the snbscripts P

P
and D have the same significance as above. P
' Probably the most important application of axial diffusion is

in reactor design.  With fast reaction rates, the unevenness of resi-

vdenoe timefcan greatly modify the products -of the reaction;.especially
in two-phase flow and in fluidized beds, where low.values of the Peclet
are obtained. Longitudinal dispersion considerations are élso extremely

important in the design of pulse columns, rotating-disc and other

agitated contactors, and spray columms.
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eSherwood for an unpacked conduit in turbulent flow
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HISTORICAL REVIEW

1, .Eddy’Dispersion

The first eddy-diffusion studies were reported by Towle and
37 .

8ince the tur-

bulence in the central part of a pipe 1s known to be nearly isotropic

and uniform, these authors -gpplied the Wilson ecpu.a’c:.onLFz to derive an

.eddy dlffu81v1ty that was assumed to be the turbulent dlffu51on of

water in a rectangular duct, using the mixing-length theory of Prandtl
and Von Karman, This paper related the eddy diffusivity (assumed to
be isotropic) to ﬁhe'averagevvelocity, the half-width of the conduit,
and the friction factor, ' .

Kalinske .and Pien described eddy-diffusion measurements in

open channels, 2 - Tn 1955 Taylor et al, studied longitudinal diffusion

in a 9, OOO foot pipeline, and found that the coefficient of dispersion

was proportlonal to the diameter of the duct .the flow ve1001ty, and

34

the square root of the friction factor. This expre551onuwas observed

to be 1ndependent of the Schmidt number, a confirmation of the work of

35

A similar study for tur-

30

Taylor in.1954 for water in an open pipe.
bulent gases was made recently by Sage et al,
In the:first paper reporting results for turbulent flow through
a fixed packing, Bernard and Wilhelm measured radial eddy diffusion;
thelr.mathematlcal.analy51s is not complete because they neglected the

effect .of nonisotropic -diffusion, Singer and Wilhelm confirmed that -

-that for suff1c1ently high Reynolds numbers and sufficiently high tube-

31

to-particle-diameter ratlos, the radial Peclet number must be about 11,
Then Baron, from a random-walk analogy, estimated a radial Peclet number
between 5 and 13, and Ranz, by a detailed analysis of the splitting of
the streams in a packed rhombohedral arrangement .of spheres, showed that
this number is around 11 2.<26

For some time it was thought that packed-bed dlffu51on was 1so-
tropic; however, Klinkenberg, Krajenbrik, and Lauwerier, in a‘comprehena
sive theoretical treatment of concentration distributions caused by

diffusion in a fluid moving in a packed bed at. uniform velocity, noted
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that it could be a mistake to neglect longitudinal with regard to radial
'‘dispersion, since.the longitudinal dispersion might be much larger than
the radial.l5 These authors have given equations and charts for the
steady-rate solute concentration as a dimensionless function of down-
stream distance and radial position, for central injection of a tracer
solute, Their derivation involves both .axial and radial Peclet.numbers
and provides the most complete numerical solution available on the
zproblem of radial dispersion, v ‘

There are some apparent disagreements in the literature between
the different experimental values obtained for axial Peclet num‘b_er. The
* values of longitudinal Peclet number corresponding-to experimental

measurements range from 0,294 to 1.88, as summarized in Table 1,

Table 1
Experimental Peclet number for longitudinal dispersion
' . Reference | ) N : (v, )
Investigators umber Type of packing Re Ped
‘ : range _
Klinkenberg et al, 38 - Sand -0.388 Re<xI 0,29 to
' dp = 125 to 210u : 0,400
Kramers and Alberta. 17 Raschig rings  Turbulent 0.900
: : flow
, - (liquid)
Danckwetrts 6 Raschig rings Laminar 0.55
- flow
. : (1liquid)
Wilhelm .- .. 9,22 Random-packed Turbulent 1.88
- spheres ' flow
and coworkers T
(gas)
Rifai B 4 Sand Laminar - 0430 to
£low. 0.55
(1iquid)

It will be shown later that these differences can be explained by varia--
tions in porosity of the bed, and by a state of laminar, transition, or
turbulent flow. |

| Hydraulic engineers for a long time have studied flow in porous
media; they first considered these media as orderéd'bundles of capil-

laries, applied the law of viscous flow, and attempted to deduce
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felationshipsobetween flow variasbles and the,physical'properties.of
the fluidj’32 Many investigators have.shownvrecently that the relation-
ships thus derived are quite inaccurate- presumably because the flow

29 '

through porous media is completely disordered, On this basls'Oplatke

and Cyrillus used an equation similar to Fick's second law of molecular

’.dlffuslon,25 while others started directly from a probability distri-

bution, 29 In 1953 Scheidegger deduced from the ergodic hypothesis that

‘the microscopic variations of the celocities of the fluid partlcles

2
tend to follow a normal probability distribution; 9 twenty years earller

13,1k On

this same distribution was found experimentally by Kitagawa,

.the pasis of Newton's laws of motion, .Scheidegger deduced a theoretical

relationship between the coefficient of dispersion and such parametérs

as velocity andrporosity, which Danckwerts and others18 had indicated

earlier were involved. | '
Also in 1953, Taylor described a kind of longltudlnal dispersion,

in flow through pipes;, due to the combined effect of a parabolic veloc1ty

distribution and molecular diffusion. 33 In 1955 Beran discussed the work

of Taylor, and showed on a statistical basis that Taylor's results were

a consequence of the. central limit theorem which states that any suf -

.ficient number of random varisbles will be approximately randomly dls—

3

tributed, regardless of the distribution of the individual variables;
consequently in flow through porous media, after a long time, the con-
centration will be normally distributed.

Early in 1956, Day, at the University of California, applied
Scheidegger's approach .on the analysis of.longitudinal dispersion of
sodium chloride in a column of sand, and noted that the coefficient of
normal dispersion exceeded the.corresponding}molecular diffusion coef-
ficiento8 Also in 1956 Rifai, Kaufmann, and Todd experimentally found
a value of 0,55 for the longitudinal.Peclet number in a column of
Mo‘nterey.sand,z7 ' |

Only lately has enough consideration been given to dispersion

* phenomena in such operations as chromatography, extraction, and catalytic

reactor design,  In-stidying the hydrogenatioh.ofAEthylene in a catalyst
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bed wifh-an.isothermal wall, Ogburn found experimentally that temperature

prafiles shoﬁed'a'severe.departure from those calculated when .all other

méjor effects'except axial diépersion were taken into consideration.2
-Simiiarly, of the many‘factors involved in the dynamic behavior ...

of an adsorpfion column, the longitudinal—diffusion,effect’received 1o
litﬁle.attention before,Wiéke partially studied the problem in 1939, sl _
A 35

‘Further attention was given to

this effect by Lapidus and Amundson in 1952.18 Klinkenberg et al, also

his work has been reviéwed by‘Thiele.

used the Amundson-Lapidus approach, but with considerable simplification.
A combination bf these two lines of thought leads to a simple relation
- between the HETP (or HTU) and the various paraﬁeters of the rate theory.38
| Recent studies at the University of California by Vermeulen,

39 and by Miyauchi23 have pfovided data on the

Lane, Lehman, and Rubin
effect of axial diffusion on extraction-column performance in ‘agitated,

packed, and pulsed columns,

2. .Previous Studies of Ordered Paékings

Many investigations have been conducted .on the flow of fluid
‘through porous medig, These inveétigations have led to a variety of
correlations involving the.densi£y5 the viscosity,; and the velocity of
the fluid; the diameter, shape, and roughness of the particles; and the
porosity or wvoid fraction of the packed bed. Since packed beds usually
are formed;by'randdm dumping, the possible effects of orientation have
been more or less neglected, J. J, Martin, W. L, McCabe, and C. C.
‘Monrad studied the .effect of orientation upon pressure drop through
-Stacked spheres; and found a definite effect of packing arrangemént.Zl
. They based their project on the thorough investigation made in 1935 by
Graton and Fraser on thé-stacking of spheres,

According to Graton and Frasér, among the infinite number of
ways to arrange spheres on .an horizontal plate theré-are two simple
arrangements;ll -Qne.of,these‘has all the spheres lying at the corners

of squares, while the other one has the sphere centers at the apexes of
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equilateral‘triangles. The first arrangement isicalled a square layer,
the second a rhombic layer. Then there.are only three poésible.choices
for the second layer on top of this one: the spheres can be centered at
the centers of the triangles (or squares), at the apexes (or éorners),
or in the middles of the sides. This gives us six (3 x é) pbssible

combinations for packing spheres, as listed in Table 2, Hereasl, SZ’

S3 are square-based packings, and’Rh, RS, R6 are rhombic packings.
Table 2
Ordered packing arrangements for uniform spheres

— L Distance Number of

De51gna§10n Neme between Porosity nearest
layers . neighbors

S, - Cuble } o4, o,u75 } 6

sz ‘ Orthorhombic-1 O,866dp- 0.3954 . 8

33 Rombohedral~1 0.707dp 0,2595 12

R, ' Orthorhombic -2 a 0.3954 8

R, Tetragonal ' 0.866d 0.3019 , 10

Rg " Rombohedral-2 .o,8l6dp 0.2595 12

In Table 2, although it first appears that there are several
arrangements of the.same-porbsity, it turns out that some arrangements
with different names are really identical;j what is different is the
major axis of observation, Orthorhombic-1 with.blocked_passages, ob-

served along the proper axis,'will.prove to be the same as orthorhombic-2

with clear passages, The same observation applies for .rhombohedral-1 ... - ..

and -2,

Mertin's and co=-workers' results; when compared with_Ca:cman's,5
showed that for the same porosity a reguiar packing gives generally a
lower friction factor than the correspondlng random packlng The results,
however, are sllghtly higher for a tetragonal than for a random arrange-

ment, and considerably hlgher for the orthorhombic-2 arrangement, It is



13-

1nterest1ng £to notethat the orthorhombic-2 arrangement having the
same por031ty as orthorhombic-1, gives a friction factor nearly five
times as high., This can be explained by the smaller orifices or row

openings“in the parallel channels of the orthorhombic-2 arrangement.

THEORETICAL ANALYSIS

1, Longitudinal Dispersion

In a stream of material that flows steadily through a vessel,
usually neither piston flow nor perfect mixing is realized, Instead,
a distribution of residence times is obtained which is a function of
the geometry of the vessel and of the flow condltlons The distribution
is best visualized if one suddenly changes a property (e.g;, concentra-
tion of the incoming stream) from one steady value to another, If the
residence time is the same for all elements, the response curve also is
exactly a step function whlch is delayed (w1th respect to the orlglnal
dlsturbance) by the time of residence, If there is complete mixing in
‘the éysﬁem,thelcurVe response for a stepwise disturbance is.an exponen-
tial fUhction; In between'these two extremes we - find the response
curves observed in practice, '

' Instead of a stepwise disturbance, any kind of initial disturb-
ance can be introduced, and the same information can be obtained by
analyzing the resulting response curve, As special cases, .the stepwise
disturbance and the delta or pulse function are convenient because -for
these the mathematical relation to the distribution of residence times
 .can be established, However, it is difficult to produce a sharp step,
especially in relagtion to short residence times,

‘This difficulty could be partly overcome by applying a sinusoidal
disturbance to the incoming stream, The frequency-response diagram can

be transformed into a distribution curve by using the method of Lt
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Fourier enalysis, The main advantages of such harmonic’analysis are that

no discontinuities have to be. introduced into the fluid stream and that

.one thus avolds the mathematical complexities of the step-function method,

For liquid flow, to produc€ a good sinusoidal disturbanee is not
easy, either, .. ;:.i; o A;vaio-“":t“': |

In the study described here, longitudinal dispersion has been
measured by the breakthrough.cufves resulting from step-function inputs,
Several known mathematical approaches can be used to derive. the break-
through behavior as a function of the dispersion coefficient, These ap-
proaches, which also could be used to describe the output from a pulsed
or a perlodlc input, are:

(a) the random-walk or statistical model

(b) perfectly mixed regions of equal volume, in series;

(¢) the continuous differentially varying concentration gradient,
In each of these treatments the system is considered as one-dimensional;
that is, concentratlons are taken as uniform 1n -the cross section perpen—'

dicular to the d1rect1on of flow,.

a, Random<Walk Model

Einstein has developed equations for the stream transport of
éuspended solid particles, 10 His derivation can be applied to ﬁhKSproblemo
A tracer molecule in a packed bed may‘be considered as advan01ng from
p01nt to point in a somewhat erratic way, with its general direction of
displacement always in the dlrectlon of the flow.  The path followed by
the molecule is made up of a succession of random steps 1nvolv1ng dif-
ferent distances and occurring at different -times,

Bylanalogy with the kinetic theofyvof gasea, we may define an
.average length'of‘steps H, which is likely’to be of the same order of
magnitude as the characteristic packing length; andoahcorresponding
time © = H/u, where u is a velocity that is characferistic of the mole-

cules (but not necessarily of the main stream).
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Thus 1t 1is possible'to define a dimensionless time and a dimensionless

length,~

A&

N.

h/H, | | | ()

T /6 = uT/H,. | | | _ | | (2) U

where h is the:length of the bed, N the number of dispersion units
available in the corresponding length,h, T the actual elapsed time,
and u‘a'chafacteriétic velocity,

We now examine the probable position of a molecule after n + 1

. steps,'corresponding to

0 <N, < N2 < g K Nn dispersion units and

1 + 1

0 < Tl KT < veee < Tn units of time,

2 + 1

- Galton's probability distributions, involving exponential decay with

= length and time, can be used:

p(w) aw = e aw, (3)

p(m) ar = e ar, | | (%)

- It is necessary to éonsider all molecules starting from point
zero at time T = 0. The probability that a molecule will travel a dis-

tance N is e'Ne'_Since'this is the first step, the probabili%y density
for particles thét have as yet taken only one step is e —T,

This .can be written

| ' _ N, -T
py =N, T)) aV) AT =eT1 "1 AN dT. (5)

For sﬁep 2, starting at any point Nl’ at a time T., the probability density

l)
for particles that have as yet taken only their second step is .

é'(Nz'Nl) B (Tz'Tl), Combination of this with Equation 5 gives

-N
= e

-T - (N,-N;)=(T_-T.) - v
P, 171 awy amyeT 2T 2T dn, Ay, | (6) |

- Similarly, the result for the (n+l)th step is

, S RS |
P =€ T ST ledN eooedl
' 2 n

1 dT. 4T, °°° dT

T C
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AN daT

" We note o0

=16~

To take into consideration all the possible combinations of time
and distance intervals that may lead -the molecule into the element
oo+ 13, +tl’ Eqpation 7 rgquires integratiqn with respect to Tl'°°Tn

and Nl.,ONn, As utilized byIEinstein, the successive integrals take

the form

f ’ (Nn_l)n"z/(n-z); an _, =N /(n-1)!.

o -

For the time variable in the nth step, the- upper integration limit is

not T

1’ but instead the instant of measurement T,

For (n+l) steps, then, the integrated result is

P' (N ,T ) dN_..aT .. =[exp(-N_

n+l’ “n+l n+l n+l n- n+

.135;7:' 1 ! 1
fleh+12](Nn+l/n')(Tn l/n') (8)
As T is less than all poSsible'Values of T . the values of T , range

. _ n+l . n+l” °=
from T to «», Integration of dTn+l over these limits gives the total

probability of éncouﬁtering’molecules at time T,

) ar . = exp (-T) @

/ “exp (-T

n+l
T

The foregoing results can be used, with the multiplier.dNn+l dropped

_ and-Nﬁ;ljfff equal to N, to give

(M) = exp (-N-T) (W'/w!) (T"/n!) .  (109)

But. the point (N,T) has been reached after (n+l) steps. To obtain a

complete description of the phenomenon it is mecessary to sum n over

all-values from O to. infinity, to give the expression
n _
N) =
i = )
. n

pN) 4T = exp (-n-T) I (NWT) ar. | | (12)

= o0

lexp (-N-T). (N'/n!) (T"/n!) A (11)

or

Expression (12) is normalized; i.e.,

fw_exp (-n-1) I (2WT) ar =1,

-0
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This can be proved by writing.

n =o . [oe] ' .
-~ ’ ! -T
}; eN (8" /n!) Jf e™ + (T°/n!) ,
n=0 ' .0 | | )
and using w0 ' y
f e 1" a7 = n!, as given in standard tables,
/s |

Then one has

= .0

?'Ni <Nn/r_xs> (n:/_n:>, | \

=0

hence

If a tracer is fed continuously at the plane N = 0, starting at
time T = O, the equation of the concentration .at.-the plane N = N is

obtained by integration with respect to the time T. The result is
A\ . .

T : |
C/CQ = kjp exp (-N-T) f_'Io (ZJﬁE,) dT. . | _ | (13)

0

-This.expfession meets the boundary,cbnditions c/cO = OVfOr T = 0 and
c/cO =1 for T = w, It follows from the derivation that it can be ap-
plied even to short beds in which the number of dispersion units ié low,

- Equation 13 includes the normal distribution as a special case -

for large values of N. An approximation.for this expression, given by

'Klinkenberg,16 is

E' = L [ 'er b A - 1 _ 1 ll-
; 1+ erf (WT- JEF. : J-ﬁ_ 5 J_%) ] (1k)

and for large values of N and T this reduces to _ 7 '

c/cO =‘l/2.[ 1+ erf (J~__- inr) ],'v | .- (15)

0
o)

%
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With the use of Equation s 1 and 2 this can be written

g - % [ 1+ erf b-ut s : (16)

0 - 2N ET

where E = H u, : , _ (17)

Equation 17 gives a definition of the dispersion coefficient E as a
function of the characteristic. length of the bed and the characteristic

velocity, which will be discussed later,

b, Poisson Distribution

In the words of Bennett and Franklin,z'%he Poisson distribution
arises when we héve.discrete.events occurring randomly over a long period
of time, and when we .consider as a random variable the frequency with
which these .events will occur in any small amount .of time chosen at random.
The numbers of possible events should be large, but the probability of
occurrence of any individual event in the time interval should be small, "

If the input of tracer molecules and their probablllty of reach-
ing the plane N.is . again con31dered, the residence time of a tracer
molecule can be regarded“as a random variable having an expected value N,
From the definition of the Poisson distribution, the probability of ap-

pearance of a tracer molecule after time T is
p(T) ar = (eT T /N!) T B » (18)

Consequently it is possible to apply the Poisson distribution to the

dlsper51on problem in the hypothetlcal case of a bed made of independent

vm1x1ng units. If in the derivation of Equation 13 the number of steps n

is such that n + 1 = N, and if the interaction of the various mixing cells
is neglected, Equation 7 becomes '
_ o In :
P = ¢ dTlo»ooodTN, ‘ - (19)
and 1ntegratlon as in Equatlon 8 leads to the expression

p(N) ar = T'e i ary

which is identically the Poisson distribution given by Equation 18,
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As a consequence of this derivation Equation 13 reduces to a

Poisson distribution at large values of N,

c. Apparent Diffusion Method

Another approach to the dispersion problem is given by the dif-

ferential equation for convestive diffusion,

2 S o | . .
,_Bg_Uo_za_ﬁ,, - - (20)
dh oh dec :

For the assumptions E = Hu, and u = U, where U is the interstitial

velocity in the bed, this reduces to the dimensionless. form

2 . : ,
8 g _ 5 C = 6 [} . - A . ,‘ - (21)
‘a N ON O T

The solution to the equation depends on the boundary conditions,

- (a) The bed is assumed to be finite in length, and the plane of
measurement is at finite .distance, -

vThe boundéry conditions are, at the inlet,
N=0j3c=-c'" = 0c/oT. o (22)

The concentfation of the tracer in the entering stream is c', Owing to
dispersion, the concentration just inside the entrance of the reactor,
.at N = O, is less .than c'. The boundary condition expresses the fact
that the rate at which the tracer is fed to the bed is equal to the rate
at which it crosses the plane N = O by the combined effect of flow and
'dispersion,' V 2

' A similar boundary can be written for the outlet (N = ND):

Ce-e" - defor (23

where c'' is the concentration of the exit stream, = If S i

L

the concentration'in the exit stream would be greater than that at the

were negative,

end of the packing., If g—%- were positive, the concentration inside the
column would pass through a minimum and then rise towards the downstream

‘end, Neither of these alternatives is possible, so that the boundary



condition will be, at N = ND’

. . d¢/dT =0, (24)
jA,usefulftransformationvis givén by a change of coordinates,'
“ : y
c = Vv exp (N/2 - T/4), (25)
which provides the new equatiOn-'
52 2 | -
i (26)
O N O T
N 2
By separation of wvariables, Miyauchi 3 has obtained the expression
c \ . Nb T Hp .2
: - ) e g @)
n=20 . -
Np [N sinubs+ 2p cosp v},
n
) 0 , -n " 5 2 ' (27)
: 2 2 >
T @/2)? W B [/2)
where b = (méasufea Iehgﬁh)/(total length), - (28)
u =cot™t L /N - N/kp (29)
n n n’
and N now represents ND“
The solution of this equation has been plotted on Figures 1 .and
2 for‘buEhO,Zi@itﬁﬁNb];.Zﬁand?Nb'%ﬂlO, for comparison with other solutions
- of the dispersion problem,
o ) . (b) The bed is aSsumed to be infinite in length, .The boundary
" conditions are, in this case, B ’
/ ' at T>0and N >0, ¢ -c' =03c/oT; (30)
’ at T < 0, c = 0; \ (31)

the .solution is
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'C/Co = 1/2 [ 1+erf ( gjj=% ) f exp N - erfc ( 2 3_% ) ]
(n - 1?2 |
T - 2T 3
+ é exp - (—-_E_E——_) - 1/2 Natr [1- .
- |
(1- ___ELELE_) s 12 T oo lam ”‘ (2)
(N +T) N+ ) ,

The last term of Equation 32 is a corrective térm that is negligible
~ for large values Qf N and T; similarly the term erfc drops for (N+T)
large, the first two terms of the equation predominate, and we again
find Equation 16 as the limiting normal distribution. This is a
consequence of the central-limit theorem that states that an accumu-
lation of any kind tends towards a normal'distribution.13’14’29
Numerical evaluation of Equation 32 at N = 2 confirms the results of
Equation 27 at Nb = 2 (with N large). -

Comparisdn of the random-walk results with those from the dis-
persion equation shows that the dispersion coefficient can be written
E = H U, where H is the a&erage length of the mixing path and.U is the
interstitial velocity (assumed equal to the charactefistic'mixing

velocity u). -

d.,  Discussion of Theoretical Derivation

 Figure 1 shows the results of Equations 13, 18, 16, and 27 for
N = 2; Figure 2 those for N = 10. ~Note:that Equation 27 falls vetween
Equaﬁibns 13 and 18, Above N = 10 the results for all practical pur-
poses are equivalent. Consequently the various solutions of the
problem have an interest for short beds only; for medium-sized beds the
solution is. already close to the error-function curve,,

In short-bed defivations, Equation 13 fits the data réasonably ’ -

well, with better accuracy than the other solutions, and it is there-
fore the preferred result. Figure 3 gives the numerical concentration v
Valués calculated for the random-walk approach (actually using Equation

).



-2

0.9999

0.999

0.99

0.90}

0.70~

o
56050

0.30-

0.10

//oo_ o o
L1 o |1
ol - 0.2 05 I 2 5 ~10
THROUGHPUT RATIO, T/N

MU-14508

Fig. 3 Random-walk breakthrough.concehtration,



_25;

e. Appllcatlon to Experlmental Results

(i) Longitudinal diffusion,

If Equation 13 is differentiated with respect to the
throughput parameter T/ND, we get

s = dlefey)/A(T/My) = a('c-/co/aT)p(aq;/a(T/uD) ,

“which can be written

s:[exp(\/— 'J—)/exp(ZV T)]

IO'(z N NDT) ] W

D)

where s is the dimensionless slope.

Let

ROTRE) T
exp ( 2N Ny T )

Since this is based on the asymptotic form of the IO function, y ap-
proaches unity at large values .of NDT. '
At N_ = T, Equation 34 thus gives

D
AR

Consequently'the expression of N ( N ) is N hnsz/rz,
and’ as- N is a functlon .of the eddy d1ffus1v1ty'E o

N = h/E = hUJE,

~we see that the determination of the slope gives us the eddy diffusivi

The correction

| E, the mixing length H, and the Peclet number Npg -

factor y is plotted on Figure 4, ‘

Another correction factdr should be applied to the calculation
of the Peclet number, through the determination of .the slope,  We have
to write N = T in the expression of .the derivative to obtain N, This

point would correspond to 50%.concentration for an error function§

(33)

(36).

(37)

ty

«
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but not exactly to.50% in the actual case, ‘Fbr-experimental.determination
it is convenient to take the slope at the 50% point, and to apply a cor-
rection on the time scale, 1In calculating this correction Equation 14 _ =

was used,

r
<

The computation of the second correction factor is given in

Table 3,

Table 3 - - _ »
Midpoint intercept .correction for calculating‘mb from‘slopé
Ny 50 - ;oq(c/cQ)ND;T_ Slope: 1 - T/ND B Y
' (%) o [for ¢/c,
» = 50%]

2 100 0.400 25 . 1.25 1,56
5 . 5.90 - 0.63 ©.0936 . 1.1 1.21
10 ko 0.892 - ,0k90 1,05 1,106
20 3.15 . 1.26 - .0zk 1,025 . 1.052

30 2,575 1.54 0167 1,017 1.035
s 2.2 1,78 .0l2% -~ 1,012 1,02k
50 199 1,995  .0099 1,099 1.0198
60 S 1.82 2,18 - 0083 1.0091 1.0182
and the final expfession.of N is obtained by the expression
Ty =thwst/e)? - wxsfe, o (38)

where s is obtained by plottihg the concentration in'percents versus the
ratio of the actual elapsed time ﬁo the time at the 50% point and taking
the slope for T = 1, The correction factor_82 is plotted in Figure 5.
In using_these.curVes, the slope is first'used for calcﬁlating the ap-
proximatevvélﬁé ND': -

= e

Np' o= ke s, (39).
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2. .Radial Dispersionv

If a solute emerges from a continuous source in a point‘on the
axis of the tube, a concentration gradient is established in the column,
This is caused by subdividion and recombination of:thevstpeam around the
particle, and == at high flow rate -- also by eddy'formation. The measure-
ment iﬁvolvés steady-state conditions, and the analysis of experimental
results is fairly straightforward as long as we afe operating.in an infi-
nite spaée:and far enough from the point source. But in most practical
cases tﬁé;effects.of the'wall cannot.Be'neglected‘andvthe mathematical
.derivatibﬁ beComes more complex; This problem has been sol&ed exactly

P

: 1l ' . , :
by Klinkenberg, and.the results of the derivation.can be plotted con-
veniently, as in Figure 6, v
I we éonsider the dispérSion of a solute from a continuous source -

+in a point on the axis of a tube, the general egquation is

1 3 . dc, . P de o
ErsrUsy) Y5 2=V O

zg are the radial and longitudinal dispersion coefficients
respectively, with the boﬁndary'condifions

where;Er and E
Z = = o, ‘ c = O,- r ='R, 3 C/a z = 0, | - | ()"'l)
.rI/R = P ‘ | » » : (l"?)

Nrii; - z/ Vrigz R

Q ’ | - ' ‘ v (43)

wWE, NE) = v, N

Equation 40 transforms to

N
o/
i

©

(46)

° I+
+
i
Do
<=
e

d ( ax) ax_
3o P33y 5 ¥

o/
e
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and for p = O we may express X as a function of y/{ , which is a modified

Peclet number,

¥/t = UR%/2 Er h. (¥7)

This equation can be rewritten as

(), = (¥/8) na /RS

Pe'r

(148)

o

Figure 6 is a plot of X against .w/g for p-= 0; this.chart was
used for the determinaticn of the radial Peclet in all runms.

‘This reBUltUWaS'USed;to;cOmputeﬁ the efficiency of the nine in-
jectors used in the octagonal colnmns. Concentration variations of less
tnan.lo% were calculated for a plane'five particle diameters downstream
from the injection level, This indicates that, for the step-function
measurements, the observed ratio c/c nax would be close numerically to the
theoretical ratio c/coo (where c is the llmltlng concentratlon reached
in perfect mixing). ,

It will be noted that the molecular diffusion has been neglected
in these calculations, as the order of magnitude is much smaller than

3

that of the eddy diffusion. Accofding to Berant the effect of the molec-

ular diffusion 1s negllglble for Udp/D > 1, where D -is the molecular

dlffu51on As D =1,2 -« 10 > cm /sec for dilute NaNO solutions, only

3

at. extremely low veloc1ty would there be need to consider molecular aif-

fusion in the dlspersion.calculatlons,

3. -Angle.ofIBispersion

On the basis of the discussion in Section 1.d above, the Peclet

number can be written

(N =U4 /B = /8, i | _ (19)

Pegz

where H is a function of the packing porosity, and of flow characteristics.

~Any knowledge of the mixing length epecifies the Peclet number, and con-
versely any knowledge of the Peclet number fixes the mixing length, The

determination of either H or NPe can only be experimental, as far as the

¢
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‘absolute value is concerned, However, it is possible to predict quali-

tative behavior of the parameters involved.,
Comlng back to H, let us consider that it is possible to assume
the existence of a path vector H' parallel to the average direction of
the displacement, and parallel to an eddy diffusion vector E'. 'This ’
eddy diffusion vector has two.components,'Ez.and Er (one parallel to the
flow, the other one perpendicular to the flow); similarly, the path
vector has two components, H:andﬁHr.

’

Consequently expression 49 can be written

(M) , = &/f, | | (50)
and similarly
(Npe) = & /H. | | (51)
v byeusing,the definitions
H = H' cosa, ' : : _ | (52)
H_ - H' sin o, - o (53)

vhere @ is a small angle between a path vector and the dlrectlon of flow,

Two new expressions,result\

dp/H' cos o | | (54)

~—r
|

oM sina . | (55)

As this dispersion angle o is small, it follows that:

(a) The value of (NPe) does not differ greatly from the value
given by Equation 49, ‘

(b) The expression of the radial diffusion is smaller by a
factor of sin.a/ cos @& .= téh,a; cenversely the determinetion:of the
ratio of the-twe_components, radiai and axial, gives the value of.ten-a.

The value of this angle is a function .of the géometry of the packing,

_and of the flow conditions, Consequently:

{1) The value of a is smaller for loose packlng, The longltudlnal dif-
fusion increases and the radlal diffusion decreases w1th 1ncreaslng ‘poros-

ity.
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(ii) For equal packing porosity, the value of the angle is affected by
the state of flow -- tﬁrbulent, laminar, or transition. The value of @

is smaller in laminar flow, anhd the lengths of the mixing steps areAionger.
These two effects tend to increase the value of the axial Peclet number;

‘ the value of the radial Peélet number tends to increase owing to the de-
crease of the dispersion angle but to- decrease owing to the increase of |
the mixing length, .The net effect is therefore uncertain, but in any case

smaller than the corresponding effect on the axial Peclet number,

EXPERIMENTAL OBJECTIVES.

‘In this portion of the over-all project, the»effective dispersion
coefficient was measured in singlé-phase flow through packed beds, witth
the following objectives:

| 1. To develop methods .of measurement that would be -satisfactory
in liquid-phase systems, including the case in which a second. liquid phase
is present., Both conductimetric and colorimetric -methods were selected
for use, ' '

2. To establish a frame of reference for subsequent studies of
two-phase flow that would simulate extraction conditions, Thevvariables
to be considered were: packing-unit, shape, arrangement, poroéity, and

~wettability; fluid properties; and flow rates and regimes, The effect of
packing orientation on the effective dispersion coefficient was investi-
gated in beds with ordered geometrical arréngements Of.sphérical particles,

3. To measure, in addition, the radial-dispersion coefficient,

Although this study was intended primarily to provide humerical values of B

the axial-dispersion coefficient that could ultimately be used in the
correlation and design of packed extraction columns,‘the availability of
the'épparatﬂs-provided the opportunity to make this additional measure-
.ment. The radiél-dispersion coefficient:is'of theoretical intérést for
a.fuller_descriptién of flow phenomena in packed columns§ and is of

ﬁréctic&l interest in connection with nohisothermal fiow.

.6
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APPARATUS AND PROCEDURE -

1. General Specifications

The equipment was designed for the combined study of a wide range
of flow rates with various sizes and types of packing arrangéments, énd
this leads to the following spécifications.

(a) Owing to the labor involved in the packing and installation
of the conductivity probes and injection head of a chosen arrangement, a
column once .packed was kept intact for repeated eXperiments.‘ Consequehtly
~different columns were designedoandlbuilt‘corresponding_to the different
packings chosen.for the investigation, Table 4 lists the columns and theirl
corresponding specifications, A

(b) In.order to avoid an expénsive duplication-of the accessories,
everything except the packing section was .a single installation, Packed
sections were locked between retaining grids of suitable design and were
interchangeable, The upper and lower column heads.with their acoessories
(leyel control, pressureltaps, nozzles, and photocell probe) were mounted
permanently on the frame in a manner that permitted raﬁidvexchangé of the
packed sections. A hand-wheel-operated sling supported the head for 1lift-
ing of lowering, in order to sﬁbstitute any of the nine different packing
sections, Metallic flexible hoses were connected to the inlet and outlet
manifolds for both the top and bottom of the column, the upper hoses provi-
ding the height adjustment required for the different sections, The
packed sections (Weighing_approximately 100 1b,) were transported between
the column frame and the storage bench by a hoist supported by.an;over-
head rail.

(¢) 1In order to meetithe flow-rate requirements (for one-phase
flow with tracer injection, and for two-phase flow with tracer injection),
a complex set of valves; pumps, and rotameters had fo be used., | |

(d) The same flexibility was requifed of the measuring instru-
ments, and a set of switches on the main control panel connected the two
recorders‘for either continuous recording of a chosen conductivity cell or
a photoconductivity unit, or;simultaneousvrecording of six conductivity

cells.
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2, Columns

a., Column Bodies

) The selection of regular packings implies the solution of many
problems, " First of all, the triangular and sduare errangements,chosen
requifed flat-sided celumns; thus hexagonal and octagonal columns of
calculated cross section were built, in order to simulate as closely as
possible a cylindrica]l symmetry. .Such.an.operatioh requires an involved
.welding'operation, and furtherﬁore a corrosion-resistant material had to
be .chosen, Considerations of minimum weight, cost, and deformation during
4the.welding,opefation necessitaﬁed_the choiceé of aluminum rather than
stainless steel for'the project, Consequently each column was made of
corrosion-resistant 3/16-inch 618T aluminum sheet (slloyed with 0,25%
copper, 06% silicon, 1% megnesium, and 0.25% chromium). Cylindrical
“columns of the same material were retained for the random packings. Fins
were welded on the sides of each column for strengthening and handling
.purposes, Further, the design of each of the grlds that locked the pack-
ing inside the column had to be selected.accordlng to the packing geometry.,

The photograph in Figure 7 shows Column 1 (see Table 5), before

rpaqking,ahdbbefore drilling for'thekintroduction,of conductivity leads
and'eampling tubes, The -bottom grid is attached to the body;‘the top gfid
and the corresponding spacer plate are removed, (It is pdssible.to see the
O-ring seal and the sample holes of thedspacerAplateo) There are two rings
of bolts at each end; the inSidevfings are used for'locking_the grid'te the
body and the outside ringe.to:atfach-the column to the.permanent head and
bottom; the four‘slcts.in the grid were cut out for the bolts attaching
the bottom to the frame., Finally, 3/l6~inch reinforcing plates were.welded
on to provide-needed thickness for installafiondof the sampling,outlets,
These outlets were placed at nominal distances of 0, 3, 6, 12, and 18
inches from plene zerov(the spacer plate eorresponding.to 24 inches), where .
plane zero is the level of the injection manifold. The holes in the fins

are for “the insertion .of the lifting hoist..
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ZN-1818

Fig. 7 Octagonal column before assembly.
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b, Packing

Table 4 and Figure & give defails on the nine different types and
arrdngements‘of packing used for the in?estigation. The O,75-inch spherical
bélls.were obtained as oversized balls with rough surfaces., They were wet-
ground in a ball mill with granular alundum, and classified between 0,740
and 0.760 inch, ~Because of the geometry of the ordered packing, a boundary
problém arose: as the design called for the spheres in one layer to be
tangent to the wall, some of the spheres in the next layer would have to be
either omitted or cut., This difficulty was avoided by insertion, in
alternate layers, of spacers between the walls and the balls., Wall spacers
for the second layer for columns 1 and 2 arersh0wn in Figures 9 and 10
(the second’layef is drawn in light lines; the first layer in Heavwyc lines),
Figure 11 shows the top of Column 2 before the spacer plate and the grid

plaﬁe.were attached,

c., Conductivity Cells

On Figure 11, in order to show the arrangement of conductivity
cells in the-uppermost measuring layer, the covering layer has been partly
removed and the leads of the conductivity cells (that,would be set inéide
the spacer-plate sampling holes) can be seen dangling. (The covering layer,
which_lay beyond the régionvof‘the,measurements, was not staggered relative
to the top measuring layer bécause of the impracticability of fitting wall-
spacers inside the spacer plate,) These conductivity cells were of a
special design to avoid disturbing the packing arrangement; they were made
of two spherical sectors of 3/4-inch Bakelite balls connected by two
rhodium-plated pins, as shown 6niFigure 12. On the average, twenty-five
conductiﬁity cells were installed permanently in each bed, distributed
among the sampling planes at O, 3, 6, 12, 18, and 24 inches (nominal), -
as indicated in Table 5 and Figures 13, 1k, and 15,

d. InJjection and Samplinngubes

The inJjection device was installed at the O-inch nominal level,
It consisted of several injection tubes connected to an injection manifold,
the arrangement and number -of tubes being dependent on the packing (see

Figures 16, 17, and 18). There was only one sampling tube for each sampling
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Fig. 11 Packing in place in Column 1.
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Fig. 18 Location of injection outlets--Column 6
' (hexagonal).
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plane at 3, 6, 12, 18, and 24 inches nominal. distance as shown on Figures
13, lh,‘and 15, Each injection (or sampling) tube was made of annealed
302 stainless-steel tubing (O, 0625-inch 0. d,, 0.031l-inch 4.d.) and ran
inside the packlng through drilled balls in order to mlnlmlze the disturb-

ance .of the arrangement,

e, Column Heads

Expanded end sections, identical in construction, were connected
above and below the particular packed section in use, As the columns were
designed to operate.in~upward as weil as in downward flow (see Figures 19
and 20), the same accessories were adapted for both upper and lower end
sections. two windows for visual observation and introduction of a photo-
eleétric_probe, ard. inlet nozzle designed to give a velocity profile as
flat as possible (see Figure 21), two outlets in symmetrical pgsitions
with respect to the center, a,liquid-levei control probe, and four pres-

sure taps,

3. Tnstrumentation

a. Electronlcs ‘

So that avallable recording and switching units .could be used,
it ‘was determined to measure conductances with .current as the variable
parasmeter, in a calibrated-source amplifier system, ' A constant-current
source at 1000 cycleévwas imﬁressed across the conductance to be measur-
ed, and was followed by sufficient amplification so that the tesulting
output when rectified would be displayed on a dc recorder, Tbévsystem
was found to be easy to calibrate and was capable of plotting rapid changes
and of sampling a series.. of conductances at a high rate of switching
(see Figure 22).

The electronic measurement system thus had four parts: an
amplitude-stable oscillator, a constant-current generator, an output
emplifier, and an ac to dc converter to feed themstrip chart recorder.

.The 1000-cycle oscillator circuitAemployed (Vl’ V., of Figure 23)

. 2
was of the bridge "T" type with thermal nonlinear element stabilization.

L®
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Fig. 19 Diagram of column head.
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ASSEMBLY SKETCH
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Fig. 20 Exploded assemb_ly diagram of entire column.A
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Negative feedback was supplied from‘the output to the,grid,of.Vl through
the frequency-determining network. The lamp and 600-ohm cathode resistor

of V., formed a variable positive-feedback path,

' To establish a linear relationship within'O.l% for a reéistivity
range from 20 ohmé to 2000 ohms -an output amplifier gain of 10 was select-
ed to cover the range, and a current generator of 5 ma output and a source
imﬁedance of 2 megohms were used, The first stage of the generator was

a differential amplifier with a cathode constant-current tube provided -
for application of the feedback potential at the second grid. The second
stage, Vh’ had a gain of 25 to make the over-all interhal gain approxi-
»mately 250, The last stage was designated to provide a low internal im-
pedance, less than 2000 ohms, Output impedance as seeh by the conductivity
cell, however, was .on the order of 4 megohms. The potential drop across
the cell; which was amplified by circult stages Vé,-V7, and V8 varied
from 10 mv to 1 volt over the desired range. The voltage amplifier had

-a gain of 100 in.the.normal‘position,‘and an output from 1 volt to 100
volts peak. _ ‘_ .

The Bystem was stable against drift within 0,1% in 8 hours and
covered'a.fénge'from 20 ohms to 2000 ohms with-équivaléht linearity. Pro-
‘vision for monitoring the regions to either side of the primary range were
made to include resistance ranges of 2 to 200 ohms and 200 to 2000 ohms,

although linearity and stability are not critical for this range.

b. Circuitry

To meet the flexibility requirements of the system, two channels
were needed: one for the continuous monitoring of a single cell connected
to a Leeds ahd Northrup Speedomax (Channel 1), and a second one‘auto-
. matically switching six different cells (through a Beckman automatic
switch) to a Honeywell-Brown six-point recorder (Channel 2). As noted
in the specifications, a photoelectric system was also connected through
the control panel to the Spéedomax recorder (see Part II of this report);
details on the control-panel connection and_on.the'géneral electronic

arrangement are given in Figures 24 and 25,
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Each column body had its own panel board, All the conductivity
leads.of the .column were .connected tQIa,rbtary switch on the individual
panel corresponding to five possible combinations of six electrodes,

All the injection tubes were also connected:to a manifold, as were the,
.sampling tubes to protective caps installed on the panel, as shbwn on
.Figurés,26 and 27. Six double-pole double-throw switches on the column
panel allowed the selection .of any cell for Channel 1 or Channel 2.
Finally, an eight-wire plug on the.coluﬁn panel allowed connection -

"to the electronic measurement and recording system,

k., Accessories

As noted in the specifications, the design and construction of
a complete pilot-plantvunit_with extensive manifolding was needed, The
flow arrangement is shown in Figure 28, and the completed assembly in
Figures 29 and 30, A set .of five,pumps,'five'tanks, and six rotameters
made it.possiblé.to feed and meter three different types of ligquids at
the same time for a range .of 0,005 gpm to 40 gpm, .

Water fér the experiments was provided from a 150-gallon
- constant-head tank mounted on .the roof of the building, about 25 feet
above .the column, :

The rotameters were each calibrated by weight-flow of water,
Flow rates for kerosene were corrected by'assuming that equal-weight
flow rates gave egual réadings, and by using sﬁgndard.éorrection.charts
supplied by the Fischer-Porter Company. The working ranges of‘water
flow through the six rotameters were O - 40 gpm, O - 6 gpm, O - 6 gpu,
0 - 0.8 gpm, O = 0,3 gpm, and O - 0,55 gpm, (

5. Electrical Calibrations

a; iRecording Potentiometers

The resistivity of a cell could'be measured in nine different -

ranges on both recorders. These ranges, corresponding nominally to a
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Fig. 27 Assembled columns, showing metering sections.
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ZN-1816

Fig. 30 Apparatus assembly, showing control valwes
and instruments.
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full-scale reading of 10 on the recorders, were:

0 to 30,000 ohms; 0 to 3,000 ohms; 0 to 300 ohms;
0 to 15,000 ohms; 0 to 1,500 ohms; 0 to 150 ohms;
0 to 7,500 ohms; 0 to 750 ohms; 0 to 75 ohms,

Calibrations accurate to 0.5% were made for each range on each

recorder, with a Beckmann Helipot resistor as a reference resistance,

- b.. Cell Constants _
A1l cell constants were determined by running a 7.4789-g./liter
KCl solution (resistivity 0,012856 ohm cm) through the bed, The cell

constant is defined as 1l/w = a/Q, with w,the resistivity of the solution,

ohm-cm; (), the resistance measured, ohm; and a the cell constant,'c@—l.
In order to minimize interference of the metallic wall with;the

conductivity reddings, a floating ground was adopted; that is, an iso-

lation transformer was installed between the ground of the frame.and-

the ground of the measuring circult, » | ' A

_ ‘The cell constants for Column 5 are given in Table 6, as a

representative set, and show thet there is little effect on the cell

constant due to the proximity of the metal wall of the column, Ar-

-rangement,D,'corresponding‘to cells near thelwall, gives an average ’

value very close to0 arrangement A, near the center,

c. .Resistivity of Sodium Nitrate Solution

In order to check the cell constants and_also'to develop a
curve. for concentration as a function of resistivity, a»series of_Na.NO3
solutions of .known concentration was fed into the column, .At‘each
concentration level, the resistivities measured by the different cells
. all agreed within 0,5%. ﬁFiguré 31 gives ﬁhevconCentration—resistivify

curve thus obtained.'
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6. Experimental Procedure

a, Longitudinal Dispersion

*A solution of sodium nitrate was used as tracer, and was in-
jected through the nine injection points Et’level 0, in'an amount from
0.25 to 2.0 volume % of the water stream, Water from a constant-head
tank was allowed to flow through the bed at a chosen flow rate, After
selection of the conductivity cell to be recorded and sw1tch1ng on of
the recorder, the tracer was injected into the column, starting at a
time that was marked electrically on the recorder chart., Tracer in-
jection was stopped after a constant reading was reached on the recorder
chart, and the conductivity was agaih\followed as a function of time,
The results were analyzed as ekplained below;

A reverse step function, involving discontinuance of salt in-
Jection, should be an exact mirror image of the saturation function,
and might therefore'be used interchangeably for determining the break—
through behavior. Because resistivity (rather than conductivity) was
measured in the present apparatus, the direct step function was more
‘accurate ahead of the midpoint; and the .reverse step function more ac-
curate beyond the midpoint, Hence only a feW'trial runs were made with

the Jlatter.

b. Radial Dispersion

A sodium nitrate solution was inJjected continuously through the
tube'at'the center of the injection plane. Concentrations downstream
from this point couid be read through Channel 2 (si}ﬂcells at a time)
on the Brown-Honeywell recorder, or through Channel 1 (one cell at a

_time) on the Leeds and Northrup Speedomax, and were read for a period

of time sufficient to insure .that steady state had been reached,

c, .Temperature for the Measurements

All runs were made at ambient temperature, 68 + 2°F,

N
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RESULTS

1. Dats

a. Longitudinal Dispersion

The calculation method used will be demonstrated.ﬁith the data
from Run 217-1. The recorder chart is shown in Figure 32. The ghosen
range in Channel 1 corresponds to a full-span reading on the”recérder
of 16,000 ohms; the cell constant vas 6.82 ™t as indicated in Table 7,

.and_thé chart speed was 12 inches per minute, Table 7 indicates the
results of the calculafions for the breakthrough curve, The results
.arévpiotted on Figure 33 and give a slope of 1,89, Corresponding to this,
- N' = 44,68 from Equation 39. |
In this way a plot of the concentration (in percent)'versus the’
ratio of the elapsed‘time to'the time at the 50%_concentratién point was
prepared for each run, (Compare Figure 33.) The slope at T = 1 was

4 taken, and the Peclet number was calculated according to

) = b4 x 52

. (0 /0) &

where B is a correction factor defined in Eqguation 38, s‘isrthe slope

at T =1, and h isvthe,height of the bed (distance between the injection
;pléhe and the plane of measurement). For run 217-1, with ﬁb»: Ly 86,
Figure 4 gives y = 1.0072 end Figure 5 gives & = 1.026, hence g = 0,963;
then N_D = Nb B = 43.20; and NPe =(o.75‘/‘zl;),.1\1_D = 1,350, .

The results obtained are tabulated in Appendix I, A separate
table is given for each column; the subdivisions within each table cor-
respond to the five different flow rates used., " The data included in
.the tables are run number, cell position, slope of the break-through
'éurve, the number of mixing,unitsﬂmﬁ?, and the Peclet number., Generally
several runs were made for each experimental condition.

Figures 34 and 35 correspond to‘the plotted average fof each
group of runs. Figure 34 is a plot of the Peclet number (based on parti-
cle size) versus ﬁhe-Reynolds number expressed as

NRe = UO dpév 2

where ¥ is the kinématic viscosity of the fluid. .The factor el/ has

(56)

been introduced in order to-align the transition;ranges for the
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Table 7

' Details for the calculation of a breakthrough curve (Run 217-1)

Reading from the recordEr ) Breakthrough curve
R “fro s
0 3.0 0 0
27.1 3.60 0.9 | 0.67
29.2 4,50 4,97 | 0.72
30.8 5.5 6.20 0,76
32.8 6.8 : 15,38 0,81
35.2 9.4 : 27.1% : 0.87
bk IR 50.22 1.005
48,30 20.00 75.10 1,19
60 23,50 . 90.90 | 1.48

o0 25.5 : 100 _ £
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Fig. 33 Dimensionless plot of breakthrough for Run 217-1:
Slope, 1.82; Np, calculated, 1.3h4k.
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different patkings. < Pigure 35 shows “an attempt.at a. general. correls-

tion: ~a modified:Pecletinumber . - ..oCiE

‘N_' = Ud €E = U, 4/E |
Npe 5 €/E, Uy p/ P (57)
is plotted against the same Reynolds number product as is. used for
Figure 34, This correlation fits reasonsbly well theé datacfor edight:. .i:
different types of packings whose porosity goes from 26% to 73%. Figure
36 confirms that the axial Peclet number is inversely proportional to

the porosity.

b, .Radial Dispersion

~The readings of the steady-staﬁé concentration for‘several ;
values of the distance.from the center (pR) wére made at various lengths
from the injection plane. From the ratio of the observed values of
concentration to the infinite-limit value and the chosen value of p, a
modified Peclet number is read from Figure 6 and is used to calculate

the radial Peclét number, The modified Peclet number is

v/t = | (NPe)r %] / hay - (58)

The results obtained are summarized in Appendix I; the arrange-
ment of the tables is Similar'fb that used for longitudinal diffusion.
The data inéluded in the tables are the run number, cell position,
concentration ratio, modified Peclet number; and radial Peclet number,
Generally several runs were made for the same experimental coqditions.

The plotted results of the average for each group of experi-
mental results are given by Figures 37 and 38. Figure 37 is a syste-
matic study of the effect of varying Reynolds number on the Peclet
number, made for Column k4; Figure 38 indicates the variation of the
radial:Peclet_number with the porosity for turbulent flow. The laminar-
flow region has been studied less thoroughly; however, as the results
of Table I-15 for a sand-bed (Column 9) séem to indicate, the relation-

ship of Figure 38 probably also applies here,



T

20 T T 71 T T T
o/ : .
/
//
15 \ S + REFERENCE POINT N
g _I/ ™ TURBULENT FLOW POINTS
/ LAMINAR FLOW -
- l/ B ORDERED PACKINGS
o O  RANDOM SPHERES
.o ®  RASCHIG RINGS A
Npe 0.8 / ) . ]
(Npe)ao // LONGITUDINAL _
4
/
06 / -
/
| J~=raDIAL _
/
II _
o4 - © 7
I
0.3 L1 1 | | | | 1
20 40 60 80 100

POROSITY, € (%)
. . MU-14516

Fig 36 Relative longitudinal Peclet number as a
function of porosity :

kY



20

_78-

5 10 20 ' 50 100 200
NRes%,=U%dEe% v

.Fig.'37 Radial Peclet number as a function of

Reynolds number

500

MU-14409



_"(9..

20 | E— T 7T T T
: o/
//
o/
/70
/
/
/
/
. 1o [ —
NPe - /, —
0.8 o -
- // _ _
/@ PELLETS, RANDOM (0.232") :
06 - -/ © SPHERES, RHOMBOHEDRAL (0.75") —
// " W SPHERES, ORTHORHOMBIC-! (0.75")
- / . O SPHERES, ORTHORHOMBIC-2 (0.75")
s O SPHERES, RANDOM (0.75")
04 //I | | L | | 1

20 - 30 40 50 - 60

POROSITY, ¢ (%) I

Fig. 38 Relative radial Peclet number in turbulent flow
as a function of porosity.



-80-

c., Statistical validity

For each group of runs, calculations were made for the average

value and the variance expressed by~

2 2, 2 |
e” = [z (¥°) -n X, 1/ (n=-1), . (59)
Av
where n = number of measurements made,'i
x .= individual value of the Peclet number,

average value of the n measurements, of x,

el
]

g = variance,

The final results are given for each group of runs in terms of

statistical language with a pfobable error of no more than 5%.

. ,05 ) . g

N ‘.= - + ° L ’ . N . - )
Npe = ¥y * -l Tn-1 - (€0)

03 is Student's t with n-1 degrees of.ffeedom and a 5% probable

where th-l
error?2 “'T In other words,vKuation 60 expresses‘the fact that .an
experimental value will fall outside the limits given only 5 times .out

of 100,

| a, Angle~bf.ﬁisper$ion

The previouély given‘definitibnstof the two Peclet numbers are

| (NPe)ﬂq = >dp/H"'cos aﬂ
and
(N )., '; & /i + 1fsin @
This méy be -combined:
rja) = /() s 1/ )%
and

tén:a = (), / i)

The parameters dé/H"and o may be calculated from our experi-

mental rgéults, as is shown in Table .8,
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Table .8

Calculation of total mixing leangth and angle of dispersion

Packing® Po?%iity (x,.), (NPé)r a /8’ a
' Rhombohedral 25.95 2.k 3.857 2:11 25° 30°
Orthorhombic . 39.5k4 1.881  12.60 1.865 9° 30!
(Columns 1 and 2 . ; o .
'Random spheres 40,00 1.838 11.67 1.818 9° 5kt
Random pellets 35.00 . 2.082 8.146 2.02 15° 5ht
“saiey laminar 35,00 0.538  11.9 0.537 2° 5k
a

Flow turbulent except where shown,

The analysis of these results indicates that:

(1) The mixing length still depends on the packlng porosity,
_to a much - lower extent; however than the Peclet number does,

{2) The angle of dispersion depends considerably on the
packing porosity, hlgher porosity corresponding to smaller angles,

' (3) The transition from turbulent to laminar flow is ac-
companied by an increase in the mixing length and a sharp Qecrease in the
angle of dieperélon, The net result of these two effects is that the
radial Peclet number is only slightly higher in laminar flow,

The lower ahgle'of4diSpersion observed: for lamihar:’ flow may be
considered to correspond to a well-defined and unvarying pattern of stream-
lines in this case, Several layers of packing would be necessary for
collapsing of the filaments in laminar flow; this .explains the effect on

mixing length,
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2, Discussion

- This investigation has covered a w1de range of Reynolds numbers,
from 5.3 to 1,940 for axial dlffus1on, and from 0,38 to 640 for - radlal
diffusion, For this study nine different types of packings were used
(three ordered'arrangements, end six random packings) covering a range of
264 to 73% for porosity and of 0.011 inch to 0.75 inch for dismeter. The . -
packing shapes were spheres, Raschig rings, spheroidal pellets, Intalox
saddles, and Ottawa sand, The ordered packings all used spheres 0,75
inch in dlameter, and corresponding to rhombohedral, orthorhomblc -1, “and
: orthorhomblc 2 arrangements

The examination of the Appendlx and the plotted results leads
‘to the following conclusions:

(a) The data show the existence of separate constant values for
the Peclet number in the laminar and the turbulent region, and of a fairly
sharp transition curve for both radial and axial diffusion.

(b) Both axial and radial Peclet numbers may be correlated as
a function of porosity and of the Reynolds number. This remarkable pro-
perty of the Peclet number makes possible the use of a generalized Peclet
number. that will correlate as a function of a generalized Reynolds number,
Such a correlation, described in Figure 35, applies to the whole range of
experimental results. |

(¢) Constant values of Peclet numbers are calculated, by
Equation 13, for axial dispersion, and by’Equation 57, for radial dis-
persion, regardless of the column-height interval taken‘for measurement,

(a) ,Regular'andirandom packings give identical results.for the
same porosity, provided that the ratio of particle diameter to column
diameter is not too_large, This is illustrated by the nearly identical
.results for the sand bed and rhombohedral-1l and rhombohedral—Z packings,

"which have substantlally the same porosity of 39 5%. On the other hand .
the longitudinal Peclet—number results for rhombohedral-l and rhombohedral- 2
packings in laminar flow are higher than the results for the random-
packed spheres that correspond‘to the same ratio (8:1) of column diameter

to particle diameter; this is believed duve to a wall effect in the random



colﬁﬁn. In turbulent flow, this effect appears to bé negligible, From
this result_oné can see the need to choose a ratio of column diameter
to particle diameter higher than 8 for random packing, although such a
ratio has sdmetimes been assuméd to be safe.
" (f) 1In the 1aminar region, Raschig rings show a lower value

“than might be expected for the axial Peclet number, and also a wider
'transitionnregion; this could be explained by availability of two types
6f orifices in' the Raschig rings (between the rings and inside the rings);
such a packing may well behave like a mixture of particles of two dif-
ferent diameters. ' ' ' ‘

| (g) With water as the flowing liguid, the results obtained
with cefamic stoneware, sand, and polyethylene surfaces were similar.
Since polyethylene is less readily wetted by water than stoneware is,

the wettability of the surface appears to have no marked effect.
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LONGITUDINAL DISPERSION IN SOLVENT-EXTRACTION COLUMNS;
PECLET NUMBERS FOR ORDERED AND RANDOM PACKINGS

Part 1II, TWO-PHASE FLOW

Introduction e . .

Packed columns are frequently selected as an effective and economi-
. cal means of interphase contacting for liguid-liguid extraction. The usual
method for designing an extractor involves tomputingrthé NTU required to
bring about a given..extraction, and multiplying.... by a height‘factor (the
HTU) determined from previous experience on the subject, |

3,4

- The HTU concept was introduced by Colburn, "This concept has
béen applied successfully to adsorption towersj the application to extraction,
however, has been less successful. HTU values vary widely with the types
“of system, the rates of flow, and concentration, making it necessary to have
at hand Very'spécific data for the contemplated design,

Numerous experimental studies have been carried out, to measure
~ the efféctive mass-transfer coefficients and HTU's in such extraction
columns, by such workers és Colburn and Wellsh,5 Laddha and Smith,13
Koffolt, Row, and Withrow,12 Sherwood, Evans, and Longcor,19 Hou and

i 6 10
9 Knight,l% Elgin and Browning, Johnson and Bliss, and Allerton,

Frankel,
Strom and Treybal,l The data obtained have been reviewed by Elgin and
Wynk_oop,7 énd by‘Treybal,zo The HTU's for the individual phases are
frequently correlated as some power of the flow-rate ratio, as by Rubin
and Lehman;18 but the result may be regarded as entirely empirical,

- Over a twenty-year period it has remained impossible to interpret .
the experimentally measured performance of packed extraction columns in
terms of mass-transfer theory and fluid and packing properties, The great
difficulty encountered has suggested that the controlling variables fre-
quently are not those which determine the rate of’mass transfer, The
investigation reported here was undertaken to determine whether longitudinal
diffusion could have a significant adverse effect upon éxtraction performance,»g
Approximate’ calculations, based on the Peclet numbers measured in this in-
veétigation, are reported bélow, and show that the HTU's due to mass-transfer

resistance may range from 80% to 20% (or even less) of the total apparent HTU,
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With knowledge of the dlsper81on coeff1c1ents for the “two phases,
and of the mass-transfer coefflclent 1t is poss1ble to wrlte two simul-

taneous dlfferentlal equatlons 1nvolv1ng dlsper51on follow1ng Mlyauchl
c - PB d4C . -N _PB (C- = ‘
at C, / dZ, P x / qz rHox & (cX 'mcy). 0, o (1)
.2 2
i’cC aZ~ + P B dC dZ + N PBA(C ~-mC =0 2
y / Yy Uy / T oy y €, y) 7 (2)

with the boundary conditions

7 = b, (ec, / az) = P.3B (COXV- Cp) o (3)

(€ /az) = o W

at z = 1, (ac_/az) = 0 o o | (5)
ands (dCy/dZ) = PyB-(Cyl - cyl), - (6)

where P, is the Peclet number of the i phase,
Ci.is_the dimensionless'point concentration in the i phasé,
7 is the dimensionless length variable,

B 1is the ratio h/dp, with h the column height and dp the particle
.diameter,
' m is the slope of the equilibrium curve, and

Noi‘is the over-all height of transfer unit for the i phase,

Equations 1 and 2 are differential equatiOns of the second order, .
with constant coefficients. Their solution, obtain@d by differentiation
and subsequent integration of a single fourﬁh;order equation, gives the
concentration at any“pbint inside the column, McMullén, Miyauchi, and
Vermeulenl5 have tabulated the results given by this solution, for a
large number of cases, ' |

Mi&auchi‘has‘distinguished three kinds of NTU, The first, or true,

value is calculated from the mass-transfer coefficient,

o1

N, = Kah/ €, U, o (7)
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whgre Ki is the masé-tfansfer cbefficiént,va'is the interfacial ares per
unit.volume, Ui is the linear velocity of the i phase in.the column, and
% ks the void fraction of the i phase,

The “two other. expressions assume that the concentration distri-
bution is known and utiiize the integral of defihitidﬂ;

N, = jg;_éci/(ci _n_m.cj). ) . (8)

There is no choice regarding the upper limit, when the concen-
tration at the exit is C#l" But at the entrance of the bed there is a °
sudden change of concentration, owing to back-mixing, as expressed by
Equation 3. Czp is the concentragion‘atrz =.Ovinside the bed?.wpich .
usually cannot be measured, and CX is the concentration of the entering
stream that is known, Two expressions result: .

T _ | A

_ [x1 i . ] |

DU fc d .CX/(CX m C,y) (9)
' x0 ‘ '

(here the concentrations'are those actually measured in.thé,column),

. ‘'~ C .
and Vo fu/(‘;o x1 ‘dCx/(CX-mC.y.) - .(10)_
"

(here the concentrationsvare those computed from the external material‘
balance of the column, without allowance for'dispersion. | , .

It is evident that Equations 7, 9, and 10 give different results,
‘The solution of Equations 1 and 2 allows us to calculate the difference
between the true NTU givén.by Equétion.? and thé.apparent.values.

By thé,principie of addition of resistances; NocP and;Noc (for the
;continuous phase, in partiéul%r) can be related through a number NocD’
B S| i

Nocp : Voo | AN Gep

- (11) ,‘ |

" vhere Noc is -the number of dispersion units in the two-phase syétem.'

But N
oc

D

D can be expressedl5 as
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L (NPe)ocB" 1n A

I ey )

where A_lS the extraction coefficient, A =m F /Fc, with F and Fd the
flows of the continuous phase and the discontinuous phase respectively
If the extraction coeff101ent A is not very different from-1l, Equation

12 s1mp11f1es to

- ; S e )

ocD Lo+ (NPe oc
‘here (NPe)oc is an over-all Peclet number, defined as
1 D N
)T Tyt Ty, , (1)
Pe’ocC Pe’c . Pe’@a

-where (NPe)c and (NPe)d correspond to.the Peclet numbers of’the continuous
. phase and the discontinuous phase respectively, under the actual flow
conditions. These functions are utilized at a later pOint (Equations
11-1k provide a good approx1mation for the 51tuation that is con51dered

here; a still more exact treatment is being developed )

EXPERIMENTAL OBJECTIVES

The neasurement of two;phase'systems, in countercurrent flow
through packed oolumns;'was undertaken to determine the behavior of the
dispefsion coefficient that would apply in actual extraction columns,
The ueriEbles to be considered Wefe:'packing-unit shape, arrangement,
pofosity, fluid propeftieSQ and flow fates " Radial dispersion ooef—
fioients (for the continuous phase only) were also determined, as a

matter of fundamental interest
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APPARATUS AND‘PROGEDURE
1, Apparatus

a. Columns

Four different columns were used for the 1nvest1gatlon, three
with different regular packings and one with random packlngs The pack-
ing characteristics are given by Table 1. Each column was about 6 inches

in diameter, and about 26 inches high, as described in Part I.

b. Conductivity

Conductivity was used to determine the breakthrough curve for the

| continuous phase. The same apparatus and techniques were adopted as for
one—phase'flow measurements, The cell readings fluctuated owing to inter-
ference of droplets of the discontinuous phase in the conductance path,
“Also, the average celleconstant.readingS.were higher ﬁhan thoge for single-
phase flow. For this reason calibrations with tap water were made before
and after each run, using the conductivity of the laboratory water supply,
and maintaining the flow rates for both phases at constant values during

both calibrations.

¢. Photoelectric Probe

_ As it was not possible to use conductivity measurements for the
discontinuous phase (kerosene), a photoelectrlc method was adopted. A
photoelectric probe was installed at the top of the column, A dye solution
in kerosene (DuPont Oil Blue A) was introduced through the injection de-
vice, and the breakthrough curve wasrobtained and analyzed with a procedure
similar to that used for the conductivity measurements., The probe used
was a modification of the apparatus developed by Langlois, Gullberg, and
‘\/'ermeulen’llL in their determinations of -interfacial areas. A photograph

of the probe used is shown in Figure 1. The upﬁer (short) section holds
the penlight bult . while the lower (long) section holds'the.RCA 1P41 (gas-
£i11ed) phototube. The gap between these two units could be varied as
needed, Figure 2 gives wiring diagrams for the lamp circuit and the

photocell circuit.
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ZN-1815

Fig. 1 Interfacial-area probe.
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d, Feed Nozzle ,

Special consideration was given to the nozzle through which the
discontinuous phase is introduced. Uniform drop size was desired, in
order to achieve uniform drop rise or fall with a minimum of coalescence
of the ‘drops., According to Johnson and Bliss, velocity at the hole has
to be maintained between 1000 ‘and 1500 ft/hr, and a hole diameter of

, 1 v
0,10 inch seems to be the optimum, © .Consequently the distributor mnozzle

was designed with a set of six removable plates, varying in number. of holes,
tbﬂprovfdé?ﬂxawide;rangeiof; flow rates required, Five of these had 0,15~
inch diameter holes, while the sixth, for high flow rates, had .0.20-inch

holes to avoid too great a drop in pressdre.

e, Liquid-Level Control

Conductivity probes were installed in the lower head and the upper'

head of the column, Each of those probes operated a magnet-controlled
take-off valve through relay circuits, Figure 3 gives a wiring diagram
of this level-control system, By use of a set of switches it was possible
to maintain the interface at either the upper or the 1ower end of the
column. The on-off magnetic valve was bypassed by a globe valve, which
.couldvbe adjusted so as to assure smooth operation of the liquid-level-

control system,

2. Procedure

a, Longitudinal Dispersion in the Continuous Phase

A solution of sodium nitrate was injected through the injection
.outleté described for one-phase flow. Speciél precaution was taken to
reach steady-state flow conditions in the column before injecting the
tracer., A careful setting of the level control was made to avoid any

disturbance: of the flow of either phase,

b, .Longitudinal Dispersion in the Discontinuous Phase

The same steps as above were taken to set the liquid level and
to establish;steady-state flow in the column,  Photoelectric measurements

were made instead of conductivity measurements, A water-insoluble blue



»

77
40 V51X
rﬂllsal- XFMR

-96-

73

o TRIAC F2/A
l L

6.3y
10A

1oV
AC
Yave
OPEN
VaLvé
CLOSED!
TS
To St r
Vtuv.fj
JB3 -
JB-4

Fig. 3 Conductivity liquid-levelvcontroller.

Ton o fes [~
R b
5% : q.
| & )
™m
¢

o

1

Ma w:l

WG

MU-14335




..97_

dye (dissolved in kerosene) was injected as a tracer., Measurements were

aiso made using uncolored kerosene, and taking the breakthrough curve for
arrival of the discontinuous phase at the top of the column; good agree-

ment was obtained between the two kinds of measurement, as is shown

below under "Data".

c, Hold-up _
‘ . The filling time for either the continuous or the discontinuous
phase could be obtained from the preakthrough plot, and corresponds.to
dimensionless time T = 1. The hold-up volume of the phase is glven by
the product of volumetric flow rate .and filling time; Thus the foregoing

procedures also provide a method of measuring the hold-up.

d. Radial Dispersion in the Continuous Phase

Sodium nitrate solution was injected contiﬁuously at the center o
of the injection plane, The measurements and analysis of the data were
the same as in Part I. .As noted above, cell constants were used that

were functions of the flow rates of the two phases,

"e, Temperature for the Measurements

All runs were made at an ambient température'df 68 = ZQF. At
thisbtemperature, the kerosene used had a viscosity of 2.46 cp. and a

density of .0.820 gm/liter.
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RESULTS

1. Data

a, Longitudinal Dispersion in the Continuous Phase

A plot of the concentration (in percent) versus the ratio of
the elapsed time to the time at the 50% concentration point was drawn
for eech'run. The slopevwas taken at the time corresponding fo T =1,
and was utilized for the calculation of the Peclet number by the same
procedure as for one-phase measurements. Thevresults are tabulated
in Appendix II. Eigure 4 shows the ratio of the observed Peclet number .
to the Peelet numbey obtained for the same chumn“in single-phase flow
versus. a Reynolds numbef base&”ﬁpop the flow ratefof;discontinuous phase,
for various values of the continuous-phase flow rate. Figure 5 gives an

approx1mate correlatlon for the data as a function of the ratlo

ACSWICHRIR WA

b, Longitudinél Dispersion in the Discontinuous Phase

Accordlng to Vermeulen, . Williams, and- Lang101s,Zl the extinction

ratio T /I (where I_ is the initial 1nten51ty‘and I is the transmltted

1ntens1ty) can be expressed as

IO/I = DA+ 1,

where A is the interfacial area of the discontinuous phase, and b is a

~ function of the ratio of the dispersive indices of both phases, This. can

Joe translated in terms of voltage readings from the recorder,

v/vO = bA + 1,

where v and v are the voltage readlngs for the actual measurement and

for the initial time, ‘respectively, Flnally, a plot of

L v v - A-A
. __.'E. - ° - ©°
VoVl =V, | _ Af - AO
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Fig. 4 Longitudinal dispersion in the continuous
,phase for 0.75-inch-sphere packing.
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(where the subscript f indicates the final conditions at the end of the
run), gives thé breakthrough curve .corresponding to the discontinuous
phase. ' ‘
The calculation method can be demonstrated.with Run 721-2, made
with undyed kerosene, and Run 721-3 with dyed kerosene, Figures 6 and
.7 are the respectiye recorder charts, both corresponding to a recorder-
ghart,speed of 12 inches per minute., Table 2 indicates the results of
the calculations for the breakﬁhrough curve, The results are plotted
on Figure 8, and give respective slopes of 0.82 and 0,83, The calcu-
lations are then conducted in the same.way as for one-phase flow meagure-
ments. For both N6 = 8,4l and 8,64,lFigures M'and'S:vaParthLgive s
v = 1,015 and 62 = 1.15. The corresponding ND"s are 7,63 and 7,71, . and
0,212 and 0,214k were the resulting values of the Peclet numbers, " The
tables for the two-phase runs are collected in Appendix II. Figures 9
~and 10 are plots of the discontinuous-phase results compared to Figures

4 and 5,

¢. Radial Dispersion in the Continuous Phase

_ _ Radial-diépersion measurements were made for Column 6 as a
function of flow conditions. The same procedure as for the one-phase
flow was used for analysis of the data. The results are tabulated in

‘Appendix II, and are plotted in Figure 11,

.d., Hold-=up

Using the breakthrough curves obtained in the measurements ofv
: axial dispersion, one finds that the actual time for T =1 correspbnds
to the .average residence time of the phase under study. The holdup
',volume is .obtained by multiplying the columetric flow rate by the resi-
dence time. From the total interior volume of the column between tﬂe
injection layer and the measuring layer, the fractional porosity for the

ith phase is

€ = Holdup volume/Total column volume, .
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SO [P T J—

’ : MU-14353

e

Fig. © Recorder chart'for Run 721-2 (breakthrough curve
of total discontinuous phase).
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Fig. 7 Recorder chart for Run 721-3 (breakthrough curve
of dye injected into the discontinuous phase).
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‘Table 2

Breakthrough-Curve Calculations for the Discontinuous FPhase

a. Uncolored Kerosene (Run 721-2)

‘Recorder-chart readings * Breakthrough curve
-
o 12.72 0 o
22.50 12.50 _A k.26 0.409
30.00 12.00 T T 0.545
45.50 ©11.00 | 3771 0.827
68.60 10.00 | 65.79 . ‘1.2u
84,00 ~9.50 ~ 81.90 1.52
L ~9.00 100 | S

' b. Colored Kerosene (Run 721-3) '
Recorder-chart - -readings Breakthrough curve
iy aw  Toh
0 ~ 6.30 0 o
25.5 S 2004 0. 1460
31.5 -  ~3.70 o-19.2k 0.571
SR ©3.90 © 43.15 L 0.7h5
5l ' ‘3.10 | 37.82 0.981
65.5 3.45 : 63.71 | 1.190
69.5 3.30 59.51 1.260
76 300 76.96 1.380

0 : 2. 540 100 . o
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Run 721-2 (undyed kerosene)

Points are extreme vé.lues
from Run 721-3 (blue kero)

] 1 AL i ] ) 1 [l 1

50 100 150

Time, t, seconds

MU-14436

} Fig, §_'Crossplot of relative concentration, from Runs
721-2 and T721-3, utilizing points of Table 2.
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Fig. 9 Longitudinal dispersion in the discontinuous
phase for 0.75-inch random packing.
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Fig. 10 Correlation plot for discontinuous-phase
longitudinal dispersion for 0.75-inch spheres.
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Fig. 11 Radial dispersion in the continuous phase for
© .. 0.75~inch sphere packing: . Orthorhombic-2
arrangement, 40% porosity.
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Furtheﬂ,
where ec and ed are the fractional porosity for the continuous phase

and the discontinuous phase respectively, and € is the bed porosity.

The respective holdups are

Xc - ec/.€ ?
er = €d/ € 5
which may be expressed as percentages (with X, * X = 100%) .

d
A correlation on re51dual saturation" given by Brown2 indicates

that the permanent holdup of the dlscontlnuous phase may reach 2 to 3%.
~ Theoretically, the difference in residence time found for experiments
with the undyed and dyed kerosene would correspond to the -permanent
holdup. The expérimental uncertainty din the reésideénce-time .values us
gbout 2%, As no definite evidence of permanent holdup was found in the
experiments, it was concluded that pérmanent holdup is less thanjz%d

To check the reliability of thevexperimental_deéermination,
holdup values for both phases were obtained, For exémple,tRuns 62345,
623-1, and 625-1 give an average holdup of 66.73% for the continuous
phase (see Table TI-9); Runs 708-1, -708-5", 708-2, T08-7, and 709-9 for the
s,amé;;flows§'i (,TableﬂIIﬁ')ﬂ give a holdup of 30.13% for the discontinuous
phase, The sum of these results is 96.86%; this would correspond to a
permanent holdup of 3.14% which would not dlsagree w1th the Brown
correlation,

The holdup results are tabulated in Tables II-7, II-8, and II-9,
and are plotted in Figures 13,and.lh, Figure 12 is a plot of the hold-
up as function of.thejcontinuoué-phase flow raﬁe for constant Values of
the discontinuous}phase flow raté; It is noted that the curve of
Figure 12 is flat for the lower values of(Uozé,and starts rising sharply
only in the neighborhood of the flooding point,.

Extensive studies of holdup were made by Wicks and Beckmann2§in

1955, following .the work of Pratt a.nd.coworkers.,B’lrr

It is planned to
utilize the data of these authors in a more general correlation of hold-

'up, as an extension of the present study.
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continuous phase.
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-113-
2. Discussion

The analysis of the results obtained leads to the following
concluéions: -

(a) Flooding occurs at a velocity ofvthevcontinuqus phase that
corresponds to the end of the laminar range or the beginning of the
transition range, ' » ,‘

(b) 'The loﬁgitudinal Peclet numbers obtained are always smaller
than, 6r equal to, the laminar value obtained for one-phase flow, This
is found in a contihuous-phase velocity corresponding to the single-phase
transition range,v ItAappears that the addition of a small amount of
discontinuous phase stabilizes the state of laminar flow.

(¢) The axial Peclet number of the continubus phase decreases
for an increasing flow rate of the discontinuous phase, but also de-
creases for a decreasing flow rate of the continuous phase (Figure 4).

(4) The axial Peclet number of the discontinuous phase in-
creases for increasing flow rate of the discontinuous phase, but aléo
‘decreases for decreasing flow rate of the continuous phase (Figure 9).

(e) The radial Peclet number follows qualitatively the same
behavior as the axial Peclet number for the continuous phase, but it is
somewhat less affected, as shown on Figure 11. | |

(f) It is possible to correlate all the results expressed as

. : . : , 2 oL
the ratio NPe / (NPe)O versus the ratio (Uo)d / (Ub)c 5 where NPe is

the observed Peclet number, (NPe)O is the correspondingvPeclet number
for the laminar region in single-phase flow, and <Ub)c and (Ub)d are
the flow rates of the continuous phase and the discontinuous phase,
respectively. (See Figures 5, 10; and 11,)

(g) The low values obtained - as low as 0.2 (N - are an

: o Pe)O
indication that the eddy-diffusion phenomena have far-reaching conse-

quences in extraction,
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APPLICATION TO PACKED-COLUMN’EXTRACTION

To determlne the effect of the diffusion term in Equation ll
thls equatlon was applled to the data of Colburn and Welsh, 2 The re-
sults, given’ in Tables 3 and_h and plotted on Flgure 15, lead to the
. following conclusions:
| 1. The over-all Peclet number changes very little, for a given
packing type and porosity. For a wide range of flow conditions, in a

typical ' case, N_ may vary between :0.036. anda0¢050 - (sée Table 3). .

Consequently thgevalue Of.Nocb also varies very little; in the same
typical case Nocb varies only between 0.5 ft and 0,63 ft,.

2. It has been assumed that the flow rates can be varied, while
| A is maintained at unity (where A is the extraction coefficient,
A_# m Fd/Fc); Although this would not actually be achieved in any one
system, many practical extraction systems do in fact operate with A
near unity, For a large flow réte.of the discontinuous phase and a
very small flow of the continuous phase, the dispersion effect may
entirely control the HTU. For a small flow rate of'the .discontinuous
phase and a large flow of the contlnuous phase, however, mass transfer
tends to provide the principal resistance (see Figure. 15)

3. ‘The ratio of the diffusion term to the HTU can be correlatad

as an increasing function of

Gd N GC_, where the G's correspond to mass flow rates,
¥, TEquation 11 can be written

4
i H. = H . J ., -+ -
ocP oco: a 7h + (NPe)OC

Extrapolatlon of Colburn s and Welsh's results, in the llght of this
" equation, provides the following conclusions:

a. For equal bed heights, the diffusion term in Equation 17
increases for'increaslng-particle diameter as expressed in Figure 16.
(The ‘porosity of the bed is assumed to remain constant,)

b. For the same‘particle diameter and the same porosity, the
diffusion term is an increasing function of the length-as expressed.by

Figure 17,
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- Table 3
Over- all Peclet number calculated for extraction experiments,
Data of Colburn and Walsh, 3

Continuous phase water, discontinuous phase isobutanol,

. 'Gd;L’; B (NPe)oc - o (NPe)oc
(1o/nx/257) et G = 1,150 st =50
20 ¢ .. 0.0k 0.050
kg0 ' . o.0ks 0.0
010 . 0.050 - 0.036

Taﬂéﬁ

Comparison of dlsper51on resistance with total extraction resistance

| (Data of Colburn and Welsh3)
GdA ST G, = 1,150 lb/hr/ft G, = 500 lb/hr/ftz
.2 ' S i ] B
(1b/hr/ft7) : gxptl. HocD(%) o ‘ gxptl, HocD(%) -
' ocP H .p o ocP H .p
270 Y4 o o 13,7 2.15 23 -
490 1.7 29 1.05 50

1010 - 0.75 61 0.50 ~100
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Fig. 15 Effect of longitudinal diSpersion on HTU
correlation.
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Fig. 16 Effect of particle diameter on HécD at con-

stant dp/h ratio.
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¢. For the same ratio of particle diameter to bed length, and
the same porosity, the diffusion term is directly proportional to dp,

(Figure 18),

’
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‘NOTATION

Cell constant

Interfac1al area per unit volume

'Interf301al area at the end of the run

Fractional length, h/h

Light-intensity coefficient

Dimensionless helght h/d

P01nt concentratlon 1n81de

Concentration of the entering st?eam

Concéntration of the exit- stream

Concentration for pérfect'mixing ~ *

Dimensionless concentration

 Particle diameter

‘Molecular diffusi?ity

Dispersion coefficient
Longitudinal dispersion coefficient
Radial dispersion coefficient

Volumetric flow rate

.Superficial flow raté,Qweight per unit time per unit area

Height of bed

Longitudinal mixing length

Mixing- length vector

Radial m1x1ng length

Over-all height of transfer unit measured relative to the
X phase (mass-transfer component) '
Over-all height of transfer unit (dispersion component)
Over-all height of transfer unit (observed experlmentally)
Inten51ty of llght »

Initial intensity of light

Bessel function of zero order, with imaginary argument

.8lope of the equilibrium curve

Number of runs cofresponding to the same experimenfal

conditions
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Number of dispersion units

Peclet number

Longitudinal.Peclet‘number

Radial Péclét number

OvébéallfPécletfnumbér\ fl.?,ylﬁlll fg=l T
Number sof “transfer units (mass transfer cémponent)
Number of transfer unlts (dispersion component)
Number of . transfer unlts (calculated from measured

-

concentrations)

Number of transfer units (Observed.experimentally)

Reynolds number U d /V

“Probabilities

Peclet number (same as NPe)
Radial coordinate to a point
Radius of the column .

Slope of the breakthrough curve

Student's t pérametér:iinhinmtérmsd confidence limit .

Dimensionless time

.Charactéristic_velocity

Interstitial velocity

Superficial velocity, eq,ualsU€
Voltage :

Voltage at zero time

: Voltage at the end of the run

General varlable

Dimeﬁsionless length

‘Angle of dispersion

Cc&rrectionf‘ac’t,dr,_(YES)—2

Correction factor for breakthrough slope

Correction factor for’breakthfough intércept

Poros1ty factor

.Dlmen81onless length
' Characteristic time of m1x1ng

- Extraction.factor ‘o o o
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‘Parameter in diffusion equation

Kinematic viscosity

-Radius ratio, r/R

Time

Hold-up of designated phase, in two-phase flow

Concentration ratio c/c_

‘Modified Peclet number
‘Resistivity

Resistance

N
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" Part III. APPENDICES
APPENDIX I. SINGLE-PHASE FLOW

Table I-1. Longitudinal DisperSiQn,‘O;Ti-incthpberes,;Rhombbhedral Arrangement

(See Fig. 9)
Flow ' N Colum Run Slope N N
“Tate, Re height, ‘No. dlcfen) D ke
. (a u./v) X 0 .
gal./min. p O in. I
0.30 190k 23.6° .. 301-k 1.33 ..21.25 . 0.675
301-10 1.27 19.36°  0.615
301-11 1.30 20.28 0.64k
302-10 1.32° '20.90 © - 0.664
302-11 '1.33 . 21.2% 0.675
302-12 1.32 20.90 0.664
Average of 6 runs , "~ 0.656£0.039
1.0 © 6h.6 23.6 301-5 1.35 21.87  0.694%
301-6 1.37 22.53 0.715
301-7 1.33 21.25 0.675
301-8 1.40 23.54 0.748
302-8 1.34 21.56 0.684
h 302-9 1.38 22,85 0.725
Average of 6 runs 0.706£0.040
1.40 90.4 23.6 303-1 1.52 28.08 0.892
‘ 303-3 1.53 28.45 0.903
303-6 1.54 28.82 0.915
303-T*% 1.54 28.82  0.954
Average of L4 runs 0.916£0.039
2.0 . 129.2 23.6 302-3 1.78 38.85 1.:230
, 302-L% 1.73 36.69 1.165
302-6 1.80 39.73 1.262
302~7 1.82 40.61 °  1.290
Average of 4 runs ' 1.236£0.105
2.5 161.5 23.6 303-5 2.00 49.30 1.566
. 303-10 1.95 46.85 1.488
303-11 1.93 45.91 1.459
303-12 1.95 46.85 1.488
Average of 4 rums 1.500£0.10k
3.0 1940 = 23.6 301-3 2.15 57.64 1.831
. 302-1 2.20 59.83 1.900
302-5% 2.17 58.20 1.849
302-6 2.21 60.37 1.917
Average of 4 runs . 1.8740.079

*Throughout.Appendix I, the asterisk will identify runs breakthrough curves
were taken both from ¢ = 0 to ¢ = 5 and from c = R to ¢ = Oe
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Table I-1.  (cont'd.)

Flow

~Colum Run ~ ..Slope

“Re . : : D Pe
rate, height, No. da(c/ef) _ Sk
gal./min. (deO/v)'_ in. . dtcg
10.0 - 646 23.6 . . 301-2 L2.46 75.62 2.402
' - : 302-2% 2.50 T7.49°  2.462
304-5 2.53 ©T79.34 2.520
304-7 2.46 75.02 2.383
p Average of L runs 2.442:0.121
30.0 1940 - 23.6 305-1 2.51 78.18 2,484
4 ~ 305-2 2.48 76.32 2.424
305-3 2,45 Th 46 2.366 |
305-4 2.52 78.80 2.503
305-5 2.50 7756 2,46k -
~Average of 5 runs . 2.448t0,100
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~ Table I-2. Longltudlnal Dispersion, 0.75-inch Spheres, .Orthorhombic-1
' Arrangement (See Fig. 10)
Flow N . .Column ° Run ..-..- .; Slope ]ND' NP'
rate, . height, No., - .d(cfen) =€
4 (dU/v) , X 0 .
gal./min. O in.
. at
0.30 - 19.4 22.95 Yh26-1 c1.12 14,95 0.487
; S : o h26-3% 1.15 15.66 0.510
426.4 1.14 15.39 0.501 -
L27-1% 1.12 14.85 0. 484
427-2 1.13. 14,46 0.471
Average of 5 runs - . 0.490£0.027
1.0 -~ 6h.6 22,95 428-1 1.27 19.25 0.628 -
: - 428-2 1.25 18.67 0.608
Average of 2 runs 0.618+£0.040
2.0 129.2 22.95 428-3 1.48 26.57  0.866 -
: S S 428-7 1.50. 27.30 . 0.889
Average of 2 runs 0.877£0.037
3.0 194.0 22.95 L27-L* 1.75 375k 1.220
. . ‘ 429-2 1.76 37.98 1.238
429-4 1.76 ~37.98 1.220
Average of 3 runms 1.226£0.030
10.0 646 22.95 L26-1 2.16 S 57.72 1.882
> ! _ h27-3 2.15 57.19 1.86L
L27-6 . 2.19 ©59.34 © 1.934 -
Average of .3 runs 1.893£0.050
30.0 1940 22.95 430-1 2.17 58.26 1.899
430-3 2.15 57.14 1.86L4 _
Average of 2 runs 1.881+0.045




Table I-3.
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0.22 inch).

-Longitudinal Dispersion, 0,25—inch'RasbhigRnggs(db_=
. Flow .o . N, ..  Column . . Run Slope  N.. = N .
rate, (4 ﬁe/v) height,  No. d(c/co) ,D e
gal./min. p O in. . '
_ - dt L
0.30 5.69 26.0 902-1- 1.388 23.25 0.196
902-2 1.350 21.92 0.185
902-6 1.4%0 23.66 0.200
902-8 1.380. 22.98  0.194
Average of 4 runs ~ 0.194+0.063
3.0 56.9 26.0 1 903-1  2.12 55.47 - 0.469
- 903-5 2.10 54.48 0. 460
‘Average of 2 runs ' 0.464£0.020
10.0 ' 189.5 26.0 902-L4 2.65 87.32 . 0.738
' . 902-5 2.80 97.49 . 0.824
903-2 2.76 9k.72 . 0.801
- 903~k 2.80 97.49 0.824
- Average of 4 runs 0.796+0.13
20.0 379 26.0 905-1 2.92 106.02°  0.896
905-3 2.94 107.48 0.909
905-4 - 2.94 107.48 0.909
905-6 2.95 108.20 0.913
905-8 2.92 106.02 0.896" .
Average of 5 runs ' 0.904£0.065




- Table I-4. Longitudinal. Disper
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‘(dp_é40{232 inch).

sion, 0.25-inch Polyethylene Pellets

.Column

~ Run

Slope

Flow NRe g » ND NPe.f
rate, (au/v) height, No. d(c/co) g e
gal./min. p 0" © in. S e "
0.3" - 5.28 - 2.50 324-1 0.720 5.66 0.525
= 324-3 0.710 5.50 0.510
0.3 5.28 .. 5.0 324-2 1.00 . 11.62 0.539
0.3 - 5.28 26.0 31h-k 2.15 57.19 0.510
. . .319-6 2.17 58.26 0.519
. 320-1% 2.22 60.97 .0.543
320-2% 2..25 62.63 .0.558
320-6 2.26 - 62.90 0.560
Average of 5 runs 0.538£0.038
1.0 - 17.6 26.0 319-7 2.25 62.63 0.558
-319-9 2.27 - 63.76 0.568
319-10 2.23 61.54 0.548
320-7 - 2.15 57.19 0.510 o
Average of L runs 0.546£0.069
3.0 .52.8 -1k, 0 320-3 C1.60 31.09 0.515
S ' 321-1% 1.60 31.09 0.515
. Average of 2 runs 0.515%0.000
4.2 . 91.5 1k, O 320-L* 1.80 39.79 0.632
7.4 130.2 26.0 320-4* 2.84 100.29 0.841
320-5% 2.88 103.13. 0.865
321-4 2.82 99. 84 0.821
321-5. 2.89 103.86 0.863
Average of L runs «-0.847+0.018
10.0 176 26.0 319-1% 3.57 .160.06 1.36k
‘ : 319-2% 3.36 136.77 1.544
319-3% 3.15 124,64 -1.380
319-4 3.2 - 131.8% 1.L460
Average of 4 runs 1.429+0.129
30.0 528 26.0 320-8 kL5  248.68 2.119
' 320-9 “ L. Lo 243.16 2.072
320-10 4.39 242.03 2.069
320-11 4. 42 245-37 2.090
320-12 houlh o 247.60 2.109
321-7 %.36 238.76 2.033
Average of 6 runs . 12.082+0.081
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Table I-5. Longitudinal Dispersion,. 0,75-inch Spheres, Randomly Packed.

Fiow N ~ Colum  Rum . Slope N.. N

rate, (d.?;Z/v)v ' he%ght, "No. _ .,d(c/co) D - Pe
gal./mln. P : in. :
. _ dat_ .
0.30 - . 19.4 24.0 . 205-1% ~0.948  10.25 0.361
' ' 215-1 0.945  10.19 0.359
215-2 1.03 12.10 0.425
216-1 0.985 11.08 0.390
217-3 0.990 11.18 0.393
AN EY 1.01  1l.6% - . . 0.k409 .
 Average of 6 runms » 0.389:07001L
0.30 19.4 12.0 209-1 0.710 5.50 0.345
: 209-2 0.695 5.27 - 0.329
209-3 0.723 - 5.69 0.355
210-1% 0.733 5.86 0.365
Average of 4 runs 0.348+0.152
1.0 64.6 24.0 208=2 - 1.09 1Lk.076 0.439
' 21h-L* 1.16 15.930 0.497
216-2 - -1.13 15.118 0.472
Average of 3 runs 0.469+0.124
2.0 . 129.2 24.0 - 208-7 1.60 31.21 0.974
: 216-1% 1.h47 26.33 0.821
216-2 1.55 24.87 0.776
216-5% 1.52 28.16 0.880
216-6 1.54 28.89 0.902
217-2 1.60 31.21 0.97%
‘Average of 6 runs ' 0.887+0.093
3.0 194 2k.0 210-1 1.83 41.05 1.280
210-3% 1.820 L4o.61 1.260
210-5% 1.86 © Lh2.42 1.325
211-3 1.78 38.85 1.211
217-1 1.88 43.34 1.353
Average of 5 runs 1.285£0.075
10 . 646 - 24,0 - 207-h4 . 2.16  57.72 1.805
o 207-5 2.14 56.86 1.772
208-4 2.15 = 57.20 1.790
210-3 2.22 60.97 1.906.
211-2 2.19 58.11 1.816
211-3 2.20 59.89 1.872-
216-L4 2.20 59.89 1.872
217-8 2.21 60.43 1.889
217-9. 2.17 58.26 1.821

‘Average of 9 runs 1.838+0.033
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. -Table I-5. ~(cont'di) . =

Flow NRe Column Run . _.8lope .ND_ 'NPe.
rate, v(dvU 'v) height, No. --_-d(c/co) o AR

gal./min.v p,O/ - - in. : = .
30.0 1940 - 2h.0 1 208-6 2.17 58.26 1.821
. . ' .210-2 2.20 59.89 1.872
210-4 2.20 59.89 1.872
214-3 2.20 59.89 1.872

" Average of k4

runs 1.858+0.099




Table I-6.
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Longltudlnal Dispersion, O. 75 -inch Spheres, Orthorhombic- 2
Arrangement (See Fig 15)
Flow N, 7 . Column Run Slope N N
rate, (d'ﬁe v) height, No. d(c/c D e
gal /min.  ‘Tp O/‘ “in, - FraC
0.30 19.4 12.75 L06-1 © 0.86 8.21 0.488 |
18.75 LOT7-1 1.00 11.62 0. 464
24,00 402-1 1.11  1k.ks5 0.450
402-3 1.1k 15.28 0.476
L06-2 1.15 15.55 ‘0.485
406-3 1.11 1445 0.450
- Average of 6 runs . 0.469£0.082
1.0 . 6L.6 12.75 409-2 0,920 9.66 .0,568
- 24.00 Lho6-4 . 1.25 18.69- 0.583
409-1 1.29 19.88 .0.620
413-9 1.26 18.99 0.592 .
Average of 4% runs 0.590+0.092
1.8 116.3 ~  24.00 403-1 1.48  26.63 0.830
' : 41h-2 1.45 25.54 0.796
Average of 2 runs .0.813%0.180
2.5 161:5 12.75 Wz-2 1.20 17.1% 1.007
' 18.75 h2-1 1.38 22.22 0.915 .
24.00 413-2 1.67 34.10 ©1.063
- 413-3 1.61 31.61 0.986
413-6 1.67 34,00 1.061
413-7 " 1.56 29.67 0.925
413-8 1.58 - 30.42 = 0.949
4141 1.66 33.60 1.048
414-8 1.67 34.00 © 1.063
‘Average of 9 runs 1.001+0.062
3.0 190 12.75 409-5 1.32 20.83 - 1.225
- 409-11 1.32 20.83 1.225
18.75 409-4 1.58 30. 44 1.217
: $#09-6 1.61 31.66 1.266
110=h 1.62 32.00 1.280
24.00 ~hor-1 1.85 41.97 - 1.303
: L06-7 1.85 - 41.87 1.303
4093 1.83 h1.07 1.231
409-7 1.82 40.62 1.267
110-5 1.83 41.07 1.281
s 1.264+0. 033

. Average of 10 runs




‘Table‘l-é. (cont*d.) -

_]_35..

A

. Flow ....° NRe" .Column " Run : Slope “ND o N
rate, ICR /V)A height, " No.. .d(c/c :
gal. /mln. p o in.
: dt ;
10.0° 646 S 12.75 410-9 1.62  31.92 1.876
- o 118.75 Lo1-2 - 1.92 45.3L4 1.813
- 24,00 - 328-1% 2.25 62.64 1.950
410-3 2.26 63.19 1.971
410-7 2.16 57.74 1.801
410-10 2.22 60.98 1.903
Average of 6 runs 1.885+0.077
30.0 1940 12.75 409-12 1.62 31.92 1.876
B o 24.00 328-2 2.2k 62,07 1.930
D Average of 2 runs 1.903+0.160
Table I-7. Longitudinal Dlspers1on, 0.75-inch Raschig Rings
o (d = 0.65 inch).
Flow N .Column .Run Slope N N, .
rate, (a %e V) height, No. d(c/co) D Fe
gal;/min. p=O/ in. : 3t
0.30 16.8 . 26.0 -828-2 0.90 9.24" 0.231
: 828-3 0.94 10.08 0.252
- 828-4 0.95 10.03 0.258
- 828-6 - 0.88 - 8.84 _ 0.221
Average of L4 runs 0.240+0,065
.. 1.0 56.0 26.0 825-4 S 1.18 16.49 0.412
825-5 1.15 15.15 0.378 -
Average 'of 2 runs : 0.065
3.0 168: . 26.0 825-1 1.55 29.18 0.729
S 825-~2 - 1.52 28.06 0.701
825-3 ~1.59 30.71 0.767
825-6 - 1.60 31.09 0.777
. Average of L4 runs ' 0.743t0.087 -
106.0 560 26.0 823-1 1.68 35.L44 0.886
: : 823-2 1.72 36.24 0.906
- 823-3 1.75 37.52 0.938
823-5 - 1.72. 36.24 - 0.906
Average of 4 runs . 0.909+0. 065




‘Table I-8.
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Longltudlnal Dlsper51on, 1. O—lmch Intalox Sd@ﬁles ; 

(dp = 0.72 ineh)

Flow Neo .Column Run ~ Slope aNbi N
rate, (d,UO/v)' height, No. -d(c/co) '
gal./min. p O " in. ' TR ,
0.30 18.88 26.0 931-1 ~ .0.900 . 9.25 0.255
B o ’ © 931-2- 0.920 10.62 0.293
931-3 0.890 = 9.0k 0.249
931-5 0.880 8.84 0.243
Average of U4 runs 0.260t0, 064
10.0 629 26.0 930-1 - 1.65 33.16 0.915
930-2 1.62 31.99 0.882
930-3 1.65 33.16 0.915
"~ 930-L4 - 1.60 31.21 0.861
,Average of 4 runs o 0.893+0.066

Table I-9. Radlal Dispersion, 0.75-inch: Spheres, Rhombohedral Arrangement

(See Fig. 9).
S A T L
gal./min. . ‘%0 V) ha_
10.0 646 307-2 0.125 3.2k 3.50 7.00 '3.78
. 307-2 5.94 1.90 3.80 3.76
307-3 3.24 3.20 6.50  3.51
307-3 5.94 2.00 4.20 - L4.15
1308-1 e 3.24 . 3.70 - 7.50 4,05
308-1 5.94 2.10 4.30 4.25
. 308-2 3.24 0.900 8.00 4.32
308-3 3.24 0.980 . 7.00 3.78
308-7 0.875 3.24 0.210 7.40 4,00
308-7 5.94 0, 600 3.10 3.07
308-7 1.88 0.8L40 1.90 3.76
‘ Average of 11 values 3.860.47
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" Table -I-10. Radial Dispersion, 0.75-inch Spheres; Orthorhombic-1

. .Arrangement (See Fig. 10).
Flow N “ " Run r h, c 2 - (w))
rate, ) (d'ﬁe/v) - No. R inch - Eg_ NPeR ' Pe'r
gal./min. p o h dp
10.0 - 6L6 ' 430-1 0.125 2.65 10.11 25.00 11.06
: L C 5,40 6.21 14.00 12.61
12.15 3.540 6.80 13.76
. ‘ ©17.55 2.30 4.30 12.61
430-2 - 0.125 2.65 10.81 27.00 11.94
. 5.40 6.25 14.00 12.61
12.15 - 3.28 6.60 13.36
17.55 2.35 4. 40 12.90
Average of 8 values 12.60+0.76
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Table I-11. Radial DispersiOn, 0.25-inch Polyethylene.Pellets (dp =.0.232 inch),

Flow N Run r h, - c , 2 (N, )
rate, (a ﬁe/v) . No. 'R inch o NPeR . Pe T
gal./min. p O Y -7 'h dp
0.30 . 5.28 729-1 0O - 1k.00° 9,00 ~17.00 11.72
‘ 726-5 20.00 5.80 11.20 10.87
727-1 6.22 12.00 11.65
T27-2 6.42 12.50 12.15
728-3 6.01 11,50 11.16
729-1 - . 6.50 . 12.80 12.k42
. 801-1 - 6.58 13.00 12.62
801-1 5.92 11.40 11.06
801-2 - 6.80 13.00 12.62
803-4 6.51 12.52 12.15
806-14 6.48 12.51 12.1k
807-3 : : 6.65 13.15 12.76
Average of 12 values 11.94£0. 44
3.0 =~ 52.78 730-3 O 14.00 9.10 18.00 12.41
727-4 O 20.00 6.20 12,00 - 11.65
. 728-1 .. 6.65 13700 _12.62
728-2 6.32 12.10 11.74%
723-6 5.80  11.00 10.67
730-2 - 5,51 . 10.50  10.19
730-3 . 7.01 13.50 13.10
801-3 5.80  11.00 10.67
801-7 ~6.40 12.20 11.84
803-2 6.91 12.90 12.52
806-5 S 6.21 12.00 11.65
806-6 6.540 12.20 11.8%4
Average of 12 values  ~ 11.740.7h
10.0 175.9 726-3 0 20.00 5.65 © 10.80 10.48
- : 728-2 : 4. 75 9.00 8.75
728-4 : 5.51 10.50 10.19
730-6 5.01 9.50 9.22
730-7 ‘ . 5.80 11.00 10.67
801-5. 4.90" 9.40 - 9.12
803-1 . 5.50 10.50 10.19
Average of 7 values - 9.80+0.95
20.0 ' 352 324-1 0 2.00 45,00 92.00 8.93
' - ' 5.00°  17.05 - 34.00 8.28
8.00  11.50 22.5 8.75
14,00 = 5.90 11.50 7.82
20.00 k.22 8.00. 7.76

324-3 0 2,00 41,03  80.00 « T.77
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Table I-11 (cont'd.)

Flow N Run T h, c 2. (N )
rate, (dvﬁe/v) No. R inch Eg . NPeR Pe'r
gal./min. p O ' : B d
324-4 O 5.00 19.01 37.50 -.9.15
8.00 11.32 22.00 8.56
- 14.00 5.81 . 11.20 7.72
324-5 0 20.00 4.51 8.30 8.058
324-10 0.875 20.00 1.71 8.00 7.77
32k-12 0.875 20.00 1.90 7.60 7.37
324-13 0.875 20.00 1.65 8.20 7.96
' Average of 13 values 8.15%0.35
30.0 527 . 730-6 O 20.00. 4.02 7.60 7.35
803-2 3.7h 7.20 6.99
803-4 : L.25 8.10 7.86
803-5 L. 41 8.40 8.15
803-6 4.52 8.60 8.35
803-7 , ' 4.15 8.00 7.76
Average of 6 values 7.74£0.65

" Table I-12. Radial Dispersiom, O.75-inch Spheres, Randomly Packed.

Flow N, - Run T h, c_ 2 (N, )
“vrate{ j(d:EZ/v) No. R inch o NpeR Pe'r
gal./min. P v . h dp
10.0 - 6L6 224=1  0.216 3.00  7.40 22.50 11.25
o : : 6.00 4.80 - 11.50 11.50

12.00 2.50 5.70 11.40
- 18.00 1.70° 3.7 11.10
224-3  0.625 3.00 0.20 21.50 10.75
, ‘ 6.00 0.70 12.00 12.00
12.00 0.99 6.10 12.20
22k-4 0.875 6.00 - 0.120 12.25 12.25
~ 12.00 0.450 6.20 12.40
18.00 0.710 3.95 11.85
Average of

10 values 11.67+0.50
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Table I-13. Rédial Dispersion,'0.75-inch Spheres, Orthorhombic-2
Arrangement (See Fig. 15).

Flow

()

16.90

N Run r h c A2
rate, (d.ﬁe/v) No. R ' inch Eg_ NpeR Felr
gal./min. 0 ' "h dp
10.0 6Ll 425-1  0.200 - 3.95  6.60 18.50 12.25
: \ ' - 6.75 4.81 11.50 12.95
12.75 2.52" 5.70  12.11
18.75 1.60 3.50 10.93
425-3 = 0.865 12.75 0.305 5.80 12.34
: _ 18.75 0.551 3.35 10.46
k26-2  0.200 3.95  6.45 17.00 11.25
6.75 4,90 12.00 13.50
12.75 2.61 5.90  12.55
- 18.75 },82, 4,00 12.50
426-6  0.200 3.95 6.71 19.00 12.58
6.75 4.92 12.00 13.51
12.75 2.62 ©5.90 12.55
18.75 1.87 4,20 13.12
Average of 1L values 12.32+0.65
Table T-1h. Radial Dispersion, Ottawa_Sand,(dp,= 0.0177 inch)
. Flow | N v-Run r o h . c_ u2v (N, )
- rate, (d=§e/v) No. . R inéh - %o NPeR *P? i
gal./min. p O h dp
0.30 0.457 " 809-3 O 20.00 9.10 17.50  16.99
~ 810-2 8.92  17.20 16.69
- 810-4 8.71 17.00  16.50
810-8 8.50 16.50 16.0L
815-2 A 9.05 . . 17.48 16.97
Average of 5 values 16.63t0.68
1.0 1.52 810-4 0 20.00  8.81 17.20  16.69
3.0 .57 810-6 O . 20.00  8.60 16.40
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APPENDIX II. TWO .PHASE FLOW

. Table II-1.  Continuous-Phase Longitgdinal.Dispefsion, 0.75=inch Spheres,
: Rhombohedral Arrangement. ' '

Continuous Discontinuous Column Run Slope N

" flow rate, flow rate,  height  No. - d(c/co) oD . ke
gal./min. gal./min. in. ! T '
0.30 0.158 23.6 702-2  0.84 7.91 0.250
‘ : 702-3  0.84 7.91  -0.250
703-5  0.80 7.1 0.225
703-6 0.88 "8.8L4 0.280
703-9  0.85 7.89  0.250 -
Average of 5 runs 0.250£0.015
0.30 0.609 23.6 702-4  0.67 h.78 0.151
o o 703-6  0.62 3.93 0.124
704k-1  0.65 4.38 0.138
704-2  0.68 4.90 0.155 _
Average of U4 runs - 0.1hk2t0.0k
- 0.60 - 0.158 + - 23.6 “628-9 1.09 - 13.97 0.442
: ' - 629-10 1.10 1lh.22  0.449
630-1 1.12 14.95 0.473
630-3° 1.10 ‘1k.22 © 0.450
630-4  1.13 1k L6 0.458
Average of 5 runs 0.L454+0.017
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Table II-2. Continuous-Phase Longitudinal Dispersion, 0.75-inch Spheres,
‘ Orthrhombic-1 Arrangement.

Continuous Discontinuous Column Run .Slope N N

flow rate, flow rate,  height  .No. . d(c/co) D 'V'Pé
gal./min. . gal./minl . in, Frs : ‘
0.30 - 0.219 22.95 601-2 0.67 4.78 0.153
: 608<1 0.69 5.067 0.165
608-7 - 0.70 5.215 0.170
607-8 0.68 4.900 0.160
607-9 0.70 - 5.215 0.170
Average of 5 runs 0.163+0.023
.0.30 ¢ 0.951 ©22.95 529-4 0.50 2.34" 0.076
o 530-3  0.47 1.98 0.05k4
60L4-4  0.50 2.34 0.076
609-5 0..48 2.11 0.069
* Average of 4 runs 0.071+0.02
0.30 1.82 22.95 607-3  0.45 1.77 0.0578
’ _ A 608-4 .0.43 1.55 0.0506
609-1 - 0.46 1.89 0.062
, 609-2 0.h42: 1.48 0.0483
= 609-4 .0.L45 1.77 10.0578
Average of 5 runs 0.055+£0.012
0.60 0.158 - 22.95 602~7 0.92 9.65 0.315
: 603-1 0.88 . 8.84% 0.289
605-2  0.90 9.24 0.302
605-3 .0.87 8.6k 0.282
605-7 0.95 - 10.30 0.336
605-9  0.90 . 9.24 0.302
Average of 6 runs 0.302+0.064
0.60 - 0.219 22.95 601-2 0.90 9.24 0.302
603-2  0.85 7.85 0.258
603-3  0.87 8.6L4 0.289
604-4  0.86 8.077 0.264
607-1  0.88 8.84 0.289
607-2 .0.86 8.077 0.264
Average of 6 runs 0.277+t0.038
0.60 0.426 22.95 521-1 .0.72 5.61 0.183 -
' 21-2  0.69 5.067 0.165 "
521-3  0.67 4,78 0.153
602-4 - 0.70 5.215 0.170
602-5 0.73 581 0,190
. 602-10 0.7h 5.95 0.195

Average of 6 runs 0.176£0.029
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Table II-2 (cont'd.) .

Continuous - Discontinuous. Column .Ran

.Slope

N

flow rate, flow rate, height  No. d(c/co). D P
gal./min. gal./min. in. 3t
0.60 0.951 22.95 529-1  0.62 3,93 0.128
« 602-6  0.6L4 L.25 0.138
604-3  0.62 3.93 0.128
621-5 0.65 4,38 0.143
621-7 0.635 4.18 0.13
Average of 5 runs 0.135+0.028
0.80 0.219 22.95 607-13 0.88 8.84 0.289
608-8  0.84 7.84 0.256
608-9 0.86 8.077 0.26k4
608-11 0.87 8.6L4 0.282
609-10 0.85 7.89 0.258
Average of 5 runs 0.269+0.0378
0.80 : 1.00 22.95 607-6 0.75 6.14 0.2008
: 607-13 0.78 6.82- 0.223
609-11 0.73 5.81 0.190
610-1  0.79 ©6.905 - 0.225
610-2 0.72 5.61 0.183
Average of 5 runs -0.204%+0.032
1.00 0.158 - 22.95 528-1  1.13 14,46 0.471
528-6 1.15 15.66 0.510
529-1" 1.10 1k.22 0. 46k
529-7 1.1k 15.33 0.501
Average.of 4 runs 0. L486+0.088
1.00 0.219 22.95 523-3  1.07 13.43 .0.1439
© o 525-1 .1.05 12.91 0.422
525-2 1.06 13.16 0.430
527-5 1.03 12.33 0.403
527-6  1.05 12.91 0.422
528-2  1.02 12.09 0.395
- Average of 6 runs 0.418+0.074
1.00 - 0.487 22.95 520-1  0.92 . 9.65 0.315
521-1  0.95 10.3 0.330.
521-2 0.90 - 9.24 0.302
'521-3  0.96 10.55 0.344
523-6  0.95 10.30 0.336
524-2  0.97 10.78 0.352
. 526-5 0.94% . 10.16 0.332
526-6  0.92 9.65

0.315
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Table II-2 (cont'd!) =

' Continuous Discontinuous Column = Run  ~ Slope .~ N N, -
- flow rate . flow rate = height No. 'd(C/go)' -
gal./min. gal./min. . in. o TS

 527-i 0.97  10.78 0.352 |
605-1  0.95 10.30 0.336

Average of 10 runs 0.332+0,013
1.00 0.951 . .22.95 521=5 0.8k 7.91 0.257
: ' . : . - 522-5 0.80 7.11 0.232
523-7 .0.86 - 8.077  0.264
524-3 ~ 0.88 8.8k 0.289
524-4  0.85 7.89 0.258
525-5 0.88 8.84 - 0.289
525-6  0.86 8.077  0.26k4
252-7 0.85 7.89 0.258
526-3  0.87 8.64 0.232
526-6  0.86 8.077 0.26k4
526-7 0.90 9.24 0.302
527-1  0.85 7.89 0.258
527-4 0.8k 7.84% 0.256
607-2 0.86 8.077 0.264
‘Average .of 1% runs 0. 266+O 064
2.00 0.23 - 22.95 606-4  1.04 -15.33 0.501

606-7 1.1z, 1h.95 0.487
606-8 1.15 15.66 0.510°
606-9.  1:10 14.22 0. 46k

Average of 4 rums— 0.491+0.014
2.00 0.46 22.95 = 606-3 .1.09  13.97 0.456
: - 606-10 .1.08 13.82 0.451
606-11 1.10 . 1h.22 = 0.46L
606-12 1.12 - 14.95 0.487
Average of L runs © 0.464+0.039

Table II-Z2A. Experlmental Flooding Conditions for 0O.75-inch Sphere Packlng
\ in Orthorhombic~-1 Arrangement

Continuous flow rate, gal./min,u 0.30 0.60 0.8 1.0 2.0

Discontinuous.flow rate, gal./min. 1.65 1.5 ~ 1.20  0.95  0.6€0
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Table II-3. Continuous-PhaSe-LongitudinalrDispersion, Of75-inch’Spheres,

Random Arrangement.

Dik&ontinuous . -Colum

Slope N

N

. Average of 5

Continuous Run | . D p
flow rate  flow.rate;. height, No.  d(e/ej) 7 ©
gal./min.. gal./min. . in. ' T
0.30 - 0.609 24.0 622-2  0.50 2.34 0.073
Lo 626-1  0.45 1.77 0.055
626-2  0.50 2.34 0.076
626-10 0.48 2.11 0.065
626-11 0.51 2.543 0.076
Average of 5 runs 0.069£0.011
0.30 C1.21 24.0. - 623-5 0.h2 1.48 0.046
: - 624k-1 0.45 1.77 0,055
625-1  0.43 1.55 0.048 :
Average of 3 runs 0.049£0.020
0.60 - 0.975 24.0 625-2  0.60 3.6k 0.113
625-3  0.55 2.96 0.0923
626-1 0.58 3.35 0.10k4
626-2 0.6l 3.78 0.117
626-7 = 0.56 3.10 0.097 -
Average of 5 runs 0.105+0,01k%
~ Table II-L4. Continuous-Phase Longitudinal Dispersion, O.T5-inch Spheres,
S Orthorhombic-2 Arrangement.
Continuous = .Discontinuous Column Run Slope .ND 'NPe
flow rate flow rate, height, No. d(c/co) ‘
gal./min. . gal./min. in. ’ P '
0.30 0.951 24.0 629-1  0.h9 2.23 0.069
- o C 629-4  0.50 2.34 0.073
- 629-5 0.51 2.43 0.076
629-9 ~0.45 .77 "0.055 -
Average of L runs 0.068+0.025
1.00 0.951 - .2k.0 627-1 0.88 8.84 ©0.275
627-2 0.89 8.64 0.269
627-4% - 0.90 9.24 . 0.-288
628-2  0.86 8.08 0.252
628-5 0.87 - 8.64 0.269
runs 0.270+0.030
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Table II-b. Discontinuoué-Phase‘Longitudinal»Dispersion,40.75~inch Spheres
. Rhombohediral Artrangement.

Continuous  Discontinuous Column =~ Run Slope N N

flow rate, flow rate, = height,  No. d(c/co).' D. o Pe
gal./min. gal./min. in. - TS :
0.0 . R 0.25 - 26.88 T17-1 1.40 23.60 0.658
o ' . , Ti7-2  1.43 2L.69 0.688
717-3 1.37 22.53 0.628
718-1%% 1.4 24.00 0.669
718-5 1.35 21.92 0.611
Average of 5 values 0.650£0.041
0.0 .. 0.60 - 25.88  T718-4 1.16 15.93 0. 4Lk
' \ © T18-6 1.18 16.48 0. 460
720-3 1.20 17.10 0.477
Average of 3 values O.M60i0.06Q
1.0 ' - 0.25 . 26.88 718-2 0.84 7.91 0.220
‘ : 718-7 0.88 8.84 0.246
720-1 0.85 7.98 0.224
721-2  0.82 7.63 0.212
721-3%% 0.83 7.71 0.214 -
Average of 5 values 0.223+0.0k46
2.0 0.25 26.88 721-5 0.67 4,78 0.133
\ 722-1 0.70 5.215 0.139
722-3%% 0,67 - L. 78 0.133 :
Average of 3 values 0.135%0.,010
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Table II-6. Discontinuous-Phase Longitudinal Dlsper51on 0. 75 -inch Spheres
~ Random Arrangement
Continuous  Discontinuous Column “Run ~- .. Slope .ND T,
flow rate flow rate, height, No. d(c/co) ' "
gal./min. gal./min. in. ' dt‘ '
0.0 . 0.25 25.0 707-2 1.01 11.86 ° 0.355
' 707-9 - 1.05 12.88 0.386
707-10  1.03 12.10 0.363
707-11%% 1.07 12.42 0.402
Average of 4 values 0.376:0.028
_ 0.0 0.25 25.0 707-1%% 1.05 12.88 0.386
707-8 1.07 13.L42 0.402
Average of 2 .values 0.394
0.30 0.25 25.0 710-2%% .0.88 78.84 0.265
710-3 0.90 9.24 0.277
“710-7 0.84 7.91 0.237
711-5 0.92 9.65  0.289 -
Average of 4 values 0.267:£0.036
0.30 1.21 25.0 708-1 1.00 11.60 0.348
' 708-2 1.02 12.09  0.362
708-5 0.98 11.08 0.332
708-7 1.03 12.10 0.363
.709-9  1.05 12.88 0.386
Average of 5 values 0.358+0.034
0.60 0.25 25.0 713-27+ 0.72 5.6l 0.168
' 713-4 - 0.7k ©5.95 0.178
713-5 0.75 6.1 0.184
Average of 3 values 0.176£0.045
0.60 1.21 25.0 705-2%% 0.86 8.08 0.242
' 705-3 0.84 - 7.84 0.235
705-10  0.87 8.64 0.259
706-9 0.88 8.84 0.265
Average of . 4 values - 0.250£0.032
1.0 0.25 25.0 705-4 0.67 4.78 0.143
706-5 0.62 3.93 0.118
706-8%% 0.6k Y h.25 0.127 .
706~9 0.65 1,38 = 0.131
Average of U4 values 0.129+0.038

*%In this and following tables, indicates runs using dyed kerosene.

}
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Table II-6 ‘(:,COI;IJG'd.:)

Column

Continuous Discontinuous Run  Slope ND _ NP
flow rate ~ flow rate, - height,  No. - -d(e/eg) - T €
. gal./min. gal./min. in. L —_—
l,Q 1.21 - 2500 TO5-5%% 0.78 “6.82 0.205
o T11-2 0.79 = 6.91° 0.207
715-10 0.81 7.16 0.215
_Average of 3 values 0.209£0.020
2.0 0.25 25.0 705-1°  0.46 1.89 0.056
715-1%% 0,50 2.3k4 0.070
T15-2 0.48 2.11 0.063
Average of 3 values 0.063%0.025
2.0 0.46 25.0 712-1 0.6l 3.78 0.113
‘ : : 712-3 0.58 = 3.35 0.100 -
T15-5%% 0,55 2.96 0.088
Average of 3 values 0.100£0.040
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_Table I1-7. Continuous Phase RadialnDispersion, 0.75-inch Spheres,
_ . . .Orthorhombic-2: Arrangement.. _ .

Discontinuous

7

Continuous Run r h c 2 N, ) ~
flow rate, flow rate, No. R inch o Pe Srer
gal./min. gal./min.- ' ‘ h dP

0.20 0.0 816-2 0.200 .- 6.75 5.81 14.5 16,24

: 816-2 12.75 - 3.42° 7.90 16.7h4
817-4 6.75 5.90 15.00 16.80
817-k . 12.75 '3.20 7.%0  15.62
817-5 - ~12.75  3.51 8.20 17.30
817-5 18.75 2.65 5.0 15.60
Average values of 6 runs ' 16.38+0.88
0.30 0.20 816-6 0.200 12.75 2.49 5.68 12.0L4
816-6 : 18.75 1.91 h.25 13.26
817-7 12.75 2.54 5.80 12.29
817-7 18.75 - 1.82 4,00 12.48
818-2 12.75 2.61 5.90 12.50
.Average values of 5 runs’ : - 12.51%0.86
0.30 1.0 819-2  0.200 12.75 2.10 L, 71 9.98
819-2 18.75 1.50 3.4 10.60
820-6 6.75  2.82 8.82 9.87
820-6 12.75 2.22 4.80 10.17
821-1 12.75 2.31 k.35 9.22
821-2 12.75 1.99 4.50 9.54
Average of 6 rums 9.89x0.22
0.60 0.20 821-3 0.200 12.75 3.10 6.8 1h.L1
8214 18.75 1.91 4.5 14.04
821-5 12.75 -3.20 7.40 15.68
821-5 18.75 1.85 4.20 13.10
821-6 12.75 3.05 7.00 14.84
Average of 5 runs 1k 11+0. 415
0.60 . 1.00 822-1 0.200 12.75 2.51 5.70  12.08
822~1 18.75 1.82 4,00 12.48
822-2 12.75 2.45 5.50 11.66
822-2 18.75 1.75 3.80 , 11.85
Average of 4 runs - 12.02£0.54

-,
W
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" Table II-8. DiséontinuouS—Phase'Holdup, 0.75-inch Spheres,. Rhombohedral
" Arrangement.(Porosity 25.95%).

Continuous - Discontinuous Run t 67 tT_l' Holdup . Holdup-
flow rate, flow rate, No. 0% a volume: Xd,‘
gal./min. gal./min. - : o o ind. %

0.0 0.25 T17-1 36.00 35.10. 31.15 15.57

7L7-2 37.50 36.56  32.44 - 16.22
T17-3 36.50 . 35.58 31.58 15.79
718-1%% 38.00 37.05 32.88 16. 44
718-5 37.00 36.07 32.01L° 16.00
Average of 5 runs 16.00£1.90
'0.60 .. " 0.60 718-4 30,00 28.95 61.83 . 30.92
718-6 31.50 30.39  64.94 32.47
720-3 30.50 29.43  62.86 31.43
Average of 3 runs , 31.60+L4.30
1.0 0.25 718-2 . 53.00 19.29  43.74 21.87
' 718-7 55.00 51.15  L45:39 22.69
- 720-1 '55.00 51.15  L5.39 22.69
721-2 54.00 50.1k . Lh,35 22.19
721 ~3%% 55.00 51.15  45.39 22.69
Average of 5 rums 22.hex2.77
2.0 - 0.25 721-5 115 103.5 91.85 45.90
722-1 105 94,50 83.86 41,93
722-3 110 99.00 87.86 43.93
Average of 3 runs : 43.9244.50




 Table II-O.
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Discontinuous-Fhase Holdup, O.75-inch Spheres, Random
Arrangementf(Porcsity'ho%). :

Continuous -Discontinuous ‘Run 'tSO% . tT:l' - Holdup Holdup
flow rate, flow rate, No, T volume Xd,
gal./min. gal./min._ o ‘ inJ. ,%

0.0 0.25 707-2 ~ 33.00 31,74 28.16 9.38

707-9 30.00. 28.86 25.61 8.53
707-10 35.50 3415 30.15 10.05 -
707-11%% 33.50 32.22 28.59 9.53
Average of L4 runs : 9.381.42
0.0 1.21 707-1%%  22.00 21.12 90.60 30.20
707-8 20.00 19.20 82.36 27.45
Average of 2 runs 28.82+4.10
0.30 0.25 70-2"F 31.50  29.6L  26.278 8.76
710-3 33.00 31.02 27.53 9.17
710-7 35.00 32.90 29.20 9.73
711-5 - 34.75 32.66. 28.98 9.66
Average of U4t runs 9,33+1.50
0.30 - 1.21 708-1 20.50 19.68 84,53 28.12
; 708-2 21.75 20,88 89.67 29.89
708-5 23.00 22.08 94,83 31.61
708-7 22.50 21.60  92.77 30.92
708-9 22.00 21.12  90.07 - 30.23
Average of 5 runs 30.13+2.90
0.60 0.25 713-277  33.50 31.32 29.57 9.85
713-4 32.00 - 29.92 26.55 8.85
713-5 '33.00 30.85 27.38 9.13
Average of 3 runs ' . 9,281,140
0.60 1.21 705-2%%  28.00 26,18 112.h 37.46
- 705-3" 26.00 24,31 10hk.h1 34.80
705-10 28.50 26,64 11k, b1 38.13
706-9 27.00 25,245 108.42 36. 41
Average of 4 runs ' 36.70£h. 49
1.0 0.25"° 705-L 37.00 33.30 729.55 . 9.85
706-5 39.00 35.10. :31.15 10.38
- 706-8%% - 37.50 33.75 -29.95 9.98
706-9 38.00 34.20 730,35 10.12 -
Average of 4 runs " 10.08+2.60

1.0 1.21 705-5%%  39.50 36.54  156.93 53.31

' 711-2 38.00 35.15 150.96 50.32
715-10 37.50 34,68  148.95 19.65
Average of 3 runs 50.76+5.10
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Table II-Qu(cont'd.j

Holdup

‘Continuous  Discontinuous Run tBO% 'tTFl Holdup
flow rate, flow rate, No. ' - volume X,

~gal./min. gal./min. ; ‘ ind. 2

2.0 0.25 705-1 8.500 76.50 67.89 22.63
TL5-1%%  90.00 81.00 71.88 23.96
715-2 87.00 78.30 69.49 23.16
Average of 3 runs 23.35%2.50

2.0 0.46 712-1 100 90.00 146.97  18.90
715-1 115 103.50 168.19 56,06
715-5%% 120 10800 176.33  58.77
Average of 3 runs 54, 57£8.10

Table IIL-10. . Continuous-Phase Holdup, O0.75-1
- Arrangement (Porosity L0%) .

nch Spheres, Rando

b -

Continuous  Discontinuous Run t50% tT#l Holdup Holdup
flow rate, flow rate, No. _ volume X .
gal./min. gal./min. ‘ - in3. %°

0.30 1.21 - 623-5 183 16k 175.0 63.17

' C62h-1 195 175.5 186.9 67.47
625-1 201 181 192.7 69.56
Average of 3 runs 66.73%5.10






