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BACKMIXING IN LIQUID-LIQUID EXTRACTION SPRAY COLUMNS
ABSTRACT

Backmixing of the continuous phase was studied
in liquid-liquid spray columns of various geometries,
for various flowrates of the two phases, and for

various drop size distributions.

The dispersion or eddy diffusion model was used
to characterize the axial mixing of the continuous
phase, from a distributor of sodium chloride tracer
(soluble in the continuous phase only). The steady
state form of the model was utilized to calculate

axial eddy diffusivities from these results.

The tracer studies showed that the axial eddy
diffusivity is independent of the continuous phase
flowrate and the column height. Axial eddy diffusi-
vities between 7-ft.2/hr. and 31-ft°2/hr° were obtained
in a 1%-in. I. D. column. Low dispersed phase flow-
rates and large drop sizes resulted in high axial eddy
diffusivities. Increasing the column diameter to 3-in.
resulted in superficial axial eddy diffusivities

between 6.3 and 17.3 times larger.

The hold-up of dispersed phase was measured by

means of a piston sampler. The hold-up increases



'approkimately linearly with increasing dispersed
phase superficial velocity and tends to be slightly
higher for increased continuous phase superficial
velocities. A smaller drop size resulted in an

increased hold~up.

Drop size distributions were measured;A'They
always show two peaks, one at 0.02-in. diameter,
and the other at a much larger size, the actual -
value of which depends on the nozzle ti# diameter

used to disperse the drops.

The mixing cell-packed bed analogy was used to
predict Peclet numbers in a spray coluﬁn. The
agreement between these and measured Peclet numbers
is good for drops of about 0.15-in. equivalent
diameter but becomes R;pgressively worse as the drop

size is reduced.
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ABSTRACT

* Backmixing of the continuous phase was studied in liquid-liquid
spray columns of various geometries,‘for various flowrates of the two

phases, and for various drop size distributions.

Thendispersion or eddy diffusion ﬁodel wes used to characterize
‘the axial mixing of the continuous phgse. Axial concentretion profiles
~ were measured upstream, wlth respect to the continuous phase, from &
.distributor of sodium chloride tracer (soluble in ﬁhe continuous phase

only). The steady state form of the model was utilized to calculate

axial eddy diffusivities from these results.

The tracer studies showed that the axial eddy diffusivity is
independent of the continuous phase flowrete and the column néight.
Axial eddy diffusivities between 7-ft?/hr, and 3l-ft?/hr. were
obtained in & l%-in. I. ﬁ. column. Low dispersed phase flowrates and
large drop sizes resuited in high axial eddy diffusivities. Increasing
the column diameter to 3-in. resulted in superficial axial eddy

diffusivities between 6.3 and 17.3 times larger.

The hold-up of.dispersed phase ﬁas measured by means of a piston
satipler. The hold-up increéses approximately linearly with increasing
dispersed phase superficial velocity and tends to be slightly higher
for inereased contiruous phase superficial velocities. A smaller

drop sizeé resulted in an increased hold-up.
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Drop size distributions were measured. They always show two. peaks,
one at 0.02-in. diameter; and the other at a much larger size, the
actual value of which depends on the nozzle tip diameter used to

disperse the drops.

The mixing cell-packed bed analbgy was used to predict Peclet

numbers in a spray column. The agreement between these and measured

- Peclet numbers is good for drops of about 0.15-in. equivalent diameter

"but becomes progressively worse as the drop size is reduced.
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INTRODUCTION

_ 1. PREVIOUS WORK

3

ILiguid-liquid extractioen is.used widely for separating components
which are more difficult or expensive to sgparate by other methods such
as distillation, evaporation, or precipitation. Extractién processes
usually afe preferred if the two compenents to'Be separated have similar
boiling points, or if one of the cemponents is heét'sensitive or present

in small amounts.

Countercurrent extraction in vertical towers cah'be carried out
when the raffinate and extract phases differ apprecilably in density.
Although sieve-plate, bubble cap, and packed towers are more comménly

found in industrial use "

...the spray tower is the more attractive for
. experimentation because éf its ihherent simplicity, and also because of

the greater possible.range of flowrates of the two (phases)...” (1)

Figure 1 shéws diagrammatically how each phase is introduced into
and removed from a spray tower. In the system shown ﬁhe less dense-
phasé is dispersed through nezzle tips located at the lower end of the
column.. The disperéed phase drops rise through the descending centinuous
phasgland coalesce @t the interface at the upper end of the column.

Many workers have studied spray column Qperation. The knowledge gainedi

in the main represents an accumulation of small contributions.
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 FIGURE 1. SCHEMATIC DIAGRAM OF A SPRAY COLUMN



The ‘designs of the continueus phése inlet and dispersed phase @utlet
used in the present study were first propdsed by Blanding and Elgin (2).
Opfimum nozzle tip diameters énd dispersed phase flowrates in the nozzle
tips for reproducible, more or less uniform drop éize have been suggested

by Johnson and Bliss (3) and later by others (4,5,6,7,8).

From about the early 1930's workers began to perform laboratery
scale experiments in atfempts to discover simple laws or te formulate
correlations which applied to spray tower operation (2,3,9,10,;1,12,13).
Their'resulfs‘;ndiéate that the extent of extraction is‘dependent upen
the flowrates of the two phases, the directien of solute traﬁsfer
(T.e. from dispersed phasé to‘continuoﬁs phase or vice versa), which
phase’ is dispersed, drop size, colﬁmn dimensiens, and sometimes upon
inlet selute éonqentrations.‘ All these workefs anglysed only the

column inlet and éutlet‘solute~concentrations of each phase.

= ’ﬂiéht andebpwayi(lh) in.l§50 pointed.out that the mass transfer
précess should be‘conéidérea as taking place in three sepérate stages -
"1} drop formation, ii) drop rise, and iii) drop‘coalescencet Geankoplis
and Hixson (l),‘also in 1950, revelutionized techniques in spray coelumn
experimentation by taking samples of the continuous phase from within an
operating column. This was éccomplished by’lowering a8 hook-shaped
sampling prebe, (as‘shown in the sketch below) inte the column and

.then applying a slight vacuum to the upper end of the probe. Continuous

phase ‘was drawn inte the probe without entraining ény dispersed phase.



U

. They observed'that the basic flow pattern within the column did nof
appear to be affected by tﬁe probe. In 1951 Geankoplis, Wells and

Hawk (15) extended Geankoplis and Hixson's work, again using an intefnal
'.sampling probe, to measure the solute concent?ation profile iﬁ the
continuous phasg. A typical experimental selute concentration profile

in the continuous phase is shown in Figure 2.

Geankoplis and co-workers noticed a sharp change, or end-effect,
in solute éoncentration in the continuous phaée at the interface.
- They thought "...thaf the location of the end effect at.the continuous
phase inlet may be caused by the inherent turbulenCe‘effect of coalescence
of bubbles at the interface..." (15). They made an allowance for this
ernd effecé by calculating a fictitious height bfvcolumn in which there
would~eccur the same amount of mass transfef as appeared to occur at
-the iﬁterface. To calculate solute concentrations in the disperseé

phase at various elevations in the column the use of mass balances was

attempted. On the basis that the superficial flowrates of both phases
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FIGURE 2. SOLUTE CONCENTRATION PROFILE IN A SPRAY COLUMN.

are not affected by solute concentration changes experienced in the
column, & material balance on solute around the control zone shown in
Figure 3 resulted in the following equation.

o} i
Lpep * LpCo = Lele + Ipop

1
Thus
L
_C o i
o T L] (eg -rcg) * op
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FIGURE 3. MASS BALANCE OVER A SECTION OF A SPRAY COLUMN.

Although some turbulence was observed in the continuous phase (1)
~ne allowance fornits'efféct was included in the mass balance. Geankoplis
continued his work invblvihg continuous phase sampling with Kreager (16)

and later with Vogt (17).

Morelio and Poffenberger (18) were the first to suggest positively
that the continuous phase did not meve through the column in effective
piug flow, bu£'that there was recirculatien within that phase. They
said that the recircﬁlation, which was later to be called backmixing,
may be caused by thermal currents, density differences or by the friction

of the drops carrying some of the continuous‘phasé along with them.



They portrayed the idesa diagrammatically as shown in Figure L.,
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FIGURE 4. .CONTINUOUS PHASE RECIRCUIATION.

It can be seen that the simple mass balance given in Equation 1 based

on plug flow of both phases is not Valid,

L Alﬁhough Morello and Poffenberger (18) gave a physical picture of
backﬁixing, Newman (19) p@intéd out that the end-effect which had been
.obserQed by eérliéf WOrkeré could be explaihed in terms of backmixing
L’of the continuous phase. Also he présented the féllowiné argument to
shéw that the solute concentration in the dispersed.phase at some point
in the column cannot be calculated by a mass balance over éhort‘sections
of the column. Newman accounted for backmixing by considering a flow

of continuous phase countercurrent te the main flow of continuous phase.



Thkis backmixing flow was exactly compénsated by an ilncreased main
flow of coatinuous phase. It was assumed that the resulting main
floonf continuous phase was fadiélly homogeneous at a given column
eievation; The plug flow‘model and Newman's backmixing medel are

shown in the following sketch.

Lp. :
p e o | g CC
¢l ?L o ' éI?L colL
D C C DD c¢C
(a) PLUG FLOW MODEL (b) BACKMIXING MODEL

* For plug flow of bothAphases, as shown in (a) of the above sketch,

CD is given by Equation 2.

Q 1
- +
o) * op

t

(e

C =

D c

o

‘For‘backmixing of the coantinuous phase, as shown in (b) abQQe, a

solute mass balarnce over the lower séction of column yields
Let+ (L +L)e =Le +Lc%+ Lec
DD C B DD cC B

C B



Thus

‘As LB and,cB cannot be determined it is not possible to use this

equation to obtain c_ . For the same reason capacity coefficients and

D
HLT{U{ values for short sections of column cannot be derived from the
knowledge of terminal conditions and the solute concéntration profile

in the continuoeus phase.

Campps (20) calculated the height of tower in which there would
occur the same émount‘of mass transfer as appeared to have produced the
end-effect at the continuous phase inlet of the coluﬁn. He neted alseo
thdt'backmixing ofbthe continuous'phaSé may cause end-effects in spray
towers. The existence of a backmixing stream in the form of wakes
travelliﬂg with the disperséd phase drops has been demenstrated
photographically (21, 22, 23, 24), and Li and Ziegler (25) say "In
general the précess éf backmixing in spréy tdwers is believed to be
fnitiated largely in thé wakes of droplets'. Letan and Kehat (26, 27)
névé worked with spray column heat exchangers. They explain continuous
phase backmixing effects by means of a medel in which continueus phase
is supposed to be carried along in the form of wakés, with the dispersed

phase drops.

Gier and Hougen (28) used hypedermic syringes to draw off continuous

phase .samples and bell-shaped preobes to cellect dispersed phase samples.
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The accempanying sketch shows an example of each sert of probe used

by them. Probes of each sort were distributed aleng the length of the

column.

M1

A bell-probe sample contained both dispersed and continuous-phases.
. The sample was allowed to reach equilibrium*and then each phase was
anglysed fof solute. A simple mass balance on solute in the bell-

probé;sample at the times of éollection and analysis results in

Equation 5.
.+ = a+ a
VDCD V'CcC VbcD V'CcC
’ | 5
Therefore
= a‘+V a _
°p = * Vo (5 - o)
Vb
6

In order to calculate cj from Equation 6 an estimate of c_, at the -

elevation of the bell-probe, was made from a plot of the concentration

of solute in the hypedermic syringe samples versus celumn height.

2

* ’ + IR 5 . '. .
i.e. no change in concentration ovfveither-phase with time.
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-‘Gler and Hougen calculated values of H.T.U., based on concentration
differences in the dispersed phase, by gréphical integrgtion usipg the
measured concenfratibn prdfiles. Their Figure 17 shows the solute
concentration in the dispersed phase as determined by means of
Equation 6_for one of their runs in which solute was transferred from
Athe,continuous phase to the dispersed phase. These concentrations

are gréater than those which could'be obtained from calculation by
means of Equation 2 which is based on plug“flow'of both phases. This
fesult is in agreement with Newman's suggestions (Equation 4). As a
restlt the H.T.U. values calculated by graphical integration were
coirespondingly'lower than those calculated from thé column terminal
donditions assuming plﬁg.flow of both phases.. Patton (29) took samples
froem an operatiﬁg.spray columq'ﬁsing the hypodermic needle and inverted
funnel teChniqﬁe of Gier and Héﬁgen. He found a considefable drop in |
the continuous-éhasevSOlute concehtratién at the interface which was
not'matchéd by a proportional drop in the solute concentfation in the
dispersed phase. He conclﬁded that the discontinuity in the solute
'cencentfation profile iﬁ the cohtinuous phase at tﬁe interface was due

to bulk mixing of the continueous phase in the column.

A develapmeht.of the sampling technique of Geankopiis and coworkers
(1) and of Gier and Hougen (28) waé used by_Ewancﬁyna and Cavers (30, 31).
They made use of a hook-shaped probe for continuous phase sampling
and a bell-shaped pfobe for dispersed phase sampling. The probes

were lowered into the operating column at the ends of stainless steel

tubes as shown in Figure 5. Samples were drawn into the probes and
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 FIGURE 5. HOOK AND BELL-PROBES
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and along the samp;e liﬁesby'the use éf a Watér aspirator. Acetic

actd was transferrea between an aqﬁeous‘contihuous phase and a methyl
tsobutyl keféne (MI$K) dispersed phase. The aqueous phase was

saturated with MIBK and the MIBK phase saturated with water. The
"selute éoncentration profile in each phase was measured at various
combinations of phase flowrates. Plots were made showing the dependence
of capacity coefficients on flowrates and also of H.T.U. values on
flowrates. The causes of end effects in spray columns wér¢ explained

clearly and verified experimentglly.

The measured concentration profiles for a typiéal run with
solute beiﬁé transferred from the continuoué aqueoué phase to the
dispersed MIBK phase ére shown in Figure 6. The lines FB and GE
are the measured concentration profiles for the dispersed phase and:
the continueus phase respectively{ It was assumed that no backmixing
took place in the dispersed phase. This aSsumptibn was based on the
visual oﬁservation:tﬁat the drops appeared to rise up the column
without circulating back on their paths (28, 30, 31).‘ If it is
aséumed in addition that no backmixipg takes place in the continuous
‘phase then Equation 2, which is based oﬁ plug flow of both phéses,
"can be used to calculate the line GD. When the drops 6f dispersed
phase arrivg,at the interface they do not coalesce immsdiately but
remain as pért of a drop layer there. Undoubtedly mass transfer
takes pla;e into these drops during their sojourn at the interface.
Ewanchyna and Cavers attributed the concentration jumps BA (in the

dispersed phase) and CD to this interface mass transfer.
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They attributed the change DE to axial mixing of the centinuou;
phase. The line GH is the concentration profile which wouid be
expected for perfect mixing of that phase under conditions such that
the solute concentration in the aquébus stream leaving the column
was that given by peint G. It can be seen that the measured aqueous _ .
bphase solute concentration profile (GE) lies between that expected
for perfect mixing (GH) and that for true countercﬁrrent flow (GD).

Evidently the continuous phase does undergo seome axial mixing.
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- Ewanchyna and Cavers (30,.31) found that thé results of runs
with solute transferred from the dispersed phase‘to the continuous
phase supported‘the-above ideas. With solute tfansferred to the
tontinuous phase drops coalesce immediately on reaching the interface
(31, 32, 33,,3h). As a result there was negligible mass transfer
at the interface and hence no jump in the dispersed phése concentration

pfofile}there. The results of a typical run are shown in Figure 7.
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FIGURE 7. CONCENTRATION PROFILES IN A SPRAY COLUMN.
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The whole of the solute concentration change (DE) in the continuous
phase at the interface was attributed to backmixing of the continuous

phase in the column.

Choudhury (35) continued Ewanchyna's work. Toballow for
backmixing of the continuous phase in the derivation of an expression

for (H.T.U.) values, based on a logarithmic mean dispersed

overall
phase concentration driving force, he introduced a correction factor,

F , as Pratt (36) had done for packed towers.

fhe question waé raised as to whether the solute concentration
in the continuous phase'entering_the bell-probe with the drops was
the same as that entering the hook-probe. It was thought that the
" bell-probe might sample preferentially continuous phase which was in
the.immediaté vieinity of the drops. rIf‘this coptinuous phase were
not of the_same'%olute concentration as that in the main Bulk of the
continuous phdse the use in Equation 6 of o from a hook-probe sample
in order to calculsate cD in a bell-probe sample would be invalid.

‘ /

In order to test the hook and bell sampling technigue Hawrelak
(37) designed and cénstructed a piston sampler. A sketch of this
device is shown in Figure 8. By moving the piston from one side of
the piston biock to ﬁhe other it was possible to remove a bulk sample
of both phases from th¢ column and allow the column to continue

operating. With this device Hawrelak (37), and later Bergeron (38),

N
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FIGURE 8. PISTON /SAMPLER.

compared solute concentrations in the dispersed phase calculated
using the bell and‘hook;probes with'thoée calcuiated froem results
using the pistbn éémpler énd the hbok-probe. 'It was necessary to
assume that the hook—pfobe sample was representative‘of the continuous
"phése-in the column at the sampling height. However, no definite
conclusiens were drawn, mainly because the column was run under sﬁch
conditions that the two phases were near equilibrium at the sampling

elevation.

Rocchini (39, 40) studied drép shape and measured drop size
distributions in & spray column by examining clese-up photographs

taken of an operating column.
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Dispersed phase hold-ups in spray towers have been calculated

largely from Equation 7 (3).

h o= 100 Ly
u

However, Weaver, Lapidﬁs and Elgin (41) determined hold-ups by
Tsolating a section of column between'two quick-actingvball valves
and measuring the vélume of each phase collected. Hawrelak (37)
and Bergeron (38) measdred dispersed phase holdJUpé, without dis-
ruptiﬁé the column_opefation, wifh the:aid of a piston sampier
described” earlier. It hgs'beeh found (3, 30, 35, 42) that the
diéperSéd;éhase.héld-ué .incréases‘only sligﬁtly'with:inéfeasiﬁg
'qontinuoﬁs phasevflowrate and is nearly linéarly dependent on the

dispersed phase flowrate.

Hayworth and'f?eybal (4) and Johnson and Bliss (3) héve
observed that the length of a jet of dispersed phase ieaving a
nozzle tip incregses to a maximum and then decredses as the flowrate
of.dispersed‘phase increases. ?Pey noticed that the size of the
dropsbformed ét the ends of the jets of dispersed phase also increases
to a maximum with increasing dispersed phase flowrate. However, the.
dispersedlphase‘flowrate at which fhe maximum dfbp size occurs is
lower thén that at which the maximum jet length occurs. The claim
was made that uniformly sized drops are produced at dispersed phase
flowrates lower than these which give the maximum drop size. The

formation of many small drops along with larger drops has been
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observed'under‘some operating conditions. (4, 43). Weaver, Léﬁf&ﬁé;
and Elgin (41) found no noticeable éhange.in drop size distribution
along the length of a spray column; Garwin.and Smith (43) report

that the disperéed phase drop size is independent of the continuous

phase flowrate.

2... MATHEMATICAL-MODELS

In order to describe fully a tufbulent field it is'necéssary
to know the Qelocity vector at all points.and at all times. However,
such knowiedge is unavailable. Therefore a measurement of some effect
of the turbulence usually is méde in order to characterize the extent
of the tﬁrbulence. Even when the flow pétterns in the turﬁulent
field are ofba complicated nature a simple mathematical model often
adequately describes the.mixing taking place. In the past the design
of flow reactors has been bésed largely ﬁpon two idealized medels:

plug flow, and completely mixed flow. Plug flow assumes a flat

- velocity profile, whereas completely mixed flow assumes that the

fluid in ﬁﬁe vessel is perfectly mixed. The three most popular
models which lie between the two extreme cases are the:dispersioﬁ,
mixing céll, and random walk models.‘ For the case of fluid flow
through a long column or bed the mathematical implicationsAof all
three models are essentially the same (4L, 45, 46). However, there
ére'fundamental differenées befween the premises upon which the
models.are based. Brief outlines of these models are presented

below together with summaries of some of the more important researches
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which have utilized them for interpreting experimental data. Axial

mixing of only one phase is considered in each case.

DISPERSION MODEL

It is assumed that axial mixing due to turbulencevfollows a
law simiiar to Fick's Law fof molecular diffusion. On this basis
a mass balance on solute in the coentinuous phase over én incremental
“section of column yields Equation 8 for the case of no mass transfer

to or from the continuous phase. (Also see Appendix 1.)

Ee agcc - chcc = ebcC

éze ‘ Bzy dt”

It s assuméd that radial hoﬁogeneity prevails. Wilson (47)
solved an equation similar to Equation 8 for mélecular diffusion
of heat from a point source into a flewing fluid. Wilson's solution
has been used together with‘e#perimentalnéata (48, 49, 50) to
| calculate eddy diffusivities inyopen ducts on the assumption of
‘Lsotropic homogeneous turbulence. Bernérd and Wilhelm (51) used

s similar method to determine eddy diffusivities in packed columns.

In 1949 Gilliland and Mason (52) applied the model to the

steady state operation 9§Nanﬁair-fluidized ved. At steady state Cq

\

is independent of t and Equation 8 can be‘intégrated (Appendix I)
to give.

‘Be dc = LCcC

Q
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where the nonstant of integration, J, 1s the net flux of solute
down the column. If the test section is, from the viewpoint of
the continuous phase, upstream from the feed point of tracer, then
| J =20

4and.Equation 9 yields Equation 10 on integration.

(CC ) LCZ
n (eg)| = Ee , 10

- Gilliland ann Mason (52, 53) injected a tracer gas at a constant
rate into the bed and measured tracer concentrations at various
peints in the bed below the level of tracer injection. From the
slope of a plot of 1ln (cC) versus z tne& were sble to calculate

" the superficial axial eddy diffusivity, (eE). The sbove method for
-estimating axial eddy diffusivities cannot be utilized-for the
cases of single phase or co-current flons because the process of
axial mixing would not, in this case, carr& the tracer upstream in
the continuous phase with respect to the tracer injection point.

- The model has been applied>subsequently to the study of pulsed
sieve-plate extraction columns (54, 55), gas-sparged tubular
vessels (56), rotating-disk contactors (57, 58), and commercigl

£luidized bed catalyst regenerators (59).

Continuous phase axial eddy diffusivities have been determined
mostly by considering the effect downstrean, with’respect to the
continuous phase, of an unsteady stafe injectionfof tracer. Equation

8 has been solved for injection of tracer according to a Dirac
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Delta Function or single'pulse, a step function, and a sinusoidal
_funétion. Theée three different methods of tracer'injecfion are

"discussed briefly below.

Dirac Delta Function

With no QXial mixing a_tfansverse-homogeneous single pulse of

' tracer,ihjected into ‘a moving streaﬁ would appear downstream as a
.éingle ﬁuiée.at all ‘times. With some axial mixing, Spreading_

»with respeét to distaﬂce within the coiumn of the tracer pulse
‘results. Dahckﬁérts.(60) gnd'Lévenspiel and Smith (61) éhowed how
_vtb iﬁtérpret thébplot oflthCer cqnéentration vérsus‘time for some
point d@wnstfeam frbm the place of tracer injection. Such a ﬁiot
is callédva C-curve (6Q)'aﬁd the second moment or variance of this
curve is reléﬁed téfthe'axial‘eddy‘diffusivity. ,Axiél.eddy diffus-
‘ivities havé been deterﬁinéd_by-the;Dirac Delta‘Function ﬁeﬁhod

for packed columns (6é; 63, 64), pulsed SieVe-plate columns (54, 55,
100}, «cdiled'tube reéétors (66), and liquid-fluidized beds (67).

Van der Lean (68) showedvhow fo deﬁerﬁine the axial éddy diffusivity
. from the variance of a C-qur&é fqr a finite leﬁgth of vessel by
“ﬁSing tﬁe appropriate boundary conditions (60; 69). Aris (70) '
pointed.éut-théf it is impossible tq inject a perfect pulse of
tracerzipto a column. Also hevshowed,‘however, that it is not

' necessarylfor the tracer injection to be in the form of a perfect
éulée if one takes the difference of the second mOments of.the |

. C-curves measured at two different pdihts in' the column, Aris'
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theory was later corrected by Bischoffv(7l)'who, bogether with
LevensPiel (72 -73),'bresented the'bheory in deteil. Axial eddy |
'diffusiv1ties in. liquid liquid spray columns at floodlng condltlons
| (7&), in paoked beds (75), and in orifice plate gas-liquid reactors
(76) have'been determined by taklng the dlfference of the variances
of;C-curves, | | |

ASteb fuhebion-

A steb funebieh of tracer.can,be.introduced ihbo e eelumn by
suddenly stopping or stertihg‘the flow ofktraeer, A plot of dOWn-
stream tracer concehtretion'versusAtimeiis called ah.F?curve (60)
or breakthrough curve The gradlent of the F-curve at .a particular
value on the tlme axis is related o the ax1al eddy d1ffus1v1ty
Gllllland and Mason (53) examined an F -curve for a fluldlzed bed
in 1952 but at that time a theoretlcal analys1s of such a curve
had nqt.been deve;oped; Inil953 Danckwerts 60) showed howito
vcaleulate the axial'eddy“diffusiviby from an experimehtsl F-curve.
‘Axlal eddy diffusivities have been determlned from. breakthrough
‘curves for packed'beds (h6 60 77, 18, 79, 80 81, 82), spray
: eolumns (&2)4-and rotating disk contactors (83)., Brutvan (84)
determined'axial eddy diffusiuities from breakthrough curves in ad
>Spray'column where7the'd13persed phase was solid spheres. ‘A
'statistical analy51s of experimental breakthrough curves has been
discussed by Kllnkenberg (85) Levensplel and Bischoff (73)
indicated how-tq eliminate the effect on the F-curve of the
'.,particuiar method of tracer injecbion used; The'procedure involved

taking‘measureﬁentsfet two elevations in a column. hMiller and
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King (86) examined the slopes of F-curves measured at two axial
distances in a packed bed to calculate axial eddy diffusivities.
It should be noted that the F-curve is the time integral of the

C-curve (79). This fact has been demonstratedxexperimentally (87).

Sinusoidal Function

“Undér the influence of axisl mixing in a colﬁmnva sinusoidal
'funétién of tracer_concéntration suffers both attenuation and phase
vlég; Levenspiel and Bischoff (73) derived equétiOns relating the
Peclet number to tbe atfenuation and phase lag df & sinusoidal
-.input of tracer. .The sinusoidal input or frequency response method
. hds been ‘used to determine Peclet numbers for gas flow and liquid
" flow thréughvrgndom and ofdered packed beds (63, 88, 89, 90, 91,
92, 93, 9k, 104). Ebach and White (63) showed how to evaluate

resultsvfor‘periodic tracer input functions which are not sinuscidal.

In liquid-liquid éxtraction colﬁmnsitwo phase countercurrent
flow with mass transfer is encountered. The performance of such
columns has been predicted on the basis of Equation 8 modified to

ihélude»a'mass transfer téim (95,v96, 97, 98) as ghown below
oo S Ca o éfE__ . (Eg.- 5 _ Bcc>
GE) ) e )T

Theoretical éoncentration profiles in extrdcﬁion.columns have been

calculated for variousvopefating conditions (99, 100, 101, 102, 103).
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Theoretical concentration profiles.have beenJcompared with experi-
mental profiles for various liquid-liquid extraction devices.
Agreementvwas good for pulsed columns (58, 102) and moderately
goéd for some conditions of spray column operation (103) and for

gas absorption-tower operations (105).

Gottschlich (106) applied Equation 8 to a packed column.
"In doing so he modified the equation to take into account~staénant
layers of fluid around the packing elements. He reports that the
medification impréves-the agreement of»experimental results and the
thecretical model. Van Deemter, Zuiderweg, and Klinkenberg (107)
Vused'the dispersion model to correct for non-ideality in chrom-

atography due. to axial dispersion.

MIXING CELL MODEL

Kramers aﬁd Alberda (90) drew an analogy between single
phase flow in a packed bed and a series of perfect ﬁixing vessels.
They assumed a long bed gnd restricted the magnitude of the particle
Peclet number. On these bases they showed that the dispersion
model and mixing cell model yield the same frgquency response
diagram for a sinusoidally varying tracer input. Other workers
(kh, 6k, 92, 108, 109) have followed Kfamers and Alberda's approach
forlsingle phase flew. It has been shown that for the analogy to
be valid the Peclet number, Pe', must be given by Equation 11,

Pe' = 2 o
A : 11
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where ') is the ratio of the leﬁgth of a -mixing cell, di’ to the
characteristic packing.dimension, dp (See Appendix II.) In a
packedjbedlthe axial'distance’between layers.of packing is taken‘

_to be equal to the helght of a mixing cell.

Aris and Amundson (108) and Jacques and Vermeulen (46)
used the Ppisson probdbility distribution funection to deseribe the
residence time distribution of a tracer molecule on the basis of

the mixing cell model.

-Epstein (110) has developed charts for a correction factor
which modifies log mean driving forces for single phase flow in
packed beds. The model ‘is based on the analogy between a fixed

' bed of particles and a.series"of perfect mixers.

Theéfetiéal'aréuﬁents ha?e been presented relating the

" dispersion model to a‘séries 6fip¢rfect mixingtcells with backflow
betweeﬁ mixers (45, 100,4l1i, 1123.113).nvLi and Ziegler (25) B
recenﬁly havé‘publishéd,a refiew df“thE'expériméntal and théor-
eti#al ﬁork done on fhe application 6f the dispersion and the .

mixing cell models to spray and packéd towers.
RANDOM WALK MODEL

'The theory for the random walk model is based dn Finstein's
- statistical treatment (115). Small packets of fluid are assumed’

to move in an intermittent fashion, the motion being over a



disfance, acd lasting for & length of tlme, both cfiwhich are
taken to be purely randdm quantities. Jacques and Vermeulen (h6)
Qshow that the random walk model the mixing cell model, and the ‘
' dispersion-model result in the same mathematical equation for
residence tlme distributions. Axial eddy diffusivitles for
'ipacked beds have been determined‘using the random walk model and

: iﬁput of tracer acccrding to a step function (46, 116, 117).
OBJECT OF THIS RESEARCH

In 1963 Gerster (127) summarized the work which had been
done .on the effect of axial mixing upon the performance of
extraction columns. He suggested that much further work in the

field of exial eddy diffusion was needed.

lPrevious_work to dete;mine:axiel edd&»diffusicities ih spray
columns has been carried out by Hazlebeck and Geenkoplis (42)
and by.Brutvac (84).~ The former incestigetion involved the use
of water as the‘aéueous phase and MIBK.as thé dispersed phase'in
a 13-in. I.D. column. Only one_set of nozzle tips, which pfcduced
drops of about 0.135-in. diameter, was used throughout the work.
The. step functicn input application of the dispersion model was
used as described earlier: The ax1al<eddy dlffusrv1ty was found
to increase llnearly between l2-ft /hr. and 22~ft. /hr. for
2

continuous phase superficial velocities between lO~ft3/hr. ft.

- and 45 ft3/hr ft% respectively. For a given continuous phase

27
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superfiéiai veiocity the axial eddy diffusivity was constant
for dispersed‘éhase superficial velocities between lB.h—ft?/hr. £42
and‘SO—ftg/hr; £t2 Brﬁtvanmperformed experiments in l-in., 1%-in.,
~and 2-in. I.D. columns wiﬁh water as the cOntiﬁuous phase and
‘glass beads, of dismeters 3, 4, 5, and 6-mm. respectively, as
 the dispersed phase. He,'also, used the step function input
application of the dispersion modéi;' Varioué diSpersed phase
superficial velocities between 10-£t3/hr. £t2 and 100-£t3/hr. £t2
and éoﬁtinuoué phase sgperficial velocities between lhO-ft?/hr. ftg
and 780-ft3/hr, P2 werglstﬁdied. He found that the axial eddy
.>§iffusiyity increésed.with increasing cblumh diametér;’increasing
disperéed,phase flowrate, decréﬁsing cq@tinuous phase flowrate
and decréésing dispersed'phase'particle‘sizé. Bdth the investi-
gations éf Hézlebeck'and Geankoplis and of Brutvan did not take
' into.account the problems #Ssociated with the broduction of a
perfectvstep function as mentioned eérlier. N§ work has been
reéorted'whéréiaxial eddy diffusivities in spray éolumnsvwere

determinéd.by_méans of the steady state application of the

diSpefsion model.

Accordingly,'the object of‘tﬁe present wgrk was to measure
axial eddyldiffusivitieé in an opefating liquid-liquid spray
column. The‘steady stﬁte'form Qf-the dispersion model was used
‘in these investigations. Since little was knbwnvof‘the-effect
of varioué operéting parameters on eddy diffusivity it was

decided that.the effects of flowrates of the two phases,'column



length,'and column diameter on the axial eddy diffusivity should

be‘investigdted, A minor objective,in the form of a preliminary

study wi'a.s,to"frl.nd. suitable methods:for sampling the continuous

and dispersed'phases of aﬁ operating spray - column.

29
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THEORY

APPLICATION OF THE DISPERSION MODEL TO RUNS WITH NO MASS TRANSFER

In the present work the dispersion model described in the
. Introduction was used. The general assumptions upon which this

model is based are listed below.

1. Backmixing of the continuous phase can be represented by
Fick's Second Law of Diffusion with a constant axial eddy
diffusivity throughout the column.

2. The molecular diffusivity of any solute considered is negligible
comparéd to the axial eddy diffusivify.

3. Radial homogeneity prevéiis‘at constant axial stition.

4. .The'velocity profile in the continuous phase is flat.

5. Volumetric flowrates are constant thrbughout the column;

6. A test section of column is considered in which no hydrodynamic

property is affected by the column termiﬁal conditions,

T. There is no backmixing of the dispersed phase.

Determination of Axial Eddy Diffusivities Co.

In addition to the above assumptiens the following assumptions
were made for determining axial eddy diffusivities.

1. The axial eddy diffusivity in the continuous phase is not
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affected by the chemical nature of the solute.

2. The solute dissolves only in the continuous phase.

The theory.is developed for a test section of column which
lies, from the viewpoint of the continuous phase, upstream from
the point of injection of tracer. The déwnstream flow of tracer
due to bulk flow of the continuous phase is equatéd to the backflow

of tracer by axial eddy diffusion to give

12
E-is‘the axial eddy'diffusivity and (BEe) is the superficial axial
eddy diffusivity. Obviously Equation 12 results‘frdm Equation 8
at steady stéte. As mentioned earlier, also, the solution.of
Equation 12 is
"L oz .o (CC).-

C__ =1 & o,

| Be (cCO)

. 1'3
'where CCO is the wvalue of cC at z = 0. It can be seen from

Equation 13 that a plot ofvln cC versus z has a slope of LC

if the model holds good. Derivatiens of Equations 12 and 13 are

given in Appendix I.

Prediction .of Peclet Number by the Mixing Cell Analogy

As mentioned in the Introduction the analogy between single
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phase flow through a packed bed and through a series of perfect
mixers results in the following limitation on the particle Peclet
Number, Pe'. (See Appendix II.)

Pe" = 2
2

" where

>/
1]

o P

P

where dy is the»disfancevbetween layers of packing pieces.

It'is suggestéd,that the above analogy can be extended to

spray colﬁmn'operation 3y allowiég the‘co-ordinate‘axes of reference
to move at the séme velocity as the rising dispersed phase drops.
As shown in Appendix ii; on this basis a spray éolumn tends,
mathematically'speaking,‘towards a paékea bed.‘ If thg drops are
assumed to be érfanged in ste,simple lattice structure, A caﬁ be
expfessed'purely in‘téfms of h . Therefére the predicted drop

) Peclet number isja simple.fﬁnction of h only. Equations for
prédicting the drop Peclet number, Pe, from the hold-up, h, have
been déri?ed in Appendix II for six different laﬁtice arrangements

" of drops.

APPLICATION OF THE DISPERSION MODEL TO LIQUID-LIQUID EXTRACTION

On the basis of the dispersion model the reduced concentration
of solute in the continuous phase of a liquid-liguid extraction

column is given by Equation 1k.



where

Az

]

il

1

Aexp gklZ) + Bexp (AQZ) - Q

K+ Jok© +

B,
%= o B

=L H+
2= LCH. KbaH s

Ee

L
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14

15

16

- 17

- | 2
B = (Lp - mLy) Kpal™
mLDEe

Q:Jm L
C I - nmL
~%co (I - mlg)
and A and B are cohstanﬁé of integration. Equations 14 to 19

inclusive correspond to Equations I-13, I-14, I-15, I-10, I-11,

and I-16 in Appendix I.

If the solute concentration profiles are available for
both phases of a liquid-liquid extraction spray column the

capacity coefficient, (Kba), can be calculated by means of

Equation 20.

K = Ly de,
H



3k

The integral in Equation 20 is evaluated graphically over the-
length of test section, H. The volumetric fraction of continuous
phase, e, in the column can be measured by means of a piston sampler
(37). For steady-state.operation the net flux, J, of solﬁte down
the column must be the same at any elevatibn_in‘the column. J can
be calculated from & knoﬁledge of the superficial Velocities of. both
phases and solute concentrations in the streams entering and leaving

the column by mesns of Eqﬁation 21.

- 1 i o 0 1
J =5 [(LCCC - LDCD) + (LCCC. - LDCD)] o1

Boundary conditions for Equation ih have been suggested by
Danckwerts (60). ‘These could be used to calculate the valueé of A
and B in that equgtion. Then, if an estimate éf fhe axial eddy
diffusivit&, E, were available, the concentration profile of solute
in the continuous phase éouldwbé predicted by means of Equation 1k.
However, the boundary‘conditions rely on the-assumption that the
dispersion model is applicable at the ends of the spray column.

Some doubtvexists as to whether ﬁhisvassumption 1s valid because the
hydrodynamic flow patterns are much different in the Elgin head
at the upper end of the coluﬁn;,and in the COﬁical section at the

lower end of the columﬁ, than in the column proper.

Another method for calculating values of A and B consists of
fitting Equation 14 to & measured solute concentration profile in
the continuous phase. In carrying out this curve fitting, an estimate

of the axial eddy diffusivity, E, isAobtained. Since Equations
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15 to 18 inclusive involve E, values of E can be chosen by trial
and error to produce the best fit of Equation 14 to the measured

concentration profile.

One method of‘fitting Equation 14 té an experimentél profile
is.by’means of the least squares technique. Estimates of the values o
of A énd B are obtained by minimizing the sum of the squares of the
differences between measured concentrations and those given by
Equation 14. That is, the value of [f‘given by Equation 22, must
be.évminimuﬁ. .

&% =S[o, - aexp(\2) - Bexp(\2) + @ 17
' 22
If Equation 22 is differentiated partially with respect to A and
this result equated to zero,‘and then again with respect to B, and
that-resﬁlt equated to zero, two siﬁultaneous equations in A and'B,

Equations 23 and 24, result. .

AS(exp(n2))? + 3S(exp(A 2)expM,2)) =S (Coexp(\2)) + aSexn(h2)
| } )

AS (exp(\,2)exp(M,2)) + BS(exp(2))° =SCoexpV2) + @Texp(\,2)
‘ 2L

Equations 23 and 24 can be.solved for A and B. This process can

. o
be repeated for various assumed values of the axial eddy diffusivity,
: 2
E. The value of E which results in the lowest value of A\ is one

estimate of the true value of E.
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APPARATUS

The original apparatus was desighed and built by Le Page (118).
However, it has been modified by others (37, 38, 39) and by thel
author. A schematic flow diagram of one arrangement of the apparatus
usgd in the present work is shown in Figure 9. This arrangement
was used for tracer studies with no interphase mass transfer in a

l%—in. I.D. column. A key to Figure 9 is presented in Table 1.

~All control valves were stainless steel needle valves with

Teflon packing. The centrifugal pump, P supplies the constant

1?
head tank, E, with de-ionised water from the storage tank, A.

Wafer flOstffom the_éonstant head tank, E, through the control
valve, J, and rotémeter, G, to ﬁhe Elgin ﬁead, M, of the column.
Water flbWs down, as the continuous phase, through the column |
proper, R, leaving at the lower end df_the coiumn and passing through
the inteffaceicontrol valve, X, and rotameter, Y, to the receiving
tank, B. MIBK is supplied to the constant head tank, F, by the
centrifugal pump, Pg’ froﬁ the supply tank, D. From the constant
head tank, F, MIBK flows through the control valve, K, and rotameter,
H, to the“disperséd phase nozzle, S, at the lower end of the column.
MIBK rises, iﬁ the form of drops, through the descendinglwater in

the column and coalesces at the interface, Q. From the Elgin head

MIBK flows directly to the feceiving tank, C. It is possible to



. FIGURE 9. SCHEMATIC FLOW DIAGRAM FOR THE 13-IN. I.D. COLUMN
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TABLE 1
(Key to Figure 9)

Continuous phase feed tank.

- Continuous phase receiver and storage tank.

Dispersed phase receiver and storage tank.
Dispersed phase feed fank.

Continuoﬁs phase constant head tank.
Dispérsed phase constant head ‘tank.
Continuous phase-feea rotameter.
Disﬁerséd phase feed rotamétér.
Continuous phase inlet sample valve.
Continuous phaée flowrate qontrol vaive.‘
Disperséd phase flowrate control valve.
Dispersed phase inlet sample valve.

Elgin head. |

contiﬁﬁdus phase inlet pipes.

Elgin head drain Qalve.

Céntrifugal pump for.continuoué phase.
Centrifugal pump for.dispersed phase.

Piston-type sampler.

.Interface.

Column proper.

Dispersed phase nozzle.

Thermometers
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Bottom conical section.

Vent to atmdsphere.

. Interface level control -valve.

Interface level control rotameter.’
Tracer constant head tank.

‘Tracer flowrate control valve.
‘Tracer feed rotameter.

Tracer disiribﬁtor.

22-gauge hypodermic needle samplers.
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take.a bulk sample from ﬁhe column with ﬁhe'piston samplér; PTS,
detgils of which are to be found elsewhere (37,‘38); A drawing of
the piéton sample‘coliécfionAveésel for dispersed phasé hold-ups
greater than 12% is shoﬁh in Appendix V. The piston sample |
Vcollection vessel for.dispefsed phase hold-ups less than 12% is
similar and is described elsewhere (37). Both of the piston sample
. collection flasks were calibrated by weighing them when they

contained various amounts of water. ,

Sodium chloride diséolved in MIBK-saturated water was used
as trécer,‘ A concentrated solution of this flows from the constant
head tank, Z, through the control needle valve, a, and rotameter, b,
to the tracer distributor, ¢, in the column. Time average point
samples were taken from the.column through 22-gauge, 3-<in. long
.vhypodermic.needies,'d. The flowrate of these samples was
regulated ﬁy means of simpie stainless steel-poiyethylene stopcock
valvés. -The hypodermic needlés‘weré.inserted through pquethylene
gaskets which were between 6-in. sections of the Pyrex glass column,
(See Appendix V for detailed drawings of the tracer distributor
and Qf the sample valves.) Sémfles éontaining tracer ﬁere analysed
- for sodium wiﬁh a Pefkin - Elmer 303 atomic absorption spectro-

phometer.

The major part of the work was carried out with a Pyrex glass
column of l%-in. I,D{ Details of the end sections of this column
are to be found elsewhere (118, 35). Its vertical dimensions

are shown in Figure 10. The arrangements shown in Figure 11 and 12

ko
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w ¢ INTERFACE i _ |
¥ i *_ f&"wm 6" LD. PYREX "DOUBLE TOUGH" PIPE
L I B

'qn 3./8u :

10" LONG 2 i.D. PYREX “DOUBLE TOUGH"
PIPE wﬁ'H UNFLANGED UPPER END

A

""/8"

«— 3' LONG, 192 ID. PYREX "DOUBLE TOUGH
PIPE. iy

6" LONG, |'/2 1.D. PYREX

"DOUBLE TOUGH" PIPE (SEE TABLE
VI-l FOR MEASURED DIMENSIONS)

Yig" THICK , 1%5" 1.D. POLYETHY-

. LENE GASKET THROUGH WHICH

SAMPLING NEEDLES PASSED

- {EACH . SAMPLING POSITION IS
INDICATED BY NUMBE‘R)_

STYLE I-2 TE'FLON GASKET

. (CORNING)

THICK, 1% 1D, TEFLON GASKET
THROUGH WHICH THE TRACER
_INJECTION NEEDLE PASSED

1" LONG, 1% 1D. PYREX *DOUBLE
- TOUGH" PIPE

CUSTOM MADE PYREX "DOUBLE TOUGH"
3" T0 172" REDUCER (30) |

FIGURE 10. 13-IN. I.D. com'



‘were used together with that given_in Figure 10 for investigating |
the effect'oflcolumn;length-on-the axiel eddy diffusivity. Details
of tne»golumn arragements used.for the part‘of the work‘concerning
sampling techniéuesAarevshonn'in Figuresichand,lu. Two sampling
’.techniques'for measuring concentration profiles were investigated.
"Thetfirst method was the use of the hook and bell-probes mentioned
,.earlier. Botn.the hook~shaped prdbe and the bell-shaped probe
were made;from stainless‘steel.‘ Details of these probes are to

be found _,eisewné'ré (‘,30,: ,118_)_, and- a diagi‘am is shown in Figure 5.
Samples were syphoned;outnof:the_eolumn through‘these'probes and
through»snall‘needle’valvesrand rotameters connectedfin series

'witn,them.' The needle valves were used to control the flows, and

the rotameters to measure them. The syphon was started by means _'

'ofva'water.aspirator.--The:second sampling method made use of
.nypodermic needles as mentioned earller.» The -piston sampler,
mentioned in the Introduction, was employed in both sampllng

investigatlons.'

‘The drops weredproduced.etia nozzle similar in design to
that of Kreager.and Geenkoplis (l6)._dWith this sort of nozzle
drops are forﬁed et the ends'of jets extending from short tubes
press—fitted into a/plate forming the end of the spra& nozzle.
These‘tubes were chamfefed.to sharp edgesbet their delivery ends.
The dispersed phase nozzle used with the l—-in. I.D. column was
designed by Choudhury, and a detailed draw1ng is to be found in
 his thesis (35). The nozzle tips and nozzle tip support plate

are described elsewhere:(30, 35,-118). The .average inside diameter

of these nozzle tips was measured by the present euthor and was

L2
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INTERFACE -

6" LONG, 6" I.D. PYREX "DOUBLE TOUGH" PIPE

10" LONG, 12" 1.0. PYREX “DOUBLE TOUGH" PIPE
WITH UNFLANGED UPPER END

A  6"LONG, l/2 1.D. PYREX "DOUBLE TOUGH" PIPE
(SEE TABLE VI-I FOR MEASURED DIMENSIONS)

'/le THICK, 1'% |.D. POLYETHYLENE GASKET
THROUGH WHICH SAMPING NEEDLES
PASSED (EACH SAMPLING POSITION IS
INDICATED BY NUMBER) :

FIGURE 11.

Wy THICK, 15" 1D. TEFLON GASKET THROUGH
WHICH THE TRACER INJECTION NEEDLE PASSED
CUSTOM MADE PYREX “DOUBLE TOUGH" 3" TO
12" REDUCER (30)

STYLE I-2 TEFLON GASKET (CORMNG)

SHORT 1%-IN. I.D. COLUMN
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7l'|ﬁ—— INTERF ACE
¥ _ _' 6" LONG, 6" I.D. PYREX "DOUBLE TOUGH" PIPE
o N | |
N D 10" LONG, IY, 1.D. PYREX "DOUBLE TOUGH"
PIPE WITH UNFLANGED UPPER END
|l 2'6" LONG, /2 ID. PYREX "DOUBLE TOUGH"
_ PIPE : ' :
' 3 LONG, 1% LD. PYREX "DOUBLE TOUGH"
PIPE ' |
. A 6" LONG, 1% 1.D. PYREX "DOUBLE TOUGH'
, _ PIPE (SEE TABLE VI-I FOR MEASURED
- ===B(O) -~ DIMENSIONS) o
| "B 5 e THiCK, 1% 1.D. POLYETHYLENE
b)) 'GASKET THROUGH WHICH SAMPLING NEEDLES
' PASSED (EACH SAMPLING POSITION IS
aB(7) INDICATED BY NUMBER)
LBe) A
BS) D STYLE I-2 TEFLON GASKET (CORNING)

8(1) | . - . |
— g THICK, 12’ LD. TEFLON GASKET THROUGH

WHICH THE TRACER INJECTION NEEDLE PASSED

2" LONG, 17, 1.D. PYREX "DOUBLE TOUGH" PIPE

. J » |
- ' I' 6" LONG, I! , 1D.PYREX "DOUBLE TOUGH" PIPE.

/2

CUSTOM MADE PYREX ‘DOUBLE TOUGH" 3" TO
Y, REDUCER S ._

FIGURE 12. LONG 13-IN. I.D. COLUMN
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o Ly
N INTERFACE |
‘ —F — ~6" LONG, 6" Ip. PYREX "DOUBLE TOUGH" PIPE
-;;\ I0"LONG, 1% 1.D. PYREX "DOUBLE TOUGH"
WITH UNFLANGED UPPER END
e 3' LONG, I%' 1.0. PYREX "DOUBLE TOUGH"
PIPE -
e ~—————1I' 6"LONG, I’ 1.D. PYREX "DOUBLE TOUGH'
N PIPE '
~
' LONG, 1% 1.D. PYREX "DOUBLE TOUGH"
PIPE " ' '

CUSTOM MADE PYREX "DOUBLE .TOUG‘H'_' 3"
T0 i% REDUCER

D STYLE -2 TEFLON GASKET (CORNING)

FIGURE 13. 13-IN. I.D. COLUMN FOR COMPARING HOOK AND BELL-PROBES AND
' PISTON SAMPLER RESULTS
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}-6" LONG, s" . a’ PYREX "DOUBLE TOUGH' PIPE

————10"LONG, 15" I.D. PYREX “DOUBLE TOUGH' PIPE
D  WITH UNFLANGED UPPER END

f———3'LONG, 1% 1D, PYREX "DOUBLE TOUGH" PIPE

I' LONG, 15 1.D. PYREX "DOUBLE TOUGH" PIPE

A 1"LONG, I, PYREX "DOUBLE TOUGH" SPACER

L]

B Y4g THICK, l)3 LD. POLYETHYLENE GASKET
THROUGH WHICH SAMPLING NEEDLES  PASSED

l " n
c 2/2 LONG, |/2 1.D. PYREX DOUBLE TOUGH
~ SPACER :

"D STYLE I-2 TEFLON GASKET (CORNING)

E 3" LONG, I% 1.D. PYREX "DOUBLE TOUGH"
~ SPACER o B

LONG, 1% 1.D. PYREX "DOUBLE TOUGH" PIPE

CUSTOM MADE PYREX “DOUBLE TOUGH" 3" TO
I%" REDUCER - ‘

FIGURE 14. 213-IN. I.D. COLUMN FOR COMPARING HYPODERMIC NEEDLE, HOOK
AND BELL-PRQBES AND PISTON SAMPLEB RESULTS '
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foﬁndvto be O.lO3-in. (Se§ Appendix V,) This nozzle and these nozzle
tips wefe‘usedifoflmucﬁ_df-the work deséribed in the pfésent thesié
inélﬁding.al; the'VOrk_ipﬁquiﬁg:mass trgﬁéfeftbetween phases. However,
the end plaﬁe and nozzle tip assembly QasAreplaéed for certain runs
‘so that the effect of‘drop Size on the axial eddy diffusivity could be
. studied. Thus sets of nozzle tips of average inside diameter
0.126-in;;.0.086-in{;,and 0.053-in. respectively wére.used in
.'adAition tditﬂosevof.b.103finzvalready mentioned. A dispersed
H:PhaSe noZzlé was designed‘fqr ﬁse in a 3;in."I.D. Pyrex glass
column uSea for‘parﬁﬂof thé'wofk and described later in this
séétion bfithe'thesiéf. Detailed drawings of the 0.126-in.,
'10.086#ih;, and 0;053;in,:I£D. ﬁdzzlé tips.appeaf in Appendix V.

,The ayerage-véioéity‘of MIBK'in theldispersed‘phase distributor
hoizle'tips:wasjmﬁinfaiﬁéd:¢onstant fér each set'of nozzie tips
by bloékipg off noiziézﬁipé'ﬁith-Téfldn ca§s or'plugs as the MIBK
flowrate waé réduced defterﬁé bf open‘nszle fips<uééd in this
work are shown in Flgures 15, l6 17, and 18 one for each set of

- nozzle tlps and for the varlous dlspersed pbase flowrates used

;Dfop éize‘distfibutioﬁs iﬁlfﬁe l;—ih.vIvD. column were
-determlned by photographlng a h-ln. length of column situated
‘between T-in. and ll 1n.,above the. top of the plston sampler bléck.
'Thglcamera.used was an_Exa;taAVX II a) wlth a 1.6-1n. ‘extension
'ring,and a Teiemegor 5.5/250~telephoto léns. Tﬁeacamera'aperature.
was set at f22”to give:a depth of.focus.gréater.fhan the inside

diameter of the columdi. Adox KB-1k (20 ASA) film was used.
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FIGURE 15. NOZZLE_'T'I_P.‘PATI'ERNS.VI.D.-=' 'o.12'6'-IN._ (13-IN. I.D. COLUMN) -
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~ OOPEN  @BLOCKED

FIGURE 16. NOZZLE TIP PATTERNS: I.D. = 0.103-IN. (13-IN. I.D, COLUMN)
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© BLOCKED

 OOPEN

NOZZLE TIP PATTERNS. I.D. = 0.086-IN. (13-IN. I.D. COLUMN)

. FIGURE 17..
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The section of. column photographed was surrounded by a parallel-

~sided’ Perspex box filled with dlstllled water to reduce the
' vdlstortlng effect of the round cOlumn - Back llghting was effected
with a Braun Hobby F60 electronlc flash unlt with a one millisecond
. flash duratlon; The sectlon of column photographed was shielded
;_from extraneous llght w1th a cardboard box which also supported
,the electronlc flash head and a light-diffusing screen of eight
sheets‘of trac;ng paper;.jFigure 19'shows the relative positions
of flash; colﬁmn; andveamera. vDetailed drawings of the Perspex»A_

box and thefcardbOard'shield_are given in Appendix V.

A few experlmental runs were carrled out with the 3-in. I.D.
PYrexvglass;oolumntshown 1n1F1gure 20. 1In order to produce and
malntalnbhlgh continuOusdphase superficial velocities three
contindous ohasetfeeditanks; pressuriied_to‘about 15 p.s.i.g. with
"nitrogen;:were used.» A schematlc flow dlagram is presented in

‘Figure-2l. Detailed drawings of the end sectlons and dlspersed :
‘phase dlstributor nozzle ‘are glven in Appendlx V Flgure 22 shows
‘dthe patterns of open and closed nozzle tlps used for various
_dlspersed phase flowrates._ Sodlum chlorlde tracer was injected
‘into. the column through the same tracer dlstrlbutor as used in
.the'lg-in; I.D. column, The'traCer’distributor was located on
“the centre line of’the colnmn and-tracer‘flowed into it through
.a 3- 1n.'long, 18- gauge hypodermlc needle whlch passed through a |
1/8 1n.-thlck 3-in. I.D., and 3 27/32 -in. 0.D. Teflon gasket.

'Samples were withdrawn as with the lgfln. I.D. column except. that
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___5"' ) .

™
|- | INTERFACE
I I
9" LONG, 9" I1D. Q.V.F. PIPE
v

‘ 0 - U : u " "
\|o3/4 LONG, 3" 1.D. PYREX “DOUBLE TOUGH" PIPE

A 6" LONG, 3" 1D. PYREX "DOUBLE TOUGH"
' PIPE (SEE TABLE VI-I FOR MEASURED
DIMENSIONS)

B Y4& THICK, 3" I.D. POLYETHYLENE GASKET

THROUGH WHICH SAMPLING NEEDLES
'PASSED (EACH SAMPLING POSITION IS

" INDICATED BY NUMBER)

6" LONG, 3" I.D. PYREX "DOUBLE TOUGH" PIPE
WITH BOTH ENDS UNFLANGED (SEE TABLE
VI FOR MEASURED - DIMENSIONS) »

-~ 10" 9%

THICK, 3" I.D. POLYETHYLENE GASKET
- THROUGH WHICH THE TRACER NEEDLE PASSED

CUSTOM MADE PYREX "DOUBLE TOUGH" 6" TO
3" REDUCER '

FIGURE 20. 3-IN. I.D. COLUMN
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FIGURE 21. SCHEMATIC FLOW DIAGRAM FOR THE 3-IN. I.D. COLUMN



TABLE 2
(Key to Figure 21)

A, A, A  Continuous phase feed tanks.

1’ 72273
.B .Dispersed phase feed and receiver tank.
»Cl’ 02 Interface level control rotameteré.
Di, D2“- Interface level control valves.
Gl’ G2’. Continﬁoug phase feed rotameters.
Hl’ Hé Dispérsed phase feed rotameters,
I ' Continuous phase inlet sampie valve.
Jl’ Jé . Continuous phase flowrate control valves.
Kl’ Ké . Dispersed phase flowrate control valves.
M. - Elgin head. |
N 'Continubus phase inlet‘pipes.
NC Nitrogen cylinder.
. 0 R Elgin head drain valve.
Pl Centrifugal pump for éontinuous phase feed.
P2 Centrifugal pump for dispersed phase feed.
P3 o Centrifugal pump for continuous phase outlet.
PGV Preséure gauge .
PRV Pressure reiiéf valve.
Q ‘ Interface.
R Column proper.

S Dispersed phase nozzle.



Thermometers

Bottom conical section.

Vent to atmosphere.

" Tracer constant head tank.

Tracer flowrate control valve.
Tracer feed rotameter.
Tracer distributor.

22-gauge hypodermic needle samplers.
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the hypodermic needles passed through 1/16 in. thick 3-in. I.D.
and 3 27/32~1n. 0. D.-polyethylene gaskets to the centre line of the
columnu The elghth 6- in. section of column above the tracer
jdistributor was.cut from‘a l-ft. long plece‘of Pyrex glass pipe;
_'The plece selected was remote from the ends'so.that its,bore.was
'reasonab1y~uniform.. This sectlon of column Wasdheld in,place!by
'four alumlnum tie rods between two large diameter alumlnum flanges

'_ shown in Appendix V A flat slded Perspex box, also shown in

s Appendix V surrounded this 6 1n. long piece of column The space.

‘between the glass and- the Perspex was fllled with distilled water
'Photographs were taken of the column through the Perspex box with
'the use of a cardboard llght shield -a tracing paper dlffu31ng
escreen and an electronlc flash as w1th the l~—1n column |

: Photographlc condltions were the same as before except that

: llghting was by means of a Kakonet - II electronic flash unit w1th

a flash duration of O 5-millisecond
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EXPERIMENTAL PRCCEDURE

1. COLUMN OPERATION

'City water was passed through a.Barnstead Bantam BD-1
mixed bed demineralizer.to give befter than 1 megohm-cm.
resistivity water. In all experiments the continuous phase was
demineralized water and the dispersed phase was technical grade
methyl isobutyl ketone (MIBK) supplied by Chemcell Ltd. Each
phaee:wes kept satufetedeifh the other by maintaining a layeri
of one‘ﬁhase in the feed tank of_the'other; The flowrates of both
phases fed tovthe column were regulated with stainless steel
.needleFValves and_metered with rotameters. Four different drop
size distributions were produced in . the l%-in. I.D. column by
means of four sets of no%zle tips of respecti&e average inside
diameters 0.126-in. 0. 103 in., 0.086-in., and 0. 053-in. Only
one set of nozzle tips of average inside diameter O. 102-in. was
used with the 3-in. I.D. éolumn. The dispersed phase average
veloc1ty in the distributor nozzle tlps was held at 0.36-ft. /sec.,
o;36-ft./sec,, 38 ft./sec.; O. 68 ft./sec., and 0.37-ft./sec. for
the' 0.126-in., 0.103-in., 0.086-1n., 0.053-in., and 0.102-in.
I.D. tips respectively by utilizing oﬁly a portion of the total
nozzle tips available with the_help of Teflon caps or plugs as

described under the heading Apparatus. The higher nozzle tip

!



velocity of 0.68;ft;/sec.:in.the30.053-in. I.'D. tips was found to

- be necessary in order to produce drops of a narrow range of sizes.

. The interface in. the Elgin head was maintained steady to :
. w1thin - 1/16 in. by controlllng the flow of continuous phase
_/

,leav1ng the column by means- of a stainless steel needle valve.

A rotameter, in serles With this valve, lndicated the flowrate.

"~The dispersed phase flow from the column head to the receiv1ng

. tank was unrestricted;:
2. - SAMPLING TECHNIQUE STUDIES WITH MASS TRANSFER

.‘f~r-an'attempt‘vas made tofreiate the saﬁples_taken by the‘bell
ftaﬁd hook-probes to‘samplesftakenvby'means of the biston. Earlv-'
in the work each of - the sampling llnes leading from the bell and
'hook probes, respectlvely, used by earller workers (38) was
-‘i_replaced by 27- ft of smaller bore (3/32 -in. I.D. ) Nylon tubing.
'j:It was - found that a- conservative estlmate of the m1n1mum purge
time-for.eachlof thesefnev:sampllng llnes‘was given by'thea
folloWing equationrz(see Abpendix-Vl) , o |
I o - 120

‘ Purge timé;(mid;) = sampling rate (mi. /min-)

. In all of the work involving the hook -or bell probe descrlbed in
:this the5is these probes vere posxtioned as closely as poss1ble :
to the centre line of the column. -The times»for the column to

"reach steady state operating condltions at various flowrates of

“each phase was taken from the‘work of Bergeron (38)

61



62

In all experiments acetic acid was transferred from the

continuous aqueous phase to the dispersed MIBK phase. At the

end of én experimenf the aqueous phase product was transferred to
the aqueous phase feed tank and the aqueous phase product tank
was filled with de-ionised water. This water was used to back=-
wash MIBK from the previoﬁs run in the column in order to prepare
a feedstock of MIBK low in acetic acid concenﬁration for the next
run. * The aqueous phase backwashing product.was fed to the aquedus
phasg feed tank until the liquid level in that tank was about

6-in. from the top and then the remainder was fed to the drain.

Reagent grade giacial acetic acid,manufactured by Nichols
Chemical Corporation Ltd., was used for preparing the agqueous
acetic acid solution'uséd as continuous phasé feed in the follow-
ing manner. If«néééssary thé aéueous bhase feed tank was filled
to within about six inches from the top by adding de-ionised
water. ‘The conténts,of this tank were pﬁmped up to the aqueous
phase constaﬁt‘head tank and allowed to run béck into.the feed
tank'ﬁntil the solution was hémogeneous.  Homogeneity was checked
by periodically titrating the flow from the‘constant head taﬁk with
carbonate-free standard sodium hydroxide solution. (Thelsodium
hydroxide -solution was prepared as recommended by Swift (119)
and was standardized by titrating against standard potassium
hydfogen phthalate solution.) ﬁrom a knowledge of the volume
of liquid in the aqueous phase feed tank and thé concentration

of acetic acid in solution in that tank the amount of glacial
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acetic acid to be added in order to produce a suitable acetic
acid concentration,ih the aqueous phase feed was calculated.
This amount of glaeial acetic ecid was poured into'the aqueous
phese feed tank. The contents of this tank then were circulated

to give a homogeneous solution as before.

In this study theé set of nozzle tips of average inside
diameter 0.103-in. was used. In most of these experiments all of
the dispersed phase distributor nozzle tips were kept open.
Therefore a high ketone flowrate was obtained with the use of an
_average nozzleAtip velocity of O.36-ft./sec. A high ketone
flowrate was required in order to produce a high dispersed phase
hold-up so that the application of Eqguation 6 in connection with
the piston sampler would result in a small error in the calcul-
ated value of ¢pe A high aqueous phase flowrate was used so
that‘fhe column was operating under conditions far'from‘equili-

‘ bfium,in thevvicinity of the pisfon sampler. Under these con-
ditions solute concentration gradients which are substantially
different from zero in both phases over the piston height are to
be expected. Without this condition a comparison between the

varioﬁs sampling techniques would be meaningless.

a) Sampling with hook and bell-probes and piston

The apparatus was set up as shown in Figure 13. Each of the

bell and hook-probes were positioned so that their respective

/



entrances were 3-in. below the'cenfre line of the pistoﬂ. The
_desired MIBK flowrate'infb the empty column was established,

and aqueoué-feéd phase was puﬁped into the column at the maximum
possible rate. .Wben the interface reached the desired level

the flowrate of the agueous continuoug phase was reduced to the
operatingfvalue‘and the valve controlling the aqueous phase
flowrate from the foot of the célumn was opened and adjusted to
maiﬁfain-thevinterface level. After allowing the column to reach
steady:state conditions sampling through the probes was commenced.
_Sampies were coilectéd in Squl._gréduated cylinders which were
closed with ground-glass stoppers imﬁediately after the samples
were takeﬁ. Samples were collecﬁed with each probe at thev
'locatign mentioned dbové. The probes £hen were moved l-in. up
the ¢oiumn, and a secbhd Set“of'éamples was taken. Sets of
samples were collected at an additionai four l-in. intervals up
the column. When the prébe samples had been taken the probes
‘1Were réiéed-above the iﬁterface; and a piston samplelwas collected
aftér‘a hélf-hour interval in the calibrated custom-<made vessel
shown invFigure V - 1, Appendix V. The volumes of each phase in
‘samples;téken with the beilfpfobe aﬁd with the pistpn were
reéorded.A Sometimetduring the course of steady state operation

column inlet and outlet samplés of both phases were taken.
All'of the samples containing two phases were shaken

'vigorously many times in order to bring the two phases to

equilibrium. The condentration of acetic acid in each phase of

6L
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each sample was determined by‘titrating with standard sodium

hydrdxide.solution using phenolphthaleih as indicator. When
titrating the MIBK phase SDAG-1K* was added to render the MIBK

and agueous phases miscible.

In addition to the experiments described above an
expefiment was performed with a modification of the hookfprobe

as shown in the sketch below.

GLASS TUBE~—.

"GLASS WOOL
POLYETHYLENE

b) Sampling with hook and bell-probes, hypodermic needles, and

. . 3
piston. H

Short Pyrex spacers were included in the column above and

below the piston block as shoﬁn in Figﬁre 14. Hypodermic needles

% SDAG-1K. is a mixture of 90% v/v ethanol and 10% v/v methanol.
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were'inserted‘through polyethylene gaskets between thée spacers in
a manner similar to that shown in Figure V - 2, Appendix V. The
minimum purge time for these needles was found to be less than
45-sec.’at a sampling rate of 3/H-ml;/min; In all of the work
involving hypodermic needles described in this thesis a needle

was purged‘for at least l%-min. before taking 'a sample. A
hypodermic}needle sample was taken always with the open end of the

needle on the centre line of the column unless otherwise indicated.

The column was brought to steady state operating conditions

and probe samples were taken as before. Then the probes were raised
above the interface and the column was allowed to aftain steady
state operating conditions. Samples were collected by means of

‘the hypodermic needles in the following manner. Two vneedles ,
separated by not lesé than 10 inches; were used concurrently, the
other needles being withdrawn to the column wall so as not to
protrude into the column. Thé_&alvés at the end of each of the

two needles were opened so:as_to give samplingfrétes of about
l-ml./min.' The samples were collected in 10-ml. graduated cylinders.
After the final hypodermic needle sample waé collected the column
was allowed to reach steady state operating_conditions and then a
piston sample was taken. The conééntration of acetic acid in each
phase of each sample was determined by titrating with sodium

hydroxide solution as beforé.
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‘3. SEARCH FOR SUITABLE TRACER

An investigation‘and pfeliminafy tests were made to find
a tfﬁcer for useiin thé determination of axial eddy diffusivitiés
with no hass transfer between the dispersed and the continuous
phases. The necessary tracer properties are listed below:
é)"high-solubility'in MIBK - saturated water,
D) ~insolubility in water - saturated MIBK,
c) coﬁcentration must be measurable at low values,
d) must nof disturb the fluid flow patterns when injected into
'an'oéeratiﬁg‘column, |
é) must_not»adsorb at MIBK - water interface or at any solid-
-liquid interfaée in ﬁné column,
f) must not'reactvénemically with water, MIBK, or any solid
surfade:in'the colﬁmn, and |
g)' the molecular diffuéivity‘in MIBK - saturated water must be

negligible compared with the axial eddy diffusivity.

Thé tracers considered, the method of quantitative

: anaiysis fof théir:congentration, qnd their shértcomings,-if

any, are listed below. |

a)l Fer;ic nitrate. :Analysis for this compound would be by the
thiocyanate_mefhod makiné use of colerimetry. Ferric
nitrate hydrolyses in MIBK-saturated wéter, ferric hydroxide
précipitating._

b) Hydrochiofic acid. Analysis would bevby titration, Very
low'concentrationé are not easily measurable.

vc) Potassium chloride. “Analysls would be carried out by means



d)

,‘f)‘
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of ¢onductimetry. Very low concentrations are not easily

measurable.
Water soluble'dyes.‘ Solutions of-these'cbmpounds_would be

analysed cqlqrimetrically. 'EVen completely ionised dyes,

such as crystal violet dissolve in water-saturated MIBK.

_ Cupric sulphate. Analysms would be by the dithizone method

’_maklng use of colorimetry. ~Dithizone is qulte unstable.

Sodium chloride, Analysls would be for sodium by means of

' atomic absorption Spectrophotometry. ‘The molecular

dlffuslvity of- sodlum chlorlde in water is 0.00005- ftz/hr.
at 65 F for concentratlons between 0 and l-molar (128).

No data is avallable for this dlffusiv1ty in MIBK-saturated
water,'but it is expeeted that_the value would be closely

similar to that for:pufe water and this value has been used.

v Ax1al eddy dlffu31v1t1es in this work were found to be

always greater than 7-ft. /hr. Thus the cordition that the

" molecular dlffu81v1ty‘1s:negllgible compared with the axial

eddy diffusivity is met.

A solution of sodium'chlqride in MIBK - saturated water was

found to be g suitable tracer. The distribution coefficient*

for‘sodium chloride between MIBK - saturated water and water -

saturefediMIBK was found to be 7060.

* The distribution coefficient is defined here as the concen-

. tration of sodium chloride in the aqueous layer divided by the

concentration of that compound in the ketone layer where
concentrations are expressed in the units of welght per unit

volume of solutlon.
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‘4. 'SAMPLING TECHNIQUE STUDIES WITH NO MASS TRANSFER
:The“apparétus wﬁs,éef up‘ds shown in Figures.9 and.lh
' with thé folléwing-mgdificétions.  The third polyefﬁyléne
gasket bélowlthé pisfon was exchanged Qith the Teflon gaskeﬁ
further dowﬁ fﬁe column.' Thé hypodermic needle supporting the
' tracér.distributor rémained in this Teflon gasket so that there
were bnlyitwo'hypédefﬁic‘ﬁeedle_sampling positions between the
tracer'd;stributor'gnd the piston. The MIBK leaving the Elgin
'héad ﬁaéééd direcfly't§:ﬁﬁe MIBK‘féed tank. The aqueous and
| MIBK'feedétbéké,ﬁere free of acetic acid. The flows of MIBK
~_and'aqueousvphases ﬁefe sﬁartéd;andvfﬂe interface ievel was
.estéblisned»as describ§q iQ thé:preéent section of the thesis.
- ﬁnder -the head_ir;g‘ 1l:- Co.:L‘mribn‘.dpe_'ra:.tionb._ .
anefQXpériménts,wére'perfqrméd uﬁder the following
Operatiné“éénaitions.i.

- Continuous. phase - : Dispersed phase

. superficial veloeity, = superficial velocity,
“ft3/nr. ft?}‘ . £t3/hr. £15
3% 128

36.5 .. L 30.4

et L 128

‘A one‘molér Sodiﬁmfghlofidé tfééer.feed solution'was-prepared
v»by dissqiving a‘weighed amounf of'sodium chioride in MIBK -
'saturapédvyater (ilQ), ’Thié §biu£ion was stérted into the
;CQlumn‘as‘sédn as the‘interface_1eveivhad‘been_established in
_the Elgiﬁ'head; iThe columh'Vﬁ$>rﬁn for‘one hour to allow
steady State ;onditioﬁs fo bélqtﬁained. (Experiments for the

study of steadyustate-times are discussed later.) Five hook-



probe samples were taken'from eéually speced positions throughout
the height of the piston block; The hooképrdbe,sampling rate
wae,Seml./min.».Fogr.hypodermie needlevsamples were taken,

one through each of_the;gaskets immediately adee:and below the
piston block, and one through each of those approximately six
inches ebove and below the piston BlockL Finally a piston
sample was‘taken. Half hour time intervals were allowed between
taking each probe sample; between taking theAlasf probe sample
‘and the first bypeaermiceneedle sample, and between taking the
_lest.hypodermicrpeedle semple end the piston sample. Thev
faqueous phase ef'eeeh éampie‘ﬁas aﬁalysed for SOdium by means

- of & Perkin-Elmer 303 etomic'absorption spectrophotometer.
5.  AXTAL EDDY DIFFUSIVITY AND DISPERSED PHASE HOLD-UP

a) Studies in the l%-in;:I,D,_column.

Initially,a few experimente-were.performed in order to -
see whetbervor not‘the dispersien model Vbuld describe the
eiperimental data'edeqﬁately and, therefore, whether or not
axial eddy_diffusivities.could be determihed from this model.
These experiments were carried'out in aimanner.identical to
thatvfdf the main bulk of experiments thch is .described below.
It was found that a plot_ofvthe logarithm of the concentration
of trecer versus heightrup the column was lineaf; accordingly
the dispersion medel was adopted.

Ih edditioﬁ, before the main bulk of experimental data

was collected some experimente were carried out to justify

some of the experimental -techniques used.. Since these experi-



ments usually were carried out in coﬁjunctioﬁ with axialbeddy,
diffusivityAdeterminaﬁions their descriptidn will be given
following that of the main experiments. The apparatus uéed fbr
the subsidiary expefiments described under ii) fé Viii)
inclusive bélow'was identical to that used for the main experi-

ments.
i) Axial eddy diffusivity determinations.

The colﬁmn vas set up as shown in_Figureék9 and 10 except
that the MIBK lihe:ffcm the Elgin head led directly to the
MIBK féed tank‘so thgt MIBK recycled through the apparatus.
.-As required, some ndzzlé ﬁips of the aispefsed phase distrib-
utér were bloékéd off with Teflon caps or plugs éccdrding to
theipattérns shown in;FiguresvlS to 18 to ensure the desired
average velocity'éf disperséd phase in-the ﬁozzlé tips. The
flow'of MIBK iﬁto‘the column Qés Started, and thereafter
maintained ét-the desired raté. Water was pumped into the
column.at thé.ma#imum poésible.rate until the interface in the
Elgin head reapﬁéd a predetefmined level. The'flowrate of
water was then reduced_to the experimental yalue and water
was aliowed to leave the'célﬁmn_at such g fate,so as to méintain
‘the desired constant inﬁerface level. The tfacer-(l-molar
sodium chloride sgiﬁtiOn in MIBK - saturated water) was fed to
the column at approximately i% of the volumetric flowrate of the
aqueous phase, After allowing the column to reach steady state
operating conditions ten aéueous phase samples were takéﬁ by

means of the hypodermic needles, one at a time. The first

71



T2

sample was taken with the iowest needle in the columﬁ, tﬁe second
sample from the nekt needle up tﬁe-column, and so on. The samples
were withdrawn erm the centre of the column and at a rate less
than 1.5% of the volumetric flowrate 6f équeous phase ﬁhougﬁ the
column. The description of experiments performed to investigate

radial concentraﬁion gradients and also the effect of sampling

rate ﬁpon,the column operation are discussed later. When a
hypodermic needle was not being used it was withdrawn to the
column'ﬁail., The floﬁrate of each phase from the column was
detefminéd'by welghing & sample collected over a suitable time
intervél. Thé average'of the temperaturesof the fluids in the
upper and lower sectioﬁs of the Elgin head, of the fluid at the
lower end of the column, and of .the ketone phase entering the
golumn was recorded. Finally three piston samples were taken at
intervals of ten minutes end the volumes of the two phases in
eagh sample'récorded, The fracer concentration in each of the
ten hypodermic'needle samples and in the aqueous phase.ieavihg

’ £he column were measured by mEans.of ~an atomic absorption.-

- spectrophotometer. (Analysis was for sodium.) The calibration
line for the gtomic absofption spectrophptometer always was found
to be a stralght line. The'equﬁtion‘for‘this line was cal-
culated by the method 6f least squares. Samplesvwhose concen-
trations were less than 0,0s-miérogm. sodium/ml. were.discarded
on the groundé of unreliability. The prdbable_érror in the
concenﬁfaﬁion of a.sampie determined by this method was less

than 2%.



, Expériments were pefformed ét all poésible combinations of

'. the'following operating conditions.

continuous phase : dispersed phase nozzle tip

superficial'velocity’ superficial velocity, average inside
ft?/hr, £t° ‘ -ft?/hf. £t2 diasmeter, in.
- 9.0 36.5 0.053
8.2 5k.7 0.086
277 73.0 0.103
36.5 - 91.2 | 0.126
L8.4 110
' 128‘.

For each set of nozzle tips about 10 photographs of the
drops within,thg column were taken as described earlier under
'the heading Appafatus at the operating conditions shown in each

line shown in the following table.

continuous phaée dispersed phase
superficial velocity, ‘ superficial velocity,
3 2 3 L2
frifor, £t7 fti/hr. £t
9.0 ' E . 36.5
7.7 . o 36.5
L8.4 B S 36.5
1.7 . ' 5h.7
27.7 S ; 9l.2

Some, but not all;'of the photographs wére taken dﬁring runs

for determining axial eddy diffusivities. 'However,‘thosé

not takeﬁ during runs were taken under column operating con-

ditions identical to thése which applied during runs. Thé

photographic'negatives were’examined by means of a Recordak

modelvM.P.E. microfiim reader. The drop éize distributions were
+

determined by measuring the vertical and horizontal diménsions

of the. projected images of the drops. With the photographic

T3
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conditions described earlier the depth of focus included the
whole of the column cross-section. Only the drops lying within
the central 46% of the column image, as projected on the screen,
wenaexaﬁined, because as determined by experimeﬂts described
below, the drops falling within these limits were rmé?distorted
optically. Five hgndred drops were measured for each set of

column operating conditions given in the last table.

'ii) Optical distortion of drops.

As\mentioned-earlier optical distortion was reduced con-
'Siderably by’Surféundiﬁg the round.glass column with a flat-sided
Perspex box. Details of the box are presented'in Appendix V.

The spacé between the box and the column was filled with diétilled
water. The same photograéhic conditions were used for the
calibratioh photographs as for the photographs taken to determine
dro? size distributions as described under the heading Apparatus.
The same 6-in. long‘éection of column was used for the calib-
rations as was used for the‘actual drop sizé distribution
measurements. The Perspex box was not shielded from extraneous
light as in the drop»size distribution studies since the photo-
graphs were taken in & darkroom. Photographs were taken of a
~5/32-in. diameter 5all bearing silver soldered to a stainless
steel wire. The ball was photographed at positions shown in
Figure 23 for each of fhe horizontal planes located %—in.

above and %—in. below the centre of the Perspex box. Two sets
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CAMERA

FIGURE 23. OPTICAL DISTORTION INVESTIGATION, 1#-IN. I.D. COLUMN =



of photographs were taken, one with MIBK - saturated water,
and one w1th a solutlon of. sodlum chloride in MIBK - saturated
water in the column For.thls second.solutlon,the concentratlon

of sodlum wa s lOO-microgm /ml.
iii)' Effect of tracer_feed rate'
The feed rate of tracer solutlon 1nto the column should
'"*be low enough so as not to dlsturb the fluld flow patterns
fw1thin the column. The effect of tracer feed rate was studied
'vu51ng the superf1c1al veloc1t1es of the two phases, and of the
tracer feed solution supplled to the column, glven 1n each

llne of the follow1ng table. Only the nozzle tips of 0.103-

in. I D. wvere used f‘or ‘thlS study.

,'Contlnuous phase, - Dispersed phase, ’ TraCer solution,

ft3/hr. e T 3 262 et3/nr. £t2
2T.T. R -'30.& o 00416
er.er o 300 . 0.31
27.7 - 304k 0462
- 18.2 . - T3 ... 0.10
18.2 T30 S 0.20

iv) Steady-state time.

,:'The‘experimental'conditions for sectionsfiu)-to viii)

“inelusive are shown in each line of the following table



Continuous phase- ’ - Dispersed phase
superficial velocity, : superficial velocity,
£t3/nr. £t° | ££3/hr. £1°
9 | | 128
: 9 30.4
27.7 o 30.4

Theltimé taken‘for the‘column.to reach steady sfate operating
conditions was éstimated,by taking sémples bj means of the
firét, fourtn)vséventh; and tenth njpoderﬁic;needles dbove the
tracer'distributgf, and alsé-by COllecting aqueous phase leaving
.the-colﬁan: Oné ofleaéhjof these Samples was taken between
3-min; and él-minf.aftgf staft-Up ahd then at iﬁtervals varying

between Brmin;vand 30-min. until 2-hr. after start-up.
v) .Reproducibilityfofjresults}

Several of the experiments;for determining axial eddy
diffusivity and hold-up were repeated uader identical operating

conditions in ¢rder to test the reproducibility of results.
vi) CrossQSectionalvhomogeneity.

In addition to the sample taken from'the‘centre of the
column by means of the hypodermic néedle immediately above the
tracer distributof four samples were taken at the same elevation
but at positions on a l-in. circle concentric with the column.
This exberiment was:carried out'fof each of the runs listed in

. section iv) above.



vii), Effect of sampling rate.

TV Samples of the contlnuous phase were taken at 0. 25-ml /mln.,
0. 75-ml /mln., and 1. S5-ml. /mln. for the contlnuous phase superficial

veloclty of 9= ft3/hr. 42 and at 0.5-ml. /mln.,' 1.0-ml. /mln., and

o 2 O-ml /mln.‘for the contlnuous phase superf101al veloc1ty of

2

B 27.7- ft3/hr ft Only the f1rst four sampllng positions above the

tracer dlstrlbutor were - studled
U viil) Effect&Of order:offsampling.‘

U,_Samples'wereitakenconsecutiyely'from.the lowest.sampling
- position‘up to the highest.one. AA‘second set ‘of samples was
.?'taken with thls sampllng order reversed..'Both sampling'orders
were’ used in’ each of the experiments descrlbed 1n the table
vﬂ»glven‘in:section;iv):qv L
'“'ix):‘Effect_oftcolumn,length{_j _“
ln‘additlon toothe'standard experiments performed with
..the column of helght 10-ft.. 3 1/8 1n., as shown in Flgure lO a
'As1ngle experiment was performed 1n each of two other columns,

one of'helght 6—ft.-3 -1n., and the other of helght 16-ft.
xfh——ln. as shown in Flgures ll and 12 respectlvely. Each of these
last two experlments was carrled out with a contlnuous phase

superflclal veloc1ty of 18 2- ft3/hr. ftg, and a dlspersed phase

"superf1c1al veloc1ty of’ 5h T- ft3/hr. ft? The average I.D. of the
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nozzle tips in both experiments'Was 0.103-in.
b) Studies in the 3-in. I:D.Jcolumn.

Although the great bulk of the work descrlbed in this
the31s was carried out in s lg-in. I. D. column, some tracer
_experiments'were'osrriedxout,in a‘3+int I.D. column. This
‘column is sh‘own'ih»'F‘igure 20 -ahd a flowsheet is ‘given in Figure
v21;f In order to produce 8 contlnuous phase superflclal velocity .
.1n the column greater than lOO ft3/hr. ft. 1t was necessary to
pressurlze the aqueous phase feed tanks to 15 p .S i.g. w1th
nltrogen. Only one. set of nozzle tlps of O 102 ~-in. average
I.D. was used.' It was not possible to measure the dlspersed
phas¢,holdeuptbecause avplston‘sampler for'thls column was not
avsilahle.ﬂAsfwithhthe'l%-ih;JI.D; coluﬁhj.experiments were
carried;out ih conjuhction{ufth'the'srial eddy:diffusivity
- experlments to Justify some of ‘the experlmental techniques used
for the 3 in..T. D column.voThe,experlments w1th-thls column- are

described belOWr
i) Optical distortioh.of'drops.

The photogrdphicvtest seotion‘wss as6-ihg_long, 3~in.
I.D.vlength of'Pyrex7Doub;e*Tough'glass pipe which was cut from
a 1—ft; long-flanged seotion.sstdescribed earlier. This pipe
was surrounded'by a flatesided Perspex box and the space between

the pipe and the box-was~filled with distilled water. The
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-photographlc condrtlons were 51m11ar to those used for the l—-ln.
'I.Dfrcolumn_. A Kakonet - II electronic flash unit was used for
».lightihgttdrposeSat Photographs were taken of a 5/32 -in. diameter
'ballabearihg The ball was photographed at pos1t10ns shown in
Flgure 24 for each of the horlzontal planes located l—-ln.
'ftabove and l—-in.»below the centre of the Perspex box. Two
sets of photographs were taken, ohe w1th MIBK>--saturated
» water, and one with a solutlon of sodlum chlorlde in MIBK -

,-saturated water in the column.» For thls second solutlon the

: concehtratloh-of,sodldmfwas lOQ-mlcrogm;/ml.=;

" 11) Steady-state time.

The experlmental condltlons for sectlons 11) and 111) are
,glven ‘in- each llne of the follow1ng table.

ghcolumn_;lgp,ﬁg53-in;v;A

**ﬁAveragé,ﬁ¢2z1¢‘tip I.D. = 0.102-in.

' Contlnuous ‘phase "htT*_f’e Y'»f{.ww‘r"Dis“ersed hase
superficial ve1001ty1 SR :supgrficiaﬁ velocity,
| ft3/hr.,ft2 T . y A

Samples,were'takeh;by means. of ‘the first, fourth, seventh, and
tenth hypoderinic needles above the tracer distributOr, and also

‘by_collectihgvaqueousdphaseyleaving-the column. One of each of
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» these samples Was taken between 2-m1n. and lO-mln. after start-
up and then. at 1ntervals varying between S-mln. and 30-min. until

' l§~hr: after start up
1ii)  Reproducibility of results.
~Sewefal efftnefeipefimenté fbf“determining'axial eddy diffus-

3”1v1ty were repeated under identlcal operatlng condltlons in order

© . to test the reprodu01blllty of results.

iv) _CrosegSeetienal}nomqgeneityﬁ dgﬂ

:'~Iﬁ~édditi6&‘tbféné?sénbiééftakéngffom‘théaééntre of the
'column‘by means of the flrst and fifth hypodefmlc needles above
n:the tracer dlstrlbutor samples were taken from pos1tlons ‘shown

E jin the'followlng.sketcnyat;each_of_the'tworabevepmentlonedgsampling
 elevationsg,tibeee~aete;efdeanndeeewere;eeiieéteddfer each of

“the eblumn'o?efating}dbnditiene%shqwn_inﬁthe-foliowing table.

_.iCOnt'lmlvO»uS. pha.Sé o L SR Disperéed '.'pha,se '
superficial - ve1001ty, PO superf1c1al ve1001ty,

3 ft3/hr. ft?,»,j_fa;. R d;' ft3/nr. ft?

1oo S LT 36 5
“18.2 o3
100 T 73
o182 109
100 o 109"
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v) Axial eddy diffusivity determinations.

The experiments performéd to determiné axial eddy diffus-
ivities were carried out in a manner similar to that for the 13-
in. I.D. column. The experimental conditions aré given in
Table IV-5, Appendix IV. A sampling rate of 3-ml./min. was

used in all experiments in the 3-in. I.D. column.

Photographs were taken of the fluids within the calibrated

glass section described earlief which was installed as thé
eighth 6-in. section above the tracer distributor. This section
of column was surfounded by a flat-sided Perspex box as shown
in Appendix,V.. The photographic conditioné were similar to
those used for the 1%-in. I.D. column. A Kakonet - II electronic

flash unit was used for lighting purposes. The column operating
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conditiOns‘for-which'photographs were“takenvare shown in each

. line ef_the fbllowing table,“

Continuous phase . * Dispersed phase
~superficial’ veloc1ty, - superficial velocity,
ft3/nr ft?i S | £t3/nr, £t°
182 . . 365
36.5 . 36.5
oo o - 36.5

220 . : R R 36.5
6. .CONCENTRATION PROFILES WITH MASS TRANSFER

Theblieih.:I:D; eolumn ﬁaa'set*hb‘as shown in Figures 9
and lO The tracer distributor, and the Teflon gasket through
which the tracer supply hypodermlc needle passed were replaced
l”by a standard 1/16 1n thlck Teflon gasket Acetlc ‘acid was
transferred from the contlnuous phase to the dlspersed phase.
The concentratlon profile,in each.phase waS-measuredfby means of

'the'bell—prdbe and hypodermié needles as described below.

J.The eolamniwae brcugnt»ﬁo theZeperating;ebndition'as
descrihed hnderfsectioh éiof:Experimental Proeedare. The times
at which steady state.conditiohs;were attained were determined
by takihg‘samplesvbj_meahe 6f'theflowestfand the highest hypo-
dermic needles ahd“bf the.aqueque phaee leaving the column at
various-tiﬁestafter étart-up; _All hypodermic‘heedle samples
in this part of‘the work were taken at 3/ﬁ—ml./mih. During

- actual runs samples werehtaken with the bell-probe at the levels



of the first, third, fifth;fseventh ninth ‘and tenth hypo-
dermic needles up the column.r “A bell probe sampllng rate of

5. 2-ml /mln. was used for each sample taken.: Samples-were not

: taken by means of the bell probe at all levels of the needles
because of the lengthy procedure ‘of sampl1ng with the-be114

: probe.- The bell-probe was raised above the 1nterface and after
-} half hour 1nterval aqueous phase samples.were taken with the
hypodermlc needles consecutlvely startlng w1th the lowest one._>
'Samples of the 1nlet and outlet streams of the column were taken
.'at the beglnnlng of steady state operatlon,‘after the bell-
hprobe samples had been taken, and after the hypodermlc needle

samples had been taken.L Finally a plston sample was taken in

’vyorder to measure the dispersed phase hold-up »Each bell-probe

' sample was shaken v1gorously many times to brlng the two phases
to- equillbrlum Each phase of each sample was analysed for
"acetlc a01d by tltrating with standard sodlum hydrox1de solution
as descrlbed earller.; The column operatlng condltlons studled

are glven 1n each line- of the follow1ng table.w

Run ‘ Continuous. phase :,‘.. ' Dispersed phase

SuperflCl&l ve1001ty, - superficial velocity,
e e edd e oef
JL .- 136.5.' L sk
g2 o o 82 e s
J3 ... 3.5 - 91.2
Jgvo o W8 . - 91.2

J5 T o128
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'RESULTS AND DISCUSSION

;_Ah>ihltialiihﬁestiéatioh_was!hndertahen.to assess various
methodsxoffremovlngvsamples,of elther.phasepfromuthe‘operating
spray cdlﬁmh; Preriouslheasurements of.COnoentratiOniprofiles

gw1th1n a liqu1d liquld extraction spray column at The University
bof Brltlsh Columbla 1nvolved the taklng of samples by means -of

h‘the hook ahd the bell probes mentloned earller (35, 37, 38, 39).

o As dlscussed uhder the headlng Introductlon some doubt ex1sted

'eas to whether the solute concentratlon 1n the contlnuous phase
f'enterlng the hook-probe was the same as that in the continuous
) phase enterlng the bell probe along w1th the drops. Accordlngly
varlous methods of sampllng of the phases were 1nvest1gated in |

thls work

A dlscu551on of the’results of the sampllng technlqpe studies
- is presented as a whole after all of these results are glven
'TThis procedure.hasjbeen_aaoptedvlnhorder=that}comparisons and
'*oontrasts'between}thevrsShitSjof:rarious ihvestlgations can be

seen more easily.

1. RESULTS OFfSAMPLINGfTEcHNiQUE.sTupIEs41'
) Sampllng with hook and bell probes and plston with mass
trahsfer between the phases.

Samples Wereetaken‘fromfthe.operating'spray column With

_ the - hook and the bellfprobes at various locations shown for a



87

typical run in the abscissarof Figure 25. In each such run a
piston sample also was taken. The concentration of acetic acid
“ia the ketone phase of a bellwpfobe Sample'was calculated by

means .of equation 6 as described earlier.

8, C a '
R R A Leg = )

6
: The Value'éf'cc.yés_tékeﬂ‘ﬁq.be the.cbnéenﬁration of acetic

| acia‘in thé;ﬁook4pfoﬁelsamplé;taken ffom the_sdme_sémpling_
eleVgtiOn’éé’ﬁﬂeuﬁell—pfpbe;sample; Ah averége concentration in
éééﬁ phése’bver.fheppié%oﬁ héigbtgwaé determined_froﬁ the
results»obtained witﬁ each frbbeiby_gfaphicaiAintegrétién of

' tﬁejrespeéti§e éonqenfraﬁio#?brofiles'of fﬁe-sdrt shown in'
Figure’257 Thé average:céncentrati§n of acétié_acid in the
ketoné‘éhése‘of the”piStoh‘sa@ple'waélcaléulatéd By-meéns of
Eqﬁétion:6 whérg;cc was«taken to bg’the‘average concentration
in'ﬁhe aQuéoUslphasé'OVer the pisfon heigﬁflcalculated ffoﬁ

the hook-probe sample results.’

It:i;'asgumed‘that baékmixiﬁg oflfhe continuous phase can
be represented By "paCkets":éf COntinﬁbuélphése rising with the
dispersea phasé drops,. Présumably these ”packeté" a;e; in fact,
mainly the wakes of }ising drops¥. On"thisjbasisfit”is shown in

- Appendix III that_for’a'pistohfsample the average concentration

of acetic acid in the continuous phase,-excluding'that in

* Note that the derivation of Equation III-8.in Appendix III is
general in that wakes are not mentioned. In the model used
there cC.is the average concentration of solute in the descending

~ continuous phase at the elevation under consideration.



such wakes, is given by Equation I1I-8.

I1I-8
The average concentratlon of acetlc ac1d in the dlspersed

. phase of each plston sample Was calculated a second time

iby.means'of'Equatlon 6. However, 1nstead of u51ng ¢, from the _'

C
hook;prObe'sample’results as mentioned above, cc_was determined

. fromequatioanII?SQapplied to the piston sample.

The results of sampllng the phases in the operatlng spray

column w1th the hook and the bell-probes and the piston for-
each of several runs are glven in Table 3 The results -of a

typlcal experlmental runvare shown graph;cally;in’Figure_ES.

" b) Sampllng with hook anafbellsprdhes; hijAermlc'needles;
A_and piston with‘mass transfer'between therphases;'

f further runs were made 1n which’ samples were taken as -
just descrlbed under a).hut in whlch contlnuous phase samples
also were w1thdrawn by means of hypodermlc needles in order
.-to prov1de an 1ndependent check on the -hook- probe sample
results.” In addltlon to the average concentratlons over the
-pistoh‘helght calculated as descrlbed under a) all calculations
lnvolving the hook-probelwere repeated for thebhypodermic

“needle results.

-



SAMPLING STUDIES WITH HOOK AND BELL PROBES AND PISTON

TABLE 3. el
Concentratlog of agetlc a01d at the tlme of sampllng, T
1b.-moles/ft7 %X 10 )
’ Aver- | Average Hook- Bell-
: : age in over Average probe. probe‘
Run Superficial| Bell and hook probes at positione piston | piston in sampling | sampling
flewrates - - by hook | height | piston by rate,_ rate,
£t3/hr.£15- - and by hook |Equations ml./min. | ml./min.
- T 2 3 L 5 [ 6 7 | piston {and bell] III-8 and 6
e 92.5 - 4L6.8 {48.0 48.8 |49.4 {50.0 |50.7[50.7| u49.h 4oL L9.5 8.6 20
90.4 18.6 {19.1 |20.Lk |21.3P2.3 |21.9{22.4] 20.9 21.1 21.6
L 93.7 55.1 |54.6 [57.3 [58.0[58.6 [59.6(60.1] 58.0 58.0 55.8 8.6 20
123. 121.6 123.5 {23.4 123.92L.0 |24 .2]25.0] 10.6 23,8 21.6 :
5b 69.0 - |60.7162.3 |63.7 |p4.5 |65.1[65.6] 63.2 63.2 62.3 8.6 17
- 74 L - _|25.85.5 |26.8 7.1 128.5127.5] 13.8 | 26.6 23.3 :
6 87.5 43.9 f45.2 45.9.|L6.3 46.5 [h7.2[46.8[ L6.1 | k6.1 45,5 L 1
113. 18.2 118.7 h9.5 [19.7 ho.k |20.1020.7] 26.0" | 10.3 19.0 | 1
.’ 87.5 34.8 139.6 0.5 [40.7 41.3 {41.7]k2.3] 40.8 40.8 39.5 0
113. 1.6 116 bs5.1 115.6116.1 116.6115.9) 9.3 | 15.5 315.5 >
gc - 87.5 40,1 - po.2 |ka.2 bl - ¥3.2] Li.7 | L1.7 Lok 5 _
113. - - - - - - - - - -
9d 87.5 33.0 |35.5 [35.0 {35.7(36.2 |36.7(36.9] 35.6 35.6 35.3 5 17
113, 13.2 {13.2 fik.1 [13.8[1k.4 [14.6|14.6] 12.7 .0 4.2

For each -run the upper number in each column refers to the continuous phase, the lower number to the
dispersed phase. Fach run was carried out at room temperature.
The hook-probe was 0.9 inches above the sampling.position indicated. The values shown for the
respective concentrations of acetic acid in the hook probe samples have been taken from a plot of the
measured concentrations versus distance up the column.
The bell <probe was-above the interface throughout the run.
The hook-probe was modified as shown in the sketch on page
The positions at which samples were taken are indicated by number in the abscissa of Figure 25.

-
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. Table 4 shows the results of sampling with the hypodermlc
“needles, and further results obtalned with. the hook and the bell-
probes and the piston. The results of a typlcal ‘experimental run -

are shown\graphlcally in Figure 26.

¢) Sampling with hook-probes,- hypodermic -needles; and piston

with no mass-transfer_betveen'the phases. -

For each -}un’ .: astraight v.lin'e vas fitted by the method of
least sQuares'to,a=plot.oflthe‘natural logarithm.ofvthe solute
concentratlon versus height up the column for the hook-probe
-_results and the hvpodermlc needle results respectlvely.‘ The

equatlon for thls stralght llne vas transformed 1nto the
lequatlon for the concentratlon versus height up the column..
lIntegrathn of the.transformed,equatlon produced an average
:concentratlon over the plston helght.. The average concentratlon '
- of solute in the contlnuous phase of a plston sample wa.s
determlned.dlrectly by analysrs for solute. This concentration -

‘included the . contribution .of. the wakes.

The results of sampllng technlque studies under condltlons
.0of no mass transfer are presentedlln Table 5. The results of

a tvpical run:arevshown‘graphiCally'in'Figure;27.
2. DISCUSSION OF SAMPLING TECHNIQUE STUDIES

In order to understand'fully what material enters a
sampling'device it would be necessary to knOWuexactly the

concentration of'solute'at,every'point in the column and



2 L. SAMPLING STUDIES WITH HOOK AND

BELL-PROBES; HYPODERMIC NEEDLES, AND PISTON A

X 163 :

Concentration of acetic acid at the time of sampling,,lb;-moles/ft§

TABL ‘ 5
Superficial | Concentration of acetic acid at the time of sampling, 1b.-moles/ft.xwg Hggﬁé B$%%- .
Run | £l wrate,2 Bell and hook probes at position™ 2 g ing ga%piing
£t /nr £t I B =TT & T & . PiindFE Fhin.
87.5 28.9 [29.6 {29.9 |30.9 {31.8 | - [ 32.4 5 17
132 113. 9.87|10.6 [10.9 {11.3 |11.9 - 12.4 :
87.5 26.8 |27.3 |28.2 [28.9 |29.2 - - 5 17
15 113. 9.83{10.2 10.5, 110.8 f11.2 - -
’ 87.5 27.3 28.12 29.72 29.22 - 31.0| -~ 5 17
16 113. 9.6 [10.27110.97/10.8 - 1.11.8 -

average over

piston height

average in piston by

by means of means of
Run hook hypod- | hypod- |[hook- equations
' hypedermic needle,at-positionc and -ermic -ermic |probe I1I-8
R ' bell- |needles [needles |and and 6
probes|and bell-|and piston
A B C D E F G H I J probe piston
a 26.5 | 27.6{27.3 |28.4 | 28.8]30.9 [31.8 }31.8 132.3 |33.3 30.5 29.9 29.9 30.5 30.1
13 - - - - -1 - - - - - |- 11.0 11.0 11.3 8.3 10.5
25.3 | 26.0(26.3 |26.3 |27.0{28.9 [29.4 |29.4 [29.9 |30.7 | 28.4 28.0 28.0 28.4 | 27.9
15 - - -] - - - 1 -1 - - - 10.7 | 10.7 10.4 8.3 | 10.3
25.3 | 26.3|27.0 |27.3 }|27.029.9 |30.4 |30.4 |31.4 |32.3] 29.1 28.9 28.9 29.1 28.9
16 -1 -1 - - -] - - | - - -] 1.7} 11.7 11.1 10.0 | 10.3

;gFor each run the upper number in each column refers to the contiﬁuous.phase, the lower number to the
dispersed phase. Each run was carried out at room temperature.

Samples were taken 5/8-in. above the position indicated.
The positions at which samples were taken are indicated

Figure 26.

».

by nﬁmber(or'letter in the abscissa of
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TABLE 5. SAMPLING TECHNIQUE STUDIES WITH NO MASS TRANSFER‘

_ Sodlum cpﬁééﬁtratiohs , microgm./ml.
o v Hypddermic needle samples "H00k-probe samples
Run | Ly, ' Ly ) : , — — Pis-

| Height above piston Aver- | Height above piston Averw | ton |Temp.
£t3/hr . ft.3/hr. " centre, in. age centre, in. age sam- | Op

P2 pt2 —— over - : over | ple ,

) | -8.96]-2.90| 2.9 [8.96 |piston|-2.88|-1.k4 | 0.0 {1.kh}| 2.88] piston

43 | 36.5 | 128. | 12.6 | 2.0 | 0.25{0:.035| 0.74 | 1.71| 0.98 | 0.60[0.39| 0.22| 0.67 | 0.65 | Th

| bl 36.5 | 73. 35.2 | 8.0 { 1.5 [0.33 3;6 7;07 A4.7 3.5 {2.6 { 1.7 | 3.62 | 3.6 | 73

bha | 36.5 [ 128 | 15.8 | 1.6 | 0.21/0.03 | 0.63 1.67| 1.03 10.67(0.36| 0.24] 0.68 [0.63 | T4

| W 27.7 '128. yr.0| 6.6 | 1.6 {0.31 ] 3.72 -7;h 5.3 3.6 | 2.8 1;7 349 3.8 73

- 69 36.5 30.4% |110. |[61.3 |34.9 |19.8 |46.8 [60.2 |54.6 |46.0[39.8|3k.2 46,3 (46,1 72

16



CONCENTRATION OF SODIUM, MICROGM./ML.
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from which point every volume element of the sample originated.
Although it turns oﬁt that some conclusions ecan be drawn for
the case of no mass transfer between the phases, sufficient
-knowledge is not available to do so for the case of mass
transfer. Fortunately the bulk of the work described in this
thesis deais with the case where conclusions can be drawn:
measurement of axial eddy diffusivities where no mass transfer
between the phases occured. The comparative simblicity of the
sampling-techni@ues in the absence of mass transfer suggests

that the results of these studies be discussed first.

Under.condifions of no mass transfer the measured
concentration of solute in the continuous phase of a piston
sample is fhe averagé coﬁcentration in that phase over the
piston héight at the time of sampling. This average takes into
account radial and axial Variétions in conéentration, and includes
the appropriate cdntributioné from the descending continuous phase
and from the rising aqueous phase in the wakes. It can be seen
from Table S that the average solute concentration in a piston
sample is found to be, to all intents and purposes, the same as
the ayerage soluté concentraﬁion over the piston height calculated
from the hook-probe or the hypodermic needle results. Therefore
either the hook-probe or the hypodermic needles can be,uéed té
give the average concentration of solute in the continuous phase
of a spréy-column under conditions applicable when tracér studies

are being carried out.

%
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Although, as mentioned under the heading Theory, the dispersion
model envisages no radial concentration differences in the centinuous
phase, - presumably such do occur in operating columns, for example
in the wakes of rising drops."However, if the dispersion model is-
to be applied some average concentration must be used, and that
obtained from a piston sample.(aﬁd also, as shown in Table 5, by
means of the hook-probe or the hypodermic needles) would seem te be
a reasonable choice. Due to the many practicai‘problems which would
be encountered in incorpoféting several piston samplers along the
length of the column and ofvphe lengthy purge time needed in
taking boek-probe samples hypodermic needles have been used for
taking samples in the work involving tracer studies of axial eddy

diffusivity.

" With this rationale for the use of the hypodermic needles
established, it is interesting to‘speculate on the mechanism
lying behind the agreement noted in Table 5 between hypodermic
needles, and hook-probe results under conditions of no mass
transfer. Among the tenable postulates are the two alternatives
that either the hook-probe and the hypodermic needles both
sgmple the descending continuous‘phase and the rising wakes
representatively, or the contribution of the wakes to the average
solute concentration in a piston sample is negligible. The
‘former explaﬁation perhaps is possible. However, it seems
unlikely that it is true because the physical natures of the
hook-probe and of the hypodermic needles are different enough

that these sampling devices would be expected to withdraw



continuqus phase in different proportions from the wakes and from
the descending aqueous phase.. The second alternativé, then,
seems more likely to be Valid than does the first;ahd if this.is
accepted two possibilities arise. Either the volume of the

wakes is small rglative to the total volume of tﬁe continuous
phase, or the concentration of solute in the bulk of the
continuous phase is almost the same as that in the wakes. Letan
and Kehat (121) suggéét that the wakes have almost the same
volume as thé dréps for heat transfef studies in a spray column.
The preseﬁt studies éf sampling techniques for conditions of

no mass transfer include'condifions of dispersed phase hold-up

as high as 16%. Therefore; accepting the views of Letan and
Kehat, in tracer étudies it would appear likely'that the solute
concentration in the wakes‘is almost the same as in the bulk of

the continuous phase.

For continuous phase superficial veloéiﬁies greater than
about 36-ft$/hr= ftg the rate of decrease of tracer concentration
with height up the column is so gréat that the tracer
concentration is measurable only in the samples taken at the
first two or three sampling points above the tracer distributor.
Because of this limitation the work of saﬁpling under
conditions of no mass transfer was restrictea to low continuous

phase superficial velocities. (The work includes both high

and low dispersed phase superficial velocities.)
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When the studies of sampling techniques fOr runs in which
mass transfer took place bétween the two phaées are considered,
it is found that definite conclusions can not be drawn as to
thébexact significance of the results obtained; However, there
are indications that the h&podermic needles withdraw continuous
phase which is representative of the descending phase at the
sampling elevation. A comparison between the hook-proﬁe and
the hypodermic needle result$ can be made witﬁ the help of
Figure'26. .From this figure it can be seen that the solute
concentration profile in the continuous phase obtained by means
of the hypodermic needles lieé below that obtained with the
hook=-probe. The average solute concentration_in the continuous
phase over the piston height calculated by graphical integration
of the hypodermic needle results lies very close to the average
solute concentration of‘thevdescending continuous phase (i.e.
wakes excluded). in the pistqn sample calculated by means of
Equation III-8. This agreement of the results of the hypodermic
needles with those calcﬁlated by means of Equation III-8 shows
that, if the model of Appendix III is correct, either the
hypodermic needle samples contain no continuous phase originating
in the wakes, or continuous phase from this source in hypodermic
needle samples does not contribute very.much to the measured
hypodermic needle sample concentrations. Again this small
contribution could be the reéult of the wakes being of
similar solute concentration to that of the bulk of the
continuous phase, or the result of the inclusion of only

a small relative volume of wake fluid in the hypodermic needle



samples. The first of these last two alternatives seem much less
plausible than it did for sampling in tracer studies. In the
mass transfer case, for transfer out of the continuous phase,

the wake concentration would be low for two reasons: backmixing
of dilute material from the lower end of the column, and transfer
out of the wake into the dispersed phase. Only the first of
these two factors operates in the case of the tracer studies.
Unfortunately further information is needed to draw more

definite conclusions for the runs with mass transfer. As there
was no evidence which indicated that the needles gave erroneous
results their use as sampling devices was adopted in the five
mass transfer runs performed in order to investigate axial eddy
diffusivity. However, this procedure perhaps was no worse in

its effect than was the assumption (required for the dispersion
model) of constant radial concentration in the continuous phase
at a particular axial position which would not,5of course, have

been completely valid.

The solute concentration profile in the dispersed phase is
substantially the same whether it is calculated from hook-probe
and bell-probe results by means of Equation 6 or from hypodermic
needles and bell-probe results by means of the‘same equation.
(See Table 5.) The reasons for this fact are that the values of
from hypodermic needle results and from hook-probe results

Vv

differ by roughly two percent only, and Vg for a bell-probe
D

sample is of the order of 1/7 only. With this ratio of Vb to VD

o
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a two percent change in c, has only a negligible effect on the

C

value of °p calculated by means of Equation 6. Therefore no
conclusions regarding Cn can be drawn from the fact that CD
from the bell-probe and the hypodermic needle results agrees
with cp obtained from the bell-probe and the hook;probe results.

However, due to the calculated value of c,. for a bell-probe.

D
sample being insensitive to small errors in q it would be
expected that this value of °p is the true solute concentration
in the dispersed phase entering the bell=-probe ifvit can be
assumed that thg cC used does involve only a small error. Now,
as Table 4 shows, the average solute concentration in the
dispersed phase of a piston sample calculated from hypodermic
needie and piston results agrees with the average solute

concentration in the dispersed phase over the piston height

calculated from hypodermic needle and bell-probe results.

\

Also, the average value of Vg for a piston sample is about
D .

5, and therefore the value of p obtained from Equation 6

applied to a piston sample is much more sensitive to the value
_ of‘cC used in Equation 6 than it is for a bell-probe sample.

Hence the agreement of the values of c_ as noted above implies

D
the correctness of the value of CC used in the piston case:
the concentration given by the hypodermic needles. All this
relies, of course, on the assumption that only small errors
apply to the concentrations given by the hypodermic needles.

Thus one might complain that the argument given here involves

an assumption of what is being proved. However, although this
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complaint is justified to a degree, it should be realized that in
v .

presenting the argument the very different—vg ratio in the piston
D

sample from that in the bell-probe sample strenghtens the case for
the correctness of the hypodermic needle samples. If these are
correct, or even reasonably so, then the value of the dispersed

phase concentration from the bell-probe results also is correct.

One further comparison should be made. Table 4 shows that

cn obtained from the piston results in conjunction with the hook-

probe results is lower than that obtained from the piston and

N

hypodermic needle results or the piston results and Equation III-8.

Table 3 shows similar low values of c¢. when the hook-prcbe

D

analyses are used instead of continuous phase concentrations from

Equation III-8 in the calculation of Cp for the piston. These

last observations, of course, are consistent with the fact

mentioned earlier, that the value of ¢, obtained from Equation III-8

C

agrees with the hypodermic needle results.

Now, a low value of c

D is obtained from a piston sample if a

high value of c, is used in Equation 6. Recalling that ¢, from

C

Equation III-8 assumes the inclusion of no wakes, and that if
wakes were included, the value of o would be reduced, and,

therefore the value of c. calculated from piston results raised,

D

we can see that if it were postulated that the hook-probe sample
included an appreciable and effective contribution from the

wakes, the value of c_ calculated from piston and hook-probe

D

results would be increased in comparison to the value of y
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calculated from needle and beil, hook and bell, and Equation III-8

and piston, .all of which are in reasonable agreement. However, Cp’
from hook-probe and piston results are'lowEr than the values of °py

obtained by the other methods. Hence it seems impossible that the

low p results from hook and piston measurements are due to the

hook-prdbe concentrations reflecting appreéiable contributiens

o for the hook-probe is high,

from the piston sample based on

from drop wakes. Intother words ¢
not low. Furthérmere iﬁwﬁun L eD
hook-probe‘ahaiyses ie lower; indeed, then tbe‘dispersed phase
concentratioﬁ at thesdISpefsed phase inlet nozzle. This result,
of course; is iﬁpOSSible;‘and leﬁds stroﬁg support‘to'the

"hypothesis that o

from the hook-probe results generally is

too high.

It seemsfadvantageous,te compare hook~-probe resﬁlfs with
reference‘fe the dispersed phase concentrations,‘as has‘been done
- above, insteadbof_comparingv@irectly the hook—prdbe and hypodermicv
needle‘resultsf There are.two.reasons for this api)roach° First,

is numerically

the difference obtained befween the values of cp

much larger than is the difference between the values of o from

the hook-probe'and.the hypodermic needles respectively, Second,

the impossible result of c_ being calculated as even lower than

D

that in the dispersed phase entering the column is missed when

the direct comparison is made between c

C from the hook-probe

and cC_from the hypodermic needles.

The postulate could be put forward that the hook-probe
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tends to suck in material from some elevation higher up the
column than its.actual position. However, when an attempt was
made to lessen such an effect by directing the end of the hook
horizontally, as shown in the sketch on page‘65, no change'in
‘the results were- ob.t'a-ined. Perhaps the comparatively large
size of the hook-probe disturbs the flow patterns in the

éolumh to‘produce-high continﬁous phase concentrations at its
inlet. For exaﬁplé, if the hook-probe deflects drops in such
a way that extraction ié less complete in the neighbourhood of
the hook-probe inlet, then high continuous phase concentrations

would be measured by this prdBe.

From plots such as that shown in Figure 26, and assuﬁing ﬁhat
the'bypodefmic_neédle sémplés'are representative of the continuous
pﬁase in the colum at the;samplingbheight, it can be seen that
tﬁe continuous phase entéring the hook=probe appears to be
.representativé of that phase in the column aﬁproximately l=-in.
‘above theAprdbe entrance. As a result the continuous pﬁase
concentration'profiléébgiven'by Ewanchyna (30, 31) appeéf to be
somewhat in error. Howevef;‘this error is only slighﬁ,and his
conclusions mentioned under the headiﬁg Introduction regarding
the end‘effecﬁ at the continuous phase inlet of the column are
still'substanfia;ly valid.

3.‘ AXIAL EDDY DIFFUSIVITY, DROP SIZE DISTRIBUTION, AND DiSPERSED
| PHASE HOLD-UP STUDIES IN THE l%-IN, I.D. COLUMN

The axial eddy diffusivity, E, characterizes the extent to

which solute is backmixed up the column, presumably through the
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agency'of‘wakes'rising:behind dispersed phase drops. In this
work values of E have been_determined by'means of tracer studies
with no mass transfer between tue phases. If mass transfer were
present some degree of>turbulence et the surfaces of the drops
_would be expected due to interfacial phenomena such as the
Marangoni'effect. However; tﬁe.effect of this interfacial
rturbulence on’ the 81ze of the wakes and on the manner in whlch
solute is~ traneferred out of and into the wakes would be
expected to be negllglble compared w1th the effect of the
'osc1llat1ng motlon of the drops. Consequently the values of

B determlned by trecer studles would be expected (subject to

the . llmltatlonsdiscussed ‘on page l5u ) to be appllcable for

“the case . of mass. transfer.

A discuesiOn'Qf the resultebof the main bulk of experiments
precedes that of the,preliﬁinary.experiments performed in order
to test'the applicebility ofdthe dispersion model and the suit-

ability of the‘experimental»method.

a) Axial eddy diffusivity,‘drop'Size distribution, and hold-up
studies.

i) Determination of axial eddy diffusivities and Peclet numbers.

The calculatious to be described here were performed on an
IBM 7040 electronic computer. A data sheet, a hand calculation,

and a computer output for a typical run are given in Appendix IV.

These calculations produced the following quantities:

superficial axial eddy diffusivities, axial eddy diffusivities, .



Peclet numbers, reduéed concentrﬁtions, and mass balances. The
natural logarithms of fhé concentrations of the‘samples were
plotted veréus height down the column. The equation fof the
best straight 1iﬁe through thése points was calculated by the
method of least squares. ‘The validity of this method for
calculating‘the straight line involved thé ﬁsual assumptions
cdncerﬁihg the ﬁormality of the distribution of the natural
logarithm Of'thevéoncentration (125); The superficial velocity
of the continuous phase.was_divided by the absolute magnitude
of the slope of thiéiline to giVe‘the superficial axial eddy
diffusivity, (Be). (See Equation 13.) The axial eddy diffus-
Civity, E, was.calcuiatedwby dividing the superficial axial eddy
diffusivity‘by the volgmetficlffacfion, e, of continuous phase
in the column. The-Péclet-number, Pe,_was,calculated by means

of the-following equation.

e )8

The interpretation to be placed on the drop diameter, dp, is

- II-18

+ discussed below. In order that concentration profiles could be
compared for various -column operating conditions the reduced
concéntration at each sampling point was calculated by means of

the following expression.

actual concentration x 1000

reduced concentration = - -
, concentration in the aqueous

phase leaving the column
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Mass balances were calculated for the aqueous phase, the ketone
 phase, and the tracer, respectively, over the column. A set

of reducéd concentration profiles for one supefficial velocity
of ketone phase and varioué superficial velocities of aqueous
phaée is shown in Figure 28. The linearity of each plot in
Figure_28 indicétes that Equation 13, and hence the dispersion
'modél concept, describéfﬁhejbackmiking of thé continuous phase.
The réduced éoncenfrgtidn'prqfilé,.the diséersed phase hold-up,
* the axialfeddy-diffusiQiﬁy;-the‘Peclet number ané the mass

balance results for each run are given in Table IV-L, Appendix Ing

As thig tablé shows at the level of accuracy possible in
the pieéentjexpe?iments,there'was no dependence of axial eddy ;:
diffusivity on ﬁﬁé céhtinuéué phase‘superfiéial velocity, Iﬁw;;
Contingqusvﬁhasé_has”beén fouﬁd (21, 22, 23) to move up the qglumn'.
iﬁ tbe wakéS<ofariéiﬁg dispersed bhase drops. The velocity éf
the_drops.iS'hééligibly affectedzby a'small change in the-lo§~values
of LC used ip the tracer'studies. Correspondingly the flow?éte
of cdntinuous-phasé'up ihe column in the wakes of drops isSé
substantially unafféctedvby such a change in the superficiéi
velocity of,tﬁe'continuous phase. If the axial mixing ofg%he
continluous phase_is'causéd by the drops and the associateéiwakes
it is hot surprising that the axial eddy diffusiyity is :
independent of'LC for the narrow range of low values Of LC

used in this work.



100

o

T T 1 II'I

~ REDUCED CONCENTRATION

liull

108

]

FIGURE 28. REDUCED CONCENTRATION PROFILES

L . 'h . N |
[ ' 2 3 4 5 6 7 8 9 10
WShron . SAMPLING POSITION, SCALE: kg’




*ﬁ‘ 109

Figure 29 shows phe dependence of axial eddy diffusivity on
the dispérséd phase flowrate for one continuoué phase flowrate
anl various drdp sizes. The axial eddy.diffusivity remained
approximately ébﬂstént as fhe dispersed phase_flowrate was
decreased from high vélues.buf at low dispersed phase flowrates
the axial eddy diffusivity increased rapidly. This effect is
less pronéunced»af-Smail drop sizes. bThe effect of increasing
the drop siZe f§r a'giveﬁ‘dispersed phése superficial velocity
was. to incfeasejtﬁebaXiél éddj diffusivity{

At fifst<i£ was expec%ed.tha£ an increase in the number of
dfops‘of a given siZe-per unit'volume of colﬁmn would result in
a larger vdlﬁmgvof'continﬁbus phase‘beingicarried up the column
in their wakes éﬁd‘hence‘an iﬁcfeasé in the axial eddy diffusivity,E.
However, as mentionéd abqve,yﬁhe opposite_effect is observed at
low sﬁﬁeﬁfiqié; veloéities,‘LD, of dispersed phase. The reason
for thé deéfease'in‘E,ﬁith én inérease in the number of drops
could be due to thé inérease in interfereﬁce of the wakes of
drops‘by neighbouring drops. Tﬂis interferencé'would ténd to
detabh the wakes from the drops, resultiné in a lower value of E.
Apparently:at 1ow7va1ues‘of Lb #he décrease in E due to interference
of wakes:predominates:over.the increase in E due to the larger

“number of drops. At high values of L. the two effects on E

D
counterbalénce‘eaéh othér.

An increase in thevdrop sizé, dp, for avgiven value of LD
would be'expected to result in an»increase in E due to an
 increase in‘the.sizé of.éach wake and also due to less

interferehce of wakes by neighbouring drops. However, the

value of E would be expected to decrease due to a smaller
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number of ‘drops anddhenée,fewervwakes,.»Apparently the effects
resulting in~an_increase_in_vahen.dpvis increased predominate

over those,which.would tend. to decrease E.

Flgure 30 shows the axial eddy diffusivity, E, plotted
agalnst the superflclalveloc1ty of - continuous - phase, LC’ for
»four dlfferent values of the superf1c1al. veloc1ty‘ of dispersed
phase, lb;- The dr0p 51ze, dp was O. 135 1n."As mentioned earller
;E is 1ndependent of LC and decreases with an increase in LD Also
shown in Flgure 30 are the results of Hazelbeck and Geankoplis

(h2) They used a l Ml 1n.:I D. column, a drop 81ze, dp, of

0. 13H-1n. and water,an_ MIBK as the contlnuous and dispersed

phases respectlvely.: They used an aqueous solution of potassium

chlorlde as. tracer andkthe step functlon method. They found no

.dependence of - E on Lthor values of L between 18 I ft3ﬁ1r. ft?

and h9 5= ft3/h_;th?, but found that E 1ncreased llnearly with LC

As dlscussed on page 107 of thls thes1s 1t would “be

expected that E should be nearly 1ndependent of L for the narrow

range of lowlvalues.of”L- used'for the-experiments described in

.C
this the51s and also those descrlbed by Hazelbeck and Geankoplis.
The fact that. these workers (ME) found a marked increase in E

- with in 1ncreasevln;LC;may hawe been due -to problems -associated
with translent responsebtechniques,discussed under the heading

Introduction.

Flgure 30a is -a plot of the dlsper51on number, UZ , against
d Up .
the Reynolds number, . P, .This figure shows a summary, prepared

/u N
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by.Levenspiel and Bischoff (73), of the data in the literature for
gas and liquid flow through packed beds. Also plotted are the
results for liquid llquid spray tower operation determined in-
’this work. ' It can be seen from Figure 30a that the results

for spray tower operation more.or'less'coincide with those for

: llquid flow through packed beds for the limited range of
‘ ‘Reynolds number 1nvest1gated. This agreement supports the
correctness of the results of.ax1al eddy diffu51V1ty in a spray
'Acplumn presented in.thls:thesis.-‘In'addltion.it lends support
to the application:of:the”mixing cell ;Zpacked,bed analogy to

~ spray column;operationfdeECribed‘below.

h Plots_of;drop:Peclet numbers:versus dispersed phase hold-up
. for~thebfoufrdifferent drophsiae distributions studied are

| preSented in.Figures 31 32::33, and 34 respectively. DPeclet
numbers, predlcted on the ba81s of ‘the m1x1ng cell - packed
bed. analogy (hh 6& 90 92, 108 lO9) were calculated for

| six lattice arrangements of drops as shown 1n Appendix II.

All of the predicted Peclet numbers lle in the range between
those for the lattice‘arrangements of orthorhombic - 2 and
rhombohedral -1 respectively.‘ The values of the Peclet
numbers foratheseltwo Cases'are'plotted in'eaCh’of Figures

31, 3é5 33; and 34;in‘order:that a comparison‘between the
calculated-and the predictediPeclet numbersrcanvbe made.

- The agreement betWeen‘the’erperimental-Pe-and;the predicted Pe

~ is very good for large drops and becomes progressively worse
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as the drop size is reduced. A summary of the comparison is
given in the table below. However, only by looking at Figures
31, 32, 33, and 34 can the trend of the experimental points away

from the predicted values be seen clearly.

dp , in. ““ ' 0.155 { 0.135 |(0.125 [0.095

‘Percentage number -of experimental - W "3
points in the predicted Pe range

23 17

Percentage number of" experlmental :
points within 10% of the pre- 87 . 63 70 L3
dicted Pe range ' ' ' . :

Largest percentage difference : ‘
between the.experimental Pe snd- o :
the nearest side of the pre- - | . 20 28 30 L5
dicted Pe range calculated along -

L¥ llne of constant h: :

The’drops; of ceurse,ndernottlie:in’an ordered lattice
arrangement but'are poeitioned in a randbm'faShion_relative to
-one another at any;inetantvinttime. 'Honever; tnefa£§§e results
~ indicate tnat'the-assunptienief'a_einpieﬁlattice,errangement of
drops is ofreeme.limited use.in apprlying the mixing cell -
packed ned anaiogy-inlorder to make a firet estimate of the

Peclet number.

The mixing eell - paCKed:analogy predicte'a decrease in E
with a decrease in‘d; at constant h and it predicts a decrease
in E with an increase in h at eenstant dp. The experimental
results shown in Figure 29 bear out these predictions

qualitatively.
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ii) éalibratlon for opticaljdistortionvand drop size measurements.
Figure 23-presen£ed earlier:shOWs the positions of fhe
5/32 -in. ball bearlng placed in the column when the optical
distortion was belng measured ”The camera,'of course, viewed
'vthe column ln elevatlon from theifronfl Withvthe.camera'lens
.:used the depth of focus was such that all the drops in the
bcolumn were in focus., Dlstortlons were small 1n almost all
' cases,‘and changed only sllghtly in most cases when the ball was:
.moved from one positlon to another._ Hence 1t seemed‘reasonable ‘
to d1r1de the cross- sectlon.of phelcolnmn into regions in each
_-of_whlch_theioptlcal{dlstortlon‘was taken to. be constant. The
boﬁﬁdafiéslsétWeén reéionsfarefshown_in‘Fignre 35; These bound -
f;fieglnéiefpiacesTeqﬁiaiééantiffoﬁ'aaﬁacent positions.occupied,
by phe'hall;dnrlnéitheﬁtaklné'of”phelphotographs for calibration
-'for‘opthalfdisportionu' Tnézopﬁical dlstortionlof the ball was
_found to be 1ndependent‘of the helght of the ball ‘in the photo-
graphlc test sectlon of the column and also 1ndependent of the
concentratlon of tracer 1nkthe.columnA vBy cons1der1ng only the
- drops WblCh were located ln the central portlons of the photo-
graphs 1t was pos51ble to av01d maklng dlstortlon corrections,
. since the correctlons appllcable to such drops were only p 1%.
Accord1ngly only drops in the region shown as "drop size measure-
ment f;eldﬁiln‘Flgure 35 were measured for calculating drop s1ze.

distributions.

The part of the;colnmn.shown-in Figure 35 which was used

for drop size measurementS°contained~the whole of the central
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1 DROP SIZE -
MEASUREMENT
FIELD |

~ CAMERA

' FIGURE 35. PERCENTAGE FRROR IN THE EQUIVALENT DIAMETER DUE TO OPTICAL

DISTORTION IN THE 13-IN. I.D. .COLUMN , o



portion;‘but;not‘allioffthe;peripheraljarea»of the'column cross-
.section;v'As;a resultfa ddsproportionatebnumber of'drops,appearing
in the centralfportion“of:thé'column cross-sectlon, as opposed

. to those'near:the?columnfuall bwererconsideredtfor drop size
distribution-measurements. If there were‘any wall effect on .

.drop 31ze dlstrlbutlons it was not taken inte account

Wlth no llquld ln the photographlc test sectlon of the
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e column the ball was p081t10ned at the centre of thls test. section. -

1The glass column and Perspex box Were removed w1thout dlsturblng

the-ball,ﬁ'A'photograph of the ball 1n alr then was taken in the

. usual way‘ ffhe?qiamete‘ of the prOJected 1mage of the ‘ball 1n
. this. photograph uas measured.;'The enlargement factor for cal--
‘rculatlng the apparent dlmen31ons of the ball durlng calibration
fvstudles and of drops durlng drop.s1ze dlstrlbutlon measurements
uas determined by leldlng the measured dlameter of the pro-

xJected 1mage of the ball photographed 1n air by the ‘actual

_dlameter of the ball.':-_, ;

_ ThevVerticalfandfhorinontal;dlmensions4of the_images of
Sbomdrops'werebmeasurediforieach'run in which drop size distribu-
tions.were determlned.s Each‘drOp was-assumedﬂto be an oblate
'spheroid. Thls assumptlon has been found to be reasonably good
for drops 1ssu1ng from the 0. 103 in. I, D. nozzle tlps (39).

"The measured drop dlmen31ons were corrected for optical magnifi-
catron, but no correctlonvfor‘optlcal dlstortlon‘was applled. The

equivalent drop diameter,'ds;_was.calculated for each drop by
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‘means of the follewing equation

dg B hdpi
. where
hd = the_yertical'dimension of - the drop image,
and - . b, e |
: =:thefh0r126ntel'dimeusienbof the drop image.

o Pg T
Out of'13vOOOtdrope'meaeured'only one drop was found to have an
equlvalent drop dlameter of greater than 0. 25 in. This drop was

=not con51dered to be typlcal and was not con51dered in drop

31ze,dlstrlbutlon,calculat;ons,;ﬁ

Tné;rangéférfééffrem.6iod-i£;.togo.25;in. vas divided up imbo
increments of:O‘OiQiﬂ. An IBM - 70k0 electronlc computer was
used to calculate.the percentage of the total number of drops,
and the percentage of total drop volume found in each of these
increments. These,ca}euletlonsiwere performed,for the first
100 drops measured, the‘first 200 drops measured, the first
300, . the first 400, Aﬁd the first 500 drops measured in each set
of data. It was found that the calculated drop size distributions
for.hOO_aud 500 drops respectively were elmost the same for each
of the sets of data. Evidently aJsample.siZe of 500 drops is
suffieient;y lerge.to'be representetivevof the'whole population
of drops in the column. .Accordingly all subsequent discussion
involving drop eize is baeed'on a total of 500 drops for each

set of data. - A typical set of results ' for the drop size distrib-
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ution calculations is given in Table Iv-6 and_plotted in Figure 36.
A summary'of all of the:reSults is‘presented in -Table IV-7. In
each case“there'was a peak'between 0.0l-in. and:O;O3-in. in the

A equiyalent‘diameter on ‘the drop size distribution plotsl In
addition,a second peak appeared at a higher drop diameter. The

- mean of the two llmlts of the equlvalent drop. dlameter range,

of width 0.01- zn., in whlch the ‘second peak occured was taken

to bevthe.drop dlameter, dp, used 1n the Peclet number calcul-

. atlons. For example, from Flgure 36 the drop dlameter of 0.135~
in. was used to calculate Pe for Run 50 Rocchlnl (39) took
close up photographs of a l—-ln. I.D. spray column usiné the

_o. 103 -in. I D. nozzle tlps and with the. transfer of" acetlc acid
from the»continuous phase to;the dispersed phase. His photographic
{conditions'resultedoin'a very ‘short depth of focus in which
dropslwere examined.‘tRocchinildidtnot use any‘means for reducing
.opticalidistortion;bﬁtrhe corrected:the:drop size measurements
for Optical;dlstortion hy neans’ofaavcalibration graph. The
drop sizeddlstrihntionS'which-helpreSents (39) have peaks at

4 exactly the sanebeQuiralentfdrop.diameter as'shown in Figure 36.
_In the preséntAwork the.second:peak was verybhigh and narrow for
drops produced from the 0. 053 in. I D. nozzle tips and  very

low and breoad for the O. 126 1n..I D. tlps. Obv1ously the .pro-
duction of 1rregularly s1zed drops at the nozzle tips would
result in a broad,peak. However, it is felt that the main reason
for the' change : i-n the shape of ‘the pegks is the 'invalidity of the

" assumption that the laréer>drops are of oblate spheroid shape.
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Typical photOQraphs of drops produced inithe,ll;inavI,D. column by‘
Athe four dlfferent 51zes of nozzle ‘tips are shown in Flgure 37.
From photographs such as these it can be seen that larger drops
'are more’ 1rregular in shape than smaller drops. .Typlcal drop
'_s1ze dlstrlbutlon histograms for the O 103 in. I.D. and the
_ 0,126~ 1n.;I D.Hnozzle tlps are- presented in Flgures 36 and 38

Frespectlvely.

For'each.ofvthefphreefsmallest noazle pip diameters,the
. second peak 1n fhe drop s1ze dlstrlbutlon plot was not 1nfluenced
v:by run condltlons.l In the case of the nozzle tlps of average I.D.
0.126- 1n. the locatlon of the peak was 1nfluenced slightly by -
'run-condltlons.u The drop dlameter, dé, for these nozzle tips
was taken as.O 155-1n.v Garw1n and Smlth (h3) report that the
' drop size is lndependent of the contlnuous phase flowrate.
Thls conclu51on 1s con51stent‘w1th the above observatlons.
:'Figure 39 lS a. typlcal example of plots made to show the percent
_of total drop volume versus eqnlvalent drop dlameter. There was.
‘no notlceable peak‘for the,verytsmall:dropslln thls sort of
plothslneehﬁhe oontrihnpiondof‘phese'tovthe total velume was
negllgible.- - w | |
111) Hola;up‘stgaies.[p':»=~

Plots are given in Figures 4o, 'hl Mép and h3 for the
dispersed phase. hold-up (measured by means of the plston) versus

the- dlspersed phase superf1c1al veloc1ty for each of the four

. nozzle tlp sizes studled. Weaver, Lapldus,vand Elg;n (hl)
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AVERAGE NOZZLE TIP DIA. AVERAGE NOZZLE TIP DIA.
= 0.053-IN. = 0.086-IN.
(RUN 148) (RUN 96)

AVERAGE NOZZLE TIP DIA. AVERAGE NOZZLE TIP DIA.
= 0. 103-IN. = 0.126-IN.
(RUN 65) (RUN 126)

FIGURE 37. PHOTOGRAPHS OF DROPS AT OPERATING CONDITIONS CORRESPONDING TO
RUNS INDICATED. MAGNIFICATION FACTOR = 3.
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extended the theory relating slip velocity and hold-up in fluidized

beds to spray column operation. They show that the slip velocity

is expected to deérease with increasing hold-up. As a result a
plot of hold-up versus dispersed phase superficial velocity, LD’
is expected to be curved, concave upwards. Figures Lo, k1, k2,
and 43 bear out this prediction for_values Qf LD less than
60-ft?/hr. £2 However,“no;explanation.could be found for the
linearityvof‘the_hold-up cﬁrvés for values of LD greater than
60—ft§/hr. ft?,.Tbe veiqcity, u, of rise of the dispersed phase
drops was of the order‘of }OOC-ft./hr; and experiments were
carriéd out :for conﬁinudus phase superficiai velocities, L

between-9—ft?/hr. £t2 and'MB.M-ft§/hr. £42 Increasing L

C)
C

within thiS‘narrow‘range'would bé expected to result in only
a émall.decrease in u and therefdre only a slight increase in
the.hold-up. 'Although Figures 40, 41, L2, and 43 show no
regular dependence‘of<the hold-up on LC there is a slight
tendency for the'héld-up to be somewhat higher at hiéher

' continuoﬁs phase.fiowrates;' Fér a given dispersed phase
flowrate decreasing the drop size should result in an in-
creased hold-up since usually smaller drops have a smaller
terminal velocity. However, no efféct of this sort was noticed
iﬁ going from a drop‘diameter, dp, of 0.155-in. to one of
0.135-in. as can be seen by comparing Figures 40 and 41l. The
reason for this might be that drops of about 0.155-in.

equivalent diameter are so large that they are much distorted

from the oblate spheroid shape. The distortion usually results in
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a large frontal area of each drop (114) which in turn increases
the drag and lowers the terminal velocity. Comparison of
Figures U1, 42, and 43, however, shows an increase in the hold-

up as the drop size is decreased.
b) Results of the preliminary experiments.

~The'éampling‘posiﬁions'l to 10 inclusive mentioned below

are shown in the abscissa of Figure 28.
i) ‘Time -to reach steady-state.

. The solute concentrations in samples taken by means of the

' first;,foufth;"seventh,‘and tenth hypodermic needles, shown in

Figure 9, ‘above the tracer distribufor, and in the aqueous phase

leaving_the’cblumn were.plotted versus time after start-up.

Table 6 shows the time to reach steady-state at the last sampling

position to do so. .

TABLE 6. TIME TO REACH STEADY-STATE IN THE l%-IN.'I.D. COLUMN
UNDER CONDITIONS OF NO MASS TRANSFER.

Run _ : - 32 33 -3k
Lo ft7/hr. £t° - , 9.0 9.0 27.7
Ly, £t /hr. ft€ . 128 30.4 30.4
time tb reach steady-state, min.|100 115 45
Temperature, % 71 1 68 69

Table 6 shows that the time to reach steady state varies little

when LD is varied over a wide range. Hence the effect of LD‘on

135
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the time to_reach»steady-state»was‘not taken into.account. Table
6 also shows that the”timeitO’reach steady state decreases

rapidly with an increase in LC" Consideration of Table 6 suggested
that 1-hr. would be.a:conservative estimate of the time required

2

to reach steady state when L, was greater than 30- ft3/hr. £t

c
and that 2 hr._would be a conservatlve estlmate of this time

f.for values of L between 9 ft3/hr ft% and 30- ft3/hr £12 These
' steady state tlmes for varlous values of L were adopted for all

the studles 1nvolv1ng tracer in the l—-ln. column.
ii)‘rEffectjofftracerffeed rate,

Table - shows the results of tests performed to 1lnvestigate
any. effects of tracer feed rate on-’ the reduced concentratlon
profllesjor on“the axialjeddy d1ffusxv1ty values.

TABLE 7., EFFECT OF TRACER FEED RATE ON REDUCED CONCENTRATION
- PROFILES AND AXIAL EDDY. DIFFUSIVITY IN THE 13-IN.

- I.D. COLUMN.
Run\_ Lg; .,ng «VL?;VA »f Reduced concentrationvat_ E.  (Temp.
| £¢3/ | ££3/ | £¢3/|  sempling positions | £:2/| o
hr. | hr.. | br.. - o

o o 2 . L

T o i N P 5167|819 po

35 | 27.7130.k | 0.16 | 509 [k11|o71-162 | 98 67(u2 |32 o ho[32.5| 69
Lo | 27.7 | 30.4 {.0.31 | 557|380 |2L6 [152'] 94 | 60(40 |27 8 [1|32.6( 70
36 ‘27.7;‘30;4 0.62 6211389‘251 160 104 | 66 uz 29 RO [12132.8| T1

67 |18.2]73 -|0.10]350{157| 50| 24 |. 8].8|1.3| - |- |-|10.3]| 72

: . _ 3
57 | 18.2 |73 | 0.20 ['433(166]| 76|35| 11| 5 [2.1]0.85 0.35 -{11.0| T4
68 | 18.2'1 73 [ 0.k0 | 307]1k2| 48] 18| 8]3.3|1.4]0.5Y 0.20 -|10.7| 73 -

The reduced concentration at & given sampling point varies

considerably for various tracer feed rates in many cases.
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" However, the resulting overall concentration prOfile and axial
eddy diffusivity are'netAaffected'appreciably by tracer-feed
rate. It lS concluded that the. effect of tracer feed rate on
the value of ‘the ax1al eddy dlffu81v1ty is negllglble for
tracer flowrateS'Of,less than 2% of the continuous phase

| euperficiallve;eqiﬁnyiEE;.,_>v

' iii) RepieQQCiEilityief,iesgits;_

:‘Three‘rﬁﬁefwefe'dﬁﬁlieéted foEprovide a check on reproduci-
biiity of:reeults} ETheﬁfedueedveoﬁcenﬁ;atien profiles and‘the
calculated Qalﬁesibflthevaxiei eddj.diffusivity for these
'experlments are glven in Table 8

- TABLE_B} REPRODUCIBILITY OF RESULTS FOR AXIAL EDDY DIFFUSIVITY
e IN THE l—-IN. I.D.. COLUMN

Run| L ; pL-;- " Reduced concentratlon at sampllng

’n Temp.
ftg/ ftg/ position : £t5/ op
K -t , : hr.

hr. hr. ) - —

£2 ft?'j 1 12 |3 L {5 |6 7|8 ]9 10
32 | 9.0 [128 |s75les6liss] 79| us| 28| 1| 9l3.8(2.0] 8.6 | 12
k7 | 9.0 128. | 529308 1157 [.86.f 46 | 28| 14|7.8(5.3{2.9| 8.9 | TL
33 | 9.0 | 30.4 | 755 |64k |566 |187 [391 |330°|297 1259 |223]179(29.3 | 68
b2 | 9.0 |30.4 | 7541668 571-&92 397 252 [288 (250 (221|179 (28.7 | 73
34 |27.7130.4 | 523|408 (257166 93| 58] 38| 28| 19| 12{33.0 | 69
Lo |27.7 | 30.4 -557‘380,2“6 152| 94| 60| Lo| 27 18| 11[32.6 | 70

The reproducibility‘of'the”caléulated value of the axial eddy
diffusivity is'good'altheﬁgh point reduced concentrations are not
exactly the same in duplicate»runs.

iv) Cross-sectional homogeneity.
The dispersion model requires that .at any elevation in the

column the.COncentrations'of solute in the continuous phase be
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uniform.,.Accordingiy i£ wa.s neceséary to check on whether or
.th crdss—séctibﬁal-hOmdgeneity existed.. Samples were withdréwn
at the level of tﬁe‘first‘hypodefmic needle above the tracer
distributor (Figure §)‘for each of the thrée runs listed in
Table 9. Thisilocatioﬁ was éhésen because of all the sampling
-locations it wbuld-be-thevone_most likely to exhibit non-
unifofmity'§f é§lu£§iconcéﬁtrétion. Samples were taken in each

run at the poSitiohsshbﬁh infthefsketéh below:

aThe.qorrespdﬁding féauéed-COncentrations appear in Table 9.
Alsd'shdwn is”thejrédd§éd conéeﬁtrétion at positioh-l for a
samplé:takén in‘éaéhArﬁﬁ about L0 minutes before the fiye samples
mentioned.ébove;l’Aithéugh fhe concentrafidn of solute is not
éxacfiy ﬁniform Qver'ﬁhé crdsé-section of the column, the varia-
tion is not‘la}ge comparéd with'ﬁhé variation of concentration

_ wiﬁh time at the centre of ﬁhefdross-section.. Position 1 was

the first sampling positioﬂ abdve the tracer distributor. The

small variation in concentration over the cross-section at this
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TABLE 9. CROSS-SECTIONAL HOMOGENELTY IN THE l%-IN, I.D. COLUMN

Run | L, Ly, Reduced concentration at emp .
ft3/ 'ft?/ - | __sampling position i . oF
hr.£to | hr.fto L - 1, sample

: 1 la 1b 1 | . 1c | 14 taken
' : . - - earlier
32 9.0 [127.7 | 578 575 568 | 577 _'573 575 1
33 © 9.0 30.4 | 75k 723 | Ths {751 755 755 68
7.7

|3k 2 _30.4 532 - 225 526 1937|519 223 69

sampliné elerationsindicates that tracer.ieaving.the distributor
- S A ST RO
spreads over the cross- sectlon in a small- incremental column
height. Hawrelak (37) studled a 1i-in. I. D. spray colum with
the- transfer of acetic a01d from the contlnuous phase to the
dispersed.phase; He took samples from various pos1tlons at a

given cross- -section by means of hypodermic needles and. found no

radial conce_ntratlon gradlents.

v) Sampling rate; 
Tabie 10 shoWs'theyreduced concentrations of solute intsamples

taken from therfirst four‘sanpling positions above the tracer

distributor-at rarious,sampiing rates. Sampling rates of’l.O-ml./min.

for superficiai veiocitiesooftcontinuous phaseAgreater than

27.7 ft?/hr; ft? and of Oﬂ75:ml./min. for superficial velocities

of contlnuous phase between 9 O=- ft3/hr. ft% and 27.7=- ft3/hr. ft?

‘appear to be small enough so as not to disturb the operatlon of

the column. Accordingly these sampling rates were used for all



TABLE 10. EFFECT OF :SAMPLING RATE ON THE

 THE 1%-IN. I.D. COLUMN

REDUCED CONCENTRATION PROFILE IN

Run Lg - LD Reduced concentration at sampling position Temp.
ft./ 5 ft3/ 5 Sampling rate Sampling rate o . Sampling ‘rate °p
hr.ft$ | hr.ft5] = 0.5 ml./min. = 1.0 ml./min. = 2,0 ml./min.

Posi- |Posi~|Posi-|Posi-|Posi-|Posi-|{Posi-|Posi-|Posi- |Posi-[Posi-|Posi-
tion |tion |tion [tion [tion {tion [tion |tion |tion [tion |tion tion
1 2 3 i 1 2 3 b 1 2. 3 4

b1 27.7 30.4 503 1388 (255 (158 {523 (408 [257 (166 [522 (387 |25% [155 69

Run LC LD Reduced concentration at sampling position |Temp.
ft@/' ft?/ 5 Sampling rate Sampling rate Sampling rate °p
hr.ft2 | hr.£tS| = 0.25 ml./min. = 0.75 ml:/min. = 1.5 ml./min.

Posi-|Posi-|Posi-|Posi-|Posi-{Posi-|Posi~|Posi~-|Posi- |Posi~|Posi- |Posi-
tion [tion |tion |[tion |[tion |tion |tion [tion [tion |tion jtion {tion
1 2 3 L 1 2 3 L 1 2 3 k
33 | 9.0 30.h4 h9 |6k2  |566 |u85 |755 |6hk  |566 487 [751 |64k |568 |488. | 68
32 19.0 128 575 {257 |155 80 |575 |256 [155 79 |573 1255 |155 9 71

4T



11

of the tracer studies in the 13-in. I.D. column.

vi) Order of sampling.

The. usual order of sampling was to fake a sample by means
of the first hypodermic needle above the tracer distributor,
then by means of the next higher‘needle, and so on. (See
Figures 9 and iO for sampling poéitions.) for three runs samples
were taken in the reverse order, that is sﬁarting with the
highest_hypodermic needle. As well in these same runs samples

were taken in the usual order. The results are given in Table 11.

It Is evident from Table 11 that the order in which samples

are taken does not affect the measured concentration profile.

vii) Effect of column height.

For one set of column operating conditions three experiments
were performed with three different lengths of column. (See
Figures 10, 11, and 12;) Téble l2'showé the redﬁced concentrétion '
profile of solute in the test section and the calculaﬁed value of

the axial eddy diffusivity for each run.

- The length of the column appears to have,no significant

effect upon the axial eddy diffusivity.



TABLE ll EFFECT OF THE ORDER OF SAMPLING ON THE MEASURED CONCENTRATION
PROFILE IN THE l—-IN. I.D. COLUMN

| Run 'LC - LD .Order of sampling Reduced concentration at sampling position Temp.
e63/ 5 |23/ | S ' 1o | °F
hr.fts [hr.etd | _ 1 12 |3 |4 |5 6 |7 8 19 10

33 9.0 36;4 : ﬁsual (1 to 10) 755 {644 | 566|487 391 | 330 29% 259 (223 | 179 | 68
: reverse (10 to 1) |7h7 |6b2 | 564 |485 [389 {327 [297 |258 | 215 [ 178

reverse (10 to 1) [|572 (253 | 155 L 48 | 28 | 14 18.9 (3.8 2.0

3 |27.7 30.4  Jusual (1 to 10) 523 (408 1257 {166 | 93 |..58 | 38| 28| 19| 12 | 69
, {reverse (10 to 1) [526 |37k 254 |153 | 97| 61 | 4o | 27| 18| 11

32 | 9.0 [128 - |usual (1 to10) . [57h.|256.{155 |-79 |48 | 28 | 14 .|9:0 |:3.8: 2ie [ |

TABLE 12._ EFFECT OF COLUMN HEIGHT ON THE MEASURED CONCENTRATION PROFILE
AND AXTAT EDDY DIFFUSIVITY IN.THE l— IN. I D. COLUMN

Run [Column length Lg g Reduced concentration at sampling positions E Temp.
(nozzle tips to 3/ £t / o op
interface) ar.£t2 | hr. ft 1023 |ulslel7 {8 9] 10 f#ﬂ/?? |

174 |6- £t. '3 1/8 -in.- {18.2 sk.7 | be6 286 |136 81 39 |20 19.9 5.7 |3.0 |1.4 ] 1k.9 68

51 [10-ft. 33-in. 18.2 54,7 561 | 298 |138 |83 [37. 118 |11 |5.8 |2.7 |1.5] k.5 - 71
5.2 |2.7 | 1.5 1k.5 68

175 [16-ft. Lz-in. 18.2 54,7 562 {299 (146 |73 |45 {23 (9.9

ST
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L. .AXTAL EDDY DIFFUSIVITY AND DROP SIZE DISTRIBUTION STUDIES
IN THE 3- IN..I D.YCOLUMN.

The reeults:of the preliminary exberiments.concerning steady-
iState:time, reproduéibility of results, and Cross-sectionalvhomo-
geneity'are discﬁssed effer.those of the main experiments.

“a) Main Experi@entsri

‘ Tﬁe1Value ef;tﬁeesupeffieial_axial_eddy diffusivity, Ee, for
‘:eeehvrungweéfeelcgleted‘iﬁeaymanner similar te that already
desefibed .‘f"'o‘r" the il-in'.- I."D:..-; calm'. ,A'sﬁmmary of the results:
for the 3= 1n;HI D. column is- glven in Table IV-5. Figure 4k
shows the superflclal ax1al eddy dlffu81v1ty plotted against
dlspersedAphase superflciel'veloc1ty. The curve shewn in this
~figure_wasedfewn.fhfoﬁéﬁ fﬁeibointeuby eye,: As with the l%-in.
I;D..column;'thelseperfiCial:axial eddy diffusivity decreases
with'incfeaeing dispereed phase flowrate. ﬁewever, there appears
to be some. tendency for hlgher‘superfic1al axial eddy diffusivity
'values for the 3 in. I D. column to be associated with higher
superf1c1el-veloc1t;es of.the,contlnuous'phase, .Comparlson of the
superficialvaxiei»eddy diffueivity results for the 3-in. I.D.
columnev:r'.ith those for ‘j:h‘e- 13-in. I.D. colum shows that at &
drop size;'dp;_ef Q.l35-in, end for a given superficial velocity
of each phase the super’ficial axial eddy diffusivity in the 3-in.
‘ I;D. colﬁmn wae between 6;3 and 17.3 times thet in the l%-in.
I.D. column. _It,was'eVideet that the'continuoue phase underwent
channelling. (See iaten) ,Thie fact; no doﬁbt, resulted in an

increase‘infaxial mixing of the continuous phase in the 3-in. I.D.



144 |

- o | Loo
200 - CUFT./ (HR. SQFT)
o 182
27-7.
365
484
750
100
150
220
262
- 285

150

W eeo0oeDnD Jx O

00}~

Ee, SQ.FT./HR.

1S il T TR R N

40 60 80 100120
~ Lp, CUFT./(HR. SQFT)

' FIGURE 4h. SUPERFICIAL AXIAL EDDY DIFFUSIVITY IN THE 3-IN. I.D. COLUMN



145

31

column;. Gier and Hougen (28jsay that the "... bulk mixing effect
would be expected to b¢ most serious in spray columns of high
diameter to heightlratio.” However, the results of the experiments
des@ribed in this thesis show that‘the diameter, but not the height,
of the column is impoftaﬁt in assessing the.extent of the axial
, mixing_bf thé:édntiﬁuous phase. Actual eddy diffusivities were not
éalculafédffrpm-thé‘supérfiéial‘a#ial eddy diffusivities becausev
: the'dispéréed:phaéeAhbld-up,'p, was hot.measured in the 3-in. I.D.
éqlumn;fﬁPrevibus_wofkefs (3, 6, 30, 31, 43) have estimated the
' hoid-ﬁé; h}”ﬁj7ﬁ§anshéf«Eéuétion 7.

’ . 100 L
h = :_u—LD' 7
 Howévé£; ih'the,éreségf.waktit Qas not possible to measure the
';veiééityAéf'risé bf:pﬁé disperéed.phaSe drops with ény accuracy
due £§ thé;éwirling:m§ﬁi§h.6f the drops (described later). As

" a result Equationkz‘pould nof-be_usedrto esﬁimate the hold-up, h.

. Thé pérdéntgée-effqr ;n'the equivalent diameter of drops due
to;bptical?distoffion was détérminedJin a'mannér gimilar to tha#
used forvﬁhe,l%-iﬁ, I,D1,éd1umn;'~Thé:optica1 distortion was
independent erthé.veftiﬁalféositibn of the ball and of the
conCentration,of”trécef‘in:the colum. Figure U5 shows this
pergengage.érror at,&arious posiﬁions in the croés—éection of the
column. Also shown in Figure 45 is the portion of the cross- |
, sectionfin'which drop size_meésurements-were made. dJust as for
the l%—in. I.D. columnbrestricting the drop size meésurements'to .
tﬁe field shown in.this figure made it unneéessary to apply

any correction for optical distortion. A summary of the drop
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size distfibutions‘meéSured appears in Table IV-8. The second

peak in each dropHSize distribution plot appeared between 0.13-in.

and 0.1k-in. équivalent drop diameter.
b) Preliminary Experiments.

i) Steady-state‘time. ‘

The COnCentration'of,tfacer intsamples taken by means of
the_first,ythifd,:éevehfh; aﬁd'ténthnhypodermic needles above the

: tracér_distributof‘(Fiéures:EO'and 21) and in the aqueoﬁs phase
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" leaving the*column:wére-plOttéd versus time after start-up. Table 13

,shoWé-the}fime toffeach steady?state,at the last sampling position

to do so. 'v ‘=ff

TABLE 13+ »STEADY-STATE TIMES-FQR THE 3-IN. I.D. COLUMN.

Rwn - . . - 1717|180 203
Lé,'ft?/hr;‘ft?;'li:? ] 18.2 |00 18.2
Lp» ft?/nr{afp?ﬁ R j 5 . | 365 36.5 | 109
time té»réacb_speady-state;,min.. 55 25 57

' Temperaturé;:on-,vﬁA_ T ,'  , 70 70 69

Although the'time‘to'feacnfstéady-state'varied little for a wide
range-of dispersed phasewsupérficial velocities it decreased

markedly'fdf;an'incréaSegin-the superficial velocity of con-

‘tinuous phase. The time for the column to reach a steady-

state condition'wasitaken to be l-hr. fer continuous phase

2

superficial velocities of less than 1oo-ft§/nr. £t and 30-min.

for continuous phase superficial velocities of lOO-ft‘?/hr° ft



and greater.

ii) Reproducibility of results.
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" The reduced concentration profiles and the superficial

axial eddy diffusivities for duplicate runs are presented in~

Table 1k4.

TABLE 14. REPRODUCIBILITY OF RESULTS FOR THE 3-IN. I.D.. COLUMN

_Table 1¥ shows that, although point concentfations are not

exsctly réproducible, the reduced concentration profiles and

Run LC LD ‘Reduced.conéentration at sampling points E. |Temp.
3,1.23/1 : - [e£3/] o
££3/ 1817/ F
A . hr. i

hré hré - - .

27 188 {1 e 3 lU |5 t6 |7 8 |9 10|
177(18.2(36.5(933 [863|8L4 1811|777 |707 |680 '656' 636 1593|188 {70
186{18.2[36.5({921 |888(819|785 (761|731 |689 |656 [620 |595|190 |T0
191 {48.4[54.7 10801933 780|701 |546 [L57 1395 |317 |273 |257 145 |70
207 (48. 4|54 .7 (1077|892 731 608 532 {khk | 367 310 249 1218(138 |69
201[100 109-V1118 613|167}101| 40(18.8]6.03|1.09| - - 153.6(67
208(100 109 - 1131.565 193(109{ 37|13.7]5.17(2.13|1.14| - |56.5|68

supérficial axial eddy diffusivities for duplicate runs are quite

similsr.

iii) Cross-sectional homegeneity.

The reduced concentrations of solute ét the positions shown

in the following sketch are given in Table 15 for the levels of
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the first and fifth hypodermic needles above the tracer distri-

butor. (See Figures 20 and 21.)
la (5a)
b
If (56) ib (5b)
le (5e) 1 (5)
14" DIA ‘ll Ig (5g)
2 " DIA: Ih (5h)
o le (5¢)
Id- (5d)
TABLE 15. - CROSS-SECTIONAL HOMOGENEITY IN THE 3-IN. I.D. COLUMN
Run LC . LD Reduced concentratibn at sampling points|Temp..|
££3/ , [££3/, » - °F
Do fEV et la 1D 1 jle |14 le \1f [lg [lh-
177 [18.2 [36.5 937'-933 9371917901 939 | 936 | 933} 919 |70
180 |100 |36.5 | 838 833 816|7841737 791 811 847| 855 |70

197 118.2 |73 .| 980 988| 960|972 (968 958 958 | 966| 968 |67
195 100 . |73 . [1290 (1263|1097 |947 |889 913 [1019 1021|103k |68
203 [18.2 '|109 916 | 911| 909 (897 {893 903 | 903 | 907{ 907 |69
201 {100 109 [1277-11198]1120(990(895 893 920(1008|103k |67 B
Run LC LD - | -Reduced concentration at sampling points|Temp.

£43/ S[E83/ T °F

hr.ft"|ar.ft55a |50 |5 S5c |54 5e [5f |5g |5n | -
177 |18.2 [36.5 [807 (798 |T733 |773|762 776|760 [751 |72 |TO
180 [100. |36.5 230 [225 |218 |206|196 223|225 [220 [208 |70
'197 |18.2 |73 664 [682 |694 | 67272k 6967|684 |698 |T708 |67
195 |100 |73 194 184 169 |151|14k 161163 [170 |176 |68
203 |18.27 109 |11 (599 |603 | 576|553 591|601 |609 {611 |69
201

100 109 b1 | Lo | Lo | 39| 38 Li| k1l | kO | 39 |67
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Table 15 shows that the assumption of radial homogeneity is less
valid for the 3-in. I.D. column than for the 13-in. I.D. column.
Visuai observations Qf the ver& small dispérsed phase drops during
experimental runs showed that large scale axial swirling motions
occurred in the centinuous phase of the 3-in. I.D. column as
ﬁentioned later. .Howéver, the plot of the natural logafit@m

of the tracer concentrafion versus column height is straight for

" the runs in the 3-in. I.D. célumn‘és required by the disﬁeréion
model equation (Equation.13). Therefore a lack of‘croés-sectioﬁal
thogehéity'in the 3-in. I.D. column seems)not to be too serious
as‘far as ‘the determination of superficiél axial eddy diffusivities

‘is concerned.

5. VISUAL OBSERVATIONS OF THE MOTION OF THE DROPS

Tﬁe mqtion of the drops in the l%—in.,I.D; column waé'very

" erratic But.aiways,in an upwardly direction. There was no evidence
of drops e%er téking a downward course. The'very small drops of
about 0.02-in. diameter moved up the column very slowly. Due to
the small size of these drops.their motion would ha&e reflected
any»large scale turbuience or channelling in the main bulk of'the‘
éontinuous phase. However no such effects were observed. These
‘general flow characteriétics were the same for the Various“fiow—
rates of the“éwo phases and for the four different ﬁrop size

distributions studied in the 13-in. I.D. column. Evidently

fhe drops moved up the column in effective plug flow. Thﬁs the
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assumption of mo axial eddy diffusion in the dispersed phase

(28, 31, 35) is valid. | ,

In contrast to the observations of the drop motion in the
l%—in.,I.D. column the drop behaviour in the 3-in. I.D. column
was quite different. Not only did the very small drops exhibit
an axial swirling mofion but largsrvdrops often took a downward
course for a short distance alsng'the column. Obviously the
continuous-bhase underwent channelling. As discussed earlier this
phénomenon resulted in radial inhomogeneity of the continuous phase.
Due to the sﬁirling mdtion of the drops the assumption of ho

backmixing of the dispersed phase is invalid.

6. CONCENTRATION PROFILES WITH MASS TRANSFER

Five runs were performed with the transfer of acetic acid
from the continuous aqueéus phase to the dispersed ketone phase in
the 13-in. I.D. column as describedvunder‘Experimental Procedure.
Samplesjwere taken from within the operating'column by means of
the hypodermic needle samplers and also by meaﬁs of the bell-

probe. The concentration, c¢., of acetic acid in the 'ketone phase

D

of each bell-probe sample at the time of sampling was calculated
by means. of Equation 6 and the concentration, Cq» of acetic acid

in the hypodermic needle sample at the sampling elevation.

a | . a
ey = ¢y * Zg (;C -c

p

o)



For each run the concentration profiles of solute in both phases

over the test section were plotted. Smoothed values of the con=-
centrations-bf solute in each phasé at the sampling positions were
read from thése plots. The value of the distribution coefficient,
m, at each of the ten hypodermic needle sampling positioné wa.s
calculated from the equiliﬁriumAcurve for acetic acid distrib-
uted‘between_MIBK‘? saturated water and water - saturated MIBK
ati7oQF._ The arithmefic average of these ten values of m was
calculated'ana used iﬁ_subsequent'éalculations. The equilibrium
curve is sno_wn. iﬁ Figu_i-e 46 and the equilibrium data used to
prepﬁre this‘plbt aépearbin_Table IV-13, Appendix IV. The capacity
coefficient;vKDg,'was calculatea by means of the smoothed concen-
tratioﬁs and:EquationIEO. integration was carried out over the

test section only.

L_{dc

The experimehtél results areAbresented in Table IV-9, Appendix IV.

The dispersion model characterizes thelextent of backmixing of
the continuoﬁs phase. It is likély'that the contiguous'phase which
is backmixed enters the wakes of drops and is ﬁransported some
distance up thé coiumn as wake material before passing back into
the main bulk of the continuous phase. In the tfacer experiments
deséribed earliér‘tbis backmixing‘Was studied by measuring the
extent to which a solute tracer, soluble only in the continuous

phase, was carried up the column.
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When maes trahefer can teke place the simple conditions of £he
tracer work no longer obtain and caution must be exercised in using
the tracer resultS'and’the disbersidn model. The differences which
can arlse are that the wakes are no longer typlcal of the location
from whlch they were drawﬁ, and mass transfer can still occur from

a wake while it is travelling With the drop.

“In the easejof mass‘ﬁransfer'from the eontinﬁous to the dispersed
peese,»SOlute;in‘thie'caee sbluble»in both phases, is transported-along
with_contineeus;phese up.thevcolﬁmn in the wakes of the rising drqps
as wae the case in:the tracer studies._ However, it is probable

that the contlnﬁous.phase, 1mmed1ately prior to enter1ng>a wake,
'vhad.been in the ﬁear v1c1n1ty of the assoc1ated drop. Consequently

hiS-continﬁous phase.WOuld be ldwer in solute'concentration than
the bulk of that phase at. the same elevatlon, Thefefore the amount
of solute - carrled up the column 1n the rising: wakes would be less
than that predicted fremjthe tracer’studies wherein no such

depletioﬁ of tracer could have taken piace.

- In addition'fo,the'above.effect thefe is the dissimilarity of
the diffusionipattern(ef3eolute befween the wake and the surrounding
.continuous_phase.’ In'the case of tﬁe non-partitioned tracer
diffusion must'ineVitably be from.the wake to the continueus phase
in which the concenfration of tracer is lese. However, in the caee
of mass transfer,vas described‘in the present work, the wakes are
moviﬁg towards a region of higher concentration of solute and there-
‘ fore molecular.diffusion of solute is from the coétinuous phase

towards the wake. As has been discussed elsewhere in this thesis
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molecular diffusion can be neglected with respect to eddy diffusion,
and hence it is felt that ﬁhié particular distortion of the wake

composition can be neglected.

There is yet, however,‘bne more factor to be considered. Mass
transfer ine?itably will occur between the wake and fhe drop itself
By the transfér of:ﬁhe ﬁértitidnﬁ£le éolute from the wake to the
drop. lEor:the‘ﬁomént 6&;‘00n¢ern is witﬁ the wake itself and such
mass tfénéfef would.s£iil further deplete the solute in the wake
.andféb.whgﬁ‘pafts of:fhiéiwake_afe cést off at higher levels the
' amdunt¥of éélﬁﬁé.tranSfefréd by the backmixing method will be lower
than thaf‘had_mass transfer nét taken place. In passing one might
meﬁtiqn'théfiﬁecaﬁéé part Qf tﬁe drop is‘eprsed ﬁo the wake rather
thanvﬁo'thé,surrounding ééntinuous phése mass transfer to the drop
will befldwer,tﬁaﬁ Wouid.havgibéen tru¢*if'the wake had not existed.

. Evidenflj the7dispersionlmodel.shQuld be used with caution for
the cése'oflmass’frénSfei between the phases. In spite of the
abové méntidned deficienc¢s;of the diSpersioﬁ ﬁodel if was used in

this work ﬁo_analee thenfeSults of five runs involving mass transfer.

For each run Equation 1h:.

C, =-»Aexp. ()\lZ) + Bexp (>\2Z‘) -Q -
was fitted to- the measured canentration'profile of acetic acid
in the continuous phasefover the test section for a value of

60-ft?/hr. fof'the:axial”eddy diffusivity, E. Values of A

and B ﬁere_estimated by means of the least square$ technique as
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described under Theory. These calculations were performed on an
IBM-7040 electronic computer. The flux of solute, J, down the
column was calculated by means of Equation 21:

i o} o]
’ = = - + - ‘
7= [(1g e - Iy ep) + (Tg g - Ip o )]

[

21

The curve fitting was repeated for values of E decreased by one
for each successive trial (i.e. 59, 58, 57, etc.) until either

37, 038

_ )1 or )2 regched a value of 10 Numbers greater than 1
could not be handled by the IBM-70L40 electronic computer. The
lower limit of E was between 5 and 9. The value of E which resulted
in thé smallest sum of»squares,lf', of the deviations between
.the calculated and measured valﬁes of Cy, Was taken to be the
estimate of E. The values of E calculated by this method and

the values of E calculated by means of tracer studies for similar

column operating conditions are given in table 16.

TABLE 16. COMPARISON OF AXIAL EDDY DIFFUSIVITY BY MASS TRANSFER
AND TRACER STUDIES. ‘

Mass transfer studies Tracer studies
Run : LC’ LD’ E, Run - ‘ E

i etd/er.et? | eed/nraet? | £t2/hr £t2/hr.
J1- 36.5 -5k 16, L9 15
J2 18.2 o5kt L2 51 15
J3 36.5 91.2 31 138 11
Jh L8.4 91.2 39 139 11
J5 L8.4 127 53 143 9

Table IV;lO shows the point values of A and E for the estimation
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i

of E in each of the five runs. In each run the value of the
axial eddy diffusivity, E, determined from concentration profiles
with mass transfer was less than E calculated from tracer studies

for the same column operating conditions.

The estimation of E for each run was repeated several times.
The first repetition involved the replacement in the calculations

of J as given by Equation 21 by J as given by Equation 25:

i
3 = (L g - Ly ep)
25
The second repetition consisted of replacing the value of J
used by that given by Equation 26:
o
J =Ly g - LD c)
26

Furﬁher repetitioﬁs involved the use of various arbitrarily
vchosen vélues’of m and Kba{ Tables IV-11l and IV-12, Appendix IV
show the values of E calculated for each of the three values of

J used aﬁd also for the various values bf m and KDa used for each
run. Typical sets of results are shown graphically in Figures

47, 48, L9, and 50

Figure 7 shows howzf~passes through a minimum value as
E is varied‘érﬁitrarily.‘AHowever? the minimum value of‘[i:is not
pronounced enouéh to enable E to\ﬁe_estimated with any great
accuracy. In addition, the true value of E in any case may

not correspond exactly with the minimum value of A because of
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the fact that the underlying assumptions on which the least
squares fitting technique is based have no sound basislas applied
in this césé. These assuﬁptions are that the concentration of
solute in the continuous phase at each sampiing point comes from
a normal‘distribution and that each such distribution has the

same variance at all sampling points (125).

Figure 48 shows the effect on E of calculating J by the
various methods. This figure also shows the effect of arbitrary

changes in the value of KDa-used in the calculation.

The différénces in the values of J used arise because the
flux of soluté.down the column as célculated at the upper and
at the lower ends of the column are not equal. These differences
are due solely to experimental error. Large differences fesult
betweén the values of E calculated from the various values of
J. The:error in the value,of KDa calculated by means of Equation

20 may be quite large due to the difference (cc - cD) being

m

small compared with coyor cpe Figure 48 shows that the calculated

—

value of B is“highlymdependent upon the value of KDa used.

Hence small errors in Coor M, or.c_ result in a large error in E.

D

" The effect on the calculated value of E of the value of m
used is shown in Figure 49. Evidently this effect is quite
substantial. As mentioned earlier the value of m used initially

(Table IV-9) was the arithmetic average of m at the ten hypodermic
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neédle éagpling positions; fhe values of m at fhe highest and
lowest hyﬁgdermic needles for Run J1 were 1.86 and 1.99 respect-
ively. The assumption of constancy of m o&er the test section
obviously is ﬂot-valid. Furthermore there are.no theoretical
grounds for taking the arithmetic average of m as that value of.
m which should be used. In the light éf Figure 49 and these

facts the calculated value of E can be considerably in error.

Figure 50 shows the measured concentrations for Run J1l.
Superimposed is the curve calculated from Equation 14 using the
value of KDé ca;culated by means of Equation 26, the value of
J calculated from Equation 21, and the value of m calculated |
as the arithmetic mean of m at the ten hypodermic needle sampling
positions.  Although the Qalﬁe of E corresponding to this curve
may be in error, the agreement between the-curve and the experi-

mental points is good.



CONCLUSIONS

A better undefstanding of samﬁling methods has resulted
" from thé work described iﬁ this.thesis. At lowvcénfinuous
phaselfléﬁrates'aihook-probe sample isvrepresentative of the
cogtiﬁuousfphase in the column at the sampling elevation.
However, at high flowrates of the phases such a sample appears
: to_ﬁe.rebreséﬁtafiveséf-éontihuoﬁs phése in the éolumn at some
height ab_ove'_ thAeT sampllng .eiévatidn.“ .llHypOde"rvfnic needles
(22-géﬁé¢);db, theYer; Withdraw:cqntinuOus phase which is
represehtativéCOflthéﬁ;iﬁ the_cdlﬁmﬂ at the sampling height.
The.dispefSed phasé'édluée chéehtration obtained frbm thé
>bell—probé.sample is fepresent§tiye of the dispersed phése in
the colum@vat:the”éémﬁliné~élejation;‘ Equétion III-8 in
conjuncfion wifh?thé‘fésulﬁgﬁafaa piétbn sample and the terminal
éonditibﬁs of the)CClumn“éivéé ﬁhé average solute éoncentratioﬁ
'in_ﬁhe continubus phaSé,‘excluding fhé_contribution from the
Wakeé,:ofAthe4piston:samplé.§t the time of sampling. This
calculaféd.§alué-6f:the sqlﬁte;concentration in the continuous
phése'togefher‘With'ﬁqﬁétipn;6nresults,in the average solute
concentration in the disPeféed‘phase of the piston sample at
the time of Sampling. o

This work has tésted the dispersioh model as a means of

describing axial mixing of the continuous phase of a spray column.

The prediction by this model of an exponential decay of solute

concentration upstream, with respect’to continuous phase flow,

164
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from the injection'point of & tracer soluble only in tne continuous
phase, is in agreement with experimental reésults. The axial eddy
diffusivity, which characterizes the axial mixing of the contin- |
uous phase, was calculated from such results. In addition the
.effects of column diameter, colﬁmn height, drop size, and flow-
rates of.the two phases have been measuredAexpefimentally. The
axial eddy diffusivity of the continnous phase is independent

of the superficial‘velocity of the continuons phase and of the
column neight andlremains_approximately constant as the dispersed
.phase superficial velocity is decreaeed fromvhigh values.

However, the axial eddy diffusivity increases rapidly as the
dispersed phaee superfieial veloecity is decreased to lo% values.
This effec# is lese,pronounced at small drop sizes. The‘effect
of increasing the drop size for a given dispersed phase super-
ficial velocity is to increase the axial eddy diffusivify. The
effect of increasing the column diameter is to increase the

axial eddy diffusivity. ZFor the same flowrates of respective
phases in each of the two columns the superficial axial eddy
diffusivity for the continuous phase is between 6.3 and 17.3
times greater in the 3-in. I.D. colunn than in the l%-in. I.D.

column for the single value of dp (0.135-in.) investigated.

The mixing cell-packed bed analogy, when applied to a
spray column, predicts the Peclet number adequately for dispersed
phase drops of about 0.155-in. d@‘ For drops of smaller

equivalent diameter the agreement between the predicted Peclet
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number and the measured Peclet number becomes worse.

Inlfhe present_%ork drop siée distributions were measured in
order to define the physic;i syétems existing in thg various
backmixing studies. This was an auxilliary study and not a complete
.investiga#ion of_dfop size,distributionsvfor various nozzle tip
'sizes,'qdzzie.fip velocities; and the like.. For the restricted
conditions inVe$tigéted drpp sizé:distribution piots show two
peaks..'For'all the d?op fomgtion.éohditions investigated in this
work the first peak occﬁrs.at an equivalent drop diameter of
about 0.0E-in. and indicates a large number of drops of this
size: The second peak:is-high.and harrOw for drops of about
0.095-in. equi#alént diameter‘(fbrmed at 0.053=in. I.D.
nozzle‘tips> an@ bécoﬁes brogréséively flatter and broader as the
eQuivalent diametér ié incfeaééd to aboﬁt 0.155-in. (formed at

0.126-in. I.D. nozzle tips).

The pistbn sampler pioved to be an excéllent device for use
in méasurihg the diSpefsed phase hold4upo' This hold-up was
found to be almoest indepéndent of the continuous phase super-
ficial velocity as,‘indeed,_would be expected. The hold-up
increases approximately linearly with dispersed phase flowrates
above 60-ft$/hr.‘ftg For a given dispersed phase flowrate the
hold-up inéreaseS'wiﬁh‘decreasing drop si;e exéept when dp is

greater than about 0.ll4-in.



Axial.eddy.diffusiﬁities can be calculated from runs involving
mass transfer by fitting the’dispérsion model equation £o experi-
mental concentration profiles. However, the eddy diffusivity
vBiues’obtained_Were very.sensitive to small changes in the flui
of solute down the édlumn, the value of the mass trénsfer capsacity
coéffiéieﬂt,Aand'fhe-Vélﬁé_of thé'distribufion coefficient.

» »Thé éfféctfof smal;iéhangés in;other parameters such as'superficial
veloéitiés:and dispefSed;phése Hold-up on the calculated values of
the axiai gddy diffuéiVity wefe not investigated. Investigations

»into thé validity §£ the boundafy conditipns proposed by Danckwerts
(60) as appiiedffohan‘éxpefiﬁentai column might lead to the accurate
predictionfof solute'ﬁonéenfyation profiles by means of the
diSpersiQn ﬁodelxéqué£ion'ahdaaxial'eddy diffusivity»values 

measured in this work by tracer experiments with no mass transfer.
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NOMENCLATURE

Constant of integration.

Interfacial area per unit volume of column,
£12 /163

Constant of integration.

Average solute concentration in the continuous

phase backmixing stream, Ib.-moles/ft?
Ce=ee/ o

“Reduced concentration in the continuous phase.
c Solute concentration in the continuous phase,

"Ib.-moles/ft§ or microgm./ml.
a Solute concentration in the continuous phase of a

bell-probe sample or a piston sample at the time of
. ' 3

analysis, lb.-moles/ft.

" Value of c

C when z = O, microgm./ml°

"‘Sblute concentration in the continuous phase in the
. th ' ‘
i

celi of a series of perfect mixers, lb.-moles/
‘*ft? or microgm,/ml,

Solute concentration in the continuous phase inlet,
lb.-moles/ft§

Sglute concentration in the continuous phase outlet,
Ib.-moles/ft?

Solute concentraﬁioh in the dispersed phase,
lb.-moles/ft?

i
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L . ¢ '
Solute concentratien in the dispersed phase in the
th - .. , 3
J  cell of a series of perfect mixers, lb.-moles/ft.
or microgm./ml.

Solute concentration in the diSperséd phase of a

bell-probe sample or a piston éample at the time of.

- analysis, lb.-moles/ft?

Solute concentration in the dispersed phase inlet,
lb;—moles/ft§

Selute conceﬁfration in thé dispérsed phase outlét,
1b;-moles/ft§

Constant of integratioen.

Height of a mixing cell; ft.

Vaiue of 4 at the second peak of a drop size.

distributien plot, in. er ft.

Equivalent drop diameter = the diameter of a sphere

whose volume is the same as that of the drop, ft.
Continuous phase axial eddy diffusivity for the case
of the dispersed phase moving relative to the

.2
co=-ordinate axes, ft./hr.
Continuous phase axialveddyvdiffusivity for the case
of the dispersed phase stationary relative to the
, . ' 2
co-ordinate axes, ft./hrn
Volumetric fraction of continuous phase in the column.
Test section height, ft.

Volume percentaée of dispersed phase in the column, %.



Vertical dimension of a drop image corrected for
magnification, ft.

Net flux of solute down the column, lb.-moles/(hr,ft?).
¢
Mass transfer coefficient based on{%% - gé)driving

1b.-moles
force, .

(hr°)(ft?)(lb.-mqles/ft?)

Superficial velocity of the continuous phase back-

mixing stream relative to the laboratory, ft?/(hr.ft%).

Superficial velocity.df the continuous phase for the
éasevof.tbe»disperséd phase moving relative to
vco-ordinéterékes‘fixed with respect to the labora-
tory;.f£§/(hf.ft?),

‘Superficial velocityiof the continuous phase for
the case of the dispersed phase stationary relative
to éo-brdinaté axes. These may be either fixed or
moving relative to the laboratory, ft?/(hr.ftg).
Superficial velocity of the dispersed phase relative
to the laboratory, ft?/(hr.ft?),

Superficial velocity of the tracer feed relative

to the laboratory; ff?/(hr.ft?)°

Distribution cbefficient for the solute between the

‘continuous phase and the dispersed phase,

(1b.-moles/ft§)/(1b.-moles/ft§).

170



- fud
Pe ='E-‘P'
. -L'd
Pe=—-,-—B
E
fpd

E:»)

N iﬁ a-pisfdg»samplé,'ft-

'fcrpss—sectional‘area'of the‘coiumn, ft.

~ Peclet number for two phaseiflow.
‘'Peclet number for single phase flow.

 Horizontal‘diméﬁsion'of a drop image corrected for

magnification,'ft,i v

2

»'Time;vhr,v

;Coﬁtinﬁoug;phésé ihtefé%itial veiécity‘relative to
> £ﬁe rising drop$, ft./hr.

:“AQerégé;;iﬁéaf velééif&VOf the dispersed phase

- drdps'relatiVe to" the laboratory, ft./hr.

Volume Of the. dontinuous phasevbackmixing stream

3

Volume -of the ébntinuous'phase in a'bell-probe

3

sample or a piston sample, fts

Volume of.thefdisﬁerséd phase in a bell-probe sample’

lof a_piston»sample, ft?

Avérage volume of g continuous phase backmixing

”packet”,aSsociaﬁed'with each dispersed phase

- drop, ft?_'

Average volume of a dispersed phase drop, ft§
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y=z + ut Distance aleng the column, in the direction of the
continuous phase fleow, relative to co-ordinate axes
stationary with respect to the dispersed phase
drops, ft. |

Z = z/H Dimensionless distance along the column in the
direction of the continuous phése flow.

Z Distance aleng the column, in the direction of the

“cdntinuous phase flow, relative to co-ordinate axes

- stationary with respect to the laboratory, ft.

: 1 -1
o(='E.Lc + KDa ft.”
2 A
D .
- (L - mL ) ‘aHE ft:
B= (I c/%p ~
mLDEe

Y= JKDaH2 A

LDEecCO

[§::§[?C -"Ag#p()lz) -_Bexp()EZ) + Q] 2-, (]:b.-moles/ftg)2

Density of the continuous phase, Ib./ft?

//bL . Viscosiﬁy of the continuous phase, lb./hr,ft.
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APPENDIX I

DISPERSION MODEL THEORY

The assumptions upon which the mathematical model is based

are given under the heading of Theory.

Consider the controi zone in the CAQhasé, shown in Figure
I-1, during the incremental time dt. The case considered is 6ne
in which mass transfer isAtaking place between the conﬁinuous
phase and the dispersed-phasé; A solute mass balance»oﬁer.the

control zone gives the following terms.

i) Solute out due to mass transfer.

K_D(ig ; cD)Sa(dz)(dt)

m.

i1) Solute out due to C-phase flow.
: LCS(CC + (e (dz))(dt)

iii). Solute in due to C-phase flow.

LCScC(dt)

iv) Solute in due to eddy diffusion.

E(}L(cc+(bc8jdz)))Se(dt):EeS(acC)(dz)(dt>+EeS }fcc (dz)(dt)
dz\ = ’ - -~ -
, dz d2z ,622
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FIGURE I-1. SOLUTE MASS BALANCE IN THE CONTINUOUS PHASE
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v) Solute out due to eddy diffusion.

E( cd)(dz?eS(dt)
Dz, .

Terms i) to ¥) inclusive have been shown on Figure I-1 as arrows
with the éorresponding'nUmbers as given here indicated beside

them.

vi) Accumulation of solute.

_ (Ecé>8e(dz)(dt)
Jt,

These terms combine inte the following mass balance.

.‘KD( . 'D>Sa(dz)(dt)+L Seq(at )+, S(Ec_) dz)(dt)+E(:a§_)Se dz)(dt)

9z
+(},cc S'e(dz')(dt)—L Sc (dt E(},c )Se(dz (dt)+E fcc (dz)Se(dt)
Y7 | NE |

m

- The above equatidn,can'be rearranged - toe givé

R T )G

. m_ | N | . : I_l

At steady state Equation I-1 reduces to

") )

I-2

Equation I-2 can be rearranged to give
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. 2 » :
) s =
dZE KDa ‘dgx T om

The net flux, J, of solute down the column at the elevation

I-3

z is given by Equation I-L.

J = Lyeq - E(dcc)e - LDch

dz
I-4

The substitution]of p erm'Eduation I-3 into Equation I-4 yields

J = .Lc_cc - Ee(qc_c_)+ LDEe{d cc> LDLC( c> (LDCC>
| ‘dz _KDa \dzg KDa dz m-

I-5

Equation‘I-S can be rearranged to give

() e ) )

I-6

Concentrations and distances can be put on a dimensionless
basis by means of Equations I-7 and I-8.
 CC = CCOCC
: I-7

z = ZH
: I-8

These two equations now can be used to transform Equation I-6

inte Equation I-9.

1-9
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where oL, ’3, and ¥ are given by Equation I-10, I-11, and I-12.

20(‘= (IEEH) + (iDaH>

| S 1-10
(1 - )it
T “mlL_Ee
"D I-11
JKbaHE )
A=
I-12
If : §A¢ 0 . o I-léa)
and ' (P +'p) >0 " I-12v)

the solution of Equation I-9 is given by Equation I-13.
C, = Aexp ()lZ) + Bexp (AEZ) -Q

' I-13
A and B are consfants of integration and >‘l’ )2, and Q are

given by Equations I-14, I-15, and I-16 respectively.

7\1 = o<'+-&2 +p'

I-1k4
)\é:=o<- oL2+P
1-15
Q=l=Jm ,,,,,,, |
P coollp - mig) I-16

Other solutions of Equation I-9 are appropriate when the conditions
given by Equation I-12a) ‘and I-12b) are not mét. However, the
applicdbility of these other solutions is more limited than that of
Equation I-l3 apd no extra information can be obtainedvby their use.
When the condition.given by Equation I-12b) is not satisfied problems
involving ihstabilify‘may arise.

‘For a solute which dissolves only in the continuous phase

CD. = 0, N
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and Equation I-4 reduces to ' '

J = LGy - Ee(dcc
' dz-/
I-17

'If, in addition, continuous phase samples are withdrawn from
the portion of the column which, for the contiﬁuous phase, is
upstream from the feed point of tracer then

J = 0.

Then Equation I-17 becomes

LCCC é‘Ee(ch>

dz
- I-18
The solution of Equation‘I-IS is
. = Dexp(LCz),»
© - \Ee
: I-19
where D is a constant of integration. But
TCC =‘¢CO when z = 0.
Therefore,
cq = ccoexp(LCz)
' Ee
I-20

Equation I-20 can be rearranged to gilve

Egi = 1n (CC )
Ee cCO

I-21
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"APPENDIX II

A. MIXING CELL - PACKED BED ANALOGY /(ik, 6k, 90, 92, 108, 109)

Cohéider a series of perfect mixefs as shown in the sketch
below. Suppose that a solute is extracted from d moving

continuous phase by a stationary dispersed phase. Let the inter-




I3

stage superflclal veloc1ty of the continuous phase be LC’ the
solute concentration for the continuous phase in the jth mixer

“be CC'j’ and the solute concentration for the dispersed phase in
’ b ’ . ’

the jth mixer be_cD'j; Let the mass transfer coefficient, KD;
: ) .

.the interfacial area'per unit volume of mixer, a; and the height

of a mixing ' cell cdy i be the same for -each mixer. At steady

’ “th
state a solute mass balance for the  continuous phase of the j
mixer results'in the following equation.
' ~ ' _ ' o e . = c L) d:
: v = . ; . _Cle D’ ' 1
(Tg)leg, 50) = ()leg 5) + K ( m
Equation’IlQl can be rearranged to give ‘
: O : d,Ka e, . - c, .
‘(C .." - C ) - iIfD d —Cul D’J = 0 v
C,J-1- C,d" 1, - m o _ )
o ‘ ¢ . II-2

. 1
is replaced by L, Equation

. : oy
If E is replaced~by,E, and-L o

. C
I 2 becomes Equatlon II- 3 Whlch is appllcable to the continuous .
phase of a packed ‘ped w1th solute transferred from the fluid
phase to the packing. |

: .2_ .

Be (Zg:é)-L (dcé> "Kﬁa (__ - cn) _ o

It is assumed that thé solute corcentration in each packing

II-3

piece is uniform throughout the piecelat the value Cpe Sub-
stitution of the central difference equivalents of differentials,
as given in Equations II-4 and:II-S, into Equation II-3 leads

to Equation II-6 (8).

190



'(d.°c>= (e g0~ %0 9-1)

dz 24,
i
II-k
dac | (e, ... - 2c +vc )
C = C,J+1 C,J C,j-1
d22 d?
- A
, II-5
X 1 . 1
(eg 1o o) (B84 8) + (o imep D[ES, - - T2 o
C,j-1 C,3 a.L - C,j+1 C,J 4L 2 I m D
i~C ic C
I1-6

, By.COnSiaering'the'interstices between the packing pieces
of a packed bed as perfect m1x1ng cells an analogy can be drawn
between a serles of perfect mixers and a packed bed. For Equatlons

II-2 and II-6 to be: 00n51stent the following equality must be

satlsfled.
2 _(%)(%]| |
E S II-7
| a4, |
where - )\:d—l- o
p . ' II-8

The right hand side of Equation II-7 defines the Peclet number
B . . v .

‘Pe :

1T1-9
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The mixing céll length, di; is supposed (112) to be the vertical
céntre-to-centre distance between the layéré of packing pieces
in an ordered packing system. 'Althodgh exéct valués for di can
be calculated for ordered packings, ié would be expected that
only an average value for di could be calculated for randpm‘
packingé. 'For a .packed bed the value of Nis approximately one.
Thus for:this case.Equations II-7 and II-9 yield the féllowing
well,known'relgtioﬁship (4k, 64, 92, 108, 109, 122, 123).

1

Pe =2

B. SPRAY COLUMN - PACKED BED ANALOGY.

For a 'spray coelumn operating at steady state and with a .

solute whiCh disselves only in the continuous phase Equation I-2

- , o
B ?e(,d CC) = Lc(dcan
S a2/ 19z

Consider a spray_column operating at steady state with axes

reduces to

II-10

of reference moving at the éame velocity, u, as the rising dispefsed
phase drops. The drops appeér stationary, on a time-average |
bésis, relative to the co;ordinate System.j That 1is, thevsystem
appea?s as a packed béd with the pécking piecés not touching

each other. ILet y be the axial ﬁosiﬁion.relative té the moving
co-ordinate axes. Thus,

y=‘Z+U.t
II-11
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Let the axial mixing of the continuous phase be characterized by

1 ) . :
, relative to the moving -co-ordinate

an axial eddy diffusivity, E
axes. Conéider the control zone in the continuous phase as shown

in the following sketch. ILet the control zone be fixed relative

to the moving co-ordinate system and be of incremental height (dy).

CONTINUOUS

| PHASE |DISPERSED
N | PHASE
o yIr -
CONTROL ___J} |
ZONE ! |
. y+dy L——f__.__l

A sdlﬁte'mass balance over the control zone for unit area of

column and for an incremental time interval (dt) gives
- . | ' . . : ; . . . 1
[(Lc+ue)cc+ E %(CC?CC)<qy>} (at)= [(Lc+ue) (ccf(}cc)(dyﬁE
o S >yl dY

o [ue'cc—ue (cc+ ()cc)(dY) (at)

e()cC (dt)

AT

Y, .
A II-12

The ieft-hané side.of EquationdiI-lE represents the amoﬁnt of
solute éntering‘ﬁhe control zone. The terﬁs in the first set of
.géuare brackets on the right-hand side of Equation II-l2.represent
the amount of solute léaving the_control'zone. The terms in the
se@end.set of Square brackets‘on the right-hand side of Equation

IT-12 represent the accumulation of solute in the contrel. zche.
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Equation II-12 simplifiés to

5 )
: by2 ‘ dy

II-13
But
: c = [de
Cl C
(T&) (a—-> o e
and . o
}Fc .'— bdg
c\ "~ ( °c _ (124)
by2 dz2
Therefore Equation II-13 becomes
E e(d cC> = Lc(dcc>
o d22 dz /
‘ II-1k
A comparison of Equations II-10 and II-14 shows that
‘ , :
E =E
II-15

The identities given in Equatiens II-15 abeve, and in II-16, and

II-17 below:

u = LD
1l-e
II-16
. .
LC = LC + ue
II-17

bcan_be'used with the folldwing definition of Pe :

~ (B[ =

II-18
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and with Equation Ii;7 to prqdﬁce quation II-19.

II-19
For simple ordered lattice arragements of unifbrmAspherical
drops the yertical distance bétween iéyers of drops, di’ is a
function ofﬁthe hold-up,'h,,and thé drop diameter, dp.- The
Peclet’numbér,»Pe;,caléulatéd‘from Equation'II-l9, is a function

of h only, _The function giving'di and Pe are presented in'the

following-table for six simpie.iattige arrangements of drops.

_'Each>drop is'supposed.tovbe»conéeﬁtric with an imaginary
‘larger éphere.whdse diamétéf is:equal:to thé centre - to - céntre
«distaﬁce bétﬁeen néighﬁouring.drbps. -In'tﬂe six lattice arrangeménts
considéred'each:imaginaryfsphere tbucbes eachjbf its.nearest
neighbours. Thege.latti¢e érfangements~représent the stable
systems fqr_bedé of packed spbeies and 1t is suggested by the
,aufhor'of:this thésis that they are thé ones most. likely to 5e
.applicaﬁie.for uéevin»épplyiﬁg'tbe mixing cell - packed‘bed

analogy to a spray column.

It can be seen from_fhé,following table that for a given
value of h all of the predicted Pe values lie in the range
betweeﬁ the Pe values for;théﬁiattice érrangements of orthorhombic - 2

and rhombohedral - l;
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ILATTICE | 4. | Pe |NUMBER OF | ' DIAGRAM
NEIGHBOURS | -O LA 13
| O LAYER8246" |
- (ONLY 2 LAYERS SHOWN)
o o | 000 VEW
13 13 . _
cusIC mdp | |48h 1 ¢ = -
1 6 T O (—gq ~ FRONT
: ' ’ O O O t ' VIEW |
| OO O PLAN
' P I? h | VIEW
- |oRTHO- - | [Tdy- | [64 ‘8 O' 'OC 'O S
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. Q O O ! VIEW
o , ~ ~~ ' . VIEW
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. | = h : Qo ~ FRONT
- O O O:{d,i, VIEW
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3 —3|3— ooo0 - VIEW.
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1 s . - \@ VIEW
. . - 3 : ‘1-‘ : )
RHOMBO- I;vd,, 36J/3 h| PR B
N O 'O éjdu VIEW.



APPENDIX III

ANALYSIS OF PISTON SAMPLE RESULTS TO PRODUCE THE AVERAGE CONTIN-
UOUS PHASE CONCENTRATION, EXCLUDING THE CONTRIBUTION FROM THE

WAKES, IN THE PISTON SAMPLE,AT THE-TIME OF SAMPLING

The analy31s of plston sample results to produce the average

contlnuous phase concentratlon, excludlng the contribution from
the wakes, in tpevpiston at»thevtime of sampling is based on a
model in which.it{is'pictured that each drop carries some
continuous phase‘with it, fof éXample in its wake (21, 22, 23,
oh, 26, 121).- It.isfassumed thaﬁvon the avérage(a volume vy of
continuous phase of_averagé'éoluté conceﬁtration cB iS'carried'
up the column past a glven elevation by each rising dlspersed
phase drop. Thus the frequency, —, of drops pa851ng through
unit area ét a-given elevation is_zqual to the f;equency, ;g s

of passage Qf‘volumes;‘vB,'of continuous phase in the form of

a backmixing stream.

E tﬁler :
o bd<:lt1F|

Thus

|
|

of |

CITIT-1
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The number of dispersed phase drops in a piston sample is
2

D
VD‘

and the number of packets of backmixed continuous phase in a

piston sample is

.V;B. Ll
5
- Therefore,
AT
D B
or
=T
g Vp
IIT-2
From Equations III-1l and III-2,
“ oo
W I
or .
Vg = Ig¥p
LD- _ |
L | 4 III-3

Consider the lower portion of a spray column as shown in -
Figure III-1. It is assumed ‘that the descending continueus
phase is fully mixed at any given elevation. A mass balance on

solute over the section of column shown in Figure III-1 yields
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. o . i
LBCB, + LDcD + LCCC = LCCC + LBCC + LDCD

The &bove7equation”can be rearranged to give

. ‘ oy i : '
LgVpleg = cg) = LoVpleq - cg) + Vplep - cp)
Lo , Ly

TII-b
Noﬁ'consider a piston samﬁle.‘ Figure III-2a represents

this samplé at the instant of sampling. Fiéure III-Eblrepresents

the same -sample but later in time:. when tﬁe sample is anélysed;'

A mass balance én‘solute in the biston Sample over the’tiﬁé

»Between éamﬁliﬁg and agalysis'yields

v

- . . a a .
ep + Vgep + (Vg = Vglog = Vpep + Veog
e ' "III-5
» Substitﬁtingffor VB from Equation.III-3 in.Equation III-5 and
thenArearranging glves
‘LBVD.(CB -;qc) = V'D(cD - cD)‘+ VC(CC - cC)

II1-6

Equating' A

as giveﬂ by each of Equations III-4 and III-6 results in:

VpLe(eg = eg) + Vplep - ep) = Vplep - ep) + Vo(eg - cc)

ITIT-7

_(i,



Equation III-7 can be rearranged to give

Q.

Qo

. The concentration, cc, giVen by Equétion
“solute concentration:in a piston sample,

contribution from the wakes, at the time

III-8 is the average
excluding the

of sampling.

200

III-8



201

~ jpotTom .
___|OF COLUMN
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L

. . FIGURE III-1. LOWER PORTION OF A SPRAY COLUMN . |

Lo
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_ | - 'i.» I a

" PISTON SAMPLE  PISTON SAMPLE
AT THE TIME AT THE TIME
OF SAMPLING ~ OF ANALYSIS

(@) .

 FIGURE III-2. THE EFFECT OF TIME ON A PISTON SAMPLE
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APPENDIX IV

CALCULATIONS AND TABULATED RESULTS FOR AXIAL EDDY DIFFUSIVITY

DETERMINATIONS AND DROP SIZE DISTRIBUTIONS
&) CALCULATIONS. -

A speéimen ﬁand,calculation is presented starting from a data
.shéét'shown in Tabie.IV-l.-'(Actual data sheets were more .

abbreviated than the one shown . in Table IV-1)

RUN 50
e o,
Water flowrate = 27.7 ft7/hr.. £1°
. - 3y 2
Ketone flowrate = 54.7 £t7/hr. £t
o - o _13 5
Tracer flowrate = 0.310 .ft7/hr. ft5
- Column I.D..= l=5_in; Crosé—sedtional area of column = 0,01227 ft?

Sampling rate = 1 ml./min. = 0.002119 ft?/hr. = 0.1727 £t3/nr. £t2

Ketoné.hold=up = L.7%
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TABLE IV-1l.”  DATA SHEET.

"RUN NO. 50 - - DATE: 25 AUG. 1966
Column I.D. = l.5-in. Tracer feed conc.=23,000-microgm./ml.
Nozzle tip average 1.D.=0.103-in. 9 open nozgzle tips

| Water rotameter reading = 86-mm. , LC=27.7-ft.énr.ft?

“Ketone rotameter reading=108-mm. Lo=5k. Th-ft /hr.ftg

Tracer rotameter reading=7.5-mm. L-=0.310-Ft3/hr.£t5

Average temperature of the fluids in the colimn = 72°F

Sampling rate = l-ml./min.

Steady state time=-l-hr .

. . {
ANATLYSIS. OF SAMPLES (See figure 10 for sampling positions)

Sampling .- - Sample Dilution Absorption
position . collection factor ' reading on
J tube _ spectropho-
' ' meter, %
1 Gl 25 - 5.7
2 G2 10 . 58.0
3 G3 5 48.3 -
L4 Gl 5 "31.8
5 G5 - 1 Lo.6
6 Gb -1 20.6
T GT 1 8.1
8 a8 1 '3.4
9 Go - 1 1.6
10 G10O - 1 0.9
aqueous phase Gl - 100 1.7
leaving column ' .

Weight of flask + sample=
16-1b." 2-oz.

CALIBRATION OF | o PISTON SAMPLE
ATOMIC ABSORP- N - v
- TION SPECTRO- - . : :
' PHOTOMETER = al | A : B C D E F G
' 1 [0.95{6.45 [ 0.95 |6.25 |116.4 [ 5.3 | 4.55
‘Siifle Azigzp |2 lo.95(6.85|0.95 |6.65 |116.4 5.7 | &.90
S R 3 |1.0 [6.60|1.0 [6.40 |116.4 | 5.4 k.64
microgr. % ; -
/ml. A=reading of ketone/air interface level, ml.. -
0 0.0 B=reading .of water/ketone interface level, ml.
: * C=corrected A from calibration curve, ml.-
1. 18.7 : . .
D=corrected B from calibration curve, ml.
3 46.7 : C :
: E=total volume in sample, ml.
5 6h.3 — ! 1 1
2 76.5 - FMKolume of ke?one 1ndsaﬁp e, ml.
9 Bh.3 G=hold-up of dispersed phase, %
AQUEQUS PHASE OUTLET SAMPLE - KETONE PHASE OUTLET SAMPLE
Collection time=40-min. Collection time=10-min: .
Weight of collection flask= Weight of coell. flask=1-1lb.5-0z.
1-1b. 15-0z. ‘ : ' Weight of flask + sample=6-1b.llh-oz.

Weight of sample=5-1b.9-0z..

Weight of sample=14-1b.3-oz.
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Calibration of atomic absorption spectrophotometer

Sodium Absorption  Absorbance A(Absorbancé)e (Cone.)
cone. % ' (Absorbance)
0 0.0 .~ 0.0000 0.0000 10.0000
1 18.7 0.0899 0.0081  0.0899
3 L. 7 0.2733 ' 10,0747 0.8199
5 - 64.3 O.kb73 . 0.2001 2.2365
7 6.2 0.623k - 0.3886 - 4.3638
9 8k.3 0.8041 . 0.6Lk66 7.2369

Total 25 o 2.2380 o 1.3181 14.7470

. Let the:calibration line be
. conc, = (mi)(absorbance) + k)
By least squares it

 (2.2380)(25) - (6)(1h.7470)

M) = (2.2380)% - (6)(1.3180) = 11.22
(25)(1.3181) - (2.2380)(1k.7470)
agd K1 = (6)(1.3181) - (2.2380)° = -0.018

Therefore, _. .

| conc. = (11.22)(absorbance) - 0.018f'

Table IV-2 sboWs the calculation of the solute concentration at
the sampling positions in thé columnf Also shown in Table IV-2
are quantities required for further computations.m The dimensions
of each piece of Pyrex pipe in the test section Qf the column

are given in Table VI-1, Appendix VI.
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Water balance

Density oftMIBK-saturéted water = 0.996 gm./ml. (Measufed by means
of specific gravity boftle)'

Aquequs phase leaving thevlower end of the column =

14 1b. 3 oz. in 40 min. = 27.897 £t5/hr.ft2

Sampling rate = 1 ml./min. = 0.1727 £t3/nr.ftS

Tracer feed rate = 0.310 ft?/hr.ftg

Aqueous phase féd to the column = 27.7 ft?/hroft%

Apparent'ioss =3[ 27.7 + 0.310 - 0.1727 - 27.897 ] (100)% = -0.22%
' 27.7

Ketone balance

‘Density of water-saturated MIBK = 0.806 gm./ml. (Measured by means
of specific gravity bottle)
Ketone phasé leaving the Elgin-head of the column =
' 3D
5 1b. 9 oz. in 10 min. = 54.07 £t7/hr.ft%

Ketone phase fed to the column = Sh.7h ft?/hr,ft%

: Appafent loss = 5u,7h - 54,07 (ioo) % = 1.22%
“s5hLTh ‘

Tracer balance

The amount of tracer leaving the column due to sampiing is

neglected.



TABLE IV-2. CALCULATION OF QUANTITIES USED FOR THE CALCULATION OF E.

Sampling Height Dilu- Absor- Absor- [Measured Sample Log (CC) 5 >
lposition ‘labove tion ption | bance conc., conc. © W wq q
(Figs. 9 |tracer [factor microgm. | =Cg, =q '
and 10) distr- -lper ml. microgm.
ibutor per ml.
=w,ft.
1 0.5115 25 54h,7 | 0.3439 | 3.8406 96.015 4.56k4 0.2616 | 2.3345 [20.8301
2 1.01L 10 58.0 | 0.3768 | k.2097 L2 .097 3740 1.0282 | 3.7924 113.9876
3 1.517 5 48.3 . 052865 1 3.1965 15.9825 [ 2.771 2.3013 | L4.2036 | 7.678k
4 2.020 5 31.8 | 0.1662 | 1.8468 9.2340 | 2.223 4.0804 | 4.4905 | L.ok1y
5 2.527 1 40.6 | 0.2262 | 2.5200 2.2500 | 0.9423| 6.3857 | 2.3812 | 0.8543
6 3.015 1 | 20.6 | 0.1002 | 1.1062 1.1062 | 0.1008| 9.0902 | 0.3039 | 0.0102
7 3.518 1 8.1 | 0.0367 | 0.3938 0.3938 | -0.9319 12.3763 | -3.2784 | 0.868k
8 4.028 1 3.4 | 0.0150 | 0.1503 0.1503 | -1.895 16.2248 -7.6331 3.5910
9 L.537 1 1.6 | 0.0070 | 0.0605 0.0605 | -2.805 | 20.584k F12.7263 | 7.8680
10 5.045 1 0.9 | 0.0039 | 0.0258 0.0258
11%% 100 41.7 | 0.2343 |2.6108 261.08
Total* 22.6875 | 167.559 | 8.709 | 72.3329 | -6.1317 160.6297

% For positions 1 to 9 (incl.) only. (Sample conc. at position

*%¥Position 11 refers to the agueous phase leaving the column.

10 is less than 0.05 microgm./ml.)

oz
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Tracer léaving the lower end of ﬁhe éolumn =
(27.897)(261.08)=7,283 (microgm./ml. )(£43)/(nr. )(£1° of column )
Tracer fed ‘to the colum = (0.310)(23,000) = 7,130 (microgm./ml.)

© (£63)/(br. ) (£t2 of column)

Apparent loss =[7,130 - 7,283] (100) % = -2.15%
| 7,130

Axial eddy diffusivity

The following sfatistical computations are based on the methods
described.by Bennett and Franklin (125).

= the number of sample concentrations less than 0,0B-microgm./

ml. % 9 .
)= S(a)(w §§g2§§W2 = £6.1317-(22.6875)(8.709) = -28.0856
9
s(?) =2(q_ ) - g' 922: 60.6297 - 8.709° = 52.2023

| . -
$() =S(P) - (Sw)P

,/s(wg) = 3. 8912
—(S( ))(s(w )- (S(q,w)) = (52, 2023)(15 1415)-(-28. 0856) =0.01529
LY T n=2)(s(w)) | (7)(15. Iﬂls)

72.3329 - 22.6875° = 15.1415
_ 9 _

S’ = 0.1236

q,w

A leastlsquares fit (125) of the data to the equation
q=M)(w) +K

yields. »

K=(Sa)(5)- S((Q)())Sw = (8.709)(72.3329)~(-6.1317)(22.6875)
(SR - (SwP  (9)(72.3329) - (22.6875)°

5.640
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aﬁd
M= S(g,w) = -1.8549 = 41.85u9
15.1415

95% confidence limits on M are (125)

M (b 5 ) (S, )

[sG#)

where
t,.0. = the value of the t-distribution for (n-2) degrees
2
' of freedom and (100)(1- () % confidence limits.
b = 2.36L6 12 |
7,0.05 = 23 (125)

95% confidence limits on M are

.

1 -1.8549 T (2.3646)(0.1236)
3.8912

-1.8549 % 0.67511

-1.9300 to -1.7798
(It should be neted that‘for runs ﬁhere n =2 no stetistical test
regarding the cohfidence of results can be.performed. For runs
where n = 3 the'95% eenfidencellimits on M are likely to be wide
“since
tl,0.0B = ;2.71.

In fact the 95% confidence limits calculated for runs where
n =3 are not likely to represent the true situation beeause it is
-eot possible to inciude non-statistical reasoning in the. stat-
istical analysis. For example, there is no reason to doubt the
linearity ef'the relgtionship between.ilamd w for runs where n is
greater than 3.)

The'superficial axiei eddy diffusivity, (Ee), is given by

the following equation.
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il
i
e

(Ee)

27.7 = 14.93 £t5/hr.

(Ee)
-1.85%9

The flowrate, LC’ of aqueous phase fed to the column can be
measured and kept constant to within approximately 1% of LC"
On the assumption that the recorded value of LC comes from a

normal distribution'an estimate of the standard deviation, g~

. * LC,
of Ly is given by (125)
O7q = (Ly/100) . |
-3
Therefore

07~ = 27.7 = 0.09233
T IC 300 »

An estimate of the variance,CYﬁg, of M is given by
2 2 '

o5 = § = 0.01529 = 0.001010
‘M ¥ 15.1415 ‘
2 .
S(wF)

The variance,cjie;'of (Ee) is given by the following equation (125)

0% = <Ee>2[( 6£c>2 *(0'54)2
" Ig M
= (14.93)° [(o.o9233>2 + 60.00101>] = 0.06791
27.7 3.4407
Therefore |
Oge = 0.2606

In calculating 95% confidence limits for (Ee) it must be
remembered that M was determined from n data points. A reasonable

approximation is to assume that (Ee) comes from a t-distribution
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- withl(n-2) degrees of freedom. Therefore the 95% confidence'limits
on (Ee) are ‘ |
+ ' N

(Be) T (%5, 0.05)(0gs)
14,93t (2.3646)(0.2606) = 14.93 £ 0.62

14.31 to'15.55

Now

e = [l=hold-up) °
: 100 |

The three values of e calculated from hold-up measurements are

1l

0.9545

e =1-L4.55
' 100

e =1 - L.90 = 0.9510

100

e =1 -L4.6Y4
100

0.9536

1

lThe arifhmetic average of.e;= 0,9545 + O,9Slb +-0.9536 = 0.9530
. 3 :

The best.estimate,(ji,7ofAthe variance of e is given by _
2

6§ = gn")(i e2.) - (Se)2 = (3)(2.72482421) - (2.8591)
T D | @)
= 0.000003303

The axial eddy diffusivity, E, is given by

E = (Ee) = 14.93 = 15.67
' e 0.9530

The Variance,cfg, of E is given by

2 ) 2 2 ' S
' Ee e ' )
(15.67°) [(0.26o6> 2 + 0.0000033037 = 0.0748
1493 (0.9530)%

1]
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Therefore .

G£_= 0.2735

On the assumption that E comes from é t-distribution with

(n-2) degrees of freedom the 95% confidence limits for E are taken

to be

| . |
E tv(tn_z,o‘,%)( Op) = 15.67 T (2.3616)(0.2735)

15.67 ¥ 0.65 = 15.02 to 16.32

The Peclet qumber, Pe, is calculated from the following

equation.

(dp)(LD | ‘;'L¢>

l-e e

Pe = E
II-18
. where.dp is thé dispersed phase drop diameter.
Pe = [0.135) [ 54Tk + 27.7 . 0.857
12 0.04%7 0,953
15.67

Table IV-3 shows the results of the above calculations as

carried out on ‘an IBM-TOLO electronic computer.

b) TABULATED RESULTS

Table IV-4 gives the reducéd concentration profiles, the
dispersed phase held-up, the number of eiperimental péints used
for the estimation of the axial eddj diffusivity, fhe axial eddy
diffusivity;'and the Peclet number for each run carried out with
the l%—in. I.D. column. The reduced concentration profile, the

number of experimental points used for the estimation of the



'TABLE IV-3. TYPICAL COMPUTER RESULTS

RUN S5O

"MATER FLOWRATE. = 27,70 CU.FT./(HR. SO.FT.)
KETONE FLOWRATE = 54,74 CU.FY./(HR. SQ.FT.)
JRACER FLOWRATE = 0,310 CUFT./(HR. SQ.FT.)

NOZZLE TIP AVERAGE DfA. = 0.103 IN. EQUIVALENT DROP DIA. = 0.135 N,

AVERAGE VELOCITY OF DISPERSED PHASE IN NOIZLE TIPS = 0.36 FT./SEC. .
COLUMN 1.D. = 1.5 IN. . COLUPN HEIGHT INOZZLE TIPS YO INTERFACE) = 10-FV. 3 1/8-IN.
TEMPERATURE = 72 °F o )

CALIBRATION OF ATOMIC ABSORPTION SPECTROPHOTOMETER

. SOD.CONC. PER CENT ~  ABSDRBANCE CONCENTRATYIONS. ARE 1IN
. ABSORPTION MICROGM. /ML,
[} 0.0 © 0.000
| - 1847 0.090
3 46.7 0.273
L 64.3 [ T3]
7 T76.2 .. 0.623
9 OQ. 0.804

CONCENTRATION = 1. ZIOOABSORBANCE 0 ols

POSITION DILUTION  PER CENT ABSORBANCE MEASURED. SAMPLE LOG.E REOUCED

ISEEOFIG. FACTOR ABSORPTION CONC. - CONC. CONC, CONC.
103 :
1 25 54.7 T 0e344 3.840 96.004 4.564 367.705
2 10 - 58.0 0.377 4.209 42.087 3.740 161.197
3 5 . 48.3 0. 287 3.196 15.981 2.771 61.210
4 ] 31.8 0. 166 1.847 9.233 2.223 - 35.365
S 1 ‘4046 0.226 2.520 2,520 ' 0.924 9.651
[ 3 20.6 0.100 1.106 1.106 - 0.101 4.236
7 1 8.1 0.037 0.393 0.393 -0.933 1.507
[ ] 1 3.4 0.013 _ 0.150 0.1%50 -1.894 0.57¢
9. [ La6 . 0.007 0.061 0.061 ~2.805 0.232
1] 1 0.9, 0,004 0.026 0.026 -3.650 0.100
0

i1 10 1.7 0.234 2.611 261.089 5.56% 1000.000
(POSITION 11 REFERS TO VHE AQUEQUS PHASE LEAVING THE COLUNM) -

VATER MASS BALANCE APPARENT LOSS = -0.201 PER CENT

- KEVONE MASS BALANCUE APPARENT LOSS = 1.257 PER CENT
" TRACER MASS BALANCE APPARENY LOSS = ~2.139 PER CENY
KETONE NOLD-UP = 4,70 PER CENT

LOGL,E(CONCI= ~1.85493 (HEIGHT ABOVE 'RACER>INJECTIONl§S.6§lS 93 PC CONFIDENCE LIMITS DN SLOPE ARE -1.9404 TO -1.7693
IEE 101CONC)= =4, 2718‘(NEIGHT ABDVE TRACER INJECTION)+LOG.10(281.086) : R

lleEI OF POIRTS FOR ESTIMATION OF EDDY DIFFUSIVITY = 9
iQ'EIFIC!lL AXTAL EDOY DIFFUSIVITY =14,93 SOQ.FV./HR. 95'PCICDNFIDENCE LIMITS ARE 14.23 SQ.?!.IHR. 10 15.63 SQ.FT./HR.

AXEAL EDDY OFfFFUSIVITY =15.67 SQ.FT./MR. 93 PC CONFIDENCE LIMITS ARE 14.93 SQ.FT./HR. TO 16.41 SQ.FT./MR.
PECLET NUMBER = 0.858 ‘

€12



TABLE IV-4. AXTAL EDDY DIFFUSIVITY RESULTS FOR THE 13-IN. I.D. COLUMN

AVEAAGE INSIOE DIAMETER UF NOZILE TIPS » 0,128 IN,

CISPERSED PHASE EQUIVALENT DACP DIAMETER = 0,199 IN

AVERAGE VELOCITY OF OISPERSED PHASE IN NOllLE TIPS = 0.36 FT./SEC.
COLUMN INSIOE DIAMETER = 1.5 1IN,

COLUMN HEJGHT (NOZZLE TIPS TO INIEIFACED = 10-FT, 3 1/8~IN. (SEE FIG. 10 EUR DIAG. UE APPARATUSY

Ly = CONTINUOUS PHASE SUPERFICIAL VELOCITY, CUFT./LHR. SQ.FT.)
. LK s DISPERSED PHASE SUPERFICIAL VELOCITY, CULFT,/{MRe SQ.FT.} -
LT s TRACER FEED SUPERFICIAL VELOCITY, CULFT./(HR, SO.FT,)
- HOLD=UP = VOLUMETRIC PERCENTAGE OF DISPERSED PHASE IN COLUMN
PP = MUMBER OF SAMPLE CONCENTRATIONS USED FOR ESTIMATION OF AXIAL EDDV DIFFUSIVITY
F = AXIAL EOOY DIFFUSIVITY WITM 95 PER CENT CONFIOENCE LIMITS, SQ.FV./HR.

PE = PECLET NUMBER BASED ON DISPERSED PHASE DROP DIAMETER

ER}

= WATER AALANCE APPARENT LOSS, PER CENT
ER2 » KETORE BALANCE APPARENT LOSS, PER CENT
_ER3 = TRACER BALANCE APPARENT LOSS, PER CENT

AUN] LW LK L or_ Jrend) RE ZENTRATION AY SAMPLING P lnvs [SHE E1G, 10) HOLD | PP E PE ER|
3 I 2 3 (Y K3 [} [ 9 10 -uP i -
1267 9.07 36.5]0.012] 71 [ 837,33 1720.74 | 631.46 1530.62 [405.09 ] 359,35 ;la.sz 282.68 [254.87 [215.07 | 2.7 | 10]30.4922.66 | 0.55 | 1.08
12718.2] 36.5]10.200] 71 | 760.53 [576.77 | 417,22 ] 304.01 | 198.41 | 147.83 ] 105.04 ] 76,49 | 60.75 ] «6.53 | 2.5 J10]29.6921.73 ] 0.66 | 2.65
120127.7] 36,510,310 70 | 654,03 | 532,74 | 326,25 ] 184,81 | 89.88 | 56.47 | 34,86 20,22 19.74 f 11.59 | 2.6 J10f3c.2622.73 ] 0.62 | 1.23
1233645 36.5J0.350] 72 | 612.47 ] 357,07 { 200,93 | 108.89 | 47.00 | 24.43 ] 14.15 7.92 |  S.27 2.46 | 2.6 | 10]30.4621.6406 § 0.62 ] 1.45
130]48.4 ) 36.510.680] 72 ] 520,28 ] 206.90 ] 93.93] 32.37 | 12.%9 S T4 3.11 1.37 0.62 0427 ] 2.9 ]10]3C.0421.34 ] 0.56 | -1.45
T7] 9.0) S4.7[0.312) 72 ] 707,79 | 549.90 | 439,74 | 342,22 1238.22] 201.20 [ 146.76 [ 124,30 | 93.92 | 73.79 | 4.7 J10f18.7720.70 f 0.82 } <177
765182 56.7J0.200] 72 ] 624.00 | 415.69 | 242.03 | 169.92 § 87.35] 52,99 | 31.38f 22.71 | 1e.38 8.29 | 4.7 110]119.8520.80 | 0.77 § 1.37
75§27.7] 54.7}0.310] 70 ]| 407.72 | 188.50 | 102.32 40.93 § 16.77 10.24 4.91 2.47 0.92 0.45 4.7 J10J19.4720.69 {1 0.79 | ~1,2)
T9136.50 54,7]0.350¢ 71 | 3595.61 [ 163.34 § 47.38 | 22.79 9.55% 3.18 t.36 0.46 0.18 0.08 | 4.6 | 8]20.2740.96 | 0.78 | 1.29
T19]e8.4F 54.7]0.6821 71 | 312.21 | 0%.19) 25.34 7.08 1.73 0.49 0.14 2.05 0.0) 0.03 | .81 6]119.7420.570.78 | 0.54
82| 9.01 73.000.112F 71 | 742,70 } 564,97 | 386.07 | 260.12 [ 165.41 1 133.78 | 83.591 61.69 | 49.10] 28.76 | 6.8 [ 10]23.4420.73 J2.05 | 2.28
AL118.2] 73.0]0.200F 70 | 469.37 [ 200,41 | 102,207 48,95 ] 22.06] l1.e2 .13 2.86 te23 0.61 1 6.7 F10§13.4820.27]1.06 | 1.37
80]27.7) 73.0]10.310] 70 | 247.88 | 88.00] 26.40) 11.08 3.51 1.10 0441 Q.16 0.0¢ 0.00 | 6.7 ] 7]|13.8820.51 ] 1.04 | 1.13
131136.5] 73.0J0.350] 71 ] 400.42 | 123,95 27.73 4.20 0.9 0.27 0.l1 0.02 2,00 0.00 1.0 6113.00£1.10 ] 1.07 | -1,.41
132]48.4] 73.0]0.680] 70} 235.96 | 98.01 T.16 0.64 0.20 0.03 0.01 0.02.] 0.01 0.01 § 7.2°] 5]13.7324.0311.00 ] 1.94
83] 9.0F 91.2J0.1127 70 [ 643,46 1442.38[ 263.43] 190.87 | 108.02] 77.57 | 52.92] 3%.13 ]| 20.43] 11.56 | 9.3 | 10§11.3920.46 ] .13 ] -0,56
84118.2] 91.2[0.2001 70| 322.17 [ 127.69] 55.90{ 16.60 T.49 .26 1.31 0.45 ] - 0.09 0.00 | 9.2 | 8]10.8020.4211.21 | 1.37
86f27.7F 91.2]0.310] 72 ] 169,15 49.23 0.32 2.39 0.64 0.16 0.06 0.02 0.00 0.0 9.4 Spt0.8721.23 1 1.19 | -1.04
65136.51 91.2J0.350) 72 ] 111.%0 | 18.66 2.28 0.52 0.186 0.13 0.0% 0.00 0.00 0.00 | 9.6 | «}llet522.08 Jtabe | 1017
133}48.48 91.2]0.680] 70] 101.25 ] 11.64 0.9% 0.09 0.02 0.01 0.00 0.00 0.01 0.00 § 9.8 ] 3}11.5526.27 110 | 0.48
881 9.0§109.5]0.132§8 T1] 477,46 | 321.05] 182,33 § 116,59 | 64.764| S1.73} 26,18 ] 1a.38 | 10.31 6.24 [12.0 | 10}10.7120.44 J 111 | 0.91
87118.21109.510.200] 73} 293.75 | 123.08| 36.80) 12.68 3. 74 2.13 0s46 0.14 0.00 0.00 Jt2.1 ] 7] 9.7520.82 ] 1.23 ] -0.7e
90)27.71109.510.310f 74 | 155.20 | 38.37 6.12 2.92 0.82 .24 0.10 0.05 0.034 > 0,03 |11.8] 6f12.3621.7¢ | 1.00.] -1053
09136.51109.510.350] 73] 10t.39 ] 13.8% 1.69 0.43 0.16 0.07 0.0% 0.03 0.03 0.05 J12.1 | 4§11.2722.98 | 1.09 ] ~0.06
134]148.4]109.510.6R0} 70] B86.18 7453 0.27 0.02 0.01 0.00 0.00 0.0t .00 0.02 f12.1 ] 3] 9.63210.711.29 ] -0.48
96] 9.01127.710.112§ 750 995.56 § 354,251 109.80] 121.78 | 60.06] 45.56 | 23.91] 1%5.67] 10.33 S$.57 113.7 J10010.2520.46 J1.29 ] 1.9
93]18.21127.7]0,200] 75| 304.16  145.78] 29.33 9.84 3.28 1.28 0.37 0.13 0.11 Oedl f13.6F 7] 9.3120.71 [ 1.33 | -0.88
9212T.7J427.7J0.320] 15} 136.22 31.81 4.30 i.10 0.311 0.l1S O.11 0.09 0.1t 0.09 JL3.7 5110.4321.61 J1.19 | -1.98
91§36.3]227.7}0.350] 75| 80.62 8.82 094 0.10 0.06 0.08 0.04 0.04 0.08 .0.06 J13.8] 3] 9.5680.62 [ 1.31 1.01
135]48.44127.7]0.560] 71 ] 73.37 6430 0.38 0.04 0.01 0.02 0.00 0.01 0.00 0.00 J14a.8 ] 3]10.7426.04 J1.00 ) 1,04

HTe
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TABLE IV-4. CONTINUED (2)

AVERAGE INSIOE OIAMETER OF NOIZILE TIPS = 0,086 IN,

OISPERSED PHASE EQUIVALENT DROP DIAMETER « 0.12% IN.

AVERAGE VELOCITY OF DISPERSED PHASE IN NOZILE TIPS = 0.38 FT./SEC.

COLUMN INSTDE OIANETER = 1.3 IN. .
COLURMN HE IGHTY (NOZILE TIPS TQO INTVERFACE) = 10-FT, 3 1/8-IN. (SEE F1G. 10 FOR DIAG. OF APPARATUS}H
LW = CONTINUOUS PHASE SUPERFICIAL - VE(OCITY, CUFT. /(HR. SO.FT.)

LK = DISPERSED PHASE SUPERFICIAL VALOCITY, [ULFT./(HRe 5Q.FTe)

LY = TRACER FEED SUPERFICIAL VELOCITY; CULFT./{HR. S0.FT.)

HOLD-UP = VOLUMETRIC PERCENTAGE QF OISPERSED PHASE IN COLUMN

PP = NUMBER OF SAMPLE CONCENTRATIONS USED FOR ESTIMATION OF AXIAL EOUY DIFFUSIVITY

€ = AXIAL EDOY DIFFUSIVITY WiTH 93 PER CENT CONFIDENCE LINITS, SO.FV./HR.

. PE ®» PECLET NUMBER BASED ON DISPERSED PHASE DROP DIAMETER

ERL = WATER BALANCE APPARENT LOSS, PER CENTY

ER2 = KETONE BALANCE APPARENT LOSS., PER CENY

ER3 = TRACER BALANCE APPARENT LOSS, PER CENT

JRun] tu LK J LY JTENP) REQUCED CONCENTRAYION AT SAMPLING POINVS (SFE FIG. 10) HoLo | ve E . PE ER] | ERZ
| F i 2 4 5 [ —7 8 ) 19 ~Up -
6] 9.0 36:5]0-112] 70 | 89630 [66L. 35 [ 436,47 | 433.99 | 282.18 | 254.02 | 188.1% [IR7.35 83 | TV.4% | 3.0 [1OJT7.3521.16] 0. 1% | -1.62] 1.25
97}18.2] 36.3[0.200] 69 |561.82 |21 |1erio3 | 9a.e1 ] 45.02 ] 30.50 | 17.67 ] 7.94 | s.1s | 2.75 | 2.9 fto]16.2320.66] 0.83 | -0.88] 0.14
98§21.7] 38.5}0.310] 70 | 314,18 f149.29 | #0.05 ] 31.98 |} 1011 s.a8) 2.00) 1.20:] o0.86 | 0.31 | 2.8 |10§28.2721.27] 0.78 | 0.62] 1.25
99]36.5| 30.5J0.350] 70 § 235.63 | 74.28 | 20.27)] 10.93 ] 2.09 1.38] 0.4 | o0.18 0.10 | 0.07 | 2.9 ] 7|1s.1122.16] 0.75 | 1.45] 0.14
100}48.4 ] 36.5]0.680] 69 | 97.50 | #2.26 7.46 2.11 0.29 ] o0.07] o0.05] o0.00 0.03 | o0.00 ] 2.9] sfi7.1e23.91] 0.80 | -0.97] 1.25
101] 9.0] se.7jo.t12] 72 | 561,61 433,17 | 260.53 | 181.61 f120.17 | 81.66 | ¢6.47 | 36.83 [23.38 ] 13.65 | 4.9 J10[11.4720.56] 1.03 | -0.80} 1.26
102]18.2] se.7]0.200] 73 | 389.18 J177.99 ] s8.86] 24.56 ] a.83 ] .19 1,95 | o.67 0.21 0.00 | 4.8 ] 9]10.3720.83] 1.16 | 1.59} 1.28
103§27.7] 54.7]0.310 73 fres.9t | 67,01 [ 1228 s.92] 2.80] 0.47] o0.00] 0.00 | 0.00 | 0.00 | «.8] s]13.1122.61]0.93 ] 0.79} 1.26
106]36.5] 54.7]0.350f 73 | 93.48 ] 23.63 ] s.12 1.50] 0.39] o0.08] o0.00 ] o0.00 | 0.00 | o0.00 | «.8] s]1e.1122.06)0.87 ] 0.19] 2.37
10%]48.4] 54.7]0.080) 73] 34.45 | 6.92] o0.72 0.15] o0.00f o0.00] 0.00 | o0.00 | 0.00 ] 0.00 | s.o} «f13.77¢3.03} 0.87 | o0.84] 2.37
106] 9.0} 73.0§0.112] 73 | s20.67 J285.08 J1s1.50 ] 107,92} sr.52] 42.32 ] 24.20 ] 16.80 §10.63 | 5.83 ] 7.2 ]10]10.3920.397 1.03 | -0.85] 0.7
107f18.2} 73.0]0.200] 73 | 303.57 J129.34 | 36.08 ] 16.59 | .53 1.65] 0.45] o0.20 | o.00 0.00 | 7.0] 7] 9.0620.60] 1.23 | o0.92] 1.19
108]27.7| 73.0]0.310| 74 [ 136.a5 | 35.29] 6.18 1.67] o0.38] o0.11] o0.07] o0.07 | 0.09 | o0.14 | 7.2 5]10.0220.74 ] 1.08 | -0.64]-0.89
109]36.3§ 73.0}0.350) 74 | s0.32 ] 13.16 ] o0.94] o0.00} o0.00] o0.00f 0.00 | 0.00 | 0.00 | 0.00 [ 7.5 ] 3] s.92z12.2} 1.19 | -0.51] L.19
110]48.4] 73.0j0.680] 76 ] 22,19 2.291 o0.00] o0.00] o.00] o0.00] ‘0.0t 0.00 ‘| 0.00 | o.00 | 7.3 ] 2]1r.56 0,95 | 2.48] 0.67
1] 9.0] 91.2fo.n12] 72 ] 422410 | 296.99 [ 125.99 ] 7e.a9 | 36.49 ] 264,99} 14.94 7.85 4,25 2.57 | 9.6 | 10] 8.8220.30] 1.13 | o0.41] 0.56] 1.39
112)18.2] 91.2]o.200] 72§ 225.76 § 76,04 ] 21.44 7.87§ 2.30] o0.66f 0.20 | 0.03 0.00 § 0.00 | 9.6 | 7] €.6120.29) t.18 | -0.71] 0.56]-2.49
fusfar.7] 91.2}o.310f 11 | t26.84 | 20.08 S.16] 0.90]..0.22] o0.00] o0.00] o0.00 | 0,00 | 0.00 [10.1 ] 5] 9.5920.61] 1.0 | -0.64] 0.98] 2.80
114]36.5] 91.2]0.350f 11| 39.68 ] s8.57 0.70] 0.13 0.08 0.06] 90.03] o0.0% 0.06 | 0.06 [ 9.8 | 3] 9.1528.¢9] 111 | 0.96] 0.14]-0.13
115]%8.4] 91.210.680]) 70} 3s.61 2,42] o0.21 0.06 ] -0.02] o0.02}] o0.08}f 0.06 | 0.06 0.02 ]10.5 } 3}10.5124.03) 0.92 | ~0.02] 0.56] &.14
116] 9.0]109.5]0.112] 69 | 574.28 | 3a3.98 [ 168.56 | 96.93 1 46.ea ) 31,46 ] 17.23 ] 10.07 5.64 2.89 |12.6 10| 8.9020.31] 1.03 | o.22] 1.43)-3.18
wrfis.2f109.5{c.200] 70 f 287.2¢ | 97.25 ] 24.51 9218 2.29| o.ra] o0.22] o.00 | 0.00 0.00 [12.3 1 7] 8.6620.32] 1.09 | 1.12] 1.00] 6.34
1] 27.7]109.5] 0. 310 70 | 117,37 ] 24.99) 2.56] o0.s0] o0.00 0.00] 0.00| o.00 | o.00 | o.00 [12.2 ]| ] 8.22£1.74] t.18 | -0.79] 1.00| 2.81
119} 36.51109.5§0.350] 70] 65.88 ) 6.72 0.48] 0.00 0.00 ] 0.00 0.001 0.00 ) 0.00 ] o0.00 J12.2] 3] s.s12e.42] 1215 ] 0.1s] t.e3) 3.e2
120] ¢8.4]109.5] 0.680) 70 ] 27.82 1.75 0.00}] o0.00f o0.00] o0.00] o.00] o.00 | 0.00 0.00 J12.5} 2f10.08 0.96 | 1.06] 1.43] 1.89
121] 9.0fr2r.1]o.112] 70 ] 463.18 [ 246.69 | 128,48 73.25) 37.99] 21.43) 10.57 ] 640 3.57 2.07 J15.4 | 10] 8.8520.2¢] 0.99 | 2.57]-0.31]-1.36
t22]18.2]127.7] 0.200] 70 | 243.02 § 74.9¢ ] 17.56] 6.75 1.93)]. 0.70] o.12]| o.00 | o.00 0.00 J14.9 ] of 9.1220.65 ) 1.c0 ] 1.76] 0.13] 3.06
123} 27.7f127.7) 0.310] 69 } 107.13 ] 18.12 1.98 0.28 0.00] o0.00] 0.00 0,00 | 0.00 | 0.00 |15.0] ] n.1821.00]1.13 | o.2¢]-1.17] s.0a
124f 38.5f127.7f 0.350] 11 ] s1.59F .13 0.17 0.00{ 0.00] o0.00] o0.00§ 0.00 [ 0C.00 0.00 J15.6 ] 2] 9.40 0.96 { 1.17f~0.31] 3.98
125§ «8.44127.7) 0,680} T2 ] 22.83 1.16 0.00 0.00}] o0.00] o0.00) o0.00f o0.00 | 0.00 0.00 t5.8] 2] 3.7 0.93 ]| 0.53] 1.42] 4.26

g1c -



TABLE IV-L. CONTINUED (3) ‘

AVERAGE INSIOE OIARETER OF NOZILE TIPS = 0,053 N, .

DISPERSED PHASE EQUIVALENT DROP DIAMETER = 0.093 IN. -

AVERAGE VELOCIIV OF DISPERSED PHASE [:{ NOZZLE TIPS = 0.68 FT, ISEL-

COLUMN INSIDE BIAMETER = 1.9 IN,.

COLUMN. HE TGNT EMOZZLE TIPS TO INTERFACE) = 10-FT. 3 1/8-IN, (SEE FIG. 10 FOR DIAG, OF APPARATUS}

LW = CONTINUQUS PHASE SUPERFICIAL VELOCITY, CULFT./7(HR, SO.FT.)

LK = DISPERSED PMASE SUPERFICIAL VELOCITY, LULFT./(HR. SQ.FT,)

LT = TRACER FEED SUPERFICIAL vALOCITY; CU.FT./(HR. $Q.FT.)

HOLD-UP = VOLURETRIC PERCENTAGE OF DISPERSED PHASE I[N COLUMN

PP = NUMBER OF SAMPLE CONCENTRATIONS USED FOR ESTIMATION OF AXIAL EODY OIFFUSIVIFY
€_s AXIAL EODY DIFFUSIVITY WITH 95 PER CENT CONFIDENCE LIMITS, SC.EV./HR,

PE o PECLET NURBER BASED ON O SPERSED PHASE DROP D IAMETER
EX] » WATER BALANCE APPARENT LDSS, PER CENT
tR2 = XETONE BALANCE APPARENY LOSS, PER CENV
tR3 » TRACER BSAMLAMCE APPARENT 0SS, PER CENT

L12

RUN] LW ix_ Jur  rene ___REDUCED €O RAT Al SAMPLING POINTS (SEE F1G, 10) HOLD | PP E_ PE €1 ] Er2 ] ER) |
% [l 2 3 [y S ) T 8 ) 10 ~up -
148 66 408,45 | 400476 |231.73 | 146,00 | T1.48 §59.A8 | 34,34 [22.98 [ 13.47 | 607 | 2.7 |10 9.6620.73 [ 1.T0] 1.96]-0.97] 4.34
167 o8 | 205.99 Jior.er | «B.81 | 12.74 5.25 2.27 0,99 .41 0.15 0.09 | 2.8 ] 8] 9.8920.55 J 1.05] 0.92] 1.25] 1.42
166 68 [161.17 | «8.48 6.57 1.82 0.62 0.2% 0,09 V.05 2,05 0.0t | 2.9 ] oo r0st.79 1 0.95] o0.62] 1.25] 2.01
1.5 en | av.06 | t6.72 1.67 0.3 0.08 0.06 0.06 0.08 T Gove § 30| o) v.82ei.97 ] 102 a2 2.36] 2.7
184 s i 21,28 1.9¢ 0.20 0,08 0.07 0.0% 0,05 n.0? 0.05 0.07 ] 3.0} 3h10.7822.39]0.92] 1.04} 1.25] 1.88
153 58 [560.75 [ 392.12 J213.61 [ 125.96 | s4.30 131.41 | 27006 a.57 417 1.97 | .8 fiof 7.4520.38 1221 ] -1.62] 2.37] 0.51
152 68 | 287.15 | 122.05 | 24.83'} r.81 | 1.08¢ 0.48 0.13 n.06 2.02 0.01 | 5.1 ] 6] 1.3700.66 {1,017 ] -0.27] 2.37] 1.24
151 68 [118.93] 25.34 3.44 0.23 0,03 | 0.01 0.0t 0.00 £.00 Getd | 53] o] 7.0722.73 | 1.t8] 1.13]-0.906] 2.89
150 68 | 70,68 5.54 0.43 0.04 0404 V.02 3.02 9.04 .02 0.02 ] s.2] 3] 1.99s0.32 ) 1.15]-0.06] 1.26] 0.31
149 68 | 24,65 1.30 0,03 0.01 0,00 V.00 0.01 9.00 0.00 72.01 | «.9 | 2] s.69 1.07] 1.04] 1.26] 1.38
158 68 | 765.71  65.25 ] 245.89 ] 161.00 | 67,10 | «3.98 | 19.29 f12.78 6e73 3.20 | 8.2 J10] 3.1120.36 [ 0.53 ] -0.80] 0.69] 3.45
157 67 | 327.39 | 113.96 | 21.42 5.3 1.22 0.26 0.95 n.01L 0.01 V.01 )} A.1 ] 6] 6.8220.5) F 1,00 ) 2.65) 1.21] S.39
156 67 104,00 | 26.37 2.3 R 0.05 U.0) 0.03 0.02 1,02 0v.03 | 8.¢c | o] 8.0422.42]0.93] 0.22] 1.21] s.18
155 o8 | 72.49 5.80 0.38 0.06 0.04 0.02 0.02 0.06 2,02 n.02 | 7 3| roo8e2.15 1.0t [ -1.01] 1.21] 6026
154 68 1 28,74 0.97 0,06 0.05 0.0% 0.04 0.04 0.05 n.06 n.os | a3 | 2] r.8e 0.94 | 0.03} v.69]-0.51
169 69 Jere.10 [ 297.44 173,87 ] 97.69 | 44.40 | 21.90 | 15.58 6.31 3052 ] t.91 |10.4 J10] 8.0620.358 0,87 | -1.45]-1.14] 3,62
162 68 | 329.94 | 109.41 | 28.55 8.8% 1.64 U.4T 0.15 9.07 V.03 0.03 J10.7] 6] 7.71520.57 J 0.8y} -0.74] 0.53] 0.66
161 o8 J127.40] 25.41f 2.30] o0.42 0.06 .02 0.04 a.02 2,02 0.02 |11.2] «] s.0121.88 J 0.:4f-1.53] 0.53] 0,48
160 e8] a1, 24 8,53 0.5¢ 0.03 0.00 0.00 n.00 2.00 0.00 0.00 J10.9} 3] s.17a5.80 J 0.85| o.s1] t1.78] t.S?
‘P“” EL 18,68 0.7% 0.02 0.00 0.01 0,01 0.01 0.00 .01 -§ 0,00 J11.2) 2] 6.38 0.628 o.48} 1.36} 0,07
168 o8 Jes3.70 ] 329.38 f1vs.77] 104022 | 5112 | 31.65 | 172.00 | 1076 6460 3.a81 J13.0 3 10] 2.5920.37 F0u70 | 0.91] 0.59f 3.8
167 68 | 200,59 ] 77.40] 19.36 «.A7 1.13 0.37 0.16 0.09 0.09 0.07 [13.2] &f 7.9126.38 J 0.8 [-0.88] 1.45} 1.68
160 68 J119.48] 20.52 1.88 0.32 0.11 0.09 0.09 2.07 V.11 D.11 [13.9] <] 8.00¢8.50 0.1 f-1.09] 1.02f 1.29
149 69 | SS.97 6,71 0457 Q.11 0.09 0.09 | o.11 6.l .09 0.1t f13.8 ] 3] 9.2925.060 | 0.71] 0.65] 1.02] .00
166] 48.41109.5]0.880] 87]. 12.70 0.69 0.07 0.07 0,05 0.05 0,05 0.07 0.0% 0.07 f1s.1 ] 2] 9.7 o.0n ] 1.06] 1.45¢ 1.26
11y s.012r.7j0.112] o8 | en2.06 | 36300 [ 138.97] 76036 | 29.43 | 20.21 .51 948 2.57 tott Jre.2 J1c] 7.9820.48 | 079 -1.62]-0.74] 1. 13
w2l we.2f127.1d0.200] ea | 1s2.27] 9e.93] 17.96 “.83 1.2% 0.28 0.12 9.05 0,09 0.05 L1c.o | o) 7.66a0.36 | 0.6 [-1.33] 1.42] 1.33
vy zrarhr2var]eadto) a9 | 9r.27] 18.67 1.19 0.18 0,05 0.03 n.03 n.05 2.0% .08 Jia.a | 3] 7.580100.0 ] 0.5 )-1.09) 0.13)-1.15
110} 3s.5]127.7}0.350] 89| 41.43 2.19 0.25 0.07 0.07 0.07 | o.o0s V.04 V.06 v.o? J2o.6 ] 3] vesassiev]ors] ri0tf-1a17] 1.0
16 ¢n.ef127.7]0.0680] 68} t8.71 ) 0.8%] 0.05 0.03 0.03 9.03 0.0% 0,05 4,03 c.o3 17,2 21 na7s  Jo.rr] 0.531-2.06] 0.41
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superficial éxial eddy‘diffusivity, and the superficial axial
eddy diffusivity for each run with the 3-in. I.D. column are
given‘in Table IV-5. Dispersed bhase hold-ups in the 3-in. I.D.
colﬁmn Weré notlmeasured{ Consequently it was nof possible to

reducé superficiai axial eddy diffusivities to true axial eddy

diffusivities or to calculaté'Peclet numﬁers.

Measurements of the dispersed phase drop sizes were analysed
‘on an IBM-70LO electronic computer. No hand.calculations are
presented due to their voluminoﬁs.néture. However, the algébraic
equétion used to progess_the‘data'is given‘below. _:
Let'f =lthe Qértical{dimeﬁsion of thé drop image as measured
by means of the @ibrofilm reader, mm.,
x = the horizental'dimension of - the drop image as
.megsured by ﬁeané.of the microfilm readér{»mm.
" f.=the conVefsiOn factor for mm; to in. = 0.03937,
“f = the éhlargément féétor - & linear dimension of the
‘obéer§ed imagé divided by the same linear dimension
of the actual object = h;309,
and d = fhe equivalent‘diameter of the drop = the diameter
| of a'sphere having the ;ame volumé as the drop..

Then. .

ll
'

‘. 3 : : -
a= (£)( J(x)(x)) X

S

2

The range of ds between 0.00 and 0.25-in. was divided up into



TABLE IV-5.

AVERAGE INSIDE OIAMETER OF NOZILE TIPS = 0.102 IN.
OISPERSED PHASE EQUIVALENT DROP DIANETER = 0.133 IN

AVERAGE VELOCITY OF DISPERSED PHASE IN NO2ILE "PS ® 0.37 FT./SEC.
COLUMN INSIDE DIAMETER = !.0 IN.

H
Lw = CONTINUOUS PHASE SUPERFICIAL \lELOcITJ CUFT./{HR. $SQ.FT.}
Lk = DISPERSED PHASE SUPERFICIAL VELOC!

TERFA

-F1

TX CUFT./ MR,

SQ.FT.)

LT = TRACER FEED SUPERFICIAL VELOCITY, CULFT,/{HR. SQoFTe) _
PP = NUMBER OF SAMPLE CONCENTRATIONS USED FOR ESTIMATION OF SUPERFICIAL AXIAL EDDY DIFFUSIVITY
SE » SUPERFICIAL AXIAL EDDY DIFFUSIVITY WITH 95 PER CENT CONFIDENCE LIMITS, SQ.FT./HR.

L0SS, PER

CENT

€ F1G. 20 FOR DIAG. OF APPARATUS)

SUPERFICIAL AXTAL EDDY DIFFUSIVITY RE_‘SULTS‘ FOR THE 3-IN. I.D

COLUMN

ERL = WATER BALANCE APPARENY
ER2 = TRACER BALANCE APPARENT LOSS. PER CENT

1w

RUN LK %] TEMP asogcso CONCENTRATION AT SAMPL ING POINTS (SEE FlG. 20} 13 SE ERl | ER2
1 °F 1 2 3 4 [ [} 8 . 9 10
177] 18.2 | 36.5 Jo.050 | 70 933,27 | 863,08 | 843,83 [810.94 | 776.76 | T07.25 1680.23 | 655.87 [ 635.98 [593.46 |10 [187.9216.4 §-1.28]-0.29
181 ) 27.7 | 36.5 J0.100 | 69 939,04 ] 877.36 | 8¢2.38 | 759,066 |693.78 J 676.66 | 504.44 | 568.84 J471.59 J470.11 |10 [174.7220.1 | -1.83]-0.48
182] 36.5 | 38.5 ]0.150 | o8 972.18 | 945.34 | 846,65 ] 741,07 | 625.71 1598.60 |583.77 | 525.69 | 435.07 |389.08 |10 h181.3£21.8 § 0.75} 2.06
183 ] 8. 36.5 | 0.150 ] 68 923.97 ] 799.06 | 118.67 | 602.38 |516.67 [ 90.81 J433.57 [ 327.94 } 312.99 §273.32 |10 [179.8214.6 | 1.40] 0.19
184] 75.0 | 36.5 [0.200 | &9 938.87 | 717.45 ] 606,97 | 451,66 |330.10 ] 263.24 | 236.75 | 192.38 ] 150.23 §123.07 J 10 J169.0¢ 9.5 §-0.03]-3.00
180 36,5 10,250 | 70 816,45 | 644,68 ] 440,35 | 337.5¢ 1218.34 J 271,58 J153.89 ] 97.49] 75.67 ] 53.16 110 §168,0410.3 § -0.94]-1.09
179]220.0 | 36.5J0.410 | &7 591,95 | 282.46 | 142,48 | 49,30 | 35.00] 21.28 [ 11.30 6.10 3.75 2.19 |10 J181.4214.5 | -0.768] 3.53
185]205.0 | 36.5 | 0.410 ] 70 487.76 | 274,18 | 109,02 | S53.78 | 28.72 | 16.72 9.18 414 1.88 0.87 | 8 |214.0213.6 } 0.76]-1.26
194f 18.2 | s4.7]0.050 [ 68 ]1028.76| 974.63 | 936.07 [ 864.67 | 816,58 ]| 767.73 | 7T11.99 J672.35 ] 634,91 §583.14 |10 J146.12 6.5 | -1.70] 3.52
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0.01-in. incremehts.: The number of drops, and the total drop .
volume'associated with the drops, appearing in each of these
increments were caiculated. For each increment'the number of
drops was-cohverted'into the percentage of the total number of
drops measured.' Similarly the sum of the volumes of the drops
in each incrementfwas converted into & percentage of the total
drop volume a53001ated w1th all .of the drops. These calculations -
.were performed for the flrst lOO drops examined and were extended
to the first 200, 300,»#00,'ahd SOQ drops examined. A typical
‘set'of resulfs appears'in Teble iV-é; The results for the 500
drops examlned for each run in which drop sizes were measured
appear in Table IV-7 for the l—-1n. I.D. column and in Table IV-8
for the 3 in. I.D.~ column Due to the overlapplng of the drops in
the photographs 1t‘was not posslble to megsure the drop sizes for
runs'whenlLD Wasfisrgef_‘Therefore‘if was assumed that the drop size
'distribupiohs-uere the'same~at‘high and low values of LD°

Table IV-9 shows'the.superficialvflowrates, the measured
concentretiohs,”the calcuiated-capacity'coefficient, the hold-up,
ehd'the error ih the mass balance for each run involving mass
trahsfer._ Table IV-10 shows. the relatioh betyeen.ﬁfand E for the
estimation_of-E,_ The'values of Kba and m were taken from Tgble IV-9
and the values of'J uere caiculated by means of Equation 21. Tables
IV-ll and IV-12 show the effect on E of varying KDa, m, and the
method of calculation of J. Table IV-1l3 gives the equilibrium
concentration of aceticiacid.in MIBK -~ saturated water and water -

saturated MIBK at 70°F as determined in this work.



o1

TABLE. IV-6.

TYPICAL DROP SIZE DISTRIBUTION RESULTS

_ WATER SUPERFICIAL VELOCITY

SQ.FT.)
SQ.FT.)

L ]
oo
II
~ N
o o
-
TRTS
LIS )
o Jpuo
Vo
O ¢
~~
* 0
~ &
N A
won
> >

KETONE SUPERFICIAL VELOCIT

0.103 IN.

NOZZLE TIP AVERAGE DIAMETER

1.5 IN.
50

COLUMN DIAMETER

CONDITIONS CORRESPOND TD RUN

w . .
(- M a o OmMmMmOmOmoOo~moOooOonOToOoOOcOOO
c 20 Q o & ol 0 o ¢ 2 ¢ 0]l 2 o & 0 0/ % 0 0 2 0 0 0 s o
(-4 < X 0" COCIOOOOOOmetNNOSI~NNOOMIOOOO
DYRD“ -t (N O]l
=] " X
-J W U = [ O FNMM et NNIOONMMINMNO NN OOOO0OOOO
CSONOJ O ® 0 ol e 8 o ¢ 0 0l 0 8 9 o 9 o] e 0 0 s 0 00 e 0 o
= U - <3 0000.000011442971310020000
OF-WVeu ) e~ (N N rme -
-2 wo j ; )
oZo o 014234,272963687810007000M0
b =~ W ¥ QO Q o o ol ¢ ¢ 0 0 0 ol e o o 9o o @ e 9 ¢ ¢ ele o 0 @
ODx>>24« [ 0O0000001144177140002000n0
[ L R VY | Lot N N} |t
W Z o o o i .
D 0. -l o 014345181796.409340“0000000
W29 O * o o e o o oc.,-.ooom..o..ow.
|t - < N 000000001137?91636A0n0000000
Z W (w] . [ ] Lol H
d TN g 2 B >
(& ]y . x Q 014245_040614"072370,0000000
X JO0Ox O (o] o o ¢l o o o 2 ¢ ol 0 o 6. ¢ 0 0|l 0 @ ¢ o o o e ¢ o
WO OI] m~ 00000900013553387ﬁ000002
a>0uwv . . : H o0 (Nt .
‘ - § ¢
. o CVOTODTONOCOOVNDINOOOVOOFOOOO
zZ o $ 9 %e o o 0 0 a0 9 s e s e 0 b e 0 e
— ) n 063731012233739300M0000000
xa w - N - : :
WO w - - 5 .
a Wb x o 002352:)'22070020572002000“0
O o o ¢ ¢ ol 9 0 o 0 0 0 e 0o o 9 e o a o ol e o o o
X W [*N 5 064632012233730300000000,0
La 0O Q JOM~OmMaNMNNSNN~NMMO O MOIMNODOOOMIOO OO
O o <a o e o ol 0 0 9 0 o el e 0o 0 o 0 o/ e 0 0 s 0 0| e s e o
W ~” oOWNNINMNO~NNINT O OVNOM~~OOO0ODI0OO0 0.0
Wweo I ~ 0 : -t - : .
ONX . "
D - o onunoooNnNoooELoVINIOINOCOOO|IOCO.C
-nNZ a o ® 0 ol e o o 0 0 e/ e o 9 o o 00 0o o s s sl 0 0 9 e
=z N CUIIMNETOONNINAONUDMOITIF~O0O000000.0
WZJ2 -] . -t H ’
[G TR - g 4 " n .
x>0 o eNoNelleNoRoNoNoNalleNeoNoNoNeRolloNeNooloNolloNeNo N
(TR e B of O e o o/l e 9 o 8 0 ¢/ 6 ¢ 0 ¢ @ o0 0 o ¢ o ol e 9 o
A D-n —t oV MOmOINA TN ORIONOCOOQIOO OO
L o N o :
- ' ) :
uwZ «en -_OANMITN OO IOm AN MMSTNOMNOOO~NME W
Owaw COCIOO OO O Ofrt ot wrd smd ot omd|od vl ol et N N[N OOV N
-t — T ® o of e o ¢ 00 ¢l 0 ¢ 8 ¢ ¢ ol 06 0 e o o o]0 @ o 0
w< oo QOO C OO0 OO0 OOQIOOCOC
> Z NI A .
Z 0 - O N TV ODIOCO~ANNNOIFIINOMSDODOCO~ANM T
<D0 OO QIC OO C O C|O i el vnd et oot ot omst-omd e NI O N O
X Z ¢ ol e 0 o ¢ @ of e o e 0 o o ¢ 0 0 o ¢ |0 o o .0
WO e [eNoNolloNoNoNoNoNeaelleNoNoRoNoNaolle JoNoNaNoNolloNoN ool




* DROP SIZE'DISTRIBUTIONS IN THE 13-IN. I.D. COLUMN.

" TABLE IV-7.
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' DROP SIZE DISTRIBUTIONS IN THE 3-IN. I.D. COLUMN
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COLUMN

TABLE IV-9.. CONCENTRATION ‘S'I'U]“JIES'WITH MASS TRANSFER IN THE 1Z-IN. I.D.

Run lc Ly ' Concentration at sampling poi.nts} (See Figure 10), 1531 lb.-mlca/ﬂ.? eé e: Ky Average] " b x.82 Time to Temp

_ : : ) .
T [ 2] 3] *] 5] 67 [¢] 7 ([mw and  feud ’ = | % stoady state] T
. » " eD - eD ’ m.
a1 | 36.5] sa.7]30.66 ] .301 80.37 | a3.70] a7.71) 89,47 | 53,72 [ 55,20 | 57.21 58,22 a3 |19.28[ a2.58 | 1.92[ 4.6 3.3 65 n
.11 15.2 19.¢81 2.3 25.95| 7.2 0,00 | 40,06 |

92 |18.2] s4.7] 9.0410.05] 11,84 ] 13,96 15.33] 17,00 | 29.43 | 22.31 | 24.25 | 27.32 $.32 [56.63| 6.2 | 2,06 | 45| 295 | 122 n

2.9 Lal | s, 7.50 9.62| 11.1 0.00 |25.19 '

5 | 3%.5| 9n.2]15.48 | 16.69] 10,27} 19.73 | 21.03] 23.07 | 25.50 [27.59 | 30.m1 | 2.5 | e0.75 fur.s3 | 79.03| 202 9.3] 039 | 9 6
' 6.1 Vb 8.76 10.81 12,40 | 13.55 3.6 [3.23.

"o [asa ] 9.2 |25.25 | 22,1 | 30,35 | 32.78 | 35.42] 37.51 [40.06 [u2.k9 [as.25| 4802 | e0.u3 J16.39] u.63 | 196 [ 9.8 3.2 | 101 T

' 9.6 12,2 15.0 | 179 20.9 |22.7 s02 |37.03) ' :

a5 | s 1207 Janaes fasae | 16039 |17.36 |10.05) 20,21 (2073 |23.0 [ 2500 22059 | e2.93 3av2 faaa 2,04 e | -3.42 | s 70
o lea 7.04 8.1 9.70 na |12.2 8% Ly

" The upper number refers to the continucns phase, the lower mumber to the dspersed phase,

| Ryl - o)

]mox

_ l.ﬁ. 4s the error 1n the mass balanse, This mase balance vas calculated according to the following equation,

Ty(eg = op) = Ip(<p - <)

622
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IV-10. THE RELATION BETWEEN E AND Ag. (The valués of I%a, and m were taken from Table 1v-9.
The values of J were calculated from Equation 21.) ‘ ’
The numbers listed under the various values of E tested = 108 Ag.
Run| J |Kga E{60 | 59 |58 |57 1s6 |s5 s+ |53 f{s2 |s1 |50 |49 |48 |kt
JL|[o.743 | k2,54t 1,92 |2800 |2800 | 2700| 2700| 2600 | 2600| 2500 | 2500 | 2400 | 2400 | 2300 | 2300 | 2200 | 2200
J2 []0.119 || 56.24|2.04 820 | 760 690| 630| 570| 510 460 4OO| 350 300| 250| 210 | 70| ‘1ko} °
J3]{0.0943 79.03}j2.02 1300 | 1200 | 1200{ -1100| 1000| 990| 930] 880 820( T70| 720| 660 | 610| 560f
JU 1 0.L47T7 | 9k .63)1.96 920 | 860 8oo| Thko| 680| 620| s60| 500 450 LOO| 350 300} 260} 210
J5 0.001?£u1.1 2.04 58 L7 381 31 25 20l 18 18 19 23 29 38 50| 65
Run J Ka E| 46 L5 Ll 43 Lo Lo Lo 39 35 37 36 35 35 33
JL o. 743 || b2.54{]1.92 2100 | 2100 | 2000} 2000| 1900} 1800| 1800 | 1700 | 1700] 1600 | 1600 | 1500 | 1400 | 1400
J2 [f0.119 || 56.24 89 73 6k 63 711 89| 120] 160| 220 290] 380 | k90| 620
J3 || 0.0943| 79.03 460 410| 370| 320| 280 20| 200| 170{ 1kO| 110 85 65 51
Ju fo.b77 | 9Lk.63 140 110 88 68 53 Ll 41 4s 57 78 110 | 150] 200
Js || 0.0017L1. 1 100 130] 160| 190| 230]  270| 320| 370| 430 500| 570 | 650} ThO
"{Run J K8 31 30 29 28 >7 | 26 25 |2 23 22 o1 20 | 19

J1||o.743 k2,54 1300 | 1200] 1100{ 1100] 1000 970} 920| 870| 8ko[ T90| TS50 T20] 690
J2 |[o0.119 || 56.24 960 | 1200 1400| 1700} 2000| 2400 | 2900| 3400} 4000 | 4600 | 5400 | 6300 | 7300
J3 10.0943 79.03 -39 L3 55 761 110| 150} 200} 270| 350f 44o| 560 ] TOO| 850
Jh o.b77 |t 9k .63 330 420| 530| 650} T90| 950§ 1100 1300 1600 | 1800 | 2100 | 2400 | 2800
J5 [10.00171Lk1.1  9ko | 1100] 1200| 1300} 1500] 1600 | 1800| 2000{ 2200 | 2500 | 2700 | 3000 | 3300
Run J K8 17 16 15 1L 13 12 11 10 9 8 7 6 [ 5 |
"J1|{0.7h3 || 2.5k 1. 660 660| 660 6801 T20| T70] 8kO| 920| 1000 | 1200 1300 | 1500

J2 10.119 || 56.24ll2. 9800 |11000{13000]15000117000}20000 {23000 |27000 {31000 {36000 [42000 19000 {57000
J3{l0.09473 79.03}ll2. 1300 | 1500{ 1800 2100| 2500| 2900 3300{ 3800| 44OO |.5100| 5800 | 6600} -

Jh o477 || 94.63 3600 | 4100| 4700{ 5200 5900| 6600 7400} 8200{ 9100 |10000

Js o.oo1 k1.1 4000 | L300| 4800| 5200f 5700| 6200 6800 THOO| 8000

9ce -



TABLE IV-11. CALCULATED VALUES OF E FOR VARIOUS VALUES OF Kpa AND J. (The values of m were
taken from Table IV-9) o '

Run J m Ka [ 25 | 30 35 4o |42.54] Ls 50 | 55 ~| 60 65
Clom3* 12 E [ 60 5 51 121 16 | 20| 25 | 29 | 33 | 35
J1 | 0.782° [ 1.92| E | 60 s | 12| 22| 26 | 29 | 34 | 38 | 41 | u3
0.704° | 1.92 | E |.60 | 60 5 61 6| 10| 16| 21 | 24 | 27
Run J m Ka | 35| 40 | 45 50 55 [|56.241 60 65 70 1 75 | 80
0.119* | 2.0k | E | 30 | 3% | 37| bo | u2 | b2 | bk | 45 | 47 | u8 | L9
g2 | 0.138° | 2.ou | ‘E 3% ] 38 | k1| bk | 46 | b7 | W8 | 50 51 53 5k
| 0.099uf 2.00 | E | 26 | 30 | 33 | 35| 38| 38 | 39 | u1 | k2| uu | us
Run J m | Ka | 65 ] 70| 75 {19.03] 80 | 8 | 90 [ 95 [100 | 105
0.0943%*| 2.02 | E e2 | 26 [ 29 | 31| 32| 3 | 37 | 39 | s1 | b2
33 | 0.0992°| 2.02 | E | 23 | 27 | 30 | 32 | 33 35 | 38 | Lo | k2 | Lk
0.0893°| 2.0 | E | 21 | 2 | 28 | 30 | 30 { 33 { 35 {.37 [ 30 ) w1 | |
Run g m Ka | 70| 75 | 80 | 8 90 |94.63| 95 | 100 | 105 | 110 | 115
0.477* | 1.96 | E 21 | 26 | 30 |.33] 36 | 39| 39| 4 | | u | u8
Jh 0.527b 1.96 E 32 37 41 L L8 50 50| 53 |- 55 57 59
0.427% | 1.96 E 10 1k 19 o2 | 25 | 28 o8 31 33 35 37
|Run J m Kba 120 125 -555- 135 | 140 J1k1.1| 145 | 150 | 155 | 160 | 165
0.0017°] 2.04 | E Ly b7t ko 51 53 | 53 55 1 56 [ 58 60 60
35  |-0.0560°| 2.0k | E | 26 | 28| 30 | 32 | 34 | 3% | 35| 37| 38| ko| ¥
0.0594¢| 2.06 | E | 60| 60| 60| 60| 60 | 60| 60| 60| 60| 60| 60

i 0 o i
Sc - Lpep) * (Tgeg - Ipcp)
- L.c2)
: DD
_ B 5
The flux of sglute down the column, J = (LCcC LDcD)

e

The flux of solute down the column, J = 5 (

QP

‘The flux of solute down the column, J = (Lcc
c

Lze -



TABLE IV-12.

CALCULATED VALUES OF E FOR VARIOUS VALUES OF m. (The values of J -and Kba

were taken from Table IV-9. )

141.1

Run J Kafim 1.82 1.80 [ 1.86 | 1.88 [ 1.90] 1.92| 1.9k | 1.96 ] 1.98] 2.00 2.02
g1llo.7u3 | 2.5u || B 36. 32 : 28 | 2k " 20 | 16 12 9 6 6 6

‘Run J K|l m 1.94] 1.96| 1.98| 2.00| 2.02| 2.0k | 2.06 2.08 | 2.10| 2.12

' J2J]O.ll9 s6.24 f| Efus | 46 |-us | wu [u3 | w2 | u1 | so | B0 | 39

Run J K || m 1.92_ 1.94)'1.96] 1:98 é.oo é;oz 2.0k [ 2.06 2.@8 2.10] 2.12]
I3l o.oou3ll 79.03 || B b4 | M1 | 391 %6 | 3+ | 31 o9 | 26 | o4 | 22 | 19

Runf| J Kpa || m 1.86] 1.88 1{90 1.92 1;9& ‘1.96 _1.98 2.00 | 2.02 2.0&1 2.06
.Ju 0.477 || 94.63 || E} 59 | 55 | 51 Lt 43 39 35 32 28 2k 1 21

Runjl ~ J K [ = 1.94( 1.96] 1.98 2.00| 2.02 ‘2.ou_'2.d6 2.08 | 2.10{ 2.12| 2.1k |
J5 i 0.0017 n E| 60 .| 60 60 | 58 53 #9 '45; gl 37 34»

:géan
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- TABLE IV-13. EQUILIBRIUM DATA FOR ACETIC ACID DISTRIBUTED
. BETWEEN MIBK-SATURATED WATER AND'WATER-SATURATED MIBK

AT 70°F. (MEASURED IN THIS.WORK.)

.Concentration of acetic acid, ~ | Distribution
lb.-moles/ft§‘ : coefficient,
Water phase | MIBK phase’ m
0.001010 0.00055k45 1.8214
0.002218 © 0.001099 2.0180
0.004089 0.001990 2.0547
. 0.006307 | 0.003079 2.0482
0.006743 |- 0.003287 2.0512
©0.01127 0.005485 2.05u42
0.01385 0.006772 2.0k53
- 0.01763 0.008619 2.0460
0.02564 | 0.01262 2.031k
.. 0.02109 . - 0.01040. - 2.0286.
1 0.02802 - 0.01k12 1.9846
0.03728 0.01901 1.9609
- 0.04663 . 0.02446 1.9069
0.05794 ©0.03111 1.8622
. 0.06683 - 0.03614 - 1.8493
0.06802 - 0.03738 - 1.8199
0.07376 . 0.0k059 1.8171
0.07891 0.04368 1.8064
0.08381 0.04733 . 1.7709
- 0.08807 "0.05050 Cl.74b1
0.09625 © 0.05564 1.7297
0.1008 0.05881 1.7146
~ 0.1051 0.06188 - 1.6978
0.1104 0.06569 1.6812
0.1150 " 0.06901 o 1.6671
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APPENDIX V
DETAILS OF THE APPARATUS

Figures V-1 to'V~23 inclusive-show the details of various>
portlons of the l—-ln. I D. and 3-in. I.D. spray columns and
their accessories. All stalnless steel parts were made from

' Type_BOhAstaiolessfSteel.

:vThe piston sample collectlon flask shown in Figure V-1
wa.s used for dlspersed phase hold-ups greater than 12% The
collectlon flask for hold-ups less than 12% is described else-
where (37) Flgure V—2 is a dlagram of the hypodermic needle
v»samplingvsystemAandHFlgure V—3-g1ves.detalls of the sampling valve.
. Theftﬁacef injeotioﬁ:erfahgementfis given in Figure V-hiand

details Of the tracer distributor are shown in Figure V-5.

‘-Figures‘v§63'V-7, end V-8 show the 0.126-in. I.D., O. 086-
in. I. D., and the 0. 053 1n. I D.lnozzle tlps together with the
respective nozzle tlp support plates and nozzle tip caps or
plugs for use in theAl%—ih.:I.D.'spray.column. The nozzle tip
- support plates:were_press fittedvinto the nozzle designed by
Choudhgry (35);‘lThe flow‘straightener in the nozzle designed by
Choudhury was_hot used in the present work. The 0.103-in. I.D.
nozzle tips, tbe corfesponding nozzle ﬁip support plate end nozzle

tip oaps are,described elsewhere (30, 35). The inside diameter of
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each nozzle tip in each set of nozzles was measured by means of
é travelling.microscope. Two such diameters at right angles to
each other were measured for each nozzle tip. The arithmetic
. average of ﬁhe nbzzle tip inside diameter was calculated for

each set of tips.

The_PerspexAbox used'to.reduce optical distortion in the
11-in, I;D.-céiumn is shown in Figure V-9. An O-ring was press
fitted in each of the»fop énd bottom of the box to prevent the loss
of‘watér.ffom béfwéen the=bbx.ahd the column. The cardboard
light shield,’which‘fittéd‘5Vef‘the Perspex box, is shown in

Figure V-lO.. The'inside'éurféces of the light shield were painted
with black,ink‘to rédﬁce:unWanted.light reflections. The eight

sheets df tracing paper in the light shield served as a diffusing

screen for the-light;

Figure Vfll shows the nozzle and nozzle tips assembled in
the lower portion .of the 3-in. I.D. column. Details of fhe
varibus parts of fheiasSembly are given in Figures V=12 to V-17
inclusive; The diamétrically_oppésite holes labelled B in Figure
V-17 were outleté’for the aQueous phase. "The third hole labelled
B was fof a thermométer well., The nozzle support fitted into E.

C was for a drain valve.

Figure V-18 shows the Elgin head for the 3-in. I.D. column
and Figures V-19, V-20, and V-21 give details of various component

parts. The aqueous phase inlet pipes, shown as A in Figure V-18,
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, uere screved intovtne‘holes marked C in Figure V-19. ' The two
holes labelled B in Figure;V-l9'were the dispersed phase exits
and E in the SamelFigure abcommodated_a thermometer well. F
_ in'Figure'V-2O accommodated another thermometer well.’ The six
holes,-C, in Flgure V-20 were for bolts which held a standard
.flange.t Thls flange compressed the polyethylene packing shown

in Flgure V- 2l. E in Flgure V-EO was for a drain valve.

» Figure'Veéé}ahoﬁs”tne‘Perspex box used to reduce optical
_distortlon"in the”3ein;>I{D.»coluﬁn«_ O-rings were press fitted
'.1nto the top and the bottom of the box. to- prevent the escape of
',vwater from between the box and the column Drop,photographs were
.taken_through_a-6—in;;long.section-of 3-in. I.D. glass pipe cut
from'a longer;piéég,;afnig 6-15; piece used for photography
‘tnerefore-nad:unflanged-ends.; Itrwas ‘held. in place, concentric
with the rest of the column, by means of two flanges, one of
iwhlch is shown in Flgure V -23. Four_9-1n; long aluminum tie-
rods held the flanges in pOSltlon., Each endfof these was threaded

- and carrled a nut for tlghtenlng purposes.
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' DELIVERY)

PISTON SAMPLE COLLECTION FLASK FOR 'LARGE EOLD-UPS
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FIGURE V-2. HYPODERMIC NEEDLE INSTALLED FOR SAMPLING
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‘NOZZLE TIP CAPS _
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/ SPECIAL
PYREX REDUCER

=
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’\\ NOZZLE TIP
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" FIGURE V-1l. LOWER END OF THE 3-IN. I.D. COLUMN
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.~ TRIANGULAR PITCH
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12 HOLE S Y% D. 4 HOLES %"pD.
ON 1% P.C.D. ON %" P.C.D.

'SECTION ON A-A | VL

MATERIAL: STAINLESS STEEL

FIGURE V-15. FLOW STRAIGHTENER FOR THE 3-IN. I.D. COLUMN NOZZLE
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FIGURE V-17. - END PLATE FOR THE BOTTOM OF THE 3-IN. I.D. COLUMN
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/s' STAINLESS STEEL PIPES (AQUEQUS PHASE
INLET).

UPPER END PLATE OF ELGIN HEAD.
TEFLON COVERED GASKETS.

- 9" LONG, 9"I1D. QV.FF GLASS SECTION.
LOWER END PLATE OF ELGIN HEAD.
LOWER END PLATE PACKING. -
103/2" LONG, 3" I.D. PYREX "DOUBLE TOUGH"
PIPE WITH FLAT UNFLARED UPPER END |

FIGURE V-18. ELGIN HEAD FOR THE 3-IN. I.D. COLUMN
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P.C.D.

' FIGURE.V-19.  UPPER END PIATE FOR THE ELGIN HEAD OF THE 3-IN. I.D. COLUMN -
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'F | HOLE DRILL AND TAP Y%"
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TAP E AND F FROM
THS SIDE
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VH NANANA 1N S |
|33/4" D. ! ' >

SECTION ON A-A -
MATERIAL STAINLESS STEEL

FIGURE V-20. LOWER END PLATE FOR THE ELGIN HFAD OF THE 3-IN. I.D. COLUMN
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MATERIAL: POLYETHYLENE

FIGURE V-21. LOWER END PLATE PACKING FOR THE ELGIN HEAD OF THE 3-IN. I.D.
E COLUMN - .
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FIGURE V-23. FLANGE FOR THE PHOTOGRAPHIC SECTION OF THE 3-IN. I.D. COLUMN

1 %"




APPENDIX VI
DIMENSIONS OF THE GLASS PORTIONS IN THE COLUMN TEST SECTIONS

AND MEASUREMENT OF PURGE TIMES.

aj Dimensiens of the gl&Ss-poftions in the column test sections.
vThe:lengfh,snd‘inside diameter of each piece of Pyrex

"Double Tough' glass plpe in the test sections of the 13-in.

I. D. and 3 1n. I D. columns were measured by means of vernier

callpers , The I D. ‘was taken to be the average of six readlngs

Niequally spaced along the length of the glass piece. These

measurements are glven in Table VI 1.

TABLE’VIdlﬂ' DIMENSIONS OF THE GLASS - PORTIONS IN THE COLUMN

| TEST SECTIONS.

Section of - .- 'Léﬁgth - -I.D.(ll-in. Length- I.D;(3;in.
column = " 1% 1T.D. col- | (3-in.T.D.|T.D.colum)
between . - _I.D.column)|umn) - | column)

positions v _: e A

(See diags.. | “in. . in. in. in.

10 and 20) - | . E ’

Tracer dist}_ : o _
ributor andel .6;0A4.» "I 1.500 ' 5.983 2.992
land 2 © | 5.967. | .1.500 6.022 3.026

2 and 3 5.969 |97 | 6.020 2.985

3 and 4 5.978 .| 1.503 5.975 2.989

4 and 5 6,024 'i.-:-l,h92 | 6.020 3.008
5and 6 | 5.793% | 1.497* . | 6.01k 32009

6 and 7 5.975. ‘1,504 6.008 2.992

7 and 8 6.050 | 1.595 6.044P 3.ozdb

8 and 9 | 6.089 - | 1.508 | 6.018 2.998

9 and 10 6.032 - | 1.500 1 5.996 | 2.995
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&The piston sampler block feplaced a glass section.
o T U v :
This piece of glass was used as the photographic test section.

It was cut from a longer piece of Pyrex "Double Tough" pipe.

' The thickness of each polyethylene gasket was measured énd
~ was found to be 1/16-in. This measurement did not change when

the gasket was compfessed‘betﬁeen two pieces of glass.

- b) Measurement of purge times.
i) Hook and bell-probes sampling lines.

The columﬁ waé‘broﬁght to steady state Qperating conditions
i with the transfer.oﬁ acetic'acid from the contiﬁuous phase to
the- dispersed phase as described under Experimental Procedure.
With the probes a few inchesvbélow_the interface the flow of
samples infé the prdbes and aiong fhe sampling lines was started
and ﬁaintained for aﬁbut 2-hr; Without altering the sampling
rateé thg pfdbes were. lowered to_abéut 1-ft. above the nozzle
tips. Samples from eéch pfdbe were collected‘at time intervals
of about l-min.‘untii 30-miﬁ,.after moving the probes. The
‘bell-probe samples Weré.shaken vigorously many times to bring
the two phases to equilibrium., The hook=-probe samples and the
ketone phage of:the.bell-prdbe_samples were analysed‘for acetic
acid as_described»earlier. For each probe a plot was made of
the concentration of acetic acid in each sample versus theltime
after moVing the probes. ' The purge time was taken to be that
time when there was‘no.change'in concentration with increasing

time.  Purge times were determined for various sampling rates
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between h-ml,/min° and 20f5ml./min° It was found that a conserv-
ative estimate of the minimum purge timevforveach of the sampling

lines was giveh by the following equation.

e iy 120
Purge time’ (min.) " ,sampling rate (ml./min.)

ii)' Hypodérmic needles.

' The inéidendiaméter of a.22;gauge hypodermic needle is sb
small that the purge-timé for such a sampliﬁg device islvery
sm?ll. A’conséfvativé:estimate of the minimum purge time was
estimated in £he“fbl;§ﬁihg manner. A hypodermic needle sampler
lwas inserted through-oné“of the l%-in. I.D. polyethyléne gaskets
described earlier.' This’gasket was sandwiched between one end
| of a 3-ft. length of l%-in,vI.D; Pyrex pipe and:a l%-iﬁ. dia.
disk‘of l/l6-in. thickrdeyethylene. The gésket and disk were
v clampedvﬁo'thebendkof the pipe;by means of an aluminum end
piaté and flange; The‘pipefwas filled with water aﬁd a sampling rate
of 3/4-ml./min. through the needle was established. The water
was pouredvbutbof the pipé‘énd then the pipe was filled with an
'aqueCus solution.of potassium permanganate. The flow of liquid
through_the hypodermic needle rééommenced at 3/l+-ml./min° The
coiour of the potassium>permanganate showed up in the sample
issuing from the needle in less than L5_-sec. The change in colour
was so rapid that the time between that when the colour first
appeared and that when it reached full strength was considered
to be negligible. .A purge time of l%-min. was‘considered to be

conservative for sampling rates of at least 3/h-ml,/min.



