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SUMMARY

Mass transfer characteristics of a liquid jet in a
liquid continuous phase have been studied using a captured
jet technique.

A vertical jet was formed at the centre of a glass
sided square-section cell of 102mm x 102mm X 305mm which
held the stationary continuous phase. The technique allowed
the length of exposed jet interface to be varied between
5 to 90 millimeters by adjustment of the gap between the
nozzle and the capture probe. The flow rate of the jet
phase could be varied between the minimum jet forming
velocity up to and beyond the jet disruption velocity.

Four binary systems and two ternary systems were
studied. Water was retained as the continuous phase
throughout.

The jet geometry was photographically recorded and a
particle trace photographic technique was used to determine
the interfacial velocity. These experimental data were
generally in poor agreement with theoretical predictions.

The total mass transfer was determined over a range
of jet lengths and jet flow rates and in either direction.
Experimental mass transfer data were compared with a number
of predictions. For transfer out of a binary system jet
the best agreement was for a numerical solution of the
diffusion equation incorporating experimental values for
the jet diameter and interfacial velocity. The penetration
theory solution model incorporating either experimental or
predicted velocity data showed agreement within 25%.
Transfer into the jet for binary systems, and in either
direction for ternary systems, was enhanced at high flow
rates and at long jet lengths beyond any of the predictions.
The mechanism for enhancement was proposed to be turbulence
within the jet and capture reservoir and predictions based
on molecular diffusion alone would be invalid in such
circumstances.

Interfacial contamination in one of the ternary systems

was observed to cause major deviation of its mass transfer
characteristics from any of the predictions.
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CHAPTER I

INTRODUCTION

1.1 INTRODUCTION

This thesis describes a study of the mass transfer
characteristics of liquid jets.

Liquid jets are encountered in a variety of situations
in mass transfer equipment. In both liquid-liquid
extraction and gas-liquid contacting cperations a dispersed
liquid phase enters the continuous phase in the form of
a jet prior to dispersion into droplets. The contribution
made by the jet to the total mass transfer occurring in
the column is in many cases probably small, since the
proportion of the total residence time and contact area
associated with the jet is also small. In some situations,
however, the contribution of the jet mass transfer is
significant. Examples of plate columns have been reported
in which redistribution of the dispersed ohase was in the
form of jets from each plate; these jets sometimes totally
spanned the gap between plates. Jets are also common
phenomena in liquid-liquid extraction columns, of both
the plate and agitated designs, which are inadvertently
operated with the dispersed phase wetting the internals.
Under all of the previously described circumstances, a
knowledge of the mass transfer contribution of the jets
would be essential for accurate estimation of the total

mass transfer of the column.

Clearly the mass transfer characteristics of liguid

jets are of inherent interest for the type of situations



described above. Many studies of the characteristics

of liquid jets, however, have been concerned not with the
jet mass transfer itself but with the advantages offered

by the laminar liquid jet for the investigation of the
general phenomena of diffusional mass transfer. The
parallel-sided section of the liquid jet offers a simple
geometry, and a well-defined and reproducible interface.
These characteristics combined with the advantace of short
contact time have made the jet wvaluable for the observation
of mass transfer mechanisms and for testing theoretical
models for the prediction of mass transfer.

The laminar jet has also been used in the study of
surface ageing and for the estimation of dynamic inter-
facial tension. In addition, techniques using a laminar
jet have been recommended for the estimation of the
molecular diffusion coefficient and for the estimation
of interfacial resistance to mass transfer. These latter
two technigues involved the comparison of the observed
mass transfer rates with predicted values. This approach
assumed that the predictions used were accurate; there-
fore it was essential for the equations used to be wvalid.
This was not always the case and there is continuing
uncertainty concerning the appropriate form of equations
for the prediction of mass transfer characteristics of
ligquid jets. This project, therefore, was designed to
determine the mass transfer associated with a submerged
liguid jet and to examine the success of various equations

in predicting this mass transfer.



1.2 BACKGROUND

The geometry of a free jet is indicated in Figure
1.01. The difficulty in the measurement and analysis of
mass transfer from a free jet is the realisation that it
is impracticable to identify within the total mass transfer
those components associated with different regions of the
jet. Particularly difficult is the analysis of the mass
transfer characteristics of the far extremity of the jet
where the flow tends to instability as the point of kreak
up into droplets is approached. The mass transfer
characteristics of jet break-up and of the subsequent freely
moving droplets will be governed by complex geometries
and hydrodynamics. The only region of the jet interface
for which a reasonable attempt can be made at identification
of the mass transfer.mechanism is the relatively straight-
sided section of the jet prior to the development of the
nodes. If a mass transfer technique can isolate the
transfer associated with this section of the jet then
analysis of the mass transfer becomes much simpler. Techniques
have been described which allow the capture of the jet, and
leave only this parallel section exposed,and it is such
a technique that the current study has adopted. The
technigque generally involves the issuing of a jet of
liquid from a vertical nozzle. The jet impinges at the
centre of the cup of a collector which is positioned
directly vertically above or below the nozzle depending
on which  phase is heavier , The flow through the nozzle
is precisely balanced with that through the collector

such that the jet is wholly captured into the collector
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FIGURE 1,01: FREE JET OF TOLUENE IN WATER




and such that no continuous phase is entrained with the
jet fluid.

The advantage of using the captured jet technique
and the submerged jet geometry as a vehicle for general
interphase mass transfer studies is obvious. After the
initial contraction from the nozzle exit the jet main-
tains a sharp, well-defined and reproducible interface,
the area of which may ke readily measured.

Further advantages of the jet technique may be recog-
nised. For instance, the flow regime and the velocity
profiles on either side of the jet interface are devendent
solely on the volumetric flow rate, on the geometry of the
nozzle and on the physical properties of the fluids.

Thus for a given combination of nozzle, system and flow

rate the flow regimes and velocity profiles are reproducible
between tests and, moreover, they may commonly be described
by relatively simple mathematical expressions.,

The flexibility of the captured jet technique in
allowing easy variation of, for instance, transfer area
and contact time is a particular advantage. For a given
nozzle diameter the interfacial area may ke adjusted
simply by changing the distance between the forming
nozzle and the capture device. The contact time may be
adjusted independently of the interfacial area by variation
of the jet ohase flow rate. This ability to vary the
contact time,and the fact that contact time may be made
very small:is seen as a valuable property of the jet
technique in that the bulk phase resistances to transfer

are reduced compared, for instance, to those for immobile



interfaces and any small resistance in the interface
itself should become easily detectable.

The jet technique has been used previously to study
interphase mass transfer in both gas-liquid and liquid-
liquid systems. Mathematical models have been developed
to predict the mass transfer rate but the use of such
predictions has not met with complete success. Attempts
to model the mass transfer characteristics of a liquid
jet in a liquid continuous phase have given rise to
particular difficulties owing to the lack of informatiocn
on, and lack of understanding of, the mechanism of fluid
flow and mass transfer. Transfer from the jet into the
continuous phase, particularly, has received little
attention.

The importance of developing a successful mathe-
matical model to describe the mass transfer character-
istics of the liguid jet is obvious if the jet technique
is to be used for examining general mass transfer
phenomena. The laminar liquid jet, for instance, has
been used in combination with mathematical models to
estimate such phenomena as molecular diffusivity and
interfacial resistance. The risk of using an inapprop-
riate predicting equation is best indicated by consider-
ation of the work of Quinn and Jeannin (33). They
predicted an interfacial resistance of 80 s em 1 in the
transfer of isobutanol into a water jet having compared
their experimental data with a solution of the pene-
tration theory equation which assumed a perfectly flat

velocity profile within the jet. This 'rod-like flow'
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model is quite obviously inappropriate to describe the
flow characteristics of a liquid-liquid jet. This
inappropriateness was emphasised by Fosberg and Heideger
(38) who developed a numerical solution of the diffusion
equation for a jet and showed the same system to have
negligible interfacial resistance.

It is thus clear that to make full use of the
advantages of the parallel-sided jet in mass transfer
studies an appropriate mass transfer predicting equation
is necessary. Further to this, however, it is also
important to have appropriate values for the physical
properties of the system and also to have a clear picture
of the flow mechanism. An example here may again be
drawn from a comparison of the work of Quinn and Jeannin
(33) and Fosberg and Heideger (38). All of the mass
transfer prediction equations for jets require the
incorporation of a value of interfacial velocity. Quinn
and Jeannin introduced interfacial velocity wvalues
predicted by the equation of Garner, Mina and Jensen (37)
into the penetration theory equation. They found poor
agreement with their experimental data. For the same
system, however Fosberg and Heideger found good agree-
ment between prediction and experiment when use was made
of experimental interfacial velocity data. It is avparent,
therefore, that to make best use of a predicting equation,
accurate interfacial velocity data is essential for the
satisfactory prediction of mass transfer. As far as may
be gathered from the literature the theoretical predictions

of interfacial velocity have not been particularly



successful in this respect and accurate experimental
interfacial velocity data must be collected.

There is one further phenomenon associated with the
interfacial mass transfer which, it appears, may well
affect the mass transfer characteristics of the jet or
indeed of any interphase mass transfer system. This
phenomenon is interfacial contamination. Several authors
have noted that the addition of surfactant material
can reduce the interfacial mass transfer rate considerably.
Insufficient work appears to have been done on this
phenomenon for jets to allow firm conclusions to be drawn
regarding the actual mechanism but it was clearly necessary
in the present work to avoid the effect of surfactant
contamination.

It is clear that previous workers have met with vary-
ing degrees of success in their attemots to model the
mass transfer to or from a captured liquid jet in a liquid
continuous phase. Some of their conclusions, moreover,
have been conflicting. This project, therefore, aimed
to gather mass transfer data for the transfer between a
jet and its continuous phase and to examine the success
of different approaches to the mathematical prediction
of this mass transfer. Transfer in both directions was
studied, transfer out of the jet having received little
attention previously. It was aoparent that information
would be required on the geometry and hvdrodynamics of
the jets used and these must be cathered in situ. The
following chapters, therefore, present a review of the

previous work relevant to this study, a descrintion of
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the experimental approach made and subsequently the pre-
sentation and analysis of the data collected in order to

attempt clarification of some of the outstanding problems.
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CHAPTER II

LITERATURE REVIEW

2.1 INTPODUCTION

This literature review covers the areas which
relate directly or, in some instances, indirectly to
the mass transfer characteristics of a ligquid jet sub-
merged in a liquid continuous phase.

Studies of the experimental and theoretical mass
transfer characteristics of the jet are discussed as
well as those aspects of fluid dynamics and jet geometry
which are essential for a full understanding and analysis
of the mass transfer. These latter areas include jet
diameter and free jet length, interfacial velocity
and velocity profile and their effect on the experimental
ané predicted mass transfer. The effect of surfactant

addition on jet mass transfer is also outlined.



2.2 THE GEOMETRY HE SUBM
2.2.1 Jet Length

Many experimental and theoretical investigations on
the phenomena of jet break-up are reported in the literature.
Most theoretical studies have been based on a low viscosity
ligquid jet in non-viscous, zero density surroundings and
the supporting experimentation has commonly used a liquid
jet in gas to approximate these conditions. Though
this research programme was concerned only with ligquid-
liquid systems it is important to cite the literature
relating to liquid-gas systems as it was from this that

much of the liquid-liguid theory developed.

Most theoretical énalyses of jet break-up are based
on the concept of growth of an initial disturbance. This
concept was originally conceived by Savart (1) and by
Rayleigh (2, 3, 4, 5, 6) and was subsequently refined by

Weber (7).

It is considered that when a liquid is injected
through a nozzle into another fluid with which it is
immiscdble then a jet is formed which,in all real situations,
is subjected to some random disturbance. The source of
this disturbance may be,

(a) the surface roughness inside the.nozzle
(b) nozzle vibration
(c) the tendency of the jet to expand on exit from the

nozzle or to contract under interfacial forces



(d) random disturbances (turbulence in either or both

bulk phases)

(e) the momentum imparted by jet injection.

It is generally considered that this disturbance,
whatever its source, may initially be small but it will
grow in amplitude almost exponentially as it moves in
the direction of flow until it reaches a point at which
its amplitude becomes comparable to the jet radius (Rj).

At this point jet break-up is reported to occur.

From the work of Rayleigh (4) it may be shown that

the amplitude of the growing disturbance at any time t

may be given by

a=ag (at + ikz + ihg) 2.201
where :
a (alpha) = the growth rate
k = wave number
z = axial co-ordinate

h = number of axes of symmetry about which
the disturbance oscillates
8 = azimuthal co-ordinate and

8, e initial amplitude of the disturbance.

It is generally agreed that the disturbance on a
circular jet is axisymmetric at least in the low velocity

regions (2,3 , 4,7 8,9, 10) for which case the growth




rate becomes,

a=a_e 2+ 202

R.
g=Lk=211nd 2.203
u, a
3 o)
where:
Rj < 1s the jet radius
L - jet length at break-up and
uj - Jjet wvelocity.

From the Rayleigh analysis (2, 3) for a jet in zero
density surroundings
3

o f(x)[ o 3] : 2.204
€495

where:
X = F\/Trdj

¢ = interfacial tension

pj = jet density
A = wave length
dj = jet diameter

This form of equation is supported by the dimensional
analysis approach made by Smith and Moss (10) who found

that for a mercury jet in mercurous nitrate solution in the
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low velocity region,

: 5
@« = f - 2.205
p.d.
PJ J
Combining equations 2.203 and 2.205 gives
L i .u?_p...d. e A T
™S Sl (O G s o 2.206
dj (o} a,

where K' is a proportionality constant.

The dimensionless grouping is termed the Weber number,

Weiw o2 2.207

Thus the eguation becomes

y R.
=K' We? gn El 2,208
3 o

DJ'L"

or; it Rj/a0 is constant

- KlWe% 2.209

Dalt"

It is this form of equation which is often used to
correlate experimental data on the length of a jet at break-
up. The correlating factor is often the proportionality
constant Kl' This equation suggests that jet length would
be a linear function of velocity but experimental results,

however, show a curve of jet break-uo length of the form
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JET LENGTH

FLOW RATE

FIGURE 2.0l1: Typical relationship between the jet flow
rate and the jet length at the break-up point.



shown in figure 2.0l. It is certain, therefore, that
equation 2.209 might, at best, predict only the linear
section of the curve A-B (Fig 2.0l1). In fact only fair
correlation has been found for this linear section.

Weber (7) for instance, for a water jet in air, found

Kq= 12.0, a value supported by subsequent work (10, 11,
12). For other fluids in air, however, the value for K,
has fallen over the range 11 < Kl < 16 in this low velocity
range. Merrington and Richardson (12) determined Kl for

a range of jet phase viscosities in air and concluded that
K, increases with jet phase viscosity. This was supported
by other works (&4, 13). In order to take jet phase vis-
cosity into account Weber's analysis was developed into the
following form which, however, still assumes a low density

surrounding phase.

L.k we?> + 3 wWe/Re) in (R./a) 2.210
dj 2 i Julien

or, for Rj/aO constant,

% = K. (2> + 3 We/Re) 2.211

The experimental data of Grant and Middleman (14)
obtained over a wide range of nozzle diameters and jet
phase viscosities showed reasonable agreement with this
equation at low velocities. Their value of K3 = 13.4 was

comparable with Weber's prediction. They modified

equation 2.211 however, on the basis of a least squares



fit and presented the following equation.

5 5

L/dj = 19.5 (Weo' + 3 WE/Re}O'8 2.212
Grant and Middleman (14) pointed out the significance
of the Ohnesorge number Z = (WeO'S/Re) to these phenomena.

This significance will be discussed later.

Whatever their success in predicting the linear section
of figure 2.01 none of the above eguations predict the
maximum and subsequent decline of jet break-up length. An
explanation for the failure to predict these phenomena has
been sought from the term ﬂn(Rj/aO) which for most early
work was considered as a constant. There is little
evidence, however, that this ratio of jet radius to the
amplitude of the initial disturbance should be constant.

It seems more reasonable to assume that a, is some function
of the flow or of the jet Reynolds number (Re). Burkholder
and Berg (15, 16) for instance prefer to re-write equation
2.01, which gives the amplitude of the disturbance at time

t' aS,

a=rRe. ae (at + ikz + ihse) 2,213

Grant and Middleman have proposed that the term
(Rj/ao) is a function of the Ohnesorge number z. Though
their own results were insufficient for verification of
this proposal it was to a great extent substantiated by

the work of Phinney (17). It was considered that the
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Desig-
nation

1

Composition

Glycerine-water
(approx. 88 wt.
7 glycerine)
Glycerine-water
(approx. 72 wt.
7 glycerine)
Fthylene-glycol
Ethanol-water
(approx. 95 wt.
% ethanol)
Distilled water

Viscosity,
poise

1.62
0.28

0.179
0.0132

0.0091

Density,
g./cm,

1.235

1.190

1.118
0.802

0.997

Surface | Nozzie Dimensions

tension,
dynes/cm

62.8

64.5

48.2
233

1.0 =

Nozzle

o1 U LD~

Nozzle
diame-
ter, cm.

0.137
0.138
0.137
0.0860
0.0840
0.0840
0.0865
0.0620
0.0310

Length, /D
cm., ratio
14.0 102
1.02 7.4
0.98 72
8.90 104
4.29 51
2.19 26
0.60 6.9
5.90 95
4.90 148

TABLE 2.01:

Nozzle dimensions and physical properties of
the systems studied by Grant and Middleman (14).
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Ohnesorge number to jet length at

break-up.
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(i.e. at peak jet length)
with Ohnesorge number
according to the data of
Crant (14).



value of Rj/ao shouldldepend on the internal flow as
characterised by the nozzle Reynolds number and on the
interfacial tension. Phinney used low velocity data from
the literature (8, 11, 18) for low viscosity systems
(satisfying the criterion that We < 5.3) to calculate

the value of in (Rj/ao) and to observe its dependence on
Re and the Ohnesorge number Z. Both of these dimensionless
groups were found to be significant as may be appreciated
from figure 2.02.Reynolds number plotted against &n (Rj/ao)
showed particularly interesting curves. Up to a critical
value of Re the value of &n (Rj/ao) retained a value
dependent solely on the Ohne_sorge number. Above this
critical Re the curves fell sharply. The critical value
of Re was considered to be the limit of the Weber theory's

validity.

The relatively successful correlation between the
_various modified forms of the Weber equation and jet
break-up length in gas-liquid systems has not been par-
allelled for liquid-liguid systems. The reasons for this
failure stem probably form the assumptions made in the
Weber analysis. Ranz and Dreier (19) amongst others pointed
out, for instance, that in liquid-liquid systems the
physical properties (density and viscosity) ofneither

phase may be considered negligible.

Tomotika (20) was amongst the first to attempt a
Systematic stability analysis which took account of the

density and viscosity effects of both phases., His approach
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as advanced by Meister and Scheele (8) who noted that
(unlike the case of liquid jet in gas) a liquid jet in

a liquid will be subjected to a resistance from the sur-
rounding phase which may affect the jet in several ways.
One major effect is the maintenance of the parabolic
velocity profile across the jet. With a gaseous sur-
rounding phase the velocity profile is flattened as it
moves away from the nozzle and in this case the use of
the average jet velocity Ej in Weber's equation 2.209
may be appropriate. Meister and Scheele, however, chose
to modify the analysis by introducing an interfacial

velocity (u;) instead of Ej

L 5 }
J g ey 2.214
(o]

They further amended the equation for the simplified case
of a non-contracting jet by multiplying uy by a factor

an/Rjz. The eguation becomes

L tn(R_/a )
RE T gzéu = L2 2.215
o | G

The interfacial velocity value u; was obtained from,

wy = Ej (1 + e 2% (1 - B2 2.216

where,
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A = (3/G)l/3 (2) 2/3 ; Rn = Nozzle radius

-2/3.

w
|

(105/6)1/3 (Z) L = Overall jet jength

R = Jet radius at the end of the jet just before

break-up

Egquation 2.15 may be solved for low velocity, low
density systems by assuming that the interfacial acceler-
ation is very rapid during the first distance Sdn from
the nozzle and that uy remains constant and nearly equal
to the average velocity beyond Sdn. The approximate
solution under such circumstances is,

241, d?u:

1 i

ol

Meister and Scheele obtained values for zn(Rj/ao)
for 5 nozzle sizes and 19 mutually saturated liguid-
liguid systems. They obtained a value of zn(Rj/ao) =6
by two methods, the first from the slope of the jet length
curve and the second by extrapolating the node amplitude
back to the nozzle. They found agreement between experi-

mental and predicted data with a mean error of 24%.

Despite the reasonable success found for Meister
and Scheele's equation in predicting the linear section
of the wvelocity versus jet length curve (figure 2.01) the
equation will not predict the critical velocity (i.e. the

velocity at which jet length is a maximum) nor will it
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FIGURE 2.03: The jet length data of Meister and Scheele
(8) showing the abrupt jet lengthening.

G T T T T
MERCURY JET IN AQUEOUS
SOLUTION OF HgNO,.
Nozzle diameter = 0.021 cm
L =1
E
S
20 5
e
= 10000
cC
Q
= ol _
5 \\
9
0 ! ! | |
0 25 50 75 100

Head (cm)

FIGURE 2.04: The jet length data of Smith and Moss (10)
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predict the L-u curve beyond the critical point. They
themselves argued that this was due to the fact that at
the higher velocity the axisymmetric nature of the dis-
turbances which their work and all earlier work assumed
was no longer the sole mechanism. Although the growth
rate of symmetrical disturbances still controls the drop
size it no longer controls the jet length. This role is
taken over by sinuous waves which becomes more prominent
as the critical velocity is approached. This view was
supported by other workers (21). The nature of the sin-
uous wave becomes strongly dependent on the relative

velocity between the phases,

The physical pictures proposed by Meister and Scheele
for the whole range of velocities and jet lengths are
best described with reference to their experimental results
presented here as figure 2.03. They saw three critical

velocities,

i) the jetting velocity
ii) the jet lengthening velocity

iii) the jet disruption velocity

At very low jet phase flow rates the fluid separated
at the nozzle as discrete uniformly sized droplets. At
a given nozzle velocity the formation of a jet was noted.
The critical jetting velocity is interpreted by Meister
and Scheele as the point at which the interfacial forces
holding the fluid in droplet form at the nozzle are over-

come by buoyancy and kinetic forces. The force balance
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equation is given as

) dn g
u, =K (1L - =— } 2e2l9
] [-ps'd“ df)
where:
df = diameter of the formed drop

©
Il

surrounding phase density

The droplet size at the jetting velocity is given
by Klee and Treybal (22) as

3. &0, 3%, 014  -0.43 10,38  0.30

£ 3 My 2,220
Meister and Scheele suggestdthat as the drop size
does not remain completely uniform in the jetting region,
the experimental average diameter at nozzle velocity

just prior to the jet lengthening is to be used.

As the jetting velocity is exceeded the jet length
increases until it achieves a maximum. In gas-liquid
systems the increase in jet length is almost linear with
respect to jet phase velocity and is adequately described
by the Rayleigh or Weber predictions. Some work on liquid-
liquid systems has shown a similar linear relationship
between jet length and jet phase velocity (10, 23, 24).
Meister and Scheele (8), however, noted that at a certain
velocity there was an abrupt lengthening of the jet as
shown in figure 2.03. They interpretedthis sharp increase

in terms of drop merging. They assumed that, above a



certain nozzle velocity, the velocity of the droplet
(ud) as it moved away from the nozzle %was insufficient
for the drop to escape before the next drop formed behind
it. Consequently abrupt lengthening of the jet occurred
over a small velocity change owing to drop merging. The
critical velocity at which this abrupt lengthening
occurred was predicted by
2df2
By =33y UR 2+22%
n
UR is the average velocity of the drop over first drop
diameter. The jet length increases more slowly beyond
this point until it achieves a maximum value. This
approach to the maximum was considered by Meister and
Scheele (8) and by Dzubur and Sawistowski (23) as
representing the range over which the sinuous wave form
takes over from the axisymmetric nodal form of disturb-
ance. The sinuous wave tends to throw the drop away
from the path of the jet and thus to terminate drop

merging.

The extreme development of this new sinuous form
of jet disturbance culminates eventually at the jet
disruption velocity. Ranz (25) has called this the
thrashing velocity and has noted that it results in non-
uniform droplets. Meister and Scheele have presented
equation 2.222 and Dzubar andSowistowski (23) present

Ranz's (25) equation 2.223 for the prediction of the jet
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disruption velocity. Both groups of workers found good
agreement between their experimental results and their

own equations.

1.9050 (2.25 Py + 0.70 ps)

(U, - U.)2 = 2.222
A i PyPg
UA = Average jet velocity
g.d. %
mof === | =2.83 2.223
A a

No work has adequately described the jet length
versus jet vhase velocity curve beyond the maximum in
the curve. This is mainly due to the lack of under-
standing of the flow mechanism in this region. Dzubur
and Sawistowski found that the flow regime changed at
and after the maximum. Their photographic observations
of the jet agreed with the work of Christianson and
Hixon (26) in that they noted that turbulent jet break-
up may occur below Re = 1000 and thus little parallel
could ke drawn between jet flow and flow in tubes.
Indeed it has been reported that turbulence in liquid-
liquid jets may occur at Re = 2. Meister and Scheele
(8) have examined the suggestion that the flow regime
in the jet is highly dependent on the flow path of the
fluid within the nozzle itself. They introduced arti-
ficial disturbances in the form of mesh screens into
the flow stream within the nozzle. These disturbances
had a considerable effect on the jet length. The jet
length was reduced and in extreme cases the jet

lengthening zone was not observed. It is, therefore,



apparent that in any study of jet phenomena the flow
pattern of the fluid within the nozzle may be critical
to the characteristics of the jet. This comment may
suggest an explanation for the incompatibilities in

the data of the various researchers in this field.

2.2.2 The Effect of Mass Transfer on Jet Length

Most experimental and theoretical investigations

have revealed that jet length is proportional to the square
root of the interfacial tension (o%). The situation is
more complicated, however, when mass transfer is occuring.
When a solute is transferring across an interface it is
common to find that the interfacial tension will change
with the concentration of solute at the interface. The
phenomenon occurring at the jet interface would. be expected
to affect jet break-up phenomena. Meister and Scheele

(8, 9) Dzubur and Sawistowski (23) and Burkholder and

Berg (16) are amongst'Ehe best investigations of this

phenomenon

In the continuation of their comprehensive study of
jet phenomena Meister and Scheele (8, 9) presented jet
length as a function of flow rate for a jet system in
which acetone transferred between water and toluene .

It was found that, with a toluene jet in an agueous
continuous phase, transfer in either direction decreased
the initial jetting velocity. For low jet velocities
transfer in either direction tended to increase the jet

length. At high jet velocities, however, the situation



30

T I T T T T T T
Syctems:

no mass transfer
transfer into jet
transfer out of jet

e 1 -

1 1 1 ] 1 1 ] |

wWN =

L/%

FIGURE 2.05: The jet length data of Meister and Scheele
(€) showing the effect of mass transfer

I ] I i 1
Y System 1 phase equilibrium =
2 transfer out of jet
= 3 transfer into jet
4 solute-free system

L/d,,

FICURE 2.06: The jet length data of Dzubur and Sawistowski
(23) showing the effect of mass transfer



was reversed. The disruption velocity was lower for
transfer in both directions than for no transfer, as
indicated in figure 2.05. Dzubur and Sawistowski (23)
noted similar phenomena (figure 2.06) using the system
Benzene-propionic acid-water and chlorobenzene-propionic

acid-water with water as the continuous phase.

Explanations for these phenomena were suggested by
Meister and Scheele to be associated with a lowering of
the interfacial tension. Dzubur and Sawistowski, however,
noted a considerable difference in the behaviour of the
jet for the cases where there was mass transfer and where
the phases were contacted at equilibrium concentration.
They suggested that the interfacial concentration during
solute transfer should not be far removed from the equil-
ibrium value. It was suggested, therefore, that the jet
length reduction was associated with the process of trans-
fer rather than simply with the expected change in inter-
facial tension. The phenomenon of surface stretching or
contraction thmughinterfacial tension variation(the Marangoni
effect), was suggested to be a factor in the enhancement
or suppression of interfacial disturbances. Differences
in interfacial concentration are anticipated to occur
between the peaks and troughs of the nodal disturbances
of a jet and thus movement in the interface to alleviate
the resulting interfacial tension gradients will occur
to enhance or suppress the node. Whether the disturbances
are enchanced or suppressed depends upon the direction of

transfer and upon the sign of the gradient of the inter-



facial tension/concentration relationship.

The most systematic theoretical treatment of the
effect of mass transfer on jet break-up phenomena is that
of Burkholder and Berg (15, 16). They pointed out that
whether the mass transfer lengthens or shortens the jet
depends upon which phase has the stronger Marangoni
convection as dictated by the physical properties of the
system. They, therefore, performed a linear hydrodynamic
stability analysis on the system to predict theoretically
the effect of solute transfer. Their major conclusions

were as indicated.

3 Mass transfer of an interfacial tension lowering
solute either into or out of the jet may be either
stabilising or destabilising depending on physical
properties and mass transfer rate.

2 Surface adsorption may strongly counteract the stabi-

lising or destabilising effect.

They were unable to confidently predict the quantit-
ative effect of a given transfer but were able to show
that the predicted mass transfer effects conformed at
least gqualititatively to the experimental results of
Meister and Scheele. They did warn, however, that mass
transfer phenomena are complicated so that it will often
not be possible to predict whether mass transfer will be
stabilising or destabilising in a given situation with-
out performing a numerical solution of the complex

characteristic equation many of the functions and
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variables of which are not readily available.

2.2.3 Jet Diameter

A liquid jet flowing vertically in another fluid
with which it is immiscible is reported to exhibit
changes in diameter along its length. The jet diameter
and these changes in its value depend upon the following
factors.

i) nozzle diameter
ii) fluid velocity
iii) interfacial tension
iv) 1local acceleration due to gravity (direction
of flow upwards or downwards)

v) mass transfer.

Knowledge of the jet diameter is important in the
computation of the interfacial area and of the average
flow velocity, to which some mass transfer theories

relate the interfacial velocity.

Information available in the literature on the
relationship between jet diameter and jet length is
limited. Much of the early published data has been a
byproduct of investigations into dynamic interfacial
tension and generally dealt with the portion of the jet
near to the nozzle. Figure 2.07 illustrates the rapid
jet contraction encountered when the jet fluid wets the
nozzle tip and flows from the outer diameter of the

nozzle. It is immediately apparent that the velocity
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FIGURE 2.07: The rapid contraction of jet diameter near
to the nozzle, (nozzle wetted by jet phase).
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distribution in this situation is likely to be quite
different from that for which the nozzle tip is not
wetted. Data for the non-wetting case, however, is

not readily available from the literature.

a) Theoretical Approach

The contraction of the jet diameter is due to inter-
facial tension forces and the curvature of the interface
may be directly related to the interfacial tension.
Addison and Elliott (27) in their study of dynamic inter-
facial tension related this tension to the rate of con-

traction of the jet according to egquation 2.224.

1/3 2 1 1
= b) / =+ E—QEE(R_E = R—zr) 2.224

z = a (R,
J m 5 o

Qla

where Rj is the jet radius ( in cm) at axial position z

R0 external radius (in cm) at axial position z

and a, b are constants given the value
a = 3.0
b = 3.59

This eguation did not take into account the effects
of density and viscosity but Addison and Elliott (28)
later improved upon their equation by including the density
effect. A simplified form of their equation was pro-

posed by England and Berg (21).

Q2 A e B
-2-;2"'}—?‘—.1;' ok Dw RO S e pw) = C 2:225
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where: C = experimentally determined constant
pj, Py ™ densities of the lighter and
heavier phases respectively.

These equations, when compared with the experimental
data obtained by Garner and Mina (29) under similar

jetting conditions, show reasonable agreement.

The failure to include viscosity in these equations
neglects the possible effect of the velocity profile
within the jet. The most easily specified profile, is
of course, the flat profile which is normally assumed to
occur in liquid jets in gas after some short distance
from the nozzle. The viscosity of the gas may, of course,
be considered negligible but this approach would not be

valid for liquid-liquid systems.

An example of an equation which assumed the flat
velocity profile in predicting the diameter for the whole

length of the jet was given by Scriven and Pigford (30).

E‘i Ternhzg _1/4
dn = 1 + ——W— 2.226

This equation is limited in that it ignores all physical
properties of the system including the interfacial tension.
Despite this the predicted and observed data for liquid
in gas agreed very well particularly at distances down=-
stream from the nozzle when the profile may be considered

to be well developed, i.e. the flat profile.
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Duda and Vrentas (31) have had similar success with
their equation. These authors analysed the problem by
the development and use of a "Protean" co-ordinate system.
The equation is a complex one but Duda has solved it
numerically, for four simple cases. One solution for
the contraction of a vertical jet of water in air showed
extremely good agreement with experimental data. Duda
and Vrentas also indicated the significance of gravity
to the contraction of the jet. Their solutions showed
that the contraction for a horizontal jet was considerably
less than that for a downward moving vertical jet.
Although no solution was presented for an upward moving
vertical jet it is not difficult to imagine that in this
mode the contraction of the jet may be extremely small
or, indeed expansion of the jet may occur. Kimura et al.
(32) have in fact obserwved expansion in an upward moving
jet (Figure 2.09). Equation 2.227 of Meister and Scheele
(44) , however, considers the physical properties of the
system, such as interfacial tension and densities of the
phases, and was applied successfully for flow in either

direction in liquid-liguid systems.

=0 -3
- 2 4 8oy 80, _ & o
dj (gApdnz - pjun + dn} dj (dn) pju.n 0

b) Experimental Data

The systems which were particularly important to this
study were those for which a liquid jet flowedwithin a

second immiscible liquid. This type of system is not
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readily modelled by the equations available and thus
most researchers have resorted to direct measurement

and empirical equations.

o =
~0
Q=0.333 ml/s
dj e i
i Q=0.250 ml /s
n
[~ ] L. .
A Nozzle diameter, d =0.185cm
| 1 |

0.8 1.6 2.4
JET LENGTH(cm)

FIGURE 2.08: Jet profile measured by Quinn and Jeannin
(23) for water jet in isobutanol.

Quinn and Jeannin (33), Ward and Quinn (34) and
Skelland and Johnson (35) presented data for £he con-
traction of a liguid jet flowing downwards under gravity
within another liquid. Although the data was for a range
of systems all the data followed curves similar to those

shown in figure 2.08. All data showed a reducing diameter



as the jet moved from the nozzle. A lower volumetric

flow rate resulted in a more pronounced contraction.

Some investigations, interested in the size of the
droplets formed at jet break-up,measured the jet diameter
close to the point of break-up. Christiansen and Hixon
(26) related this diameter to the system parameter L

defined as,

2.228

Skelland and Johnson (35) presented an empirical
relationship relating this break-up point diameter to
Lo The equation was derived by a least squares fit
of data for six binary systems.

d

= 3,5037 Q—n + 0.949 2.229

‘n

A slight modification to this equation was suggested by

de Chazel and Ryan (36).

2 %
d Ap g dn

E'Ijl = 1+ ¢ ——"-) 2.230

where ¢ is an experimentally determined constant.

The literature remains unclear on the effect of two
major system properties, the direction of flow and mass

transfer, both of which were relevant to the present study.



In the majority of systems used in the present
study the jet flowed upwards from the nozzle. In most of
the reported literature the jet flow was downwards and
contraction of the jet hay been seen to occur. In the
work of Kimura and Miyauchi (32), however, upward flow
of the jet resulted in an expansion of the jet, a result
which may be predicted from the theoretical analysis

carried out by Duda and Vrentas (31).

The effect of mass transfer has also not been clearly
identified in the literature. The process of mass transfer
will change the interfacial tension of the system and
thus it may be expected that the jet diameter may be
affected. Addison and Elliott (27, 28) have further noted
that in mass transfer or adsorption of a surfactant
material the interfacial tension may change along the jet
as the surface ages. It was, therefore, apparent that,
in the absence of further data, the current study needed to
observe and record the jet diameter data for each system

and flow rate investigated.

2.3 VELOCITY PROFILE AND INTERFACIAL VELOCITY

2.3.1 Velocity Profile

For laminar flow through the nozzle the velocity
distribution within the nozzle is parabolic as in normal
pipe flow. The velocity approaches zero at the tube
wall and the maximum velocity is at the axis. The par-
abolic profile persists for a short distance downstream

of the nozzle but the shear force of the surrounding
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phase on the jet surface is considerably lower than that
exerted by the tube wall and thus the velocity profile
starts to relax as it moves from the nozzle exit. The
speed at which this relaxation occurs depends on the

nozzle diameter (dn), nozzle velocity (En) and the physical
properties of the phases, Where the surrounding phase

is a gas the profile often becomes flattened, the flow
approaching the rod-like flow model. For the liguid-liquid
vertical jet the parabolic profile, though flattened, is

maintained.

Ward and Quinn (34) presentequation 2.301 which
predicts the distance over which the velocity profile

becomes flat when the jet is in an inviscid media.

d 2 T2 g an Z d.

i) S e MBI e S TR 2.301
Q d 3
Jj (o] n
where: Rn = nozzle radius, cm
dn’ dj = nozzle and jet diameter, cm
o) = volumetric flow rate, cm? s—!
z = distance from the nozzle, cm

The value of z for which the plot of the left hand side
of the equation equals 4/3 is the distance at which the

jet approaches rod-like flow behaviour.

This equation is not expected to hold for liguid-
liguid systems where the surface forces are not negligible.

In approaching the case for viscous continuous phase it
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may be noted that the attainment of a flattened profile
is advanced by an increase in jet phase viscosity and
reduced by an increase in the continuous phase viscosity.
Garner, Mina and Jenson (37) solved the eguation of
motion for the velocity profile in a liquid-liquid jet
by taking into account the viscous effects of both the
phases. Their equation was tested by comparing their
predicted average to interface velocity ratio with
experimental results for a water jet in paraffin. The
agreement was satisfactory and Garner's equation has

been commonly used in more recent work.

2.3.2 Interfacial Velocity

The traditional approach to the modelling of the rate
of mass transfer to or from a laminar jet has been based
upon the penetration theory or a variant of it. In the
use of the penetration theory equation, knowledge is
required of the contact time between the two immiscible
phases in relative motion and separated by the interface.
The contact time of a fluid element at the jet surface
depends upon the interfacial velocity (ui) and on the
distance moved from the nozzle so that, assuming constant

U, g

£ = 2.302
u

The interfacial velocity is also important in defining

the flow condition at and near to the interface. In a
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liquid=liguid jet the contact time is very small and

thus the penetration depth is also very small compared

to the jet radius. The transferring solute and thus the
mass transfer process are confined to the laminar layer
which usually exists close to the interface. It is, there-
fore, more important to have knowledge of flow conditions
near to the interface, rather than within the bulk fluids,

when analysing the mass transfer.

One major difficulty in the use of contact time and
interfacial velocity in penetration theory calculations
is the knowledge that interfacial velocity is known to
vary along the jet length. This is caused by two effects.
As the jet fluid moves from the nozzle the parabolic
velocity profile across the jet relaxes and the inter-
facial velocity may, in the extreme case, approach the
average jet velocity. The sections of the jet near to
the nozzle are, therefore, subject to a change in inter-
facial velocity which must be taken into account in the
calculations. Experimental and theoretical results
indicate that interfacial velocity near the nozzle may be
as low as 1/7 of the average velocity and tends never to
exceed 1/5 the average velocity at this region,
Interfacial velocity may, in fact, never achieve a constant
value particularly for short jets. The situation is
further confused by the second of the effects mentioned,

that is the expanding or contracting of the jet.

Theories derived for the prediction of interfacial



velocity (8, 29, 30) are mostly incomplete in that they

do not account for all the variables affecting the
phenomena. The resulting equations at best reflect the
affects of some of the variables whilst others are omitted
for the sake of simplicity in the solution of the complex
equations. A typical example of a simplified form of
equation is that of Scriven and Pigford (30) derived for

a liquid jet in a gas.

; a a
5 s
=1 o g 2,303

Gll—‘

where: a; = Q.1873, a, = 0.0176

x = z/448

2 2 S ) 8%
g = (13/ 80)(ucpj/uj)

(o34
[l

boundary layer thickness given by:

R 2 72 g R Y R, + R,
= 2.094|(z%) =1 ——7152—“ LBE % ——R-—l 2.304°
| 5

B core velocity

The equation neglects completely the effects of the
surrounding phase as well as the gravity effects. It
has further been assumed that, beyond the boundary
layer, the velocity within the jet is almost uniform at
(uc) the core velocity and this has been used as a

boundary condition.

This equation has very little practical significance,



L5

at least, with regard to the liquid-liquid jet. Garner,
Jenson and Mina (29), however, derived a more successful
equation by solving the equation of motion for the velo-
city profile in a liguid-liquid jet. The solution takes
into account the viscous effects of both phases. The

solution of the equation for the interfacial velocity is:

Uy = uj [(411} /{yus + 4uj)] = Buj 2.305

where:

H* - 4H2 + 4 1n(H) + 3
H* 1n(H) - H* 4+ 2H2 = 1n(H) - 1

Y—_—

H = ratio of container diameter to jet diameter.

For large values of H the value of y is not
appreciably changed by changes in jet diameter and thus
this equation predicts that B will remain virtually con-
stant. Interfacial velocity is thus suggested to be a
linear function of the average jet velocity. The experi-
mental results of Fosberg and Heideger (38), however,
suggest that B is, in fact, some function of the jet flow

rate (Figure 2.0 ).

Meister and Scheele ( g) attempted a further improve-
ment on the prediction of interfacial velocity by developing
an equation which took into account the density and vis-

cosity of both phases.
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Meister and Scheele compared the predictions from
this equation with their limited experimental data and
found satisfactory agreement. Figure 2.09 presents

their theoretical curves.

2.3.3 Techniques for the Measurement

of Flow Velocity

Numerous techniques for the visualisation and measure-
ment of velocity profiles in liquid systems are reported
in the literature. The requirement in the present study
was for a technique to measure the velocity and, if possible,
the level of turbulence at or near the liquid-liquid inter-
face. This requirement limited the range of technigues
which could be used and generally precluded those techniques
which involve the introduction of a 'large' probe into

the flow stream.

The techniques which have been adopted or recommended
for such work previously are those involving the intro-
duction of tracer particles, or, more recently, those
adopting advanced optical techniques such as the Laser-
Doppler Velocimeter. These techniques are described in

the following sections. Other techniques available are
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also discussed for completeness.

a) Optical Technigues = Particle Tracking

The widely reported particle tracking techniques
offer a relatively cheap and easy method for the visuali-
sation and measurement of velocity patterns. The majority
of these techniques are based on the visualisation of
the flow by means of appropriate tracer materials that
follow the flow stream. Generally the flow field is
illuminated and the motion of the tracer particles is
recorded photographically. The reader is recommended to
the excellent review by Somerscales (39) for a comprehensive

bibliography on these techniques.

The tracer particles may be solid or they may be
liquid drops or gas bubbles. It is essentially assumed
that the tracer follows closely the flow stream and that
it does not affect the fluid properties. Table 2.02
lists materials which Somerscales reportad to have been

successfully used in aqueous systems.

The use of dyes as tracers has been widely reported
but their use suffers from the disadvantage that jt is
difficult to use the dye technique gquantitatively. Dyes
are particularly difficult to use in turbulent flow
conditions as the dye tends to mix almost immediately
thus obscuring the flow patterns. This latter difficulty
can be overcome to a considerable extent by the use of

phototropic dyes whereby colouration of the dye may be
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TABLE 2.02: TPRACERS USED IN WATER | 39 |

Tracer material Specific gravity Diameter used
(mm)

LIQUID

Organic mixtures 150 0.5-2.0
Organics and natural
oils 1.0 0.07=1.0

SOLIDS

Polystyrene 0.93=1.05 0.005-0.5
Aluminium 0.03-0.1
Natural dusts
Wax 2,0-3.0
Merlite
Pumice

Milk
Colophonium
Class spheres
Plexiglas

N
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~ W
]
.
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TABLE 2.03 Observation systems for measurement of fluid
velocity by particle tracking
CLASS SUB-CLASS VELOCITY RANGE (cm/s)
Visual Timing over a Distance 0-2
Moving Graticule 0-1
Moving Spot 0.02-2
Streak Image 0-16
Point Image 0-3000
Stroboscopic 0-300
Photographic | Interrupted 0-5000
Illumination 0-50
Multiple Frame 0-2000
Movie 0-5000
Streak Image 0-16
Integrated Moving Grating 0-5
Photo~' Split Image
Electronic Flying Spot 0-3
Laser Doppler 0-15000
Electro-Optical Tracker 0-500

N.B. Work using these techniques are cited in Somerscale (39)
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induced at a point or in a line across the flow by expo-
sure to a strong UV light source. The colouration of
the dye disappears a few seconds after the light source
is removed. This technique was successfully used by
Frantisak et al (40). The dyes available for such work

have been surveyed by Exelby (41).

Generally it should be noted that virtually all
dyes suffer from having surfactant properties and in
two phase systems it is probably wise to avoid their use
for accurate quantitative work. The review will, there-

fore, concentrate on particle tracking techniques.

The essential assumption in the use of the particle
tracking technique is that the particle accurately follows
the flow stream with the velocity of that stream. This
assumption is commonly invalid and corrections need to
be made to the measured velocity. Two major factors which
govern the error between the flow velocity and the
measured particle velocity are particle relative density

and particle diameter.

The density difference between the particle and the
fluid is a major factor in ensuring that the particle
closely follows the flow. The significance of the
relative density lies in the need to minimise the gravity
or buoyancy forces that would cause a relative velocity
between the particle and the flow. A close match of
densities may be achieved by careful selection of the

particle material or by adjustment of the density of the
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fluid or, in some instances, the density of the particle.

Particle size is another significant factor In the
success of this technique. Farley et al (42), noted that,
in their attempts to measure the gas-liquid interface
velocity in a trough, the larger particles gave divergent
values. They also noted that there was a significant
period of acceleration before the particle reached its
final velocity. The time taken for a particle to attain
the fluid velocity from zero is given by an equation
presented by Somerscales and by Cox et al (43). There
appears to be no rigid ruling on the optimum particle
size . Common sense suggests that the smaller the particle
the better, with the obvious limitation that it should be
detectable by whatever analysis technique is chosen.
Metzner and Astarita (44) noted that particles will not
follow the flow accurately unless the particle is much

smaller than the scale of the flow.

The advantages of different materials for particle

tracers have been reported in the literature.

Chesters et al (45), for instance, found that
ground Bakelite was useful for transmitted light photo-
graphy as it had the advantage of being opague and black.
This same advantage was noted by Garner and his co=-workers
(37) who used coal particles. They found that an added
advantage in using coal was that its density was very
close to that of the fluid. Farley and Schechter (42)

and Winter and Deterdine (46) made use of polystyrene
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and polyethylene particles which Wirle (47) reported to
have the further advantage that the density may be modified

by treating with acetone.

Particulate alluminium foil has also been used in
transmitted light technigques. Its major advantage,
however, is met in reflected light techniques. Chester et al
(48) reported that it has an optimum angle of reflection

of 90O to the line of illumination.

The motion of the particle is generally recorded by
still or cine photography. Illumination by transmitted
or reflected light ensures that the particle is readily
visible. For still photography the particle motion is
.generally recorded as a streak or (series of streaks in
stroboscopic illumination) the length of the streak
depending upon the velocity of the particle and the exposure

time.

Other mechanical or electronic recording systems
have been reported. Techniques whereby the motion of
a moving spot of light, a moving graticule or a rotating
prism are matched to the motion of the particle are
detailed by Somerscales (39) together with more advanced
techniques one of which, the Laser-Doppler Velocimeter,

is discussed below.

The particle tracking technique has been applied for
both laminar and turbulent flow patterns. . Naib (49), for

instance, studied the turbulence characteristics in a
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liguid jet issuing from a rectangular nozzle. The degree
of turbulence wvasindicated by the difference between

the measured velocity and the instantaneous velocity.

The treatment of the data was discussed in the paper by

Naib.

b) Optical Techniques, Laser-Doppler Velocimeter

A technique that appears of major value in the
determination of velocity in laminar and turbulent flow
is Laser-Doppler velocimetry (L.D.V.) as pioneered by
Yeh and Cummins (50). The technique has been developed
and refined and has now been widely applied to measure-

ment of flow velocity in research and industrial fields.

L.D.V. can measure the instantaneous velocity in any
direction in the flow field. The technigque measures the
velocity of small particles suspended in and flowing
with the flow stream by sensing the Doppler shift in

monochromatic laser light scattered from the particles.

The technique usually measures velocity within the
intersection volume of two laser beams. The most attractive
aspects of the technique are that the beams do not disturb
the flow and that the scattered and reference beams may
be combined in a number of ways to meet the needs of
each experiment. Typical arrangements are shown in

figure 2J10.

In the majority of studies the minimum intersection

volume of the beams is desirable in order to sense the
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flow at a "point". The diameter of this volume for

an ideal case yas suggested by Chatterton et al (51) to

be given by:

B i
S T 2.308

diameter of the wvolume

where : D
L = diameter of the receiving aperture

(i.e. photomultiplier)
A = wavelength in the scattering median

f = focal length of the receiving lens

Goldstein et al (52) reported that, in practice, they
were able to achieve a volume diameter of 0.1 - 0.2 mm
though Chatterton et al (51) reportddiameters as low as
75 um. Goldstein and Kreid (52) and William et al (53)
presentdvaluable discussions on the minimising of inter-

section volumes.

The signal is normally received via a photomultiplier.
The complex signal processing will not be discussed here
but the reader is recommended to the papers of Chung and
Graebel (54) and Goldstein and Kreid (52) for further

information.

The actual correlationship between the particle
velocity and the Doppler shift depends upon the optical
arrangement. Examples of the optical arrangement adopted
by Yeh and Cummins (50), Goldstein and Kreid (52 and
Foreman et al (55) are indicated in figure 2.lo(a), (b)

and (c) respectively. The respective correlation between
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the Doppler shift LfD} and the unidirectional velocity

(u) are given by equations 2.309, 2.310 and 2,311

respectively.
SZnn 2 8
fD e sin 3 2909
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velocity of scattering particles
A = vacuum wavelength of laser radiation

refractive index of the fluid medium

= |
Il

Laser Doppler velocimetry may be used satisfactorily
for two or three dimensional flow patterns using the
appropriate optical set-up. The appropriate optical
arrangement and a suitable correlation for, for instance,
two dimensional instantaneous velocity was presented by

Chatterton et al (51).

L.D.V. has been applied with success to the measure-
ment of turbulence within the flow system. Sovolev et al
(56) and Chatterton et al (51) describedtypical optical
arrangements and signal processing techniques for the

measurement of turbulence.

Despite the obvious value of Laser-Doppler velocimetry

it must be reported that the only really successful work
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appears to have been carried out on single phase systems.
In the problem currently being reported it is required
to examine the flow close to or at the interface of a
two phase system. The convex surface of the submerged
liquid jet may well act as a mirror or the jet as a lens
thus scattering light and confusing the signal. It was
doubtful, therefore, that, without considerable refine-
ment of the technique, L.D.V. wouldbe found useful in the

present study.

c) Heat Transfer Techniques

Hot-wire anemometry is a widely used technigue for
the measurement of both laminar velocity and turbulent
fluctuating velocity. The technique involves the insertion
of an electrically heated element, commonly a fine wire,
into the flow stream. The heat loss from the element
is related to the flow velocity. The principles, theory
and practical application of the technique together with
the limitations vwere considered in detail in the papers
by Bailey and Simon (57), Foreman (58), Corsin (59),
Ladenburg (60), Patterson and Zakir (61) and Virk et al

(62).

A major factor which precluded the use of this
type of technique in the present study wasthe likely
effect on the flow by the physical presence of the probe
itself. Despite the fact that a very small probe would normally be
used the proximity of the solid probe near to the inter-

face may well affect the pattern of flow. Moreover, the
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boundary layer developed around the probe supporting the
heated element may spread over a significant volume of

the flow. Consequently the measured velocity will be

the mean velocity over the distance covered by the probe
and its boundary layer rather than the point velocity

of interest. Thé development of the boundary laver around
the anemometer probe and its effect on the measured
velocity wasdiscussed by Serth and Kiser (63) and by
Metzner and Astarita (44).
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Experimental values for the interfacial velocity of
jets in a variety of systems have been reported by a
number of authors. The agreement between these data and
the theoretical predictions has been limited. Fosberg
and Heideger (38), for instance, reported that the measured
interfacial velocity was significantly lower (by about
30%) than the predicted values. The disagreement
between Fosberg's data and theoretical predictions is,
perhaps, best indicated by considering the ratio of the
interfacial velocity to the average jet velocity (ui/Gj).
This ratio, given the symbol B in Garner's equation, is
predicted by that equation to remain constant as it is
represented as a function of virtually constant system
properties. Fosberg's experimental data (Figure 2.10°1),
however, showed that B was not constant but decreased
with increasing flow rate. This decrease is, in fact,
predicted by the'equation of Meister and Scheele which,
perhaps, is seen, therefore, to be a more satisfactory

equation. The agreement between Fosberg and this



equation, however, is not complete. Fosberg observed
that B remained constant along the jet length whereas
Meister and Scheele predictedan increase in B along the
jet for the majority of cases though they did indicate
cases for which B is virtually constant for the majority
of the jet length. Experimental observation of an
increasing value of B along the jet has, in fact, been
reported by Kimura et al (32) though this observation
was confused by the expanding jet diameter. This change
in jet diameter may well be an important factor in
explaining the disagreement amongst experimental data and
prediction. It would be expected that B, the ratio of
interfacial/average velocities, will increase along the
jet as the profile is flattened. This increase may be
enhanced by an expanding jet or counteracted by a con-
tracting jet. It is interesting to note that Fosberg
used jets directed downwards, thus a reducing diameter
would be expected, whereas Kimura used jets directed
upwards and an increasing diameter was observed. A
particularly valuable observation from Kimura's work is
that the interfacial velocity remained constant, as far
as could be assessed, for all but the early part of the

jet.

For the current study the test for the accept-
ability of interfacial velocity data was whether its use
in the predictions of mass transfer rate gave good

agreement with experimental data.
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Use of values of interfacial velocity predicted by
the Garner equation were used by Quinn and Jeannin (33)
in the penetration theory calculation to predict the
mass transfer rate. They found poor agreement with their
experimental data. For the same system, isobutanol/water,
however, Fosberg and Heideger (38) found good agreement
between prediction and experiment when use was made of
experimental interfacial velocity data. Kimura too found
good agreement when using experimental interfacial velocity
data. It appears that accurate interfacial velocity data
is essential for the satisfactory prediction of mass
transfer data and, as far as may be assessed from the
literature, in the absence of an adeguate theoretical

prediction, this data must be collected experimentally.
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2.4 Mass Transfer Characteristics of the Submerged Jet

2.4.1 Introduction

The rate of diffusion of a material at a opoint in
a stationary fluid in laminar flow may be represented

by Fick's first law equation

3C
N, = - A

A DAB E;“ 2.400

NA is the local instantaneous mass flux per unit area

in the y-direction and it may be seen to be proportional

to the negative concentration gradient in that direction,
the proportionality constant being the molecular diffusivity

(D,.,). Eguation 2,400 does, however, apply to the steady

AB
state situation only where the conditions are not a func-
tion of time. But the diffusion into a fluid in motion
(such as the gas from bubbles rising through a liquid

or diffusion across a moving interface in a liquid-liquid
system) is a case of unsteady state behaviour; because

the concentration of an element of the moving fluid into
which the diffusion takes place, is a function of position
in the direction of flow and, therefore, is a function

of time. The most general form of the equation considered

for such a situation is the equation of changes (64)

which, in the cylindrical co-ordinates, is

BCA 5
rer * (U VCA) = DAB v CA =F RA 2.401

and in the expanded form, in cylidrical coordinates,
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If we assume no chemical reaction, no diffusion in z-
direction, symmetrical configuration about the axis and
no angular velocity about the axis of the cylinder,

equation 2.402 reduces, for steady state, to

2
s N N s W) 0 St
Z 3z r 3z AB '3rZ r 8T y

If we further assume that there is no velocity component
in the radial direction, (i.e. Ur = 0) the equation

further reduces to

2
R A el
Z 9% AB ‘3rZ r 3r i

This equation may be applied to the diffusion perpendicular
to an interface and is also valid for transfer perpendi-
cular to laminar flow where the adjacent layers of the
fluid are perfectly parallel and where transfer between

adjacent layers is by molecular diffusion alone.

This egquation has no analytical solution, but Fosberg
and Heideger (38) have presented a numerical solution

obtained via a finite difference technique.



Approximate analytical solutions can be obtained
by adopting simplifying assumptions. For a jet, for
instance, it is assumed that the axial velocity, Uz, is
incdependent of radial position, r, in regions close to
the interface. If the contact time is small, therefore,
there may be assumed to be no velocity gradient over the
penetration depth. The axial velocity, Uz' therefore,
may be replaced by the interfacial wvelocity Ui' This

leads to the simplification of equation 2.404 to

2
oC ] CA 1 BCA

A— — —
U132 “ "as (EE?P * T ) 42602

If it is now assumed that the interface is flat the
equation further reduces to the well-known form of Fick's

second law equation

2
2 ety Bty 2.406
at AB 3r?

with contact time t belng introduced as t = Z/Ui.

For short contact times and penetration depths the
bulk fluids are effectively semi-finite and the following

boundary conditions may be used.

CA = CA' z =0 and wis 0
CA = EA' Z >0 and r + o
CA = CAi' zZ >0 and r =0

Under these boundary conditions the solution of the
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equation 4.406 becomes (replacing t by t = Z/U;)

U.r?
_ oy Wk
aC Cait i € 4D, .z
ggé SRR e /U, e AB 2.407
VHDABZ

Now, the instantaneous mass flux at any point z is (as

defined by egquation 2.400)

BCA
NA(z) 3 -DAB[ar } r=0
D U
= -5y (AB_1.%
= (CAi CA) ( i ) 2.408

Over the total jet length L of a cylindrical jet, the

total mass transfer rate is thus

& md

n=

3 NA(z)dz

= Lk
= (CAi - CA) (nDAB)% dj g (E_) dz 2.409

where dj remains constant over the limit of integration,

this leads to;

Ty .= 5 5
M= 2(cAi cA) (WDAB) dj (UiL) 2. 410
From equation 2.410,
M=kA (C.y =C.) 2.410(b)

where
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It will be recognised that the assumptions made in
deriving equation 2.410 are similar to those made in
Higbie's (65) derivation of the "Penetration Theory"
equation. Higbie derived this equation to model the
rate of absorption of carbon dioxide form a pure gas
bubble rising through water. In this original deri-
vation, Higbie assumed that for short contact time, the
concentration gradient never achieves its steady state.
It is further noted that even in turbulent systems
situations may be seen where the depth of penetration
of the diffusing materials never exceeds the thickness
of the laminar layer adjacent to the interface during
this short contact time. From the point of view of
the diffusing solute, therefore, the fluid is essentially

infinite.

The well-known form of the Penetration Theory
ejJuation is presented as equation 2.411 which when
introduced into eguation 2.412 becomes identical to
equation 2.410 where the exposure time to is now pre-
sented in terms of jet properties according to equation
2,413,

DaB | %

mte

kw2 | 2.411

L
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M= kLA (Cai - CA) 2,412

where A = surface area over the jet length L and

o E
b~ 2.413

Equation 2.410 has been widely used (32, 33, 6¢, 67)
to model the mass transfer between a laminar cylindrical
jet and a surrounding gas or liguid phase. It has been
reasonably successful in modelling gas absorption by a
cylindrical jet. Its success in modelling this system
is despite the fact that the models were developed for
gas absorption across a flat gas/liquid interface and
a flat velocity profile. In explanation of this agree-
ment it should be noted that a small element of surface
may be considered flat if its size is small compared
with the radius of curvature. Further, the contact
time of this element of jet interface is short and,
therefore, the penetration depth will be expected to be
small compared with the jet radius. The cylindrical
jet, therefore, may be seen to satisfy two of the major
assumptions of the penetration theory and agreement of
jet mass transfer with this theory should not be un-
expected. Also, it is reasonable to assume that the
velocity profile of a liquid jet in a gaseous atmos-
phere rapidly becomes flat because of the minimal drag
from the gas phase. Therefore, the further assumption

of a flat velocity profile is satisfied in the case of
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equation 2.410 should be expected. However, this may
not be true in the case of a jet in liquid surrounding
phase where the drag at the interface retains a para-
bolic velocity profile within the jet. Further comments
on this situation, which was highly relevant to the

current study, are found in the following discussion.

In the practical application of equation 2.410 the
assumptions made in the derivation and the final form
of the equation requires the following to be taken into
consideration. .

(a) An appropriate value of the interfacial velocity
must be used.

(b) The interfacial velocity may vary along the jet
length.

(c) The jet diameter may vary along the jet length.

(d) A value for the interfacial concentration is

required and this may vary along the jet length.

It may be feasible to measure the values of these
variables and thus to introduce them appropriately to
the basic eguation. There are a number of factors,
however, which cannot so easily be dealt with, but
which are fundamental to the assumptions made in the
derivation of equation 2.410.

(e) There may exist velocity gradients adjacent to the
interface and these need not be linear.

(£) The flow may not be laminar.

(g) For long contact time, i.e. for a long jet length,

the penetration depth may be significant.
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Should any of these factors occur to any significant
degree then the use of equation 2.410 would become
inappropriate. On the understanding, however, that the
assumptions made in the penetration theory approach
remain valid, equation 2.409, or amendments of it, have
been presented. Each of these eguations attempts to

account for one or more of the variables listed as a-d.

(a) Interfacial Velocity. The use of the appropriate

value of the interfacial velocity has been shown to be

extremely important in the application of equation 2.410.

For liguid jets in gas satisfactory comparison
between this equation and experimental data has been
obtained (67) even when it was assumed that the inter-
facial velocity was equal to the average jet velocity

(i.e. Rod-like flow eguation).

Ui = Uj =5a.7 2.414

This assumption simplifies equation 2.410 into equation

22,4155
M= 4(C » . )/D (QL)35 2.415
Ai A AB o
M= A(QL)% 2.416
where, A = Constant = 4(cyy = EAJ /DAB

It is common to find jet-mass transfer data graphically
presented as the mass transfer rate plotted against (QL)'li

with the Rod-like flow equation representing a theoretical



limit (32, 33). The Rod-like flow equation 2.415, how-
ever, does not give satisfactory predictions for liquid
jets in liquids. The viscous drag of the surrounding phase
on the fdet results in a parabolic velocity profile

which gives an interfacial velocity far removed from

the average jet velocity.

Satisfactory application of equation 2.410 to
liguid-liquid systems requires a good theoretical pre-
diction of the interfacial velocity such as those avail-
able from the work of Garner, Mina and Jenson (37),
equation 2.33 and Meister and Scheele (8), equation 2.35.
Better still, experimentally determined values of the

interfacial velocity should be used.

(b) Variation of Interfacial Velocity Along the Jet

Experimental data and the two previously mentioned
theoretical predictions for interfacial velocity show
that the interfacial velocity varies along the jet
length. Mass transfer equation 2.410, therefore, can
not be used unless it can be modified to account for
the local variation of the interfacial velocity. Equation
2,409, however, can be used to take account of the
local variation of the interfacial velocity if it is
solved numerically against measured or predicted values

of local interfacial velocity Uy

(z)°

(c) Jet Diameter. The observed fact that the diameter

of a submerged jet may either expand or contract along

its length introduced two necessary ammendments to
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equation 2.409. The first of these, that which needs

to take into account the change in transfer area, is
easy to deal with. The change in jet diameter and

jet velocity (as interfacial velocity) are interrelated.
Equation 2.409, therefore, may be numerically integrated
though in this case with dj (jet diameter) inside the

integral.

- C,) (D 3

i.e. M = (CAi A

i U, X
A 6dj(z)[-—lz'(—z)] dz  2.417

and using local dj(z) and Ui(z) values during integ-

ration.

The second amendment is more difficult to deal with.
It has been assumed in the derivation of both equations
2.410 and 2.411 that there will be no velocity component
for the fluid in the radial direction. If the jet does
deviate from the perfectly parallel sided cylinder
movement in this direction will, in fact occur. In
order to account for this it is necessary to return to
equation 2.404 that included a term (Ur %%) for con-
vection in the radial direction. This is treated by
Scriven and Pigford(30, 68)who Presented an approximate
solution (2.418) for the mass transfer rate per unit area,

- 2 -7
M, = 22 (D =00 £ %) 2.418

where
.
i(z)

L

(szz



The normal simplifying assumptions were made, the major
one being that, with no drag at the interface, the
velocity gradient over the penetration depth was zero.
Using this equation in conjunction with a dimensional
analysis yields a complex solution which was shown to
predict with reasonable accuracy, the absorption of
carbon dioxide into water. No comparisons were reported
for liguid-liquid systems and good agreement would not

be expected.

(d) Interfacial Concentration. In most mass transfer

equations describing mass transfer from one bulk phase

to another, the driving force at each side of the inter-
face wos represented as the difference between the con-
centration in the bulk phase and the concentration at

the interface. The interfacial concentration was commonly
stated to be the equilibrium concentration and, the
possibility of resistance to transfer in the interface

itself was ignored.

This permits the derivation of the interfacial
concentration at the extract side of the interface in
terms of the bulk phase concentrations starting from
the defining equations for the individual mass transfer
coefficients and interfacial equilibrium. Thus, from
equations 2.411 and 2.412,

" DAl%_ A
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and for interfacial equilibrium,

(iii) C,ny = WMC

where m is the equilibrium constant

e SR ¢ (B PR
frqe Skgm “Cag Pa1

substituting for C (from equation (iii) above) leads

Ali
to
- (DAZ)%
Teay Tienan Hay
e = = 2.419
D21 D
23 +§A2)%

Kimura and Miyauchi (32) who applied the Laminar jet
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technigue in a three component liquid-liguid system to
study the rate of mass transfer thus presented equation

2.408 for local mass transfer rate per unit area in the

form
C U,
a Al e D i.%
Pa1

for initial extract phase concentration EA = 0

2

For a simple binary system the equilibrium interfacial
concentration is customarily taken to be the saturation

concentration of the transferring solute in the solvent.

It is conceivable, in a three component system where
a third component as solute is transferring between the
two immiscible phases, that there would exist three dis-
tinct resistances to transfer namely (1) in the bulk
raffinate phase, (2) at the interface and (3) in the

bulk extract phase.

The existence of a resistance to mass transfer with-
in the interface itself will, of course, cause the inter-
facial concentration to deviate from its static equilibrium
value. Indeed it has been common practice to estimate
such interfacial resistances using a technique to measure
the mass transfer rate to a cylindrical jet. The dif-
ference between the measured rates of transfer and those
predicted from mathematical models such as those previously
discussed has been presented as representing the inter-

facial resistance such that.
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No= K (0

P
a i a CAi) 2.421

The weakness in such approaches, however, lies in the
inadequacy of the predicting equations. Quinn and
Jeannin (33) for instance, predicted an interfacial
resistance of BOS.cm_l in the transfer of isobutanol

into water jet after assuming the Rod-like flow model

to predict the transfer rate. The choice of the model
wasjuite obviously invalid for such a system. Fosberg
and Heideger (38), moreover, used a numerical solution

of equation 2.404 which allowed the inclusion of measured
interfacial velocity and jet diameter data, thus avoiding
the assumptions made in equations 2.409 and the Rod-like
flow eguation. They indicated that system isobutanol-
water exhibited negligible interfacial resistance, thus
showing the invalidity of the use of the Rod-like flow

model for this system.

The need to study systems of known interfacial
resistance,or to be confident in the validity of the
mathematical model,is apparent. Dang and Gill (69),
however, pointed out a further difficulty. They noted
that interfacial equilibrium should not be expected,
particularly for a large concentration gradient across
the interface. The attainment of interfacial equili-
brium they stated to depend on the contact time and on
the convective velocity normal to the direction of
transfer. They presented a rigorous mathematical model

which takes into account the effect of a non-equilibrium



interface and interfacial convection and their pre-
diction shows good agreement with the experimental
results of Chiang and Toor (70). This would suggest

that deviation from the eguilibrium should be expected
for short contact times. Fosberg and Heideger (38),
however, reported no deviation from ecuilibrium condition

for contact times as low as one second.

(e) Velocity Gradients Adjacent to the Interface

The derivation of equation 2.405 made a major
assumption that there was no velocity gradient across
the penetration depth. This may well hold for jets
without viscous drag at the interface and well down-
stream of the nozzle. For liquid-liquid systems,
however, the drag at the interface is appreciable and
this is known to set up a parabolic form of profile

within the jet, this profile extending to the interface.

Beek and Bakker (71) extended equation 2.402 by
including a term for linear velocity gradient adjacent
to a moving interface. The model they envisaged was

of semi-infinite couette flow.

3C, ach
—_— + =
5y (Ui ay) DA E;'T 2.422
dUZ
where a = E;- = constant 2.423

They presented two solutions for two ranges of their

parameter k.
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where, £ = (a2DAz/Ui3) 2,426

As the slopve of the velocity gradient, a, aporoaches
zero, equation 2.424 reduces to the penetration theory

equation

For practical liguid-liquid systems Kimura and
Miyauchi (32) noted that there will exist velocity grad-
ient on both sides of the moving interface. They took
eguation 2.422 as their basis but instead of introducing
a simple linear gradient for a, they assumed that within
the jet the vélocity profile would be parabolic so

that,

B T e 2.427

The velocity gradient outside the jet was given by the

continuity of the shear force at the interface by,

a u =a.U. 2.428

Kimura and Miyauchi used a particle tracer technique
to experimentally determine the appropriate inter-
facial velocity Ui' They, in fact, observed the fluid
velocity at either side of the interface and thus

presented upper and lower limits for the interfacial
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velocity indicated by the tracer particles added either
in the jet ohase or surrounding phase. Their results
agreed moderately well with the model except at low jet

lengths.

(£) Turbulence

If there is any deviation from laminar flow the
equations so far presented, all of which are aporoximate
solutions of the molecular diffusion equation, will not
_be valid. Levich (72) has, in fact, suggested that
turbulence is quite likely in the moving liquid=-liquid
interface. He suggested that, unlike the solid-fluid
interface, the free interface may exhibit turbulence in
what is normally expected to be the laminar layers at
either side of the interface. This of course, may
invalidate the assumption that the thickness of the
laminar layer is large compared with the depth of pene-
tration and thus all the previouslymentioned equations

which are based on this assumption will also be invalid.

Mathematical treatment of the mass transfer process
in turbulent conditions is not easy. Von-Karman (73)
has suggested that in order to arply to turbulent flow,
equation 2.400 should be modified to
HCA

NA = _(DR + a) 3;* 2.429

The turbulent component of the effective diffusivity
(DA + e) is commonly determined from the deviation of

experimental results from the prediction of the molecular
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diffusion equation. No information appears to have been

presented for jet mass transfer under turbulent condition.

The equation presented by Levich for mass transfer
from a gas to a turbulent liquid were based upon his
simplified analysis of eddies approaching an interface.
Davies and Ting (74) presented a modified solution of
Levich's equation for the prediction of gas absorntion
into a turbulent water jet. The equation predicts the

liquid side coefficient, though only for jet Re > 4000

D

L
1 H. z
k = O.OBlRel'B'—z '_;T_é-— 2430
L pj djd

In the dimensionless form this becomes

5.5 5/16
Sh = 0.031Sc”"~ We Re 2431

This equation agrees well with experimental data for the
range 4000~<Rej < 22000. At a much lower value of Pe_.l

the rod-like flow equation was seen to hold as may be

expected in gas-liquid systems.

2.4.2 Previous Experimental Technigues and Published Data

As mentioned through the preceeding sections, the
jet technigue has been used previously to study inter-
phase mass transfer in both gas-liquid (70, 74, 75) and
liquid~-liquid (32, 33, 34) systems. The technique for

contacting the phases in these studies has been basically



the same as that originally devised by Eddison and
Elliott (28) and subsequently developed by Carner and
Mina (55) for the study of dvnamic interfacial tension
and surface ageing. Improvements and ammendments have
been carried out to suit the particular needs of the

study.

Three of the studies of the particular relevance
to the current project, those of Quinn and Jeannin (23),
Fosberg and Heideger (38) and Kimura and Miyauchi (32),
have used the technique in its basic form. A jet of
liquid issues from a vertical nozzle and impinged on
the cup of a collector positioned directly vertically
above or below the nozzle depending upon whether the jet
nhase is less dense or more dense respectively than
the continuous phase. The flows were precisely balanced
such that the jet was wholly captured by the collector
and such that no continuous phase wgs entrained with the
jet fluid. The distance between nozzle and collector
céuw be varied to allow a range of contact areas and

contact times.

There has been no obvious choice for the materials
of construction of the nozzle and collector. Brass,
stainless steel and glass have been used with no okvious
advantage to any except that Fosberg and Heideger diéd
suggest that if the collector were of glass then it was
easy to observe and to rectify continuous phase entrain-

ment.



The significance of the shape of the nozzle and
collector ends has been discussed by Quinn and Jeannin
ané¢ by Fosberg anc Heideger. Quinn and Jeannin carried
out flow tests using a dye technique and noted that
the flow adjacent to the nozzle outlet and the collector
remained laminar over their flow range if these were
tapered to a knife-edge. They also recommended that
the collector cup should be bevelled to an angle of 60°
to avoid turbulence, Fosberg and Heideger, however,
recommended 45° as the appropriate ancle for the most

satisfactory capture of the jet without turkulence.

The major problem in this technique was the balancing
of the inlet and outlet rates of the jet fluid flow.
Quinn and Jeannin adopted with some success, the overflow
technique that allowed steady operation for several hours
although intermittent adjustments of the levels were

necessary. Other workers acdopted similar techniques.

This form of the captured jet technigue has lent
itself well to a range of studies for transfer from a
continuous phase into a jet. The range of jet lengths
and flow rates, however, has been limited by the require-

ment to work within the laminar regime.

Ward and Quinn (34) have made a significant amend-
ment to the previcusly described basic technigue. They
noted that it was important in the use of the jet
technique to confidently describe the hydrodynamics of

flow in both phases adjacent to the interface. They thus
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arranged for both the inner (jet) phase and the outer
(continuous) phase to issue from concentric nozzles,

the outer phase thus forming a thin film over the sur-
face of the jet. The jet phase was captured as previously
through a cup shaped receiver. This technique allowed
them to study contact times as low as 0.1 seconds and

thus to observe with considerable accuracy the existence

of small interfacial resistances.

2.4.3 The Effect of Surface-Active Agents on Jet

Mass Transfer

It is a commonly reported obkservation that the
presence of surface-active materials during mass transfer
may recduce by several fold the mass transfer rate as
comparecd with that for the system without surfactant.
Several mechanisms are proposed or established by which
the surfactant may influence the mass transfer rate.
These may be summarised as;

(a) by blocking the interface, thus reducing the
effective area for transfer of the diffusing species.

(b) by interaction with the transferring species;

(c) by affecting the hydrodynamics of the system i.e. by
building up an immobile "skin" on the interface thus
halting the surface flow; by suppressing surface

waves, interfacial turbulence and Marangoni effects.

Much of the literature has dealt with plane stationary
interfaces, with agitated ligquid=liquid systems or with

liquid droplets in a liquid or gaseous surrounding. For
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these systems the possibility of the reduction in transfer
rates through surfactant addition is well established

and one or a combination of the mechanisms listed above
have been identified as the probable cause. In studies

of the mass transfer characteristics of jets, it is
expected that there should be parallel nhenomena. For
liquid in liquid jets in particular, however, the effect
of surfactant addition on transfer rates has been reported
by very few authors and no clear picture of the phenomenon
is available. It does appear, however, from the work of
Kimura and Miyauchi (32) that the reduction of mass
transfer rates through surfactant addition may well be a

significant characteristic of transfer in liquid jets.

Kimura and Miyauchi (32) proposed the immobile
skin mechanism to explain the okservations. They added
polyethylene glycol to the agueous surrounding phase
during their studies of the transfer in the ternary
systems benzene-diethylamine-water. They used a jet
capture technique similar to that used in the
current study. They found for both systems that the
addition of 1 gm per litre of the agent caused a reduction
in transfer rate of the order of 25%. This reduction
was sugcgested by Kimura to be caused by the damping by
the agent of the secondary flow induced by the collision
of the jet with the capture probe. This suggestion was
supported to some extent by the fact that mass transfer
rates in the presence of the agent fell close to the

theoretical predictions in which diffusional transfer



from a parallel sided jet was assumed to be the sole

mechanism.

For the mechanism through which the damping of the
secondary flows was suggested to occur Kimura indicated
the observations made by Cullen and Davidson (75).
Cullen, whilst working on the absorption of carbon
dioxide in agqueous solutions of surfactants, had noted
that a stagnant film of surfactant, again volyethylene
glycol, tended to accumulate at the end of the jet and
to maintain an unbroken film length of 1-2 mm irresvective
of the overall jet length. Kimura (32), though not
observing this phenomenon, suggested that such a film of
surfactant could explain the damping capability of the
agent in his study. Support for this was civen by the
observation that the mass transfer results gave a better
correlation at, particularly, short jet lengths if it
was assumed that a proportion of the jet interface was

made unavailable for transfer by this film.

Quinn and Jeannin (33) present data which at first
appears to contradict that of Kimura and Miyauchi (32).
For the system isobutanol-water it was noted that the
addition to the jet phase of 1 cc ver litre of Tween=-20
(polyethylene sorbitan monolaurate) had no measurable
effect on the mass transfer rate. Two explanations were
put forward for this observation. The first of these,
that the contact time was not sufficiently long for a

surface effect to be established was dismissed as



unlikely. The explanation which was more strongly
supported by Quinn and Jeannin was that the phenomenon
of mass transfer reduction is a dynamic one and is
associated with the reduction of interfacial tension.
They noted that for isobutanol-water the interfacial
tension is very low (2 dynes cm—l) and very little
reduction in interfacial tension by the surfactant is
possible and thus little effect on mass transfer would
be expected. It is useful to comment here that Quinn:
quoted the work of Sinfelt and Drickamer (76) in support
of his observation that Tween-20, the surfactant used,
haéd no effect on the mass transfer rate. Sinfelt did

in fact note that this was so, but his observations

were for diffusional transfer across a stationary inter-
face and, therefore, can not be directly compared with
Quinn's dynamic system data except in the observation
that Tween-20 apparently resulted in no change in the
interfacial resistance i.e. there was no surface blocking

and no interaction with the diffusing species,

A comparison between the data of Quinn and Jeannin
(33) and of Kimura and Miyauchi (32) is of interest.
The interfacial tension of the systems studied by Kimura
are considerably higher than that of the isobutanol-water
used by Quinn. The addition of a surfactant, therefore,
would be expected to result in a considerable reduction
in the interfacial tension of these systems and, if
Quinn's suggestion isaccepted, then the observed reduction

in the mass transfer rate on addition of the surfactant
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is to be exmected.

There are two further factors in which the experi-
mental systems studied by Quinn and Kimura differ; i.e.
(a) the nature of the systems used

(b) the nature of the surfactant.

Both studies transferred solute from an organic surrounding
rhase into an aqueous jet. Quinn used a binary system,
isobutanol-water, whereas Kimura used a ternary system
with benzene and water as the immiscible phases. If

the phenomenon of mass transfer rate reduction by the
surfactant is associated with secondary flow damping and
if this secondary flow is a more prominent characteristic
of the surrounding phase than the jet phase, then there
would be an obvious effect only when the resistance to
transfer is in the surrounding ohase (i.e. for the ternary
system). Further to this, the higher viscosity of the
surrounding phase isobutanol would probably have reduced the
significance of the secondary flow in the work of Quinn
and Jeannin and again the failure of the surfactant

to cause any significant change in mass transfer rate

would not be surprising.

It is apparent from the previous discussion that
no conclusions may yet be drawn on the mechanism of
mass transfer reduction in jet mass transfer and there

is considerable scope for further investigation.
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CHAPTER III

EXPERIMENTAL EQUIPMENT AND PROCEDURE




jo ]

ol ]

CHAPTER III

THE EXPERIMENTAL EQUIPMENT AND PROCEDURE

3.1 THE EXPERIMENTAL EQUIPMENT

3.1.1 Introduction

The broad general aim of this project was to examine
the characteristics of the mass transfer between a submerged
liquid jet and its surrounding liquid phase. The interest in
the jet wastwo-fold. Firstly, there is an intrinsic interest
in the mass transfer characteristics of a jet in its own
right. Secondly, there is an interest in the easily reprod-
ucible and easily defined geometry of the nearly parallel-

sided jet for the study of a range of mass transfer phenomena.

A difficulty of measurement of mass transfer from free
jets is the realisation that it is not possible to identify
within the total mass transfer those components associated
with different regions of the jet; particularly the mass
transfer characteristics of the far extremity of the jet, near
its point of break-up. The mass transfer characteristics of
break-up and of the subsequent freely moving droplets will
obviously be governed by very complex geometries and hydro-
dynamics. The only region of the jet which allows a good
attempt at identifying a mechanism for mass transfer and at
modelling this mass transfer is the straight-sided section of
the jet before the onset of the nodes that eventually lead

to jet break-up.

This straight-sided section of the jet has been examined

by a number of previous researchers and mathematical models
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have been developed to predict the mass transfer rate.
The literature survey of this work, however, indicated that
these models, and even the understanding of the transfer
process would benefit from further investigation. Transfer
from the jet to the continuous phase, particularly, had

received little attention.

In order to examine the characteristics of mass transfer
for this straight-sided section of the submerged jet, it was
obviously essential to develop an experimental technique
whereby this mass transfer region may be isolated from the,
rest of the jet. This may be achieved quite successfully
by use of the captured jet technique as used by a number of
previous researchers. A captured jet technique has, there-
fore, been developed and its design and opneration is described
in the following sections. The test cell was suitable for
observations of mass transfer rates in either transfer direc-
tion and for observations of the jet geometry and dvnamics.
The procedures for these observations are also detailed in

the fellowing sections.

3.1.2 The Observation Cell

Figures 3.01 and 3.02 show the general arrangement for
the observation cell, its supply and drain lines and ancil-

lary equipment.

The cell was of glass and duralumin construction and of
square cross section in the middle and round at the end.
Two opposing faces of the square section of cell were totally

of glass allowing a viewing field of 10.2cm x 30.5e¢m. The
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1. Jet phase supply (Marriotte Bottle )
2. Nozzle base (Figure 3.08a)

3. Nozzle (Figure 3.09b)

4, Jet receiver (Figure 3.09a)

5. Receiver base ( Figure 3.08a)

6. Jet phase exif via receiver

7. Drainage reservoir for jet phase

8. Back flash line to receiver

9. Water phase supply (Marriotte boftle )
10. Vent and water phase overflow line

11, Drain for water phase

l1

12. Port for particle introducing tube

13. Tracer particle suspension

R Rotameter
[~  Stop valve ( QVF - glass/PTFE)

I-@ Needle valve (stainless steel)

Q)
’-I v
)
®
R A -0
}&,
o
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)
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@
FIGURE 3.02: FLOW DIAGRAM
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Port for particle Vent /overflow

Infroducing tube

End seal

Lever fitted

with micrometer

g for fine horizon-
ital adjustment

Frame work

Square bracket

Horizontally adjust-
able support
resfing on the
platform /

Receiver base

Vertically adjustabl
platform

et |
eceiver
Square secfion Nozzle
of the cell
Square bracket
Nozzle base

Round OVF section

FIGURE 3.01 :EXPERIMENTAL CELL AND ATTACHMENTS
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other two sides had small glass windows held in the
duralumin framework; thus allowing viewing from all four

sides.

The cell components Yere rigidly clamped together using

the square brackets indicated in figures 3.03 and 3.04.

The size of the cell was decided upon as it was consid-
ered suitably large to avoid wall effect and to ensure that
the bulk concentration in the continuous phase did not
change considerably during the run. The total capacity of

the cell unit was 4.3dm3.

Details of the components of the cell are illustrated

in figures 3.03 and 3.09.

The end plates of the square section observation cell
(fig. 3.07) allowed connection to a standard Q.V.f. glass
reducer. The reducer, cell, end plate and specially designed
dispersed phase distributor and receiver plate, were clamped

together as in figure 3.04.

The dispersed phase distributor and receiver plates
shown in figures 3.08 were of duralumin construction. The
plates vere pierced to allow free flow of the continuous
phase through the cell. Provision was made for five nozzle/
receiver pairs each of these being supplied and drained
individually through holes drilled from the edge of the plate.
The nozzle or receiver parts were tapped thus allowing easy

assenbly of the interchangeable nozzles and receivers. Only
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FIGURE 3,03 : Square bracket (top view)
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FIGURE 3.04:Side view of the cell assembly

End seal plate
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one central nozzle/receiver pair was, however, used through-

out this project.

The QVF reducers were closed by stainless steel plates
which carriedthe supply and drain lines for the continuous
phase and also allowedthe introduction of dye or particle

tracers.

The cell was supported from the clampjoining the
square section to the reducer. An extra support plate .
beneath the flange clamp rested on a large duralumin pierced
plate whichwas, in turn, supported on the framework of the
rig. Provision was made, as shown in figure 3.01 for the
position of this support plate, and thus of the cell to be
finely adjusted. This provision was made to facilitate the
allignment of the cell in the more advanced velocity measure-

ment techniques, particularly Laser-Doppler Velocinetry.

The design of the cell was such that access to the
nozzles or receivers may be achieved without moving the
square cross-section cell. Removal of the glass reducer
allowed the distributor and collection plates to be withdrawn
with ease and the nozzles and receivers replaced. Alternat+
ively, the glass windows of the observation cell may be

rerioved with comparative ease for access to the internals.
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FIGURE 3. 05: Metallic side of the square section of the cell
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FIGURE 3.08 : Base plate for nozzles and receivers
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3.1.3 Nozzle and Receiver Design

The nozzles and receiver were of stainless steel
construction. TFigures 3.09 and 3.10 show that the stem
of each unit had a screw thread at one extremity which
allowed connection into the dispersion or receiver plates.
The receiver was a single piece of stainless steel tubing,
the nozzle, however, consisted of two sections, a stainless
steel tubular stem and a specially machined end-piece which

could be screwed into a tapped stem.

The interchangeable nozzle and end-piece were machined
from the same bore stainless steel tubing as the stem. A
particular concern in the design of the nozzles was that
the jet phase fluid should approach the discharge of the
nozzle having attained fully developed flow. This neccess-
itated that the last section of the flow should be through a
straight section of parallel sided tubing with no bends or
joints. A value of 50 has been published for the minimum
necessary ratio of the straight tube length to its diameter.
In order to accomplish this the nozzle end-pieces were lined
with stainless steel capillary 1.780mm internal diameter,
This capillary extended from the tip of the nozzle and then
down into the stem to give an unbroken straight flow length
of 140mm thus satisfying the criterion of a 50:1 ratio.
The free end. of the capillary tubing was secured within the
stem with a P.T,F.E collar which also served to stop flow
into the annular volume within the stem. The interchangeable
nozzle end-pieces were machined to give a flat tip having an

outer diameter of 6mm-
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FIGURES A and B are the enlarged view
of the nozzle and fhe receiver fips respectively

FIGURES 3,10 : VIEW OF THE NOZZLE(7) WITH THE FULL RANGE
OF RECEIVERS USED (1-6):
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Because of the fixed minimum length of 140mm for the
nozzle it was not considered practicable to vary the nozzle
length. In order to very the distance between the nozzle
and receiver tips, therefore, receiver stems_of various
length were available (figure 3.10 ). The receivers were
machined from 2.5mm internal diamter stainless steel tubing.
The diameter of the receiver was enlarged for a short distance
from the tin in order to produce a receiver cun. The approp-
riate diamter of this end section was found to depend upon
the physical properties of the system under study and receivers

were machined accordingly.

3.1.4 Materials of Construction

Throughout the experimental apparatus care was
taken to ensure that the materials of construction would
not be attacked by the liquid systems under study and that

the whole apparatus could be easily cleaned.

Stainless steel was used in the construction
where possible. However, the cell framework and the dispersed
phase distributor and receiver plates were constructed in
duralumin. This material was chosen for its strength and
resistance to corrosion and its easier machining properties

compared with stainless steel.

The cell walls were glass of 4mm thickness. Reservoirs
were standard laboratory glassware and they were connected

to the cell by stainless steel orf P.T.F.E. tubing.
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Seals between the glass and the metal-work and through-
out the apparatus were either P.T.F.E. or "Gortex'" which

is a compressible expanded P.T.TF.E. material.

3.1.5 Operation of the Equipment

The systems chosen were generally such that the jet
phase was lighter than the continuous phase. The supply
nozzle, therefore, was, throughout this project, attached
to the lower plate and the jet flowed upwards to be

collected at the receiver.

The receiver stem length was chosen appropriate to the
required nozzle/receiver gap and the nozzle and receiver
assemblies were installed. Care was taken to ensure that the
nozzle was vertical and that the receiver was positioned

accurately vertically above the nozzle.

Before each run the equipment was cleaned according to

the procedure outlined in section 3.1.7.

The two phases were charged into reservoirs which took
the form of constant head Mariotte bottles as illustrated
in figure 3.02. Although provision was made for operation
of the cell with the continuous phase flowing it was, in fact,
found impractical to operate in this mode and for virtually
all of the project it was found necessary to fill the test

cell and then to close the inlet and outlet valves.

The reasons for the impracticality of performing runs

with the continuous phase flowing were the difficulties of
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maintaining the dynamic balance between inflow and outflow
at the jet phase and the stability of the jet. If the
technique was to be successful the jet issuing from the
nozzle must be captured at the centre of the receiver. In
order to avoid flow of the cdntinuous phase through the jet
phase outlet and in order to avoid overflow of the jet phase
from the cup the inflow and outlfows must be balanced for
the duration of each run and this may be longer than one
hour. The technique adopted by Quinn and Jeanin (33)
whereby the level of the dispersed phase fluid in the cup
was governed by the level of the outlet tube did not operate
satisfactorily beyond a small range of flow rates. Even

at low flow velocity, the technique required tedious and

continuous adjustment of the outlet needle valve and then

with no guaranteee of success.

The technique finally adopted to guarantee stability
of the jet and maintenance of a constant level of jet phase
in the reciver cup involved the closing of the continuous
phase inlet and outlet during each run. This ensured that
the balance between inflow and outflow was achieved as the
fluid flowing in through the nozzle displaced an equal volume
from the sealed cell through the receiver discharge. The
level of the jet phase in the receiver once having been set
would maintain a constant level for long periods of time.
Extra stability and a wider range of flow rates was found
possible with this system if the discharge of the jet-phase

line was kept well below the cell, as shown in figure 3.02.

All experiments were carried out in a confrolled atmosphere laboratory

where temperafure could be mainftained within £0.5 degrees.
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Jet receiver

Toluene jet flowing
upward in water as
surrounding phase,

Jet nroducing nozzle
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Figure 3.11 : Configuration of cantured toluene jet in water
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The ideal configuration for the jet and the captured

jet phase in the receiver is shown in figure 3.11.

The parallel section of the jet impinged directly at
the centre of the receiver cup and merged into the fluid
in the cup across the convex meniscus of the captured fluid.
Commonly the most stable configuration was, as shown, when
the captured fluid formed a part-shherical dronlet above
the rim of the receiver cup. If this droplet became too
large there was a tendency for its instability resulting,
in extreme cases, in its overflow into the continuous phase.
If the droplet retreated into the cup there was the danger
of continuous phase being carried down the jet-phase dis-
charge line. A standardised capture droplet size was,

therefore, maintained throughout thestudy of each system.

The stable capture droplet size depended upon the
physical properties of the system, particularly the inter-
facial tension., Toluene for instance produced a large
though rigid capture droplet, isobutanol on the other hand
produced a small capture droplet which was prone to break
up under the impact of the captured jet. It was found that
the stability of the capture droplet for low interfacial
tension systems such as iso-butanol/water and cyclohexanol/
water could be improved if the ratio of the receiver cup
diameter to the nozzle diameter was lower than that used
in high interfacial tension systems such as toluene/water.
The diameter of the receiver cups used for these two

categories of system were 2.5mm and 4.0mm respectively.
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3.1.6 Start-up and Shut-down Procedures

The continuous phase, having been charged into the
cell and the continuous phase inlet and outlet lines
closed, the procedures for starting up a mass transfer run
differed depending upon which phase was to be analysed. TFor
transfer from the jet into the continuous phase for binary
systems it was obviously necessary to analyse the total
continuous phase. During the start-up of jet phase flow
there was, inevitably, an instability in the jet and a
tendency for the first few cubic millimeters of the jet
phase to miss the receiver cup. Obviously any dispersed
phase not being captured by the receiver would have a residence
time in the continuous phase equal to the duration of the
run. It was therefore, necessary to avoid or minimise this
spillage if mass transfer tests were to be meaningful. The
technique adopted allowed the receiver drain outlet valve to
remain slightly open before opening the jet phase supply
valve. There wgs, thus, set up a flow of the continous
phase onto the receiver when the jet phase flow wasstarted
and this had the effect of directing the jet into the
receiver. Some spillage still occasionally occurred, but
tests described in section 4.55 illustrate that with due
precausions this effect contributed little error on the
mass transfer results for runs of the duration used through-

out this project.

The shut-down procedures for tranfer into the continuous
phase also had to ensure the spillage of the jet phase into
the surrounding phase was minimal. Thus in this situation

the shut-down procedure was that the jet phase supply
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line should be closed rapidly. This caused continuous

phase to flow through the.receiver under a suction maintained
by the receiver outlet position. Eventually this suction
was balanced by a vacuum created inside the cell- This technique
ensured that even the final drop of jet phase leaving the
nozzle was directed to the receiver., The receiver line was
closed as soon as the last drop from the nozzle had found
its way into the receiver. The continuous phase was then

drained out and analysed.

The start-up and shut-down procedures for the direction
of transfer into the jet, for which the jet phase was
analysed, were less of a problem. In this situation
the jet phase caould be sampled periodically from the receiver
outlet and it only had to be ensured that the continuous
phase did not flow into the receiver (or that the jet phase
did not overflow fromthe receiver cup).for a short neriod
prior to sampling. It was, however, found useful to analyse
the total volume of jet phase flowing over a long period
in order to smooth out any fluctuations in mass-transfer
rate. For this, therefore, it was ensured that no
continuous phase ever flowed down the receiver or entrained
into the receiver. To accomplish this, first of all the
receiver line was filled up by a back flow ensuring that
the whole line up to the receiver tip was completely filled
without any entrainment of the surrounding phase and without

air bubble:. This ensured smooth flow of the jet phase.

At start-up the jet phase flow was started, the receiver

cup filled and then the receiver outlet was opened. At
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shut-down the receiver outlet was closed before the jet
phase supply valve to ensure no entrainment of surrounding
phase for next run. The first volumes of the jet phase flow
were, of course, discarded in order to ensure that steady

state had been achieved prior to sampling.

3.1.7 Cleaning of the Anparatus

All parts of the cell and ancillary equipment which
would come into contact with the test fluids were thoroughly
cleaned piece by piece before being assembled in order to

avoid contamination with grease or surface active agents.

The metal surface of the cell and jet producing nozzle
and receiver were originally machined to a bright finish,
They were cleaned by immersion alternatively in a soap
solution and in a 50% acetone solution and then alternatively
in acetone and distilled water. The components were

either air dried or dried in a hot air streamn.

The glass surfaces of the cell were first cleaned
by immersion in chromic acid, washed with tap water and then
finally washed with acetone and distilled water before

hot air drying.

All flow lines were cleaned after assembly by flushing

with chromic acid, tap water, and distilled water.



Between runs using the same test fluids it was not
considered necessary to follow a rigorous cleaning procedure.
The cell and its internals were, therefore, simply flushed

several times with distilled water.

Between runs using different jet phase fluids the more

rigorous cleaning and flushing procedure was followed.
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3.2 SELECTION OF THE SOLUTE/LIQUID SYSTEMS AND THEIR

PHYSICAL PROPERTIES

3.2.1 Selection of Systems

The experimental programme carried out entailed
investigation;which may be categorised as,

jet geometry studies,

jet dyvnamics studies,

ternary system mass transfer studies, and

binary system mass transfer stidies.
The jet geometry and dynamics studies were included to gather
data for use in equations which attemptato predict the mass
transfer rate and thus these studies must be carried out
on the same systems as used for mass transfer. The suit-
abilityv of the systems to the mass transfer studies was thus

the major consideration.

It was decided to use mainly binary systems in the mass
transfer study. The reason for this decision lay in the
considerable simplification of the mass transfer problem
which is met when the resistance to transfer is totally in
one phase, as in binary systems. Distilled water was chosen
as one of the phases owing to its obvious cheapness and
availability. The primary concern in the choice of the
organic phase was to obtain a wide range in the important
physical properties such as density, viscosity, nutual
solubility with water, molecular diffusivity in water (and
vice versa) and the interfacial tension with water. Further
considerations were the ready availability of the material
in a pure state, safety in handling and finally the avail-

ability or easy determination of the physical properties.



The selected organic phases for the binary system
studies were cyclohexanol, ethylacetate, isobutanol and
methyvl isobutyl ketone (M.I.B.K.). All reagents were of
analytical grade guaranteeing better than 99% purity.
Physical properties for these materials,where availablefwere
taken from the literature. Those whichlwere not available
in the 1itera£ure were determined through the techniques

indicated in section 3.2.2.

The ternary system mass transfer studies were made
in some part because of their intrinsic interest but also
as a check on the validity of the sampling and analysis
technique used in the binary systems. (see 3.6.3 ). Only
two systems were used, these being toluene/acetic acid/
water and toluene/acetone/water. These systems have been
widely used in mass transfer work and a good deal of infor-
mation is available on them. Toluene/acetic acid/water,
moreover, has the widely quoted advantage of having a
distribution coefficient which is almost independent of
temperature and thus temperature fluctuations in the cell
would have negligible effect. The major disadvantage of
this system, however, is the tendency for acetic acid to
dimerise in the toluene phase and thus the interprefation of result

is complicated.

The system properties were again taken, where avail-
able, from the literature, or were determined as described

in seetion 3. 2. 2.
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3.2.2 Estimation of the Physical Properties

Most of the physical properties of the systems chosen
were available from the literature. Those data not avail-
able, those for solutions of one component in another for
instance, were determined by standard laboratory methods
i.e. density by use of a specific gravity bottle, viscosity
by use of a Cannon-Fenske '"u" tube type viscometer and
interfacial tension by use of a du Nuoy ring torsion balance
tensiometer. The physical property values used throughout

this study are listed in Tables 3.08 and 3.09-

Two physical pfoperties of major importance to the
analysis of data from this study were the interfacial
concentration and the molecular diffusivities. DBoth of
these properties appear in all of the basic mass transfer
equations presented in section 2.4 of the literature survey
and it is obvious that for any meaningful comparison of
experimental data with these equations then the appropriate

values of these physical constants must be used.

Interfacial Concentration. Techniques do exist for

the estimation of the true interfacial concentration although
in this study it was assumed that, unless otherwise stated,
the appropriate value of the interfacial concentration was
the equilibrium concentration which, for the binary system,
was the saturation concentration of one nhase in the other
C*A. This value may, quite easily be determined for all the
systems used. Griffiths (77) has published emnirical formulae
for mutual solubility of some of the systems used and the

experimental values corresponded well with the values calcu-

lated from the Griffiths formulae. The values used are
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listed in tables 3.08 to 3.09.

The Molecular Diffusivity was a more difficult physical

property with which to deal. Its value may be determined
experimentally using such techniques as Rayleigh and/or

Gouy interferometry as used by Griffiths(77orit may be determined
by use of the equation of Wilke and Chang (78). The

difficulty, however, was in knowing which of the variety of
values given by these techniques was the appropriate one for

use in the mass transfer equations, particularly because of

the variation of diffusivity with concentration..

According to the Wilke-Chang equation 3.201 for a
particular system, the value of the molecular diffusivity
varies with temperature and with the viscosity of the

solution, which, of course, depends upon concentration and

temperature.
0.5
DygH g A0
T = 7.4 x 10 ~ 0.5 3.201
o)
where: X = association parameter (characteristic of solvent)
M = solvent molecular weight
VO = molecular volume of the solute
4 = viscosity of the solvent, centipoise
T = absolute temperature Ok

The Wilke-Chang equation is only recommended for low concen-
trations and thus no confidence may be placedin values of
diffusivity calculated for the saturation concentrations.
The diffusivity data calculated from Wilke-Chang is listed

in tables 3.01-3.06, together with experimental values from



the literature.

Corrections of the experimental values from the
temperature of measurement to 20°C was achieved using

equation 3.202.

Defu = const. S 202

The system isobutanol diffusing into water is used here

as a typical example of the systems studied. Figure 3.12
shows the theoretical variation of diffusivity with
concentration as calculated using equation 3.20] compared

with the experimental values corrected to 20°C. Linear
extrapolation of the experimental data to the saturation
concentration has been assumed in order to give an approximate
experimental value of diffusivity at saturation compared

with that calculated by the Wilke-Chang equation.

It is not clear which of these values of the molecular
diffusivity was the appropriate one for use in the mass
transfer equations. Indeed it is certain that the assump-
tion of any constant value of diffusivity is inappropriate to
the true physical picture in which the diffusivity changes,
with concentration from the interface to the bulk continuous
phase. The effective diffusivity, if a single value must
be used in the mass transfer equations, must lie at some
position between these two extremes. In order to approxi-

mate a value of this effective diffusivity the approach
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of Wagner (79) has been used. Wagner is reported by

Crank (80) to recommend that the most representative value
of the average diffusivity value for situations in which
diffusivity varies approximately exponentially with concen-

1 L : : ¥
tration is given by equation 3.203(between concentrations G, and C )

= 3
D = [D(C&) D(C_%)] 3.203
where
coay S ARE HOR) + § (oF~iE

and 3.204

oofy = RATS ORI} (R0 )

Two values of Dae have been calculated. D from the Wilke-

ael
Chang data and Dae2 from the linear extapolation of the

experimental data.

Alternatively, when the molecular diffusivity is
linear in concentration the average diffusivity is that

appropriate to the arithmetic mean concentration.

D.. =& (D 3.205

4+
an fo) . Pee eyt
These average values are listed in tables 3.01-3.03 as Dael’

D and Dam respectively. It will be noted that molecular

ae2
diffusivity appears in the mass transfer equations as the
square root and for these average diffusivities the values

of YD are within 10%.
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listed in tables 3.01 to 3.07.
the Wilke-Change value was used.

between toluene and water,



1% 3,01 ariation of Diffusivity th Solute Concentration
Solute Solvent T°C |Cone (g ml_l) D x 106(cm25*1) D¥%10”
Isobutanol Water

Wilke-Chang (Th.) 20 0 8.841 2.973
Wilke-Chang (Th.) 20 0.0829 (CA*) 6,130 2.476
Criffiths (Exp) 20 0.0685 i 5.831 2.415
Griffiths (Exp) 20 0.0592 G.200 2.490
Linear Extrapolation 20 0.0829 (Cy*) 5.170 2.27h
Dam 7.05 2.655
Dae (1) 7.285 2.699
Dae (2) 6.94 2.634
LE 3,02 = Jar 3 = By ith Bolut Jncsniration
= g 9. ]
Solute Solvent ™C Cone (g ml 1) D x 10°(em's 1) Dixl(')3
Cyvclohexanol | Water
Wilke-Chang (Th) 20 0 7.919 2.814
Wilke—=Chang (Th) 20 0.0398 (Cp*)_ 6,573 2,564
Criffiths (Exp) 20 0.02863 6.2136 2.493
Linear extrapolation 20 0.0398 (C,*) 5.710 2.390
D 6.185 2,610
am
Dae (1) 7.253 2.693
Dae (2)'-- 6.799 2.608
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O B ariation of Diffusivit; th ESolute Concentration
Solute Solvent ¢ |conee m™) |D x 10%(am®s~1Y p¥x103
Lthyl acetate| water
Wilke-Chang (Th) 20 0 8.755 2.959
Wilke-Chang (Th) 20 0.077 (CA*) 7.146 2.872
Criffiths (Exp) 20 0.0592 7.646 2.756
Linear extrapolation 0.077 (CA*J 7.320 2.706
D S.038 2.835
am
Dae 1) 7.8898 2.809
Dae 2) 8.09 2,844
Solute Solvent C |Cone(zg mi~Y) |D x 10%cam’s™1) p¥x10°
M.I.B.EK. water
Wilke-Chang (Th) 20 0 7.59 2.755
Wilke-=Chang (Th) 20 0.0195 CA* 3.176 2.859

No experimental values available




Solute Solvent T™°C | Conc(g m™Y) |D x 10%(ca s_]) p¥x10°
Water Isobutanol
Wilke-Chang (Th) 20 0 9.325 3.054
Wilke-Chang (Th) 20 0.1372 (CA*' 7.923 2.815
lewis (Exp) 20 0 2. 027 1.878
Criffiths 20 0.1216 1.718 1.311
Criffiths 20 0.108 1.924 1.387
linear extrapolation 20 0.1372 (-Cp*) 1.40 1.83
2.464 1.570
am
2,466 1.570

Pae ()
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TAELE 3.06 Jariation of Diffusivity with Solute Concentration
-1 6 2 -1 4 3
Solvent Solute ™°C | Conc (gml™™) |D x 10°a®s™ [D°x10°
Ethyl acetate | water
Wilke-Chang (Th) 20 0 74.62 8.638
Wilke-Chang (Th) 20 0.0289 (CA*) 70.39 8.390
Lewis (Exp) 31.24 5.65
BASTR 0% griatio £ Diffuziviy ith Eanlute Joncentration
Solvent Solute ¢ €onc (g /ml) D x 10%am?s1 5xlO3
M.I.B.K. water
Wilke-Chang (Th) 20 0 62,66 7.916
Wilke-Chang (Th) 20 (CA*) 61.90 7.868

No experimental values available
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3.2.3 Preparation of the Phases

As all the organic phases used were analytical grade
(more than 99.9% pure) it was not considered necessary to

employ further purification for use in this project.

The distilled water used as the continuous phase through-
out this project, was freshly obtained from a still and was
stored in glass or polythene sealed container before use in

order to avoid contamination.

For mass transfer experiments using binary systems
either the water or the organic phase was saturated with its
alternate phase depending upon which direction of transfer
was under study. The saturation was carried out in a 20
de flask. The solute phase was dispersed into the phase
to be saturated by stirring for one hour, then allowing to
stand and then dispersing again. The phases were commonly
left overnight to settle and the saturated phase was then
drawn off. Test showed that the phases always reached

equilibrium concentration during this procedure.

For mass transfer experiments using the ternary system
the toluene and water were mutually saturated prior to the
making up of the acetic acid or acetone solutions. The
toluene and water were then used in this saturated state in
order to avoid transfer of more than one component during the

test,



3.3 EXPERIMENTAL PROCEDURES

3.3.1 Investigation of Jet Geometry

Thearea for transfer is an important factor in any
mass transfer analysis, and its value needed to be knownin
the current case. The area for transfer of the jet is,
that of an elongated cylinder and thus the area may be
determined through measurement of the jet diameter. Unfort-
unately, however, the jet diameter, and thus the specific
transfer area per unit length of the jet changes along the
jet length. It was nof considered possible to use
simply the average diameter for the jet without the risk
of incurring some error in themass transfer analysis. It
was therefore, decided that the variation in diameter, and

thus in the transfer area should be investigated.

The obvious experimental technique for this study was
a photographic one. The cell was, therefore, arranged as
indicated in figure 3.12, with the viewing field illuminated
from the rear. The light was diffused through a translucent
paper screen. The camera, either a still camera or a cine
camera were used, was set up at the front of the cell,.
Details of the photographic equipment, films and settings

used are given in Table 3.09,

Vertical scales on the front and rear windows of the
cell were available. A mean magnification factor
determined from the image of these two scales allowed deter-
mination of the jet dimensions directly. These scales,
however, were commonly not in good focus and the nozzle
diamefer, therefore, was taken as the comparison scale in

analysis of the photographs. This diameter was carefully



measured before the cell was assembled.

The procedure for assembling, preparing and running

the cell and ancillary equipment was identical with that

outlined in section 3.1. 3.

3.3.2 Photographic Equipment

A 35 mm still camera and 16 mm high speed cine camera
were used. The cine films were analysed using a 16 mm

analytical projector and the still films were analysed using

a standard 35mm projector.

TABLE 3.09
CAMERA SETTING
CAMERA LENSE FILM DISTANCE /SPEED/
APERTURE
Miranda 50 mm Kodak Tri-X Variable
(35 mm Sensorex) (ASA400)
Milliken 16 mm Kodak Tri-X Variable
(DBM45) Reversal
(ASA160)
Hyspeed 16 mm Kodak Tri-X
Reversal Variable
(ASA160)

The projected image of the jet allowed without serious
loss of sharpness, a magnification of up to 20 times the true
jet dimensions and thus the accuracy of measurement was

improved.




3.3.2.1 Lighting Arrangement

The cell was 1lit from the rear using photoflood light.
The only light allowed to enter the cell was that through
a narrow vertical slit cut parallel to the jet on a black
screen adjacent to the rear face of the cell. Ordinary

tracing paper was used as light diffuser (Figure 3.12).

BLACK SCREEN WITH SLIT

0B SERVATION CELL
[

LIGHT DIFFUSER

ks

CAMERA LIGHT SOURCE

(position variable depending
on the jet length covered )

|
%

FIGURE 3.12 : Photographic Arrangement
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3.3.3 Determination of the Free Jet Length

The length of the jet actually in contact with the
continuous phase was one of the independent variables in
this technique and was set by the choice of the nozzle/
receiver gap. The length of the free jet did not enter into
the mass transfer analysis directly but a knowledge of its
value might have been helpful in recognising the character

of the flow within the jet.

The term free jet length means the average length of the
jet, in the absence of the receiver in the cell, before the,
continuous jet of fluid breaks up into droplets. This was
not a constant length but fluctuated widely depending on
whether a droplet had just broken off or was just about to
break off. The length was also very sensitive to minor

fluctuations in the flow of either phase.

The reason for wishing to know its value was associated
with its report corresponding to the flow regime within
the jet. Dzubur and Sawistowski (23) amongst others have
noted that the free jet length increased with jet Reynolds
number, reached a peak and subsequently declined to almost
zero at very high Reynolds number. The peak in jet length
was thought to coincide with the onset of a change in the
flow regime in the jet, probably the onset of turbulence.
Knowledge of whether the free length of the captured jet
under study was to the left or right of this peak, there-
fore, gave an indication of whether the flow in the jet

was streamlined or turbulent, a fact which might have been



L

significant to the mass transfer rate.

The determination of free jet length was carried out
using the cell and photographic set-up described in section
3.2.1 though this time with the jet receiver removed.

The jet phase was allowed to collect at the top of the cell
and was drain ed via an overflow. Except for this the

equipment was operated as before.

Both cine and still cameras were used, each had
particylar advantages. The still camera allowed use of
35mm film and short exposure time., This combination
allowed a very sharp image of the jet to be obtained. The
cine camera on the other_hand, used 16mm film with the
accompanying increase in grain effect onthe negative,
Relatively long exposure times, used in order not to use
excessive amounts of cine film gave rise to some blurring
of the fast moving tip of the jet thus making its accurate
location difficult. The one important advantage of the
cine technique, however, was the very large number of
frames that could be analysed thus allowing the average

jet length to be determined over a period of time,

The free jet length was determined for situations in
which no mass transfer was occurring. Thus for the
toluene-water system the two phases were free of the solute
(acetic acid or acetone) and were mutually saturated. For
the binary systems used the two phases were mutually
saturated. The saturation procedure followed is detailed

in- section 3.3.5:2,
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3.3.4 Interfacial Velocity Measurement

3.3.4.1 Introduction

Knowledge of the interfacial velocity of the jet
was required in order to determine the contact time between
an element of the jet surface and the continuous phase.
Equations based on the penetration theory for mass transfer,
for example, include the contact time as an important
variable. A major difficulty here, as with interfacial
area, was that the velocitywas known to vary along the jet
length and thus if an analysis of the mass transfer for
each increment of the jet length was to be made successfully
then the interfacial velocity must be determined over each

of the increments.

Section 2,.,3.3 of the literature survey of this
work indicates the numerous techniques available for the
measurement of flow velocity. A major limitation on the
choice of technique for the present studywas the require-
ment to measure thé velocity of an interface rather than
a velocity in the body of a fluid. The requirement
furthermore, was to not affect the flow by the measurement
technique and this to a great extent ruled out techniques

that involved the introduction of a probe,

Two techniques have, in fact, been aftepted . The
first, that using tracer particles and a photographic record,
was the one which was considered to require the least equip-
ment and the least time-consuming development. It was,
therefore, the tracer particle technique for which velocity
data is presented in this report. It was appreciated before

commencing this study, and it was obvious from the data
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collected, that this technique wasnot particularly accurate
nor reliable and an improved technique is necessary. In
order to study the feasibility of another more reliable
technique preliminary studies using a Laser-Doppler Veloc-
imeter were initiated. No data however, were obtained from

the L.D.V. technique.

3.3.4.2 The Tracer Particle Technique

This technique has been widely used previously
(29,32 ,33 ,38 ) and the technique used here followed the

standard procedure outlined in section 2.3.3 of this thesis,

Tracer particles were introduced into the aqueous
phase in aqueous suspension through an injection probe.,
The requirement was for the particles to fall slowly
under gravity and to be drawn into the boundary layer of
the jet by the flow pattern induced in the continuous phase.
The aqueous stream containing the particles was introduced
slowly so that the jet stability would not be affected. The
injection probe could be moved vertically but for most
tests the particles were introduced at a position just above
the jet receiver and at a distance of 10-15mm from it. This
position allowed the particles the full length of the jet
to fall and thus increased their chances of being captured

by the jet boundary layer,

The experiments were carried out for both captured
and free jets (i.e. with and without the receiver probe).
For the free jet studies the particles were introduced
at between 10-15mm.from the jet and at a position just below

the position of break-up.
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The cell was illuminated from the rear through a
light diffusing screen. The movement of the particle
was recorded on a 16mm cine film at a nominal 250 frames
per second. The actual local film speed was recorded via an
automatic timer "blip" on the film. Tor the highest velocity
jets a nominal frame speed of 500 frames per second was
used. The film was later analysed in the negative using a

standard analysis projector.
It was found necessary to mutually saturate the
phases in order to ensure that the interface was clearly

defined and not blurred by concentration gradients.

3.3.4.3 Choice of Tracer Particles

Preliminary studies on aluminium flakes and on
coal particles, both of which have been recommended by
previous investigators, were carried out. Coal particles
were, in fact, used throughout this study for the following
reasons. The technique of introducing the particles, that
is through a fine capillary tube gave rise to settling out
of the particles in the line and blockage and this was a
particular problem with the aluminium flakes owing, presumably,
to their flattened shape and higher density. Furthermore,
aluminium flakes offer greater advantages when used in
reflected light techniques. As the current technique
chose! to use transmitted light the coal particles showed
more clearly on the film, particularly in the region of the
bright reflecting interface. Coal also has the advantage

that its density is closer to that of water and its free-



fall velocity would not cause such an error in the

velocity calculation.

3.3.4.4 Preparation of the Coal Particles

The size range of coal particles found to be
most suitable to this study were those passing through a
sieve of Mesh 85 (0.178mm) though staying on a seive of
Mesh 200 (0.07S mm) . Particles smaller than this size range
were difficult to see on the film and those larger than this
range were seen to be rotating in the flow especially near

the interface.

Coal, ground in a mortar, was graded on a series
of standard seives. Particles in the nominal seive size
range of 0.178-0,075mm were disnersed into distilled water.
coal does not easily disperse in water in such fine particle
sizes but with vigorous agitation and by blowing air through
the water sufficient particles were dispersed into the

water for the experiment.

The results of these experiments are presented

in section 4.4.4

3.3.5 Mass Transfer Rate Determination

3.3.5.1 General Procedure

Rates of mass transfer were determined for four
binary systems and for two ternary systems. In all cases
the continuous phase was water. Transfer rates from the

jet to the continuous phase and vice versa were investigated
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for nearly all of the systems.

The procedures for assembly and for operation of
the equipment were as indicated in sections 3.1.2, 3.1.5
and 3.1.6. Before each run the apparatus was cleaned

according to the procedurs outlined in section 3.1.7.

The selected exposed length of the jet was set
by assembling the nozzle and receiver with the appropriate
vertical gap between them and a range of jet phase flow
for reach exposed length and for each system were investig-

ated.

3.3.5.2 Special Procedures for Binary Systems

_Transfer of one pure component into another pure
component in a binary system may occur in either direction
until the phases are mutually saturated. In order to
study the transfer occuring in only one direction at a
time one of the phases should be saturated with the other.
For transfer from the organic jet to the continuous phase,
therefore, the organic phase was saturated with distilled
water at the temperature of operation., This was then
contacted with pure distilled water during the run. Alter-
natively, for transfer of water from the continuous phase
into the organic jet the water was saturated with the jet

phase liguid and contacted against pure organic.



The procedure for saturation was standardised.
The phase to be saturated was agitated with excess of
the alternate phase in a 20 litre flask. The phases were
intermittently dispersed and allowed to settle over a
period of not less than one working day. The final settl-
ing took place overnight and the saturated phase was
then drawn off and charged into the appropriate Mariotte
reservoir. The pure alternative phase was charged into the

other resevoir.

Transfer of water into the jet required a very

short period of time for the steady state value of outlet
concentration to be achieved. Normally no longer than 10-
15 minutes was necessary. For these binary systems the
water content in the organic jet phase could be measured
directly. Either the whole of the exit jet phase could
be collected after steady state had been achieved or smaller
samnples of the jet phase could be collected during the
duration of the run. Analysis of the water content in the

organic phase is described in section 3.3.6.2

For transfer of organic materials from the jet
into the aqueous phase it was necessary to analyse the
average concentration of the whole of the continuous phase.
In order to achieve an easily measurable concentration,
therefore, the runs for transfer into the continuous phase
must be of considerable duration. The runs for this direc-

tion of transfer were normally betweem 90-120minutes long.
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This length of run was also shown to be valuable in ensur-
ing that any transfer during start-up or shut-down onrocedures

would make only a small contribution to the total transfer.

3.3.5.3 Special Procedures for Ternary Systems

It was essential to avoid the transfer
rate under study being confused by secondary transfer of
the solvents. This was be achieved by ensuring that the
solvent phases, toluene and water in this case, were
mutually saturated throughout the tests. The nrocedure for

saturation was the same as that outlined in section 3.3.5.2.

The initial concentrations for the transferring
solute, acetic acid or acetone, were made up in one or
other of these mutually saturated solvents depending upon
their chosen direction for transfer. The initial concen-
trations were retained at standard values for all the runs.

The values chosen are listed in the table given below.

SOLUTE CONCENTRATION IN
MASS TRANSFER SYSTEM TOLUENE WATER DISTRIBUTION|
PHASE PHASE COEFFICIENT
g/ml x103 (Cu[Co)
Transfer of acetic acid
From jet fo water 5.4 0,0 24
From wafer to jet 0.0 129,6 24

Transfer of acefone
From jet to water 5.4 0.0 1.44
From water to jef 0.0 5.4 1. 44




The procedures for the ternary systems studied were
the same as indicated previously. Details of the analysis

procedures are given in section 3.3.6.3.

3.3.6 Analysis Techniques

3.3.6.1 Analysis of Organic Concentrations in Water

The techniques employed in this analysis were selected
on the basis of highest accuracy achieved for each system
under the experimental condition used. A refractive index
measurement technique as previously used in this type of work
(81,82) was considered the simplest of the techniques. It
was found, however, that the accuracy available using an
Abbe Refractometer was not sufficient to detect the small

concentration differences that were found.

Gas chromatography using a Flame Ionization Detector
(FID) system was adopted for water solutions of ehtyl
acetate, M.I.B.K. and acetone (and for toluene solutions of
acetone). Packing PEG 400 was used at 100°C in a PYE Unicam

Model 104.

Gas chromatography aws also attempted for water solutions
of cyclohexanol and isobutanol but the peaks were not as
sharp as obtained for the other systems. For these two
systems, therefore, an spectrophotometer (PYE Unicam Model
Spl80) was adopted. Best results were obtained when operating

at wave lengths of 197u

3.3.6.2 Analysis of Water Concentrations in Organics

A Karl Fischer titration was used for the estimation

of water content in all the organics. The standards



Karl Fischer procedure was followed. The reagent and the
standard water solution in methanol were obtained through

B.D.H. Co. Ltd.,

3.3.6.3 Analysis of Acetic Acid Concentrations

Acetic acid concentrations in water and in toluene
were determined by acid base titration using standard 0.05N
sodium hydroxide and phenolphthalene as the indicator. In
order to achieve high accuracy a large sample of the phase
(100m1l) was used. For analysis of the toluene phase the
toluene sample was vigorously shaken with an equal volume

of distilled water throughout the titration.
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CHAPTER IV

RESULTS AND DISCUSSION

4,1 Introduction

Results on the local jet diameter and local interfacial
velocity are presented in Tables Al-1 to Al-5 in Appendix Al
and the mass transfer results are presented in Tables A2-1
to A2-14 in Appendix A2. Experimental and theoretical results
are presented side by side in common tables for convenience
in comparison. Results for jet length, in which case the
volume of data is not large, are presented within the text
as Tables 4.01 to 4.05.

Results are presented and discussed in sequence; Jjet
length; jet diameter; interfacial velocity; mass transfer.
This is thesequence in which the experimental procedures are
reported, it is also the logical sequence because a know-
ledge of each of these characteristics is useful or, indeed,
essential for the analysis and interpretation of the data
of the subsequent characteristics.

It was considered more helpful and logical to present
four separate sub-chapters each presenting the data, data
treatment and discussion for one of the characteristics
described. Thus there follow four sub-chapters headed
'Results and Discussion' for the four characteristics of
length, diameter, interfacial velocity and mass transfer.
The last of these, that for mass transfer, draws all the
component characteristics together and thus the discussion
for this will inevitably to be the form of a more general

discussion of all the results.
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4.2 JET LENGTH - EXPERIMENTAL RESULTS AND DISCUSSION

4.2.1 Introduction

The free length (that is without the jet being captured
by the receiver) has been measured for each of the liquid-
liquid systems according to the technique described in
Section 3.2.2. For all but one of the systems the free
jet length was measured for about fifteen different flow
rates covering a range from the initial jetting velocity
to the turbulent jet. For one system, that of cyclohexanol
in water, the high viscosity of the jet phase and the
limited head available restricted the flow rates studied

to a lower range.

The results for all the systems studied are presented
in Table 4.01 and in Figure 4.01 as free jet length versus

volumetric flow rate.

The jet length measured was that length from the tip
of the nozzle to the furthest point from the nozzle to
which the jet fluid reached as a continuous stream. This
length would obviously vary depending upon whether the end
section of the jet was just about to break off as a droplet
or whether a droplet had just broken off. A regular
pulsation of the jet length was also observed especially at
high flow rates. This appeared to be related to the bubble
release within the Mariotte reservoir. It was necessary,
therefore, to present a jet length which was averaged out
over these periodic fluctuations and over any other random
fluctuations. It was found that the cine camera technique

gave far more reproducible results than the still camera
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System No.1l :
No.2 :
: Toluene-Water

No.3

No.4 :

Isobutanol-Water
Ethylacetate-Water

MIBK-Water

FIGURE 4.01

Flow Rate Q (ml/min)

: The Variation of Jet Length with

the Flow Rate




TABLE 4.01 : Jet Length Vegsus Flow Rate Data for Four
Systems at 20°C

Ethylacetate/ | Isobutanol/ MIBK/Water Toluene/Water
Water Water System System
System System
Flow Jet Flow Jet Flow Jet Flow Jet
Rate |Length | Rate | Length | Rate | Length | Rate Length
Q L Q L Q L Q L
ml/s cm ml/s cm ml/s cm ml/s cm

0.23 2.0 0.05 TUsg 97 2.0 0.55 1.6
0.25 1.7. +0.08 4.0 0.27 2.5 0,58 2.2
0.28 4,0 0.10 4,18 0,28 4.0 0.67 3.7
0.31 6.5 0.12 43" p.32 5.0 0.70 4,0
0.34 850 ‘o185 4.9 0,33 5.5 0.75 5.2
0.39 9.5 0.19 4,3 "0.35 5.2 10183 6.0
0.43 9,5 0.25 4,0 - 0,38 T.T 0,92 7.0
0.50 10.1 0.30 3,8 0.48 9.8 1.00 8.2
0.58 10.0 0.33 3.5 0.60 9.6 1.08 8.6
0.67 8.1 0.47 3.0 - 0.63 8.5 - 1,17 8.5
0.83 5.3 0.58 2,8  0.70 g8 © 1.39 7.0
1.0 3,8 D.72 2.0 0.83 5.1 - 3.87 5.6
1.15 o 0,82 1.6 - 0.01 &6 1,850t 4.7
1,27 2,1 0,92 1.4 1.00 4.2 1,63 3.5

1.5 1.2 1.20 2.9 1.82 A
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technique despite the loss of resolution, Each value of
jet length presented is an average of that measured over
five consecutive frames of the film. Also it was ensured
that jet length was measured across the full sequence of
fluctuation and thus it can be confidently said that the

jet lengths presented are truly representative values.

The fluctuations in the jet length were fairly minor
during the lower flow rate range of the study. As the peak
jet length was approached and then exceeded, however, the
jet length became highly erratic and the reproducibility

of results over this higher range was less satisfactory.

4.2.2 General Shape of the L Versus Q Curves

The curves of flow rate against jet length followed
the general pattern previously observed and reported in
Section 2.1.1. After passing through a critical flow rate,
corresponding to a transition from direct droplet release
to jetting, the jet length increased rapidly with increasing
flow rate, reached a peak and thereafter declined less
steeply. Photographs of the jet, samples for one system
being presented as Figure 4.02, indicate a change in the
behaviour of the jet beyond this peak. The photographs
presented as Figure 4.02 indicate clearly the change from
the axisymeric nodal disturbance before the peak to a
sinuous disturbance beyond the peak as previously described

by a number of researchers.

None of the curves show the marked discontinuities in

jet length which Meister and Scheele (8) had observed
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Jet Length, L(cm)

— 75
Flow Rate, Q(ml/min)

FIGURE &.02 : VARIATION OF JET LENGTH AND JET BREAK-UP CHARACTERISTICS
WITH JET FLOW RATE. SYSTEM: Ethylacetate / Water.
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(see Figure 2.03 ) corresponding, in their view, to a very
rapid lengthening of the jet through droplet merging. All
systems, however, did show a continuous steep rise almost
immediately after initial jetting and this steep slope of
the curve continued almost unchanged until the peak length

was approached.

The Meister and Scheele equation for the prediction
of jet length can be used in conjunction with the experimental
data in order to compare various trends. No rigorous
comparison is being attempted here. The form of equation 2.217
as shown in the literature survey involves two terms which
cannot be determined from the data available. The term
1n (Rjﬁ%)L however, may, with some confidence be allocated
the value 6, this being the average value determined by
Meister and Scheele for 15 mutually saturated binary systems
and six nozzle diameters. The interfacial velocity may be
determined from equation 2.307 as presented by Meister and
Scheele. This, therefore, leaves only one gap in the
equation, that is the value of the growth rate of the
disturbance (a). This, according to the instability
correlation presented by Meister and Scheele (8 ) for a
cylindrical low viscosity liquid jet in a low viscosity
continuous phase should remain constant. Table 4.02 indicates,
however that using the Meister and Scheele jet length equa-
tion with the previously mentioned values for interfacial
velocity and ln(Rj/aO) yields a range of values for a which
follow the pattern indicated in Figure 4.03. There is an
intermediate range of flow rates, having an upper limit

approaching the value for the peak jet length, over which
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o does not vary greatly. The reason for the failure to
observe a constant value for o across the whole range of
flow rates (up to the peak jet length) is not clear but it
is important to note that, whereas the prediction of a
constant a was for a cylindrical jet, the jet in practice
contracted along its length. The major contraction was
apparent over the first 12 nozzle diameters of jet length
and was more extreme at low flow rates. Those flow rates,
therefore, which showed qlong jet whose diameter did not
vary greatly for a large portion of its length, would be

the ones for which a would not be expected to vary.

a {for In(Rj/ap) = 61}
Q L
cm3/s cm
Using Ui predicted Using experimental
by equation?2.307 Uy values
(A) (B) (C)
0.58 Ll AT 9.39
0.67 3.6 12.3 6.24
0.83 6.0 9.84 5.68
1.00 8.0 9.38 6.56
1.17 8.6 9.74 1. 75
133 6.2 13.80 14.00

TABLE 4.02 : Indicated Values for the Growth Rate of the
Disturbance o using Equation 2.217 in Con-
junction with Experimental Free Jet Length
Data.

System: Toluene Jet in Water
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(A) Jet Length
(B) o Using Predicted Uy
(C) o Using Experimental Uy
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FIGURE 4.03 : Variation of Growth Rate of
Disturbance (a) with the Flow
Rate for Experimental and
Predicted Values of the
Interfacial Velocity
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4.2.3 The Appearance of Nodal Disturbances

The nodal disturbances that characterise the extreme
end of a free jet and which inevitably result in its break
up are generated well upstream of the point at which they
become obvious to the naked eye. Their amplitude, however,
in their early life, is small and the jet may retain its
appearance of a pure or slightly tapered cylinder until
the amplitude grows exponentially and becomes apparent.

The jet length at which the nodes become apparent may have
no particular significance to the current study except to
note that in all of the systems studied the action of
capturing the jet completely damped the regular nodes
apparent in the free jet at the equivalent jet length.
These nodes were however, replaced by higher frequency
standing nodes which appeared b be a phenomenon of impinge-
ment and capture. This damping of the nodes, which would,
if the jet were free, result in the break-up of the jet,
would obviously stabilise the jet. 1In fact for a number of
cases a stable captured jet was studied at an exposed
length which, for the particular flow rate, was longer than
the free jet length. e eosﬁ~m« o& e appea-ance ot the wodal

cb‘-‘\'ut\fomnr.e_s ;u\ o ‘ev‘&n_ \\e* Qs 2 \AC\\{Q\'Q& AN HL’\Q 1{01 a-‘d Q~&u—q L*OLF

4,.2.4 1Initial Jetting Velocity

The flow rate at which the mechanism changed from
droplet release directly from the nozzle tip to jet forma-
tion varied for each system and, indeed, it was difficult

to reproduce this result for each system.

The procedure followed was that the flow rate was

increased from zero by small increments until the transition
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FIGURE &.04 : Jet lenglh versus flow rate curves; dots indicating the posifion
where the nodal disturbances start fo become apparent.
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from droplet release to jetting was observed. This flow
rate was noted. The flow rate was then reduced incre-
mentally until direct droplet release was again observed.
This second value of the transition flow rate was noted
in all cases to be lower than the former value. This
discrepancy between the droplet-jetting and jetting-droplet
transition flow rates was observed to be greater for

systems of higher interfacial tension.

The initial flow rate recorded in Table 4.04 is that
for transition from jetting to droplet formation, that

is the lower of the two observed transition values.

Table 4.04 compares these experimental values of the
initial jetting velocity with predicted values. The
droplet size (df) produced at the initial jetting velocity
was predicted by equation 2.19 as presented by Klee and
Treybal ( 22). This was then used in equation 2.18, the
equation presented by Meister and Scheele ( 8a ) to predict
the initial jetting velocity, with their value of the
constant K(=1.73). Relatively good agreement between these

predictions and the experimental values was apparent.

Initial Jetting Flow Rate cm3 st
Jet Phase de . (cm)
(Eq.2.19)I

Equation 2.18 Experimental
Isobutanol 0.195 0.059 0.0417
Ethylacetate 0.378 0.206 0.233
MIBK 0.285 0.198 0.250
Toluene 0.456 0.408 0.483

TABLE 4.04 : Comparison of experimenta]l and predicted walues
of the initial jetting flow rate
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4.2.5 Prediction of the Maximum Jet Length

The four systems used show an interfacial tension range
from 2.0 dynes em™ ! to 36.0 dynes em™Y. Smith and Moss
( 10 ) suggested from their work on a mercury jet in HgNO3
solutions that the general form of the length versus flow
rate curve shifted to lower flow rates with increasing
concentration of the nitrate, that is with a reducing
interfacial tension. It should be expected, therefore, that,
if the trend indicated by Smith and Moss was followed here,
the position of the curve would depend upon interfacial

tension.

Table 4.05compares the interfacial tensions of the
systems used with the position of the peak as measured from
Figure 4.01. It is apparent that the expected trend is

followed though no obvious correlation is apparent.

A correlation may, however, be expected with the
Ohnesorge number, uj(pj dj 03 = Z, which was shown by
Phinney ( 17) to be a good criterion for the peak in the
curve for liquid jets in gas. Figure 2.02c¢ of the literature
review indicates linearity in the relationship between
ln Z and 1n Rem, the Reynolds number corresponding to the
peak. Figure 4.05 indicates that the plot of 1ln Z versus
1n Rem for the present results could, similarly, be
represented as linear despite the fact that these now deal

with liquid-liquid systems.



System

Ohnesorge Number z[ Rep

Isobutanol

M.I.B.K.
Toluene

Ethylacetate

0.109

0.0044
0.0058
0.0029

43.5
937.0
789.0

1944.0

2.0
9.0
9.6
36.0

TABLE 4.05

Variation of the Reynolds Number at
Maximum Jet Length Compared with
Ohnesorge Number and Interfacial

Tension
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4,2,6 The Effect of Mass Transfer on Free Jet Length

The free jet length data so far presented have been
for mutually saturated systems where no mass transfer
takes place. Perhaps a more relevant interest for the
current study was the effect that mass transfer would

have upon this free jet length.

In order to investigate this phenomenon the system

toluene/ acetic acid/water was studied with toluene

as the jet phase. Tranfer in both directions was
studied and the free jet length characteristics were
observed for an initial acetic acid concentration in
either phase consistent with the concentration to be
used in the subsequent mass transfer studies. The
results obtained are indicated in the table and the

figure given below,.

Mass transfer in the outward direction appeared
to reduce the free jet length for a given flow rate
though without changing the position of the critical
Reynolds number at which the peak jet length occured
Mass transfer into the jet reduced the critical Reynolds
number as well as the value of the peak jet length.
For transfer into the jet of an interfacial tension
lowering solute Sawistowski ( 23) has noted that the
jet would be deséabiiised by the enhancement of noding
and this is in agréement with our observations. For
transfer out of the jet however, Sawistowski suggests
that the jet could be stabilised. This is clearly not
so in that the jet length is reduced. This is probably
then a combination of factors associated with a stabilisa-

tion effect through mass transferand a destabilisation

through the general lowering of the interfacial tension.
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TRANSFER OF ACETIC ACID FRQOM TRANSFER OF ACETIC ACID FROM
TOLUENE JET TO WATER WATER TO TOLEUENE JET

FLOW RATE JET LENGTH FLOW RATE JET LENGTH
(ml/s) (cm) (ml/s) (cm)
0.58 0.9 0.37 0.0
0.68 2.2 0.40 1.7
0.82 3.2 0.44 3.6
0.90 3.9 0.52 6.8
0.92 3.6 0.87 6.4
1.02 3.6 1.12 4.7
1.25 3.0 1.38 4.0
1.55 2.4 1.63 2.3
1.93 1.3 1.83 1.3
sk TRANSFER FROM WATER TO JET
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T, L .

- © FROM JET TO WATER
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0.4 0.8

FLOW RATE

AA
(ml/s )
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EFFECT OF SOLUTE TRANSFER ON JET

STABILITY.

SYSTEM :

Transfer of acetic

acid betftween

toluene jet and water




™

15¢
———

C

4.3 JET DIAMETER - RESULTS AND DISCUSSIONS

The jet diameter and its variation along the jet length

were measured as indicated in Section 3.2.1.

The still photographic techniques adopted was found
very satisfactory for the purpose. For long jet lengths
the jet was photographed in two sections (top and bottom).
Particular care was taken during this procedure to ensure
that the camera was truly horizontal, This could easily be
done by ensuring that two marks, one on the front face of
the cell and one on the rear face, always appeared aligned

when viewed through the camera,

Three still photographs for each combination of cap-
tured jet length and flow rate were analysed by direct
measurements from the projected 35mm negatives. The diameter
was measured using a travelling microscope and this com-
bined with the fact that each point presented is the average
of three measurements taken from three individual plates for
the same conditions of flow rate and position along the jet,
allowed highly accurate data collection. Reproducibility

was good as may be appreciated from Figure 4.08 - 412

All of the systems studied showed considerable tapering
of the jet diameter from the nozzle exit value. Most
systems show that the major tapering takes place within the
first 20 mms of the jet length (i.e. 12.6 dn for a nozzle

diameter dn = 1.78 mm) and, thereafter, tapers less noticeably,



No system showed a perfectly cylindrical section of the jet
although at higher flow rates this was approached. This

was most apparent for cyclohexanol. At low flow rates,
however, tapering of the jet for its whole length was observed,
this being most noticeable for the system isobutanol-water.

Figures 4.06 and 4.07 show this to particular effect.

The only point of confusion in the jet diameter data
stems from the comparison of the present data with that
presented by Kimura and Miyauchi (32). These workers
measured the diameter of a jet of benzene flowing upwards
through water. The jet was captured as in the current work.
They found that the diameter increased almost linearly as the
jet travelled from the nozzle exit. For all systems in the
present study, however, the jet diameter was seen to reduce
in the direction of flow. The possibility of the expansion
of an upwards moving jet is indicated by previous work,
such as that of Duda and Vrentas (31). It is thought
however that, as the system benzene/water has very similar
properties to the system toluene/water then they should
behave similarly. As seen from Figure 4.09, however,
the toluene jet was observed to contract at all flow rates
this contraction being most severe at the lower flow rates.
No obvious explanation for this difference in behaviour is
apparent. It is assumed that care was taken in the work of
Kimura that the jet was at a perfect right angle to the line
of view of the camera and that no mass transfer was occurring
which may cause the development of a thickening boundary layer

which could give a false impression of the diameter.



FIGURE 4,06 : CHANGE IN JET DIAMETER WITH FLOW VELOCITY OF JET.
SYSTEM : Isobutanol jet in Water

(1) Low velocity jet (nozzle Re = 46 )
(2) Medium velocity jet (nozzle Re = 63)
(3) Higher velocity jet (nozzle Re= 93)

FIGURE &.07: CAPTURED JET OF CYCLOHEXANOL IN WATER (a] LOW FLOW RATE
INDICATING TAPER AND (b) HIGH FLOW RATE INDICATING
VIRTUALLY PARALLEL SIDED CYLINDER



Physical Toluene Benzege
Properties at 20°C at 20°C
3
o (g/cm™) 0.864 0.878
bp (g/em) 0.136 0.122
U (poise) 0.0065 0.0072
o (dyne/cm) | 36,7 367

Comparison of Physical Properties of Toluene
and Benzene

Comparison of the Jet Diameter Data with Theoretical

Prediction

In figures 4.08to4.12the local value for jet diameter is
plotted against axial position for three selected flow rates
for each system. Compared with these is the same curve

predicted from the Meister and Scheele equation 2.227

For the systems isobutanol, cyclohexanol, M.I.B.K.
and ethylacetate, all mutually saturated with the conti-
nuous phase water, the predicted curves for moderate and
low flow rates show a noticeably more severe taper in the
jet diameter than was observed in practice. This dis-
crepancy is more apparent at the lower flow rates and
particularly for the high viscosity, low interfacial tension
jet phase isobutanol and cyclohexanol. For the higher
flow rates in the system M.I.B.K./water and ethylacetate/
water and for all the toluene/water data the predicted

curves show a less severe taper than was observed.
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FIGURE 4.08 : Jet diameter versus position along the jet

cms.

Jet diameter,

cms

Jet diameter,

for three selected flow rates
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—o— Experimental
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Position along the jet, cms.
FIGURE 4.9 : Jet diameter versus position along the jet
for three selected flow rates -
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——o— Experimental I
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016 "'""--—.._______ -
1. 15 ml /s
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0.14 119 o
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SYSTEM : TOLUENE JET IN WATER
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Position along the jet, cms.
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FIGURE 4.10 :

Jet diameter versus position along the jet

for three selected flow rates.

Jet diameter,cms.

, CINS ,

Jel dldameter

1.8
SYSTEM: M.I.B.K. JET IN WATER
—e— Experimental
1.64 ———Theoretical
1.0
1.4Q 0.567
\ —
1.20 - 0.30 S i
\\ (0.567
\H\\
& (0.30)
1.1 i 2 3 4 5 6
Position along the jet ,cms.
FIGURE 4.11 Jet diameter versus position along the jet
for three selected flow rates. .
1.80
1.60
0.467
— -4
1.40
—
~ ~
~ S
(0.267) ~~0.467)
1.20 SYSTEM: ETHYLACETATE JET IN WATER
1.10
5o 2 3 4 5 6

Position along the jet,cms.




FIGURE 4.12
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Jet diameter versus position along the jet

for three éelected flow rates.

SYSTEM: CYCLOHEXANOL JET IN WATER
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Position along the jet ,cms.




4.4 INTERFACIAL VELOCITY - RESULTS AND DISCUSSION

4.4.1 Introduction

As indicated in Section 3.3.4 two approaches to the
estimation of interfacial velocity were made. For one of
these, that using Laser-Doppler-Velocimetry (L.D.V.) a
preliminary feasibility study only was carried out and no

velocity data were collected.

The experimental data presented here were gathered
using the particle tracking technique as detailed in
Section 3.2.3.2. This technique has some obvious draw-
backs. For instance, no guarantee can be given that the
particle whose motion was being observed was actually in
the interface whose velocity was to be determined. Nor
can it be guaranteed that the velocity of the particle
as measured was a true measure of the flow velocity at the
point indicated. Consideration must also be given to the
possibility that for a very sharp velocity gradient near
to the interface the tracer particle even though it may
touch the interface, may have a diameter across which the
flow velocity varies considerably and thus the particle
would be subject to an average velocity characteristic of
a position near to but not in the interface. These major
criticisms accepted, however, it is felt that with some
care in collection of the data a reasonable estimate of the

interfacial velocity could be found.



I——-D— JET PHASE TQO DRAIN
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OBSERVED FLOW PATTERN

FEED TO NOZZLE __.—J

FIGURE 4.13 : Representation of the observed flow pattern

in the surrounding phase adjacent to receiver
tIp
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4.4.2 Practical Considerations

It was noted that the flow pattern set up by the jet
when the receiver was installed was as shown in Figure 4.13.
This pattern caused any particles released above the
receiver tip to be swept away from the vicinity of the jet
and thus to be of no value in the experiment. Despite the
danger of disturbing the jet by the action of injection
of the tracer particles it was found necessary to locate
the injection nozzle below the receiver and quite close
to the jet itself. Particles falling slowly under gravity
were then pulled towards the jet and were eventually
accelerated into the boundary layer and carried upwards.
Alternatively particles which fell the full length of the
jet were caught in the induced flow pattern around the
nozzle and carried into the boundary layer at the nozzle
tip and then travelled the full length of the jet at the
interface. It was found that particles which followed
this latter path normally exhibited the maximum velocities

observed.

4.4,.3 Analysis of the Film Sequences

Only those particles which appeared to be at the
interface were tracked on the film. The nature of the
curved interface, however, resulted in the fact that the
only particles which could easily be seen at the interface
were those which travelled along the edge of the image of
the jet, thus, exhibiting, in the negative, a moving white
profile on the straight white edge of the jet image against

the black background.
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SYSTEM : ETHYLACETATE /WATER, Q=0.38 ml/s ’
AYXTAT PARTTCTE VEIOCITY TN THE AXTAT. DIRFCTTON (cm/s)
POSTTTON [Particle| ParticlqParticle| ParticlgParticle/Particle

cn 1 2 3 I 5 6
0.5 540 - = = - -
150 5eb Lol 2+ - - boly
1.5 Poly 645 6.0 6.6 < =
2,0 8e7 8.0 7ok 6+8 - 760
2¢5 Fe 9.3 8.5 7.2 S8 -
3.0 10.2 10,0 9.6 76 3.0 7.6
4.0 il 09 0 11.0 10.5 a2 10,4 8.0
5.0 1148 11.8 11.4 8.6 1159 8.2
£.0 125 12.7 12.4 8.8 12.4 -
7.0 1.Z56 13.0 - - - -

TABLE 4.07 : Typical example of interfacial velocity data

(em/s)

PARTICLE VELOCITY,

o o]

from individual particles at one jet flow rate

— Actual particle velocity

-—-Constructed interfacial
velocity curve

SYSTEM : Ethylacetate/water
Q=0.38 ml/s

e ; : . !

1 2 3 4 5 6 iy

AXIAL POSITION, Z(cm)

FIGURE 4.14 : Typical individual particle velocities and

interfacial velocity constructed from them
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SYSTEM TOLUENE/WATER, Q = 1 ml/s
AXTIAL |PARTTCLE VELOCITY IN AXTIAL DIRECTION(cm/s)
POSTTION |ParticlelParticle |ParticlefParticle |Particld
z(cm) i 2 3 i 5
0«5 - - 75 10,0 11:0
1.0 - - 12.5 14,0 15.0
15 - 8.0 18.0 18.0 18,0
2.0 - 14.5 2245 22.0 21.0
2.5 150 19.5 26.0 245 23.5
3.0 18.0 24,0 - 2745 2242
3,5 23.0 28.0 - 30,0 27.0
| 4.0 275 31.0 - Shed 28.0
L5 31.0 33:0 - - 28.5
5.0 34,0 - - - 29.0
TABLE 4.08 Particle velocity at a jet flow rate of

(cm/s)

PARTICLE VELOCITY,

FIGURE 4.15

20r

10

—— Actual particle velocity
—) —
---Constructed I.F. velocity
301 curve /, 4
5
SYSTEM : Toluene/Watern
¢

(@)

1 cm3/s in toluene/water system

AXIAL POSITION, Z(cm)

Observed particle velocity adjacent to the
jet indicating the construction of the
maximum velocity curve for estimation of uy
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The interface when approached from the continuous
phase side will exhibit the maximum velocity. For each
jet system and for each flow rate studied, therefore, the
best approximation to the interfacial velocity was taken
to be the maximum particle velocity recorded for each pcint
along the jet. It was ensured, particularly at parts of
the jet near the nozzle that this particle appeared to be
at the interface. This maximum flow rate could have been
either that of one particle which followed the interface
along the whole length of the jet or, commonly, the curve
of maximum flow rate was constructed by taking tangents
to the velocity curves of a number of particle tracks
covering the whole of the jet length. Figure 4.14 and 4.15
show typical velocity/position traces for all tracked
particles in two film sequences. Subsequent graphs of
velocity present only the relevant maximum velocity curve

extracted from each film sequence.

4.4.4 The Experimental Results

Correction of the apparent particle velocity to
compensate for the free fall velocity of the tracer
particle would increase the apparent interfacial velocity
by between 0.7 and 1.3 cm s™1. This is the maximum and
minimum of the range of free fall velocities for the range
of coal particle sizes used as observed through cine film
analysis. As it was not possible to know precisely the
size of particle tracked it was considered that the error
introduced would not be too great if it were assumed that

the appropriate correction was chosen to be the average

of this range, that is 1.0 cm s™1. This correction was,
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Q = 0.67 ml/s

16 Free jet

(cm/s)

Captured jet

L 12

INTERFACIAL VELOCITY,
o

1 2 3

E::::: AXIAL POSITION (cm)
; =

FIGURE 4.16 : Local interfacial velocity along the full
jet length of a contaminated toluene jet in
water showing the deceleration of the interface
at and near to the capture device

(cm/s)

- 20 =

INTERFACIAL VELOCITY,

! 1 =

1 2 3
AXIAL POSITION (cm)

FIGURE 4.17 : Comparison of observed maximum particle velocity
at varying nozzle-receiver distance for the
captured toluene jet in water (b) with that for
a free jet (a) under the corresponding
conditions
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therefore, applied to the measured particle velocities.

All experimental results showed an apparent inter-
facial velocity which accelerated along the jet length.
This could be interpreted as the acceleration of the tracer
particle within the boundary layer or as the movement of
the particle towards the interface through the velocity
gradient of the boundary layer, An accelerating inter-
facial velocity was however, expected along the jet length
and this, as indicated in the literature review, may be
due to two factors : firstly, the relaxation of the velocity
profile from the extreme parabola at the nozzle entrance
to a more flattened form; secondly, the increase in the
overall jet velocity that must accompany the contraction

of the jet diameter.

In all cases the introduction of the jet receiver
and the subsequent capture of the jet did not have a
significant effect on the interfacial velocity for sections
of the jet well upstream of the receiver. Figure 4.17
compares the maximum apparent interfacial velocity curves
for identical flow rates of toluene with and without the
jet receiver. The difference in these two curves, up
until the last centimetre of jet length, is small and is

within the probable limit of error of the technique.

Quite obviously the presence of the receiver and the
action of impingement and capture would be expected to
affect the interfacial velocity in the locality of the

terminal nodes and around the hemispherical capture surface.
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This was, in fact, observed though for most systems the
reduction in apparent interfacial velocity over this range
was quite small. For one particular case, however, that
for which the system toluene/water was contaminated with
a surface active material, the interfacial velocity was
observed to be severely reduced. The phenomenon, illus-
trated in Figure 4.16 and 4.17 gives support to the sugges-
tion that certain surfactant materials may build up into
virtually stagnant layers on the jet surface near the
receiver. This phenomenon is discussed further in Section

4, 8.1 .

4.4.5 Comparison of Experimental Interfacial Velocity

Data with Theoretical Prediction

Two predictions for the interfacial velocity of a
jet have been compared with the experimental data. The
two equations, that of Garner, Mina and Jensen (37) and that
of Meister and Scheele (8) are presented as equations 2,305

and 2,307 in the literature survey.

In figures 4.18 to 4.22 the curves of experimental
interfacial velocity are presented for all flow rates
studied for each system. The curves show how the inter-
facial velocity increased along the jet length. For three
typical flow rates chosen as low, medium and high through
the range of flow rates studied for each system, the
experimental data is compared with various predicted
values. These experimental curves are:

(1) the experimental data

(2) the Garner, Mina and Jensen (37) equation 2.305
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using experimental local diameter

(3) the Garner, Mina and Jensen equation using local
diameter predicted from the Meister and Scheele
(8) equation 2. 227

(4) the Meister and Scheele equation using experi-
mental local diameter.*

(5) the Meister and Scheele equation 2.307 using
local diameter predicted from the Meister and
Scheele equation 2,227 . *

(6) the average jet velocity using experimental
local diameter.*

(7) the average jet velocity using local jet dia-
meter predicted from the Meister and Scheele
equation 2.227.

* Only the results for predictions 2,4,5 and 6 are
presented on the graphs in comparison with the

experimental data.

All predictions suggest on interfacial velocity far
higher than that apparent from the experimental data.
These predictions, though having not been tested against
extensive data, are suggested by their authors to have
shown good agreement with their own limited data. There
is a suggestion, therefore, that the experimental data

collected during the current project were lower fthan actual values.

Acreement between the experimental data and some of
these predictions was not expected. Curve 6, for instance,
that which assumes a perfectly flat velocity profile, is

bound to be the least likely to show agreement with



FIGURE 4.18
SYSTEM: TOLUENE JET IN WATER
A) Experimental data for all B) Camparison of experimental
flow rates studied. data with theoretical
100 predictions.
a) 0.583 ml/sec Flow rate: 9,583 ml/sec.
b) 0.817 ml/sec
. c) 0.967 ml/sec
9 80 d) 1.150 ml/sec
a e) 1.430 ml/sec
| £) 1.780 ml/sec
o 60
L
o (£) (e)
3
g 0 (@) (6
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100

GO

40

Interfacial velocity ,an/sec

‘1""";

<72

Interfacial velocity versus position along the jet.
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C) Camparison of experimenta}
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FIGURE 4.19
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Interfacial velocity versus position along the jet

SYSTEM: M.I.B.K. JET IN WATER

A) Experimental data for all
flow rates studied.

0.300 ml/sec
0.400 ml/sec
0.567 ml/sec
0.767 ml/sec
1.000 ml/sec

a)
b)
c)
d)
e)

Position along the jet, ams,

B) Comparison of experimental
data with theoretical

predictions
Flow rate: 0.300 ml/sec

Position along the jet, ans,

| Pl RS- 4 5 6

FS 3 4 5 6

C) Comparison of experimental

data with theoretical

predictions.

Flow rate: 0.567 ml/sec
(5)
(6)
(2)
(4)
(1)

Position along the jet, cms.

(6)

2)

(5

R

N

(4)

(1)

D) Camparison of
experimental data with
theoretical prediction

Flow rate: 1.00 ml/sec

Position along the jet, ocms

L 2 3 4 S 6

i 2 3 4 S 6



FIGURE 4.20
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Interfacial velocity versus position along the jet.

SYSTEM: ETHYLACETATE JET IN WATER

A) Experimental data for all
flow rates studied,

a) 0,267 ml/sec
b) 0.333 ml/sec
c) 0.467 ml/sec
d) 0.700 ml/sec
e) 0.967 ml/sec

(e)

Position along the jet,cms.

B) Comparison of experimental

data with theoretical

predictions.
I"low rate: 0.267 ml/sec

(6) 2 (5)
—(2)
(4)
(1)

LR 3 4 5 6

Position along the jet, ams.
1

T 2 3 4 S B

7

C) Camparison of experimenta

e

data with theoretical
Eredictions .

Flow rate: 0,467 ml/sec

B)Camparison of experimental

data with theoretical
Qredi ctions,

Flow e: 0,
(6)

(4)
/(5)
(1)

967 ml/sec.

(2)




FIGURE 4.21

Interfacial velocity, cm/sec

,cm/sec

Interfacial velocity
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Interfacial velocity versus position along the jet.

SYSTEM: ISCBUTANOL JET IN WATER
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A) Experimental data for all
flow rates studied.

a) 0.058 ml/sec
b) 0.083 ml/sec
c) 0.133 ml/sec
d) 0.217 ml/sec
e) 0,333 ml/sec
f) 0.450 ml/sec
g) 0.600 ml/sec

Position along the jet,cms

B) Camparison of experimental
data with theoretical

Flow rate: 0.083 ml/sec

(5)
(1
(2,4 & 6]

Position along the jet,cms
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L p 3

C) Comparison of experimental

data with theoretical

predictions.
Flow rate: 0.333 ml/sec

Position along the jet, ams

D) Camparison of experimental
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Dmdictiuns.

low rate: 0.600 ml/sec.
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(8)
(2)
(4)
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Interfacial velocity, cm/sec

Interfacial velocity cm/sec
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FIGURL 4.22 : Interfacial velocity versus nosition along
the jet.
SYSTEM: CYCLOHEXANOL JET IN WATER,

24
A) Experimental data for all B) Comparison of experimental
&8s flow rates studled data with theoretical
‘predictions,
a) 0.1 ml/sec FLOW RATE: 0.1 ml/sec
16 b)Y 0,167 ml/sec

c) 0.25 ml/sec
d) 0.30 ml/sec

e)N.35 ml/sec (f)
121 ¢) 8.4 mtjj::::::::::::::::&e) (5)
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8
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16
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experiment. Similarly the curve for the Garner, Mina and
Jensen equation (curve 2) would not be expected to show
particularly good agreement with this experimental data

as the model on which it is based neglects all the forces

except that due to the viscous drag.

Better agreement with this experimental data was expected

from the predictions of the Meister and Scheele equation

2.307 and this was generally found (curve 4). Meister

and Scheele themselves had reported good agreement between
their model and limited experimental data but they had
used in their model a predicted rather than an experimental
value for the local jet diameter. Curve 5 was, therefore,
prepared to show the Meister and Scheele predictions using
the equation for local diameter from Meister and Scheele
(2.227). Good agreement between experimental data and

curve 5 was found for the system toluene-water, a system
with physical properties very close to those of the systems
studied by Meister and Scheele. For the other systems
studied, however, the adoption of the predicted diameter
considerably worsened the agreement. The common difference
between these systems, (M,I.B.K., ethyl acetate, isobutanol
and cyclohexanol all mutually saturated with water), and
toluene-water is reflected in the comparison of the
experimentally measured local jet diameter and the dia-
meter predicted from equation 2.250. Figure 4.5
in Section 4.3 of this report show how for toluene-water
the taper of the jet was predicted to be less severe than
was, in fact, observed, For all other systems studied,

however, the predicted taper was more severe than was
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observed. This leads directly to the observed differences

in the behaviour of curve 5.

The jet phase viscosity has a predictable effect on
the spread of the predicted interfacial velocity curves.
As jet phase viscosity increases the three predictions
using the experimental local diameter fall closer together
until for cyclohexanol (u at 25°C = 0.562 poise) curves
2, 4 and 6 are virtually identical. This indicates that
for these relatively high viscosities the Garner and the
Meister equations both predict a completely flat velocity

profile and u; = TUN

4.4.6 Concluding Remarks

The tracer particle interfacial velocity measurement
technique as adopted in this project presented inter-
facial velocity data which was in general, considerably
lower than predicted values. Although the predictions used,
those of Meister and Scheele (8) and those of Garner, Mina
and Jensen (37), have been tested against limited experi-
mental data by their authors it is not clear how reliable
they are. It will not be said, therefore, that because
the experimental data indicates lower than predicted values,
that these values are incorrect. It is certain, however,
that the experimental interfacial velocity data cannot be
accepted with total confidence and consideration must be
given to the limitations inherent in the technique as
indicated in the introduction (Section 4.3.1). It is
apparent that it would have been an extremely valuable

contribution to this work to have confirmed these values

through some alternative technique, preferably LDV.
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4.5 MASS TRANSFER - RESULTS AND DISCUSSION

4.5.1 Introduction

The rate of mass transfer between a known length of
exposed jet surface and its surrounding continuous phase
was determined experimentally according to the procedures
described in sections 3.3.5 to 3.3.6.3. The exposed length
of jet could be varied between 1.0 cm and 7.8 cm. The
range of flow rates covered for each system was governed by
the characteristics of that system, the criterion for the
maximum and minimum flow rates being the requirement to
obtain a stable continuous length of exposed jet that would
be captured without cbvious induced turbulence at the

receiver.

Two ternary systems were studied, toluene/acetic acid/
water and toluene/acetone/water but extensive mass transfer
data for only the former system were collected. The organic
was retained as the jet phase throughout. Transfer in both

directions was studied.

Four binary systems were studied; these being iso-
butanol, cyclohexanol, M.I.B.K., ethylacetate each paired
with water. Again the organic was retained as the jet phase

and transfer in both directions was studied.

Preliminary tests were carried out in order to investi-
gate the effect of variations in the form of the capture
"droplet" on the overall mass transfer. The results of

these tests are described in section 4.5.2.
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Similarly preliminary tests were carried out in order
to investigate the effect that the start-up and shut-down
procedures had on the total mass transfer. The results of

these tests are described in section 4.5.5.

4.5.2 The Effect of the Size and Form of the Capture

Droplet on the Overall Mass Transfer

The jet impinged at the centre of the receiver cup
and the jet fluid merged smoothly into the reservoir of
jet phase maintained in the cup. It was found from experience
that the most useful configuration for the interface of
this reservoir was roughly hemispherical, i.e. giving the
appearance of one hemisphere of a captured droplet sitting

in the cup into which the jet merged.

It was essential during a test that the volume of jet
phase in the cup did not become so small that continuous
phase was allowed to enter the receiver nor to become so
large as to overflow into the continuous phase. As the
receiver cup was of stuinless steel it was not possible to
observe the level of the capture reservoir if its level fell
below the rim of *he receiver. It was thus decided that the
most practical configuration for the meniscus of the reservoir
was convex from the rim of the receiver though never
exceeding a hemisphere. A meniscus of this configuration
could be set and maintained for long periods. There were,
however, minor fluctuations in the flows and thus it was
necessary occasionally to adjust the inflow and outflow
valves in order to recover the standard meniscus configu-

ration.
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FIGURE &4.23 : Possible configuration of the capture-droplet

maintained at the receiver tip

(a) Flat (b)Hemispherical (c) spherical

TABLE 4 09: Effect of meniscus size and shape on total mass

transfer rate

Sntam Jet Phase |Continuous Phase Solute Tempegature
y Toluene |Distilled Water |Acetic Acid 20°C
Direction off Flow RatgExposed Jet Meniscus Mass Transfer}
Transfer cm3/s |Length, cm |Configuration Rate,g/s:qgi
Into jet 0.675 3.5 Flat 10.5
0.675 3.9 Hemispherical 10.7
0.675 3.5 Spherical 11.0
1.03 3.5 Flat 13.5
1.03 3.5 Spherical 13.5
Out of Jet 1.05 3.5 Flat 22.0
1.05 3.5 Spherical 2.8
Initial concentration in the mother phase:
For transfer to jet, concentration in water phase = 0.127 g/crn3
For transfer to water, concentration in jet phase = 0.0054 g/cm
The phase into which transfer takes place is always kept at

zero concentration with respect to the solute (acetic acid)

S
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A series of mass transfer runs on the system toluene/
acetic acid/water were carried out in order to observe the
effect of changes in the configuration of the meniscus on
the mass transfer rate from a given jet flow rate and
exposed jet length. The meniscus configurations described
as flat, hemispherical and spherical are shown in Figure 4.23
The mass transfer rates for each are listed in Table 4.09.
There is a slight indication of an increased rate of trans-
fer for the spherical configuration although this is not
definite. It is felt, however, that the two extremes of
configuration held for very short durations, if at all,
during a run. The most common fluctuations in configuration
were minor ones around the hemisphere and the mass transfer
fluctuations associated with this are well within the limits

of error of this technique.

4.5.3 The Mass Transfer Results for the Ternary Systems

The data for the transfer of acetic acid and acetone
between a known exposed length of a toluene jet and its
aqueous continuous phase are listed in Tables A2-1 to A2-7.
The mass transfer rates in both directions, jet to water
and water to jet, were determined. The procedures for the

analyses were as indicated in Sections 3.3.6 to 3.3.6.3.

Figure & 24 shows the total rate of transfer against
jet phase flow rate for a range of exposed jet lengths for
the transfer of acetic acid from a toluene jet to water.
The scatter in this raw data is quite small. The data for
an exposed jet length of 5.4 cm, for instance, for which a

large number of data points are available show a fairly
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good reproducibility. This low degree of scatter was found
for the acetic acid transfer in both directions, for the
transfer of acetone, however, the scatter was increased and
it was for this reason that the majority of tests concen-
trated on the system toluene/acetic acid/water despite its

inherent disadvantage of dimerisation.

From this typical example of the graphical presentation
of the raw data it may be seen that it is not easy to con-
clude a great deal from the data presented in this way
except that the mass transfer showed an obvious dependence

upon both jet length and upon flow rate.

In seeking a correlating factor for this data the
simplest model to hand was that based on the penetration
theory which assumes rod-like flow, i.e. a perfectly flat
velocity profile across the jet. This equation, presented
as equation 2.416 in the literature review, suggests that
the mass transferred may be represented as a function of
(QL)é. 1t is apparent from Figures 4,24 to 4, 28 that (QL)%
offered a very satisfactory correlating factor, this being
particularly clear from the data for the transfer of acetic
acid from the jet as shown in Figure 4.25. It is equally
apparent, however, that the rod-like flow equation was far
from being an adequate model for the prediction of this mass
transfer. An improved mathematical model was required to
predict the mass transfer data presented . Possible

models are discussed in the following sections of this report.
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4,5.4 The Effect of Impurity on the Mass Transfer Data

in the System Toluene/Acetic Acid/Water

The preliminary work on the system toluene/acetic acid/
water was carried out as a proving programme for the technique
and for the rig. As such the normal precaufions taken to
ensure purity of the phases were not rigorously adopted.

Tap water, for instance, was used as the continuous phase.
Although the toluene used was initially 'Analar' grade,
owing to the large volumes used during a run it was re-used
without being subjected to rigorous repurification. All of
the data shown in Figures &.24 and &.25 were collected under
these conditions. When, however, some of the tests were
repeated using a mixture of recycled and fresh toluene it
was found that there was a significant discrepancy.between
this new data and the previous set. The new data showed a
significantly higher mass transfer rate than previously.

It was concluded, therefore, that the preliminary data was
for a contaminated system. The actual nature of this
contaminant is not clear but the strong possibility is that
it was introduced into the toluene during the analysis
procedure and may well be associated with the phenol
phthalein indicator used. One series of tests for an
exposed jet length of 3.5 cms was repeated using fresh
'Analar' toluene and freshly distilled water and the data
for these tests were compared with data for the same jet
length but for which the toluene was dosed with phenol
phthalein. Figures 4.27 and 4 28 show the comparisons.
There was confidence in the purity of the systems in these

repeated runs and thus it may be said that the upper curves
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in these figures represent the maximum transfer rates

obtainable for this system and in this configuration.

The possible mechanisms by which the contaminant may have

reduced the mass transfer are discussed in Section 4,8.1.

4.5.5 The Effect of the Start-up and Shut-down

Procedure on Total Mass Transfer to the

Continuous Phase

For transfer from a jet to the continuous phase in a
binary system it was obviously necessary to analyse the con-
tinuous phase in order to determine the rate of transfer.

In the adopted technique it was necessary to draw off the
whole of the continuous phase from the cell for this analysis.
Obviously the continuous phase was present in contact with
the jet phase through the start-up and shut-down procedures
and it was essential to ensure that these procedures did not
give rise to excessive rates of transfer that would
invalidate the steady state data. The procedures adopted
are described in Section 3.3.5 and they could be carried out
very successfully. If, by chance, a droplet of jet phase
did miss the receiver or if the receiver overflowed then
the run was abandoned. This, however, was not a common

problem.

The ternary systems studied offered a chance to test
the effectiveness of the start-up and shut-down procedures.
Changes in concentration of both the jet phase and the

continuous phase could be determined.
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Table A25a shows the results of these analyses for
selected runs. The mass transfer rates as determined from
the concentration changes in either phase were in very
good agreement for runs in excess of 80 minutes duration.
Below this duration of run the 'end-effect' of start-up and
shut-down became increasingly significant. For all tests,
therefore, for which the continuous phase was analysed, it
was necessary to retain the steady state flow rate for at
least 80 minutes. This was done in all binary system

studies.

4.5.6 The Mass Transfer Results for the Binary Systems

The data for the transfer between a known exposed
length of a jet and its agueous continuous phase are listed
in Tables A2-8 to A2-14 for four binary systems. Mass
transfer rates from jets of water saturated ethylacetate,
isobutanol, cyclohexanol and M.I.B.K. into pure distilled
water were determined. Transfer rates of water from an
organic saturated continuous phase into jets of ethyl-
acetate, isobutanol and M.I.B.K. were also determined.

The procedure for the analyses were as indicated in

Sectlons 3.2.6 to 3.3.6.2.

Figures &4, 29 and 4 30 show the total rate of transfer
against jet phase flow rate for a range of exposed jet
lengths for the transfer from an ethylacetate jet to water
and for the transfer of water into an ethylacetate jet

respectively. As for the ternary systems the scatter in the

data is quite small. This scatter is typical of data for

all the binary systems studied.
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Figures 4.33 to 4,36 again indicate that the term
(QL)é was a very useful correlating factor for a particular
system and transfer direction. It is apparent, however,
that the rod-like flow equation did not offer a truly
satisfactory prediction of these data for most of the systems
studied. Nor, quite obviously, did it offer a unique

correlation for systems of differing physical properties.

Figures 4,31 to 4,36 however allow one interesting
observation of the trend in the mass transfer data. For
binary systems with transfer from jet to water the
relationship between the mass transferred and the terms Qé
and (QL)%ummurlinear. For transfer in the alternate direc-
tion, however, (into the jet) the transfer data for
isobutanol and ethylacetate show an upward curve. This
suggests that the transfer in the inward direction was
enhanced at high flow rates through some mechanism which was
not significant to the outward direction. A possible

mechanism is discussed in Section 4,8 ;

4.6 COMPARISON OF THE EXPERIMENTAL DATA WITH PREDICTIONS

FROM MASS TRANSFER MODELS

4.6.1 The Rod-like Flow Model Based on the Penetration

Theory

For the ternary and the binary systems studied, and
for transfer in either direction, the term (QL)é is useful
in that, for each system and direction, it brings the data
for a range of flow rates and exposed jet lengths onto one
curve, at least as far as may be judged through the data

3

scatter. The equation which suggested (QL)" as a possible
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correlating factor, however, i.e. the rod-like flow model
based upon the penetration theory, almost invariably
predicts a higher total mass transfer than was observed
experimentally. Indeed it would be surprising if the rod-
like flow model did predict this data satisfactorily as
its major assumption, that the velocity profile is flat,
is far from the truth in most liquid/liquid jet systems.
The basic penetration theory equation indicates that the
total mass transferred would be inversely proportional to
the square root of the contact time of an element of the jet
interface. A flat profile represents the shortest contact

time permissible and thus the maximum total transfer.

Figures & 37 to 439 show the rod-like flow predictions
for total mass transfer plotted against the experimental
values. Figures 4 38a and 4,3%a show the data for all
the binary systems on one axis. Figures 4.38Db and 4,39b
show the data for each system represented on shifted axes
for clarity. Proximity to the 45° line indicates agreemént.
The predictions are generally closer to the experimental
data for the high viscosity isobutanol and cyclohexanol jets.
This observation is consistent with the fact that high
viscosity jets tend to show a more flattened velocity profile
and are thus closer, in fact, to the rod-like flow model.

The ternary system data, i.e. that for toluene/acetic acid/

water shows a curve well removed from the 450 line.

For binary system transfer out of the jet, for which
the data suggests a linear plot, a linear regression line

has been determined for each individual system plot and
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for the combined system data.

4.6.2 The Penetration Theory Incorporating Local Jet

Diameter and Local Interfacial Velocity -

"SIMPLIFIED EQUATION"

Quite obviously the flat velocity profile was not an
appropriate model for the submerged liquid jets under study.
For an improved prediction it was necessary to determine the
contact time through the measurement or prediction of a
more realistic interfacial velocity. As this velocity
varied along the jet length it was also necessary to make
use of a form of equation which allowed incorporation of the
local interfacial velocity. The appropriate equation based
on the penetration theory assumptions is given as equation

2.417 in the literature review and is repeated below.

1
- = 3 Us 3
M = (Cy; - Cp)(IIDyp) fo dj(z) { léZ)} A% .t 2,417

This equation also takes into account the variation in
local diameter along the jet. Experimentally determined
values for the average local diameter and average local
interfacial velocity over 100 equal increments of jet
length were incorporated into the equation and the total
predicted transfer was thus determined. Similar procedures
were followed for which the local interfacial velocity was
predicted by the equations of Garner, Mina and Jensen (37 )
and of Meister and Scheele ( 8 ) though again with

experimental values for the diameter.

These new predicted values are listed in tables A1-1,
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to A1-5 . The predicted mass transfer was again plotted
against the experimental mass transfer for comparison.
Figures 4.40 to t.45 show the appropriate plots for
predictions using the experimental interfacial velocity and
using the interfacial velocity as predicted by the Meister
and Scheele equation. Again, for transfer out of the jet

a linear regression line has been determined for each
individual system plot and, where appropriate, for the

combined system data.

Incorporation of the experimentally determined value
for interfacial velocity into the penetration theory equa-
tion lead to an improved prediction for some systems in
that the data fell close to the 45° line. The overall

view, however, indicated a less than satisfactory prediction.

Incorporation of the predicted values of interfacial
velocity, particularly that from the Meister and Scheele
equation lead to a significant improvement in the satis-
factory prediction of the data for the binary systems. The
toluene/acetic acid/water system, however, retained its

aberrant behaviour.

The major shift from the rod-like flow prediction in
the value for the predicted mass transfer value corresponds
to those systems showing the lower jet viscosities. The
high viscosity jets, cyclohexanol and isobutanol, show only
small differences in the regression lines for predictions
using interfacial velocity from Scheele or from the assump-

tion of rod-like flow. This stems from the fact that the
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from simplified equafion 2.417 using u; from equation 2.307 of
Meister and Scheele ( 8)
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interfacial velocity values gained from each of these

equations show close agreement for high viscosity jets.

4.6.3 Numerical Solution of the Diffusion Equation

Incorporating Local Diameter and Local

Interfacial Velocity

The penetration theory model makes the major assumption
that the depth of penetration of the transferring solute is
small along the whole jet length. Other assumptions
fundamental to the model are that the interface is considered
flat and that there is no velocity gradient over the depth
of penetration. For short contact times the assumption of
small penetration depths will not lead to great inaccuracy.
Similarly if the penetration depth is small then the
assumption of a flat interface will not be expected to give
rise to significant inaccuracy. The assumption of a flat
velocity profile across the depth of penetration, however,

is obviously far from valid in the case of a jet.

If these assumptions are not made the solution of the
diffusion equation is only possible through numerical
integration. Fosberg and Heideger (38 ) showed how such
a solution could be obtained for transfer of a solute into
a cylindrical jet. The assumptions common to the normal
penetration theory solution were made, viz; steady state,
no mass generation, axial symmetry, axial flow only,
negligible axial diffusion and constant diffusion coefficient.
A velocity profile as described by Garner, Mina and
Jensen ( 37 ) was adopted. The interfacial velocities used

were experimental ones and their values were made
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consistent with the predictions of the Garner equation by

incorporating into the equation a correcting pseudo viscosity.

This numerical integration has the great advantage that
it takes into account a more true physical picture of the
mass transfer process than is allowed by the penetration
theory. An approach similar to this was , therefore,
adopted in the current study though in this case transfer

both into and out of the jet has been tackled.

For transfer into the jet the numerical technique
adopted was similar to that adopted by Fosberg and Herdeger.
A parabolic profile within the jet was assumed though in
this case provision was made for the incorporation of inter-
facial velocities gathered from various sources, i.e. experi-
mental values, values from the Garner equation and values from

the equation of Meister and Scheele ( 8 ).

For transfer out of the jet the.external velocity profile
was obtained by assuming no slip at the interface, continuity
of shear at the interface and an overall flow rate of zero
across the annulus between the jet surface and an assumed
distant cylindrical vessel wall. One boundary condition,
the assumption of zero fluid velocity at the vesselwwall
was ignored in order to allow compatibility of the profile
with the incorporation of the predicted and experimental
values of the interfacial velocity. Details of the velocity
profile models and the subsequent numerical solution of the

mass transfer model are given in Appendix A3
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The predicted total mass transfer from the numerical
solution incorporating interfacial velocities gained experi-
mentally through the equations of Garner ( 37) and of
Meister and Scheele ( 8 ) are listed for all systems and
both transfer directions in tables AZ-1foA2-3 and A2-8 to A2-14- Com-
parison was made with the experimental mass transfer for the
predictions using interfacial velocity from experiment and
from Meister and Scheele in Figures &4 46 to 4.51 . Again
for the data for transfer from the jet into the continuous
phase, for which linearity was anticipated, the data 4

fitted to linear regression lines.

The success of the new prediction using experimental
values for the interfacial velocity was greatly improved, at
least for transfer out of the jet. The new prediction using
interfacial velocity from the Meister and Scheele equation was
less successful than the penetration theory predictions of the

previous section.
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FIGURE 4.46: Comgarison of exgerimental mass transfer rafte with that
calculated numerically from equation 2.L04 using experimental ui
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4,7 COMPARISON OF THE SUCCESS OF THE PREDICTIONS OF MASS

TRANSFER

4,.7.1 Introduction

The difficulty in assessing the success of any of the
mass transfer equations used in predicting the total mass
transfer stems from the fact that there was uncertainty in
the validity in three aspects of the application of the

equations. These were,

(a) Uncertainty over the validity of the assumptions
made in deriving the equations,

(b) Uncertainty over the values of the interfacial
velocity used, and

(c) Uncertainty over the validity of the values of
the physical properties used, i.e. diffusion

coefficient and interfacial concentration.

Success of the prediction could be suggested to be reflected
by the proximity of the data to the 45° line in the comparison
plots. With a chance combination of invalid assumptions

and values, however, this proximity may simply be fortuitous.
A closer examination of the data, however, allowed some

indication of the validity of each of these points.

4.7.2 The validity of the Assumptions Made in Deriving

the Equations

It is expected that any differences between the success
of the penetration theory model and the numerical solution

would reflect the invalidity of the three major assumptions
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made in the theory, i.e. short penetration depths, flat

interface and no velocity gradient adjacent to the interface.

In fact the numerical solution generally predicted
higher total mass transfer than the theory suggesting,
therefore, that the theory assumptions are not totally valid.
It may be suggested, however, that the validity of the
assumptions made should also be reflected in the linearity of
the comparison plots. This linearity should not be affected
by erroneous constant multiplying factors, such as diffusi-
vity and driving force, these would simply change the slope.
In fact for binary transfer out of the jet the comparison
plots show linearity, as far as may be judged, for both the
penetration theory and the numerical solution. This, there-
fore, suggests that the assumptions made in the penetration
theory are not wildly invalid for transfer out of the jet.

On the assumption that the major source of error in the
penetration theory is the assumption of no velocity gradient
we may expect to find the greatest differences between the
theory predictions and the numerical solution for situations
for which the true velocity gradient adjacent to the inter-
face is severe. This is expected in the lower viscosity jets
for transfer inwards and is in fact apparent in the data, if
for instance figures &t 42b and &4 43b are compared with

figures 4. L48b and &.49b

It may be concluded, therefore, that for a binary system
mass transfer out of the jet may be approximately described
by the penetration theory model. The numerical solution,

however, which takes into account the velocity gradient
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adjacent to the interface, would be expected to give a

better prediction particularly for low viscosity jJets.

For transfer into the jet the comparison plots show
minor deviations from linearity. Although this deviation
from linearity is not immediately apparent from these figures
a clearer indication of differences between the characteri-
stics for tranfer into and out of a jet is given if reference
is made to figures 4.31 to &4.36 in which total transfer
is plotted against (Q)é and (QL)é for the system ethyl-
acetate/water. Transfer into the jet shows a marked upward
curve not found in that for transfer outwards. An even
better indication of this trend is given in figures &.52
and .53 . Here, simply by assuming that the increase in
mass transfer between one jet length and another represents
the mass transferred by the extra exposed length of jet,
curves have been drawn showing the local mass transfer rate
along a free jet. The data have been smoothed and the plots
are, therefore, idealised but they serve to show the trend
of the data. Smoothed data for two flow rates have been
compared with the penetration theory predictions. For
transfer out of the jet the experimental line follows a
trend similar to that predicted by the penetration theory.
For transfer into the jet a reversed trend is particularly
noticeable at the higher flow rate. This indicates that
equations based on the penetration theory could nof be used
with accuracy to predict the total mass transfer into fhe

captured jet.

The numerical solution offers no significantly better
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prediction and thus it may be concluded that assumptions
common to both are invalid. There apparently existed some
mechanism for the enhancement of mass transfer into the cap-
tured jet whichwas not present in the outward direction.

A possible mechanism is discussed in section 4.8.

4.7.3 The Validity of the Interfacial Velocities Used

If it is accepted that the numerical solution offers
the most appropriate physical model of the transfer process
then figure 4. 48 would suggest that the appropriate inter-
facial velocity to use is that determined experimentally
as it is this combination which gives the prediction closest

to the experimental mass transfer data.

The experimental value for the velocity is generally
lower than the predicted values by a considerable amount and
in the penetration model this is reflected in a lower
predicted mass transfer. 1In the numerical solution this
trend is counteracted somewhat by the sharpened velocity
gradient within the jet. Fosberg (38 ) noted this
considerable difference between predicted and experimental
values of interfacial velocity and suggested that it was due
to end-effects caused by the forming device which the predic-
tions did not take into account. It is certainly true that
the Meister and Scheele ( 8 ) equation 2,35 , for instance,
makes the assumption of steady state and, in fact, is not
recommended for predicting velocities within the first five
nozzle diameters of jet length. It is these sections of the

jet close to the nozzle, however, which are associated with



the highest mass flux according to the penetration model and
it is, therefore, essential to represent their interfacial
velocities as accurately as possible. The true velocity will,
in fact, be lower than the steady state value as it reflects
the acceleration zone of the interface from the low velocity
adjacent to the nozzle wall. It is likely that the experi-
mental value for velocity will be the most appropriate but

it must be said that it is over this first section of the

jet length that the experimental values are most uncertain.

It may be concluded, therefore, that the experimental
interfacial velocity data appears to offer the best total
mass transfer prediction in conjunction with the numerical
solution. If anything the experimental values are too
low and the predictions too high and the appropriate value

probably lies somewhere between the two.

4.7.4 Validity of the Physical Constants Used

For the purposes of the predictions the value chosen
for the diffusivity of the diffusing solute was the average
of the values calculated for zero concentration of the solute
and for the concentration at the interface. It is certain
that the choice of a single value for the diffusivity is
inappropriate but the use of this average value should

compensate for that to some degree.

The interfacial concentration for binary systems was
chosen to be the saturation concentration. Systems were chosen
for which no interfacial resistance was anticipated. For

the ternary systems the interfacial concentrafion was
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calculated in terms of bulk phase concentration from equation

2.419,

It is anticipated that the choice of the equilibrium
concentration at the interface may be inappropriate. It
is more likely that the attainment of equilibrium at the
interface would not be instantaneous and thus use of the

saturation value would predict a high total mass transfer.

There is no clear evidence in the data for or against
the validity of the physical property values. It has been
suggested that inappropriate values of the constants would
result simply in a changed slope for the data plot though
if all other factors were correct, the plot should still
pass through the origin. For the combination of numerical
solution and experimental interfacial velocity, which is seen
to give the best prediction of the data, the close fit to
the 45° line passing through the origin suggests that the
values for the constants are valid. There is a suggestion,
however, that the experimental interfacial velocity values were
likely to be low and thus use of the true interfacial velocity
would give a higher mass transfer prediction. This would be
consistent with inappropriately high values of the physical

constants.

The suggestion that the inappropriate valuesfor the
constants would simply change the slope of the data away
from 45° is based on the assumption that the error in the
physical constant values is consistent along the jet length.

For interfacial concentration, however, this is clearly not
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so as the deviation from saturation is expected to lessen
at positions further from the nozzle. This would result in
higher deviation from experimental values for mass transfer
predictions at low jet lengths. The consequence of this, a
positive intercept of the comparison line on the abscissa ,
may, in fact, be seen on some plots but wherther this is an effect

of this phenomenon or whefther it is associated with the use of an

incorrect local velocity, cannot be decided.

4.8 THE MECHANISM FOR MASS TRANSFER ENHANCEMENT WITHIN

THE CAPTURED JET

For binary systems the data suggests that, for transfer
out of a jet, the total mass transfer may be predicted by
equations based on the solution of the diffusion equation
using a constant value for the molecular diffusion coefficient.
The further assumptions involved in the penetration theory
model or the numerical solution would not lead to major

inaccuracies.

For transfer into the jet, however, these two predictions
were less successful. Figure 2,43 for ethylacetate/water
shows this to best effect. The transfer rate appeared to be
enhanced at high flow rates and jet lengths by some mechanism
within the captured jet which was not transmitted to the
continuous phase. A mechanism which seemed appropriate is
indicated in Figure 4,54 . The model suggests that the
increase in mass transfer was associated with two phenomena,
the increasing recirculation and instability induced in te
capture droplet at high flow rates and the increasing

deviation from laminar flow in the jet itself at long jet



n

26

lengths. The reason these two phenomena are proposed
separately is as follows. Tor a given flow rate it would
be expected that the rate of recirculation in the capture
droplet and instability in the droplet caused through
impingement of the jet would be the same irrespective of
the distance travelled by the jet prior to impingement,
Observation of Figure 4.53 shows this not to be so, for a
given flow rate the enhancementof transfer was greater for

a longer exposed jet length. Quite obviously, then,
something in the behaviour of the longer jet itself induced
this enhancement. It is easy to conclude that this was a
reflection of developing instability within the jet which,
in a free jet, would lead to jet break-up. If this
mechanism is valid we would expect to see a relationship
between the point at which enhanced mass transfer was
apparent and the observation of a developing instability

in the jet as indicated by a reduction of the free jet
length., For the binary system figures 4.34 and 4.36 indic-
ate that the critical point representing the peak in the free
jet length versus flow rate curves comes beyond the range
of the data but it may b e observed that enhanced transfer
becomes more apparent as this point is approached. Much
stronger support for the proposal that a developing insta-
bility in the jet maybe acontributory factor to the enhanced
transfer rate was gained from the data for the system
toluene/acetic acid/water. TFigure 4.25 clearly shows

that, in the presence of mass transfer, the peak free-

jet length corresponds to the point at which substantial
enhancement of the transfer from the captured jet into

the continuous phase was observed. The capture technique
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FIGURE 4.55 : Suggested flow patterns in (a) low velocity
Jet and (b) high velocity jet indicating a
possible mechanism for jet mass transfer
enhancement at higher flow rates.



223

in this sytem stabilised the jet for a greater length
than the normal free jet and thus it was possible to
observe an apparent relationship between enhancement of
mass transfer and a developing instability in the jet
over a considerable range of flow rate.

It is probable that instability in the jet may have induced
a greater instability in the capture droplet and that
these two phenomena were mutually reinforcing. Thus it
may be proposed that the mechanism for enhancement of
transfer within a captured jet was a combination of these
two phenomena.

Some comment is necessary here on the observations
described in Section 4.5.2 from which it was concluded
that variations in the size of the capture droplet had
negligible effect on the total mass transferred. If
this observation is taken at face value a conclusion
could be drawn that, if changes in area and form of the
droplet had negligible effect on the total transfer,
then this droplet was not associated with a high transfer
flux. All the enhancement of transfer, then, should have been
within the body of the jet itself. This conclusion,
however, is probably not valid. It is more likely that
the differences in droplet transfer, which were relapively

small, are lost in the scatter of the data,
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4.8.1 Comments on the Results for the System Toluene/

Acetic Acid/Water

For the system toluene/acetic acid/water the behaviour
of some of the mass transfer data was considerably different
from that for the binary systems. There Y™ two factors
affecting these results which may explain this behaviour.
These factors were mass transfer enhancement through turbulence

and mass transfer reduction through contamination.

For a ternary system the resistance to transfer is in
both phases and thus the mechanism for the enhancement of
transfer within the jet, as described in the previous
section will affect transfer in both directions. We would
expect to see, therefore, an upwards curve in the comparison
plot for transfer out of the jet as well as inwards and we
saw this clearly. The enhancement indicated here, however,
was eXxtreme compared with that observed for the binary systems
and it is doubtful whether this phenomenon alone could give
rise to it. A further mechanism, based on the observed

contamination of the system, is proposed.

Two sets of data were obtained for this system. One
in which contamination was recognised and one in which purity
was ensured. The pure system showed a consistently higher
total mass transfer than the contaminated one. The higher
transfer associated with the pure systems suggests that the

contaminant had the ability to strongly reduce the transfer
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either to or from the jet. The mechanisms through which

this reduction may be effected have been described as;

(a) Dblocking of the interface
(b) immobilisation of the interface

(¢) interaction with the transferring solute

It is not possible to isolate one of thse mechanisms as
valid here. It is, however, possible to observe that one of
them, the immobilisation of the interface, had , in fact,

been observed during interfacial velocity tests and the
relevant plot of interfacial velocity is presented as

Figure 4,16 . The contaminant appears to have formed a
skin over the whole of the capture droplet and to have extended
over a short length of the jet itself. Such a skin would
certainly reduce the transfer over this section of interface.
The existence of such a skin of contaminant over a proportion
of the transfer surface would certainly explain the reduc-
tion of the transfer which was so obvious over the lower range
of the contaminated' data. The sudden and extreme increase
of the mass transfer over the higher range of this data
could be explained by either the development of turbulence
within the contaminated jet or by the lessening of the
surfactant effect. It is proposed that both of these may have
played « pat. The increased tendency to ingtability in the
jet and the increased recirculation rate within the droplet
would certainly reduce resistance to transfer within the

jet phase and thus would increase the mass transfer in

both directions. It may also be proposed, however, either

that at higher flow rates the surfactant skin broke down



or at higher exposed jet lengths the proportion of the total
interface covered by the skin wes reduced. Which of these

mechanisms was valid cannot be resolved.

If the conclusion is drawn that, like the binary systems,
the most appropriate prediction of the total mass transfer
is that from the numerical solution using experimental
interfacial velocity, then Figure 4.4l should give the
best indication of the true comparison of the two sets of
data. The contaminated system for transfer in either direc-
tion was shown to exhibit mass transfer data far below the.
predicted values. For the purified system, however, the
experimental data is closer to the predictions but still the
prediction is far from satisfactory. For transfer out of
the jet in the pure system there is, perhaps, an indication
that, over the lower range of data, a trend appears to be
developing which shows agreement between prediction and
experiment. This observation, however, is based on only two

or three data points and really needs further investigation.

One further contributing factor to the failure of the
prediction in this system is the knowledge that the values
of the physical constants used are incorrect. Acetic acid
has a tendency to dimerise in the toluene phase and this has
not been taken into account in the calculation of the

diffusion coefficient and the interfacial concentration.

Obviously if dimerisation occurs the effective diffusivity
in the toluene phase must take this into account. If we

suggest that dimerisation is instantaneous and total the
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effective diffusivity is reduced by a factor of 1/v2.
Predictions for transfer into the jet which do not take
this into account will give high values. For transfer in
the alternate direction use of the 'mono' acetic acid
diffusivity is valid but an error arises in the use of
the interfacial concentration based on the assumption of
no dimerisation in the toluene phase. In the extreme
case where dimerisation is total the effective inter-
facial concentration is zero. In practice the interfacial
concentration will be lower than that calculated assuming
no dimerisation and thus any prediction based on no
dimerisation will again give inappropriately high values

for the total mass transfer.

FIGURE 4.55 : Suggested mechanism for the reduction
of mass transfer in surfactant contaminated
toluene/water system.



233

CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK




CHAPTER V

CCNCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

5.1 CONCLUSIONS

A technique has been developed whereby the geometry
and mass transfer characteristics of a submerged jet could
be examined. The technique involved the capture of a
vertical jet formed at a nozzle. The jet was surrounded by
a continuous phase in a cell; the nozzle and capture system
were arranged at the centre of this cell (Section 3.1.5).
The exposed surface area of the jet could be varied by
changing the vertical distance between the nozzle and capture
probe. The jet fluid was withdrawn through this capture
probe without further contact with the continuous phase..
The flow rate of the jet fluid could also be varied from
the minimum jet forming flow rateuptorand beyond, the maximum

value at which jet disruption occurred.

The technique proved satisfactory for the study of
mass transfer characteristics of jets in both binary and
ternary systems, with transfer in either direction, i.e. into

or out of the jet.

Four binary and two ternary systems were used (Section
3.2.1). The total mass transfer rates were plotted against
system parameters, i.e. flow rate (Q) and exposed jet
length (L), and compared with predictions from (a) the pene-
tration theory model assuming rod-like flow (b) the
penetration theory taking into account local jet diameter and

local interfacial velocity, and (c¢) a numerical solution of a
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more general diffusion equation (Section 2.4.1).

The following major conclusions were drawn.

(1)

Representation of the total mass transfer from, or into,
the jet as a function of a single parameter, e.g. Q,L,
Q% or L& produced a family of curves. However, for
each system and transfer direction the total mass
transfer data fell onto one curve when represented as
a function of (QL)é, the square root of the product of
flow rate and exposed jet length. The significance of

the term (QL)% is clear from solution of the penetration

~ theory assuming a flat velocity profile. This rod-like

flow equation, however, was not successful in predict-
ing the total mass transfer. The prediction is
consistently higher than the experimental value thus
reflecting the high value for the interfacial velocity.
value used. The use of the rod-like flow equation
cannot, therefore, be recommended for prediction of
the mass transfer to or from a jet in liquid-liquid

systems.

(ii) For transfer out of binary system jets over the range

of flow rates studied, the best prediction appears

to be that of the numerical solution of the diffusion
equation using experimental interfacial velocity. The
assumptions made in this solution (e.g. interfacial equi-
librium, laminar flow, constant diffusivity, no radial
velocity and negligible axial diffusion) appear, therefore,

not to give rise to great inaccuracy. This prediction can,
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therefore, be recommended for mass transfer from the

parallel-sided section of a jet in a binary system.

The simple penetration theory equation 2.417
which makes the further assumptions of a flat interface,
short penetration depth and no velocity gradient across
the penetration depth, did not give such good agreement
between predicted and experimental data for mass transfer
out of a binary system jet-: The deviation between
experimental data and the penetration theory equation
using experimental interfacial velocity data was however
within 30%; deviation of less than 10% was observed
if the Meister and Scheele predictions of interfacial
velocity were used. This adds some support to the
validity of these simplifying assumptions for this
particular situation and the prediction based on the
penetration theory equation could be used for rapid

estimation if high accuracy was not desired.

(iii) For transfer into a jet in both binary and ternary
systems the transfer appears to be enhanced beyond any
of the predictions at high flow rates and high jet
lengths. A mechanism for the enhancement has been
proposed whereby the developing instability in a long
jet, and the increased recirculation and instability in
the capture droplet, at high flow rates reinforce each
other and enhance the transfer rate within the jet in
the latter sections of the jet length. Thus none of
the predicting equations based on molecular diffusion

alone offers a truely satisfactory method of prediction
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when resistance to transfer is in the dispersed phase.
This situation is found in binary systems for transfer
into the jet and in ternary systems for transfer in

either direction.

Some of the tests carried out on the system toluene/
acetic acid/water involved the observation of the mass
transfer and dynamic characteristics of jets contaminated

with a surface-active material.

A skin of contaminant was observed in the toluene/water
system during interfacial velocity tests. This contaminant
virtually immobilised the interface over the last section of
the jet and over the capture droplet. A similar skiﬁ of
contaminant is one cause of the aberrant behaviour of this
system during mass transfer. At high flow rates and jet
lengths the mass transfer increased dramatically. This
arose either because the contaminant skin broke down at
high flow rates or because at high jet lengths the contaminant

skin covered a smaller proportion of the transfer area.

Though the major conclusions of this study were those
associated with the mass transfer rate and its prediction,
some valuable information was gathered in the preliminary
supporting studies. The cell allowed visual observation of
the geometry and dynamics of the jet, in particular the

jet diameter and the interfacial velocity.

The following general observations were made on systems
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for which both phases were mutually saturated.

(iv) The free jet length (i.e. without capture) for all

(v)

systems studied showed a relationship with flow rate
which passed through a peak. The peak jet length has
been associated with the onset of instability of tur-
bulence in the jet. The flow rate and Reynolds
number corresponding to maximum jet length increased
with increasing system interfacial tension. Linearity
could be recognised between this Reynolds number at

maximum jet length and the Ohnesorge number (Figure 4.05).

All jets showed a considerable reduction in local jet
diameter over the first few nozzle diameters of the jet
length. For all systems studied the contraction in jet
diameter continued at a lesser rate over the entre
exposed jet length. The jet contraction was most severe

at the lower jet flow rates (Figures 4.08-4.12).

(vi) With most systems the contraction in jet diameter was

less severe than in the predicted jet profiles obtained
from equation 2.227 of Meister and Scheele. Deviations
were most noticeable for the lowest interfacial tension
systems cyclohexanol/water and isobutanol/water and for
the lowest flow rates. For intermediate range systems
such as MIBK/water the prediction was good for the first
centimeter of jet length. For the high flow rates,
however, the prediction suggested a less severe
contraction than observed. The prediction also suggested

a less severe contraction than observed for all the
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flow rates studied in the high interfacial tension

system toluene/water.

The interfacial velocity was determined using a
particle tracking technique involving cine photography.
Difficulties encountered in this technique, due mainly
to uncertainty as to whether the tracked particle was
actually at the interface or travelling at the velocity
of that interface, leads to some lack of confidence in

the results.

(vii) The measured interfacial velocity increased along the

whole of the jet length for all the systems studied.

(viii) For a given flow rate the interfacial velocity tended to

be higher for a higher viscosity jet fluid.

(ix) The experimental interfacial velocity values were
consistently lower than the values predicted from
equation 2.305 of Garner et al. and equation 2.307 of
Meister and Scheele. 1In general the latter equation

gave the better prediction.

5.2 RECOMMENDATIONS FOR FURTHER WORK

The analysis of the data collected in this project, and
hence the conclusions drawn from it,depend upon the accuracy
of the physical property data and particularly upon the

interfacial velocity measurements.



Further work would benefit greatly by an improved
interfacial velocity measurement technique. The most
appropriate technique appears to be one which allows
direct measurement of the velocity, such as the laser-
Doppler velocimeter. The L.D.V. would have the major
advantage that it could also give an indication of fluctua-
tions around the mean linear velocity, i.e. an indication
of developing turbulence. Since it is unlikely that the
L.D.V. would be able to measure velocities exactly at the
interface, it may be worthwhile to adopt the approach
indicated by Kimura and Miyauchi (32) whereby the velocities
at either side of the interface and adjacent to it were
measured and the interfacial velocity noted to be somewhere
between the two. This is difficult to do using particle
tracking in the very narrow diameter jets used in the curreqt
project. Similarly, the very high radius of curvature and
the finite volume of the L.D.V. probe zone will make the
approach to the interface in such narrow jets very
difficult. Much wider jets are, therefore, suggested for

future work.

Techniques have been described (82) for measurement
of interfacial concentration under dynamic conditions of
mass transfer. It would be useful to develop these techniques
for application to jets, and hence to check the accuracy of
the interfacial concentration values used in mass transfer

calculations in the present work.
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NOTATION

Surface area

Constant in eq. 2.416
Dimensionless constant (eq.
2.2163)

Amplitude of disturbance

Constant (eq. 2.224),

Initial amplitude of dis-
turbance

Constants (eqg. 2.303)
Velocity gradient at jet
side

Velocity gradient at water
side

Dimensionless variable

(eg. 2.216A)

Constant (eq. 2.303)
Concentration

Concentration, defined by eq. 3.204

Concentration, defined by eq. 3.204

Concentration difference
Equilibrium concentration
Initial concentration
Constant (eq. 2.224)
Constant (eqg. 2.230)
Diameter of intersection
(eq. 2.236)

Diffusivity

cm2

2
gcm s

dimensionless

dimensionless

dimensionless

dimensionless

dimensionless

g em” >

g cm
g cm

2.2
cm”s

dimensionless

cm

cm s
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Kl
K1l
K2

K3

o
~
My

Diffusivity of solute A in
solvent B

Root mean diffusivity (eq. 3.203)
Average diffusivity (eq.3,205)

Diameter of forming drop
Jet diameter

Measured jet diameter
Predicted jet diameter

Nozzle diameter

cm
cm
cm
cm

cm
2. =L

Turbulent component of diffusivity om™s

Focal length

Droppler shift

Defined by eq. 2.216A
Acceleration due to gravity
Ratio of cell to jet diameter
Height

Number of axes of symmetry
about which perturbations
oscillate

Proportionality constant
Proportionality constant
Proportionality constant
Proportionality constant
Proportionality constant
Liguid phase mass transfer
coefficient

Wave number

cm

-2
cm s

dimensionless

cm

=}
cm s

dimensionless



i X

L2

Mass transfer coefficient in

phase 1 cm s—l
Mass transfer coefficient in

phase 2 cm st
Mass transfer coefficient related

to interface cm s_l
Total jet length cm
Photomultiplier apparture diameter cm
Defined by eq. 2.303

System parameter (eq. 2.226)

Mass Transfer rate g gk
Solvent molecular weight g mc:l'_l
Egquilibrium constant (concentration

in extract phase/concentration in

mother phase) dimensionless
Refractive index of fluid medium

Mass flux of solute species A g em 2™t
Local mass flux at position z g c:'n-zs-l
Liguid flow rate cm3s_l
Jet radius cm
Rate of generation of species A g st
Measured jet radius cm
Predicted jet radius cm

Jet radius at distance L from nozzle cm
Nozzle radius cm
External radius of curvature cm
RPeynolds number dimensionless
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5C

Sh

Reynolds number at maximum jet

length
Radial distance cm
Schmidt number dimension less
Sherwood number (dej/DAB) dimensionless
Absolute temperature °x
Time of jet break-up s
Contact time s
Exposure time s
Ratio of radial distance to jet radius
Average velocity cm st
Velocity of rising drop em st
Interfacial velocity _ cm st
Velocity in r, z and direction
respectively em st
Axial velocity cm s_l
Core velocity cm s-l
Jet velocity cm s-l
Average jet velocity cm st
Viscosity of water phase g cm-ls_l
Viscosity of jet phase g cn'l-]'s-l
Interfacial velocity from
eq. 2.305 based on djm em s”t
Interfacial velocity from
eq. 2.305 based on djp cm s_l
Interfacial velocity from
ed. 2.307 based on djm cm s-l
Interfacial velocity from

-1

eg. 2.307 based on de cm S



Al

Va2

&3]

Average velocity based on djm

Average velocity based on d.p
Velocity in z=direction
Dimensionless wave length

(eg. 2.204)

Dimensionless variable z/4L

(eq. 2.303)

Distance perpendicular to inter-
face

Ohnesorge number

Dimensionless ratio of axial
distance to jet jadius or nozzle

radius

Axial co-ordinate

Crowth rate of disturbance

4U.
'Ul_

u: /U =
J° A
ruw + 4uj

Defined by eq. 2.305

Boundary layer thickness; ao/2
Parameter defined by eq. 2.426
Azimuthal co-ordinate

Angular co-ordinate

Figure 2.11lc

Wave length

Vacuum wavelength

cm

dimensionless

cm

Viscosity of jet phase (eq.3.201) cp

Viscosity of jet phase, poise



Hgr My Viscosity of water phase, poise
m 22/7
¥ Jet phase density g em >
Bar P Water phase density o cm™3
Ap Density difference g cm i
o- Interfacial tension dynes crn-l
SUBSCRIPTS
A Indicates solute
AB Property of solute A in solvent B
Al Refers to solute A at the interface
c Contact
e Exposure
i Refers to interface or interfacial
condition

3 Refers to jet
1(2] Refers to jet at axial position z
L Refers to length of jet measured from nozzle
o Organics
rz Direction z and distance r
w Water

z Axial direction

iy 2 Refers to phases unless stated otherwise
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JET DIAMETER AND INTERFACIAL VELOCITY
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Jet Diameter and Interfacial Velocity.

Al -1

TABLE

>
42
ol m
Q 2] O3 =~
o = ™| B
~ O @ | ©
()]
=
(]}
[
by
o oM (/)]
=~ = -~
[i}] | 8
3 =} = 0
<
Te]
o ]
. | N~
[ [ = e T 7 1O
oo - O
=
Qo
.,—im
E|l+ W 0
QO|ld | E -~
CER - 1 ) e T O 7
Bl © (= O
=
)
FS]
- | M )]
Qlm ] s
(o 1 IR - O E
—~ | 2™ =
Q o
= I =
oo
—~ |~ ©
ad|+ 0 ©)]
-l g S B e
olaml =] O &8
sl M | Q
% | =
&
1))
+ —
o a3
T 4=
o]
Q
= 4]
ol — S~
- =2 B
Q 5]
(o}
)
23]
=
Q
— 0 o, 8
= e
1= o« |
[¢)] = I
— 3t
vl =
2T o
B «
a2 =
(=]
+ Q
(i) =] g8 8
= o~ =0
— o
Q.
o,
W
23]
s
=t O
3
- N B
WMo Q
<< 0
o
a¥
Z 0 n
o + e
— o om
e o = =

TFQ“Q"C’JE"JN!—'O

C")‘Q!"K'JC.DIZ‘-GJG)D
AN Mm

Tt'LﬁLOHC"'JCDOH“

FEEEREE

C’J'd"OOLODEOLQ(D

ﬂ‘Nﬂ*mmer—i
— =N

C’JG‘!LO@OO’JQ"C"J

Q'NO)HWHLOD—OO
HANANNNN

LG‘Q"COHOCO(D‘#’

Oﬂﬂgﬂﬁgg

LQ‘EI"LOHF‘IZ"-LQO‘J
C\] NN‘Q“Q“
SREEERES:

DVN>ON OO
- . o . = L . -
rHMNINOOAOGOO
™
OH~R0I=-] O
[ el & {0 {0 JiIo [ {0 0]
o e e
- - - - 2 o 2 =
OO0 COO0OCCO
V=M 0=
e THFOOM
1 80 s, I8y o T 6 e
OO0 OO0
(g
O bt =@ (5 We>)
CcCNINWOo 0 @
OO0 00 i rdrd v

0.583

243

cotwmmolnoo-tww:r'

SEEEEERENE:

CXJI‘.“'-(.D(DG)NODHS“QI‘

N‘i‘ﬁmcﬂﬁmﬂ*lﬁm
aellae B S S i To Mo MTo MTe M Te]

ﬁ'mm(ﬁﬁ'l‘.“-E‘-O’JWQ*

ﬂ“d‘bﬂ'ﬂ'ﬂ‘ﬂNﬂH(&J

SR PR TR

b-mmmwtob-mcnou
SRR

L*-LOL‘“NDNQ?WOO

LOC"JLOC‘JOLOOOLQO

CIQ‘CONIQGQEQ(DCQ

0.178
0.176
0.178
0,169
0.165
0.160
0.156
0.152
0.148
0.146

0.178
0.166
0.158
0.151
0.146
0.142
0.140
0.139
0.137
0.137

L= COCN D D=
NMnmowITNOoOOT

COoOmMHMM< <10

0.005

0.817



continued

System Toluene/Water

Jet Diameter and Interfacial Velocity.
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Average Velocity,

Based on

Jjp
Vag

cm/s

Va1
cm/s

System MIBK/Water

Jet Diameter and Interfacial Velocity.
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Average Velocity
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Jp

Va2
cm/s
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cm/s

MIBK/Water

Jet Diameter and Interfacial Velocity. System
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continued

System Ethylacetate/Water

Jet Diameter and Interfacial Velocity.
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System Isobutanol/Water

Jet Diameter and Interfacial Velocity.
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continued

System Isobutanol/Water

Jet Diameter and Interfacial Velocity.
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continued

System Isobutanol/Water

Jet Diameter and Interfacial Velocity.
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Experimental and Theoretical Mass Transfer Rates. System
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: MIBK/Water

System

Exnerimental and Theoretical Mass Transfer Rates.
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conrinued

Cyclohexanol/Water

System

A2 =14 Experimental and Theoretical Mass Transfer Rates.
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Appendix A3

Numerical Solution of the Egquation 2.404

Equation 2.404 ac BZCA
Z 02 DAB[

aC

]

g et = —= + 2 3?*5-] A3-1
or

Equation A3-1 is solved numerically by a finite difference

method using Fortran on an ICL-1905S computer.

A3.1 Solution for Mass Transfer into the Jet

The dimensionless form of equation A3-1 and its
finite difference form have been presented by Fosberg
and Heideger (38). Both equations A3-2 and A3-4 have
been checked independently. The dimensionless form
of the equation A3-1 incorporating the dimensionless

velocity profile equation A4-14 given for flow within

the jet is
(v-Uz) aC = D ﬁ.(_:..z_ i i 3¢ A3=2
e 3z 2 U 23U N
au
where (a) Z = z2/R, , (dlU=r/Rj
Clurss G ; 2U.-u,
(b) Cc = E&__:_%Q" -{elY=£%7—L—— A3-3
AL~ ‘a0 Vo =)
D
(c) p=—28

2(u. - u,)R
(] 1)1

The velocity profile equation A4-14 allows the direct

use of local interfacial velocity u; and average velocity
Ej based on the local jet diameter. Approximate boundary
conditions described in the derivation of equation 2.404
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in section 2.4 now reduce to the following,

a) cC =20 at Z =0 ané 0 < U < 1

b) c =1 a7 5 G and U=1
Sl -
c) 30 0 at 2 > O and U=0

With reference to a grid position (I, J), (e.g. point
P in figure A3-1), the appropriate finite difference

form of the equation A3-2 is (implicit)

2
D (I) _ D -(1-)1 Ayrm e _{nm » ¥(I)-U(J) ]
[ 2 ai" 40 (J) AU AT AZ
D(I) D (I) :
C(I+1,J) + [ + == } C(I+l,J-1) =
‘ o 4T (J) AU
, | ) . 2
D (I) D (I) :| [D(I) v (I)-U(J) ]
- - C(IL,d%1l) + - c(z,J)
[muz 40 (J) AT AU AZ
o) , B } c (1,3-1) A3-4
—sz 40(J) A0

Equation A3-4 holds for all grid points except for the
centre line where boundary condition (c) applies. For
the .centre line, boundary condition (c) reduces equation

A3=-4 into equation A3-5.

2
[ BE) . Y (I)-U(J) } C(I+1,NU) _{D—(gl]cu-a-l,uu—l)
AU i

AU

} c(I, NU) +[—9-%i] c(I NU-1)

AU

4 _[ o{z} ¥ (1)-u(J) 2

&U2 AZ

A3=5
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Ve r. - 1+
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P(1,J)
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A e 2
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2 J-1 J J*1 NU -1 NU
RADIAL POSITION
INTERFACE CENTRE LINE
FIGURE A3-1: Schematic diagram of the grid considered in fne finife

A =

AZ =

NU =

NZ

difference method of solution of
mass transfer into the jet.

Length of each finite elements

the equation A3-4 for

into which U, the

radial distance between the centre and the jet

surface, is divided.

Length of the finite elements into which jet lencth

is divided.

Total number of radial divisions on the grid plus 1

Total number of axial divisions on the grid plus 1

Signifies the axial position on the grid

Signifies the radial position on the grid



Fosberg and Heideger (38) reported that they solved
numerically the equation A3-4 in conjunction with the
equation A3-5 but details of the method were not pub-
lished. The method used in the present study is des-
cribed below.

For each axial position (I) equation A3-4 in
conjunction with equation A3-5 and boundary conditions
(a) and (b) gives NU number of equations with NU number
of unknown concentration terms. These equations are
solved symultaneously using a Matrix Algebra technique.
The coefficients of the concentration terms C form a tri-
diagonal matrix with NU number of rows and with three
elements on each row. The Caussian elimination method
has been applied for the solution using Fortran on the
ICL computer.

According to the boundary condition (a) values of
the unknown C are zero at all radial positions (i.e.
for J = 1 to NU) for I = 1 at the nozzle exit. Therefore,
the only unknown variables are the c-values at the second
row (i.e. row I+l). Thus the solution for (I)th row
gives the c-values of (I+l)th row and so on starting

from the first row at the nozzle exit.

A3.1.1 Average Concentration at an Axial Position

After the radial concentration profile at any
axial position (I) has been computed, the average con-

centration at the (I)th plane can be computed from,
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ASSIGNMENT OF BOUNDARY VALUES

i.

DATA INPUT AND INTERPOLATION -

1

CALCULATION OF LOCAL JET DIAMETER FROM EQ. 2,227 AND LOCAL
INTERFACIAL VELOCITY FROM EO, 2.33 and 2,35 BASED ON BOTH
EXPERIMENTAL AND PREDICTED JET DIAMETER

— SOLUTION OF EQ. A3-4 FOR CONCENTRATION PROFILE

1

1
o
CALCULATION OF COEFFICIENTS =
&4
=& <
ELIMINATION R
i
C.'.‘- =2
BACK SUBSTITUTION B &
==

CALCULATION OF AVERAGE CONCENTRATION AT
THE RECEIVER ENTRANCE

CALCULATION OF FINAL RESULTS OF MASS
TRANSFER RATE FROM THE AVERAGE
CONCENTRATION AND JET FLOW RATE

CALCULATION OF MASS TRANSFER RATE
FROM SIMPLE EQUATION 2,417

1

REPEATED 5 TIMES FOR CALCULATION
BASED ON ALL THE 5 SETS OF LOCAL
INTERFACIAL VELOCITY

CALCULATION OF MASS TRANSFER RATE
FROM ROD-LIKE EQ., 2.415

RESTART FOR THE NEXT SET OF
INPUT DATA

FIGURE A3-2: BLOCK DIAGRAM FOR THE SOLUTION OF MASS
TRANSFER EQUATIONS FOR TRANSFER FROM

WATER TO JET
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Sr@-u@?] v ¢ @ av

£ [y(@ - U(J)z] U(J) Qu

SRS 1 2
= - % [Y(I)-U(J) ] U(J)C(J) du A3-6

Egquation A3-6 is integrated numerically using Simpson's
Rule (83, pl22). The dimensionless average concentration
thus calculated is reconverted into actual concentration
in grams per millilitre from equation A3-3(b). Further
details of the method will be obvious from the program
listing given in appendix A5 and from the block diagram

(figure A3-2).

A3.2 Solution for Mass Transfer out of Jet

The program given for transfer into the jet in sec-
tion A5.1 applies equally to the case of transfer in the
opposite direction i.e. from jet to water though with a
few modifications demanded by the incorporation of velo-
city distribution eguation A4-28 for flow in the con=-
tinuous phase and by a changed boundary condition applied
to mass transfer equation A3-4. The boundary conditions
for transfer from jet to water and applied to equation

A3-4 are r

a) C=0 at Z =0 and U = 1

b)) €¢=1 at Z >0 and U =1
do L

c) =—==0at 2 >0 and U > 2

du
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For an approximation it has been assumed as a third

boundary condition that the concentration profile becomes

flat at and beyond a distance of twice the jet radius

from the jet axis. This was shown to be a valid assump-

tion in that the profiles determined all showed a very

sharp concentration gradient resulting in a flattening

of the profile well within the distance Rj from the

interface (Fig. A5-1).

The outer boundary line equation (i.e. at r = 2Rj)

is obtained from equations A3-4 and A4-28 using the

boundary condition (c); i.e.

_Jetipy Y’m—w} B +[Dm _ D)

[ i A7 a2 | AUNUI AT
= Totey o Y'(I)-W_‘ S [D(IJ g D (I)
[ s A7 2ap2 | AU(NU) AT

] Cc(I,NU-1)

A3-7

where Y' and W are defined by equations A4-29 and A4-30

respectively. For transfer out of the jet, equation

A3-4 is solved in conjunction with equation A3-7 by

counting the radial positions from 1 at the interface to

101 at r/R = 2. The procedure becomes obvious from the

block diagrams (figure A3-2 and A3-3) and from the pro-

gram listing given in appendix 5.

Obviously, the program for transfer from jet to
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ASSIGNMENT OF BOUNDARY VALUES

P DATA INPUT AND INTERPOLATION

CALCULATION OF LOCAL JET DIAMETER FROM E0. 2.227 AND LOCAL
INTERFACIAL VELOCITY FROM EQ. 2.33 and 2.35 BASED ON BOTH

EXPERIMENTAL AND PREDICTED JET DIAMETER

—= SOLUTION OF EQ. A3-4 FOR CONCENTRATION PROFILE

CALCULATION OF COEFFICIENTS

ELIMINATION

BACK SUBSTITUTION

eo]
o™
I

USED VELOCITY PRO-

CALCULATION OF AVERAGE CONCENTRATION AND
AVERAGE FLOW RAFE

CALCULATION OF MASS TRANSFER RATE

|

CALCULATION OF MASS TRANSFER RATE FROM
SIMPLE EQUATION 2,417

] i ]

REPEAT FOR EACH SET MASS TRANSFER RATE FROM
OF INTERFACIAL VELOCITY] ROD-LIKE EQUATION 2.415

FIGURE A3-3:

RESTART WITH THE NEXT SET OF DATA

s s s e e VR TLES EROM EQUATION

|
|
|
|
T
|
|
|
|
|
|
| |

SUBROUTINE TO CALCULATE THE DISTANCE FROM THE INTERFACE AT

WHICH CONTINUOUS PHASE VELOCITY FIRST BECOMES ZERO

SUBROUTINE TO CALCULATE SOME PARAMETERS OF THE VELOCITY

DISTRIBUTION EQ. A4-28

EQUATIONS FOR TRANSFER FROM JET TO WATER

BLOCK DIAGRAM FOR THE SOLUTION OF MASS TRANSFER
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water is almost identical with that for transfer from
water to jet except for the modifications at a number
of points that become necessary to replace equations

A4-14 and A3-5 by equations A4-28 and A3-7 respectively

aC
and by the sign of the term % 3;§ which is negative for

transfer from jet to water. These will be apparent for

the program listing given in section A5-2.

A3.2.1 Average Concentration at an Axial Position-I

/
The average concentration over the radial distance

Rj—ZRj is calculated from the local concentration

values at the Ith plane as

2
g [v@-ww)] v@cw av
C = A3-8
fz [Y(I)-W(Jﬂ U (J) dU
1
where J goes from 1 to 101 (i.e. NU). Again Simpson's

rule has been applied to integrate eguation A3-8. This
gives the dimensionless average concentration which is

converted into true concentration in g/ml from equation
A3-3(b).

Final mass transfer rate is computed from the aver-
age concentration at the receiver entrance by multiplying
by the average flow rate of the continuous phase between
R. and 2Rj at this region. The average flow rate is

J
obtained for equation A4.32.



Appendix A4
VELOCITY PROFILES

Ad4.1 Velocity Profile Within the Jet

For a short element of jet length L it is assumed
that steady state prevails. The velocity profile within
this element, therefore, does not change over the dis-
tance L. The form of this profile may be determined
through a simple momentum balance over this element
based upon steady state flows.

A momentum balance is carried out over a cylindrical
shell of radius r, thickness &r and elemental length L.

A solution similar to that for the velocity profile for
laminar flow within a circular cross section tube is

achieved.

d K .
S o(rry) = @ A4-1

where K is a term accounting for the gravity effect and
for the pressure drop in tube flow and Trn is the shear
stress in the z-direction at a distance r from the centre

Integration leads to
24-2

The assumption of symmetry about the jet centre leads to

the boundary condition;

r =0, Trz?‘w

Thus; ¢, = 0; Hence,

1

rz



For a Newtonian fluid,

durZ K
Ty "uj = (-2-1-) r Ad-4

where urz is the velocity in z-direction at a distance

r from the jet centre.

) r2 + c

S K
Thus Bl = (4“jL

2 A4-5
For evaluation of c, a second boundary condition is
required. For flow in a tube it may be assumed that

the velocity is zero at the tube wall i.e.

urZ =0; r = Pt
thus, Cy = (%ETE) th A4-6
]
KRt2 r2
and urz = z:ff l - ;—5 aAd-T7
€

The assumption of zero velocity at the jet inter-
face is certainly not valid and this equation will only
be relevant to the jet just at the exit to the nozzle
after which point the velocity at the interface
(r = Rj’ uz = ui) will accelerate. In order to retain
continuity of flow the total volumetric flow rate must
remain constant and thus the velocity profile will
flatten. For the purpose of the current model it is

assumed that the velocity profile at 21l »oints along

the jet retains a parabolic form thouch which is
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flattened proportionately to be consistent with the flow
rate and the value of interfacial wvelocity uy at the
given axial position.

The equation under these circumstances, therefore,
for an element of jet length L, at any position along
the jet, is derived from the equation A4-5 under the,
boundary condition r = Rj (jet radius), u = u, and

rz i
K 2

therefore, C, = Uy + ( ) B

g zu—;ﬂ 3 I P

i K 2 . o2 b
U, = %y + ZEE; (R r) A4-8

The average velocity across the jet is given by

T, = ] A4-9

e K R.2
uj = gk — A4-10
8Ly .
"3
From equation A4-10
- 8Lu
K= (u, - u,) —= Ad4-11
5 1 R 2

Combining ~egquation A4-11 with egquation A4-8

2
o — ) __I'
U =y + 2 (uj ui) {1 ;—5}

J

- - T2
= (2uj - ui) - 2(uj - ui) (ﬁ—) Ad=-12

3



durz f— b
e - -4 (uj - ui) F Ad4-13
3

Equations A4-12 and A4-13 may, therefore, ke used
to determine the local velocity and the local velocity
gradient within the jet for known values of interfacial

velocity, jet radius and volumetric flow rate.

Dimensionless Form of the Eguation A4-12

rZ 2
— e =ia) Ad-14
2'(1.1j ui)
(2u. - u, )
where y = o, = o)+ 2 function of z only A4-15
3 i
and U = (r/Rj}z, a function of r only Ad=16

Ad4.2 Velocity Profile Outside the Jet

Flow of the continuous phase is induced simply Ly
the movement of the jet interface and remains symmetrical
about the jet axis until the wall of the cell is reached.
At the wall symmetry is lost due to the square sides of
the cell. However, the distance from the jet axis to
the cell wall is quite large (5 cm) compared to the jet
diameter (< 0.178 cm) and thus the velocity distribution

near the interface should retain symmetry.

Following similar logic as for the internal profile

and neglecting end-effect, for an annular element of
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thickness ér and elemental length L and assuming no

change in velocity over the length L;

a ) e
3 (r1.,) = (F)r Ad=\37

where K' includes the gravity and pressure gradient
terms that are considered to remain constant over the

elemental length.

On integration,

c
£ o () % + -fi A4-18

rz K' 4

-— e = | e—— C—— —1

sz Hw Tar (ZL) ¥ Y A4=19
Thus on integration
(o

o o R 2 T :

u,, = (4Lru Yx . anlr) + c, A4-20
W

For the exact evaluation of the constants K', = and
Cy of this equation the following boundary conditions

may be used.

a) u =0 at r =R_ ( eell radius)
rz c

b) continuity of shear stress at the interface i.e.

durz durz
wo (—=2) = | w =25,
{ W dr w} 2 Rj { 5 BE } "yl Rj
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c) Zero net volumetric flow of continuous phase over

a cross section of the cell at any planez

i.e. Q = 0

Il
(=]
]
a1

Il
jes

d) urz i j

There are only three constants in equationA420 and , there-
fore, only three boundary conditions can be used at a
time. Use of comkination of boundary conditions a,

b, c, however does not allow flexibility in the equation.
The solution with all the four boundary conditions will
give for a given jet flow rate and jet diameter one
unique profile and one unigue value for interfacial
velocity.

It is desired, however, to introduce into the
equation predicted or experimental values of the inter-
facial velocity. To allow this, therefore, one of the
boundary conditions must be discarded in favour of the
condition (d). The condition of no slip at the wall,
i.e. condition (a), is considered to be the least likely
to give rise to major error if it is discarded. In
fact a solution has also been develoned in which the
boundary condition (a) was retained by discarding condition
(c) and over the section of the profile of interest to
this study the solution gave almost identical graphs
(see Fig A4-1).

Thus using boundary condition (4),

' c
E R IR.” et GnBL B A4-21
M, J 2

u, = - ( T
i 4Luw 3
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Using boundary condition (b) from equations A4-20 and

A4_12 r

2RjK' ¢y Fir =3
u + =Y, ==, - u,) A4=-22
w 4Luw uij R

Constants cy and c, may thus be expressed in terms of

K' thus,
ol R, %"
cq = 4 uj(uj - ui) - _%f__ A4-23
__J_K'R'z ]
e, = .- + + 4 ¢nR. (u, = u,)
2 s B 4ujw 5 i
R.ZK'
- .J.—zL nR. Ad4-24
e 3

Substituting from equations A4-23 and A4-24 into

equation A4-20

1 rgR.z R C
u, =, = |—ad - g E
rz 5 L 4uw 2u - P:I
4y - &
- —1 (4. - u,) tn =— A4-25
u ™ j 1 Rj

An expression for K' may be determined by introduction

of the final boundary condition (c) ,i.e.

g o -
- g v ) B RS w A4.26
W J . Ry



On integration and rearrangement, this leads to

. du Rcz Rc 1
ui - _111 (uj—ui)[ e in F— o 5]
w P_“-R. 3
g
K . .1
- 1 [r %4z, * R “p * p Fp 4 B R
Biy et lm o Sl el 52
W o 4y ~ e R. U
Pc Rj w Rc P. ZuW(Rc Py ) 3 W
24-27
Dimensionless Form of the Equation RAy-25
u
_Xz _ K! - {&2-3.2) - 2R.% tn %—-—]
uy 4uiuw J i
Ay
= (W.-u,) tn =— = y' - W A4-28
u i i R,
w J
where K' is substituted from equation A4-27
K'R.2
where y' = 1 - Z—_l_f' a function of z only A4-29
Ui w
and W = e . 2—2? 4 on =— - Eii (G.=u,) n =—
N R R L R, m 37 P,
i w ] w =)
Ad=-30

W is a function of both z and r

zero Velocity regions in the Continuous nhase

The distance from the jet axis where the velocity

in the continuous phase becomes zero is obtained from

equation A4-28 by using urz =0 at r = RO where Ro is
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FIGURE AL4L-1 : VELOCITY DISTRIBUTION IN THE CONTINUOUS PHASE
FOR Rj =0.089cm, R[ =5cm, u; =10cm/s,

‘GJ- =20¢cm /s, fuj =0.005 poise,ﬁw=0.01 poise.
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the required distance.

2 .5 - i R
fa, O=1=K*| R*“R.“ = 2R.“tn ﬁ} - K'YY gn e . AL3
o i 3 R, R.
3 3
e K~ ~ A
SRR g RS ST e

Equation A4-29 is a quadratic in Ro and therefore there

are two values of R, where continuous phase velocity is

zero (figure A4-1).

Average Flow Rate Within a CGiven PRegion R.-PR.
J =

From the equation A4-28, true flow rate in millilitre

per second is

R, /R,
2 173

Q = (P, 0.} 2% [ y-w| UDU

J 1 1

n

3 2
= [2nuiRj ) 341 (y wj) Uj § U Ad4-32

Equation A4-32 may be integrated using Simpson's Rule (83).
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FIGURE A4-2 :VELOCITY PROFILES INSIDE AND OUTSIDE AN ETHYLACTATE JET
IN WATER FOR VOLUMETRIC JET FLOW RATE 0.267 ml/s, JET
RADIUS 0.071Scm AND INTERFACIAL VELOCITY 13.0 cm/s.



505
Appendix AS

Program Listing and Inpur/Output Data Listing

AS.1 Program Listing - Mass Transfer from Water to Jet

UAFUR TRAN
MASTER BASHI "
c NUMERICAL SULUTION JF gauaTIiun (2. 404)

c e S ———— - -

DIMENSION Ga(lasr:cn(IES)JU(1251:?(IEsJoD(125)-UIN(12530U1(12531
IGRMC125),8¢1252,CC102,1022,AC102,4),G0MC122),Z1C105),RJIC102)»
AvGIC102),vG2C102),VS81¢102),vS2¢102)25V20102),vSC102),D4¢102)
4, VAL (102),vARC102)RRC102)-rUCLO0S)

MRUN= |

MRUNT=2

READC1,85)INU-NZ

c ASS5IGNING THE BUUNDARY VALUES
c e

Cllald=0.0

NUL=Ny=+|

Dd 5 J=2,0nU1

S CllsJ3=0.0

DU 10 [=2.N2

10 CClsl12=1.0

READC1,90)XNsZN

READC1,81)0NsRC

RN=0MN/2.0

AG=981.1

READC1,95)0F1,DF2,Cl1sCI2

READC1,860Ul12Ul2,021.022

READC1,87)DENSI1.DENSI2,DENS2]1,DENS22

READC1,812DA-ST

c DF1=DIFFUSIVITY JF WATER» DF2sDIFFUSIVITY OF JRGANIC
c Cl1=SOLUBILITY UF wWATER IN JRGANIC.CLl2=SOLUBILITY OF ORGANIC IN
c Ul1=VvISCUSITY JF PURE SURKUUNDING PHASE -—
c Ul2=vISCUSITY UF SURRUUNDING PHASE SATURATED wITH JET PHASE
c U21=vISCUSITY UF PURE JET PHASE
c U22=vIisSCUsSITY JF JET PRHASE SATURATED wlTH WATER PHASE
c AND SJ JN FUR DENSITY : .
20 CUNTINUE
Ni=1
WwelTEC2515)
15 FURMAT(IHL, 25HETHYLACETATE-WATER SYSTEM)
wnrlTE(2,21)
21 FURMATC(IHO., 3BHTRANSFER INTU JET USING MEASURED [.F.W)
N2=NL+9
NP= |
MS=|
DF=DFI
Ci=Cll|
Ji=yl2
uz2=yzl
DENSI=DENSI2
DENS2=DENS2]
WelTEC2,120)0U1,U2,DENSL1sDENS2,0F5C1s ST
DDENS=UENS | -DENS2
c READING THE MEASURED VALUES UJF JET DIAMETER AND INTERFACIAL VEL.
c AND EXTRAPULATING THE INTERMEDIATE VALUES
c ----- L L T T T T T T T T T YT T Y """ - - -

READC1,100)WsGA
@=w/60.0
W ITE(25102) 462 G4
YN/ (D LAl oxmive=2)
DU 295 [=1s11
xEADC1,100GDMCL)»UIMC]L)
Grm(l)=GOMmcIr2
25 CUONTINUE
od a0 I=1,10
iFtulmcl=1)=yulMcl))ad a0, 30
J0 ODu=UIMCL=1)=ylmMcld)I 100
ud 35 N=Nlan2
39 UlIdNI=uImCcl ) +DOU=CN=0PR)

Gl Td 54
ay LOusCUIMCIY=ylmCl=12)7214 .0
Ud 45 NsNLaw2
45 uliNI=yuImcl)=-DDu=CN=np)
SU IFCGRMCI*1)=GaMl L)) A3,659555
35 DOR=2(GRMCI=|)=GaMCI))Z10 .0

DO &0 N=Nlan2

SU CoiNI=GrMOLl) +UURS(N=NP)
Gd Td 75

65 UURS(GAMOL)I=GaMCLleld) /10U
Ul 70 wEinlang

70 CGrUNIZGAML ) =~UUr=Cn=NF)

75 CunTlivue



ooao

80

81
85
86
a7
90
95
100
g2
105
110
115
120

125

130

* 131

134
135

U
Q
o

NP=N2+ |

NlanE* ]

N3N *9

CUNTINUE

GRCIOL12I=GRMC1 1)

Ulci0ti=yimMcl 1)

EXTRAPOLATING FOR JET RADIUS AND [.F.VELUCITY AT REQUIRED POINTS

IS COMPLETE

FORMAT(2F0-0)

FURMATC(210)

FURMATC(4F0Q «0)

FURMAT(4F0.0) &

FORMAT(2F0 -0

FURMATC(4aF0 .02

FURMAT(2F0 «0)

FURMATCIMO0, 3HQ =,F53/1H0,4HGK =» F5.3)

FORMATCIH » 2110.2F12.677)

FURMAT(4EL1 6-5/77)

FURMATCIHN » 5F14.777)

FORMATCIHO, 4nUl 3, FS«a/1H0,aHU2 =, FS«4a/ 1 M0, THOENS] =4 Fa.l/
11H0s THDENS2 3s Fa«3/1H0+4HDF =5 F9+8/1H0-aHCI =» F&+5/1H0»4HST =
ls F6:2)

FURMATC(1HO, 34HAVERAGE EXIT CUNCENTRATIUNC(G/ML) =,F12.7/

21H0,2aMMASSTRANSFER RATE(G/S) =»F12.7)

FURMATCIH0s 7X22RZ12TX:2HGR28X22HRJL8X,2HUL 282, JHVGI » TXs JHVG2.
1 7X23HVS1 2 TX23HVS2s TX2 3HVAL » TXs JHVAZ)

FORMATC IR » 10F10.4)

FURMATCIH » [5:FB«Js15.2F11.4)

FORMATCLIR » laséEla.4)

136 FORMATCIHO., 3Xs 2HJ » 6Xs THCC2,J) » 6A» TRC(21.,J)s 6Xas

137

150
1000

1010

1014
1015

155
160

16l

1 62

Il THCCalasJdds TXs THCCSI2J)s TXs THCILB1l2J)s BAs, BHCC101:4))
FURMAT(1HO, FS5.3/)

DGA=GX/(ZN=1.0)

21¢1)=DGA/10 .0

21(2)=0GA ]

DISTANCE FRUM NQOZZLE OF EACH PUINT DEVIDING THE JET LENGTH
INTU EQUAL ELEMENTARY PARTS

DA 150 J=3.n2+1

21¢J)=Z1(J=1)+DGX

START JF CALCULATION UF DJ FRUM MEISTER AND SCHEELE
DJ1I=0ON=DON/3000-0

DO 1015 [=2asnE

RAT=DJ1 /DN

F1=AG+DDENS=Z1(1)=22.0
F2=((Qa«0*4)/(Je 14l 6=0N==2) ) ==2=DENS2

FI=8.0=5T/DN

LEFTS=RAT=*man(Fl+F2+F3)~rRAT==J3=F3]

RITS=F2

DIF=ABS(LEFTS-RITS)

IFCDIF«LT-DAXG] TA 1014

0Ji=0J1=0J173000-0

GJd TdJ 1010

RJU1I=DJL /2.0

DJtlI)=0J1

DJC1)=DN

RJC1I)=0N/2 .0

DA=DA+1.3=DA

Utlir=1.4

DU=1.07txN=1.0) -
DISTANCE FrUM CEMTRE JF EACH ELEMENTAnY PUINTS DEVIDING THE RADIUS
INTO EQUAL ELEMENTARY PARTS

Dd 155 J=2.,nU .

utJl=udJd=1J1-0U

CUNTINUE

S2=rin= UN=0DENS=UL / (U2==2)

CALCULATING INTERFACIAL WVELJCITY FrRUM SCHEELE ET AL. AND GARNER ET
Od léel 1=1.n2

VALCLI)=g/ /(3. | a] 6=GR(])==2)

ARl )=/ (2 lal berd([)==2)

CALCULATING Ll/F/v FRUM SChEELE ET AL-.

33=Z1C[)7/Riv

S4=(3.0/752)m=( | (/3.0 /(53%=2(2.0/3.0))

553301 -5/52)=8( | U/2sU} /053220 2.073.0))

WaCLI=C | o0+l oU/Z(EXPCSa®S3)))I=( U=l sy/(EAP(S5253)))
valtll=sysCld)eya | (1)

vadtli=yvscl)eyvazcl)

CUNTINUE

Od 162 Ll=l.nl

CALCULATLING INTERFACIAL VELJCITY FruUM GARINER ETAL
AAERC/GRCLD

GlAA== =4 )= A=22+3.0+4.0=ALJGIAA) ) /(AA=a4eAL JCIKA)~KAx=g+
12 u=rA==2=AL JG(AA)=1.0)

VBICI IS Caa)=u2)/CEnUlvacdsu2)=vAl (I

CANTINUE



c

oo

OGO

185

164

DO 165 I=21.NZ

AA3RC/RJCI)
Ga(XA%%4=a.0%XA**2+3.0+2.0%ALIGLXA) )/ (XA==a*ALUG(XA)~XAx=a+
12.0#xA==2~ALUGCXAI=1.0)
VG2(1)=2Ca.02U2) 7 (G*Ul+4.0=y2)sya2( 1)

CUNTINUE

wRITE(2,102)8,GX

WRITE(2,164)

FORMATCIH » 3SHLAOCAL JET DIAMETER AND I/F/VELUCITY)
WrITEC2,130)
WRITEC2,1312CCZ1CI)aGRCIDARJCIIHULICIILVGICLISVWGER2CID A VSIKC])
12VS2CI)oVAICL)aWARCId)al=1aNZsS)

186 CONTINUE

167

1 68

-1 &9

-17S

177

la3

MATRIX SOLUTION STARTS NOW

DJ S00 [=1.N2

RRCIJI=GRCI)

VA=VALCL)

DECIDING L.F«VELJCITY AND DIAMETER ON WHICH CALCULATION IS TU
BE BASED

ILF(MS.LT.3)G0 T 167

ulcli=ysacl)

RRCI)=RJCI)

VA3VA2(])

GQ 10 175

IF(MS.LT+a) GO Td 148

Uicild=vs1Cl)

RRC1)=GR(1)

VA=VALL(]l)

GQ 1a 17s

IF(MS-LT«3) GJ TO 169

Uitli=vG2¢<1)

RRCL)=RJCI)

VAsSvA2(I)

GU TO 179

IF{MS.LT.2) GO TQ 175

ulcll=yGglcl)

RRCLI=GR(I)

VAsSVALCL)
YCII=C(2.0=VA=UI(I))/C2.0=CVA=-UICLD))
DCI)=0F/7C2+0=CVA-ULC(L))=RR(]1))
Z3GA/RNCI)

DZ=Z/CZIN=1.0)

ALL THE VARIABLES ARE NUWw IN THE DIMENSIONLESS FURM

- S M A A

CALCULATING THE CUEFFICIENTS FUr THE TRI-DIAGAONAL METRIX
Al=DCI) /(2. 2DU==2)+D( 1) /(a.=y(2)=0U)
A2==(DCI)/(DU==2)=(Y(]1)=-U(2)==2) /D2
AJ=DC1)/(2.20U==2)-0C1)/(a.=UC2)*0W)

Al2,2)=A1
B(2)==(A(2,2)#ClI+1,1)+Al=Cl[,1)+A2=C(1,2)+A3=C(I,3))
Al2,3)==(DC])/(DU==2)+(Y([)=-Ul2)==2)/D2)

AlL2,4)=A3

DA 177 J1=3.0U=1
ACJ122)=20C1)/7(2.0=0Uu==2)+DC(1)/Ca.J=uCJ1)=0U)
ACJL23)==(DC1) /DU==2+(Y([)-UlJ])==2)/D2)
AlJl2a)sDCId)/(2.0=0U==2)-DC(1 )/ (a.0=ulJd12=DU)
Al=DCL)/7(2.2D0U»=2)+DC(l)/Ca.=J(J])=DW)
A2==(DC[)/(DU==2)=-(Y(]l)~-Uu(J]l)==2)3 /D)
AJ=DC1}/7(2.2DU==2)=-DC[)/(Q.2UCJ1)=DU)
BCJI)==(Al*C(l,oJl=1)+a2=C(ilsJ1)+A3xC(LloJl+1))

CUNT LINUE

AlNUL2)= DCL)/DU==2

ACNUL2)= =( DCL) /DU==2+ (Y C1)~UlNUI ==2)/D2)
Al=ACNUL2)

AZ2= _{ DCI)/7C(DU==2) = (Y (] )=UINU)==2)/DZ)

2(NUI==C(AL=CllonU=1)»A2=Cll,nNUD)
ALL THE CJEFFICIENT RAVE ~MJw SEEN CALCULATED

ELIMINATING THE TEaMs APEARING 3EFIJRE ThE DIAGINAL LIME
od 190 w=2.Nu=1

P=A(L+*1,2)7A(Ls3)

Od lad J=2,4

AlL*lsdlI=Aallel,J)=P=alloJr])
BlL*1)s8(L*|)=pP=a(L)

ELIMINATION PRUCEDUKRE 1S NJdw CUMPLETE
CINTINUE

SACA SLESTITUTING 7dR CUMCENTRATIAN TErMS
CllwlaonulsBONU) 7ACNUS 3D

Ud 195 [2=1.Nu=2

Li=ng=12

J=ll+i
Ctl=1,l12sCBCI1)=ACLlsadaClirladdd/ZAClL, )
CUNTINUE

CanTINUE
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CALCULATION UF DIMENSIONLESS CUNCENTRATION PROFILES IS COMPLETE
CALCULATION JF RADIAL VELJCITY PRAFILE
DJ 199 I=1.NZ,50
VAV=R/(3- 14l 4*RR(1)==2)
DO 197 J=1.NU
RUCJI=UCJI)=RR(I)

197 VZCJI=2.0=CVAV=UIC(I) )= Y ([)-UlJ)==2)
OJ 198 J=1,9.2

198 wrITEC(22134)1,2Z1¢C1)sJdaRUCIISNVECT)
DO 199 J=sll.nNUall

199 WRITEC(2,13401,Z1¢C1),JdaRUCIISNECI)

- - - -

AVERAGE CUONCENTRATIONS AT SELECTED JET PQSlTIDN

DU 205 1=21.NZ,20

CACL)=0.0

Dd 200 J=l.NU=2s2

CACI)=CA(1)*(4a.0/(2. 0=YCL)=1.0)2%CCDU/T-02)%=CCUCIII=CYCII=UCJ)*=2)
1#CCLad)+*ae02CUCI+ 1) =Y CI)=UCI*1 ) #22)2CCL,J+ 1)+ UCI+»2) (LY (D)
2)=yU(J+2)=22)=C(1,J+2))

200 CANTINUE
CALCULATION OF DIMENSIONLESS AVERAGE CONCENTRATION 13 COMPLETE

205 CONTINUE
WRITEC2 »210) i
210 FURMATC(IH » 38HAXIAL AND RADIAL CONCENTRATION PRAFILE)D
WwRITE(2,136)
0d 212 J=1.10
212 hﬂlTE(a:135’JJC(2JJJJtC(IJJJaltelcNZJzﬂ}
DU 214 J=11a0NUsS
214 WRITE(25135)JsCC2,J)2(ClIaJ)s1=212N2220)
340 CUONTINUE
WwRITE(2,220)
220 FORMATC(IH » 48HAVERAGE CONCENTRATIUN AT SELECTED AxlAL POSITION)
wiITEC2,115)CCACLI)1=21.N20200
CALCULATION JF ACTUAL AVERAGE CONCENTRATIUN AND
MASSTRANSFER RATE(G/S)
CUNC=CA(NZ)I=CI
RATEM=CUMNC*Q
WwRITE(25,125) CONC,RATEM
MASSTRANSFER RATE FRUM SIMPLIFIED AND RUD-LIKE EQUATION
KATEM2=4.0=Cl*(DF#@*GX) == .5
RATEMI=2.0#CI=(J1 4]l 6#DF)=2().522.0*RR(II=(UIC)I=Z1(3))==0.5
Fl1=Cl=(3.14l6=0F)*»(.5%0GX/3.0
Dd 550 1=3.NZ-2.2
F12=22.0*RRCII*C(UICIIZZ1CL) ) m%].35)
Fla-e.ﬂtﬁﬂtl*lJl((UI(i‘l)/Zl(l*[J)U-O-SJ
Fla=2.0*RRCI+2)=C (Ul Cl+2)/7Z21C1+2))==].3)
RATEM3sRATEMI+Fl1=(Fi2+a-0=F13+Fl4a)
S50 CUNTINUE '
wriTE(2,560) RATEM2,RATEM3I
560 FURMAT(1lh0s EHKATEMZ2 =,F12.7/110,8HRATEMI =,F12.7)
[FtMS«GT-1) GJ TJ 220
wrITEC(25 8000
400 FUORMAT(1HO» 43HTRANSFER USING GARNER Ul BASED JN EXPTL. DJ)
MS=M5+1 i
Gd TU 168
220 IF(MS.GT-2) GJ TJd 221
MS=mS+ |
wrRITE(2,610)
510 FURMAT(IH0, 46RTRANSFER USING GArNER Ul BASED IN PREDICTED g})
Gd TJ l1éé
221 IF(MS.GT-3)6J Td 222
w i TEC2, 620
420 FURMATC( 1m0, 4anTRANSFER USING SCREELEZ ul BASED JN ZAPTL. B}’
REEL L
Gd TU 166
222 [FiMS«GT.a) GJd T2 254
axlTE(2,630) .
43U FORMATC MU 4THTRANSFEX USLMG SCHMEELE Ul BASED Jiv PREDICTED DJJ
EEELEE S
Gd Td 166
[FiMmUNSEY»40)Cd
MRUNEMRUN® |
GJ Td 24
300 STJP
E.“D
FINISA

n
(]
i

1

J 30v



s INPUT /OUTPUT DATA LIST - transfer from water to jet

Computer program designed for the numerical sol-
ution of equation 2.404 is extended in oxder to include
the calculation of mass transfer rate from simdle equation
2.415 ané rod-like equation 2. 417-

The input/output data lists are presented for a
sample run of the computer programs. Data are listed in
the order of the arrival of their read/write statements
in the programs. Therefore, the variables or constants
for which the data are given can be identified from the
program lists. Data are presented for transfer in either
direction in ethylacetate/water system at a jet length
4.6 centimeters and jet volumetric flow rate 16 milli-
litres ver minute. All other quantities are in cgs
units. Mass transfer rates presented here are calculated

on the basis of experimental jet radius and interfacial

velocity.
TABLE AS5-1 :Input Data TABLE AS5-2 :Qufput Lisk of some
Inputed data
101 101 ETHYLACETATE~WATER SYSTEM
101.0 10140 -
+178 5.08 TRANSFER [NTO JET USING MEASURED 1.#.%
0.0000703% 0.000008038 0.0289 0.077 Ul %,0098  (TATER PEASE YISCOSITY)
U«01 040058 0.0045 0-.0046
1.0 0.998 0.908 0-.91 y2 =,0045 (JET PHASE VISCOSITY)
2.5 9.0
l6+0 4.6 DENST ¥,998 (VATZR PHASE DENSITY)
0.178 3.0 e
165 3«0 PENSZ %,908 (JET SHASE JENSITY)
-158 S.0 8F =,00007039: (DIFFUSI/ITY OF 3CLUTE)
+155 8.0
152 8.0 ¢1 =,02899 {INTERTACIAL CONCENTSATION®
«la9 Be5
«147 9.5 $T v 9,00 (INTERTACTAL TENSICN)
<145 11.0 Yo el v
. laq 8 q 20,267 JET FLOW RATE, ML/S)
+lag 1z GX 24,600 (J3T LENGTH)
«l43 13.0
q 0,267 (JET TLOW RATE)

GxX 3&,500Q (SIT LENGTR)
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AS=3 : Local Jet Diameter and

Inter facial

Velocity

LOCAL JET DIAMETER,INTERFACTAL VEIOCITY AND AVERAGE VELOCITY

TABLE
11 e

0,0046 0.0490
0,2300 0.0a58
0.4600 0.0829
0,6900 0,0808
0,9200 0.0790
1,1300 0.0782
1.3800 0.0773
1,6100 0.0748
17,8600 0.0760
2.9700 0.07%52
z,3000 0.0763
2,5300 0.0740
2,7800 0.073%
2,9900 0.0730
35,2200 0.0729
3,6300 0.0723
35,6800 , 0.0720
35,9100 0.0718
4,14800 0.0719%
&,3700 0.0718
4,6000 0.0718%

RJ
040890
0=08%2
Qw0818
0-0788
020762
0=0739
040719
0z0700
070684
040649
070633
070642
090630
070619
020609
00600
00591
0y0583
0903793
09035648
020964

ut
3.0000
3.0000
3.0000
4.0000
5.0000
$.5000
4.0000
7.0000
8.0000
8.2300
8.3000
9.0000
9.5000
10.2500
11.0000
11,2500
14.5000
12,0000
12.5000
12.7%00
13,0000

Z1 = AXIAL POSITION

va1

9.0924

9,812%
10,0204
11,0969
11.603%7
11,8344
12.0699
12.0134
12.3622
12.919%
13.0848
13,2862

GR = EXPERIMENTAL JET RADIUS

RJ = PREDICTED JET RADIUS
UI = I.F.VELOCTITY FROM EXPERIMFNT
yal = I.F.VELOCITY PREDICTED FROM GARNER ET AL USING GR

vea

23,3743

vsi
2.3044
6.5845
4.0713
8.9914
9.7988
1052952
10,7429
1121604
11,5580
11.9436

vs2

2.3044

6.,6479

8.2098

9.4412
10.5266
11,5377
12,4084
13,4046
14,2819
19,1298
19,9357
16,7380
17.3337
18,2914
19.02%0
19.7370
20,4742
21,1647
21,8408
22,3150
23,1719

VAl
10.7161
11.34338
12.4712
13.0177
13.6008
13,8627
14,1324
14,4099
14,6937
14.9901
15.2934
15.3008
15,7124
15.9284
16,1489
16.2608
16,3739
16,4882
16,4037
16,6037
16,4037

VAL = AVERAGE VELOCTTY BASED ON GR
VA2 = AVERAGE VEJIOCITY BASED

V62 = I.F.VELOCITY PREDICTED FROM GARNER ET AL USING RJ
V81 = 1.F.VELOCITY PREDICTED FROM MEISTER AND SCHFEELE USING GR
¥s2 = 1.F.VELOCITY PREDICTED FROM MEISTER AND SCHEELE USING RJ

ON Rd

ABLE AS -4 : Velocity Profiles af three Axial Positions Indicated by I

VA2
10.7141
11,4843
12.4A%3
13,4689
14,6114
15,5348
16,4417
17.3079
18,1591
18.9887
19.8034
20.5980
21.3674
22.1212
22,8599
23,5419
24,3019
24_9920
29.4476
26,3418
27.0018

Indicates

radial posifion

YELOCITY PROFILE AT THE VELOCITY PROFILE AT THE MID POINT VELOCITY PROFILE AT THE "ECEIVER END
NOZZLE EXIT REGION FYTWEEN TIIE NOVALE AnD THF RECEIVER nF THE JET

Z1 J RADIAT, I.F. 1 Z1l J PADIAL {5 I z1 J LADTAT. |57 gt

DISTANCE YFEIOCTTY DNTSTANCE YELOCITT NISTANCE rTonITY
FROM CENTRE F0M CENTRE FOM CEFNTRE
J.008 1 0,0890 3.0000 |31 ;.soo, 1 0,074  8.5000 |107 4,600 1 0,0713% 13.0000
0.00% b ] 0.0872 3.4111 |3 300 1 0.0730 3.0380 |10% 4.600 3 0.0701 13,2854
0,009 5 0,08%4 4.2099 [N s.soo s 0.071% 9.5432 [101 4,600 5 0,0686 13,5451
0.003% ) 0.0837 i.7943 |91 .300 7 0,0700 10.0813 (101 4,500 7 0,0672 13.8389
0.00% 9 0.0819 s. 3704 |¥1 2.300 9 0.068% 10.9869 ({101 &,400 ° 0,0638 16,1071
0.00% 11, 0,0801 s 90329 |9 2.300 11 0.0670 19.081% |10 6.600 11 00,0643 14.3694
0.008 21 90,0712 a.5%%6 (31 2,300 1 0,0596 13,3943 107 A.600 2 0,0872 15.3947
0.008 3 0.0623 {0.a704 ¥ 2.300 34 0,052 15,4293 101 4,600 39 0.0500 16.475%8
0.008 &1 0.0534 12.8766 |31 2300 @ 0.0647 17.19% 101 h.600 M1 0.0629 17.6128
0.005 31 0,0468 14.8762 (3 2.300 W 0,0372 186902 (101 4,600 89 0.0357 18.4056
0.00% &9 0,03%6 19,9491 (31 2/300 & 0.0298 19.9130 (101 4,600 61 0,0286 19,0943
0.008 T 90,0267 17.0434 (51 R2.300 74 0,0223 20.8641 (101 4,600 T 0.021% 19.3%38
0.005 &1 0,0178 \7.81%0 (%7 g.30 84 0.0149 29.9436 100 4,600 B4 0.0143 19.9192
0.005 94 0.0089 18, 27790 (91 2.300 91 0.0074 29.9%10 |101 4,600 91 0.0071 20.13%4
0:008 1014 «0,0000 484328 |91 2,300 104 «0,0000 22.0869 |101 4,600 104 -0,0000 20.207%
1 Indicates axial position



TABLE AS-5S : Concentration Profiles at six

AXIAL AND RADIAL CONCENTRATION PmOFfLE{DIMENSIONLESS]

Gnuﬂw:ovuaauhﬂnuua
- = O . T R Y - N RN RN N R

96
101

11

N

Axial Positions

. GC2.4d) ct21.4) ceht,d?
Q,1000g 01 0.1000g 01 60,1000 01
0.3017e 0n 0,873a¢ 00 0.9047E 00
0.836808=01 0,73288 00 0.80978 Q0
0.25908=01 0,6337F 00 0.71822 00
0.6309E~02 0.5212¢ 00 0.6235¢ 00
0.16011=02 0,4180€ 00 0.53%0e 00
0,3915e=0y 0.32608.00 0.4578¢ 00
0.92372=04 0,2467E 00 0.38238 00
0,21072=04 0.1807¢ 00 0.31482 00
0,46338~09 0,1279¢8 00 0.254%e2 00
0.9965e=04 0,8723E~01 0.20208 00
0.29512=00 0,6962E=02 0. 4684801
Qeh768E1% 0.1804E=03 0.59438-02
0.48438~17 0.1303E~03 0.3843E=03
0i2946E=21 0.4494En08 0.1201€=04
0.1293e=28 0,3600E=11 0.1794€=06
0.413s8=30 0,3360E~14 0.1319€-08
0.10062=34 0,1096E~17 0.49818e11
0v19308n30 0,21438#21 0.10288+13

0.,30198E=4é 0,27348m23 0.1237e=16
0.3769u=é0 0,24240929 0.92308=20
0.4504854 5,15828433 0.45352-23
0s4529E=35 0,7986E#38 0.1550e"26
0.4141E~64 0,3257E=42 0.3876e~30
Qv3336unée 0.11170=éé 0.743%8034
0.2910e~T4 0,3384Ex51 0.1159e~37

0.00008 00 0.99328~56 0.1532e=44
Qw0000r 0o 0,2813E=60 0.2023E~45
0.00002 Qo 0,4291Em44 0.12008wé8

ees1,d)

0,1000g 01
0.9180¢ 00
0.8340¢ 00
0,748 00
0.67%4K 00
0.59né8 0O
0.,52%11 00
0.45578 00
0.3919€ 00
0,33142 00
0.27771 00
0.95198=01
0.21078=01
0.30%0E=02
0.26448"0%
0,135vE~04
0.4034E=06
0,4964E=08
0.70908=40
0. 4%abg-12
0;46TaEm4d
0. 4196847
0.7076§+20
0.84080=23
0.73300-24
0. 493RE=29
027200432
0,13908=39
0,286hg=38

AVERAGE CONCENTRATION AT SELECTED AXIAL POS!TIONIDIMENSIONLESS]
0.0420678 0,0746824 0.0944982 0.1173109

ce8y,d)
0.1000¢ 01
0.9262¢ 00
0.8324x 00
0.77%90e Q0
0.706%¢ 00
0.63668 00
0.5688¢ 00
0.5040¢ 00
0.44272 00
0.33%3r¢ 00
0.3322¢ 00
0.1356¢ 00
0.41335e=01
0.9022e=02
L13618002
1378203
7202108
4004ee0d
1135107
2107 em0Y
23951m11
21611m1 s
BEITILLE ]
3108118
L15388e20
0,35511w23
0.6526Ew26
0.1093um28
0.6683031

IR

- ---2-T-F-F-F-X-J-

ee101.4)
0,1000g 01
n,9321¢ 00
0.86408 00
0,7944L 00
0,729%¢ 00
0.,64641E 00
0,6007¢ 00
0,539%€ 00
0,4812€ 00
0,4260E 00
0,37432 00
0,1730e 00
0,63422-01
0,1789€-01
0.3779¢E=-02
0,5843E=-03
0,84990=04
0.51398-08
0,28600-06
0,11298=~07
0,31472=09
0,6258E=11
0,8993E-13
0,79008=15
0,73390=47
0,44298=19
0,2304E-21
0.1 U!!l-!’
0,13732~25

6.4378345(1=21 41 61, 81.101)

TABLE AS-6 :Mass Transfer Rates from all three Equations
AVERAGE ExiT condaATRATION(S/HLY @ D 003pade

NASSTRANSFER RATECO/8) & 0,0040424 From numerical solution
RATENZ ®  D,0010742 From rod . like equation
RATENI B 0,0007n08 From simple equation

AS,2 Program Lisfing - Mass Transfer from Jet to Water

JAFURTRAN

MASTER 31D

DIMENSION GRC125),CAC125),UC125),YC125),D0125),0lMC125).,UlC125),

1GRMC125),B¢125),CC102,102),AC102,4),GDMC122),Z21C1035),RJC102)»

AvGlC102),vG2C102)-vS51C102),v82¢C102),vZ2C102)5VvS5C102),040€102)
4sVvALCLI022,vARCIL02) sk 102D s nUCLOS) srb (20D

Ss8VICI02).8v2C102).8v3C102)-wl102)
MRUNS L

MRUNT=2

READCLl 283 NUsvE

ASSIGNING THE BUUNDARY VALUES

Cllas12=0.0

NU L=+

Dd 5 J=2,MUl

CCl,J=0-0

DU 10 I=2.NZ

CClall=1e0
READC1 s 90)ANS IN
XEADC1,81)20N:RC

RN=0ON/2.0

AG=981 0
READC1.,95)0F1.DF2,C11.Cl2
READCL,B86)JUllsUul2su21 U222
READC1,87)DENS11,DENSI2,DENS2]1,DENS22
READC1,812DAsS5T
wWrRITEC(2,15)



(R¥]

N

1S FURMATCIHL» 2SRETHYLACETATE~-WATER SYSTEM)
OF=0F2
cl=Cl2
Ul=ull
u2=y22
DENSI=DENSII
DENS2=DENS22
DDENS=DENSI=DENS2
Wi lTEC251200Ul U2, DENS |2 DENS2,0F-ClaST
20 CUNTINUE
wlTE(2,21)
21 FURMATCIRD. AQHTRANSFER JUT JF JET USING MEASURED l1«F.V)
wi=l
N2=n+9
NP=1
MS=1
READC15100)04.GA
3=Q/60 -0
yiN=@/ (el al 6=RrN==2)
0d 25 1=1s11
READC1,100)GDMC1)-UlMCI)
GrRMC1)=GDMC(L )72
25 CUNTINUE
OJ 80 1=1-10
[FtulmMel+1)=-ulmcl)da0-40.30
30 DOUsCUIMCI+1)=-ulmcldd/z1040
Ud 35 nNanNlan2
39 Ul(NI=uIMCI ) »0DU=CN=NP)
Gd TU SO
a4 DDUs(UIMCLlI=UlmMCLl+123/710.0
DU a5 n=ivlang
45 UItNI=UIMCL)=DDU=CN=NP )
S0 IFCGRMCI+1)=GRMC1)) 65, 65.55
S5 DDR=C(GRMCI+1)=-GRM(1)) /20
DU 60 N=NLaN2
60 GR(NISGRM{ L) +DOR®(N=NP)
Gd TJd 75
65 DDR=(GRMCI)=GrMCl+1)) /21
DU TU Nanlang
70 GRINI=GRMC(1)=DDR=CN=NP)
75 CUNTINUE
NP=EN2T ]
RIE =L
N2=ivl+9
50 CUNTINUE
GrClO1I=GRMCL1)
glciglrI=sulmalld
B2 CdiTlNuE
101 FJURMATC(&FD.0)
Bl FUrMAT(2F0.0)
S FURMAT(2I0)
B6 FURMATC(aF0-1)

87 FURMATCaF0.02
90 FURMAT(2FU-02
95 FURMAT(aF0.0)

100 FURMAT(2F0.0)

102 FURMATCIHO, 3HE =sFS«3/1H024HGX =» F5.3)

105 FURMATCIH » 2110,2F12.6/7)

110 FORMATCAE]l 6+5//7)

115 FURMATCIR » S5F14a-T7/7)

120 FORMATC(1IROs aHULl =2, FS«4/1HM0-4RU2 =5F5.a/|H0s THOENS]L =2 F4.3/
11h0s THDENS2 =» F4+37/1H0,4HDF =5 F9.8/1n0+,4HCI =5 F6«5/1H0,4HST =
ls Fbe2)

125 FORMATC(IH0. 4MG]1 =,F6.3/1H0534HAVERAGE EXIT CAONCENTRATIUNC(G/L) =
2sF12.7/1H0s24HMASSTRANSFER RATE(G/S) =,F12.7)

130 FURMATCIHO» TX22HZ1» TXs2HGRs BXAs2HRJ»B8A22HUL 28X 5 3HVG » TX» JHVG2»
17X23HVS] 2 TXs JHVE2, TK2 JHVAL 2 TR JHVAZ)D

131 FORMATCIR » 10F10.4)

134 FURMATC(IH » 15,FB.3,15:,2F11.a)

135 FORMATCIH » [428El14«4)

136 FURMATCIHD, 3Xs 2HJ » 6Xs THC(254) » 6Xs THC(215d)s 68X
1 THC(4ladds TXs THCCELlsJ)s TRs THC(B1,J)s 88X, BHCC(I01.4))

137 FURMATC(IhOs FS5.37)

127 FURMATC(1RQ», 4RUF =,FB.3)

128 FORMATC(lRO. 3F12.72

145 FJRMATC(IHO, F12.7)

126 FORMAT(IHO, 4HDL =,F8.3)

DGASGA/ U IN=1+d)

Z1¢C1)=0GA/10.0

Z1¢(2)=DGX

DJ 1S5S0 J=3.0Z*1
150 Z1¢JX)=Z1(J=1)+DGR
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START JF CALCULATION JF DJ FRUM MEISTER AND SCHEELE
1000 DJ1=0ON=-0ON/3000-0
Od 1015 I=2,0n2
1010 RAT=0DJ1/DN
Fl=AG#0DENS=Z1(1)=2.0
F2=((a.0%29)/7(3elal 62DN==2) ) a=2=DENS2
Fl=g.0=ST/DON i
LEFTS=RAT==an(F|+F2+FJ)-RAT==3=F]
RITS=F2
DIF=ABS(LEFTS~RIT3)
IFC(DIF.LT.-DAXGJ TOQ 1014
DJ1=DJ1=0J172000-0
Gd TJ 1010
1014 RJCLII=DJL/2.4
1015 DJ(ll=0JI1
DJC1)=0N
rRJC1I=0N/2 00
DA=DA+] - 5=DA
160 CUONTINUE
s2=znivayivaDDENS* L 7 (U2==2)
CALCULATING INTERFACIAL VELUCITY FRUM SCHEELE ET Al. AND GARNER =T
Dd 161 I=l.nNZ
VAL(L)=g/(3.14] 62GRCI)==2)
VAZ(1)=2Q/(Js 1Al éoRJIC]I=a2)
CALCULATING I/F/v FRUM SCHEELE ET AL«
S3AsL1CL)/miv
345(J.0/752)==( | +0/73+0)/7C53»=(2.0/3.0)2
352C| «5/52) =2 | .0/3.0)7¢532=(2.(0/3:0))
VSCI)=C1«d*»10/tEAP(S4%53)))=( | -0=1-0/CEXP(S55253)))
vslClld=sysclYaval i)
vs2C1)=ys(l)=vA2(l)
161 CONTINUE
DJ 162 I=lavg
XA=RC/GRCL)
G=(AA®%a=4.0*xA*22+3.0+4-.0=ALUG(RA) )/ (RA==a=ALJG(XA)~XA==qg+
12.0%AA*=2=-ALUG(AAI=1 .0
VGICLI=taaaU2) /(GaUl+a-0=u2)*VAL (L)
162 CUNTINUE
D 165 1=21a02
ARErC/RJCT)
GelAAmmg=a.(s A=22+T.J+a.0=ALJG(RA) ) /(RA==a=ALJGlAA) ~AA== 4+
12.U=XA==2=-ALJGC(AA)=| 0
wB2C 1=t a.=y2) /(Gaylra.d=U2)=syA2(])
165 CUNTINUE
Wit lTE(2,102) GsGA
WwrRiITEC(25 1 64)
164 FUmMATCIR » 3ShLJCAL JET DIAMETER ANU L/F/VELACITY)
wrtlTEC25 1302
W lTEC25 1310 CCZ1CI)GREIISRICII UL vGICI) 2 VG2CTIVE1CT)
laws2Cl)svAlCLl)svARCL))sl=1aEs3)
166 CUNTINUE

DU 500 1=1.nE
USsulding)
RRCII=GRCI)
HS=2GRINZ)
vAsvALCL)
vSsvALIND)
vasyal (1)
IF(MS«LT«5)GU TU 167
WICLIsw32CD)
US=vS2(NZ)
VASyAZ2(])
vi=vA2(NZ)
vasyvAaz(l)
rrCl)=RJCID
‘KRS=RJINZ)
Gd TJd 175

167 LF(MS.LT+a) GJ TA 168
yicli=vsicl)
UsS=vsS1IIND)
vA=VAL (D)
v3=vAl (NLD
vasyAlCl)
rECL)=Gr(])
rS=GriNZ)
Gd TO 175

168 IF(MS.LT+«3) GJ TU 167
Ulcli=svG2cel)
ussvG2(nNZ)
vAsyvA2(])
vS=VA2(NZ)
vasyvaz2(l)
e Cli=xdC])
RS=RJINZ)
Gd Td 175



169

175

it

205

L

141l
142

| S
176

314

IF(MS«LT«2) J TJ 175

ultll=vGicl)

usS=viGl(ng)

vAsSVAL (D)

voasvAalting)

vasyvAal (1)

R CLI)=GRCL)D

n5=GriNL)

CUNT1NUE

IFCULCI)LT-vA) GJ TU 72
Ultl)=vA=-.05%=vA

CUNTINUE

IFCL«GTe1) GJd Td 173

N=ENL

VA=VS

rRONZI=nS

ultNZI=US

CALL sAMICUL»u2svAsRR2ULINAVI2V22aVv3)
CALL BASI(vlsVv2,Vv3sUF)

wrlTEC2, 12TIUF

CANTINUE

UFl=2.0

DL=UF1=1.0

DusuL/Can=1+0)

Jeli=1.u

ud 17U J=2s0vU

UlJi=sytd=1J2+Du

IFClsGIel) GJ Td 2U5

VA=V

CUnT1nue

n=1

CALL sAMICUl,u2sVvAsrRRoULaNaVI V22V 3)
CALL BASI(vl.V2sv3sUF)

BvlCli=yl

Bva(ll=y2

Bv3(ll=y3

YCll=sBvicl)

Ud l1a2 J=lainU
WCJI=(BY3(I)xuCu)»=x2-By2 (1) *=ALUG(UCJ)))
Gd TU 142

IFCYCL)=wCdd) l4alslazsla2
WCud=wlu=1)

CUNTINUE

DCLI=DF/7CULCL)*nn(]1D)

L=GA/Rn (L)

De=e/ Caetv=1+1)

Al=CUCL) 7 (2. xDU*=2)=DL1) /(4. 2y(2)=pU))
A2==(UCl) /7 (Du==2)-(Y(l)=-w(2))/D2)
AJ=(LCI) /(2 xpu==2)+D0 ) /(4. 20(2)%0U))
AlZ2,2)=A1
BC2)==CAl*CCl+1,1)+Al=CCI,1)+A2=C(1,2)+A3=C(1,3))
Al2,3)==(DCL) 7 DUxx2X+ (Y (L) -w(2)))sLL)
AlZ2,al=A3

ud 177 yl=3snu=1
ACJl22)=pCL) /(2. UxpUx=2)=DL1)/ (4. U=utul)=U)
ACJL23)==(LUL) 7DU==2+ (Y (L) =WwlJIL)I/7DL)
ACJL»4)=DC1) 7 (2. 0*Du=x2)+D(1) /4.0 =utul ) =pl)
Al=sLCL) 7 (2 expU=2)=UC L) Z7CaexuCul ) ®xp))
AZ2=s=-(DC1) /7(uus=2)=(Y (]l )=wCJ1D))/LL)

AJ=(LCL) /(22D U»=2)+ (1) /Cae=yCal )=DU) )
BCul)==(Al=L(loul=-1)+A2=C(1,J1)+A3=C(ladl1+1))
CdinT LivguE
AlNU22)30C1) /(2 xDU==2)-D(1) /(4 =ulnnul=LUL)
ACNU 3)==(LCL) /(2 =Pu*=2)+ (Y (L) =-wlNUII/LLD
Al=AlNUs2)

A== (u(L)/(2e=pu==2)-(7(]l)=wlnwlddrng)d
plivul==(Al>*>CCLlonu=1)+AZ=xC01svud)

Ud 190 w=egsmy=1|

PEAalLrls2)7a(L23)

ud les J=223

ACL+lsJ)=sAlL+ ]l J)=P=AlLsdr])
slL*l)=p(L+]l)=-r=pl(L])

Cdinl livue

CCl+lanuld=plinul7AalNus 3l

bd 195 l2=1lsnu=-2g

Li=tu=1i2

u=ll+i
CCLl+1,110=(BCL1I=-ACllsa)*=C0L+1a0d)/AC]].3)
Lunllsue

CdnwTlnuE



197
198
129

lad
S00

202

218
ot

IFCLeNEsl+AND«LME- 1012 GJd T 1ad
DU 197 J=laNU

RUCJI=UCII=RRCL)

vZCJI =LY L) =wlJdd)=ylcCcl)

DU 198 J=1.,9.2
WRITE(2,13401,21C1)sdarUCIIVECD)
DA 199 J=llavUa i 0

W ITEC2s 13a) 1 Z1C1)adaRUCIIS vEC DD
wrlITEC2,128)V12V2s43

CUNTINUE

CUnNT INUE

UFsuFi

I=nZ "

N=

VA=VS

RRI(NZI=RS

ulinZI=ys

CALL SAMICUL,U2sVAsRRsULsNaVIAV2sV3)
Bvltlli=svi

Bva2tll=y2

Bv3tili=y3

TI(NZI=BVIINZ)

BTM=0.0

DUd 202 J=l.Ny=2
BTM=BTM*(DU/2+0)*C(YINZ)=wCJ) 2 2UCJI+*as 0= (Y INZI=WCJ* 1) )oUCJ*1))

L+ {Y(NZI=W(J+2) ) =UCJ*2))

CONTINUE

CAC1)=0.0

0d 200 J=1.,0NU=2.2
CACII=SCACII+(|-4/BTM)=(DU/3- )= uCI=(Y(Ll)=w(J))

l=CllsdiraamytJ+i

DIM Y (L) =W+ 1) )=ClIsdrl)+UCJ»2) (Y (]l )= w(J*2))=C([sJ+2))

200

210

212
214
220
Jad
116

213

550

S60

&00

220

5610
221

620

222

630

CUNTINUE

wnITEC2 22100

FURMATCIR » 38BHAAIAL AND RADIAL CUNCENTRATIUN PRUFILE)D
wrlTE(2,136)

od 212 J=1.10

wrlTEC(2,1358)JsC(2,0)5(CC1addal=21aNZ,200

Od 214 J=1lsMUeS

WRITEC(2,135)JsCl25J)(ClIad)sl=2120vZ2220)

l=ng

wrlTE(2,220)

FURMATCIR » 48RAVERAGE CUNCENTRATIUN AT SELECTED AAlAL PUSITIAND
CJUNTINUE

wrlTEC251182CACL)

FURMATCIRD, Fl2.7)

CUNC=CACNZI=CL

CUNT INUE

@1=22.0%314al 62Ul (NZ)=*BTM2RR(NZI =22

RATEM=CUNC=a 1

WwRITE(2,125)Q1CUNCsrATEM

RATEM2=4.0=Cl=(DF=@=GX)==2(.5
RATEM3=2.0%Cl=(3.14al 6*0F) ==0 .5+2.0*RR(II*(UI(II=Z](J))==0.5
FI1=Cl*(3.14al6#DF)=*=(.5%DGA/3-0

DA S50 I=3.n2-2.2

F12=22.0sRR(1)=CCULCL)ZZ1C]))==0.5)
F13=2.0=RRCI*1)=CCUICL+1)/721C1+1))==(.5)
Fla=2.0=RR([+2)=( (Ul C1+2)/2]1(1+2))==(.3)
RATEM2=RATEMI+F1 1 =(F12+a.0=F13+Fl14)

CUNTINUE

wr1TE(2,560) RATEMZ2.RATEM3

FORMATC IHOs SHRATEM2 =,F12.7/1R0-8nRATEM3 =,F12.72
IFtMS.GT-1) GO Tu 220

WRITE(2,600)

FORMATC(1HO0» 4AJHTRANSFER USING GARNER Ul BASED ON EXPTL. DJ2
MS5=MS+|

Gd Td L&é

IF(MS-GT-2) GJ TU 221

MS=mS+|

WwRITE(2s610)

FORMATCIHO, a&RTRANSFER USING GARNER Ul BASED JON PREDICTED U1
Gd TO 166

IF(M5.6T-32G0 TU 222

wrlTE(2, 620)

FORMAT(1HDs 44MTRANSFER USING SCHEELE ul SASED UN EXPTL. 13
MS=mS+ |

GJd T L &6

IFtMS.GT+4) GJ TO 250

wrilTEC2, 630)

FORMATCIM0» 4THTRANSFER USING SCHEELE Ul BASED un PREDICTED ul?l
MS=mMS+1

G Td 166
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250 IF(MRUN-EQ.a0)GJ TQ 300
MRUNSMRUN+* |
GJd Td 20

300 STUP
END
SUBRUUTINE BASI(V1.V2sV32UF)
ER=0.001
A=1.0

274 YI=VI+V2=ALJG(X)~Vlsx==2
Y23V2/X=2..2y3=x
A=X=Y|/Y2
IF(?BSKYI/YaioLE-EH} Gd TQ 273
IF(X«GT+1.0) GJd TU 274
A=A+ER
Gd T 27a

273 UF=Xx
RETURN
END
SUBRUUTINE SAMIC(UL,UZ2s VASRRsUL> N VI » V2, V3)
DIMENSION RRCI02),ultl02)
rRC=5.08
AVi=za.=y2=CvA=yl tN) ) 2UL
AVE2=RC*=2/(RC**2~-RR(N)==2)
AV3I=ALUG(RC/RRI(N))
AVas (RC*=qa+RRIN)==4) /(B. syl = (RC*=2=-Rix(N)»=2) )
AVS=RC*=2«RR(N)I =22/ (a2l *(RCH**2=RR(N)==22) )
AVEERR(N) 2a=2/(g.my])
AT=Ul(NI~AVI=(AV2*AV3=0.5)
AB=AVa~AVS=( | .U+2.0%AaV3)+AVE
AK=AT/AB
NZ=101 ¥
IFCvenE.NZ) GO TU S02
WwrRITE(2,501)AK

50t FORMATC(IMO, 3RK =, E12.6/7)

302 AvT=AK=AVé
VIs(ULONI+aAVTY Ul ()
ve@=(2.=2AayT=AV 1) 7Ul ()
VISAVT/UL CND
RETURN
END
FINISH

AS.2.1 . Input/ Output Data List-Mass Transfer from Jet to Water

TABLE AS5-6 : Inpuf Data TABLE AS5-7 : Qutput list of some inpuled
data.
101 101 ut1 =,0100
101+ 101.0
«178 5S.08 u2 .'00‘6

0.00007039 0.000008038 0.0289 0.077

0.01 0.0098 0.0045 0-.0046

1.0 0«998 0.908 0.91. DEN51 ‘.1.000
23 9.0

160 4.6 ¥

0-178 3.0 DENSZ 2,910

+ 165
«1 58
<1355
« 152
- 149
«1a7
<145
«laa
«143
<143

DF =,00000804
cr =.07700

st = 9,00

—— e e D 00O UL

WK —= 8 o s s »
s s s s MBSO OO

Swwnmo
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TABLE AS5-9:Velocity profiles over the distance between U=1 and U=2
given for two axial positions I=1 and I =101

I z1 J r u
T §.ous D 0.08%0 !'.Enoo

1 0.005 3 0.09vd 2.7149

1 0.005 L] 0,0926 2.4432

1 0,005 7 0,093 2.1729

1 0,008 9 d, 0961 1.9077

1 0,003 11 0.0979 1.8474

1 0.003 21 n.1008 ,0.4137

1 0.005 31 90,1157 =0, 7201

1 0.005 'Y 00,1246 -1, 7487

1 9.005 54 0,1335 -2,.7438

1 0,005 44 0.1424 -3.4%49

1 0.005 71 0.1513 =4, 5098

1 0.005 34 0,1602 -5 3141

10,005 99 0,14%91 -4.0741

1 0.005 101 0,1780 -6,.7040

TABLE AS-40:Velocity profile over the distance
between the jet uand cell wall
< [ 21 J r S

101 4,400 1 0,3715 13.0000 == - 5 Ty oot
101 4,400 3 0.0729 12.8487 101 4,400 - 5 01717 772065
101 4,400 5 0.07%4. 12.7399 101 4,400 g - 0.,2718 471958
101 b.4600 % 4 0.0758 12.4137 ==y i 4 =
101 4,400 9 0,0772 12.4497
101 4,600 14 0.0786 12.3481
101 4,400 21 20,0854 11.7914
107 4,400 34 0.0929 11.2611
101 4,400 41 2.1001 10.7703 --
101 &,400 54 0.1072. 10.3138
101 4,600 61 0.1144 9.3R64
101 4,400 7% 0.1215 9.4a854
10 &4.500 84 0,.1287 9.107%
101 &.500 94 0.1358 3.7%03
101 4,800 1014 0.1430 8.4115

TABLE AS5-11: Radial concentration profiles given at six axial positions
AXTAL AND RADIAL CONCENTRATION PROFILE =

¥ Ce24) Ci2% 0 d) cent, ) reata ) ce81,1) cc101,1)
1 0,490uvE N O, Tu00E 0l 1,1009g 04 0.1000g n1 0,1000F 01 0,1000E 01
é 0,2630E=01 O,eT4SE OU f.el368 00 U,86808E 0O 0.7214E 00 0.7496E 00
5 0.5Yg2E=01 0.1usTE 00 A4.%%828 M0 0.4134E 0O 0,.4780E OO 0,5252€ 00
o C,1405E=04 f,w54cE=01 Y1400 M0 0,2234 nO 0.2900e ON 0,3428€ 00
5 Q.350CE=0p N.1001E=01 S 52083g=M 0,1070 00 0,.1609¢ 00 0,2082E 00
6 0.8585g=0n 0, 0boE=NE . 1T33E=M 0,64645E=01 0.8180E=01 0.,1176E 00
’ 0.2200F=0Cr N,er20E=N0 ~.5007g=22 0.1819g=01 0,3817e=01 0,6184E=-01
8 0,5403F=11 0,6074E=0k 1.1230E=D2 0,64%2E=02 0,1641Ew01 0,3033E=01
9 0,138%E=17 0,3555E=03 * . 2990Em03 0,2077E=n2 0,6524E=D2 0,13%°0E=n1
i U.3400E=14 0.567wE=00 " L6304E=D4 0.6144E=03 0.2407E=02 0.5964E=02
11 0.8521E=1n 0,5320E=07 1.1313E="4 0.1690E=03 0.8277E=0% 0.26404E=02
10 U.87CCE=ge f.0351E=12 1.1111g=03 0,943RE=NT J.1557E=05S D.,1087E=0é
21 0.9762E=32 0.2780EmT0u 5. 2523E=~13 0,1340E=10 0.BO26EmOY 0.,1459E=07
ée 0,1161E=3¢ 0, ulkEm2n 3.2006E=13 0.683RE=15 0.1495E,12 0.7%30E=-11
31 U,147hE=dm 0.%u6UE=31 1.6033Em24 0.15%0E=1% 0.1223E=16 0.1660E=14
36 0.2010€=5% 0.°F0TE=30 1.1711E=29 0,1767E=24 0.5073E=21 0,1P61E=48
&1 (,2915E=6% 0.,7595Embn 4. 2C75E=35 U.1185E=2% 0.1189E~25 0,1185E=22
L] 0,4501FE=71 Nen0BIE=ST 0.2074Emb1 U.50L7E=35 0.1714Ew30 0.4582E=27
1 U,0U0GE On 0.2522Em50 3.13%0E=47 0.1466E=40 0.1626E=35 0,1148E=31
58 0.0000€e On 0,c300Em03 N.7235E=54 0.3075E=40 D,1074EwdD 0.1965E=36
61 C.0u00E 00 0.nUGUE=?2 1.3056E=60 0,48R4E=52 0.517NEwkéb 0,26402E=41
1) C.0vQ0E On 0,0000E 00 *_1035Embb 0.4102E=58 0.18R5E=51 0,2176E=4b
7 0.0v0uE Op 0. J00E 093G 1.3323E=73 U.6107E=bb 0.5378E=~5" 0,1509E=51
4] 0.0v0uE On 0.,3u0GE 00 f.0309g 0O 0,8254e=70 0.1235Emb62 0,8234LE=ST7
81 Q.0vw00E Cp 0,290vE Qv 5.0300e 00 0,.31c3E=76 0.2341E=6R 0.3623E=62
86 V.0UOGE Cn 0 00 1.0000E NO 0,n000E 00 0,3722em74 0,1313E=-67
91 O,0uv0uE On 0 Do 3.0073 ) 0.0000E 0G 0.0000E 0O 0,3091E=73
Ye U,0u0uE On ) E nu 1.0G00E 30 0.0G00E 00 0.0000E 00 0.,0000E 00
10 0,0003e 05 5 Qu 3, 000%¢ 2D 0,0000E N0 0,0000€ 00 0,0N00E 00

AVERAGE CONCENTRATION 4T

U, 0099540 (DIMENSIONLESS, L/Ei}
Q1 = 1,15, ml/s
AVERAGE EXLIT CULCFHTRATINN(G/L) = N.0797665
MASSTRANSFER [ATE(G/5) = 0, 0000086
RATEMZ = u y0u%,71 g/s
RATEM3 = U, gouBn3a g/s
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: CONCENTRATION PROFILES FOR TRANSFER BETWEEN WATER

ETATE JET USING APPRPRIATE VELOCITY EQUATIONS

FOR JET FLOW RATE 0.267 ml /s- AND JET LENGTH 4.6 cm.
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