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ABSTRACT

Drop formation processes from a nozzle of diameter
0.0602 cm in immiscible 1liquids were investigated
experimentally and theoretically. Experimental data for
drop sizes in prejetting and Jjetting regimes were
obtained.

In the prejetting conditions for water into decane
system, data for drop formation time, drop diameter and
drop velocities were obtained at thrge different Weber
numbers using still photography and high speed cine £ilm
photographic techniques. A model has been deﬁeloped to
account for a two stage drop formation process in the
prejetting regime.

In the Jjetting regime three 1liquid pairs were
employed with injection of dispersed phase from above and
below the continuous phase to give a range of physical
properties. Interfacial tension was varied from 3.1 to
27.5 mNm—1. The ratio of the continuous phase to the
dispeﬁ%d phase densities was varied from 0.73 to 1.36.
The ratio of viscosities of the two phases was varied from
0.063 to 15.7. The experimental data @ for minimum drop
size, mean drop size, 3jetlength and 3jet diameter were
obtained from still photography. Experimental data for
wave length, wave period, wave amplitude of the fastest
growing disturbance on the jet were obtained by
stroboscopic and high speed photographic techniques.

A linear stability analysis for small scale



hydrodynamics of théw wave motion has been developed to
predict the wave growth rate in the jetting regime.
~ Patterns of drop formation and drop size variations in the
intermediate regime were investigated and a
semi-theoretical correlation was obtai%d to predict the

drop size in the intermediate regime.
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CHAPTER 1

INTRODUCTION

A knowledgeydf drop size and drop size distribution
is of fundamental importance for an understanding of the
heat énd mass transfer characteristics in liquid-liquid
systems. The heat and‘ mass transfer rates are directly
proportional to the interfacial area created in
liquid—iiquid cbntactors. A wide variety of contacting
equipment is used to bring immiscible liquid phases
together. Essentially the purposevof‘all thése devices is
to disperse one phase as a drop within another phase. For
an opfimum -design of a 1liquid-liquid contactor it is
desiraﬁle to have a knowledée of »the effec£ of such
parameters like nozzle diameter,physical properties of the
system and flow rate on thevinterfacialvarea created.

The present work concentrates on the drop formation
from a nozzle in immiscible liquid systems. Experimental
work has been carried out to undeﬁstand the effect of flow
rate through the nozzle, nozzle size and the physical
properties of the two immiscible phases on the sizes'of~.
the drops produced.

When one liquid is injected into a second immiscible
liquid thiodgh a nozzle a number of distinct regimes cah
be identified in the drop formation process. At a low
flow rate through the nozzle drops form at the nozzle tip,
As the flow rate increases, a certain critical flow rate

is reached when a jet is formed with drops growing at the



end of this jet some distance away from the nozzle. At
higher flow rates, the length of the 3jet increases and
- drops of various sizes break off from the end of the jet.
At still higher flow rates the jet becomes unstable and
disintegrates at a number of points producing a wide range
of drop sizes.

The different regimes of drop formation correspond -
to the changing influence of the forces acﬁing on the jet
and growing drops. Various theories have been put forward
to explain the changing mechanism of drop foimation.

In chapter 2, the main results of "the previous
theories and the experimental findings on drop formation
in liéuid-liquid systems, are presented. In chapter 3,
the experimental techniques were devised to obtain further
data on the factoré influencing drop size. This data is
critically examined in the light of the existing theories
in chaéter 4. The experimental observations suggest that
many of the assumptions afe incorrect and need to be
re-examined for a better understanding of the mechanism of
drop formation.

In chap£ers 5 and 6 an attempt is made to incorporate
the new experimental £findings to achieve a better
explanation of the different regimes of drop formation and
extend the theoriés to provide a basis of predictiﬁg the
drop sizé in the low flow rate regime. A new approach vis
suggested for predicting drop sizes at low flow rates and
modifications to _existing theories are presented to

explain the distribution of drop size formed at higher



flow rates.

The objectives of the present work are to acquire
further understanding of the fundamental mechanisms of
drop formation from a nozzle in liquid-liquid systems and
to provide more suitable methods of predicting the drop
size and its variation with the flow rate through the
'nozzle based on the hydrodyn;mics of the jet and growing

drops.



CHAPTER 2

LITERATURE SURVEY

2.1 INTRODUCTION

It has been an area ofv interest of many previous
workers to be able to predict the drop size ih
liquid-liquid systems. Various attempts have beeﬁ made by
many workers to develop a theoretical or semi-theoretical
basis to predict the diameter of the drops under various
flow éonditions. In most of the cases experimental drop
size data were pfesented in the form of various empirical
correlations of Sauter mean drop diameter. The mean drop
diameter was then related to a number of dimensionless
groups.

| When a liquid issues from a nozzle into a second

immiscible flﬁid, the 1liquid forms itself into discrete
drops. The size éf these drops depen@s on the densities
and viscosities of the liquid and the surrounding fluid;
the interfacial tension between the two fluids, the size
of the nozzle and the velocity of liquid as it leaves the
nozzle. The variation of the drop size as +the velocity
through the nozzle increases is shown in the typical curve
as given in Figure 1.

Various distincf regimes can be identified on the

basis of the flow rate of the injected liquid through the
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nozzle. The drop formation mechanism is different for the
different regimes.

At low flow rates, drops form at the nozzle +tip and
detach at, or close to, the nozzle tip. This is the
prejetting regime. The point of detachment of the drops
keeps moving away from +the nozzle tip as the flow rate
increases, leaving a small residual volume of liquid at
thevnozzle‘ tip which acts as a seed for the growth of the
next drbp. Eventually,-g flow rate is reached where drops
.no longer form at the nozzle but instead grow at the end
of a short continuous cylindrical column, known asajet.
The liquid velocity at this point 1is known asﬂ?jetting
velocity, Uj' With a further increase in the liquid
velocity, drop formation occurs through the breakup of the
liquid'jet. This is the jetting regime.

On the basis of> regularities in drop formation
pattern and variation in the 3jet 1length, +the jetting
regime itself can be distinguished‘into two distinct sub
regimes. In the early jetting regime where the flow rate
is moderate, the jet breaks-up into drops showing regular
patferns or families of drop sizes. The families contain
different combinations of large and small drops with the
proportion of small drops increasing with liquid velocity
through the nozzle. Thus the mean drop size tends to
decrease. 'In the early jetting regime it has been
observed experimentally that the jet 1length increases
slowly with the flow rate.  Further incfease in the

velocity causes a more rapid increase in the jet length



and the drop families become more extensive.
Experimentally it has been observed that in the region
where the 3jet 1length increases rapidly with the liquid
velocity, the extended families contain only two sizes of
drops, a small drop and a large drop. The proportion of
large drops to small drops varies with velocity. The
ratio reduces as the velocity increases until a point is
reached where . the formation of large drops almost
completely disappears and the mean drop size reaches a
minimum value. This condition occurs at a ciitical
velocity denoted by Um' which can be seen in Figure 1 and
serves to mark the end of the early jetting regime with a
minimuﬁ in the drop size and a maximum in the jet length.
Beyond this critical velocity asymmetric waves start to
appear on the jet. The jet reduces: its 1length and
acquires a sinuous shape. The drops are formed
ir;egularly, thrown off by “whipping® actions at the end
of the jet. The mean drop size increases during this late
jetting regime. Finally at very high flow rates the Jjet
retreats back to the nozzle and the breakup process
bécomes more random with the fluid atomizing at the nozzle
tip.

It is clear that the prediction of the drop sizes
formed by the injection through the nozzle needs to
account for various flow regimes encountered as the liquid
flow rate through the nozzle increases.

At low velocities in the pfe-jetting regime siﬂgle

drops are formed at, or in the close vicinity of the



nozzle tip.. In this regime, as shown in Figure 1 from A
to B, drop sizes change very little with increasing
velocity. Theories of drop formation in the prejetting
regime rely on a static force balance where buoyancy and
surface tension forces are considered to be the principal
governing forces in determining the drop size.

In the jetting regime where the drops are formed at
the end of a ;iquid jet, previous workers have adopted
different approaches based on viscous, inertial and -
surface tension.forces acting on the surface of the liquid
jet. They assumed that these forces afe responsible for
the formation of a disturbance wave on the surface of the
liquid.jet. The amplitude of the wave grows on the jet
surface and when it becomes equal to the jet radius, the
jet breéks-up to form drops. A number of theoretical
solutions have been introduced in the 1literature to
predict the wa&e length of the fastest growing wave on the
surface of the jet and then this wave length was used as a
criterion to predict drop sizes under the jetting
conditions. These theories are used to predict the
minimum drop size in the region which often corresponds to
the maximum Jjet length conditions, as shown in Figure 1
from C to D.

It has been observed experimentally <that the drop
size changes frém a maximum drop diameter in the
prejetting condition to a minimum drop diameter at +the
maximum jet length condition. Empirical correlations have

beemvproposed to match the experimental observations in



these two extreme cases. However, very little information
is available in the literature to predict drop size in the
intermediate region, from B to C in Figure 1.

The following 1literature survey will therefore
examine the recommendations for predicting the drop size
in the prejetting regime, the minimum drop size regime and

the intermediate regime.
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2.2 DROP SIZE PREDICTION IN THE PREJETTiNG REGIME

The formation of droplets at the nozzle in
liquid-liquid systems was studied by Harkins & Brown (1).
The purpose of their study was to develop a reliable means
of measuring interfacial tensions between +two immiscible
liquids. They derived an equation to predict the volume
of a drop formed from a nozzle at a very low velocity by
equating the buoyancy force acting on the drop to the
interfacial tension force at the nozzle. The drop volume
was corrected for the fraction (1-¢ ) of liquid which
remained behind at the nozzle at the time of drop
detachment. The fraction, U, was found to be a function
of thé‘detached drop volume and the nozzle diameter. The
buoyancy force Fb' and interfacial tension force,Fs were

expressed as;

Fy = VAPg

F = oD
s n

where V is the total volume of 1liquid attached +to the
nozzle.Therefore the volume of a drop formed at static

conditions was given as;

omD_Y - 3y
ve= W= [Py o B [2.1]
Apg E,
gDzAP

]
~
|
|
!

]

i
|
—

where Eotvos number Eo
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In 1950 Hayworth & Treybal(2) exténded Harkins &
Brown’s analysis by including inertial and drag forces in
their force balance equation. They suggested that the
total volume of the drop, Vf, is made up of following
partial volumes as;

Vf = Vs + Vr.- Vk ‘ [2.2]

where Vs is the volume required to  overcome the
interfacial tension force given by equation [2.1] of

Harkins & Brown.

Vr is the volume required to reach a sufficient rising
velocity to break away from the nozzle and was suggested

to have a form

where K is calculated graphically and was given as a

function of viscosity

0.747

(D]
K = 4.05--—~z-Zzg-——-——-=

0.635 0.814

[u,] [He]

Vk is the negative volume equivalent of the kinetic energy
supplied by the incoming stream and was caiculated as

2
v = £ Pa n

k 2ApPgD

where D is the diameter of the drop. Substituting these
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values of Vf, Vr and Vk in equation [2.2] and assuming

D = (v,/0.5236) %% they obtained; ,
, /5 0.403pu2 D woY 18KU K 5/,
R R e 1= -2 + 0.5236[----2-273/2 [2.3]
ApPg Apg - Apg

Further they replaced ¢'by a constant 0.655 and used
é graphically calculated value for K in equation(2.3].

Thus equation [2.3] can be written as ;

2 .
i D
273, Pa¥n n
+ 0.0041V_ """ [-=5-=- = 0.0021[-=-
£ R VIR Y R
Dn0.747Uno.365”b0.136
+ 0'0106(_.__...__ ________________ ) : [2.4]

Their work was largely devoted +to the prejetting
conditions where the drop size was uniform and they used
Alketerge C to vary the interfacial tension. They also
tried to extend the correlation to the jetting regime, but
concluded that their correlation is only valid for
prejetting conditions.

Null & Johnson (3) wused a geometric .approach to
predict drop volume in £he prejetting conditions, and
empirically correlated various geometric parameters with
the dimensionless groupings. They considered a twd stage
drop formation process. Null & Johnson assumed a constant
velocity of the drop and a linear decrease in the neck
radius of +the drop during its detachment process from the

nozzle. The first stage corresponds to a maximum travel
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of the top edge of the drop, while the second stage
corresponds to the jet behind the drop attaining a conical
geometry. The +time of formation of the drop was
determined by a data fitting exercise. For their
experimental data Null & Johnson found this approach to
have a mean error of 20% compared to 84.7%for the
prediction of Hayworth & Treybal.

Meister & é;eele (4) studied a wide range of 1liquid
properties and nozzle diameters. They found that the
Hayworth & Treybal and Null & Johnson’s correlation did
not satisfactorily predict drop size. They extended
Hayworth & Treybal’s analysis for the prediction of drop
size in the prejetting conditions.

Meister & é?eele(4) considered four major forces
which act on a drop during the process of its formation at
the nozzle. The buoyancy force, Fb ,due ‘to density
difference between the two fluids and the kinetic force
Fk' assoqiated with the fluid flowing out of the nozzle,
act to separate the drop from the nozzle. To balance
these forces the interfacial tension force,_Fs,‘at the
nozzle tip and the drag force, Fd' exerted by the
continuous phase, act to keep the drop on the nozzle. At
equilibrium they suggésted that the force balance equétion

-was;

d . ' [2.5]

>
>
D
H
o
o
[
<
)
[Te]
>
Ee)
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4p,QU
Fk = ——g_..g
3
Fs = OT7TD
n
”aQ Dn

D D

The constants kd and n need to be evaluated

experimentally to correct any reduction in Fd due to the
induced continuous phase motion. Upon substituting values
for Fb' Fk' Fs and Fd and rearranging the equation [2.5]
they obtained an expression to predict the volume of

liquid on the nozzle tip at static conditions as;

oTD k. k.QrD 4QU .
n -4.d [ ’L] - B [2.6]
3APg
Further they derived an expression to calculate the
additional volume Vn due to the volumetric flow out of the
nozzle during the process of drop break off as;

Q%2 p o
v =k [---B--9_ ] [2.7]

where kn is another constant.

Combining equations [2.6] and [2.7] they suggested a
final expression for the drop volume after the detachment

from the nozzle as;

Ve = (Vo + VY © [2.8]
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oD p, | 4P4QU
Ve = [ (===%) 4 kghsQ (-5-2-) - (-=£--D.)
£ Apg d7a% "h2 pg 3APg
2.2 v
0%p2p.0 1/3 |
ko (-==2-9y7 " Y [2.9]

where Y is the Harkins-Brown correction facﬁor,
correcting for thé residual volume left behind the nozzie.
Equation [2.9] was derived for a parabolic velocity
profile in the 1liquid 1leaving the nozzle. It was
suggested that this equation can be used. for a flat
velocity profile if the constant 4/3 in the kinetic term
is feplacéd by 1.0 |

.Meigter and éﬁeele calculated the empirical constant
kn by 'fitting all data for systems with continuous phase
viscositf less than 10 centipoise, since for these systems
the drag term was negligible, and used this Qalue to
calculate kd and n for the heptane-water System only.
With  these .... values for the constants Meister and Sheele
found good results for the prediction of the drop diameter
with the average mean error 6%. |
‘ Chazal and Ryan (5) studied drop formation from a
nozzle at 1low velocities, that isv for ) prejetting
conditions. They considered a two stage drop formation
process where they suggested that the time required to
form a drop can be divided into two parts. First, the
time required for the drop to reach its unstable or
necking in stage; and second, the time for the drop tp

detach completely after instability has occurred..
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The first stage of the formation process was analysed
by applying;Newton’s second law of motion to the drop at
the instant of instability. They considered buoyancy and
interfacial tension forces acting on the drop at the
nozzle and the momentum of the entering fluid. Drag on
the forming dtop was neglected. However, the effec£ of
the continuous phase viscosity was taken into account
during the second stage of formation. The final

expression was suggested as;

0.5
2D o k,APgD_U V
Vf = __l'_l_ [1’[/.'. (_.1____1’_1_9_2___)
ou
g t
Dnuﬁ : '
- kp(==%-=-=) (1 + B) ] ~ 2.10]
where B = O in the prejetting region
B = O.286(ApgDn2/0 £-3 in the jetting region
Y = Harkin-Brown Correction Factor '
Ut = Terminal velocity of the drop
k1 and k2 are empirical constants.

The equation [2.10] produced good resulté for their
experimental data within 6.3% error. When they compared
their results with Meister and Sheele (4) using equation
[2.10], they found that the curve of drop volume vs flow
rate was roughly comparable, but Méister and é?eele's
numerical values over estimated by more than 50%. They
‘were not able to explain this variation except to suggest

that the physical properties of the systems used in the
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two studies can vary ., significantly. A further
problem of making a comparison was that the techniques of
measuring of drop volumes were different in both
cases.

Kumar and Hartland (6) studied drop formation in both
the prejetting aﬁd’“jettingl regimes. They suggested .a
purely empirical correlation to predict drop diameter in

low viscosity liquids as;

-32 < x(we)™ (E0)™ ,. [2.11]

where the modified Weber number,

Kumar and Hartland calculated values of W; and Eo
from their experimental data and applied a multiple
regression analysis to predict k,m and n for equatién
[2.11]. For the prejetting region they proposed
k = 1.591, m = -0.068, and n = -0.278. |

This equation produced good results for their own
experimental data and also in piedicting the results of
Meister and-é;eele. All these studies were found to be
applicable only to the prejetting regime. Thus, in order
to specify the limit of application of these correlations,
it is necessary to be able to predict when the onset of

jetting occurs.
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2.3 PREDICTION OF THE JETTING VELOCITY

The drop volume correlations describéd in the
previous section apply only at low velocities where drops
form directly from the nozzle. As the flow rate through
the nozzle 1is increased, a critical velocity, called the
jetting velocity Uj' is reached, above which a jet of
liquid issﬁes from the nozzle. The jet breaks-up into
drops, but because the drop formation mechanism has
changed , the drop can no loﬁger be predicted by the low
velocity correlations. Various attempts héve been made to
pinpoint this critical velocity at which the jetting
occurs.

émith and Moss (7) found that for a 1liquid injected
into a gas the jettipg velocity Uj can be expressed as;

0.5

u. = k[ -3 ' [2.12]

J
’%Dn

where k is a constant. For their experimental conditions
they found it to vary between 2 and 3.

Smith and Moss reported that the value of Xk is a
function of surface tension; the lowést value of k
corresponding to the lowest surface tension.

Hayworth and Treybal (2) worked with 1liquid-liquid
systems and found +that the jet usually formed when the
velocity through the nozzle was around 10 cm/sec. This
was an average value for their systems. They did not make

any attempt to correlate the jetting velocity.
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Fujinawa et al (8) developed an empirical correlation
to predict the jetting velocity in liquid-liquid systems.
" In their empirical correlation they considered the jetting
velocity as a Vfunction of surface tension and nozzle

diameter, and produged an expression
‘ ag
U. = 4. 4[-----m—mzmo——m ] [2.13]

Ryan (15) studied liquid-liquid dispersion and
produced an empirical correlation to predict the jetting
velocity. He considered the density difference of the two

phases and produced an equation

P 2{1? | g 0.95
AP [--2-] = 1.64 [----- 51 - (2.14]
gD gD,

U, = 1.16 [--2-] [-===- -1 [2.15]

Meister and éﬁeele (4) gave the first theoretical
basis to define the jetting velocity in liquid-liquid
systems. They considered two possible jet formation
mechanisms on which they have based their predictions for
the jetting velocity.

The first mechanism they proposed was that the jet
will form if +there is sufficient upward force at the
nozzle exit, to form a jet. They suggested that if‘ the

drop is not large enough to detach from the nozzle , the



20

kinetic force of the liquid leaving the nozzle can either
enlarge the drop or raise the drop up on a cylinder of
liquid, thus forming a jet. Further, they have postulated
that if sufficient upward force exists to form a jet, this
will occur in preference to further enlargement of the
drop. They derived a force balance equation at the

jetting velocity as;

k P s
2. 2
: . denDn
where Fk kinetic force =  —--=-—--=-
3
()'7I'Dn2
F_ excess pressure force =  —-—--==
P D
and Fs interfacial tension force = (TWDn

Upon substituting these values in equation [2.15] and

rearranging;

' D
Uy = 1.73 [ (-Z-) (1 - =By 7

] P30, D

0.5 [2.16]

In a second proposed mechanism Meister and Sheele
considered that the jet will form when the initial rise
velocity is sufficiently low and the drop rise is less
than one drop diaméter during the time of formation of the

next drop. Thus the drops will then merge to form a jet.
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Their experimental data fifs well with equation
[2.16]. They did not find any experimental support for
their second proposed mechanism when they analysed their
cine film sequence during the jet formation.

Prediction of the jetting velocity is a crucial step
iﬁrattempt to. describe _the whole range of behaviour of
drop formation from nozzles, since after jetting, there is
a complete shift in outlook from a force balance‘approach

to a stability theory approach.
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2.4 DROP SIZE PREDICTION IN THE JETTING REGIME

It is.accepted in the literature by most workers that
the drop formation mechanisms are differen£ in the
prejetting and the jetting regimes. Fér prejetting
conditions the drop size prediction is generally based on
a force balance type of correlatioﬂ‘ as described in
section 2.2 . On the other hand, it is agreed that the
size of drops formed from a cylindrical liquid jet in the
jetting regime is controlled by the surface disturbances
which result from the jet instability. These disturbances
grow on the surface of the jet and cause it to break into
drops. In the jetting regime the breakup process is
contréllgd by the rate of amplification of the
disturbances.on the jet surface.

The method of predicting the drop size from the
disintegration of a cylindrical 3jet was established by
Tyler(10), who argued that if the disturbance wave of
length A\ is responsible for the 'breakup of a jet into
drops, then the volume of the resulting drop will be equal
to the volume of the cylindrical portion' of the jet of

‘length )\ , that is

D3 D2\
Vg = == = ~-3- [2.17]
6 4 ,
D 1.5\
. 0.33
—— = [--2-7 0.3 [2.18]
D D
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This equation can therefore be used to predict the
drop size if the wave length of disturbance A 15 known.
This information can be found by considering the
instability of 1liquid 3jets wunder the action of surface

tension, viscous and inertial foxrces.
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2.4.1 THE RAYLEIGH'S INSTABILITY ANALYSIS

The instability of liquid jets has been a subject of
investigation over the 1last one hundred years, but over
the last two decades the interest has markedly increased
and this has been reflected in the vast increase in the
number of publicationé.

The instability theory predicts - what kind of
disturbances will trigger the}breakup of the jet to form
drops. Rayleigh(9) attempted to explain the growth and
propagation of the disturbances on the surface of the jet.

. The general form of a disturbance on the surface of

the jet can be expressed as;

n = »noeat cos(kz)' [2.19]

where UB is the initial amplitude of the disturbance, « is
the growth rate of +the disturbance and k  is the wave
number of the growing wave and is equal to 27/ ).

He showed by considering the effect of the radii of
curvatures on the bressure in a cylinder of fluid, that if
the nodes on the surface of the jet are farther apart than
the circum¢ference of the cylinder, then the pressure will
be greater at the node than between thé nodes; and the
nodes will amplify. But.if the nodes .are less than a
circumfferehtial distance apart, the pressure will be
greater between the nodes than at the node; and the mode
will diminish. Therefore, a critical wavelength, equal to
the jet circumﬁference exists,‘ above which waves will

amplify and below which waves will diminish.
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The disturbances which do grow on the surface of the
jet will cause the jet to breakup. The disturbance wave,
which grows fastest, will dominate the break up process.
When the amplitude of the fastest growing wave becomes
equal to or more than the radius of the jet, the jet
breaks up into drops.

Lord Rayleigh in the late nineteenth century -
suggested a number 6f solutions for jet instability which
have been the basis for all subsequent studies. At the
first attempt, Rayleigh (9) suggested an analytical
solution to predict growth rate for &n axisymmetric wave
on the surface of an inviscid, stationary liquid jet in

air. His expression was;

(04 =- --~--3=) [ ————————————— ] . [2.20]

It is clear from the above eéuation that the growth
rate ddes depend on the surface tension(og ), iiquid jet
density () and the jet radius(a). |

The wave which has a maximum growth rate can be
identified from Figure 2, maximising (&) wiﬁh respect to
ka in equation [2.20]. The growth rate () 1is real and
positive for O<ka<1. It was‘found that the @ passes a
maximum value when (ka)max =0.696 or Amax = 9.02a. By
substituting these values in equation [2.20] Rayleigh

obtained;
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Q= [--=-31 ™ ‘ [2.21]

" Rayleigh’s analysis was used directly by Tyler(10)
for predicting the drop size. Tyler measured the wave
lengths of the waves appearing on the surface of the jets
" of various liquids. In all -cases he found a close
agreement’ between the wavelength \ and the corresponding
intervals between the drops after the breakup. Thus

substituting for

>\=)\nax = 2‘l-r/(ka)ma

simple result was obtained using equation [2.18];

x and (ka)max =0.696, the following

D 1.5\ 0.33 , 0.33 .
N ] = [6.77] = 1.89 [2.22]

Tyler’s measurements of drop size and jet diameter
produced values in’ the range of 1.88<D/Dj<1.94. These
results confirmed Tyler’s hypothesis and suggeéted that
the instability theory could be used to predict drop sizes
resulting from the breakup of liquid jets.

The use of an instability theory,‘to isolate the
fastest growing disturbance as the governing factor in the
jet breakup; furnishes a prediction only for the minimum
drop size. However, the prediction of the drop size
distribution can not be made without further
considerat&ons of the 1likely influence of the other
disturbances on the surface of the jet. Further

refinementsof Rayleigh’s instability theory have therefore
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RAYLEIGH"S INSTABILITY CURVE
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yielded better prediction of the minimum drop size,
particularly for 1liquid-liquid systems, but have not been
useful in explaining the spread of drop sizés encountered
in the jetting regime. Thus the following sections
concentrate exclusively on minimum drop size in

liquid-liquid systems.
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2.4.2 MINIMUM DROP SIZE IN LIQUID-LIQUID SYSTEMS

In liquid-liquid systems it has been reported by

several previous workers that there is a minimum drop size
which occurs around a critical velocity near the
conditions where the jet attains its maximum length.
Predictions of the minimum drop size 'are based on
extending Rayleigh’s analysis to include the effect of the
properties of the liquid surrounding the'jet and influence

of the jet velocity'on the growth rate.

2.4.2.19 INFLUENCE OF THE CONTINUOUS PHASE DENSITY

Christiansen and Hixson (12) derived an equation for
the instability of an inviscid liquia jet in a second
inviscid liquid by extending Rayleigh’s equation to
include the density of the surrounding phase. The
equation for the growth rate ~of aisturbances on the

surface of the jet was given by;

" ka (1 - k%a2) |
* e T e o
p.a I (ka K a
d Colll g Lellf
I,(ka) K, (ka)

where s = Pc / Pd the ratio of the density of the two
pPhases. This equation reduces to Rayleigh’s equation for
Pe =0. The wave iength which maximisesfin equation [2.23]
was found to be a function of the density ratio. This

equation predicts

4.5D5 < Npa, ¢ 4.83 Dy [2.24]
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Based on the same reasoning as Tyler this result
suggests that the drop size in 1liquid-liquid systems

should be in the range of;
1.877 <« D/Dj < 1.922 [2.25]

The experimental result of Christiansen and Hixson gave
value of D/Dj = 2.07, which agrees well with the
prediction from their instability theory.

Christiansen & Hixson’s experimental results  and
theoretical pred@ctions have Qbeen usedv as a basis for
subsequent design correlations for minimum drop size in
liquid-liquid systems. It has been generally observed
that éhe ratio of the minimum drop diameter to the jet
diameter is constant around a value of 2.

Théy also suggested a method of prediéting the
critical velocity Um at which the minimum drop size was
observed. This was obtained by correlating ~the wave
celerity with the jet velocity. Most of their data fits
the expression (Um/c1)=2.33 where cy is the celerity or

inherent velocity of the sinuous wave and is given by;

i T ] [2.26]
I1(ka) K1(ka)

Treybal (13) used equation [2.26] +to predict the
optimum jet velocity for operating a liquid-liquid
extraction column to produce maximum surface area.

Treybal modified equation [2.26] to an empirical



31

correlation for predicting this critical velocity;

2 0.50

D.
u_ =2.69 [-40 7 -0 (0.510, + 0.4270,)] [2.27]

cm
Dn Djm

where Djm is the mean jet diameter

D. /D =[ 1+ 0.485E0]

3m for Eo< 0.615 [2.28]
S flS -1 ~
Djm/D = [ 0.12 + 1.51(Eo ) ] for Eo> 0.615 [2.29]
As is <clear from the above equations, Treybal

suggested that this critical velocity is a function of the
jet diameter rather than nozzle diameter. In equations
[2.28] and [2.29] the jet diameter was extrapolated from
the work of Chfistiansen & Hixson. However, it should be
noted that. Christiansen & Hixson did not measure the jet
diameter experimentally but estimated i£ retrospectively

from the drop diameter.



32

2.4.2.2 INFLUENCE OF THE JET _VISCOSITY

The inclusion of viscous forces into the instability
analysis may be expected to change the results because of
the damping effect of viscosity on the wave growth.

It was Rayleigh (16) again who predicted the growth
rate of axisymmetric surface tension waves for a viscous

stationary liquid jet in air and suggested +the following

equation.
: o3 1 -~ kza2 .
(0% = ——mmf mmmmm e m e —————— [2.30]
oma\ 1 (k% a?) -
o .
[——-—5——5—] - k2a2 -1
I.(k” a™)

This equation suggests that the growth rate increases
as ka tends to zero which means; in viscous systems, long
wavelength waves will grow fastest and break the jet into
drops.

.Weber'(17) combined the +two analyses of Rayleigh,
thatb is equations [2.20] and [2.30], to derive an

expression for the wave growth on the surface of 1liquid

jets as;
2_2
2 Pkra® g 2 2. .2 2
a® + 3[--3--Ju = ---3 [1 - k"a"] k"a [2.31]
pa 2pa :

This equation includes the effect of viscosity on the
growth rate of the disturbance on the jet surface. For an
inviscid liquid Jjet this equation can be reduced to

Rayleigh’s equation [2.20] with the assumption that
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Ko(ka)/K1(ka) = 2/ka. The maximum growth rate was found

at a wave number (ka)max given by;

kamax = smemmmm - ) where Zj 1s the Ohnesorge number
(2 + szj) :

Upon substitution of this value in Tyler’s equation
[2.18] gives the following prediction for the drop size

from a stationary liquid jet in air was obtained

-—— = 1.88 (1 + 3zj)°'167 [2.32]



2.4.2.3 INFLUENCE OF THE CONTINUOUS PHASE VISCOSITY
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Tomotika(18) presented an equation for the breakup of

a stationary viscous liquid jet in a stationary viscous

liquid continuous phase. Tomotika considered +the case .

where the densities of the dispersed and continuous phases
were very small to obtain an equation for the growth rate
of axisymmetric waves on the surface of the jet. The

final equation was suggested as
o _
o = ot ( 1 - x%a%) f£(ka) [2.33]

where f(ka) is a complicated function of wviscosity ratio
and Bessel functions of the wave number.
Meister (19) investigated the general solution

presented by Tomotika +to calculate the growth rates of

disturbances on the surface of a cylindrical 1liquid Jjet.

for various 1limiting cases. The characteristic equation

for growth rate was given by ;

o? + QA1 = (--Z5)a2 [2.34]

pa

where A1 and A2 are the compiicated functions of the wave
number, Ohnesorge number, density and viscosity ratios of
the two phases. The criteria for these limiting cases was
based on the Ohnesorge numbers of the jet,Zj and the
continuous phase Zc. These criteria are outlined in
Table 1.

Further,Athey suggested that the ﬁave travels on the
surface of the jet at the interfacial velocity which for
liquid-liquid systems' is less then the average jet

velocity. They proposed an expression for the interface



TABLE 1

SUMMARY OF THE SPECTIAI, CASES FOR THE PREDICTION OF THE WAVE

NUMBER AND THEIR CRITERION

| SPECIAL CASE | PREDICTION OF WAVE NUMBER CRITERIA |
| = e e e |
| low f jet in | km=f(pc/ph) Z3<<1  Zc<<1 |
| low ‘uliquid | |
| == T e

| High # jet in | km=f(ya/ﬂb) Z3>>1 Zcd>1 |
| high 4 liquid | -
== f = e e e o |
| High g jet in | km=1/(2(1+3zj))'5 ‘ Z3>>1  2c<<1 |
| low pliquid | |
== e e e |
| Low gjet in |  k_=1/(2(1+2zc)) > 23¢<1 Zed>1 |

|

| high y liquid
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velocity based on continuous phase drag on the jet and

derived the following equation to predict the minimum drop

volume ;
om?p3
VF = e s . [2.35]
U
[-E] N(ka)max
UA

where UI is the interfacial velocity, UA is the average
jet velocity and N is a function of a critical Reynolds
number which depends on the wave length of the
disturbance.

Kitamura, Mishima and Takahashi (25) presented a
semi-theoretical approximation of Tomotika’s analysis and
showed that the influence of the continuous phase
viscosity on the size of the fastest growing disturbance
was very small for the range 0.1<ié4% <20. They proposed
therefore a slight modification to equation [2.32] which
could be used for a stationary viscous jet in a moderately
viscous continuous phase. Their equation for the wave
number at which the growth rate was found to be maximum is

given by;

ka = memmmem——mm— e — = [2.36]
max . [2 (1 + 3Zj)]0.5
where Zj is the Ohnesorge number of the jet phase; This

value gives the following prediction for the drop size

0.167

- = 1.91 ( 1 + 3zj) [2.37]



2.4.2.4 INFLUENCE OF THE JET INERTIA

All the analyses described so fer hévé assumed a
statidnary liquid Jjet in a stationary continuous phase.
The predicted values of the wavé number are all less than
0.7 giving the drop size ratio D/Dj = 2 according to
Tyler’s equation [2.18]. However, Bright(24) found that
the measured values of the wave ﬁumber for liquid-liquid

systems were around a value of unity - or greater; even
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though drop size ratios were still equal to two. Bright.

suggested that the motion of the jet rela- tive to the
- continuous phase introduces another term in the
characteristic equation for growth rate. His analysis

produced the fqllowing equation;

‘ | ka (1-ka) 2 ~
. o
2 + OB = -=3 [--cg-=--=3--1] +FL!E| (ka)®  [2.38]
‘ a

where B is a function of viscosity ratio /g . and D is a
»fﬁnction of the velocity gr%dient across the jet interface
due to drag of thevcontinuous phase. With this' equation
Bright was able .to show fhat the fastest growing wave
could have values of wave number equal to or gieater
than't, |

Bright proposed an alterngtive hypothesis that an
éxisymmetric disturbance wave will always travel at a
velocity less than the jet velocity and derived an
expression for the velocity of the wave based on equation

[2.38] as;
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* *
c I + sUK + F
Cem = g | [2.39]

where U is the ratio of jet to continuous phase velocity,
F and G depend on the viscosity ratio and the velocity
gradient across the interface.

Using equations [2.38] and (2.39] Bright sugdested an

equation to predict the minimum drop size as;

27r2D';?
v, = S IO - [2.40]
C
(ka) pax a

For U = 0 ( no relative motion ) and s =0 ( liquid
jet in -air ) equation [2.40] reduces to Tyler’s equation.
In other words, in liquid air systems the fastest growing
wave is travelling at the same velocity as the jet, but in
liquid-liquid systems the wave always travel more slowly
than the jet. This phenomenon was observed in Brights
experiments. Equation [2.40] explains why: although wave
number is larger than predicted by stationary theories, it
is compensated by the increase in the drop volume betﬁeeh
the antinodes of the wave due to a difference.betﬁeen the
wave and the jet velocities.

Developments of instability theory for liquid-liquid
systems to account for the physical properties of the two
phases and relative motion between the jet and the

surroundings have provided better methods of estimating



- the minimum drop size from the breakup of a 1liquid jet.
The general procedure is based on theoretical calculations
of the wave number, ka; and the wave velocity, C. of the
fastest growing wave in addition to the use of an equation
relating the drop volume to the volume contained between
the one wave length of the fastest growing disturbance.
However, none of these theories can explain the range of
drop sizes found in practice in the early part of the
jetting regime. The next section will deal with the

correlations to predict mean drop size in this regime.

39
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2.5 DROP SIZE PREDICTION IN THE INTERMEDIATE REGIME

Most of tﬁe theories of drop size reported in the
literature have been developed either for the prejetting
conditions ( based on a force balance approach ) ox for
the conditions where‘the minimum drop size was observed (
based on the instability theory). Very little information
-is available for prediqting drop distributions in early
jetting conditions ‘where quite repeatable patterns of
drops have been observed. A large number of experimental
drop.size data sets in the prejetting and the jetting
regimes have been obtained by many previous workers for
varioug systems, where drops are formed by injecting one
liquié into the other throuéh a nozzle or orifice. Most
of the workers have developed empirical correlationsbased
on the éauter Mean'Drop Diameter, D32. kThese correlations
have their own assumptionsv and limitations depending on
nozzle diameter, flow conditions and physical properties

of the systems.

2.5.1 EXPERIMENTAL OBSERVATIONS

To bridge the gap for the drop vsize prediction
betwéen the prejetting and the maximum jet length
conditions, Horvath et al (22) studied the drop formation
aﬂd the drop size distribution in both the regions. They
reported that in the prejetting conditions at low
velbcities, the drops ~were very. uniform. When fhe
velocity was increased they observed that at a critical

velocity where the jetting starts, the drop formed at the



jetting velocity and further, at higher velocities, drops
were of two different sizes. The plots of their
experimental data on the drop size distribution at
different jet velocities are shown in Figure 3.

Figure 3 suggeststhat the distribution is no longer

uniform, but instead ‘it is a bimodal distribution. It may
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also be seen from Figure 3 that the small drops prevailed'

at the higher velocities, which corresponded to the
maximum jet length conditions where +the larger drops
disappear almost completely. However, this velocity at
which only small drops appear, could not be achieved by
then.

ﬁeith and Hixson (11) experimentally studied drop
sizes from 1liquid 3jets in liquid-liquid systems. For
small nozzles they found that the curve of drop surface
area vs flow rate shows a sﬁarp maximum at a particular
flow rate. The maximum becomes less pronounced for larger
diameter nozzles. For most systems this maximum occurred
at a velocity slightly below the velocity associated with
the maximum jet.length. The velocity at which the maximum
surface area was obtained was shown to depend on nozzle
diameter. They also obsgrved that at the flow rate for
the maximum surface area, the drops were surprisingly
uniform. This uniformity suggests that some regular
periodic disturbances occur on the jet which causes a
regular jet breakup. They further. studied the
distribution of drop sizes in the jetting region and found

that the standatd deviation of the drop size decreases
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gradually until the jet attains its maximum length, after
which the standard deviation increases quite suddenly due
to more random breakup mechanisms. |

Vvan den Akker (23), iﬁ his experimental studies

observed various combinations ( ox families ) of large and

small drops in the early jetting reéion‘depending on the
nozzle Qelocity. In most of thefcases he found that the
sizes of large and small d¥ops were constant, but the
relative number of ghe two kinds of drop in a combination
varied. Further, he found that at a higher velocity (98.7.
cm/sec in his case) only sméll drops appeared. He
reported this velocity as the critical velocity.where the
maxiﬁum jet length was observed.

van den Akker measured the volume of large and small
drops and found that the volume vdf the large drop was
about twice . the volume of the small drops. This
phenomenon of the formation of double sized drops was aLso
reported as a “twinning® effect by Christiansen and Hixson
(12), where they observed only two types of drops at the
flow rate below the critical flow rate; one equal to the
ideal one wave length drop and one double that size or
twin. They analysed their high speed cine f£films and
suggested that the double size drops were created by the
oscillation in the jet length. The jet length fluctuates;
releasing a small drop at its shortest length and a large
or twin drop at the 1longest stable position. This
phenomenon was experimentally>observed by Christiansen and

HixSon only at the flow rate Jjust below the critical



value, where oscillations were very small. At the lower
flow rates +they suggested that the jJjet oscillétions
increases ; corresponding to an increase in the number of
the larger drops. This apparently explains the larger
mean drop size and the consequent decrease in the surface
area at low flow rates.

Meister and éhgele attempted to explain their
experimental data in the range of jet velocities where the
jet length was shorter than the two wave lengths of the
growing wave. They suggested that a regulaf alternating
pattern of drop sizes will occur. After a drop breaks off
as a rqsult of an instability mechanism, the remaining jet
‘is 1e§s than one wave length.long.and the next drop begin
to form by thé force balance mechanism.

Recently Bright (24) observed that when the .nozzle
velocity increases above the jetting velocity, drops break
"off the jet in various families at regular intervals. He
said that the families contain drops of different sizes
but the volume of each drop is an integer multiple of the
fundamental (minimum qrop) volume. He suggested that the
large dropé in the family grow by the accumulgtion of the
jetting liquid within successive waves on the jet. ,

Bright confirmed the previous observations made by
Horvath(22) and Van den Akker(23) and said that the
composition of the drop families changes wiﬁhin the
jetting regime. At low velocities he reported a
preponderance of large drops‘in a family, while at highér

velocdities more small drops were observed.
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2.5.2 EMPIRICAL CORRELATION TO PREDICT THE DROP DIAMETER

It has been reported in the literature that as the
flow rate increases through the nozzle the mean diameter
of the drop decreases .from the maximﬁm‘ value in the
prejetting conditions to a minimum value which is observed
near the maximum jet length situation. Instability theory
also predicts that the minimum drop size . is formed
by the fastest growing wave on the surface of the jet at
the maximum Jjet length condition. Skelland and
Johﬁson(14) suggested that the critical velocity at which
maximum jét length was observed, could be used as a
parameger to correlate the drop size .They plotted their
experimental data D32/Djm Vs Un/Um whére Um is the
critical velocity of the jet at which the maximum jet
length wés observed. They suggested that this critical

velocity can be calculated using the continuity of mass

between the nozzle and the point of breakup as follows;
= -n_
Um u ( ) [2.41]

where Ucm is the velocity of the jet at the minimum drop
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conditions and D, is the jet diameter at the maximum jet

jm

length. Ucm' Ujm can be calculated using Treybal’s
equation [2.27]. Skelland and Johnson’s predicted drop

size ratio varied within a range

1.8 < -—— Y 2.6
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Horvath et al (22) developed a correlation using
Skelland and Johnson (14) and Christiansen and Hixson(12)
theoretical approaches to predict the mean drop diameter

in the jetting region. The correlation was suggested as ;

D 2.06 u
_32 = mmmm——— + 1.47 1n (-%) [2.42]

Djm , Un UC

where the critical velocity Uc .was calculated from
Skelland and Johnson’s equation [2.41] and the gritical
jet diameter Djm was calculated by Christiansen and Hixson
equation for the jet diameter.

Equation [2.42] provides a link between the
prejetting theories for maximum drop size and the
instability theory for minimum drop size. Horvath et al
compared the prediction of equation [2.42] with Meister &
é&eele(ZO) and Skelland & Johnson(14) and foﬁnd a close
agreement with Skelland & Johnson;s results in the early
jétting region.

Kumar and Hartland (6) also produced a purely
empirical equation for the prediction of drop size in the
jetting region which was based on their experimental data.
They applied a multiple regression analysis to calculate
the constants k, m and n for their general equation [2.11]

and derived a final equation as;
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32 * ~0.021 -0.214

= 1.546 (We (Eo) [2.43]

where W; is the médified Weber number.

They calculated Wé and Eo from their experimental data.
The maximum error for the prediction of drop size in the
jetting region using équation [2.43] was found to be 9.7%.

Bright(24) studied the drop formation process in the
jetting region and reported +that the jet breaks-up into
distinct families of drops at different boint in the
jetting region as described earlier. He measured the
group ﬁormation time (Tg) for different families and the
fundaﬁental period (Tf) of the fastest growing wave on the
surface of the jet.

Bright considered thé formation of distinct size
related drops in a family group with reference to the
fundamental frequency (nk) and hypothesized that the
fundamental frequency of the fastest vgrowing wave
interacts with various harmonics of frequency (wh) to give
a beat frequency; which he identified as the frequency for

the formation of a family (a%) as;

wg T W Ty [2.44]
orx

W W Tf

hoL - =2y = (1 - ---m) [2.45]
We W, Tg



To support his hypothesis he characterized various

family groupings on the basis of a harmonic ratio;

Wy, Number of drops in family

- e aiaiataabely [2.46]
u% Number of fundamental volumes in family

D n, +n, +n, +n, + ....

_32 = —1——-—2———-2———-2-—--.—_; _______ [2‘,47]
Dm : n1 + 2n2 + 3n3 + 4n4 + .

32 1 2 3 4
-2£ = mmmmm eSS o [2.48]
0.67 0.67 0.67
Dm n, + 2n2 + 3n3 + 4n4 +...
Bright approximated equation [2.48] to get
D32 n, + 2n2 + 3n3 + ... 1/3
== = [mmmmeme R R ] [2.49]
Dm : n1 + nz + n3 + .

Bright plotted the harmonic ratio calculated from
equation [2.48] against the 1ratio of jet velocity to

critical velocity and found the following dependency

D .
232 L 125 [2.50]
D U
m n
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Equation [2.50] predicts mean drop sizeswhich are in

close agreement with the data of Horvath et al and
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Skelland and Johnson. Equation [2.50] possesses a
semi-theoretical justification on the basis of the likely

interaction of a number of waves growing on the jet.

2.6 SIGNIFICANCE OF THE LITERATURE SURVEY

The survey presented in this chapter has illustrated
the various methods proposéd for estimating drop sizes in
different regimes ‘of ‘drop formation in liquid-liquid
systems. All of the theoretical developments p;esented
depend on assumptions of the hydrodynamic behaviour of a
drop or a Jjet surrounded by a second immiscible liquid.
The experimental justification for these <theories is
founded, principally, on d:op size measurements in
different regimes. However, drop size is always derived
from more fundamental quantities such as the detachment
time of a drop in the prejetting regime, or the wave
properties of disturbances in the jetting regime. 1In
chapter 3 techniques are described vfor measuring éhese
fundamental parameters in order to ascertain whether the

assumptions of previous theories are in fact justified.



CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURE

To study the influence of various parameters like
nozzle diameter, nozzle velocity and physical properties
of the two phases on the drop size resulting from a liquid
jet, an experimental programme was initiated to obtain
data for use in the drop ‘size predictions in the
prejetting and jetting regimes.  Further, to check the
validity of the existing instability theories, data oh
drop formation time, wave lengths, wave growth rates and
wave velocities of the fastest growing wave on the surface
of thé.jet were obﬁained. In addition measurements of je£
length at the point of breakup and the variation of the
jet diameter with distance from the nozzle were made to
give a better understanding of the mechanism of drop

formation.

3.1 APPARATUS

The experimental apparatus used in the present study
is shown in Plate (1) and a schematic diagram is presented
in Figure 4. The apparatus will be described according to

the flow control unit and photographic unit.:

3.1.1 FLOW CONTROL UNIT

To minimise the effect of variation of 1liquid flow
through the nozzle and its effects on the jet length and
the resulting drop sizes, it is essential to have a steady

and constant flow of liquid at a fixed setting.
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SCHEMATIC DIAGRAM OF EXPERIMENTAL APPARATUS




A schematic diagram of a flow control unit is shown
in Figure 5, consisting of a pressurised stainless steel
feed tank- having a capacity of 0.6 litre,with 5mm
stainless steel tubing connecting the feed tank to the
nozzle holder. A hypodermic nozzle having diameter 0.0602

cm and length 6.0 cm was used. This nozzle gave a fully
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developed laminar flow in the tube. A rotameter and two

additional needle valves were fitted between the feed tank
and the holder for fine control of the flow rate of a
liquid. ' The rotameter was calibrated for each dispersed
phase by measuring the volume of the collected liquid “for
a fixed time. A typical calibration curve is given in
Figure.G at 20%.

The feed tank was‘ pressurised from - a nitrogen

cylindef. A pressure régulator maintained the nitrogen

pressure at 30 psi in the feed tank. The feed tank
temperature‘was ﬁaintained at 20°% using a Gallenkamp
Thermostatic bath.

The temperature of +the continudus phase was aléo
maintained at 20°c using a test section which was enclosed
within a sealed doubié walled jacket carrying circulating
water from the thermostatic bath maintained at 20°C as
shown in Figure 5

The test section was made from a double walled
perspex sheet of 0.5 cm thickness with the following
dimensions

Inside : Length - 12 cm Breadth - 12 cm Ht. - 37cm
Outside : Length - 14 cm Breadth - 14 cm Ht. - 38cm
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A perspex scale and a mercury thermometer were
suspended in the test section to measure the magnification
and the continuous phase temperature respectively. Hence
the variation of +the physical properties due to +the
temperature variation of the two phases can be ignored as
the temperatures of both the phaseé were kept constant for
all experimental runs.

To recycle the dispersed phase a storage tank» of
capacity 1.0 litre was fitted between the test section and
the feed' tank as shown in Figure 5. A needle valve G was
fitted between the test section and the storage tank
throuéh which the level of the liquid in the test section
was maintained. The outlet from the storage tank was

controlled by a valve A to refill the feed tank.
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3.1.2 PHOTOGRAPHIC UNIT
In the present study, in addition to still
photography, a stroboscopic video recording and high speed

photographic techniques were also employed.

3.1.2.1 STILL PHOTOGRAPHY

Abfixed base stand mounted Qith a 35mm camera with a
bellow attachment was used for still photography. A cable
release ﬁechanism‘was used to prevent unnecessary movement
during the - photography. A seéond strobe with a flash
duration of 15 Us was used to illuminate the jet and the
droplets. The flash time was synchronised with the camera
at a shutter speed 1/6010f a second. A light diffuser was
placed in front of the flash and provided a uniform
iilumination over the photographic area, which produced
distinct and measurable boundaries around the jet and drop
surfaces. A scale was fixed in the same plane as the
liquid jet and within the camera field. Ilford Pan F ( 50
ASA ) film was used for the still photographs; The still
film negatives were further enlarged and the image
analysed directly on the enlarged screen. The still
photographic images were analyéed to measure the drop

diameter and the length of the waves apprearing on the jet.

3.1.2.2 VIDEO RECORDING
A video recorder was used to record the pictures from
a video camera focussed at the jet. The camera was

mounted on an adjustable rack to give both vertical and
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horizontal movements in the jet plane. To illuminate the
jet, a strobe light was used. The frequency of the strobe
light was set manually equal to the drop formation
frequency. This gave a frozen picture of the 1liquid jet
on a T V monitor. The recording was made at every setting
of the flow rate. The period of drop formation and the
group period of formation of regular families were
measured at each flow setting.

The disintegration process of the 1iqdid jet and the
drop formétion patterns were studied in detail by
re—playihg the recorded film in slow motion on the TV
monitor. The 3jet 1lengths, drop sizes and inter drop
distahces could be measured directly from the TV monitor
by freezing the frames of the film. This technique was
very accurate for the measurement of the jet :lengths.
Re-play of the slow motion stroboscope image, using the
freeze frame facility, enabled measurementé of the - jet
length at the exact point of break up. The measurements
of the wave lengths of the fastest grdwing disturbance and
the drop diameter after the breakup were also obtained

from the frozen image on the video monitor.

3.1.2.3 HIGH SPEED PHOTOGRAPHY

The camera used was a 16mm Hadland Hyspeed rotating
prism model of 30m film capacity. The camera was mounted
on a strong pillar stand which combines great flexibility
'of adjustment with adequate stability. It employed two

lenses, oriented at right angles, simultaneously. The
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image was superimposed on the same film. The camera is 
capable of up to 10K frames per secéhd. The frame image

is established onb a continuously moving film by a prism

which rotates synchronousty: with the film motion.

Different film speeds can be obtained by &djusting the

voltage suppiied to the motor of,the camera and a speed at

any point is ihdicated by 1imiting' pulses registered on

the film during the operation.

A speed cpntrol unit permits the synchronizatioﬁ of
the camera with’ the events <+to be photbgraphed.The
regulation of the camera speed is controlled by the
current supplied with an auto transfotmer with a maximum
outpﬁt of 280 volts. The camera control circuit also
incorporates a 70 ms delay time when operating above 130
volts. This delay brings the camera up to speed 'in two
steps to prevent the stripping of the film sproéket holes.

The back light for the high speed film was provided
,by a microscope:- »lamp giving a high illumination over a
small field of Qiew. The film requirements for jet and
droplet photography are huch the same as for any other
high speed camera except good contrast and high resolution
are required. A Kodak Tri-X reveisal film was used for
high speed film.

The filﬁ was analysed by projécting it on a 1large
screen. The projector used gives a bright and fliékerleés'
picture at different variable film’speeds for reversed and
forward : running facilities.v‘ Individual frames>can also

be .analysed and frames progressed frame by frame, forward
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or backward by operating a push button switch. An
accurate frame counter which operates in both the
directions provides a ready means of frame identification.
Measurements of the position of the co—ordinateé of the
interface were digitised and stored on a data logging
computer. Analysis of the high speed film allowed several
measurements to be made. In the prejetting regime, the
velociﬁy of the front and +the centre of the drop was
measured. Alsé the neck velocity was measured during drop
detachment. The major and minor diameters of the growing
drop and neck were also measured and the volume of the
drop and the neck were calculated. 1In the jetting regime
the full wave profile from the nozzle to the breakup point
was analysed over the full period of formation of a group
of drops. Measurements of wave amplitude vs distance and
time, wave length and wave velocify were calculated from

the wave profile.

3.2 MEASUREMENT OF THE PHYSICAL PROPERTIES

In fhe present study +three 1liquid pairs with six
different configurations Qere used as given in Table (2).
The physical properties were measured by two independent
methods in each case and an average value was used for
calculations.

The viscosity of the test liquids were measured using
a Synchro- Lectric Viscometer. This viscometer measures
the viscosity by measuring the torque required to rotate a

spindle in the 1liquid.The torque is proportional to the



viscosity of the fluid and the size of the spindle. The
instrument was calibrated and found to be accurate within
1% and to reproduce within 0.2% of its full scale range.

The measured value of viscosity was also measured
with an Ostwald Viscometer calibrated with water at 20°C.
The average value of these tﬁo were taken and used in the
calculations.

Density measurements were made with a specific
éravity Bottle also calibrated with distilled water at
20°c. The obtained readings were also checked using
calibrated hydrometers.

Interfacial tension was determined using the Harkins
- Broﬁn drop volume technique. A 3ml microburette fitted
with a glass dropping tip having an inside diameter of
0.52mm and outside diamete; 1.5mm respectively was used
for the measurements. The burette was filled with the
denser liquid and the tip was Jjust submerged into the
other liquid. Each drop was then formed very slowly so
that all kinetic effects could be ignored. Fifteen drops
were formed and the average volume was measured to
calculate the interfacial tension usihg the following

equation ;

where 1 is the Harkins Brown correction factor which

depends on Dn/Vf. Dn— nozzle diameter and V is the drop

f
volume under static conditions The value of the correction
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factor is presented in Figure 7.

The measurements of the interfacial tension were also
made with a Torsion balance. This balance records the
forces required to 1lift a platinum ring or glass plate
free from the interface between the two 1liquids. The
results were very consisteht and were very close to those
results obtained from Harkin-Brown’s method. The average
values here again were taken for the calculations.

A list of these physical propertiés of the
liquid-liquid pair .used in the bresent study'is'given in
Table (2).

\

v

NOTE . In the present study_the effect of contamination has been .
ignoredy therefore, 1n practical applicatiorg this effect
could alter the results. :
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AVERAGE PHYSTICAL PROPERTIES OF MUTUALLY SATURATED

LIQUID PAIRS USED IN THE PRESENT WORK

SYSTEM DISPERSED PHASE CONTINUOUS PHASE INTERFACIAL
DP/CP Density |Viscosity |Density |Viscosity | Tension

kgm ™2 mPas kgm-3 mPas mNm ™|
Decane/Water- | 732 0.99 999 1.10 22.5
Decanol/water | 836 18.0 999 1.15 3.1
Paraffin/Watex| 882 10.5 999 1.15 27.5
Water/Decane 999 1.10 732 .99 22.5
Water/Decanol | 999 1.15 836 18.0 3.1

*

Water/Paraffin 999 1.15 882 27.5

10.2

* Liquid Paraffin was supplied by BDH Chemical for the experimental work.
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3.3 EXPERIMENTAL PROCEDURE

The method of generating data for a particular run
proé%ded as follows

The flow control system was flushed with distilled
water before starting with a new system. The feed tank
was then emptied and dried. Meanwhile, the +two phases
were left tob equilibrate in_ a stirred 20 litre flask.
After several hours of equilibration the physical
properties of the two phases were measured. The dispersed
phase was then placed in" the tank and run through the
circulating system to £ill +the 1line and eliminate air
bubbles in the line.

.fhe nozzle to be used was cleaned with chromic acid
and flushed with the continuous phase in order to prevent
wetting of the nozzle exit by the dispersed phase. The
test section was filled with the continuous phase.

The temperature of the two phases was monitored until
a steady temperature of 20°%¢ was achieved. Then the feed
tank was pressurised and the flow rate was adjusted to
have a steady rotameter reading. For eéch setting of the
flow rate, the period and the wave length of the fastest
growing wa#e was measured using the stroboscope. Still
photographs of jet and érops were taken for every setting
of the flow rate and a video film was also recorded
simultaneously. The flow rate of the dispersed phése was
increased in small intervals from prejetting conditions to
cover the whole of the early jetting region until ﬁhe

point where asymmetric waves were observed on the surface



of the jet. High speed cine film photogiaphy was run at
three set£ings in the Jjetting region corresponding
approximately to Weber numbers 6,10,20 and also at three
settings in the prejetting region corresponding to Weber
numbers 0.5,1.0,1.5

For each setting_of the flow rate, the period and the
wave length of the fastest growing wave was measgred using
the stroboscope. Still Photographs of jet and drops were
- taken for every setting of the flow rate and a video film

was also recorded simultaneously.
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CHAPTER 4

EXPERTMENTAL OBSERVATIONS AND RESULTS

4.1 EXPERIMENTAL OBSERVATIONS

The drop formation phenomena from liquid jets as
observed in the present study can be best described in
terms of the characteristic jetting regimes, which are a
function of the velocity of the liquid through the nozzle
as already described in chapter 2.

At low velocities, the drops are formed direétly from
the nozzle tip as illustrated in Plate (2). This £flow
regime‘is the prejetting regime, characterized by uniform
sized drops growing at_the nozzle tip with a specific time
‘of formation. The drop size particularly depends on the
ratio of interfacial tension to the density difference foi
a particular system. The drop size increases with
increasing surface tension and viscosity of the continuous
phase.

The complete process of drop formation in the
prejetting regime can. be identified under three distinct

stages as revealed from high speed cine film photography.

a. Drop growth at the nozzle.
- b. Cylindrical column formation.

c. Necking in process to detachment.
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PLATE ¥ DROP FORMTION FROM THE NOZZLE AT LOW VELOCITY

NOZZLE DIAMETER 0.0602 cm
FLOWRATE 0.048 cc/sec
FORMATIONTIME 400 ms

DROP SIZE 0.3322 cm

SCALE I div 1 mm



Initially, all the volume flow of incoming liquid
accumulates to form a spherical shaped drop at the nozzle
tip. The drop grows in size with a éonstant velocity.
After a certain time a critical stage is reached ﬁhere
this drop is no longer attached to- the nozzle, but
instead to a small cylindrical 1liquid column as can be
seen in Plate (3) from 12. Beyond this critical stage a

fraction of incoming volume of liquid stays in the

cylinder, which causes an increase in its length.

However, at the same time due to,  the reduction of the
total flow of liquid into the drop a‘decrease in the rate
of expansion of the drop was observed . This stage can be
seen in Plate (3) from 12 to 14. When the cylinder
acquires a critical length it becomes unstable in its
cylindrical form and tends to gain its stability by
reducihg ifs surface area. Therefore, it starts to form a
neck in order to adjust its stability and eventually. this
neck detaches the drop from the cylinder. This process
can be seen in Plate (3) from 14 +to 18. The remaining
liquid left behind on the nozzle relaxes to a spherical
shape, acting as a seed for the next drop growth at the
nozzle. Three different stages can be viewed as two
Aseparate time intervals. The time required for a drop to
grow at the nozzle, t1; and the time it takes to form a
neck and detach from the nozzle, tz. |

Plate (4) shows the transition to jetting conditions
as the velocity is increased. The velocity at whiéh the

drops no longer form at the nozzle tip but instead from
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the end of a short 1liquid jet is called the jetting
velocity,Uj. At the jetting velocity it appears that
after the detachment of the drop £from the jet, the
remaining liquid has no time to relax towards the nozzle
before a new neck formation 'proéess starts. When thé
jetting occuré, there is generally a considerable decrease
in the average drop size. At this point it 1is often

reported that the mechanism of drop formation process
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changes, with the instability governing the breakup

proéess. However, Plate (3) has shown that even before
the jetting velocity, although the drop grows initially at
the nozzle tip, the point of detachment is from the end of
a definite, if short jet. Such observations suggest that
the change from drop formation at the nozzle to the drop
formation at end of the jet ié not a sharp transition, but
rather a progressive change depending on thev relative
magﬁitudes of various forces acting on the drop and the
jet. Thus, it might be expected that the jet instability
is an operating factor in determihing the detachment time
even in the prejetting condition.r This observation forms
the basis of subsequent develbpment of ﬁhe theory §f drop
formation in the prejetting regime to be discussed in
chapter 6.

With a further increase in the nozzle velocity above
the jetting velocity, the 3jet disintegrates to form

various distinct families at regular intervals. These

families contain drops of various sizes but the drop

volumes appear to be related to one another as multiples



PLATE 4 JETTING CONDITION

FLOWRATE 0.90 cc/sec
VELOCITY 31.2 cm/sec
DROP DIAMETER 0.15 & 0.315 cm



of the fundamental ( minimum ) drop volume, which is equal
to the volume of liquid contained within one wave length
of the fastest growing wave on the jet. The large drops
in the family grow by accumulating the jetting liquid over
the successive waves on the jet. This process can very
well be seen in the slcw motion video pictures. These

waves can be' counted as they travel on the surface of the
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jet,accumulating their liquid in the drop until the drop

detaches from the jet. For convenience, depending on the
humber of waves ( or nodes ) which are involved in the
formation of the drop at the end of the liquid jet, the
drop sizes can be referred ‘to as 1-node(1N),2-node(2N),
3-nodé(3N) and 4—node(4N) etc.

The structure of these families varies with the
velocity in the jetting regime. It has been observed that
at low velocitiés the proportion of large to small drops
in a family is higher and the patio'of the two reduces as
the velocity increases; such variations can be seen in
Plate (5).

Plate (5a) presents a monosized drop stream in the
prejetting regime at a Weber number of 1.50 where the drop
grows at the nozzle tip and detaches inkclose vicinity of
the nozzle. As the flow rate increases, the point of
detachment moves increasingly éway from the nozzle tip
until a small 4liquid jet is formed at the jetting
velocity,Uj .. Soon after the jétting starts (Plate (5b))
at a Weber number of 1.86 a mixture of large(10N) and

small(1N) drops are formed. The size of the large drop is
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of the same order of.magnitude as the drop formed in the
prejetting conditions at the tip of the nozzle. As the
flow rate increases the size of these drops varies, as can
be seen in Plate (5¢) at Weber number of 1.90, where a
large drop(9N) is actually smaller than the large drop at
Weber number'1.86; the smaller drop(2N) is in fact larger
than the small drop in Plate(5b). Experimentally it has
been observed that this process continues until both the
drops become thé same size to produce a monosize stream as
caﬁ be seen in Plate (54d), wheré 4N monosize draps are
produced at a Webér number of 2.73. The stroboscopic
measurements were used to measure +the group, or  family
périod Tg and the fundamental period Tf of the fastest
growing wave on the surface of the jet. In all cases Tg
was found to be an integer multiple of ff. The formation
time for a 4N monosize drop is exactly four times the
fundamental period, that is Tg = A4Tf. At higher
velocities, at a Weber number of 4.19 in Plate (5e), the
4N monosize drop stream changes +to a 2N monosize drop
stream, where the formation time is exactly twice the
fﬁndamental period, in other words Tg = 2Tf.

The transition of these drop families as described

above, for example from 4N monosize to 2N monosize

streams, is not a sudden change. The experimental
observations suggest that these transitions are gradual
and systematic; performed iﬁ a step by ‘step manner.
These réproducible and repeatéble drop patterns also

@
suggest the possibility of more than one: wave being
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present on the surface of the jet, interacting with each
other to give a beat effect which which could be
responsible for producing various distinct families of
drops in a regular manner.

One way of characterizing‘these family groupings is

in terms of a harmonic ratio which can be defined as;

number of drops present in a family (ND)

number of nodes present in a family (NN)

Thus the harmonic ratio H varies as the .composition_
of the family changes with the velocity. This can be seén
more clearly in Plate (6).

blate (6a) shows a monbsize stream of 2N drops' ét._a
Weber number of 4.19 where Tg = 2Tf, and hence NN = 2 and
ND = 1. Therefore, the ratio of the number of nodes (NN)
to the number of dropsv(ND) is H=ND/NN=1/2. Further, at
higher velocities at a Weber number of 4.55 (Plate(6b) .a
family containing four 2N and one 1N (i.e 1N2N2N2N2N) have
H=ND/NN = 5/9. At a Weber number of 4.85 a large family
consisting of two groups which repeat alternatively was
found as shown in Plate (6c). One group contains four 2N
drops and one 1N drop, while the other contains three 2N
drops and one 1N drop. Therefore the whole family can be
represented as a string of 1IN2N2N2N2NIN2N2N2N and the /

/
total number of drops (ND) in the family is 1+4+1+3 = 9/

'/

The total number of nodes (NN) /
/
1(1x1)+4(2x1)+1(1x1)+3(2x1) = 16, which . gives ND/Sy
"~ 9/16. With a further increase in the jetting velociE/
\\\\\ /
\ /

\\\\\\¥‘ //
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Weber number of 4.93 a family of three 2N drops and one 1N
drop [Plate (6d)] have attained the ND/NN ratio equal to
4/7. At a Weber number of 5.29 a family containing two
groups 1N2N2N2N and 1N2N2N ( Plate (6c)) have acquired the
ratib equal to 7/12. Finally, 1last in Plate (6f)
corresponding to a Weber number of 5.75 a family of 1N2N2N
has the ratio equai to 3/5. Therefore, the .ratio
increases as the proportion of smaller drops in the family
increases.v

It would be expected that the ND/NN would tend to
unity with increasing velocity as the drop families
include larger numbers of 1N drops until eventually a
monoéize stream of 1N drdps would be produced. However,
this wultimate condition could not be achieved
experimentally in the presenf study.

As the harmonic ratio approaches unity it has been
observéd that there is a larger increase in thg jet length
and the rate of increase of the jet 1ength with increasing
velogity. The 3jet 1length depends on the growth rate of
the surface disturbances. In the early part of the
jetting regime, it appears that the jet breaks up earlier
than expected from +the growth of +the single fastest
growing wave, due to interactions with harmonics as
described above. Later on in the jetting regime these
harmonics have less effect and the jet achieves its
natural length from the single wave controlling breakup
‘into minimum size drops. Also, it has been noticed that

assthe minimum drop size condition is reached it was
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difficult to isolate the fundamental period using the
stroboscope, instead a band of the fundamental period was
recorded. These subsidiary waves are not the harmonics
but have their periods close +to the fundamental wave.
This was also reported by Bright(21). Since the:e is no
- longer one single fundamental wave responsible for the
bréakup, but rather a range of waves having very close
wave frequencies,a stable monosize stream oﬁ 1IN drops
might not be achievable. In addition, ‘an occasional
appearance of multinode drops gave a flickering image on

the TV monitor. As the number of drops in a family
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increases, the formation +time of the family also

increaées, and hence to see these large'families on the TV
monitor the flash period mﬁst be large enough to freeze
the family on the monitor. This is only possible if we
use a very low flash frequency. There is an observational
limit for the human eye therefore, if the stroboscopic

flash frequency is lower than 10 Hz then the stroboscopic

image becomes very difficult to . - retain. . on the retina
for a fine adjustment. To investigate these large
families having a large nﬁmber of 1IN drops; the
stroboscope alone is _not sufficient. Therefore, high

speed photography was employed to follow these large
family transitions and it was found that the harmonic
ratio H still increases with increasing velocity, but a
single mdnosize stream of 1N drops was never achieved.

‘The critica1>velocity Um at which the jet 1length

reaches its maximum value, marks the end of the regular



breakup of the liquid jet into drop families. Because of

the large proportion of 1N drops in this region the mean

drop size becomes equal to the minimum drop size produced
from the fastest growing disturbance on the surface of the
jet.

An additional increase in the flow rate above the
critical wvalue Um produces conditions where the jet
acquires a sinuous shape due to asymmetric waves being
present on the surface of the jet. The transition between
the early and late jeﬁting regimes is shown in Plate (7a
and 7b). At higher velocity, as shown in Plates (7c¢ and
74), the breakup pattern is highly irregular. The
combiﬁation of symmetric and asymmetric waves produces a

spread of drop sizes with mean drop size larger than the

minimum drop size ( Figure 7c). The Jjet 1length reduces
quite rapidly. At very high flow rates small drops are
sheared from the side of the jet ( Figure 7d). The drop

formation mechanism takes on the random aspect of

atomization conditions.

80



«I

O
D 1

=R O o E8v oz uMkM 78 do =o 8«

0oz
Oommﬂ.
o' 8

o C

Op



4.2 EXPERIMENTAL RESULTS
The experimental results for +the present work are
presented in two sections on the basis of two regimes of

drop formation from the nozzle.

4.2.1 DROP FORMATION AT LOW VELOCITIES

" Although there is a large volume of droé size data
fo: the prejetting regime in the literature, there are
only a few studies of the detailed behaviour of the drop
during the time of its formatipn. It was felt that
additional experiments were necessary to measure drop
growth, velocity and formation time and to relate these
primary quantities to existing theories. High speed cine
measurements of drép and neck volumes, and velocities were
made for water injected into decane system using a 0.0602
cm diameter nozzle at three different flowrates in the
prejetting regime. The complete data set is presented in
appendix A.

Figure 8 shows the experimental measurements of +the
volume of the drop and the volume of the neck during the

time of formation at three different Weber numbers.

Initially the total volume of the incoming liquid goes.

into a drop until a critical time t1 where a fraction of

the volume starts to go into the cylindrical neck. This

critical time corresponds to the instant where the acted
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buoyancy and momentum forces due to the incoming 1iquidk

overcome  the restraining surface tension force at the

nozzle tip. ~The drop leaves the nozzle and grows on the
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EXPERIMENTAL DATA FOR DROP VOLUME DURING FORMATION

X192 .
2.00 I ] ] 1

1.986.

VOLUME IN cc

.58.]

"TIME IN sec

FIGURE 8 CHANGE OF DROP VOLUME DURING ITS FORMATION IN THE PREJETTING
‘REGIME AT THREE DIFFERENT WEBER NUMBERS.

Vi = TOTAL VOLUME OF LIQUID
Vq = VOLUME OF DROP

Vi, = VOLUME OF NECK _

— — — AT WEBER NUMBER ©.59
AT WEBER NUMBER 1.7
------- AT WEBER NUMBER 1.48
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.top of the cylinder of the liquid. This process is called
the “take . off° process. Further, it can be seen that
this critical time t, reduces as the Weber number
increases. This suggests that the take-off time for Ehe
drop from the nozzle, which marks the end of the first
stage growth of the drop at the nozzle, reduces as the
flow rate increases.

Figure 9 shows the distances travelled by the drop top
edge, the drop centre and the neck as was measured from
high speed cine film at a Weber number of 0.591 where the
formation time of the drop was 420 ms. The two stage drop
formation process can be seen in Figure 9. During the
first stage of drop growth at the nozzle, the liquid
cylinder left behind the drop at the time of  the
detachment of the previous drop, relaxes and goes back to
the nozzle where it acquires a spherical ‘shape. The
spherical shaped drop grows at the nozzle with a constant
rate until a critical time t1 is reached, which marks the
end of the first stage growth of the drop at the nozzle.
In the second sﬁage the drop rises on the top of a liqﬁid
cylinder where subsequent growth of the drop takes place.
The length of the cylinder increases with time during the
second stage. When the length of the liquid jet exceeds
the circumference of the jet, it becomes unstable and
forms a neck which eventually detaches the drop from the
jet. The liquid left behind by the detached drop acts as
a seed for the growth of the next drop at the nozzle and

the process repeats itself.



EXP DATA FOR DISTANCES TRAVELLED DURING DROP GROWTH
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FIGURE 9 VARIATION OF DISTANCE WITH TIME IN THE PREJETTING REGIHE

NOZZLE DIAMETER = 0.08602 cm
WEBER NUMBER = 0.99
TIME FOR 1st STAGE = 238 ms
TIME FOR 2nd STAGE = 130 ms
TOTAL TIME OF FORMATION = 420 ms
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Further, it can be seen from Figure 9 that the drop
top edge travels more distance during the first stage, but
in the second stage, after the neck is formed, the whole
lot moves away from the nozzle with the same rate.

Figure 10 represents the velocity variation during
the formation of a drop. It shows that the drop top edge
velocity is higher than the drop centre velocity during
the drop growth period at fhe nozzle. It can also be seén
that the velocities are constant until the point where the
drop takes off from .the nozzle. After this point the
cylindrical neck starts to form and the drop ‘accelerates
away from the nozzle.

.The high speed cine film [as given in Plate(3)] shows
that the drop shape 1is nonspherical during thé growth
period. Therefore, the rate of increase of the major and
the minor axes of the drop were also measured. These
rates are plotted in Figure 11. It can be seen that the
rate of expansion of the major and the minor axes
decreases near the point where the cylinder starts to grow
and‘becomes zZero. The figure éhows that the drop top
edge, centre and neck, éll move with the same velocity
during the second stage. .

These observations suggest that the measured
velocities in Figure 10 must be considered(as relative
to the natural expansion rate of the drop. Since the
bottom edge of the drop is still attached with the nozzle
and the top edge is travelling twice as fast és the drop

centre. The velocity in the first stage reduces because
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EXP DATA FOR DROP VELOCITIES

VELOCITY IN cms/sec
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| FIGURE 19 VARIATION GF THE DROP VELOCITIES WITH TIME IN THE PREJETTING REGIME
' NOZZLE DIAMETER = 0.960Z2 cm
WEBER NUMBER = 0.59
TOTAL TIME OF FORMATION = 420 ms
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EXP DATA FOR EXPANSION & ELONGATION VELOCITIES
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FIGURE 11 THE EXPANSION & ELONGATION VELOCITIES OF A DROP IN PREJETTING REGIMH
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the expansion rate is inversely proportional to the drop
surface area, and this 1leads +to a decrease in the
velocity. At the end of the growth stage where the
buoyancy and momentum forces become equal to the maximum
resisting force due to surface tension, the drop initially
relaxes (Figure 10) with the relative velocity decreasing
slightly as shown, but then accelerates because the
increasing buoyancy force now exceeds the maximum constant
surface tension resistihg forces on the drop, as shown in

Figure 10, until detachment occurs.
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L.2.2 DROP FORMATION AT HIGHER VELOCITIES

At flow rates above the jetting velocity, a Jjet is
formed which  subsequently disintegrates +o form drops.
The prediction of the minimum drop size in the Jjetting
region is based on the instability theory, whereas the
drop size distribution is based on empirical correlations.
Therefore, the present experimental results have been
divided into'two sections. The first section contains the
experimental data which was collected for wave growth
rate, wave length and wave velocity in order to test the
various instability theéries, and the second section
presents the data for the distribution of drdp size for

the jetting regime.

5;2;2.1 WAVE PROPERTIES ON THE SURFACE OF THE JET

The variation of the displacement of the jet with
time on the surface of the jet was measured at various
distances from the nozzle for the six systems as described
in chapter 3. A typical plot of time variation of the jét
surface with distance from the nozzle for the decane into
water system at three different Weber numbets,is shown in
Figure 12. This figure suggests the presence of the
fundamental wave which giows as thé wave travels away from
the nozzle. It can also be seen that near the jet breakup -
point there is a variation in the peak amplitude,
suggesting interference of the fundamental -with another
disturbance on the jet near the breakup point,‘ Because of

this variation of the magnitude of the peaks at a



wd £Z'F - HLONAT 130

HONVISIQ FTZZON ~ X - i
aNVO3Q OLNI HILVM - WILSAS rer————

SU3IGWNNN Y393M LN3H344I0 33HHL LV 3TZZON WOHd

S3IONVLSIA SNOIYVA LV S3T1d0Hd IAVM 21 IJHNOIL

wo §H°2 - 'HIODN3T L3r

dRIL

md *2=X

/\f\/\/\/\%./«?\ ) ‘/\/.\/\/W/.mw./ﬂ\aﬂ\/\,
wo 62°2=X v

K\/L/\/\/\r\/\/.\/\/\( . PN,
\/)\n/\-./\/\/\/\/\

\NAATAANM ALY
L W e W WP N W VS

%\/\( TR
IV o N B Yo P g

wo '89°0 -~ HLON3T L3P

FaL

wmud 009°=X

N P\

wo Lo

> g6%° =X

poy ey

wo> 00%°=X

wo OSC°=X

wo gYE =X

9=an




particular distance from the nozzle and lack of detailed
knowledge of the wave interactions patterns, in the
present work an average peak amplitude of the wave at a
particular distance has been considered. This point will
be discussed in detail in chapter 6. The variation of
this average peak amplitude with distance from the nozzle
.at Weber numbers 6,10 and 20 fbr six different systems are
plotted in Figures (13 to 18) and results are tabulated in
appendix B.

These figures suggest that the rate of increase of
average peak amplitude with distance depends on both the
physical properties of the systems as well as on the
velocity of the liquid through the nozzle. This variation
can bé éeen in Figure 19 at two different constant Weber

numbers for three different systems.This figure shows that

92

at a constant Weber number, a high viscosity and 1low

surface tension system (decanol into water) has a larger
peak amplitude as compared to the system having a high
surface tension and low viscosity (decane into water).
The effect of the Weber number on the avérage peak
amplitude in Figure 19 can>be explained on the basis of
the variation of the jet length with the nozzle velocity.
The fundamental wave dgrows on the surface df the jet and
when its.amplitude becomes equal to, or greater than, the
radius of the Jjet, the jet breaks up. For a particular
syétem the jet breakup time is constant, but as the
velocity increases through the nozzle the fundamental wave
travels a longer distance during the same‘time, thus the

jet:; length increases.
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AVERAGE PEAK AMPLITUDE IN cm
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The variation of the jet length with Weber number is
presented in Figures (20,21 and 22). It can be seen that
the viscosity, density and 'surface tension play an
important role in controlling the jet length. Figure 20
shows that an increase in the  dispersed phase viscosity
reduces the jet length. Figure 21 indicates the same
effect of continuous phase viscosity on the jet length.
These results suggest that the viscosity of both the
phases affect the growth rate of the wave on the surface
of the jet. The effect of the interfacial tension can be
seen in Figure 22 which shows that in viscous systems jet
length increases with decrease in the interfacial tension.

fn instability theory the dimensionless wave number
is always given by ‘ka’ where a is the jet radius. Thus
knowledée of the jet radius, or diameter, at the point of
breakup is crucial for comparing experimental data with
the theory. 'The variation of the jet diameter for
different systems with distance from the nozzle is given
in Figure 23, where it can be seen that in viscous systems
the jet shows an appfeciable increase in the jet diameter.
A large error would be invol&ed if the nozzle diameter
were used in these systems to calculate the wave numbers.
The jet diameter is an important parameter in order ¢to
calculate wave properties like wave lengths, wave velodity
and wave frequency.

The experimentally measured wave velocity of the

fundamental wave is plotted against the jet velocity in
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Figure 24. In most instability theories it has been
assumed that the wave travels at the jet velocity. 1In all
cases the wave velocity is smaller than the jet velocity.

Figure 25 shows the experimentally measured values of
the wave number of the fundamental wave for six systems.
It should be noted that thé wave numbers span the region
0.60 < ka < 1.0 . In other words,- in some -paﬁes wave
numbers are outside the range of predictions from
stationary instability theories ( ka > 1.0 )

The experimental observations and the data will be
discussed in detail in chapter 6 where the effect of the
wave velocity, wave length, jet length and jet diameter on

the instability of the jet will be discussed thoroughly.

4.2.2.2 DROP SIZE IN THE JETTING REGIME

The formation of the drop families in  the
intermediate regime not only reveals that the mean drop
size varies with the flow rate, but also suggests that
there is a definite type of wave interaction on the
surface of the jet. As we have diséussed in the section
4.2.2.1 these interactions become more and more pronounced
as the fundamental wave approaches the breakup point which
can be seen in the wave profiles given in Figure 12.
Measurements of the formatidn time of the group 6f drops,
Tg, as well as the fundamental period, Tf£, of the
fundamental wave are given in Table (3). It can be seen
that Tg is always an integer multiple of the fundamental

perdod, TE.
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TABLE 3

EXPERIMENTALLY MEASURED GROUP PERIOD Tg AND FUNDAMENTAL

PERIOD Tf FOR VARIOUS DROP FAMILIES FOUND IN WATER INTO

ECANE SYSTEM
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In the present work the relaxation process of the jet
was considéred at the point of breakup. It was observed
from high speed cine films that soon after the detachment
of the drop from the end of the jet, the jet relaxes and
seems to generate a relaxing wave which travels backward
on the surface of the jet. Simultaneously,  the
fundamental wave of the fastest growing disturbance
travels forward with the wave velocity. The relaxation
process of the 3jet can be seen very clearly in the slow
motion video recordings.

The period of the relaxation wave, Tr, was measured
from video recording and is presented in Table (4).
_Figufe 26 shows that the fundamental period of the wave
decreases 'Qiﬁf—» increasing Weber number, while the
relaxation peridd stays constant. In other words, the
relaxation period is independent of the flow rate or the
jet velocity.

The experimental data gatﬁered in this study have
been used to support a number of theoretical approaches to
predict drop size in 1liquid-liquid systems. These

theories are outlined in the next chapter.
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TABLE 4

EXPERIMENTALLY MEASURED FUNDAMENTAL AND RELAXATION

TIME AT VARIOUS WEBER NUMBERS
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CHAPTER 5

THEORETICAL DEVELOPMENTS

5.1 DROP FORMATION AT LOW VELOCITIES

The drop formation regime at low velocities is
chara;terized‘by individuallygformed drsps of uniform size
growing at the nozzle tip.  The regular pattern was shown
in Plate (2).

There are four major forces which. act on the drop
during the process of its formation in liquid-liquid
systems. The buoyancy force s, Fb' due to the difference
of the density between the two phases, and the momentum
force, Fm’ due to the moﬁentum flow of liquid into the.
drop wili tend to remove the drop from the nozzle. The
interfacial tension force, Fs’ will tend +to retain the
drop at the nozzle and the drag force, Fd; due to the
continuous phase viscosity will act to reduce the motion’
of the drop during take-off from the nozzle. When the net
force due to buoyaﬂcy and momentum, exceeds the net
réstraining force, due to surface tension and draé,- the
drop will accelerate away from the» nozzle'on a liquid
cylindrical neck and finally detach when the neck becomes
unstable.

The complete gquantitative picture of the drop
formation in the prejetting condition can be described
" under two distinct stages of its formation process, as was

observed in chapter 4. 1In the present work a model has



been developed to explain a two stage drop formation
process at the nozzle tip. The first stage of drop growth
is based on a force balance while the second stage
considers the instability of the neck behind the drop.

The general equation for force balance can be written as;

d(Pvu) ~pa2
- =AfgvV + --- - Dr;racos& - 6TuD U [5.0]
dt A
. P
where 0 = 0 + - to account for added mass.
2

STAGE 1 DROP GROWTH AT THE NOZZLE

At this stage it is assumed that at all the time the
forces are in balance with surface tension, adjusting with
() increasing to exactly baiance that is U = 0. The take
off condition occurs when ) reaches a maximum value of7/2.
At this stage, neglecting the drag force, we can express a

force balance as;

Buoyancy force + Momentum force = surface tension force

2
PQ
or V1Apg + --- - DWO =0 [5.1]
A n :

where V is the volume of the drop at the nozzle where

1
surface tension force balances the buoyancy and momentum

forces. This volume V1 is equal to [Qt1 +'VO] where VO is

the residual volume and t1 is the time taken +to0 increase

the volume from VO to V1.
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Q - Volumetric flow rate.

A - Cross sectional area of the nozzle.

p - Density of the dispersed phase.

P - Density of the continuous phase.
Ap - Density difference between the two phases.

upon re-arrangement, equation [5.1] can be written as;

v = [ —————————————— ] [5'2]

Equation [5.2] can be written in a dimensionless form by
using a fictitious static drop volume, VS, which can be

expressed as;

WDAT

v, = [--P-] [5.3]
or
Vs WDnU 4 40 .
T s B e [5.4]
Q Pg UWDn APQUDn
Therefore, we can write equation [5.2] as;

' 2
v, PQ
B R e | [5.5]
\' TAD_ O
s
or
V1 We
- = (1 - --] [5.6]
v 4
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The form of equation [5.6] is based on the assumption that

the velocity profile is flat with momentum force Fm =

pDn2U2/4. For a parabolic velocity profile momentum force

can be expressed as Fm = pDnZUZ/3, and then we can write

equation [5.6] as;

Equations[S.G]

the nozzie will

We

[1 - =-1

3

[5.7]

and [5.7] suggest that the drop growth at

not occur when the Weber number reaches 3

or 4, which might be used as a criterion for the jetting

velocity.

In addition we can

calculate the

time taken

during the first stage of the drop growth, as we know;

Vi

or

where

equation [5.6] we can write

We v

4 \Y

- - - =23

V0 is the residual volume)

[5.8]

in a dimensionless form as;

[5.9]



™ DnO' WUDnz
Since Vs = -—==-and Q = ~==-- , therefore
APg 4
40
t1 = B [~=--m==- ] : ‘ [5.10]
ApgUD

During this stage it 1is assumed that the centre and the

top of the drop move acccording to an expansion process,

that is
4L 0 2dL 20
U = -- = -2 and U = emee = ool
c. dt arn? t at arr?

where Uc and Ut are the drop centre and drop top edge

velocities respectively and L is the position of the drop

centre, thus

6V
L = R = [3F30'33 where V = Qt + V0
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STAGE 2 TAKE OFF AND DETACHMENT

After the surface tension force has reached its maximum
value the increased ﬁ@yancy will lead to the drop moving
away from the nozzle on a jet of liquid. A force balance
on the drop predicts an acceleration throughout this stage
with thevbuoyancy increasing against a constant (maximum)

surface tension force. Therefore, we can write, ignoring

the drag term;
o 2
d (0vu) ‘ pQ“
—- = APV + --- - 7wDO [5.11]
dt A :

At t =0, V = V1, U = U1. The volume in this stage can be
represented by V = V1 + Qt where V1 is the volume of +the

drop at the end of the first stage.

» Y £2
pvu = f QtApat = QAPg -- [5.12]
4 5 2
- ApP9 £2
u = -z [---3]1 + u, [5.13]
2P  t+t

1

*
where t, = V1/Q.

-t

Assuming U = dL/dt and U1 = 0 we can solve equation [5.13]

in terms of I as

APg  tre2a¢
L -L, = --x [----1]
2P § tt,
Apg % - 2t ¢ ., t+t, B
R Y G ) + £7 In(------ )1, - [5.14]



where L1 is the centre position of the drop at the end of

the first stage.

t2 -
Let T = =--=and L - L1 = L
£y

We can write equation [5.14] as;

------- + 1n(1 +7) = -z=-=- ’ (5.151]

Using equations [5.9] and [5.4] we can write equation

[5.15] as

2 - 27 1L p. WeEo

m-======= 4 In(1 +7) = - -- [5] --5- [5.16]
2 8 D " B

Equation [5.16] was solved using graphical solution for
the left hand side of the equation. This 1is shown in
Figure 27, and then equation [5.16] can be expressed as

power series

1L b WeEo 0.375
T = 1.86 [ - -- [ -= 1 ~=5= ] (5.17]
8 D p B
n.
Now we can calculate the total volume of the drop at the

end of the second stage to be

Ve = Q(t1 + t2)
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GRAPHICAL SOLUTION FOR EQUATION ([5.16]

200

160

40

16 2

+ 1In{1 +7)

FIGURE 27 GRAPHICAL SOLUTION OF MODEL EQUATION [5.161




In

t, -
Qt, (1 + -=) Qt (1 + —-—=——==== )
1 1
t, Vo
(1 + -=1
\'
S
We -
T[1 + --]
4
Qt1 (1 + ,emmmmecee- )
: B
Qt1
~== (1 + 7T)
VS
We
T[1 + ;—] 5 3
B[1 + [ ======-mmm- 1 [APg(--2-)1]
B 0
3 2 3
Dg ApgD Dy Eq
(-=5-1 [--=-= 1=-3-0-=)
6D Y D 6
n n .

terms of drop diameter this equation can be written as

6B
[-- (1 +7)] 0.33 '[5.18]
Eo

In order to use equations [5.17] and [5.18] to predict the

drop diameter, Dd' some estimate of L and V. must be made.

o

120



121

JET STABILITY CRITERION

To calculate the point of detachment of the drop at
the end o0of the second stage,iﬁ will be assumed that the
jet behind the drop becomes unstable to‘ surface tension
forces. This will occur when the surface area of the jet
increases to a point where it exceeds the surface area of
a sphere of equal volume. In the present model it has
been assumed that the neck behind the drop acquires éhe
geometry of a cone as was observed experimentally.

Considering Figure 28 the volume and the surface area
of the cone and the spheré of the same volume  ‘"can. be

written as

for a cone
2

7w L (r2 + ro + ror)
\'A = - [5.19]
3
A = TL(r + ro) [5.20]
For the equivalent sphere
4WR2 ,
v = - [5.21]
3 .
o 2
A = 4TR [5.22]

Using equation [5.19] we can rearrange equation [5.21] as

L
R = - (r2 + r2 + 1:01:)1/3 : [6.23]
4 0
Assuming that the cone has an equal surface area as tha£

of the sphere of the same volume then we can write:
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’-—d————h—-—————
e

CONE SPHERE

FIGURE 28 Stability criterion for predicting residual volume
in prejetting condition



TL(x, + 1) = 4mR2
using equation [5.23] we obtained
L (r2 + ro2 + roz) 2/3
L(xrg + r) = 4[ ----=--==S----==-- ]
4
or -
(r2 + ro2 + ror)2 )
L ) = 4 [ ~——memmmm——— 3~--- ] [5.24]
v (ro + ) :
r
If we put £ = -- then r = rof
r
0
Equation [5.24] can now be written as
(f2+1+f)2 ,
L =4r, [ -——-—-=rwg——- ] [5.25]
0 1+ £)°3
Since Dn = 2 Ty therefore
L (1 + £ + £2)2
-- = 2[.-----——-—3--- ] - [5.26]
Dn (1 + £)

From equation [5.19]

v o S | [5.27]

Using a static drop volume VS =‘WDéTAApg and rearranging

equation. - [5.27] we get

v 4 4, 1+ £+£ _ Apg
= - o e 13 =22 [5.28]
Vs 3 1+ £ wDOo
Eq £
= 9+ -lo [5.29]
6 1+£
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FORCE BALANCE ON THE JET

We can now write a force balance equation for

124

the
geometry of the jet as
buoyancy force+momentum force-surface tension force = 0
pe2 1 1 |
ApPgV -+ P L -5 = ~3 1 - zwa(ro -x) =0 [5.30]
r r ~
: 0
or
2
42  To ~F
pmry U° [ -=-3-3-= 1 = ApgV -2mo(ry - ) - [5.31]
r.°r
0
Rearranging equation [5.31]
22 Totr
(rg = r) [omr,"U [ i e 1 + 2m0] = APgv [5.32]
r
Putting a value for V from equation [5.28]
. r. +rx
(r” - r) [p_7rr02U2 [ -9—5—— 1 + 2mo] =
r
43 3
- I, [1 + --=-1"Apg [5.33]
3 1+£ .
since We = pWDnUzkr therefore
5 2 1+ £ 4 4 3 £2 3.
pUr, (1 + £)[ Dt --]= - I, [1 + ----1"Apg [5.34].
£ We 3 1+£
or
1+£ 4 4 APgx, # 3
(1 + £) [-5- + ==1= - [--=571 [1 + --- ] [5.35]
: £ We 3 pu 1+£
Replacing 2r_ = D and Eo =ApgDh/o in equation [5.35]
1 + £ 4 2 Eo 2 3
(1 + £) [---5- t+--1= - -=[1+---1 [5.36]

£ We 3 We 1+£
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Now comparing equations [5.35] and [56.36] we can write
6 (1 - £) (1 + £)We

Eo = ————— e [ 1T + == ] [5-37] |

Equation [5.37] suggests that Eo = f(£,We)

Using equation [5.29] we can write

VO ; (1+f)We
-= = (1 + £f) [1 + -—--i-u”] _ [5.38]
v . 4f
s

Yo
Equation [5.38] suggests that -= = f(£,We)

v

s

Using equatiqn [5.38] in equation [5.9] we can write

We (1-£2)we We 1+£2
B=1 = == = (1=£) = ~o-mgoom = £ - oo [M4 -o5-]
4 4f 4 £
We  4f3 - we
B=f = —oz = commpme [5.39]
452 a£2 -

Equation [5.39] suggests that B = f(f,We)

From equations [5.26] and [5.39] we can write

11 aF%(1 + £ + £2)2 :

T TTT3 S mmmmmmmgee——emeee =D = f(f,We)

8 b _p? (1 + £)3 [a£3 - ye7?

From equation [5.26]

L 2 (1 + £ + £2) | L

= = emememmeee 3-~-- which suggests that -- = ¢(f)
Dn (1 + £) Dn

Therefore, haVing thus calculated L/Dn it can be used in
equation [5.17] to estimate 7, and this information can be

used to predict the drop diameter using equation [5.18]



5.2 INSTABILITY ANALYSIS

The instability analysis considers the pressure and
velocity fields as made up of a sum of large and small

motions, which can be represented by;

Pp = p + p° [5.40]

up, = u+ u® [5.41]

where P andlu,are pressure and velocity terms associated
with the large motion of the Jjet and surrounding
continuoﬁs phase; Po and uo are fluctuations about P aﬁd
u respectively.

Ignoring the terms involving thei viscosity and

product of the fluctuating quantities in the 1linear

analysis an equation of small motion can be written as;

Equation of continuity

vue® = o [5.42]
Equation of motion

ou® 0 ve° .

--=- = (u.Y)u = - ——— ) [5.43]
ot €

The linear equation [5.42] and [5.43] can be reduced to
ordinary differential -equations by a transformation
involving terms of complex functions. Therefore, the

solutions were obtained by assuming;

pO = pO(r)elt+i(kz+hf)

W© = ° (r).eat+i(kz+h0) [5.44]
i +

" - ,noeat+1(kz hf)
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where 7 is the wave amplitude at position (z,) after
time t
O-is the wave growth rate which may be éomplex
k-is the wave number which is real positive
h-is the wave oscillation mode, which is O for
symmetric oscillations and 1 for assymetric

oscillation.

Considering the geometry of the wave motion, as indicated
in Figure 29 and substituting equation [5.47] into [4.43]
for cylindrical coordinates gives the following sets of

Navier Stokes equations

[NSz] (o + ikU)u + ikm = o}
[NSr] . (o + ikU)v + o = 0 [5.45]
[NSO] (& + ikU)w + ihn/r = 0

= O- = 0- = o- = 0 . = i
where u = uz,y = ur, w ue,n P /Q, U= uz and the prime

(°) indicates the derivative with respect to r.

Thevfluctuating‘ pressure field can be obtained by
considering the divergence of the component equations of
motion [5.45] and combining with the equation of

continuity [5.42] to obtain

r2n + rm - (k2r2 + ﬁs'n = 0 [5.46]
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n= noeatcos(kz)

FIGURE 29 SYMMETRTCAL WAVE PROFILE ON TIIE SURFACE OF THE JET
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----- + === - (X°r“+hm = 0 [5.47]

/

The general solution of equation [5.47] involves a linear
super positiohvof Bessel functions

nmn o= AIh(kr) + BKh(kr) : [5.48]
Considering the boundary'conditions, equation [5.48] can

be solved for both jet and continuous phases as;

For the jet phase where r = O and w is finite therefore
mo= AIh(kr) , [5.49]
For the continuous phase where r = © and m = 0O therefore

m = BK (kr) [5.501]

The constants A and B are found from the kinematics of the

interface. At r~a where

an
an + U[ Qﬁ ]

v = - =

dt 5; 0z

(o + iku) - [5.51]

a _ e, 5 Iy

o (o + ikO) [5.52]
dt Jt 0z

It is assumed that the radial velocity fluctuation at the
interface is;
v = - mmmme————— [5.53]

( ¢ + ikU)
Using equation [5.53] and substituting. values from
equations [5.19] to [5.52], we can calculate the value of
the constants A and B at the the interface as

| (o + ikU)2p
A = = e ' [5.54]



130

| (ot ikU)27
B = . oeliilll] [5.55]

The solution of the jet and the continuous phase can now
be matched at the interface between the two phases. At
the interface there is a continuity of tangential and
normal velocity as well as a continuity of tangential and
normal stresSes. Considerin§ the continuity of
longitudinal stress we can relate the pressure on either

side of the interface as follows;

T = Tn * PO [5.56]
ou
where"rn = p - 2U--=
or
. . L
T™n = P - 2u--%
or
and
PO = - ‘(;2“‘[ﬂ +a” --3 --5
o a 0z a0

Separating out the small scale motion, equation [5.56] can

be written in terms of a complex function as;

no+ smo+ 20y -w) = (<% [1 - ®2m [5.57]
, 0a
where s = -g—; m = g and p = g_
If we assume that at the interface UI = U = U, then using

equation [5.57] we can derive a characteristic equation as
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2 * * 2k o o
(o + ikUI) [I + sk ] + (-5—) [x+ ikUI3 [I- + mK ] |
(-%) [1 - K1 K [5.58]
Qa
where I* = Io(ka)/I1(ka)
kK = Ko (ka) /K, (ka)
9 = w1t -1
K = KK -1

The growth rate in equation [5,57] is complex in form
a _

consisting ofAFeal . (growth rate) part and an imaginary

(wave frequency) component. Putting o= g3+ iw, the real

part (growth rate) of equation [5.58] can be expressed as

B = (0/0a®)c / [A + 298] [5.59]
where A = I* + sK*

B = 1°+ mk°

¢ = K& -%%

q = VﬁYaB

The imaginary part, wave frequency can be given as @ = kUI

where U is the wave velocity at the interface and equal

I

to ¢ where

¢ = W/

The equation [5.59] indicates a progressive wave with a
velocity € and growth rate, ﬁ . The principal forces
involved in the individual terms can account for the
propagation of the disturbance wave on the surface of the
jet.

Surface tension forces are associated with the term



¢ = K(1 -h? -%?)
For a symmetrical wave h=0, it follows that ¢ will be
positive (destabilising) when k > 1 ahé negative
(stabilising) when kK < 1, as was described by Rayleigh.
For an asymmetric wave h=1 and C will always be negative
(stabilising).

The viscous forces are associated with the damping
coefficient qﬁ. An increase in the damping coefficient
reduces the growth rate as indicated in equation [5.59].

The combined effect of the principal forces on the

wave motion will depend on the type of the wave (symmetric

or asymmetric), the wave number and the relative magnitude
of the forces. The equation [5.59] can be written in

dimensionless form as

3
~ 2 ea C
= (w5) = [==—-—-- ]
B B o A + 2gB
2Kz
with q = -

These growth rate equations differ from \previously
proposed growth rate equations. Most of the previdus
workers assume that the wave travels on the surface of the
jet with the jet velocity. But in the present work it is
assumed that the wave travels with an interfacial velocity
which ié always less than the avérage jet velocity. This

point will be discussed in detail in'the next chapter.
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The equationb [5.59] can be reduced to Weber’s
equation [2.31] if we assume a stationary continuous phase
with U =0, C = 6 and s, m are very small. Further
ignoring the effeét of viscosity this equation can be

reduced to Christiansen and Hixson equation [2.23].

NUMERICAL SOLUTIONS

The values of the dimensionless growth have beeh
calculated as a function of the wave number for
symmetrical wave. The baée values were chosen to show the
effect of different parameters like s,m and z individually
and separately on the growth rate.

'In general the characteristic growth rate cur&es péss
through a single mgximum at an optimum- wave nunmber
representing the fastest growing wave.

Figure 30 shows the damping effect of +the increased
continuous phase viscosity on the wave growth. Figure 3f
shows a similar effect for increased jet phase viscosity
or Ohnesorge number, Z. It is indicated that the increase
in the viscosity suppresses the growth rate of the wave.

Figure 32 shows the effect of the density ratio s on
the growth rate. As indicated tﬁe increased s reduces the
growth rate, but the effect is not dsn)pronpunced as in
the case. of m or z. There is generally a good agreement
between the theory and experiment in the present study for
the prediction of the growth rate, wave number and wave

velocity. The discrepancy will be discussed in chapter 6.
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THEORETICAL GROWTH RATE
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THEORETICAL GROWTH RATE
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5.3 DROP SIZE IN THE JETTING REGIME

It is not possible to be able to explain the drop
size variation in the jetting regime on the basis of the
instability theory alone. As already discussed, it is
based on the assumption that there 1is only one wave
present on the surface of the jet which grows fastest and
breaks the jet into drops. If +this were true then we

should expect only monosize drops of one node at every
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flow rate in the jetting regime, because only the

fundamental wave would break the jet to form drops of the
fundamental volume. Since the drop size varies in the
jetting regime, additional assumptions are needed to
accoun£ for the formation of multinode drops from the
liquid jet.

. Using the instabilityrtheory one can consider the
‘growth of the fundamental wave on the jet surface. This
takes a time Tf to grow enough to pinch the jet at the
ultimate antinode of the wave to form a one node drop.
The fundamental period of the wave can be written as
’ D

TE = - : - [5.60]
ke
where k¥ is the dimensionless wave number of +the fastest
growing wave on the surface of the jet which can be
predicted from instability theory. Dn is the nozzle
diameter and c is the wave velocity.
As the drop detaches, the jet initially relaxes as

observed experimentally. Due to this relaxation process,

it appears that a relaxing wave generates from the end of
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the jet and propagates backward with a constant relaxation
period Tr.

Considering the vibration mode on the jet surface as
described by Lamb (26), the period of relaxing vibration

Tr can be calculated from

1 I (kai
=5~ = ‘'ka[-Z----- ](k2a2 +S-1) ---
Tx Is(ka) pDn

whefe ka is dimensionless wave number, S is the mode of
vibrations which is O or 1 for either the symmetric or
asymmetric‘waves respectively and is the interfacial
tension.

for the symmetric mode of oscillation this equation

can be written as

1 [ To ) 1 %2 - 11 -2 [5.61]
—i— = [ ~-Cce--a - --6- . .
Tr I,(K) APn

where the dimensionless wave number KX = ka. Equation
[5.61] can further be simplified to yield

3

T = R --2- [5.62]
‘ ka :

where a dimensionless constant K is defined to be

The relaxation period Tr of the wave can be predicted

if the value of dimensionless constant K is known. The
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experimental value, -using Figure 26, shows that the
relaxation period of the wave is constant at around a
value of 6ms. For water into decane system the

experimental value of K was estimated to be 3.714.



CHAPTER 6
DISCUSSION

6.1 DROP FORMATION AT LOW VELOCITIES

The model developed in chapter 5 was used to predict
the experimental drop size data for water into decane
system. The predicted values of the present model were
compared with Meister & éieele, Hayworth & Treybal and
Kumar & Hartland. A full comparison is given in TableéS).

The mean percentage deviation for alll data in the
prejetting regime using equation [5.18] was 3.04%. For
the same data Hayworth & Treybal [equation 2.3] and Kumar
& Hartland (equation» [2.11]) p