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ABSTRACT

The breakup of a liquid jet in an immiscible liquid has been
investigated. The variation in the jet break-up length was studied
to determine the influence of various parameters e.g. amplitude

and frequency of the applied vibrations.

To generate experimental data a rig was designed and constructed.
To maintain a constant flow of the dispersed phase through ghe
nozzle, a number of techniques were tried, £ compressed air system
was found to be the most suitable to develop a constant head for

the flow and no variation in the flow of a dispersed phase was

observed after 12 hours.

Initially experiments were conducted at a high flow rate of the
dispersed pﬁase and the variation in the jet length was measured
under the influence of externally applied vibrations. It was found
that amplitude and frequency of the applied vibration influenced
the jet break-up length. Rayleigh’s equation was applied to corre-
late the experimental data. It was found that the appliedk

fréquency does not effect the growth rate but it does influence

allow for this variation. The error between experimental and
predicted results was found to be not more than the difference in
"<

the dropsizes. To eliminate this €rror, measurement techuigue

previously employed ( still photography ) was supplemented with a



video technique and the jet length measurements were only taken

when monosized droplets were produced.

At low flow rates it was found easier to produce monosized dropl-
ets, hence subsequent measurements were taken in this flow region.
To correlate experimental data Rayleigh’s equation was further
modified to take into account the influence of a natural and an
applied vibration. Theoretical and experimental results agree well

within the range of error + 0.30 mm

It was found that the number of monosized droplets produced were
equal to the applied frequency. Any change in the frequency al-

tered the dropsize because the flow rate was constant.



1.0 INTRODUCTION

A knowledge of dropsize and dropsize distribution is of fundamen-
tal importance for an understanding of the heat and mass transfer
characteristics in liquid-liquid systems. The heat and mass trans—
fer rates are directly proportional to the interfacial area
created in liquid-liquid contactors. A number of techniques
(stirrer in tank, jet disinteg?ation in columns etc.) have been
used in these contactors to bring the two phases together. For an
optimum design of any contactor it is desirable to have a knowl-
edge of the effect of various parameters on the ijnterfacial area

created.

In the present work a study of the disintegration of laminar
liquid jets in immiscible liquid systems has been carried out to
understand the effect of various parameters (e.g. nozzle diameter,
nozzle velocity and physical properties of the systems) on the

resultant dropsizes

When one liquid is injected into a second immiscible liquid a jet
is formed which attains a length, depending upon the nozzle diame-—

ter, nozzle velocity and physical properties of the system.

Rayleigh(3) suggested that when the length of a liquid jet exceeds
the circumference of the nozzle » it becomes unstable and a stand-
ing wave is forwed at the surface of the jet. The amplitude of the
wave grows exponentially and when it becomes equal to or greater

than the radius of the Jet, the jet breaks-up into droplets. He



correlated the jet length with nozzle velocity and nozzle diameter

as ;

A number of previous workers(16,17) have developed correlations to
predict drop diameter as a function of the jet diameter. In their
correlations they assumed that the jet diameter is equal to the

nozzle diameter.

Das(17) and Anwar et al(25) reported that the jet diameter is a
function of the jet length and cannot alﬁays be taken as equal to
the nozzle diameter. They concluded that depending upon physical
properties of the systems and nozzle diameter, the jet could either
expand or contract and variation in the jet diameter could be
expected along the jet length. In order to calculate drop size and
interfacial area created by the disintegration of liquid jet it is

essential to have a knowledge of jet break-up length.

The work of Anwar et al. (25) was extended and an experimental
programme was devised to obtain data, to enhance understanding of
the effect of various parameters on the jet break-up length.
Emphasis was given to the effect of amplitude and frequency of
applied vibrations on the jet break-up length. The still photog-~
raphy and videographic techniques were applied to determine the

jet break-up length, jet diameter and drop diameter.



The Rayleigh equation was modified to correlate experimental data
assuming that a composite wave was generated from natural and
applied vibrations. The amplitude of the composite wave was re-—
lated to the amplitude of the applied vibration. It was found

easier to correlate data obtain at low flowrates than at higher

flowrates.



2.0 LITERATURE SURVEY

2.1 Jet Instability and break-up

The instability of a laminar liquid jet has been a subject of
investigation over the last two centuries, but over the last two
decades the interest has markedly increased and this has been

reflected in the vast increase of the number of publications.

In reviewing the historical evolution of the understanding of the
subject , the work of Savart (1) was the first identifiable
contribution. He studied the vertical liquid jet produced from an
orifice into air and found that the length of liquid jet was
directly proportional to the square root of the head of the liquid
in the reservoir and to the orifice diameter. He also suggested
that the break-up of the liquidbjet was caused by the waves on the
jet surface and concluded that the wavelength of these waves

increased as the diameter of the orifice increased.

The first theoretical treatment into jet instability was presented
by Plateau(2) in 1873. He showed that a cylinder of liquid jet was
unstable when its length exceeded its circumference. When the
length of liquid jet exceeds its circumference , it can be divided
into two spheres of equal volume with an accompanying decrease in
surface area. He hypothesised ﬁhat a disturbance that causes the

jet to break-up would have a wave length equal to its

circumference.



Rayleigh(3) observed that Plateau’s theory although it predicted
the observed dependence of the wavelengh on the jet diameter, the
predicted values of the wave length were generally low.
Rayleigh(3) showed by considering the effect of radii of curvature

on the pressure in a cylinder of liquid, that if two nodes on the

nodes and the wave will amplify . But if the nodes are less than
circumferential distance apart , the pressure will be greater

between the nodes than at the nodes and the wave will diminish.

Rayleigh(3) contributed the first quahtitative description of the
stability mechanism » based on the small perturbation theory .
This outlines the analytical description of the transformation
undergone by the cylindrical liquid column when infinitesimally
displaced from its equilibrium position . From potential energy
considerations he showed that the cylinder of liquid in vacuum and
under the influence of surface tension forces alone is stable with
respect to all classes of small disturbances and the equilibrium
configuration is always unstable for a symmetrical disturbance .
The equation of the surface of the jet was expressed by the

Fourier series :

co
r = a+ E 0 cos(n®) cos(kz) [1]
o
Where r-Radial Distance |, A—Amplitude of disturbance ,n-

cirumferential wave number,6-Angular Distance, k-Wavenumber of a

jet surface disturbance and z~Axial distance from the nozzle tip.



He compared the surface energy of the disturbed surface of the
liquid jet with that of an undisturbed jet and developed the
following equation for the calculation of the potential energy of

the disturbed suface of the jet as :

b = (-3ECT yi%a% n® 1] 37 L2]

Where n > 0

This equation indicates that the product of disturbance period and
the jet radius( ka ) is always greater than zero and at the condi-
tion when n ) 1 which is the case of non-symmetric disturbances ,
equation (2) shows that potential energy (Po)is always positive
and hence the system is stable and the jet will not break .
However if this is equal to zero , which is the case of symmetric
disturbances the potential energy will be negative [for (ka) < I}.

The disturbance will grow and result in the disintegration of the

jet into droplets .

Rayleigh(3,4) later showed that the rate of increase of the ampli-

tude of the disturbance on the surface of liquid jet is

. Bt .
proportional to e and an expression for the growth rate of

symmetric disturbance is



Where B-is growth rate , and Io(ka) and Il(ka) are the modified

Bessel function of the first kind . The wave which has the maximum
growth rate can be identified by maximizing B with respect to

(ka) in equation 3

B takes the maximum value for 0 < ka < 1 :

B(max) 0.97 L4]
A(max) corresponding to B(max)

A(max) 4.508dj (5]
and

(ka) = 0.696

(max)

The maximum wavelength calculated by Rayleigh was 50% greater than
the value predicted by Plateau and agrees with his data for water

injected into air . For the case where the viscosity of the liquid

in the jet was very large compared with the inertia , he(3)

produced the following equation :

B2 - 022y ) 6]
3 R
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Where -viscosity of the jetting liquid . He(3) also suggested a
Fd &

modification for the calculation of the growth rate of the distur-
bance on the surface of an air jet injected into a non-viscous
liquid where the viscosity and the density of the jetting liquid

could be considered equal to zero as :

B2 = —2-5 1-ka? ka) Phops (71

e 0

Where’DCis the density of the continuous phase and Kl(ka) and K0

(ka) are modified Bessel functions of the second kind . The wave

length which maximises the above equation is given by :

A (max) = 6.48dj
or
ka(max) = 0.485

Weber(7) in 1931 used the same basis as Rayleigh for wave growth
and by neglecting the inertial terms in the equation of motion s

obtained the equation :

3 k~a o
B2 + ( __):Sl.i___) B = ____9___5[ l_kzaz]kza)_ 8]
(od a 2 Pd a
andr
3
A(max) 2.83 A a‘A 1 + __iﬁg__ | (9]

Y 2 {D(i\ E
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Where 0 and a are the surface tension and the radius of the jet

respectively. Solving equation (9) for the inviscid jet A(maxj

8.88a , for a very viscous liquid the wave length approaches
infinity. These limiting results agree reasonably with Rayleigh’s

analysis.

In 1935 Tomotika(8), as a result of a detailed study presented an
equation for the break-up of a liquid jet injected into a second
- liquid . The equation was based on the Navier Stokes Equation for
small motion in each phase |, ﬁeglecting the inertial terms. He
highlighted the effect of viscosity ratio of the two phases on the
jet break-up and neglected the effect of the velocity of the jet .
In his development of the mathematical ﬁodel » he took the same
basis as Rayleigh for the growth rate of small disturbances

( Ba e Bt)

A general equation for the motion which is symmetrical about the

axis can be written as ;

[_é_ LLlOyd _1dWd 2 dy ID § =v.DD.y L10]

Bt r Bz 3r r br BZ r2 bz

Where v-Kinematic viscosity, Y- Stokes Stream Function
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and

3 1y Y

D = - + is the differential operator

Brz r Ar 322

Equation (10) can be simplified as

_ 193
[D=-—2- -5z DYy = 0 111]
Since (D - ~5" T3t Jand D are commutative operators , the func-—

tion ,Y, can be divided into two parts. Since he assumed that the

. . Bt. ikz
disturbance are proportional to e and e the Stream

Function ,V, in equation (ll) can be written as ;

Bt + ikz.
¥y = ¢1 €
and

Bt + ikz.
Uz = ¢; e

Where k was related to the wavelength of the disturbance and is
equal to 2 X / A The solution of the equation (11) was obtained

by adding Wl and wz as ;

¥ =y +y,

1l

[(Alrll(kr) + BHKl(kr))

) Bt+ikz Y
+ (AZrII(klr) + Berl(Sr))Je [12]
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Where Al,Az,Bl,and B2 are the arbitarary constants which are

determined by physical condition at the boundary of the two

phases.

The boundary conditions which can be used to evaluate constants
are ;

[1] There is no slip at the surface of the jet

[2] The tangential stress pérallel to the surface is continuous
at the surface of the jet.

[3] The difference in the normal stress between the inside and

the outside of the jet is due to interfacial tension.

On the basis of these three boundary conditions the resultant

equation for the constants was suggested as ;

Fa_, 2 B°d o (2a®1) ik
(0-k71 ) - B 1 (ka)e 2 251 (ka)|
1 }lC }lc 82 B }JC 1

Fa o
+a,[2i55k k) 1) (k a) + ‘“‘“"2 -------- I,(ka)]

Je a B}%

2.7 Bfoc
2ik"K, (ka) + =~—=- K (ka)] - B
1 J]Pc 0

BI{ 9 [ 2. klel (kla)]

= 0 [13]
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’

Where Il(x) and Kl(x) are the first derivative of the Il(x) and

Kl(x) respectively.

These constants werevaluated by writing equation (12) in the

determinant form as ;

I, (ka) I,k a) K, (ka) K, (k a)
kaIO(ka) klaIO(kla) —kaKO(ka) _klaKO(kla)
L2 | (ka) 89-(k kA1, (k a) 2% (ka)  (k%+ k I k. a
J 17+1Y% 1 151
C C
Fl F2 F3 Fé4
= 0 [14]
Where :
A , 2.2 ikI, (ka)
F1 = z—é—kzl (k )+_J?_I (ka )+O:&5_§§_12 __El-___
Fe fﬁ a ,Pc
) A )+°——3‘-‘Ei"--£2 L
= 1 1Y 2 B (Kpa)
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2.7 B Ve
F3 = 2k"K(ka) - =-==-K_(ka)
1 J.}H 0
F4 = 2 k k1 Kl(kla)

A more convenient form of the equation (13) was suggested to
recognise the importance of the individual terms, by expansion of

the determinant and with considerable rearrangement.
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Equation (15) is a general equation for the instability of a

liquid jet of vicosity (‘fd) and density ( Pd) injected into a
continuous phase of viscosity ( )%) and density ((oc) , at low

velocity and subject to a small symmetrical disturbance amplified

by the interfacial tension,

From equation (14) it was possible to deduce all classical limit-

ing cases. For example:

CASE 1,

Low viscosity jet in gaseous media

The continuous phase viscosity and density terms can be neglected
in equation (l4). For a low viscosity jet it can further be as-—

sumed that

-4 >y

Hence equation (14) simplifies to ;

p - O (okad)a L16]
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This equation is identical to equation (7) derived by Rayleigh and
the wavelength for the maximum growth rate corresponds to the

dimensionless wave number ka( 0.696

max)

CASE 2.

High viscosity liquid jet in gas

Here viscosity and density terms of the continuous phase can be

neglected and it is assumed that when fld /}1C>>l s ka(max)becomes

small and Bessel function in the equation (14) can be approximated

as ;
Ly
Il(kla) — kla
Lt o
Il(ka) - ka
and
L) 0y
Il(ka) — ka

Upon substituting these values in the equation (l4) , the resul-

tant equation becomes ;
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3 k“B 22,22
g2 - a7 . O _(1=kTaT)k%a® L17]

This equation is identical to Weber’s equation (8) for viscous

liquid in gases.

Christiansen(9) derived an equation for the stability of a non-
viscous liquid jet in a second non-viscous liquid, where both
phases have finite densities . By treating the velocity potential
equation of both dispersed and continuous phases simultaneously ,
and assuming the velocity continuity at the interface , an equa-

tion for the growth rate was given as ;

2 g ka( 1 :_kzaz )
3 Io(ka) Ko(ka)"

[Pg I, (ka) P Kl(ka)J

[18]

This equation is more suitable for liquid-liquid systems as com-—
pared to the equations of Rayleigh and Weber , because the effect
of the densities of both the phases are not ignored in the deriva-
tion for the calculation of growth rate. of disturbance on the

surface of the jet.

The wave length that maximises ,B, is a function of QDd / r:c). A
plot of ka(max)against (Pd 400 ) is presented in Figure (1l).

Which is emphasized in the treatment of the result in the present

work. In the development of his model Christiansen tried to
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eliminate the simplifing assumptions made by Tomotika(8),
Tomotika’s analysis can not be applied to a liquid jet but only to
the break-up of a stagnant thread , because the inertial terms of

the Navier Stokes Equation were neglected

Middleman(10) worked on the stability of viscoelastic liquid jets
in air and tried to analyse Weber’s treatment . He reported that
the jet break—up length for a viscoelastic fluid is slightly less
than that of a Newtonian fluid. He indicated thatvalthough the
wave number of a viscoelastic'jetting fluid was the same as that
of a Newtonian jetting fluid, the growth of disturbance was much

higher .

Goren(1ll) suggested an approach which can be employed to predict
the change in the dimensions of the wave as it grows on the sur-
face of the jet . His derivation involves two hypotheses.Firstly
the volume of the liquid between two nodes is constant and
secondly, the maximum surface area is achieved at all stages of
disturbance growth . On the basis of these assumptions, he ex-
plained the formation of cylindrical links between two primary
waves. A comparison of the theoretical wave shape and experimental

results showed good agreement.

Taylor(12) was the first worker to investigate the effect of the
relative velocities of the two phases on the instability of a
liquid jet. He considered the symmetric disturbances and the

momentum balance and obtained an equation for the wave length and
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growth rate of the maximum disturbance. In his treatment he re-
ported that the growth rate of the disturbance is also a function
of the continuous phase(gas) velocity. He neglected the effect of

viscosities of the phases on the instability of a liquid jet.

Ranz and Dreier(13) modified Taylor’s analysis of the instability
to include the effect of viscosities of the two phases. It was
assumed all the initial disturbances were of the same magnitude
and an equation was derived , to relate the wave length of the
fastest growing disturbance in terms of viscocity ratio , density

ratio and dimensionless viscosity number.

Levich(14) studied a viscous jet injected into a gas . The con-
tinuous phase was treated as a perfect fluid having an average
gross velocity (Ug) , far from the jet surface. He obtained the
following equation for the disturbance growth rate as a function

of velocity (Ug);

2,, .22
B2+2/.1dk23 . Tk (1-k7a’)

L19]

Where
Kolka) ~ ks Inka__
K, (ka) — 2
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He also related the velocity (Ug) with the nozzle velocity by the

equation as ;

a
U = U 1n-59—- [20]
g (o]

Where an is the nozzle radius.

It is clear from the above equation that both growth rate (B) and
wavenumber (ka) increase with the nozzle Qelocity. It is also
evident that at a very high velocity when ka is greater than
unity, the instability on the jet surface will be produced. This
was confirmed by experiments which support the velocity terms

introduced in the equation.

Debye and Daen(15) considered the relative velocities of the
phases and suggested an equation for the instability of an invis-
cid liquid jet in another inviscid liquid . But their derivation
is fof assymmetric disturbances on the surface of the jet whose

amplitude is given by ;
S - ao cos O eBt + ikz [21]

Further they assumed that the viscosity of both phases is negli-

gible and their equation for the growth rate is

. _ 3 .
(Od(B - lkUn) i—'('E£5~ + (‘OC B K—Zisj- = - k70 122]
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Meister and Scheele(16) applied Tomotika’s analysis to calculate
the growth rate of a disturbance on a cylindrical jet and pro-

duced solutions for various limiting cases ;

CASE 1.

Low viscosity liquid jet in low viscosity liquid

The viscosity terms of both the liquids in the equation (15) were

’

neglected and the equation was simplified by assuming that k << k

and k << kl

5T Ra) T (o, K (kA L23]

a 0
Ca® T.(kay * C, K& ]

This equation is identical to the equation derived by
Christiansen(9) for non-viscous liquids. The most unstable wave
length was presented as a function of the density ratio.Their

results are shown in Figure (1)
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CASE 2.

High viscosity liquid jet in a gas

The viscosity and density terms of the continuous phase were
neglected. The viscosity of a liquid jet is much greater than the

gas .

Thus ;

Pa / Fe >> 1 and the Bessel functions were approximated as

follows ;
Do o 24)
Il(kla) — kla
I.(ka) 1
k) - i [25]
and
Lfk) g | 126)
Il(ka) — ka

Equation (27) is identical to equation (8) suggested by Weber.
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CASE 3.

High viscosity liquid jet in a high viscosity liquid

This solution was also studied by Tomotika. Here it was assumed

that ;
B
_J?E__ < < K2 ' 1 28]
e -
and
B
Lo 129]

Applying these two assumptions in equation (15) , the results

obtained by Tomotika can be expressed as 3

B o= I (1-k%a®) $(ka) 130]

Where (ka) is a complicated function of / and the various
,Pdlpc

Bessel functions. Since ﬁ(ka) is a function of viscosity ratio
and the wave number (ka) is a function of viscosity ratio of the

two phases. A plot of (ka)max against viscosity ratio is plotted
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in Figure (2) and thus the controlling wavelength can be calcu-
lated and the growth rate of a fastest growing disturbance can be

written as ;

(on 22
B (max) - §gjﬁc(l-k a’) ¢(max)

[31]
Further, Meister and Scheele also predicted the dimensionless wave
number for the most unstable disturbance for all liquid -liquid

systems.[a summary is given in Table (1)]

Das(17) applied this treatment in his theoretical analysis of the

jet diameter and break-up length.
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2.2 LIQUID JET BREAK-UP LENGTH

The disintegration of a laminar liquid jet dinto droplets was
studied by Lord Rayleigh (3,4) ,who presented an analytical treat-—
ment of the phenomenon. He showed that a jet is always stable
except when the disturbance was assymmetric and had a wave length
greater than the circumference of the jet. He further showed that
the most unstable mode occured when the wave length of the distur-

bance was 1.435 times the circumference of the jet.

In 1917 Smith and Moss (18) investigated the jetting of various
liquids into air and also a mercury jet into various aqueous
solutions. Their results are shown in Figure (3).In all cases |,
after a jet is formed , its length increases with a small increase
in the velocity (A-B in Figure 3 ). After the lower critical
velocity point (point B) , the jet length increases linearly with
the velocity (B-C). After the upper critical velocity point (point
C) , the jet length falls very rapidly (C-D) , and with further
increase in the velocity , it was reported that the rate of dec-

rease of the jet length was slow .

They applied Rayleigh’s instability theory to predict the varia-
tion of the jet. length with the jet velocity in the laminar region
(B-C) . In their analysis they assumed the velocity of the jet and
the jet diameter were equal to the nozzle velocity and the nozzle
diameter . They related the jet break-up length to the nozzle

radins as



31

(81) ssol pue yitug 4q
pajuosaad saaand LI17I1qERISUT I9r t ¢ 9an3ryg

QY3 H

¢el 001 swo2 Gy 05 G2

Ly 00r - O

)
I
o
o

yoNw2 )

O wiw Ly

e

09



32

Where

Un— Nozzle velocity, a - Nozzle radius, B - Growth rate and

ao— initial amplitude of the disturbance.

The equation is based on the assumption that the disturbance grows
exponentially with time and at bréak—up point , the amplitude of

the disturbance is equal to the Jjet radius.

By substituting the values of growth rate (B) from equation (4) ;

D
_fL)_ - xuU [.féa__zl_] [33]
n
Where ;

Dn ~ Nozzle diameter ,(od — Density of the dispersed phase , G -
Surface tension and KLf is a comstant , in their analysis they

fixed the value as 13.

Tyler and Richardson (1Y) obtained experimental data for the jet
break-up length in the laminarc tegion (B-C din Figure 3). They

correlated their data using the equation of Smith and Moss . They
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found the wvalue of KL as 16 which compares with a value of 13

used by the original authors.

They suggested that this variation was due to the variation of the
initial level of disturbance which is a function of the individual

nozzle.

They also produced a correlation for predicting the critical value

for the jet length and the jet velocity.This correlation is ;

u 4/ 5218 ] = 3.5+ 730 —-=S-—- [34]

De Juhasz et al (20) studied the effect of the nozzle diameter on
the jet break-up length, and reported that more random break-up
occured for small diameter nozzles, and employed Rayleigh’s in-

stability theory , to correlate their data.

Tyler and Watkin(21) studied the jetting of liquids into gases and
in liquid media. For the case of the liquid jet in the air, they
employed equation (33) to predict the jet length.They found that

the value of the constant KL' depended on the viscosity of the

an
dispersed phase varies from 11 to 15.

They modified the equation to include the effect or the viscosity

of the jetting liquid to predict the jet length as ;
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,3/2] [35]

They were the first workers to observe that the continuous phase
viscosity has a significant effect on the jet length and reported
that if the injected liquid is more viscous than the continuous
phase , the jet is longer than the reversed case. They suggested
that this effect was due to the more viscous liquid at the nozzle

exit causing a smaller initial disturbance.

They also correlated the critical velocity of the jet at which the

jet length is maximum as ;

136]

Ohnesorge (22) reported liquid jet break-up in air and plotted
results in -~ a: similar fashion to Smith and Moss . He identified

each region with the following effect ;

[a] In region 1. (Symmetric disturbances predominated)
[b] 1In region 2. (Nonsymmetric disturbances predominated)
[c] In region 3. (Destructive jetting resulted from

predomination of Shear forces.)

He furtiher found that the jet length was maximum at Lhe boundary

between the region I and 2 (critical velocity), and derived an
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equation similar to Smith and Moss which related the parameters

as;

[37]

Where(od and(oC are the density and the viscosity of the dis-

persed phase and Un — is the nozzle velocity.

Merrington and Richardson (23) studied the jet break-up process in

both liquid and air. They noted two types of disturbances :

[1] Varicose disturbances

[2] Sinuous disturbances

 They considered that the varicose disturbance was caused by the
effect of surface tension and sinuous disturbances could be at-
tributed to shear. These corresponded to the symmetric and non
symmetric disturbances reported by Ohnesorge (22). The growth rate
of the varicose disturbance was considered to be independent of
the velocity , whilst the growth of the sinuous disturbance in-—
creased rapidly with velocity and acts as a controlling mechanism
for break-up. They corelated their data for liquid jet in air
using equation 33 of Smith and Moss.They found that the value for
the constant is 11 for water which is in line with the results of
the other workers , but for the liquid with 50 cp viscosity the

value of the constant was found to be 21 and for a glycerine
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solution with a viscosity of 1000 cp , the value was 84. These two
results contradict the finding of Tyler and Watkin(2l) which
indicated that the value of the constant should decrease with

increasing viscosity.

Fujinawa et al (24) empirically correlated the velocity at maxi-
mum jet length for the liquid-liquid system and concluded the
effect of viscosity of both the phases and obtained the following

equation ;

Where NRe_ Nozzle Reynold number.

Meister and Scheele (16) studied the disintegration of a laminar
liquid jet injected into another liquid. They found that the jet
contracts depending on the viscosity and density of the continuous
phase. They attempted to ascertain the effect of contraction on
the jet break-up length and reported that the jet length was
independent of the jet contraction. In their theoretical treatment
they considered the case where the jet contracts to one half of

its nozzle diameter(maximum possible contraction)and showed that ;



37

Where

Dn — Nozzle diameter ;éo - Initial amplitude of the disturbance

In their calculation they used 1n(Dn/Bo) = 6. as suggested by
most of the previous workers (18,19). Experimental values of L/Dn

against Reynold number (Re) were plotted as in Figure (4).

They compared their plotted results with those of Smiﬁh and Moss
(Figure 3 ). It can be seen that in Figure 4 (Meister and
Scheele),theye is a sharp increase from B-C . They suggested that
the assumption of a flat velocity profile in the jet is only valid
for a liquid jet injected into air , as the viscosity of the air
is negligible compared with the liquid phase. In their calculation
they assumed a radial velocity gradient in the jet which gives the
different values of the interfacial velocities as compared to a
jet in air . The disturbance waves which break-up the jet grow at
the interface and are affected by the interfacial velocity. These

waves determine the jet length.

The equation for the jet length , neglecting the jet contraction

was given as ;

A .
e s dz 140

In (-]
3
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where UA - is the average velocity of the jet and UI - is the

interfacial velocity and the ratio of the two is given by ;

F
Uy _A—}-Jé—z“ AL
— = [1+e Jec J [1 —e Fe ] [41]
U
A
" Where A and B are the constants ,Zn - is the distance between the

" two adjacent nodes.

They also suggested that the value of the interfacial velocity is
zero at the nozzle exit and increases rapidly over a short
distance. They solved the integral in equation 40 graphically and

calculated the average value for (UI/U as shown in Figure (5)

A)ave

Using this average value of the ratio (UI/UA) equation 40 can be
written as ;
Un(UI/UA)ave.

Anwar et al (25) studied the variation of the jet diameter and
velocity in the axial direction of the laminar liquid jet injected
into another liquid. They used the continuous phase of viscosity
varying from 1.5 to 28 cp. A simple solution to the simultanecous
equation of motion for dispersed and continuous phases was emp-

loyed to predict the jet diameter, as ;
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. 2
2 N. a
(DP) 5——[—93%—‘-5—1‘- el e U B VL
6a a
d 952(19 -1) (y +5) . g Po . . _
(ce)y s-1f I =+ =S5-[=5-1 (1 -4 [44]
o 3082 - a2 a

Where (+) and (-) signs correspohd to a jet injected downward or

upward DP and CP indicates the dispersed and continuous phase

respectively.
e
N,. —Buoyancy parameter = —BE-(I— __Q_)
j Fr (Dc
Fr. - Froude Number =U "/2a_ g
. . 2
¢ - Variable defined by UI a
Y - Variable defined by 6/a

A solution for ¢ , Yy and a as a function of dimensionless dis-—
tance =z from the nozzle exit was presented. They took into
account gravity , interfacial tension , and viscous shear forces
on the surface of the jet . The buoyancy parameter (Nj) can be
used as a rough guide to determine whether the jet will contract
or expand (if Nj >> 1 the jet contracts and if Nj << 1 the jet
will expand ) .With the decreasing values of (Nj) from 200 to 0.1
the jet contraction effect is replaced by the jet expansion

effect.
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2.3 Effect of forced vibration on the instability and break-up

Rayleigh (3) introduced the idea of imposed disturbance to induce
jet instability. However this idea has not been exploited until
recently. Crane et al (26,27) studied the jet jnstability using a
flexible electronically driven vibrator to induce disturbances of
different wavelengths. The growth rates of these disturbances were
calculated from the break-up time . The result agreed only
qualitatively with Rayleigh’s (1) theory. They concluded that
rotationally symmetric disturbances are required to trigger in-
stability on the liquid jet . This could be induced by small
pressure variation at the nozzle . They suggested that the exter-
nal mechanical vibrations in the appropriate range of frequency
and amplitude could induce such small pressure fluctuations and

trigger the instability .

Donnelly and Glaberson (28) made a study of the growth rate of a
liquid jet by introducing sinusoidal disturbances of different
wavelengths, using a loudspeaker , driven by an audio oscillator .
They investigated the growth rate of the surface wave as a func-
tion of time . Their results showed that surface waves grow.
exponentially , and the measured growth rates agreed well with
Rayleigh’s theory . They concluded that the break-up of the
liquid jet was induced by the non-linear effects and non-
sinusoidal surface deformation due to the presence of higher

harmonics in the system ,as tirst suggested by Rayleigh .
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Haelein (29) investigated the disintegration of cylindrical jets
of liquid of different physical properties . At low velocities he
related the wave length of the forced disturbance to the circum-
ference of the liquid jet and reported that a water jet
disintegrated at wave lengths varying from l.4 - 2,2 times the
circumference of the jet . At higher velocities he reported that
the effect of the surrounding éir gradually becomes dominant and

this relationship is no longer valid .

The instability of a liquid jet of cylindrical éeometry under the
influence of the external vibration was studied by Yuen (30,31).He
suggested that the non-sinusoidal surface deformation of the jet
was induced by the non-linear effect and the agreement between
Donnelly and Glaberson’s experiments and Rayleigh’s linearised

theory was only due to their method of measurements .

Considering the effect of the finite amplitude on the instability
of a liquid jet, he developed a third order theory and suggested
that in Rayleigh’s analysis the volume of the jet is conserved
only to the first order of the wave amplitude which causes
break-up. By conserving the mass to the higher order , he showed
that interaction occurred between the higher harmonics of the
disturbances , which extracts the energy from the Fundamental s
and found that the growth of the surface disturbing wave was only
dependent on the amplitude of disturbance and the dimensionless

wave number (k) of the wave .
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Wissema and Davies (33) studied the effect of external mechanical
vibrations , in the direction normal to the liquid jet , on the
disintegration of liquid jet . They used an electromagnetically
driven vibrator and kept the flow rate constant , by using a
metering pump. A wide range of amplitudes and frequencies , over a
range of flow rates wag¢: studied. It was found that‘at rela-
tively low vibrational frequencies , the disintegration pattern of
the liquid jet and dropsize distributions changed very little from

those observed under natural conditions.

In most of the cases they found that the maximum frequency , at
which monosize drops appeared » was one half of the frequency of
the maximum instability of the jet predicted from the the exten-—
sion of Rayleigh’s original analysis . It was also reported that
uniform sized drops were formed at a rate equal to the frequency
of vibration of the nozzle . They pfoposed an equation based on

the material balance to correlate dropsizes. The equation is ;

D - 0.984% u/s) [45]

Where f is the applied frequency and U is the velocity of the
jet . It is also reported that under these conditions for uniform
droplet formation , the break-up length of the jet decreases with

both increasing frequency and amplitude of vibration .

Rutland and Jameson (34) used an experimental method siuiluar to

Donnelly and Glaberson (28) and extended Yuen’s (30) idea of the
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presence of higher harmonics in the system , which he called a
wave undulation (i.e the presence of more than one crest per

wavelength , on the surface of the jet.)

They reported that the primary wave grows exponentially as
reported previously by other investigators (8,9,30,31) an& the
growth rate of the secondary wave is always slower , and also the
amplitude of the higher harmonics depends upon the initial
amplitude . They assumed the swelling between the two ad jacent
crests of the primary wave as the higher harmonics of the initial

disturbances

Rajgopalan(35) studied the production of monosize droplets by
applying an external vibration. They extended the equation of
Wissema and Davies (33) for the prediction of the drop sizes , by

employing the following assumptions ;

[1] The length of a cylindrical jet resulting in a drop is equal
to that of one complete wave length of the disturbance applied .

[2] The wave length (\) and the frequency (f) are related by
A = U/t

A simple material balance was carried out to predict the drop

diameter using the following equation ;

—%— A DF = (xv¥4 [46]
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They emphasised that from material balance it is impossible to

obtain the equation given by Wissema and Davies .

Rajgopalan et al (36) investigated the production of monosized
drops by controlled vibration of the liquid jet. The variables
studied were physical properties of the liquid » capillary
diameter , and the frequency and the amplitude of applied distur-
bance . They found that the break—up of a vibrated jet could be
very effectively controlied to produce uniform size drops . They
managed to produce drops at a rate equal to twice that of the

imposed frequency in contrast to the finding of previous workers

(33)

Schneider and Hendricks (37) studied the liquid jet under the
influence of external vibration to produce monosize drops . They
showed that uniform drops of low viscosity liquids could be formed
by liquid jet break-up when the wave length of the external dis-
turbance became 3.5 - 7 times the diameter of the jet . In their
investigation the lower limit of the wavelength corresponds to the

maximum wavelength predicted by Rayleigh’s theory.

Dabora (38) applied external mechanical vibrations on a liquid jet
submerged into another liquid to produce monosize drops . His
theoretical treatment was based on Rayleigh’s analysis of the
instability of a capillary jet in air . He showed that the fre-
quency for the maximunm instability is related to the jet velocity

and the jet diameter at the break-up point . He also calculated
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the A (max) at maximum instability for a given viscosity ratio
(Pd /PC) » applying Tomotika’s theory and related the frequency of

maximum instability at which monosize drops appeared as ;

where ;

f(max)_ Frequency of maximum instability (Hz)

K - Coefficient depend on the viscosity ratio ( Pd/Pc )
U, - jet velocity (cm/sec.)

dj - jet diameter (mm)

He made simplifying assumption that the velocity and the diameter
of the jet at break-up point are equal to the nozzle velocity and
diameter . Experimentally he could not produce monosize drops
applying this frequency . Therefore the frequency was«&justed by

trial and error to achieve monosize drops.
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2.4 Discussion on the literature survey

Most previous investigators (12,13,16) used the following equation

to predict the length of a liquid jet in air 3

The derivation of thes equation involves three simplifying as-

sumptions ;

[1] All the disturbances are initiated at the nozzle exit.

[2] The amplitude of the disturbance grows exponentially on the
surface of the jet

[3] The velocity and the diameter of the jet is the same as that

of velocity and diameter at the nozzle exit.

The growth rate of the disturbance can be calculated using

Rayleigh’s instability theory . The value of the constant KL in

the equation above was taken by previous workers varying from 6 -
21 . A flat velocity profile was assumed and the viscosity and

density of the continuous phase were neglected.

Christiansen (9) extended Tomotika’s analysis for the growth rate
for a liquid jet submerged into another liquid and suggested the
the growth rate of the fastest growing disturbance also depended

on the viscosity and density of the continuous phase.
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Later it was suggested by other investigators (16,17) that for a
submerged liquid jet into another liquid , the assumption of a
flat velocity profile is not valid as the jet could contract or
expand depending on the nozzle diameter » nozzle velocity , den-
sity and viscosity of the continuous phase . Meister and Scheele
considered that the interfacial velocity plays an important role
in the prediction of the jet length , and suggested in their
theoretical model that the jet length is independent of the jet
contraction . They ignored the viscous forces in their momentum
balance equation and did not explain the process of the jet expan-

sion observed experimentally.

A simple momentum integral approach to the simultaneous equation
of motion for dispersed and continuous phases was presented by
Anwar et al (25) , to predict the jet diameter at the point of
break-up , considering the effect of gravity , interfacial tension
and viscous forces , they suggested that the drop diameter depends
on the jet diameter at the point of break-up . The jet can expand
or contract depending on the physical properties of the system.
This leads to a conclusion that the jet diameter is a function of
the jet length ,thus to quantify drop diameter the jet length must

be known.

It is obvious from the literature that there is a lack of a
suitable model to predict the jet length of a liquid jet in liquid
- liquid systems. In order to understand Jet dastabilicy and
break-up phenomena and to predict the drop diameter resulting from

the disintegration of a laminar liquid jet and also to calculate
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the interfacial contact area »@ suitable model is essential for
the prediction of the jet length . This indicates the next step in

the understanding of the phenomenon as also suggested by Das (17).
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3. EXPERIMENTAL

To study the various parameters on the jet break-up length , for
example , frequency and the amplitude of the forced vibrations s
an experimental programme was initiated to produce data for the
use in the prediction of jet break-up length .

The experimental work can be divided into the following sections :

3.1 Apparatus and procedure

3.2 Measurment of the physical properties

3.1 Apparatus and procedure

3.1.1 Vibrating unit :

The basic unit was a vibrator 407L made by LIV Ling Altec Ltd. -
This vibrator was held by speed-frame to minimise most of the
external vibrations . A P0O-20 Type (Ling Dynamic) frequency gener-
ator was use to activate the vibrator . The signal from the
frequency generator was amplified by using an amplifier made by
LTV Ling Altec Ltd. The amplitude of oscillation was controlled by
the power output from the frequency generator . An accelerometer ,
Digital Power Module 2020 type , supplied by Environmental
Equipment Ltd , and an oscilloscope supplied by Golds Ad;ance were
used to measure the awplitude of vibrations in terms of acceleru-—

tion values . The calibration of acceleration at constant

amplitude for different frequency is presented in Figure (6). To
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confirmd the value of frequency applied an electronic digital

counter (Racals Instrument Ltd.) was employed .

3.1.2 Flow control unit :

To minimise the effect of variation of liquid flow through the
nozzle and its effect on jet length , it is essential to have a
steady and constant flow of liquia « Das(17) employed compressed
air to obtain a comstant head which gave a steady flow . For a
fine control of air flow a capillary copper tube of 1 mm. inside
diameter and 30 cm length was used . A mercury manometer was
fitted across the capillary tube to observe the change of varia-
tion in the air flow . In the present work efforts were made to
reproduce Das’s results . Difficulties were experienced in the
control of a very low flow rate ,because the pressure variation
across the manometer was very small. The operation was laborious ,
took a long time to achieve a steady flow rate and stable condi-

tions were only possible for short periods .

In gas-liquid chromatographic equipment very accurate flow rates
are required . This suggests the possibility of using such system
in the present work . A GLC gas flow system (Perkin Elmer) was
used to test its suitability . The results were most encouraging
and this system was used to produce flow rates at lower values of
pressure . Tt wuas fairly good for a constant and steady flow over

a long period without any variation and was unaffected by external

vibrations . The set up is given ia Figure (7&73)
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Circulating water at 20°C

Figure 7 Schematic Diagram of Flow Control Unit
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A pressure of 30 psi was applied to the feed tank and kept con-
stant in the present investigation. A rotameter (supplied by G A

Platon Ltd.) was used to control a flow rate .The dispersed phase

was kept at a constant temperature of ZOOC using a Gallenkamp
Thermostatic bath . A storage tank of capacity one litre was used
for the dipersed phase from the contact cell . To maintain the
level of the continuous phase in the contact cell, a needle valve
'(G) was used . The contact cell was made from a double walled

pérSpex sheet of 0.5 cm thickness with the following dimensions :

Inside - Length 12 cm Breadth 12 cm  Height 37 cm

Outside- Length 14 cm Breadth 14 cm  Height 38 cm

. . . o} . .
The continuous phase was also maintained at 20°C by circulating

water from the thermostatic bath .
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OPERATING PROCEDURE

Dispersed phase (water) saturated with continuous phase was

vented by valve C in the feed tank, temperature was maintained

at ZOOC. A pressure of 30 psi was applied to the feed tank via
valve B. The required flow rate was achieved by the adjustment
of valves E and F. An approximate value of volumetric flow rate

of the dispersed phase was indicated by a rotameter. A calibra-

tion of the rotameter at 20°¢C is given in Figure 8. The
indicated flow rate was confirmed by weighing the collected
sample of the dispersed phase fypm a known time and a volumetric

flow rate could then be calculated.

After having a constant flow rate through nozzle, a choosen
frequency and amplitude of external vibration were applied and
the variations in the jet length were recorded simulteneously by
a video camera and a 35 mm still camera s,focussed on the suface
of the jet. Measurements of jet length and drop diameter were
taken from still photographs and the process of disintegration

was studied by replaying the video recorded film in slow motion.
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3.1.3 Nozzles

Two types of nozzle were used in the present investigation ;

3.1.3.1 - Hypodermic Needles

3.1.3.2 - Spinnerettes

3.1.3.1 Hypodermic Needles

Stainless steel hypodermic needles were provided by Cooper’s
Needles Works Ltd. , Birmingham , England. Needles were 6.5 cm
long and the ratio of length to the inside diameter was kept
higher than required to obtain a fully developed velocity profile
at the outlet. Needle tips were machined flat and smooth to reduce
the rough surface effect of the nozzle on the liquid jet.A summary

of the needle sizes is given in the table below :

S.No. Nozzle No. Inside Dia Outside Dia
1. 5 0.61 mm 1.05 mm
2. 6 0.68 mm 1.10 om

3. 7 0.85 mm 1.24 mm
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3.1.3.2 Spinnerettes :

Spinnerettes used in the investigation were made of stainless
steel plate of thicness 1 mm . Spinnerettes with four different
hole sizes (250 , 200 , 150 and 100 }mldiameter) were employed .
These were supplied by Courtaulds Engineering Ltd , Coventry ,
England . An aluminium chamber was designed and constructed to
hold these spinnerettes , to provide a smooth and uniform flow
through the holes . A schematic plan of chamber and spinnerette is
given in figure (9) and a photograph of of the two is given in

plate 2 and3.

The needle assembly or aluminium chamber fitted with the spin-
nerette was mounted vertically on the extension bar of the

vibrator to induce transverse vibrations .



PLATE 2 Sp'innevette Assembti/’'



PLATE 3 : Anatomy of Spinnerette Assembly”
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3.1.4  Photographic Unit

3.1.4.1 — Still Photography :

A fixed rigid base stand mounted with Nikon - f2, camera with 55
mm f£f 3.5 lens was used for still photography . A cable release
mechnism was used to prevent unnecessary movement during the
photography A high speed flash ( Sunpark Zoom A24000) was used
té illuminate the jet and the droplets . The flash duration time
was 30wsec synchronized with‘the camera at a shutter speed of
1/30 of a second . The early test indicated that it was necessary
to reduce the light intensity to produce a clear distinction of
the objects being photographed . The reduction was achieved by
inserting two sheets of typing paper in front df the flash . These
acted as light diffusers and provided a uniform illumiﬁation ,
which produced distinct , measurable boundaries around the jet
surface . A scale was fixed in the same plane as the liquid jet
and within the camera field . Ilford F-P4 films were used and the

exposed films were developed in Ilford Microphen developer .

3.1.4.2 Video Recording :

A video recorder (Model Video Star supplied by Ferguson Electronic
Ltd.)was used , to record the pictures from a video camera
- (supplied by JVC). To illuminate the jet, a strobe Light (supplied
by Cromston Electronics Ltd) was used . The freqqency of the

strobe light was set manually , equal to the drop frequency . This
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gave a frozen picture of the liquid jet on the TV monitor
(supplied by Sony Electronics Ltd. Japan.) Films were made at
every setting of frequency and amplitude using E-180 VHS video

cassettes ,supplied by Victor Company Ltd , Japan.

The disintegration process of the liquid jets and drop formation
could be studied in detail by replaying the recorded films in slow
motion on the TV monitor . Jet lengths and sizes and inter—-drop
distances cbuld be measured directly from the TV monitor by freez-
ing the frames of the films . These results could be checked
against the measurements taken from the still photographs obtained

at the same time .

3.1.4.3 High Speed Photography

The camera used was a 16 mm Wollensak Fastex WF 17T , rotating
prism model of 30 m film capacity . It employed two lenses
(oriented at right angles) simultaneously .-The images are super-
imposed on the same film. Photographs can be taken at a speed
between 150 - 18000 frames per second . The framed image is estab-
lished on the continuously moving film by a prism . The rotation
of the prism is synchronised with the movement of the film .
Different film speeds are obtained by adjusting the voltage sup-
plied to the two motors of the camera and a speed at any point is
indicated by the limiting pulses registered on the films Juriag

the operation . The exposure time cannot be ad justed independently
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of the picture frequency . The effective exposure time is ap-
proximately the reciprocal of five times the setting frequency .
This camera was mounted on a stand which gives flexibility of

adjustment with adequate stability .

A special control unit (Goose) permits the synchronisation of the
camera with the events to be photographed . Regulation of the
camera speed and remote control of the camera ;5 : SIN . .

controlled by the current supplied with an AC variable auto
transformer with a maximum output of 280 volts . The camera con-—
trol circuit also incorporates a 70ms delay'time when operating
above 130 volts . This delay brings the camera up to speed in

two steps to prevent stripping of the film sprocket holes .

A model HSS/4/K-3 high power , high speed and short duration
stroboscope was used to illuminate the jet and droplets for high

speed photography .

Film requirement for the jet and the droplets photography are much
the same as for other high speed cameras except good contrast and
high resolution are required . To compensate to a certain extent
for under-exposure, a controlling vigorous developer is needed . A

Kodak Tri. - X reversal movie film was used for the study .

The film was analysed by projecting on a large screen , the
projector used gives bright , flickerless pictures at four Jif-
ferent speeds 2 , 4 , 8 , 16 frame per second with forward and

reversed running and remote control facilities . Individual frames
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can be examined for any length of time and film can be studied
frame by frame , forward 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 . The
magnification of the jet was determined from a reference capillary
tube and the diameter of the drop produced was calculated from the

reference .
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3.2 Measurement of Physical Properties :

Viscosities of liquids were measured by using a Syncro Lectric
Viscometer supplied by Brookfield . This viscometer measures the
viscosity by measuring the force required to rotate a spindle in a
fluid (It measures the torque necessary to overcome the viscous
resistance to the induced movement ). This is accomplished by
driving the immersed element , which is called a Spindle , through
a baryllium copper spring , the degree to which the spindle is
wound , indicated by the position of the red pointer on the vis-
cometer’s dial , is proportional to the viscosity of the fluid for
any given rotational speed and spindle. The accuracy of the vis-
cometer is very high , the instrument was found to be accurate

within 1% and to reproduce within 0.2% of its full scale range .

Measurements were made by using the same spindle at different
speeds to detect and evaluate the rheological properties of the

test solution .

This measured value of viscosity was then checked by using an

Ostwald Viscometer calibrated with water with in a temperature

range of 24 —25°C and the average values of these two readings

were taken and used in calculation.

Density measurement of liquids were made by specific gravity

bottle also calibrated with distilled water within the tempera-—

ture range of 24 -25°%
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Interfacial tension was determined by using the Herkin Brown drop
volume technique . A 3 ml microburette , fitted with a glass
dropping tip having an inside diameter 0.52 mm and outside
diameter 1.5 mm respectively , was used‘for the measurements. The
microburette was cleaned with chromic acid solution and then
thoroughly washed with distilled water . Unless the glass dropping
tip is exceptionally clean, difficulties can be experienced in
forming the drops so that it completely cover the tip .The burette
was filled with the denser liquid and the tip was just submerged
into the other 1liquid . Each drop was then formed very slowly so
that all the kinetic effects were eliminated . By taking extreme
care in the manipulation of the opening valve ,the correct drop
volume was obtained. 15 drops were formed and average volume was

used in the calculation of the interfacial tension from the equa-

tion ;

Where F is the Herkin Brown correction factor depending on

/3

Dn/Vf1 and plotted in Figure (10)

To check the reading of the interfacial tension , obtained by the
above described technique , a Torsion Balance (Type 0.S) was used

and measured the interfacial tension -
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[a] By using platinum ring

[b] By using glass test plate

The torsion balance is designed for the measurement of surface
tension and the interfacial temsion of liquids by using a platinum
ring or a glass plate . It was calibrated O - 0.12 Newton per
meter with 240 equal divisions ( 1 newton per meter is equal to

1000 dynes per cm)

3.4.1 Measurement by using platinum ring :

The procedure adopted was as follows

Set up the balance , using thinner extension hook from which the
platinum ring was suspended. Check the balance for zero setting ,
with the platinum ring completely immersed in the upper of the two
shaulld
liquids . Care be’ : taken to ensure that the contact has not
been made with the interface before the balance is checked for
zero . The platinum ring was then immersed completely in the lower
liquid and drawn out from interface by means of adjusting screws ,

the required force for this operation was read by means of a

pointer on the circular dial of the torsion balance .
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3.4.2 Measurement by using glass plate :

In the same manner as described in the previous section interfa-

cial tension was also measured using a glass plate .

Thus in practice , average values of the three above described

techniques of measuring interfacial tension for each system weve

taken

A list of these physical properties of the liquid pair studied in

this investigation is given in the Table 2



TABLE 2

AVERAGE PHYSICAL PROPERTIES OF MUTUALLY SATURATED LIQUIDS USED
IN THE PRESENT INVESTIGATION

71

S. DISPERSED CONTINUOUS DISPERSED CONTINUOUS INTER
No SYSTEMS PHASE PHASE PHASE PHASE FACIAL
DENSITY DENSITY VISCOSITY VISCOSITY TENSION

1. Water-Kerosene 1.0 0.78 1.0 1.6 44,20

2. Water—-Kerosene (75%) 1.0 0.82 1.0 2.27 42.48
Par:ffin (25%)

3. Water-Kerosene (50%) 1.0 0.83 1.0 8.04 41.50
Para;fin (50%)

4. Water-Kerosene (25%) 1.0 0.84 1.0 S 15.2 40.10
Para;fin (75%)

5. Water—-Paraffin 1.0 0.86 1.0 28.0 39.11

6. Water-Decane 1.0 0.73 1.0 1.25 25.00

Note : Above mentioned mixing percentages by volume are approximated.
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4.0 RESULTS AND DISCUSSION

An understanding of the disintegration process of a liquid jet
into an immiscible phase is essential for determination of drop
size and for the calculation of interfacial area produced under
the jetting conditions. Das(l7) reported that the size of droplets
depends on the jet diameter at the point of break-up. Anwaf et
al(25) demonstrated that the diameter of the jet varies with ‘jet
length ( i.e distance from orifice ) and they developed a model
for‘the calculation of the diameter at various known distances
from an orifice but their model can not be applied to determine
jet break-up length.In the present work knowledge of the variation
of the jet diameter coupled with jet instability analysis is used
as a theoretical basis for the prediction of the jet length and

the drop diameter.

4.1 JET INSTABILITY CURVE

Experimental values of the jet break-up lengths against nozzle
velocities ( as shown in Figure 11,Table 3 ) for an orifice of

0.25 mm diameter were obtained. From these figures various well

In the initial region ( A-B ) the jet length increases linearly
with nozzle velocity ( Fiyg 11 ). Subsuquently there is an ahrupt
lengthening of the jet from B to C without any noticeable change

in velocity. With further increase in the velocity , the jot
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TABLE 3

Experimental Data on Jet Break-up Length Against Nozzle Velocity.

Nozzle Diameter - 0.025 cm
System - Water/Kerosene ' System — Water/Paraffin
Serial Nozzle Jet Nozzle Jet
No. Velocity Length Velocity Length
cm / sec. cm. cm /sec cm.
1. 83.2 0.22 86.6 0.46
2. 87.0 0.29 92.9 0.57
3. 95.1 0.45 105.8 0.75
4. 102.0 0.54 107.8 1.09
5. 114.0 0.66 124.3 1.24
6. 121.3 0.75 135.3 1.38
7. 133.0 0.86 143.5 1.53
8. 146.1 0.96 166.6 1.92
9. 156.0 1.10 186.3 2.04
© 10, 160.0 1.18 198.0 2.15
11. 161.3 1.21 216.2 2.05
12, 168.0 1.31 237.3 1.90
13. 180.0 1.38 256.9 1.75
14. 191.2 1.41 268.9 1.59
15. 199.2 1.47 284.3 1.52
16. 216.0 1.35 303.9 1.42
17. 230.0 1.27 318.4 1.41
18. 235.2 1.22 330.2 1.44
19. 248.5 1.08 337.6 1.47
20. 260.0 1.00
21. 274 .0 0.38
22, 289.1 0.80
23, 302.3 0.80
24, 318.1 0.84
25. 329.0 0.88

26. 338.2 0.92
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length reaches a maximum along C - D, after a critical velocity at
which maximuﬁ jet length occurs, the jet length starts decreasing
with increase in the jet velocity along D - E. Finally a further
increase in the jet velocity causes a small increase in the jet

length along E - F.

Fig 11 also shows the effect of viscosity on the jet break-up
length. The results confirmed previous worker’s (16,17,25) conclu-
sions that the jet break—up length increases with the increase in

the viscosity of the continuous phase.

Attempts by previous workers(18,19,23 ) to model the effect of
various parameters e.g. viscosity, nozzle diameter, nozzle
velocity, etc. on jet break-up length were restricted to the
region A - D, where the dispersed phase flow rate is low. However
interfacial area created is directly proportional to the flow rate
of the dispersed phase. Therefore in any contacting equipment high
flow rates of dispersed phase are desirable to achieve high inter—
facial area. Hence the first part of the present work was mainly

concentrated in the region D - E.

4.2 JET BREAK~UP LENGTH AT HIGH FLOW RATES

A nozzle of 0.20 mm diameter was used and a nozzle velocity was
fixed at 261 em/sec. The viscosity of the continuous phase was
varied from 1.5 - 28.0 c.p using Kerosene and Liquid paraffin in

different proportions. The data obtained under the influence of



externally applied vibrations , are given in Tables (4,5,6,7) and
plots of the jet lengths against applied amplitude are given in

figures (12,13,14,15).

4.2.1 EFFECT OF EXTERNAL VIBRATION ON JET LENGTH

It is apparent from the figures (12,13,14,15) that both amplitude
and frequency of applied vibrations play an important role in
determining the jet break-up length , e.g with the increase of
applied amplitude ( Table 6 ) from 0.00183 mm to 0.0433 mm , the
jet length decreases from 7.0 to 4.0 mm. Similarly with the varia-
tion of the frequency from 200 Hz to 400 Hz at known applied
amplitude ( Table 6 ) , the jet length decreases from 7.0 to 4.7

mm.

Rayleigh’s theory of instability relates the jet length with the

nozzle diameter and velocity as follows ;

a ,
n n
L = —5- ln-ag— LR1]

Where ; Un— Nozzle velocity, B - Growth rate of maximum growing
disturbance, a - Nozzle radius, and 80— Initial amplitude of

maximum growing disturbance at the nozzle exit.
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Figure 12 : Plot of

Experimental Jet Length and Apﬁlied Amplitude
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Figure 13

: Plot of Experimental Jet Length and Applied Amplitude
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Figure 14 Plot of Experimental Jet Length and Applied Amplitude
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Experimental Jet Length and Applied Amplitude

Figure 15 : Plot of

Jot lenglh mm
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TABLE 4

ORIFICE DIAMETER & ©.822 Cm

- SYSTEN : WATER - Kerosene

JET VELOCITY

2610 mmsSec

SEQUENCE | EXPERIMENTAL
NUMBER | JET LENGTH mm AMPLITUDE mm | FREQUENCY Hyz

1 7.8 .0o8E8 200

2 6.0 .B81768 280

3 3.5 .026e8 200

4 3.0 83475 209

3 4.7 24344 2082

6 6.3 .28558 258

7 3.2 .01128 258

8 S.2 .81668 238

98 4.6 82144 238
10 4.0 . 02788 258
11 6.8 82413 38
12 5.3 .B0794 360
13 3.8 .81218 300
14 4.8 .915@8 388
13 3.9 .81885 388
16 6.8 .08283 338
17 S.4 .0p60e8 33@
18 S.e .20882 358
18 4.3 .81178 35a
22 4.2 81418 338
21 6.9 .20232 408
22 5.8 .88463 §14%
23 4.8 .88682 100
24 1.3 .20899 422
25 3.8 01118 480
26 €.6 .0B183 458
27 3.9 .82382 458
28 5.8 .83363 45
= 4.3 .83738 130
3¢ 4.9 . 08931 450
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TABLE 5

ORIFICE DIAMETER : 8.828 Cm

SYSTEN & WATER - 25P+75K

JET VELOCITY :

2618 mm-/Sec

SEQUENCE | EXPERIMENTAL
NUMBER | JET LENGTH mm | AT -1TUDE mm | FREQUENCY Hz

1 7.0 .00868 200
2 6.8 .81768 200
3 55.8 .22600 208
4 5.5 83475 200
5 4.5 04344 200
6 7.0 .00556 250
7 6.9 01120 258
8 5.8 .81660 250
S 4.5 .02144 250
e 4.5 02780 250
1 6.1 .en413 300
12 5.1 .80794 300
13 5.e .81210 300
14 4.5 .81508 390
15 5.8 .01985 300
16 7.8 .22283 350
17 6.0 .02608 350
18 5.5 .20892 350
18 5.0 .01178 350
20 5.8 .81418 350
21 6.5 .009232 400
22 6.8 .02B465 400
23 5.5 .00682 400
24 5.0 .00899 400
25 5.8 21110 400
26 6.8 .00183 450
27 5.5 00392 450
28 5.4 .B0563 450
28 5.2 .88735 458
36 4.8 .2R931 450
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TABLE &

ORIFICE DIAMETER : 8.820 Cm

SYSTEM : WATER ~ S@OP+5S@K

JET VELOCITY & 2618 mm-Sec
Sli'(j:;gg& JEEl\'.rPiRE];\JMGi‘I\:-*TAml;n AMPLITUBE mm | FREQUENCY Hy
1 6.5 .20868 200
2 3.8 .81768 200
3 5.2 .02600 200
4 5.0 83475 208
S 4.7 .804344 202
] 6.7 .0B556 258
7 6.0 .81128 256
8 S5.5 .01666 2508
8 5.9 82144 259
1@ 5.9 -.02780 258
11 6.4 80413 303
12 6.0 .88784 308
13 S.8 01218 3ee-
14 5.7 21508 308
15 4.9 .81885 300
16 7.9 .20283 350
17 6.2 .023687 359
18 5.7 .0e892 358
18 4.9 01178 358
28 S.0 81418 358
21 7.8 .00232 400
22 6.¢ .83463 400
23 S.7 .30682 420
2% 5.9 .22839 420
25 5.0 L0O1110 108
26 7.8 .£8183 450
27 3.8 .00382 490
28 5.5 -0B3€3 450
29 5.8 88730 SG0
30 5.0 .2083" 450
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TABLE 77
ORIFICE DIAMETER : 8.820 Cm
SYSTEM : WATER ~ 75P+25K

JET VELOCITY : 2618 mm-Sec

823;}':225 i:ii:gj’:; AMPLITUDE mm | FREQUENCY Hy

o 7.5 .00868 200
2 8.5 .B81768 200
3 6.8 .82608 200
4 5.5 .83475 200
S 5.0 .04344 200
6 7.5 .08556 250
7 6.8 .81120 250
8 8.2 .21660 253
8 5.8 .82144 250
10 5.0 .02780 250
" 7.5 88413 300
12 5.7 80794 300
13 5.7 .81218 300
14 5.0 .01589 300
15 6.0 .01885 308
16 7.5 .09283 350
17 6.5 . 086087 350
18 6.3 .88892 350
'8 5.9 .01170 358
26 5.2 .81418 350
21 7.0 .08232 400
22 6.9 .08465 408
23 6.9 .00682 400
24 5.6 .00899 400
25 5.8 81111 400
26 7.5 .82183 450
27 6.0 .88392 458
28 5.5 .00563 458
25 5.2 .00735 458
30 5.0 .80931 450
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Previous workers (18,19) who have used this equation in aftempting
to correlate their results in the region A-D (Fig 11) have taken

the initial amplitude of maximum growing natural disturbance ( ao)

as a function of the individual nozzle ( depending on the type and

on the roughness at the surface of the nozzle ). A number of

investigators (16,17,18,19 ) have reported the value of ln—g— as
o

a constant for an individual nozzle and taken the value as 6.

From figures (12,13,14,15) it can be seen that when an external
forced vibration is applied , the experimental jet length showsa

clear effect of the apblied vibration, which lead to the conclu-

sion that ln—g— cannot be a constant value. In the present
o

investigation attempts have been made to modify Rayleigh’s equa-

tion to take into account this effect. Initially it is assumed

that the applied vibrations is the over-riding factor in the

disintegration of the jet, and the amplitude of maximum growing

disturbance ( ao ) can be replaced by the value of applied ampl-

itude ( O ). Thus equation 1 can be written as ;
L SR k2]

Where ; 0 - is rhn appiicd amplitude
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a
Plots of experimental jet length vs ln—5E are given in figures

16,17,18,19 .
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Figure 18
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Figure 19
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A.2.2 GROWTH RATE OF DISTURBANCE

It can be seen from the Figures (16,17,18,19) that at a fixed
frequency a linear relationship does exist between jet length and

a
ln—sE , but for the range of frequency investigated , the plots

shows a constant slope ( Fig 16,17,18,19) indicating Un/B is
constant (equation R2). As the value of Un is fixed it follows

that B must also take a constant value , which lead to the

conclusion that B is independent of the applied frequency.

Tomotika (8) developed a relationship for the growth rate( B ) of

the disturbance on the surface of the jet as ;

[ (1- EEaZ Yka
Io(ka) C. KO(ka)

ERCD * e, K&y

8 O : -
37" ] [R3]
D>

i Pa

Where ka is the wave number and can be related to the frequency as

ka = -5pB-2 = =AU LR4 )

Where f is the frequency of the disturbance on the surface of the

jet and Un iP5 the nozzle velocity. A number of workers (17,25 )

have used this equation to determine the value of growth rate( B )

of the applicd disturbauce. Theoretically calculated B values
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( using equation R3) for the condition employed in the present
work are plotted against wave number , ka , in Figure 20,21 and
for the range of experimental frequencies ( 200 Hz to 400 Hz )

values are given in Table (8)

The plots in Figures (16,17,18,19) have already demonstrated that

the growth rate ( B ) is constant ( constant slope Un/B ), i.e

applied vibration has no effect on the growth rate. In the light
of this fact , Tomotika’s equation can not be applied to generate

‘B’ values to be used in the prediction of the jet length.

4,2.3 PREDICTION OF THE JET LENGTH

The plots in figures (16,17,18,19) also show that the jet length
is a function of the applied frequency , But Rayleigh’s equation
does not allow for this interaction. The growth rate ( B ) is
constant and independent of the applied frequency , hence the

effect of the interaction can only be contained in the value of d

It is clear from these plots ( Figures 16,17,18,19) that the slope

Un/B is constant for a fixed frequency and the value of intercept

varies with frequency. Thus equation R2 should be modified to

allow for this behaviour. We can write equation R2 as ;
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Variation of the growth rate with applied frequency.
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Applied Wave Growth
Frequency Number rate
(Hz) (ka) (sec—
200 0.048 265
250 0.050 318
300 0.072 370
350 0.082 450
400 0.096 500
450 0.108 526
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Uy 4n
L = - -y o+ C [R5]

Where intercept ,C, is a function of applied frequency.

To take into account the effect of frequency on d and develop a
relationship to correlate the experimental data without generating

a series of intercept values , for different frequencies , we can

write ;
Un

C = —B——an [R6]
Therefore

Un an Un
L = 1n 5 + B 1nK [R7]
or

Un anK Un an
L = —E—-[ln—a-—J or L = —_B__lln_é-ij LR8]

Where K is a function of frequency which can be related interms of

a polynomial function as

T b A 1 5) LR91
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Where

_ 2
Pol = Al + Azf + A3f

Where f is the frequency of the applied vibration. The final

equation thus can be written as ;

L S S O [R10]
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4.2.4 CORRELATION OF DATA

The value of the constants in equation R9 were determined by using
a minimisation technique proposed by Nelder and Mead (39). They
have generalised the simplex method described by Spendley et al
(40) for minimisation of a function of n variables. The Nelder
and Mead method accelerates the simplex method and makes it more
general. It adapts itself to a local landscape , using reflected

, expanded and contracted point to locate the minimum.

The minimisation is accomplished in the following steps

l. Start an initial simplex (xl,xz,x3,........xn_l ) by selecting
X4l T %ty

Where X, is chosen arbitrarily a; can be determined from the

following table

.‘ al,.‘.. az,:L ........‘an—l,i an,j‘
2 p Q Q Q
3 Q P Q Q
n Q Q P Q
n+1 Q Q Q P

Where n-is total number of variable

a-is the side length of the simplex
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a

p= a2 [n+l] + n-1

Q= —5'72 [n+1] -1

2. Once the simplex is formed , the objective function is eval-
uated at each point. The worst point ( high value of objective
function in minimisation ) isvreplaced by a new point. To do this
Nelder and Mead applied three basic operations to find a minimum

as follows

a. REFLECTION STEP : Where Xy is replaced by replacing Xy as

Xg = ¥+ EOx, - x.)

Where is a positive constant ( @ > 0 ) determining the

amount of reflection.

b. EXPANSION STEP : Where Xp is expanded in the direction

along which a better objective function value is expected by using

the relation
X, = %p + V(XP + xR)
Where 7 is a positive expansion factor , greater than 1 ,

determining the amount of expansion.

c. CONTRACTION STEP : For contracting the simplex - by

computing
X T X T BOx; =%,

Where 0 < 0 < 1 su Lual Liis vertex does not correspond to

the largest function value.
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If the calculation expansion point is an improvement over the
reflected point , the reflected point is replaced by expansion
point and we start the process , otherwise reflection point is

retained and we start the process.

3. The procedure is terminated when a sta.ted counvergence crit-
erion is satisfied or a specified number of iterations is exceeded.

The convergence criterion «gusgiﬁ % in this method is

1/2

n
3 _ 2 2
Con = [ (zi ZC) (zH zi) /N ]
Where z, objective function
z,. the function value of the centroid

c

zy the highest function value in simplex

To apply this method the objective function ,F, is defined as;

F = WILL(I) - HALA(IL)
Where
*
WILL(I) = EXP[—%—g—]
n
an
HALA(I) = -B;ﬁgi-

i}

A+ AF + AF°

Pol 1 2 3

Putting the guessed values of the constants the objective function

F, is calculated for every experimental point.
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The flow chart for the algorithim is given in Fig.22 and a listing

of the computer program is given in appendix (Al)

The values of the constants of the equation R9 obtained by this
optimisation technique were substituted to predict the jet length.
The experimental and predicted results are given in Tableg

a
9,10,11,12 and plots of jet length vs l““BE§SI' are given in

Figures 23,24,25,26

These results show a reasonably good agreement between the ex-
perimental and predicted results (Table 9,10,11,12). The maximum
difference between the experimental and predicted jet lengths lies

within the range of 0.8 mm. (Table 9,10,11,12).
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Figure 26
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ORIFICE DIAMETER : @.

SYSTEM

JEET VELOCITY

fABLE 9

228Cm

OWATER ~ KEROSENE

: 26138 mm-Sec

SEQUENCE | EXPERIMENTAL | THEORETICAL
NUMBER | JET LENGTH mm | JET LENGTH mm
: 7 .0008 6.1847
2 6.0000 5.3795
3 S.52e3 +.9432
4 5.0000 4.6147
5 4.7060 4.3620
6 6.3000 €.1970
7 5.2066 5.4044
8 5.9002 4.9590
9 4.6000 4.6695
18 4.0000 4.3754
1 €.0e08 6.0212
12 5.5000 5.2814
13 5.0002 4.8045
14 4.0800  4.5546
15 3.9000 4.2443
16 6.0008 5.9871
17 5.4200 5.1215
18 5.8000 4.6877
19 4.50e8 4.3807
20 4.2008 4,163
21 6.00620 5.8066
22 5.2003 5.8216
23 +.8800 4.5882
24 4.5000 4.2755
25 39000 5.8369
26 6.06000 SLUUSE
27 5.5880 4.8628
25 5. 0300 4.4530
24 +.3860 L1513
g 4 .0000 3. 8638




TABLE 10

ORIFICE DIAMETER : 8.820 Cm

SYSTEM : WATER ~ 23P+73K

JET VELOCITY : 2618 mm-Sec

SEQUENCE
NUMBER

EXPERIMENTAL
JET LENGTH mm

THEORETICAL
JET LENGTH mm

—

® O ® N0 U AW N

7.0000
6.0088
$5.0008
S.5808 -
4.5000
7.0008
6.00080
S.8880
4.5000
4.5000
6.1008
5.1000
5.0000
4.3808
3.00880
7.2000
6.20800
5.5060
5.0020803
S.8002
6.35838
6.2200
S5.35600
SN 515161]
5.0000
6.80800
S5.3902
5.4008
S.2000
4.0020

6.4740
S5.6283
3.1781
4.8233
1.,5680
6.7886
S5.8562
35.4885
3.1844
4.8757
€.7044
5.9273
5.4268
5.1643
4.8383
6.6763
5.7616
3.3860
4.9836
4.7351
6.4543
35.6281
5.1728
4.8446
4.3848¢
6.3327
S.4273
4.897¢
4.6862
4.3882
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TABLE 11

ORIFICE DIAMETER : 8.028 Cm

SYSTEN

: WATER ~ S0P+HoK

JET VELOCITY : 2618 mm-Sec

SEQUENCE | EXPERIMENTAL | THEORETICAL
NUMBER | JET LENGTH mm | JET LENGTH mm
1 6.5000 6.5405
2 5.8000 5.7123
3 5.2000 5.2634
4 5.0000 4.9257
5 4.7600 %.6658
6 6.7000 7.0848
7 6.0008 6.2695
8 5.5000 5.80872
8 5.5000 5.5136
19 5.0000 5.2112
1 6.4200 7.8645
12 6.0000 6.3036
13 5.0000 5.813!
14 5.7000 5.5561
15 4.9000 5.2369
16 7 .2000 6.9896
17 6.2000 6.1013
18 5.700¢2 5.6531
19 4.5080 5.3373
28 5.2000 5.1135
21 7.0008 6.7172
22 6.0000 5.9078
23 5.7200 5.4619
24 5.5000 5.1403
25 5.8000 4.8938
26 7.6060 6.5444
27 5.8000 5.6576
28 5.5006¢ 5.2362
29 5. 6uoY 4.9258
3@ 5.0000 4.6506
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ORIFIC

SYSTEN

JET VE

TABLE 12

£ DIAMETER : O.

028 Cm

: WATER - 75P+235K

LOCITY : 2618 mm-Sec

SEQUENCE
NUMBER

EXPERIMENTAL
JET LENGTH mm

THEORETICAL.
JET LENGTH mm

—

@ 0O ©®© 3 O B s W N

N RN N RN N RN NN = e ca ca et ea s ca e en
® N O U A WN OO0 TN U s WN

20
P

7.5000
6.5000
6.8008
5.5008
5.8000

' 7.5000
6.8008
6.2000
5.8080
5.8000
7.5000
5.7000
5.7008
5.0008
6.0008
7.5000
6.5000
6.0000
5.0800
5.2000
7 .00800
6.0080
6.0000
5.6000
5.0008
7.5008
6.0000
5.3022

I Sacean
e

5.08280

6.8672
5.9766
5.4938
5.1307
4.8513
7.4172
6.5485
6.8479
5.7276
5.4025
7.4251

6.6069
6.8795
5.80831

5.4599
7.3904
6.4352
5.9533
5.6137
5.3731

7.1326
6.2622
5.7828
5.4378
5.1720
6.9765
6.0169
5.5637
5.2300
4.9341
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4.3 JET BREAK-UP LENGTH AT LOW FLOWRATES

Most previous workers (16,17,18,23) employed relatively low
velocities ( Fig. 3, A - D ) in their studies of disintegration of
laminar liquid jets. In their analysis they assumed a fastest
growing natural wave on the surface of the jet and calculated its
growth rate using Tomotika’s model..In practice it was found
necessary to adjust the frequency by trial and error to achieve
monosize droplets. This confimed the conclusion drawn in the
previous section that Tomotika’s analysis does not adequately

cover the behaviour of the jet.

During the present investigation it was observed that by trial and
error, it was easier to locate the frequency of the imposed vibra-
tion for the production of the monosize droplets in the region A -
D than in the region D - F. These observations are comsistent with
the assumption made by previous workers(16,17) that one fastest
natural disturbance is predominant in the disintegration of the
jet in the region A - D. Their assumption makes the theoretical
analysis easier and it should be possible to combine the effect of
one natural and one imposed vibration on the jet. The resultant
simplified model is expected to give a better representation of

the behaviour of the jet.

The mwdel developed previously tur the region D - F employed a
polynomial to take into account the effect of natural and applied

disturbances on the jet. At low flowrates,this model will be
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simplified to take into account this assumption that only one

natural wave is predominant.

It was reported in the previous section that the jet length
measurements were taken without considering the production of
monosized droplets. The disintegration of the liquid jet in these
experiments did not produce monosize droplets ( it was producing
mixed drops at 1 Node, 2 Node or 3 Node etc. ) and the resultant
drop diameter varied from 0.2 mm. ( smallest drop ) to 1.2 mm
( largest drop ) as shown in the plate (4). The Still photographic
technique applied to determine the jet length was not sufficiently
accurate to capture exact point of break-up on every occasion, and
the jet length measurement varied with the resultant drop-size, as
shown in plate 5. This introduced an error in the measured jet
length equal to the difference in drop diameters. This agreeswith
the difference between the experimental and predicted values of

the jet length in the previous section.

These observations lead to the conclusion that the jet length
variation due to different sized resultant drops should be
avoided; jet length measurement should only be taken where
monosize drops are produced. At this stage of experimental work a
video film technique was also available which helped to determine

the exact point of break-up for the measurement of the jet length.

A nozzle of 0.6] mm diameter was used and a continuous phase

(decane) of viscosity 1.25 cp was employed. Three different
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dispersed phase velocities (564,510 and 464 mm/sec) were studied.
The frequency of vibration was varied between 200 to 350 Hz and
the amplitude was adjusted to get monosize droplets. The ex~-
perimental results are given in Tables 13,14,15 and plots of jet

length vs amplitude are given in Figure 27,28,29

It can be seen from these figures that at a fixed flowrate there

. a
is a linear relationship between the jet break-up length and ln—s-r-l

» the applied amplitude. The slope of the lines does not change
with any change in the applied frequency. This confirmed the
conclusion drawn in the previous section that the growth rate is
independent of the frequency and amplitude of the applied
vibration. The plots of data for jet break-up length in
Fig.27,28,29 are parallel lines with different intercepts at
different applied frequencies. This confirmed that although

the jet break-up length is effected by the applied vibration, the

growth rate is constant.

Rayleigh’s equation relates the jet break-up length with growth

rate (B) and amplitude (5) as follows ;

Un a 1
L = —B——ln~a—~ [R11}

As discussed in the previous section Un and anin the above equa-

tion are constant and growth rate ,B, does not depend on the
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Figure 28

Jet Length (mm)

Plot of jet breakup length against applied amplitude.
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TABLE 13

Experimental Data On Jet Break-up Length Under
The Influence Of Externally Applied Vibration

Jet velocity - 564 mm/sec.
Nozzle diameter - 0.61 mm.
System ~ Water/Decane
Serial Applied Applied Experimental
No Frequency Amplitude Jetlength
(Hz) (mm) (mm)
1. 200 0.0137 5.80
2. 200 0.0163 5.50
3. 200 0.0188 4.70
4, 200 0.0226 4,20
5. 200 0.0251 4,00
6. 200 0.0276 3.80
7. 200 0.0301 3.50
8. 200 0.0650 1.50
9. 275 0.0194 7.90
10. 275 0.0275 7.10
11, 275 0.0364 6.50
12, 275 0.0471 5.50
13. 275 0.0484 5.10
14, 275 0.0498 5.00
15. 275 0.0549 4.50
16. 275 0.0655 4,10
17. 300 0.0340 7.50
18. 300 0.0409 7.00
19. 300 0.0443 6.50
20. 300 0.0481 6.30
21. 350 0.0082 7.20
22, 350 0.0086 7.00
23. 350 0.0090 7.40
24, 350 0.0102 6.80
- 25, 350 0.0114 6.50
26. 350 0.0122 6.00
27. 350 0.0179 4.80

28. 350 0.0424 2.50
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TABLE 14

Experimental Data On Jet Break—up Length Under
The Influence Of Externally Applied Vibration

Jet velocity - 510 mm/sec.

Nozzle diameter - 0,61 mm.

System - Water/decane

Serial Applied Applied Experimental

No. Frequency Amplitude Jetlength

(Hz) (mm) (mm)
1. 200 0.0119 5.80
2. 200 0.0124 5.50
3. 200 0.0126 5.50
4, 200 0.0143 5.20
5. 200 0.0162 4,60
6. 200 0.0191 4.30
7. 200 0.0247 3.65
8. 200 0.0576 . 1.80
9. 275 0.0135 8.20
10. 275 0.0230 7.00
11. 275 0.0374 5.80
12, 275 0.0408 5.50
13. 275 0.0464 5.20
14, 275 0.0510 5.10
15. 275 0.0541 4.50
16. 275 0.0623 4,00
17. 275 0.0680 3.75
18. 300 0.0330 7.00
19. 300 0.0483 5.30
20. 300 0.0525 5.70
21. 300 0.0552 5.50
22. 300 0.0556 5.10
23. 300 0.0751 4.90
24, 300 0.0815 4.70
25. 300 0.1128 3.60
26. 350 0.0134 5.60
27. 350 0.0199 4.60
28. 350 - 0.0293 3.60
29. 350 0.0302 NLA0

30. 350 0.0511 2,00
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TABLE 15

Experimental Data On Jet Break-up Length Under
The Influence Of Externally Applied Vibration

Jet velocity - 464 mm/sec.

Nozzle diameter -~ 0.61 mm.

System — Water/Decane

Serial Applied Applied Experimental

No. Frequency Amplitude Jetlength

( Hz ) ( mm ) (mm )
1. 200 0.0100 5.60
2. 200 0.0257 3.30
3. 200 0.0286 2.90
4, 200 0.0295 2.60
5. 275 0.0203 6.50
6. 275 0.0243 6.30
7. 275 0.0272 5.20
8. 275 0.0351 . 4.80
9. 275 0.0473 4,50
10. v 275 v 0.0489 4,20
11. 275 0.0628 3.70
12, 300 0.0446 5.50
13. 300 0.0618 4,70
14, 300 0.0750 4.30
15. 300 0.0924 4,00
16. 300 . 0.1002 3.50
17. 350 0.0221 4.00
18. 350 0.0445 2.30
19. 350 0.0464 2.00

20. 350 0.0558 1.50
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applied vibrations, Tohis suggestg¢ that the amplitude ,0, in the
above equation is the only quantity which could be effected by the

externally applied vibrations.

When two or more waves travel in the same direction then the
combined effect of these waves results in a composite wave.
Depending on the frequency of the original wave , the amplitude of
the resultant wave will vary from the difference of their ampl-
itude (interference) to the sum of their amplitude(resonance).
According to Rayleigh when the amplitude of a wave on a liquid jet
becomes equal to or greater than the radius of the jet, the jet
breaks-up into drops. Under the influence of the applied and
natural waves the value of the actual amplitude yAc, (amplitude of
the composite waﬁe) reaches the value of the jet radius, the jet
breaks-up. Therefore it is desirable to determine the actual
amplitude ,Ac, of the composite wave and to modify Rayleigh’s

equation to take into account the effect of wave interaction as 5

L = L L , [R12]

Where Ac, is actual amplitude of the composite wave at the nozzle
exit and is a function of the amplitude and the frequency of the

applied vibration.

Experimentally actual amplitude ,Ac, is measured by a video film

technique ( as described in Chapter 3 ),for different frequencies
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at constant applied amplitude. Theoretically the ratio of the
measured amplitude,Am, and applied amplitude,d, should be unity
under non interacting conditions. £xperimental results of measured
amplitude from video film and applied amplitude for different
frequencies are given in Table 16 and plot of Am/9d vs frequecy

is given in Fig 30.

4.3.1 RESONANCE CORRECTION FACTOR

It is apparent from figure 20 that the ratio of measured amplitude
and applied amplitude (Am/d = Rf) is different for different
frequencies. For example at 200 Hz frequency the value of-Rf is
2.7 while at 300 Hz the value is only 0.66, Table.l6 The value
of frequency and amplitude of the natural wave are not known; The
value of Rf indicates the interaction of the two waves at a par-
ticular point and shows that‘at 200 Hz frequency resonance is
occuring and the amplitude of the composite wave is 2.7 times the
applied amplitude ; at 300 Hz frequency interference is'occuring
and the amplitude of the composite wave is 0.66 times the applied
amplitude. This is consistent with the experimental results for
the jet break-up length table (13,14,15 ), which shows that with
the applied vibration at 200 Hz frequency the jet length is sho-
rter than at 300 Hz frequency. This is a result of the amplitude

of the composite wave reaching the value equal to or greater vcitan
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TABLE 16

Experimental Data For Resonance Correction Factor
At Different Applied Frequencies.

Applied Applied Measured Ratio

S.No Frequency Amplitude Amplitude Am

(Hz) (mm) An (mm) )
1. 200 0.018 0.05230 2.906
2. 275 0.012 0.01156 0.964
3. 300 0.150 0.10222 0.681

4. 350 0.015 0.04147 2.758
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the jet radius in a shorter time when 200 Hz frequency is applied

than in the case of 300 Hz frequency.

The graph in Figure 30 can be used to determine the value of
actual amplitude (Ac) of the composite wave at any frgcency.

Referring to Rayleigh’s equation

L = -=21n--E o [R13]

Therefore Ac from Figure 30 will be equal to ¥.Rf and equation

R13 can be written as ;

- _.n L :
L = Ing [R14]

This equation indicates that a plot of jet length vs ln_S_R?

should give a straight line relationship. The family of curves
obtained at various frequencies ( shown in Figures 27,28,29)
should yield one straight line. The results from Tables 13,14,15
are ploted in figure 31,32,33 (Tables 17,18,19) and show the

expected configuration ( i.e straight line ).
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{Figure 31

Jot Length (mm)

: Plot of predicted jet breakup length
Nozzle velocity -~ 562 mm / sec
Nozzle diameter - 0.61 mm.
System - Water /Decane
== _ predicted jet length.
e — 200 Hz.
« -~ 275 Hz.
+ — 300 Hz.
¥ - 350 Hz.
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[ Figure 32 : Plot of predicted jet breakup length.
Nozzle velocity - 510 mm /sec. .-
Nozzle diameter -~ 0.61 wun.

System - Water / Decane.
== . Predicted jet length.
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+ - 300 Hz.
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Jet length (am)

.Figure 33

Plot of predicted jet breakup length.

Nozzle velocity - U464 mm /sec.
Nozzle diameter - 0.61 mm. ’
System - Water / Decane

- - Predicted jet length

o — 200 Hz.
« - 275 Hz,
+ - 300 Hz.
* - 350 Hz.

0.8l 1.of T1.¢ 20T 2.8 3.0 3.8 i
Ln Ca/d R ;
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TABLE 17

Experimetal And Predicted Jet Break-up length In Low Flowrate Region

Jet velocity - 562 mm/sec.

Nozzle diameter - 0.61 mm.

System — Water/Decane

Serial Applied Actual Experimental Predicted

No. Frequency Amplitude Jetlength Jetlength

(Hz) (mm) (mm) (mm)
1. 200 0.0039 5.80 5.80
2. 200 0.0468 5.50 5.31
3. 200 0.0539 4.70 4.91
4, 200 0.0647 4,20 4.39
5. 200 0.0719 4.00 4,08
6. 200 0.0791 3.80 3.82
7. 200 0.0861 3.50 3.58
8. 200 0.1870 1.50 1.38
9. 275 0.0188 7.90 7.89
10. 275 0.0266 7.10 6.89
11. 275 0.0351 6.50 6.13
12, 275 0.0455 5.50 5.39
13. 275 0.0467 5.10 5.30
14, 275 0.0481 5.00 5.24
15. 275 < 0.0530 4.50 4.94
16. 275 0.0632 4,10 4,45
17. 300 0.0225 7.50 7.37
18. 300 0.0271 7.00 6.86
19. 300 0.0293 6.50 6.64
20. 300 0.0319 6.30 6.38
21. 350 - 0.0223 7.20 7.37
22, 350 0.0234 7.00 7.09
23. 350 0.0246 7.40 7.12
24, 350 0.0279 6.80 6.78
25. 350 0.0312 6.50 6.47
26, 350 0.0333 6.00 6.27
27. 350 0.0490 4,80 5.16

28. 350 0.1160 2.50 2.83
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TABLE 18

Experimetal And Predicted Jet Break—up length In Low Flowrate Region

Jet velocity - 510 mm/sec.
Nozzle diameter - 0.61 mm,
System - Water/Decane
Serial Applied Actual Experimental Predicted
No. ~Frequency Amplitude Jetlength jetlength
(Hz) (mm) - (mm) (mm)
1, 200 0.0341 5.80 5.64
2. 200 0.0354 5.50 5.53
3. 200 0.0361 5.50 5.49
4, 200 0.0372 5.20 5.17
5. 200 0.0464 4.60 4.84
6. 200 0.0545 4,30 4.43
7. 200 0.0706 3.65 3.73
8 200 0.1647 1.80 1.58
9. 275 0.0131 8.20 8.10
10. 275 0.0222 7.00 6.74
11. 275 0.0361 5.80 5.49
12, 275 0.0303 5.50 5.25
13. 275 0.0447 5.20 4,94
14, 275 0.0492 5.00 4,69
15. 275 0.0522 4,50 4,54
16. 275 0.0606 4.00 4.16
17. 275 0.0656 3.75 3.86
18. 300 0.0220 7.00 6.74
19. 300 - 0.0319 5.90 5.79
20. 300 0.0347 5.70 5.59
21. 300 - 0.0363 5.50 5.48
22, 300 , 0.0368 5.10 5.43
23. 300 0.0496 4.90 4.64
24, 300 0.0538 4,70 4,45
25. 300 0.0745 3.60 3.63
26. 350 0.0365 5.60 5.40
27. 350 0.0543 4,60 4,44
28. - 350 0.0801 3.60 3.44
29. 350 U.0825 3.40 3.36

30. 350 0.1395 2.00 2.01
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TABLE 19

Experimetal And Predicted Jet Break-up length In Low Flowrate Region

Jet velocity - 464 mm/sec.
Nozzle diameter -  0.61 mm.
System — Water/Decane
Serial Applied Actual Experimental Predicted
No. Frequency Amplitude Jetlength Jetlength
(Hz) (mm) (mm) (mm)
1. 200 0.0286 5.60 5.40
2, 200 0.0737 3.30 3.31
3. 200 0.0818 2.90 3.08
4, 200 0.0844 2.60 2.80
5. 275 0.0196 6.50 6.39
6. 275 0.0235 6.00 5.97
7. 275 0.0262 5.40 5.71
8. 275 0.0338 4.80 5.13
9. 275 0.0456 4.50 4.43
10. 275 0.0472 4,20 4,34
11. 275 0.0606 3.70 3.78
12, 300 0.0295 5.50 5.43
13. 300 0.0408 4.70 4.69
14, 300 0.0495 4,30 4,22
15. 300 0.0610 4.00 3.73
16. 300 0.0662 3.50 3.54
17. 350 0.0606 4.00 3.75
18. 350 0.1215 2.30 2.14

19. 350 0.1269 2.00 2.04
20. 350 0.1524 1.50 1.61
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4.3.2 EFFECT OF FREQUENCY ON DROP SIZE

Disintegration of laminar liquid jet under the influence of the
applied vibration for the production of monosize droplets showed a
considerable change in drop diameter at various frequencies. The
experimental results for the nozzle of 0.61 mm diameter in the
continuous phase of viscosity 1.25 cp, are given in Table 20 The
velocity of:the dispersed phase was kept constant(564 mm/sec). As
the frequeﬁconf the applied vibration was varied from 200 to 300
Hz drop diameter changes. This is quite consistent with the work
of most previous workers(33,35) who have suggested that number of
drops are equal to the applied frequency. As the flow rate of the
dispersed phase was kept cosntant therefore it is obvious that
with the increase of number of drops per unit time » the size of

drop will decrease, as shown in plate 6,..

4.3.3 EFFECT OF AMPLITUDE ON DROP DIAMETER

In the disintegration of a laminar liquid jet with applied vibra-
tion it was found that there is a lower critical value of applied
amplitude after which monosized drops are produced in a single
stream . When value of applied amplitude was increased it was
found that there is an upper critical limit above which the jet
breaks-up into two streams of monosize droplets and both of these
streams increasingly diverge with any increase in the applied

amplitude as shown in plate 7.
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Variation of the drop size with externally applied frequency.

- 0.5 cm3/sec.

Drop
diameter

(cm)

0.3571
0.2857

Flow rate
Nozzle diameter - 0.61 mm.
System — Water / Decane
Serial Applied Drop Drop
No. frequency formation frequency
(Hz) time (sec) No. of drops
sec.
1, 20 0.476 20.97
2. 40 0.0244 40.95
3. 100 0.1029 97.18

0.2141
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5.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

5.1 CONCLUSIONS

In the disintegration of laminar liquid jets under the in-
fluence of an applied vibration, the growth rate of the
composite wave is independent of the frequency of the applied

vibration.

Rayleigh’s equation can be modified to predict the jet break-
up length, if frequency and the amplitude of the applied

vibration are known.

At low flow rates one natural wave is predominant in the

disintegration of a laminar liquid jet.

At a constant flow rate the number of monosize drops are equal
to the frequency of the applied vibration and the size of the

drops changes with any change in the applied frequency.
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5.2 RECOMMENDATIONS FOR FUTURE WORK

Disintegration of laminar liquid jets for the production of
the monosize droplets should be applied in an investigation of
mass and heat transfer characteristics in liquid~liquid

contactors.,

For a commercial application the mutual interaction of more

than one jet should be investigated.

Def "lection of electrically chargaidrops should be inves-
tigated to separate a single drop from a main stream after
regular intervals. This technique should be applied to study

heat and mass trausfer of a single drop.
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NOMENCLATURE
a ~ Jet radius,cn.
aj - + Jet radius at break-up, cm.
a - Nozzle radius, cm
Al’AZ - Constants in .general instability derivation.
Bl’BZ - constants in ‘general instability derivation.
AC -~ Actual amplitude of the disturbance, cn.
Am — Measured amplitude of the disturbance, cm.
dj -~ Jet diameter, cm.
dn - Nozzle diameter, cm.
dd - Drop diémeter, cm.
f(max)_ frequency for maximum instability,sec—l
Fr - Froude number, U2 /d g
n' o
g ~ Accelaration due to gravity, 980.8 cm/secz.
i - squére root of -1
In(ka)- Modified bessel function of first kind nth order.

In(ka)- Derivative of 1ln(ka).

k - Wave number of the jet surface disturbance, 2% /A, cm_l.
ka - Dimensionless wave number 2Xa/ A .

Dimensionless wave number at maximum instabilty.



Oh -

Po -

We -

Modified Bessel function of second kind of nth

Derivative of Kn(ka).

Liquid jet break-up length, cm.

Circumferencial wave number 2X/A , cm—%
Ohnesorge number.

Surface potential energy, ergs/cm.

. 3
Volumetric flow rate through nozzle, cm /sec.
Radial distance, (m.

Reynold number.
resonance correction factor, Ac/Am'
Time , Sec.

Ave. jet velocity, cm/sec.

Ave. gross velocity of continuous phase from jet surface,cm/sec

Interfacial velocity, cm/sec.
Jetting velocity, cm/sec.

Ave. nozzle velocity, cm/sec.

volume of drop , cm?

Weber number.

distance from nozzle tip, cm.
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NOMENCLATURE Greek letters

B - Growth rate , sec_{

Growth rate of disturbance at maximum instabilty, sec—%

B(max)_
0 ~ Applied amplitude of the vibration, cm.
Bo = Initial amplitude of the natural disturbance,cm.
(5] - Angular distance, radians.
A ~ Wave length of disturbance, cm.

g _
A(max)— Wave length of fastest growing disturbance, cm.
Pc - viscosity of continuous phase.
fd — viscosity of dispersed phase.
v —~ Kinematic viscosity, n/ cmzlsec

P

A - 3.1416
PC — Density of continuous phase.
Pd — Density of dispersed phase.
o - Interfacial tension.
¢1,¢2 - Functions defined by equation 11.

wl,wz - Stokes stream function satisfying vgrious equations.
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APPENDIX - Al

PROGRAYM T0Q CORREIATE DATA FOR POIYNOMTAT
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OOOOOOOOOOOOOOOOOOOi’)(’)f)f.‘)f‘.)f“)()\

Qo

QO

QO

¥ ¥ R ¥ ¥ PR AOGRAYTFTLPEYTDP R Y ¥ ¥ X% % %
NX TOTAL NUMRER OF INDIPENLEWT VARATRIES

NC TOTAL NUMBER OF FQUALITY COMATRATNTS

NIC TOTAIL NUMBRER OF INRQUAIITY CONSTRAINTS

SIZE FEDGE LENGHT GF THE INITIAI POLYYFEDRON

CONVER CONVERGENCFE CRITERTON FOR TERMIVATIOY OF ™HE SEARCH
ALFA THE REFILECTINN CORFFICTENT

RETA THE COXTRACTION CORFFICIEWNT

GAMA THE EXPAMNSION COEFFICIRNT

X(1) THE ASSUMED VRCT™OR TO THRITTATE THE SFARCH

FDIFER THE TOLERANCE CRITFERIOHN FOR CONSTRAINT VIOIATION

ICONT A COUNTER TO RECORD STAGE COYMPUTATIONS

NCONT A COUNTER TO PRINT INFQRMATION RWVERY (NX+1) STAGRE

LoV AY INDEX TO IDENTIFY TNFORYATION RELATED TO THE IOWEST

VAIUE OF OBJ. FUNCTIOY TN MOST RECENT POLYHEDRON
LHIGH AN TNDEX TO IDENTIFY INFORMATION RELATED TO ILARGEST VALUS
OF 0BJ. FUNCTION IN MOST RECENT POLYHEDRON
LSEC AN TEDEX TC TDENTIFY THFQRMATTION RELATED m™0 THR SRECOND
LARGEST VALUE OF OBJ. FUNCTION IN “OST RECENT POLYHEDRON

HEREFXEXFEFEXRER>

DIMENSION X(50),%X1(50,50),X2(50,50),R(100),8U4(50),F(50),SR(50),
1 ROLD(i00), H(50)
DIMENSION EXPX4(105)
COMMON/AT/NX,NC,NIC,STEP,AITA, RETA, GAKA, IN,INF,FDIFER,SRQOL,K1,¥2,
1X3,K4,K5,K6,K7,K8,K9,X,X1,X2,R,SUM,F,SR,ROLD,SCALE,FOLD,SI%E
COMMON/A2/LFFEAS, I5, 16, 17,12, L9, R1A,R2A, R3A
COMMON/A3/WIL(105),HAL(105),MNDP,Z7B(105,7),2%A(105,7)
PROBIM IDENTIFICATION HEADER IS READ IN AFTER THIS (GARD
READ (5,759)
PARAMETRERS FOR THE PRORBIM ARE READ IN AFPTER THTS CARD
READ (5,%) uX,NC,HIC,SIZE,CONVER, TSTAGE : ‘
WRITE (6,%) NX,NC,NIC,SIZFE
READ (5,%) (X(1),T=1,NX)
ALFA = 1.
BETA = 0.5
GANA = 2.
MZCONT=0
PERMANENT DATA FOR THE PRORIM SHCQULD BE READ IN AFTRR ™HTIS CARD
CALL PRORIM(4)
CALL SECOND(TINE)
CONTINUE
TEMPORARY DATA FOR THE PROBIM, SUCH AS VARIABLE COEFFICTENTS OR
NEW PARAMETRRS SHOULD BE READ IN AFTER MHTS CARD
STEP = SIZE
THE ASSUMED INTITIAL VRCTOR TS READ T AWTTR mITS CARD
READ (5,2) (X(1), T = 1, NX)
IF(EOF,10)9909, 11
YRITE (6,106)
WRITE (6,750}
WRITE (6,75%6) NX,NC,NIC, SI7E,CONVER mTurD



Y2

BETA = (a7BPT + (XMX - pLo)umwnroY oo g
no o4 i, nX
Y(JY = X(J) - u7A

4 CONTINUE

1

CAILL START
DO @ I = 1, MNi
DO G J = NX

¥2{1,J) = V1(T.J)
9 CONTINUE

DO S5 I = 1, i

I = 1

DO 6 J = i, NX
6 X(J) = x2(1,J)

CALL SUHR

SR(I) = SGR™(SROL)
IF(SR(I).IT.FPRI®®R) g0 m0Q 9
CALL FEASRPL
IP(FOLD.L7.1.0E-08) GO 70 80

8 CALL PROBIN(3)
F(1) = r(¥®9)

5 COMTINUE

1000 STEP = 0.05%FDIFER

ICONT = ICONT + f
SELECT LARGEST VAIUE OF ORJECTIVE FUNCTION FROM POLYHEDRON VEZERTICES

FH = F(i ) ;

LHIGH = 1

DO 16 I = 2, U3

IF(F(TI).I7.F1) GO0 T0 16

FH = F(1)

LHIGH = 1

16 CONTINUE
SELECT MINIMUM VAIUR C© OBJECTIVE FUMCTION FROM POLYHEDRON VERTINES
41 FIL = F(1) '
LOW = i
DO 17 I = 2, Hi
IF(FL.LT.F(I)) GO TO 17
L =F(I)
Low = I
17 CONTINUE
DO 86 J = 1, WX
86 X(J) = xz2(10v,J)
IN = LOY
CALL SUHR .
SR(LO¥) = SORT(SEQL)
IF(SR(LOW).LT.FDIFER) GO TO R7
INF = LOY
CALL FEASBI
IF(FOLD.IT.1.0R-09) G0 TO €0 - 1
CALL PRORIM(3) f
F(LOW) = R(KQ)
GO 70 41
87 CONTINUE
FIND CENTROTD OF POINTS WITH T DITFRRENT THAN JHTOH
pe 19 J = 1, ¥NX :
syn2 = 0.
DO 20 I = §,Ni
20 SUM2 = SsuU4M2 + x2(1,J)
19 X2(N2,3) = 1./x¥*(sUM2-X2(LHTGH, )
QuM2 = 0.
DO 36 I = i, Ni
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37

FP A H .

QT = SUND 4 (¢2(1,J) - Xo(np, 1) )vxp
coNPINUR

FDIFTR (Ne o+ Y/ ERoRT(sUn2)
Tr{FEDisTRL LR s e

FPIFER = ¥ulb

GO 70 1
POID =
COonTINUR

PPRR =

I

=30 o
ping
A

TR PR
( LCy )

NCONT = HCOUT + i
IP(NCORT.IT.4*%1) 0 70 27
IF(ICONT.IT.15020) A0 Tn 327
FOLD = 0.5*FOQLD

NCOUT = O

PRINT 3¢

PRINT 758, ICONT™, FRIWER

CALL WRITEX
IF(ARS(PREVSQ-R(XQ)).IT.0.1) G070 ©aqq
PRRVSC=R(XQ)

MZCONT=M7ZCONT+i

IF(MZCONT.GT.ISTAGE) GOTC Q0QQ
IF(FDIFER. IT.COEVRER) G0 ™0 Bi

SEIECT SECOXRD LARGEST VAILUR OF QRJRCTIVE FTUNCTIONM

43

44

18

61

89

82

92
93

84

IF(LHICH.EQ.1) GO TO 4%

FS = F(1)
ISEC = i
GO TO 44

FS = F(2)

ISEC = 2

DO 18 I = 1, N1 .

IF(LHIGH.EQ.I) GOTO 18

IF(F(I).IT.FS) GO 70 18

Fs = F(I)

LSEC = I

CONTINUE

REFLECT HIGH PCINT THROUGH CENTROID

DO 61 J = 1, NX

X2(N3,J) = X2(xn2,J) + ALFA*(X2(m2,d) - X2(LHIGH,J))
Xx(J) = x2(%u3,7)

IN = X3

CALL SUMR

SR(N3) = SORT(SEQL)

IF(SR(N3).IT.FDIFER) GO TO 82

CALL FEASBI

IF(FOLD.IT.1.05-09) GO T0 80

CALL PROBLM(3)

F(N3) = R(XQ)

IP(F(N3).IT.F(LOW)) 50 T0 84
IF(F(n3).17.F(LISRC)Y) G0 70 ©2

GO TO 60

DO 93 J = i, NY¥

X2(LHIGH,J) = X2(N3,J)
SR(LHIGH) = SR(u7=)
F(LHICH) = F(43)
GO TC 1000

NY
’

REFIRCTRED VEQTOR
DO 23 J = 1, X
X2(X%a,d) = X204%,J) + oavax(Xp( n= 1) - vo/lan )

\“l—

EXPAND VECTOR OF SEARCH AILONG DIRECTION THROUGH CENCROID AND
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60

65
64

66

67

72
70

68
73

30

(@]
R
[

V1]

Ir(Fre

CALL
Eﬁ(nlﬁ)
1P (F(
DO 26
X2(LH
F(L”T
SR(LHI
Co 7O

IT(F(:

DO 65
X2(LH
DO 66

) = SORT(8EQL)
(

(§4). 17, PBIWER) 20 70 2c

TEASR]
ID.IT.1.0%-00) 50 mn np
PROB L% (%)

= R(¥9)

LOW).I7.¥%(%4)) no 70 a2
J =1, KX -
IGH,J) = X2(u4,3)

GH) = ®(x4)

Gll) = SR(N4)

1000

12).67P.F(LETIOH)Y 60 20 £4
J =1, Ny

IGH,Jd) = x2(x=,0)

J = 1, X

X2(NW4,J) = BE™A*X2(LUTGH,J) + (1. - RETA)¥X2(N2,J)
X(J) = x2(n4,J)

IN =
CALL
SR(%2
IF(SR
INF =
CALL
IF(FO
CALL
P(N4)
7

N4
SUSIR

Y = sor7(5%Q1L)
N4).IT.FDIFER) 30 T0 &7
N4

FEASRI

ID.IT.1.0FR-0Q) 6O 7O 24
PROBIM(3)

= R(KQ9)
LHIGH.GT.¥{14)) o =g ca

nn ARG T = 1, Mx
1

DO 69
x2(1,
DO 70
DO Tt
X(J3)

IN =

CALL
SR(1) =
IF(SR
IRF =
CALL

I =1, Ni
J) = 0.5%(X2(1,J) + x2(Low,1))
I = 1,81
J = 1, XX
x2(1,J)

I

SUMR
S0RT(SEQL)

(I).IT.FDIFER) GC TO 72

I

FEASRL

IF(FOLD.IT.1.0E-09) G0 70 80

CALL

F(1)

GO 7O
DO 73
X2(LH
SR(LH
F(LHI
GO 70
PRIN?Y
CALIL

CAIL

PRINT
PRINT
GO 70

pRINm

PROBIM(3)
= R(K9)

1000

J =1, NX

IGH,J) = X2(wa4,J)
IGH) = ?R(? 4)
GH) = F(n4)

1000

760, I00NT . FDITER
WRITEX
SECORD(TI:

755 wav

764
10

TED Ty m T TTh oD
HE SR VN PRV FADO S

\u%
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O(ﬁC)O(ﬁ

PReNeoNeNe)

2008

VWM

ORI vEIM™
PRINT 762
GO U040
TORPORIAT(505, Fivuen, Hi ;
2 FopaAT(avin, o)
24 FORTAT(/,A0X, 7 L N SR S ST S
105 PORITATO S0
P15 Fﬂw"a?(//, TOTET STARTING VNOTOR STIRCTED RY SRR Tq 7))
116 FORMAT(SRIGE.6)
755 FORn;”(//, THE COMPUTATION TIME T SFCOONDS =7 ,®ip.5 )
756 TOR¥AT(//,10¥,7 NUMRTR OF INDRPREDFEY™ VARTARIRS ’,15 /,
1,7 WUMBER OF RQUAIITY CONSTRATNTS T,I8,/,510%,401 s oy
2F INEQUAIITY COUSTRATNTS ,I5/,10%,40M ST7F OF TNITTAL ©r

3YRDRUN
4 ,ni2.8/
5,F12.5)

,T12.5/, 10X
10X, 401 THT

TQYPU”ATIOﬁ

, 40 THE DFSTRED CNXVRRGENAW

TIVE IN RRCONDS

T8

757 von"/"(// TN OTHE IRITIAL X VREOTOR DOES NOT SATISEY THE TMIMTA]
1 LERARCE CBIW€HTOU )

758 FORMAT( /,10X,27H STAGE CAICULIATIQY NUMPRR = T8, 20Y 274y mup mr
2RANCHE ﬁRIﬁ* RICY = Ei14.6)

759 FORMAT(201
1 )

760 FORMAT(//, 3QH TOTAL NUMEZER OF STAGRS CAICULATIONS = 15, 10X, 2%

TVERGRENCE

1THE COb

761 FOR¥AT(//,850X, 254

762 ®ORMAr(//,50X,29H
763 FORHAT(//,10X,404

110X, 400 s
764 FORMAT(//,70H THR

1IAI TOLERANCE IS )
765 FORMAT(/, 31H
9909 CONTINUE
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COMMQU/A2/ 12 P8, IG5, IR,
On/a%n/uTi108)
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NROtIn
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17,18,
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FENDP,

TanCins 7Y k{10 7))
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(o) RWY;

CZM
CzZM
CzM

C

- \ ws

DIMPNSTON A(50,50)

DIMENSION X(50),X1(50,50),%X2(50,50),R(100),sUn(50),F(50),SR(50)

1 RO 00

CONECH/ At /X, N, NTC RTFP AIFA,BETA,CAMA, TN TNF,FDTFER,SREOL, K1,

1K3,K4,K5,K6,KT, K8 VQ,X X2, B , SU, P, SR, ROLD, qCArv FOID ]I7R
O"HOV/AZ/LVPA“ 15 16, 17 IR I9,R1A,R24,R%A

00fron/A</wII(.0€) !AL(iOS),Mnnp,zzn(105,7),zzA(105,7)

V¥ = HX

STEP1 = STEP/(VN*SQRT(2. ))*(SQR™(VH + 1.) + V¥ - 1.)

STEP2= STEP/(VN*SOR™(2.))*(SORT(VY + 1.) - 1.) :

DO 1 J =1, NX

A(1,J) = O.

DO 2 I = 2, Xi
DO 4 J = 1, NX
A(I,J) = STEP2
L =1 -1
A(I,L) = STEPi
CONTINUE

DO 3 I = 1, Ki
DO 3 J = 1, WX
x1(1 J) = X(J) + a(1, J)
RETURN
END
SUBROUTINE WRITEX
DIMENSION X(50),X1(50,50),%2(50,50),R(100),sum(50), ?(50),SR(50),
1ROLD(100)
COMMON/A% /NX,NC,NIC,STEP,ALFA, BETA, CAMA, IN, INF,FDIFER, SEQL,K1, K2
1K3,K4,K5,46,K7, xs K9,X,X1,x2, R, qv" F sq ROID, QCAIP FOID,SIAF
comron/Az/LFEAs,Ls 16, 17 LB,L9 RIA R2A R3A |
COMMON/A3/WIL(105), HAL(105) MNDP, 723(105 7),%224(105,7)
CALL PROBINM(3)
PRINT 1, R(K9)
FORMAT(/, 284 OBJECTIVE FUNCTION VAILUE = £17.7)
PRINT 2, (X(J), J = 1, NX)
FORMAT(/, <~ THE INDEPENDENT VECTORS ARE" /(6E17.7))
IF( NC.EQ.O) GO T0 6 _
CALL PROBIM(1)
PRIN? 3, (R(J). J = 1, uNg)
FORMAT(/, 36H THF EQUALITY CONSTRATHT VALURS ARE /(6%17.7))
IF (NIC.FQ.0) GO 70 5
CALL PROBIM(2)
PRINT 4 , (R(J), J = K7,K6)
4 FORMAT(/, 34H THE INEQUALITY CONSTRAINT VAIUES /(6FE17.7))
RETURN
END
SUBROUTINE SUXR

C*¥*¥*¥*¥¥THIS SUBROUTINE COMPUTES THE SUK OF THE SOUARE VA LUES OF THFE

c
C

C

VIOLATED CONSTRAINTS IN ORDER TO RE COMPARFD WITH THE TOLRRANCE
CRITERION

DIMENSION X(50),X1(50,50),%X2(50,50),R(100),suM(50),"(5 50),SR(50),
1ROID(100)

COMMON/AY/NX, No ,NIC,STEP, AI“A BETA, GAMA, TN, IN® ,*DIFER,SEQL, V1, VD,
1K3,K4,K5, K6,K7 KR K,,“,x1 X2, R SUM, F, SR, ROID,SCAI. FOLD,STZF
connon/A2/LFFA 15 16,17, I8, IQ RiA, R?A R%A

cownongAa/er(.os) HA1(105) rwnP Vvv(1oq y7Y,7272A(105,7)

suH{IxN) = 0

CALL PrROBIM(2)

QFQL,: (‘}. .

LT e L, TR S A et e Ll .
. e Pt P L LR L SR PRy




Q0

QO

PR NesNeoNeoNoNoNe)

U1 N

50

60

70

N

IF(MIC.R0.0) GO 7O 4

DO 1 J = K7, K8
IF(R(J).GR.0.) ¢O TO 1
SEQL = STQL + R(J)*R(J)
CONTINUR

IF(IC.EQ.0) GO T0 3
CALL PROBIM(%)

DO 2 J = 1, NC

SEQL = SFECL + R(J)*Rr(J)
SUM(IN) = SEQL

RETURN

END

SUBROUTINE PRORIM(INQ)

Wb

DIHMENSION x(so),x1(50.50),x2(50,50),R(1oo),snw(so),w(so),SRrso)

i ROLD(100)
DIMENSION FVECC(105)

COMMOH/A?/NX,NC,NIC,STEP,ALFA,BETA,CAHA,IN

, INF,FDIFER, SEQL, K1, K:

1KB,K4,K5,K6,K7,K8,K9,X,X1,XQ,R,SUH,F,SR,ROLD,SCALE,FOLD,SIZE

CONMON/A2/LFEAS,L5,L6,L7,18,L9,R1A,R2A,R3A

COMHON/AS/WIL(i05),HAL(105),KNDP,ZZP(105,7),ZZA(105,7)

GoTo (1,2,3,4),1HQ

READ (5,%) MNDP,NCOL

READ (5,%) ((ZZA(I,J),J=1,NCOL),I=1,MND

DO 50 I=1i,HNDP
DO 50 J=1,NCOL
722B(1,J)=7%2A(1,J)
GOTO 5

GOTO 5

, GOTO 5
DO 40 1I=1,¥X
J=NX+I

R(J)=10.-X(1)

R(I)=X(I)-1.0E-2
I=NX+NX+i

GOT0 5

CONTINUE

DO 60 I=1,MKDP
CALL FUNI(I,FF)
FVECC(I)=FF

CONTINUE

FC=0.

DO 70 I=1%,HNDP
FC=FC+FVRCC(I)*FVECC(I)
YRITE (6,%) rg

CONTINUR

J=NIC+i

R(J)=F¢

RETURL

ND




LT

SUBROUTINE FUNI(I
DIMENSION X{50), X
1 RCID(i00)
COMKON/A1/UX,NC,NIC,STEP,ALFA, BETA, GAKA, TN, INF,FDIFER, SEQL, K1, K;
1K3,K4,K5,K6,K7,K8,K9,X,X1,X2,R,SII#,F,SR,ROID, SCALE, FOLD, ST%F
COKMON/A2/LFRAS, 15,16, 17,18, 19, RiA, R2A, RZA
COMMON/A3Z/WIL(105),MAL(105),K¥NDP,22R(105,7),22A(105,7)

™)
,F7)
M
1050,

50, unfen oy o 0ie0), sun{s0), F(50),SR(50)

[ NP

KUEXXERXEXENERE® DEFINE PROBIEM HERFE ¥¥¥XXX¥%x#%
POI=X(1)*2ZA(T,6)+X(2)¥2ZA(T,6)**2+X(3)
WIL(I)=EXP(zZA(I,1)*(77%A(1,3)/724(1,2)))
HAL(1)=27A(1,4)/(7272A(1,5)%P01)
WIL(T)=%1./WIL(I)
HAL(I)=1./HAI(I)
FF=WTL(I)-HAL(T)
RETURN

O

EHWD




