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ABSTRACT

A photographic analysis of the complex process of the atomi-
zation of a liquid jet in a gaseous environment has been studied using
a model, the dimensions and fluid characteristics of which are deter-
mined by similarity criteria. The 4jet fluid and the gaseous environ-
ment were simulated by two immiscible liquids viz, a sugar solution
and a transparent oil respectively, The influence of vw';sco sity, surface
tension and density of the jet fluid on the atomization characteristics
has been analysed. The velocity for the onset of secondary atomi-
zation has been determined with various fluid préperties and from
the above study, two non~dimensional parameters corresponding to

this condition have been obtained.
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I INTRODUCTION

When a jet of liquid issues from a nozzle into gaseoué sur -
roundings, its shape is distorted by certain disturbances. These dis-
turbances may be vibrations of the injector, imperfect roundness of
the nozzle, presence of dust particles in the orifice and the influence
egerted on the jet by the surrounding gas. These distortions start
from the tip of the nozzle and the jet becomes unsfable i.e.,the dis-
torfi”ons nevef deéay to zero, but continue increasing in amplitude
and _finé.lly cause disintegration into droplets. This process of disin-

. tegration is known as atomization and it consists of two stages,
pPrimary and secondafy. In the pfimary stage, atomization takes place
due to initial disturbances and surface tension. In the secondary stage,
the disintegrated drops are further split into smaller droplets by the
effect of fluid dynamics i.e., t.he‘ simultaneous effects of inertia, sur-
face tension and viscosity. |

| Anaiytical description of the atomization process is ex-
tremely complex owing to great mathematical difficulties encountered.
Therefore, the investigation of the atomization process is usually ex-
perimental. This method however may also have_a great difficulties due

to the small size and relatively large velocities of the droplets formed.

The object of the present study is to conduct a model test as

o
b

described by Popov (1) kof the phenomenon of atomization of a liquid
fuel, the environmental properties of which are close to its critical
point i.e,,high temperature and pressure,and also to observe the
effects of fluid properties and fluid dynamics on the secondary atomi-
zation process. This model test facilitated the investigation by making
larger dimensions and smaller velocities possible. A proper choice of

liquids was made to represent the jet fluid and its surrounding medium.

* Bracket refers to reference.



This choice was governed by the necessity to satisfy the various
criteria of similarity. With the selection of liquid-liquid system
in the model test the effects of compressibility and evaporation

which are present in the real system (liquid-gas) were elimimnated.

The jet 1s formed by injecting one liquid into a large immis~
cible transparent quiescent medium of the surrounding liquid. By
studying the behaviour of this model jet, the nature of the disinte -
gration of a real jet whose environment is near the thermodynamic
éritica.l point of the injected liquid can be studied more effectively as

lthe influence of thermodynamics, heat and mass transfer is com-
pletely eliminated. Due to transpar-ency of the surrounding regioﬁ, the
jet behaviour can be clearly observed, photographed at gré.dually in-
creésing velocities and suBsequently a photographic analysis can bé
made.

The interactions between the jet.and the surrounding envi-
ronment in the region where atomization takes place were investi-
gated. The velocity of the jet at which secondary atomization occurs
was determined for different nozzle diameter s,density, viscosity and
surface tension. The role played by each of these in causing instability,
disintegration of the jet and subdivision of droplets was examined by

taking a large number of photographs.

A review of earlier disintegration theories which has a
direct bearing on tﬁis matter was made and the results obtained
from the present study were corelated with some earlier obser-
vations. An attempt is made to find a nondimensional parameter

which will determine the onset of secondary atomization.



II GENERAL NATURE OF A SUBMERGED JET

A submerged jet occurs when a fluid is discharged into a
fluid at rest. A surface of seperation arises due to the velocity
difference between the jet and the surrounding region leading to the
formation of eddies which give rise to a pronounced degree of ins-
tability. These eddies move in a random fashion resulting in a lateral
mixing process. The kinetic eﬁergy of the incoming fluid is steadily
converted into the kinetic energy of turbulence and the latter steadily
decays due to viscous action. The flow velocity continues to decrease
and the fluid from the surrounding region is accelerated as it is
entrained. As a result, the cross section of the jet will steadily
increase in magnitude with distance from the efflux section.

A schematic longitudinal section of the turbulent sub-
merged jet is shown in figure 1b. The outer boundary represents the
surface on all points of which the velocity is equal to zero. There
are three distinct regions of the flow. The region I consists of an aanu-
lar mixing région surrounding a central core,near the exit of the nozzle,
in which velocity is constant énd equals to outflow velocity. This
region extends to the end of this core (about 5 nozzle diameters). In
region II, known as the transition region, mixing occurs throughout
the entire section and the central velocity decreases with increase in
distance. This region extends to a distance of about 8 nozzle dia -
meters. As the fluid enters the region III, called the main region its

‘velocity profiles reach an assymptotic state. ‘In this region, the' central

velocity is inver sely proportional to the distance from some point
O near the jet mouth and all profiles are similar. The end of this
region occurs when the centre line velocity becomes of negligible
magnitude at a distance of about 100 nozzle diameters from the

efflux section.



III REVIEW OF JET DISINTEGRATION STUDIES

The disintegration of a liquid jet depends on the degree of
its instability. In some Cases, atomization does not occur for some
 time after the liquid jet leaves the nozzle; in others, atomization
occurs very close to the nozzle. There are three types of break-up
as shown in figure 2. The first type occurs at low veloc1t1es This
was first studied by Rayleigh (2). Neglecting the effects of the sur -
rounding medium, he considered the stability of a nonviscous
cylindrical liquid column by imposing an arbitary small disturbance
on the surface of the liquid jet. The equation for arbitary small dis-
turbance is of the form

a=a eqt (m % )
where a is the initial amplitude of disturbance, q is the time rate
of growth of amplitude, x is the axial distance, b is the initial
radius of the jet and m is the wave number. The wave length of dis-~
turbance \ is given by the equation \ = 27 b/m. He had shown that the
deformation due to this disturbance‘ is stable or unstable depending on
whether the wave length \ of the varico sity*is less or greater than the
circumference of the cylinder. By calculating the change in potential and
kinetic energy from the unperturbed condition, he had also shown that the
maximum instability i.e., the kind of disturbance which leads most rapidly
to the d1smtegrat10n of a cylindrical mass, occurs when \ = 4.51 x 2 b,
In the second type,as the velocity of the jet increases, the jet
assumes a wavy form due to the resistance of the surrounding medium.
Here the resisting force due to viscosity of the surrounding medium is
greater than the surface forces.
Weber (3) had shown that q, the time rate of growth of dis- -

turbance depends on the dimensionless term 2.1 a w2 which is known

0 -
as Weber number W, It represents the ratio of inertia to surface tension

als
“r

varicose means periodically narrower and wider.




force. He determined the value of A for which q is maximum and its

value increases with 1ncrease in viscosity of the _]et fluid.

In the third type, the liquid issues from the nozzle at such
a speed that iﬁs inertia is too great to allow any marked oscillation of
either type to form along the jet surface. The droplets already formed
are fu;'ther subdivided at a greater rate,under the combined effect
of inertia, surface tension and viscosity.
A photographic inve st1gat1on of a Jet of several 11qu1ds
was made by Haenlin (4). He arr1ved at the conclusion that there
‘were four seperate and distinct processes respons1b1e for the even-
tual disintegration, namely:
1) Break up into drops due to. rotat1ona11y symmetric osc111at1ons of
the jet surface,due to the effect of surface tension and primary dis-
turbances. [ figure 2a ] .
2) Break up into drops due to oscillations with slight additional effect
of air friction. [figure 2b ]
3) Break up through waviness of tﬁe jet assisted by air friction
[figure 2c ]
4) Complete and immediate disruption of the jet due to the chaotic
dispersion of the liquid.
He had also shown the variation of the break up length i.e.,the dis-
tanee from the nozzle to the point of blleak up, with inerease in
veloc1ty of the Jet [f1gure 24 ]
' Ohnesorge (5) had shown that the break up length of a
jet passes succesively through three phases and the transition from
one phase to the next occurs at increasingly higher Reynolds numbers.
It is also a function of a- dimensionless term , containing viscosity,
sufface tension, density and orifice diameter :
=uhZrac
which is known as Ohnesorge number. This number is in fact a function

of Reynolds number and Weber number. If the Reynolds number is high



enough, direct atomization takes place without intermediate steps.

Probably a more satisfactory explanation of the disinte-
gration of a high speed jet 1s that, proposed by Castleman (6) and
referred to as the 11ga.ment theory. According to this theory, '' a por-
tion of the mass of the liquid is caught up by the passing air at a point
where its surface is ruffled and, being anchored at the other end,is
drawn into a fine ligament. This ligament is quickly cut off by the
rapid growth of a dent in its surface, and the detatched mass, being
very small is .quickly drawn up into a sherical drop''. If the ligaments
formed are of such lengths as to be unstable, the disturbances caused
by the re.sistance of the passing air are sufficient to initiate their
immediate collapse. .

Tomotika (7) analysed the instability of a long cylindrical
column of viscous liquid in an infinite mass of another liquid of differ-
ent viscosity and density. He concluded that the wave lengths are the
smallest when the two viscosities are ‘almost equal, Maximum ins-
tability occurs when this viscosity ratio takes some finite values and
it increases indefinitely when the ratio tends to zero or infinity.'

By assuming that the break up of drops occurred when
the drag forces exceeded the inertia forces by a certain (experimen-
tally determined) factor , Littaye (8) derived the following equation
for the criterion of secondary aton'fi_zation:

Py wi e ~ N3 w2 constant,
o 2
where w, is the relative velocity of the droplet, c is the diameter of

1
the droplet formed and N is the ratio of gas to liquid density,

Miesse (9) had shown the variation of disintegration wave
length N\ as a function of /W for different values of Ze. He concluded
that the boundary between two regions of atomization occurs for/W = 8. 95,

*l‘-efers to the shape assumed by the fluid which is pulled away from

the surface of the jet.



Kuehn (10) made extensive studies of sprays using diff-
erent liquids and injection pressures. He came to the conclusion
that at low injection pressures, the effect of visco sity is predominant
while at higher pressurés,the effect of interfacial tension(liquid /
adjoining gas ) is predominant.

The effect of the variation in air pressure around a droplet
waAs considered by Klusener (11). If the droplet is in a state of equi-
llibrium, the o'uter pressure pa and the interfacial tension pressure P
give rise to a pressure pi inside the droplet, and this internal pres-
sure is constant at any point on the surface. Hence,

= + = Constant.
Pi P a P s

Figure { a

Diagram of Forces Acting on a Droplet.

1-1, rl2 = radii of curvature.

o) = interfacial tension (liquid/air)

F =resultant force due to interfacial tension (liquid/air)
P, = pressure inside the droplet

pa = air pressure

P = pressure due to interfacial tension (liquid/air)



The d1rect10n of the resultant interfacial tension p_on the
the droplet surface is inwards because the attraction between the free
surface and inner liquid molecules is greater than that between the

free surface and the adjoining air just over it. According to Klusener,
“The droplet will be stable so long as any change in the air pressure p
from one point on the surface to another can be balanced by a change in
the surface tension pressure such that P, remains constant. At a
point where . pa -increases, the droplet will become flatter due to the
decrease in the value of P If the value of P is small compared
with P, » then any appreciable change in 'p_ cannot be balanced by a
correepondlhg chang.e in P to keep the value of P, constant. The out-
‘er pressure p may then change the shape of the droplet in such a way
that a further decrease occurs w P, avt certain points and finally
causes the collapse of the droplet, sphttmg it into two or more smaller
droplets Thrs division immediately increases the value of P, by re-
ducing the radlus r ,and p_ may now be large enough to accomodate
the var1at1ons in air pressure p . I P is still too small, further
sub- d1v151on will take place unt11 a droplet is obtained so small that
its 1nterfac1a1 tenswn pressure P, is large enough to ensure a constant
value of p for all points on the droplet surface.

Lane ( 12 ) studied the break up of droplets in an air
stream. He found that the secondary droplets into which a drop was
shattered, were progressively smaller as the velocity of the air stream
was increased, Due io the variation of aerodynamic pressure over a
droplet placed in an air stream, the start of its sub-division takes pPlace
according to a relationship of the form : ( u1 - v1 ) ¢ = Constant,
where u,  is the critical velocity of air required to break the droplet :
v, is the velocity of the drop and c is the diameter of the drop.

. According to Hin.ze ( 13) there is a critical velocity at
which the splitting of the drop takes place depending on the liquid vis-

co sity , as it will delay and damp out any tendency for deformation.



-9 -

IV SIMILARITY CRITERIA FOR ATOMIZATION

a ) Derivation of Similarity Laws

The criteria for similarity are determined according to the
method proposed by Popov (1), by considering the equation of motion
for a fluid elementof the jet and the surrounding gaseous medium.
From the .Navier Stokes Equation, the motion of an element of fluid

can be analytically described as :

v ) . i B 19
1 + ( vgrad)v g 5 grad p + o
The continuity equationis : div v = 0 - 2)

where t, gv, Vy, P> My P denote the time, acceleration due to gr'avity,
Velocify, pressure, viscosity, and density respectively. To obtain the

" solution for the pressure and the three velocity components, four
equations are necessary. The other two equations can be found from
the boundary conditions of pressure and the the distribution of liquid
velocity at the exit of the orifice. The pressure difference which arises

through the action of interfacial_tension_ between the liquid and the ad-

Joining gas, can be written as :

{ 1 :
p=p +0( =+ —/) 3)
8 1 T2

where p is the liquid presgsure, pg the gas pressure, and r1 and

rz" are the principal radii of curvature of the surface element. When

r, =1, = ¢ /2 the equation ( 3 ) takes the form :
- 40 ‘ ‘
= 4+ = 4)
P Pg C

The other boundary conditions are given by the distributions of liquid
and gas velocities v and u respectively, at the exit orifice
Le, v=o(r,v,t); u=9(1,y,t) 5), 6)

where r is the radius for any outlet section of the nozzle.
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The fuactions 5 and 6 contain the kinematic viscosity terms YrYy
since velocity distribution depends on the internal resistance of the
fluid. '

All the variables in the above equations are made dimen-
sionless by introducing the following units of measure :
d diameter of the exit orifice, to duration of the process, Vo T
4Q/w d2 t 3 mean exit velocity of the liquid, u denotes the gas velocity,
P, Pressure at a definite point within the system, Pi, y denote the
density and viscosity of the surrounding gaseous medium. It can be
written now :
LVEY v, u=VmU, t=t T, x=dX,y=4Y, z=4d Z, 4= xi +vyj
+2zk =d(Xi+Yj+Zk)=dS, r=dR, c=d D, p1=[.LM,Pl = PN

where the capital letters denote the corresponding dimensionless mag-
nitudes, for example U,V denote the dimensionless distribution of
velocity at the exit orifice, X,Y, Z denote the dimensionless co-
ordinates, M and N reprosent the ratios of viscosity and density bet- '
ween the two fluids and so forth.

' Taking into account that scalar components of &6 v/ &t are
of the form 6v / at, those of v grad v of the form av / 8%, those of

Av of the form 6 v / 6x2 etc, the equations 1,2 and 4 can be trans-

formed to :
2

Vm &V vm(v ‘d)V i PO |J.vm AV
— — — ra -— _— e —— e
p pr= + ik g g 5 § gradP 5 7)
o : d

v .

I div V = 0 8)

d‘

P=p P + £ 9
P, Po g T D 9)

By dividing the equations 7,8,and 9 by va/d, vm/d and P, respectively

the following dimensionless equations are obtained.
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: P
-4 5V _g:d 0 koo
m o v
m m »
divVv=0 i1)
40
P=P ’
g’ 5 dD | 12)
Considering the gas flow two equafions similar to 10and 11 are obtained.
1%
—it %I.J'f.+ (U grad)u - ES,..._..O_ 1 grad P + H _l\./.l_ AU 13)
Ym o vr%] P vrﬁ N g pv d N
div U=0 : 14)
Introducing the respective measuring units,equations 5 6 take the form as
vmV=¢(dR,y,toT)' '~ 15)
v U=¢(dR, y M/N, t T) 16)

The preceeding procedure applied for reducing the equations to dimen-
siénless form cannot be further used here since the equations 13 and
14 are not given in concrete form. As the left hand side of these
equations shows the dimension of velocity so the function of the right
hand side must show the dimension of velocity. In the functions R, M,
N, and T are dimensionless, so the coefficients which are evidently
made up of thg mggnitudes d,y,to,must have f:he dimension of velocity
(length/time). Therefore, two combinations of the form d/to, y/d
areAtaken into account in each function from the coefficients d, vy, and
to. If the equations 13 and 14 are .divided by Vo there are obtained

on the left hand side the dimensionless velocites U, V and on the right

hand side from d/to and y/d ,the dimensionless criteria

d i Y 1
= =— and = =
£ H .Vm d Re
o m

. where Re is the Reynolds number and H is the Homof:hronity number.
Equations 13 and 14 can now be written as :
V = ¢(Re, H, R, T) | 17)
U=¥(Re, H, R, M, N, T) 18)
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The integration of the system of differential equations for the liquid

and gas with the boundary conditions will yield the functions of V,U, P,

P and D, that will evidently contain the space term S and time T, from .
thge comparison of two situations. The size of the dropiét, therefore

can be expressed as a function of the form :
- R d gd P, - B o

D-'—Cld:f(vts 3 9 2 pv _d? p d’
m o v g v m o
m m

M,N,U,V,S,T) 19)-

It is known that every similarity criterion can be replaced

by the exponential product formed with any other criteria of the criterial

equation 19. Therefore,a substitution can be made for od by the
P

following non-dimensional group. - °

1/2 - 1/2

= - Ze 20)

Pd)\ Dvd\’opd'

Ze represents the criterion introduced by Ohnesorge (5) for the disinte-

gration of a droplet without the effect of air forces. The dimensionless
constant Ze combines density, viscosity and interfacial tension of the
liquid and the nozzle diameter. It gives a characteristics value of the
liquid for atomization. Reynolds number Re compares the inertia force
with the viscous force and it determines the turbulence of the

flow. The homochronity number H establishes the relationship between
the parametric value of the time t and its characteristics value d/ Vo
which represents the time interval for the rate of the changes in the
systemas a result of the motion of the medium. So H represents the

sense of a dimensionless time. For similar processes, this number can

be written as :

1 ] 1 .
m %  Vm % ' 21)

a - an
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where the full scale and the model magnitudes are denoted by single

—

and double prime respectively. Since Vo 4Q/n d2 to the equation

19 takes the form : o a o d'3
— oy — = —
dl 3 d”3 Qlf dll3

So the outflowing liquid volume Q' of the full scale and of the model Q"'
must, during the corresponding times t(') and t(;' stand in the same
ratio-as the volumes d'3 and d'' or the volumes of the systems.

For a steady flow this geometric condition is evidently satisfied.

Hence, the criterion H need not be further considered. The disinte-
gration of the jet takes place due to the effect of inertia, surface tension
and initial disturbance. The movement of a droplet may be affected by
' the action of gravity when its velocity is very low but gravity has no
role on the process of secondary atomization which takes place at much
higher velocity. So the group g d/w'/m2 ;s known as Froud number which
takes account of gravity force is not significant either for a horizontal
jet or a vertical jet at the point of secondary atomization. Therefore,
this number is simiiarly omitted. It is assuméd that there is conser -
vation of momentum at every section of the.jet i.e.,the pressure in
the jet is constant. For an incompressible fluid, the material property
or the density is cqnstant. Therefore, the criterion, P, /p vriknown
as Euler number is deleted also. .
‘ The criterial eciuation 19 for the liquid atomization at
large velocities can therefore be reduced to the following simplfied

form :

D=f(Re,Ze, M,N,U,V,S5,T) 22)
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b) Selection of System Fluids, Nozzles and Pump

Two model fluids which represent the actual jet fluid and
the surrounding environment, were chosen largely on the basis of the
preceeding similarity analysis. For an identical atomization process
fo take place in the model the conditions for D' = D''i,e., Re' = Re'',
Ze'= Ze'',M'=M', N'=N'" etc. must be fulfilled. The condition
for the distribution of liquid velocity at the exit section (V' =V'' ) was
satisfied by achieving geometric similarity of the nozzle and the suppiy
system. The number of bends, sharp edges which could cause initial
disturbance ‘was made as small as possible. The atomization process
.was conducted in a closed chamber without any specific motion of the
surrounding fluid. So the condition for the distribution of gas velocity at
the exit section (U' = U'') was not considered. The time can be counted
after the start of the process assuming V =0 for T = 0 i.e., no liquid
flow takes place at the start of the process. Hence at corresponding
points (S' = S'' ) and at corresponding times ( T' = T'' ), the atomization
process in the modél test will be similar to the actual system.

The actual system to be considered, for example, could be
n-heptane,n-octane or liquid Co‘2 jet at their respective critical
pressures and at temperatures (near critical) of 2500 , 275° and 25° C
re spectively.. To satisfy the similarity criteria, colourless transparent
mineral oil was selected for the gaseous environment and a sucrose

solution for the jet fluid. The sucrose solution was prepared by adding
chemical sugar to ordinary water at 250 C . At this temperature, its
viscosity varies from 0. 893 to 44. 3 c. p. and the density from 1.0 to
f.5 gm/c.c. The physical properties of n~-heptane, n-octane,liquid Co2
at th;a described values of pressure and temperature and those of

mineral oil at 250~ C are listed below.
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density viscosity interfacial tension
P(gm/c,c) L (c.p.) 0(dynes/cm)
n-heptane 0,234 (15) * 0. 0845 (18) 0. 228 (liquid/air) (19)
n-octane  0.234  (15) 0.0955 (18) 0. 448 (liquid/air) (19)
liquid Co, 0.665 (17 0.065  (17) 0. 463 (liquid/air) (16)
mineral oil 0. 840 3.24 48,0 (oil / water) (14)

water . 1.00 0.893 72.0 ( water /air)

During the selection of the system fluids, care was taken
to insure that no mixing or any chemical reaction can take place
between the fluids and that the surrounding medium is clear and
" transparent, This was to facilitate photography. F'rom the above
considerations, a solution prepare& from water was found to be most
suitable, since water and oil are immiscible in nature.

The similarity criteria were fulfilled for 45% concentration
of sucrose solution. At the same temperature and pressure conditions
described for n-hePtane, air has a viscosity of 0. 0277 c. p. and a density
of 0.064 gm/c.c. With this system,the similarity criteria take the
following forms : |

M' = ( p/p,)' = 0.0845/0. 0277 = 3. 25

M = ( ”/p.1 )1t = 10.4/3.24 = 3.2
Nt =(p/ 91)' = 0,234/0. 064 = 3. 66
N't=(p/ Py )" =-1,201/0.84 = 1,45

In the model system the condition of equal viscosity ratio was achieved
but the condition of equal density ratio was not. The density ratio could
have'been made equal either by increasing the density of sucrose to
5.1 gm/c. c or by using an oil of density 0. 328 gm/c. c. But the density

of sucrose can not be raised above 1.5 gm/c. c as the water becomes

saturated after addition of sugar 60% by weight at room temperature

* bracket refers to reference.
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and moreover its viscosity increases with increase in density. Since
the density of most of the oils lies in the range 0.7 to 0.9 ,a clear
oil having a density of 0. 328 gm/c, ¢ was not found, Therefore,
the density of the oil as used in the experiment is more than the
desired value, hence it may have some effect on the atomization pro-
cess. The normal pressure forces acting on the moving droplet (from
the surrounding medium) will be more and it will slightly hasten
the splitting up process. |

The nozzle size and the velocity of the jet for similar type
of atomization were determined for the model system from the condi-

tions :Re" = Re'' and Ze' = Ze''.

V' dl pl V” dH pll ' )
= 23)
B = B .
24)

\/0" pl dl \/Oll p'l dl’
an=a (pt/et )l (e /) (gt 25)

The nozzle diameter d'' in the model test is obtained from equation

-25- The corresponding atomization velocity is determined from the
equations 23 and 24 as :

(v /v )y=(p/p)(o /o) 26)

From equations 25 and 264 it is apparent that by increasing the viscosity
and reducing the surface tension and the deﬁsity of the jet fluid, the
atomization velocity can be reduced and the experiment can be per-
formed with a larger diameter nozzle. It is then possible to analyze
the atomization phenomenon of a higher velocity jet by conducting a

simple model test.
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From the similarity criteria, three different nozzle dia-
meters were determined corresponding to the three different systems
in an environment of air near their re spective critical point, A
sample calculation to arrive at the above nozzle diameters is shown
below. The capacity of the pump was determined from the
consideration of the amount of solution required to obtain the desired

jet velocity in the model.

A n-heptane ( C7 H16 ) jet of diameter 0.5 mm at 250° C
and 25 atmospheres of pressure is considered. The viscosity at 250°

C is determined by the relation (18)

p=A/(K+6) where A = 445.97, K = 180. 14-and n = 2, 1871

| 2.18
w = 445,97 / (180,14 + 250 )= 1871

0. 0845 c. p.

The interfacial tension (liquid/air) at 250o C was determined from
(19) by the relation 0 =0.( 1. 0--@('/) .@(‘:)1' 21 where O refers to the
interfacial tension (liquid/air) at 0 C. Go is calculated by finding the
Parachor number from (20). Parachor number for n-heptane is :
4.87x 7 +17.1 x 16 = 307.6. With this value, 0, is found to be £5
dynes/cm. The critical point temperature @& was found to be 5400 K

c
: 1. 21
from (15) ., Thus o = 15.0( 1.0 -523/.540) = 0,228 dynes/

cm, The density,anzjgziscosity of air at the same temperature and -
pressure as that of n-heptane are obtained from ( 15 and 17 ) and
those values are 0.064 gm/c.c and 0. 0277 c.p. respectively. The
model fluid of 45% concentration of sucrose solution has a viscosity

of 10.4 c.p. ; density of 1,201 gm/c.c and interfacial tension

( oil / water ) of 48,0 dynes/cm. From the similarity criteria

(p''/p')=(10.4/0.0845) = 123
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(0' /0"y =(0.228/48)=(1.0/ 211)

(p'/prr) =(0.234/1,201)=(1.0/5.13)

From the equation 25,
2
(da'"/av)=123"(1.0/5.13)( 1.0/ 211 )= 14.1

Considering 0.5 mm size of the nozzle in the actual system, the nozzle
size for the model test was determined as 7.05 mmi.e., 0.278 inch.
Similarly the nozzle sizes in the test for the different Systems are

determined and their values are tabulated below :

System Nozzle diameter
1. n- heptane / air 0,278 inch.
2. liquid Co, / air 0.516 inch.

3. n-octane / air 0. 813 inch.
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V EXPERIMENT FOR ATOMIZATION STUDY

a ) Description of Equipment

An experimental set-up was designed in order to perform
the photographic study of the atomization of a liquid jet. A tank of dimen- |
sions' 12 inx 18 in x 48 in ( capacity 55 gallons ) was fabricated with

glass walls for the purpose of the study. The tank was positioned on a

table as shown in figure 3. At the bottom of the tank an outlet pipe of 0. 5in
diameter was provided in ofder to drain the injected liquid back to the
supply tank. In order to have this outlet pipe connection ,one of the

tank walls was fabricated with . 0. 25 inch thick plexiglass. It was ob-
served that when the container was full of liquid, the stainless steel an-
gles connecting the tank walls exhibited an outward bending due to the . |
liquid pressure. This was prevented by means of mild steel frames

fabricated with threaded rods fitted at suitable intervals along the

height of the tank. It was also noticed that the cement joining the tank
walls to the stainless steel angles was slowly being erroded due to some
chemical reaction with the environmental fluid ( oil ) . This resulted
in a colour change of the fluid making it semi-transparent pre senting
much difficulty for photography. This was successfully avoided by

pasting a thick layer of epoxy glue over the surface of the cement in be-

tween the angles and the tank walls.

A 45 gallon oil drum was used as the container for the
injected liquid. The inside surface of the container Qas painted in
order to avoid the possibility of any rust formation.

A centrifugal pump coupled with a single phase A. C.
motor (0.25 h. p.; 900 r. p. m. ) was used to deliver a continuous
discharge of up to 45 gpm at a head of 10 ft, The pump was con=
nected to the supply tank through three gate valves and one union -

joint. The gate valve V 7 was used for draining the supply tank.

L Sy



-20-

The suction and delivery pipes were of 1,25 in and 1.0 in diameter
respectively and the discharge of the pump was controlled by means
of a 0.75 in needle valve. A by-pass system was incorporated in the
delivery line as shown in figure 3. The nozzle was fitted to the end
of the main pipe by the internal thread at a position about 3 ft from
the bottom of the experimental tank. A pipe of larger section was
introduced in the flow circuit above the control valve NV in order

to avoid the possibility of initial disturbance due to the valve opening,
particularly at low velocity. .

The pump and the liquid flow through the pipe caused a
certain amount of vibration in the entire system. ‘'This resulted.in
transverse oscillations of the jet surface, causing alterations in its
behaviour. To eliminate this effect, a flexible connection was
provided in the main pipe; a heavy plate was attached to its lower
portion [figure 4] just below this connection and it was placed over
a mild steel plate above the top of the container. With the above
arrangement , thé vibration at the tip of the nozzle was completely
eliminated. This was checked by observing no formation of waves
at the tip of the nozzle when it just touches the liquid surface.

The velocity of the liquid jet was measured by the rise
of the liquid column in the experimental tank over a specified time.
Fof this purpose, a scale was attached to the front wall of the
container and the readings were taken with the help of a magnifying
glass, Each measurement was repeated three times and the average

of those was taken as the effective reading.
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b) Arrangement for Photography.

The arrangement for photography is shown in figure 5. A
single lens reflex camera was placed at a distance of 4 ft in front
of the experimental tank. The flash unit ( Mecablitz 184 ) was placed
. ata &istance of 6 ft behind the tank and its front wall was covered with
a tracing paper to reduce the intensity of light. The flash unit was con-
nected with the camera by a long.:,r flash cord. The back side of the ex-
perimental vessel was also covered with tracing paper to avoid any
poésible reflection and to provide a diffused lighting background. With
the help of a stroboscope, the shape of the jet was first observed and
the oscillafing jet appeared to be stationary when its freguency;is-syn-
chronised with flashes of the stroboscope. The stroboscope is used
-for the purpose of better visualisation as it provides an instant
source of intense light at a particular region. The start of disinte-
gration of a jet into a couple of smaller droplets was clearly observed
and the point of. secondary atomization was determined exactly.

The stroboscope was then switched off and all the photographs were
taken at a lens opening of 5..6 with only flash light. The above pro-
cedure eliminated the possibility of any stréy light at the instant of
photography. This arrangement was found to be the most suitable after
making a few trials with different positions of the photographic units.
All the photographs were taken with black and white Panatomic X film
of 16 din after an initial trial with a higher speed film.
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c) Experimental Procedure

A transparent oil (Mentor 29, supplied by Imperial Oil Ltd)
was used in the experiment as the model environmental fluid. The
density, visco sit}r and interfacial tension between the oil and water
were 0.834 gm/c c, 3.24 c. p. and 48 dynes/cm respectively. The
oil was pumped ffom the oil drum to the main tank by means of a
hand reciprocating pump. A sucrose solution was prepared with a
specified concentration. Its density was determined by a hydro-
meter ; its viscosity wifh a 'Canon ' viscometer by calculating the
time during which a specified amount of the solution passed through
its small constriction. The interfacial tension between oil and water
was varied by adding Kodak Photo Flo Solution ( normally used for
wipin'g out minute traces of water left on film after processing), to
the sucrose solution. The reduced surface tension values were taken
from the Kodak specifications. In order to achieve a sharp contrast
for photography, the sucrose solution was coloured with a dye 'Cresol
Red'. This dye normally does not mix with oil but it was found later
that due to the repeated use of the solution, particularly with high
.velocity jets, very slight mixing took place.

When the control valve was opened, the jet fluid passed
through the oil medium and was deposited at the bottom of the ex.-
perimental tank, thereby developing an interface with the oil. Due
to the continued flow of the jet, the level of dil in the experimental
tank continued to rise. This rise in oil level could influence the
behaviour of the jet,but was avoided by maintaining almost a con-
stant level of the interface by operating the drain valve about one
inch below the interface,before the start of each observation. The
drain valve was kept at such an opening that it drained almost an

equal quantity of the sucrose solution as the inflow from the nozzle.
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This méans that the depositing fluid, before coming to rest and
seperating itself from the oil medium, was forced out through the
drain valve. This process automatically contaminates the jet fluid
to a certain degree. A small tank was introduced in the draining
circuit of the jet fluid to enable removal of the contamination before
its repeated use in the cycle of operation.

When the jet outlet v;zas_fir st opened, some air bubbles
were observed in the jet. This was due to the presence of air trapped
in the pipe. The formation of air bubbles altered the normal pattern
of the jet behaviour. These air bubbles were eliminated by closing
the valve V 1 and by-passing the liquid through the bleed valve and
the flexible tube back to the small tank employed for 'separating the
sucrose solution from oil. During the first operation of the bleed
valve, it was observed that a certain amount of oil with the trapped
air was forced out through the flexible tube. 5

After allowing the liquid jet to pass through the immis-

cible oil medium,it was observed that some sort of fungus growth

was taking place after some time at the oil-solution interface. The

growth of this fungus resulted in the formation of thread like struc-

tures which travelled through the oil medium from the interface.
Sometimes these structures entered the region of the jet spread
and were mixed in the cluster of droplets and appeared in the view
of camera. This was avoided by filtering the sucrose solution before
beginning the experiment and draining the fungus layered sucrose
solution from time to time. A time interval was also allowed
between the consecutive observations of the high i/elocity jet .
in order to allow the dispersed minute droplets to settle.

The nozzles the dimensions of which were determined

according to similarity criteria,were fabricated with brass. With
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‘these nozzles several photographs of the jet were taken for diffel‘-ent
flow regions, namely, laminar, transition and turbulent and the res~
pective flow rates were measured using a stop watch. To determine
precisely the onset of secondary atomization, 4 to 5 pictures were
taken for each concentration. Approximately one roll of black and
white film of 20 exposures was required for each nozzle and for each
concentration of the solution. When photography was complete for
each concentration, the negative was processed and checked for
proper contrast on prints. Then the sucrose coﬁcentration was altered
and similar photographs of the jet were taken for each concentration.

' Before starting the observations, each time the whole piping
circuit and the supply tank were washed and cleaned with plain water
so that any solution of the old concentration re‘maining inside the
pi‘peb cfrcuit was flushed. The experimental tank was also cleaned
with acetohe and glass cleaner so thaf no stains remained on the clear
glass surface. The solution was again coloured and filtered so that
ti‘aceé of the minute fungus like structures,formed during the pre-
vious observations, were removed.

Altogether, eight series of observations were conducted.

The first series was carried out with plain water (used as jet fluid)
at room terhperature with its normal physical properties (denoted
as 0% conc. case I). The second and the third series were conducted
with surface tension reduced to 50 and 30 dynes/cm (denoted as 0%
conc. case II and case III) respectively. The remaining five series
were carried out with increased viscosity and density of the jet
fluid. The physical properties of these different concentrations of
the jet fluid and the velocity for the start of secondary atomization
corresponding to the respective nozzles and concentrations are des-

cribed in tableI , page 40,
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. VI DISCUSSION OF EXPERIMENTAL RESULTS
a) Photographic Analysis

A series of photographs were taken for each concentration
of the jet fluid, of which three were selected for each nozzle and
presented on each figure from 6 to 32. The first represents the jet
prior to secondary atomization ; the middle one shows the beginning
of secondary atomization and the third one, a velocity much higher
than that corresponding to secondary atomization. For a jet fluid
with 45% concentration of sucrodse, six photographs are presented
on two pages for each nozzle. Of these the first three show the views
for velocities below secondary atomization; the fourth representing
the velocity at secondary atomization, and the last two showing the
jet at velocities above the onset of secondary atomization[figures i1,
12,20,21,29,30). The photographs shown in figures 33 to 37 illus-
trate cup-like formations on the jet surface. Alternate nodes which
appear on the jet surface above the point of break-up have maximum
thickness at the centre and gradual contractions at the ends. The force
of resistance from the surrounding medium acts more on the lower
portion of each node. Therefore, each node gets deformed into a shape
which has maximum thickness at the top and gradual contraction at the
bottom. The contracted portion of a similar upper node moves further
inside this configuration at higher jet velocity. This configuration is
described as cup-like shape. This . i's formed due to the relative velocity
between the cup and the jet and due to the resistance of tne surrounding
medium; Figure 38 represents the pattern of the jet break-up at different
distances from the tip of the nozzle. Contractions in the jet profile,
observed at low velocities are shown iﬁ figures 39 and 40. A comprehen-
sive piéture of the jet photographs are given in tables II, III and IV.

Proper contrast was achieved on prints by using a high

contfast photographic paper F-5. In spite of this, sharpf:ontrast
was not achieved in some of the prints. This is due tg the fact that
proper contrast between the jet and its surrounding was not obtained

due to slight amount of mixing of the dye of the jet fluid with the

surrounding medium. All the prints are such made by adjusting the
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at the exit of each nozzle. Hence the enlargement ratio for the smallest
diameter (0.278 in) nozzle is maximum and due to this, the prints represent
the minimum length of the jet and therefore comparatively less number

of droplets were visible on-the prints, particularly at the velocity corres-
~ponding to the onset of secondary atomization. From the photographs

it is evident that the shape of the jet converges initially and diVerges
afterwards. If an envelope is drawn on the surface of disinteg.ra.ted
droplets, then region I will extend to the convergent portion of the jet

from the nozzle tip and region II will indicate the atomization region.

Region III is not so evident.

The behaviour of the jet with variation of velocity, surface
tension, viscosity,density and nozzle diameters,as observed in this

‘experiment,is described below under each sub-heading.

Effect of Velocity

When the velocity of the jet is very low, . dripping takes
place and the drops, as they pass through the surrounding medium
undergo a series of oscillations [figures 11a,20a ]. The outstanding
feature of a low velocity jet isthe forrnation of a relatively large
spherical mass of liquid at the extreme end of the column. Apparently
an initial amount of injected liquid is reéarded with respect to the
rgmainder of the stream[figures 6a, 1‘6a, 24a] resulting in a local

concentration , which is pulled into spherical shape by the capillary

action of the fluid. The mass continues to form until it becomes
greater in dimension than that of the undisturbed jet. Then instability
of the motion causes it to seperate from the remainder of the liquid.
and it proceeds as a si:igle drop.' Larger drops are formed in this
manner. At higher velocities, the concentration of the liquid consti-
tuting the leading portion c;f the jet and the accompanying large
droplets cease to appear in the phoiographs. The smaller size

droplets increase in numbers and are formed closer to the
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nozzle[figure i3 ¢ ] The wave length of the oscillation decreases
with increase in velocity[figure 61].

‘ It was also observed that the break up length i.e., length of
the jet between the nozzle and the point of disintegration ,decreased
with increase in velocity in the lower range [figures 13,19 ]. Previous
experimental observations show that the break up length increases
with increase in velocity of the jet in the absence of air motion[Ref-
erence 4, figure 2 d]. This is due to the fact that at high velocity
the straight -portion of the jet is same as the diameter of the nozzle,
but at low velocity there is a gradual contraction of the jet profile
from the tip of the nozzle[ figure 39 ].

Above the velocity corresponding to the start of secondary
atomization, cup like formations were.observed in the jet surface and
inside each cup, a thread like structure linking the centre of the cup
and a similar upper cup was observed [figures 33 to 37 ] The dis-
tance befween the two consecutive cups, tends to increase downwards
from the noézle fip. Af higher Qelocities cup-like formations appear
closer to the tip of the nozzle and the linking ligament tends to become
continuous up to a certain distance and.breaks these shapes, resulting

in greater number of droplets.

" Effect of Surface tension

 The behaviour of the leading portion of a jet depends on
simultaneous effects of fluid pressure and surface tension of the
liquid. At low velocity the leading portion will be formed primarily
under the action of surface tension. The jet oscillates about the central
axis and alternate elongations and contractions appear on the jet sur- _
face at periodic intervals above the point of break up [ figures 9a, 16a ]
It was observed that the drop forming process and the range of drop

sizes depend on the manner in which the leading surface reacts to the
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the combination of forces acting,. Multiple drops are observed during
dripping [figuré 20 a ] as the liquid is severly deformed by unequal
surface and pressure forces., The shape of the liquid is so irregular
that the capillary forces are incapable of gathering it into a single
drop.

Photbgraphs which were taken by reducing the surface
tension to 50 and 30 dynes/cm, are shown in figures 7,16, 25 and
8,17,26 re spectively, If was observed that atomization takes place
at much lower veloéitiég and the size of the drop is also smaller.

Figure 20b shows the disintegration of a jet due to capillary action.
| With a s‘urface tension of 30 dynes/cm, the atomization was found to
take place at the minimum possible velocity required for the for-
mation of the jet in case of nozzles of diameters 0.516 in and 0. 813

in respectively.

Effect of Viscosity

Several photographs of the jet were taken with increase in
viscosity of the jet fluid from 0,893 c.p. to 44.2 c. p. while main-
“taining the same viscosity of the environmental fluid 3. 24 c. p.

It was found from the present experiment that the secondary atomization
velocity did not vary appreciably with increase in viscosity of the liquid
jet. Usually the viscosity of the jet liquid tends to decrease the tur-
bulence of the flow and the rate of splitting of droplets already formed.
So more viscous liquids will tend to disintegrate at higher velocities.
This may not be always true as in the present case. Here the density

of the surrounding liquid medium is greater than the density of the
surrounding gas in the real system. Hence the rate of disintegration

of the jet is increased. It can be seen from the experiment that the
density of the surrounding medium has got greater effect on the jet

'velocity at the start of secondary atomization , than the viscosity of the
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jet liquid. Moreover, the liquid turbulence accelerates the disintegration
of the liquid jet by ruffling its surface close to the nozzle. But at the
point of secondary atomization of a quuid jetits viscosity has got
probably little'effect on the disintegration of the droplet.

With a viscosity of 44. 2 c.p. wavy disturbances were found
to appear on the jet surface at higher velocities ]:figure 14 c].
Formation of thin ligaments were observed . These ligaments were long
and slow to collapse into droplets. During formation of ligaments fine
threads of liquid are pulled away from the surface of the jet. At higher

viscosities the jet was found to be more compact and penetrating.

Effect of Nozzle Diameter

It is a well known fact that the liquid jets from large nozzles
Penetrate faither than jets from small orifices. This is due to the
reason that at the same discharge velocity, the momentum of the
discharged liquid increases in proportion with d‘2 ( d is the nozzle
diameter ) while the area of the jet exposed to the resistance of the
surrounding medium increases in proportion with d Thus for larger
nozzles, the resistance from the surrounding medium will be relatively
smaller and the jet penetration will be larger. Most of the photographs
showed this faster disintegration of small jets, other conditions being

the same.
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Effect of density

In the present experiment the density of the jet liquid -was
varied in the range ( 1.0 to 1.258 gm/c.c ) while maintaining the
same density of the environmental fluid 0.84 gm/c. c. The effect of the
density of the jet liquid alone was found to be negligible. It was known
from earlier studies (10) that liquids of higher density will produce
more compact and penetrating jets which may be more difficult to
atomize and disperse in the surrounding medium. Lee ( 21) had shown
that the disintegration of a liquid jet in vacum is much slower than in
air and the jet breaks into relatively large drops in vacum than in air,
He had also shown that with increase in air density,the disintegration
of the jet at a given distancé from the nozzle becomes greater and the

size of the droplets is also reduced.

Effect of distance from the nozzle.

The total length of the jet is shown on two photographs in
the figure 38, the top of the second, being a continuation of the first.
Thé se photographs represent the disin?egration of a low velocity jet
at various distanées from the nozzle. It is apparent from these photo-
graphs that the disintegration is a progressive affair, as the distance
from the nozzle incerases, so does the degree of atomization, until

the drop velocity becomes so low that no further sub-division takes

place.
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b) Criteria for Secondary Atomization

- The jet velocities were calculated by taking into consideration
the respective ﬂozzle diameters; these velocities are shown in tabie I
as well as being given with the appropriate figure. With these velocities
the following non-dimensional parameters were found for each nozzle
and listed in table V.-
W = Weber No = 2 Divza

(o)
2vpPa

f

Re

Reynolds number

v

Ohne sorge number =\/_—
: 2p0Ca

where v is the velocity of the jet. Since the velocity of the surrounding

Ze

medium is zero, the relative velocity wis eqﬁa.l to the jet velocity wv.
The nozzle radiu'S- , viscosity,interfacial tension of the jet fluid, the
densities of the liquid and envirbnmental fluid are represented by a, .,
respectively. It was observed froAm.t‘able V that the Weber

1
number computed from nozzle diameter remains almost the same for

g, P and P

each nozzle but varies with different nozzles, Littaye's -(8) criterion

" for the onset of secondary atomization is

2 1/3 W2/3
i ~ N == constant.

2

He considered the break -up of a drop of diameter c. The density of the
. surrounding medium Py is constant. So for each concentration the
density ratio N is specified, but the Weber number varies with different

1/3 W'?'/3 does not remain constant.

" nozzles. Therefore the quantity N
So Littaye's criterion for the onset of secondary atomization for a liquid

jet is not verified.
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The measurement of jet diameters was done just above the
point where the node of the jet becomes first unsymmetrical or where
the lumped mass is first formed. In most of the figures, at the point of
secondary atorhization there is no formation of any blob . In some of the
figures where a blob is formed on the jet surface, the meesurement
of the jet diameter becomes rather difficult. But the blobs do not change
their shape appreciably. The velocity of the blob as observed in the
experiment is negl1g1b1y small compared to the velocity of the jet. So there
is almost no change in mass conservation of the liquid at the point of
measurement of the jet diameters and hence this measurement is justified.
The average of these were calculated for three different nozzles of dia~-
meters 0. 278,0.516 and 0.813 inch re spectively. Taking account of the size
magnification ratio, the values of the average jet diameters for different

nozzles are 1.96, 3.03 and 3. 78 mm respectively. On the basis of
these average jet diameters, the jet velocities for the start of secondary
atomization and the nondimensional numbers were calculated. The non-
dimensional parameters-Weber number, Reynolds number and Ohnesorge
g Reyr
and Ze1 respectively in tables VI and VII. Weber number has been

numbers based on average jet radius - bav are denoted by W

P L

found to remain constant [table VI] in the range of 1 to 4, The veloc1ty
for the onset of secondary atomization can be determined from this
number for a particular jet fluid. Therefore this number can be described
as the criterion for the beginning of secondary atomization for a liquid
jet and from the present study its value varies from 1 to 4, _ )
A number of previous inve stiga.fors (22 to 25) have measured
the critical conditions for break-up of drops in a gaseous medium,
. Merringfon and Richardson (22) deduced that the critical speed corres-

ponding to break -up of drops in still air occurs at Weber number of

7 to 10, Lane's (12) results indicated a critical value of 5.5 for the
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Weber number which decreased with decrease in initial radius of the
drop. Volynski (23) had shown that this cri.tical value varies in the
range of 11 to 15, All these previous investigators (22 to 25) had dbne
experiments with the shattering of a drop. The present experimeﬁt is
not concerned with the shattering of a li.quid drop but it is concerned
with the break -up of a liquid coiumn or a stream. The object of the
present experiment is to find out the condition for the secondary

atomization which begins to occur for a liquid jet. The two situations

are different and therefore Weber numbers are also different.

The Ohnesorge number which was found to vary over a wide
_range [ table VI ] was multiplied by the viscosity ratio and the following

nondimensional number was obtained.
Hy
V2 pob
av

where bav is the average jet .radius and By is the viscosity of the

Zey x py /lp =

surrounding medium. [ table VII.]

The above nondimensional number was found to remain
almost constant at 2.75 x 10-4 . This parameter does not contain
any velocity term but there is a velocity term iml?licit in this
parameter. The average jet diameter is in fact, a function of jet velocity.
This number depends on jet velocity in.addition to the physical '
properties of the fluid. Therefore it provides an impoi‘tant information
for the secondary'étomizaﬁon of a liquid.jet. Hence it can be described
‘as another criterion for secondary atomization and form this study its

: -4
value remains almost constant at 2.75 x 10_ .
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CONCLUSION

This photographic study of a model liquid jet, in an immis-
cible liquid me'diumshas shown how the disintegration of a real fluid jet
in a gaseous environment actually takes place due to the action of inter-
facial tension, viscosity and inertia,

The velocity of the jet for the onset of secondary atomization
has been found to -

a) decrease with increase in nozzle diameter’
b) decrease with decrease in interfacial tension,

c) vary not significantly with viscosity.

From the experimental data,for the start of secondary
atomization two non-dimensional parameters are determined. One is
Weber number and the other is Ohnesorge number multiplied by the
viécosity ratio. By considering the average jet diameter ,the Weber ’:
number has been found to remain constant in the range of 1 to 4.

The other non-dimensional term depends on the jet velocity and describes
the fluid characteristics for which atomization can take place. By
considering the average jet diameter, the value of this number remains -
almost constant at 2.75 x 10-4.

A peculiar cup like form of disintegration has been observed
throughout the experimental study. This kind of cup like structures on
the jet surface has not been -photographed in earlier ekxpermental
observations. This is:due.ic the effect of idertia and viscosity

of the surrounding medium.
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