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SUMMARY

The work in this thesis has been devoted to gstudying the

influence of liquid film thickness on the characteristics of airblast
atomizers. The research was carried out using two special atomizers
that were both designed to produce flat liquid sheets which were
atomized by high velocity air streams acting on both sides of the
shecet. The liquid was injected through sintered plates in the first

design, while the film issued from a variable gap slot in the second
design.

(1)

(2)

(3)

(4)

(5)

The investigﬁtionwwas divided into the following phases :

\
The different stages of the sheet disintegration were observed
and recorded by mcans of a photographic technique which
employed a very fast flash of 0.2 microsecond duration to
allow detection of the formation of the short life ligaments
on the atomizing edge. Various liquid solutions were used
to ascertain the changes which might accompany the mechanism
of disintegration due to the variation of the main liquid
properties namely viscosity, surface tension and density.

5150 the effect of air velocity and sheet thickness were
considered.,

Due to the importance of studying all the factors affecting
the drop distribution of sprays from the viewpoint of
evaporation and the problem of exhaust smoke, a set of

~experiments were conducted, and the corresponding drop

distributions were obtained, by a photographic technique
which had the advantage of not disturbing the spray.

In the third phase the thickness of the liquid sheets were
measured experimentally by a needle contact device and the
results were comparced with the thickness determined from
some flow models and from thcoretical analysis. The effects
of air and liquid properties and a characteristic dimension
of the atomizer were used to derive a dimensionally correct
expression which could predict the thickness of the sheets
encountered in airblast atomizers.

The performance of the airblast atomizer was examined under
the various conditions of air velocity and liquid flow rate
for a predetermined sheet thickness which was kept constant
by adjusting the slot gap width of the atomizer. Consequently,

the influence of liquid sheet thickness on mean drop size was
determined,

It was considered essential to study the effect of air pressure
for both liquids of low and high viscosity. Therefore air
pressure was varied between 1 and 7.5 x 10° N/m2 (about 1 to

7.5 atm) and the corresponding values of S.M.D. were measured,



ii

All the measurements of mean drop size were carried out using the
light scattering technique, and after careful consideration of

the results obtained on the effects mentioned above, the following
equation was derived : |

0.6 : 0.25 . 0.85
1 1 0.4 1
S.M.D. = 0.9 0.85 _ 1.2 (t) (1 +5 ) ¥
P A a
a r
5 . 0.45 .
0.107 1 (£)°°° (1 + -‘;:-L-)
1 p1 a

in S,I. units

which is dimensionally consistent and covers wide ranges of air
and liquid properties and film thicknesses.
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CHAPTER 1

INTRODUCTION

In recent years the need for more efficient and reliable gas
turbine engines for both aircraft and industrial installations has led
to intensive research in this field to establish the main design rules
for the different components of the gas turbine engine. Now the
development of combustion chamber performance depends largely on the
factors affecting combustion within the chamber itself. The rate of
heat release, the aerodynamics of the chamber, ignition and fuel injection
are some examples of these important factors.

The function of the fuel injector, which is the main concern of
the present work, is to deliver finely atomized and uniformly distributed
fuel to the primary zone of the flame tube in order to enhance the rate
of heat relcase and obtain fairly uniform outlet temperature traverse.
Also, in order to satisfy the new legislation on pollutions control,
special attention must be given to the quality of atomization., The
most common method of producing a spray is to force the fuel under
pressure through an orifice after imparting swirl to the emerging fuel
jet to increase the spray angle. However, due to the various problems
associated with this type of atomizers, such as the need for a special
. pump to produce a very wide range of fuel flow, and the sengitivity of
outlet temperature traverse to any change in fuel flow rate, the idea of

using the available energy in the air to atomize the fuel, is very
attractive.

Airblast atomization is a simple process in which the fuel 1is
introduced into the high velocity air stream in the form of discrete jets,
or as a thin attenuated sheet of uniform thickness which is shattered into
drops by the air at the atomizing edge. In some recent designs that
fall into the first group the fuel jet is atomized by means of two or
three annular and concentric air flows impinging on the jet instead of
using only one air stream coaxial with the fuel jet as in the case of
Nukiyama and Tanasawa's airblast atomizer (Ref.74). These new designs
have given very fine and uniform sprays which again supports the
effectiveness of the airblast atomizer as a proper means of fuel
injection,

The fuel sheet can be formed in many ways. In Lefebvre and
Miller's design (Ref.61) the fuel was supplied from a number of tangential
ports to a swirl chamber from which it spilled over a weir to form a
thin sheet. In the N.G.T.E. airblast atomizers used in Wigg's tests
(Refs. 89 and 90) the liquid was fed along an inner annulus, passed
through a double-gtart square thrcad into a swirl chamber then flowed
outwards on the surface of the inner body as a thin shect to mecet the
axial high velocity air strcam at right angles to the axis. The spinning
cups 18 another way of producing liquid sheets by the action of
centrifugal force which also helps the film to flow outwards at the cup
rim to be atomized by the moving-fast air surrounding the cup.



In order to obtain good atomization quality it has been found
desirable to subject both sides of the liquid film to high velocity
air streams in order to provide maximum physical contact between the
air and the fuel, and several atomizers have been designed to meet
these requirements. As an example, in Rizkalla-Lefebvre's atomizer
(Refs. 78, 79 and 80) the liquid flows through tangential ports into a
weir from which it spreads over the prefilming surface. The inner air
stream flows through the central circular duct over the liquid film and
is then deflected radially outwards by a pintle before striking the
inner surface of the film. The other air stream flows through an
annular passage surrounding the main body of the atomizer to meet the
outer surface of the liquid sheet.

Objective of the Present Work

Due to the importance of the liquid sheet as a factor affecting
the quality of atomization it was decided to study the conditions that
govern the formation of the sheet, and to what extent its thickness
influences the mean drop size of the sprays produced by airblast
atomizers. The mechanism of liquid sheet disintegration when subjected
to high velocity air streams was also investigated thoroughly to find
out the changes which might accompany the different stages of this
mechanism under the various conditions of air and liquid properties.

Since combustion systems in gas turbine engines experience a wide
range of conditions it was also decided to study the effects of air and
liquid properties upon atomization quality. Finally, a general formula
for mean drop size was derived which took into account all the forementioned
factors over the ranges encountered in practical combustion chambers, to
provide a general design basis for airblast atomizers.
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CHAPTER 2

LITERATURE REVIEW

Due to the increase of interest in using airblast atomizers
for spraying fuel into the combugtion chambers of gas turbine engines,
much research has been done to reveal its performance and the sort of
factors which might be involved in the atomization process. As there
is insufficient space here to mention all the informations included
in the literature, only the most relevant work will be discussed.

2.1. Nukiyama and Tanasawa (Ref.74)

These early investigations were conducted to show how the
performance of the mist-producing apparatus (Fig.l) varied in relation
to the relative velocity of air and liquid, the air density and the
physical properties of the liquid. It was concluded that the final
diameters of the droplets was independent of the size of the water and
alr nozzles but was determined by the quantity-ratio and relative
velocity of the air and water. If the weight of air used was raised
to about five times that of the water, it was found that the increase
ceased to have any effect.

The authors determined the droplet size by microscopically
photographing droplets of high surface tension when sprayed into some
kind of oil. Now in order to evaluate the efficiency of atomization it

is necessary to average out the droplets of various sizes in the spray
in terms of droplets of normalized mean diameter d , which could be
defined in many different ways. They accepted the°definition that the
summation of the areas and volumes should be equated as follows :

3 2
do or d32 = InX / InX (1)

where n is the number of droplets of diameter X .

Nukiyama and Tanasawa used their experimental data on liquids of
different surface tension, viscosity and density to obtain the following
expression for the Sauter mean diameter, (d32), in microns :

‘ 1000

vr\/E, V 01 pl | Qa

[l

On
0
O

S.M.D. (2)

“whereo V} 1s the reclative velocity, in m/s, of air and liquid, and Ql and

Qa are the volumes of liquid and air flowing.



The experimental ranges were

Py = liquid density, from 0.8 to 1.2 gr/bm3
01 = liquid surface tension, from 30 to 73 dyne/cm
nl = liquid viscosity, from 1 to 30 centipoisc.

The equation is dimensionally incorrect, however it allows some important
conclusions to be drawn. It shows that the effect of liquid viscosity
is of little importance at large values of the ratio (Qa/Ql) and the

droplet size is mainly governed by the relative velocity. At lower
values of‘(Q./Q ) the importance of the first term on the right hand

side of equatlon (2) is reduced, and consequently the influence of the
surface tension. The equation does not take into account the effects of
air properties, hence its use is limited to the standard atmospheric
conditiong,

Nukiyama and Tanasawa conducted some tests to find out whether
the range of droplet sizes followed some distribution law. and they also
studied the stages of liquid jet disintegration. These aspects will be
discussed later in the relevant chapters.

2.2, Wige

The effect of scale on fine sprays produced by large airblast
atomizers was studied by Wigg (Refs.89 and 90) using various N.G.T.E.
systems as illustrated in Fig.2. Three atomizers were made to the same
design with values of D of 1.27, 2.54 and 3.59cm. Carbon tetrachloridc
was added to gear oil until its specific gravity was unity and was used
in the bottom of a small beaker to collect the sample. Wigg expressed
the variation of mass median diameter ( = 1.2 S,M.D.) with water/air
ratio by the relationship

M.M.D. =4+(58+55D )/(W/W) (3)

where D = diameter of the inner body. He found that atomizer scale
affected the atomization only through its influence on liquid and air
flow rates. He also observed no appreciable effect of water pressurg
(between 20 and 60 psig), and atomizing air temperature (between 290 K
to 330 K) on the quality of atomization, '

Wigg, in trying to formulate an empirical correlation, stated that H
when liquid is atomized energy is required to form new surface and to
overcome viscous forces, hence considering the loss of Kinctic cnergy
and the recombination of wator droplets he sugpested the followlng
cxpression ¢

0.5 , 0.05 0.5 _ 0.7 ., 0.25
M.M.D. = 2300 | n, " W, (140 /W) Vel |° 1+2(W /W ) oW



The correlation does not consider the effect of air or liquid density,
liquid surface tension and atomizer characteristic dimension on M.M.D.

In a further work, Wigg (Ref.90) used the results from the three

atomizers together with those from four other atomizers to derive the
following dimensionally consistent formula :

0.5 0.1 0.5 0.1 0.2
\)l w]. (1 -+ Wl/Wa) h 0'1
M.M.D. = 200 =3 = 200N (5)

| pa erl

where h = height of air annulus at point of impact, cm. The coalescence
of droplets was accommodated by term to the previous equation, as follows:

M.M.D., = 200 N (1 + 2.5 (wi/wa)o'e‘wlo'l) (6)

which is now dimensionally incorrect. The range of variable covered
was narrow. When the above equations are applied to find the droplet
sizes for water and Kerosine the predictions seem very close, which
does not agree with experimental observations which always give lower
values of mean droplet size for kerosine. lowever, Wigg's work 1s

important for its contribution to a better understanding of the factors
involved in the process of airblast atomization.

2.3, Other Important work on Airblast Atomization

Radcliffe and Clare (Ref.76), used two similar atomizers of
different sizes (Fig.3), along with Mothball fuel heated to a temperature
such that its viscosity was either 10, 20 or 40 centistokes. They studied
the effect of fuel pressure, air pressure, fuel viscosity and fuel gap
on atomizer performance. It was stated that thé droplet size depended
upon the AFR, and that the air pressure and fuel gap only affected droplet
size by altering the AFR. They found that for a given AFR, the droplet
size was proportional to the square root of the orifice size.

Lefebvre and Miller (Ref.61) used four different types of airblast
atomizer to study their effect on atomization quality. They concluded
that minimum drop sizes could be achieved by applying high velocity air
on both gides of the liquid sheet leaving the atomizing lip. They
emphasized the importance of air velocity on fuel atomization and found
that varying the AFR at constant air velocity had little effect. They
explained the effect of AFR on droplet size by its influence on fuel sheet

thickness:= a thicker shecet will tend to increcase the thickness of the
ligaments and hence the final drop size.

IIrubecky (Ref.51) showed cxperimentally the importance of injecting
the liquid parallel to the air flow to obtain the best degree of
atomization. The values of air to fuel volume ratio used in his tests
ranged from 1000 to 10,000, which were very high. Air velocity varied

from 106 to 316 m/s. Droplet diameters fell in the range from 2 to
290 microns. '



Gretzinger and Marshall Jr. (Ref.45) investigated the effect
of airblast atomization on droplet size using two types of atomizer,
(a) a converging airblast nozzle which was similar to that used by
Nukiyama and Tanasawa, and (b) an impingcment type. They produced
sprays of an aqueous solution of a black dye sampled in mineral oil
and found that the smallest drops were formed on the side of the
liquid sheet in intimate contact with the gas stream. Large drops
were formed on the opposite side of the liquid sheet, thus emphasizing

the need for exposing the liquid sheet on both sides to high velocity

alr to achieve maximum break-up,., They suggested the following
expressions |

0.4
MM, = 2600 | (=) . (=) (7)

for the converging airblast nozzle, and

W 0.6 nﬂ 0.15
a

mam.p, = 122 (=) - VL) . (8)
a a

for the airblast impinging nozzle |,

where L = diameter of wetted periphery between the air and liquid
streams.

These correlations are limited to fluids whose physical properties

are similar to those used in the tests and are invalid outsgside the
range of M.M.D. from 5 to 30 microns.

The problems of heavy fuel atomization are discussed in Heath and
Radcliffe's report (Ref.48), It was not possible to vaporise a residual
fuel, and their only alternative was to atomize it using an airblast
atomizer, since swirl atomizers could not be expected to work well with
fuels of more than 20 centistokes viscosity. They concluded that
increasing fuel pressure, viscosity, fuel gap, in which fuel moved
radially inwards to the atomizing section, led to higher mean diameter,
but the mean diameter would reduce with higher air pressures.

A

Godbole (Ref.43) studied the effect of ambient pressure on airblast
atomizer performance and found that above 30 p.s.i.a. the S.M.D. oOf
sprays reduced according to a power law with an index = «0.,6. From 15

to 30 p.s.i.a. there was an increase in S.M.D. with increase in ambient
pressure. Above 50 pP.s.l1.a. there was no significant effect of
increasing AFR on mcan drop size. The mean value of n in the power law

S-.M.D.a'va was (~-1.05) where Vé 1s the air velocity. Ille found that

above AFR of 2.5 there was no significant change in S.M.D. with AFR, but
very large changes occurrcd for AFR's below 1.5,

Fraser, Eisenklam and Dombrowski (Ref.39) recommended twin fluid
atomi;ers for dealing with viscous fluids where the liquid is difficult
to disintegrate. They stated that producing small drops at lower
working pressures and velocities is Possible by designing the nozzle so



that the liquid is spread into a thin sheet.

Jenkins and Booker (Ref.53) determined experimentally the time
required for high speed airstreams to disintegrate water drops as :

t = 20 D /V 0.72 (9)
S O a |

where tS = disintcgration time in scconds, Db = initial drop sizc

in feet and Va is the air velocity in ft/s.

Miesse (Ref.71), discussing recent advances in spray technology,
reported that any two of the three dimensional ratios, Reynolds number

(Re)’ Weber number (Wé) and Ohnesorge number (Z), are sufficient to

provide correlations of the experimental data on atomization, where;
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and t ig the thickness of liquid stream. The mean diameter (D) of
the spary is characterized by the Weber number as follows

D f(Re)
& T WS (11)
Qe

where f(R) is a function of Reynolds number which allows for the effects
of viscosity. For flat and conical sprays f(Re)was found to be

essentially constant. He also reported the inverse variation of average
drop size with the square root of the Weber number. Miesse stated that
when a droplet is subjected to a high velocity air strcam it will be
shattered if the kinetic energy of the air stream exceeds the surface .

energy of the droplet. Therefore the critical Weber number may be
expressed as follows

wé‘ = 4,20 X 104 x'Re-0.4 (12)

Weiss and Worsham (Ref.88) found that the most important factor
controlling the mean droplet size for an airblast liquid spray was the
rclative air velocity, while the physical properties of the liquid had
less effect upon the finencss of the spray. The range of droplet

diameters found in a spray depended on the range of excitable wavelengths
on the surface of the liquid sheet, the short wavelength limit was due

to viscous damping while the long wavelengths were limited due to
inertia. Based on these arguments they concluded that :
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Thelr experimental results confirmed the dependence predicted for air

velocity, but gave slightly different indices for the effects of liquid
properties. |

2.4, Rizkalla -~ lLefebvre

Recently, another important contribution to the study of h
airblast atomization has been made by Rizkalla and Lefebvre (Refs.79
and 80), They investigated the performance of a specially-designed
airblast atomizer which was more represcntative of current practice in
gas turbine engines /(Fig.4). In this design the liquid flows through
siX equispaced tangential ports before it is spread into a thin sheet on
the prefilmer and then exposed on both gsides to high velocity air in a
manner calculated to provide maximum physical contact between the air
and fuel streams. They devoted the first phase of the work (Ref.79) to
studying the influence of liquid physical properties on mean drop size.

Measurements of drop size were made using the light scattering technique
first suggested by Dobbins et al (Ref.27),

The experimental conditions covered the following ranges

Liquid surface tension, I - 26 to 73 dyne/cm
Liquid absolute viscosity, - 1.3 to 124 centipoise
Liquid density, - 0,8 to 1.8 gr/cm3
Atomizing air velocity, - 60 to 125 m/s

The optical apparatus used is described in Ref .78 :and_shown~in_-Figs5.
Experimental analysis led to the following empirical expression

0.5 0.75
S.M.D, = 521 S"L"-"-'E'L—— (1 + _V_Vl )+0.037 0'85(0 P )1'2(1+ "E" )2
v, w 1 1"1 v

(14)



This equation was based on results obtained at atmospheric air pressure
which raised the question of the effect of higher ambient pressure on
droplet size, tbus they undertook the second phase of their research
programme (Ref?Bb) using the same atomizer, The two liquids used were
kerosine and water and the tests were conducted at constant levels of
air velocity and temperature over a range of ambient air pressure from
105 to 10° N/m . By plotting the data obtained as log (SMD) versus log
(Air pressure) the slopes of the resulting straight lines gave mean
value of 1. Unfortunatcly, no data werce obtainced on the effect of high
ambicnt pressure on droplet size for liquids of higher viscosgitics.

Taking into account the effects of all the variables studied, they
were able to derive the following dimensionally consistent formula:

0.5 0.425 -
S.M.D. = A otl (1+TV':'L")+B( T]) t0'575(1+"‘v'1")
aPa a. 01Pa a

(15)

where A and B are constants and t ig the liquid film thickness at the
prefilming lip. Because the liquid film thickness was not measured,
the assumption was made that the liquid film thickness was proportional

to the diameter of the prefilmer 'D'. They then rewrote the equation
in the form : |

015 0.425

(0' p D) W 2 W
5
SM.D., = 0.33 11 (1 + —}- )4+0.157 ( 0 ) 0 o7 (1+""'"' )
vapa m wé 01pa a

(16)

This formula covers wide ranges of air velocity, and 1iquid propefties
and predicts S.M.D.'s within 5% of the experimental values.

SeDe Lorenzetto - Lefebvre

These workers carried out a comparison between 'plain-jet"
atomization, in which the fuel is injected into a high velocity airstream
in the form of a discrete jet, and "film" atomization which is obtained

by spreading the fuel into a sheet and then exposing both sides to the
airstreanms.

Droplet sizes were again measured using the light scattering
technique after a number of modifications to improve the accuracy of

measurement, As a light source a 5 mW - Helium/Neon Laser was used,

which gave a higher intensity and more stable light beam. Deotails of
this technique can be found in Ref.67 and Appendix (C).

In order to geparate the AFR effect from those of other parameters,
ten air nozzles of different diameter were used., Each of them supplied

a different air flow at constant air velocity. It was found that atomizer
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performance deteriorates when the AFR decreases to values smaller than
3, while increasing the AFR improved the atomization quality up to a
value of 7, above which no further effect of AFR seemed to exist.

It was concluded that in all the tests which were run with the
6.80 mm air nozzle, and with all the plain-jet orifices available
namely: 0,397, 0.794, 1.191 and 1.588 mm diameters, the effect of scale
for the atomizers tested with water and kerosine was very small.

Different conclusions were drawn in the case of high viscosity liquids,
which indicated that the larger is the atomizer liquid orifice diamecter
the larger are the droplet sizes, all other parameters being constant.,

The effect of liquid density on droplet size in this work was
opposite to that observed by Rizkalla and Lefebvre. The droplet size

decreased with increase in liquid density, but at high atomizing
velocities and small liquid flow rates, SMD became less sensitive to

variation of liquid density. From the results. they obtained experimentally,
S.M.D. was expressed as :

0;32w 0.135 0.72 D0.53
g1 1 1 1.7 1)1 1 .1,
M.D., = 0. —) " . 1 + =
S.M.D 0.27 537 - (1 +1AFR) + 0,06186 ( *)0_5 ( AFR)
Py r 0p Py

(17)
which is not dimensionally correct.

In order to obtain a dimensionally correct formula dimensional
analysis was applied to give in S,I. units, the following formula :

(W )0.33
C
. 11 1 1.7 D .0.5 1 1.8
vV op P 1%1
r ‘'l a
(18)

where S,M.D. is expressed in meters.

The ranges covered in these tests were :

Liquid viscosity - 1 x ‘10““3 to 76 }:10-3 Kg/m.s
Liquid surface tension - 26 }::‘10-3 to 73 x‘lO-_'3 N/m
Liquid density | = 794 to 2180 Kg/m3
Air velocity - 70 to 180 m/s
Air/Liquid mass ratio - 1 to 36

In their discussion of this work it was stated that for real
liquids of finite viscosity, the S.M.D. is given as the sum of the first
and the second term of the above equation, which means that drop size
cannot fall below a certain minimum value no matter how high the

atomizing air velocity may be., This minimum size is equal to the second
term, and this term is based on fuel properties only.

8
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