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1.0  SUMMARY

Visual observations and an optical method of measuring the mean
droplet size in sprays have been used to assess the performance of a
prototype airblast atomiser, partiéularly at the low fuel and air flow

conditions corresponding to engine cranking.

The results obtained from this and a shroud version of the same
basic atomiser have enabled design modifications to be made which have
resulted in a marked.improvement in performance, both in termé of the
spraying characteristics df the atomiser at low fuel and air flows, and in
temms of the measured droplet size produced. The latter for the final design
was very close to that predicted by Wiggs for airblast atomisers operating

at the test conditions employed.

An apparatus has also been designed to enable tests on the
atomisation quality of airblast atomisers to be carried out at pressures
up to 250 p.s.i., using the same optical°technique to make mean droplet

size measurements.



List of Symbols usged in the Body
of the Thesis.

C:D - discharge coefficient
AP - Air pressure drop
Ar - AP at which atomisation commences
atom
S;m.d. - Sauter liean Diameter
cale . - Air velocity from AP by compressible

flow curves.




INTRODUCTI ON

Analysis of the combustion systems of modern aircraft gas
turbine engines, when considered with the experimental work dbne’by.
Nukiyama and Tanasawa (Ref.l) and others (Refs. 2.3.4) on the
atomisation performance of the airblast type of liquid atomiser, in
which a high velocity éirstream is used to shatter the fuel into |

droplets, has indicated that the air velocities which could be

generated by the pressure differences across combustion chamber flame

tube walls would be sufficient to give more than adequate fuel atomisation

quality at all engine operating conditions.

Fuel injection systems using'airblast atomisers have important

advantages when compared with the established pressure atomiser and
vaporiser systems and they are becoming increasingly attractive with
the trend towards higher and higher combustion chamber pressures and

temperatures: -

1.

They offer much greater freedom in the design of the spray to
match the combustion chamber since the spray is airborne and
its shape and direction could be changed by relatively simple
modifications to the atomisers. It should thus be easier to
counteract such undesirable effects associated with high
pressures and temperatures as the excessive emission of exhaust

smoke and poor combustion chamber exit temperature traverse quality



2.

3.

4.

5.

Spray distribution, being controlled by the combustion
chamber airflow, wouid be relatively unaffected by changes

in the engine's operating conditions.

Atomisation quality would be relatively uniform over the
operating range since atomising air velocity and, therefore,
fuel droplet size, would change very much less than the’
pressure applied to a pressure jet atomiser. In particular,
atomisation quality would be better instead of worse as fuel.

air ratio was reduced, and this would help to widen the weak

——

extinction limits.

Since the‘atomising process would no longer depend on fuel
pressure, the system pressures need be no higher than would

. ' Ty
be required for fuel metering and the production of air evenly

distributed fuel film at the'atomising lip; Larger system

flow numbers could be used and the fuel filtration problem eased.

Airblast burners would be simpler and much cheaper to make
than pressure atomisers, and more robust than vaporisers. They
would not suffer problems of pressure atomisers such as swirl

chamber erosion and special heat-resistant material requirements.



6. Finally, they should be free of the carbonising problem
associated with pressure atomisers and should, therefore, be

less prone to deterioration in performance during service life.

There are, however, two important disadvantages associated
with the airblast system:-
1) A high degree of fuel/air mixing is achieved, so that the
proportion of combustion chamber primary air which can be used
for atomisation must be limited to ensure local fuel air ratios

rich enough to give adequate weak extinction limits.

2) Atomiser air velocities achieved during engine cranking are
rélatively low and while analysis indicates that they should be
adequate, early evidence suggests that some means of improving
engine starting performance such as auxiliary simplex atomisers
may be necessary unless improvements can be made to the

performance of present airblast burners at these conditions.

This thesis describes a programme of research and development
work carried out at atmospheric conditions on a prototype airblast atomiser
in an attempt to improve its atomisation performance, particularly at
conditions corresponding to engine cranking, and to establish some design

principles for future use.

An important aspect of the work has been the developmenf and

use of an optical technique due to Dobbins, Crocco and Glassman, by which



the scattering effect on 'a beam of light of the droplets in a spray is

used to measure mean droplet size.

<

A rig has been designed and built (Appendix 5) for use with this
optical systém to enable the atomisation .quality ﬁroduced by airblast
atomisers to be studied at simulated combustion chamber pressures up to
250 pe.s.ie.gs Analysis suggests that as pressure increaseg ﬁean droplet
size should decrease due to the higﬂér density and hence larger disrupting

force of the atomizing air.

It is important to attempt to confirm these predictions, and to
examine the influence of pressure changes on the distribution of the

spray as background work for future high pressure combustion tests.
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REVIEW

The potential advantages of the airblast method of fuel
atomisation in aircraft gas turbine engines have been appreciated for

many years and a number of systems have been tried.

In 1947, for example, a Nene engine was fitted with a Duplex
burner in which fuel was supplied to the main jet only and atomisation
was assisted by supplying compressed air to the pilot jet (Fig.l).
Promising results were obtained, especially at idling conditions at
altitude, and development of this system in parallel with that of the
_pressure jet atomisers was proposed (Ref. 5). Later tests at the Shell
Tho;nton Research Centre on the spray quality of this Nene burner confirmed
the marked advantage to be gained by using high pressure air to assist

in the atomisation process (Ref. 6).

Analysis suggested, however, that at practically all engine
operating conditions the comparatively small pressure differences .across
~combustion chamber flame tube walls should be sufficient fo produce air
velocities adequate for fuel atomisation (Ref. 7 and Appendix 1), and
several "naﬁural" airblast (airspray) burners working on this principle

have been tested with encouraging results,

For example, in 1954 a Rolls-Royce Avon was fitted with a full
set of airspray burners (Fig.2) which proved entirely.adequate for all

engine operating conditions except initial light-up where the engine



had to be cranked to comparatively high speeds to produce the required
quality of atomisation. The altitude religﬁting performance of the
burner proved particularly good, and demonstrated that at éxtreme
engine conditions there were useful gains to be made by adopting the

airspray system.

At about the same time an airspray burner was proposed for
the Dart engine (Fig.3) in an attempt to cure weak stability difficulties,
and although this burner was never installed in an engine, extensive rig
performanée results were dbtained. Tests at the Thornton Research Centre
showed it to be capable of producing a spray quality noticeably better
than that of an equivalent simplex burner (Ref.3), and combustion tests
indicated that combustion efficiency, weak extinction and ignition
performance were all adequate and comparable with the performance given by
duple and simpiex burners over most of the operating range. Only at weak
: coﬁditions was combustion effiéiency inferior»to that of the duple
burner (Ref.8). More recent tests with this atomiser show that it is
capable of giving‘combustion stability loops appreciably wider than those

given by a simplex atomiser operating in the same chamber (Ref. 9). (Fig.k.)



When a fuel injection system was required for the small
higﬁly 1oaded.combustion chamber of the Rolls-Royce RB 93, comprehensive
tests at N.G.T.E. on‘Avon type air sprays, Figgure 2, and the two -
alternative systems considered showed air sprays to be best suited to
the application (Ref. 10), and subsequent engine experience showed
them to give a performance superior to that given by simplex burners
over the whole operating range, including crank lighting. Cranking
speeds were still unacceptably High, however, and a compromise duple/

airspray design was eventually adopted to reduce them and ensure

consistent lights (Fig. 5).

Despite their poor cranking performance, sufficient encouraging
experience has now been gained with airspray burners for their use-to be
specified at the outset of an engine desigh, especially as the deficiencies
of the establisﬁed pressure jet and vaporiser systems in terms of excessive
smoke emission, poor temperature traverse quality and mechanical frailty

2 are becoming more apparent at the very higﬁ pressures and temperatures
K at which modern engines operate. As a result considerable research and

i“ .
| development effort is currently being expended in establishing design

!

principles and overcoming their known deficiencies.

Several research airspray atomisers have been designed and

,fftested at the College of Aeronautics to enable combustion and droplet -

formation studies to be made.
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Ih 1962, for example, Bennet experimented with a disc atomiser
of the form shown in Fig. 6 in an attempt to establish the influence of
the atomising lip design on droplet size (Ref. ll)./ﬂLiquid was swirled
on to fhe face of the disc and flowed over its edge as a thin film which
was shattered into droplets by high velocity air passing through the
annular space between the disc and the duct wall, #e found great
difficulty in producing an evenly distributed liquid film, and shadowgraphs
show correspondingly poor spray distribution. Duct wetting would also be
a problem and for these reasons the design is not a practicable basis

for the gas turbine appiication at present.

In 1965 Miller tested several airsprays (Fig. 7) witﬁ a view
to assessing égzir atomisation performance and effectiveness in
controlling combustion chamber smoke emission (Ref. 4). The chamber
pressures available were too low for the production of smoke, but

atomisation quality was close to that predicted by the Nukiyama/Tanasawa

formulae. Duct and air-swirler wetting was again a problem, however.

Both Bennett and Miller used the magneéium oxide slide droplet
sampling technique to evaluate atomisation quality. While this gives
- complete information about the spray it is laborious to apply ahd the
results obtained are open to question owing to'the distance downstream
of the source of the spray at which the samples must be taken. Nor éan
the method be used at the higﬂ pressures at which airsprays will be tested

in the combustion chamber simulation. Pig. described in Appendix 5.



To enable droplet size data to be obtained more conveniently,
particularly at these high pressure conditions, Hodgkinson, in 1966,
designed an optical apparatus by which the scattering effect on a beam
of light of the droplets in a spray is used fo measure the Sauter Mean
Diameter of the droplets. (Ref. 12). Although the information obtained
by this method is limited to S.M.D. the technique enables measurements
to be made at any section of the spray without the mechanical interference

involved in sampling.

| Hodgkinson's apparatus has been used by the present author to
assess the atomisation performance at atmospheric conditions of the
atomisers described in this thesis. It will be used at a later date witﬁ
the high pressure rig to measure droplet sizes at air pressures up to

250 p.s.ie.
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5.0 EXPERIMENTAL APPARATUS AND ATOMISERS

The object of the experiments was to assess the characteristics
of a series of airblast atomisers at the low fuel and air flow conditions
corresponding to engine cranking, and to determine their atomisation
performance in terms of the mean droplet size produced over a range of

operating conditions.

The test equipment and atomisers used are shown diagrammatically
in Figures 8 to 15, and illustrated in Plates 1 to 6. They are described

under three headings:

1, The atomiser housing and its air and water (or kerosine) supply
systems.
2. The optical apparatus for measuring droplet size

3+ The atomisers

In addition a test rig designed to enable droplet size measurements

to be made at air pressures up to 250 p.s.i. is described in Appendix 5.

5.1 The Atomiser Housing and Supply Systems (Fig.9)

The atomiser under test was mounted in an airtight gggspex
, ' o 0T et
chamber (plates 3 and 4) to which air at pressures up torég,ins,H20~gauge was
supplied via a Fischer-Porter float type flowmeter and its associated

pressure and temperature gauges, the chamber exﬁausting to atmosphere through



the atomiser. The 'gauge static pressure within the chamber was measured

by means of a water manometer.

Water at a measured pressure was supplied‘to the atomiser from the
mains via a Rootes type compressor and gauged Fischer-Porter flowmeters.
 Alternatively, kerosine delivered via a Lucas swash plate pump could be

supplied via the same flow and pressure measuring system.

The spray from the atomiser was disposed“of by means of a
fan and duct system blowing air past the perspex airpot and through an

exhaust duct in the test house wall.

5.2 The Optical Apparatus (Fig. 10)

The design and development of the optical bench for the measurement
of mean droplet size is fully described in Ref. 12. Some detail changes
were made to improve the system and enable large numbérs of measurements

to be obtained more conveniently,

A high intensity mercury vapour lamp was used a$ the light source,
the Philips ME3/H lamp used by Hodgkinson (Ref. 12) being replaced by a
P.E.K. Type 110 which gave a higher output and did not need a cooling air

supply.

The narrow beam produced from the lamp by means of a diaphragm
was focussed through a green interference filter on to a 650 mieron diameter

collimating apérture and thence passed via a collimating lens and a 45° mirro
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through the spray in the working section, to the receiver lens which focussed
it on to the plane of the 65 micron photomultiplier aperture. The
interference filter replaced the Wratten 74 filter used by Hodgkinson and
was made necessary by the use of the P.E.K. lamp which gave a relatively
Higﬁ'output at ail wave-lehgfﬁé as well as those characteristic of the
mercury Qapour. The filter transmitted 45% of the incident light in the

waveband 5440 t 120 Augstrom units.

~ The pﬁotomultiplier could be traversed across the light beam so 7
that the light scattering effect of the droplets in fﬁe spray through which
the beam had passed could be determined. To increase the convenience of
obtaining the light scaftering measurements the outputs from the photomultiplier
cellkand a position transducer were fed to the Y and X axes respectively

of a Bryans type 22OOQ automatié plotter.

5.3 The Atomisers (Figs. 11 to 15, Plates 4 to 6)

The prototype atomiser was designed to the following broad
spec1flcatlon an the modifications tested, and those carried out as a result

of tﬁé tests were required to be wifﬁin this specification,
(;J»r},)«ﬁb

The atomiser was to be used in an annular combustioﬁ chamber and
sited in the conventional pressure jet atomiser location (Fig. 11).
An evenly distributed conical spray of 100° included angle was to

be produced.
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A maximum of 25% of the compressor delivery air was to pass
through the atomisers to perform the work of fuel atomisation.

( k in equation 1 of Appendix 1 ;ﬁ .025),

The fuel system metering orifice was to be located within

the atomiser.

The overall lengtﬁ/diamefer dimensions of the prototype were

not to be exceeded.

Two additional limitations were imposed to reduce the amount of
machine shop work required and further confine the number of design

variables:
The same basic design of fuel feed arm was to be used throughout.
The fuel was to be introduced into the airstream through a
swirler since this had been found in the past to be the simplest

and most effective way of producing an even fuel distribution.

. Three desighs of airspray atbmiser within the above specification

were tested and are described asifoliows:

Atomiser 1 (The prototype) Fig. 12, Plate 4

‘The fuel feed arm, common to all three atomisérs, is illustrated
in Plates 4, 5 and 6. Fuel from the feed arm enters the fuel galleryﬁU/
of a swirler, also a common feature, tﬁrougﬁ the thrée small holes at the

top of the feed arm head.
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Atomising air is introduced into the central bore of the feed
arm head through twin kidney shaped porfs situated on either side of
the head support. (One of the ports can be seen in Plate 6). The
swirler forms a profiled convergent air duct, concentric with the
bore, and terminates in a sharp edged circular weir through which the
atomising ai; issues at aIVelocity determined by the pressure difference

applied across the atomiser head.

Fuel from the swirler gallery is introduced on to the inner
surface of the convergent duct tﬁrougﬁ six tangential slots (shown in
Fig. 15 (b) ), and rotates witﬂin tﬁé>duct‘to form a thin evenly
disfributed film which passes over the circular weir and is atomised
by the high speed air. The duct convergence is designed both to enable
a sharp atomising lip to be used, and to concentrate the swirl so that

variationsrin fuel film thickness are minimised.
A nut secures the swirler to the feed arm head.

The air/fuel spray is deflected into the required cone angle by
L .
means of an appropriaﬁgly shaped pintle.
Atomiser 2 Fig. 13, Plate 5
The main difference between this and Atomiser 1 is that the
swirler securing nut has been modified to enable air to be introduced

on to both sides of the atomising lip. The holes through which the

shroud air enters the nitt can be seen in Plate 5.
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The front face of the swirler has also been chamfered to help

discourage fuel from attaching to this surface.

The modified nut and the pinfle form a roughly constant area
duct so that fuel droplets are subjected to high speed air over a greater

distance.
Atomiser 3 Fige. 14, Plate 6

The convergent swirler has been replaced by a divergent one (in
two pieces for convenience) and this, with a profiled pintle, forms

a smooth converging duct tﬁrough which the air accelerates towards the

atomising lip.

Shroud air is introduced on to the outer surface of the atomising
lip through a modified swirler retaining nut; the shroud slots can be

seen in Plate 6.

All the main air and shroud air flow areas behind those at the
plane of the atomising lip"ére_made as large as possible compared to
this exit area to minimise losses. In the case of the main air flow this
has been done by increasing the diameter.of the central bore of the feed
arm head and introducing an additional air port on the underside of the

head, (to be seen in the inset of Plate 6).
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6.0 TEST PROCEDURE AND RESULTS

6.1 PROCEDURE

6.1.1 Starting Performance

The atomiser operating conditions of most interest in the experiments
were those equivalent to engine cranking and light-up, i.e. relatively low
fuel flows and air velocities. It was felt that if atomisation performance
under these "worst® conditions could be improved then it would be

correspondingly better at other, more favourable, conditions.

The initial tests on each atomiser were, therefore, designed to

give a measure of this cranking performance.

It was assumed that the air pressure drop required across the
atomisef for atomisation to commence was directly related to that required
to give an atomisation quality aaequate for light up, and that if this
required preséure drop could be reduced by improvements in design, then

engine light up performance would be correspondingly improved.

The atomiser under test was mounted in the perspex airpot and
water (or kerosine) passed through it.At each of a range of water flows
the air pfessure in the airpot was increased from zero to the point where
the water issuing from the atomiser was just beginning to be atomised
by the air passing;over the atomising lip. This point was approached from

higher and lower pressures several times to ensure a consistent judgement,



and the pressure and_airflow_noted. Each standard of atomiser was tested
T =4 9}'&(

in this way at liquid flows up to 30 1lb/hr. At the same time visual

assessments were made of the general characteristics of the atomiser in terms
of such things as the effect of liquid swirl, any tendency for fuel to

flow back, etc.

The sequence of testing and the results obtained are described

in Section 6.2 and discussed‘in Section 7.

6.1.2 Droplet size measurement

The optical bench was used purely to compare the mean droplet
size produced by each of the three basic atomisers, none of the interim
standards being promising enough in the starting trials to justify its

atomisation quality being measured.

Water only was sprayed because of the difficulty in maintaining
constant kerosine delivery pressures over the length of time required to

make each droplet size measurement.

, Because of the limited time aQailable no attempt was made to

v
‘r)xl )
gxplore the sprays, the light beam being fixed to pass through and

perpendicular to the spray axis at about 1 inch from the atomisiﬁg lip.

The technique employed in making the measurements is described
in detail since its development involved a long process of trial and error

which is worth circumventing in the future:



2.

3.

With the lamp and condenser lens positioned longitudinally to
focus at the collimating aperture, the lamp, filter, lenses,
mirror, and collimating apérture were adjusted so that thé axis
of the light beam was as nearly as possible coincident with the
geometrical axis of the optical bench, while the airpot was
positioned so that the 1/4 inch diameter beam crossing the bench
working section passed tﬁiOUgﬁ'and perpendicular to the atomiser

axis at about 1 inch from the atomising lip.

With the photomultiplier aperr'ture adjusted ldngitudinally to be
in the plane of focus of the receiver lens the multiplier was
traversed horizontally and adjusted vertically, at a low
§ensitivity, to locate the centre line of the beam using the
automatic plotter, also at low sensitivity. -The dial test

indicator (d.t.i.) was set to zero.

With the spray on, the photomultiplier was traversed to about
.015‘incﬁes off centre (rougﬁiy ﬁaif the width of the collimating
aperture) and its sensitivity increased to give about half

full scale Y deflection on the autoplofter with the iétter at
minimum sensitivity, (1 mV / inch.in this case). If the
multiplier was now traversed a few tﬁousandthS'eitﬁer side of the
.015 inch setting the edge of the collimatingiaperture image
(which must be ignored in obtaining the final traverse plot)
could be detected by a rapid change in the Y deflection of the

plotter,
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4, The multiplier was then further traversed to the point where the
Y deflection was somewhat less than one tenth of the deflection
at the .015 inch position (between .3 and .7 inches off centre

depending on droplet size).

5. With the plotter sensitivity adjusted to giVe maximum sensitivity,
the multiplier was traversed towards the beam centre. line in
steps of .020 inches and a plot of measured light intensity
versus traverse distance obtained using the plotter pen on/off

switchs Fige ( 16 ) is an example of the result obtained.

6. The plot obtained in (5) was transferred to log-linear grapﬁ
paper and extrapolated across the width of the collimating
aperture image to give the peak (centre line) illumination

intensity (Fig. 17 ).

7. The distance from the beaﬁ centre line at which the illumination
intensity had dropped to one tenth of its centre line value was
obtained from this plot and referred to the curve (Fig. k3 )
derived from the theoretical illumination profile developed
by Roberts and Webb (Fig..&él ) and explained in Appendix 3, to
obtain the Sauter Mean Diameter of the $pray through which the

beam had passed.

The mean droplet size produced by each of the three atomisers was
measured in this way at water flows between 20 and 90 lb/hr and airpot

pressures up to 60 inches of water. The results obtained are described in

Section 6.2. and discussed in Section 7.
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RESULTS

6.2.1 Starting Performance

4 The results of the starfing perfbrmance tests defined in B
Section 6.1.1 are shown in Figs. 18 to 32 and are described for each

atomiser as follows:
Atomiser 1 Figs. 18 to 24
Fige. 18 shows the airflow characteristic and discharge coefficient

based on exit area of the atomiser in its basic form, both at zero fuel

flow and at a fuel flow of 90.7 1b/hr. The comparatively poor Cp is

vtﬁe result of the complicated flow path the air has to follow, and the

fact that Cp increases with fuel flow, sﬂowing that the fuel has a

beneficial smoofﬁing effébt on the air passages, confirm this view.

The starting performance of the basic atomiser using both
kerosine and water is shown in Fig. 19. At liquid flows below about
11 lb/ﬁr, where swirl velocities are very low, the pressure drop required

for atomisation to commence, A P s apparently independent of

atom ? i
liquid flow, while above this level, where the swirl velocities are
becoming appreciable, Z; P_tom increases rapidly with flow. A P . tom
for the atomiser using water is Higher than that for kerosine due to
the Higﬁer surface tension of water, while the water flow at which swirl
betomes important is also marginally higher, which suggests that there

is an effective increase in swirl slot flow number when using water due
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X

to its lower viscosity. The scatter in the measured air.flows
corresponding to these starting tests reflects the difficulty in

measuring very low flows.

In Fig. 20 the effect of the fuel swirl is demonstrated. By

reducing the flow number of the fuel swirl slots, swirl velocity for

‘a given fuel flow has been increased and this has resulted in an

i A
increased Patom'

Figse. 21 to‘24 show the effects of incorporafing the modifications
illustrated in Fig. 15, and of the removal of the pintle. None of
these cﬁanges has had a beneficial effect on starting performance and
all showed the same dependence on swirl characteristic of the basic

atomiser,

Atomiser 2 Figs. 25 to 29

The airflow characteristics and discharge coefficient of the basic
atomiser are shown in Fig. 25. A higher Cp than that for Atomiser 1
is evident due probably to the fact that, with this atomiser, the
minimun flow area is at the exit plane and is appreciably smaller
than the discﬁarge area of Atomiser 1. The fact that, in this case,
Cp is reduced as fuel flow increases indicates that the smoothing

effect of the fuel is more than cancelled out by its blockage effect.

Basic atomiser sfarting performance for operation with both kerosine

énd water is shown in Fig. 26, and the effect of blanking off the shroud
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air in Fig. 27. While the modification has had the effect of reducing

the influence of the liquid swirl on Ap and is thus beneficial, the

atom
contribution of the-shroud airflow is very limited. The improvement is

therefore more probably the result of the liquid swirling into the shroud
annulus, where its swirl energy is "killed" by the baffling effect of the

shroud air-holes, and then running ouf of the annulus to be atomised byithe

main air stream.

In Fige. 28 the effect of the profiled pintle is shown to be detrimental
due to the large reduction in airflow which resulted. The effects of fuel
blockage at flows above about 10 1b/hr is very marked. The removal of,the
pintle altogether, on the other Hand, (Fige 29) has a beneficial effect

due to the resulting increase in air flow.

The conclusions drawn from the tests on Atomisers 1 and 2, and their
importance in the design of airspray atomisers generally, and of Atomiser 3
in particular, are discussed in Section 7. Results from the starting

performance tests on Atomiser 3 are described as follows:-

Atomiser 3 Figse. 30 and 31

The airflow characteristics shown in Fige 30 indicate that airflow
is some 35% greater than that for Atomisers 1 and 2, while CD is about the

same, and reduces with fuel flow as would be expected.
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In Fig. 31 the effect on starfiﬁg performance.of the modifications
resulting frém the tes&s on Atomisers 1 and 2 are clearly demonstrated.
Above about 10 lb/hr fuel flow the fuel swirl has an increasingly beneficial
effect, until at about 33 lb/hr the swirl is strong enougﬂ‘to prodﬁce a
truﬁpet shaped film of fuel which break§ down into droplets along its

perimeter without any air assistance.

The contributions of the main and shroud air flows to starting
performance at fuel flows below 33 lb/hr are also indicated in Fig. 31
and show the shroud air to be the more important, as would be expected

since the fuel tends to swirl off the atomising lip into its path.

The starting performance results from Atomisers l, 2 and 3 in
their basic forms are summarised in Fig. 32, and some idea of the spraying
characteristics of the three atomisers at water and airflows somewhat Higher
than those for the starting tests can be gained from Plates 7, 8 and 9.

The improvements obtained by adopting the design principles used in
Atomiser 3 are clear. All the wafer is being atomised, even at zero air
flow (though under these conditions the droplet size is very large), an&
a well defined cone angle has been formed at air pressure drops below

3 inches of water.

6.2.2 Droplet Size Measurements . Fig. 33 to 36

The starting performance tests were completed on all the atomisers

before any droplet size measurements were made. Tﬁus, by providing the
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droplet size characteristics of each atomiser the latter programme of
measurements was intended to prove the correlation between improvements
in starting performance, as defined in Section 6.1l.1, and reductions

in overall mean droplet size.

The mean droplet size measurements obtained for each atomiser
. are described as follows. They are compared with those predicted by

Wigg's formula (Appendix 2).

Atomiser 1 Fig.33

The measured mean droplet sizes for atémiser‘water_floﬁs of
. 5543 1b/hr and 85.8 1b/hr, and a range of applied air pressure drops are
shown in Fig. 33. Thé maximum droplet size which could be measured with
any confidence by the optical technique used was about léO microns, and
fhe droplet size produced by the atomiser does not fall to this level
until the air pressure drop, A P, has reached the high level of 28 inches
Hy0 « The Wigg formula predicts that a properly designed atomiser of the
characteristic dimensions, water flows, and air flows of this atomiser
should produce droplets of this mean size at A Ps as low as 4 inches H20 .
At AP = 28 inches H20 the measured mean diameter (Sauter Mean Diameter,
semed.) is 3% times-that predicted by Wigg, while at 50 inches H207measured

semeds is 2% times that predicted.

The measured effect of reducing the water flow at a given AP
(i.e. reducing the water/air ratio) shows the same trend as that predicted

but is increased.
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The reasons for the poor performance of this atomiser are
probably the suppressive influence on droplet formation of the water
swirl, and the fact that not all the A P applied across the atomiser
is available across the atomising lip so that the air velocity at this

point is lower than that which could be achieved.
Atomiser 2 Fig. 34

The measured s.m.d.s at the two water flow conditions tested
show much closer agreement with (but are still appreciably higher than)
those predicted by Wigg, which is probably mostly due to the swirl
"killing" effect of the shroud-air annulus alteady noted in Section 6.2.1.

The trend in s.m.d. with‘changes in water/air ratio is also as predicted.

There is appreciably more scatter in the measurements than
was the case with Atomiser 1, and this probably reflé#ts the fact that a
lower proportion of the water supplied to the atomiser was being atomised,
so that the spray density through which the measuring light beam passed“

was lower.

Atomiser 3 Fig. 35
The results show very good agreement with the Wigg formula at
/\ Ps abové about 15 inches H0 , especially at the higher water flows.
At A Ps below 15 inches H20 ) however, measured s.m.d.S are appreciably
Higﬁer than Wigg®s, particularly at the lower water flows, but at these.

conditions considerable scatter, due to low spray densities, may be present
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which is not apparent from Fig; 35, and the divergence from prediction is
possibly not as great as it appeérs. The accuracy of the optical measuring
technique is also questionable at s.med.s above about 80 microns, due

to a departure from the theoretically predicted light scattering profile.

This is discussed in Section 7.'

The effects of cﬁanges in water/air ratio are as predicted

thougﬁ less marked.

‘The performance of this atomiser sﬁows_tﬁat the design principles
adopfed as a result of the starting tests on Atomisers 1 and 2 have
enabled atomisation quality to be improved‘to a level very close to the

optimum predicted by Wigge.
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7.0  DLSCUSSION

7.1 The Atomiser Design Specification

The objective in the design of the prototype atomiser has been
to attempt to produce the simplest possible airspray atomiser suitable
for application to the annular combustion chambers used in many modern
gas turbine engines, consistent with providing good atomisation‘quality
ahd fuel distribution, and having a minimum effect on the overall

combustion chamber airflow characteristics.

The initial design described in Section 5,3 follows closely
those of previous successful airsprays in that the well-tried convergent
fuel swirler and atomisation weir concept has been used; bﬁt for the
sake of simplicity an attempt has been made to do without shroud air

(which is known to improve performance) on the outer face of the

atomising lip).

Consider the factors which have led to the specification laid

down in Section 5.3 to which the atomiser has been designed.

The allowable turbine entry temperatures in a modern gas turbine
engine are still well below those which would be reached if sufficient

fuel were injected into the combustion chamber to consume all the air

delivered from the COMPTressoT.

- To avoid exceeding these temperatures the overall combustion

chamber fuel air ratio must therefore be kept weaker than stoichiometric,
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so weak in fact that if the fuel and air were thoroughly mixed

beforé entry into the cﬁémber, as migﬁt be the case with an airspray
atomiser situated at the outlet of the compressor, say, tﬁe

mixture would not burn. (See Fig. 4).

In order to sustain combustion at these weak overall mixture
strengtbs,therefore, a lqcal mixture strength close to stoichiometric
must be produced by mixing the fuel with only a proportion of the
compressor delivery air, say 25% . The remainder of the air must
then be used to dilute the combustion'products of this reaction, so
that flame tube wall and turbine blade temperatures are kept within

the acceptable limits.

At engine idling conditions the overall combustion chamber
mixture strengths are correspondingly. much weaker fhan‘those
dictated Ey the maximum temperature conditions quoted above, so the
proportion of the compressor flow which is required to produce the
combustible mixture is correspondingly less, say 10%. An airspray
atomiser, which uses compressor delivery air to do the work of
fuel atomisation in preparation for combustion, and which thus
produces a well mixed fuel/éir stream, must therefore be designed
for this idling condition. The maximum proportion of the compressor
delivery air which must be used for atomisation is thus dictated

by this condition at somewhat less than 10%.
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The minimum proportion is dictated b& the requirement that, for
adequate combustion perfoimance the spray velocity required in the
combustion chamber is at least 50 ft/sec. Engine cranking is the
worst condition from the point qf view of this minimum spray velocity
since the air energy available is low; while the overall mixture
strength is typically at itsbrichest to enable fast engine starts
to be obtained. To achieve 50 ft/sec at this condition at least 1% of

the compressor delivery air must be used.

The prototype atomiser described in 5.3 is désigned to use the
relatively low proportion of 23% of the compressor delivery air. It is
also designed to fit into a combustion chamber in the same position as
wouid be occupied by the more conventional pressure jet atomisei, and
to have the minimum effect on the overall chamber airflow. This is
achieved by passing about a quarter of the air which would normally
pass through the air swirler surrounding a pressure atomiser (about
10% of the total chamber flow) through the airspray, and using a
correspondingly smaller swirler‘sd that the total effect on air flow
and distribution in this region is minimised. The characteristics of
current combustion chamber designs are fairly well known and understood
and it is desirable that the application of the relatively new airspray
technique of fuel preparation should not proceed at the same time as
the more radical revisions n overall design that may ultimately be

necessary to gain the maximum benefit from the adoption of the airspray.
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There are other advantages in using this location for the
airspray. The pressure drop available across. the chamber flame tube
zwall to "drlve“ the atomiser is a max1mum at the head of the flame
tube, and the spray produced can be ea511y designed to have 51m11ar
characteristics in terms of cone angle to those produCed by pressure
jet a{omisers. Thus the advantage of the airspray in malntalnlng
constant spray characterlstlcs W1th changes 1n engine operatlng
conditions is retalned, while the overall effect on chamber character-

istics is again minimised.

The detail design of the prototype(afomiser is conservative in
that it follows those of previous succgssful airsprays. A convergent
fuel swirler duct terminatihgrinra weif over which the evenly
distributed fuel film flows and is atomised has been used sﬁccessfullyk
in practically all previous designs and ié simple_and ef%ective
compared to other methods which have beén tried sﬂch as the rotating
cup, or the disc used by Bennett. By designing the swirl slots to 13

I
]

be the metering orifice of the fuel system the maximum advantage caﬁ;ﬁ

be taken of the pressure énergy in the fuel in achieving good

distribution.



7.2 Atomiser Performance

Te2.1 Aigmiser 1

The powerful detrimental effect of the fuel swirl on starting
performance and atomisation qualify is immediately apparent from all

the tests carried oﬁf, and from the observations that were made.

At liquid flows §bove a$out 10 lb/Hr the pressure drop requifed
across the atomiser for atomisation to commence, A P.tom » iS very
dependent on flow, which must be due to the increasingly suppre§sive
effect‘of the fuel swirl as flow, and therefore swirl velocity, increase.
This conclusion is confirmed by Fig. 20, which shows the effect of
increasing the swirl velocity at a given fuel flow to be an increase
in A Patom s and by observatidn of a marked fendency for the fuel to
remain in contact with the outer surfaces of the atomiser and the
perspex airpot even at quite high airflows. At higﬂ fuel flows the
fuel could be seen to be swirling at radii up to 3 inches from the
atomiser, and later observations in connection with the devélopmeht of
Atomiser 3 showed that swirling fuel was capable of adhering strongly

to the outer cylindrical surface of a divergent nozzle pibtrdding from

the atomiser nut, which indicates the severity of the problem.

The effect of the swirl on atomisafion quality is evident from
the droplet size measurements presented in Fig. 33 which show that the

pressure drop required across the atomiser to produce droplets of a given
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size is very much higher than the Wigg formula would suggest is
necessary. For example the DP to produce an s.m.d. of 160 microns
is about 30 inches H,0 compared to 4% inches Hx0 suggesfed by Wigg
(i.e. a Veale ©f 350 ft/sec instead of 130 ft/sec). Part of tﬁis’
poor performance can be attributed to the fact that not all the
applied pressure drop is available at the a{omising lip, but that

most of the performance loss is due to the swirl is evident from a
comparison with the droplet sizes produced by Atomiser 2 in which the

swirl has been effectively ™killed" by contact with the shroud air

ports, as observed in Section 6.2.1.

Even at the high airflows corresponding to a measurable
atomisation quality a significant proportion of the fuel remains
attached to the atomiser and airpot surfaces and this characteristic
of the design would be a serious shortcoming in the practical
application where combustion chamber carboning and other problems
would result.‘ And the surface wetting problem would be further
aggravated by a tendency for the larger droplets generated at the
atomising 1lip to be carried by their.own inertia on to the central -

pintle, and thence to form a stream of very lafge dropse

The random nature of the fuel spray at airflows corresponding

to engine cranking, caused by the fuel swirl, is evident from Plate 7.
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The problém of swirl is a fundamental one with Atomiser 1 and,
as migﬁt be expected, no improvements in starting performance result
from the modifications tested. The attempt to do without shroud aif,
or some other means of counteracting the effects of swirl, has thus

proved to be unsuccessful
7.2.2 Atomiser 2

While the provision of -the shroud has reduced the effect of fuel
swirl on starting performance and‘atomisation quality due to the swirl
baffling effect of the shroud ports, the shroud air itself has not
succeeded in detaching the fuel from fﬁé outer surface of the atomising
lip, and the shroud nut has greatly increased the blockage effect of the
fuel on airfl&w. Plate 8 shows that the resulting low airflow "spray"

characteristics are very poor.

All the fuel leaving the swirler initially passes into the shroud
and blénks off the majority of the shroud air ports, a significant
proportion passing‘through tﬁe'ports and into the airpot. The fuel
leaving the atomiser does so as a low energy dribble which is relatively
easily atomised and produces the much improved atomisation quality

compared with Atomiser 1 shown in Fig. 34.
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So fuel swirl is still the main factor contributing to poor

overall performance.

The main conclusion drawn from the tests on Atomisers 1 and 2
was that if fuel swirl was to be retained as the means by which an
even fuel film at the atomisation lip was obtained, then it must bé7
used in such a way that the fuel could detach itself from the atomising
lip using the centrifugal force available from its swiri energy and
without assistance from the atomising air. The latter would only be
used to atomise the resulting drops and ligaments suspended in the.

air annuli.

This fuel detachment could only be achieved if the convergence
of the swirler used in Atomiser s 1 and 2 was replaced by a flare
so that no surface was available to which the fuel could attach itself.
As already stated it was found during early»tests that swirling fuel
could adhere quite strongly to the outer‘surface of a cylinder, so it
was desirable that the outer surface of the swirler should also be

flared.

The réplacement of the swirler convergence by. flare would
reduce the effective swirl at the atomising lip, of course, and
therefore reduce the uniformity of film thickness at_this point, but
only a marginal increase in fuel system pressures would be required to
restore the film quality, and it was felt that the advantages to Béigained

cu it
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in improved overall performance would more than compensate for this.

The use of a flared swirler would also enable other design
improvements to be made. Both inner and outer flare could be designed
to match the reQuired spray cone angle, and the pintle and shroud nut
could be designed to fit these respective flares to give smooth convergent
ducts at the required cone angle through which the atomising air would
be accelerated to a peak velocity at the atomising lip before picking
up the fuel. (Shroud air would be necessary because of the tendency
of the fuel to swirl away from the main air annulué, and for this reason
would probably do most of the work of atomisation). The atomising
1ip could also be at the air exit plane so that the fuel, once atomised,

did not wet any internal atomiser surfaces and cause dribbling.

Finally, the other important modification that was felt to
be desirable as a result of the tests on the first two atomisers was
that the atomiser air flow areas behind the atomising lip should be
made as large as possible compared“to those at the lip so that as
much as possible of the‘pressure drop applied across the atomiser

would be available across the plane of the lip.

Atomiser 3

It was possible to incorporate all the modifications
recommended above within the overall atomiser specifications laid down
in Section 5.3, and the results obtained both in terms of starting

performance, Fig. 32, and mean droplet size, Fig. 36, compare very
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favourably with those from Atomisers 1 and 2. The'imp;oyements are
most apparent from Plate 9, where the effectiveness of the flare id
procuring detachment of the fuel from tﬂé'lip, even at éero air flow
conditions, is demonstrated; all the fuel is being atomised, and fhe
cone angle, well established at condition (6), changes very little as

air flow increases.

The measured atomisation quality is very close to the optimum
predicted by the Wigg formula, at least at the s.m.d.s below about

80 microns at which the measurements are reasonably accurate.

7.3 Accuracy of measurements

7+3.1 Starting Tests

The detail results from the starting_tests defined in
Section 6.1.1 depended very much on a personal assessment of "the
commencement of atomisation". Provided reasonably consistent judgements
were made, hoWevér, the differences in the basic performance character-

istics of the atomisers tested were clear, as can be seen from Fig. 32.

The more marginal differences caused by the minor modifications
made to an individual atomiser were sometimes}more difficult to detect,
but this very fact tended to indicate that no appreciable differences
in atéﬁisation quality would be detected eifﬁer, and as can be seen
from the droplet size measurements on Atomiser 1, Fig.33, large

improvements were looked for. The testé have shown that, within limits,



there is a good correlation between starting performance and atomisation
quality, so the assumptions made to_tﬁis effect in Section 6.1.1 have

been proved valid.

7.3.2 Droplet Size Measurements

Dobbins, Crocco and Glassman (Ref. Il ) demonstrated that
their optical technique for measuring mean droplef size, on which
Hodgkinson based the design of his bench (Ref. 12 ) was capable of a

hiéh degree of accuracy.

An important limitation occurred with Hodgkinson®s apparatus,
however, in that the ligﬁt scattering profiles produced were different
to those predicted (see Fig. 17), which meant thét the measureé droplet
size'depended on the relative light intensity at which measurements

were made. (See Appendix 3).

The 1/10 relative intensity chosen corresponded to the
minimum error in mean droplet size arising from differences in the Upper
Limit Distribution Function, and was used'throughout so that the
inaccuracies in scattering profiles, wﬁich proved difficuit to remedy,

were consistent.

)z—'-“‘wm'——\\v’/..

(ﬁ The attempt described in Appendix 4 to calibrate the instrument
| s however, showed that at s.m.d.s up to 80 microns the measured droplet

sizes were at least as accurate as would have been produced by the k



magnesium oxide slide fecﬁnique. Above this size, measured s.medes
are probably higher than true, to judge from the trend in the shapes
of the scattering profiles, but no firm conclusion can be drawn to this

effect.

While the only information available from the instrument is a
mean droplet size, it is'very,convenien% to use and is worth developing

further to enable reliable and consistent measurements to be made.

40
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CONCLUSLONS

l. Atomiser Desian

The combination of fuel swirl with a diVergent air duct and air
a
flow over both sides of the atomising lip has produced an airspray
atomiser with good fuel distribufion characteristics at low fuel and

airflows, and atomisation quality close to the optimum predicted by

Wigg.

2, Correlation of Starting Performance with Atomisation qualitye.

Within the limits of the tests made there is evidence that a
good correlation exists between the pressure drop required across an
airspray atomiser for atomisation to commence and that required to

produce a given atomisation quality.

3. Droplet size measuring technigue

The optical tecﬁnique used is capable of making good comparative

measurements but needs to be developed further if the theoretically

predicted performance is to be achieved.
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APPENDIX 1 =

SIMPLE THEORY OF OPERATION OF AIRSPRAY ATOMISERS

Cembustien chamber performance is contrelled principally by
the degree of atomisation of the fuel, and the spray velocity. In the
"natural"'airblast (airspray) burner both these depend on the air velocity

at the atomising lip and in turn on the pressure ratio across the flame tube.

. Assuming finai spray Velocity Vs to be the result of the fuel

and atomising air streams sﬁa;ing their momenta, then:

where Vg and V, are fuel and air velocities respectively,

‘Mg and My are total chamber fuel and air flow rates
respectively,

and k is tbe propoition of the total chamber air flow which

passes through the atomisers.

Since with an airspray burner fuel injection velocities are low
compared to atomising air velocity, V¢ can be assumed zero with negligible

error:

Then V, . kM, = Vg (Mg + k Mg)

' Mf + k Ma
= V. . 1 - Vv 1
a - = 3 * ————
> 1 + 4., Mg 1+ 1
k M;— k.afr

(1)
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Thus Vg is dependent on available air velocity, chamber air fuel
ratio, and the proportion of chamber air used for atomisation only. Hence,

at a given non-dimensional engine speed,.VS will be independent of altitude

and forward speed.

The available air velocity Va is. dependent on the pressure ratio

across the flame tube which is a function of Ma /Ta~

Pa

where Ta is atomising air temperature,

and Pa is atomising air total pressure.

Va for a typical combustion chamber varies from about 500 ft/éec
at maximum engine r.p.m. down to 200 ft/sec at idling and 150 ft/sec at

crank-lighting conditions.

Experience indicates that for adequate combustion performance the spray
velocity V, must be at least 50 ft/sec. Assuming, for example, a typical

cranking overall air/fuel ratio of, say, 50:1 then from equation 1:

5 = 150 ¢ @l

1
o+
1 k.50
whence k = .01, i.e. at least 1% of the chamber air must be passed through

the atomiser to ensure a spray velocity of at least 50 ft/sec. for crank

ligh‘ting.
Now kx overall a.f.r. = a.f.r. issuing from the atomiser

— — P

(G

,Z/c.oj Q~W\ ;P *bu./tﬂ 'f 07[\%!



In this case k x (a.f.r.)o/% = «5 ., , which, if the air and fuel
were completely premixed would be too rich to burn. By increasing k both
the spray velocity and the local a.f.r. can be increased but since mixing
in practice will not be complete and some further dalution by primary air
will take place, a compromise must be decided on from similar analyses at

other conditions and engine operating experience.
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APPENDIX 2

THE PREDICTEON OF THE DROPLET SI'ZE PRODUCED

BY AN ATRSPRAY ATOMESER

M\

The first and most compreﬁensive collection of experimental data
Lo EnElsL
from Airblast Atomisers was obtained by Nukiyama and Tanasawa (Ref. lXFhP37)
(Fig. 37), who were able to correlate their results to produce an empirical

equation predicting mean droplet size for any given set of conditions:

9, = 58T . 597( | )0'45 1000 vy 0
AuJﬁ /0‘/?, Va
—— (1)
where d0 = The Sauter Mean Diameter of the

droplets in microns

Z&U'= the relative velocity between the air
and liquid, m/see

/Oé = the density of the liquid gm/cm3

<

¢ = the ratio of the volume flow rates of
VA liquid to air.
r

1

. crv
liquid surface tension dynes/sm

and //L= liquid coefficient of viscosity (poises)

While not dimensionally consistent, equation 1 has been shown

to be generally valid for airblast atomisers operating with liquid densities



between 0.7 and 1.2 g/c.c., surface tensionsvbefween 19 and 73 dynes/cu,
viscosity between 0.003 and 0.5 poises, and at subsonic air velocities.
No account is taken of the properties of the air, however, so its

application is limited to conditions close to atmospheric.

Wigg (Ref. 2) pointed out that equation 1 did not take into
account the results of other workers in this field, and developed a
dimensionally consistent equation, correlating these results, and taking
into account all the variables, which described the droplet size prdduced
by an airblast atomiser in which no droplet coalescence is occurring,
‘ &l

equation 2, and a correction to this equation for use when coalescence is

taking place, equation 3.

0.5
dm - 190 vy W A o (2)
0.3
/C% .V
: 0.6 0.1y
w .
and d = N (1+2.6(;;) W) - (3)
where dm = mass median diameter - microns
Y = kinematic viscosity =~ centistokes
W, A, = 1liquid and air mass flow rates gm/sec.

>
i

height of air annulus cm

0 = surface tension dynes/cm

[ = air density gm/em®

V = air to liquid relative velocit&xqihfggc

N = R.H.S. of equation 2. " anty [sec .
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The droplet size predicted by equation 2 has been used by the
present author as the standard to which the atomisation quality produced
by the atomiser tested has been compared, since the droplet size measuring

light beam was passed through the spray very close to its source.

The following air and water properties have been assumed:

\Y
o

A

Substituting these values, converting to Sauter Mean Diameter,

1.01 centistokes

73 dynes/cm

0012 gm/em>

since the light measurements are in these terms, and converting to

1b/hr, ins, and ft/sec units for flow rates, dimensions and velocities

respectivély:
0.1 W 0.5 0.1
4, = 8060 W __ (A +x) . h ——(4)
V calc
where V... 1s the atomising lip airspeed calculated from

the pressure drop applied across the atomiser by means of compressible flow

CurIrves.
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APPENDTX 3

DROPLET SIZE MEASUREMENT

: L1qu1d sprays in general centain a w1de range of droplet sizes
which can be accurately represented by size-frequency histograms of the

form shown in Fig. 38

Several algebraic functions of conventional exponential type are used which,
with suitable choice of parameters, can be made to fit the characteristic

histograms of various types of spray. Of particular use are:

1) the empirical equation due to Nukujema and Tanasawa derived

from their experiments with air atomisation:

: -bx
d x
where x = droplet di(a.
R = the cumulative volume of droplets of size

greater than x expressed as a ratio of the total

droplet sample volume

and a, b, and g are constants
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ands
2) the Rosin-Rammler relationship which was originally derived for

particle size distribution in powders:

R = o (%-)n

where R and x are as above and and X and u are constants.

Mugele and Evans, however, in their detailed discussion of the application
of these exponential expressions pointed out that while they can, for

example, adequately be made to represent size distributions, they may predict
\5\

Mugele and Evans ‘demonstrated that these shortcomings were overcome if the
Upper Limit Distribution Function, which recognises that no dropléts exist

in a sample which are larger than a specified D, , was used.

In the Upper Limit Distribution Function (U.L.D.F.) two characteristic
parameters derived from the shape of the droplet size-frequency distribution

curve are taken to describe the spray;

_ b .. 1
(the skewness), and Q = +L %

UIUI

where D is the most probable droplet diameter

D

) o is the maximum droplet diameter

and (D, - D_%) is the width of the distribution curve at
2 .
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half the peak frequency (Fig. 39 ).

Because of the superiority of the U.L.D.F. in describing actual
distributions Dobbins, Crocco and Glassman proposed its use in the development
of their optical technique for the measurement of droplet sizes in sprays.

(Ref. & ).

They ﬁoped to demonstrate that the scattering effect on a beam of
light of the dréplets in a spray was dependent on the size of the droplets,
and found that, for é wide range of the positively skewed distribution
curves typical of liquid sprays (as characterised by —g- and Q ranging

[~ ]
from 0.13 to 0.28 and 0.5 to ‘2.10 respectively) the calculated scattered
light profiles were coincident within small limits when plotted in terms

of the relative illumination intensity at angle 6 s Ig and reduced

diémeter, T Dsz % (Fige 40 )

where D32 = Sauter mean diameter

7
A

angle at which I 8 is measured

wavelength of light used
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Dobbins et al tested their theories using the apparatus shown in Fig. (&l ).

and they concluded that the light scattering technique gave the most accurate
measurements of particle size wﬁen compared with microphotographiciand.

droplet collecting methods.

The theories of Dobbins et al were further extended by Roberts and Webb

who showed that the range of droplet distributions considered could be

greatly increased in terms of D and Q without affecting the Dobbins
) Doy :

conclusions (Ref. !5 ) and they produced a revised Mean theoretical

illumination profile, Fig. 42 , covering a range of D from .13 to 0.8,
' D

and Q from .50 to 2.10. e

This revised curve has been used by the present author in the atomisation

performance assessments described in this thesis.
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APPENDIX 4

THE CALTBRATION OF THE OPTICAL BENCH

Because of the departure of the measured ligﬁt scatlering patterns;
Fig. 17, obtained with the optical bench from those predicted by the
Theoretical Illumination Profile, Fig. 42, an attempt was made to
calibrate the bench againsf a source of known droplet size - the ultrasonic
atomiser, Plate 10. The atomisation guality of this atomiser, spraying

water, had previously been measured by the magnesium oxide slide technique.

The droplet densify produced by the ultrasonic atomiser is low,
and to enable a sufficient density to be obfained'for the purposes of
making ligﬁt scattering measurements the spray was blown away from the
atomiser head to form a plume through which the light beam could‘be

passed, Plate 10,

The results of the optical bench measurements of mean droplet
size are shown in Fig. 44 compared with the previously measured performance.
The measurements have been made at the 1/10 peak light intensity point
recommended in Appendix 3, and used throuéﬁout the experimental work on

the airspray atomisers.

It appears from Fig. 44 that the optical bench is giving too low
a value of mean droplet size at water flow rates above 40 CsC./min., and

too high a value at flows below this value., While the bench may give
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inaccurate final measurements it is cerfainly capable of detecting #he
rapid cﬁanges in sem.d. with flow suggested by the slide measurements,
However, and the author feels thét it is the latter which are more likely
. to be wronge This view is confirmed by slide measurements of the
ultrasonic spray which were taken at the end of the exhaust duct during
some of the light scattering measurements, and which agreed quite well
Witﬁ the optical results, (See Fig. 44), up to s.m.ds of about 80 microns
corresponding to the maximum flow rate which could be applied to the

atomiser,

The‘previous slides were taken at a plane below the atomiser
and with the latter operating in still air, and it is possible that the
measurements would be biased towards the larger droplets since these

would settle out more quickly.

Unfortﬁna%elﬁ no magnesiﬁm oxide slides were taken of the sprays
from the airspray atomisers which would Help to confirm the optical
measurements, but it is conglﬁded from the tests described above that
the optical bench is capable of giving résults at least as accurate as
would be obtained using the slide technique up to droplet sizes of

80 microns s.med.
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APPENDLX 5

A RIG TO MEASURE THE EFFECT OF PRESSURE_ON DROPLET

SL'ZE OF ATRSPRAY ATOMI SERS

Apparstus has been designed to enable the atomisation quality
produced by airspray atomisers to be studied at simulated combustion chamber

pressures up to 250 p.s.i.g. Fig. 45.

The atomiser is mounted in a housing at the centre of a
perforated diaphragm through which a high pressure airstream passes, the
perforations being designed to give a pressure difference across the
diaphragm representing that across a combustion chamber flame tube wall.
The airflow passing through the atomiser itself is measured by means of a
venturi situated in a duct, coaxial with the main air duct and connected

to the back of the atomiser housing.

An observation chamber is connected to the downstream side of
the diaphragm to enable the droplet size produced by the airspray to be
| measured by means of the optical bench designed by Hodgkinson and used
by the present author to make the measurements at atmbspheric conditions

described in this thesis.

By varying the operating pressure of the rig the performance

of an airspray atomiser at varying engine operating conditions can be

simulated.
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