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ABSTRACT

The gas turbine fuel injector hs been the focus of considerable on-going research and

development for over y years i order to satisfy the continuously evolving

requirements with regard to combustion performance, fuel consumption and pollutant

emissions. This exposition attempts to summarise the principal findings om the

authors own research during the past two decades, and to identify their signjcance

within the global amework of related studies i the area of gas turbine fuel injection.

His recent studies on the structure of sprays i the near-nozzle region, encompassing

simplex, pressure-swirl and engine-standard, pre-lming airblast atomizers, are

characterised by an unparalleled combination of near-ll power airndensity and liquid

throughput, thereby extending signicantly the knowledge database on the performance

ofthese nozzles. They also served to reconcile the long-standing apparent contradictions

i the open literature concerning the effect of ambient air pressure variation upon spray

SMD for the simplex swirl injector. Moreover, they showed for tlferrst time that the

near-nozzle spray trajectory and overall mean drop size characteristics of the types of

airblast nozzles used on engines are signicantly different from those of the laboratory-

scale atomizers featured i earlier research efforts. This is a reection principally of the

distinctive nature and scale of the fuel-air interactions involved i the two different

enviromnents.

The new knowledge and understanding generated by the author's work on the plain-jet

airblast concept has found practical application i large-scale industrial gas turbine

engines. It is also contributing to the design of certain hybrid fuel injector

congurations, which are now being offered either a an altemative to or i combination

with the more established pre-lming concept.

The limit of capability of both the laser sheet imaging technique developed by the

author and the commercially available phase Doppler instrument have, for the rst time,

been successfully explored at the extreme conditions of high air density and high fuel

throughputs encountered i modem gas turbines - yielding generally plausible

isothermal spray property data.
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1. INTRODUCTION

Liquid-fuelled gas turbines have been the subject of on-going evolution ever since their

introduction as a power plant for aircra and industrial applications. The fuel injector

has throughout played a pivotal role i the attainment of the appropriate combustor

performance goals. When faced with new and sometimes daunting challenges, the

combustion engineer has traditionally expected the fuel injector to deliver the necessary

solutions, either i its current guise or through the development of new design concepts

[1]. Some of the key drivers underpinning el preparation research over the years are

enumerated below:

0 Increases i the maximum power operational envelope of the combustor, resulting

i steadily increasing ínlet air pressure and temperature and injector fuel

throughput.

0 Satisfactory altitude re-light and pull-away capability at sinultaneously low injector

fuel ows and low combustor ar pressures. In combination with the maximum

power requirement, this implies the need for injectors with an appropriately large

turndown capability [2].

0 Injectors incorporating fuel-exibility, either to alleviate emergency shortages, or to

mitigate potential relaxation i specications resulting i the prolonged use of

heavier, higher-viscosity, reduced-volatility fuels [3].

0 Compliance with progressively tightening regulations i respect of gas turbine

combustion-generated pollutants. This has led to renement of the existing

congurations, as well a the development of altemative low-emission concepts

[l,4]. In consequence, added emphasis has been placed on improvements i el-air

mixing which can, under certain conditions, generate fuel-injector induced

instabilities, a recently experienced i lean direct injection combustors [5,6].
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0 Imovative designs incorporating better thermal management of the input heat ux

generated by the increasingly hostile ambient air pressure and temperature

enviromnent surrounding the fuel injector [4,7].

0 Trend towards shorter and more cost-effective combustor development cycle times

requiring a better grasp of the still poorly understood coupling between fuel injector

design, simplistic spray performance and the prevailing ow-eld within the

primary zone. In addition to the obvious need for more tailored° irjector designs,

this calls for the development of appropriate diagnostic tools, as well as their

evaluation to reliably probe the increasingly harsh practical enviromnents with

which the injector hs to contend.

This commentary deals with the structure of fuel sprays, which is widely acknowledged

to play a crucial role i many of the basic processes involved i gas turbine spray

combustion [2,8]. The relevance and signicance of the author°s publications submitted

i support of this exposition are described i the sections that follow, together with the

context for these contributions. However, this review has deliberately been undertaken

not on a paper-wise basis, but along the broad themes addressed by the submitted

research work i its entirety. It was felt that this approach would result i a more

cohesive and meaningful discussion of the acquired insights and their signicance. The

broad themes addressed by the research undertaken have been categorised as the

operability factors, and the enabling technology topics of nozzle design and spray

diagnostics.
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2. OPERABILITY FACTORS

Appreciable increases i the operating air pressure and fuel ow envelope of the gas

turbine combustor, combined with the need for fuel-exibility i the event of a

embargo on Middle East oil supplies, provided the motivation for the early studies

undertaken by the author. Pressure-swirl atornizers of the simplex and dual-orice type

were then i widespread use, but growing problems of exhaust smoke at high

combustion pressures eventually led to their replacement with the pre-lming airblast

atomizer which had been under extensive development at Craneld during the l960s [9-

12]. More recently, however, the pressure-swirl atomizer has had a new lease of life

through altemative uses - for example as a means of delivering fuel on to a cylindrical

surface withir a swirl-cup arrangement conveying swirling airstreams to the combustor

primary zone of the F101, CFM56 and CF6-80 engines [13]. The vaporizing style of

fuel injector was a serious rival at the time to the airblast injector, due to its use i many

Rolls-Royce engines, including the RB199 tted to the Tomado strike aircra [14-15].

In recent years, the vaporizer has fallen out of favour due to concems surrounding its

durability i the new generation of high-pressure-ratio engines. This section discusses

the author°s work i respect of the effect of the operability factors of fuel viscosity, fuel

ow rate and ambient air pressure on the structure of sprays produced by pressure-swirl,

vaporizing and airblast fuel injectors under isothermal conditions.

2.1 Pressure-Swirl Atomizer - Simplex.

2.1.1 Eect ofOperating Fuel Víscosíty

The study entitled Atomization of Crude and Residual Fuel Oils' reported i Submitted

Paper (SP) 1 featured experiments covering a very wide Variation i fuel viscosity on

threenozzles of differing ow numbers. Prior to this work, Radcliffe [16,17] and

Koblish and Schwartz [18] had explored the behaviour of simplex swirl atomizers. The

range of actual viscosity levels covered, however, was not outlined i their own

publications. In reality, Radcliffe had analysed the work reported by Joyce [19], which

as described by the author himself, featured 'some preliminary results' on the effect of
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viscosity variation i the 2x106 to 18.5xl 06 m2/s range at fuel pressures up to 20.7xl05

N/m2 on a single simplex nozzle.The molten parafn wax method of spray drop size

measurement was utilised by Joyce i his research. In addition, the communications

reported [20] following Radcliffes frst investigation [16] revealed the existence of

some other data on plain holes, of the type used i diesel engines corresponding to a

viscosity level of ~ 6xl0ó m2/s. These studies appeared to be the only sources of

reference available to Radcli`e for determining the impact of el viscosity changes on

spray quality. From this rather restricted data he deduced that the SMD increased only

slightly with viscosity - probably as a function of kinematic viscosity to the power of

0.2 to 0.215. Due to the preliminary nature of the experimental data available, and the

relatively small range embraced by it, there clearly was appreciable cause for concem

regarding its applicability and reliability i situations featuring higher fuel viscosity

levels.

The work described i SP 1, featuring a laser diffraction instrument, was the rst and

most comprehensive investigation exploring the relationship between fuel viscosity and

atomization quality for simplex nozzles. The prevailing concerns were appreciably

mitigated through the author°s provision of a extensive and relevant database that

enabled the spray SMD to b more accurately correlated against fuel viscosity for highly

rened kerosene through to low-grade residual fuel oil. The range of viscosity and el

pressure drops covered by the author were respectively ve times and one and a half

times those alluded to i Joyces study [19]. In actual terms it embraced a viscosity

range of lxl0`6 to 93x106 m2/s compared with 2xl0`6 to l8.5x10`6 m2/s, and pressure

drops up te 3500 kN/m2 e eppeeed te 2100 kN/m2. This werk revealed that the earlier

predictive relationships [17,18] were satisfactory when restricted to low-viscosity,

kerosene-type fuels but became increasingly inaccurate a the fuel viscosity levels were

raised - over-predicting by around 75 to 100 per cent at the higher levels. The acquired

database was used by the author to develop a mean drop size correlation of improved

accuracy, ca. ±25 per cent, principally om the standpoint of SMD - viscosity, v ,

dependency, which was found to satisfy the relationship SMD o v °'16. Moreover, the

correlation proposed was valid over the full range of liquid viscosity and fuel pressure
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drop levels featured i the investigation. The overly pessimistic nature of the earlier

relationship, a revealed by this work, meant that the impending challenge of alleviating

the effect of el viscosity increase on spray performance was likely to be less onerous

than had been anticipated. Subsequent investigation by Dodge and Biaglow [21], albeit

featuring lower levels of viscosity (up to 5.5xl0'6 m2/s) on simplex swirl atomizers,

came up with the relationship SMD o v 0'136, thereby providing support for the

authors earlier research. The extensive viscosity range embraced by the author's work

remains unparalleled to date.

2.1.2 ect ofOperating Air Pressure and Fuel Flow Rate

The effect of ambient ar pressure Variations on penetration and cone angle of the sprays

produced by simplex swirl atomizers was reported i SP 8. De Corso and Kemeny [22]

had previously investigated this particular aspect on light diesel fuel sprays, at a single

far-eld distance of 115mm om the nozzle exit for ar pressures up to 8 bar. Neya and

Sato explored the effect of changes i ambient air pressure, up to a maximum of 5 bar,

on the far-eld cone angle behaviour at a solitary position located 200mm from the

nozzle exit for swirl atomized water sprays [23]. Near-nozzle cone angle behaviour

under conditions of varying ambient air pressures was investigated by Dodge and

Biaglow [21]. Their work, however, was restricted solely to the very near-nozzle

distance of 10mm from the irjector exit, at which location a relatively small change i

spray cone angle was observed - circa 10% of the baseline value a ambient air pressure

was raised from 2 to 13 bar.

The author's work, SP 8, featured air pressure Variations up to 14 bar, while the focus on

penetration behaviour of kerosene sprays was restricted to a maximum axial distance of

45mm from the face of the injector. Since most combustors generally operate at

relatively high air densities and feature compact primary zones that are typically around

50mm long, the author°s chosen combination was clearly more representative of the

combustor primary zone enviromnent. The far-eld cone angle collapse reported

earlier, [22,23], was conrmed a being prevalent i the near-nozzle regions studied by

the author. In addition, it was established that the contraction of the spray boundaries
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with increasing ambient air pressure occurred at a faster rate initially, followed by a

levelling-off around the 10 bar air pressure level. Dodge and Biaglow's work implied

that within the very near-nozzle region, fuel momentum exercised a dominant inuence

upon the spray cone angle and penetration. This was conrmed by the author's

observation that the initial trajectory with which the liquid left the injector orice was

practically una`ected by ambient air pressure variations. However, the evolution

further downstrean was found to be a reection of the on-going interaction between the

cone-shaped, spreading liquid sheet and its surrounding air enviromnent. At the near-

nozzle location of 10mm, this interaction had not built up to a sufñcient extent to cause

much change i cone angle and spray cross-sectional area, even at 12 bar ambient air

pressure. At the 30rmn location, however, the cumulative interaction was much more

pronounced, resulting i an appreciable collapse i cone angle and a corresponding

reduction i spray cross-section at the same air pressure. Raising the ambient air

pressure om 1 to 12 bar, for example, led to a reduction i cross-sectional area of the

spray by 25 and 75% for the respective downstream distances of 10 and 30mm from the

nozzle exit, as featured i the two studies. The author°s study provided the clearest

understanding of the cone angle and spray trajectory changes as a function of ambient

air pressure Variations i the crucially important, near-nozzle region. Analysis of the

observed effect of ambient air pressure Variation, Pa, upon spray dimensions at a axial

distance of 30mm from the injector face revealed radial penetration of spray as being

proportional to Pa'°'26. This important and new capability to predict spray penetration

under conditions of varying ambient air pressure, at a location fully representative of

typical primary zone length, allows better evaluation of the extent of matching between

the fuel and air ows within a given combustor conguration featuring simplex pressure

swirl atomizers. Clearly this has potential implications for the combustion and emissions

performance of such systems.

The relationship between spray quality and ambient ar pressure was studied recently by

the author and is reported i SP 23. Previous studies had focused prinarily on the

overall spray mean drop size and, i general, there have been some notable

inconsistencies with regard to the observed influence of ambient ar pressure upon
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SMD. The effect on spray mean drop diameter of variations i ambient air pressure to 8

bar was studied by DeCorso for pressure-swirl nozzles [24,25]. Measurements were

made at a distance of 185mm from the injector exit using a photographic technique

employing light transmission-shielding tubes. Under some conditions overall spray

SMD was observed initially to decrease with rises i ambient air pressure, followed by

a increase as the ambient ar pressure was raised further. However, under other

conditions a steady increase i SMD occurred as ambient air pressure was raised. Neya

and Sato used the immersion method to obtain drop size data along a radius of 200mm

from the nozzle exit for ambient ar pressures up to a maximum of 5 bar [23]. Spray

SMD was found to rise with increases i ambient ar pressure. Dodge and Biaglow

studied the effect of ambient air pressure variation up to a maximum of 6 bar using a

Malvem particle sizer [21]. Drop size data was obtained at a distance of 25mm from the

injector exit and experiments were carried out at comparatively high fuel throughputs -

ca. 30g/s. A increase i ambient air pressure to 6 bar was found to result i a

sigricant reduction i the near-nozzle spray SMD. At air pressures above 6 bar,

however, high levels of laser beam obscuration prohibited the acquisition of any further

meaningful drop size data. Wang and Lefebvre also used a Malvern particle sizer to

study the behaviour of simplex swirl nozzles under varying ambient air pressures [26].

Drop sizes were measured at a distance of 150mm from the injector exit over the -1 to 10

bar ambient air pressure range. Six different nozzles of low-ow capacity were

investigated. Their work on a 90° cone angle nozzle revealed an initial increase

followed by a decline i spray SMD a the ambient air pressure was raised steadily to lO

bar. From the preceding discussion it is clear that the various reported studies exploring

the effect of ambient air pressure on the SMD performance of pressure-swirl atomizers

have shown conicting trends. As a consequence, the communicated values of the

exponent °n i the mean drop size versus ambient ar pressure relationship, namely

SMD o Pa", have exhibited wide Variations ranging from +0.27 [23] to -0.53 [21].

The authors work, SP 23, featured experiments on a large capacity simplex swirl nozzle

at air pressure levels of 1, 8 and 12 bar. A second generation Phase Doppler

Interferometry, PDI, instrument was used to explore the dense spray structure i
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detail at a distance of 50mm from the injector exit. The nominal cone angle, under

atmospheric conditions, was 83° and the liquid ow rate was held constant at 75 g/s

regardless of the variations i ambient ar pressure. Point-wise, local SMD values at a

given air pressure were converted to yield an overall spray SMD using appropriate area

and velocity correction factors to account for the differences i ow areas and drop

mean Velocity levels. Rises i ambient air pressure were observed to yield increases i

overall spray SMD, although at the higher air pressure there was a decline i this rate of

increase. In a sense this authors observed trend i broadly similar to those of some

previous researchers [23-25] and dissimilar to those of others [2l,26]. It would appear

that these seemingly contradictory trends could be a reection of the rather complex

manner i which a change i air density affects the Weber number and spray cone angle,

and hence also the resulting overall spray SMD. This i quite apart from any possible

issues that may be associated with the different drop size measurement methods utilised

i the various studies.

Invoking Weber number, We, considerations.(where We is dened a a dimensionless

ratio of inertia to surface tersion forces) concerning the break-up of a sheet of low-

viscosity liquid yields:

o (we)-* ...(1)

which for liquids with invariant surface tension sirnplies to give:

SMD O §'*) (ufp,)'* ...(2)

where te is the liquid sheet thickness at break-up, u, the relative Velocity between the

liquid sheet undergoing disintegration and the ambient air, pathe ambient air density

and x a arbitrary exponent.
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If the effect of a rise i ambient air pressure manifested solely through a increase i the

air density term i Eq. (2), then SMD would always be expected to decline. This,

however, is not the case and there are several other effects that come into play

sinultaneously. One consequence ofa increase i ambient air pressure, as pointed out

by Neya and Sato [23], is to accelerate the process by which the liquid sheet

disintegrates. This leads to the point of initial break-up of the liquid sheet moving

closer to the nozzle exit where the sheet thickness is greater due to the reduced degree of

stretching. Ultirnately, the sheet break-up could start directly at the nozzle exit once the

ambient air pressure exceeds a certain critical value. Eq. (2) shows clearly that a

increase i sheet thickness, albeit due to a increase i air pressure shifting the initial

break-up point upstream, is exercising an adverse effect upon SMD and thereby serving

to oppose the benecial effect due to a increase i air density.

Another consequence of a increase i air pressure is a reduction i spray cone angle

and i turn, the associated spray cross section due to the creation of radially in-owing

air currents. As stated before, the cone angle initially contracts at a faster rate, but

eventually stabilises at a certain minimum level beyond which no further cone angle

changes are discemed with continuing increases i ambient ar pressure. Both DeCorso

[25] and Neya and Sato [23] concluded that this reduction i spray cone angle increased

the opporttmity for droplets to coalesce with each other and thereby afford a increase i

spray SMD with rising air density. However, another aspect that is appropriate here,

and thus far has received no consideration, is the increase i thickness of the liquid sheet

accompanying the cone angle contraction at higher air pressures. This, too, will serve to

raise the overall spray SMD a per Eq. (2). Yet another adverse effect, resulting om

the decrease i cone angle due to the raised air pressure, is a reduction i the volume of

air contained within the core regions of the spray. Consequently, the spray momentum

is more readily able to accelerate this smaller volume of air along the general direction

of spray motion, thus reducing air to liquid interaction vis-à-vis a decrease i the relative

velocity, u and hence a decline i spray quality.
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In essence, whether overall SMD increases or decreases as the air pressure is raised is a

reection of the balance between the competing adverse and benecial ambient air

pressure controlled spray processes, initiated concurrently, i a given situation. The

eventual outcome is clearly governed by the combined inuence of two separate

ambient air pressure-dependent phenomena with their own, independent, critical air

pressure levels. One is the air pressure at which the spray cone angle assumes its

minimum value, while the other is the air pressure at which the sheet break-up starts

directly at the injector exit. Further increases i air pressure beyond the two respective

critical levels would not b expected to inuence either of these two processes.

Therefore, a reduction i overall spray SMD would b expected i principle a the air

pressure continues to rise beyond the two critical levels. This assumes that axial

penetration behaviour of the spray, which has thus far not been considered, remains

unaffected by such increases i air pressure. In practice this is unlikely to be true even

i the context of compact primary zones, and consequently secondary processes of

droplet coalescence and collisions are likely to exert some further inuence on the

eventual spray SMD levels. Whilst axial penetration behaviour of pressure swirl sprays

under conditions of varying ambient air pressure has not been reported thus far, some

support for a reduction i penetration can nevertheless be deduced from the associated

droplet velocity distributions. The spatially resolved nature of the author's study

provides information regarding the inuence of ambient air pressure Variation on point-

wise distribution of drop mean axial velocities. This does reveal a marked decline i the

drop mean axial velocity levels and, i turn, the axial momentum with increases i

ambient air pressure. Clearly this particular aspect warants further research, but the

generic arguments expounded i the preceding sections provide a coherent, basic

framework for reconciling the apparently contradictory SMD - ambient air pressure

trends that are prevalent i the spray literature.

SP 23 study also provides other new and important insights into the detailed structure of

the near-nozzle spray under vaying ambient air pressure conditions. These are outlined

below:
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0 Increases i ambient ar pressure tend to make the spray more homogeneous i terms

of the point-wise distribution of mean drop sizes i.e. the radial Variation i SMDs

diminishes as the air pressure level is raised om 1 to 12 bar. This is also true for

other representative drop diameters, namely D0_1 and D09.

0 The traditional hollow-cone structure under atmospheric conditions gradually

converts into something more akin to a solid-cone spray i which the radial

distribution of volume ux is more uniform at higher ambient air pressure levels.

This is a reection of the smaller droplets, due to their lower aerodynamic drag

experiencing preferential transportation into the core regions a a result of the

inward air movement generated by the spray motion.

Some recent applications of simplex atomizers are to be found i the dome swirl-cup

arrangement featured i various General Electric engines (e.g. CFM56, CF6-80) [13] a

well as other potential low NOX research strategies embracing the airblast simplex

nozzle [27] and other lean combustion approaches [28]. A is evident om the

foregoing sections, earlier research studies have featured comparatively low levels of

liquid ow rates and ambient ar pressures, ( ca. 40 g/s liquid ow at 8 bar maximum air

pressure), i relation to the levels consistent with the modem and emerging role for

the simplex swirl atomizer. Furthermore, the choice of spray interrogation position has

also been inappropriate i relation to the trend towards compact combustor

congurations. The special merit of the authors study is the unique and unparalleled

combination of test conditions. Namely that of 75 g/s liquid throughput, 1 to 12 bar

ambient air pressure, near-nozzle region droplet property data acquisition (i.e. 50mm

from injector exit), and the deployment of a modern PDI instrument with its superior

dense spray capability. In consequence, the insights and information generated at

conditions of near-ll power, practical engine air densities, and liquid throughputs

constitute a signicant advance om the standpoint of the practising combustion

engineer.
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2.2 Pressure-Swirl Atomizer - Dual-Orice

Given that these wide-range atomizers had been used extensively since the early l950s,

the literature contained little by way of research information, with only a brief reference

i the work by Simmons [29]. This contained a small amount of SMD data on a typical

dual-orice nozzle featuring a lxl0*5 to l2xl06 m2/s viscosity range along with a

maximum fuel ow rate of up to 60 g/s under atmospheric pressure conditions. His data

revealed a appreciable increase i SMD values corresponding to the point at which the

fuel initially ows through the main nozzle and remained high over a signicant

proportion of the fuel ow range covered. There was, however, no mention of any

accompanying effects upon spray cone angle and dispersion.

The author°s study 'Dual-Orice Atomizer Performance under Varying Air Density

Conditions', SP 9, focused attention upon the interactions taking place between the pilot

and main sprays. It covered a wide range of liquid ows (up to ~ 90 g/s max) and air

pressures (1 to 8 bar) using kerosene and gas oil as the test fuels. A combination of

conventional, still photography and laser diffraction droplet-sizing techniques was

employed. This study was ained at extending our knowledge regarding the near-nozzle

region behaviour of in-service injectors, a well as the acquisition of a practically

relevant experimental database to facilitate appropriate action i the event of a

relaxation i fuel specications. Interaction between the two sprays, starting from the

instant of initial opening of the pressurizirg valve, revealed a wide range of

progressively increasing main fuel ows durirg which the overall mean drop size, cone

angle and penetration remained changeable and poor. Whilst the deterioration i drop

size performance, corresponding to the initial admission ofel through the main nozzle

had been identied previously [29,30], the corsiderable range of fuel ows over which

spray cone angle and penetration remained poor had not been appreciated. This was

especially the case when operating on high-viscosity diesel fuel at atmospheric and

higher ambient air pressures. The traditional approach has been to select a appropriate

combination ofpilot nozzle ow number and pressurising valve opening point to ensure

that the range of fuel ow over which spray performance is poor coincides with some

transitory engine condition. This restricts to a minimum the degradation i overall
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combustion performance. However, the very wide range of fuel ows over which spray

performance was found to b generally poor and changeable following the initial

introduction of el through the main nozzle made this problematic, with potential

implicatiors for combustor pattern factor and ernissions performance. Furthermore, the

simplex pressure-swirl atomizer Slv) correlation proposed by the author for the

atmospheric case earlier, SP 1, was found to be adequate for the dual-orice

atmospheric data, assuning that the pilot and main sprays coalesced with each other and

shared their momenta. Also evaluated was the alternative energy sharing approach but

it was found to yield a significantly inferior level of agreement over the critical ow

range, during which the combined spray was far om being well formed. The effect of

ambient air pressure on combined pilot-main spray cone angle and SMD exhibited

trends that were, broadly speaking, akin to those for the simplex swirl nozzles.

2.3 Vaporizing Fuel Injector '

By the mid l980s vaporizer concept had accumulated considerable in-service

experience i a number of Rolls-Royce engines i commercial and military aircraï¬

applications. Despite this, and its irclusion i the then-proposed EJ200 engine, little had

been published previously by way of research information except the study by Low

[31]. This work was aimed at visualizing the vaporizer efux, using spark photography,

under combusting and non-combusting conditions at ar pressures and temperatures up

to 5 bar and 723K respectively with no el pre-heating whatsoever. The extensive

development effort was, however, outlined i the reviews by Sotheran [14,l5]. Clearly

there was considerable ignorance surrounding the precise mode of operation and the

nature and quality of elux emerging from this style of el injector. Furthermore, its

sensitivity to key operational factors such as fuel viscosity and air velocity, temperature,

and pressure was also inadequately explored.

Work reported i SP 11 featured use of high-speed spark photography and laser

diffraction droplet sizing. It provided valuable insights regarding the behaviour of

vaporizers under non-combusting and combusting conditions at ambient air pressures up

to 13 bar, ar temperatures up to ca. 600K, and fuel temperatures up to 425K. In addition
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to kerosene, gas oil was also investigated i order to address the fuel quality issues

prevailing at the time. The efux was characterised for atomization quality and degree

of vaporization as a function of the key operating variables. In essence, this style of

injector was found to feature a high degree of atomization and vaporization. In addition,

it exhibited spray performance trends that were generally similar i character to those

associated with contemporary airblast atomizers, namely a improvement i spray

quality with rising injector air-to-fuel ratio and air pressure drop, while increases i fuel

viscosity revealed a degrading effect. Whilst this broadly competitive performance was

reassuring, there nevertheless was appreciable concern regarding the vaporizer°s

durability for prolonged operations. In consequence, it was superseded eventually by

the airblast atomizer for new engine applications. Despite this, the author°s work

signicantly extended the level of understanding, albeit i the context of the in-service

vaporizing injectors.

2.4 Airblast Fuel Injector

2.4.1 Lab-scale Irgiectors - Effect QfAmbíentAír Pressure and Fuel Wscosity

The reduction i spray penetration and cone angle encountered with all types of

pressure-swirl atomizers at high operating air pressures led to the deterioration of their

spray characteristics and, i turn, to poor fuel-air mixing within the combustor prinary

zone. This resulted i liner durability, pattem factor and exhaust smoke problems. The

pre-lming airblast atomizer was developed to mitigate these problems by producing a

fme, well-mixed spray of airborne droplets. At the time their spatial distribution was

generally believed to be controlled entirely by the prevailing aerodynamics. Early

research atomizer designs, generically speaking, incorporated a co-owing, parallel

arrangement between the thin annular fuel sheet and the two, high-Velocity, swirl-free

encompassing airstreams. Such designs were the subject of in-depth research and

development by Lefebvre and his co-workers [10-12, 32-35]. Another form of airblast

atomizer, the plain-jet type wherein the fuel was not pre-lmed into a thin sheet but

instead discharged i the form of discrete, circular jet(s) into a high velocity airstream,

was also studied [36]. Useful engineering correlations had been developed to enable the

prediction of spray mean drop diameter over a range of operating conditions [33-_36].
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However, only Godbole [32] and Rizkalla et al [33] had explored the effect of air

density upon spray SMD at the time. Their experiments featured drop size

measurements on low viscosity water-kerosene sprays generated by pre-lming

atomizers at air pressures of up to ~l3 and 8.5 bar respectively and revealed noticeable

Variation i the value of the exponent for the air density term. The effect of Variations i

air density on high viscosity sprays, which was adjudged to be of special need [37], had

not been explored at all. Consequently, there were considerable uncertainties i respect

of the precise effect of air density upon the drop size performance of both types of

airblast atornizers, particularly for operation with higher viscosity fuels.

The authors work outlined i SP 1 to 3, systematically extended both the existing

knowledge base and its reliability. The initial phase of this investigation was conducted

under atmospheric pressure conditions and covered a very wide range of el viscosity

(up to 0.086 Ns/m2) - SP 1. The new experimental database generated was extensive

and, thus far, the only one of its kind embracing kerosene, gas oil, and other higher

viscosity practical fuels including pre-heated, neat residual fuel oil. It also revealed that

the SMD performance of the much simpler, plain-jet airblast atomizer was comparable

to that of its more complex, pre-hning counterpat when operating on low viscosity

kerosene fuel. In addition, the existing pre-lming and plain-jet airblast atomizer drop

size correlations [33,36] were found to be broadly satisfactory for use with low-viscosity

fuels. However, raising fuel viscosity revealed an increasing scale of over-prediction by

the very same correlations relative to the measured values. Although these inadequacies

were addressed at the time, there was a urgent need for high air pressure data i order

to resolve properly the coupled air density - fuel viscosity issues and their impact on the

drop size correlations.

The main distinguishing feature for the subsequent studies, SP 2-3, apart from extending

the range of air density covered on low-viscosity fuels, was the hitherto unexplored

simultaneous combination of higher air densities and higher fuel viscosity levels. In

other words, a combination of~ 0.037 Ns/m2 viscosity at up to and including 14 bar air
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pressure. The form of engineering correlations evolved for the two airblast atomizers

studied covering a wide range of operating variables are summarised below:

LMD o ...(3)
D pV2D AFR p,aD AFR

where pcs , and 11, are the liquid properties of density, surface tersion and viscosity;

pa and Va the density and Velocity of air; AFR the injector air-to-fuel mass ratio; D the

atomizer characteristic dimension and nl, nz, ng and n arbitrary exponents.

Eq. 3 can be re-written as:

n, nz W '13 na
o L

(HL) + -i°'l (HL) ...(4)D Ww AFR Re! AFR

where Wea and Well are respectively the Weber number as applied to air and liquid

properties and Re! the liquid Reynolds number. The exponents nl, nz and n were

found experímentally to have identical values for the two airblast atonízers studied,

namely 0.45, 0.5 and 0.8 respectively. Values for ng differed only slightly i.e. 0.375 and

0.4 for pre-lming and plain-jet respectively. Whilst from a purist viewpoint, the

summative forn of the correlation clearly lacked scientic elegance, it nevertheless did

have an important role i advancing fuel injector design engineering and technology by

ranking the relative importance of the different variables. Furthermore, its origin dates

back to the pioneering work ofNukiyama and Tanasawa some sixty years ago [38] and

has been subsequently found to be appropriate by other workers, notably Lefebvre and

his co-researchers [33-36].
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The nature of the (1 + l/AFR) expression is such that for typical injector design AFRs

the difference due to exponents nz = 0.5 and n = 0.8 is small enough to be ignored as a

rst approxirnation, thus simplifying equation 4 to yield:

% +(z)1 ...(5)

where Z is the Ohnesorge number, Oh, and it simply collates the fuel properties through

a ratio of the liquid property based Weber and Reynolds numbers. This reveals the

effect of air density to be embodied witlin the air properties based Weber number, while

that of fuel viscosity within the independent Ohnesorge number. The contribution of the

Oh number has been observed experimentally to change from one of insignicance for

low-viscosity kerosene fuel to that of increasing signicance for the higher-viscosity

fuels, especially at elevated anbient air pressures because of a appreciable increase i

Ww. This explains the markedly different air density effects observed on low and high

viscosity els and, i addition, provides support for the summative form of the

proposed correlating expression. These studies by the author provide, to date, the only

experimental evidence for preferring the inclusion of the liquid density term i the Qh

number, instead of the air density term a had been the case i some earlier research

[33,39].

Previous low-viscosity liquid studies on pre-lming nozzles had revealed an exponent,

n for the ar density term i the relationship, SMD o p: , ranging from -0.6 [32] to -

1.0 [33]. This was i marked contrast to the value of-0.45 observed by the author i his

work featuring a extended range of air pressures on both pre-lming and plain-jet

airblast atomizers. Furthermore, these studies [SP 2-3] claried and established, for the

first time, the role of air density i situations featuring higher levels of fuel viscosity -

that of accruing a incrementally diminishing level of benet due to increases i air

density relative to the low viscosity case. A clear implication of this finding was that

the task of attaining good atomization performance on higher viscosity fuels was going

to be appreciably more difficult at low and high ambient air pressures. Given their
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inferior volatility characteristics, achieving effective fuel preparation was, therefore,

expected to be a formidable challenge. The data and insights generated were deemed to

be very timely and valuable, and helped to quantify more accurately the important

effects of two key operational variables.

2.4.2 Practical-scale Irgiectors - Eect ofAmbient Air Pressure and Fuel Flow Rate

The airblast injectors discussed thus far featured swirl-free (or low-swirl) airstreams that

were essentially of a co-owing, parallel nature relative to the direction of motion of the

fuel stream. From around the mid 1980s however, practical irjector designs

increasingly began to utilise air swirlers to promote higher levels of shear and mixing

between the liquid fuel and air streams as a integral part of the mixture preparation

process i order to secure further improvements i combustion and emissions

performance. In consequence, the liquid sheet is subjected to a intense, turbulent ow-

eld resulting i its rapid disintegration. This, i tum, leads to a spray with improved

mixing and dispersion characteristics. Many parallel efforts have been conducted to

acquire a better understanding of the detailed structure of the spray ow-field produced

by the so-called practical, engine standard nozzles. In addition to the author, researchers

at University of Califomia, Irvine [40,4l], United Technologies Research Center, East

Hartford [42] and Onera, Toulouse [43] have been the main contributors to this effort.

Using the PDI technique, Samuelsen and co-workers have explored the detailed spray

structure at ar pressures up to 6 bar [4O], but the liquid ow rates have been restricted

to a maximum ofabout 10g/s [41]. Others have conducted pattemation studies featuring

higher liquid throughputs, ca. 30g/s, but the air pressure was maintained at 1 bar [42].

Whilst these studies have utilised practical hardware, they have thus far not achieved

close similarity to the practical enviromnent prevailing within the modern engine

combustors at conditions of near-full power operation. Typically, the maximum

operating air pressure and temperature values are currently around 40 bar and 900K-

yielding an air density of around 16kg/m3 . The maximum fuel ows lie between around

100 to 150g/s depending upon the number of fuel injectors i a given engine.
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A special feature of the author°s work on practical injector geometries has been to

maintain a close a operational similarity to the real enviromnent a pragmatic

considerations would perrnit. The initial effort was directed towards visualising the

near-nozzle spray cone angle and trajectory using practical irjectors i the presence of

correctly replicated combustor head air ow features such a the dome air swirler, heat

shield assembly etc. [SP 13]. The coupling between the spray emerging om the nozzleíl'-'

and the major aerodynamic features within the primary zone had, by and large, been

ignored i most of the earlier studies. Spray dispersion is a momentum-dominated

phenomenon and it is important, therefore, to include all major contributors to this

process. This investigation featured a wide range of operating conditions (~l4.5kg/m3

air density and 95g/s kerosene ow). A combination of high-intensity spark

photography, high-speed cine photography and video imaging was used to capture the

instantaneous and dynamic aspects of spray placement. Sprays of such opacity had not

been explored before and some of the images, i fact, did not reveal much detail from

within the core regions. Nevertheless, the study advanced our knowledge concerning

the isothermal behaviour of practical sprays under near-full power operating conditions.

Airblast spray trajectory i near-nozzle regions was observed to be signjcantly

inuenced by simultaneous changes i ambient air pressure and fuel ow rates.

The author's investigations into the detailed structure of practical sprays using the PDI

technique are reported i SP 17, 20 and 22. A rst generation instrument was utilised i

the initial study, SP 17, and it pennitted exploration of spray characteristics up to a

maximum of 25g/s kerosene ow rate at a ambient air pressure of 12 bar. Whílst this

was clearly inadequate i relation to the typical ll-power operating envelope, it

nevertheless represented a encouraging and sigricant advance i our understanding of

the structure of practical sprays i a hitherto unexplored enviromnent. Subsequent

studies by the author, SP 20 and 22, were ained at extending the earlier work by

embracing more realistic levels of fuel tlroughput at high ambient air pressures using an

upgraded PDI instrument. In addition, the technique of laser sheet imaging, LSI, was

also utilised to visualise overview patterns of spray shape, size and dispersion. These

studies afforded unique insights into the detailed isothermal structure of practical
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airblast sprays at near-full power engine conditions of 75g/s kerosene ow rate and 12

bar air pressure (= l4.5kg/m3 air density). Moreover, these measurements were

obtained at a distance of 45mm 'om the injector exit and are of particular relevance

from a engineers viewpoint because they relate to the near-nozzle zone where

combustion is initiated and sustained. The e1Tect of operating air pressures and fuel

ows upon overall spray mean drop size, drop velocity and size distributions, initial

cone angle and spray trajectory were quantied, for the rst time, for practical airblast

sprays.

These recent studies have revealed some major differences between the behaviour of

earlier laboratory-scale research [SP 2] and that of the practical-scale engine airblast

fuel injectors [SP 20, 22] - notably the e"ect of operating air pressure and fuel ow

changes on the overall spray SMD and near-nozzle spray trajectory:

0 The value of the exponent, n, i the relationship, SMD o p: , was observed under

constant nozzle AR and air pressure drop conditions to be -0.05 and -0.45 for the

practical and the lab-scale injector studies respectively. The primary distinction

between the two generic designs explored related to the implicitly different rates of

shear invoked i the bulk sheet disintegration process - instantaneous, highly

turbulent (i.e. prompt°) and slow, classical wavy respectively. This behavioural

distinction has become apparent only as a result of the author°s high ambient air

pressure work. Of course, a high-shear design does not necessarily guarantee high

rates of shear. For example, because air velocities are low during engine start-up

and low power operation, low-shear rates prevail regardless of the atomizer design.

This implies that under some engine operating conditions a low-shear mechanism

could be dominant, while under other conditions a high-shear mechanism could

assume overriding importance.

0 Under conditions of constant injector AFR and air pressure drop, the initial spray

trajectory i the practical-scale research was inuenced appreciably for up to two

pre-lmer diameters from the nozzle exit by Variations i ambient air pressure. The

LSI technique, utilised i SP 20 and 22, gave spray images of vastly superior quality

and i consequence, the interpretation of spray trajectory behaviour was
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substantially more robust relative to that possible i the earlier study, especially

under the most demanding near-full power conditions [SP 13]. This fnding was

contrary to lab-scale experience based conventional wisdom, which implied the

initial spray trajectory to be dependent solely upon the prevailing aerodynamics [1].

It is worth recalling that the lab-scale research featured low-el-momentum levels,

whereas the practical-scale work was conducted at signicantly greater levels of fuel

momentum. Clearly, increases i fuel momentum are most likely to be reected i

changes i spray trajectory i regions immediately downstream of the nozzle exit. At

distances of about two pre-lmer diameters and beyond, the practical spray

trajectory behaviour is akin to that of the lab-scale nozzles i.e. dominated by the

prevailing aerodynamics.

The recent research features a unparalleled combination of high air densities and high

fuel ows, and thus represents a signicant advance i our understanding regarding the

isothermal behaviour of practical sprays at near-ll power conditions of modern, high

performance engine combustors.
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3. ENABLING TECHNOLOGIES

The generation of a spray with properties that are commensurate with a given set of

combustor performance goals inevitably requires appropriate injector design and

trustworthy measurement capabilities. The author°s contribution to the closely-coupled

enabling teclmology themes of nozzle design and spray diagnostics is outlired i the

following sections.

3.1 Nozzle Design

The primary motivation for nozzle design studies has been the desire to achieve

necessary spray performance with a minimum of cost and complexity. In a

enviromnent where ne, well-mixed sprays produced by pre-lrring airblast atomizers

were seen as highly desirable, exploration of altemative simpler airblast nozzle

geometries capable of yielding comparable performance was deemed worthwhile. The

pre-hning airblast concept requires the generation of a thin, continuous, annular hn

that is subsequently °sandwiched by accelerating, high-velocity air on both sides -thus

introducing appreciable design complexity. A much simpler alternative geometry

explored by the author dispensed with pre-lming and, utilised in-ight' disintegration

of multiple, plain liquid jets i a single, high Velocity air stream instead [SP 1, 3]. The

outcome of these early investigations, which included high ambient air pressures, was

encouraging a they revealed the spray performance of this relatively immature concept

to b broadly comparable to that of the pre-flming counterpart, especially when

operating on lower viscosity fuels. This led to a sustaíned programme of research on the

plain-jet airblast atomizer aimed specically at its optimisation by exploring the effect

of key design variables upon spray performance under atmospheric pressure conditions

[SP 4 to 7, 10, 12]. Attention was devoted to both liquid and air ow passage geometry

variables i order to identify the conditions most conducive to realising effective

interaction between the two uid streams vis-à-vis spray drop size, cone angle and

penetration performance. This plain-jet work revealed the relationship SMD o d §5 ,

where d is the characteristic diameter of the injection orice, i contrast to that for the
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contemporary thin sheet type, namely SMD o D243 [34], where Dpis the characteristic

diameter of the pre-hner lip for the thir sheet design. lt was also found that the

atornization performance could b improved still further, especially at lower airstream

velocities, by utilising the upstream liquid injection conguration [SPl0]. In essence,

the plain-jet concept was deemed to offer broadly comparable spray quality trends,

especially on lower viscosity fuels, relative to the pre-hning type but without the added

complexity.

This concept hs been adopted i some large industrial gas turbine engines a a part of

low-emission, lean pre-mixed, pre-vaporised combustion systems. For example,

Siemens AG has incorporated it into a range of gas turbine engines (models V94.2/3,

V84.2/3 and V64.3) with considerable success from the standpoint of satisfactory

combustion - emissions performance [44-46]. More recently, both United Technologies

Research Centre and Parker Hannifn Corporation of USA have explored this plain-jet

concept a a means of delivering fuel onto a conventional pre-hning surface that is

swept by swirling, sandwiching° air ows [4, 42, 47]. The motivation behind Parker

Hannifm°s interest i this hybrid conguration is the desire to achieve superior thermal

management capability by shielding the fuel from high temperature, high-velocity air

streams that are characteristic of earlier designs [4]. Furthennore, other design schemes

featuring multiple, plain-jets as a means of delivering liquid el onto a pre-lming

surface are also being explored i lean, pre-mixed, pre-vaporised research

congurations under study for aero engines with European Community support. Clearly

the knowledge database generated a a result of the author's earlier research on this

concept is helping to guide and underpin the more recent efforts to improve fuel injector

design.

3.2 Spray Diagnostics

A major impedirnent with regard to the attainment of satisfactory fuel-air mixture

preparation has been the non-availability of appropriate diagnostic tools for probing the

harsh practical enviromnents within which fuel injector hs to operate. In consequence,

the traditional practice has been to conduct experimental simulatiors i an easily probed
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ambient pressure laboratory enviromnent, followed by protracted and expensive 'cut and

try' optimisation and demonstration procedures on engine standard el

injector/combustor hardware at near full-scale conditions. The advent of PDI and Mie-

Fluorescence based laser sheet imaging, LSI, techniques represent two of the most

promising characterisation tools of relevance to spray research [48]. Most new

techniques yield trustworthy data i simplied, lab-scale experiments. Their true

capabilities and limitations i demanding situations more representative of maximum

power operation of modern gas turbine combustors, however, are generally not known

at the outset. The main thnst of the author's spray diagnostic effort has been directed

towards:

0 Developing and applying the LSI technique to visualise spray and droplet processes

i near-nozzle regions of high throughput, dense sprays under high ambient air

pressure conditions.

ø To apply the commercial PDI instrument to practical sprays at near-full power

conditions i order to detemiine the limits of its capabilities for measuring the

various droplet properties.

Initially the LSI technique was explored under simpler atmospheric conditions i order

to optimise it prior to its application to dense, practical sprays. The effect of such key

variables as primary magnication, light sheet dimensions (thickness and width) and

energy density, imaging media (CCD and conventional wet-lm) etc. were investigated

using a range of lab-scale spray ow-fields [SP 14, 16, 18. 19]. With appropriate

primary magnication it delivered images of high resolution, offering a clearer insight

into the details of the liquid break-up mechanism vis-à-vis the capturing of wavy

disturbances and the appearance of perforations i the liquid surface prior to the

formation of ligaments and droplets [SP 16, 18]. In addition, droplet processes such as

dispersion, trajectories, intra-spray re-circulation etc. could also be observed with

unparalleled clarity [SP 18]. Equipped with this encouraging lab-scale experience, the

technique was applied to dense, practical sprays at near-full power engine conditions.

At the severest condition of 75 g/s kerosene ow rate and 14.5 kg/m3 air density the
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resolution deteiorated somewhat, but the image quality still remained appreciably

superior to that reported elsewhere i the open literature, including this author's previous

ebrt [SP 13]. LSI was principally pursued as a extemal spray visualisation tool,

however it has additionally allowed acquisition of important new insights i respect of

the liquid trajectory behaviour inside the pre-hning airblast atomizer investigated [SP

21]. Knowledge of irtemal liquid trajectory behaviour could be of considerable value to

nozzle designers i respect of optimising inner/outer airow momentum apportioning to

realise further improvements i near-nozzle, two-phase spray behaviour. In essence,

LSI has tumed out to be a very useful and cost-effective tool for acquiring more robust

insights into the spray physical structure, dynamics, symmetry, spatial uniformity, cone

angle, internal and extemal el trajectories etc. for a range of lab-scale to practical

nozzle applications.

A rst generation, single velocity component PDI instrument marketed by Aerometrics,

Inc., featuring a low powered Helium Neon laser and a counter-based signal processing

routine was initially applied to a range of lab-scale sprays under atmospheric pressure

conditions [SP 14-16]. Providing the set-up parameters are selected with due care, the

PDI technique affords droplet size and velocity data of satisfactory reliability i simple,

comparatively dilute atmospheric sprays. The spatially resolved nature of the droplet

data was deemed to be very useful i gaining new insights into the extent of point-wise

homogeneity present within such sprays. The next phase of the PDI exploration

featured experiments on a practical airblast injector under varying air density conditions.

The rst generation instrument was found to pemit drop size and velocity

measurements up to a maximum of 25 g/s of kerosene ow rate at 12 barambient air

pressure (= 14.5 kg/m3 air density) at a axial distance of 70 m from the injector exit

[SP 17]. Notwithstanding this encouraging initial outcome, there clearly was a pressing

need for further extension i spray characterisation capability to facilitate a better

understanding of the detailed structure of practical sprays at higher el ows (~ 100

g/s) and at shorter axial distances from the nozzle exit (~ 50 m or less). The near -

nozzle region is of special importance because it is the zone i which combustion is

initiated and sustained. These early high pressure experiments revealed the signal-to-

25



noise ratio of the scattered light reaching the detector array deteriorating appreciably

with increases i spray density, i.e. with increases i fuel ow and/or reductiors i

measurement plane distance at the 12 bar air pressure level. Clearly an increase i laser

power could be expected to mitigate this problem by raising the incident beam intensity

to spray density ratio. In consequence, the PDI instrument was upgraded to incorporate

a powerful Argon-Ion laser delivering l.5W at 514mn wavelength, i contrast to 10mW

power at 632mn wavelength delivered by the Helium Neon laser. In addition, the signal

processor was also changed from a time-domain counter to a frequency-domain, fast

Fourier transform type with its vastly superior capability for detecting Doppler bursts i

lower signal-to-noise ratio enviromnents [49]. This second generation PDI instrument

enabled the acquisition of droplet property data at kerosene fuel flow rates of up to 75

g/s at the 12 bar ambient air pressure level for a axially downstream distance of 45 m

om the exit of a practical airblast nozzle [SP 20, 22]. Detailed measurements i

regions closer to the nozzle exit, for example at 27 m, were only possible at lower

ambient air pressures and on reduced el throughputs. This was a reection of such

problems as extínction, particle co-incidence and multiple scattering i optically dense

sprays resulting i poor signal-to-noise ratio and abnormal phase shifts. This research

has revealed that spatially resolved drop velocity and size distribution information

gathered i practical sprays under near-full power air density and fuel ow conditions is

generally plausible. On the other hand, the derived quantities of number density and

volume ux exhibit absolute values that are oen inconsistent and unreliable.

In summary, the ability to reliably determine drop velocity and size distributions, spray

dimensions, cone angle and intemal - external liquid trajectory behaviour under such

challenging conditions constitutes a signicant advance i the diagnosis of 'real' sprays

under 'near-real' operating conditions, and is currently unparalleled i the open

literature.
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SPI

Atomization of Crude and Residual

Fuel Oils

A study is made of the effects that fuel properties have upon the mean droplet size char-
acteristics of three fuel atomizer types that are commonly employed in the gas turbine
engine.iThe fuels tested included kerosine, gas oil, and a heavy residual fuel oil, and each
was passed through a pressure swirl jet, a prefilming airblast, and a plain-jet airblast at-
omizer in turn. Tests were carried out at pressure levels close to ambient and mean drop
sizes were determined using a light-scatterirg technique. Two main points emerge from
the results: Firstly, for all atomizers tested, that the existing dropsize correlations are not
sufficiently accurate for use with the high-uiscosity residual fuel oils. Secondly, that the
fuel dropsize decreases with the change in atomizentype from plain-jet airblast to pre-
filming airblast. The difference in performance of the two types of airblast atomizers is
most noticeable for the residual fuel oil, particularly so at pressure drop levels of less than
around five percent. Use is also made of the many data points collected to deriue improved
dropsize correlations which may be used over the whole range of fuels tested.

Introduction

lt is well established that fuel atomizer characteristics greatly inÂ»
uence the performance of gas turbine combustors and that the mean
droplet size of the fuel, in particular, must b reduced if emissions of
such pollutants a smoke are t b limited t acceptable levels. In light
of this, numerous atomization studies have been made, particularly
of the rened, 'low-viscosity fuels presently used in gas turbines.
Correlations have been obtained relating a dropsize, termed the
Sauter Mean Diameter, to the fuel properties and the atomizer op-
erating conditions. (see for example [1]1 for pressure swirl atomizers
and [2-4] for airblast atomizers). Such correlations, however, have
not been tested against the more viscous residual fuel oils that are now
of growing interest to the industrial and marine gas turbine users,
hence the reason for this study.

Selection of Test Conditions `
The fuels selected for testing covered a range from kerosine to re-

sidual fuel oil, type BS 2869 Class G, 3500 Second Redwood One. In
order t vary the properties within these two extremes, gas oil and a
series ofgas oil in residuel fuel mixtures were also tested, and, in ad-
dition, fuel preheating was applied when residual fuel oil was used,
a viscosity is known t vary considerably with temperature for these
fuels.

' Numbers in brackets designate References a_t end of paper.
Contributed by The Gas Turbine Division and presented at the Gas Turbine

Conference, London, England, April 9-13, 1978, ofTHE AMERICAN SOCIETY
OF MECHANICAL ENGXNEERS. Manuscript received at ASME Headquarters
February l, 1978. Paper No. 78-GT-83.
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The choice of atomizers was limited t those most commonly used
in gas turbines, namely the conventional simplex pressure swirl and
the prefilming airblast, and tests were also made on a development
plain-jet airblast atomizer. The pressure swirl atomizer is more
common in old and low-pressure-ratio engines, whereas the prefilming
airblast atomizer is to be found on most modern high-pressure-ratio
engines. Much interest has grown in recent times, however, in the
plain jet atomizer, as it offers, relative t the prefilming type, a much
simpler and cheaper system (see Figs. 1 and 2).

The prefilming device of the conventional airblast atomizer spreads
the fuel into a thin sheet that is enveloped by high velocity pintle
airstream on the inside and shroud airstream on the outside, thereby
promoting maximum physical contact between the fuel and air-
streams. The plain-jet airblast atomizer merely featuresa conven-
tional air swirler, just downstream of which fuel issues out of plain
circular holes in the form of discrete jets. These jets undergo in-ight
disintegration without any prior preparation, such as fuel prefilm-
mg.

By the very nature of their design principles, the pressure swirl and
the air blast atomizer dimensions are defined in somewhat different
ways. The former is characterized in scale by a atomizer flow number,
FN, where:

FN = Volumetric Flow Rate/(Fuel Pressure Drop)°~5
Flow number, therefore, indicates the size of the discharge orice
through which the fuel ows and the fuel flow rate can be controlled
by varying either the fuel pressure or the atomizer ow number. In
the case of the airblast atomizers, the scale tends t b dened by the
area of the air passages (which for a given atomizer air pressure drop,
and air pressure level is a measure of air mass flow rate) and the air-
to-fuel mass ratio. The size of atomizers tested was limited by eco-
nomic considerations.

Transactlons ot the ASME
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Fig. 2 The plain jet airblast atomizer-oulline arrangement
Similar considerations also dictated that the airblast atomizer tests

should be carried out at near-ambient air pressure levels, but a wide
range of atomizer air-pressure-drop conditions were tested, the range
being wider than normally encountered in gas turbine combustors.

The conditions over which the tests were made can be summarized
as follows:
Atomizing Media:
1) kerosine
2) gas oil
3) 25 percent residual fuel oil and 75 percent gas oil blend
4) 50 percent residual fuel oil and 50 percent gas oil blend (limited

tests)
5) residual fuel oil with several levels of preheat
6) water (limited tests)
Atomizers: '
1) 3 pressure-swirl, simplex with FN = 0.25, 0.5 and 0.8

Nomcnclature

2) 1 prefilming airblast (Fig. 1 and [5])
3) 1 plain jet airblast (Fig. 2)
Atomizing Air Pressure: near ambient
Air Pressure Drop- Airblast Atomizers: 2 to 11 percent

Experimental Details
Before conducting the main part of the study, the measurement

of Sauter Mean Diameters from the fuel atomizers under operating
conditions defined above, it was necessary t determine in full the
physical properties of all the fuels to be tested. The relative density,
surface tension, and kinematic viscosities of each were measured.

The main test facility comprised an air fan, fuel pump and dropsize
measuring equipment. The air mass flow was measured using an or-
ifce plate installed in accordance with BS 1042, and the fuel mass ow
rate was measured using precision flowmeters, previously calibrated
for each fuel at the appropriate working temperature.

The spray Sauter Mean Diameters were measured using the well-
established laser light-scattering technique, an extension of that de-
veloped by Dobbins, Crocco a_nd Glassman The method is based
upon the forward diffractive scattering of a parallel, monochromatic
beam oflight as it passes through the test spray. Fig. 3 shows the de-
tails of the optical system for spray mean dropsize measurement, and
its principles and mode of operation are described in [4, 6, 7]. Apart
from the rapidity with which data can b obtained, this technique has
the advantage that it does not disturb the spray pattern as is the case
with all mechanical devices. Recent improvements in the light source
as well as optics has enabled spray SMDs of around 20 microns to be
measured accurately.

Results
Fuel Characterizatíon. Many tests were made b determine the

physical properties of the test fuels, and the results are given in Table
1 and Figs. 4 and 5. The latter figure highlights the variation of
property with fuel mixture strength, and special note should be made
of nonlinearity of the viscosity-blend relationship. Detailed charac-
terisation of residual fuel oil-gas oil blends is outlined
inThePressure Swirl Atomizer. The measured atomization

performance of a 0.8 flow number pressure swirl atomizer is illustrated
in Fig. 6, and theinarked increase in spray SMD with deteriorating
fuel quality is clearly brought out. A similar trend is also observed on
the 0.25 and 0.5 ow number atomizers. The effect of different at-
omizer ow numbers on a given atomizing medium is shown in Fig.
7 for the low~viscosity kerosine fuel while Fig. 8 depicts the same in-
formation for the high~viscosity low-grade residual fuel oil. These
figures conrm the already well-established facts that the spray SMD
performance, for a constant atomizer fuel pressure drop or alterna-
tively for a constant at/omizer fuel mass ow, improves' with reducing
atomizer flow number. The beneficial influence exerted by the in-
creased level of residual fuel oil preheat is outlined in Fig. 9.

The Prefilming Airblast Atomizer. The SMD performance of
the prelming airblast atomizer when operating with different fuels
and varying levels of atomizer air pressure drop is illustrated in Figs.
10 and 11. The advantages in terms of improved atomization perfor-

= density, kg/m3

šåÃ

SMD = Sauter Mean Diameter, m
V = Velocity, m/s
W = mass flow rate, kg/s
t = liquid film thickness, m
D = diameter of plain jet fuel orice, m
AP = atomizer pressure drop, N/m2
P = upstream pressure, N/m2

= surface tension, N/m
= absolute viscosity, NS/m2= kinematic viscosity, m2/s

'FN = atomizer flow number,

(NOTE: 1 PSID E 6.89 X 103 N/m2;
Imperial Gals/hr E 1.2628 X l0"G ma/s)

Subscripts
= air
= liquid

¬I&~Q

volumetric ow rate in Imperial gals/hr = reave
AFR = air t fuel mass ratio

Journal of Engineering for Power

V fuel pressure drop in PSID = fllël
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TABLE 1 Physical Properties of Test Fuels
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Fig. 4 Fuel characlerlsallon-summary

mance for increasing levels of atomizer air pressure drop (i.e., atom-
izing airstream velocity) and increasing levels of atomizer air/fuel ratio
are clearly illustrated by these figures. Also apparent from the same
figures is the deleterious influence exerted by the degrading fuel
quality on atomization quality.

The performance with residual fuel oil is illustrated in Fig. 12 for
an atomizer air/fuel ratio of 2, and in Fig. 13 for an air/fuel ratio of 4.
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A is t b expected, the atomization quality improves with increasing
degree of preheat due princípally t the reduction inviscosity.

The experimental data outlined in Figs. 10-13 is conned to the
all-important air-to-fuel ratio range of 2 t 4 (see [2]), although in fact
a much wider range (1 t 8) was investigated. Furthermore, since the
tests were conducted under atmospheric pressure conditions, the
atomizer air pressure drop and the atomizing air velocity were cor-
related by using the Bernoulli's equation for incompressible ow.

The Plain Jet Airblast Atomizer. SMD characteristics of the
plain jet airblast atomizer when spraying different fuels with varyinglevels of atomizer air pressure drop under atmospheric pressure
conditions are shown in Figs. 14 and 15. Not surprisíngly, the plain
jet airblast atomizer exhibits somewhat similar performance trends
as were observed in the case of the prelming airblast atomizer, i.e.,
a reduction in SMD with increasing levels of atomizer air pressure
drop a well a with increasing atomizer air/fuel ratio, and a increase
i SMD with a degradation in fuel quality. Asin the cs of preflming
airblast atomizer. the experimental data was obtained over a much
wider range of air-to~fuel ratio (1 t 8) although in fact it is only pre-
aented for the 2 t 4 range.
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Comparison of Airblast Atomizers. Fígs. 16 and 17 are intended
t provide performance comparisons between the prelming airblast
and the plain jet airblast atomizers for kerosine and residual fuel oils.
These figures. are of direct relevance t atomizer design and, under
atmospheric pressure conditions, reveal that;

1 For low-viscosity kerosine fuel the plain jet airblast atomizer
has SMD performance comparable t that of the prefilming airblast
atomizer at pressure drop values in excess of four percent. However,
a the atomizer pressure drop falls below this value, the superiority

254 / VOL 101, APRIL 1979

of the prelming airblast atomizer over the plain jet airblast atomizer
becomes increasingly apparent.

2 When operating with the high-viscosity residual fuel oil, at-
omization performance of the prelming airblast atomizer throughout
the air pressure drop range investigated is significantly superior t
that of the plain jet airblast atomizer. The superiority becomes in-
creasingly marked a the atomizer pressure drop falls below about five
percent.

It should b noted that the former comment agrees with the con-
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clusions reported in [3] and [4].

Analysis of Results
The Pressure Swirl Atomizer. Experimental SMD data from

the simplex pressure swirl atomízer of ow number 0.8 are compared
in Fig. 18, against the predictions of SMD correlation outlined in [1].
The disparity in experimental and predicted values is quite noticeable
for the high-viscosity spray media. By plotting log (SMD) versus log
(viscosity), log (SMD) versus log (atomízer pressure drop), etc., the
exponents for the different SMD controlling variables in a power law
relationship were deduced from the experimental data to yield the
following correlation:

SMD = 4.4°~\°~ßw,°º22aP,-M _ . . (1)
Equation 1 is found to be capable of satisfactorily correlating the
entire pressure swirl atomízer experimental data collected in this
study (see Fig. 19).

The Prefilming Airblast Atomizer. The prelmíng airblast
atomization study conducted by Rizkalla and Lefebvre [2] led to the
development of the following dimensionless equation:
SMD/t = A(<1eße/t)°-5(Vp)"(1+ l/AFR]-

+ B( @2/aº.,)°-<25( + 1/AFR)2. ._ (2)
where A and B are constants.

Journal of Engineering tor Power

However, as no measurements were made of the liquid film thick-
ness at the prelming lip, the dimensionless constants A' and B of
equation (2) could not be evaluated. By neglecting liquid lm thick-
ness, and `thereby sacricing its dimensionless form, the following
equation was derived for the particular prelming airblast atomízer
under their study:
SMD = 6.5 - o-<(º°~5(vº-'(1 + 1/APR)

+ 1.2 ~ o**(ºe2/«,ºp)°-*2=*( + 1/AFRº2 . _ _ (3)
Equation (3) was considered (in [2]) t be valid in basic form for any
prelming type of airblast atomízer. It was argued that the constants
6.5~l0"4 and 1.2-10'* of equation (3) need only be replaced by new
constants for any new atomízer and that their values could be evalu-
ated from a few experimental measurements, and the resulting
equation may then be used t estimate SMD values for other atom-
izing media and for other operating conditions. This hypothesis was
tested against the data obtained from the low-viscosity fuels (kerosine,
gas oil, and a 25 percent residual fuel oil/75 percent gas oil blend). Fig.
20 shows that the degree of correlation is very satisfactory when A =
9.0 - 10 and B = 0.75 - 10.

However, as the viscosity of the sprayed medium is increased, an
increasing measure of disparity is observed between the experimental
SMD values and those predicted using the above new A and B values
(see Fig. 21). Consequently, attempts were made t obtain a correla-
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tion that would give better agreement with all the low and high-vis-
cosity fuel data. But since some major para_meters such a air density
and surface tension had been maintained essentially constant during
these tests, such attempts ab initio were somewhat restricted. How-
ever, it was disoovered that by retaining the basic nature (and thereby
the rationale) of equation (3) and modifying the exponents of the
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nondimensional (1 + 1/AFR) term only, the entire experimental data
could b satisfactorily correlated by the relationship:
SMD = [1.0 - l0'3(<mºe)°'5(Vß)"

+ 0.6- o-(fº2/«º)°~5] X (1 + 1/A«¬Rº°~5. .. (4)
The level of correlation obtained is shown in Fig. 22 and is obtained
from data covering the following extended range of conditions:
Fuel Viscosity - 0.001 to 0.086 Ns/m2
Air Velocity - - 55 to 135 m/s
Air-Fuel Ratio - 1 to 8
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In practical terms, the influence of this change is t diminish notice-
ably the predicted effect of the second (viscosity) term in the original
SMD equation and thereby redress the relative contribution of the
two terms.

The Plain Jet Airblast Atomizer. A recent airblast atomization
study of a single plain jet type (reported in [3] and [4]) led t the de-
velopment of the following SMD correlation: '
SMD = l0-95(<1eW)°'35(VfP°^35Pa°'35)`Ä±

+ o.127º(D/pf«)°-5] .(1 + 1/AFR)1-15. _. (5)
This correlation was also found t be inadequate for the fuels tested
in this study. Attempts were made, primariiy by judicious trial and
error due to the scarcity of data, to obtain an improved correlation
of a nature similar t equation (5) above. The values of D, the diameter
of the fuel orifice, and p, the air density were not varied here, and
hence it is recognized that further work will b required before reliable
correlation can be obtained.

It was found, however, that a satisfactory (but dimensionally in-
consistent) correlation could be found by use of the following rela-
tionship:
SMD = o.19</º°-35(vp°~ß5)-*(1 + 1/A1-¬Rº°º25

+ o.27,(D/pf«)°-( + 1/APR). . _ (6)
The results obtained by the application ofequation (6) are given in
Fig. 23.

Conclusions
1 The SMD performance of _the pressure swirl atomizers, when

spraying in stagnant air at atmospheric pressure, is predicted with
a reasonable degree of accuracy by the correlation:

SMD = 4_4o.eo.sW,o.z2Apf-0.43
for the following range of fuel conditions:

kinematic viscosity = 1.0 - 10' t 93.0 - 10`6 m2/s
surface tension = 0.027 t 0.035 N/m
pressure drops up t 35 - 105 N/m2
2 Similarly, for the prelming airblast atomizer studied in the

present investigation:
SMD = [1.0-10'(«m)°-5(V..º..)-1

+ 0.6- o-4(,2/pº°~<2S] (1 + 1/AFRº°-5
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over the extended range:
fuel viscosity
air velocity
atomizer air/fuel ratio

0.001 to 0.086 Ns/m2
55 to 135 m/s
1to8

3 The contribution of the absolute viscosity term in the above
equation changes from one of insignificance for the low-viscosity
kerosine fuel to that of increasing signiñcance for the high-viscosity
residual fuel oil.

4 Over the following range of operating conditions: '
liquid density
liquid surface tension
liquid viscosity
atomizer air/fuel ratio -
air velocity

784 t 1000 kg/m3
0.027 to 0.074 N/m
0.001 t 0.0534 Ns/m2
2 to 8
70 t 135 m/s

the spray mean dropsizes obtained for the plain jet airblast atomizer
in the present investigation are predicted with reasonable accuracy
by the correlation:

SMD = 0.19(a,/p()°-35(Vp035)"(l + 1/AFR)°-25
+ 0.l27mº(D/agp;)°-5(1 + 1/AFR)

5 For low-viscosity kerosine fuel, the plain jet airblast atomizer
has an SMD performance under atmospheric pressure conditions
comparable t that of the prelming airblast atomizer when the air
pressure drop exceeds 4 percent; However, the superiority of the
prelming airblast atomizer becomes increasingly marked as the at-
omizer pressure drop falls below this value.

6 When operating on low-grade high-viscosity residual fuel oil,
the SMD performance of the prelming airblast atomizer, throughout
the atmospheric air pressure drop range investigated, is significantly
superior to that of the plain jet airblast atomizer. The prefilming
airblast atomizer`s superiority becomes increasingly marked as the
atomizer pressure drop falls below about 5 percent.
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Airblast Atomization of Alternative

A. K. Jasuia
Thermal Power Group,

School ol Mechanical Engineering,
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Cranlleld. Bedlord,
England

Liquid Petroleum Fuels under High

Pressure Conditions

A study has been conducted of the effects that fuel and air properties haue upon the mean
droplet size characteristics of a pre-filming airblast atomizer of the type commonly em-
ployed in the gas turbine engine. The fuels tested included kerosine, gas oil and two
blends of gas oil in residual fuel oil. The tests were carried out ouer a wide range of air
pressures (about 1 to I3 atmospheres), fuel viscosities (about 0.001 to 0.037 Ns/m2) and
the spray mean drop sizes were measured using a laser light-scattering technique. The
experimental data accumulated in the study is presented in the paper and it is concluded
that the spray Sauter Mean Diameter performance of the atomizer studied can be pre-
dicted to a reasonable degree of accuracy, over the range of conditions studied, by a rela-
tively simple correlating equation.

Introduction
It is generally accepted that the quality _of the future petroleum

fuels will deteriorate, requiring the gas turbine to burn increasingly
viscous and less volatile, low-grade fuels. ln order to minimize the
deleterious influence of such a change, there is a real need to focus
attention on the details of such combustion processes as spray at-
omization, evaporation, ignition etc. Although it is possible from a
theoretical standpoint to compensate for the degradation in fuel
viscosity and volatility by improvements in atomization performance,
the extent of such an improvement in a practical situation may be
either limited in scope or difficult to realize. Consequently, there is
a growing requirement for experimental data aimed at quantifying
these effects in gas turbine combustors.

The results of the atomization study under atmospheric pressure
conditions, covering a variety of gas turbine type fuel atomizers op-
erating with a wide range of alternative liquid petroleum fuels, were
reported in reference This paper presents the experimental data
collected in the course of the airblast atomization study under con-
ditions of high pressure. Although reference [2] outlines some high
pressure atomization data, the range of applicability as regards am-
bient air pressure and test fuel viscosity levels is very limited-i.e.,
data pertaining to low-viscosity liquids such as kerosine/water for
pressures up to about 8.5 atmospheres. _Further, there is no high
pressure data whatsoever in the study outlined in
referenceClearly,therefore, more information is required in order to cover the
range of operating air pressures/fuel viscosities that are of relevance
to the gas turbine, particularly in its industrial and marine applica-
tions.

Selection of Test Conditions
The fuels selected for this study comprised kerosine, gas oil and two

blends of gas oil in residual fuel oil, type BS 2869 Class G, 3500 Second
Redwood One (860 cSt.). The blends were designated R25 and R55

Contributed by the Gas Turbine Division for publication in the JOURNAL
OF ENGINEERING FOR POWER. Manuscript received by the Gas Turbine Di-
vision January 28, 1980.
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containing 25 percent and 55 percent residual fuel oil (by volume)
respectively, the remainder in each case being gas oil. This enabled
test fuel viscosity variation over a wide range, (see Table 1).

The choice of the atomizer type was limited, for this particular
phase, to the prelming type of airblast atomizer-a common feature
of most modern high-pressure-ratio gas turbines in view of its superior
combustion/pollution performance. Figure 1 shows the atomizer ar-
rangement. The prelmer spreads the fuel into a thin sheet that is
enveloped by high velocity airstreams on both sides-pintle airstream
on the inside and shroud airstream on the outside. The object of
sandwiching a low velocity sheet of fuel by two high velocity air-
streams is to promote maximum physical contact between the fuel
and air and thereby set up high rates of shear.

The atomizer operating conditions covered a wide range of air
propertiesas detailed below:

Atomizing air pressure. From about 1 to 13 atmosphercs
Atomizing air pressure drop. From about 2 t 11 percent, being

wider than that normally encountered in gas turbine combustors
Atomizer air to fuel mass ratio. From about 2 to 8.

Table 1 Physical Properties of Test Fuels
25 Percent 55 Percent

Fuel Property Kerosine Gas Oil RFO RFO45 Percent
75 Percent GO GO

Density pe 784 846 874 913in kg/m3 at 15°CSurface tension
of in N/m3 at20°C 0.0277

Absolute viscosity
ng in Ns/m2 at 0.001315°C
at 25°C -
at 35°C -

0.0299 0.0307 0.0331
0.0053 0.0149 0.0749
0.0040
0.0031

0.0102
0.0073

0.0435
0.0275
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Experimental Details
Figure 2 shows the outline arrangement of the test facility. The

atomizer was mounted in a pressure chamber connected to the
School's high pressure air supply system comprising multistage
Howden compressors. The air mass flow rate was measured using an
orifce plate fitted with D and D/2 pressure tappings in accordance
with BS1042. Fuel mass ow rate was measured using precision
owmeters, previously calibrated for each fuel at the appropriate
working temperature.

A in the cs of earlier study [1], the spray Sauter Mean Diametes
were measured using the well-established laser light-scattering
technique, an extension of that developed by Dobbins, et al. [4]. This
is bsd on the principles of forward diffractive scattering of a parallel
monochromatic beam of light a 'it passes through the fuel spray. For
more details of the optical bench see references [1, 4, 5]. It i generally
believed that spray SMD's down t about 20 .m can be measured
reasonably accürately.

The pressure chamber 'was fitted with optical windows t enable
laser beam access for measuring the atomízed spray Sauter Mean
Diameter under conditions of high pressure.

..._iNomenclature

Results
Fuel Characterization. Many tests were carried out t determine

the physical properties of the various fuels and the detailed results
are given in Table 1. The mean absolute viscosities, in Ns/m2, of the
different test fuels at the working temperature for the ensuing at-
omization results were: kerosine-0.0013, gas oil-0.0058, R25-0.0122
ând R55-0.0371.

Atomizer Performance. The effect upon SMD performance of
varying the atomizer air to fuel mass ratio (AFR) for a range of am-
bient air pressures at a constant atomizer air pressure drop is illus~
trated in Figs. 3 and 4 for low-viscosity kerosine and high~viscosity
R55 fuels, respectively. Figure 3 indicates that, in the case of kerosine,
the atomizer AFR has a bearing on the atomizer SMD performance
close to the atmospheric pressure condition only-at higher ambient
air pressures there being no significant change in SMD values for an
AFR change. As the fuel viscosity increases, the AFR influence upon
SMD values begins to become apparent even at higher ambient air
pressures. ln the case of R55 fuel, the AFR effect seems t exlend from
atmospheric up to around 7 atmospheres, though to a noticeably di-
minishing degree. In airblast atomizer design, the scale tends t be
related to AFR, and therefore due consideration must be given t the
interaction of AFR, ambient air pressure and fuel viscosity.

The influence of atomizer air pressure drop, or alternatively air-
stream Velocity, upon mean dropsize performance for various levels
of ambient air pressure is depicted in Fig. 5 for kerosine, and in Fig.
6 for high-viscosity fuel R55. Both these gures illustrate clearly the
benecial influence of increased levels of atomizing air velocity upon
SMD performance. For atmospheric pressure conditions the atomizer
air pressure drop and the atomizing air velocity were correlated by
using the Bernoulli's equation for incompressible ow, while for high
pressure conditions the calculations were based upon compressible
flow.

Also brought out clearly in Figs. 3-6 is the noticeable improvement
in atomizer performance a the ambient pressure of the atomizing air
increases i.e. the atomizing air density. It should be pointed out here
that in the case of l atmosphere data, the ambient pressure of l at-
mosphere is that prevailing downstream of the atomizer, making the
atomizer upstream pressure a little above 1 atmosphere when taking
into account the atomizer air pressure drop. In all other cases, the
ambient air pressures quoted are the actual nominal atomizer up-
stream air pressures.

Figures 7-9 illustrate the effect of fuel quality degradation (es-
sentially fuel viscosity) upon the mean drop size characteristics, for
1, 6.8 and 12.9 atmospheres, respectively. These results are for an
atomizer air to fuel ratio of4, although in fact a much wider range (2
to 8) was investigated.

The improvement in atomization quality as a result of an increase
in atomizing air ambient pressure, for the entire range of fuels em-
ployed in this study, is illustrated by Figs. 10 and ll for two typical
atomizer air pressure drop levels. It is apparent from these figures that
the improvement in dropsize performance with an increase in air
pressure is more marked for the low-viscosity fuels such as kerosine
and gas oil than for the higher-viscosity R55 fuel.

Analysis of Results
The data collected from the low-viscosity kerosine fuel tests were

systematically evaluated and found to correlate with an equation of
the form:

SMD o± i - (1 + 1/AFR)°~5 (1)01
)o.45Pa V02

'SMD = Sauter Mean Diameter, m
V =.ve°°íty-' m/9 AFR = air to fuel (liquid) mass ratio SubscriptsD = diameter of prelmer, m p =

ws

=- = atomizer air pressure drop, percent , =

Journal of Englneerlng tor Power

density, kg/m3 a = ai,
surface tension, N/m 3 = liquidabsolute viscosity. Ns/m2 f = fuel
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Examination of the high-viscosity dropsize data reveals that the
fuel viscosity apparently exercises an inuence somewhat indepen-
dent of the air properties-namely air velocity and density, thus
implying that t the right hand side of the equation (1) above should
b added another term taking into account the effect of fuel viscosíty
upon SMD. A before, a log-log analysis of the high-viscosity data was
conducted t yield:

sMº
«(-4-)°`45- (1 + /AFRº°~5Pa V02

[2 0.375'' (1 + 1/ÄFR)0'a (2)fa!
It is interesting t note that the equation (2) above is not dimen-

sionally consistent but can be made so by introducing the prefilmer
diameter D as given below:

gl 0.45svm = A -(uº°-55 - (1 + 1/A=aº°~Ã
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AroMzER AR PRESSURE
0RoP(L_àE) PERCENT

Flg. 6 Influence of varylng alon-ilzer alr pressure drop and amblenl alr up-sfream pressure o spray mean dropsle

1712 0.375 .+ B -(Dº°~@f-- (1 + 1/A=*Rº°~ßl (3)I 2
or in the dimensionless form as:
SMD U; 0-45~= A í , 0.5D uva 20) (1 + 1/APR)

+ B (1 + /A~¬Rº°~] . . _. (4):W
where A and B are dimensionless constants, the values of which can
be obtained from the experimental data.

The dimensionless group af/p, V., 2D, which i the inverse of Weber
number a applied t air properties, represents the ratio of liquid
surface tension t air inertia forces while the group 1112/pr;D simply
denes the fuel properties.

The level of correlation between the experimental data collected
in this study with the predictions of equation (3) above with A = 17
X l0`2 and B = 0.1 i illuatrated in Fig. 12 wherein most of the ex-
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perimental values cn b observed f fall within about ±25 peroent
of the predicted ones. The largest sçatter arising due t the inability
of the correlation f predict properly SMD values under atrnospheric
pressure conditions. It should, however, b noted that ti oorrelation
has only been tested for the one specific prelmer diameter, i.e., D= 17.5 x 10-3m.

Discussion

The main differences between this work and that reported previ-
ously (see references and [2]) are 1

1 the extended range of atomizing air pressures-from about 1
t 13 atmospheres, '

2 the extended range of liquid fuel víscosity-up t about 0.037
Ns/m2, and

3 the nature of SMD correlation.
Early work indicated that the air density exponents in the corre-

lating equation were -1.0 and -0.425 for the first and second terms
respectively. This work indicates that the air density exponent is
-0.45 for the ñrst term and the viscosity-dominated second term is
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independent of the air density influence. These differences can be
explained by the facts that

1 the data presented in this paper were obtained under closely
controlled conditions, i.e., all variables with the exception of
air density were held constant-this was not so in the early
work. This accounts for the observed difference with respect
to the influence of air density upon the first term of the SMD
correlating equation.

2 the effect of air density upon the viscosity~dominated second
term in the correlating equation had not been examined ex-
perimentally in the earlier studies.

It should be pointed out that, as in the previous study, the contri-
bution of the viscosityºrelated second term in equation (3) changes
from one of insignicance for the low-viscosity kerosine fuel to that
of increasing signicance for the higher-viscosity fuels. This is par-
ticularly so when operating at higher pressures.

Conclusivons
1 The spray Sauter Mean Diameter performance of the atomizer

studied in the present investigation, featuring a prelmer diameter
of 17.5 X 10'3m, is predicted with a reasonable degree of accuracy by
the following dimensionally consistent equation:

518 / VOL. 103, JULY 1981

I2 0.315+ 0.1 - (D)°-525 - (1 + 1/AFR)°~8]N1
over the following ranges of operating conditions:

liquid viscosity = 0.001 t 0.037 Ns/m2
liquid surface tension = 0.027 t 0.074 N/m
atomizer air to fuel ratio = 2 t 8
air velocity = 55 to 135 m/s
air pressure = 1 t 13 atmospheres

It must be noted, however, that the experimental verification of the
influence of preñlmer diameter D upon the SMD equation must await
results from atomizers of different dimensions.

2 The contribution of the viscosity-dominated second term in the
above equation changes from one of insignicance for the low-viscosity
kerosine fuel t that of increasing signifcance for the higher-viscosity
fuels. This is particularly so when operating at higher pressures with
high-viscosity fuels.

3 In the case of low-viscosity kerosine fuel, the influence upon
SMD performance of atomizer air t fuel ratio variation (within the
2 t 8 range) is conned to the near atmospheric pressure condition
only-there being no significant effect under higher pressure condi-
tions. For the higher-viscosity fuels this influence extends higher up
the pressure range.
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rPlain-JetAirblast Atomization ol

Alternative Liquid Petroleum Fuels

A. K. Jasuja
Thermal Power Group, 'School ol Mechanical Engineering,Cranlield Institute ol Technology,

Crantield, Bedlord_
England

Under High Ambient Air Pressure u

Conditions

A n investigation has been conducted of the effects that air andfuel properties haveupon the spray mean dropsize characteristics of a plain-jet airblast atomizer of thetype employed in the gas turbine engine. The fuels tested included kerosine, gas oiland a high-viscosity blend of gas oil in residual fuel oil. The tests covered a wide
range of ambient air pressures. Well established laser light-scattering technique wasemployed for dropsize measurements. The experimental data collected in the
present investigation are presented in this paper and comparisons are made againstsimilar data relating
earlier study (2).

NOMENCLATURE
sim
v
o
AP
T"
P
AFR
D =
Q =
f

Subscriptsa
2
f =

Sauter Mean Diameter, m
Velocity, m/s (lm/s = 3.28 ft/s)diameter of fuel orifice,m
atomizer air pressure drop, percent
Pressure, atmosphere (latm = 14.696 lbf/inz)air to fuel (liquid) mass ratio
density, kg/m°`(1 kg/mi = o.oe24 tb/fü)
surface tension, N/m (1 N/m = 1000 dynes/cm)
dynamic viscosity, Ns/m2(lNs/mz = 0-02039

lb - sec âº
fcz

air
liquid
fuel

INTRODUCTION
Gas turbines may in the near future be forcedto burn low-grade fuels in order to overcome thepossible shortages of the more highly-refinedpetroleum derived fuels. As the demand for thehighly-refined middle-distillate type of fuels

outstrips the supply, intensive and consequentlyexpensive hydrocracking of the heavier and higherboiling range petroleum fractions becomes necessary,and the incentives for broadening of the fuelspecifications will increase. In addition,
satisfactory utilization of fuels derived fromsuch alternative sources as oil shales, tar sands,and coal will also have to be catered for in the
long range. Consequently the gas turbine may be

Contributcd by the Gas Turbine Division ol the ASME.

to the pre-filming type of airblast atomizer, collected in an

required to operate on fuels with increased levelsof aromaticity, carbon-to-hydrogen ratio, vis-
cosity, final boiling point etc. The need tominimize the adverse impact upon combustion
performance of poor spray quality and evapor-ation rates resulting from the degradation infuel properties, therefore, becomes clearlyevident.

For some time now there has been pressure tolimit the emission of gas turbine generated exhaustpollutants, and it seems unlikely that this pressurewill be significantly relaxed as the fuel qualitydeteriorates. Of the various advanced combustor
concepts being actively researched in order to controlpollutant formation, the variable-geometry, lean, pre-mixed, pre-vaporized concept appears to offer mosthope of success. In its ideal form, this conceptwould feature the modulation of combustor primaryzone airflow in proper proportions throughout theentire engine operating range, complete fuelevaporation and thorough mixing of fuel with airprior to combustion, efficient burning of homogenousmixture of controlled concentration with minimum ofpollutant formation. Avoidance of droplet burningcombined with a uniformly mixed, lean, primaryzone can significantly reduce oxides of nitrogenemissions due to the low reaction temperature andthe elimination of 'hot spots'. However, thedesign of such advanced combustors requires goodspray atomization and vaporization performancewhich can only be confirmed by experimentaldata concerning actual dropsizes and their vapor-ization characteristics over a wide range of gasturbine operating conditions. Consequently thestimulus for focusing attention upon the detailsof such combustion processes as spray atomizationand evaporation stems from the requirement toburn satisfactorily the highly-viscous less-volatile lower-grade fuels with a minimum of

pollutant formation. It is clear from the fore-
going that there is a growing need for experimentaldata aimed at quantifying these effects in gasturbine combustors.
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The work reported here is a continuation ofthat published earlier. Reference l details the
atomization performance characteristics of a
variety of gas turbine fuel atomizers when
spraying under atmospheric pressure conditions
covering a wide range of test fuels. Reference2 extends this data on the pre-filming airblastatomizer to cover the high ambient air pressureconditions. The purpose of this paper is to
present similar high ambient air pressure datafor another type of airblast atomizer - the
plain-jet design. This simpler form of air-blast atomizer has hitherto not been subjectedto the detailed examination as has its pre-Eilming
counterpart. The earlier plain-jet investigations(see references3 and 4) contain no high ambientair pressure atomization data whatsoever. Clearly,
therefore, more information is required on the
performance of a plain-jet airblast atomizer,
representative of current gas turbine practice,over a wide range of operating ambient air
pressures/fuel viscosities that are of relevance
to the gas turbine engine.
THE EXPERIMENTAL PROGRAMME

The fuels selected for this study comprised
kerosine, gas oil, and a high-viscosity blend of
gas oil in residual fuel oil, type BS 2869 Class
G, 3500 seconds Redwood One (860 cSt). Theblend was designated R55, as it contained S5
percent residual fuel oil (by volume) and 45
percent gas oil. This allowed the viscosity ofthe test fuels to be varied over a wide range(see Table 1.).

A plain-jet airblast atomizer was selectedfor this phase of investigation. Superioratomization performance of the airblast atomizer
over the pressure jet type has led to its wide
spread use in the modern high pressure ratioindustrial as well as aircraft type of gasturbines. The airblast atomizer spray is finerin character, and this, combined with the thorough
mixing of fuel and air achieved as an integral partof the atomization process, yields a flame with lowlevels of luminosity and soot, resulting in
relatively cooler liner walls and a minimum of
exhaust smoke. Another useful asset of the air-
blast system is that the fuel placement in thecombustion zone is almost independent of the
operating fuel flow-being dictated mainly by theair flow pattern. As a consequence, airblastatomizers offer an important practical advantage

TABLE 1.
PHYSICAL PROPERTIES OF TEST FUELS

Gas Oil 55% RFO
452 G0

Density O2 846 913in Kg/ma at 15°C 784

Fuel Property Kerosine

. 0Surface tenson 2
in N/m at 20°C 0`0277 0.0299 0.0331

Dynamic viscosity
nl in Ns/mz at 15°C

at 25°C
at 35°C

2

0.0013 0.0053
0.0040
0.0031

0.0749
0.0435
0.0275

from the viewpoint of nozzle guide vane/turbine bladelife development in that the outlet temperture pro-file of the combustor efflux gases is sensiblyconstant under all operating conditions and conse-
quently may be predicted satisfactorily from exper-iments conducted at convenient operating conditions,as for example lower levels of combustor pressure.Most of the gas turbines feature airblast atomizersof the pre-filming type, wherein the fuel is first
spread into a thin sheet that is sandwiched between
two high Velocity airstreams in order to promote
high rates of shear (see reference 2). This
requires the provision of two separate air flow
passages within the atomizer body and consequentlythe design tends to be somewhat complicated and
expensive. The plain-jet airblast atomizer, of the
type shown in figure l, is therefore sometimes
preferred. This atomizer features merely a con-ventional air swirler, just downstream of whichfuel issues out of plain circular holes in the formof discrete jets. These jets, numbering one perair annulus of the swirler in the atomizer under
investigation here, undergo in-flight disinte-
gration without any prior preparation such asfuel pre-filming.

ii

\\ A

Ã¤AL»

F|G.1. THE PLAIN JET AIRBLAST ATOMIZER - OUTLINE ARRANGEMENT

EXPERIMENTAL DETAILS
The atomizer operating conditions coveredthe following range of air propertiest-
Atomizing air pressurez- from about l to14 atmospheres
Atomizing air pressure drop:- from about2 to 12 percent, being wider than that
normally encountered in gas turbinecombustors
Atomizer air to fuel mass ratio:-
from about 2 to 12
Atomizing air tempföfe' ff0mabout 15 C for the l atmosphere runsto a maximum of 40°C for the 14 '
atmosphere runs.

An outline arrangement of the test facilityis shown in figure 2. The atomizer wasmounted in a pressure chamber connected to a
high pressure air supply system comprising
multistage Howden compressors. Opticalwindows were fitted to the chamber to enable
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laser beam access for measuring the atomized
Spray Sauter Mean Diameter. The air massflow rate was measured in accordance with BS1042 and the fuel mass flow rate was measured
using precision flowmeters, previously cali-brated for each fuel at the appropriate work-ing temperature.

The spray Sauter Mean Diameters were measured
using the well-established laser light-scatteringtechnique, an extension of that developed byDobbins et al (reference 5). This technique wasalso employed in the earlier work (references land 2) and is based upon the principle offorward diffractive scattering of a parallel,monochromatic beam of light as it passes through
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can be measured reasonably accurately.
RESULTS AND DISCUSSION
Fuel Characterization

The physical properties of the various testfuels are detailed in table l. The mean dynamicviscosities, in Ns/ma, of the different testfuels together with their working temperaturesfor the ensuing atomization results were:Kerosine- 0.0013 (l5°C approx.);gas oil -
0.0053 (l5°C approx.);R55 - 0.035 (30°C approx.)
Influence of Design and Operating VarablesThe experimental results collected inthis investigation permit an evaluation of theinfluence that the following factors have uponthe mean droplet size:

i) atomizer/swirler air-to-fuel
ratio (AFR)

ii) air pressure drop across the
atomizer

iii) atomizing air ambient pressure
iv) fuel viscosity

Figures 3 and 4 detail the effect that the atomizerAFR has upon SMD performance for low-viscositykerosine and high-viscosity R55 fuel, respectively.In both cases AFR Variation seems to have a slightinfluence upon the atomization quality only atlower ambient air pressures. The results indicatethat the optimum AFR is around 3, and designingfor high values will only result in oversizedatomizers.
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The influence of atomizer air pressure drop
upon mean dropsize performance for variouslevels of ambient air pressure is illustratedin figure 5 for kerosine, and in figure 6 forthe high-viscosity R5 fuel. The beneficialinfluence of increaseå levels of atomizer air
pressure drop (i.e. atomizing airstream Velocity)upon SMD performance is clearly evident fromboth these figures. This influence, however,is seen to diminish notíceably with an increasein ambient air pressure.

3



AYWIZER AIR D L lmlSFRAV BLEKII
1111111 Ä±M um Ä±|1-âan o

° 1 2 J L ` s o 9 n 1noncn u
PsssuneFIGS HFUÃNCE ÄIF Wff ÜÜT ÄND ÄNÜENT N LPSWEÄN PESSUEo sum nem unwszz nssfuaÄ±

n»tm nwtvtn
S J

SAMIEN MEAN IIAHEVEFI. SAWâ
_5__ 0«

Am NVAAm I FUEL M110 ~ 4
a emsne1 us oÄ±1 ni; ss ºw,s1sooa.:ºoâº

2

° 1 å 1 1 s s 1 a 9 n 1 inomsn m± vasssus xº(Q,E)=ecrºnrm. essscv o uvnonnuzzn An vazssnz u uonnvemmzmuume-vn um

The mean dropsize versus atomizer air pressure
drop data relating to the different test fuels
can be cross-plotted in order to illustrate more
clearly the influence that fuel quality degradation
has upon atomization performance. The results
obtained are shown in figures 7 - 9 for 1, 6.8
and 13.7 atmospheres respectively. It should be
noted that the ambient air pressures quoted are
the actual nominal atomizer upstream air pressures
except in the l atmosphere case, wherein the
pressure of l atmosphere was, due to practical
considerations, that prevailing downstream of
the atomizer.

The influence of atomizing air ambient
pressure, or alternatively the atomizing airstream
density for the entire range of fuels covered
in this study, is illustrated in figures 10 and
ll for two typical atomizer air pressure drop
levels. It is clearly evident from these
figures that the mean dropsize performance
improves more significantly for the low-
viscosity kerusine/gas oil type of spray
media than for the higher-viscosity R5 fuelwith increasing air density. An imporëant
practical implication of this finding is that
the trend towards such high-viscosity fuels
presents a formidable challenge as regards the
attainment of good atomization performance.
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Comparison with Pre-filming Airblast Atomizers
Figures 12 and 13 are included to provide

performance comparisons between the plain-jetand the pre-filming airblast atomizers under
varying ambient air pressures. (The experimentaldata for the pre-filming airblast atomizerwere obtained from reference (2), under
nominally comparable operating conditions).These figures reveal only slight differencesin the experimentally measured mean dropsize
characteristics, especially at higher ambientair pressures with low~viscosity kerosine typeof spray medium. These results are encouragingand would indicate that the simpler, plain-jetairblast atomizer is worthy of further study.
ANALYSIS OF RESULTS

Systematic evaluation of the low-viscositykerosine experimental data revealed them to
correlate satisfactorily with an equation of the
following formz-

0 o.~s o.s
SMD - (1 + 1/mx) ...(1)a a
where the atomizing airstream Velocity Va can becomputed from the atomizer air pressure dropmeasurements using the compressible flow theory.
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As in the case of the earlier study (2), the
high~viscosity dropsize data analysis indicatedthat the fuel viscosity influence was apparentlysomewhat independent of air Velocity and density.Accordingly, the high-viscosity data were examinedand found to correlate with an equation of theform-

SMD = A o.s
-(l + 1/AFR) +

§0 A
< Z°QN
Qo

2Ä±

2 0' o.a
ß

L) '(1 + 1/APR) ---(2)° °z
It can be readily seen that equation 2 above is not
dimensionally consistent and consequently Aand B1
are not dimensionless constants. However, it canbe made dimensionally consistent by introducing thedameter of the fuel orifice D as given belowz-

SMD = A

B U

G 0.'S2 0.55 0.5
(D V 2) - <ºº - (1 + 1/Am +3 8

n z °' o.s o.a~ (D) - (l + 1/AFR)
...(3)
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or in the dimensionless form as:-

U o.«s= A 1D pa Vazl)
o.u

02 D2 D
where A and B are dimensionless constants.'

0.5- (1 + 1/Am) +

0.6- (1 + 1/APR) ...(4)

0
The dimensionless group 2 is the

pa va* D
inverse of the Weber number as applied to air
properties and represents the ratio of liquidsurface tension to aerodynamic forces while the
group "12 simply defines the fuel

Didi D
properties.

The correlation outlined in equation (2)above is preferred because the influence offuel orifice diameter D and swirler geometry has notbeen experimentally examined in this investigation.It is recognised, as a consequence, that furtherwork will be required to cover these variables inorder to extend the accuracy and applicability ofthe correlation evolved herein. The level of
agreement between the experimental data collected 4in this study with the predictions of correlationoutlined in equation (2) above with A1 = 0.022and B1 = 14.3 x 10' (both these values obtainedfrom the experimental data) is illustrated in
figure 14. Almost the whole of the experimentaldata can be observed to fall within 1 30 percentof the predicted values.

It should be noted here that the contri-bution of the viscosity-dominant second termin the above SMD correlation increases withan increase in fuel viscosity. This contri-bution changes from that of insignificance forthe low-viscosity kerosine fuel to that of
increasing significance for the higher-viscosity
R5 fuel especially under conditions of highamšient air pressures. One important practical
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implication of this is that regardless of how
high the atomizing air velocity and density are
(i.e. no matter how small the first term in the
SMD correlation) there is always a finite mean
dropsize, the value of which will increase with
an increase in viscosity of the spray medium.
Consequently the trend towards high-viscosity
low-grade fuels, as stated before, presents a
formídable challenge as regards the attainment
of good atomization performance.

The SMD correlation developed above for
the plain-jet airblast atomizer is found to be
generally similar to that for the pre-filming
type (see reference 2) and this reinforces the
earlier observation that the effect of air and
fuel properties upon the mean dropsize is
broadly similar for these two types of air-
blast atomízers. As a result further work in
the form of photographic studies examining the
liquid sheet and jet break up in order to
identify the detailed mechanism of drop form-
ation under conditions of high ambient air
pressure may, not only prove worthwhile from
atomizer design viewpoint, but also help
explain the observed similarity in dropsize
behaviour of these atomizers.
CONCLUSIONS

The main conclusions that can be drawn
from this investigation are as follows:
l) Despite the simple design of the plain-
jet airblast atomizer, its experimentally
measured mean dropsize characteristics are
only slightly different from those of the
pre-filming type, especially when operating
on low-viscosity kerosine type of fuel under
higher ambient air pressures. This simple
form of airblast atomizer is, therefore,
worthy of further study.
2) The beneficial effect of increased levels
of ambient air pressure upon mean dropsize
is shown to be much reduced in the case of_
high-viscosity fuels, thus making the attain-
ment of good atomization performance on such
fuels difficult.
3) The mean dropsize data collected in this
plain-jet airblast atomization study can be
correlated, reasonably accurately, by the
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following equation:
Ol o.ussum = 0.022 ---- - (1 + 1/ArR)°'5 +

0 V 23 8 n 2I 1
Oh

14.3 x 10'
<}--_:> ' (1 * 1/AFR)°`e°z°Ä±

Over the following ranges of operating conditions
liquid viscosity = 0.001 to 0.035 Ns/m2
liquid surface tension = 0.027 to 0.074 N/m
atomizer air to fuel
mass ratio = 2 to l2
air Velocity = 55 to lS0 m/s
air pressure = l to 14 atmospheres
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Penetration and Break-Up Studies

of Discrete Liquid Jets in Cross

Flowing Airstreams

Penetration and breakup characteristics of a discrete liquid jet injected into a high-
velocity cross flowing airstream were investigated as a basis of plain-jet airblast
atomizer design. The main variables covered in this phase were, airstream velocity
(from about 35 to 150 m/s), liquid jet velocity (from about 5 to 25 m/s) and in-
jection orfice diameter (from about 0.5 to 2.5 mm). The tests were conducted under
conditions ofnormal atmospheric pressure and temperature using still photography
for penetration profile and a laser light scattering technique for mean dropsize
determination. The experimental penetration data is shown to agree, reasonably
accurately, with a relatively simple model developed in the paper. The analysis ofthe experimental breakup data reveals the airstream velocity as exercising the
strongest influence upon Sauter Mean Diameter.

V. . . . .NOMNCLATURE T _; , non-dmensonal average jet velocty

CD
Ca
d
8
Re
s
SMÂ®
t
V
We
x

y
B
<

E
O
U
C

Liquid jet drag coefficient
Liquid droplet drag coefficient
Diameter, m
Acceleration due to gravity (9.81 m/sz)
Reynolds number

V.Jo
V.

Ä JO , Ratio of average injection to free
Va stream velocity

SubscriptsCurvilinear distance along the jet, m
Sauter Mean Diameter, micron
Time,`second
Mean velocity, m/s
Weber number
Distance along x-axis from injection orifice
centre, m
Distance
Angle of jet with respect to
Angle of
respect to V.J
Relative distortion of the liquid cross section
Density, kg/m3
Absolute viscosity, Ns/m2
Surface tens ion, N/m

Contributed by the Gas Turbine Division of the ASME.

along y-axis from the wall, m
a. . . + + .relative jet velocty (Vj - Va) wth-º

a Air
d Liquid droplet
j Liquid jet
jr Relative jet velocity
1 Liquid
o Injection orifice
INTRODUCT ION

V

importance of efficient fuel preparation to theattainment of good combustion-pollution performance

The detailed atomization characteristics of the
airblast fuel injection systems have been the subjectof numerous investigations in recent years due to the

from gas turbine combustors. As a result the merits
of airblast atomization are well-established,leadingto its widespread adoption in the industrial and air-craft gas turbine engines. Most of the airblast
systems now in service are of the pre-filming type,wherein the fuel is first spread out into a thin,continuous sheet and then subjected to the atomizingaction of high velocity airstream on both sides.Much interest has grown in recent times, however, inthe plain-jet airblast atomizer, as it offers
relative to the pre-filming type
cheaper system (1), (2). In the
ment, the fuel is not pre-filmed but instead dis-

a much-simpler and
plain-jet arrange-

charged in the form of several discrete jets in the



path of
these je

The
not been
its pre-
geometry

a high velocity airstream,therebyenabling
ts to undergo in-flight disintegration.
plain-jet airblast atomizer has hitherto
subjected to the detailed examination as has

filming counterpart. 'Consequently, its
requires to be optimized if we are to deploy

the available air in the most effective manner to
achieve the best possible level of atomization. The
penetration and breakup characteristics of discrete
liquid jets in cross flowing airstream would go some
way in furthering our understanding of the mechanics
of plain-jet atomization and thus enable better
systems to be designed in future.

The work reported here is a continuation of
that carried out earlier in the laboratories of the
School of Mechanical Engineering, Cranfield Institute
of Technology. Referencesl and 2 detail the
atomization performance results under atmospheric
and high pressures respectively of the earlier invest
igations into the behaviour of a plain-jet airblast
atomizer whose geometry had not been optimised.

The purpose of this paper is to present the
results of penetration and breakup studies of dis-
crete liquid jets in cross-flowing airstreams due to
their direct relevance to the optimization of the
plain-jet airblast atomizer design. Investigations
outlined in references 3 and 4 relate to the breakup
of discrete liquid jets under co-axial airstream
conditions and consequently are of limited use. The
work of Chelko (ref 5), Ingebo (ref.6), and Schetz
and Padhye (ref.7) too is of somewhat limited value
due either to the high airstream velocities
(significantly higher than those encountered in gas
turbine combustors) or the examination of the
penetration profile in the near-field region only
(i.e. distances of one inch or less). Clearly,
therefore, more information is required on the
penetration and breakup characteristics of discrete
liquid jets in cross-flowing airstream covering a
wide range of air, fuel and orifice geometry
variables that are of relevance to the gas turbine
combustors.

SELECTION OF TEST CONDITIONS

An integrated theoretical-experimental approach
was adopted in this investigation. A review of the
previously published work in the open literature
identified the penetration models of Clark (ref 10)
and Le Grives (ref.ll) as possibly being the nearest
in scope to the present study. The proposed pene-
tration model, outlined briefly in one of the sub-
sequent sections of this paper, is an extension
thereof. The situation with regard to the breakup
modelling was observed to be far from satisfactory
due to the complex nature of disintegration mechanism
involved in the process of spray atomization. It
was apparent that this was an area where empirical
approach would be more appropriate. Furthermore, it
became clear that the basic behaviour of a discrete
liquid jet was likely to be related to such variables
as the air/liquid properties as well as the injector
geometry/operating conditions. The major variables
selected for the first phase of the experimental
investigation were: the airstream velocity, liquid
jet's initial velocity and the injection orifice
diameter. Consequently, the airstream density; the
liquid properties of viscosity, surface tension and
density; the angular orientation of the injection
orifice, etc, were some of the other major variables
left for the subsequent phases. This choice was
based upon considerations of cost and complexity.
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The actual range of conditions covered in the
experiments are detailed below:

Airstream Velocity from about 35 to lS0 m/s
not varied (i.e.
corresponding to normal
atmospheric pressure and
temperature conditions)

Airstream density

Liquid jet velocity from about 5 to 25 m/s
Injection orifice 0.5 to 2.5 mm
díameter

not varied (i.e. = S
throughout)

Injection orifice l/d
ratio

not varied (i.e. at rightAngular orientation
angle to the airstream)of injection orifice

Spray medium not varied (i.e. water)
EXPERIMENTAL DETAILS

A schematic diagram of the test facility is shown
in Figure 1. Air at near normal atmospheric pressure
and temperature was supplied to a transparent test
section (square cross section 12.5 cm x 12.5 cm, and
34 cm long) through a bellmouth located in the
settling chamber. The air mass flow was measured in
accordance with BS 1042. Provision was made for the
measurement of air temperature and velocity profile
in the test section through the use of a thermometer
and a total head probe.

Water was fed to the plain-jet injector,
located in the test section, through a pump and,
precision flowmeters were used to measure its mass
flowrate. The injectors, featuring circular orifice,
were fitted flush to the inside surface of the test
section base plate. The injector orifices were
designed with a smooth conical entry passage followed
by a straight run with an l/d of 5 in order to
minimise the contraction losses and thus ensure that
the passage ran full. Furthermore, the orifice was
located in the centre of the square shaped test
section so as to minimise the boundary layer
influence upon the liquid jet trajectory and breakup.
The orientation of the injection orifice was
arranged so as to deliver a jet of liquid normal to
the airstream.
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F|G.2 PARAMETERS USED IN JET PENETRATION ANALYS!S IN
THE PRE-DISINTEGRATION REGIME

The penetration profiles were determined through
the use of wide-view still photography where as the
droplet size measurements were made using the well-
established laser light-scattering technique. This
optical technique, an extension of that developed by
Dobbins et al (ref.8) was also employed in the
earlier studies (refs.l,2) and is based upon the
principles of forward diffractive scattering of a
parallel monochromatic beam of light as it passes
through the test spray. The technique does not inter-fere with the spray and gives reasonably accurate
assessment of SMs (down to about 20 microns).
Furthermore, it allows results to be obtained quicklyand is therefore particularly well suited to this
kind of study where a large number of measurements
are required over a wide range of atomization
conditions. Provision was also made for the movement
of the entire optical bench along the axis of the
spray in order to determine the extent to which the
values of mean dropsize varied with the measuring
station distance, with reference to the injector
location.

RESULTS

Jet Penetration Model
Upon leaving the injector, the liquid jet remains

collimated for a short distance of a few diameters
and beyond this instabilities begin to set in as a
result of the interaction with the surrounding
airstream. Consequently, the jet cross section be-comes distorted and the jet rapidly disintegrates to
yield ligaments that are unstable in character and
as a result undergo further breakup to yield drops
(ref.9). The resulting droplet trajectories are a
function of the prevailing flow-field. The analysis
presented in this section is based upon the divisionof the flow-field into two rêgimes, pre and post jet
disintegration rêgimes, each with its own assumptionsand mathematical treatment. The parameter distin-
guishing the first rëgime from the second is a

modified form of that originally proposed by Clark
(ref.l0) and is described in this section at a later
stage.

Pre-Disintegration Regime. The assumptions
underlying the model in the pre-jet disintegration
rêgime are:

the airstream is free of recirculation and has
uniform velocity profile

0 the flow is subsonic and consequently free ofshockwave interactions
the air flow is non-viscous and incompressible
the flow is two-dimensional and steady

0 the liquid jet cross-section remains circular
along its path

o liquid jet flow properties of density and
velocity are uniform across any cross-section

0 the liquid jet undergoes no entrainment/massdiffusion
o the liquid jet is free of swirl and possesses

velocity along its axis only
The analysis that follows here is a modifiedversion of that originally proposed by Le Grives(ref.ll) and incorporates the term relating to the

weight of the liquid jet element. Liquid, at
velocity Vjo, is injected at an angle Bjo from acircular orifice (of diameter djo) into a uniformsubsonic airstream with a velocity Va (see Figure 2)The various forces interacting on a liquid elementof diameter dj and length ds are :

- the centrifugal force C, oriented normal to the
jet centre line _

- the overall drag force D, gpposing the relativevelocity of the jet, Vj - Va = Vjr- the rate of variation of momentum H, along the
jet trajectory

- the weight G, of the liquid element
The above forces take the following form :

dß nc= .v.2- -d?<Ä±
DJ J ds 4 J S

v? .D = CD pa Jr Snô djds2

dv. H
M=p.v._-1 -d?dsJ J ds 4 J

T
c= _ ? .-

4 dJds(oJ oa)s

Conducting a balance of forces along and normalto the jet trajectory yields the following equations:
< 2 _B 0 V CD 2 (o. oa) s- =-2-al- sin B--31 -cosads p.V.2 nd. . V.2J J J DJ J

---(1)
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4v. p v 2 c__l = _ 2 _ÃL_i_ _R V_
ds . V.2 nd. JDJ J J 3

p. v.

< Ldg

- Cos B Sin B

P- D g_ si.. ß <2âº
J J

Since the jet is still collimated in the pre-jet
disintegration rêgime, the equation for conservaton
of mass yields:

v, 4.2 = v. 4%J J J° JÂ°
--- (3)

Dividing equation (2) by (1) and introducing
v. v. d. 2

Ä = .A2 and T = _l_ = .12
. d.va VJO J

one is led to the

following form of differential equation.
4T nÃ

4ß c, T'*'$ sinz ß + C2 T'2 cos Ã

D
where C1 = 2 -3

°a

>; ~

= CP
mL4¬ 4o o

o. ø g
C2 = _____e ___

. V.° 1Â°

--- (4)

Also equation (l) can be re-written in the following
form:

ds 1

4a c, T'*'§ sin*ß + c.

dx Cos B

T- 2 Cos B --- (5)

4ß c, T*"* sinzß + C.

dy Sin 3

T-2

48 c, T""5 sinzß + câ T'2 Cos B --- (7)

pa l CD 1where C3 = 2 2. A 4.DJ " 1Â°

Cos B --- (6)

The above differential equations 0,5, 6 and 7
can be solved knowing the drag coefficient CD and the
boundary conditions Vjo, Va, djo and Bjo. Predictionsof the proposed model in the pre-disintegration
rêgime based upon the assumption of an invariant
value of CD = 1 are in best agreement with the
experimental data. Examination of drag coefficientdata (ref.l2) indicates this value to be very
appropriate for circular cylinders subjected to thesort of Reyno1d's numbers covered in the present
study.

Breakup Parameter. From a study of the liquid
jet breakup in a cross flowing gas, Clark (ref.l0)
established a breakup criterion based upon the degreeof liquid jet spreading (in a direction transverse tothe gas flow) as a function of the original jet-dimensions. He observed, experimentally, that thenumerical value of this breakup parameter,6, was l or2 at the point where the jet breakup first commenced.

However, in the present study it was observedthat this value of 5 afforded unsatisfactory agreementwith the experimental penetration profiles over theentire range of conditions studied and consequentlya modified form of this parameter was necessary inorder to obtain a better penetration prediction model.Evaluation of the experimental data enabled the
following revised breakup parameter, 6', to be evolved:

C
e' = -- = 3.31 X o'° 4. '*" (oooºbSb jo

Da t t
where E = 2 -_

I V. 2 dt dt andD dz JTJ jo o

b = (a47.93 4. º °'°5Â°
jo

Post-Disintegration Regime. Here a brief treat-ment of the equations governing the motion of a dropin a uniform flow is outlíned. The underlying
assumptions are :
0 the liquid drop is a rigid sphere and subject

only to the weight and drag forces
0 the initial Velocity and co-ordinates of the

drop correspond to the Velocity and co-ordinates
of the jet along its centreline at the moment of
disintegration
the initial diameter of the drop equals the
liquid orifice diameter

o the droplet undergoes no evaporation or
agglomeration
the inter-drop spacing is large and consequently
droplet interaction effects are negligible.
The equations of droplet motion in the cartesian

co-ordinates can be written as follows:
n dv Â¶X 2D- ' 0 8-J--Ä --- and

, v. 2DJ Jo
c =

x,y the cartesian co-ordinates denoting the jet
penetration y at a distance x from the injection
point as a function of the jet angle B.

4âº

6

n

6

3
dd oJ

a
dd pj

dt

dv
__1
dt

g dd cd pa (Va _

n
__ 2 2-

8 dd Cd pa Vy

2
VX)

Â¶
- 4
6 4

--- (3)

3
Dj 8
--- (9)
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The
equatíon
size and
Reynold'
(ref.14)
droplet
followin

Ca

Cd

Cd

where

droplet drag coefficient Cd in the aboveis not constant due to the changing dropletvelocity and consequently the droplets number. The work of Dickerson and Schumanrelated the drag coefficient of the liquidto the airstream Reyno1d's number, Re,ín theg manner.
= 27 Re*°-°" for o< Res so ---(o
= 0.271 Re'°-2 for so< Res 10'* ---(11
= 2 for Re > 10" ---(12

p d
Re = a d (v - v )2 + v 2 °-5

3 X y3

However, before the above drag data can beutilised information regarding the variation of drop-let size along its path is necessary. In the absenceof such information, an empirical equation was evolvedin order to obtain satisfactory matching of theexperimental penetration profiles with the modelpredictions through the selection of arbitrary dropletsizes. The empirical equation evolved expressed thedroplet diameter variation as a function of the gasstream Reyno1d's and Weber numbers and took the
following form:

a_1~d d We

_)ds Re ---(13)
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2
na [wa - vxº2 + vy]

U2
where We =

l
{(va ~ vx)* + vyz] pa < Ä

±
Re = d

a

Equations 10, ll, 12 and 13 were introduced into
the differential equations of motions 8 and 9, and
were solved on VAX/VMll computer. The level of agree-
ment realised with the experimental penetration
profiles was considered satisfactory and will be
discussed in a subsequent section of the paper.
Jet Penetration Experimental

Figures 3 and 4 illustrate the effect of liquid
orifice diameter upon the penetration characteristics
of the liquid jet for a wide range of airstream and
liquid jet velocities respectively. The jet pene-
tration clearly increases with increasing orifice
diameter for a fixed level of liquid and airstream
velocity. In the present work, penetration was
arbitrarily chosen to indicate the distance (along
the Y~axis) of the outer visible boundary of the
liquid jet at a station some 12 centimetres (along
the X-axis) from the injection point.

The influence of airstream Velocity upon jet
penetration is depicted in Figures 5 and 6. As would
be expected, an increase in airstream velocity results
in diminished jet penetration as a consequence of
increased aerodynamic drag forces acting upon the
liquid jet.
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An increase in liquid jet velocity results in ahigher jet penetration for the entire range of air-stream velocities and injector orifice diameterscovered in this investigation (see Figures 7 and 8).This is again to be expected due to an increase inthe momentum of the liquid jet.
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Comparison of the Experimental Penetration Datawith the Model. The experimental penetration pro-files discussed above were compared with the predic-tions of the model outlined in the previous sectionof this paper and a typical comparison is illustratedin Figure 9 for a range of different airstreamvelocities. The model predictions were observed to bewithin about 20 percent of the entire experimentaldata and were considered satisfactory.

Dropsize ExperimentalBefore proceeding with the main investigationconcerning the effect of air, liquid and injectorgeometry variables upon dropsize, it was consideredappropriate to examine the influence of measuringstation distance along the spray axis upon mean drop-size. Figures lO and ll illustrate the resultsobtained and indicate that the Variation of spraysampling distance beyond 5 centimetres has nomeasurable influence upon the mean dropsize. Conse-quently all subsequent dropsize measurements weremade at a distance of 5 centimetres from theinjection point.
The effect of liquid jet and airstream Velocityupon mean dropsize can be seen in Figure l2. It isclear that the Velocity at which the liquid isinjected has very little effect upon the resultingmean dropsize. (Contrast with its noticeableinfluence upon jet penetration). This lack of SMDdependence upon liquid jet Velocity was observed inearlier studies too (refs. 7,14).The beneficial influence of increased levels ofairstream velocity upon spray mean dropsize for arange of injection orifice diameters is clearlyevident from Figure 13. The analysis of this lowviscosity data suggests a relationship of the formSMD a Va`'3". This power index of 1.34 is inexcellent agreement with that reported by Weiss andWorsham (ref.15) but is somewhat higher than thevalue of Unity proposed in other studies (refs. l,34).
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Figure 14 illustrates the influence that the
diameter of the injection orifice has upon the spray
quality. The mean dropsize is observed to increase
with an increase in orifice diameter following the
relationship SM o djo °'55.
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CONCLUSIONS

The main conclusions that can be drawn from this
investigation are :
l. The

2. The
deve
ment with the experimentally measured penetration
prof

penetration of a liquid jet increases with:
an increase in diameter of the injection
orifice
an increase in injectant Velocity and
a decrease in airstream Velocity

predictions of the penetration model,
loped in the paper, are in reasonable agree-
iles.

3. The Variation of the Velocity of injected liquid
appÃªars to have no significant effect upon the
mean dropsize.

4. The
with

and

spray mean dropsize is observed to decrease

an increase in airstream Velocity in
accordance with the relationship
sm) < va .

a decrease in the diameter of the injection
orifice following the relationship
SMD a d. °~55.jo
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PENETRATION AD BREAK-UP BEHAVIOUR OF A DISCRETE
LIQUID JET IN A CROSS FLOWING AIRSTREAM - A FURTHER STUDY

G.A. Hussein, A.K. Jasuja and R.S. Fletcher
Thermal Power Group

School of Mechanical Engineering
Cranfield Institute of Technology

Cranfield, Bedford
England

ABSTRACT
Penetration and break-up characteristics of a dis-

crete liquid jet injected into a high velocity cross
flowing airstream were examined as a basis of plain-jet
airblast atomizer design. The first results of this
program, detailed in (4), covered the effects of liquid
jet/airstream velocities and the injection orifice dia-
meter. The results presented here cover the effects of
liquid viscosity (0.001 to 0.125 Ns/m2), liquid surface
tension (0.027 to 0.074 N/m), liquid density (812 to
1830 Kg/m3), the liquid jet injection angle (30 to 90
degrees) and the orifice length-to-diameter ratio (5 to
14). These tests were carried out under normal atmos-
pheric pressure and temperature conditions using still
photography for penetration profile and a laser light
scattering technique for mean dropsize determination.The experimental penetration data is shown to agree
reasonably accurately, with the simple model developedbefore (see (4)). The analysis of the experimental
mean dropsize~data collected in this study leads to the
development of the following correlation

0,6 0,14 U 2Z
0.45 0,55

°1Ä±
SMD = 1.206 1 d. +0.072 i d.

V 2 Ja p Joa ß 2O

NOMENCLATURE
d Diameter, m
Z Orifice length m
m Mass flow rate, Kg/s
Re Reynolds Number
SMD Sauter Mean Diameter, meter
V Mean velocity, m/s
We Weber number
B Angle of jet with respect of Va
p Density, Kg/m3

Absolute viscosity, Ns/m2

o Surface tension, N/m

Subscripts
a Air
j Liquid jet
1 Liquid _
0 Injection orifice

INTRODUCTION
The attainment of satisfactory combustion-pollution

performance from gas turbine combustors is generally
known to be strongly related to the performance of the
fuel injector. Ccnsequently, a variety of fuel
injection systems have been the subject of numerous
investigations over the years. The quality of atomiza-
tion, as indicated by the sizes of the drops produced
as a result of the fuel disintegration, has been themain feature under examination in order to relate it to
the injector design/operating conditions as well as thefuel properties.The superior combustion-pollution performance ofthe airblast atomizer has, in recent times, become
increasingly apparent, leading to its widespread
adoption in the modern gas turbine. In the airblast
system intimate mixing of fuel and air is achieved andthis results in high rates of shear and consequently a
spray that is finer in character. The ensuing com-bustion is characterised by low levels of smoke, flameradiation and a temperature distribution of the com-bustor efflux gases that is less susceptible to changesin combustor operating conditions.Most of the gas turbine engines feature airblastatomizers of the pre-filming type, wherein the fuel isfirst spread into a thin sheet that is sandwiched
between two high velocity airstreams (see (1)). Muchinterest has grown, in recent times, however, in the
plain-jet airblast atomizer, as it offers a system of
comparable performance and yet is much simpler and
cheaper relative to the pre-filming type (see (2)and
(2)). In the plain-jet arrangement the fuel is_not pre
filmed, but instead discharged in the form of several
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discrete jets into a high velocity airstream thus
enabling them to undergo disintegration in-flight. This
plain-jet airblast system has hitherto not been sub-
jected to the detailed examination as has its pre-
filming counterpart. For instance, the geometry of the
plain-jet system requires to be optimized if we are to
deploy the available air in the most effective manner
to achieve the best possible level of atomization.

In addition to the foregoing, it is anticipatedthat the quality of the future fuels is likely todeteriorate. Consequently, the gas turbine engineswill be required to be more fuel flexible than beforeand be capable of satisfactory operation on fuels withincreased levels of aromaticity, carbon-to-hydrogenratio, viscosity, final boiling point, etc. The needto minimize the adverse influence upon spray quality/evaporation rates (and hence combustion performance)from such a fuel quality degradation together with theignorance of the critical design features of the plain-jet airblast atomizer were the prime incentives for
undertaking this study.

PHYSICAL PROPERTIES OF TEST LIQUIDS

TABLE l

l. Gas oil and solution of the synthetic hydrocarbon
polymer, Hyvis Polybutene No.05 in Kerosine toobtain a wide range of viscosity.

__.. _l:..

iquid Property Kerosine Gas Oil 702
Hyvis

BSZ
Hyvis

Density pl in
Kg/m3 @ 20°C
Surface tension
aß in N/m @ 2o°c
bsolute viscosity
l in Ns/m2 @ 15°C2o°c

2s°c
3o°c
35°C
40°C

784

0.0277

0.0013

846

0.0299

0.0053
0.0040
0.0031

823

0.03008

0.027
0.0205
0.016
0.014
0.012
0.0105

832

0.03027

o.o72
o.os2
o.o3o _o.o2s
o.o23
0.0215

TABLE l (Continued)
2. Mixtures of sec-Butyl Alcohol (Butan - 2 - 01) wichwater to obtain different values of surface tension

Liquid Property Pure 2.44% 6.982
Water Butan Butan

Density 01 in
Kg/m3 @ 2o°c 998.2 993.3 984.67
Surface tension oz 0.0736 0.05189 0.03945in N/m @ 20°C

0.001 0.0011 0.00127
l inNs/m2 @ 20°C
Absolute viscosity

TABLE l (Continued)
3. Dibromo-ethane (ethylene dibromide) diluted with

methylated spirit to obtain a wide range of density

Liquid Property Pure 50%
Methylated Dibromo-
Spirit ethane ethane

Density O1 in 812 1503
Kg/m3 @ 20°C

1830

Surface tension °2 0.0262 0.0328 0.0337in N/m @ 20°C
Absolute viscosity 0.00153 0.00159 0.00160
ug in Ns/m2 @ 20°C

602 Ã­

Dibromo-Froma fundamental viewpoint, the penetration and
break-up behaviour of a discrete liquid jet in a cross
flowing airstream would help further our understandingof the mechanics of plain-jet airblast atomization and
consequently enable better understanding of thebehaviour of a complete atomizer of this type. It ishoped that this will eventually allow improved design
procedures for such airblast atomizers in future.

The work reported here is a continuation of thatcarried out earlier at the laboratories of the School
of Mechanical Engineering, Cranfield Institute of
Technology. The first phase of the investigationfocused attention upon the influence of airstream
Velocity, the initial injection Velocity of the liquid
jet, and the injection orifice diameter. Reference
(4) details the results. Since then the work has beenextended to include the effects of liquidlorifice-
geometry variables and the results are detailed in this
paper.
SELECTION OF TEST CONDITIONS

The major variables selected for this second phaseof the experimental investigation were: the liquidproperties of viscosity, surface tension and density;the angular orientation of the injection orifice andthe length-to-diameter (Z/d) ratio of the injectionorifice. Consequently, the effect of airstream densitywas left for the subsequent phase.
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variation of one liquid property at a time. For
instance, to study the separate effect of viscosityupon dropsize and jet penetration, a number of different
liquid solutions were prepared, each with substantiallythe same values of surface tension and density but with
markedly different values of viscosity. ln a similarmanner two other sets of liquids were prepared - oneto allow controlled variation of surface tension alone
and the second for controlled Variation of densityalone. Standard laboratory techniques were used toobtain the liquid viscosity, surface tension and
density data and these values are given in Table l.

The penetration profiles were determined throughthe use of wide-view still photography while the drop-size measurements were made using the well-established

|=n s_. ____ . .___. . . __ __ __ __|0 |1 \
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laser light-scattering
nique, an extension of
(S), is based upon the
diffractive scattering

technique. This optical tech-that developed by Dobbins et al
principles of forward
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The approximate ranges of variables actuallycovered in the experiments are detailed below:
Airstream velocity
Airstream density

Liquid jet velocity
Liquid viscosity
Liquid surface tension
Liquid density
Injection orifice
diameter

Injection orifice Z/J
ratio

35 to 150 m/s
not varied (i.e. that corres-
ponding to normal atmospheric
pressure and temperature
conditions)
5 to 25 m/s

NS
m2

0.027 to 0.074 N
5

0.001 to 0.125

sz co azo 5ml
0.75 ro 2.55 m

S to lb

Angular orientation of the 30 to 90 degrees (from
injection orifice
EXPERIMENTAL DETAILS

horizontal)

The experimental rig used to study the liquid-jet
penetration and break-up is shown in Fig.l and des-cribed in detail in (4). Air at near normal atmos-
pheric pressure and temperature was supplied to a
transparent test section (l2.Scm x l2.5cm square and34cm long) through a bellmouth located in the settlingchamber.

Water was fed to the plain-jet injector, mountedflush to the inside surface of the test section, from
a multi-stage pump, while the other liquids were
supplied from reservoirs pressurized with nitrogen.A11 liquids were supplied through a bank of precision
flowmeters appropriately calibrated for each different
liquid at the relevant working temperature.In order to de-couple and examine the independent
effects of the various liquid properties upon pene-tration and break-up, it was necessary to prepare
special liquid solutions featuring a controlled

of light as it passes through the test spray. This
technique does not interfere with the spray and gives
reasonably accurate assessment of SMD (down to 20
microns). Both these techniques were used in the
earlier investigation outlined in Ref.(4) and have
been found to be accurate to within about lO - 15
percent.
RESULTS
Jet Penetration Model

The jet penetration model developed in Ref.(í),
comprises a pre- and a post-disintegration regime
separated by a break-up parameter. The liquid jet is
considered to remain collimated during the short dis-tance pre-disintegration regime. Beyond this, the
interaction with the prevailing airstream sets up
instabilities in the liquid jet and consequently the
jet cross-section becomes distorted and the jet dis-
integrates rapidly to yield ligaments initially, and
drops suhsequently. The resulting droplet trajectories
are determined by the prevailing flow-field.

The predictions of this penetration model were
tested in Ref.(4) against the experimental data
relating only td a limited set of variables - those
covering liquid jet/airstream velocity and the
injection orifice diameter. Consequently,how the pre-
dictions of this penetration model would compare
against experimental data covering other variables was

not known,thus somewhat restricting the usefulness /
applicability of the model. The equations of motion
developed in Ref.(í) for the pre- and post-disintegra-tion regimes as well as the break-up parameter wereused in their existing form to predict the penetration
profiles for the extended set of variables featured in
this study - those encompassing the density, surfacetension and viscosity of the injectant; the angularorientation as well as the length-to-diameter ratio ofthe injection orifice, etc. The level of agreementrealised with the experimental penetration profiles wasconsidered satisfactory and is discussed in asubsequentsection of this paper.
Jet Penetration Experimental

Figures 2 and 3 illustrate the effect of liquidsurface tension and viscosity Variation upon the
experimental penetration characteristics of the liquid
jet for two different levels of airstream velocities
respectively. It is quite clear that a wide variationin these two physical properties has little effect uponthe penetration behaviour of the liquid jet.
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liquid jet penetration increases with an increase inthe injection angle for the entire range of airstreamvelocities investigated here, though to a lesserextent for higher air velocities. The data of Fig.5has been cross-plotted in Fig.6 to illustrate the
liquid jet penetration - airstream velocity inter-relation for a range of injection angles. It should be
pointed out here that in Figures 5 and 6 penetrationwas arbitrarily chosen to indicate the distance (alongthe Y-axis) of the outer visible boundary of the
liquid jet at a station some 12 centimetres (along theX-axis) from the injection point. This approach wasretained from phase one (4).

Orifice length-to-diameter ratio variation withinthe 5 to 14 range was observed to exhibit very littleinfluence upon the jet penetration.
Comparison of the Experimental`Penetration Data withthe Model

The experimental penetration profiles discussedabove were compared with the predictions of the model
developed in this research program and outlined indetail in Ref.(4). Figures 4, 7 and 8 illustrate thelevel of agreement achieved. The model predictionswere observed to be within about 20 percent of theentire experimental data collected for wide-rangingair /liquid /injector variables. This level of agree-ment is considered satisfactory in view of the possibleinaccuracies associated with the liquid /air flow
monitoring, the injector manufacturing, etc.
Dropsize Experimental

The influence of measuring station distance, alongthe spray axis, upon mean dropsize was examined indetail in the earlier phase (5). It was concludedthat the variation of spray sampling distance beyondS centimetres had no measurable influence upon the mean
dropsize. Consequently, all the dropsize data reportedin this paper was obtained at a distance of S centi-
metres from the injection point.

Surface tension forces tend to impair atomization
quality by opposing any distortion of the liquid
surface, thereby delaying the formation of ligaments.This fact is demonstrated quantitatively in Figures 9and 10 for a range of airstream/liquid jet velocities.
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Clearly an increase in liquid surface tension has anadverse influence upon the spray mean dropsize perfor-mance.
In general, viscosity forces tend to oppose thedisintegration of ligaments into drops and to resistthe further breaking up of drops already formed. Thisadverse effect of viscosity on atomization quality isshown in Fig.l1 in which SMD is plotted against liquidviscosity for various levels of airstream velocities.This figure also demonstrates the well known beneficialeffect of an increase in airstream Velocity upon spraymean dropsize.
Figure 12 illustrates the effect of varying theliquid orifice diameter upon dropsize for a highviscosity spray medium. Clearly an increase in thediameter of the injector orifice has an adverse impactupon the atomization performance for the entire rangeof airstream velocities tested here.
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whilst confirming the beneficial effect of increasedairstream velocity, show that an increase in injectionangle yields an improvement in spray fineness. As canbe seen from this figure the cross-flow case, i.e.a jet injection angle of 90° to the airstream, resultsin minimum mean dropsize. Another noteworthy featurehere is the relatively flat nature of curves for
injection angles between about 60 to 90 degrees,especially for the

The influence,
length-to-diameter
range was observed

low airstream velocity regime.
upon spray mean dropsize, of orificeratio variation within the 5 to 14
to be relatively insignificant.

Analysis of Dropsize Data
Systematic evaluation of the low-viscosityexperimental data revealed them to correlate satis-

factorily with an equation of the following form :
0 0,6 0,14

sun u L d. (1)

Examination of
indicated that the

1,2 JVa o
the high-viscosity dropsize data
liquid viscosity influence was

apparently somevhat independent of the airstream
velocity, thus implying 'that to the right hand side ofthe "Eq . (l) " above should be added another term to takeinto account the effect of liquid viscosity upon SMD.The analysis of the high-viscosity data led to the
development of the following equation :

0.6 0,'-I 2O2 I-|2 0,115 0,55
SMD=A1 -*dj +B1i d, (2)The influence of varying the liquid jet injection Val°2 0 U2 O2 '70angle upon mean dropsize for a range of airstream I Nvelocities is illustrated in Fig.l3. These results, IC C311 be F9-8dí1Y Seen Chat E11-(2) 3b0Ve iS \'l0C
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dimensionally consistent and consequently A1 and B1are not dimensionless constants. However, it can bemade dimensionally consistent by introducing the air
density term as given below :

0 0,6 0,|~I 2 0,105 0,552 2SMD = A E--- dj + B --*- dja Vaz 0 °g_ D1 0
(3)

or in the dimensionless form as :

d. . 2'70 ke,a
where A, B are dimensionless constants

2_ pa Va da-0W; a = airstream Weber number, i.e -------3 02
v. 2d.°1 Ja JoW = liquid jet Weber number, í.e.e,l
°z

SMD 1 0,6 W 0,l§5 .
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Re = Reynolds number, i.e
° Va' da'O 0

z
The correlation outlined in "Eq.(2)" above is pre-ferred because the influence of airstream density hasnot been experimentally examined in this investigation.It is recognised here, that further work will be

required to cover this in order to extend the accuracyand applicability of the'corre1ation evolved herein.The level of correlation between the experimental datacollected in this study with the predictions of"Eq.(2)" above with A1 = 1.206 and B1 = 0.072 isillustrated in Fig.l4. Almost the whole of the experi-mental data can be observed to fall within about ± 20percent of the predicted values.It is worth pointing out that thethe viscosity-dominant second term incorrelation evolved herein, increasesin fuel viscosity. This contributionof insignificance for the low-viscosito that of increasing significance for the high-viscosity spray medium.
C

contribution of
the SMD
with an increase
changes from that
y kerosine fuel

It is clearly of interest to see how the resultsof this investigation agree with those of previousresearchers, notably Ingebo (6) and Weiss and Worsham
(Z). A common feature of a1l_these studies was thecross-flow injection of liquid jet/jets into a non-swirling, high-velocity airstream. Such a comparisonfor low-viscosity spray medium (high-viscosity medianot having been experimentally examined in (§)and



(1)) reveals the following :
'l,2 0,2 0,'~Ä±SMD u Ka , dio , oz ..... (Ref.(§))
'l,33 0,16 0,141sm) < va , djo ,aß .. . (@.f.(1)â

º

-1,2 0,14 0,6 _SMD u Ka , djo , Oz ..... (This study)
The dominating influence of air properties (i.e.

velocity as well as density) upon spray mean dropsizefor the low-viscosity liquids is now well-established
(1, 2). Clearly, the level of agreement between thedifferent exponents for the important air velocityvariable is reasonable.

CONCLUSIONS

The main conclusions that can be drawn from this
investigation are as follows :-
Jet Penetration
l) From amongst the liquid properties of density,surface tension and viscosity, only densityexercises noticeable effect upon the penetrationbehaviour of a liquid jet.
2) A reduction in the angle at which the liquid jet is

injected relative to airstream, reduces the
sensitivity of jet penetration to liquid and air-flow conditions.

3) Variation of orifice length-to-diameter ratio
appears to have no measurable effect upon jet
penetration.

4) The predictions of the penetration model, developedin an earlier paper (4), are in reasonable agree-ment with the experimentally measured penetration
profiles.

Break-up '
S) The Sauter mean diameter performance of a discrete

liquid jet injected into a high velocity cross-
flowing airstream is predicted with a reasonable
degree of accuracy by the following correlation :

0 0,6 0,10 ' 2 0,45 0,55sMD=1.2os dj + 0.072
(L djVa o al pg 0

over the following ranges of operating conditions :
Airstream Velocity 70 to 150 m/s
Liquid viscosity 0.001 to 0.125 E;m
Liquid surface tension 0.027 to 0.074 Ãm
Liquid jet Velocity 5 to 25 m/s
Liquid orifice diameter 0.75 to 2.55m

6) The contribution of the viscosity-dominated secondterm in the above equation changes from one of
insignificance for the low-viscosity liquids tothat of increasing significance for the high-
viscosity liquids.

7). The variation of the orifice length-to-diameter
ratio has no significant effect upon mean dropsize.

8) Minimum mean dropsizes are obtained when the liquid
jet is injected at right angles (i.e. cross-flow
case) to the airstream.
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Abstract

The break-up characteristics of a discrete
liquid jet injected into a high velocity, cross-
flowing, airstream were examined as a basis of
plain-jet airblast atomizer design. The main vari-ables covered in this investigation were, airstream
velocity (from about 70 to 150 m/s), liquid jet
velocity (from about 5 to 25 m/s), injection ori-fice diameter (from about 0.75 to 1.8 mm) liquid
viscosity (from about 0.001 to 0.125 Ns/må) and
liquid surface tension (from about 0.027 to 0.074
N/m). These tests were carried out under normal
atmospheric pressure and temperature conditions
using a well-established laser light scattering
technique for mean dropsize determination. The
analysis of the experimental mean dropsize datacollected in this study leads to the development ofthe following correlation.

OZ d_ 0.5 Z2 \o,us o_ssSMD = o. vos -172 + 0. 040 i d.
V 2 0 p JOa Z Z

Nomenclature
d Diameter, mL Orifice length, m
Re Reynolds Number
SMD Sauter Mean Diameter, meterV Mean Velocity, m/sWe Weber Number
u Absolute viscosity, Ns/m20 Surface tension, N/m

Subscripts
Air
Liquid jet
Liquid
Injection orifice

0 NLLQ

l. Introduction
It is widely recognised that the combustion-

pollution performance of gas turbine combustors is
strongly related to the quality of fuel preparation.In particular, the influence of atomization/
vaporization performance upon such combustion
characteristics as ignition (both sea level as wellas altitude relight), efficiency and stability,
temperature traverse quality,levels of flame radia-tion and the associated wall temperatures, etc, is
well-established. In light of this, the detailed
atomization performance characteristics of a varietyof gas turbine fuel injection systems, especiallywhen operating on the highly refined aviation fuels,have been the subject of numerous investigations
over the years. The quality of atomization, asndcated by the sizes of the drops produced by a
Copyrigh1© American Inslllule of AcrmulicsdAslroullcs. Inc.. l98J. All rights eservcd. 5 6

given injector as a result of the fuel disintegra-
tion,has been the main feature under examination
in a great many of these investigations in order torelate it to the injector design/operating con-ditions as well as the fuel properties.

From a fundamental viewpoint, all that is re-
quired to atomize the liquid fuel is the existence
of a relative velocity between the liquid and its
surrounding environment (gas or air). Generally,the higher the relative velocity the stronger the
disintegrating forces and consequently the finerthe resulting drops. In the conventional
"pressure" atomizers, high velocity is imparted tothe liquid fuel by discharging it under pressure
through a fine orifice into a relatively stagnantair zone. An alternative approach is to inject
liquid at a relatively low velocity (and hence low
pressure) into a high velocity airstream.the most common gas turbine type of fuelbased upon this high velocity airstreamthe so called "airblast" atomizer.

injector
concept is

The superior combustion-pollution performanceof the airblast atomizer has, in recent times,become increasingly apparent, leading to its wide-
spread adoption in the modern, high-pressure ratioaircraft type of gas turbine engine. The airblastatomizer spray is finer in character, and this,combined with the intimate mixing of fuel and airachieved as an integral part of the atomization
process, yields a flame with low levels of lumin-
osity and soot, resulting in relatively coolerliner walls and a minimum of exhaust smoke. Another
useful asset of the airblast system is that thefuel placement in the primary combustion zone isdictated mainly by the airflow pattern - beingalmost insensitive to the fuel flow variations. As
a consequence, airblast atomizers offer an important
practical advantage from the viewpoint of nozzle
guide vane/turbine blade life development in thatthe outlet temperature profile of the combustorefflux gases is sensibly constant under all opera-
ting conditions and consequently may be predicted
satisfactorily from experiments conducted at con-venient operating conditions, as for example lowerlevels of combustor pressure.

Most of the gas turbines feature airblast
atomizers of the "pre-filming" type, wherein the

Probably,

fuel is
that is
streams
through
for two
somewhat
the "pla
times pr
fuel is
stead di
jets int

first spread into a thin, continuous sheet
sandwiched between two high velocity air-in order to achieve minimum dropsizes
high rates of shear.(1) The requirement
separate high velocity airstreams, tends to
complicate its design. For this reason

in-jet" type of airblast atomizer is some-
eferred. In the plain-jet arrangement, the
not pre-filmed into a thin sheet but in-
scharged in the form of several discreteo a high velocity single airstream. These
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discrete jets undergo in-flight disintegration.
Much interest has grown in recent times in this
plain-jet arrangement as it offers an alternative
system of comparable performance and yet is much
simpler and cheaper relative to the pre-filming
type.(2) However, the geometry of the plain-jet
airblast atomizer requires to be optimized, on
lines similar to the already optimized pre-filming
type, if the available air is to be deployed in the
most effective manner in order to achieve the best
possible level of atomization.

In addition to the foregoing, it is anticipated
that the quality of the future fuels is likely to
deteriorate. Consequently, the gas turbine engines
will be required to be more fuel flexible than
before and be capable of satisfactory operation on
petroleum derived fuels with increased levels of
aromaticity, carbon-to-hydrogen ratio, viscosity
final boiling point, etc. Also, satisfactory util-
ization of fuels derived from such alternative
sources as oil shales, tar sands and coal will have
to be catered for in the long range. The need to
minimize the adverse impact upon spray quality/
evaporation rates (and hence combustion performancd
from such a fuel quality degradation, therefore,
becomes clearly evident.

The work reported here is a part of the contin-
uing airblast atomization research at the labor-
atories of the School of Mechanical Engineering,
Cranfield Institute of Technology. References (l)
and (2) detail the atomization performance charac-
teristics under atmospheric and high pressure con-
ditions respectively, of the earlier investigations
into the behaviour of a plain-jet airblast atomizer
whose geometry had not been optimized. The purpose
of this paper is to present the dropsize data
collected for a jet of fuel disintegrating in a
high velocity airstream as a basis of plain-jet
airblast atomization.

2. The Experimental Programme
The major variables selected for this phase of

investigation were: the airstream velocity,
injection velocity of the liquid jet, injection
orifice diameter, and the liquid properties of
absolute viscosity and surface tension. Conse-
quently, the effect of the other major variables
such as airstream density, liquid density, the
angular orientation of the injection orifice, etc.,
was left for the subsequent phases. This choice
was based upon considerations of cost and complexity.
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The approximate range of conditions actually
covered in the experiments are detailed below :

Airstream velocity
Airstream density

Liquid jet
velocity

Injection orifice
diameter

Injection orifice
2/H ratio

Angular orientation
of injection
orifice.

Liquid viscosity

Liquid surface
tension

From about 70 to 150 m/s

Not varied (i.e. correspond-
ing to normal atmospheric
pressure and temperature
conditions)

From about S to 25 m/s

From about 0.75 to 1.8 mm

Not varied (i.e. = 4
throughout)
Not varied (i.e. at right
angle to the airstream)

From about 0.001 to 0.125
Ns/m2

From about 0.027 to 0.074
N/m

3. Experimental Details
A schematic diagram of the test facility is

shown in Fig.1. Air at near normal atmospheric
pressure and temperature was supplied to a trans-
parent test section
through a bellmouth

(l2.5 cm x 12.5 cm square)
located in the settling chamber

The air mass flow was measured in accordance with
BS 1042. Provision was made for the measurement
of air temperature and velocity profile in the test
section through the
total head probe.

use of a thermometer and a

Water was fed to the plain-jet injector from a
multi-stage pump, while the other liquids were
supplied from reservoirs pressurized with nitrogen.
All liquids were supplied through a bank of preci-
sion flowmeters appropriately calibrated for each
different liquid at
temperature.

the relevant working

In order to de-couple and examine the inde-
pendent effects of the various liquid properties
upon mean dropsize, it was necessary to prepare
special liquid solutions featuring a controlled



TABLE l

PHYSICAL PROPERTIES OF TEST LIQUIDS
1. Gas oil and solution of the synthetic

carbon polymer, Hyvis Polybutene No. 0
kerosine to obtain a wide range of vis

%Liquid Propertyº.___-e..... í1............
'Density pl
kg/m3 ac 20°C
Surface tensioni ;

¦oZ in N/g at í 0.0277-20 C

;Abso1ute
šviscosity .
iz in Ns/m2 1 5- at 15°C 0.0013¦ - I
2 20°c 1

25°C Â«
. 30°C 3

40°C '1
R 35°C §0.0031 0.012
Ã­

784 846

--

O11823

0.0299 0.03008

0.0053 0.027
0.0205

§0.004o 0.016
0.014

0.0105

TABLE 1 (Continued)

hydro-
5 in
cosity

Hyvi

i 832

Ã­I
IIl

0.072
0.052
0.030
0.025
0.023

Ã­

2. Mixtures of sec-Butyl Alcohol (Butan-2-Ol)
with water to obtain different values of
surface tension

. Purequd Property water

'W P_
77

.Density pl ig
¦kg/m3 an 20 c

98.2

lSurface tension 0 Ã­
,in N/m at 20°C Z o'O736ß .iAbso1ute viscosity i 001
i in Ns/m2 at 20°C; 0'

_... __..__.

2.44% 6
Butan B

993.3 9

0.05189 0.

Ä±10.0011 ,Ä±
_. ...__. ...._ ....'.. .._......__.

.982
utan

84.67

03945

0.00127

S

0.03027

'0.02l5

_._J

<
.

1

variation of one liquid property at a time. For
instance, to study the separate effect of viscosity
upon dropsize, a number of different liquid solu-
tions were prepared, each with substantially thesame values of surface tension and density but with
markedly different values of viscosity. In a
similar manner another set of liquids was preparedto allow controlled variation of surface tension
alone. Standard laboratory techniques were used to
obtain the liquid viscosity and surface tensiondata and these values are given in Table 1

The spray Sauter Mean Diameters were measured
using the well-established laser light-scattering
technique, an extension of that developed by
Dobbins, Crocco and Glassman.(3) The method is
based upon the forward diffractive scattering of a
parallel, monochromatic beam of light as it passes
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through the test spray. Fig.2 shows the details ofthe optical system for spray mean dropsize measure-
ment, and its principles and mode of operation aredescribed elsewhere. (3'4'5 Apart from the
rapidity with which data can be obtained, this
technique has the advantage that it does not dis-
turb the spray pattern as is the case with all
mechanical devices. Recent improvements in the
light source as well as optics have enabled spray
SMDS of around 20 microns to be measured reasonably
accurately.

4. Results and Discussion

Before proceeding with the main investigation
concerning the effect of air, liquid and injector
geometry variables upon dropsize, it was considered
appropriate to examine in detail the influence of
measuring station distance, along the spray axis,
upon mean dropsize. From the results obtained, it
was concluded that the variation of spray sampling
distance beyond 5 centimetres had no measurable
influence upon the mean dropsize. Consequently,al1the dropsize data reported in this paper was
obtained at a distance of 5 centimetres downstream
of the injection point.

Figs. 3, 4 and S illustrate the influence that
the airstream velocity exerts upon mean dropsizefor a low-viscosity, a high-viscosity and a high
surface tension spray media respectively. In each
case, an increase in airstream velocity exercises a
beneficial influence upon the atomization qualityfor the entire range of injection orifice diameters
investigated.

Surface tension forces tend to impair the spray
quality by opposing any distortion of the liquid
surface, thereby delaying the formation of liga-
ments. This fact is demonstrated quantitatively in
Fig.6 for a range of airstream velocities. Clearly
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ization performance is shown in Fig.7 in which SMÂ®is plotted against liquid viscosity for a range ofairstream velocities.

Figs. 8 and 9 íllustrate the effect of varyingthe liquid orifice diameter upon dropsize for a lowand a high-viscosity spray media respectively. Inboth the instances, an increase in the diameter of
the injection orifice can clearly be observed to
degrade the atomization quality for the entire
range of airstream velocities tested. A close
examination of these results indicates the degrada-tion effect to be more pronouncedfor the high-
viscosity liquid.
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5. Analysis of Results
Systematic evaluation of the low-viscosity

experimental data revealed that a satisfactorycorrelation could be obtained with an equation ofthe following form : 0,5(a d. )
SMD Â« Z Jo
y (1)a

Examination of the high-viscosity mean dropsizedata indicated that the liquid viscosity influencewas apparently somewhat independent of the air-stream velocity, thus implying that to the righthand side of the equation (1) above should be added
another term to take into account the effect of
liquid viscosity upon SMm.
high-viscosity data led to
following equation :0,5(0 d. )

The analysis of the
the development of the

0,145 0,55
Z Jo Z2SMD = A1-_V_ + B1 -Z die (2)a

It can be readily seen
° °Ä±
that equation (2) aboveis not dimensionally consistent and consequently

A1 and B1 are not dimensionless constants. However,it can be made dimensionally consistent by intro~
ducing

0,5 0,5
the air density term as given below :

0,145 0,55

pa Vàí Jo o. p Ja

0 2
sM:º=.4 Z d. +3-L 4. (3)

L z
or in the dimensionless form as :
sm) 1 °~5 W 0.145

<4)
div Heß Rez

where A, B are dimensionless constants and
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The correlation outlined in equation (2) aboveis preferred because the influence of airstream
density has not been experimentally examined inthis study. The level of agreement between the
experimental data collected in this study with thepredictions of equation (2) above with A1 = 0.703and B1 = 0.04 is illustrated in Fig.lO. Almost thewhole of the experimental data can be observed tofall within ± 15 percent of the predicted values.

A noteworthy feature of the SMD correlationevolved herein is that the contribution of the vis-
cosity-dominant second term increases with an
increase in liquid viscosity. This contribution
changes from that of insignificance for the low-
viscosity kerosine fuel to that of increasingsignificance for the high-viscosity spray medium.An important practical implication of this is thatthe trend towards high-viscosity, lower-grade fuelspresents a formidable challenge as regards theattainment of good atomization performance.
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6. Comparison with Previous Investigations
It is clearly of interest to see how the

findings of this investigation agree with those of
previous researchers, notably Jasuša (2),Lorenzetto-Lefebvre (4), Ingebo (6 and Weiss-worsham (7) respectively.

The correlations developed in the present work
agree very closely with those contained in
reference 2 except for the term containing theair-to-fuel (liquid) ratio variable. During thecurrent tests, the value of this air-to-fuel ratio
variable was consistently high so as to reduce the
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effective value of (1 + l/AFR) as unity. A poinä 5worth noting here is that the introduction of pá"in the present work, in order to obtain a dimen-
sionally correct SMD correlation (see equation (3)
above), is in good agreement with reference 2
wherein the effect of air density upon the dropsize
performance of a plain-jet airblast atomizer was
experimentally examined in some detail.

Fig.ll illustrates how the experimental data
collected in the present work compares against the
predictions of correlation outlined in reference 4.
Clearly, the level of agreement realised is not
satisfactory - in fact the mean dropsizes predicted
by reference 4 are considerably higher than the
experimentally measured values. It should be
pointed out here that this lack of satisfactory
agreement between the two studies is considered to
be a result of different liquid injection angles.In the present work, the liquid was injected at
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investigation are as follows :
l. From amongst the variables examined, theright angles (i.e. transverse) to the direction of

air, whereas in
was parallel i.

reference 4 the liquid injectione. co-axial) to the air flow(
direction. From this, it would appear that thecross-flow injection of liquid results in more
intense air-to-fuel physical contact and conse-
quently leads to better atomization performance.

Predictions
Figs. 12 and 13
obtained in the
viscosity spray
seen from these

of reference 6 are plotted in
against the experimental values
present work for low and high-
media-respectively. As will be
figures, the level of agreement

influence of air velocity upon atomization qualitywas the most dominant. An improvement in atomization performance being observed with an increasein air velocity.
2. The mean dropsize of the spray increaseswith an increase in liquid viscosity as well assurface tension.

3. Increasing the diameter of the injectionorifice leads to a degradation in atomization per-formance - the degree of degradation being morerealised is far from satisfactory despite the factthat both these studies featured transverse
injection of liquid.

Figs. 14 and 15 illustrate the level of agree-ment realised between the predictions of reference7 and the current work for low and high-viscosity
liquids respectively. As before, both thesestudies featured transverse injection of liquid.

The lack of satisfactory agreement for the high-
viscosity liquids in both the cases (i.e.
references 6 and 7 ) is not entirely unexpectedsince both these studies featured low-viscositymedia. The reasons for the discrepancy for the
low-viscosity liquids are not clear.

7. Conclusions
The main conclusions that can be drawn from this

62

pronounced for the high-viscosity liquids.
4. The experimental data on mean dropsizecorrelate satisfactorily with the equation :

S0, 0,5 2 0,'-+5 0,°zSMD = 0.703 L d.
V 2 JOa

over the following ranges
Airstream velocity
Liquid viscosity
Liquid surface tension

Liquid jet velocity

UZ i+ 0.04 i d.
o p JOZ Z

of operating conditions
70 to 150 m/s
o.oo1 co 0.125 Ns/m2
0.027 to 0.074 N/m
5 to 25 m/s
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Liquid orifice diameter 0.75 to 1.8 mm
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EFFECTS OF AIRBLAST ATOMIZER DESIGN UPON SPRAY QUALITY

BY
A.K.Jasuja

School of Mechanical Engineering
Cranfield Institute of Technology

Cranfield, Bedford MK43 OAL
England

This paper reviews the results of numerous investigations that have been conducted on airblast
atomization as applied to gas turbine engines. The primary motivation for this is the need to identifythe effect that various design features have upon the spray quality so that atomizers of optimum perfor-mance can be designed with a minimum of cost and complexity. Attention is focused upon such factors asthe atomizer scale, configuration, the nature of fuel preparation before exposure to air, etc, for themost commonly used pre-filming and plain-jet airblast atomizers. The experimental mean drop size dataincluded in this paper has been obtained through the use of well-established laser light-scattering tech-
niques over a wide range of conditions. The general conclusion drawn from the data that is currentlyavailable is that the plain-jet airblast atomizers featuring multiple, transversely injected liquid jetsinto a swirling airstream yield spray quality.comparable to that achieved by their pre-filming counterparts
especially under high air pressure conditions.
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Subscripts

"~.'U 0 NS)

SYHBOLS
Sauter Mean Diameter, micron or m
Velocity, m/s
diameter, m, or mm or cm.
Atomizer air pressure drop, percent
Pressure, atmosphere
air-to-fuel mass ratio
air-to-liquid mass ratio
density, kg/m3surface tension, N/m
absolute viscosity, Ns/m
liquid injection angleswirler vane outlet anglefilm thickness (liquid), micron
temperature, °K

2

air
liquid
orifice (injection)
pre-filmer
jet (liquid)

INTRODUCTION
The quality of fuel preparation is now generally acknowledged to be of considerable importance in many

key aspects of gas turbine combustor performance - notably for its influence upon such characteristics as
ignition (sea level/altitude relight), efficiency and stability, temperature traverse quality, levels ofsmoke and other pollutants, levels of flame radiation and the inter-related issue of liner durability.Possible degradation in the quality of the gas turbine fuels is going to require a greater degree of fuel
flexibility/multi-fuel capability from the combustors/fuel injectors of the future. Furthermore, the
continuing trend towards gas turbines of higher'gompression ratio requires satisfactory fuel preparationover a far wider range of air pressures/temperatures as well as fuel flows than at present. In addition,there has been, for some time now, pressure to restrict the emission of gas turbine generated exhaust
pollutants, and it seems unlikely that this pressure will be significantly relaxed in the near future.The attainment of effective fuel preparation has assumed added importance in order to achieve satisfactory
combustion-pollution performance. In the light of this, the detailed performance characteristics of a
variety of gas turbine fuel injection systems have been investigated over the years. The quality of
atomization, as indicated by the sizes of the drops produced by a given injector following the fuel dis-
integration, has been the main feature under examination in most of these investigations in nrder to
relate it to the injector design/operating conditions as well as fuel properties.

The superior combustion-pollution performance of the airblast atomizer relative to the conventional
pressure atomizer is now well established (Ref.1) and this has led to its widespread adoption in the
modern, high-pressure ratio gas turbine. The airblast atomizer spray is finer in character due to theintimate mixing of fuel and air achieved as an integral part of the atomization process. This yields aflame of low luminosity and soot, thus resulting in relatively cooler liner walls and a minimum ofexhaust smoke. Furthermore, the placement of the fuel droplets in the burning zone is dictated mainly
by the airflow pattern - being almost insensitive to the fuel flow variations. Consequently, airblastatomizers offer an important practical advantage from the viewpoint of nozzle guide vane/turbine blade
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life development in that the outlet temperature profile of the combustor eff1ux gases is sensibly constantunder all operating conditions and consequently may be predicted satsfactorily from experiments conductedat convenient operating conditions, such as lower levels of combustor pressure.
From amongst the many diverse geometrical configurations investigated by the different researchersover the years, two specific types of airblast atomizers appear to stand out clearly - namely the pre-filming and the plain-jet types. This is due to the extensive research that they have been subjected to,thus reflecting the interest in them from the gas turbine applications viewpoint. In common with allother forms of airblast atomizers, they utilise high velocity air for the purposes of disintegrating arelatively slow moving liquid stream. There are two main differences between the pre-filming and theplain-jet airblast atomizers. The first one relates to the extent of fuel preparation prior to itsexposure to the shearing action of high velocity air, while the second one relates to the air flow passagearrangement/configuration and the intimacy of the resulting fuel and air contact. In the pre-filmingarrangement, researched extensively by Lefebvre and his co-workers (2,3), the fuel is first spread into athin, continuous annular sheet on a surface known as the pre-filming surface before exposure to two highvelocity airstreams. Intimate fuel and air contact is achieved by arranging for the two airflows to'sandwich' the thin fuel sheet. In the plain-jet arrangement, however, the fuel is not pre-filmed intoa thin sheet but instead discharged in the form of one or more, discrete, circular jets. These jetsof fuel undergo disintegration in-flight in a single airstream, usually provided by a conventionalswirler (4). The intimacy of fuel and air contact achieved in this arrangement is related to the swirler/fuel orifice variables.

The purpose of this paper is to outline the present state of knowledge with regard to the fundamentaldesign aspects of airblast atomization, as applied to gas turbines, by bringing together the findings ofnumerous research studies, especially those conducted during the last decade or so. The primary motivationfor this is the need for a thorough understanding of the mechanics of airblast atomization so thatatomizers of optimum performance can be designed with a minimum of cost and complexity. Clearly, in asituation of this kind where results have been brought together from a variety of diverse sources, thereis the possibility of differences arising with regard to the actual details, for example the use ofdifferent drop size measuring techniques, the adoption of different mean drop size definitions, etc.Since this paper is addressing the design aspects of airblast atomizers, special care has been taken toensure that the comparisons utilised herein are meaningful and valid.
ATOMIZER DETAILS

The conceptual details of the various airblast atomizers included in this study are illustrated inFigure l. The evolution of the pre-filming type is covered by configurations of Figure l(a) through tol(e) with configuration l(f) being a specially designed, two~dimensional flat sheet, research atomizerof the same family. The different plain-jet configurations that have been investigated are depicted inFigure l(g) through to 1(ß).
Configurations l(a) and l(b) show two of the early designs of pre-filming types of atomizers. In con-figuration 1(a), due to Benneç (5),fuel was given a swirl and madeto flowover the face and edge of a disclocated in a high velocity airstream. The resulting spray quality, assessed through the coated slidetechnique, was poor due to the problems of wall-wetting and non-uniform liquid film distribution. Of thefour different configurations examined by Lefebvre and Miller (6), the one shown in Figure l(b) was foundto be the best. A swirl chamber, connected to the fuel feed tube through four radial spokes, was usedfor the purposes of pre-filming the fuel. The swirl chamber featured a shroud to enable the liquid sheetto develop without interference from the airflow. The problems of wall~wetting that had been experiencedwith the earlier designs had been eliminated by keeping the droplets airborne through the deployment ofair on both sides of the fuel film. This 'sandwiching' of the fuel film was also conducive to theattainment of intimate physical contact between the fuel and airstreams, the importance of which fromatomization performance viewpoint had previously been highlighted by Gretzinger and Marshall (7).Lefebvre and Miller also recognised the importance of minimising the liquid film thickness as well asthat of exposing the liquid film to the shearing action of air on both sides at the point of maximumair velocity.

The configuration of Figure l(c), featuring a diverging pre-filming arrangement culminating in a sharplip combined with the somewhat more aerodynamically streamlined air passages (inner as well as outer), wasfound to yield the best atomization performance from amongst the various different designs studied inReference 8. The sharp~1ipped, diverging pre-filmer geometry was found to be more successful in achievingfuel detachment by centrifugal action. This resulted from the use of swirl slots, introduced in anattempt to obtain an even fuel film, in feeding the fuel on to the pre-filming surface.
This basic sharp edged, diverging pre-filmer geometry was retained in the configuration of Figure l(d)(Refs.2,3). The main difference between this arrangement and its predecessor relates to the shape of theair passages - those of Figure l(d) being somewhat more streamlined than of Figure l(c). Another variantof this pre-filming atomizer family, shown in Figure l(e), (Ref.9), uses a parallel pre-filming surfacewith a less sharp lip combined with the deployment of a swirler for the inner as well as the outer air-streams. A somewhat similar 'sandwiching' of the annular fuel sheet between two, swirling airstreams isalso discussed in Reference 1. In the main Reference l and 9 differ with regard to the shape of the pre-filming surface - a diverging surface in Reference l (similar to that of Figure l(d) ) in contrast to theparallel surface of Reference 9.
The atomizer configuration shown in Figure l(f) is a flat sheet, two-dimensional airblast atomizer thatwas specially designed by Rizk and Lefebvre (Ref.l0) in an attempt to examine the effect of initial liquidfilm thickness upon atomization quality. The thickness of the liquid film generated by the pre-filmingarrangement is, clearly, one of the fundamental features of this type of atomizer and consequently onethat needs to be correlated adequately with the mean drop size.
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Nukiyama and Tanasawa (ref.ll) conducted the first major airblast atomization study using the plain-jetconfiguration of Figure l(g). In this arrangement the liquid is injected in the form of a circular jetinto a co-axial, co-flowing, high velocity airstream. This form of atomizer has been the subject ofseveral further studies (Refs.l2, 13, 14), because of its very simple design. Another simple form ofplain-jet atomizer that has been examined in some detail (Refs. ll, 13, 15, 16) comprises the transverseinjection of a circular, liquid jet into a high velocity, axial airstream as illustrated in Figure l(h).The effect of injectingcthe liquid jet in a direction other than the transverse or co-axial had, up untilrecently, not been examined. By comparing the data from different atomizers, Rizk and Lefebvre (Ref.l7)attempted to identify qualitatively the effect of liquid jet injection angle upon drop size. However,Hussein et al (Ref.l8) conducted detailed experiments using the configuration shown in Figure l(i). Theinjection angle (ßjo) of the circular liquid jet was varied over the 30 to 90 degree range.
The plain-jet atomizer designs discussed so far have comprised the injection of single/multiple liquidjets into a non-swirling airstream. The configuration shown in Figure l(j), comprising several radially-drilled holes for the injection of liquid in the form of discrete jets into a single high-Velocityswirling airstream, was first investigated by Jasuja (Ref.4). This type of atomizer, due to itsrelatively simple nature (requiring only a swirler and some plain, circular holes), has since been studiedin some depth (Refs. l3, 19, 20). The configuration illustrated in Figure l(k) shows two of the keyvariables that influence the design and performance of this type of atomizer - notably the swirler geometryand the injection orifice orientation. Hussein (Ref.20) has recently examined in some detail the effect ofswirler geometry, particularly the vane type (both straight and curved) and its outlet angle Y, upon thedrop size performance. The influence of the liquid orifice orientation, ao, upon drop size has beenstudied by Shaw (Ref.2l). Clearly, the motivation for optimizing the design of this type of atomizer isthe need to deploy the available air in the most effective manner, thus achieving the best possible levelof atomization performance. In thearrangementdepicted in Figure 1(ß), the liquid is injected throughseveral circular holes on to the concave surface of a splash cone located downstream of an air swirler.On emerging from the splash cone, the liquid is picked up by a single, high velocity, swirling airstream.The addition of a splash cone, to what is basically a configuration similar to that of Figure l(j), hasbeen observed to yield generally poor atomization performance (Refs. 15,22).

EXPERIHENTAL DETAILS

we1lT:: pšešflmng and the plain-jet arblast atomzers have been extensively studied under atmosphericasg air pressure conditions at the Cranfeld laboratores. A schematc arrangement of the highpressure test facility s shown n Figure 2. The pressure chamber, inside which the atomizer is locatedfeatures windows for laser beam access to enable the measurement of the spray SMD. The drop size data ,obtained largely at Cranfield, was collected through the use of well-established laser light-scattering
šeåhniques. The Cranfeld technique, described in Reference 4, is an extension of that developed by° bins Bt 31 (Ref.23) and is shown schematcally in Fgure 3. Standard laboratory procedures wereadopted for fuel and ar mass flow measurements. The test fluids featured in this study are water(n=0.00l0, o=0.0735, o= 1000), kerosine (n=0.00l3, o=0.027 , p=784), gas oil (n = 0,0053 q= 0_Q299D = 846) and a 55% residual fuel oil (RFO), 452 gas oil (G0) blend (n =0.036 at 30°C working temperatureø=o.o33, p = 913). '
RESULTS

This paper is devoted to a consideration of the effect that various design parameters have upon theairblast atomizer performance and consequently, the effect of operating variables such as the air pressure/temperature, the fuel viscosity, etc, will not be discussed directly. The pre-filming airblast atomizeris examined first, in view of its more widespread usage, followed by the plain-jet type.
Since airblast atomization relíes upon the airstream momentmm for fuel disintegration, the air-to-fuel(liquid) mass ratio would clearly seem to be an important variable influencing the spray quality.Deficiency of air would result in failure to overcome the viscous/surface tension forces that are resistingliquid disintegration where as an excess of air may result in some of the air not actually participatingin the liquid break up due to its physical remoteness. Clearly the size of the air passages (and hencethe atomizer bulk/weight) is related to the air mass flow requirement. It has been suggested inReference 3 that to achieve optimum performance pre~filming atomizers should be designed to operate withan ALR in the 3 to S range. Figure 4, taken from Reference 24, shows the effect of atomizer AFR upon SMDfor a range of ambient air pressures when using the pre-filming configuration of Figure l(c). It is clearfrom this figure that the atomizer AFR effect is relatively weak for air pressures exceeding 3 atmospheresand atomizers designed with an AFR of 2 will give almost as good a drop size performance as atomizersdesigned with an AFR of 5. Over-sized atomizers are clearly undesirable from air requirement,space,weight and cost considerations.
Engineers are continually faced with the demand to design gas turbine combustors that will operateeffectively with a minimum of air pressure drop. This in turn requires careful attention to the detailedaerodynamics of the atomizer air flow passages in order to minimise pressure losses and hence obtain thebest possible level of atomization quality. Figure 5 showš the influence that atomizer air pressure drophas upon the spray quality of the pre-filming configuration of Figure l(a). Clearly, the higher the avail-able air pressure drop, the superior the atomization performance although the degree of this superioritycan be seen to diminish somewhat at higher ambient air pressures. The design philosophy behind theconfigurations (c) and (d) of Figure 1 has been to utilise, as much of the available air pressure drop asis practicable in obtaining the highest possible air velocity in the plane of the pre-filmer lip. Analternative approach (Ref.9) makes use of swirlers, see configuration of Figure l(e), in the inner as wellas the outer air flow passages. The use of swirlers is clearly going to impose additional air pressuredrop, but to what extent this is effectively countered through greater intimacy of fuel and air contactand, therefore, better momentum interchange is not evident from the currently available drop size dataon the pre-filming atomizer.
The physical scale of the pre-filmer/atomizer is clearly another key design parameter influencing theatomizer performance through its effect upon the thickness of the annular liquid sheet generated at thepre-filming surface. Using the basic configuration of Figure l(d), El¬Shanawany and Lefebvre (Ref.3)
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examined the effect of atomizer scale upon mean drop size by conducting tests on three geometrically similar
injectors with cross-sectional areas in the ratio of l:4:l6. The results obtained by them, see Figure 6,
indicate that a simultaneous increase in the atomizer overall characteristic size as well as the pre-filmer
lip diameter DP has an adverse influence upon the spray quality in accordance with the relationshipSD ß Dp°~3. The influence upon drop size of a change in the pre~filmer lip dameter alone for a givenoverall characteristic size of atomizer is something which does not appear to have been examined so far.
Intuitively, the bigger pre-filmer lip diameter should yield a thinner liquid annular sheet with a possible
improvement in atomization performance.

Despite the extensive research on the pre-filming airblast atomizer over the last two decades, verylittle is known as regards the thickness/evenness of the annular liquid sheet generated by the pre-filmingdevice. This is largely due to the difficulties associated with the measurement of very thin liquid sheetsin a complex geometry. The importance of liquid sheet thickness has been recognised for some time now andthis prompted Rizk and Lefebvre (Ref.l0) to carry out experiments in an attempt to correlate it with the
spray mean drop size. They used an atomizer specially designed to deliver two-dimensional, flat, liquidsheets through a discharge slot of known width (see Figure l(f)). The results obtained by them, shown in
Figure 7, confirmed that thin liquid sheets yield lower spray mean drop sizes in accordance with the
relationship SMD K tn where n takes the values of 0.4 and 0.55 for low and high viscosity liquids res-
pectively.

The main difference between the plain-jet configurations (g), (h) and (i) of Figure l is that relatingto the angular orientation of the fuel injection orifice. This in turn is likely to influence the jet
trajectory and its interaction with the surrounding air. Figure 8 provides a quantitative insight intothe effect of liquid jet injection angle Qjo (see Figure l(i» upon mean drop size for a range of airstreamvelocities. As can be seen clearly from this figure the transverse injection case (i.e.Bj0 = 9O°)resultsin the smallest mean drop size. In Reference 18, Bjo was varied in the 30 to 90 degree range but sincethe trend is well-established it can be confidently extrapolated to cover the jo = 0 case (i.e. theco-axial, co-flowing case). The marked superiority of the transverse liquid injection, relative to the
co-axial, co-flowing case was observed by Ingebo (Ref.l3) too, and is considered to be a reflection of themore intense air-to~fuel physical contact. This is borne out by the results of Figure 9 wherein the
penetration/spatial spread characteristics of the liquid jet are plotted against the injection angle fora range of airstream velocities. In the co-axial, co-flowing case (jo = 0) the liquid jet and the air-stream are moving parallel to each other and consequently the disintegrating liquid jet is likely to bein contact with the same air streamlines all the time - streamlines that are grogressively being depletedof energy. The injection of liquid transverse to the air flow (i.e. Bjo = 90 ) gives maximum jet pene-tration and consequently allows a greater degree of air entrainment which in turn yields a more intimatefuel-to-air interaction. It should be pointed out here that the results shown in Figures 8 and 9 relate tothe behaviour of a single jet in a square duct (Ref.l8) supplied with a non-swirling airstream
(i.e. configuration of Figure l(i)).

The effect of liquid injection angle for a complete atomizer of the type shown in Figure l(k) has
recently been reported in Reference 2l and a typical set of results is shown in Figure 10. These resultsindicate that the transverse injection of liquid (i.e. ao = 0°, note oo = 90° - Bj0)`from an array oforificeswould result in superior spray quality relative to the co-axial, co-flowing case (i.e. oo = 90°)even in a swirling airstream. Also investigated in this study was the effect of injecting liquid in an
upstream direction (i.e. ao = -15° and -30°) . It seems that the atomization performance can be
improved further, especially at low airstream velocities, by utilising the upstream injection configu-ration.

Many plain-jet atomization research studies have used the size of the fuel injection orifice as thecharacteristic dimension for the purposes of developing mean drop size correlations. Figure ll illus-trates the adverse influence that an increase in injection orifice size has upon the spray quality for ahigh-viscosity liquid. Although not reported here, a somewhat similar trend has been established for
low-viscosity liquids as well (Ref.l6). The available evidence seems to suggest that SMD = do" where anaverage value of n is about 0.5. An additional factor whose influence is inter-related to the size ofthe liquid orifice, is the velocity at which the liquid is injected into the airstream ~ smaller orificesize requiring higher injection velocity and viceversa. It is well known that airblast systems operatewith low fuel pressures/velocities and an examination of Figure 12 shows that the liquid injectionvelocity has very little effect upon the resulting mean drop size.

A key component of the atomizer configurations (j), (k) and (Z) illustrated in Figure 1 is the airswirler. Although the swirlers have been in use for some time now, their usefulness in promoting moreeffective atomization quality has not been thoroughly investigated. Indeed it has been suggested thattheir use may in fact be detrimental to the attainment of good atomization performance. Ingebo (Ref.l3)carried out a series of experiments using a 70° blade-angle air swirler and his results for the co-axial,co-flowing and the transverse liquid injection cases are shown in Figures 13 and 14 respectively. Theyclearly show that the use of an air swirler results in a marked improvement in the spray quality for boththe configurations. Further experimental evidence regarding the influence of swirler geometry upon dropsize has been recently obtained at Cranfield (Ref.20) as a part of an on~going research programme inplain-jet airblast atomization. The main swirler geometry variables that have been studied relate to thevane shape (straight or curved) and the vane outlet angle Y (see Figure l(k)). Figure 15 shows a
typical velocity profile at the outlet of a 45° curved-vane air swirler obtained with a standard cobra
probe. Information of this kind is useful when attempting to optimize the atomizer geometry because itenables the liquid injection orifice to be oriented in a manner that encourages maximum physical contactbetween the liquid and air. Figure 16 illustrates the effect upon spray quality of an air swirler and its
geometry for a transversely injected liquid jet. The mean drop size values are plotted against theexperimentally measured axial velocities at the exit of four different air swirler configurations - namelythe curved vane type with 30, 45 and 60° outlet angle and a 30° flat vane type. Also included is the
non-swirling air configuration for the purposes of comparison. The use of air swirlers is clearlyimproving the spray quality ~ curved vane swirlers facilitating a greater degree of improvement relativeto their flat vane counterpart. Furthermore, the 60° outlet angle curved vane configuration is yieldingthe best atomization performance. What is not evident from this figure is the level of air pressure
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drop introduced by the different swirler configurations. From a combustor design viewpoint, clearly thatis the constraint within which the use of a swirler for atomization purposes has got to be acceptable.Further examination of the data reveals that to achieve a given swirler exit axial velocity, the higherthe curved vane outlet angle the higher the air pressure drop requirement. In other words the 60Â°curved vane swirler, whilst providing the best spray quality also, introduces the highest air pressuredrop. It is also evident from the data that curved vanes introduce less pressure drop relative to theflat ones. It is clear from the foregoing discussion that although the use of a swirler is facilitatingan improvement in the spray quality, through a more intimate fuel and air physical contact, its geometryneeds to be carefully controlled to ensure its acceptability from the air pressure drop viewpoint.
It is perhaps worth pointing out here that the general trends as regards the effect of atomizer air

pressure drop (and atomizer AFR) upon drop size are similar for the plain-jet and the pre-filming typesof airblast atomizer.

Comparative Performance of the Two Types of Airblast Atomizers
It is possible to provide a comparative assessment of the pre-filming and the plain-jet airblast atomi-

zers by bringing together the results of some comparable studies. Such a comparison is clearly of
interest and value to the combustion engineer involved in atomizer design and performance but must becarried out carefully if variations specific to particular tests and techniques are not to inspire mis-leading conclusions.

Figure 17 facilitates a comparison under atmospheric pressure conditionsbetweenthe co-axial, co-flowing plain-jet configuration (of Figure1(g) investigated by Lorenzetto and Lefebvre (Ref.l2) and the
pre-filming configuration (of Figure l(d)) studied by Rizkalla and Lefebvre (Ref.2). On the basis of this
evidence the complex atomizer configuration of Figure 1(d) is significantly better than the simple config-uration of Figure l(g). A comparison under widely varying ambient air pressures and fuel viscosities forthe pre-filming configuration of Figure l(c) and the plain-jet configuration of Figure l(j) was providedby Jasuja (Ref.l9). An examination of Figures 18, 19 and 20 reveals that, under nominally comparableoperating conditions, there is not a great deal of difference between the mean drop size performance ofthese two atomizer configurations, especially at higher air pressures for the low-viscosity kerosine/gas oil type of spray medium. A limited amount of comparative drop size data on atomizer configurationsl(d) and l(j) is contained in References 17 and 25. The general conclusion that can be drawn from thisis that the plain-jet configuration l(j) gives spray quality that is comparable to that achieved from the
pre-filming configuration 1 (c/d). The comparisons drawn from the work of Lorenzetto and Lefebvre and thatof Jasuga are consistent in as much as the transverse injection of liquid in a swirling airstream will be

E
significantly better than the co-axial,co-flowing liquid injection in a non-swirling airstream.

ONCLUSIONS

The two main conclusions to be drawn from the evidence that is currently available are as follows:
l. Despite the extensive research on both the pre-filming and the plain-jet atomizers, there stillremain major design features that are worthy of further study. In particular the pre-filmingdevice and the air swirler need to be examined in detail to optimize their geometry.
2. The drop size performance of the relatively simple plain-jet airblast atomizer featuring multiple,

transversely injected liquid jets into a swirling airstream is comparable to that of its more
widely used pre-filming counterpart especially when operating on low viscosity kerosine/gas oil
type of media under high air pressure.
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DISCUSSION

E.Mularz, US
With respect to Figure 15, indeed the air ow through the swirler i important in detennining the fuel spray quality
of the fuel injector. However, your measurement of the axial component of air velocity i not sufficient, since
there is a substantial component of circumferential velocity as well. l recommend that further measurements be
made, more completely mapping this airflow through the swirler.

Author`s Reply
The author agrees with Dr Mularz as regards the importance of more detailed mapping of the velocity ow-field at
the exit of the air swirler. Indeed the first conclusion emphasizes the need for further work on the air swirler.
Figures 15 and 16 were included in the paper to highlight, from the atomization performance viewpoint, the
importance of air swirler vane geometry as well as the detailed understanding of the swirler velocity flow-field as
typied by the axial velocity measurements. lt was neither implied nor suggested that the axial velocity component
was the only one that mattered. Indeed there is a substantial swirl component, the value of which depends upon
the vane outlet angle. For example, the swirl component is approximately 80 percent of the axial component for
the 45° curved vane swirler case of Figure 15. Figure 16 could be replotted using the swirl velocity component as
the basis, but the basic conclusions would remain unchanged.
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Effect of Air 'Pressure Upon Spray Angle/Width Characteristics of Simplex Pressure Swirl
Atomizers
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Abstract

This paper examines the spatial distribution characteristics of fuel sprays emanating from simplex pressure swirl atomizers
of the type commonly used in the gas turbine engine. Three different atomizers were tested on kerosine at chamber gas pressures2 2up to 1377 KN/m and fuel pressure drops up to 3448 KN/m . A non-intrusive, still photographic technique was developed
for recording the spray profiles over the entire rarge of test conditions. Analysis of the experimental data shows that the closing
i of the spray boundaries due to a increase in air pressure is a result of the aerodynamic interaction between the fuel spray
and its gaseous environment - the nozzle hydrodynamics apparently exercising no inuence. Experimental data collected in
the study reveals the inuence of gas pressure (Pa) upon the half width (y) of the spray envelope at a downstream distance
of 30 mm from the nozzle face to be described adequately by the expression y C Pa`°'26.

Nomenclature

NN Nozzle number, US Gallon/hr
FN, Flow number, (Imperial Gal/hr)/(psi)°'5
FN, Flow number, (m3 /s)/(N/m2 )°'5
P Pressure, KN/m2
AP Pressure drop, KN/m2 or psi
R Correlation coefcient
y Spray half width
n, , n1 Exponents for variables Pa and APf
26 Spray cone angle

Subscipts

a air or gas
f fuel

Introduction

The characteristics of the spray emanatirg from
a fuel injector are well-known to inuence strongly
the combustion~emissions performance of the gas
turbine engine. For this reason numerous investiga-
tions have been conducted i order to extend the
state ofs knowledge regarding the detailed structure
of the fuel spray. The attention so far has, i the
main, been focussed upon the quality of atomization
as indicated by the sizes of the drops produced
as a result of the disintegration process, and its
relationship to the injector design/operating con-
ditions as well as the fuel properties.

The purpose of this paper is to examine i some
detail the spatial distribution characteristics of
the fuel spray emerging from a simplex type of
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pressure swirl atomizer. Despite the fact that such
atomizers have been used extensively in the gas
turbine industry, little is known about this parti-
cular, aspect of its operation especially under con-
ditions of varying air density. A knowledge of the
spray boundaries/trajectories over the entire range
of combustor operating conditions is essential to
allow excessive variations i fuel-air mixture con-
centration within the burning zone to be avoided.
Non-uniform and variable nature of spatial distri-
bution of fuel .spray is clearly a source of increasing
concern due to its adverse impact upon the com-
bustion-emissions performance of the gas turbine
engine. It may be argued that the vastly superior
performance of the airblast and vaporizing type
of fuel injection systems obvíates the need for further
serious study of the pressure atomizer. However,
very considerable interest still remains in them
due to the large number of such atomizers that
are still i service today. As a matter of fact, the
interest in the simplex pressure atomizer is enhanced
further due to the fact that it provides a pilot/starting
jet with wide stability limits and is consequently
common to the dual-orice pressure atomizer, the
hybrid airblast atomizer and the vaporizing type of
fuel injection system.

A review of the previously published work in
the` open literature identified the work of DeCorso
af Kemeny /1/, Neya and Sato /2/, Clare /3/ and
Dodge and Biaglow /4/ as being relevant to the,
present study. In general, the range of air pressures
'ébvered in the earlier work has tended to be modest
- a maximum of up to about 800 KN/m2 for refe-
rences /l/ to /3/, and up to about 1300 KN/m2
for reference /4/_ Furthermore, the spray boundary/
angle data presented thus far has been for a single
location within the spray envelope. This location
has tended to be either too near (10 mm i ref.
/4/) or too far (115 and 200 mm i refs. /l/ and
/2/ respectively) from the atomizer face, i relation
to the length of the gas turbine combustor primary
zone. This study was aimed at remedying some
of these shortcomings and consequently providing
a better insight into the structure of the fuel spray.
Further details regarding the study car be found
in ref. /5/.

Experimental Details

Three commercially available simplex pressure
swirl atomizers designed to generate 'a conical spray

that is hollow in character were selected for this
investigation. The nozzle characteristics are detailed
below:

Make NN 26 FN, FN2

Demn 6.0 10° 0.5 0.76 X 10'â
Deavan 1.5 90° 0.125 0.19 X 10'â
Danfoss 6.3 80° 0.s2s 0.198 X 10-â

The nozzle number (NN) in the table above
indicates the rated volumetric flow of No. 2 oil
i US gallons per hour at a pressure difference of
100 psi (689 KN/m2) while 6 indicates the rated
spray cone half angle. lt was hoped that the results
obtained would allow a insight into the effect of
such variables as different manufacturing practices
as well as different flow ratings i addition to those
due to operational variables of air density and fuel
pressure.

The experimental set up used i this study is
illustrated i Fig. 1. Optical wirdows were incor-
porated into the pressure chamber for monitoring
the atomized spray envelope under conditions of
varying air density. Air at pressure up to about
1400 KN/m2 was obtained from the main labo-
ratory system and was introduced into thelpressure
vessel at a point somewhat removed from the in-
jector but close to the optical windows. Some of
the tests featured the use of high pressure bottled
nitrogen gas. Stagnant gas (i.e. no through flow)
conditions were maintained i the pressure vessel
due to consíderations of cost-and complexity. The
effect of various air ows within the combustor

eewçn

FUEL
INLET TO '

HP__ lAm 4

Aronzcn --
PRESSURE vALvE; Arovsso 3"~ spam

PRESSURE
CHAMBER

Fig. 1. Outline arr

ALOPT C

angem

EXHAUST I BACK

~~ 0RAN
vA_vE

ent of the test installation.

\



primary zone has, i other words, not been exa-
mined here. The temperature of the gas throughout
the test series was close to ambient. Standard kero-
sine, at ambient temperature, was used exclusively
during the study. The fuel pressure drop across
the injector was monitored through the use of ca-
librated pressure gauge connected close to the in-
jector inlet.

The atomized spray profiles were determined
through the use of still photography using side
illuminations (i.e. at 90° to camera axis). This tech-
nique has the advantage of beirg simple, fast and
non-intrusive relative to those adopted i refs.
/l/ and /2/. De Corso and Kemeny /l/ used an
intrusive, non-isokinetic spray sampling system
comprising of 28 radial pattemator tubes to obtain
mass weighted spray distribution information along
an arc of 115 mm radius. Neya and Sato /2/, how-
ever, used the immersion method to obtain spray
samples at several points along a arc of 200 mm
radius. The mass weighted pattemation information
was in both cases mathematically reduced to yield
a equivalent spray angle. The results thus obtained
were valid` only for the single sampling location
within the spray envelope. By contrast the photo-
graphic approach adopted here allowed a far greater
proportion of the spray envelope to be studied -
in fact the microche viewer analysis (see Analysis
of Photograplic Data section) allowed the first
45 mm of the. spray length to be examined for
any number of locations. Furthermore, the work
of Tishkoff et al /6/ reveals the presence of only
minor differences when obseving the spray plume
boundaries through the use of conventional photo-
graphy, pulsed laser shadowgraphy and in-line
infra red spectroscopy. Jones /7/ discussed briey
the effect of the light source location on the mea-
sured spray angle and suggests a possible error of
only a few degrees due to the use of side illumina-
tion.

Results and Discussion

Plate 1 illustrates the stncture of the kerosine
spray emerging from the simplex pressure swirl
atomizer for fuel pressure drop i the 689.5 to
3447.5 KN/m2 (100 to 500 psi) and chamber gas

pressure i the 101.3 to 1376.6 KN/m2 (1 to 14
atmosphere) range. As can be seen the photographs
are by and large of good quality as little or no fuel
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mist i present. This was important because the
presence of large quartities of fine mist would
obscure the spray making the' boundary less distinct
and the subsequent analysis harder as well as less
accurate. This was accomplished by fuelling the
injector for the minimum amount of time necessary
for obtaining a representative photograph. In be-
tween test points, the fuel supply to the injector
was shut off and the chamber purged briey. Con-
tinuous fuel supply to the injector was, after some
time, 'found to bring the chamber gas into motion
due to the transfer of momentum from the swirling
fuel droplets. The swirling type of motion generated
in the chamber was sufcient to influence the spray
structure, especially at high air density.

The character of the fuel spray can be clearly
observed i Plate 1 to be strongly inuenced by
the ambient gas pressure - the spray width con-
traction being largest at the lowest fuel pressure
drop of 689.5 KN/m2. Furthermore, the boundaries
of the spray change from near-straight to increasingly
curvilinear i character as the chamber gas pressure
is increased. Both these observations are in agreement
with those reported in Ref. 8. The effect of varying
the fuel pressure drop at a constant level of chamber
gas pressure can be seen to be largely confined
to the 101.3 and 307.8 KN/m2 gas pressure con-
ditions. At higher gas pressures the effect is not
significant. Due to liminations of cost and space
experimental photographic data presented i this
paper is being restricted to Plate 1. Further data is_
contained in ref. /5/.

Analysis ofPhotographic Data

The photographs provide a qualitative assessment
of the effects that different variables have upon
the spray plume boundaries but the usefulness/
applicability of such trends is rather limited unless
a mathematical/empirical correlating expression can
be developed. Large amount of photographic data
collected i this study allows such an attempt to
be made i contrast to the limited amount of data
collected on the behaviour of the pilot nozzle in
ref. /8/_ It was felt that if the spray profiles could
be described by polynomial expressions which
could be stored i a computer, then any required
aspect of the curve geometry could be examined
readily.

With the above objective-in mind, a standard
'routine was established. The negatives were pro-
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jected onto the screen of a microfiche reader and
the outer most visible boundaries of the spray plume
copied onto a sheet of tracing paper. The axis of
symmetry of this tracing was identified, using a
sheet of graph paper, and the origin of a system
of x-y co-ordinates was placed at the discharge
orifice. The distance from the x-axis to the spray
boundary (i.e. y-ordinate) was measured for both
sides at steps of x = 10 mm for a total of 15 inter-
vals. The two values of y for a given value of x
were averaged and fed into the computer i order
to fit them to a fourth order polynomial expansion
by the least squares method. The resulting coef-
ficients were stored in the computer along with the
test details for further analysis.

It should be pointed out here that the microfiche
reader was checked for and found to be free from
distortion. Furthermore, it was found to afford
analysis of the spray up to a maximum axial distance
of 45 mm (from the injector face) on the real life
scale. This was considered to be adequate for the
purposes of developing a insight into the nature
of changes that the structure of the spray undergoes
within the confines of a typical combustor primary
zone length. The use of the microfiche viewer was
observed to give a magnification of 3.33 and to
bring the analysis back to life size a multiplication
factor of 0.3 was incorporated into the computer
calculations.

Spray Angle Results

A review of the open literature reveals two com-
monly used definitions for the term spray angle.
Giffen and Murasjew I9/ defined the spray cone
angle a the angle between the tangents to the spray
envelope at the atomizer orifice. DeCorso and Ke-
meny a well as Neya and Sato adopted this de-
finition for their research reported i refs. / 1/ and
I2/ respectively. Others including Lefebvre /10/,
Clare, Gardiner and Neale /ll/ and more recently
Dodge and Biaglow /4/ have preferred to define
the spray cone angle as the angle formed by two
straight lines drawn from the discharge orifice to
cut the spray contours at some specified distance
from the atomizer face. In other words it is the
angle related to the spray width at a specified axial
distance from the discharge orifice. There is a draw-
back to this latter definition because the shape
of the spray contours is complicated and there

2ll

can be large number of spray profiles sharing the
same angle simply by sharing the same width at
the specified location. On either side of this loca-
tion, however, the spray widths may be significantly
different. For this reason, it must be borne in mind
that this definition is, strictly speaking, applicable
at the specified location only and may result in
erroneous conclusions i considered to be more
generally applicable.

Figure 2 shows the effect of chamber gas pressure
for two different fuel pressure drops on the spray
angle at the discharge orifice (consistent with Giffen
and Murasjew's definition) for the Delavan 6 GPH/
70° rated injector. The spray angle values were
obtained by taking tangents to the polynomial
at x = 0. Despite the fact that the results seem to
exhibit some scatter, the authors believe that they
are generally more consistent and accurate than
would have been obtained if visual assessment had
been adopted for drawing tangent to the various
curves. Figure 3 shows the effect of fuel pressure
drop on the spray angle for the same nozzle at
a chamber gas pressure of about 618 KN/m2. lt
is clear from these figures that the spray angle at
discharge orifice is practically insensitive to vari-
ations in fuel and ambient gas pressures. This would
seem to imply that the nozzle hydrodynamics has
little, i any, relationship with gas/fuel pressure
variables - being largely determined by the initial
design.

Spray Width Results

A knowledge of the spray angle at the discharge
orifice is of limited interest to the engineer who
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is faced with the task of achieving satisfactory com~
bustion-emissions performance by avoiding excessive
variations i fuel-air mixture concentration within
the burning zone. Knowledge of the spray plume
width as well as an understanding of the effect
of key variables on it within the confnes of the
primary zone is clearly necessary if fuel and air
are to be effectively mixed. A indicated before,
the spray width analysis could be conducted for
any number of axial locations upto a maximum
distance of 45 mm from the nozzle face. For the
sake of brevity and relevance to combustor primary
zone, it was decided to restrict the analysis i the
first instance to a single location - that correspond-
ing to a distance of 30 mm from the nozzle face.
This analysis can, in future, be extended to cover
other locations if considered appropriate.

Figure 4 shows the effect of chamber gas pressure
upon the spray envelope width for the Delavan
6GPl-I/70° injector at two different levels of fuel
pressure drop. A increase i gas density can clearly
be observed to result i a significant reduction
in the spray plume width. The spray contraction
curves seem to suggest a high rate of contraction
at low levels of chamber pressure i marked contrast
to the levelling off at chamber gas pressures of
about 103 KN/m2 and above. It has been estab-
lished before that the increase i chamber gas pres-
sure does not alter the liquid trajectory/angle at
the point of discharge despite the inevitable in-
crease i the pressure of the gas core (and hence
the frictional drag due to it) within the swirl cham-
ber. In other words the axial/targential velocity
characteristics of the liquid at the discharge orifice
exit are unaffected by the changes i ambient gas
pressure. Consequently, the reduction i the spray
plume width is due to the aerodynamic interaction
of the fuel spray with the gaseous environment
into which it is injected. The results collected herein,
however, do not extend the current state of know-
ledge regarding the precise mechanism that is respon-
sible for spray contraction/boundary curvature.

The effect of nozzle fuel pressure drop on spray
width at chamber gas pressures of 101 and 1377
KN/m2 is illustrated in Figure 5. The influence
exerted by nozzle pressure drop can clearly be
seen to dimirish with increasing ambient gas pres-
sures. As a matter of fact for gas pressures of about
1000 KN/m2 and above, the effect is barely noti-
ceable. It i quite obvious that the fuel pressure
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drop is playing a role that is secondary to that of
the gas pressure.

The extent to which the spray results are specific
to nozzles of a given make, i.e. those featuring
common manufacturing practice, is a question
that arises frequently. ln other words the influence
that the manufacturing practice exerts upon the
spray performance needs to be identified if mis-
leading generalisations are to be avoided. Figures
6 and 7 show some comparative results on Delavan
6GPH/70° and Danfoss 6.3GPH/80° nominally
rated nozzles i an attempt to resolve the issue.
The two injectors behave in much the same manner
as the chamber gas pressure and fuel pressure drops
are varied thus_implying that the spatial distribution
characteristics of pressure atomzied simplex sprays
are not significantly inuenced by variations i
manufacturing practice/internal geometry. This re-
inforces the view that the reduction i the spray
plume width is a result of the aerodynamic inter-
action of the fuel spray with its gaseous environ-
ment after emerging from the discharge orifice.
lncidentally, the nozzle with the larger nominal
spray angle can be seen to yield a consistently wider
spray plume. This is only to be expected from two
nozzles that are of nearly identical flow number.

The effect of nozzle flow number on the spray
envelope width for Delavan l.5GPH/90° and Danfoss
6.3GPH/80° nozzles, bearing i mind the earlier
observation that the impact of the different ma-
nufacturing practices is unlikely to be serious, can
be seen in Figures 8 and 9. For a fuel pressure drop
of 689.5 KN/m2 the Delavan spray plume is wider
due to its greater nominal cone angle but can be
seen to reduce at a faster rate with increases i
chamber gas pressure. This is i marked contrast
with the curves shown on Figure 9 for a fuel pres-
sure drop of 34475 KN/m2 - not only are the
two curves of a generally similar character but also
the spray width of the Delavan injector with its
nominally larger cone angle is less than that for
the Danfoss injector. It should be pointed out here
that the smaller flow number nozzle generates a
fner spray for a given fuel pressure drop and con-
sequently its data are prone to more scatter due
to the possible obscuration of the spray boundary
through mist build up. -None the less the results
indicate that the effect of nozzle flow number
upon spray width is dependent upon the fuel pres-sure drop through possibly its effect upon the droplet
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momentum/drag ratio. This i clearly an avenue
for further research partly due to the uncertainty
regarding the extent to which the droplets have
been generated by the 30 mm station and partly
due to the rather small flow number nozzle operating
at a high fuel pressure drop.

Correlation of Results

The foregoing spray plume width data, relating
to the 30 mm station, was subjected to systematic
evaluation using the conventional log-log analysis
methodology i a attempt to correlate it with gas
pressure (Pa) and fuel pressure drop (APf) - see
Figures 10, ll and 12 for example. The method
of least squares was used to t the straight line
to the experimental data and the following gradient/
exponent and the correlation coefcients (R) were
obtained:
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ecm/70° e.3c>~/soÂ°

Pa -0.216 -0.241 ess < Arºf< 3450 KN/m2
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In other words Pa and AP; influence the spray half
width 'y' i accordance with the expressions y a
Pa"1 and y a APfn2 where the average value of
n, = -0.26 for APf in the 689 to 3450 KN/m2
range and that of n, = -0.175 for Pa up to about
600 KN/m2. The value of n, for gas pressures above
about 700 KN/m2 is negligíbly small. The l.5~GPl¬I/
90° Delavan injector gave a value of nz = -0.61
and consequently would seem worthy of further
study due to its markedly different behaviour re-
lative to the other two injectors. It is not clear
whether the operation of a small flow number nozzle
at a high fuel pressure drop encourages the hydro-
dynamic behaviour of the nozzle to change which
in turn will influence the characteristics of the liquid
at the point of discharge.

Comparison of the findings of this investigation
with those reported by previous researchers, notably
DeCorso - Kemeny /l/ and Neya - Sato /2/ is
hindered by many factors. The measurement tech-
nique as well as the experimental set up employed
in the earlier studies is significantly different from
that adopted in this study. Both the previous studies
used intrusive, non iso-kinetic collection/sampling
tube set ups for ascertaining the effect of air and
fuel pressures on the mass distribution of liquid
within the spray envelope i contrast to the non-
írtrusive, photographic approach adopted in the
present work. DeCorso and Kemeny's spray con-
traction data was (obtained at a sampling station
located 114 mm from the nozzle tip and that of
Neya and Sato's at 200 mm while that presented
in this paper has been obtained/at a distance of
30 mm - more consistent with the primary zone
lengths of the current combustors. Another aspect
that is worthy of mentíon here is the fact that in
both the previous studies the injectors were located
so as to discharge the fuel spray i a vertical di-
rection i contrast to the horizontally discharged
spray set up of this study. This may have some
implications a regards the gravitational effect on
the spray droplet trajectory in a high gas pressure
environment.

Conclusions

The main conclusions that can be drawn from
this work are as follows:

(1) Spray angle at the discharge orifice is in-
sensitive to gas and fuel pressure variations.
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(2) The closing i of the spray boundaries at
the 30 mm station due to a increase i ambient
gas pressure is a result of the aerodynamic inter-
action between the fuel spray and its gaseous en-
vironment - the nozzle hydrodynamics apparently
exercising no influence.

(3) The spray half width 'y', gas pressure 'Pa'
and fuel pressure drop APf' are correlated by the
expressions:

y f P;°-2° for 689 < AP, < 3450 KN/mâ

y < API.-°~*Sf<ºr 100 < Pa < soo KN/m2

at 30 mm from the nozzle face for the 6GPH/70Â°

and 6.3GPH/80° rated nozzles. The behaviour of
the small capacity nozzle (i.e. 1.5GPH/90°) is sig-
nificantly different from the other two to make
it worthy of further study.

(4) The spray envelope widths appear to be
unaffected by the nozzle make.
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Abstract

The spray quality and spatial distribution characteristics of a pressure atomizer of the dual-orifice type have been experi-
mentally investigated using the well-established, non-intrusive techniques of laser droplet sizing and photography. Tests were
conducted on kerosine and gas oil at air pressures up to about 8 atmospheres. The characteristics of spray quality and spatial
distribution have been shown to undergo a notieeable change over a wide range of main fuel flows. An increase in the air density
results in an improvement i the spray quality, but, is accompanied with a reduction i spray penetration. The dropsize cor~
relation evolved earlier for the simplex pressure atomizer has been applied with success to the dual-orifice atomizer featured
i this investigation.

Nomenclature

FN = atomizer ow number, W/ \ AP
SMD = Sauter Mean Diameter, m
W = mass ow rate, kg/s
AP = atomizer pressure drop, N/m2
p = density, kg/m3
a = surface tension, N/m
u = kinematic viscosity, mz /s
' = absolute viscosity, Ns/m2

Subscrip ts

f = fuel
p = pilot
m = main

Introduction

The performance of a gas turbine combustor
is well known to be strongly related to the quality
of fuel preparation. Detailed knowledge of the
behaviour» of the fuel injector would, consequently,
help considerably any attempts at developing a
satisfactory understanding as lwell as the capability

o

to accurately predict and achieve the performance
of a given combustion system. For this reason fuel
injectors of the type used i the current generation
of gas turbine engines have been subjected to nu-
merous investigations. The attention has hitherto
been focused upon the quality of atomization as
indicated by the sizes of the drops produced, as
a result of the disintegration process, and its rela-
tionship to the injector design/operatirg conditions
as well as the fuel properties. There is, however,
increasing concern with regard to the non-unifomi
and variable nature of spatial distribution of the
fuel spray emanating from a given injector over
the entire operational range of the combustion
system. Excessive variations of the fuel-air mixture
concentrations within the buming zone will ad-
versely affect the combustion-emissions performance
of the gas turbine engine.

The purpose of this paper is to examine i some
detail the spray quality and spatial distribution
characteristics of a pressure swirl atomizer of the
dual-oriñce type under varying air density con~
ditions. Despite the fact that such atomizers have
been used i gas turbine engines for a long time,
little i known about many key aspects of their
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operation. For example, the interactions taking
place between the pilot and main sprays, together
with the effect that air and liquid properties have
upon the spray structure and performance are two
critical areas worthy of detailed investigation. Even
the recent pressure atomizer study reported in
/l/ does not cover the dual-orifice type of injector.
Furthermore, it gives no consideration to the effect
of ambient air pressure upon the spatial distribution
characteristics of the pressure atomized spray.

lt may be argued that in view of the vastly su-
perior combustion-pollution performance of the
air-blast and vaporízing type of fuel injection systems
(see /2/ and /3/), pressure atomizers need no further
serious investigations. However, considerable interest
still remains in them due to the very large number
of pressure atomizers that are still in service today.
Furthermore, the interest i the simplex pressure
atomizer is even greater due to the fact that it pro-
vides a pilot/starting jet with very wide stability
limits and is consequently common to the dual-
orifice pressure atomizer (duple), the hybrid airblast
atomizer, and the vaporizing type of fuel injection
systëm. Relaxation i the quality of the future
fuels as a result of cost and availability considerations
coupled with the need to comply with the legislation
restricting the pollutant emission were the added
considerations for conducting this programme of
research under the sponsorship of the British Mi-
nistry of Defence. Emphasis i this programme
was placed upon the experimental research i an
attempt to obtain spray quality and spatial dis-
tribution data relevant to the operation of gas turbire
combustors over a range of air pressures and fuel
viscosities.

Experimental Details

A standard dual-oriñce injector of the type
tted to many engines in the last two decades was
selected for this investigation. The ow rating as
well as the visual spray quality of the injector was
checked and observed to be satisfactory before
the commencement of the experimental programme.
Independent fuel supply lines along with control
valves and pressure gauges were provided for the
two nozzles. This was to enable the interaction
of the pilot and main sprays to be examined over
a range of fuel ows that were wider than would
have ordiraríly been possible through the use of
a conventional pressurising valve set up.

Effects of fuel quality upon spray performance
were conned to kerosine (n = 0.0013, 0 = 0.027,
p = 784) and gas oil (n = 0.0053, 0 = 0.0299, p =
846). Calibrated flow meters and pressure gauges
were used to establish the correct fuel ow con-
ditions for the dual-orifce injector.

The experimental set up used i this study is
shown i Fig. 1. Optical windows were incorporated
into the pressure chamber for monitoring the atomi-
zed spray envelope as well as drop size under con-
ditions of varying air density. High pressure air
was obtained from the mair laboratory system
and was introduced into the pressure vessel at a
point somewhat removed from the injector but
close to the optical windows. Stagnant air flow
(i.e. no through flow) conditions were maintained
in the pressure chamber due to considerations of
cost and complexity. The effect of various air ows
in the combustor primary zone has, i other words,
not been examined here. Furthermore, the tem-
perature of the air throughout the test series was
close to ambient.

The spray structure was determined through
the use of still photography whereas drop size mea-
surements were made by utilising the we1l-estab-
lished, non-intrusive laser light-scattering tech-
nique. The optical technique is based upon the
principles of forward diffractive scattering of a
parallel, monochromatic beam of light as it passes
through the test spray and is a extension of that
originally developed by Dobbins et al. /4/_ Gene-
rally speaking, the technique has been observed
to yield satisfactory mean drop size results down
to about 20 microns for a wide variety of fuel in-
jector types as well as their operating conditions
including those featuring high ambient air pres-
sures.
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Fig. 1: Outline arrangement of the test installation



Results and Discussion

Photographic Investigation

The structure of kerosine spray emanating from
the dual-orifice injector as a function of varying
fuel flow is illustrated in Plate 1 for a chamber
air pressure of 1 atmosphere. The variation in in-
jector fuel flow was achieved by varyirg the quantity
of fuel passing through the main nozzle whilst a
constant pressure drop, relative to the chamber
air pressure, of 300 psi was maintained across the
pilot nozzle. This procedure was regarded as being
typical of a engine's operational sequence. The
precise effect that the initial opening of the pres-
surizing valve and therefore the admission of fuel
through the main nozzle upon the spray quality
and spatial distribution has been poorly documented
i the open literature thus far. Little is known about
the interactions taking place between the pilot
and main sprays during this phase. An examination
of Plate l reveals noticeable changes i the shape
a well as the quality of the spray as the main fuel
ow is progressively increased. The initiation of
ow through the main nozzle is accompanied by
very little pressure energy and consequently the
fuel is being discharged not as a well-formed conical
spray but a a dribble. This results i a noticeable
degradation i the quality of the combined spray
whilst the spatial distribution characteristics are
not significantly modified iritially. As the flow
through the main nozzle increases, its pressure
energy. increases ard this i tum yields a spray
yvhich is not only improving i quality but also
features widening of boundaries progressively. 'Even-
tually the main spray assumes a well-formed conical
structure; and, further increases inits flow gate
(and hence pressure energy) result basically in an
improvement i its quality alone. As a consequence
the degradation in quality exhibited by the combined
spray becomes less severe. Plate 1 conrms this
and i addition shows the wide range of main fuel
ow over which the characteristics of spray quality
and spatial distribution are changing as the pilot and
main sprays interact.

Plates 2 and 3 illustrate the structure -of the
dual-orifice injector spray at chamber air pressures
of 5 and 8 atmospheres respectively. The shape
of the pilot spray on its own, for a constant fuel
pressure drop, of 300 psi, can clearly be seen to
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be strongly influenced by the ambient air pressure
(Plate 2a and 3a against Plate la).\The boundaries
of the spray change in character from near-straight
to increasingly curvilinear as the chamber air pressure
is raised. A close examination reveals pronounceg
bounidary changes i the stncture of the far-feld
spray. On leaving the discharge orifice of the pilot
nozzle the swirling sheet of liquid seems to follow
much the same trajectory for the first few milli-
metres of its flight. This would seem to imply that
the increase i the pressure of_the air core inside
the swirl chamber, an inevitable consequence of
an increase in the chamber air pressure (see /5/),
is not significantly altering the velocity characteristics
of the liquid at the point of discharge. The sub-
sequent movement of this sheet of liquid will, how-
ever, depend upon the characteristics of the pre-
vailing environment. An increase in the chamber
air pressure will result i the sheet/droplets en-
countering greater resistance and consequently
their energy will be dissipated more rapidly to the
surrounding gas. The effect of this increase in aero-
dynamic resistance i terms of reduced spray pe-
netration will be expected to be more evident in the
far-field.

In addition to this, De Corso and Kemeny, /6/,
suggest that a depression is created inside the hollow,
air-cored spray due to gas entrainment and this
generates a differential pressure across the liquid
sheets Theyargue that the magnitude of this pressure
differential ircreases with a increase i chamber
air pressure thus closing i the spray boundaries
still further. The work of Neya and Sato, /7/, cover-
ing air pressure range of 3.56 to 71 psia, seems
to be in agreement with their hypothesis. By cutting
off the spray through the use of conduit pipes and
hence improving the availability of air for entrain-
ment around the inside of the spray, they claim
to have restored the contraction of the spray bound-
aries over the range of air pressures investigated.
The currently available evidence indicates that
the change i the liquid trajectory accompanying
the variation i the chamber air-pressure is due
to the interaction of the hollow, air-cored spray
with the environment that is external to the in-
jector.

A progressive in`crease i the main fuel flow
can be seen in Plates 2 and 3 to have a noticeable
effect upon the shape as well as the quality of the
spray even at higher (but fixed) chamber air pres-
sures. Once again this changing state of spray spatial
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distribution and quality persists over a wide range
of main fuel ows. Also evident is the ircreasingly
curved nature of the combined pilot and main spray
boundary as the chamber air pressure rises [e.g.
Plate 3(d) against 'l(d); 3(b) against l(c)] _

The dual-orifce injector operation at low chamber
air 'pressures (up to 3 atmospheres) is shown in
Plate'4. It is evident that even at such low chamber
pressures the pilot spray boundaries are beginning
to close in. /.Another interesting feature is the effect
of fuel dribble from the main nozzle, as exemplified
by Plate 4(d), on the atomizatíon performance
of the pilot. Clearly this is a situation where the
fuel dribbling from the main nozzle is relying for
its disintegratßn Alargely upon the energy of the
pilot spray.?his sharing of energy between the
two sprays is usually achieved by careful attention
to the cone angles of the pilot and main nozzles.

Due to the concern regarding the quality of
future petroleum derived gas turbine fuels, it was
considered prudent to conduct a limited investi-
gation on gas oil. Plate 5 illustrates the effect upon
spray performance of increasing the main fuel ow
for a constant pressure drop of 300 psi across the
pilot relative to a chamber air pressure of 3 atmo-
spheres. It is interesting to note that even at a com-
bined diesel flow of 40 gph the spray envelope
is neither fully developed nor suffciently well-
atomized. The effect upon spray quality of diesel
dribbling from the mair nozzle as well as the per-
formance of the dual-oriñce injector at a high,
combined diesel ow rate of 100 gph at various
levels of chamber air pressures was also examined,
/8/.

Dropsíze Measurements

The photographic investigation was followed
by a limited amount of spray mean drop size testing
in an attempt to obtain a broad quantitative insight
into the behaviour of the dual-oriñce injector over
a range of air and fuel variables. It is worth reitera-
ting here that there is a distinct dearth regarding
information of this kind - in the main drop size
studies on simplex type of pressure swirl atomizers
have been reported in the literature (see /1/, /7/,
/9-1 1/). Figure 2 shows the effect upon atomizatíon
performance of varying the kerosine and diesel
ow rates through the dual-orifice injector under
atmospheric pressure conditions. It should be borne
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Fig. 2: Mean drop size performance under varying fuel flow
conditions - 1 atm data

in mind that the combined mode of operation has
been achieved here by maintaining a constant pres-
sure drop of 300 psi across the pilot whilst varying
the main flow - i.e. consistent with the approach
adopted during the photographic investigation.
Atomization quality can be seen to be somewhat
poor over a wide range of fuel ows - starting
from the point at which the fuel is initially dis-
charged from the main nozzle i the form of a
dribble to a combined flow of around 40 gph. A
similar state of affairs can be observed to prevail
at a chamber air pressure of 5' atmospheres (Figure
3).

The effect of fuel quality upon spray mean drop
size performance is also illustrated in Figures 2
and 3. The change from kerosine to gas oil (to BS
Spec. 2869) as the spray medium has a degrading
inuence upon the spray behavior for l as well
as 5 atmosphere chamber air pressure levels. The
physical property of fuel that is principally re-
sponsible for this degradation i the absolute vis-
cosity, because the change i both the density and
the surface tension characteristics in going from
kerosine to gas oil is insignificant relative to that
for absolute viscosity.

An examination of the evidence currently avail-
able on the simplex type of pressure swirl atomizer

°o r i i Äo so s vb a
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reveals conicting trends regarding the effect of
ambient air pressure on spray quality. DeCorso,
/9/, observed a increase i mean drop size with
a increase i ar pressure and this was conrmed
by Neya ard Sato, /7/. However, Giffen and Lamb
/ll/, Clare /10/, ard Rizk and Lefebvre /1/, have
all reported te opposite effect. Ee photographic
results reported innthe preceding section indicate
a notieeable reductionJn_the_spray width as the
chamber a'g_p:essre_increasÜ. Ti closing i of
the spray boundaries will, ffa given quantity of
liquid, be expected to result i a increase i the
thickress of the liquid sheet undergoing break up.
I addition, the droplets formed wi1I_have greater
opportunities for coalescing with each other as
the spray contracts. These adverse influences will,
however, be opposed by a increase i the aero-
dynamic forces causirg liquid break-up as the air
density ríses. The limited amount of data contained
i Figures 2 and 3 has been cross-plotted i Figure
4 for gas oil ard it does reveal a net reduction i
the spray mean dropsize a the ar pressure i raised
from 1 to S atmospheres. Clearly, this complex
interaction varrants further research, especially
over a range of ar pressures that are more repre-
sentative of the current gas turbire operation.

Correlation of Dropsize Data

The spray quality characteristics of the dual-
orice atomizer studied here can be predícted by

SAUTER EAN DAKTER HIERONS
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150' ,

utilising the drop size correlation developed for
the simplex pressure atomizer when spraying in
stagnant air at atmospheric pressure in a earlier
study by the present author, /12/. The relevant
correlation is given below:

SMD = 4_4p.s 02.6 W194: Apr-o.-as (1)

Before the above correlation can be used for
the dual-orice atomizer, the terms Wf (fuel mass
flow rate) and APf (fuel pressure drop) need c1a~
riñcation. Wf relates to the combined fuel ow
rate whereas AP; is the resultant fuel pressure drop
for the combined spray. The combined fuel flow
is readily ascertained, but there are two possibilities
regarding the resultant fuel pressure drop - based
upon the assumption that the pilot and main sprays
coalesce with each other and share either their
kinetic energy or momentum. Both the expressions
are given below.

Momentum sharing:

wm \/APM
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Fig. 4: Mean dropsize performance under varying fuel flow
and lr pressure conditions
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W AP + W AP= [ fvp J fp føm ` fm
12wf

Kinetic energy sharing:

Wf APf = W,-'P AP, + Wfym APM"

Of

wf AP, + wf AP,
ap, = (3)

f

where Wf=Wf,p +Wfºm for both cases.
The predictions of equation (l) above based

upon the resultant fuel pressure drop values for
the combinedspray as per equations (2) and (3)
above are plotted against the measured data for
the l atmosphere, kerosine case i Figure 5. Clear-
ly, the momentum approach is yielding significant-
ly better agreement over the critical flow range
during which the main spray is far from being well-
formed.
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Fig. 5: Comparison of experimental dropsize data with

predictions
Kerosine, 'Iatm
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The approach of the pilot ard main sprays sharing

their momenta has also been discussed by Lefebvre,
/13/, and he quotes specific expressions relating
to the poirt of worst atomization. Whilst the point
of poorest spray perforrnarce is clearly important
from the standpoint of combustion-emission per-
formance, it does not reflect adequately the pre-
vailing state of affairs i view of the wide range
of fuel flows over which the main spray is not fully
developed.

Concluding Remarks

The results discussed in the foregoirg section
give an insight into the nature of interactions taking
place between the pilot and the main sprays over
aange of operating conditions. The spray quality
and spatial distribution have been shown to be
noticeably affected over a_wide range of fuel flcï¬
through the main nozzle. The extension of the
simplex pressure atomi_zer correlation to cover
the dual-orifice injector is clearly a worthwhíle
development, but it does require a broad data base
to evaluate its accuracy and applicability as a general
expression. The design as well as the operational
characteristics of the dual-orifice injector will vary
from one engine application to another - as a matter
of fact they sometimes do vary even within the
same engine. The ratio of the main to pilot ow
numbers, the relative cone angles, the pressurisirg
valve settings, etc., would al be expected to in-
uence the irteractions taking place between the
two sprays. The injector fuel ow-combustor air
pressure relationship with engine type is an example
of yet- another related but unexplored variable.

The pressure of the air surrounding the fuel
spray has been shown to exert a strong inuence
upon its behaviour. A increase i the density of
air following a rise i air pressure, increases the
magnitude of aerodynamic forces that are encoun-
tered by the liquid upon leaving the discharge orifce.
This has a benecial effect upon spray quality be-
cause it makes the process of fuel disintegration
more intense. However, fuel distribution is adversely
affected because of a reduction i penetration a-
chieved by the liquid. In a engine, an increase
in the combustion chamber pressure will also be
accompanied by a increase i temperature. Besides
affecting the density of the spray enviromnent,
this may also result i evaporation of some of the
fuel particles. '
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The spray assessments reported here have been
carried out in isolation - the effect of combustor
aerodynamics having been overlooked. In the main
this was due to considerations of cost and com-
plexity. The effect of such air flows as injector
shroud, primary zone swirler, secondary holes,
etc., particularly upon spray ballistics could be
profound and is clearly a avenue for further re-
search. Air flow patterns within the combustion
zone will vary depending upon the scale and in-
tensity of recirculation and this in turn may in-
fluence the characteristics of the fuel spray.
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ABSTRACT

This paper presents the results of a study into the effect that liquid orice
orientation and scale have upon the dropsize performance of a plain-jet
airblast atomizer featuring the injection of multiple liquid jets into a
swirling airstream. Tests were conducted on water at near atmospheric
pressure and temperature conditions using the well-established laser
light scattering technique for spray quality measurements. The results
presented in the paper reveal that the angular orientation of the liquid
orice, both in longitudinal and radial directions has a noticeable
impact upon the atomization performance and exhibits scope for
attaining further worthwhile reductions in dropsize relative to the
multiple, transversely injected liquid jet configuration.

LIST OF NOTATIONS

ALR air to liquid mass ratio
diameter
mass ow

 Amended version of paper presented at the Beijing International Gas Turbine
Symposium (ASME) 1-7 September, 1985.
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P pressure, atmospheres
AP/p atomizer air pressure drop, %
SMD Sauter Mean Diameter, micron or m
T temperature
V velocity
oz, ß liquid injection angles

swirler vane outlet angle
absolute viscosity
density
surface tension

Q`O3`<

Subscripts
air

liquid
orice (injection)
jet (liquid)

1 INTRODUCTION

The importance of good quality fuel preparation is now widely
acknowledged as being crucial to many performance aspects of gas
turbine combustors. Specically, characteristics such as ease of ignition
(over a range of operating conditions from sea level to high altitudes);
efficiency and stability; temperature distribution of the gases at the
combustor exit; levels of smoke as well as of other noxious pollutants;
amounts of ame radiation- and its effect upon the durability of the
combustor liner. Clearly the basic aim has to be to achieve the specic
performance goals relating to a given system in terms of all these
parameters and to maintain them in the event of a degradation in the
quality of fuels whether derived from hydrocarbon or alternative
sources. In addition, the trend towards' an increase in gas turbine
pressure ratios poses yet another level of complexity on the fuel
injection/combustion system designers.

The superior performance of the airblast atomizer over the pressure
jet type has led to its widespread adoption in the modern high
pressure-ratio aircraft type of gas turbine engine. The important
advantages of airblast atomization have been discussed in some
considerable detail by Lefebvref From amongst the numerous airblast
atomizer geometries that have been investigated over the years, two
main types seem to stand out. These are the, so called pre-lming type,
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investigated extensively by Lefebvre and his co-workers and the
plain-jet type, the subject of this and other recent Craneld studies.â

The key design feature of the pre-lming arrangement is the attemptto spread the liquid into a thin, continuous annular sheet of uniform
thickness. The smallest sized drops being produced by the thinnest
liquid sheet. This annular sheet, generated on a pre-lming surface, isthen exposed to two high velocity airstreams. Intimate fuel and air
contact is achieved by arranging for these two airows to sandwich the
thin liquid sheet. A drawback of this design philosophy is the need to
provide for two separate airow passages within the atomizer body, andthis not only complicates the atomizer design, but also makes it more
expensive.

Because of this the plain-jet type of airblast atomizer, wherein the
liquid is not pre-lmed into a thin sheet but instead injected in the form
of one or more discrete circular jets, is sometimes preferred. These
circular liquid jets undergo disintegration in-íght in a single airstream,
usually provided by a conventional swirler, to form a nely atomized
spray. The extent to which the liquid and air interact effectively in the
plain-jet conguration is dependent upon the geometric variables
relating to the air swirler and the liquid injection orice.

The purpose of this paper is to further extend the level of knowledge
regarding the design aspects of the plain-jet airblast atomizer. Speci-
cally it deals with the effect that the liquid injection orice orientation
and scale have upon its spray performance. Despite the fact that
plain-jet airblast atomization has been studied fairly extensively,
particularly in the last decade or so,""° little is known about the effect of
atomizer geometry upon spray performance. In the main, earlier
studies have tended to examine the effect of operating variables (i.e. airand liquid properties) upon the spray performance of atomizers of a
given geometry without paying a great deal of attention towards the
optimization of that geometry. The work reported here is an attempt to
remedy some of these deciencies and is a part of an on-going
programme of research into plain-jet airblast atomization at the
laboratories of the School of Mechanical Engineering, Craneld Insti-
tute of Technology. Further details relating to this study can be found
in Ref. 6.

2 EXPERIMENTAL PROGRAMME

The primary variables selected for the purposes of this study were the
angular orientation and scale of the injection orice. The angular
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orientation was varied in two planes-longitudinal and radial as can be
seen in Fig. 1. In addition a limited amount of experiments featured the
effect of such air properties as the velocity and air-to-liquid mass ratio.
The effect of liquid surface tension and absolute viscosity were excluded
from this programme due to the considerable depth to which they have
been covered in the previous Craneld studies.â

The approximate range of conditions actually covered in the experi-
ments are detailed below:

Airstream velocity 35-80 m/s approx.
Airstream density Corresponding to normal

pressure and temperature
conditions.

Air-to-liquid mass ratio 1-10 approx.
Injection orice l/d ratio 4 approx. '
Injection orice diameter 0-5 to 1-8 mm

Number of injection orices 16

Angular orientation of injection orices:

(1) Longitudinal plane ao from -30° to +45Â
°

(2) Radial plane ße from 0° to 60Â
°

The atomizer examined in this investigation was similar in design to
that used by Husseins and featured a curved vane air swirler with an
outlet angle y of 65°. The main difference being that Hussein's work on
the complete atomizer (in contrast to the single jet studies that were
also undertaken) featured the transverse injection of multiple liquid jets
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whereas in the present work the angular orientation of the liquid jet
array has beenvaried independently over a wide range in longitudinal
as well as radial directions as shown in Fig. 1. A large number of
atomizer heads were manufactured, each with a different angular
orientation (longitudinal as well as radial) for the purposes of this
study. It should be pointed out that these angular Variations were
carried out individually, i.e. either in the longitudinal or the radial
direction but not in a combined longitudinal and radial direction.

3 EXPERIMENTAL DETAILS

A schematic illustration of the test facility is shown in Fig. 2. Air at
near normal atmospheric pressure and temperature was supplied to a
transparent circular test section through a bell mouth located in the
settling chamber. The air mass ow was measured in accordance with
the specications of B.S. 1042. Detailed measurements of air tempera-
ture and velocity proles were carried out and the proles relevant to
this study are presented in Ref. 6.

Water (17 = 0-001, 0 = 0-0735, p = 1000) was the only spray medium
used in this study and was fed to the injector by means of a multi~stage
pump. A bank of precision owmeters, appropriately calibrated before
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Fig. 2. Schematic diagram of test rig.
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the commencement of the experimental programme, were used to
establish the correct liquid ow conditions for the injector.

The spray Sauter Mean Diameters were measured using the well-
established, non-intrusive, laser light-scattering technique. The optical
technique is based upon the principles of forward diffractive scattering
of a parallel, monochromatic beam of light as it passes through the test
spray and has been used extensively for the earlier airblast atomization
research. Generally speaking, the technique has been observed to
yield satisfactory mean dropsize results down to about 20 microns for a
wide variety of fuel injector types as well as their operating conditions.
To ensure the reliability of the experimental results, the optical bench
was calibrated and checked for accuracy in operation by using a
pressure jet type of Delavan injector of a known dropsize performance.

For the type of experimental set up utilized in this study, Hussein et
al.,8 established that the process of conversion of liquid into a
multiplicity of drops is sensibly complete at a distance of some 50 mm
from the point of injection, and that no signicant coalescence occurs
for some distance beyond it. Consequently, a measuring station located
70 mm from the injection orices was chosen for the purposes of this
study.

4 RESULTS

The effect of air to liquid mass ratio upon spray quality, over a range of
airstream velocities, is depicted in Figs 3 and 4 for two different angular

300 -
LIOUID ORIFIEE DIAMETER, do = 10 mm

250 LONGITUDINAL INJECTION ANGLE,

°<O200_ ARs REAM
O E vtocies
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100 -

ff/

° 57 mls50 ' 65 m/s
Ö 4 80 mls

I I I I I I I I I I I I0
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Fig. 3. The effect of changes in air to liquid ratio on SMD characteristics,
d=1-0mm.



Dropsize performance of a plain-jet airblast atomizer 113

300' Lfuo oR=cE 0AME ER, ao = 1ºo mm
R/oxt NEcToN ANGLE B0= eo'

zso

zoo ARs REAM
O E L vetocmes vüÄ±
:|1 f ,t 150 _ 35 m/s

100 -

50- O 0 '57 m/s
äëäê- A. A , 65 m/s80 m/s

4 . .0
0 1 2 3 L 5 6 7 B 9 10 11 12

ALR

Fig. 4. The effect of changes in air to liquid ratio on SMD characteristics,
d0= 1-0 mm.

orientations of the injection orice. It is clearly evident that changes in
air to liquid ratio do not have a strong inuence upon the quality of the
spray especially for higher airstream velocities. This observation is
similar to that reported in Ref. 9 and underlines the importance of
ensuring that such atomizers are designed to operate with an ALR of
about 2 to 3 due to considerations of atomizer size/cost, and to a
somewhat limited extent due to weak combustion stability. Also
evident from the same gures is the effect of airstream velocity upon
the neness of the liquid spray. As would be expected, on the basis of
the previously established trends, an increase in airstream velocity from
35 to 80 m/s results in a signicant reduction in the spray mean dropsize
values.

Figures 5 and 6 illustrate the effect of varying the angular orientation
of the injection orice in the longitudinal direction for 1~0 and 1-8 mm
orice diameters. Clearly the angle at which the jet of liquid is injected
into the high velocity airstream can have a noticeable effect upon the
duration as well as_ the effectiveness of liquid and air interaction.
Upstream injection (i.e. negative values of ao) would be expected to
yield a more vigorous interaction with the airstream relative to the
downstream (i.e. positive values of ao) injection. Results presented in
Figs 5 and 6 conrm this particularly at lower levels of airstream
velocity. It is abundantly clear that the transverse injection of liquid
(af0=0°) will result in vastly superior spray quality relative to the
co-axial, co-owing conguration (ao = 90°).
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The inuence of varying the angular orientation of the injection
orice in the radial direction for 1-0 and 1-3 mm orice diameters is

depicted in Figs 7 and 8 respectively. It is clear from these gures that
the effect of these angular orientation Variations upon spray mean

dropsize becomes less signicant as the airstream velocity increases. In
fact for an airstream velocity of about 80 m/s, the variation of the

injection conguration in the radial direction has virtually no effect
upon the atomization quality. Since airblast atomizers tend to suffer
from somewhat poor spray performance during the start-up phase
featuring low airstream velocities, careful attention to the angular
orientation in the radial direction may help to ameliorate this to some
extent. This improvement in dropsize performance at low air velocities
is a result of improved physical contact between the liquid jet and the
airstream. Radial injection angle change results in simultaneous
changes in the liquid trajectory/path length within airow, the degree
of counterow imparted to liquid at the point of exit and, the local
geometry induced interactions-for example the proximity of swirler
vane wakes etc. Whilst still photography was used to obtain broad
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Fig. 7. Variation of SMD with radial injection angle (ß), do = 1-0 mm.
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Fig. 8. Variation of SMD with radial injection angle (ß), d = 1-3 mm.

insight into the spatial/conical distribution of liquid, it did not provide
answers to the relative importance of the various changes triggered by
variations in /3°. Further work is needed to shed more light on this
particular aspect of plain-jet airblast atomization.

Figures 9 and 10 illustrate the effect of varying the diameter of the
liquid injection orice upon spray mean dropsize for af= -30° and
ßo = 60° respectively. In both the instances, an increase in the size of
the injection orice has a degrading inuence upon the atomization
performance, particularly at lower levels of airstream velocities. It may
be argued that for a xed liquid owrate a change in the size of
injection orice will be accompanied by a change in the velocity at
which the water is injected and this in turn may partly be responsible
for the change in spray performance. It has been shown elsewhere1Â

°

that, in general, the liquid injection velocity has little effect upon the
mean dropsize performance of plain-jet airblast atomizers. The liquid
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injection velocity has been estimated to drop from about 2-5 m/s to
about lm/s as the diameter of the orice is increased from 1-0 to
1-7 mm for the 57 m/s airstream velocity curve of Fig. 9. Such a
miniscule change in liquid injection velocity is not likely to affect the
spray performance signicantly. In other words it is largely the change
in scale of the characteristic dimension (i.e. the injection orice) that is
responsible for_the change in spray quality.

5 ANALYSIS OF RESULTS

The primary objective for this study was an examination of the effects
of angular orientation and size of the injection orice upon spray
quality. Effects of airstream velocity and air to liquid mass ratio were
explored on a somewhat limited scale. The inuence of liquid pro-
perties such as viscosity, surface tension and density has, however, not
been covered here since water was the test medium for all experiments.
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The geometry of the air swirler is yet another related but unexplored
variable. This effectively limits the development of a detailed and
reliable empirical correlation. However, the analysis of the dropsize
data relating to the scale of the injection orice, the airstream velocity
and the air to liquid ratio has been performed using the conventional
log-log analysis methodology (see Figs 11 and 12 for example) to yield
the following relationships:
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where x takes the values of 0-23, 0-37 and 0-69 for airstream velocities
of 80, 65 and 57 m/s respectively.

The exponents relating to the air to liquid mass ratio and airstream
velocity terms above are in good agreement with those that have most
recently been reported in the research literature-for example see Refs
3 and 9. The index x for the do term, however, changes with airstream
velocity. Husseins proposed an average value of index x of 0-477 for his
data and this agrees well with the average of 0-43 in the present study.
However, the information available on this particular aspect is limited
and further work needs to be undertaken to establish more fully the
relationship between de and SMD particularly over a wider range of
liquid viscosity than has been covered in this investigation.

6 CONCLUSIONS

The basic conclusions that can be drawn from this work are as follows:

(1) The angular orientation of the liquid jet in the longitudinal as
well as the radial direction has a notíceable effect upon the
spray mean dropsize performance of the plain-jet airblast
atomizer. Results indicate that there is scope for further
reductions in dropsize relative to the multiple, transversely
injected liquid jet conguration.

(2) Combined longitudinal and radial orientation of the injection
orice is worthy of further study especially to further improve
the spray performance at low air velocities of the type encoun-
tered during start-up phase.
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SUMMARY
The purpose of this paper is to examine the spray performance of a vaporiser fuel
injector of a type that has accumulated extensive service experience in sub - and
supersonic commercial and military aircraft applications. Spray performance data covers
a wide range of operating conditions including the effects of fuel quality as well as
the atomizing air temperature. The chief objective is to further not only the current
level of understanding regarding the fundamental functional aspects of vaporiser
technology but also the data base for future designs.

INTRODUCTION
Effective fuel-air mixture preparation is now widely recognised as being of paramount
importance in order to achieve satisfactory combustor performance. This is acknowledged
to be the case in the context not only of the current but to an even greater extent for
the future generation of gas turbine engines with their inherently more demanding
operational requirements of pressure, temperature, fuel flexibility/flow range and
pollution control. The mechanism through which bulk fuel is transformed into a spray of
droplets and the factors influencing their behaviour need to be well understood if
sprays featuring optimum characteristics as well as satisfactory interaction with the
combustor primary zone environment are to be generated. This has resulted in a
considerable amount of research activity in recent years focusing attention upon the
structure of spray emanating from fuel injectors. However, with very few exceptions
(Refs 1-3) these studies have been restricted to pressure and airblast atomised sprays,
largely at ambient air conditions.
This paper is devoted to an examination of the spray performance of a vaporising fuel
injection system of a type that has been used extensively by Rolls-Royce in sub-and
supersonic commercial and military aircraft applications. The modern annular vaporising
chamber concept depicted in Figure 1 is fully described in Ref U. The continuing
effectiveness of the vaporiser is demonstrated by its having achieved substantial
trouble-free service life, 2300 hours to date, in the Olympus 593 engine featured in
Concorde. Confidence in its future is illustrated by its current use in the RB199
engine in Tornado as well as by its selection for the EJ200, the Euro Jet Fighter for
the next century. Hhilst the vaporising fuel injector has demonstrated highly
competitive combustion/emissions performance thus far, its projected useage under more
arduous conditions of operation has prompted a thorough re-appraisal of the fundamentalfunctional aspects of vaporiser technology.
It transpires that the corridor of satisfactory vaporiser operation (eg. adequate
mechanical integrity without significant smoke, carbon accretion etc) narrows with
increasing compressor exit temperature. Extreme caution therefore needs to be exercisedin the selection of the air-to-fuel ratios (AFR) that the vaporiser is designed to
operate'with, especially at fuel rich conditions. Of particular relevence to the design
process is the development of an in-depth understanding of the mechanistic as well asthe operational behaviour of the vaporising injector through a series of well-plannedand executed experiments under non-combusting and combusting conditions. Some of the
results pertaining to the vaporiser efflux obtained during the course of such studiesare the subject of this paper. _
EXPERIMENTAL
At the very outset it was felt that the use of imaging cum laser diffraction techniques
should prove beneficial in obtaining experimental data that would shed adequate light onthe mechanistic/operational behaviour of the vaporising style of fuel injector. Shortduration spark photography was expected to identify the character of the efflux at the
point of exit from the vaporiser tubes under non-combusting and combusting conditionswhereas the laser diffraction technique was to provide quantitative information
regarding the spray structure vis-a-vis the drop size. Futhermore, the well
established, non-intrusive nature of the two techniques selected for experiments offered
the prospect of meaningful and reliable results.
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The test hardware and experimental technique employed in the spark photographic
investigation were largely as described in Ref 1. A single vaporiser sector cut from a
typical annular combustor was fitted with transpiration cooled sidewalls and modified to
permit optical access to the vaporiser efflux zone (figures 2,3). A heat exchanger wasinstalled in the vaporiser fuel delivery line to enable the fuel temperature effects tobe investigated in this study.
The argon arc light source and associated opties provided a parallel beam of light whichilluminated the spray for a duration of approximately 300 ns and a focused shadow of the'frozen' efflux was cast in the plane of the film. The current exercise featured a
light source of increased power (ea. X1.5) to that of the Lunartron unit used in the
previous tests - thus offering the prospect of more reliable data. The shadowgraphy
technique was applied to combusting and non-combusting effluxes at air pressures upto
1300 kPa.
The experimental set up utilised for spray drop size measurements was similar to thatused in Ref. 5. Non-vitiated, hot air was generated by using electrical resistance
heating in combination with counter-flow type of heat exchanger unit connected to akerosine fired slave eombustor. The mass flow of hot air that was surplus to
requirement bypassed the vaporiser working section. An orifice plate to BS10U2 wasinstalled as close as praetically possible to the measurement section to enable the airmass flow monitoring. A thermocouple was located just upstream of the vaporiser airinlet. Air pressure drop across the vaporiser was measured by a manometer and all dropsize tests were carried out at near atmospheric pressure.
The vaporiser as well as the fuel injector geometry for the drop size study was
basically identical to that deployed for the spark photographic assessment. The fuel
supplied to the injector was at ambient temperature and the relevant flow conditionswere achieved by using calibrated flow meters.
Spray drop size measurements were carried out by utilising a commercially available
particle sizer - Malvern Instruments Model 2200. Briefly, the instrument is based upon
the well established principle of diffractive scattering of a collimated, coherent and
monochromatie beam of light in the forward direction as a result of its passage throughthe test spray. The instrument uses a Helium - Neon laser as the light source while a
multi-element, coneentrically configured, semi-circular ring detector monitors thescattered light signals. Through a process of iteration a dedicated microcomputer
arrives at a drop size distribution that exhibits a computed light energy distribution
close to that actually measured. The computed versus measured light energy distribution
comparisons can be performed for a range of assumed drop size distributions - notablyRosin - Rammler, log - normal, model - independent, etc.
In house and commercially developed light diffraction instruments have been used
extensively for gas turbine fuel spray research in recent years. Drop size data
reported in the open literature, thus far however, has been confined mainly to injeetors
spraying in ambient air conditions due to considerations of cost and complexity. Some
exposure had nevertheless, been achieved in the use of such optical techniques for
twin-fluid atomised spray studies in elevated air pressure environments (Refs. 6 and 7).
By contrast there was almost a total dearth of similar exposure to twin-fluid atomised
spray studies under conditions of elevated air temperature. Preliminary tests with hot
air revealed the pattern of light scattering in the proximity of the optical axis to be
significantly different from that for the ambient temperature tests. This change in
light scattering pattern was observed to follow the air temperature, increasing with anincrease in air temperature and vice versa. Furthermore, the problem seemed to be justas severe even in the absence of liquid fuel injection. From analysis of the scattering
data, it became apparent that the laser beam was being diffused/steered in the vicinityof the optical axis. Refractive index variations resulting from temperature gradientsare responsible for the generation of additional scattering cells. Consequently, theoverall scattering pattern is a combination of that due to liquid droplets as well asthe thermal effects. The procedure adopted during the tests was to record the
background light scattering levels at each of the working temperatures in the absence of
liquid fuel injection as the reference. This was followed by the test run wherein thefuel was injected and the subsequent drop size analysis took account of the background
light levels at the relevant air inlet temperature thus effectively countering the beam
steering problem.
Effects of fuel quality upon vaporiser performance were confined in both studies to
aviation kerosine and gas oil. Relevant properties of the two fuels are listed in table1.
RESULTS AND DISCUSSION
The primary objective of the parametric exercise reported here was to study the effectof air, fuel and injector variables upon vaporiser performance in a combusting and
non-combusting environment. This was expected to improve not only the level of
knowledge regarding the detailed structure of the two-phase efflux emanating from the
vaporising fuel injector but also the design capability for future applications.
Futhermore, the availability of such experimentally determined representative data couldalso enhance the prospect of its being usefully correlated with some key aspects ofcombustion performance.
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Spray Imaging
This technique is generally capable of detecting the very high frequency variations towhich all fuel injectors are subjected. The photographs presented in this paper featurea magnification of approximately three and give a good account of the average situationat each test condition. The zone illuminated by the spark is shown in figure 3.

Effect of Combustion
The comparison made between the effluxes at non-burning (no vaporisation situation) and
burning conditions, plate 1(a) and 1(b) respectively, highlights the significance tofuel preparation process of the heat transfer from the reacting gases to the vaporiserwalls. A detailed semi-empirical assessment of the external heat transfer processeswith allowances for turbulence enhancements of the convective and radiative fluxes
inferred an upper limit of 50 percent for the degree of vaporisation at this burningcondition. This is borne out by the experimental results.

Effect of Fuel Temperature
Fuel temperatures significantly higher than ambient occur at all engine conditions as aresult of the fuel being used as the coolant medium in lubricating oil coolers. Theeffect this has on the fuel preparation process within the vaporiser at idle conditionsis also evident in Plate 1,(b) versus (c). A comparison between plates 1(c) and 1(a)reveals the degree of vaporisation under combusting conditions with hot fuel to be ofthe order of 80 percent. This is broadly in line with the predicted value at theseconditions.

Effects of Vaporiser AFR, Inlet Air Temperature
It is clear from Plate 2 that increases in AFR have a beneficial influence upon the
spray quality. Since such improvements are translated into higher combustionefficiencies and lower smoke/carbon levels it is extremely important that as high a
vaporiser air throughput as is compatible with integrity should be employed.
Similarly, the degree of vaporisation and fineness of the spray improve with increasinginlet air temperature (Plate 3). Provided that the air temperature is above the boiling
range of the fuel at a given pressure, this mechanism of fuel heating is very effective
considering the short residence times involved. These results suggest an intimate
physical contact between the fuel and air within the vaporiser. This is a direct
consequence of the complex internal aerodynamics (see plate N) necessary to ensure thatall internal surfaces of the device are well scrubbed by the two phase mixture (Ref. 8).

Effect of Pressure
The spark photographic investigation has been extended to examine the vaporiser effluxat high pressures. As expected the mottled background (schlieren effect seen in all
combusting effluxes) became increasingly dense at higher pressures eventually causing a
degree of obscuration beyond which no useful information could be derived by this
approach. The working range of the technique was thus defined as between ambient
pressure and 1300 kPa.
The efflux for a typical AFR and inlet air temperature at this pressure limit is
presented in Plate 5. Although the ability of the technique to detect droplets at these
pressures is unknown, it is fair to claim a high degree of vaporisation at thiscondition bearíng in mind that here there is a four-fold increase in fuel flow over the
idle condition.
From a simple analysis of the two phase flow through the device at these conditions itis clear that the heat energy of the airstream alone is sufficient for this to be thecase. Autoignition precluded oomparisons of burning and non-burning effluxes at this
pressure.
A very modest carbon accretion on the vaporiser outlet is evident at this condition.

Effect of Injector Geometry
The U-jet fuel injector was conceived as a solution to the problem of potentially
damaging thermal gradients resulting from the deletion of stem cooling air on the
Olympus 593 vaporiser (Figure N). Although its introduction in service has not proven
necessary with the identification of improved materials, this fuelling arrangement maymake a worthwhile contribution to gaseous emissions and smoke/carbon control at morearduous operating conditions.
An investigation of its effect on efflux quality (Plate 6) confirmed the potentialbenefits of doubling the number of fuelling points. The more even fuel coverage of the
vaporiser stem walls is translated into an improved fuel distribution at the outlet and
furthermore at high inlet air temperatures the more intimate fuel/air contact isreflected in higher degrees of vaporisation relative to the standard 2-Jet system. Such
improvements in fuel preparation prior to combustion may prove necessary to maintainsmoke and carbon deposition at acceptable levels for advanced cycle engines.
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Effect of Fuel Quality
It is desirable that
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as a result of such a
An important point tono evidence of carbon
Furthermore, boroscopsimilar and even poor
significant carbon ac
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Condition B). The le
The overall impressio
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the vaporising fuel injector exhibits satisfactory fuel1 capability to adequately cope with the potential concernsof gas turbine fuels in future as well as under emergencyntly to determine the sensitivity of the vaporiser fuel preparationefflux measurements were made while burning a poor quality gasison with the performance on standard aviation kerosine is made inle calorimetric viewpoint, the lower degrees of vaporisation seennot surprising. However, it has been demonstrated recently in afuel engine tests that the penalty incurred in idling efficiencydeterioration in spray quality is less than 0.05 percent.
note is that at the engine idle condition (Plate 7, Condition A)deposition on the vaporiser is seen with the gas oil.e inspections of the engine combustor after extended running oner quality fuels over the entire operating range revealed nocretion on the vaporiser or anywhere else within the combustor. Itle, however, to generate substantial deposits on the vaporiser stemrtain conditions not encountered during engine operation (Plate 7,vel of deposition shown represents an equilibrium situation.

n that emerges from the spark photographic work and engine testvaporising combustor is remarkably insensitive to fuel type.
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Effect of Air P

tigation could proceed, the location of the drop size measuringected carefully in order to ensure meaningful results.made too close to the vaporiser outlet will be misleading becauselet/spray formation will not have proceeded to its naturalmeasurements too far downstream from the outlet will also bethe possible influence of such secondary effects as dropletration. Experimental data in this study was obtained at two3 and 6 centimetres from the vaporiser outlet. The 3 centimetreto the combustor head/vaporiser geometry while the other statione compatibility with the bulk of other work carried out at the
Drop size data relating to the 3 centimetre station is presented inns while reference 9 features the full data.

influence that the vaporiser AFR has upon its Sauter Mean Diametera range of air inlet temperatures with kerosine as the sprayin vaporiser AFR can be observed to result in an improved spraydegree of improvement diminishes at higher levels of air inlets AFR. This reinforces the spark photographic study finding thatare conducive to the attainment of improved combustion performance.is evident that caution needs to be exercised in selecting thecessively large values of AFR may result in some of the additional
ributing to improved spray/combustion performance along with thedistress at high power conditions.
ressure Drop

Engineers are faced with the perennial demand of having to design gas turbine combustorsthat will operate sat
requires that carefulto achieve the best p
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Effect of Air T

isfactorily with a minimum of air pressure drop. This in turnattention be devoted to the vaporiser air flow features in orderossible level of spray performance that is compatible with requiredg. Figures 6 and 7 illustrate the influence that vaporiser airn spray quality. Clearly, the higher the available air pressuredrop size performance although the degree of this superiority canigures to diminish somewhat at higher levels of air inlete above performance trends are, generally speaking, akin to thoseor conventional air blast atomisers (Ref. 6,7).
emperature

The influence of air
plotted against vaporpressure drop of 5 pe
significantly finer s
Such a powerful effec
with the findings ofLefebvre (Ref. 10) is
exploring the effect

temperature on mean drop size is shown in figure 8 where SMD isiser inlet air temperature for a range of AFRs at a constant airrcent. Higher air temperature can clearly be seen to yieldprays.
t of air temperature upon mean dropsize performance is in agreementthe imaging study. The airblast atomisation study of Rizkalla andthe only other attempt, to the best of the authors' knowledge, atof air temperature upon twin-fluid atomised spray quality.However, their work was limited to a maximum air temperature of N2N°K and the _interpretation of results somewhat difficult due to the combined variations in AFK andair inlet temperature. Futhermore, they made no comment whatsoever regarding theproblem of beam steering. Their results showed a linear increase in SMD when the airtemperature was raised in conjunction with a reduction in AFR. In view of the
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foregoing, however, it is perhaps inappropriate to draw comparisons between the two
studies. In general though, the effect of air temperature upon spray quality would be
expected to be somewhat stronger for the vaporising type of fuel injection system
relative to the air blast due largely to the considerations of residence time and
internal aerodynamics.

Effect of Fuel Quality
Figure 9 illustrates the effect of fuel quality upon vaporiser mean drop size
performance over a range of inlet air temperatures. At air temperatures close to
ambient, the change in spray media from kerosine to gas oil leads to an increase in SMD
due largely to an increase in absolute viscosity alone - the effects of changes in
surface tension, density and distillation range being relatively insignificant. As the
air temperature rises, the difference in spray quality is a consequence of the combined
influence of absolute viscosity and distillation range differences. These results do
not, however, provide an insight into their relative importance from the viewpoint of
SMD. On the face of it, the viscosity sensitivity of the vaporising fuel injector at
air temperatures close to ambient does not appear to exhibit any marked difference
relative to that observed for airblast systems. Furthermore, the vaporiser fuel 2
injector is free from small orifices which may be prone to blockage due to gumming while
operating on poorer quality fuels.

Effect of Injector Geometry
As stated before, the modified N jet fuel injector of figure U offers the prospect of
reducing thermal gradients in the inlet section of the vaporiser tubes relative to the
basic 2 jet injector. Figure 10 allows a comparative assessment of their spray
performance at two different levels of air pressure drop. As might be expected and
indeed observed in the imaging study the U Jet injector is exhibiting a somewhat
superior drop size performance as a result of more intimate fuel and air interaction.
This is backed up by liquid film studies that show a more even coverage of the inside
walls in the vaporiser inlet stem area (Ref. 9).
CONCLUDING REMARKS
The choice of imaging cum laser diffraction techniques for examining the spray
performance of the vaporiser fuel injector has turned out to be a satisfactory one. A
testimony to that effect is provided by the aforegoing sections of the paper that
feature detailed and extensive experimental data covering a wide range of combusting as
well as non-combusting conditions. The two techniques complement each other to yield a
balanced insight into the phenomenological as well as the operational behaviour of the
vaporiser - thus helping to advance significantly the state of knowledge regarding this
style of fuel injector. Many of the uncertainties have been minimised if not entirely
dispelled.
The results presented in this paper reveal that despite its mechanical and geometric
simplicity, the vaporising fuel injector achieves high degrees of atomization,
vaporisation and pre-mixing at engine idle conditions. Extension of these results to
higher power conditions as typified for example by take off air pressures and
temperatures would indicate further improvements in mixture preparation. In addition,
the vaporiser seems to be remarkably insensitive to fuel type - coping admirably with
gas oil.
The vaporising fuel injector exhibits spray performance trends that are generally
similar in character to those already observed on conventional airblast atomizers - for
example an improvement in spray quality with increases in AFR and air pressure drop
whilst an increase in fuel viscosity having a somewhat adverse effect. A noteworthy
exception to this general similarity being the stronger influence exerted by the air
temperature upon the dropsize performance of the vaporiser due largely to consideratíons
of residence time and internal aerodynamics. It is hardly surprising therefore, that
the vaporising fuel injector is able to deliver highly competitive combustion/emissions
performance.
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TABLE 1

PROPERTY KEROSINE

Densityoin kg/m3 797at 15 C

Absolute Viscosity 0.0013
in Ns/:nz at 15°C `

Surface Tension in 0.027
N/m an 2o°c

Disianon Range, °c 152-236

GAS OIL

863

0.0053

0.0299

188-3'-12

One-piece rear-mounted construction
Simple fuel .
injection. No
restrictions in
burner stem

with no sliding joints
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combustor head
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traverse control
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FIG. 1 ANNULAR VAPORISING CHAMBER
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(b) View on 'A'

A----~

(a) Effect of weir plates

Plate 4 Vaporiser Internal Flows

Plate 5 Combustion at 1300 kPa



(a) Two-Jet Injector (b) Four-Jet Injector

Plate 6 Combustion at 380 kPa - Effect of Injector Geometry
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Condition A

Condition A

Condition B
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Condition B

Plate 7 Combustion at 380 kPa - Effect of Fuel Quality
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DISCUSSION

A.H.Lel`ebvre, US V
You state that increase in inlet air temperature has a beneficial effect on atomization. Surely this is because, for a constant
value of APa/Pa, an increase in air temperature raises the velocity through the vaporizer. It is this higher velocity that
enhances atomization, not the higher temperature which, in fact, has an adverse effect on atomization. ,

Author's Reply
The tests reported in Plate 3 were carried out at a constant APa/Pa and this indeed meant that an increase in temperature
resulted in an increase in air velocity. However, the magnitude of the improvement in atomization/degree of vaporization
due to a temperature rise of 70°C (Plate 3(b) vs 3(a)) cannot simply be explained by the small increase in air velocity
(calculated to be 7 percent). The improved spray quality is, therefore, clearly due to intimate contact between the fuel and
the hot air within the vaporizer.

Question_
You quote 5 percent as being typical of the pressure drop across a vaporizer. If this is true it represents a basic drawback to
the vaporizer system in comparison to the airblast atomizer which functions very satisfactorily with pressure drops of half
this value.

Author's Reply
Combustor design is based upon wall pressure drop rather than injector pressure drop. For a given wall loss the pressure
drop across the vaporizer is no greater than that across a typical airblast atomizer. The value of ve percent quoted in the
text arises because the feed to the vaporizer does not incur any diffuser loss. In reverse ow combustors where this is
obviously not the case, the vaporizer operates very satisfactorily at pressure drops of less than half this value. ln general,
though, such comparisons can only be meaningful if performed for the same application/duty.

Question
Your conclusion that the atomizing performance of the vaporizer is comparable to that of an airblast atomizer is difficult
to justify on the basis of your experimental data most of which were obtained at values of APa/Pa that would be
considered unacceptably high for a airblast/nozzle.

Author°s Reply
See the reply above.

Question
Have you attempted experiments or calculations to assess the relative merits of these two devices at comparable operating
conditions? Fuel vaporization may have much to commend it, but the design features employed to achieve vaporization
(random impingement of fuel drops on tube walls, inbuilt pressure losses in bends, etc.) must merely impair performancewhen the vaporizer is operating in an atomizing mode.

Author's Reply '
Fuel vaporization, which is clearly high, obviously has much to commend it. Furthermore, the results indicate that the
design features do not impair performance in the atomizing mode. However, assessment of relative merits of the
vaporizing and airblast injectors under comparable conditions is hampered by
i) differences i injector physical scales
ii) - differences in operating conditions - for example lack of satisfactory data regarding the effect of air temperature on

airblast atomized sprays
iii) lack of reliable and somewhat universal dropsize correlation - those developed thus far being specific to a given

airblast atomizer geometry etc.

G.Grienche, F V ~
Firstly, I thank you very much for these very interesting experimental results on vaporizers; there are very few. Have you
tried to calculate some aspects of fuel droplet motion and evaporation inside the vaporizer and to compare them with
experimental results?

Author's Reply
Degrees of vaporization at the outlet have been calculated for two different vaporizer designs and results agree very well
with experimental observations. Such calculations, inevitably, have to take into account the heat transfer to fuel as it ows
through the vaporizer tubes.
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Question
How did you handle the beam steering problem, due to density gradients, in determining the mean diameter?

Author's Reply
The problem of beam steering was tackled by recording the background light signal levels at each of the working air
temperatufes without liquid fuel injection. Experimental runs featuring fuel injection used these background light levels asthe reference - hence effectively countering the beam steering problem.

C.Sanchez Tarifa Sener, SP
In military engines, Operational conditions in the combustion chambers will often have gas pressure higher than thecritical pressure of the fuel. I would appreciate your view on the possible inuence of this effect on the performance of
your vaporizing injector.

Author's Reply
Vaporizing combustors do indeed experience pressures well above the critical pressure of the fuel, but in service
operation at such conditions need not and has not compromised the integrity/performance of the vaporizer. As at allconditions the fueling level must be sufficient to ensure mechanical integrity ofthe device. With regard to fuel preparationthe effect will be minimal.

H.Pl'ost, GE
There was little difference in combustion efciency comparing kerosine with diesel. Any measurements of NOX emissionwith respect to the grade of fuel?

Author's Reply
NO, emissions were measured in the series of engine tests referred to in the text. No increase was observed in tests with the
gas oil.
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Effect of lnjector Geometry upon The Performance
of a Plain-Jet Airblast Atom`izer

H. J. Pindolia and A. K. Jasuja
School of Mechanical Engineering,
Cranfield lnstitute ol Technology,

Cranfield, Bedford, England

l\SR('`
This paper presents the results of a study

into the effect that liquid orifice orientation
has on the structure of the spray emanating from a
plain-jet airblast atomizer featuring the
injection of multiple liquid jets into a swirlingairstream.

Tests were conducted on water at near
atmospheríc pressure and temperature. Drop sizeswere ascertained b using a well-established laser
light scattering technique. Variation in
dropsizes along and across the spray axis was alsoexam.ined for a range operating conditions. Theresults reveal that the angular orientation of the
injection orifice has a considerable influence on
the dropsize performance of the atomizer studied.
This offers the prospect of improved spray
performance vis-a-vis design optimization. Thestructure of the airblast atomized spray was found
to b far from uniform, thus highlighting the/ m
nadequacy of single point characterisation offuel injector performance.
I|(N

The attainment of satisfactory performance
from gas turbine combustors over the entire range
of operating conditions is generally known to b
strongly related to the quality of fuel
preparation. In particular the influence ofatomization and vaporization performance on such
combustion characteristics as ignition (both at
sea level and high altitudes), efficiency, flame
stability, pollutant emission levels etc. is wellestabl í shed .

The superior performance of the airblastatomizer over the pressure jet type has led to its
widespread adoption in the modern high pressure
ratio industrial as well as the aero gas turbine.
The advantages of airblast atomizers have been
discussed in some detail b Lefebvre [1]. The two
main types of airblast atomizers in current usage
are the so called pre-filming and the plain-jet
type_. Jasuja [2] has díscussed the different
configurations along with their merits and
shortcomings .

The majority of previous airblast atomizationwork has been carried out on the pre-filming
variety. 'Ihe principal feature of such a

atomizer is the attempt to generate a thin,
continuous, annular liquid sheet of low velocity
and to expose this sheet to high velocity
airstreams on both sides. This 'sandwiching'
action is designed to promote not only high rates
of shear through intimate contact between fuel and
air but also a spray that is airborne in
character. This atomizer configuration has been
subjected to on-going research for over twodecades now and can b considered to b at a
relatively advanced stage of development.

A drawback of the pre-filming configuration,
however, is the need to provide for two separate
air flow passages within the atomizer body and
this not only complicates the design but also
makes it more expensive. Because of this the
plain-jet type of airblast atomizer, the subjectof this and other recent Cranfield studies, is
sometimes preferred. In contrast to being
pre-filmed into a thin sheet, the fuel is
discharged in the plain-jet design in the form ofone or more discrete jets into a high velocity
single swirling airstream. These fuel jets
undergo in-flight disíntegration. The extent ofatomization is a function of the quality of
interaction between the air and liquid and this inturn is dependent on the geometric variables ofthe liquid injection orifice and the air swirler.The current evidence seems to suggest that the
plain-jet configuration offers `a system that is
comparable in dropsize performance to the
pre-filming type and yet is simpler and cheaper
[21-

The object of this paper is to extend the
state of knowledge regarding the design and
operational aspects of plain-jet airblastatomization. In particular it deals with the
effect of liquid injection orifice orientation
upon spray performance. The optimization of
plain-jet airblast atomizer geometry has been
largely overlooked in the earlier studies. Thework reported here is a attempt to remedy thisand is a part of an on-going programme of researchinto plain-jet airblast atomization at thelaboratories of the Cranfield School of Mechanical
Engineering. Further details of this study can b
found in reference 3.
EXPERIHBTHÄLP

A stated before, the major variable selectedfor this study was the angular orientation of the
Contributed by the Fuel Society of Japan for presentation at the 4th International Conference on
Liquid Atomization and Spray Systems held in Sendai, Japan from August 22nd to 24th. 1988.
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liquid injection orifice. This was varied in twodirections - longitudinal and radial as depictedin figure 1. Limited amount of experimentationfeatured the effect of air-to-liquid mass ratioand the airstream Velocity.
The approximate range of conditions actuallycovered in the experiments werez-

Airstream velocity
(at inlet to swirler) = 50-130 m/s

Airstream density = corresponding to normal
pressure and temperature conditions.
Air-to-liquid mass ratio, ALR = 1-10Swirler air pressure drop = 2-10 percent
Dropsize measuring station location in
longitudinal direction, ie, X = 50, 100 & 150 mmfrom the swirler face.
Injection orifice diameter,d = 1.
Injection orifice 1/d ratio = 4Number of injection orifices = 16

3mm

Angular orientation of injection orifices:
-30° to + 45Â°(i) Longitudinal plane ao = 0° to 60Â°(ii) Radial plane Bo =

Swirler vane Outlet angle Y = 30Â°

The atomizer used in this study was of a
design generally similar to that used by Hussein[4] and Shaw [S] with the exception of the outlet
angle of the curved vane air swirler. Both these
earlier studies [4,5] featured a 65° outlet anglecurved vane swirler. Turning the air through sucha large angle resulted in a relatively high air
pressure drop (circa 16 percent for a modestoutlet axial air Velocity of 70 m/s) - thus
rendering such a design impractical for usage inthe gas turbine engine. The use of a 30° outlet
angle curved vane air swirler in this study was an
attempt to achieve a atomizer design that was not
only practical but also effective in terms of
spray performance. Further evidence regarding thebenefits of incorporating air swirlers intoairblast atomizers is provided b a recent studyreported b Aigner and Wittig [6]. A large numberof inter-changeable atomizer heads, designed toenable the angular orientation of the liquid jetarray to b varied independently in the
longitudinal as well as radial directions, were
employed in this experimental programme. Itshould b stressed here that the angularVariations were carried out singularly, ie, eitherin the longitudinal or radial direction and not
simultaneously in the longitudinal and radialdirections.
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DEIÄIIS
The test facility utilised in this

investigation is shown schematically in figure 2.
Air at near normal atmospheric pressure and
temperature was drawn into a settling chamber that
was connected to a plexi glass circular test
section through a bell mouth intake. The massflow of air was ascertained in accordance with
BS1042. The air velocity at inlet to the swirler
was measured using a static and total pressure
probe while the outlet velocity was obtained b
using a Cobra probe. This three tube combination
probe enabled the resultant velocity profile atthe air swirler exit to b measured b balancingthe outer two tubes and recording the total
pressure in the middle tube.

A the effect of liquid properties on spray
quality has been studied extensively b Jasuja [7]water (n = 0.001, a = 0.735, p = 1000) was the
only spray medium used in this investigation. Itwas supplied to the atomizer b a multistage pm
through a bank of calibrated precision flowmeters.

The spray Sauter Mean Diameters were measured
using the well-established, non-intrusive, laser
light-diffraction technique. The optical
technique is based upon the principles of forwarddiffractive scattering of a parallel ,monochromatic beam of light as it passes throughthe test spray thus yielding SMD values for theentire droplet population intercepted b thecollimated light beam along its path. This
technique has been used extensively for theearlier airblast atomization research (Refs.
4,5,7). Generally speaking, the technique hasbeen observed to yield satisfactory mean drop-size
results down to about 20 microns for a wide
variety of fuel injector types as well as their
operating conditions. To ensure the reliabilityof the experimental results, the optical bench was
calibrated and checked for accuracy in operation
b using a pressure jet type of Delavan injectorof a known drop-size performance. The complete
optical bench was mounted on a platform that couldb traversed both along and across the spray axis,i.e. in X and Y directions as shown in Fig 2.
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RESULTS
Before outlining the dropsize results it is

perhaps worth examining the air swirler outlet
velocity profile data, in brief, because of its
obvious influence upon atomization performance.
Figure 3 features outlet velocity profile data for
30, 50 and 70 m/s air velocities at swirler inlet.
A is evident from this figure, the velocity
profiles are mostly flat except near the edgeswhere the velocity falls off because of the
boundary layer influence. Outlet velocity profiles
appear to b unaffected in character b the level
of air velocity at the swirler inlet. Clearly
information of this kind is useful when attempting
to optimize the atomizer geometry - for example it
may enable the liquid injection orifice to b
oriented in a man.ner that encourages maximum
physical contact between the liquid and air.

The bulk of the spray data available at
present takes the form of drop size measurements
along a narrow, usually few millimetre diameter,collimated line of sight through the centre of the
spray envelope. The inadequacy of such data is
being increasingly recognised from fundamental aswell as combustion hardware design/development
viewpoints. For example knowledge of spatialdistribution of dropsizes at near atmospheric air
pressure and temperature level would b helpfulnot only in diagnosing but also minimising
ignition/start-up problems experienced b gasturbine engines operating at sea level. A starthas been made in this investigation at identifyingthe degree of maldistribution prevalent in
plain-jet airblast atomized sprays in an attemptto somewhat ameliorate this unsatisfactory stateof affairs. Results of dropsize traverses at 4, 6and 8 percent atomizer air pressure drop levelsfor the 5 and 10 centimetre measuring stationlocations (when measured from the air swirler
outlet face along X axis - see Fig 2) are depictedin figures 4 and 5. The injection orifice isoriented to deliver transverse jets of liquids(ie. a = 6 = 0°) for these traverses at a typical
air-to-liquid ratio of 3. Furthermore, the usualconvention has been adopted with regard to
traversing across the spray, i.e. along the Y axis
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as shown in Fig 2. Positive values of measurementlocation indicate movement in the radially upwarddirection or characterisation of the top half ofthe spray while negative values relate to themeasurements in the bottom half of the spray.
It is clear from these figures that thestructure of the atomized spray is far fromuniform. The mean dropsizes can b observed, in

figure 4 for example, to vary considerably acrossthe spray cross-section thus highlighting the
inadequacy of single point characterisation offuel injector performance. For the 5 centimetre
measuring station location (i.e. X = S cn1)' the
drop size values at or near the spray centre are
significantly higher than those at other
positions. Furthermore the beneficial influence
upon atomization quality of a increase inatomizer air pressure drop is clearly evident in
figures 4 and 5.

Figure 6 illustrates the effect of varyingthe location of dropsize measuring station in the
longitudinal direction (i.e. in X direction) uponspray non-uniformity for a typical atomizer air
pressure drop of 6 percent. Maximum degree of
dropsize non-uniformity is observed at the
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measuring station located nearest to the atomizerand further downstream of this position continuíng
disintegration of droplets helps to reduce thislevel of maldistribution. Also evident from this
figure is the widening spatial liquid distribution
envelope with downstream distance since
measurements of dropsize were carried out to theextremities of the spray at all the threelocations. This widening of the spray envelope isdue simply to its conical character.

Engineers are continually required to designgas turbine combustors/injectors to operate
satisfactorily with a minimum of air pressure
drop. A a consequence the aerodynamics of theatomizer air flow features need to b carefullyoptimised in order to obtain the most effective
pressure drop-air velocity conversion. Figure 7illustrates the effect that atomizer air pressuredrop has upon Spray Sauter Mean Diameter for a
range of injection orifice angular orientations.
Clearly the higher the available air pressure dropthe superior the spray quality for the entire
range of injection orifice orientations studied.There is, however, a somewhat sharperdeterioration in spray performance as the pressure
drop falls off below about 4 percent. This is
nothing new since airblast atomizers are known toexhibit a somewhat poorer drop sizecharacteristics at lower airstream velocities.

Air-to-liquid ratio is another importantvariable influencing the spray performance.
Inadequate amount of air would b expected toresult in failure to overcome the viscous/surfacetension forces resisting liquid break up where asan excess of air may lead to some of the air not
actually contributing to liquid disintegration.The sizing of the air passages is clearly afunction of the atomizer air mass flow. Figure 8depicts the variation in spray SMD with
air-to-liquid ratio for a typical air pressuredrop of 4 percent. The curve relating to the
injection orifice orientation in radial plane of30° (ie. B = 30°) with 30° swirler vane outlet
angle (ie. y = 30) shows a trend that contradicts
expectations based on earlier airblast atomization
work [2,5]. A typical example of the expected
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trend is illustrated b the curve featuring = B= 0° and y = 65°. 'Ihis peculiar trend, ie. anincrease in SMD with a increase in ALR, is
considered to b due to the basically flatter
velocity profile at the outlet of the 30° airswirler relative to the 65° swirler. The liquid
jets are impacted b a relatively high velocityairstream almost as soon as they emerge from the
injection orifice. At higher AR values (andhence at higher airstream momenta) the liquid jetswere bent to such a extent that they were running
along the atomizer hub body as liquid streams.This resulted in the liquid being discharged inthe formof rather coarse streaks from the solid,
front face of the atomizer hub. Adjoining thissolid face is a recirculatory region of low air
pressure/velocity and consequently liquid streaks
would b expected to result in rather large
droplets to begin with. Their subsequent
disintegration would depend upon the intensity ofinteraction with the surrounding air. It shouldb recalled here that the outlet angle of thecurved vane air swirler was reduced from 65° to
30° for this study in order to achieve a more
practical air swirler design from pressure drop -
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velocity interchange considerations. Clearlyfurther inprovements in atomizer/swirler geometryare required to allevíate this streaking problem.A this is a on-going progranne, it is hoped to
pursue these geometry related inprovenents in thenear future ad at the same time quantitative
spatial distribution of injected liquid would alsob measured. Quantitative liquid distributionmeasurements for a non-optimal configuration wereconsidered somewhat unnecessary in the interestsof minimising expenditure of time, effort and
money.

The effect upon SMD of varying the angularorientation of the injection orifice in
longitudinal and radial planes is illustrated in
figures 9 and 10 respectively. A is evident fromthese figures variations in longitudinal andradial injection angles, ie u ad 6 respectively,can have a noticeable impact upon the spray mean
dropsize for the entire range of air pressure
drops covered. A consequence of a change in
injection angle u,B is to alter the relative
velocity between the liquid ad air streams.Increase in relative velocity will lead to a moreintense interaction and consequently higher rateof deformation of jets as well as drops.
Conversely a lowering of relative velocity willhave a adverse influence on the disintegration
process.
QNCIUSIGQS

The _main conclusions that can b drawn from
this work are as followsz-
1) The structure of the airblast atomized spraystudied is far from uniform as revealed b

dropsize traverses. The variatíon in
dropsizes across the spray cross-section canb quite considerable thus highlighting the
inadequacy of single point characterisation offuel injector performance.
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2) The angular orientation of the liquid jet in
the radial as well as the longitudinal
directions can have a significant impact upon
spray performance of a plain-jet airblast
atomizer.

7) Jasuja, A.K. "Plain-Jet Airblast Atomizationof Alternative Liquid Petroleum Puels Under HighAmbient Air Pressure Conditions". ASME Paper, No82-GT-32.

3) Further work is needed on the plain-jet
airblast atomizer to eliminate the problem of
liquid streaks as well as to assess the extent
of performance benefits to b realised by
orienting the liquid jets in a compound
direction (ie. combined radial and
longitudinal angle) .

IIBCAUE
ALR -
d _
m _
P _
AP/p -SMD -
T _
V _
X _
Y _

aß "

G034

Subscripts
a _
in -
j _1 _
0 _

Air to liquid mass ratio
diameter, m
Mass flow, kg/s
Pressure, atmospheres
Atomizer air pressure drop, %
Sauter Mean Diameter, micron or m
Temperature, °K
Velocity, nr/s
bongitudinal coo:dinate,ie along the
spray, see Fig 2
Radial coordinate, ie across the spray,
see Fig 2
Liquid injection angles
Swirler vane outlet angle
Absolute viscosity, Ns/mz
Density, Kg/m3
Surface tension, N/m

air
inlet
jet (liquid)
liquidorifice (injection)
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ABSTRACT
This paper reports the findings of a

non-burning spray visualization study conducted onstate-of-the-art gas turbine fuel injector '-combustor head assembly hardware under varying air
pressure conditions. Four different airblast
injectors of the pre-filming type were tested onaviation kerosine from simulated ground idle_ tosimulated take-off condition. The optical
diagnostics employed comprised a combination of
short-duration, high-intensity, spark photography
together with high speed cine and video imaging.The sprays studied are found to exhibit
non-uniforn structure in respect of droplet
concentration and trajectory. Furthermore,airblast injector design and operating conditions
are observed to have a significant effect .upon
spray droplet placement and number density withinthe combustor primary zone _environment.
Systematic analysis of the experimental data
yields a useful correlation between spray widthand key injector design - operating variables.This improved understanding identifies n\ore
clearly the combustion-emissíons as well as thedense spray characterisation challenges that lie
ahead.

NOMENCLATURE

Atum =
Anf!
AFR

Datum airflow area - injector
Effective airflow area -
injector
Atomizer air to fuel mass
ratio
Characteristic diameter -
injector= Pre-filming diameter= Air swirl angle - average.

oc =

gp .º

1 . INTRODUCTION

Unrelenting pressures for improvements in
fuel economy, flexibility and performance together
with the current concern for the environment make
spray combustion a topic of paramount importance
for the modern gas turbine engine. Satisfactory
fuel-air mixture preparation is widely accepted as
being crucial in their realisation. This is

Copyrigh © 1991 American lnsiue of Aeronauics and
Asronauics. Inc. All rights reserved.

necessary not only during the sea level ignitionand take-off phases of the combustor operation butalso during intermediate-power cruise and climb
phases. In general, atomization is accomplished
easily b creating a high relative velocitybetween the fuel and air and it is usual to aim
for good spray performance throughout the
operational range of the combustion chamber.
However, the droplets in a spray are
inhomogeneously distributed in space with widevariations in their size, velocity, number densityand ballistics. Experimental research to date,has largely been confined to dílute and simple
sprays operating in easily probed laboratoryconditions. Consequently the formation of a sprayof droplets from full scale industrial nozzles aswell as its subsequent interaction with the
high-density, aero-thermodynamic environment ofthe practical combustion zone is far from
adequately understood. This lack of information
regarding the complex and important near-field,bulk liquid behaviour and droplet physical
processes within a dense spray is hindering thecurrent computational efforts relating to the
development of a satisfactory dense spray
modelling capability.

Airblast atomizers have been used widely inthe modern, high-pressure ratio aero gas turbinebecause of the particular need for cleanercombustion with minimal of soot/smoke and other
pollutant emissions. This is due to the well
mixed and finer character of airblast spray. Thus
far, its placement in the primary zone has beenbelieved to b dictated mainly b the prevailingcombustor aerodynamics - making it, apparently,almost insensítive to fuel flow variations.
Despite widespread adoption, the level of
knowledge concerning the detailed structure ofairblast spray and the nature of its variationwith design-operational variables is largely
unsatisfactory. For example, the_effect of air,
density upon the šize and velocity oAf_dl:gp_1g_t_s___i~p_

`*mani`e'r_"_i.;`r1_:;_§-º__fë?e'"cce;å_l_____aind 2. visualization of
"sTp`r'á§7droplet behaviour 'has fared even worse -
such studies having focussed attention either onsimple research atomizer geometries or practicalgeometries operating in atmospheric conditions .This paper reports the findings of a visualization
study directed at extending the informationavailable regarding the near-field trajectoriesad spatial distribution of spray droplets



emerging from airblast atomizers under varying air
pressure conditions. In addition, the combustor
head features as well as the airblast atomizers
used in this study were fully representative ofthe current industry practice - as indeed were the
operating pressures and fuel flows.

2. EXPERIMENTAL PROGRAMME
All the airblast fuel injectors used in this

research study belonged to the generic family of
atomizers identified in the spray literature as
the pre-filming type - see figure 1 for outline
details. In such atomizer designs liquid is first
spread into a, supposedly, thin, uniform andcontinous annular sheet on a pre-filming surfacebefore exposure to the shearing action of
high-velocity, swirled, inner as well as outer
airstreams. Sandwiching of the liquid sheet upon
leaving the pre-filming surface is designed not
only to promote intimate physical contact betweenthe two fluid strean1s but also to ensure that the
resulting droplet cloud remains largely airborne.All the injectors were typical of the current gasturbine industry practice and differed from eachother in respect of air flow features - effective
area, swirl vane design/angle etc.

The experimental set up used in this
investigation is illustrated in figure 2. At theoutset it was considered that the experimentsshould b conducted under as realistic a
environment as was practical. A combustor headair swirler and other major dome air flow featurescan have a profound effect on the formation and
transport of spray droplets it was desirable to
incorporate them into the test section.
Consequently each injector, dome swirler and head
assembly was mounted, individually, into an
airbox-plenum chamber that was connected to a high
pressure air supply system. The airbox assemblywas in turn mounted inside the high pressure fuel
spray rig. A throttle at the pressure drum outlet
together with a control valve on the airbox inlet
enabled the establishment of correct test
conditions. The vessel featured optical access atthree positions, two along a horizontal diameterwith the third one at top location, for monitoringthe structure of the atomized spray over a rangeof air pressures, air velocities, fuel flow ratesetc. Standard aviation kerosine was the test fuel
for the entire study. The air and fuel flowconditions were set using calibrated precisionflowmeters and gauges.

Imaging is a popular and convenient optical
technique for studying liquid sprays. It enablesthe mechanism of spray formation to b
investigated together with the visualization ofthe prevailing structures. The actual diagnostics
employed herein comprised a combination of
high-intensity spark photography together with
high speed cine and video imaging. This wasconsidered to provide an Optimum combination of
higher quality instantaneous images along with the
capturing of dynamic and unsteady elements of
spray behaviour.

The intensity and duration of the sparkemitted b the pulsed light source is of vital
importance from the standpoint of spray image
quality. The intensity of the pulse requires tob sufficiently high so as to penetrate andvisualize the core regions within a dense spray.The duration of the spark needs to b small to"freeze" the fluid motion. A commerciallyavailable argon jet flash unit was used in the

study. The pulse duration was about 500 nsec andthe triggering was performed by the shutter of a
Hasselblad camera.

Mercury vapor illumination with appropriate
collimating optics was used for high speed cine
and video recordings. A NAC high speed cine
camera was used to film the less dense, lower fuel
flow sprays at 5000 fps with a 10:1 shutter and at4000 fps with a 3:1 shutter for the high power,
dense sprays. Video images were obtained with a
Spin-Physics SP2000 video system at typically 500
fps.

3 . RESULTS
3 . 1 Photographic Data
During the course of this investigation a

large number of spray images have been recorded
using the high speed cine-video and spark
photographic techniques. Due to limitations of
space, only a small proportion of the data
accumulated is presented in this paper. Arguablythis deliberate process of selection couldintroduce a bias into the interpretation and
analysis of the experimental data. However, carehas been taken to ensure that the information
included herein is a realistic representation of
the overall situation.

Plate 1 illustrates the structural change
encountered b the kerosine spray emanating from
injector 2 as the operating condition is changedfrom a simulated typical ground idle to asimulated typical take-off. The shift to higher
operating power under non-burning conditions canb seen to yield a spray that is increasingly
dense in character. The dilute-dense region mix
within the non-burning spray seemingly follows the
engine operating line. The more dense spray being
characterised by fewer voids and consequently
lower void fraction. At the highest power the
spray is so dense that the structural details of
the core are largely inaccessible. However, at
the spray boundaries some eddy structures, due tointeraction with the prevailing environment, canb observed. The width of the spray upon exit
from the injector is almost insensitive to
operational changes - perhaps reflecting simplythe physical constraint imposed by the fixed
design geometry of the nozzle. Further
downstream, though, the spray appears to spreadout spatially to a greater extent with an increasein operating power.

Shown in plate 2 are the spray images for a
given ground idle condition simulation for
injectors 1, 2 and 3 respectively in order to
illustrate the effect of nozzle design geometry
upon spray performance under non-burning
conditions. It should b pointed out here thatfor this experimental data different injectors
have been tested with the same combustor dome
hardware to ensure that the comparisons are
consistent, meaningful and representative. A
close examination of the plate 2 data reveals a
variation not only in the width of the spray upon
exit from the injector but also in the subsequent
spray trajectory - cone angle. For a given fuel
throughput a more compact efflux at the injectorexit will inevitably yield a relatively dense
spray to begin with and this, in fact, is borneout by the photograph of injector 1. In addition,the far-field spray plume from this injectorcontinues to exhibit a somewhat denser structure.
Clearly the injector design can b seen to have a



profound effect upon spray structure and its
spatial distribution in a given combustor primaryzone. .

3.2 Photographic Data Reduction
Photographs yield a qualitative insight intothe global effect that different variables have

upon the structure and placement of fuel spray.The usefulness and applicability of such
information is somewhat restricted unless it can,
somehow, b used to develop quantitative trends.The vast amount of photographic data collected inthis study were measured for spray plume width atone pre-filmer diameter from the injector face.Detailed and systematic analysis of thecorrelation between the foregoing measurements andthe test conditions were undertaken and is
contained in this section.

Figure 3 is a plot of variation ini spray
envelope width against fuel flow for a range of
injector designs and vessel air pressures.
Implicit in the combined injector fuel flow andinlet air pressure - mass flow variation is themovement along the engine operating line : lowfuel flow-air pressure corresponding to low powerwhereas higher fuel flow-air pressures relate to
higher power. The width of the spray envelope, ata downstream distance of one pre-filmer diameter,varies noticeably with the combustor primary zoneflow conditions in a non-burning environment. The
impact of injector design upon spray plume widthcan b observed to b even more profound.

The data in figure 4 is a cross-plot of thatin figure 3 in order to illustrate more preciselythe effect that injector air to fuel mass ratio
(APR), has upon the spatial spread of the spray.In airblast atomization the importance of injectorAR to the formatign and quality of the fuel sprayis well documented '6 . From the optimal dropsize
performance standpoint, airblast atomizers are
usually designed to operate with an atomizer ARin the 2 to 5 range. Deficiency of air is claimedto give poor atomization performance while an
excess of it is believed to b wasteful as some of
the air is physically too remote to effectively
participate in the various spray processes. Thesize of the air passages (and consequentlyatomizer overall bulk and weight) is clearly
dependant upon the amount of air required to b
passed through them. The data contained in
figures 4 & 5 provides some insight into thehitherto unclear inter-relation between atomizer
AR and spray trajectory/distribution. Areduction in AR from ll to around 5 in figure 4
yields an increase in the width of the non-burning
spray plume although the extent of this increase
varies between injectors. This is perhaps not
entirely surprising as the aerodynamics of air
passages are unlikely to b identical for the
different injectors. Interestingly spray width of
injector 4, which was tested independantly of thecombustor head air flows in contrast to tests on
injectors 1, 2 and 3 with head air flows, exhibits
the greatest sensitivity to AB variations (Figure
5). Without additional information it is not
possible to identify the precise cause of this
greater sensitivity viz different injector designsor different mode of testing etc. It should bmentioned here that the change in AR was obtained
by keeping the level of air flow fixed and varyingthe fuel mass flow.

In airblast atomization the formation and
transport of spray droplets is well known to b a

function of the momentum interchange between theatomizing and the atomized media . The more
intense this momentum transfer the finer and more
easily transported are the ensuing spray droplets.
Consequently it is logical to explore a linkbetween spray distribution and fluid streammomenta. The earlier data has been re-plotted in
figures 6 and 7 to illustrate the effect offuel-to-air momentum ratio upon the width of the
spray plume. In general, wider sprays correspondto higher fuel-to-air stream momentum ratios :
reflecting simply the relative ease with whichfuel stream featuring proportionately highermomentum is able to penetrate the air surroundingit. The efficacy of momentum transfer vis a visthe injector design geometry is also brought out
by these figures.

A close examination of figure 6 reveals a
díscontinuity between high and low AR data sets
for a given injector type ie larger spray widthfor a lower momentum ratio at an AR of 11
relative to the narrower spread for a highmomentum ratio at a AR of 4.84. This would seem
to imply that the A-R effect on spray width is not
fully accounted for b the momentum ratio and
consequently needs to b incorporated further intodata analysis. The discontinuity of figure 6 hasbeen eliminated in figure 8 by plotting spray
width against the product of fuel-air momentum
ratio and (mº1'. variations in injector design
geometries can still b seen to yield widelydifferent spray envelope widths. By taking intoaccount the key geometrical features of thevarious injector designs, the data of figure 8 canb made to converge into a single correlation as
depicted in figure 9. It is expected that
accuracy and applicability of the correlation
developed herein would improve as more
experimental data becomes available.

4. CONCLUDING REMARKS

High speed visualization of fuel sprays hasbeen shown to b a useful and highly desirable
topic of investigation in order to extend our
understanding of gas turbine spray combustion
phenomenon in a near industrial environment.
Sprays covered in this investigation are found toexhibit a inhomogeneous structure in respect of
droplet concentration and ballistics.
ñrthermore, airblast injector design as well as
operating conditions are observed to have a
profound effect on spray placement and structure.
Visualization, although primarily a qualitative
tool, has been demonstrated to b capable of
yielding quantitative information concerning spray
characteristics.

The non-uniform and variable nature of fuel
sprays has implications for the realisation of
satisfactory combustion-emissions performance.
Unsatisfactory spray evaporation performance
coupled with poor fuel vapour - air mixing couldaffect the flame characteristics with consequences
for soot and other pollutant species. Equally,
characterization of such sprays using point
measurement techniques such as laser-phase Doppler
anemometry will require additional care and
thought if misleading results are to b avoided.
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ABSTRACT
This paper presents the results of a

integrated qualitative-quantitative investigationinto the detailed structure of a airblast
atomized gas turbine spray at near atmospheric
pressure and temperature conditions. Pre-filmingairblast atomizer was studied with aviation
kerosine as the test fuel. Phase Doppler
anemometry was utilised to interrogate droplet
size, velocity and number density characteristicswhile high-energy, pulsed laser sheet illumínation
technique enabled the visualization of thecondition of the liquid at atomizer exit as wellas variations in droplet concentration. The sprayis found to b generally inhomogeneous instructure and the extent of size, velocity, number
density inhomogeniety increases as the axialdistance of the measurement plane diminishes.This has implications for the attainment of
satisfactory combustion-emissions performance frommodern combustors with compact reaction zones.

NOMENCLA'IURE
D Dr let diameter micronsO Ä±FAR - Fuel-to-air mass ratio
__ - Pressure drop, percent

Sbiálg
llllï¬

Sauter Mean Diameter, micronsDensity, Kg/mSurface tension, N/m 2Absolute viscosity, Ns/m
Subscripts
a = air
f - fuel

1 . INTK)DUCI`ION
Combustion of a spray of droplets is widely

acknowledged as being a topic of considerable
importance for the modern gas turbine engine.This is due to perennial pressures for
improvements in fuel economy, flexibility ad
performance together with the paramount need to
protect our environment. Satisfactory fuel-airmixture preparation is necessary not only duringsea level ignition ad take-off phases of the gasturbine combustor operation but also during
intermediate-power cruise and climb phases. In

"Copyright c 1992 b A.K. Jasuja &C K Tam. Published b the American
Institute of Aeronautics and
Astronautics, Inc, with permission."

general, atomization is accomplished easily b
creating a high relative velocity between fuel andair and it is usual to aim for good spray
performance throughout the operational range ofthe combustion chamber. Despite the apparent easewith which liquid is atomized, precise mechanism
resulting in the formation of a spray of dropletsis exceedingly complex and far from adequatelyunderstood. A a result atomízation research
has, to date, largely been confined to dilute
sprays operating in simple laboratory conditions.The formation of a spray of droplets fromindustrial _nozzles as well as its subsequent'interaction with the aero-thermodynamic
environment of the practical combustion zone is,
consequently, poorly understood. Limitations ofthe available diagnostic techniques have been the
main_ impediment in regard to such fundamentalstudies. Recent advances in non-invasive laser
diagnostics is now beginning to offer the prospectof obtaining useful experimental infomation underrealistic conditions conceming near-field
spray/droplet performance characteristics. Thisin tum should help the current efforts relatingto the development ad verification of dense spray
computational codes as well as improvements infuel injector technology.

Airblast atomizers have been used widely inthe modern, high-pressure ratio gas turbine enginebecause of the particular need for cleanercombustion. The airblast spray is finer in
character, ad this, combined with the intimate
mixing of fuel and air achieved as' a integral
part of the atomization process, yields a flamewith lower levels of luminosity ad soot,
resulting in relatively cooler liner walls with aminimum of exhaust smoke. In addition te fuel
placement in the primary zone is believed to bdictated mainly b the prevailing combustor
aerodynamics. In spite of the widespread
adoption, the level of knowledge concerning the
size, velocity ad number density composition of
droplets in a airblast spray ad the nature oftheir variation with design-operational variablesis far from satisfactory.

The work reported here is a part of
continuing effort into airblast atomizationresearch at the laboratories of the School of
Mechanical Engineering, Cranfield Inst_itute of
Technology. Some of the previous papers have
reported spray performance vis-a-vis the SauterMean Diameter as a function of the velocity and
density of the atomizing air, the liquidproperties, etc., for a range of gas turbine fuel



injectors [1,2]. Visualisation of near-field
airblast spray behaviour under varying air
pressure conditions is outlined in reference 3.
Huch work has been carried out elsewhere as well
on airblast atomization but in the main it has
been confined to comparatively dilute sprays
operating at near atmospheric pressure conditionsas typified b the study reported in reference 4.A a part of CC BRITE-EURM sponsored 'LowEmissions Combustor Technology' programme atCranfield phase Doppler anemometry ad laser sheetillumination techniques have been utilised for gasturbine spray research [5]. The sprays part ofthe programme was subdivided into two sections -
a) Cross-correlation of laser-based diagnosticsaimed at examining the level of consistencybetween experimental droplet data obtained atdifferent research laboratories under nominallyidentical conditions b) application of phaseDoppler ênemometry (PDA) ad laser sheet
šllumination (LSI) techniques to a study of dense,airblast atomized gas turbine spray over a rangeof air pressures. This paper reports quantitative
droplet size, velocity, number density data in
conjunction with qualitative, high speed
spray-droplet images obtained at near sea-level
pressure-temperature conditions. Other data,
including high pressure spray measurements, willb reported elsewhere.

2. EKPERIMENTAL DETAILS
Details of the experimental set up used inthe study are depicted in figures 1 to 4 and are

only briefly described here.
The airblast fuel injector used in thisresearch programme was fully representative of thecurrent gas turbine industry practice ad belongedto the generic family of atomizers identified inthe literature as the pre-filming type. The

injector was in fact of SEM design ad theoutline details are illustrated in figure 1. Inthis design, the low~velocity fuel is first spreadinto a,~ supposedly, thin, circumferentiallyuniform sheet o a annular surface before being
exposed to the shearing action of high-velocity,swirled, inner as well as outer airstreams.
Sandwiching of the liquid sheet is designed not
only to promote good physical contact between theto fluid streams but also to ensure that the
resulting spray of droplets remains largelyairborne with minimal deposition on liner walls.Te cone angle of the spray is determined b acomplex interaction of te swirling atomizingairstreams with the air flow through the mpholes. Figure 2 illustrates the outline of the
combustion liner within which the fuel injector
usually operates [6].

The fuel injector-cup assembly wereinstalled in.a plexiglass plenum chamber which inturn was connected to a near normal pressure ad
temperature air supply system. Standard aviationkerosine (r - 0.0013; a - 0.0277; p - 784 - all at
15°C) was the test fuel for the entire study. 'Ihefuel ad air flow conditions were set usingcalibrated precision flowmeters ad gauges. The
spray emanating from the injector was arranged tob horizontal ad was directed into a spraycollector for disposal. The collection system
comprised a cyclone separater driven b a low
pressure fan. Figure 3 shows the schematic
arrangement of the atmospheric spray facility.

The spray drop sizing and visualizingequipment was supported on a 3-D traversable base.The to sets of equipment were such that theycould not b supported ad used simultaneously.The laser transmitter and receiver were arrangedin the forward scatter mode for drop sizedetermination with the measurement probe volume
aligned with the centre of the injector.

Detailed point-wi se , measurements on
droplets present in a. spray are perhaps bestobtained b using phase Doppler anemometry (PDA).A single velocity component instrument based uponthe above principle ad marketed b Aerometrics,Inc. USA was employed in this study. Thisinstrument is a extension of laser Doppleranemometry (LDA) and features three detectorslocated behind a common aperture of small size -see reference 7 for more details. Use of multipledetectors enables the measurement of the spatial
frequency of the scattered interference fringepattern produced b the passage of droplet throughthe beam cross-over region. The detectors producea Doppler burst signal that is similar but itfeatures a phase difference between them. The
droplet velocity information» is obtained as in aconventional LA set up whereas the dropsizeinformation is obtained from the phase shiftmeasurements. The use of a rotating diffraction
grating enables the imposition of frequency shiftthus allowing distinction between negative ad
positive droplet velocities. 'Ihe instrument hasbeen interfaced to a IBM PC/AT computer and theindividual droplet data is subjected to a sequenceof checks before being accepted as a valid sample.Validated droplet size, velocity histogramstogether with reason for droplets rejected are
displayed on the monitor.

High speed imaging is a convenient
diagnostic for examining the mechanism of sprayformation along with the visualization of the
prevailing structures. It can often provideuseful insight' into the physics of sprayatomization and droplet. processes. It also hasthe ability not only to identify the break uplength but with suitable image magnification todiscriminate between spherical droplets and
irregularly shaped ligaments/particles in a liquidspray. In contrast, the laser based dropletcharacterization techniques do not possess this
capability ad consequently cn yield misleadingresults. Furthermore, imaging techniques can helpidentify zones within a spray that are interestingad worthy of detailed probing.

The actual imaging diagnostic employedherein comprised high-intensity, pulsed lasersheet illunination technique. Cylindricalillumination from a Q-switched, frequency doubled,N : YG laser was transformed into a thin sheet
through the use of conventional optics as shown infigure 4. The intensity ad duration of the
pulsed illumination is of critical importance fromthe view point of spray droplet image quality. Apulse of sufficiently high intensity is desirablein order to penetrate dense, near-field sprayzones ad hence visualize effectively theprocesses prevailing in ad around the core
regions. The duration of the pulse needs to bsmall enough to "freeze" the fluid motion andhence yield a blur-free image. 'me laser used inthe study was capable of providing pulse of upto100 m energy with 15 nanosecond duration. Thebeam emerging from the laser is in the form of acollimated cylinder of about 6 m diameter adthis is transformed into a circa l.Sn thick sheet



using the cylindrical lens arrangement of figure4 . The actual sheet obtained was
converging-diverging in nature and the optics were
arranged in such a way as to ensure that the
centre of injector coincided with the waistsection of the sheet. A Hasselblad camera with
400 AA black and white film was used to capture
the spray images and was located in a plane
orthogonal to the sheet.

3 . RESULTS
A the primary objective of this paper is to

provide a better insight into the detailed
structure of the airblast atomized kerosine spray,
experimental_data obtained using the phase Doppler
analyser will b presented first followed b that
obtained using high-speed laser imaging. Compact
reaction zones in modern combustors require spray
droplet measurements in the close proximity of thefuel injector - typically within about 25 ~ 50mmof the atomizer outlet. In general, the choice of
actual droplet measurement positions is usually a
compromise between such considerations as the
spray break-up length, droplet agglomeration,
evaporation, combustor primary zone length etc.
Measurements too close as well as too far are,
usually, avoided because of their vulnerability to
undesirable secondary influences. A very large
proportion of the earlier Cranfield research hasfeatured characterization at around 40 - 50mm
downstream, axial distance in the belief that the
mechanism of atomization is b then substantially
complete and the secondary processes of
agglomeration, evaporation etc have not assumed
significant proportions. In this study the
measurements were initially made at a downstream
distance of 50mm along the spray axis and
subsequently repeated at 25mm position.

3.1 Phase Doppler Data
A typical print out from the Aerometrics

single-velocity component instrument comprises
droplet size and velocity histograms together with
the size-velocity correlation. RS - droplet mean
velocity, number density etc information is also
provided along with a plot of droplet diameter
versus cumulative - volume-by-percent. From this
curve can b extracted diameters corresponding to
10%, 50% ad 90% cumulative volume points and
hereafter they are denoted as Dl0%, 050% and D90%
respectively. Ignition characteristics are,
amongst other things, dependent upon the ready
availability of a supply of small droplets whilst
large droplets are known to affect the emissions
performance.- Dl0% and D90% are therefore usefulwhen attention is required to b focussed upon
combustor ignition and emissions behaviour
respectively. The mean axial velocities
corresponding to Dl0%, D501: and D90% droplet
diameters have been obtained from the
size-velocity correlation.

Figure 5 illustrates the variation in
droplet sizes along a horizontal diameter located
at a downstream distance of S0 m along the spray
axis for a air pressure drop of 5% ad atomizerFAR of 20%. The outer edges of the spray contain
relatively large droplets while the interior
regions contain much finer drops and this trend is
consistent for the D10% through to D901; diameterscovered. A can b observed, there is very little
difference between D50% and SMD across the whole
of spray cross~section.

The corresponding variation in mean axial
velocity for the Dl0%, 050% ad D90% diameters is
depicted in figure 6. The outer edges of the
spray feature low positive droplet velocities
which increase in magnitude as the inner regionsof the spray are approached. Right in the centreof the spray there appear to b droplets movingwith negative velocities - implying recirculatorymotion. The variation in overall mean and RS
velocities is shown in figure 7.

The droplet number density and volume fluxdata are shown in figure 8 and large spatial
Variations are evident in both the cases.
Furthermore the centre of the spray can b seen to
contain very little fuel b volume - b
implication spray is probably hollow in nature.Some caution here is necessary as the instrument
used in this study is a single-velocity component
and may not consequently b detecting all the
droplets. The signal quality throughout these
measurements was good with the droplet rejection
rate generally below about 5%.

The droplet data for the 25mm measurement
location is shown in figures 9 to 12. Comparison
of figure 9 with S reveals SMD, Dl0% and D50%
values to b only narginally different with the
further downstream location yielding slightly
smaller droplet diameters. D90% values on the
other hand are considerably bigger at the 25mmmeasurement location for bulk of the spray
cross-section on the inside. This implies that
the larger droplets are continuing to undergo
disintegration between the 25 and 50mm measurement
planes in the inner spray regions. A examination
of figure 10 reveals higher negative velocities
(-l0,to -17 m/s) with which droplets are moving inthe centre of the spray at the 25mm location in
comparison with the 50mm location (-6 \/s max).
This would seem to suggest the existence of a
swirling droplet movement pattern that decays witha increase in downstream distance ie with drag.Mean axial velocities can b observed to decaywith downstream distance too - contrast figure 11with figure 7. The volume flux, number density
plots still indicate the existence of a hollow
region in the centre of the spray. The peak
droplet number density drops as the measurementlocation distance increases.

3.2 Laser Imaging Data
Plate 1 illustrates the spray visualizationdata obtained for a atomizer air pressure drop of5 percent and kerosine FAR of 10 percent.

Large-scale, bulk spray features were recorded
using comparatively low primary (image)
magnification (circa 0.4) ad they confirm thesomewhat hollow nature of the spray in the centre- plate 1(a). In addition, they also reveal theexistence of regions of widely varying dropletnumber density. Visualization of local featuresas well as droplets was conducted using higher
image magnification camera optics_ ad typical
images obtained are shown in l(b) and (c). It is
evident from these images that liquid is alreadybroken up into droplets b the time it emergesfrom the atomizer outlet. The maximum primary
magnification attained during this study was circa4 with a minimum sheet thickness of around l.5mm.

Plate 2(a) illustrates the effect of laser
sheet quality upon spray droplet image definition.The poorer quality image relates to a laser sheetthickness of around 6 ~ 7mm while the better



quality image was obtained with circa l.5mm thicksheet. The extent of droplet image co-incidencein a spray increases with a increase in sheet
thickness with a consequent degradation in image
quality. Illustrated in 2(b) are images from adilute and a dense region within the same sprayand clearly there is a large Variation in local
droplet concentrations. Problems of co-incident
images can b minimised in dense spray zones andbetter quality images obtained by employing eventhinner sheets vis-a-vis longer focal length
cylindrical lenses.

Although not reported here, the imagesobtained have been successfuly analysed b
collaborating partner for droplet characteristics.For satisfactory digitisation, out-of-focus images(due to limited depth-of-field, non-uniform
illumination, etc.,) and background noise
(contributed b multiple optical surfaces) requireto b minimised.

4. CONCLUDING RMRS

The combination of phase Doppler anemometryand pulsed, laser sheet imaging for determiningthe structure of a airblast atomized spray hastumed out to b a satisfactory one. Thisassertion is supported by the aforegoing sectionsof the paper featuring detailed experimental data.'Ihe two diagnostics complement each other to yielda balanced qualitative-quantitative insight intoairblast spray structure. Further refinements oflaser imaging are planned to enhance its dense
spray capability. As_ a consequence the prospectof identifying spray regions that are safe,
interesting ad worthy of detailed, point-wise,
probing should become somewhat less remote.

The airblast atomizer results presented inthis paper reveal the spray structure to b
generally inhomogeneous and this has implicationsfor the realisation of satisfactorycombustion-emissions performance. Unsatisfactoryspray-droplet evaporation performance togetherwith inadequate fuel vapour-air mixing wouldaffect the flame characteristics with consequencesfor soot and other pollutant species.

The following specific conclusions can bdrawn from this study:

1) The structure of airblast atomized
spray studied comprises slow moving, largerdroplets on the outside while the inner regions
contain small, faster moving droplets.

2) Located right in the centre of the
spray is a low droplet number density region
featuring negative velocities.

3) Measurements reveal the smaller droplet
formation process to b substantially complete bthe 25 u sampling location while the larger
droplets in the inner spray regions appear to
undergo further break-up between the 25 ad 50 m
locations.
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ABSTRACT
Research into the control of emissions

from gas turbine combustors demands high
temperature and pressure where not only aretest costs high but also the application of
diagnostic tools to the interior of thecombustor is technically difficult. Under
the CEC BRITE/EURAM - funded Low Emissions
Combustor Technology programme, the
limitations of non-intrusive laser
diagnostic techniques have been explored.
1.0 INTRODUCTION

In order to establish the reliability
and accuracy of the sophisticated optical
instruments used within the BRITE/EURAH Low
Emissions Combustor Technology programme, a
cross correlation exercise has been carried
out. This will enable the selection of the
best instruments for use in further
experiments. The partners involved and the
instruments used are listed in table 1.

The airspray injector was mounted in a
perspex airbox, and was not removed duringthe experiment. The airbox and injector
were sent to each partner in turn. Kerosene
was used by all participants and a sample
from each partner has been analysed.

Three different measurement techniques
were compared, Phase Doppler Anemometry
(PDA), Laser Diffraction (LD) and Amplitude

Participnt Technique

Doppler (AD), within this comparison the
results from three commercial PDA
instruments were collated.
2.0 TEST PACILITIES

A description of the test facilities
used by each of the partners is given below.
All of the rigs operate at atmospheric
pressure and the spraying medium was
kerosene.
2.1 CRARPIELD

The airbox is mounted at the outlet of
a compressed air supply and orientated to
spray horizontally. The transmitter and
receiver are mounted on a levelled bench,
which has a 3-D traverse. This enables the
PDA optics to be moved relative to the
atomiser. The system is set up for a 30Â°
off-axis collection angle in forward
scatter, with the transmitter and the
receiver each located at an angle of 15° to
the bench. Cranfield have a 1-component
Aerometrics PDA which uses a l0mW HeNe
laser.
2.2 DLR

In the DLR test facility the airbox is
mounted to spray vertically into a
cylindrical exhaust system. The transmitter
and receiver are mounted in the same plane
and are able to move in the x-y directions.

Intrmun

Rolls-Royce Phase Doppler Anemometry two component Aerometrics
Laser Diffraction Halvern

Cranfield Institute of
Technology

D.L.R. Phase Doppler Anemometry
Bolography

` Rouen University

University of Karlsruhe

Phase Doppler Anemometry

Amplitude Doppler

Phae Doppler Aneometry

one component Aerometrics

two component Dantec

one component TSI

two component AerometricÄ±~ Laser Diffraction Halvern

TIBLI 1



The rig itself could be moved in thevertical z-direction. The 2-component
Dantec PDA system was set up to collect at
68.8° off-axis forward scatter, and uses a
4W Argon ion laser.
2.3 KARLSRUHE UNIVERSITY

At Karlsruhe University the airbox was
mounted such that it sprayed vertically into
the fuel spray collecting and settling
container. The airbox is mounted on a 2-D
traverse and the PDA system is fixed in
position. The receiver is set up to collect
at 30° off-axis in forward scatter. The PDA
system at Karlsruhe University is an
Aerometrics 2 component and is used with a
4W Argon ion laser. On the same facility aMalvern laser diffraction instrument is
mounted 30° from the PDA transmitting optics
and allows simultaneous measurements to be
taken with both instruments.
2.4 ROLLS-ROYCB

In the test facility at Rolls-Royce the
transmitter and receiver of the PDA
instrument are housed in air tight boxes
which are continuously purged during the
running of the rig for flameproofing. Thereceiver is set at an off-axis forward
scatter angle of 30°. The air box ismounted on a 3-axis traverse, when taking
PDA measurements it is the spray that moves
relative to the probe volume. It is
possible to rotate the rig through 360°,thus allowing the measurement of the third
component of velocity. A 2W argon ion laseris used linked via a fibre optic cable to
the input of the transmitter, Rolls-Royceused a 2-component Aerometrics PDA
instrument. Also mounted in the fuel spray
facility is a Malvern laser diffraction
instrument. The airbox can be rotated in
order to take measurements in the same plane
as the PDA measurements.
2.5 ROUEN UNIVERSITY

The airbox at Rouen University was
orientated to spray horizontally. The
photomultiplier was set up to collect at 21Â°off-axis in forward scatter. Rouen have a
TSI Amplitude (Top Hat) Doppler system this
uses the green and blue beams from an Argonion laser. Rouen measured 3 points per
traverse (see section 5.1) and because ofthis the problem of traversing the airbox
was not as crucial.
3.0 HBASURZHBNT TECHIQES

All three of the techniques used are
non-intrusive laser based techniques. What
follows is a brief description of each,
accompanied by the appropriate referencesfor further details.
3.1 PHASZ DOPPLBR AEKOMBTRY Bachalo,

Houser (1984).
A laser is used to produce a single

intense beam of highly collimated
monochromatic light. This beam is split
into two parallel beams of equal intensitywhich are subsequently focused to a common
intersection, this forms the measurement
volume. Within the measurement volume a
system of fringes are formed due to the
optical interference of the two beams. The
spacing of the fringes (d ) depends on the
angle of intersection of the beams (8) andthe wavelength (A) of the laser light.

af = (1)2sn(e/ âº2
As a small particle crosses the

measured volume light will be scattered inall directions. The signal that is receivedat the detectors is referred to as a Doppler
burst. The Doppler frequency (f ) is the
result of the particle Crossing guccessive
light and dark fringes, and is related tothe particle velocity by the expression

v = af x fd (2)
The phase of the laser doppler signal

varies with the angular position of the
detector, the phase difference between two
fixed detectors is proportional to the
particle diameter. The size of the
particle, therefore is determined from the
difference in phase between the Doppler
burst signals detected by each
photomultiplier tube in turn. Using three
photomultiplier tubes in the receiving
optics provides two pairs for cross checks,extends the dynamic range of the method and,
because the phase shift is related to the
curvature of the particle, the sphericity of
the particles can be determined.
3.2 LASER DIPYRACTIOI Swithenbank, Beer,

Taylor, Abbot, HcCreath (1977).
This instrument is based on the

Fraunhofer diffraction theory of a
collimated laser beam scattered by moving
drops. A collimated laser beam is directedinto the spray. The light energy scattered
by the moving drops in the whole path length
of the beam across the spray is collected by
a Fourier transform lens and focused onto a
photodiode array detector composed of 31
semicircular, concentric detectors. Since
the calculations of drop size relies upon
the relationship between size and light
scattering angle, the technique relies upon
light being scattered only once before
reaching the detector. This sets anobscuration limit of around 600 for accurate
data. The dropsize is calculated from the
measured light energy distribution by
performing a least squares analysis todetermine the best-fit size distribution
parameters. The dropsize distribution modelhas to be pre-selected, from
Model-Independent, Log-normal or Rosin
Rammler. ^
AHTLITUDB (TOP HOT) DOPPLZR Allano,
Gouesbet, Grehan, Lisiecki (1984).

The particle velocities are measured by
Laser Doppler Velocimetry (LDV) using the
green wavelength from an Argon ion laser.The green beam is split in two and the
measurement volume is at the intersection of
the two beams. Superimposed on this probe
volume is the blue beam. From the use of
Lorenz-Mie theory the properties of the
light scattered by a Mie scatter centerilluminated by a plane wave can be
predicted. A monotonic relationship existsbetween the scattered signal and particle
diameter. The Gaussian blue beam is
corrected to a TOP HAT profile with a
metal-coated absorbing filter to eliminate
any drop trajectory ambiguities. The blue
beam is enlarged so that the probe beam
diameter is about twice the particle
diameter. âº



4.0 TEST CONDITIONS
The operating conditions for the

airspray fuel injector were repeated by eachof the partners and similarly themeasurement planes. Table 2 outlines thefour operating conditions that were used andTable 3 lists the parameters that were
measured by each partner.

CONDITION 1 AP 5$ Of atm FAR 20%
CONDITION 2 AP Sš Of atm FAR 10Â§

CONDITION 3 AP 3.51 Of atm FAR 20$
CONDITION 4 AP 3.50 Of atm FAR 10$

TABL! 2 OPERATIHG CONDITIONS
At each condition measurements were

taken across a diameter perpendicular to the
burner feedarm in planes 25 and 50mm
downstream of the injector exit.

The last group to receive the airboxwere Karlsruhe University. During their
testing the atomiser showed a strong
asymmetry at all the operating conditions,
this asymmetry was not present in the data
of the other partners. There was no visible
evidence of blockage, however, by using a
microscope unit it was found that some fluffwas blocking three exit air holes of the
atomiser. This was removed using compressed
air.

After the removal of the fluff, there
was only time to repeat one of the test
conditions, this traverse now exhibited a
nearly symmetrical spray pattern.
comparing the traverse before and afterfluff was removed the agreement of
profiles on one half of the sprayexcellent. It has been possible to use the
data from the negative radial positions to
compare with the other partners.

9Ythe
the
was

5.0 RESULTS
5.1 LDA BASZD TECHIQUES

This section will compare the results
from the four Phase Doppler Analysers and
Amplitude Doppler technique. The condition
that has been chosen to be discussed in full
is the one at which Karlsruhe University
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were able to repeat their measurements onthe unblocked airspray, APS%, P.A.R. l0§,50mm downstream. Data were collected at 2mm
increments to + and - 40mm from the burner
centre line. The data collection rate of
Rouen's Amplitude Doppler technique is very
slow, around one hour per point and thislimited the points measured per traverse to
three, at radial positions +8mm, +l8mm and+28mm.

The drop size has been presented as themass undersize parameters, D108, D508, D908in order to assist in understanding wheredifferences in results arise. The velocitymeans and RMS values corresponding to thesethree drop sizes have been plotted againstradial location.

Figures l to 4 show the complete set ofresults for the condition AP5t I-`.A.R. l0$
measured at 50mm downstream. The velocities
for the size classes Dl0\, D50\ and D90! areshown in Figures l, 2 and 3 respectively.
Figure 4 shows the drop diameter plots againfor each size class.

Looking at figures l, 2 and 3 the
similarity in the results is clear. There
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are slight variations but the general trendsare in agreement. The axial velocity
profile shows a small recirculation stillexists in the centre at 50mm downstream.The profile is very symmetrical with peakvelocities occurring at approximately 17mmeither side of the centre line. There is a
small component of radial velocity actingoutward from the centre line of the burner.
The tangential velocity peaks 10mm eitherside of the centre line, dropping towardszero at the edges of the spray. The RMSvelocities are very similar for all three
components, not rising above l0ms" at any
point in the traverse. Comparing the
velocity profiles of the 3 dropsize classes,the tangential velocity profile is similarfor all three. The radial velocities at the
outer edges increase slightly for the larger
drops, D902. The axial velocity profile isflatter for the two larger size classes; forD508 there is a smaller recirculation in the
centre and for D90\ drops only Karlsruhehave measured any drops with negativevelocities. At the outer edges of the spraythe D508 and D90\ drops are moving fasterthan the smaller D108 drops. Both of theseobservations are as expected with V. thesmaller drops following the air velocities



r \ m8 S S....4 _4_.º._...... 1 Ä±. _ ...

~ _;*x.¬..u-_..' °\Ul ÜLÃ.
aa v..

_ º :t ....2
9': 0 01:1 wn'vv

_, º fu (a)
. .. ,r-

amale.o
.4âº

'. º'~iq'.__ _-º. an. I_ v1 o , . Â¬-1'* inÃ

opD3
Dr

: äå, . 1 ji..
101 .= "'l§:Â«
04 Ä .-4« -10 o zo o

Radial Localian \ mm

Ä±Qaf.

1_..<a«or4oÄ±
o

'` - I ..* um n¬=.' v aaa a.
. ~ oso nm...-

. :nx air.
_ « :ws uwÂ«

åw- (D)

0 ama er

. ms. N
4º°º n '.l'Â°
o ' vv'. ' . Ä±

Drop
S
CI4øÄ±a Ä±I O

...;
1"8Â«i ". .

'E'a, Jg' '|:o° . 0 º:.I~.;. : ...lv'N9a . . _ _ _-co -zo o a 4°
Radial Løcaüon \ mISO- _ _- ' ...x um º.-,-_..

1 v an n..' 0 man nu..
. ¬ :-u zer.:c na...

- (C)

ar\m
F

~ ,° _,. 1..._ . _.

pbam
E

,-S0-'géll

Dm

' -70 0 2 aRadial Location \ nn
FIGURE 4 DROP DIAMETERS (0) 0102. (tz) D502. (c) D902
CONDITION: DELTA P SZ, FAR 10%, 50mm d\Ä±

and the larger drops travelling
ballistically.

At all the test conditions there is a
lot more scatter in the D908 plots both for
drop size and velocity plots. This is due
to the small number of drops at the larger
end of the distribution compared with D508
and Dl0t regions. In some cases there wereas few as three or four large drops
contributing to the D908 value. An exampleof this will be shown later in this section.

Figure 5 illustrates an instrument set
up problem. By looking at the D90% plot onecan see that the Rolls-Royce values at the
edges of the spray are much greater than theother partners. There is a difference in
the D908 value between points 16 and 17, at
-8 and -10mm, of l82m. This can be
explained by the instrument set up change
shown in table 4.

By reducing the maximum diametsr value
from 2l0m to l60m a few large drops that
still exist have been excluded and this has
greatly influenced the D908 value. Figure 6shows further evidence of this by
illustrating the Q Number and I Volumedistributions for the -10mm point. There
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Rad Loc./mm Instrument Setting D90%/mDiameter Range/m
-12 6 - 210 197.3
-10 6 - 210 205.6
-8 4.6 - 160 23.6
-6 4.6 - 160 29.9

TABLE 4
appear to be only 3 large drops presentabove l80m with the majority of drops
having diameters below 80m.

Although these large drops are few in
number, when looked at in terms of 8 volume
the d' effect is very large. It is this
cluster that determines the D90\ value. The
presence of these large does not have anyinfluence on the values of D508 or D108 but
an area of concern arises when using the
volume flux information. In this case by
omitting these large drops the volume fluxresults are severely biassed. Particular
care must be taken when changing the
diameter range during a traverse, especiallyif the volume flux information is to be
used. Additionally, the source of such
drops and their relevance to the spray mustbe considered.

At all test conditions the agreementsbetween the partners for drop size are good,with the exception of the Rouen drop sizedata. The dropsize measurements are
generally lower than those measured by theother partners. This is presumed to be dueto the narrow drop size range of the
instrument which is restricted by the probe
beam diameter. Figure 7 gives an example ofthe dropsize plot for one condition and
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figure 8 shows a plot of the maximumdiameter settings across the traverse forthe same condition. The maximum diameter of
the amplitude doppler especially at the 25mmdownstream conditions, are lower than the
other partners implying that they are not
recording a number of large droplets whichhave been seen to exist in the data of the
other partners.
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At 25mm downstream the velocities
correlate very well, again showing more
scatter for D90$ values. However, for the
drop size data the D90\ values exhibit a
more random distribution than D501! and Dl0\.
Figure 9 shows the worst example. Lookingat the D90t plot none of the partners
results show any particular trend in the
distribution of the data. What is quite
surprising is the size of some of these
drops particularly in the middle of the
spray. Drops with diameters of the order of
l00m to l50m, in a couple of cases even
greater than this. These large drops,
however, have disappeared from the centre of
the spray by 50mm downstream. At thisdownstream plane the larger drops probably
have been centrifuged to the edges of the
spray cone. The insensitivity of the
velocity results, figure 10, indicates thereis little correlation between drop size and
velocity.
5.3 IALVBRI VS PHBSZ DOPPLBR MIALYSBR

Two of the partners, Rolls-Royce and
Karlsruhe University, took Malvern
measurements on the same spray at the same
conditions as the PDA measurements. Below
ia a summary of the results from both
partners.
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There are two methods by which the
Laser Diffraction (LD) measurements can b
compared with PDA results. A brief
description is given below, for further
reading please refer to the following:
Dodge, Rhodes & Reitz (1987), Dodge (1987).

The laser diffraction instrument
measures a line-of-sight average through the
complete spray. It registers a signal
proportional to the population of drops
within the volume defined by the
intersection of the laser beam and the
spray, this is referred to as a spatial
average . The phase doppler analyser ,
samples a very small volume and registers a
signal proportional to the number of drops
passing through this volume, known as
temporal sampling. To compare the L and
PDA measurements it is necessary initially
to convert the PDA data to spatially
averaged. Then either to average the PDAresults into line-of-sight data or
deconvolve the L line-of-sight into point
data, Hammond (1981).

Table 5 shows the planes and conditions
that were measured at Rolls-Royce using the
Malvern instrument. For this exercise the
PDA measurements were converted to a single
line-of-sight value for comparison. The
method used was that given by Jackson and
Samuelsen (1986). The line-of-sight Dâ
value is given by

§D,¦ 1 (N1/VJ)Lj (3)
Du '

§D,å 1 (N1/Vj)Lj



where D, and D are the vglume mean andarea meanj diameteis of the 1 ring. For
equally spaced points through a diameter the
L values are equal and can be ignored. For
câmparison with LD the spatially averaged
values of D, and D are used in the above
calculation.

Table 5 allows a comparison of the
Malvern data with the Aerometrics to be
made. At all conditions, except one, the
equivalent line-of-sight measurements forthe PDA were higher in value than the LDdata. Included in table 5 are the 8
obscuration values at each condition.
Figure ll plots the difference between thePDA D and the L D (DELTA) against t
obscuration. With the exception of two
points there is a correlation between the
DELTA value and t obscuration. As the
obscuration increases, ie as the spray
becomes denser, then the difference between
the PDA and the L values increase. This is
consistent with the effect of increasing
secondary scattering with obscuration.
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Since this will increase the intensity of
light reaching the outer rings of thedetector which correspond to smaller drop
sizes, scattering angle being inversely
proportional to drop diameter.

The Halvern instrument at Rolls-Royce
is model no. 2605LC the beam diameter was
9mm and the focal length of the receiving

lens was 300mm. The analysis used was the
Model Independent.

These results are from the measurements
taken by Rolls-Royce. The results from the
Karlsruhe comparison, involving the Malvern
and Aerometrics, are to be reported
separately.
6.0 DISCUSSION
6.1 PDA

One aspect that has been highlighted in
the analysis of all the results, is the
importance of setting the instrument up
correctly. This applies to the Aerometrics
instruments in particular since these are
currently used with a counter processor.When using the Aerometrics PDA it is
possible to optimise the settings fordimater range, velocity range, PMT voltagesand velocity offset (ie the speed of
diffraction gratting) at each point in the
traverse. An example of this would be as
one moved towards the centre of the spray
the drops are smaller and the diameter size
range could b reduced. By setting thediameter maximum too low it is possible to
omit any larger droplets present from the
subsequent analysis of the data. One effect
of this would be to severely bias the volume
flux calculations. Because these large
drops tend to be few in number, omitting
them from the analysis has little or no
effect on many of the other parameters ie
D, D, velocity-size distributions. When
looking at the median plots the D908 value
is the only one effected. One solution to
this would b to leave the drop-size range
as wide as possible. However, the PDA
instrument provides correlated velocity/size
data and can therefore provide a measure of
the gas velocity as well as the spray
velocity. If one was interested in these
gas velocities then the instrument should be
configured to obtain detailed information onthe smallest particles. These two examples
emphasise the need to set the instrument up
according to the nature of the experimentand great care in doing this must be taken.
The Dantec PDA instrument uses a Burst
Spectrum Analyser, which requires no changesto be made to the set up during the
CIGVGISG .

IAerometrics equivalent Molvem obscumon DELTAC°díÜ0f\ line-of-sight volue 0/m (Mowem) Aerometrcs-0;ßf Molvern
ßP5% FAR 20%

25mm d\s 46.11 35.95 39.8% 10.16

0 P5% FAR 20%
50mm d\s

51.46 36.27 43.4% 15.19

ÄP3.5% FAR 20%
25mm d\s

56.24 48.80 28.3% 7.44

Ä P3.5% FAR 20%
50mm d\s

57.01 47.90 30.8% é.Ä±
I

AP5% FAR 10%
25mm d\s

42.82 33.41 29.1% 9.35

A P5% FAR 10%
50mm d\s

30.49
Ä±

34.38 30.0% -3.89

Ä P3.5% FAR 10%
25mm d\s

61.81 43.10 17.2% 18.71

AP3.5% FAR 10%
50mm d\s

47.29 43.87 1 7,7% 3.42

Tl 5 HILVERN \ PA DATA
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The value of drop size at the 90i mass
undersize point seems to be an unreliable
figure to look at. As we have seen it
depends largely on the instrument settingand can be influenced by two or three large
drops. It could give a false impression ofthe droplet distribution and should be used
in conjunction with the actual dropletdistribution. It is not recommended as a
valuable parameter when looking at sprays of
this type.
6.2 AMPLITUDB DOPPLZR

The major drawback of the "Top Hat",
Amplitude Doppler system, especially in
comparison to the commercial PDA
instruments, is the length of time required
to collect the data at each point. This is
a recognised shortcoming targetted for
improvement.
Another limiting factor was the narrow dropsize range of this instrument, a ratio of 15between smallest and largest particles, fortwo different probe beams. The ratio of 15
has since been improved to 100 with the use
of a logarithmic amplifier.
6.3 LÄSER DIPYRACTIOI VI PDA

These two instruments have applictions
which are quite remote from each other andbecause of this it is not really feasible to
compare the two. To either use LD to obtain
point measurements by deconvoluting line of
sight data, or to use PDA to get line-of-
sight data are both time consuming exercisesand not worthwhile.

If a detailed mapping of the spray is
required then the obvious choice is PDAwhere both velocity and drop size
information are available. If, however,
overall dropsize information only is
required and a line-of-sight average would
suffice then LD would be the choice, cutting
down the testing and processing times.
However the spray density limit of LD is
much lower than for PDA since secondary
scattering from a full spray diameter willhave a lower threshold than the single drop
criterion in the very small probe volume ofthe PDA instrument. The choice of
instrument is dictated entirely by the type
of data required for any given application.
7.0 COKCLUSIONS

Despite the use of horizontal andvertical spray rigs, the geographicallocation of the participants and the spread
of measurements over almost two years, the
agreement in both drop size and velocityresults is excellent. This exercise has
generated a high degree of confidence in themeasurement techniques and in the comparison
of data from different research facilities,
which could be involved in future
collaborative programmes.

One point that has emerged from thisexercise is that care must be taken with the
instrument set up parameters. This needs to
be done keeping in mind the overall aim ofthe experiment.

Although PDA and Amplitude Dopplermethods generally agreed well the large
discrepancy in data rates makes PDA the more
attractive technique.

In the comparison of PDA and Laser

Diffraction (Malvern) data, it should be
borne in mind that the laser diffraction
method is a technique that is applicable in
different situations to that of the PDA.
The PDA is ideally suited to detailed spray
modelling whefë drop velocities as well assizes are required. The Malvern laserdiffraction instrument is very repeatable
and fast for examining overall spray
behaviour, but gives size distribution only.
Because of these fundamental differences in
use and in measuring technique it is hard to
compare the two instruments.
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ABSTRACT `

The detailed structure of a kerosine spray emanating from a typical gas
turbine starter jet is interrogated under sea-level pressure-temperature
conditions. Phase Doppler anemometry and pulsed laser sheet illumination
were the diagnostics employed to obtain a balanced quantitative-qualitative
insight into the behaviour of the pressure atomized spray. The spray
studied is found to exhibit an inhomogeneous structure from the standpoint
of droplet size, velocity, number density and volume flux.

1 . INTRODUCTION

Pressure atomized sprays continue to be widely employed in a variety of
combustion and non-combustion process applications. Despite the
widespread usage as well as the comparative ease with which liquid is
atomized, the precise mechanism leading to the formation of a spray of
droplets is exceedingly complex and poorly understood. As a result
atomization research has, to date, largely' been confined to dilute
sprays operating in easily probed laboratory conditions. Composition
of the spray of droplets emerging from industrial nozzles as well as
its subsequent interaction with the system's operational environment is
far from adequately understood. Limitations of the available
diagnostic techniques have been the main impediment in regard to such
fundamental studies. Recent advances in non-invasive laser diagnostics
is now beginning to offer the prospect of obtaining useful experimental
information under realistic conditions concerning near-field
spray/droplet performance characteristics. This in turn should help
the current efforts relating to the developent and verification of
spray computational codes as well as improvements in fuel injector
technology.

Phase Doppler Anemometry (PDA) is a popular choice for point-wise,
simultaneous measurement of size, velocity and number density of
droplets in a spray. Laser §heet Illumination (LSI) is also gaining in
popularity for visualising flow-field structures and trajectories in
two-phase flow situations. Currently both these techniques are the
subject of further developments to enhance their capability and
applícability. This is especially true of laser based droplet sízing
techniques due to their inherent inability to discriminate between
spherical and non~spherical, irregularly shaped particles. Also,
comprehensive detailed mapping of a spray using PDA will require a vast
number of measurements - thus consuming large amounts of testing
resource. Two~dimensional imaging using LSI, in contrast, offers the
prospect of rapid, full-field data acquisition. LSI technique can
complement PDA ueasurements by identífying not only spray zones that
are worthy of detailed probing but also their inter~relationship.
Imaging techniques can also be useful in developing a conceptual model
of the various near-field spray-droplet processes eg liquid sheet break
up, droplet-droplet agglomeration, droplet-gas interactions causing
droplet ndgration to low pressure regions and the onset of droplet
recirculation, etc.

The work reported here is a part of an on-going effort into spray



264

atomization research at the laboratories of the School of Mechanical
Engineering, Cranfield Institute of Technology. Some of the earlier
papers have focussed attention upon the performance of airblast
atomized sprays [1, 2] whilst this one deals with the application of
PDA and LSI techniques to an examination of the structure of a kerosine
spray emerging from a simplex pressure atomizer under sea-level
pressure and temperature conditions. It should be pointed out,
however, that the bulk of the data reported here was obtained during
the course of an investigation into the effect of fuel additives on gas
turbine fuel injector performance. As a consequence the study was
structured to examine the spray performance effects in a broad sense.

EXPEIRIMENTAL DETAILS

A typical gas turbine starter jet was selected for this study. Such
atomizers are used to enhance the ignition performance of combustion
systems employing a variety of different fuel injector types. They
deliver a conical, high-velocity fuel sheet into a relatively
low-velocity gaseous environment. In general, the higher the fuel
sheet velocity (and hence fuel pressure energy), the finer the
resulting droplet spra l The injector was tested to reveal a flow
number, FN, of 0.3 GPH/špsi using F-352(aviation kerosine) fuel with anabsolute viscosity, n, of 0.001; Ns/m , surface tension, a, of 0.027
N/m and density, p, of 784 Kg/m . A fuel pressure drop (APf) of 100
psi was maintained across the injector for the results presented in
this paper.

A single-velocity component PDA instrument uarketed by Aerometrics,
Inc. USA was used in this study. This instrument is an extension of
laser Doppler anemometqy (LDA) and features three detectors located
Behind°à common_aperture of small size - see fig 1 and reference 3 for
more details. Use of multiple detectors enables the measurement of the
spatial frequency of the scattered interference fringe pattern produced
by the passage of a droplet through the beam cross-over region. The
detectors produce a Doppler burst signal that is similar but it
features a phase difference between them. The droplet velocity
information is obtained as in a conventional LDA set up whereas the
dropsize information is obtained from phase shift measurements. The
use of a rotating diffraction grating enables the imposition of
frequency shift thus allowing distinction between negative and positive
droplet velocities. The instrument is fitted with a counter processor
amd is interfaced to an IBM PC/AT computer. The individual droplet
data is subjected to a sequence of checks before being accepted as a
valid sample. Validated droplet size, velocity histograms together
with reason for droplets rejected are displayed on the monitor. The
shape of particles being measured has to be spherical or near spherical
as the instrument works on light scattering principle.

The main imaging diagnostic employed herein comprised a high-intensity,
pulsed laser sheet illumination technique. Cylindrical illumination
from a Ckswitched, frequency doubled, Nd : YAG laser was transformed
into a thin sheet through the use of conventional optics as shown in
figure 2. The intensity and duration of the pulsed illumination is of
critical importance from the view point of spray droplet image quality.
A pulse of sufficiently high intensity is desirable in order to
penetrate dense, near-field spray zones and hence visualize effectively
the processes prevailing in and around the core regions. The duration
of the pulse needs to be small enough to "freeze" the fluid motion and
hence yield a blur-free image. The laser used in the study was capable
of providing a pulse of upto 100 mJ energy with 15 nanosecond duration.
The bean emerging from the laser is in the forn of a collimated
cylinder of about 6mm diameter and this is transformed into a circa
l.5m thick sheet using the cylíndrical lens arrangement. The actual
sheet obtained was converging-diverging in thickness and the optics
were arranged in such a way as to ensure that the centre of injector
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coincided with the waist section of the sheet. A Hasselblad camera
with 400 AA black and white, Ilford X P2, film was used to capture the
spray images and was located in a plane orthogonal to the sheet.

To enable a comparison between the performance of LSI technique and
conventional high speed photography, a commercially available, argon
gas stabilised, spark unit featuring a pulse duration of about 500
nanosecond was also employed in the study. The 16 joule discharge
energy unit was configured to deliver cylindrical illumination for
in-line imaging using the same camera-film set up as for LSI imaging.

The schematic of the fuel spray rig is shown in figure 3. The spray
emanating from the injector was arranged to b horizontal and was
directed into a spray collector for disposal. The collection system
comprised a cyclone separator driven b a low pressure fan.

The spray drop sizing and visualizing equipment was supported on a 3-D
traversable base. The to sets of equipment were such that they could
not b supported and used simultaneously. The laser transmitter and
receiver were arranged in the forward scatter mode for drop size
determination with the measurement probe volmne aligned with the centre
of the injector.

RESULTS AND DISCUSSION

A typical print out from the Aerometrics single-velocity component
instrument comprises droplet size and velocity histograms together with
information on large number of other spray characteristics including
the size-velocity correlation. However information is presented only
on those characteristics that are of immediate interest eg RS -
droplet mean velocity, SMD, area and volume mean diameters, number
density and, volume flux.

Figure 4 illustrates the variation in Sauter Mean Diameter (SMD) and
droplet mean velocity along a horizontal cross-section located at a
axially-downstream distance, Z, of 40mm along the spray axis for a fuel
pressure drop of 100 psid. The outer edges of the spray appear to
contain relatively large, somewhat faster moving droplets whereas the
inner regions feature somewhat slower moving, smaller droplets. The
apparent assymetry of the two halves of the spray needs some further
investigation in order to discount the variable effect of intensity
attenuation encountered b the incident and scattered laser beams along
their path length. A examination of the size-velocity correlation for
velocity spread reveals the absence of droplets featuring negative
velocities-implying no recirculatory motion along the measurement
diameter.

Area and volume mean diameter variation along the spray cross-section
for the same test conditions is depicted in figure 5. The pattern of
variation here is much the same as for SMD in figure 4 ie the presence
of larger droplets at the spray outer edges relative to the inner
regions as well as the assymetry between the two halves.

Figure 6 shows the droplet number density and volume flux data and
large spatial variations are evident in both the cases. The centre of
the spray seems to contain a high concentration of small droplets which
together account for small percentage of fuel b volume. The reverse
seems to b the case near the spray outer edges. Some caution here may
b necessary as the instrument used in this study was a
single-component type set up for measuring axial velocities and
consequently may not b detecting droplets with predominantly
tangential/radial velocities. Overall the signal quality throughout
these measurements was good with the droplet rejection rate peaking at
6%. . It would have been interesting to integrate the point-wise volume
flux measurements for comparison with actual injected fuel flow rate to
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ascertain the credibility of the experimental data but this is hindered
by the lack of nwasurements right upto the very edge of the spray.
Unfortunately the peak volume flux region for the negative radial
position side of the spray appears to have been missed out.

Figure 7(a) shows the image of the spray' using conventional still
photography featuring 1/125 sec exposure time while the image captured
by using 500 nanosecond spark unit is illustrated in figure 7(b). The
time-averge image reveals the overall spray cone angle-bulk trajectorywhile the instantaneous image provides some insight into the break upmechanism.

Spray visualization data obtained using laser imaging is depicted in
figure 8. A horizontal cross-section through the centre of the spraycone reveals more details of the break up mechanism relative to figure
7(b) featuring high speed spark photography. The significant
improvement in image quality achieved through the application of LSI
affords more insight into the nature of disturbances on the fuel
surface, the break up length, droplet concentration variations etc.
Figures 8(a) to 8(d) illustrate the evolution of the spray structure by
capturing vertical views along the spray axis for 5 to 30mm downstream
distances. Quite obviously the spray has a solid character to it and
the droplet concentration can be seen to change with downstream
distance. Use of thinner vertical and horizontal sheets in conjunction
with image magnifiction optícs should provide a significant improvement
in our understanding of the detailed spray structure-droplet processes
in the near-field regions.

CONCLUDING REMARKS

The combination of phase Doppler anemometry and pulsed, laser sheet
imaging for interrogating spray structure has proved to be
satisfactoqy. The complementary nature of the two techniques should
help to minimise the uncertainties associated with atomization studies
in general but especially in respect of the denser, near-field spray
regions. Further work, however, is needed to enhance their
capabilities for more demanding spray studies.
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Fig.4 Drop Size and Velocity Distribution
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(a) Conventional Still Photography

(b) High Speed Spark Photography

FIG. 7 PRESSURE SWIRL ATOMISED SPRAY VISUALISATION
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INFLUENCE OF AMBIENT PRESSURE ON DROP-SIZE AND VELOCITY
DISTRIBUTIONS IN DENSE SPRAYS

ARVIND K. ]ASU]A AND ARTHUR H. LEFEBVREÂ°

School of Mechanical Engineering
Craneld University

Craneld
Bedford MK43 OAL, England

The primary aim of the research is to determine the capabilities of modern noninvasive diagnostics for
characterising the sprays produced by a practical gas turbine atomizer when operating at realistic engine
conditions of pressure, fuel type, and fuel~air throughput. A single-velocity-component Phase Doppler
Particle Analyzer is used to measure local variations of drop-size distributions and drop velocities along
three spray radii at clownstream distances from the atomizer of 50 and 70 mm. In the 50-mm plane,
excessive signal rejection rates limit measurements to a maximum air pressure of 9 bar and a maximum
kerosine flow rate of 18.6 g/s. At the 70-mm measurement plane, satisfactory results are obtained at air
pressures up to 12 bar and fuel-flow rates up to 24.8 g/s. The results show that increases in ambient air
pressure lead to larger mean drop sizes and lower mean drop velocities in the spray. This is attributed to
the fact that the benecial effect of an increase in air pressure in raising Weber number is more than
offset by several adverse factors, all of which are related to the increase in fuel-flow rate that accompanies
an increase in air pressure at constant fuel/air ratio.

Introduction

Prelming airblast atomizers are widely used in
both aircraft and industrial gas turbine combustors.
Satisfactory fuel-air mixture preparation is widely ac-
cepted a being Crucial to optimum gas turbine com-
bustion performance. Most of the previous re-
searches on prefilming airblast atomization have
employed specially designed atomizers featuring
nonsvvirling atomizing air. The use of nonswirling air
facilitates experimental research, but the results ob-
tained have only limited practical interest because
most of the airblast atomizers used in modem gas
turbines employ swirling air streams to atomize and
disperse the fuel.

Previous studies on practical airblast atomizers
featuring swirling air streams (Refs. 1 and 2, for ex-
ample) have provided useful insights into drop-size
distributions and spray/ow eld interactions, but in
all cases, either the ambient air pressure or the liquid
flow rate have been appreciably lower than the values
associated with engine operation at high power con-
ditions. The objective of the present work is to rem-
edy this deficiency by attempting spatially resolved
droplet size and velocity measurements in the dense
sprays produced by swirling air streams at high pres-
sures and high fuel throughputs.

°Visiting Professor.

Experimental

The main component of the spray facility is a large
cylindrical test vessel designed to operate at high in-
ternal pressures. A flexible optical window arrange-
ment perrnits the use of a variety of laser-based di-
agnostics. A multistage screw compressor is used to
supply the high-pressure air needed to pressurise the
test vessel and also to deliver air to the fuel injector,
which is located at one end of the pressure vessel and
is arranged to spray horizontally along its major axis,
a shown schematically in Fig. 1. A rotameter/turbine
owmeter combination is used to measure the fuel-
flow rates delivered to the fuel injector. The rota-
meter handles ow rates up to 68 kg/h, while the
pelton wheel flowmeter covers ow rates between 45
and 408 kg/h.

Atomizer:

The fuel injector is essentially a prelming airblast
atomizer, designed by SNECMA and shown sche-
matically in Fig. 2. Low-velocity fuel is rst spread
into a thin, circumferentially uniform sheet on an
annular surface and is then sandwiched between two
high-velocity swirling air streams. This configuration
promotes a high shearing action between the fuel and
the atomizing air and also ensures that the resulting
spray is well matched to the combustor airflow pat-
tern. The cone angle of the fuel spray is determined
by a complex interaction between the swirling
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FIG. 1. High-pressure spray facility.

atomizing air streams and the air flow through the
liner cup holes shown in Fig. 2. The fuel injector is
tted into a high-pressure airbox that is locatedlinside
the test vessel, a shown in Fig. 1.

Two separate and independent traverse systems
for the high-pressure spray rig are provided. The
traverse system for the laser diagnostics is a mechan-
ical one providing three degrees of freedom. Nor-
mally, the optical system moves along the horizontal
diameter of the pressure vessel. The repeatability of
positioning in this direction is within 0.25 mm. The
second traverse system provides two degrees of free-
dom for the airbox relative to the diagnostics line of
sight. The rst one is a linear movement along the
longitudinal axis of the pressure vessel, while the sec-
ond is a rotational movement around the axis of the
airbox. As both of these movements are controlled
by a computer-operated stepper motor, very precise
and repeatable injector positioning and repeatability
of position can be achieved.

Spray Diagnostics: .
Four optical-quality quartz windows provide the

desired optical access into the pressure vessel. Each
of these large windows has a multipoint purge feed
of high-velocity air to prevent the deposition of fuel
on the windows. A single-component Phase Doppler
Particle Analyzer (PDPA) featuring a 10-mW He-Ne
laser, manufactured by Aerometrics Inc., was used in
this study. It is described a a single-component sys-

tem because it measures just one component of par-
ticle velocity, in this case the Velocity component
along the main axis of the cylindrical test vessel,
which also coincides with the main axis of the conícal
spray. The theoretical principles on which the PDPA
is based have been described by Bachalo and Houser
[3]. The instrument was operated in the forward-
scatter mode, this being the most favourable orien-
tation for dense spray measurements. During the
course of the investigation, special attention was paid
to the setting up and operation of the PDPA. The
voltage supplied to the photomultiplier tube (PMT)
can have a significant effect on the measurements. If
the voltage is set too high, signals from the large
drops will saturate the PMTs, resulting in a rejection
of those signals; thus, the measurement will be biased
in favour of the smaller drops in the spray. On the
other hand, if the voltage is set too low, signals from
small drops will not be detected at all, and the mea-
surements will then be biased in favour of larger
drops. Thus, the operator must try several voltage
settings in order to identify a range over which the
mean drop sizes change only slightly with changing
PMT voltage. For these experiments, the PMT volt-
age was chosen for a given data set to give the lowest
overall rejection rate but was then kept constant for
all the measurements along the radius. The actual
PMT voltage settings employed were 320 V at 1 bar,
380 V at 4 bar, ard 420 V at 9 and 12 bar.

The probe volume dimensions were kept fairly
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constant by operating on the most favourable track
setting with due regard to the problem of particle
coincidence in dense droplet regions. In a few in

m
stances, this resulted in somewhat hi her dro l t_ 8 P e fe
jection rates. For a given track setting, the maximu
permissible diameter range was used to avoid artifi
cially biasing the data. In contrast, the velocity offse
settings were changed a necessitated by observa
tions such as, for example, the presence of negative
or near-negative droplet velocities. '

Over the entire range of air pressures from 1 to 12
bar t d ', e egree of laser-beam steerng encountered
a a result of refractive index gradients was judged to
be insignicant. The realignment of opties at high
pressures was found to be only of marginal benet
to the signal quality, which is consistent with the find-

ings of Drennan et al. [2]. Attenuation of the laser
beams was observed to increase with increases in fuel
thro h ' `ug put and wth decreases n the downstream
distance of the measurement plane. This deteriora-
ton in electrical signal-to-background noise ratio can
be observed on the oscilloscope and leads to high
d º . ~ata rejecton rates. As the charactenstcs of the scat-
tered light reaching the receiver are very dependent
on the ratio of beam intensity to spray density, clearly
a more powerful laser would enhance the dense spray
measurement capability of the PDPA.

t

Test Conditions:

The test conditions were selected to simulate those
encountered in gas turbines. The measurements

FIG. 2. Fuel injector.

were taken with a pressure dro acr thp oss e atomizer,
AP/P, of 5%, at fuel/air ratios of 0 1 and 0 2 The
ambient air pressures employed were 1, 4, 9, and 12
bar. Aviation kerosine (¼ = 0.0013 kg/ms, o =
0.0277 kg/sg, p = 784 kg/m3.-all at 15 °C) was used
throughout the test programme. Data were taken at
downstream distances from the atomizer face of 50
and 70 mm along radii perpendicular to the spray
ai f ' ' Â°s or angular positions of 0°, + 90 , and - 90° rel-
ative to a vertical line dravvn through the spray axis.
Detailed measurements were made at radial incre-
ments of 2 mm for spray radii between 12 and 30
mm, but increments of 4 mm were used for radial
positions between 0 ard 12 mm, and 30 to 38 mm.
Because of the long run times incurred, the radial
increment was kept constant at 4 mm for tests at 12
bar. Five thousand droplet samples were taken at
each measurement point for all test conditions, ex-
cept for a few selected positions at 12 bar where the
sample size was restricted to around 2000 drops to
avoid long nn times.

Results

A typical output from the Aerometics instrument
comprises droplet-size and velocity histograms to-
gether with the size-velocity correlation. From such
cuwes can be extracted information on variations in
drop-size distributions and drop velocities with
changes in atomizer operating conditions. Figures 3
and 4 illustrate the results of detailed spray measure-
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ments carried out at air pressures, PA, of 1, 4, and 12
bar. The atomizer pressure drop, AP/P, is 0.05, and
the fuel/air ratio is 0.1, corresponding to an actual
fuel flow of 24.8 gs at the highest air pressure. The
axial distance of the measurement plane downstream
of the atomizer, z, is 70 mm. Radial positions of 0
and 38 mm correspond to the axis and outer edge of
the spray, respectively. Figure 3 indicates a increase
in Sauter mean diameter (SMD) along the spray ra-
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FIG. 5. Variation in SMD witl radial position in spray.
FAR = 0.1.

dius at a given air pressure. This increase in SMD
diminishes with increase in PA. For example, the var-
iation in SMD along the spray radius at 1, 4, and 12
bar is 35, 12 and 5 m, respectively. These data show
that the distribution of drop sizes within the spray
becomes more uniform with increase in PA. The ef-
fect of Variation in PA on SMD shows no clear trend,
but in most regions of the spray, the SMD increases
with increase in PA. Figure 4 shows droplet mean
velocity data for the same conditions. As the instru-
ment used was a single-component type, only axial
velocity information was obtained. In this f re, the
mean velocity is observed to diminish with increase _
in air pressure. Both the centre and the outer edge
of the spray are characterised by relatively low'mean
droplet velocities.

Figure 5 shows similar data to Fig. 3 for a down-
stream distance of 50 mm. In these experiments, the
air pressure was limited to 9 bar and the fuel ow
rate to 18.6 g/s. Comparison between the two figures
reveals little effect of downstream distance o_rLSMD. .

withinwhich suggests that atomization is complete .
50 mm of the fuel injector. The corresponding. ve-
locity data (not shown) follow exactly the same trends
a the data shown in Fig. 4 for the longer downstream
distance, except that the mean velocities measured
at the spray axis are lower at the highest levels of PA.
A negative velocity was recorded at the spray axis for
an air pressure of 9 bar, which suggests the existence
of a recirculatory droplet pattem in the inner regions
of the spray.

Spray measurements at higher fuel-flow rates, cor-
responding to a fuel/air ratio of 0.2, were confined to
1- and 4-bar air pressures because the signal quality
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deteriorated at higher levels ofPA. The data obtained
forz = 70 mm are presented in Figs. 6 and 7. If Fig.
6 is examined alongside Fig. 3, there appears to be
little difference in SMD at 1 bar, but SMD values
are appreciably higher at 4 bar for the higher fuel-
ow rates shown in Fig. 6. The droplet mean velocity
distributions shown in Figs. 4 and 7 for the two dif-
ferent fuel throughputs exhibit only small differences
in absolute values at any given level of air pressure.
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FIG. 8. Drop size distributions for PA = 1 bar and FAR
= 0.1.

Examination of the data presented in Figs. 3, 5,
Kand 6 reveals some interesting and unexpectedi re-

sults. Throughout most of the spray region, an in-
crease in pressure leads to an increase in mean drop
size. This contradicts what one might anticipate in-
tuitively since an increase in air density would be
expected to intensify the aerodynamic shear forces
causing liquid disintegration. Only in the outer, more
dilute regions of the spray does the spray exhibit the
customary decline in SMD with increase in air pres-
sure. Unfortunately, there are no comparable studies
available in the open literature that feature PDPA
measurements at high air pressures on the type of
atomizer employed in this investigation. Mogqygr,
no information is available on the manner and extent
to which changes in air pressure affect thecon|
of the spray.

In an attempt to shed more light on this issue, it
was decided to examine the behaviour of different
drop-size classes in addition to SMD. Three drop-
size classes corresponding to 10, 50, and 90% cu-
mulative volume points, i.e., D10, D50, and D00, were
selected. Not surprisingly, the D50 data conform
closely to the SMD [4]. As illustrated in Figs. 8 and
9 for air pressures of 1 and 12 bar, respectively, the
different diameter classes exhibit fairly similar be-
haviour across the spray radius. The mean axial ve-
locities corresponding to the three different size clas-
ses are plotted in Figs. 10 and 11 for the two extreme
levels of pressure. These figures show that, at the
higher air pressure, the three drop-size classes pos-
sess practically the same mean axial Velocity, while,
at the lower pressure, there is a noticeable difference
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in the mean velocities in the inner spray regions. This
difference in droplet velocity at low air pressures is
attributed to the influence of air pressure on the
aerodynamic force (0.5 pAU§) experienced by a drop-
let in a owing air stream. At high pressures, this
force is large enough to accelerate all the droplets up
to a common velocity, regardless of size. At low pres-
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sures, however, where aerodynamic forces are ap-
preciably lower, only the smallest droplets n ftÃ­
spray can attain a velocity close to that of the~ato'fñTf
izing air stream. The larger drops lag beh`iñd"fhe
smaller drops to an extent that depends on their size,
a shown in Fig. 10.

Figure 12 shows the effect of air pressure on the
radial distribution of D90 within the spray. At al pres-
sures, D90 is seen to increase with increase in spray
radius. This same effect was also observed for the
other drop-size classes, D10 and D50. Measurements
on the effect of air pressure on the mean axial veloc-
ities corresponding to a given size class revealed low
mean velocities ( 1-2 m/s) near the outer edge of the
spray at high pressures. Experiments carried out at 9
barfrevealed negative velocities, which implies the
existence of a recirculatory airow pattem. It is con-
ceivable, therefore, that the existence in close prox-
imity of low-velocity negative and positive flows
could give rise to droplet coalescence, which could
account for the observed large drop sizes at higher
air pressures. It is also possible that, at high pres-
sures, some of the smallest droplets are passing by
undetected, the light scattered by them being lost in
the general background noise, which increases with
pressure. However, a large number of small droplets
would have to be missed out for the effect to be sig-
nicant since SMD is more strongly inuenced by
the larger drops in the spray.

Another possible explanation for the observed in-
crease in droplet diameter with air pressure is the
reduction in relative velocity between the fuel and_ _ ...:._. .__-_
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the atomizing air that accompanies an increase in PA.
The atomizing air velocity remains constant regard-
less of vaiations in PA because the atomizer operates
at a constant value of AP/P. However, for a constant
fuel/air ratio, and assuming the fuel-film thickness at
the atomizing edge remains constant, the fuel veloc-
ity is directly proportional to the fuel-ow rate which,
in tum, is proportional to PA. Thus, an increase in air
pressure must inevitably be accompanied by a re-
duction in relative velocity. It is recognized that the
fuel-lm thickness may not be independent of fuel-
ow rate and, in fact, is likely to increase with in-
crease in fuel-ow rate. This would diminish the
force of the relative velocity argument, but if the
fuel-lm thickness does increase with fuel-ow rate,
this would also impair atomization since it has been
established both theoretically and experimentally
that mean drop size is proportional to the square root
of the initial fuel-film thickness [5,6]. Thus, regard-
less of whether the influence of an increase in air
pressure on atomization quality is manifested via a
reduction in relative velocity or an increase in fuel-
film thickness or, a is likely, a combination of both
these effects, the end result is always to impede at-
omization and raise the SMD.

Droplet coalescence has been mentioned already
a a possible cause of larger .drop sizes at high pres-
sures. In these experiments, the fuel/airmass ratio was
kept constant regardless of variations in air pressure.
Thus, the volumetric fuel/air ratio increased in direct
proportion to PA. This has little practical signicance
for the spray a a whole, which is always fairly dilute,

but in the initial dense breakup region, an increase in
volumetic fuel concentration has two adverse effects
on atomization: (1) it provides a greater opportunity
for droplet coalescence to occur, and (2) it restricts the
interaction between the atomizing air and the fuel.
Because, with increase in PA, a larger proportion ofthe _
breakup region is occupied by fuel and, in gotisc-
quence, a smaller proportion by air, not only is there
more fuel to atomize, but the "accessibility" ofthe fuel'
to the atomizing air is diminished. By the time the at-
omizing air has achieved complete access to the fuel,
the conditions for sheet and ligament breakup are less
favourable. This is believed to be the main reason why
drop sizes tend to increase with increase in PA, despite
the higher Weber number.

For this hypothesis to have any substance, an in-
crease in fuel throughput at a constant air pressure
should result in a higher SMD. Although the data
available for such an assessment are sparse, some
confirmation may be obtained by comparing the re-
sults presented in Figs. 3 and 6. These data corre-
spond to exactly the same test conditions, except that,
in one case (Fig. 6), the fuel-flow rate is twice that
of the other (Fig. 3). Examination of these two fig-
ures shows that, at 1 bar, the SMD values are largely
independent of fuel-flow rate. This is perhaps hardly
surprising since, at this low pressure, the fuel-ow
rate is always relatively low. However, at a pressure
of 4 bar, where the effect of doubling the fuel-ow
rate is appreciably higher, comparison of Figs. 3 and
6 shows signicantly higher values of SMD for the
higher fuel-ow rate.

It is concluded, therefore, that the obsen/ed in-
crease in SMD with increase in air pressure is due
not to the effect of pressure per se but is caused by
the higher fuel-flow rates associated with atomizer
operation at high pressures.

Conclusíons

From detailed measurements of drop sizes and
drop velocities carried out over wide ranges of
air/fuel ratio and ambient air pressure on a practical
airblast atomizer featuring swirling air ows the fol-
lowing conclusions are drawn.

1. The feasibility of obtaining detailed spray droplet
data at an operating pressure of 12 bar and a fuel
throughput of 24.8 g/s has been demonstrated us-
ing a single-component Phase Doppler Particle
Analyzer.

2. Higher fuel throughputs and reductions in mea-
surement plane distance from the atomizer below
70 mm resulted in excessive attenuation of the
laser beams before and after the measurement
probe volume. This extinction resulted in high
data rejection rates. Clearly, a more powerful laser
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would alleviate this problem and extend the mea-
surement capability of the PDPA.

3. All the e.\perimental data obtained on the influ-
ence of ambient air pressure on mean drop size
show that an increase in air pressure above the
normal atmospheric value causes the SMD to in-
crease. Although the basic effect of an increase in
air pressure is to raise the Weber number and
thereby inprove atomization, this benecial ef-
fect is nore than offset by several adverse effects,
all of which are related to the increase in fuel-ow
rate that accompanies an increase in air pressure
at constant fuel/air ratio. These include increase
in initial fuel-film thickness, reduction in relative
velocity between fuel and atomizing air, increased
droplet coalescence, and lower accessibility of the
fuel to the atomizing air.

4. The mean axial velocities of the droplets in the
spray dininish with increase in air pressure, which
also tends to make droplet velocities more uni-
form and less dependent on individual drop size.
Both these effects are attributed to the influence
of air pressure on the aerodynamic forces expe~
rienced by droplets in a owing air stream.
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COMMENTS

A. K Gupta, University ofMaryland, USA. I have a clar-
ification, a comment, and a question. Were the tests carried
out at 12-atm fuel supply pressure or chamber pressure?
Providing SMD data in the spray yields little information
on the size and number density distributions of the spray.
What are the accuracy and precision ofyour reported data?

Author's Reply. The droplet measurements were under-
taken at chamber air pressures of up to 12 bar. The authors
agree with the comment that providing SMD data alone
gives little insight with respect to size distributions. For this
a well a other reasons outlined in the paper, analysis in-
cluded D10, D50, and D90 diameters. Number density
data were not presented in the paper partly because of to
paper length restrictions, but more importantly because
the data quality was believed to be unreliable. This was
because of the use of a single-velocity component system
in a spray field featuring recirculating flow. The level of
precision regarding the drop size-velocity measurements
using phase Doppler systems has been covered adequately
in the published literature.

I

Scott A. Drennan, Coen Company, Inc., USA. In your
experiment, the flow rates of liquid and atomizing air in-
crease a ambient pressure is increased, causing an increase

in the spray density and possibly an increase in the data
rejection rate. Please discuss how you feel this increased
data rejection rate at higher pressures affects your spray
statistics. It is also interesting to note the decreased radial
variation in drop size and velocity as the ambient pressure
is increased. Do you believe that a collapsing effect on the
spray at elevated pressure is causing this decreased radial
variation? Were data acquired at axial locations closer to
the spray tip to determine how the spray evolves axially?
Perhaps the spray at high pressure indicates a size-velocity
correlation closer to the spray tip, a seen in the lo\v-pres-
sure spray data, which decays rapidly because of increased
ambient air drag forces at high pressure.

Authors Reply. For the entire set of data outlined in the
paper, the maximum rejection rates encountered were be~
low 10%. Under these circumstances, we believe the spray
statistics did not change significantly with increasing air
pressure. We do not have any spray images at high air pres-
sures to identify the change or lack of change in spray cone
angle placement. Consequently, we are unable to say
whether this may be a influencing factor in the decreased
radial vaiation in drop size and velocity. Spray measure-
ments were made at two adal locations only: 50 and 70 mm
from the injector tip. Evolution of the spray at shorter axial
distances could not be ascertained due to excessive laser
beam attenuation and data rejection rate.
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INFLUENCE OF AIR AND FUEL FLOWS ON GAS TURBINE SPBAYS
AT HIGH PRESSURES

Q. P. ZHENC,° A. K. ]ASU]A AND A. I~I. LEFEBVRE
Sclmol of Mechanical Engineering

Crarfelrl University, Craneld
Bcdforrl M K43 OAL, England

A single-component phase-Doppler particle analyzer (PDPA) is used to measure local variations in drop-
size distributions and drop velocities i the near-nozzle region of a practical, contraswirling, prefilming
airblast atomizer. The technique of laser sheet imaging is used to obtain global patterns of the spray.
Measurements are taken using air prcssrc drops across the atomizcr of 5% and 10% and anbient air
pressures of I, 6, and 12 bar. The liquid employed is aviation kerosine at flow rates of up to 75 g/s. The
results show that the previously obsewed effect of an increase in ambient air pressure in widening the
spray cone angle is not a pressure effect per se but is due to the increase in fuel flow rate that acconpanies
an increase in air pressure at constant air-fuel ratio (AFB). For any given air pressure, it is found that
spray cone angle increases gradually and continuously with increase in fuel flow rate. If the fuel flow rate
is allowed to remain constant, the effect ofan increase in air pressure is to reduce slightly the spray cone
angle. In general, spray volume increases with fuel flow rate and/or reductions in air pressure. Variations
in air pressure at a constant AFR, which corresponds to the normal practical situation, have little effect
on either spray volume or the distribution of drop sizes in the spray.

Introduction

Much of our present knowledge of airl.ºlast fuel
injectors was gained dunng the l960s and 1970s on
atonizers in which the atomizing air was essentially
coflowing and nonswirling. In recent years, the con-
siderable advances made in the development of laser
diagnostic techniques for spray characterization have
generated a number of experimental studies on the
basic phenonena occurring within complex practical
systems of the types currently in sevice on advanced
turbojet engines. An important design feature of all
these atonizers is that the bulk fuel is first spread
into a thin, continuous sheet, a process called pre-
Iilming," and then exposed to high-velocity, swirling
air streams on both sides of the sheet. Wang et al.
[1,2], McDonell et al. [3], and Hebrard et al. [.4] used
two-component phase-Doppler interferometry sys-
tens to make detailed measurements of drop sizes
and velocities in the flows downstream of engine air-
blast atomizers. ]asuja and co-authors [5,6] used var-
ious nonintrusive techniques, including phase-
Doppler intcrferometry, high-intensity spark pho-
tography, high-speed cinephotography, and video
imaging to capture the dynamic and unsteady spray
characteristics produced in prelilming airblast at-
omization. More recently, Zheng et al. [7] focused
on the effects of variations in ambient air pressure

'Present address: Aero öl Industrial Technology Ltd,
P.O. Box 46, Burnley BBII 4BX, England.

on the drop sizes and velocities produced down-
stream of a practical, contraswirling, prelming air-
blast atomizer. The objective of the present work is
to extend these previous studies to include the ef-
fects of pressure on drop-size distributions, spray
cone angle, and spray dimensions. The influence of
atonize' pressure drop on spray properties is also
examined because the use of higher liner pressure
drops represents a practical means of reducing
smoke and nitric oxide emissions.

Experimental

The test facility for this study has been fully de-
scribed elsewhere [5,7]. High pressure air at near-
ambient temperature is used to pressurize a large
cylindncal vessel and is delivered to the fuel injector
that is located at one end of the vessel and is ar-
ranged to spray horizontally along its major axis.

Atonizer

A cross-sectional view of the fuel injector em-
ployed is shown in Fig. 1. It is a prefilming airblast
atomizer that is typical of those used in modern gas
turbine engines. It features a pair of concentric air
inlets that generate two separate swirling air ows in
opposite directions. The design objective is to create
a thin, annular sheet of fuel that is then sandwiched
between the two swirling air streams. This

2757
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FIC. 1. Schematic diagram of airblast atomi'/.er (courtesy
of the Parker Hannifin Corporation, Gas T_rrbinc Fuel Sys-
tems Division).

configuration generates a high shearing action be-
tween the fuel and the atornizing air that prornotes
atomization and helps to match the resulting spray
with the combustor air flow pattern.

Optical Diagnostics

Optical access into the pressure vessel is provided
by four optical-quality quartz windows. Each of
these large windows has a rnultipoint purge feed of
high-velocity air to prevent fuel deposition. Droplet
sizes and velocities were measured using a single-
component phase-Doppler particle analyzer (PDPA)
manufactured by Aerometrics, Inc. The instrument
was operated in the forward-scattering mode, with
its velocity component arranged to coincide with the
main axis of the conical spray. PDPA data were nor-
mally taken at a downstream distance from the at-
omizer exit plane of 45 mm along radii perpendic-
ular to the spray axis. The technique of laser sheet
imaging was used to obtain global images of the
spray. With this technique, a pulsed Nd:YAC laser
beam is converted into the forn of a 0.4-mm-thick
sheet that illuminates the spray flow field under' in-
vestigation. The system provides a power density of
27 MW/cm2 in the laser sheet probing volume. The
elastic-scattering signals at a wavelength of 532 nm
were recorded on black and white film, of ISO 400
speed, positioned perpendicular to the laser sheet.
The laser pulse duration of 15 ns is generally con-
sidered short enough to freeze the particle motion.
A primary magnication factor of 0.5 was selected
to provide a eld of view that is typical of current
combustor primary-zone lengths.

Test Concli tions

The test conditions were selected to correspond
to those encountered in gas-turlrine conbstors.
Most of the measurements were taken with a pres-

sure drop across the atomizer, AP/PA of 0.05, i.e.,
5%, but a small uber of neasurements were also
carried out at a higler AP/PA of 0.10 in order to
examine the effects of atomizing air velocity on spray
structure and rca drop size. Atonizer air-fuel ra-
tios (AFRs) ranged from 1.1 to 58. The ambient air
pressures employed were 1, 6, and 12 bar at an air
temperature of about 320 K. At the 12 bar condition,
the maximum air ad fuel mass flow rates were 0.29
kg/s and 75 g/s, respectively. Aviation kerosine (¼ =
0.0013 kg/ms, 0 = 0.0277 kgsz, and p = 784 kg/
m3-all at 288 K) was used throughout the test pro-
gram.

Results

One phase of the test program was devoted to
photographic studies using pulsed laser sheet light-
ing to illuminate the spray. The main objective was
to examine the extent to which the overall size and
shape of the spray is affected by changes in air pres-
sure, air velocity, and fuel flow rate. Such informa-
tion helps to provide a better understanding of the
effects of these parameters on various aspects of
combustion performance.

Spray Structure

Figure 2 shows how the physical structure of the
spray is affected by an increase in ambient air pres-
sure PA from 1 to 12 bar while rnaintaining the fuel
flow rate mp constant at 35 g/s. The corresponding
measurements of spray diameter at different axial
locations, 2:, dovvnstream of the nozzle are shown
plotted in Fig. 3. All values of spray diameter shown
in this and subsequent figures were obtained from
high-speed photographs as an average of eight in-
dividual, instantaneous diameters measured up to
the outermost visible boundaries of the spray profile.
Figures 2 and 3 indicate a rapid expansion of the
spray as it emerges from the nozzle which is caused
by the swirling motion that is_imp_art_ed to the two
atomizing air streams as they flow through the con-
trarotating swirl vanes. From visual inspection of
Fig. 2, it is clear that the effect of an increase in
ambient air pressure is to reduce the spray volume.
This effect is shown quantitatively in Fig. 3, which
indicates a reduction in spray diameter from 80 mm
to about 50 mm for an increase in air pressure from
1 to 12 bar. These measurements were carried out
at a downstream distance from the atomizer of 27
mm.@easurements taken further downstream tend
to be less reliable due to fluctuations of the spray
boundaries, a determined fron high-speed photo-
graphs, which are attributed partly to the eddies gen-
erated by the shcaring action of the two contraro-
tating swirling air flows and also to the formation of
coherent structures at the interface between the
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1 bar 6 bar 12 bar

l

F IG. 2. Influence of air prcssrc on spra_\;' structure for a constant fuel flow rate of 35 g/s and AP/PA of 0.05.
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FIG. 3. Influence of air pressure on spray diauetcr for
a constant fuel flow rate of 35 g/s and AP/PA of 0.05.

high-velocity_spray boundary and the surrounding
quiescent air.)Moreover, the trailing edges of the
spray in Fig. 2 reveal less structural details tlan the
leading edges due to attenuation encountered by the
laser light sheet along its pathway through the dense
spray flow field. This gives an apparent impression
of spray asymmetry when in fact none is known to
be present.

The observed reduction in spray diameter with in-
crease in air pressure is not due to any change in air
flow patten, because Reynolds numbers are always
ligh (>> 106), but rather to the reduction in the fuel-
air nomentum ratio, which accompanies an increase
in air pressure at constant fuel flow. As in most prac-
tical prefihning airblast atomizers, the natural cone
angle of the spray, i.e., the angle of the spray in the
absence of any atomizing air, is nuch wider than the
angle inpartecl to the air by the air swirlers incor-
porated within the atomizer. When the atomizing air
first encounters the conical fuel sheet formed at the
downstream edge of the prelmer, it tends to reduce
the ensuing spray diameter by an amount that de-
pends on the ratio of air to fuel momentum,_as il-
lustrated in Figs. 2 and 3.

In the course of the test program, a considerable

body of evidence was accunnlated, all of which
tended to confirm the overriding importance of the
fuel-air momentum ratio to spray diameter and
spray volume. For example, Figs. 4 and 5 show the
effects on spray dimensions of an increase in fuel
flow rate from 5 to 75 g/s (correspoding to a re-
duction in AFR fron 58 to 3.9) while maintaining
the air pressure constant at 12 bar. These figures
show clearly that increases in fuel-air nomentum
ratio, produced in this case by increases in fuel flow
rate at constant air pressure, result in larger spray
diameters. This influence of fuel-air momentum ra-
tio on spray dimensions has important practical im-
plications, one obvious example being the risk of fuel
inpingement on the liner walls at high fuel ow
rates. In general, this influence of fuel-air momen-
tum ratio on spray structure is beneficial to com-
bustion performance. For example, a reduction in
fuel flow rate at constant pressure causes the fuel to
be associated with a smaller volume of air, thereby
extending the lean blowout limit to a higher value of
AFB. By the same token, an increase in fuel flow
rate at constant pressure is accompanied by an in-
crease in the amount of air participating in combus-
tion. The effect of this additional air is generally to
reduce the local fuel-air ratio and flame tempera-
ture, thereby alleviating problems of exhaust smoke
and nitric oxide emissions at high combustion pres-
sures.

Measurements carried out on the effects of at-
omizer pressure drop on spray size and structure
yielded results that are generally consistent with the
views expressed above. Thus, an increase in AP/PA
fron 0.05 to 0.10, corresponding to a doubling of
atomizing air-fuel momentum ratio, would be ex-
pected to reduce the spray diameter, and this is con-
firmed by the data presented in Fig. 6.

Gas turbines normally operate under conditions
when an increase in combustion pressure is accon-
panied by an increase in fuel flow rate. Thus, the
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FIG. 4. lllu(~nc<~ of fuel flow rate on spray structure for zi constant air pressure of 12 har und AI'/PA of 0.05.
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FIG. 5. Influence of fuel flow rate on spray diameter for
a constant air pressure of 12 bar and AP/PA of 0.05.
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FIG. 6. Influence of AP/PA on spray diameter for a con-
stant air pressre of 1 bar and fuel flow rate of 35 g/s.

effect of an increase in pressure in reducing spray
volume is opposed hy the attendant increase in fuel
How rate that tends to increase the spray volume.
The net result is that changes in air pressure at con-
stant AFH have relatively little effect on spray di-
ameter, except in the near-nozzle region (1: ~ 10
min).

Figures 2 and 4 show that as the droplets move
downstream, the spray boundaries, which initially
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._FI(;º 1'. influence of fuel flow rate on spray cone angle
for a constant air pressure of 12 lºar and AP/P__\ of 0.05.

120
Q7

degrees
8

Ã¼

80

ang e

eo
AiLoc9.Ä±
-- 10 mm

CORE

40

Spray

20 -- 27 mm

0 2 4 6 8 10 12 14
Air pressure. bar

FIG. 8. Influence of air pressure on spray cone angle for
a constant fuel flow rate of 35 g/s and AP/P_,\ of 0.05.

are in the form of a straight cone, start to lºecone
cun/ed due to nonentun exchange with the sur-
rounding air. These curved boundaries create diffi-
culties in the definition and measurement of cone
angle. A furtler conplication is caused by the fact
that the initial diameter of the spray as it emerges
from the nozzle is not only different from that ofthe
prefilming edge but can also vary witl changes in
atomizer operating conditions.
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The cone angles obtained by drawing straight lines
from the spray dianeter at the nozzle exit to the
mean spray diameter (obtained as the average of sev-
eral measured spray proles), at certain specied
distances dovvnstream of the nozzle, are presented
in Figs. 7 and 8. Figure 7 illustrates the influence of
fuel flow rate on spray cone angle for an ambient air
pressure of 12 bar. The influence of air pressure on
cone angle is shown more directly in Fig. 8 over a
range of air pressures from l to 12 bar. All the results
contained in these figures are fully consistent with
the notions expressed above in regard to the over-
riding importance of fuel-air momentun ratio to the
size and shape of the spray. Essentially, the swirling
and recirculating air flow pattems created by the air
swirlers are independent of conbustor operating
conditions, and thus, the overall dimensions of the
aerodynanic recirculation zone also tend to remain
fairly constant. However, the spray boundaries and
the radial distribution of fuel flux within the spray
boundaries are both modified appreciably by
changes in conbustor operating conditions, mainly
in so far as these changes influence the fuel-air no-
mentum ratio of the nozzle efflux. Thus, the wid-
ening of spray cone angle with increase in fuel flow
rate, as shown in Fig. 7, can be attributed directly to
the concomitant increase in fuel-air nonentum ra-
ti_gº`_j.`If a change in atonizer operating conditions
should cause this ratio to decline, then the spray
cone angle nust also decline, as illustrated in Fig. 8.
This figure shows the effect on cone angle of in-
creasing the air pressure while naintaining the fuel
flow rate constant. As expected, the redction in
fuel-air nomentum ratio associated with an increase
in pressure at constant fuel flow causes the cone an-
gle to go down. However, for the nore practical case
in which an increase in pressure at constant AFR
produces an increase in fuel-air moncntun ratio,

the spray cone angle actually increases in the near-
nozzle region '

These same arguments would suggest that an in-
crease in nozzle pressure drop at constant fuel flow
rate should reduce the spray cone angle. This was
confirmed by spray photographs, which showed the
effect of doubling the nozzle pressure drop from 5%
to 10% of the inlet pressure while keeping the fuel
flow rate constant. The effect of increasing AP/PA
was to reduce the spray cone angle, in this case, by
about 10°.

Drop Size Distribtions

In two recent experimental studies on the droplet
velocities and drop-size distributions obtained fron
practical prefilning airblast atonizers [5,7], it was
shown that an increase in ambient air pressure at
constant AFB could result in either a small increase
or a small decrease in integrated Sauter mean di-
aneter (SMD), depending on the initial rate of in-
teraction between the fuel and the atonizing air. In
these previous studies, attention \vas focused mainly
on the factors influencing local values ofSMD within
the spray volume and on SMD. In this test program,
an attempt was nade to shed sone light on the ap-
parent insensitivity of SMD values to variations in
air pressure by examining two representative diam-
eters in addition to SMD.

The effects of increasing the air pressure from 1
to 12 bar on the radial distribution of D01 (the drop
diameter such that 10% of the fuel is in drops of
diameter smaller than D01), SMD, and D00 (the
drop diameter such that 90% of the fuel is in drops
of diameter smaller than D00) are demonstrated in
Fig. 9 in which local measured values of D01, SMD,
and D00 are shovim plotted against radial distance
from the centerline of the spray. For all measure-
ments, the fuel flow rate was adjusted to maintain a
constant AFB of 3.9. Figure 9 shows very little dif-
ference in local values of D01, SMD, and D00 at the
two different levels of pressure. Although the local
values of D00 for small radial distances are clearly
lower at the 1 bar pressure, this has little effect on
SMD because nost of the fuel is contained in the
outer regions of the spray.

The SMD values were obtained as the mean of all
the local measured values of SMD after each local
value had been corrected using appropriate area and
velocity weighting factors to account for the higher
flow areas in the outer regions of the spray and the
nonuniformity of the radial velocity distribution. Ap-
plication of this procedure to the local SMD data
contained in Fig. 9 revealed only a snall difference
in SMD between neasurenents carried out at 1 and
12 bar, being 55 n in one case and 57 n in the
other. In all tests, the influence of air pressure on
SMD was found to lºe quite small in conparison to
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the effect of AFR [7]. It may be concluded therefore
that not only is SMD largely independent of pres-
sure, but so also is the distribution of drop sizes
within the spray. Tests on the influence of nozzle
pressure drop on mean drop size showed, a ex-
pected, that an increase in AP/PA resulted in a re-
duction in SMD. For example, measurements car-
ried out at a distance of 27 mm downstream of the
atomizer at normal atmospheric pressure showed
that increasing AP/PA from 0.05 to 0.10 reduced the
SMD from 68 to 55 m.

Conclusions

A series of measurements of mean and represen-
tative drop diameters, spray dimensions, and spray
cone angles has been carried» out on a practical, pre-
lming airblast atomizer of the type vvidely used in
modern gas turbines. From tests using kerosine fuel
and atomizing air at pressures up to 12 bar, the fol-
lowing Conclusions are drawn:
1. The effect of an increase in ambient air pressure

in widening the spray cone angle is not a pressure
effect per se but is due to the increase in fuel
flow rate that accompanies an increase in air pres-
sure at constant AFR. For any given air pressure,
the spray cone angle increases gradually and con-
tinuously with increase in fuel flow rateIf the
fuel flow rate is allowed to remain constint, the
effect of an increase in air pressure is to reduce
slightly the spray cone angle. In general, spray
volume increases with fuel flow rate und/or re-
ductíons in air pressure. Variations in air pressure
at a constant air/fuel ratio, which corresponds to
the normal practical situation, have little effect on
spray volume. lt is concluded that the main factor
governing the spray cone angle and overall di-
mensions of the spray is the fuel-air noentm
ratio. Increases in this parameter result in wider
cone angles, larger spray diameters, und a dis-
placement of the fuel flux prole toward the outer
regions of the spray. __

2. For the practical type of airblast atomizer em-
ployed in this investigation, variations in ambient
air pressure from 1 to 12 bar have little effect on
drop size distributions in the spray. .

3. Increasing the air pressure drop across the at-
omizer reduces not only the mean drop size but
also the spray cone angle.
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Abstract
The structure of dense practical sprays produced by a commercial, prelming airblast

atomizer over a range of ambient air pressures and kerosine flow rates is explored using Mie
scattering based, planar laser sheet imaging technique. Fuel/air momentum ratio is found to
strongly influence the unifonnity, overall dimensions and cone angle of the spray. The
extemal fuel trajectory is linked to that prevailing within the atomizer. A hypothesis
discussing the impact of fuel/air momentum ratio on this trajectory coupling is outlined. The
implications of these findings to the atonizer design process are also considered.

Introduction
Originally introduced as a measure to alleviate smoke emissions from turbojet engines,

prefilming airblast atomizers are now employed in a wide range of aircraft, industrial, and
marine gas »turbines. A key feature of all such atomizers is that the bulk fuel is first spread into
a thin continuous sheet, a process called prelming", and then exposed to high-velocity,
swirling air streams on both sides of the sheet.

In recent years considerable advances have been made i the development of laser
diagnostic techniques for spray characterisation. These developments have led to a resurgence
of interest i determining the properties of sprays produced i prelming airblast atomization.
Effots are now under way to gain a better understanding of the basic phenomena occurring
within complex practical systems of the types currently i service on advanced turbojet
engines. Extensive, point-wise droplet size/velocity measurements have been undertaken by
several research groups using phase Doppler interferometry, PDI, on a variety of practical
airblast atomizers operating under widely varying conditions of liquid-air throughput, ar
velocity-density and liquid properties - see references 1 to 5 for example. In contrast,
knowledge concerning other spray characteristics such as cone angles, droplet movement
patterns, droplet concentration, status of liquid at injector exit, liquid trajectory etc., remains
far from satisfactory i respect to practical atomizers. Recent research at Craneld has
explored the coupling between airblast atomizer operating conditions and the ensuing cone
angle-spray unifonnity. i the near-nozzle region using planar laser sheet imaging, LSI,
embracing both induced uorescence and Mie sczttering approaches [6,7]. The objective of
this paper is to extend the previous analysis of the extemal fuel trajectory and to explore its
possible coupling to the trajectory prevailing within the atomizer. The underlying motivation
here is to have a better grasp of the design-performance trade-offs affecting mixture
preparation initially, and emissions eventually.

315



Experimental
A cross-sectional view of the fuel injector employed is shown i Fig. 1. It is a prelming

airblast atomizer which is typical of those used in nodem gas turbine engines. It features a
pair of concentric air inlets which generate two separate swirling air flows i opposite
directions. The design objective is to create a thin, unifonn sheet of fuel on an annular
pneflming surface and to then sandwich it between two swirling air streams. This
configuration generates a high shearing action between the fuel and the atomizing air which
promotes good atomization and also helps to match the resulting spray with the combustor ar
flow pattern that envelops it. The fuel injector is fitted into a high-pressure air box located
inside the test vessel.

Measurement access into the test vessel is provided by four optical-quality quartz windows.
Each of these large windows has a multi-point purge feed of high velocity air to prevent fuel
deposition. The technique of laser sheet imaging was used to obtain global images of the
spray. With this technique, a pulsed Nd:YAG laser beam is converted into the form of a 0.4
inn thick sheet which illuminates the spray oweld under investigation. The system' featured
a power density of 27 MW/cmz i the laser sheet probing volume. The elastically scattered
Mie signals at a wavelength of 532 nm were recorded on black and white film of ISO 400
speed positioned perpendicular to the laser sheet. The laser pulse duration of 15 nano~seconds
is generally considered short enough to freeze the particle motion. A primary magnification
factor of 0.5 was selected to provide a field of view that is typical of current combustor
primary-zone lengths. More experimental details can be found in Ref. 5.

The test conditions were selected to simulate those encountered i gas turbine conbustors.
Most of the measurements were taken with a pressure drop across the atomizer, AP/PA, of
0.05, i.e. 5 percent, which is typical of modem combustors, but a small number of
measurements were also carried out at a higher AP/PA of 0.10 i order to examine the effects
of atomizing air velocity on spray structure. Atomizer air/fuel ratios ranged from 1.1 to 58.
The ambient air pressures employed were 1, 6 and 12 bar. At the 12 bar condition, the
maximum air and fuel mass ow rates were 0.3 kg/s and 75 g/s respectively. Aviation
kerosine ( = 0.0013 kg/ms, o = 0.0277 kg/sz and p = 784 kg/m3 - all at 288K) was used
throughout the tests reported.

Results and Discussion
One of the main objectives for developing advanced laser diagnostics is the need to obtain a

better understanding of the spray-droplet processes prevailing within the near-nozzle region.
Fron a combustion viewpoint, this is a zone of special importance because of its role i
initiating and sustaining the combustion process. Furthermore, detailed computational
modelling of the combustion process invaiiably requires accurate definition of the near-nozzle
spray characteristics as an input boundaiy condition. N on-spherical particles and/or high spray
densities, however, are often found in such regions - thus inhibiting reliable drop size
determination. LSI technique is capable of providing useful insight conceming the overall
spray size, shape, uniformity and movement pattern changes from within such a region as a
result of changes in injector operating conditions.

Figure 2 shows some global, instantaneous spray views obtained using LSI at a kerosine
ow rate of 75 g/s and 12 bar ambient air pressure inside the test vessel. The test condition
for these multiple images corresponds to an atonizer air-to-fuel ratio, AFR, of 3.9 at a AP/PA
of 0.05. Images corresponding to other operating conditions can be seen i References 5-8.
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These images reveal a rapid expansion of the flow-field as the spray emerges from the nozzle.
The core regions of the spray that were essentially hollow at l bar ambient pressure have, as a
result of prevailing mixing-transport processes, been lled up - i.e. at high ambient pressures
droplets have undergone a radial re-distribution. As observed before, these images reveal the
cun/ed nature of the spray boundaries due to the effects of air entrainment at the interface with
the surrounding flow-eld. Collection of multiple images at a nominally identical operating
condition is one way of gaining an insight into the dynamic nature of a given spray. A close
examination of these and other high speed images suggests the fonnation of coherent
structures at the interface between the high-velocity sprayboundary and the surrounding
quiescent air. In addition, the sheaiing action of the two contra-rotating swirling air streams
results i the generation of eddies. These effects combine together to cause the spray
boundaries to fluctuate as can be seen clearly i Fig. 3. Thisfigure has been constructed
through super-position of individual outline profiles derived from a number of instantaneous
images, eight i this instance, for an ambient air pressure of 12 bar and an AFR of 3.9. It i
clear from this gure that the amplitude of the uctuations encountered increases as the spray
evolves axially. An increase i ambient air pressure at a constant atomizer AFR of 3.9 and
AP/PA of 0.05 does not seem to materially affect the pulsation amplitude - the 12 bar
amplitude measurements being almost identical to those at 1 bar. This is not entirely
surpiising since the overall aerodynamíc patterns do not substantially change with an increase
i ambient pressure because the Reynolds numbers are invaiiably high (>> 106). It should be
stressed however, that with this type of injector there is no experience whatsoever of any kind
of combustion instability. The situation here would seem to be akin to the eddy shedding
associated with many types of bluff-body ame holders under cold-flow conditions which are
found to be absent under buming conditions. Use has been made of the outermost visible
boundaries of the spray from the various instantaneous profiles for superposition purposes. It
should also be mentioned that leading edges of the spray reveal greater structural detail
relative to the tiailing edges due to attenuation encountered by the laser light sheet along its
pathway through the dense spray ow-field. This could give an apparent impression of spray
asynmetry where none is actually present.

The super-position technique allows an infoimative and reasonably accurate mean spray
profile to be constructed for a given set of operating conditions. This average profile can then
be analyzed for fuel placement parameters such as the spray cone angle - trajectory. The
cuived spray boundaries imply that the cone angle will vary as the spray evolves and that
certain axial po_sitions_will,_therefore, need to be specied for cone angle measurement - as i
invariablythe case with most practical sprays. _ Mean profiles were measured for spray
diameters at the nozzle exit plane as well as at císfances of 10, 27 and i some instances of up
to 45 m from the outlet along the spray axis i the downstream direction. The cone angle at
a given axial position was obtained by simply drawing straight lines from the mean spray
diameter at the atomizer exit to the mean spray diameter at the relevant axial location. Figures
4 and 5 show the variation i cone angle with fuel flow rate for l and 12 bar ambient ar
pressure levels, respectively. The atomizer air pressure drop is maintained at a constant level
of 5 percent for both cases. These figures show that an increase in fuel to air momentum ratio,
in this case achieved by increases in fuel ow while maintaining constant air density and ar
velocity, results i an increase i spray cone angle at all axial locations. I-lowever, the cone
angle incfease reveals maximum sensitivity for the 10 mm -axial location - a position that is of
considerable practical importance to the combustor design engineer due to the need to ensure
that the combustion process is effectively initiated and sustained. Other data featuring a
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reduction i fuel to air momentum ratio, achieved through an increase i either air pressure or
air velocity while keeping the fuel ow rate constant, resulted i a decrease i cone angle.

(These ndings are consistent with the observation that for most practical atomizers, including
the one studied here, the fuel-alone (i.e. 'natural') cone angle is wider than that adopted by the
airstream energing from the air swirlers incorporated within the injector. Fuel/air momentum
ratio is, clearly therefore, a key parameter that strongly influences the cone angle and overall
dimensionsbf the spray.

Figure 6 shows the variation in spray diameter at the injector exit with fuel ow rate over
the 1 to 12 bar ambient air pressure range. The AP/PA is 5 percent for all the data points
except for the single point denoted by *. This * point corresponds to 10 percent AP/PA at 1
bar ambient air pressure. Theseresults show that an increase in fuel ow from 5 to 40 g/s at 1
bar air pressure yields a significant reduction i the spray diameter at the injector exit. Fuel
ow increases at 12 bar air pressure, on the other hand, have an opposite effect on this exit
spray diameter, i.e. exit diameter increases throughout with fuel flow. At 6 bar air pressure,
the measurements reveal a mixed trend - an increase i spray diameter initially followed by a
decrease as the fuel ow continues to increase. The effect of air pressure drop on spray exit
diameter can be ascertained by comparing the solitary point denoted by * obtained at AP/PA
of 0.10 with the data point directly below it featuring AP/PA of 0.05 - the air pressure and
fuel ow conditions for both of these points being 1 bar and 40 g/s. This limited comparison
reveals that a increase in AP/PA increases the exit spray diameter.

An explanation for these seeningly random trends can be found by invoking momentum
considerations. The spray diameter at the injector exit and the near-nozzle cone angle are for
all practical purposes a result of the internal fuel-air interactions. Considering first the 1 bar
case - an increase in fuel ow rate yields a reduction in exit spray diameter (see Fig. 6) and a
increase i near-nozzle cone angle (see 10 mm location i Fig. 4), and vice versa. This
observation is linked to the intemal fuel trajectoy as shown on an enlarged cross-sectional
view of the nozzle i Fig. 7. The design utilised employs a convergent, annular pre~lming
surface i.e. the swirling fuel is discharged tangentially towards the nozzle axis. This means
that the fuel inside the atomizer initially adopts a convergent trajectory followed eventually by
a divergent path some time after leaving the pre-flmer. As the fuel momentum increases, it
continues to follow in the initial direction imparted to it by the convergent pre-lmer for a
longer distance before changing over to the divergent trajectory. This results i a reduction of
the exit spray diameter (accompanied by an increase i near-nozzle cone angle as already
discussed). One implication of this reasoning is that the location of the convergent to
divergent transition point, i.e. the spray 'neck', moves with changes in fuel momentum. At low
fuel momentum its location is at or close to the pre-lming lip while at high fuel momentum it
shifts downstream as shown i Fig. 7. As the spray neck was not detected i all the acquired
extemal images, it must have been located inside the atomizer throughout these tests.
Considering next the 12 bar air pressure and 75 g/s fuel ow condition - the high fuel
momentum means that the fuel would be expected to continue to follow the convergent
trajectoy acquired from the pre-lmer for a longer distance. As it continues to converge, it
penetrates farther into the airstream delivered by the inner air swirler. At low air pressures it
achieves this readily but, as the air pressure increases, it is less successful in penetrating into
the high density inner swirling airstream. The acconpanying decrease in fuel/air nomentum
ratio, due to the increase i air pressure, causes the spray neck to move upstream.
Consequently, for the 75 g/s fuel ow condition, the exit spray dianeter at 12 bar air pressure
level is much larger than the corresponding one at 1 bar. At low fuel ow/momentum, the fuel
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would be expected to follow a divergent path immediately downstream of the pre-flming lip
i.e. the fuel would be expected to move more into the outer swirling air. Again at high ar
pressures/momentum, the fuel penetration into the outer air is inhibited due to adverse local
fuel/air momentum ratio. A consequence of this is that at 5 g/s fuel flow, the exit spray
diameter reduces from about 17 mm at 1 bar air pressure level to around 14.5 m at 12 bar.
This suggests that for a convergent preflmer the exit spray diameter is influenced primarily by
the outer swirling airstream at low fuel/air momentum ratios, whereas at high fuel/air
monentun ratios it is the inner swirling airstream that exerts the dominant influence. The
same reasoning can be applied to the other data points on Fig. 7 including the effect of
atomizer air pressure drop on exit spray diameter. It is clear from this that fuel/air nomentum
ratio is a parameter of great importance in respect of both intemal and extemal liquid
trajectories.

The above hypothesis has interesting implications for the atomizer design-performance
correlation. The traditional sinplistic approach seems to have been to merge the various
atomizing airstreams into one when reviewing the ensuing spray behaviour/pßrformance. No
attempt appears to have been made to explore and identify their individual regimes of
influence. Similarly the momentum splits between the various contributing airstreams could,
when optimized, afford improvements i near-nozzle two-phase spray behaviour. The above
findings clearly relate to the design geomety studied i.e. a converging pre-lmer along with
contrarotating twin airstreams. Variations i pre-lmer design, number of airstreams and their
rotational direction, fuel and air swirl angle/strength and other atomizer design features could
all greatly inuence the nature and extent of fuel-air intemal/extemal interactions with
important implications for mixture preparation/placement and pollutant emissions.

Conclusions
Usefulness of a Mie scattering based LSI technique i acquiring basic insight into

parameters of mixture placement such as fuel trajectory, spray dynamics and uniformity has
been demonstrated for a range of dense practical sprays. The broad conclusions drawn from
the reported work featuring converging preflmer and contrarotatin g twin airstreams are:

1) Fuel/air momentum ratio strongly inuences the cone angle and the overall size of the
spray. Increases of this ratio give larger cone angle and larger spray dimensions.

2) Fuel/air monentum ratio largely controls the spray diameter at the exit of the injector. The
intemal fuel trajectory appears to be more influenced by the outer swirling air at low
momentum ratios while the inner swirling airstream exercises the dominant influence at high
momentum ratios.
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Structure of Airblast Sprays

Under High Ambient Pressure

Conditions

A single-velocity-component phase Doppler particle analyzer is used to survey and
measure local va'iat`os in drop-size distributions and drop velocities in the near-
nozzle region of a practical, contraswirling, prelming airblast atomizer. The tech-
nique of laser sheet imaging is used to obtain global patterns of the spray. All
measurements are taken with a constant pressure drop across the atomizer of 5
percent, at ambiet air pressures of I, 6, and I2 bar. The liquid employed is aviation
kerosine at ow rates up to 75 g/s. The results slow that increasing the air pressure
from I to I2 bar al a constant air/fuel ratio causes the initial spray core angle to
widen front 70 to /O5 deg. Farther downstrean the spray volune renains largely
unaected by variations in atomizer operating conditions. However, the radial distri-
bution offuel within the spray volme is such that increases in fuel ow rate cause
a larger proportion offuel to be contained in the outer regions of the spray. The
eect of anbient pressure on the overall Sauter mean diameter is small. This is
attributed to the fact that the rapid disintegration of the fuel sheet produced by the
contraswirling air streams ensures that the atomization process is dominated by the
"prompt" mechanis. For this mode of liquid breakup, theory predicts that mean
drop sizes are independent of air pressure.

Introduction
Originally introduced as a measure to alleviate smoke emis-

sions from turbojet engines, prelming airblast atomizers are
now employed in a wide range of aircraft, industrial, and marine
gas turbines. A key feature of all practical prelming airblast
atomizers is that the bulk fuel is rst spread into a thin continu-
ous sheet, a process called pre1ming," and then exposed to
high-velocity, swirling air streams on both sides of the sheet.

ln recent years considerable advances have been made in the
development of laser diagnostic techniques for spray character-
iation. These developments have led to a resurgence of interest
in determining the properties of sprays produced in prelming
airblast atomization. Efforts are now under way to gain a better
understanding of the basic phenomena occuning within com-
plex practical systems of the types currently in service on ad-
vanced turbojet engines. Wang et al. (l992a, l992b, 1994,
1995) and McDonell et al. ( 1994) used two-component phase-
Doppler interferometry to make detailed measurements in the
ows downstream of a SNECMA/General Electric CFM-56
airblast atomizer. In addition to time-averaged properties, tran-
sient phenomena were also examined. 'These studies provided
valuable insight into the general stncture of the gas phase as
well as details regarding the complex behavior of drops. Of
special interest from a practical viewpoint is that actual engine
hardware was used to examine the sensitivity of the spray struc-
ture to sealing and hardware Variations. Hebrard et al. (1991,
1993) also used two-component phase-Doppler interferometry
to characterize the two-phase ow eld generated by an engine
airblast atomizer. Their measurements included mean axial and
transverse velocities for each phase as well as volume ux and
drop size distributions. Wynne and Jasuja (1991) and Jasuja
and Lefebvre (1994) used various nonintrusive techniques, in-
cluding phase-Doppler interferometry, high-intensity spark pho-

' Corresponding author.Contributed by the lntemational Gas Turbine Institute and presented at the 41stIntemational Gas Turbine and Aenoengine Congress and Exhibition, Birmingham,United Kingdom. June 10-13. 1996. Manuscript received at ASME Headquarters
February 1996. Paper No. 96-GT-131. Associate Technical Editor: J. N. Shinn.
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tography, high-speed cinephotography, video imaging to cap-
ture the dynamic and unsteady spray characteristics produced
in prelming airblast atomization. All the injectors used in the
program were typical of modem gas turbine practice and dif-
fered from each other only with regard to various design details,
such as swirler ow area and vane angle. The results obtained
showed that the sprays produced by actual engine nozzles ex-
hibit appreciable nonuniformities with regard to droplet trajecto-
ies and mass ux distributions. In our 1994 study, all measure-
ments of spray characteristics were carried out at distances of
50 to 70 mm downstream of the fuel nozzle. The objective of
the present work is to extend the previous study by carrying
out detailed mapping of drop size distributions and drop veloci-
ties at higher fuel throughputs and in regions closer to the
nozzle. This near-nozzle region is of special importance from
a combustion viewpoint because it is the zone in which combus-
tion is initiated and sustained.

Experimental
The test facility for this study is a large cylindical vessel

designed to operate at high pressures in accordance with British
Standards specification BS 5500. A exible optical window
arrangement permits the use of nonintrusive diagnostics, includ-
ing phase-Doppler interferometry and laser sheet imaging.
High-pressure air is delivered from a multistage screw-type
compressor to the fuel injector, which is located at one end of
the test vessel and is arranged to spray horizontally along its
major axis, as shown schematically in Fig. 1. The same source
of air is used to pressurize the test vessel, the level of pressure
being controlled by means of a spill valve, which is located at
the downstream end of the vessel.

Atomizer. The fuel injector is essentially a prelming air-
blast atomizer of the type shown in Fig. 2 which is representa-
tive of the injectors used in many gas turbine combustors. It
features a pair of concentríc air inlets that generate two separate
swirling aiows in ,opposite directions. Low-velocity fuel isrst spread into a thin, circumferentially uniform sheet on an
annular surface and then sandwiclled between the two swirling
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Fig. 1 High-pressure spray facility

air streams. This conguration promotes a high shearing action
between the fuel and the atomizing air, which is benecial to
atomization and also helps to match the resulting spray with
the combustor air ow pattem. The fuel injector is tted into a
high-pressure air box located inside the test vessel, asshown
in Fig. l.

Two separate and independent traverse systems for the air
box-fuel injector assembly are provided. The traverse system
for the laser diagnostics is a mechanical one offering three
degrees of freedom. Normally, the optical system moves along
the horizontal diameter of the pressure vessel. The repeatability
of positioning is within 0.25 mm. The second traverse system
provides two degrees of freedom for the air box relative to the
diagnostics line of sight. The rst one is a linear movement
along the longitudinal axis of the pressure vessel, while the
second is a rotational movement around the axis of the air box.
As both of these movements are controlled by a computer-
operated stepper motor, very precise and repeatable injector
positioning can be achieved.

Optical Diagnostics. Four optical-quality quartz windows
provide the desired optical access into the pressure vessel. Each
of these large- windows has a multipoint purge feed of high
velocity air to prevent fuel deposition. A single-component
phase-Doppler particle analyzer (PDPA), manufactured by
Aerometrics Inc., was used in this study. Its velocity component
coincides with the main axis of the conical sprays. The instru-
ment was operated in the forward scattering mode, which is
best suited for dense spray measurements. Its argon-ion laser
gave a maximum power in the probe volume of around 250
mW at a wavelength of 514.5 nm. During the course of the
investigation, special attention was paid to the setting up and
operation of the PDPA, in particular, the laser power and the
photomultiplier tube (PMT) voltage. The methods employed to
optimize data quality have been described in some detail by
.lasuja and Lefcbvre (1994). The FFT-type signal processor-
a Doppler Signal Analyzer (DSA) -used in the measurements
is claimed to b capable of processing signals as weak as -5
db (Zhu et al. 1993).

The technique of laser sheet imaging was also applied to
obtain global pattems of the spray. With this technique, a pulsed
Nd:YAG laser beam is converted into the form of a thin sheet,
which illuminates the spray ow eld under investigation. The
system provides a power density of 27 MW/cmz in the laser
sheet probing volume. The scattered signals at a wavelength
of 532 nm were recorded on black and white lm positioned
perpendicular to the laser sheet. The laser pulse duration of 15
ns is generally considered short enough to freeze the particle
motion. The primary magnication factor (i.e., negative image
size to actual object size) is 0.5.
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Test Conditions. The test conditions were selected to simu-
late the air densities encountered in gas turbine combustors
when operating at pressures up to 30 bar. All measurements
were taken with a pressure drop across the atomizer, AP/P, of
0.05, i.e., 5 percent, which is typical of modem combustors.
Atomizer air/fuel ratios ranged from l.l to 7.8. The ambient
air temperature was kept constant at around 323 K. The ambient
air pressures employed were 1, 6, and 12 bar. Air ow rates
were measured using an orice plate meter. A rotameter/turbine
ow meter combination was used to measure fuel ow rates.
At the 12 bar condition, the maximum air. and fuel mass ow
rates were 0.3 kg/s and 75 g/ s, respectively. Aviation kerosine
( = 0.0013 kg/ms, 0 = 0.0277 kg/sz, and p = 784 kg/m3,
all at 288 K) was used throughout the test program. PDPA data
were taken at downstream distances from the atomizer exit
plane of 27 and 45 mm along radii perpendicular to the spray
axis. Due to the signal attenuation associated with high through-
put sprays, when operating at a pressure of l2 bar the sample
size was reduced from 5000 to around 2000 drops to avoid long
run times.

Results
One phase of the test program was devoted to photographic

studies using pulsed laser sheet lighting to illuminate the spray.
The main objective was to examine the extent to which the
overall size and shape of the spray are affected by changes in
pressure and fuel ow rate. Such information could lead to a
better understanding of the effects of these parameters on vari-
ous aspects of combustion performance. Knowledge of global
spray dimensions over a range of atomizer ow conditions pro-
vides useful guidance in determining the optimum locations
within the spray (in terms of downstream distance and spray
radius) for the measurements of drop size and Velocity distribu-
tions during the PDPA investigation phase.

Spray Structure. Some of the results of the photographic
studies are shown in Figs. 3 and 4. Figure 3 shows how the
physical structure of the spray is affected by an increase in
ambient air pressure from 1 to 12 bar while maintaining the
fuel mass ow, mf, constant at 5 g/ s. These photographs show
clearly the heterogeneous nature of the spray, especially at low
air pressures.

Inspection of these and other photographs, along with corre-
sponding measurements of drop velocities, suggests that the
annular sheet of fuel owing over the prelmer lip rapidly
disintegrates into droplets, which tend to maintain the general
direction imparted to the air by the air swirlers incorporated
within the atomizer. However, as the atomizing-air ow eld
expands downstream of the nozzle, the combined effects of
aerodynamic diffusion and extemal air entrainment cause veloc-
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Fig. 2 Schematic diagram of airblast atomizer (courtesy of Parker Han-nifin Corp.)
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Fig. 3 Influence of air pressure on spray structure for a constant fuel flow; m, Y' 5 g/s

ities to decline. This is especially true in the outer regions of the
spray wlcre the effects of air entrainment are most pronouneed.

ln most practical combustors. the fuel liow does not remain
constant as pressure is \'arietl_ but rather changes in such a
manner as to maintain a fairl) constant air/fuel ratio (AFR).
Figure 4 shows similar pliotographs to those presented in Fig.
3 except that for these tests the fuel flow was increased along
with pressure to provide a constant AFR of 3.9. These photo-
graphs show the spray emcrging from the nozzle and then ex-
panding radially outward to form a hollow-cone spray. As the
droplets move downstream. the spray boundaries. which ini-
tially are in the form of a straight cone. start to become curved
due to the effects of air interaction. as mentioned earlier. Wea-
surements of spray proles are made difficult by the fact that the
eddies generated by the shearing action of the two contrarotating
swirling air ows cause the spray boundaries to liuctuate. ln-
spection of Figs. 3 and 4 suggests the possible oecurrenee of
periodicity in the ow near the atomizer. Clearly this aspect
warrants further investigation. since any pulsatile behavior in
this region could give rise to combustion instability, although
none has been experienced with this type of atomi/.er. In this
context it is worth recalling that the eddy shedding associated
with many types of bluff-body ame holdcrs under cold-ow
conditions is no longer observed under burning conditions. By
superimposing on each other a number of spray profiles derived
from individual high-speed photographs. as illustrated in Fig. 5
for a pressure of 1 bar and an AFR of 3.9, an infomiative and
reasonably accurate mean" spray prole can bc construeted.

The fact that the sprays produced in airblast atomization tend
to have curved boundaries creates difliculties in the definition
and measurement of cone angle. With pressure-swirl atomizers.
this problen is usually resolved hy dening the cone angle as
the angle formed by two straight lines drawn from the discharge
orilice to cut the spray contours at some specified distance
lron the atoni'/ier face. For prelilming airblast atomi7.ers. an
analogous nethod would be to use straight lines drawn from
the prefilming lip to intersect the spray boundaries at some
specified distance downstream of the lip. A drawback to this
approach. at least in the context of the contraswirler design
employed in these experiments. is that the diameter of the spray
as it emerges from the nozzle is not only different from that of
the prelmer but also varies with changes in atomizcr operating
conditions. Measurements of spray diameter just downstream
of the nozzle exit plane yieldcd values of 17.6. 15.5, and 15.7
mm for pressures of 1. 6. and 12 bar. respectivcly. For these
measurements the AFR was held constant at 3.9. The cone
angles obtained by drawing straight lines from the spray diame-
ter at the nozzle exit to the mean spray diameter at certain
specified distances downstream of the nozzle are presented in
Fig. 6. They show that in the "near-nozzle" region, where the
influence ofthe natural" spray cone angle (i.e.. the cone angle
without any air ow) is quite strong, the cone angle widens
with a increase in air pressure at a constant AFR. This is
because the natural cone angle of the spray is wider than the
cone angle of the atomizing air and its contribution to the resul-
tant spray angle increases as a result of the increase in fuel/air

1 baf 6 baf bal'

Fig. 4 lnftuence of air pressure on spray structure for a constant air/fuel ratio; AFR = 3.9
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Fig. 5 Spray profiles measured at P = 1 bar and AFR = 3.9

momentum ratio that accompanies an increase in air pressure
at constant AFR. Farther downstream, where atomization is
complete and the droplets are completely airbome, the spray
angle becomes largely independent of pressure. This result is
only to be expected since the swirling and recirculating air
ow pattems created by the air swirlers are independent of air
pressure. However, it is important to recognize that although
the overall dimensions of the aerodynamic recirculation zone
tend to remain fairly constant with changes in operating condi-
tions, the radial distribution of fuel within the total spray volume
does vary with changes in pressure and fuel ow rate. This is
illustrated in Fig. 7, which shows that increases in mf tend to
place more fuel in the outer regions of the spray. Photographic
images such as those presented in Figs. 3 and 4 provide valuable
insight into the prevailing spray structures, but caution must be
exercised in their interpretation. For example they do not yield
reliable information regarding such important spray properties
as the size, velocity, and number density of droplets.

Drop Size and Velocity Distributions. The effects of vari-
ations in fuel ow rate on the radial distribution of Sauter mean
diameter (SMD) and droplet velocity are demonstrated in Fig.
7 for values of m,- of 35, 50, and 65 g/s at a constant air pressure
of 6 bar. As might be expected, increase in fuel ow rate in-
creases both the local values of SMD and the overall spray
SMD (SMD). The latter was obtained as the mean of all the
local measured values after each local value had been corrected
using appropriate area and velocity weighting factors to account
for the higher ow areas in the outer regions of the spray and
the nonuniforrnity of the radial velocity distribution.

Figure 8 illustrates the results of detailed spray measurements
canied out at normal atmospheric pressure. In this gure, local
measured values of SMD and mean axial velocity are shown
plotted against radial distance from the centreline of the spray.
Measurements were carried out in two planes at downstream
distances, Z, of 27 and 45 mm. The fuel flow rate was adjusted
to maintain a constant AFR of 3.9.

The SMD curves shown in Fig. 8 are typical of all the results
obtained at atmospheric pressure. At Z = 27 mm, the SMD
initially increases with increase in spray radius up to a maximum
value, which usually occurs at about the midradius, and then
declines to a fairly constant value of SMD throughout the outer
regions of the spray where most of the drops are located. With
increase in downstream distance, the ow recirculations and
mixing processes evident in Fig. 3 cause the radial distributions
of both SMD and axial velocity to become more uniform. Thus,
at a downstream distance of 45 mm, the local values of SMD
increase- gradually and continuously with increase in spray ra-
dius, as shown in Fig. 8.
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Conversion of the local SMD values in Fig. 8 to SMD data
revealed virtually no differences in SMD between the measure-
ments carried out at downstream distances of 27 and 45 mm,
being 54 m in one case and 55 m in the other. This suggests
that the atomization process is virtually complete within a dis-
tance of 27 mm from the atomizer exit. It also indicates that in
the fairly dilute sprays associated with atomization at low air
pressures and low fuel ows rates, the effects of droplet coales-
cence, if any, are negligibly small. This is supported by the
relatively at droplet size-velocity correlation observed at this
condition, thus implying no signicant difference between the
mean velocities of different drop size classes. The droplet veloc-
ities presented in Fig. 8 largely reect the local values of axial
air velocity. Near the spray axis, axial velocities are low and
sometimes negative due to reverse ow of air in this region
resulting from the large-scale ow recirculations created by the
atomizing air. In the outer regions of the spray, the entrainment
of surrounding air inevitably leads to a reduction in axial veloc-
ity, with the result that droplet velocities tend to be highest at
about the midradius of the spray.

Figure 9 shows similar data to those presented in Fig. 8 for
a pressure of 6 bar. At this higher ambient pressure the local
values of SMD are fairly constant throughout the spray volume,
increasing slightly with increase in spray radius. There is also
a small rise in SMD from 47 to 50 m with increase in Z from
27 to 45 mm. Other measurements at 6 bar showed similar
small increases in SMD with increase in downstream distance.
but the total number of data points obtained was too small to
draw any worthwhile conclusions regarding the possible inter-
vention of drop coalescence. Additional measurements at much
higher pressures might have proved instructive in this regard.
Unfortunately, at a pressure of 12 bar the spray density was
usually too high to pemit accurate measurements of SMD at
Z = 27 mm. Consequently, the only data acquired at this pres-
sure were at a downstream distance of 45 mm.

The inuence of ambient air pressure on SMD is shown
more directly in Fig. 10. These indicate that an increase
in pressure serves to reduce the SMD. The effect is not large.
For the test conditions quoted on the gure, SMD is reduced
from 55 to 38 m by an increase in pressure from 1 to I2 bar.
Even this small effect of pressure is exaggerated by the fact
that in these tests the fuel ow rate was maintained constant at
35 gl s regardless of changes in air pressure. Other tests in which
pressure was varied while maintaining a fairly constant AFR,
showed a much smaller effect of pressure on SMD.

Data Analysis. Analysis of all the experimental data on
SMD conmed that the effect of pressure was small and could
b described by the relationship SMD °< P`°-°5. The analysis
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also indicated that the main factor goveming spray SMD is air/
fuel ratio, as indicated in the following empirical equation for
SMD used to provide the data correlation shown in Fig. ll:

SMD = 43 P-°~°S( + Ai=R")°~S
where SMD is in microns and P is the ambient air pressure in
bar. This equation has no basic signicance and is not dimen-
sionally correct but it serves to illustrate the effects on mean
drop size of the two main parameters covered in this investiga-
tion, namely air/ fuel ratio and pressure. The air/ fuel ratio term
presents no special problems because the relationship SMD °<
(l + APR )°'5 has been reported by several previous workers,
including Wigg (1964) and Jasuja ( 1979). Of primary concem
is the relatively small effect of pressure on SMD. Previous
studies at Craneld by Jasuja (1981, 1982), El Shanawany
and Lefebvre (1980), and Rizk and Lefebvre (1984) yielded
pressure exponents ranging from -0.4 to - 1.0. A possible ex-
planation for the apparent discrepancy between these results
and those obtained in the present investigation is that airblast
atomization can occur by one or two different mechanisms, or
sometimes by a combination of both. If the atomizing air is
owing in generally the same direction a the fuel, atomization
takes place relatively slowly by the classical mechanisms of
liquid sheet breakup whereby SMD decreases markedly with
increase in ambient air pressure (Squire, 1953). However, if
sheet breakup occurs rapidly, the ow and surface instabilities
that are an essential prerequisite for the classical mechanism of
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breakup have insufcient time to develop. Instead. the fuel sheet
disintegrates into droplets as soon as it encounters the atomizing
air. Under these conditions of "prompt" atomization, the
SMD is predicted to be independent of pressure (Lefebvre,
1992). The importance of these ndings in the present context
is that the previous Craneld studies were conducted on airblast
atomizers in which the liquid and atomizing air were essentially
coowing. This arrangement is characterized by a relatively
small aerodynamic interaction between the fuel and the air in
the initial stages of the atomization process, thereby providing
ideal conditions for breakup to occur via the classical mecha-
nism. On the other hand, with modem practical atomizers (in-
cluding the fuel injector used in this test program) the fuel sheet
is subjected to the strong shear forces generated at the interface
between two contraswirling air streams. Under these conditions
the prompt mechanism of atomization must necessarily be dom-
inant. This serves to explain why previous results on compara-
tively low-shear coowing devices exhibited a marked depen-
dence of SMD on pressure, whereas more recent measurements
on modem high-shear practical atomizers generally indicate a
much lower dependence of SMD on pressure.

Measurements reported by Jasuja and Lefebvre (1994) on a
SNECMA prelming airblast atomizer showed that with this
nozzle design the SMD actually increased slightly with increase
in pressure. They attributed this result to a combination of sev-
eral possible effects, all of which are related to the increase in
fuel ow rate that accompanies an increase in air pressure at
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constant AFR. These include increase in initial lm thickness.
reduction in relative Velocity between the fuel and the atomizing
air, increased droplet coalescence, and the lower accessibility
of the fuel to the atomizing air.

The fact that some or all of these effects can contribute toward
increasing the SMD was conmed in the present investigation,
in which a number of tests were carried out at different levels
of pressure while maintaining either a constant fuel ow rate
(by allowing the AFR to increase linearly with increase in
pressure) or a constant AFR. The purpose of these tests was to
enable the effect of fuel ow rate on SMD to be separated from
that of pressure. The results showed that increasing the pressure
from l to 6 and then to I2 bar, while maintaining the fuel ow
constant at 35 g/s, caused the measured SMD to decline from
55 to 50 and then to 38 microns. as shown in Fig. I0. This
relatively large reduction in SMD (SMD °< P`°^'5) is due mainly
to the increase in AFR that accompanied the increase in pres-
sure. Similar tests over the same range of pressures for a con-
stant AFR of 3.9 revealed a much smaller pressure dependence
(SMD °< P'°'°5). These ndings when considered alongside
those obtained on a different design of prefilming airblast atom-
izer by Jasuja and Lefebvre (1994) tend to suggest that for
high-shear atomizers the inuence of pressure per se on overall
Sauter mean diameter is guite small. In practice, increase in
pressure may cause the SMD to either increase slightly or de-
crease slightly, depending on the design of the atomizer that
govems the nature of the ensuing interaction between the fuel
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and the air streams. Clearly, a more systematic investigation is
warranted to explore more fully the manner and extent to which
various atomizer design features, notably prelmer and air swirl
geometries, govem the inuence of air pressure on overall spray
mean drop size.
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Conclusions
From a series of measurements of drop sizes, drop velocities,

and spray proles carried out using kerosine fuel on a modem,
practical, prelming airblast atomizer featuring contraswirling
air ows, the following conclusions are drawn:

l Increase in ambient air pressure at a constant air/fuel
ratio causes the initial spray cone angle to widen from 70 deg
at 1 bar to around 105 deg at 12 bar. Fanher downstream the
cone angle and overall dimensions of the spray volume tend to
remain fairly constant and independent of pressure.

2 The radial distribution of fuel within the spray volume is
such that increase in fuel ow rate and/or' decreases in air
pressure cause a larger proportion of fuel to be contained in the
outer regions of the spray.

3 Near the spray axis, the droplet axial velocities are gener-
ally low and sometimes negative. Droplet velgcities increase
with increase in spray radius, usuallyattaining their maximum

-values-around the midradius of the spray. Beyond this point,
velocities decline with increase in radius, reaching minimum
values at the spray boundaries. This decline in axial Velocity is
attributed to the decelerating effect of air entrainment into the
outer regions of the spray.

4 The results of tests cam'ed out over a range of pressures
from l to 12 bar show that the effect of ambient air pressure
on the overall Sauter mean diameter (SMD) of the spray is
quite small. This is attributed to the fact that for contraswirling
airblast atomizers of the type employed in this investigation,
the atomization process is dominated by the prompt mechanism
of liquid sheet breakup_ which theory indicates should be inde-
pendent of pressure.
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INFLUENCE OF AMBIENT AIR PRESSURE ON PRESSURE-SWIRL ATOMIZER SPRAY
CHARACTERISTICS

Arvind K. Jasuia' and Arthur H. Lefebvre
School of Mechanical EngineeringCranfield University, Cranfield, Bedford MK43 OAL, England

ABSTRACT
A single-component PDPA is used to evaluate the

spray characteristics of a simplex pressure-swirl atomizer
when operating at high liquid flow rates and elevated
ambient air pressures. Attention is focused on the effects
of air pressure on mean drop size, drop-size distribution,mean velocity, volume flux, and number density. Using aconstant flow rate of 75 g/s, measurements are carried
out along the spray radii at a fixed distance downstream
from the atomizer face of 50 mm.~ The air pressures of 1,
8, and 12 bars chosen for these tests correspond to airdensities of 1.2, 9.6, and 14.4 kg/ma. The purpose of the
investigation is to supplement the existing body ofinformation on pressure-swirl spray characteristics, most
of which were obtained at normal atmospheric ambient
pressures, with new data that correspond more closely tothe conditions prevailing in the primary combustion zones
of modem gas turbines. The results obtained are
explained mainly ln terms of the influence of air pressureon spray structure, in particular spray cone angle andWeber number.

INTRODUCTION
The continuous increase in engine pressure ratiosfrom around 7 to 10 in the early 1950's to around 20 in the

late 1960's brought to light a basic defect of all forms of
pressure-swirl atomizer, namely an innate tendency to
produce copious amounts of soot and smoke at highcombustion pressures. These considerations led to the
development of the prefilming airblast atomizer, whichexhibited such ovenvhelming advantages over pressure-swirl nozzles in terms of reduced pollutant emissions and
' Corresgonding author

improved pattern factor, that by 1970 it was universally
accepted as the fuel injector of choice for advanced gasturbines of high pressure-ratio. However, this did not
mark the end of pressure-swirl nozzles for gas turbine
applications. Operating experience soon showed that
combustors fitted with airblast atomizers are
characterized by narrow stability limits at all power
settings and generally unsatisfactory combustion
performance at those operating conditions which
correspond to low atomizing air velocity such as, for
example, engine startup. lt was found that these
problems could be overcome, albeit at some additional
cost and complexity, by combining a simplex pressure-swirl nozzle with an airblast atomizer to form what is
generally known as a piloted" airblast atomizer, or
"hybrid" injector. This combination provides easy light-upand wide stability limits along with all the performance
advantages offered by prefilming airblast atomizers at
high power conditions.

Pressure-swirl atomizers are also used as a means of
delivering fuel onto a prefilming surface within a swirl cuparrangement featuring contra-rotating airflows as, for
example, in the SNECMA/GE CFM-56 engine.Considerable interest is now being shown in the airblast
simplex, or "ABS" atomizer, which comprises a simplexpressure-swirl nozzle surrounded by a co-flowing stream of
swirling air [1]. Yet another recent application of pressure-swirl atomizers is to ultra-low NO, combustors. In somelow- NO, designs a simplex nozzle is used as a pilotingdevice for the main combustion process whichtakes place downstream at extremely fuel-lean conditions.
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Despite these and other important applications of
pressure-swirl atomizers, our knowledge of their spray
characteristics is far from satisfactory. especially at
conditions corresponding to high combustion pressures.
A main purpose of this study is to examine the influence
of ambient air pressure on the radial distribution of drop-
sizes within high-throughput, dense sprays of the type
produced by pressure-swirl atomizers when fitted to gas
turbine engines of high compression ratio. A further
objective is to provide experimental data on other
important spray characteristics for use in combustor
modeling. To the best of the authors' knowledge, no
other pressure-swirl nozzle performance data exist in the
literature for such extreme conditions of liquid throughput
(75 gls) and high ambient air pressure (12 bars).

EXPERIMENTS
The test facility for this study has been described in

detail elsewhere [2]. Its main component is a large
cylindrical vessel that can be supplied with high-pressure
air at near-ambient temperature to achieve the desired
level of pressure. The atomizer is located at one end of
the vessel and is arranged to spray horizontally along its
major axis. Four large quartz windows provide optical
access to the spray. Each of these windows has a multi-
point purge feed of high velocity air to prevent fuel
deposition. PDPA data are normally taken with the
instrument operating in the forward scattering mode.
along radii perpendicular to the spray axis at a fixed
downstream distance from the atomizer exit plane.

The hollow-cone simplex atomizer employed in these
experiments was supplied by Spraying Systems Limited
and featured the orifice insert SlY48 and orifice SKY27
with a discharge hole diameter of 1.93 mm. According to
the manufacturer, nominal cone angle of the developed
spray under atmospheric air pressure conditions was 83°.
Flow number, FN. was calculated to be 0.124 X10`Â°
m3/hr/Pa°'5 (22.75 pph/psid°'5 units). The nozzle was
arranged to spray water into quiescent air at pressure
levels of 1, 8, and 12 bars. The pressure drop across the
atomizer was held constant at_ 49 bars. regardless of
variations in ambient air pressure, to provide a constant
water flow rate of 75 gls. Both PDPA data collection and
experimental spray cone angle determination were carried
out at a distance of 50 mm downstream of the atomizer.
This distance was chosen because it provided ample time
for the completion of secondary atomization while
avoiding the measurement inaccuracies that can occur in
regions further downstream due to excessive spray
evaporation. A the outer boundaries of the spray vary
with changes in operating conditions, their location was
broadly determined for each PDPA traverse using
conventional still photographic techniques.

RESULTS AND DISCUSSION
The spray properties of most relevance to continuous-

flow combustion processes are mean drop size, drop-size
distribution, mean velocity. volume flux. and number
density. The results obtained on the effects of ambient air
pressure on these properties are discussed below in tum.

Mean Drog Size
Most previous experimental studies on spray

characteristics have focused on mean drop size. Usually,
some form of light diftraction technique was used and the
results were generally expressed in terms of SMD (Sauter
Mean Diameter). By and large. the data obtained by
different workers exhibit reasonable consistency. one
notable exception being the results obtained on the
influence of ambient air pressure on SMD. The
relationship between mean drop size and air pressure is
normally expressed as SMD o PA, with reported values of
n ranging from +0.27 [3] to -0.53 [4]. Other workers [5, 6]
have reported SMD (or D32) increasing with increase in air
pressure up to a maximum value and then declining with
any further increase in pressure. The observations of
Wang and Lefebvre [5]. Lefebvre [7]. Dodge and Biaglow
[4] and Jasuja [8] tend to suggest that these seemingly
contradictory results could derive from the rather complex
manner in which a change in air density affects Weber
number and spray cone angle, and hence also the SMD.

For liquids of low viscosity, the mean drop sizes
produced by the disintegration of a liquid sheet may be
expressed in dimensionless form as [5.7]

svo/1. < (we) t (1)

or, for any given liquid,

SMD < <2âº

where UR is the relative velocity between the
disintegrating liquid sheet and the ambient air. t[ is the
sheet thickness at breakup, på is the ambient air density,
and o is the liquid surface tension. The value of x must
be detemwined experimentally and is typically around 0.5.

Reference to Eq. (2) shows that an increase in pt
should reduce the SMD. However, an increase in p., is
usually accompanied by a reduction in UR and sometimes
also by an increase in t._. Both of these effects tend to
increase the SMD. Thus, in any given situation. and
depending on liquid properties and atomizer design
features, a change in pt (or PA) may serve either to raise
or lower the mean drop size in the spray. These aspects
are discussed below.

If increase in air density had little or no effect on spray
dimensions, it would serve only to raise We and thereby
reduce SMD. However, i has been known since De
Corso and Kemeny [9]. and more recently confirmed by
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Parsons and Jasuja [10]. that an increase in PA above the
normal atmospheric value creates radially inflowing air
currents that can markedly reduce the spray cone angle.
With continuous increase in PA, the cone angle eventually
reaches a minimum value beyond which any further
increase in PA has no effect on cone angle. According to
De Corso [11] and Neya and Sato [3] this contraction in
spray angle results in increased droplet coalescence,
which accounts for their observed increase in SMD with
increase in air density. However, a further adverse effect
ot a reduction in spray angle with increase in PA is that it
reduces the volume of air contained within the spray. In
consequence, the momentum of the spray is able to
accelerate this smaller volume of air more rapidly in the
direction of spray motion, thereby reducing UR [6]. Neya
and Sato also pointed out that with increasing pA sheet
breakup starts closer to the nozzle. Thus, at higher air
densities the disintegration process occurs in a thicker
sheet, thereby producing larger drops.

Experimental studies on hollow-cone sprays show
SMD increasing with PA until a critical value is reached
beyond which any further increase in PA has little or no
effect on SMD. This critical value of PA is govemed by the
combined influence of two separate pressure-dependent
phenomena, both having their own critical values of PA.
One is the pressure at which the spray cone angle attains
its minimum value, and the other is the pressure at which
sheet breakup starts directly at the nozzle exit. Clearly,
once this condition is reached any further increase in air
pressure cannot serve to increase the initial sheet
thickness.

ln theory, any increase in PA above the critical value
should cause the SMD to decline. However, although the
spray angle remains constant at its minimum value, the
spray continues to shrink in size due to its reduced axial
penetration [12]. This reduction in spray volume reduces
UR, as discussed above, and also promotes droplet
coalescence, both of which tend to oftset the beneiicial
effect of increasing PA in reducing SMD.

The results obtained in the present study on the effect
of air pressure on overall spray SMD are plotted in Fig. 1.
The values presented in this figure were obtained as the
mean of all the local measured values of SMD after each
local value had been corrected using appropriate area
and velocity weighting factors to account for the larger
flow areas in the outer regions of the spray and the non-
uniformity of the radial Velocity distribution. Figure 1
shows the overall spray SMD increasing with increase in
PA, with the rate of increase in SMD declining at the
higher levels of PA. The general shape of the curve is
consistent with the views expressed above in regard to
the influence of spray angle on SMD. Spray photographs
show that increasing the ambient air pressure from 1 to 8
bars, and then to 12 bars causes the spray angle to
change from 71° to 47° and then to 41°. Figure 2 shows
the measured local values of SMD, plotted against radial

distance from the spray axis, for all three values of
ambient air pressure.

Although all the droplets produced in pressure-swirl
atomization have the same initial velocity, the actual value
depending on the pressure drop across the atomizer and
the internal pressure losses, the larger drops formed in
atomization move further away from the atomizer than the
smaller drops due to their higher momentum/drag ratio.
ln consequence, the larger drops tend to be concentrated
in the outer boundaries of the spray, as illustrated in Fig.
2. The same air currents that are generated by the
ejector action of the spray and which are responsible for
the reduction in spray angle, as discussed above, also
convey droplets from the outer regions of the spray
toward the spray axis. Due to their lower aerodynamic
drag, the smaller droplets are preferentially transported
while the larger drops tend to remain in the main body of
the spray. The end result of this drop-size separation
process is that plots of local SMD versus radial distance
from the spray axis all tend to have the characteristic
shape shown in Fig. 2. This figure shows, for all three
levels of pressure, that the smallest drops are mainly
confined to the central core of the spray, while the largest
drops are located in the outer regions of the spray.
Although the small droplets represent only a tiny fraction
of the total mass of fuel in the spray, their presence within
the spray cone is undesirable because in combustors
featuring pressure-swirl fuel nozzles this is a major soot-
forming zone [7].

Drog Size Distributions
ln common with all other practical atomizers, pressure-
swirl nozzles produce a fairly wide spectrum of drop sizes
in the spray. Thus, in addition to mean drop size, at least
one other parameter is needed to define the distribution of
drop sizes in a spray. Two of the most widely used
parameters for describing drop-size distributions are the
so-called representative diameters DM and D09. Dm (or
Dog) is the drop diameter such that 10% (or 90%) of the
total liquid volume is in drops of smaller diameter. Low
values of DM are highly desirable in aeronautical gasturbines where the presence of small droplets is highlyconducive to good combustion performance at highaltitudes. Low values of D0, are beneticial for all types of
gas turbines because it is well established that large fuel
drops encourage the formation of pollutant emissions.
Plots of DM and D09 versus radial distance from the sprayaxis are presented in Figs. 3 and 4 respectively, for all
three levels ot pressure. lt is evident in these figures thatthe curves exhibit the same general shape as the curves
tor SMD, i.e. values are lowest at or near the spray axisand then rise with increase in radial distance to reach a
maximum in the outer regions of the spray.

The difference between D03 and D J is sometimes
used to indicate the distribution of drop sizes in a spray.When D03-D04 is non-dimensionalized by dividing by D05.
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i i terrned the relative span factor [13]. A more widely
used expression, however, is the Rosin Rammler
distribution parameter. q. The higher the value of q, the
smaller is the range of drop sizes in the spray. From
analysis of the measured drop sizes i was found that for 1
bar the values of q at various radial locations ranged from
2.6 at the spray axis to around 3.1 at the edge of the
spray, with an average weighted value of 3.0. This is
consistent with previous reported values of q tor pressure-
swirl atomizers operating at normal atmospheric pressure
[5, 14]. The results at 8 bars showed values for q rising
from 3.5 in the central core of the spray to around 4.0 at
the spray periphery, with an average weighted value of
3.9. Raising the pressure from 8 to 12 bars produced no
further significant increase in q. The relatively low value
of q for 1 bar, indicating a broader range of drop sizes in
the spray than for 8 and 12 bars, is well illustrated in Fig.
2. Inspection of this figure shows that the variation of
local SMD values along the spray radius is appreciably
wider at 1 bar than at the two higher levels of ambient air
pressure.

Drop Velocities
The influence of ambient air pressure on the radial

distribution of mean droplet velocity i illustrated in Fig. 5.
The instrument used to obtain the results presented in this
figure is limited to one component of particle velocity, in
this case the velocity component along the main axis of
the cylindrical test vessel, which also coincides with the
main axis of the conical spray. Because the pressure
drop across the atomizer was maintained constant at 49
bars tor all values of PA, the velocity at which the water
was discharged from the nozzle was also independent of
P. With pressure-swirl atomizers the drop sizes in the
spray gradually increase with increase in radial distance
from the spray axis, as shown in Fig. 2. Due to their
higher momentum/drag ratio. the rate of deceleration for
large drops is lower than for small drops. This leads to
higher drop Velocities with an increase in radial distance,
a illustrated in Fig. 5, which contains measurements of
drop velocity for an ambient air pressure of 1 bar. Only in
the outer regions of the spray, where the drops are more
exposed to the aerodynamic drag forces created by their
interaction with the surrounding quiescent air, is drop
velocity observed to decline with increase in radial
distance from the spray axis. As these drag forces
increase linearly with increase in PA their influence on
droplet deceleration is more pronounced at higher levels
of P^, a illustrated in Fig. 5.

The results contained in Fig. 5 are of special interest
and relevance to continuous-flow, high-pressure
combustion systems, a notable example being the gas
turbine combustor. They show that an increase in
combustion pressure leads to a marked decline in droplet
velocity and hence also in axial spray momentum. In
consequence, at high combustion pressures a much

larger proportion of the fuel drops tail to penetrate beyond
the main soot-forming zone that i located just
downstream of the fuel nozzle. This leads to high rates of
soot production and copious amounts of exhaust smoke,
both of which are characteristic of high-pressure ratio gas
turbines fitted with pressure-swirl atomizers.

Volume Flux
The data obtained on volume flux are illustrated in

Fig.6. lt should be noted that these data, along with those
presented in Fig. 7 for number density. are derived
quantities and thus their absolute values must be treated
with caution. They are included here in order to show
trends and provide a more complete description of the
spray. Fig. 6 contains information on how the liquid mass
flux is distributed radially within the spray volume and the
manner in which this distribution is influenced by ambient
air pressure variation. Since the liquid flow rate is the
same for all values of PA, i might be expected that the
volume flux would also remain fairly constant and
independent of PA. ln practice, the volume flux generally
increases wt increase in air pressure, as shown in Fig.
6. This is because a increase in PA reduces the cone
angle of the spray so that the same amount of liquid now
flows through a spray of smaller cross-sectional area.
With most pressure-swirl atomizers, the spray cone angle
diminishes quite rapidly as the ambient air pressure is
raised above is normal atmospheric value. At air
pressures above around 5 or 6 bars the rate of spray
contraction declines appreciably. These effects of spray
contraction on volume flux are well illustrated in Fig. 6,which shows a large difference in the radial distribution of
volume flux between 1 and 8 bars and a much smaller
difference between 8 and 12 bars. Due to the well-
defined, hollow-cone structure of the spray at normal
atmospheric pressure. exceptionally high values of
volume llux might be expected to occur in the outer
regions of the spray, and this is confirmed by the results
shown for 1 bar in Fig. 6. With increase in air pressure
above 1 bar. the spray starts to lose is hollow-coneâ
structure and gradually converts into something more akin
to a solid-cone' spray in which the radial distribution of
volume flux is more unifom.

Number Densgy
The influence of ambient air pressure on the radial

distribution of number density is illustrated in Fg. 7. ln a
symmetrical spray, the number density at any radial
distance from the spray axis is govemed primarily by the
total nozzle liquid flow rate and the radial distributions of
volume flux, mean drop size and droplet mean velocity.
Thus, in the present case. where the total liquid flow rate
remains constant at all operating conditions, the general
trends of the results presented in Fig. 7 can b predicted
from inspection of the data contained in Figs. 2, 5 and 6.
Figure 7 shows that for all air pressures the number
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density increases with increase in radial distance from the
spray axis. lt also reveals that number densities are
greatest at the highest level of air pressure. Although the
drop sizes are the largest at this condition (see Fig. 2),
which by itself should serve to reduce number density, this
effect is more than outweighed by the concomitant
reduction in spray volume. The lowest values of number
density are observed near the centreline of the spray
where the volume flux levels are generally low (see Fig.
6).

CONCLUSIONS
From measurements of spray characteristics carried

out at ambient air pressures of 1, 8 and 12 bars on a
hollow-cone, simplex pressure-swirl atomizer operating at
a liquid flow rate of 75 g/s and a pressure drop of 49 bars,
the following conclusions are drawn :
1. All the experimental data obtained on the influence of

ambient air pressure on mean drop-size show that a
continuous increase in PA above the normal
atmospheric value is accompaníed by a continuous
increase in overall SMD.

2. The rate of increase of overall SMD with PA declines
with increase in PA.

3. For all three levels of pressure, the measured local
values ot SMD are lowest at the center of the spray
and increase with radial distance from the spray axis,
reaching a maximum in the outer regions of the spray.

4. increases in PA tend to make the spray more
homogeneous in terms of mean drop size and drop-
size distribution. As pressure levels rise from 1 to 12
bars, the radial variation in SMD diminishes and the
spray becomes more monodisperse, with values of
the Rosin-Rammler distribution parameter q
increasing from 3.0 to 3.9.

5. The observed effects of Variations in PA on spray
SMD can be explained in terms of the influence of PA
on the spray cone angle and the Weber number of
the disintegrating liquid sheet.

6. At high levels of PA the mean axial velocities of the
droplets in the spray decline rapidly with increase in
radial distance from the spray axis due to the high
aerodynamic drag forces exerted on the droplets in
the outer regions of the spray.

7. With increase in air pressure above 1 bar, the normal
hollow-cone" spray gradually moves toward a 'solid
cone" configuration in which the radial maldistribution
of volume flux is much less pronounced.

8. Number density increases with increases in air
pressure and radial distance from the spray axis.

REFERENCES
1. Benjamin, M. A., McDonell, V. G., and

Samuelsen, G. S., 1997, Effect of FueVAir Ratio
on Air Blast Simplex Nozzle Performance," ASME
Paper 97-GT-150.

Zheng, Q. P., Jasuja, A. K., and Lefebvre, A. H.,
1997, Structure of Airblast Sprays Under High
Ambient Pressure Conditions," Trans. ASME,
Joumal of Engineering for Gas Turbines and
Power, Vol. 119, pp. 512-518.
Neya, K., and Sato, S., 1968, Effect of Ambient
Air Pressure on the Spray Characteristics of Swirl
Atomizers," Ship.Res.Inst., Vol. 27.
Dodge, L. G., and Biaglow, J.A., 1985, Effect of
Elevated Temperature And Pressure on Sprays
from Simplex Swirl Atomizers," ASME Paper 85-
GT-58.
Wang, X. F., and Lefebvre, A. H., 1987,
Influence of Ambient Air Pressure on Pressure-
Swirl Atomization." Atomization and Spray
Technology, Vol. 3, pp. 209-226.
Rizk, N. K., and Lefebvre, A. H., 1985, "Spray
Characteristics of Spill-Retum Atomizer," AIAA
Joumal of Propulsion and Power, Vol. 1, pp. 200-
204.
Lefebvre, A. H., 1998, Gas Turbine Combustion,
Taylor and Francis, Philadelphia.
Jasuja, A. K., 1985, Dual Orifice Atomizer
Performance under Varying Air Density
Conditions," ASME Paper 85-GT-44.
De Corso, S. M., and Kemeny, G. A., 1957,
Effect of Ambient And Fuel Pressure on Nozzle
Spray Angle," Trans. ASME, Vol. 79, pp. 607-615.
Parsons, J. A., and Jasuja, A. K., 1986, "Effect of
Air Pressure upon Spray Angle/Width
Characteristics of Simplex Pressure-Swirl
Atomizer," ASME Paper 86-GT-176.
De Corso, S. M., 1960, Effect of Ambient And
Fuel Pressure on Spray Drop Size." ASME
Joumal of Engineering for Gas Turbines and
Power, Vol. 82, pp. 10-16.
Lefebvre, A. H., 1968, Factors Controlling Gas
Turbine Combustion Performance at High
Pressures, Combustion in Advanced Combustion
Systems. Cranfield International Symposium
Series, Pergamon, London, Vol. 10, pp. 211-226.
Lefebvre, A. H., 1989, Atomization and Sprays,
Hemisphere Publishing Corporation, N.Y.
Wang, X. F., and Lefebvre, A. H., 1988,
Influence of Fuel Temperature on Atomization
Perfonnance of Pressure-Swirl Atomizers," AIAA
Joumal of Propulsion and Power, Vol. 4, pp. 222-
227.

Pzge 5

«l

l



spray SMD, m cronsOveram CI'0I'ISSM

cºEº`88888<`º'88

1 d ameter, m cronsD0.

70

88S8

2

_O

0Ä , , 1 I Ä v 1 1 I
o 2 4 6 a 10 12 14 -5 0 5 10 15 2 25 3

Ämbíem âíl' PYESSUYG. b3l'S Radial distance from spray axis, mm

-0-1 Bar
--8 Bar
-¬-12 Bar i

354045

Fig 1. Influence of ambient air pressure on overall Fig 3, nfence of ambient air pressure ori DM,spray SMD.

100
9

D,
888888

-4-1Bar
--8Bar
-Ai-12Bar

I I I 1 I 1 I 1 1 1
-5 0 51015202530354045

Radial distance from spray axis, n

O

Fig 2. Influence of ambient air pressure on SMD.

meter, m cronsD0.9da

160

___Ä±Q1088COO

80

0

so_
40 -o-1 Bar

--8 Bar20 ¬~ 12 BarI I I Ä±
5 -5 0 5 10 15 20 25 so 35 0

Fig 4. Influence of ambient air pressure on DM.

5

Ã­

4 45 50
Radial distance from spray axis, mm

Page 6



3

cty mls
8

-25.

5
Mean drop ve o
u 5 G

-Q-1bar
_ --8bars

-A-12bars
O ' I I I 1 I I I

ZB
-0-1bar
--8bars 1
-A-12tas~

1/ccNumber dens ty

ä å Ã¤

0 7 I I I I 1 _
-5051015Z)Z3)3S40455O

-5 0 5 10 15 Z 5 3 3 4 4 5 R=ca|ciaaroefronqºrayaxis,mn
Fhdial csianoe fo qaray axis, m

Fig 5. Influence of ambient air pressure on drop
mean velocity.

1

Q1

cc/s/cm2

Q 001

efux

-0-1bar
-~8ba:s
-±-12bmS

Vo um
s
Â§

Oln . . I 1 I I . I 1
5 0 5 10 15 20 25 30 35 40 45 50

Rcal distance fo qxay axis m

Fig 6. Influence of ambient air pressure on volume
flux.

Fig 7. Influence of ambient air pressure on number
density.
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