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ABSTRACT 

Spray characleriSlics of Ihree liquids, waler. diesel fue l. and kerosene. sprayed 

vcnica lly downward in a transparent squared section rube which IS accessed wilh an 

exhausler> Ihrough 

Doppler Particle 

a pressure SWi rl 'lIomizer, have been evaluated b~ means of Phase 

Ana lyzer (PIDPA) syslem. The experimental apparacus is accessed 

wilh a lfa .. -erSlOg syslem whic h enables 10 make complele scan. radially and axially, for 

the spra:-- cone. Differenl pressure d ifferenlials across the nozzle are applied \0 study 

their effeci on sprn:-r charoclerislics. Measurements of drop lei mean diameter, droplet size 

distribution . droplet mean velocity , liquid volume nux and droplel number density have 

!xen carried out. 

Experimental results showed that the droplet size increases and droplet axial mean 

velocity decreases as the radial distance from spray axis increOlSes. Also, as the axial 

---------------------------------------------- -------------y-------------
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distance fro m the now e plane mcreases. the drople t Ol~ia l mean veloci t ~ decreases for 

the used liquids. the droplet mean diameter and liquid volume nux decrease fo r both 

water and diesel fuel but deviation is observed for kerosene. and Ihe droplet number 

densi ty increases for all used liquids. As :he pressure differential across the nozzle 

mcreases, both droplet mean diameter and liquid vo lu me nux decreases. and the axial 

mean velocity increases. for the used liquids. Data ana lysis shows that the mass median 

diameter [() Sauter mean diame ter ratio is alTected by the pressure differential across 

the nowe, and by Rosin-Ramm lcr exponent, which is a measure of the width of 

distributio n. kerosene, al ways. Ilas the smallest drop let mean diameter, and water, in 

most of cases. has the largest mean diameter. Sometimes, diesel fuel competes water 

having the largest mean diameter. 

1- INTRODUCTION 

In most of liquid fuel spray combustion <lpplicOllions, fue l atomization is o f considerable 

importance In combustion performance as it affeets igrulion. efficiency. slabil ity, 

temperature distribution of (he gases al the combustor exil , level of poilu Ian IS, as well 

as amount of flame radiation affecting the durabili ty of the combus tion liner (I and 2). 

The pressure swirl alOmtzer in which a swirling motion is imparted to the fuel so th"'!. 

under the action of centrifugal force, ie spreads oul in the form of a hollow co ne as 

soon as it leaves the ori fice. 

Spray characteristics depend on the prope nies of the liquid, i. e .. main ly on its viscosity, 

surface tens ion. and density . These properties change with liquid type, and for a given 

liquid. with the operating conditions such as temperature and pressure. It is difficult 10 

separate the influences of the three liquid propenies when investi gatin g the spray 

qualities of fuel injwors 13). 

Spray characteristics aod perfonnance of a certain atomizer spray require detailed 

information concerning the local distribution of droplet sizes and velocilies. Technique~ 

of spray measurements have been changed dramaticall y in che pas! deeade with the 

advent o r Laser Dopple r Pan icle Analyzer which can measure each o( the droplet size and 

veloci ty simultaneOUS ly (3). 

An experimental investigation of the local distribution o r a pressure swi rl atomizer 

spray has been carried Out, using phase Doppler panicle analyzer. by Nosier el at (4). 
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They concluded that apart irom the zone which is very c lose to the plane of injectIOn. 

the radial distribut ion indicates th at larger droplets lend 10 exist a t the spray edge. 

The drople t Sauter mean diameter (n }]) dec reases with dO .... 1lstream nxiaJ dislance . 

Brena de la Rosa Ct al. [5), havtc presemed measurements of the droplet size and droplet 

velocuy d istributions. particle number density. volume nux: and angle o f trajectory for a 

pressure swi rl atomize r sprayed into a low swirli ng field . The spatial dis tn bution of 

sizes and ve locities. panicle number denSIt y. and volume nux of tht: spray are 

strongly inJluenced by the dynamICS imposed by the swirling field. 

The aim of th is sn1dy is \0 analyze spray characterislics, such as droplet mean 

diameter. droplet SIU distribution. droplet mean veloci ty, liquid volume flu K, and droplet 

number densi ty, of a pressure SWirl atomizer using the Phase Doppl er Particle Ana lyzer. 

The study includes the eft<:cls of the nalure of Ihe atom i2ed liquid and the injection 

pressu(( on Ihe d ifferent parameters of spray characteristics. 

1- EXPERIMENTAL APPARATUS 

An ex~nmenta l apparatus has been designed \0 investigate the atomi zation 

characleristics of a pressme SWIrl alOmizer spray. A schemauc diagram of the 

experimental apparatus is shown in Fig. ( I). II consiSIS of Ihe injection system. the 

lesl section wilh an exhaustcr. and the IOslrumenta tion. 

The pressure SWirl atomize r used in the present work was supplied by De lavan INC. 

and :':::ts the fo llowing speC Ificat ions: nomina l spray cone angle - 600 
• orifice diameler 

- I mOl. nominal now rale == 7 cm3/s . and number of tMgemial pons <4 . A pressure 

vesse l (60 em dia., 80 cm k ngth) is used as the faeil iry \0 p(essurize Ihe liquid. The 

lower pan of lhe vesse l volume is occupied by the liquid and a compressed air fills Ihe 

upper part. The inJect10n pressure. momtored by a pressure gauge. can be increased by 

opening Ihe compressed ai r inlet valve and clOSing the venl valve. The liqu id supplted 

to the injection noule 1S metered by a cahbr.ued metering rube . 

In order to meet the requiremenTS of more smoothly measurements. the transmitter 

and the receive r of the phase Doppler part icle analyzer ha!: bee n steadfastly held. 

There fore in o.der to give a spat ial r.lapping o f the particle sIze dist ri bution. the 

apparatus is provided with a traversing system. A transparent test seclion is deSigned 
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to be large eno ugh 10 avoid droplets accumulation on its sidu to preveOi obstruction of 

Lase r beams travel. An exhauster IS mainly used to draw the vapor and very small 

droplets. wh ich lend 10 rec irculate after escaping from Ihe princlpa! spray cone and 

distort ing its shape. 

3- PHASE DOPPI.ER PARTICLE ANALYZER 

The PhaselDoppler anemometer used in (his srudy is a 

panicle analyze:r (PIDPA) supplied by Aerometncs INC. 

dual-beam phase Doppk r 

The principles of the 

mode shown in Fi g. (2), PhasdDoppler anemometcy. utilizing the dual beam optical 

have been reponed previously by Bachalo and Houser (6]. The Instrument consists 

mainly of the traosminer package, the receiver package with deteCIO~. a signal 

processor. and an IBM microcom puter The transmi tter package consists of a low 

power He·Ne laser operating at a wavelength of 0 6328 micrometers, a beam spliner 

which allowed for a variable beam separation, and a u ansmlner lens . The beam spliller 

produces two parallel beams which are caused to intersect by the transmlUing lens.. 

The bf:am crossover is Ibe poillt at which measurements are made and is referred to as 

the "probe volume" . The receiver package is cornprio;cd of a lens assembly which 

collects light scanered by droplets wi thin the probe vol ume and focuses it onto a 

pinhole. Light which has passed the pinhole is directed by mlrrors to the detectors 

The IBM PC microcompUie r was programmed to accept the digital signals an.d 

manipula.te the data from (he signal processor. 

4- RESULTS AND DISCUSSIONS 

tj . /: Droplet StU Distnbution 

Frequency dim ibUlion curves, based on temporal distribul ions, whi ch may be regarded 

as a characteristic of the spray, C:ln be ploned fro m the droplet size hislOgram. 

Droplet size distributions at di fferent axial posi tions ( X/d "" 30, 90. and 150, where 

X is the axial distance from the nozzle plane and d is the atomizer orifice diameter 

which equals mm) on water spray ilXlS arc shown m Fig. (3). In genera l. size 

distribution fo llo\ys a normal distribution curve whose peak is shifted up with increasmg 

the axial distance from the nozzle . Also . the results revetll that as Ihe pressure 

dilferenci31 increases. the distribution is nmower and the peak is shifted up. Similar 
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(Csu!t~ w~re obtamed by EI-Emam. [iI , using the histogram results of drop!el COUnlS 

from the photog;raphed images. 

Figure (4) shows drorlel size dism buljoos on Ihe spray tI»is for w;uer, d iesel fuel. and 

kerosene sprays II :s 'lOliced Ihal. tor Ihe memioned conditions. the frequency of 

small droplets is the highest lor kero~ne and ~s the smallest lOt ..... eler. The vice versa IS 

that the Crequency of large droplers is the highest tOt water and is the smaJlest fo r 

kerosene . Similar resullS are obtained and reveal that the kerosene spray has the 

smallest droplet mean diamelen in all cases. 0 0 tbe olh.: rhand . in most cases water 

has lhe larieSt drop let mean diameter. however. diesel fuel somelimes competes 

waler having: larger dropl t!1 mean diame lers. 

Droplet size distributiollS of pressure SWIrl nozzles have b.:::n eXlensive ly studied by 

Simmons (quoted from [3 D. He suSS'!sts lltal lhe ": roplet size Ji strtbi.llion ot a well

deSigned swirl atomizer can bt: calculated with only lhe mass median diameter. MMD 

(0 '0)' or the Sauter mean diolOl tte(' SMD (On). of the sproly given. A flx~d 

rela:!unslup between the MMO (OVl) and SMD (Dn> is observed from II large number 

of leSIS On both pressure swirl and alr-blas.t atomizers. which showed thm MMO/SMD "'" 

L~. Will ig ~t al. (8] observed conSIderable Jeviallotls from Simmons 

expen memal resuhs and illusmlled theOrellcolU y Iha t tho:: ra tio MMO/SMD is slCongly 

dependt nl on the width of distr ibution. Also. the ma thematical Rosm-Rammler 

re l a tions~ i p betwel"n the cumula\lve volume fraction and droplet Site, which is v "' I 

. exph,Dlx)lI ] where v IS the traction of the tOla l vol ume ..:ontll ined in droplets 0 '

diameter less than x. is used In a wide range. to describe dropkt Silt di stribUtion of 

:>wirl nonle. The exponent . k. which deumm ne.s the width of the distri bution aboUl the 

diameler 0 has been found to be a funcllO n of the pressure dirTerenlial. 6 P, 3crO:>5 the 

noule P I. Figure (5) shows the relationship between the O~ofD)1 ral io and 

Rosin-Rammler exponent, k. which indicates thf; dependence of k 011 the width of 

dis tribullo!l which agrees with the results or Wittig el al. [SI 

';-1 ' DrooLet il/leqn Diamgter 

The droplet me:1n diameter call be .;ksc ribed by a vanel)' of definitions vary in g 

according to Ihe purpose lor wluch il is used. The Sauter mean diamete r (DH) is 

considered as an Imperlanl Index in combuslion stud ies as Its inclu<les the droplet surface 

area and volume indication whkh Me of pnmary importance fo r evaporation calculations. 
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Therefo re. the mean dlamel<!r in this study is predominantly presented by On. (SMD) 

calculated from the temporal disUibution o f the spray dro plets. 

A gene ral trend o f On is that it increases with Increasing the radia l d istance from the 

spray aXIs as shown in Fig. (6). This can be explained by the fact that the IDIge 

droplets are aITected by centrifugal force greate r than tha t for sma lle r d roplets. The 

centri fugal force makes large r droplets move radia lly far fro m the spray axis . This is also 

valid fo r the spray of diesel fue l and kerosene, Figures (7) and (8). Figure (9) shows 

the variatio n o f both local SMD o n the spray centerline and average StvfD along the 

radial di rection wi th the ax ial d istance down the nozzle plane for water spray. Both 

local and average SMO decreJses whell moving ruoa ll y far trom the noule plane 

ind icating that the larger droplets arc under represented in the near field of the nozzle as 

their deceleration is constoe(ably sma ller than that for the smaller dro plets. This is a lso 

valid for diesel fuel spray ilS shown m Fig, (10). Figure (II) shows the same relalion o f 

average SMD versus axial d istance for kerosene spray at different pressure 

differenuals One can observe that the above phenomena mentioned for water and 

diese l fue l IS nearly reversed for kerosene speciall y at higher pressures. This 

di fferent behavior fo r kerosene sprlly mey be explained as kerosene has the smallest 

drop let mean d iameter as well as It has relatively high vo latility . Thus, these small 

volatile dropklS have sma ll li fe tim.! and can be evaporated while traveling through the 

ambient ai r. As the dis tance trave led increases, the probability of evaporation of more 

small droplets increases and . the refore, the droplet mean diameter increases. Also, as 

expected, the highee the pressure di ffe rential across the nozzle . the fine r is the spray. 

-l-J ,{qat Mean Ve/ociry 

In general, it is nOllced that the aXIal mean velocity h:tS its greatest value on. the spray 

axi s dod dec reases as the radial distance from the axis increases . Figure (12) reflects 

Ihis fac i fo r water spray at different pressure d ifferentials and different axial 

posi tions. This result agrees with the resu lts of many authors who used the same and 

different measuring techniques, e.g., (4) and (71. This may be explained in view of the 

presence of larger d roplets at the spray edges which have lorger cenlrifugal force and 

sma ller axial force, i,e .. smaller axial velocity. Referring to Fig. ( 11), it can be noticed 

that the ax ia l mean velocity decreases as the axial d istance from the nozzle increases . 

As the atomi zation proceeds far from the nozzle exit. and the surface area o f spray 

increnses. the kinetiC energy of the liquid is gradua lly d issipated to overcome frict ional 

---~-
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losses to Ihe sl.lrToundi ng gas. Also. one can conclude thai the axjal mean velocity 

increases as the pressure d ifferenual across the nome increases. nus expected result IS 

due to increasing the ki nelic energy converted from the pressure energy. 

Comparison betWeen the average axial mean velocity, along radial di rection, lor d iesel 

fuel. water. and kerosene sprays ;s shown in Fig. ( 13). It shows that Ihe diesel fue l has 

nn a;.:ial radially averaged mean ve!ocilY grealer than that for water along the studied 

ax ial diSlillice. At distances close to the nozzle. k.e rosene bas the largest axla! mean 

velocilY. Moving axially far from the nozzle plane, the veloc ity of kerosene has (m 

inlennediatl! va lue between Water and diese l fuel, and at considerable d istance II has 

the lowest values. This may be due to ketosene spea)' has the smallest droplets and. 

therefore, their inenia force is so small such that they can re t3.1ded faste r as the droplets 

trave l axiall y downward. 

4-4, LiqUid Volume Flux 

Liquid local volume tlux on ,he ax is of the d iese l fue l spray is ploned versus the ax ial 

dis tance from the noule plane as shown in Fig. (14). It shows that the local volume nux 

on spray axis decr~ases as the ax;al dis tance from the noul~ plane lflCrl!ases . Also. 

Fig (15) shows Ihe liquid volume flux on the spray axis of both water and kerosene 

versus axial distance. II is noticed that water Yie lds the same result mentioned above 

fo r diesel luel, but k.erosene is different, i.e .. the liquid volume Oux increases as axial 

distance increases This may be due [0 kerosene has different relation between droplet 

meln diameter UIld axial d istance from waler and d iesel fuel as mentioned above, i.e .. 

Ihe droplet mClIl d iameter increases as the spray moves ax ially far from the non.k 

pi nne. 

Referring to Fig. ( 14), it IS shown that, for diesel fuel spray, the liquid volume nux 

decreases as the pressure di ffe rential across th¢ nonte increases. Also, Fig. (1 6) 

shows a di rect relation between liquid volume fl ux and pressure d iffere ntial across the 

atonuzer on the spray axis for both water and kerosene sprays indi cating the same reverse 

dependence of liqu id volume flu x on the pressure differe illial , mentioned above for 

diese l fuel. 
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.1-5: Dron/elf Mlmber Densirv 

Figure (17) shows the local number density along the spray was and the average number 

density along radial directlon versus the axial distance from the nozzle plane for diesel 

fuel spray. Power regression for the two plots are nearly identical. [t is noticed that 

the droplet number density increases as the axial distance from the nozzle plane 

tncreJ,Ses. 

5- CONCLUSIONS 

[n the present study, it IS aImed to examine the characteristics of a spray produced by a 

pressure swirl atomizer mcluding the effect of the type of liquid atomized. pressure 

differennal across the atomizer. on the spray charactenslics at different spatial 

locanons through the spray cone using the phase Doppler particle analyzer technique. 

The conclusions which were drawn from the present study can be summarized to the 

following pOtOrs: 

(I) PfDPA system is very useful and interesting device for measurements in the field of 

particle technology, as it is able to have the droplers COlint in different size classes. 

sepawtely, and extract the temporal distribution from which the characteristlc 

parameters can be evaluared. Also, measunng the droplet size and velocity 

simultaneously added the advantage that the temporal distribution can be convened 

to spatial distribution wbich is very useful in many applications. It is also useful 

for comparing its results with those from the other techniques that measure the spatial 

distributions only. 

(2) At considerable distance from the nozzle plane, the droplet mean diameter, 

described by Sauter mean diameter. increases as the radial distance from the spray 

aXIS mcreases. fhe droplet axial mean velocity decreases as the radial distance 

mcreases. 

(3) Increasing the axial distance,. from the nozzle plane, makes droplet mean diameter 

decreases for both water and diesel fuel sprays but increases for kerosene spray. Also, 

the liquid volume flux for kerosene spray mcreases moving axia!ly far from the 

nozzle plane, differing from that for both water and diesel fuel whIch decreases. 
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The droplet l.xial roean velocity decrea3es as the axial distunce from the nozzle 

plane inc reases l'Or all studied liquids. 

(4) When the pressure difTe~ntia l across the nonle incre:1ses. the droplet mean 

diameter and the liquid volume flux decrease, and the axial mea.n ve locity increases. 

(5) For the thrce liquids. kerosene has the smallest value for the droplet mean diameter 

compared with the water and diesel oil under the same coodilions. 10 most of 

cases, water has the largest values of droplet mean diameters . Sometimes. diesel fuel 

competes wi th the water having larger droplet size. 

Nomenc:lillure: 

D Droplet Diameter 

d Atomizer Ex it Orifice Diameter 

n Count of the Droplets 

, Radial Distance from Spray Ax is 

X Axial DiSlailce from the Nozzle Plane 

k Rosin-Rammler Exponem 

dP Pressure Differential across the Nozzle 

Dll Sauter Mean Diameter, SMD 

D" Mass MediM Diameter, MMD 

Subscripts 

Droplet Size Class 

Abbrevi3 ri ODS 

MMD Mass Median Diameter 

SMD Sauter Mean Diameter 

PfDPA Phase Doppkr Panicle Analyze r 
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