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Abstract

Injecting liquid spray using a surface mounted kwijector in a gas pipe flow to achieve a unifomixture
within a limited distance from the injector locatits a challenging problem. The spatial distribwtaf liquid
mass has to be directly related to the mass ofigasbution in the pipe. It is therefore necessarype able to
control the liquid mass spatial distribution wittiee gas pipe to have similar liquid to gas rati@mughout the
pipe. This work analyzes the mass distribution frpswirl injector that has any nozzle cut profid equation
has been derived to estimate the nozzle circumiiatatistribution of the mass relative to the tatedss exiting
the nozzle. The equation requires the nozzle floglaand profile of the nozzle cut. The flow angte¢he noz-
zle exit has been estimated using a CFD singlegpbalsulations. The final results provide a gurtefor the
designer to the required nozzle cut profile to aetia specific circumferential mass distributioheTexpected
spray shape based on the mass distribution exiimgozzle has been similar to what has been slimanthe
spray images. Further work will be carried out ptimize the nozzle cut for different gas flow pies.

Introduction

Swirl injector is used in many applications dudtsobetter atomization and wide dispersion with éowen-
ergy relative to other commonly used pressure fojec The swirl motion created by the swirler irsttie injec-
tor leads to a centrifugal force that pushes thectad liquid to form a film attached to the nozhtde wall and
leaving a central air core of low pressure [1]he tole. As the liquid film exits the nozzle, ibpides uniform
mass distribution and forms a hollow cone sprayafflat face cut nozzle. The analysis of the lidfilieh thick-
ness and the profile for a flat face cut nozzle teen previously studied [2]. One of the major fpeots of the
swirl injector with a flat face nozzle is the chengf its spray geometry with the surrounding caondg and the
nozzle tip temperature [3]. Previous study [4] shdwhat having the nozzle cut with a fixed anglekan than
the liquid flow angle measured from the nozzle cdirte leads to an open hollow cone spray with@iedora-
tion in the atomization quality. The study showégbahat the cut angle can control the mass digidh from
across the circumference of the nozzle. Theretorégrm an open side spray a previous knowledgeutatie
flow angle.

Flow anglea is the angle between the flow velocity vectortet hozzle exit and the nozzle axis. The angle is
mainly controlled by the swirler design and the ziezength. The flow angle can be assumed equiaaliothe
spray angle [1,5]. In another study [6], it wasrfduhat the predicted flow angle is usually higthem the spray
angle and suggested a correction factor of 0.6B8t&.analysis for the flow near to the nozzle esitealed that
the spray opening angle increases until it reaehegsymptotic value which is equal to the sprayef8]. The
final spray angle, therefore, depends on both find droplet penetrations outside the nozzle. Tladysis
showed that factors such as nozzle film thickné#sber number, pressure difference across the lifijoidand
the break-up length are all affecting the spraylefig]. Different experimental techniques have besad to
identify the flow angle; the simplest method is ttee of direct imaging with longer exposure timg fother
method uses flourescence PIV technique [7]. The #oagle can also be estimated numerically provitiatithe
nozzle geometry is known. Single phase and twoghasulations have been carried out [8].

Although most of the previous mentioned studiesshasen performed on a gasoline direct injectioacin;
tors, a continuous flow swirl injector can be fdun many applications: agriculture, aircraft, gaig, humidi-
fiers [5]. Some of these applications require fixthe injector on the wall of the pipe to delivesmay of liquid
to the flowing gas and achieve a good mixing withishort distance from the injector. One exampthédsnjec-
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tion of Urea in the exhaust pipe of a diesel engineeduce NOXx [9]. Due to the close installatidérthe catalyst
to the engine the Urea has to be injected and nbieéate entering the catalyst with a uniform Uregas ratio
within the available short distance. The use ofanbauses increase in engine back pressure lesdpayver
loss while having central injector is not ideal daghe different technical problems and the phiieckage of
gas flow. Mounting swirl injector with a fat fac®zzle on the surface of the pipe leads to impireggrand non
uniform mixing.

In this study, the relationship between the nozalkeprofile and the mass distribution at the nozzlé has

been derived. To validate the results, a swirldtgehas been manufactured and spray images habé&gned.
An attempt to measure the mass flux has been nmsidg a mechanical patternator.

Mass Flux Distribution Analysis

The objective here is to develop a methodologystinate the mass distribution
from any nozzle cut profile. The analysis assumesiform velocity at the nozzle

exit in magnitude and direction. Moreover the filhickness at the nozzle exits is Y
considered constant along the nozzle cut. Basdtiese assumptions a mathemati-
cal analysis has been adopted to estimate the eolate fraction across the nozzle
and the resultant spray shape for any cut angleeriéte nozzle has simple cut of
angley as shown in Figure 1, the relation between thghtej at any point on the
cut and its radial distance x can be expressed as:
y= f(x) = x tany (1)
To understand the following analysis, the nozzléhwi cut angle is unrolled and
laid to be flat sheet as shown in Figure 2.
x=r (1-cod)) (2)
y 0)=r tan(y) (1-cog)) ®3)
By assuming the thickness of the sheet, h, the #logle, (90 «), and the axial and-- -~ - —#— === = -~
tangential velocities are invariable along the winéerence. The slope of the sur-
face (@ at certain angledj can be found as:
_lday _ i :
tan @= iyl tan(y) sin@) (4) .
To identify the exit volume flow rate from the tapwzzle, the velocity Figure 1: tapper nozzle of a cut angle
perpendicular to the nozzle exit plane has todbeutated for different and a flow angle:

angles ofy. From the geometry, the velocity normal to thezl@zxit plane is,

U=Usin@-¢9 (5)
Where, U is the absolute flow velocity aads the flow angle
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Figure 2: the unrolled tapper nozzle with a zoonong point along its profile.
The red colour displays the flow direction and gineen colours depicts nozzle
edge profile after unrolling and its tangent.
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The exit volume flow rate at any@an be evaluated from
dv=y ds (6)
The outlet area through an angte d

ds =12 p @)

cosP

Combining equations (5) and (7) to evaluate thewiume flow rate through an anglé d

rd0
cosP

dV =us xds = U= sin(a — @) =

h ®)
From trigonometrysin(a — @) = sin a cos ® — cos o sin @, substituting equation (5) and rearranging
dV = rhud@[sin(a) — cos(a)tan(y)sin(0)] 9)

The total inlet volume flow rate to the nozzle 1§ = 2nr,hUsin(a). Therefore, mass fraction out from tapered
nozzle with cut angley] is

o= [1- 20 sin(g)] + 52 (10)

mg tan(a)

It can be concluded that the fractional mass istfonal of the flow anglex, the nozzle cut angleand the arc
angle (@). Therefore it can be estimated at each arc gdg)eover the full circumference of the nozzler)2

Clearly as the cut angle increases, the quantityqafd fuel exiting from one side decreases uittileaches a
critical value where no mass exiting the nozzlea apecific location which is correspond t@ € o ). At this

critical cut angle, the liquid inside the nozzlewes parallel to the nozzle cut edge without exitimg nozzle.
If ( >0 ) the spray side starts to open and no fuel &stareer; and6, as shown in Figure 3.

ke

i
o

7 open side angle

Figure 3: open side angle betwegrando,

At @ =a, tang=tana, and from equatio(¥);

i __ tan(a)
sin 6, = ) (12)

The equation of straight line in figure 3 showsttha

7’()}922_—3;11) = tan(a) (12)
Y2 = Y1 =71(0; — 6,) * tan(a) (13)
rtan(y) (1 — cos6,) — rtan(y) (1 — cos8,) = r(6, — 6,) * tan(a) (14)
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t
6, —0,+ %(cos@1 —co0s0,) =0 (15)

The actual angle could be dgr than the value calculated here, due to th&ehiog of the edge of the liqu
film after exiting the nozzle and before being aized, as observed in other studies using fan s [11].

Equation(10) can be generalized to have the distribution ofyspodume fraction for any cut profily = f (x).

'

dm _ ¥ , dae

m_t - [1 tan(a) * sm(@)] * 2m (16)
—_dy _ _

Where jy = — y =yID, x=x/D

x=0.5(1—cosb)

For thenotch profile case equation (16) becon

'

dm

T -1-

me tan(a)

*sin(0 + k)] * % (17)

Wherek = 7 for 8 = (72to 3r72), otherwise k = 0;

The generic location where the spray s to open fron®,to 6, takes place when® > a ). At whiché, ,0,
can be evaluated as follows;

sin 91 = ta:ﬁ (18)
6,—06,+ taym (cos8, —cos(B,+k))=0 (19

Injector Design and Flow Simulation

In order to validate the mathematical analys swirl injector has been manufactured from an Acrytiateria
as shown in Figure d4nd a continuous water flow has been admitted diffierent injection pressures. Ttn-
jector has four tangential holexcated inside the casing that genesthe swirling motiol as shown in Figure 5.
The flow exits the holes into a hollow conical @ags before exiting the hole as shown in the mashlation
The hole has been cut with a fixed cut a y of 70 degredo have a face that is inclined 20 degree on the
axis of the holeAn attempt has been made to design and manufaatpegternator made 8 tubes separated
with specific known distanceshown in Figure .

The flow inside the injector lsabeen simulied using STARCCM:+Isothermal incompressible steady turbul
flow, single phasédias been considered to simulate the flow insidentezle. The RNG -€ model was used
owing to its simplicity and robustne<11]. Non uniform mesh has been employed with h smaller cells near
the wall. The aim of the simulation is to estimate the flavgle at the nozzle ex

Figure 4Swirl injector nozzle witt| Figure 5 Mesh of the fluid flow Figure 6Frontal picture of the e-
a 60 degree cut angle inside the swirling nozzle chanical patternat
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Results and Discussion

In the following sections the resultsexperimental work and simulations for a fixed cagle followed by a th
results of the mass distribution fitwee different nozzle cut piles will be shown.

Spray mages and flow angle estimat

The experimental worlwvas applied on the nozzle that has been manufacfarevalidation purposeAlthough
this case has been examirm@dviously on a gasoline direct injection inje: [4], it has been repeated husing

a continuous flow of water witlow injection pressure to validate the general equation thatokas drived
above.The typical tulip shape of the spray at low injentpressurccan still be seen with a nozzle cut 70ree
as shown in figure.7This is attributed to the small value of the tamggl velocity relative to the axial velocity
low injection pressure. Further increase in thedtipn pressure leads to the develc shape of the spray as
shown in Figure 8By rotating the camera it was clearly shown thatspray are produced from one side of
nozzle and no flow exits from the other side asashim Figure9. The spray angle was estimato be 60 degree
for this injector.

Figure 6 typical tulipshape of thi| Figure 7 Frontal view of the fully Figure 8 Side view of the fullye-
spray at low injection pressure developed spray veloped sprz

If the flow angleis assumed equal to half the spray angle [1,5] #umording t the spray images showr Fig-
ure 7, its value is approximately 30 deg. The CFD simulatiorshowed much higher flow angle. The value
the flow angle changed depending on the method tesedlculate itA mass average angle at the nozzle
showed a value of 49 degree whilvalue of 47 degree was found when the maximum axidltangential e-
locities are used to calculate the flow angleh# values of the flow angle are multiplied by th&315 which is
proposed in a previous study [@] calculatehalf the spray angle, the result will be 2930-9 degree. This value
was in agreement with the measured spray ¢ The maximum value may be considered more represg
than the average value as previous researcherseghitnat the single phase simulatunderestimais the flow
anglein comparison to the experiments and Volume Of FluidVOF two phase computatior method [11].
The streamlines for the flow inside the nozzle singvthe rotation of flow inside the nozzle is shoiurFigure
9.
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Figure 9 Streamlines of internal nozzle flow antbeity vectors at the nozzle e
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Mass flux distributions for fixed angle nozzle cut

The mass flux from three nozzle cuts 30, 50 andétfreehave been examined under a fixed flow angle of 30
degree measured from the nozzle axis, see Figur€hOmass distributions for the three nozzle auwsshown
in Figure 11. The figure shows the uneven massdlisttibution across the nozzle circumference. Mueg, the
liquid film inside the nozzle hollow cone sprayrsdato open up at one side of the nozzle when eomeptement
of the flow angle becomes equal to cut angle= ¢ = 30°). As the cut angle becomes larger, the flow in one
side of the nozzle cannot exit and moves insidemiéuntil it reaches the other side of the nozAle open side
spray with a more fan spray than a conical spraycgire is formed with the increase in the nozzleangle.
These results have been previously verified in d &frl injector and also shown in the images of #prays
taken from the current manufactured injector, sh@wgviously in Figure 8. Since the mass flow dmttion is
the result of the normal velocity times the ar@aet the density, it is of interest to examine thange in the
normal velocity and area with the an@leAlthough the area are symmetric as shown in Eidu#t the normal
velocity in the upper side of the graph is very Bras shown in Figure 13. Therefore the mass exitiom the
bottom part is much more than the upper part oibeezle. For the 70 degree cut angle part of ttezleadoes
not allow any mass to exit and therefore an araysphape is formed.

70 deg.
Flow angle = 9(x = 3G

y =30
y =50
y =70
270
Figure 10 Schematic showing the three fixed angle  Figure 11 The circumferential mass distribution
nozzle cuts for the three nozzle cuts
o =70 deg.
— —sod::. e ?00 =70 deg.
30 deg o ]_ ~——g, ——50deg.
\ 3 ; - =30 deg

R0
Figure 12 the relative arc area relative to theasea Figure 13 the normal velocity distribution relai
for a flat nozzle to the aveage axial velocity at the nozzle exi
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Mass flux distributions for a notch nozzle cut

Similar analysis has been performed for three notizzle of different angles 30, 50 and 70 degreshasvn in

Figure 14. Figure 15 shows the mass flux distriyutielative to the total mass. Each graph showssiwilar

mass distribution and both the 30 and 50 notctangte have liquid flow from all the circumferendetioe noz-

zle but with different mass. However the case ®@dégree notch angle will produce two symmetricgsiof

spray. The length of the arc producing the win@gputecreases as the angle increases. Figure 16 shewrea
corresponds to one degree angle along the circemterof the nozzle. The figure also shows symmetrape
with respect to the horizontal axis. The normabegl shows two similar profiles on each side & tiozzle as
shown in Figure 17. Attempts have been made tdat@ the mass distribution using the mechanictiepzator
shown in Figure 6 but the reflection of water datplcauses ambiguous and non repeatable resuwitss lthere-
fore decided not to include the results here angstooptical techniques in a later stage.

Flow angle = 90x = 30

y=3C
y =50
y=7¢
vy
Figure 14 Schematic showing the three notch nogzHmgure 15 The circumferential mass distributiontfo
cuts three nozzle cuts

b b7

Figure 16 the relative arc area relative to theaasa| Figure 13 the normal velocity distribution relatitee
for a flat nozzle the aveage axial velocity at the nozzle exit

Conclusions:

A mathematical analysis has been performed to ledkethe mass distribution along the circumfereosica
swirl nozzle that can be cut with specific profijex f(x). The analysis therefore is valid for arsyetric nozzle
cut. The results shows different spray shapes egmrdduced with non uniform mass flux. Two caselistshas
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been considered, the first for a fixed angle cut #re second for a notch nozzle cut. The expediadesof the
spray for the first case has been obtained usimgtdimages for the first case nozzle using a metufed swirl
injector. Although the study provides the massritlistion and the expected spray structure for diffé nozzle
cuts, however the designer has to choose thecighdrofile for the relevant problem. The studywhbd that the
swirl injector nozzle cuts can produce differentagpwith different mass distribution and therefbiges a poten-
tial to produce a liquid spray that can match the mass distribution. Matching the liquid massritistion to

the mass of gas has many applications and it isyawa challenging problem especially in combussigstems.

Nomenclature
D nozzle diameter [m]
film thickness [m]
mass flow rate [kg/s]
nozzle radius [m]
arc area fin
flow velocity [m/s]
volume flow rate [f¥s]
the distance from the nozzle centre to any poirthercircumferential profile of the nozzle cut [m]
the height at any point on the circumferentialfigaf the nozzle cut [m]
flow angle [radian]

slope angle of any point on the circumféegiprofile of the nozzle cut [radian]
cut angle [degree]

the revolution angle varies from 0 tm&ound the axis of the nozzle [radian]

a:—<.eg*<><<Cmq3j

Subscripts

f flow velocity normal to nozzle exit plane
m  mean

t total

References

[1] Ren, W. M. and Nally Jr, J. Bociety of Automotive Engineering S®&610, (1998)

[2] Moon, S, Bae, C, and Abo-Serie, E. Atpmization and Spray& 235-246 (2009)

[3] VanDerWege, B. and Hochgreb, Sqciety of Automotive Engineerjif@AE2000-01-0536, (2000)

[4] Moon, S.,Abo-Serie, E. F. and Bae, Dternational Journal of Multiphase Flow: 615-627 (2008)

[5] Lefebvre, A. H.Atomization and Spraysiemisphere publishing corporation, 1989

[6] Cousin, J. and Nuglisch,European Conference on Liquid Atomization andagpBystemsToulouse,

France, July, 1999

[7] Khoo, Y. C. and Hargrave, G. Klpurnal of Physics: Conference Seris 77-84, (2006)

[8] Kubo, M., Sakakida, A. and liyama, ASpciety of Automotive Engineeriri2001-01-0964, (2001)

[9] Johansson, A., Wallin, U., Karlsson, M, IsakssA. And Bush, P.Society of Automotive Engineerir§AE
2008-01-0613, (2008)

[10] Dombrowski N, Hasson D, Wand E., Chem Eng,&B85-50, (1960)

[11] Ren, W. M., Shen, J. And Nalley Jr, JSeciety of Automotive Engineering SBEL641, (1997)



