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ATOHIZATION OF WATER JETS AND SHRETS IN AXTAL AMD SWIRLING AIRFLOWS

Robart D. Ingeho
RASA Lewla Hessavch Cantar
Cleveland, Dhis

ABBTRA.T

&xial and ewirling eirflows were wead tu brask
up weter jets end sheets intc sprays of droplets to
determine the oversll effacts of orifice dismster,
weight flow of eir, and the nse of an air ewirlsr
oo finanees of atomimetion ss cherascterised by mean
drop slze, A scanning radiometer was used to deter-
adre the mean drop dismeter of each sprey. Bwirling
alrfiowe were produced with an axial combustor, 70°
blake angle, air swirling. Water jests were injectad
axlally upetream, axially downstresm end cross straam
into the airflow. In additien, pressure atomizing
fusl nogzzles which prodused s shest and ligsmant type
of breakup wers invastigated. Inereaging the weight
Flow rate of air or the use of an air swirling marked-
1y veduced the gpray wesn drop size. Tast conditions
included a water flow rate of G8.0 liter per hour
end airflow yates (per unit area) of 3.7 to 25.7 g
per square om per see, ak 293 K and inlet-adr statie
pressurag of 1.01x105 o 1,98x105 §/wm2.

INTRODUCTLON

Euperimental teats of water jat and sheat break
up were conducted in axial and swirling airflows to
determine in each case tha affect of orifice dlameter
end oirflow rata (flowrate/unit avea, or alrstraam
momentum, pv) on mean drop size and, from these data,
to detmonstrate the —varall effect of an sir swirler
on fuel injactor performance. Water jets producad
by muliiple orifice spery birs were lnjectad sross
slream, into & 7.6 em diam duee, with and without
the use of an air ewirler, at airflow rates (per unit
aree) of 3.7 to 25.7 gm/emP-sec and a water Flow rata
at 68.0 Liters/hr. 1In addition, similar tests were

conducted for mxial upstream and downstrasm injsetion
with single tubes, and for awial downstream and eross
stream Injeetion with prassure atomizing fuel nozzles
A soanning radiemeter that mepsursd the Forward seat-
terad light wes used to determins the wesan drop diam-
staer of the sprey at each test condiuion.

Air swirlers sre often used to ephance the repid
mixiog of Fual mnd mir in the primary zone of gas
turbine combustors to improve combustor performancs
and radue~ axhacser cnissions, as indicated in rvef. (1),
Thus, vre.ts v ¢+ apde with and without the ues of an
glr swit’ v .o determine tha ovarall effect of the
#ir swirlar on irjector parformance as charmcterized
by the man drop dismeber obtained in axial and swirling .
airflows. duch data are needed in the design of ad-
vaneed fuel injeetors for high performence gas tute
bine combustors. In the present investigation, au
air swirler and two fual npzzles were tested that hed
been usad in previous combuster studles az dercribed
in ref. (2). With this squipment, data for thes fina-
nass of atomization, as charscterized by mean drop
size, was obtainad with and without the use of an air
swirler. Also, data obtainad for the breakup of watar
Jets were compared with data obtained for the breskup
of water sheats.

APPARATUS AND PROCEDURE

Alr drawn from the laboratory supply system was
at smbient tempaerature (293 K} and pressures in the
tests section were varded from 1x109 to 1.98x10° N/m2.
As shown in flg. 1, alrvstrasm [low rate was controlled
with the valve direetly downstream of the alr orifice,
The test section, also shown in fig., 1, was a 7.6~
centimeter inside dlameter duct 15.2 em in langth and
mounted, with a bellmouth, ingide of n 15.2-¢m inside
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dismater duct 5 m in length. The top of esch resc
injsctor was located at the duet exit and o distence
of 11.4 cm upsireswm of the center line of the 7.3-
en dipmatar lassr light field, The air swirler was
locnted at a distance of 7.6 om upstream of tho duct
eixt for all of the tests except thoss in vhich
owirler location wes varied from zavro to 7.6 cm up-
stream of the duct exit, A scapning radiometer was
mounted rear the end of the open duct test facility
as shown in fig. 1.

SCANNING RADIOMETER

The scamning radiometer, shown in fig. 2, wss
ugad to detormine the mean drop sise of watsv spraye
producad at sach test condiiion. The optical systam
shovn in fig, 2 consisged of & l-nW helium-necn laser,
a 0.00%-cu-dlameter aparture, a 7.5-cm~dismeter col-
limating lens, & 10-cm diemeter comvecging lens, a
5-em~diameter celleeting lans, a scanning dise with
g 0.95 x 0,05-cm elit, o timing light and a photo-
mul iplisr detactor. A compiets description of the
scanning radiometer aad ths method of determining
mesn particls diemetars are given in vef, (3), Cali-
bhration tasts of the instrument ware performed as
discussed in ref, (4).

AIR SIWRLER AND TEST INJHECTORS

The /0° blade-sngle axial elr swirler and the
prassure atomizing fuel nozeles used in this investi-
gation are shown in fig. 3. As shown in fig, 1, the
alr swirlar was mounted 7.0 cm upstream of the fuel
nazzle which was positioned at the duct exit.

Two spray bars ware tested. A schematic diagram
of tha spray ber consisting of 12, 0,033-cm-dimmetar,
orifiees is shown in fig. 4. A similar spary bar
consisting of 3, 0.132-cm-dismeter, ovifices was also
tested. The spray bar was positicned at the duct
exit and the wakar jets wore injectad crogs-stream
into the airflow, For the axisl downstrasm and axial
upstrasm injection test of the breakup of single jats
of water, two tubes having Insids diameters of 0,102
and 0,216 cm, rospectively, wera usad, Physical
characteristics of the test injectors are given in
Table I.

RESULTS AND DISCUSSION

Mean drpp diammoters were determined for sprays
produced by axisl upstream, axial downstream and
cross—-stream injection of water jets into alrstreams
with and without the use of ailr swirlers. Also, to
determine the affect of swirling aivflow on tha break-
up of water sheets, similar tests ware made with pres-
sure atomizing fuel nozzles. Test conditions for
airflow rate {or airstresm momentum) and wetet flow
rates are given in Table TI.

Tha first type of injector tastad was the spray
bar shown in fig. 4. Two different spray bars having
orifice diametars of 0.033 and 0.132 cm, respectively,
were used for tha study of cross-stream injectlon
of water jets. The affect of air flow rate on waan
drop diamaeter is shown in fig. 5. Good agreement
wag obtained with taf. (4). A marked decrease in
mean drop dismeter was obtained as airflow rate was
increased from 3.7 te 18.3 gmfcmz-see. Mean drop
size was further reducad when a swivling airflow was
used to atomize the water jats., With axial afrflow,
decreasing orifice digmetar by a factor of 4 decreased
the mean drep dismeter approximately 20 percent. 1In

a swirling airflow, the similar finonees of eromiza-
tion of smell end large watar jsts was attributed to

a greater penecration of the larger jsts into the
awirling airflow which would provide & larger liquid
surface area [or breakup. At a relatively high eir-
flou. rate, the use of an air swirier gave & reduction
in mean drop size of 20 percent with the large orifice
spray bar, A decreasing percent reduction in mean
drop sizs was obtainsd with both sprey bhars es airflow
rate was increassd.

tn the naxt set of teats, single jets of waler
ware injected axially downsiresm through two differemt
tuhas heving iuside dismeter of 0.102 and 0.216 cm,
ragpectively, as showm in fig. 1. With an exis] air-
flow rates of 7.3 gm/cmwé-sac, && shown In fig, 6, the
mean drop dismeter was approximately 20 percent less
for tha lerge diamter tube as comparad with chs small
tube. This wes attributed te the faet that the liquid
jet velocity was much lower for the lerge tube then
the amoll tuba, 1.s., 5.2 snd 23.3 m/sec raespectively.
A lower jet velocity made the valocity difference be-
twaeen aivstream and jet greater snd hence the n.mentum
transfer rate was highar for tha large diameter jet
g8 copparad with the small jet. At a high airflow
rate (25,7 gm/cm?-sec), mean drop size was nearly the
seme for both tube sizes since velocity difference
wog nearly the sams in each case. By using an air
swirler, the man drep diameters obtained with beth
the large and small tube injecters wers decreased ap-
proximetaly 50 percent. Also, comparison of figs. 3
and 6 shows that mean drop sises wera conaiderably
larger for axial dewnstream injection than those ob-
tained with evosa-stream injaction in axial flow air-
gtranms. However, whan an air swirler was used, both
typas of injaction gave nearly the same mean drop size
at high airflows.

In the Final tests of liquid jet breakup, single
water juts wara injected axinlly upstream (contra-
stream) into axial and swirling airflews. By vre-
ducing orifice diameter approximately 50 percent, as
shown in fig. 7, meon drop size was decreased 13 per-
gent with breskup in axial sirflew, When an ailr
swirler was used, draasing tha csifice diamster de-
creased mean drop size by approximately 40 percent,
Of all the methods testaed in the injeccion of water
jats, axlal upstresm injection from a 0,102-cm-
digmater tube orifice imto a swirling airflow gave
the smallest mean drvep dismeter, i.e., 10 um at the
highast nirflow rata. Also at this condition, it was
difficult to obtain data since tha srifles froze up
if the water flow rate was not preset before setting
the airflow rate at 18.3 gm/em?-gec. This was at-
tributed to the very rapld vate of atomizaticn and
evaporation cooling praduced by a high concentration
of small drops being Llown back over the Injector tip.

The affect of distance hatween air swirler and
orifice on mean drop size is shewn in fig. 8 for the
case of water injectad axially upstream from a 0.216-
em-diameter orifice. Minimum mean drop diamaters were
obtained at an optimum distance of 3.8 em. At high
airflow rates, the spacing botwean air swirler and or-
ifice had only 8 smell effect on mean drop diameter.
However, tha effect increased markedly as airflow wasg
decreasad. Thus, particularly at lower airflow, the
location of the aiv swirler relative to the orifice
would appear to be a very important criterie in the
dasipn of fuel injectors.

in the final tests, watar ghaats praduced by
pressure atomizing wnozzle were injected axially down-
strean and algso eross-stream into alrstreams with and



without the uas of an eir ewirler. As shown in

fig. 9, the two preseure atomixzing ncezles gave ap-
ptoximately the same mean drop aize for axlel dowa-
stvesm injection intc an axial airflow. This wae
attributed to a collapsing of the spray cous as aire
flow was increased which provided a smaller liquid
surface area for breakup. However, when the air
swirler was used, the wean drop disweter was approx-
itately 10 percant less for the nozzle with a small
orifice diameter (0.23 cm) #s compared with the noz-
tle having & larger orifice dismeter (0,34 cm). By
using swirling instead of axial airflow the mean drop
diameter was decreased by 30 and 40 pevcent with the
large and swall nozzles, respectively, at a high air-
fiow vate (18.3 gm/cm2-sec).

Mesu drop size data were obtained for cross
stream injection of water shects into axial aud
swirling airflows as shown in fig. 10. 1In the case
of axial airflow, the small orifice nozzle produced
& 15 percent smaller mean drop dismeter then the
large orifice nozzie at low airflow rates (7.3 gmn/cm2-
sgc} and approximately the samg mean drop size at
high eirflow rates (18.3 gn/cm“-sec). when the alr
swirlier was used with a high sirflow rgte, mesn drop
eéize wag reduced approximstely 30 apnd 35 percent for
tha large orifice and amall orifica nogeles, respac-
tively, Cross stream end axial downstream injectien
with prassure atomizing nozzles as shown in figs. ¢
and 10, gave aspproximataly the same mean drop size
in Wigh flowrate, swirling aivflows, The cross
stream method of injection Into alrstresms was in-
vegtlgated since it ie occasionally used in agrieul-
tuiel aviation epray applicationa.

The mean drop diameter data given in Table ITII
were obtained for all injecter types and orlentacions,
with an aivflow rate of 18.3 gm/em?-sec. TReproduci-
bility of mean drop size msasurement was i3 percent.
Since a mean eize of less than 10 um could not be
megsurad, the smallest mean size was indiecated as
being <10 um. Comparing ligquid jet and iliquid sheat
breakup data for crosc atream injection shows that
mean drop size was decreased to approximately the
agme value of 24 um when an ailr swirler was used,

For this condition, orifice dismeter appeared to have
& negligible effect on mean drop eize.

SUMMARY OT RESULTS

At the same airflow rates, injector parformance
wag conslsteutly Improved as characterized by a reduc-
tion in mean drop size by using swirling instead of
oxial airflows to breakup water jets mnd sheets. The
graatest reduction in mean drop diameter (53 percent)
and the smallast mean drop diameter (10 um or less},
were obtained by axial upstream injection of a water
jet at a velocity of 23,3 m/sec from ¢ 0.102-cm-
diametar tube orifice into a high flow rate swirling
airflow. For thae breakup of water sheets, the bast
results ware obtained with e 0.23-emn~dimmeter ovifice
pressure atomizing nozzle injecting water axinlly
dowmstrasm into o high flowrate swirling airflow.

This econfiguration gave a mean drop diameter of 22 pm,
i.e., a veduction of 44 percent in mean drop diamster
with swirling Instead of axial [low.
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TABLE L. - INJERCTOR CHARAGTERILSTICS

Injector Orifice Injeation
diamater, velocity,
om n/sac
Spray bar
12 orifices 0.023 18.4
3 orificas L4 4.6
Sinple tube
Small orifice .102 23,1
Large orifice .216 5.2
Pressure atomixing
Small orifice .230 4.6
Large orifice .340 2.1

*Measurad at a watar flowrata of 68,1 liter/hr.

TABLE II. — AIRFLOW TEST GONDITIONS

Airflow rate

per unif area,
gm/cm--sec

Inlet-alr static pressure

Withou

t air swirler,
N/m?

With air ﬁwirler,
N/m

~NOWLw~SDWwWH~ndhe

e R e e

.01x10°
0L
.01
.01
.08
12
17
.24
.32
43




TABLE III. -~ MEAN DROP DIAMETERS,

¥, FOR BREAK UP WITH

ATRFLOW RATE OF 18.3 gm/cm?-sec

Injector Conventional airstreams Bwirling airflows
Cross stream Axial injection Cross stream Axial injection
injection injection
Downstream | Upstream Dovnstream | Upstream
Spray bar
Small orifices ans _ _ 23 —_ —_
Large orifice 31 - — 23 ] —_ —
Single tube
Small orifice — 45 22 —_ 25 be1g
Large orifice - 41, 27 — 19 17
Pressure atomizing
Small orifice 35 39 — 23 22 —_
Large orifice 35 39 - 25 28 —

2Mean drop diameter, ym.

10 pm ot less.
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Fig. 1 Test facility and auxiliary equipment, (Dimensions are in meters. }
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Figure 2. - Scanning radiometer optical path,
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Figure 3, - Pressure-atomizing nozzles with airswirler and fuel tube,
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AIRFLOW IN TEST SECTION

Figure 4. - Schematic diagram of multiple-orifice spray=bar. (Dimensions
are in centimeters, )



MEAN DROP DIAMETER, micromeiers

E-)ca7

ORIFICE NUMBER OF TYPE OF
DIAMETER, ORIFICES AIRFLOW
200— cm
O 0,033 12 CONVENTIONAL
(I 132 3 CONVENTIONAL
¢ .033 12 SWIRLING
.’ .132 3 SWIRLING
100—-
30—
60—
40—
20—
10 I | l 1 I | ' 1 J
3 4 6 g 10 20 30

AIRFLOW RATE, gm/cm2-sec

Figure 5. - Variation of mean drop diameter with air-
stream momentum for cross stream injection with
spray bars.

MEAN DROP DIAMETER, micrometers

ORIFICE  INJECTION TYPE OF
DIAMETER,  VELOCITY, AIRFLOW

cm mlsec
O 0.216 5.2 CONVENTIONAL
o .10z 23.1 CONVENTIONAL
@ .26 5.2 SWIRLING
w102 723.1 SWIRLING

b—

16.f.l L

8 10 20 )
AIRFLOW RATE, gmicmZ-sec

Figure 6. - Variation of mean drop diameter
with airstream momentum for axial down-
stream injection with single tubes.



MEAN DROP DIAMETER, microns

ORIFICE  INJECTION TYPE OF
DIAMETER,  VELOCITY, AIRFLOW

cm m/sec
o 0.216 5.2 CONVENTIONAL oo
o .l 2.1 CONVENTIONAL ot
° .26 5.2 SWIRLING icmeoser
| .02 2.1 SWIRLING 0 — 9
7.3
100—- W
80— e
| O 2 50¢
S
60— E
o 1.0
" e
=z
40— =
S
= & Lo 14,7
=
3
20— g
I R I | ]
0 1 2 3 4 5 6 7 8
AXIAL DISTANCE OF AIR SWIRLER UPSTREAM OF
| ORIFICE AND DUCT EXIT, cm
o1 L | ! | Figure 8. - Variation of mean drop diameter with axial
6 8 10 20 5 40 upstream distance befween air swirler and injector
AIRFLOW RATE, gm/cm®-sec orifice. Water injected axially upstream with 0. 216-

Figure 7. - Variation of mean drop diameter centimeter inside diameter tube.

with airstream momentum for axial up-
stream injection with single tubes.



MEAN DROP DIAMETER, microns

100
80

ORIFICE INJECTION TYPE OF

DIAMETER, VELOCITY, AIRFLOW

cm misec
O 0.2% 4.6 CONVENTIONAL
o .u0 2.1 CONVENTIONAL
e .2% 4,6 SWIRLING
p .30 2.1 SWIRLING
—

|2 ]
6 8 10 20 40

AIRFLOW RATE, gmicm@-sec

Figure 9. - Variation of mean drop diameter
with airstream moment:m for axial down-
stream injection with pressure atomizing
nozzles.
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MEAN DROP DIAMETER, microns

ORIFICE INJECTION TYPE OF
DIAMETER, VELOCTITY, AIRFLOW
cm misec
o 0.230 4.6 CONVENTIONAL
0 . CONVENTIONAL
o SWIRLING
® SWIRLING

|
I I |
6 8 10 20
AIRFLOW RATE, gmicm®-sec

Figure 10. - Variation of mean drop diameter
with airstream momentum for cross stream
injection with pressure atomizing nozzies.
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