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ABSTRACT

An investigation of liquid sheet atomization was
made with combustor simulated inlet-air pressures var-
ied from 0.10 to 2.1 MPa. Mean drop diameters were
measured with an improved scanning radiometer and cor-
related with the liquid and airstream Reynolds numbers,
Rei and Re,, and the airstream pressure sensitivea. 2°
group gl/c . The reciprocal mean drop diameter,
D^l, produced for liquid sheet breakup with
splash plate fuel injectors, may be expressed as:

D'1 = 2.8xlO~2

which may be rewritten in terms of dimensionless
groups as follows:

= 2.05
0.33

1.2xlO
0.75

where D0 is orifice diameter and it is assumed that
Dm ~ D and v arem . (SMD)» = 0a' i a
and airstream velocity, respectively, g is the accel-
eration due to gravity, 1 is mean free path which
varies inversely with airstream pressure, and c is
root-mean-square velocity of air molecules. For the
atomization of swirling liquid sheets produced by
pressure-atomizing simplex fuel nozzles, it was found
that:

and in terms of dimensionless groups:

c.
Re

0.75

VDm,a'

where Dm ai is the mean drop diameter for-
aerodynamic breakup at values of Rea > 7500.

NOMENCLATURE

c" root-mean-square molecular velocity, cm/sec
D diameter, cm

__ Q 5
D,, Sauter mean diameter;^D /£nD , cmot 2
g acceleration due to gravity, 980 cm/sec

1 mean free molecular path, cm
M molecular weight

n number of molecules per unit volume
P static pressure, MPa
R universal gas constant, 8.31x10 ergs/(K)(mole)
Re Reynolds number based on orifice diameter, D V/v

V velocity, cm/sec
w exponent
x exponent

2
v kinematic viscosity, cm /sec
p density/ g/cm
Subscripts:
a1

a

9
i
m

o

aerodynamic
airstream

gas molecule
liquid

mean

orifice

INTRODUCTION

An experimental investigation of the interaction .
of aerodynamic, hydrodynamic and liquid surface forces
and their combined effect on the atomization of swirl-
ing and nonswirling sheets of water was conducted in
high velocity and high pressure airflows similar to
those encountered in the primary zone of gas turbine
combustors. Mean drop diameter data for the sprays



were obtained with an improved scanning radiometer
recently developed at NASA Lewis Research Center. Such
data are needed in analytical modeling of the combus-
tion process, in demonstrating the importance of mean
drop size on combustor performance and exhaust emis-
sions and in extending our knowledge of liquid atomi-
zation into the regime of aerodynamic breakup in high
pressure airflow.

In a previous investigation of the atomization of
liquid jets (1) it was found that the mean drop diam-
eter, Dm, varTed inversely with airstream pressure
raised to the 0.25 power, i.e., Dm - P3°-

Zb. As a
result of the liquid jet study, the present investiga-
tion was undertaken to extend the knowledge of liquid
sheet breakup from atmospheric to high pressure airflow
conditions and compare the results with those obtained
in liquid jet breakup studies. In (2), the atomization
of liquid sheets in airflows at atmospheric pressure
was investigated and mean drop diameter data were ob-
tained and correlated with the liquid and airstream
Reynolds numbers, Re4 and Rea, respectively. Liquid
sheet breakup, with splash type fuel injectors and
atmospheric pressure airflow, gave the following corre-
lation of the ratio of orifice to mean drop diameter,
Do/Dfnt witn 1io.yid and airstream Reynolds numbers:
D0/Dm = 2.8xlO~

4 Re,, + 2.4xlO~3 Rea for hydrodynamic
and aerodynamic breakup of a liquid sheet injected
normal to the airflow.

Relationships involving liquid Reynolds numbers
for hydrodynamic breakup and airstream Reynolds numbers
for aerodynamic-wave breakup were investigated. The
aerodynamic-wave breakup regime received the main em-
phasis in this study since high velocity airstreams
are very important in simulating fuel atomization in
gas turbine combustors operating at idle, take-off or
cruise conditions. Thus, water sheets produced by
splash plate and pressure-atomizing fuel nozzles were
injected in axial airflows and mean drop diameters of
the sprays were measured with an improved scanning
radiometer that gave a high signal to noise ratio
which is a very important requirement in the study of
sprays in highly turbulent airflows. Combustor inlet-
air static pressure was varied from 0.1 to 2.1 MPa
over a range of airflow rates per unit area of 10 to
177 g/cm2-sec, at 293 K. Two splash plate fuel injec-
tors having orifice diameters of 0.1016 and 0.216 cm,
respectively, were operated at a liquid flow rate of
68 1/hr. Pressure-atomizing fuel nozzle orifice diam-
eters varied from 0.090 to 0.130 cm and operated at
liquid flow rates of 27 and 68 1/hr, respectively.
Mean drop diameter data were correlated with liquid
and airstream Reynolds numbers and with the dimension-

_2
less group gl/c , which is a molecular-scale momentum-
transfer ratio that varies inversely with airstream
pressure. This ratio is useful in deriving empirical
relationships that predict the mean drop size of sprays
produced by liquid sheet breakup in high pressure
airflow.

APPARATUS AND PROCEDURE

The closed-duct high pressure test facility in
which the test section was mounted is shown in Figs. 1
and 2. The test section shown in Fig. 3 has two
5.1-cm-diam windows passing the laser light beam
through the spray formed in the high pressure and high
velocity airflow. Airflow was drawn from the labora-
tory supply system at ambient temperature, 293 K, and
exhausted into the altitude exhaust system to obtain
drop size data at low airstream pressure and into the
atmosphere for high pressure airflow test conditions.
The airflow control valve was opened until the desired
airflow rate per unit area was obtained. The bellmouth

inlet to the high pressure test section, also shown in
Fig. 3, has a total length of 15.2 cm, an inside diam-
eter of 7.6 cm and is mounted inside of a duct that is
2.1 m in length with an inside diameter of 15.2 cm.

Water sheets were produced at the duct center line
and directed axially downstream with the fuel injectors
shown in Figs. 4(a) and (b). The splash plate fuel in-
jector produced a liquid sheet injected radially or
normal to the airflow. The conventional pressure-
atomizing simplex fuel nozzle produced a swirling
hollow-cone sheet with a cone-angle of 45 in quiescent
air, i.e., no airflow in the duct. The water sheets,
at 293 K as determined with an I.C. thermocouple, were
formed by gradually opening a water flow control valve
until the desired water flow rate over a range of 27 to
68 1/hr was obtained as measured with a turbine flow
meter.

After water and airflow rates were set, mean drop
diameter data were obtained with the scanning radiom-
eter mounted 25.4 cm downstream of the fuel injector.
The scanning radiometer optical system shown in Fig. 3
consisted of a 1-mW helium-neon laser, a 0.003-cm-
diameter aperture, a 7.5-cm-diameter collimating lens,
a 10-cm-diameter converging lens, a 5-cm-diameter col-
lecting lens, a scanning or rotating disk with a
0.05-cm-diameter hole, a timing light, and a photo-
multiplier detector. A more complete description of
the improved scanning radiometer and the method of
determining mean particle size are discussed in (3_)
and (£).

EXPERIMENTAL RESULTS

To obtain a better technical understanding of
atomization in the realm of aerodynamic-wave breakup of
liquid sheets in high pressure airflow and thereby
advance fuel injector technology for gas turbine appli-
cations, mean drop diameter data were obtained with an
improved NASA scanning radiometer. Water sheets pro-
duced with splash plate fuel injectors and pressure-
atomizing simplex fuel nozzles were injected axially
downstream under simulated high pressure combustor
inlet airflow conditions.

Splash Plate Fuel Injectors
For water sheets produced by splash plate fuel

injectors and injected radially in high velocity air-
flow, mean drop size 0^ was measured at inlet-air
pressures ranging from 0.10 to 2.10 MPa, and plotted
against airstream velocity as shown in Fig. 5. The
ratio of orifice to mean drop diameter, Do/Dm, is
plotted against mass velocity, paV,, for the 0.1016 and
0.216 cm-diameter splash plate fuel injectors as shown
in Figs. 6 and 7, respectively. From these plots, the
general expression for a splash plate type of sheet
breakup may be written as a linear relationship:

Do/Dm Do/Dm,h Do/Dm,a-

where Dm is the measured mean drop diameter, Dm

(1)

is
the hydrodynamic mean drop diameter obtained for Quies-
cent air, pava = 0, and D,,,ja' is the mean drop diam-
eter for aerodynamic-wave breakup.

For hydrodynamic breakup of liquid sheets in
"still" air, paVa = 0, the following expression may be
written: ,, h ~ Re4.

VDm,h

In (2), it was found that:

2.8xlO"4 Re. (2)

for liquid sheet breakup in "still" air at atmospheric
pressure, 0.10 MPa. To extend this expression to in-
clude high pressure "still" air, it is assumed that



D./D . is also a function of the dimensionless groupo m, n
2

gl/c which was used in (_!) to correlate cotnbustor
inlet-air pressure with mean drop sizes produced by
liquid jet atomization in high pressure airstreams.
Thus, from the slope of the two plots shown in Fig. 8,
it is evident that DQ/Dm h ~ (gl/c

2)0'33. Therefore,
Eq. (2) as derived in (2) can be rewritten as:

Dfji1 = 2.8x10-2 VzPa -°-
33 or as follows:

0.33

VDm,h - 2'05
-2, (3)

for hydrodynamic breakup in "still" air at pressures
of 0.10 to 2.1 MPa. Since gl/c2 ~ P"1, Eq. (3) shows
that Dm. h ~ Pa1'33, i.e., hydrodynamic mean drop
diameter'varies directly with air pressure raised to
the 0.33 power. This may be attributed to the fact
that penetration of a sheet in high pressure air is
poor as compared to penetration in low pressure air.
As a result, the mean drop size is increased when air
pressure is increased. This is an interesting result
obtained for hydrodynamic breakup since, as will be
shown below, the effect of air pressure on mean drop
size is just the opposite in the case of aerodynamic
breakup.

For aerodynamic breakup of liquid sheets in high
velocity and high pressure airflow, it is shown in
Figs. 6 and 7 that D0/Dm)ai - paVa which agrees with
the expression:

VDm,a' Re (4)

that was derived in (2) for aerodynamic breakup of
liquid sheets in atmospheric pressure, 0.10 MPa, air-
flow. To extend this expression to include high pres-
sure airflow, values of k = (D0/paVa) (Dm

1 - Dm h 1
obtained from the slopes of the plots in Figs. 6 and 7

2
are plotted against gl/c in Fig. 9. From this plot,
the general expression for aerodynamic breakup of
liquid sheets may be written as:

m,a-

or as follows:

VDm,a'

13 >aVaPa

Re

-0.75

0.75

(5a)

(5b)

for an airstream pressure range of 0.10 to 2.1 MPa. By
substituting Eqs. (3) and (5) into Eq. (1), the follow-
ing overall expressions are obtained:

2.8xlO'2 V

or:

D0/Dm = 2.1 Rep (gl/c )

x, a

0.33

V
a a a

0'75 C6a)

- l.ZxlO6 Rea (gl/c2)
a

0.75
(6b)

for the breakup of liquid sheets produced with splash
plate fuel injectors, over a mass velocity, PaVfl, range

of zero to 155 g/cm -sec and an inlet-air pressure
range of 0.10 to 2.1 MPa. Thus, since Re, - P. and
gl/c''7=2 - p-1 the effect of P, on D,m,a

a a
, may be ex-

pressed in Dm a- ~ P̂
0'25. This sho'ws°that Pa has

the opposite effect on aerodynamic as compared with
hydrodynamic breakup, where Dm n -

Pressure-Atomizing Fuel Nozzles
~ Swirling hollow-cone sheets of water produced by

45 cone-angle fuel nozzles were injected axial ly down-
stream in high velocity airflow with inlet-air pres-
sures of 0.1 to 2.1 MPa. The effect of airstream
velocity on the reciprocal mean drop diameter, DJ, , is
shown in Fig. 10. The ratio D0/D,j, is plotted against
mass velocity, PaVa, for fuel nozzles having orifice
diameters of 0.090 and 0.130 cm, respectively, as shown
in Figs. 11 and 12. The effect of paVa on Dm is
similar to that obtained for the splash plate fuel
injectors.

The two plots shown in Fig. 13 were obtained pre-
viously in (2) and demonstrate three breakup conditions.
Initially, for the case of "still" air, only hydrody-
namic breakup occurs since paVa = 0. In the transi-
tion region of paVa varying from 0 to 15 g/cm2-sec,
both aerodynamic and hydrodynamic breakup occur. Howr-
ever. with paVa > 15 g/cm -sec the aerodynamic force
of the airstream controls the breakup process. This is
the region of primary interest for this study and other
investigations concerning liquid fuel atomization and
combustion in gas turbine combustors. Thus, for the
condition PaVa > 15 g/cm

2-sec, calculated values of
Dp/paVaDm ai which were obtained from the slopes of
the plots' in Figs. 11 and212, are plotted against the
dimensionless group gl/c as shown in Fig. 14. From
this plot, the following empirical expressions for
swirling hollow-cone sheet breakup are derived:

Dm!a'
13

VDm,a' 1.14xlOc Refl (gl/c
2)

a

0.75

(7a)

(7b)

for aerodynamic-wave, breakup, i.e., Dm = Dm =-. From
Eq. (7a) it is evident that the effect of irtlet-air
pressure on mean drop size may be expressed as
°m a' ~ Pa • This is the same effect of airstream
pressure on mean drop size that was found in Eq. (5a)
for sheet breakup with splash plate fuel injectors.
Also, liquid jet breakup previously studied in (_!) gave
the same effect of airstream pressure on mean drop size
as was obtained in this study of liquid sheet breakup.

In comparison of Eqs. (6a) and (6b) for splash
plate fuel injectors with Eqs. (7a) and (7b) for
pressure-atomizing fuel nozzles, expressions for Dm ai
were approximately the same. However, hydrodynamic '
breakup appeared to have a significant effect on mean
drop size Dm n in the case of splash plate type of
breakup whereas it appeared to have negligible effect
on breakup with the pressure atomizing fuel nozzles.
This was attributed to the fact that liquid sheets were
injected at 90° or normal to the airflow using the
splash plate technique whereas in the case of pressure-
atomizing nozzles swirling liquid sheets were injected
downstream with a cone-angle of 45°.

The effect of gas properties and orifice diameter
on the reciprocal mean drop diameter, D^ , are shown
in Table I for aerodynamic-wave breakup of liquid
sheets and jets. Exponents for airstream velocity, Va,
orifice diameter, DQ, and airstream pressure, Pa, that
were derived in this study are compared with values



obtained by previous investigators (5-9). The expon-
ents agree fairly well and there appears to be very
little difference in exponents obtained for liquid
sheet and liquid jet breakup in the aerodynamic-wave
breakup regime.

SUMMARY OF RESULTS

Empirical correlations of reciprocal mean drop
diameter with dimensionless group or force ratios were
derived for the aerodynamic-wave breakup of nonswirling
and swirling liquid sheets injected axially in high
velocity airflow. A newly developed scanning radiom-
eter was used to obtain atomization data with simulated
combustor inlet-air pressures ranging from 1 to 21
atmospheres and an airstream mass velocity, paVa,
range of 10 to 177 g/cm2-sec, at 293 K. The results
of this investigation are as follows:

(1) With nonswirling liquid sheets produced by
splash plate fuel injectors, the ratio of orifice to
mean drop diameter, D./D_ h was correlated with theo m y n
liquid flow Reynolds number, Rei, and the molecular

2
scale pressure sensitive group gl/c , to give the ex-
pression: D0/Dm h = 2.05 Re1 (gl/c

2)0'33 for hydro-
dynamic breakup in "still" air, i.e., p V = 0. Simi-a a
larly, D /Dm ,, was correlated with the airstream

O in, a f\
Reynolds number, Re , and gl/c to give the expres-
sion: VDm,a' Re

-2.0.75 for

aerodynamic-wave breakup in high pressure and high
velocity airflow. Since Do/Dm = Dm h + Pm a1 the

following general expression for nonJwirling1 liquid
sheet breakup was obtained:

Do/Dm = 2.05 (gl/c2)
0.33

1.2xl06 Re. (gl/c2)
0.75

(2) With swirling liquid sheets produced by
pressure-atomizing fuel nozzles, the ratio D /D
was correlated with airstream Reynolds number, Re,,

-2and the dimensionless group gl/c to give the
expression for aerodynamic-wave breakup as follows:

DJOm ,, = 1.14xlOu m^ a
°'75Re

for values of paVa > 15 g/cm
2-sec or Rea > 7500.

Aerodynamic forces appeared to control the breakup
process whereas hydrodynamic forces showed negligible
effect on atomization of the swirling hollow-cone
sheets.

APPENDIX

Calculation of Molecular-Scale Momentum-Transfer
Group, gl/c

The mean free molecular path 1 may be expressed

since-tbe number of molecules ger unit volume n is
2.7xl019 at a temperature of 0 C and a pressure of
1 atmosphere and the diameter of an air molecule, Da,
is 3.7xl<T8 cm.

The root-mean-sq'uare molecular velocity c may be
expressed as c = (3RT/M)0'5 which yields:

-2 (3)(8.31xlO/)(273)
=

Since g is 980 cm/ sec:

g1/- (980)(6.11xlO-
(2.35xlOy)

2.35xl09 (cm/sec)2

12

For more detailed information concerning the
derivation of the dimensionless group g1/c~? and its
effect on the heat transfer coefficient and vaporiza-
tion rate of liquid drops in gas streams, see (10).
Air, helium, aragon, and carbon dioxide gas streams
were used at pressures of 0.059 to 0.197 MPa and tem-
peratures of 286 to 366 K.

REFERENCES

1. Ingebo, R. D., "Aerodynamic Effect of Combustor
Inlet-Air Pressure on Fuel Jet Atomization," NASA
TM-83611, 1984.

2. Ingebo, R. D., "Hydrodynamic and Aerodynamic
Breakup of Liquid Sheets," NASA TM-82800, 1982.

3. Buchele, D. R., "Scanning Radiometer for
Measurement of Foward-Scattered Light to Determine
Mean Diameter of Spray Particles," NASA TM X-3454,
1976.

4. Buchele, D. R., "Particle Sizing by Measurement
of Foward-Scattered Light at Two Angles," NASA
TP-2156, 1983.

5. Nukiyama, S., and Tanasawa, Y., "Experiments on
the Atomization of Liquids in an Air Stream,
"Japan Society of Mechanical Engineers,
Transactions, vol. 5, no. 18, Feb. 1939, pp.
63-75.

6. Weiss, M. A., and Worsham, C. H., "Atomization in
High Velocity Air Streams," ARS Journal, vol. 29,
no. 4, April 1959, pp. 252-2TJIT

7. Kim, K. Y., and Marshall, W. R., "Drop Size
Distributions from Pneumatic Atomizers, AIChE
Journal, vol. 17, no. 3, March 1971, pp. 575-584.

8. Wolfe, H. E., and Andersen, W. H., "Aerodynamic
Break-Up of Liquid Drops," Proceedings of the 5th
International Shock Tube Symposium, Naval Ordnance
Laboratory-Division of Fluid Dynamics and American
Physical Society, 1965, pp. 1145-1169.

9. Lorenzetto, G. E., and Lefebvre, A. H.,
"Measurements of Drop Size on a Plain Jet Airblast
Atomizer," AIAA Journal, vol. 15, no. 7, July
1977, pp. 1TJOT6-1010.

10. Ingebo, R. D., "Study of Pressure Effects on
Vaporization Rate of Drops in Gas Streams," NACA
TN-2850, 1953.

1/VT 6.11xlO~6 cm



TABLE I. - EXPERIMENTALLY DETERMINED EXPONENTS OF

PROPERTIES PROPORTIONAL TO RECIPROCAL MEAN DROP

DIAMETER, D'1, FOR AERODYNAMIC-WAVE BREAKUP

OF LIQUID SHEETS AND JETS

Sources for
exponents

Experimental
(Eqs. (5a) and (7a))

Ingebo (1)
Nukiyama and
Tanasawa (5)

Weiss and Worsham (6)
Kim and Marshall (/]"
Wolfe and Andersen (8)
Lorenzetto and
Lefebvre (9)

Airstream
velocity,

cm/ sec

1.0

1.2
1.0

1.33
1.14
1.33

1.0

Orifice
diameter,

cm

0

.2
0

- .16
. o
b- .17

0

Airstream
pressure,
"VMPa

0.25

.25
0

( a)
.57
.67

.30

^Used variable 1 + pa/Ps,.
"Exponent for initial drop diameter instead of
orifice diameter.



Figure 1. - Apparatus and auxilliary equipment.
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Figure 3. - High pressure test section and scanning radiometer optical path.
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Figure 4. - Liquid sheet fuel injectors.
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Figure 14. - Correlation of proportionality constant k1 for
aerodynamic breakup with dimensionless group gl/c2, for

-1pressure-atomizing fuel nozzles. Dm"J
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