.e 3‘}_& #'_1:,;

o Y Kt
R .

- R

-

g, =

A T Y S o R e e

NASA Technical Memorandum 82800

(BASA-TM-82800) HYDRODYMAMIC AND
AERODYNAMIC BREAAUP QF LILUIL SHERTS (NASA)
5 p HC Au2/8r A01 CSCL 20

NBZ2~19494

Unclas
G3/34 09230

Hydrodynamic and Aerodynamic
Br:ckup of Liquid Sheets

R. Ingebo
Lewis Research Center
Cleveland, Ohio

Prepared for the

Second International Conference on Liquid Atomization and Spray Systems
sponsored by the University of Wisconsin

Madison, Wisconsin, June 20-24, 1982

T At



g o

E-1139

Hydrodynamic and Aerodynamic Breakup of Liquid Sheets

R.

Ingebo

NASA Lewis Research Center
Cleveland, Ohio

ABSTRACT

Hydrodynamic and aerodynamic breakup of water
sheets into sprays formed by impinging jet, splash
plate and conventional simplex fuel nozzles were
investigated in guiescent air and high velocity air-
streams. Mean drop dianeter Oy for each spray
was determined with a s-anning radiometer previously
developed at NASA Lewis Research Center. With
impinging jet fuel injectors, the ratio of orifice
diameter D, to mean drop diameter Dy was
correlated with hydrodynamic force in terms of the
liguid jet Reynolds number Re) and aerodynamic
force in _~rms of the airstream relative velocity
Reynolds ngmber Re as follows: Dg/0p =
0.023 Ref-> + 2x10-3 With high veloc-
ity airstreams, aerodynamic force contributed the
most to breakup since Rep >> Rej. Liquid sheet
breakup with splash plate fuel injectgrs gave the
foluowinq expression; Dy/Dp = 2.6x107" Rey +
2.4x10-3 Re, where Re, 1s airstream
Reynolds number based on airstream velocity. Hydro-
dynamic force was much more effective in breakup
with splach plates than with impinging jet fuel
injectors since Dg/Dy varied with Rep to
the first power. Breakup of swirling water sheets
tormed with simplex pressure atomizing fuel nozzles

qave the following expression: Du/Dp =
Do/Dp.h + 2.2x1077 (Rey - Rec) where
Dp.p and Re. are constants defined as the
hydrodvnam1c mean drop diameter and the critical
Reynolds number for aerodvnamic breakup. respec-
tively., Hydrodynamic force was considerably more
effective in breakup with swirling sheets than with
splash plate fuel injeciors. However, aerodyriamic
force tended to decrease the cone angle and inorease
mean druop size with airstream Reyncids numbers below
the criti.al Re’nolds number Re.. Experimental
conditions included water flow rates of 27 to 68
1-ter per_hour and airflow mass velocities of 1.7 to

25,7 qlcm7 - sec at 293 K and atmospheric pressure.
NOME NCLATURE
D diameter, cm
Dy experimental mean drop diameter, cm
D 74 ume—number mean drop diameter,
30 0.33
(znD lzn) cm
. 3 2
DJ? Sauter mean diameter, tnDdI:nDd. cm

Fn flow number, Llhr(NImz)o‘5

k coefficient ?

aP liquid differential pressure, N/mé

Re, airstream Reynolds number, DoVa/v,

Re. constant

Re) 1iquid jet Reynolds number, DgVy/v)

Re, airstream relative velocity Reynolds
number, DoVp/v,

v velocity. cm/sec

u absolute viscosity, g/cm-sec

v kinematic viscosity, cm’sec

o dersity, g/cm3

Subscripts:

a airstream

c critical

d droplet

1 liquid

m mean

0 orifice

r relative

INTRODUCTION

An investigation was conducted to study the
interaction and determine the effect of hydro-
dynamic, aerodynamic and liquid surface forces on
the mean drop diameter of water sprays that are pro-
duced by the breakup of nonswirling and swirling
water sheets in quiescent air and in airflows simi-
lar to those encountered in gas turbine combustors.
The mean drop diameter is used to characterize fuel
sprays and it is & very important factor in deter-
mining the performance and exhaust emissions of gas
turbine combustors. This is demonstrated in Ref. 1
where nitrogen oxide emissions in the exhaust gases

.



were found to vary directly with the square of the
mean drop diameter of the fuel spray.

Several investigators have studies the atom-
ization of liquid jets in airstream, 1n Ref, 2,
Mayer identifies capillary-wave breakup as occurring
when relatively large liquid jets are injected in
quiescent or very low velocity airstreams. In this
case, hvdrodynamic and aerodymanic forces are rela-
tively low. However, when the velocity of the air-
stream relative to the liquid jet velocity is large
and the aerodynamic force is sufficiently high, then
according to Adelberg in Ref. 3 another type of
breakup occurs which he defines as acceleration-wave
breakup. In Ref. 4 it was found that the mean drop
diameter for liquid jet breakup cculd be correlated
with the product of the Weber and Reynolds number,
and transition from capillary to acceleration wave
breakup occurred when the value of the product of
the Weber and Reynolds number equaled 106,

In the present study of liquid sheet atom-
ization, the effect of hydrodynamic and aerodynamic
force on mean drop diameter was studied in the
reqgimes of capillary-wave and acceleration-wave
breakup. Three general conditions of liquid sheet
atomization were investigated, namely, breakup in
quiescent air, in airstream of zero velocity rela-
tive to liquid jet velocity, and in high velocity
airstreams., 1In the first case. i.e. liquid sheet
breakup in guiescent air, both hydrodynamic and
aerodvramic forces interact with liquid forces, and
atomization generally occurs in the capillary wave
breakup reqime. In the second case. only hydro-
dvnamic forces appreciably effect the mean drop dia-
meter since aerodynamic force is neqligible. Break-
up i< primarily in the capillarywave reqime and as a
result mean drop drameters are larger than those
obtaned with quiescent air. In the final case of
liguid sheet breakup in high velocity airstreams,
the aercdynamic force has the major effect on fine-
ne<s of 2tomization and breakup occurs primarily in
the accelerat on-wave regime. This condition is
mest applicable to gas turbine combustors operating
at 1dle, take-off and cruise conditions.

Non-swirling and swirling liquid sheets were
injected in airstreams and mean drop diameter data
were obtaipned from water sprays produced by imping-
ing let. splash plate and conventional simplex pres-
sure atomizing fuel nozzles. Non-swirling liquid
sheets were injected axially and radially in air-
streams and swirling hollow-cone sheets were
injected at a cone-angle of 450 in quiescent and
nron-swirling airflows in 3 7.6 cm. inside diameter
duct. The airstream mass velocity. p,V,. was
varied from 1.5 to 25.7 glcm2~sec at 393 K and
atmespheric pressure. Orifice diameters varied from
0.033 to 0.212 cm for the three different types of
tuel injectors. Water flow rates were varied from
27 to AR liter per hour. Mean drop diameter data
were then correlated with hydrodynamic forces based
on hauid velocity and orifice diameter and with
aerodynamic forces based on airstream mass velocity.

APPARATUS ANv PROCEDURE

Fuel i1njectors were mounted in the open-duct
facility as shown in Fig. 1. Airflow was drawn from
the laboratory supply system, at ambient temperature
(293 X) as cetermined with on 1.C. thermocouple, and
exhausted into the atmosphere. Airflow rate was
determined with an orifice as the airflow control
valve was opened until the desired airflow rate per

unit area was obtained over a mass velocity range of
1.7 to 25.7 g/cm-sec. The bellmouth test section
shown in Fig. 1 has a total length of 15.2 cm, an
inside diameter (of the circular duct) of 7.6 cm and
it is mounted inside of a duct that is 5 m in length
with an inside diameter of 15.2 cm.

Water sheets were produced at the duct center
Yine and directed axially downstream with the fuel
injectors shown in Figs. 2(a) to (c). The impinging
jets produced a relatively flat sheet flowing in the
same direction as the airflow. The splash plate
produced 3 liquid sheet injected radially or normal
to the airflow, and the corventional Monarch simplex
nozzle produced a swirling hollow-cone sheet with a
cone-angle of 450 in quiescent air, i.e. no air-
flow in the duct. The water sheets, at 293 K as
determined with an 1.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
liters/hour was obtained as measured with a turbine
f low meter.

When the air and water flow rates were set, mean
drop diameter data were obtained with the scanning
radiometer mounted 11.4 cm downstream of the open-
duct exit. The scanning radiometer optical system
shown in Fig. 3 consisted of a l-milliwatt helium
neon laser, a 0.003-cm-diar aperature, a 7.5-cm-diam
collimating iens, a 10-cm-uiam converging lens, a
5-cm-diam collecting lens, a scanning disk with a
0.05- by 0.05-cm slit, a viming liaht, and a photo-
multiplier detector. A more complete descriptiun of
the scanning radiometer, the mean drop diameter
range, and the method of determining mean particle
size are discu~sed in Refs. 5 and 6.

EXPERIMENTAL RESULTS

To obtain a better understanding of liquid sheet
atomization and thereby advance fuel injector tech-
nology for gas turbine combustor and augmentor
applications, mean drop diameters were determined
for the breakup of water sheet< in high velocity
airstreams. Axially and radially injected sheets
were produced with impinging jet and splash plate
fuel injectors, respectively. Swirling hollow-cone
sheets were injected axially dcwnstream with pres-
sure atomizing simplex nozzles.

Impinging Jet Fuel Injectors

The effect of airstream relative mass velocity
ra¥y on the reciprocal mean drop ciameter
D is shown in Fig. 4 and the following expres-
sion is obtained:

-1 0.5 , .
Oy =« 0.23 (VlDo) + il LA (1)

where V] and V. are liquid velocity and
airstream velocity relative to the lig i, velocity,
respectively. This expression may be rewritten in
terms of the dimensionless ratio of orifice to mean
drop diameter D,/Dp. the liquid jet Revnolds
num.>r Rej; for hydrodynamic breakup, and the
airstream relative velocity Reynolds number Re,
for aerodynamic breakup as follows:

D
0 -3 ,.0.5
D-'; = 23x10 Rel

-3

+ 2.0x10 Rer (2)

since v = 10.1x10-3 cm?/sec and va =
1.81x10"" g/cm-sec. The mean drop diameter Dy



measured with the scanning radiometer is assumed to
be approximately equal to the Sauter mean diameter,
SMD or 035.

The egfect of mass velocity o,V on
Dy is shown in Fig. 5. This plot gives a better
overall picture of liquid sheet breakup and shows
that the reciprocal mean_drop diameter for
hydrodynamic breakup, Dpip. is equal to 110
and 10 for the 0.033 and’0.212 centimeter-diameter
orifices, respectively. This occurs when V, = Vi
and therefore V., = 0. Also. Fia. 8 shows that
when the data are extrapolated to the condition
Vy =0, then Dp is equal to 210 and 20 for
the 0.033 and 0.2T2 centimeter-diameter orifices,
respectively.

Similar relationships for the breakup on
r- heptane sheets produced with impinging jet fuel
injectors for rocket combustors are derived in the
Appendix. The derivation is based on mean drop size
data given in Ref. 7 which were obtained with a
photographic technique. As a resu:t, the following
oxpression is derived in terms of the Sauter mean
drop diameter D32 as follows:

0
0 -3 ,.0.% -3 a
555 = 18.6x10 Re1 + 1.55x10 Rea (3)

Comparison of £q. (3) with £Eq. (2) shows that_the
hydrodynamic breakup coefficient of 23.0x10~

for wateg sprays is somewhat higher than that of
18.6x10~° for n-heptane sprays. Alsp, the aero-
dynamic breakup coefficient of 2x10-° for water
sprays is somewhat larger than that for n-heptane
sprays. This may be attributed to the fact that tq.
(2) is obtained for very high momentum airstreams
with 2 mass velocity, naVa, range of 7.3 to 25.7
g/cné-sec which is primarily in the acceler-
ation-wave breakup regime. Equation (3}, as derived
from Ref. 7, ggly covers a mass velocity range of
2.4 to 11 g/cnf-sec which is primarily in the
capillary-wave breakup regime for low momentum air-
streams.

Splash Plate Fuel Injectors

Breakup in airstreams of radially injected water
sheets produced by the splash plate fuel injector
shown in Fig. 3 was investigated. As shown in Figs.
6(a) and {b), values of Dy are plotted against
mass velacity, naV,, for the 0.1016 and 0.216
centimecer-diameter fuel tfbes, respectively. Mean
drop diameter data for Op" give the following
empirical relation:

-1

D" = p-!

™ mo T 1304V, (4)

where Dpl, is the value of Dyl at

V=V =6, since breakup data for the con-
dition V, = 0 was not obtained for the splash
plate fuel injector, values of Dp ', were
determined by extrapolating the data to V, = 0.
These values are then plotted against liquid jet
velocity, Vi, as shown in Fig. 7 to give the
following expression:

-1

Dm.o
for the hydrodynamic and acrodymanic breakup of
water sheets in gqujescent air, i.e. Vu=0. At
this condition, Dyp! is directly proportional

= 0.028 V, (5)

to the liquid jet velocity and i~“ependent or
orifice diameter. This result is - -ite different
from that obtained with impinging j:ts. Thus, the
two expressions, Eq. (7) and Eq. (1) can not be
compared directly since the “irst ‘erm on the right
hand side of €q. (1) is derived strictly for hydro-
dynamic breakup whereas Dgl, includes both
hydrodynamic and aerodynamic breakup.

By substituting Eq. (5) into Eq. (4), the
following expression for splash plate fuel injector
breakup of water sheets in high velocity airstreams
is obtained:

o;! - 0.028 v + 135, (6a)

which may be rewritten as follows:

=4

0

2 + 2.4x1073 Re (6b)
m

-4

= 2.8x10 Rel a
Comparison of equation 6b for splash plate fuel

injectors with Eq. (2) for impinging jets shows that
hydrodynamic breakup varies with Re; to_the
first power in equation 6b and with Re{-5 in
tq. (2). However, the coefficient for Rey is
considerably higher in €q. (2) than Eq. (6b). Data
from Fig. 5 for impinging jets are plotted in Fig.
6(?) for comparison and show that values of
Om' were somewhat lower for impinging jets of
approximately the same orifice diameter of 0.216
centimeters.

Pressure Atomizating Simplex Nozzles

Breakup of swirling hollow-cone water sheets
injected axially downstream in high momentum air-
flows was investigated. This is a much more com-
plicated type of 1iquid sheet breakup to analyze due
to the difficulty of establishing the velocity of
the swirling liquid relative to the airstream, i.e.
V. Also, the effect of airstream mass velocity
on varying and reducing the cone angle obtained with
various sizes of simplex noz2les adds to the diffi-
culties of determining V.. Thus, for this study,
Op' data are plotted against mass velocity,
raVa, as shown in Fig. 8,

At the initial condition, oaV3 = 0 and
Dﬁl = Op o . Both hydrodynamic and aero-
dynamic forces are affecting the liquid sheet
breakup process. However, as mass Yelocity.
oa¥a. is increased the value of Dy

deireased until it reaches a minimum value of

Dmh since relative velocity, V., ap-

prdaches zero and the breakup process is primarily
controlled by the hydrodynamic pressure drop of the
Tiquid. nfs mass velocity is increased from 4 to
14.5 g/cmc-sec for the small nozzles (Y° = 0.09)
there is only a slight increase in Dp'. This
intermediate region is primarily a capillary-wave
breakup regf.e which is transformed into
acceleration-wave breakup as mass velocity js
increased to the maximum value of 25.7 g/cme-sec.
Thus, the following empirical axpressions are
derived from the data plotted in Fig. 8:

-1 _ gt

Dm m,

pt 12 (eV, - 0 V,) (7a)

which may be rewritten as:
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-

. N
¢ © Vs

Sl 20T (Rey - Re) (7b)

m m,h

where Dy o= 210 and 140 cm  when D, = 0.09
wnd 0.1 em respectively, and eV « 14,5 and
11.5 a/cm-sec when Do+ 0.09 and 0.13 cm,
respectively.

't is interesting to note that low momertum air-
streams, with values of mgea < Rec  and mas,
velocaities below 20 g/cm’-sec, tended to qive
values of D' which were below the values
obtained 1n quiescent awr. This is attributed to a
decrease 1n cone anqle of the hollow-cone spriy
shich produces larger drop sizes and less efficient
atomizatyon, and a decrease in relative velocity
Ve It was only by going to values of oaV,

20 q/cm -sec fhat drop size was decreased and
values of Dn' or specific surface area of the
spray was appreciably increased.

Fiqur> 8 also includes a plot of the data from
tiqure 6a for the splash plate fuel injector that
has an orifice cdiameter of 0.1016 centimeters. At
hrah mass velocitves the splash plate qave much
better breakup, 1.e. & higher value of Dg',
than t- » simpley nozzle having an orifice diameter
of 0.0¢ centimeters. The lower value of the simplex
raz2le mav be caused by the callapse of the spray
cone- anqle.  However, a comparison of £q. (7b) with
Lq< (3& and {6h) shows that a coefficient of

Uxlo was obtained for aerodynamic breakup in
the acceleration.-wave reqgime which is approximately
the same value as that cbtained for the impinging
wtoang splash plate fuel injectors. In the case of
cndection ante qurescent air, Fig. 8 shows that
hvdrodynamic breskup with simplex noz2les is much
more effective in producing finely atomized sprays
that the splash plate or impinging jet fuel injector.

Values of Dp.n for quiescent air (V, = 0)
are plotted aqawn&t liquid differential pressure,

P on the tog loq plot shown in Fig. 9 which gives
the tollowing expression:

-1 0.30
Dm « k Apl (8)

where the coefficient k is a constiyt for a given
cimplev fuel nozzle. By assuming Dpln to be

A functyen of the nozzle +low number ?n the co-
“ftrcvert ko 1s evaluated to give the following
correlatng expression for the two simplex fuel
roz2 e

20.3¢ _0.30
D, o 0.73 Fn 0.34 0 (9)

where AP qnd Fn are expressed in N/me  and
Cine (N 0S| respectively.

in Ref. 7, the following expression was obtained
tor kerosene sprays and the condition Vy = 0:

-0.3¢  0.27
DJ?.o = 0.74 Fn aP
Mean drop (rameters were obtained with a light scat-
tering instrument and kerosene Sprays were produced
with <ymplex Oelavan nozzles having a cone angle of
BO®  and flow numbers ranging from 0.0182 to

G.02643, Comparison of Eqs. {9) and (10) shows expo-
nent< for the flow number and AP agree very well.
Al<n, the coefficients in the two equations are ap-
prexamately the same, However, the coefficients can
not be compared directly since £q. (9) was derived

{10)

in this study for simplex Monarch nozzles producing
water sprays at a cone anqle of 45® in quiescent
air,

SUMMARY OF RESULTS

Empirical correlations of the ratio of orifice
diameter Doy to mean drop diameter Dy with
hvdrodvnamic force in terims of the ligquid jet
Reynolds number Re] and aerodynamic torce in
terms of the airstream Reynolds number Rey or
the airstream relative velocity Reynolds pumber
Re were derived in this investigation of liquid
sheet breakup in non-swirling airflow. They are
listed as follows:

1. Impinging jet fuel inJector< axe the empir-
ical gelationﬂhip, 0.023 Re
2x10-7 Rep and with h\gw velocity airstream,
aerodynamic force contributed the most to breakup
since Re, >> Rej

2. Splash plate fuel injectors gave the empr. -
ical relat\on<h1p. 0o/ = 2.9x10°% Rep +
2.4x10-3 Re, and hvdrodvnamlc force was much
more effective in breakup with splash plates than
with impinging jet fuel injectors since D4/Dp
varied with Rey to the first power.

3. Simplex pressure atomizing fuel nozzles gave
the empirical relationship, Dy/Dy = 0o/Op p
+ 2.2x10-3 (Rey - Rec) where Op p and
Re. are constants defined as the hvdrodynam1c
mean drop diameter and the critical Revnolds number
for aerodynamic breakup. respectively. Hydrodynamic
force was considerably more effective in breakup
with swirling sheets than with splash plate fuel
injectors. However, aerodynamic force tended to
decrease the cone angle and increase mean drop Size
when airstream Reynolds numbers were below the
critical Reynolds number Rec.

APPENDIX

Liquid Sheet Atomization with Impinging Jet Fuel
Tnjectors

Tn a previous experimental investigation
described in Ref. 8, the breakup of n-heptane sheets
axially injected in airstreams was studied. Mean
drop diameter, Dgo. data were obtained with a
photographic technique for sprays produced by air-
atomizing impinging-jet fuel injectors for rocket
combystor<. The effect of liguid pressure drop or
hydrodynamic forces on the spray mean drop size was
determined first. Then, the interacting or additive
effect of hydrodynamic and aerodynamic forces on
mean drop size was investiqated.

Hydrodynamic Breakup

Tn Ref. 8§, the following expression for the
reciprocal mean drop diameter for hydrodynamic
breakup, D30 , was obtained from a study of the
breakup of pairs of impinging jets in airstreams
with relative velocity V. = 0 and V, = V)

0.5
! Lo (0 (11)
30.h "V D’; \

where V) and D, are the liquid jet velocity
and orifice diameter respectively. A straight line

JUS PP RO AP

i

M amaer



S A it S s

plot ot tq. (11) and the data for Ref. 8 are shown
in F1g. 10. Equation 11 may be rewritten in terms
of the dimensionless ratio of orifice diameter to

hydrodynamic mean drop diameter, D3y n. as follows:

(12)

since Rep = DoVy/vy and v) « 0.006)
cm /sec for n-heptane.

Rerodynamic Breaku

ata from Ref. 8 for aerodynamic breakup with
hyvdrodvramic force held constant are plotted in Fig.
11 and qive the following expression for .ean drop
s1ze:

0.5
ol o TR (13)
k1) B U; fa'r

where o,V is the relative mass velocity which
produces the aerodynamic breakup of the liquid
sheet. The usefulness of Eq. (13) is illustrated n
Fig. 12 which shows, that initially when V, = 0,
the following expression 15 obtained: 036‘ -
D _p * 11 0pV) since Dwg_ﬂ is evaluate8 at
Vp = Vi, Then as V, increases V, décreases
until V. = 0 and the value of D3y decreased
until 03d = D3d.p as given by Eq. (11).
Further increases in V; increases V, and
values of D033 incrpase as qiven by Eq. (13). The
minimum value of 034 at V. « 0 is due to
he neqliqible effect of aerodynamic force on breakup
and illustrates the need of having mass velocities
sufficiently high to more than compensate for the
fuel velocitv and obtain qeod tuel atomization in a
combustor.  Thus, oaVy > 10 15 recommended when
using wmpinging Jet fuel injectors.

Equation (13) mav be rewritten in terms of the
dimensionless ratio Do/D3g  as follows:

D
£ - 0.0% RO?'S + 2 oo Re (12)

30

since oy« 1LBIN10-8 g/emd. In terms of the
Sauter mean drop diameter D3>, the expression may
be rewritten as follows:

0
- 18.6x007F ReD+® ¢ 1.55x1073 Re,  (15)

32

[andl o]

since D3~ = 1.29 D35 as qiven in Ref. 9.
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(a) @ 1016 cm-inside-diameter fuet tube,
(b) Q. 216 cm-inside-diameter fuel tube,

Figure & - Variation of reciprocal mean drop di-

ameter, D','nl, with airstream mass velocity for
water sheets produced by splash piate fuel in-
lector.
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