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Flow Transition in Swirled Liquid Sheets

K. Ramamurthi* and T. J. Tharakan^
Liquid Propulsion Systems Centre, Trivandrum 695 547, India

Experiments are conducted to study the tulip-shaped and cone-shaped liquid sheets formed in swirl nozzles.
It is shown that waves rapidly grow on the cone-shaped sheets and lead to its rupture unlike in the tulip-shaped
sheets. The transition from the tulip-shaped to the cone-shaped sheet occurs when the liquid phase Weber number
of the swirled annular sheet exceeds about 150. The turbulence level in the liquid sheet does not influence the
Weber number at which the transition of the shape of the sheet takes place. The frequencies and rate of growth
of the waves on the liquid sheets increase with Weber number. The transition takes place when the growth rate of
waves is significant. The predicted variations of frequencies and growth rates, obtained by linear perturbation of
the axial momentum equation, reproduce the increasing trends with Weber number observed in the experiments;
however, the values are higher than those measured. A linear bifurcation analysis brings out the role of the different
parameters influencing the stability of the swirled liquid sheet. The annular sheet is seen to be inherently unstable.
The existence of a threshold value of Weber number, above which the transition of the shape of swirled liquid sheet
takes place, is seen to be valid for all swirled liquid sheets.

Nomenclature
A = matrix defined by Eq. (26)
Ap = flow area in swirler, m2

CD = aerodynamic drag coefficient
Cd - coefficient of discharge
Cp - pressure coefficient defined as P/(pu2)
Cpg,u - pressure coefficient on upper interface in gas phase
Cpi>M = pressure coefficient on upper interface in liquid phase
D - drag force given by CD[pu2/2]
dL = elemental length of liquid sheet, m
do - orifice diameter, m
ds - mean diameter of swirler, m
F - frequency, Hz
F\ - meridian component of centrifugal force, N
F2 - whirl component of centrifugal force, N
/ = function defined by Eq. (22)
g = function defined by Eq. (23)
H = nondimensional liquid sheet thickness
h - dimensional sheet thickness, m
/ = inertial force on element, N
Kv = flow correction for discharge coefficient
L = distance along sheet, m
N - nondimensional complex frequency
Ns - swirl number defined by Eq. (1)
P ~ pressure, Pa
R = radius of curvature along the meridian, m
Ra = average surface roughness, /zm
Ref = Reynolds number defined in Eq. (4)
r = radius of liquid sheet, m
r() = radius of orifice, m
Sw - ratio of tangential to axial velocities
T = nondimensional time
TI = surface tension force due to radius r of sheet, N
T2 - surface tension force due to radius R along meridian, N
tr A = trace of matrix A
U = nondimensional axial velocity, U/UQ
u = axial velocity of liquid sheet, m/s
MO = axial velocity at exit of orifice, m/s
V = nondimensional velocity normal to the liquid sheet
v = velocity normal to liquid sheet, m/s
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vw = tangential velocity, m/s
W = nondimensional wave number defined in Eq. (12)
Wei = Weber number based on the half-thickness of the liquid

sheet
Wes = swirl Weber number of liquid sheet
X - nondimensional distance along jc axis
x = coordinate along the longitudinal axis of the sheet
y = coordinate normal to the longitudinal axis of sheet
Z = parameter containing Weber number and wave number

defined in Eq. (12)
a = angle of sheet with respect to X axis at exit from orifice,

deg
ft = fraction of air core in the liquid due to swirling liquid
77 = disturbance amplitude
rjo = initial amplitude of the disturbance
0 = angle subtended by the element of the sheet at the axis,

rad
A, = wavelength, m
\i = liquid viscosity, Ns/m2

£ = nondimensional distance, L/ro
p = density ratio
pg = ambient gas density, kg/m3

pi = liquid density, kg/m3

a = surface tension coefficient, N/m
$ = angle of sheet with X axis at any distance L, deg
V/" = helix angle of the swirler, deg

Subscripts

I = liquid
0 = orifice exit condition

Superscripts

r = perturbation quantities
* = stationary point

Introduction

SWIRLED liquid sheets are often employed in liquid propel-
lant rockets to obtain good atomization and efficient mixing of

fuel and oxidizer. The droplets formed from the disintegration of
swirled liquid sheets are, in general, smaller than those formed in
straight cylindrical jets. The spatial distribution of the droplets ob-
tained with the swirled sheets can be controlled by varying the swirl
velocities. The coaxial swirl nozzles, which form such liquid sheets,
offer scope for improving the combustion efficiency of the liquid
propellant rockets. Some of the existing designs of injection nozzles
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Fig. 2 Schematic of swirled liquid sheet.

do improvise swirl, typical examples being the liquid oxygen
elements of cryogenic propellant injectors and the centrifugal in-
jection elements used with hypergolic propellant combinations.

A number of investigations have been carried out on coaxial
swirled liquid sheets.1'2 These have shown the existence of two
forms of liquid sheets comprising either a collapsed bulbous shape
(tuliplike) or a diverging conical shape. The flow processes con-
tributing to the formation of either of the two shapes and the stability
and the disintegration of these two characteristic types of sheets are
not clear. The evolution of the swirled liquid sheet issuing from a
cylindrical orifice of 3 mm diameter at different injection velocities
is shown in Fig. 1. A bulbous tulip-shaped sheet, without any signif-
icant wave motion over it, is formed at the lower range of injection
velocities of about 2.5 m/s (Fig. 1 a). It transits into a cone-shaped di-
verging sheet at intermediate values of injection velocity of 7.3 m/s
and is shown in Fig. Ib. Waves rapidly grow on its surface and lead
to the rupture of the sheet. As the injection velocities are further
increased, the wavy nature becomes more pronounced and is shown
in Fig. Ic for an injection velocity of 16.6 m/s.

Figure 2 gives the flow phenomenon associated with the formation
and disintegration of the coaxial swirled liquid sheets. The liquid is
injected with axial and tangential velocity components through the
orifice to form an annular liquid sheet of radius r at a given distance
from the orifice with a radius of curvature R along the meridian
axis. The tangential velocity provides centrifugal forces along the
radius r, whereas the axial velocity gives centrifugal force normal to
the sheet. These centrifugal forces cause the liquid sheets to diverge
at the exit of the injection orifice. The surface tension forces from
the two radii of curvature r and R act in a direction opposite to
the outward centrifugal forces and aid the liquid sheet to collapse.

The boundary between the liquid sheet and the environment (high-
velocity gas flow or high-pressure gases or ambient atmosphere)
is the primary shear flow region. The shear forces at the interface
contribute to the growth of disturbances or waves on the liquid
sheet.3-4 The deformation of the liquid sheet, by these disturbances
and the turbulence, brings about a change of the surface tension and
centrifugal forces and leads to a change in the shape of the sheet.

The factors that lead to the tulip-shaped sheet changing into the
cone-shaped sheet, as the injection velocity is increased, are of in-
terest as these findings can be incorporated in the design of swirl
nozzles. The effect of turbulence in the flow on the sheet shape and
disintegration has been hypothesized to be very influential5; how-
ever, no specific experimental or theoretical verification has been
done by varying the turbulence intensities and the scales of turbu-
lence.

The two characteristic shapes of swirled liquid sheets formed
by coaxial swirl injection elements are investigated. A series of
experiments is conducted in quiescent atmosphere by varying the
injection orifice diameters and swirl numbers. A stability analysis
is carried out for the growth of disturbances in the liquid sheet with
a view to explain the experimental observations of the different
regimes of sheet shape.

Experiments
Coaxial swirled liquid sheets are generated in the quiescent at-

mosphere using swirl nozzles with different orifice diameters. A
schematic of the swirl nozzle is shown in Fig. 3. It comprises a heli-
cal swirler of diameter ds with four start rectangular flow passages
of total cross-sectional area Ap. The swirl intensities are varied by
changing the helix angle ^r, the dimensions of the flow path Ap, and
the orifice diameter do. The intensity of swirl is quantified in terms
of a swirl number Ns and is defined in terms of the geometrical
dimensions of the helical swirler and orifice as6

Ns = ndods cos W(4 Ap) (1)

The dimensions of swirl nozzles used in the experiments and the
range of swirl numbers is given in Table 1. The helical angle of
the swirler is varied between 13 and 23 deg. The swirl intensity is
changed tenfold by varying the ratio of the diameter of the swirler
and the diameter of the orifice and the flow area in the swirler as
shown. The swirl numbers obtained are between 1.4 and 14.5.

Experiments are done with distilled water as the test liquid to de-
termine the shape, the surface texture, and the formation of waves in
the swirled sheets at different injection pressures. The experimen-
tal apparatus is shown schematically in Fig. 4. Water is pressurized
with nitrogen gas in a run tank to 1.6 MPa. It is admitted in the swirl



422 RAMAMURTHI AND THARAKAN

Table 1 Configuration of swirl nozzles

Swirler configuration
Outer
diameter, mm

6
6
6
8
8
12
12
12

Helix
angle, deg

21
22
23
17
17
13
13
13

Flow area,
mm2

0.6
1.04
2.4
4.5
6.16
5.84
5.84
5.84

Orifice
diameter,

mm

1
1
1
3
3
4
6
10

Swirl
number

6.4
3.6
1.4
3.3

2.35
6

8.7
14.5

Fig. 3 Swirl nozzle.
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Fig. 4 Experimental setup.

nozzle assembly through a series of valves and a 2-/zm filter. The
swirled liquid sheets are formed in the ambient atmosphere, which
is quiescent. The pressure upstream of the swirl nozzle is measured
using a high-precision Bourden pressure gauge. Turbine flow meters
are used for determining the flow rates, and these values are checked
by collecting the spray over a given duration. The discharge coeffi-
cient of the orifices, Cd, is determined from the measured flow rates
and pressure drop across the nozzle.

The thickness of the liquid sheet is determined from the experi-
mentally measured value of Cd. Rizk and Lefebvre7 have modified
the theoretical expression relating Cd with the ratio of area of air
core area to orifice area ft to give

(2)

where Kv is the velocity coefficient that takes into account the flow
losses in the nozzle. For a Simplex atomizer with tangential inlet
ports, Rizk and Lefebvre7 derive expressions for the film thickness.
These could not be applied for the swirler generated flows in the
present experiments because the flow losses are strongly influenced
by the detailed configuration of the nozzle. However, over the small
range of parameters during which transition of shape takes place, the
change of the coefficient would be small. The value of f> that gives
the experimentally measured value of Cd is used for estimating the
thickness of the liquid film at the exit of the orifice, HQ. The average
liquid jet velocity u() is calculated from the measured flow rates and
the estimated value of the film thickness.

The water injection velocities are varied to give variations over
two orders of magnitude in the Reynolds number and Weber num-
ber of the liquid sheet. The liquid sheet is illuminated with a strobe

flash. The half-crest value of the flash is 30 j^s. The frequency of the
dominant wave motion on the sheet is identified as the frequency of
the strobe flash at which the maximum growth rate is observed. The
integral multiples of this strobe frequency produce a clear picture
of the wave motion; however, the growth rates are lower than the
maximum value. The liquid sheet is photographed using a still cam-
era with the flash from the strobe being operated in a single-pulse
mode. The shape of the sheet, the divergence angle of the sheet at the
exit of the orifice, and the amplitude of wave motion are determined
using the enlarged photographs.

The accuracy of the flow measurements is 0.5%, whereas the
accuracy of the pressure measurements is better than 0.3%. The
measured frequencies of waves formed over the liquid sheets are
accurate to 0.5 Hz.

Results and Discussions
Shape of the Sheet

Figure 5 gives the forces acting over a small element of the swirled
liquid sheet of length dL, thickness h, and of arc length r d# after it
traverses a distance L from the orifice. The centrifugal forces F\ and
p2 due to the meridian component of the axial velocity and tangential
velocity, respectively, cause the sheet to diverge. The surface tension
forces T\ and T2 due to the radius of the sheet, r, and the curvature
along the meridian, R, tend to collapse the sheet. The inertial force
/ acts in the direction of the sheet, whereas the aerodynamic drag D
acts in a direction opposite to the motion. The overall shape of the
liquid sheet is decided by the relative magnitudes of the centrifugal,
inertial drag, and the surface tension forces. Unlike the large tulip-
shaped liquid sheets of water bells,8 the injection velocities used in
the swirled nozzles are significantly larger and the effect of gravity
can be neglected. The liquid phase Weber number Weh which is
the ratio of the inertial and surface tension forces, is defined for the
flow conditions at the exit of the orifice with the half-thickness
of the liquid sheet, h()/2 as the characteristic dimension and is
given by

We, = (3)

As the inertial forces are proportional to the centrifugal forces, it is
likely that We{ could be indicative of the shape of the liquid sheet
formed.

The divergence angle of the sheet, a, at the exit of the orifice
is plotted as a function of Wet in Fig. 6. The divergence angle is
expressed in a nondimensional form with reference to the charac-
teristic helix angle of the swirler, the area of cross section of the flow
in the swirler, and the swirler and orifice diameters. It is observed
that the divergence angle increases as Wef increases. This is due to
the increased centrifugal and inertial forces at higher Weh which
arrest the collapse of the sheet by the surface tension and brings
about an increase of a.

The different points in Fig. 6 correspond either to a tulip-bulb or a
conical-shaped sheet and are indicated by shaded and open symbols,
respectively. It is seen from Fig. 6 that values of Wet less than 140
always result in a tulip-shaped sheet, whereas when Wet > 170 a
conical sheet is invariably formed. The transition from a tulip bulb
to a conical diverging sheet, therefore, takes place for Wet between
140 and 170. The results are seen to be valid for all swirl numbers
between 1.4 and 14.5 and orifice diameters between 1 and 10 mm
for which the experiments are done.

The transition of the shape of the sheet can also be examined in
terms of the Reynolds number. The Reynolds number of the liquid

Fig. 5 Schematic of forces on an element of liquid sheet.
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Fig. 7 Regimes of conical- and tulip-shaped sheets.

sheet is defined corresponding to the conditions at the exit of the
orifice with the sheet thickness ho as the characteristic dimension.

The range of Reynolds number in the experiments was between
400 and 100,000. The results of the different experiments, which
gave either a conical sheet or a collapsed sheet, are plotted in Fig. 7
as a function of liquid Weber number and Reynolds number defined
in Eq. 4. The filled symbols denote the tulip bulb whereas the open
symbols show the conical-shaped sheet. It is seen that the tulip-
shaped sheet and the conical divergent sheet coexist over a wide
range of Reynolds number between 1200 and 3000. The transition
in the shape of the sheet does not take place over a small range of
Reynolds number as it does with Weber number. However, Fig. 7
shows that when Re\ < 1200 the sheet formed is always a tulip bulb
whereas with Ret > 3000 the sheet is a divergent cone.

The tangential velocity due to swirl also gives rise to centrifugal
forces. The rapidly intensifying waves are seen to be present only
along the length of the sheet (Fig. 1) without any trace of waves
along the circumference. It is, therefore, unlikely that the tangential
velocities would influence the transition of the shape. A swirl Weber
number Wes is defined in terms of the tangential velocity at the exit
of the orifice, vwo, i.e., Wes = piV2

J)()ho/2cr, where vu;0 is obtained
from the conservation relations as (1 — fi)uoNx/Pl/2. The shape of
the sheet is examined at different values of swirl Weber number in
Fig. 8. It is seen that both the tulip bulb and the cone-shaped sheet
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Fig. 8 Divergence angle of sheet at different swirl Weber number.

coexist over a wide range of swirl Weber number as expected. The
change in the shape of the sheet for all values of swirl intensities
is described only by the value of liquid Weber number exceeding
about 150.

To understand the role of the turbulence on the change of the
shape, the liquid sheets formed by varying the surface roughness of
the 4-mm-diam orifice are examined. The average surface roughness
values Ra of the orifice was varied between 0.5 and 12 jitm. It was
observed that, as the average surface roughness Ra of the orifice
is increased, the surface texture of the sheet became more frothy
compared to the translucent or glassy appearance observed at the
lower Ra values of the orifice. The frothy surface is associated with
turbulence in the jet. Figure 9 shows the translucent and turbulent
frothy surface textures formed on the tulip bulb and the conical-
shaped divergent sheets at Ra = 1.2, 4.5, and 12 /xm, respectively.
Though the tulip-shaped and the conical-shaped sheets are formed
with the different surface textures, the change in the shape from a
tulip to a cone occurred at about the same liquid Weber number of
about 150. Also, no pronounced change in the wave growth pattern
was discernible with changes in the frothing of the liquid sheet. The
surface distortions due to turbulence in the flow do not accelerate
or delay the formation of wave motion nor do they bring about a
change in the Weber number at which the transition of the shape of
the sheet takes place.

Wave Motion on Surface
The frequencies F corresponding to maximum growth of wave

motion on the surface of the sheets are determined by synchronizing
the frequency of the strobe flashes for the maximum wave growth
on the sheet. The measured frequencies and maximum growth rates
at different injection velocities are given in Figs. 10 and 11 for the
1- and 3-mm orifices with swirl numbers of 6.4 and 3.3, respectively.
It is seen that the frequency and growth rate monotonically increase
with Weber number. At the lower ranges of Weber number at which
the tulip bulb is formed, there is no perceptible growth of wave
motion on the sheets.

Disturbances are always present on the surface of the liquid
sheets. It is seen that these disturbances are amplified at larger val-
ues of Weber number. The exponentially increasing growth rates
for Wei > 150 contribute to the formation of the cone-shaped wavy
sheets.

The observed dependence of frequencies and growth rates on
liquid Weber number can be theoretically determined considering a
flat liquid sheet moving at a mean velocity u() in the jc direction and
superimposing sinusoidal antisymmetric disturbances on it. These
disturbances are assumed to evolve only along the sheet, without any
transverse wave motion. The assumption is justifiable for modeling
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wave motion on swirled annular liquid sheets, based on experimental
observations of Figs. 1 and 9, which show antisymmetric waves to
grow mainly along the longitudinal axis without any trace of waves
in the tangential direction. The dilation or symmetric wave modes
are also not seen in the experiments. These would occur at negligibly
small injection velocities wherein surface tension forces induce the
instability. A control volume of an element of the liquid sheet of
width dL and thickness h is shown in Fig. 12. The aerodynamic
shear at the surface of the disturbed liquid sheet induces pressures
Pu and PI on the upper and lower sides of the liquid sheet. The
longitudinal waves cause pressure fluctuations in the liquid sheet.
Turbulent flow fluctuations in the liquid sheet are not considered.

(5)

The equation for momentum conservation along the x axis when
applied to the control volume of Fig. 12 gives

3U_ 3U_ _ 3Cp
3T 3X 3X

The parameters in the Eq. (5) are nondimensional. The charac-
teristic length and timescales are X and X/UQ, respectively.

The perturbation in the vertical velocity V' due to the disturbance
can be expressed as the total derivative of the dimensionless interface
displacement 77 of the liquid sheet in the y direction:

= ,
dT dX (6)

where 77 can be assumed to have the form 77 = 770 exp i (2n X — NT),
770 being the initial amplitude and TV the complex nondimensional
frequency.

Expressing the values of U in terms of a steady value and a
perturbation as

and linearizing Eq. (5) for X momentum we get

—— 3U' = a

~W + ~dx: ~~ ax p

(7)

(8)

The value of Cp in Eq. (8) is calculated following the procedure of
Rangel and Sirignano.4 This consists of solving the Laplace equa-
tion for the gas and liquid phases along with the kinematic con-
dition given by Eq. (6) and the condition that V = 0 at Y = ± oo.
The velocity potentials for the gas and liquid are determined for
the antisymmetric wave motion and are substituted in the linearized
X momentum Eq. (8) to get the values of Cp for the liquid and
gas, respectively. These are used in the equation for dynamic bal-
ance between the surface tension and pressure given by Rangel and
Sirignano4:

CPI.U ~ CPs,u = H/(2WeR) (9)

to solve for the nondimensional frequency, which is obtained as

N =
2n tanhZ ±Injiwh2 Z-(p+ tanhZ)(tanh2 Z- Wp/[\+p])

(p + tanh Z)

where

Z = WeiWp/(l+p)

and W, the nondimensional wave number, is

(10)

(H)

(12)

The frequency and growth rate are given by the real and imaginary
part of N in Eq. (10). The value of W that gives maximum growth
rate is calculated and the corresponding frequency determined. The
dimensional frequencies and growth rates are found by multiply-
ing the nondimensional values by X/MO , and A is obtained from
the value of W by specifying values of MO and h() determined from
the experimental Cd measurements. The density ratio p of 0.001
corresponding to air and water is used. The calculated values of fre-
quencies and growth rates for the 1- and 3-mm orifice are compared
with the experimental measurements in Figs. 10 and 11.

The predicted values of frequencies and growth rates are ob-
served to be higher than the experimental measurements. Note that
the perturbations in the tangential direction are not considered in
the predictions. Panchagnula et al.9 show a decrease in growth rate
with increase of tangential velocities. The neglect of the transverse
transport properties may be responsible for the overpredictions. The
estimated value of ho based on Cd measurements would also influ-
ence the predictions of frequencies and growth rates. However, it is
seen that both theory and experiments show an exponential growth
of waves as the liquid Weber number increases. The significantly
larger values of growth rates at higher values of liquid Weber num-
ber, exceeding about 150, result in rapid growth of wave motion and
the formation of a wave-dominated cone-shaped sheet.
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Linear Stability Analysis
A linear analysis is carried out to determine the stability of the

liquid sheet and the existence of a threshold Weber number at which
the sheet changes from a tulip shape to a conical wave-dominated
shape. Figure 5 shows the forces on an element of the liquid sheet of
width dL, thickness h, and arc length r dO. Neglecting the weight of
the sheet as being small compared to the inertial forces and equating
the forces normal and parallel to the sheet, we get

F\ -f- F2 cos (/> = TI + T2 cos 0

I = D - F2 sin0 + T2 sin0

(13)

(14)
where 0 denotes the angle between the sheet and the axis of the
orifice. Substituting the values of FI, F2, TI, T2, /, and D for the
element dL in Eqs. (13) and (14), we get

The following matrix A is defined following Uppal et al.10 for in-
vestigating the stability about 0* and U*:

A. ==

df\

au)w

*,U*J

(26)

When the trace of matrix A is such that tr A > 0, the stationary
points described by Eqs. (19) and (20) would be unstable provided
the values of the determinant of matrix A are less than or greater
than zero.10 The instability then is either aperiodic or an unstable
node or focus. The states around the stationary points would then
exponentially grow with time.

The matrix A for the governing equations (19) and (20) reduces to

l - S^/U*2 + 2WeiSw2/U*)/(l

{CD(pg/Pi)(2U*/[h0/r()])

Pih dLr dOu— = CDdL 2
(2 dLr d<9)

— pi (hr d9 dL)v2
w sin 0 4- — dLr dO sin 0

(15)

(16)

Simplifying Eqs. (15) and (16) and noting that the curvature along
the meridian section, l/R, is given by (— d(p/dL) (Ref. 8), the fol-
lowing equations are obtained:

- Plhu2/2a]} (17)

o- v2
w sin0/r (18)ll r

" = (2/plh}\-a sidL
Substituting the mass conservation relation HQTQUQ = hru and the
conservation of angular momentum for tangential velocities vwr =
i>U;0ro, Eqs. (17) and (18) are simplified to give the following in the
immediate vicinity of the orifice (r -» TO) :

df [l-(WeiU)] (19)

(20)
d£ Pi L V>oJ

where the parameters are written in nondimensional form as

U = U/UQ, Sw = VwQ/UQ, £ = L/r0 (21)

Equations (19) and (20) are a set of autonomous partial differential
equations that describe the evolution of the angle 0 and the nondi-
mensional velocity U near the orifice. The form of the equations is

f

(22)

(23)

Because the differential equations (19) and (20) are autonomous, it
is possible to investigate the changes in 0 and U about their sta-
tionary points using linear stability analysis similar to that of Uppal
et al.10 The stationary points of 0 and U are represented by 0* and
U* and are given by

(24)

(25)

(27)

The trace of the preceding matrix is given at the stationary points
by

tr A = {CD(p,/p/)(2£/*/[W>o]) + sin0*S2
;/£/*2} (28)

and is always positive. It shows that a higher ambient density pg, a
lower sheet thickness ho, or a larger orifice radius TO have influence
similar to higher swirl ratio or higher drag coefficient. A denser
gas will have about the same effect on a thicker sheet as does a
lower density gas on a thinner sheet. This is a physically observed
phenomenon.

The determinant of matrix A is given by

detA - {cos2(f)*Wel(2WelSw2/U* - 1 - S2
W/U*2)

x (I/Wet-S2
w/U*)/(l-We,U*)2} (29)

and is either positive or negative depending on the values of liquid
Weber number and Sw. Because tr A > 0 and det A > 0 or < 0, the
swirled liquid sheet is unstable for all values of liquid Weber number
and Sw. Disturbances would, therefore, grow on the liquid sheet for
all of the values of liquid Weber number. However, the growth rate
of waves, obtained in the predictions and measured in experiments,
is much larger for Weber number exceeding about 150. This leads
to rapid intensification of wave motion for liquid Weber number
exceeding about 150 and the transition from the tulip-shaped sheet
to the wavy cone-shaped sheet.

Conclusions
Experiments with swirled annular water sheets show that the

swirled liquid sheets change their characteristic shape from a tulip
bulb to a cone-shaped wavy sheet when the liquid phase Weber num-
ber is greater than about 150. A tulip-shaped bulbous sheet, formed
without significant wave motion on it at smaller values of Weber
number, does not significantly amplify the wave motion unlike the
cone-shaped sheets.

The frequency and growth rate of the waves on the liquid sheet
increase with Weber number, and the experimental variations are
confirmed by a linear theory. The predicted values of frequencies and
growth rates, however, are higher than the experimentally measured
values. It is the enhanced rate of growth of the amplitude of wave
motion for Weber number greater than about 150 that leads to the
formation of a wavy cone-shaped sheet. Variations of the intensity
of turbulence in the flow do not influence the wave frequencies and
the transition from the tulip-shaped sheet to the cone-shaped sheet.
The transition in the shape of the sheet takes place over a wide range
of Reynolds number and swirl Weber number.

A linear stability analysis brings out the importance of drag co-
efficients, ambient gas densities, thickness of the liquid sheet, swirl
intensities, and radius of the orifice on the sheet stability. It is seen
that a swirled liquid sheet is unstable at all Weber numbers and swirl
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intensities. When the amplification of the waves on the surface of
the intrinsically unstable liquid sheet is small, a relatively smooth
tulip-shaped sheet is formed. If not small, the larger amplification of
waves, obtained at higher values of Weber number, causes a signifi-
cant buildup of wave motion, leading to disintegration of the annular
swirled liquid sheet in the form of a conical wavy sheet.

Acknowledgments
The comments of the reviewers have been useful for revising the

manuscript and are gratefully acknowledged.

References
^heuch, S., "Numerical Simulation of Nonswirling and Swirling Annu-

lar Liquid Sheets," AIAA Journal, Vol. 31, No. 6, 1993, pp. 1022-1027.
2Ramamuithi, K., and Tharakan, T. J., "Experimental Study of Liquid

Sheets Formed in Coaxial Swirl Injectors," Journal of Propulsion and Power,
Vol. 11, No. 6, 1995, pp. 1103-1109.

3Faeth, G. M., "Structure, Breakup and Turbulence Interactions in
Sprays," Atomization and Sprays 2000, edited by N. F. Chigier, Proceedings
of Workshop Sponsored by National Science Foundation, Carnegie Mellon
Univ., Pittsburgh, PA, 1991, pp. 27-39.

4Rangel, R. H., and Sirignano, W. A., "The Linear and Nonlinear

Instability of a Fluid Sheet," Physics of Fluids, Vol. 3, No. 10, pp. 2392-
2400.

5Mansour, A., and Chigier, N. A., "Effect of Turbulence on the Stability
of Liquid Jets and the Resulting Droplet Size Distributions," Atomization
and Sprays, Vol. 4, No. 5, 1994, pp. 583-604.

6Ruiz, R, and Chigier, N. A., "Design and Uncertainty Analysis of a Se-
ries of Experiments in Seven Variables," Journal of Fluids Engineering, Vol.
112, No. 1, 1990, pp. 96-114.

7Rizk, N. K., and Lefebvre, A. H., "Internal Flow Characteristics of Sim-
plex Swirl Atomizers," Journal of Propulsion and Power, Vol. 1, No. 3,
1985, pp. 193-199.

8Taylor, G. I., "The Dynamics of Thin Sheets of Fluid. I. Water Bells,"
Proceedings of Royal Society of London, Series A: Mathematical and Phys-
ical Sciences,'Vol 25, No. 253, 1959, pp. 289-295.

9Panchagnula, M. V, Sojka, P. V, and Santangelo, P. J., "On the Three
Dimensional Instability of a Swirling Annular, Inviscid Liquid Sheet Sub-
ject to Unequal Gas Velocities," Physics of Fluids, Vol. 8, No. 12, 1996,
pp. 3300-3312.

10Uppal, A., Ray, W. H., and Poore, A. B., "On the Dynamic Behavior of
Continuous Stirred Tank Reactors," Chemical Engineering Science, Vol. 29,
No. 4, 1974, pp. 967-985.

G. M. Faeth
Editor-in-Chief

YOUR COMPETITIVE EDGE AS AN AIAA MEMBER
tfr Years of Worldwide Aerospace Information for Only $100—Over 300,000 Citations

rospace
- ' • • ' ji ̂  ii«:''*.;; m

AIAA Member

immwmm WP

In cooperation with Knight-Ridder Information, AIAA is
pleased to offer its members the past six years of
Aerospace Database information (1992-1997)
on CD-ROM, for the low price of just $100.
Get Direct Personal Access.
No online charges. Just an easy-to-use CD-ROM for your
own personal use as an AIAA member.

Take advantage of this offer. Order your
CD-ROM today!

Aerospace Database CD-ROM (1992-1997)
ORDER #:CD-AD-98 (945)

To order, call AIAA Publications Customer Service:
800/682-AIAA.

Features: ^ mm
:^ ®m ^ m "̂

• Sort by keyworCsubject, fitle,%ufnor, source,
and more

• Browse the Journal Name index for fast
selection of articles

• Track papers by original language of publication
• Limit search to find material from a specific

conference
• Use on Windows or Macintosh platforms

&AIAA
American Institute of Aeronautics and Astronautics
Publications Customer Service, 9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
Fax 301/843-0159 Phone 800/682-2422 8 a.m.-5 p.m. EST


