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Abstract
A liquid fuel sheet injected into the combustor of gas turbine engines is deformed and atomized by the complex
interactions between the liquid sheet and air flows. Aiming at improving the control technology of a fuel spray, the
oscillation phenomenon and the primary break-up process of a planar liquid sheet with air flows have been studied

for many years. Based on the previous studies, we propose a new correlation on the longitudinal wavelength Aron

. }\Lon c . . . . . CIVG
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where MRy, is the lip momentum ratio defined in this study. In addition to previous visualization experiments of a
planar liquid sheet and parallel air flows with various densities of gas and liquid, gas and liquid velocities, liquid
sheet thicknesses and lip thicknesses, we carry out an additional experiment with various gas velocities and liquid
viscosities to cover all the effects of fluid properties, injector geometries including gas and liquid boundary layers
on the deformation and the atomization characteristics of the oscillating liquid sheet. Image analysis is conducted to
obtain fion. As a result, we confirm that liquid viscosity does not affect fion and Apron of the liquid sheet in a wide
range of liquid Reynolds number. Finally, we verify the validity of the correlations of Aron Whose constant ¢ is 14.3

and fi o, whose constant ¢’ is 0.095.

1. Introduction

A gas turbine engine has been used for aircraft propulsion and power generation. An air-blast atomizer, in which
an injected liquid sheet is atomized by high-speed air flows, is often used in gas turbines [1]. In spite of the
importance of the fuel spray characteristics in a gas turbine combustor, the atomization phenomenon of the liquid
film discharged from the injector has not been understood yet because of the complex multi-phase and multi-scale
phenomena and the difficulty in observing the high-speed atomization process.

Therefore, the atomization and deformation process of a simple planar liquid sheet induced by air flows has been

investigated. Squire [2] performed theoretical and experimental study about a flapping liquid film in a stationary



gas at sub atmospheric ambient pressures P, and concluded that his theoretical prediction of the longitudinal
wavelength Aron of the liquid sheet oscillation agreed with his measured result. Stapper et al. [3] visualized a plane
liquid sheet and proposed a deformation pattern map of a liquid sheet. Yoshida et al. [4] investigated the effects of
the gas injection angle on the gas flow field and the droplet sizes. Fernandez et al. [5] carried out an experiment
using water and kerosene as a liquid and measured the longitudinal oscillation frequency fion of the liquid sheet.
Dejean et al. [6] investigated the effects of liquid and air thicknesses on fion. Villedieu et al. [7] performed
numerical simulations using the SLOSH code, and compared the numerical and experimental results of gas velocity
profile and break-up length. Li-zi et al. [8] proposed a break-up model and predicted the droplet sizes theoretically
using Kelvin-Helmholtz (K-H) instability theory [9-10] without taking into account the effects of injector
geometries.

Ligaments and bags are generated during the primary atomization of the liquid sheet. By knowing the
longitudinal and transversal wavelengths of the liquid sheet, we can predict the characteristics of primary
atomization, such as the sizes of ligaments and bags. The bag break-up generates small droplets, and the ligament
break-up generates large droplets. Therefore, the longitudinal and transversal wavelengths are required to develop a
break-up model based on the detailed break-up process.

The fabrication technology determines the minimum thickness of an atomizer lip. Excessively reducing the lip
thickness may causes the destruction of the lip in the engine operation, while increase in the lip thickness strongly
affects the initial deformation and the characteristics of primary atomization of the liquid fuel sheet, which may
finally influence fuel spray diameter. Hence, in this study we clarify the effect of the lip thickness on the initial
deformation characteristics of the liquid sheet.

The effects of fluid properties of gas and liquid and injector geometries as well as gas and liquid velocities and
ambient pressures on fion and Aron have been discussed [5, 6, 11, 12]. Lozano et al. [11] investigated the effects of
liquid and air thicknesses on Aron of the planar liquid sheet, and proposed a correlation based on their experimental
result. The present authors [12] investigated the effects of fluid properties and velocities of gas and liquid on the
oscillating characteristics of the liquid sheet by two-dimensional numerical simulations. We clarified that the
oscillation of a liquid sheet is suppressed by the atomizer lip which forms a wake in its downstream, and proposed a
correlation on Apon. Villermaux [13] and Marmottant & Villermaux [14] reported the importance of boundary layer
on Aron. In the previous studies, however, the effects of fluid properties and injector geometries on fion and Aron
were discussed separately, and there are no correlations of fion and Apon for the air-blast atomizer which takes into
account the effects of both fluid properties and injector geometries. Thus, new correlations on fron and Apen for the
air-blast atomizer which takes into account the both effects must be developed. The present authors [15] conducted
visualization experiments of a planar liquid sheet and air flows with various liquid densities pr, gas densities pg,
liquid velocities Vi, gas velocities Vg, liquid sheet thicknesses Dy and lip thicknesses Drip, and presented empirical
correlations on Aron and fion. However, the empirical correlations are not based on physical background and did not
take into account the liquid velocity boundary layer.

In the present study, we examine the oscillation phenomenon of a liquid sheet based on the previous researches
and propose a new correlation on Aron and that on fron of an oscillating liquid sheet induced by air flows by

focusing on the gas and liquid boundary layers. Then, we carry out an additional visualization experiment of a



planar liquid sheet and parallel air flows with various liquid viscosities p. and gas velocities Vg to cover all the
effects of fluid properties and the injector geometries on the deformation and atomization characteristics of the
oscillating liquid sheet. Finally, the validities of the proposed correlations on Aron and fion are verified through the

comparison of measured and estimated results.

2. Proposal of the correlations on the longitudinal wavelength and the oscillation frequency of the liquid
sheet oscillation

In this section, firstly, we review some of the previous correlations on Aron. Then, by taking into account the
effect of the lip, we propose a new empirical correlation for an air-blast atomizer.

Some of the major correlations on Aren of the oscillating liquid column and sheet are summarized in Table 1,
where &g is the gas boundary layer thickness, o the surface tension, p the density, V the inlet velocity, D the

thickness, and the subscripts G, L and Lip are gas, liquid and lip, respectively. In the table, MFR is the momentum

flux ratio defined by
MFR = '; g ZGZZ (1)
LVL
and MR is the momentum ratio defined by
ug = 2eYe Do @
pLVL"Dy,

These correlations were proposed through the theoretical, experimental, or numerical studies under various
operating conditions and fuel injector designs [2, 11-14].

The viscous effect on the shear instability is generally small at high Reynolds number. Under low Reynolds
number condition, in contrast, the gas viscous effect on the shear instability becomes effective because the ratio of
the viscous diffusion timescale to the instability development timescale becomes small [16]. The effect of surface
tension ¢ or gas boundary layer thickness dg at the interface for the liquid-gas coaxial jet on Aron is individually
taken into account in some correlations [13, 14]. Based on the inviscid linear instability analysis of a liquid sheet,
Squire [2] takes surface tension effect into account in his correlation of Aron. In contrast, surface tension effect on
ALon Was not considered under the high Weber number or the thick boundary layer layer conditions [11, 12, 14].
Lozano et al. [11] proposed the following empirical correlation on Apon through the experiments for various Dg and
Dv:

ALon 20.39
\/'m = W (3)
By inserting eq. (2) into eq. (3), we can derive the following equation:
Aron  20.39

= 4
D, MFR ®

which indicates that Aron depends not on Dg but on Dy, if MFR is the key parameter. However, the effects of fluid
properties of gas and liquid on Aron Were not investigated systematically in the previous studies, and we cannot
understand the reason why the dominant length scale is Dy within various dominant length scales including Dy, 8

and or. Based on the numerical simulations with various Vg, Vi, pL, pg, UL and ug with constant Dy and Dy, the



present authors [12] proposed the following correlation on Ar.n under the limited condition of constant Dr. and Dyip:
Apon & __ (3)
MFR
These correlations suggest that MFR is dominant for Aron [11, 12].

Then, we discuss about which length scale should be used to non-dimensionalize Aron. Some researchers use the
boundary layer thickness & at the gas-liquid interface to normalize Aron [13, 14]. We derive the following
correlation on Aron normalized by &:

A 1
L50n x MFR

(6)

We reported through a number of numerical simulations that a wake is formed downstream of the lip, which
decreases the gas velocity gradient at the liquid sheet interface [12]. The result shows that the boundary layer
thickness g of the gas flow at the gas-liquid interface can be presented by the lip thickness Drip, and we can
neglect the liquid boundary layer thickness &1 because the formation of a liquid boundary layer requires much
longer time than the deformation of a liquid sheet, which was clarified by Marmottant et al. [14]. Based on these
considerations, eq. (6) can be rewritten as

Mon Maon 1
6  Dup ~MFR

(7)

Here, we discuss about the length scales in momentums of gas and liquid. The momentum of a thin liquid film
which exchanges the momentum with the surrounding air flow is clearly given by pLVi?Dy because not the liquid
shear layer whose thickness is &1, along the gas-liquid interface but the entire liquid sheet oscillates whose thickness
is Dr, while the dominant momentum of gas phase should not be pgVs>Dg because not all the air flows injected
from the injector but the air flow in the velocity boundary layer of the wake whose thickness is as large as the lip
thickness Drj, interacts with the liquid sheet. Therefore, we define the dominant momentum of gas phase as
pGV6'DLip, and propose a new dimensionless number, the lip momentum ratio MRpi,, which has a similar

formulation with MR but using Dy, as follows:

®)

By replacing MFR in eq. (7) with MRy, we introduce the following dimensionless correlation on Apon based on the
conclusions that (i) Drip should be used to normalize Aron, and (ii) the exchange of gas and liquid momentums is
governed not by MFR but by MRy

Aon ¢

= 9
Dup  MRyy ®

where c is the constant.

Since the liquid sheet is atomized within an extremely short distance from the injector, it is not easy to measure
ALon from experimental images. On the other hand, it is easy to measure the oscillation frequency fion of the liquid
sheet. The Aron and fion are determined physically far upstream of the point where the first wave appears. Even at
the downstream point, the effect of Vg on wave velocity is 3~4 % [17]. That is why we ignore the acceleration of

liquid sheet by the air flow in this study. Therefore, the oscillation frequency fron of the liquid sheet can be given



by:

VL = fronALon (10)
Finally, we derive the following correlation on fio, from egs. (9) and (10):
c'Vg

fLon = (11)
o \VPL/ PG+ DDy

where ¢’ is the constant. The validity of the correlation on fi o, is examined in this study.

3. Experimental Setup and Condition

Experiments with a planar air-blast atomizer were carried out with various fluid properties and injectors to
understand the deformation and atomization characteristics and to examine the validity of the proposed correlations.
Figures 1(a) and (b) show the experimental apparatus for atmospheric pressure test and that for high ambient
pressure test, respectively. We used the same experimental rigs which were used by Yoshida et al. [4]. Filtered
kerosene or water at room temperature was injected into the atmosphere or high ambient pressure through an
injector, and filtered water with Ty, = 283, 288, 323 K was also injected into the atmosphere to examine the effect of
liquid viscosity pr. In the followings, unless otherwise noted, liquid temperature Ti. was 288+5 K. The liquid was
injected using a pump (Fuji Techno Industries, Co., HYSA-20) and liquid flow rate was adjusted by the rotation
controller (Mitsubishi Electric Co., GM-S). The maximum error in measured Vi was 1 %. In the experiment of
high water temperature, water in the liquid tank was heated by a heater (Kashima Co. Ltd., WPS-110, 1000W
maximum) with a temperature controller. The heated water was injected continuously to warm up the piping system
before the visualization test, so that hot water at the stable temperature of 323 K +2 K was injected from the
injector. We measured the temperature of injected water by a thermometer just after the injection. The air flow was
injected from a blower (Kawasaki Heavy Industries, Ltd., GR91) or a compressor (Maximum discharge pressure
was 1 MPa). The gas flow rate was controlled using a valve, and was measured using a manometer at the
atmospheric pressure test rig and was measured using a flow meter at the high ambient pressure test rig. The
maximum error in measured Vg was 2% .

Figures 2(a) and (b) show the side and bottom views of the injector exit. We performed backlight high-speed
photographing via a high-speed camera (Vision Research Inc., Phantom v7.3) and a metal-halide lamp (Kyowa Co.
Ltd., MID-25FC). The spatial resolution of the images was 90 um / pixel, and the acquisition rate was 6,504 ~
8,000 frames per second. Table 2 shows the entire experimental conditions, and Table 3 shows fluid properties of
liquids at liquid temperature Tr=283, 288 and 323 K. Physical property of water is based on the database [18].
Physical property of kerosene was referred from the article [19]. When the temperature of pure water is changed
from 283 to 323 K, liquid viscosity pr, becomes less than half of the original value. On the other hand, the change
in surface tension by the temperature variation from 283 K to 323 K is only 8 %. That is why the effect of the
difference in surface tension is smaller than that of the difference in viscosity. Since air-blast atomizers are operated
under high Weber number condition, the effect of surface tension on Apon is not considered in the previous studies
[11, 13, 14] and in this study.

Lip thickness Drip, was 0.2 or 0.4 mm, and liquid sheet thickness D was 0.2 or 0.5 mm, and air channel width

D¢ was fixed to 3.0 mm. The ranges of gas velocity Vg were 15 < Vg < 75 m/s and liquid inflow velocity Vi was



varied within 0.7 < Vi < 3.8 m/s. Ambient pressure P, was varied from 0.1 to 0.4 MPa. As shown in Fig. 3, we
measured oscillation frequency fion by FFT analysis of the time histories of the luminosity at the white rectangle

region where the first waves were passing through. The frequency resolution was 25.4 Hz.

4. Results and Discussion
4.1 Visualization

Time histories of the front and side views of a flapping water sheet for Vi=1.2 m/s, V¢=30 m/s, P,=0.1 MPa,
D1=0.5 mm and Drjp=0.2 mm are shown in Fig. 4. The images of the front and side views were captured
individually. The red lines showing wave undulations in front and side views correspond to each other. The liquid
film has a smooth interface near the exit of the injector and oscillates largely in the downstream by the K-H
instability theory. In this case at about 15 mm downstream of the injector, the rapture of the liquid sheet occurs after
the bag formation induced by Rayleigh-Taylor instability [20-21]. Fernandez et al. [5] concluded that deformation
pattern map of a planar liquid sheet could be governed by MFR, and cellular break-up [3] occurred when MFR was
below 0.50. Figure 5 shows some front views of liquid sheets of kerosene and water sorted by MFR. Flow patterns
and longitudinal wavelengths of kerosene and water are different even with the same MFR. As can be seen from
Fig. 5 (b), Cellular break-up does not occur at Vi=0.75 m/s and MFR=0.7. Thus, it is confirmed that deformation
pattern map cannot be summarized by MFR. In the followings, we arrange flow patterns and fi., based on Vg and
Vv to clarify the dominant factors on the liquid sheet atomization process.

Figure 6 shows the images of the oscillating water sheet at various P, to examine the effects of pg. The
longitudinal wavelength Apon of the oscillating liquid sheet decreases with increasing Vg. The density ratio pr/pg is
smaller at higher P,, which decreases ArLon based on the K-H instability.

The front views of the water sheets with Dri;=0.2, 0.4 mm and D;=0.5, 0.2 mm are shown in Figs. 7(a) and (b),
respectively. The wavelength at Dri,=0.4 mm is slightly longer than that for Drj;=0.2 mm.

We have reported that gas and liquid viscosities do not largely affect the oscillation of a liquid sheet at several
hundred of liquid Reynolds number [12]. In this study, we performed the experiment with various water
temperatures Tr, in order to clarify whether we can neglect the effect of i, in other word, the effect of 81, on the
liquid sheet oscillation under the wide range of experimental conditions. Figure 8 shows the images of the
oscillating liquid sheets with Tr=283 K and 323K. When the temperature is changed from 283 to 323 K,
decreases from 1.3x107 to 5.5x10™ Pa-s. The liquid sheet patterns at different u. are extremely similar in spite of

the large difference in py.

4.2 Oscillation frequency fion

Figure 9 shows measured fion with kerosene and water, by which the effects of liquid density pr. can be examined.
Oscillation frequency fion for kerosene is in proportion to Vg, which shows the same trend as water, and fron of
kerosene is higher than that of water at same V. The measured fron shown in Fig. 9 does not depend on V. Figure
10 shows the side views of a water sheet. The Ao increases with liquid velocity Vi. The fact indicates that wave
velocity is nearly equal to V1. The interaction between gas and liquid is promoted by increasing Vg. Squire [2] and

Park et al. [22] proposed the following equation based on the inviscid linear instability theory:
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Mon ® —————= 12
tom pc (Vg — V)2 (12)
Villermaux [13] and Marmottant & Villermaux [14] proposed the following correlation on Apon:

Lon™ 1_5 e Ve

According to eq. (12), ALon is in inverse proportion to (Vg- VL)?. However, our experimental result shows that Aron
is not inversely proportional to Vg but Vg due to the effect of the wake of the lip. In eq. (13), the effects of Dg and
UG are taken into account while the effects of Dy, Drj, and Vi are not taken into account. The liquid sheet in an
air-blast atomizer is thin whose thickness is of the order of 100 um while the liquid in a coaxial injector is thick
whose thickness is of the order of 1 mm. The difference between eq. (9) and eq. (13) may be caused by the
difference in the thicknesses of the liquid. From the above discussions, we can conclude that conventional
theoretical analysis without the lip is not applicable to predict Apon.

Figure 11 shows measured fion for various P,, which represents the effects of pg. The result clearly shows that
the higher pg results in higher fion, which agrees with the trend obtained by eq. (11). The oscillation frequencies
fion Obtained by the present experiment with various Dy and Dy, are presented in Fig. 12. It is clear that the smaller
Dy is, the larger fion becomes, which agrees qualitatively with Lozano’s result [11]. The result also indicates that
the increase in Drj, decreases fron. Measured frequencies fion with different temperatures of 283K and 323K are
shown in Fig. 13. The result for hot water agrees well with that for cold water, by which we can clearly conclude

that the effect of ur. on fion is ignorable.

4.3 Validation of correlations of fion and Aron

Finally, we verify the validity of correlations on fion and Aron using the measurement data. By using a least
squares method, we fit the experimental result to our correlation. Figure 14 shows the relationship between
measured \/m\/DLTLlp fron and Vg for all the experimental data. The result confirms that the effects of fluid
properties and injector geometries on fion can be correlated well by eq. (11) with ¢’ = 0.095 whose asymptotic
standard error (ASE) is 1.2 %. Hence, we can obtain the following correlation.

JPL/PeDLDLipfron = 0.095V (14)
At high Vg, measured fion obtained at the atmospheric pressure test rig becomes slightly higher than that obtained
at the high ambient pressure test rig because of the spatial constraint in the high ambient pressure test rig. Hence,
measured fion for Vg>40 m/s in the atmospheric pressure test is slightly larger than the prediction.

Figure 15 shows the comparison between our measured result and the prediction using the correlation eq. (3)
proposed by Lozano et al. [11]. Their correlation overestimates the wavelength and cannot appropriately take into
account the effect of the injector geometry. Figure 16 shows the relationship between measured A,4, /Dy, and
1 /m for all the experimental data. These results agree well with the newly proposed correlation given as
equation (9) with c=14.3 and ASE=1.7%, which confirms the validity of the proposed correlation on Aron. From the
results, the dimensionless relation between Aron and MRy, by considering dominant fluid properties and injector

geometries is given as follows:



A 14.3
Lon — (15)

DLiP v MRLip

From this study, it is found that fion and Aron depend on lip thickness, and it is important to pay attention to the

lip thickness in the design of an air-blast atomizer.

5. Conclusions

The longitudinal oscillation of a planar liquid sheet induced by air flows with various liquid densities pr, gas
densities pg, liquid velocities Vi, gas velocities Vg, liquid viscosities pr, liquid sheet thicknesses Dy and lip thicknesses
Dvjp was investigated. Firstly, we proposed the new correlations on the longitudinal wavelength Aron and frequency
fion based on the previous studies. Then, we visualized the planar oscillating liquid sheet with parallel air flows,
and obtained the additional experimental data with various Vg and p, to cover all the effects of fluid properties and
injector geometries on the deformation and atomization characteristics of the oscillating liquid sheet. Finally, the
correlations on Aron and fion were verified using our entire measurements. As a result, we obtained the following
conclusions.
(1) Deformation pattern map of a liquid sheet with air flows cannot be summarized by MFR.
(2) The effects of uL on fron and Aron are ignorable under the present experimental condition.
(3) We proposed the lip momentum ratio MRy;, as a new dominant dimensionless number based on the lip

thickness Drjp, since the thickness of the gas velocity boundary layer at the downstream of the lip depends on Drjp.

. . . Aon 143 . _0.095Vg
(4) We derived the correlation on Aron given by Dup . IR and that on fion given by f;,, = NS

whose validities were verified through the comparison between measured and estimated results.
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Table 1. Correlations on the longitudinal wavelength Aron of the liquid

Author Lozano et al. [11] Marmottant et al. [14] Squire [2]
o Airblasted Liquid jets Thin liquid
Characteristics L . ) ) ) .
planar liquid sheet in a coaxial air stream in a stationary gas
" Vg>2>V, large We, .
Condition 0.5<D<1.9 mm, 3.45<D4<35 mm Low ambient pressures
D jp=1.6 mm
Wavelength Ason = 2939 2 (pL V2 A Amo
~__[= S Lon = ;2
WIDLDG VMR Lon 15 P G pGVL
Author Oshima et al. [12] Villermaux [13]
o 2D liquid sheet Liquid jets
Characteristics ) ) . ) )
with air flows in a coaxial air stream
Condition D,=0, 0.4 mm, D, =0.5mm pL>>va Va>> Ve
— 2
Wavelength ALon Aron = 3n(0o/pcVy)
MFR
\:DQ:I Compressor|
Liquid Valve
om ==
O "
= Light @}wecmr
Liquid tank
Liquid tank . .
Atmosphere ) Atmosphere
High Speed Camera High speed camera
l_] L<iqjd Separator |_| Ijqjd Separator
Drain tank Drain tank
(a) Atmospheric pressure test rig (b) High ambient pressure test rig
Fig. 1. Experimental set up
. Lip Liquid :
\ Air \ lqul A
\ \% 40mm

7

]
X

r~

\/*’7?

DLip DL z

D;=3.0 mm

(a) Side view

p,”'D

LP D;=3.0 mm

(b) Top view

Fig. 2. Schematic of planar air-blast atomizer




35mm

Table 2. Experimental condition

Parameter Values Parameter Values
o Ambient pressure P,
Lip thickness Dri, [mm] 02,04 0.1,0.15,0.2,0.3,0.4
[MPa]
Liquid sheet width Di. [mm)] 0.2,0.5 Gas velocity Vg [m/s] 15<Vg<T75
Air channel width Dg [mm] 3.0 Liquid velocity Vi [m/s] 0.7<Vp<3.8
Liquid temperature Ty [K] 283, 288, 323

Table 3. Fluid properties of liquids [17, 18]

(a) Measured region

time [ms]

(b) Time history of the brightness

Liquid (T.=288 K)
Water Kerosene
Density | Viscosity | Surface tension Density Viscosity | Surface tension
p [kg/m’] | u[mPa-s] o [mN/m] p [kg/m’] | u[mPa-s] o [mN/m]
999 1.1 74 784 1.3 28
Water
T =283 K Ti=323K
Density | Viscosity | Surface tension Density Viscosity | Surface tension
p [kg/m’] | u[mPa-s] o [mN/m] p [kg/m®] | p[mPa-s] 6 [mN/m]
1000 1.3 74 988 0.5 68
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(c) Power spectrum of the brightness

Fig. 3. A sample of FFT analysis to calculate oscillation frequency fion




t=0 ms t=0.9ms t=1.8 ms t=2.7ms

(a) Front view

t=0ms =0.9ms t=1.8 ms =2.7ms
(b) Side view
Fig. 4. High-speed images of water sheet (Vi=1.2 m/s, V=30 m/s, atmospheric pressure, D1=0.5 mm, Dr;,=0.2 mm)
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Fig. 5. Flow patterns of kerosene and water based on momentum flux ratio

(atmospheric pressure, Dr=0.5 mm, Dr;,=0.2 mm)
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Fig. 6. Effect of ambient pressure P, on flow pattern of water sheet (D=0.5 mm, Dr;,=0.2 mm)
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Fig. 7. Effects of Drj, and Dt on flow pattern of water sheet (atmospheric pressure)
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Fig. 8. Effect of T on flow patterns of water sheet (atmospheric pressure, Dr=0.5 mm, Dr;,=0.2 mm)
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Fig. 9. Effect of pr on longitudinal wavelength Aron (atmospheric pressure, Dp=0.5 mm, Dr;p=0.2 mm)
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Fig. 10. Side views of water sheet to show the effect of Vi on Aron (atmospheric pressure, D1=0.5 mm, Dr;,=0.2 mm)
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Fig. 11. Effect of gas density pg on fron (Water, DL=0.5 mm, Drijp=0.2 mm)
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Fig. 12. Effects of D, and Dt on fio, (Water, atmospheric pressure)
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Fig, 13. Effect of T1 on fion (Water, atmospheric pressure, Dr=0.5 mm, Drj,=0.2 mm)
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Fig. 14. Normalized frequency taking into account all experimental data



° Water, D, =0.5 mm, D I0_0.2 mm, atmospheric pressure
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Fig. 15. Comparison of our experimental result and Lozano’s correlation
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Fig. 16. Non-dimensional wavelength Aron / Drip with lip momentum ratio MRy






