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The breakup and atomization of a small-diameter liquid jet by a high-speed coaxial gas stream has
been investigated experimentally using high-speed video and phase-Doppler particle sizing
techniques. Observations of the initial breakup of the liquid jet in the near-nozzle region, combined
with measurements of both droplet size and velocity throughout the flow domain were utilized in an
endeavor to eucidate the dominant mechanisms of both primary and secondary breakup in coaxia
liquid-gas jet flows. High-speed images of the primary breakup process illustrate that when the
aerodynamic Weber number and the gas-to-liquid momentum flux ratio are large, the bulk of the
liquid atomization is completed within a few ges-jet diameters of the nozzle exit, insde of the
potential cone of the gas flow. The liquid is reduced to a very fine mist through an aerodynamic
stripping process which closely resembles that of aliquid drop suddenly exposed to a high-speed gas
stream. These observations, aong with an experimental analysis of the dependence of the mean
droplet diameter on the gas velocity and surface tension, have implicated the Rayleigh-Taylor
instability as the dominant mechanism of primary droplet formation. A phenomenological breakup
model has been developed, which proposes that the primary droplet size should scale with the most
amplified wavelength of the Rayleigh-Taylor instability. Predictions from this model have been
shown to compare well with droplet-size measurements and instability wavelengths in the
aerodynamic breakup of both water and ethanol jets. An andyss of the effect of relative
acceleration of different droplet size classes has aso been carried out as part of a broader study of
secondary breakup mechanisms in the downstream evolution of mean droplet sizesin coaxial jets.

1. Introduction

The breakup and atomization of aliquid jet by a high-speed gas stream is multi- parameter,
two-phase flow problem which continues to resist clear understanding. A recent review by
Lasheras and Hopfinger [1] brings light to the many goen questions which remain in this
area of fluid mechanics. For combustion applications, empirical correlations for droplet
sizes as a function of injection parameters are plentiful [2], however, detailed studies of the
physica mechanisms responsible for these relationships are clearly needed in order to
construct broadly applicable models.

The breakup and atomization of a liquid jet injected into a high-speed gas stream is
fundamentally different from that which occurs for the same jet discharging into a stagnant
gaseous environment. When the gas stream momentum flux is of the same order, or in
excess of that of the liquid jet, the atomization is achieved through a kinetic energy transfer
from the gasto the liquid. This type of atomization is known as air-assist atomization (when



ar is the gas) [2], and a typical geometry for this type of atomization is one of a coaxial
nature, shown schematicaly in Fig. 1. In this configuration, a round liquid jet of diameter
D, is atomized by an annular gas jet of outer diameter Dy, these streams having velocities of
U, and Ug, respectively. Practical applications of coaxial atomization are numerous,
particular in combustion systems. In liquid-propellant rocket engines for example, a large
number of coaxial atomizers are employed to supply the fuel and oxidizer for combustion

[3].
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Figure 1 — Large-arearatio coaxid liquid-gas nozzle geometry

Empirical expressions in coaxial jet sprays are most often expressed in the form of power
laws for the Sauter mean diameter (SVID) as a function of injection conditions; in particular,
the dependence of mean droplet sizes as a function of the atomizing gas velocity are
commonly expressed as SMD p Ug™, with n ranging from 0.7 = n=1.5. Physical arguments
for particular values of the exponent n are generally lacking however.

The instability which occurs at the interface of paralel flowing gas and liquid streams
has been studied by many investigators (e.g. [4][5][6][7][8]). Rayna [8] has shown that the
wavelength of the instability which develops at the gasliquid interface in coaxial jets
ultimately depends on the gas vorticity thickness and the density ratio as | 1 p dyri/r g)”2.
Anmplification of this primary wave structure leads to the formation of axisymmetric or
helical wave sheets which eventually breakup into droplets. The mechanisms of formation
and breakup of these wave sheets or liquid tongues are still poorly understood. These
mechanisms are expected to depend strongly on the aerodynamic Weber number
(We=r,({U,-U, D, /s ), as is known from studies of drop breakup in high-speed gas
streams [9][10][11].

Beyond the initial breakup region, secondary drop breakup mechanisms are generally
necessary to explain the experimentally observed downstream variation of mean droplet
sizes. Relative acceleration effects have mostly been ignored in spray studies to date; the
unavoidable creation of a polydisperse droplet-size distribution in the primary breakup
process gives rise to a Situation wherein different droplet size classes respond differently to
the surrounding high-speed gas. Differences in the acceleration of different size droplets
can lead to nontrivial downstream variations in the mean droplet diameter through a
‘convective shuffling’ effect.

2. Experimental setup

The flow configuration chosen for this study was shown in Fig. 1, consisting of a round
liquid jet surrounded by a co-flowing annular gas stream. This fundamentally simple flow
geometry provides for well-known exit conditions and avoids the complicated internal flows
which are common to practical atomizers. A modular design was employed for the
atomization test rig, which allowed for interchangeable gas nozzles and liquid tubes. Two
different gas nozzles were chosen, corsisting of a straight injector and a smooth



convergence nozzle with a 12:1 contraction ratio. The latter nozzle provided for thin
laminar boundary layers at the exit, which the straight geometry produced thicker turbulent
boundary layers for the same flows. The liquid tubes used in the experiments had inner
diameters of 1.0 mm and 0.32 mm, with the same outer diameter of 1.3 mm. The nozzle
diameter for both gas nozzles was Dy = 11.2 mm, which yielded gas-to-liquid exit areas of
approximately 125 and 1200 for the two liquid nozzles respectively.

The fluids chosen for this study were air for the gas flow, and both water and ethanol for
the liquid. The section-averaged air velocity, Ug, was varied from 30 m/s to 165 m/s, while
the liquid velocity was varied from 1.7 m/sto 16.6 m/s. All experiments were carried out at
atmospheric pressure. Two measurement techniques were employed for the characterization
of the liquid breakup process. Flow visuaizations were performed using a high-speed
digital video camera (Photron Super Fastcam) and stroboscopic backlight, while droplet size
measurements were carried out at downstream locations ranging fromx/Dg = 5 to 60 with a
commercial phase-Doppler particle analyzer (PDPA) from TSI Incorporated.

3. Results
3.1 High-speed video observations

Select high-speed video images of the initial liquid jet breakup process at various flow
conditions are shown in Fig. 2 athrough 2c. The right side of each image corresponds to the
nozzle exit plane, and the flow direction is therefore from left to right in all cases. The
downstream extent of these images is approximately one gas-jet diameter. Fig. 2ais an
image of the 1.0 mm water jet issuing at 1.7 m/s inside an annular gas flow with an exit
velocity of 40 m/s. The liquid flow is laminar under these conditions, and the Weber
number equals 24, which places the jet in a so-called ‘membrane breakup’ regime [1]. A
well-defined wavelength of the primary shear instability (here of helical nature) is evident in
thisimage. Fig. 2b presents the coaxial jet for the same liquid Reynolds number, but for a
larger gas velocity of 69 m/s, which yields We = 74. Theliquid jet is observed to make large
radial excursions from the central &is, exposing segments of the jet to perpendicular
exposure to the oncoming gas flow. In Fig. 2c, which corresponds to We = 437, the breakup
process is much more intense, and the integrity of the liquid jet is compromised much closer
to the nozzle exit. The liquid jet is effectively reduced to a fine mist over the lateral extent
of the image. The breakup process in this image appears to be a strong stripping-type
breakup which occurs on an intermediate scale associated with a secondary wave structure
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Figure 2 — Instantaneous initial breskup images, D, = 1.0 mm a) Uy =40nvs, U, = 1.7 m/s, We = 24,
Re, = 2.6 x 10°, Re = 1700 b) U, = 69 mi's, U, = 1.7 mis, We = 74, Re; = 4.6 x 10°, Rey = 1700 ¢) U,
=165m/s, U, = 1.7 m/s, We = 437, Re, = 1.1 x 10°, Re; = 1700




3.2 Droplet-size measurements

In this subsection, results of droplet-size measurements taken at various locations
downstream of the initial breakup region are presented. By varying fow conditions and
fluid properties, an attempt has been made to determine the dependency of the SMD on
various flow quantities. The sensitivity of the SMD to the liquid jet diameter for constant
mass flux ratio is shown in Fig. 3, which is a plot of the droplet SMD as a function of x/Dq
for water flow from two different nozzle diameters (D, = 1.0 mm and 0.32 mm) and Ug =
165 m/s. This data indicates that the mean droplet size is not very senditive to the liquid jet
diameter, which was reduced by a factor of three between the two nozzles. Fig. 4 shows a
comparison of the droplet SVID as a function of atomizing gas velocity at x/Dg = 15 for the
two different gas nozzle geometries discussed in Section 2. A significant reduction in the
SVID is observed for the convergent gas nozzle compared to the straight injector nozzle,
with smaller diameters observed for the thin boundary layer associated with the convergent
nozzle. The effect of surface tension on the SMD was investigated by comparing droplet-
size measurements for the breakup of water and ethanol. Ethanol has a surface tension value
which is approximately three times less than that of water, while possessing comparable
density and viscosity values. Fig. 5 contains plots of droplet SMD as a function of x/Dg for
water and ethanol jets emanating from the liquid tube of diameter D; = 0.32 mm a U, = 16
m/s. The gas exit velocity in these experiments was 165 m/s. Significantly smaller mean
droplet sizes are observed for ethanol compared with water, and moreover, the size

reduction appears to be a constant factor which is approximately s e /S wane J3. This
result suggests a potential scaling of SMD p We'V2,
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Fig. 6 contains five distinct droplet-size data sets which include measurements for water and
ethanol, two different liquid nozzles, and various liquid nozzle exit velocities, al plotted as a
function of We'2. The data collapse well to two distinct curves, one corresponding to each
liquid jet diameter. As it will be shown in the following section, the critical length scale is
the primary instability wavelength, | 1, rather than the liquid jet diameter. Recalling that this
wavelength is proportional to the gas vorticity-layer thickness, we note that the
measurements of Fig. 4. support this scaling, indicating an appreciable dependence of the
SVID on the gas boundary- layer thickness.

4. Initial jet breakup model

Visua observations of the near-nozzle region of the coaxia liquid-gas jet flow in the present
experiments have revealed a mechanism of jet breakup which appears to share common
features with the disintegration of drops in high-speed gas streams. In particular, waves
developed at the liquid jet surface by the primary shear instability in the coaxial jet are
drawn out into tongues by the surrounding gas stream, and these tongues are subsequently
destabilized in a manner which bears a striking resemblance to the accelerative
destabilization of drops. This resemblance isillustrated in Fig. 7, which compares an image
of coaxial jet breakup for the 1.0 mm diameter water jet \We = 437) in the current study to
the breakup of a 2.5 mm water drop in a high-speed air stream [9]. The geometric
resemblance of these two flow scenarios is shown schematically in Fig. 8. Primary wave
surfaces exposed to the oncoming gas flow in the coaxia liquid-gas jet are roughly
equivalent to one half of the windward surface of a liquid drop in a high-speed gas flow.
Droplet formation appears to occur in both cases through the development of a secondary
instability which manifests itself along the surface of the liquid tongues or the drop surface.
The most plausible breakup mechanism, at least in the current experiments, appears to be
associated with an accelerative destabilization of tongues of liquid drawn out of the jet
surface by the primary shear instability; this accelerative destabilization mechanism being
the well-known Rayleigh-Taylor instability which develops when a liquid surface is
accelerated in a direction perpendicular to its plane. A phenomenological breakup model
based on this instability mechanism is now presented.

Figure 7 - Instantaneous flow image Figure 8- Illustration of the analogy between
comparison of the catastrophic breakup of a high-speed gas flow over aliquid drop and
2.5 mm water droplet (Joseph et al. [9]) anda  over a primary wave crest in a coaxial liquid-

1.0 mm water jet at high Weber number gasjet



The action of the high-speed gas on the primary wave structure acts to draw the waves out
into tongues of a characteristic thickness, proportional to | 1. The surfaces of these tongues
are subsequently exposed to large accelerations by the high-speed gas stream, which
destabilizes them via the Rayleigh-Taylor instability, forming corrugations of a
characteristic wavelength, | rr. These Rayleigh-Taylor waves become amplified, and the
integrity of the liquid tongue is eventually broken, as droplets are formed with a typical size
d, whered p | gr. To develop this model, we consider the acceleration of the liquid tongue,
perpendicular to its surface, at a constant acceleration, a. The classic linear stability analysis
of the Rayleigh-Taylor problem, including the effects of surface tension [L2], yields the
following expression for the wave with the maximal growth rate:

o =203 4.1

r,a
The acceleration of the liquid tongues, is estimated as

a»lorg(ug(l""\]rg/r')'U'% (4.2

Details of the development of this acceleration term can be found in [13]. The functional
dependence of the primary wavelength on the density ratio and the vorticity- layer thickness
was discussed in section 1, and can be written in general, as

| _99/90789 9% 43)

To estimate the proportionality constant, g, we have used experimental measurements of | 1
from images such as that shown in Fig. 2a.  From this analysis, we have estimated g =
0.055m"2?, which yields the following expression for the most unstable Rayleigh Taylor
wavelength,

3497 1 n, Vis % (4.4)
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In a manner similar to that which was done by Joseph et al. [9], predicted Rayleigh- Taylor
wavelengths from EQ. 4.4 have been compared to measured values from a subset of our
high-speed images. Two such images are presented here in Fig. 9 (additional comparisons
may be found in [13]); in each figure, tick marks have been placed on the image to indicate
the most evident wave spacing, which was measured using a commercial image analysis
software program. In Fig. 9a, EQ. 4.4 predicts 242 nm, while the measured value was 200
mm. In Fig. 9b, the predicted wavelength is 185 nm, while the measured value was 213 nm.
Over alarger subset of image comparisons, the agreement between Eqg. 4.4 and the measured
image values was on average within 14 percent.

A comparison of the SVID values to the measured Rayleigh-Taylor waves in our
experiments suggests that (on average) SMD » | g1/5, which permits the extension of Eq. 4.4
to provide a practical expression for the SMD,

0.689 (r n )}/ S (4.5)
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The dependence of the droplet SMD on surface tension predicted by the current model (SVID
1 s¥?) is supported by the measurements presented in Section 3, and has been viewed here
as a footprint of the Rayleigh-Taylor instability in the primary breakup process. The gas
velocity dependence of this model is also significant, particularly in light of the historical
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value which has been placed on correlations of the form, SMD p Ug". Eg. 4.5 predicts a
dependence of Ug'5’4, or n=1.25. Fig. 10 shows two plots of droplet SVID as a function of
gas velocity in the current experiments, for two sets of flow conditions. Power-law curves
have been fit to these data sets to determine the best-fit value of n for comparison to the
model-predicted value of 1.25. The best fits to these data sets yield n =1.22 and 1.29, which
agree very well with the model prediction.

A new Weber number may be defined based on the relevant length scale in the problem,

| 1,85 We=r g(Ug - U,)2| 1/s, , which for the case of interest, wherein r ¢ << r, permits Eq.
4.5 to be rewritten as
VD 0.68 4.6
/1 » V\el}é ( )

Fig. 11 contains the droplet-size data of Fig. 6, scaled by the primary instability wavelength,
and re-plotted as a function of We_ . The data from the five different experiments,

involving both water and ethanol, collapse very well over nearly a decade in We to the
power law dependence predicted by Eq. 4.6.

Figure 9 - Instantaneous flow image with Figure 10 - Instantaneous flow image with
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5. Secondary mechanisms: Relative acceleration effects

Experimental data from coaxial liquid-gas jet flows consistently illustrates that the mean
droplet diameter evolves with downstream distance from the nozzle outlet, indicating that
additional processes are at work in the jet after the liquid droplets leave the near-nozzle
primary breakup region. Fig. 13 contains SMD data as a function of x/Dg for the current
coaxial configuration, and clearly exhibits this downstream variation of the mean drop size.



After the primary breakup process is completed, the SMD is observed to continue to
decrease with downstream distance, eventualy reaching a minimum value, and then
subsequently increasing again gradually with continued downstream distance. A combined
effect of several secondary mechanisms is typical in coaxial sprays, making it difficult to
decipher which mechanism is dominant. These mechanisms can include such processes as
turbulent breakup, droplet collisions, coalescence, evaporation, and relative acceleration.
Along with the SMD evolution, Fig. 13 contains corresponding experimental measurements
of the mean dip velocity between the largest droplets and the gas flow. The mean velocity
of droplets of diameters d < 5 mm has been used to characterize the gas velocity. It is
remarkable to note that the minimum SMD occurs at precisely the same downstream
location as the maximum dlip velocity of the largest size droplets. This observation supports
the postulate that droplet acceleration plays more than a minor role in the downstream
variation of the mean droplet diameter. A discussion of the quantitative effects of this

mechanism can be found in [13] aong with a comprehensive analysis of several other
secondary breakup mechanisms.
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6. Conclusions

The breakup and atomization of a small-diameter liquid jet by a high-speed gas stream has
been shown to occur through a combined interfacial and Rayleigh-Taylor instability. A
proposed Rayleigh-Taylor phenomenological breakup model based upon the acceleration of
liquid tongues drawn out of the jet surface has been demonstrated to give results which
agree very well with experimental mean droplet-size results for the breakup of both water
and ethanol jets. Primary droplet sizes have been shown to scale well on the most unstable
Rayleigh- Taylor wavelength, and the dependence of the droplet diameter on both the
atomizing gas velocity and the liquid surface tension have been successfully captured by the
proposed phenomenological breakup model.
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