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Abstract

A specific design of internal-mixing twin-fluid atomizers is the Y-jet nozzle, in which the
liquid and the gas jets impinge inside the mixing chamber with a specific angle between them.
Some geometrical configurations are explored to promote an effective momentum transfer
between the fluids. Hence, this work aims to improve the atomization efficiency by proposing
modifications to the internal-mixing chamber of Y-jet atomizers. For this, experimental
measurements employing the phase-Doppler anemometry (PDA) technique are conducted
using water and air. Given a base geometry, the design variations consider increasing the
length and the opening angle of the mixing chamber. Measurement results axially distributed
from 65 to 145 mm downstream of the nozzle outlet indicate a strong dependence of the spray
droplet statistics on both the mixing chamber length and opening angle. Shorter mixing
chamber lengths promote higher atomization efficiencies at the evaluated operating condition.
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Introduction

Twin-fluid atomizers are widely used in several applications, especially when dealing with
viscous and complex rheology fluids, such as in rocket engines, and in fluid catalytic cracking
units in the oil refineries, where the raw oil is atomized using steam as the dispersing medium
[5][7]. Internal-mixing atomizers promote the first contact between the gas and the liquid in a
chamber inside the nozzle, ensuring a more intense contact between the fluids and an
enhanced momentum transfer from the high-speed gas jet to the liquid stream [3][4].

A special configuration of internal-mixing atomizers is the Y-jet design [2][10], in which the
liquid and the gas jets impinge inside the mixing chamber at a specific angle. In this context,
numerous geometrical configurations are explored to promote a more effective mixing and
momentum transfer between the fluids, leading to a better atomization performance. Several
studies have addressed numerical [9] and experimental [1][8][10][12] analyses of the effect of
changing the nozzle geometry mainly on droplet sizes and velocities.

Although several mixing-chamber geometric features have been investigated, they are
usually dissociated from the spatial distribution of droplet sizes and velocities, especially when
dealing with high mass flow rates, and only a few address the impacts of geometric changes
over the atomization performance. From this perspective, the present work aims to improve
the atomization efficiency of Y-jet atomizers by proposing geometric modifications to the
internal-mixing chamber.

A specific design of the Y-jet atomizer is therefore investigated. It consists of two angled
liquid jets positioned 180° apart being disrupted by a high-speed central gas jet coming from
above. The three jets impinge inside a conical chamber before leaving the nozzle. Based on
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this fundamental design, the investigation focuses on the internal-mixing chamber length and
its opening angle, which are also associated with the mixing chamber outlet diameter, using
water and air as working fluids. Droplet size and velocity distributions at different axial
positions are simultaneously measured with a phase-Doppler anemometer, and the efficiency
of each atomizer is computed based on the liquid and gas necessary power to increase the
liquid surface energy.

Materials and Methods

The study utilizes an experimental facility using water and air as working fluids. The liquid
is stored in a tank under the spray chamber and from there pumped to the nozzle by a
centrifugal pump. The liquid mass flow rate is measured by a flow meter (OPTISONIC 3400
C from Krohne) and the liquid pressure by a pressure sensor (PT5404 from IFM). The
compressed air is supplied by a central supply at room temperature (23+£2°C). Before reaching
the nozzle, it passes a flow meter (OPTISWIRL 4200 from Krohne) and a pressure sensor
(P12204 from IFM). Thermocouples (of NiCr-Ni from company TMH, with a range of -200 to
1300°C) are also included in the liquid and gas lines. The spray is formed inside a closed
cylindrical-shaped chamber with 60 cm of diameter and a height of 140 cm. The liquid is
collected in the tank below the chamber to be again pumped to the nozzle. The data of the
mass flow rate, pressure, and temperature sensors are stored and monitored from a computer
with LabVIEW. Control parameters of the experiments are the pumping rate and the gas
pressure, both adjusted from the computer.

The length and opening angle of the internal mixing chamber are the geometrical
parameters investigated in the present work. For that, three nozzles are available varying
these design features according to Figure 1.
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Figure 1. Nozzle geometries with the respective dimensions. DL = 5.5 mm and D = 3.6 mm.

The “Long” nozzle has the longest mixing chamber (60 mm) and an opening angle of 10°,
resulting in a mixing-chamber outlet diameter of 20 mm. The “Short” nozzle has about half of
the internal-mixing chamber length (34.3 mm) and an opening angle of 10°, presenting also
the narrowest mixing chamber exit diameter (15.2 mm). The “Wide” geometry consists of
keeping a similar mixing chamber length (30.6 mm) of the “Short” nozzle and the double the
opening angle (20°). It has the same outlet diameter as the “Long” geometry. The air supply
channel (with minimal diameter D; = 3.6 mm) and the two angled water channels (with minimal
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diameter D; = 5.5 mm) are unchanged, as well as the impingement angle between them
(a =72°).

Droplet size and velocity data are simultaneously acquired with a phase-Doppler
anemometer (BSA 6000, Dantec Dynamics A/S, Tonsbakken, Denmark). At each measuring
point, 20000 samples for computing the mean axial velocity and the Sauter mean diameter
(SMD) are taken. The experiments are repeated three times for each measuring point. An
argon-ion laser is used to generate green laser beams at 532-nm wavelength. The focal length
of the emitting optics is 750 mm, while the focal length of the receiving optics is 1000 mm. A
detection angle of 30 ° is used to acquire the first-order refracted light.

At 5 measuring points the droplet sizes and velocities are measured at axial distances from
65 to 145 mm at the spray centerline, spaced 20 mm apart. A region close to the nozzle is
investigated, where the breakup and coalescence effects are still effective and are necessary
to understand the atomization process and the instabilities which lead to the spray
development. The operating condition practiced in the present work for each nozzle consists
of absolute air pressure of 7 bar and a constant liquid mass flow rate of 2210.76+13.04 kg/h.
Due to the different mixing chamber geometries, different discharge coefficients are expected
in each nozzle, resulting in slightly different air mass flow rates and gas-to-liquid mass flow
rate ratios, as presented in Table 1.

Table 1 - Air mass flow rate for each nozzle and the respective gas-to-liquid ratio (GLR)

Nozzle
Long Small Wide
Air mass flow rate (kg/h) 43.71+0.66 40.80+0.82 46.42+2.76
GLR 0.020 0.018 0.021

The investigation of the nozzle design is a key parameter in the atomization performance,
directly affecting the efficiency of the process. Effective atomization is paramount for a good
mixing between the gas and liquid phases, enabling better control of the process. In this
context, the atomization efficiency is usually computed considering the increase of the liquid’s
surface area, in which the droplet size plays a very important role.

The efficiency of an atomizer (¢) is calculated as the ratio of the power to increase the liquid
surface energy (E,) to the power required to drive the liquid and the atomizing gas through
the nozzle (E,), defined by Eq. (1):
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The power for the generation of spray surface energy (E,) is calculated using Eq. (2) [11]:
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where @ is the liquid volumetric flow rate (m3/s).

For internal-mixing designs, the power for driving the liquid and atomizing gas through the
nozzle (E,) is computed by two terms: one accounting for the power necessary to isothermally
compress the gas (E;) and the contribution of the pumping power of the liquid (E;), considered
for nozzles operated at low gas-to-liquid ratios [11], which are calculated as:
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where m is the gas mass flow rate (kg/s), R is the gas constant for air (J/(kg K)), T is the air
temperature (K), p; qps IS the absolute gas pressure being injected into the atomizer, pg o is
the air pressure at atmospheric conditions, and p, is the pressure of the liquid being injected
into the nozzle.

Results and Discussion

The axial variation of the droplet’s mean axial velocity and Sauter mean diameter for the
three nozzles at the spray centerline is shown in Figure 2(a) and Figure 2(b), respectively.
Each marker represents the average and the error bar at each position is the standard
deviation over three measurements. The mean axial velocity in Figure 2(a) showed a similar
behavior between the three nozzles with a slight reduction with the axial position (maximum
reduction of 4.72% for the nozzle Long). The differences are observed in the velocity
magnitude, being attributed to the distinct geometries, especially to the nozzles’ distinct
opening angles. A remarkable lower spray velocity is promoted by the Wide nozzle (average
of 36.5 m/s), which is about 66% of the spray velocity obtained with the Short nozzle. From
Figure 2(a) it can also be inferred that longer mixing chambers reduce the efficacy of the
momentum transfer from the gas to the liquid, indicated by the lower velocities achieved by
the spray with the Long nozzle in comparison to the Short nozzle. This may be attributed to
the pressure drop caused by the longer path for the gas-liquid mixture to flow inside the mixing
chamber.
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Figure 2. Axial variation of (a) mean axial velocity and (b) Sauter mean diameter for the three
nozzles.

The behavior of the spray axial velocities is also associated with the droplet sizes’ axial
development as depicted in Figure 2(b). A slight increase (maximum increase of 14% - from
176.4 ym to 201.1 um — for the Short nozzle) is observed. While the mixing chamber with the
wider opening angle yields smaller Sauter mean diameters, the larger drop sizes at all axial
positions are produced by the nozzle Long. Therefore, it can be stated that not only the kinetic
energy exchange between the high-speed gas stream and the liquid plays an important role
in promoting the atomization, but also the instabilities triggered by the nozzle geometry are
paramount for the liquid breakup. In this regard, further analyses about the atomization
mechanisms and the development of the mixing status inside the atomization chamber are
being carried out in subsequent studies.

As observed in Figure 2, the generation of smaller droplet sizes is, however, not associated
with higher axial velocities. The kinetic energy of the gas phase can be directed toward two
basic contributions in atomization. The first is to direct energy to the surface of the liquid,
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causing instabilities that lead to its breakup into ligaments and droplets, while the second is to
contribute to the kinetic energy of the liquid by accelerating it. The geometric configuration of
the Wide nozzle, when operated under this operating condition, clearly induces the gas phase
to promote a more efficient breakup of the droplets, rather than contributing to their velocity.

On the other hand, the Short nozzle achieves a better distribution of gas and liquid power
for driving the liquid and atomizing gas through the nozzle. As can be seen in Figure 2, this
nozzle produced the highest velocities in this operating condition and slightly larger droplets
(axially averaged Sauter mean diameter of 188.45 um) compared to the Wide nozzle (axially
averaged Sauter mean diameter of 181.92 um). The Long nozzle underperformed the Short
nozzle concerning both droplet sizes and delivery of gas kinetic energy to the liquid, however,
this distribution of gas energy was more balanced than the Wide nozzle. Thus, it is noted that
the geometric configuration of the internal mixing chamber plays a key role not only in droplet
generation but also in the liquid and gas power distribution on important parameters for
atomization. These analyses can also be associated with the droplet size-velocity distributions
in Figure 3. These plots are obtained as the average over every 50 detected drops (that have
a priori been sorted by droplet diameter).

7 o0 " ©65mm ©105mm e 145 mm|
= . s

=% Te — 85 mm « 125 mm

:S 50 - @ .. _

7845 + ﬁ'oo".o °

c_i (a) Nozzle: Long

L 40 ; ' ' ‘ ’ : : :

x

< 0 50 100 150 200 250 300 350 400 450
—~ 65

w

‘g 50 e o Nozzle: Short
2 o« Sosae

S 55 2\

50 o) ‘ o - 006, ® 0" ¢ 00

T 45 4 ’ ’ ’ ‘ : ; $ :

2 0 50 100 150 200 250 300 350 400 450
0 o Nozzle: Wide

E a0 4 ool '

2 ar . 'Mr

5 35 4 < ~ o° ¢ ‘J}.H' **‘?Q. > .. o ® @

o 30 4 © °

S 25 ' ' ' ' ' ' ' '

< 0 50 100 150 200 250 300 350 400 450

Droplet size (um)

Figure 3. Droplet size-velocity correlation for different axial positions at the spray centerline for nozzle
(a) Long, (b) Short, and (c) Wide.

The scatterplots confirm the trend already observed for the mean axial droplets’ velocities.
Especially for the Long and Short nozzles (Figure 3(a) and Figure 3(b), respectively), there
is a reduction in the droplets’ axial velocity as the measuring point is moved away from the
nozzle (for increasing axial distance). The droplet size-velocity plot for the Wide nozzle (Figure
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3(c)), on the other hand, presents a similar velocity throughout the whole axial distance range
investigated.

Furthermore, in regions closer to the nozzle outlet (at z = 65 and 85 mm, for instance), the
scatterplots show a higher dependence of the droplets’ velocities with their size. This is
evidenced by a steeper velocity reduction as the drops’ sizes increase. In other words, closer
to the mixing chamber outlet, droplets within the size range up to 100 um are more easily
accelerated by the gas (due to their lower inertia) and reach higher velocities compared to
larger droplets. As these liquid structures further develop and interact with themselves, an
impingement effect can be inferred, in which upstream and higher-velocity droplets impinge
on downstream and slower ones, leading to an exchange of kinetic energy. As the spray
develops, the droplet velocities become more independent from their size, as can be seen for
the axial position of 145 mm, for instance, where the size-velocity profiles are flattened and
the variation of the droplet velocity with its size is not so steep.

The impingement of the small droplets with higher velocities (which are essentially found
closer to the nozzle) with the downstream and lower-velocity droplets leads to an overall
coalescence effect, as can be observed in the density distributions for the three nozzles in
Figure 4. As the measuring point moves away from the nozzle outlet, there is a reduction of
the small droplets fraction and an overall shift of the density distributions towards larger droplet
sizes.
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Figure 4. Density distributions of droplet size for different axial positions at the spray centerline for
the nozzles (a) Long, (b) Short, and (c) Wide.

The atomization efficiency usually considers only the contribution of the liquid and gas
powers to the formation of small droplets, i.e. to the surface effects, rather than the contribution
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of the inlet stream's power to the kinetic energy of the droplets. In this regard, following Eq.
(2)-(3), the atomization efficiency of each atomizer can be calculated, whose results are shown
in Table 2. Thus, the overall efficiency between the nozzles indicates a better utilization of the
energy provided by the gas and liquid streams for droplet formation by the nozzle Short, with
an efficiency of 6.54x10*. Accordingly, it can be drawn from these analyses that the overall
higher atomization efficiencies are induced by shorter internal-mixing chamber lengths. The
calculated values agree with the range of efficiencies observed for internal-mixing twin-fluid
atomizers reported in the literature [6][11].

Table 2 - Atomization efficiency for each nozzle

Nozzle
Long Short Wide
5.81x10* 6.54x10* 6.16x10*

Conclusions

The Y-jet nozzle is an internal-mixing atomizer widely used industrially, notably in olil
refineries, using steam as the dispersing medium. Within this context, the optimization of the
nozzle design can improve the spray characteristics matching the necessities of its application.

The investigation of geometrical parameters — the opening angle and length of the mixing
chamber - shows a finer spray in the axial direction at the spray center being produced by the
shorter internal mixing chamber with the wider opening angle (Wide nozzle). However,
although the Wide nozzle directs the air and liquid power toward the droplet surface, producing
the smaller droplet sizes, this energy is not transferred as efficiently to the kinetic energy of
the liquid, resulting in the lowest velocities among the three nozzles. On the other hand, the
Small nozzle is able to produce small droplet sizes (similar to those produced by the Wide
nozzle), but with a better distribution of the fluids’ power, since the highest spray velocities are
also obtained with this nozzle.

The assessment of the spray efficiency shows that the nozzles with shorter mixing chamber
lengths have an overall higher efficiency, and among these two geometries (nozzles Short
and Wide), the narrower opening angle utilizes the energy provided by the gas and liquid
stream to produce small droplets more efficiently.

Therefore, it can be inferred that, within the operating and geometric conditions analyzed
in the present study, there is an improvement in spray performance when the internal mixing
chamber is shortened and its opening angle is reduced. These statements are based primarily
on a higher atomization efficiency obtained with the Short nozzle. In addition, a proper power
distribution of the liquid and gas streams to the droplet surface and the kinetic energy of the
liquid is observed for this nozzle. This results in the highest velocities and droplet sizes close
to the lowest values measured experimentally.
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Nomenclature
D Gas inlet port diameter [m] Pé.0 Air pressure at atmospheric
conditions [Pa]
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D, Liquid inlet port diameter [m] Pcaps Absolute gas pressure being
injected into the atomizer [Pa]

E, Power for driving the liquid and pL Pressure of the liquid being
atomizing gas through the nozzle injected into the nozzle [Pa]
[ s

E¢ Power necessary to isothermally Q; Liquid volumetric flow rate [m3 s]
compress the gas [J s]

E, Pumping power of the liquid [J s™] R Gas constant [J kg™t K]

E, Power to increase the liquid surface SMD  Sauter mean diameter [um]
energy [J s}

GLR Gas-to-liquid mass flow rate ratio [-] T Temperature [K]

mg  Air mass flow rate [kg s] o Surface tension [N m]

PDA Phase-Doppler anemometer € Atomization efficiency [-]
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