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Flash-boiling atomization is a method by which a liquid is brought into a superheated state, such as vigorous
boiling, in a short timeframe while the bubbles grow considerably fast. This leads to the disintegration of the
continuous liquid into tiny droplets. Flash-boiling, effervescent, and air-assisted atomization are based on a two-
phase flow to achieve effective atomization.

flash boiling spray atomization fuel injection cavitation depressurization

| 1. Flash Boiling

Flash boiling occurs when the liquid is forced to reach a metastable superheated state via a rapid pressure drop
that is well below its saturation pressure (grey area in Figure 1). Under these conditions, vapor bubble nucleation
occurs, which leads to the formation of bubbles, their growth, and, subsequently, the breaking down of the liquid’s

continuous phase into a fine spray. All in a very short time.
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Figure 1. Typical pressure—volume phase diagram, indicating a subcritical isotherm (Bar-Kohany et al. Energies,
2023).
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Reaching a metastable superheated state can be achieved through many different pathways. It is commonly
accepted to divide these multiple paths into either isothermal depressurization (AB in Figure 1) or isobaric heating
(DE in Figure 1), where the first is commonly used in practical spray generation systems [ and is the focus of this

present article.

The flash-boiling process, therefore, involves a rapid phase change in the liquid. Phase change via nucleation
occurs once the superheated liquid encounters disturbances that are larger than the critical disturbance
appropriate to its degree of superheating. Homogeneous nucleation at the kinetic limit (point C in Figure 1) occurs
when the fluctuations serve as the critical disturbance on the verge of the spinodal curve [&. It is, however, more
likely that heterogeneous nucleation rather than homogeneous nucleation is the dominant mechanism in flash-
boiling atomization processes because, in most commercial applications, depressurization is not fast enough to
overcome the existing disturbances. The disturbances are developed almost instantaneously at nucleation sites
that are usually present in dissolved gases, impurities, colloids, or surface roughness, which can be found almost
everywhere in practical systems. In a homogeneous nucleation regime, pressure fluctuations at the molecular level
form the nucleation centers. If the superheated liquid relaxes to finite-sized bubbles, it relaxes into superheated
vapor (point F in Figure 1) to fulfill the equilibrium condition of equal chemical potentials in the liquid and vapor

phases &,

Despite the abundance of nucleation sites available in spraying processes, rapid processes can lead to near-
spinodal degrees of superheating, depending on the degree of contamination of the fluid (colloids, dissolved gases,
etc.) and the depressurization or heating rate (a few examples can be found in RMBEIEITEIEIL The spinodal (or
kinetic limit, point C in Figure 1) pressure values may be negative (negative absolute pressures) for most operating
conditions in some common applications, e.g., engines and pharmaceuticals, making it more challenging to reach
spinodal limits in depressurization processes 2. A few models were devised to predict the degree of superheating
in the rapid depressurization of water in one atmosphere [2M314I15]  Figure 2 presents the minimal
depressurization rate for which the kinetic stability conditions are met. The results are compared to the

experimental results of Alamgir and Lienhard for water 12,
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Figure 2. Minimal depressurization rate for which the kinetic stability conditions are reached vs. the initial reduced
temperature, as predicted by Alamgir and Lienhard 12 and Moshkovich and Sher 22 (modified from Moshkovich
and Sher [12)),

The quality of spray is heavily influenced by the number of nucleation sites and the degree of superheating, which
plays a significant role in determining the dimension of the active nucleation sites and the size of the initial bubbles.
The number of nucleation sites determines the number of bubbles. When the two-phase mixture of liquid and
bubbles flow either through a single or a twin orifice injector 8, it determines the relative velocities of the two
phases, thus the shearing forces, and, therefore, ultimately affecting the effectiveness of secondary breakup
mechanisms 7],

The stochastic nature of the nucleation affects the spray characteristics. Therefore, a more thorough understanding
of the effects of the following main topics on the nucleation conditions in pure liquids, liquid solutions, fuel
surrogates 28 and nano-fluids should still be pursued:
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» Depressurization rate;

o Wettability;

e Nano-bubbles;

» Trans-critical conditions;

» Negative nucleation pressure.

| 2. Atomization Mechanisms Following Flash-Boiling
2.1. Bubble Growth

Immediately after the formation of stable vapor embryos via nucleation events, bubble growth, and primary and
secondary breakup occur B3 A |arger degree of superheat implies a larger driving force for bubble growth, as
manifested by the Jakob number, in both the inertial and the heat-diffusion regimes 2221 The general behavior of
bubble growth can be described by: R,~t™, where R}, is the bubble radius, m is an exponential growth parameter,
and t is the time. For a homogeneous growth within a uniformly superheated liquid, it was shown by Rayleigh that
during the initial period of growth, the inertial regime, m = 1. Plesset and Zwick showed that the heat-diffusion
regime’s asymptotic behavior can be presented as R,~tY2 22, For a heterogeneous growth, this parameter is
usually determined empirically. Recent studies found that its value can vary between 0.1 and 0.6 and that it is
reduced as the pressure increases 23, The empirical constant, m, can vary considerably, depending on the fluids

and other conditions such as bubble-liquid relative motion 2% and subcooling degrees.

To study bubble growth behavior in time-dependent fields, the variation in the vapor temperature should be
considered. Recently, it was found that assuming constant saturation pressure may lead to over-prediction of the
growth rate at lower to intermediate Jakob numbers 24, Jones and Zuber (23! were among the first who analyzed
the process and found that the bubble growth rate increases as R,~t""12, which is faster than the heat-diffusion

regime’s asymptotic behavior.

The flash-boiling atomization of composite droplets deviates from the classical behavior of a bubble in an infinite
liquid medium since the pressure inside the bubble increases faster than within the confining droplet . Thus, the
growth rate of the bubble within the confining droplet was shown to lay somewhere between the maximal limit of
the initial inertial regime and the lower limit of the heat diffusion regime, as shown in Figure 3a. The quasi-steady
approach could be employed if the thermal boundary layer, 9, is still within the confining droplet (Rs < Rs) and is
thinner than the bubble radius (=(Rs — Rp)/R, << 1, as shown in Figure 3b). Following Avedisian’s approach 28
that analyzed the case for bubble growth following the heating of a droplet, Figure 3b,c present the variation in the
pressure field for bubble growth following the depressurization of the droplet. Bubble growth within a finite medium

is subjected to asymmetric conditions. Shusser et al. [l showed that if the bubble does not deviate by more than
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25% from the center of the confining droplet, then it can be assumed that the bubble growth expressions,
developed for a concentric bubble, will lead to an error of 10% at most. Considering other confining geometries
with flexible or rigid boundaries, such as micro-channels, raises the question of how the varying pressure fields and

the location of the bubble in a micro-channel influence its growth rate.
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Figure 3. (a) Bubble growth within water as a function of time; solid black curves represent the growth predicted
via the inertial and heat transfer regimes in an infinite medium, and the solid blue curve represents the predicted
growth in a confining water droplet by Shusser et al. [ and the dashed black curve represents the linear
regression of experimental data (modified from Shusser et al. [); (b) Bubble (center circle), and thermal boundary
layer (dashed, red circle) within a confining droplet (blue) under flash-boiling within another liquid medium (yellow);
Rs < Rs, (Rs — Rp)IRp << 1; () R5 > Rs. pye, is the equilibrium pressure within the vapor bubble, and p,, is the

surrounding pressure (Bar-Kohany et al. Energies, 2023).

According to Mikic et al. 21 and Zanje et al. 24, flash-boiling atomization of micron-sized droplets in a highly
convective environment could lead to significant bubble growth during the inertial regime 4, which can

demonstrate significantly different growth rates.

Lastly, for industrial applications, more data databases are required for bubble growth in various liquids, both pure
and liquid solutions, as in many of the alternative fuels that have been developed over the past few decades. Thus,
current developments in flash-boiling atomization in composite droplets and micro-channels require further study of

the following:

« Bubble growth in various depressurization rates;
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» Varying pressure fields in micro-channels;

» Validated bubble growth rates for
o Micron-sized droplets in a highly convective environment; inertial regime;
o Various liquids.

2.2. Breakup

Following the nucleation and bubble growth processes, breakup evolves, either externally or internally. Several
breakup parameters have been suggested over the years as a function of non-dimensional numbers, such as
Reynolds, Weber, and Ohnesorge, that describe the relations between the inertial, viscous, and surface tension
forces. Excellent reviews regarding breakup mechanisms can be found in [28129]80181] | the case of flash-boiling

atomization, it is customary to divide the breakup regimes into three regimes, as demonstrated in Figure 4.
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Figure 4. Sauter mean diameter (SMD) vs. degree of superheat, modified from 28],

Figure 4 illustrates the relationship between the Sauter mean diameter (SMD) and the degree of superheat. When
the liquid remains subcooled, and the ambient pressure is higher than the appropriate saturation pressure (pa/Psat
> 1), flashing does not occur, and instead, mechanical shear and hydrodynamic instabilities can lead to a breakup
and atomization of the liquid. Full shattering (flare) is achieved for high degrees of superheat (p/psar < 0.3).
Numerous correlations exist for SMD, owing to its significance and convenient use. For a comprehensive overview
of SMD correlations, the reader is referred to Konstantinov et al. 321,

Witlox et al. 3] and Kitamura et al. 34! discovered additional criteria for transitioning from partial to full-shattering
regimes. These criteria were found in terms of Jakob and Weber numbers. Others provided transition criteria in
terms of temperature ratio (TL/Tc, where T, is the critical temperature of the fluid), and the depressurization rates.

Figure 5 illustrates the required depressurization rate for the initiation of homogeneous nucleation, according to
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Elias Chambré 14, As expected, the higher the temperature of the liquid prior to nucleation, the lower the
depressurization rate required for the onset of homogeneous nucleation. At elevated liquid pressure and
temperature values, the depressurization rate aspires to that of Hutcherson 82l For further information, see Bar-

Kohany and Levy 18],
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Figure 5. Depressurization rate vs. saturation pressure for water (modified from [28).

Lamanna et al. 8 presented a unified treatment of the fully flashing disintegration regime and found that bubble

nucleation and growth are the controlling mechanisms for spray atomization in the fully flashing (flare) regime.
Three breakup patterns were identified by Loureiro et al. (27,

» Retracing liquid. This occurs at low Webber numbers. When the surface tension forces are dominant, the liquid

momentum is not sufficient to complete the breakup, and the ligaments pull the liquid back into larger droplets.

» Ligament stretching. When thick ligaments are subjected to larger momentum forces, the ligaments are
stretched until their breakup, resulting in one large droplet per interstitial volume. This is equivalent to the

assumption suggested originally by Sher and Elata (28],
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e Thin lamella. When the momentum forces are large enough to overcome the viscous and surface tension
forces, they lead to highly deformed bubbles. Along with the continuous evaporation of the liquid lamella, the

thin liquid lamellas continue to be stretched with the growing bubbles, until they are broken into small bubbles.

Figure 6 presents the results for liquid oxygen (LOx) at 1 kPa for three different ambient temperature values (7).
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Figure 6. Breakup patterns; results shown for liquid oxygen (LOx) at 1 kPa (Loureiro et al. [ﬂ]).
R*f=RflRc, R; depicts the bubble radius when it merges with another bubble, and R. depicts the critical bubble

radius.

In the context of flash-boiling atomization, the following topics should be further pursued:

» Breakup patterns for various fluids in various conditions.

» Secondary breakup due to bubble formation within the larger droplets that continue to be superheated.

» Spray characteristics (droplet distributions, spreading angle, penetration length, etc.) as a function of the

primary and secondary breakup processes.

| 3. Penetration Length and Spray Collapse
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Short penetration length is an important parameter in sprays, particularly in combustion chambers, since it signifies
that the liquid quickly disintegrates upon being expelled from the nozzle tip, thus increasing the liquid surface area,
enhancing its vaporization rate, and improving its readiness for the required mixing and combustion. Short
penetration length is also important for coating and painting processes, pharmaceutical applications, and more.
Compared to mechanical methods, the penetration length of a spray generated by flash-boiling is known to be

shorter, for a given pressure ratio 7,

The design of multi-hole injectors has been significantly accelerated over the last decade, and the spray
penetration length can no longer be considered as the individual breakup length of each plume ejected by each
hole but rather as the collapse length of all plumes together until they form a single spray cloud. Recent studies
have shown the significance of the plumes’ interactions, and the pressure field that is being developed between
and around them. The wider cone angles, which are typical of flash-boiling atomization, should be carefully
controlled in the case of multi-hole injectors. For example, Wu et al. B2 showed that wider fuel plumes induced by
flash-boiling led to an increased interaction between adjacent fuel plumes and, consequently, led to early collapse.
They demonstrated that the spray penetration length is significantly dependent on the number of holes, their
relative positioning, and the geometry. Kapusta 49 showed that the interaction between plumes strongly depends
on the number and configuration of the plumes. He argued that while a two-nozzle injector allowed air flow into the
core of the spray, the six-hole injector limits the entrainment of the external air, and thus the sprays could fully
collapse. Li et al. “1 examined the conditions for spray collapse and found that apart from the overlapping of
plumes, vapor condensation promotes spray collapse. They found that rapid bubble bursting caused a local static

pressure rise that led to vapor condensation.

| 4. Fluids

In addition to the traditional fuel types (e.g., gasoline, diesel, aviation fuels, and oil fuels), there are ongoing efforts
to explore a wide range of alternative fuels. Flash-boiling atomization is an excellent complementary technology to
be used with some of them. Alternative fuels for spark-ignition (SI) engines are usually compressed natural gas,
liquified petroleum gas, and alcohol fuels (methanol, ethanol, etc.) and their various blends and surrogates. It is
worth noting that ethanol has an additional benefit; it can be readily produced from biomass 2. Di-methyl-ether
(DME), biodiesel, kerosene, and a jet propellent (JP-8) are more suitable for compression-ignition engines (Cl) for
ground and aeronautical transportation 43, Space applications employ cryogenic propellants such as liquid oxygen
(LOx) ©41 and hypergolic propellants such as hydrazine and its derivatives. Novel developments of orbital
maneuvering systems are focused on alternative fuels that are both eco-friendly and safer for operation. These
include conventional options such as hydrogen, methane, and kerosene B8IE7l) The ultra-fine droplets that can be
obtained via the flash-boiling atomization of these alternative fuels have demonstrated potential in improving
engine efficiency and reducing particulate matter emission (PM) thanks to the vigorous vaporization and the faster
oxidation of the soot under flash-boiling conditions 2. It has been observed that the utilization of alternative fuels
in engines can necessitate certain adjustments in terms of the most favorable operation conditions. For example,

higher latent heat of vaporization of ethanol, as compared to isooctane or hexane, for example, causes severe
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temperature drops during flash-boiling that significantly inhibit further vaporization. This leads to a less efficient
ignition under cold-start ignition and possibly larger droplet size. Moreover, a larger fraction of ethanol increases
density and viscosity in the spray penetration length. However, increasing the fuel temperature to promote a full

flare breakup prevails and contributes to resolving both problems.

| 5. Diagnostics Aspects

Droplet distribution and velocity component statistics resulting from the primary breakup play a crucial role in
determining the spray quality. However, due to the dense population of droplets near the nozzle exit, it is very
difficult to analyze the cloud optically €. Quantifying these statistics using optical diagnostic instruments is quite
challenging, in particular where a flash billing spray is involved, as a faster breakup leads to a higher concentration
of droplets.

Optical access to the flow inside the nozzle is imperative to a better understanding of flash-boiling atomization
since it can provide essential data on the nucleation and bubbles’ growth and enable identification of flow patterns
inside the nuzzle 471481,

Several non-intrusive methods exist for diagnostics of internal and external flows during flash-boiling atomization.
Most of the common diagnostic methods are optical, e.g., Shadowgraph, PIV (particle image velocimetry), various
laser diagnostics, holography, etc. Consequently, much effort has been dedicated to the manufacturing of

transparent nozzles 42 injectors, and cylinders 42!,

Measurements along the line of sight cannot distinguish between bubble structures of overlapping bubbles in the
measurement direction. The results obtained using basic planar laser-based techniques may be hindered by
significant multiple scattering within the multiphase medium, which could considerably distort optical

measurements.

Ultra-short pulse off-axis digital holography was used by Minniti et al. B9, Femto-second (fs), coherence length
pulses, and reference beams were used to detect ballistic photons while eliminating the signal originating from the
photons that had undergone multiple scattering events. This allowed the authors to map the primary spray cone

with high accuracy and to circumvent the masking via an optically dense ancillary droplet shroud.

Cavicchi et al. Bl suggested a methodology based on local momentum flux measurements. Spray impact forcefully
applied to small portions of the fluid structure was used to detect the individual local contribution of the liquid and
gaseous phases to the jet momentum flux. One of the primary benefits of this diagnostic methodology is the ability
to examine the spray pattern in close proximity to the nozzle (down to 4-5 mm from the tip) in a wide range of

atomization quality and spray drop space density.

Transparent devices require materials with a refractive index that is very close to the liquid that is being examined,

and, in some cases, strength and durability under high temperatures, to allow measurements near realistic engine
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operating conditions. Acrylic materials, for example, have a very close refractive index (1.4-1.5, 52)) to gasoline
and diesel. On the other hand, acrylic material has a relatively low melting point that prevents its use in high-
temperature fuel applications such as superheated fuels. Moreover, their optical qualities are sensitive to the
corrosive interaction between the acrylic material and alcohol fuels. Glass material such as fused silica has
favorable optical transmission properties over a broad range of wavelengths, and its refractive index is similar to
one of common fossil fuels. However, their fabrication is more challenging and bears higher manufacturing costs.

Aleiferis et al. 53] conducted a refractive index matching employing a liquid flow circuit around the test section.

In addition, it is worth noting the difference in the thermal properties of the various optical materials and the
materials used in real operation B4l Thus, it is still challenging to match the performance of optical injectors with
real ones. When diagnostics are employed on non-transparent devices, X-ray radiography might be a useful tool,
but its limitations should be considered. It currently suffers from line-of-sight measurement drawbacks. It is,

however, anticipated that X-ray techniques will become increasingly more useful and informative in the future.
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