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Flash Boiling in Sprays: Recent Developments

and Modeling

Bharat Bhatia and Ashoke De”

Abstract | This study aims to cover the modeling of flash boiling effects
in the sprays. There is a lack of an economical and computationally effi-
cient methodology to analyze this complex phenomenon. Flash boiling
being an essential phenomenon in combustion engines is the cause
of change in the spray structure, cone angle, liquid penetration length,
droplet distribution, etc. The paper revisits various models used to cap-
ture the effect of the flash boiling phenomenon and identifies the draw-
backs and challenges, respectively. The whole phenomenon is divided
into various stages and discussed stepwise. It tries to address the issues

related to the gaps in modeling.

1 Introduction

There has been a considerable effort in modeling
the atomization processes in different regimes of
the spray. The sprays can either be injected as a
solid jet or as a hollow cone, depending on the
application—gas-turbine jet engine, gasoline
engine, diesel engine or spray cooling, paint-
ing, humidifiers. The atomization process and
the resultant droplet traits, i.e., size, distribution,
velocity, etc., play an important role in each and
every case. In case of combustion engines, the lig-
uid fuel is required to disintegrate into very small
droplets in a short duration, to provide larger
surface area for the rapid evaporation and quick
mixing with the surrounding air.

From the perspective of the physics of breakup,
the spray structure is divided into two major
zones—primary and secondary breakup zones.
The modeling of the small primary breakup is
more challenging than the secondary breakup
regime, due to its close vicinity to the injector and
several factors involved in the instability of the lig-
uid core/sheet. In the case of combustion engines,
the continuous heating of the combustion cham-
ber heats up the chamber walls, injector ports,
injector chambers, nozzle walls, and the sur-
rounding area. When the pressurized liquid fuel
enters the injector, it heats up to the superheated
temperature. The fuel near the wall may undergo
a phase transition, depending on the flow velocity
(residence time) of liquid fuel within the injector.
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At the time liquid fuel exits the injector noz-
zles into the combustion chamber, it experiences
a drop in pressure. Now, the liquid fuel experi-
ences a combination of three destabilizing forces
responsible for the primary breakup: aerody-
namic forces by the surrounding gas, forces due
to turbulence within the liquid phase and the
sudden impulse due to the implosion of cavita-
tion bubbles. There exist two possibilities—first,
the pressurized liquid fuel entering the combus-
tion chamber may already contain a portion of
gaseous fuel in the form of bubbles formed from
earlier phase transition within the injector due
to local pressure changes. Once the liquid fuel is
in the combustion chamber, the bubble experi-
ences compressing forces, and the implosion of
the bubble occurs resulting in the disintegration
of the liquid sheet or droplet into yet smaller
droplets. It is the cavitation-based atomiza-
tion. The second possibility is that superheated
pressurized liquid fuel enters the low-pressure
combustion chamber and suddenly flashes into
tiny droplets and gaseous fuel. The latter case
does not necessarily be a multiphase flow prior
to combustion chamber entrance. This pro-
cess is commonly referred to as a flash boiling
phenomenon.

In the present work, the authors have pre-
sented a review of the flash boiling phenomenon
in detail, to not only understand its physics but
also to contribute to the gaps left to bridge.
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2 Flash Boiling Atomization

Although some effort has been made to under-
stand and mathematical modeling of flash boil-
ing and cavitation in sprays, significant research
study is still required to explain this complex
multiphase phenomenon. The whole process
from its initiation to the completion can be
divided into three steps: (1) bubble nucleation,
(2) bubble growth, (3) breakup due to bubble

burst or micro-explosion.

3 Bubble Nucleation
It is the first step toward the start of the flash boil-
ing phenomenon when the bubble nucleates in
the liquid fuel core. There are two possible mech-
anisms for bubble nucleation—homogeneous
nucleation and heterogeneous nucleation.
Homogeneous nucleation is the situation
when the bubble is formed entirely within the
liquid, and the impurity, dissolved gases, and/or
wall plays no role in its formation. For a liquid in
a container, the contact angle of the liquid phase
with surface should be zero. When the bubble for-
mation takes place at the interface of liquid and
surface, or at the interface with the impurity, it is
termed as heterogeneous nucleation. The contact
angle of the volatile liquid is greater than zero for
the latter case. Also, the latter case is reported to
have more violent boiling than its counterpart'.

4 Theory for Bubble Nucleation

As explained by Blander and Katz', an absolute
maximum of minimum work is required to cre-
ate a surface of the bubble and transfer molecules
from liquid to bubble. This work will increase
to infinity as the bubble increases in size, hence
rendering it unstable and consequently causing
bubble collapse. Thus, it is impossible to boil the
liquid at its boiling point under the conditions
where the liquid has zero contact angle with the
container surface. If the liquid is superheated,
the work to transfer molecules from liquid to gas
becomes negative and the total minimum work
done (including work done to create the bub-
ble surface) is as shown in Fig. 1. This can be
attributed to the decrease in surface tension and
an increase in vapor pressure. The maxima of
work acts as a barrier after which boiling occurs
and the growth of the bubble is self-sustaining.
This boiling initiation for a given ambient pres-
sure takes place at a range of temperatures in
the superheated regime. The maximum point of
superheating of a liquid is denoted by point C in
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Figure 1: Work required to form a bubble as
bubble volume increases. Critical bubble volume/

radius is the barrier for the formation of the bub-
ble .
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Figure 2: Pressure-volume phase diagram show-

ing true isothermal contour. Point C represents
the limit of superheat .

Fig. 2, which is the true limit of superheating’.
For different values of temperature, less than the
critical temperature, this point traces the spinodal
line that divides superheated/metastable liquid
and the unstable region as shown in Fig. 2.

The theory on bubble nucleation has been
developed by researchers in the past'~. The mod-
ified version " of a generalized form of the bub-
ble nucleation equation as proposed by Blander
and Katz’ is

AA*
]:N()kfexp <_kT'>’ (1)
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where work maxima or the barrier, usually
termed as activation energy for the bubble to
grow, is expressed as

_ 16mwo3
T 3(P — Py)?’

Equation 1 approximates the number of bub-
bles nucleated in the liquid fuel when it enters
the combustion chamber, since the number of
bubbles nucleated and the critical diameter of
the smallest bubble will influence the primary
breakup phenomenon. Yet, the critical diameter
of these bubbles, which have crossed the barrier
and are self-sustaining, is unknown. The neces-
sary derivation of the expression along with basic
reasoning for the critical diameter of the bubbles
nucleated in the liquid fuel core is shown below.

The homogeneous nucleation rate, as dis-
cussed above, depends on the degree of super-
heating, which in turn is responsible for the
flashing of the liquid fuel. Here, the essential deri-
vation of the process which is elaborated below
happens simultaneously with the aerodynamic
breakup. The dominance of a mechanism is
determined by the smaller breakup characteristic
time out of the two parallel mechanisms'’.

In the experiments, Shepherd and Sturtevant!!
observed single-bubble formation within the
butane droplets during flash boiling. If the ther-
modynamic equilibrium is considered during
the nucleation process, the pressure difference
(between droplet pressure and the ambient pres-
sure) balances the pressure due to surface tension.

AA* (2)

(Py — Pymb)D3/4 = wDy0. (3)

Hence, the droplet pressure
becomes:P; = Py, + 40 /Dy

For bubble growth or internal boiling,
Py < Py(Ty) (Pas cited by'?). It is assumed that
vapor pressure P, or pressure within bubble P,
approximates the slope along the vapor pressure
curve (P, (7)) in the phase diagram. According to
Lanello®, as referred in'°, from the above equa-
tion and the Clausius—Clapeyron equation along
the vapor-pressure curve,

T,T, 4
-1, = il 1y 2o (4)
hﬁgMW P,D,

The difference in temperatures P, and Py is
very small and hence the logarithmic part can be
approximated linearly. Inequality,

Ty — Tamb - T —Ty _ 1 |:1 +K Pl ]
- ~ e )
Tamb T, C Pv,amb

(5)
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where C™1 = RIL and K, = —29Mw_ For the
.. . .thW PIR TambDy

critical condition, the center temperature of the

drop T; should be equal to the saturation temper-

ature Ty, Hence, the equation becomes

Tsat — Tamb

_ 1 [1 Ty } 6)
= e .
Tamb C Pvamb

Bushnell and Gooderum'* showed that the
amount of superheating needed was

Tl - Tsat
T;
Hence, the threshold condition for bubble

formation is obtained for bubble nucleation from
Egs. (6) and (7):

T 1
T, = amb<1+{1+1<e oL D
0.9 C Pv,amb

It is concluded that T; > T;.From the above, the
critical radius of the bubble can be obtained,
using similar calculation as for the droplet, with
vapor pressure calculated from above:

=0.1 (7)

_ 20
Pv(Td) - Pamb.

In many cases, the critical superheat for nuclea-
tion usually ranges from 5 to 15 K'°.

Ry

5 Bubble Growth

Once nucleated, the second stage is the bub-
ble growth within the liquid jet core/sheet.
There have been attempts to formulate a gener-
alized equation and accurately predict bubble
growth'>™", The most commonly used is the Ray-
leigh equation'”.

2R 3/0R\> P, —P
By

ot2 + 2\ ot o1
The left-hand side of the equation shows the
inertial effects, while the right-hand side is the
pressure difference forcing the bubble growth
through the bulk liquid. In a practical situation,
the bubble growth process is much more compli-

cated and the above approximation might not be
valid.

5.1 Drawbacks of the Equation
The Rayleigh equation is based on some
assumptions:

1. The effect of surface tension is neglected.

Surface tension plays an essential role in the
bubble dynamics, the inclusion of which
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in the bubble growth gives rise to the Ray-
leigh—Plesset equation'. Tt is considered
during the nucleation stage of the bubble as
described above.

2. Viscous effects are neglected. The sur-
face tension and the surface dilatation, as
well as the shear viscous effects, have been
included in the modified Rayleigh equa-
tion by Scriven!”. Both the stresses oppose
the growth of a bubble. Though the theo-
retical work of Scriven'” is applicable to any
fluid interface irrespective of its shape, the
dynamics equation for the bubble can be

deduced as

82R+3 aR\%2 20 4uv;

9tz 2\ ot Rp; R )
4i V; _ pP,— P
R p

3. The bubble growth happens in the infinite
liquid medium. Many applications usually
have a gaseous or solid boundary which
affects the bubble growth considerably. Fur-
ther, the curvature of the boundary also con-
tributes to the manner the bubble evolves.
For example, bubble growth near a free sur-
face will be different from the one within a
ligament or a droplet.

4. There is no mass transfer with the surround-
ing liquid across the bubble surface. There
could be two instances where mass transfer
calculations would be of use. The first is for
accurate prediction. In the case of flash boil-
ing of a minimal amount of the liquid, as
may be the case with bubble within a drop-
let, any loss of mass by the liquid and gain
of the mass of the vapor bubble can be con-
sidered. A correct prediction of the liquid
mass in the bubble—droplet system undergo-
ing flash boiling will help predict the size of
child droplets accurately.

Secondly, it is highly possible that the bub-
ble growth may be controlled by the mass
transfer diffusion from the bulk liquid to
the vapor bubble as in the case of binary
solutions, having components of differ-
ent volatility. In the case of supersaturated
binary solutions, a low volatile solute in a
relatively non-volatile solvent would start
to nucleate in the conditions of heating or
depressurization. A mass transfer equation
needs to be solved coupled with the bubble
growth equation, Eq. 9. A model for mass
diffusion-controlled bubble growth has been
developed by'*?* for the supersaturated

@ Springer i’?}}%&?&

binary mixtures. In this study, mass trans-
fer is assumed to happen across an approxi-
mated boundary layer surrounding the bub-
ble. Payvar'® also considered the convection
effect in mass diffusion. Arefmanesh® (as
referred by*?) used an exact concentration
profile for solving the equations of mass
diffusion-induced growth of the bubble in
a viscous liquid. Mass diffusion effect would
be a driving force for bubble growth in the
study of binary mixtures such as biofuels.
There have been studies involving a mixture
of ethanol and gasoline® %,

5. The thermal effects are not considered in
the above equation. It is crucial in the sense
that through it, the variation in the liquid
properties with temperature is captured.
To include the effects of changing thermal
conditions throughout the growth process
of a bubble, Forster and Zuber®® coupled
the energy equation with the modified Ray-
leigh equation. Adding the energy equation
allows observing the change in the rate of
bubble growth in the superheated liquid.
As the bubble grows, the temperature of the
superheated liquid surrounding the bubble
decreases, and there is change observed in
the temperature distribution in that liquid®’.

As indicated by Lee and Merte?® and in other
subsequent works®! the bubble growth can
be divided into three stages: initial surface ten-
sion-controlled stage, pressure difference or
inertia-dominated stage, and finally the heat
transfer-controlled stage. The first stage, domi-
nated by the surface tension stresses, is mostly
insignificant to be considered of any practical
interest majorly due to the timescales related to
it’®, At this stage, the bubble is of the order of
critical size. In the second stage, inertial forces
dominate the bubble growth process, though
other stresses are still in action. This is due to
the increased magnitude of the acceleration of
the bubble interface in the bulk liquid. The third
stage is controlled by the energy transfer process.
The details of all the three stages are discussed
below.

Experimental results of Lien®” shows that the
second stage dominates the bubble growth in the
system at a low pressure of 0.01 atm with water,
and the Rayleigh equation, Eq. 8 shows a good
match with this experimental data. For the inclu-
sion of the third stage of heat transfer during the
bubble growth, Plesset and Zwick® considered a
thin thermal boundary layer around the bubble.
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They provided a zero-order solution to the energy
equation for bubble wall temperature as

2 T
12¢ R (x)(ar )r:R(x) "

" (R )a) "

o
Ty = Tipuk — (*)
T

(10)

Here, the heat source term is not considered
as mentioned in*?. Later, Plesset and Zwick** for-
mulated a solution (Eq. 11) for the vapor bubble
growth using the same zero-order solution. This
solution proved to be valid only for times when
the vapor bubble is dominated by the heat transfer
process. Thus, except for the last stage, the velocity
of bubble growth was much smaller in the first two
stages. In the later work by Prosperreti and Plesset®”,
the results of both the inertia-dominated equa-
tion and Eq. 10 along with exact vapor pressure
curve were in a good match with that of Donne and
Ferranti*®. Though the results were off for the lower
values of superheat because thin boundary layer
assumption is not valid for this case.

drR 1 (12a1>1/2p1c1(Tamb — Tat) (a1

dt 2\ nt ovhyg
With this, the solution to the bubble growth was
made into a two-step process to get reasonable
results. Mikic et al.”’ later solved both the energy
and the momentum equations along with the Clau-
sius—Clapeyron equation and combined it with
the Rayleigh equation (Eq. 8). The solution of the
equation provided a single expression for both the
stages given in non-dimensional form as:

RY = %[(ﬁ L)% — )32 1} (12)

2AThgp, \ 1/2
3Tsator

+_ Rt —
where R _32/A’t _BZ/AZ’A_(

1/2
and B= (%20‘1) . Theofanous and Patel®®

also used a similar methodology as that of Mikic
et al.*’” except they used linear vapor pressure rela-
tion instead of the Clausius—Clapeyron equation.
A scaled modified closed-form expression of Mikic
et al.”’” was also suggested and given as:

2 1 1
R — 72(2/3)1/2 {(Eﬂzt* F1)32 - (Eﬂzt*)?)/z _ 1},
b

(13)

1/2
where R* = uzé, = But, n= %(2"7“)

h —0.25
(Pvaf_Tsat)) {ov[Py (Typuik) — Prpuicl }

3/2

Py (Tipu) P,

and g = (£ ”b‘;”‘) . /2""““‘) . Lee and Merte™® also
op,
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solved the two equations, namely momentum and
energy, simultaneously along with the vapor pres-
sure curve. They found that the scaled modified
form of a solution by Mikic et al.*” was in good
agreement with the results of their numerical com-
putations and many other experimental results. It is
bound to perform better because the effect of both
the heat diffusion and the inertial effects has been
included during the derivation of the solution. Lee
and Merte?®, as in the previous cases, had to pro-
vide some initial perturbation to start the bubble
growth. They concluded that the disturbance did
not have any significant effect on the bubble growth
for moderate to high superheat degrees, except in
the case of low superheat levels where initial distur-
bance should be sufficiently small which otherwise
changes the bubble growth delay time.

Hence, the large values of liquid superheat or
low system pressure causes the bubble growth to
become inertia controlled, while for lower levels
of liquid superheats or high system pressure the
bubble growth is dominated by the heat diffusion
process®®. Further, Lee and Merte*® conducted the
experimental study on vapor bubble growth in
microgravity on R113 and compared the results
with their closed form expression of superheat
model with uniform as well as non-uniform initial
temperature distribution. It is different from a few
studies mentioned earlier with respect to the tem-
perature profile taken around a growing bubble®®,
36 Similarly, Theofanous et al.¥ and Board and
Duffy®® had assumed the temperature profile
for numerical modeling as compared to Lee and
Merte””. The expression used by Lee and Merte” in
their work is given by

T(r,tan) — Tobuk =

2] @t/ exp ( 2 >

k; datyy,

"
qr

r
— ——erf .
k ° C(Zvatdh)

(14)

Later, Robinson and Judd® performed a
detailed numerical study of various stages of bub-
ble growth in an infinite pool of liquid. They looked
into the effect of changing the initial superheat and
system pressure on the bubble growth characteris-
tics by solving the one-dimensional energy equa-
tion. For a spherically symmetric bubble, the rate of
increase of its size is related to the amount of heat
diffused through the interface,

R 1 (k AT(t))
At polg o) )’

where AT = Tj, ¢ — Ty is the temperature differ-
ence across the interface, and &y, is the thickness of

(15)
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the thermal boundary layer surrounding the bub-
ble. The amount of heat transferred is the driving
force throughout the bubble growth process. Sec-
ondly, they considered the inertial resistance as the
hydrodynamic force at the bubble-liquid interface
given by

d*R 3 [dR\?
Py = PlR@ +eor <dt> . (16)

The pressure (P;) exerted by the liquid at
the interface is the sum total of the static (Pxo)
and the hydrodynamic pressure (Ppy). As men-
tioned previously about the initial stage of bub-
ble growth, the surface tension plays a governing
role till the interface acceleration (or the hydro-
dynamic force) reaches its maxima. In this zone,
a small increase in radius leads to the decrease in
the vapor pressure within the bubble. According
to the equation of state, there is a simultaneous
decrease in the temperature within the bubble.
The heat transfer increases from the surround-
ing liquid into the bubble with a higher tempera-
ture difference across the interface. As mentioned
by Robinson and Judd®, there is an established
thermal feedback effect which ensures that the
bubble acceleration continuously increases to its
maxima. Figure 3 shows the details of variation of
the stress as the bubble grows in the bulk liquid.

This is the moment, when hydrodynamic
forces take a lead role in controlling the bubble
growth, as they resist the motion of the inter-
face. The hydrodynamic forces adversely affect
the thermal feedback and prevent the increased
heat transfer from outside. Though the bubble
still grows, the acceleration of interface decreases
to nil with time. As mentioned by”’, the thicken-
ing of the thermal boundary layer by advection
and conduction tends to decrease the heat flux at
the interface and the consequent effect on bubble
growth. The radial outward motion of the bubble
tends to push the fluid in the thermal boundary
layer into the bulk liquid, while the heat is con-
ducted from the hottest region in the thermal
boundary layer near the interface into the bubble.
This leads to increment of the thickness of a ther-
mal boundary layer, further decreasing the heat
flux.

When the thermal boundary layer has
increased to its considerable size, the growth
of bubble slows down and is limited by the rate
of liquid evaporated into the vapor. The pres-
sure difference across the interface at this stage
is almost zero. Also, the temperature differ-
ence also remains insignificant, and the heat
transfer process or the thermal boundary layer

@ Springer jiﬁgics
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Figure 3: Various regimes of bubble growth
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plays a dominating role. Here, the data of Rob-
inson and Judd® agrees well with zero-order
analytic expression by Plessent and Zwick™:
8(t) = (1/3mat)!/?, whose theory is completely
based on the thermal boundary layer.

These observations of the bubble growth pro-
cess indicate that variation in the liquid proper-
ties needs to be considered at every stage with
changing temperature and other field variables®'.

6 Micro-Explosion
The third and the least understood stage is the
‘micro-explosion, which actually defines the flash
boiling process. It is also referred to as ‘bubble
boiling explosion, ‘contact vapor explosion’ or
‘bubble burst’ Some of the facets of this complex
process that still pose a challenge in mathemati-
cal modeling are the criterion for the breakup
initiation, the number of child droplets formed
after the breakup, size distribution and the veloc-
ity of the child droplets. Once these parameters
are known, other broader details like the amount
of vapor release in the process can be found out
quickly. A schematic of micro-explosion process
is shown in Fig. 4, which gives a rough idea of the
number of parameters needed to be calculated.
There have been experimental studies by Oza
and Sinnamon*' and Oza*?, describing the two
regimes of jet atomization. In one of the regimes,
the spray cone angle remains unchanged while
flashing of liquid fuel occurred within the noz-
zle. In the second regime, the chamber pressure
is low enough to cause the external expansion of
the two-phase fluid ejecting from the nozzle, con-
sequently increasing the spray cone angle. The
former case lies in a low superheat zone, while
the latter lies in a high superheat regime. Accord-
ing to*, the bubble growth process occurs in
both the cases, but in the latter case the process
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Figure 4: Schematics of micro-explosion of a bubble-within-a-droplet system resulting in the formation of

secondary droplets.

continues outside the nozzle, into the chamber.
However, the experiments conducted by Reitz*’
shows that the liquid core remains intact even
outside the nozzle when the experimental con-
ditions lie in the internal flashing regime of Oza
and Sinnamon®'. Reitz*> used “high intensity,
short duration, backlit, spark photographs” for
capturing the liquid core. Reitz*’ blamed the light
scattered from the flash boiling spray plume for
the obscurity of the liquid core, which prevented
Oza and Sinnamon*! from capturing it. Thus, the
atomization of the superheated liquid happens
outside the nozzle. Senda et al.** studied the spray
characteristics in flash boiling conditions such as
increase in spray angle, shortening of liquid core
length and narrower droplet size distribution
with an increase in the superheat degrees.

Many models have been suggested to date by
Sher and Elata®®, Razzaghi*®, Senda et al.**, Zeng
and Lee® and Shen’, which are covered below.

Sher and Elata* assumed that the bubble
burst happens at the instant when the bubbles
form a close-packed array, touching each other.
According to this theory, a continuous liquid with
separated bubbles changes into bubbles with sep-
arated liquid droplets at the time of bubble burst.
A part of the energy of the bubble becomes the
energy of the child droplets formed after the bub-
ble burst. In this assumption of a close-packed
array, the fraction of vapor mass and liquid mass
is @/6 and 1 — /6, respectively. Thus, the mass of
the liquid at the time of bubble burst is,

M = p(1 —7/6). (17)

J. Indian Inst. Sci. IVOL 99:1193-104 March 2019ljournal.iisc.ernet.in

The assumption of child droplets to follow
log-normal distribution as per their experiments
and, from the continuity equation, the number of
secondary droplets formed after the bubble burst
is given as:

1—-7m/6
n= D) .
(7r/6)D3, exp(4.51n” o)

(18)

Razzaghi*® developed a model for breakup
and atomization of the jet. He considered both
the aerodynamic and flash boiling as the reasons
for the breakup. The primary droplets are pre-
sumed to be formed from the liquid core due to
aerodynamic disturbances, and flash boiling starts
in these droplets. Two regimes of bubble growth
have been considered—inertia and heat transfer
control. When the wavelength of instability on
the droplet surface is five times the film thickness,
the bubble—droplet system becomes unstable®’
and breaks into tertiary droplets. The breakup of
the droplets with bubble occurs due to the Ray-
leigh-Taylor instability. The size of the tertiary
(child) droplets is calculated from the mass con-
servation equation. Moreover, the droplets are
assumed to not coalesce because of the high evap-
oration rates which cause strong repulsive forces
among the droplets*® (as cited by*®). Though the
model concentrates on the minute details of the
flash breakup, a number of assumptions limit its
use and it needs further improvement.

Senda et al.** modeled the flash boiling pro-
cess with all the three stages. The model is based
on the experimental study conducted on n-pen-
tane and n-hexane using a pintle-type injector,
which means the injection pattern manifested
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a hollow cone. The number of child droplets is
assumed to be twice the bubble density in a par-
ent droplet. Though the calculated child droplet
size was near the measurements, the data points
were too less to verify the model. A maximum
value of void fraction (¢ =0.45) is used to predict
the instant of initiation of the third stage, i.e., the
micro-explosion.

The assumption of a void fraction as being
the deciding factor for bubble burst has also been
used by Adachi et al.¥ is £ =0.45, Kawano et al.>°
is €=0.55. The void fraction value was based
on the experiments conducted by Suma et al.’’,
where it ranged between 0.51 and 0.53.

Similar to*’, a model based on the linear
instability analysis was proposed by Zeng and
Lee®. The micro-explosion, in this case, happens
when the instabilities along the bubble and the
droplet surfaces grow more significant than the
characteristic length of the spray. The character-
istic length is equal to the film thickness of the
droplet. The case is similar to*® concerning the
instability of the droplet film being the cause of
micro-explosion and both the models consider an
aerodynamic breakup. In this model, the velocity
of the child droplets is also calculated along with
its size using the conservation equations. The
breakup criteria of this model are set as:

Jb boodt

Clty) = “0 = = Can. (19)

Cerit = 5 is taken according to the experimen-
tal results. The perturbation equations (derived
from the governing equations) are solved along
with a pressure perturbation relation of the bub-
ble. The pressure perturbation within the bubble
is related to the bubble radius perturbation by the
sound speed inside the bubble. The final instabil-
ity equation is solved for the disturbance growth
rate given in®. The child droplet size, velocity and
the number of secondary droplets are calculated
from the governing equations of mass, momen-
tum and energy. The droplet size and velocity of
the child droplet are given as:

2 | p2
Rl = BRd +R;
32,ch R?i _ R?

N (3R<R—R>V_V>p

3 3 i
2 R-K : 2 /30
(20)
3R?Vi(Ry — R;)
Vo =i ta T
ch sz —R? (21)
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The droplets are assumed to have x2-distri-
bution. Similarly, the breakup characteristics of
the flash boiling are compared with the aero-
dynamic breakup, as both happen at the same
moment. In this study, the superheat degree
varies from 4 to 64 K. However, they solved the
bubble growth without considering the energy
equation.

Similarly, Shen’ ’s model is based on the con-
servation of the surface energy of liquid droplets.
In this case, the minimal total surface energy is
the breakup criterion of the model. The sponta-
neity of the event has been related to the Gibbs
free energy of the bubble—droplet system. Both of
the last models have been used for multi-compo-
nent fuels” >,

7 Alternative Flash Boiling Models
There are other alternative flash boiling models
suggested by Brown and York™, Lienhard and
Stephenson®, Gooderum and Bushnell®®, Lien-
hard and Day*®, Crowe and Comfort”’, Kitamura
et al.’®, Zuo et al.*” and Khan et al.%’. These mod-
els are empirical or semi-empirical formulations
and do not explain the complete physics behind
the process, few of which are discussed below.
Brown and York™ proposed a critical Weber
number corresponding to a superheat degree,
above which flash atomization occurs. The value
is based on the correlated data for superheated
water, Freon-11 and water through which carbon
dioxide was bubbled. The critical value is defined
as:

_ 1 pairu%Dj

We; (22)

2 (oF3

The corresponding critical superheat degree'’, >,

0.100 — 2,95 x 1073 We;  if Wej < 12.5
0.0584 —2.13 x 1073 We;  if Wej > 12.5.

(23)

Here, Cpyp, = Ja(wa)'/? is the bubble growth

rate. Similarly, the droplet size correlated with

critical Weber number or jet velocity was pro-
posed as'® >

ChupA T" = {

L . 24
2>1<2‘5261,Dj if B < Berit. (24)

{ %BG if BG > Bt
R; =

Here, Bg = Ja(ma)Y/?/AT is the bubble growth
rate constant, Beie = 0.0584 — 2.13 x 1073 Wej is
the critical bubble growth rate condition and con-
stants ¢; = 0.87 x 1073 and ¢y = 5.709 x 1073
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10, Lienhard and Day’® established the condition
and average length of liquid core breakup as:

Lbreak -up = Vj(zdl + td2)‘ (25)

Kitamura® found a critical superheat for the
flashing breakup, expressed as the Jacob Number,
corrected with a correction factor, ¢, as a func-
tion of jet Weber number. In this Weber number,
vapor density is used in place of air density. The
empirical relation is:

¢Ja =100We; /7, (26)

—2300
¢=1—exp( ) (27)
P — Py

Both Brown and York® and Kitamura®® models
are not applicable to low Weber number jets.

Zuo et al.”’ cover several aspects in their
model: transient conduction limiting sheet flash
vaporization model, an effect on the primary
breakup model, superheat flash vaporization
and heat transfer model for drops and Stefan
flow model. First, the transient conduction sheet
flash vaporization model solves one-dimensional
energy equation to calculate the temperature dis-
tribution within the spray sheet. From this, the
evaporation rate can be calculated, considering
the radial decrease in the sheet thickness. Second,
it assumes primary breakup due to aerodynamic
instability. The linearized stability atomization
(LISA) model® is modified for superheating
conditions which include the change in primary
(child) droplet size and the spray cone angle. The
drop size correlation is based on the experimental
results of VanDerWegeﬁz, 9 and Reitz*. To take
into account the flash boiling effect on the spray
droplets in their third model, the heat transfer
from the droplet interior to its surface, along with
the heat transfer from the surrounding gas at a
higher temperature to the same droplet surface
is considered. The net heat transferred gives the
total evaporation rate of the droplet due to flash
boiling. Last, the Stefan flow is also modeled as
the blowing effect due to high evaporation rates
and mass transfer with the external flow will give
way to a thick boundary layer surrounding the
droplet.

For flashing releases, Cleary et al.%%, Wit-
lox et al.®> developed an empirical sub-model
to predict the droplet size and its distribution.
It includes mechanical breakup based on the
critical Weber number and transitions between
flashing and non-flashing jets. The results were
overpredicted in some cases and needed further
investigation.
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A model by Khan et al.®’ developed for flash
boiling in gasoline direct injection (GDI) sprays
uses surface tension energy change, from the par-
ent bubble—droplet system to the child droplets,
for the calculation of child droplet size, velocity
and spray cone angle.

The empirical or semi-empirical relations are
limited to some specific cases and hence cannot
be generalized. They not only lack the explana-
tion of the physics behind the process, but also
consequently demand a more experimental inves-
tigation for mining any further details.

There has been considerable work®> %= on
the effervescent atomizer designs and two-phase
flows, which have a significant role in case of high
superheat conditions. Since the present work
concentrates on the review of the basic physics of
the flash boiling process in sprays, which is com-
mon to any application, specific topics such as the
atomizer/vessel design pertaining to some indus-
trial application have not been covered.

8 Conclusion
There has been considerable improvement in
modeling the flash boiling process and its feasi-
bility, especially concerning the initial stage of
bubble nucleation and growth. In practical prob-
lems, even the studies involving models with the
most detailed physics underperform on many
fronts. The factors for the failure mainly pertains
to a large number of assumptions and limitations
of a given model. This work tried to provide an
insight into the modeling efforts of the past and
their respective drawbacks. There still remains a
lot of work to be done experimentally, analyti-
cally and computationally to develop a general-
ized formulation for flash-boiling.

Based on the review of various models and the
experimental results witnessed, some of the fol-
lowing conclusions can be made:

1) In all the computational studies, homoge-
neous nucleation is considered. The hetero-
geneous nucleation of bubble is dominant
in the lower superheat regime and should
be considered in the computational as well
as analytical studies. This might answer the
two-phase flow just at the liquid jet exit.

2) As it has been aforementioned, the three
regimes of bubble growth play an impor-
tant role in accurate prediction of bubble
life time, which eventually affects the time
instant of micro-explosion.

@ Springer jﬁ%g?&
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3) As per the bubble growth is considered, it
would be different in the liquid core as com-
pared to the liquid droplets. Thus, the sur-
rounding liquid and the free surface curva-
ture of the liquid needs to be included in the
calculations.

4) In the event of micro-explosion, the child
droplet size, its distribution and the veloci-
ties are an important aspects which should
be taken into account for better prediction
of spray angle and liquid penetration. These
factors are also significant with respect to the
spray combustion studies where the flame
ignition, lift-off height, temperature distri-
bution and emission are important.

5) The empirical or semi-empirical models for
micro-explosion or the bubble burst phe-
nomena have found very limited application
for their lack of universality for liquid sprays
in varied conditions. On the other hand, a
very few number of processes are explained
by the models physically.

6) Lastly, there have been scant experimental
studies which concentrate on the primary
break-up due to flash-boiling. It is due to the
sophisticated set-up and expensive equip-
ment costs, there is lack of photographic
studies of bubble growth in the liquid core
and the subsequent bubble burst phenom-
ena, followed by break-up.

Abbreviations

c: Specific heat constant; D: Diameter (of droplet
or bubble); hfg: Latent heat constant; /: Number
of bubbles per unit volume; Ja: Jacob number; k:
Boltzmann constant; k¢: Total evaporation rate of
molecular species which forms bubble; k;: Ther-
mal conductivity of liquid; #: Number of drop-
lets per micro-explosion; Np: Number density
of liquid, (6.023 x 10?3/liquidmolarvol.); Myy:
Molecular weight; M: Mass flow rate (for liquid
phase); P: Pressure; q;: Heat flux to the liquid;
: Radial coordinate; R: Universal gas constant; R:
Radius (of droplet or bubble); £: Time; t,: Dwell
time between onset of heating and bubble nuclea-
tion; £,: Average dwell time between jet ejection
and bubble nucleation; £;,: Dwell time for bubble
growth after which it bursts (or bubble lifetime);
T: Temperature; We: Weber number.

Greek

«: Thermal diffusivity; &: Void fraction of drop-
let (Rg /RZ); k: Coefficient of dilatation viscosity;
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w: Coefficient of shear viscosity; p: Density; o:
Equilibrium surface tension; o,: Equilibrium sur-
face tension; w: Angular frequency of disturbance
(Eq. 19).

Subscripts

0: Initial state; amb: Ambient state; bulk: Bulk
state of the liquid; b: Bubble; d: Droplet; ch: Child
droplet; i: Bubble-liquid interface; j: Liquid jet; [
: Liquid state; sat: Saturated state; v: Vapor state.
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