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ABSTRACT

This paper presents an atomization model for sprays under flash boiling conditions. The atom-

ization is represented by the secondary breakup of a bubble/droplet system, and the breakup is

considered as the results of two competing mechanisms, aerodynamic force and bubble growth.

The model was applied to predict the atomization of a hollow-cone spray from pintle injector

under flash boiling conditions. In the regimes this study considered, sprays are atomized by bubble

growth, which produces smaller SMD's than aerodynamic forces alone. With decreasing ambient

pressures, the spray thickness, fuel vaporization rate and vapor radial penetration increases, and the

drop size decreases. With increasing the fuel and ambient temperatures to some extent, the effect

of flash boiling and air entrainment completely change the spray pattern.
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INTRODUCTION

Flash boiling offers great opportunity to
improve engine performance due to the
improved spray quality compared to conven-
tional jets, such as finer drop sizes, larger spray
angles and smaller tip penetration [1]. How-
ever, only limited numerical efforts have been
made to study the bubble growth and the sub-
sequent breakup process for flash boiling.
Lienhard and Day [2] developed a criterion
for breakup of superheat jets where the
breakup time is taken as the sum of the idle
time and the time for the bubble grows up to
as large as the initial jet diameter. Oza and
Sinnamon [3] assumed that the jet breaks up

when the bubble radius grows twice as large as
its initial radius. Senda et al. [4] and Adachi et
al. [5] used void fraction to determine when
the jet breaks up. Razzaghi [6] postulated that
the jet is still first atomized through aerody-
namical force. However, the produced sec-
ondary droplets undergo microexplosion. As
our knowledge goes, the models for the atom-
ization under flash boiling conditions are
underdeveloped, and arbitrary assumptions
are involved for most models.

This paper presents a model for the atom-
ization under flash boiling conditions with
intermediate superheat degrees. Under this
condition, the effect of vaporization at the jet
surface on jet atomization is negligible, and
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the spray atomization is represented by the
secondary breakup of blobs using a blob mod-
el. The model details are presented next.

MATHEMATICAL MODEL

Biob Model

Following the original blob model proposed
by Reitz and Diwakar [7], the atomization is
modeled as the secondary breakup of the
blobs, which is due to flash boiling and aero-
dynamical force in this study. The characteris-
tic size of blobs is determined by

r;=( 1:[0 731c_)1/3 n

where N is the number density of bubbles.
Ny can be related to the superheat of the spray,

A
No = Cexp (—A—T) (2)
where C and A are constants depending on
fuels, and AT is the superheat degree of the
spray defined as the difference between liquid
temperature and the saturate temperature at
ambient pressure. Equation (1) implies that
there is only one bubble in a blob.

As shown in Fig. 1, three regions are present
for the bubble/droplet system defined above
and each region satisfies its own mass and
momentum conservation equations. For
Region III, Pis assumed to be uniform and is
determined by the phase equilibrium. The
bubble growth rate can be given by the
Rayleigh equation [8].

It is well known that the relative motion at
interface is primarily responsible for the sys-
tem breakup. For the bubble-droplet system
defined in this study, two relative motions
exist, (1) translational motion between the

droplet and ambient gas, and (2) the radial
expansion of the droplet and the internal bub-
ble. In this study, translational motion and
radial expansion are considered separately. For
convenience, the breakup due to the first rela-
tive motion is usually referred as aerodynamic
breakup. A modified TAB model was devel-
oped for the aerodynamic breakup. For the
breakup caused by bubble expansion, the
breakup criterion is given by a linear stability
analysis, and the properties of secondary
droplets are given by conservation laws. The
coupling effect between these two motions is
ignored, and the later results show that the
aerodynamic breakup may not be important
for a wide range of superheat degrees consid-
ered in this paper. The model details are pre-

sented in the next two sections.

Aerodynamic Breakup

The TAB model [9] was modified to predict
the aerodynamic breakup by incorporating the
effects of an internal bubble. With the original
TAB model, the oscillating and deforming
droplet is analogous to a spring-mass system.
The aerodynamic force due to the relative
velocity of the droplet acts as driving force for
deformation, and the surface tension force
acts as restoring force. With the presence of a
gas bubble inside, the aerodynamic force and
the surface tension force will not change,
whereas the inertial force and the viscous force
will change significantly. It is assumed that the
inertial force is proportional to the averaged
density, and that the viscous force is propor-
tional to the averaged viscosity coefficient.
Thus, the deformation for the system can be
expressed as [10]
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where x is the magnitude of deformation (dis-
tance from the equilibrium position), € the
void fraction defined as the volume ratio
between the bubble and the droplet, ice., € =
(R/R.)3. Cr, G, and Cy are model constants.
With the presence of the gas bubble, these
constants are expected to change slightly.
However, due to lack of experimental data,
they are kept the same as in the original TAB
model. As in the original TAB model, breakup
is assumed to occur when x reaches the
droplet radius, and the secondary droplet
character is determined from momentum and
energy conservation.

Bubble Expansion
The exact mechanism that causes system
breakup during bubble expansion is not clear-
ly identified from the literature. It is postulat-
ed in this study that the system breakup is due
to oscillations along the droplet and bubble
surfaces and also that the oscillations are sym-
metric. The atomization occurs when the dis-
turbance grows larger than the product of the
characteristic size of the sheet and a prescribed
value. The characteristic length scale for the
system can be chosen as the film thickness
(i.e., the difference between droplet radius R,
and bubble radius R), and the initial distur-
bance can be assumed to be proportional to
the initial droplet radius Ro. Therefore, the
breakup criterion can be expressed as
Ruoeh

K1) =W = Kerie 4

where # represents the breakup time, ® is dis-
turbance growth rate and K is the breakup
variable. Ko is the value of Kat breakup, and
it can be optimized by experimental data.

The disturbance growth rate is determined
by a linear stability analysis, and its normal-
ized form is given by [10]
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Equation (6) is a cubic equation characterized
by six non-dimensional variables and can be
solved analytically. Three roots exist for this
dispersion equation. The root with the largest
real part represents the disturbance growth
rate, and the imaginary part represents the fre-
quency of oscillation.

The Sauter-mean radius (SMR) and velocity
of the secondary droplets can be derived from
mass, momentum and potential energy con-
servation before and after breakup [10].

RESULTS AND DISCUSSIONS

Aerodynamic Breakup

Using the present model for the aerodynam-
ic breakup, the effect of bubble growth is
quantified by the void fraction (i.e., the vol-
ume fraction of the internal bubble). Figure 2
gives the deformation evolution for different
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void fractions. Note that the droplet radius
was adjusted for each void fraction to ensure
that the system has the same liquid mass. It is
apparent that the deformation grows faster
with increasing void fraction. Accordingly, this
faster growth results in the decrease in the
breakup time shown in Fig. 3.

Breakup Due to Bubble Growth

The disturbance growth rate is primarily
determined by the Weber number of bubble
growth We:. Figures 4 shows the variation of
disturbance growth rate versus the Weber
number for a bubble-droplet system at differ-
ent density ratios between bubble and liquid.
As the Weber number Wz increases, the dis-
turbance growth rate increases. In addition,
the growth rate is larger for smaller density
ratios between bubble and liquid.

Figure 5 shows the variation of the void
fraction at breakup points € versus bubble
growth rate for three systems with different
initial radius ratios A between the bubble and
droplet (Keic = 5 is used as the breakup criteri-
on, although it needs to be verified by experi-
mental data). The initial bubble diameter is
20 pm and the initial droplet diameter is 200
pm. The bubble density is 1.68 kg/m?, the
ambient gas density is 0.34 kg/m3, and the
droplet density is 626 kg/m3. The sound
speed is 220 m/s, and the surface tension coef-
ficient is 0.00167 (Pa-m). At small growth
rates V;, the breakup void fraction € is nearly
independent of the bubble growth rate V;and
the initial radius ratio A. This suggests that for
low growth rates, the atomization behavior is
primarily determined by void fraction. This
trend agrees with the hypothesis of Senda et
al. [4] and Adachi et al. [5], which states that
the breakup occurs when the void fraction is
larger than a prescribed value. However, when

the bubble growth rate is larger, the breakup
void fraction €, decreases dramatically with
increasing growth rate V;, and €, has slightly
lower values at higher radius ratios A.

Atomization under Flash Boiling Condi-
tions

Five hollow-cone sprays of n-pentane from a
pintle injector with different superheat degrees
were simulated. The injection data were taken
from Ref. 4. The parameters for each case are
listed in Table 1. The computed domain is a
cylindrical column with a radius of 6 cm and
a height of 6 cm. For computational efficien-
cy, a two-dimensional axisymmetric grid
(120X 60) was used, and 8000 parcels were
used to represent the spray.

The breakup time and secondary drop size
are first computed with a single parcel. The
computed breakup times for the first four cas-
es were analyzed. Computations indicate that
the breakup for all cases is due to bubble
expansion rather than aerodynamic force. For
comparison, the breakup time of a spray com-
puted by the Reitz and Diwakar' s model [7]
for the same conditions without consideration
of flash boiling were obtained. For a spray
with flash boiling, the breakup time decreases
with decreasing ambient pressure (i.e., increas-
ing superheat degree). For a spray without
flash boiling, the breakup time increases with
decreasing ambient pressure due to the
decrease in air density. These results suggest
that aerodynamic forces and bubble expansion
compete with each other during the spray
atomization process. At very low superheat
degrees, the atomization can be dominated by
the aerodynamical force. At high superheat
degrees, the spray atomization is controlled by
bubble expansion due to flash boiling. Figure
6 shows the computed SMD for the four cas-
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es. A spray with higher superheat degree pro-
duces smaller SMD, and this is primarily due
to an increase in bubble number density. Case
4 produces a similar SMD to Case 3, and this
is because the spray atomizes at smaller void
fractions for Case 4. This predicted trend for
SMD is consistent with experimental observa-
tions made by Park and Lee {11]. For aerody-
namic atomization, the SMD's slightly
increase with increasing superheat degree due
to the decrease in air density, and the SMD’ s
are larger than those from flash boiling.

Then spray simulation was performed for
three cases. The spray parameters obtained
from single parcel computations are used as
the initial condition for spray simulation. Fig-
ures 7 and 8 show the position of droplets and
vapor distribution for Cases 1 and 3 at a given
time t = 3 ms. The spray thickness increases
with increasing superheat degree. At higher
superheat degrees, internal gasification occurs
faster (i.e., the bubbles grow faster) resulting
in faster expansion of the spray. Tip penetra-
tion slightly decreases with increasing super-
heat degree. This decrease is primarily due to
the smaller drop sizes, which result in faster
vaporization and more momentum transfer
from the droplet to the gas. The effect of
smaller drop sizes is somehow cancelled by the
effect of lower ambient pressure that tends to
increase tip penetration. In addition, fuel
vapor penetrates further in the radial direction
for higher superheat degrees.

In the first four cases listed in Table 1, dif-
ferent superheat degrees were produced by
varying the ambient pressure. It would be
interesting to vary the fuel and ambient tem-
perature as well since VanDerWege and
Hochgreb [12] observed that the spray shows
a completely different structure at a high
engine head temperature. Therefore, a simula-

tion was made for Case 5, which has the same
ambient pressure as Case 1, but has a higher
fuel and ambient temperature of 353 K. A
plot of droplet positions and vapor distribu-
tion is shown in Fig. 9. A spray pattern com-
pletely different from that of Case 1 was
obtained, and the spray shifts to a near solid-
cone structure, as observed in the experiment
[8]. Compurational results support the expla-
nation of VanDerWege and Hochgreb [12]
that this shift is due to flash boiling and air-
entrainment. The entrained air brings the
smaller droplets produced from flash boiling
into the core of the hollow cone, and this
results in the inward collapse of the hollow

cone.
CONCLUSIONS

A model for atomization with intermediate
superheat degrees has been developed and was
applied to predict the atomization of hollow-
cone sprays under flash boiling conditions.
The results can be summarized as follows.

(1) For disturbances due to aerodynamic
force, the presence of a bubble results in an
increase in the disturbance growth rate and a
decrease in breakup time and secondary drop
size.

(2) For bubble expansion, the disturbance
growth rate of the bubble-droplet system is
primarily dependent on the Weber number of
bubble growth rate.

(3) Aerodynamic forces and bubble expan-
sion compete with each other during the
atomization under flash boiling conditions.
Aerodynamic forces dominate the regime of
low superheat degree, while bubble expansion
dominates the regime of high superheat
degree. In the regimes this study considered (4
K < AT < 64 K), sprays are atomized by bub-
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ble expansion, which produces smaller SMD’ s
than aerodynamic forces alone.
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Table 1 Parameters for Five Cases

Pamb Liquid temperature AT

Case1l 48kPa 293 K 42K

Case2 35kPa 293 K 119K

Case3 21kPa 293K 235K

Cased 14 kPa 293 K 319K

Case 5 48kPa 353K 64.2K
Region I

Fig. 1 Schematic of bubble/droplet
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Fig. 8 Plots of droplet position and vapor distribution
for Case 3

Fig. 9 Plots of droplet position and vapor distribution
for Case 5



