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ABSTRACT

A droplet-in-bubble approach has been incorporated into a previously developed high-
pressure droplet vaporization model to study the clustering effects on a liquid oxygen
(LOX) droplet evaporating in hydrogen environments under both sub- and supercritical
conditions. A broad range of ambient pressures and temperatures are considered. Results
indicate that pressure exerts strong influence on droplet vaporization behaviors in a dense
cluster environment. Increasing ambient pressure reduces droplet interactions and
significantly decreases the droplet vaporization time. The effect of ambient temperature on
droplet interactions is found to be very weak. The present study is intended to illuminate
the underlying physics of droplet clustering phenomena in combustion devices.

Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
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1. Introduction

Most liquid-fueled combustion devices involve atomization of
injected fuels into small droplets, which then undergo a series
of evaporation, mixing, and burning processes. In practical
diesel, gas-turbine, and rocket engines, such processes often
occur at high pressures either near or above the critical states
of the fuels. Droplet behaviors at high pressures are thus of
fundamental importance in achieving improved understand-
ings of combustion physics [1].

Many experimental and numerical studies [2—13] have
been carried out to investigate high-pressure droplet vapor-
ization and combustion phenomena in engine operation
conditions. Most of these studies focused on a single fuel
droplet either evaporating or burning in a quiescent environ-
ment. Results revealed many characteristics distinct from

* Corresponding author.

their low-pressure counterparts, due to the unsteady trans-
port phenomena both within and outside the fuel droplet,
dissolution of ambient gases into the droplet, thermodynamic
non-idealities, and transport anomalies at high pressures [1].

Although much progress has been achieved in studying
single droplet vaporization and combustion at high pressures,
current available data are insufficient for the accurate
modeling of two-phase combustion processes. Experimental
observations of spray combustion clearly indicate that drop-
lets normally evaporate in a cluster environment, and
behaviors of individual droplets are significantly affected by
the surrounding droplets [14,15]. Only limited studies have
been conducted so far for clustered droplet vaporization at
high pressures. Jiang and Chiang [16] numerically studied n-
pentane fuel droplet vaporization in a cluster. A one-
dimensional spherically-symmetric high-pressure droplet
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Nomenclature

A Control surface area or droplet surface area
D Droplet diameter

Dim Effective mass diffusivity

e Total internal energy

h; Partial-mass enthalpy of species i

Kyap,i Vaporization kinetic coefficient

m Droplet mass evaporation rate

w Normal outward unit surface vector
p Pressure

Qe Thermal diffusion flux

ai Mass diffusion flux of species i

T Spherical coordinate

R Droplet radius

R Time variation rate of droplet radius
Rpup Bubble radius

t Time

T Temperature

v Velocity

v Control volume
w Control surface velocity
Y Mass fraction of species i

Greek symbols

A Thermal conductivity
w Chemical potential

) Density

T Dimensionless droplet lifetime
Subscripts

bub bubble

d droplet

i species

int interface

0 initial value
Superscripts

g gas phase

1 liquid phase

vaporization model, similar to those in Refs [2,5], was coupled
with the sphere-of-influence concept [17] to investigate the
clustering effects on the droplet vaporization characteristics.
The sphere-of-influence concept assumes that the fuel drop-
lets are uniformly distributed in a spray, and each droplet
evaporates in a finite sphere within a droplet cluster, instead
of in an infinite space, as for an isolated droplet. Jiang and
Chiang [16] concluded that the droplet vaporization time is
significantly prolonged due to the droplet clustering effect.
Increasing the ambient pressure weakens the droplet inter-
action considerably. The sphere-of-influence method was
also employed by Harstad and Bellan [18] to numerically
investigate liquid oxygen (LOX) droplet vaporization and
interaction in quiescent hydrogen environments at super-
critical pressures. A fluctuation theory, which assumes ther-
modynamic non-equilibrium at the droplet surface, was
implemented for calculating the droplet vaporization rate.
Uncertainties, however, remained for determining the kinetic
constant in the model, because of the lack of an accurate
evaluation method.

Given its practical importance, fundamental research is
still needed to elucidate the underlying physics of droplet
vaporization in a dense cluster environment, and particularly
for the LOX/hydrogen system, which has not been compre-
hensively investigated. In the present work, a numerical study
of the clustering effects on a LOX droplet evaporating in
a hydrogen environment is conducted. Both sub- and super-
critical conditions are treated. A droplet-in-bubble approach
[19], which is suitable for solving droplet vaporization in
a dense droplet cluster, is incorporated into a well-established
droplet vaporization model [12], which accommodates a self-
consistent treatment of high-pressure phenomena, including
thermodynamic non-idealities, transport anomalies, and
transient behaviors. The effects of the ambient pressure and
temperature on the LOX droplet vaporization rate in a dense
cluster environment are explored in detail. The Results will

contribute to the two-phase modeling of high-pressure
hydrogen/oxygen combustion processes.

2. Theoretical formulations and numerical
treatment

The physical model of concern is the LOX droplet evaporating
inside a dense droplet cluster, as shown schematically in
Fig. 1a. Inside the cluster, because of the droplet interaction,
mass and energy exchanges around each droplet are isolated.
This leads to the droplet-in-bubble concept described in
Ref. [19], which assumes that each droplet evaporates in an
isolated and slightly elastic spherical space. In the present
study, droplets evaporate in a quiescent environment,
resulting in a spherically-symmetric configuration shown in
Fig. 1b. The edge regions outside droplet bubbles are distrib-
uted equally into each bubble. The equivalent radius of a gas
bubble is thus calculated based on the volumes of the original
bubble and the allocated edge regions, and is slightly larger
than half the distance between two droplets.

The droplet-in-bubble approach is incorporated into
a well-validated droplet vaporization numerical scheme
previously developed for treating droplet vaporization at high
pressures [12]. The formulation is based on a complete set of
conservation equations of mass, momentum, energy, and
chemical species in a spherical coordinate system for both
liquid and gaseous phases. Because the velocity is small over
the entire flowfield, the momentum equation is simplified to
be a constant-pressure condition. Before the droplet reaches
the critical mixing state, its surface is clearly defined and can
be accurately tracked using a system of moving meshes. The
moving boundary problem can be formulated more conve-
niently using the control-volume method. The conservation
equations take the following form:

mass conservation
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Fig. 1 — Schematic diagrams of (a) a droplet cluster, and (b)
an evaporating droplet in a bubble.
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In the above equations, the variable W denotes the moving
velocity of the control surface, which is dictated by the

movement of the droplet surface during the vaporization

process. Standard notations in fluid mechanics are used and
defined in the Nomenclature.

The energy and species diffusion fluxes take the following
forms:

N
ﬁe = —AVT — Z q)iﬂi (5)

q; = —pDinVY; (6)

In these two equations, the Soret and Dufour effects are
omitted because of their negligible influence on the vapor-
ization phenomena [12].

Before the droplet reaches its critical mixing state, ther-
modynamic phase equilibrium prevails at the droplet surface.
It can be expressed as

T =T,p? =p',u! =l ()

In addition, mass, energy, and species are conserved across
this interface.

m=p(V -R)-WA|_, =p(V-R)-WA[_, (8a)

m; = [mY; + q;- A] g, = [MYi+ q;-MA] (8b)
N PR

VT = VT + > (R —Ty) (8¢)
i=1

Because of the simplification of the momentum equation,
the pressure equality at the droplet surface is satisfied auto-
matically. A robust and efficient treatment based on the irre-
versible thermodynamic theorem is further developed to
handle the other thermodynamic equilibrium conditions and
the conservation of energy and species across the droplet
surface [12]. For example, the following expression is employed
for treating the species transport across the interface:

i = Kuap,i (uf — 1) ©)

By using a large vaporization kinetic coefficient Kyqp; in this
equation, the thermodynamic equilibrium condition for the
chemical potential and the species flux conservation at the
droplet surface can be closely approached. A similar expres-
sion based on temperature differences can be further derived
for calculating thermal conduction across the droplet inter-
face and for closely approaching the thermal conditions [12].

Once the critical mixing point is reached, the distinction
between the two phases across the droplet surface disappears.
Afterwards, a single phase treatment is adopted to determine
the subsequent vaporization process at a supercritical state.
The droplet surface is defined by the location of the critical
mixing temperature [1,12].

An accurate estimation of thermophysical properties over
the entire fluid thermodynamic regime is a prerequisite in any
numerical study of high-pressure transport phenomena. In
our prior work, a general framework was established for
property evaluations. An extended corresponding-state
method was employed to calculate fluid transport proper-
ties, including viscosity and thermal conductivity [1,10].
Fundamental thermodynamics theories and the Soave-
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Table 1 — Critical properties of oxygen and hydrogen.

Pressure (atm) Temperature (K)

H, 12.73 33.0
0, 49.74 154.6

Redlich-Kwong (SRK) equation of state were employed to
determine thermodynamic properties, including heat
capacity and internal energy [1,20]. A simple corresponding-
state approach was implemented to account for pressure
effects on mass diffusivity [1,10]. These property-evaluation
schemes were previously employed for studying droplet
vaporization under various flow conditions [2,3,5,10,12,13],
cryogenic fluid injection, mixing, and combustion at super-
critical conditions [21—24], and supercritical heat transfer of
hydrocarbon fuels [25—27]. More details concerning this
numerical model for studying high-pressure droplet vapor-
ization can be found in Refs. [10,12,20].

In the present numerical study, the following boundary
conditions are needed:

at the droplet center

VT =0;VY;=0;,V =W =0 (10)

at the bubble surface

VI=0;VYi=0;V =W (12)

According to Eq. (11), the bubble surface is isolated and
elastic, and during the numerical calculations, it decreases
slightly. This means that the volume of the dense droplet
cluster shrinks slightly due to droplet evaporation. The bubble
surface moves with the local fluid velocity, while the other
control surfaces move with the droplet surface, thereby
resulting in coarse meshes in the gas bubble region. An
adaptive grid system is used to refine the grid once it reaches
1.5 times the original value.

3. Results and discussion

The theoretical and numerical framework outlined in the
preceding section is employed to study the behaviors of a LOX
droplet evaporating inside a hydrogen bubble at both sub- and
supercritical pressures, as shown in Fig. 1b. The initial
temperature of the LOX droplet is 100 K, and its initial diam-
eter is 100 pm. The ambient temperature ranges from 700 K to
1500 K. Three different ambient pressures are considered,
including 10 and 30 atm in the subcritical regime and 100 atm
at the supercritical condition. The critical properties of oxygen
and hydrogen are listed in Table 1. A grid-independence study
was performed to verify that a total of 160 grids, of which 25
are within the droplet, are sufficient to resolve the flowfield in
the present work.

In the numerical simulations, the droplet vaporization
process is terminated when the mass fraction ratio, (Yoz, int —
Yo2, bub)/Yoz, int, drops below 2%, which is defined as the
saturation condition, or when the temperature difference
between the bubble and droplet surface is less than 5 K. These

conditions can be met with a highly dense droplet cluster,
leading to a very small droplet bubble. The variables, Yoy, int
and Yoo, pu, Tepresent the mass fractions of oxygen at the
droplet and bubble surfaces, respectively. Under the satura-
tion condition, a droplet vaporization process terminates due
to mass transfer limitations.

The effect of pressure on the clustered droplet vaporization
behavior is first investigated. Fig. 2 shows results for two
different ambient temperatures, 1000 and 1500 K. The
dimensionless parameter t is defined as the ratio of the life-
time of a single isolated droplet to its counterpart in a cluster.
The former is obtained when the ratio of the initial radius of
the bubble to that of the droplet, (Rpun/Ra)o (defined as the
interactive radius ratio), is 100, at which point the droplet
interactions are negligible. The ambient pressure exerts
strong influence on droplet clustering behaviors. For a given
(Roun/Ra)o, T decreases with decreasing pressure, indicating
a prolonged droplet lifetime in a bubble. At a high ambient
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Fig. 2 — Effect of ambient pressure on droplet lifetime as
a function of the interactive radius ratio; (a) at 1000 K, and
(b) at 1500 K.


http://dx.doi.org/10.1016/j.ijhydene.2012.05.109
http://dx.doi.org/10.1016/j.ijhydene.2012.05.109

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 11815—-11823

11819

pressure, such as 100 atm, the droplet clustering effect
becomes weak. In addition, the critical interactive radius ratio,
(Rbun/Ra)o,crit, at which complete droplet vaporization cannot
be sustained, decreases significantly with increasing pressure.
At both ambient temperatures, the critical radius ratios at
100 atm are around 2.5. They increase to a value larger than 6
at 10 atm.

Fig. 3 shows the effect of the ambient temperature on the
clustered droplet vaporization behavior at two different
ambient pressures, 30 and 100 atm, corresponding to the
subcritical and supercritical conditions, respectively. The
ambient temperature plays a much more minor role in
determining the normalized droplet lifetime, compared with
the pressure effect.

Droplet clustering behaviors are influenced mainly by two
factors: heat and mass transfer rates at the droplet surface,
which are dictated by gradients of the temperature and
oxygen concentration on the gaseous side of the interface.
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Fig. 3 — Effect of ambient temperature on droplet lifetime as

a function of the interactive radius ratio; (a) at 30 atm, and
(b) at 100 atm.

0.0

0

Fig. 4 shows the instantaneous temperature and oxygen
mass-fraction distributions at an ambient pressure of 30 atm
for a single droplet and a droplet in a dense cluster with (Rpn/
Rg)o =5 at two different time instants corresponding to 20 and
80% of the droplet mass vaporization, respectively. The
difference between the single droplet and the clustering case
is small in the early stage of the droplet lifetime, when only
20% of the oxygen droplet is evaporated. The difference grows
significantly when 80% of the oxygen mass is evaporated. The
same trend is observed at a supercritical pressure of 100 atm,
as shown in Fig. 5. These results clearly indicate that the
decrease in heat and mass transfer rates at the droplet surface
as the droplet evaporates result in droplet lifetime prolonga-
tion in a dense cluster environment.

Comparison of the results shown in Figs. 4 and 5 indicates
that at a high ambient pressure, the differences in the
temperature and mass fraction gradients between a single
and a clustered droplet are much smaller in the late stages of
the vaporization process in comparison with the situation at
low pressure, mainly because more hydrogen mass and
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Fig. 4 — Instantaneous distributions of (a) temperature and
(b) oxygen mass fraction at 30 atm and 1000 K at two time
instants.
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Fig. 5 — Instantaneous distributions of (a) temperature and
(b) oxygen mass fraction at 100 atm and 1000 K at two time
instants.

energy are initially stored in a fixed droplet bubble under
high pressure. This phenomenon is consistent with the
pressure effect on the dimensionless droplet lifetime shown
in Fig. 2.

Fig. 6 shows the instantaneous distributions of the
temperature and oxygen mass fraction outside the droplet
when 80% of the liquid oxygen mass is evaporated. Three
different ambient temperatures are considered under an
ambient subcritical pressure of 30 atm.At a high ambient
temperature, such as 1500 K, the temperature gradient at the
droplet surface remains large even at the late stage of the
droplet vaporization process. The mass fraction gradient,
however, becomes low. Fig. 7 shows a similar phenomenon for
the supercritical case at 100 atm. A higher ambient tempera-
ture enhances the heat transfer into the droplet, but hinders
the oxygen mass transfer towards the surroundings. These
two counteracting factors balance each other, resulting in

a weak temperature effect on the droplet clustering behavior,
as evidenced in Fig. 3.

Fig. 8 shows the effect of the ambient pressure on the
distributions of the temperature and oxygen mass fraction
outside the droplet at the late stage of the droplet vaporization
process, when 80% of the liquid oxygen mass is evaporated.
The ambient temperature is 1000 K. In contrast to the results
shown in Figs. 6 and 7, at a supercritical pressure of 100 atm,
both the temperature and mass-fraction gradients at the
droplet surface becomes much steeper, leading to both
enhanced energy transfer into the droplet and increased mass
transfer towards the surroundings. These two factors
combined give rise to significant pressure effect on the droplet
clustering behavior shown in Fig. 2.

As a droplet evaporates in an isolated gas bubble in a dense
cluster, both the pressure and temperature effects on the heat
and mass transfer rates are dictated by the initial gaseous
mass and energy in the bubble. The initial mass of gaseous
hydrogen depends mainly on its density, while the initial
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Fig. 6 — Effect of ambient temperature on the
instantaneous distributions of (a) temperature and (b)
oxygen mass fraction outside the droplet at 30 atm; 80% of
droplet mass evaporated.
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energy in the bubble is determined by both the gaseous
density and temperature. At a given bubble size and ambient
temperature, when the ambient pressure is increased, the
gaseous hydrogen density increases accordingly, as listed in
Table 2. This results in more hydrogen mass surrounding the
oxygen droplet and more energy for droplet vaporization.
However, at a given bubble size and ambient pressure,
increasing the initial ambient temperature leads to
a decreased hydrogen density and thus less hydrogen mass.
Table 3 lists the hydrogen density as a function of tempera-
ture. In this way, although the initial energy contained in the
gas bubble is increased, leading to the enhanced heat transfer,
the mass transfer is hindered at the late stage of the droplet
vaporization process, as shown in Figs. 6 and 7.

Fig. 9 shows the clustering effects on the droplet vapor-
ization rate at two different ambient pressures of 30 and
100 atm. The ambient temperature is fixed at 1000 K. The
transient variations of the normalized droplet diameter
squared, D?/D3, are presented. At a subcritical pressure of
30 atm, the droplet interaction is negligible when the interac-
tive radius ratio exceeds 10. The clustering effects, however,

Table 2 — Oxygen and hydrogen densities at various
states.

Pressure Density of H, at Density of O,
(atm) 1000 K (kg/m?) at 100 K (kg/m°)
10 0.240 1087.2

30 0.717 1094.8

100 2.355 1118.0

Table 3 — Effect of temperature on hydrogen density.

Temperature (K) Density of H, at 30 atm (kg/m°)

700 1.022
1000 0.717
1500 0.479
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Fig. 9 — Clustering effects on droplet vaporization rate at (a)
30 atm and (b) 100 atm.

become significant when the droplets are highly packed. At an
interactive radiusratio of 5, the droplet lifetime increases more
than 60% compared with the situation with anisolated droplet.

At a supercritical pressure of 100 atm, as shown in Fig. 9b,
the clustering effects on droplet vaporization become very
weak. The droplet vaporization rate remains basically
unchanged with the interactive radius ratio ranging from 5 to
10. This again confirms the results shown in Fig. 2 concerning
the pressure effect on the droplet clustering behavior.

4. Concluding remarks

In this paper, a droplet-in-bubble approach is incorporated
into a previously developed and well-validated droplet
vaporization model to study the clustering effects on droplet
vaporization behaviors. The model accommodates all impor-
tant high-pressure characteristics, including transient trans-
port phenomena, dissolution of ambient gases into liquid
droplets, thermodynamic non-idealities, and drastic varia-
tions of thermophysical properties. A liquid oxygen (LOX)

droplet evaporating in hydrogen environments under both
sub- and supercritical conditions is treated. Special attention
is given to the effects of ambient pressure and temperature on
droplet vaporization in a dense cluster.

Results indicate that the ambient pressure exerts a strong
influence on the droplet clustering behaviors. As pressure
increases, the initial hydrogen mass and energy in a bubble
inside a dense cluster environment increase significantly,
leading to enhanced heat and mass transfer at the droplet
surface. Droplet interactions are thus reduced, and the droplet
vaporization time decreases.

The effect of the ambient temperature on droplet clustering
behaviors appears to be weak. As temperature increases, the
initial energy surrounding a droplet increases. The initial
hydrogen mass in a bubble, however, decreases. The two
effects combined lead to enhanced heat transfer but decreased
mass transfer at the droplet surface. The process becomes even
more evident at the late stage of the vaporization process.
These two counteracting factors balance each other, producing
weak temperature effects on droplet interactions.
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