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Investigation of Liquid Droplet Evaporation in Subcritical and
Supercritical Gaseous Environments

H. Jia* and G. Gogos¥
Rutgers University, Piscataway, New Jersey 08855

Droplet vaporization in a high-pressure and temperature stagnant environment has been investigated nu-
merically, Results are presented for a n-hexane droplet evaporating inte nitrogen, for ambient pressures of 1—
100 atm and temperatures of 500-1250 K. The high-pressure model accounts for 1) transients in both the liquid
and the gas phase; 2) real gas effects in calculating the gas phase density, the energy required for phase change,
and the droplet surface vapor-liquid equilibrium composition; and 3) it accounts for gas phase transport and
thermodynamic properties varying with temperature, pressure, and composition. The droplet lifetime depen-
dence on ambient pressure and temperature has been predicted. At the lowest ambient temperature considered
(500 K), the droplet lifetime increases monotonically with ambient pressure, at least for the pressure range
investigated. At a higher ambient temperaturé of 600 K, it exhibits a maximum with ambient pressure. At an
ambient temperature of 1000 K, the droplet lifetime is less sensitive to pressure. At even higher ambient
temperatures (1250 K), it decreases monotonically with pressure. The steady-state vaporization assumption
underpredicts droplet lifetimes substantially with increasing ambient pressure.

I. Introduction and Literature Review

HE understanding of droplet vaporization at high pres-
sure and temperature environments is of importance to
many industrial applications such as liquid-fueled rocket en-
gines and diesel engines. During spray combustion in such
devices, droplets frequently evaporate in the relatively cool
interior of the spray.! The vaporization process may occur at
pressures near or above the critical pressure of the fuel. There-
fore, many effects that are assumed negligible at low and
moderate ambient pressure need to be re-evaluated. Among
these effects are, the transient character of the gas phase,
nonideal gas phase behavior, the real gas effect on the heat
of vaporization, and the vapor-liquid equilibrium condition
at the droplet interface. Considering these effects, we have
formulated a high-pressure model for droplet vaporization.
Results using this model have been obtained numerically.
Many fundamental studies concerning both experimental
and theoretical research on evaporation of a single droplet at
atmospheric or near atmospheric pressures are available in
the literature. There are many excellent and authoritative
reviews on the subject.!~* However, studies on droplet va-
porization at elevated ambient pressures are more scarce. In
the next few paragraphs we present a review of these studies.
Matlosz et al.’ conducteéd an experimental investigation of
the evaporation of a n-hexane droplet at subcritical and su-
percritical environment. A gas environment that has a tem-
perature and pressure greater than the critical temperature
and pressure of the liquid was defined as supercritical envi-
ronment. The drop was suspended from a fine wire ther-
mocouple and vaporized into a nitrogen or argon environ-
ment. The ambient temperature was 548 K, and pressures
ranged from 6.8 to 102 atm (the critical temperature and
pressure of n-hexane are 507.4 K and 29.3 atm, respectively).
Droplet diameters ranged between 770-1780 pm. Their ex-
perimental results showed that droplet lifetime decreased with
increasing ambient pressure.
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Manrique and Borman® conducted a numerical study on
steady-state vaporization for liquid carbon dioxide droplets
at high ambient pressures. By steady state, it was implied that
all the energy arriving at the droplet surface was utilized for
vaporization, while the droplet remained at a constant tem-
perature. Their model considered nonideal gas effects, vari-
able properties, and solubility of the inert gas in the liquid
phase. Results were reported for ambient temperatures of
500-1600 K and pressures of 70—120 atm. The authors pre-
dicted that steady-state mass vaporization rate increased with
increasing ambient pressure and/or increasing ambient tem-
perature. This means that for steady-state vaporization, the
droplet lifetime would decrease with increasing ambient pres-
sure.

Hubbard et al.” presented a numerical model of single drop-
let evaporation that included transient gas and liquid phases,
gas phase variable properties, and ideal gas law. They pre-
sented results for a n-octane droplet evaporating in air at
moderate environment pressures (1, 5, and 10 atm), with
droplet diameters from 20 to 500 wm, initial temperature of
300 K, and ambient temperatures of 600—2000 K. Their results
showed that for the pressure range considered, the droplet
lifetime increased with increasing pressure.

Caurtis and Farrell® and Curtis et al.® developed a numerical
model for droplet vaporization in an environment above the
liquid critical pressure, and near, or above, the liquid critical
temperature. The authors predicted droplet size histories, sur-
face temperature histories, liquid and gas phase temperature
profiles, and mass fraction profiles of vaporizing species in
the gas field for n-octane droplets.

Hsieh et al.’® investigated numerically multicomponent
droplet vaporization at near critical conditions. The influence
of transient effects, surface regression, ambient gas solubility,
and phase-equilibrium relations on vaporization mechanisms
were examined in detail.

In a more recent study Delplanque and Sirignano™* devel-
oped an elaborate numerical model (of moderate complexity,
so that it can be used in a larger spray combustion code) to
investigate burning of an oxygen droplet at sub- and near-
critical conditions. Their paper also includes computations on
the vaporization of an oxygen droplet in hydrogen at elevated
ambient pressures. It was shown that unsteady effects in the
gas phase are very important. Under supercritical pressures,
the droplet surface temperature reaches the computed critical
mixture value.
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The above review reveals that the droplet lifetime depen-
dence on ambient pressure has not been resolved. The nu-
merical investigation of Hubbard et al.” is limited to a short
range of low-ambient pressures (1-10 atm), and predicts that
the droplet lifetime may increase with ambient pressure. The
experimental study of Matlosz et al.,> however, that was con-
ducted over a wide range of high ambient pressures (6.8—102
atm) and a single ambient temperature of 548 K, predicts a
monotonic decrease of droplet lifetime with ambient pressure.
This experimental study was conducted with large droplets
(0.77-1.78 mm in diameter), under the influence of natural
convection. Due to the large size and the high-pressure en-
vironment, buoyancy effects should have been very important
in this experiment. Furthermore, natural convection effects
become more important with increasing pressure. This prob-
ably leads to the monotonic decrease of droplet lifetime with
increasing pressure, predicted in the above mentioned study.
Finally, the numerical investigation of Manrique and Borman®
was conducted under the steady-state assumption; heat-up of
the droplet interior was neglected, and the gas phase was
treated as quasisteady. This is a severe assumption because
1) the heat-up of the droplet becomes more important with
increasing pressure since the wet bulb temperature increases
with pressure!; and 2) the gas phase quasisteadiness breaks

down with increasing pressure, because the gas-to-liquid phase

density ratio does not remain small compared to unity at high
pressures. The purpose of our investigation is to develop an
elaborate numerical model for spherically symmetric droplet
vaporization, that among other quantities of interest, will be
able to predict and explain droplet lifetime behavior for a
wide range of ambient pressures and temperatures. The lit-
erature related to the problem of high-pressure droplet com-
bustion is more extensive,''-2 and will not be reviewed here.

Finally, while the present work was under review, an article
by Hsieh et al.,* employing a similar model, appeared in the
literature. Although the models developed in both articles are
similar, the two studies differ in several important aspects.
The present article contains additional results, and improves
significantly, upon some results presented in Ref. 21. Ac-
tually, the focus of the present study, namely, prediction of
droplet lifetime behavior for a wide range of ambient pres-
sures and temperatures, has not been addressed adequately
in Ref. 21. Hsieh et al.?! limited their results to a single am-
bient temperature of 2000 K, and predicted that the droplet
evaporation rate increases progressively with pressure. Figure
8 of the present article provides an exhaustive presentation
of the droplet lifetime dependence on ambient pressure for
different ambient temperatures. Thus, plotted vs ambient
pressure 1) the droplet lifetime increases monotonically at
low ambient temperatures (500 K); 2) presents a maximum
for higher ambient temperatures (600 K); 3) becomes insen-
sitive to pressure at a temperature of 1000 K; and 4) only at
much higher temperatures (1250 K) does it start exhibiting
the dependence predicted by Hsieh et al.?! The range of tem-
peratures considered in the present work (500—1250 K) are
of practical interest. Temperature measurements available in
the literature!-?>-26 show that the center of the spray is cool,
making the above temperature range of particular impor-
tance. Additional significant results that distinguish the pres-
ent article are presented in Figs. 9 and 10. In Fig. 9, it is
shown that the steady-state assumption, as employed by Man-
rique and Borman,® breaks down at elevated pressures, and
underpredicts droplet lifetimes substantially with increasing
ambient pressure. The importance of droplet heat-up, as com-
pared to droplet lifetime at high ambient pressures, is clearly
shown in Fig. 10.

The ultimate goal in our research effort on high-pressure
droplet vaporization is to eventually develop a numerical model
that will include natural convection effects. In the present
study, however, we are considering spherically symmetric va-
porization. The various high-pressure effects that need to be
included in a comprehensive model (nonideal gas phase be-
havior, real gas effect on heat of vaporization, real gas effect

on vapor-liquid equilibrium condition at the droplet interface,
variable transport and thermodynamic properties, and tran-
sient character of both liquid and gas phases) render the prob-
lem adequately challenging. In addition to being a first step
in our research effort, spherically symmetric vaporization in
supercritical conditions is of practical interest for microgravity
environments. The theoretical formulation for a droplet va-
porizing in a high-pressure and temperature stagnant envi-
ronment is provided in the next section.

II. Problem Formulation

Consider a single component liquid droplet of initial radius
R, evaporating into a stagnant inert environment of infinite
expanse. The initial temperature of the droplet is T, and the
ambient pressure and temperature are P, and T, respec-
tively.

As discussed earlier, gravitational effects are neglected, and
the only convective motion considered is that induced by va-
porization. This causes a radial flowfield in the gas phase. In
the analysis that follows, subscripts 1 and 2 refer to the va-
porizing species and the inert gas present in the stagnant
environment, respectively.

The main features (to be discussed in more detail later in
this section) of the high pressure numerical model are as
follows:

1. Both gas and liquid phase processes are considered tran-
sient. The gas phase quasisteady assumption is valid when the
gas-to-liquid phase density ratio is much less than unity (p/pl
<< 1). At high enough pressure this assumption is not valid.
For the same reason, regression motion of the droplet surface
is taken into consideration in the model.

2. To capture the real gas behavior of the gas phase at high
pressures, the modified Redlich-Kwong equation of state de-
veloped by Chueh and Prausnitz?’ is employed. This is one
of the most highly employed®-6-8°-11.15.17 and most successful
two parameter equations of state.

3. The mole fraction of the vaporizing species at the droplet
surface is calculated by assuming thermodynamic equilibrium.
At low pressures the following assumptions are usually em-
ployed: 1) the gas phase mixture obeys the equation of state
for ideal gases and Dalton’s law; and 2) the inert gas present
in the mixture does not affect the equilibrium vapor pressure
of pure species 1 at the droplet surface temperature. With
these assumptions, the mole fraction of the vaporizing species
at the droplet surface is given by y; = P,/P, where y, is the
mole fraction of the vaporizing species, P, is the vapor pres-
sure of pure component 1 at the droplet surface temperature,
and P is the total ambient pressure. In the present study,
however, both assumptions are invalid due to the high pres-
sure. The composition of the real gas mixture at the droplet
surface is provided by the equilibrium condition that the fu-
gacity of each species at the liquid phase is equal to the fu-
gacity of the same species in the gas phase.

4. With low-pressure models, the latent heat of vaporiza-
tion of pure species 1, at the droplet surface temperature, is
taken as the energy required for phase change. At high pres-
sures, however, as shown by Manrique and Borman,® real gas
effects play an important role on the energy required for phase
change and are included in the present model.

5. The gas phase transport and thermodynamic properties
are considered varying with temperature, composition, and
pressure. The liquid phase properties are evaluated at a ref-
erence temperature.

The following assumptions are employed: 1) the pressure
is constant, for spherically symmetric vaporization, the radial
momentum equation is usually ignored*'t; 2) solubility of
inert gas in the liquid phase is neglected, this assumption
imposes upper limits on the ambient pressures and temper-
atures that can be considered in this study, and will be dis-
cussed in detail in a later section; 3) the droplet shape remains
spherical; 4) radiation is negligible; 5) second order effects
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such as the Soret and Dufour effects are negligible; and 6)
viscous dissipation is neglected.

The governing conservation equations in spherical coor-
dinates are:

For the gaseous phase, r > R(t)

Continuity Equation
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In the above equations, ¢ and r refer to temporal and spatial
variables, R is the instantaneous radius of the droplet, T is
the temperature, p, k, and c, are the density, thermal con-
ductivity, and specific heat at constant pressure of the gaseous
mixture; v, is the radial velocity induced by vaporization, m,
is the fuel vapor mass fraction, D, is the binary mass diffusion
coefficient, and c,, and c,, are the specific heats at constant
pressure for pure species 1 and 2. Le = k/pD,,c, is the Lewis
number.

For the liquid phase, r < R(t)

Energy Equation
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where subscript / indicates liquid phase and o, is the thermal
diffusivity of the liquid. The boundary conditions are:

At the droplet center
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At the droplet surface

Mass Conservation
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Temperature Continuity
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Heat Flux Continuity
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Vapor-Liquid Equilibrium Relationship
my = my(T, P) (13)

The overall mass-conservation condition that determines
the rate of change of the droplet radius is given by

dr '
& o (14)

In the above equations 2" is the mass flux at the droplet
surface, subscripts g and s indicate gas phase and droplet
surface, respectively, and Ah is the energy required for change
of phase.

In addition to the above equations, an equation of state
that accounts for the behavior of real gases is needed. The
modified Redlich-Kwong equation developed by Chueh and
Prausnitz?” has been employed, and is given in the form

P = [(R.D/( — b)] — [T + b)] (15

where v is the specific volume of the gaseous mixture, R, is
the universal gas constant, and @ and b are the two parameters.
The parameters a and b, which are constant for pure com-
pounds, are made composition dependent through the mixing
rules proposed by Chueh and Prausnitz.?’ It can easily be
shown that Eq. (15) is a cubic polynomial in v. Its largest real
root provides the specific volume v of the gaseous mixture.

In the next few paragraphs, the vapor-liquid equilibrium
relationship, the energy required for change of phase, and
the transport and thermodynamic properties are discussed.

For thermodynamic equilibrium, in addition to the tem-
perature and pressure being equal, the fugacity of each com-
ponent must be the same in both phases, namely

fr="1 (16)

where superscripts v and [/ indicate vapor and liquid phase,
respectively. Using Eq. (16) it may be shown that in view of
assumption 2, the vapor-liquid equilibrium relationship, Eq.
(13), takes the form®

P, (T) ¢p(T P yi(T, P
»(P, T) = —-—P( ) ¢24T) ¢(1 ) exp ( fP L, ) ER - )dP> 17

where P,,, is saturated pressure of pure fuel vapor at tem-
perature 7, v is its liquid molar volume, ¢$* is fugacity coef-
ficient at saturated conditions given by fy=*/P, , and ¢, is
the fugacity coefficient of the vapor and is given by fi/y,P.
Both P,,, and ¢$ are functions of temperature only. The
liquid molar volume weakly changes with pressure, and is
approximated by the molar volume of the saturated liquid at
the same temperature, namely, v/(P, T') = v/(T). The fugacity
coefficient, ¢,, is a function of pressure, temperature, and
gas composition. The following thermodynamic relation pro-
vides ¢, in terms of the volumetric properties of the mixture:

“1{oP R, T
R.T 46 ¢, = f [(—) ——“——] dv - R, T 42
v on, Tovmy v
(18)
where z is the compressibility factor and n; is the number of

moles of the ith species. By substituting the Redlich-Kwong
equation with the mixing rules proposed by Cheuh and



JIA AND GOGOS: LIQUID DROPLET EVAPORATION 741

Prausnitz?’ the fugacity of the ith component in the gaseous
mixture is given by

bt = a—t— v b _ (2 i va; | / (R,Tb)
! v—b v-—b>b = “
'/v+b+ ab, v+b b _/ﬂ
"y R, T?p2\ " v v+ b "R, T
(19)

Deviation between the usually assumed latent heat of va-
porization for pure component, and the enthalpy required for
vaporization into a gas mixture, is determined by employing
the Redlich-Kwong equation of state. The energy required
for phase change, A#, is given by

Ah = H\(T, P,y,) — H(T, P) (20)

where H, is the partial enthalpy of the vaporizing component
at a given temperature, pressure, and composition, and H, is
its molar enthalpy in the liquid phase at the same pressure
and temperature. The partial enthalpy H, of component 1
and its ideal gas enthalpy H? at the same temperature are
related through the thermodynamic relation

_AH, = (H} — H); = R,T* (“—d’l> 1)
oT /.,
where AH, is the deviation between the ideal gas enthalpy
and partial enthalpy. Subscript y in Eq. (21) indicates differ-
entiation at constant composition. Substituting Eq. (21) into
Eq. (20) we obtain

Ak = HXT) — H(T, P) + AH, (22)

where low pressure enthalpy is given by

T

H(D) = [ e ar (23)

and c9, is the specific heat at constant pressure for ideal gas.

The heat capacity at constant pressure of a real gas is given
by

=

I
-

Cp=
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where superscript 0 indicates ideal gas and the residual heat
capacity, Ac,, is obtained using the Redlich-Kwong equation
of state as recommended by Reid et al.?®

The binary mass diffusion coefficient D,, is calculated based
on the theory of Chapman and Enskog, with collision integral
given in Ref. 29. The Roy and Thodos estimation technique®
is used for thermal conductivity of hydrocarbons and the mod-
ified Eucken method?® for nonhydrocarbons. Wilke’s rule is
then utilized to calculate k& for mixtures. Finally, equations
by Reid et al.?® are used to correct for high-pressure effects
on the above transport properties. More specifically, the Stiel
and Thodos correlation®! with the Prausnitz and Gunn rules?
for the pseudocritical properties is used for k, and the Tak-
ahashi correlation® for D,,.

III. Method of Solutions

Solutions to the model are pursued in a spatial coordinate
system which is described as follows:

For liquid phase

r* = (r/R) (25)

For gaseous phase
r** = 4 (r/iR) (26)

where 0 < r* = 1 and 0 = r** < . In view of Eq. (26),
using a constant step size Ar**, grid points in the gaseous
phase are clustered close to the droplet interface where gra-
dients are steep. Furthermore, the gas-phase outer boundary
in the physical domain can be kept far away from the droplet
surface with a small number of grid points leading to efficient
computing.

The fuily implicit scheme (backward-time, central-space)
was utilized to discretize the governing equations and bound-
ary conditions.>* The procedure for calculating one time step
is given as follows: properties of gaseous phase are calculated
at the temperature, pressure, and composition from previous
time step. Then T, m,, v,, and 7" are solved iteratively using
Egs. (1)-(12), together with Eq. (17) until the following con-
dition is satisfied:

s 10

1- 22

<eg 27

where superscript 0 indicates previous iteration. In the above
iterative calculations, density is obtained from the Redlich-
Kwong equation, velocity is obtained by integrating Eq. (1)
by the Euler predictor-corrector method and ¢ = 10-3. The
radial velocity at the droplet surface is given by Eq. (9) and
droplet radius is updated using Eq. (14).

For the gas phase, exponential profiles for temperature and
mass fraction of vapor and velocity decaying as 1/r? were
assumed as initial conditions. Through numerical experimen-
tation, it was found that the shapes of the initial profiles affect
the results negligibly. Solutions invariant with step size were
obtained by halfing the step size. Thus, Ar* = Ar** = 0.01,
and At approximately % of the droplet lifetime were found
to be adequately small for the computations. Calculations
were terminated when (R/R,)? < 0.2.

IV. Results and Discussion

Results for a n-hexane droplet evaporating into a nitrogen
environment will be presented in Sec. IV.B. Before present-
ing these results, several key aspects of our model are dis-
cussed in Sec. IV.A. This discussion is helpful in understand-
ing the global results of droplet vaporization, presented in
Sec. IV.B.

A. Further Discussion of the Model

In this section, a n-hexane-nitrogen system in thermody-
namic equilibrium is discussed. Figure 1 shows the mole frac-
tion of n-hexane, either calculated by Eq. (17), or measured
by Poston and McKetta,* as a function of total pressure for
a n-hexane-nitrogen equilibrium system at four different iso-
therms (344.3, 377.6, 410.9, and 444.3 K). There is a good
agreement between the calculated and the experimentally ob-
tained values.

For isotherms close to the critical temperature of n-hexane,
or for very high total pressures, the theory fails to predict
equilibrium mole fraction. This problem was also encountered
by Matlosz et al.> and places an upper limit on the total
pressures that can be considered. The fact that equilibrium is
assumed to exist only for the vaporizing species, whereas the
inert species is present only in the gas phase, was provided
as the reason for this difficulty. Fig. 2 presents this limit. The
domain to the left of the curve provides the region where
equilibrium mole fraction can be predicted. Implementation
of this limit will become clear in Sec. IV.B.

Figure 3 shows the energy required for phase change for a
n-hexane-nitrogen system in equilibrium. Equation (22) is
utilized in predicting the real gas effect. As the total pressure
increases, the deviation between the latent heat for pure spe-
cies and the energy required for the binary system becomes
significant. The energy required for vaporization for a binary
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Real gas model, Eq. (17)
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Fig. 1 Equilibrium mole fraction of n-hexane in the gas phase as a
function of total pressure at four different isotherms for a n-hexane-
nitrogen system.
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tem.

system decreases with increasing pressure and temperature.
The temperature increase near the critical temperature of n-
hexane causes an abrupt decrease of the energy required for
phase change for the binary system, as for the latent heat of
vaporization for pure species.

B. Results

Results will be presented for a n-hexane droplet evaporat-
ing into a nitrogen environment (m, ., = 0) with initial size
R, = 2.5 X 10~* m, and initial temperature T, = 300 K.

Figures 4 and 5 show the temporal variation of the droplet
surface temperature. At low and moderate ambient pressures,
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Fig. 3 Real gas effect on energy required for phase change for a n-
hexane-nitrogen system.
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Fig. 4 Droplet surface temperature with time for different ambient
pressures and temperatures.
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the droplet surface reaches a steady temperature, the so-called
wet-bulb temperature. At supercritical pressures the droplet
surface temperature keeps rising until the end of the droplet
lifetime. Note that implementation of the limit presented in
Fig. 2 can be seen in Fig. 5. Computation for the case cor-
responding to P., = 80 atm was terminated early in the droplet
lifetime; namely, at the moment the droplet surface temper-
ature reached the highest acceptable equilibrium temperature
(according to Fig. 2) at a total pressure of 80 atm. In view of
this, computations for ambient pressures higher than 80 atm
were not conducted for this particular ambient temperature.
Upper limit in the ambient pressure was similarly established
for the remaining ambient temperatures considered, and are
reflected in Fig. 8, which is discussed later.

In Fig. 6 the final droplet surface temperature is plotted
with total pressure for three different ambient temperatures
(T. = 500, 750, and 1000 K). The final temperatures are
defined as the droplet surface temperatures at the end of the
transient calculations which were terminated when (R/R,)?
= 0.2. It is shown that at low and moderate pressures, the
final temperature increases with increasing pressures, and be-
comes almost independent of pressure at supercritical gaseous
environments. However, it remains below the critical tem-
perature of n-hexane, for the ambient temperatures and pres-
sures considered (the critical temperature and pressure of n-
hexane are 507.4 K and 29.3 atm, respectively). Kadota and
Hiroyasu'® experimentally predicted the same dependence of
the final temperature with pressure for the burning of n-hep-
tane droplets. In Fig. 7 the surface and center temperature
of the droplet are presented with respect to time. During the
initial period, the surface temperature changes rapidly, while
the center temperature remains unchanged. At low pressures,
the droplet reaches a uniform and constant temperature early
in its lifetime, whereas at high pressures, a temperature gra-
dient exists in the droplet interior for most of its lifetime.

Figure 8 shows the dimensionless droplet lifetime as a func-
tion of total pressure for five different ambient temperatures
(T.. = 500, 600, 750, 1000, and 1250 K). The dimensionless
droplet lifetime is given by 78/D3}, where 7 is the dimensional
droplet lifetime, D, is the initial droplet diameter, and B is
the evaporation constant for a droplet evaporating while at
its wet-bulb temperature, ambient pressure of 1 atm and am-
bient temperature is as indicated in Figs. 8 and 9 for each
curve (B = 0.13, 0.18, 0.25, 0.36, and 0.47 mm?/s for T,, =
500, 600, 750, 1000, and 1250 K, respectively). The heat trans-
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Fig. 6 Droplet surface final temperature with total pressure for dif-
ferent ambient temperatures.
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Fig. 8 Dimensionless droplet lifetime with total pressure for five dif-
ferent ambient temperatures.

ferred to the droplet surface from the gaseous phase is utilized
for heating-up of the droplet interior and for evaporation of
the liquid droplet. If the surface temperature is lower than
the wet-bulb temperature, the heat-up consumes a significant
portion of the energy transported to the surface. When the
surface temperature reaches the wet-bulb temperature, most
of the energy transferred to the surface is utilized for vapor-
ization. Thus, the heating-up of the droplet interior prolongs
the droplet lifetime. Since the wet-bulb temperature increases
with ambient pressures, the droplet heat-up time, as com-
pared to its lifetime, becomes more important at high pres-
sures.! There is a second cause that may prolong the droplet
lifetime. Figures 4 and 5 indicate that the temperature T, at
the droplet surface increases with increasing pressure, leading
to a smaller temperature difference between 7, and T,. Since
this temperature difference is the driving force for heat trans-
fer towards the droplet, the reduced temperature difference
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Fig. 9 Dimensionless droplet lifetime with total pressure (7., = 1000
K); open circles: droplets initially at 300 K, crosses: droplets under
steady state vaporization.

tends to prolong the droplet lifetime with increasing pressure.
With respect to mass transfer away from the droplet surface
(which, of course, is strongly coupled with the heat transfer
problem) the tendency is to decrease with increasing ambient
pressure for two reasons 1) the binary mass diffusion coeffi-
cient is inversely proportional to pressure; and 2) the equi-
librium mole fraction of the vaporizing species at the droplet
surface decreases with increasing pressure (see Fig. 2). The
lower the mole fraction of the vapor at the droplet surface,
the smaller its spatial gradient outside the droplet. Conse-
quently, the mass transfer driving force weakens at higher
ambient pressure, and therefore contributes in prolonging the
droplet lifetime. However, as shown in Fig. 3, the energy
required for phase change decreases with increaisng total pres-
sure and equilibrium temperature. Since the higher the am-
bient pressure, the higher the equ1hbnum temperature the
energy required for vaporization is reduced with increasing
total pressure, which tends to shorten the droplet lifetime.
The competing mechanisms described above determine the
length of the droplet lifetime. Thus, for the lowest ambient
temperature (500 K) of Fig. 8, apparently the increase in the
droplet heat-up and the reduction in the driving forces for
heat and mass transfer, are more important than the reduction
of the energy required for vaporization with increasing pres-
sure, leading to increased droplet lifetime with increasing am-
bient pressuire, at least for the pressure range considered. It
appears highly probable that at pressures higher than those
we were able to examine in the present study, the droplet
lifetime might reach a maximum, and subsequently decrease
with pressure. Such dependence of droplet lifetime on pres-
sure is clealy shown for T, = 600 K. At higher ambient
temperatures the droplet llfetlme is less sensitive to pressure
(1000 K). For even higher ambient temperatures (1250 K), it
decreases monotonically with ambient pressure. The mono-
tonic decrease of droplet lifetime with pressure at high am-
bient temperatures was also predicted by Hsieh et al.?! who
conducted their calculations for a single ambient temperatiire
of 2000 K. Of course, at a given ambient pressure, the droplet
lifetime is reduced significantly with increasing ambient tem-
perature.

The next two figures are relevant to the steady-state va-
porization assumption. By steady state, it is implied that all
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Fig. 10 Dimensionless droplet mass as a function of time for two
different intial temperatures; 7., = 1000 K and P, = 50 atm.

the energy arriving at the droplet surface is utilized for va-
porization, while the droplet remains at a constant temper-
ature. Furthermore, the gas phase is considered quasisteady.
Figure 9 shows the droplet lifetime for a range of low to
moderate ambient pressures (1-15 atm). For this pressure
range, as can be seen from Fig. 5, there is clearly a wet-bulb
temperature, T,,- In Fig. 9, the open circles were obtained
using our complete numerical model, with the droplet initially
at 300 K. These calculations provided the wet-bulb temper-
ature corresponding to each of the ambient pressures consid-
ered. Usmg quasisteady gas phase while the droplet temper-
ature remains constant at its wet bulb value, the steady-state
assumption as defined above and used by Manrique and
Borman® was employed. The predictions are indicated by crosses
in Fig. 9. As can be seen, the droplet lifetime is decreasing
steeply with ambient pressure. At very low pressuré (1 atm)
the steady-state assumption is valid, mainly since there is very
little heat-up of the droplet interior. However, even at the
moderate pressure of 15 atm, the droplet lifetime is substan-
tially underpredicted, indicating that the heat-up becomes
very important with increasing pressure. This can be seen
more clearly in Fig. 10 where the dimensionless droplet mass
is plotted for two different initial temperatures (7, = 300 and
420 K). Choosing T, = 420 K almost eliminates the heat-up.

There is still heat-up of the droplet interior, since as was
mentioned earlier in the discussion of Figs. 4 and 5, at very
high ambient pressures, the droplét surface temperature keeps
increasing until the end of the droplet lifetime. The smaller
slope of the dashed curve during the early part of the droplet
lifetime, clearly shows that at high ambient pressure, droplet
heat-up time is very important in comparison to droplet life-
time.

C. Conclusions

For low and intermediate ambient pressures a wet-bulb
temperature is predicted, however, at supercritical pressures
the droplet surface temperature keeps rising until the end of
the droplet lifetime. For the range of pressures considered,
it is predicted that droplet surface temperatures level off be-
low the critical temperature of the droplet.

The droplet lifetime dependence on ambient pressure and
temperature is quite complex.. At the low ambient tempera-
ture of 500 K, for the pressure range considered (1-100 atm),
the droplet llfetlme increases with increasing ambient pres-
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sure, at 600 K, the droplet lifetime presents a maximum. At
higher ambient temperatures, the droplet lifetime is less sen-
sitive to pressure (1000 K), and decreases monotonically with
pressure at even higher temperatures (1250 K). The compet-
ing mechanisms that define the droplet lifetime behavmr have
been clearly delineated.

The steady-state vaporization assumption fails severely with
increasing ambient pressure and underpredicts droplet life-
time substantlally

The major assumption in this study has been the i imperme-
ability condition. At high ambient pressure the inert gas dis-
solves into the liquid phase. The numerical model of Hsieh
et al.?! includes solubility effects by considering all species in
thermodynamic equilibrium in both phases. Such treatment
removes the limitations imposed on the ambient pressures
and temperatures (Fig. 2) that can be investigated. However,
for the range of pressures and temperatures considered in the
present study, the effect of solubility is not so important to
significantly alter the results presented. Hsieh et al.!° have
shown that even up to ambient pressures as high as 70 atm,
the mass fraction of the dissolved nitrogen in a two-component
(n-pentane and n-octane) liquid droplet remains below 0.06.
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