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Abstract

This paper aims to investigate quantitatively the influence of gas-phase unsteadiness on the droplet vaporization
process in sub- and super-critical environments. Two comprehensive models of high-pressure droplet vaporization,
including a transient model and another assuming gas-phase quasi-steadiness, are presented. Both models are first
compared with experimental data and then used to calculate vaporization processes of single droplets of different initial
sizes for environmental conditions in which the ambient pressure and temperature range from 1-150 atm and 500-2000
K, respectively. The unsteady effects are quantified by introducing characteristic time scale ratios. It is shown that
strong gas-phase unsteadiness exists during the early period of the vaporization process. The unsteadiness attains a
maximum value in the gas near the droplet surface and decreases quickly to a nearly steady value within a short distance
from the surface. With increasing ambient pressure, the unsteadiness increases nearly linearly at low ambient tem-
peratures and rapidly at high ambient temperature. Gas-phase unsteadiness also increases with increasing ambient
temperature and is affected even more strongly by temperature. Compared to the transient model, the quasi-steady
model predicts a smaller regression rate initially and a larger regression rate during the later period. The differences
between the predicted regression rates, and thus between the predicted vaporization processes, are magnified with
increasing ambient temperatures and/or pressures. The vaporization process predicted using the quasi-steady model
reaches the critical mixing state earlier than that predicted using the transient model. These conclusions also apply for
the vaporization processes of single droplets of different initial sizes. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Theoretical research of spray vaporization and
combustion processes of practical liquid-fueled engines
often require calculations of the vaporization rates of
many individual droplets. The predictions of important
engine characteristics such as fuel economy and pollu-
tant emissions rely significantly on the accuracy of the
droplet vaporization model. During the past several
decades, many models have been studied extensively.
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Descriptions of these models can be found in the reviews
of Williams [1], Law [2], Sirignano [3], Peng and
Aggarwal [4], and Givler and Abraham [5].

Various droplet vaporization models, including
classical low-pressure models [1-4,6,7] and those incor-
porating high-pressure effects [8], are currently employed
in practical applications [8,9]. A general feature of these
models is that they assume gas-phase quasi-steadiness,
an assumption that has attracted much interest [1-5,10—
12]. The assumption is based on the argument that the
gas-phase transport rate is much faster than the rate at
which the properties at droplet surface change due to the
significant disparity between the gas and liquid densities.
Matalon and Law [11] further derived the result that the
gas-phase unsteadiness leads to a change of relative or-
der O[(pg/pl)m} in the droplet vaporization rate. Wong
et al. [12] also indicated that the gas-phase unsteadiness
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is an important consideration in order to correctly pre-
dict droplet ignition. However, all of these studies are
based on models that are essentially only suitable for
low-pressure conditions.

For the droplet vaporizing under high-pressure con-
ditions, the vaporization process has many important
aspects that are not adequately considered by low-
pressure models. For example, the phase equilibrium at
the droplet surface can no longer be represented by a
Clausius—Clapeyron-type equation [5]. Also the solubil-
ity of gases into the liquid significantly alters the liquid
properties and thus the droplet vaporization behavior
[5,13]. Another consideration is that the liquid- and gas-
phase thermophysical properties become pressure-de-
pendent. As the droplet surface approaches the critical
state, high-pressure effects and transcritical phenomena
become extremely important. As a consequence, the
high-pressure vaporization process exhibits significantly
different characteristics from those predicted with low-
pressure models [5,8,13-15]. Therefore, for droplet high-
pressure vaporization, conclusions derived with a
low-pressure model may not be applicable, and the gas-
phase unsteadiness and its influence need to be examined
further. In practical applications droplet vaporization/
combustion processes generally occur at conditions of
high pressure and temperature that typically exceed the
critical pressure and temperature of the fuel by a factor
of two or more. In order to validate the reliability of
quasi-steady vaporization models, it is also necessary to
clarify the gas-phase unsteadiness behavior and its in-
fluence under high-pressure conditions.

The objective of the present study was to investigate
quantitatively the effect of gas-phase unsteadiness on the
droplet vaporization process, over a range of ambient
pressure and temperature conditions which include both
sub- and super-critical conditions. This range covers
most of the conditions in which practical droplets and
sprays evaporate. A transient and a quasi-steady
vaporization model are presented and validated against
available experimental data. The gas-phase unsteadiness
of the transient process and its influence on the vapor-
ization process are analyzed.

2. Physical model

The physical model considers a droplet that is
initially at a sub-critical state and introduced into a
stagnant gas environment whose thermodynamic state is
varied to include both the sub-critical and super-critical
regimes of the fuel. Radiation and second-order effects
such as the Soret and Dufour effects are assumed to be
negligible. A spherically symmetric vaporization process
is assumed. The governing equations for both the gas-
and liquid-phases and the interphase conditions at the
droplet surface are described as follows:

2.1. Governing equations

For the transient model, the governing equations in
the gas-phase region, r > r(¢), are [14]:
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where ¢ refers to time and r is the spatial variable. u, p, T,
I and p are the mass-averaged velocity, pressure, tem-
perature, specific internal energy and the density of the
mixture, respectively. r(¢) is the instantaneous droplet
radius, and Dy, p, and A, are the diffusion coefficient,
density and specific enthalpy of kth species, respectively.
N is the total number of species. Further, o, u, and A are
the thermal conductivity, viscosity, and second viscosity
coefficient, respectively. Eqs. (1)—(3) represent the con-
servation of species mass, mixture momentum and en-
ergy, while Eq. (4) represents the equation of state (EOS)
in a generalized form. A cubic EOS is employed to
represent the nonideal gas behavior that can be written
as [16]:

_RT a
CV—b V24qbV +wh?’

p ()
where parameters ¢ and b are functions of species
properties and ambient conditions obtained via mixing
rules with their corresponding values for each discrete
species [16]. The values of the constants ¢ and w depend
on the particular EOS employed. Three most commonly
used EOS are the Redlich-Kwong (RK), and the Soave—
Redlich-Kwong, and the Peng-Robinson (PR) EOS. In
a previous study [14], the capabilities of these EOS for
predicting the phase equilibrium and the transcritical
droplet vaporization behavior were rigorously exam-
ined. Predictions using the PR-EOS were found to be in
excellent agreement with experimental data over a wide
range of ambient pressures, while those using the RK-
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EOS displayed significant differences. Consequently, the
PR-EOS is employed in the present study. The values of
¢ and w for PR-EOS are ¢ =2, w = —1.

The gas-phase equations for the quasi-steady model
can be extracted by simply dropping the unsteady term
in Eqgs. (1)-(3). If we further neglect the viscous effect
and the pressure variation in the flow field, the quasi-
steady form of the gas-phase equations can be written
as:

pur’ = M = const., (6)
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Mathematically speaking, Eqs. (6)—(8) are the results of
Egs. (1)—(3) for the same boundary conditions when the
process time is infinite, or, when the gas-phase transport
rates become infinitely fast.

The liquid-phase transport inside the droplet is con-
sidered to be time- and space-dependent for both the
quasi-steady and the transient gas-phase models. The
diffusion limit model is employed. Then, for the liquid-
phase, r < r;, the governing equations are the energy
and species equations:
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where the subscript 1 denotes the liquid phase, and C,, is
the specific heat at constant pressure.

2.2. Boundary conditions
At the droplet surface, » = r, the conditions of mass

and energy conservation, and thermodynamic equilib-
rium are represented as:
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where s is the droplet gasification rate, and X;; and Y
represent, respectively, the liquid- and gas-phase mole
fractions of ith species at the droplet surface. The
specific form of Eq. (13) can be derived from the condi-
tion of thermodynamic and mechanical equilibrium at
the droplet surface. At low pressures the equilibrium is
normally expressed by Raoult’s law. However, at ele-
vated pressures it should be described from more general
thermodynamic considerations, as discussed in Section
2.3. The boundary conditions at the droplet center
(r=0) are: 07;/0r =0 and 0p,/0r =0, and those at
r—ooare: T — T, p — Poo, and p, — ppee-

In a super-critical environment, depending on the
ambient and droplet properties, the droplet may ex-
perience a thermodynamic state transition from sub- to
super-critical. Egs. (10)-(13) are only applicable until
the droplet surface reaches a critical mixing point. At the
critical mixing point, the droplet surface becomes in-
distinguishable from the gas phase. The subsequent
droplet regression is then characterized by the motion of
the critical surface that moves inward continuously. This
is an important feature of the present models. With this
treatment, the droplet regression process can also be
handled even after the droplet surface reaches the critical
state, whereas most of the other high-pressure models
stop the calculation at the time when the surface reaches
the critical state [5].

2.3. Vapor-liquid equilibrium at the droplet surface

When the droplet surface is in mechanical and ther-
modynamic equilibrium, the temperature, pressure, and
fugacity of each species in the gas-phase is equal to the
corresponding property of the same species in the liquid-
phase. The equality of fugacity of species & is expressed
as:

¢k Y= ¢k IXk (14)

where the superscripts v and 1 refer to the vapor- and
liquid-phase, respectively. ¢, is the fugacity coefficient of
the kth species, and is a function of pressure, tempera-
ture, and composition. It is given in terms of the volu-
metric properties of the mixture by the following
thermodynamic relation [16]:
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where z is the compressibility factor, and »; is the mole
number of jth species. By substituting the equation of
state (5) into Eq. (15), the fugacity of the kth species in
the liquid- and gas-phase mixture is given by [16]:



3084 G.-S. Zhu et al. | International Journal of Heat and Mass Transfer 44 (2001) 3081-3093

by A (bk )
Ing,=—(z—-1)—Inz—B)+ ————=( —— &
b= G I B) e (-,

n(Zz+B(q+\/q24w)>’ (16)

2z+4 B(qg — \/q* — 4w)

where

by Tei/Put 2\/a;
——— o, = i /a1l = k).
b Yuly/Py 23/l = ky)

The binary interaction coefficient k;; in the above
equation is taken from Knapp et al. [28]. It is 0.1441 for
PR-EOS for the n-heptane-nitrogen system. Eqs. (14)—
(16) provide the basic relations for the vapor-liquid
equilibrium calculation. These equations along with
Egs. (11) and (12) provide a closed system to determine
the temperature and species mole fractions at the droplet
surface. It represents a system of highly nonlinear al-
gebraic equations that need to be solved iteratively at
each time step.

For a multicomponent mixture, the energy required
for phase change for each species is defined as the dif-
ference between the partial molar enthalpy of that spe-
cies in the vapor- and liquid-phases. The following
thermodynamic relation then gives the partial molar
enthalpy of kth species:

0

H,—H) = —RTza—T(lnd)k) (17)

where the superscript 0 denotes the quantity in an ideal
state. Eq. (17) is solved iteratively along with Egs. (11)
and (12) and (14)—(16).

2.4. Thermophysical properties

The gas- and liquid-phase thermodynamic and
transport properties are functions of pressure, tem-
perature and composition. Themethod reported by Chung
[18,19] is employed to calculate the thermal conductivity
and viscosity of the gas mixture at high pressures. The
binary mass diffusivity is calculated by means of the
Chapman-Enskog theory in conjunction with the colli-
sion integrals given by Neufeld [20]. It is then corrected
for pressure effects by using the Takahashi correlation
[21]. For a multicomponent mixture, the effective diffu-
sivity is obtained by using the formula given by Bird
etal.[22]. For the enthalpy of the gas mixture, the enthalpy
of the pure components is obtained from the JANAF
tables. A generalized thermodynamic correlation based
on three-parameter corresponding states [23] is then
used to calculate the enthalpy correction for high-
pressure effects. Then, the specific internal energy of the
gas mixture in Eq. (3) is given by:

_ Pk _P
=3 By (18)

which relates the energy Eq. (3) to the equation of state
(4) through the gas temperature.

The heat capacity of pure liquid components is cal-
culated by a fourth-order polynomial of temperature,
and is then extended to liquid mixtures using the mixture
rule of Filippov [24,25]. The liquid mass diffusivity and
thermal conductivity are obtained by using the correla-
tions of Nakanishi [26] and Chung [18], respectively. The
liquid density is obtained directly from the EOS.

2.5. Numerical method

An arbitrary Lagrangian—Eulerian numerical method
with a dynamically adaptive mesh was used to solve the
transient gas-phase equations. The solution procedure is
as follows: (1) calculate explicitly the contributions of
the diffusion and source terms in the gas-phase equa-
tions; (2) calculate implicitly the terms associated with
the acoustic pressure in the gas-phase equations; (3)
compute a new mesh distribution with the adaptive
mesh method, and then calculate the convection terms in
the gas-phase equations; and (4) based on the solutions
of the above steps, solve implicitly the liquid-phase
equations as well as the droplet surface and vapor-liquid
equilibrium equations. The radial coordinate of the
adaptive mesh is calculated using the formula given in
Zhu and Aggarwal [14].

The quasi-steady gas-phase and the transient liquid-
phase equations are discretized using a finite control
volume approach. The discretized equations are solved
by using the TriDiagonal-Matrix Algorithm (TDMA)
methodology [27]. The solution of the gas-phase
equations is coupled with those of the liquid-phase
equations through the boundary conditions. One no-
table difference between the quasi-steady and transient
formulations is due to the numerical solution of the
continuity and momentum equations. In the former,
the continuity equation is solved exactly, and the mo-
mentum equation is not solved as the pressure is as-
sumed to be uniform.

3. Results and discussion

Results for n-heptane droplets evaporating into
various nitrogen environments of different thermody-
namic states, predicted with the transient (TS) and the
quasi-steady (QS) vaporization models, will be presented
later in this section. Before these results are presented,
the predictions are first validated against the available
experimental data for several significant aspects of
model performance such as thermophysical properties,
vapor-liquid equilibrium and the energy required for
phase change at the droplet surface.

Fig. 1(a) shows the predicted Lewis number of n-
heptane vapor in nitrogen gas at 300 K and the Prandtl
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Fig. 1. (a) Comparison of predicted Prandtl number for nitrogen at 500 K and Lewis number for n-heptane vapor in nitrogen at 300 K
with measurements. The measurements were derived from the measured data of Vargaftik [28]. (b) Mole fraction of nitrogen for a
n-heptane-nitrogen system in thermodynamic equilibrium at 305.37 K. The measured data is from Knapp [29].

number of nitrogen gas at 500 K together with the
corresponding measured values, plotted as functions of
pressure. The measurements shown in the figure were
derived from the measured data of Vargaftik [28]. The
results show that, as the pressure increases, the Prandtl
number keeps almost constant, whereas the Lewis
number increases and deviates increasingly from unity
with increasing pressure. As indicated elsewhere
[5,13,14], the accurate prediction of thermophysical
properties is important for correctly predicting the
vaporization process. The above comparisons indicate
that the gas properties are reasonably predicted with
the present models for both low and high pressure
conditions. Fig. 1(b) presents the predicted phase
equilibrium in terms of the variation of nitrogen mole
fraction with pressure. A reasonable agreement is also
indicated between the predicted and the measured re-
sults of Knapp [29]. Other comparisons with experi-
mental data were also made for liquid thermal
conductivity, liquid heat capacity, and the energy re-
quired for phase-change at the droplet surface. It was
found that excellent agreements were generally ob-
tained between the predicted and experimental results
for these properties.

Fig. 2 further shows the comparison of predictions of
both the TS and QS models for droplet vaporization
with corresponding experimental data of Nomura et al.
[17]. Results are presented in terms of the temporal
variation of non-dimensional surface area for two dif-
ferent ambient conditions. It is evident that the TS
model can reproduce the experimental data over a range
of pressure and temperature. However, for the present
cases, the QS model under-predicts the surface regres-
sion rate and thus over-predicts the droplet lifetime, and
the amount of underprediction becomes more pro-
nounced for the higher pressure case. The results also

T T T
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1&g, =mee- QS model 7
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* Measurement ( 5atm, 655K)
0.8 - 4
o L
- L ]
Ke) L J
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b \
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td ?, s/mm?

Fig. 2. Comparison of predicted temporal variation of droplet
surface area with the measured data of Nomura [17] for two
different ambient conditions. Solid line: the transient model.
Dashed line: the quasi-steady model.

show that as the pressure increases, the droplet heatup
time occupies a more significant part of droplet lifetime
since the liquid boiling temperature increases with
pressure.

Next, results are then presented using the TS and QS
models for n-heptane droplets evaporating into an am-
bience of nitrogen with initial temperature of 300 K. The
ambient temperature and pressure range from 500-2000
K and 1-150 atm, respectively. The initial droplet sizes
are 0.05-0.5 mm in diameter. These ranges cover the
sub- and super-critical environmental states of the n-
heptane fuel and include the conditions in which prac-
tical droplets and sprays evaporate. Since both the TS
and QS models are based on the same formulation to
calculate the gas- and liquid-transport properties, the
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interphase phenomena, and the liquid-phase transient
processes, the difference in the predictions of the two
models is due to the gas-phase unsteadiness. The results
presented in the following, if not mentioned particularly,
are for the 0.05 mm droplet.

Fig. 3(a) shows the temporal variation of non-di-
mensional surface area obtained using the TS and QS
models for three different ambient pressures at 500 K.
As seen from the figure, the predicted vaporization
processes of both models are in good qualitative and
quantitative agreement for the atmospheric pressure
case. However, as the ambient pressure increases, both
the quantitative and the qualitative differences between
the two predicted vaporization processes become in-
creasingly more noticeable. For this 7, = 500 K case,
the QS model generally predicts a smaller initial re-
gression rate, a larger regression rate during the late
vaporizing period, and eventually a longer droplet
lifetime. These disparities increase with pressure, and
become quite significant at high pressures (e.g., see
p =70 atm case).

In order to explain the above behavior, consider
the unsteadiness of the transient vaporization process
predicted with the TS model. Let 7, and 7, denote the
characteristic time scales for gas-phase unsteady dif-
fusion and for droplet surface heating, respectively.

' 4 ' I " — 1S model
T NSQE ., O e QS model
0.8 | i
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o .
3 06f ]
P=70atm
0.4 [ ]
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Then reasonable expressions for these time scales are
given by:

Ty — Tp
Ts = 9
dr,/d¢

Ty =

E’ (19)
where o is the gas thermal diffusivity, 7; the droplet
initial temperature and 7; is the normal boiling tem-
perature of the liquid fuel (an alternative for this
quantity can also be the critical temperature of the fuel
for high-pressure vaporization). Thus, the time scale
ratio Rt = 1,/1, can be regarded as a measure of the gas-
phase unsteadiness. Similarly, if we define:

2
o, 1

T, = v (20)
then the time scale ratio Ry = 7, /7, can be another form
of the measure of the gas-phase unsteadiness, where D,
is the fuel vapor diffusivity and Y the fuel vapor con-
centration at the droplet surface. For unity Lewis
number and ideal phase-change at the droplet surface, as
assumed for classical low-pressure models [1-3,6], both
measures are very close. However, for high-pressure
conditions both measures deviate from each other in-
creasingly with increasing pressure and temperature, as
will be seen later.
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Fig. 3. Temporal variation of droplet surface area for three different ambient pressures 1, 10, and 70 atm at: (a) 500 K, (b) 750 K, and
(c) 1000 K. The initial diameter is 0.05 mm. Solid line: the transient model. Dashed line: the quasi-steady model.
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Fig. 4. Time- and space-distribution of gas-phase unsteadiness
for droplet vaporization process at 10 atm and 500 K. The
initial diameter is 0.05 mm. ¢ is the time normalized by the
droplet lifetime. The unsteadiness is expressed in terms of Ry
which is the time scale ratio of the characteristic time of gas-
phase thermal diffusion to that of droplet heating.

Fig. 4 shows the evolution of the gas-phase un-
steadiness, measured in terms of the time scale ratio Rr,
with time for the 10 atm case of Fig. 3(a), where the
quantity ¢, is the time normalized by the corresponding
droplet lifetime. At a certain moment, the gas-phase
unsteadiness is seen to attain a maximum value in the
region next to the droplet liquid surface, then decreases
rapidly to a value which is almost constant at large
radial locations. The rapid spatial variation in the un-
steadiness is limited to a narrow region near the droplet
surface that is generally within 4 droplet radii. As the
vaporization process evolves, the unsteadiness decreases
sharply at first and then gradually. Further calculations
indicate that the characteristics of the unsteadiness
shown in Fig. 4 hold qualitatively for other cases at
different ambient pressures and/or different tempera-
tures, but they are quantitatively different.

Fig. 5 shows the variation of the maximum gas-phase
unsteadiness (i.e., in the region next to the droplet sur-
face) with normalized time for the same three cases of
Fig. 3(a), where the unsteadiness is expressed in terms of
the time scale ratios Rt and R;. As shown in the figure,
the ambient pressure significantly affects the gas-phase
unsteadiness. The changes in time scale ratios (or in gas-
phase unsteadiness) are approximately of the same order
as the pressure ratio. (In fact, as will be indicated in Fig.
12(a), the overall gas-phase unsteadiness of this case is
inversely proportional to the ambient pressure). With
increasing pressure, the part of the droplet lifetime that
can be regarded as being in the quasi-steady state ob-
viously decreases. For example, as seen from this figure,
if it is assumed that the quasi-steady state is attained
when the time scale ratio is of order O(1073), then the

1 i T T T T —
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Fig. 5. Temporal variation of the maximum gas-phase un-
steadiness in terms of time scale ratios Rt and R; for three
different pressures 1, 10, 70 atm at 500 K. The initial diameter is
0.05 mm. ¢, is the time normalized by the droplet lifetime. Ry is
the time scale ratio of the characteristic time of gas-phase mass
diffusion to that of phase change. See Fig. 4 for the definition
of R]'.

quasi-steady vaporization process lasts for about 75% of
the droplet lifetime for the 1 atm case, 25% for the 10
atm case, whereas for the 70 atm case the unsteady
process persists for all of the droplet lifetime. The dis-
parities between both time scale ratios also increase with
ambient pressures. This is mainly due to the fact that the
Lewis number of the vaporization process deviates in-
creasingly from unity with increasing pressure, as shown
in Fig. 1(a), and that a more nonlinear relation occurs
between the phase equilibrium concentration and tem-
perature at higher pressures.

Figs. 6(a) and (b) present the radial distributions of
gas temperature and fuel vapor concentration predicted
with the TS model, for the same 10 atm case shown in
Figs. 3(a), 4, and 5. A feature of the evolution process
is that rapid spatial evolution and strong transients
exist during the early period of the vaporization pro-
cess (see the process before time 0.222). The vapor
concentration process evolves more gradually and
never reaches a steady state. Figs. 7(a) and (b) present
the predicted vaporization process using the QS model
for the same case, which, as seen from the figures, is
intrinsically different from the TS predictions. During
the initial period the significant gas-phase unsteadiness
causes large differences between the both models. The
QS model results in smaller heat and mass fluxes at the
droplet surface, since it predicts much smaller temper-
ature and fuel vapor gradients during this period, as
shown in Figs. 8(a) and (b). Correspondingly, the QS
model predicts lower droplet surface temperatures and
fuel vapor concentrations (compare Figs. 6(a),(b) and
7(a),(b) for r/ry =1) and a smaller regression rate (see
Fig. 3). After the initial period, the gas-phase
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unsteadiness greatly decreases, and the difference be-
tween both predictions decreases (see Fig. 8(a)). How-
ever, the QS model, which implies infinite gas-phase
transport rate, transmits the ambient energy to the
droplet surface and diffuses the vapor mass away from
the droplet more rapidly. It thus results in a higher
surface temperature and a higher fuel vapor concen-
tration after a certain time (also compare Figs. 6(a),(b)
and 7(a),(b) for r/r; = 1), and eventually, results in a
larger regression rate (see Fig. 3). As the ambient
pressure increases, owing to the significant change in
gas-phase unsteadiness (see Fig. 5), the quantitative
differences between the predicted parameter radial dis-
tributions of both models increase. As seen in Figs.
8(a) and (b), the differences between the predicted mass
and heat fluxes at the droplet surface of both models
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P=10atm, Dn=0.05mm

Maximum Time Scale Ratios

i i e i i — L e "
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Fig. 9. Temporal variation of the maximum gas-phase un-

steadiness in terms of time scale ratios Rt and R; for three

different temperatures 500, 750, and 1000 K at 10 atm. The

initial droplet diameter is 0.05 mm. ¢, is the time normalized by
the droplet lifetime. See Fig. 5 for the definitions of Rt and Ry.
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subsequently increase. As a consequence, the difference
between the vaporization processes predicted with the
TS and QS models increases, as indicated in Fig. 3.

An interesting result is that the ambient temperature
also has a significant influence on the unsteadiness of
the vaporization process, which is not emphasized ad-
equately in previous studies. This can be clearly seen
from Fig. 9, where the gas-phase unsteadiness are
presented in terms of the ratios Rt and Ry for the three
different ambient temperatures at 10 atm. In fact, the
influence of ambient temperature on gas-phase un-
steadiness is even larger than that of the ambient
pressure. For example, the unsteadiness of the 1000 K
case is about one order of magnitude larger than that
of the 500 K case, although the temperature of the
former is only doubled. The difference between both
the time scale ratios also increases with temperature
mainly because of the increase in the deviation of the
Lewis number from unity.

Figs. 3(b) and (c), along with Fig. 3(a) analyzed
above, further show the influence of the ambient tem-
perature on the vaporization processes. As compared to
the predictions of the TS model, the characteristics of
the vaporization process predicted with the QS model,
e.g., the smaller early regression rate and the larger late
regression rate, are magnified by increasing the ambient
temperature. To explain this, Figs. 10(a) and (b) present
the heat and mass fluxes at the droplet surface for the
three different pressures at 750 K. Compared to the 500
K case for the same pressure shown in Figs. 8(a) and (b),
the increased ambient temperature demonstrates greatly
increased heat and mass fluxes at the droplet surface for
the TS model and for the early period of the vaporiza-
tion process. This is because the larger gas-phase un-
steadiness and stronger transients occur for the higher
ambient temperature, and thus, result in a more obvious
increase in the early regression rate predicted by the TS

model. On the other hand, at higher ambient
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Fig. 10. Temporal variation of: (a) heat flux, and (b) vapor mass flux at droplet surface for vaporization processes for three different
pressures 1, 10, and 70 atm at 750 K. Solid line: the transient model. Dashed line: the quasi-steady model.
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temperatures, the QS model predicts more energy
transferred to the droplet surface and this, in turn, gives
larger heat and mass fluxes which, as seen in Figs. 10(a)
and (b), eventually exceed the corresponding values of
the TS model. Therefore, the QS model produces a
larger regression rate during the late vaporization peri-
od. Correspondingly, the difference between the pre-
dicted vaporization processes of both models increases
with ambient temperature.

The above changes in the predicted regression rates
also add complexity to the predicted droplet lifetimes of
both models. This can be seen from Figs. 10(a) and (b)
which show that the lower the ambient pressure, the
earlier the predicted heat and mass fluxes of the QS
model exceed those of the TS model. As a result, the
predicted regression rate of QS model begins to be
larger than that of the TS model earlier (see Figs. 3(a)-
(c)). Therefore, it is more likely that the predicted
droplet lifetime of the QS model of the lower pressure
case begins to become shorter than that of the TS
model. This is clearly reflected in Figs. 3(a)—(c). For
example, as the ambient temperature increases from 500
to 750 K, the predicted lifetime of the QS model at 1
atm first becomes smaller than that of the TS model,
whereas only after the temperature further increases to
1000 K, are the results similar to those for the 10 atm
case. Additional calculations were performed to assess
the influence of the environment on the TS and QS
model predictions. It was found that the QS model
qualitatively predicts the same trends of droplet lifetime
at different ambient pressures and temperatures as those
predicted with the TS model.

In Fig. 11, the temporal variation of the vaporiza-
tion constant is shown at different pressures for the QS
and TS models. Here only the results for the cases
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Fig. 11. Temporal variation of vaporization constant for the
same cases of Fig. 3(a). The vaporization constant is defined as
—d(d?)/dt. Solid line: the transient model. Dashed line: the
quasi-steady model.

shown in Fig. 3(a) are presented. The vaporization
constant is defined as —d(d?)/dt. In previous experi-
mental and theoretical investigations, such plots are
often used to quantify deviations from the classical d-
law behavior. As shown by the predictions of the TS
model, the higher the ambient pressure, the shorter the
period the d?-law holds, and at a high enough pressure,
the period that follows the d”-law vanishes. This is a
conclusion that has been validated both experimentally
and theoretically by many researchers [5]. This also
indicates the reliability of the present TS model. At
atmospheric pressure, the QS model also predicts @-
law behavior after the initial droplet heat-up phase.
However, it is interesting to note that the QS model
does not predict the d*-law behavior at high pressures.
Considering that the d*-law is derived under the as-
sumptions of gas-phase quasi-steadiness and constant
properties, the reason that the QS model does not
predict the d?-law behavior is because of the tempera-
ture—pressure-composition-dependent  thermophysical
and phase change properties considered in the present
QS model. This emphasizes the need to use a transient
model for high-pressure predictions.

Further results characterizing the gas-phase un-
steadiness are presented in Figs. 12(a) and (b). Here
the time scale ratio is defined as the ratio of the
droplet-surface-area-averaged diffusion time to the
droplet lifetime. The former is defined as 72/D;, a
characteristic time of the gas-phase diffusion process,
where r; is droplet radius and D; the coefficient of gas
diffusion in the region near the droplet surface. The
time scale ratio can be regarded as a measure of
gas-phase unsteadiness for the overall vaporization
process. As seen from Fig. 12(a), the unsteadiness in-
creases with pressure nearly linearly at low ambient
temperatures, and acceleratively at high ambient tem-
peratures. The influence of temperature is presented in
Fig. 12(b). Increasing the ambient temperature en-
hances the gas-phase diffusion process and thus re-
duces the unsteadiness. However, the increase in
process transients competes with the above factor, and
as seen in the figure, the unsteadiness increases with
temperature, at a more pronounced rate at higher
pressures and at lower ambient temperatures.

Studies were also conducted for the droplet with
initial diameter of 0.5 mm. Qualitatively similar results
as those for the 0.05 mm droplet shown above were
obtained. However, for the larger droplet, it is possi-
ble for the droplet surface to reach the critical mixing
state before it fully vaporizes. Fig. 13 shows the
minimum critical ambient pressure as a function of
ambient temperature, predicted with both the TS and
QS models. In order to obtain the minimum pressure
value at a fixed ambient temperature, simulations were
performed with increasingly higher pressures until the
critical mixing state was observed at the droplet sur-
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face. As seen from the figure, the QS model predicts a
vaporization process which reaches the critical mixing
state at a significantly lower ambient pressure. This
implies that the vaporization process of the QS model
reaches the critical mixing state earlier than that of the
TS model. The plots in Fig. 13 also represent
boundaries, predicted with both models in terms of
the ambient temperature and pressure, between the
sub- and super-critical vaporization states. Any point
above the curve indicates that a critical mixing state
will be reached sometime during the droplet lifetime,
i.e., the droplet will undergo transcritical evaporation
during its lifetime. On the other hand, any point be-

low the curve implies that the droplet is not expected
to attain a supercritical state during its lifetime. Also,
the farther a point is from the curve in the
supercritical region, the earlier in its lifetime the
droplet is expected to attain the critical mixing state.

4. Conclusions

Two comprehensive high-pressure droplet vaporiza-
tion models, namely a transient model and a model as-
suming gas-phase quasi-steadiness, have been presented.
Except for the quasi-steady assumption for the second
model, these models incorporate all high-pressure effects
and consider the transient liquid-phase transport within
droplet interior. The accuracy of both models is exam-
ined with available experimental data in terms of pre-
dictions of the thermophysical properties, the phase
change process at the droplet surface, and the droplet
vaporization processes. It was found that the predictions
of the transient model agree very well with all the ex-
perimental data examined.

Both models were employed to investigate high-
pressure vaporization of single droplets of different
initial sizes for a wide range of ambient pressures and
temperatures. Based on the predictions and comparisons
of the models, the following conclusions are reached: (1)
Strong gas-phase unsteadiness exists during the early
period of the vaporization process. The unsteadiness
attains a maximum value in the gas near the droplet
surface and decreases rapidly to an almost constant
value at large radial locations. These characteristics
apply for the range of ambient pressures and/or tem-
peratures considered. (2) Gas-phase unsteadiness in-
creases with pressure linearly at low ambient
temperature and acceleratively at high ambient
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temperature. Gas-phase unsteadiness generally increases
with temperature, and at a more pronounced rate for
higher pressures and/or for lower ambient temperatures.
The influence of the ambient temperature on gas-phase
unsteadiness is stronger than that of the ambient pres-
sure. (3) Compared to the transient model, the quasi-
steady model predicts a smaller regression rate initially
and a larger regression rate during the later period of the
droplet lifetime. This is mainly because it predicts a
significantly different evolution process of the radial
distribution of gas temperature, and results in smaller
and larger heat and mass fluxes at the droplet surface
during the early and late periods, respectively. (4) The
differences between the predicted regression rates are
magnified with increasing ambient temperatures and/or
pressures. The difference between the predicted vapor-
ization processes of both models thus increases with the
ambient parameters. These characteristics add com-
plexity to the predicted droplet lifetimes of both models.
(5) The above conclusions also apply for the vaporiza-
tion processes of droplets of different initial sizes. The
vaporization process predicted with the quasi-steady
model reaches the critical mixing state earlier than that
predicted with the transient model.
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