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Fuel Droplet Evaporation in a
Supercritical Environment
This paper reports a numerical investigation of the transcritical droplet vaporizat
phenomena. The simulation is based on the time-dependent conservation equatio
liquid and gas phases, pressure-dependent variable thermophysical properties, a
detailed treatment of liquid-vapor phase equilibrium at the droplet surface. The nume
solution of the two-phase equations employs an arbitrary Eulerian-Lagrangian, exp
implicit method with a dynamically adaptive mesh. Three different equations of
(EOS), namely the Redlich-Kwong (RK), the Peng-Robinson (PR), and Soave-Re
Kwong (SRK) EOS, are employed to represent phase equilibrium at the droplet surfa
addition, two different methods are used to determine the liquid density. Results ind
that the predictions of RK-EOS are significantly different from those obtained by usin
RK-EOS and SRK-EOS. For the phase-equilibrium of n-heptane-nitrogen system
RK-EOS predicts higher liquid-phase solubility of nitrogen, higher fuel vapor concen
tion, lower critical-mixing-state temperature, and lower enthalpy of vaporization. A
consequence, it significantly overpredicts droplet vaporization rates, and underpre
droplet lifetimes compared to those predicted by PR and SRK-EOS. In contrast, p
tions using the PR-EOS and SRK-EOS show excellent agreement with each other an
experimental data over a wide range of conditions. A detailed investigation of
transcritical droplet vaporization phenomena indicates that at low to moderate amb
temperatures, the droplet lifetime first increases and then decreases as the ambien
sure is increased. At high ambient temperatures, however, the droplet lifetime decr
monotonically with pressure. This behavior is in accord with the reported experime
data. @DOI: 10.1115/1.1385198#
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Introduction

Droplet gasification in high-pressure environments, where
thermodynamic conditions correspond to the supercritical stat
the liquid fuel, is important in diesel engines, liquid rockets, a
gas turbine combustors. In jet engines used in military appl
tions, the liquid fuel is the primary coolant for on-board he
sources, and may attain a critical state before it is ‘‘atomize
The gas turbine combustors used in propulsion applications
being designed to operate at increasingly higher pressures, w
may exceed the critical pressure of the fuel. The modeling
transcritical droplet vaporization also represents a scientific
challenging problem, since the conventional ‘‘low-pressure’’ dro
let models are generally not valid at high-pressure conditions.
example, the gas-phase nonidealities and the liquid-phase so
ity of gases are negligible at low pressures, but become esse
considerations at high pressures. Consequently, a sin
component fuel droplet would assume a multicomponent beh
ior, and liquid mass transport in the droplet interior would beco
an important process. Secondly, as the droplet surface approa
the transcritical state, the latent heat reduces to zero, and the
and liquid densities become equal at the droplet surface. T
transient effects in the gas phase would become as importa
those in the liquid phase, since the characteristic times for tra
port processes in the two phases become comparable. In add
the liquid and gas-phase thermophysical properties bec
pressure-dependent. Also, under convective conditions, the d

1Currently at the University of Wisconsin at Madison.
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let distortion and breakup become important processes, as the
face tension is greatly diminished and approaches zero at the
cal point.

Due to its significant practical and fundamental relevance,
supercritical droplet gasification phenomena has been a subje
many theoretical and experimental investigations. Manrique
Borman @1# presented a methodology to consider several hi
pressure effects in a quasi-steady model that was based on
Redlich-Kwong~RK-EOS! equation of state~@2#!. In a subsequent
study~@3#!, it was demonstrated that the effects due to thermo
namic nondealities and property variations modified the vapor
tion behavior significantly. Lazar and Faeth@4# and Canada and
Faeth @5# also employed RK-EOS to develop a high-pressu
model to investigate steady-state droplet vaporization and c
bustion for hydrocarbon fuels. They found the droplet burnin
rate predictions of the high-pressure model to be similar to th
of a conventional low-pressure model. In addition, the results
both models were in fair agreement with their experimental da
Matlosz et al.@6# developed a high-pressure model in which t
gas-phase unsteadiness and real gas effects were included,
the gas absorption in liquid droplet was neglected.

Curtis and Farrell@7,8# developed a high-pressure model, usi
the Peng-Robinson~PR-EOS! equation of state~@9#! that predicted
the droplet vaporization rate, temperature, and the critical mix
state. It was shown that for droplet vaporization under conditio
similar to those in diesel engines, the anomalies in transport p
erties near the critical mixing state were insignificant. Hsieh et
@10# reported a comprehensive analysis of the high-pressure d
let vaporization phenomena in binary and ternary systems
temperature of 2000 K. The Soave-Redlich-Kwong equation
state~SRK-EOS! ~@11#! was employed in the analysis. In a su
sequent study, Shuen et al.@12# extended their high-pressur
model to examine the combustion behavior of an n-pentane d
let under subcritical and supercritical conditions. Their results
dicated a continuous increase in the droplet gasification rate
pressure, with a more rapid increment occurring near the crit
burning pressure of the fuel. Delpanque and Sirignano@13# also

-
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considered a transient, spherically symmetric model to investig
transient gasification of a liquid oxygen droplet in gaseous hyd
gen at high pressures. It was noted that at supercritical press
the droplet surface temperature reaches the critical mixing va
Jia and Gogos@14,15# employed the PR-EOS to quantify the e
fect of liquid-phase gas solubility on the vaporization of
n-hexane droplet for a range of ambient pressures and temp
tures. The variation of droplet lifetime with pressure was shown
exhibit a maximum at low ambient temperatures, but to decre
monotonically with pressure at high ambient temperatures. S
gel et al.@16# employed the SRK-EOS to examine the vaporiz
tion behavior of freely falling n-heptane droplets in a nitrog
environment. Results from a quasi-steady droplet model w
compared with measurements for ambient pressure up to 40
Aggarwal et al.@17# also reported a quasi-steady high-press
model that used the PR-EOS and considered the thermophy
properties to be pressure-dependent. The transient liquid-p
processes were also included in the model. The computed va
ization histories were shown to compare well with the measu
ments of Stengel et al.@16#.

An important result from several numerical and experimen
investigations~@18–21#! is that a droplet does not immediate
attain the critical mixing state as it is introduced into an ambi
where the pressure and temperature exceed the thermodyn
critical point of the liquid fuel. Also, while most studies indica
that the droplet surface generally reaches the critical mixing s
at some pressure that is much higher than the fuel critical p
sure, they report a wide scatter in the minimum ambient pres
required for the attainment of the critical state. The literature
view also indicates that several different EOS have been
ployed to represent the liquid-vapor phase equilibrium at the dr
let surface. Clearly, an accurate representation of ph
equilibrium is essential for a realistic simulation of droplet evap
ration at high pressures. Previous studies have not examine
detail the accuracy of various EOS and their effects on the
dicted transcritical/supercritical droplet vaporization behav
The present study is motivated by these considerations.

In the present study, a comprehensive model is develope
investigate the transcritical droplet vaporization phenomena.
model is first used to examine the effects of different EOS on
prediction of phase equilibrium for an n-heptane-nitrogen syst
as well as on the prediction of droplet gasification rate in a sup
critical environment. A detailed numerical study is then conduc
to characterize the transcritical vaporization phenomena, inc
ing the transition from subcritical to supercritical state, and
subsequent supercritical droplet gasification behavior.

Problem Formulation
The physical problem described here considers the transien

and liquid-phase processes associated with an isolated fuel d
let. The droplet, which is initially at a subcritical state, is sudde
introduced into a stagnant gas environment with its thermo
namic state in the supercritical regime of the fuel species. In
following, we describe the transient two-phase governing eq
tions in a spherical coordinate system, along with the interph
conditions at the droplet surface.

For the gas-phase region,r .r s(t), the governing equations in
clude the conservation equations for species, momentum, en
and the equation of state~EOS!:

]rk

]t
1

1

r 2
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~rkur2!5
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r 2
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Journal of Engineering for Gas Turbines and Power

aded 29 Aug 2008 to 134.131.125.50. Redistribution subject to ASME l
ate
ro-
res,

lue.
f-
n
era-
to

ase
en-
a-
n

ere
atm.
re

sical
ase

por-
re-

tal
y
nt
amic
e
tate
es-
ure
re-
m-

op-
ase
o-
d in
re-

or.

to
he

the
m,
er-
ed
ud-
he

gas
rop-
ly

dy-
the
ua-
ase

rgy,

]rI

]t
1

1

r 2

]

]r
~rIur 2!1

p

r 2

]

]r
~ur2!

5
1

r 2 H ]

]r
r 2rDkF(

k51

N

hk

]

]r S rk

r D G J 1
1

r 2

]

]r 2 S kr2
]T

]r D
1

]u

]r F2m
]u

]r
1

l

r 2

]

]r
~ur2!G1

2u

r 2 F2mu1
l

r

]

]r
~ur2!

(3)

f 1~p,T,r1 ,r2 , . . . ,rN!50. (4)

In the above equations,Dk , rk , and hk are, respectively, the
diffusion coefficient, density, and specific enthalpy ofkth species.
N is the total number of species. Further,k, m, and l are the
thermal conductivity, viscosity, and second viscosity coefficie
respectively. Equation~4! represents a P-V-T relation for the flui
mixture. A cubic EOS is employed, which can be written in
general form as~@22#!

p5
RT

V2b
2

a

V21ubV1wb2 (5)

where a and b are functions of temperature and species m
fractions.u andw are constants. Their values are:u52, w521
for PR-EOS; andu51, w50 for SRK-EOS and RK-EOS.

For the liquid-phase region,r ,r s , the governing equations fo
the liquid temperature and species mass fractions are

]

]t
~r lCplTl !5

1

r 2

]

]r S klr
2

]Tl

]r D1
1

r 2

]

]r F r 2(
k51

N

r lDlhk

]

]r S r lk

r l
D G
(6)

]r lk
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5

1
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]

]r Fr lkDlr
2

]

]r S r lk

r l
D G . (7)

Boundary Conditions
The boundary conditions at the droplet center (r 50) are:

]Tl /]r 50 and ]rk /]r 5, and those atr→` are: T→T` , p
→p` , andrk→rk` . At the droplet surface,r 5r s , the condition
of mass and energy conservation, and thermodynamic equilibr
are

ṁXk2r lkDl
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5ṁYk2rkDk
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(8)
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2

1

r S 2m
]u

]r
1

l

r 2 1
]

r 2

]

]r
~ur2!G

(9)

f 2~Ts ,Ps ,X1s ,X2s , . . . ,XNs ,Y1s ,Y2s , . . . ,YNs!50 (10)

whereXis andYis represent, respectively, the liquid and gas-pha
mole fractions of ith species at the droplet surface. The spec
form of Eq. ~10! can be derived from the condition of thermod
namic and mechanical equilibrium at the droplet surface. At l
pressures, the equilibrium is normally expressed by the Rao
law. At elevated pressures, however, it should be described fro
more general thermodynamic consideration, as discussed in
next section.

In a supercritical environment, depending on the ambient
droplet properties, the droplet may experience a thermodyna
OCTOBER 2002, Vol. 124 Õ 763
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state transition from subcritical to supercritical. Equations~8!–
~10! are only applicable until the droplet surface reaches a crit
mixing point. The subsequent droplet regression is then chara
ized by the motion of the critical surface which moves inwa
continuously.

Vapor-Liquid Equilibrium at the Drop Surface
The vapor-liquid equilibrium at the droplet surface is rep

sented by the equality of temperature and pressure, and the fu
ity of each species in the gas and liquid phases. The equalit
fugacity of speciesk is expressed as

fk
vYk5fk

l Xk (11)

where the superscriptsv andl refer to the vapor and liquid phase
respectively.fk is a function of pressure, temperature, and co
position. It is given by the following relation:

RT ln~fk!5E
v

`F S ]P

]nk
D

T,v,nj

2
RT

v Gdv2RT ln z (12)

wherenj is the mole number ofj th species. By substituting th
equation of state~5! into Eq. ~12!, the fugacity of thekth species
in the liquid and gas phase mixture is given by~@22#!:

ln fk5
bk

b
~z21!2 ln~z2B!1

A

BAu224w
S bk

b
2dkD

3 ln
2Z1B~u1Au224w!

2Z1B~u2Au224w!
(13)

where

bk

b
5

Tck /Pck

(
j

y jTc j /Pc j

and

dk5
2Aak

a ( xjAaj~12kk j!.

The binary interaction coefficientkk j in the above equation is
taken from Knapp et al.@23#. It is 0.1441 for PR-EOS, and 0.142
for SRK and RK-EOS. Equations~11!–~13! provide the basic
relations for vapor-liquid equilibrium calculation. These equatio
along with Eqs.~8!–~9! provide a closed system to determine t
temperature and species mole fractions at the droplet surfac
represents a system of highly nonlinear algebraic equations
need to be solved iteratively at each time-step.

For a multicomponent mixture, the latent heat of vaporizat
of each species is defined as the difference between the p
molar enthalpy of that species in the vapor and liquid phases.
following thermodynamic relation then gives the partial molar e
thalpy of kth species:

H̄k2H̄k
052RT2

]

]T
~ ln fk! (14)

where the superscript 0 denotes the quantity in an ideal s
Equation~14! is solved iteratively along with Eqs.~8!–~9! and
~11!–~13!.

Thermophysical Properties
The gas and liquid-phase thermo-transport properties are

sidered function of pressure, temperature, and composition.
method suggested by Chung et al.@24# is employed to calculate
the thermal conductivity and viscosity of the gas mixture at h
pressures. The binary mass diffusivity is calculated by using
Chapman-Enskog theory in conjunction with the collision in
764 Õ Vol. 124, OCTOBER 2002
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grals given by Neufeld et al.~@25#!. It is then corrected for pres
sure effects by using the Takahashi correlation~@26#!. For a mul-
ticomponent mixture, the effective diffusivity is obtained by usin
the formula given by Bird et al.@27#. The gas density is calculate
directly from the EOS employed. For the enthalpy of gas mixtu
the enthalpy of pure components is obtained from JANAF tab
A generalized thermodynamic correlation based on thr
parameter corresponding states~@28#! is then used to calculate th
enthalpy correction for high-pressure effects. Then, the spe
internal energy of gas mixture in Eq.~3! is given by

l 5(
k51

N
rk

r
hk~T!2

P

r
(15)

which relates the energy Eq.~3! to the equation of state~4!
through the gas temperature.

The heat capacity of pure liquid components is calculated b
fourth-order polynomial of temperature, and then extended to
uid mixture using the mixture rule of Filippov@29#. The liquid
mass diffusivity and thermal conductivity are obtained by us
the correlations of Nakanishi@30# and Chung@24# respectively. In
the present study, two different methods are employed to de
mine the liquid density. In the first, the liquid density is obtain
directly from the EOS employed, while in the second, it is calc
lated by using the formulas suggested by Hankinson and Thom
@31# along with the high-pressure correction given by Thoms
et al. @32#.

Numerical Method
An arbitrary Lagrangian-Eulerian numerical method with a d

namically adaptive mesh is used to solve the governing equati
The solution procedure is as follows:~i! calculate explicitly the
contributions of the diffusion and source terms in the gas-ph
equations;~ii ! calculate implicitly the terms associated with th
acoustic pressure in the gas-phase equations;~iii ! compute new
mesh distribution with the adaptive mesh method, and then
convection terms in the gas-phase equations; and~iv! based on the
solutions of above steps, solve implicitly the gas-phase equati
along with the liquid-phase equations as well as the droplet
face and vapor-liquid equilibrium equations.

The adaptive mesh technique is very effective in improving
calculation efficiency. For the supercritical vaporization calcu
tions here, the results show that the minimum number of g
points required to get a grid-independent solution is about 600
a uniform grid. However, using the adaptive mesh technique,
number of grid points is reduced to 180. A variable time-step
employed. It is calculated automatically based on the stab
restrictions of explicit convection and diffusion processes.

Results and Discussion
The present simulations consider an n-heptane droplet ev

rating in a high-pressure nitrogen environment. The first set
results focuses on a comparison of the thermodynamic phase
librium obtained by using the PR, SRK, and RK-EOS. Figure
shows a comparison of the phase-equilibrium predictions of
SRK, and RK-EOS at four different pressures. An important o
servation is that PR and SRK-EOS predict essentially the s
equilibrium composition, including the fuel vapor mole fractio
and the liquid-phase solubility of nitrogen, over a wide press
range. In contrast, the predictions of RK-EOS exhibit significa
differences from those of PR and SRK-EOS. In both the subc
cal and supercritical regimes, the RK-EOS predicts higher f
vapor mole fraction, which implies that it would yield highe
droplet gasification rate compared to that using the PR and S
EOS. In addition, the RK-EOS predicts higher liquid-phase so
bility of nitrogen in the supercritical regime (Pr.1.0). The criti-
cal mixing point obtained by using RK-EOS is also different fro
that using the other two EOS. The temperatures at the crit
Transactions of the ASME
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Fig. 1 Mole fraction of n-heptane predicted by PR, SRK, and RK-EOS for an
n-heptane-nitrogen system in thermodynamic equilibrium at four different pres-
sures. Pr is the reduced pressure normalized by the critical pressure of pure
n-heptane. The experimental data from Chung et al. †23‡, for PrÄ2.5 and 5.0, are
also included in the plots.
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mixing point predicted by RK-EOS are 1.9 and 8.4 percent low
than those predicted by the other two EOS at Pr52.5 and 5.0,
respectively. In addition, results for Pr52.5 and 5.0 indicate tha
while the phase-equilibrium predictions of PR and SRK-EO
show good agreement with the experimental data@23# those of
RK-EOS show significant differences.

Another important observation from Fig. 1 deals with the so
bility of nitrogen into liquid at different ambient pressures a
temperatures. At supercritical pressures, the amount of gas
sorbed in liquid becomes significant, and increases as the am
temperature and pressure are increased. This implies that in s
critical environments, the liquid mass transport becomes imp
tant and a pure fuel droplet exhibits multicomponent behav
Also notable in Fig. 1 is that the critical mixing temperature~de-
fined by the critical mixing point! decreases as the pressure
increased. This is indicated more clearly in Fig. 2~a!, which shows
the pressure-temperature diagram for an n-heptane-nitrogen
tem in equilibrium. Again, the difference between the predict
of RK-EOS and those of SRK and RK-EOS at supercritical pr
for Gas Turbines and Power

131.125.50. Redistribution subject to ASME l
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sures is significant. Figure 2~b! shows the variation of latent hea
of vaporization of n-heptane with temperature as predicted by
SRK, and RK-EOS. The heat of vaporization decreases as
temperature and/or pressure is increased, and drops to zero
critical point. The predictions of PR and SRK-EOS are again
good agreement with each other, while those of RK-EOS exh
noticeable differences, with RK-EOS underpredicting the hea
vaporization significantly. Clearly, this has important implicatio
for predicting the droplet vaporization rate at supercritical con
tions using different EOS.

We now focus on the transient vaporization behavior of
n-heptane droplet which at timet50 is introduced into a high-
pressure nitrogen environment. Figure 3 shows the droplet
time computed by using different EOS and plotted as a function
ambient pressure and temperatures. Here, the droplet lifetim
defined when the nondimensional droplet surface area reach
value of 0.2, and it is normalized by using a characteristic time
do

2/b, wheredo is the initial diameter, andb is the vaporization
Fig. 2 „a… Phase equilibrium in terms of the pressure-temperature dia-
gram and „b… latent heat of vaporization of n-heptane versus temperature
for n-heptane-nitrogen system in thermodynamic equilibrium, as pre-
dicted by PR, SRK, and RK-EOS at three different pressures. See Fig. 1
for additional details.
OCTOBER 2002, Vol. 124 Õ 765
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constant computed atp51 atm andTa5750 K. At high ambient
temperatures, the droplet lifetime decreases monotonically as
ambient pressure is increased. However, at low to moderate
bient temperatures, the droplet lifetime first increases and t
decreases as the ambient pressure is increased. This behav
consistent with the reported experimental results~@18#!, and can
be explained as follows:

An increase in ambient pressure leads to the following effe
~i! the droplet heatup time increases and becomes a more sig
cant part of droplet lifetime, since the fuel boiling temperatu
increases continuously with pressure until the droplet surf
reaches a critical state, see Fig. 2~a!; ~ii ! the mass transfer numbe
B, which is generally expressed asB5cp•(Ta2Ts)/L, decreases
as p is increased, sinceTs increases with pressure; and~iii ! the
latent heat of vaporization~L! decreases and goes to zero as
droplet surface reaches a critical mixing point, see Fig. 2~b!. At
low to moderate ambient temperatures, the first two effects do
nate, and, consequently, the droplet lifetime increases with p
sure. At higher pressures, however, the third effect becomes d
nant, since the heat of vaporization decreases drastically and
to zero at the critical mixing point. Consequently, as indicated
Fig. 3 for ambient temperatures of 500 and 750 K, the drop
lifetime decreases with pressure at high pressures. Also, whe
ambient temperature is sufficiently high, the first two effects
come relatively less sensitive to pressure compared with the t
effect, and the droplet lifetime decreases continuously as the
bient pressure is increased. These results also imply that the
time of a combusting droplet would decrease monotonically w
increasing ambient pressure. This observation is well corrobor
by experimental studies~@20#!.

The sensitivity of the computed droplet lifetime to differe
EOS is also illustrated in Fig. 3. For all the cases examined,
lifetime predictions using PR-EOS and SRK-EOS are in go
agreement with each other, except for small differences at
ambient temperatures (T5500 K) and at high pressures (p
.60 atm). In contrast, at moderate ambient temperaturesTa
5750 K), RK-EOS significantly underpredicts the droplet lif
time compared with those obtained by using PR and SRK-E
This can be attributed to the fact that for given ambient tempe
ture and pressure, RK-EOS predicts higher fuel vapor mole f
tion at the droplet surface and lower heat of vaporization co
pared with those predicted by PR and SRK-EOS, see Figs. 1
2~b!. At high ambient temperatures, however, the differences
the lifetime predictions using the three EOS are insignificant. T
implies that the predicted gasification behavior of a combus
droplet may not be very sensitive to the particular EOS used.

Figure 4 shows the final temperature and fuel vapor mass f
tion at the droplet surface plotted versus the ambient press

Fig. 3 Non-dimensional droplet lifetime, predicted by PR,
SRK, and RK-EOS, plotted versus pressure at three different
ambient temperatures
766 Õ Vol. 124, OCTOBER 2002
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Again, the predictions of SRK and PR-EOS are in close agr
ment with each other over a wide pressure range, except for s
deviations after the droplet surface reaches the critical mix
state. The predicted droplet surface temperature using RK-EO
lower than that predicted by the other two EOS. More importan
the predicted fuel vapor mass fraction using RK-EOS is hig
compared to those obtained by using SRK and PR-EOS prio
the attainment of critical state and lower after the critical sta
This is consistent with the phase-equilibrium results presente
Fig. 1, which indicates higher fuel vapor mass fraction for R
EOS. The results forPr55.0 in Fig. 1 also indicate that with
RK-EOS, the critical mixing point is attained at a lower tempe
ture compared to that with the other two EOS. After the critic
mixing point, the final temperature and fuel vapor mass fraction
the droplet surface decrease as the pressure is increased.
behavior is consistent with the phase-equilibrium results show
Fig. 2~a!, which indicates that the critical temperature decrea
with critical pressure, as well as with those reported by Shu
et al. @12# and Jia and Gogos@14#.

The literature indicates a wide scatter in the minimum ambi
pressure required for attaining a critical mixing state at the dro
surface. Clearly, a reliable supercritical droplet gasification mo
should provide an accurate value of this pressure. As indicate
Fig. 4, at an ambient temperature of 1000 K, the minimum am
ent pressure predicted by using PR and SRK-EOS is 120
(Pr54.44), while that by using RK-EOS is 100 atm (Pr
53.70).

Figure 5 shows a comparison between our predictions and
measurements of Nomura et al.@21#. Results are presented i
terms of the temporal variation of nondimensional surface a

Fig. 4 Final temperature and fuel vapor mass fraction at the
droplet surface plotted as functions of pressure. The ambient
temperature „Ta… is 1000 K, and initial droplet temperature „To…

300 K. The final time corresponds to a time when „d Õd o…
2

Ä0.2.
Transactions of the ASME

icense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



Journal of Engineerin

Downloaded 29 Aug 2008 to 134
Fig. 5 „a… Comparison between the predictions using PR, SRK, and RK-EOS and
the measured data of Nomura et al. †21‡ at PÄ5 atm and TaÄ655 K. „b… compari-
son between the predictions using PR, SRK, and RK-EOS and the measured data
of Nomura et al. †21‡ at PÄ50 atm and TaÄ453 K.
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obtained by using the three EOS for two different ambient con
tions. In order to examine the effect of liquid density on pred
tions, the computed results are shown for two cases. An impor
observation is that using PR-EOS, the simulations reproduce
perimental results quite well over a wide range of pressures.
numerical results obtained by using SRK-EOS are also in g
agreement with experimental data, while those obtained by u
RK-EOS exhibit significant differences, especially for the hig
pressure case. Consistent with the earlier discussion, the RK-
significantly overpredicts the vaporization rate. For example,
p550 atm and at a nondimensional time of 8, the numeri
model based on RK-EOS predicts a nondimensional surface
of 0.2 compared to the experimental value of 0.6. The predicti
g for Gas Turbines and Power

.131.125.50. Redistribution subject to ASME l
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of RK-EOS show improvement when the liquid density is calc
lated by the empirical formula, but still deviate noticeably fro
the experimental data.

In order to examine the supercritical droplet vaporization p
nomena, we plot some important gas and liquid-phase prope
during the transcritical state. Figure 6 shows the temporal va
tion of droplet surface area, surface temperature and liquid t
perature at the droplet center for an ambient pressure of 120
The predictions are based on PR-EOS with liquid density ca
lated by using the empirical formula. As indicated, the drop
surface, which is initially at a subcritical state, reaches the crit
mixing state during later part of droplet lifetime. Furthermore,
the ambient temperature is increased, the surface temperature
OCTOBER 2002, Vol. 124 Õ 767
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at a faster rate, and the droplet surface reaches the critical m
state earlier in droplet lifetime.

When the droplet surface approaches the critical mixing st
the difference between the gas and liquid phases disappears.
present model, it is assumed that once the surface reache
critical mixing state, it is maintained at that state. Note, howev
that the critical mixing state varies with ambient temperature
pressure. The velocity of the critical mixing surface moving
wards to the droplet center then determines the vaporization
This velocity depends on how fast the inner liquid layer adjac
to the droplet surface attains the critical mixing temperatu
which in turn depends on the distributions of liquid-phase prop
ties within the droplet. It is also important to note that our sim
lations did not indicate any anomalous behavior during the tr
scritical stage of droplet evaporation.

In order to examine the multicomponent behavior of a pure f
droplet at high pressure, we plot in Fig. 7 the radial distribution
liquid temperature and dissolved nitrogen within the droplet d
ing different stages of droplet lifetime. The ambient conditions
the same as those in Fig. 6. As expected, the liquid nitrogen m
fraction has its maximum value at the droplet surface, and
creases continuously with time until the droplet surface reach
critical mixing state. Note that the critical mixing state for th
case is attained at a nondimensional time of 0.69. This plot d
onstrates that a pure fuel droplet evaporating in a supercri
environment exhibits multicomponent behavior. It is also no
worthy that while the liquid nitrogen mass fraction drops rapid
to a negligible value within a thin layer near the surface, the liq
temperature shows a more gradual decrease. This is indicativ
small liquid mass diffusivity~relative to thermal diffusivity! or
high liquid Lewis number.

Fig. 6 Supercritical vaporization behavior in terms of the tem-
poral variation of nondimensional droplet surface area, surface
temperature and liquid temperature at the droplet center as
predicted by PR-EOS
768 Õ Vol. 124, OCTOBER 2002
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Figure 8 shows the radial distribution of gas temperature,
locity, and fuel vapor mass fraction in the gas-phase region at
different ambient pressures. For these results, the PR-EOS
been employed. An important observation is that the radial d
tance over which the gas-phase properties vary significantly
creases as the ambient pressure is increased. For example,
creases from ten to four times the droplet radius as the pressu
increased from 5 to 150 atm. This implies that the rates of h
and mass transport are enhanced, and, consequently, the vap
tion rate is increased at higher pressures. It can be seen tha
maximum gas velocity decreases dramatically when the pres
is increased from 5 to 150 atm, which also implies a change in
gas-phase unsteadiness.

The literature indicates a wide scatter in the minimum ambi
pressure required for a droplet to attain a critical mixing state a
surface. Clearly, this value depends on several liquid and g
phase properties including ambient temperature and composi
initial droplet diameter, and liquid fuel properties. Figure 9 sho
the minimum ambient pressure as a function of ambient temp
ture. In order to obtain this minimum pressure value, simulatio
were performed for increasingly higher pressures, but at fi
ambient temperature, until a critical mixing state is observed
the droplet surface. The plot in Fig. 9 represents a boundary~in
terms of the ambient temperature and pressure! between the sub-
critical and supercritical vaporization. Any point above the cur
indicates that a critical mixing state will be reached someti
during the droplet lifetime, or the droplet will undergo transcri
cal evaporation during its lifetime. On the other hand, any po
below the curve implies that the droplet is not likely to attain
supercritical state during its lifetime. Also, farther a point is fro
the curve~in the supercritical region!, earlier in its lifetime does
the droplet reach the critical mixing state.

Fig. 8 Radial distribution of gas temperature, velocity, and
fuel vapor mass fraction in the gas-phase region as predicted
by PR-EOS for ambient pressures of 5 and 150 atm
Fig. 7 Radial distribution of liquid temperature „a… and dissolved nitrogen „b…
in the droplet interior at different stage of droplet lifetime, as predicted by
PR-EOS. The number for each curve represents a fraction of droplet lifetime.
Transactions of the ASME
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Conclusions
In this paper, the transcritical droplet vaporization phenom

has been investigated. The computational model considers
transient, spherically symmetric conservation equations for
and liquid phases, pressure-dependent variable thermophy
properties, and a detailed treatment of the liquid-vapor phase e
librium at the droplet surface. The model is shown to reprod
the subcritical, transcritical, and supercritical vaporization beh
ior of a liquid fuel droplet over a wide range of ambient cond
tions. In addition, the effects of using different EOS on predict
the equilibrium composition and transcritical droplet vaporizat
have been examined. Important observations are as follows:

1 For an n-heptane-nitrogen system, the phase-equilibrium
dictions using RK-EOS show significant differences from tho
using PR and SRK-EOS. The RK-EOS yields higher fuel va
concentration, higher solubility of nitrogen into liquid, lowe
critical-mixing-state temperature, and lower latent heat of vap
ization compared to those obtained by using PR and SRK-EO

2 At low to moderate ambient temperatures, RK-EOS sign
cantly overpredicts the droplet vaporization rate, and under
dicts the droplet lifetime compared to that using the other t
EOS. Also, using RK-EOS, the critical mixing state at the drop
surface is reached earlier in droplet lifetime compared to tha
using the other two EOS. These differences become less no
able at higher ambient temperatures (Ta>1000 K), implying that
for a combusting droplet, differences in the predictions of th
EOS may not be significant. The droplet lifetime predictions
PR-EOS are in excellent agreement with measurements~@21#!
over a wide range of ambient pressures. In contrast, the pre
tions based on RK-EOS show significant differences with m
surements, while those based on SRK-EOS are in reason
agreement with measurements.

3 At low to moderate ambient temperatures, the predic
droplet lifetime first increases reaching a maximum value, a
then decreases as the ambient pressure is increased. At high
bient temperatures (Ta>1000 K), however, the droplet lifetime
decreases monotonically with increasing pressure. These re
are in agreement with the reported experimental and nume
results~@19–21#!.

Acknowledgment
This work was partially funded by the GE Aircraft Engines.

Nomenclature

cp 5 specific heat at constant pressure
h 5 enthalpy
H 5 partial molar enthalpy

Fig. 9 Minimum pressure, required for an n-heptane fuel drop-
let to attain a critical mixing state, plotted as a function of am-
bient temperature
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I 5 internal energy
k 5 thermal conductivity

ṁ 5 droplet vaporization rate
r 5 spatial variable
p 5 pressure

r s(t) 5 instantaneous droplet radius
R 5 gas constant
t 5 temporal variable

T 5 temperature
V 5 specific volume
r 5 mixture density
z 5 compressibility factor

Subscripts

k 5 gas species
l 5 liquid-phase property
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