Fuel Droplet Evaporation in a
Supercritical Environment

This paper reports a numerical investigation of the transcritical droplet vaporization
phenomena. The simulation is based on the time-dependent conservation equations for
liquid and gas phases, pressure-dependent variable thermophysical properties, and a
detailed treatment of liquid-vapor phase equilibrium at the droplet surface. The numerical

G. S. Zhu1 solution of the two-phase equations employs an arbitrary Eulerian-Lagrangian, explicit-

implicit method with a dynamically adaptive mesh. Three different equations of state
S. K. Aggarwalz (EOS), namely the Redlich-Kwong (RK), the Peng-Robinson (PR), and Soave-Redlich-

Kwong (SRK) EOS, are employed to represent phase equilibrium at the droplet surface. In

Department of Mechanical Engineering, addition, two different methods are used to determine the liquid density. Results indicate
University of lllinois at Chicago, that the predictions of RK-EOS are significantly different from those obtained by using the

Mail Code 251, RK-EOS and SRK-EOS. For the phase-equilibrium of n-heptane-nitrogen system, the

Chicago, IL 60607-7022 RK-EOS predicts higher liquid-phase solubility of nitrogen, higher fuel vapor concentra-

tion, lower critical-mixing-state temperature, and lower enthalpy of vaporization. As a
consequence, it significantly overpredicts droplet vaporization rates, and underpredicts
droplet lifetimes compared to those predicted by PR and SRK-EOS. In contrast, predic-
tions using the PR-EOS and SRK-EOS show excellent agreement with each other and with
experimental data over a wide range of conditions. A detailed investigation of the
transcritical droplet vaporization phenomena indicates that at low to moderate ambient
temperatures, the droplet lifetime first increases and then decreases as the ambient pres-
sure is increased. At high ambient temperatures, however, the droplet lifetime decreases
monotonically with pressure. This behavior is in accord with the reported experimental
data. [DOI: 10.1115/1.1385198

Introduction let distortion and breakup become important processes, as the sur-

T . face tension is greatly diminished and approaches zero at the criti-
Droplet gasification in high-pressure environments, where t | point 9 y PP

thermodynamic conditions correspond to the supercritical state ofpy e tg its significant practical and fundamental relevance, the
the liquid fuel, is important in diesel engines, liquid rockets, angypercritical droplet gasification phenomena has been a subject of
gas turbine combustors. In jet engines used in military applicenany theoretical and experimental investigations. Manrique and
tions, the liquid fuel is the primary coolant for on-board heaBorman[1] presented a methodology to consider several high-
sources, and may attain a critical state before it is “atomizedpressure effects in a quasi-steady model that was based on the
The gas turbine combustors used in propulsion applications &edlich-Kwong(RK-EOS equation of statf2]). In a subsequent
being designed to operate at increasingly higher pressures, whidy ([3]), it was demonstrated that the effects due to thermody-
may exceed the critical pressure of the fuel. The modeling 8fMIC nont_ieall_tles_ _and property variations modified the vaporiza-
transcritical droplet vaporization also represents a scientificali’n Pehavior significantly. Lazar and Fadil and Canada and

challenging problem, since the conventional “Iow—pressure”drop-aem [5] also employed RK-EOS to develop a high-pressure

let models are generally not valid at high-pressure conditions. Fléﬁ)del (0 investigate steady-state droplet vaporization and com-

. o T stion for hydrocarbon fuels. They found the droplet burning-
example, the gas-phase nonidealities and the liquid-phase soluplls predictions of the high-pressure model to be similar to those

ity of gases are negligible at low pressures, but become essernggh conventional low-pressure model. In addition, the results of
considerations at high pressures. Consequently, a singdiith models were in fair agreement with their experimental data.
component fuel droplet would assume a multicomponent behavatiosz et al.[6] developed a high-pressure model in which the
ior, and liquid mass transport in the droplet interior would becongas-phase unsteadiness and real gas effects were included, while
an important process. Secondly, as the droplet surface approadhesgas absorption in liquid droplet was neglected.

the transcritical state, the latent heat reduces to zero, and the gasurtis and Farrell7,8] developed a high-pressure model, using
and liquid densities become equal at the droplet surface. Thélie Peng-RobinsofPR-EOS equation of stat¢/9]) that predicted
transient effects in the gas phase would become as important? droplet vaporization rate, temperature, and the critical mixing
those in the liquid phase, since the characteristic times for trarate- It was shown that for droplet vaporization under conditions

port processes in the two phases become comparable. In (;1dditﬁiﬂmar to those in diesel engines, the anomalies in transport prop-
the liquid and gas-phase thermophysical propertiés beco erties near the critical mixing state were insignificant. Hsieh et al.
ressure-dependent. Also, under convective conditions, the dr 0l reported a comprehensive analysis of the high-pressure drop-
P p ' ' ' vaporization phenomena in binary and ternary systems at a
temperature of 2000 K. The Soave-Redlich-Kwong equation of
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considered a transient, spherically symmetric model to investigategp| 1 4

p
transient gasification of a liquid oxygen droplet in gaseous hydro- ot + 2 a—r(plurz) + 2 —r(urz)
gen at high pressures. It was noted that at supercritical pressures,

the droplet surface temperature reaches the critical mixing value. {

Jia and Gogo$14,15 employed the PR-EOS to quantify the ef- = iz
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fect of liquid-phase gas solubility on the vaporization of an
n-hexane droplet for a range of ambient pressures and tempera- 9
tures. The variation of droplet lifetime with pressure was shown to + o 2 — + — — (ur?)
exhibit a maximum at low ambient temperatures, but to decrease oar ar
monotonically with pressure at high ambient temperatures. Sten- ®)
gel et al.[16] employed the SRK-EOS to examine the vaporiza-

tion behavior of freely falling n-heptane droplets in a nitrogen f1(p,T,p1.p2, - - - .on)=0. 4
environment. Results from a quasi-steady droplet model wege

compared with measurements for ambient pressure up to 40 afg qjo, coefficient, density, and specific enthalpykdi species.
Aggarwal et al.[17] also reported a quasi-steady hlgh-pressurﬁ irs the total number of species. Furthé&r, u, and \ are the

model Fhat used the PR-EOS and considered thg ther.mqphysl[ﬁ%rmal conductivity, viscosity, and second viscosity coefficient,
properties to be pressure-dependent. The transient Ilqwd-ph{;\g ectively. Equatiofd) represents a P-V-T relation for the fluid

processes were also included in the model. The computed VanRQisture. A cubic EOS is employed, which can be written in a
ization histories were shown to compare well with the measurs-eneral form ag[22)) '

ments of Stengel et aJ16].
An important result from several numerical and experimental

investigations([18—21)) is that a droplet does not immediately p= RT a (5)

attain the critical mixing state as it is introduced into an ambient V-b V?+ubV+wb?

where the pressure and temperature exceed the thermodynamic

critical point of the liquid fuel. Also, while most studies indicatewhere a and b are functions of temperature and species mole

that the droplet surface generally reaches the critical mixing stdtactions.u andw are constants. Their values are=2, w=—1

at some pressure that is much higher than the fuel critical préder PR-EOS; andi=1, w=0 for SRK-EOS and RK-EOS.

sure, they report a wide scatter in the minimum ambient pressureFor the liquid-phase regiom<r, the governing equations for

required for the attainment of the critical state. The literature réle liquid temperature and species mass fractions are

view also indicates that several different EOS have been em-

the above equationd),, px, and h, are, respectively, the

ployed to represent the liquid-vapor phase equilibrium at the drops 14 JT 1 9 N J(p

let surface. Clearly, an accurate representation of Phase(p|Cp|T|): —2—(k|r2—|) —— r22 plDlhk_(ﬁ)
equilibrium is essential for a realistic simulation of droplet evapodt reor ar reor| =1 ar\ p
ration at high pressures. Previous studies have not examined in (6)
detail the accuracy of various EOS and their effects on the pre- P 1 4 P

dicted transcritical/supercritical droplet vaporization behavior. PPk~ _[ p,kD,rZ—(ﬂ”. @)
The present study is motivated by these considerations. at - r*or ar

In the present study, a comprehensive model is developed to .
investigate the transcritical droplet vaporization phenomena. TR®undary Conditions
model is first used to examine the effects of different EOS on theThe houndary conditions at the droplet center=0) are:
prediction of phase equilibrium for an n-heptane-nitrogen systegir, /sr =0 and dp,/dr=, and those at—w are: T—T,, p
as well as on the prediction of droplet gasification rate in a supetsp_  andp,— py.. . At the droplet surface,=r, the condition

critical environment. A detailed numerical study is then CondUCth mass and energy conservation, and thermodynamic equilibrium
to characterize the transcritical vaporization phenomena, inclugle

ing the transition from subcritical to supercritical state, and the

subsequent supercritical droplet gasification behavior. X Y,
mXy—pDy—— =mYy—pDy—— (8)
ar | ar | .
I'—I'S I’fl’S
Problem Formulation N
The physical problem described here considers the transient gag, ‘9_TI __ kﬂ " E Yo oD Yy AH
and liquid-phase processes associated with an isolated fuel drop-" or | _ - A= KT PRER gy Tk
- =r

r=rs

let. The droplet, which is initially at a subcritical state, is suddenly
introduced into a stagnant gas environment with its thermody-

. . - . ; Jur odrg 1 au N 44
namic state in the supercritical regime of the fuel species. In the +m ——u—— —(2M—+ —+ — —(ur?)
following, we describe the transient two-phase governing equa- 2 dat p O N
tions in a spherical coordinate system, along with the interphase 9)
conditions at the droplet surface.
For the gas-phase regionyr(t), the governing equations in- f2(Ts,Ps.X1s. X251 - - - Xns, Y15, Y2s, - -, Yng) =0 (10)
clude the conservation equations for species, momentum, energy,
and the equation of stat&€09: whereX;s andY g represent, respectively, the liquid and gas-phase
mole fractions of ith species at the droplet surface. The specific
%Jr ii( ur?)= ii D rz_‘? Px @ form of Eq.(10) can be derived from the condition of thermody-
gt r2ar Px rZar |PPY o\ namic and mechanical equilibrium at the droplet surface. At low

pressures, the equilibrium is normally expressed by the Raoult’s
law. At elevated pressures, however, it should be described from a
more general thermodynamic consideration, as discussed in the
next section.

@) In a supercritical environment, depending on the ambient and
droplet properties, the droplet may experience a thermodynamic

dpu 1 9 ap 1 9 59U J )
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state transition from subcritical to supercritical. Equati@8s- grals given by Neufeld et al[25]). It is then corrected for pres-
(10) are only applicable until the droplet surface reaches a criticalire effects by using the Takahashi correlaii@®6]). For a mul-
mixing point. The subsequent droplet regression is then charactizemponent mixture, the effective diffusivity is obtained by using
ized by the motion of the critical surface which moves inwarthe formula given by Bird et a[27]. The gas density is calculated

continuously. directly from the EOS employed. For the enthalpy of gas mixture,
o o the enthalpy of pure components is obtained from JANAF tables.
Vapor-Liquid Equilibrium at the Drop Surface A generalized thermodynamic correlation based on three-

The vapor-liquid equilibrium at the droplet surface is repreRrameter corresponding statg28]) is then used to calculate the
halpy correction for high-pressure effects. Then, the specific

sented by the equality of temperature and pressure, and the fugdc: . . S
ity of each species in the gas and liquid phases. The equalityqe‘é{%lemal energy of gas mixture in E(B) is given by
fugacity of speciek is expressed as N

Pk P
BV = BX, (1) =2, ~“hd(T)- = (15)

where t_he supe_rscriptsandl refer to the vapor and liquid phase,which relates the energy Eq3) to the equation of staté4)
respectively.¢, is a function of pressure, temperature, and COMhrough the gas temperature.
position. It is given by the following relation: The heat capacity of pure liquid components is calculated by a
N dv—RTIhz  (12) uid mixture using the mixture rule of Filippop29]. The liquid
mass diffusivity and thermal conductivity are obtained by using
wheren; is the mole number ofth species. By substituting the the present study, two different methods are employed to deter-
equation of staté5) into Eq.(12), the fugacity of thekth species Mine the liquid density. In the first, the liquid density is obtained

RTIn(qﬁk):f

v

P RT fourth-order polynomial of temperature, and then extended to lig-
(a_nk) fon U
! the correlations of Nakanish80] and Chund24] respectively. In

in the liquid and gas phase mixture is given @22]) directly from the EOS employed, while in the second, it is calcu-
lated by using the formulas suggested by Hankinson and Thomson
by A (bk ) [31] along with the high-pressure correction given by Thomson
Inpy=-—(z—1)—In(z—B)+ ———=|+——9§ et al.[32].

2Z+B(u+ Ju?—4w) Numerical Method
|

xin 2Z+B(u— Ju’—4w) 13) An arbitrary Lagrangian-Eulerian numerical method with a dy-
namically adaptive mesh is used to solve the governing equations.
where The solution procedure is as follow§) calculate explicitly the
contributions of the diffusion and source terms in the gas-phase
by Tek/Pek equations(ii) calculate implicitly the terms associated with the
w=—— and acoustic pressure in the gas-phase equatifing;compute new
2 Y Tej /P mesh distribution with the adaptive mesh method, and then the
i

convection terms in the gas-phase equations;(andased on the
solutions of above steps, solve implicitly the gas-phase equations,
2V/ay along with the liquid-phase equations as well as the droplet sur-
6= a 2 Xj \/a—i(l_kki)' face and vapor-liquid equilibrium equations.
The adaptive mesh technique is very effective in improving the
The binary interaction coefficierl; in the above equation is calculation efficiency. For the supercritical vaporization calcula-
taken from Knapp et a[23]. It is 0.1441 for PR-EOS, and 0.1422tions here, the results show that the minimum number of grid
for SRK and RK-EOS. Equationél1)—(13) provide the basic points required to get a grid-independent solution is about 600 for
relations for vapor-liquid equilibrium calculation. These equatiors uniform grid. However, using the adaptive mesh technique, the
along with Eqs(8)—(9) provide a closed system to determine th@umber of grid points is reduced to 180. A variable time-step is
temperature and species mole fractions at the droplet surfaceertployed. It is calculated automatically based on the stability
represents a system of highly nonlinear algebraic equations thestrictions of explicit convection and diffusion processes.
need to be solved iteratively at each time-step.
For a multi(_:om_poner]t mixture, the_ latent heat of vaporizatiogqsuns and Discussion
of each species is defined as the difference between the partia ) ] )
molar enthalpy of that species in the vapor and liquid phases. Thelhe present simulations consider an n-heptane droplet evapo-
following thermodynamic relation then gives the partial molar ef@ting in a high-pressure nitrogen environment. The first set of

thalpy ofkth species: results focuses on a comparison of the thermodynamic phase equi-
librium obtained by using the PR, SRK, and RK-EOS. Figure 1
H.—RO= —RTZi(In b (14) shows a comparison of the phase-equilibrium predictions of PR,
ko Tk aT k SRK, and RK-EOS at four different pressures. An important ob-

servation is that PR and SRK-EOS predict essentially the same
aéﬁuilibrium composition, including the fuel vapor mole fraction
and the liquid-phase solubility of nitrogen, over a wide pressure
range. In contrast, the predictions of RK-EOS exhibit significant
. . differences from those of PR and SRK-EOS. In both the subcriti-
Thermophysical Properties cal and supercritical regimes, the RK-EOS predicts higher fuel
The gas and liquid-phase thermo-transport properties are ceapor mole fraction, which implies that it would yield higher
sidered function of pressure, temperature, and composition. Tdh®plet gasification rate compared to that using the PR and SRK-
method suggested by Chung et [@4] is employed to calculate EOS. In addition, the RK-EOS predicts higher liquid-phase solu-
the thermal conductivity and viscosity of the gas mixture at highility of nitrogen in the supercritical regimeéP(>1.0). The criti-
pressures. The binary mass diffusivity is calculated by using tlsal mixing point obtained by using RK-EOS is also different from
Chapman-Enskog theory in conjunction with the collision intethat using the other two EOS. The temperatures at the critical

Equation(14) is solved iteratively along with Eq€$8)—(9) and
(11)—(13).
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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. P, is the reduced pressure normalized by the critical pressure of pure
n-heptane. The experimental data from Chung et al. [23], for P,=2.5 and 5.0, are
also included in the plots.

mixing point predicted by RK-EOS are 1.9 and 8.4 percent lowsures is significant. Figure(l)) shows the variation of latent heat
than those predicted by the other two EOS atPi5 and 5.0, of vaporization of n-heptane with temperature as predicted by PR,
respectively. In addition, results for 2.5 and 5.0 indicate that SRK, and RK-EOS. The heat of vaporization decreases as the
while the phase-equilibrium predictions of PR and SRK-EOfmperature and/or pressure is increased, and drops to zero at the
show good agreement with the experimental da| those of critical point. The predictions of PR and SRK-EOS are again in
RK-EOS show significant differences. ) good agreement with each other, while those of RK-EOQS exhibit
_Another important observation from Fig. 1 deals with the SOlu5qiceaple differences, with RK-EOS underpredicting the heat of
bility of nitrogen into liquid at different ambient pressures and i ation significantly. Clearly, this has important implications

temperatures. At supercritical pressures, the amount of gas @ jicting the droplet vaporization rate at supercritical condi-
sorbed in liquid becomes significant, and increases as the ambﬁ

temperature and pressure are increased. This implies that in su é}{j\? using ?lfferent E(ﬁS. . sation behavi f
critical environments, the liquid mass transport becomes impor- € now focus on .t N tran3|ent yaporlzatlon ehavior of-an
tant and a pure fuel droplet exhibits multicomponent behavid?.'meptane _droplet Wh".:h at tmte:Q is introduced info a h'gh'.
Also notable in Fig. 1 is that the critical mixing temperat(de- pressure nitrogen er_IV|ror_1ment. Figure 3 shows the drople_t life-
fined by the critical mixing pointdecreases as the pressure i§Me computed by using different EOS and plotted as a function of
increased. This is indicated more clearly in Figa)2which shows am_blent pressure and temperatures. Here, the droplet lifetime is
the pressure_temperature diagram for an n_heptane_nitrogen g%f.lned When the nondlmenSIOHal droplet surface area reaches a
tem in equilibrium. Again, the difference between the predictiovialue of 0.2, and it is normalized by using a characteristic time as
of RK-EOS and those of SRK and RK-EOS at supercritical presl—f,/,B, whered, is the initial diameter, ang is the vaporization
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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.
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Fig. 3 Non-dimensional droplet lifetime, predicted by PR,
SRK, and RK-EQOS, plotted versus pressure at three different

ambient temperatures ;
077

constant computed gt=1 atm andT,= 750 K. At high ambient 074 |
temperatures, the droplet lifetime decreases monotonically as the
ambient pressure is increased. However, at low to moderate am-

bient temperatures, the droplet lifetime first increases and then

fraction of fuel vapor

o7 |
decreases as the ambient pressure is increased. This behavior is®w
consistent with the reported experimental res(lis]), and can 8 k
be explained as follows: = . L L

An increase in ambient pressure leads to the following effects: 068
0 40 80 120 160

(i) the droplet heatup time increases and becomes a more signifi-
cant part of droplet lifetime, since the fuel boiling temperature Pressure, atm
increases continuously with pressure until the droplet surface
reaches a critical state, see Figa)2 (i) the mass transfer numberFig. 4 Final temperature and fuel vapor mass fraction at the
B, which is generally expressed Bs=c,-(T,—T,)/L, decreases droplet surface plotted as functions of pressure. The ambient
asp is increased, sinc@&, increases with pressure; affiil ) the temperature (T,) is 1000 K, and initial droplet temperature  (T,)
latent heat of vaporizatiofL) decreases and goes to zero as th300 K. The final time corresponds to a time when  (d/d,)?
droplet surface reaches a critical mixing point, see Fi).2at =0-2.
low to moderate ambient temperatures, the first two effects domi-
nate, and, consequently, the droplet lifetime increases with pres-
sure. At higher pressures, however, the third effect becomes dogain, the predictions of SRK and PR-EOS are in close agree-
nant, since the heat of vaporization decreases drastically and goent with each other over a wide pressure range, except for small
to zero at the critical mixing point. Consequently, as indicated iteviations after the droplet surface reaches the critical mixing
Fig. 3 for ambient temperatures of 500 and 750 K, the droplstate. The predicted droplet surface temperature using RK-EOS is
lifetime decreases with pressure at high pressures. Also, when kbwer than that predicted by the other two EOS. More importantly,
ambient temperature is sufficiently high, the first two effects beéhe predicted fuel vapor mass fraction using RK-EOS is higher
come relatively less sensitive to pressure compared with the thodmpared to those obtained by using SRK and PR-EOS prior to
effect, and the droplet lifetime decreases continuously as the atine attainment of critical state and lower after the critical state.
bient pressure is increased. These results also imply that the Iiféis is consistent with the phase-equilibrium results presented in
time of a combusting droplet would decrease monotonically witlig. 1, which indicates higher fuel vapor mass fraction for RK-
increasing ambient pressure. This observation is well corroborate®S. The results foP,=5.0 in Fig. 1 also indicate that with
by experimental studie§20]). RK-EOS, the critical mixing point is attained at a lower tempera-
The sensitivity of the computed droplet lifetime to differenture compared to that with the other two EOS. After the critical
EOS is also illustrated in Fig. 3. For all the cases examined, th@xing point, the final temperature and fuel vapor mass fraction at
lifetime predictions using PR-EOS and SRK-EOS are in godtie droplet surface decrease as the pressure is increased. This
agreement with each other, except for small differences at Idvehavior is consistent with the phase-equilibrium results shown in
ambient temperaturesTES500K) and at high pressuresp ( Fig. 2@), which indicates that the critical temperature decreases
>60atm). In contrast, at moderate ambient temperatuiigs (with critical pressure, as well as with those reported by Shuen
=750K), RK-EOS significantly underpredicts the droplet lifeet al.[12] and Jia and Gogdd4].
time compared with those obtained by using PR and SRK-EOS.The literature indicates a wide scatter in the minimum ambient
This can be attributed to the fact that for given ambient tempergressure required for attaining a critical mixing state at the droplet
ture and pressure, RK-EOS predicts higher fuel vapor mole frasdrface. Clearly, a reliable supercritical droplet gasification model
tion at the droplet surface and lower heat of vaporization conshould provide an accurate value of this pressure. As indicated in
pared with those predicted by PR and SRK-EOS, see Figs. 1 dfid. 4, at an ambient temperature of 1000 K, the minimum ambi-
2(b). At high ambient temperatures, however, the differences ent pressure predicted by using PR and SRK-EOS is 120 atm
the lifetime predictions using the three EOS are insignificant. Th{$,=4.44), while that by using RK-EOS is 100 atrmP(
implies that the predicted gasification behavior of a combusting3.70).
droplet may not be very sensitive to the particular EOS used.  Figure 5 shows a comparison between our predictions and the
Figure 4 shows the final temperature and fuel vapor mass franeasurements of Nomura et 421]. Results are presented in
tion at the droplet surface plotted versus the ambient pressuerms of the temporal variation of nondimensional surface area
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Fig. 5 (a) Comparison between the predictions using PR, SRK, and RK-EOS and
the measured data of Nomura et al. [21] at P=5 atm and Ta=655K. (b) compari-
son between the predictions using PR, SRK, and RK-EOS and the measured data

of Nomura et al. [21] at P=50 atm and Ta=453 K.

obtained by using the three EOS for two different ambient conddf RK-EOS show improvement when the liquid density is calcu-
tions. In order to examine the effect of liquid density on predidated by the empirical formula, but still deviate noticeably from
tions, the computed results are shown for two cases. An importahé experimental data.

observation is that using PR-EOS, the simulations reproduce exin order to examine the supercritical droplet vaporization phe-
perimental results quite well over a wide range of pressures. Themena, we plot some important gas and liquid-phase properties
numerical results obtained by using SRK-EOS are also in goddring the transcritical state. Figure 6 shows the temporal varia-
agreement with experimental data, while those obtained by usitign of droplet surface area, surface temperature and liquid tem-
RK-EOS exhibit significant differences, especially for the highperature at the droplet center for an ambient pressure of 120 atm.
pressure case. Consistent with the earlier discussion, the RK-ED® predictions are based on PR-EOS with liquid density calcu-
significantly overpredicts the vaporization rate. For example, fétated by using the empirical formula. As indicated, the droplet
p=50atm and at a nondimensional time of 8, the numericalrface, which is initially at a subcritical state, reaches the critical
model based on RK-EOS predicts a nondimensional surface are&ing state during later part of droplet lifetime. Furthermore, as
of 0.2 compared to the experimental value of 0.6. The predictiottsee ambient temperature is increased, the surface temperature rises
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Fig. 6 Supercritical vaporization behavior in terms of the tem- Fig. 8 Radial distribution of gas temperature, velocity, and
poral variation of nondimensional droplet surface area, surface fuel vapor mass fraction in the gas-phase region as predicted
temperature and liquid temperature at the droplet center as by PR-EOS for ambient pressures of 5 and 150 atm

predicted by PR-EOS

Figure 8 shows the radial distribution of gas temperature, ve-
at a faster rate, and the droplet surface reaches the critical mixingity, and fuel vapor mass fraction in the gas-phase region at two
state earlier in droplet lifetime. different ambient pressures. For these results, the PR-EOS has

When the droplet surface approaches the critical mixing stategeen employed. An important observation is that the radial dis-
the difference between the gas and liquid phases disappears. Intémee over which the gas-phase properties vary significantly de-
present model, it is assumed that once the surface reachesdfeases as the ambient pressure is increased. For example, it de-
critical mixing state, it is maintained at that state. Note, howeveasteases from ten to four times the droplet radius as the pressure is
that the critical mixing state varies with ambient temperature arndcreased from 5 to 150 atm. This implies that the rates of heat
pressure. The velocity of the critical mixing surface moving inand mass transport are enhanced, and, consequently, the vaporiza-
wards to the droplet center then determines the vaporization réien rate is increased at higher pressures. It can be seen that the
This velocity depends on how fast the inner liquid layer adjacentaximum gas velocity decreases dramatically when the pressure
to the droplet surface attains the critical mixing temperaturés increased from 5 to 150 atm, which also implies a change in the
which in turn depends on the distributions of liquid-phase propegas-phase unsteadiness.
ties within the droplet. It is also important to note that our simu- The literature indicates a wide scatter in the minimum ambient
lations did not indicate any anomalous behavior during the trapressure required for a droplet to attain a critical mixing state at its
scritical stage of droplet evaporation. surface. Clearly, this value depends on several liquid and gas-

In order to examine the multicomponent behavior of a pure fuphase properties including ambient temperature and composition,
droplet at high pressure, we plot in Fig. 7 the radial distribution afitial droplet diameter, and liquid fuel properties. Figure 9 shows
liquid temperature and dissolved nitrogen within the droplet duthe minimum ambient pressure as a function of ambient tempera-
ing different stages of droplet lifetime. The ambient conditions atere. In order to obtain this minimum pressure value, simulations
the same as those in Fig. 6. As expected, the liquid nitrogen magsre performed for increasingly higher pressures, but at fixed
fraction has its maximum value at the droplet surface, and iambient temperature, until a critical mixing state is observed at
creases continuously with time until the droplet surface reachesh& droplet surface. The plot in Fig. 9 represents a boun@ary
critical mixing state. Note that the critical mixing state for thigerms of the ambient temperature and pressbeéween the sub-
case is attained at a nondimensional time of 0.69. This plot denritical and supercritical vaporization. Any point above the curve
onstrates that a pure fuel droplet evaporating in a supercritiéaticates that a critical mixing state will be reached sometime
environment exhibits multicomponent behavior. It is also noteluring the droplet lifetime, or the droplet will undergo transcriti-
worthy that while the liquid nitrogen mass fraction drops rapidlgal evaporation during its lifetime. On the other hand, any point
to a negligible value within a thin layer near the surface, the liquidelow the curve implies that the droplet is not likely to attain a
temperature shows a more gradual decrease. This is indicativesopercritical state during its lifetime. Also, farther a point is from
small liquid mass diffusivity(relative to thermal diffusivity or the curve(in the supercritical region earlier in its lifetime does
high liquid Lewis number. the droplet reach the critical mixing state.
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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.
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