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Abstract-Numerical results are presented for an n-hexane droplet initially at 300 K evaporating into 
nitrogen, for ambient pressures, P, , l-100 atm and ambient temperatures, T,, 500~~1500 K. At low P, 
(< 30 atm), droplet lifetimes predicted with or without liquid-phase gas solubility are very close. At high 
P, , the model neglecting solubility either underestimates the droplet lifetime (low T,) or breaks down by 
failing to predict vapor-liquid equilibria (high T, ). At high enough P, , heat-up is extremely important 
throughout the entire droplet lifetime. In a fuel rich environment, relatively low T, and high PI, substantial 

condensation occurs before the onset of vaporization. 

1. INTRODUCTION 

IT HAS been established experimentally [l-5] that dur- 

ing spray combustion the center of the spray remains 

relatively cool and too fuel rich. As a consequence, 

droplets simply evaporate in the interior of the spray. 
without undergoing fuel oxidation and/or decompo- 
sition [6]. In devices such as liquid-fueled rocket 
engines and diesel engines, the evaporation of the 
droplets takes place within a high pressure environ- 
ment. Under these conditions of elevated pressures, 
many effects that are assumed negligible at low and 
moderate ambient pressures become very important. 
Solubility of the ambient gas into the liquid phase 

is one of these effects. Its importance increases with 
increasing ambient pressure and is the main focus of 
the present study. 

Various aspects of high pressure droplet vapor- 
ization have been examined under the assumption that 
the ambient gas does not dissolve in the liquid droplet 

[7712]. Of particular relevance to the present study 
are the works on spherically symmetric high pressure 
droplet vaporization that have addressed the problem 
of gas solubility [l3-191. Manrique and Borman [l3] 
were the first to consider solubility of the inert gas in 
the liquid phase in a numerical study of liquid carbon 
dioxide droplets evaporating in nitrogen at high ambi- 

ent pressures (7Cl20 atm). In addition, their model 
included the effects of non-ideal mixtures, variation 

of transport properties and non-ideality of the energy 
required for phase change. They found that at 
sufficiently high pressures, steady state conditions 
cannot be attained. Their calculations showed that 
the droplet vaporization rate increases with increasing 
pressure. However, the heat-up of the droplet interior 
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has been neglected (although at elevated pressures 
it remains important throughout the entire droplet 

lifetime), the gas-phase was treated as quasi-steady, 
and solubility was examined in the limiting case where 
absorption of nitrogen into the liquid phase was 
assumed to be confined to a thin layer at the droplet 
surface. Lazar and Faeth [ 141 investigated high pres- 
sure droplet combustion of n-octane and n-decant 

droplets in air. They developed a theoretical high pres- 
sure model which allows for real gas effects as well as 
finite ambient gas solubility. This study also neglected 
heat-up of the droplet interior, assumed quasi-steady 
gas phase and considered limiting cases of liquid- 
phase gas solubility. Predicted conditions for super- 

critical burning agreed reasonably well with measured 

ones. Canada and Faeth [ 151 employed a high pressure 
model as well as a conventional low pressure approach 
and predicted droplet burning-rates for a number of 
liquid fuels. The burning-rate predictions of the two 

models were similar, and in fair agreement with their 
experimental data. Curtis and Farrell [16, 171 
developed a high pressure model that predicts droplet 

vaporization rate, droplet temperature and the critical 
mixing state. They found that anomalies in the trans- 
port properties of a fluid near its critical mixture point 
are insignificant in droplet vaporization under con- 

ditions similar to those in a diesel engine. Hsieh et 
al. [18] developed a comprehensive model on high 
pressure droplet vaporization considering real gas 
effects as well as ambient gas solubility. Results were 

presented for an ambient temperature of 2000 K and 
it was predicted that the droplet evaporation rate 
increases progressively with pressure. In a more recent 
study Delplanque and Sirignano [I91 developed an 
elaborate numerical model to investigate transient 
vaporization of a liquid oxygen droplet in gaseous 
hydrogen at moderate and high pressures. It was 
shown that under supercritical pressures the droplet 
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NOMENCLATURE 

(1. h parameters in Pen&-Robinson equation Greek symbols 

(‘P specific heat at constant pressure /I evaporation constant 

n,, initial droplet diameter A(,,, departure function for heat capacity 

42 binary mass diffusion coefhcient All energy required for phase change 

i; fugacity of the ith species !’ viscosity 

H, molar enthalpy of the ith species 0 density 

6 partial cnthalpy of the ith species dimensional droplet lifctimc 
k thermal conductivity to, fugacity coeficicnt of the ith species. 
111 instantaneous droplet mass 

nr, mass fraction of the ith species 
til” mass flux of vaporization at interface Subscripts 

‘1, number of moles of the ith species 0 initial condition 
P pressure g gaseous phase 

(1 energy transported at interface i ith species 
I radial coordinate 1 liquid phase 
R instantaneous radius of the droplet S droplet surface 

4, universal gas constant VP saturated vapor pressure 
I? regression rate of the droplet surface % ambient conditions. 
t time 
T temperature 
I’ total volume of the mixture Superscripts 
1’ specific volume of the mixture 0 ideal gas 

1.r radial velocity I liquid phase 
.Y mole fraction in liquid phase sat saturated conditions 

J’ molt fraction in gas phase. v vapor. 

surface temperature reaches the computed critical 
mixture value and it was suggested that a model for 
supercritical combustion is needed. 

The goal of the present study is to examine various 
aspects that add tremendously to the complexity and 
uncertainty of a comprehensive high pressure droplet 
vaporization model. There is a need for such an elab- 
orate model. yet it must be of moderate complexity 
so that it can be used in a large spray code [I I, 191. 

First, the importance of dissolved ambient gas into 
the liquid droplet needs to be examined. Allowing 
for gas solubility in the droplet interior makes the 
calculation for the vapor-liquid equilibrium com- 
position and for the energy required for phase change 
at the droplet surface extremely complex. Further- 

more, the species equation in the liquid phase needs 

to be solved. In addition to the complexity. the limited 
information on binary diffusion coefficients in the 
liquid phase, and the use of the equation of state in 
the liquid phase for composition calculations at the 
droplet surface add uncertainties to the model. Thcre- 
fore, it is highly desirable to know the range of ambi- 
cnt conditions where a simplified model can be 
employed. In view of this, both a comprehensive 
model that allows for solubility and a simplified model 
that neglects gas solubility in the droplet interior have 
been developed in the present study; comparison 
between the two models identifies the range of ambient 
pressures and temperatures where the simplified 

model would bc of adequate accuracy. Second, the 
solution of the pressure field using both the ICE algo- 
rithm [20, 211 and a pressure gradient scaling tcch- 
nique [22] is obtained in order to examine the validity 
of the constant pressure assumption. The present 

study provides an exhaustive presentation of the drop- 
let lifetime dependence on ambient pressure and tem- 
peraturc. The important role that the liquid-phase 

heat-up plays on the droplet lifetime with increasing 
pressure is clearly delineated. In addition, for a fuel 
rich environment, low ambient tcmperaturc. and high 
ambient pressure, conditions which may bc simulating 
the core of the spray, it is predicted that signilicant 
condensation occurs during the early part of the drop- 
Ict lifetime which may increase the droplet mass sub- 
slantially. 

2. PROBLEM FORMULATION 

A liquid fuel droplet of initial radius R,, is cvap- 
orating within a stagnant inert environment of infinite 
expanse. The initial temperature of the droplet is T,, 
and the ambient pressure and tcmperaturc arc P, and 
T, respectively. 

Since the study is focused on high pressure effects, 
natural convection is neglected. rendering the problem 
spherically symmetric. Moreover, spherically sym- 
metric vaporization at elevated prcssurcs may bc of 
practical interest in microgravity environments. 
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Consequently, the only convective motion present in species equation 

the gas phase is that induced by vaporization which 
causes a radial flow field in the gas phase. Changes in r?(pr%?z,) 

the liquid phase density both due to thermal expan- 
p---=;(pD,$i$ (6) 

at 

sion and change in species composition contribute to 
the rate at which the droplet surface is receding and 

The boundary conditions are : 

are incorporated in the model. In the analysis that At the droplet center: 

follows, subscripts 1 and 2 refer to the vaporizing fuel 
species and the inert gas initially present only in the 

CT 
_ 

?r 
=i 0 and ‘% = 0, 

?r 
(7) 

gaseous phase. The following assumptions are 
employed: (a) the droplet shape remains spherical. As r -_) x : 
(b) radiation is negligible, (c) second order effects such 
as the Soret and Dufour effects are negligible, and (df T+ T, and m, +IH,~~, (8) 

viscous dissipation is neglected. With these assump- P-+P, and 11~ -+ 0. 19) 
tions, the governing conservation equations in spheri- 
cal coordinates are : At the droplet surface : 

For the gaseous phase, r > R(t) mass conservation 

continuity equation r?Y = pg(L’,.g - d) = p,(r,,, - A) (10) 

;;(pr2) 3 
_Tr + & (P r ?1’,) = 0 

species equation 

i?(pr 2m /) r?(pr%- m,) 
-L --_-7&L -- =~(PD,21i’Y$) (2) temperaturecontinuity 

?t 

energy equation 

momentum equation 

T, = T, (12) 

energy conservation 

?m,, 
-PpfAz.~ -7y OTg-ft.,) 

+k, 

vapor-liquid equilibrium relationships (to be dis- 

cussed in more detail later in this section) 

In the above equations, t and r refer to temporal 
and spatial variables, R is the instantaneous radius of 
the droplet, T is the temperature, p, k, p and c,, 
are the density, thermal conductivity, viscosity and 
specific heat at constant pressure of the gaseous 
mixture, I’, is the radial velocity induced by vapor- 
ization, 177, is the fuel vapor mass fraction, D , z is the 
binary mass diffusion coefficient. cP, and ePz are the 

specific heats at constant pressure for pure species I 
and 2 and P is the pressure. 

For the liquid phase. r < R(t) 

energy equation 

?(pr ’ T) 

?t 

In the above equations d” is the mass flux at the 
droplet surface, subscripts g and I indicate gas side 
and liquid side at the droplet interface, respectively, 

subscript s indicates the droplet surface. R, and Hi are 
the partial and molar enthalpies of the ith component 
and k is the regression rate of the droplet surface. 
Equation (IS) indicates that the rate at which the 
droplet surface is receding depends on both the rate 
ofmass loss (gain) due to evaporation (condensation), 
and the change in the liquid phase density due to 
thermal expansion and change in species composition 
(second term on the right hand side). 

(51 in addition to the above equations. an equation of 

m, = m,(T,,P) i = l,2. (14) 

The overall mass-conservation condition which 

determines the rate of change of the droplet radius is 

given by : 

-p,(R, t)d = /ii’+ 
fGri r s i) ’ Cp(r, t) 

0 E : 
--m;t-dr. (15) 
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state needs to be used. To capture the real gas behavior 
of the gas phase at high pressures and predict liquid-- 
vapor equilibrium composition at the droplet surface. 
the Pcng-Robinson equation of state [23] is c~lp~oycd. 

Thib equation is aupcrior than the widely used 
Rcdlich -Kwong equation in calculating specific vol- 
umes both for liquid and gas mixtures [23 -251. The 

Peng--Robinson cyuation ofstatc is given in the form : 

R,, T ii 
P= 

rx-b - 1‘(f’+h)+h(~-h) 
(16) 

where I* is the specific volume of the gaseous mixture, 
R,, is the universal gas constant. and a and h are the 
two parameters. For pure compounds. the parameter 
(I is a function of temperature and acentric factor and 
h is a constant. For mixtures both parameters rr and 

h arc composition dependent through the mixing rules 

proposed in ref. [23]. It can be easily shown that 
equation (16) is a cubic polynomial in I’. Its largest 
and smallest real roots provide the specific volume I* 

of the gaseous and liquid mixture, respectively. 
In the next few paragraphs the vapor-liquid equi- 

librium relationships. the critical state for binary 
systems. the energy required for change of phase and 
the transport and thermodynamic properties are 

discussed. 
The liquid and gas phase composition at the droplet 

surface is calculated by assuming therlnodynamic 
equilibrium. tn addition to the temperature and pres- 

sure being equal, the fugacity of each species at the 
liquid phase is equal to the fugacity ofthe same species 

in the gas phase, namely : 

i’: = f’ ,. i=l,Z 07) 

where superscripts v and I indicate vapor and liquid 

phase. respectively. The fugacity coefficients. 
cb: = ,f’::‘!,,P and 4: =,f‘i/.u, P. are introduced to relate 
!‘, and .vi. the mole fractions of the ith species in gas 
and liquid phase. respectively, to the fugacities ofeach 
species in both phases. The fugacity coefficient, 4,. is 
a function of pressure, temperature, and composition 

and is provided by the following thcrmody~dmic 
relation in terms of the volumetric propcrtics of the 

mixture : 

R,,Tln4, = I” [(:g) ,,,,,,,, - TIdl:--R,,Tlnr 

(18) 

where 3 is the compressibility factor and M, is the 
number of moles of the ith species. By substituting 
the Peng-Robinson equation with the proper mixing 
rules [23], the fugacity of the ith component in the 
liquid and gaseous mixture is given by [24] : 

- 

The binary interaction coefficient needed for cqua- 
tion (19) was taken from Knapp CJL al. [24]. Equations 
(I 7)-( 19) provide the pair ofvapor- liquid equilibrium 
relationships indicated in equation (14). It is a system 

of two lengthy highly nonlinear algebraic equations 
that need to be solved iteratively at each time step. Its 
solution provides both the liquid and the gas phase 
equilibrium composition for the comprchcnsivc 
model. However. for the simplified model whcrc solu- 
hility of the inert gas in the liquid phase is ncglcctcd. 

equation (14) reduces to a single vapor--liquid equi- 
librium relationship. which takes the form [I21 : 

iS ” r’, ( 7: 1’) 
d I” 

I’,,> / R, T 

04 

where P,,,, is saturated pressure of pure fuel vapor at 
temperature T, p’, is its liquid molar volume and (b’:’ 
is fugacity coefficient at saturated conditions given by 
,f’;.““/P,,,,, Both P,,,,, and C/I;” arc functions of tcm- 
perature only. The liquid molar volume changes 

weakly with pressure and is approximated by the 
molar volume of the saturated liquid at the same 
temperature. namely, t.‘(P. T) c t?‘(T). Neglecting 
solubility imposes further simplifications. The spccics 

equation in the liquid phase, equation (6). need not 
be solved. It is highly desirable to clearly dclincatc the 
range of ambient pressures and temperatures where 
equation (6) may be dropped, since there is very little 
experimental data on liquid phase mass difYusion 

cocficients. 
The critical state of a multi-component system. 

namely.. the critical temperature. prcssurc and a spcc- 
ific volume. can be obtained rigorously by applying 
the Gibbs criteria of stability to such a system 126. 
281. For a binary system, the criteria of stability take 
the following form 126, 271: 

r”G c:‘G 

(37; - 
- 0 and inj = 0 

! 
(21) 

whcrc G is the Gibbs free energy. The above two 
equations can be expressed in terms of partial deriva- 
tives for Helmholz free energy A through the ther- 
modynamic relation. G = A + PV, where V is the total 
volume of the mixture. The Hclmholz free energy is 
related to the t’ugacity through the following tber- 
modynamic equations [38] : 

Using equations (22) together with the equation of 
state, Gibbs criteria of stabihty arc expressed in terms 
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of the state properties of the mixture. Thus, given the 
composition of a binary system, the critical points T,, 
P, and Q, can be obtained by solving simul~neous~y 
equations (16) and (21). Using this approach, the 
calculated critical points are more accurate than those 
predicted by any empirical correlations [25]. 

Deviation between the usually assumed latent heat 
of vaporization for pure component and the enthalpy 
required for vaporization into a gas mixture is deter- 
mined by employing the Peng-Robinson equation of 
state. The energy required for phase change, Ah, is 
given by: 

il\h = x x,I?,(~,P,~,)- 1 x$&,(7-,P). (23) 
/== 1.2 i= l.Z 

The partial enthalpy &, of component i and its ideal 
gas enthalpy Hj) at the same temperature are related 
through the thermodynamic relation : 

(ii,-H;), = -RUT2 (24) 

where 

s 

7 
W;(T) = cFi dT (25) 

T,> 

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

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

where superscript 0 indicates ideal gas and the residual 
heat capacity, AC,, is obtained using the Peng-Robin- 
son equation of state as recommended by Reid et al. 

~51. 
The gas phase transport and thermodynamic prop- 

erties are considered varying with temperature, pres- 
sure and composition. The binary mass dj~usion 
coefficient D,, is calculated based on the theory of 
Chapman and Enskog, with collision integral given in 
ref. [29]. Then, the Takahashi correlation [30] is used 
to correct for high pressure effect on 0 f 2. The thermal 
conductivity and viscosity for pure components are 
obtained using the correlations by Chung et ul. ]31, 
321, and are corrected for high pressure effect by the 
method of Chung et al. [31, 321. The high pressure 
mixing rule recommended in refs. [31, 321 is employed 
to calculate k and p for the binary mixture at high 
pressures. All the methods employed for the cal- 
culation of the transport properties are recommended 
by Reid et al. [25]. 

The liquid phase properties are evaluated as func- 
tions of temperature and composition only. The liquid 
densities of n-hexane and nitrogen are given by Canjar 
and Manning [33] and Reynolds [34], respectively. 
The density of the mixture is obtained through mass 
fraction weighting. The liquid heat capacities are given 
by Bondi f35] and Rowlingson [36] and the liquid 

phase diffusion coefficient by Nakanishi [37]. The 
Sato-RiedeI [38] correlation is employed for the cal- 
culation of liquid thermal conductjvities for pure com- 
ponents, and the Filippov 991 correlation is used to 
obtain k for the liquid mixture. 

3. METHOD OF SOLUTIONS 

Solutions to the model are pursued in a spatial 
coordinate system given by Y* = r/R in the liquid 
phase and Y ** = In (r/R) in the gaseous phase, where 
0 6 r* < 1 and 0 < r ** < W. In view of the above 
coordinate transformation, using a constant step size 
Ar**, grid points in the gaseous phase are clustered 
close to the droplet interface where gradients are steep. 
Furthermore, the gas-phase outer boundary in the 
physical domain can be kept far away from the droplet 
surface with a small number of grid points leading to 
efhcient computing. 

The fully implicit scheme (backward-time, central- 
space) was utilized to discretize the governing equa- 
tions and boundary condi&ions [40]. All variables are 
solved iteratively within one time step and the pro- 
cedure is given as follows. Properties of liquid and 
gaseous phase are calculated at the temperature, pres- 
sure and composition from the previous time step or 
iteration. Then, the droplet surface quantities &“. d 
and c,,~ are calculated through equations (lo), (11) 
and (15) respectively. Next, the temperature and 
composition of both phases are solved in a tridiagonal 
matrix form using equations (2) (3), (5), (6) and the 
relevant boundary conditions (7) (8) and (12))( 14). 
Then, the liquid density is calculated. The ICE scheme 
[20, 211 is employed to solve for P, p and c, using 
equations (1) (4), (16) and (9). The pressure field is 
obtained by the pressure gradient scaling technique 
that was developed by Ramshaw et al. [22] for fluid 
flows with nearly uniform pressure The solution is 
obtained in terms of a new variable a’(P- P,.), where 
3 > I, provided o~“(P-P,~) << P,. Ry introducing 
such a scaling factor. the pressure field, which is nearly 
uniform in the radial direction, can be solved with 
much improved accuracy and the poor coupling 
between the momentum equation and the rest of the 
governing equations is reduced. In addition, staggered 
grid points are employed. Finally, the criterion for 
convergence is checked before the calculation 
advances to the next time step and the radius of the 
droplet is updated. 

For the gas phase, a step function is used as initial 
condition for temperature. Solutions invariant with 
step size are obtained by changing the step size. Vari- 
able time steps are employed to improve the com- 
puting accuracy and efficiency. Calculations are ter- 
minated when (R/R,)’ < 0.2, or when the critical state 
for the binary system is reached. 

4. RESULTS AND DISCUSSION 

Results for a n-hexane droplet evaporating into a 
nitrogen environment will be presented later in this 
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section. Before these results are presented. several key 
aspects of our model, such as the thermodynamic 
equilibrium and the energy required for phase change 
at the droplet surface arc discussed. 

As was discussed carlier, an equation of state is 
needed to calculate the vapor--liquid equilibrium com- 

position for a binary system. Most previous studies 
[7. 10~16, 191 have employed the modified Redlich 

Kwong equation developed by Chueh and Prausnitz 
[41]. Recently, some rcscarchers [I 7. 181 have been 

using the Peng-Robinson [23] or the Soave-Redlich- 

Kwong [42] equations, which have been shown to bc 
more accurate than the Redlich-Kwong equation in 
predicting vapor-liquid equilibrium over a wide pres- 
sure range [25]. To choose a suitable equation of state 
for our model. all three previously mentioned cqua- 

tions arc compared with the cxperimcntal data for an 

Redlich-Kwong Eq. 

T=377,6K 

(4 
100 

F 

0 25 50 75 100 

Pressure. atm 

n-hexane-nitrogen system in thermodynamic cqui- 
librium obtained by Poston and McKetta [43]. and 
results are presented next. 

Figures l(a) and (b) show the mole fraction of 

n-hcxane in the gas phase. tither calculated by the 
modified Redlich-Kwong equation [41] or the Peng 
Robinson equation [23], as a function of pressure at 

an isotherm of 377.6 K (the critical tcmperaturc and 
pressure of n-hexane are 507.4 K and 29.3 atm. respcc- 

tively). The solid and dashed lines indicate the results 
by using the comprehensive model (with solubility) 

and the simplified model (without solubility), rcspcc- 
tivcly. Using the PcnggRobinson equation of state. 
the experimental data of Poston and McKctta arc 
followed closely. In addition. the two models converge 
with decreasing ambient pressure as the gas solubility 

becomes negligible. The RcdlichkKwong equation is 

(b) 

loo 

F 
Peng-Robinson Eq. 

T=3776K 

(4 

Peng-Robinson Eq. 

T=41 &SK 

\- 

_.__.._-. simpliled rnO&l 
CamDrehensive model 

10.21-‘...1 
0 25 50 75 100 

Pressure. atm 

0.1 L 0 
0 50 100 150 ” 50 100 150 

Pressure, atm Pressure, atm 

FIG;. I. Mole fraction of n-hexanc in the gas phase for an n-hewane nitrogen system in thermodynamic 
equilibrium. (a) 377.6 K isotherm with Redlich-Kwong equation, (b) 377.6 K isotherm with Peng 
Robinson (PR) equation, (c) 410.9 K isotherm with PR equation, (d) 444.3 K isotherm with PR equation. 

Peng-Robinson Eq 

T=444.3K 
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shown to be less accurate and the two models differ 
substantially even at small ambient pressures. Pre- 
dictions using the Soave-Redlich-Kwong equations 

are very close to those shown for the Peng-Robinson 
equation. The Peng-Robinson equation of state has 
been chosen for all calculations in the present study. 
In Figs. 1 (c) and (d), the mole fraction of n-hexane in 
the gas phase is shown as a function of pressure for 
higher isotherms (410.9 and 444.3 K). Again, at low 
pressures, the two models, comprehensive and sim- 

plified, are in excellent agreement with the exper- 
imental results. However, as the pressure increases, 
only the comprehensive model remains in agreement 
with the experimental data. At higher pressures the 
simplified model starts deviating from the exper- 
imental data, and fails to predict the equilibrium com- 

position at high enough pressure. The higher the iso- 
therm, the shorter the range of pressure over which 
equilibrium composition can be predicted. The sim- 
plified model fails at high pressure and temperature 
because it assumes thermodynamic equilibrium only 
for the vaporizing species. Consequently, solubility 
has to be allowed, and the vapor-liquid ther- 

modynamic equilibrium must be considered for both 
vaporizing and inert species. 

Figure 2 shows the energy required for phase 
change for an n-hexane-nitrogen system in equi- 
librium as a function of temperature for different pres- 
sures (30 and 90 atm). Even up to a pressure of 30 
atm, the effect of gas solubility on the energy required 
for phase change is negligible. However, at high pres- 
sures, the difference in predicting Ah between the two 

models increases significantly with temperature. 

FIG. 2. Gas solubility effect on energy required for phase 
change for an n-hexane-nitrogen system in thermodynamic 

equilibrium. 

When the temperature approaches the critical point 
of the mixture, an abrupt decrease in Ah occurs. It is 

also shown that the energy required for phase change 

for a binary system deviates from the latent heat for 
pure component substantially with increasing pres- 

sure. 
Next, results will be presented for an n-hexane 

droplet evaporating into a nitrogen environment 
(m ,,.< = 0) with initial diameter of IO0 btrn and initial 

temperature of 300 K. 
Figure 3(a) shows the dimensionless droplet life- 

time as a function of pressure for three different ambi- 

ent temperatures (T, = 500, 600 and 750 K). The 
dimensionless droplet lifetime is given by t/I/@,. 
where T is the dimensional droplet lifetime, D, is the 
initial droplet diameter and /I is the evaporation con- 
stant for a droplet evaporating while at its wet-bulb 

temperature (r,, = 309.5 K), ambient pressure of I 
atm and ambient temperature of 500 K (/j = 0.1684 

mm’ s- ‘). Results predicted by both models are pre- 
sented. The comprehensive model is indicated by open 

circles and the simplified model by diamonds. For 
T, = 500 K, the two models are in good agreement 
for ambient pressures up to the critical pressure of 

pure n-hexane. However, at higher ambient pressures, 
the model that neglects gas solubility deviates sig- 
nificantly from the comprehensive model with increas- 
ing pressure. For the highest ambient pressure con- 

sidered (PX = 100 atm), the model neglecting 
solubility underpredicts the droplet lifetime by almost 
20%. For T, = 600 K, the droplet lifetime predicted 
by the two models shows similar trends. However, 
since the model neglecting solubility fails to offer equi- 

librium composition at high enough pressures and 
temperatures (set Figs. I(c) and (d) and the relevant 

discussion), the droplet lifetime by such a model 
cannot be obtained for ambient pressures above 70 

atm. The higher the ambient temperature, the shorter 
the ambient pressure range over which the simplified 

model can be employed. Figure 3(b) presents the 
droplet lifetime for high ambient temperatures 
(T, = 1000 and 1500 K). For T, = 1000 and 1500 

K, the simplified model can only predict the droplet 
lifetime up to approximately 40 and 30 atm, respec- 
tively. However, it follows the comprehensive model 

fairly well for the entire range of ambient pressures 
for which it can provide solutions. Calculations at 
P, = 100 atm and 7’, = 1000 K as well as P, = 70 
atm and T,_ = 1500 K were attempted employing the 
comprehensive model. These calculations were ter- 

minated early because the droplet surface reached the 
critical state. Figure 3(b) also presents results 
obtained by Hsieh et ul. [ 181 for an n-pentane droplet 
evaporating in nitrogen for an ambient temperature 
of 2000 K. Although direct comparison may be inap- 
propriate because of the different fuel adopted, quali- 
tative agreement between the two studies is definitely 
suggested in Fig. 3(b). 

The droplet lifetime trend with increasing ambient 
pressure for different ambient temperatures in Fig. 3 
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Fm. 3. Dimensionless droplet lifetime with ambient pressure employing both the comprehensive and 
simplified model. (8) Low and moderate ambient temperatures. (b) High ambient temperatures. 

can be explained as follows : with increasing pressure, 
(i) the droplet heat-up time increases as a proportion 
of the total vaporization time (see Fig. 5(b) and rel- 

evant discussion) ; (ii) the driving force for heat trans- 

ferred towards the droplet decreases since the droplet 
surface temperature increases towards T,, and the 
driving force for mass transfer away from the droplet 
surface (which, of course, is strongly coupled with the 

heat transfer problem) decreases since both the binary 
mass diffusion coefficient and the droplet surface mass 
fraction of the vaporizing species decrease with 
increasing pressure (see Fig. 1) ; and (iii) the energy 
required for vaporization A/r decreases (see Fig. 2). 
The latter tends to shorten the droplet lifetime whereas 
the first two tend to prolong it. It is the competition 
between these mechanisms that defines the droplet 
lifetime behavior with increasing pressure for different 
ambient temperatures [12]. The results in Fig. 3 show 

that the simplified model can be used for low ambient 
pressures (P, < 30 atm). The accuracy of the cal- 

culation is adequate and the complexities and uncer- 
tainties a comprehensive model might introduce arc 
avoided. However, for ambient pressures higher than 
the critical pressure of the pure fuel, only the com- 
prehensive model is applicable and valid. 

Figure 4(a) shows the histories of the mass fraction 
of nitrogen dissolved in the liquid phase at the droplet 
surface for the ambient temperature of 1000 K at 
different ambient pressures (10, 40 and 80 atm). For 
P, = 10 atm, the mass fraction of dissolved nitrogen 
is negligibly small and remains approximately con- 
stant over the entire droplet lifetime. Even at an ambi- 

ent pressure of40 atm, which is higher than the critical 

pressure of pure n-hexane, the mass fraction of nitro- 
gen is only 2%. However, at 80 atm, the mass fraction 

of nitrogen at the droplet surface increases pro- 
gressively with time to a final value of approximately 
10%. This corresponds to 25.7% in terms of molt 
fraction of nitrogen, which is in agreement with values 

reported by Lazar and Faeth [ 141 and Hsieh ct N/. 
[44]. The spatial distribution protiles of nitrogen mass 
fraction inside the liquid phase as they cvolvc with 
time for P, = 80 atm and T, = 1000 K are shown in 

Fig. 4(b). It can be seen that mass diffusion inside the 
liquid phase persists throughout the droplet lifetime 
(T = 14.08 ms). Figure 4(c) presents the temperature 
history at the droplet center and surface for 
T, = 1000 K and P, = 80 atm. Under these ambient 

conditions, no wet-bulb temperature is reached. Both 
the droplet surface and the center temperature keep 
increasing until the end of the droplet lifetime. The 
spatial variation of temperature in the droplet interior 

for different times is presented in Fig. 4(d). Although 
the magnitude of the temperature gradient inside the 
droplet decreases with time, heat-up of the liquid 
interior persists throughout the entire droplet lifctimc. 

In Fig. 5(a), the tinal droplet surface tcmperaturc 
is plotted with ambient pressure. The final tcm- 
pcrature is defined as the droplet surface temperature 
at the end of the transient calculations which are ter- 
minated when (R/R,,)' = 0.2 or the critical mixing 
point is reached. For the ambient pressures of 100, 
120 and 140 atm, the critical mixing temperature was 
attained. It is shown that it decreases with pressure, 
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FIG. 4. (a) The histories of the mass fraction of nitrogen dissolved in the liquid phase at the droplet surface 
for different ambient pressures; T, = 1000 K. (b) Spatial and temporal distribution of nitrogen mass 
fraction in the droplet interior. (c) Temperature history at the droplet center and surface. (d) Spatial and 
temporal distribution of the temperature in the droplet interior. Ambient conditions for parts (b). (c) and 

(d) : T, = 1000 K and P, = 80 atm. 

which is in agreement with Hsieh et al. [ 181 and Shuen and 5(a)). Under supercritical conditions the energy 
et al. [45]. At lower pressures the final droplet surface required for phase change tends to zero when the 
temperature increases steeply with pressure. Figure critical mixing point is reached. For P, = 100 atm 

5(b) presents the temporal variation of the ratio of the critical mixing temperature is reached when 

the energy transported into the liquid phase to heat- (R/&J2 = 0.35. The ratio q,,s/qg,e for this case 
up the droplet interior, ql,s. over that transferred approaches to unity at that point. It should remain at 

towards the droplet surface from the gaseous phase, unity for the remainder of the droplet lifetime, since 
qg,s (the difference between the two amounts of energy from that point onwards all energy is used to heat-up 
is utilized for change of phase; see equation (13)). the droplet interior. At even higher ambient pressures, 
With increasing ambient pressure, the droplet heat- the higher the ambient pressure the earlier in the drop- 
up time increases as a proportion of the total vapor- let lifetime the critical mixing point is reached. Conse- 
ization time. At high enough ambient pressures most quently, heat-up of the droplet interior is expected to 
of the energy is used to heat-up the droplet interior, be more dominant with further increase in the ambient 
since the energy required for phase change decreases pressures. In the abscissa in Fig. 5(b) 7 is the dimen- 
with increasing pressure and temperature (see Figs. 2 sional droplet lifetime. It is obtained by extrapolating 
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FIG. 5. (a) Droplet surface final temperature with ambient pressure. (b) Interfacial heat transfer variation 
with time for different ambient pressures. 

to zero the temporal variation of (R/R,,)‘. In the case 
of P, = 100 atm, T was obtained similarly, only for 
plotting convenience. It is realized that beyond the 
critical mixing point the slope of (R/R,,)’ may change 

[451. 
Figure 6(a) presents the droplet surface tem- 
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perature as a function of the n-hexane mass fraction 
both in the liquid and gaseous sides of the droplet 
interface while evolving with time. When the critical 
point of the binary mixture is reached, there is no 
distinct transition between the liquid and gas phases. 
The composition in the liquid phase approaches that 
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FIG. 6. (a) Droplet surface temperature with n-hexane mass fraction both on the liquid and gaseous sides 
of the droplet interface while evolving with time. (b) Gas- and liquid-phase velocities at the droplet surface 

and droplet surface regression rate with ambient pressure. 
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in the gas phase. In this study, we use a rigorous 
method (see Section 2 for details) to predict the critical 

point of the binary system. Computations are ter- 
minated whenever the droplet surface temperature 
is a few degrees below the critical temperature. Our 
predictions in Fig. 6(a) are in excellent agreement with 
the experimental data of Poston and McKetta [43]. 
Figure 6(b) presents the droplet surface regression 
rate, ]R], and the velocities at the droplet surface L’,,~ 

and z’,,,, on the gas- and liquid-phase sides, respec- 
tively, as a function of ambient pressure. These values 

for 2! ~,gr v,,, and ]k’( correspond to the last time-step of 
the transient calculations which are terminated when 

(R/Ro)’ < 0.2. At low ambient pressures the ratio 

I ~l/c.g is 0( lo-‘), and has been the justification for 
neglecting the effect of the droplet regression rate in 
the literature for such pressures. This ratio increases 

with increasing ambient pressure and becomes O(1) 
in the proximity of the critical state of the mixture. 
However, it is mainly the velocity at the droplet 
surface that decreases dramatically with pressure 
(L’~,~ in (l/P,,)) and converges towards Id] ; the drop- 
let regression rate increases merely by a factor of two 
over this wide range of ambient pressures. The velocity 
at the droplet surface on the liquid side is negligible 
at low ambient pressures. As the critical mixing point 
is reached, the densities in the liquid- and gas-phase 

sides of the droplet surface approach a single value. 
Consequently, conservation of mass at the interface 
(equation (lo)), demands that z’,,~ and L’,,, also 
approach a single value at the critical mixing point. 
Thus, under supercritical conditions it is expected that 

the bulk flow in the liquid phase becomes important 
and the convective terms must be taken into account 
together with the diffusion processes [45]. However, 
for conditions even a few degrees below the critical 

mixing temperature, z’,,, remains much smaller than 

“,,g> since densities vary exceedingly fast in the vicinity 
of the critical mixing point. In the present study, cal- 
culations are terminated within a few degrees from the 
critical mixing point. Furthermore, the liquid phase 
velocity for spherically symmetric evaporation is 

maximum at the droplet surface. For these reasons, 
the convective terms in the liquid phase have been 
neglected in the present study. However, changes in 
the liquid phase density both due to thermal expan- 
sion and change in species composition have been 
incorporated in the model and contribute to the rate at 
which the droplet surface is receding through equation 
(15). Figure 6(b) shows that for T, = 1000 K, even 
at an ambient pressure of 70 atm, c,,, remains an order 
of magnitude smaller than c,,~. 

In Fig. 7, the influence of the ambient mass fraction 
of the fuel vapor, m,,, , on droplet evaporation is 
presented. Calculations were conducted for 
m 1.1 - - 0.3 at different ambient temperatures. For 
high ambient pressures, the initial equilibrium mass 
fraction of the fuel vapor at the droplet surface is 
lower than that of the ambient (m,., < m,.,). Conse- 

quently, the fuel vapor diffuses towards the droplet 

FIG. 7. The history of the dimensionless droplet mass for 
different ambient temperatures and compositions ; P, = 80 

atm. 

surface. Condensation occurs at the droplet surface 
and the droplet gains mass as a result. Meanwhile, 
due to the continuous heat flux from the gas phase, 
the temperature at the droplet surface increases, caus- 
ing the mass fraction of the fuel vapor at the droplet 
surface to increase. When m,,, > m,,,, condensation 
stops and the droplet starts evaporating. The ratio of 
the condensation duration to the total droplet lifetime 
depends on ambient conditions. Figure 7 shows the 

time history of dimensionless droplet mass for 

ml., = 0.0 and 0.3 at T, = 500 K and 750 K with 
P, = 80 atm. For the ambient temperature of 750 K, 
very little condensation occurs, since large heat flux 

leads to a rapid increase in surface temperature and 
the required composition for evaporation is reached 
within a short time. However, at a lower ambient 

temperature (500 K), substantial condensation occurs 
during the early part of the droplet lifetime which 
increases the droplet mass by almost 10%. 

Finally, the necessity to solve the momentum equa- 
tion simultaneously with the remaining governing 
equations is examined. Using the ICE technique with 
pressure gradient scaling, it is predicted that the pres- 
sure deviation from the ambient value is negligible; 
(P-P,)/Pn d U(10~5).ThemaximumP-P,occurs 
at the droplet surface and decreases with ambient 
pressures. Calculated values for P--P,X are in good 
agreement with predictions available in ref. [6]. The 
small pressure deviation suggests that the momentum 
equation can be decoupled from the remaining set of 
equations. In this case, under isobaric condition, the 
radial velocity in the gas phase can be obtained from 
the continuity equation. The momentum equation can 



be used afterwards merely to calculate the pressure 
field, if so desired. It was found that predictions both 
for local quantities (flow and temperature fields) and 

global ones (droplet lifetime) are affected negligibly 
by including the momentum equation. This is in agrec- 
mcnt with Ramshaw it nl. (221 who concluded that in 

a low Mach number flow. the pressure gradients are 
effectively determined by the velocity, and not vice 
versa. 

Center. The support of both computmg facilities IS greatly 
appreciated. The authors appreciate the useful quggcstions 
made by the referees. 

5. CONCLUSIONS 

1. For ambient pressures approximately lower than 
the critical pressure of the fuel. the droplet lifetimes 

predicted by tither model (simplified and com- 
prchensivc) arc in agreement. 

2. For ambient pressures higher than the critical 
pressure of the fuel, the simplified model either under- 
estimates the droplet lifetime for low ambient tcm- 
peratures. or breaks down for high ambient tcm- 
peraturcs since it fails to predict equilibrium 

composition at high enough droplet surface tem- 

peratures. 
3. The droplet lifetime dependence on ambient 

pressure and temperature has been predicted. For the 
range of ambient conditions considered, it presents a 
maximum at low ambient tcmpcratures and decreases 
monotonically with pressure at high ambient tem- 

peratures. 
4. In a fuel rich environment. relatively low ambi- 

ent temperatures and high ambient pressures con- 
densation occurs at the early part of the droplet life- 

time which may increase the droplet mass 

substantially. 
5. The pressure deviation from P, is negligible. 

making the isobaric assumption valid. 
6. At elevated pressures the droplet regression rate 

1 dj is of’ the same magnitude as the gas phase velocity. 
I‘,,~, at the droplet surface. However. it is mainly z’,., 
that decreases about two orders of magnitude from 
its value at I atm and converges towards /I?/, which 
increases merely by a factor of two over this same 
wide range of ambient pressures. Even at elevated 
ambient pressures, the bulk flop, in the liquid phase 
may be neglected w;hen the droplet surface tcm- 
peraturc is lower than the critical mixing tcmperaturc 
by more than a few degrees. However, under super- 
critical conditions the liquid phase velocity at the 
droplet surface. P,,,, approaches I‘, ~ and the bulk flow 

must bc taken into account together with the ditrusion 
processes. 

7. With increasing ambient pressure. the droplet 
heat-up time increases as a proportion of the droplet 
lifetime and becomes extremely important throughout 
the entire droplet lifetime for high enough ambient 

pressures. 
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