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Abstract-Unstsady vaporization of a droplet in a high-pressure quiescent environment has been studied. 
With spherical symmetry and constant pressure. the process is difusion controlled. At low pressures droplet 
heating is significant for mosl orthc droplet lifctimc, and an unsteady analysis oPthe gas phase is required. 
Then. the vaporization or a liquid oxygen droplet in gaseous hydrogen at moderate and high pressures is 
considered. At super-critical pressures. the surface temperature rcachcs the computed critical mixture value 
where a model For super-critical combustion is nceded. The details or the ditTusion layer of dissolved 
hydrogen do no1 significantly alTcct the results. Various methods are explored LO compute the gas-phase 

density. Under the model’s asstimptions. homogeneous nucleation is not likely to occur. 

1. INTRODUCTION 

TI-IERE is renewed interest in investigating liquid rocket 
combustion instabilities and. more precisely. their 
interaction with droplet vaporization and combustion 
processes. Conscqucntly, a better description of these 
phenomena at the high-pressure, high-temperature 
conditions, prevalent in liquid rockets, is needed. 
However, a meaningful model to describe liquid- 
rocket engine combustion instability should include 
at least hundreds of droplets that each represent the 
average droplet in a small region of space. Therefore, 
the droplet model must be simple enough not to entail 
unrealistic computation times while still retaining the 
salient features of droplet combustion at high pres- 
surcs and temperatures. 

Usually, when the ‘film’ theory is used to model 
droplet combustion, the film surrounding the droplet 
is assumed to be quasi-steady. To a large extent, this 
assumption is legitimate, since the characteristic time 
for heat diffusion through the film, TV,, is typically two 
orders of magnitude smaller than the droplet lifetime. 
Nevcrthelcss, Williams [I] proved that this assump- 
tion may lcad to a 20% error in the evaluation of 
the total vaporization time. Many investigators [2-61 
studied transient effects on droplet vaporization and 
burning. The main conclusion is that while the quasi- 
steady theory gives a good estimate of droplet burn- 
ing rates, it fails to predict correctly the evolution 
of the edme-to-droplet diameter ratio. Meanwhile, 
the unsteady theory predicts that the flame 
radius increases first and then decreases to zero [2], 
thus corroborating experimental observations [4]. 
Furthermore, a high pressure and temperature, pro- 
perties in the gas film are significantly modified, and 
tH is comparable with the droplet lifetime which rein- 

forces the intrinsic unsteadiness. Droplet vaporization 
and combustion under these conditions cannot be 
treated as quasi-steady [7]. Some investigators indi- 
cate that the quasi-steady theory is not valid for 
reduced pressure above 0. I [S]. 

On the other hand. the very high pressures and 
temperatures encountered in a liquid-rocket com- 
bustion chamber imply that both gas and liquid 
phases may deviate substantially from their usual 
behavior. Specifically, the ideal gdS assumption is not 
valid under these conditions, and the liquid-vapor 
equilibrium is not correctly represented by the classi- 
cal laws and approximations. These phenomena com- 
plicate significantly the modelling of droplet vapor- 
ization and burning in such regimes, but may have a 
critical importance in the liquid-rocket combustion 
instability phenomenon. As shown by Wieber [9] 
almost 30 years ago, near the critical point a small 
change in pressure could lead to violent boiling and 
possibly microexplosion of the oxygen droplet, there- 
by supporting the combustion instability. Wiebel 
also noticed that if the chamber pressure is so high 
that the droplet reaches a super-critical state and 
becomes a vapor puff, the rate-controlling mechanism 
for combustion instability might be the vapor 
diffusion into the gaseous environment. Therefore, 
determining accurately whether the liquid drop will 
get close enough to the critical state to exhibit such 
behavior is primordial and a large amount of work 
was devoted during the past two decades by the com- 
bustion community to investigate the vaporization of 
a spherically symmetric drop in a quiescent environ- 
ment under high pressure and temperature. Manrique 
and Borman [IO] first noted that Wieber did not 
account for high-pressure phase equilibrium, non- 
ideal gas effects, effects of pressure on physical prop- 
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NOMENCLATURE 

preexponential factor in S, Greek symbols 
fugacity Pi chemical potential 

Afi”,, heat of vaporization for i 5 transformed radial coordinate, r/R 

ITy partial molar enthalpy for i in phase p liquid phase non-dimensional time 
k, characteristic binary constant ii fugacity coefficient, L/&P) 
Y heat of vaporization Q,, Q,, constants in Redlich-Kwong 
L’k reference Lewis number, Ri/9tf, equation 
ii7 vaporization rate wi accentric factor for i. 

QT heat conducted into the droplet [W] 
R instantaneous droplet radius Subscripts 
Rr flame radius C critical 
Rll initial droplet radius R reference quantity 
R0 universal gas constant reduced (0, = m/D,) 
% source term in the gase phase C$ equation s: value at the phase interface 
1’ R phase 50 reference time, Rf/cxg 4 related to quantity 4. 
“It reference velocity, Ri/tk 

V modified vaporization velocity, Superscripts 
u-5 dR/dt gas 

1’ molar volume $ liquid 
4 molecular weight of i * dimensional quantity 
si mole fraction of component i 0 effective constant in quantum gas 
Yi mass fraction of component i mixture rules 
Z compressibility factor. 0 reference state. 

Standard symbols (P. T. V, p, a, k, etc.) are used for fluid properties. Variables not defined in the above Nomenclature are 
defined when first used in the text. 

erties, and gas solubility in the liquid phase. They 
included these phenomena, but considered a uniform 
temperature droplet undergoing quasi-steady vapor- 
ization, and showed that if the ambient pressure is 
high enough, steady-state conditions cannot be 
attained. In 1972, Matlosz et al. [8] combined both 
transient theory and high-pressure effects on the phase 
equilibrium for a hexane/nitrogen system and pro- 
vided experimental measurements supporting their 
results. They concluded that both phenomena must 
be included for correct predictions. They also note 
that accurate methods to compute physical properties, 
and more specifically mass diffusion coefficients, 
under such regimes are crucial. Recent studies [I I] 
concluded that the droplet vaporizes completely 
before the liquid surface reaches its critical tempera- 
ture, but the enthalpy of vaporization was approxi- 
mated by the latent heat of vaporization which was 
proven to be quite inaccurate [8, IO]. Extension to the 
case of a multicomponent hydrocarbon droplet was 
contributed by Hsieh et al. [12] in a detailed numerical 
analysis that is too computer-time consuming to be 
used in a larger spray combustion code. 

Although liquid oxygen (LOX)/hydrogen (Hz) sys- 
tems are currently being used for the Space Shuttle 
main engine and developed for the European launcher 
Arianne V because of the higher thrust they provide, 
only one contribution [13] dealing with the case of a 
LOX droplet vaporizing at high pressure could be 
found in the reviewed literature. Indeed, the large 

molecular weight and temperature differences 
between the liquid surface and the ambient gas, and 
their consequences on thermophysical property vari- 
ations and the disparity of the characteristic times, 
result in increased numerical problems and make 
LOX/H, cases even more complex. Litchford and 
Jeng [I 31 used the quasi-steady film theory developed 
for sub-critical droplet vaporization, and the appro- 
priate high-pressure phase equilibrium relations. They 
found that the droplet surface can reach the critical 
state for reduced ambient pressure slightly above I. 

The singular behavior occurring when a thermo- 
dynamic system goes from a sub-critical state to a 
super-critical state has not been thoroughly inves- 
tigated yet, and the necessary knowledge to model the 
vaporization and burning of a drop going through the 
critical point is still lacking [l4]. 

Once the whole droplet has reached a super-critical 
state, however, modelling is possible. The theory of 
super-critical’ combustion for such gas pockets was 
initially developed by Spalding [15]. He assumed that 
the droplet can be replaced by a point source of vapor 
and showed the importance of unsteadiness. He con- 
cluded that under super-critical conditions, the burn- 
ing time increases with the cube root of the pressure. 
Rosner [16] extended this theory by considering a 
distributed source. More detailed numerical simu- 
lations were performed [l7, 181, showing that the 
burning time under super-critical conditions is shorter 
than under sub-critical conditions. 
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FIG. I. Geometry of the problem 

The goal of the present study is twofold. First, the 
effects of unsteady behavior of the gas phase sur- 
rounding a burning droplet are investigated. In this 
way, unsteady spherically symmetric combustion of a 
single droplet in a quiescent surrounding gas is mod- 
elled, which corresponds to a ‘film’ extending from 
the droplet surface to infinity (see Fig. I). In this first 
part, the regimes considered are those where pressure 
and temperature are high enough so that unsteadiness 
in the film has to be considered, but sufficiently below 
the critical point for the real gas-mixture effects on 
phase equilibrium and latent heat of vaporization to 
be neglected and the usual liquid density expression 
to be used. Non-uniform and time-varying properties 
are considered since their variations cannot be 
neglected at such regimes. The density of the liquid, 
however, is assumed to remain constant. Although we 
are really interested in the unsteady effects on LOX 
vaporization in gaseous hydrogen. the case of a 
hexane droplet vaporizing in air is also treated as a 
reference case. Second, the effects of near-critical 
conditions are predicted using phase equilibrium rela- 
tions and thermophysical property expressions valid 
over the considered range. The pertinence of including 
each phenomenon specific to near-critical conditions 
in droplet vaporization modelling is evaluated. In this 
analysis, relative motion between the droplet and the 
ambient gas will not be considered. Thereby, spherical 
symmetry results. 

2. MODEL 

The following assumptions are made to model 
mathematically the problem : spherical symmetry and 
constant pressure are assumed, Fick’s law is used in 
the species transport equation, the heat fluxes due to 
interdiffusion and Dufour effects and viscous dis- 
sipation are neglected. The momentum equation is 
not solved in the gas phase where pressure is constant. 
The radial velocity is non-zero because of the vapor- 
ization taking place, but it will be evaluated from the 

dp” I d(pW) 
~ = 0. Tt + ,=i 3, 

The species and energy equations reduce to : 

;(peY’)+ f  ~.(p’ur~Y/) 
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(1) 

= f ~(p5.d!J fS)., (2) 

+ Tg (3) 

This form of the energy equation applies only to a 
constant pressure fluid if viscous dissipation is 
neglected and if the mixture is approximated by a 
gas with mixture-averaged properties. Convection is 
neglected inside the droplet. It is shown in the Resuits 
and Discussion section that in the particular case of 
a LOX droplet, the droplet surface temperature 
reaches its critical mixing value so early that, except 
for a thin layer at the surface, the temperature dis- 
tribution inside is still uniformly at its initial value 
when it happens, and so arc the thermodynamic and 
transport properties. Note that this assumption is 
possible only because it is not intended in this paper 
to let the simulation run beyond the critical mixing 
point. Consequently, the energy equation reduces to 

ST’ I a 
-= 
at p~~;r.~ aI ( > 

k’r’g . 
?I (4) 

When gas solubility is studied, a similar diffusion 
equation is solved for the species. 

The boundary conditions are Neumann conditions 
at the droplet center and at infinity. At the phase 
interface, heat and mass balances are written 

II Ah (5) 
S 

II c 
S 

(6) 

with til = 47tp&R . $ ’ Notice that the phase interface 
regresses as the droplet vaporizes ; thus the boundary 
condition is applied ,at a moving location. To get a 
fixed boundary problem, the transformation 
5 = r/R(t) is used. Hence, the phase interface is now 
at 5 = I. The equations are then scaled using reference 
ouantities (subscriot R). The only characteristic continuity equation 
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length in this problem is the initial radius of the drop- 9’: av; 
let R,; hence, it is chosen as the reference length V* = 2 s,A& and &i = Y,, - ~ - 

Lk = Lt = R,. Subsequently, tk, t\, and uR can be 
,= I @R* a< s’ 

chosen such that most of the non-dimensional groups Y,, are obtained from the phase equilibrium model, 
appearing in these equations become unity. Note that and the interface mass balance yields a# (non-dimcn- 

the time scale in the gas phase (/) is not the same as sional form) 

the time scale used in the liquid phase (T). Using the 
afore-mentioned transformations and continuity in 
the governing equations, and recasting species and 

(PK~R)’ Pi,, cz I -gg au, g 

I I , (~dw PE S at s at s 

energy equations in a conservative form, we obtain : 
u$ - 

Le, R( Y6 - Y$) 
(14) 

in the liquid phase (0 < 5 < I) When gas solubility in the liquid is not considered, 

yl,+ = 
av,. f  

I and --I ag s = 0. 

Initially, arbitrary profiles can be assumed 

(Y,(r)l,=o = Yi&), 7yr)l,=o = G(r) 

(8) and 

and in the gas phase (I < 5 < r/3) 

(9) 
The effects of the chosen profiles on the accuracy of 
the characteristic parameter evaluation are discussed 
in the Results and Discussion section. 

I a 
=R?5’ag 

2. I . Tlwrmorlynamic model 
A liquid-vapor multicomponent mixture is at equi- 

librium if thermal. mechanical and chemical equilibria 
are achieved (T’ = T’, P’ = P, /r( = /if). Since the 
chemical potential is not very convenient to use (it 
diverges at high dilutions and its relation to primary 
variables (P, T, V) is not easily workable), it is cus- 
tomary to express the last equality in terms of fugacity. 
The relation between chemical potential and fugacity 
is 

+ TF 
. 

From now on, the superscript * indicates a dimen- 
sional quantity. The pseudo-convective term due to 
surface regression is evaluated using an overall mass 
balance on the droplet 

dR* --ri?* R* @ 
---z 
dt* 4/37cp’*R*’ 3 p (12) 

where the liquid density is assumed uniform but time 
varying and is evaluated at each time-step as a func- 
tion of the bulk temperature. If  an assumption of 
constant density is made, the last term vanishes. 

A more detailed model would include the resolution 
of the continuity equation in the droplet [l2]. The 
conduction heat flux in the droplet Q$ is derived from 
the interface energy balance 

Q; = i7* 
k*T$ ai-g 

p$*uf*R* ag s -y* I 1 (13) 

where 

Then equality of the chemical potentials is equivalent 
to ,/y =./ig. To get a workable relation. we need to 
have an expression of the fugacity in terms of tem- 
perature and volume (or temperature and pressure). 
This can be derived from basic thermodynamic 
relations to yield 

-R’TInZ (15) 

where +i =.f;/.xJ’ is the fugacity coefficient of com- 
ponent iand Z = Pu/R’T is the compressibility factor 
of the mixture. At such high pressures, the energy 
required to vaporize one mole of component i from 
the liquid mixture to the gaseous mixture at T and P 
(i.e. the enthalpy of vaporization) differs significantly 
from the latent heat of vaporization of component i 
(defined as the energy required to vaporize one mole 
of pure liquid i in its own vapor at T and P,.,(T) [IO]). 
Therefore, the enthalpy of vaporization has to be used 
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for each component. It can be expressed in terms of 
the fugacity coefficients as 

The solution procedure requires that the com- 
pressibility factor of a mixture at prescribed tem- 
perature, pressure and composition be computed. 
This requires the use of an equation of state. We 
need the simplest equation of state that allows us to 
accurately compute gas-phase equilibrium mole frac- 
tions at high pressures. Among the types of equations 
of state reported by Edmister [19], the equations 
derived theoretically (Thiel’s, Prausnitz’s) are too 
complex and often not as accurate as those derived 
empirically. Amongst the empirically derived equa- 
tions, the simplest are the cubits (Van der Waals, 
Redlich-Kwong, Peng-Robinson), and they are also 
more appropriate for liquid-vapor equilibrium 
computations than the multiparameter equations 
(Beattie-Bridgeman, Benedict-Webb-Rubin) which 
are more adequate in PVT calculations or fitted to a 
restricted class of materials. Furthermore, the possi- 
bility of using complicated correlations with a large 
number of parameters has to be eliminated, since the 
phase-equilibrium condition requires analytical 
differentiations of the equation of state. The most 
popular cubic equation of state used in this range of 
pressures and temperatures by the spray combustion 
community [7, 8, IO, 12, 131 is the Redlich-Kwong 
equation of state derived in 1949 1201 and later 
improved by Prausnitz et rrl. and Chueh and 
Prausnitz [2 I, 221 

RUT 

’ = (o-b) T%;“+b) (17) 

This empirical cubic equation has only two par- 
ameters a and b, originally universal, but composition 
and temperature dependent in the Chueh and Praus- 
nitz version (hereafter designated as the ‘modified’ 
version, even though there have been many other 
modified versions) ; it was originally derived for pure 
components and, as in most cases, it is applied to 
mixtures by means of mixing rules. The cubic form, 
in terms of the compressibility factor is 

Z3-ZZ’+(A-B-B’)Z-Al? = 0 (18) 

where A = aP/(Ro2TS”), B = bP/(R”T). The main 
limitation of the original Redlich-Kwong equation is 
that it was primarily designed for gases (above their 
critical temperature), the quesuon of its validity when 
applied to liquids is therefore legitimate. However, 
the Chueh and Prausmrz version is used here. A vali- 
dation of the computed phase equilibria was conduc- 
ted, and is reported in the Results and Discussion 
section. For a mixture, a and b are computed as [2l, 
221 : 

with 

Q R+T~” 
(1, ‘I Sk,, +Q,,,)R”‘T;;’ 

a, = ai = 
PC, ’ cl;/ = ‘PC. 

R,, R”T. 
b+-$ (19) 

‘, 

These mixture rules are reported in detail by Prausnitz 
er al. [21]. The fact that hydrogen is a quantum gas is 
considered in these rules. Using the Redlich-Kwong 
equation of state, and equation (15). an analytical 
expression for the fugacity coefficient can be derived 
[7, 8, IO, 12, 131. The resulting expression can then be 
differentiated with respect to T, to yield the enthalpy 
of vaporization for each component. 

The non-linear system to solved (no chemical 
reaction) is 

1 

-G, x &l,(.r’o,? &;r T, P) = x8, x 4$,,M,>, xA,, T, 0 . . 

“+ x 441,W&.&~r T. PI = .yfH? x 4k#,,.-G,:, T, p) 

Y&+.‘r,: = I 

.Kg>+xb2 = I. 

(20) 

Iterations are needed to compute .1; and s, as they 
are both dependent on each other. The solution is 
obtained through a procedure described in the next 
section. 

2.2. Chemical kinetics 
When combustion is considered, a global one-step 

chemical reaction is assumed. The specific reaction 
rate ‘constam is taken to be of the Arrhenius type: 
A exp [ - EJ( R” T)]. Consequently, the source term is 

S$ = A,(pp)‘+flY;Yg exp [-EJ(R”T)]. 

2.3. Therrno-physical and transport properties 
At the conditions prevalent in a liquid-rocket 

engine, physical property aependency on pressure, 
temperature and composition varies dramatically and 
must be carefully evaluated. Although the theory is 
lacking for many properues at high pressures, an 
effort is made here IO use appropriate correlations and 
expressions. An exrenslve review of thermo-physical 
property estimation methods can be found in the text- 
book by Reid et al. [23]. As one of the main goals here 
is to obtain an algoritnm, correlations of experimental 
data were constructed when enough data were avail- 
able (isobaric heat capacity for gases, thermal con- 
ductivity for liquids and gases). We fitted data from 
ref. [24] with polynomial branches of degree adapted 
to the property behavior in the considered ranges of 
temperature. These correlations were used without 
any correction for real gas behavior. 

In gases, whenever experimental data are lacking 
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(mass dill&ion coefficients). the basic Chapman- 
Enskog theory is used. High pressures notably modify 
the behavior of the mass diffusion coefficients [23]. 
Mainly, the product p9 is not constant but decreases 
with an increase of P or p. A small effect of com- 
position was also detected at high pressures [23]. How- 
ever. very few methods for high-pressure effect esti- 
mation are available. 

In the case of liquids, Reid et ~1. [23] recommend 
the use of correlations of experimental data plus cor- 
rections taking into account the effects of high pres- 
sure and temperatures whenever available. Finally, 
isobaric heat capacity is obtained through a cor- 
relation for an ideal gas given in ref. [23]. This cor- 
relation can be corrected for a real gas, and related to 
the heat capacity value in liquid using the cor- 
responding states theory (the Rowlinson-Bondi 
method). The liquid density is evaluated using the 
Hankinson-Brobst-Thomson method [23, 25, 261. 

To achieve realistic computer time in the per- 
spective of a liquid-rocket combustion simulation, it 
was necessary to generate tables of properties in which 
interpolation is performed when a value is needed. 

3. SOLUTION PROCEDURE 

The equations presented in the previous section 
were discretized using a control-volume approach and 
were solved implicitly. The evaluation of the droplet 
surface temperature was a very sensitive step. Hence, 
iterations were employed so that the temperature at 
the droplet surface was evaluated iteratively rather 
than using the surface temperature computed from 
the droplet energy equation at the previous time-step. 
Transport equations for gas and liquid were solved 
within each iteration on the droplet surface tem- 
perature. Determination of the velocity field from the 
continuity equation in the gas phase proved to be 
very sensitive to the accuracy of the density field. 
Therefore, iterations were performed on p thus intro- 
ducing a certain degree of implicitness in the cal- 
culations of p. Moreover, a one-dimensional quasi- 
second-order-upwind (QSOU) discretization scheme, 
as described in ref. [27], was used. The QSOU scheme 
is only first-order accurate in space but it is a mono- 
tone scheme. Therefore it did not introduce new 
extrema in the predicted fields and prevented under 
and over-shooting. The transport equations for 
energy and species in both gaseous and liquid phases 
were discretized using a control-volume approach, 
and the discretized equations were solved using 
TDMA. In the phase equilibrium computations, sys- 
tem (20) was solved iteratively using a modified Powell 
hybrid method. It was observed that approaching 
from tie, = I and x6, = 0 yields a better convergence. 
Furthermore, for reduced temperatures and pressures 
close to I, the algorithm proved to be extremely sen- 
sitive to the initial guess. When the cubic form of the 
equation of state (18) yields three roots, the smallest 
root corresponds to the liquid state, the largest to the 

gas state. the intermediate root has no physical sense 
because it contradicts thermodynamic stability. When 
chemical reaction was included, the stiffness due to 
the chemical source terms was circumvented using a 
symmetric two-step split-operator scheme [28]. 

Different meshes were tried and a geometric 
mesh with points clustered near the droplet surface 
proved to bc needed. This mesh was not refined over 
the reaction zone since it would have required rezon- 
ing at each time step and thus would have entailed 
more extensive computations. This resulted in some 
numerical inaccuracy in the determination of the vel- 
ocity at the flame location. However, this was found 
to be negligible. In the base case calculations, 308 
nodes were used. The end of the computation domain 
was chosen at 100 instantaneous droplet radii, and 
the interval between the first and second node (ArO) 
was 1% of the droplet radius (common ratio 1.013). 
The choice of Ar, was very important because of its 
influence on the evaluation of the heat flux provided 
to the droplet. Decreasingly small Ar, were tried until 
the corresponding predicted droplet lifetime changed 
by less than 5%. 

4. RESULTS AND DISCUSSION 

First, as a validation for our code the case of a 
hexane droplet in air is considered ; in order to use an 
intrinsically unsteady quantity as a verification (flame 
stand-off distance), combustion has been included. 
This case will also allow us to identify the peculiarities 
due to the nature of the propellant, when dealing 
with LOX/H,. The case of a 50 pm hexane droplet 
vaporizing, igniting and burning in hot (I 500 K) air 
at low pressure (I atm) is investigated. Density is 
temperature and composition dependent and follows 
the ideal gas equation of state. Also p9 = constant 
and C, = constant are assumed. Owing to space limi- 
tations and since the purpose of this case is to validate 
the numerical code and to stress the importance of 
unsteady behavior in the gas phase and the differences 
between hydrocarbon/air and oxygen/hydrogen drop- 
let combustion, only a few results are discussed here. 

For the first 0.2 ms the droplet is only vaporizing. 
Then ignition occurs, producing the steeper gradient 
in surface temperature. Finally, T, reaches asymptot- 
ically its maximum under the external conditions. The 
difference between center and surface temperature at 
a given time (around 10% for about half the droplet 
lifetime) shows the importance of the droplet heating 
time. 

The ratio of the flame radius to instantaneous drop- 
let radius increases monotonically throughout the 
droplet lifetime, but faster at the end, showing that the 
flame radius decreases slower than the instantaneous 
droplet radius (Fig. 2). This is the principal effect 
of gas-phase unsteadiness, in direct contradiction with 
the quasi-steady theory prediction of a constant R,/R, 
but in agreement with experimental observations [29]. 
As expected [30], the flame radius is much smaller at 
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FIG. 2. Hexane/air-LOX/hydrogen comparison. (a) Gas- 
phase density gradient comparison : LOX/hydrogen (vapor- 
izing) vs hydrocarbon/air (burning). The opposite of the 
density gradient is plotted vs the radial location normalized 
by the instantaneous droplet radius. (b) Hexane droplet 

burning in air: influence of pressure on the flame radius. 

higher pressures, and the droplet lifetime increases 
with pressure. Note also that the collapsing of the 
flame is not predicted at higher pressures, because the 
computations are stopped when the droplet mass is 
less than 1% of its initial value and it is probable that, 
at higher pressures, the flame collapses later. 

Next, the effects of unsteadiness are evaluated alone 
(sub-critical conditions). The vaporization of a liquid 
oxygen (LOX) droplet in gaseous hydrogen at P = 10 
atm and T, = 1500 K is simulated using the same 
simplifications as for the hydrocarbon droplets above. 
The droplet surface temperature T, shoots up to its 
maximum under the ambient conditions in less than 
0.2.ms, and then stays constant, thus supporting the 

idealized model of a wet-bulb surface temperature. 
However, in this case the fractional difference between 
Ts and T, is larger than in the hydrocarbon cast and 
remains significant during most of the droplet lifetime. 
The droplet lifetime (8 ms) is comparable with the 
lifetime of the hydrocarbon droplet vaporizing in air 
under the same ambient conditions. The most striking 
difference, with the hydrocarbon droplet in air case, 
is the magnitude of the density gradient (Fig. 2, 
prer = 20 kg mm ‘). In the LOX case, the density grddi- 
ent close to the droplet surface is generally greater 
than in the hydrocarbon case, even though the driving 
temperature is much higher in the hydrocarbon case 
because of the reaction zone. This density gradient 
difference is due mostly to the molecular weight 
difference between the liquid propellant and the sur- 
rounding gas, which is much larger in the Oz/Hz case. 
One important consequence is that LOX droplet 
vaporization in gaseous hydrogen is more of a chal- 
lenge numerically. Specifically, numerical solution 
of the continuity equation in the thin layer of large 
density gradient in the gas phase requirescareful treat- 
ment. Results from the correct high pressure relations 
are presented next. 

4. I. High-pressure CNSCS 
Results from the thermodynamic model are pre- 

sented first. The model was validated by comparison 
with experimental data by Streett and Calado [3l] on 
the N2/H2 system. This comparison is shown in Fig. 
3. The agreement is satisfactory in the temperature 
and pressure ranges of interest here. No appropriate 
experimental data could be found for 02/H1. 
However, because of the similarities between the 
physical parameters of nitrogen and oxygen (cf. Table 
I), it is assumed that the accuracy is similar to the 
one observed with the N2/H, system. The physical 
constants used to apply this model to Oz/H1 are 
shown in Table 1. The characteristic binary constant 
used is the one reported by Litchford and Jeng [13]. 
Since no experimental data were available, they fitted 
this constant with solid/liquid equilibrium data. How- 
ever, the validity of this model for solid and liquid is, 
at least, questionable. Knowing that the results are 
very sensitive to this parameter a full validation of 
this model for 0,/H? would require appropriate 
experimental data. In order to show the importance of 
the high-pressure thermodynamic equilibrium for- 
mulation, the equilibrium mole fraction of oxygen in 
the gas mixture at T = 110 K computed with the real 
gas mixture model is compared with the one obtained 
with the ideal gas model in Fig. 4(a). Using the ideal 
gas model results in substantial underestimation of 
xo, (up to one order of magnitude at reduced pres- 
sures above 2) and consequently of the vaporization 
rate. The computed variation with temperature of 
oxygen equilibrium mole fraction in both phases at 
given reduced pressures from 0.2 to 7 is plotted in Fig. 
4(b). It shows that the critical pressure for a given 
mixture composition is higher than the critical value 
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FIG. 3. High-pressure phase equilibrium for a bmary mxiure. 
(a) Nitrogen/hydrogen system : equilibrium mole fraction 
computed and experimental data. (b) Critical mixing line for 
nitrogen/hydrogen (computed and experimental data) and 

oxygen/hydrogen (computed). 

for each component whereas the critical temperature 
of the mixture is lower than the critical value for pure 
oxygen. Figure 4(b) also shows that the mole fraction 
of hydrogen dissolved in the liquid is larger for larger 
pressures at a given temperature, and increases as 
the critical point is approached at a given pressure. 
However, the maximum mole fraction of hydrogen 
dissolved is 0.5 which corresponds to less than 6% in 
mass. Enthalpy of vaporization and latent heat are 
compared in Fig. 4(b). By definition, the latent heat 
does not depend on pressure. Using the latent heat 
concept would result in an overestimation of the 
energy required by the phase change, and would there- 
fore underestimate the droplet heating in a droplet 

Table I. Physical parameters used in the computations for 
N2, O2 and tIZ 

Parameter 

W [kg kmol- ‘1 
T, WI 
PC [MPa] 
u, x IO’ [m’kmol-‘1 
n, 
Qh tn.:.; 

Hydrogen Oxygen Nitrogen 

2.0159 31.9994 28.013 
32.3 154.581 126.2 

I .29 5.0429 3.39 
51.5 73.3679 89.206 
0.42478 0.428 0.429 

w [::d:] 
0.08664 0.087 0.087 

-0.218 0.025 0.039 
T:t WI 43.6 N.A. N.A. 
p,” [MPa] 2.08 N.A. N.A. 
u,” x IO’ [m’kmol- ‘1 51.5 N.A. N.A. 
Cl [K kg kmol- ‘1 21.8 N.A. N.A. 
c 2 [Kkgkmol-‘1 44.2 N.A. N.A. 

t The next lines give the parameters used with the quantum 
gas mixing rules, hence, hydrogen only is concerned. 

vaporization study. At near-critical conditions, this 
could even lead to a failure to predict that the droplet 
surface temperature reaches the critical value, with 
obvious repercussions on the validity of the conse- 
quent results. The critical mixture line for OJH? (Fig. 
3(b)) was computed in the same way that it was for 
N,/H2. It is believed that the similarity between the 
two systems implies that the relative error in this case 
is comparable with the one observed with NJH,, i.e. 
less than 5% for 1 ,< P, < 4. 

Using the high-pressure thermodynamic equilib- 
rium evaluation procedures described above, vapor- 
ization of a LOX droplet at T,, = 100 K in gaseous 
hydrogen at T, = 1500 K was computed for reduced 
pressures of 2, 3, and 4. Temperature ((T- T,)/ 
(T- - T,)), mass fractions, velocity (u/u,,~, u,,~ = 5 
cm s-l), and density (p/p,,,, prnnx = 323 kg m-‘) 
distributions in the gas phase at I = 0.9 ms, and tern- 
perature ((T- r,)/( T,,- To), Trcr = 150 K) and 
hydrogen mass fraction ( YHI/YH+, Y,.,+ = 0.02) 
profiles in the droplet at t = 0.1 (thin lines) and 0.9 
ms (thicker lines) are plotted in Fig. S(a) for a reduced 
ambient pressure of 2. Droplet surface temperature, 
normalized squared radius, and heat transfer number 
histories are plotted in Fig. 5(b). In this figure, the 
surface temperature T, is normalized by the computed 
critical mixture temperature T,,, and the radius by its 
initial value. Notice that BT increases as the droplet 
surface approaches the critical mixing conditions and 
the enthalpy of vaporization becomes vanishingly 
small. The computations were stopped when T,, 
(= T,/T,,) ‘= 1, as then the physical process changes 
and is not adequately modelled by this formulation. 
In all cases, it is predicted that the surface temperature 
reaches the critical mixture value (see Fig. 5(b)), thus 
implying that a super-critical vaporization model is 
needed at this point-note that the environment tem- 
peratures considered here are those of interest in com- 
bustion applications (N 1500 K). A simplified mddel 
was tried in which, when the critical mixing tem- 
perature is reached, the critical interface is tracked, 
and the flux boundary condition for the energy equa- 
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FIG. 4. High-pressure phase equilibrium for a binary mixture. (a) Real gas vs ideal gas model : gaseous 
oxygen mole fraction at T = I10 K. (b) Oxygen/hydrogen system : equilibrium mole fractions, and enthalpy 

of vaporization. 

tion in the droplet is changed to a Dirichlet condition. 
Note that the critical mixing interface has a fixed 
temperature and composition. Therefore, a degener- 
ate phase equilibrium condition has to be enforced. 
The diffusion-controlled regression of the critical sur- 
face is then followed until the mass it comprises 
becomes less than 5% of the initial droplet mass. The 
surface and center temperature histories of a LOX 
droplet vaporizing in quiescent hydrogen (1000 K) are 
plotted in Fig. 5(c). The critical mixing temperature is 
reached after 1 ms, and the droplet lifetime is about 
15 ms. The discontinuous change in droplet surface 
temperature history when the surface reaches the criti- 
cal mixing conditions is due to the extrapolations of 
the surface mass flux and diffusion coefficient from 
the near-critical regime expressions. There is little 
information on the behavior of binary diffusion 
coefficients near a vapor-liquid critical point, but they 
apparently go to zero while the mass flux remains 
finite [14]. A proper description of the transcritical 
behavior should include a more careful analysis of 
this singularity. 

It was observed that a phase equilibrium model, 
which includes the assumption of a unity oxygen mole 
fraction at the interface in the liquid, leads to under- 
predicting the critical mixture temperature by about 
10%. Therefore, the computed time at which the drop- 
let surface reaches its critical state is affected sig- 
nificantly. Hence, a binary phase equilibrium model 
is necessary. 

The simple model developed here enables us to 
evaluate the relative importance of the most com- 
putationally costly phenomena, thereby allowing us 

to deduce if these factors can be neglected in the 
perspective of spray combustion simulations. As men- 
tioned above, the binary phase equilibrium model can- 
not be simplified without seriously impairing the accu- 
racy. However, Fig. 5(a) shows that because of the 
very low mass diffusion in the liquid, the assumption 
of dissolved hydrogen being confined in a thin layer 
at the surface is viable. Note, however, that because 
of the lack of data on mass diffusion coefficients in 
liquids only order of magnitudes are obtained, but the 
trend is clear enough to draw this conclusion. 

Although the phase equilibrium algorithm is not as 
accurate in the liquid as it is in the gas, it was used to 
get some insight concerning the possibility of homo- 
geneous nucleation occurring in the droplet. At any 
given position in the droplet, x0,(r) and T(r) are 
known. The locus of the pairs (x”,(r). T(r)) represents 
the thermodynamic state in the droplet. Figure 6(a) 
shows the position on the thermodynamic equilibrium 
diagram for oxygen/hydrogen, of this locus for a LOX 
droplet at f = 0.9 ms. Since this curve remains on the 
liquid side of the diagram, never crossing the gas- 
phase equilibrium curve corresponding to the ambient 
pressure, it is inferred that homogeneous nucleation 
would require much more hydrogen to be present. 
Of course, no conclusion can be drawn concerning 
heterogeneous nucleation. 

Also, use of the ideal gas equation of state to com- 
pute the gas-phase density would significantly reduce 
the computational load. Figure 6(b) shows the density 
and velocity in the gas phase near the droplet at I = 0.2 
ms for three different equations of state: ideal gas, 
ideal solution (the density for each component is 
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FIG. 5. LOX droplet vaporizing in hydrogen. (a) Left side: temperature (dash line) and hydrogen mass 
fraction (solid line) in the droplet at I = 0.1 (thick line) and 0.9 ms (thin line). Right side: tcmpewture, 
velocity. density and oxygen mass fraction in the gas phase at I = 0.9 ms (see normalization in text). (b) 
Histories of reduced droplet surface temperature droplet radius squared and heal transfer number at 
selected reduced pressures up to the critical mixing point. (c) Surface and center droplet temperature 

history, through the critical mixing point (partial plot). 

evaluated using the Redlich-Kwong equation but the 
additive volume rule is used to get the density of the 
mixture), and real gas (the density of the mixture is 
directly evaluated with the Redlich-Kwong equation 
together with Chueh and Prausnitz mixture rules). 
Velocities are normalized by u,r = IO cm s- ’ and 
densities by prer = 250 kg mm I. The ideal solution is 
probably the best alternative since the density for each 
component at a given pressure can be tabulated vs 
temperature at the beginning of the simulation. and 
more interpolations have to be performed in this table 
during the iterations. Using the full real gas relation 
proved to be too intensive computationally (more 
than an hour CPU on Cray-YMP). Even the ideal 
gas relations yield results with little discrepancy. In a 
spray situation, the ideal gas equation of state could 
be used for the background gas, whereas the ideal 
solution relations could yield the density in the film. 

5. CONCLUSIONS 

The importance of unsteadiness in both droplet 
and gas-phase modelling was demonstrated at low 
pressures for both a hydrocarbon droplet burning in 
air and a liquid oxygen droplet vaporizing in pure 
hydrogen. Consequently, when the number of drop- 
lets necessitares the use of the film theory, the quasi- 
steady approach should be corrected to consider 
unsteadiness. 

At super-critical pressures, the surface temperature 
of a liquid oxygen droplet injected in hot hydrogen 
reaches the critical mixture value predicted by the 
model. Therefore, super-critical combustion must be 
modelled under such conditions. 

With respect to the development of a simplified 
model for droplet vaporization to be used in spray 
codes at super-critical conditions, the following 
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FIG. 6. (a) Position ofthe mole fraction vs temperature curve 
for a LOX droplet (P, = 2, 7, = 1500 K) at I = 0.9 ms. on 
the thermodynamic equilibrium diagram for oxygen/ 
hydrogen. (b) Comparison of velocity and density fields 
obtained in the gas phase with ideal gas, ideal solution and 

real gas models at I = 0.2 ms. 

remarks are made. Since super-critical surface tem- 
perature is reached very quickly (compared with the 
characteristic thermal diffusion time in the liquid) in 
the case of a LOX droplet, most of the droplet is still 
very close to its initial state. Consequently, a simplified 
model could have constant and uniform properties in 
the droplet until the surface temperature reaches the 
critical mixing value. Neglecting gas-phase solubility 
in the droplet results in significant underestimation of 
the critical mixture temperature. However, the 
assumption that dissolved hydrogen remains confined 
in a thin layer at the dfoplet surface applies; liquid 
mass diffusion does not cause significant changes in 
the predictions in the framework of this model. The 
full Redlich-Kwong equation of state with Chueh- 
Prausnitz mixture rules is really needed only in phase 
equilibrium computations. In the gas phase, a simpler 
model can be used (ideal solution). For spray com- 

putations. even at the pressures considered here, the 
ideal gas assumption can be used to compute the 
background gas-phase density while retaining the 
essential physics of the phenomena. The thermo- 
dynamic equilibrium in the droplet indicates that 
homogeneous nucleation is not likely to occur. How- 
ever, because of the limitations in the liquid phase of 
the thermodynamic model, this conclusion may be 
questioned. It is emphasized that these conclusions 
apply until the surface temperature reaches the critical 
mixing value. After this, it is believed that variable 
properties must be fully taken into account, including 
critical point singular behavior of the mass diffusion 
coefficient. 
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