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A numerical study of the supercritical combustion of a liquid oxygen (LOX) droplet in a stagnant 
environment of hot hydrogen is carried out with a detailed chemistry model. Special attention is devoted to 
ignition process and diffusion flame structure. Ignition consists typically of the propagation of a premixed 
flame which is initiated in the H,-rich hot side. Propagation takes place in a nonhomogeneous hot 
environment (say 1500 K) with a considerable velocity (typically 50 ms-’ ). Despite the high temperature of 
the ambiance, the medium ahead of the flame can be considered as frozen during the transit time. In 
addition, it is found that droplets with diameter less than I pm vaporize before burning. A quasi-steady-like 
diffusion flame is then established. In this regime we observe that the D’ law is approximately valid. In 
contrast to the case of a single irreversible reaction, a full chemistry model leads to a very thick flame where 
chemical consumption and production cover a surrounding zone about four times the instantaneous droplet 
radius. Reversibility of the reactions plays a determinant role in the flame structure by inducing a large 
near-equilibrium zone which is separated from a frozen region by a thin nonequilibrium zone. The length 
scale of the latter region is found to behave as the square root of the instantaneous droplet radius and a 
detailed analysis shows that just two elementary reactions are involved in this zone. Furthermore, the 
influence of several parameters is considered; temperature and pressure in the combustion chamber have a 
weak influence on the burning time. Influence of initial droplet radius confirms that droplet combustion is a 
diffusion controlled process. Chamber composition is also considered. Finally, it is shown that a precise 
description of the transport properties in the dense phase is not required. 

INTRODUCTION 

High-pressure droplet vaporization and com- 
bustion have received significant attention late- 
ly. This is mainly due to the need of a deeper 
understanding in this subject area for the de- 
velopment of high-pressure combustion de- 
vices such as liquid-propellant rocket motors 
and diesel engines. 

It is well established [l, 21 that, when the 
ambient pressure exceeds the critical pressure 
of one of the droplet components, the droplet 
liquid-vapor interface can disappear and the 
process has to be considered as the combus- 
tion of a “puff’ of a dense fluid surrounded by 
a light one. The conditions under which such a 
supercritical regime is reached, have been the 
purpose of recent investigations [3-61. 

In the present work we assume that these 
conditions are met as soon as the droplet is 
injected in the chamber. These conditions for 
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LOX droplets could be attained for instance, 
as soon as water vapor is present in the cham- 
ber and the pressure is higher than the 0, 
critical pressure (50 bars). This is supported by 
a thermodynamic study of liquid-vapor coexis- 
tence, briefly reported in Appendix. 

Experiments with hydrocarbon droplet com- 
bustion by Faeth et al. [ll and Sato et al. [71 
have shown the existence of the supercritical 
regime for combustion. They observed, above 
the critical pressure, a change in the depen- 
dency of the combustion time: it weakly in- 
creases with respect to pressure. Several theo- 
retical approaches have been proposed within 
the framework of the flame sheet concept. 
Spalding [8] considered a dense pocket re- 
duced to a point source, Rosner [9] extended 
this to a distributed source while Sanchez- 
Tarifa et al. [lo] provided a solution using 
asymptotic matching. Shuen et al. [5] carried 
out a numerical study with a one-step irre- 
versible chemical reaction, applied to n-pen- 
tane droplets. 

The present paper specifically addresses the 
combustion of a LOX droplet in a high-pres- 
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sure, hot hydrogen stagnant environment, with 
a detailed chemistry model [ll] including 8 
species and 37 elementary reactions. Although 
the absence of a reliable experimental con- 
firmation makes it difficult to ascertain that 
any available chemical scheme is valid at high 
pressure (- 100 bars), the use of a detailed 
mechanism provides a much better description 
of LOX droplet ignition and combustion than 
a simplified one step irreversible reaction. 
Among the realistic features captured: a realis- 
tic flame temperature as encountered in rocket 
engines (- 4000 K), an important presence of 
radicals, a very thick flame resulting from re- 
versibility effects . . . Moreover the fact that 
HZ-O, combustion is very fast-so that near- 
equilibrium prevails almost everywhere- 
makes most of our results (Quasi-steady pro- 
files, combustion time, influence of chamber 
characteristics) less sensitive to chemical kinet- 
ics. Because we are particularly interested in 
flame description, we have used gas phase 
thermodynamic and transport properties. Such 
a practice is questionable for the dense fluid 
(i.e., the “droplet” and its close vicinity): we 
will show nevertheless on a typical example 
that the use of more sophisticated modelling 
for dense phase properties would have a negli- 
gible influence as long as the density is cor- 
rectly estimated in the dense phase. This is the 
reason why we have systematically used the 
Redlich-Kwong-Soave equation of state for 
high-pressure mixture. 

The paper is organized as follows. 
In the first section we present the problem 

to be solved with numerics: the single-phase 
conservation equations written in spherical 
geometry, the transport and thermodynamic 
model used and the finite volume numerical 
scheme. 

The second part provides the numerical re- 
sults for ignition. After extracting some orders 
of magnitude from the study of the homoge- 
neous case, the actual ignition of a LOX drop- 
let is described. The influence of initial droplet 
radius is investigated. 

In the third part, we follow the whole tem- 
poral evolution of the droplet burning. A 
steady-combustion-like regime is observed for 
sufficiently large droplets and we check the 
validity of the related classical results. Then a 

detailed analysis of the diffusion flame struc- 
ture is carried out. Finally, the influence of 
some relevant parameters on combustion time 
is investigated. 

THE MODEL 

The ignition and combustion of a LOX droplet 
in a high-pressure hot hydrogen environment 
is considered. The droplet is assumed to be in 
a supercritical state from the beginning. Just 
one phase is thus present, the “droplet” being 
the dense cold region around the origin. The 
droplet interface can be defined as the locus 
where either temperature, density, or oxygen 
mass fraction has an initially prescribed value 
(close to those of the origin). The influence of 
this choice will be discussed later: as a matter 
of fact, these three possible definitions are 
nearly equivalent in predicting droplet life- 
times, except for small droplets where impor- 
tant differences are noted. 

Equations 

The mass and energy conservation equations 
to be solved in spherical geometry are the 
following: 

ap ld 
+ -&r$Jv) = 0, 

ayk 
- = -; ;(?Jk) + ‘hkW/,, 

dr 

aT dT 
PC,T + PVC,dr 

k = 1,8, (2) 

- i cpkJk; 
k=l 

- i hkhkwk (3) 
k=l 

where T is the temperature and Yk are the 
mass fractions of the eight species involved. 
They are respectively: H,-O,-H-O-OH- 
HO,-H,O-H,O,. 

p is the mass density, cP the mass weighted 
mean specific heat at constant pressure, h, the 
specific enthalpies of the species, wk the molar 
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production rates of the species, and W, the 
molecular weights of the species. Jk is the 
diffusive flux of species k. Modeling of all 
these physical quantities are presented in the 
next paragraph. 

The boundary conditions are: 

-zero gradients at Y = 0 for all dependent 
variables (T, Yk, k = 1 . . .8) due to the 
spherical geometry 

-prescribed values at infinity for the depen- 
dent variables. Infinity is numerically at 
hundred initial droplet radii from the origin. 

The initial conditions: 
For all quantities, piecewise linear profiles 

are prescribed by specifying the values at the 
origin, at the initial “interface” located at a, 
and at infinity. Thus, the dependent variable 
fields are essentially uniform from r = 0 to 
r N a, and from r N a, to infinity. A transition 
zone around a, is numerically necessary, its 
thickness is taken of the order of 0.01 a,. 

Equation of State, Transport, and 
Thermodynamic Properties 

The Redlich-Kwong-Soave equation of state 
is used to define the density field as a function 
of temperature, pressure and composition. For 
a single component i this equation reads 

RT 
p=-- ai 

V - bi V(V + bi) ’ 

where a, and bi depend on the critical temper- 
ature and pressure of this component [12, 131. 
The coefficient ui also includes an empirical 
simple function of o, the acentric factor which 
is an experimental data (w = -log[P,,,/P,] 
where Psat is the saturation pressure at T = 
0.7*T, and T, the critical pressure). The same 
form of equation of state is extended to mix- 
tures when a, and bi are replaced by a, and 
b,,, defined by simple mixing rules: a,,,“’ = 
CXiUi”2 and b, = Cx,bi(.xi: mole fraction of 
component i). Although this practice is essen- 
tially empirical, it has received a large experi- 
mental support [12, 131. 

A slight difficulty arises in our case due to 
the presence of radicals and metastable species 
for which those coefficients can not be defined. 

To circumvent this difficulty, just the three 
main species H,, 0,, and H,O are considered 
when using this equation (i.e. their mole frac- 
tions are normalized so that they sum up to 
unity). The error occasioned by this practice is 
negligible because the sum of the mole frac- 
tions of these species deviates significantly from 
one only in high temperature regions (due to a 
significant presence of radicals) and in this 
case the equation of state is equivalent to the 
perfect gas law. 

Thermochemical and transport properties 
are evaluated using the gas-phase packages- 
CHEMKIN [ 141 and TRANSPORT [ 151. These 
properties are temperature dependent and 
functions of the mixture composition through 
averaging formula. The thermal conductivity is 
independent of pressure and the diffusion co- 
efficients are inversely proportional to pres- 
sure. A nonzero thermal diffusion velocity is 
included for the low molecular weight species 
(H and HZ) in the evaluation of Jk, the diffu- 
sive fluxes. 

The use of the same expressions (from 
gaseous origin) throughout the domain, en- 
ables a continuous spatial variation of the 
transport and thermodynamic properties, which 
is an expected feature of a supercritical fluid. 
However this use is of course questionable and 
certainly incorrect in the dense (liquidlike) 
phase. However it turns out, as shown on a 
typical example given below, that the influence 
of the transport properties of the dense phase 
plays a negligible role on the total burning 
time. This conclusion is in complete agreement 
with the expression of the combustion time 
yielded by the analytical study by Sanchez- 
Tarifa et al. [lo]. A similar conclusion about 
the weak sensitivity of droplet lifetime to 
transport coefficients in the dense phase has 
been also drawn in the numerical study by 
Curtis et al. [16]. 

Let us indicate here that the modelling pre- 
sented above seems satisfactory, although a 
more sophisticated one might be partly possi- 
ble. Because of the large uncertainties associ- 
ated with the transport property estimation 
methods for dense mixtures [12], and because 
of the simultaneous presence of a large num- 
ber of delicate issues in our problem (the dis- 
appearance of the interface suggested by our 
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thermodynamic study (cf Appendix), the evalu- 
ation of diffusion coefficients, the important 
concentrations of radicals and metastable 
species, the polarity of H,O, the chemical ki- 
netics . . .I, it is not recommended to seek high 
accuracy in some cases while this can not be 
achieved in others. This remark applies for 
instance to the modification of the equation of 
state to take account of “the quantum effects” 
of H, as in [4]; such a practice would change 
our results by less than 1%. 

served. Finally, the influence of some parame- 
ters on combustion time is briefly discussed. 

The Homogeneous Case 

It is of particular interest to describe the chem- 
ical equilibrium related to the homogeneous 
adiabatic combustion of a 0,/H, mixture. 
Three points are considered: ignition delay, 
adiabatic flame temperature and equilibrium 
composition. 

The Numerical Method 

Equations l-3 are discretized using a finite- 
volume approach [17] and solved in two steps 
M. 

-A reaction step where only the transient 
term is kept at the left-hand sides of Eqs. 
2-3 and the chemical term is kept at the 
right-hand side. The resulting stiff system of 
ordinary differential equations is solved us- 
ing LSODE solver [19]. This first step allows 
deduction of an averaged value of the chem- 
ical source terms over the time step at each 
grid point 

-A reaction-convection-diffusion step where 
the whole system is solved implicitly with 
the chemical source term being replaced by 
its averaged value from the first step. An 
upwind discretization is applied to the con- 
vective term. 

The space grid is not uniform but fixed in 
time. Three quarters of the grid points lay 
within 6 initial radii from the origin, the rest 
being used to cover the remaining domain. The 
number of grid points used varies from 200 to 
1500. 

RESULTS AND DISCUSSION 

In this section we begin with a quick analysis 
of the homogeneous case. This is done in order 
to determine some orders of magnitude needed 
to interpret subsequent results. The actual ig- 
nition process is then studied and the history 
of a LOX droplet burning in hydrogen is de- 
scribed. A quasi-steady-like regime can be ob- 

The ignition delay depends on pressure, ini- 
tial temperature, and initial composition of the 
reactive mixture. We will choose a typical pres- 
sure of 100 bars, and determine the effect of 
initial dilution with H,O, and the influence of 
HZ/O, ratio. Equations 2-3 are solved with 
the space derivatives removed and with differ- 
ent initial conditions. The induction delay is 
defined as the inflection point of T versus 
time. 

As a typical example, the influence of HZ/O, 
equivalence ratio on induction delay for a 
nondiluted 0,-H, mixture at 100 bars and 
1500 K is illustrated by Table 1: 

In order to take into account the presence of 
radicals at high temperature in a real combus- 
tion chamber some of the calculations below 
were carried out with an initial mole fraction 
of the radical H equal to 10m3. This choice is 
not arbitrary, and corresponds to the composi- 
tion of this radical in equilibrium with H, at 
high temperature, typically at 2000 K. As a 
result, the ignition delay is shortened as seen 
on Table 2 where ignition delay and adiabatic 
flame temperature for a stoichiometric mixture 
at 100 bars and 1500 K are given as a function 
of the initial H,O mole fraction. 

The influence of initial temperature and 
pressure on the adiabatic flame temperature is 
illustrated in Fig. 1, where the adiabatic flame 
temperature is plotted versus pressure for four 
initial temperatures between 1000 and 2500 K. 

The equilibrium temperature and composi- 
tion of an initial stoichiometric nondiluted 
mixture at 100 bars and 1500 K (case 1 in 

TABLE 1 

Hz/O1 equation ratio 0.5 1 2 5 10 
Induction delay/( ps) 1.63 1.46 1.40 1.44 1.57 
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TABLE 2 

XH,O 0 0.25 0.5 
Ignition delay ( ps) .37 1.2 2.3 
Adiabatic flame temp (K) 3993 3576 3065 

Table 2) are the following: 

T = 3993 K. XH, = 0.16, 

x0, = 0.04, 

XH,O = 0.56, 
XH = 0.06, 
x0 = 0.03, 
XOH = 0.15, 
XHO, = 0.21 1O-3 

XH,O, = 0.5 10p4. 

A rapid glance at the equilibrium composition 
shows that the reactants are not totally de- 
pleted and thus the importance of reversibility 
effects. The concentration of radicals is very 
important, OH being the predominant one. 
These results for a homogeneous flame indi- 
cates that the diffusion flame around a droplet 
will present an important feature: the re- 
versible effects will lead to the broadening of 
the flame [20-211. 

/11,,,11,,11/1,111/1/1(111’,“1,1,’11,”1””1 
50 150 250 350 450 

Pressure ibar 

Flame temperature versus pressure of a stoichio- 
metric Hz/O, mixture for four initial temperatures (Curve 
A T = 1000 K, Curve B T = 1500 K, Curve C T = 2000 K, 
Curve D T = 2500 K). 

Ignition of a LOX Droplet in a Hot 
Hydrogen Environment 

The actual ignition occurs in a non homoge- 
neous medium and depends on the mechanical 
time (convection-diffusion) involved, which in 
turn depends on droplet radius. The influence 
of droplet radius on ignition is addressed in 
the next paragraph while here we describe the 
ignition process in a typical case. 

Now we solve the complete set of Eqs. 1-3 
with the boundary conditions already men- 
tioned. The initial conditions are the following: 
the initial “interface” is located at Y = a,,. The 
initial profiles are uniform for r < a,, and for 
r > l.O2a,, and linear between a, and 1.02~“. 
As a typical example, the initially prescribed 
values “in the droplet” (i.e., r < a,> denoted 
with the superscript 0, and in the ambiance 
(r > 1.02~~) denoted with the superscript cc, 
for the case to be considered in this paragraph 
are 

x” 02 = 1 XOZX = 0; x,,” = 0 X( = 1; 

T” = 90 K; T” = 1500 K. 

The initial mole fractions of the other species 
are zero, and a, = 20 pm. The ambient pres- 
sure is 100 bars. 

Let us describe the ignition process. Figure 2 
shows the temperature profile at five instants, 
namely 2.8, 2.9, 3.0, 3.1, and 3.2 ,us. It is seen 
that the initial runaway occurs in the HZ-rich 
side, and that a steep thermal front propagates 
towards the droplet in an increasingly lean and 
cold mixture. In what follows we will confirm 
that this front represents a deflagration wave 
accompanying the installation of a diffusion 
flame. It is expected [22] to consume the defi- 
cient reactant on its way towards the droplet, 
leaving a diffusion flame after it crosses the 
stoichiometric point. 

In Fig. 3 we notice that the ignition time in 
the nonhomogeneous case is about twice the 
homogeneous one which is indicated in Table 
1. This delay obviously includes an initial mix- 
ing time. The heat release accompanying the 
premixed flame propagation is illustrated in 
Fig. 4 which represents five instantaneous heat 
rate profiles, at the same instants as in Fig. 2. 
The ignition starts in a point located around 
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0 t’,~,,,‘t”““.“t”.‘t”““,,,,‘..,~ 
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distance /p 

Fig. 2. Temperature profiles during the ignition of a 20- 
pm-radius droplet at 90 K in a hot hydrogen gas at 1500 K 
and 100 bars. Curve A-time = 2.8 ps; B--t = 2.9 ps; C 
--t = 3.0 /JS; D-r = 3.1 ps; E-r = 3.2 /LS. 

2~2,. The heat production peak increases then 
decreases. We have followed in time the posi- 
tion of this peak and deduced its velocity which 
is shown in Fig. 5. This front speeds up as long 
as the equivalence ratio decreases to 1. When 
the stoichiometric point is reached the front 
begins to slow down and finally vanishes in the 
close vicinity of the droplet. As for the inten- 
sity of the velocity, it is quite unusual to notice 
that the maximum in Fig. 5 is around 50 m/s. 
This point will be discussed below. 

4coo-, ,‘, ‘, ,1’ 1,. ,-! 
./- 

--__T 

Time /ps 

5.5 108 

1.1108 

2.7 ld 

1.4 ld 

D 

Fig. 3. Maximum temperature and total heat production 
rate versus time during the ignition of a 20-pm-radius 
droplet at 90 K in a hot hydrogen gas at 1500 K and 100 
bars. 
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Fig. 4. Heat production profiles during the ignition of a 
20-pm-radius droplet at 90 K in a hot hydrogen gas at 
1500 K and 100 bars. Curve A-time = 2.8 ps; B--t = 2.9 
/.q C-r = 3.0 ps; D--r = 3.1 j~s; E--r = 3.2 /.Ls. 

An interesting question to be raised here is 
about the nature of the thermal front encoun- 
tered. Its propagation takes place in a hot 
premixed environment, and it is legitimate to 
ask whether this wave is a deflagration. More 
precisely, can the medium ahead of the flame 
be considered as chemically frozen during the 

l”““““““““““““““““““““‘1 

_g I,...,,...,.,,.,....,....,.,,K,...,,,,,,~,~,,l 
0 1 2 3 4 

Tie /p 

Fig. 5. Velocity of the premixed flame, defined as the 
velocity of the maximum of the heat production rate, 
during the ignition of a 20-pm-radius droplet at 90 K in a 
hot hydrogen gas at 1500 K and 100 bars. 
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transit time? First let us consider the most 
energetic stage of this reactive wave. This cor- 
responds approximately to curve D in Fig. 4. 
At this instant we can investigate the balance 
between reaction, diffusion, advection pro- 
cesses as follows. Considering the major terms 
in Equation (3) and rewriting it as 

A+B+C+D-0, 

where 

A = P/I;, 

-1 s 
C = - c h,&W,, 

‘P k=l 

A, B, C, and D represent respectively the 
advection, diffusion, reaction and transient 
terms. The radial profile of these four quanti- 
ties are plotted in Fig. 6 which is in fact a zoom 
from r = 21.2 pm to r = 24.8 pm. It is seen 
that ahead of the wave the chemical term (C) 
is practically zero, so that the transient term 
CD) is only due to heat conduction (B). The 
wave is consequently a deflagration. As a mat- 
ter of fact, it can be shown that rapid deflagra- 
tion waves exist in 0,-H, mixtures at high 

-3.0109 “‘I,‘I’.II’.IIIIIIIIIII,I.J1llllll 
21.2 21.6 22 22.4 2.2.8 23.2 23.6 24 24.4 24.0 

distance /pm 

Fig. 6. Dominant terms of the energy equation versus 
space. A represents the convective term, B the diffusive 
Fourier term, C the energy source term, D the transient 
term (divided by Cp) as they appear when they are in the 
left hand side of Eq. 3. 

temperatures (> 1000 K), but only at high 
pressure [23]. Finally, note that the flame 
thickness in our present case is about 2 pm. 
This scale can be considered as the typical 
reaction-diffusion length. 

Influence of Droplet Radius on Ignition Delay 

The aim of this paragraph is to study more 
quantitatively the influence of droplet radius 
on combustion delay. It is expected that a 
significant increase in combustion delay will 
occur when the mechanical time (convective or 
diffusive) decreases until it becomes of the 
same order of magnitude as the homogeneous 
induction time. As a typical example at p = 100 
bars for an ambient temperature of 1500 K 
and an initial mole fraction of H-radical of 
10m3, the induction time (as quoted on Table 
2) is about 0.3 ps. The thermal diffusion coef- 
ficient Dth in the ambient gas being about 0.5 
cm2/s, the diffusion time a,,‘/D,,, becomes 
comparable to the induction time for a, N 4 
pm. As shown in Table 3, the increase of the 
induction time becomes significant for radii 
smaller than 5 pm, and small droplets with 
radii around 1 pm are expected to disappear 
before burning. 

History and Characterization of a 
Burning Droplet 

In this paragraph we follow the temporal evo- 
lution of a droplet until its disappearance. As a 
typical example, a 50 pm-radius droplet burn- 
ing in hydrogen at 1500 K and 100 bars is 
considered. The initial temperature of the 
droplet is 90 K, and an initial mole fraction of 
lop3 is assumed for H-radical in the ambiance. 
This example is also the opportunity to pre- 
cisely define the droplet combustion time and 

TABLE 3 

Droplet radius 50 10 5 2 1 0.5 
( pm1 
Induction time 0.65 0.7 0.98 1.6 greater than 
( /.Ls) lifetime 
(ambient temp. 
= 15OOK) 
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to compare the three definitions adopted for 
the instantaneous droplet radius: 

-the locus where the oxygen mole fraction is 
equal to 0.99. 

-the locus where the temperature is equal to 
91 K. 

-the locus where the density is equal to its 
initial value at the interface. 

Figure 7 shows the evolution of the droplet 
radius defined with respect to these three def- 
initions. It is noticed that the estimate of the 
instantaneous radius, and especially the droplet 
lifetime is not very sensitive to the choice of 
one of those definitions. Nevertheless, at the 
beginning (i.e., before ignition), a discrepancy 
between these definitions is noted. 

The issue of the choice of the droplet radius 
definition is more serious in super-critical va- 
porization without combustion [6] because all 
fields can diffuse quasi-independently: they are 
not coupled by combustion. 

As for the burning time determination in the 
context of supercritical combustion, we have 
selected a relevant quantity which is indepen- 
dent of a precise definition of the interface: 
the total mass of oxygen (integrated over 
space), plotted in Fig. 7. It is seen to vanish 
almost simultaneously with the radii presented 
on the same figure, in a time close to 1.1 ms. 

~ 02 total mass 
--8.-RadiusbasedcnYo2 - 0.6 
--•--RadiusbasedonT 

0. 0.2 0.4 0.6 0.8 1.0 1.2 
time /ms 

Fig. 7. Total oxygen mass and droplet “radius” versus 
time, for a 50-km-radius droplet at 90 K in a hot hydrogen 
gas at 1500 K and 100 bars. The definition of the radius is 
based on a particular value of oxygen mole fraction (Curve 
A), temperature field (Curve B) or density field (Curve 0. 

The combustion time used below will be defined 
as the time needed for the oxygen mass to vanish. 

At this point, it is interesting to check how 
far the classical results of the quasi-steady 
theory apply. First, concerning the 0’ law, we 
plot in Fig. 8 the square of the droplet radius 
(based on T). After a transient time close to 
0.15 ms, it is seen that this law is approximately 
satisfied during almost the entire combustion 
time. The quasi-steady theory finds another 
confirmation on the same figure where the 
maximum temperature is plotted. After the 
same transient time mentioned, this maximum 
reaches a peak value close to 4250 K, which 
can be considered as stationary during most of 
the combustion time. On the other hand, if we 
plot in Fig. 9 more sensitive quantities like the 
ratio of the maximum-temperature locus over 
the instantaneous droplet radius (Curve B) or 
the maximum-heat release locus over instanta- 
neous droplet radius (Curve A), it turns out 
that the quasi-steady regime can never be con- 
sidered as completely established, these ratios 
being an increasing function of time. It is in- 
teresting to note that the maximum heat re- 
lease is located very close to the droplet inter- 
face (within half a droplet radius). This point 
will be discussed in the next paragraph. 

Structure of the Established Diffusion Flame 

After ignition, a quasi-steady like regime is 
established during which the O2 law is approx- 
imately valid and the flame temperature con- 

4500, ,’ ,,, ‘, ” ,250o 

lsool., , ,:._ ,do. 
0. 0.2 0.4 0.6 0.8 1.0 1.2 

time /Ins 
Fig. 8. Droplet “radius” squared and maximum tempera- 
ture versus time, for a 50-pm-radius droplet at 90 K in a 
hot hydrogen gas at 1500 K and 100 bars. 
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ii L / , 

0 0.2 0.4 0.6 0.8 1 
Time Ims 

Fig. 9. Ratio of the radius of the heat production rate 
maximum over droplet radius (Curve A), and ratio of the 
radius of the maximum temperature over droplet radius 
(Curve B) versus time, for a 50-pm-radius droplet at 90 K 
in a hot hydrogen gas at 1500 K and 100 bars. 

stant, as seen in the previous paragraph. We 
study now in detail the diffusion flame that 
presents many differences with the flame sheet 
model or a single reaction irreversible model. 
As will be shown, the flame is indeed very thick 
with a chemistry in near equilibrium, with pro- 
duction and consumption zones covering large 
domains. Let us return to the case studied 
previously: a 50-pm radius droplet burning in 
a chamber characterized by an ambient gas at 
100 bars and 1500 K. 

After a transient regime of the order of 
some diffusion times (say 0.2 ms), the maxi- 
mum flame temperature is reached and a flame 
structure, which at first glance looks self-simi- 
lar, accompanies the droplet regression. Let us 
describe temperature, density, and velocity 
profiles (plotted in Fig. 101 when the droplet 
radius is about 40 pm (i.e., at t = 0.3 ms). The 
temperature profile presents a maximum close 
to 4250 K located at about 2.3 times the in- 
stantaneous radius. This flame temperature is 
higher than in the homogeneous case where it 
is about 4000 K. This is classically explained 
[24] by nonunity Lewis number, which is typical 
of hydrogen flames. The density profile sepa- 
rates clearly a dense region from a light one, 
the transition from the first one with a typical 
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Fig. 10. Temperature, velocity and density profiles at t = 
0.3 ms, for a .50-pm-radius droplet at 90 K in a hot 
hydrogen gas at 1500 K and 100 bars. 

density of 1.2 g/cm3 to the second one with a 
density of 0.0012 g/cm3 in the far field being 
very sharp. This steep density gradient is due 
to the temperature gradient amplified by a 
strong dependency of the equation of state on 
temperature in the vicinity of the dense phase. 
The difference in molecular weights between 
the droplet component and the ambiance acts 
in fact at a further distance from the droplet. 
The shape of the velocity profile is determined 
by the Stefan flow due to “vaporization” and 
by the gas expansion through the flame. In the 
far field the rm2 decrease is noticeable. 

The mole fractions of the different species 
are presented in Fig. 11. Curve A that repre- 
sents H, mole fraction, indicates that H, dif- 
fuses until a close vicinity of the droplet. On 
Curve B, relative to O,, we observe that the 
droplet remains almost pure, and that oxygen 
is totally consumed by the reaction within three 
instantaneous droplet radii. Curve C presents 
the mole fraction of H-radical. Due to its high 
mobility, it diffuses within tens of radius away 
from the flame. Curves D and E are relative to 
0 and OH-radicals. We note the importance 
already mentioned in the homogeneous case of 
OH-radical. The mole fractions of the meta- 
stable species HO, and Hz02 have been mul- 
tiplied by 100 in order to be visible (curves F 
and H). HO, is however of capital importance 
for the heat generation as it will be shown 
below. Curve G is relative to H,O. 

The net production rates profiles, corre- 
sponding to the above species, are shown in 
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Fig. 11. Mole fractions profiles at t = 0.3 ms, for a 50- 
pm-radius droplet at 90 K in a hot hydrogen gas at 1500 K 
and 100 bars. A, B, C, D, E, F, G, H represent, respec- 
tively, H,, O,, H, 0, OH, HO,, H,O, and H,O, mole 
fractions (multiplied by 100 for HO, and H,O,). 

Fig. 12 denoted with the same symbols as in 
Fig. 11. First we observe that the region of 
chemical activity covers a large zone from 46 
to 160 pm. Second a thin region, with specific 
chemical activity, is noticeable in the vicinity of 
the droplet. It corresponds to a peak of H,O 
net production (Curve G), peaks of 0 and OH 
net consumption (Curve D and E), and more 
surprisingly to a peak of 0, net production. 
The heat production rate is plotted in Fig. 13 
and it is observed to peak in this same narrow 
region. 

To understand from a chemical point of view 
the existence of this thin region we have plot- 
ted in Fig. 14 the net rates of progress profiles 
of all the reactions (19 curves). The picture 
thus obtained is rather simple: just six reac- 
tions have a non negligible net contribution. 
Those are 

O,+H*OH+O (Curve A) 

H,+O++OH+H (Curve B) 

H, + OH w H,O + H (Curve C) 

OH+OH*H,O+O (Curve D) 

H + 0, + M c) HO, + M (Curve H) 

HO, + OH c, H,O + 0, (Curve M) 

0 40 80 120 160 
distance /p 

Fig. 12. Net production rates profiles at t = 0.3 ms, for a 
50-pm-radius droplet at 90 K in a hot hydrogen gas at 
1500 K and 100 bars. A, B, C, D, E, F, G, and H are 
relative, respectively, to H,, O,, H, 0, OH, HO,, H,O, 
and H,O,. 

The last two recombination reactions are ener- 
getically the most important. They practically 
determine the heat production profile. The first 
one produces HO, and the second one con- 
sumes it, and their importance is due to the 
low activation energy of the direct reaction and 
the high exothermality (the latter implies high 
activation energy of the reverse reaction). This 
explains the existence of H,O and heat pro- 
duction peaks near the interface where the 
temperature is low enough so that their re- 
verse reactions can no longer keep pace with 
them. The net production rates of these two 
reactions are there, of the same order of mag- 
nitude of the forward rates and this narrow 
zone is in nonequilibrium. As for the 0, pro- 
duction peak, its origin stems from the recom- 
bination of radicals (0 and OH chain break- 
ing) that have diffused to the cold region. 

The region to the left of this narrow one can 
be considered as frozen because its chemical 
activity is very low. To the right-hand side of 
this transition domain, three reactions are pre- 
dominant (illustrated by Curves B, C, and D in 
Fig. 14). Although they present net reaction 
rates larger than the ones of the transition 
zone (illustrated by Curves A, H, and M in Fig. 
14) they do not play any energetic role for the 
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Fig. 13. Heat production rate profile at I = 0.3 ms, for a 
50-pm-radius droplet at 90 K in a hot hydrogen gas at 
1500 K and 100 bars. 

40 M) 80 100 120 140 160 180 
distance /pm 

Fig. 14. Rates of progress of all reactions versus space. 
Just six reactions have a nonnegligible net contribution 
(CGS units): 

O,+H++OH+O (Curve A) 
H2+O++OH+H (Curve B) 
H, + OH ++ H,O + H (Curve C) 
OH+OH++H,O+O (CutveD) 
H + 0, + M cf HO, + M (Curve H) 
HO2 + OH ~1 H,O + O2 (CurveM) 

following reasons: C correspond to an exother- 
mic process while D is related to an endother- 
mic one of the same intensity, so that their 
global heat release remains negligible. As for 
the reaction represented by curve B, it is very 
weakly exothermal. In this region all the reac- 
tions can be considered in near equilibrium, 
that is the net rate of a reversible reaction is 
negligible compared to both the direct and the 
reverse rates as illustrated in Fig. 15 where 
Curve A [resp. B] represents the direct [resp. 
reverse] rate of progress of the reaction: H + 
0, + M ++ HO, + M. We observe that the 
difference is not distinguishable. It is thus re- 
quired to multiply the latter quantity by ten in 
order to make it appear as Curve C on Fig. 15. 

Let us compare now the present diffusion 
flame with the simplified model by Linan [25] 
of a single irreversible reaction. In the frame- 
work of a single irreversible reaction, and as- 
suming that the combustion is complete (i.e., 
no leakage occurs across the reaction zone), 
this coexistence zone is also the reaction zone 
with thickness 1,. If the reaction is fast, it is 
small compared with the diffusive length, which 
can be called the flame thickness I,. More 
precisely, for a second-order reaction [25] 

1, _ = Da-‘/3, 

1, 
(4) 

where Da is the Damkohler number that rep- 
resents 7,/r,, the ratio of the mechanical time 
by the chemical time. In droplet diffusion 
flames, the flame thickness is of the order of a, 
the droplet radius: 1, _ a. The mechanical time 
is 7, N a*/D. Equation 4 then rewrites 

1, N (D,c)1’3a’/3 N e*/3a’/3, (5) 

where e = (DT,>'/* is an intrinsic diffusive- 
reactive length scale. Let us notice that ratio 
e/a is a infinitely small quantity as long as the 
droplet radius is larger than a few microns. 
Rewriting Eq. 5 as 

1, e 213 
-_= - 
a ( 1 a ’ (6) 

we conclude that 1,/a is a small quantity of 
lower order and that 1, is a new intermediate 
length scale resulting from the coupling be- 
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Fig. 15. Rate of progress of the reaction: H + 0, + M e 
HO, + M. Curve A [resp. B] represents the direct [resp. 
reverse] rate of progress. Curve C represents the net rate 
of progress multiplied by 10. 

tween both intrinsic ones: the instantaneous 
droplet radius and the reactive-diffusive length. 

Let us now return to the present flame. At 
first glance, its reactive zone covers a large 
domain with a typical length scale proportional 
to the instantaneous radius. Because the reac- 
tive zone contains a large domain in near-equi- 
librium, let us focus our attention to the transi- 
tion zone in non-equilibrium mentioned above. 
As the latter zone corresponds to the locus 
where the major heat release occurs, we will 
define I, as the width at half height of the net 
heat production rate profile. In our case, it 
separates a frozen zone from a zone in near- 
equilibrium as studied by Peters [26], whereas 
in the simplified model mentioned above it 
separates two zones in equilibrium [25]. 

A detailed study of the variation of I, with 
respect to the droplet radius reveals a depen- 
dency different from that given by Eq. 5. As a 
result we have plotted in Fig. 16 log,,Z, as a 
function of - log,,a. This figure shows that 
after a transient regime, a linear relation seems 
to exist. It approximately corresponds to I, = 
1.58 10e3 u112 (with I, and a in cm>. We have 
tried to put forward other couplings between 
both intrinsic lengths by studying during the 
droplet lifetime the following quantities: r, - 
a, rr - a, where rR denotes the position of the 

I 
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- log,0 Umpletndiuskm) 
Fig. 16. Log,, (the width at half height of the net heat 
production rate profile) versus -Log,, (instantaneous 
droplet radius). 

heat release peak and rT is the position of the 
maximum of the temperature profile. After a 
transient period, both quantities are found to 
approximately behave proportionally to u112. 
This proves that the quasi-steady solution does 
not rigorously exist and, although the chem- 
istry is fast, the reaction produces a coupling 
with the droplet radius yielding 1,) a new length 
scale that we can define as 

1, e 10 
-_= - 
a i 1 a 

(7) 

The relatively simple picture, that we have 
presented in this paragraph, was found valid as 
long as the droplet radius is sufficiently large, 
roughly speaking for droplet radii above 10 
pm. For smaller radii, I, and a are no longer 
well-separated. This is the source of a reactive 
picture much more complex than the one given 
by Fig. 14. 

COMPLEMENTARY RESULTS 

In this section we briefly present the influence 
of some parameters on combustion time. As 
stated before, the combustion time is defined as 
the time needed for the oxygen mass to vanish. 
More precisely, the parameters considered now 
are initial droplet radius, ambient pressure, 
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ambient temperature, ambient composition. As 
mentioned before, the transport coefficients 
used correspond to those of ideal gases, and 
their use is questionable in the dense liquid-like 
phase. The incidence of this simplification on 
combustion time and flame structure is finally 
evaluated through a typical example. 

Influence of Initial Droplet Radius 

In a vaporization process without combustion, 
the initial droplet radius is obviously the unique 
length scale of the problem so that, the process 
being controlled by diffusion, Dimensional 
Analysis leads to a vaporization time propor- 
tional to the square of the initial droplet 
radius. Because combustion introduces an ad- 
ditional intrinsic length scale (the reactive-dif- 
fusive one>, it is relevant to study the effect of 
the initial droplet radius in typical conditions. 

This influence on combustion time is illus- 
trated with Table 4 (the ambience is pure 
hydrogen at 1500 K and 100 bars). 

The combustion time can thus be considered 
as proportional to the radius squared, despite 
the existence of the intrinsic diffusive-reactive 
length scale already mentioned. This shows 
again that the rate of the process is deter- 
mined (to the dominant order) by the chemical 
near-equilibrium rate which is controlled by 
diffusion on the largest length scale. 

On the other hand, when the initial droplet 
radius becomes of the same order than the 
reactive-diffusive length scale (say a, N 1 pm), 
the ignition delay can no more be negligible 
compared to combustion time, so that this pro- 
portionality is no longer valid. 

Influence of Ambient Temperature 

The ambient temperature during the combus- 
tion process has an obvious effect on the flame 
temperature. In the homogeneous case this 

TABLE 4 

Initial droplet radius a, 5 10 25 50 
( pm) 
Combustion time 7 (ms) 0.012 0.045 0.28 1.1 
Combustion constant 0.021 0.022 0.022 0.023 
K= ao2/7 km2/s) 

effect is feeble as illustrated in Fig. 1 and it 
remains weak in the non-homogeneous case. A 
more important influence of the ambient tem- 
perature has been already mentioned: the 
strong dependency of the induction delay. As 
long as this delay remains much smaller than 
the droplet lifetime, no sensitive effect is ob- 
served. So that, in order to stress this effect, we 
have to consider small droplets. This is illus- 
trated on Table 5 where the combustion time 
of a 5 pm radius droplet burning in a pure 
hydrogen environment at 100 bars is reported: 
These figures show that above 1500 K no ef- 
fects are noticeable and confirm that for small 
droplets the induction delay plays a dominant 
role at low temperature on the droplet burning 
time. 

Influence of Ambient Pressure 

The combustion time was found almost inde- 
pendent of pressure. A very small increase 
with pressure is actually noticed: for example, 
a 50-pm radius droplet, burning in an ambi- 
ence of pure hydrogen at 1500 K, has a com- 
bustion time which increases by less than 4% 
when the pressure is raised from 100 to 200 
bars. This behavior has to be related to experi- 
mental observations by Faeth et al. [l] and 
Sato et al. [7] showing hydrocarbon droplets 
lifetime as a weakly increasing function of 
pressure in the supercritical combustion re- 
gime. 

Influence of Ambient Composition 

The influence of ambient composition on com- 
bustion time is illustrated with the following 
figures (the ambiance is hydrogen + H,O va- 
por at 1500 K and 100 bars, initial droplet 
radius is a, = 50 pm). 

The increase of combustion time with XH,O, 
is due to the decrease of the peak temperature 
and the shift of its location away from the 
droplet ([27]-[281). The last row of Table 6 
proves that the combustion time is strongly 

TABLE 5 

Ambient temperature T, (K): 1300 1400 1500 2500 
Combustion time 7 ( ps): 18.0 13.5 11.9 11.2 
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TABLE 6 

Ambient composition 0 0.25 0.5 0.75 
XH,O, (mole fraction) 
Combustion time T (ms) 1.1 1.5 2.2 4.1 
Peak temperature (K) 4250 3800 3500 3000 
location of the peak 1.6 2.0 2.5 3.8 
temperature (K) 
(distance from the droplet, 
reduced by the instant. 
droplet radius at half 
combustion time) 
y: mean T-gradient 2.6 1.85 1.36 0.76 
(between the flame 
and the interface) 
(arbitrary unit) 
7~: mean gradient 2.8 2.8 3.0 3.1 
multiplied by combustion 
time (arbitrary unit) 

related to the mean gradients between the 
droplet and the maximum temperature loca- 
tion. 

Incidence of Transport Coefficients in the 
Dense Phase 

The calculations above were carried out with 
the heat capacities, mixture conductivities, and 
diffusion coefficients being those of ideal gases. 
This has the nice feature of ensuring the conti- 
nuity of those coefficients throughout the do- 
main, especially at the “interface.” Neverthe- 
less, this use is certainly incorrect in the dense 
phase where the transport properties should be 
close to those of a liquid. 

Up to now, the mass diffusivity that we have 
used is largely overestimated (the mass diffu- 
sivity in liquids being much smaller than in 
gases). Furthermore, the ratio h/c, of heat 
conductivity over heat capacity used in the 
calculation, is certainly underestimated in the 
dense region. If we assume that the dense fluid 
is pure oxygen, comparison with experimental 
data for liquid oxygen shows that the underes- 
timate is large, close to a factor 10. 

Thus, it is imperative to check the influence 
of these large errors in transport coefficients. 
We have carried out several tests on a typical 
case: a droplet with an initial radius of 50 km 
burning in pure hydrogen at 100 bars and 1500 
K. In order to make the transport coefficients 
more realistic in the dense phase, we have 

decided to artificially modify them in the dense 
zone which corresponds more or less to tem- 
peratures less than 200 K: 

-1st case: only h/c, is increased by factor 10 
in the dense zone (T < 200 K) 

-2nd case: only mass diffusivities are de- 
creased by factor 10 (T < 200 K) 

-3rd case: both previous cases simultane- 
ously. 

The effects on combustion time are esti- 
mated by comparing to the standard case (Fig. 
8) and are reported in Table 7. We observe 
that the incidence is weak and lies within 7% 
error. An additional test has been carried out 
by modifying the definition of the dense zone: 
T < 400 K. 

This typical example shows that the combus- 
tion time is not sensitive to the transport prop- 
erties of the dense phase. As noticed in the 
previous paragraph, this confirms that the data 
concerning the combustion time appear to be 
related to some averaged value of the gradi- 
ents between the flame and the droplet. 

Additionally, this test proves that a more 
sophisticated modeling of the transport prop- 
erties in the dense region is not required from 
the quantitative point of view. 

Finally, as already mentioned, the weak sen- 
sitivity of droplet lifetime to the dense phase 
transport properties is in complete agreement 
with the expression of the combustion time 
yielded by the analytical study by Sanchez- 
Tarifa et al. [lo], and with the sensitivity analy- 
sis by Curtis et al. [16]. 

CONCLUSION 

We have carried out a numerical study of the 
supercritical combustion of a LOX droplet in a 
stagnant environment of hot hydrogen. The 

TABLE 7 

Definition of the dense zone T<2OOK T<400K 
Standard case (no modification) 1.1 ms 1.1 ms 
1st case (h/c, multiplied by 10 1.08 ms 1.08 ms 
in the dense zone) 
2nd case (mass diffusivities 1.18 ms 1.19 ms 
divided by 10 in the dense zone) 
3rd case (1st and 2nd case 1.11 ms 1.09 ms 
simultaneously in the dense zone) 
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originality of the present work lies in the use 
of a detailed chemistry model, which enabled 
us to devote a special attention to ignition 
process and diffusion flame structure. 

We have shown that the ignition process first 
consists, as classically expected, of the propa- 
gation of a premixed flame. This is initiated in 
the HZ-rich hot side and corresponds to an 
actual reactive-diffusive deflagration wave. In 
addition, when the initial droplet radius is 
sufficiently small ignition is delayed and 
droplets with diameter less than 1 pm are 
found to vaporize before burning. 

After ignition, a quasi-steady-like diffusion 
flame is then established. In this regime we 
observe that the O2 law is approximately valid. 
In contrast to the case of a single irreversible 
reaction, a full chemistry model leads to a very 
thick flame. Two well-defined reactive zones 
have been identified: 

-a large near-equilibrium zone characterized 
by net consumption rates which are several 
order of magnitude lower than the rates of 
each direct or reverse elementary reactions. 
The net rates are controlled by diffusion. 

-a thin non-equilibrium zone which separates 
the former zone from the frozen fluid close 
to the droplet. Although the net chemical 
rates are here lower than those of the for- 
mer zone as illustrated by Fig. 14 (because 
the temperature is lower), the net chemical 
rates are not negligible compared to those 
of the direct reaction. Furthermore, the 
length scale of the latter region is found to 
behave as the square root of the instanta- 
neous droplet radius and a detailed analysis 
shows that just two elementary reactions are 
involved in this zone. 

Then, the influence of the parameters of the 
combustion chamber has been considered. In 
particular the combustion time is found almost 
independent of pressure, and influence of ini- 
tial droplet radius confirms that droplet com- 
bustion is a diffusion controlled process. 

The authors are grateful to Professor A. Linan 
for encouraging and extremely helpful discus- 
sions. This work has received the support of the 
“Programme de Recherches Coordon&es 

CNRS/CNES/SEP: Combustion dans les mo- 
teurs$&es.” 

APPENDIX: O,-H,O VAPOR-LIQUID 
PHASE EQUILIBRIA 

In the classical flame sheet model, or in the 
model of one irreversible fast chemical reac- 
tion, the droplet is only surrounded by com- 
bustion products. Thus, in the first approxima- 
tion corresponding to these models, we should 
treat the interface by seeking for the vapor- 
liquid coexistence in a O,-H,O mixture. This 
appendix presents the results that one obtains 
when studying this liquid-vapor binary mixture 
at high pressure. The details of the method can 
be found in Refs. 12 and 13. It consists of 
determining for a given pressure and tempera- 
ture of the O,-H,O binary system, the compo- 
sition and the molar volume of the liquid and 
vapor phases. Four unknowns are present and 
the corresponding equations express that the 
application of the equation of state in each 
phase yields the prescribed pressure, and that 
each component has the same chemical poten- 
tial (or fugacity) in both phases. The Redlich- 
Kwong-Soave equation of state is used for 
estimating the chemical potentials and the set 
of equations is solved iteratively using a New- 
ton iterative method. The main results of the 
calculations are summarized in Fig. 17a in the 
T-P diagram. This figure can be summarized as 
follows: 

-First we have to look for solutions in which 
the liquid phase, initially of pure oxygen, 
accepts solubility of the ambient gas at low 
temperature. Such a solution is possible only 
as a very narrow perturbation of the pure 
0, liquid-vapor equilibrium. In other words, 
just traces of water are present in the mix- 
ture in both phases. This type of solution 
does no longer exist above 54 bars. Let us 
describe the solutions obtained at 53 bars. 
the temperature range where these solu- 
tions exist is between Tmin = 156.32 K and 
T max = 156.37 K. All solutions have corre- 
sponding oxygen mole fractions in the two 
phases greater than 99% (i.e., feeble pertur- 
bation of the pure oxygen liquid-vapor equi- 
librium). Tmin corresponds to the critical 
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Fig. 17. (al Domain of existence of liquid-vapor equilibria 
for the binary mixture Or-H,0 (cf. Appendix). (bl Zoom 
of (a) near 0, saturation curve. This figure represents the 
minimum and maximum temperatures where a binary Or- 
H,O equilibrium (with a dominant presence of oxygen) 
can be calculated. 

mixing point where the two phases composi- 
tions and densities become equal. The curve 
Tmin versus P can thus be considered in the 
T-P diagram as the critical line. On the 
other hand, T,,, is the temperature beyond 
which we could not find any solution. The 
band T,i,-T,,, decreases with increasing 
pressure and vanishes at P close to 54 bars. 
This is illustrated in Figure 17b which is a 
blowup of Fig. 17a. 

-Far from the pure 0, liquid-vapor equilib- 
rium curve, a strongly different solution is 
obtained where the liquid phase is quasi- 
pure water. For example, at P = 53 bars 
and T = 429.2 K, the oxygen mole fraction 
in the liquid is less than 0.1% and in the gas 

greater than 87%. The locii where the equi- 
librium involves a significant mixture in the 
gas phase, lie above the dashed line on Fig. 
17a. Below this line, this solution tends to a 
liquid phase with no oxygen, and a vapor 
phase with no water. For our purpose (i.e., 
phase equilibrium at the LOX droplet inter- 
face) this solution is of course out of inter- 
est. 

In conclusion we find ourselves constrained 
to refuse the latter equilibrium and to point 
out that above 54 bars no liquid-vapor equilib- 
rium exists when H,O-0, mixture is involved. 
It is worth noting that partially similar conclu- 
sions were drawn in Ref. 3 where the authors 
outline that the ternary equilibrium H,O- 
0,-H, is only possible in the sense of a very 
weak perturbation of the binary 0,-H, equi- 
librium. 
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