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Transcritical Vaporization of Liquid Fuels and Propellants
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An overview is provided of some challenges associated with predicting spray combustion processes in propulsion
systems operating at pressures and temperatures that are above the critical values of the pure fuel or propel-
lant injected in the liquid phase (e.g., diesel engines and cryogenic liquid rocket engines). The issues determining
high-pressure phase equilibria are outlined � rst. Then, the case of the gasi� cation of a liquid fuel (propellant)
droplet in a quiescent environment is considered. The reviewed literature shows that the more advanced models
now provide consistent predictions regarding, for instance, the variation of droplet lifetime with pressure. The
droplet gasi� cation process at these conditions is essentially unsteady. Recent studies using molecular dynamics
simulations to investigate transcritical droplet vaporization are brie� y discussed. Next, the effects of convection,
secondary atomization, and the proximity of neighbors on supercritical droplet combustion are considered. Pub-
lished results indicate that the latter tends to preclude droplets in clouds from reaching the critical mixing state.
Forced convective effects on the behavior of a droplet at supercritical conditions are considerable because they
couple with a signi� cantly reduced surface tension coef� cient to produce secondary atomizationand a one order of
magnitude reduction in the droplet lifetime. Finally, a speci� c example is given of how supercriticality in� uences
the overall performance of propulsion systems.

Nomenclature
BT = heat transfer number
C p = speci� c heat
D = droplet diameter
Emist = correction to BT due to the mist
Pm = vaporization rate
PmBLS = boundary-layerstripping rate
Nu = Nusselt number
P = pressure
Q` = heat conducted into the droplet
R = droplet radius
R0 = gas constant
Sh = Sherwood number
T = temperature
t = time
u = radial velocity
v = molar volume
PW = gasi� cation rate

Y = mass fraction
® = thermal diffusivity
° = speci� c heat ratio
1H = enthalpy of vaporization
1U1 = droplet/gas relative velocity
½ = density
¾ = surface tension coef� cient

Subscripts

c = critical
g = gas
H2 = hydrogen
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` = liquid phase
r = reduced: normalized by the critical value
S = surface
0 = initial
1 = at in� nity

Superscripts

b = average in the boundary layer
» = modi� ed to include heat transfer effect of stripping
0 = � uctuation

Introduction

T HE prevalence of high-pressures and supercritical conditions
(above the critical values of the pure liquid fuel or propel-

lant injected) in liquid-fueled jet engines and liquid rocket en-
gines is a prominent challenge to the modeling and the funda-
mental understanding of the mechanisms controlling combustion.
Accordingly, the past decade has seen a reemergence of investi-
gations aimed at providing a detailed description of the phenom-
ena inherent to these conditions. Topics of interest include pre-
diction of phase equilibria at high and supercritical pressures1¡8

(choice of a proper equation of state, de� nition of the critical in-
terface, importance of liquid diffusion), signi� cance of transport
property singularities in the neighborhood of the critical mixing
conditions, in� uence of convection (including secondary atomiza-
tion), D2-law behavior at supercriticalconditions,9 droplet lifetime
predictions,5¡8;10;11 dense spray behavior,12¡15 combustion product
condensation (LOX/H2),2;9;10;16;17 and � ame structure at high and
supercriticalpressures.9 Many of these issues are still controversial
or unresolved and are reviewed in this paper.

The actual process is characterized by the supercritical combus-
tion of relatively dense sprays in a highly convective environment.
However, most research studies considered decoupled problems
to isolate a limited set of issues. Consequently, the bulk of the
results obtained so far was derived in the case of an isolated droplet
gasifying (no reaction) in a quiescent environment, whereas other
aspectssuch as convectiveeffects,in� uenceof neighboringdroplets,
detailed chemical kinetics, or product condensation have received
scarcer and more recent attention.
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There arekeychallengesassociatedwith operationat near-critical
and supercritical conditions to increase ef� ciency and combustion
rate processes.The distinctionbetween liquids and gasesdisappears
at high pressures above the thermodynamic critical point, which
has a very strong nonlinear dependence on the composition. This
introduces some crucial phenomena that were neglected decades
ago, when the compositionaldistinctionbetween the original liquid
and its surrounding gases in the combustor were neglected. Also,
the reduced surface tension can cause a new mechanism to be the
rate controlling factor for energy conversion. Our discussion will
focus on some work that addresses those challenges;a broad review
of those challenges is not attempted here.

High-Pressure and Supercritical Droplet Combustion
High-pressure and supercritical ambient conditions have a con-

siderable in� uence on the mechanisms controlling engine behavior
and performance. Most of these effects are related to droplet be-
havior. When liquid propellant is injected in a combustion chamber
where the thermodynamic conditions are supercritical, all aspects
of the combustion process from atomization to chemical reaction
can be expected to depart signi� cantly from the better known sub-
critical patterns. In the past two decades, numerous studies have
investigated how and to what extent supercritical conditions may
affect these various aspects of isolated droplet combustion in a qui-
escent environment. A detailed review of these investigations was
recently contributed by Givler and Abraham.18

Typical models3;5;8 include a detailed computation of the high-
pressurephaseequilibriabasedona cubic equationof state.A preva-
lent cubic equation of state used in this range of pressures and tem-
peratures by the spray combustion community1;3;5;8;19¡21 has been
the Redlich–Kwong equation of state derived in 1949 (Ref. 22):

P D R0T =.v ¡ b/ ¡ a=[T 0:5v.v C b/] (1)

This empirical cubic equation has only two parameters, a and b.
This equation was then modi� ed by Chueh and Prausnitz23 to in-
clude the dependence of a and b on composition and temperature.
Although derived for pure components, these equations are often
used for mixtures by means of mixing rules. Note that, when hy-
drogen is involved [liquid oxygen (LOX)/H2 system, for instance],
its quantum nature must be taken into account in the de� nition of
the mixture rules. Phase equilibrium is expressed in terms of me-
chanical, thermal, and chemical equilibrium. The equation of state
is used in the computationof the fugacityof each componentin each
phase required to express the chemical equilibrium. The resulting
equation system is solved iteratively to yield the equilibrium com-
position in each phase at the given pressure and temperature. Note
that the numerical solution of the equation system de� ning phase
equilibrium is not trivial and requires a carefully designed iteration
scheme.24 The computed equilibriumcompositionsare generally in
good agreement (see Fig. 1) with the scarce experimental data.25

More recently variationsof the Redlich–Kwong22 equation, such
as the Soave–Redlich–Kwong equationthat allowsa to be a function
of temperature (see Refs. 4–6), have been employed because of
their better accuracy in predicting phase equilibria for particular
mixtures. There is no evidence however, that these improvements
affect signi� cantly the predicted overall droplet behavior.

Another challenging inherent issue in simulating transcritical
phase processes is evaluating transport properties. Some transport
properties, for example, thermal conductivity, are expected to di-
verge at the critical transition. To quantify this singular behavior, a
given transportpropertyis consideredto be the sum of a low-density
value, an excess value due to high-pressure effects, and a critical
enhancement including the singular effects at the critical transition.
Many authors duly note this issue, but in general actual models
rarely include critical enhancementcorrectionsbecause the data are
still scarce and our understanding in this area limited. More details
about this issue can be found in the works of Sengers and Sengers26

and Sengers et al.27 Indeed, this issue is still the topic of active

Fig. 1 Comparison of the predicted high-pressure phase equilibrium
for the nitrogen/hydrogensystem to the experimental data ofStreett and
Calado25 (taken from Ref. 5).

Fig. 2 LOX droplet (100 K) vaporizing in hydrogen (1500 K and
100 atm) (taken from Ref. 5).

fundamental research.28¡30 Finally, as important and fundamental
as these transport property singularities are to our understanding
of critical phenomena, it is likely that their macroscopic effects on
droplet behavior in conditions relevant to actual processes, for ex-
ample, convective droplet heating and vaporization, are negligible
(cf. the following sections).

The predictions of current models4¡6;8 are qualitatively consis-
tent. Consider a liquid droplet just after introduction into a hot,
supercritical,quiescent environment. The droplet is heated by con-
duction, and its diameter increases because the liquid density de-
creases as the temperature rises. Yang et al.31 note that, because the
density inside the droplet is nonuniform, liquid convection inside
the droplet should be considered. The droplet surface temperature
rises until the surface temperature reaches the computed critical
mixture value. During this phase the mixture composition on ei-
ther side of the liquid/gas interface is imposed by the chemical
equilibrium, and mass diffusion occurs in the droplet. For example,
Fig. 2 (from Ref. 5) shows the predicted behavior of a LOX droplet
(100 K) vaporizing in hydrogen (1500 K, 100 atm). The tempera-
ture [.T ¡T0/=.Tref ¡T0/; Tref D 150 K] and hydrogenmass fraction
.YH2=YH2 ;ref;=YH2 ;ref D 0:02/ pro� les at t D 0:1 ms (thin lines) and
0.9 ms (thicker lines)within the dropletare plotted on the left side of
Fig. 2. The temperature [.T ¡TS/=.T1 ¡TS/], mass fraction,veloc-
ity .u=ure f ; u ref D 5 cm/s), and density.½=½max; ½max D 323 kg/m3/
pro� les in the gas phase are plotted on the right side.

Note that the number of degreesof freedom of the corresponding
thermodynamicsystem,as givenby the Gibbsphaserule, is two (two
componentsminus two phasesplus two).The caseconsideredhere is
that of a mixture for which the pressure P is prescribed.Hence, only
one degree of freedom is left. In the subcritical case, the interface
temperature is the last degree of freedom. Once it is known, the
phase equilibrium conditions yield the mixture’s composition.

Alternatively,requiring that the mixture be critical adds one con-
dition to the system that is then completely de� ned; that is, the
corresponding values of temperature and composition, Yc and Tc ,
are fully determined, (see Fig. 3 or Fig. 2 in Ref. 6 and Fig. 1 in
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Fig. 3 Computed phase equi-
librium of the oxygen/hydrogen
system (taken from Ref. 5).

Ref. 8). In Fig. 3, the variation of the latent heat of oxygen (energy
required to vaporize 1 kg of pure LOX at saturation conditions in
its own vapor) with temperature is also plotted (mixed lines) for
comparison with the variation of the enthalpy of vaporization.

In general, Yc and Tc do not coexist at the same point in space;
they only coexistwhen the criticalmixing conditionis reachedat the
interface. However, when this happens the concept of an interface
ceases to be relevant. If a droplet lifetime is to be determined, the
part of the computationdomain constitutingthe supercriticaldroplet
must be de� ned. Two de� nitions have been chosen in the literature
and neither really corresponds to the critical mixing conditions.
Yang et al. choose the isotherm at the critical mixing temperature
as the supercritical droplet boundary,31 whereas Haldenwang et al.
choose the composition isopleth at the critical mass fraction.8

Consider a droplet of liquid component A in gaseous component
B at pressure Pa . The liquid initial temperature is T` and the initial
ambient temperature is Ta > T`. For conditionswell below the criti-
cal conditions, temperature varies continuouslythroughout the sur-
rounding gas and liquid interior and is continuousacross the liquid/
gas interface. A negligible amount of the ambient gas dissolves in
the liquid; composition and densities are discontinuous across the
interface but piecewise continuous in the gas and in the liquid.

If Pa > Pc and Ta > Tc , the temperature is at the critical value,
Tc , at some point, but not necessarily at the interface. However,
the gaseous mass fraction of A is smaller than the critical value,
Yc , whereas the liquid mass fraction of A is larger than the criti-
cal value. Hence, whereas an isotherm with the critical value im-
mediately appears, a mass fraction isopleth with the critical value
appears only when the interface discontinuitiesdisappear,as shown
in Figs. 4 and 5. In Fig. 4, tc is the time at which the droplet surface
reaches the criticalmixing conditions,and t1 < tc < t3 . R1 and Rc are
the droplet radii at t1 and tc , respectively. R3 denotes the location of
the critical interfaceat t D t3. Figure 5 shows a sketchof the trajecto-
ries that a � uidelementin thedropletthat is initiallyliquidcan follow
through a T=Y plot of the binary phase equilibrium.Here, t1 corre-
spondsto the vaporizationbehaviorof a � uid element that is initially
closer to the interfaceand thus vaporizesbefore the interfacereaches
the criticalmixing conditions,and tc correspondsto the vaporization
behaviorof a � uid element that is initiallycloserto thedropletcenter
such that it crosses the interface just when it is at the critical mixing
conditions. As the droplet heats, its surface temperature increases
toward the critical mixture value, Tc , and as dictated by phase equi-
librium, ambient gas dissolves in the liquid, and the magnitude of
the interfacedensityand compositiondiscontinuitiesdecrease.Still,
the critical temperature and the critical composition do not occur
at the same point in space and time. When and where the discon-
tinuity � rst disappears, the temperature, composition, and density
assume their critical values simultaneously.After that time, the crit-
ical isotherm and the critical mass fraction isopleth will regress as
further heatingand mixtureoccur,until they reach the dropletcenter
(cf. Figs. 4 and 5).

Fig. 4 Transcritical behavior of the a) mass fraction isopleths and b)
isotherms.

Fig. 5 Trajectories that a � uid
element in the droplet that is ini-
tially liquid can follow through
a T/Y plot of the binary phase
equilibrium.

The scarce experimental data show that the droplet lifetime ex-
hibits a transcritical minimum.8 That droplet lifetime is predicted
to decrease as the subcritical pressure is increased is attributed to
the liquid/gas density ratio decreasing to one.8;32 For supercritical
pressures, the supercriticaldroplet boundary regression rate is con-
trolledbymass diffusion,and thus thedropletlifetimeincreaseswith
pressure.Yang et al. have shown that, in vaporizationonly cases (no
combustion),the quasi-steadystate is never reached.31 However, the
work of Daou et al.9 on supercritical combustion of a LOX droplet
using a detailed reaction mechanism indicates that, after an initial
transient corresponding to the ignition phase characterized by the
fast propagation of a premixed � ame, a diffusion � ame is estab-
lished, and combustion proceeds in a quasi-steady manner. Daou
et al. found that during this latter stage the D2 law is approximately
valid.Note that these conclusionscannotbedirectlycomparedto the
classicalmodel for particlecombustionat highpressureproposedby
Spalding33 in 1959becauseSpalding’s model reallydealt with a dif-
ferent problem, that of the combustionof a gas puff. This model did
not includea high-pressurephase-equilibriummodelandconsidered
in� nite reaction rate. A complete discussion of the validity of the
D2 law for supercritical droplet combustion is provided in Ref. 18.

MD Simulation of Transcritical Droplet Vaporization
Clearly, some of the crucial problems that have to be faced at the

critical point, such as the singularityof some transport coef� cients,
would bene� t from a microscopic approach. As such an approach,
molecular dynamics (MD) has been the subject of increasing inter-
est over the past decade. This interest has also been driven by the
availability of ever-increasingcomputing power.

It is not within the scope of this paper to provide a detailed de-
scription of the MD approach. Instead, our goal is to emphasize the
signi� cant progress that has recently been made toward the use of
MD to elucidate some of the issues relevant to the prediction of
droplet vaporization at supercritical conditions. An excellent intro-
duction to this method is provided by Rapaport.34

The MD approach simulates the behavior of matter by comput-
ing the behavior of the molecules. This requires extremely large
resources of computational power. The simplest models are based
on spherical particles, but more complex con� gurations can be
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considered.34 Typically, the particle interaction potential used is
the Lennard–Jones 6–12 potential. MD simulations have been at-
tempted since the early 1950s. However, only small numbers of
particles could be considered at that time (less than 100).

Two typesofMD studiesare relevant to the topicof dropletvapor-
ization at supercritical conditions: MD simulation of supercritical
� uids35;36 and MD simulation of droplet behavior.37¡39 It is only
very recently that MD has been successfullyapplied to the problem
of droplet behavior at supercritical conditions.40

There is a growing interest in using MD simulationsto investigate
supercritical � uids both from the chemistry (e.g., physical chem-
istry of supercritical � uids, structure and dynamics of clusters41)
and chemical engineering (e.g., hazardous waste conversion using
oxidation in supercriticalwater42) points of view. Whereas most of
the literature on this topic focuses on simulating the behavior of
supercritical � uids, such simulations can also be a powerful tool in
the study of singular transportbehaviornear the criticalpoint.35 Luo
et al.35 have successfully used two-dimensional MD simulations to
predict the unusual behavior of highly compressible � uids in the
near-critical region, where the hydrodynamic theory is still valid.
Their analysis of the temperature–temperature and density–density
time-correlation functions showed that, in this region, the temper-
ature relaxation is acoustically driven and the density behavior is
mostly diffusive. In their investigation, Luo et al. elected to limit
themselves to a two-dimensional� uid system to be able to consider
larger wavelengths than a three-dimensional system would allow
for a given number of particles. They note that, closer to the critical
point, the correlationlength becomes comparable to the system size
and that the density � uctuations are so large that the computational
requirements become unrealistic.

In 1977, Rusanov and Brodskaya,37 used a method developedby
Alder and Wainwright43 to investigatethe dependenceof the surface
tensioncoef� cient on the surface tension radius.The surface tension
coef� cient increases when the droplet size decreases. Furthermore,
the omission of nonadditive interactions that are important in real
liquids may lead to signi� cant errors in the prediction of macro-
scopic quantities such as the phase transition temperature.Rusanov
and Brodskaya’s37 simulations were limited by the computational
power available in the mid-1970s to 500 molecules. In the mid-
1980s, Thompson et al. were able to perform MD simulations with
up to 2004 molecules to study the same problem.38 Their results,
although more detailed, are qualitatively similar to Rusanov and
Brodskaya’s.37

More recently, Long et al.39 and Kaltz et al.40 have used MD
to simulate the vaporization of submicrometer droplets at subcriti-
cal and supercriticalconditions, respectively.Their con� guration is
actually a droplet vaporizing in a � eld of vaporizing droplets inas-
muchas periodic boundary conditions are used. In the subcritical
regime, their results are in good agreementwith the Knudsen theory
of aerosols for example, vaporization rate. These simulations have
been extended to consider the vaporization of three-dimensional
submicrometerLOX drops at pressures from 2 to 20 MPa and tem-
peratures from 200 to 300 K. These simulations have con� rmed
that the validity of assumptions typically used in the subcritical
regime, for example, quasi-steady approximation, holds at much
higher pressures (Fig. 6).

In Ref. 40 it is also noted that, because the cases considered
typically have high Knudsen numbers, the results of MD simula-
tions are not suitable for comparison with the classical results of the
D2 law. Furthermore, other important phenomena such as convec-
tion have yet to be included in MD simulations. Finally, and more
important, the simulation of the behavior of three-dimensional � u-
ids in the near-criticalregion where the hydrodynamic theory is not
valid presents theoretical and computational challenges that have
yet to be tackled.

Convective Effects and Secondary Atomization
in Supercritical Spray Combustion

Practical environments such as those found in jet and rocket en-
gines are characterized by strong convection. Convection affects
droplet behavior in two ways. First, heat transfer and mass transfer

Fig. 6 Molecular dynamics simulation of a saturated LOX droplet
at 100 K; droplet contains roughly 9300 molecules (reproduced from
Ref. 40 with permission).

Fig. 7 Droplet undergoing boundary-layer stripping; liquid stripped
from the parent drop surface is atomized in a mist of small (1–10 ¹m)
droplets (taken from Ref. 10).

are enhanced by convection. Furthermore, in supercritical environ-
ments, the surfacetensioncoef� cientof a dropletdecreasesto zeroas
the interface temperature approaches the critical conditions. Hence
droplet deformation and secondary atomization can be initiated by
smaller values of the droplet/gas relative velocity.

Convective effects on the behavior of a droplet in a supercritical
environment have often been limited to heat and mass transfer ef-
fect or droplet deformation without breakup.44 Litchford and Jeng2

included the effect of convection on heat and mass transfer rates in
their model for a LOX droplet vaporization at supercritical condi-
tions using the � lm model for droplet vaporization. However, the
validityof their results is somewhat undermined by their neglecting
the differencebetween the liquid propellantand the surroundinggas
speci� c heats that reaches one order of magnitude in the LOX/H2

case.5 Litchford and Jeng did note that stripping was likely to oc-
cur in environments typical of cryogenic rocket engines, and they
performed an order of magnitude analysis to evaluate the stripping
rate; they concluded that stripping would be important only after
the droplet interface reached the critical mixing conditions.2

Delplanque and Sirignano5 followed a similar path. Their model
for droplet vaporization in a supercritical convective environ-
ment (without secondary atomization), based on Abramzom and
Sirignano’s � lm model,45 showed that a LOX droplet injected in a
rocket engine is likely to reach the critical state before it disappears,
much sooner than in a quiescent atmosphere.

However, Delplanque and Sirignano showed that, because of the
behavior of the surface tension coef� cient at near-critical condi-
tions, a LOX droplet in a rocket engine is likely to undergo sec-
ondary atomization in the stripping regime [mass removal from
its surface by aerodynamic shearing (Fig. 7)] before the droplet
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Fig. 8 In� uence of boundary-layer stripping on predicted droplet be-
havior at supercritical conditions (taken from Ref. 10).

interface reaches the critical mixing conditions and, thus, for most
of its lifetime.5

Prior analyses2;46;47 of themagnitudeof the strippingratehad indi-
cated that the strippingrate mightbe much larger than theconvective
vaporization rate with an obvious consequence on the droplet life-
time. Delplanque and Sirignano10 expanded on the work of Ranger
and Nicholls46;47 to develop an integral analysisof the coupledgas–
liquid boundary layers at the droplet interface and obtained an ex-
pression for the mass removal rate including blowing effects:

PmBLS D ¼ D

³ Z 1

0

½`u` dy

´
D 3¼ Rb½`1U1 A®`

r
¼ R

2
(2)

where A (the nondimensional interfacial velocity) and ®` (a liq-
uid boundary-layervelocity pro� le parameter) are functions of the
droplet size, its velocity relative to the gas, and gas and liquid
properties.10 Their modi� ed � lm model uses a corrected heat trans-
fer number to include the effect of strippingon the heat transfer into
the droplet,

QBT ´
cCpg;O2

.T1 ¡ TS/ C Emist= Pm
1H v.TS/ C Q`= Pm

(3)

where Emist is a correctionto the drivingpotentialdue to the presence
of the mist.

Results obtainedwith this model con� rmed that the strippingrate
is much larger than the gasi� cation rate. Figure 8 (from Ref. 10)
shows that the predicted lifetime of a 100-¹m LOX droplet injected
at 100 K in gaseous hydrogen at 1000 K, 100 atm, with a relative
velocity of 20 m/s is reduced by at least one order of magnitude
when stripping occurs. An important consequence is that, in most
cases, the droplet disappearsbefore the interface reaches the critical
mixing conditions.5

In� uence of Neighbors on Droplet Combustion at High
and Supercritical Pressure in Dense Sprays

Models attempting to capture the neighboring effects on the va-
porization and combustion behavior of droplets are not novel. A
detailed review may be found in Ref. 48. The approachesused may
be classi� ed basedon the spatial distributionof dropletsconsidered,
from streams to clouds.

The so-called group combustion model provides a phenomeno-
logicaldescriptionof the combustionmodes of densedropletclouds
using a continuum approach, where the droplets are idealized as
point sources of mass and point sinks of energy (see, for instance,
Refs. 49 and 50). The droplet array method allows a more detailed

description of the interdroplet region because idealized droplet ar-
rangements are considered (cf. Refs. 48 and 51). However, the total
number of droplets that can be considered is limited by the compu-
tational time and memory required.48

These models typically provide an evaluation of the corrections
that must be made to the magnitude of the energy sink and mass
source terms to account for proximity effects. Ryan et al.52 have
shown in the subcritical case that the corrections yielded by the
group combustion approach and by the droplet array approach do
not differ signi� cantly.

Because � ames in jet and rocket engines are usually anchoredin a
regionof highspraydensity,the in� uenceof neighboringdropletson
high-pressureand supercritical droplet combustion behavior needs
to be evaluated.

Jiang and Chiang13¡15 have recently contributed an approach
based on the model developed by Bellan and Cuffel.53 Jiang and
Chiang consider a cloud of droplets surrounded by a hotter homo-
geneousgas region.Their dropletmodel is similar to thosediscussed
earlier.13 Convective effects are neglected (except for Stefan � ow).
Multiple droplet interactionsare modeled using the sphere of in� u-
ence concept. The simulationsof Jiang and Chiang15 indicate that a
droplet is less likely to reach the critical mixing conditionswhen it
is in a cloud than when it is isolated. Furthermore, they found that
such droplet clouds do not follow the D2 law at any pressure.

An analysis of the effect of species and temperature nonunifor-
mities induced by neighboring droplets on the transcritical com-
bustion behavior of LOX droplets in a convectiveenvironment was
contributed by Delplanque and Sirignano.12 This study used the
droplet array approach (parallel streams), where the droplets are
followed in a Lagrangian manner. The model used to predict the
droplet behavior is that described in the preceding section and al-
lowed secondary atomization in the stripping mode. This analysis
showed that despite the hindering effects of droplet drag and accel-
erating gas � ow due to the contribution of the vaporizing droplets
to the overall mass � ux, the gasi� cation rate in this con� guration is
still controlled by secondary atomization with a characteristic time
one order of magnitude smaller than that associated with primary
vaporization. However, the presence of a reaction zone created by
the combustion of preceding droplets enables the droplet surface to
reach the critical mixing conditions.12

Supercritical Droplet Combustion Behavior In� uence
on Propulsion Systems Overall Performance Example:

Liquid Rocket Combustion Instability
The preceding section indicates that supercritical ambient con-

ditions and their in� uence on physical properties such as surface
tension signi� cantly affects droplet lifetime. The goal of this sec-
tion is to show how this result may affect the predicted overall
performanceof propulsion systems using the example of one of the
most challenging research problems in rocket engine technology:
combustion instability.

The open-loop response of LOX droplets to prescribed oscilla-
tory ambient conditions consistent with liquid-rocket engines was
investigated by Delplanque and Sirignano54 using the supercriti-
cal droplet combustion models described in the preceding sections
both for isolated droplets and droplet arrays. This study evaluated
the combustion stability assuming concentrated combustion at the
injector end, short nozzle, and isentropic � ow downstream of the
combustion zone.55 A response factor G was computed54:

G D
RR PW 0 p0 dt dzRR

p02 dt dz
(4)

(where the primes denote � uctuations with respect to the nonoscil-
latory values) to quantify the Rayleigh criterion that states that an
initially small pressureperturbationwill grow if the consideredpro-
cess adds energy in phase (or with a small enough phase lag) with
pressure.Delplanqueand Sirignano54 (see also Ref. 56) note that an
underlyingassumption to this de� nition of G is that the gasi� cation
rate providesa good approximationof the energyrelease rate. G > 0
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Fig. 9 Response factor for an isolated LOX droplet with and without
stripping: T 1 = 1000 K, P1 = 100 atm, and D U = 20 m/s (taken from
Ref. 54).

( G < 0) indicates that the gasi� cation process has a destabilizing
(stabilizing) effect. When G > 0, the destabilizing effect must also
overcome the potential acoustic losses from the exhaust nozzle for
the gasi� cation process to drive the instability. The corresponding
threshold value for G is .° C 1/=.2° /. It can be estimated assum-
ing concentrated combustion at the injector end, short nozzle, and
isentropic � ow downstream of the combustion zone.55

This model showed that the frequencyat which the peak response
factor occurs is mainly correlated to the droplet lifetime. Therefore,
becausesecondaryatomizationin the strippingmode resultsin a one
order of magnitude reduction in droplet lifetime, it causes a corre-
sponding shift in the peak frequency (Fig. 9). Consequently, when
stripping occurs, the peak frequency is signi� cantly larger than the
acoustic frequencies of the common modes for standard cryogenic
rocket engine chambers. Delplanque and Sirignano54 argued that,
because in these engines droplets are likely to undergo secondary
atomization in the stripping regime for most of their lifetime, this
phenomenoncould explain the observed better stability of such en-
gines compared to storable propellant engines.57 Furthermore, the
computations also demonstrated that, under the modeling assump-
tions, there exists a � nite frequency range over which the response
factorof the dropletgasi� cationprocessexceedsthe thresholdvalue
with or without stripping. Hence, this process can drive combustion
instabilities for the longitudinalmode with or without stripping.

Qualitative estimates of the in� uence of neighboring droplets on
the droplet responseto an oscillatory� eld obtainedusing the droplet
stream model described earlier12;32 showed that the isolated droplet
con� gurationunderestimatesthe drivingpotentialof thegasi� cation
process.

Conclusions
Over the past 20 years investigations,both theoreticaland experi-

mental, of spray combustionat supercriticalconditionshave largely
focused on the case of one or a few droplets in a quiescent gas.
The more advanced models now provide consistent predictions.
The droplet gasi� cation process at these conditions is essentially
unsteady.4;31 The interface regression does not follow the D2 law at
these conditions,but the D2 law does provide an order of magnitude
approximation.8 In cases with combustion, the D2-law approxima-
tion was found to be acceptable for most of the droplet lifetime.9

Because conditionsof practical interest generally involvenumer-
ous droplets in a convective environment,more recent studies have
been focusing on these aspects. The results obtained so far indicate
that the presence of neighbors tends to preclude droplets in clouds
from reaching the critical mixing state.15 Furthermore, the D2 law

was found to be invalid at any pressuresfor droplets in clouds.15 The
effect of forced convectionon the behaviorof a droplet at supercrit-
ical conditions is considerablebecause it is coupled with the effects
of a signi� cantly reducedsurface tensioncoef� cient.When this phe-
nomenon is taken into account, the droplet lifetime is found to be
controlled by secondary atomization in the stripping regime, yield-
ing droplet lifetimes one order of magnitude smaller than those pre-
dicted in the absence of stripping.10;12 Furthermore, the occurrence
of stripping minimizes the importance of transcritical phenomena
such as the expected singularityof some transportpropertiesso that
good predictionscan be obtainedeven with a rather crude modeling
of these singularities.
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