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1  INTRODUCTION

concern regarding the ef%ciency,  stability and safety margins of hi-propellant combustion
in rocket engines has prompted the investigation of nlany specific aspects of spray evapo-
ration, ignition and combustion previoudy  not studied. Thus, early s!,ucties  of combustion
in liquid rocket engines were based upon the results of the classsid  single-component,
isolated drop combustion at atmospheric pressure ] . Although the resulti from th~e
studies provided a baseline for understanding some of the phenonlella  occurring in liquid
rocket engines, they fail to explain important observations and facts obtained horn ex-
amining rocket performance after many !lig}lts. Exanlples  are the loss of about 370 of the
liquid oxygen (LOZ,  one of the propellants) which exits unburncd2  , and the existence
of striations on the inner wall of engines examined after a flight3  . It then becomes ap-
parent that many significant issues of liquid rocket spray combustion were not addressed
by the early models and that in order to mitigate existing problenls,  it is necessary to

‘bunderstand aspects pxevlo sly unexplored. Since characterization of combustion in liquid
rocket chambers is extremely difficult due to the lack of diagnostics operating under such
harsh condition3 , the strategy has been to infer the relevant aspects to be studied from
laboratory experiments bearing similarity to liquid rocket combustion chambers. Such
experiments have focussed generally on a single poorly-understood aspect of liquid rocket
chamber combustion so as to isolate the fundamental effects of this aspect  before coupling
it to the other phenomena.

The phenomenobgy  of hi-propellant spray evapoI ation, ignition and combustion in
a highly turbulent environment at elevated pressure (supercritical  with respect to the
fuel) is as follows: When oxygen and hydrogen entel the combusticm chamber, due to
the higher critical temperature of oxygen with respect to that of hydrogen, the drops
of hydrogen quickly become a fluid whereas the drols of oxygen remain liquid. Thus,
the relevant phenomena to be studied are the evaporation of l.O= dlops in surroundings
initially composed of fluid H2, the eventual transitioil of LOX drops< to a fluid, ignition
of the fluid mixture and the subsequent combustion. I he to the supercritical  conditions,
volubility of 112 into LOZ becomes important, so that although the two component fuels
are initially separated, very rapidly the liquid drops l,ecome compm$cd of a binary-fuel.
Since the concentration of the drops varies in time, the critical point c)f the fuel inside the
drops is aLw a function of time. Therefore, during eva~)oration  and solvation,  the critical
point may be crossed back and forth as the composition of the fuel changes. The same
comments apply to tri-propellant  liquid rocket engine phenomenology where an additional
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fuel, RF’1, may be used in the initial combustion stage in series or in parallel with the
b~-propellant in order to maximize the margin of engine operation. lW1 is a mixture of
long chain hydrocarbons which has basic properties similar to those of kerosene. Thus,
hydrocarbon sohrbility into LO. drops is of intercs.t, as the liquid ilwide the drops will
become a multicornponent  mixture.

‘ 2 BEHAVIOR OF CLUSTERS OF MULTICOMPO-
NENT FUEL DROPS IN AIR AT ATMOSPHERIC
PRESSURE: MODELING AND RESULTS

In order to address the multicomponent  feature discussed above, investigations of the
evaporation, ignition and combustion of clusters of binary-fuel drops were conducted. The
choice of the binary system was motivated by the difficulty of fcjllowing the behavior of a
multitude of components in practical calculations, as well as by the interest of unraveling
the relative behavior of solvent and solute when drop i]lteractions are important. Although
the studies described here were performed at atmosp}leric presure, they represent a first
step toward the general goal of understanding the role of the two components during
evaporation, ignition and combustion of collections of drops.

Generally, solvent and solute are characterized relative to each cihcr as follows: The
solvent is the lCSS volatile, more viscous cornponeni  of the fuel ancI  the solute is the
more volatile, lCSS viscous component of the fuel. However, “volatility” k an engineering
term which does not have a precise physical definitiorl. High volatility is associated both
with a low normal boiling point and with a small latent heat of evn])oration. When two
components such as n-dccane  and n-hexane  are considered, it is diffk:u]t to decide which Ls
the solvent and which is the solute because the normal boiling point of n-decane is higher
than that “of n-hexrme but its latent heat of evaporation is lower. in the following, we
present rtxults from studies c)f clusters of binary-fuel rh ops showing that the normal boiling
point and the latent heat arc each important for clefining  volatility, but in different cluster
regimes. Moreover, we wilf aLso discuss why liquid mass diffusion is important during the
evaporation of the solute in the dilute cluster regime, in agreement with the i..olatcd drop
theories, and why it dots not play a majcjr rc]lc in the evaporation of drops in dense
clusters, cxccpt during the very initial stage.

2 . 1  E v a p o r a t i o n  o f  b i n a r y - f u e l  d r o p s  i n  c l u s t e r s

Studies of binary-fuel i.solatcd  drops4 , havw identiflccl liquid ma% diffusion as the driver
of solute evaporation when there is a slip velocity arc)und a binary-fuel drop is exposed to
a flow. Under quiescent conditions, liquid nmss diffusion does not, play an important role
in the evaporation of the solute because its characteristic time is rnuc}l  larger than the
drop Iifctimc. IIowcvcr,  under convective conditions, the slip velocity at the surface of the
drop induces through surface shear a circulatory motion inside the drop in the form of IIill
vortices. This circulatory motion enhances liquid mass diffusion, its characteristic time
bccorncs  accordingly reduced and of comparable mag]litude  to that of the drop lifctirne. It
is under these conditions that liquid mass diffusicm  Iwcomes important in bringing solute
from the drop core to the surface and preferentially inducing its evaporation.

F,xpcrirncntal  observations of burning a]d nonbu]rring sprays at atmospheric presssurc
have revealed that drops tend to cluster. In burning sprays, a single flarnc has been
found to enclose each cluster, thus indicating important drop interaction. l’his  drop
interaction has been quantified by Bcllan and IIarsta(15 through the concept of the “sphere
of influcncc”  around each drop of the cluster. For single-size clusters of drops, each sphere
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of influence is centered at the center of a drop and has for radius the half distance between
the centers of adjacent drops; the nondimensional radius of the sphere of influence,  6, is
the ratio of the radius of the sphere of influence to the drop radius, R. Since by definition
the spheres of influence are tightly packed in the cluster volume, this volume is composed
of the ensemble of all spheres of influence and the spaces between the spheres of influence.
The cluster surface is the envelope of the spheres of influence. This definition of the

, sphere of influence allows to account for drc)p interaction through the magnitude of the
nondimensional radius of the sphere of influence, For R2 < 10, the evaporation time
may be twice that of the isolated drop; the cluster is then callecl “very dense”. When
10< Rz < 15, the evaporation time may bc apprailnately  50% larger than that of the
isolated drop; the cluster is then called “dense”. I& 15 < Rz < 30, the evaporation
time may be at most 10~o  larger than that of the isolated drop; the cluster is then called
“dilute”. Finally, for Rz > 30, the evaporation time tend.. toward an asymptote; the
cluster is called then “very dilute”.

According to whether the cluster evaporates in ally of these four configurations, the
results obtained for the isolated drop evapo]-ation mit;ht hold or I Iot. ‘1’his  was discussed
by IIarstad and Bcllan6 who studied the behavior of a spherical cluster of binary-fuel
drops at atmospheric pressure when the solute is much more volatile than the solvent.
The gas inside the cluster w.a.s initially at rest where=  the drops initial velocity, IJ:,
was non null;  as the drops moved, they entrained tile gas which acquired a velocity of
its own. A number, Be - —[R/(D~u~)]0”5dR/dt  (Ik is the mass diflusivity, zu is the
circulatory wdocity  inside the drop and t k the time), was defined representing the ratio
of t}ic drop mass regression rate to a characteristic solute cliflusion rate. Thus, when
Be << 1, diffusion into the boundary layer governs the rate of solute transfer from the
liquid core to the drop surface and evaporation from the surface occurs at a rate defined
by the I,angmuir-Knudsen evaporation law. Since the two prclcescs  are sequential, it k in
fact the slower of these two rates which governs evaporation. in contrast, when Be >>1,
the transfer of solute from the liquid core to the ga~ phase is governed by surface layer
stripping, that is by the regre~ion  rate of the drop. ‘J ‘he r~der is r~ferr~ to Harstid  and
Bellan6 for the details of the model. Figure 1 reproduced from Harslrtd and Bellan6 shows
the variation of Be  with $Je residual drop radiws, RI, defined .x the ratio of the drop
radius to the initial drop radius, for an extended range of initial air/fuel mass ratios, OO)s,
corresponding to an extended range of values of @ (as @ is a monotonically increasing
function of !IJo). 2!$  is the initial gas temperature in the cluster which is taken to be that
of the gas surrounding the cluster; Y~VO is the initial fuel mass fraction in the cluster
gas which is taken to have the same value as that in the gas surrounding the cluster; ~.
is the initial temperature of the drop, assumed unif(nm; YjL is the initial mass fraction
of the solute in the drop core; and @ is the initial cluster radiur. The plots in Fig. 1
show that in the very dense and dense regimes, although Be is 0(1) initially, it quickly
becomes >>1 during the drop lifetime. In contrmt,  in the dilute and very dilute regim~~
lle is O(1) – 0(10) during the entire drop lifetime. This is due to the different drop
dynamics in dense and dilute clusters of drop: a de]lser cluster exlmscs more area to the
flow and thus the drag force is stronger. This results in a quickel relaxation of the slip
velocity  between ph:wes, 7i~~; consequently, the sh=r at the drop Surface dmays  very f~t
during the drop lifetime, and UI becotncs accordingly small. As the regression rate of the
drop is smaller than the decay of UI because drc}p heating is hindered by the presence of
other drops in close proximity, Be becomes >> 1. I’~ots of the m= fraction of the solute
in the drop core, YVL, versus RI shown in Fig. 2 (also reproduced from Harstad and
Hcllan6 ) concur with this physical picture: except for an initial cflect  of the liquid mass
diffusion which decrezmx the solute mass fI action as it is preferentially vaporized, its value
remains constant inside the drop showing that it evaporates at the rate of the solvent.
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When the initial drop velocity is increased by a factor of 5, these results remain valid
in the very dense and dense regimes, however, in the dilute and very dilute regimes the
influence of liquid mass diffusion is present during t}le major portion of the drop lifetime
and the value of the solute maw fraction continues to decrease with R1. This is depicted

6 These results support the above physicalin Fig. 3 reproduced from Harstad and Bellan .
interpretation.

2 . 2  I g n i t i o n  of b i n a r y - f u e l  d r o p s  i n  c l u s t e r s

‘I’he study of binary-fuel drop ignition in clusters performed by Bcllan and Harstad7  is
based upon the xsumption  that the chemistries of solvent and solute are independent.
Thus, two Damkohler  numbers are defined, and the criterion derived by Law and Chung8
and previously used for clusters of single-cornponen{  dropsg is expanded to account for
the ignition of the two components. According to this criterion which is consulted at
every time step of the calculation, the ccnnponent  whose l>amkohler  nr.rmbcr  is larger
than the respective ignition Damkohler nu]nber initiates ignition. once ignition occurs,
the location of the frame is calculated as in Bellan a~ld Harstad.g

The ignition location is found to be always outside the cluster except for situations
where @ > 34 (the very clilute regime) and the initial mass fraction of solute is very
small  (2Yo). For the baseline set of parameters chosen in Bcllan and Harstad7 , ignition
did not occur in the very dense regime. When the kinetic parameters are identical for
the two components, in the part of the de~lsc regime adjacent to t}ie very dense regime
ignition is always initiated by the solvent, whereas in the very dilute regime ignition is
always initiated by the solute . Between the solvent-controlled and the .sohrtc-controlled
regimes, there exists a range where control is entirely dominated by the relative kinetics
of the two compounds. For the hypothetical case c,f identical kincti~s, the .solvcnt and
solute alternately initiate ignition as 0° incrcascs; however, as ig[lition  of the igniting
compound is artificially supprmscd  by nulling  the respective precxponential  constant,
the other compound iuitiatcs ignition at same time and RI thereby showing that there
is no true control by either one of the compounds. In contrast, if the same artifact is
used to suppress ignition ~or the smallest @o for which ignition is obtained, no ignition
occurs. When the above artifact is used to suppress ignition by the solute for the largest
@o considered in Bellan and Harstact’  , physically incorrect results arc obtained (mass
fraction related parameters in the ignition Damkohlcr  number bccornc  negative). These
simple exercises show that it is indeed the solvent that controls ig)lition  for the smallest
@O and it is indeed the solute that controls ignition for the largesst @O. These results are9
a consequence of the evaporative behavior dominated by the scrlvcnt in the very dense
regime and by the solute in the very dilute regime. Figures 4 rind 5 reproduced from
13cllan  and IIarstad7  illustrate these results.

To physically understand what determines the ig~lition  tirnc it is i]lstructive to consider
two compctiug processes and their characteristic times. The first k the relaxation of the
slip velocity, 72.1, and the second is the rate at which the Da]nkohlw  number approaches
the respective ignition Damkohler number of the co]npounds,  7?2,i, where i refers to the
compound. If 7?1 > 7tz,~, then Be bccomcs  very large by the time igllitic)n occurs and then
the solvent controls ignition. In the opposite case ig,nition occurs very fast with respect
to the relaxation rate of 78, Be remains relatively small, and thus the solute controls
ignition.

]ntcrcsting  insights can bc obtained try consicleri]ig  the respective rc,les of solute and
solvent identity. l’bus, calculations were performed with No.’2 Cl’ fuel as solvent and with
n-decane,  n-hexane and n-hcptane as solutes; the initial mass fraction of the solute was 0.2
in all cases. Both n-hcxane and n-heptane lmve larger latent heats ancl higher saturation
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pressures than n-decane.  N-hexane has a larger latent heat and a higher saturation
pressure than n-heptane. Despite all these differences in properties, the results show
negligible variations in the ignition time and associated residual racl iusi

#
uch a result is

expected in the very dense regime since the solute is not controlling. hat the results
indicate is that the effec~s of the latent heat and srtturation pressure are balanced, so
that the solute identity does not influence ignition even in the very dilute regime. A
very different picture emerges when one considers the effect of t}le solvent. Figure 6
depicts results obtained with No.2 GT and n-decarw as solvents (n-dec..rre has both a
larger latent heat and a larger saturation pressure than No.2 G’I’ fuel) and n-hexane as
solute. Replacing No.2 GT with n-decane has suppressed ignition for the smallest @o
thus indicating that the effect of latent heat dominates that of the saturation pressure
when the drops are in close proximity. This is consistent with the evaporative behavior
of dense clusters of drops which is limited by the availability of heat to the drops. As the
latent heat is increased, the situation is exacerbated and ignition is prevented Ilowever,
the range of strongly-controlled solvent ignit ion exte]ds now fart hcr, to larger values of
@o and @. This is because for a given value of @o the cluster has now stronger dense
characteristics since the latent heat of the solvent is larger. Examination of the ignition
characteristics in the very dilute regime reveaLs that ig,nition occurs earlier when n-decane
is the solvent; this is attributed to the larger saturation pressure which plays a dominant
role when evaporation is no longer limited by drop heating. Although ignition occurs
earlier in time, it occurs later in the drop lifetime because evaporation is faster due to
the higher saturation pressure. Thus, the conclusion is that it k the latent heat of a fuel
that determines its volatility in the very dense regime whereass it is its saturation pressure
that determines its volatility in the very dilute regime. Both properties play a role in the
intermediate regimes.

2.3 Cluster cornlmstion  of binary-fuel drops

For single-component fuel drops it has been shown that cluster flames exist only in a
restricted range of values of 0°]0 . This is because if @o is very small,  the cluster is so
dense that the drops extr~ct  too much heat from the gas during evaporation, before heat
transfer from the cluster surroundin~  may replenish it; thus, the temperature becomes
too low to initiate ignition. In contrast, if @ is very large at ignition, the gasseous  mixture
inside the cluster is fuel-lean and internal flash combustion dcplctcs  all g.ascorxs fuel inside
the cluster; with no gaseous fuel left to escape the cluster, the external cluster flame
cannot become established. These two sit uat ions represent the lower and upper limits for
the existence of cluster flames.

The model of binary-fuel drop cluster combustion is an extension of the model of Bellan
and IIarstad]O to binary fuels: (1) for the internal fkAI flame, the oxygen inside the cluster
is apportioned between solvent and solute according to their average mass fractions at
ignition, and (2) the component initiating ignition determines the flame standoff distance
from the cluster and the two components burn stoicl, isometrically at the flame.

The situations studied are all identified in Tbblc 1 and the symboLs  correspond to
those in Figs.7-l  2. Figures 7, 8 and 9 display the fractions of Solver,t and of solute burnt
in the flassh flame following ignition and the ratio c)f these fractious. The fractions are
increasing functions c~f 0° because although for larger OO’s ignitioli  occurs earlier in the
drop lifetime, there is more oxygen inside the cluster and thus mcme of the fuel can burn.
Note that the ratio of the fractions is always smaller than YjI,/ (1 -- Y~I,) and k constant
with @o. The reason for this is the initially larger I elative  velocity at the drop surface
which preferentially evaporates the solute (this i.. the Be << 1 regime). As a result, YVL
decreases. Since G decreases because of drag effects, eventually Ilc >> 1. ‘1’hen, the
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preferential evaporation of the solute ceases and the solute evaporates at the rate of the
solvent, that is at the frozen rate corresponding to the tnas fraction when Be became >> 1.
This physical picture is the result of examining Be and the fractional evaporation rate of
the solute, rn~/rh , versus the r=idual  drop radiw$, RI. Additionally, this is confirmed by
results showing that the ratio of the ffash flame burn fractions is a dccreassing  function of
u: . This ratio increases with Y8L, has a negligible  dependence UPOIJ the solvent identity
and is independent upcm the solute identity. The fact that this ratio is always smaller than
Y~L/(l – Yj~) indicates tl:at eventually there is a ste~y-state situ$~tion  that =tablish~
where the amount of fuel escaping through the cluster boundary balances that evaporating
from the drops.

Plots of the respective ratios (all at RI == 0.05) oft he burned fraction during external
cluster combustion to the fraction that escaped the cluster for solvent, ~~,~/~10~~,~,  and
for solute, jb,V/floa8,w, depicted in Figs. 10 and 11 show two types of behavior. Strong
flames that establish further away from the cluster surface (see Fig. 12 displaying the
nondimensional distance from flame to cluster) are encountered for smaller @o’s and for
larger u~’s. In this case, it is only a small fraction of the fuel released from the cluster
that is burned by the time of drop disappearance. For large u~’s, the small  evaporation
rate at the end of the drop lifetime can no longer sustain the strong flame and instead of
burning, extinction occurs. Mathematically, cxtinctic~n is identified when the integrated
consumption rate at the ffame decreases instead of increasing witll time. This means
that a quasi-steady flntne can no longer be maintained; it is possible that an unsteady
flame could still exkt  under these conditions. Weak flames establish extremely close to
the cluster surface; they occur mainly for large d’”’s  arid small u~’s. ‘1’hese flames behave
asymptotically like classical quasi-steady diffusion flames where the fuel emitted by the
c]ustcr  is almost entirely burnt in the flame ( jt,,s/jlm#,s  and jb,w/~lmis,u  are nearly 1). For
intermediary values of u~, the classical behavior of tllc diffusion  fla~[~c is never re=lled>
indicating the importance of convective effects. Note that fb,v/flo8.,w  > jb,./jb..,., with

the equality occurring for weak diffusion flames. In that ca~e, convective effects which
preferentially evaporate the solute are not important. liixamination  of f~~,.,~/~~~g,,~  shows
that it is only a very slightly increasing function of @o and depends mainly upon Y#~
and u:. This ratio depends only slightly upon solvent identity and does not depend upon
so]ute identity. A similar comment applies to jb,v/jb,8  , except that instead of it being a
slightly increasing function of@0, it is a slightly decreiis.ing functioli clf d’”. Thus, although
proportionally less solute is released from the cluster for small @O, proportionally a larger
fraction of solute is burned. The situation where extinction is obtained represents an
exception, as both ratios arc increasing functions of g’”.

For diflusion-dominated  combustion, the fraction of fuel burnt during combustion is
an increasing function of @o because ignition OCCU1s  earlier during the drop lifetime.
As convective effects become important, the flame is relatively stronger in the small @o
regime than in the purely diffusion regime as evidenced by the slope of the nondimensional
flatnc distance to the cluster surface; as a result, it bllrns a larger f[ acticm of fuel. Thus,
for intermediary convective combustion, the fuel fraction burned during combustion is
a nonrnonotonic function of @O , and convex. When convection don IilIatcs, the flame i..
considerably stronger for stnall @o’s and accordingly an increming fud  fraction is burned.
‘l’he total fraction of fuel burned (flash flame and combustion) is an increasing function
of @O since the later ignition for small @o’s also corrc.spends to situations where there is
less oxygen inside the cluster and thus lCSS fuel may l)e consumed by tile flash flame.

Changing the ignition kinetics translatw  and enlarges or shrinks the collective flame
regime on the @o axis but dots not change the results qualitatively.



3 QUIESCENT!  SUBCRITICAL  AND SUPERCRIT-
ICAL EVAPORATION OF LOX DROPS IN CLUS-
TERS: MODELING

It is well known that, at supercritical  pressures, the entities w~hich  were drops of LOZ
at subcritical pressures no longer maintail i their su r face a< the surface tension becomes
null; thus, the previous models describing behavior at atmospheric pressure no longer
apply  at supercritical  pre~~ur=. In th~  writing, the entities which were drops at subcrit-
ical conditions are st,ill assumed to be spherical at supercritical  conditions and shall bc
called “pseudodrops “, Since the surface tension is a decre.assiug  function of pressure, the
drop surface does not vanish suddenly at the critical point but instead there are gradual
variations in the state of LOZ drops as a function of pressure .

Current models c~f single, isolated, supcrcritical  pseudodrop bclmviorll  112 retain the
subcritical classical formalism, including the assumption of thermodynamic equilibrium at
the drop surface, while incc)rporating  the new aspeck of volubility, binary-fuel, non ideal
gas equations of state. The assumption is lnade that the drop surface suddenly vanishes
when the supercritical  point is attained. Presented below are aspects of a new model of
subcritical drop and supcrcritical  pseudodrop  evaporation that takes another approach to
the modeling of this very complex problem: (1) the di~culty of the vaui..hing surface ten-
sion is bypassed by writing the conservation equatio]is for a general binary fluid system,
(2) the equations of state are exact in the sense that they arc those experimentally mea-
sured at relatively low temperatures compared to thrxse prevailing during combustion, and
arc further extended to high temperatures using thermodynamically accepted concepts,
and (3) evaporation is not constrained to be an equililn-ium  process. The equation of state
deter rninm the pha..e of the systcm (through the nur]lber of molar vcdume root,s). For ex-
ample, if the pressure is atmospheric and the density is O(1) g/cm3,  then the compound
is in the liquid state, One expects that in this case tile surface acts [w a discontinuity for
the mass fraction profiles. 1 Iowever, in the general case w}mre a liquid no longer exists,
t}~e mass fraction transition profiles are not cxpectecl to have sharp gradients acrom the
boundary. <

3 . 1  C o n s e r v a t i o n  e q u a t i o n s

l’hc conservation equations are written in the most general form using partial molar
fluxes and the heat flux to describe phenomena related to nonequilibriurn  gas dynamics
as applied to binary mixtures. After considerable algebra, it is found t}lat these equations
are as follows:

-continuity

(1)

where p is the density, i! is the time, X6 are tllc coordinates, and Ufi arc the velocities; the
conventional index notation for expressing dmivativcs  and sums apply.

-momcnturn  conservation equation (the o directio~l)

(2)

where p is the pressure and Tap == q[(r?ua/{)$O -I AL{/E&)  –- (2/3) &@u7/&c7] is the
stress tensor in which q is the mixture viscosity and 6{,6 is a tensor having unit diagonal,
its other componcuts  being au]].
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-species conservation
For a binary mixture one obtains

Dx,— . __+#7 .71 = DD~
Dt

(3)

where DX1  /Dt z ~X1 /c9t + @Xl /dzP, Xl == 7n2Y1  /[ml -t- (mz - m] )Y1 ] is the mole
, fraction of species 1, Y1 is the mass fraction of species 1, m is the molar mass, ~i ~the

partial molar m=s of species i, n is the total number of moles per ul)it volume, and J i is
the molar flux of species i. Using thermody~lamic  relationships and introducing a mutual
diff~ion coefficient, Dm == L 1 (7TZ/7n2)2V/(X1  X2) where LI 1 k one of the coefficients of
the transport matrix13 (relating fluxes to thermodynamic driving forces) proportional to
Fick’s  term and V is the molar  volume, and a ratio between the thermal and mutual
diffusivities,  k~ == (Llg/Ll  1 )/3mz/m , where I,lq is the coefficient of the transport matrix
proportional to the Soret term, ,6 = I/(&T) where }L is the universal gas constant and

T is the tetnpcrature,  one can calculate ~lto be

~1 = ‘(?n2/??l)(~b -1- X1 X2kYmDntV in ~) (4)

where

Tb == nD~,{ctnVXl i-o[nll?nzxlxz/m][(Vj  /??11 -- Vz/mz)vp+ (hz/7nz -- hl /ml)V  In T]}
(5)

in which hI and hz are partial molar enthalpics and ~~)i  == 1 +xi(8111 ~i/~xi)~,P,  ?i being

the activity coe~cicnt  of spccics  i and OD = ~DI == (,DZ according to the Gibbs-Duhem
relationship.

-conservation of energy
The cnthalpy equation combined with thcrmodyt)arnic  relationships for binary mix-

tures yields

M ’ Dp
Pql ~

-+
= owl’-- – V . ~ +- @u +- ml (hi/ml – h2/m2)V . J 1

( Dt
(6)

where CYv == (ZW/dT)p,A-l  /V is the thermal expansion ratio, @~ =- ‘r@8u~/~xp is the
viscous dissipation, and ~ i.5 the heat flux given by

where consktent  with the previous definitions k =. ~l,~g/T is the heat, conductivity of the
mixture.

3.2 Boundary conditions

Boundary conditions must be applied at three differeni locations: the drop or pseudodrop
center, the interface which is initially the surface bctwccn  the drop and the fluid, and
the edge of the sphere of influence. At the center t]f each entity, spherical symmetry
conditions prevail, whereas at the edge of the sphere of influence kac,wn conditions apply.
These conditions may either be specified or be the result of calculations from a global
system model paralleling the approach take~t in subcr itical studicss51  14 . The conditions
at the interface express not only conservaticjn of mass, speciess,  nlonmnturn and energy,
but also nonequilibrium evaporation and solvation.

Quantities are denoted with a subscript b to inclicatc that a qual,tity is evaluated at the
interface. lnitia]ly, I~Oz  exists for r < R and the superscript 1, is used for this part of the
space. At t == 0, fluid 112 surrounds the drop and thus the superscript G’ is used for r > R,
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Simple accounting of unknowns at the interface yields nine quantities: the velocities on
the two sides of the interface, u; and u:; the molar fraction of one of the compounds on
the two sides of the interface, X~~ and X$; the density on the two sides of the interface,
p: and p?; the drop or pseudodrop radius, R; the temperature, 2’;; and the prersure, pb.
These nine unknowns can be calculated from the following nine relationships: the equa-
tion of state; conservation c)f mass; conservation of species; conservation of momentum;
conservation of energy; cent inuit y of specie flux; the evaporation law and continuity of
surface heat ffux; relationship between the regression rate and the mass emission flux,
r’i~; and a relationship between the mass emkion flux and the nm.ss  fluxes on the two
sides of the interface. While some of these conservation statements are classical, others
arc novel to this formulation and thus will bc described below.

-mass balance at r = R

.
u: = d’P$/P: -- (Pf/Pf - l)Wdt (8)

-heat balance at r == R

where h: == hj (p&, Tb, X~~), h: = hj (f)b, Tb, X~b)  and hf’ — h: is the }leat of evaporation
whereas h: — hi is the heat of solution; Ad denotes the surface of the drc)p or pseudodrop,
m~ denotes its mass and q.,b represents the radial colnponent  of the heat flux.

-nonequilibrium evaporation law
~~ y definition ~,,m= s – ( l/A~)d?nd/dt, ~;dculatirlg the fluxes at the rnolccular level,

one obtains
F.,,,* = ~ [“cjmju~j(r~fq.il  -  72y)l ( lo)

j=l,2

where Ocj’s  are accommodation coefhcients,  ?L~e4Ui1 ‘s can be calculated from thermody-
namic relationships and u ,j is the mean normal velocity of a molecule of species j due to

?thermal fluctuations. ?@j can be calculated for a pure liquid from 13yring’s  theory15 ; no
method exists, however, to calculate this velocity for :i general fluid,

-continuity of specie 1 flux at r = R

(11)

where ~].,b represents the radial component of the mass flux of spccic  1,

3.3 Calculation of state functions

‘1’hc validity of determining state functions using si~rlple polynomial cqrrations, such as
the Pcng-Robinson  (P-R) equation of state (eos),  is questionable given the fact that the
compressibility factor is invariant with the compou~ld;  a statcmerd  that is physically
incorrect. On the other hand, expcrimcnta]ly  determined eos’s do not, cover the range of
high temperatures relevant to evaporation and combustion jn-ocesses; also no mixing rules
have been developed fc)r exact eos’s, ‘1’hereforc, new strategies are nccdcd  to find reliable
CW’S.  The concept described below is simple yet powerfu] because it yields precisely
reliable eos’s.

For a pure component the entha]py,  H, can be considered to be the sum of two tcrrns:
(11 – 11°) and 11° which is the enthalpy at a rcfere~,ce state. 11--11° is a departure
function from an ideal gas which can be calculated using the l)-R eos]G , and 11° can
be curve fitted to agree faithfully with experimentally meassured  eos’s. Since values of

9
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Ho are measured only at relatively low pressures and temperatures compared to those
of combustion, the estimate of Ho is improved by extrapolating a curvefit beyond the
experimentally measured values. This is accomplished by calculating If” as the sum of
experimentally measured values, H, and the departure function, 1{ – 11°, and further
extrapolating the resulting value of Ho. This procedure allows the calculation of state
functions for pure compounds. Figure 13 shows }1(~ for hydrogen obtained with this
procedure. Further, according to Prausnitz et al. 16 , standard mixing rules for the P-R

‘ eos combined with simple linear mixing of reference state values can be used to calculate
the mixture enthalpy and thus eos.

3.4 NumericA difficulties specific to the moclel

The model pre.sentsd above yields a set of equations that is extremely stiff, The stiffness
is introduced primarily by the nonequilibriurn  evaporation law at the drop surface. Expe-
rience with the code shows that F “ema 1s very sensitive to the values of the mass fractions
and temperature at the surface. Various strategies arc being irnplcmelked to mitigate this
difficulty. A baseline  solution is expected in the near future.

3.5 Drop interactions at supercritical conditions

Although results from the above model are ltot yet available, bawd  upcm previous expe-
rience with models of drop interactions at subcritical conditions mm may speculate about
the importance of drop interactions at supercritical  conditions. At these higher pressures,
the density ratio between the fluid in the drop and that in the surroundings k no longer
0(10 3) but instead becomes 0(1) – 0(102). ‘1’his  il ldicates  that the coupling between
drops and surroundings will be stronger which implies that thermodynamic drop interac-
tions will be more important. Thus, it is expected that dense cluster effects may become
apparent at larger @O’s than in subcritical conditions.

4 SUMMARY/AND FUTURE DIRECTIONS

The supcrcritical  conditions prevailing in liquid rocket engine combustion charnbcrs  present
a formidable modeling challenge. In particular, mu]ticomponent  fuel aspects combined
with supercritical  aspects need to be understood in t})e context of rnultidrop interactions.
The models presented above represent only a step in t}lc task of modc]ing  the liquid rocket
configuration. If the combustion chamber is considered to represent the macroscale,  oi~e
may define the microscalc  as that which is much smaller than tho macroscale  (for exam-
ple by a factor 103). To proceed toward modeling tile entire combustion chamber, it is
first envisaged that a spray model will be build usin~. cluste: mocleLs as microscalc  mod-
eLs. Further, these individual spray models will have to be combined in the multi-spray
configuration of the liquid rocket combustion chamber. At each step of development, ex-
perimental  results are necessary to verify the validity of the ]nodcLs. So far, experimental
results in supcrcritical  conditions have been unavailal~le  even for the limited configuration
of a cluster of drops. ‘1’hrrs,  clever experimelkal tech]] iqucs will play a very important role
in the development of accurate modeLs.
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+ n-decane n-hexane 20 0.2
❑ ndecane n-hexane 8 0 0.2 30
v n-decane n-hexane 2 0 0 0.2 30
0  N o . 2 G T  n-hexane 2 0 ().2 30
D NO.2GT n-decane 2 0 ().2 30
A  N o . 2 G T  n-decane 2 0 0.3 30
0 n-decane n-hexane 2 0 0.2 28.5
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Table 1. F;arameters and=~mbols  used mFigs.. 7-12.
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