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The efflux composition characteristics of an experimental fuel-rich gas generator have been modeled with a
detailed hydrocarbon kinetics package that includes the effects of liquid droplet vaporization. The chemical
reaction mechanism, consisting of 107 chemical species and 642 reversible reactions, is capable of describing a
complex kerosene-type fuel mixture for the case where the constituents (aliphatic, aromatic content) can be
specified. A liquid fuel droplet vaporization model for octane and toluene mixtures has been included. A flame
zone model is incorporated to address the fast reaction phenomena necessary for sustained combustion. Successful
modeling has necessitated the use of a nonequilibrium approach incorporating a detailed chemical model.
Comparison of modeling results to experimental data has shown good agreement, clearly supporting nonequi-
librium operation.

Nomenclature
Ai = Arrhenius preexponential factor
B - Spalding transfer number
CJiv = nomenclature for chemical compounds
c* - characteristic exhaust velocity
c
Pk ~ gas phase specific heat, cal/g/K

dQ = nominal initial droplet diameter, cm
E, = activation energy, Kcal/mol
hk = specific enthalpy per unit mass
/ = stoichiometric fuel-oxidant mass ratio
kri — forward rate constant of tth reaction
kri — reverse rate constant of ith reaction
L = latent heat of vaporization, cal/g
MR = mixture ratio
m = mass flow rate through reactor, g/s
Pc — reactor chamber pressure, atm
Q = reactor heat loss
<7, = rate of progress variable
<7° = heat of reaction, cal/g
Rc - universal gas constant
Tc - reactor chamber temperature, K
TL = temperature at the droplet surface, K
TRXN ~ flame zone kinetic temperature, K
V = reactor volume, cm3

Wk = molecular weight of species k
Yk = mass fraction
YQ^ = oxidizer mass fraction at infinity
ft = non-Arrhenius temperature exponent
A = gas phase thermal conductivity
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v'ki — stoichiometric coefficients of the reactants
i!'ki — stoichiometric coefficients of the products
p = mixture density, g/cm3

Pi — droplet liquid density, g/cm3

r = reactor residence time, ms
TI = nominal droplet lifetime, ms
<f> = equivalence ratio
d)k = molar production rate per unit volume

Introduction

T HE requirement for advanced propulsion systems op-
erating in the Mach 0.5 to Mach 6 flight regime has been

identified as a major focus for future flight missions. For many
of these applications, air-breathing systems are desirable from
the aspect that the oxidizer need not be carried along as system
weight. The current state of the art in air-breathing technology
limits the operating speeds to the Mach 3 + range. Thus, there
is a need for new technology to bridge the gap in the flight
speed envelope.

One of the more promising concepts in the advanced pro-
pulsion effort is the ramrocket or rocket ramjet. In this design,
a solid- or liquid-fueled rocket is employed in the role of a
gas generator to create a fuel-rich effluent for subsequent
combustion with oxidizer entrained from the freestream air.
By harnessing the additional potential of the partially com-
busted efflux, these two-stage devices can realize significant
gains in performance over rocket propulsion elements. The
somewhat higher complexity resulting from the air-breathing
design, as compared to a pure rocket, is outweighed by the
increased range that is achieved.

Of major concern in such a design is the performance of
the gas generation system under varying operating conditions.
In particular, it is important for the propulsion systems de-
signer to know the composition and condition of the effluent
prior to the ducted combustion section. This is critical to
determining the extent of the benefit that may be derived
from the two-stage design. In an effort to extend the tech-
nology base of fuel-rich gas generators, an experimental sim-
ulation of a solid-fueled gas generator is currently under-
way.1'2 This effort coupled with previous work on kinetically
dominated gas generation sources is being used to investigate
fuel efflux characteristics and production techniques. The work
is being conducted to gain a better understanding of the pa-
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rameters that influence the fuel gas composition and to doc-
ument expected fuel-rich compositions.

In addition to experimental work, an effort in computa-
tional modeling has been undertaken to make available pre-
dictive capabilities,3A Previous experimental work performed
in conjunction with numerical simulation has indicated that
fuel-rich gas generation devices do not achieve chemical equi-
librium within the residence times afforded by the hard-
ware. M~7 Heubner6 has documented c*, combustion tem-
perature, and efflux compositions for various mixture ratios
of methane and RP-1 propellant in a gas generator applica-
tion. Equilibrium predictions compared to the data indicate
consistent overprediction of c* and solid carbon content with
generally poor agreement between the data and modeling
predictions. In early investigations, Lawver7 conducted an
experimental and modeling study on large, high-pressure pre-
burners fueled by RP-1. Efflux compositions and c* were
shown to be inadequately modeled by an equilibrium for-
mulation. A nonequilibrium formulation employing a semi-
global fuel decomposition description with empirically fitted
rates for the preliminary steps was shown to result in improved
predictive capabilities over the range of operating conditions
studied.

Desaulty and Chauveau5 have demonstrated the ability of
a perfectly stirred reactor formulation coupled with a detailed
nonequilibrium chemical reaction mechanism to accurately
model properties in the combustor unit of a gas turbine en-
gine. Evaluating three levels of nonequilibrium chemical mod-
eling, they concluded decisively through comparative results
that a more detailed-step, kinetic model outperformed in all
respects global or semiglobal decomposition schemes. More
recently, Buckley1 and Corporan2 have obtained detailed ex-
perimental efflux characterizations for ethylene/toluene- and
JP-7/toluene-fueled gas generator efflux simulators which have
shown the devices to operate nonequilibrium. Due to the poor
predictive capabilities of the available equilibrium modeling
codes, an effort was undertaken to produce a flexible non-
equilibrium model for use with high-pressure, fuel-rich hy-
drocarbon systems.

Since chemical kinetic limits were suspected to be the major
cause for the overall nonequilibrium operation, a detailed
chemical reaction approach was employed. Such an approach
requires considerable computational expenditure toward solv-
ing the chemistry, let alone the fluid dynamics of the flow.
In order to preclude excessive computing requirements in-
herent in three-dimensional reacting flow algorithms solving
the full set of flow equations, a simpler technique was de-
manded. The model selected was a perfectly stirred reactor
(PSR) formulation. Based on experimental observations1 and
previous successes with such an approach,5 this model was
deemed appropriate for the present application despite the
inherent deficiency of the formulation in composing the con-
vective and diffusive fluxes. Our model is based on a for-
mulation similar to that employed successfully by Desaulty
and Chauveau.5 In addition, considerations for liquid spray
vaporization (Spalding model) and a flame zone model (two-
temperature approach) describing the fast reaction, high-tem-
perature zone that exists in the injector region have been
included.

In addition to the availability of a robust and efficient fluid
dynamic simulation, an accurate kinetic mechanism describing
the decomposition and oxidation of the fuels of interest is of
primary importance to the modeling study. An acceptable
reaction scheme in the level of detail demanded was not avail-
able in the literature, hence, it was necessary to construct
one. A hydrocarbon mechanism capable of modeling aliphatic
species up to C8-alkane molecules plus the aromatics of tol-
uene, benzene, and related intermediates has been formu-
lated. Through combinations of the modelable fuels included
in the proposed set, it is possible to model hydrocarbon mix-
tures for cases where the individual constituents of the mix,
both aliphatic and aromatic, can be specified. Validation of

the completed scheme against numerous independent com-
bustion data has demonstrated the integrity of our final mech-
anism.3

Numerical Model
In the perfectly stirred reactor formulation it is assumed

that mixing is infinitely fast and that properties are uniform
throughout. Hence, both spatial- and time-dependent char-
acteristics of the fluid dynamic process are absent. The mass
and energy equations are satisfied with appropriate consid-
eration for the species source terms generated through the
combustion process. Under the simplifying assumptions of the
stirred reactor model, the fluid dynamic equations take the
following form:

species conservation

m(Yk - Yl) - (bkWkV = 0

conservation of energy

m £ (Ykhk - Ylhl) + Q = 0

(1)

(2)

where inlet conditions are indicated by the superscript (*).
Although the equations as posed above are indeed invariant

in time, the numerical algorithm utilized may require the
solution of the related time-dependent problem to obtain con-
vergence. The equations for the transient problem are then

dK
• —* = -m(n - y*) + a>kWkV

Ah
PV& = (Ykhk - - Q

(3)

(4)

The time-invariant equations form a set of K + I nonlinear
algebraic equations, whereas the transient equations compose
a K + 1 deg nonlinear ordinary differential equation initial
value problem. This formulation8 is convenient in that it al-
lows the use of a single solution technique for both problems.

The chemical source terms wk represent the net rate of
production of each individual species. This rate can be ex-
pressed as a summation of the individual progress terms for
each reaction. Considering a set of reactions of the form

VkiXk ^
k=\ k

the term a)k can be written

where

(5)

(6)

(7)

and the rate of progress variable is given by

K Kq: = kfl n (**)*" - kri n or*)'" (8)
In this formulation the kfl are given by the modified Arrhenius
representation

kfl = (9)
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whereas the reverse rates are calculated through the equilib-
rium constant determined from the thermodynamic properties
of the species involved.

A baseline stirred reactor code made available for the pres-
ent investigation was developed by Glarborg et al.8 The sys-
tem of equations is solved using a damped, modified Newton
algorithm. This is an iterative approach which constructs a
series of approximate solution vectors to the set of governing
equations. In general, the nth such iterate will not identically
solve the governing equations, but will give a residual vector
F containing the variation in the solution. The objective is to
determine a solution vector <£ such that

F(<£) = 0 (10)

For the PSR code, <£ is the vector of temperature and species
mass fractions

k , . . . , YKy (11)
and F contains the energy and species continuity equation
residuals.

The original stirred reactor formulation considered pre-
vaporized, premixed combustion without regard to the pro-
pellant injection and vaporization issues or ignition processes.
The latter are known to be important for our case. In order
to produce the gas generator model, modifications have been
made to incorporate these issues within the limitations im-
posed by the perfectly stirred reactor idealization while main-
taining the fairly modest computational requirements.4 The
droplet model selected is an implementation of the classic
Spalding model considering the combustion of a single fuel
droplet of specified diameter in a quiescent oxidizing atmo-
sphere.9 While we acknowledge that convective and size en-
semble effects (among others) will be important for problems
such as those under consideration, the primary goal of the
present investigation is not to create a detailed liquid stream
vaporization formulation, but rather to identify the relative
importance of the various phenomena present within the
chamber. In the results, it is shown that the droplet vapori-
zation/combustion process is of secondary importance com-
pared to the chemistry (as are the fluid dynamic effects as
hypothesized). To this end, the model is adequate to impose
the character of the evaporative process without strictly de-
fining the nature of the phenomenon and unnecessarily in-
creasing the complexity of the calculations. This allows the
inclusion of an additional parameter in the form of an effective
droplet diameter which may be examined for "net" influence
of vaporization time.

Since the Spalding analysis is presented in many sources
(e.g., Ref. 4), we will only present the pertinent results here
as they apply to our problem. Applying the Spalding as-
sumptions to the governing equations, a droplet lifetime can
be shown to be given by

T, = [cpp,dt/8\/*(l + B)]

where B is defined as

B = TL) + (q°Y0.Jf)]

(12)

(13)

The fuel properties in B and r, are calculated from empirical
correlations.

Droplet vaporization affects the PSR computation in two
ways. First, there is a reactor heat loss due to the enthalpy
addition required to evaporate the fuel droplet. Secondly, the
reactor combustion time is modified to account for the finite
time required in vaporizing the droplet. These effects are
calculated for each of the liquid propellants specified.

The evaporative heat loss term is a straightforward modi-
fication for a given fuel type. The initial fuel enthalpies in the

conservation equations employ the values for the liquid fuel
at the inlet temperature. The heat required to raise the droplet
to the boiling point temperature as well as the latent heat
utilized in the gasification of the fuel are accounted for through
the difference between the gaseous and liquid phase enthal-
pies.

The residence time available for combustion is calculated
from the total residence time by decreasing the total time by
the greatest mean lifetime of a fuel droplet. The maximum
computed lifetime for any of the droplet species is subtracted
from the input reactor residence time (or calculated in the
case of an input mass flow rate); i.e.,

r = T0 - (14)

where the superscript (*) indicates the maximum value. This
approach gives a lower limit for combustion time. In actuality,
combustion of the vaporized portion of the fuel could proceed
prior to complete evaporation, so that our approximation will
only hold if the vaporization times are small compared to the
total reactor residence time. Factors other than those men-
tioned that tend to increase the vaporization rate have been
neglected.

To model the combustion process, a two-temperature model
for the reactor has been selected.4 This has been found to
provide an improved idealization of the actual combustion
process. A temperature more consistent with the actual com-
bustion of injected liquid fuel droplets is used to drive the
kinetics, effectively decoupling the fluid dynamic and chem-
ical processes. This kinetic temperature modification is nec-
essary to "start" the reactor with the proper enthalpy values
consistent with a hot flame zone near the injector region. This
second temperature (TRXN) is more representative of the stoi-
chiometry in the injector region flame zone than the final bulk
temperature that is commonly measured at points far removed
from the injector. The bulk Tc obtained using the present
approach are in good agreement with the available results.

The effect of this procedure on gas composition is also
important. Since the concept is applied throughout the com-
bustion sequence, it is necessary to employ a kinetic temper-
ature TRXN in the range indicated in the experimental section.
Failure to do so leads to erroneous results: at temperatures
too high, artificial cracking of the uncombusted fuels and
higher order intermediates occur; at temperatures signifi-
cantly lower one finds incomplete combustion. Temperatures
outside this narrow range are not supported by experimental
data.

Kinetics
At the operating temperatures resulting in our fuel-rich

hydrocarbon reactor, combustion is dominated by the non-
equilibrium processes. Numerous species have been identified
as important intermediates to the fuel mixture decomposition,
thus requiring the construction of a large reaction set. With
the purpose of modeling the controlling combustion processes
in detail, a hydrocarbon combustion mechanism has been
developed to describe the pyrolysis and oxidation steps for
the complex hydrocarbon fuel mixture. This detailed, ele-
mentary-step reaction mechanism considers hydrocarbons up
to the C8-alkane species n-octane and the aromatics toluene
and benzene, plus their important intermediate species. The
mechanism describes in detail the breakdown of fuel mole-
cules through numerous intermediates species into final prod-
ucts. The set includes a modification of the soot formation
scheme developed by Nickerson and Johnson for gas gener-
ators.10

It was necessary to construct this set from individual mech-
anistic studies since no single mechanism covering the range
of hydrocarbons of interest was available in the literature.
The chemical reaction mechanism, consisting of 107 chemical
species and 642 reversible reactions, is capable of describing
the studied complex fuel mixture. Earlier work with a smaller
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Fig. 1 Decomposition pathways for /t-octane oxidation at 1-atm pressure, <& = 2.0: a) primary reaction sequence and b) pathways for the 1-
butene and lower hydrocarbons.
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Fig. 2 Decomposition pathways for toluene oxidation at 1-atm pressure and fuel lean conditions (4> = 0.69).

set of chemical reactions was less satisfactory at fuel rich
conditions.3 Unfortunately, due to space limitations this
mechanism could not be reproduced here. The full reaction
set and the details of its construction, accompanied by exten-
sive validation of the important submechanism to various data,
can be found in Ref. 3. The final mechanism can be obtained
in report format or electronically from the authors.11 The
proposed kinetic scheme can in addition to rc-octane and tol-
uene describe the decomposition of the species methane, eth-
ylene, ethane, propene, propane, 1-butene, n-heptane, and
benzene.

Since JP-7 is in itself a mixture of aliphatic chain species
and aromatics, we chose to represent it by an equivalent mix-
ture of rc-octane (representative in properties of the aliphatic
in JP-7) and toluene (an aromatic representative of those in
kerosene as well as an additive in the current combustion
study). These two species comprise the equivalent fuel mix-
ture which was used to computationally investigate the com-
bustion properties of the gas generator fuel mixture. Modeling
has shown the equilibrium product distributions to agree closely
for the JP-7 and w-octane/toluene-mix fuel formulations.4
Typical decomposition characteristics for ^-octane and tol-
uene will now be described.

The arrows in the following figures indicate the progression
of hydrocarbon fuel molecule decomposition into products
along the elementary reaction steps, where the reaction part-
ners are listed alongside the arrows. The numbers in brackets
correspond to the contribution of reactive decomposition flux
by the listed reaction partner for the selected conditions of

the corresponding experimental data. Where several numbers
appear it is meant to indicate a range of decomposition flux
as reaction progresses (either in time or in temperature). These
percentages were obtained by investigating the individual con-
tributions to each species' decomposition by the respective
partner, a quantity given by a normalization of the terms
Qi = vk£Lki m tne sum forming (bk in Eq. (6).

//-Octane Oxidation Chemistry

Normal octane is presently the largest chain molecule which
can be described by the detailed mechanism. There are few
detailed modeling studies of the large aliphatic species which
include experimentally determined rate constants or verified
product routes. Insufficient basic research regarding mea-
surement of elementary rate constants and identification of
competing product routes has necessitated the use of several
approximations in the fuel decomposition formulation. Many
of the reaction mechanisms in the literature and the corre-
sponding rate parameters have been estimated from analo-
gous reactions in related fuels. However, Warnatz12 has shown
that fuel removal steps for the larger aliphatic hydrocarbons
are similar to those found within the butane submechanism,
and this observation has greatly assisted the construction of
the higher hydrocarbon mechanisms. The kinetics for the
present w-octane decomposition description were taken pri-
marily from the works of Westbrook and Pitz13 and Chakir
et al.14 Considerable review of the C4 and lower species
submechanisms was conducted as well.3
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Fig. 3 Fuel rich ethylene oxidation in perfectly stirred reactor at 1
atm, 4> = 2.0, with initial temperature 1163 K: a) major species and
b) minor intermediates. Lines are calculated values, symbols represent
data. Data from Dagaut et al.18

Typical ^-octane decomposition and oxidation at fuel-rich
conditions (<i> = 2.0, 1 atmosphere pressure, temperature
range 930-1240 K) is shown in Figs. 1 and Ib. The parent
fuel molecule is seen to decompose by thermal pyrolysis re-
actions leading to primary butyl radicals (pC4H9), or by hy-
drogen atom abstractions to produce the octyl radical (C8H17).
Butyl radicals decompose further by C—C bond scission at
most combustion conditions. This process is the primary source
of ethylene, an important intermediary hydrocarbon. The oc-
tyl radical also decomposes through C—C bond scission lead-
ing to the following intermediates listed in order of importance
to decomposition flux under these prescribed conditions: pen-
tyl radical (C5Hn), hexyl radical (C6H13), 1-heptene (C7H14),
pentane (C5H10) and the products, butyl radical (pC4H9) and
1-butene (C4H8A).

Oxidation does not play a significant role in the initial stages
of fuel molecule decomposition. The primary reaction se-
quence is through pyrolysis or hydrogen atom abstraction
followed by pyrolysis. Decomposition of the C4 species typ-
ically proceeds as shown in Fig. Ib. Through a series of ther-
mal decomposition steps and radical-radical reactions, the C4
species C4H8A and pC4H9 decompose down through C3 spe-
cies including propene, allene, and propyl radical into the C2
and lower species. The primary intermediates are ethylene,
acetylene, and methyl radical (which accounts for the methane
present). Further decomposition of these C2 and lower species
is primarily via oxidation steps. The oxidation steps include
ethylene to form formaldehyde CH2O> and formyl radical
HCQ, which then lead directly to the combustion products
CO and CO2. These steps are responsible for the heat release
and conversion of intermediates into final products. Only when
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Fig. 4 Species concentrations for propene oxidation in perfectly stirred
reactor at 5 atm, 4> = 1.0, with initial temperature 1100 K: a) major
species and b) minor intermediates. Data from Dagaut et al.19

the C2 hydrocarbon level is reached does direct oxidation
begin to play the major role.

Reaction maps such as those in Figs, la and Ib, and the
analogous map for toluene, display the interrelation of various
species and their role in the decomposition process. Such
figures were constructed for all the important submechanisms
considered to provide insight into the combustion modeling
while providing a basis for comparison to the works of other
researchers. It is noted that oxidation occurs relatively late
in the overall fuel molecule decomposition scheme for the
aliphatic constituents. This indicates that these species in the
fuel mixture will decompose readily even at low temperatures
and oxygen-lean conditions such as those of our gas generator
application. This is in stark contrast to the decomposition
behavior of the aromatics detailed next.

Toluene Oxidation Chemistry
Toluene comprises the major portion of the fuel mixture

employed in our experimental gas generator as well as in our
simulated mixture. An accurate representation of the decom-
position and oxidation sequence for this species is thus vital
to the present modeling study. Toluene oxidation has received
extensive experimental and modeling attention only in the
past several years; the chemistry is likely the least well known
of the reaction sets included, except over a narrow range of
operating conditions/The chemical reaction mechanism em-
ployed for toluene was taken primarily from the mechanistic
modeling work of Emdee et al.,15 which is in turn based on
the modeling and experimental work of Brezinsky.16 Their
results were produced from studies at temperatures near those
of interest to the present application.

Figure 2 presents a schematic reaction map for typical tol-
uene decomposition at fuel lean conditions (4> = 0.69,1 atm,
average temperature of 1190 K) corresponding to experi-
mental data given in Ref. 15. Decomposition proceeds pri-
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Fig. 5 Species concentrations for //-heptane oxidation in perfectly
stirred reactor at 1 atm, <f> = 2.0, and T = 0.2 s: a) major species
and b) minor intermediates. Experimental data from Chakir et al.14

marily through the intermediate benzyl radical (C6H5CH2)
and benzene (C6H6), both of which further break down through
various mechanisms to produce the phenyl radical (C6H5) and
phenoxy radical (C6H5O). This initial reaction sequence is
characteristic of the lower temperature ranges (T < 1500 K)
where oxidation is the primary course as opposed to the ther-
mal cracking observed at higher temperatures. Since our gas
generator temperatures are typically limited to maximums on
the order of 1600 K corresponding to the values in the injector
region flame zone, oxidation is the only major decomposition
route available in this fuel-rich environment.

The subsequent ring opening sequence of reactions pro-
ceeds exclusively by thermal decomposition, even at these
low temperatures, through the phenoxy radical and then the
cyclopentadienyl radical (C5H5). The latter species further
decomposes through oxidation reactions leading to the C4
and acetylene subspecies that then either oxidize or contribute
to soot formation.

The significant difference between the decomposition of
the aliphatic and aromatic constituents is the character of the
initial fuel molecule decomposition and the role which oxygen
species play. Species containing oxygen are critical to toluene
and benzene but are less important for primary n-octane de-
composition. Distinct characteristics of the fuel combustion
within the gas generator can be linked to the different roles
played by oxygen in the various constituent paths.

Since the reaction mechanism was constructed from sepa-
rate compilations, verification of the combined scheme against
more elementary combustion data was employed to provide
a link to the experimental combustion data base. The mech-
anism was validated against roughly 40 independent sets of
experimental data, including ignition delay time and shock
tube results, turbulent flow reactor data, and perfectly stirred
reactor species profiles.3 Validation was performed predom-
inantly for fuel-rich mixture conditions at pressures above

2.00

+ CASE 1A : <D = 1.0,
- - - - 1.0% / 11% : n-C7H16 / O2

O CASE IB : 4> = 1.0,
- - - - 1.0% / 11% : n-C7H16 / O2

0.55 0.60

b)
0.70 0.75

1000/T[K]

Fig. 6 Ignition delay times for n-heptane behind reflected shock wave:
a) at 4> = 1.0, 2.0, 2.0 and b) both at 4> = 1.0, various pressures.
Data from Burcat et al.20

atmospheric and temperatures representative of those in the
gas generator of interest.

Typical Model Comparisons to Data
A sample of the agreement between model predictions and

experimental data is given in Figs. 3-8 with the complete
results presented in Ref. 3. Good agreement is realized for
the specific parent fuel molecules as well as several of the
important intermediates in each case. The comparisons of
model predictions to experimental data shown in Figs. 3-5
were obtained using the baseline PSR formulation which is
free of the modifying fluid physics incorporated into the full
gas generator model (PSRVAP).

Typical fuel-rich ethylene oxidation in PSR is shown in Figs.
3a and 3b, which indicates favorable modeling of this impor-
tant hydrocarbon intermediate to w-octane oxidation. The
major species ethylene and the intermediates methane, CO
and CO2, match the data18 very well. Propene, which is also
an important intermediate in rc-octane oxidation, is modeled
in Figs. 4a and 4b. Here, important correspondences to the
data19 include propene, ethylene, methane, hydrogen, CO,
and CO2. ^-Heptane, which is similar to octane as a large
alkane in common fuels, is compared to PSR data from Chakir
et al.14 in Figs. 5a and 5b. Both large initial and intermediate
species, as well as the important lighter hydrocarbons of eth-
ylene and methane, are in agreement with data.

Good comparisons to ignition delays for the large hydro-
carbons w-heptane20 and rc-octane13 under a variety of con-
ditions are demonstrated in Figs. 6 and 7. Varying degrees of
agreement are realized, with delays predicted too long in a
few cases. These ignition delay comparisons are important
because they indicate mechanism functionality at high tem-
peratures as well, up to 1650 K. As shown in Fig. 7b, both
benzene and toluene ignition delay data21 at elevated tern-
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Fig. 7 Ignition delay times for w-octane and for aromatics behind
reflected shock wave: a) w-octane at <1> = 0.95 and 0.35 with data
from Burcat et al.13 and b) benzene at 4> = 0.5, 1.0 and toluene at
<I> = 1.0, for various pressures with data from Burcat et al.21

peratures and pressures have been modeled successfully with
our chemistry model. Better agreement is realized for toluene
oxidation than for benzene, a point which we shall address
in the gas generator modeling discussion.

Figures 8a and 8b further demonstrate the modelability of
the aromatic species toluene and benzene, plus their inter-
mediates. For this test case the important species are all treated
well, specifically those oxygenated compounds such as phenol
(C6H5OH) and benzaldehyde (C6H5CHO) that play a crucial
role in low temperature (T < 1700 K) decomposition.

The importance of these comparisons is to demonstrate that
the fuel decompositions are in each case modeled appropri-
ately and that the appearance of important intermediates is
predicted.

Experimental Description
The gas generator and chemical reaction model were de-

veloped for application to an efflux simulator under experi-
mental investigation. The device is a liquid fueled apparatus
burning a mixture of JP-7 and toluene in an oxygen stream.
The fuel-oxidizer selection approximates the combustion of
a typical solid rocket grain or liquid fueled rocket.1 Buckley
and Corporan have previously documented the device's c*
characteristics over a range of pressures up to 22 atm. More
recently, attention has focused on efflux sampling2 for doc-
umentation purposes. Typical experimental results are mod-
eled in this article.

The prototype gas generator is shown schematically in Fig.
9. The device has been run with a JP-7/toluene fuel mixture
with representative C/H/O atom balance of C0.363H0 531O0.io6-
This was approximated experimentally by the mixture mole
ratio

1

3.0 E-4 -

2.0 E-4 -

Fig. 8 Toluene oxidation in perfectly stirred reactor at 1 atm, 4> =
0.69, and initial temperature 1188 K: a) major aromatic species and
b) selected intermediates and final products. Calculation is compared
to data published in Emdee et al.15
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Fig. 9 Experimental gas generator solid fuel efflux simulator.

Since JP-7, with representative formula C10H2i, is itself a com-
plex mixture of several hydrocarbons (aliphatic and aro-
matic), we have used the simulated mixture (16) containing
n-octane and toluene with resulting mole ratios

0.122C10H21 + 0.346C7H8 + 0.532O2 (15) 0.127C8H18 + 0.358C7H8 4- 0.515O2 (16)
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Table 1 Representative experimental
operating conditions required for

code execution

Variable

PC
rh
V
T(

Description
5.4 <: Pe < 11.9 atm
111.0 < m < 150.0 g/s
1573 cm3 (liner removed)
945 < Tc < 1323 K

Table 2 Experimental conditions for the test
cases in Figs. 10-12

Case no.
MR
Pr, atm
T f ,K
m, g/s
G7H8
JP-7
O,

1
0.387
5.44
1194
111.0
0.339
0.119
0.542

2
0.346
8.64
1255
111.2
0.347
0.122
0.531

3
0.364
11.56
1323
148.0
0.337
0.119
0.544

Table 3 Comparison of experimental (ept'l.) to model
predicted (mod'l.) combustion temperatures (K)

and total residence times (tot'l.) to droplet
vaporization times (vapr.)[ms]

No.
1
2
3

7\
exp'i.
1194
1255
1323

T,
modi.
1100
1147
1230

T,
tot'l.
18.6
27.3
25.6

T,
vapr.
4.36
3.94
3.56

in place of the experimental one. Similar approximations have
been previously employed in combustion modeling.10

Several gas sampling experiments have been conducted in
a series of separate tests.2 A commercial five column gas
chromatograph equipped with a thermal conductivity detector
(TCD) and flame ionization detector (FID) was used to mea-
sure the samples taken during the gas generator runs. The
five columns and two detectors were needed to correctly sep-
arate and quantify the gas samples that covered a wide range
of constituents. The high boiling point species were eluted
after separation in the columns through the FID system, whereas
the lighter species were eluted through the TCD. The gas chro-
matograph was calibrated with several standard gas mixtures
containing the expected efflux species in proportions thought to
be representative of those in the gas generator sample.

Samples were withdrawn from the operational gas gener-
ator starting 5 s into a run sequence in order to fill the sampling
lines. Actual analysis was begun about 12 s into each run after
the transient processes reached sufficiently low levels. The
hot efflux samples were withdrawn and subsequently quenched
by standard nozzle expansion techniques to preclude further
reaction in the sampling lines. Sampling lines were maintained
at approximately 100°C to avoid condensation of volatile species.
Solid particulate was removed in a glass sieve prior to entry into
the detectors to avoid contamination. All samples were analyzed
and recorded immediately after the run sequence.

The range of operating conditions for this series of tests is
listed in Table 1. The measured efflux concentrations were
obtained in mole percentages for the detection technique em-
ployed. Not all quantities which were measured were iden-
tified. The unaccounted efflux in the data represents the sum
of the unidentified or uncalibrated peaks in the gas chro-
matograph readings and can be considered to represent an
unknown hydrocarbon mixture. Therefore, the raw numbers
listed for those species which were identified represent the
true fractions.

Average droplet size estimates for the given injection scheme
are in the range of 50 /*,, as described in either of Refs. 3 or
4. Results were evaluated in the two previous works for initial

Species

Fig. 10 Comparison of measured and model predicted efflux com-
positions for case 1 (5.44 atm and 50-fi fuel droplets).

diameters ranging between 50—100 /x, as well as gaseous in-
jectants. Only 50-ju results are given here. The reaction zone
temperature TRXN was determined for all cases to be 1550 K
for this mixture ratio (that which best utilizes the oxygen and
maximizes reactor temperature), which is nominally at equiv-
alence ratio 8.95 (MR = 0.362), slightly lower than that given
by Eq. (16).

Results and Discussion
The full gas generator model with droplet vaporization con-

siderations and the two-temperature approach was used to
model three experimental data cases. The modeled data span
the range of pressures covered in the experiments. Compar-
isons of model-predicted efflux compositions to the experi-
mental data are given in Figs. 10-12a for the cases detailed
in Table 2. The results as plotted here exclude the soot con-
tribution which was predicted by the model so that comparison
of gas phase species alone could be made to the data. No
quantitative data on the amount of sooting was available al-
though sooting does occur. In addition to species data, tem-
perature and residence time comparisons are given in Table 3.

An examination of the efflux composition results indicates
several important trends and correspondences to the exper-
imental data. As far as the inlet reactants are concerned, little
remaining aliphatic residual and almost complete oxidizer uti-
lization are predicted, both in agreement with experimental
data. A considerable amount of the large aromatic toluene is
seen to remain unreacted or partially reacted in the form of
benzene.

Somewhat higher levels of aromatic are predicted to remain
in the efflux than the data support. These findings support
earlier findings3 that aromatic decomposition is severely lim-
ited in the low temperature, oxygen-lean gas generator en-
vironment. The apparent difficulty with benzene predictions
may be related to our simplified equivalent mixture formulation
that somewhat overemphasizes the aromatic constituency.

Important stable intermediate species that are in useful
form for further combustion include H2, CH4, C2H2, C2H4,
and C2H6. In general, the levels of these species predicted by
the model agree well with experimental data. Ethane levels
were generally predicted to be lower than those measured.
Ethane's presence under these high-temperature gas gener-
ator conditions is not supported by kinetic principals unless
a direct production route exists from some higher hydrocar-
bon source. Such a route is not evident within our chemical
mechanism. In any case, ethane is a minor product and we
predict this to be the case.

Equilibrium predictions conducted in Ref. 3 indicate that,
of the fuels listed above, only hydrogen and methane are
present in the gas generator exhaust when combustion pro-
ceeds to equilibrium. The equilibrium predictions for case 3
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Fig. 11 Comparison of measured and model predicted efflux com-
positions for case 2 (8.64 atm and SO-/* fuel droplets).

are included in Fig. 12b, and indicate the large deviation from
both measured and nonequilibrium modeled results. The ob-
served presence of hydrocarbon fuels and intermediates such
as acetylene, ethylene, and benzene in the experimental efflux
is one of several measures indicating operation far from equi-
librium.

Product species, such as CO, CO2, and H2O are predictable
to differing degrees of accuracy. Levels of carbon monoxide
are underpredicted by the model in all three cases. The ap-
parent discrepancy is tied to H2O levels since these two are
the only prominent oxygen-containing species in the efflux.
Unfortunately, data on H2O is unavailable leaving this dis-
crepancy unresolved. Large quantities of CO in the exhaust
are supported by equilibrium and stoichiometry arguments;
however, for this high equivalence ratio, the large CO levels
would tend to indicate substantial conversion to final prod-
ucts, which does not seem to be the case based on the con-
tent of unburned hydrocarbon. Predicted CO2 levels agree
well with the data, considering the difficulty with CO predic-
tions.

From the standpoint of further efflux combustibility, the
smaller hydrocarbons such as methane, acetylene, and carbon
monoxide as well as hydrogen are well positioned for sec-
ondary combustion in our high-speed propulsion application.
The high content of predicted aromatic such as benzene is
less desirable for such applications. Benzene could pose prob-
lems concerning sooting at these high pressures and low tem-
peratures, especially if long delay times are encountered prior
to combustion. Benzene is also a larger, more stable hydro-
carbon that is more difficult to combust than the correspond-
ing chain compounds in the gas generator efflux. Product
distributions as reported here are consistent with the results
of other fuel-rich studies6 and relevant solid fuel exhaust prop-
erties.17

Table 3 shows a comparison of predicted to experimental
temperatures indicating generally good agreement. For the
three cases evaluated in this article, model predictions tended
to be low; reverse trends were predicted for several of the
lower temperature test cases compared in Ref. 3. Also shown
in Table 3 are predicted total residence times and fuel va-
porization times. Total residence times agree well with a de-
sign point range of 20-30 ms. Vaporization times are rela-
tively short compared to the total residence times supporting
the criterion for our droplet vaporization modification to the
PSR physics.

Considerable sooting was predicted for these three test con-
ditions with levels approaching 25% in some cases. Noticeable
sooting was observed in all experiments, but levels were never
quantified (indirect evidence points to soot levels on the order
of 10-15%). Equilibrium predicts up to 45% solid carbon in
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Fig. 12 a) Comparison of measured and model predicted efflux com-
positions for case 3 (11.6 atm and 50-ft fuel droplets) and b) equilib-
rium predicted efflux compositions for case 3, indicating no substantial
hydrocarbons larger than methane in size. These results are repre-
sentative for cases 1 and 2 as well.

the exhaust. Although the nonequilibrium results are far be-
low this limit, it is believed that sooting is still somewhat
overpredicted by the present mechanism. The kinetic pro-
cesses considered here have been taken from the gas generator
work of Nickerson et al.10 This mechanism has been shown
to predict sooting trends in RP-1 fuel-rich gas generators, thus
we have some confidence in the proposed soot initiating steps.
The present fuel mixture formulation is quite heavily aromatic
however (70% of liquid). Soot is undesirable from the ap-
plication viewpoint because of carbon deposit concerns or loss
of usable carbon, therefore, anything which can be done to
suppress sooting is of great importance. The sooting processes
in gas generators are not thoroughly understood and a com-
prehensive, validated scheme for their description is not yet
available.

The gas generator model predicts a flame zone to occur in
the injection region of the device. Neither sustainable com-
bustion nor observed product distributions are supported by
the notion of a uniform reactor temperature between exhaust
and injection region. Modeling predictions3-4 and several pre-
liminary temperature probing investigations2 have identified
the existence of the hot reaction zone near the injectors where
high temperatures are prevalent. These higher temperatures
result in accelerated chemical reaction and vaporization,
processes which we have modeled with our two-temperature
approach. Our modeling studies have shown that the over-
all product distributions are dictated by the extent of reac-
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tion which can be attained in this high-temperature region.
We therefore conclude that combustion of the fuel-rich mix-
ture is kinetically dominated and secondarily vaporization
limited.

In summary, the model PSRVAP incorporates vaporization
effects within the limitations imposed by a perfectly stirred
reactor idealization and allows adjustment of droplet lifetimes
to yield acceptable trends in terms of reaction inhibition due
to finite fuel vaporization rates. To model the combustion
process in the main reaction zone, the two-temperature model
is used to represent the observed zonal characteristics of
the gas generator injector region. A temperature determined
to be consistent with the actual combustion of injected
liquid fuel droplets is used to drive the kinetics, effectively
decoupling the bulk fluid dynamic and local chemical pro-
cesses.

Conclusions
A nonequilibrium combustion model has been developed

and evaluated here against experimental data from a fuel-rich
hydrocarbon gas generator. The model uses the perfectly stirred
reactor formulation, which assumes fully mixed gaseous spe-
cies and uniform temperature, to describe the gas-phase fluid
dynamics. Special considerations are given to the injector
region's flame zone. A simplified approach to describing the
multidimensional injection, mixing, and combustion phenom-
enon has been employed here. This procedure is taken in
order to isolate the kinetically limited chemical processes. The
operational aspect of fuel-rich devices which had not been
addressed until now is the role that finite rate chemistry has
on overall operability.

The most important aspects of our study include the fol-
lowing:

1) A complex hydrocarbon mechanism capable of describ-
ing kerosene type fuel mixtures has been developed. The
mechanism describes the oxidation and pyrolysis of species
up to C8-alkanes in size, plus the aromatics toluene and ben-
zene, and includes a simplified carbon formation description
applicable to fuel-rich gas generators.

2) We have modeled a JP-7/toluene fuel mix through a
simulated mixture of/i-octane and toluene. Such an approach
has avoided use of semiglobal fuel decomposition steps for
JP-7. Using the fundamental approach should allow extension
to modeling other complex hydrocarbon fuel mixtures.

The full gas generator combustion model has been suc-
cessfully applied to describe measured exhaust compositions
and combustion temperatures of a fuel-rich hydrocarbon gas
generator/preburner. Several key conclusions can be drawn
concerning the model application to the particular configu-
ration of interest.

1) Model predictions are able to describe principle exper-
imental efflux compositions. A significant content of aromatic
hydrocarbon fuel as well as combustible stable intermediates
is predicted. The hydrocarbon intermediates include hydro-
gen, methane, acetylene, and ethylene (or ethane), and ben-
zene.

2) The two-temperature approach undertaken has been
shown to describe the fundamental physical/chemical pro-
cesses during steady-state operation.

3) The kinetics in the reaction zone dominate the overall
observed extent of reaction. The injector configuration flow
properties and flame-holding temperature in the gas-liquid
region determine the kinetic behavior.

4) The temperature and oxidation characteristics of the
reaction zone have the most critical influence on the resulting
combustion. When the temperature in the reaction zone
remains too low, combustion may no longer be sustainable
(flameout), whereas excessive temperatures in this zone will
convert much of the usable hydrocarbon into soot precursors.

5) A highly combustible efflux is produced. This flow con-
tains many low molecular weight hydrocarbon fuels. How-

ever, the mixture formulation employed here produces sig-
nificant amounts of unburned aromatic fuels as well, which
in the gas generator act principally as diluent. Furthermore,
this aromatic decomposes very sluggishly into lighter species.
Modeling studies showed long residence times encourage the
formation of soot.3

The capability of the gas generator model formulation
PSRVAP is displayed with sufficient accuracy to indicate that
the present system may be used to evaluate fuel-rich gas gen-
erator combustion characteristics for design purposes, predict
performance trend variations with other flow properties of
interest, and to provide the initial point for ramburner com-
bustion studies.
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be caused, for instance, by using a "program within a program"
(e.g., special mathematical enhancements to word-processing
programs). That potential problem may be avoided if you specifi-
cally identify the enhancement and the word-processing pro-
gram.

The following are examples of easily converted software
programs:

• PC or Macintosh TEX and LATEX
• PC or Macintosh Microsoft Word
• PC WordStar Professional
• PC or Macintosh FrameMaker

Detailed formatting instructions are available, if desired. Jf you
have any questions or need further information on disk conver-
sion, please telephone:

Richard Gaskin • AIAA R&D Manager • 202/646-7496

&AIAA
American Institute of Aeronautics and Astronautics


