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EXECUTIVE SUMMARY

This sixth quarterly technical summary report documents the conclusion of the
initial phase of Aerodyne Research, Inc.'s research program on the '*Characterization
of Open-Cycle, Coal-Fired MHD Generators''.

This effort has included theoretical modeling of important plasma chemical
effects such as: conductivity reductions due to condensed slag/electron interactions;
conductivity and generator efficiency reductions due to the formation of slag-related
negative ion species; and the loss of alkali seed due to chemical combination with

condensed slag.

A summary of the major conclusions in each of these areas is presented in

this report, along with references to more detailed presentations.

A major output of our modeling effort has been the development of an MHD
plasma chemistry core flow model. This model has been formulated into a
computer program designated the PACKAGE code (Plasma Analysis, Chemical
Kinetics, And Generator Efficiency). The PACKAGE code is designed to calculate
the effect of coal rank, ash percentage, ash composition, air preheat temperatures,
equivalence ratio, and various generator channel parameters on the overall
efficiency of open-cycle, coal-fired MHD generators. A complete description of
the PACKAGE code and a preliminary version of the PACKAGE user's manual are
included in this report.

A laboratory measurements program involving direct, mass spectrometric
sampling of the positive and negative ions formed in a one atmosphere coal combustion
plasma was also completed during the contract's initial phase. This report summarizes
the relative ion concentrations formed in a plasma due to the methane augmented
combustion of pulverized Montana Rosebud coal with potassium carbonate seed and
preheated air. Positive ions measured include K+, KO+, Na+, Rb+, Cs+ , and c30+,

while negative ions identified include Po; , POE, BOE, OH , SH , and probably HCrO;,
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HMoO,,

predictions are presented.

and HWO.;. Comparison of the measurements with PACKAGE code

Finally, preliminary design considerations for a mass spectrometric sampling
probe capable of characterizing coal combustion plasmas from full scale combustors
and flow trains are presented and discussed.
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1. INTRODUCTION

Coal is a complex chemical substance containing variable amounts of metallic
and nonmetallic substances in addition to the desired carbon and hydrogen fuel
elements. The purpose of this contract effort is to understand how these nonfuel
components of coal will affect the electron and alkali seed chemistry in a high
temperature coal combustion system like that envisioned for direct-fired MHD

generators,

Three specific problems were considered during this contract period. The
first problem area was to characterize the formation of negative ions due to
electron attachment processes in the combustion flow. While some stable
negative ions may be formed from hydrocarbon combustion species (OH™), the
bulk of the stable negative ions are expected to be formed from oxidized inorganic
coal slag constituents (FeO, , POQ, AIOE, etc.). Negative ion formation can
reduce the conductivity of the MHD plasma, thus decreasing the efficiency of
power generation,

The second problem area involved the role slag condensation may play in
determining the electron density through recombination, also adversely affecting
conductivity in the core flow. The competitive balance between thermionic emission
from slag droplets and electron/ion recombination on the droplet surfaces may be
severely tipped in favor of electron loss processes, depending on the slag properties.

The third problem area was the heterogeneous interaction of alkali seed with
particles formed by slag condensation in the generator channel. Alkali seed material
can be chemically bound into the molten slag particles tightly enough that seed
recovery becomes prohibitively expensive. The loss of significant amounts of alkali
seed to the slag could have a serious economic impact on proposed MHD systems.,

A coupled approach, involving both theoretical modeling and experimental
measurements, has been devised to explore the negative ion formation, the
electron/slag interaction, and the alkali/slag interaction problems. The overall goal
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of the program has been to devise and validate reliable theoretical models which ‘
predict the degree of negative ion formation, and the loss of electrons and alkali

seed to slag condensation processes for various MHD channel conditions. These

models describe the appropriate fluid mechanical conditions expected in direct-fired

MHD channels and will permit the calculation, through the appropriate chemical

equilibrium or chemical kinetic equations, of the changes in negative ion, alkali and

slag conditions as the fluid conditions change.

To date, a one~dimensional model of the fluid dynamic, chemical and MHD
processes in the channel core flow has been completed. This model, designated the
PACKAGE code, includes subprograms for the calculation of the equilibrium chemical
composition and the plasma conductivity at arbitrary stations in the core flow. An
extensive literature search to gather information on the structure and thermochemistry
of suspected negative ion species has been completed, and thermochemical models
of approximately thirty negative ion species have been added to the equilibrium
composition code. Formulation of a finite rate description of key chemical kinetic
processes has been completed and has been added to the model. Furthermore, a
solution model for liquid phase species has also been completed and incorporated into
the code.

An additional model predicting core flow slag vapor supersaturation ratios and
the detailed interaction of slag condensation nuclei with plasma electrons and ions
has been formulated. This modeling effort has identified a potentially serious
conductivity loss due to slag droplet catalyzed electron recombination which may
seriously affect the back end performance of large scale generators.

Finally an analysis of available slag/seed interaction data, coupled with the
modeling of the generator and diffuser flow parameters expected in full scale systems
has led to the conclusion that loss of prohibitive amounts of alkali seed due to reaction
with molten slag is unlikely.
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Results from the modeling efforts have been compared with mass spectrometric
measurements of positive and negative ion species sampled from a one-atmosphere -
pulverized coal burner constructed in our laboratory. This burner was designed to
simulate, as closely as possible, temperatures, pressures and seed concentrations
expected in prototype, direct-fired MHD channels. Relative concentrations of
positive and negative plasma ions due to methane augmented combustion of
Montana Rosebud coal with potassium carbonate seed and preheated air have been
obtained and compared with PACKAGE code predictions. This experimental data is
now being used to modify and validate the code, thus adding confidence to code
predictions of full scale generator properties.

A final phase of the effort has been the preliminary design of a mass spectro-
metric ion and neutral probe which can gather data from MHD channels fired by
prototype MHD combustors. Final validation of the negative ion, alkali, and slag
models will come from a comparison of model predictions with these prototype

measurements,



2. TECHNICAL PROGRESS SUMMARY

During the sixth quarter of effort, the final three technical tasks of the contract's
initial phase were completed, as indicated on the Contract Milestone Chart shown in
Figure 2.1, The final status of each of these three tasks is summarized below.

2.1 Model Validation and Modification (Task 3)

Major emphases during the past quarter have included the effects of solution
models on the level of slag derived negative ions, the modeling of seed/slag interactions
coupled with the analysis of available seed/slag interaction data, and the documentation
of the PACKAGE code. Results of the first two studies are contained in Section 3,
along with a brief summary of the slag/electron interaction modeling reported earlier.

A preliminary version of the PACKAGE program documentation is included as an
appendix to this report.

2.2 Laboratory Measurements (Task 5)

The laboratory measurements task was completed with the successful sampling
of positive and negative ion species found in a one atmosphere plasma produced by
methane augmented combustion of pulverized Montana Rosebud with preheated air and
potassium carbonate seed. In Section 4, the resulting positive and negative ion data
are compared with PACKAGE prediotions and needed code improvements are discussed.
The final apparatus adjustments and modifications necessary to obtain the coal plasma
ion data are discussed in Section 4,

2.3 Full-Scale Probe Design

A preliminary design for a mass spectrometric probe intended to sample ionic
and neutral species from full-scale MHD combustors and flow trains is presented in
Section 5, Particular emphasis is placed on the fluid dynamic and ion optic aspects
of the proposed sampling system,
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3. MODEL VALIDATION AND MODIFICATION

3.1 Objectives and Milestones

One main objective in this investigation is to evaluate the effects of the negative
ions in the performance of a coal fired open cycle MHD channel, Due to the possible
dependence of the negative ion formation on the chemical kinetics of the system a

computer model is developed which evaluates the flow properties in the core region
of the channel under both equilibrium and partial finite rate conditions,

The following chemical options can be used:
) Total chemical equilibrium with pure condensed species,
° Total chemical equilibrium with condensed ideal solution, and

° Partial equilibrium/partial finite rate chemistry with pure
species,

The necessity for developing such models is described, in more detail, in our

) where we have also discussed calculated results and

the predicted effects of negative ions on the performance of an MHD channel,

previous quarterly report:s(1 -5

In this reporting period we have modified our condensed solution model in order
to freeze out any species within the ideal solution which has a freezing temperature of
150°K below the solution temperature,

Additional modeling goals have been to elucidate the effect of slag condensation
on the equilibrium electron concentration and to understand the degree of alkali seed
loss arising from seed reactions with molten slag. A summary of our work on the
slag/electron interaction problem is contained in Subsection 8, 4, while our seed/slag
interaction modeling and analysis of available data is reported in Subsection 8, 5,


file:///mderstand

3.2 Description of MHD Plasma Chemistry Code ""PACKAGE"

The building block of our programming effort is the NASA CEC Code(s) which was
developed to evalute the equilibrium composition of mixtures with pure condensed
species . Numerous changes, in the core of this program, are made in order to adapt
to the additional imposed chemical constraints, Furthermore, several routines were

added to the program in order to evaluate the plasma conductivity and solve the MHD

flow conservation equations,

The details of the modified code are described in Appendix I of this report where

we have also documented input/output formats for the PACKAGE program together
with instructions for its operation and sample runs,

3.3 Summary of Negative Ion Modeling

As it stands, the NASA CEC(6) code lacks thermodynamic information about many
negative ions which can be crucial for this investigation (see a list of these ions in
Ref, (2)). We conducted an extensive literature search to collect all information neces-
sary for evaluating the thermodynamic data required by the NASA CEC(G) code, These
negative ions were then added to the list of species contained in the code.(1 -9

Up to now, we have only exercised the total equilibrium with pure condensed
species option for investigating the effects of negative ions (see Ref, (4)). I this
reporting period, we considered the effects of ideal condensed solutions on the forma-
tion of the negative ions, Since, A10; is one of the prominent negative ions in the
plasma mixture, we considered a solution composed of A1203 ), SiO2 ({), and MgsSiOy( ).
The results of this calculation are shown in Fig, 3.1 As expected, the possibility of
mixture formation favors condensation, one of the consequences being the elimination
of SiC(s) (which was not limited kinetically). Another consequence is a reduction by
50% of the Alo; ion concentration,
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Figure 3,1 Comparison of Pure-Component and Solution Condensed Phase Model
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Figure 3.2 shows the effect on Fe0; concentration of the inclusion of a condensed
phase, Fe30 4( 1), and the addition of Fe30 4(,[) to the solution composed of A1203(1), Sioz(a),
and MgSiOg(/). If we first compare the FeO2 concentration calculated with no liquid
iron oxide species with that calculated including Fe30 4(2 ) as a pure phase, we sSee
that allowing the iron to condense has a noticeable effect as the gas cools, around a
factor of two at mid~channel. The thermodynamic model of Fe30 4(2)' as well as one
of Fe203 (£) which was also included in the calculation but found to be ignored by the
pure phase calculation in favor of Fe30 4(,Z), was kindly provided by Mr, F,E, Spencer

of the Pittsburgh Energy Research Center.

In the pure phase model, there is no Fe30 4([ ) until the 0, 5m point in the channel,
and its concentration increases as the gas cools, When Ee30 4(2) is allowed in the
solution, it is much more stable at high temperatures, This causes another decrease
by over a factor of two in the Feo:z concentration, However, Feo; is still predicted
to be an important negative ion,

To account for effects of the kinetically controlled condensation on the formation
of negative ions and other phenomena, such as, seed/slag interaction in the cold regions
of the channel and the diffuser, in our future investigations a diffusion controlled con-

densation model will be added to our computer code,

3.4 Slag/Electron Interaction Modeling

A technical paper presenting our modeling of slag vaporization and condensation
nucleation in full scale generators, and the results of that condensation on plasma con-
ductivity has been accepted for publication in the January/February 1978 issue of the
Journal of Energy, The Title and Abstract of this paper are presented below,
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Potential Effects of Coal Slag Condensation
on Plasma Conductivity in MHD Generators

M. Martinez, C. E. Kolb, and J, L. Kerrebrock
Aerodyne Research, Inc,, Bedford, Mass,

An analysis is presented of the possible effects of homogeneous
nucleation of slag vapor on the electron density in coal combustion
MHD generators, The range of operating conditions for which
nucleation may occur is found to include those of interest for
baseload applications, provided silica vaporization is not
strongly inhibited in the burner, Calculations based on a
steady-state ionization- recombination model including micro-
scopic droplets show substantial electron density reductions,
especially for drops with a high work function, Key uncertainties
that may affect the accuracy of the results are pointed out.

3.5 Seed/Slag Interaction Studies

The possibility that some of the alkali seed in coal-fired MHD generators would
be absorbed by suspended molten slag, or by the slag layer on the channel walls,
was recognized early, and many studies have dealt with the pdtential penalties
involved. An upper limit for the loss of potassium salt which is economically
tolerable has been established at roughly 5% per pass. Caloculations based on thermo-
dynamic equilibrium models(7' 8) have tended to indicate losses several times higher
than this limit, but comparisons with the available experimental data have shown
smaller losses.(s’ 10) Thus, as summarized in Ref, (8), either the existing equilibrium
models are inaccurate, or kinetic limitations have existed in the experiments so far,
preventing equilibrium, One kinetic barrier which may exist is the rate of
condensation of alkall on the slag droplets or on the walls; this rate must depend on
residence time of the seed/slag-laden gas, and also on whatever factors influence
the available slag surface area (drop growth, nucleation, agglomeration). We have
initiated studies aimed at clarifying the interrelationships among these factors, and
their bearing on the seed recovery fraction, The following is an account of these
studies.

3-6




Survey Of Seed[Slag Data - Equilibrium Predictions

In Ref, (11), the NBS workers have compiled a selection of data on the
composition of slag recovered from the walls of two experimental MHD generators:
AVCO's Mark VI and the Stanford Slagging Facility. One significant feature of the
data is that in all cases the mole percentage of potassium in the slag (referred to
KZO) is in the range from 15 to 25%. Some of the samples in the Mark VI case were
taken from the electrode walls, showing preferential K enrichment of the cathode,
while other samples came from the burner slag, where the residence time should be
sufficient for equilibration. Based on these data, and on the Si/A1l ratio of a large
number of natural coal ashes, Ref. (11)indicates that KAISiO 4 (which generates 25%
of K20 per mole when converted to the standard oxide) and KA.181206 (giving 16.7%
K20) must be important components of the seed/slag mixture.

Data very similar to these were also reported in Ref, (9), from the UTSI facility,
The **chun..'' material collected in their cyclone, and originating from the slag layers
on the flow train components (100% slag carryover) was found to contain mostly
insoluble potassium, typically 16% by weight; this translates roughly to again 16%
Kzo by mole in a standard-oxides composition. The dust material originating from
the particulate flyash contained both soluble potassium sulfate and insoluble potassium
in a concentration somewhat smaller than the wall material (11.5% by mass, after
washing).

The combustor experiments at PERC (Ref, 10) gave quite similar results, In
all cases, the water-insoluble fraction of the flyash collected in the baghouse filter
was found to contain between 13 and 17% potassium by weight (which, again, implies
about the same mole percentage of K20).

A more direct experiment was reported in Ref.(12)). This was a crucible test,
where synthetic coal ash (25% by mass) and K2s04 (756%) were fused together and
allowed to equilibrate at 1823°K., There was a clear phase separation into K,80,
crust and an insoluble seed/ash mixture which was found to contain 15% weight percent
of potassium.

The evidence from all these experiments, coming from five different sources,
and corresponding to quite different conditions, suggests strongly that ordinary coal
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slags reach a saturation level of chemically bound potassium, at about 15% - 18% K

by weight. We have only been able to locate one reference to an experiment in which

a slag with a higher concentration of bound potassium was observed. This is reported
in Ref.(13). The experiment was very similar to that of Ref. (12): 25.5% by weight
coal ash (with 48% Si0,, 239 A1'203, 9.3% Fe203, 6.9% CaO and small amounts of
MgO and K,0) was mixed with 42.3% of K,SO, and 33.2% of K,CO, and fused at 1200°C
to 1400°C. There was again phase separation, with a KZSO 4 crust and an insoluble
melt containing 37.% KZO. The other constituents of this fraction were given as

8io,, (42.7%), Al,O4 (9.2%), Fe, 04 (2.5%), CaO (1.9%) and small amounts qf MgoO,
NaO and S. While this experiment seems to indicate the possibility of bound potassium
concentrations much higher than the limit shown by other data, there is a confusing
aspect of the data as reported: the weight percent of K in the initial mix is the same
as that of the insoluble fraction alone (31.5%) while the photograph shown in the paper
clearly indicates a thick sulfate crust, possibly amounting to 20 - 25% of the total

melt.

Also of importance are the measurements of potassium pressure above synthetic
slag/seed melts reported in Refs. (14) and (15). Based on measurements on binary
K20 - 8102 and K20~-A1203 mixtures Ref. (11), large potassium losses were predicted,
especially to the silica. However, similar measurements made on mixfures also
containing oxides of Fe, Ca, Mg, as well as both SiO2 and A1203 (Ref. (15)) show much
less tendency to bind potassium. The result would be predicted seed losses lower
by factors of 2 to 3 than if the prediction was based on SiO2 - K20 mixtures alone;
this would line up well with the observed limit of < 20% seed. The authors of
Ref. (15) indicate that their measured potassium Knudsen effusion rates might still

be below their equilibrium seed concentration.

The early theories put forward in an attempt to predict seed loss were based on
the assumption of ideal solution behavior of molten mixture containing Si02, Al 203
and some K constituent (KZSiO3 in Ref. (7)). They led to predictions of up to 80% K
losses (at 1550°K, 100% slag carryover). Later work (Ref. (8)) postulates a non-
ideal solution of Si02, A1203 and K20, with activity coefficients represented by means
of general quartic polynomials in the concentrations. The Gibbs-Duhem equations
are satisfied, and the coefficients are estimated by using data from a variety of
sources and fitting them to the assumed functional form. This model still leads to

®




predictions of up to 50% K loss (at 1550°K, 100% carryover), which the authors

(Ref. (8)) find incompatible with the data. For example, even accounting for a
separate liquid sulfate phase, application of the model to the experimental conditions
of Ref. (10) leads to predicted K concentrations of up to 38% by weight in the insoluble
phase (compared to 13 - 17% experimentally). For cases like the one considered in
the calculations of the next section (15% ash in coal, 1% K by weight) Table 3-I shows
the percentage of K lost for various ash rejection fractions in the burner and for two
assumed saturation levels of bound seed in the slag (only ''bound'* K is assumed lost):

Table 3-1
Slag Carryover % 100% 40% 20% 10%
Maximum Fraction of K Loss
(Saturation at 18% By Weight) 15% 6% 3% 1.5%
Same, With Saturation At 54% 45% 18% 9% 4.5%

It seems certain that 20% carryover is a realistic engineering goal, especially
using two-stage combustors; whether this is sufficient to ensure an acceptably low
seed loss is seen to depend only on the saturation level of seed/slag mixtures. The
data discussed in this section strongly hint at something like an 18% limit, and hence
at the acceptability of this 20% ecarryover.

Gas Phase Seed Diffusion

In order to assess the possibility that a kinetic barrier exists in the process of
seed capture by the flyash, we postulate here a simple model of the seed condensation
process. A population of spherical slag drops of radius Ro (number density nD) is
assumed to exist at the generator exit plane. These drops make up a total mass
fraction Xagh’ which depends on the type of coal used and the rejection fraction fr in
the combustor. Taking a ''standard'' coal with 15% ash contents, burning in
stoichiometric air,
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~ 0.012 (1 - (1)
Xash = 0.012 ( fr)

(1.2% ash in the gas for 100% carryover). The seed fraction is assumed to be 1% by
weight, which gives 1.2% K20. In Ref. (16), it is shown that the time for the drops to
grow from R, to R >Ro by diffusion-limited condensation is given by,

t= T [f(r) -f(ro)] @)

whereris R/Ry,, Ry, is the size the drops would attain after complete condensation,
T =1/ (4ernDR o) D is the vapor diffusion coefficient and the function f is:
c

2 + 2N
. 1+ r+r VT o..v o L t2r :

Figure 1 shows results based on this model; the time, t, needed for-the drops to
contain a certain volume fraction of seed is plotted, assuming no seed reevaporates
and no slag vapor exists. This time scales as the square of the initial radius of the
drops, and over most of the range of interest, depends only weakly on the slag
carryover. For a limiting concentration of 20% (by volume), we find t (msec) equal to
0.2 R2 (um), so that, for drops of 10 um radius, this concentration is reached in
20 msec, while 2 um drops would saturate in only 0.8 msec. If the limit is extended
to 40% by volume, the time is about three times longer.

For comparison, the flow residence time in the diffuser and air preheater
(radiant boiler) of a base load MHD generator (Ref.(17)) is roughly 5.5 sec, of which
0.5 correspond to the diffuser. For a radiant type of heat exchanger, this residence

time scales as the square root of the mass flow rate, so that even for installations
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with an order of magnitude less power output, residence times of the order of 1.sec

are indicated. It seems clear, therefore, that gas phase kinetic limitations should

not affect the eventual seed loss in commercial MHD generators. This refers, of
course, to the losses to the flyash; the loss to the walls would have to be prevented

as well as contact of the molten slag/seed particles with the heat exchanger surface.
Blown boundary layers, producedby air injection (Ref. 9)1is onepossibletechnique. Inheat
exchangers of a slagging type, the slag on the surface will reach a bound seed
concentration similar to that of the flyash particles, so that the precise distribution
between suspended slag particles and wall slag should not affect the potassium loss.

In the experiments done at UTSI (Ref. (9) and (18)), a duct after the constant
area diffuser simulates the radiant boiler. However, the gas velocity is maintained
rather high in both ducts, so that the actual cooling is dominated by convection instead.
The total residence time in the duct is only about 7 msec (Ref. (9)), and, according
to the size distribution presented in Ref. (18), the flyash is polydisperse, with an RMS
radius which can be estimated between 6 and 7 yum. For small degrees of vapor

depletion, the drop growth analysis of this section can be applied to polydisperse
distributions by using the root-mean-square radius in Eq. (3); we can then calculate
T (msec)/ [R(um):]2 to be between 0,195 (R = 6 um) and 0,143 (R = 9 um), and
reference to Fig, 3,3 shows that the maximum seed volume fraction in the drops is .
between 0.15 and 0,19, The corresponding mass fraction would be somewhat less
than this.

This is an upper bound to the possible concentration for at least two reasons:
(a) Reevaporation has been ignored, and (b) Diffusion in the condensed phase would
further slow down the absorption process (Ref. (8)) estimates liquid diffusion times
comparable to the flow time). The measured concentration of insoluble seed in the
flyash ranges from 5 to 11% K by weight. The conclusion is that the UTSI experimental
residence time is too short for the limiting concentration of seed to be reached in the
flyash particles. This was substantiated in Ref. {(9) by observations of sensitivity of

seed loss and of sulfur emissions to variations of residence time.
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This kinetic limitation in the UTSI experiments is unfortunate, because it probably
masks the more basic ultimate limit to the seed loss, due to saturation of the slag.
As discussed in the previous section, this is suggested by the fact that the chunk

materials collected in the same and other experiments do not exceed 16% K by weight.

3.6 Future Modeling Work

Continued improvement of the PACKAGE computer model and its extension to
the slag/electron and seed/slag interaction problems is a key feature of the next
phase of contract activity, Particular attention will be paid to radiative heat losses

from the plasma and to the kinetics of slag condensation,
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4, LABORATORY MEASUREMENTS

4.1 Objectives and Milestones

In this quarter we have achieved the basic goal of the experimental portion
of the program, which was the observation of positive and negative ion
mass spectra of seeded coal flames. During the quarter several modifications to
the apparatus designed to increase its sensitivity were completed. These included
electrical isolation and charging of all surfaces which could affect the molecular
beam, rewiring of the ion optics voltage supplies to accommodate these new charged
surfaces, and installation of a molybdenum skimmer cone. Optimization of the ion
optics train was carried out using the newly constructed argon discharge ion source.
This has resulted in an apparatus which has been able to sample ions produced in
the atmospheric pressure burner, mass resolve them, and display the resulting
spectrum on an oscilloscope, and to modulate the ion beam using a square wave
shift voltage and produce mass spectra using the lock-in amplifier and chart
recorder,

We have made several studies of positive flame ions, finding that the burner
lining is coated with enough seed that a substantial vapor pressure of alkali metals
can be obtained using only a methane and air flame. This is particularly fortunate
since we have made similar observations on seeded coal flames, and although we see
the potassium and potassium oxide ion peaks increase by an order of magnitude, with
respect to other alkali metals, any other observations are made difficult by sampling
nozzle clogging. Positive ion peaks we have seen from only methane flames include
strong signals from potassium and cesium and weaker ones from sodium and rubidium
as well as potassium and cesium oxide species. A large number of negative ion peaks
have been seen in such flames, The largest has been identified as POf3 by several
tests. Other ions observed include: OH , SH , BOz, SOZ, and POz, and oxides of chromium,
molybdenum, and tungsten. These observations confirm the conclusions reached in
the negative ion modeling task.
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4.2 Work Accomplished and Discussion

4.2.1 Apparatus Description

Operation of the burner and mass spectrometer system in the sampling and
observation of ions has produced a number of changes in various components.
Therefore, in this report we give a description of the complete apparatus as it now

exists.

We will begin with the overall view of the apparatus given in Figure 4.1, Using
this, we will give a brief description of the various parts and their relationships,

before going on to discuss individual pieces of equipment in more detail.

The coal burner is divided into burner, channel, and exhaust sections made out
of aluminum pipe lined with refractory insulation. The outside of the aluminum pipe
is water-cooled by wrapping with copper tubing which is cemented to the pipe with
heat-condueting epoxy. The burner is supported by a metal framework, which in
turn rests on an aluminum plate which forms the top of a table made out of I-beams.
This table supports the gas handling panel, which is not seen in the view of Figure 4-1
but is shown in detail in Figure 4,2, It also supports a framework to which is
attached the protective shielding panels, also not shown in the figure. In the rear of
the apparatus this shielding is 3/16 inch thick steel plate, while in those areas where
visibility is important, it is composed of Lexan sheets backed by heavy perforated
metal screens. The framework also supports an exhaust hood, which is vented to

the outside through a blower on the roof.

Powdered coal and seed mixtures are fed into the burner using a Plasmadyne
Model 1000A Roto-Feed Hopper. In this device, a rotating perforated disc at the
bottom of the hopper causes some of the powder to drop through a small hole and
become entrained in a stream of air. To ensure positive feeding, a small tamping
hammer can be used which operates automatically as the disc rotates. Although this
introduces a periodic pulse into the feed rate, it is found that when the hammer is
removed the feed has even more serious, random pulses. With the hammer, feed
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rates can be calibrated to around ten percent. Using the rotofeeder coal feed rates
from 1 to 15 g/min have been obtained. The coal and all other powders fed must be
sieved through a 100 mesh screen to prevent clogging of the feeder.

On its way to the burner, the coal and air stream passes through a solenoid-
operated four-way valve, whose controlling switch is located near the mass
spectrometer detection electronics. The third arm of the valve leads to a filter
bottle, while the fourth is either capped or attached to a methane feed line. This
feature allows a steady flow of coal to be set up, collecting in the filter bottle, which
can be quickly switched into the burner. This maximizes the running time before
coating of the sampling nozzle with seed and slag components, in particular potassium
salts, causes plugging of the sampling orifice. In the case where methane is fed into
the burner through the valve when the coal is being exhausted, a second solenoid valve
in the methane line is shut by the same switch so that methane does not flow into the
filter bottle when coal is being fed into the burner,

The burner is actually two concentric burners, an inner one through which
particles of coal and seed can be fed, and an outer ring which burns only methane and
air with the purpose of protecting the inner coal flame from heat loss to the walls.
The exhaust gases are pulled through two exhaust ports by the same blower which
serves the hood. On their way out, they pass through a waterjacket section of the
exhaust manifold whose inner wall is perforated to provide a water spray. This spray
cools the gas and carries any particles with it into a collection tank, The water is
recirculated through a filter by a pump which feeds the water-spray manifold. The
exhaust then passes through the water tank and through a fiber filter on its way to the

blower.

The hot atmospheric pressure combustion gases traveling down the center of the
channel are sampled into the first vacuum chamber through a small hole in the tip of a
stainless steel cone soldered to a water-cooled copper base plate. The center of this
expanding gas is sampled through another small hole in the tip of the molybdenum
skimmer cone into a second vacuum chamber, forming a molecular beam. Here
the ions are focused and steered by a system of ion optics. This beam passes through
a hole which can be covered by an electrically-operated gate valve in a third and even
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lower pressure chamber which houses the ionizer and quadrupole mass spectrometer.
The electron gun ionizer is used only in detecting neutrals and is turned off when
studying ions. Directly behind the ionizer are more ion optics to bring the ions from
whatever source onto the axis of the quadrupole.

The first and highest pressure vacuum chamber is pumped by a Varian HS
Series 16-inch diffusion pump with a nominal pumping speed of 10,000 liters/sec.
With the present 0.008 inch sampling hole, a typical pressure in the first chamber is
6 x 10_4 torr. The second vacuum chamber, containing the ion optics, is pumped by
a Varian VHS Series 6-inch diffusion pump, with a nominal pumping speed of 2400
liters/sec. Both of the outer chamber pumps use a silicone pump oil, Varian DC 704,
The mass spectrometer chamber is pumped by a Varian M Series 4-inch diffusion
pump with a nominal pumping speed of 800 liters/sec. The pump is topped by a
Granville-Phillips Series 278 Cryo Clean 4-inch liquid nitrogen trap and an Airco
Temescal Series 5010 4-inch gate valve. The mass spectrometer pump uses
Monsanto Santovac 5 pump oil, a polyphenyl ether, in order to avoid buildup of a
dielectric film which can defeat mass spectrometer ion optics. The 16-inch diffusion
pump is backed by a Stokes Microvac Model 149-4 mechanical pump with a nominal
pumping speed of 38 liters/sec. The two small diffusion pumps are backed by an

NRC Type 15-5 mechanical pump with a nominal pumping speed of 14 liters/sec.

A typical pressure in the second chamber is 1 x 10"5 torr, and in the third, 2 x 10-7.

The three diffusion pumps have individual temperature interlocks which shut off

the pump if it overheats, as well as a waterflow interlock which monitors the cooling
water to them and the Stokes mechanical pump. In addition, the mass spectrometer
diffusion pump can be interlocked to the filament of the ionization gauge for that chamber,
so that the pump is shut down in the event of a large leak.

A cross-sectional view of the coal burner is given in Figure 4.2. In the central
coal burner the coal dust and air stream from the feeder (and any added methane)
enters through the small central tube while the bulk of the burner air (preheated, or
oxygen augmented as the case may be) enters through the larger concentric tube. The
swirl vanes in this tube serve to keep the coal suspended inside the burner tube. We
have never had any trouble with coal dust building up behind the burner grid or with
clogging of the holes in the grid. The concentric outer burner serves to isolate the
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coal flame from the walls by burning premixed methane and air. Both burner grids
are presently constructed of fibrous zirconia board with a number of drilled 1/16
inch holes. The outer guard flame burner also has a ring of porous stainless steel
which prevents flashback into the premixed methane and air. The ratio of surface
areas, and of hole areas, for the guard and coal burners is close to two to one.

To reduce heat losses, the viewports at the burner end have been covered with
insulation except for two small holes which allow viewing of the burner grid and of
the channel wall for the purpose of measuring its temperature. One other hole in
the wall allows entry of the pilot flame from a propane torch, which is turned off
once the methane flame is stable. To avoid explosions, the back and sides of the
methane burner chamber as well as the sleeve which holds the coal burner tube are
water cooled,

Figure 4.3 shows the gas handling system for the coal burner, Of particular
interest are the separate flow meters on the air and oxygen lines to each burner,
allowing reliable mixing of oxygen with the air. A typical set of flow rates is
given in Table 4-1, which will serve as nominal operating parameters for future

Table 4-1 Burner Gas Flow Rates

Burner Methane 5 liters/min
Guard Flame Methane 5
Burner Air 55
Burner Oxygen 0
Guard Flame Oxygen 0
Guard Flame Air 80

Rear Window Purge Air
Front Window Purge Air
Coal Feeder Air
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discussions. (The feed lines up to the regulating valves are normally run at 40 or
50 pounds pressure, but the flow rates of Table 4-1 are at standard temperature and
pressure.)

A problem which was discovered with the original burner design was that poor
insulection allowed too much cooling of the gas before it reached the sampling nozzle,
When all the radiative power that the flame is able to emit is carried away from the
gas, its temperature will drop by one fourth to one third of 2000°K, down to 1200°
to 1500°K, the range observed at the burner exit. New walls were installed, with
one-tenth the thermal conductivity, so that only a small fraction of the radiated power
could be conducted out of the burner. The rest goes into heating the walls, and
as the temperature difference between walls and gas decreases, the net radiation loss
to the walls goes down. Such insulating walls made from fibrous refractory cylinders
together with a reduction in the area of open holes to the outside reduced radiation
losses and essentially preserved the gas at combustion temperatures all the way to
the burner exit,

The construction of the new burner walls is illustrated in Figure 4.4 The fibrous
refractory forms, though reasonably durable, are soft and easy to work with knives,
saws and drills. The main channel section is a 4-inch i.d. porous zirconia tube,
which gently expands to 4 1/2 inches at the guard flame burner. It is inserted inside
a low density alumina-silica tube, which in turn is supported inside the a luminum
pipe by spacers cut from alumina-silica board and by wrappings of fibrous alumina
blanket. A large alumina cylinder forms an insulating liner for the exhaust port
assembly. Three concentric zirconia tubes were joined with zirconia cement and
sculpted into a nozzle at the channel exit, which carries the flow directly onto the
sampling cone, The nozzle is so constructed that the cold outer walls are not visible
from the main part of the channel, and in particular not from parts which are visible
from the outside through small (1/4 inch diameter) holes cut throughthe liner at the
viewports. These holes allow viewing of the inner walls with the optical pyrometer.
Using the methane guard flame of Table 4-1 to heat the walls, typical pyrometer
readings of 13500 to 1400°C are obtained.
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Figure 4,5 shows the exhaust and sampling end of the channel. Again, to direct
the flow of hot gas towards the sampling cone and prevent the formation of a cloud of
stagnant gas in front of the sampling orifice, the channel is formed into a nozzle or
constriction with an inner diameter of one inch. This small size also minimizes
radiation losses. The flow through this narrowing is still smooth and quiet, and is
calculated to cool very little before reaching the sampling cone. A platinum/platinum-
rhodium thermocouple is mounted at the end of the constriction extending into the
center of the flow. For the basic methane and air flow rates given in Table I the
temperature read on the thermocouple does not much exceed 1200°C. This temperature
must be corrected for the balance between convective heating of the thermocouple and
the losses through radiation and conduction. At this temperature, the losses are
essentially radiative, and the correction raises the observed temperature by around 175°C.

When not sampling, the sampling cone is protected from the flame by a water-
cooled gate valve, shown in a front view in Figure 4,6. The small volume enclosed by
the gate valve and the base plate can be filled with a reference gas such as argon
during sensgitivity checks.

Figure 4.7a gives actual size representations of the sampling cone in cross
section and front view. The present cone is of stainless steel, machined in our own
shop, with the hole in the tip simply drilled. The 0,008 inch hole diameter is a
reduction over the previous value of 0.010 inches to allow the large diffusion pump
to operate in a more comfortable pressure range. The cone is now soldered to the
water-cooled copper baseplate. If was originally secured with three small screws
and a rubber O-ring, but as the burner performance improved, the heat load increased
and this method was no longer practical. We have had some problem with thermal
shock causing the solder to crack, but the present silver solder seems to hold well
enough.

Figure 4.7b gives an actual size cross section of the skimmer cone which forms
a molecular beam out of the gas expanding through the sampling orifice. The entire
piece was originally made out of stainless steel. However, we recently learned that
use of this material, and many others, can degrade the transmission of ions through small
holes i, 2). This appears to be a surface chemistry effect which is not well understood.
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One of the few materials which has been found to avoid this problem is molybdenum® ¥ g0 a
portion of the cone closest to the beam was cut off and replaced by an identical piece

of molybdenum. Since the skimmer operates in a relatively high vacuum, simply

screwing the molybdenum and steel pieces together provided a sufficient seal.

Figure 4,8 is a schematic of the ion optics system used to carry the ion beam
from the skimmer to the ion lenses at the front of the mass spectrometer. All pieces
are made from thin sheets of stainless steel supported by insulating plastic. The
first two 1.5 inch diameter cylinders form a simple two tube lens. This is followed
by four shift plates in the form of a box. The intention of this design is that the
cylinder lenses focus the beam near the entrance to the mass spectrometer
chamber, and the shift plates move it around until it passes through the hole. A
discussion of the voltages actually needed to attain this behavior will be given in the
section on operation of the equipment, and typical voltages are also given in Figures 4.9
and 4.11. After the shift plates and extending almost up tothe gate valve covering
the entrance to the mass spectrometer is a two inch diameter cylinder marked
Lens 3. The end nearest the gate valve is capped with a stainless steel plate with
a half-inch hole in the center. This was originally done to make this cylinder a
more efficient Faraday cup, a collector of the charged beam which can be used with
the picoammeter to measure the beam current arriving at this intermediate point in
the system, Now that this beam attenuation measurement has been made (roughly
half the attenuation occurs from the skimmer to the third lens, the other half in going
into the inner vacuum chamber and through the mass spectrometer) the third lens acts
as another collimating and focusing element.

A schematic diagram for the voltage supplies used to charge the ion optics in
the preceding as well as other surfaces which affect the beam is given in Figure 4.9.
For reasons explained in the section on argon ions, only the skimmer requires a large
drawout voltage. The first cylinder lens is also run at a high potential, so that with
the second cylinder a decelerating focusing lens is formed. From the second lens to
the plate covering the mass spectrometer chamber all surfaces are floated on one
voltage supply, usually run at around 30 volts. Batteries and voltage dividers are also
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floated at this base voltage to allow for individual variations. Chopping of the ion
beam can be achieved by floating a square wave generator in the circuit for two of
the shift plates. A square wave amplitude of ten volts is quite adequate.

A detailed actual size drawing of the plate covering the mass spectrometer
chamber and the gate valve which covers the hole through that plate is given in
Figure 4.10. The upper part of the shaft of the gate valve (not shown in the figure)
is thickened and lies inside the coil of a solenoid, which moves it up and down against
the resistence of a spring stretched between the gate valve and its retaining guide.
The rear surface of the gate valve contains an O-ring. However, the valve makes
electrical contact with the plate, so that since the entire plate is isolated from the
vacuum system ground it can also be used as a Faraday plate type of ion collector.
To once again protect the beam from deflection due to charge buildup on dielectric
surfaces (such as pump-oil coated walls), the charged plate is extended by a two-inch
diameter stainless steel cylinder which reaches almost to the front of the mass

spectrometer ionizer.

Figure 4.11 gives an gpproximately half-scale representation of all the
surfaces that can affect the ion beam and typical voltages at which those surfaces
are operated. The positive voltages are used for negative ions, while reversing
all signs is all that is necessary to collect positive ions. All elements have been
discussed up to the mass spectrometer ion optics, a voltage supply diagram of which

is given in Figure 4,12,

The mass spectrometer ion optics immediately follow the axial electron beam
ionizer, which is used to create positive ions from neutral molecules. These ion
optics have a large effect on the sensitivity and resolution of the mass spectrometer.
When looking at ion beams, the ionizer is turned off, but the ion lenses can still have
a large effect on the ion signal. The ions then travel down the axis of the quadrupole
filter where the proper DC and RF voltages applied to the poles serve to select
particles with a certain mass to charge ratio. We should note here that the reason that
all surfaces, including the mass spectrometer casing and the quadrupole, must be
floated at a small attractive potential is that flame ions are created at ground potential,

while ions from the electron beam ionizer were formed at a small potential above ground.
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The charged particles are then drawn into the Channeltron particle multiplier,
a drawing of which is given in Figure 4.13, The multiplier is mounted off-axis,
but the high voltage applied to the front is sufficient to reach through the hole in the
mass spectrometer casing and cause the particles to turn two fairly sharp corners
to arrive at the multiplier. Photons, and other uncharged particles are intended to
pass straight through a smaller on-axis hole in the Faraday plate without striking the
detector. (However, we seem to have some problem with large signals at random
masses, whenever particles are introduced into the flame, )

The Faraday plate can be used with a picoammeter as an ion detector, to test
the gain of the particle multiplier (normally on the order of 106). The multiplier
operates by emission of electrons from its surface when struck by an energetic
particle. These electrons are drawn back along the horn by the potential gradient
applied to the multiplier, creating a growing cascade of electrons which is taken

out through the signal lead as multiplier current.

When detecting positive ions, this current and the signal lead are at grovnd
potential, and any one of several methods may be used to detect it. For weak signals,
we take the current out directly and measure it with a picoammeter. Stronger signals
can be converted to voltages by measuring across a load resistor, often the 1 MQ
internal resistance of the oscilloscope. The ramp output of the oscilloscope can be
used to repeatedly sweep a desired portion of the spectrum. Or, the béam can be
chopped, either with a mechanical rotating chopper for neutrals or by imposing a
square wave voltage on the shift plates for ions. The mass spectrometer can be
scanned very slowly and the chopped signal detected by a PAR HR~8 lock-in amplifier
to get better sensitivity.

There is one very significant difference in the case of negative ion detection.
Now the front end of the particle multiplier must be at a high positive voltage, to
draw out the negative ions from the particle multiplier. However, the back of the
multiplier must still be at a high positive potential with respect to the front, to move
the electrons along as they multiply. This leaves the signal lead at a very large
positive voltage with respect to ground, typically 4000 volts. This requires several
modifications, which are shown in Figure 4,14,
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First we must avoid any spurious signals caused by leakage currents at the
vacuum feed-through from the signal lead through the insulation to ground. This is done
by separating signal and ground with a guard ring which is held at the same high potential
as the signal. Leakage from signal to guard ring is zero, while leakage from the
guard ring (connected directly to the high voltage power supply) to ground does not
affect the signal. The presence of this guard ring means that the signal feed-through
is a triaxial connector., Such a connector was constructed by potting MHV connectors
into the vacuum chamber flange, and is shown in Figure 4,14,

A second problem is that detection must be done through a high voltage coupling
capacitor, This in turn means that the signal must be modulated, either by chopping
the beam or by rapidly scanning a mass spectrum. Further, we note that the high
voltage blocking capacitor we were able to obtain is so small that when it is coupled
to an ordinary high impedance input like that of an oscilloscope, the resulting time
constant is extremely short and only derivative signals would be seen. To avoid this,
a high impedance current preamplifier is used, whose circuit diagram is given in
Figure 4.15.

A final problem associated with obtaining a signal from negative ion mass
spectrometry is that we must float the mass spectrometer casing and multiplier
housing off ground. This causes it and the signal to be most susceptible to pickup
of the quadrupole RF fields. To filter this out, the simple RC filter also shown in
Figure 4.15 is needed.

A last very useful piece of apparatus is the argon ion discharge source shown
in Figure 4.16, This simple device cleanly produces a high density of Ar+ ions
which allows optimization of ion optics settings and studies of sampling efficiency.
It is simply a discharge from six sharp tungsten pins through around 20 torr of argon
to the sampling cone, which serves as the other electrode. The discharge can be
initiated with a voltage of 900 to 1000 volts, and maintained at under 500 volts. Either
polarity will work, but we sample more ions if the pins are positive. The discharge
is very diffuse, rather than arcing to a single point on the sampling cone.
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4,2.2 Neutral Beam Sensitivity - Theory And Experiment

The theory underlying the formation of a molecular beam from a high-pressure
3-7) . In this
section, we wish to exercise this theory in an order of magnitude fashion for some of

nozzle source has been discussed in detail by a number of authors

the more important beam parameters, in particular beam density. It is instructive
to compare the calculated results with the observed performance of the apparatus,
most importantly to the signal produced at the mass spectrometer detector by a
beam of neutral molecules.

We begin with a calculation of the gas density in front of the skimmer orifice.
We do this by assuming the flow through the hole to be effusive, and the flow upon
entering the first vacuum chamber to be a free jet expansion, These assumptions,
though not perfectly valid, have been shown to give reasonable answers for working

®)

systems

The number of molecules per second passing through the sampling orifice is
given by

n,ce /4 (1)

where for 1 atmosphere pressure and a temperature of 300°K the density n, is

2.67x 1019 molecules/cm the average veloeity ¢ is 4.75 x 104cm/sec (for nitrogen),
and we use our present sampling orifice area a, of 3.2x 10 -4 mz. For these values
the flow through the sampling hole is 4 x 1020 molecules/sec. In sampling higher
temperature gas, the density decreases as 1/T, but the velocity increases as Tl/ 2,
so that for a temperature of 1500°K the flow through the hole has only decreased to

1.8 x 1020 molecules/sec.

The beam density a distance L from the sampling orifice is simply

2
noao/41rL (2)
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If we choose L to be the present sampling hole to skimmer hole distance of 1.25
inches, we find the density in front of the skimmer for the above conditions to be
4,6x 1013 molecules/cm3, or1l.,3x 10_3 torr. Under these conditions, the pressure
gauge for the outer vacuum chamber usually reads around 6 x 10-4 torr. The gauge,
however, is located on the far wall of the vacuum chamber from the sampling hole,
and so a somewhat higher density is expected in the area around the skimmer than at
the gauge. An average pressure of 6 x 10-4 torr or a density of 2 x 1013 molecules/
cm3 coupled with the flow of 4 x 10 20 molecules/sec computed above imply a pumping
speed of 2 x 107 cm3/sec or 2x 104 liters/sec, twice the nominal rating for our

16 inch diffusion pump.

The flow downstream from the skimmer orifice is that of a supersonic nozzle
beam. Several workers have derived expressions for the intensity (in molecules per

second) of such beams, for instance (4)
2 2 )
n, U (¥ /2" x 3/2] a/mLHA ®)

In this formula, a_, the skimmer orifice area, is 2 x 10_3 cmz, and we know n_,

the density at the sk1mmer tobe 4.6 x 10 13 molecules/cm3 from above. For i we
choose the distance from the skimmer hole to the mass spectrometer ionizer, 42 cm,
while for A we take the area of the hole connecting the second and third vacuum
chambers, just upstream from the ionizer, which is 0,18 cmz. The specific heat

)

ratio, Y, is 1.4 for diatomic molecules, and the beam velocity U is given by

[2 (X5 kT /m] 1/2 (4)

Where T, the source temperature, is 3000K, and m is the mass for a nitrogen
o 4
molecule, Uis 7.8 x 10" cm/sec.
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Finally, in Equation (3), M is the Mach number. As the beam expands, the
Mach number increases, so that at large distances L from the skimmer hole (and
large Mach numbers) it is given by, for gases with a ¥ of 1.4, ©)

M = 3.65 (L/Ds)°‘4 )

where Ds is the diameter of the skimmer hole. However, the Mach number does not
increase without limit, but approaches an asymptotic value as the density and
therefore the interaction between gas molecules decreases. A formula for this
terminal %a)ch number which has been verified experimentally is, for gases with a
Yof 1.4,

-0, 286 6)

M = 1,67 (Kno)
In this expression, Kno is the Knudsen number at the sampling orifice and is the
ratio of the mean free path Ao to the sampling orifice diameter D,. For nitrogen
at room temperature and atmospheric pressure, 7\0 i 6.5 x 10°8 cm, while our
Do is 2 x 10-2 cm, 80 Kno is 3.25 x 10-4. This small Knudsen number, incidentally,
is one measure of the degree to which we are sampling the unperturbed bulk gas.
With it, we calculate a terminal Mach number of 16.6. Equation (5) shows that this
Mach number is reached in slightly more than 2 cm from the skimmer.

Now we are ready to employ Equation (3) to compute the beam intensity at the
mass spectrometer ionizer. We obtain 4.5 x 1013 molecules per second. To
calculate the beam density we expect at the ionizer, we divide by the beam velocity
U and tl';e collimating orifice area A and obtain 3.2 x 109 molecules/cms, which is
1x10 ° torr.

We can check on the validity of this beam density calculation by comparing the
heights of mass peaks when the beam is admitted to the mass spectrometer chamber
with the peak heights due to residual gas only. (This discussion assumes that the
volumes of beam and residual gas ionized are equal). The largest residual gas peak
occurs at mass 28, due primarily to CO, and is seen to be perhaps one-fifth of the
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total gas by comparing with the other peaks. We commonly obtain bulk pressures
in the mass spectrometer chamber of 2 x 10"7 torr. Under these conditions, when
the beam is allowed to enter the mass spectrometer chamber, the mass 28 peak
increases by a factor of around five, due now to nitrogen, which is, of course,
four-fifths of air. In short, the beam pressure implied by these observations is of
the order of 2 x 10-"7 torr, or the same or slightly higher than that calculated. In
view of the rough nature of the calculation, and especially its sensitivity to several

poorly known parameters, this agreement is more than adequate.

Now we wish to calculate what the magnitude of the signal at the particle
multiplier should be for a beam density of 3.2 x 109 molecules/cmS. We must
begin by calculating the number of ions produced for a given ionizer electron beam
current. Such ionization efficiency calculation are presently much more difficult
to do accurately than those done above, so the discussion from here on will contain
parameters which are less well known and be more qualitative.

The rate of production of positive ions I +by the collision of electrons with
neutral molecules M can be written as

I, = K[e][M]V (n
where V is thé ionizing volume and where the rate constant

K=V (8)

rel %ion ~ Vel Oion

is essentially the product of the electron velocity (which is much greater than the
ion velocity) and the ionization cross section %ion’ The product Vel [e] is the
electron current, typically 3mA or greater. For nitrogen, the ionization cross

18 :m2, If we assume (somewhat arbitrarily)

section for 100 eV electrons is about 2 x 10
an jonizing volume thickness of 0, 2 cm and a beam area in the ionizer of 0, 25 cm2, we
obtain for 3mA and a beam density of 3.2 x 109 molecules/cms, an ion current of

1x10°10 A,
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This can also be expressed as an ionization efficiency of 1 x 10'3A/torr.
Extranuclear designs its ionizers for especially high efficiency, due to factors not
considered in these simple calculations. They state that their efficiencies are on
the order of 10-'2 to 10-'4
normal operation. If we accept this figure, and further assume loss through the
quadrupole mass filter on the order of a factor of ten, we would expect a current

A /torr, with the smaller number being more likely in

entering the particle multiplier of 10_12A. The particle multiplier has a gain of
the order of 106. We observe the current output by it across a load resistor of
5x 105 ohms. Therefore we might expect a peak height of 0,5 volts, and indeed
this is precisely the nitrogen peak height commonly observed on the oscilloscope.

A parameter of some importance which did not enter the preceding discussion
of beam intensity is the distance between the sampling nozzle orifice and the skimmer,
The exact theory of the dependence of beam transmission on this distance is not well
understood, but its effect on signal-to-noise ratio is easily explained. Figures 4,17
and 4,18 give the basis for sensitivity of detec tion of a modulated molecular beam.
The noise in the modulated spectrum of Figure 4,17 is primarily due to fluctuations
in the background gas pressure. The background gas is ionized along with the beam,
and fluctuations which happen to be near the chopping frequency are detected by the
lock-in amplifier. (Since the ionizer is turned off when detecting flame ions, this
source of noise is removed.) Figure 4.18 shows the background gas mass spectrun

which must be discriminated against.

From this discussion we see that an increase in beam signal means almost an
equal increase in signal-to-noise ratio., The improvement resulting in increased beam
signal was prompted by the receipt of a report on a very similar atmospheric
pressure molecular beam mass spectrometer apparatus set up at NASA-Lewis
Research Center (7). They had done studies of beam intensity as a function of sampling
orifice to skimmer orifice distance. We had found such curves before in the
literature, but only up to a few hundred torr, while the NASA-Lewis results extended
to one atmosphere source pressure. With this new information, we moved the skimmer
back to a position 1. 25 inches from the sampling orifice. This resulted in an increase
in signal of a factor of five to ten, which since it did not contribute to background gas
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fluctuations meant an identical increase in signal-to-noise ratio. We can now
observe the argon isotope with mass 38 in room air at a signal-to-noise ratio of

5to 1. Since Ar38 is 5.6 ppm in air, we have achieved a sensitivity to
neutrals approaching 1 ppm. Figure 4.19 is an example of this improved sensitivity

in our usual testing region including the rare argon isotopes.
4,2,3 Argon Ion Observations

While using the argon discharge ion souree to maximize all the ion optics
voltage settings, we made some observations designed to check whether the voltages
applied, in particular the drawout voltage on the skimmer, resulted in sampling
behavior which was predictable by simple theory. This theory could then assure us
that sampling was indeed representative of the ion source, whether discharge or flame.
With the system parameters in our eventual operating regions, we found quite good
agreement, behaviour which encouraged us to go on to look at flame ions. There
were other features, which have not been totally explainable but which seem to be
interesting and which we will discuss here. In most cases, these features may have
been due to peculiarities in the discharge ion source and have not been seen with
flame ions.

The problem which arises is that when a neutral plasma is expanded into the
first vacuum chamber, the electrons, having much larger thermal velocities, can
quickly reach the large expanse of grounded wall area and escape. This leads to a
plasma in front of the skimmer orifice which is primarily ions, and in the case of
the argon discharge source almost all positive ions. We wish to derive the equation
governing the space-charge limited current from this cloud of ions, the current when
the field from the remaining ions just balances that from the voltage applied to the
skimmer. Obviously, the situation in which the skimmer voltage is insufficient to
draw out all ions entering through the sampling orifice is just the one we want to
avoid. We want instead to operate above the space-charge limited voltage region,
and draw out all the ions.

We now derive the equation, known as Child's Law, for the space—-charge
limited current for the simple case of charges originating at a plane surface
at potential x=0 at potential V=0 being accelerated to 2 plane X=b at potential V=V°.
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Although this geometry is idealized, other geometries, such as emission from a
small circular cylinder to a larger concentric cylinder, change the results by only
a small numerical factor. This discussion is a standard feature of textbooks on

electrostatics (8).

We begin with Poisson's equation in one dimension,
2
dv/ax = -p/e (9)

where p is the charge density and € the dielectric constant. The energy of the charges
at any point x where the potential is V is

1/2 mvZ = q(V-v ) (10)
The current density is given by

i=pv 11)
or, using Equations (9) and (10),

a®v/al = -ife m/2q (v V) 1/2 (12)

This can be integrated twice with the appropriate boundary conditions to obtain
Child's Law,

i = (se/8)2a/m 2y _¥2p?) (13)

From this equation, the behavior we expect in the current passing through the
skimmer orifice and eventually to the Channeltron particle multiplier (or the current
onta the skimmer cone) as the skimmer voltage is increased is, starting with zero
at zero skimmer voltage, an increase following the V3/ 2 law until eventually a
plateau is reached at which point essentially all the charge has been drawn out, The
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solid line in Figure 4, 20a is indeed such a curve. It shows that for the charge
densities given by the argon discharge ion source, the plateau above which we can
expect representative sampling is certainly attained by 100 volts. For flame ions
this plateau comes somewhat higher. We will give a calculation of that value in the
discussion below of all ion optics voltages used in flame studies..

The dashed curve of current as a function of skimmer voltage in Figure 4.20a
was obtained on a different day with all known system parameters the same as for the
solid ecurve. For this reason, the difference between the two curves, the much larger
decrease at high skimmer voltages, is somewhat puzzling. A possible explanation is
that very strong fields around the cone-shaped skimmer actually accelerate ions into
trajectories in which they miss the sampling hole. The possibility is perhaps
strengthened by the observation that current to the skimmer as measured by a
picoammeter increases monotonically in this voltage region. The effect might change
in character from day to day with buildup of pump oil and other dielectrics on the
skimmer, influencing its properties as a lens. Whether due to lensing or not, such
a decrease in signal at high skimmer voltages has not been observed with flame ions.

For skimmer voltages above space-charge limited values we expect the current
received at the detector to increase linearly with increasing charge demsity outside
the sampling hole. To test this using the ion source, we made the assumption that
the charge density ought to be proportional to the current passing through the discharge,
which in turn ought to be proportional to the voltage applied across it, above a
threshold voltage. For this reason, the linear behavior shown in Figure 4.20b is
certainly encouraging. The discharge is indeed observed to light somewhat under
500 volts. What is not so easily understood is the fact that the extrapolation of the
observed current, and presumably the source charge density, passes through zero not
at zero volts across the discharge, but at the threshold voltage. However, this seems
to be a characteristic of the discharge. In any case, it is in the linear region where

we wish to do all our sampling.

In the region of skimmer voltage where we believe the sampling to be space-charge
limited, we would expect no increase in observed current with increasing source voltage.
As seen in Figure 4.21, however, this is not the case, indicating that our
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model of sampling from the discharge source is not complete. The current actually
increases, though in a somewhat nonlinear fashion. One possible explanation for

this can be found in the observation that although only a small fraction of the total
voltage drop is across the discharge, the ions are formed at some potential above
ground, roughly 30 volts for the nominal operating parameter of T00V discharge
voltage. This adds another term to the conservation of energy equation (2). If we
consider the limiting case of this energy E being large compared to that from the
accelerating skimmer voltage, Equations (10) and (11) shows the current to be pro-
portional to El/ 2. Further, Equation (12) now has d2V/dx2 being proportional to a
constant, which will mean that upon integration i is linearly proportional to Vo. These
differences of one-half in the exponents for dependence on source and skimmer voltage
are not easily verified from the data, so it is possible that the behavior shown in
Figure 4.211is simply a peculiarity of the discharge source. It is also possible that
the peculiar shape of the skimmer cone causes deviation from the simple model

hehavior at low skimmer voltages.

We can now use our understanding of the space—charge limit, together with the
theory of electrostatic optics & '10), to justify the typical skimmer and lens voltages
shown in Figures 4.9 and 4,11, The agreement with theory is not always totally
satisfactory, but then ion optics is a field notorious for its dependence on other
parameters than those considered by simple theory. In any case the discussion
which follows serves to exhibit the basic principles of ion optics, as well as some of
their limitations.

We begin with a consideration of the skimmer voltage, which in turn begins with

a calculation of the current we expect that voltage to draw out. For flame ions, we
estimate this current by

1 =nec Ao/4 (14)
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When the ions pass out of the skimmer into the first lens, they again undergo
focusing which can only be estim ated by approximating the actual geometry. There
have been extensive calculations for the focal lengths of two cylinder lenses, both
as a function of the ratio of voltages and the ratio of cylinder radii. If we approximate
the actual lens by one with a voltage ratio of 2 (for a decelerating lens) and with a
first cylin?;)r with twice the radius of the second, we find a focal length (f2) of around

20 inches

Now we must combine the effect of this weak focusing lens with the strong

defocusing lens which precedes it, using the formula (10)

1/f = 1/f1 + 1/f2 - d/flf2 (18)

where d is the separation between the lenses, around 7 inches. The focal length of

the compound lens becomes -8 inches.

The main focusing action occurs during the passage from the high potential
of Lens 1 to the lower potential of Lens 2. Once again, this is a decelerating lens,
however, like all two cylinder lenses it has a positive focal length (10.) Moreover,
the focal length depends only on the voltage ratio, the radii of the cylinders, and
their separation, not on the masses of the charged particles or their initial velocities.
If we consult the tabulations of focal lengths for two equidiameter cylinders with
negligible separation, we find for a voltage ratio of 3 a focal length for 1.5 inch
diameter cylinders of somewhat over 5 inches. It is a general property of such
lenses that the focal length decreases with increasing voltage ratio. These two lenses
have at times been operated successfully with voltage ratios slightly over 4, which
would imply an unsatisfyingly small focal length.
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The potential differences down the rest of the ion optical system seem generally
too small to greatly affect the beam. For example, if we estimate the lensing between
the second cylinder and the shift plate cube by two cylinders with a voltage ratio of
1.5, we find a focal length of 50 inchesao). Used in the compound lens formula (18)
this brings the focal length to just 5 inches. Since the hole in the mass spectrometer
chamber is about five inches from the midpoint of this lens, we may believe that our
ion optics do indeed focus the ion beam into the mass spectrometer and we do
understand their behavior.

As an aside, we note that since as mentioned before the argon discharge produces
ions at some positive potential with respect to ground, the second cylinder operates

well at much lower negative voltages, or even slightly positive ones.

As a last instructive calculation, we will look at the potential difference AV
required on the shift plates to give a required angular deflection @ « The governing
formula is (8)

a = 1/2 (AVL/Ud) (19)
where the plate separation d and the plate length L are both 1.5 inches and the
mean potential U is often around 35 volts. To deflect the beam by one inch out of
the seven inches between the plates and the hole in the mass spectrometer chamber,
a must be 0.14 radians. This implies a required AV of 10 volts. Indeed, 10 volts
is found to be more than adequate to deflect the beam, and the shift plate voltages
can be quite sensitive adjustments.

4.2.4 Positive Flame Jons

When we began positive ion mass scans of unseeded methane and air flames
with the newly improved apparatus we found an unexpectedly rich mass spectrum,
an example of which is shown in Figure 4.22. It soon became clear that although no
seed was being fed into the flame, it was indeed being seeded by the evaporation of
various alkali metal species which had been deposited on the walls in earlier attempts
to study flame ions, With the knowledge of what seed materials were used, we can

identify all the peaks in Figure 4.22. The large peak at mass 39 is, of course,
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potassium, our primary seed material, The even larger peak at 133 is due to cesium,
which though fed only sparingly as cesium carbonate has an even lower ionization
potential than potassium. Feeding sodium bicarbonate gave the sodium peak at 23.
The peak at 85 probably corresponds to rubidium, which was never fed in but could
well be an impurity in the other three seed materials. The small peak approximately
16 mass units higher than potassium is most likely to be KO+. This conclusion is not
based on any previous experimental observation of KO+, but rather on the low
ionization potentials of several analogous species, like Nao' (around 6,5 eV) 1) and
and Na20 (ll)compared with K, ot (around 5 eV) (12) a5 well as the higher
ionization potential attributed to KOH (7. 5eV)(12) From these analogies, we would
also expect to see a small peak corresponding to CsO . Looking in Figure 4,22 in
the region sixteen mass units above cesium, we in fact find what appears to be two
peaks. This feature is repeatable, even from day to day, but it is our opinion that
there is in reality only one peak, that the twin peaks are an artifact due to poor
adjustment of the quadrupole filter. This peak splitting 18 sometimes seen in neutral
mass spectra in which the ion energy travelling down the quadrupole axis is too high.
We have also seen it in the cesium peak, which can be given two or three maxima,
depending on the mass region swept.

The peaks in Figure 4.22 are many mass units wide. In part this is for the same
reason that we seem to have problems with peak splitting, that good resolution depends
on control of the ion beam speed and trajectory as it travels down the quadrupole
filter. For flame ions we have not yet had time to do careful searches for the optimum
ion optics voltages. However, if the region scanned is reduced, and the resolution
increased, one can obtain traces like the one in Figure 4.23. Here the peak at 41
is the minor isotope of potassium, with a natural abundance of 8 percent. This
resolution of a minor species from a majorone when they differ by only two mass
units is quite encouraging.

Because of problems with sampling nozzle clogging due to deposition of seed
and slag components, especially potassium hydroxide, it became our usual operating
procedure to use the four-way solenoid valve to turn on the seeded coal feed for only
that time needed to make a measurement, Using the oscilloscope to display the scan,
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this measurement time could be quite short. When feeding coal, however, we
encountered another problem - large bursts of noise, at random masses, presumably
due in some way to particles, which completely swamped the positive ion peaks, In an
effort to discriminate against this noise, the frequency of the modulating square wave
put on the shift plates was increased to around 1000 Hz. Then the lock-in amplifier
was used to detect the chopped signal and display its average on the oscilloscope,
which was swept at a rate of 10 msec/em, allowing a large enough number of
modulations per peak. One of the more successful scans taken by this method is
shown in Figure 4,24, It shows what was also observed in more conventional °
oscilloscope traces, that feeding seeded coal causes the K" peak to increase by a

large factor. No new positive ions were attributed to the coal, but none were
expected. At times the other peaks, like cesium, would be seen to rise when
potassium seed was added, presumably due to the rise in the overall level of ionization.

4,2,5 Negative Flame Ions

Figures 4.25 and 4,27 are mass spectra showing all the negative ion peaks
currently seen using a methane flame seeded by the vaporization of whatever
substances have been deposited on the walls of the burner, The figures differ only in
the burner exhaust gas temperature achieved. In Figure 4,25 observations of the
burner lining with the optical pyrometer gave a temperature of 1615°K. The
corresponding gas temperature after correction of the bare wire thermocouple
reading was 1650°K., In Figure 4.27, the wall temperature as read by the optical
pyrometer had risen to 1675°K, indicating that the gas temperature was at least
80°K hotter. We could not verify this using the gas temperature thermocouple
because by this time it had been destroyed, as explained below,

By comparing the two figures, we can see that the small peak slightly above
60 mass units is not noise but has been consistently observed. Therefore, there
are four peaks in the low temperature negative ion mass spectrum. We will discuss
the identification of each of these four in turn, although only the largest peak has
been positively identified, using tests detailed below. We will then speculate on the
identity of the additional peaks in Figure 4.27,
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The largest peak appears at a quadrupole setting of mass 79, plus or minus
one or two mass units. The uncertainty arises because the mass tuning adjustment
of the mass spectrometer is extremely coarse, and furthermore tends to need
frequent adjustment. Therefore, position of the peak as measured by the mass
spectrometer is not sufficient for an unambiguous identification. The identification

as Po; ,

The results of the first experiment are shown in Figure 4.26. On the right,

which is indeed mass 79, was made on the basis of two experiments.

Figure 26b is a high resolution scan of the area around 79, showing the one peak

found in an ordinary flame. Figure 4.26a is a scan taken immediately before, while
some methyl bromide gas was being fed into the flame. This should give rise to

equal Br peaks at masses 79 and 81. The fact that the lower of these two mass

markers does occur at the position of the unknown peak identifies it as 79, Furthermore,
since the lower peak is only slightly larger, we find that charge exchange occurs

between the unknown and bromine, implying that its electron affinity is lower than the
3.37 eV of bromine, (All other peaks are suppressed upon addition of bromine, too.)

The observation of two large peaks upon the introduction of bromine gives us
two other pieces of information. First, it shows that we can get good mass resolution
when observing negative ions. Second, it tells us that, since all halogens have
roughly the same electron affinity, if any other halogen atoms were present in the
flames, we would see peaks at their masses, This is a useful point to remember
when we move to consideration of the higher temperature mass spectrum, where
peaks appear near the fluorine and chlorine masses. (The bromine also destroyed
our Pt - Pt/Rh gas temperature thermocouple. )

This identification of the mass does not of course imply anything about whether
the unknown contains phosphorus, although our negative ion modeling indicated that
phosphorus species would predominate at low temperatures. To confirm this
prediction, we fed into the flame some K2HPO4. and found that indeed the peak at
79 increased, while the other peaks decreased. Though this seems fairly conclusive,
the first test is necessary since the addition of a potassium salt c culd be simply
raising the ionization level.
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The same sorts of tests will have to be carried out before the other peaks can
be definitely identified. However, we can now give some discussion of possibilities.
The peaks at around 100 and 116 do seem to be separated by close to 18 mass units,.
suggesting the possibility that they are two oxides differing by one oxygen. However,
the requirement of matching a mass number around 100 to a metal oxide turns out
to be quite restrictive. One of the few possible metals is chromium, giving rise to
Crog , (mass 100) or HC rO:; (mass 101)., These ions have indeed been observed in
flames seeded with chromium and potassium, and found to have electron affinities

of 2.4 and 4.0 eV, respectively (13) .

The fact that the higher mass peak around 116 is not seen (or at best is just at
noise level) in the higher temperature scan of Figure 4,27 could be taken as an
indication that the two peaks are not two oxides of the same metal. However, there
is an alternative explanation. The equilibrium concentrations of the various species
are found by minimizing the total free energy G. This free energy takes into account
not only enthalpies of formation (H), but the entropies of the various molecules (8).

In symbols, to go to a more stable set of concentrations (closer to equilibrium),
we wish the change in free energy G to be negative. Since it is given by

AG = AH -TAS8 ) (20)

we see that since the temperature T is always positive, an increase in the entropy
causes the free energy to decrease. However, adding a fourth oxygen to produce
Cro;', for instance, decreases entropy (contributes to order). Therefore we would
expect that if the trioxide and tetroxide species had equal electron affinities,

the concentration of the more complex species would be smaller due to this

entropy effect. Furthermore, if we now hold enthalpies and entropies constant for the
various species, and increase the temperature, we find that the species with the
smaller S has a less negative AG for a given AT. In other words, at higher
temperatures, molecules composed of fewer atoms become more and more favored.
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9 and PO3 .

In the lower temperature scan of Figure 4,25 a peak around 63 mass units, which
would correspond to POE, is barely discernible although our negative ion modeling

This same argument can be applied to the relationship between PO

predicted that its high electron affinity would make it a major species. We see that
at the higher temperature of Figure 4.27, this peak has increased considerably,
although POE is still much larger. The peak around 63 has been observed to
increase upon addition of powdered KZHPO 4 giving further weight to the argument
that the peaks are PO 9 and PO,,, with PO3 having a larger electron affinity.
Furthermore, both peaks have been observed to increase with the addition of
powdered seeded coal, indicating that the original source of phosphorus in the flame
was indeed coal ash, During the set of measurements from which Figure 4.27 was
taken, the peak around 100 was observed to increase with the addition of coal,

indicating that its original source was also coal ash.

Now we turn to some comments on the possible identities of the other peaks
seen in Figure 4.27. The peak around mass 43 should be Bo;, which the equilibrium
code predicts should become visible at higher temperatures. The code predicts an
almost identical concentration and temperature dependence for So;. With a mass
of 64, this could be contributing to the increase in the peak seen in the middle
sixties, but it will take higher resolution and seeding studies to distinguish 80;

from POZ’

If there is sulfur in the flame, one might also expect to see SH or S . Indeed we
find in Figure 4.27 a peak in the mass range 32 to 35. The possibility of mass 35
must be allowed since the peak could have a contribution from Cl . However,
judging from our earlier experience with Br , we might have expected to have
seen Cl~ at lower temperatures. In any case, this question can be resolved fairly
easily, since in high resolution C1~ would be expected to give a peak at mass 37
one-third the size of that at 35.

Next we turnto the peak in the mass range of 17 to 19. The equilibrium
computer calculation predicts OH , at mass 17, to be at the same or somewhat

smaller concentration as BO; , and this seems to be the strongest possibility. Also
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possible would be F~ at mass 19, but again the comment about halogens being expected
at lower temperatures applies. Both this peak and the one in the middle thirties have
not been seen to increase when coal is added.

Finally we come to the peaks at very high mass, beyond those attributed to
chromium oxides. If we look directly below chromium in the periodic table we find
molybdenum and tungsten, which might be expected to give rise to oxides with high
electron affinities. Indeed, these species have also been studied in seeded flames,
where it was found that the molecules with the highest electron affinities were
HMoO 4 with nominal mass 161 (electron afﬁnity 4.25 eV)(M) 4
around mass 249 (electron affinity 4.35 eV)(.15) The agreement with the observed
masses is sufficient that these identifications may be considered good possibilities.
The apparent greater width of the peaks is consistent with the large number of the
peaks of relatively important isotopes possessed both molybdenum and

tungsten.

Finally we will investigate the state of quantitative agreement between the
experimental observations made 80 far and the equilibrium calculations made with the
present negative ion models. We do this with the realization that modeling the small
coal burner, with the difficulty in knowing actual fuel to oxidizer ratios and seed
fractions and with problems of incomplete burning and evaporation and of wall and
boundary effects,is perhaps more difficult than modeling the core flow of a real MHD
generator. With this in mind, we exhibit some calculated concentrations in Table 4-2,
for the conditions of 1600 and 1700°K, equivalence ratio (total fuel to oxidizer) of 1,25,
and a coal and seed loading corresponding to a feed rate of 85 percent Montana Rosebud
coal and 15 percent potassium carbonate of 3 grams per minute, approximately the
rate actually used when the coal feed was on, We list all ions which we suspect we
have observed. We then list all other negative ions assigned any appreciable
concentration by the equilibrium calculation, It is satisfying to note that these
unobserved ions are all predicted to have lower concentrations than those identified in
the experimental mass spectra, We find that, except for SH , this preliminary
modeling of negative ions gives the correct concentration ordering.
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Table 4-2 Equilbrium Concentrations (Mole Fractions) Caloulated for Equivalence
Ratio of 1,25 and Coal Feed Rate of 3 Grams Per Minute, for Two

Possible Flame Temperatures

Ton 1600°K 1700°K

OH 4 x 1071 2.5 x 10710
F <1 x 10713 <1 x 1013
s~ 7 x 10°11 2 x 10710
SH™ 3 x 1078 5 x 10°8
cr 9 x 10712 4 x10711
BO, 6 x 10°11 2.5 x 1019
PO; 3.5 x 10710 7 x 10710
50, 1.5 x 10710 6 x 10710
s; 1 x 10710 1x 10710
PO; 7 x 10710 1.5 x 10~?
cro; 1.5 x 10710 3.5 x 10710
HMoO;, 2 x 1071 8 x 10711
HWO,, 1 x10° 11 5 x 10711
KO™ 3 x 10713 7 x 1012
FeO, 4 x 10718 7 x 10”12
Al0; 2 x 10713 4 x 10712
HCrO; <1 x 10713 <1013
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The quantitative agreement, comparing the relative observed signal strengths
shown in Table 4-3 with the relative concentrations of Table 4-2 is less satisfactory,
but this is not surprising considering the limitations of the present modeling. Further
measurement and modeling studies are expected to bring data and calculations into
quantitative agreement, The model for POz assumed an electron affinity of 3.4 eV,
while that of PO; was changed from our earlier assumption of 3.5 eV to 2.3 eV, We
should note that SH™ alone among the observed ions is quite sensitive to the assumed
equivalence ratio, since it is essentially a fuel, and therefore, its predicted concen-
tration for our laboratory burner is more in doubt. At an equivalence ratio of 1,0,
the mole fraction of SH™ has dropped below 1,0 x 10-13,

Finally, in Table 4-4 we give a partial analysis of Montana Rosebud coal, listing
those elements which have figured in the preceding discussions. The concentrations
which are unreferenced are average values taken from our previous survey of the
literature of coal analyses (16). The tungsten number is for North Dakota
(Mercer County) lignite, a similar coal to Montana Rosebud subbituminous, since
we have no data for Rosebud. It can be seen that the concentrations of chromium,

molybdenum, and tungsten, while small, are measurable, and this ash concentration
may be offset by the high electron affinities of their oxides.

4,3 Future Work

The observations reported in the previous section immediately suggest more
things which should be done, More work is required to positively identify each of
the smaller mass peaks., This can be done by a combination of higher resolution
scanning, feeding of possible source materials, and introduction of other jons as
mass markers, Equally important is the improvement of theoretical models for the
fons which we believe we observe, like SH , POE, POy, Crog, HCrOZ, HVO

H2V04, HMoO,4, and HW04.

Other things which we hope to achieve include a better understanding of the
detection electronics, higher flame temperatures, and perhaps a way to avoid plugging
the sampling nozzle and have longer coal feeding times, With respect to the first point,
although our AC detection scheme for negative ions has worked well in a qualitative

3'
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Table 4-3 Negative Ion Peak-to-Peak Chopped Signals in mV as Deteoted by
the Lock-in Amplifier for Several Coal Burner Conditions

Flame Temperature 1650°K 1700°K 1700°K
Coal Off Coal Off Coal On
Mass Peak
17 - 19 0.25 0.25
33 - 35 0.5
43 0.25
63 - 64 0.1 2.5 10
79 15 25 100
100 2,4 0.25 1
11642 0.8
160 %5 0.1
250 + 5 0.05
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Table 4-4 Selected Components of Montana Rosebud Coal

Ash
Sulfur

Percent of Coal

10

1
Percent of Ash

0.5
0.062
0.05

0.086

0.002 - 0.01517

0.002 - 001017

0.004 (18)
0.008 - 0.030

(0.002)(20)

19)
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way, any information about the actual number of negative ions entering the detector

is hidden in resistor-capacitor time constants which have not been measured, The
best we can do at present is to compare the relative intensities of positive and negative
ions detected in the same way., When we do this, we find that under the conditions that
the largest negative ion signal, presumably PO;, was 30 mV, the largest positive ion

signal, that for potassium, was around 100 mV, Since positive and negative ions must
be detected at different times, these numbers may not indeed refer to the same con-
ditions, but the ratio should be correct within a factor of around four, Indeed these
sorts of positive to negative ion ratios are just what our modeling efforts lead us to
expect., Indeed, the high levels of negative ions indicated by both our measurements
and calculations do confirm the major effect their formation will have in depressing
plasma conductivity,

Solving the second problem, that of higher temperature, may have to wait until
we can redesign the burner to prevent flashback through the grids when oxygen is
added to the air, The third, that of sampling nozzle clogging, may be even more
difficult, Running the sampling nozzle hot may help, and other groups have developed
mechanical devices which periodically clean the nozzle from inside the vacuum chamber.,
Another problem, presumably related to feeding solid particles which we would like to
understand and solve,is the appearance of large random noise pulses whenever coal

and seed are in the flame,
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5. PRELIMINARY FULL SCALE MASS SPECTROMETRIC
PROBE DESIGN

5.1 Objectives and Milestones

The objective of mass spectrometric measurements in MHD channels will be.to
determine the concentrations of negative ions and charged colloidal particles (condensed
slag).

In view of the difficulty of the technique, it is not reasonable to attempt to build
a sampling system which can be inserted into an MHD channel at any location or even at
a wide range of locations. Rather, the measurement must be regarded as one which
is performed a relatively small number of times to verify and calibrate a theoretical
model which is then, in turn, used to assess the effect of negative ions and slag

condensation on the MHD generator.

Measurements at the channel entrance (burner outlet) and channel exit, the
latter for various channel generating conditions, would seem to satisfy these
objectives. The former will provide a test of negative ion predictions in the high
temperature region where their concentrations are largest, while the latter will
provide measurements of both negative ions and colloids at the low temperature end
of the generator where conductivity is most critical.

Our objective, then, is to present a preliminary design for a mass spectrometer
which can be attached to the outlet flange of either an MHD burner or an MHD channel
so as to withdraw a representative sample without major modifications to the burner
or channel and without producing a major upstream effect on the flow. This section
contains a discussion of the proposed sampling configuration, pumping requirements,
and ion optics considerations pertinent to this task.



5.2 Preliminary Design Details

A brief description of the requirements for mass spectrometric sampling from
a dense high enthalpy reactive gas stream were given in the last quarterly reporl:.(l)
They will be expanded upon and made more specific here.

The requirement is to sample as accurately as possible the composition of the
plasma at a point in the flow channel. This implies carrying the sample into the
spectrometer and forming a molecular beam with a minimum of chemical reaction,
recombination of ionized species, and spatial separation of the various constituents.
For practical reasons it is desired that the final molecular beam be directed at right
angles to the flow in the channel so that the instrument can be placed to the side of
the MHD flow channel. The steps in sampling, turning and forming the beam will be
discussed in turn.

5.2.1 Sampling Configuration

To ensure as clean a sample as possible, it must be drawn from a stagnation
point of the MHD channel flow, hence, .an upstream~facing stagnation probe is
required. Downstream of the sonic sampling orifice the gas cooling by expansion
must be fast enough to prevent appreciable modification of the composition. The

cooling rate is given by

daT dr T
a Y &x T"'D

where u is the velocity and D is the nozzle dimension, For representative conditions

this yields

I:I%Pt ~ 106/ D (mm) , sec ! cooling rate

where as indicated D is in millimeters. Typically threebody neutral recombination

chemical rates are less than about 10 >) cm® s 1, 80



n

=31 n2
t

for a three body process. Taking n as 1/10 the atmospheric density,

3t = 10 sec chemical rate

Recombination rates for the ionized species are generally controlled by electron/

electron/ion processes for which

1 dne

-9 -3 5 -1
- & = 10 n, (cm 7) = 10 sec ionization rate

As pointed out in the last quarterly report, ) the sampling orifice dimension
must be much larger than the Debye length if charged species concentrations are not
to be perturbed. This requires

k 1/2
AL = __eﬁ_ / <<D charge neutrality

41re2n
e

13 3

but typically,forn, ~ 10 cm Ap 1073

mm so this is not a severe limitation.

Finally, if the sampled flow is not to be contaminated by wall effects, the
Reynolds number based on orifice diameter should be large. For typical values

Re,, & 200D (mm) viscous effects

D

The chemical and ionization rates are most restrictive, both setting an upper
limit of about 1 ¢m for the length of the flow region over which the flow is cooled and
expanded sufficiently to terminate these processes.
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These considerations lead to the preliminary design shown in Figure 5-1.
The sample is drawn from the MHD flow by a 0.5 mm orifice feeding a bent supersonic
nozzle which produces a Mach number of about 6 and a pressure of about 2 x 10"2 atm
(15 Torr), A sliding wire acts to clear and walve the orifice. This arrangement has
been successfully used in other coal flame sampling instruments(z). The secondary
flow passage prevents disruption of the nozzle flow by the cleaning rod passage. A
secondary orifice samples the outlet of the nozzle, expanding to about 1 y pressure,
and finally the skimmer forms the molecular beam,

6.2.2 Pumping Requirements

With the two-stage sampling system outlined above, the pumping requirements
are modest since the first stage can be handled by a mechanical pump. As indicated
on Figure 5-1, a 40 cfm pump should be adequate for a 0.5 mm throat, For the
secondary sampling orifice, a 16 inch diffusion pump such as is used in the present
ARI mass spectrometer will be adequate, and for the skimmer, a 6 inch diffusion
pump will suffice,

5.2.3 Ion Optics Considerations

From experience in sampling neutrals, positive ions and negative ions with
the existing ARI mass spectrometer, some requirements for the beam-forming
system can be outlined.

When ions are being measured, the skimmer separates the ions desired from
those of opposite charge. Thus, if positive ions are to be detected, the skimmer is
biased negatively with respect to the sampling orifice so that electrons are drawn out
of the plasma at the sampling orifice and the positive ions at the skimmer, either by
impinging on its surface or by passing into the beam through the skimmer hole. To
ensure that this separation takes place, the potential of the skimmer must be less than
that which leads to a space-charge limited beam between sampling nozzle and skimmer.
For K+ ions in the present apparatus, a potential of about -170 volts is required. If
negative ions of the same concentration were to be measured, +170 volts would be

required.
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It has becn found by experience that a molybdenum sampling nozzle performs
well, while stainless stcel, for example, does not, The distrinction has to do with

surface conditions but is not understood in any detail,

Beyond the skimmer, conventional ion optics are used, care being taken to see
that no grounded surfaces divert the beam, and that there are no space-charge limited
points. Because of the complexity of the geometry, empirical tuning of the lenses is
required as outlined in Subsecction 4, 2, 3 but once these adjustments are made, they
arc suitable for all ion masses and charges, with only a sign reversal required for

changing from positive to negative ions,
5.3 Future Work

Detailed design of a full scale mass spectrometric sampling system is a major
task scheduled for the second phase of our contract effort. itial efforts will con-
centrate on solving the nozzle clogging, particle-induced noise, and data acquistion

problems identified in our current laboratory program and discussed in Section 4,
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Al. INTRODUCTION

In this report, we describe the details of a computer program PACKAGE
(Plasma Analysis, Chemical Kinetics, And Generator Efficiency) which has been
developed to evaluate the effects of ash derived negative ions on the performance of
an open cycle, coal-fired MHD channel. The production of the negative ions and
other plasma constituents may be examined under the following chemical conditions:

° Total equilibrium with pure condensed species,
] Total equilbrium with ideal condensed solutions, and
° Partial equilibrium/partial finite rate chemistry.

The last condition has been modeled in anticipation of the presence of kinetic bottlenecks
in processes, such as, homogeneous nucleation or ion/molecule reactions, in the colder
regions ofthe channel. The PACKAGE code also may be used to study other MHD plasma
chemical effects, including slag induced electron-ion recombination, slag/seed interaction
effects, kinetic effects on slag nucleation, pollutant formation rates, and the effects of
equivalence ratio, coal rank, and air preheat temperatures on plasma properties and
generator efficiencies.

This code,as developed, makes extensive use of the NASA CEC program and,
thus, incorporates all of its capabilities including its powerful method of evaluating the
composition of the flow mixture under equilibrium chemistry. Moreover, by adding a
new routine, called MHD, which evaluates the flow equations under equilibrium and
partial equilibrium conditions, and modifying a number of NASA CEC subroutines,
PACKAGE can evaluate the composition of the mixture under two additional conditions,
which are chemical equilibrium with ideal condensed solution and partial equilibrium/
partial finite rate chemistry. Other subroutines added to the program are: CONDUC,

which evaluates the conductivity of the flow; DIFSUB, which is a differential equation
solution routine, DIFFON, which calculates the flow conservation equations in the
MHD core flow environment,
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This code is written to take maximum advantage of the NASA CEC program.
It uses all of its subroutines except FROZEN, SHCK, and DETON which are
eliminated from the code. The structure and the objective of the various CEC
routines are well documented in the NASA CEC manualsl) therefore, no attempt
will be made for their description, Instead, we recommend that the user have a

copy of this document in hand,since numerous references will be made to it.

In the following section, we will describe the MHD core flow model, including
the methods of obtaining the mixture composition with ideal condensed solution or
with partial equilibrium/partial finite rate chemistry. Section A3 contains the
modifications required in the NASA CEC program, while, in Section A4 we outline
the structure of the new subroutines. Section A5 contains the references for this
appendix and Section A6 describes the PACKAGE input/output procedures. Section A7
contains three sample programs, including output.

The PACKAGE code is available to interested users in the MHD community.
Those deslring coples of the code and associated data tapes should forward their
request for the code through the DOE MHD Divisfon. A nominal charge for computer
tapes and computer time necessary for code reproduction will be imposed for each

request.,

Al-2



A2, DESCRIPTION OF MHD CORE FLOW MODEL

The models describing the motion of an ionized fluid are well developed (see for
example, Sutton and Sherman(z)) and require no additional gffort on our part. The
modeling of the flow in the core region of a MHD channel is particularly simple when
based on the following assumptions:

Steady one~dimensional flow,

Uniformally mixed fluid, and

Thermal and dynamic equilibrium between gaseous and condensed
species.

With these assumptions, the flow conservation equations reduce to ordinary dif-
ferential equations. The difficulty with solving these equations, however, involves
the number of species comprising the fluid mixture. For a coal-fired MHD system,
this number can be a few hundred. In Subsections A2.2 - A2,.4 we will describe
procedures for obtaining the flow composition under three different thermochemical
conditions. In the following subsection we will list the conservation equations of the
MHD core flow,

A2.1 Conservation Equations

For a one-dimensional steady flow the conservation equations in the core region
of an MHD channel can be reduced to:

Mass:
PuA = const., ; 1)
Species:
dnl .
pua"'—"w.l (1=1,-oo’n) H (2)



Momentum along x, the channel axis:

du , dP _ ]
Puge *ax =9y B @
Entropy:
2 1 dn
d i
TR -G - ) w o *
i=1

where P is density (kg/ m3); u,velocity (m/sec); A,core area (m2); P pressure
(N/‘mi’); Jy,the y component of current density (amp/ m2); B,applied magnetic field in

z direction (Tesla); n, number of kilogram-moles of species | per kilogram of
mixture; wi, the rate of production of species | (kg - mole/sec); T, temperature ( K);
o,conductivity (mho/m); y,chemical potential of 1 th species (joule/kg - mole); n,the
total number of species.

In addition to the equations given above, we have the following relations among
the flow parameters:

Ohm's Law:
J —L— (E, -uB+ BE,) (5
y 1+ﬂ
R 4 -
Jx—1+ﬁ2 [Ex - B (&, uB)] ©
Equations of State:
n
5= D nyS
j=1
n
0 =
(S’I>j_Rln(T11) --Rlnpmm J=1, ..., m
8 = (7
(S,I>j J=m+1,...,n
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and

n

-E:nRT , n= Z nj . (9)
j=1

Here, we have assumed that the first m species are gas phase. In these equations,
Bis the Hall parameter, Ey and Ex electric field along x and y direction (volts),

Jx the x component of current density, S? standard state entropy (J/kg - mole - oK),
7 j standard state chemical potential, P atm the pressure in atmospheres, and R the
universal gas constants (J/kg - mole —OK). The conductivity ¢ and Hall parameters
B can be evaluated when P, T, and n, are known. The parameters So and #;)
can be determined from Eqs. (91) and (92) on page 32 of the NASA CEC
manual(.l) They are part of the NASA CEC's thermodynamic data.

To solve the flow equations uniquely four conditions must be specified. Our
malin effort in this programming is the modification of the NASA CEC code to deter-
mine the MHD core flow with complicated fluid mixtures, therefore, to make the
flow equations as simple as possible we selected the following conditions:

Ey/ (uB)= K= const., u=const,, B=const,, and Jx = 0, With these conditions
Egs. (3), (4), and (5) become:

€. our’ k-1 |, (10)
n
dn
TopE=oub’k-174p D oy . (1)
J=1
and
Jy= ocuB(K-1) . (12)
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Here, K is the load factor. While this program is written for these specified
conditions, the user can readily extend the use of the program in order to
consider other flow conditions. Note that, for convenience, we are using the
entropy equation instead of the commonly used energy equation.

Assuming the flow variables are known at the channel entrance, the flow equa-
tion can be solved numerically everywhere along the channel. The major difficulty,
however, is to determine T and n 's when s and P are determined under equilibrium
and partial equilibrium conditionsf The power of the NASA CEC program lies in the
fact that it can do just that.

A2,2 Chemical Equilibrivm With Pure Condensed Species

This is the chemical condition used by the NASA CEC program to evaluate the
mixture composition, In this formulation the species conservation equations are
replaced by a set of relations derived from the minimization of the system Gibbs free
energy subject to the conservation of the chemical elements. The details of this
formulation are given in the NASA CEC manuall)_ it leads to Eqs. (18) - (28) listed
on pages 9, 10, and 11 of that document. For a specified pressure and entropy
these equations can be solved by an iteration method to determine the mixture
temperature and composition. In our model, the entropy and pressure are determined
from the solution of the conservation equations. Note that at chemical equilibrium
the term Zﬂj dnj = 0, hence, entropy production is due only to Joule heating.

A2.3 Chemical Equilibrium With Condensed Ideal Solutions

The assumption of pure condensed species in a mixture containing many liquid
species as used in the NASA CEC program is often inadequate. Here, we list equa-
tions necessary to determine the composition of a mixture at chemical equilibrium
containing pure solids, a certain number of pure liquids, and an ideal solution
composed of the remaining liquid species. The method of approach for deriving
these equations is again the minimization of the Gibbs free energy of the system.

In this case, however, the Gibbs free energy of the condensed species in the liquid
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solution has a component which depends on the mole fraction of that species in the
liquid solution. To be specific let species indexed from j = 1 to m be in the gas
phase, species indexed from j = m+ 1 tons be in the pure condensed phase, and
species indexed from j =ns + 1 to n be in the liquid solution, then the chemical
potential of the species for j =1, . . ., ns is given by Eq. (8) while for the
remaining species we have:

n,
”j=yjo+RTlnHL —ns+1,...,0 , (13)
c
where
n
j=ns+ 1

and y;) is the standard chemical potential. Correspondingly, the entropy of the jth
species in the ideal solution becomes:

n
=s)-rm-L . (14)

5 =5 .

A2.3.1 Gibbs Iteration Equations

Following a procedure similar to the one given in the NASA CEC code for the
minimization of the Gibbs free energy and the derivation of Gibbs iteration equations
we can derive the following relations to determine the mixture composition and
temperature:

ij ) RT R '
j=1
(15)
1 i
Zaljyﬁ+-(§%-bdlnT= T{J'i‘- J=m+1,..., ns
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1 0
(Hp) By
- - - = - =
Alnnj Zaij" Alnnc _.ﬁ.LAlnT R’T j=ns+1,.,..,n
i=1
(a7)
m n ns
Z a1j nj Alnnj+ Z aijnj Alnnj+ Z alenj=b0 -b
j=1 j=ns+1 j=m+1
"lo . 'ol ’
(18)
m m
Z nj Aln nj -ng 4ln ng=ng- z nj , (19)
j=1 j:l
n n
Z nj Alnnj-nc Alnnc=nc— Z nj , (20)
j=ns+1 j=ns+1
m 0 n 0 ns 0
(HT) H-) H.)
Z By gy Al Z Y gy Almnyt 7T 4%
j=1 j=ns +1 j=m+1
1 (Cg)j h, -h
+ Z n—R Aln T = —= , (21)
and 1= -
m n ns
n.S, n.S, (s9)
i il I
Z ( R)Alnnj+ Z ( R)Alnnj+ Z[ " ]Anj
i=1 j=ns+1 j=m+1




where n_ is defined as the total number of kilogram-moles of the gaseous species
per kilogram of the mixture, i.e.

Ny = Z T (23)

i=1

Except for n., which is defined below Eq. (13), the remaining symbols in the
above equations are identical to those given in the NASA CEC manual, therefore,
they will not be redefined here. In the above derivation, the liquid species com-
prising the solution are treated like the gaseous species. This can be seen from the
similarity between Eqs. (15),(17),(19), and (20). Except for Eqs. (17) and (20) the
remaining equations are the counterparts of Eqs. (18) - (23) of the NASA CEC code.
Note that Eq. (21) is necessary when the mixture enthalpy is specified instead of its
entropy. This is the case when calculating the mixture composition in the combustor
of an MHD system.

Equations (15) - (20) and (21) or (22) must be solved for the unknowns
r(i=1,...,1), Alan, =1, ..., mjns+1, ., .., n), Anj(j =m+1, .. .,n8),

Alnn o’ Aln n,, and Aln T. The solution procedure used is to estimate

n.§g=1, .. .,n),ng

1r1) yleld correction terms to the initial estimates. Then using the new estimates,

» D, and T then to determine the unknowns which (except for

the solution technique is repeated until certain convergence criterion is satisfied.

For more details, see thetopics titled,''Procedure for Obtaining Equilibrium
Composition'' and '*Convergence, !' on pages 23 and 24 of the NASA CEC manual,

Since the convergence tests depend only on the value of the species concentrations

and not on the method, they are evaluated and then the relations (76) - (81) of the

NASA CEC program are equally valid in our case. Except, the following must be added
to the set of Eq. (79)

lnn]$1+1)=lnn§i)+7\(i)(Alnnj)(l) j=ns+1, ...,n y (24)
In né“' . In ng) + A ) (Aln nc)(l) , (25)
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and in the third equation, In n must be replaced by In ng; also in the second equation,
the upper limit on the i index should be ns instead of n.

A2.3.2 Reduced Gibbs Iteration Equations

By properly combining Eqs. (15) - (22) the total number of equations to be
solved can be greatly reduced. With certain algebra, it can be shown that these

equations are given by:

n ns
Z <Z ity 2 a’kjaijnj> D DN 3 4oy + Zakjn Alnn,
= i=1 j=ns+1 j=m+1

n m Ho
+ Z a'kjnj Alnnc+ Zakjnj (gT) Z akj j(Hl;r'l? AlnT

j=ns+1 j=1 j=ns+1

m n

.0 s A

=b0 -b, + z akjnjﬁ% + E oyt g k=L... Db, (@6
i=1

j=ns+1

1
H
Z a 1r+[( T) ]Al T= —ﬁj,f (j=m+1, ..., 08 , @7)
i=1
1 m m m n(HT)
1221 Zl aunj1r1+ (jzlnj )Alnn + Zl—j——l AlnT
= }j= =

m m n#
=n, - Zn+z b (28)



n n
n. u.
=n, - E nJ. + —J—LRT ’ (29)
j=ns+1 j=ns+1

j “RT RT
j=1 j=ns+1
2 2
n 0 m 0 n 0
T T
E nj + E nj R2T2 + E nj R2T2 AlnT
j=1 j=1 j=ns+1
h -h m 0 n 0
0 #i\Hp )5 # \Hr /5
+ n, + n, ’ (30)
RT J R T2 J R TZ
=1 j=ns+1
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i=1 \j=1 j=ns+1 j=m+1
m s\ n S
_d a ]
+<Z nJR>Alnng+< L an>A1nnc
j=1 j=ns+1
n C0 m H0 n 0
+ Z n (_p_)]_ + zn <T S, + n (}—LL)L S Aln T
J R ) RZT J i RZT i
i=1 j=1 j=ns+1

so..s m n m n S u 1 n S u
oot <ng- T nj>+ - Y nj>+ j_zl_i_i_iRzT . el

j=ns+1 j=ns+1

(31)

These equations are the counterparts of Eq. (24) - (28) listed on pages 10 and
11 of the NASA CEC manual,

A2.3.3 Thermodynamic Derivatives

To evaluate certain thermodynamic variables used to calculate such parameters
as the flow Mach number we need to determine certain thermodynamic derivatives
(see Eqs. (67) - (75) of the NASA CEC manual), All of these variables can be
evaluated if Cp , the mixture specific heat at constant pressure (41lnn 8/ 4 lnT)P
and (Alnn g/ Aln P)T are known. Following the procedure and the logic used by the
NASA CEC program, to derive Eqs. (56) - (59) and Eqs. (64) - (66) we can show that
in the presence of an ideal solution the eugations to be solved are:
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c 1 m ] n H0 ] P
-1¥= 2 2 345 % (_Tf'l—‘)—l * z By ](I;I‘T)1 (611:11T>P
i=1 j=1 j=ns+1 )
i 1) /8 n m 1 ] Olnn
D) [&%)l}(m&g)) o2 ny Rt (Flrx_';)p
j=m+1 j=ns+1 ]
n 0 0\2 0)2
+ z nj %’)j- + i nj _g_};Tzzj_ + i nj (—HZT—)QJ- . (32)
o <1 R°T j-m+1 ° BT

And the reduced equations for obtaining derivatives with respect to temperature are:

1 m n Fe ) 7'1 ns on
2, ( D mgtyht D ey “j>(51'ﬁ)19 Y ey <3T&'r>p
j=1

i=1 j=ns+1 j=m+1
m dlnn n dlnn m H0
g [ T
* Z akj“j(éln'r )P * Z akj“;(ﬁ'l‘n‘ T)P=- 2 %™ "RT
j=1 A j=ns+1 j=1
n 0
z o k= 33
- a,kjnj RT =1, ...,1 ’ (33)
j=ns+1
1 0
or H )
i _ T =
Z alj(—a-l—n—,l-,>P-- BT j=m+1, ..., n8 . (34)
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ii-l J§1 l’J<1niT> T § n'(igll

1 n n
awi

Z Z aij“j( )“ 2 &
OdlnT/P j=me+1

i=1 j=ns+1

The reduced equations for obtaining derivatives with respect to pressure are:

1 m n aﬂi
z z ak] aij nj + z an aij nj <m),r + . -z akj

i=1.\j=1 j=ns+1

Olnn n Olnn mn
Z A J<a1np)'r * Z 3 B <61nP> 2

i=1 j=ns+1

1 avri>

z aij(@lnPT=0 j=m+1, ..., ns
i=1

1 m 61ri m

Z Z 5\ dmp/r T 2 % .
. . i=1
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1 ns a”i
22y (551_P>T =0 (40)
j=1 j=ns41l

These equations together with the following two relations:

Olnn
Oln V
(51n P)T =_1+<51nP>T (41)

and

Oln n
Oln Vv _
<aln T>P =1+ <6lnT>P , (42)

which are derived from the equation of state are sufficient for obtaining all the
required thermodynamic variables which are listed on pages 22 and 23 of the
NASA CEC manual,

A2.3.4 Test For Condensed Solution

In the NASA CEC code the vapor pressure test is used for the inclusion of pure
condensed phases into the mixture. A similar test can be used to determine if the
introduction of condensed solution can lower the free energy of the system. It can
be shown that at a given pressure and temperature the formation of ideal solution
will lower the free energy of a mixture if the following unequality holds:

i em[(“j)gR;(“;))c] s 1 (43)

j=ns+1
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here, the subscripts (g) and (c) refer to the vapor and condensed phases of the same
species., Note that if the solution contains a single species Eq. (45) reduces to
k1. (83) of the NASA CEC manual. As in the NASA CEC program, we let the

chemical potential of a species in the vapor phase to be:

(1)) = RT 2 nay (44)

with this choice we will encounter no difficulty when the above test is applied to

solutions containing liquid species whose vapor phase does not exist.

To account for the fact that at low temperatures some of the species may freeze
out of the solution, in this analysis,all those species whose melting temperature is
150°K greater than the mixture temperature will be removed from the solution and

added to the group of pure condensed species.

A.2.4 Partial Equilibrium/Partial Finite Rate Chemistry

A number of potential kinetic bottlenecks in the plasma's chemical evolution make
a theoretical model describing the thermochemistry of a coal fired MHD flow mixture
under partial equilibrium chemistry desirable. The formulation of this model is based

on the following main assumptions:
° The history of certain species are known to be kinetically controlled;
() The remaining species are at chemical equilibrium.

Under these conditions two different methods are required to evaluate the concentration
of the mixture species. To be more specific, we first let all gaseous and condensed
species,which are not kinetically controlled, to be indexed from j = 1 to j = me and

j = me + 1 to j = ne, repectively; the remaining gaseous and condensed species to be
indexed from j = ne + 1 to j = mk and j = mk + 1 to j = n, respectively. With these
specifications the conservation equation of species with j >ne, the entropy equation,
and the equation of state become:

dn, .
Pu—L= W

o i=ne+1,...,n , (45)

i
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dx (46)

n
TP - guBlk-1)%+ P 2 i

i=ne+1

me mk
%J:RT(E: ot 2 n1> : (47)

i=1 i=ne+1

The concentration of species at chemcial equilibrium will be determined by the
minimization of the partial Gibbs free energy of the system composed of species
indexed from i =1 to i = ne which is:

ne
g= 2 H0y H (48)
i=1

g must be minimized subject tothe conservation of the chemical elements of the
system which is independent of chemical reactions. Following the procedures of the

NASA CEC program, we can show that the minimization of the partial Gibbs free
energy implies:

1

Ky .

RT z ‘ﬂ'laij=0 i=, ..., ne (49)
i=1

as before m are the normalized Lagrange multipliers.,

A2.4.1 Gibbs Iteration Equations

For this case, the solution of the conservation equations will yield nj the con-
centration of the species with j > ne. As in the previous case, however, the
temperature and nj, the concentration of the species with j £ ne, can best be
determined by the methods of the NASA CEC program, which is an iteration technique.
This procedure can be readily applied to the type of flow considered in this section.
We must only remember that the concentration of the kinetically controlled species
are known; therfore, in the iteration equations Anj andn, Aln nj are equal to zero
for these species. With this in mind the iteration equations become:
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1 0
. H K
N - T . ‘-
Alnnj-——N+M Aln N - z aij’i [RT ]AlnT-lRT j=1, ..., me

i=1
(50)
1 (HO
T _, K .
- 2 alj‘lli- [ BT ] AlnT-l-ﬁj,l-; j=me+l, . .., ne
i=1
(51)
me ne
Z By Alnn + z aijnj=bl(:-bk k=1, ..., 1 (52)
j=1 j=me+1
me me
N
njdmnj'm AlnN=N - z nj (53)
j=1 j=1
me 0 ne 0 n 0)
H H C
T T
2 [nj BT ]Alnnj+ z [Q—Rrrzl] Anj+ [ 2 nj g—-ﬁLl] Aln T
j=1 j=me+1 J=1
h,~h
_ 0
= "RT (54)
me S, ne ~SO n C0
Z (n —l>Alnnj+ 2 g) An, + z n (_p))_ Aln T
ji=1 j=me+1l i=1
s -8 me
= OR +N - z n, (55)
i=1
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. T hese equations are the counterparts of the Eqs. (18) through (23) of the
NASA CEC manual. The symbols N and M are defined as follows.

me
n= S n
J
i=1
and
mk
M=y no (56)
i=ne+1

hence n, the number of kilogram moles of gaseous species in the mixture per kilogram
of the mixture, is the sum of n and M. Since M is known, we have Alnn=
N Aln N/(N + M). Note that the parameters b,

T, hence, part of bk that is summed over species indexed from j=ne+ 1toj=n

s,and h depend on all the nj's and
is known.

A2.4.2 Reduced Gibbs Iteration Equation

As in the previous section, the number of equations to be solved can be greatly
reduced by the proper combination of Eq. (50), With some algebra, it can be shown
that the reduced equations are given by:

1 me ne me
N

z z akjaijnj"i+ 2 aijnj+ Nt i 2 akjnj Aln N
i=1 j=1 j=me+1 j=1

me §H02 me aknl»l
+ z akjnj R"f‘ AlnT=b]2-bk+ 2 —JR—,IJ,—'L k=1, ..., 1 .

j=1 . j=

(87)
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! n?e ai]n] Si ne S njsj N
2 ) me 2 (R)A“j+z R |Fem A 10N
J

n ( 0) me ® 0) 548 me
_—I—i— = . -
+ nj -—Rp-l- + Z anj RZT AInT R + N Z nj
j=1 j=1 ji=1
e
. n‘zlu.
i=1 RT (61)

which are the counterparts of Eqs. (24) through (28) of the NASA CEC manual. The
procedure for obtaining the partial equilibrium composition and the convergence
tests are identical to those given in the NASA CEC manual. In this version of our
model, condensed solutions are not included in the partial equilibrium flow calcula-
tion, hence, tests for condensed species not controlled by finite rate chemistry
are the same as those of the NASA CEC program.

A2,4,5 Thermodynamic Derivatives

In a fluid mixture with nonequilibrium chemistry, the independent thermo-
dynamic variables also include the concentration of the kinetically controlled
species, Therefore, when evaluating thermodynamic variables like the specific
heats, which are derivatives with respect to temperature alone, we must remember
to keep the concentrations of the kinetically controlled species constant during the
differentiation, To be more precise, let M represent all species n:| with j > ne
and let
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to mean differential with respect to § while keeping n and all nj (j > ne) constant. .
Here, ¢ and y are assumed independent thermodynamic variables other than nj

(j > ne). With this representation all derivatives given by Egs. (67) through (75)

of the NASA CEC manual will be equally valid in a flow with partial equilibrium

chemistry or they are put in a form similar to the above equation.

As in the previous subsection, the only parameters required for our calcula-

tions are e and (9 mnN/8 InT), s, Mand (3 InN/5 In P)T, M. Following the

procedure and reasoning used by the NASA CEC manual for the derivation of

Eqs (56) through (59) and Eqgs. (64) through (66) listed in that code by keeping nj

constant for j < ne, we can derive the following relations to determine these

parameters:
1
Cp, T v s (HD), 1 ro, =
R~ Z Z %4 RT dinT/P,M " Z
i=1 j=1 - j= me+1
- me
0 0
. Haq)y [ amy . Z . (Hp), N f(amN) _
RT oI T /)P, M |~ j "RT N+M \oInT /P, M
j:
n 0 me 0.2
(C)) (H)
J R . j R2T2
ji=1 J=1 (62)

Reduced equations for getting derivatives with respect to temperature

1 me - ne on

o7 — i R N
Z Z 215245 (alnT) pM Z akj(alnT> P,M "N+M
i=

13=1 j=me+1
me me 0
(H,I).
-3d1InN _ - Z i )
x Z a1<jnj (alnT >P,M a‘kjnj RT k 1,,,.,p
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1
s (H)
Z 83 <3-h%'-f> PM - _RT'f‘l } = me+l,...,ne (64)

i=1 j=1 i=1
(65)
Reduced equations for getting derivatives with respect to pressure,
1 me 8y ne . on
Z Z %%y™ |\Pmp/ T, M * Z %) \3mB/T, M
i=1 j=1 j=me+1
me me
N dlnN _ = =
* N+ ("a'ln' P ) T, M Z Bty = Z Bty k=1,...,1
i=1 i=1 (66)
1
] 'ﬂ'i
Z aij <81nP>T,ﬁ = 0 j=me+l,,..,ne (67)
i=1

1 me . me
Z 2 an 9Ty . _ .M 91lnN - - Z n
ij 9 aInP /T, M N+M OlnP /T, M }

A2-21



These equations together with the following two equations

dlnV _ = -1+ N dInN _
dInP /T, M N+M dalnP /T, M (69)

dmmv) _ _ ;. N (smN _
aInT /P, M N+M \sInT )P, M (70)

which are derived from the equation-of-state are sufficient for obtaining all the
required thermodynamic variables (listed on pages 22 and 23 of the NASA CEC

manual), Note that with M = 0, the above equations reduce to their corresponding
forms listed in the NASA CEC code.

This concludes the formulation of the flow models considered in our analysis.
In the next sections we will outline the required programming,
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A3, COMPUTER PROGRAM - PACKAGE

The PACKAGE computer program is written in standard FORTRAN IV, It is
designed to run on any operating system that will accommodate the program's large
size, At Aerodyne Research, Inc., PACKAGE has been run on a CDC 6600 and a
PRIME 400,

Due fo the accuracy required in some calculations, DOUBLE PRECISION
statements are necessary for some variables on 32 bit machines (such as the
PRIME 400 or on the IBM 360/370 computer). These statements can be commented
out on machines with larger words like the CDC 6600,

PACKAGE requires thermodynamic data (associated with FORTRAN LOGICAL
UNIT 7) for many of its calculations. This data is taken from the JANAF tables'>)
or may be produced by the means of the PAC programs4) providing suitable thermo-
chemical and spectroscopic data is available for the species of interest,

At progrm load, there will be one external reference left unresolved (PERDEV),
This routine is called from DIFSUB when partial derivatives are supplied during
integration,

A,.3.1 Program Structure

Basically, PACKAGE is a modification of the NASA CEC program, These
modifications generalized the NASA code and made it applicable to MHD flow
environments as well as to rocket combustor and exhaust calculations,

There are three types of changes that were made to the NASA CEC program,

(1) Deletion of specialized subroutines such as SHCK, DETON and
FROZEN,

(2) Addition of new subroutines which include MHD, CONDCIC, DIFSUB, and
DIFFUN,

(3) Modification of existing code,
A basic flow diagram of PACKAGE can be seen in Figure A 3-1.
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Fig. A3-1 Subroutine Flow Diagram For PACKAGE.
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Due to the many differences that exist between the NASA CEC chemical model
and the model development in the previous section, extensive changes were required
in many subroutines, Since it is not practical to give a complete listing of all of the
changes, the major modification in these subroutines will be listed in the following
subsections,

A complete description of the new subroutines is presented in Section A4,

A.3.2 Modifications To The MAIN Program

The MAIN program controls the flow of the program that is dependent on the
input, The changes were:

e Read SOLUTION card input,
o Set up the indices for the processing of ideal condensed solutions,

A.3.3 Modifications To ROCKET

The subroutine, ROCKET, evaluates the equilibrium composition of rocket
chamber combustion products and the equilibrium composition of isentropically
expanding combustion products for specified pressure or area ratios,

Since models describing the flow in the upstream region of an MHD channel are
identical to that of a rocket with a converging~diverging nozzle, ROCKET can also be
used to evaluate the combustion product properties of the MHD combustor and the
channel entrance under both subsonic and supersonic conditions,

Changes includes

e Control the program to evaluate the combustion properties beyond the
chanunel enftrance, This is performed by calls fo subroutine MHD,

& Output the finite rate reactions and species for NEQL = T problems
before the first call to RKTOUT,
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A.3.4 Modifications To EQLBRM

EQLBRM calculates equilibrium compositions and thermodynamic properties
for a particular point. Changes are:

® Modification to the basic equations in accordance with Subsection A.2.3
(to handle ideal solutions),

e Add the decision process for the inclusion of the 'solution,
Subsection A,2,3.4,

e Freezing out of individual species in solution.

A.3.5 Modifications To MATRIX

MATRIX sets up, and with the aid of GAUSS, solves for the equilibrium
compositions, The changes involve additional code to handie the equilibrium
composition for the ideal condensed solution.and partial equilibrium/partial finite
rate chemistry.
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A.4 PACKAGE SUBROUTINES

The subroutines in this section are new routines added to the NASA CEC
program. This novel code evaluates equilibrium and finite rate conditions and
compositions for combustion properties beyond the channel entrance.

A.4.1 Subroutine MHD

MHD has two functions. The first is initializing the equations that solve the
finite rate chemistry option and the equations that determine pressure and entropy in
the channel. The second function is that MHD calls a routine DIFSUB to solve these
differential equations.

During initialization, if NEQL = TRUE, the REACTION RATE cards are input
and stored. This input defines the finite rate equations and also which species should
be removed from the equilibrium calculations, Regardless of the state of NEQL, the
pressure and entropy equations are initialized with the values of the channel entrance.
Other integration parameters are also initialized before the first call to DIFSUB.
This initialization is only performed the first time MHD is called.

Solving the differential equations, set up by the first portion of MHD, is
performed by repetitive calls to Subroutine DIFSUB. This is the function of the
second portion of MHD. DIFSUB is called until the independent variable (distance) is
beyond the report interval as defined by DXI of name list INPT2, MHD then
recalculates the conditions and compositions at the report stations. This is performed
by additional calls to EQLBRM and CONDUC. Control is then returned to ROCKET,
where these values are stored for output by RKTOUT,

A.4,2 Subroutine DIFSUB

DIFSUB is a routine that solves systems of ordinary differential equations.
This multistep, multiorder technique was written by Geargs) DIFSUB has one major
advantage over other numerical methods, which solve initial value - ordinary
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differential equations, it can handle "stiff'' systems. A ' stiff'' system to any ‘
system of ordinary differential equations that has vastly different time constants.
Most chemically reacting systems are 'stiff''.

DIFSUB has been modified from Gear's original code by the addition of a
Gaussian elimination section, instead of a strict matrix inversion. This speeds up
execution of larger systems.

DIFSUB calls the Subroutine DIFFUN which evaluates the derivatives of the
equations.

Two name list INPT2 values are used by DIFSUB. ACCURC is the relative
accuracy that each equation result is resolved. If for one step, the truncation error
is greater than ACCURC, then the integration step size is reduced. If the truncation
error is much less, then the step size is increased. HMIN is the minimum step size
allowed by the integration technique before the method aborts.

A.4.3 Subroutine DIFFUN

DIFFUN, given the values for the equations at a specified independent variable
(distance), returns the rates for the differential equations. DIFSUB uses the rates to
solve the differential equations.

For finite rate problems, the rate of change for a particular nonequilibrium
species is calculated on this routine, EQLBRM and CONDUC are also called to get
the proper conditions for these computations.

The rates of change of pressure and entropy are calculated regardiess of the
state of NEQL.

A.4.4 Subroutine CONDUC

CONDUC was written by Dr, Howard Cohen of the M,.I.T. Energy Laboratory.
It calculates the conductivity of open cycle MHD generators without slag, using the
Demetriades and Argyropoulos algorithmgs) Cross sections, based on the compilations
of Spencer(,7’8) are tabulated for temperatures from 1700 to 3000°K; outside this
range, an extrapolation is used,
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A. 6 INPUT AND OUTPUT FORMATS

Since the PACKAGE code is structured around the preexisting NASA CEC
program, its input and output characteristics are quite similar, The following
descriptions of the PACKAGE input and output formats are adapted from similar
discussions found in the NASA CEC program ma.nual(l).

A.6.1 Description of Program Input

Program input data will be discussed under four categories. Three of the
categories are required and one is optional. The three required categories and the
code names by which they will be referred are as follows:

(8) Library of thermodynamic data for reaction products (THERMO data)

(b) Data pertaining to reactants (REACTANTS cards)

(c) Namelist data which include the type of problem, required
schedules, and options (NAMELISTS input).

The optional category of data are chemical formulas of species which are singled
out for special purposes (OMIT , SOLUTION and INSERT are control codes used by
the program to identify the input read from data cards. The THERMO, REACTANTS,
and NAMELISTS codes are punched on separate cards, each preceding their
appropriate data cards. The OMIT, SOLUTION and INSERT codes are on the same
card as the data.

The required order of the data cards is as follows:
(1) THERMO code card,

(2) THERMO data (these cards and the preceding THERMO
code card may be omitted if the thermodynamic data,
data are to be read from tape)

(3) REACTANTS code card,
(4) REACTANTS cards,

(5) OMIT, SOLUTION and INSERT cards (if any),
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(6) NAMELISTS code card,
(7) NAMELISTS data,
(8) REACTION RATE cards (if any).

In a particular run, there may be any number of sets of REACTANTS cards (Items 3
and 4), each followed by any number of sets of OMIT, SOLUTION and INSERT cards
(Item 5) and NAMELISTS input (Items 6 and 7).

The program contains two namelists for input: INPT2 and RKTINP.
Examples of input cards for several typical problems are given in Section A7,

A.6.2 THERMO Data

The library of thermcdynamic data for reaction products are required in the
JANAF table form.

THERMO data may be read either from cards or from file, If the data are read
in from cards, the program will write these data on FORTRAN LOGICAL Unit 7.
During a computer run, the appropriate reaction product data consistent with each
new set of REACTANTS cards will be automatically selected from FORTRAN LOGICAL
unit 7 and stored in memory.

Data for one or more species may be omitted from consideration during any
particular run (without removing the data from the flle) by using OMIT cards (see
OMIT section).

A.6,3 REACTANTS Cards

This set of cards is required. The first card in the set contains the woxd
REACTANTS punched in card columns 1 to 9. The last card in the set is blank,
In between the first and last cards may be any number of cards up to &8 maximum of
15, one for each reactant species being considered. The cards for each reactant
must give the chemical formula and the relative amount of the reactant. The format
and contents of the cards are summarized in Table AG-1.
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Fable A6-1 - REACTANTS Cards

Order Contents Format Card Columns
First REACTANTS
Any One card for each reactant species
(maximum 15). Each card contains: 3A4 1to9
(1) Atomic symbols and foxa}mla num- |5(A2, F7.5) 1to 45
bers (maximum 5 sets)
(2) Relative weigh{b ) or number of F7.5 46 to 52
moles
(3) Blank if (2) is relative weight or Al 53
M if (2) is number of moles
4) Enthalpy or internal energy® F9. 5 54 to 62
cal mole
(5) State: S, L, or G for solid, Al 63
liquid or gas, respectively
(6) Temperature associated with F8.5 64to T
enthalpy in (4)
(7) F if fuel or O if oxidant Al 72
(8) Density in g cm3 (optional) F8.5 73 to 80
Last Blank
()

Program will calculate the enthalpy or internal energy (4) for species in the
THERMO data at the temperature (6) if zeros are punched in card columns 37

and 38.

(See section Reactant enthalpy for additional information. )

(mRelative weight of fuel in total fuels or oxidant in total oxidants, All reactants
must be given either all in relative weights or all in number of moles.
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Relative Amounts of Reactants ~ The relative amounts of reactants may be

specified in several ways. They may be specified in terms of moles, mole fraction,
or mole percent (by keypunching M in card column 53).

For these cases, the relative amounts of the reactants are completely specified
by the values on the REACTANTS cards. However, there are optional variables
which may be set in namelist INPT2 that indicate relative amounts of total fuel to
total oxidants For this situation, each reactant must be specified as a fuel or an
oxidizer by keypunching an F or O, respectively, in column 72 of the REACTANTS
card. The amounts given on the REACTANTS cards are relativeto total fuel or
total oxidant rather than total reactant,

There are four options in INPT2 for indicating relative amounts of total fuel to
total oxidant. They include:

(1) BEquivalence ratio (RATIO is true),

(2) Oxidant to fuel weight ratio (OF is true),

(3) Fuel percent by weight (FPCT is true),

(4) Fuel to air or fuel to oxidant weight ratio (FA is true).

For each option, the values are given in the MIX array of INPT2 (described in
NAMELISTS Input section).

The purpose of the previous namelist variables is to permit using one set of
reactant cards with any number of values (up to 15), of the variables such as oxidant
to fuel ratio (OF = T).

Reactant enthalpy - Assigned enthalpy values for initial conditions are required,

The values for the individual reactants are either keypunched on the REACTANTS
cards or calculated from the THERMO data.

Enthalpies or internal energies are taken from the REACTANTS cards unless
zeros are punched in card columns 37 and 38. For each REACTANTS card with the
'100'' code, an enthalpy will be calculated for the species from the THERMO data
for the temperature given in card columns 64 to 71.
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When the program is calculating the individual reactant enthalpy or internal
energy values from the THERMO data, the following two conditions are required:

(1) The reactant must also be one of the species in the set of THERMO data.
For example, NH3(g) is in the set of THERMO data but NH3(1) is not. Therefore,
ifN H3 (g) is used as a reactant its enthalpy could be calculated automatically, but that
of NH3(1) could not be,

(2) The temperature T must be in the range T, “/1. 2sTsT x 1. 2 where

high
ow to Thlgh is the temperature range of the THERMO data.

A,6,4 NAMELISTS Input

T

The NAMELISTS code card precedes the NAMELISTS input.

The variables in each namelist are listed in Tables A6-2 and A6~3. Some addltional
information about some of these variables follows:

Pressure Units., - The program assumes the pressure in the P schedule to be
in units of atmospheres unless either PSIA = T, NSQM =T, or MMHG = T.

Relative Amounts of Fuel(s) and Oxidizer(s). ~ These quantities may be
specified by assigning 1 to 15 values for either o/f, %F, f/a, or r. If no valueis
assigned for any of these, the program assumes the relative amounts of fuel(s) and
oxidizer(s) to be those specified on the REACTANTS cards. (See discussion in
REACTANTS Cards section, )

Printing Mole Fractions of Trace Species. - The program automatically prints
compositions of species with mole fractions >5 xlo"6 in F-format. The TRACE
option permits printing smaller mole fractions. If the variable TRACE is set to some
positive value, mole fractions greater than or equal to this value will be printed.
When this option is used, a special E-format for mole fraction output is used auto-
matically. A TRACE value of 1. E - 38 is the lowest value allowed by the program.

Intermediate Output. -~ Intermediate output will be listed for whatever point
IDEBUG is set equal to and all following points. As an example, setting IDEBUG = 3
will result in intermediate output for all points except the first two,
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Table A6-2 - Variables in INPT2 NAMELIST

Value
Dimen- Before
Variable sion Type Read Definition and Comments
KASE 1 1 0 Optional assigned number associated
with ease
P 26 R 0 Assigned pressures; chamber
pressures for rocket and MHD
problems; values in atm unless
PSIA, NSQM or MMHG T(see below)
NSQM 1 L False (a)Values in P array arein N m2
PSIA 1 L False (a)Values in P array are in psia units
MMHG 1 L False (a)Values in P array are in mmhg units
v 26 R 0 Volume, cm3 g
RHO 26 R 0 Density, g cm3
26 R 0 Assigned temperature, K
MIX 15 R 0 Values of equivalence ratios if
ERATIO = T: oxidant to fuel weight
ratio if OF = T; percent fuel by weight
if FPCT = T: and fuel to air weight
ratioif FA=T
Mt
ERATIO 1 False Equivalence ratios are given in
OF 1 False Oxidant to weight ratios are
given in MI
FPCT 1 L False Percent fuel by weight are given in
Mr?
FA 1 L False Fuel to air weight ratios are given in
Mr?)
TRACE 1 R False Option to print mole fractions

TRACE in special E-format

(irlf variable is set to be true.
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Table A6-2 - Variables in INPT2 NAMELIST (Cont' d)

IONS

IDEBUG

RKT

NEQL

BZ
XK
DXT

ACCURC

HMIN

1 L False

1 I 0

1 L False

1 -

1 R -

1 R -

1 R -

1 R 0.001

1 R |1.0x10718

a
(Cstider ionic species

Print intermediate output for all
points indexed integer value

a
(R<)>cket or MHD problem

(a)Partial equilibrium/partial
finite rate chemistry

Value for the report; axial report
interval for the integration

Relative accuracy obtained
each integration step

Smallest stepsize used to obtain
the desired accuracy before
aborting the program,
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Table A6-3 - Variables in RKTINP NAMELIST

Dimen- Value
Variable Type Before Definitions and Comments
sion
Read

EQL 1 L TRUE Calculate rocket performance
assuming equilibrium compo-
sition during expansion(2)

PCP 26 R 0 Ratio of chamber pressure to exit
pressure; list should not include
values for the chamber and
throat; storage allows for
22 values

SUBAR 13 R 0 Subsonic area ratios

SUPAR 13 R 0 Supersonic area ratios

TCEST 1 R -

NFZ 1 I -

NEQPT 1 I 100000 First station where finite rate

chemistry applies (usually 4)

(a)If variable is set to true,
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RKT and MHD Problems. ~ At least one chamber pressure value P is required
in INPT2,

RKTINP Namelist, - This namelist follows the INPT2 namelist., A list of
variables and definitions is given in Table 6-3.

Pressure ratio and area ratio schedules must not include values for the chamber
and throat inasmuch as these values are assigned or calculated automatically by the
program. If both a pressure ratio schedule and an area ratio schedule are given in
RKTINP, the pressure ratios will be calculated first. If both schedules are omitted,
only chamber and throat conditions will be calculated.

The program will calculate both equilibrium and frozen performance unless
RKTINP contains EQL = F,

If NEQL of Namelist INPT2 is set to TRUE, the program will expect REACTION
RATE cards following Namelist input of RKTINP,

A.6.5 REACTION RATE Cards

For finite rate problems (NEQL = TRUE), the species involved, the reactions and
the forward reaction rates are needed. There are four types of REACTION RATE
cards: DLIT, REACTANTS, PRODUCTS and KFRR (forward reaction rate) cards.

DLIT Cards. - These cards (or card) lists those species in the THERMO data
that are removed from the equilibrium calculations and handled as finite rate species.
Each card contains the word DLIT (in columns 1 to 4) and the names of from one to
four species starting in columns 16, 31, 46 and 61,

The DLIT cards must be the first in the series of REACTION RATE cards. The
DLIT series of cards is terminated by a blank card. The number of species on DLIT
cards must not exceed 30,

The REACTANTS, PRODUCTS and KFRR cards make up a group, One of each
is necessary to describe a non-equilibrium reaction. The order of these cards should
be REACTANTS, PRODUCTS, KFRR. The last group must be followed by a blank
card, The maximum number of equations is 30.
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REACTANTS and PRODUCTS Cards. - These cards contain the names of
species in the reaction and their coefficients in the chemical equation. Each card
contains the word REACTANTS (card 1 to 9) for the reactants side of the equation,
or PRODUCTS (and column 1 to 8) for the product side of the chemical equation. The
names of from one to four species may be on each card, starting in columns 16, 31,
46 and 61. The coefficients for each of the species (in F3.0 format) start in
columns 13, 28, 43 and 58, respectively. Therefore, at most, there can be four
species on each side of the chemical equation.

Third body reactions are allowed by using the species name THIRD BODY in the
appropriate place,

NOTE: There should be at least one DLIT species on each set of REACTANTS/
PRODUCTS cards.

KFRR Cards. - This card describes the forward reaction rate of the reaction
described by the REACTANTS/PRODUCTS cards. The card contains the work KFRR
(in columns 1 to 4) and three numbers starting in columns 13, 23 and 33. The reaction
rate equation is of the form:

aTbe-c/ T .

where:
T is absolute temperature %k
a is the first number on the KFRR card
b is the second number on the KFRR card
¢ is the third number on the KFRR card.

NOTE: If a species is listed in a DLIT card and not in the REACTANTS/PRODUCTS
cards, it is considered frozen.

A.6.6 OMIT, SOLUTION and INSERT Cards

OMIT, SOLUTION and/or INSERT cards may follow the REACTANTS cards.
Their inclusion is optional. They contain the names of particular species in the
library of thermodynamic data for the specific purposes to be discussed. Each card
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contains the word OMIT (in card columns 1 to 4), SOLUTION (in card columns 1 to 8),
or INSERT (in card columns 1 to 6) and the names of from one to four species starting
in columns 16, 31, 46, and 61. The names must be exactly the same as they appear
in the THERMO data.

OMIT Cards. - These cards list species to be omitted from the THERMO data.
If OMIT cards are not used, the program will consider as possible species all those
species in the THERMO data which are consistent with the chemical system being
considered. Occasionally it may be desired to specifically omit one or more species
from consideration as possible species. This may be accomplished by means of
OMIT cards.

INSERT Cards. - These cards contain the names of condensed species only.

They have been included as options for two reasons.

The first and more important reason for including the INSERT card option is that,
in rare instances, it is impossible to obtain convergence without the use of an INSERT
card. This occurs when, by considering gases only, the temperature becomes extremely
low (say several degrees Kelvin), In these rare cases, the use of an INSERT card
containing the name of the required condensed species will eliminate this kind of
convergence difficulty. When this difficulty occurs, the following message is printed
by the program: ''LOW TEMPERATURE IMPLIES CONDENSED SPECIES SHOULD
HAVE BEEN INCLUDED ON AN INSERT CARD'',

The second and less important reason is that if one knows that one or several
particular condensed species will be present among the final equilibrium compositions
for the first assigned point, then a small amount of computer time can be saved by
using an INSERT card. Those condensed species whose chemical formulas are
included on an INSERT card will be considered by the program during the initial
iterations for the first assigned point. If the INSERT card were not used, only gaseous
species would be considered during the initial iterations. However, after convergence,
the program would automatically insert the appropriate condensed species and recon-
verge. For all other assigned points, the inclusion of condensed species is handled
automatically by the program, Therefore, it usually is immaterial whether or not
INSERT cards are used for the purpose of saving computer time.
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SOLUTION Cards. - These cards list species that are to be considered in an
ideal solution. All of the species must be in the THERMO data. The number of
species in SOLUTION must not exceed 16,

A.6.7 Description of Program Qutput

The program prints four kinds of output: tables of results, input data used to
calculate these tables, information concerning iteration convergence, and optional
intermediate output.

Tables of Results. - The final output of the program is in the form of tables that
are designed to be self-explanatory. These features of the tables are:

(1) Heading

(2) Case Number

(3) Reactant Data

(4) Proportion of Oxidant to Fuel

(5) Thermodynamic Mixture Properties and Derivatives
®, T, P, b, 8, M, (Aln V/Aln P),, (Aln V/Aln Ty o 7

and a)

(6) Composition (mole fractions)

() P /P, ui AAy © Cp Tyaer 9Ty

(8) Species in Solution at the Last Report Station

(9) Optionally (NEQL = TRUE) the non~equilibrium species and
the finite rate reactions.

Input data have been previously described. The general procedure used in this
program is to list the input as they are mad in and before they are processed by the
program. The purpose is to show, in as clear a way as possible, what is actually on
the input cards. All problems list the following input data:

(1) The word REACTANTS

(2) Reactant Data

(3) INSERT and/or OMIT and/or SOLUTION Card Data
(4) The word NAMELISTS

(5) All data in namelist INPT2 given in Table A6-2,
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Following the INPT2 data is the statement '' SPECIES BEING CONSIDERED IN
THIS SYSTEM''. Each species in the list 18 preceded by some identification such as
J12/65. The J refers to JANAF data.

The namelist RKTINP data given in Table A6-3 are listed.

Following the list of chemical species is the current value of o/f. This is
followed by a listing of the enthalpies or internal energies of the total fuel and oxidant
and of the total reactant. Following this is a list of the kilogram-atom per kilogram
of each element in the total fuel and oxidant and in the total reactant.

A.6.8 Information Conceming the Iteration Procedure

All problems print information regarding iteration for each point. Following
the data on kilogram-atoms per kilogram of the reactants is a line containing the
letters PT and the chemical symbols of the elements for the problem. The numbers
under PT refer to the points corresponding to the columns in the final table. The
numbers under the chemical symbols are values of m,. The last column (without a
heading) is the number of iterations required to converge to equilibrium composition,

If IONS = TRUE, the intermediate output from CONDUC is printed. The
consentration of the positive and negative ions are listed along with the conductivity.

After point 3, intermediate output from DIFFUN is printed. The value at X
is printed along with the values for the equations being solved and their rates.

A. 6.9 Intermediate Output

The option of printing intermediate output is provided primarily as a means of
obtaining additional information for debugging purposes. There is usually no point
in using this option when the program is working well. We have used this option in
the past for the following reasons:

(1) To find programming errors

(2) To study the iteration process and rate of convergence

(3) To verify that thermodynamic data have been properly prepared
(4) To study the test for inclusion of condensed species.
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As discussed in the NAMELISTS Input section, intermediate output for
point N and all following points is obtained by setting IDEBUG = N.
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A7, SAMPLE CALCULATIONS

In this section, we reproduce three samples of input and output for the
package code, These are referenced by case numbers 2135, 2136, and 2137, These
examples include a standard equilibrium calculation using only pure condensed species,
one using several condensed species in an ideal solution model and one incorporating
the finite rate chemistry option for several selected reactions, All are for conditions
of 6 atmospheres combustor pressure and 1.875 atmospheres channel entrance pressure,
5 Tesla magnetic field, a load factor of 0,75, and an equivalence ratio of 1,05, This
equivalence ratio was found to be close to that giving the maximum temperature and
conductivity, The printout interval is 0.25 meters. All three runs use air preheated
to 1900°K as oxidizer and our model of Montana Rosebud Coal,

Turning to the output of the complete equilibrium, pure phase model, case
2135, we find first a listing of the inputs, Then follows a list of all species considered
by the calculation. Those species whose label begins with J are modeled using the
JANATFT table of the given date, Those labeled with an L. were modeled at the NASA-Lewis
Research Center. Those species with no designating letter were put into the code at ARI
onthe date given, In the case of most of the neutrals in this group, the thermodynamic
parameters were taken from an existing JANAF table, The molecular constants for others,
including most of the negative ions, were estimated at ARI from the best available data.,
We should also note, directly below the listing of reactants, that the OMIT option has been
used to prevent consideration of kyanite, AIZSiOS(s), which is in fact stable only at high
pressures and is not appropriate in this system,

Following the listings of fon densities and conductivities at each channel
point, we come to the final output of all generator parameters and species concentrations
as a function of position down the channel,

The input for the solution examples differs only in the specification of which
species areto be considered in solution, here Alzoa(l). 8102(1). M@ios(l), and F9304(1).
The oufput i{s only changed by the addition of a comment showing which species remain in
solution, which in the last column of run 2136 serves to alert the reader that the alumina
has frozen out of the solution,
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In the input for the finite rate calculation, Case 2137, we see the use of the
DLIT option to designate which species are to be kept out of equilibrium. Then each
reaction is specified by giving the reactants, the products, and the forward rate
constant in a modified Arrhenius form, in which the first number is the constant in
molecular units, the second is the coefficient of the temperature, and the third the
activation energy. All of this information is reproduced on a separate page of output
immediately preceding the final tables of channel behavior.

In these tables, the mole fractions of nonequilibrium species appear in the
very bottom rows. We see that the kinetic option can also be used to give a zero rate
to all reactions involving a species, as inCase 2137 where the alumina (A1203(1))
concentration is frozen at its initial combustor value.
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CASE 2135 INPUT

REACTANTS PAGR FOFY
REACTANTS

C 5.74466H 4.46442K §.871398 £.431190 5.95€288.73279 -38252.88 298.890T7
B18.74894PE8. 1#520ALI. 45115M00.H99230 2.431642.86546 -278082.95 258.807
CAN.26748B S.90575P §.887050 8.29371 F.81278 -42718.83 258.80T s
X §.81486MAB8. 896810 #.35583 8.890938) -5488.48 298.80P s
LIS.BPG68ICLY . B0142F 5.90548 B.80KL 6 -934.88 298.09r 5.8
K 2.88088C 1.083960 3.00088 £.18589 -274584.088 298.007 ,.8
N 2.90089 §.7653% 12552.7G 1994.890 .8
0 2.98888 £.23461 13248.1G 19032.850 5.9
ONIT ALXONSI(8) X

NAMELISTS

SINPT2 KASE=2135,P11)=6, ,ERATIO=T, NIX(1)=1.85,D%I°.295,RKT*T,
IONS~T,TRACE®] .E~9 ,NEQL*?,B%=5, ,XK=.75 ,ACCURC=1.#E~3,IMIN=1 .#E~-30,
SEND
SRKTINP PCP(1)~3.2,FROZer S2XD

S$TOP
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4.4644
5.1852
5.8257
8.8968
N.8814
1 [l

CASE 2135 OUTPUT

AT-4

§.732798
§.565468
5.812188
8.883818
8.988168
§.185%88
8.7653%%
§.234618

-38252.99
-278882.589
”

298.088
298.888
298.4088
298.808

88

158 4
1988 .808

LI-LLL L LAY




‘

8.5088 . 4 .

.800088 » B.BoRORN . N.098808 .

5.982888 . B.SEB3ES . B.S888588 e B.288588

N.B0ONES . H.B0ANNS8 . B.000888 . B.500088
8.000008 .

] . B.088088 . B.000800 , 8.800898

. . S.904888

) s

88888

’
’
.
.

. B.080808

. aaa
. e

L 4
N.888008

WX = i.esess . 5.0989688 . 5.680888 .
o2.908888 , 5.889898 . 5.800908 . B.E8088 . N.989888 .
9988 . . . 8 N NTTITT . §.880988 '

g.989808 |
k24 - P,

’
TRACE = 5.108009E°88,

R,
TOPGNH = §.995988 . B.590808 + B.950806 s D.0ONENN ’
. » B.8980888 . N.088088 . N.SRNESN . B.805E88 .

” .

bod -7,

DXI = 8.250000 .
WITER = B
METOP = s,
¥EQL = P,

b 1 = 5.88800 .
XK = 5.798388 '
ACCURC= #.1908202-82,
DUR = 5.150080%-29,
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J 6278

<€
=
»
1 d
(]
[ 21
”n
AL
L d
ca
]
1 4
E
n
LI
€L
4
SPECIES BIING COMSIDERED IB THIS SYSTEM
$ AL(S) J12/76% AL(L)
ALCL J 6718 ALCL*
ALCL2e J 6772 ALCL2~
ALCL3 J 6769 ALP
ALF2- J 6/18 ALPMS)
ALRS) J 3767 ALN
ALOCL J 3764 ALOY
ALO2 3/8/7  ALO2-
AL2PS J 6/12 AL20
AL20348) J 6772 AL203(L)
L) J12/64 B
BCLY 3/8/7 L0
BCL2N J12/764 WKL)
Br2- J §/69 BR3
amn02 Ji2/64 M3
0 J 3/65 BOCL
202~ J €/72 B8
3203(L) J 6/71 B203
c L12/66 Co
c3- 3/3/1  cim-
cCL4 J 6/18 cCP
cr3 J12/7%F  Cr3e
cn2 J 3/6) CX20
cn J12/78 CRe
co J312/65 COCL
cos 3/3/1  cOS-
CO4- J 6/62 CP
c2 J13/6% C2-
can J12/67 camr
c 3 /61 cam
c4 J13/69 C3
cA J12/18 Che
CACL2(8) J 6/718 CACL2(L)
CAP2(S) J12/68 CAT2(L)
CAD J €718 ChoR
CAS(S) SAR 73 CASO4(S)
c1ce J 9768 CLr
€Lo- 3 3761 cLO2
CL20 182/67 R
ro J 9/66 pO2
Ri(8) J 3/65 PE(S)
PECL2(S) J12/18 PECL2{L)
rECLY J €/65 rEO(S)

J12/6% AL
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472871

rEO2

NGELIOS (L)
»

w2

RO+
MO2CL
N2R4

n3
RACL(S)
Mr

MAOR(S)
RA2CO3 (8}

421377
BAR 73

rEO2~-
TES(S)
PE203(8)

KCL(S)
xr

X2C03(8}
xon

X2

X2804 (L)
LI-
LICL(L)
LIr2-
Lin
LIOE(L)
L12CL2
L1202
NG(L)
MGCLe

Mar
KGN

MGOH*
MGS04 (L)
rd

FEO2R2(8)
resis)
PE2S3 (L)
e

802

BCco

L3

=or
H20(L)
B2504 (L)
RS-

MNGSIOI ()
NG28TI04 (8)
ur2

RO

ROP3

®o3

W20+

BA(L)

MCL

Nan

MAOK
¥A2C031(L)
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J12/66
J /66

J12/12

PEO2K2
PESO4 (8)
PEIOA LY

Hs1-

K-

RCL
KRF2(8)
x2r2
XOR(S)
K202%2
LIL)

M

LIP(S)
LINS)
LI0

LIOR
L120(8)
LI3CL3
NG+
NGCL2(8)
NGP2iL)
MGO(L)
nes(8)
MGSIO0I(B)
MNG28104 (L)

TEO3HI(S)
TES2(8)
rE283012(8)
BALOD

HES«
KCO3~
HNO

MGSIOS (M)
n

)
ROCL
ROZ-
n2
N208



wow
-

RNREENYTRREN

SRXTINP

6.765483

ERTHALPY
{XG-MOL) (DG K)/XG

KG-ATOMS /X8

o .1‘,5,!!‘!!“‘!:::(’..!!”

EPYICTIVE FUEL
RPP(2)
-§.47671753% #3

8977309E-83
85651889C-44
£.367317932-83
5.88791229E-94
8.217727082-83
8.46804824E-03
£.57386778E-85
5.278868658-92
87574242-04
44285198-8%
11349266E-85

5.431591885-95%
8.58088000T 88
| ]
LI cL L
1 «18.366 ~-12.133 ~-13.39F -23.4838
«24.633 -32.315 <~34.943 -~14.427

-16.137
28.998

.
s.088808

EFPECTIVE OXIDANT
HPP(1)
#.22144238% &3

s.00000800L
5.90080000
5.808880880C
S.58500880%
s.500000002

| 34
-23.466

~15.328

AT-8

-22.981

RIXTURE
ASORS
£.131534872 3

BSLI)
5.619639642-92
#.468895118-92
#.476825618
5.327827159%
#.145365152-81
78523582884
§.118298178~-5¢
5.47381350E-04
#.10483886E-04
#.2868379995-84
5.68272885L-96
§.73899798E-86
5.347788762-83
19141%832-04

ne
-23.957

~24.082

]
-38.%41

1 4
~28.214

3
~22.352

m
-24.921




ADD AL203(L)

1 -18.3%9
~24.637 =32
100
1 Che
$ LIe
1 ALO-
5 BO2-
3 <L~
13 R-
17 Ko~
21 mo-
2% PoO-

29 soz2-
CONDUCTIVITY =
2 ~18.912

-24.848 -32
ADD CAO(S)

2 ~10.911
~24.848 -32

1
S
1
$ co2-
’
1)
17
3
25 8O-
COMDUCTIVITY =
PC/PT= 1.748098
2

-18.91
~24.0848 -32

:

13 ns-
17
21 om-

2 80~ 1.4858 1
CONDUCTIVITY = 18.7624 (MHO/M)
T= 1183.22

PC/PTe 1.739298

-12.12% <~13.392 -23.478
312 -34.983 -18.217
DENS (M-3) I
8.133E 18 2 CaDRe
6.718% 1S 6 MAe
2.2642 19 2 ALOR~
3.519¢C 18 6§ CN-
8.7328 17 185 r-
4.1318 17 14 NCO3-
3.4032 18 18 R~
1.841L 17 22 o-
3.331E 13 26 POI~
2.2388 18 3 803~
34.2233 Qoio/n)
~312.481 -13.549 -23.83¢
<936 ~35.751 -14.945
~12.481 <~13.3884 -23.034
934 -35.749 -14.90)
DENS (M-3) on
1.321F 15 2 CAORe
1.666E 19 L3 .
4.197E 18 2 ALO2~
$.362L 17 6 CO3-
2.3622 17 1§ TFEO2~-
4.338T 16 4 K-
4.7828 16 18 no2-
1.9346K 19 2 o2-
1.4843% 17 26 802~
18,7598 (NHO/N)
Te 2743.99
-12.400 -13.554 -23.088
<93¢ -35.749 -14.338
DENS (M-3) 100
1.324E 18 2 CAOR+
1.660B 18 6 MAe
4.203% 18 2 ALO2-
S5.368R 17 6§ CO3-
2.3642 17 is rro2-
4.334E 18 14 K-
4.7898 16 18 »02-
1.9388 19 22 01-
7 6 so2-

~16.138 ~23.464 ~15.338 -23.857 -23.861 -24.88%5 -34.322
4.008
JON NUMBER DENSITY AND CONDUCTIVITY AT POINT I
DENS (MN-)) o DENS (M-3) 108
1.8658 17 3 K¢ .21 4 XORe
1.893L 19
3.414F 18 3 ALO2- 3.197E 28 4 BO-
6.8512 18 1 co2- 1.8263 18 $ CO3-
6.358% 16 11 rEO~ 5.455% 17 12 rzo2-
1.452% 17 15 RS- 1.615% 17 16 X-
1.315% 16 9 WO~ 2.2528 17 24 w»o2-
31.331% 19 33 oE- $.5208 19 24 02~
2.881K 19 7 - 7.7178 16 s so-
1.3258 16
’- i‘l‘ -23.772 -14.687 -25.M75 -23.13¢ -~24.378 -31.39F
-lzi.l. =23.772 -14.689 -25.872 -23.137 -24.483 ~31.307
JOX NUMBIR DINSITY AMD CONDUCTIVITY AT POINT 2
DENS (M-3) 1om DELNS (M-3) Ion
2.339% 16 3 R 4.913x 28 4 KoONe
$.340% 17
1.870% 28 3 BO2- 1.5678 18 4 Cw-
€.669% 15 7 CL- 3.9298 17 . P
4.8803E 19 11 =B- 9.768E 16 12 HCOI-~
9.8528 18 15 xo0- 1.234F 38 16 XA-
2.4473 17 19 NMAD- 3.879% 16 28 oO-
7.2288 17 23 pO2- 2.810% 19 24 -
$.4808 17 27 803~ 5.383% 15
~16.413 -23.771 -14.699 -25.471 -23.137 -24.482 ~-31.386
2.809
ION WUMBER DENSITY AND CONDUCTIVITY AT FOINT 2
DENS (M-)) oM DEWS (M-3) 10M
2.343% 1¢ 3 Ke 4.919% 27 4 FKOR+
6.3462 17
1.079% 28 3 302- 1.568% 19 4 CE-
6.6778 18 7 CL- 3.932R 17 s P
4.0843 19 11 =- 9.7728 16 12 KCo3-
9.8112 16 15 xo- 1.235% 19 16 M-
2.4493% 17 19 nmo- 3.8028 16 28 O-
7.236F 17 23 PpO2- 2.51iK 19 M 8-
$.4072 17 27 8303~ $.3878 38

AT~9

-28.224 -22.

358 -24.027

oINS (m-3)

2.9238

4.8738
2.4958

5.06m2

-~20.628 -22.

-28.619 -22.

16

S42 -24.143

842 -~24.344

DENS (N-3)

.57

1.472¢8
2.4282
5.698E
4.6228
3.4688
1.95¢8

~28.639 -22.

18

$42 -24.183

DENS th-3)}

S.5068

1.4748
2.427%
$.728
4.626%
3.4648
1.9598



1.6328% 26
9.1652E #3

1.34678 26
2 $.1802E M)

3 -19.534 -12.71% ~13.722 -24.238
-25.888 e -36.777 -15.342
ADD MGSIO3(L)
3 ~19.521 ~12.718 ~13.725 ~-24.248
-25.879 -33.692 -36.762 ~-15.82%
ADD 8IC(S)
3 ~19.559 -12.71% <~13.728 -24.28%
~25.891 -33.469 -36.731 -18.800
ADD $102(L)
3 =-19.538 ~12.712 ~-13.728 -24.258
-25.884 -33.67%F -36.734 -15.3M2
ION DENS (M-3) on
1 caome 2.950F 18 2 ke
1 ALO- 5.797% 17 2 ALO2-
$ CcO3- 1.483F 18 ¢ CL-
9 reoz- 2.431E 19 18 E-
13 x- 2.794E 16 14 xo-
17 ro2- 5.877E 16 18 MAO-
21 ©02- 1 464L 17 12 po2-
1% 802~ I14E 47 26 80)3-
CONRDUCTIVITY » 7. 322' (MHO/N)
DIFFUN -~ 85.0880E-01 AVN=
1 1.8998L #5 -€.P661E #4
ADD FE304(L)
4 -19.599 -12.758 -13.75%6 -24.299
-25.114 -33.758 -36.831 -13.895
10m DENS (N-3) IoN
1 CAoN» 1.567F 1S 2 Ke
1 ALO- 4.6938 17 2 ALO2-
5 Co3- 1.155E 18 6§ CL-
9 reoz- 2.973E 18 5 H-
13 K- 2.416% 16 14 X0~
17 NO2- 4.917C 16 18 o~
21 o02- 1.211E 17 22 P02~
a5 s02- 2.968E 17 2¢ 803~
CONDUCTIVITY = 7.1328 (MMO/M)
DIFFOR - X 6.2568E-81 AVR«
1, 1.S353E §% -5.6393E S4
L] -19.675 -12.792 -13.785 ~24.343
-25.146 <+33.854 -36.979 ~-18.997
I0m DENS (M-3) 108
1 caome 1.163%% 13 2 Ke
1 Ao~ 3.719L 37 2 ALO2~

~16.7¢4
(]

~24 .88

~24.287

~24.647

~24.669

~13.874 -26.54¢

~13.89¢ ~-26.38%

~13.948 -~26.4M4

~13.948 -26.463

~23.199

-24.722

-24.844

-25.749 -32.643

-29.716¢ -32.618

=25.78%  -32.614

=25.481 -32.58)

ION rmn DENSITY AND COme!V!ﬂ A:.:om 3
DENS

n-3 {n-3) 100

1.839% 28 3 M 1.9178 17
2.389E 19 3 »02- $.966% 17 4 CO2-
1.492¢ 17 1 r- 7-671K 18 8 PrEo-
1.824L $ 11 HMCO3- 1.853L 16 12 K-
3.721z 17 1% M- 1.3708 138 16 Mo~
1.209% 16 19 O~ $.998% 17 28 OR-
1.297% 19 23 8- 4.5788 13 24 8O-
1.858r 19
2.2119% 11

~24.8319 -13.948 <~26.696 -34.748 -25.38¢ -32.79)

A7-10

IOM MUMBER DENSITY AND COIDUCT!V!TY AT pOINT 4
DINS (X-3) 108 DINS (N-3) Ion
1.628% 28 3 M 1.6638 17
2.819% 19 3 B»O2- $.3438 17 4 CO2-
1.3348 17 7 r- 6.7882 18 $ PRO~
1.515T 16 11 NCO3~ 1.5922 16 12 xs-
3.210¢ 17 135 RA- 1.1878 19 16 ¥O-
1.844EF 16 1% ©- 5,833% 17 25 ON-
1.2182 19 3 s 3.4443 13 24 80~
1.618% 1%
2.53043 M1
=24.906 ~13.979 -26.761 -24.864 -25.948 -32.83%

10N NUMBER DENSITY AMD CONDUCTIVITY :f poIwr 8
10w

DINS (n-3) NS (K-3) oW
1.4325 28 3 M- 1.4248 17
1.67192 19 3 Bmo2- 4.7372 17 4 Co2~

~29.827 -22.13¢

-29.518 -22.713%

-29.86% -22.1%2

~29.932 -21.748

DENS (M-3)

1.2818 17
8.7258 16
$.7448 33
7.754% 18
$.5798 18
3.188L 16

=2%.07¢ -22.783

DIXS (N-3)

1.450% 17
T7.1138 16
8.2618 13
6.2698 13
$.8168 19
2.695E 16

-29.134 -22.81%

DIMS (M-3)

8.6728 16

-24.246

~24.284

=24.268

~24.267

«24.293

-2¢.328




5 CL- 1.181E 317 6 r- $.797¢ 18 7 rEO- S.613L 16 s rzo2-
9 n- 1.237F 16 1# RCO3- 1.353E 16 11 us- €.9F6C 15 12 x-
1) xo0- 2.7136E 17 i4 M- 1.81€6% 15 15 wo- 4.970¢2 1% 16 NO2-
17 NAO- 8.916E 1% 18 o- 4.798% 17 19 oE- 4.1842 18 28 02-
21 PoOZ- 1.139E 1Y 22 B- 2.883F 15 23 80~ 2.2448 3§ 24 B02-
25 803- 1,386E 15
CONDUCTIVITY = §.9287 (MHO/N)
DIFPPOR - e  B.756BE-B) AVile 1.2360F 26
1 1.3968E §5 -5.4394F 84 2 9.1B67E F3 2.6883E M1
[ ~19.795 -12.836 ~13.816 <-24.393 <16.911 25,167 ~13.993% <26.935 -24.998 -26.4887 -)2.978
~35.188 ~33.9%7 -31.11¢ -is.1H7 N8
IOR WUMBER DENSITY AND CONDUCTIVITY AT POINT ¢
oM DENS (M-3) 1om DENS (N-3) 108 DENS (N-3) ion
1 Ke 1.249% 28 1 HAe 1.206% 17
1 ALO- 2.892E 17 2 ALO2- 1.3758 19 3 302- 4.161% 17 4 C€O2-
5 Cu- 1.836E 17 ¢ r- 4.9%)¢ 1§ 1 TEO- 4.347C 16 ¢ PEO2-
’» =B- 9.948E 45 15 BCos- 1.137E 16 i1 Ms- S.108¢ 18 12 x-
13 Ko- 2.386E 17 14 O~ 3.873E 13 1% Moz~ 3.2918 16 16 ¥AO-
17 0- 3.865E 17 i oE- 3.455% 18 19 021~ 7.0820 16 28 poa-
21 8- 2,348E 33 22 8o~ 1.0445 16 23 so2- 2.2358 17 24 503~
CONDUCTIVITY = §.6913 (MHO/M)
DIFFUN - X= 1.1237L 4§ AVR= 1.1381% 26
1 1.2633E #% -5.2186% 84 2 9.1936E 43 2.s483: m
? ~19.842 -12.883 -13.849 -24.44% -16.978 -25.364 -14.925 -~27.13) -25.126 ~-26.247 ~-33.133
=25.217 -34.868 -37.265% -16.227 4.009
108 mn DENSITY AWD COMDUCTIVITY AT POINT 7
108 DENB IR-)) T0W tR-3) 108 DTS (K-3) I08
1 Ke 1.9888 20 2 Mhe 1.5102 17
1 ALO- 2.282% 17 2 ALO2~ 1.1mc 19 3 B»o2- 3.611% 17 4 co2-
S CL- $.991E 316 6 r- 4.179% 1S 7 rxo~ 3.296E 16 8 rao2-
$ u- T7.8818 1% 18 ¥nco3- 9.4428 18 11 ®s- 4.6385 18 12 x-
13 xo- 1.9198 17 14 wo- 2.968E 13 13 »o2- 2.632% 1¢ 16 10~
17 o©- 3.967% 17 8 oOn- 2.871% 18 19 02- 6.197% 16 28 po2-
2y 8- 1.9948 1% 22 - 1.493% 1§ 23 802~ 1.916% 17
COMDUCTIVITY » §.4308% (MWO/NX)
DIYFUN - Xe 1.3757E o% AV 1.8272% 26
1 3.1362E 85 -4.9773% 84 2 9.2018% 83 3.817%%
] ~19.935 ~12.934 -13.893 -24.58¢ -17.83% -28. !7. ~24.849 ~27.312 +25.218% -26.420 -33.302
~25.255 ~34.188 -37.425 -16.35¢ 4.008
10N NUMBER DENSITY AND convc!mn AT POINT 8
08 oEMS (N-3) ION DENS (N-3) DENS (M-3) o8
1 Ke 9.2328 19 2 M 8.3588 16
1 AW~ 1.631% 17 2 ALO2- B.782B 18 3 BO2-~ 3.1808 27 4 coz-

A7-11

1,722 19
2.863% 16
4.851F 16
$.849C 16
2.588% 17

~29.176 -22.851 -.348

DEMS (N-3)

7.967% 16
1.4092 19
1,742 16
7.5228 18
1.9618 19
1.1818 18

«29.238 -21.8389 -24.377

DENS (M-3)

3.6718 16
1.1 19
1.4528 16
$.273% 18
9.8412 18

~29.288 -221.929 -24.406

oENS (N-))

4.4743 16



$ CL- 7.710E 16 s r- 3.478E 315 1 reo- 2.449LC
5 BA- 6.882L 15 18 HCO3~ 7.742E 18 11 B8~ 3.7342
13 Xxo- 1.8%24E 17 14 NO- 2.215E 18 15 NO2- 2.8
17 o0~ 2.387E 17 18 OE- 2.358L 18 19 02- 4.7772
21 8- 1.586E 15 22 8O- 1.1992 16 3 s02- 1.6138
CONDUCTIVITY = 6.1595 (MMO/N)
DIFFUN - Xe 1.6237C #¥ AVNe  9.2847F 28
1 1.5153F #5 ~4.710E M 2 9.20835 §3 3.1%41F M1
9 ~28.83% <~12.989 -13.919 -24.563 -17.181 -25.813 -34.002 -27.538 23407
-25.297 -34.318 -~37.398 -1§.498 4080
IOM NOMBER DENSITY AND CONDUCTIVITY AT POINT
Ion DENS (M-3) 10N DENS (M-3) Ion DENS (M-
1 Ke 7.8872 19 2 MAe 6.809E 16
1 Alo- 1.31852 17 2 ALO2- €.786E 10 3 BoO2- 2.636%
5 CL- 6.524¢ 16 6 r- 2.849E 18 7 [IERO- 1.7598
9 A- 4.6113 1% i8 Acol- 6.250¢ 18 i1 us- 2.9242
13 Ko- 1.2728 17 i4  NO- 1.6182 15 15 02~ 1.596%
17 o- 1.818¢8 17 a8 oH- 1.8922 10 19 02~ 3.6828
21 8- 1.173L 18 22 so- 9.2972 13 23 302~ 1.3458
CONDUCTIVITY = 35,8341 (MNHO/N)
DIFFUR - X= 1.9787C 88 AVi=  §.34203 28
1 9.5112% B4 ~4.4213E M4 2 $.2170E 43 3.3723E M1
1s ~20.142 ~13.847 ~-13.958 -24.627 ~-17.173 -26.8¢8 -14.119 -27.7¢9 -15.81%
=25.348 ~-34.458 -37.783 -16.6%52 40088
ION NUMBER DENSITY AND CONDUCTIVITY AT POINT
on DENS (M-3) IoN DENS (XN-3) oM DENS (X%~
1 Ke 6.524x 19 2 e 8.4718 16
1 ALO~ 8.3298% 16 2 Av02- $.138E 18 3 BO2- 2,2858
5 CL- $.4418 16 ¢ r- 2.295E 18 7 rEO- 1.2318
9 B- 3.4152 15 i§ ¥Hcol- 4.985¢ 18 11 X8~ 2.299%
13 xo- 1.0118 17 14 ¥o- 1.1828 18 15 mo2- 1.206%
11 o0~ 1.3538 17 18 OR~ 1.4978 18 19 o02- 2.6528
21 80~ 7.1285 13 22 s02- 1.1978 17
CONDUCTIVI?TY = 5.5163 (MNO/N)
DIFPUR - X=  2,1257F 8§ AVEe  7.4518% 23
1 7.9449F §4 -4.19888 84 2 9.2256k N} 3.35843 M)
11 ~20.257 ~13.118 -13.998 -24.694 -17.25% -26.348 ~14.168 -20.829 -23.888
-25.387 ~-34.811 -37.987 -i6.828 4.808
IOR WOMBIR DENSITY AND CONDUCTIVITY AT POINT
iom DENS (N-3) Ion DINS (K~3) Iom DENS (M-~
1 Ke 5.3858 19 2 M+ 4.3230% 16
1 ALO- $.674E 16 2 ALO2- 3.795% 18 3 BoO2- 1.8168
5 cL- 4.4608 16 ¢ r- 1.8158 13 T rEO- $.3348

AT-12

14 s rxoz-

13 12 x-

16 16 MAO-

16 28 PpoO2~

17

-26.6185 -33.498%

»

3 Ion

11 4 co2-

16 8 rgoz-

15 12 R-

16 16 MAO-

18 s »02-

17

=-26.817 =3).6488
18

3) 08

17 4 col-

16 8 Preoi-

18 12 K-

16 16 N0~

16 25 »02-

=27.043 ~-33.982
11

3) 0%

17 4 cCoO2-

18 3 rreoa-

~29.349 -22.978

DENS (N-3)

=29.414 -23.034

DENS (N-3)

6298 16

L 1]
~
-~
-
”
[
-

7.628% 18

=29.483 -23.8%

1.951%8 16
3.877% 18

=24.467

~24.490




9 =B- 2.466% 19 18 xmcO3- 3.980¢2 1% 11 ES- 1.711X 15
i3 KO- 7.9028 16 14 W02~ $.916FK 18 13 Mo~ 2.6192 13
17 om- 1.162E 19 19 o02- 1.9038 16 19 PpO2- 6.929% 19
21  302- 8.9762 16

COMDUCTIVITY » S.1513 (MHO/M}
ADD AL203(8)
REMOVE AL203(1L)
DIPFUN - Xe  2.3757X A8 AVE=  6.6149F 23
1 6.3503F #4 -3.8859C 84 2 9.23472 83 3.7497% ¥
12 «28.379 ~13.176 -~14.041 ~24.765 -17.339 -26.648 -14.28) -28.38¢ -26.811
~25.436 -34.77% -39.281 -16.997 4.008
10N WUMBER DENSITY AND CONDUCTIVITY AT POIWNT 12
10 DEXS (N-)) 108 DENS (X-3) o DERS (M-3)

1 Ke 4.411% 19 2 WA 3.3938 1¢

1 avo- 3.777% 16 2 aAL02- 2.748% 18 3 BsO2- 1.4788 17

S CL- 3.626% 16 6 P- 1.4162 19 1 reo- 5.S55E 15

9’ N- 31.758% 18 18 ®CO3- 3.9162 18 11 Es- 1.2768 1%
13 Xo- 6.501K 18 14 N02~ 6.473E 135 13 Mo~ 2.84258 18
171 om- 8.803x 17 18 02~ 1.3482 16 19 Ppo2- 6.248E 18
21 802~ 7.184% 16

COMDUCTIVITY = 4.7922 (NO/N)
DIPYUN -~ X= 2.62572 A8 AvEe 5.83138 28
1 6.5429F 84 -3.4544L 8¢ 2 9.2444C #3 3.9153% 1
13 ~28.512 ~13.247 -14.985 -24.841 -17.432 <~26.973 ~-14.25% -28.65¢ -26.241
=25.489 -34.958 -38.438 -17.19%¢ 4.008
JON WUMBER DENRSITY AXD CORDUCTIVITY AT POINT 13
I0M DENS (M-3) 1o DENS (M-3) 108 DENS (X-3)

1 Ke 3.3423 19 2 M 2.3963 16

1 AL0- 2.3028 16 2 aLo2- 1.8452 18 3 BO2- 1.177% 17

$ CL- 2.8763 16 s r- 1.875% 18 7 PEO- 3.5118 1%

9 B- 1.1935K 19 1§ BCO3- 3.287% 18 11 kK- 3.449K 15
13 »02- 4.5628 18 14 Mo~ 1.9328 38 i$ o- 4.794% 16
17 02~ 9.0848 13 18 PO2~ $.617% 18 19 so- 2.8342 15

COMDUCTIVITY = 4.3848 ()O/N)

AT7-13

-27.2719

-27.%49

12
16
s

| &3
O~
80~

-34.129

co2-
302~
b ol

$.997€ 15
9.811% 16
5.352F 1S

-29.356 -23.1m7

31.423E 16
2.816F 10
4.619E 18
6.994% 16
3.983z 18

~29.634 +23.15%

DENS (M-3)

1.807K 16
1.978¢ 18
4.573% 16
§.6118 17
$.647% 16

-24.532

~24.563



TAZORETICAL MND CORE PERPORMANCE

PC = 08.2 PSIA
2138

CASE NO.
WT PRACTION ENERGY

CHEMICAL PORNULA (SEE NOTE) CAL/MOL
PUEL C  $.74466 H 4.46442 N 9.8713% 8 4.53119 o 5.98618 8.13279 ./ [ ]
FUEL SI #.74894 PR #.10528 AL §.45115 MG 5.83923 0 2.43164 §.06846 s
FUEL CA #.26748 B 8.88575 P S.80785 o §.29371 y.81279 8
FUEL K #.91486 NA #.99681 O 9.85583 5.8038) ]
FUEL LI §.94681 CL §.49142 P 9.88548 5.80816 8
FUEL K 2.89808 C 1.83088 O 3.90809 8.18589 )
OXIDANT N 2.8J008 £.76%539 . -]
OXIDANT O 2.80088 §.23461 13245.102 -] 1%08.08

o/Pe  6.7653 PERCENT FUEL~ 12.8778 EQUIVALENCE RATIO= 1.958% REACTANT DENSITY= &.49088

AXIAL STATION (M)
CHAMBER  THROAT 5.989 5.258 85.580 5.158 1.098 1.258 1.588 1.758 2.089 2.258 2.588

PC/P 1.3008 1.7391 3.2084 3.4691 3.7831 4.1466 4.5781 5.9668 5.6532 6.3408 7.114 0.1692 §.3641
P, ATHM §.a988  3.4497 1.87%4 1.72%¢ 1.58848 1.4678  1.1129 1.1842 1.8613  §.9451 5.8168 8.7345 S.8407
T, DEG K 287% 2193 2538 2513 2494 2404 2452 2438 2406 2388 3% 2325 2294
RHO, G/CC T.4760-4 4.6172-4 2.7899-4 2.5193~4 2.3394-4 2.1452-4 1.9654-4 1.7952-4 1.6233-4 1.4627-4 L.31M4-4 1.3664-4 1.0323-4
H, CAL/G 261.4 157.6 51.4 41,8 8.7 19.4 7.6 4.9 -18.#8 -31.17 -46.9 -68.9 ~76.4
8, CAL/I(G)(K) 2.198% 2.1908% 2.1945 2.1919 2.1934 2.1949 2.196% 2.1982 2.2008 2,201 1.28%9 2.2868 2.200)
M, MOL WT 29,394 29.689 39.838 30.032 38.961 38.892 38.124 18.156 35.198 38.224 IN.268 38.293 38.238
(DLV/DLP}T =1.81335 -1, 91987 ~1.81836 1. 9182) -1.99972 -1.08924 -1 .00867 ~1.88818 ~1.48762 ~1 . 99718 ~1 88659 -1 . 840612 -1, 00563
(DLV/DLT)P 1.2948 1.2516 1.2546 1.2499 1.2387 1.227) 1.2157 1.2048 1.192% 1.194 1.1682 1.15M 1.3483
CP, CAL/(G)(K) 8.7995 8.7528 9.7634 #.7622 #.7456 §.7286 £.7112 .6933 F.6749 F.6%62 #4.637) 5.6196 5.6082
GAMMA t8) 1.1485 1.1475 1.1436 1.1434 1.1446 1.1459 1.1473 1,148y 1.1587 1.1526 1.1548 1.1569 1,1598
SON VEL,M/3EC 966.4 932.8 895.4 891.8 888.5 885.4 8681.2 8117.3 873.1 869.7 8648 859.2 851.9
ELEC DENS 6. 468 20 2.919 24 1.132 27 1.823 20 9.154 19 8.128 19 7.132 19 6.155 19 5.314 19 4.457 19 3.750 19 3.896 19 2.499 19

IONIC DENS) 1.799 21 6,941 24 2.533 24 2.237 29 1.9%2 29 1.689 29 1.448 28 1.229 20 1.83% 28 0.562 19 7.825 19 5.733 19 4.598 19
SIGMA (MHO/M) 14.2233 19.7624 1.3228 7.1320 6.9287 6.6911 6.4381 6.1595 5.8541 5.5163 5.1513 4.71922 4.3848

W/0 IONS 15.9947 11.8255 71.8974 7.6794 7.4371 7.1787 6.8893 6.5761 6.2348 5,859 3.4574 5. 541 4.6291
FREQ (1/SEC) 1.280 12 7.624 11 4.357 11 4.041 £1 3,727 14 3.429 11 3.122 11 2.834 11 2.550 11 2.297 11 2.#52 11 1.821 11 1.686 1)
MACH NUMBER 8.998 1.009 1.468 1.486 1.492 1.498 1.584 1.511 1.518 1.526 1.5 1.%34) 1,882
AE/AT 1.9888 1.1988 1.2887 1.3934 1.5134 1.6519 1.852% 2.0988 2.219% 2.4715 2.7834 3.1448
CSTAR, PT/SEC 4635 4638 4615 4635 4638 4635 4635 4635 4635 4635 4635 4635
cr §.668 7.938 #.938 2.938 #.538 #.938 7.938 #.938 #.938 #.538 5.938 5.938
IVAC LB-SEC/LB 1717.9 189.14 188.7 188.2 187.7 187.2 186.7 186.1 185.5 184.9 184.3 163.8
I8P, LB-SEC/LB 95.9 135.2 135.2 135.2 138.2 135.2 138.2 135.2 135.2 135.2 135.2 135.2

.

MOLE PRACTIONS

AL 1,849 -7 1,982 -8 2.885 -9 2.494 ~9 1.968 -9 1.569 -9 1,231 -9 9.427~10 7.833-19 5.097~18 3.578-18 2.467-28 1.546-18
ALP 1,994 -8 7.883 -9 2.9855 -9 1.839 -9 1.687 -9 1.393 =9 1,192 =9 1.835 -9 8,318-1% 6.755-18 5.171~18 4.214~18 3.062-1\8
ALH 1.134 -9 1.759-19 2.978-11 1.678-11 1.329-11 1,932-11 7.832-12 5.796~12 4.168-12 2.986-12 1.9%8-12 1.293-12 7.748-43
ALO 2.8642-6 4.9273-7 9,25798-8 7.8672-8 6.5571-8 5,3775-8 4.3345-8 3.4157-8 2.6319-8 1.9768-8 1.4431-8 1.M364-8 6.0112-9
ALO- 1.4776~6 4.4843-7 1.9634-7 9.2672-8 7.9470-8 6.7179-8 5,5874~-8 4.5610-8 3.6468-8 2.8482-8 2.16088-8 1.6238-8 1.1187-¢
ALOCL 1.914 -9 6.788-18 1.975-19 1.747-10 1.523-14 1.312-18 L.114-19 9.399-11 7.641-11 6.150-11 4.843-11 3.762-11 2.786-11
ALOF 3.7621-7 2.@351-7 9.6835-8 8.9287-8 8.2258-8 7.5174~8 6.8899-8 6.1044-8 5.4092-9 4.7314-8 4.9902-8 3.4831-8 2.7892-8
ALOH 2,1367-6 7.2483-7 2,8523-7 1.8155-7 1.5838-7 1.3636~7 1.1587-7 9.6934-8 7.9685-8 6.4256-8 5.9733-8 3.9523-8 2.8552-0
ALO2 1.2384-5 4.0215-6 1.8544-6 9.2111-7 7.9186~7 6.7164~7 $.6198-7 4.6867-7 3,7892-7 2,.9238-7 2.2498-7 1.7865-7 1.1948-7
ALO2- 2.4778-5 1.1512-5 4.3818-6 3,.9866~6 3.58£8-6 3.1941-6 2.8115-6 2.4419-6 2.8888-6 1.7568-6 1.4509-6 1.1808-6 8.9668-7
ALO2H §.3253-5 3.9477-5 1.5833~5 1.4448-5 1,3827-5 1.1645-5 1.4303-5 9.9888-6 7.7737-6 6.6198~6 5.5328~6 4.5786-6 1.5476-6
1 1

ALO2H2 4.3868-4 2.5543-4 1.3455-4 1.2573-4 1.1663-4 1.0749-4 9,8355-5 8.9271-5 8.8291-5 7.1496-5 6.2977-5 $.4955-5 4.5385-8
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AL20
AL203(8)
AL203(%)

rZO2N2

2.1549-7
3.7894~9

5.4578-4
3.302 -9

6.2993~4
1.048 -9

$.6443-8 2.
1

3.9983-9

4
9
o8
1368-3
3.346 -9
2.5248-1
1.8112-7
3.283-18
1.2343-8
3.3998-9
8.2627-¢
2.6979-¢
9.215-18
1.7927-7
2.5685-8
$.4774-7
2.9847-3
6.1169-2
§.8629-8

4.2810-9

$.251-32
2.

1.0863-3
2.992 -9
2.4368-7
1.7421-7
2.686-19
1.9583-8
3.1448-9
9.595%-¢
2.5449-¢
8.186-18
1.6213~7
1.8565-8
7.7243-7
2,9268-3
€.1438-2
€.2564-8

4.1912-9

418989

l 8829-8
9.6656-4
9.437-11
3.9511-2
4.8821-9
1.4683-)
1.6416-8
1.731-18
1.4164-6
9.581-18
2.9243-9
5.386-18
6.0163~4
1.1873-¢
1.1489~4
1.968-18
1.2318-4
93186-8
.4069-8
1.8862-%
5.3826-9
1.151 -9
8.7756-5
1.8218-4

1.0899-8 8

2.1459-8

3.2729-6 2

3.1635-8
2.8232-8
9.7635-4
2.389 -9
2.2414-7
1.5895-7
1.965-18
8.2588~-9
2.6485-9
8.5386~6
2.2282-¢
6.265-18
1.2896-7
1.4658-3
6.2332-7

2.1932-3 2

6.2828-2
5.8658-8
8.5866-9
1.324 -9
5.5449-3
2.9823-5
4.8455~9
1.7484-3
2.753-18
4.1011-¢6
9.3842-6
8.3544-5
5.3356-8
4.7472-3
9.923-11
7.2816-8
4.9340-9

g
7. 8781-9
1.177 -9
5.5587-3
2.7396-5
3.6836-9
1.7437-%
2.378-19
4.11771-6
8.5067-6
7.8331-5
4.868¢-8
4,7495-3
8.233-11
6.7959-8
3.9649-9

AT-15

2.384-12 1.623-12 l.li( 12
)

1.253-18
1.9172~-6
6.791-18
2.2258-8
4.5%6-18
€6.5394-4
7.9665-7
8.7772-5%
1.155-1#8
9.9358-S
3.2858-8
2.1488-2
1.7265-5
4.4898-9
9.052-18
6.7232-%
7.8147-5
6.8811-9
1.6553-5
2.4974-6
2.6887-3
4.7827-%
8.5772-4
1.€95 -9
2.8267-17
1.4232-7

8.1146-8
$.743-11
3.5483-2
3.3328-9
1.5958-1
1.9663~
1.044-18
$.3991-7
S.579-18
1.5899-8
4.136-13
€.7873-4
6.4283-7
7.95498-%
8.536-11
8.9026-5
2.96312-8
2.0282-8
1.6358-5

5.7573-3
6.6893-5
$.4143-9
1.4247-5
2.1358-6
2.3382-5
8,.5086-5
T.9548-4
1.419 -9
1.9128-7
1.3349-7

3.621-
1.1458-8
7.5386-8
4.737-11
3.3959-2
3.1355-9
1.5217-1
8.9366-9
8.552-11
6.7978-7
4.478-19
$1.5975-8
3.716-193
1.8233-4
5.97183-7
6.3964-5
6.136-11
7.7128-%
2.6391-8
1.8697-8
1.5378-5
3.4496-5
§ 1.847-18
4.8475-8
5.6325-58
4.2189-9
1.2074-8
1.7949-6
2.8751-%
6.4277-5
7.31%6-4
1.168 -9
1.7928-7
1.2437-7

1.367-18 1.115-18 8.958-11

5.8955-9
2.1576-9
7.8287-6
1.9089-6

4.8901-9
1.9267~9
7.6952-%
1.7497-6

3.9528~9
1.7647-9
7.5539-¢
1.5924~¢

4.683-48 3.975-18 3.219-18

$.8567-8
1.1131-8
4.8418-7
2.6387-3
6.2667-2
3.9622-8
7.1882-9

1.838 -9
5.57¢1-3
2.5738-8
3.3245-9
1.7472-8

8.4735-8
9.%488-9
4.1948-7
2.5525-3
6.3884-2
3.4588-8
6.4968-9

-1 s
3.5786-3
2.4931-5
2.9784-9
1.7589-%

7.1915-8
8.5747-9
3.5856-7
2.4682-)
6.3352-2
2.969%-8
5.8338-9
7.725-18
5.5834-3
2.2318-5
2.6249-9
1.7546-5

2.831~18 1.715-184 1.438-28

4.1340-6
9.6422-6
7.3832-5
4.3879-8
4.7546-3
6.698-11
6.3119-8
3.9845-9

4.1326-6
8.7918-6
6.1666-5
3.5165-8
4.7632-3
$.374-11
5.8315-8
3.8%438-9

4.1799-6
B.9576~6
6.22671-5
3.4588-8
4.7168-3
4.237-11
5.3577-8
3.9181-9

s
3.848-11
3.2339-2
2.1577-9
1.5393-1
7.4548-9
6.986-11
3.3823-7
3.522-18
1.3189-8
3.383-18
7.2444-4
31.9197-7
5.3317-3
4.283-11
6.6776-3
2.3234-8
1.7873~8
1.4338-5
2.9635-9
6.937-18
4.8961-3
6.6574-8
3.1921-9
1.8869-3
1.4814-6
1.8221-8
7.2861-8
6.6675-4
9.424-18
1.6698-7
1.1832-7
7.857-114
3.2832-9
1.4936-9
7.39¢8-¢
1.4376-6
2.637-18
€.0193-8
6.7434-9
3.0223-7
2.3616-3
€.3197-2
2.5243-8
5.1942-9
5.530-10
5.58
2.8579-8
2.2916-9
1.7588-8
1.176-18
4.1896-¢
9.1428-6
5.6878-5
3.8192-8
4.7938-3
3.279-11
4.0939-8
3.71974-9

4.999-13
[

1.2146-3
2.1822-9
$.2271-18
2.6833-5
3.8294-5
1. 7"‘-!

4.4495-9 ¢.9130-3
3.7663-9 3.7874-9



]
8I1C(8)
510
SI02(L)

$102
818

2.1538-6 1.7233-6
3.1636-8 2.9549-8
3.8851-7 3.0926-7
$5.7795-9
3.439:-9
1.1247-8
3.7389-7
1.7984-3
5.9838-5%
1.358 -8
2.3112-7
2.981 -8
1.6427-4
6.€328-5 7.6825-5
5798-5 2.8699-5
808 B 2. . 8
7.4863-7
$5.769-18
2.9454-83
2.771%-8
5.92) -9
8.4165-3
-8 5..18 -9
2.7467-6
2.6132-8
7.8316-1
1.4285-7
2.2155-4
6.7714-8
$5.5439-4
9.8746-8
2.5238-7
5.6522-6
4,142 -9
7.2929-8
2.39P6-3
3.6961-7
7.3973-3
2.9678-6
1.4952-2
7.7209-%
1.783 -9
2.7814~8
1.3693-6
1.8393-5
2.1453-6
1.8767-6
2.958 -9
2.3322-7
1,224 -8
9.4168-5 6.5714-8
3.3819-8 1.4996-8
B.6346-4 9.4283-4
1.46088-7 1.2037-7
3.9639-7 2.7412-7
1.388 -9 4.644
8.3828 85 S.2888 #
2.8654-3 2.9587-3
B.BOO8 8 F.0088 8
2.4182-4 2.7114-4
1.483 -9 7.269-18

4.8235-8
6.4898-9
2.48%4-7
1.8742-5
5.6918-5
1.521 -8
1.4178-7
1.452 -8
1.5497-4

5.72718-9 5

1 3238-6
2.7831-8
3.1771-7

1.392-18
8.3138-9
9.898%-9
2.642 -9
5.4424-3
1.422 -9
1.3191-6
1.£781-8
7.1187-)
31.5497-7
2.2378-4
1.5168-8
$.7158-8
1.8196-7
1.%814-7
3.8448-6
2.217 -9
7.5438-%
1.2564-3
1.2839-7
4.9634-3
1.8235-6
1.8187-2
2.6856-8
4.884-18
1.5965-8
9.4116-7
1.8788-5
2.3796-6
4.8924%-17
7.482-18
1.8616-7
4.374 -9
4.3547-%
5.8498-9
9.3463-4
6.1822-8
2.3383-7

£ 7.573-11

3.9563-4
1.1584-3
3.9733-4
1.7898-4
2.836-18

1.2805-6
2.6504-8
3.1765-7
5.5354-9
4.8247-8
3.2675-9
1.4427-7
1.9471-5%
1.1587-5
3.188 -9
1.6918-8
1.325 -9
3.9734-5
2.89P89-5
6.2244-6
2.4322-4
2.8933-7
1.191-18
1.2721-9
8.8467-9
2.419 -9
$.1864-2
1.238 -9
1.2073-6
$.7489-9
7.1172-1
3.2498-7
2.2455+4
3.2844-8
$5.7118-8
1.825%-7
1.5014-7
3.6676-6
2.061 ~9
7.4985-5
1.1797-3
1.1538-7
4.7658-3
9.5188-7
1.8389-2
2.3922-8
4.224-18
1.5157-8
9.1987-7
1.8811-5
2.4044-6
4.5615-7
6.689-18
9.8594-8
3.943 -5
4.1946-5
5.3213-9
9.3781-4
5.8686-8
2.27711-1
$.994-11
3.9645-4
1.9315-3
5.2749-4
1.5400-4
1.789-18

1.2728-6
2.6751-8
3.1765-7 3.17718-7
5.5373-9 5.5399-9
4.9251-8 8, 9-8
3.8542~9 2.83 9
1.3633-7 1.2016-7
1.9525-5 1.9579-%
1.8415-5 9.3339-6
2.859 -9 2.545 -9
1.4396-8
1.892 -9
2.7498-5
1.8376-5
5.7438-6 5.2658-6 4.7925-6
2.4992-4
1.8364-7
1.803-18
6.2743-9
1.0282-9
2.181 -9
4.9149-2
1.862 -9
1.8948-¢€
8.6557-9
7.1243-1
2.9588-7
2.2541-4
3.0424-8
$.7666-8
1.8327-7
1.4186-7
3.4821-6
1.984 -§
7.4578-5%
1.898€-)
1.8238-7
4.5518-3
8.7687-7
9.8755-3 9.4:88-3
2.1046-8 1.8399-8
3.597-18 3.823-18 2.583-18
1.4318-8 492-8
8.7884-7 367-7
1.8833-5 1.8856-5
2.4336-6 2.4645-6
4.2182-7 3.8744-7
6.119-18 5.455-18 4.812-18
9.#850-8 8.3179-8 7.5586-8
3.518 -9 3.111 -9 2.724 -9
4.8226-5 3,8435-5 3.6573-%
4.7956-9 4.2838-9 3.7889-9
9.3956-4 9.4223-4 9.4581-4
5.5294-8 5.1911-8 4.8464-8
2.2124-7 2.145%3-7 2.8157-7
4.616-11 3.474-11 2.549-11
4.8117-4 4.18%5-4 4.2582-4
$.1191-4 7.9676-4 6.8655-4
6.5459-4 7.7218-4 $.7816-4
1.3695-4 1.2847-4 ).5467-3
1.406-18 1.138-18 9.832-11

1.2444-8
2.65€9-8

1.2128-8
2.6359-8
3.1779-7
5.5283~-9
$.1477-8

7.1317-3
2.6587-17
2.2626-4
2.8815-8
5.1428-8
1.0486-7 1

1.3348-7 1.2562-7
3.2926-6 3

1.747 -9
7.4168-5
1.8161-3
8.97%9-8
4.3278-3
8.8256-7

7 1.1125-7

1.1374-6
2.5833-8
3.1817-7
5.4821-9
5.4895-9
2.1867-9
1.8256-7
1.9767-5
6.2394-6

1.1765-6€
2.6115-8
3.1794~7
5.5844-9
5.2732-8
2.4837-9

1.9799-%
7.23718-6
1.947 -9 1.668 -9
8.4911-9 6.4311-9
5.494-18 4.185-18
1.8389-5 1.5631-5
1.3524-5 1.1955-%
4.3259-6 3.8698-6
2.6938-4 2.7539-4
1.1548-7 9.6088-8
$.508-11 4.361-13
3.7331-9 3.8458-9
5.5867-9 4.3833-9
1.546 -9 1.35% -9
4.F560-3 3.7369-3
6.173-1F 4.981-18
7.7681-7 6.77189-7
5.7671-9 4.9128-9
7.1474-1 7.1558-1
2.1863-7 1.8488-7
2.2795-4 2.2877-4
2.3271-8 2.8958-8
5.6925-8 5.6875-8
1.8%96-7 1.978%-7
1.1658-7 1.8796-7
2.9831-6 2.1839-6
1.438 -9 1.298 -9
7.3435-%5 7.3122-%
8.4813-4 7.6365-4
$.6532-8 5.5967-8
3.8538-3 3.6834-3
6.5488-7 5.8243-7
8.4348-3 7.9974-3
1.3312-8 1.1887-8
2.038-14 1.629-18
1.1789-8 1.8838-9
7.1888-7 1.3888-7
1.8983-5 1.8 -5
2.5329-6 2.5687-6
3.1911-7 2.8535-7
4.196-18 3. 6 g-18
6.8134-8
2.368 -9
3.4638-5
3.3137-9
9.4798-4
4.43961-8
2.8033-7
§.816-11
4.4855-4
5.8330-4
9.1880-4
l 9666-5

7.819-11 5.328-11

1.2948-¢
2.5587-8
3.1848-7
5.4521-9
5.5571-8
1.97231-9
9.3797
1.9839-5
5.2524-6
1.456 -9
4.9992-9
3.187-18
1.3864-5
1.8436-5
3.4239-6
2.8118-4
7.851
3.38%-11
2.43%8-9
3.%520-9
1.177 -»
3.4540-)
3.949-18
5.8514-7
4.5248-9
7.1645-1
1.6841-7
2.295%5-4
1.8709-8
5.6826-8
1.2838-7
9.9444-3
2.5833-6
1.142 -9
7.2861~5
6.7998-4
4.6255-8
3.3453%-3
5.1183-+7
7.3591-3
9.5679-9
1.276-18
9.9533-9
6.9002- 7

i. 7'5 -9
3.8566-5
2.4374~9
9.5482-4
3.7852-8
1.8589-7
$.334-12
5.2369-a
3.9852-4
1.8994-)
6.2698-5
3.936-11

1.8484-6 2
2.5133-8 2

$825-8 17

BRmT-€ 2.
8661-4 2.

S.
2.574-11 1.

BB28-6
.4753-8
3.1891-7 3.
5.4133-9 S,
3.7175-8 S,
1.2617~9 1.
67398
1.9914-5 1.
4.4099-6 3.
-9 9.
3.7938-9 2.
2.244-198 1.
1.6715-5 8.
8.9838-6 7.
3
2

19237
3731-9
87£-8
5662-9

5988-5
6475-6
565-15
8442-9
598-184
7165-6
6837-6
S148-6
9138-4
2121-8
93! 11

5.0841-3
2.827-11 2.

l'! t1

ADDITIOMAL PRODUCTS WHICE WERE CONSIDERID BUT WHOSE MOLE FRACTIONS WERE LESS THAN #£.1888FL-#8 FOR ALL ASSIGNED COMDITIONS

AT-16

$.4878-7
2.4263-8
3.1994-7
$.2122-9
¢.£712-8

8 5.6644-8

1.1313-7
7.4855-8
1.9111-6
7.445-18
7.2375-%
4.4669-4
2,2299-8
2.5591-3
3.2131-7
$.6508-3
4.4152-9
$.381-11
T.4261-9

3.347-11




AL(S) ALLL) ALe ALBO2 ALCL ALCL+ ALCLY ALCLP2 ALCL2 ALCL2e

ALCL2- alcL2r ALCL3(8) ALCL3 (L) ALCL3 ALPe ALP2 ALF2¢ ALP2- RLF3I(8)
ALF3(8) ALF3 ALR(S) ALM ALO* ALORe ALOK- AL2CL6 AL2T6 AL20+
AL202 AL202+ AL6013812 ALS B(S) B(L) ) Be BCL BCL+
BCLP BCLO BCL2 BCL2+ BCL2- BCL2X BCLY Br BP2 Br2+
Br2- BP) BR BHPS BH2 BH202 BE3 BN(S) BM BO-

L oy BOF2 B8 B2 B20 B202 B8203(L) B203 B303CLY
B303F3 cts) c Ce c- CAL c» c3- c2n- ccy
ccL2 ccLy ccL4 cr cre cr2 crae crs cr3e crd
cH CHe CcRr2 CBY CR4 CHCL cn CNe CR- CNN
cL2 cocL cocL2 cor cor cos-~ cod- cp cs cs-
ca2 c2 c2- cicL2 car2 car4 cid c2HP c2u2 ClHe
c2uHs cam cam2 c20 c) €302 cé cs CAlS) CAtS)
CA(L) CA+ CACO3(8) CACOJ(8) CACL218) CACL2(L) cacL2 CAr2(s) CAr2(s) CAFP2(L)
CAO(L) CAO2K2(S) CAS(S) CASD4 (8) CL+ cLem cLr cLry CLHO cLo
€LO- ‘CLO2 €L02- cLP cL2 CL20 res ro ro2 r2
r2o FELS) PELS) PE(S) PE(L) rECL PECL2(S) FECL2(L) FECL2 PECLI(B)
PECLI(L) PECLY TEO(S) FEO(L) PEO2X2(8) FEOINILS) res(s) rES(8) FES(8) TESO4 (8)
FEs2(s) TE2CL4 FL203(8) FL283(L) FL283012(8) TYE3O4(S) Re HALO xmo HEOe
nBs B8 HCO» HCP o3 ! H8O3P H20t8) R20(L) n2p
2804 (L) n2804 H3IBIOE 30« [ nsy- xX(s) KtL+ RCL(8) XCL{L)
KP(8) XP(L) Xr2- KHT2(8) XHP2(8) XNF2(L) X2C03(8) X2€03(L) xae: XOR(S)
XOR(S) KCH(L) X20(8) 1.2804 (8) X2504(8) K2804 (L) LIS) LI(L) LI LI-
A= LICL(S) LICLL) LIP(S) LIPIL) LIP2- LIrO LIR'S) LIN(L) LIN
LINAO Li0- LION(S) LIOH(L) LION« LION 132 LI2CL2 Li2r2 L120(8)
1L120(%) LI20 L1202 LI202M2 LIICLY L1373 n3(8) MG (L) NG MGCO3(8)
MGCL NGCLe NGCLP MGCL2S) NGCL2 L) MGCL2 ner2is) narztL) War2 nGo ()
MGO1L) M30He MOS(S) MGB KGS0O4 (B) MGSO4 (L) NGSI03(8) MGSIOS(8) MGEIO3(S) NG2T4
MG28I04(8) MG28104(L) NP nr2 nry nCcL NOe NoOP xory NO2CL
wozr w03 No3- N2R4 N20+ n204 n208 n WA (S) YA(L)
NACL(S) NACL(L) KAP(S) MAF(L) RAF2- RAOH(B) NAOK(L) NAORe MA2 NA2CO3(8)
RA2C03(8) WA2CON (LY NA2CL2 NA2r2 KA20(8) NA20(S8) RA20(1) NA202K2 NA2804 (8) NA2804 (8)
KA2804(8) KA2804 (L) KA2804 O ON¢ P pts) Pe »- PCLY
Pry Prs A PHS P0- P8 P2 P4 () 8(L)
[ 3 84 sre sor2 $02CL2 802CLP s02r2 803~ 82 82~
1] $I(8) SI(L) 81+ 81- sIC s81C2 8ICL s1CL2 8ICL)
81CL4 s1r [$4¢] (Y341 SIT4 s SIHe (30 sIm 8102(8)
8102(8) 810218} 812 s12C 812N 818

WOTE. WEIGHY FRACTION OF PUZL IN TOTAL FUELS AXD OF OXTDANT IN TOTAL OXIDANTS

AT-17



DIFFUR - X= 2.8737% A8 AVN= $.3242% 2§
1 5.2298% 84 -).B91IE M4 2 9.2543: #3 4.83373 51
3 ~28.653 ~13.323 ~14.132 -24.928 17,533 -27.33¢ ~-14.313 -29.843% -26.492 -27.848
-28.544 -35.142 -38.693 -17.412 4.888
JON NUMBER DERSITY AND COWDUCYIVITY AT POINT
I0% DENS (M-3) 08 DENS (N-3) 0n DERS (N-3)
1 Re 2.8008 29 2 Mae 1.902 16
1 Awo- 1.344% 16 2 ALD2~ 1.197% 18 3 M2~ 9.1988 16 4
S CL- 2.237% 16 6§ rEo- 2.113% 18 1 RO2- 1.337% 18 ]
’» x- .5588 1% 1§ xo- 3.3688 1¢ 11 W2~ 3.131% 13 12
13 o- 3.1848 16 14 OR- 4.307¢ 17 15 o2~ $.9638 18 16
17 so- 1.982F 18 18 802~ 4.3648 18
CONDUCTIVITY = 3.9349 (NNO/N)
DIFFUR - X= 3.1257% A8 AV  4.4838F 23
1 4.58028 84 -2.7369FE M4 2 9.2645E #3 4.15%72 M1
4 ~20.804 -13.483 -14.179 -25.88) -17.648 <-27.728 ~14.377 <-29.443 -26.764 -20.3858
~285.681 -35.348 -38.946 -17.447 4.808
10N NUMBER DINSITY AXD CONDUCTIVITY AT POINT
I0M DENS (M-3) Iom DENS (N-3) 08 DENS (N-))
1 RKe 2.3 19 2 M 1.449C 16
1 ALO- 7.%228 15 2 AL02- 7.5188 17 3 BO2- 7.851% 16 4
5 CL- 1.787% 16 6 rro- 1.1465 1S 7 PEO2- 8.798% 17 14
9’ k- 1.83%8 1S 1§ Xxo- 2.431% 16 11 xo2- 2.9952 1% 12
1y om- 3.416E 17 14 02- 3.7963 1% 13 P02~ 4.4638 18 16
17 802~ 3.318E 16
COMDUCTIVITY = 3.5282 (MHO/M)
DIFFUN -~ Xo 3.3737% S8 AVE= 3.91248 28
1 3.0686E 84 -2.3798E M4 2 9.2750% 83 4.2915B M)
S ~28.961 -13.487 ~14.227 ~25.888 <~17.754 ~20.149 ~14.447 <~-290.003 -27.8%4 -28.492
-25.661 <-33.366 -39.237 -17.89 N/
I0M WOMBER DENSITY AND COMDUCTIVITY AT POINT
0% DEMNS (X-3) Ion DENS (M-3) Ion DENS (M-3)
1 Ko 1.7988 19 2 ¥A+ 1.9628 16
1 ALO- 4.0458 15 2 ALO2~ 4.5618 17 3 B»02~ 5.3088 16 4
5 CL- 1.2782 16 6 Pro2- 5.6268 17 T E- 1.248 13 ]
9 NO2- 1.3698 15 15 o- 1.284E 16 11 om- 2.3768 17 12
13 po2- 3.947E 18 i4 802- 2.4958 16
CONDUCTIVITY = 3.8844 (MHO/X)
DIFPUXK - X= 3,6257r 8§ AVE= 3.4126E 25
1 3.3895K #4 -2.8395E S4 2 9.2855c #3 4213 M2

AT7-18

~34.66% -29.71% -23.20%
o8 DENS (M-))
coz- 6.9468 38
RCO3~ 1.793% 18
RAO~ 1,133 18
p02~ S..2% 18

=34.966 -29.799 -2).25%
om oINS (M-3)
co2- 4.6712 18
¥CO3- 1.249L 18
0- 2.850¢ 16
0= 1.352% 1%

=35.286 -29.083 -23.38¢
08 DENS (N-3)
co2- 3.M48% 18
X0~ 1.7228 16
02~ 2.3462 18

-24.593




L} =21.125 ~13.873 -14.276 =-35.17% <17.873 ~20.595 -14.523 -35.358 -27.363 <-28.8%8 ~-35.62% -29.9713 -23.354 -u.€M
~28.722 -35.795 -39.361 ~-18.16$ 4.008

JOX NUMBER DENSITY AND CONDUCTIVITY AT POINT? 6
o8 D!

on DENS (M-3} o DENS (M-3) RS (X-3) mon DEME (M-}
1 Ke 1.3188 1y 2 NAe 7.7468 13
1 AaL0- 2.993K 13 2 ALO2- 2.699% 17 3 BOZ- 3.9313 16 4 co2- 1.9748 18
$ CL- 9.409E 15 ¢ TFBO2- 1.5ME 17 7 xo- 1.2008 16 8 O- 7.7948 18
’ 17 s 02- 1.4118 18 11 Ppo2~ 3.4708 18 11 802- 1.8372 16

OR- 1.6212
CONDUCTIVITY o 2.6387 (MHO/N)

A7-19



C - 88.2 PSIA
CASE MO. 2136

CREMICAL FORMULA

YURL C S5.7446¢
FUEL 81 §.14894
TVEL CA #.26749
rozL X 5.81486
PURL L1 §.4EESL
FUEL K 2.88208
OXIDANT N 2.808488
OXIDANT © 2.20888

o/re

2 4.46442
rE S.10028
3 588518
M 5. 45681
CL 5.98142
c l.ra008

$.7688 PERCENT FUEL~ 12.8778

CHAMBER  THROAY

PC/P 1.0088 1.7393
P, ATH C.BN08  3.4497
T, DEG X 2373 2783
ARO, G/CC T.4760-4 4.6172-4
K, 26 .6

CAL/G 4 187
8, CAL/(G)(K) 2.1998 2.190%

M, MOL W? 29.3%4 29.699
(DLV/DLP)T -1.81338 -1.91007
(DLV/DLT)P 1.2 1.254¢

€P, CAL/(G) (X} £.7888 8,758
GAMMA (8)

SON VEL,N/83C
ELEC DINS

IONIC DENS) 1.799 21 6.941 20
SIGMA (MRO/X) 14,2233 18.7624

W/0 IONS

TREQ (1/8XC) 1.204 12 7.628 11
MACHE NUMBER 5.088 1.809

AB/AT

gl'l‘ll. rT/88C
1 4

IVAC LA-SEC/LS
18P, LB-8EC/LB

MOLE FRACTIONS

AL
ALY

2,750
15.%82
5.8588

-92.3
2.210¢

38.3¢4
=-1.08%1¢
1.1338
5.3808
1.1624
948.3
1.908 19

9.267-14
1.138-1»
4.426-43
4,309 -9

7.4292-9
g4

THEORETICAL MED CORX PERFORMANCE

B 5.87139 & 8.4311% 0O 8.
AL 5.45113 MG 5.59923 0O 2.
» 8.8 o #5.2937%

o S§.85583

T B.BESAN

o 1.808808

AXIAL STAT
.00 3.258 3.

25628
43164

12.%27 14.384  17.01¢
i

5.4798 £.4134 5.3
2223 2194
7.9638-8 6.9332-3%
-180.7 ~128.2
2.213¢ 2.21%%

30.402 .40
~1.08471 =1.00438

L6878
4.232 111
1,573

AT-20

WT FRACTION XNIRGY STATE RO DENSITY
(STE WOTR)
f.7927
¥.96546
5.81270
2.00381
¥.88816
5.1858% /]
5.76539 12382.699
8.23461) 13248.108

8.0008
s.0888

EQUIVALINCE BATIO= 1.#358¢ REACTANT DENSITY= £.8808




AL20
AL203(8)
AL203 (L)
BO

BO2
BO2~
CH20
co
cos
co2
co2~
Co3-
ca
CACL
(232
CAr2
CAOI(8)
CAO
CACH
CAOH+
CAQ2H2

FEO2-
FEO2RH2
FE304 (L)
n

-
HBO2
HCL
HCH
BCO
BCO3-

1.84%3 -9
8.0808 §
4.1227-4
9.364 -9
1.1322-7
2.298%-7
1.891 -%
6.8485~2
2.5256-8
1.1358-1

1.3938-4
3.56F¢ -8
2.3926-%
31.9588-6
2.9647-5
p.u880 B
2.9443-3
2.69¢ -8
S5.2868-7
3.7823-7
3.581 -9
1.863 -7
9.47% -9
9.5166-6
7.5848-6
6.488 -9
9.2828-7
9.6063-8
3.6806-¢
4.6978-3
5.4289-2
2.7962-7
4.1199-%
1.8% -8
5.6479-3
7.9¢%1-%
1.8
1.6525-8
2.968 -9
3.6418-6
6.1126-6
2.1657-4
2.2206-7
4.2399-3
1.98% -9
2.15497
3.7991-9

1 -8

1.268-18
5.0808 %
5.4575-4
3.382 -8
5.6493-8
1.6732-7
4.180-18
5.5550-2
1.2914-8
1.2838-1
5.7278-8
7.124-10
1.5668-6
5.173 -9
1.1127-7
1.169 -9
B8.2644-5
T.1443-6
4.0843-4
2.589 -9
3.2598-4
9.3158-8
4.1955-8
3.1851-5
1.568 -8
2.598 -5
1.2784-4
1.4547-4
2.522 -8
2.6683-5
4.27122-¢
2.8846-8%
8.8888 8
1.8386
1.843 -8
3.6625-7
2.6865-7
1.116 -9
3.914 -8
6.584 -9
8.9978-6
4.6685-6
2.588 -9
4.3298-7
4.7796~-8
1.8974-6
3.89819-)
$.77199-2
1.4743-7
2.1563-8
4.62% -9
5.5945-3
$.2 -3
. -8
1.6951-%
1.356 -9
3.8662-6
7.9888-6
1.5161-4
1.3182-7
4.4931-3
$.961-18
1.4858-7
3.9983-9

1.877-13
6.9532-4
8.0088 ¥
1 34358
5.5485-9
5 #843-8
1.875-11
2.7843-2
1.7691-9
1.5955-1
3.8398-9
3.289-11
2.3228-
1.489-18
6.6087-9
2.149-18
7.7971-4
1 5%45-7
2.7812-5
1.2089-11
4.0212-5
1.4653-8
1.2368-8
1.8944-5
1.716 -9
4.412-18
2.8079-%
2,3446-%
1.179 -9
5.2162-¢
7.3881-7
1.1538-5
9.8886-5
4.7635-4
4.376-18
1.2922-7
8.6728-8
3.#9%6-11
1.483 -9

4.1346-3

AT7-21

5.853-14
7.8028-4
5.2808 8
9.837-11
4.4895-9
4.4529-3
1.423-11
2.51271-2
1.4918-9
1.6185~1
2.9588-9
2.377-11
1.6486-7
1.852-18
4.98998-9
1.882-18
7.9451-4
1.8718-7
2 139%-5
7.341-12
3.2939-5
1.2135-8
1.873F-8
9.7218-6

1.376 -9 1

3.6571-18
1.5112-%
1.7718-5
7.878-198
3.9944-6
5.5562-17
9.6287-6
9.5679-5
4.1482-4
3.212-18
1.1642-7
7.731%-8
2.253-11
1.999 -9
7.881-18
6.5636-¢
8.7782-7
1.819-18
2.5398-8
2.8334-9
1.3817-7
1.9149-3
€.5142-2
1.1498-8
2.9938-9
2.874-18
5.5228-3
1.3897-%
1.159 -9
1.7743-5
4.619-11
4.2642-6
1.8864-5
3.6462-5
1.5353-8
4.9272-3
9.641-12
3.2039-8
3.9218-9

2.248-14
7.8458-4
B.0200 B
7.816-11
3.4421-9
3.8419-8
1.863-13
2.3184-2
1.2462-9
1.6354-3
2.2287-9
1.723-1)
1.1371-7
7.221-11
3.6776-9
1.487-18
9.8712-4
1.1648-8
1.6127-%
4.311-12
2.6616-5
9.8867-9
9.2599-9

4.8475-9

9.432-15
7.0828-4
5.0908 §
4.898-11
2.6388-5
3.2668-8
7.848-12
2.1255-2
1.8327-9
1.6549-1
1.6493-9
1.224-11
7.6351-8
4.831-11
2.6514~9
1.269-18
$.1765-4
4.6646-8
1.1924-%
2.45%9-12
2.1248-5
7.9348-9
7.8179-9
7.3339-%
B8.373-18
2.376-18
7.9496-8
9.4147-6
3.168-18
2.1%42-¢
2.91871-7

S
4.2212-9



L1
LIBO2
NABO?
LICL
LIF
LIN
L1o
L108
MG
MGT
MGH
MGN
MGO
MGOR
»GO2H2
MGSIO3(L)
b

RCO
NM

MH2
NH3
NO
NO-
NO2
NO2-
n
N2O

]
sIC(S)
510
SI102(%)
£102
818

2 1538-6
3 1636-8
3 88817
5 7795-9
3 4392-8
1128 -8
3 7389-7
1 7984-%
S 9838-5
8

6 791 -9
1 83°5-%
4 B424-3
8 6832-7
1 B218-2
3 6823-6
1 s28%-2
1 7835-7
4 744 -9
4 6565-8
1 8872-6€
1 7899-5
1 8883-6
2 1778-6
S #£36 -9
4 158717
3 #81 -8
9 4168-%
3.392 -8
8 6346-4
1 4688-7
3 8639-7
1 388 -9
8 ne2s #8
2 P654-3
2 pp2d 8
2 4182-4
1 483 -5

1
<
3
5
4
s
2
1
1
1
1
1
1
7
2
2
7
k]
2
2
S
8
5
3
7
7
2
€
5
9
2
5
4
7
2
3
7
2
1
7
i
2
1
1
2
1
2
2
1
1]
1
9
1
2
4
2
2
L
2
7

ADDITIONAL PRODUCTS WHICHR

7233-6 € 9118-7
9540-8 2 3769-8
8%26-71 3 288%-1
"2719-9 5 2378-9
2235-8 6 2667-8
489 -9 1 183 -9
4834-7 5 9832-8
B742-% 2 P161-5
6818-5 2 2716-6
521 -6 5 985-18
418 -7 1 428 -9
452 -8 7 #85-11
5497-4 5 2443-8
€825-5 5 2443-6
8699-5 L 8811-6
2300 8 3 BBEY-4
4863-7 2 8973-8
162-18 9 984-12
§45 -8 8 243-17
712 -8 1 496 9
$82 -9 6 821-18
41€5-3 2 2658-3
118 -9 § 238-:8
7467-6 2 8353-7
613 -8 1 738 -§
8316-1 7 2818-1
4285-7 8 £953-8
2155-4 2 3284-4
7714-8 1 £799-8
5439-8 5 66£6-8
F746-8 1 1518-7
£23B-7 € "B64-8
6522-6 1 7186-6
142 -9 6 281-310
2929-% 7 2484-5
3985-3 3 7534-4
65€1-7 1 T682-8
3973-3 2 2816-3
B618-6 2 6570-7
4952-2 5 #691-3
7289-8 3 2971-9
783 -9 3 811-11
7814-8 € 6219-9
36€43-6 & 1795-7
8393-5 1 S#56-5
1453-6 2 7748-6
#167-6 1 31714-7
898 -9 1 337-12
3322-7 2 9%27-8
224 -8 7 49610
.5714-5 2 2848-5
509 -8 1 895 -9
£283-4 9 €692-4
£8371-7 2 4121-8
7412-7 1 5214-7
644-19 | NBB-12
PRET 8 8 5286-4
B587-3 1 4)68B-4
#6888 B | £556-3
T114-4 2 4932-5
265-18 8 742-12

WERE CONSIDERED

L d 7 6869-7 7 £581-7
2 2 24£9-8 2.1676-8
3 1 2336-7 1 25887
5 1493-9 5 #462-9 4 9293-9
6 4713-8 6 6821-9 §.8959-0
1 81§ -9 8 538-184 7 129-18
5 1925-8 4 3.7825-8
2 £251-5 2 2 §433-3
1 7283-6 1 9 3892-7
4 470-18 3 2 4AF3-18
9 574-10 6 3 Sp8-18
4 478-11 2 1 622-1%
3 91946 2 2 8354-6
4 2161-6 3 2 5849-6
1 5652-6 1 1 8447-8
3 #3654 ) 3 #916-4
2 1272-8 1 1 5742-8
6 835-12 4 3 #49-12
S 919-10 4 2 865-18
1 15¢ -9 8§ ¢ 583-18
4 95I-18 4 3 2e5-18
1 985%52-3 1 1 4789-3
8 578-11 5 3.B49-11
2 27158-7 1 4888-17
1 323 -9 9 7 278-18
T 2184-1 T 2284-1
6 5946-8 % 4 2274-8
2 3231~4 2 2 3226-4
9 1525%-9 7 6 4129-9
S 6578-8 § 5 6573~-8
1.1749-7 4 1 2276-7
5 s8-8 § 4.6395-8
1 5336-6 1 1.1961-6
5 223-12 4 3 464-18
T 2742-5 17 T 3794-%
3 18144 2 2 PlEi-4
1 2946-8 9 6 4768-9
2 #188-3 1 1 5474-3
2 1573-7 1 1 3469-7
4 4898-3 3 3 4962-)
2 3974-9 1 11727-9
2 626-11 1 1 155-11
5 8597-9 5 4 4987-9
4 7358-7 4 1 8816-7
1 95083-5 1 1 9145%-5
2 8174-6 2 2 8984-6
1 1394-7 9 T 4794-0
1 831-194 7 S 799-11
2 4589-8 2 1 86477-3
5 847-18 4 3 454-1
1 98965 1 1 5849-3
8 537-18 ¢ 4 8935-18
9 18208-4 9 9 7644-4
2 #951-8 1 1 5263-9
1 4364-7 1 1 2697-7
5 752-13 2 1 385-13
9 3559-4 1 3165-3
1 #363-4 4 9638-3
9 6749~4 ¢ 9896-4
1 7715-% 8 92746
5 471-12 3.387-12 1 937-12

BUT WHOSE MOLE FRACTIORS WENRE LESS TEAN F#.18SFFE-88 FOR ALL ABSIGNED CONDITIONS

[
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FECL3(L)
rES2(8H)

RRS
R2804 (1)

NGO(L)
MG28I04(8)
nor

MACL(S)
MA2CO3(8)
MA2804 (8)

8e

83
3ICL4
8I02(8)

NOTE. WEIGHT PRACTION OF FPUEL IN TOTAL FULLS AMD OF OXIDANT IN TOTAL OXIDANTS

MSON»
NG28T04 (L)
no3
NACL(L)
MA2CO3 (L)

MA2804 (1)
Pes

sre
81(8)
(224
8102(8)

2
ALCL3(S)
ALK(8)
ALEO1381I2
BCL2

BE
BOT2
[

CCL&
cH2
cocL2
c2-
c2m
CACO3(8)
CAS(S)
€L02-
rEis)
FEO(S)
TE203(8)
HCOe
H3BIOE
KEP2-
X20(8)
LICL(L)
LION(®)
L1202
MGCLP
MGS(8)
»r
NOY-
RAF(S)
RA2CL2
KA2804

CACO3(3)
CASO4 (8)
cLP

TE(S)
PEO(L)
FE283(L)
HCP

K30+
XiAr2(s)
R2804 (8)
LIF(S)
LIOR(L)
11202K2
HGCL2(S)
MGS

Rr3

sI2C

PE(L)
TEO2H2(8)
rE283012(8)
HNO3

np-
KHI21(8)
XI5041(8)
LIr(L)
LIOH+
LI3CLY
MGCL2 (L)
MGBO4 (S)
nes

N20¢
NAP2-
MA20(8)
ONe

PO-
so2cL2
31~

sIrd
812

cio02
CACL2(L)
CLCHN
CL20
PECL
YEOJEI(S)
TEJOU(S)
nor
HSI~
KHFP2tL)
X2804 (L)
Lir2-

113r3 .
MGCL2
MGBO4 tL)
NOCL
n204

HAOH(S)
EA20(8)
b4

s
so2cLy
$1C
sIN
813

AT7-23

ALCLP
ALP2
ALOBR-
B
BCLY
BES
B202
cB
CE2e
o

Co4~
[ }
c4
CACL2
cLr

rem
TECL2(S)
PEB(8)
Re

nso3lr
Kis)
r.2co3(s)
LI
L1ro

LI12
nGis)
MGr2(8)
MGSI03(8)
NOe

N205
NAOR(L)
NA20(L)
ptis)

P2
5Q2r2
8IC2
SIHe

[
CAr2(s)
cLrs

ro
FECL2(L)
TEB(S)

HALO
H201!8)
X(L)
K2C03(L)

2
MGSIOI(M)
»ors
MAL(S)

NAZ
RA2804(8)
P-

8(8)

82

SICL2
L3¢ )

Ca
Car2(1)
cLo

r2
FLCLI(8)
YESO4(S)

Ra(L)
RA2CO3(8)
RA2S04 (8)
PCLI

8(L)

82-
SICL3
8102(8?



CASE 2136 INPUT

REACTANTS
REACTANTS
c l T4466R 4.464420 B.871398 §.531190 £.90¢288 -38252.48
a1 S4TRE.LHS -27"’2 L]

99230 2.4316482
.2937¢ '

86
L1s nuxc..l.nun N
R 2.81808C ).500080 ).50808 2.18988 -l'l‘!'l ””
n 2.8088 2.76539 12852.76 19
0 2. F. 23448} 13245.18 15

BOLUTION AL20I(L) 8I02(LY MESTOI(L) rEIOE (L)
oNI? AL20I(S) X
NAMELISTS

SINPTZ XASRe3136,P(1)=6. , BRATIOCT  HIX (1)) . 83,D%2e.25,RKToT,
IONS=Z,TPACEe: . E-9,NEQLeT ,B8%3, , XK. 75 , ACCUAC] . #5~3 ,HHIN= 1. ¥R-30,

SEND
SRXTINP PCP(1,%3.2,PROZeF 4IND

STOP

A7-25
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CASE 2136 OUTPUT

° -38232.88 8 B 4

o ~378882.85 8 s

$ L B 4

s [ 4

| L [ 2 4

«274988.05 8 [ ¢

g 12582.79 ¢ g 0

(] . 13248.15 @ s ©
masxoI(L) YE3IOM (L)

A7-26




98888, 8.cranes .
N T T 0 0asnss

, 5.000888 .
g enen00
2.eRonng

r,
NIX 85008
s,

ysouss

.
. N.508008

L4 .
sE-82,
SE-29,

AT-27

as s

.o as

“s v e



SEND
LILMT =

SPICIZS BEING CONSIDERLD IR THIS SYSTEM
{

oL IR LLLELL

J12/65 AL(S) J12/65 AL(L)

J 6/78 L J 6/78 ALCL+

J 6/72 ALCL2+ J 6/72 ALCL2-

J 6/78 ALCLS J 6/6% ALY

J 6/72 AnYF2-~ o €/78 ALT3(8}

J12/62 ALN(S) J 3/67 AN

J 8/64 ALOCL J 3/64 ALOYP

J12/768 2 1/8/7 ALO2-

3 6718 26 J 6/72 AL20

J 6/72 AL203(8) J 6/71 AL203(L)

312764 L) J12/764 B

J12/64 BCLY 3/8/7 BCLO

4/13/7 BLL2R Ji2/64 3CLI

J 6/72 Br2- J €/69 BRY

3/8/7  BRI02 J12/764 BN3

J s/48 S 3/65 3OCL

T312/768 2= J 6/72 a8

J €/71 3203(L) J 6/71 3208

J 3/61 € L12766 C+

3/3/7 €3~ /377 C2E-

J12/68 cCCL4 J 6778 cr

J 6/6% cr} J12/71 Crie

Ji2/12 cx2 J 3/61 cmM20

J 6/68 CN J12/778 CNe

J 8/6% Co J12/68 COZL

J 3/61 cos /371 cos-

3177 Cod- 3 6/62 CP

J12/69 €2 J12/49 €2~

J 3/61 C2R J12/767 camy

J 8761 C2K J 3/61 cam2

Ji3/769 c4 Ji2/69 ¢85

Ji2/68 CA J1/18  CAe

J 6/74 CACL2(S) J 6/18 CACL2(%)

J12/68 CAr2(S) J12/68 CAR2{L)

Ji12774 J 6/18 caom

J12/71 cas(s) BAR 73 CAfO4 (W)

J €/66 CLCNW J 9/6% cCLrY

37371 CLO- J 3/61 CLO2

J12/6% CL20 182/67 3

Ji2/66 rC J 9/66 r02
3/6% (8) 3/65 PR(8)

Ji12/78 PECL2(8) J12/14  PECL2(L)

J 6/6% 1% J /8% [§ 3}

S312/765 AL
ALCLY

J 9/64 ArCL2P
ALPe

J €/74  ALPMS)
ALD

ALOR
J12/68 ALO2K
4 2  AL20¢
4713717 :L‘o"l!!
.

AT-28

ALBO2

ALCL2

ALCLIL)
*

ren
TR(S)
racL
PECLI(L®
780~




4728

MGSIO(L)
nr

"3
RO
»O2CL
»IRe

»
RACL(S)
WAP
RAOH(S)
MALCON(S)

471377
BAR 73
J 6763
J 9763
3/047

L12769
J12/7688
J $/763
L13/68
J12/768
37377

J €762
J 3766
J 6/69
+ 3766

rz02-
PES(S)
TE203(8)

TEOIN2(8)
rES(S)
FL2PL)

sopP
E20(L)
A2304 (L)
ns-

Ke
RCLIL)
xe2-
R2CO3(L)
XOKH(8)
K20(8)
LI(3)
L1802
LICL
LIFO
LINAO
LION
Li2r2
L12022
ol

NGCLY
neriisd
MGI(S)
HGO2N2
MNGBIOIS)
NG28104 ()
w2

w

»norsy

»O3

%20¢
ML)
RACL

AN
XAOE
RA2COI (L)

AT-29

J32/66

Ji1a/1

rEO2E2
FESOL (8)
rEIOLIL)

HGS(8)
NGSION(S)
MG25I04 (1)
nrs

nO~
no2
WOI-
n204

A
RAF(S)
A0

MAON+
RA2CL2
RA202H2
2304
ORe

»

FEZO3Am3ts)
FES2(S)
FEIS3012(3)
HaLo

HES~
HCOY~
RN
nsoyr
K202
HIBYOG
K(8)
KBO2
Kr(s)
KRr2(8)
Ko

KOR{(L)
K2804(8)
LI

KABO2
LI
LIRL)
LIO~
LIOR
LI20(L)
113173
MGCOY(8)
MGCL2 (L)
nera
NGO

MGS
MGSIO03(S)
n

ns

nOCL
»02-



mepngneegERIRo”

BPECIES IN SOLUTION
AL203(L)
8I02(L)
MGSIOI (L)

OF = 6,76548S8

ENTHALPY
(XG-MNOL) (DEG K)/XG
KG-ATOMS/RG

Qg:;ﬂ'.gig::O...ﬂ

BITECTIVE FUEL
BPP(2)
-5.474717338 43

»EP(1,2)
§.481188252-51
#.363498558-81
5.58)266132-93
£.253952815-03
#.13676232E-81
8.68971389%-03
5.856518892-04
#.367317932-83
5.88791229%-04
§.2177278C2-03
5.463848265-85
£.573887738-0%
5.278068638-02
£.787574242-04
£.544285192-85%
§.113492662-83
5.43159180%-83

AT7-30

TIPECTIVE OXIDANT

HPP(1)
£.223442388 83

BFPIT,1)
F.000580808 08
J.08008080E 08
§.5464459628-01
S.BR080080% ¥S
§.14663674%-01
8.88508880% 8|

SENBESNNE &

2.89888880% 08
S.80888800% 88

s asenny

KIXTURE
HSURS
#.131536878 &3

38(1)
§.615639645-92
5.468895113-92
4.476825618-01
5.32782739%-84
#.143368158-41
5.7852)3828-04
5.1182901712-84
5.47381350%-04
5.194538862-04
5.23837899R-54
5.602720852-0¢
5.7389971988-4¢
5.3477188783-03
5.101419838-04
S.719898300%~04
§.346188118-8¢
8.55578289%-86




A.82800008E 88 s.58828223L 89 5.0888888% 88

” - c | » 8 o 34 rs AL NG ca 3
1 ~18.366 -12,133 <-13.395 -23.485 ~16.137 -23.466 -15.328 -22.951 -23.#%7 -24.482 -35.341
-24.63) ~32.3135 -34.%43 -14.427 28.0¢8
ADD SOLUTIOR
1 ~38.354 -12.123 -13.9393 -23.474 -16.139 -23.538 -15.361 -23.999 <~23.281 ~24.882 -35.388
~24.637 <-32.388 -34.895 -14.186 s.008
IOK NUMBER DENSITY ARD CONDUCTIVITY AT POINT 1
IoN DENS (M~3) 108 DENS (N-3) oM DENS (M-3) 08
1 Cae 2 CAORe 1.058C 17 3 Re 1.198E 21 4 KOHe
S Lle 6 Rae 1.855E 18
.
1 ALO- 2 ALOB- 3.8492 35 3 ALO2- 3.353¢ 28 4 BO-
$ BO2- 6 CH- T.8668 13 7 coi- 1.880% 18 8 coO3-
9 CL- 15 r- 6.374E 16 11  rro- 5.5018 17 12 rro2-
13 =n- 14 EHCO3- 1.486F 17 1S Hs- 1.676E 17 16 K-
17 KO~ 18 Na- 1.355E 16 19 NO- 2.328E 17 28 RO2-
21 NAO- . 22 o- 1.3762 19 23 o=- 5.690F 19 24 02~
25 PO- 3.438E 35 26 PpoO2- 2.94£E 19 27 8- 8.417% 16 28 so-
29 802~ 2.3e0 18 ¥ s03- 1.387F 16
CONDUCTIVITY = 14.7254 (MHO/N)
2 -18.898 -12.393 -13.853 -23,837 «16.417 -24.184 ~14.971 -28.393 -24.328 -24.364 -31.329
~24.846 ~-32.919 -3%.724 -14.86¢ s.929
ADD CAO(S)
2 ~18.888 ~12.393 ~13.554 -23.837 -16.417 -24.183 -14.971 -25.391 ~24.317 -24.429 -31.327
«~24.046 -32.%38 -35.723 -14.865 1.988
JOR NUMBIR DENSITY AND COMDUCTIVITY AT POINT 2
I0% DENS (R-)) oM DENS (N-3) 08 DERS (M-3) I0M
1 Che 1.4128 15 2 CAOHe 2.438E 16 3 R 4.518% 298 4 KOEe
5 LIs 1.6742 15 6 NA+ §.230E 17
1 ALo- 3.213F 18 2 ALO2- 8.4102 19 3 BO2- 1.679% 18 4 CK-
§ co2- 5.751E 17 é col- 7.0868 18 7 CL- 4.207¢ 17 * I
9 reo- 1.9832 17 18 rro2- 3. 2312 19 11 x- 1.8788 17 12 NCO3-~
13 N8~ 4.773L 16 ¢ x- 1.4%6E 17 13 Xxo- 1.310% 18 16 Fa-
11 Mo~ 3.2038 16 18 M02- 2.391E 17 19 mo- 4.188% 1¢ a8 o-
21 Om- 2.879E% 19 22 02- 7.7798 17 23 poO-~ 1.8372 1% 24 PpoO2-
25 8- 2.169% 16 2 80~ 1.5328 17 27 802~ 9.964% 17 28 B803-
COMDUCTIVITY o 11.6842 (MHO/N)
PC/PTe 1.739398 To 2789.58
2 ~18.987 -12.392 ~13.533 -23.836 -16.416 -24.181 -24.97% -25.388 -24.314 -24.427 -31.32%
~24.843 -32.917 ~-335.722 ~14.863 2.008
10X NUMBER DINSITY AND CONDUCTIVITY AT POINT 2
on DENS (X-3) Iom DENS (X-)) 0% DERS (M-I} Iom
1 Che 1.41928 18 2 CAON+ 2.4428 16 3 ke 4.8198 29 4 KONe
§ Lle 1.6795 18 6 XNae 6.2443 17
1 Ao~ 3.226x% 18 2 ALO2- 8.4368 19 3 BO2- 1.6822 18 4 Cm-
$ coz2- $.766E 17 6 CO3- 7.1868 15 7 CL- 4.214E 17 8 r-
9 rro- 1.9398 17 18 FPro2- 3.217¢ 19 il B- BIE 17 12 RECO3-
13 Ra- 4.786F 16 14 X- 1.8592 17 15 KO- 13E I8 16 MA-

A7-31

4 z L3
~28.2314 -22.332 -2¢.921

~28.221 -22.3%6¢ -24.938

DENS (M-3)
2.3081E8 16

4.2428 15
2.522E 16
$.9858 19
2.924% 17
8.268E 17
2.817EK 18
$.2358 17

-28.684 -22.348 -2¢.188

~20.600 -22.348 ~24.153

DENS (X-3)
$.5362 15

1.3838 15
2.615B 16
$.9438 16
4.958% 15
3.773% 18
2.878% 19
5.6428 18

~20.683 -22.34% -24.138

DENS (X-1)
$.556% 18

1.398% 15
2.620% 16
$.9558 16
4.969F 18



17 mo- $.228E 16 18 NO2- 2.598E 17 18 WAO- 4.189E
21 OR- 2.983E 19 22 02- 7.881E 17 23  po- 1.848L
28 8- 2.17SE 16 26 80- 1.536E 17 21 so2- 9.982E
CONDUCTIVITY = 11.6986 (MHO/NM)
PC/PT= 1.737337 Te 2189.92
3 ~19.478% ~12.696 -13.732 -24.284 -16.777 -25.154 -15.83¢ -26.993 -26.948
-25.873 ~-33.658 <-36.715 -15.691 s.008
10N NUMBER DENSITY AND CONDUCTIVITY AT POINT
ION DENS (M-3) IOR DERS (M-3) 10N DERS (M-
1 CAOCHe 2 FETE 15 2 K¢ 1.732E 25 3 Nae 1.817%
i ALO- 3.678E 17 2 ALO2- 1.448E 19 3 BO2- 6.609L
5 Co3- 1.522E 15 6 CL- 1.653E 17 L 8.527%
9 FEO2- 8.698E 18 18 BH- 2.387E 16 11 HCO3- 1.999E
13 x- 3.138E 16 14 EKC- 4.851E 17 15 M- 1.529¢E
17 NO2- 6.253E 16 18 Nao- 1.307E 16 19 o- 7.798E
21 02- 1.583E8 17 22 po2- 1.386E 19 23 8- 4.846X
2 $02- 3.7678 17 26 803~ 1.980F 15
CONDUCTIVITY = 8.2864 (MHO/M)
DIFFUR -~ X= &.3989E-81 AVH= 1.6293% 26
1 1.8998F #5 -6.8785E #4 2 9.1652E F3 2.5238F 81
4 =19.554 12,748 -13.763 -24.254 -15.838 ~25.38% ~-15.853 -27.1T4 -26.21%
=-25.187 -33.7%9 -36.851 -15.843 3.938
ION NUMBER DENSITY AND CONDUCTIVITY AT POINT
10N DENS (M-3) IOKR DERS (M-3) 10K DENS (M~
1 CAOHe 1.5158 18 2 K- 1.518E 29 3 MO 1.547%
1 ALO- 2.816E8 17 2 ALO2- 1.1675 29 3 BmO2- S.7978
5 ca3- 1.214E 1§ § CL- 1.448E 17 1 P- T.217E
9 Fro2- 7.147E 18 1§ BH- 1.692E 1§ 11 EHcos- 1.671E
13 K- 2.644L 16 14 KXo~ 3.489E 17 1S Ra- 1.2928
11 RO2- $.878E 16 18 RNAO- 1.182E 16 13 o- 6.289E
21 02- 1.267E 17 22 PpO2- 1.287% 19 23 8- 3.968%
25 S02- 3.196E 17 26 803~ 1.684E 15
CONDUCTIVITY = 7.9831 (MHO/N)
DIFFUR - X= $.7773E-81 AVE= 1.3353F% 26
1 1.5228E #5 -6.2483F §4 2 9.18F8E 83 2.8345E M
5 ~19.640 ~12.787 -13.795 -24.347 -16.889 -25.485 -1S.€75 -27.373 -26.482
~25.143 <+33.869 -36.999 -15.926 3.8
ION NUMBER DENSITY AND CONDUCTIVITY AT POINT
I0N DERS (M-3) ION DENS (M-3) Ion DENS (M~
1 CROH+ 1.8778 18 2 Ke 1.315E 28 3 M. 1.299%
1 ALO- 2.182¢ 17 2 ALo2- $.223% 18 3 BO2- S.4218
5 CL- 1.2%2E 17 6 r- 6.1178 15 7 PEO- 1.929%
9 H- 1.331FE 16 18 HCO3- 1.382L 16 11 =Bs- T.743E
13 xoO- 2.824E 17 14 K- 1.9758 15 15 NO- 5.106E
17 RAO- 9.1518 15 18 o- 4.978E 17 19 on- 4.2918

AT-32

o~ 3.784% 18
PO2~ 2.080F 19
803~ $.6532 1S
~32.496 -18.999 -22.758
iom DEMS (N-3)
co2- 1.393E 17
FEO- 3.2112 16
HS- 1.161E 1¢
NO- $.611K 18
OR- 6.]166F 18
80~ 3.669% 16
-32.637 -29.848 -22.78¢
Ion DENS (M-3)
co2~ 1.134% 17
PEO- 2.5458 16
RS- 9.558% 18
o~ §.718% 1S
ON- $.1063 18
80~ 3.M11E 16
-32.792 ~29.8% -22.824
ION DENS (M-3)
CO2~ $.M6SE 16
rE02- 5.752E 8
X- 2.1948 16
NO2- 4.9445% 16
02~ 9.928% 16

18 2
15 24
17 28
-28.618

)
»
17
17 4
18 s
16 12
13 16
17 28
18 24
-25.755

4
3)
17
17 4
15 s
16 12
15 16
17 28
15 24
~25.914

s
3
17
17 4
16 s
18 12
15 16
18 2

-24.278

~24.304

~24.333




21 P02~ 1.1582 19 22 8- 3.198¢E 15 23 80~ 2.427% 16 24 802~
5 803~ 1.413E 18
CONDUCTIVITY o 7.6461 (MHO/NM)
DIFPUN - Xe=  B.2773E-81 AVNe 1.21462 26
1 1.3784C 85 -5.94¢69E M4 2 9.1B85F A3 2.9937: M)
L ~19.781 -12.837 ~13.838 -24.362 -i6. =25.677 ~1%.188 -27.3588 -26.597 -26.806 -32.9%8
-25.183 -33.988 -37.1%6 ~-16.8%59 3.088
ION NUMBER DENSITY AND CONDUCTIVITY AT POINT 6
108 DENG (#-1} won DINE (X-3) I0N DENE (N-3) oM
1 Ke 1.129C 28 2 MAe 1.0782 17
i ALO- 1.5 17 2 ALO2- 7.169E 18 3 BO2- 4.38518 17 4 CO2-
$ CL- 1.818E 17 & r- S.874E LS 1 rro- 1.438% 16 8 rpo2-
9y B- 1.228E 16 1§ HCO3~ 1.130C 16 i1 ms- 6.189% 18 12 x-
13 ¥Xo- 2.319%9E 17 14 XoO- 3.8082 158 15 NO2- 3.1672% 16 16 Xao-
11 o- 3.856L 17 18 O¥- 3.542r 18 1% ©02- 7.619E 16 28 poi-
2 8- 2.527¢ 18 2 go- 1.928% 16 23 so02~ 2.2908 17 4 803~
CONDUCTIVITY = 7.2857 (MHO/NM)
DIPFUR - X= 1.8771E 88 AVNe 1.4588L 24
1 1.2238F 89 -5.6234 M4 2 9.19%7C 43 3.i618E W2
1 -19.827 -12.991 -~1).866 -24.419 -i7.8429 -25.888 ~18.127 <-27.812 -26.088 -26.272 ~33.137
-25.222 -34.117 =~-37.329 ~-16.283 3.008
10X NUMBER DEXNSITY AND CONDUCTIVITY AT POINT 7
oM DINS (M-3) Jom DINS (M-3) Iow DENS (M~-)) p{-. ]
1 Xe $.5968 19 2 Rhe 9.940% 16
1 ALO- 1.599% 17 2 a0~ $.471% I8 3 »01- 3.6485 17 4 co2-
5 CL- 9.039E 16 [ I 4.1490 18 1 PEO- 1.8342 18 8 rro2-
9 R~ 7.794E 15 18 NcoOd- 9.158% 15 11 Rs- 4.076% 38 12 x-
13 KXo~ 1.8608 17 14 Mo~ 2.1118 18 15 o3~ 2,433 16 16 MAO-
7 o~ 2.932% 17 18 OR- 2.014% 10 9 02- 5.720% 1§ s »o2-
21 8- 1.9788 18 22 80~ 1.596K 16 13 sol- 1.9958 47
CONDUCTIVITY = §.9488 (MHO/M}
DIFPUN = X= 1.32118 88 AV 9.00675 23
1 1.8996E 83 -5.2010 M4 2 $.2439E B) 0.335R M8
9 =19.929 -12.947 ~13.984 -24.478 -17.495 ~-26.119 ~15.138 ~-28.833 ~17.811 -26.473 ~33.320
-28.264 ~-34.298 -37.514 -36.358 3.000
I0N WUMBER DENSITY AND COMDUCTIVIFY AT POINT 8
IoON DENS (M-3} <= ] DENS (X-3) o8 DENS (M-)) o
1 Ke 8.067E 19 2 N 7.148% 16
i Ao~ T.835E 16 2 ALO2- 4.4813 18 3 802~ 3.8398 17 4 CO2-
3 CL- 7.5308 16 [ 3.3381 18 7 PDO- 7.2708 18 1 P302-
» =- §.7808 18 1§ NCO3~ T.245 1) i1 8- 13 12 R-
1) Ro- 1.4742 17 14 Mo- 1.974% 18 18 xo2- 1. 3 16 16 XAD-
17 o- .11 17 10 oON- 1.2223 18 % o3~ 4.2043 18 5 »oa-

A7-33

2.1282 17

-39.151 -22.863 -24.36)

DI (N-1)

7.1378 16
4.547% 18
1.7978 16
7.1088 15
1.0958 19
1.1728 1%

~29.209 -22.98¢ -24.39)

5.5208 16
3.5248 18
1.4513 16
6.0598 158
1.8028 1

~29.278 -22.947 - .4

4.1878 16
2.671%8 18
1.1043 16
4.8148 18
9.1208 10




~27.179

~-33.7%9

Iom

€02~
TR02-~
x-

~33.997

0%

€02~

80~

1 8- 1.5998 18 22 80~ 1.187% 16 23 so2- 1.564% 17
CONDUCTIVITY » 6.3825 (MHO/M)
DIPFUN - Xe 1.57717F 8 AVt 9.84562 23
1 9.624F% §4 -4.9159% 84 2 9.2123%: §3 3.5122:s M
9 -20.836 -13.887 ~13.944 -~24.538 -17.176¢ ~-26.373 ~13%.19% -29.3185 ~27.233 -26.69F -13.337
~25.308 -34.48% -37.714 ~-16.327 3.098
10N WUMBER DERSITY AND CONDUCTIVITY AT POINT 9
08 DENS (M-)) Ion DENS (M-3) 00 DENS (M-3)
1 Ke $.7938 1% 2 Mhe 5.695% 16
1 ALo- 5.186K 16 2 ALD2- 2.958% 18 3 302~ 2.501% 17
5 CL- 6.1782 16 [ 2.638E 19 7 rxo- 4.9725 18
y B- $.188L 15 i# BCO3- 5.655E 18 11 NKs- 2.8875 1S
13 xo- 1.1488 17 4 NO- 1.366K 13 15 02~ 1.345E 16
17 o- 1.578% 17 18 OR- 1.7222 18 19 02- 3.883% 16
21 8- 1.13%% 18 22 so- $.7138 18 a3 so02- «267% 17
CONDUCTIVITY « §.8692 (GiO/N) .
DIFPUN - X= 1.8277%2 &8 AVN= T.8608L 25
1 8.44372 M4 -4.5380T 04 2 9.2213L 83 3.6845E 51
1 ~28.148 -13.871 -13.986 -34.39% -17.263 -26.64% -15.227 -28.594 -27.463
-25.355 -34.568 -37.938 -18.799 .00
ION NUMBER DENSITY AND CONDUCTIVITY AT POINT 1§
08 DEWS (M-3) oM DENMS (M-3) on DEMS (N-3)
1 Ke S.543R 1) 2 RAe 4.4698 16
i ALO- 3.410C 16 2 Av02~- 2.133C 18 3 302~ 2.925% 17
$ CL- 4.989K 16 ¢ r- 2.046% 13 7 rEo- 3.291Z 1%
9 N~ 2.9618 13 18 ncol- 4.348% 15 11 Ns- 2.1698 18
13 xo- 8.776K 18 14 »02- 9.640T 18 18 »o- 2.091% 18
17 OR- 1.348K 18 s 02- 2.8848 16 1% Ppo2- 7.452E 18
21 802~ 1.41158 17
CONDUCTIVITY = 5.6898 (MHO/M)
DIFPUN =~ Xs 2.87171% 88 AV 6.95978 28
1 7.3611F §4 ~<4.1384% 54 2 9.238%E 83 3.8490% M)
11 ~28.264 -13.137 -~14.038 -24.668 -17.383 -26.949 ~-15.263 -29.892 -27.790
~25.40) -34.743 ~-38.163 ~-16.307 3.000
ION WUMBIR DERSITY AND CONDUCTIVITY AT POINT 1t
Io% DENS (M-3) on DERS (N-3) i} DEIFS (M-3)
1 Re 4.4628 19 2 M 3.4338 16
1 Ao~ 2.1738 16 1 AL02- 1.4928 20 3 BpoO2- 1.6138 17
$ CL- 3.9388 16 6 P- 1.8558 1% 7 TrEO- 2,186% 13
9 B~ 2.849% 13 1§ HCOd~ 3.2073 13 11 R8s~ 1.604% 1§
13 XO- 6.576% 16 14 MO2- é.7228 18 13 NAO- 2.177% 18
17 ox- 9.729E 17 13 ©o2- 1.4013 18 19 po2- 6.601% 18
21 so2- 7.951E 16

AT7-34

~29.332 -22.992

3.111% 16
1.9782 18
9.816x 18
3.7668 18
8.269% 18

=29.3%4 ~-23.927

DENS (N-3)

2,261% 16
1.426R 18
6.9228 13
1.1138 17
6.437% 18

-29.49%7 -23.M0¢

(n-3)

~24.456

~24.497

-24.5918




CONDUCTIVITY = $5.1312 (MHO/N)
DIFFPUR = Xe 2.3277% 88 AVits  6.1248F 28
1 6.3791ik 84 -3.7218L 8¢ 2 9.2407E 43 J.9%64E M1
12 -28.384 ~13.287 ~14.876 -24.719% ~17.479 -27.273 ~-15.34% -29.211 ~-27.96)
~25.452 -34.932 -38.413 -17.12¢8 3.on8
ION NUMBER DEMSITY AND CONDUCTIVITY AT POINT? 12
oM DENS (N-3) 3 DENS (K-3) o DENS (M-3)-
1 Ke 3.573% 19 1 M 2.625E 16
1 ALO- 1.3388 16 2 MO2- i1.091% 18 3 po2- 1.2628 17
$ CL- .B85% s r- 1.187K 18 T rEO~ 1.3418 18
) E- 14 ¥COI- 2.4418 18 11 ®s- 1.1798 15
13 KO- 4 m02- 4.351L 18 15 Mo~ 1.606E 15
17 o=- is o2- 9.098E 15 19 PO2~- S.9658 18
21 802~ 6.1588 16
CONDUCTIVITY » 4.6413 (MHO/R)
DIFFUN = Xe 2.5777E 04 AVRe $.36648 28
1 S5.4995E 84 -3.3569% 54 2 9.2588E §3 4.1149E 88
13 -20.584 ~13.2718 ~-14.122 -.77¢ -17.588 -27.6284 ~13.346 -29.549 -28.238
~25.582 ~35.135 -38.688 -17.349 .08
10% WUMBER CERSITY AND CONDUCTIVITY AT POINT 13
108 DENS (N-3) 108 PENS (R-3) 108 DENS (M-D)
1 Ke 2.0208 19 2 M 1.9642 16
1 ALO- 7.962% 18 2 ALO2-~ §.3658 17 3 302~ 9.694% 16
3 CL- 2.3598 16 ¢ rsoz- 4.49358 17 7 HCOI- 1.782% 18
3 XO- 3.487% 16 1§ wo2- 2.987E 18 11 1o~ 1.1613 18
13 OR- S.s208 17 14 02- 5.69%8 18 13 po2~ $.295% 18
17 802~ 4.6998 16
CONDUCTIVITY = 4.1431 (MEO/N)

AT7-35

-27.4%2

~27.743

~34.259

€02~
PEO2~
x-

~34.518

108

~29.517 -23.131

DERS (M-3)

-29.5713 -23.4M

DENs {%-))

7.5448 1S
2.89838 13
3.2428 1¢
2.3843 13

-24.547

~24.57%



PC - 88.2 PSIA
2136

CASE NO.

CHEMICAL FORMULA

PC/P

P, ATH

T, DEG X

RAO, G/CC

¥, CAL/G

8, CAL/{(B)(XK)

M, MOL WT
{DLV/DLP)?
{DLV/DLT}P
CP, CAL/(G)(X)
GAMMA (8)
SON VEL,M/8EC
ELEC DENS
JONIC DERS)
BIGMA (MHO/M)
W/0 IONS
FREQ (1/SEC)
MACH NUMBER

AE/AT
CSTAR, FT/8IC
r

[
IVAC LB-SEC/LB
I8P, LB-SEC/LB

MOLE PRACTIONS

AL203 (L)

b}
rE
3

4.46442
§.18528
88578

6.7645
CHAMBER  THROAT 5.000
1.8008 1.73713 3.2008
6.8088 3.4536 1.8758
281 i1 2536
T.4724-4 4.613%-4 2.7854-4
261.4 157.7 .
2.3988 2.198% 2.1988
29.398 29.788 18.821
~1.81355% ~1.81146 852
1.3956 1.2873
#.8114 #.ap6
1.1474 1.1442
966.2 931.6
6.668 28 3.14% 28
1.733 21 6.506 28
14.7294  11.6986
16.4694 12.783¢
1.276 12 7.%02 11
B a8 1.008 1.477
1.8088 1.197¢
4641 4641
5.659 £.938
179.9 i89.3
5.9 135.3
9.183 -8 1.583 -8 1.778 -9
1.735 -8 5.13% -9 1.212 -9
1.7969-6 3.6544-7 5.4672-9
1.3147-6 3.4441-7 6.7575-8
1.655 -9 4.918-18 §1.135-18
3.2679-7 1.4475-7 5.4113-8
1.8531-6 5.2737-7 1.2811-7
1.8715-% 2.9986-6 5.9784-7
2.1888-5 8.5797-6 2.6604~6
7.1748-5 2.7735-5 8.8889-6
3.7711-4 1.7903-4 7.5231-5
4.5142-4 5.9178-4 6.6428-4

57139
4
1

L4
5115 MG 5.029923 0 2.43164
o 2.

TEEORETICAL MED CORE PERPORMANCE

WT FRACTION
(SEF_NOTE)

H3119 O g#.98628 13218

5.23461

AXIAL STATION (M)

§.259 5.588 5.758 1.008 1.2%%
3.5061 3.867) 4.2892 4.7856 $.3738
1.7113 1.581% 1.2989 $.2538 1.1166

* 2515 24913 LYl 2445 2419
2.4917-4 2.2818-4 2.F787-4 1.8045-4 1.6979-4
39.8 21 € =12,

. . . 1. 3
2.192% 2.1907 2.1954 2.1973 2.1992

38858 In.882 38.1158 35.148 38.183
822 ~1.28789 -1.807%4 i ~1.00608

1.282? 1.1826
§.6884 §.6588
1.150% 1.183¢8
885.3 276.7
§.582 1Y 6.149 19
1.438 28 2.08K 1Y

T7.7588  7.3389 6.09137
3.387 11 2.968 11 2.665 11
1.498 1.58% 1.8513

1.5506 1.7197 1.9881

4641 4641 4641
5.938 .9138 5.938
187.7 187.4 186.8
135.)3 135.3 135.3

1.488 ~5 1.881 -5 €.184-18 6.864-10 4.385-18
1.938 -9 8.745-1 5.976-18 4.825-1#
4.4387-8 3.5117-8 8 2.4899-8 1.5615-8
5.6233~3 4.5883-8 % 2.9189-8 2.2519-8
9.651-11 B.871-11 $.417-11 4.331-11
4.8733-8 4.3526-8 3.3768-8 2.9294-8
1.0213-7 8.5429-8 5.7458-8 4.6148-8
$.0858-7 4.1201-7 2.6689-7 2.0884~7
2.3398-6 2.9131-6 1.4498-8 1.2833-6
7.8449-6 6.8386-6 5. 5. B387-6 4.2415-6
6.8353-5 6.1504-35 5.5145-8 4.,.9844-5 4.3283-5
6.6900-4 6.7377-4 §.7834-4 6.8271-4 6.8685-4

AT7-36

ENERGY

STATE

CAL/MOL

~38252.000

~278882.8.
-42718.8

12 L4
13245.180

1.588
3

“1.806408
1.1718

3.987-18
3.836-18

§.9885-4

PERCERT FUEL» 12.8773 EQUIVALENCE RATIO= 1.5588 REACTANT DENSITY=

2.28%)

34.25%
-1.895%99
1.1685

2.111-18
2.991-12
8.p8HE-9
1.2593-8
2.613-11
2.1246-8
2.8189-8
1,1899-7
7.8764~7
2.8898-6
3.2857-5
6.9459-4

2.088
7.9188
#.7588

15,291
-1..'55:

1.868 L1
1.548

2.6976
4641
.90
184.8
138.3

1.488-10
2.286-18
5.5718-9
9.8626-9
1.964-11
1.7717-8
2.1313-3
8.6651-8%
6.1835-7
2.3288-¢
2.8229-%
6.9889-4

DENBITY
G/cC
LLd

2.258
9.1117
5.658%

1.641 11
1.558

8.981-11
1.7:18-18
3.7246-3
6.3481-9
1.441-11
1.4538-8
1.5823-8
6.1336-8
4.7443-7
1.8436-6
2.4831-5
7.8134-4

S.
1.
2.
4.
-#31-11

b

1.
5.
.2118-8
.5499-7
.4322-6
.8217-3
HA3L-4

4
3
4
2
7

$72-11
251-18
41419
3858-9

1728-%
1497-8




rEO-
rE02
rEO2-
FEO2RM2
FE304 (L)

9.511 -9
1.1429-7
2.3648-7
1.182 -9
6.8758-2
2.5498-8

4.1653-8

3.0085-7

s -9
1
?

1.6926-5
9 -9
3.8531-6
6.9655-6
1.5335-4
1.4922-7
4.4434-)
5.932-19
1.4228-7
3.0342-9
1.7655-6
2.9828-8
3.8775-7

-

1.125 -9
2.5638-8
1.2144-7
1.529-18
4.4256-2
6.7881-9
1.4125-1
2.5587-8
2.797-18
2.3814-6
1.566 -9
4.3315-8
6.827-18
5.8549-4
1.9369-6
1.6556-4
3.797-18
1.6485-4
5.8922-8
3.8365-9
2.3385-5
T4 -9
P
4.17'%.-$
4.7.i7-8
6.909% -9
$.5342-6
1.5983-6
1.3982-5
7.2329-5
1.1869-3
3.871 -9
2,.5912-7
1.8598-7
3.385-18
1.3236-8
3.657 -9
8.3717-6
2.7958-6
9.742-18
1.8226-7
2.8316-8
8.4327-17
3.1827-3
6.1125-2
6.8513-8
1.1765-8
2.133 -3
5.5631-3
3.1818-5
$5.7654-9
1.7285-5
4.339-18
4.8466-6
8.9139-¢
9.8209-3
7.4433-8
4.6861-3
1.548-18
8.9889-8
4.9824-9
1.366%-6
2.749871-8
3.1565-7

9.850-18
2.3292-8
1.1578-7
1.311-18
4.3829-2
6.1395-9
1.4263-1
2.2648-8
2.423-18
1.9999-6
1.383 -9
31.8394-8
6.362-18
5.3885-4
1.6592-6
1.4882-4
3.g25-18
1.4954-4
4.6491-8
2.8993-9
2.2421-3
6.E£94-5
1.453 -9
3.7440-5
4.2393-5%
$.882 -9
8.5788-6
1.4271-6
1.2883-5
7.6186-5
1.1231-3
3.379 -9
2.4833-7
1.775%-7
2.884-18
1.1452-8
3.335 -9
8.2871-6
2.6116-6
8.498-18
1.6212-7
1.88312-8
7.5635-7
3.8282-3
6.1441-2
6.1546-8
1.8868-8
1.988 -9
5.5793-3
3.8391-5
5.2798-9
1.7329-9%
3.788-2F
4.6€635-6
8.1218-6
9.2659-5
6.8359-8
4.6859-3
1.380-19
8.3464-8
4.2832-9
1.3363-6
2.7235-8
3.1573-7

B.456-18
2./916-8
1.9958-7
1.125-19
4.18689-2
5.58%9-9
1.4413-1
1.9795-8
2.869-18
1.7386-6
1.149 -3
3.3983-8
$.888-18
5.7218-4
1.3897-¢
1.3864-4
2.332-18
1.3589-4
4.2632-8
2.7319-8
2.1436-5%
6.1388->
1.235 -9
3.3134-%
3.7463-5%
4.219 -9
7.6118-6
1.2553-6
1.1#57-5
] 95-5
1.8562-3
2.985 -9
2.3688-7
1.6855-7
2.422-19
9.7715-9
3.917 -9
8.1896-6
2.4248-6
7.326-18
1.4252-7
1.5779-8
6.7823-7
2.9492-3
6.1778-2
5.4691-8
9.9616-9
1.698 -9
5.5937-3
2.8788-5
4.7894-9
1.7366-5
3.278-18
4.8823-¢6
8.2429-6
8.6871-8
6.1641-8
4.6885-3
1.879-18
7.7857-8
3.9328-9
1.3018-6
2.1929-8
3.15897

7.237-18
1.8604-8
1.8313-7
9.556-11
4.0394-2
5.8558-9
1.4571-1
1.73114-8
1.744-19
1.4399-¢

2.7878-5

2.798-38

4.6926-23
8.835-11
7.2321-8
3.8678-9
1.2648-6
2.6688-8
3.1687-7

6.879-18 5.926-18
1.63¢69 1.4224-8
9.6398-8 B.9482-9
8.83)1-11 6.678-11

3.8841-2 3.7318-2
4.5492-% 4.9704-9
1.4735-1 1.4988-1
1.2317-8
1.185-1¥8
9.7445-7
6.428-18
2,1356-8
4.913-18 4.432-18
6.3460-4 6.6355-4

7.3185-7
B.3864-5
9.715-11
9.4239-5
3.1372-8
2.2149-8
1.8/89-5
4.2337-9
9.815-18
2.1235-5
2.3989-5
2.141 -9
4.9182-6

1.4969-7
1.649-18
6.8682-9
2.412 -9
7.9686-6
2.9552-4

5.2 i
-7

.1725-8
5.8942-7
2.7172-3
6.2480-2
4.1952-8
8.2652-9
1.291 -9
5.6199-3
2.5414-5
3.8436-9
1.7443-5
2.372-18
4.1297-6
2.5195-6
7.5868-5
4.9264-8
4.6987-3
7.138-11
6.6874-8
3.8180-9
1.2249-6
2.6537-8
3.1620-7

2.6249-8
3.1654-7

AT-37

§.982-18
1.2188-8
8.2176-9
5.472-11
3.5714-2
3.6219-9
1.5087-1
1.8223-8
9.519-11
7.1938-7
5.#971-18
1.1768
3.958-18
6.9869-4
5.68€6-7
7.0364-3
6.872-11
8.10862-5
2.77112-8
2.9383-8
1.6841-5
3.6483-9
8.670-18
1.7766-5
1.9946-5
1.634 -9
4.1195-6
6.4988-7
7.1262-6
9.4175-5
7.7567-4
1.376 -9
1.8657-7
1.2978-7
1.865-18
4.5783-9
1.858 -9
7.6756-8
1.1883~6¢
3.643-18
7.6187-8
8.2671-9
3.6679-7
2.5893-3
6.3217-2
3.8788-8
6.738%-9
9.487-13
$.6363-3
2.2£29-%
2,.9€28-9
1.7526-%
1.653-18
1618-6
$.8515-¢6
6.3069-5
3.7734-8
4.7186-3
4.418-11
5.6336-8
3.7242-9
1.1359-6
2.5983-3
3.1684-7

2.539-1F
9.5337-9
6.7292-¢
3.550-11
3$.2318-2
2.8292-9
1.5483-1
$.1701-9
5.782-11
4.6711-7
3.007-18
2 1.1659-8
1.958-18
7.3060~4
3.1993-7
4.71486-5
3.148-11
5.9528-5
8 2.4763-8
1.6515-8

S

2.5524-8
3.2728-7

3.3761-7

1.940-10
6.9517-9
5.9882-8
2.818-11
1.9623-2
2.4589-9
.3856-1

1 449-18
5.5527-9
5.2428-8
2.284-11
2.8538-2
2.1546-9
1.5848-1
4.7754-9
3.214-11
2.%441-7
1.618-18

9 1.26F6-9

2.4626-8
3.1809-7

2.229-18
1.77126-4
1.5999-7
2.5368-3
1.257-11
4.2999-3
1.4692-0
1.2755-8
1.:1422-5

2.4185-8
3.1862-7



LICL $5.7837-9 $.7667-9 5.6832-9 S5.6487-9% 5.5935-9 5.5832-9 5.5674~9 5.5459-9 5.5177-9 5.4818-9 5.4373-9 5.3833-9 5.3193-9
8

LIr 3.4459-8 4. .8246-8 4.7451-8 4.B4BE-% 4.9627-8 5.8870-8 5.2211-8 $5.3669-8 5.5254-8 3.6974-8 8 6.2288-3
LIN 1.1337-8 6.7145-9 3.6493-9 3.3951-9 3.1351-9 2.8785-9 2.6252-9 2.3778-9 2.1356-9 1.9831-9 1.2819-9
LI10 3.7454-7 2.5323-7 2.5343~7 1.4446-7 1.3584~7 1.2550-7 1.1581-7 3.8683-7 9.6218-8 8.6451-8 $.8422-8
LIOR 1.7969-5 1.8691-5 1.9379-5 1.9436-5 1.9498-5 1.9567-5 1.9636~-5 1.971£-5 1.9787-8 1.9868-5 2.8127-8
n 4.7594-5 1.76#8-5 3.1728B-6 2.7869~6 2.2799-6 1.99857-6 5.5792-6 1.2954-6 1.9507-6 §.4161-7 3.9626-7
MGr 1,256 -8 4.737 -9 8.688-18 7.362-:9 6.1€5-18 S.114-1F 4.289-10 3.429-18 2.761-158 2.196-18 1.811-18
neH 1.878 =7 4.521 -8 5.846 -9 4.532 -9 3.164 -9 2.453 -9 1.413 <3 1,046 -9 7.615-18 5.438-18 3.797-18 2.681-18
MGN $.355 -8 4.639 -9 4.P41-18 3.122-12 2.361-1F 1.759-18 9.264-11 6.524-11 4.493-11 3.£21-11 1.98F-12 1.265-11
MGO 1.32£3-4 4.8123-5 8.3273-6 7.0219-6 5.839%5-6 4.8136-¢ 3.1698-6 2.5227-6 1.9789-6 1.5267-€ 1.1563-¢ 828-7
MGOH $5.3176-8 2.3565-5 5.2795-6 4.5777-6 3,9298-6 3.3559-6 2.3977-6 2.9033-6 1.6589-6 1.3601-6 1.1039-6 8.8298-7
MGO2H2 1.2606~5 6.2173-6 1.5984-6 1.3868-6 1.1995-6 1.0331-¢ 7.5518<7 6.4887-7 5.3896~7 4.5832-7 3.7355-7 3.4782-7
MGS103(L) 6.09043-5 2.1386-4 2.9389-4 2.9683-4 2.9876-4 3.F121-4 3.8533-4 1.8707-4 3.8061-4 ).0998-4 3.1118-4 3.1224-4
n 2.4563-6 7.8861-7 2.4761-7 2.1548-7 1,8453-7 1.5611-7 1.0692-7 8.6255-8 6.8267-8 5.2927-8 4.M144-8 2.9738-8
NCO 1.999 -9 6.855-18 1.484-1F 1.237-18 1.F14-44 B.387-11 5.983-11 3.896-11 2.928-11 2.155~-11 1.553-11 1.896-13
NH 8.994 -8 3.185 -8 0.818 ~9 7.537 -9 6,339 ~9 5.263 -9 4. 3.467 -9 2.742 -9 2.128 -9 1.619 -5 1.286¢ -9 B.803-18
NH2 6.9499-8 2.8879-8 1 . 5468-8 9.1826-9 7.9562-9 6.8251-9 5.7949-9 4.8543-9 4.F175-9 3.2888-9 2.€418-9 2.89985-9 1.6464-9
NH} 1.238 -8 6€.082 -9 2.787 -9 2.586 -9 2.234 -9 1.978 -9 1.738 -9 1.516 -9 1.311 ~9 1.125 -5 9.881-15 $.108-18 €.229-18
NO 1.2814-2 8.5261-3 5.4214-3 5.1218-3 4.8857-3 4.4826-3 4.1532-3 3.6185-3 3.4799-3 3.1383-3 2.7993-) 2.4655-3 2.1418-3
RO~ 1.528 -8 5.574 -5 1.582 ~9 1.34F -9 1,115 -9 5.131-18 7.352-18 5.008-15 4.489-18 3.388-18

NO2 S.PB61-6 2.7762-6 1.2893-8 1.1634-6 1.8373-6 9.160C-7 7.9996~7 6.2568-7 5.8582-7 4.8957-7

NO2- 5.2975-8 2.7735-8 31.1485-8 1.9135-8 B.£274-9 7.5536-9 6.4442-9 5.3843-9 4.4287-9 3.539¢~9

N2 6.9449-1 7.8299-1 7.11083-1 7.1879-1 7.1260-1 7.1345-1 7.1433-1 7.1524-1 7.1617-4 7.1713-1

N20 1.3981-€ 7.5327-7 3.8373-7 3.1935~7 2.8548-7 2.5288-7 2.2181-7 1.9261-7 1.6518-7 1.3988-7

NA 2.1989-4 2.2242-4 2.2511~4 2.2599-4 2.2686-4 2.2775-4 2.2864-4 2.2953-4 2.3841-4 2.3128-4

NAe 1.2137-7 6.6671-8 8 3.2892-8 2.8352-8 2.5855-8 2.3410-8 2.1825-8 1.90716-8 1.65¢8 }

RACL 5.2991-8 5.5188-8 5.6743-8 8.6723-8 5.6696-8 5.£662-8 3.6629-9 5.6568-8 5.65085~

NAF 8.1094-8 8.9988-8 1.0146-7 1.8235-7 1.4334-7 1.£442-7 1.0561-7 1.8693~7

RAR 3.8436-7 2.5687~7 1.5388-7 1.433%5-7 1.3365-7 1.2483-7 1.1450-T7 1.0314-7

HAO 7.7719-6 5.6817-6 3.6063-6 3.,3946-6 3.1794-6 2.9615-6 2.7481-6 2.5172-6

NRO- 6.974 -9 4.387 ~9 2.209 -9 1.987 -9 1.798 -9 1.64% -9 1.417 -9 1.238 -9

NAOH 7.2161-3 7.1682-5 7.4032-5 7.3632-5 7.3257-5 7.2887-5 7.2527-5 7.2183-5 7.1862-5 7.1568-

[+] 4.8699-3 2.4646~-3 1.2732-3 1.1883-3 1,28%4~3 $.8628-4 8.5308-4 7.9233-4 €.9726-4

o- 8.9838-7 4.4397-7 1.4314~7 1.2558-7 1.9848-7 9.2466-8 7.7641-8 6.4075-8 3.1861-8

OR 1.8254-2 7.5382-3 5.0129~-3 4.774%-3 4.5193-3 4.2553~3 3.9827-3 3,.7#36-3 3.4132-3

OH- 3.7147-6 2.2243-6 1.1338-6 1.8355-6 9.3667-7 8.3569-7 7.4513-7 §.5368-7 5.6594-7

02 1.9826-2 1.50846-2 1.9426-2 9.5651-3 9,.4685-3 8.9274-3 8.3648-3 7.7716-3 7.1498-3

02~ 1.8398-7 3.3293-8 2.9079-8 2.5%296-8 2,1651-8 1.827#-8 1.5171-8 1.2366-8 9.8798-9

o3 4.768 -9 1.749 ~9 4.766-10 4.923-10 3.331-18 2.712-18 2.1€8-18 1.656-18 1.294-18 9.682-11

PR 4.6861-8 2.8687-8 1.6916-8 1.5919-8 3 1.1856-8 1.8947-0 1.4835-8

PO 1.8945-6 1.3893-6 9.7174-7 9.3456~7 T.1839-7 1.2718-7 ¢ 5.5437-7
PO2 1.7851-5 1.8284~5 1.8588-% 1.8621~-5 1.0761-5 1.8796-5 1. 1.8926-3
roO2- 1.9191-6 2.2287-6 2.5463-6 2.5786-6 2.6853-6 2.7475-6 2.7517-¢ 2.8631-¢
3 2.2056-6 1.1359-6 5.3244-7 4.8956-7 3.2336-7 2.8%66-7 2.5015-7 1.5982-7
8- $.234 ~9 2.323 -5 B.995-184 7.923-18 § £.439-18 3.728~-18 3.898-10 g 1.626-18
sH 4.9176-7 2.4525-7 £.1612-7 1.9638-7 €.9753-8 6.1684-2 5.4171-8 3.582

L1l 3.119 -B 1.298 -8 4.782 -9 4.287 -9 2.332 -9 1.961 -9 1.629 -9 b =9 8.788-18
80 9.4755-5 6.7504-5 4.5438-5 4.23444-5 3.4787-5 3.2541-5 3.9250~-3 2.8835-5 2.5861-5 2.3739-§
80- 3.4175-8 1.6498-8 €6.7411-9 6.8118-9 3.4821-9 2.8634-9 2.3769-9 1.5447-9 1.5678-9 1.2456-9
802 8.6276-4 9.0088-4 9.3262-4 9.3551-4 9.4827-4 $.5163-4 9.5582-4 9.536841-4 9.6177-4 9.6304-4
802~ 1.5812-7 1.8657-7 6.8117-9 6.38£5-8 4.6414-9 4.1630-8 3.7336-8 3.3173-8 2.9184~8 2.5410-8
£03 3.8561-7 2.7388-7 2.2812~7 2.2144-7 1.9864-7 1.8197-7 1.7288-7 1.6336-7 1.5342-7 1.4188-7
81 1.396 -9 3.522-18 4.912-11 3.881-11 1.885-11 6.628-12 4.283-12 2.557-12 1.491-12 $.328-13
810 1.9167-3 1.4748-3 6.9462-4 6.22€9-4 3.4818-4 2.7982-4 2.2383-4 1.7534-4 1.3396-4 9.9756-5
8102(L) 1.8675~4 4.5152-4 1.2633-3 1.3440-3 1.6656+3 1.7363-3 1.80803-3 1.857%-3 1.3065-3 ..9475~-3
8102 2.2345-4 1.9881-4 9.9809-5 9.0079-5 7.9976-5 6.9972-5 6.4226-5 5.8885~5 4.2133-5 3.4128-5 2.6976-% 2.9788~-3 1.55§2-8
818 1.316 ~9 5.432-18 1.346-18 1.117-1F 9.953-11 7.200~-11 5.589-13 4.268-11 3.171-11 2.297-11 1.623-33 1.119-313% 7.549-12
SPECIES IN SOLUTION AT LAST STATION

AL203(L) FEIO4 (L) MGSIO3(L) 8102(L)

ADDITIORAL PRODUCTS WHICH WERE CONSIDERED BUT WHOSE MOLE FPRACTIONS WERE LESS THAN #.18488L-#8 FPOR ALL ASSIGNED CONDITIONS

AL(S) AL(L) AL+ ALBO2 ALCL ALCL+ ALCLP AlLCLr?2 ALCL2 ALCLI®

AT-38



c
CAP2(S)
cLP3

ro
PECL2(L)
TES(S)

NOTE. WEIGHT FRACTION OF PUEL IN TOTAL FUELS AND OF OXIDANT IN TOTAL OXIDANTS

Crie
R~

cs
c2m2
CALS8)
CAP2t8)
cLEO

02
FECL2
PES(S)
HBO

R20(L)

RCL(8)

x2r2

Lie

LINtL)

LIZP2
.

nr2
MISIOI(S)
nor3
FA(S)

MA2
NA2804(8)
’-

(s

82

$ICL
SIN4

ALCLI(S)

ALR
AL202
BCLe
PR2e

”-
BI03CLY
ccL
crd
cN
ca-
C2M4
CAiS)
CAr2(1L)
CcLo

rn
FECL3I(8)
FESO4(S)
HEO+
2y
KCL(L)
KOM!IS)
LI-

LIN
L120(8)
¥GCO3(8)
MGO(S)

NA
HA2C03(8)
NA2BO4 (R}
PCLY

841}

82~

8ICL2
sIm

ALCLI(L)

r2o
FECL3(L)
PES2(8)

M3O(L)
MG251I04(8)
no2r
RACL(S)

NA2CO3(8)
RA28504(8)
Pr3

8e

1
81CLY
8102(8)

ALCLY
ALN
AL203(8)
BCLO

Br3
Bor
c(s)
CCL)Y
CHe
COCL
c2
(33 .]

CAe
CAO282(S)
CLO2

MGORe
HG23304 (%)
nos
RACL(L)
NA2CO3 (L)
WA2804 (L)
PrS

8rd
$I(8)

SICLA
8I02(8)

ALPe
ALO®
AL$O13812
L2

B
»0r2

1 234
8102(8)

A7-39

CACO3(8)
CAS04(8)

PE2#31L)
nce

H3IO0e
KHF2(8)
K2804(8)

car2

c3
CACL2(S)
CLe

cL2

PELL)
YEO2H2(8)

PE283012(8)
HNO3

FHP2¢(S)

MGSO4(S)
NP3
N20e

NAP2-
NAZO(S)
ORe

PO~
802CL2
$I-
1 3¢ 2]
s12¢

€?
CACL2(L)
CLCN
cL20

FECL
TEOINI(SY
Priod(s)
Hoy

nsg-
KRr2(L)
RS04 (L)
LIr2-
LTON
LI3P3

MGCL2
rGSO4 (L)
ROCL
N204
FAON(S)
KA20(8)
»

b s
s02CLP
sIC
81r4
sI2M

ALPI(S)
AL2P6
B

BCL3
BH3
B202

M38103(8)
MO
n208
RAON{L)
NA20(L)
P

1 23
80202
8IC(S)
a1
813



DIFFUN =~ X 2.8277E 88 AVN= 4.6881FE 25
1 4.7248E 84 -2.8991F 84 2 9.2612E #3 4.195FE M1

3 -26.622 -13.351 ~14.178 -24.821 ~-17.717 -27.988 -15.388 -29.94¢ -20.588 -28.852 ~-34.798 -29.622 -23.223 -24.6M8
-25.551 -35.353 -38.974 -17.595 4.509

10X WUMBER DENSITY AND CONDUCTIVITY AT POINT 3

108 DENS (M-)) Ion DENS (M-3) Ion DENS (NM-3) Ion DENS (N-3)
1 Ke 2.215F 19 2 KA+ 1.454E 16
1 AvLO- 4.579E 15 2 ALO2- 4.176E 17 3 BO2- 7.312E 16 4 CO2- 4.993E 18
5 CL- 1.779E 16 6 [Fro2- 2.874F 17 7 HCO3: 1.288E 15 s K- 2.8808 135
9y Xo- 2.437E 16 185 NO2- 1.897C 13 11 o- 2.011% 16 12 OH- 3.4913 17
13 02- 3.428E 15 14 PpO2- 4.6B7E 18 15 s0- 1.5772 1% 16 802- 3.536E 16
CONDUCTIVITY = 3.6485 (MHO/M)
ADD SIC(S)
DIFFUR =~ Xe 3.9777E 82 AVR» 4.2887E 25
1 4.PASPE B4 -2.5247% 84 2 9.2717E 83 4.2248TF 8%
4 -28.733 ~13.423 -14.218 -24.855 -17.86i -28.367 ~-15.427 -385.288 -208.884 -28.377 -35.885 -29.637 -23.265 -24.628

-25.598 -35.584 ~-39.282 -17.857 3.298

REMOVE SIC{(S8)

4 -28.736 -13.424 <-14.21B -24.858 ~17.859 -28.373 -15.427 -38.279 -20.796¢ -28.378 ~-335.487 -29.668 -23.266 -24.62%
-25.5%9 -35.584 -39.281 -17.8%97 2.008

JON NUMBER DENSITY AND CONDUCTIVITY AT POINT 4
N D

10N DENS (M-3) IoM DERS (M-3) I0! ENS (M-3) 10K DENS (K-3)
1 K+ 1.728E 19 2 RKhs 1.859E 16
1 AaLo- 2.549E 15 2 ALO2- 2.577E 17 3 BO2- 5.417E 16 4 co2- 3.23%% 13
5 CL- 1.384E 16 6 FEO2- 1.788¢ 17 T X- 1.4548 15 3 XO- 1.678% 16
9 NO2-~ 1.165E 13 15 O- 1.285E 16 11 ox- 2.3710% 17 12 02~ 1.983E 1S
13 02~ 4.135¢ 18 14 80- 1.864% 13 15 s02- 2,628 16
CONDUCTIVITY « 3,.1666 (MHO/M)
AL203(L) FROZEN OUT OF SOLUTION
PEASE CHANGE, REPLACE AL203(L) WITH AL203(8)
ADD SIC(S)
DIFFUN - X= 3.3277E #2 AVNe 3.56142 25
1 3.4781F B4 -~2.1585E 94 2 9.2823Z #3 4.2427E 81
H] ~28.976 -13.538 -14.269 -25.829 -17.931 -28.694 ~-15.362 -38.21% -20.737 -28.753 -35.477 -29.838 -23.329 -24.6S7
-25.681 <~35.791 -39.357 -18.125 3.008
. 10N NUMBER DERSITY AND CONDUCTIVITY AT POINT L]
IOR DENS (M-3) ION DENS (M-3) 10N DENB (N-3) Io% DENS (M-3)
1 K¢ 1.3482 19 2 Ra+ 7.8732 18
1 ALO- 2.338F 15 2 ALO2- 2.770¢ 17 3 BO2- 4.F473 16 4 C02- 2.089% 18
5 CL- 9.691E 15 6 FPEO2- 1.394% 17 7 Xx0- 1.2838 16 8 oO- T.7412 &8
9 1.653E 17 15 o02- 1.312E 15 11 pO2- 3.599E 18 12 s02- 1.928% 16

GH-
CONDUCTIVITY = 2.7343 (MHO/N)

AT-40



THEORETICAL MHD CORE PERIORMANCE

PC = 08.2 PBIA
CASE WO. k3% 19
WT PRACTION ENIRGY STATR TN DENSITY
D

CHEMICAL PORMULA (SIE NOTE) CAL/MOL
rurZL € 5.74466 B 4.46442 o 5.95620 5.732719 1 ]
FUEL 8T §.74894 PE §.18528 0 2.43164 5.0654¢ ]
ruzL Ch 5.26749 B 95.98578 1 4 s.71278
TUZL X $14%6 Xa 5.3%68: © 5.58381 L ]
ruLL LI 8.90681 CL 5.98142 1 4 8.08816 “934.00. 1 3
rUEL X 21.08088 C L.p8808 O .A0888 §.18588 <~274908.008 | 3
OXIDANT WM 2.03888 5.76539 12552.699 [ ]
OXIDANT O 2.83088 5.23461 13248.188 L

o/2e  §.74%8 PERCENT FURLe 12.877) TOUIVALENCE RATIO= 1.89388 REACTANT DERSITY~

AXIAL STATION ()
CHAMBER  TEROAT 1.158 1.008 3,258

pc/p 1.0008 1.7373 12.211 14.018 16.788
P, ATH C.RE8F  3.433¢ 5.4095 §.419) §.3591
T, DLG X a1 s 2231 2195 2162
RHO, G/CC T.4704-4 4.6135%-4 5.1208-3 7.8849-3 6.1673-3
H, CAL/G 261.4 187, -186.8 -123.5 -135.8
8. CAL/{G)(K) 2.090% 2.188% 2.2107 1.2182 amn
M, NOL WP 29.398  29.78% 35.390 38.484
(dLV/DLP)? =1.81358 -1.81146 -1.08423 -1.08428
{DLV/DLT)P 1.383¢ 1.2073 1.1122 L t1.0988
CP, CAL/(G) (K} §.8114 £.886) 5.3419 L §.519¢
G (8) 1.1474 1.1442 1.1698% ) 1.1718
SCN VEL,M/83C 966.2 93¢, 844 .7 839 831.8
ELEC DINS G.66R 25 3.143 2§ 1.62) 19 3 9.214 19
JONIC DENS) 1.733 21 6.506 25 2.809 18 3 1.775 19
BIGHA (MHO/N) 14.7294 11.698¢ 3.6488 1 2.7343
W/0 IONS 16.4694 12.783¢ 3.0168 3 2.848¢
FAEOQ (1/83C) 1.27¢ 33 7.3582 11 1.233 1 1 9.4%¢ 1S
MACR NUARER s.088 1.888 1.3718 1.8 1.
AE/AT 1.8008 3.989¢
CSTAR, PT/8BC 4841 4641
c

.65 y.938
1718.8
135.3

14
IVAC LB-SIC/LB
I8P, LB-SEC/LD

MOLE FRACTIONS

AL 3.345-11 1.946-11 1.781-18
ALP 8.955-11 6.279-11 7.821-11
ALO 1.589 ~9 $.142-18 9.328-18
ALO=- 2.8347-9 1.8104-9 1.9032-9
ALOCL 7.186-12 4.888-12 8.€27-12
ALOP 9.2879-% 7.223

ALOR 8.17772-9 8,

ALO2 2.7996-3 1.8

ALO2- 14 2.50%6-7 1.6308-7 2,2628-7
ALO2R 7.1740-8 1.0989-6 8.1467-7 L. 54168
ALO2H2 3.7711~4 1.6853-8 1.3921-5 t.0941-8
AL203(8) s.8008 8 S.8500 8 9.5000 8 7.07153-4

AT-41



AL203 (L)

4.5142-4
9.511 -9

$.9178~4

5. .ll!-l

2.8458-3

1.
1.
2

AT-42

1.0181-4
9-18
4.3440-9
4.5269-9

185-18
5903-6
377-6

B AR U8 D 0 0 54 e 00 DD 4 B N

5-15
1.2318-6

1.7793-7
$3 1]

8 S19-18
1.1931-7
7.9273-9
2.043-11
1.267 -3
7.923-18
6.6548-6
9.4389-7
1.1719-18
2.4184-8

4.2618-6

9.9793-6

3.4386-9
1.5098-3
4.8304-)
9.382-12

1
7 3.3788-8

3.8131-9
6 8.6481-7
2.3538-8

4 1.
3.7442-4
I

T.8948-4 B.5008 §
7.572-11 5.279-11
3.3292-9 2.6416-9
3.847 3.3861-8
1.334-11 9.198-12
2.5643-2 2.2792-2
1.7358-9 1.2829-9
1.6218-1 45

2.29885-9
1.682-11)
1.2555-7

l-."! S
4.397-32
2.6697-5
$.5574-9
14 1604 4

2.9%8-18
4.1153-6

4.3328-¢ 3
1.789-18
8.9534~7
1.2644-7
2.6798-¢
n

.319-18

2 3.!2-‘ 2.25¢5-8




RABO2 3.5085-7 3.5778-7 3.1921-7 3.1982-7 3.22%2-7

LICL 8.7837-9 5.7667-9 5.2453-9 5.1619-9 5.5131-9

Lir 3,4459-8 4.0246-8 6.5293-8 §.7717-0 6.9435-8

LIX 1.134 -8 1.187 -9 9.5189-18 1.729-18

L10 3.7454~7 4.9894-3 4.197¢-8 3.6%42-8

Li0% 1.7969-5 2.8215-8% 2.8382-5 2.0482-35

n 2.9052-7 2.2130-7 2.3448-7

ner 7.583-11 8.548-1) S.938-41

MGH 1.746-18 1.151-18 1.952-18

MGN T.968-12 4.776-12 4.145-12

el €.2342-7 4.4282-7 4.8003-7

NGOR 6$.9985-7 5.4740-7 6.2740-7

neom2 2.5802-7 2.9171-7 3.4487-7

MGS103(L) 3.1315-4 3.2394-¢ 3.2410-4

» 2.1851-8 1.5254-8 1.1428-0

NCO 7.594-12 S.:74-12 3.368-112

» 6.294-19 4.436-38 3.854-38

NH2 1.277 -3 9.311-18 7.138-48

) 3.738-10 4.835~1F 3.691-10

» 1.8385-) 1.5388-3 1.39¢43-3

»0- $.325-11 S5.421-11 3.783-33

»O2 1.9410-7 1.4456-7 1.2459-7

NO2- 1.174 -9

"2 T.2899-1

N0 $.1434-8

xh 2.3498-4

| 34 3.95868-9

NACL 5.€99¢6-8

AP 1.1858-7

Nag $.3547-9

RAO 1.4333-¢

NAO- S.809-18

NAOK 7.871%8-%

o 2.89832+¢

o~ 1.2450-8

oxn 1.9880-3

ox- 2.161¢-7

02 3.7848-3

02- 2.1236-9

o3 21.869-1%

. 6.9686-9

bacd 3.1483-7

PO2 1.8982-3

pO2~ 2.9828-¢

] 1.3893-7

8- 1.281~-18

SN 3.0736-8

sy 1.042-18

30 2.1721-3

80~ 8 9.761-18

802 9.6818-¢

302~ 2.1893-% 1.

203 7 1.323¢-7 1.2

81 4.452-13 2,292-13 1.287~13

81CIS) D.B0EN § B.FRAD B §.%783-4
10 7.2414-5 5.3386-3 4.1598-8

8102(1) 1.9887-3 2.8068-) 1.3621-3
02 2.23345-4 1.9981-4 1.1373-5 8.8674-6 £.9790-¢

[ 34 ] 1.316 -3 $.432-18 5.881-12 3.278-12 2.928-12

SPICIES IN BOLUTION AT LAST STATION

rEIOHLL) NGSI03(L) 8102(L)

ADDITIONAL PRODUCTS WNICKR WERK COMNSIDERED BUT WEOSE MNLE YRACTIONS WERR Y298 THAN 4.1886S%-F8 POR ALL ASSISNED CONDITIONS

AT7-43



ALCL2~ AwcLer
ALF3(S) ALP3
AL2G AL20e
3CL aCLe
ar2 B2
20-
3202 BI0ICLI
Cim- ccL
Cr3e [1£]
ch- o
s cs-
cane Cande
CA(S) CALS)
CAr2(8) CAr2(L)
CLEO cLo
ro2 rn
recL2 PECLI(S)
resis) TI804(8)
ABOe
n20(L) R
rcLis) RCL(L)
Kxara KON(S)
LIe LI~
LIK(L) LIn
LI2r2 L1¢0(8)
NG HGCOILS)
Mor2 MGO(8)
MGE1I03(S) Na2P4
Nor3 N02CL
MA(S) ML)
0l MA2C03 (8
MA2804(8) NA2B04 (W)
»” cLY
88} 8{L)
(1] 82~
S1CL2 81053
anm 8102(8)

NOTR. WEIGET FRACTION OF

r
TECL3I(L)
rE82(8)
s
HI804 (1)
Kris)
:gl(l)
LIRAD
L120(%)
MecL

MO (L)
MG28I04(8)
noar

83CL4
3302(8)

TUBL IN TOTAL FUELLS AMD OF OXIDANT IR TOTAL OXIDANTS

CAe
CAOIN2(8)
CLO02
rR(S)

MNAONe
M3IIO4 L)
nos
MACL{L)
HA2C0I (L)
RAZB04 (L)
(4]

(31

’iim

12r
8202(8)

ML
ALCLS

ALN
AL6013812
BCL2

»0r2

[

€CL4

[ ]
cocLe
€~

cam2
CACO(S)
CASL(S)

€10
rees)
730(8)
rE203(8)
BCO*
n12306
Xr2-
X20(8)
t!ﬂ-(l.)

c2cL3
€20
CACOI(B)
CAS04 (D)
cLY
rR(a)
PEO(L)
TEINI (L)
e

AT7-44

cird
c302
CACL2 L)
cLCR
€L20
PECL
PEOIRI(S)
BI04 (S)
nor

Aez-
XRr2(L)
X2804 (L)
LIP2-
L0
LI
MN3CL2
MA804 (1)
NOCL

cs
Carze)
cLrs

ro

PECL2(L?
rEsts)
L0

n20(9
R(%)
£2C0M (L}

»
nrL
N8103(8)
wor

ns
RAORe
20183
Po

”"

203~




CASE 2137 INPUT

REACTANTS

€ S.T4466R 4.464420 $.071398 §. /31190 F.986285.73279 -38252.4S
SI8.TAG4TEN. 1FSIMLE.45115MCE . #99230 2.4316405.06546 ~278092.88

CAD.267483 §.B8375P & ~42715.88

K 5.51406RA0.£96810 -5408.48

18 1CLD.BRIA2P B. -334.88

K 2. 9C 1.884880 3.80838 8588 -274988.88

» 2.8 5.765%9 125%2.7G6

o 2.8 .2M461 13248.16 1924.980
on? AL20581(8) X

FRANEL1STS

SINPTZ  RASE»21137,Pi1)e§. , ERATIO=T MIX{1)=1.85,DX1=, 23, RKT=T,
JONSeT, TRACE=1.KE~9 , NEQL=F,B25. ,XK*. 75 ACCURC=1.£Z-3 , RMIN=1.0%~35,
8

NEQL~T SEMD

SEKTINP PCPL1)»3.2,PRQTT,NEQPT=L SEVD
DLIT AL203(8) ALI03(L) 8102 810241}
REACTANTS 1.8310 1.00%
IRODUCTS 1.ss302 1.0%
RraR 3.0%-13 4.8 2.9
REACTANTS  2.98102 1.#TRIRD BODY
PRODUCTS 2.88102(L} L.2TRIRD BODY
ErRR 1.58-38 -1.8 s
STOP

AT7-45
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REACTANTS

< 5.744%
81 #§.7489
CA 9.267%
K £.814%
LI 8.0968
K 2,000
n 2.8008
o 2.0088

oMIT
NAMELISTS

4.4644
8.18%2
B.2857
g.8%6¢8
8.8014
1.c208
o.8228
s.0008
AL20581I(8) X

O'IO'JFI

85.5714 8
5.4511 M3
2.08718 ©
0.8558
2.8/54
3.cn88
R.A308
8.0808

CASE 2137 OUTPUT

5.8828
s.0008

5.9863
2.4316
8.0088
B.4008
5.8008
».0088
8.4308
s.0888

AT-46

$.732798
N.065468
.81271%8
5.0838\8
5.808168
£.135808
5.765308
8.234818

-38152.98
=278802.88
-42718.88
-S4R0. 40
=$34.08
~274980.88
128%52.19
13248.10

298.898
298,808
298.808

sSwaeannw

(. I-L L L LLLJ

r.88888
S.00800
8.00088
£.08388
y.ossty
2.00008
C.08380
s.08000




i.osens 5 esnsm8
88 508088

. 8.
+ B.000808

AT-47

. B.008888
(1l

. §.500088
. .a00008

e

.200088
5.008088
2.800088




SEND

LLMT =

c

B

N

8

o

ST

PrE

AL

N

CA

B

P

K

NA

LI

CcL

F

SPEC”ES BEING CONSIDERED IR THIS SYSTEM

J12765% {s) >12/76S AL(L)
J 6/77 ALCL J 6/78 ALCLe
J 6/72 ALCL2e J /72 ALCL2-
J 6/78 ALCLY J 6/69 ALY
J 6772 ALF2- J 6/73 ALF3(8)
J12/62 ALN'S) S 3767 ALN
J 9764 ALXL v 3764 ALOP
J12/68 ALO2 /877 ALD2~
J /78 AL2Fé 6/72 AL20
J 6772 AL2O3(S) 6/72 AL203(L)
Ji2/764 B(L) J12/764 B
J12/64 BCLP 3/877 BCLO
4/13/7 BCL2H J12/64 BCLI
J 6/712 BP2- 6/6% BF}
3/8/7 BH202 J12/64 BH3
J 6/68 BO J 3765 BOCL
J12/68 BO2-~ J 6772 188
J 6/7F BIOIL) J /71 B20)Y
J 3/61 C 112766 Co
37327 c3- 37377 C2RH-
J12/768 CCL4 J 6/718 Cr
J 6/86%5 cr) 312771 Cr3e
J12/712 CR2 J 3/61 CH20
J 6/6% CH J12/7718 CNe
J 9/65 CO J12/76%5 COCL
J 3761 cos 37377 [of+1- 35
37177 Cod- J 6/62 CP
J12769% C2 J12/69 C2-
J 3761 caH J12/671 C2MP
J 3/61 cCam J 3761 C2R2
J12/769 C4 J12/769 CS
J12/68 CA J12/78 CAs
J /18 CACL2(8) J 6778 CATL2(L)
J12/68 CAF2(8) J12/68 CAF2{L)
J12/74 CAO J 6/78 CAOH
J12/71 CAS(8) BAR 73 CASO04(8)
J 6766 CLCR J 9/65 CLFP
/377 CLO- J 3/61 cCLO2
Ji12/65 CL20 L#2/67 E
Ji2/66 TO J 9/66 PO2
J 3/65 FE(S) J 3765 [FE(®)
J12/77& FECL2(S) Ji12/771#  FECL2(L)
J 6/65 FECL) J 6765 PEM(S)

J12/6% AL

J 9/64 ALCLP
J 9/64 ALCL2P
J 6/8R  ALPe

J 6/718 ALF3(S)
J 6778 ALO
J12/767 ALOH
J12/68 ALOZR
J 6/72  AL20¢
4/13/1 AL60138X2
JI12/718 Be

J 6/12 BCL2
J12764 BP
Ji12/764 BH

J 6766 BN(S8)
J 3785 BOP
J12/764 B2

J 3765 BIOICLY
J 9765 C-
3312769 ccL
J12/78 Cre

J 6/69% Crd

J 6769 CK)Y
J12/18 CN-

J &/6) COCL2
J 9/6% cO2
J12/762 C8B
J12/768 C2CL2
J 3/61 Cau2

J /66 C20
J12/768 CALS)
EAR 73 CACO)tS)
J 6718 CACL2
J12/768 CAr2

J /78 CAOH+
J 67712 CL

J 9/65 CLF)
37377 cLo2-
J 9765 »
J12/68 P2

J 3/6% FE(L)
J12/778 FECL2
J 6/6% FEO(L)
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G B G G G &y

AL

ALC
ALCL3I(B)
ALP2
ALF)
ALO+

C2He

c)

CA(8)
CACO3(8)
CAF
CAO(S)
CAOZH2(R)
CL+

CLHO
CLP

r-

r2o

re
FECLY(S)
rBO

ALBO2
ALCL?
ALCLI(L)
ALP2e
ALK
ALO-
ALOK-
AL2CLS
ALLO2e
B(B)

FECL
PECLI(L)
reo-



472007
BAR 73
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FEO2
rEsis)
FE2CL4
FEION(S)
HBO
NCL
Her
HNO2

u2

nap
H30¢

| 3391
KCN
KriL)
KKT2(L}
KO-

KORe
K2.041(8)
Lle
LICL(S)
LIr

LIK
L1.8(8)
LI2

L120
MGiS)
MGCL
MGCL2
MGH
MGLR
MGLO4(S)
M3B103(L)
Nr

nR2

NOe
n2CL
N2R4

n3
NACL(S)
NAF
NAOH(S)
IA!COl(I)

RAMO(S)
NA28O4 (S)
[-13

471377

-
-
-
w
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-ts
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N
-
~ -
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Gty

-
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~5 3
aw

CeCa
[ d
-~
LX)
-t

J 3787

138

reo2-
FES(S)
FE2OS)
n

KBO»

HCN

ur

HNo3
N20(8)
n2s

HP-

K

KCL(8}
Kr
K2C038)
KOH

K2

K2804 (L)
LI-
LICLIL)
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ENTHALPY
(XG-MOL) (DEG X)/XG

KG-ATOMS /XG

llﬂs:;"'g!:::oﬂl-ﬂ

»”r c

LI CcL
1 ~18.366
~24.633 -32.315

r
-12.133
~34.943

. 208

+ B.808
(]

. B.BIR0NE
., s.030088

L
v B.OCERSS
¢« B.0CEDS8

EFPECTIVE FUEL
BPP(2)
~£.47671753% M3
BSP(1.2)
£.49118025E-81
#.36349855E-01
§.581266135-83
£.25395281E-83
B.13676232E~81
§.689773852-83
8.856318892-04
§.367317935-83
5.88791229E-84
8.21772788c-83
F.468040826K-8%
8.57386778E-05
§.215068852-82
§.187574245-84
5.544283152-8%
8.11349266L-83
5.43159180%-83
8.488858080% 88

L
-13.398 -23.48%
-14.427

-16.137
28.888

a.a80008
NI

8 arnsss
9.808808
5.808088

EFFECTIVE OXIDANT MIXTURE
nPP(1) HEURS
£.221442008 0 £.13153637% ;3

BAPII,1) B3I
8.88250980% 08 5.61963964E-02
5.80288000C S8 B.46809511%-82
§.54644562K-01 §.47682561.2-41
S.580C88608 A8 5.327827598-84
§.146636740-5) §.145365155-02
B.88000000T 88 5.785235822-04
5.84000800L ¥ 5.11929817128-04
S.88800200L 89 §.473013508-04
B.80588000L B8 . 104838268 ~04
A.55288000% B8 §.20837099%-44
S.80828000% 88 §.682728852-8¢

L 5.738997982-8¢
£.347785743-83
5.191419038-54
5.719090)088-06
§.146150118-86¢
#.55578289%-8¢
B.88808580% 8

[ 2 rs AL NG

~23.466 ~15.329 -22.9%1 <~23.8%7

A7-50

cA
-24.902

3
-38.341

|
28.214

»n
4.2




ADD AL203(L)

~18.359 ~12,125 ~-13.392 -23.478
~24.637 -32.312 -34.983 -14..17
on DENS (N-3) Ion
1 CAe $.133L 1¢ 2 CAONe
$ 11+ é.718¢ 35 § M
1 ALO- 2.264T 19 2 ALOE-
$ »O2- 3.518% 18 ¢ CH-
9 CL- 8.732L 17 ir r-
13 - 4.1318 17 14 xcod-
17 XO- 3.403C 18 18 Xa-
21 Nao- 1.5418 17 22 ©o-
25 PpoO- 3$.3318 18 26 PO2-
29 802- 2.2388 18 & so3-
CONDUCTIVITY = 14.2233 (MHO/N)
2 ~18.942 -12.481 -13.549% -23.8%¢
~24.842 =~32.936 -33.781 -14.548
ADD CAO(S)
2 ~18.911 -12.431 ~-13.558 -23.83¢
~24.043  -32.934 "3!.70’ -14.939
oM DENS (M-3) i~
1 Che 1.321F 18 2 CAOHe
5 LI 1.666F 15 ¢ Rae
1 ALO- 4.187F 18 2 ALO2-
5 co2- $.362E 1?7 6 co3-
$ rro- 2.3628 17 15 rEo2-
13 us- 4.3388 16 14 X-
17 O~ 4.702% 18 18 NO2-
21 OH- 1.936F 19 21 o02-
25 so- j.4842 17 2§ 802~
CONDUCTIVITY = 18.7395 (MHO/N)
PC/PT= 1.7408098 T= 2183.88
2 -18.91, ~12.488 -13. «23,055
~32.934 -35.749 -14.930
I0NW pENS (M-3) IOR
1 Che 1,324% 1% 2 CAOHe
S LIe 1,668F 15 ¢ NA+
1 ALo- 4.2932 18 2 ALOZ~
5 co2- 5.368K 17 ¢ CO3-
9 [FEO- 2.3642 17 1§ reo2-
13 N8~ 4.3134E 16 14  X-
17 WO~ 4.7892 14 18 No2-
2} OR- 1.9388 )9 22 02-
80 S, ¢ 802~

28 - 1.40%8 17
CONDUCTIVITY « 1#.7624 (MHO/N)

PC/PTe 1.739298 T 21683.22

“24.378

-24.403

~24.482

ICN NUMBER DENSITY AND CONDUCTIVITY AT POINT )
DENS (K-)3) 08 DENS (M-3)
1.9658 17 3 Ke j.2232 21
$.893C 18
3.4142 15 3 aALO2- 3.791E 28
6.8912 18 7 coi- 1.826K 18
6.358E 16 11 reo- $.455E 17
1.4522 17 15 X8~ 1.6158 17
1.3152 16 1% N0~ 2.252E 17
1.3312 19 23 om- $.5208 19
2.881F 19 27 8- 7.717% 16
1.328€ 16
~16.436 =23.772 ~14.687 -29.875 -23.13¢
S.808
-1€.416 ~-23.772 ~14.689 -23.872 -23.137
3.828
ION WUMBER DERSITY AND CONDUCTIVITY AT POINT 2
DINS (M-3) oM DERS (M-3)
2.339L 16 3 Re 4.915¢ 28
6.348T 17
1.788 290 3 02~ 1.367x 18
6.669E 1S 7 CL- 3.929% 17
4.083L 19 11 - 9.768E 16
9.8928 16 1§ xo- 1.2342 18
2.447E 17 19 NAO- 3.879Z 1¢
7.228E 17 23 poi-~ 1.5108 19
9.409% 17 27 803~ $.3038 18
~16.418 <=23.771 <-14.6%8 ~-23.871 -23.1)7
I
ION WUMBER DENSITY AND CORDUCTIVITY AT POINT 2
DENS (X-3) Iom DENE (M-3)
2.343% 16 3 Ke 4.9198% 28
$.346F 17
1.079% 2, 3 302~ 1.568% 18
6.6775 L5 7 CL- 3.932% 17
4.804L8 19 11 =- $.7728 16
9.8115 1§ 13 Ko~ 1.2358 18
2.4498 17 19 MAO- 3.882% 1¢
7.2368 17 23 po2- 2.0118 19
9.4878 17 1 803~ $.387% 18

AT-51

~16.338 -23.464 -135.335 -23.857 -23.861 -24.88% -39.322
o8

oM
xom+

B3O~
co3-
TRO2~

NO2-
02~
$0~-

-31.398

=-3..387

I0M
KOE+

‘Cl=
r
HCO3~

o~
'S

=31.38¢

108
KORe
CR-
-
-

-28.224

DENS
2.525%

4.5752
2.4558
3,908
2.5038
8.£528
2.71338
S.0688

-28.628

-28.619

~22.355

(¥-3)

i6

-22.542

~22.%42

DENS (M-3)

5.5738

1.1728
2.4258
$.4988
4.622%
3.460K
1.9568

-28.619

DENS
5.98¢3

1.1748
2.427x
$.1028
4.6268
9.4648
1.9598

~22.5%42

(R-33

~24.07

-24.143

-24.144

-24.143



3 -19.534 -12.715 -13.722 -24.258 ~18.777 -24.88% -13.874 ~26.346 -23.199% -25.749 -32.64% -29.827 -22.73¢
-25.088 ~33.784 -~36.7717 -15.842 .02
ADD ¥G3IO3 (L)
3 ~19.521 ~12.718 =-13.72% -24.248 ~16.7717 -24.28F ~-13.896 -26.58% -25.184 -25.716 ~-32.618 ~-29.81% -22.73%
-25.87) -33.692 ~3%6.762 -15.832% 5.008
ADD SIC(S)
3 =19.359 <12.719 -13.728 ~24.28% ~16.746 -24.647 <~13.948 -26.454 -24.722 -25.781 -32.614 -29.#61 -22.78%
~25.891 -33.664% -36.731 -15.t88 4.988
ADD §102(L)
~19.538 ~12.712 =13.728 -24.2858 -16.76F <~24.669 <-13.94F -26.465 -24.644 -25.68%F -32.383 -29.532 -22.148
=25.984 ~-33.671 -36.734 ~-15.382 3.0N8
ICH NUMBER DENSITY AND CONDUCTIVITY AT POINT 3
1oR DENS (N-3) JOoN DINS (M-3) 108 DENS (N-3) won DENS (M-3}
1 CAORe 2.8%8¢ 15 2 Re 1.838E 28 3 M+ 1.917% 17
1 AlO- $.797F 17 2 ALO2- 2.389E 19 3 B02- $.9668 17 4 Cco2- 1.281B 17
5 Ccoy- 1.4038 38 § CL- 1.492E 17 T or- 7.671E 18 8 rEo- 8.725F 16
9 Fro2- 2.431Z 19 2 N~ 1.824% 16 11 HCO3- 1.853% 16 12 Hs- 9.744L £S5
13 K- 2.7%4E 16 14 Xo- 3,724 17 15 MNA- 1.37¥T 20 16 NO- 7.784E 48
11 NO2- 5.877L 16 18 NAO- 1.209E 16 i O~ 6.998% 17 28 OH- $.979E 18
23 02- 1.464L 17 22 pO2- 1.297¢ 19 23 8- 4.5782 1S 24 80~ 3.188% 16
25 so02- 3. 08 17 26 803~ 1.851% 15
CONDUCTIIVITY = 7.3228 (MHO/X)
DLIT AL203(8) AL203(L) 2102 $102(1)
DIFFUN - X= §.2080E-02 AVi= 1.6320% 26
REACTION 1 RATES 3.0.8E88-13 2.94894% £1 PRODS 2.1€6594K~18 6.369R73-89 POWERS S.88028C-81 2.80800C 88
REACTION 2 RATEE 3.932462-3¢ 1.80121E-37 PRODS  5.869895-12 584E~12 POWERS 8.854287L-81 J.00884% N8
1 L.QPBBE-D) B.BER2E-8) 2 2.1P4RE-25 A.BPENE-S) 3 8. E-F8 ~1.77485-N8 4 1.3271%-8% 1.7249E-A8
S 1.8999E 05 -6.8661iL M4 6 9.1652E £} 2.21192 #)
ADD FEIOA (L)
REMOVE FE104(L)
ADD FEIO4 (L)
“19.611 =12.734 -13.756 -24.318 -16.8382 -24.317 13,937 -28.%43 -24.788 -25.81% -32.719 ~29.807 -22.1%2
~28.116 -)3.76F -36.854 -15.59% 3.008
ION NUMBER DENSITY AND CONDUCTIVITY AT POINT 4
oM DENS (M-3) 1om DENS (NM-3) I0m DEMB (M-3) oM DERB {R-3)
1 CaoH+ 1.554E 15 2 Xe 1.638E 20 3 MAe 1.664% 17
1 ALOo- 4.9858 17 2 ALO2~ 2.1625 19 3 BO2- $.298% 17 4 coi- 1.9398 17
$ COd- 1.1498 38 4 CL- 1.3231 17 T r- $.458L2 18 s rro- $.99808 18
9 FEO2- 2.855E 19 1 B- 1.492F 1¢ 11 HCO3- 1.585% 16 12 H8- 8.866K 15
13 K- 2.388% 16 14 KXo- 3.1938 17 15 NXa- 1.1758 18 16 MNO- 6.221%8 15
17 NO2- 4.917L 16 18 XAO- 1.8392 16 1% o~ 5.7958 17 28 om- 4.779% 18
21 02- 1.289% 17 22 P02~ 1.2122 19 23 8- 3.367%8 13 24 30~ 2.651F 16
2% 802- 2.9441 17 26 803~ 1.686% 1%
CONDUCTIVITY = 7.#612 (MHO/M)
DIFFUN - X= 3.829%¢E-81 AV 1.4963E 2¢
REACTION RATES ).02938E-13 2.936%2F #1 PRODS 1.75841%-18 5.98254L-0% POWERS #.EJNCSE-BL 2.88RBAL BE
REACTION 2 RATES 3.99792E-34 5.65235E-08 PRODS  5.86682E-12 8.33154%-13 POWERS S.SUNISE-81 J.B8IBAE N8
1 8.0200E-01 B.8EPCL-8) 2 2.1M40E-85 0.BRANE-BL 3 S.SI33E-B6 -1.988B4%-06 4 1.3276E-85 1.0653E-48
$ 1.,3735E 85 ~5.7332K #4 6 9.1736F §3 2.2769F S
S ~19.697 ~12.797 -13.784 -24.367 ~16.847 -24.376 -<i3.987 -26.625 -24.324 ~25.9%8 -32.862 ~-29.143 -12.8:¢

AT~52

24,246

~24.254

~24.269

-24.267

-24.293

~24.318




©2%.151 -33.8%4 -36.SFEp -16.#1) 1.899

TON NUMBER DENSITY AND CONDUCTIVITY AT POINT S

on DENS (M-Y) 108 DINS (%-3} 108 DENS (N-3) oM

1 ChOB+ 1.157E 19 2 Ke 1.441L 20 3 Nae 1.4332 17

} ALO- 4.2%0 1 2 AaL02- 1.946F 15 3 BO2- 4.67%¢ 17 4 Co2-
$ CL- 1.166E 17 6 r- S.721E 1% 7 TEO- 5.465E 16 8 Fro2-
9 HN- 1.2MA8E 16 18 HCO3- 1.345E 3¢ 11 Hs- 6.614E 15 T R

1} KXo~ 2.718E 17 14 NO- 4.929E 1% 15 NO2- 4.074E 16 16 NAO-
17 O- 4.74%E 17 18 OR- 4.0592 18 19 02~ $.877E 16 28  PO2-
21 S~ 2.752E 1% 22 B0~ 2.194E 16 3 802~ 2.954F 17 24 803~

CONDUCTIVITY » €.7944 (MHO/M)

DIFFUN - Xe 7.5298L-4) AVNs 1.291%E 2¢
PEACTION | RATES 3.7°0APSL-13 2.93132E #¢ PRODS 1.1 7A33E-IF  3.95%N7E-N9 POWERS #.8f0RaC-M
RTACTION 2 RATES 4.A(S0OE-34 2.9L.74E-98 PRODS S.C5%998E-12 6 .M94A4E-11 FOWERS A £0000E-F1

1 2.4 °3E-81 1.27AJE-BL 2 Q.104PE-8S C.P00LE-8) ) 4.7R24E 86 -1.R4J2E-06 4 1.3780T-8% L2RVAE- PO
S 1.4636L % -5.389'F 84 6 9.1825FE 83 2.4%17E 81}
[ ~19.787 -12.344 -13.814 -24.426 -16.895 -285.346 -14.218 -26.712 -25.477 -26.111 -~31.#34 -20.7@3 -20.8%)
-25.187 -33.955 -37.114 -16.12% 2.8098
12N NUMEER DENSITY AND CONDUCTIVITY AT POINT L}
ION DPENS (M-3) JON DENS (X-3) on I'ENS (M4-3) TOR DENE (N-3)
1 Ke 1.265¢ 28 2 NAe 1.223¢ 17
1 ALO- 3.506F 17 2 ALO2- 1.748L 19 3 BO2- 4.992% 137 4 co2- 6.%44% 16
$ CL- 1.819E 17 [ - 4.874T 1Y 1 rEo- 4.20%E 1¢ A FEO2- 1.3908 19
9 HB- $.627L 15 1# HCO3- 1.132€ 16 11 H§- 5.365E 15 12 K- 1.781E 16
13 Xo- 2.292E 17 14 NO- 3.849L 15 15 NO2- 3.33%E 18 16  MAO- 7.497T 19
17 ©- 3.835E 17 18 OH- 3.413E 18 19 02- T.968E 16 28 PO2- 1.P49E 1Y
so- 1.778E 16 2y 302- 2.198E 17 24 803~ 1.382E 19

21 8- 2.023E 15 22
CONDUCTIVITY » §.%163 (MHO/M)

DIFFUN - X= 1.4898E 8. VN 1.1886E 26
REACTION RATES 3.98R05E-13 2.9273AL #) PRODS 1.14441E-18 3,.28344E-0) POWERS  #.48) -9
REACTION 2 RATES 4.07965E-34 1.84B9BE-48 PRODS S5.83%319E-12 4.83864L-1) POWERS §.07828Y-8)

PENS (N-3)

8.%458
1.181¢
1.8#35E
8.M68E
1.12%
3. 3NeE

2.0200FT 08
3.P0MWE BR

I.panany

1 £.3378C0-81 U.FUNRE-S) 2 2.1048E-85 £.8888L-8% 3 3.81793-8¢ -l.§l17ﬁ~ll 4 1.37281E-6% 4.1933E-09

S 1.3329% §5 -5.1460E 84 6 9.1888E 03 2.57%2E #)

T ~19.881 -12.993 -13.846 -24.488 -16.947 -25.329 -14.952 -26.88% -2%5.230 -264.273 -33.176 -29.2¢% -22.8%F -24.3%¢
L]

-29.22% -34.862 -37.2%7 -16.2%2 2.

JON XUMBPER LERSITY AND CONDUCTIVITY AT POINY ?

o0 DENS (N-3) 108 DENS (M-3) 1om DENS (MN-3) 08
1 Ke 1.103E 28 2 MAe 1.834E 17
1 ALO- 2.9928 17 2 ALO2- 1.543€ 19 3 BO2- 3.5%1E 17 4 coO2-
$ CL- 8.928E 16 6§ F- 4.1898 15 7 rro- 1.179E 16 8 FEO2-
9 HN- 7.524L 1% 18 ncold- 9.428E 15 11 RS- 4.392F 15 12 k-
13 KO- 1.913F 17 14 NO- 2.958E 15 18 N02- 2.696L 16 16 NAO-
17 ©- 3.85%6E 17 18 OH- 2.830L 18 19 02- 6.322F 16 5 p02-

21 8- 1.774E 15 22 8o~ 1.438E 16 23 802- 1.875E 17 24 803~
CONDUCTIVITY = 6.2235 (MHO/M)

A7-53

DEN3 (M-3)



DIFFUM - Xe 1.2594T 88 AVRe 1.88578 26

RBACTION 2 RATES 3.FOANSE-1) 12.892276% PRODS  9.411242-11) 2.60821%-89 POWERS § l-ll 2 SONSNE 8

REACTION 2 PATES 4.11663E-34 1.12136F PRODS 5. S49782-12 3.76173E-13 POWERS & oFE-8 PrASOOE B8

2 2.1842C-88 ». ann-n 3 3.3601B-86 ~1.73452-0¢ 4 1. !IIZI-IS 2.75442-99

s 9.1954% 3 2.70¢0C 8

] =19, 12.944¢ -13 24.582 -17.892 -28. 537 ~14.000 =26.984 -25.48% ~26.447 -33.349 -29.333 -22.929 -24.4M2
~29.264 -!C.l?l -37. Cll =~18.384 2.008

JOR NUMBER DINSITY AND CONDUCTIVITY AT POINT 8

I0m DEXS (N-)) o8 DENS (R-3) IO% DERS (M-3)} I0M DENS (M-3)
1 Re 9.532E 19 2 M 8.681K 16
1 ALO- 2.465E 17 2 A2- 1.358% 19 3 BO2- 3.0528 17 4 C€O2- 4.4118 16
$ CiL- 7.59748 1¢ ¢ I 3.424% 18 1 rEo- 2.3578 16 8 PrrO2- $.987% 18
9 B- $.866E 15 1# nCO3~ 7.772F% 1§ il Es- 3.4978 13 12 K- 1.161% 16
13 xo- 1.5788 1?7 14 ¥O- 2.235% 1§ 1% NO2- 2.149E 16 16 RAO- $.1958 18
17 o~ 2.3978 17 18 ol~ 2.332% 13 19 02- 4.941L 16 28 PO2- 9.9843L 18

22 80~ 1.135K 16 23 802~ 1.5858 17

2) 8- 1.3968 18
CONDICTIVITY & 5.9137 (MNO/N)

DIPFUR <~ X= 1.59988 8 AVNe  9.83934E 28

REACTION 1 RATES 3.6B388E-13 2.91764K N1 PRODE  7.488152-11 2.14618%-89 POWERS S.2¥E0SZ-8) 1.03886L 88

REACTION 2 RATES 4.)15059E-34 6.56973k-89 PRODS  5.94415E~12 2.85942E-13 POWERS §.P4SRFE-81 3.50200% 08
1 S.808M3-81 800881 2 2.1048-8% B.8827%-8) 3 2.9388E-8¢ -1.6498K-0¢ 4 1.32028-83% 1.7856r-8%9
L] JO396F 45 -4.6230T 84 ¢ 9.2023E 83 2.84213 81

] -20.0485¢ -12.998 ~13.912 -24.619 -17.962 -25.748 ~14.127 -27.818 -25.589 -26.633 -33.8533 -29.48% -21.969 -24.431
~28.38 -34.299 -37.8573 -16.528 2.008

ICN NUMBER LCENSITY AND CORDUCTIVITY AT POINT 8

100 DENS (N-3) on DENS (M-3) Iom TENS (H-)) om DENS (M-3}
1 Ke S.37% 1Y 2 Mhe 7.176F 16
1 ALO- 2.0048 17 2 ALO2- 1.184% 19 3 BO2- 2.5978 17 4 CO2- 3.439E 16
S CL- 6.429E 146 é r- 2.821% 18 7 TEO- $.7428 16 8 TrEO2- $.9598 18
9 XN- 4.461F 15 18 Rcos3- 6.335% 18 11 - 2.6628 1% 12 K- 9.4225 13
13 xo- 1.287% 17 14 wO- 1.6545 1% 15 NO2- 1.606% 16 16 NAD- 4.2588 1%
17 ©o- 1.8402 17 18 OR- 1.991K 18 19 02- 3.7938 16 ar Ppo2- 8.2118 18
21 8-~ 1.583E 18 22 80~ 8.8868 13 23 802~ 1.3268 17
CONDUCTIVITY = §.59028 (MRO/N)
DIFPUN - Xe 1.75985 08 AV $.9764E 23
REACTION 1 ' RATES 3.480883-13 2.51185e I PRODS 6.#4339%-11 1. Cll!(l-l’ POWERS & 9E-81 2.88330% 88
REACTION 2 RATES 4.19824E-34 3.78872FE-0% PRODS  3.83813F~-12 2.12486%-1 POWERS B5.50888E-81 3.S0888L 88
1 B.5308T-4) 8.90ANE-8L 2 2.1348%-55 £.8808%-8) 3 2.33412-9¢ -1 9!79!-!6 4 1.32832-83 1./844E-09

S 9.7669% 84 -4.3409F M4 6 9.209E £3 2.977E W}
is ~28.196 -13.855 -13.948 -24.688 17,126 ~-25.372 -14.168 -27.124 -25.78F -26.033 ~33.729 -29.471 <-23.518 -24.488
=29.349  -34.429 -37.748%8 -16.67¢ 2.508

ION mn DENSITY AND COIDUCI‘WII’Y AT POINT 18
Ion DENS (M-3) 08 ix-3) 108 DENS (M-3) -] DENS (M-3)

1 Ke 6.9398 19 2 RAe 5.879% 16
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1 hiQ- 1.e8LF 17 2 ALO2- 1.022% 19 3 Bmol- 2.1858 17 4 CO2- 2.639% 16
$ CL- $.396E 16 ¢ r- 2.2928 1% T RO~ 1.215C 16 8 reo2- 8.342E 19
9 R- 3.343K 1% 18 MHCO3- $.184% 15 11 ns- 2.8338 1S 12 x- 7.547C 18
13 Ko~ 1.435¢ 17 14 NO- 1.200K 1% 13 w02~ 1.381F 1 16 Ma0- 3.4348 15
17 ©- 1.3988 17 19 oM- 1.5138 18 13 02- 2.8%6% 16 2§ pO2- T.:008 38
21 80~ 6.831F 18 22 802~ 1.498C 17
CORDUCTIVITY = 8.2517 (MHO/N)
DIFFUR - Xe 2.50%0¢C 8¢ AVNe 8,1888% 28
REACTION 1 RATES 3.PJANSE-13 2.98%31F% 41 PRODS 4.69947E-11 1.28¢29%-9¢ POWLRS #.80880F2-81
RECACTION 2 PATES 4.24337E-34 2.F0954Z-39 PRODS S.83198E-12 1.534473-13 POWIRS #. L3
1 5.0800%-8% X.F0E0L-81 2 2.1048L-85 B.PIEFE-S) 3 2.1346%-86 -1.45765-8¢ 4 1.92
s 189 84 -4.5470F M4 6 9.21722 83 3.1157% 81
11 ~28.311 =33.115 ~=13.985 ~24.759 -17.195 -2€.222 -14.217 -37.248 -28.9%1 -27.84¢ -33.938 -29.343 -23.09)
=25.394  -34.%69 37934 -i6.8M7 2.008
1CK NUMBER DENSITY AND CONDUCTIVITY AT POINT 11
IoN PENS (NM-3) om DIRE (N-3) on DINS (M-I} om DENS (NM-3)
1 Ko $.840F 9 2 Wa- 4.760T 16
1 ALO- 1.2678 17 2 ALOZ2- $.726E% 18 3 BO2- 1.817E 17 4 CO2- 1.9938 18
$ cCL- 4.475L 16 ¢ r- 1.836% 18 1 reo- 8.423L8 15 e rroz2- 4.8245 18
9 H- 2.4%2EK 13 1§ pcol- 4.062C 18 11 Hs- 1.5961FE 19 12 X- $.9652 18
i3 KO- $.217F 16 14 NOZ- 9.969E 18 15 MO~ 2.738E 18 16 oO- 1.837% 17
1T onm- 1.192E 18 18 02~ 1.1878 16 19  pO2- 6.838E 18 28 B0~ 8.28425 1S
23 802~ §.995E 16
CONDUCTIVITY o 4.6978 (MHO/M)
DIPFUN - X= 2.2990¢ 8 AVNe= 7.2929% 28
REACTION 1 FATES 3.08PFFT-1) 2.89792F §1 PRODS 3.37816E-11 9.%6866Z-1F 2. T 89
REACTION 2 RATES 4.09162E-34 1.84291L-85 PRODS 9.652558E-12 Tes9E-13 OWERS . 51 3. s o
1 6.0088L-9) 082591 2 2.1F42C-8% N.8000L-8) 3 1. SL-¥6 ~1.9216E-0¢ 4 1.3283E-8% J11288-18
$ 71.7447 S1E ¢ 6 9.221%F 83 3.2%516E M)
12 -28.438 13.178  ~14.024 -24.832 -17.278 -26.49) ~14.239% -27.37¢ -26.191 <-27.274 ~34.168 ~29.81¢ -23.096¢ -24.5%0
~23.441 -34.719 -38.13) ~-17.810 2.5908
ION NUMBER DENSITY AND CONDUCTIVITY AT POINT 12
08 DENS (M-)) oM DERS (M-3) on DERS (B-3) on DEMS (M-3)
1 Ke 4.867F 19 7 M 3.849E 16
1 ALo- 9.829E 16 2 ALO2- 7.3688 ) 3 BO2- 1.492% 17 4 co2- 1.4708 16
5 CL- 3.6648% 16 ¢ r- 1.449K 15 T rro- 8.6928 13 8 Trso2- 2.919% 18
? K- 1.763% 18 1§ NHcos- 3.1928 1% 11 ns- 1.1718 18 12 K- 4.6498 13
13 KO-~ 6.438C 3¢ 14 NO2- 7.345E 18 15 RAO- 2.154LK 1% s o- 7.531E 1¢
17 OR- $.2488 17 19 02- 1.5298 1 19 PpO2- 6.283E 18 8 B0~ 3.8078 18
a1 so02- 71,2848 14
CONDUCTIVITY « 4.3328 (MNO/N)
DIFFUN - Xe 2.3098T 09 AVNe 6.53898 28
REACTION 1 RATES 3.08588T-13 2.88961F 81 PRODS 2.66390B-11 6.99098E-18 POWERS §.8FPRSE-81 2.Pr380L 08
REACTION 2 RATES 4.34312E-34 5.17374E-18 PRODS S5.B1956E-12 7.36761k-14 POWERS #.982888-01 3.0:008E WN
1 8.0880%-81 S8.58081-5% 2 2.1040%-8% 8.90PRL-N1 3 1.4947%-86 -1.1746K-0¢ 4 1.32833-8% 2.95933-1\8
L} 658 §4 3. 43T 6 9.2335E £ d.aumn
13 ~204.%58 -13.244 -14.564 -24.98% -17.931 <26.786 ~14.389 -27.311 -26.411 ~27.8317 -34.39% -29.69F -23.141 -24.%4¢
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~25.489 -34.8378 -38.343 ~-17.194 2.008

I0R NUMAER DINSITY AND COXDUCTIVITY AT POINT 13
DEI non DERS

- DENS (M-3) oW NS (R-3) (n-3) Jom DERS (M-3)
1 Ke 4.917% 19 2 RAe 3.8118 16
1 ALO- 7.499T 16 2 ALo2- 6.145C 18 3 B02- 1.218x% 17 4 CO2- 1.4788 16
5 CL- 2.961K 16 ¢ P 1.326% 15 7 FrERo- 3.7478 158 9 reoz- 2.147% 18
9 H- 1.244K 18 18 Mcos- 2.477% 18 11 X- 3.371% 1S 12 Xo- 4.957% 16
13 wO2- s.358L 18 14  MAO- 1.678% 18 13 O- $.3498 16 16 om- 7.868% 17

02~ 13 pO2- 5.68¢E 18 19 30~ 2.958% 13 25 BO2- 5.831k 16

1 1.522% 16
COMDUCTIVITY » 4.1618 (MNO/R)
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NON-SQUILIBRICM REACTIONS

1 1.9 810 + 1.8 on - 1.8 8102 1.5 =
CHEMICAL RATE - 3.S889FL-1)°Te* 8.0880°EXP(~8.0038E-04/T)

2 2.5 8102 ¢ 1.8 THIRD BODY s 2.5 8IO2{L) ¢ 1.7 TEIRD BODY
CHEMICAL RATE - 1.SFSSE-38°7°*  -1.0888°CXP(-8.0000L-61/7)

NOU-ZQUILIBRIUM REACTING 8PECIES
8102 8102(L)

TROZELN SPECITS
ALI03(S) AL203(L}
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TREORETICAL MMD CORE PLRYORMANCE
PC = 38.2 PSIA
2137

CASE NO.
WT FRACTIOR ENERGY STATS TR DINSITY
CHNEMICAL FORMULA ({SEE NOTX)} CAL/MOL DEG X /cC
FUEL C  5.7446¢ B 4.46442 s #£.8311% O J.9628 5.73279 ~38252.088 299.8F
FULL 81 $.74854 TE §.18324 MG £.85323 O 2.43164 5.5634¢ <-278851.888 29%.58
FUEL CA §.26748 3 0. 48575 o 5.29371 N.81278 8 98.08

TUEL K 5. ll‘l‘ N £.85681
e

FUEL L .. CL F.00142
rveL 2 C 1.8888¢8
OXIDANT l 2
OXIDANT © 2. 1908.08
O/r=  §.7635 PERCENT FULLe 12.8778 ZOUIVALEINCE RATIOs |.8588 REACTANT DEINSITYs JS.9008
AXIAL STATION (M)
CHAMEER  THEROAT 5.853 £.250 5588 ¥.15¢ 1.4088 1.28¢ 1.50F 1.756 2.008 2.254

PC/P 1.24080  1.7393 3.22:4 3.4722 3.1 3) 4.:367 4.5445 $.8156 3.562¢6 6.1999  €.9448 7.0169
P, ATH €.0a88 3.4497 1.0758 1.7282 1.5844 1.4584 1.0 1.1963 1.8786 £.9678 S5.8645 £.7676
T, DCG X 287 2783 2538 2512 2493 2473 2482 2438 2457 2383 <358 2334
RHO, G/CC T 4760-4 4.6172-4 2.7059-4 2.5179-4 2,3318-4 2.1518-4 3.9767~4 1.8991-4 1.6486-4 1.4957-4 1.3512-4 1.2154~4 1.2807-¢
N, CAL/G 261.4 187.6 51.4 41.1 35.3% 19.1 7.6 4.8 ~11.4 -29.% ~43.) -57. =73.1
B, CAL/(G)(K) 2.1988% 2.199% 2.1988 2.1918 2.1912 2.1946 2.1982 2.9Mm 2.1993 .21 2.202%  2.2048 1.28¢8
M, MOL WT 29.354 25.689 .00 38,833 30.062 38.092 38.123 35.155 19.197 35,229 38.2%% 35.207 38.321
{DLV/DLP)T =1,.£1338 -1.01007 ~1.21036 =1.88975 ~1.88934 ~1 D891 ~3.00847 1. 80884 ~1.80768 ~L.80716 ~1.80672 ~1.40627 ~3.98503
{DLV/DLTP 1.2988 1.2814 1.2814 1.2382 1.2290 1.2281 14 1.2811 1.1912 1.1812
CP, CAL/{G})(X) £.71895 £.1528 4.7604 B.7424 H.7295 £.7168 5.6878 £.8724 5.6568
GAMMA (8) 1.148% 1.1478 1.1436 1.3453 1.1463 1.1473 1.1497 1.1812 1.1828
SON VEL,M/SEC 966.4 932.8 895.4 892.4 889 .4 §85.4 881.4 877.7 873.6 869.3
ELEC DENS 6.460 20 2.918 20 1.132 28 1.813 28 9.8£2 15 7.942 19 6.955 19 6.£27 19 5.1785 19 4.397 19
IONIC DERS) 1,799 21 S.941 28 2,533 28 2.25P 24 1.984 28 1.738 28 1.512 28 1.385 200 1.118 28 9.4%3 19
BIGMA (MO M) 14,2233 18.7624 7.3220 T.8612 6.79%44 6.5163 $.223% 5.91%7 $.5%28 $.2%17

W/Q IONS 15.9347 11.82558 7.8974 7.6062 7.3082 6.5985 6.6733 6.3328 5.9761 5.6806 L} 4.8132
FREQ (1/8EC) 1.200 12 7.628 11 4.357 31 4.941 11 9.733 $1 3,435 11 3.347 11 2.873 11 2.688 11 2.368 11 2. 116 11 1.998 11 1. 7.4 11
MACK NUMBER 8.800 1.000 1.489 1.485 1.491 1.497 1.584 1.518 1.517 1.528 1.50) 1.541 1.%49
AE/AT 1.0088 1.1988 1.2982 1.3923 1.5092 1.6422 1.7944 1.9691 2.1784 2.4026 2.671) 1.9819
CSTAR, FT/SEC 4633 4638 4638 4639 4635 4635 4635 4639 4633 4635 4633
cr 5.668 .939 8.938 5.938 5.938 5.938 5.918 £.938 .93 .98
IVAC LB-SEC/LB 177.9 189.4 188.7 198.2 187.7 187.2 186.7 186.2 185.6 185.9 4 l
ISP, LB-SEC/LB 5.8 135.2 138.2 138.2 138.2 1318.2 135.2 138.2 138.2 138.2 138.2 135.2
MOLE FRACTIONS
AL 1.849 -7 1.982 -8 2.545 ~9 2.232 -9 1.935 -9 1.645 -5 1.498 -9 1. l7l -9 ' 713 -18 7.889-18 ¢.303-18
ALP 1.994 -8 1.288 -3 1.551 =9 1.845 ~9 1.737 -9 1,627 -9 1.516 -9 290 1l
ALR 1,134 -3 1.755-1¥ 1.774-41 1.96%8~-11 1.263-11 1.847-11 8.568-12
ALO 2.0642-6 4.5273~7 8.3982-8 7. 5645-] $.7596-8 [4
ALO- 1.4776-6 4.4843-7 9.8490-8 8 8.3078-8
ALOCL 1.914 -5 6.788-18 1.975-14 1.8 14 1.662-1¥ 1 1 14
ALor 3.7821-7 2.8351-7 9.6£35-8 5.5976-9 8 9.5697-0 9 9.2082-8
ALOH 2,1367-6 7.24£3-7 2.£523-7 1.9383-7 1.7878-1 1 1 1,1281~7
ALO2 1.2384-5 4.8255-6 1.8%4-6 9.38%5-7 8.6875-7 7. 9499-7 7 2988-3 S. $.3327-%
ALO2- 2.4778-% 1.1512-5 4.3818-6 4.2716-6 4.0301-6 3.8941-6 3.7469-6 3. 3.2333-¢
ALO2K $.3253-5 3.9477-8 1.5833-5 1.5833-5 1.5214-5 1.4863-5 1.4491-5 1.4489-8 1. 1.2693-8
ALO2H2 4.3869-4 2.5543-4 1.3455-4 1.3517-4 1.3583-4 1.3652~4 1.3726-4 1.3085-4 1.3880-4 1.3975-4 1.4088~4 1.4165-4 1.4267-4
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1. -9
6.840%-2
2.5256-8
1.1358-1
1.1914-7
1.682 -9
1.1993-%

2.2286-7
4.2399-)
1.945 -9
2.154%-7
3.7891-9
2.1538-¢
3.1636-3

1.26€-19
3.382

$.6483-83
1.6732-7
4.188-18
5.8558-2
1.2914-8
1.2838-1
$.7278-8
7.124-18

5.7799-2
1.4743-7
2.1563-8
4.62% -9

$.5985-3
8 5.24985-%

3.99M3-9
1.7233-¢
2.9548-9

1.842-51
1.849 -9
2.4718-8
1.894%-7
1.483-:9
4.27712-2
6.1367-9
1.4238-1
2.29%4-8
2.575-18
2.8958-¢
1.444 -9
4.5429-3

6 4.0559-6
§.4886-6

9.8455%-8
6.5263-8
4.7536-3
1.617-184
8.7267-8
4.2818-9
1.3230-6
2,71831-8

9.332-12
9.284-18
2.2715-2
1.8469=7
1.225-18
4.1509~2
5.5911-9
1.4364-1
2.8%33-8
2.271-18
1.8385-¢
1.262 -9
3.6322-8
$.151-18
5.4859-4
1.5688-5
4

4.5434-9
2.6145-¢
2.8

6.6741~9
1.314 -9
1.3766~4
1.2844-4
1.3811-6
2.6561-5%
4.0688-6
3.78477-8
9.5566-¢
s

1.594
$.5828-3
S$..281-8
4.7192-9
1.7344-8
¥ 3.538-18

4.8712-6
8.1882-¢
9.3845-5
6.3993-8
4.7608-3
1.395-18
8.2289-8
4.218%~9
1.2941~¢
2.6845-8

9.292-12
8.576-18
2.8745%-8
9.9934-8
1.862-10
4.5199-2
£.8695-9
1.4498-1
1.8248-9
1.989-18
1.5984-¢
1.492 -3
3.2398-8
$.738-18
8.7679-4
1.3468-6

4 1.262%-4

2.472-18
1.3475-4
4.2319-8
2.4382-8

$ 1.9224-5

6.1185-9

222 -9
9.5968-5
1.1322-4
1,1671-8
2.3992-8
3.6322-6
3.4181-5
1.9917-%
1.8215-3
2.%576 -9
2.32713-7
1.6572-7
2.238-18
$.3138-9
2.8734-9
8.4983-¢
2.3618%-¢
7.062-18

2.6644-8

6.378-12

$.585-12
g

4.989-18
6.3

. ]
1.531-18
1.1898-4
3.6883-9
2.2275-8
1.7934-8

8.4792-8
1.M0%2-4 8.9)
9.7412-9
2.1497-5
3.2212-¢
3.1342-8%
2.9883-3
9.6266-4
1.238 -9
2.2239-7
1.5771-7
1.881-189
7.99531-9
2.6228-%
7.9918-¢
2.1964-¢
6.113-28
1.2942-7

S. 4-3 5.5286-3

2.79:9-3

3.5456-9
1-5

7.4647=5
4.3556-8
4.8823-3
6.995-11
6.2602-8
4.8177-9
1.1%63-6
2.5893-8

6.7377-0
4.058%-)
1.1939-6

2.6418-2 2.6169-8
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4.697-12 3

L3R ]
4
1

1
2

.958-12

.6 3
JE34-9
.2523-5

-6

3.286-12

¢
1.8381-%
7.2122-5
6.5973-4
.081-18

1. 1-6
2.4082-0

2.689-12
2.337-18
8.6259-9
6.1535-8
8r3-11
$.9%26-2
2.1885-9
1.5897-1
6. r962-9
$.7713-11
4.1992-7

1.7657-5
7.483-11
4.2238-6
9.2267-¢
4.3795-3
2.2842-8
4.9168-3
2.00%-11
4.2762-8
3.5784-9
9.3476-7
2.4833-8



3.88%1-7
5.7795-9
3.4352-8
1.1247-8
3.7329-7
1.798B4-5 1.
5.9938-5
1.558 -8
2.3112-17
2.911 -9
1.6427-4

3.9%26-7
5.727%-9
4.8235-8
6§.4898-9
2.4834-7
8742-%
5.:1818-5%

3.17173-7
$.5382-9
4.7348%-¢
3.4727-9
1.5178-7
1.9426-5
1.2563-8
3.496 -9
1.9548-8
1,876 -9
3.3922-%
2.1583-8
€.6938-6
8 2.3679-4
2.3558-7
1.392-19

3.1796-7
5.5287-9
4.8224-8
3.239%4-9
1.4423~ 7

MGO2H2
MGS103(L)
N

NCO
NH
NH2
NH3
NO
NO-
RO2
NO2-~

1.8837-7
2.7482%
4.644-18
L&
2.8587-3
T7.269-18

1.8393-3
1.698-17

1.4 -9 2.836-12

MOLE FRACTIONS OF NEOL BPECIES

AL203(L) 4.1227-4 5.4575-4
5102 2.4182-4 2.7114-4
8102(L) B.0580 8§ £.0808 &

6.2993-4
1.7898-¢
3.9733-¢

6.3M42-4
1.5771-4
3.9778~4

3.1855%)
5.5814-9
5.2173-3
2.7818-9

3.1893-7
$.4821-9
$.1242-8
2.55683-9
1.2011-7

bt Ded b
ow
Ao
L)
)
- .

RS

7.4635-5
9.4674-4
7.7189-9
4.1258-3
7.1617-7
9.3803-3
1.5952-8
2.681-18
1.2078-8
7.9886~1
1.8947~5
2.4481-6
3.3646-7

7.1411~8
2.683 -9
3.5713-3
3.6009-9
9.4593-4
4.7320-8
2.1266-7
2.618-11
$.5357-4
7.2367-4
e.916-11

8.2517-4

1.386-18 1.120-18

€.3893~4
1.4329-4
3.9816-4

$.3146-4
1.2911-4
3.9858-4

6.3281-4
1.1826-4
3.9894-4

A7-60

L151-18 4.475-180 3

e PRI RI A B B e

2.9791-6
1.4%34 -9
7.4481-5
9.6778+4
6.6142-8
3.6585-3
6.4357-7
8.8836-3
1.3634-0
2.211-18
1.114¢6-8
7.5158-1
1.0987-3
2.4679-¢
3.0164-7

$.2678-4
$.977-11

6.3257-4
1.0184-4
3.99%2-4

e AN R b B U e
-

.
B
.

2.7971-6
1.238 -9
7.4355-5
7.8681-4
5.6881-8
3.6654-)
$.7326-7
8.4377-3
1.1496-8

1.819-48

1.8249-9
7.1178-7
1.9827-%
2.4886-6
2.6843-7

9.5189-4
4.0284-3
2.85044-
1.348-12
1.8596-3
3.3582-4
$.38¢-11

6.33
B.8951-%
1.9

3.2829-7
S 394%-9
4833-8
.’2'5 9
!.l!1l-l
1.9857-8
4.4338-8
1.197 -9
4.1678-9
2.657-18
1.1412-5

7.4261-%

T.1847
4.6747-8
3.4261-3
S.85717-7
7.9627-3
9.5509-9
1.467-18
9.3026-9
6.7187-7
1.9868-5
2.5106~6
2.3183=7

8 4.9713-8

9.5492+4
3.6725-8
1.9386~7

9.258-12 ¢

1.1538-3
4.4548~4
4.820-11

6.3377-4
7.6738-%
4.05018~4

3.2886-1
$.3534-9
$.6339-8
1.7226-9
2.82085-%
1.9929-3%
3.6636-¢
9.847-148
3.1815-9
1.92¢4-20
9.3365-¢
7.6258-6
2.68%4-¢
2.9848-4
6.5207-8
2,618-1}
1.9599-9
2.9415-%
9.821-18
3.3321-3

5. 5846-7
1.6.68-9
7.17198-}
1.4885-7
2.2887-4
1.7639-8
5.7163-8
1.1883-7
2318-8

a2nm-¢
818 -9

4206-%
3346-4
8423-8
L1823-3
4363-7
4593-3
08729
.161-18
.8548-9
6.3127-7
1.9188-5
1.8336~¢
2.9766-7

’
2
1
7
[]
3.
2
4
7.
7
!
]

$2-18 3.281-18 2.765~18 2.384-18
. 4.3458-8

3.718%4-4
2.968-11

6.3439~4
6.5337-3
4.0858-4

3.21%2-%
3.3£53-9
$.7048-8
1.5343-9
8.0103-8
2.0P04-9
2.9926-6
$.8413-18
2.3458-9
1.366-18
7.5413=6

3.2329-7
£.2456~9
$.5442-8
1.2569-9
7.2138-8
2.0880-5
2.4173-6
6.447-18
1.7179-9
9.5%22-11
6.0142-6
S.Illl':

-
-
-3
-
-
)
-

8.880-18 7.¢95-18
2.4198-85 7.4238-S
5.8854-4 4.86
3.:0%54-8 2.36
2.5335-3 2.6874
3.8132-7 3.2829-
6.9293-) 6.3756-3
6.2693-9 4.3374-9
$.8506~-43 6.338-31
7.7673=9 7.42771-9
S.9189-7 5.8134~7
1.9147-5 1.918%-8
2.3577-6 2.5829-6
1.0044-7 1.5553-7
1.897=1F 1.%44-18
3.7733-8 3.2852-8

9.

2.6610-0
1.71214~7
2.472-12
1.3999-3
2.3748~4
1.494-11

[] 4
1.rF835-8
1.71971-9
3.978~12
1.3197-3
3.0008-4
2.138-11

€.35M3-4 &
$5.4877-8 4
4.0891-4 4

867-4
462-9
133-4

Ll




ADDITIONMAL PRODUCTS WHICH WEAL CONSIDERETC BUT WAUSE FOLE FRACTIONS WERE LESS THAN #.19888F-S8 FOR ALL ASSIGNED CCNDITIONS

ALIS) ALY AL+ ALBO2 ALLL ALCLe ALCLP ALCLI? ALCL2 ALCL2e
- ALCL2? ALCLI(S) ALCLI (L) ALCLY ALFe ALF2 ALF2e ALP2- ALF3(8)
ALF3(S) aALP3 ALNIS) ALW ALO+ ALORe ALOR- AL2CLé AL2Pé AL20e*
AL202 AL202¢ AL6O13812 ALS B(Ss) B(L) 3 Be BCL BCLe
Ly BCLO 3CL2 BCL2e BCL2- BCL2R BCL3 Br BF2 BF2e
ar2- BP3 BR BHF2 N2 BN202 BH3 BRiS) B BO-
»OCL or BOP2 ns 2 B20 B202 B203 (L} B203 B503CLI
330373 cts) c Ce c- CAL cB c3- C2H- cCL
cCL2 €CLY cCL4 cr CPe cr2 Cr2e crs CP3s Cra
cR (.04 CR2 cn3 [=.2) CHCL CN CNe cH- CKN
cR2 €ocL COCL2 cor cor2 cos- Co4~ (=1 4 cs cs-~
cs2 c2 c2- c2CL2 car2 card cam c2nr c2n2 C2H4
cins cam cam €20 c3 c302 cé cs CAtS) Cht8)
CA(L) CAe CACO3(S) CACO3(S) CACL2(S) CACL2(L) CACL2 CAr2(s) CAr2(s) CAF2(L)
CAOLL) CAO2H2(8) CAS(S) CASO4(S) CLe (@7 ] cLr cLr3 CLRO cLo
€LO~ CL02 cL02- cLy cL2 . C€L20 rem ro roz r2
rzo PELS) rE(S) PE(S8)} PEIL) TECL FECL2(%) PECL2(L) FECL2 FECLI(B)
PECLI(L) FECLY TEO(S) rEotL) PLO2H2(8) TEO3H3I(8) TES(S) FES(8) YES(S) FESO4(8)
PES2(S) PE2CL4 7E203(8) FE2O3(L) FE283012(8) TEIO4(S) Be * HALO MBO HBs0e
EBS KBS~ BCOe asp MDY RoOr RSO3P u20(8) R20(L) RIP
R2804 (L) N2804 E3B306 430+ nry- HsY- R(8) XiL) XCLIS) FCL{(L)
XFis) KF(L) xra2- X4F2(8) YHr2(8) KHP2(L) K2CO3(8) K2C03(L) X2r2 KOH(S)
KON(L) r.2018) K250418) X2804(8) X2804 (L) LItS) LI{L) LI LI-
LICL(S) LICLtL) LIris» LIF (L) LIr2- LIro LIR(S) LIRIL) LIN
LIMA0 L10- LIOH(S) LIOK(L) LIOHe LION LI2 LI2CL2 LI2r2 LI20(8)
L320(L) LI20 L1202 LI202M2 LI3CLY LISEY MG(S) MG{L) NG MGCO3(8)
nGCL NGCLe MGCLr MGCL2(8) MGCL2(L) MGCL2 MGr2(8) ner2(L) MGr2 MGO(8)
nGotL) NSORe MGS(S) MG8 MGS04(8) MGSO4 (L) MGB103(8) MGSI03(8) MGSI03(8) ne2rs
NG283104(8) R32$104 (L) nr nr2 Nri »oCL N0 nor ¥ori NO2CL
mo2y w3 203~ n2E4 R20¢ n204 208 u3 NA(S) MALL)
WACL(S) NACL (L) NAK{S) HAr(L) NAF2- HAORLS) MAOR(L) FAON+ A2 NA2C0(S)
NA2CO¥(S) NA2CO3 (L) MA2CL2 Razr2 RA20(8) RA20(S) RA20{L) RA202M2 NA2804(8) NA2804(8)
RA2804(8) KA2304 (L) MA2504 (<34 OHe 4 P(S) Pe o PCL3
’rs rrs b S PRy PO- bid P2 P4 s(s) L1222
e sre spé sor2 802CL2 S02CLY 80212 803~ 82 82-
58 8It8) 81(L) 81 8I-~ 81C 81C2 8ICL 8ICL2 8ICLY
SICL4 sIr 8172 s1r3 sIr4d .34 BIRe SIKd 81N 8102¢(8)
$102(8) $102(8) $I12 8I12C 8128 313 AL203(8)

NOTE. WEIGET FRACTION OF PUEL IN TOTAL FULLS AND OF OXIDANT IN TOTRAL OXIDANTS
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DIPYUR - X= 2,73988 AVA=  5.82646T 23
REACTION 1 RATES 3.2c8802-13 2.2852¢3% #1 PRODE  1.944498-11 4.082489K-1F POWERS § ISST-43 2.88880% 8
REACTION 2 RATES 4.3988)8-34 2.44340C-18 PRODS  5.832642-12 4.984892-14 POWERS F.08880T-8% .FNNOX
1 S.0088%-81 2.AFSEL-8) T 2.18408%-8% l.llln"ll. 3 1.2201E-8¢ -l.lzl(l-l( 4 1.3283B-8% 1.1M40%-18
S 6.82328 54 -3.12858L 04 6 9.2421X 53 3. 4998 8.
3 ~20.68) ~13.312 -14.18% -24.979 -17.43% =-27. l“ ~14.361 ~27.656 ~26.838 <-27.776 ~34.644 -29.764 ~23.1083 ~-24.374
~29.5938 ~35.8540 -38.378 -17,398 2.008

00 WOMBER DENSITY AMD CONDUCTIVITY AT POINT 3

108 DINS (X-3) on DENS (X-3) I0M DERS (M-3) Iom DENS (N-3)
1 Re 3.283¢ 19 2 M 2.3528 1¢
1 ALO- S5.615L 16  AL02- S$.8608 13 3 »02- 9.6918 1¢ 4 CO2- 1. 7158 13
$ CL- 2.340% 16 ¢ PEO- 2.4298 1% 7 reo2- 1.5178 18 8 HNCOI~- 1,8988 318
y k- 2.7042 18 5 Xo- 3. 7848 16 11 mO2- 3.0208 1} 12 70~ 1.2782 38
13 ©o- 3.7:1F 16 14 OR- s.5007 17 135 02~ 7.3668 18 16 PO2-~ S.M48E 18
17 802~ 4.614F 36

80~ 2.0698 15 )
CONDUCTIVITY o 3.7257 (pHO/X)

.
DIFFUN = Xe 3.809%0T 5§ AViAs  8.18212 28
REACTION 1 RATEE ).pU988E-13 2.86983L M PRODS 1.39932E-11 3.25373%-18 POWERS £.89000%
REACTION 2 RATES 4.456178-34 1.187352-18 PRODS S.205¢33%8-12 3.19# 4 FOWERS £.50885% 5035
3 S.8800-83 R.saNSR-D) 2 2.1549T-8% B.MEROE-SL 3 9.B468Z-47 -0.63492-17 4 2. l?l!l"s $.76802-11
S 5.2832E §4 -2.8146% 84 € 9.2589L B3 3.5994F S
4 =20,843 13,382 <~34.147 ~25.058 =17.534 -27.447 -14.4318 ~27.818 -24.871 -20.858 ~34.980% -~29.03¢ -23.138 -2.¢88
~25.589 -35.220 -385.8318 -17.398 2.000

ICK NUMBER DENSITY AND CONDDCTIVITY AT POINT 4

I0M DENS (N-3) 08 LENS (N-3) 08 DENS (M-3) Ion DENS (M-3)
1 Ke 2.4612 19 2 M. 1.015% 16
1 ALO- 4.1348 16 2 ALO2- 4.110% 18 3 B302- T.6438 16 4 CO2- 5.4288 15
$ CL- 1.855E 18 6 rro- .4962 15 1 reo2- 1.8488 18 § NCO3-~ 1.4368 13
9 X- 2.819% 35 18 Xo- 2.8142 16 11 »02- 2.676L 18 12 o©o- 2.534% 16
13 om- 3.9128 17 14 02- 4.934E 13 13 P02~ 4.532% 18 16 80- 1.4758 18

17 802~ 93,6138 16
CONDUCTIVITY = 3.4188 (NHO/N}

DIFFUN =~ Xe  3.2590C 0§ AVE=  4.%049E 23

REACTION RATES 3.28908E-13 2.83626F #3 PRODE  9.701713-12 2.11183E-18 SNT-NL 2.88800Y 89

IIACTIOI 1 RATES S1768E-34 4.785713-44 PRODS  5.8J8258-12 2.84157R-14 POWERS F.00084E-N1 J.8898NE WP
A.8000%-81 3. x- 2 2.1%40E-83 S.00882-8) 3 T.3887%-87 -7.11683%-07 4 1.3283E-8% 2.9486E-11
5 6178% #4 ~2.58598% M4 6 9.2489L #3 3.67635E 81

] 20,943 -13.4%4 ~14.19F -25.118 -17.636 -27.817 -14.478 -27.978 -27.186 ~28.339 -35.177 -~29.98¢ -23.274 2.6
~25.648 -35.419 -39.864 -17.819 2.898

0¥ NUMBER DENSITY AND CONDUCTIVITY AT POINT 8

108 DENS (M-3) 108 DENS (X-3) Iom DENS (M-3) Iow DENE (M-3)
1 Re 2.1382 19 2 KA+ 1.3865 16
1 Aw0- 2.998% 18 2 ALO2- 3.2922 18 3 302~ 5.9538 16 4 CoO2- 3.750% 18

AT7-62




‘ G- 1.4308 13 ¢ rO2- 7 Wod- 1.074E 33  R- 1.4078 18
- 2.9738 1¢ 18 Wa- i o 1.6628 18 12 om- 2.840% 17

I! 02~ 3.2108 38 14 ro2- 15 80- 1.8348 1% 16 s02- 2.7398 16
CONDUCTIVITY o 3.842¢ JONO/N)

DIFFUN - Xeo  3.3895k 98 AVEe  4.0707R 28
841483 51 PRODS  6.895223-12 1. lt!?l!-l'
s 11 PRODS  5.79419%-12 1.29991% POWERS # E-8) 3 ST o8
a1 2.10403-53 llll'l-'l 3 6.28193-17 -l 1850807 4 1.3203B-04% §.48462-81
=2.2138% B¢ 9.2693% #3 3.722m:
¢ 192 =17.74¢ -29. Ill ~14.526 ~-28.138 -~27.%4F ~-28.641 -~33.430 -29.971 -~23.3:7

-11.07¢ 13.%2¢ ~14.213
=25.690 ~38.619 -39.331 -

12K WVBIR DENSITY AND ﬁml’!‘!ﬂ AT pOINT 6

108 oLus (N-1) Iom PIRS (R-3) oM DERS (X-3) 108 DENS (n-3)
1 Re 1.7063 39 2 e 1.049% 18
1 ALO- 2.1242 16 2 aLoe- 2.680% 10 3 BO2- 4.5708 16 4 CO2- 2.53328 1%
3 CL- 1.1018 16 ¢ raog- 4.6768 17 7 K= 1.8828 1% s Xxo- 1.58%8 1¢
9’ N2~ 1.2242 13 15 O 1.0738 1¢ 1 o=~ 2 12 o2- 2.843% 18
13 3.€278 18 14 802~ 2.1498 16

P02~
COKDUSTIVITY » 1.4847 O30/

"DIFPUR - Xe 3,7590% 8§ AVEe 3.6829T 23

RATES 3 'S0%-13 2.831523 N1 PRODS  4.78284%-12 7.86139%-1) PONTRS S.28580%-81 2.88850% A8
9728~12 PROLS  S.70005X-13 0.25133E-1% " 5. s83-#1 3 ST 89
2.10482-88 5.888 3. 5.01503-07 -4.44622-M7 4 .32038-8%  7.5141Z-12

92.27863 #3 1
=14.582 ~20.318 -27.368 -28.9%4 -35.74¢ -34.528 -23.3%7

-

93288 8¢
v -21.2 =~13.399 -14.277 -1! 239 -17.86%
~25.740 -33.820 <-39.615 -18.293 .08

108 WUMBER DENSITY AND m’ﬂ!" AT poINT 7

Iom oERS (N-3) om DENS (R-3) DENS (N-3) 1om DERS (X-3}
1 Ke 1.3548 19 2 Rhe 7.983E 193
1 ALD~ 1.486% 16 2 ALO2- 1.525% 18 3 BO2- 3.4008 L6 4 Co2- 1.713% 1S
3 cL- $.328% 13 ¢ PEO2- 3.823% 17 7 KO- 1.5788 16 8 O- 6.769% 13
9 OF- 1.4298 17 18 ©02- 1.264% 13 11 p02- 3.2482 18 12 s02- 1.636% 16
CONMDUCTIVITY = 2.3437 (NO/N)

AT7-63
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THEORZTICAL MHD CORE PERFORMANCE

PC = £3.2 PSIA
CASE MO. 2137
WwT FRACTION ENERGY STATS TEP DERSITY
CHEMICAL FORMULA {SEE NOTE) MO e/cc
FUEL C 5.7£466 M 4.46442 N £.87139 8 5.83119 0 #.99628 £.73279 8 1]
FUEL ST §.74854 FTE B.1F528 AL £.45115 MG £.89923 O 2.43164 N.85546 s 1
FUEL CA §.26748 B £.885575 P 8.80785 O §.2937% 5.81278 s
PUEL K 8.8148¢ NA B 99681 O §.85583 8.80388 -3408.488 1 ]
FUEL LI §.88681 CL ¥.Fé142 r 0.850%548 8.88816 ~934.898 ]
FUEL K 2.88888 C 1.82088 O 13.2388B8 F.10588 -27490, 8
OXIDAKT R 2.82888 #.76539 12552.699 -4
OXIDANT O 2. §.23463 13248.188 -]
6.765% PERCENT FUEL= 12.877% ZQUIVALENCE RATIO= 1.854F8 REACTANT DENSITY= S.00088
AXIRL STATION (M)
CHAMBEIR TEROAT 2.758 3.808 3.2%9 3.588 3.158

PC/P 1.8088 1.7393 18.843 11.452 13.181 15.8280 17.237
P, ATM 6.2x30 3.4497 8.5975 5.5239 #.4588 7.3995 #.3481
T. DEG X 2878 2183 22158 2245 22158 2183 2152
RHO, G/CC 7.4740-4 £.6172-4 9.7156-3 9.6415-5 7.€660-5 6.7689-5 6.4F85-5
B, CAL/G 261.4 137.6 ~-85.5 -108.2 ~114.9 ~129.7 -144.3
8, CAL/(G)(K) 2.1995 2.1985 2.2088 2.2199 2.210 2.21%3 2.2176
N, MOL w1 29.394 29.689 38.354 38.3817 319.419 38.450 35.479
(DLV/DLP}T ~1.81338 ~1. 01087 ~1.208540 ~1.B2497 ~-1.30455 ~1.#B415 ~1.00376
(DLV/DLT)P 1.2908 1.2516 1.1195% 1.1259 1.118% 1.1p88 1.89717
CP, CAL/(G)(K) .7898 8.7528 #.5895 5.571¢6 #.5538 #.53%1 5.5166
GAMMA (8) 1.1488 1.1475 1.1612 1.1639 1.1678 1.1784
SON VEL,M/SIC 966.4 932.8 858.6 845.6 848.5% 935.3
ELEC DENS 6.463 20 2.919 28 2.838 19 1.638 19 1.2B7 19 1.884 19
10NIC DENS) 1.799 21 6.941 29 4.535 15 3.69€ 19 2.992 19 2.418 19
SIGMA (MHO/N) 14.2233 18.7624 3.7857 3.4108 3.8424 2.6847

W/0 I0NS 15,9547 11.82558 4.08 3.5961 3..998 2.8165
FREQ (1/8EC) 1.284 12 7.€624 11 1.517 11 1.347 11 1.192 311 1.853 11
MACHE NUMBER 5.899 1.0089 1.558 1.568 1.817 1.58
AE/AT 1.8088 3.3414 3.7568 £.234% 4.7821
CSTAR, FT/8EC 4635 4635 4638 4635 4635
cr 8.668 2.9538 5.938 5.938 ¥.938
IVAC LB-SEC/LB 177.9 193.1 182.4 181.7 181.8
I8P, LB-SEC/LB 95.8 135.2 135.2 138.2 138.2
MOLE FRACTIONS
AL 1.849 -7 1.982 -8 3.816-10 2.589~1F 2.147-18 1.567-18 1.126-1N
ALF 1.994 <8 7.088 -9 B8.499-18 7.40N4-10 6.528-18 5.6409-18 4.831-1F
ALR 1.134 ~9 1.759-184 1.822-12 1.321-12 9.484-13 6.585-13 4.547-13
ALO 2.8642-6 4.9273~7 1.8395-8 1.4554-8 1.1373-8 8.7369-9 6.6826-9
ALO- 1.4776-6 4.4843~7 2.9844-8 2.4857-8 1.9622-8 1.5758-8 1.2464-8
ALOCL 1.9314 -9 6.788-1F 7.846-1) 6.844-11 5.981-11 S.928-11 4.234-11
ALOY 3.7821-7 2.8351-7 B.6986-8 £8.4573-8 0.1762-8 7.8544-0 7.4942-8
ALOH 2.1367-6 7.2483-7 B.£187-8 7.8284-8 6.1118-8 $.2692-8 4.5871-8
ALO2 1.2384-5 4.#4215-6 3.5381-7 2.9936-7 2.564088-7 2.8545-7 1.6689-7
ALO2- 2.4778-5 1.1512-5 2.6154-¢ 2.3989-6 2.1611-6 1.9291-6 1.6991-6€
ALOZN 8.3253-5 3.9877-5 1.899A-3 1.8357-5 9.6558-6 9.4134-6 8.3175-6
ALO2K2 4.3868-4 2.5543-4 1.4373-4 1.4482-4 1.4594-4 1.4707-4 1.4828-4

AT7-64




1.993 -9
9.364 -9
3.1322-7
2.2985-7
1.4%% -9
6.8485-2
2.526 -8
1.1358-1
1.1914-7
1.682 -9
1.1993-%
9.832 -9
1.3889-7
9.882-18
.88

1.266-18
3.382 -9

1.9161-4
1.3182-7
4.4918-3

3.7095-9 31.9987-9
2.1528-6 1.7233-¢
3.1636-8 2.9548-3

2 2.6464-2

1.716-12
1.432-18 1.£92-28
$.8433-9 4.9495-9
$.5042-8 4.44%7-2
1.987-41 1.499-1}
2.4843-2
1.417 -9
1.6124-1
3.1558-9
2.729-11
1.827%-7
1.188-18
5.4703-9
1.912-18

1.337-12

1.643 -9
1.5948-1
3.9978-9
3.565-11
2.4%88-7
1.687-18
6.9197-9
2.210~18
7.7465-4

7.3857-4
1.7568-7 1.2781-7
2.9589-8

1.588-11 $.746-12

1.9455-8
4.9584-3
1.671-11
3.6958-8
4.8189~9
8.8468-7
2.3351-8

2.3932-8

AT-68

1.024-12
8.181-31
3.9931-§
3.9973-8
1.179-11
2.3253%-2
1.22) -3
1.6297-4
2.4618-9
2.852-11
1.3325-7
8.618-11
4.2164-9
1.623-18

1. =S
€.118-12
3.F223-8
1.1183-8
’.ll:!-:

2.2478-8

B.1134-4
26 ]

7.720-13 3.734-13
¢.528-11 4,.376-11
3.1733-9 2.4868-9
3.3961-9 2.9193-8
$.081-12 1.839-12
3.1728-2 2.8262-2
1.85%8 -9 9.208-18
1.6466~3 1.6626-)
1.8938-9 1.4369-9
1.515-11 1.899-11
9.5269-9 6.6984-8
6.131-13 4.288-11
3.1979-9 2.3983-9
1.362-14 1.122-18
8.1995-4
528-8
931-8

1.4 -9
3.811-12
2.4867-8
9.2468-9
$.1652-9
7.4453-¢
1.58) -9
1.507-18
9.3393-4
1.1497-5
3.979-18
2.7630-6
3.4688-7
7.3625-¢
H109-4
3.3802-4
1.963-104
9.8738-3
6.4593-8
1.328-1¢
¢.858-18
5.897-18
$.1268~¢
7.8472-7
6.706-11

$.8448-9"
5.1337-3
4.184-12
2.4299-8
4.4453-9
6.7762-7

2.1092-8 2.1286-8



nGos
nGO2K2
MGEIO3(LY

-]

S1C(8)

s10

s18

MOLE YRACTIONS
AL203(L)

8102

83102(L}

3.8851-7
$.7795-9
3.4392-8
1.12% -8
3.7399-7
1.7984-8
5.96284-5
1.5%38 -8
2.311 -7
2.911 -8
1.6427-4
¢.6324-3
1.5798-%
5.8828 8
2.9318-

1.977 -9
8.882 -8
6.288 -@

1.442 -9

31.8926~7
5.7279-9
4.8235-8
6.489 -9
2.4834-7
1.8742-8
5.6018-5
1.%21 -%
1.410 -7
1.452 -0
1.5497-4
7.6825-8
2.£699-5
8.8888 8
7.4863-7
S.7¢8-18
2.94% -8
2.172 -8
5.983 -9
8.4165-3
5.118 -9
2.7467-6
2.113 -8
7.8316-1
7.4285-7
2.2155-4
6.7714-8
5.5439-8
9. AT46-8
2.52387
5.6522-6
4.142 -9
7.2929-5
2.3986-3
3.6965-7
7.3973-3
2.0678-6
1.4582-2
7.7289-8
1.783 -9
2.7814-8
1.3683-6
1.8293-3
2.3453-6
1.8767-6
2.850 -
2.3322-7
1.224 -8
6.571
1.58
9.5283-4
1.4831-7
2.7432-7
4.644-18
£.4008 8
2.45%87-3
71.269-18

-

Or NZOL SPECIES

4.1227-4
2.4182-4
8.8588 §

5.4575-4
2.7114+4
£.9882 8

2311-7 3.2484-7
1858-9 5.1137-9
1327-8 6.2981-8
1.191 -9 1.439 -9
6.4366-8 5.6885-8
2.5159-5 2.8238-5
1.9321-6 1.5386-6

6.516-11 4.385-11
4.7378-6 3.6988-¢
4.5258-6 3.7567-¢
1.6688-6 1.4178-6
3.8179-4 3.84%57-4
3.2241-9 2.4629-8
1.692-13 7.981-12
3.871%-18 §.888-18
1.377 -3 1,253 -9
6.775-18 5.128-184
2.4899-2 2,.2179-)
1.398-18 1.883-18
3.48%34-7 2.8013~7
1.979 -9 1.557 -
T7.1879-1 7.2066-1
9.2224-8 7.7883-8
2.2994-4 2.3828-4
1.2155-8 1.856¢8-8
5.7183-8 5.7872-8
1.1573-7 1.1768-7
6.9185-8 6.1567-8
1.8758-6 1.6969-6
6.59¢€-10 3.598-10
T.4331-5 7.4487-5
4.1798-4 3,5397-4
1.9191-8 1.4621-8
2.4442-3 2.1964-3
2.7394-7 2.2759-7
5.8026~-3 5.2164-3
1.0974-9 2.8781-9
5.8%6-11 3.645-11
6.3396-y 5.7973-9
5.1234~-7 4.7446-7
1.9221-8 1.925%-5
2.6091-6 2.6361-6
1.3301-7 1.1293-7
1.242-18 9.984-1)
2.7928-8 2.3835-9
7.464-18 6.815-18
2.1733-5 1.9894-5
1.96% -9 8.517-18
9.6695-4 9.6983-4
2.385¢-8 2.1£816-8
1.6423-7 1.5599-7
1.478-12 8.476-13
1.4319-3 1.9829-3
1.8336-4 1.3783-4
1.421-11 6.787-12

6.3632~4 6.3696-4
3.7172-5 3.4843-8
4.8173-4 A 51334

A7-66

2.2581-7
5.831%-9
6.4755-2
9.P02-18
4.9768-8
2.8317-5
1.2047-6
3.176-18
6.236-18
2.911-13
1.8407-6
3.1996-6
1.2119-8
3.8699-4
1.8499-8
$.627-12
S.8:4-18
9.866-10
4.33rF-18
1.9%42-3
7.128-31
2.2675-7
1.2m -9
7.2181-1
6.3531-8
2.3858-4
9.18£3-9
5.7834-8
1.1976-7
5.5492-8
1.5232-6
4.682-18
7.4784-5
2.9520-4
1.8987-8
1.9588-3
1.8644-7
4.6253-3
2.1122-9
2.58%-11
5.1347-9
4.3812-7
1.9287-%
2.6636-6
9.5293-8
7.784-11
2.0286-8
4.813-18
1.8146-3
6.883-18
9.7259-4
1.8378-8
1.4746-7
4.659-13
1.5456-3
1.0863-4
4.393-12

6.3768-4
2.4873-5
4.8254-4

3.2620-7
4.9456-9
8

7.1228-5
2.71718-12

6.3821-4
1.,9288-5
4.8292-4

3,2745-7
4.8511-9
L]

9.7767-4
1.3728-8
1.2962-7
1.237-13
1.6863-3
4.8786-5
1.78%-12

6.3888-4
1.5351-8
4.8328-4




ADDITIOMAL PRODUCTS WHICHE WEREL CONSIDERED BUY WHOST MOLE FRACTIONS WEREL LESS TEAN §.1#088K-88 POR ALL ASSIGNED CONDITIONS

AL(s) AL
ALCL2~ ALCL2P
ALP3(3) ALr3
AL202 AL202¢
BCLF acLo
- Br3
BOCL B»OPF
BlC3IPS cs)
cCL2 cCLY
cy CHe
R goc
cs2 [+

(31 {7 cin
CAtL) CA~
CAO(L) CAO2H2(S)
cLo- cLO2
rzo rees)
tECLI(L) PLCLY
FEs2(8) rE2CL4
MBS HES
H2804 (L) nz804
¥r’s) XTiL?
XOutSs) XOH (L)
RA- LICL(S)
L LIO-
L120(L) L120
MGCL MCLe
MGO (L) M3ORe
MG2BIO4(S) M328104 (L)
Rozr o3
NACL(S8) NACL(L)

NA2CO3(8) NA2CO3 (L)
?AZIO‘(S) NA2804 (L)
1 4

e e

134 81is)
8ICL4 sIr
8I102(8) $102(8)

MOTE. WEIGET FRACTION OY YUEL IX TOTAL YUELS AND OF OXIDAXY IX TOTAL OXIDANYS

ALe
ALCL3(8)
ALN(IS)
ALS013812
BCL2

an
Bor?
<

ceLé
cal
COCLY
C2-
c2N2
CACO3(S)
CAS ' B)
CLO2-
1218 1)
FEO(S)

ALBO2
ALCL3I (L}
ALR

c2
CACO3(8)
CAS0418)
cLP
reis)
reo(L)
FE2X3(L)
a

H30e
X3r2(8)
X2804 (8)
LIF(S)
LIoH(L)
LI202%2
MGCL2(8)
“G!

Nr2

NIK4
RAP(L})
MA2F2

Oe

»a3

s0r:
B34

sIrs
812C

ALCL ALCLe
ALCLS ALRe
ALD+ ALON¢
38 B(L)
BCL2~ BCLIM
N2 BH202
»2 320
c- CAL
CPe cr2
CR4 CHCL
cor: cos-
car: care
c3 clo2
CACLI(B) CACLItL)
CLe cLcy
cL2 €120

rELL) FECL
FEO2K2(8) TEOIRI(S)
FE253012(8) TEIO4(S)
NOY

HOP
Hp- Hel-
KHr2(s) XRrZ (L)
X2804 (B) X2804 L)
LIP(L) Lirn-
LIOR. Lion
1LI3CLY 11373
MGCL2 (L)} MGCL2
MGSO4(S) MGBO4 (L)
Rry NOCL
W20+ N204
NAr2- NAOK(S)
NA20(S) Ra20(8)
(1.3 4
PO~ 8
#02CL2 so2CLY
8- aic
BIrd4 81K
812n 813

AT-67

ALCLY
ALF2
ALON-

[
CACL2
cLP

e
PICL2(8)
rzes)
He

HSOF
Xi8)
R2CO3t8)
LI{s)
Liro
112
MG(S)
M322(8)
MGBI03(8)
RO

n208
RAOKLL)
HA20LL)
Pis)

r2
50222
8ic2
SINe
AL203(8)

ALCLEF?

MGP2(L)
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LIR(L)
L1ar2
NG

nera
MGAIO3(S)
Nors
nmis)

i
;l?lol(')
8(8)

2

$1CL2
sIn

ALCL2+
ALPS(S)
AL20+

CAtS
CAr2(L)
cLo

r:
TECLItS)
TL30418)
HBO*
nap
RCL(L)
XOH(S)
L1-

LN
LI120(®)

KA
MA2C0I(H)
NA2804 (8)
PcLY

8(L)
82=
3ICLY
8102(8)





