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ABSTRACT

A KINETIC MODEL FOR THE REACTIONS OF CO AND H, TO

2
CH4 AND C2H2 IN A FLOW MICROWAVE DISCHARGE REACTOR

By

Steven F. Mertz

A kinetic model was developed to describe the
reactions of CO and H2 to CH4 and C2H2 in a microwave
plasma. The experimental system consisted of a 24 mm I.D.
tubular quartz reactor which passed through a microwave
cavity. A variable-incident power waveguide system could:
supply up to 800 watts of incident microwave power to the
cavity. The reactant gas mixture of H2 and CO flowed
through the reactor, where a plasma was maintained under
pressures of 20-100 mm Hg. The reactor effluent was
analyzed by IR spectroscopy for CH4 and CZHZ' Conversions
of up to 5.3% CO to CZHZ and 7.2% CO to CH4 were observed.
A 26-reaction kinetic model was developed and fitted to the
experimental data. The plasma reactor was modeled in two
zones: a discharge zone where electron-impact dissociations
produce H, C, and 0, and a downstream recombination zone
where the atomic species from the discharge recombine. The
discharge zone was modeled as a well-mixed reactor, and
the recombination zone was modeled as a plug-flow reactor.
The model was able to explain the asympotic shape of the
observed conversion versus residence time data; the effect
is due to a kinetic limitation. This also explains why
the conversions obtained in the plasma cannot be predicted

by thermodynamic equilibrium.
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INTRODUCTION

Several investigators have successfully modeled discharge
reactor systems for relatively simple reacting gas mixtures. Brown
and Belll have studied the reactions of an OZ/CO/CO2 discharge;

Bell2 has modeled H, dissociation-recombination reactions; and Mearns

2

and Morris™ have analyzed O, dissociation-recombination reactions.:

These investigators have simzulated the behavior of simple reacting
chemical systems using straightforward plug flow, backmix, and non-
flow kinetic models. Their studies have defined the kinetic, discharge,
and transport parameters that determine the chemical nature of plasma
systems and have shown that such systems can be successfully described
by kinetic models based on electron-impact dissociation and free
radical recombination.

The objective of the work described in this paper was to extend
the previous work in plasma kinetic modeling to complex systems in-
volving multiple parallel and consecutive free radical reactions. The
papers of Brown and Bell formed the groundwork for our investigation
of the reactions of H. and CO to hydrocarbons in a microwave

2
plasma system. The kinetic constants for H, and CO dissociation-

recombination processes in discharges wer?:e determined from their
experimental studies. A flow-reactor model for HZ/CO plasmas was
developed by combining the electron-impact dissociation-recombination
kinetics of H2 and CO plasmas with the recombination kinetics of
hydrogen, carbon and hydrocarbon radicals. This model was success-
fully fitted to experimental data. This paper describes the experimental
plasma system and experimental procedure, develops a kinetic model
for analyzing plasma reactions, and reports the kinetic parameters
used to fit the data.

The success of this model shows that the kinetic models of
Bell and Brown can be extended to more complex reaction systems,
and that plasma chemical reactions can be analyzed in terms of the

kinetics of electron-impact dissociations and free radical recombinations.



PREVIOUS WORK

In addition to the kinetic modeling of Bell and Brown, a number
of researchers have experimentally investigated carbon-hydrogen dis-
charge systems. Baddour and Blanchet4 have studied the reactions of
carbon vapor with hydrogen and methane. The carbon vapor was pro-
duced from the graphite electrodes of a 30 kw arc at atmospheric
pressure. The temperature of this arc was estimated to be 3500 -4500°K.
By withdrawing gas from the arc through a water -cooled quench probe,
mixtures of up to 26 % acetylene in hydrogen could be obtained.
Equilibrium calculations indicate that the maximum concentration of
acetylene should be about 7 % ; however, it was explained that the high
yield was due to the quench step.

Blaustein and Fu5 have studied the reaction of HZ/CO and
HZ/CO2 mixtures in a nonflow 2450 MHz discharge reactor. Pressures
of 12 and 50 torr and reaction times of 30 to 240 seconds were used.
Without quenching, the maximum hydrocarbon yield was 17 -18% con-
version of CO to CH4 and CZHZ at 12 torr, and 24-25% at 50 torr. By
freezing out the water formed during the reaction, the conversion was
increased to 78%. With a liquid N2 cold trap which froze out all the
hydrocarbon products, conversions of about 90 % were observed. The
predominant products are CH4, CZHZ' and C2H6; the ratio of products
depends upon quench temperature. Very little C2H4 was observed.

Lett, et. al., 6 have studied the reactions of an HZ/CO/Ar
mixture in a flow plasma system. A 2450 MHz microwave source was
used. Mass spectrometry was used to analyze for hydrocarbon products.
The major products were CH4 and CZHZ; negligible amounts of C2H4
and C2H6 were observed. The reaction appeared to have a first-order
dependence upon CO concentration.

Baddour and Iwa.syk7 have also reported the results of C/H2
reactions in a high-intensity arc. As in the paper by Baddour and
Blanchet, they have used an equilibrium approach to explain the formation
of CZHZ in high -temperature systems; methane formation is not con-
sidered. A key reaction step in Baddour's analysis is the formation of

C2 radicals in the gas phase as a precursor of acetylene:



Z.C——C2

C2 + H2 — CZHZ

Mc Taggert8 and Vastola et. al. ? have investigated low pressure
reactions of HZ’ graphite, and CO in microwave (2450 MHz) flow reactors
with low residence times. Only traces of hydrocarbon products (mainly
CH4 and CZHZ) were observed in the gas collected from the HZ/CO dis -
charge. A hydrogen conversion of about 10% was observed when graphite
rods were suspended in a hydrogen discharge. Spectroscopic evidence
indicates that CH radicals are intermediates in the formation of hydro-
carbons.

10, 11ha.ve conducted pyrolysis

Fu, Blaustein, and Wender
experiments by heating coal in Ar, COZ’ and H2 discharges. The main
products were HZ’ CO, and COZ' Some methane and acetylene were
also produced.

A number of papers also deal with the kinetic analysis of
plasma reactions. Kondratiev, et. al. 12ha.ve discussed the difficulties
involved in calculating rate constants for plasma reactions from collision
cross sections. Furthermore, there are problems associated with
applying kinetic rates determined for molecules in the ground state to
plasma reactions; while a large fraction of the molecules in a low-
temperature plasma are not ionized or dissociated, it is likely that a
significant number of these molecules will possess some excitation
due to electron-molecule collisions. The deviation between the rate
constants for excited molecules and for ground -state molecules can
vary by 30 percent in some cases. Therefore, although the general
principles of kinetic analysis apply to plasma reactions, the rate con-
stants for plasma systems may vary from those measured for non-
plasma gas phase reactions.

Pola.k13 has observed that one of the main difficulties in relating
kinetic data to theory for plasma systems is that low-temperature
plasmas are not in thermal equilibrium. The activated complex theory
of gas-phase reactions assumes an equilibrium between reactant
molecules and the excited activated complex (which has a fixed prob-

ability of either proceeding to products or reverting to reactant



molecules); the Arrhenius equation for rate variation with temperature
is a result of this theory. However, the reacting mixture must be in
thermal equilibrium (i.e., have a Maxwell -Boltzman distribution of
energies) in order to apply the activated complex theory. Hence, the
temperature -rate variation for plasma reactions may not be adequately
described by the Arrhenius equation. In order to rigorously treat low-
temperature plasma processes, it is necessary to deal with several
different temperatures: electron temperatures, ion temperatures, gas
translational temperatures, gas rotational temperatures, and gas
vibrational temperatures.

Polak has also developed a kinetic model for a high temperature
plasma arc converting methane to acetylene. This system, which
operates at a pressure of 1 atmosphere, probably approaches thermal
equilibrium due to the high frequency of electron-gas collisions (due,
in turn, to the high pressure). A classical multiple-reaction kinetic
model using Arrhenius rates successfully described the performance
of the plasma jet.

Bell and others

recombination reactions in plasma systems. Bell has developed a

1,2,3, 14 have successfully modeled dissociation-

general model for plasma reactions14 that includes equations of continuity
for electrons, ions, and uncharged species (free radicals and ground
state molecules). He has applied this model to a hydrogen plasma2 for
nonflow, backmix flow, and plug flow systems. Bell found that data for
H2 dissociation in a flowing microwave discharge was best described
by a backmix model.

Bell and Brown1 have modeled the discharge reactions of CO
and O2

data were generated in a 13.56 MHz RF discharge; pressure varied

and the decomposition of CO2 using a 15-reaction model. Their

from 2-32 torr, flow rate varied from 2-30u moles/sec. , and power
varied from 50-350 watts. Their model consisted of two plug flow
reaction zones in series. In the first zone, electron impact dissociations
form the reactive precursors of the products; in the second zone, these
free radicals recombine to yield the final stable products. A correction
was included for gas bypassing the plasma without reacting.

15, 16

Bell and Kwong and Mearns and Morris3 have studied

the dissociation-recombination reactions of oxygen discharges. Their



expcriments were performed in flow reactors using either radio
frequency or microwave excitation. The proposed reaction mechanism
consists of electron impact dissociation followed by four competing
recombination reactions. The important variables in plasma systems

were reported to be gas flow rate, power, and pressure.



EXPERIMENTAL PROGRAM
A. Reactor Flow System

The plasma reactor flow system is shown in Figure 1. The
reactor was a 24mm ID quartz tube passing through the axis of a
cylindrical microwave cavity. The reactor could be operated at
pressures from 2-100 torr. The quartz tube was cooled by an air
stream directed into the cavity.

The reactor feed system consisted of a feed cylinder, flow
meter, and feed valve. H2 and CO were premixed at the desired feed
ratio and stored in the feed cylinder during each series of experiments.
A pressure regulator delivered the HZ/CO mixture to the rotameter at
a constant pressure of 5 psig. The feed valve controlled the flow rate
through the rotameter and throttled the feed to the reactor pressure.

The effluent from the reactor was passed through a 10-
meter Perkin-Elmer gas IR cell for analysis. A silica-gel
drying tube ahead of the IR cell removed any HZO generated by the
reactions; the IR absorption of water would otherwise mask the ab-
sorptions of CH4 and CZHZ' After passing through the IR cell, the

gases passed through another valve which was used to regulate the

reactor pressure. The gases were then exhausted to vacuum.

B. Plasma Cavity and Microwave System

The plasma is generated within the cavity and is contained by
the 24 mm ID quartz tube located along the axis of the cavity (Figure 2).
The cavity has an I.D. of 20.3 cm and can be adjusted to a maximum
length of 35 cm. The cavity is water cooled by externally soldered
tubing coils. The quartz tube itself is cooled by an air blast directed
into the cavity. The plasma can be viewed through a screened window
in the cavity side wall.

The cavity is designed to operate in a number of different modes.
Depending on the method of coupling energy into the cavity and the cavity
length, either the TE* 112 or the TM 011 mode can be excited. A probe
coupling is used to excite the TE* 112 mode, and a loop coupling is used
to excite the TM 011 mode. The cavity length can also be adjusted to
achieve maximum power absorption by the plasma. The optimum cavity

length depends upon the cavity mode and the plasma pressure. During
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the experiments described in this paper, the cavity was operated in the
TE#* 112 mode with a cavity length of 12-13 cm.

Power is coupled into the cavity from a variable-incident-power
2450 MHz microwave system. The maximum incident power is 800
watts. Power meters monitor the incident and reflected power; the
difference between the two powers represents the power absorbed by
the plasma. The cavity and power system were described in detail in
earlier papers. 19, 20
C. Experimental Procedure

Prior to operating the system, the feed tank was evacuated
and filled with H2 and CO in a predetermined ratio. The reactor system
was then evacuated. The plasma was ignited, and then the feed rate,
reactor pressure, and absorbed power were adjusted to the desired
levels. The system was allowed to operate for several minutes to
guarantee that the IR cell was filled with steady-state reactor effluent,
then the IR spectrum was scanned for CH4 and CZHZ'

The concentrations of CH4 and CZHZ in the reactor effluent
were determined from the strength of their IR absorptions. The areas
under the CH4 absorption at 3000 c:m'1 and under the CZHZ absorption
at 1300-1400 cm-l were compared to the areas obtained for mixtures
of CH4 and CZHZ in HZ and CO at concentrations corresponding to 5
and 10% conversion, and at the pressures of the experimental runs.

The IR system was capable of detecting CH4 and CZHZ concentrations
as low as 0.05% at pressures above 20 mm Hg. No absorptions were
observed for other hydrocarbons such as C,H, and C2H6' although

24
mass spectroscopy indicated that they were present in small amounts.

D. Experimental Results

Our experimental program was designed to determine the
effects of residence time, feed composition, pressure, and power on
the conversion of CO and H2 to hydrocarbons. Figures 3-7 show typical
experimental results and will be compared to the results of the kinetic
model described in the next section. A complete summary of the
experimental results has been reported.

Figures 3 and 4 show the effect of residence time on conversion.



The space time reported in these figures is defined as

i
T= P
v
o

where Vp is the observed plasma volume, and v, is the volumetric flow

of gas into the plasma zone. Due to the volumetric expansion that
accompanies the partial dissociation of the reactant gases, the actual

residence time is slightly less than the space time.

As can be seen, the conversion increases rapidly at first, but
then asymptotically approaches a limiting conversion of about 7.3 per-
cent to CH4 and 5.3 percent to CZHZ. It should be noted that the total

conversion of CO is the sum of the conversions shown in Figures 3 and

4, since both CH4 and CZHZ are produced simultaneously.

Figure 5 illustrates the effect of plasma pressure on conversion.
The data shown was taken at constant space time. As can be seen, for
pressures above 20 mm Hg, conversion decreases as pressure increases.

Figures 6 and 7 show the effect of variation in feed composition.
As expected, a large increase in the HZ/CO ratio increases the conversion
of CO to hydrocarbons. The yield of CZHZ shows some dependence upon
power level (increasing the power level increases the conversion to
CZHZ)’ but the conversion to CH4 does not depend strongly on the power
level.

During the experiments, the plasma was observed to decrease
in size as the pressure was increased. At high pressures the plasma
was not symetrical; rather than being cylindrical or spherical, it
appeared to be somewhat flattened (Figure 8). At pressures below 40
mm Hg, the plasma appeared to extend to the tube walls. At pressures
above 40 mm, the plasma did not extend to the tube walls. At pressures
of 80-100 mm, the plasma zone is a flattened sphere about 1.5 cm
across. Because of the small size of the plasma zone, considerable
bypassing occurs at high pressure.

During high pressure operation, a soft black deposit resembling
soot appeared on the tube wall for a short distance immediately down-
stream and upstream of the plasma zone. This deposit apparently is
due to the migration of carbon atoms to the tube wall, where they
condense to form an amorphous carbon deposit. The tube wall is

subject to severe local heating around carbon deposits in the discharge



zone. This may be due to an insulating effect of the carbon, or it may
be due to exothermic recombination reactions occurring at the carbon
surface.

With an IIZ/CO plasma, the maximum feasible pressure range
was found to be 80-100 mm Hg. Above 100 mm, the tube wall in the
plasma zone overheated excessively in spite of the cooling air jet. A
large fraction of the tube wall heating is due to exothermic recombination
reactions that occur at the wall. With an HZ or an HZ/CO plasma, tube
wall heating is observed as a dull red glow at pressures above 30 mm Hg;
air cooling of the quartz tube is required under these conditions. With
an argon plasma, no tube wall heating is observed for plasma pressures
as high as 500 mm Hg.

The reason for the difference in tube wall heating effects be-
tween H2 and Ar is that no dissociation reactions occur in an Ar plasma,
whereas in a hydrogen plasma, highly endothermic dissociations occur
in the plasma zone, and highly exothermic recombinations occur at the
tube wall. Bell has indicated that the wall recombination reaction is
significant in H2 plasmas;2 this observation was confirmed by our
experiments, and the results of our kinetic model are also consistant
with this.

The HZ/CO plasma has the same blue color as an H2 plasma.
However, a very faint greenish-yellow afterglow is observed to extend
5-10 mm downstream of the plasma. This afterglow is probably due to
recombination reactions that continue after the gas has left the plasma
zone. We may speculate that these reactions only occur downstream
of the plasma; however, it is equally likely that they occur to some extent
within the plasma, but their emissions are masked by the light emitted
by the dominant excitations within the plasma zone.

Several investigators of H,/CO systems have stressed the

4,5,7 2

importance of quenching. To test this effect, the section of the
quartz reactor tube immediately downstream of the plasma zone was
packed with dry ice. In our quench experiment, the quench zone was
about 3 cm downstream of the plasma zone; this restriction was dictated
by the geometry of our microwave cavity. Because of the large diameter
of the reactor tube, the contacting of the gases with the chilled walls

was not as effective nor as fast as the quench method of Baddour,4' 7



who has used a water -cooled probe of very small diameter to withdraw

gases directly from the plasma zone. No improvement in conversion

was observed in our system, which indicated that our quench arrange-
ment was ineffective. The kinetic model of the reactions in the HZ/CO

system explains the importance of rapid quenching, as will be discussed
later.
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DISCUSSION AND MODELING

A. Reactions of the HZ/CO Plasma System

Table 1 lists the chemical equations used to model the reactions
of the discharge zone and of the zone immediately downstream of the
discharge. The rate constants listed are those used in the kinetic model.
As will be explained later, some of the key rate constants were adjusted
to improve the fit of the model to our data.

Some of the rate constants in Table 1 were reported as functions
of temperature; to evaluate these, a temperature of 800°K was assumed
for the plasma zone and for the region immediately downstream of the
plasma. Bell has reported a temperature range of 600°K to 1000°K for
a CO/COZ/O2 plasma. 1 For those rates that were reported for tem-
peratures outside the range of temperature expected for the plasma,
activation energies available for similar reactions were used to estimate
the rates at 800°K.

Bell has calculated rate constants for electron-impact dis-
sociations of HZ and CO. 1, 2 These rates are evaluated from reaction
cross sections (o) with the assumption of a Maxwell -Boltzmann distri-
bution of electron energies. Referring to Table 1, the expressions for

kl and k, are given by

,©
k=L ()2 (oo expl-e/vr,) ac (1)
Tmg e o

Bell has successfully used these rate constants to model the dissociation
of H, and CO in discharges.

Electron impact ionizations also occur, but their influence on
the products of the plasma reactions is small. The calculated concen-
trations of uncharged species (C,H) in the plasma zone are in the

range of 101°-1017

atoms/cm3. Charged species must exist at
approximately the same concentration as electrons to maintain charge
neutrality in the plasma. The electron density of our system was about
101 electrons/cm3. Ionic species would therefore not exceed concen-

trations of 1012 ions/cm3; they would arise from reactions of the
general type

+
e+H2——H2 + 2e

e +CO — CcOT +2e

11



These ions do react with neutral molecules, but because they are pre-
sent in concentrations several orders of magnitude smaller than the
uncharged atomic species, their contribution to the total product yield
was expected to be small. Bell has reached the same conclusion
regarding ion reactions in H2 plasmas.

The reactions of the plasma system include electron-impact
dissociations to C and H (reactions 1 and 2), recombinations to the
feed materials (reactions 3, 4, 5), recombinations to hydrocarbons or
hydrocarbon intermediates (reactions 6-22), and reactions to CO2 and
HZO (reactions 23-26). All of the recombinations with the exception of
reaction 4 are homogeneous gas-phase reactions. Reaction 4 represents
the recombination of H to H, at the surface of the tube. The rate

2
expression for the disappearance of H is

2R, = 2k4H{] (2)

Bell has evaluated the recombination constant from the rate of H atom

1,2
migration to the tube wall and the recombination coefficent (Y):

Tr
k4=Z—r—y (3)

where the random velocity and recombination efficiency are given by

8 «T
Vo=V Tm (4)
y = .114 exp(-1090/T) (5)

This heterogeneous recombination is probably a major factor causing
the tube wall heating observed in the plasma zone; nearly half the total
hydrogen recombination to H2 occurs via this mechanism.

Although some carbon atoms diffuse to the reactor walls and condense
out as an amorphous carbon deposit, the loss by this mechanism is small,
as observed in our experiments. No significant heterogeneous recombina-
tion of C and O occurs because the condensed carbon is not highly reactive

and because O combines rapidly with H or H, to form H,O.

12



B. Reactor Model

The reaction system was modeled as two isothermal zones:
the plasma zone, where dissociations to reactive intermediates occur,
and the region downstream of the plasma, where recombinations to

hydrocarbon products occur (Figure 9).

1) Plasma Zone (Backmix Reactor)

The reactions occurring in the plasma zone are the electron-

impact dissociations of H, and CO, and the recombination of H to H

and C and O to CO. Recozmbination reactions of H, C, and O to morze
complex molecules were assumed not to occur in the plasma zone.
Recombination products would be formed in excited states due to the
exothermic nature of recombination reactions, and electron impacts
in the high energy environment of the discharge would probably cause
a large fraction of the recombination products to decompose again.

The assumption that no recombination to hydrocarbons occurs in the
plasma zone may not be completely correct; however, this assumption greatly
simplifies the mathematical treatment of the zone and adequately predicts the
experimental values for the compositions of the end products. The discharge
was modeled as a well -mixed (or backmix) reactor. The development of the
material balance equations will illustrate the method used.

The material balance is for steady-state generation of the
atomic species H, C, and O in the plasma zone; the rate of generation

is equal to the rate that the atomic species flow out of the plasma zone:

v[H] = Vp(Zklne[HZ] - 2k3[H]2 M - 2k4[H] ) (6)

v[c] = v, (k,n [CO] -k [cllom) (7)

The concentration of each species can be written as a function of the
H and Xc’ the

concentrations of species in the plasma zone are as follows:

conversions of H2 and CO. For any conversions X

MXHZ (1 -X)

[H,] = (8)
2 5, THF X T2 (1 F %)
Mx, (2X)
[H] = 2 (9)
x.HZ (1 +XH) +xCO (1 +YC)

13



cho (1 -XC) (10)

[co]l= :
x.HZ(l+XH) +xcoﬁ +XC)
Mx X
CO"C
[c] - [0]- (1)
tz (1 + XH) +xCO (1 + XC)

Because the plasma zone is assumed to be well-mixed, the gas
flowing out of the zone has the same composition as the gas in the
plasma zone. The total volume of gas flowing out of the plasma zone
is given by |
v=v [xHZ(l +Xy) txog (14 xc)] (12)
Two nonlinear equations in XH and XC are obtained by substituting
equations 8 - 1l into the material balance equations (6, 7). These
equations were solved for XH and XC by Newton's method. The con-
versions were then substituted into equations 8 - 11 to evaluate the
concentrations of H, C, O, CO, and H2 leaving the plasma zone. The

residence time in the plasma zone is given by

t = Vp/v (13)

The electron density (n_) used in the model was estimated to be about
1012 electrons/cm3. Iit:3 was not possible to measure the electron density
directly, but Bell has calculated theoretical estimates of electron density
as a function of pressure and absorbed power density for hydrogen
discharges. 2 Because the feed used in these experiments was mostly
hydrogen, Bell's results were used as an approximation.

The Peclet number, k; n_ D, -HZ/UZ or k, n_ D "HZ/Uié ,
is a measure of the amount of axial dispersion in a flow reactor.™”’
For Pe > 1, axial dispersion becomes a significant transport mechanism;
axial dispersion results in internal mixing, causing a change from plug-
flow reactor performance to backmix performance. In the case of the
hydrogen reactions considered here, the effect of axial dispersion is
significant -- Pe ranges from 0.3 to 370 for the range of flows
encountered in our experiment. This indicates that a backmix
approximation should apply to the hydrogen dissociation reactions.

For the carbon monoxide dissociation reactions, the smaller rate
constant and diffusivity result in a Peclet number ranging 4 x 10'4 -

0.6. This would indicate that the carbon reactions should follow a plug

14



flow model. However, experimental observations to be discussed later
indicated that axial dispersion may cause a significant mixing effect for
the carbon reactions also. Because of this, and to simplify the

calculations and reduce the computation time required for the model,
the backmix equations were applied to both the H2 and the CO reactions.

Bell has compared backmix and plug flow models for H, dissociation and
has found that the backmix approximation best simulates experimental
data. 2

A correction for gas bypassing the plasma was also included.
This was necessary because of the experimentally observed variations in
plasma size, shape, and flow cross section at different pressures and power
levels. As mentioned earlier, at pressures above 40 mm Hg, the plasma
recedes from the tube walls and becomes asymmetrical. The bypassing
factor was based on the ratio of the observed plasma cross sectional

area to the reactor flow area.

2) Recombination Zone (Plug Flow Reactor)

After the gases leave the plasma zone, they enter the recom-
bination zone. Reactions 3-26 were applied in this region to calculate
the conversion of H, C, and O to stable product molecules. Because
the diffusivities of the radicals and molecules formed during the re-
combination reactions are substantially lower than the diffusivities
of H and C atoms, a plug flow model was applied to the recombination
zone.

The plug flow model consisted of rate equations for the forma-
tion and consumption of each of the species appearing in the reaction
scheme;l these equations were solved numerically, using the concentrations
of H, C, O, H2
and 7) as the initial conditions for the plug flow zone. The following steady

, and CO exiting the plasma zone (obtained from Equations 6

state plug flow material balance for any species in the recombination zone can

be derived from a balance on a differential element of the recombination zone:

dni
U-dT' =Ry (14)
or
dni

15



A tabulation of the rate expressions used in the model is shown in Table 3.
The solution of this system of equations generates concentration profiles

for all the chemical species in the recombination zone.
A simplified model was also developed; it included only the

reaction paths leading to CH4 and CZHZ' The reactions used in this
model are listed in Table 2. This model was streamlined as much as
possible to minimize the computation time required while still closely
matching the results of the complete model. Both models were tested
and were shown to give nearly identical results. The execution time of
the simplified model was considerably less than that of the complete
model. One reason for this was that the short model did not include
the reactions leading to HZO' Because these reactions occur at an
extremely high rate, they were not rate controlling; however, they required
a very small step size in the numerical integration. When they were removed,
the model (which had a floating step size) could run much faster.

The total reactor model thus consists of the backmix plasma
zone and the plug flow recombination zone (including either the complete
set of recombination reactions shown in Table 1, or the simplified set
shown in Table 2). The model of the plasma zone calculates the con-
centrations of reactive intermediates H, C, and O generated in the
discharge. The model of the recombination zone calculates the con-
centrations of products that result from the recombination of these

intermediates.

C. Data Fitting
The simplified model was used to fit the experimental data shown in

Figures 3 and 4 in a regression which adjusted some of the key reaction rate

constants. A fast but accurate model was required in order to do the regres-

sion using a reasonable amount of computational time. The reaction rates

that were adjusted during the regression were kl’ kz, k3, k4, kS’ k9,

k“, and kZO' The rates k1 through k5 were allowed to float because

the total conversion to hydrocarbon products depends directly upon the

amount of atomic carbon formed in the plasma (compare Figures 3, 4,

and 10), and the CH4/CZH2

The CH4/C H, ratio also depends upon k9, k

2772 36 11 0°
sion routine used Marquardt's method;” " it was set up to select the

ratio depends upon the amount of H generated.
, and k2 The regres-
rate constants that would minimize the squared deviation between
observed and calculated conversions to CH4 and CZHZ’ Table 4 com-
pares the results of the regression to the estimates of the rate constants

from literature sources.
16



D. Comparison of Model to Experimental Results
The rates determined from the data shown in Figures 3 and 4 were

used in the model; numerical results from the model are compared with
our experimental data in Figures 3 - 7. An important observation is that
the conversion versus residence time curves (Figures 3, 4) asymptotically
approach a limiting value; however, the conversions observed are not
equilibrium conversions. Equilibrium studies by the authors and others4' 7
have indicated that the observed concentrations of CZHZ and CH4 are not
possible at equilibrium in a system at the temperature of our discharge.
CH4 will not be found at equilibrium in a system at a temperature high
enough to have the observed concentration of C2H2° The results of our
experiments represent a kinetic steady state rather than thermodynamic
equilibrium.

This result is readily explained by the proposed kinetic model.
For a given yield of C atoms leaving the plasma zone, the CH4/C2H2
ratio is largely determined by the recombination kinetics. The region
downstream of the plasma zone is clearly not at chemical equilibrium.
As soon as the gases leave the plasma, they begin a quench process in
which heat is rapidly lost by radiation. The radicals that are present
recombine very rapidly to form stable molecules (Figure 11); there is in-
sufficient time for equilibrium to be established at the low temperatue of the
system. The result is that the recombination process is irreversible,
and the resulting broduct concentrations do not represent equilibrium.
Instead, they represent the relative ratios of competing irreversible
reaction paths.

The asymptotic shapesof the curves of CH4 and CZHZ concentra-
tion versus residence time,which resemble an approach to equilibrium,
are actually due to kinetic phenomena within the plasma zone. In the plasma
zone, the reactions of CO dissociation and recombination reach a steady
state independent of flow rate for residence times in excess of 0.20 seconds
(see Figure 10); this has the appearance of a system at equilibriuni. How-
ever, for higher flow rates, the steady state is flow-rate (or residence
time) dependent. ‘

To illustrate this, consider a simplified version of the CO
dis sociation-recombination process:

kZ
CO+e—= C+0O+e

kS
CO+M<+<C+0+M

17



By a steady-state material balance for the plasma zone:

v[cC] Vp (klne[CO] - kSM[C][O]) (16)

Xp k;n_ [co]

[c] = 17
VR MOT+v (17)
k,n [CO] k,n [CO]

c] =tovo— -1 (18)

- 1
k M [O] + v/Vp kSM [O0] + T

If V/Vp<< kZM [O] (low flow rate), then the conversion to carbon atoms
will be independent of flow rate, and the system will appear to be at

cquilibrium:
k., n
CO] l1e
[C] = k| ; K= (19)
|O| k5M

However, if v/vpis significant in comparison to kM [O], then the
conversion to carbon atoms will be flow rate dependent. This is the
case for residence times less than 0.20 seconds (Figure 10).

By this mechanism, a state of balance between the CO dissocia-
tion and recombination reactions gives the appearance of a system at
equilibrium, when in fact, most of the reactions occurring in the total reaction
system are kinetically limited and are not at equilibrium. For this reason,
the product composition cannot be predicted by thermodynamic equilibrium.

The kinetic analysis of our model indicates that the conversion of
CO to hydrocarbon products is strongly dependent upon the amount of
atomic carbon formed in the plasma zone. This is in contrast to earlier
speculation20 that the conversion was controlled by the amount of H
formed in the plasma. The relatively low conversions observed in our
system indicate that there is not a significant amount of free radical

chain propagation via H such as the following:

H+CO —-CH +0
H+CO —-—OH +C

If this were a significant reaction path, higher conversions of CO to

hydrocarbons would be expected.
Figure 5 illustrates that the model shows the same dependence

upon pressure as was experimentally observed. Figures 6 and 7 show
the effect of changes in feed HZ/CO ratio. The model predicts the

18



conversion of CH, very well for 6/1 and 4/1 ratios, and shows the correct
trend for a 2/1 ratio. The model fails to predict the correct feed ratio
effect for CZHZ yields. This indicates that the proposed reaction paths

to CZHZ are possibly incomplete, or the reactor model is somewhat in

error.
The model does correctly predict low conversi—ons to C2H4 and

CZH ¢ 28 was experimentally observed and has been reported by

others. 5, 6 The low yields of CZH4 and C2H6 occur because the reaction

paths to these products require bimolecular collisions between species

that do not reach high concentrations in the recombination zone. C and CH

are largely depleted before much CH 4 has been formed, hence reactions

12 and 15 produce little C2H4. The reaction paths to CH4 favorably

compete with the paths to C2H6 because they require CH3 -H2 or CH3 -H

collisions, which are more likely than CH3-CH3 collisions (Figure 11).

The appearance of narrow bands of soot on the reactor both
upstream and downstream of the plasma indicate that the backmix
approximation does apply to the carbon reactions as well as to the
hydrogen reactions. If there is sufficient axial dispersion to allow
carbon atoms to diffuse upstream from the plasma zone, then the plasma
zone is probably well mixed.

The importance of rapid quench is evident from the rate of
depletion of reactive intermediates in the recombination zone (Figure 11).
Carbon atoms disappear very rapidly; nearly all the carbon-containing
radicals are depleted with 2 milliseconds of recombination time; H atoms
persist somewhat longer. This means that the product distribution is
determined with the first 2 milliseconds after the gases leave the
plasma region. In our system, this corresponds to about 2 cm of flow
distance at high flow rate. For a quench system to have any effect at
all, the plasma gases must impinge immediately upon the quench
section, and the contacting must be intimate. The high rate of recom-
bination explains why our dry ice quench was ineffective; the recombina -
tion reactions were essentially complete before the gases reached

the quench zone.
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CONCLUSIONS

A kinetic model was developed to describe the dissociation and
recombination processes occurring in a complex discharge reaction
system. The model was based on two reaction zones: an electron-
impact dissociation zone, followed by a zone where free radicals recom-
bine to form hydrocarbon products. The model successfully simulates
the residence time and pressure effects observed experimentally. It
also explains why discharge reactions appear to approach steady state
compositions that are not predicted by thermodynamics. Although it
contained many simplifications and approximations, the model was based
on a fundamental analysis of the flow processes and chemical reactions
occurring in the plasma. The success obtained with this model indicates
that kinetic modeling provides a valid analysis of plasma processes.
With refinement of the model and more extensive experimental data
(such as direct electron density and plasma temperature measurements,
accurate measurements of trace products, and perhaps measurements
of concentrations of recombination intermediates in a fast-flow
experiment), it would probably be possible to completely analyze and

quantify the processes occurring in the plasma reactor.
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NOTATION

D 11, diffusivity of C through H,, crnz/scc

Dy H, = diffusivity of H through H,, cmz/sec

K = constant, dimensionless

ki = rate constant

1 = length, cm

M = total gas density, pa.rticles/cm3

m = particle mass, g

m = electron mass, g

n_ = electron density, e/cm3

n, = concentration of species i, a.toms/cm3

r = reactor radius, cm

Ri = rate, atoms/cm3sec

T = temperature, °k

t = residence time, sec

Te = electron temperature, °k

U = velocity of gas through plasma, cm/sec

v = volume of gas flowing out of plasma zone

v, = volumetric flow of reactants into plasma, measured at
plasma temperature and pressure, cm-/sec

Vp = plasma volume, cm3

Vr = random velocity, cm/sec

XC = conversion of CO in plasma zone

XH = conversion of H2 in plasma zone

Xco = mole fraction CO in feed

tz = mole fraction H2 in feed

Y = recombination efficiency

€ = energy, eV

K = Boltzmann's constant, erg/molecule °K

o = cross section for reaction, cm2

T = space time in plasma zone, sec

A



w1938A8 MO[J 1030831 ewiseld - [ 9Ind1 g

NY3 M—

1SAVHX3 O1™ JH w
dWnd
WNNOVA Mm
= Yl
JsnL
ONIAYG
D<— J
D4 s
A
YOLIOVIY ANVL Ouwwu
0) - “H
VWSY _—]
WSV1d -
dlvY = "\UTll /_L
ﬂ UNOS 4
1
@f 9 ¥OLVINO
< 4313IWVIOYN 3NS5
JATVA T0¥INOD Svo

vy a3xd



@)

s3gNl ONITO0D ¥IIVM

3Nl YWSVd
Z14vNO




Percent CO converted to CH4

Figure 3 - Effect of space time on conversion of CO to CH

4
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Percent CO converted to CZHZ

Figure 4 - Effect of space time on conversion of CO to CZH

results of model
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Percent CO converted

Figure 5 - Effect of pressure on conversion of CO to

CH4 and CZHZ
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Percent CO converted to CH4

Figure 6 - Effect of 6/1 and 2/1 feeds on conversion to CH4
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Percent CO converted to CZHZ

Figure 7 - Effect of 6/1 and 2/1 HZ/CO feeds on conversion to C_H
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Figure 8 - Effect of pressure on shape of plasma

(a)

Notes:
(a)
(b)

(c)

(b) (c)

Plasma at pressure of 20 mm Hg

Plasma at pressure of 40 mm Hg as seen in direction
of coaxial microwave probe

Plasma at pressure of 40 mm Hg as seen at right
angles to coaxial microwave probe
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leO”:- Figure 11 - Concentration profiles of intermediates and

o products in recombination zone
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10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.

Table 1. Reactions of HZ/CO Plasma System

Reaction

H2+e —2H + e

CO+e—-C+0O +te

ZH+M—>H2+M

2H —H, (at wall)
C+O0O+M—CO+M

C+H2—'CH+H

C+OH—-CH+O
C+tH+M—-CH+M

2C+M—-CZ+M

C2 + H2 - CZHZ

C+H2+M——CH2+M

C+ CH4 — C2H4

CH+H2+M—~CH3+M

2CH — CZHZ

CH +CH4—>C2H4 +H

CH+O—-OH+C

M+CH2+H2—-CH4+M

CH2 +H2 ——CH3 +H

CH2 + CHZ ——CZH4

CH +H+M—>CH4+M

3

CH3 +H2.——CH4 +H
ZCH3 —-CZH6

O+HZ —OH + H

M+OH+H—>HZO+M

+H, —
OH HZ HZO + H

cO +O+M—-COZ+M

2.4x 10

-12

7.4 x 10

1.0 x 10

2.5x% 103

2.8x 10

-

9.5x 10

8.3x 10

4.0x 10

1.0x 10

2.5x 10
8.8 x 10
2.1x 10
1.9x 10
2.0x 10
3.9x% 10

1.2x 10

1.2 x 10

2.8 x 10

-25

4.0x 10

-12

2.0x 10

5.2x 10"

-9

k.
i

cm3/sec*
3 ”
cm” /sec*
6
3 em /sec*
/sec*

33 cm6/sec*

17 cm3/sec

17 cm3/sec
cm6/sec
cm6/sec*
cm:‘;/sec"'<
cm6/sec
cm3/sec
cm6/sec
cm3/sec
cm3/sec
cm3/sec
cm6/sec
cm3/sec
cm3/sec
cm6/sec*

15 cm3/sec

10 cm3/sec

13 cm3/sec

em®/sec
cm3/sec

35 cm6/sec

Reference

(2)

(1)

(2)

(2)

(1)

(27)
(27)
(22)
(22)
(est)
(20, 22)
(20,22)
(25)
(22,25)
(25)
(27)
(29,30)
(29)
(33)
(est)
(21,23,29,30)
(24,26,29)
(27,31)
(31)
(28,31)

(32)

% These rate constants were determined by a regression on the experimental data

(see Table 4).

33

All others were estimated from literature sources.



Table 2.

1.

10.

11.

13.

14.

17.

18.

20.

21.

Reactions Used in Simplified Model

H2+e——ZH2

CO+e—-=C+0 +e

2H+M—>H2+M

2H — H, (at wall)
C+0O+M—=CO+M

C+H2—>CH+H

H+C+M—-CH+M

2C+M—-C2+M

C2 + HZ —»CZH2

C+H,+M—-CH, +M

2 2
CH+H2+M——CH3+M
ZCH——CZH2
CH2+H2+M—~CH4+M
CH2+H2—’CH3+H
CH3+H+M—-CH4+M
CH3 +H2—>CH4+H
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Table 3. Rate Expressions Used in Recombination Zone.

am -2k3[H]2M - 2k (1] + k[CIH,] - kg[CI[HIM + k| [CHICH,]
+ le[CHz][HZ] - kZO[CH3][H]M + kZI[CH3][H2] - k24[OH][H]M
+ kZS[OH][HZ]

€ = -kcloM -k[clH,] -k [cllon] - kglCIHIM - 2k4[CIM
- kll[C][HZ]M - klZ[C][CH4] + klé[CH][O]

3—? = -k [ClloM +k_[C][OH] - k, [CH][O] - k,,[O][H,] - k, [COl[O]M

dcC 2

T ° KolCI™ -k [C,]H,]

deH . k [CIH, ] + k_[CIOH] + K [CIHIM - k ,[CHI[H, M - 2k [CH]?
- kls[CH][CH4] - k16[CH][O]

dCH, >

I - kll[C][HZ]M - k”[CHz][HZ]M - le[CHZ][HZ] -2 k19[CH2]

dCH

cT?—3 = k13[CH][H2]M + k18[CH2][H2] - kZO[CH3][H]M - kZI[CH3][H2]
-2 kZZ[CH3]2

dCH,

I% = -klZ[C][CH4] - k15[CH][CH4] + k”[CHZ][HZ]M + kZO[CH3][H]M
+ k21[CH3][H2]

dC_H 5

E# = Kk olC,lH, ] +k ,[CH]

dC,H, 2

I = klz[C][CH4] + le[CH][CH4] + k19[CH2]

dC H

2

Te2—2 = k,,[CH,]

g%o = k[cllolM - k, [[collolm

dH, 2

T ° K[HI™ + Kk [H] -k [C]H,] -k, [C,1H,] -k, [C][H,]M

- kl3[CH][H2]M - k17[CH2][H2]M - k18[CH2][H2] - kZI[CH3][H2]
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-k7[C][OH] + k16[CH][O] + k23[0][H2] - k24[OH][H]M - kZS[OH][HZ]

= k24[OH][H]M + kZS[OH][HZ]

k, 6[co][o]M
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Table 4.

11.

20.

from Regression

Reaction

H2+e——2H+e

CO+te—=C+0O+e

ZH+M—>H2+M

2H — H, (at wall )
C+0O+M—CO+M

2C+M——CZ+M

C+H2+M—>CH2+M

CH3+H+M——CH4+M

Literature Estimate

37

k.
i

1.0 x 10_9

7.0 x 1011

1.2 x 10-31

3.0 x 103

2.9 x 10733

1.2 x 10_28

7.1x 10-32

Comparison of Literature Estimates of Rates to Rates

k,
i

Regression Result

2.4x 10"
7.4x 10"
1.0x 10"
2.5x 10>
2.8x 10"
1.2x 10~
7.0x 10"

3.9x 10"

9

cm3/sec

12 cm3/sec

31 cm6/sec

/ sec

33 cm6/sec

30 cm6/sec

32 cm6/sec

34 cm6/sec



10.

11.

12.

13.
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PROGRAM FIT(INFUT,OUTPUT)
C---THIS PROGRAM NUES A MULTIVARIAARLF NON-LTMEAR REGRZSSION.
C-=-THF PROGPAM PARAMITERS ARZ AS FOLLOWS « o+ &
NN=NUMBFR OF J0ATA POINTS
KK=NUMBFR 0OF UNKNOWNS TO 3F FOUND
B=VECTNP OF UNKNIWNS
BMIN=VECTOR OF MIMNIMUY VALUES OF B
BMAX=VERTOR 0OF AAXIMJY VALUES 0% B
X=VFCTOP NF INNEXENNENT VARTABLE DATA POINTS
Y=VECTOR OF OFEPENNENT VARIASLE DATA POINTS
PH=LEAST SQUAPES N8JESTIVE FUNGTION
Z=COMPUTEN VALUSS OF THE INNEPINDENT VARIABLE
BV=CONTROL PARAMITER=--SET TO { FOR NUMERICAL DERIVATIVES,
SET TO -1 FOR ANALYTICAL DERIVATIVES

ODOOOO0O

OO OZOOOO

C-=-~THE REGPESSION FNJATION IS OF THE FOPM
0 Y=F (X,R)
C
C-==THE MATN PROGRAM AND THI SUBROUTINES SHOULD BE DJIMENSTIONED AS
C===FOLLOWS .« « &
c DIMENSTOIN P(NN*KK) 3 ALK \KK+2) AR TKK KK+2) 3 XINN) 43 (KK) 4 Z(NN),
C Y (NN) 4BV IKK) 33 IN(KKD o 3MAX (KK) y FV (KK) 4DV (KK)
C
C-=--THE INPUT VARIABLZIS ARZ AS FOLLOWS . « &
X(1,I)=INLFT MILE FRACTION H2
X(2,T)=INLET MOLE FRACTION CO
X(3,I)=ROTAMETZIR VOLUMZTRIC FLOW, CM3/SEC AT SPSIG, 300 DEG K
X{4,I)=PLASHA VOLUMEZ, 5M3
X(5,1)=FRACTION OF 3AS PASSING THRU PLASMA
X(6, I)=ELECTRON DENSITY X 10-12, FLECTRONS/CM3
X(7,I)=PLASMA 2RESSJRE, ATM
X(8,I)=PLASMA TEMPERATURE, DEG K
YORS(14I)=PERCENT CONVERSION CO TN CH4
YOUBS(2, I)=PERCINT ZINVIRSION CO TO C2H2
DIMENSION P(700,8(743),8C(7,9),8(7),2(10),Y(10),8V(7),BMIN(7),
1 BMAX (7) 4FV(7),0V(7),Y03S5S(2,10),K(16),X(8,10)
EXTERNAL FUNS
COMMON X
COMMON/BFUNGC/YO03S,PRFLAG,KyM
REAL KoM
ICNT=0
C-=-=RFAD NUMRER OF DATA POTINTS (MN), NUMBER OF UNKNOWNS (KK), AND
C===PRINT PARAMESTER (PFLAS)=-- +1 GIVES OIAGNOSTIC PRINTOUT, =1 SUPPPZSSES
READ 801 ,NNyKKy2RFLAG
801 FORMAT(2I10,10.0)
C-==READ INITIAL GUESSES 05 UNKNOWNS (B)
READ 805, (3(J),yJ=1,KK)
805 FORPMAT(B8EL0.4)
f---READ LTMTTS ON VARIAALES
READ B05,4(3MIN(J) 4J=1,K()
READ 805, (BMAX(J),J=1,KK)
PRINT 808
808 FORMAT(®1%,UXy¥42%,9X,*¥30% 38X, ¥AVF%,0X,*PV*,8X,¥FTP*,09X,*¥NE*,3X,
1 *PP*,AX 4 *PT*,9X, *CH4*,8X,*¥C2H?2*)
C--=-READ INDFPENDENT AND DEPENDENT VARIABLES. EACH CARD CORRESPINDS

OO OCOOOO0
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C==-=TO A NDATA POTNT AND GIVES INFORMATION ON PLASMA CONDITIONS AND YIZLO
N0 97 I=1,NN
READ HPB.(X(J.I),Jrl.‘H,(YOx_lS(J,I).J-:l,Z)
A0A FOPMAT (LOEB.N)
(==--CONVERT ELECTRPON FROM INPJT UNITS TO ACTUAL UNITS OF E/CM3
97 X(h,T)=X(h,IV*1,.[12
C-=--READ IN XNOWN VALJES 0% RATE CONSTANTS
READ 806, (K([)yI=1,15)
N0 98 T=1,NN
PRINT B09,(X(J,I)4J=1,8),Y0BS(1L,I),YORS(2,I)
809 FORMAT(1X,10(G10.,3,1X))
98 Y(I)=1,
PRINT 810
R10 FORMAT (*0*)
FNU=0.
FLA=0._
TAU=0.
EFS=0.
PHMIN=0,
I=0
KD=KK
DO 130 J=1,KK
FViJ)=0.
AV =1
106 CONTTINUE
TCON=KK
C==-TCON IS THE NUMBER 237 JNZONVERGZD UNXNOWNS
ITER =90
200 CALL BSOLVE(KK ByNMyZyY,PH FNU,FLA,TAU,EPS,PHMIN,I,ICON,FV,
1 DV,y3V, 3MIN,3MAX 4P oFINC,DERIV,KDyAyAC,y GAMM)
ITER=ITER+]
PRINT 807,ITFR,ICON,PH
807 FORMAT(® AFTFR*yI%y* ITZRATINNS,*,I4,* UNKNOWNS ARE NOT CONVIRGIN,
1 THE VALUE OF THE DJ3JESTIVE FUNCTION IS*,E15.8)
C=-=--CHECK TO SEE IF ALL UNKNOANS ARE CONVERGED
PRFSAV=PPFLAG
IF(ITER/2%2 NE. ITER) 50 TN 202
PRFLAG=1,
CALL FUNC(KK,84NNyZyFV)
PRFLAG=PRFSAV
202 CONYTINUF
IF(ICON) 19,300,200
10 IF (ICON+1) 20,540,200
20 IF(ICON#2) 32,7),200
30 IF(TICON+3) WLD,AG,200
40 IF(ICON+4) 50,90,20"
S0 GO TO 95
60 PRINT 820
820 FORMAT(//* NO FJUNCTIOJON IMPROVEMENT POSSIBLE*)
GO 7O 300
70 PPINT AR21
821 FORMAT(//,% THERE ARE MIRE UNKNOWNS THAN FUNCTIONS*)
GO T0 300
B0 PRINT 822
822 FORMAT(//* TOTAL VARIAB_ES ARt ZEPO*)

44



GO TO 230
90 PRINT 823
B23 FORMAT (//42X,*CIORRECTIONS SATISFY CONVERGENCE RFAUJUIREMENTS, BUT _A
1MDA SACTOR (FLA) STI_L _ARGE.*)
GO0 Tn 300
95 PRINT A24
824 FOPMAT(//,* THIS IS NOT POSSIASLE*)
GO 70 3G0
300 PRINT A25
325 FORMAT(//,* THE 50LJTIONS OF THE FQUATIONS ARE A3 FOLLOWS « & o%)
NO 400 J=1,KK
PRINT A26,4,J,0(J)
A2h FORMAT(/,2X4*B(*,T12,%) = *,E15.8)
400 CONTINUE
PRFLAG=1,.0
CALL FUNC(KKyTyNNy7,=V)
1000 CONTINUE
END
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FUNCTION ARCNS(Z)
X=27
KFY=0
IF(X.LTal=1,)) X==1,
IF(XeGTals) X=1.
IFI{XeGFal=14) «ANJ. XeLT 0.0)KEY = 1
IF(XelTe0.9) x=483S(X)
IF(X.ENe0.0) GO TO 10
ARCOS=ATAN(SORT(1.-X*X)/X)
IFIKFY.EQel) AR30S=3.14159265-APCO0S
GO TO 999

10 APC0OS=1,5707963

999 RETUPN
FND



SUBROUTINE BSOLVEAKKy 34NNy ZyY,PHFNULFLA,TAYLECPSyPHMINy I, ICON,FV,
1 DV4UBVy IMIN,IMAX 4P 4FUNC DRIV 4KDy Ay AC, GAMM)
DIMENSTON P(70)yA(743)43AC(743)4,B(7)4Z2010),4Y(L0)BV(7),BMIN(7),
1 UMAX (7)) 4FVI7) 43DV (7) 4y YORS(2,19),X(8,10)
N=NN
K=KK
KP1i=K¢1
KP2=K+?¢
KBI1=K*N
KBT12=KBI1+K
KZI=KBT2+K
IF(FNU.LE.N.) FNU=10,
IF(FLAL.LF.",) F_A=0,01
TF(TAU.LE.O.) TAU=0,401
IF(FPS.LE. 0s) ZPS=0,00002
TF(PHMIN.LE.)s) PHMIN=0,
120 KE=0
130 DO 1m0 T1=1,K
1R0 IF(BVITL) e NEsQ ) KE=KZ+1
IF(KE,6T.,0) GO0 TN 170
162 ICON==7?
163 GO Tn 2120
170 IF(N.GL.KE) GC TD 500
180 ICON==?
199 GO 10 2120
S00 Ii1=1
530 IF(I.GT.0) GN T) 1539
550 DO 560 Ji=1,¥
J2=KBT1+J1
P(J2)=B(J1)
J3=KRIZ2+J1
560 P(J43)=4aBS(B(J1))+,.01
GO T0 1031
590 IF(PHMIN.GT.PH.AND.I.GT+1) GO TO 625
DO 620 Ji=1,K
N1=(J1-1)"*N
TF(BV(JL)) 601,520,605
601 CALL DFRIV(KyByNyZyPIN1¢+1),FV,0V,4J1,JTFST)
IF(JTESTWNEL(=1)) GO TO 620
BviJ1) =1,
605 D0 60k J2=1,K
J3=KBI1+J2
606 P(J3)1=R(J2)
J3=KAI1+J1
Ju=K3I2+J1
C-=-=-INCREMENT VARIABLZS TO TEST SLOPE OF OBJECTIVE FUNGTION
DEN=Q0.,NL*AMAXL (P (Ju) 4 ARS(P(JU3)))
IF(PLJ3)+DEN L. 3MAX(J1)) GO TO 55
PLJ3)=PLJ3) =-NEN
DEN=<-DFN
GO TO0 Sb
P(J3)=P(J3) +NEN
CALL FUNC(K,P(K3IIL1+1)4,NyP(N1+1),FV)
DO 610 J2=1,N

N
N
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JBR=J?+NY
10 PWIBI=(P(J3)=-2(J2))/IEN
620 CONTINUE
(~=-SET UP CORRFCTION FQUATIONS
625 NO 725 J1=1,K
N1=(J1-1)*N
AlJLl,KPL)=0,
IF(BV(J1))630,632,63)
030 N0 6LO J2=1 4N
N2=N1+2
640 A(JL,KP1)Y=A(JL1,{P1)+2(N2)*(Y(UJ2)=-2(J2))
650 00 680 J2=1,X
660 A(JL,J2)=0.
A65 N2=(J2-1)°*N
670 DO 680 J3=1,N
672 N3=N1+J3
674 N4=N2+J3
680 AlJ1,J2)=A0J1,J2)+P(N3)*P(NUL)
IF(A(J1,J1) .GT.1.0E=20) GO TO 725
692 DO 69L J2=1,KP1
694 A(JL1,J?)=0.
635 A(Jl,J1)=1.0
725 CONTINUE
GN=0,
NOo 729 J1=1,K
723 GN=GN+A(J1,KP1)**2
C-=--SCALE COPRECTION =AGCTORS
N0 726 J1=1,K
726 A(JL1,KP2)=SQT(A(JL,J1))
N0 727 J1=1,K
ACGJL1,KP1)=A(J1,<PL)/7A(JL1,KP2)
DN 727 J2=1,XK
727 A(J1+J2)=A(J1,J2)7 (A(J1,KP2)*A(J24yKP2))
730 FL=FLA/FNU
GO TO R”1inN
800 FL=FNU*FL
A10 DO 840 J1=1,K
820 NO 830 J2=1,KP1
830 AC(J1,J2)=A(J1,32)
BLO AC(JL1,J1)=AC(JL,J1)#+-L
C-=--SOLVE THE CORRECTION EQUATIONS
D0 930 L1=1,K
L2=L1+1
DO 910 L3=L2,KF1
910 AC(L1,L3)=AC(LL,L3)7AC(LL,L1L)
DO 94C L3=1,K
TF{LL-L3) 920,930,920
920 DO 925 Lu=L2,KP1
925 AC(LI,LL)=ACCLI,L4)=-AC0(LL,LL)*AC(L3,LY1)
930 CONTINUE
ON=0.
NG=0.
DO 1028 J1=1,K
AC(J1,KP2)=AC(JL,KPL1) /78 (J1,K72)
J2=KBTI1+JU1

v
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1028

1100

1110

1030
1500

1520

1521

1540

P(J2)=AMAXL (OMINCJL1), AMINL(RMAX(JL),4,R(JL)
DG=DG+AC(J1,KP2) *A(JL,K1)*A(J1,KP2)
NN=ON+AC(J1,KP2)Y*AC(J1,KP2)
AC(J1,KP2)=P(J2)=-R(J1)
COSG=0hG/SQARTION*GN)

JGAM=0

TF(COSG) 1100,1110,1110

JGAM=2

C0SG=-C0SG6

CONTTNIF

COSG=AMIN1(£NSGy1.0)
GAMM=ARPCNS(COSG) *180.7/3.14153265
IF(JGAM.GT.0) GA4M=180.-GAMM

CALL FUNCI(K,P(K3I1+1),NyP(KZI+1),FV)
PHTI=0.

PO 152N JL=1,N

J2=KZI+J1

PHI=PHT+ (P(J2) =Y (J1))¥*2
[F(PHI.LT.1.NE-10) G5 7D 3000
IF(I.GT.0) GN TI 154D

ICON=K

GO Tn 2110

IF(PHI.GF,PH) G) TO 1530

C--=EPSTLON TEST FOR SONVERGENCE

1200

1220

ICON=0
No 1220 Ji=1,K
J2=KBT1+J1

+AC(J1,KP2)))

IF(ABS(AC(JL,KP2))/(TAU+ABS(P(J2))) 4 GT.EPS) ICON=ICON+1

IF(ICON.EQ.u) 50 TO 140O

C-=-=-GAMMA LAMDA TEST

IF(FL.GT.l.O .A\'D. SQWH.GT.C)U.U) ICON‘—"’.
GO TN 2105

C-==GAMMA EPSTILON TFS3T

1400

1530
1531

2310

1320
2105

2091
2110

2050

2120
3000

IF(FL.GTW140 JANDOs GAMM,LF,45) ICON==U
GO T0 2105

IF(I1-2) 1531,1531,2310
I1=11+1

GO 70 (530,590,830),I1
IF(FL.LTL1.0F8) GO TJ 800
ICON=-1

FLA=FL

00 2091 J2=1,K
J3=KRI1+J2

B(J2)=P(J3)

nn 20%0 J2=1,N

J3I=KZT+J2

Z2(J2)=P(J3)

PH=PHI

I=Te+1}

RETUPN

ICON=0

G0 TO 2105

END
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SUBROUTINE FUNC(KKsByNNyZ,4FV)
f
[===THIS ROUTTINL CALCJLATZS THE CONVFRISION OF CO AND H2 T0 vARIOUS
C--=-PRODUCTS BY KFCOM3INATION OF Hy Cy AND O DOWNSTREAM NF THE PLASMA
C
EQUIVALENCE (A(L1),C0) 4 (0 C2)4H2) 4y (A(3),CHL), (A(L)4C2H2) 4 (A(5),4),
1 (A(EY,C)y(A(7),CH), (A(R),C42) 4(A(9),CH3),(A(10),C2),
2 (n(1),0G0IT), (D(2),0420T), (N(3),DCHLDT ), (D(4),DC2H2NT) 4 (D(5),
3 DHDT), (D(R) 4ICDTI, (D(7),0CHYDT),» (D(B),DCH2DT) 4, (D(I) ,0CH3DT),
L (0(10),0C2NM
DIMENSTON A(10),0(10),CN(10)
COMMON/BFUNC/YOBSyPRFLASy Ky M
COMMON X (8,10)
DIMENSION Z(10),43(7),Y03S(2,10),K(16)
RFAL KyNE M
X(1,I)=INLET MOLE FRACTTION H?
X(2,I)=INLET MOLF FRRACTION CO
X(3,I)=ROTAMETZR VILUMITRIC FLIW, CM3/SEC AT 5°SIfG, 300 DEG X
X(4y1)=PLASMA VOLUME, CM3
X(5,1)=FPACTION OF GAS PASSING THRU PLASMA
X{Ah, IV=ELFCIRAN JZN3ITY X 10-12, ELECTRONS/CM3
X(7,IV=PLASHA 2ES55JRE, ATM
X(R,I)=PLASMA TEMPERATURE, NEG K
YORS(1,I)=PERCENT CINVERSION CO TO CHu
YOUS (2, I)=PFRCINT CINVERGION CO TN C2H2

--==SET UP RATE CONSTANTS THAT WILL FLOAT NURING REGRESSION.,
B FACTOPS ARE ADQJUST=D BY REGRESSION ROUTINE.
H2+E=2H+E
K(1)=1.,0F=-9%(1)
CO+LC=C+0+E
K(2)=5.,0F=-11%81(2)
FOR 2C#+M=C2+M
K(4)=8.,5E=-31*8B(3)
C FOR 2H+M=H?+M
K(14)=1,2E-31*1(4)
C FOR 2H=H2 AT THF TU3F WALL
K{15)=3,04E+3*0(4)
C FOR C#+N+M=CN+M
K(16)=2.9E-33*RB(5)
U FOR C+H2#¢M=CH2+M
K(h)=7.1E-32%¥B(5)
 FOR CH3+H&M=CHUL +M
K(11)=1.0€E=-35*8(7)
IF(PRFILLAG.LT.N.0) GO TO 26
PRINT 799, (K(I),I=1,15)
799 FORMAT(//4* K1=%*,10(Z1 . 41X)y/9* Kil1=*,6(F11.0L4,41X))
26 CONTTNUNE
DTPR=,001
C=-=-~GAS NENSITY, MOLEZULrS/CM3
M=4 +B29E+17
C==-=AS THE ROUTINE CYZLES THRJ THE LOOP, IT EVALUATES TH:Z EXIT
C-=-=-COMPOSITION AT EAZH OF NN DATA POINTo
N0 27 J=1,NN

OO OO0 OOOO

(]

m mn
o 2
A P o]

(]
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L=-==CONVERT FLOW RATE FRNM ROTAMETER CONDITIONS TO PLASMA CONDITIONS
VFR=Y( ;’J, *67, 33
C--=-CALCULATE COMPOSTITIION LEAVING DLASHA ZONE
CALL PLASMA (X (74J)oVERyX(Uyd) g X1y )y X(29U)eX(8yJ)yX1HyJ),
1 H243COyH4Cy 0y Ty X(5,4J))
TOTCARB=CO+C
TPR=T+NTPR
TMAX=T+16,*DTPR
CH=0,3rH2=0,FCH3=0.3CHL=0,8C2=0.%C2H2=0.
IF(PPFLAG.LT., 0) GO TO 25
PRINT 800

800 FORMAT(//,6Xy*T%,11X,*42%,10X,*CO%,10X,"*H*,11X,*C*y11X,*02%,10X,

1 ¥CH® 10Xy *42% 49Xy *CHI* 39Xy *CHLU*,RX,*C2H2*)
PRPINT 801,T,H2,C04Hy35+C24CH,CH2yCH3,CHL 4C2H2
801 FOPMAT(/,11(1X,511.4))
25 CONTINUF
C-==ADJUST C ATOM CONZENTRATION TO REFLECT THE FRACTION CONVERTED
C TO CN2,4 C2H4,y AND T2H5,
G=0.905*C
C===N0O ADJUSTMENT NF THE 4 ZONZCENTRATION MAY BE RENUIRED BECAUSE THES
C REACTIONS OMITIEOD TO SIMPLIFY GENERATE AS WELL AS CONSUME H
ncnnT=aq,
C---CALCULATE REAUTIONS 2JANSTREAM OF PLASMA BY EULERS MZTHQOD
20 CONTINUE
DT=,0001
C FOR C#+HZ2=CH¢H
R3I=K(3)*C*H?
C FOR C+C+M=r2+M
R4=K (4)*C*C *M
C FOR C2#H2=C2H2
R5=K(5)*(C2*H?
C FOR C#H2+M=CH2+M
R6=K(R)*C*H?2*M
C FOR CH#H2+M=CH3I+4
R7=K(7)*CH*H2*M
C FOR 2 CH=C2H?
RB8=K(8)*CH*CH
FOR CH2+H2+M=CHuUtM
RG=K (Q)¥CH2*H2*Y
C FOR CHR2#H2=CH3+H
219=K(1J)*CH2*H2
FOR CH3+H#M=CHUY M
R11=K(11)*CH3¥H*V
FOR CH3+H2=CH4¢+H
R12=K(12) *CH3*H2
U FOR H+C#M=CH+M
R13=K(13)*H*C*M
C FOR 2H+M=H?2+M
R1L=K(14) *H*H*HY
C FOR 2H=HZ AT THE WA_L
R15=K(15) *H
DH?DT==R3-R5-RH=-L7-RI-R10-R12+R14+R15
NCH4DT=RI+R11+R12
DC2H2DT=RS+R4
DHDT=R3+R10-R11+R12-R13-2,*(214+R15)

(@]

[$p]

O
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DCNT==FP3=RH=L=-A7=-213
NCHDT=R3I=R7-R8-3+°13
OCH2DT=R6-R9-R10
DCH3DT=R7+10-R11-12
NC2D0T=R4 =R,
110 CONTINUE
DO 120 T=24n
CN(D)=A(I)+0(TI)*DT
120 CONTIMUE
C-=-=-=CHECK TN SEF THAT NO SPEJIES CIONCENTRAT IONS ACE 3EING DRIVEMN
C NEGATIVF, USF SMALLER STEP SIZE IF NECESSARY.
N0 122 I=5,110
CN(ID)=ACD)+D(IN)*DT
IF(CN(I) «G=40,0) GO TO 122
DT=0.75*A(I)/ (ACID)=-CN(I)) *OT
GO Tn 110
122 CONTTNUE
T=TeDT
DO 130I=2,10
A(I)=CN(I)
130 CONTINUE
IF(T,GE.TMAX) KD TO 30
IF(T.LT.TPR) GO TO 20
TPR=TPR#¢NTPP
IF(PRFLAG.LT.N) GO TD 125
PRINT B801,T4H2,304H9>49C29CHyCH2,CHI,,CHL 4C2H2
125 GCONTINUF

C-===EXIT LOOP WHEN RZIACTIVE INTERMENTATES ARE SUFFICIFENTLY DEPLETED.
TF(AMAX1 (HyCyC24yCHySH24ZH3)/AMINL1(CHL,C242) LT, 0.01) GO TO 31
GO 79 20

30 CONTINUE
IF(PRFLAG.LT.0) GO TJ 31
PRINT B014ToH23324Hy39C29CHyCH2yCH3yCHL,C2H2
31 CONTINUE
C---CALCULATE CONVERSIONS TO ZH4 AND S2H2
CCH4=CHL/TOTCAR3* 100,
CC2H2=2.*C2H2/TOTCARB*100,
C-==-CHECK TO SEE THAT ALL REASTIVE INTERMEDTATES ARE BEING CONSUHMZID
CONSTR1=1,
C--~  BASE COMPARLSON ON ACTJAL OBSERVEN CONCENTRATIONS o o .
CH4A=YOUBS (1, J) *TOTCARB/100,
C2H2A=YD35(2,J)*TOTCARB/100.
IF (AMAY1 (H,CyGH,CH2,C2)/AMINL(CHUA,C2H2A) JLE. 0.,01) GO TO 35

CONSTPI=5,
PRINT 802

B02 FORMAT(* ===-- CONSTRAINT APPLIED FOR HIGH RESIDUAL CONCENTRATION O
1F REACTIVE INTERMEDIATES====- *)

35 CONTINUF
C-=-=-MOST CH3 REMAININS WOULD NORMALLY GO TO C2H6, SO CHECK THAT THE
C CH3 LeEVEL IS NOT IXCESSIVE o o &
CONSTRZ2=1.
IF(CH3/CHuA LEs 0.1) GO TN 35
CONSTR2=5.1
PRINT 804
804 FORMAT(®* ==<--CONSTRAINT APPLIFET” FOR HTGH CH3 CONCENTRATION===-=- *)



36 CONTINUE
Z(J)=ABS(CCHy -YIBS(1,J)) +ARS{CC2H2-Y03S(2,J))
IF(PRFLAG.LT.0.) GO TI 27
PRINT 803,J,CCH%, YIBS(1,J),CC2H2,Y0BS(2,J),T,2Z(J)
803 FORMAT (* DATA CARD*,I3,* CH4 (CALC,0BS),*,2(1X,610.3),* C2H2 (CALZ
1,0!35),',2(1)(.610.3),’ T=‘.Gl').3.“‘ 23',61003)
27 CONTTINUE
RETURN
END
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SUBROUTINE PLASMA(PGVFRyPVyXH2TI 3 XCOI 4yPT 4NE4H2yCOyHyCy0,,TIMELFTP)
"
[===THIS SUBPOUTINF CALCULATES THE NISSOCIATION PRODUCTS FORMED TN
f===THE PLASHA, THF PLASMA ZONF IS ASSUMED TO GBE WELL MTXED ANND
C=-=-=NO RECOMRINATIONS ARF ASSJMED TO OCCUR OTVHER THAN THOSE OF H2 ANO 2D,
C
C=-==-P=PRFSSUPE, ATH
C-=-=-VFR=VOLUMETRIC FLOW RATE, CM3/SEC
C-=-=PV=PLASMA VOLUME, CM3
C===XH2TI, XCONI=INLFT 90LZ =RATTIONS H2 AND 2O
G=-==PT=PLASMA TEMPERATUREL, DES K
C-=-=NE=FELEGCTRON DFNSITY, F/CM3
C-=-=-K1 FOR H2 ¢+ E = 24 ¢+ E (CY3/SED)
(===K2 FOR 2H#M=H?2¢M, CM5/SEC
C-~-KW FOR 2 H =H2 AT WALL (/SEC)
C-=-K4 FOR CO ¢+ E = € + 0 ¢ F (CM3I/SER)
f-=-=K5 FOR C + 0 # M = CO ¢+ M (CM6/SFC)
COMMON/RFUNC/YO035(2,10)4,PRFLAG,K(16) 4M
REAL KyK1,K?yKWyKsy3K34MMyNE
XH2=XH2I $ X50=XZO0I
C--~-SET VALUFS OF RATZ GCONSTANTS
K1=K (1)
K2=K(14)
KW=K (1%)
K4=K(2)
KS=K(1rR)
C-==CONCENTPATION OF 42 ANJ CJ (MOLECULES/CM3)
C==-=SOLVE RACKMIX MATZRIAL BALANGFES FOR H2 AND CO OISSOCIATION BY
c SIMULTANFOUS APPLICATIIN JF NEWTNONS METHOD TN H AND C MTL BALANTES
XH=0.1 § XC=0.1
I7T=0
(===-=CALCULATE CONVERSION LEAVING THE PLASMA ZO\NE
20 CONTINIE
IT=IT+14
ALPHA=XH2* (1,4 X4) ¢XZI* (1. +XC)
FH=PV/VFR®*(KL®NZ¥® (1.=XH) /ALP HA=K2*M* M¥XH2 *4, *XH*XH/ (ALPHA*ALPHA)

1 ~KH®2,*XH/ALPHA) =XH
FHP==PV/VFR* ((KL*NE+2 . *<W)/ALPHA+8 ,*K2*M¥M*XI{2¥XH/ (ALPHA*ALPHA)) -
1 1.

XH=XH=FH/FHP

ALPHA=XH2* (1. #X4) +XCI*(1.+XC)

FC=PV/VFR* (KL*NZ* (1,-XC)/ALPHA=-KS*M*M*XCO*XC*XC/ (ALPHA*ALPHA))=XTJ
FCP==PV/VFR*(KHW*NE/A_PHA#2,*KS*M*M*¥*XCO*XC/ (ALPHA*ALPHA)) -1,
XC=XC=FC/FCP

TF(IT.GT.10) GO TN 22

TF(ABS(FC) «GT 40,001 +4OR ABS(FH).GT.0.001) GO TO 20

GO Tn 2?3
22 PRINT 7n1
701 FORMAT (¥ =====- NEWTONS METHOD NOT CONVERGED=====- *)
23 CONTINUE
C~---CONVERT CONVERSIINS TO CONCENTRATIONS

H2=M*XH2*(1.-XH) 7ALPHA
H=M¥XHZ2*2,*XH/ALPHA
CO=M*XCO*(1,-XC)/ALPAHA
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C

C=M*XCO¥XC/ALPHA

0=C

TIMF=PV/(VFP*ALPHA)

ANJUST OUTLET GAS CONSENTRATTIONS

TO ACTZOUNT FOR GAS RYPASSING

FTP 1S THE FRACTION O0F GAS THAT PASSFS THROUGH PLASMA ZONE

H=FTP*¥H

C=FTp*r

O=FTP*N

H2=(1.=FTP) *M¥XA21+FTP*42
CO=(1.~FTPI*M*XS0IL+FIP*20
RETUPN

END
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Fortran Listing of

Complete Reactor Model
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PROGRAM TEST(INPUT,0UTPUT)
DIMENSION B(7),Z(10)
COMMON/BFUNC/YOBS(2,10)yPRFLAGyK(3C)y M
COMMON X (B8,10)
PEAL KyM
READ 801 4NN,KK,PRFLAG
801 FOPMAT(2110,F10.0)
C--=NN IS NUMBER OF DATA CARDS, KK IS NUMBER OF FLOATING PARAMETERS
FEAD 805,(B(J),yJ=1,KK)
805 FORMAT(BE10.4)
CO 10 I=1,NN
PEAD 806,(X(JyI),J=1,8),(YOBS(J,I),JU=1,2)
806 FOPMAT (1CEB,.2)
X(6,I)=X(6,I)*1,0E12
10 CONTINUE
PEAD 806, (K(I),I=1,30)
CALL FUNC(KKyByNNyZ,yFV)
ENO

0



SUBROUTINE PLASMA(P,VFRyPV,XH2I yXCOILyPTyNEyH2yCOyH,C»0yTIME,FTP)
c
C-==THIS SUBROUTINE CALCULATES THE DISSOCIATION FRODUCTS FORMED IN
(-=--THE PLASMA, THE PLASMA ZONE IS ASSUMED TO B85 WELL MIXED AND
C--=-NO RECOMBINATIONS ARE ASSUMEO TO OCCUR OTHER THAN THOSE OF H2 AND CO.
C
C-=-=P=PRESSUPE, ATM
C---VFR=VOLUMETRIC FLOW RPATE, CM3/SEC
C---PV=PLASMA VOLUME, CM3
C--=-XH2T, XCOI=IMNLET MOLE FRACTIONS H2 AND €O
C---PT=PLASMA TEMPERATURE, DEG K
C-==NE=ELECTRON DNDENSITY, E/CM3
C--=K1 FOR H2 ¢+ E = 2H + E (CM3/SEC)
C--=-K2 FOR 2H+M=H2+¢M, CM6/SEC
C--=KW FOR 2 H =H2 AT WALL (/SEC)
C---K&4k FOR CO # E = C + 0 ¢+ E (CM3/SEC)
C-==K5 FOR C ¢+ O + M = CO + M (CM6/SEC)
COMMON/BFUNC/Y0BS(2,10)yPRFLAG,K(30),M
PEAL KyK1,K2yKW,KlyK5yMyNE
XH2=XH2I $ XCO=XCOI
C---SET VALUES OF RATE CONSTANTS
K1=K(1)
K2=K (28)
KW=K(29)
K=K (9)
KS=K (30)
C~-==SOLVE BACKMIX MATERIAL BALANCES FOR H2 AND CO DISSOCIATION BY
c SIMULTANEOUS APPLICATION OF NEWTONS METHOD TO H AND C MTL BALANCES
XH=0.1 % XC=0.1
IT=0
C====CALCULATE CONVERSION LEAVING THE PLASMA ZON:z
c XH IS CONVERSION OF H2 TO H, XC IS CONVERSION OF CO TO C
20 CONTINUE
IT=1IT7+1
BLPHA=XH2* (1. +XH) +XCO*(1,+XC)
FH=PV/VFR* (K1*NE®* (1¢=XH) /ALPHA=K2*M*M*XH2%4 o *XH*XH/ (ALPHA®*ALPHA)
1 -KW*2,*XH/ALPHA) =XH
FHP==PV/VFR* ((K1*NE+24*KW) /ALPHA+8,*K2¥*M*M* XH2*XH/ (ALPHA®ALPHA)) -

1 1.

XH=XH=-FH/FHP
ALPHA=XH2* (1, +XH) +XCO* (1., +XC)
FC=PV/VFR* (K4U®*NE® (1,-XC) /ALPHA=-K5*M*M*XCO*XC*XC/ (ALPHA®ALPHA)) -XC
FCP==PV/VFR*(KL*NE/ALPHA+2,*KS*M*M*XCO*XC/(ALPHA®ALPHA)) -1,
XC=XC-FC/FCP
IF(IT.GT410) GO TO 22
IF(ABS(FC)eGT40,001 oORse ARS(FH)4GT,0,001) GO TO 20
GO TO 23

22 FRINT 701

701 FORMAT(®* e===e= NEWTONS METHOD NOT GONVERGED======*%)
23 CONTINUE
C-===CONVERT CONVERSIONS TO CONCENTRATIONS

H2=M®XH2* (1,-XH) /ALPHA
H=M®"XH2%*2, ®* XH/ ALPHA
CO=M*XCO®*(1.-XC)/ALPHA
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C=M*XCO* XC/ ALPHA
0=C
TIME=FV/ (VFR*ALPHA)
C  ADJUST OUTLET GAS CONCENTRATIONS TO ACCOUNT FOR GAS BYPASSING
C FTP IS THE FRACTION OF GAS THAT PASSES THROUGH PLASMA ZONE
H=FTP*H
C=FTP*C
0=FTP*Q
H2=(14=-FTP) *M*XH2 T+ FTP®H2
CO=(1.-FTP) *M*XCOL+FTP*CO
FETURN
END

60



SUBROUTINE FUNC(KKyByNNyZ,yFV)
C
C-=-=THIS ROUTINE CALCULATES THE CONVERSION OF CO AND H2 TO VARIOUS
C---PRODUCTS BY RECOMBINATION OF Hy C, AND O DCWNSTREAM OF THE PLASMA
C
EQUIVALENCE (A(1),H2),(A(2),C0)y (A(3)yH), (A(HW),C),(A(5),0),
(A(6) yCH) , (A(T),CH2) , (A(8),CH3),(A(9),CH&),(A(10),C2H2),
(A(11),C2H4) , (A(12),C2HB) 4 (A(13),0H), (AC14),C2),(A(15),C02),
(A(16),H20), (D(1),0H2D7), (D(2),0CODT),(D(3),0HOT),(D(4),0DCOT),
(D(5),000T), (D(6),DCHOT), (D(7),0CH2DT)Y, (D(8),0CH3OT),
(D(9) yDCHYODT), (D(10) ,0C2H2D0T) ,(D(11) ,0C 2HLODOT), (D(42),0CG2HEOT) ,
(D(13),00HOT), (D(14) ,0C2DT), (D(15),0C020T),(D(16),0H200T)
DIMENSION A(16),00(16),CN(16)
COMMON/BFUNC/YO0BS,PRFLAG K yM
COMMON X (8,10)
DIMENSION Z(10),B(7),Y0BS(2,10) ,K(30)
REAL KyNE,M
X(1,I)=INLET MOLE FRACTION H2
X(2,I)=INLET MOLE FRACTION CO
X(3,I)=ROTAMETER VOLUMETRIC FLOW, CM3/SEC AT S5PSIG, 300 DEG K
X(yI)=PLASMA VOLUME, CM3 )
X(5,I)=FRACTION OF GAS PASSING THRU PLASMA
X(6yI)=ELECTRON OENSITY X 10-12, ELECTRONS/CM3
X{(7,I)=PLASMA PRESSURE, ATM
X(8,I)=PLASMA TEMFERATURE, DEG K
Y0B8S(1,I)=PERCENT CONVERSION CO TO CHu4
Y0BS (2, I)=PERCENT CONVERSION CO TO C2H2

N FWN =

QOO OOO

IF(PRFLAG.LT4d.0) GO TO 26
PRINT 799, (K(I),I=1,30)
799 FORMAT(//,* K1 =*,10(G106392X) 9/ y* K11=*,1) (G1063y2X) 4/
1 * K21=*,10(G10,3,2X))
26 CONTINUE
OTPR=,0005
C---AS THE ROUTINE CYCLES THRU THE LOOP, IY EVALUATES THE EXIT
C-=-COMPOSITION AT EACH OF NN DATA POINTS
00 27 J=1yNN
Ce==-M=GAS MOLECULES/CM3=P* (NAVOGADRO/R) /T
M=X(T,J)*7,3L5E21/X(8,J)
C-=--COMVERT FLOW RATE FROM ROTAMETER COMDITIONS TO PLASMA COMNDITIONS
VFR=X(3,J)*X(8,J)/300,%1.34/X(7,J)
C-=-CALCULATE COMPOSITION LEAVING PLASMA ZONE
CALL PLASMA(X(73J) yVFRyX (L yJ) gX(19J)9X(2yd) 9X(8yJ)yX(69J)y
1 HZ’CO’H,CQOQYQX(SQJ))
TPR=T+0TPR
CH=0,$CH2=043CH3=04$CHU=0s TC2H2=0, $C2HUL=0,5C2HE6=0,30H=0,3C2=0,
C02=0.,§H20=0,
TMAX=T+16,*DTPR
IF (PRFLAG.LT, 0) GO TO 25
PRINT 800 A
FRINT 801,T,H2,C04H,Cy0,CH,CH2yCH3,CHL4,C2H2,C2H4yC2HH6,0H,C2,C02,
1 H20
25 CONTINUE
C-=-~CALCULATE REACTIONS ODOWNSTREAM OF PLASMA BY ZULERS METHOD
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FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR

CONT INUZ

DT=,0001
MeCO+0=CO02¢M
R2=K(2)*CO®0*M
C+H2=CH¢H
K3=K(3)*C*H2
C+0H=CH+O
Fu=K(4)*C*OH
C+CaeM=C2+M
PS=K(5)*C*C*M
C2+H2=C2H2
k6=K(6)*C2*H2
C+H2¢M=CH2+M
R7=K(7)*C*H2*M
C+CHL=C2HY
R8=K(B8)*C*CHL4
CH¢H2+¢M=CH3I +M
P10=K(10)*CH *H2*M
CH+CH=C2H2
P11=K(11)*CH*CH
CH¢CHL=C2HUL +H
F12=K(12)*CH*CH4
CH¢0=0H+C
P13=K(13)*CH*0
CH24H2#¢M=CHL4+M
Pi4=K(14) *CH2*H2*M
CH2¢H2=CH3+H
R15=K(15)*CH2*H2
CH2+¢CH2=C2H4
P16=K(16)*CH2*CH2
CH3I+H+M=CHL +M
P18=K(18)*CH3*H*M
CH3I+H2=CHL ¢H
R19=K (13 )*CH3*H2
CH3+CH3I=C2H®6
F20=K(20)*CH3*CH3
O+H2=0H+H
F21=K(21)*0*H2

Me OH+ H=H20+M
R22=K (22)*M*0OH*H
OH#H2=H20+H
F23=K(23)*0H*H2
H+GCeM=CH+M
P2u=K (2L )*H*C*M
H+CO=CH+O0
P25=K(25)*H*CO
H+CO0=C+0H
P26=K(26)*H*CO
H2+2H=2H2
R27=K(2T7)*H2*H*H
2HeM=H2+¢M .
R28=K(28)*H*H*M
2H=H2 AT THE TUBE WALL
RP29=K (29)*H
C+0+M=CO+M



F3C=K(30)*C*¥0O*M
DH20T==R3=-R6~-R7-R10-R14=R15-R19=-R21=-R23+R27 +R28¢+R29-R18
DCODT==-R25-R26=-R2+R30
DHOT=R3+R12+R154R19+4R21-R22+R23-R24=-R25=-R26 =2, *R27-2,*R28-R29
OCOT==RL4L=-2, *R5-R7=-R3+R13-R24+R26-R30
DODT=R4-R13-R21+¢R25-R30=-R2
DCHOT=R3+R4~-R10-2,%R11-R12-R13+R24¢R25
CCH2DT=R7-R14-R15-2,%*R16
DCHIDT=R10+R15-R19-2,*R20-P18
DCH4DT==-P8~R12+R14+R18+R19
DC2H20T=PO+R11
DC2HLDT=RB+R12+R16
DC2H6DT=R20
DNHOT==-R4+R13+R21=-R22-R23+R26
0C20T=R5=R6
0C02DT=R2
DH20DT=R23¢+R22
110 CONTINUE
DO 120 I=1,16
CN(I)=A(I)+D(I)*DT
IF(CN(I) GE.0.,0) GO TO 120
DT=0,75*A(I)/(A(I)=-CN(I))*OT
GO YO 110
120 CONTINUE
T=T+DT
DO 130 I=1,16
A(I)=CN(I)
130 CONVINUE
IF(T.GE.TMAX) GO TO 30
IF(TLLTL.TPR) GO TO 20
TJPR=TPR+DTPR
IF(PRFLAG.LT.0) GO TO 125
1PRINT 801,T,H2,COyHyCy0yCHHyCH2yCHIyCHUGyC2H2 yC2HL yC2HE6,0H,G2,C02,
H20
800 FORMAT(// 3 TXy®*T®,9Xy)*H2/CHL® yLX,¥CO/C2H2%4y7 Xy*H/C2HL*,6X,*C/C2HE*,
i 6X9*0/0H*yBXy*CH/C2% 45Xy *CH2/C02% 35X y*CHI/H20%*)
801 FORMAT(/,9(EL12.,4)9/512Xy8E12.4)
125 CONTINUE
IF(AMAXL (HyCyOyCHyCH2yCH3I, OH,C2) 7AMINL(CH4yC2H2) «LTs 0.01)GO TO 31
GO TO 20
30 CONTINUE
IF(PRFLAG.LT.0) GO TO 31
PRINT 801,T yH2,COyH,Cy0yCH,CH2yCHIyCHY,C2H2 yC2H4 yC2HH640HyC2,CO2,
1 H20
31 CONTINUE
C-=-=-CALCULATE CONVERSIONS TO CH&4 AND C2H2
TOTCARB=CO+C+CH¢CH2+CH3I+CHU4+CO024¢2,*(C2H2+¢C2HU+C2HB+C2)
CCHL=CHL/TOTCARB®*100.,
CU2H2=2,*C2H2/TOTCARB*100,
C-=-=-CHECK TO SEE THAT ALL REACTIVE INTERMEDIATES ARE BEING CONSUMED
CONSTR1=1, .
C=-- BASE COMPARISON ON ACTUAL OBSERVED CONCENT RATIONS o o o
CHWA=Y0OBS(1,J)*TOTCARB/100.
C2H2A=Y0ORS(2,J)*TOTCARR/ 10C,
IF(AMAXL (HyCy0yCHyCH2,CH3,0H,C2) /AMINL (CHU4E yC2H2A) s GEs 0.01)

d
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1 COMSTR1=10,
C-==AND KEEP C2H4 AND C2H6 SMALL ENQUGH « o o

CONSTF2=1.

IF(AMAX]L (C2HL,C2HB) /AMINL(CH4A,C2H2A) «GTe 0.2) CONSTR2=5,.0
2D =SART(((CCHL=YOBS(1,4))/Y0BS(1,J))**2+( (CC2H2-YO0BS(2,J))
i /YOBS(2,J))**2)*CONSTR1*CONSTR2

IF(PRFLAG,LT.,0,) GO YO 27

PRINT 803,J,CCH4,YOBS(1,J),CC2H2,Y0BS(2,J),T,Z(J)

803 FORMAT(* DATA CARD*,I3,* CH4 (CALC,0B8S),*,2(1X,G10.3),* C2H2 (CALC
19088)"’2(1X96100 3)" T=‘,61003p. 23‘,61003)
0 RETURN
ENO
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SUGGESTIONS FOR FUTURE WORK

The experimental and theoretical work reported here suggests
several additional experimental programs in plasma chemistry.

Probably the easiest program to organize would be a detailed
study of all the variables that enter into the kinetic modeling of the
reaction system. Because of instrumentation limitations, the electron
densities and plasma temperatures in this study had to be determined in-
directly by theoretical approximation or by estimation based on data reported
by other researchers. The electron density enters into the dissociation
rates and the temperature influences the volume of gas flowing through
the discharge and recombination zones, thereby influencing residence
time. If the estimates of these variables are in error, some of the
rate constants in the model will be in error by some constant factor,
although the total model will work accurately. Therefore, a reason-
able experimental project would consist of a series of experiments
at specified conditions (determined from the present work to guarantee
results) to simultaneously measure conversions to CH4 and CZHZ’
electron density, plasma temperature, plasma pressure, plasma
length, plasma cross sectional area, absorbed power density, and
residence time. All of this data could be analyzed with the existing
model and an improved fit would almost certainly result.

This program would require an electronic or spectroscopic
technique for measuring electron density and an optical, spectroscopic,
or electrical technique for measuring plasma and recombination zone
temperatures. It should be noted that standard devices such as thermo-
couple probes and optical pyrometers will be subject to possible error.
This error will be due to the heat generated by recombination reactions
at the surface of any object inserted into the plasma. Optical pyrometers
will also be influenced by radiation emitted by the glowing tube wall.
Probably the best approach would be a spectroscopic approach (based
on line -broadening) or an optical pyrometry method that compensates
for the inherent errors.

An additional experimental project that would provide valuable infor-
mation would involve emission or absorption spectroscopy of the plasma

zone to determine if intermediate hydrocarbon species do occur there.
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This would require very sensitive instruments due to the extremely
low concentrations of intermediates. A detailed study of the absorptions
of atoms and radicals and of the effects of the high-energy environment
on emissions (or absorptions) should be undertaken beforehand.

Another type of research program could involve a series of
studies of the effects of different ways of mixing reactant gases.
A tubular glass probe could be used to inject H2 into a CO plasma,
or to inject CO into an H2 plasma. The same system could be used
to inject gases into the region immediately downstream of the plasma.
High flow rates might be desirable. A variation on this approach would

be to discharge a highly dissociated CO plasma into H These studies

2.
could provide insight into the reaction mechanism. The type of gas in-

jection might very easily influence the product distribution.

A third research program could concentrate on the effects of
quenching and reactor flow patterns. Ideally, the loss of free radicals
in wall recombination reactions should be minimized. This would
suggest a reactor geometry where feed enters at both ends of the
plasma zone, and where the products are withdrawn from the center
through a quench probe. Another approach would be to devise a
cavity and reactor system in which the quench system would be adjacent
to the plasma zone; perhaps it could form an integral part of the end of
the cavity. A quench probe with reactant gas injection within the
probe, or quenching by mixing with a reactive gas could be studied.

A fourth alternative would be to investigate new types of reactions,
such as degradations of large molecules to smaller ones. A system
for this type of experiment would be relatively easy to set up; perhaps
the only new piece of equipment would be a gas chromatograph.

Finally, it may be desirable to investigate new or alternative
ways of generating a plasma, such as RF induction coils, arcs, or
waveguide -type reactors. The objective would be to eliminate the
geometric and electrical constraints that limit the design and location
of quench systems. Reactor design could also be studied to alleviate the
tube wall heating problem. Perhaps a large evacuated plasma zone with
a central inward -flowing plasma and a central quench probe withdrawal

point would reduce the rate of atom migration to the reactor walls.






