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ABSTRACT 

The Bosch process for reduction of metabolic carbon dioxide with 

hydrogen has been proposed as the basis for a life support system for long

range space flights. Operating recycle reactors to accomplish the process 

have been built, but little is known concerning the kinetic rates of the 

constituent reactions in the process. A thermogravimetric reactor was de

vised to operate with various feed gas mixtures. Chromatographic analysis 

of the inlet and outlet gas concentrations and gravimetric measurements of 

the amount of carbon deposited on a steel wool catalyst allowed evaluation 

of the reactions involved in the process. The rate of carbon deposition 

from H2-co gas mixtures on fresh, reduced steel wool catalyst was correlated 

by a least-squares technique. The process of carbon deposition appears to 

increase the catalyst surface area causing an increase in the observed rate 

of the carbon deposition reaction(s) and the reverse water-gas shift reac

tion. As the catalyst surface area was not measured during the course of 

reaction, rate equations for other component reactions could not be deter

mined. The relative rates of several reactions in the process are discussed. 

Carbon did not deposit from CO-CO2 mixtures where the CO/CO2 ratio was in 

the range required for formation of iron oxide. This is consistent with the 

hypothesis of other authors that carbon deposition will not occur on an oxide 

surface. Process equilibrium and material balance calculations for several 

alternative flowsheets have been performed and are discussed. 

Thesis Supervisor: Or. R.C. Reid, Professor of Chemical Engineering 
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1. SUMMARY 

The Bosch process, a potential process for the reduction of metabolic 

carbon dioxide to water, utilizes a catalytic recycle reactor as shown in 

Fig. 1 to achieve the overall reaction 

Subsequent electrolysis completes the overall process 

2H2 + CO2 ➔ C + 2H2O 

2H2o ➔ 2H2 + o2 

(A) 

upon which oxygen recovery for astronaut life support systems is based. 

While reaction (A) represents the overall stoichiometry of the process 

accomplished in a Bosch recycle reactor, reaction (A) is neither a mech

anism step nor a constituent reaction of the overall process. Indeed, the 

recycle stream has been determined to contain both carbon monoxide and 

methane, neither of which are components in reaction (A). This investi

gation was undertaken to determine the component reactions which occur in 

the Bosch process. 

l .1 Previous Investigations 

Since solid carbon is one of the products of the Bosch process and 

since the gas recycle stream of Bosch process reactors has been observed 

to contain hydrogen, carbon monoxide, carbon dioxide, methane, and water, 

thermodynamic calculation of the yields achievable in a Bosch reactor has 

been performed by considering the equilibrium of S-graphite with a gas phase 

• 
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containing these five components. The solution of this computational problem 

has been discussed by Tevebaugh and Cairns (1964), who presented their re

sults graphically on triangular C-H-O diagrams such as that shown in Fig. 3. 

The two solid lines in Fig. 3 represent the carbon deposition boundaries at 

atmospheric pressure and at 811 and 922 K. Any gas phase mixture with a 

C-H-O composition represented by a point in the region marked carbon-forming 

will deposit carbon in proceeding to its final equilibrium state. 

Under conditions similar to those existing in a Bosch reactor, authors 

have previously reported observing several reactions. Kusner (1962) investi

gated the reverse water-gas shift, reaction (B), in a single-pass reactor. 

(8) 

The observed reaction rate was found to be rapid and limited by mass transfer 

of the reactants from the bulk gas phase to the catalyst surface at 922 K. 

Under almost identical feed and flow conditions, Barkley et tl· (1952) found 

the observed reaction rate at 811 K was controlled by the kinetic reaction 

rate at the catalyst surface. Neither carbon nor methane were formed. 

Walker et tl• (1959) studied the deposition of carbon from H2/CO mix

tures on an iron powder catalyst in the temperature range 723 - 973 K. Feed 

mixtures were rich in CO, and the CO/H2 ratio was varied from 4.2 to 124. 

At low concentration, hydrogen increased the rate of carbon deposition sig

nificantly. However, the carbon source could have been either reaction (C) 

or reaction (D). 

2CO + C + CO2 

CO+ H2 + C + H20 

(C) 

(D) 
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Examination of the reaction products, after catalytic activity had ceased, 

revealed that the iron had been converted to cementite (iron carbide, Fe3c). 

Hence, Walker et tl• suggested that iron, but not iron carbide, is a catalyst 

for carbon deposition from H2/CO mixtures. Similar observations had been 

made by Chatterjee and Das (1954) and Das and Chatterjee (1952, 1955). 

Ruston et tl• (1966, 1969) examined the metallurgical processes occur

ring on polycrystalline iron and steel surfaces exposed to various partial 

pressures of caruon monoxide at 823 K. Four forms of solid phase products 

were observed: cementite, fibrous carbon, lamellar carbon, and small crystal

lites. Cementite crystals at the surface decomposed to disrupt the iron 

surface and to produce lamellar carbon. During this surface disruption, the 

small crystallites are freed from the metal matrix and form the catalytic 

growth centers for the fibrous carbon. Although Ruston reported that the 

small crystallites were identified by x-ray diffraction as Fe7C3, this con

clusion has been disputed by Renshaw et~- (1970) and Ratliff (1968), who 

indicated that other carbides could yield similar results. 

Carbon deposition from an argon stream containing traces of CO and H2 

was reported by Everett (1967) and Everett and Kinsey (1965) to be first 

order in carbon monoxide partial pressure. The same data have been shown 

in this investigation to be consistent with a rate expression which is half 

order in both carbon monoxide and hydrogen partial pressures. The results 

of this thesis also indicate that the rate of carbon deposition is approxi

mately half order in both component partial pressures. A more important 

proposal, advanced by Everett and Kinsey, was that two conditions must be 

met for carbon deposition to occur on an iron catalyst. The first condition 

was that the C-H2-CO-CH4-co2-H20 equilibria must favor carbon formation 

(i.e., the gas mixture C-H-0 composition should be in the carbon-forming 

• 
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region of the triangular diagram). The second condition was that the ratio 

of H2/H20 in the gas phase must be such that the reaction 

or 

H2 + Fe0 ~ H20 + Fe (above 850 K) 

would proceed as written and that the stable state of the iron catalyst 

would be reduced iron. Thus, Everett and Kinsey proposed that carbon forma

tion could be prevented by adjusting the ratio of H2;H2o in the gas phase 

so as to maintain a surface oxide layer on the catalyst. This hypothesis 

was tested by Warzee et tl• (1967), who demonstrated that various steel 

alloys would not act as catalysts for carbon deposition when exposed to gas 

mixtures forming surface oxide films of the alloying elements. 

1.2 Iron Carbides and Carbon Fibers 

The role of iron carbides in the carbon deposition process is not well 

understood. However, the bulk of available evidence indicates that they 

are a reaction product rather than a catalyst. Three iron carbides have 

been reported. Cementite, Fe3c, is the only carbide which appears in the 

accepted iron-carbon phase diagrams which have been reviewed critically by 

Hansen (1958), Elliott (1965), and Shunk (1969). Walker et tl• (1959) and 

Podgurski et tl• (1950) have reported that this carbide is observed as a 

reaction product when the activity of an initially-reduced iron catalyst 

has ceased. Moreover, Podgurski et tl• (1950) demonstrated that iron car

bide would not chemisorb carbon monoxide and thus concluded that it could 

not function as a catalyst for carbon deposition. Walker et tl• (1959) and 

Browning et tl• (1950) have demonstrated that cementite is rapidly reduced 
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by hydrogen at temperatures above 573 K to produce methane. Hence, this 

carbide may be an intermediate in methane formation. The equilibrium con

stant for the reduction of iron carbide by hydrogen was measured by Browning 

et tl• (1950). 

Hagg carbide, originally reported by Hagg in 1932 to be Fe2C, was later 

shown to be Fe5C2 by Jack (1946), Duggin and Hofer (1966) and Jack and Wild 

(1966). Two variations of Hagg carbide were identified by the magnetic mea

surements of Hofer, Cohn and Peebles (1949). Both variations decomposed to 

give cementite and carbon at temperatures above 773 K. 

A third carbide, originally termed FeC, has been reported by Eckstrom 

and Adcock (1950) and later confirmed by Lauw et.!]_. (1957) and Kohn and 

Eckart (1962). A11 three occurrences of this carbide were noted in pres

surized (>20 atm) reactors. Herbstein and Snyman (1964) determined on the 

basis of x-ray diffraction measurements that the carbide was actua11y Fe7c3. 

Examination of the carbon product from Bosch recycle reactors has re

vealed that much of the carbon appears as fibers. Similar fibers have been 

observed in carbon deposits on such metals as iron, cobalt, nickel, and 

chromium exposed to a variety of gaseous carbon forming materials including 

carbon monoxide, acetone, methane, butane, benzene, and acetylene. The first 

direct observation of carbon fiber growth was accomplished by Baker and 

Harris (1972) through development of controlled atmosphere electron micro

scopy. This technique a11owed direct observation of the growth of carbon 

fibers from nickel crystallites under controlled partial pressures of 

acetylene. Movie or videotape filming in conjunction with this technique 

enabled review and analysis of the time sequence of events to determine 

single fiber growth rates. Based on the observed sequence of events, Baker 

et tl• (1972) proposed the fiber growth mechanisms shown in Fig. 19. 
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In (a) a crystallite has been liberated from the support - for iron 

this could be by the mechanism proposed by Ruston et~- (1969). Gas phase 

components such as methane, acetylene, carbon monoxide are then free to 

react and deposit carbon on the crystallite. Carbon from the decomposed 

gases can be taken into solution in the metal. A concentration gradient of 

carbon results and carbon diffuses through the crystallite to be deposited 

predominantly in the protected regions to produce the situation shown in 

(b) and (c). The precipitation of carbon at the rear of the particle builds 

up a deposit of carbon which forces the particle away from the support as 

shown in (d). If the diffusion of carbon through the particle is slow 

enough to limit the rate of the above process, then eventually the surface 

of the entire crystallite will be covered with carbon and catalytic activity 

will cease as shown in (e). The shape of the catalytic crystallite and 

differing diffusion paths lead to the hollow core shown in (d) and (e). 

Subsequently, Baker and Waite (1975) reported that carbon filaments 

also formed on other:metals, such as chromium, or in the presence of sili

·con ~by-a variation o.Fth'is growth sequence as shown in Fig. 20. In- this . 

sequence eleciron diffraction data indicated phase separation of the alloy 

constituents occurred at 690 K. As previous work had indicated that iron 

would produce filaments only above 925 K, the initial decomposition at 690 K 

was attributed to the catalytic effects of platinum as shown in (b). Carbon 

deposited on the platinum surface was free to migrate across the surface and 

to diffuse through the bulk platinum and iron as shown in (c). The resultant 

observed behavior was the "extrusion" of a carbon filament from a crystallite 

fixed on the surface as shown in (d). Although these carbon fiber growth 

sequences were observed in an acetylene atmosphere, the similarity of the 

final products leads one to conclude that a similar growth mechanism is 
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responsible for producing the observed carbon fibers found in Bosch product 

carbon . 

1. 3 Experimental Approach 

The experimental apparatus is shown in Fig. 21. Chemically pure or 

prepurified grade bottled gases were fed from cylinders through individual 

pressure regulators to a mass flow regulator. The gas flow rate from the 

mass flow regulator was measured with calibrated capillary flowmeters. The 

mixed gas stream was subsequently dried over a bed of indicating silica gel 

or saturated with water in a packed tower. Partial pressures of water up 

to 0.035 atm were obtained using these methods, 

The thennogravimetric reactor consisted of a 2300-W electrical heater 

with electronic temperature controller, a quartz preheater and reactor, and 

an analytical balance. Temperature control was regulated by a proportional 

controller actuated by a chromel-alumel thermocouple located in a thermo

couple well in the quartz reactor support tube as shown in Fig. 24. The 

quartz reactor was a three-part apparatus connected by a ground glass joint 

as shown in Figs. 24 and 25. Feed gas from the preparation section passed 

through the 7-mm-00, 6-m-long quartz preheater to the base of the catalyst 

support tube, up the support tube, over the catalyst, and out either the 

exhaust or sample tubes. 

The third piece of the reactor was the catalyst carrier section shown 

in Fig. 25. The catalyst carrier consisting of the outer part of a quartz 

19/38 standard taper ground joint and a quartz suspension rod was supported 

in the reactor by the inner part of the ground joint which had been affixed 

to the vertical support tube. Thus, when the catalyst carrier rested on 

its support, all the gas passing up the support tube passed over 250 mg of 
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steel wool catalyst mounted between quartz wool plugs. The quartz suspen

sion rod passed from the top of the catalyst carrier up through the weighing 

port to an analytical balance; so that when the suspension rod was lifted, 

the weight of the carrier, catalyst, and deposited carbon product could be 

determined to within .:t_ l mg. 

The inlet stream, outlet stream, and a preanalyzed calibration gas 

mixture were analyzed with a gas chromatograph. A sample valve system con

trolled the pressure and temperature of the fixed gas volume injected for 

analysis.-- A mixed H2/He carrier gas allowed direct analysis of hydrogen by 

the method of Purcell and Ettre (1965). All chromatograph peak areas were 

recorded with an electronic digital integrator. 

1.4 Results and Discussion 

From the studies of Walker et tl• (1959) it was expected that the CO 

mixtures would deposit carbon rapidly. Figure 29 shows the amount of carbon 

deposited on 250 mg of fresh steel wool catalyst as a function of time for 

a typical run. The amount of carbon deposited during the early portion of 

the run is approximately a linear function of time. Over long periods the 

rate of deposition increases as more carbon is deposited. During the same 

period the reactor exit gas analysis indicated up to 0.37 mole% water and 

up to 0.41 mole% carbon dioxide. No determination could be made as to 

whether the carbon deposition process was a combination of reactions (C) 

and (D) in parallel or reactions (B) and (D) in series* 

(B) 

2CO +CO2+ C (C) 

*Note that reactions shown are not independent, i.e., (C) = (D) + (B). 
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(D) 

To determine whether the initial catalyst condition influenced the 

carbon deposition rate, 250 mg of fresh steel wool catalyst were oxidized 

in the reactor using a flowing stream of carbon dioxide at 823 K for one 

hour . After a 30-min helium purge, a 25% carbon monoxide - 75% hydrogen 

mixture was passed over the catalyst. The subsequent carbon deposition 

was an order of magnitude faster than that for the same mixture over an 

untreated catalyst. Scanning electron photomicrographs of a catalyst 

surface, after CO2 oxidation and prior to exposure to the CO/H2 mixture, 

indicated that oxidation of the catalyst surface resulted in a roughened 

porous surface. Hence, it is possible that the oxidized surface increased 

the carbon deposition rate either by providing higher specific area or by 

providing a surface which readily forms the crystallites described by 

Ruston (1966, 1969). 

In all other experiments, a stream of dry hydrogen was passed through 

the reactor and over the fresh steel wool catalyst to prevent catalyst oxi

dation as the reactor was heated. The results of seven experiments in which 

a 50% H2 - 50% CO mixture was passed over the reduced catalyst are shown in 

Fig. 34. Similar results from nine other experiments for mixtures containing 

25, 10, and 5% CO in hydrogen are shown in Fig. 35. 

For each set of experimental data shown in Figs. 34 and 35, the rate 

of carbon deposition was determined graphically from the slope of the initial 

linear portion of the curves. The resulting values of carbon deposition 

rate were correlated with hydrogen and carbon monoxide partial pressures 

using a least-squares technique. The best resulting correlation was: 

rate (gmole/cm2-sec) = 4.3 x 10-8 (PcoPH2)0•42~0.lO 

(based on initial iron surface area) 
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where the component partial pressures are in atmospheres. The approximately 

half order dependence on both carbon monoxide and hydrogen partial pressures 

is consistent with the reanalyzed data of Everett (1967). One additional 

experiment at 773 K with a 25% CO - 75% H2 mixture permitted calculation of 

an approximate activation energy of 70 kJ/mole. 

The reaction of methane and hydrogen mixtures on a Bosch catalyst was 

investigated by passing several hydrogen-methane mixtures over 250 mg of 

steel wool catalyst with approximately 400 mg of deposited carbon at 823 K. 

As shown in Fig. 36, the net amount of carbon on the catalyst decreased 

sharply with an inlet stream of pure hydrogen. The reactor exhaust con

tained between 0.17 and 0.27 mole% methane indicating that carbon was being 

removed from the catalyst and converted to methane. However, when the 

methane concentration in the inlet gas was increased to 60 or 75%, the 

amount of carbon remained constant. During this same period, the inlet 

and outlet gases were identical in composition, within the limits of ana: 

lytical accuracy. Thus, with more than 60% methane in the gas phase, all 

carbon-forming or consuming reactions stopped. Changing the inlet gas 

composition to 25 mole% methane and 75 mole% hydrogen caused the amount 

of deposited carbon to-decrease again. 

At 823 K the equilibrium constant for reaction (E) is 0.966 . 

(E) 

while the equilibrium constant for reaction (J) is 2.48 

according to Browning et!!_. (1950). The equilibrium concentrations of 

methane for these two reactions would then be 38 and 53%, respectively. 
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To determine whether methane would form from free carbon at an appre

ciable rate in the absence of iron, 426 mg of activated charcoal (finer 

than 200 mesh with a BET area of ~850 m2/g) were charged to the reactor. 

The reactor was heated to 823 Kin a flowing stream of hydrogen. No methane 

was detectable in the reactor exhaust gas nor was any change in the catalyst 

weight observed. Thus, reaction (J) is the probable source of methane. 

However, since the amount of carbon removed by pure hydrogen {>75 mg carbon) 

exceeds that which could form a stoichiometric carbide, Fe3c, with all the 

iron present (17 mg carbon), formation of methane from a carbide would re

quire simultaneous formation of the carbide from the iron and carbon present. 

From this information several conclusions can be drawn: 

- For gas mixtures on the methane-rich side of the equilibrium concen

tration, no carbon formation from the decomposition of methane is observed 

experimentally. 

- For gas mixtures on the hydrogen-rich side of equilibrium concentra

tion, hydrogen reacts (probably with iron carbide) to form methane. 

The results shown in Fig. 37 were obtained by passing various CO-CO2 

mixtures over 250 mg of steel wool catalyst and approximately 700 mg of 

deposited carbon at 823 K. An inlet gas composition of 50 mole% each of 

carbon monoxide and carbon dioxide caused no observable change in total 

weight of carbon deposited. Also, no change in gas composition through the 

reactor was observed. However, when a gas mixture containing 55 or. 60 

mole% carbon monoxide was fed to the reactor, no consistent weight gain 

or loss was observed, although both losses and gains were noted. One 

difficulty leading to these uncertain observations is that weight gain can 

be caused either by carbon deposition or by oxidation of the catalyst by 

reaction (L): 
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(L) 

The equilibrium constant for reaction (L) at 823 K is 1.11 corresponding 

to an equilibrium mole fraction of CO of 53%. When a gas stream containing 

66 mole% carbon monoxide was fed to the reactor, a large, rapid weight 

gain occurred clearly indicating carbon deposition. The equilibrium con

stant for reaction (C) at 823 K is 48.8 corresponding to an equilibrium 

2CO +CO2 + C (C) 

mole fraction of CO of 13%. 

From these data the following conclusions can be drawn: 

- For gas mixtures on the CO2-rich side of the equilibrium concentra

tion, no reaction other than catalyst oxidation occurs. No carbon is 

removed or deposited. 

- For gas mixtures on the CO-rich side of the equilibrium concentration, 

carbon deposition occurs. 

- For gas composition very close to equilibrium, for reaction (L), no 

distinction could be made between carbon deposition and catalyst oxidation 

using the experimental apparatus. 

- Although carbon deposition by reaction (C) is possible under all the 

experimental conditions shown in Fig. 37, no carbon deposition occurs when 

the catalyst is expected to he oxidized by reaction (L). 

From the results of Kusner (1962), it was expected that the reverse 

water-gas shift reaction would proceed slowly over a low surface area iron 

catalyst such as steel wool. Indeed, when a gas stream containing 50% 

hydrogen and 50% carbon dioxide was passed over a fresh steel wool catalyst 

at 823 K, the product water and carbon monoxide were barely detectable 
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(0.02%) in the reactor outlet stream. However, with the same amount of 

iron catalyst after deposition of ~soo mg of carbon, reactor outlet concen

trations of 5 to 7% each carbon monoxide and water were obtained using the 

same feed mixture. No carbon was depos i ted from this gas mixture. As the 

same weiight of iron catalyst is present in both experiments, it is obvious 

that the formation of deposited carbon on the catalyst has a large effect 

on its activity with respect to the reverse water-gas shift reaction. 

This increase in activity resulting from carbon deposition can result 

from an increase in active iron surface area or from the carbon fiber sur

face if it is catalytic. To determine which of these hypotheses was true, 

approximately 425 mg of activated charcoal (finer than 200 mesh, with a BET 

area of ~aso m2/g) was charged to the reactor, and the reactor was heated 

to 823 Kin a flowing stream of 75% hydrogen and 25% carbon monoxide and 

only small amounts (<0.07 mole%) of carbon dioxide and water were found 

in the exhaust gas. The inlet gas was then changed to 50% hydrogen and 50% 

carbon di oxide, and less than 0.33 mole% carbon monoxide and water were 

observed in the exhaust gas. As the reaction rate of each of the reactions 

is slower by at least an order of magnitude than the same reaction over a 

simi lar Bosch catalyst with approximately one fifth the carbon surface area, 

one can conclude that the carbon surface area is not influencing the observed 

rate of reaction. Hence, the iron must be responsible for the observed re

action rate increase. This conclusion, along with the experimentally 

observed i ncrease in the carbon depos i tion rate and reverse water-gas shift 
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rate as carbon is deposited, leads to the conclusion that the catalytic 

iron surface area increases by some mechanism in the process of carbon 

deposition. This observation can also be substantiated by estimation of 

the amount of iron surface area present. That is, if one calculates the 

surface area of iron distributed in the carbon fibers as shown by trans

mission electron microscopy, the iron surface area per unit weight of 

iron increased at least two orders of magnitude during carbon deposition. 

Since equipment was not available to make direct measurements of iron 

surface area in this investigation, the change in catalytic surface area 

leads to the conclusion that the data obtained may be used qualitatively 

to determine the effects of gas composition and temperature on reaction 

rates but cannot be used to determine quantitatively the individual cata

lytic reaction rates. One exception, however, is that reaction rate data 

may be obtained from the initial portions of the experimental runs. That 

is, the initial rate of carbon deposition can be determined as a function 

of temperature and gas composition where the initial surface area is fixed. 

1.5 Application of Results 

To apply results of this investigation, several alternatives to the 

conventional Bosch process flowsheet, shown in Figs. 41-44, have been 

evaluated. The thermodynamic analysis of Tevebaugh and Cairns (1964) was 

extended to determine the gas phase concentrations of H2, CO, CH4, CO2, 

and H20 that would be in equilibrium with iron and iron oxide or in equi

librium with carbon .at various temperatures and pressures. The equations 

describing these ·equilibria were determined and ·solved numerically. ·A 

typical sample of ·the results · for 1 atm and 800 K is shown on a triangular 
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diagram in Fig. 16. The curve abc is the carbon deposition boundary de

termined by Tevebaugh and Cairns (1964). The curve dbe corresponds to the 

gas phase C-H-0 composition of mixtures of H2, CO, CH4, CO2, and H20 that 

would be in equilibrium with solid phases of iron and iron oxide, Fe3o4. 

In the region above this line, iron would be present only in the reduced 

metallic state; below this line, iron would exist as an oxide. 

The results shown in Fig. 16 are typical of the results up to ~930 K. 

At these temperatures, the lines abc and dbe intersect. The intersection 

of these two lines (representing the solid carbon-gas phase equilibrium and 

the iron-iron oxide-gas phase equilibrium) indicates the one point at which 

carbon, iron, and iron oxide may coexist at equilibrium with a gas phase 

containing H2, CO, CH4, CO2, and H20, As temperature is increased, however, 

the curve abc moves toward the carbon apex while curve dbe moves toward the 

base of the triangular diagram. At ~930 K the two lines no longer intersect. 

If the Bosch reactor effluent is assumed to be a mixture in equilibrium 

with both the carbon product and the iron catalyst, the point corresponding 

to the composition of the Bosch reactor effluent will be at the intersection 

of the equilibrium curve (bde or abc) and an operating line (0/H ratio equal 

to 0.5). The equilibrium line will correspond to curve bde at low tempera

tures where carbon, iron, and iron oxide may coexist at equilibrium,' but 

will correspond to curve abc at higher temperature where only carbon and 

iron may coexist at equilibrium in the reactor. The alternative Bosch pro

cess flowsheets were evaluated on the basis that conversion obtainable in a 

Bosch reactor at equilibrium would correspond to a point on curve bde or 

abc appropriate to the temperature and pressure of operation. 

To overcome the difficulties in starting a reactor which operates as 
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shown in Fig. l, an alternative scheme as shown in Fig. 42 could be used. 

In this process, a feed mixture containing two moles of hydrogen for each 

mole of carbon dioxide is fed to a reverse water-gas shift reactor at 922 K. 

Using a pelleted iron powder catalyst with high specific surface area, 

Kusner (1962) has shown that the shift reaction rate at 922 Kover an active 

catalyst is limited by mass transfer of reactants from the gas phase to the 

catalyst surface. The product stream from the shift reactor is then fed 

to a recuperative heat exchanger where water is condensed and separated. 

If equilibrium is reached in the shift reactor, 0.562 moles of water would 

be obtained per mole of CO2 fed. The remaining gas stream containing 18 

mole %-carbon dioxide, 59 mole% hydrogen, and 23 mole% carbon monoxide 

(on a dry basis) is then fed to a recycle reactor at 823 K to produce both 

carbon and water. 

This operating scheme has several advantages. First, 28% of the water 

formed in the overall process can be recovered after one pass through the 

shift reactor. Secondly, a rapid start of the recycle reactor should be 

achievable by using the H2-CO-rich stream from the shift reactor and a 

catalyst activation procedure such as surface oxidation by carbon dioxide. 

Additionally, the flowsheet shown •in Fig. 42 can be simplified by using only 

the second heat exchanger for both reactors; that is, the product stream 

from the shift reactor could be introduced directly into the recycle loop 

after the recycle reactor and before the heat exchanger as shown in Fig. 43. 

Finally, even more favorable yields of water and carbon monoxide are obtain

able by increasing the shift reactor temperature or by increasing the H2/C02 

ratio of the feed mixture. The latter, however, would lead to accumulation 

of hydrogen in the second recycle reactor requiring an occasional reactor 

purge and, thus, a more complicated operation. To increase the H2/C02 feed 
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ratio above two without purging, a hydrogen separator, such as a palladium

silver semipermeable membrane, could be added as illustrated in Fig. 44. 

The experimental results also indicate that methane is formed from the 

reaction of hydrogen with the carbide present when carbon is deposited on 

the steel wool catalyst. Thus, in any recycle loop, such as those shown in 

Figs. 41-44, or when methane is not removed, an accumulation of methane in 

the recycle loop must be expected. Based on the data obtained using binary 

mixtures and the results of Browning et tl• (1950), the concentration of 

methane in the recycle stream would be expected to increase at least until 

reaching a concentration corresponding to equilibrium for reaction (E). 

To evaluate the advantages of the various flowsheets presented in Figs. 

1 and 41-44, the mass balances expected at equilibrium conversion (the most 

favorable operating conditions achievable) were calculated for each flowsheet. 

In all cases, it was assumed that, in a reverse water-gas shift reactor, 

equilibrium conversion was obtainable without carbon deposition and without 

methane formation. Thus, the outlet composition of the reverse water-gas 

shift reactor depended only on the reactor temperature and H2/C02 feed ratio. 

The inlet H2/C02 ratio was assumed to be two in all cases where a hydrogen 

separator and hydrogen recycle were not employed. The outlet composition of 

the Bosch reactor was assumed to be the equilibrium mixture expected at the 

appropriate C-Fe-Fe304(or FeO)-H2-CO-CH4-C02-H20 or C-H2-CO-CH4-C02-H20 

equilibrium. The water separation system was also assumed to be 100% effi

cient. In each case, the number of moles of reactants recycled in a Bosch 

recycle loop is calculated as a function of the adjustable processing param

eters: the reverse water-gas shift reactor temperature, the Bosch reactor 

temperature, and the H2/C02 ratio of the feed to the water-gas shift reactor. 

The results of this calculation are presented graphically in Fig. 45. 
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In Fig. 45 the two solid lines represent the number of moles, r, of 

gas which must be recycled in the Bosch reactor loop per mole of inlet co2. 

The upper solid line, A-A 1 , represents the amount of recycle required if a 

Bosch reactor is operated without a reverse water-gas shift prereactor as 

shown in Fig. 1; the lower line represents the amount of recycle required 

with the addition of a prereactor operating at the same temperature. If 

the temperature of the water-gas shift reactor is increased above the temp

erature of the Bosch reactor, the minimum recycle required decreases slightly 

as indicated in Fig. 45 by the dotted lines corresponding to an H2/C02 feed 

ratio, n, of 2 as indicated in the flow diagrams of Figs. 42 and 43. Finally, 

if an H2/C02 feed ratio above 2 is employed with hydrogen recycle as shown 

in Fig. 44, the required recycle decreases as shown by the dotted lines for 

H2/C02 feed ratios of 10 and 20. 

The recycle required for the flowsheets shown in Figs. 1 and 41 decreases 

rapidly with increasing temperature up to approximately 900 K. As shown 

in Fig. 45, the addition of the reverse water-gas shift prereactor decreases 

the required recycle by 21% at 800 Kand 14% at 900 K. Increasing the re

verse water-gas shift reactor temperature to 1100 K results in an additional 

11% decrease at 800 Kand an additional 8% decrease at 900 K. The largest 

single factor decreasing the required amount of recycle, however, is the 

Bosch reactor temperature. 

The use of increased H2/C02 ratios for the reverse water-gas shift re

actor is also shown to decrease the number of moles of material that must 

be recycled through the Bosch reactor as shown in Fig. 45. This decrease 

is accomplished, however, by the addition of a hydrogen recycle loop. For 

all reactor temperatures above 800 K, the number of moles of hydrogen that 
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must be recycled exceeds the decrease in the number of moles that must be 

recycled through the Bosch reactor. For some reactor operating conditions 

below 800 K, the total number of moles to be recycled, n+r-2~ decreases for 

values of n larger than 2 and then increases as n becomes large. This means 

that a reactor cycle such as shown in Fig. 45 can be optimized for the mini

mum value of (ntr-2). if the Bosch reactor will operate: at temperatures below 

800 Kand if operations at such low temperature are favored from other 

weight, volume, or power considerations. 

Finally, there is a minimum value of r for the flowsheets shown in 

Figs. 41-43. The minimum occurs at reactor temperatures of 915 K for these 

process flowsheets at atmospheric pressure. The composition of the gaseous 

effluent from the Bosch reactor, which is detennined by the -Fe-Fe3o4(or 
Fe0)-H2-CO-CH4-C02-H20 equilibrium below this temperature, becomes deter

mined by the C-H2-CO-CH4-C02-H20 equilibrium at higher temperatures. 

In conclusion, each of the reactor flow schemes shown in Figs. l and 

41-44 has advantages and disadvantages. The final selection and optimiza

tion of the proposed schemes will require an analysis of the aggregate 

weight, volume, and power requirements of the various flowsheets. 
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2, IUTRODUCTIOU 

2.1 Rationale 

For long-range space missions which involve astronauts, a reliable life 

support system is necessary. Integration of portions of this system to 

achieve less weight, smaller volume, lower power, or t6 simplify operations 

is a desirable goal. One key step in the life support system is the reduc

tion of metabolic carbon dioxide to oxygen. To accomplish this step, a 

number of schemes have been proposed; at present there remain three primary 

candidates: the Bosch, Sabatier, and Solid-Electrolyte processes. The 

latter two will not be discussed here. 

In the Bosch process, carbon dioxide is converted to solid carbon and 

water by reaction with hydrogen in one reactor as shown in Fig. 1: 

(A) 

Reaction (A) should, however, be visualized only as an equation representing 

the overall stoichiometry of the process. In a typical Bosch system, fresh 

CO2 and H2 are mixed with recycle gas and passed through a reactor usually 

containing an iron catalyst at 800-950 _K. In addition to carbon ~nd -water, 

other products form: primarily CO and CH4• Solid carbon deposits in the 

catalyst mass, water is condensed in an external heat exchanger, and all 

other gases are recycled and mixed with fresh feed. An overall "black box" 

analysis of the system would then appear as written in (A) and shown in Fig. 1. 

The product water would be electrolyzed to reform oxygen, and the 

hydrogen would be recycled to the Bosch reactor inlet. Thus, the net effect 

of the two reactors is to reduce CO2 to carbon and oxygen. 
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CO2 + 2H2 ➔ C + 2H 20 

2H20 ➔ 2H2 + o2 

CO2 ➔ C + o2 

To understand the Bosch process so as to optimize operating conditions, 

it is desirable to examine in detail the individual reactions which may 

occur. The situation turns out to be quite complex. Not only must the re

actions involving co2, H2, CO, H2o, CH4, and solid carbon be considered, but 

under some conditions, the stable phase of the iron catalyst could, in 

actuality, be an iron oxide or carbide. Thus reactions involving the gas 

phase and catalyst must not be ignored. 

It is the goal of this study to determine the individual reactions 

which are important in this processing scheme and the variables which 

affect the rates of these reactions. In addition, it is desirable to form

ulate recommendations as to the optimum method by which the Bosch process 

should be carried out in a manned spacecraft. 

2.2 Previous Work 

2.2.l Water-Forming Reactions 

To start a typical Bosch system, the reactor is charged with an iron 

catalyst, brought up to temperature (800-950 K), and fed with a 1:2 mixture 

of CO2 and H2. Too often, nothing much happens. Little water appears in 

the product condenser and the unreacted gases must be recycled many times 

through the reactor before a "start" is achieved, i.e., before much water 

begins to condense and carbon to form. 

We might then examine first what reactions are to be expected between 

co2 and H2 on an iron catalyst. It appears that the only reaction of any 
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consequence that occurs is the reverse water-gas shift. 

(B) 

Under conditions very similar to those used in the Bosch process, Kusner 

(1962) studied the iron catalyzed reaction of co2 and H2 at 922 K with 

H2;co2 feed ratios ranging from 0.5 to 3.0. A single-pass, fixed-bed 

reactor was employed and both inlet and outlet gas compositions were mea

sured. Several different iron catalysts were tried and all were found 

active. Iron or iron oxide powders were ground, pelleted with a starch 

binder, dried, and fired in air to burn off the starch and to partially 

sinter the pellets. After a subsequent reduction in H2 at 1092 K, the 

pellets were cooled in hydrogen, crushed, and sieved. The final average 

particle size used was about 3 mm, the density 3.97 g/cc, the porosity 61%, 

and the BET area about l m2/g. A final annealing in H2 completed the pre

treatment. The amount of catalyst used ranged from 100 to 600 g. As the 

reactor was a vertical Vycor tube, 90-cm long by 5.9-cm diameter, the 

packed height (porosity= 0.46) varied from about 2.6 to 15.6 cm. Various 

flow rates were studied to cover a particle Reynolds number domain between 

1.7 and 16. The flow was, therefore, laminar. Conversions were as high 

as 60% in some runs; expressed differently, the fractional approach to 

equilibrium was as high as 96%. A convenient way to represent the reaction 

path is shown on Fig. 2 from the thesis of Kusner (1962), on which the ordi

nate represents the fraction carbon as CO while the abscissa shows the frac

tion hydrogen present as water . A co2-H2 feed lies i n the lower left-hand 

corner since neither CO nor H2o is present. Depending upon the ratio of 

co2 to H2 fed t o the reactor, as reaction proceeds, the operating point 
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moves along a straight line away from the corner. Also shown is the isotherm 

which represents equilibrium conditions at 922 Kand one atmosphere. For 

example, proceeding along the line representing an H2;co2 feed ratio of 2, 

at point~ where the line intersects the 922 K equilibrium curve, the ordi

nate and abscissa show the equilibrium conversions for r.eaction (B). 

Finally, as indicated, for an iron catalyst, the equilibrium solid 

phase may be the a-phase of iron or some iron oxide depending on the temp

erature and oxidizing or reducing nature of the gas mixture. The dotted 

lines shown in Fig. 2 are algebraic representations of various equilibrium 

criteria. For example, the dotted line separating the regions labelled 

Fe and FeO is the locus of points which simultaneously satisfy the equations 

and 

where K4 and K5 are the equilibrium constants for the reactions 

and 

respectively. If the above two reactions are both at equilibrium at one 

temperature and pressure and if the reverse water-gas shift reaction is also 

at equilibrium with the gas phase containing only H2, CO, CO2, and H2o, then 

the phase rule indicates that the equilibrium state is completely fixed and 

that the gas phase composition is not variable. The point representing the 
" 

• 
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fixed gas composition defined by specifying the temperature, pressure, and 

equilibrium constants for the three reactions is located at the intersection 

of the dotted line and the equilibrium isotherm. 

Although the equilibrium solid phase for many of Kusner's experiments 

should have been an iron oxide, Kusner reported that catalyst weight gain 

was negligible and that chemical analysis showed only 0.02 - 0.07% oxygen 

combined with iron. While it may be possible that the catalyst was covered 

by a surface oxide layer undetectable by weight gain or by chemical analysis, 

no definite conclusion is possi J le . As is obvious from Fig. 2, no solid 

carbon or carbide phase is considered, nor was any ever detected. Also, no 

methane was found in any experiment except those with a H2/C02 ratio of three 

and, even here, only traces were noted. 

With a variety of iron catalysts, Kusner attained high conversions and 

water yields with but a single pass. This result is of interest as it has 

been observed in Bosch process systems that there is usually a significant 

induction period before any appreciable reaction occurs. Many ha¥e suspected 

an inactive iron catalyst and special techniques for activation have been 

employed. Yet, it is proposed here that the metal catalyst surface area 

available for reaction is of greater significance. Most Bosch process tests 

have been made with reactors packed with steel wool. Steel wool fibers vary 

in diameter, but typical available areas are in the range of 0.01 to 0.04 

m2/g. This is far less specific area than that of the catalyst used by 

Kusner. It is, therefore, not surprising that little reaction is noted in 

a single pass or even in many cycles. 

Also Kusner definitely established the reverse water-gas shift reaction 

is rapid over reduced iron at 922 K. In his reactor, the rate controlling 

step was not chemical but one which involved the mass transfer of either or 
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both the CO2 and H2 to the iron surface. Although this point will be dis

cussed later, it is noted here to emphasize that to initiate the Bosch 

process with a co2-H2 feed, a large area of iron catalyst must be available 

and the flow dynamics must enhance mass transfer. The following conclusions 

can be reliably drawn from Kusner's thesis: 

(1) High area iron catalysts are sufficiently active at 922 K to lead 

to an overall rate equation which is mass transfer limited. 

(2) Neither carbon nor appreciable methane form in a single pass from 

feeds with H2/C02 feed ratios ranging from 0.5 to 3.0. 

The reverse water-gas shift reaction has also been investigated in a 

single pass fixed bed reactor by Barkley et!!_. (1952) with feed gas H2/C02 

ratios of between 0.25 and 4.0 at flow rates between 0.0235 and 0.224 m3/hr 

(STP). The catalyst was a commercial promoted iron oxide shift catalyst in 

the form of cylindrical pellets 3 mm in diameter and 1.75-mm long. The 

pellets were packed in a 19-mm Vycor tube in depths ranging from 1.0 to 6.4 

cm. The Reynolds number based on particle size thus ranged approximately 

from 3 to 30. Conversion of the inlet carbon dioxide varied from 5 to 60%, 

or the fractional approach to equilibrium varied from 10 to 100% depending 

on the experimental flow conditions. The authors reported no observed mass 

transfer limitations and a kinetic rate equation at 811 K of: 

rate (g co2 converted/hr-g catalyst) 

where the component partial pressures are in atmospheres. The accuracy of 

the final rate expression and rate constants may, however, be questionable 

in that the authors also reported a temperature drop of 50 Kin the first 

• 
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2.5 cm of bed depth and +25 K sinusoidal fluctuation in bed temperature 

with time. 

As in Kusner's studies, no carbon deposition or methane formation was 

noted. Since the flow conditions, as reflected by the particle Reynolds 

numbers, are only slightly different in the experiments of Kusner and 

Barkley et _tl., one would expect the mass transfer coefficient for the two 

series of experiments to be similar. Yet, in contrast to Kusner's finding 

that mass transfer limited the overall reaction rate at 922 K, Barkley 

et 2-1· found a kinetically-car.trolled reaction rate at 811 K. It would 

appear that the activation energy of the reverse water-gas shift reaction 

may be high enough to cause a transition from a kinetically-controlled 

reaction regime at 811 K to a bulk mass transfer-controlled regime at 922 K. 

2.2.2 Carbon-Forming Reactions 

2.2.2.l Equilibrium Considerations. The fact that no carbon fonned 

during the experiments of Kusner and Barkley et _tl. might first appear un

usual. To illustrate, consider what reactions might be expected to produce 
* carbon. The two nonnally suggested are: 

2CO t C + CO2 (C) 

(D) 

For either reaction (C) or (D) to occur, the thermodynamic driving force 

must be such as to cause the reactions to proceed from left to right. That 

is, as reaction (B) proceeds, CO is produced. If the CO concentration be

comes sufficiently high, reaction (C) may commence. It turns out, however, 

*Note that reactions (C) and (D) are not independent if (8) is also 
considered. That is, (B) + (C) = (D). 
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that even if reaction (B) proceeds to equilibrium under the conditions 

studied by those authors (no methane formation) where the CO concentration 

wou1d be the highest possible, there is sti11 an insufficient concentration 

of CO to cause reaction (C) to proceed from 1eft ·to right. In fact, if 

carbon were present, co2 and carbon wou1d be consumed to form even more CO. 

The same conclusion is also reached if reaction (D) is considered. Never 

do the CO and H2 concentrations become sufficiently large to 1ead to carbon 

formation. 

Without carbon, methane might not also be expected since many believe 

the principal formation reaction to be: 

(E) 

Thus, it is tentatively concluded that carbon can be deposited only if 

the CO-H2-co2 concentrations allow reactions (C) and (D) to proceed to the 

right. Another way to show this conclusion is to refer to Fig. 3 (Tevebaugh 

and Cairns, 1964). A C-H-O triangular diagram is plotted with isotherms at 

811 and 922 K. These isotherms represent the equilibrium C-H-O compositions 

for systems in which free solid carbon is present and the gas phase contains 

CH 4, CO, CO2, H2, and H2o. Any gas mixture with an overall composition lying 

in the area marked carbon forming can deposit carbon and, at equilibrium, 

would be on the appropriate isotherm found by the i ntersecti on,·of this i so

therm with the extension of a straight line drawn through the original C-H-O 

composition and the C-apex. Any mixture composition lying in the no carbon 

region cannot deposit solid carbon while reacting. Note that a mixture of 

2 moles hydrogen and 1 mole CO2 lies well within the no carbon region for re

actions at 922 K. Compositions richer in hydrogen will not deposit carbon 

• 
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F IGURE 3, C-H-O TRIANGULAR DIAGRAM AT 1 ATM ( TEVEBAUGH 

AND CAIRNS , 1964 ) 
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even at much lower temperatures. 

Kusner's findings. 
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These conclusions agree completely with 

It has been proposed above that the reverse water-gas shift reaction (B) 

must be driven to the right by the removal of water to increase the CO conf 

centration sufficiently to initiate the deposition of carbon. It is also 

suggested here that reactions (C) and (D) are those primarily responsible 

in forming carbon. Previous work involving carbon deposition from CO-H2 

mixtures will now be briefly examined in the light of these proposals. 

2.2.2.2 Carbon Deposition from CO-H2 Mixtures. Probably the most com

plete studies were by Walker, Rakszawski and Imper·ial (1959). They used a 

reduced iron powder catalyst placed in a boat set in the bottom of a 25-mm-ID 

Vycor tube. The feed gases were CO-H2. By monitoring both the feed gas 

rate and the product gas rate (after removal of CO2 and water), they could 

infer the rate of carbon deposition though they could not distinguish whether 

the carbon came from reaction (C) or (D). Most runs were with a CO-rich gas 

(CO/H2 ratios were normally between 4.2 and 124). Temperatures ranged from 

723 to 973 K. Flow rates were varied and a number of reduced iron powders 

used. Baker analyzed reagent-grade iron powder, 10 µm average diameter, 

reduced in hydrogen at 673 K for 24 hr, gave the most active catalyst; it 

had a BET area of about 1 m2/g. The mass of carbon formed is shown as a 

function of time in Fig. 4. The curve is sigmoidal in shape with a weak 

induction period and an asymptote at long times. 

Carbon deposition was rapid even for the 0.8% H2 feed. Carbon deposi

tion rates maximized at a temperature between ·s25 and 900 K depe·nding on 

CO/H2 ratio; but at all temperatures, they were surprisingly constant over 

several hours before decreasing rapidly. In most runs, about 8 to 10% of 

the inlet CO deposited as carbon. 

,, 
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Another interesting result was the fact that at temperatures greater 

than about 850 K, the rate of formation of carbon was quite sensitive to 

the hydrogen concentration. At a constant total flow rate, maximum reaction 

rates were found for inlet H2 mole fractions of around 9%. The experimental 

data for a run at 875 Kare shown in Fig. 5. This effect of hydrogen is 

very strong as can be seen in the high rates of carbon formation from CO-H2 

mixtures relative to the rate of carbon deposition from pure CO (dotted line 

in Fig. 5). It is probable that mass transfer was, in reality, controlling 

(see Appendix 8.1.l for additional discussion) the observed reaction at high 

reaction rates. 

In all cases, the iron catalyst disintegrated and formed filaments with 

lengths over 10 µm and with diameters between 100 and 500 nm. Many were 

twisted. Crystals were often found at what appeared to be the ends of the 

filaments. BET areas ranged up to and over 100 m2/g and atomic C/Fe ratios 

were sometimes well in excess of 100. C/H atomic ratios in the filaments 

varied from 10-30 and increased with temperature. 

Electron micrographs of carbon filaments are shown later, but it should 

be noted here that filaments have been found in many previous studies. For 

example, Berry et _tl. (1956), Podgurski et _tl. (1950), and Tesner et tl• 

(1970) reported similar filaments in the study of the thermal decomposition 

of CO, acetylene, and other hydrocarbons on iron, iron oxides, and nichrome 

wire. Also, Robertson (1970) and Tamar et _tl. (1969) noted the1r. pppearance 

in the carbon product of methane pyrolysis on iron, cobalt, and nickel. 

2.2.2.3 Carbon Deposition from Carbon Monoxide. Probably the most 

extensive metallurgical study of the decomposition of pure CO on iron was 

published by Ruston et.!!_. (1969). They carefully examined the processes 

• 
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occurring within the metal catalyst and proposed the following mechanism: 

CO first adsorbs on the reduced iron surfaces. Depending upon the tempera

ture and CO concentration, various carbides can form; some CO decomposes to 

carbon and oxygen atoms; the oxygen atoms react with adsorbed CO to fonn 

product CO2. The carbon atom is relatively mobile and diffuses into the 

a-iron along an intergranular path. Within the metal, the carbon reacts 

to form Fe3c which is stable under compressive stress. The subsurface Fe3c 
crystal grows until it erupts from under the surface. In the absence of 

compressive stress on the surface, the Fe3c decomposes to iron and carbon. 

This causes disruption of the surface grains and pitting is observed. 

Another simultaneous carbide crystal formation was also detected. These 

crystallites formed within the single crystal grains of the a-iron at the 

surface and were most noticeable when the metal had been exposed to low CO 

pressures for prolonged periods. They appeared to grow epitaxially and 

uniformly over a single crystal grain, but their size and shape varied de

pending on the crystal grain face. Ruston et !l· identified these crystal

lites as Fe7c3 from x-ray diffraction data. However, this identification 

is questioned by other authors. 

Furthermore, Ruston et tl• proposed these Fe7c3 crystallites as the · 

catalytic species producing the filaments of carbon observed. They stated 

that the small crystallites became disengaged from the iron substrate by 

carbide decompositi~n and then were catalytically active to promote further 

CO decomposition. They also noted that this process did not continue indefi

nitely as the Fe7c3 crystallite disintegrated, leaving behind iron-rich frag

ments as the carbon filament grew. The crystallite is no longer active when 

the carbon-iron filament drops to less than about 3 wt% Fe (C/Fe = 150). 

• 



47 

Ruston 1 s findings are particularly valuable for their insight into the 

overall processes occurring on the surface of polycrystalline iron. However, 

several objections have been raised to•his conclusion that the small crystal

lites grown on single crystal iron surfaces are Fe7C3. Ruston formed this 

conclusion primarily on the basis of x-ray diffraction data, and yet both 

Renshaw et 2.l_. (1970) and Ratliff (1968) contend that the reported x-ray 

diffraction data can also be interpreted as either Fe3c or Fe2c. 

Westerman, in a thesis at Georgia Institute of Technology in 1967, 

studied the kinetics of carbon formation on iron from pure carbon monoxide. 

His work was extensive and requires careful consideration. Several types 

of experiments were performed; the most important employed is an electro

balance-furnace apparatus to permit continuous, accurate weighing of 

catalyst samples in a flowing stream of CO at temperatures up to 1323 K. 

The electrobalance used was of the pan type; the catalyst sample weight was 

continuously recorded. The catalyst itself was a 64.5-cm length of 20-mil 

iron wire formed into a coil approximately 1.2-cm long and 1.8 cm in diameter. 

The nominal surface area was 10 cm2. The wire coil was placed on a weighing 

pan 2 cm i n diameter centered in the furnace tube. The furnace tube, 3.8 cm 

in diameter, was resistance heated and controlled in temperature to within 

+2 K of the set.point. 

Purified CO gas was metered through the furnace tube at approximately 

30 standard cc/min while the catalyst weight was recorded for experimental 

runs lasting 20 hr. Reacted catalyst samples were also etched and observed 

using standard metallurgical procedures to determine the effects of exposure 

to the reacting gases. 

The results of the gravimetric data are shown in Figs. 6 through 9. In 

Fig. 6, the gain in weight (on 10 cm? of original surface area) of 
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the catalyst during a run is shown for several different temperatures. The 

weight gain curves obtained are not unlike those of Walker et!!_. (1959) 

except for Run 21 which will be discussed later. Again, an induction period 

is apparent and this period seems to be a function of temperature. Westerman 

termed this period an "incubation period" in that he regarded it as a period 

during which the primary process occurring within the metal was the formation 

of cementite (Fe3c) nuclei. Figure 7 shows a plot of Westerman's induction 

period versus temperature. This induction period was determined as the amount 

of time passed from introduction of the CO until some weight gain became per

ceptible. Westerman also reported that when the data were plotted as the 

logarithm of the induction period versus reciprocal absolute temperature, a 

linear plot was obtained. The apparent activation energy for this process was 

calculated to be 79.8 kJ/mole. Thus, Westerman asserted that since the 

activation energy corresponded approximately to the reported activation 

energy for the diffusion of carbon in a-iron (Wert, 1950) and since no other 

perceptible processes were occurring, the observed incubation period was the 

result of the activated formation of growth nuclei for the cementite crystal 

phase. 

The significance of Westerman's induction period is not clear. The 

point is vaguely defined. However, if the point at which a weight gain be

comes perceptible is taken as 0.2 x 10-4 mg/cm2, a number typical for 

Westerman's data, then the incubation period corresponds to approximately 

20 monolayers of carbon on the iron surface. If the process is autocatalytic, 

as most of Westerman's data show, then the induction period simply corresponds 

to the length of time required for the process to increase to an experimentally 

observable rate. Hence, the conclusion that the same process was not occur

ring during the induction period is incorrect. 

I 
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Figures 8 and 9 show carbon deposition rates as a function of recip

rocal absolute temperature. The carbon deposition rate is expressed as the 

sample weight gain per unit original surface area per unit time and was cal

culated from the slopes of experimental curves such as those in Fig. 6. In 

Fig. 8, the slope was taken at a time three hours after the induction period; 

while in Fig. 9, the slope was detennined 16 hr after the start of the run. 

Mo reason was given for choosing these two times. The rates shown in Fig. 8 

are slightly lower than those of Fig. 9, but there is good general agreement 

in the features of the two plots between 700 and 1000 K. The most readily 

apparent feature of these two plots is the rate maximum at approximately 

830 K. 

Westerman discusses the mechanism for two temperature regions - above 

and below 996 K. This is a logical dividing point as iron undergoes a phase 

transition from body-center cubic ferrite to face-centered cubic austenite 

at this temperature. In the region below 996 K, the mechanistic steps are 

postulated to be: 

(1) Adsorption of CO on iron 

(2) Boudouard reaction (2CO ~ C + CO2) 

(3) Fonnation of cementite (3Fe + C ~ Fe3C) 

(4) Decomposition of cementite to iron and carbon at the surface 

(5) Repeat 

Steps (1) and (2) were postulated to be fast and the observed tempera

ture dependence of the rate was attributed to steps (3) and (4). In the 

region below 830 K, i.e., on the ascending portion of the rate curve, 

step (4) was reported to be fast and step (3) to be the rate limiting step. 

This was supported by several pieces of experimental evidence. First, the 

activation energy of the carbon deposition rate at temperatures below 830 K 
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was shown to be about 84 kJ/mole .. This activation energy is the same as 

the activation energy for the diffusion of carbon in a-iron which was shown 

by Wert (1949) and Zener (1949) to be the limiting step for the precipitation 

of cementite from solid solutions of carbon in a-iron. Second, since the 

decomposikion of surface cementite is fast in this same temperature region, 

no large amounts of cementite should be formed at the surface. This was 

demonstrated by metallurg ical etchings of surface cross sections. 

Above 830 K, the rate of step (3) becomes faster than the rate of §tep 

(4), and step (4) becomes the rate limiting step. This was shown by a series 

of metallurgical etchings which show larger and larger amounts of surface and 

interior cementite formation as reaction temperature increases. 

Westerman also noted that the initial iron catalytic activity was de

pendent on its specific history. Wires with very small grain size or those 

which had been cold-worked were found to be more active initially. Three 

separate lots of electrolytic iron were used rln the experiments. However, 

the second lot used (wire II) had been cold-worked. Its atypical high 

initial rates can be seen in Fig. 6, where Run 21 was made using a sample 

of wire II. In Fig. 8 also, the atypical reactivity of samples of wire II 

can be noted below 996 K. Figure ·g, shows that the high activity decreases 

with time in that after 16 hr, the samples of wire II show normal activity. 

It was found experimentally that annealing at high temperature and subsequent 

recrystallization resulted in more reproducible data. This can be seen in 

Figs. -8 and ·g where the points labeled 11 annealed 11 are samples of wire II 

annealed at 1225 K for l hr and then lowered to 700 K before reaction. 

Ratliff (1968) in a subsequent Ph.D. thesis at Georgia Tech studied 

the first stages of reaction between pure carbon monoxide and single-crystal 

thin i ron films in the temperature range 520-870 K. The single-crystal 

• 
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films were grown epitaxially on a crystal face of a sodium chloride substrate 

by vapor deposition. The thin film was subsequently annealed in vacuum and 

exposed to CO in pressures ranging from 0.67 to 133 U/m2 for various lengths 

of time. Most runs were one hour long. Changes occurring at the iron sur

face were observed by electron microscopy. These observations showed the 

growth of a new phase which was determined by x-ray diffraction to be cemen

tite, Fe3c. The overall process observed was thus: 

2CO + C + CO2 ( C) 

( F) 

Data were taken to determine the cross-sectional area and population 

density of the Fe3c crystals as a function of time and CO pressure. These 

data indicated that the production of cementite was controlled by the diffu

sion r~ carbon in a-iron and followed an analytical model for the precipi

tation of Fe 3c from a supersaturated solution of carbon in a-iron:·similar .to 

that described by Wert (1949) and Zener (1949). The rate of cementite for

mation (and hence CO disproportionation) was reported to be independent of 

CO gas phase pressure for pressures above 67 tJ;m2. The overa 11 activation 

energy for the process v,as determined to be 89.5 kJ/mole, a value which is 

in good agreement with the activation energy for the diffusion of carbon in 

a-iron as reported by, Wert (1950). However, as in Westerman's thesis, the 

zero order rate dependence above 67 tl/m2 is not conclusively demonstrated. 

Ratliff based his assertion of a zero order rate dependence on a comparison 

of five experimental runs. All of the runs were at 623 K under CO pressures 

of 0.67, 13.3, 33.2, 67.0, and 133 N/m2. The measured total surface cross

sectional area of the product cementite particles was shown to increase as 
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the CO pressure varied from 0.67 to 67 N/m2, but was approximately identical 

at 67 and 133 N/m2. An extrapolation from this limited data to higher pres

sures may not be warranted. 

Concerning the identification of iron surface phases by x-ray diffrac

tion techniques, Ratliff states, ''Not every pattern was completely solvable. 

However, the presence or absence of Fe304 and graphite was readily determin

able in all instances due to their particularly characteristic patterns. 

Identification of the carbide was more complex. For cementite, there have 

been more than 100 interplanar spacings or d-spacings reported between the 

values of 0.989 and 6.943 A. Similar conditions exist for the Hagg carbide. 

Epsilon carbide and Fe7c3 have been reported to have thirteen and seventeen 

different reflections respectively between d-values of 1.04 and 4.40 A. 

Within the latter range, the d-spacings for either epsilon carbide or Fe7C3 

correspond within the limit of error to reported spacings for either cemen-
.. 

tite or Hagg carbide. The problem is compounded by the fact that there is 

a degree of uncertainty with a 11 the reported values ... " "l~agneti te, Fe3o4, 

was found to form on exposure of the films to the atmosphere." This explana

tion accounts for the large number of conflicting claims as to the nature of 

the "true" catalyst in CO disproportionation. 

Indeed, the work of Nelson (1937) had shown that a clean iron surface 

upon exposure to air at room temperature rapidly formed a surface layer that 

when analyzed by electron diffraction appeared to be Fe304. Renshaw, Roscoe, 

and Walker (1970) had reported that a-Fe2o3 was the catalytically active 

species in disproportionation on iron catalysts based on extensive electron 

diffraction studies. In their discussion of results, however, they also 

admit that the species identified could have also have been "Fe;3_z04 where 

} > Z > O," and they also noted that the oxide layer was in all probability 
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extremely thin (~20 A). Thus, it would appear that reports of iron oxide 

catalytic species based on electron diffraction evidence alone are very 

questionable. 

2.2.2.4 Previous Experiments with the Bosch Process. Several aspects 

of the Bosch process have been explored by Stricoff (1972) and Wilson (1971) 

using small horizontal Vycor tube reactors With various types of iron cata

lysts ranging from single, solid rods of electrolytic-pure iron, coils of 

pure iron wire, to steel wool plugs. In most cases, the iron was degreased 

and reduced in hydrogen at temperatures between 850 and 1000 K before use. 

The reactors were single-pass with an analysis by gas chromatograph of the 

inlet and all outlet gases except water. The latter was determined indirectly 

by passing the gas through calcium carbide to convert the water to calcium 

hydroxide and acetylene. 

(G) 

Acetylene concentrations were then used to back-calculate water yields. The 

analytical technique for the determination of water is questionable when 

carbon dioxide is present in the exit gases since when water reacts with 

calcium carbide, one of the reaction products is calcium hydroxide. The 

calcium hydroxide product is then free to react with CO2 in the gas stream 

as fol lows: 

(H) 

Analytically, this would lead . to artificially high values of water concen

tration and low values of CO2 concentration. The analysis of hydrogen which 
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was accomplished by difference was an additional source of error. 

A number of different gas feeds and reaction temperatures were employed. 

As expected, with pure C02-H2 feed gases over an iron catalyst, the only 

products found were CO and water. With pure CO-H2 feed gases, there always 

was a rapid reaction with carbon and water as principal products; only traces 

of methane were ever found in the exit gas. In runs with carbon deposition, 

the product carbon fibers were examined in an electron microscope and the 

iron content of the carbon deposit measured. Electron micrographs of the 

fibers are shown in Figs. 10 and 11. These photographs were made at about 

189,000X and 243,000X. The fibers exceed 1000 nm in length and are between 

100 and 500 nm wide. An electron dense crystallite is clearly evident on 

most filaments. Many filaments also showed dark granular, electron-dense 

regions which probably represented the disintegration products of the heads 

during the growth process. Various authors refer to these carbon fibers as 

filaments. This suggests a cylindrical shape. Some, however, examined 

under high magnification (see Fig. 10 at 189,000X) appear to be in the shape 

of ribbons with a thickness of approximately 10 nm. 

Wilson (1971) showed that the carbon ribbons are themselves catalytic 

as long as there is a reasonable concentration of iron. This was demonstrated 

by scraping the first carbon deposit from the iron rod after completion of a 

run. This carbon was used as the catalyst for a subsequent test. Several 

such dilutions were made in sequence, and it was found that as long as the 

iron concentration in the carbon was over 1-2%, the carbon remained an active 

catalyst. Photomicrographs of the dilute iron-carbon ribbons did, however, 

show that as the iron concentration decreased, fewer heads could be seen and 

these were smaller. Simultaneously, as noted above, there developed a gran

ular structure along the ribbons which can logically be attributed to a non-

• 
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FIGURE 10 
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FIGURE 11 
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ELECTRON MICROGRAPH OF BOSCH CARBON 
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active dispersion of iron or iron carbide. The carbon had BET areas in excess 

of 60 m2/g. 

2.2.2.5 High Temperature Gas-Cooled Reactor (HTGR) Studies. The 

appearance of carbon filaments has been reported in a number of other inves

tigations. However, the appearance of these carbon fibers as a corrosion 

product initiated considerable research in the Dragon Project, a program to 

develop a High Temperature Gas-Cooled Reactor (HTGR). The HTGR is a nuclear 

reactor with a graphite core. Heat released by nuclear reactions in the 

graphite core at 1073 K is transferred by a flowing helium stream to the 

tubes of a stream generator operating between 773 and 823 K. If any water 

from the steam generator leaks into the primary helium heat transfer media, 

the water reacts with the graphite core by 

(D) 

However, in the steam generator, at lower temperatures than the core, the 

reverse reaction is free to occur on the catalytic steel heat exchanger 

tubes. As the observed carbon product does contain iron removed from the 

high pressure heat exchanger tubes, this phenomenon poses a serious . corrosjon 

problem sometimes referred to as "metal dusting. 11 The investigations of 

Ruston et _tl. (1966, 1969) studied the solid phase effects of this corrosion. 

The only difference between HTGR corrosion studies and the previously men

tioned Bosch investigations i$ the extremely dilute gas phase concentrations 

involved. In that HTGR corrosion and the Bosch process involve the reaction 

of the same gaseous reactants over nearly identical catalysts in the same 

temperature region, the two processes are expected to have many comnon features. 

One study of HTGR corrosion by Karcher and Glaude (1971) reported attempts 

to develop an inhibitor to prevent carbon deposition on iron and steel surfaces. 
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A steel sample was hung in a heated combustion tube at 823 K from an electro

balance. Argon gas containing various amounts of CO, H2, and possible in

hibitors was passed through the combustion tube and carbon deposition 

monitored by weighing the steel sample. Several compounds were found to 

inhibit carbon deposition; for example so2 and silanes reacted irreversibly 

with the iron surface and covered it with an inert phase. so2 was visually 

detennined to fonn FeS on the iron surface, while the silanes reacted to 

deposit a silicon film on the surface as determined by electron microprobe 

analysis. This mechanism was termed irreversible inhibition. 

A second mechanism was proposed for inhibition by traces of CO2, NH3, 

or H2o. This mechanism was termed reversible inhibition as the inhibitor 

did not react irreversibly with the catalyst. CO2 and NH3 were found to be 

weak inhibitors while water was found to be a strong inhibitor. The data 

reported are shown in Fig. 12. The first plot shows the ratio of carbon 

deposition rates with and without water versus the partial pressure of water 

in the gas stream. Replotting the data against the ratio of H2 to H2o partial 

pressures gives the second plot. As can be seen, the data for two concen

trations of H2 and CO are reduced to one curve when plotted on these coordi

nates; thus, it is the ratio PH2IPH2o which is important in determining the 

carbon deposition rate. Also apparent is that at a ratio of PH2IPH2o of 

about 20, the rate of carbon fonnation is zero (i.e., an equilibrium is 

achieved). The cause of this apparent "equilibrium" was not delineated. 

Karcher and Glaude speculated that the phenomenon observed was due to the 

competitive adsorption of the inhibitor on the catalyst sites with the 

reaction partners CO and H2, 

Everett (1967) and Everett and Kinsey (1965) studied the deposition of 

carbon on various steel surfaces from a helium stream containing carbon 

• 
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monoxide and hydrogen (less than l mole% each). A pump recirculated the 

gas stream continuously around a loop which contained an electrolytic mois

ture meter, a gas chromatograph, and an infrared gas analyzer to determine 

gas composition. A molecular sieve bed was used to adsorb product carbon 

dioxide and water from a portion of the total gas stream. The reactor was 

a long silica tube mounted in a tubular furnace. Catalysts including coiled 

iron wire and steel discs were tested. 

Everett reported that, if helium containing 1% each of carbon monoxide 

and hydrogen was passed at a slow flow rate for a length of time over a set 

of identical isothennal iron specimens, the rate of carbon deposition was a 

maximum on the specimens at ·1.he entrance to the furnace and the rate de

creased on successive specimens in the direction of flow. This observation 

was reported to be indicative of a reaction which is inhibited by its products. 

That is, if the carbon fonnation reaction has water or carbon dioxide as a 

product and if the water or the carbon dioxide inhibits the carbon fonnation 

reaction, one would expect the rate of reaction to be fastest at the entrance 

to the reactor where the concentration of products is lowest and to be slowest 

at the reactor exit where the concentration of products is highest. Similar 

experimental observations were made by Wilson (1971) for his experiments with 

an iron catalyst. In this experiment, an iron rod was mounted coaxially 

within a tubular flow reactor. After exposure to a flowing stream of hydro

gen and carbon monoxide, the catalyst was removed from the reactor. A 

large quantity of carbon was found on the rod end nearest the reactor inlet, 

and no carbon was found on the rod end nearest the reactor outlet. The re

sults of both authors are in agreement with the reports by other authors 

that water and carbon dioxide inhibit the carbon deposition reaction(s)~ • 

• 
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Everett performed two other series of experiments. The first series 

was to determine the effects of the hydrogen to carbon monoxide ratio, car

bon monoxide concentration, and temperature on the rate of carbon deposition 

over a preactivated iron catalyst. The second series detennined the rate of 

development of catalytic activity as a function of temperature, gas composi

tion, steel composition, the nature of the steel surface, and time. 

Typical results from the first set of experiments are shown in Fig. 13. 

This figure shows the rate of production of carbon calculated from the rate 

of appearance of carbon dioxide and water in the circulating gas stream as a 

function of temperature. The catalyst in these experiments was a length of 

coiled iron wire with 1000 cm2 initial surface area which had been pretreated 

by several hundred hours exposure at room temperature to a gas mixture con

taining 0.5 atm each carbon monoxide and hydrogen. From these data, Everett 

concluded that the rate of production of carbon was approximately first order 

in carbon monoxide concentration at temperatures below 773 K (500 °C). The 

activation energy of the carbon deposition reaction is 41.8 kJ/mole from the 

data of Fig. 13 below 773 K. At temperatures above 773 K, equilibrium limi

tations caused the observed decrease in formation rates. Based on the data 

in Fig. 13, Everett reported that the carbon deposition rate from a helium 

stream containing equal amounts of hydrogen and carbon monoxide at 773 K 

could be expressed as 

-3 r = 6 X 10 X Pco ( 1 ) 

where: 
-1 -1 -2 r = carbon deposition rate, mg carbon hr µatm CO cm of 

catalyst 

Pco = partial pressure of CO, µatm 
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While the above expression adequately represents the four experimental 

data points at 773 K shown in Fig. 13, it applies only when the partial 

pressure of hydrogen and carbon monoxide are approximately equal. Specifi

cally, it does not apply to the data of five other experiments reported by 

Everett with large ratios of carbon monoxide to hydrogen. However, in 

Fig. 14 the data presented by Everett at 773 Kare replotted to show rate 

of carbon deposition as a function of the product of carbon monoxide and 

hydrogen partial pressures. The data points are the rate of carbon depo

sition calculated from the rates of formation of water and carbon dioxide 

given for all nine experiments reported by Everett. Also shown is the best 

line of slope 0.5 fitted by a one-constant least squares technique and 

drawn through the data. As can be shown from Fig. 14, the nine data points 

can also be represented adequately by the equation (based on initial iron area) 

where the component partial pressures have the units kN/m2. This equation reduces 

approximately to Eq. (1) presented by Everett when the partial pressures of 

hydrogen and carbon monoxide are equal. If the 41.8 kJ/mole activation 

energy is included, the equation becomes 

However, in a second experiment, Everett showed that the catalytic 

activity of a steel sample was not constant, but rather increased with time. 

This was demonstrated using a single pass reactor containing 10 steel discs 

with a total initial surface area of 50 cm2 and an inlet gas helium stream 

containing 1% each carbon monoxide and hydrogen at a total flow rate of one 
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liter/min. Results from this experiment are shown in Fig. 15 as the carbon 

deposition rate as a function of time. The weight percent iron contained in 

the carbon product is also shown as a function of time. As can be seen from 

this figure, the carbon product initially contained 25 wt% iron and the iron 

content of the product dropped until reaching a value of about 4.0 wt %. 

Also an 11 induction period 11 of approximately 70 hr was noted prior to achieving 

a linear increase in rate with time. Indeed, Everett reported that based on 

experiments with a wide variety of samples and carbon monoxide concentrations, 

the induction period was approximately equivalent to one atm-hr of exposure 

to carbon monoxide at 773 K. Some variation in this rule of thumb was noted 

for oxidized surfaces which were reported to require longer induction periods. 

Everett also reported that preoxidized samples, after the induction period, 

were significantly more active initially than were unoxidized samples. Similar 

increases in initial activity were reported for cold worked or stressed areas 

such as sawed faces and mechanically polished surfaces. In all cases, however, 

the initially high activity was only temporary and the samples after longer 

exposure periods behaved similarly to control samples. These results are 

very similar to those reported by Westerman (1967). 

Finally, Everett noted that the carbon product was catalytically active. 

This was shown by removing the catalyst once a day and removing the product 

carbon with a stiff Nylon brush. As can be seen in Fig. 15, this produced a 

75% decrease in the slope of the rate vs time curve. Everett concluded from 

this observation that most of the catalytic activity came from the metal sur

face itself rather than from the product carbon. 

As mentioned previously, Everett and Kinsey (1965) attributed the de

crease in carbon formation rates above 773 K to equilibrium limitations. 

More specifically, Everett and Kinsey advanced the hypothesis that carbon 
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deposition would occur only on a metallic iron surface and not on an 

oxidized surface. As the gas phase systems they considered contained mainly 

H2, H2o, and CO, they regarded the H2/H2o ratio as the primary criterion for 

possible carbon deposition (i.e., the H2/H20 ratio had to be such that the 

reactions 

or 

(I) 

would proceed from left to right and the stable metal phase would be reduced 

iron). The second criteria was that the C-H2-H20-CO-C02 equilibria were 

favorable for carbon deposition. 

The hypothesis of Everett and Kinsey (1965) was tested uy Warzee et~. 

(1967) who investigated the inhibition of carbon deposition on various iron 

alloys by surface oxide layers formed from the alloying elements. The effects 

of surface pretreatment was also examined by comparing identical specimens 

which had been either electropolished in an aceto-perchloric acid bath or 

cold-worked by milling. The alloy samples were first exposed to four gas 

mixtures containing H2, CO, H2o, CO2, and argon diluent as shown in Table 1. 

Table l. Experimenta 1 Gas Mixtures Employed by Warzee et!.!_. ( 1967) 

Comeositioni in vol% 
Mixture co co2 H2 R2o Ar 
1 0.05 0.005 0.05 0.005 balance 
2 5 0.5 5 0.5 balance 

3 0.05 0.0005 0.05 0.0005 balance 

4 5 0.05 5 0.05 balance 

test 20 20 0.0005 60 

Ar-CO 50 50 
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The gas compositions are such that the ratios 

PH2 Pco 
10 for mixtures 1 and 2 

PH20 
= 

Pco2 
= 

and 

PH2 Pea 100 for mixtures 3 and 4 
PH20 

= 
Pco2 

= 

These mixtures were selected for specific reasons. First, according to the 

hypothesis of Everett and Kinsey (1965) no carbon deposition is possible at 

823 K from exposure of any sample to gas mixture 1. Also, all gas mixtures 

had compositions such that at 823 K the alloying elements Cr, Mn, Si, and 

Al would be oxidized to cr2o3, f-1n0, Si02, and A1 2o3, respectively; yet, 

under these conditions the iron would not be expected to be oxidized. Alloy 

samples were exposed to one of the gas mixtures at 823 K for a period of 

120 hr, and then to a test mixture containing 20% CO, 20% H2, 5 ppm H20 (by 

volume), and 60% argon for 24 hr. The results of the initial exposure to 

gas mixtures 1, 2, 3, and 4 and the final exposure to the test mixture 

varied considerably for the alloys tested and depended also on the surface 

preparation. Basically, however, a complete surface oxide coating consisting 

of oxides of the alloying elements (mainly a spinel oxide, Mn0-Cr2o3) which 

could not be reduced under the test conditions was found to protect the sub

surface iron alloy from both surface and grain boundary carbon deposition. 

Only ferritic chromium steel in the annealed state (electropolished surface) 

with 13% chromium was found to develop protective oxide coatings under all 

the experimental conditions employed. In a subsequent test it was shown 

that pretreatment of the ten alloy specimens with a hydrogen stream contain

ing 5 ppm H2o and 2 ppm 02 (by volume) at 1073 K gave a protective oxide 
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layer on all steel specimens which resisted carbon formation when exposed 

to gas mixture 4 for 120 hr at 823 K. 

2.2.3 t1ethane-Forming Reactions 

Several mechanisms for the formation of methane are possible. Compared 

to the direct hydrogenation of graphite, the hydrogenation of carbon obtained 

from decomposition of iron carbides has been reported to be much faster . 

Browning, DeWitt, and Emmett (1950) reported that a small amount of free 

carbon present while measuring the equilibrium of reaction (J) 

(J) 

in the range 575 to 625 K did not affect the value of the equilibrium con

stant measured and concluded that the formation or reduction of free carbon 

was slow compared to the formation or reduction of the carbide. 

Walker et _tl. (1959) reported that methane was formed when an 11 inactive 11 

iron catalyst was treated with hydrogen at 873 K. The catalyst had become 

inactive in producing carbon from carbon monoxide-hydrogen mixtures and was 

determined by x-ray diffraction to contain only graphite and iron carbide. 

Treatment with a flowing stream of hydrogen at 873 K served to regenerate 

the catalyst. During the regeneration process, however, volumetric gas data 

from wet-test meters indicated that 0.50 g of free carbon had been converted 

to methane. This was subsequently found to be in agreement with gravimetric 

data. The producti on of methane from 0.50 g of carbon from a bed containing 

0. 10 g iron indicated that some methane was formed from free carbon rather 

than from the carbide. After reactivation the iron catalyst was found to 

contain only a-iron by x-ray diffraction. 

Podgurski et ,tl. (1950) reported that samples of iron containing carbidic 
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carbon could be reduced with hydrogen (to produce methane) at 573 Kin 16 hr. 

They coITJTiented that under similar conditions the removal of free carbon at a 

reasonable rate would require temperatures in the range of 773 K. 

Karcher and Glaude (1972) reported that the direct formation of methane 

from nuclear graphites in hydrogen atmospheres with no catalyst depended on 

the square of the hydrogen partial pressure. In examining the rate of dis

appearance of the carbon between 873 and 1423 K, they also reported that the 

apparent activation energy of the process below 973 to be about 210-250 

kJ/mole. In addition, they reported that the reaction was so slow at 873 K 

that a weight loss and gas chromatographic technique could not be used to 

determine the activation energy or formation rate accurately. 

In summary, previous investigations have found that methane is not 

formed at observable rates by direct hydrogenation of carbon at temperatures 

below 823 K. At these same temperatures, methane can be fonned by reduction 

of iron carbide with hydrogen. Moreover, in experiments where hydrogen was 

passed over carbon containing an iron catalyst, methane was fonned at temp

eratures below 823 K. However, as the amount of methane formed exceeded 

the maximum amount that could be formed by reduction of carbide alone, it 

is probable that carbon is being converted to a carbide and then converted 

to methane. 

2.2.4 C-H-0-Fe Equilibria 

2.2.4.1 Phase Rule Considerations. As indicated earlier, the equilib

rium between a gas phase containing C0-H2-co2-H20-CH4 and a solid carbon 

phase has been discussed by Tevebaugh and Cairns (1964). Using the phase 

rule, they showed that by specifying the temperature, pressure, equilibrium 

constants from three independent reactions, and the 0/H ratio of the gas 
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phase, the final equilibrium state of the system was fixed. Algebraic 

equations relating the mass balances and equilibrium constraints were de

rived and solved numerically. Results were presented in both tabular and 

graphical form such as those of Fig. 3. It should be noted, however, that 

the results of Tevebaugh and Cairns are applicable to the Bosch process 

only if the iron catalyst does not react with any other components so as 

to affect the mass or equilibrium constraints and if the system can react 

to fonn the equilibrium mixture. 

In the event that other solid phases such as iron oxides or carbides 

are present and react with the gaseous components, the computed equilibrium 

~as phase concentrations are different from those found by Tevebaugh and 

Cairns. For example, consider an equilibrium system containing five com

ponents in the gas phase (CO2, H2, CO, H2O, CH4) and two components, 

iron (a-Fe) and iron oxide (Fe3o4), as solid phases. Assume that carbon 

formation is not possible. An application of the phase rule shows that 

the number of variables, V, required to completely specify the system con

sisting of seven components, C, and three phases, P, is 

V = C - P + 2 = 7 - 3 + 2 = 6 

Thus, the following set of variables is a sufficient set to specify the 

equilibrium: 

(1) pressure 

(2) temperature 

(3) C/H ratio in the gas phase 

(4)-(6) equilibrium constants from the following set of independent 

reactions: 



H20 +¾Fe t H2 + ¼ Fe3o4 

CO2 +¾ Fe t CO+ t Fe3o4 

CH 4 + H20 t 3H2 + CO 
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This: set of conditions can be transformed into five simultaneous, non-linear 

algebraic equations with five unknown variables, the gas phase component 

concentrations, by an approach similar to that of Tevebaugh and Cairns. The 

equations may be solved numerically to produce the graphical result shown 

in Fig. 16. In this figure, a triangular diagram of the C-H-0 gas phase 

system is shown for a temperature of 800 Kand total pressure of 1 atm. 

The curve abc on the diagram represents the carbon deposition boundary cal

culated by Tevebaugh and Cairns. The curve dbe represents the iron-iron 

oxide boundary calculated by the above approach. Thus, an equilibrium gas 

mixture with C-H-0 composition represented by a point in the region above 

the curve dbe would be in equilibrium with one solid phase, iron. Conversely, 

a gas mixture represented by a point in the region below the curve would be 

in equilibrium with iron oxide. For points on the curve, the gas phase will 

be in equilibrium with both solid phases. 

In addition, consider an equilibrium system at fixed temperature, again 

containing the same five components in the gas phase but in equilibrium with 

the three solid phases: iron, iron oxide and carbon (S-graphite). Another 

application of the phase rule shows that the number of variables required 

to completely specify the equilibrium state of the system is again 

V = C - P + 2 = 8 - 4 + 2 = 6 
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The total number of variables to be specified has not increased because the 

effect of addition of a new component is countered by the requirement that 

an additional phase be present at equilibrium. In this case, the following 

set of variables is selected as sufficient to specify the equilibrium: 

(1) pressure 

(2) temperature 

(3) - (6) equilibrium constants from the following independent reactions: 

+ C +CO2 + 2CO 

Thus, after specifying the temperature, pressure, and equilibrium constants, 

the equilibrium state of the system is specified and the 0/H ratio of the 

gas phase is fixed. The equilibrium gas mixture in this circumstance will 

have the C-H-0 composition represented by the intersection of curves abc 

and dbe. Only at this intersection,_point' b, will the three solid phases 

of iron, iron oxide, and carbon coexist with a gas phase containing H2-co
CH4-C02-H20. 

The preceding equilibrium considerations indicate the complexity in

volved if formation of Fe3o4 is possible at 800 K. Similar results are 

obtained above 860 K where the stable iron oxide is FeO. Similar computa

tions could be performed for the iron carbides if equilibrium data were 

available. The major implication of the analysis is, however, that the 

computed equilibrium gas phase compositions are affected by the phase rule 

• 

• 

• 

• 

• 

• 
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assumption that the solid phases present and reactions possible are known. 

2.2.4 .2 Iron Carbides. Iron carbides ranging in Fe/C ratio from 3 to 

l have been reported by several authors. Among the authors there is little 

general agreement on the stoichiometry and properties of any carbide except 

cementite, Fe3C (also known as Q-iron carbide). Hansen (1958), Elliott 

(1965), and Shunk (1969) have critically reviewed the available reported 

data from which the accepted iron-carbon phase diagram has been derived. 

These authors present two-phase diagrams for the iron-carbon system repre

senting the differing data obtained from experiments with the stable iron

graphite equilibrium and the metastable iron-iron carbide equilibrium. 

Shunk states that crystalline structure of Fe3c has been confirmed by 

several investigators, but that higher carbides have not been uniquely 

identified as to structure and composition. 

In 1932, Hagg had reported the existence of a new carbide, Fe2c (also 

known as Hagg carbide or x-carbide). The detection and stoichiometry of 

this carbide were determined by x-ray diffraction. Jack (1946) announced 

the discovery of a new iron percarbide, Fe20c9, which resulted from the 

tempering of martensite at temperatures between 473 and 773 K. The carbon 

content of the carbide was reported to be 30.5-32.l atomic percent carbon 
.. 

and identical to Hagg carbide. The stoichiometry Fe20c9 was based on x-ray 

diffraction measurements of the crystal cell parameters and the observed 

carbon content. The unstable carbide was not formed if tempering occurred 

above 773 K. Moreover, the carbide was also found to decompose rapidly to 

Fe 3c and carbon at 773 K. Duggin and Hofer (1966) and Jack and Wild (1966) 

concluded that the carbide was actually Fe5C2 (or Fe20c8). Hagg carbide was 

shown to be isomorphous with Mn 5c2 by demonstrating that the unit cell 
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dimensions of the solid solution carbides, (Fe, Mn) 5c2, were linear functions 

of composition over the entire concentration range from Mn5C2 to Fe5c2, 

Hofer, Cohn, and Peebles (1949) had previously demonstrated by thermomagnetic 

measurements that two crystalline modifications of Hagg carbide existed. The 

fi rst carbide, which they identified as "hexagonal close packed" Hagg carbide, 

was differentiated by its Curie point at 523 Kand found to decompose to Hagg 

carbide at 573 K. Hagg carbide had a Curie point of 653 Kand decomposed at 

823 K. 

A third iron carbide, FeC , was reported by Eckstrom and Adcock (1950). 

This carbide was first detected by x-ray diffraction of an iron catalyst . 

from a pressurized (27 atm) hydrocarbon synthesis reactor. Chemical analysis 

of the catalyst indicated 77.4 wt % iron and 17.4 wt % carbon. The carbide 

decomposed rapi dly at 873 Kand had a Curie point of 523 K. Lauw et al. 

(1957) reported finding a similar carbide in a Kellogg Synthol reactor opera

ting at 20 atm. Kohn and Eckart (1962) also observed this carbide among the 

reaction products from a high temperature, high pressure (~5xl04 atm) diamond 

synthesis reactor. Thus, the three reported observations of this carbide 

have coITTTion origins in pressurized reactors where either carbon or carbon 

forming materials were present. Further x-ray diffraction experiments by 

Herbstein and Snyman (1964) showed that the carbide was isomorphous with 

cr7C3 and, hence, that the carbide was stoichiometrically Fe7C3. 

McCartney et .!1.: (1953) employed x-ray and electron diffraction to dis

criminate between surface and bulk carbide phases in iron catalysts from 

Fischer-Tropsch reactors. In all cases, no carbides were found in the sur

face layer of the catalysts. Both _cementite and Hagg carbide were found in 

the interior of the catalyst samples. In no case were reflections similar 

to those of Eckstrom and Adcock found. 

• 
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Podgurski et tl• (1950) reported on the preparation, stability, and 

absorptive properties of cementite (Fe 3C), hexagonal Hagg carbide, and Hagg 

carbide. The composition and stability of the carbide formed depended on 

the compound used to carbide the catalyst sample. Specifically, for all 

samples carbided with carbon monoxide, 0.3% oxygen was invariably found in 

the carbide while no oxygen was found in samples carbided with hydrocarbon 

gases. Samples of Hagg carbide prepared by both procedures decomposed when 

heated to 673-723 Kin vacuum. However, samples of cementite formed by the 

carbon monoxide carburization were indefinitely stable at 773 Kin vacuum 

while cementite formed by hydrocarbon carburization decomposed under the 

same conditions. The additional stability of the former samples was attribu

ted to the small amount of residual oxygen . Carbon monoxide would not adsorb 

on any of the carbides at temperatures above 373 K. Yet, at temperatures 

above 423 K, carburization of iron was so rapid that adsorption measurements 

could not be made on reduced iron. Thus, Podgurski et tl• (1950) concluded 

that a carbide could not be an active catalyst in forming hydrocarbons or 

carbon since iron carbides could not_adsorb .the necessary reactants. 

2.2.4.3 Reactions of Iron Carbides. Browning et.!]_. (1950) measured 

the equilibria for the reactions: 

CH4 + 3Fe (a) t Fe3c + 2H2 

CH4 + 2Fe (a) t Fe2C + 2H2 

(J) 

(K) 

Both these reactions are similar to reaction (E) except that the source of 

carbon for the methane is an iron carbide instead of B-graphite. The equi

librium constant for reactions (E), (J), and (K) is 



82 

Browning et al. experimentally determined the partial pressures of hydrogen ---
and methane in mixtures which had been equilibrated with an iron-iron carbide 

sample. The calculated equilibrium constants are shown in Fig. 17 along with 

a straight line fitted by a least-squares technique to the data. Open circles 

represent data obtained by approaching the equilibrium from the hydrogen-rich 

side of the equilibrium while closed circles represent equilibrium data 

approached from the methane-rich side. However, in the experiments approach

ing the equilibrium from the methane-rich side, the largest observed change 

in methane concentration was approximately 3%. Also shown in Fig. 17 is a 

line representing the equilibrium constant for reaction (E) calculated from 

the JANAF Thermochemical Tables (1971). The two dotted lines in Fig. 17 

represent the equations presented by Browning et _!l. for the equilibrium 

constants for reactions (J) and (K). The equilibrium constant for reaction 

(K) was determined in the temperature range 568-623 K while those shown for 

reaction (J) were detennined in the temperature range 593-741 K. The overlap 

in the temperature range for the correlations presented is not justifiable 

and violates the phase rule. Hence, a single line has been fitted to the 

data over the entire temperature range. 

In the temperature range investigated by Browning et _!l. the equilibrium 

constants for reactions (J) and (K) differ from that of (E) by almost an 

order of magnitude. The difference, however, becomes smaller with increasing 

temperature . In fact, at 823 K, the difference has dropped to a factor of 

2 and at 900 K, a factor of 1.37. As the Bosch process normally is accomp

lished in the temperature range 800- 950 K, the effect of a carbide equilibrium 

• 
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phase should be small but detectable. Moreover, all authors agcee that in 

this temperature range Hagg carbide, Fe5c2, and the Eckstrom and Adcock 

carbide, Fe7C3, are unstable and would decompose rapidly to form cementite 

and carbon. 

2. 2. 5 F1lamen t Growth Me chard sms 

In many experiments involving the deposition of carbon on metal cata

lysts, an electron microscopic examination of the product carbon has 

revealed a 11 fibrous 11 or 11 filamentary 11 carbon. However, few explanations 

have been proposed to explain the growth mechanisms of these carbon fibers. 

One mechanism to explain how iron could be removed from a catalyst 

surface and appear in a carbon product at a distance removed from the sur

face was advanced by Fleureau (1953), who proposed that a volatile iron 

carbonyl was formed by the reaction of carbon monoxide with the iron surface. 

The volatile iron carbonyl was then able to diffuse through the gas · phase 

to the carbon surface where it decomposed. However, Fischer and Bahr (1928) 

had demonstrated that a volatile carbonyl was not responsible for the pres~ 

ence of iron in the carbon deposit by a rather simple experiment. Using an 

iron-copper catalyst heated to 773 Kin the presence of CO, they formed a 

carbon product containing both iron and copper. As copper does not form a 

carbonyl, the formation of a carbonyl could not be responsible for the 

appearance of copper in the carbon product. Thus, some other mechanism is 

responsible for the transfer of the metal. 

Davis, Slawson, and Rigby (195g) also suggested a mechanism to explain 

the growth of carbon fibers. Their concept to describe the growth of the 

fibers is as shown in Fig. 18. The first stage is the reduction of any iron 

oxides to iron and then to carbide by carbon monoxide. Subsequently, the 
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decomposition of the iron carbide adds carbon to the growing "tail II while 

the iron "head" is again able to react with carbon monoxide. By this mech

anism, the active iron "head" is moved away from its origin as the carbon 

fiber grows. 

Boehm (1973) studied the nature of carbon fibers deposited from hydrogen

carbon monoxide streams on nickel carbonyl, iron carbonyl, Raney nickel, and 

powdered iron. By comparison of the resultant carbon, several conclusions 

were drawn. The first was that nickel and iron form different types of 

carbon fibers. The fibers formed on nickel are hollow, thin-skinned tubes, 

while those formed on iron are fine, dense fibers apparently containing 

bands and kernels of iron. Boehm concluded that the fonnation of carbon 

fibers on nickel and iron followed different mechanisms. The tubular shape 

of the carbon found from nickel carbonyl was explained by assuming that 

nickel in the form of globular particles and chains of fused particles ana

logous to carbon blacks had formed during pyrolysis of the carbonyl. 

Subsequent deposition of carbon on the nickel surface and leaching of the 

nickel during hydrochloric acid washing of the carbon served to leave only 

the outside carbon shell. 

The carbon fibers formed from either iron carbonyl or reduced iron 

oxide appeared in a variety of shapes. Helically twisted filaments, tubes, 

and straight strands were all found. Indeed, some of the straight strands 

were noted to show low contrast indicating ribbon-like structures rather 

than a rod-like structure of circular or rectangular cross-section. Boehm 

also reported that extensive fibrous growth was only noted for carbon 

monoxide-hydrogen mixtures. In a pure carbon monoxide stream, only "empty 

skins II and "densely agglomerated material II were reported. 
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In 1972 Baker and Harris reported the development of a new instrumental 

technique, controlled atmosphere electron microscopy. In this technique a 

gas reaction cell is mounted on the viewing stage of an electron microscope. 

Provisions are made for heating the stage from ambient to 1500 K with a 

platinum ribbon resistance heater. Flow channels allow the introduction of 

gases at pressures up to 30 kN/m2 (0.33 atm). The video display of the 

electron microscope is electronically recorded for later analysis. Using 

this technique, Baker et 2,]_. (1972) were able to observe directly the 

sequence of events occurring on a nickel surface during acetylene decompo

sition. 

Baker iltl· (1972) advanced an hypothesis which attempted to explain 

both the "hollow core" reported by many authors and the 11 kernel 11 of metal 

or carbide at the fiber tip. The proposed model is shown in Fig. 19. In 

(a) a crystallite has been liberated from the support - for iron this could 

be by the mechanism proposed by Ruston et 2,]_. (1969). Gas phase components 

such as methane, acetylene, carbon monoxide are then free to react0and 

deposit carbon on the crystallite as shown in (b). Carbon can be taken into 

solution in the metal. A concentration gradient of carbon results and carbon 

diffuses through the crystallite to be deposited predominantly in the pro

tected regions to produce the situation shown in (c). The precipit~tion of 

carbon at the rear of the particle builds up a deposit of carbon which 

forces the particle away from the support as shown in (d). If diffusion 

through the particle is slow enough to limit the rate of the above process, 

then eventually the surface of the entire crystallite will be covered with 

carbon and catalytic activity will cease as shown in (e). The shape of the 

catalytic crystallite and differing diffusion paths lead to the hollow cores 

shown in (d) and (e). Baker et 2,]_. (1972) alleged that the diffusion of 
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carbon through the crystallite was caused by a thermal gradient. Their 

proposition was that the exothermic reaction occurring at the exposed sur

face caused a temperature gradient across the particle. In support of their 

hypothesis, they pointed out that the activation energy for the observed 

reaction was the same as the reported activation energy for the diffusion 

of carbon in nickel. 

In Fig. 19 the metal crystallite is shown to have formed initially on 

the silica and graphite support material used to mount the specimen. While 

nucleation of 30-nm particles ~y heating microscopically-thin films on 

various supports is conceivable, the nucleation mechanism of such small 

particles from a planar surface of the same metal is not. Yet, Baker. et .!l_. 

report that identical behavior was observed when a nickel strip was substi

tuted for the supported nickel-thin film. No detailed observations of the 

initial crystallite formation on the metal surface were given in that only 

an edge view was possible with the metal sample. 

Evans et _tl. (1973) reported that impurities were responsible for the 

formation of filamentous carbon growth in methane gas samples. They studied 

the growths formed on electron microscope grids of nickel, iron, and stain

less steel in atmospheres of methane and acetone. Several grades of methane 

including commercial, ultra pure, and research-grade were used. It was 

noted that filamentary carbon was never observed below 1173 K with exposure 

of ultra pure or research-grade methane to the grids. With commercial

grade methane or acetone, however, filamentous carbon was formed at all 

temperatures above 873 K. It was thus concluded that an impurity such as 

acetone must be responsible for the growths from 11 commercial 11 -grade methane 

in that pure methane alone did not cause fiber formation. This observation 

is in agreement with the mechanism of Baker et tl• which implies that the 
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carbon deposition process should be exothermic for filament growth to be 

observed. 

Baker et tl· (1973) demonstrated that the filament growth sequence 

observed in the decomposition of acetylene on nickel was also observed on 

iron, cobalt, and chromium. All four reacting systems had common features: 

(1) The metal films supported on graphite all nucleated to form ~10 nm 

crystallites at about 775 K. 

(2) All filaments had a crystallite at their grm-Jing end. 

(3) The filaments grew with random paths, forming loops, spirals, and 

networks. 

(4) Crystallites that had ceased to grow all had a carbon deposit 

completely encasing the crystallite. By comparison, the crystallites at 

the end of a growing filament, if suddenly quenched, had no deposit at the 

face in the growth direction . 

(5) Filaments contained an electron transparent channel through the 

center of the filament length. 

(6) The outer walls of the filaments were more resistant to oxidation 

than was the central core. 

(7) Filament growth rate increased with decreasing particle size. 

(8) The activation energy for the filament growth rate was shown to 

be independent of particle size. The activation energy for filament growth 

was also found to be approxi mate ly equal t o the act i vation energy for the 

diffusion of carbon in the four metals. 

(9) When silicon was used as a support for the metal films, secondary 

filaments were observed to grow from fragments of the initial growth crystal

lite for cobalt and iron . Also, wi th a silicon support, chromium formed fila

ments by an "extrusion" process rather than the normal growth process outlined. 
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The extrusion variation of the filament growth process was subsequently 

discussed further by Baker and Waite (1975) who observed this carbon filament 

growth sequence on a platinum/46% iron catalyst. The growth sequence is 

shown in Fig. 20. In this sequence, irregular catalytic particles were 

nucleated by heating a thin film of the iron-platinum alloy on a graphite 

or silicon support in hydrogen to 920 K. The hydrogen was then removed and 

the crystallite/support cooled to ambient temperature. The hydrogen was then 

replaced with acetylene and the crystallites reheated. Baker and Waite re

ported that the irregularly shaped metal crystallites underwent a rapid 

change to a more spheroidal form as shown in (a) at 690 K. Electron diffrac

tion data indicated phase separation of the alloy constituents was occurring 

at this temperature. As previous work had indicated that iron would produce 

filaments only above 925 K, the initial decomposition at 690 K was attributed 

to the catalytic effects of platinum as shown in (b). Carbon deposited on 

the platinum surface was free to migrate across the surface and to diffuse 

through the bulk platinum and iron as shown in (c). The resultant observed 

behavior was the 11 extrusi,on 11 of a carbon filament from a crystallite fixed 

on the surface as shown in (d). The filaments formed by this process were 

similar to those grown by the other process in that they contained an elec

tron transparent core which was more easily oxidized than the outer shell. 

Coiled filaments were also produced by the process. The activation energy 

for filament growth in the range 690 to 990 K was 80 kJ/mole which was the 

same as the activation energy for carbon filament growth from iron crystal-

1 ites. 

The observations of Baker and his associates are the only direct.!.!! 

situ experimental observations available to date concerning the growth of 

carbon filaments. Although no observations were made with carbon monoxide 
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or carbon monoxide-hydrogen mixtures, the very similar nature of the carbon 

products would indicate that these growth mechanisms are identical. However, 

while the observations themselves are not subject to debate, the mechanism 

inferred by the authors to explain the observations is open to two questions. 

The first question concerns the fonnation of the initial crystallite, while 

the second concerns the manner of carbon and hydrogen transport from the 

catalytic surface to the growing carbon filament. 

The question of how the crystallite forms on a metal surface cannot be 

answered from the observa t ions of Baker et al. alone. As mentioned pre-

viously, a planar metal surface will not normally spontaneously form a number 

of very small crystallites of the~ composition over the planar surface. 

Such a transition would undoubtedly involve a thennodynamically unfavorable 

increase in total energy due to the increase in additional surface area. 

However, if the planar surface and the nucl~ated crystallite ~re not of the 

same composition, this transition would not necessarily be unfavorable. This 

observation is consistent with other observations. Ruston, for example, 

observed crystallite formation in areas of surface cementite protrusions and 

in an undetermined stage of epitaxial development of Fe7c3 on single a-Fe 

grains. The precise mechanism and composition of the nucleated crystallite, 

however, have not yet been determined. 

With respect to the transport of carbon and hydrogen, the mechanism of 

Baker et _tl, is not sufficiently developed. In most cases, the carbon trans

port is alleged to occur because of a 11 thermal gradient 11 arising from the 

exothermic reaction: 
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This concept is not phenomenologically well-founded in that diffusional 

mass transfer is normally portrayed as occurring by virtue of a concentra

tion gradient rather than a temperature gradient. If the solubility of one 

compound (carbon) in another (iron), however, changes with temperature, a 

temperature gradient in a saturated solution may induce a concentration 

gradient . In the case of a-iron, the carbon solubility increases with 

temperature up to the eutectic temperature of 996 K. Thus the leading 

edge of the crystallite, at a higher temperature than the trailing edge, 

would also have a higher catbon concentration at saturation . Hence, the 

direction of decreasing temperature would be the same as the direction of 

decreasing carbon composition. The opposite, however, is true above the 

eutectic temperature where carbon concentration in saturated a-iron decreases 

with increasing temperature. Baker ~tl• (1973) and Baker and Waite (1975) 

report t~~ same observations with iron and iron-platinum catalysts both 

above and below the eutectic temperature. Hence, a mechanism involving a 

thermally induced concentration gradient in saturated a-iron will not fully 

explain the experimental observations . 

The role of dnffusion through the crystallite is also incompletely 

explained. Baker et tl· (1972) indicated that the hol~ow center of the 

catalyst filaments was caused by a less-dense and unordered carbon deposit 

which resulted from the increased length of the carbon diffusion path. Yet 

Walker et al. (1959) have shown that the BET area and hydrogen concentration 

in the carbon filaments indicate that the central core is probably hollow 

and probably contains hydrogen chemisorbed at the basal plane edges of the 

graphitic carbon layers. ~o mention of hydrogen diffusion is included in 

the mechanism of Baker et al. --
.. 

, 
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In addition, for crystallites as small as those observed, one might 

ask whether diffusion over the crystallite surface to the growing filament 

would not be much more significant than bulk diffusion through the crystal

lite. As surface diffusion coefficients are usually several orders of mag

nitude larger than bulk diffusion coefficients, this mode of transport may 

be the most important. However, no data on the surface diffusivity of 

carbon on iron are available at present. 
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3. APPARATUS AND PROCEDURE 

3. l Apparatus 

A block diagram of the experimental apparatus is shown in Fig. 21. The 

apparatus can be divided into three basic sections: reactant gas preparation, 

thermogravimetric reactor, and gas analysis. In the reactant preparation 

section, gases are metered separately through mass flow regulators and capil

lary flowmeters. The separate gas streams are then mixed and dried in a 

dessicant tower. In the thermogravimetric reactor section, the gas stream 

flows through a preheater and reactor housed in a temperature controlled 

furnace. An analytical balance is used periodically to weigh '. the amount of 

carbon deposited on the catalyst. The reactor exhaust gas is sent to a vent 

fan and exhausted to the atmosphere. The gas analysis section consists of a 

gas chromatograph with ancillary equipment including a precision oven temp

erature controller, a gas sampling valve system, a recorder, a digital inte

grator, and a cylinder of mixed carrier gas. In addition to the apparatus 

already mentioned, a cinder block wall and a set of 6.5-mm-thick metal shelves 

isolate the reactor section from the other components for operator safety. 

3. 1. 1 Reactant Gas Preparation 

The reactant gas preparation consisted of a bank of bottled gas cylin-

ders and a control panel upon which were mounted the necessary flow controllers, 

manometers, valves, dryer, etc. that were needed to meter, premix, and dry 

the required gas stream. 

The reactant gases used were obtained from the Matheson Gas Company in 

standard size lA cylinders and include: 

hydrogen (prepurified grade) 
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methane (CP grade) 

carbon monoxide (CP grade) 

carbon dioxide (Bone Dry grade) 

nitrogen ( prepuri fi ed grade) 

helium (prepuri fied grade) 

All gas cylinders were equipped with approved two-stage regulators which 

fed gas at 4.5 x 105 N/m2 (50 psig) to a toggle shutoff valve on the control 

pane 1. 

After passing through the toggle shutoff valve, each gas flowed through 

a regulating and metering device as shown in Fig. 22. The mass flow regu

lator was a Brooks Model 8944 flow controller equipped with an inlet line 

filter and a direct reading digital handle. The inlet filter removed en

trained particles larger than 2 µm. The digital handle provided an accurate 

and repeatable method of returning the valve stem to a predetermined posi

tion. The valve stems are available in six interchangeable tapers so that 

a wide range of flow rates could be obtained. 

The exit of the flow controller was connected to a capillary flowmeter 

consisting of a glass capillary tube, U-tube manometer with shutoff valve, 

and a manometer trap. The glass capillary tubes were 91.5-cm long with 

capillary diameters between 1.0 and 1.4 mm. Fischer and Porter Co., Lab

Crest Division, supplied the capillary tubing and specifies the tolerance 

on capillary diameter as +0.007 mm. 

The pressure drop across the capillary was measured with ·U-tube 

manometers filled with Meri am Co. Hi Vac Manometer Fluid (density 1.04 g/cc). 

This manometer fluid was chosen because the low vapor pressure reduces 

potential contamination of the gas stream and yet enables accurate measure

ment of low pressure drops. All manometers were equipped with fluid traps 

• 
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on the low pressure side. 

As long as the gas flow through the capillary tubes was laminar, the 

gas flow rate was directly proportional to pressure drop as given by 

Poiseuille's Law: 

Q = nd4~P (3) 128 µ[ 

where: 

Q = volumetric flow rate 

d = capillary diameter 

6P = pressure drop across capillary 

µ = gas viscosity 

L = capillary length 

The equation is derived assuming isothermal laminar flow of fluid with con

stant viscosity. The capillary tubes used in this system were selected for 

each gas so that, for the experimental flow rates anticipated, gas flow in 

the capillary would remain laminar and essentially incompressible. Using 

the known dimensions of the capillary tube and properties of each of the 

gases, Eq. (3) gives the gas ~olumetric flow rate as a function of pressure 

drop. The flow rate predicted by this equation was checked experimentally 

for each of the gases by measuring flow rate as a function of manometer 

pressure drop using a wet-test meter and soap-film flowmeter. Thus, any 

variations in diameter and end effects were taken into consideration. 

After the gases were separately metered using the capillary flowmeters, 

they passed into a single gas line and were introduced into a gas drying 

tower. The tower was a standard piece of laboratory glassware (Kimble Glass 

#19500) packed with indicating silica-gel dessicant. The gases were also 

mixed during flow through the packed bed of indicating dessicant. A pair 
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of ball valves were then used to divert the mixed gas to either the reactor 

or the vent. 

When water was desired as a component in the reactant gas feed stream, 

another gas stream was added. This separate gas stream passed through a 

capillary flowmeter and water saturator. This stream was mixed with the 

remainder of the gas stream down~tream of the gas drying tower. Partial 

pressures of water up to 0.035 atm in the reactant gas stream could be 

obtained by varying the water saturation temperature and/or the relative 

volumetric flow rates of the gas streams. 

3. 1.2 Thermogravimetric Reactor 

The thermogravimetric reactor section consisted of a furnace with an 

electronic temperature controller, a quartz preheater and reactor, and an 

analytical balance. The electric furnace was built in the M.I.T. shop 

facilities. The internal configuration of the furnace is shown in Fig. 23. 

The central component of the furnace was the cylindrical heating surface. 

This surface was composed of two THERMCRAFT Model RH 254 semi-cylindrical 

ceramic heating elements. The two units formed a heated cavity 75 .. ITITI in 

diameter and 30.5-cm deep. Wired in parallel to a 220-v electrical line, 

the heaters were capable of dissipating a total of 2300 W with a maximum 

temperature rating of 1450 K. 

The electrical heaters are insulated primarily by Babcock and Wilcox 

Type K-30 insulating firebrick. A double layer furnace casing protected 

the firebrick insulation. The inner layer of the casing was 6.5-1111'1-thick 

asbestos board while the outer layer was fabricated from a 6.5-mm-thick 

sheet of TRANSITE, an asbestos-concrete composite. This material was suf

ficiently rigid and durable to support and protect the internal components 

of the furnace. 
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The furnace temperature was controlled by a Thermolyne Dubuque III, 

Type 8700 controller. The controller sensor was a chromel-alumel thermo

couple mounted on the furnace floor and protruded into a 110-mm-long 

thermocouple well in the quartz reactor. The controller varied the power 

fed to the electrical heater in proportion to the deviation from setpoint 

temperature. Thus, the controller acted as a proportional . controller 

with a proportional band of +10 K. The controller included a cold junction 

compensator for the sensing thermocouple and protective circuitry to shut 

off the furnace if the sensing thermocouple malfunctioned. 

The quartz reactor was a three-part apparatus fabricated by a local 

glass blower. Two of the three pieces, connected at a ground-glass joint, 

form the body of the preheater and reactor support tube as shown in Fig. 24. 

Gas from the preparation section passed from the inlet, through the• helical 

preheater coil, to the base of the reactor support tube, then up the support 

tube, over the catalyst, and out either the exhaust or sample tubes. 

The preheater consisted of a 6-m length of 7-lllTI-00 quartz tubing closely 

wound into a helical coil on a 60-mm diameter. The base of the preheater 

terminated in the reactor support tube, a 28-mm-OD vertical quartz tube 

which served to support the catalyst bed. The top section of the catalyst 

support tube was a cross-shaped piece ending in a 7-mm-00 exhaust tube, a 

7-mm-0D sampling tube, and a 6-mm-00 weighing port. 

The third piece of the reactor was the catalyst carrier section shown 
. . 

in Fig. 25. The catalyst carrier consisted of the outer part of the quartz 

19/38 standard taper ground joint and a quartz suspension rod. The catalyst 

carrier was supported in the reactor by the inner part of the ground joint 

which had been affixed to the vertical support tube . Thus, when the catalyst 
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carrier rested on its support, all the gas passing up the support tube 

passed over the catalyst. 

The quartz suspension rod passed from the top of the catalyst carrier 

up through the weighing port to the outside of the furnace. Here it was 

connected to an analytical balance so that when the suspension rod was 

lifted, the catalyst carrier rose from its support and the weight of the 

carrier, catalyst, and deposited carbon product was measured. 

The analytical balance was a Sartorius Model 2255 pan balance which 

was equipped to weigh samples below the balance case. A Nylon monofilament 

line and a set-screw collar connected the balance to the suspension rod of 

the catalyst carrier. The balance was capable of weighing samples of up to 

160 g with an accuracy of+ 1 mg. 

3.1.3 Gas Analysis 

The main element of the gas analysis section was a Hewlett-Packard 

Model 700 gas chromatograph equipped with carrier gas flow controllers, 

sample injection ports, two analytical columns, and a thermal conductivity 

detector. Samples for analysis were fed to the chromatograph by a sampling 

device outlined in Fig. 26. This device was capable of sampling any of 

four possible sources and injecting the sample into either of the two ana

lytical columns in the chromatograph. 

As shown in Fig. 26, a four-way selector valve allowed the selection 

of a sampling stream from four sources: the reactor inlet gas stream, the 

reactor outlet gas stream, a preanalyzed standard gas calibration mixture, 

or armient room air. Since all of these sources were at atmospheric pres

sure, a vacuum system was connected to the opposite side of the sampling 

valves through a toggle valve. Thus, by opening the toggle valve, a gas 
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sample of the selected source was drawn through both of the sampling loops 

in the system. When the toggle valve was closed, sample gas continued to 

flow into the system until pressures were equalized. The pressure of the 

sample in the sample loop could be determined by a U-tube manometer installed 

in the system. Then, by operating one of the gas sampling valves, a 0.25-cc 

sample was injected into the carrier gas stream flowing to the upper ana

lytical column of the chromatograph; or a 2-cc sample was injected into the 

carrier gas stream flowing to the lower column. A large metal heat sink 

with a temperature controller insured that the gas samples injected were at 

a known and reproducible temperature. Two different sized sample loops were 

employed so that in addition to the usually small sample required, a large 

sample could be injected to analyze for a very dilute component. 

In the gas sampling apparatus, Whitey brand valves were used for the 

four-way selector valve and for the toggle valves. The sample valves and 

calibrated sample loops were Hewlett-Packard Model 19020. The selector 

valve and sample valves were mounted directly on a 9-"'11 x 75-mm x 210-11111 

aluminum plate which served as a heat sink. The plate temperature was con

trolled by a Hewlett-Packard Model 200 temperature controller which operated 

two 65-W cartridge heaters mounted in the aluminum stock. All valves and 

tubing of the gas sampling device were mounted in an insulated box so that 

operation at above ambient conditions was possible. Sampling lines between 

the reactor sampling port and the gas sampling valves and between the gas 

sampling valves and the chromatograph were heated to above 373 K to prevent 

condensation of water in the sampling lines. 

Gas samples injected into the carrier gas stream were analyzed using 

two identical columns mounted in the chromatograph oven. The analytical 

columns were 3-mm-ID, 6.1-m-long teflon tubes packed with 50-80 mesh 

' 
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Poropak Q. This packing was selected because it could separate all compon

ents of the anticipated gas reactant or product mixtures without retaining 

water for an excessively long time. The oven temperature of the chromato

graph was also controlled by a Hewlett-Packard Model 220 temperature con

troller which had a sensitivity greater than:!:_ 0.1 K. 

The carrier gas was a mixture of 8.5% hydrogen in helium, which allowed 

a direct chromatographic analysis of hydrogen. However, the recording peak 

for hydrogen using this mixture is opposite in direction to the peaks of 

other components. A polarity switch was used to reverse the signal polarity 

after the hydrogen peak. Thus, all peaks appear positive. An Autolab Model 

6300 digital integrator was used to measure the peak areas of all component 

peaks indicated on the recorder. 

A typical chromatogram is shown in Figs. 27 and 28. Figure 27 shows a 

typical chromatogram of the calibration gas containing approximately 25 

mole% each of hydrogen, carbon monoxide, methane, and carbon dioxide. As 

can be seen, the hydrogen peak is considerably smaller than the others be~ 

cause of the lower response of the thermal conductivity detector for hydrogen 

when using the mixed hydrogen-helium carrier gas. The digital electronic 

integrator allowed reliable measurement of this small graphical area. The 

hydrogen peak shown corresponds to an integrated area of approximately 

5000 µV-sec while the sensitivity of the digital integrator is±:_ l µV-sec. 

The water peak shown in Fig. 28 was obtained from a water~saturated 

sample of carbon dioxide. The peak shape shown is representative of the 

peaks obtained after considerable experimentation to reduce tailing (i.e., 

a peak with a long extended side). To reduce the severe tailing originally 

observed, teflon tubing was used to replace as much stainless steel tubing 

as possible in the chromatograph and all unnecessary void volume between 
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the column and detector was eliminated as recommended by Hollis and Hayes 

(1966). 

3.2 Apparatus Operational Checks 

Each of the separate parts of the apparatus was ~ tested prior to start 

of experimentation to ensure proper operation and to determine the precision 

and accuracy of measuring devices. 

3.2. 1 Reactant Gas Preparation 

The only devices requiring calibration in the reactant gas preparation 

system were the capillary flowmeters. These were calibrated using either a 

wet-test meter at high flow rates or a soap film flowmeter at low flow rates. 

Calibration curves were prepared for each flowmeter. All calibration curves 

were linear over the measured range. 

Mass flow regulator operation was satisfactory. No fluctuations or 

drift in flow rate were detectable on the capillary flowmeters even over 

several hours of operation. Any component gas stream could be turned on or 

off without affecting the flow of the other streams. 

3.2.2 Thermogravimetric Reactor 

The accuracy of the furnace temperature controller was checked by opera

ting the furnace with a chromel-alumel thermocouple mounted in the normal 

catalyst position and with nitrogen flowing through the reactor. The thermo

couple reading was continuously recorded on a Brown multipoint recorder. 

The controller maintained constant reactor temperature within 0.5 K. Unstable 

controller operation was noted only when gas ·flow was reduced· to . 1 cc/sec or 

lower. The use of a chromel-alumel thermocouple probe allowed detennination 

of a furnace profile along the length of the furnace. In the 3.5-cm center 
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section of the furnace when the catalyst was positioned, the temperature 

profile had slight curvature but did not vary by more than+ 2 K. Large 

temperature gradients were found near both ends of the cylindrical furnace. 

It was found during the above experiments that the furnace temperature could 

be set to within 20 K of predetermined temperature by ~sing the controller 

setpoint alone. Use of both the multipoint recorder and minor readjustments 

of the controller setpoint knob allowed the desired temperature to be set 

+ 1 K (see Appendix 8.2.2 for additional details). 

The catalyst carrier weig~ing procedure was checked by repeated weighing 

of the empty catalyst carrier whose weight was known. During the check the 

reactor and furnace were at operating temperature arid a nitrogen stream was 

used to simulate reactant gases. It was found that the catalyst carrier 

could be weighed accurately with a precision of 0.4 mg (1.8%} and with the 

largest observed deviation in eight readings being 5 mg. 

3.2.3 Gas Analysis 

Although the gas chromatograph would separate all five components in 

the gas mixture, preliminary runs indicated that several modifications were 

required. The first problem was to increase the separation between the 

hydrogen and carbon monoxide peaks so as to permit polarity switching of 

the gas chromatograph output signal without interfering with the electronic 

integrator operation. Although decreasing oven temperature improved the 

separation between these peaks, it also increased the retention time and 

led to excessive tailing of the water peak. Operating the gas chromatograph 

oven at 70°C was found to be a compromise in that it gave 10-sec separation 

between the hydrogen and carbon monoxide peaks and a total analysis time 

for all components of about 12 min. 
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Separation of water from other components using the Poropak Q packing 

was found to be quite good. However, tailing was found to be quite severe 

under most circumstances. This problem was eliminated by us i ng some of 

the suggestions of Hollis and Hayes (1966). These included elimination of 

the sample injection ports, use of teflon i nstead of sta i nless steel for 

column tubing, and shortening of tubing between the end of the analytical 

column and the chromatograph detector " After incorporation of these changes, 

tailing of the water peak was reduced. Operating conditions for the chromat

ograph are shown i n Table 2. 

Table 2. Chromatograph Operating Conditions 

Sample Size 

Carrier gas flow rate 

Column operati ng temperature 

Detector operating temperature 

Detector filament current 

0.25 ml 

20 cc/min 

70°C 

200 (., C 

200 mamp 

The gas chromatograph was checked for accuracy and preci sion by analyzing 

two calibration gas standards. The calibration gases, both supplied by Mathe

son Gas Products, were certified to be of the concentrations shown in Table 3. 
' 

Table 3. Concentrations of Calibration Gas Standards (mole %) 

Cali bra ti on Gas I Ca 1 ibration Gas I I 

H2 balance 29. 1 

co 24.91 + 0.02% 29.4 

CH4 24.97 + 0.02% 21.4 + 2% of value 

CO2 24 .94 + 0.02% 14.8 

CzHz 0.0 5.3 

• 
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The concentration in each of the calibration gases was determined by 

injecting a sample of the gas, recording the component peak areas, and de

termining concentration of a given species knowing the peak area of an 

identical sample of the pure component gases. Calculation of each of the 

component concentrations (except hydrogen) was by the absolute method des

cribed by Dal Nogare and Juvet (1962). Hydrogen was determined by using a 

calibration curve as recommended by Purcell and Ettre (1965). The concen

trationsthus determined were accurate within 1% and had a precision of 0.8%. 

3.3 Procedure 

3.3. l Catalyst Preparation and Startup 

Steel wool manufactured by the American Steel Wool Co., Long Island 

City, N.Y., was the catalyst in all experimental runs. The concentration 

of alloying elements in the steel wool was 0.36 wt% C, 0.70 wt% Mn, 0.04 

wt% P, 0.018 wt% S., and 0.4 ppm N. The BET surface area of the catalyst 

was determined to be 389 cm2/g from the adsorption of krypton at liquid 

nitrogen temperatures. Approximately 250 mg of Grade 2 steel wool was cut, 

weighed, and placed between two quartz wool plugs in the reactor catalyst 

carrier. The length of catalyst carrier packed with steel wool was 2.5 cm. 

Thus, the total volume occupied by the catalyst was about 7.8 cm3. 

The catalyst, catalyst carrier, and other parts required to hang the 

catalyst carrier in the reactor were weighed. These same pieces were re

weighed after assembly to ensure that all pieces had been assembled properly. 

By subtracting this initial weight from all subsequent weighings, the weight 

of carbon deposited on the catalyst could be determined. 

After assembly of the reactor and furnace, the inlet gas stream was 

turned on and 20-30 cc/sec of hydrogen were passed over the catalyst. The 
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furnace temperature controller was set to the approximate operating temp

erature, and the power to the furnace heater turned on . The furnace 

required about 20 min to come to operating temperature. While the reactor 

was heating to operating temperature, the chromatograph recorder and inte

grator were turned on. Several calibration gas samples were injected into 

the chromatograph to check on the analytical equipment. 

After the furnace had come to temperature and calibration gas samples 

were analyzed, the inlet gas stream was changed from pure hydrogen to the 

desired concentration by adjus : ing the flow controllers to the desired 

component flow rates. The pressure differential across the capillary flow

meters for each component in the gas stream was recorded o From the inlet 

flow rates obtained for each component, the inlet concentration of each 

component could be calculated. Unless otherwise specified, the total gas 

flow rate for all experiments was 20 cm3/sec (STP). 

3.3.2 Reactor Operation 

During reactor operation a gas sample of either the inlet or outlet 

gas was taken approximately every 15 min o A sample was taken by evacuating 

the gas sample loop system and then opening the toggle valve corresponding 

to the desired gas stream. The loop was then reevacuated and refilled a 

second time. After the sample loop was filled, the toggle valve was closed 

and the pressure in the sample loop recorded . Then the sample valve was 

turned, injecting the sample into the chromatograph. The chromatogram for 

each sample taken was recorded and the area under each peak determined by 

an electronic integrator. 

The gas sample composition was determined by injecting .a sample of the 

gas, recording the component peak areas, and determining concentration of a 

• 
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given species knowing the peak area of an identical sample of calibration 

gas. Calculation of each of the component concentrations (except hydrogen) 

was done using the absolute method described by Dal Nogare and Juvet (1962) , 

Hydrogen was determined by using a calibration curve as recommended by 

Purcell and Ettre (1965). The concentrations thus determined were accurate 

within 1% and had a precision of 0.8%. 

The catalyst carrier was weighed approximately every half hour. To 

we i gh the catalyst carrier, the vent fan and inlet gas flow were shut off, 

the catalyst carrier was lifted from its support by the connecting rod, 

and the carrier was suspended from the balance by a piece of monofilament 

fishing line. The weight of the catalyst carrier was recorded, the catalyst 

carrier was replaced on its support, and the vent fan and gas flow turned 

on. Th i s entire operation took less than one minute to complete. 

Reactor temperature, gas sample valve temperature, and ambient temp

erature were recorded continuously on a multipoint recorder throughout all 

runs. 
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4. RESULTS 

A summary of the experimental operating conditions is contained in 

Appendix 8.4. 1 The experimental data obtained during reactor operation are 

tabulated in Appendi x 8.4.2. The data were transferred to punched IBM data 

ca rds for tabulation and data convers i on on an IBM 1130 computer. The raw 

input data consisting of digital integrator readings, catalyst carrier weight 

readings, and capi llary flowmeter manometer readings were converted to gas 

phase concentration, amount of carbon deposited, and inlet f1ow rates by 

the computer program. A copy of the program listing is found in Appendix 

8.4.3. The output of the computer program for each run consists of three 

pages as shown in Tables 4, 5, and 6 with the data and run number listed at 

the top of each page . The first page, as shown in Table 4, is a tabulation 

of the raw data, in this case, for Run 20. The first four columns on the 

page list, respectively, the time of day on a 24-hr clock, the gas sample 

number, the differenti al pressure between atmospheric and the gas sample 

loop pressure before sample injection, and a code number indicating the type 

of data. The single digit code is as shown i n Table 7. 

Table 7. Code Number . 

1. Di gi ta l Integrato r Output: Calibration Gas Sample 

2. Digital Integrator Output: Pure Hydrogen Gas Sample 

3. Di gi ta 1 Integrator Output: Water Saturated Gas Sample 

4. Digital Integrator Output: Reactor Inlet Gas Sample 

5. Digital Integrator Output: Reactor Outlet Gas Sample 

6. Capillary Flowmeter Manometer Readings, cm of Manometer Fluid 

7. Weight of Catalyst Carrier and Sample, g 

8. Reactor Temperature Setpoint Reading, °C 

• 

• 

• 
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In the next five columns are digital integrator chromatograph responses 

for each of the components specified at the column heading. The last column 

is the gross catalyst carrier weight. 

The second and third pages, Tables 5 and 6, show converted output where 

the raw data have been replaced by gas phase concentrations in mole percent, 

the net weight of carbon deposited in grams, and gas flow rates in cm3/sec 

at standard temperature and pressure. The second page, Table 5, shows these 

data for the analysis of calibration gas mixtures while the third page shows 

the data obtained during reactor operations. With the calibration data, the 

known concentrations of the calibration mixtures are listed, Samples of 

calibration gas I listed in Table 4 and samples of pure hydrogen were re

quired to calibrate the response of the analytical equipment and then 

analyze the reactor operating data. Samples of gas saturated with water 

were not taken for all runs but were taken for a sufficient number of runs 

to ensure that the water analysis was accurate. The third output page, as 

shown in Table 6, lists all of the reactor operating data in the order that 

they were recorded or changed. 

4.1 H2-co Mixtures - Carbon Deposition 

As previous studies had indicated that a number of reactions were occur

ring simultaneously in the Bosch process, experimental runs were made with 

binary gas mixtures. The first binary gas mixtures investigated were those 

of hydrogen and carbon monoxide, From the studies of Walker et!}_. (1959), 

it was expected that these would deposit carbon more rapidly than other 

mixtures. Figure 29 shows the amount of carbon deposited on 250 mg of fresh 

steel wool catalyst as a function of time for a typical run. As can be 

seen, the amount of carbon deposited during the early portion of the run is 

♦ 

• 
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approximately a linear function of time. However, the amount of carbon 

deposited is not a linear function of time over long periods, but, rather, 

shows an increasing rate of deposition as more carbon is deposited. 

During the same period that the data shown in Fig. 29 were taken gravi

metrically, the reactor exit gas analysis indicated up to 0.37 mole% 

water and up to 0.41 mole% carbon dioxide. From the data, no determina

tion could be made as to whether the carbon deposition process was a com

bination of reactions (C) and (D) in parallel or reactions (B) and (0) in 

series. 

2CO +CO2 + C 

CO+ H2 + H20 + C 

H20 +CO+ CO2 + H2 

(C) 

(0) 

(B) 

To determine whether the initial catalyst condition influenced the 

carbon deposition rate, 250 mg of fresh steel wool catalyst were oxidized 

in the reactor using a flowing stream of carbon dioxide at 823 K for one 

hour in Run 49. After a 30-min helium purge, a 25% carbon monoxide - 75% 

hydrogen mixture was passed over the catalyst. The subsequent carbon depo

sition was an order of magnitude faster than that for the same mixture over 

an untreated catalyst as is shown in Fig. 30. Concentrations of water and 

carbon d·ioxide in the reactor outlet were 4.8 and 1.7%, respectively. 

Similar but less pronounced results were apparent in Runs 15 and 16. 

The physical change in the catalyst responsible for the increase in 

carbon deposition rate is readily seen in Figs. 31, 32, and 33. Figure 31 

shows several strands of the untreated catalyst at low magnification. 

Although the edges of the steel wool band appear rough, the wide-flat 

• 
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Figur<l 31 Untr<l0t<ld St<l<ll Wool, 200 X 
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Figur<Z 32 Untr<Za t<Zd St<Z<Z I Wool, 6000 X 
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Figure 33,0xidizczd Stczczl Wool ,6000 X 
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portion of the band is fairly smooth. In Fig. 32, a photograph of this 

same section at higher magnification is shown. The surface appears flat 

with some cracks evident. Figure 33 shows a similar area at high magnifi

cation taken of an oxidized catalyst after oxidation in CO2 but before 
I 

exposure to an H2/CO' feed mixture. In this photograph the surface appears 

rough and porous. It is possible that the oxidized surface increased the 

carbon deposition rate either by providing higher specific area or by 

providing a surface which readily fonns the iron or iron carbide crystal

lites described by Ruston (1966, 1969). 

In all other experiments, a stream of dry hydrogen was passed through 

the reactor and over the fresh steel wool catalyst to prevent catalyst 

oxidation as the reactor was heated. When the reactor temperature was_stable 

at 823 K, a CO-H2 mixture was passed over the catalyst. The amount of carbon 

deposited on the catalyst was recorded at various times. The results of 

seven experiments in which a 50% H2-50% CO mixture was passed over the reduced 

catalyst are shown in Fig. 34. Similar results from nine other experiments 

for mixtures containing 251 10, and 5% CO in hydrogen are shown in Fig. 35. 

For each set of experimental d~ta shown in Figs. 34 and 35, the rate 

of carbon deposition was detennined graphically from the slope of the initial 

linear portion of the curves. The resulting values of carbon deposition .rate 

were correfated with hydrogen and carbon monoxide partial pressures using a 

least-squares technique. The best resulting correlation was: 

where the component partial pressures are in atmospheres. The rates corres

ponding to the values from this correlation for the experimental gas mixtures 

are shown as dashed lines in Figs. 34 and 35. 
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One additional experiment, Run 39, at 773 K with a 25% C0-75% H2 mix

ture permitted calculation of an approximate activation energy. Using the 

graphically determined carbon deposition rate of 0.76 mg/min at 773 Kand 

the corresponding value of the correlation for the carbon deposition rate 

at 823 K, the activation energy was calculated to be approximately 70 

kJ/mole. 

Some limitations in the experimental data are apparent. The first is 

the scatter in the carbon deposition data presented in Figs. 34 and 35. In 

Fig. 34, for example, although the nominal operating conditions of the re

actor did not change, the graphically determined rate of carbon deposition 

varied by as much as 50% above or below the mean rate. Thus, the range of 

rates encountered with a 50% C0-50% H2 mixture overlapped the range of rates 

encountered with a 25% C0-75% H2 mixture. Moreover, if the rate is assumed 

to vary with the square root of the partial pressures of carbon monoxide 

and hydrogen, only a 15% difference in rates would be expected between the 

50% CO and 25% CO mixtures. Thus, a least-squares technique was required 

to correlate the data, and standard statistical techniques were used to 

evaluate the correlations. The multiple correlation coefficient was chosen 

as the criteria for comparison of the correlations. 

Two-constant correlations of the form . 

r = kP~ 

were . used to correlate the rate with either the hydrogen or with the carbon 

monoxide partial pressures alone; multiple correlation coefficients of 0.48 

and 0.78, respectively, indicate a statistically significant correlation 

wi th each variable at a confidence level above 90%. A similar two-constant 

equation using the product of the hydrogen and carbon monoxide partial 

• 

• 
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pressures as the independent variable yielded the correlation shown as 

Eq. (4) with a multiple correlation coefficient of 0.75. Thus, the corre

lation is statistically significant with a probability of less than 0.001 

that a larger value of the correlation coefficient will be obtained. A 

three-constant equation in which the exponents of the carbon monoxide and 

hydrogen partial pressures were allowed to vary independently was obtained; 

however, the correlation coefficient was smaller than that for the two

constant equation. Hence, the three-constant equation was disregarded. 

Carbon deposition from mixtures of carbon monoxide and hydrogen on an 

iron catalyst has been discussed by Everett (1967). His results for gas 

mixtures with carbon monoxide to hydrogen partial pressure ratios near 1.0 

indicated that carbon deposition rate was linearly dependent on carbon 

monoxide concentration. However, the same result was not found for mixtures 

with very high carbon monoxide to hydrogen partial pressure ratios. The 

results of Everett for both ratios of partial pressures are consistent with 

an approximately half-order dependence each on hydrogen and carbon monoxide 

partial pressure. The agreement in the form of the dependence in both sets 

of data lends additional support to the significance of the correlation. 

4.2 H2-cH4 Mixtures 

In Run 5, the reaction of methane and hydrogen mixtures on a Bosch 

catalyst was investigated by passing several hydrogen-methane mixtures over 

250 mg of steel wool catalyst with approximately 400 mg of deposited carbon 

at 823 K. The results of this run are shown in Fig. 36. The points plotted 

are the net amount of carbon deposited on the catalyst at specific times 

during the experiment. In the early part of the run an inlet stream of pure 

hydrogen was fed to the reactor and the amount of deposited carbon decreased 
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sharply. The reactor exhaust contained between 0.17 to 0.27 mole% methane 

indicating that carbon was being removed from the catalyst and converted to 

methane. However, when the methane concentration in the inlet gas was in

creased to 60 or 75%, the amount of carbon deposited remained constant. 

Du ring this same period, the inlet and outlet gases were identical in compo

sition within the limits of analytical accuracy. Thus, with more than 60% 

methane in the gas phase, all carbon forming or consuming reactions stopped. 

Changing the inlet gas composition to 25 mole% methane and 75% mole% 

hydrogen caused the amount of carbon deposited to decrease again. 

At 823 K the equilibrium constant for reaction (E) is 0.966 

(E) 

while the equilibriunrconstant for reaction (J) is 2.48 · 

(J) 

according to Browning et tl· (1950). The equilibrium concentrations of meth~ 

ane for these two reactions would then be 38 and 53%, respectively. 

As methane ~on:nation is possible by either reactions (E) or (J), Run 48 

was performed to determine whether methane would form from free carbon at an 

appreciable rate in the absence of iron. In this experiment, 425 mg of acti

vated charcoal (finer than 200 mesh with a BET area of ~850 m2/g) were charged 

to the reactor. The reactor was heated to 823 Kin a flowing stream of hy

drogen. No methane was detectable in the reactor exhaust gas. Thus, 

reaction (J) is the probable source of methane. However, since the amount 

of carbon removed by pure hydrogen (>75 mg carbon) exceeds that which could 

form a stoichiometric carbide, Fe3C, with all the iron present (17 mg carbon), 

fonnation of methane from a carbide would require simultaneous formation of 
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the carbide from the iron and carbon present. 

No carbon deposited from mixtures rich in methane. This experimental 

observation indicates that the point at which carbon deposition ceases may not 

correspond to a reaction equilibrium. In most reaction equilibria, the 

equilibrium point may be reached from either side. It is possible in this 

case that carbon deposition does occur, but rapidly covers the catalyst 

surface stopping reaction. As the amount of carbon required to cover 

completely the iron surface area is below the sensitivity of the gravimetric 

technique employed, such a process would not be experimentally observable. 

From this information several conclusions can be drawn: 

- For gas mixtures on the methane-rich side of the equilibrium concen

tration, no carbon formation is observed experimentally. Nor is there any 

decomposition of metnane to form carbon. 

- For gas mixtures on the hydrogen-rich side of equilibrium concentra

tion, hydrogen reacts (probably with iron carbide) to form methane. 

4.3 CO-CO2 Mixtures: The Effect of an Oxidized Catalyst Surface 

In Runs 6 and 7, experiments were also performed to study the reactions 

of carbon monoxide and carbon dioxide mixtures. The results shown in Fig. 37 

were obtained by passing various mixtures over 250 mg of steel wool catalyst 

and approximately 700 mg of deposited carbon at 823 K. As can be seen, an 

inlet gas composition of 50 mole% each of carbon monoxide and carbon dioxide 

caused no observable change in total weight of carbon deposited. Also, no 

change in gas composition through the reactor was observed. However, when 

a gas mixture containing 55 or 60 mole% carbon monoxide was fed to the 

reactor, no consistent weight gain or loss was observed, although both 

losses and gains were noted. One difficulty leading to these uncertain 
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observations is that weight gain can be caused either by carbon deposition 

or by oxidation of the catalyst by reaction (L): 

(L) 

The equilibrium constant for reaction (L} at 823 K is 1.11 corresponding to 

an equilibrium mole fraction of CO of 53%. When a gas stream containing 

66 mole% carbon monoxide was fed to the reactor, a large, rapid weight gain 

occurred clearly indicating carbon deposition. The equilibrium constant for 

reaction (C} at 823 K is 48.8 corresponding to an equilibrium 

2CO +CO2+ C (C} 

mole fraction of CO of 13%. 

From these data the following conclusions can be drawn: 

- For gas mixtures on the CO2-rich side of the equilibrium concentra

tion, no reaction other than catalyst oxidation occurs. No carbon is removed. 

- For gas mixtures on the CO-rich side of the equilibrium concentration, 

carbon deposition occurs. 

- For gas compositions very close to equilibrium, no distinction could 

be made between carbon deposition and catalyst oxidation using the experi

mental apparatus. 

- Although carbon deposition by reaction (C) is possible under all the 

experimental conditions shown in Fig. 16, no carbon deposition occurs when 

the catalyst is expected to be oxidized by reaction (L). 

• 

,. 
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4.4 H2-C02 Mixtures: Reverse Water-Gas Shift 
Reaction and Surface Area Effects 

The next binary gas mixture studied in the experimental reactor was 

an equimolar mixture of hydrogen and carbon dioxide. From the results of 

Kusner (1962), it was expected that the reverse water-gas shift reaction, 

(B) 

would proceed slowly over a low surface area iron catalyst such as steel 

wool. Indeed, when a gas stream containing 50% hydrogen and 50% carbon 

dioxide was passed over a fresh steel wool catalyst at 823 K, the product 

water and carbon monoxide were barely detectable (0.02%) in the reactor 

outlet stream as shown in Run 14. 

However, with the same amount of iron catalyst after deposition of 

approximately 500 mg of carbon, reactor outlet concentrations of 5 to 7% 

each carbon monoxide and water were obtained with the same feed mixture 

in Runs 10, 11, and 12. No carbon was deposited. As the same weight of 

catalyst is present in all four experiments, it is obvious that the forma

tion of deposited carbon on the catalyst has a large effect on its activity 

with respect to the reverse water-gas shift reaction. 

This increase in activity resulting from carbon deposition can be 

hypothesized to result from several alternative causes. First, it might 

be suggested that the surface area of the deposited carbon was a ;catalyst 

for the reverse water-gas shift reaction. However, if this were the case, 

one would expect activated carbon with a large surface area to also be 

catalytic. 

Alternatively, one might suggest that the active surface area of the 

catalyst had been increased during the deposition of carbon on the catalyst. 
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To detennine which of these hypotheses was true, the following experiment 

was performed i n Run 48 . Approximately 425 mg of activated charcoal (finer 

than 200 mesh, with a BET area of ~850 m2/g) was charged to the reactor, 

and the reactor was heated to 823 K i n a flow i ng stream of hydrogen. No 

methane was observed in the exhaust gas. The inlet gas was changed to 75% 

hydrogen and 25% carbon monoxi de and only barely detectable amounts (<0 , 07 

mole %) of carbon dioxide and water were found in the exhaust gas. The 

i nlet gas was then changed to 50% hydrogen and 50% carbon di oxi de, and less 

than 0.33 mole % ca rbon monoxi de and wate r were observed in the exhaust gas. 

As the reaction rate of each of the reactions 

(E) 

(D) 

(B) 

is slower by at least an order of magnitude than the same reaction over a 

simi lar Bosch catalyst wi th approxi mately one fifth the carbon surface area, 

one can conclude that the carbon surface area i s not influencing the rate of 

observed reaction. Hence, the iron must be responsible for the observed 

reaction rate increase. This conclusion, along with the experimentally 

observed increase i n the carbon deposition rate and reverse water-gas shift 

rate as carbon is deposited, leads to the conclusion that the catalytic iron 

surface area increases by some mechanism in the process of carbon deposition. 

Thi s observation is not un reasonable and can also be substantiated by calcu

lations estimating the amount of iron surface area present. For example, 

if the stee l wool i s i ni tially cons i dered to be an infin i tely long ribbon of 

thickness, t, the surface area per unit mass, S, can be shown to be 
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2 s = tp 

Using a typical value fort and p (1.3 µm, 7.6 g/cm3) one finds that the 

surface area of #2 steel wool should be about 200 cm2/g. The BET surface 

area was experimentally determined to be 389 cm2/g. Thus, if the initial 

catalyst charge is 0.25 g, the initial iron surface area would be 97 cm2. 

After carbon deposition, however, iron is present not only as steel 

wool fibers but also dispersed in the carbon product as iron or iron carbide. 

Transmission electron photomicrographs have shown that the iron is dispersed 

in the carbon in segments which have approximately the same dimensions as 

the carbon. On the basis of one gram of carbon-iron ribbon containing xFe 

weight fraction iron, the iron surface area is 

A - X $ = X ( 2 ) Fe - Fe Fe F t e FePFe 

and the carbon surface area is 

As the ribbon thickness appears to be constant in electron photomicrographs, 

Hence, 

Taking the values reported by Maciver and Emmett (1955) for the total sur

face area (145 m2/g) and weight fraction iron (7%) as typical of Bosch 
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carbons, the iron surface area in 0.5 g of deposited carbon is found to be 

1.2 m2. Thus, one would expect that the iron surface area has increased 

by a factor of 120 during the carbon deposition. This factor is approxi

mately equal to the observed increase in the water-gas shift reaction rate. 

As the above estimation assumes that the major portion of the product 

carbon is in the form of carbon fibers or ribbons, a scanning electron micro

scope was also employed to photograph the carbon deposited on the catalyst 

surface. Figures 38 and 39 show typical photographs of the product carbon. 

Figure 38 shows the catalyst su rface ent irely covered with a mass of fibrous 

carbon growth. Figure 39 shows the fibers at much higher magnification. 

From the photograph, the diameter of a fiber is calculated to be ~4xl0-5 cm 

(0.4 µm). 

Since equipment was not available to make direct measurements of iron 

surface area in this investigation, the change in catalytic surface area 

leads to the conclusion that the data obta i ned may help qualitatively to 

determine the effects of gas composition and temperature on reaction rates 

but cannot be used to specify quantitatively the catalytic reaction rates. 

One exception, however, is that reaction rate data may be obta i ned from the 

initial portions of the experimental runs. That is, the initial rate of 

carbon deposition can be determined as a function of temperature and gas 

composition where the initial surface area is fixed. 

In spite of the complications introduced by the changing catalytic 

surface area, several interesting comparisons can be made from the experi

mental data. For example, a comparison can be made of the relative rates 

of the carbon deposition reaction and the water-gas shift reaction from the 

rates observJd on fresh catalysts. For the carbon deposition reaction at 

823 K, the rate of reaction, using Eq . (4) and the measured BET surface area, 

• 
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Figure 38 Carbon D<2posited on Catalyst 
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is 2 x 10-8 gmole/cm2-sec for a gas mixture containing 50% H2 and 50% CO. 

For a similar mixture containing 50% H2 and 50% CO2 (negligible water), the 

observed rate of the water-gas shift reaction on a fresh catalyst (Run 14) 

is 2 x 10-9 gmole/cm2-sec. Thus, one can see that both reactions may be 

significant depending on the gas phase concentration of the reactants. 

Similarly, from the data shown in Fig. 36, the maximum rate of forma

tion of methane on a catalyst with 0.35 g of deposited carbon is approxi
-6 mately 1.5 x 10 gmole/sec. Over a similar catalyst, the typically observed 

-5 rate of the reverse water-gas shift reaction was 4.5 x 10 gmole/sec. Thus, 

the methane forming reaction in the Bosch process is significantly slower 

than either the carbon forming or reverse water-gas shift reactions. 

4.5 H2-co2 Mixtures: Reverse Water-Gas Shift 
Reaction, Heat and Mass Transfer Effects 

Since the conversion of carbon dioxide to carbon monoxide by the reverse 

water-gas shift reaction was rapid over a steel wool catalyst with deposited 

carbon, additional experiments at various temperatures and two other flow 

rates were performed to determine the effects of heat and mass transfer on 

the observed reaction rate. In Runs 34 and 35, the inlet reactor temperature 

was varied from 673 to 823 Kin 25 K increments. A 47% H2, 53% CO2 feed 

mixture flowed through the reactor at a constant total flow rate of 20 cc/sec 

(STP). The conversion of CO2 expressed as the percentage of inlet CO2 con

verted to CO is shown as a function of reciprocal of the reactor inlet temp

erature in Fig. 40. Also shown is the conversion that would be expected at 

equilibrium in the same temperature range. The experimentally measured con

versions at low conversion (below 5%) represent experimental reactor operation 

in a region where reactor operation may be assumed to be differential; that 
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is, the gas phase concentrations may be assumed to be constant through the 

reactor and the conversion in the reactor is directly proportional to the 

reaction rate. Hence, the activation energy for the reaction may be de

termined from the slope of the dotted line in Fig. 40. The dotted line 

shown represents an activation energy of 88.7 kJ/mole. No previous experi

mental measurements of the activation energy of the reverse water-gas shift 

reaction have been reported and thus no direct comparison with other results 

is possible. However, if the transformation of the reactants into the 

products on the catalyst surface is assumed to occur in a single activated 

step, then the activation energy of the reverse reaction (i.e., the water

gas shift reaction) can be calculated from the activation energy of the 

forward reaction and the known enthalpy change which occurs when the reac

tants are converted to products. Thus, the activation energy for the water

gas shift reaction is computed to be 125.5 kJ/mole from the observed acti

vation energy of the reverse water-gas shift reaction (88.7 kJ/mole) and 

the known enthalpy of reaction (36.8 kJ/mole). The activation energy for 

the water-gas shift reaction was reported to be 

110.8 kJ/mole Ruthven (1968) 

114.6 kJ/mole Bohlbro (1961) 

123.0 kJ/mole 

133.9 kJ/mole 

Podolski and Kim. (1974) 

Mars (1961) 

Hence, the calculated activation energy for the water-gas shift reaction 

based on the observed activation energy of the reverse reaction is in good 

agreement with that reported by other authors. 

As temperature is increased and observed conversions exceed 5%, the 

observed rate of conversion does not continue to increase toward equilibrium 

conversion. As indicated in Appendix 8.1.2, mass transfer is not expected 
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to be limiting the conversions even at 823 K. Under the same conditions, 

it can be shown that heat transfer from the reactor furnace to the catalyst 

carrier is expected to limit conversion. Indeed, for the two highest 

conversions shown in' Fig. 40 at 798 and 823 K, the adiabatic temperature 

drop from the reactor inlet to the reactor outlet is calculated to be 75 K. 

Moreover, if the catalyst bed is assumed to be isothermal and if heat 

transfer from the furnace to the catalyst bed is limited by radiation be

tween the catalyst carrier and the reactor support tube, a minimum temp

erature difference of 13 K would be required. The reactor operation at 

these high conversions is probably intermediate between the extremes of 

isothermal and adiabatic operation. Hence, the reactor outlet temperature 

is expected to have been somewhere between 13 and 75 K below the reactor 

inlet temperature. Unfortunately, it was not possible to position a thermo

couple at the reactor outlet without interfering with gravimetric determi

nation of catalyst weight. Thus, reactor outlet temperature was not 

measured. 

Run 17 was initially intended to demonstrate the absence of any mass 

transfer limitation on the reverse water-gas shift conversion. In this 

experiment, the conversion of a 47% H2, 53% CO2 feed mixture was determined 

at 823 K}for total gas feed rates of 10 end•i __ 2 cc/sec (STP). The overall 

conversions obtained at the two flow rates were 10 and 22%, respectively. 

Thus, the process limiting conversion in this experiment is, again, heat 

transfer from the reactor furnace to the catalyst carrier; and, no conclu

sion on the role of mass transfer from the bulk gas phase to the catalyst 

surface can be made on the basis of this experiment. 

.. 

"' 



4.6 H2-H20 and co2-H2o Mixtures 

At the start of Runs 30 and 42, a hydrogen stream saturated with water 

at 294 K was passed over a catalyst with more than 0.5 g of deposited carbon 

at 823 K. In both cases, a loss of 12 mg of carbon from the catalyst carrier 

was observed over a half hour period. No CO, CH4, or CO2 was observed in 

the outlet gas stream even though this carbon loss should yield detectable 

(0.06%) amounts of gaseous products. 

In Run 44, both pure carbon dioxide and carbon dioxide saturated with 

water at 294 K were passed over a catalyst with approximately 0.35 g of 

deposited carbon at 823 K. No consistent weight gain or loss was observed 

and neither hydrogen, nor carbon monoxide, nor methane were detected in 

the reactor exhaust. From these experiments, it would appear that the 

reactions 

and 

CO2 + C + 2CO 

do not proceed at detectable rates under the experimental conditions em

ployed. This observation is consistent with the rate expressions for these 

reactions determin~d by Wicke et tl• (1966) which predict reaction rates at 

least four orders of magnitude below the minimum detectable rates for this 

experimental apparatus. 

4.7 Multicomponent Gas Mixtures 

Several experiments were performed to determine the relative effects 

of the reactions which are major components of the Bosch process. For these 
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experiments, both the reaction temperature and relative concentration of 

the reactants were varied. The most prominent effect was that of temperature. 

In Run 26, the fonnation of methane from pure hydrogen flowing over an 

iron catalyst containing 700 mg of deposited carbon was not detectable at 

673 K. In . Run 27, methane fonnation was detectable at 748 K with· ~0.07 

mole% CH4 at the reactor outlet with a simultaneous carbon loss rate of 

0.38 mg/min. At 823 K approximately 0.22 to 1.5% methane is found in the 

reactor outlet mixture as shown in Runs 5 and 19, respectively. The addition 

of approximately 3% water to the hydrogen stream was observed to stop methane 

formation as shown in parts of Runs 29 and 30. Methane formation was ob

served at 823 Kin the presence of water from feed gas streams containing 

95% H2, 2% CO, and 3% H20 and 91% H2, 5% CO, and 3% H20 in Run 29. It 

would appear that under these circumstances methane formation is possibly 

by reactions (M) and (J) and that water inhibits reaction (J). 

(M) 

Finally, it should be noted that the observed rate of methane production 

exceeds the observed rate of carbon deposition for both the H2-CO-H20 mix

tures investigated in Run 29 and the H2-CO-C02-H20 mixtures investigated 

in Run 30. 

In Run 26, carbon fonnation from a 50% H2, 50% CO feed mixture was 

found to be undetectable at 673 K. In Run 27, the same gas feed mixture 

produced detectable amounts of water and carbon dioxide in the reactor 

effluent (0.60 and 0.15 mole%, respectively) and a carbon deposition rate 

of 3.2 mg/min at 748 K. In Run 40, the effect of carbon dioxide concen

tration on the carbon deposition rate was investigated at 773 K. The 

carbon deposition rate from a feed mixture containing 74% hydrogen and 
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-6 26% carbon monoxide was found to be 1.3 x 10 gmole/sec. After changing 

the feed mixture to 73% H2, 10% CO, 17% CO2, the carbon deposition rate 
-7 dropped to 9.7 x 10 gmole/sec over the same catalyst. The decrease in 

the carbon deposition rate, however, is not significantly different from 

that expected by the reduction in CO partial pressure alone assuming the 

carbon deposition rate depends on the square root of the hydrogen and carbon 

monoxide partial pressures. Hence, it is concluded that CO2 exhibits no 

pronounced inhibition of the carbon deposition reaction. 

Water, on the other hand, appears to reduce the carbon deposition rate 

in a manner similar to that shown by Karcher and Glaude. This fact becomes 

apparent when the ratio of the carbon deposition rate to the methane forma

tion rate is examined at several values of water partial pressure. First, 

for all carbon depositions on a fresh catalyst, carbon deposition occurs at 

the rate given by Eq. (4). During the period that carbon is depositing at 

the observed rate, no detectable methane occurs in the reactor outlet while 

the water · concentration . corresponding to carbon deposition from a 50% H2, 

50% CO mixture at 823 K is ~o.26% H2o. That is, at this low value of water 

concentration, carbon deposition is fast relative to methane production. 

Over a catalyst where a significant amount of carbon deposition has occurred 

and the catalytic surface area has been increased, the water-gas shift 

reaction is so rapid that outlet water conditions are significantly higher 

(i.e., ~5-10%). For these mixtures when sufficient CO (~10%} is available 

to make carbon deposition measurable, the carbon deposition rate and the 

methane production rate are within a factor of two of each other as shown 

in Runs 29, 30, 36, and 37. Under these same circumstances the rate of the 

reverse w~ter-gas shift reaction is normally at least one order of magnitude 

faster as is evident in Runs 29, 30, 36, and 37. 
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In several of the experiments cited above, carbon deposition is ob

served under conditions where the ratio of the hydrogen partial pressure 

to the water partial pressure at the reactor outlet is as low as 8.1. 

Karcher and Glaude reported that at ratios below 20, carbon deposition at 

823 K was suppressed. Hence, it is possible that the low carbon deposition 

rates relative to the methane formation rates may be due to inhibition of 

carbon deposition by water near the reactor outlet. This argument is 

qualitative, however, and requires substantiation by experiments with in

creased values of the partial pressure ratio below 20 at the reactor inlet. 

The interpretation of the observations is also complicated by the fact that 

in some of the experiments the reverse water-gas shift conversions are high 

so that heat transfer effects may also be important. 

In summary, the initial rate of carbon deposition on a reduced iron 

catalyst has been found to depend on the product of hydrogen and carbon 

monoxide partial pressures to the 0.42 + 0.10 power. This result is consis

tent with the experimental data of Everett (1967) and Everett and Kinsey 

(1965). Moreover, nocarbon deposition was observed from CO-CO2 mixtures 

when the iron surface was expected to be oxidized instead of reduced by 

reaction (L). The observed rates for carbon deposition and for the reverse 

water-gas shift have been shown to be within an order of magnitude of each 

other for similar but not identical conditions. The maximum rate of the 

methane-fonning reaction has: been shown to be significantly slower than the 

reverse water-gas shift reaction when no water is present but of the same 

order of magnitude when approximately 5% water is present. Moreover, the 

formation of metal carbide .has been indicated to be an intermediate process 

in the formation of methane from carbon. In addition, more data on the 

change of catalyst surface area during carbon deposition are required to 

determine ·quantitatively the kinetic parameters of the Bosch process. 
• 
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5. APPLICATION OF RESULTS 

The experimental results indicate the causes of some problems pre

viously experienced with prototype Bosch · reactors. For example, Holmes et!!_. 

(1970) noted that at least 1.5 hr was required to start an experimental 

Bosch recycle reactor using a feed mixture of hydrogen and carbon dioxide 

with a steel wool catalyst. From a similar feed mixture over a steel wool 

catalyst, the conversion realized in a single-pass experimental reactor was 

shown in this investigation to be extremely low. Thus, one would expect 

many passes of the gas mixture through a recycle reactor would be required 

to form carbon monoxide in sufficient quantities to initiate carbon depo

sition. 

To overcome the difficulties in starting a reactor which operates as 

shown in Figs. land 41, an alternative scheme as shown in Fig. 42 could be 

used. In this process, a feed mixture containing two moles of hydrogen for 

each mole of carbon dioxide is fed to a reverse water-gas shift reactor at 

922 K. Using a pelleted iron powder catalyst with high specific surface 

area, Kusner (1962) has shown that the shift reaction rate at 922 Kover an 

active catalyst is limited only by mass transfer of reactants from the gas 

phase to the catalyst surface. The product stream from the shift reactor is 

then fed to a recuperative heat exchanger where water is condensed and sepa

rated. If it is assumed that equilibrium is reached in the shift reactor, 

0.562 moles of water would be obtained per mole of CO2 fed. The remaining 

gas stream containing 18 mole% carbon dioxide, 59 mole% hydrogen, and 

23 mole% carbon monoxide (on a dry basis) may then be fed to a recycle re

actor at 823 K to produce both carbon and water as shown in Fig. 42. 

This operating scheme has several advantages. First, 28% of the water 
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fanned in the overall process can be recovered after one pass through the 

shift reactor . Secondly, a rapid start of the recycle reactor should be 

ach ievable by using the H2-CO-rich stream from the shift reactor and a 

cata iyst activation procedure such as surface oxidation by carbon dioxide , 

Additionally, the flowsheet shown in Fig. 42 can be simplified by employing 

only the second heat exchanger for both reactors; that is, the product stream 

f~om the shift reactor could be introduced directly into the recycle loop 

after the recycle reactor and before the heat exchanger as shown in Fig. 43 . 

Finally, even more favorable yields of water and carbon monoxide are obtain

able by increasing the shift reactor temperature. It should be noted that 

higher water yields could also be obtained by increasing the H2/C02 ratio of 

the feed mixture. However, this would lead to accumulation of hydrogen in 

the second recyc 1 e reactor requiring an occas iona 1 reactor purge and, thus, 

a more complicated operation. To increase the H2/C02 ratio above two without 

purging, a hydrogen separator, such as a palladium-silver semipermeable mem

brane, could be added as illustrated in Fig. 44. The excess hydrogen would 

be recycled to the shift reactor inlet. 

The experimental results also indicate that methane is formed from the 

reaction of hydrogen with the carbide present when carbon is deposited on 

the steel wool catalyst. Thus, in any recycle loop, such as those shown in 

Figs. 41 through 44, when methane is not removed, an accmumlation of methane 

in the recycle loop must be expected. Based on the data obtained using binary 

mixtures and the results of Browning et tl• (1950), the concentration of meth

ane in the recycle stream would be expected to increase at least until reach

i ng a concentration corresponding to equilibrium for reaction (E). Since 

ki neti c data are not yet sufficient to evaluate the feasibility of single-pass 

reactor(s) to form carbon and water, the disadvantages of recycling methane 
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through the second reactor must be accepted. 

To evaluate the advantages of the various flowsheets presented in Figs. 

41 through 44, the mass balances expected at equilibrium conversion (the 

most favorable operating conditions achievable) were calculated for each 

flowsheet. In all cases, it was assumed that, in a reverse water-gas shift 

reactor, equilibrium conversion was obtainable without carbon deposition 

and without methane formation. Thus, the outlet composition of the reverse 

water-gas shift reactor depended only on the reactor temperature and H2;co2 

feed ratio. The inlet H2/C02 ratio was assumed to be two in all cases where 

a hydrogen separator and hydrogen recycle were not employed. The outlet 

composition of the Bosch reactor was assumed to be the equilibrium mixture 

expected at the · -Fe-Fe3o4(or Fe0)-H2-CO-CH4-co2-H2o equilibrium or C-H2-

CO-CH4-co2-H2o equilibrium where applicable. The water separation system 

was assumed to be 100% efficient. In each case, the number of moles of 

reactants recycled in the Bosch recycle loop is calculated as a function of 

the adjustable processing parameters: the reverse water-gas shift reactor 

temperature, the Bosch reactor temperature, and the H2/C02 ratio of the 

feed . to the water-gas shift reactor. The results of this calculation are 

presented graphically in Fig. 45. 

In Fig. 45 the two solid lines represent the nunber of moles, r, of 

gas which must be recycled in the Bosch reactor loop per mole of inlet co2. 

The upper solid line represents the amount of recycle required if a Bosch 

reactor is operated without a reverse water-gas shift prereactor as shown 

in Fig. 41 but at a temperature as shown on the abscissa; the lower line 

represents the amount of recycle required with the addition of a prereactor 

operating at the same temperature. If the temperature of the water-gas 

shift reactor is increased above the temperature of the Bosch reactor, the 

minimum recycle required decreases slightly as indicated in Fig. 45 by the 
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dotted lines corresponding to an H2/C02 feed ratio, n, of two as indicated 

in the flow diagrams of Figs. 42 and 43. Finally, if an H2/C02 feed ratio 

above two is employed with hydrogen recycle as shown in Fig. 44, the required 

recycle decreases as shown by the dotted lines for H2;co2 feed ratios of 

10 and 20. 

The recycle required for the flowsheets shown in Figs. 41 and 42 de

creases rapidly with increasing temperature up to approximately 900 K. As 

shown in Fig. 45, the addition of the reverse water-gas shift prereactor 

decreases the required recycle by 21% at 800 Kand 14% at 900 K. Increasing 

the reverse water-gas shift reactor temperature to 1100 K results in an 

additional 11% decrease at 800 Kand an additional 8% decrease at 900 K. 

The largest single factor decreasing the required amount of recycle, however, 

is the Bosch reactor temperature. 

The use of increased H2/C02 ratios for the reverse water-gas shift 

reactor ts also shown to decrease the number of moles of material that must 

be recycled through the Bosch reactor as shown in Fig. 45. This decrease 

is accomplished, however, by the addition of a hydrogen recycle loop. For 

reactor temperatures above 800 K, the nunber moles of hydrogen that must be 

recycled exceeds the decrease •in the nunber of moles that must be recycled 

through the Bosch reactor. For some reactor operating conditions below 

800 K, the total number of moles to be recycled, n+r-2, decreases for values 

of n larger than 2 and then increases as n becomes exceedingly large. This 

means that a reactor cycle such as shown in Fig. 45 can be optimized for the 

minimum value of n+r-1 · if the Bosch reactor will operate at temperatures below 

800 Kand if operations at such low temperature are favored from other weight, 

volume, or power considerations. 

Finally, there is a minimum value of r for the flowsheets shown in 
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Figs. 41 through 43. This minimum occurs at a reactor temperature of 915 K 

for these flowsheets at atmospheric pressure. At this temperature, the 

composition of the gaseous effluent from the Bosch reactor becomes deter

mined by the C-H2-CO-CH4-co2-H2o equilibrium rather than the Fe-Fe304(or 

Fe0)-H2-CO-CH4-C02-H20 equilibrium. As shown in Fig. 16, at 800 Kand 

atmospheric pressure, the curves describing carbon-gas phase equilibrium 

and iron-iron oxide equilibrium intersect. As temperature is increased 

above 800 K, however, the curve describing the carbon-gas phase equilibrium 

moves upward in the diagram while the curve describing the iron-iron oxide

gas phase equilibrium moves downward. The intersection point of the two 

curves, point b, moves from left to right. The minimum shown in Fig. 45 

occurs when the intersection point, b, crosses a line describing the 0/H 

operating ratio of the Bosch reactor. The 0/H ratio in the Bosch recycle 

loops shown in Figs. 41-44 is constrained by mass balances at steady state 

to be 0.5. Point b lies on an operating line corresponding to this 0/H 

ratio at 915 Kat atmospheric pressure. Hence, for temperature below 915 K, 

the Bosch reactor effluent at equilibrium corresponds to the gas phase in 

equilibrium with solid phases of iron and iron oxide. At temperatures 

above 915 K, the effluent at equilibrium corresponds to the gas phase in 

equilibrium with solid carbon. Description of the calculation procedures 

and computer programs employed in calculating the results shown in Fig. 45 

is contained in Appendix 8.3. 

In conclusion, each of the reactor flow schemes shown in Figs. 41-44 

has advantages and disadvantages. The final selection and optimization of 

the proposed schemes will require an analysis of the aggregate weight, volume, 

and power requirements of the various flowsheets. At this point, however, 

the verification of the suggested equilibrium limitation imposed by an 
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oxidi zed cata lyst surface for a gas phase containing all of the expected 

recycle components should be demonstrated .for a wide range of 0/H operating 

ratios . 
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6. CONCLUSIONS 

1. The initial rate of carbon deposition on a steel wool catalyst is 

where the component partial pressures are in atmospheres and the area is 

the initial iron surface area. The activation energy for this reaction is 

~10 kJ/mole. 

2. The iron catalyst surface area available for reaction appears to 

increase during the carbon deposition process. This conclusion is based on 

observed increases in reaction rates and on the surface area calculated from 

BET total surface area of the product carbon, iron content of the product 

carbon, and transmission electron photomicrographs of the iron distribution 

in the product carbon. No direct measurements of active metal surface area 

were made. 

3. After carbon deposition had occurred on the steel wool catalyst, 

the rates of the reverse water-gas shift reaction and carbon deposition 

reactions were. sufficiently fast to be influenced by heat transfer into or 

out of the experimental reactor. 

4. Several alternative flowsheets for the Bosch process have been 

developed. Based on the observed rates of reactions occurring on a Bosch 

catalyst, the rate of methane formation in the recycle reactor cannot be 

assumed to be small. As iron oxide surfaces do not appear to catalyze 

carbon formation, the minimum required Bosch reactor recycle rates have been 

calculated on the basis that the reactor effluent will approach gas phase 

concentrations expected in the appropriate Fe-Fe304(or FeO)-H2-CO-CH4-C02-H20 

and C-H2-CO-CH4-C02-H20 equilibria. 

• 
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7. RECOMMENDATIONS 

1. The experimental reactor should be modified to permit higher water 

concentration in the feed mixture to the reactor. 

2. Additional experiments should be perfonned with mixtures close to 

the equilibrium gas phase composition expected for the Fe-Fe3O4{or FeO)- • 

H2-CO-CH4-CO2-H2o system to verify the hypothesis that no carbon formation 

occurs when the catalyst surface is expected to be oxidized. 

3. An energy balance for alternative Bosch process flowsheets should 

be performed to aid in evaluation. 
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8. APPENDIX 

8.1 Supplementary Detail 

8.1.1 Mass Transfer Limitations in the Experiments by Walker at al. (1959) 

The data shown in Fig. 6 of Walker et.!!_. (1959) are for a series of 

experiments at 801 K with a feed gas containing 97.8% CO and 2.2% H2, and 

feed flow rates from 0.29 to 5.80 cc/sec. For the data points corresponding 

to a feed flow rate of 5.80 cc/sec, a carbon deposit of ~12 g was observed 

in 400 min corresponding to a carbon deposition rate of 4. 16 x 10-5 gmole/sec. 

The deposition rate that would be expected if mass transfer of carbon monoxide 

to the catalyst surface were the limiting step in the reactor process can be 

approximated in the following manner. The reactor flow configuration is 

assumed to be as described by Walker et tl• and shown in Fig. 46. The super

ficia l mass flow rate of inlet gas is 

G = 5.8 cm3/sec(1 mole/22,400 cm3)(28 g/mole)(4/~)( 1 
2.5 cm) 2 

and the superficial molar flow rate is 

6M = 5.2 x ,o-5 moles/cm2-sec 

At 801 K the viscosity of pure carbon monoxide is 

µ = 2. 10 x 10-5 g/cm-sec 

Thus, the Reynolds number in the combustion tube based on tube diameter is 

approximately 

• 
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= DG = (2.5 cm)(l.48 x 10-J g/cm2-sec) = 
µ -5 2.10 x 10 g/cm-sec 

175 

and the flow is laminar. 

If it is assumed that the catalyst is completely contained, the combus

tion boat containing the iron powder can be modeled as a flat plate in the 

laminar gas stream with mass transfer occurring at the top surface only. 

For this model the results of Polhausen and Colburn as reported in Sherwood 

and Pigford (1952), Eq. (103) apply 

0 66 Re-l/Z 
• X 

where Rex is the Reynolds number based on the length of the flat plate. As 

the length of the combustion boat was approximately 3 cm, 

= LG = (3 cm)(l.48 x 10-3 g/cm2-sec) = 

µ 2. 10 x 10-5 g/cm-sec 
211 

Hence, 

kG = 0.66(GpM) Re- 112 Sc- 213 
BM x 

Assuming that mass transfer is the limiting step, the surface concentration 

of CO at 801 K should be approximately equal to its equilibrium (Fe-Fe304-

C-gas) value of 0.488 atm. Thus, 

0.978 - 0.488 = -....--~-......... --- = ~n(0.978/0.488) 0. 70 atm 

• 

• 

• 
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-5 2 
kG = 0_66 (5.2 x 100_75m~~~/cm -sec)(2ll)-l/2(0 .?)-2/3 

-6 2 = 4.28 x 10 mole/cm -sec-atm 

For the nominal surface area of the 4/0 combustion boat, 1.8 cm2, and the 

largest expected logarithmic mean partial pressure difference, 0.70 atm, 

the maximum expected mass transfer rate would be 

rate = kc;a 6Pim = (4.28 x 10-6)(1.8)(0.70) 

= 5.4 x 10-6 gmole/sec 

Si nee the observed "reaction rate" cannot exceed the maximum mass transfer 

rate, it is poss ible that the observed reaction was limited by mass transfer 

from the bulk gas phase to the top surface of the corroustion boat. The 

calculated mass transfer rate exceeds the observed reaction rate by about 

one order of magnitude. This may be because the flat plate model ·1s .. not 

appropriate or the estimation of the combustion boat dimensions may be 

inaccurate. 

Alternatively, the observed reaction rate may also be limited by re

action equilibria. For example, in the experiment mentioned above, if the 

reactor exhaust corresponded to the gas phase in equilibrium with Fe, Fe3o4, 

and ~-graphite, the exhaust gas composition would be 

H2 2.5% 

co 48.8% C 38.9% 

CH4 0. 1% or H 2.6% 

CO2 48.0% 0 58.4% 

H20 0.6% 
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Each mole of inlet gas mixture contains 0.978 moles C, 0.978 moles 0, 

and 0.044 moles H. The C/H ratio in the exhaust is 

C = 38.9 = 14.96 
ff -n 

If x moles of carbon deposit in the reactor per mole of feed gas mixture, 

then by a carbon balance 

or 

0.978 - X 
0.044 

X = 0.32 

= 14. 96 

Thus, the observed carbon deposition rate would be expected to be 

(S 8 cc feed mixture)(, mole feed)(0.32 moles C deposited) 
· sec 22,400 cc mole feed mixture · 

-5 = 8.27 x 10 gmole/sec 

This rate is within a factor of two of the observed rate. 

8.1.2 Mass Transfer Limitation~ in This Work - Water-Gas Shift Reaction 

To detennine whether the conversions observed in the experimental 

reactor are limited by mass transfer of the reactants to the catalyst surface 

or by the kinetic rate of reaction at the catalyst surface, one can compare 

the observed reaction rate with the calculated rate of mass transfer for a 

given model of the gas-catalyst contacting. As long as the calculated rate 

of mass transfer exceeds the observed reaction rate, the reaction may be 

assumed to be kinetically controlled. The largest observed rate of reaction 

for the reverse water-gas shift reaction was obtained with an iron catalyst 

► 

• 

• 
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upon which carbon had been deposited as discussed in Sect. 4.4. Although · 

the catalytic surface area has been shown to increase during carbon deposi

tion, the catalytic surface area available for reaction will be assumed to 

be equal to the original catalyst surface area (~100 cm2) to calculate a 

conservative estimate of the mass transfer rate. 

The steel wool catalyst will be modeled as woven screens or..,. an assemblage 

of cylindrical surfaces oriented normal to the gas flow in the reactor. The 

characteristic diameter of the cylinders will be taken as 0.0254 cm (0.01 in . ) 

which is intermediate between the maximum and minimum dimensions of a steel 

wool fiber. From the experimental data of Run 11, the total gas flow rate 

is 20 cc/sec, inlet composition approximately 50% H2-50% CO2, and outlet 

composition approximately 45% H2, 45% CO2, 5% CO, and 5% H2o. (Nominal 

values are used for simplicity of computations.) The internal diameter of 

the catalyst carrier is 20 mm so that the superficial gas velocity at reac

tion conditions in the catalyst section is 

u 823 K 4 
= (20 cc/sec)( 273 K) TT( 2 cm) 2 = 19 cm/sec 

and the average gas density is 

1 p 
P = V ='RT= 

1 atm 5 3 = 1.4 x 10- mole/cm 
(82 cc-atm)(873 K) 

K-mole 

The average molecular weight of the gas is 

so that 

2 + 44 
2 = 23 

p = 1.4 x 10-5(23) = 3.2 x ,o-4 g/cm3 



172 

The viscosity of hydrogen is 175 x 10-6 g/cm-sec at 823 K. The viscosity 

of carbon dioxide is 345 x 10-6 g/cm-sec at 823 K. Assuming that the vis

cosity of a 50/50 mixture is the average of these two values, the reactant 

mixture viscosity is 260 x 10-6 g/cm-sec. Hence, the Reynolds number based 

on steel wool fiber diameter is 

Re = Dup = (2.54 x 10-2 cm)(19 cm/sec)(3.2 x 10-4 g/cm3) = 0_59 
µ 260 x 10-6 g/cm-sec 

Using the correlation of Satterfield and Cortez (1970) for the mass transfer 

coefficient from a gas phase to woven wire screens 

jD = 0.865 Re-0•648 = 0.865(0.59)-0• 648 = 1.2 

where: 

St Sc213 
k P 

jD = = G ( v ) 2/3 
Gt., Vco2-H2 

Thus, 

~ 
j o6M Vco2-H2 2/ 3 joup Vco2-H2 2/3 

= -p-( \) ) = h< \) ) 
av 

From molecular, theory,· ther,,va l ~e of' Vco2-H2 is · 

0 001858 T213[(M + M )/M M ]1/ 2 
' 1 2 1 2 

where 

T = 823 = 7.62 
✓( 195. 2}{59. 7) 

' 

• 

• 

• 
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and thus n0 = 0.77. At 823 K for a gas mixture of hydrogen and carbon 

dioxide, 

0.001858(823) 3/ 2(.i) 1/ 2 

= ----------- = 
r½<3.941 + 2.821)J2(0.11) 

(0.001858) (0.72 
11.4 

= 3.58 cm2/sec 

Thus, 

4 -4 3 
= (1.2)(19 cm/sec)(3.2 x 10- )[( 3 58) 3,2 x 10 g/cm ]2/3 

~G (23)(1) · 260 x 10-6 g/cm-sec 

= 3.17 x 10-4(4.40)213 = 8.52 x 10-4 moles/cm2-atm-sec 

At the reactor inlet and outlet the CO2 partial pressure driving forces are 

0.17 and 0.12 atm, respectively. Hence, the log mean driving force is 

Hence, the expected overall mass transfer rate is 

N = (8.52 x 10-4 mole )(0.14 atm)(lOO cm2) 
cm2-atm-sec 

= 1.19 x ,o-2 mole/sec 

The observed reaction rate for a fresh catalyst is, from Run 14, assum

ing differential conversion 

rate ~ (0.0002)(10 cc/sec)(l mole/22,400 cc) = 9 x 10-8 mole/sec 

or from Run 15 with ~850 mg of carbon deposited, the observed reaction rate 

is 
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rate = (0.06)(10 cc/sec)(l mole/22,400 cc) = 2.7 x 10-5 mole/sec 

As both of these calculated rates are significantly below the expected mass 

transfer rate, the observed rates are concluded to be kinetically controlled. 

8.1.3 Heat Transfer Limitation of Reverse Water-Gas Shift Reaction 

As indicated in Sect. 4.5, , the conversion, ~n/n, observed for a 

47% H2, 53% CO2 feed mixture at 823 K is 12%. The enthalpy change for re

action, ~Hr, at this temperature is 8800 kcal/mole CO2. On a basis of one 

mole of CO2 fed to the reactor, 0. 12 moles of H2 and CO2 are converted to 

CO and H2o. If this conversion occurs adiabatically, the observed temp~ -

erature change. ~T, would be, 

~T = 

Assuming that the total heat capacity of the reactants is equal to the 

heat capacity of the products, the sum of the heat capacities is 

= 18.7 cal/K 

and 

AT = (0.12)(8800){1~89) = 107 K 
0 .18.7 · · 

If the reactor is to be operated isothermally, heat must be supplied to the 

reactor at the rate 

• 
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moles CO2 converted 
Q = (0.12 mole inlet CO2 )(8800 cal/mole CO2) 

(1 mole inlet CO2)( l mole feed )(20 cc (STP)) 
x 1.89 moles feed 22,400 cc(STP) sec 

= 0.50 cal/sec 

At steady state heat must be transferred at this rate from the furnace 

walls to the reactor support tube and from the reactor support tube to the 

catalyst carrie.r and from the catalyst carrier to the catalyst bed. If the 

catalyst carrier is assumed to be isothennal at 823 K, the temperature 

gradient at the reactor tube wall can be calculated. 

dT = Q/a - : ~0.-5 cal/s~c)/(16 cm2) _ = 62.5 K/cm 
cl[ T - (50 x 10-5 cal/cm-sec-K) 



176 

8.2 Equipment Calibration 

8.2 .1 Determination of Gas Phase Composition 

Inlet and outlet streams of the experimental reactor were sampled 

periodically as outlined in Sect. 3. The samples were analyzed with a gas 

chromatograph and digital integrator. The gas chromatograph was checked 

for accuracy and precision by analyzing two calibration gas standards. The 

calibration gases, both supplied by Matheson Gas Products, were certified 

to be of the concentrations shown in Table 2 as indicated in Sect. 3. 

The concentration in each of the calibration gases was determined by 

injecting a sample of the gas, recording the component peak areas, and 

determining the concentration of a given species knowing the peak area of 

an identical sample of the pure component gases. Calcul&tion : of each of 

the component concentrations (except hydrogen) was by the absolute method 

described by Dal ,fik>gare and Juvet (1962). Hydrogen was determined by using 

an empirical calibration curve as reco11111ended by Purcell and Ettre (1965). 

Dal Nogare and Juvet (1962) have reported that the peak area of a com

ponent in a chromatogram is directly proportional to the amount of that 

component in the sample as long as precise control is maintained on all 

detector and column operating variables. Under these circumstances, the 

number of · moles of component i, ni, is related to the component i peak 

area, ai, by the equation 

n. = k.a. 
l l l 

The only variable which was not automatically controlled in the analytical 

technique described in Sect. 3 was the pressure in the calibrated volume 

gas sample loop. Instead, the pressure differential between the gas sample 

• 

• 
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loop and atmospheric pressure (usually 0.5 cm of mercury or less) was 

measured and the digital integrator peak area was corrected to atmospheric 

pressure as 

p - llP 
= a ( atm ) 

ai i ,uncorrected P atm 

The values of ki were determined prior to each run by injecting several 

samples of calibration gas with the calibrated gas sample val~e and re

cording the component peak areas. As the volume of the sample valve loop, 

Vsv' and concentration of the calibration gas mixture, c1.,cm' are known, 

the ki may be calculated as 

k. 
l 

To detennine the constant ki for water, a similar procedure was em

ployed in which the calibration standard was prepared by passing a stream 

of carbon dioxide through a series of water .spargers and noting the dew 

point of the mixture. Water concentration in the standard was calculated 

from the vapor pressure of water at the dew point temperature assuming that 

the carbon dioxide-water gas mixture behaved as an ideal gas. 

From data presented by Dietz (1967), the relative calibration area 

coefficients, ki, defined by the equation 

are expected to be 0.875, 0.743, and 0.687 for carbon monoxide, methane, 

and water, respectively. The relative area calibration coefficients were 
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calculated for each run as a check on the calibration procedure. 

Purcell and Ettre (1965) have shown that hydrogen may be determined 

quantitatively by gas chromatography with thermal conductivity detectors 

by using an 8.5% H2/91.5% He carrier gas. The relationship between hydrogen 

concentration and peak area was found to be non~linear and calibration 

curves were recommended. To determine the calibration curve for hydrogen, 

various known quantities of hydrogen were injected into the gas chromato

graph and the digital integrator peak area recorded. The digital integrator 

peak area was found to provide a linear relationship over two orders · of 

magnitude (0.02 ..: 2 ·cc H2) with the amount of hydrogen injected when 

plotted on log-log paper. The slope of the line on log-log paper was 1.3, 

indicating that the relationship between hydrogen concentration and peak 

area was non-linear as reported. Subsequently, prior to each run, the 

calibration curve for hydrogen was determined by injecting several samples 

each of pure hydrogen and a prepared calibration mixture (25.18% hydrogen) 

and fitting a line by least-squares technique to the empirically observed 

relationship 

The concentration of each component in a sample was then determined 

by ca lcul ati ng 

c. 
l 

= 
n; 

En· . l 
l 

after all the values of ki and the value of b had been determined. 

• 

• 

• 

• 
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8.2.2 Temperature Profile in Experimental Reactor 

Several preliminary experiments were performed to determine whether 

the temperature profile within the reactor was steady and uniform. For 

these experiments, the reactor and furnace were assembled as for all kinetic 

experiments except that the suspension rod for the catalyst carrier was 

removed. Removal of the suspension rod allowed insertion of a .thermocouple 

probe through the weighing port of the reactor to determine the axial, 

centerline reactor temperature profile. Measurements with the probing 

thermocouple near the center of the furnace in a flowing stream of carbon 

dioxide indicated that the temperature was stable within!. 1 K when the 

setpoint was 773 K with a flow rate of 13 cc/sec. When the reactor flow 

was reduced to 6.5 cc/sec CO2, the temperature was again stable!. 1 K. "When 

the flow was further reduced to 1 cc/sec, the temperature oscillated regu

larly!. 3· K. With the setpoint temperature at 673 K~_the temperature 

oscillated regularly!. 5 Kat gas flow rates of 6.5 and 13 cc/sec. Thus, 

it was apparent that temperature regulation in the reactor was degraded as 

either temperature level or flow rate was reduced. Since the reactor was 

subsequently operated at temperatures at or above 773 K with total gas flow 

rates of approximately 20 cc/sec, temperature control stability to within 

.:!:. 1 K was expected. Indeed, in subsequent kinetic experiments, transient 

output from a thermocouple mounted immediately below the catalyst section 

was observed only when the reactor gas flow was temporarily interrupted to 

measure the catalyst weight or when the setpoint of the temperature con

troller was changed. 

The uniformity of the axial reactor temperature profile was checked by 

moving the thermocouple probe in successive 2.5-cm increments from one end 

of the reactor to the other. During the probing, the temperature controller 
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setpoint and gas flow rate were constant. Temperature profiles were 

obtained for gas flow rates of 15 cc/sec (100% CO2) and 30 cc/sec (50% CO2, 

50% He). The results of this experiment are plotted in Fig. 47 as the 

observed temperature as a function of height above the reactor furnace floor. 

Also shown are the region in which the catalyst sample is situated and the 

pos i tion of the controller thermocouple for these experiments. It is ap

parent from Fig . 47 that the axial temperature is constant within+ 2 Kin 

the region where the catalyst is contained and that there are large tempera

ture gradients near the ends of the furnace. The temperature in the center 

of the reactor is also not sensitive to the changes of gas flow rate or com

position for the two profiles. One noticeable problem, however, is the 

temperature difference between the location of the controller thermocouple 

(13,5 cm above the furnace floor) and the catalyst region (17.5 - 21.0 cm 

above the furnace floor). To eliminate this 10 K temperature offset, the 

controller thermocouple was raised to a point 15 cm above the furnace floor 

prior to kinetic experiments. 

8.2.3 Analysis of Steel Wool Catalyst 

The catalyst was obtained from a single box of grade 2 American Steel 

Wool, manufactured by the American Steel Wool Co., Orchard St., Long Island 

City, NY 11101. Correspondence with the company indicated that the steel 

wool is manufactured by a continuous shaving process from wire stock. Typical 

chemi cal analysis of the wire stock was stated to be 

Alloy Element Concentration (wt%) 

C 0.11 

Mn 

p 

0.78 

0.050 

► 

• 

• 
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A 11 oy Element 

s 

N 

182 

Concentration (wt%) 

0.017 

0.012 

A sample of the steel wool was also analyzed by the MIT Material Sciences 

Dept., Control Analysis Facility, and found to contain 

Alloy Element Concentration (wt%) 

C 0.36 

Mn 0.70 

p 0.04 

s 0.018 

N 0.4 X 10-S 

The surface area of the steel wool was measured by the BET method with 

krypton adsorption at liquid nitrogen temperatures and found to be 389 

cm2/gm. Surface areas estimated from scanning electron photomicrographs of 

single steel wool strands were in the range 180 to 395 cm2/gm. 

• 

• 
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8.3 Calculations 

8.3.l Equilibrium Calculations 

8.3.l.l General Approach. The numerical methods employed by Tevebaugh 

and Cairns (1964, 1965) to calculate CHO gas phase compositions in equilib

rium with carbon were followed in calcu~ating the solid-gas phase reaction 

equilibria presented. The general approach of this technique is to reduce 

algebraically the equations describing the reaction equilibrium to a sin

gle polynomial in one unknown . The polynomial may then be solved by a con

ventional numerical technique such as Newton-Raphson iterative search. The 

algebraic reduction procedure is then reversed to solve for the other 

variables. 

For example, consider the equilibrium between a solid phase of a-graphite 

and a gas phase containing H2, CO, CH4, CO2 and H2o. Application of the 

phase rule indicates that the number of variables required to specify an 

equilibrium state for this system of two phases (solid graphite and gas) 

and six components (C, H2, CO, CH4, CO2, and H2O) is 

V = C - P + 2 = 6 - 2 + 2 = 6 

After specifying the temperature, five variables remain. Let the remaining 

five constraints be the pressure, the O/H ratio of the gas .phase, and the 

fact that the three independent reactions (E), (B), and (M) are at equi

librium. The equilibrium state of the system is now fixed by the five sim

ultaneous, non-linear equations ·in five unknowns: 

(5) 
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(6) 

K3 = 
PH20Pco 

f3(T) = 
PH/CO2 

( 7) 

K6 = 
PcHiH20 

f 6(T) 
PcoP~ 

= 
2 

(8) 

0 Pea,+ 2Pco2 + PH20 
(H)gas = phase 2PH2 + 2PH20 + 4PcH4 

(9) 

By successive algebraic substitution, one may arrive at an equation 

of the form 

= 0 ( 10) 

where C0 through c6 are constants which may be expressed as functions of 

the specified parameters P, K1, K3, K6, and the 0/H ratio in the gas phase. 

The derivative of Eq. (10) is 

( 11) 

Since both the value of the function, Eq. (10), and its derivative, Eq. (11), 

can be computed, the Newton-Raphson iterative search procedure may be em

ployed to find the root of Eq. (10). As there are five roots to Eq. (10), 

the proper root must be selected. The proper root will be a real number 

with a value between zero and the value of the total pressure, and with a 

value such that the inversion of the algebraic reduction procedure results 

• 
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in values of Pco, PcH4, Pco2, and PH2o which are also real, positive and 

between zero and the value of the total pressure. 

For equilibrium betw~n a gas phase containing the same five components 

and the two solid phases a-iron and magnetite, Fe304, the phase rule indi

cates that six variables are required to fix the equilibrium state of the 

system. After specifying the temperature, five parameters are sufficient -

to fix the final equilibrium state of the system. Specifying the total 

pressure, C/H ratio in the gas phase, and the fact that reactions (L), (M), 

and q) with equilibrium constants, K5, K6, and K4, respectively, are at 

equilibrium, results in the following five simultaneous, non-linear equations 

in five unknowns: 

p = PH2 + Pco + PCH4 + Pco2 + PH20 (5) 

K4 = 
PH2 

= f4(T) 
PH20 

( 12) 

K5 = Pco = f5(T) 
Pco2 

( 13) 

K6 = 
PCH4PH20 

PcoP~2 
= f 2(T) (8) 

C Pco + Pco2 + PcH4 
(Ff) gas phase = 

2PH2 + 2PH20 + 4PcH4 . 
(14) 

Solution of these equations is accomplished by the same numerical procedure. 

Under conditions where the above two equilibria have at least one com

mon solution, an equilibrium is possible between three solid phases 
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(graphite, a-iron, and magnetite, Fe304) and a gas phase contain i ng H2, 

CO, CH4, CO2, and H20, In these circumstances, the phase rule indicates 

again that six parameters are required to specify the equilibri um sta t e 

of the system. In this case, however, the equilibrium state is described 

by the point of intersection of the equilibrium curves determined for the 

C-H2-CO-CH4-C02-H20 and the Fe-Fe304(FeO)-H2-CO-CH4-C02-H20 equi l ibri a. 

8.3. 1.2 Construction of CHO Triangular Diagrams . A computer program, 

BOSCHl, was written to perform the necessary equilibrium calculations and 

to draw CHO triangular diagrams on a CALCOMP plotter. A program listing is 

contained in the following section. Program execution proceeds as des

cribed in the following paragraphs. 

Pressure and temperature are specified as constants. The subroutine 

KEQUIL(T) is called. This subroutine calculates the values of the equil i b

rium constants, K1, K2, K3, K4, K5, and K6 at temperature, T, for the 

reactions 

C(S-graphite) + 2H2 + CH4 

2CO + C(s-graphite) + CO2 

and CO+ 3H2 + CH4 + H20 

respectively. The equilibrium constants are calculated from values of com

ponent free energies of formation tabulated in the JANAF Thermochemical 

• 
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Tables (1971) and interpolated to the specific temperature. For temperatures 

above 860 K, constants K4 and K5 are calculated to correspond to reactions 

and CO2 + Fe~ CO+ FeO 

respectively. 

The coordinates of points on the axes of the triangular diagram are 

computed in x-y coordinates and drawn by the CALCOMP plotter. Symbols are 

located on the triangular diagram at the CHO compositions corresponding to 

the compounds methane, water, carbon monoxide, and carbon dioxide. The 

apexes are labeled C, H, and 0, and a figure title is drawn on the CALCOMP 

plot. The lines corresponding to the C-H2-CO-CH4-co2-H20 and Fe-Fe304(or 

Fe0)-H2-CO-CH4-C02-H2o equilibria are drawn on the triangular diagram in 

that order. 

To draw the line corresponding to the graphite-gas phase equilibrium, 

the computer program calculates the hydrogen and methane partial pressures 

for the equilibrium between a solid graphite phase and a gas phase containing 

only hydrogen and methane, 

-1 + ✓1 + 4PK1 
PH2 = 2K1 

(15) 

The hydrogen and methane partial pressures fix the CHO composition of the 

point located at the intersection of the C-H axis of the triangular diagram 

and the C-H2-CO-CH4-co2-H2o equilibrium line. The equilibrium line is 

drawn starting from this point. 

The subroutine CEQ(P, T, ROH, PI, C, H, 0) has the pressure, temperature, 
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and 0/H ratio of the gas phase as input parameters and calculates the com

ponent partial pressures and CHO composition of the gas phase at the 

C-H2-co-cH4-C02-H20 equilibrium. The subroutine is employed to calculate 

these values in an iterative fashion by successively replacing the gas 

phase 0/H ratio in the list of input parameters. In this manner, starti ng 

with a large 0/H ratio (~99) and successively reducing the 0/H ratio to 

a near zero value (~0.01), the equilibrium CHO composition is determined 

and the line drawn on triangular coordinates starting from the intercept 

on the C-H axis and proceeding toward the C-0 axis. 

At each step in the above procedure, the subroutine RTNI, a standard 

IBM Scientific Subroutine, determines the root (hydrogen partial pressure) 

of the sixth order polynomial by the Newton-Raphson iterative search tech

nique. The value of the hydrogen partial pressure from Eq. (15) is used 

as the initial estimate of the root to start the procedure. The last com

puted value of the hydrogen partial pressure is taken as the initial esti

mate in calculating the root at all subsequent 0/H gas phase ratios. 

A similar procedure is then repeated to calculate the Fe-Fe3o4(or Fe0)

H2-CO-CH4-co2-H2o equilibrium line with the Subroutine OXEQ(P, T, RCH, Pl, 

C, H, O). After calculating the two equilibrium lines, the program proceeds 

to calculate and to draw the diagram for the next set of specified tempera

ture and pressure. 

Sample diagrams produced by the program are shown in Figs. 48 through 

51. 

8.3.1.3 BOSCHl Listing. A listing of the program BOSCHl follows: 



C 
7 ?__ 3 .K 

l . 00 RTM 

H 0 

IRON - IRON OXIDE - GRRPHITE - GRS EQUILIBRIR 

"' "' 



0 

"' 

H 

C 
823.K 
1 .OO RTM 

0 

IRON - IRON OXIDE - GRRPHITE - GRS EQUILIBRIR 



C 
1023. K 
1 . 00 RTM 

H 0 

IRON - IRON OXIDE - GRRPHITE - GRS EQUILIBRIR 



N 

°' 

H 

C 
1223. K 
1 . 00 RTM 

0 

IRON - IRON OXIDE - GRRPHITE - GRS EOUILIBRIR 



C 
723.K 
. 75 RTM 

H 0 

IRON - IRON OXIDE - GRAPHITE - GAS EQUILIBRIA 

"' w 



.... 
O'I 

H 

C 
823. K 
. 75 RTM 

0 

IRON - IRON OXIDE - GRAPHITE - GRS EQUILIBRIA 
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nr~£NSION PICS),A(S000) 
REAL K 1,K2.,K3,K4,KS,K6 
COMMON/DATA/Kl,K2.,K3.,K4.,K5.,K6 
COMMON /ROOT /CO, C 1., C2., C3., C4, CS, C6, XST., EPS, I END 
OPEN( TJNI T= 26, ACCESS=" APPEND•) 
CALL PLOTSCA,5000> 
P= 1•00 
T= 60 0 • 

9 T=T+ 100 • 
IF CT.GT.1400.)STOP 
CALL KEQHILCT> 
YMAX=8 • 
YY= SQRT< 3 • > 
DO 40 0 J= 1, 5 
RJ=J 
C= 0 • 1 * C 1 0 • - RJ > 
H=t.o-c 
O= 0. O 
X=l.S+CC2.*O+C>*YMAX>/YY 
Y= 1. 5+ C*YMAX 
CALL PL OTC X, Y., 3> 
I PEN=2 
DO 4 0 0 I= 1, 6 
GO TO Cl,2,3,1,2,3>,l 

1 DTTMMY=H 
H=O 
O=DTP."1MY 
GO TO 20 

2 DTJMMY=C 
C=H 
H=DUMMY 
GO TO 20 

3 DU~MY=O 
O=C 
C=DUMMY 

20 X=l.5+C(2.*O+C>*YMAX/YY> 
Y= 1 • 5+ C*YMAX 
CALL PLOTCX,Y,IPEN> 
I PEN= 1 

40 0 CONTI l'JUE 
C= 0. O 
H=l.0 
O=0.0 
DO 50 0 I= 1, 4 
DtrMMY=C 
C=H 
H=O 
O=DUMMY 
X=l.S+CC2.*0+C>*YMAX)/YY 
Y=l.5+C*YMAX 
CALL PLOTCX,Y, 1> 

500 CONTINTTE 
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CALL SYMBOL C 1. 25., 1. 25., 0. 25., lHH., 0 0. 0, 1) 
X=2.*CYMAX/YY>+l.62 
CALL SYMBOLCX., 1.25., 0.25., lHQ., 00.0., 1> 
X= l • 4 3+YMAX /YY 
Y= 1 • 62+YMAX 
CALL SYMBOLCX,Y, 0.25., lHC, OQ.Q., 1) 
CALL SYMBOL C 1 • 5, 0 • 5., 0 • 25., 

1 45Hil1ON - IRON OXIDE - GRAPHITE - GAS EQUILIBRIA.,00.0,45) 
C= 0 • 2 
O= O. 0 
X= I. 5+ CC C+2.*O)* CYMAX/YY) > 
Y= l • 5+ C*YMAX 
CALL SYMBOLCX,Y, o.035, 10, oo.o.,-1) 
C= 0 • 0 
0= 1.13. 
X= t .5+CCC+2.*O)*CYMAX/YY)) 
Y= 1. 5+ C*YMAX 
CALL SYMBOL C X, Y., 0. 0 35., 1 0, 0 0 • Q., - 1 > 
C= 0 • 5 
O= o. 5 
X= 1 • 5+ CCC+ 2 • *O> * CYMAX/YY > > 
Y= 1 • 5+ C*YMAX 
CALL SYMBOLCX,Y.,0.035., 10.,00.0.,-1> 
C= 1 .13. 
O= 2.13. 
X= 1 • 5+ CCC+ 2. *O> * CYMAX/YY> > 
Y= 1 • 5+ C*YMAX 
CALL SYMBOLCX.,Y.,0.035, 10.,00.0,-1) 
CALL PLOTCX,Y., 3> 
CALL NUMBERC8.37,9.25,0.25,T,00.0., "CFS.0) ",5> 
CALL SYMBOLC9.5.,9.25., 0.25, lHK.1 00.0., 1) 
CALL NT.l'MBERC8.5.,8.75, 0.25, p., 00.0, "(F4•2> ".14> 
CALL SYMBOLC9.5,8e75, 0.25., 3HATM, 00.0, 3) 
W~ITEC261 898)T.,P 

898 F'OR."1AiC lH 1, / //" GRAPH I TE - GAS EQUILIBRIUM"., 4X.1 F5• 0," K "., 
14X,F4.2," ATMA"/) 
'..JRI TEC 261 899 > 

899 FOR:1ATC" O/H RATIO"., 2X., "PH2 "., 5X., "PCO ", SX., "PCH4 "., 4X, "PCO2 "., 
1 4X.1 "PH2Q"., 6X., "C",7X., "H"17X., "0"> 
XST=C-l.+SQRTCl.+4.*Kl*P))/(2.*Kl> 
PICl>=XST 
PIC2)=0• 
PI C 3>=P-XST 
PIC4>=0• 
PICS>=0. 
ROH= 0 • 0 
C=CP-XS~)/(2.*XSi+S.*CP-XST>> 
H= t. -C 
O= 0. 0 
~·'RI TEC 261 9 0 1 > ROH., PI., c., H., 0 
X= 1 • 5+ C C C+ 2. * 0 > * C YM AX /YY > > 



Y= 1 • 5+ C*YMAX 
CALL PL OTC X., Y., 3> 
CALL PLOTCX.,Y.,2> 
DO 1 0 2 I = 1 ., 9 9 
RI=I 
ROH= RI / C 1 0 0 • - RI > 
CALL CEQCP,T.,ROH,PI,C.,H,O> 
X= 1 • 5+ ( < C+ 2. *0) * CYMAX/YY)) 
Y= 1. 5+ C*YMAX 
CALL PLOT( X., Y., 1 > 
XST=Pl C 1) 

WRITEC261 90l)ROH,PI,C,H.,O 
102 CONTINUE 

WRITEC26, 900)T.,P 
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900 FORMATCJHl,///" IRON - IRON OXIDE - GAS EQUILIBRIA".,4X:., 
1F4.0.," K".,4X,F4.2," ATMA"/) 
WRITEC26, 904) 

904 FORMAT(" C/H RATIO".,2X,"PH2",5X, "PCO•,sx., "PCH4",4X., "PCO2", 
! 4X, "PH20",6X., "C",7X., "H",7X., "0") 
XS T= PI ( 1 • + C I • /K 4) > 
C= 0. 0 
O=CP-XST)/(3.*P-XST> 
X= 1. 5+C C C+2.*0>* CYMAX/YY>) 
Y= 1 • 5+ C*YMAX 
CALL PL OTC X., Y., 3> 
CALL PLOTCX., Y., 2> 
RCH= 0. 
PI C 1 >=XST 
PIC2)=0• 
PIC3)=0• 
PI C 4 > = 0. 
PI C 5 > = P- XS T 
WRI TEC 26., 901 > RCH., PI, C., H, 0 
DO 1 0 0 I = 1, 9 9 
RI=I 
RCH=RI /C 10 0 .-RI> 
CALL OXEQC P., T., RCH, Pl, C,H., O> 
X= 1. S+ C < C+2.*O>*CYMAX/YY)) 
Y= t. 5+ C*YMAX 
CALL PLOiCX.,Y, 1) 
XST=Pl(l) 
WRITEC26, 90l>RCH,PI,C,H,O 

9 0 1 FORM ATC G9 • 3., 8F8 • 3) 
100 CONTINUE 

PI C 4 > = P* C 1 • / C 1 • + K 5 > > 
PI C 2)=P-PI C 4) 
C=CPIC4)+PIC2>>1C2.*PIC2>+3.*PIC4>> 
O= 1 .-c 
X= t. 5+ CC C+2.*0>*CYMAX/YY)) 
Y= 1. 5+ C*YMAX 
CALL PLOTCX,Y, 1) 



CALL PLOT< X., Y., 1 > 
PI< 1) = 0 • 
PI(3)=0• 
PI<S>=0• 

800 CALL PLOT(J4 • .,o.o.,-3) 
GO TO 9 
END 
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SUBROUTINE RTNI<X1F1DERF1XST.,EPS1IEND1IER> 
I ER=0 
X=XST 
TOL=X 
CALL FCT< TQL., F., DERF> 
TOLF 2 l 0 0 • • EPS 
DO 6 I = 1., I EN 0 
IF<F> 1.,7, l 

1 IF< OERF> 2., 8., 2 
2 DX'=- F' /DERF 

X=X-OX 
TOL=X 
CALL FCTCTOL1F,OERF> 
TOL=EPS 
A=ABS<X> 
I F ( A- l • ) 4., 4., 3 

3 TOL•TOl.*A 
4 IF(ABS(OX)-TOL)S.,516 
5 IFCABS<F>•TOLF>71716 
6 CONTINUE 

I ER= l 
7 RETURN 
8 I ER•2 

RETURN 
END 

SUBROUTINE FCT<X1F1OERF) 
CCMMON/ROOT /CO., Cl, c2., c3., c4., cs., C6, XST., EPS., l END 
F=C0+(Cl*X>+<c2•x••2.)+(C3*X**3•> 
F=F+CC4*X**4.)+(C5*X**S>+CC6*X**6•> 
DERF=Cl+<2.•c2•X)+c3.•c3•x••2.) 
OERF=OERF+(4.*C4*X**3)+(5.*CS*X**4)+C6e*C6*X**S> 
RETURN 
END 

• 
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SUBROUTINE CEQCP,T,ROH,PI,C,H,O> 
DIMENSION PIC5) 
REAL Kl,K2,K3,K4,KS.,K6 
COMMON/OATA/Kl.1K2,K3,K4.1K5,K6 
COMMON/ROOT/C0,Cl,C2,C3.,C4.,C5.,C6,XST,EPS,IEND 
A= - P*'!< 1 
B= 2. *ROH 
CC= 1.-B 
D= l+E 
AA=CK1*D-P*K6*CC> 
AB=CK6+Kl*Kl*Cl.+2.*B>> 
AC=Kl*K6*D 
AD=- ex 3*1{ 1 *K 1 > /( 4 ·*K 6) 
AE=-B*Kl-CK1*K3/4.>*C3.-B> 
AF=-CK3*K6/4.>*CC*C3.+B)-2.*B*Kl*Kl-B*K6*D 
AG=-CK3/C4.*Kl>>*K6*K6*CC*CC*D-2.*B*Xl*K6*D 
C0=A* < A+AD> 
Cl=2.*A*AA+AA*AD+A*AE 
C2=2.*A*AB+AA*AA+AD*AB+AA*AE+A*AF+Kl*Kl*ROH*ROH 
C 3= 2 •*A* AC+ 2 •*AA* AB+ AD* AC+ AB* AE+ AA* AF+ A* AG+ ROH* B*K 1 *K 6* D 
C3=C3+B*B*Kl*Kl*Kl 
C4=2.*AA*AC+AB*AB+AC*AE+AF*AB+AA*AG+CK6*ROH*D>**2 
C4=C4+CB*Kl*Kl>**2.+2.*B*B*Kl*K1*K6*D 
C5=2*AB*AC+AF*AC+AB*AG+8.*Xl*Kl*Kl*K6*ROH*ROH*D 
C5=C5+B*B*Kl*K6*K6*D*D 
C6=AC*AC+AC*AG+CB*D*Kl*K6>**2• 
EPS=P*XST*S.0E-02 
I END= 1 0 0 0 0 0 
CALL RTNI CX, F, DERF., XST, EPS., I ENO., I ER> 
IF C I ER) 1 0 0., 2 0 0., 1 0 0 

200 PIC l>=X 
PIC4>=CA+AA*X+AB*X*X+AC*X*X*X)/CKl+K6*X*D> 
PIC3)=Kl*X*X 
PICS)=CB*C t.+2.*K1*X>*X)-2.*PIC4) 
PICS>=PIC5)/CC1.+CK1/CK6*X>>-B>> 
PI C 2>=P-PI ( 1 >-PI C 3)-PI C4)-PI C 5) 
TOT=2.*CPICl)+PIC2))+3.*CPIC4)+PICS>>+S.*PIC3) 
O=CPIC2)+2.*PIC4>+PICS))/TOT 
H=O/ROH 
C= 1.-0-H 
RETURN 

100 TYPE 999,IER 
999 FORMAT(' BINGO'.,I2> 

TYPE 998, F., X 
998 FORMATC2GlS.S> 

RETURN 
END 
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SUBROUTINE OXEQC P, T, RCH, PI, C,H, O> 
DI M ENS I ON PI C 5 > 
REAL K 1,K2.1K3,K4.1KS.1K6 
COMMON/DATA/Kl.1K2.1K3,K4,K5,K6 
COMMON/ROOT/CO, C 1, C2, C3., C4, CS, C6,XST, EPS, I END 
C0=-K4* (KS+ 1 • > *P 
Cl=CK4+1.)*CKS+t.)*C2.*RCH+l.> 
C2=C4.*RCH-l.)*K4*X4*KS*K6*P 
C3=CK4+1.)*K4*K5*K6*Cl.-2.*RCH> 
C4= 0 • 0 
CS= 0 • 0 
C6=0.0 
EPS=P* 1. OE- 07 
I END= 100 
CALL RTNI ex, F1 DERF1 XST., EPS., I END., I ER) 
I F C I ER> 1 0 0., 2 0 0., 1 0 0 

200 PICl>=X 
PIC4)=CP-X*Cl.+l./X4>)/CCK5+1.)+X4*KS*K6*X*X> 
PICS>=X/K4 
PI C 2>=K5*PI C 4) 
PIC3>=P-PIC 1>-PI<2>-PIC4)-PICS> 
TOT=2.*CPICl)+PIC2>>+3.*CPIC4)+PICS>>+S.*PIC3> 
C=CPIC2)+PIC3)+PIC4))/TOT 
H=C/RCH 
O= 1 .-C-H 
RETURN 

100 TYPE 999.,IER 
999 FORMAT(' BINGQ'.,12> 

RETURN 
END 
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SUBROUTINE KEQUILCT> 
DIMENSION GCOC15>,GCH4Cl5>,GCO2Cl5>,GH2OCl5>,GFEOC15>,GFE3O4C15> 
REAL Kl l,Kl2,K21,K22,K31,K32,K41,K42.1K51.1K52,K6l,K62 
REAL 1{ 1., K 2, K 3., K 4., K 5., K 6 
COMMON/DATA/K 1., ;{2,K 3, K4, KS., K6 
DATA GCO/-28741 • .,-30718 • .,-32823 • .,-34975 • .,-37144 • ., 

l -39311 • .,-41468.,-43612 • .,-45744 • .,-47859 • ., 
2 -49962.,-52049 • .,-54126.,-56189 ... -58124./ 

DATA GCH4/-15400 • .,-13909 • .,-12110.,-10066.,- 7845 • ., 
1 - 5493 ... - 3046 ... - 533.., 2029 ... 4625 ... 
2 7247 ... 9087., 12535 ... 15195.., 17859./ 

DATA gco21-94100.,-94191.,-94267 ... -94335 ... -94399 • ., 
1 -94458.,-94510 ... -94556.,-94596.,-94628 • ., 
2 -94658 ... -94681.,-94701.,-94716 ... -94728./ 

DATA GH2O/-56557 • .,-55635 • .,-S4617.,-53519 • .,-52361 • ., 
1 -51156 • .,-49915 • .,-48646.,-47352.,-46050 ... 
2 -44712.,-43371 • .,-42022 ... -40663.,-39297./ 

DATA GFEO/-62178.,-60299.,-58564.,-56908.,-55309., 
1 -s31s2 • .,-s2222 • .,-50110 • .,-49201 ... -41686., 
2 -46140.,-44580 ... -43017.,-41470.,-39938./ 

DATA GFE3O4/-259592.,-251358.,-243038 • .,-234820.,-226772., 
1 - 2 18 9 2 6 • ., - 2 l l 29 0 • ., - 2 0 3 8 7 4 .., - 1 9 6 6 6 l • ., - 18 9 5 4 l • ., 
2 -182336 ... -175096.,-167849 ... -160646.,-153483./ 

Tl=T/100. 
I l = T 1 

Tl=l00.*Il 
I 2= I l + 1 
T2= I 2* 100 • 
R= 1 .987 
K 1 1 =EXP C - G CH 4 C I 1 > / C P.* T 1> > 
Kl2=EXPC-GCH4CI2)/CR*T2>> 
DEL= CC ALOG CK 12> -ALOG CX: 11 >>/CC 1 /T2> - C 1 /T 1 >>>*CC 1 /T)-C l /Tl>> 
Kl= EXP( ALOG CK l l>+DEL> 
K3l=EXPCC-GH2OCI 1>-GCOCI l>+GCO2CI 1))/(R*Tl)) 
K32=E..-~PCC-GH2OCI2>-GCOCI2>+GCO2CI2>>ICR*T2>> 
DEL=CCALOGCK32>-ALOGCK31))/(( l/T2)-C 1/Tl)))*CC l/T)-C 1/Tl» 
K 3= EXP( ALOG CK 31 >+DEL> 
K61=EXPCC-GCH4Cl 1>-GH2OCI l)+GCOCI 1))/CR*Tl)) 
K62= E..-'<PC C-GCH4C I 2)-GH2OC I 2>+GCOC I 2) > /( R*T2) > 
DEL=CCALOGCK62>-ALOGCK6l))/CCl/T2>-Cl/Tl>>>*CCl/T)-Cl/Tl>> 
K6= EXPC ALOG CK61 > +DEl.. > 
K2=K l*K3*K6 
IFCT.LE.800.>GO TO 10 
IFCT.LT.860.>GO TO 30 
IFCT.LT.900.>GO TO 40 
GO TO 50 

10 K41=EXPCC-0.25*GrE3O4CI 1)+GH2OCI 1))/CR*Tl» 
K42=EXPCC-0.25*GFE3O4CI2)+GH2OCI2))/CR*T2>> 
DEL=CCALOGCK42> - ALOGCX41))/CC1/T2>-Cl/Tl>>>*CC1/T)-C1/Tl>> 
K4= EXP< ALOG CK4 l) +DEL> 
K52=EXPCC-0.25*GFE3O4Cl2>-GCOCI2)+GCO2CI2>>ICR*T2>> 
l<5l=EXPCC-0.25*GFE3O4CI 1>-GCOCI l)+GCO2CI 1))/CR*Tl» 
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DEL=<<ALOG<KS2>-ALOG<KS1>)/((l/T2>-Cl/Tl>>>*<<llT>-<11Tl>> 
K 5= EXP< ALOG <KS l >+DEL> 
GO TO 60 

30 Tl=(T-100.)/100. 
I 1 = T 1 
I 2= I 1 + l 
Tl=Il*l00. 
T2= I 2* 100 • 
K41=EXP<C-0.25*GFE3O4Cil>+GH2O(Il))/CR*T1>> 
K42=EXP<C-0.25*GFE3O4CI2)+GH2OCI2))/(R*T2)) 
DEL=CCALOG(K42)-ALOGCK41))/CCl/T2)-Cl/Tl)))*CCl/T)-Cl/Tl>> 
K4= EXPC ALOG (K4 l >+DEL> 
K52=EXPCC-0.25*GFE3O4(I2>-GCO<I2>+GCO2CI2>>l<R*T2>> 
X 5 1 = EXP C C - 0 • 2 5 * G FE 30 4 C I 1 > - G CO C I 1> + G C 02 C I 1 > > / ( R* T 1 ) > 
DEL=(CALOGCKS2>-ALOGCKS1))/((l/T2)-(l/Tl)))*CC1/T>-Cl/Tl>> 
1< 5= EXP( ALOG <KS I>+ DE!..> 
GO TO 60 

40 Tl=CT+l00.)/100. 
I 1= T 1 
I 2= I 1 + 1 
Tl=Il*l00. 
T2= I 2* 100 • 
K41=EXPCC-GFEOCil>+GH2OCil>)ICR*Tl>> 
K42=EXP<C-GFEOCI2)+GH2OCI2))/CR*T2)) 
DEL=CCALOGCK42)-ALOGCK41))/CCl/T2>-CI/Tl>>>*CC1/T)-(l/Tl>> 
K4=EXPCALOGCK41)+DE1.> 
K52=E~PCC-GFEOCI2>-GCOCI2>+GCO2CI2>)/CR*T2>> 
K51=EXPCC-GFEO<I1>-GCOCil>+GCO2Cll))/CR*T1>> 
DEL=CCALOGCK52>-ALOGCK51))/CCl/T2)-Cl/Tl>>>*CCl/T)-(1/T1>> 
KS=EXPCALOG<KS 1 )+DE!..> 
GO TO 6Q 

50 il=T/100. 
I l=T 1 
I 2= I 1 + 1 
Tl=l1*100. 
T2=12*100. 
K41=EXPCC-GFEOCI l>+GH2OCI 1))/CR*Tl>> 
K42=EXPCC-GFEOCI2>+GH2OCI2))/CR*T2>> 
DEL= CC ALOG CK42>-ALOG CK4 l » /CC 1 /T2>- C 1 /T 1)) >*CC 1 /T)- C 1 /T 1)) 
K4= EXPC ALOG C K4 l) +DE!..> 
K52=EXPCC-GFEOCI2)-GCOCI2)+GCO2(12))/CR*T2>> 
KSl=EXPCC-GFEO(l 1>-GCO<I l>+GCO2CI 1))/(R*Tl» 
DEL=CCALOGCK52>-ALOGCKSl>>ICCl/T2>-Cl/Tl>>>*CCl/T)-CI/Tl)) 
KS=EXPC ALOG CXS 1 > +DEL) 

60 RETURN 
END 

.. 

.. 
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8.3.2 Bosch Process Calculations 

8.3.2.l Bosch Recycle Reactor. All calculations in this and other 

sections are performed on the calculational basis of one mole of carbon 

dioxide fed to the process. Consider the Bosch process as shown in Fig. 41. 

Assume the process is operating at steady state. An overall mass balance 

on the process and the process stoichiometry as written in reaction (A) 

(A) 

shows that the water removal and solid carbon accumulation rates must be 

2 and l moles per mole inlet CO2, respectively. The 0/H ratio in the feed 

mixture and in the water product is 0.5. As the carbon deposition process 

in the Bosch reactor does not change the overall 0/H ratio, the 0/H ratio 

at all points in the gaseous recycle loop is 0.5. 

Let the number of moles of material passing through the recycle stream 

compressor per mole of inlet CO2 be r. A material balance around the heat 

exchanger/water separator at steady state gives 

moles in = moles out = r + 2 

Assuming that the water separator is 100% efficient, a component mass balance 

for water around the water separator gives 

or 

r = 2P 
PHO - 2 

2 
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where (PH20;P) is the mole fraction of water in the exit stream of the Bosch 

reactor, 

The Bosch process was assumed to be sufficiently rapid so that the exit 

stream represented an equilibrium mixture corresponding to the system 

Fe-Fe3o4(or Fe0)-H2-CO-CH4-co2-H2o. Under conditions where 

iron and iron oxide could not simultaneously coexist, the C-H2-CO-CH4-co2-

H2o equilibrium boundary was taken as limiting conversion. The component 

concentrations for both of these mixtures were calculated numerically by 

the subroutines OXEQ and CEQ described previously. 

8, 3.2.2 Bosch Recycle Reactor with Water-Gas Shift Prereactor o Consider 

the Bosch process as shown in Fig. 44. Assume that the water-gas shift re

actor is designed so equilibrium may be achieved at the specified reactor 

operating temperature and that no methane is formed in the shift reactor. 

For a feed mixture containing n moles of H2 per -mole of CO2, a mass balance 

at any point in the reaction satisfies the constraints 

Component 

At eq u i 1 i b ri um, 

Inlet 
(moles/mole inlet CO2) 

n 

0 

l 

0 

{n - x)(l - x) 

which may be solved for x to give 

Outlet 
(moles/mole inlet CO2) 

n - X 

X 

l - X 

X 

• 
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X = 

If (n - 2) moles of hydrogen are then removed from the water-gas shift 

reactor effluent and recycled to the reactor, the remainder of the stream 

contains (2 - x) moles of hydrogen, x moles carbon monoxide, (l - x) moles 

carbon dioxide and x moles of water. This mixture has an 0/H ratio of 0.5 

and thus the gas phase 0/H ratio at all points in the recycle loop is 

again constrained to be 0,5. Thus, the calculation of r, the number of 

moles of gaseous material passing through the compressor in the Bosch 

recycle loop, is as presented in the previous section. 
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8.4 Experimental Data 

8,4. l Summary of Experiments 

A surrmary of the operating conditions for all experiments is conta i ned 

in Table 8. 

8.4,2 Experimental Data 

The data obtained during reactor operation follow: 
• 

• 

• 
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Table 8 • Surmiary of Exr,erfments 

Run T~erature Fresh Inlet Flow Rate Nominal Inlet Comoos1t1on 1 mole l 

!!2.:. t·Kl Cata list (cctsec) (STP) _.!L_ ~ 
cA4 co2 A2o 

!:!.L 
4 823 yes 20 50 50 0 0 0 0 

100 0 0 0 0 0 
50 0 50 0 0 0 

s 823 no 20 100 0 0 0 0 0 
25 0 75 0 0 0 
60 0 40 0 0 0 
75 0 25 0 0 0 

6 823 no 20 0 100 0 0 0 0 
0 75 0 25 0 0 
0 0 0 100 0 0 

7 823 no 20 0 50 0 so 0 0 
0 55 0 45 0 0 

.) 0 60 0 40 0 0 
0 70 0 30 0 0 

9 823 yes 20 so 50 0 0 0 0 

10 823 yes 20 50 so 0 0 0 0 
so 0 0 50 0 0 

11 823 no 20 100 0 0 0 0 0 
50 0 0 so 0 0 

12 823 no 20 so 5 0 45 0 0 
so 10 0 40 0 0 
so 15 0 35 0 0 

13 823 yes 20 50 so 0 0 0 0 

14 823 yes 20 50 0 0 50 0 0 

15 823 no 20 0 0 0 100 0 0 
50 50 0 0 0 0 
50 0 0 50 0 0 

32 45 0 0 55 0 0 
20 so 0 ·0 50 0 0 

16 823 yes 20 0 0 0 100 0 0 
0 0 0 0 0 100 

so so 0 0 0 0 

17 823 no 20 so 0 0 50 0 0 
10 50 0 0 50 0 0 
2 so 0 0 50 0 0 

18 833 yes 20 so 50 0 0 0 0 
823 so 0 0 so 0 0 

19 823 no 20 50 0 0 50 0 0 
50 25 0 25 0 0 

11)() 0 0 0 0 0 
673 100 0 0 0 0 0 

20 823 yes 20 so 50 0 0 0 0 
so 0 0 50 0 0 

21 823 no 20 45 0 0 55 0 0 
95 5 0 0 0 0 
98 2 0 0 0 0 

22 823 yes 20 so so 0 0 0 0 

25 823 yes 20 50 50 0 0 0 0 

26 673 no 20 50 0 0 50 0 0 
95 5 0 0 0 0 
50 50 0 0 0 0 
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Table :8 • SUl!'lllary of Experiments (Continued) 

Run Temperature Fresh Inlet Flow Rate Nominal Inlet Comeosit ion 1 mole: 

!!2.:. {°Kl C1talist !cclsecl (STPl _H_z_ fQ__ cH4 co2 A2o 
~ 

27 748 JIO' 20 so 0 0 50 0 0 
50 so 0 0 0 0 

100 0 0 0 0 0 

28 823 yes 20 50 50 0 0 0 0 

29 823 no 20 97 0 0 0 3 0 
48 0 0 48 4 0 
95 2 0 0 3 0 
92 5 0 0 3 0 

30 823 no 20 97 0 0 0 3 0 
87 5 0 5 3 0 
77 10 0 10 3 0 

31 823 yes 2 ) 75 25 0 0 0 0 

33 823 yes 20 75 25 0 0 0 0 
50 0 0 50 0 0 

34 823 no 20 50 0 0 50 0 0 
798 
773 
748 

35 723 no 20 50 0 0 50 0 0 
698 
673 

36 823 no 20 75 5 0 20 0 0 

37 823 yes 20 75 25 0 0 0 0 
- -~5 10 0 15 0 0 

38 823 yes 20 -75 25 0 0 0 0 
75 15 0 10 0 0 

39 773 yes 20 75 25 0 0 0 0 

40 773 no 20 75 25 0 0 0 0 
75 10 0 15 0 0 

41 823 yes 20 75 25 0 0 0 0 

42 823 no 20 98 0 0 0 2 0 
73 25 0 0 2 0 

43 823 yes 20 75 25 0 0 0 0 

44 823 no 20 0 0 0 100 0 0 
0 0 0 98 2 0 

45 823 yes 20 95 5 0 0 0 0 

46 823 yes 20 90 10 0 0 0 0 

48 823 ** 20 100 0 0 0 0 0 
75 25 0 0 0 0 
50 0 0 50 0 0 

49 823 yes 20 0 0 0 100 0 0 
0 0 0 0 0 100 

75 25 0 0 0 0 .,, 

** Activated carbon (llucliar 190-C) used as catalyst. • 



DATA TAKEN DURING RUN 4 ON 11 JUN 74 

tl"'E SA~•p DELP IGAS HZ co CH4 CO2 HZO C 0 1 ,.00 l 3837.0 201729.0 166773.0 22847'.0 o.o 
0 3 3.00 l 4712.0 233761 .o 193902.0 264823,0 o.o 
0 4 4,00 l 473500 234336, 0 194009.0 263?40,0 0,0 
0 5 0,00 1 4403,0 2236311,0 185131,0 253124, 0 o.o 
0 6 5,00 1 4729,0 235493-0 195014,0 265760.0 0.0 
0 7 3,00 1 4642,0 232682,0 192962,0 262782,0 0,0 
0 8 1.00 l 4773 .o 237187,0 19661R,0 267790,0 0,0 
0 9 3,00 1 4354,0 221869,0 183B7R,O 251508,0 o.o 
0 10 4,00 1 476t,,O 236991,0 196246,0 266981,0 o.o 
0 12 0,00 2 25654,0 o.o o.o 0,0 o.o 

91' 8 550,0 

915 6 48 ,O o.o o.o o.o 0,0 
1000 7 Jl ,945 
1030 7 Jl ,946 
1047 11 2,00 4 25487,0 o.o 0,0 0,0 0,0 
1054 12 0,00 4 25654,0 0,0 0,0 o.o 0,0 
105q 13 o,oo .. 256~9,0 o.o 0,0 o.o o.o 
1100 7 31,942 

1100 6 16,0 34,0 0,0 o.o 0,0 N 
1107 14 o,oo 4 1017S,O 477808,0 0,0 o.o o.o $ 
1112 15 o.oo 4 9289,0 449561 .o 0,0 o.o o,o 
1117 lt, 0,00 ,. 8269,0 41101!5,0 o.o 0,0 0,0 
1124' 11 0,00 5 10111.0 485548,0 0.0 0,0 0,0 
llH 7 32,000 ll31'o 18 -1.00 5 5056,0 2R5876,0 0,0 2605,0 3231 .o 
1200 7 32,039 
12co 20 0,00 5 2315,0 136841 .o 0,0 1 !>91 • 0 1289,0 
121• 21 0,00 5 10419,0 4'17794.0 0,0 1182,0 9193,0 
1?3~ n 0,00 ~ 1047.0,0 498382,0 o.o 860,0 5756,0 
1235 7 32,118 1250 n 0,00 5 10510,0 498315,0 0,0 524,0 9888,0 
l?'i7 7 32,175 1307 24 0,00 5 1056900 50101400 0,0 593,0 7298,0 
1322 25 0,00 5 10355,0 493284,0 o.o 655,0 l4Sllo0 
1321', 7 32,259 
1340 26 o,oo 5 10415,0 496523,0 0,0 1047,0 13700,0 
135q 27 0,00 5 10163,0 48729800 10400 1976,0 2145,0 

140C 6 32,2 OoO 0,0 OoO OoO 
1400 7 32,300 141(1 7 32,480 
141~ 21! 0,00 5 28414,0 0,0 1020.0 o.o 1659,0 
1427 29 0,00 5 27890,0 o.o 2178,0 o.o 2967,0 
143(' 7 32.465 11, 4, 30 0,00 5 2777<1,0 OoO 2392,0 0,0 1482,0 
11o!l1o 1 32, 'olo8 
llo~ll 31 0,00 ~ 26ft76,0 0,0 295400 c.o 1301,0 
Ul2 )2 0,00 5 27Q13,0 o.o 3ll6o0 0,0 894,0 
1'20 1 )2,412 



lS2A n o.oc 4 2726900 o.o · 89900 o.o o.o 
1537 34 o.oo 5 26718.0 o.o 6950.0 o.o 907.0 
154'3 7 32.378 

1545 6 l6o0 o.o 43o0 o.o o.o 
15 55 35 0.00 4 1043400 0.0 · 384203-0 1879.o o.o 
1611 36 o .oo 5 10101.0 o.o 39059600 o.o 464,0 
1613 7 32,378 
1626 37 o.oo 5 1052900 o.o 385213,0 o.o 65700 
lli4 l 3B o.oo 4 10687.0 o.o ~85776,0 33,0 2.0 
1647 7 32.378 
1700 7 32,378 



DATA TAKEN DURING RUN 4 ON 11 JUN 71+ 

THE CAL l BRA Tl ON GASES ARE KNOWN TO BE 
IGAS H2 co CHI+ CO2 H20 

l 25.17 24.94 24.97 24,94 0,00 
2 100.00 0,00 0,00 0,00 0,00 
3 o,oo o,oo 0,00 100,00 o,oo 

CALIBRATION GAS SAMPLES FOR THIS RUN WERE ANALYSED AS 

TI"°E SA._.P DELP IGAS H2 co CH4 CO2 H20 C 
THE SUM OF THE FOLLOWING DATA DIFFERED FROM 100 PERCENT BY MORE THAN 10 PERCENT BEFORE JUSTIFICATION 

0 l 3,00 l 24,98 24,97 24,98 25,06 0,00 
0 3 3.00 1 25.26 24.8'!1 24.94 24,94 o.oo 
0 4 4.00 1 25,34 24.88 24,93 24,83 0,00 
0 5 0,00 l 25,08 24,93 24,97 . 25,00 0,00 
0 6 5,00 l 25,22 24,90 24,96 24,90 0,00 
0 7 3,00 l 25.14 24,91 25,00 24,93 0,00 
0 8 1,00 l 25,19 24,90 24,98 24,91 0,00 
0 9 3,00 1 25,06 24,91 24,99 25,02 0,00 ~ 
0 10 4,00 l 25,22 24,92 24,97 24.87 o.oo 
0 12 0,00 2 100.00 0,00 0,00 0,00 0,00 

THE RELATIVE CALIARATION 
AREA COEFFJCENTS ARE 0,017443 0,886021 0,732193 loOOOOOO 0,689999 0,024859 

ATWOSPHERIC PRtSSURf ~AS 759,96, 

THE WEIGHT OF CATALYST INITIALLY CHARGED TO THE REACTOR IS 0,240 GRAMS, 

THE GROSS WEIGHT OF THE CATALYST CARRIER ANO SUSPENSION MECHANISM IS 31,945 GRAMS, 



DAT A TAKEN !'lURI NG RU N 4 ON 11 JU', 74 

Tfr,'f SA''P DELP !GAS t-12 co CH4 CO2 HlO C 

'll'> R~ACTOR Tf~' PERA TURE 550 . DEGREES CE NTIGRADE 

Cl 15 C'"'M,GED l tl: LET GAS TO 100.00 o.oo o.oo o.oo o.oo TO TAL FLO!, 29.7 CC/S C f.STP) 100(' 0.000 GRA'l5 CAR80 "-l DE;;::,srT '.) 1;)3(1 o.coo GRAVS CARbO~, DEP:: sr T D 1047 11 2.00 4 100,00 o.oo o.oo o , oo o,oo 
105 4 12 ;i.oo 4 100 .00 o.oo 0,00 0,00 0,00 
lJSQ 13 o.co 4 lC 0 ,00 0 ,00 0,00 0 , 00 o .oo 
11 0" -0,003 GRA"S CA '<BO'l OfPC~ I TED 

11 0'.' Cu A-;GfO !'.LE T GAS TO 49 ,9 8 50,01 0,00 0,00 0,00 TOTAL FL O,. 19. e CC/ 5[ C ISTP) l l;.l7 14 ~. oo 4 47 1 P3 51,16 o , oo o , cu u. ~(J 
111] 15 C,00 4 47,54 52.45 0,00 0,00 0 ,00 
T-tE SU'' "" THE FDLL UW l 'IG DATA DIFFERED FRC'I 100 PtRCENT BY ,..ORE THAN 10 PERCENT BEFORE JUSTll'I C~TICI ; 
1117 16 .:i,oo 4 47,46 52,53 0,00 U,00 I.I• .JO 
llU, 17 0 ,00 5 47,30 52,69 O,DO 0,00 0 , 00 
1133 Oa055 GRA'1 5 Cll~bO': DtPC,SITEO T!-!E SU" OF THE FCLLO\\J r-.: G DIITA DIFFERED FRO.'! 100 PtRCENT BY ~OR E THAN 10 PERCc. NT BEFOR~ JUST IF !CAT I C,\ 
1131', 1e -1,co 5 46,20 52,60 0,00 0,42 0 ,76 
12CC' c.093 GRA ~S c•~a~~ Dc.µ e; s I HO THE SU" CF THE F0 LLC\.;JNG DATA DIFFERE D FRO'I 100 PERCENT BY l·' ORE THA N 10 PERCP:T BEFORE JUST IF ICI-T IOI, 12(' (> 20 Cl ,00 5 49,0!1 49,79 0,00 0.51 C,60 
121Q 21 C' ,OC 5 4/,,64 5?,01 0,00 0, lC 1 ,23 
12!5 22 0,0(\ 5 46,@4 52,29 0,00 0,07 0.11 
1235 0, 172 GRA,..S CAR:!Ct, OEPCSI TED 

:i 23 C,0 0 5 46 ,77 51•115 0,00 0,04 l,32 
• 7 ~ 

0,229 GRA" S CA R:JC.'l CEP ;; SI TEO ~ l3 J 7 2~ n.oo 5 46a9l 52,05 0,00 0,05 Oa97 ... un 25 0 , 00 5 46,43 51,55 o.oo Oo 06 la94 nn. Oa313 GRAYS CA RBO~ D~PCS I TED 1140 26 0,0l• 5 .. 6.42 51,64 o.oo 0.09 1.e2 
135Q 27 0,00 5 47.08 52,41 0,0 l 0,18 0,29 

1~cc c~a•:GED l ~LET GAS TO 100 . 00 0,00 o.oo 0,00 o . oo TO TAL FL C. ~, l9a'i CC/SEC 15TP> 14:>0 Oa354 GRA"'S CA RBON CEPCSIT!:.D l<.l C 0.53,. GRA" S CI-K~O~. CEI-C.51 Tr;> 141~ 28 J, 00 5 99.66 o. :io 0.12 0,00 0.21 
1427 29 o.oo 5 99.34 o. oo 0,26 o.oo o.3e 
143 :l 0,519 GRA II S CARB ON !:>E>'C SI ED 1443 3C o.o~ 5 99a51 0,00 0.29 0,00 0, 19 
1454 0 ,5 02 GRA' 'S CAR!!O,,_ DEi'::; 51 TEO 11o5q 31 0 ,00 5 99,44 o.oo 0,37 o.oo 0 • 17 
1512 32 0,00 5 99,47 o. oo Oa4 0 o.oo o . 11 
152.~ o.466 GRA VS CAReC'l D£f; JS ITED 152• 33 0,00 4 99,811 o.oo o. 11 o.oo a. co 
1517 34 (1 ,(\0 5 9A a99 o.oo Oo8A 0,00 o. 12 
1541 0,432 GRAl' S CAfd l '.;/'; Ot P:.,51 H.O 

154'> Cl-'AI\GED l "' LET GAS TO 49.87 0,00 50,12 0,lJO 0,00 TOTAL FL O',.' 19,8 CC/ SEC ( STP > 1~5~ 35 0,00 4 4So92 OoOO 50,89 0,18 0,00 



1611 36 OoOO 5 49008 o.oo 50085 o.oo 0.06 
1613 00432 GRAMS CARBON OEPOSlTEO 
1626 37 OoOO 5 49008 OoOO 50082 OoOO Oo09 
1641 38 OoOO 4 49.38 o.oo 50060 o.oo o.oo 
li>47 00432 GRAMS CARBON OE POSITED 
1700 0.432 GRAMS CARBON OEPOSlTED 



OATA TA~EM OURJ r:G RU'I: 5 ON 12 JUN 74 

Tl''E SA"P OFLP IGAS H2 co CHI+ CO2 H20 C 

•30 8 550,0 

830 6 32,0 o.o o.o o.o o.o 
0 l 2,00 l 4775,0 237003,0 196510.0 266926. 0 o.o 
0 2 1,00 1 4744,0 23558400 l9S70Ao0 267054.0 o.o 
0 '3 2,00 l 4927.0 2413~8,0 200764,0 274042,0 o.o 
0 4 J ,00 l 4Al3o0 2375b8,0 197718,0 270299,0 0,0 
0 5 o.o (? 1 48q7.o 239727.0 19967100 272539,0 o.o 
0 I! o.oo 2 28332.0 o.o 1698.0 o.o 780,0 

91~ 7 32,370 
Q 1 7 6 o.oo 5 2797000 0,0 1413.0 o.o 1571,0 
932 7 o.co s 28545,0 o.o 2162.0 o.o 883,0 
<;47 8 o.o:;i 5 28332 .o o.o 169800 o.o 780,0 
C:45 7 32,330 

1003 9 a.co 5 28613,0 o.o l81t5o O o.o 993 .a 
1Cl7 10 c.oo 5 27957.0 a.a 1623.0 o.o 954,0 
l ~lA 7 32,280 

1020 6 7o9 0,0 64.7 0,0 o.o 
1 ~32 11 uoC:: 5 459000 o.o 589061" 1 OoO OoO 
1049 7 32,287 
1:, i.0 12 n,oo 5 4482,0 o.o 580928,l 0,0 437.0 
11 '.l~ 13 ~.oc 5 45:lhO OoO 58471b, l S7oO 329 .o 
111~ 14 a.co 5 ""95.0 o.o 580100,l OoO 53000 
11 ?A 7 320280 l : 7 320280 
l l.., 2 ' 6 JoOc 5 4540,0 o.o 58 2486ol 0,0 1295.0 
1207 - 7 OoOO 5 4495,0 o.o 5"\843ol 0,0 56900 ~ 1215 7 32,260 ... 
1110 6 l 'l,O o.o 34,0 OoO o.o 
1;,22 18 JoOO 5 1381000 OoO 314872.0 o.o 823 oO 
;J 37 l '1 OoOC 4 138 0 600 OoO 311804,0 OoO 47500 
1253 20 a,oo 4 1334410 OoO 30 385100 o.o o.o 
13()7 7 32,280 
1310 21 c .oo 5 1384600 0,0 314031,0 OoO 331 .o 
1125 22 c.oo s 1343200 o.o 301,902,0 OoO 1264,0 
1321', 7 32,279 

lHC 6 23,9 0,0 21,5 OoO OoO 
D'+O 2'3 0,00 4 18842,0 o.o 19923800 o.o 7()4o0 
1H, 24 a.co 4 1784900 o.o l9022bo0 o.o 0,0 
140:, 7 32,273 
1412 25 0,00 5 lABAl,0 0,0 20109000 o.o 45600 
l'-27 26 o.oo 5 18704,0 o.o 19964600 0, J 101400 
143(' 7 320269 
144! n r .oo It 1ee21.o o.o 200325.0 o.o o.o 
l4~P 2~ ('l,OO 4 l90l 0 o0 o.o 201829,0 392,0 o.o 
15h 29 o.oo !, 1849900 OoO 202091,0 o.o 69200 
1515 7 32o2H 
1~2~ 3J o.oo 5 1854800 o.o 20115000 o.o 104810 



151+4 
us~ 
1600 
1614 
lf,3:1 

31 
32 

33 

o.oo 
o.oo 
o.oo 

,. 
4 
7 
'} 

7 

l9296e0 
191S5e0 

18705.0 

o.o 201973.0 
o.o 201110.0 

o.o 201465.0 

o.o 
o.o 
o.o 

330.0 
o.o 
o.o 

32e243 

32e236 



DATA TAKEN DURING RUN 

THE CALISRATION GASES ARE KNOWN TO BE 
!GAS ~2 co CHlt 

1 25.17 24094 24t.97 
2 100.00 o.oo o.oo 
3 o.oo o.oo o.oo 

CIILl!3~ATION GAS SA~PLES FOR THIS RUN WER E ANALYSED AS 

T l''E SAt'P DELP IGAS H2 co CH4 
0 1 2.00 l 25.17 24.98 24.98 
0 2 1 .oo 1 25.13 24.93 24.97 
0 3 2.00 1 2s.22 240 !IB 24e95 
0 4 o.oo 1 25.15 24.R8 24096 
G s o.oo 1 25e20 24086 24.97 
0 ~ OoCC 2 99e6~ o.oo Oo2l 

THE RELATIVF. CALIBRATION 
AREA COEFFICENTS ARE Oe017704 00882920 Oe732259 

ATYOSPHER!C PRESSURE WAS 759045 • 

r,-. · <= 1 r.1-•T OF CATALYST INITIALLY CHA%EO TO THE REACTOR 

THE c,:...;ss ~ IGHT OF THE CATALYST CARRIER ANO SUSPENSION 

5 ON 12 JUN 74 

CO2 H20 
24.94 o.oo 
o.oo o.oo 

100.00 o.oo 

CO2 H20 C 
24084 o.oo 
24.95 o.oo 
24094 o.oo 
24e99 OoOO 
24e95 0,00 
o.oo OolO 

1.000000 Oe689999 0•02618B 

IS 0.240 GRAMSo 

t'ECHAN IS~ IS 31.945 GRA'-1S0 
N -"' 

\ • 



DATA TAKEN OURJll:G RUN 5 ON 12 JUN 74 

TJV£ SA'•' I> CELI> !GAS H2 co CH4 CO2 H20 C 
o~o R!:ACT0R TEVPERATU~E 550. DEGREES CE NTIGRADE 

030 Cl"A'GFD l •! L!:T GAS TO 100.00 D.oo o.oo o.oo o.oo TOTAL FLOW 19.8 CC/SEC ISTPJ ai,; 0.424 GRAMS CARBC\ OEPCSITED "17 6 o.oo 5 99.60 OoDO 0.11 o.oo 0.21 
"32 7 o.oc 5 99.61 o.oa 0.21 o.ao 0.11 <147 fl o.oa 5 99o6A o. ao 0.21 a.oo 0 • 10 t>45 0.)84 GRA~S CAR BC:, DEP CSITEO l ~ ~J a o.ao ' 99.63 a. oo 0.23 o.oo 0.13 

1:17 10 o.oa 5 99.66 a.oo 0.20 o.oo 0 tl2 1~1~ Ot334 GRA"S CA ::l !lC:1 OEPCSI Tt:D 
1~20 C"'A ~GE!> INLET GAS TO 24.61 a.oo 75t3A a.oo o.oo TOTAL FLOW 19.9 CC/SEC I STP I V32 11 o.oo 5 24057 o.oo 75•42 o.o o o.oo 1~49 

00341 GRA:-!S CARBON DEP:l$ITEO l '.'49 l:? ·: .oo 5 24,47 0,00 75046 0,00 Oo06 
1\ 0 "1 p c .oo ' 24.4) o.oo 75•H o.aa 0.04 
1119 14 0,00 5 24,53 a.ao 7S.3~ o.oo 0,07 
1120 0,)34 GRA"S CA ~BO r-. OEP OSI HD ll4C' 0,334 GRAMS CARSO ;, CEll:.51 TEO ~ 11'52 16 0,00 !, 24,58 a.co 75. 24 o.oo 0.11 .... 
1207 17 o.oa 5 24,48 0, 00 75.43 o.oo 0,07 
12l'i 0.334 GRAl'S CAR~ON OEPOSITEO 
1219 (LIA 'l:G EO llllLET GAS TO '59.91 o. oa 40.0A o.oo o.oo TOTAL FLOw 19,6 CC/SEC ISTPJ ~??2 1~ 0,00 5 5A.90 0,00 40.97 0,00 o. 11 un 19 a.oa 4 59, 16 o.oo 40.76 o.oo Oe06 1?5, 20 o.oo 4 59.19 0,00 40,80 0,00 o.oo l '1('7 0.334 GRA~S CARBO N DEPOSITED 1, 10 21 a .co !, 'i9,:)6 o. ao 40,89 o.oo O,Olt 
1325 2' o.oo 5 se.96 o.oo 40.85 0,00 0.17 
B26 0.333 GRA!lo!S CARflO"i OEP~SI TEO 
l "30 {HA "<GE!> tr, LET GAS TO 74.112 0,00 25. 17 0,00 o.oo TOTAL FLCW l9et CC/SEC CSTPJ n40 23 o.oo " 74.24 o. oo 25.65 o.oo 0,09 
BS~ 24 o.oo 4 74.39 o.ao 25,60 o.oo o.oo 14,:)0 0,327 GRA l".S CA~BCN OEPCSITEO 1411 ;,,; 0,00 5 ·74, 12 0,00 25,81 o.oo 0,06 1427 26 0 ,00 5 74,06 o.oo 25.79 a.oo 0,13 
1430 0,323 GRAl-'.S CARBON DEPOSITED ; 1443 27 o.oo 4 74.20 o.oo 25.79 o.oo o.oo 14511 2~ o.oo .. 74el7 o.oo 25 • 78 0.03 0,00 
1 "> 14 29 ').OO !, 13.10 o.oa 26.20 o.oo 0.09 1 ~ l !- 0•307 GRAMS CAReON DEPOSITED 15:?P 30 o.oo ' 73.79 o.oo 26.06 o.oo o. 14 1";44 31 11.00 4 74.37 o.oo 25,57 0,00 a.01o 1 ~5• 3? 0 ,00 4 74.37 o.co 25.62 0,00 o.oo 
lt.:10 0e297 GRA"IS CAR8Clf DEPOSITED 1(\14 n o.oo ' 73.99 o.oa 26000 0,00 0,00 l!<l(' 0,290 G~AMS CARBCr, Olii'USITEO 



CATA TAKEN DURING RUN 6 ON 13 JU"I 74 

r1•·~ SA"P DfLP !GAS H2 co CH4 CO2 H20 C 

835 8 55000 

~35 6 32o0 OoO OoO o.o o.o 
~35 7 32 0236 
9CC: 7 320236 

QO;"I 6 o.o 6e.o OoO o.o o.o Ql!" 1 ci.oo 4 3R2t 0 974613•1 OoO essoo 845.0 
921, ~ o.oo 4 405.0 9~3450.1 o.o 6600 o.o 
930 7 32.270 9,.7. 3 o.oo 5 o.o 937246•1 o.o 2805.0 o.o 
95d • o.oo 5 395,0 960166•1 0,0 4188,0 0,0 

l:)O? 7 32.311 l':lCh 5 o .oo 4 3~ 1.0 973850.1 o.o 71 .o o.o 
l:)21 6 o.o:, 4 419,0 9~ 4307•1 0,0 101.0 o.o 
102P 7 o.oo 5 378.0 955706.l 0,0 2677.o o.o 
103(' 7 32,350 
103S 8 o.oo 5 406,0 9"3240,1 0,0 2812,0 o.o 
10 43 9 0 ,00 5 393.o 954177,1 0,0 2612.0 0,0 
l ~~ 2 10 :i.oo 5 394t0 955'.137.l 0,0 2491 .. 0 0,0 
1C5P 11 o.oo 5 394.0 955856,l 0,0 2411, 0 0,0 

11(1 (1 6 0,0 51 ,7 0,0 15,0 0,0 11rr 7 32.391 11 :- q 12 o.oo 4 2!19,0 722139.l o.o 285183.0 857,0 
13 o.oo 4 2110,0 710160,l o.o 2A6246,0 0,0 

.. 13 "\ 7 32 •411 11 .. ~ l'- o.oo 5 289.0 706298,1 0,0 291324,0 0,0 
~ ln'\ 15 o.oo 5 274.0 700422• l 0,0 289178.0 0,0 CD 12 r n 7 32.469 

1201 16 o.oo 4 .83,0 717305,1 o.o 2e9859.o 0,0 
1211 17 0,00 4 274.0 7063H• 1 o.o 2!6?01,0 0,0 
121• lP o.oo 5 2PAo0 70P701, l 0,0 292644,0 0,0 
12P 19 O,CO 5 279,0 701556 ,1 o.o 289581,0 0 ,0 
123• 20 o .ao 4 273,0 695472,' o.o 282180.0 0,0 
1249 21 c.oo 4 262.0 7Cl5345, l a.a 288039,0 a.a -
125~ 21 0,00 5 2A4,Q 712596 • 1 o.o 295655,0 0,0 
13'.'0 7 32,540 
13:;, 23 c.oc 5 274,0 703637.l o.o 29ln60,0 0,0 
lnJ 24 c.oo 5 c.o 7~4279,1 0,0 291405,0 a .a 
132A 2S 0.00 s 277,0 699038,l 0,0 2Se054,0 o.o 
1,!o 7 32.573 1131, 26 o.oo 4 291,0 712426,l o.o 290051.0 0,0 
1346 27 C,00 4 277,0 720611,1 c.o 290 280,0 0,0 
1354 211 0,00 s 276,0 713670,1 0,0 291 41,0 0,0 

)4:10 6 o.o 0,0 0,0 ~5,0 0,0 
l"CCl 7 32,595 14~6 29 o.oo 5 o.o 6849.0 0,0 1054218.2 1022,0 141 !'I 30 a.oo " o.o 112.0 0,0 1100446. 2 0,0 
1430 7 32t600 



1434 31 OoOO 4 o.o OoO OoO 108759902 o.o 
1441 32 OoOO 5 OoO OoO 0o0 109106202 40lo0 
145!'1 33 OoOO s OoO 0.0 0o0 107835702 OoO 
l'iCO 7 320604 
1514 34 OoOO 4 OoO 0o0 0o0 109751502 0o0 
1521 35 OoOO 4 OoO OoO OoO 109499502 OoO 
l'i~O 7 320600 
153:> 36 0o00 s 0.0 0o0 Oo0 109714402 OoO 
1542 37 Oo00 s o.o OoO OoO 106271802 OoO 
1553 38 OoOO 4 OoO OoO OoO 108684002 OoO 
1'>00 7 320606 
1603 39 Oo00 5 Oo0 Oo0 0o0 108534802 28500 t 0 40 •3o00 l 488400 2l7745o0 19801500 26748500 o.o 

0 41 4o00 1 4811~.0 23982700 19922600 27201200 Oo0 
0 42 3o00 1 4932 o 0 24189400 20117800 27418000 OoO 
0 43 AoOO 1 4!ll0o0 23895600 19849300 2713?5o0 OoO 
0 44 •2o00 1 484100 23965300 19885600 27133900 0o0 
0 45 lo00 l 4756.0 23668100 196514.0 26851300 Oo0 q47 7 loOO 2 2742200 Oo0 Oo0 24Bo0 48700 

-
N ... 
'° 



DATA TAKEN DURING RUN 6 ON 13 JUN 74 

THE CALIBRATION GASES ARE KNOWN TO BE 
IGAS H2 co CH4 CO2 H20 

l 25.17 24.94 24.97 24.94 o.oo 
2 100.00 o.oo o.oo o.oo o.oo 
3 o.oo o.oo o.oo 100.00 o.oo 

CALJl'!Rt.TION GAS SAMPLES FOR THIS RUN WERE ANALYSED AS ~-
Tl!"£ SA•'.P DELP !GAS HZ co CH4 CO2 H20 C 

0 40 -,.oo 1 25.39 24.87 24.99 24074 o.oo 
0 41 4.00 1 25 • 23 z4.ee 24.93 24.94 o.oo 
0 42 3.00 l 25,20 24.A8 24.96 24.93 o.oo 
0 43 BoOO 1 25,08 24.92 24,97 25.02 o.oo 
0 44 -2.00 1 25,09 24.95 24,97 24,97 o.oo 
0 45 1.00 1 25.06 24.94 24097 25.0l 0,00 

947 7 l .oo 2 99,91 o.oo o.oo 0.02 Oo06 
I 

THf. RELATIVE CALIBRATION 
AREA CCEFF!CENTS ARE 00017745 0,884079 0.132905 1.000000 0,689999 0,025281 

AT~OSPHERIC PRESSURE WAS 763,52 • 

THE WEIGHT OF CATALYST INITIALLY CHARGED TO THE REACTOR IS 0,240 GRAMSo 

TtiE GROSS WEIGHT OF THE CATALYST CARRIER ANO SUSPENSION t,1f(HANISM IS 31.945 GRAMS. N 
N 
0 



DATA TAKEN DURING RUN 6 ON 13 JUN 74 

Tl'-'f s•vp r'IELP IGAS t-12 co (Hie CO2 H20 C 

"'" Rr11CTC'll TE"PERATLIRE !150. OfGREES CENTIGRADE 

I ~~5 c,-,Ai\Gf:> fl>;LET G4S TO 100.00 o.uo o.oo o.oo o,oo TOTAL FLO- 19.8 CC/SEC I l>TP I \ .. 3~ 0.290 GRA:1.s CAlidON DE.PCSJTED 
<100 0,290 GRAl'S CAR801>; OEPCSITED 

90~ CHA':GFO f:-;LEJ GAS TO 0,00 100,(10 o.oo o.oo 0,00 TOTAL FLC~ 19,ti CC/SEC ISTPI 91 ('I 1 r.C'o 4 3,16 96.64 0,00 0,07 0.10 
926 2 0,00 4 3,29 96,70 0,00 0,00 0,00 t Cl](\ 0,324 GRA,YS CI\R:JO:, DEP~SITfO 
Q4:, 3 ",00 !I o,on 99,73 0,00 0,26 0,00 
"!I~ 4 0,00 !I 3, 22 96,40 0,00 0,'36 0,00 

l'.':>? 0,36!1 GRA:-'.S Cl.liBO~l OEPCSI TEO 
l ~C I'> 5 a,oo 4 3,;,o 9h,78 0,00 0,00 o,oa 
1:121 6 0,00 4 3,37 96,61 o.oo o.oo 0,00 
l~~f' 7 0,00 !I 3,20 96,5!1 0,00 0,23 o.oo 
lC' ?r 0.404 GRAMS CARSON OEl'C.SI TEO 
1~3~ " 0,00 !I 3, 35 96,19 0,00 0.24 0,00 
l r .. '!I 9 fl.t'IO !I ,. 30 96,46 0,00 o.h 0,00 ·~ 1,~5? 10 0,00 !I 3,30 96,47 0,00 0,22 0,00 N 

1r~~ 11 f),OO 5 3.30 96,47 0,00 0,21 0,00 ~ 

1100 C..,A'lGEO l''LET GAS TO 0,00 Holl o.oo 24,88 0,00 TOTAL f'LCw 2Co0 CC/SEC ISTPI 
l lC'0 0.445 GRA"'.S CA!<SC'; OE?CSI Tt:O 110<1 12 'l,00 4 2,5!1 72,14 0,00 25. 18 0.10 
11 ?4 l '3 0,00 4 2,52 71, 86 0,00 25.60 o,oo 
l13CI 0.465 GRAl'S CARBON DEPOSITED 114:l l'+ 0,00 !I 2,511 71,38 0,00 26.02 0,00 
115, l '5 0,00 'j 2 ,50 71,42 o.oo 26,07 o,ou 
11('1'.' Ot523 GRA"-S CAA801'i DEPOSITED 
l?0• lb o.oo 4 2, 52 71 • 82 o.oo 25,65 (J,(;0 
1211 17 c.co 4 2,49 11. 74 o.oo 25,76 0,00 
12!. 1~ 0,00 5 2,57 71.37 0,00 26.05 0,00 
1727 19 o.oo 'I 2,!11 71 .40 o.oo 26,05 0,00 
lB• 20 o.co 4 2,5~ 71, 74 0,00 25, 73 0,00 
1}<,CI 21 C,00 4 2,40 71. 70 0,00 25,88 o.oo 
lBA 22 0,00 5 2, !12 71.31 o,oo 26.15 o.oo 
1300 0.594 GRA~$ CAR8C~ DEPOSITED 
lH? 23 o.oo !I 2 ... a 71 • 36 o.oo 26, 1S 0,00 
1320 24 0,00 5 0,00 73,21 o.oo 26,78 o.co 
132 8 25 o.oo 5 2.s2 71 ,44 0,00 26.02 a.co 
111(! 00627 GRA~S CARBON DEPOSITEO 
1H6 26 0,00 ,. 2, !l!I 71,~2 0,00 25, 78 0,00 
134~ 27 o.oo " 2,47 71 ,91 o.oo 25.61 0,00 
1~'54 2~ 0,00 'j 2 ,47 71 ,64 o.oo 25,87 0,00 

1400 CHA'IGEO l'ILE T GAS TO o.oo 0,00 0,00 100.00 0,00 TOTAL FLOW l5e0 CC/SEC ISTPI 
lt.00 Ot649 GRAMS CARBO:; DU-CSI TlD 1 ~(lf. 29 o,oo !I 0,00 o. 72 0,00 99•13 O, 13 
141~ 30 fl,00 4 0,00 o.oo o.oo ?9.99 o,oo 



1430 00654 GRAMS CARBON DEPOSITED 
1434 31 o.oo 4 o.oo o.oo o.oo 100.00 o.oo 
1443 32 o.oo 5 o.oo o.oo o.oo ?9.94 Oo05 
1451' 33 o.oo 5 o.oo o.oo o.oo 100.00 o.oo 
1500 Oe658 CiRAMS CARBON DEPOSITED 1514 34 o.o~ 4 o.oo o.oo o.oo 100.00 o.oo 
1523 35 o.oo 4 o.oo o.oo o.oo 100.00 o.oo 
1530 00654 CiRAM5 CARBON DEPOSITED 1532 :H, o.oo 5 o.oo o.oo o.oo 100.00 o.oo 
154?. 37 o.oo 5 o.oo o.oo o.oo 100.00 o.oo 
1553 38 0,00 4 o.oo o.oo o.oo 100.00 0,00 
1600 Oe660 GRAMS CARBON DEPOSITED 
1603 ?9 o.oo 5 o.oo o.oo o.oo ?9.96 Oo03 



DATA TAKEN DUA I NG AUN 7 ON 14 JUN 74 

T l"F SAYP OELP IGAS H2 co CH4 CO2 H20 C 

94,S 8 sso.o 

~4!1 6 OoO OoO o.o 45.0 o.o 
~45 7 32.617 
854 1 -1.00 1 4820.o 24904600 20493800 269851100 OoO 
904 ;, •2o00 1 48l!loO 246011100 20374000 26849300 o.o •no 7 32.627 
01'i 7 32.624 

<115 6 o.o 34.!l o.o 30.0 o.o 
9lfl " -2.00 1 41790 0 243Be9,o ::ou1s.o 267798.0 OoO 
<12~ 5 1 oOO 4 17800 456627.0 OoO 5423240 l o.o 
045 6 •loOO 4 lR9oO 473690,0 OoO 55223001 o.o 04p 7 320627 

1010 8 OoOO 5 18300 47169500 OoO 54779201 o.o 
1015 7 32e627 1'174 9 •loOO 4 l<l<S.o 479901,0 o.o 55669901 OoO 
103'\ 10 -i.oo 4 17400 46929Co0 o.o 534096,l OoO 
104'\ 11 o.oo 5 111eoo 476775.0 o.o 5491'3•1 o.o 

ii-;b,·1 104!1 7 
N 
N 1('14', ,.. o.o 311,0 0,0 27,0 o.o w 

1054 12 CoOO 5 20400 509353,0 OoO 482?86.0 o.o 
1104 13 1.00 4 213.0 531843-1 o.o 503455,0 o.o 
1107 7 32,627 
1117 14 1 .oo 4 201.0 527177,1 o.o 4983'>2o0 0,0 
1120 15 o.oo 5 206,0 526630,1 0o0 499576,0 0,0 
1120 16 C,00 !I 201.0 52028200 o.o 49362800 0,0 
!ll:'l 7 32.610 
1137 17 1 .oo 4 21A,O 532848,l o.o 504809.0 o.o 
114 7 111 0,00 4 200,0 526716.1 o.o 49741600 o.o 
115(1 7 32,620 11 '\7 19 C'l,00 !I 216,0 530468,l o.o 502396,0 0,0 
1?00 7 32,617 

1203 6 o.o 41,4 OoO 24o2 0o0 
1207 20 •loOC 5 208,0 547915.1 0,0 457?5lo0 OoO 
1 n s 21 1.00 4 222.0 575905, 1 OoO 454?8200 0,0 
1224 n 1.00 4 20500 56466501 OoO 445254,0 o.o 
P3Cl 7 320625 
1235 21 -1 .oo !I 253,0 569538,1 o.o 45038100 OoO 
1754 24 OoOO 5 ?noo 563713,1 0,0 445?14,0 OoO 
lB4 25 0,00 4 23s.o 57586401 0,0 45452900 OoO 
t,()(' 7 32,617 
1304 26 o,oo 4 213 .o 56997301 0,0 448496,0 0,0 

l 1C'l!l 6 o.o 47,9 o.o 17,8 0,0 
1111 27 o.oo 5 210.0 6t,0815ol o.o 3<,2300,0 o,o 
l '.' l ~ 2~ -1.00 ~ 2,,9.0 t,59180,l o.o 3410!>H,O o.o 
1-n~ 79 l'l,00 4 u, ... o 6744~6,1 0,0 34684~.o 0,0 
1331) 7 320623 



l ~1 c, :,o n.oo 4 249.0 6f>l673. 1 o.o 339622.0 o.o 
1344 31 (' .OC 'j 212.0 M2l92.l o.o 34061$.0 o.o 
135, 3? -1 • ::,o 5 267.0 649887.l o.o 335637.0 o.o 
135c, 7 32.642 
14 '.' 4 3~ 2.00 4 255.(l 6469t,Ool c.o 3?0?19.0 o.o 
1,, 11 )4 ('oOC 4 245.o 6">4428.l o.o 3]3951!.C o.o 
1410 35 o.c .:- ' 25 :l ,0 6609es.1 0,0 3426C8, 0 o.o 
142 (' 7 320665 
l <.2 7 36 r..oo 5 266,0 646490.1 o.o 334739.0 o.o 
l '- l • n c.oo 4 255.0 671445,1 0,0 34l945,0 o.o 
l 44" 7 32.666 
l ,. ,." 3• r..oo 4 242 ,0 6~5 • r ~.1 0,0 341414,0 o.o 
11.;t, 39 c,.oo 5 252,0 659274,l o.o 3421 36.0 o.o 
1;c , 7 32.700 
15 :) 1, 40 '.l ,00 ., 244 ,0 62343l,l o.o ?Zl?29,0 o.o 
l ~ts 41 2.00 4 266,0 1\63594,l o.o 336915,0 o.o t l .., ~,. 4:> o.oo " ?45,0 656850 , l 0,0 336057,0 0,0 
15 ?:'! 7 32.740 
l "> ~ 1 .. ., 3. 00 l 4q~3.o 2396 37 ,O 199141.0 211se1,.o a.a 
1541 44 o.oa l 471',4 .o 215777,0 195842.0 267692,C o.o 
1540 45 n .ro l 4AP5.0 239745 ,0 199460,0 212sss.o o.o 
15 5;, 46 4 ,00 l 4 !; l.().0 238 364 .o 198026,0 27C478,0 o.o 

947 7 1.00 2 27422.0 o.o o.o 248,0 487.0 

. ..._ 



CATA TAKEN OURl~G RUN 7 ON 14 JUN 74 

T"4f CALIE'RATION GASfS ARE KNOWN TO BE 
IGAS H2 co CH4 CO2 H20 

1 25.17 2,..94 24.97 24.94 o.oo 
2 100.00 o.oo o.oo o.co o.oo 

' o.oo o.oo o.oo 100,00 o.oo 

CALrnRATION GAS SA"PLES FOR THIS RUN WERE ANALYSED AS t 
TI ~•f. SA~•p OELP !GAS H2 co CH4 CO2 H20 C 

p5,. 1 -1.00 1 24 ,R2 25. 33 2'.1021 24,62 0,00 
Q(l4 2 -2.00 1 24,94 25, 17 25.21 24.65 o.oo 
'llP .. -?.00 1 24,9~ 25.14 25.10 24.77 0,00 

153' 43 ,.oo 1 2',,42 24.67 24.80 25,09 0,00 
1 ~4 l 44 :l,00 1 2~,n 24,69 24,81 25.15 0,00 
l',4• 4~ 0,(10 1 25,37 2,.,6., 2,.,111 25,15 o.oo 
1 ~s? 46 ,.,00 1 25,38 24,67 24.00 2 5, 1,1 0,00 

Q4., 7 1,00 2 9CJ,91 0,00 0,00 0,02 0,06 ~ -
N 
N 

TME REL~TIVE CALl9RATIO~ .,, 
AREA COEFFICE~TS ARE 0,017720 0,897369 0,741782 1. 00000·0 0,689999 0,OH326 

ATV0SPHfRIC PRESSURE WAS 765.80 • 

THE WEIG~T OF CATALYST INITIALLY CHARGED TO THE REACTOR IS 0,2,.0 GRA r• s. 

THF GROSS WEIGMT CF THE CATALYST CARRIER ANO SUSPENSION 1'-ECHANIS"1 IS 31.91,5 GRAMS, 



CATI\ TAKEN DURll!G RUN 7 ON 14 JU~, 74 

Tl"E 5A ' 'P !)(LP IG4S H2 co CHio CO2 H20 C 

o,.., ~!"ACHH TP'•'E ~A TURF 5'>0. OEG:'lEES COIT I GRADE 

..... C..,~ '- GFO 1':LFT GAS TO ll,00 o.co u.oo 100.00 o.oo TOT"'L FL G\o.' 15aJ CCIHC C!,TPI 
04~ Oa671 GRA'·'S CAR SC.'~ O(PLSI TD 
o l!' Oa6!!l GRA,_.!, c1.1<eor, Ot?OSI Tt.::> 
'l l., Oa678 GRAI/ S CARSO:i OE~:;s1nc 

"15 c•• ", r,r~ J'l;LfT GAS TO o,oo 5u,1e o.oo 49afll o.oo TOTAL FLC\-1 20.::. CC/!,EC ISTPI 
q7Q 5 l, CO 4 l • At. lol, 51 o.oo 50,63 o.oo 
q45 6 -1.00 4 1.ee 47,95 0,00 50.16 o.oo 

t oi.• 0,661 GRA'1 5 c"'r.ec ·, ::>EI-C!,I Tr.:> 
PlO e :· ,oo 5 l,R5 4~,06 o.oo 50,08 u.co 
l ~ l., 0,6bl GRA ~• S CARl!O•, OEl-~Slll::> 
1 ~24 9 -1 ,00 4 l,91 4S,05 0,00 so.02 o.oo 
1,)5 lC -1,00 4 1,110 48,57 0,00 49,61 0,00 
l "'-., 11 f' ,OC' 5 1, fl 7 4P,25 0,00 49 ,Al 0,00 
1: .... 0a68l GRA,..S CARt:Ci, 01:1-C.SIHO 

1{'4• Ct111.' :C,f0 l ' :LrT GAS TO 0,00 55, 21 0,00 44,76 0,00 TOTAL FLOII 2:i,1., CCl!.EC C :OTP I 
1: 54 17 ,1.00 5 2,05 52,91 o.oo 45.0j! o.oo 
110'- 13 1,00 4 :?,04 52,96 o.oo 44,99 0,00 -~ 
11 :' 7 0.681 GRA"'-S CA~SC\ OE~LSITf::> 
1117 14 1, Otl 4 1 ,99 5 ~.02 0,00 44,98 0,00 
112' 15 <',00 5 2,00 52,'l3 o.oo 45,06 0,00 
1!2'l 16 0,00 5 2,00 52.92 0,00 45,06 o.oo 
113" 0a664 GRAYS CARSO~ OE~C.SllEO 
11n 17 1,00 4 2,07 52,92 0,00 44,99 0,00 N 
1147 l8 o.oo 4 1,96 5),06 0,00 44a97 0,00 N 

Cft 
l 115 ~ 0a674' GRAl1 S CA:-lSC!, OCPC!.ITE::; 
11 'i 7 1 'l o.oo 'i 2.06 52,93 o,oo 44a99 o,oo 
120,~ 0,671 GRA:15 CAi'<l!Ct, O(>'JSI no 

1 :'~ '! c•, .\•:r. r:> I' Lt:T GAS, TO 0,(10 59,97 o.oo 40,02 0,00 TOTAL FLC,: 20.1 CC/SEC ISTPI 
17:: 7 2C -1 .o:- 5 2,0; 55,96 o.oo 41 ,97 0,00 
ins 11 1 ,00 4 2 ,l(l 57,2A 0,00 40, !> l 0,00 
1 :"]4 72 1,00 4 2,07 57,37 0,00 l,J,60 O,C,0 
! 1 :ir Oa680 GRAVS CAR~O~ oe:;.o:.I TL:, 
12,~ 23 -1.00 5 2,35 57.11 o.oo 40,52 0,00 
l c ~4 24 c.oo 5 2.15 57,22 0,00 40,62 0,00 
1?54 25 0 ,00 4 2,20 57,24 o.oo '-0,54 c.co 
l '1 r t; Oa67l ~RAWS CAR~C~ OE ?CS!TEO 
l~:l4 26 c.oo 4 Z,Ob 57,40 0,00 40,53 c.oo 

130'5 c,-.4 •: Gfrl f.':LET GAS TO o.co 70,21 0,00 29,78 0,00 TOTAL FLO',,' 19,9 CCIS~C IS TF I 
131 l 27 r. .00 ~ 2,49 6~. '56 0,CO 30,94 0,00 
11 1Q 2~ -1 .oo 'i ? • ~4 66,68 0,00 30,96 J,00 
l '!2', 20 o.co 4 2,40 66,77 0,00 30,81 o.oo 
1~1 : o.677 GRA~S CA~~o~ OEPCSITE) 
l, '~ 30 :, ,oo ,. ?,34 f,6 , ~'i 0,00 30,79 0,(10 
l ,~._ ~l (' ,(10 'i 2,50 66 ,70 o,oo 30,7B 0,00 



l~!i~ 32 -1.00 5 2.51 66061 
l:!15~ 
lt.04 )l 2.00 4 2,44 66,116 
l "11 )4 o.oo 4 2.34 116098 
141" 35 o.oo 5 2o34 66.64 
l 4;'C' 

1 .. 21 ~6 o.oo 5 2oH 66055 
lt.)q n OoOO 4 2o35 66090 
144:l 
l '-"~ ~! OoOO 4 2o28 66091 
l "51', 39 OoCO 5 2o36 66ot.l 
I ~C'O 
l 5::t. .. o o.oo 5 2o44 66ot.6 
1515 41 2.00 4 2.46 66088 
1524 42 OoOO 4 2o31 66093 
l 53r. 

OoOO 30.87 o,oo 
o.oo 30,69 o.oo 
OoOO 30067 OoOO 
o.oo 3lo00 OoOO 

OoOO 30092 OoOO 
OoOO 30074 OoOO 

OoOO 30080 OoOO 
OoOO 31.02 o.oo 

OoOO 30089 o.oo 
o.oo 30 065 OoOO 
o.oo 30. 73 o.oo 

00696 GRAMS CARBON 0(POSITE0 

0.119 GAAt,1,S CARBON DEPOSITED 

0.1,.0 GRAMS CAABOI. OlPCSJTEO 

o.754 GRA"S CARBOt.. OlPOSITEO 

00794 GRA"IS CAk&ON DEPOSITED 

N 
N ... 

t 



CATA TAKEN OURl~G ?u,: 9 ON 20 JUN 74 

T tu!' SA"P C':LP IC.AS H2 co CH4 CO2 H20 C 
l c 2f> l -1 .oo l 4535.0 226261.o 1872211.0 H3?39o0 o.o 
1 ~15 7 2.0:, 1 470100 23295500 193083.0 263345.o c.o 
1041 3 -1 .oo 1 45P0e0 22,;99~.o 1,1111,.0 25512!1.0 o.o 
1,:-o; l 4 2.00 1 46f>7o0 22P.eea.o 190506,0 259614,0 0,0 
11 Cf, f, 1,00 l 470~,o 229696,0 19C94lo0 260JeO.o o.o 
! ! 11 7 -1 .co 1 45"2,0 2?5401 ,o 187443,0 2'>5758,0 O,U 
111:l II ~.co 1 41,~~.a 2?9515,0 191060,0 260853,0 0,0 
1 l 2f> 9 ',00 2 26°9300 o,o 0,0 o.o 353,0 
11'-~ 10 0,00 ? 17431,0 o,o 0,0 0,0 0,0 

1~3:" A 550,0 

lf\30 ,. 32,0 0,0 o.o 0,0 0,0 t 
l ".''! ~ 7 32,083 
l l ?" 7 32,116 
1126 9 0,00 4 26q93,o 0,0 0,0 o.o 353 .o 
ll4J 10 0,00 4 27'-31,0 0,0 o.o 0,0 0,0 
11 '- ~ 7 32,1C7 
115 7 11 C',00 5 26392,0 0,0 0,0 o.o 594,0 
11:-:- 7 32,100 

po:, 6 16,0 34.0 o.o o._o 0,0 
1211 12 0,00 5 10597,0 465801.0 0,0 o.o 4030,0 
ln~ 1, Oot'O ~ 1059100 46 ~770 .o 0,0 387,0 6167,0 
l?'-7 14 o.co 4 ll~l>f>,O 473eRf>oO o.o 17,0 o.o 
17~~ 1~ :i.oo .. 1oq57,o 46751J,O 0,0 3e ;o 0,0 
11 ;'(" 7 32,215 
1V'4 16 ",O:J 5 )::\046,0 471417,0 o.o 534.0 5193,0 
Pl• 1' !",t'\O 4 10931,l'l 470129,0 o.o 39,0 0,0 N 

N lnt. 1e ~.oo 5 10547,0 467966,0 o.o 630,0 6861,0 0, 
l '\ "'~ 7 320295 
1341 !9 OoC':l 5 10552,0 466170,0 o.o 66200 10409,0 
13~• 2'.' (',00 4 1oqi.1.1J 474512,0 o.o 28,0 O,O 
, .. c,(' 7 32.413 



DATA TAKEN DURING RUN 9 ON 20 .JUN lit 

TME CALIIIRATJON GASES ARE Kl'<O \•:N TO BE 
IGAS H2 co CHio CO2 H20 

1 25 .n 24.94 24.97 24.94 o.oo 
2 100.00 o.oo a.co o.oo o.oo 
3 o.oo o .oo o.oo 100.uu o.oo 

C•LISRATION GAS SA"IPLES FOR THIS RUN WERE ANALYSED AS ~. 
T l"f SA~•p DELP IGAS Hi! co CH4 CO2 1120 C 
l"2t, l -1.00 1 25.09 H. 03 25.00 24.86 o.oo 
1035 2 ,.oo 1 25,01 24.98 24.99 24,99 o.oo 
1041 l -1.00 1 25. 20 24,92 24,9A 24,89 0,00 
10~1 .. 2.00 l 15,21 24,86 24,97 24,95 0,00 
llCt'> 6 ,.oo l 25.29 21 .. 115 24,93 24,92 o.oo 
llll ., -1.00 1 25.71 24.R6 24.95 24.96 0,00 
ll ?O ~ ,.oo 1 25.20 2, .. ~4 24.96 2" ,,qe o.oo 
112h 9 o.oo 2 99.95 o.oo o.oo o.oo 0,04 . -~ 

N 1142 10 o.oo 2 100.00 o.oo o.oo o.ou o.oo N 

'° 
TM£ RfLATIVf CALl~RATION 
AREA C~EFFICE~TS ARE o.o 17771 o.9e,.e22 0 • 733208 1.000000 0,6119999 0.026242 

AT~~sP~ERIC PRESSURE WAS 7!'>9. 45 . 
Tt-<f' 1<1FIGt1T QI' CflTALYST INITIALLY CHARGED TO THE REACTOR 15 0,250 GRAMS, 

T'1E G~OSS WEIGHT OF THE CATALYST CARIOER AND SUSPENSIOr'-1 MECHANISM 15 32.083 GRAMS. 



DATA TA(EN ouqll'lG RUN 9 ON 20 JUN 11t 

TI ''F 5~''11 l'fLP IC,AS H2 co CHlt CO2 H20 C 

1 '.':!" qfACT(l'l T£Yr>fRATllRf 550. OEG'!f.f 5 CENTIGRADE 

1J 3(1 CI-IA'lGfO l11:Lf:T GAS TO 10,1-00 o.o:i o.oo o.oo o.oo TOTAL FLOW 1908 CC/SEC CSTPI 
l ~3r 0.000 GRA'I.S Ct,Rucr. C(;>C,SITU 
ll?'.' 0.033 GRAl'S CAR&ON CE PC.SI TE:) 
l l J,-. 9 c-.oo ,. '19.95 o.oo o.oo o.oo o.o,. 
ll'-? 10 J.oo 4 100.00 u.vo o.oo o.oo o.oo 
114? o.oz,. GRA Y. S CARBCr, CEPCSI T£:, 
11~7 11 o .oo 5 99.91 o. oo o.oo o.oo o.oe 
l?O'.' 0.011 GRA "' S CARBON OfPCSI TEO l 
12 ~!' CttA'!GfO I .'.: LET G4S TO 4'1.99 50.0l o.oo 0, 00 o.oo TOTAL FLC~ 19 .I! CC/SfC CSTPI 
1?11 1? c.co 5 4Be2A 51.15 o.oo o.oo o.56 
P?.c. l' o.oo ~ 4A.21 50 .PA o.oo 0 ,03 0.86 
P"i' 14 o.(10 4 4A. 96 51 . 0 2 o.co 0,00 C,00 
l :.>~ 7 1~ Cl .c'.l 4 4!3:.93 51. <' 6 0,00 o.oo o.oo 
l "Ch1 0.112 GRAl'S CARBO~ 0EPCSITl0 
11 04 16 o.oo 5 4A.3l 50.119 o.oo 0.05 0.11 
111• 17 :-.oo .. 4A.9? 51.06 o.oo o.oa o.c,o 
ll?'- B n.oo 5 4o7eP5 51 • 12 o.oo o.~6 o.96 

0 --~T2· GRAl'S 111 -, CARBON OEPC.SI TEO 
l"41 19 o .oo 5 .. 1.11 50.76 o.oo 0.06 l •4!i 
13~• 20 o.oo 4 411 • 54 51 ... , o.oo u.oo o.oo 
14/'l 'l 0.330 GRAYS CARBO~ CE PCSITEC 

N 

~ 



DATA TA~EN DURING AUN 10 ON 21 JUl'l '" Tl"E SAVP DELP IGAS 1-12 co CHlt CO2 H20 C 
104, 1 1.00 1 4501.0 230127.0 188565.0 251333.0 0,0 
1051 2 1,00 1 461ibo0 23!i717.0 194611,0 260414,0 o.o 
110 2 3 2,00 1 4 746 .o 232163.o 192952,0 263436,0 0,0 
1114 5 3,00 1 4795,0 2H7'6,C 194473,0 26'>298,C o.o 
11 'Jl 6 2,00 1 4704,0 2l:l6SP.,0 192117,0 26250!>,0 c.o 
1})Q 7 2,00 1 4761,0 232259,0 193346,0 264174,0 0,0 
114 7 8 1.00 1 4739,0 230873,0 192031,0 263012,0 0,0 

l:''-'> ~ 550 .o 
1(1<,5 6 32,0 o.o 0,0 o.o o.o ~. 1045 7 32,014 
111'> 7 320032 11,C' 7 32,020 
1145 7 320039 
1154 9 0,00 4 26958,0 0,0 OoO 180,0 674,0 
1 lCC" 7 32,039 
l]('IQ 10 o,oo .. 2777So0 o.o 0,0 67,0 32.0 
123? 7 32.028 
1235 u 0,00 5 27445 .o 0,0 0,0 44,0 ll2lo0 
12'>0 13 o.oo 5 278~9,0 o.o 0,0 66,0 0,0 
1101 7 32.024 N 

1~07 14 0,00 4 27169,0 0,0 0,0 OoO o.o !:: 
1,10 15 o.oo 4 27962.0 o.o 0,0 o.o OoO 
H~:i 1 32,024 

1130 6 16,0 34,0 o.o o.o 0,0 
1'134 16 0,00 4 1078600 471958,0 0,0 608,0 5253.0 
I'S? 17 o,oo 5 10~38,0 477037.0 0,0 798,0 7863.0 
}4(\~ 7 l2, 109 
}40~ 1 fl 0,00 " 11054,0 477!i54,0 0,0 20,0 0,0 
14D 19 C,00 4 11173,0 41\1472,0 0,0 41,0 o.o 
14 IQ 20 0,00 5 10735,0 474027,0 0,0 862,0 12276 .0 
1420 7 32,227 
1435 21 1'1,00 5 10811,0 476958,0 0,0 1035,0 96B,O 
)4 51 22 0,00 5 10695,0 471 HZ,O 0,0 1409,0 17004 .o 
1501 7 32,393 

I '>01 6 16,0 o.o o.o 30,0 0,0 
l'>C-9 23 0,00 4 10693,0 212.0 0,0 547021,l 971,0 
1~15 7 32,388 
I ~24 24 o.oo 4 10440 .o o.o 0,0 546223,l 1037,0 
15 3:, 7 32.393 
153• 25 o,oo 5 902S .o 4961o5,0 O•O 500609,0 505i.3,0 
1551 26 :) ,00 5 88 31, 0 52760.o 0,0 494b42o0 807!>8,0 
lt.00 7 32,399 
l <'> 1(1 7 32 • 399 
l!- 1, 211 :J,00 5 !16t.2,0 556!19,0 0,0 lo87?18,0 84457,0 
165' 29 0,00 5 8614,0 595911,0 0,0 485159,0 61788,0 
1707 7 32,403 
1711 30 C\,00 5 es5~,o 57645,0 0,0 4841135,0 83793 .o 
l):J7 14 0,00 2 27169.0 0,0 0,0 o.o 0,0 



l '1 o.o o.o o.o o.o 



DATA TAKEN ouq!NG RUN 10 ON 21 JUN 74 

Tt<E CALIIIRATION GASES ARE K~!OWN TO BE 
!GAS H2 co CH4 CO2 H20 

1 25117 24194 24197 24194 0,00 
2 100100 0100 0,00 o.oo 0.00 
3 0.00 0100 o.oo 100.00 0100 

C4L t!llUTION GAS SAl"Pl.E S FOR THIS RUN WERE ANALYSED AS t 
TI ''f. SA''P OELP IGAS H2 co CH4 CO2 H20 C 
1.l43 1 1100 l 24 ,97 2S.33 25,09 24,60 0.00 
1051 2 110'.l 1 24,92 25,16 H,13 24,74 0,00 
11:l? 3 2.00 1 H,26 24,90 24,91 25102 o.oo 
1124 ~ 3.00 1 25,?6 24.70 24.92 B,Ol 0,00 
l 131 6 2,00 1 25,22 24,77 24.93 25,06 0100 
1139 7 2 ,('0 1 25, n 24,76 24.91 25,04 o.oo 
1147 8 1.00 I 25,30 24. 74 24,P.7 2 5 •[)6 o.oo 
H01 14 o.oo 2 1ou.oo 0.00 o.oo o.oo o.oo --
1 )19 1' o.oo 2 100.00 o.co o.oo o.oo 0,00 N w w 

Tt<E RELATIVF CALIRRATION 
AqEA COfFFICE~TS ARE 0,017~11 0,889263 0,73!>713 1.000000 0,689999 0,026354 

4TY0SPHERIC PRESSURf WAS H9,45 • 
THE ~EIG~T OF CATALYST l'IITIALLY CHARGED TO THE REACTOR IS 0,2">2 GRM~S, 

Tl-'!: GROSS WEIGt<T OF Tt'E CATALYST CARRIER ANO SUSPENSION l'ECHAN I 5,-. IS 32,014 GRA:V:S, 



OATA TA(EN OURl~G AUN 10 ON 21 JUN 74 

Tt••e: SA''P :>F.LP IC,AS H2 co CH4 CO2 H20 C 

l~<.'I flf ACTO!'l TE''PERATURf 550. DEGr◄ E!;S CE~TIGRADE 

l.:l<.I\ (H~llC.ff'I l'ILET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL Ft.:.OW 19tij CC/!.EC I STP I 
l '.' '-~ 0.000 GRA'-'S CJ.Rae:-. OEPCSlli:::> 
l ll S 0.011 GRA'IS CAR9C r, :>EPCSI TE:> 
11 l ~ 0.005 GRAWS CARdC'.; :>E?CSITEC 
11<.~ 0.02 .. CiRA'~S CAiH:Cr, :>EF:JS I TE:> 
ll!-t. 9 a.co 4 99eBB OoOO o.oo OoOl 0o09 
12 '.' " 00024 GRA•~S CA~ec, CEi'CSI TE:> 
1109 10 CloOO 4 99098 OoOO 0o00 OoOO OoOO ~-HH OoO 13 GRA"'.S CA'lBCt, OEF C~l Tt:C 
12'~ H C' oOO 5 99,~4 o,oo o.oo OoOO 0,15 
1 ?~" 1-, 0,00 ~ 99099 0,00 o.oo 0,00 o,oo 
l '1 '."'~ 00009 GRA:~ S CAR BC:, CfP (. SIHO 
l '.:' J7 14 OoOO 4 1 uo ooa o • .;o o.oo u,oo o.ou 
ln<l B CloOO 4 100000 o, uo 0,00 o.oo o.oo 
l'lO 00009 GRA,-, S CAR!!C', Of.PC!d T::: 
1 ~'! I'\ C"A':(;[[' f,;LfT G/\S TO 49,99 50, Cl 1 0,00 0,00 o,oo TOTAL FLCw 19,tl CC/SEC ISTPJ 
l, 1,, 16 OoOO 4 48,30 50090 o.oo OolJ5 0,13 
lH~ 17 a.no 5 47,95 50,68 OoOO Oo07 1,08 
14M 00094 CiRA.-,S CARBOr, Ot:PCS I Tl:> 
l 4:" - 1~ o.co 4 4'1,P 7 51ol2 OoOO 0 .-00 o.oo 
141~ 19 OoOO 4 48,e7 51 • 11 0,00 OoOO o.oo 
141• 20 :'1,00 5 47061 50059 o.oo o,08 lo68 
l'- ~9 0.212 GRA~S CARBO'l OEPCSITE::: 
l,. ~ "> 21 o.oo 5 47t78 50.19 0,00 0,09 1.31 N 
14 5" 21 OoOO 5 41,36 50,17 OoOO Ool3 2 ,33 ~ 
15 0 1 0,378 GRA·1,5 CARBO'l 0£ POSITED 

1 ~:- 1 , .. .._ .,c;fo f "- LET GAS TO 49,80 0,00 0,00 50o l9 0,00 TOTAL FLO"' 19,9 CC/St:C ISTPI 
l ~('9 n r"oClO 4 47,69 0, 02 OoOO 52,14 o. 13 
l ~I"> 0,373 GRA."'.S CJ.R6C'i Ot:1-0SITl:D 
1~7 4 '/4 fltOO 4 47,27 Oo'.10 OoOO 52,58 Oo 14 
1 '> Jr Ot378 CiRA'1S CAR!iC'i OEPCSITEO 
153A 25 OoOO 5 4lo04 5.22 o.oo 46086 6085 
1551 26 ",00 5 39,11 5o3A OoOO 44088 10062 
l 1-n:1 Oo384 GRAMS CARIION :::EPCSI TED 
l ~J'.' 0,3e4 GRAMS CARIICN OEPC;SITEO 
H3' 28 o.oo 5 38068 ,5o 70 o.oo 44045 11 • 15 
1~53 29 o.oo 5 39, 7l 6029 o,oo 45057 8041 
17('" o.388 GRA~S CARBCl't Of.P CSITE:> 
1 .. 11 30 o.oo 5 3P,52 5,93 o.oo 44,40 11,12 



DATA TAKEN DURING RUN 11 ON 24 JUN 74 

Tl ' 'E SA"P DELP IGAS H2 co CH4 CO2 H20 C 
'102 l OoOC" l 41t34o0 22176500 l81t487.0 25164400 o.o 
QOQ 'I 1.00 l 454200 22678500 189010.0 258834.0 OoO 
QOt, l •loOO l 445300 221e10.o 184964.0 252801•0 o.o 
925 4 o.oo l 452500 22573300 18827300 25783600 o.o 
Q4'\ 6 •4o00 1 448100 224&06.0 1e1~;1.o 256402.0 o.o 
'l50 7 1.00 1 4479.o 222362.0 185579.0 253730.0 o.o 
Q511 8 c.oo l 4544•0 22636900 188890.0 25837200 OoO 

1145 R 550oo 

1145 6 32 oO o.o o.o o.o o.o t 1200 7 32.414 
113'i 7 32.396 
1243 17 OoCO 4 25862.0 OoO o.o o.o 165600 
130('1 le OoOO 4 2650900 o.o o.o 43lo0 o.o 
130'1 7 32.382 
1311 19 o.oo 5 25772.0 o.o 665.o 407.0 1243.0 
1'30 7 32 • 363 
1130 20 o.oo ; 26289.0 o.o 57800 o.o 820.0 

llB 6 16.0 OoO o.o 3&.o o.o 
1)4~ 7 32.H7 N ... l)';Q 22 OoOO 4 9eo1.o o.o o.o 52484~•1 89400 .,, 
1400 7 32.362 
1414 23 OoOO 5 8613 oO 411Uo0 4200 488286.0 46327.o 
143" 24 •4o00 5 B425.o 42111100 8)4.0 4&oos~oo 47153.0 
144<' 7 320355 
1451 25 -2.00 5 es9~oo 43747.0 o.o 49732600 42931.0 
15 0 4 7 32.355 
1525 27 o.oo 4 975Ro0 o.o o.o 529119.l o.o 
1525 7 320355 
15 ?'> 7 32.355 
1543 211 o.oo 4 944 l oO OoO o.o 51663800 OoO 
1~5~ 29 -1.00 5 8265•0 49676.o 31600 479120.0 4e937.o 
16 lti 30 •loOO 5 1102100 5071400 562.o lt65lt90oo 55330.0 
1 t, 3., 7 32ol55 
1300 18 o.oo 2 2650900 o.o o.o 431.0 o.o 



0ATA TAKEN DURl~G RUN 11 ON 24 JUN 74 

TMf CALl'l~ATION GASES ARF K'-:0\11,j TO BE 
IGAS HZ co CH4 CO2 H20 

1 H,17 24,94 24,97 24,94 0,00 
2 100.00 0,00 0,00 0,00 0,00 
3 o.oo 0,00 0,00 100,00 0,00 

CALl'l 1UT1m: GAS SAVPLfS FOR THIS RUN WFRE ANALYSED AS 

Tl''E s~vc, C'ELP IGAS H1 co CH4 CO2 H20 C 
<1(12 l 0,00 1 H,Zl 24,94 24,95 24,85 0,00 
ooo 2 1,00 1 2,;, l 7. 24,92 24,97 24,97 0,00 
Q('f, 3 -1 ,C'O 1 25,24 24,H8 24,95 24,90 0,00 
9zo; 4 r. .r.c 1 25,14 24,90 24,97 24,97 0,00 
041 t, -i.,oo l 25,06 24,94 24,99 24,98 0,00 
'150 7 1,00 1 25 • ?II 24,M5 24,94 24,90 0,00 
O~Q !! 0,00 1 25,15 24 ,cio 24,98 24,95 0,00 

11:,c H (1,(\(\ 2 99,9; 0,(10 0,00 0,04 o,oo 

T~E <l!"LATIVE CALl'IQATIC~ 
A~~A CCIE~FICF NTS ARF 0,017410 O,A7A130 0,730316 1,000000 0,689999 0,025845 

ATUOSPHERIC PRESSURE WAS 759,45 . 
THE" ~FIG~T OF CATALYST li'-:ITIALL.Y CHARGED TO THE REACTOR 15 0,252 GRA~S, 

N 

TH!" GA0SS WEIGHT a~ THE CATALYST CARRIER AND SUSPENSION f'ECHANISM IS 32,014 GRAV.S, ~ 



DATA TAl(EN DUIHNG RUN 11 ON 24 JUN 74 

TfMf. SA\tP DELP IGAS H2 co CH4 CO2 H20 C 

1145 RE ACTOR TE"PERATURE 550. DEGREES CEll:TIGRAOE 

1145 (1-tA NGfD INLET GAS TO 100 .oo o.oo o.oo o.oo OoOO TOTAL FLOW 1908 CC/SEC ISTPI 
1200 00399 GRAMS CAR&O,._ DEPCSITED 
123'1 Oo361 GRAJ1 S CARBCI• DE PCS I TED 
1243 17 o.oo 4 99.76 o.oo o.oo o.oo o.n 
1100 111 c.oo 4 99.9$ o.oo o.oo Oo04 o.oo 
1105 00367 GRA'IS CAR8C'I DEPCSITE::> 
l~ll 19 r.oo 5 99e69 o.oo 0.09 Oe04 0.11 
lBO 0.349 GRA'.1$ Ct.RBOI, OEPCSITEO 
lHO- 20 c.oo 5 99e8D o.oo 0.07 o.oo o. 11 

l 33l CHANGFO l'ILET GAS TO 49,80 o.oo o.oo 50.19 o.oo TOTAL FLC~: 19,~ CC/SEC ISTPI 
134A Oe342 GRA'~S CAFc&ON DEPOSITED 
13SQ 22 o.oo 4 Ho36 o.oo o.oo s2.so 0.12 
l<.CO 0,347 GRAr,1$ CM<BOt; OEP(:.[-.ITC:~ 
l 4 l 4 23 o.oa 5 4le54 ... !i4 0,00 47.39 6051 
1431 24 -4.00 5 41.29 4e7l Ool 1 47,16 6,71 
}440 Oe340 GRA'~S CAR8Qr; OEPOSI TE:) 
14 5) 25 -2.00 5 41.21 -..AO o.oo 47e97 6000 N 

w 15(14 00340 GRA'IS CARB0:1 DE PCS I Tf:) ... 
152'1 27 o.oo 4 47 • 12 o.oo o.oo 52.87 o.oo 
1525 o., .. o GRA'-'S CAIIBC~, DtPCSf TEO 
152S Oe340 GRA'IS C"FcBuN OEH,SI TED 
l 54 3 28 0,00 4 47008 o.oo o.oo 52.91 o.oo 
155~ 29 -1 .oo 5 40e!i4 !ie53 o.o .. 46.93 6,93 
16 lf. 30 -1.00 !, 40 • 12 5,72 0.01 46el3 7,94 
1635 00340 GRA~S CARBC~ DEPOSIT[D 



CATA TAKEN DURING RUN 12 ON 25 JUl'I 74 

flVF S'-"P OF.LP IGAS H2 co CH4 CO2 H20 C 
n5 1 i.oo 1 4446,0 223547,0 18566400 252?25o0 0,0 
~3, 2 4o('l0 l 437200 21928400 19258600 24919100 OoO 
llJ"\ '." -loOO l 4463,0 22?6llo0 185591,0 25347300 OoO 
~40 4 -1 oOO l 437200 2lB'-l7oO 1~216300 248666,0 o,o 
G4j< 5 -2.C'C' l 4'-39ofl 2211P7 00 lA4Hl>oO 2517Aooo OoO 
•5C'.' 6 <' or.O l 4330,0 21764300 1~117500 2473'-eoo OoO 
~s~ , - ",00 l 431>5 o0 2187A4,0 1e2110. o 24f!l89,0 OoO 
Q50 e OoOO 2 2508900 OoO o.o OoO OoO 
QJ~ 7 32,355 

.. .,~ e 550.0 

a3~ 6 32,0 OoO OoO OoU OoO 

900 6 16.0 o.o o.o 30o0 o.o 
<1:1(' 7 32,360 
C> ~ f. 9 C',00 4 933300 o.o 67o0 476151.0 0,0 
'? 15 7 32,360 
917 10 o.oo 4 8644.0 o.o 7500 47738300 OoO 
~?~ 11 ~.oo 5 ~170,0 4~221>,0 42o0 461'18600 35945,0 

93".) 6 16,0 3,5 o.o 27o0 o.o 
c~~ 7 3Zo360 
n44 12 -2.00 5 7065,0 96649,0 eo.o 369161,0 55761,0 
Q~(, 13 l ,C'O 4 8916,0 476C'3o0 o.o 443848,0 1070,0 

l<:'01 7 32,369 
Pl~ 14 -i.oo 4 8544,0 44544,0 0,0 430?00o0 OoO 
l~2C 1,; c.oo 5 7406,0 112010.0 145,0 38701J6,0 51406,0 
1034 16 -1.co 5 6696.0 104840.0 14500 356230,0 6181900 N 
lC'3;> 7 32 • 379 Ii: 
l :'L <) 1' 0,00 4 8575,0 47775.0 o.o 430?69,0 98300 
l! C~ 7 32,366 
l lCt- 18 :l,00 4 892b0 45508.0 o,o 44308900 0,0 
1111 19 ('1,00 5 7669,0 117471,0 127,0 395368,0 60569,0 
11:, :> 20 '.',00 5 6542,0 107892,0 259,0 350170,0 64353,0 
lll4 7 320393 
1137 21 ~.co 4 e9~o.o 49427.0 0,0 447692,0 11 ll,O 
l ! ,; l 27 c.oo 4 eoe2,o 43927,0 0,0 412112,0 sse,o 
120:'l 7 320400 

lJ Cr 6 16,0 7,0 OoO 24,0 o.o 
12:0 23 c.oo ~ 74~7,0 1'>9049,0 361,0 3,,00:ie. o 60273 .o 
121" 24 c .oo 5 657e,o l48uf0.0 1725,0 310410,0 66036oil 
12'1 7 32,421 
121" l~ 1,00 4 9575.0 9613600 o.o 41568600 o.o 
}7L~ u, !",00 4 9564 .o 9321300 o.o 1tl0756,0 OoO 
l 2~ ~ l1 0,0:l 5 111e,o 164735,0 428,0 347932,0 65386,0 
lJC'3 7 320440 
111~ ?!I o .oo .. 1'>'>1 ,o 11,37p,,.o 451,0 342H6o0 711714,0 
11H 29 "•C'IO 4 9522,1) 9653P.,0 0,0 475278,0 OoO 
1~44 ~~ nooo 4 7599,0 91,750.0 o.o 417',13,0 OoO 
13~ l 31 :, ,oo 5 7599,0 165732,0 424,0 346938,0 6666100 



lH4 7 32,460 
1405 7 32,481 
1410 3i' -1.00 s nse.o 163118e0 489,0 342048.0 76895.o 
14?6 33 o.oo 4 9669.0 97459.0 o.o 425629.0 o.o 
1',)l 7 32,492 
l'-'-CI 34 o.oo 4 9528e0 95l66t0 o.o 4l9386e0 o.o 
1450 H o.oo 5 7643t0 163891 .. 0 471.0 348683.0 70540.0 
1-.00 7 32t5U 
1">04 36 -i.oo 5 7432.o l640AO.O 1685.0 340112.0 75002.0 

1">05 6 16.0 10.5 o.o 21.0 o.o 
1523 31 0,00 4 9674.0 144743.0 o.o 377266.0 o.o 
1">10 3A o.oo ,. 9526•0 140511.0 o.o 372469.0 o.o 
1 ">l4 7 32t552 
1">36 39 0,00 5 7673.0 2024 33.0 931.0 304372 ,o 64912,0 
1551 40 0,00 5 7548 .o 201837.0 2425.0 302666.0 10121.0 
1h04 7 32.590 
1601, 41 0,00 5 7886.0 201939,0 3106,0 312497,0 58352,0 
1h21 42 o.oo 5 7730 .o 199078.0 1955.0 310194.0 67239.o 
ll',31 7 32t628 
1639 43 0,00 4 95 08 ,0 142461,0 o.o 371776.0 0,0 
164~ 44 o.oo 4 9442 • 0 11,0582.0 o.o 368674.0 o.o 
1h56 45 o.oo 5 8395,0 177673.o 5 75 • 0 , 332?82 .o 40131.0 
1703 7 32,651 

N 

~ 



DATA TAKEN DURING RUN 12 ON 25 JUN 74 

THE CALl!IRATI0•1 GASFS A11F KIJOWN TO fif 
!GAS H2 co CH4 CO2 H20 

1 25.17 24.9'+ 24.97 24.94 o.oo 
2 100.00 o.oo o.o;, o.oo o.oo 
3 o.co o.oo o.oo 100.00 o.oo 

c•.LJ!''- •'TIC''I GAS Sjli." PLES FO'l THIS RUN WE'RE ANALYSED AS 

TI ' ' f s,1,·P DELP IGAS t-<2 co CH4 CO2 H20 C 
•2., 1 1 .oo 1 2">.11 24.Q9 24.9!1 24.91 o.r.:o 
• 3(' 2 i..('O 1 2S,19 24,90 24.96 24.93 o,oo 
~3" 3 -1.00 1 75 • 17 2t• • ~A 24,97 24,96 o.oo 
c4~ 4 -1. 00 1 2~ . 22 24 ,P 6 24,9!, 24,94 o.oo 
Q46 5 -2.00 1 25,20 z,.. e1 24,96 24,95 0,00 
• 50 6 ,,,00 1 2'S,17 24 .•11 24,96 24,94 o,oo 
Q 5 .. 7 .i;.~o I ~~.17 ~I, o 92 24,97 24,91 0,00 
~5 ~ s c.oo 2 1Js; .oo ~.uo o,oo 0,00 o.oo 

r ... !: REL~TIV£ CIILl~RATIC~ 
.. 1£ .. C:l~F'F ICE 'l TS ARE C,D17409 0,881110 0,7319 84 1.000000 0,689999 C,024967 

A T•·osn:,rn IC PRESSURE ~:AS 761,23 • 
r~=- \1 !: IC"l CF CATALYST INITIALLY CHA'lGEO TO THE REACTOR IS 0,252 GRA"S, 

N 

l"'E r,qc-ss \<'.t:IGHT CF THE CATALYST CAi{ ,{lfR ANO SUSPE"ISION t,:ECHAN I 5~ IS 32,014 GRA:~s, a 



llAH TAKE~ DURING RUN 12 ON B JU!'I 74 

Tl"F SA ~•p DELP IGAS H2 co CH4 CO2 H20 C 
~3S De340 GRA~S CARBON DEPOSITED 

Q)S llEACTOR TE,.PERATURE sso. DEGREES CENTIGRADE 

AH CHA/l;GfD ft,;LET GAS TO 100.00 OoOO o.oo o.oo o.oo TOTAL FLOW 1908 CC/SEC ISTPI 

'l00 CHM,Gf:) l~:LET GAS TO 49oAO o.oo o.oo 50ol9 o.oo TOTAL FLC'il' 19•9 CC/!>EC I STP I 
'l0(' 00345 GRA!1 S CARBOr• DCl'CSJlEO 
9~b 9 o.DO 4 49.05 OoOO o.oo 50.93 o.oo 
91!", Ot34S GRA'-'S CA~80\ OE PCSI TE.O 
917 l :> o.oo 4 47e47 o.oo 0.01 !i2•5l OoOO 
Q2, 11 OoOO s 41.B 1 Sos4 o.oo 47035 s.21 

Q}O Ct<A•:Gf() f';LET GAS TO 49oH 5ol2 OoOO 45.12 OoOO TOTAL FLC# 19o9 CC/SEC I STPI •n-:, o.Hs GRA~'. S CUBOI-< CEPOSI TEO 
944 12 -1.00 5 39064 11 of!2 OoOl 39080 eon 
QSfi 13 1.00 4 46097 5o73 OoOO 47.12 Col6 

l~fl':\ 00354 GRAl' S CARBO", OEPCSITEO 
101 0 14 -loOO 4 47003 5o56 OoOO 47.40 o.oo 
l:>ZC' lS C'oOO 5 39oH 13.09 Oo02 . 39 .86 7o67 
1034 16 -1 oOO 5 38e'- l l?o96 Oo02 38082 9.76 N 

1: n o.364 GRA'1 S CAR BOIi OEPCSI TEO !: 
10-.q 17 o.oo 4 46.84 5o92 o.oo 47.07 Ool5 
l tr 1 Oo 371 GRA"S CARBor. OEPC:;ITE:) 
11 C/. le JoOO 4 47.22 5oSO OoOO 47026 OoOO 
111 3 19 OoOO 5 3Soil9 l3o 21 OoO 1 39, 17 8069 
11n 20 OoOO 5 37093 13042 0.03 38038 10,22 
1134 0.378 GRA~S c,11ao~ Of~~SITE:> 
1137 21 c.oo 4 46081 5,90 OoOO 47 o 11 0 • 16 
Tt; f SU" OF THE FOLLOWING DATA DIFFERED FRO~' 100 PERCE'lT BY MORf. THAN 10 PERCENT BEFORE JUSTIFICATION 
11~1 22 OoOO 4 41>o92 s. 71 OoOO 47.26 Oo09 
1100 Oo3eS GRA'-'S CA~BC~ OE?CIITED 

120!' CHANGED l~Lt:T GAS TO 49.69 10.23 OoOO 40.06 o.oo TOTAL FLOW 19,9 CC/SEC ISTPI 
12:>~ 23 nooo 5 38061 l~o21 0.04 34030 e .ei 
121• 24 o.oo s 37.61 lA.le 0.25 33059 10.35 
1'3 I 00406 GRA'~S CA~BC~ DEPCIITtJ 
123• 25 1.00 4 47ol4 10098 o.oo 41.86 OoOO 
1245 26 c.oo " 47 .s1 10.14 OoOO 41 • 73 o.oo 
1?56 27 OoOO 5 38049 lP.o 24 Oo05 33.95 9o24 
U03 0.425 GRAMS CA~ec~ OEPCSITEJ 
11D 28 o.oo s 37062 1eoo2 OoOS 33,23 llo06 
lJ31 29 OoOO 4 46.55 10.94 o.oo 42049 0•00 
1344 ]0 o.oo 4 42060 11. 75 OoOO 45ol>3 OoOO 
1353 31 o.oo 5 3~, 13 lBo40 0,05 33,94 9•45 l 134 0.445 GRAYS CARBOI, CEPCSI TEO 
l40S 00466 GRA"IS c,Rao•i DE.-CSITEO 1410 32 -1 oOO 5 37 .76 1e,02 0.06 33029 10.e" 1421, 33 ,,.no 4 41, o 19 10097 OoOO 420 22 o.oo 
1431 00477 GRAYS Cl>RBOr, DE>'OIITE:> 144(1 34 o.no 4 46.92 10oA7 o.oo 42020 OoOO 



145'1 3'I OoOO 5 38.04 1A•07 Oo06 33098 9o93 
115:'"' o.5CO GRAYS CAr<ecr. DE.-CS I TEO 
!«-C4 36 -1.co 5 H.52 1e 02 5 0,22 33034 10.65 

l~ C~ C~A'.Gf'.l t•:LET GAS TO 49064 1s.n o.oo 35002 OoOO TOTAL FLC·.- l9o9 CC/l>fC ISTPJ 
1523 37 OoOO 4 46056 16 o 21 o.oo 37022 o.oo 
l • zq :,q r'loOO 4 46070 15.98 o.oo 37031 0,00 
1•34 0.537 GRA!•S CARSC'I OEPCSI T£:) 
~~H )Q ~ .!'O 5 3•,41 22,47 Ool2 29,77 9o20 
l ~ '> l 40 n oO(' 5 37,~3 22 ,35 0, 3?. 29oS4 9,94 
lt.04 OoSH GRA'1S CARBON OEPOSITEO 
l~"'~ '-1 1'1,('0 5 3• ,P9 22,?l 0,41 30o2e 8,19 
11-2? 42 '.',00 5 3e,3o 21,90 0,25 30,07 9,44 
11,n 0 ,613 GRAMS CARBOti OEPCSITl:> 
H-3Q 4' OoOO 4 46059 16.18 0,00 37,21 0,00 1~,.• ,. .. "0 (10 4 41,,70 16.09 o.oo 37,19 o.oo 
1 :',~~ 45 n.oo 5 41 .51 19 -~ 6 Oo01 32.79 5,72 
17JJ 00636 GRAMS CA~SON ::>EP:;~ I TEO 



DATA TAKEN DURING AUN 13 ON 26 JUN 74 

Tl 'lf SA''P DELP IGAS H2 co CH4 CO2 H20 C •s• l o.oo 1 4H7.0 223233.0 1e5121.o 2s23eo.o o.o 
'111 2 -1 .oo 1 4287.0 217H2.o 180534.0 246381.0 o.o 
906 3 o.oo l 4343.0 219267.o 18246Ao0 249176.0 o.o 
Ql:, 4 1.00 1 1o21o3.o ll5ACl2.0 1791B.O 21.1.1,1o1.o o.o QD 5 o.oo 1 4336.0 211'9911.0 lel932.0 24Al43o0 o.o 
<l}'l' 6 r. .r.o 1 4239.0 214715.0 178332.0 243617.o o.o 
<171 7 1.00 I 4372.0 22J04?,0 162?32,0 249547,0 0,0 
Q2'i A :i .oo 1 4242.0 214965,0 178784.0 244339,0 o.o 
94Q 9 o.oo 2 25682.0 55.0 o.o C,O 0,0 

l'.'Ct; 10 n.oo 2 2542500 o.o o.o o.o o.o 
930 7 32.050 

9)0 II 550 .o 

Q3(' 6 32.0 o.o o.o o.o o.o 
1:) 11 11 -1.00 5 2556P..O 54.0 o.o o.o o.o 
1013 7 32.050 
1"25 17 -1.00 5 25304.0 o.o o.o o.o 0,0 
l " 3() 7 32.050 

1010 6 16.0 34o0 o.o. o.o o.o 
1033 13 a.co 4 10283.0 .. 53963.0 o.o 2 .. 1.0 o.o N ... l~H 14 :-.oo 4 10116.0 449613•0 o.o 53.0 o.o w 
lJ'-h 15 o.oo 5 10191.0 4600'>2.0 o.o 371.0 2812 .o 
1101 16 o.oo 5 10:l49.0 456348.0 o.o "60,0 5264,0 
1107 7 32.090 
111 !i 17 o.oo 4 10326.0 4596~5.0 o.o 73.0 o.o 
1120 le o.oo 4 10313.0 458076,0 o.o eo.o o.o 
112 7 19 -1 ,00 5 10192.0 461432.0 o.o 590,0 3792,0 
1131 7 32.155 
1142 20 o.oo 5 9656,0 443455.0 so.a 564.0 6642•0 
115 • 21 n .co 4 10449,0 463S97.o o.o 53 • 0 o.o 
12C3 7 32.246 
l?C'\ n o.oo 4 102ss.o ,.,;7211.0 o.o 132.0 o.o 
1210 21 o.oo 5 lul62o0 "60617.:l 11.0 et3.0 6157,U 
1210 24 ~.oo 5 9995,0 ,.55337.o 1 .. 5,0 1161o • 0 12084,0 
1n, 7 32.387 
1240 25 o.oo 4 10491.0 41,3e1,c,.o o.o 39.0 o.o 
17 .. 7 U, o.oo 4 103•:o.o 45!1323.0 o.o 39.0 o.o 
l:>52 27 -1 .oo 5 997/loO 43'<102.0 315.0 l471ol,O 21151.0 
1302 2e o.oo 5 9872 .o t,08876.0 536,0 30973.0 3297".o 
l'\0-, 7 32.887 



DATA TAKEN CURING RUN 13 ON 26 JUN 74 

TH~ CAL I 9RA TlON GASES ARE Ktl:OWN TO OE 
!GAS H2 co CHio CO2 HZO 

l Holl 24.94 21,.97 24.94 OoOO 
2 100000 o.oo o.oo o.o.o OoOO 
3 OoOO o.oa OoOO 100.00 OoOO 

CALl!l~ATION GAS SA"PLf.S FOR THIS RU'l WFRE A"lAL YSEO AS 

TI ''E SA''P DCLP !GAS H2 co CH4 CO2 H20 C 
"'Q I o.oo l 25.15 21,096 24097 24091 o.oo 
9C3 2 •loO:l 1 25016 24090 21,.99 24.91, o.oo 
9~f. :, :i.oo l 25ol!> 24 • P8 24o9C 24096 o.oo 
Q} (' ,. 1 .or 1 25ol<; 21, • 93 21,.96 24.93 0,00 
,;1~ 5 Clo:10 l 2">,19 2 ... 0 1 24097 21,.92 a.co 
917 6 o.oo 1 25.22 2,. .a9 24.94 24093 o.oo 
'l21 7 1.00 l 25021 240 R9 24,96 24,92 o.oo 
<125 9 t',~o 1 25olA 24 • AA 24,96 24.9b o.oo 
Q4Q () ~.oc 2 'l9,99 o.oo o.oo o.oo o.oo 

1 ~.; 5 10 OoOJ 2 1uu.uu J. uC> vovv . ..: 0 I)() 0,UO 

THf R~LATIVE CALl81AT10f'( 
AlEA C0FFFICf.'lTS ARE o.017269 Oo8B2838 00131704 1.ocoooo Oob89999 0.025779 

AT~os~ .. E~IC PR[SSURf liAS 75'l,45 . ,.. 
THE WEIGHT OF C~TALYST JNIT !ALLY CHARGED TO THE REACTOR IS 0.236 GRAIASo • • 
THf r,R::'SS wfJG .. T N ' Tt-'E CIITIILYST CAR'H £fl ANO SUSPENS 1011 ,_.ECHAtl: I Sr•• IS 320050 GRA'.'So 



l'lATA TAtc:('lj DUIUNG RU'I 13 0~1 26 JUN 74 

T l"F. S,V'P DELP IGAS H2 co CH4 CO2 H20 C 
<130 0.000 GRA~s CAReo~ OEPOSITEP 

1130 REACTOR TflllPfRATURE sso. DEGRE'ES CENTIGRMlE 

930 CHA'lGfO l;>,;LET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLC,: 19.8 CC/SEC CSTPI 1 :'I 11 11 -1.00 s 99.99 o.co o.oo o.oo o.oo 
HIP 0.000 GRAMS CARBOr,; OEPO!.ITE::> 
1025 12 -1 .oo 5 100.00 o.oil o.oo o.oo o.oo 
1,)3:J 0.000 GRA)-1S CARBON Of PCS I TEO 

1 0 3(' CHA':GfO l 'ILET GAS TO 49o9A so.01 o.oo o.oo o.oo TOTAL FLOW 19. cl CC/SEC CSTPI l l1 l ~ 13 o .oo 4 .. ~.76 51 • 2l o.oo 0.02 o.oo 
10 3<1 14 o.oo 4 4~.69 51.30 0,00 o.oo o.oo 
1 J .. ,- 15 0.00 5 "a .o~ 51.so o.oo 0.03 0,40 
ll Cl 16 :>.oo 5 47eAO 51.38 o.oo 0.04 0.75 
llo:> Oe040 GRA~S CAkBON DEPvSITEO 
111,; 17 0,00 4 46 • ">) 5).45 0,00 o.oo o.oo 
112 .1 18 J.co 4 4 e . 6 0 51.38 o.oo 0,00 o.oo 
1121 19 -1.00 5 47ofl9 s1.50 0,00 0,05 0,54 
113, 0,105 GRA"l S CARBO~. CEr-CS I Ti:. :> 

N 11 .. 2 20 o.oo ,; 47.63 51 • 31 0,00 o.os 0,98 • 115 ~ 21 o.oo 4 4S o5!":> 51.43 0,CO o.oo 0, 00 ... 
17 (' '\ 0.195 GRA/11S CA~BC ~ OEPCSITEC 
1 i " 5 22 t,CO 4 48,59 51.39 0,00 0,01 0,00 
1'1::l 23 C,00 5 47,71 51.1} 0,00 0,07 0,87 
1219 24 0 ,00 5 47.25 so,ee 0.01 0, 11 1.12 1;, 3'\ 0.336 GRAl' S CARt!O.'I Of;> CSITlO 
I 24 C ;,5 c.oo 4 48 ,6?. 51, 37 o.oo o.oo o .oo 
1247 26 0 ,00 4 4R,56 51,43 0,00 o.oo a.co 
1252 27 -1.00 5 47.07 4t!, 4 l 0,04 l •4 5 3.01 
11 :1 ? 2 e (\ ,('0 5 46 •6'+ ,,5, 54 0,07 3. 04 4,69 
l') r. • 0.836 GRA ~S CARBCN OE~CSITED 



DATA TAKE~ OURl~G RU~ 14 ON 8 JUL 74 

T l " f SA"P !'ELP IGAS H2 co (Hit CO2 H20 C 
lJH l o.oo 1 44760:l 223234.0 1799Z6e0 260818.0 o.o 
l 131 2 2.:>C' 1 5057.0 235756.0 194937.0 269496.0 o.o 11,• 3 o.oo 1 4 70 l, 0 220734,0 1831'.3.0 251147.0 c.o 
114 5 4 c.oo 1 5067.o 234101.o 19'-920.0 261111.0 o.o 
1152 5 :> .0:i l 47:Jt, ,0 220251,0 183056,0 2~0?C7,0 0,0 
115• 6 2,00 l 5097,0 215364,0 195547,0 26A056,0 0,0 
!Nb 7 l • OQ 1 4737,0 220786,0 183674,0 251671,,0 0,0 
1214 ft Q,00 2 2920?,0 o.o o.o 0,0 0,0 
1719 9 0,CO 2 26Al2,0 0,0 0,0 0,0 0,0 
1234 10 :i,00 2 292n,o 0.0 0,0 0,0 0,0 
l?1t7 11 o.ao 2 26 8 66,0 0,0 a,a 0.0 0,0 
1 ~01 12 -1.00 2 2~90~.o 0,0 0,0 0,0 0,0 
1315 13 -1 ,00 ? Zbbaz,o 0,0 0,0 C,O 0,0 
113:) 14 -1 ,00 2 29092,0 0,0 0,0 0,0 0,0 

11,c, A 550,0 

11)0 6 31,0 o.o 0,0 0,0 0,0 
1no 7 32,092 

l'l"IC 6 16,0 o.o o.o 30,0 0,0 
1404 16 -i.oo 4 11152,0 175,0 0,0 557566,1 650,0 
l 41" 7 . 32e092 
1417 17 1.00 4 10377,0 175,0 0,0 52!H,l6, 1 650,0 
1431 l II -1 .oo 5 1090P,O 210,0 0,0 563012,1 650,0 
1446 19 -1.00 5 10002,0 212,0 0,0 530514,l 1300,0 
l5JO 20 0,00 4 11078.0 158,0 0,0 556?04,l 60,0 
1~07 7 32.092 
1514 21 a.co " 10213.0 158 ,o 0,0 524512,1 60,0 N .. 1~?7 22 -1 .oo 5 l:lR17,0 210.0 0,0 565613,l 640.0 0, 

1543 23 -1 ,00 5 99a6.o 240,0 0,0 531436,l 1086,0 
1~57 24 0.00 4 11000,0 o.o 0,0 560180,l 1129,0 
11,c,1 7 32,092 
l 1', 1 • 25 C',00 3 0,0 o.o 0,0 976358el 21959,0 
11,34 26 c.oo 3 0,0 0,0 0,0 1037732, 1 20301,0 
11,52 27 :l ,00 3 o.o o.o 0,0 978?35el 23553 ,0 
17;:t, 28 0,00 ] 0,0 o,o 0,0 1045277. 1 22827,0 



OATA TAKEN OURING RUN 14 ON 8 JUL 74 

T~E CALIARATIO/l GASES ARE Kl\m''l TO !IE 
!GAS H2 co CH4 CO2 H20 

1 25 • 17 24.94 24.97 24.94 0,00 
2 lOC • 00 o.oo o.oo o.oo o.oo 
3 o.oo 0,00 o.oo 96.87 1.12 

CAL!f'RAT!ON GAS SA"PLf.S FOR T111s rw~, Ir.ERE ANAL YSEO AS 

T l"E s.-.~•p OELP !GAS H2 co CH4 CO2 H20 C 
l:'11~ 1 !'eOO 1 24.',3 He22 24e 53 H.ao o.oo 
1131 '/ 2.00 l 25.15 2,,.91 24e99 24e<l3 o.oo 
113P 3 o .oo 1 25 • 31 24.q7 ?5,03 24e77 o.oo 
1145 4 c.oo 1 25.25 2J, • fl 7 25.07 24,79 o.oo 
1151 5 n.on 1 25, 35 24eP3 25.04 24.76 o.oo 
115A 6 1,00 1 25,29 24,85 25.05 24,78 o.oo 
17<'1> 7 1,00 1 25,40 24,RO 25.03 24.75 o.oo 
1214 8 o.oo 2 100 • 00 o.oo 0,00 • o.oo o.oo 
1210 9 o.oo 2 100.00 o. oo 0,00 0,00 o.co N .. 17 3 '- 10 C,CIO 2 100 .uo o.oo 0 ,00 o.oo 0,00 ... 
1?47 11 JeO\l 2 lu..: • OU 0,1.10 0,00 U,IJU 0 ,UO 
13 0 ~ 12 -1.00 2 lllO • UO o.oo 0,00 0,00 o.oo 
Pl5 13 -1 .oo 2 lJO,UO 0,00 0,00 0,0C 0,00 
n,o )4 -1.00 2 lull,00 0,00 0,00 0,00 0,00 
l~lA 2S 0,00 3 o.oo O,CO 0,00 ?6,AO 3 • 19 
1634 21> o.o;i 3 C,00 0,00 0,00 ?7,20 2,79 
lt-51 27 :i.:io 3 o.oo 0,00 0,00 ?6,58 3•41 l 7C I> 28 c.oo 3 0,00 o.oo o.oo ?6,89 3,10 

THF qfLATIVE CALl~qATION 
A1EA C~EFF!CE~TS ARE 0,0}8',24 0.875510 Oe721527 1.000000 0e6811el Oe027026 

AT~OSPHERIC PR[SSURF ~AS 760, 12 • 
TMf ~f!G~T OF CATALYST 11\ITlALLY CH/\RGED TO THE REACTOR IS 0.252 GRAl"Se 

THE GROSS WEIGHT OF THE CA TALYST CARRIER AND SUSPENSION ~:fCHANJS\l IS 32 .011 GRAr,,S• 



DATA TAKE ~l DUR I NG RUN 14 ON 8 JUL 74 

T l''E SAVP DELP IGAS H2 co CH4 CO2 H20 C 

1130 RFACTCR TE1"PE~ATURE 550, OE"G~EES CENT IGRAOE 

ll 3C C>-iANGfD I NLET GAS TO 100.00 o.oo o.oo a.co o.oo TOTAL FLCW 19ea CC/SEC ISH1 1 
1130 0,014 GRA~S CARBO~ DEPOSITE~ 

lHO C>iA"GfD INLET GAS TO 49,80 o.oo o.oo 50119 o.oo TOTAL FLC~ 1919 CC/SlC CSTPI 
l4C4 lb -1 .oo 4 47 • .:,4 0.01 o.oo 52.44 o.oe 
1410 0,014 GRAf-'S CA~BON DEPOSITED 
1 .. 17 17 1.00 " 47152 0.:.11 o.oo 52.36 0,09 
1431 18 -1.00 5 46177 0.02 o.oo 53.11 0.09 
141,l', 19 -1 .o:i 5 t,i, • 51 0. 0 2 o.oo 53.26 o. 19 
1500 20 o.oo 4 47139 0.01 0,00 52158 o.oo 
l'>:'7 0 ■ 014 GRA~S CARBO~ DEPOSITED 
1!>14 21 .i,oo 4 47,30 o. :n o.oo 52,67 o.oo 
1'>27 22 -1 ,00 5 41',,49 o.n2 0,00 53,39 o.oa 
154~ 23 -1 .oo 5 46.45 0,02 0,00 53,35 o. 16 
1557 24 o.oo 4 47,04 o.oo o.oo 52.79 0 • 15 
160~ 0,014 GRAVS CARSO~ DEPOSITED 



DATA TAKEN OURJNG RUN l!I ON 9 JUL 74 

Tl''F SAY.P DELP lGAS ~12 co CH4 CO2 H20 C r: 1137 1 1.00 1 451ll'•O 220628 .o 1819711.0 247423.0 o.o Ii 
1145 z loOO 1 4996.0 233429.0 19331900 264316.0 o.o 
85' 3 o.oo 1 4643.0 21944700 1s2112.o 248681.0 o.o 
A5q 4 1.00 1 5017.0 233069.0 193lH.O 26491 ,.o o.o 
901', , o.oo 1 4663.0 21,751.0 181995.0 249132.o o.o . •,,· 
QH 6 2.00 l 5013.0 23353'.l.o 194054•0 265@e1.o o.o 
91q 1 o.oo 1 46~6.0 219120.0 182048.0 249312.o o.o 
926 8 1 .oo l 5039,0 233898.0 194329.0 265859.0 o.o 

~ .. , 8 550.0 

A4', 6 o.o o.o o.o "30.0 o.o 
/145 7 32,064 
915 1 32.080 

1000 1 32,083 

1000 6 16.0 34.0 o.o o.o o.o 
1019 12 o.oo 5 11262 .o 444422,0 102.0 21898,0 21759.0 
1no 1 32,637 
1036 13 o.oo 4 10621,0 452637,0 o.o 891,0 625,0 
1040 7 320934 

N 

1040 6 16,0 o.o o.o 30,0 o.o # 
lMO 14 o.oo 4 11133.0 326,0 o.o 548399.l o.o 
llOt', 15 0,00 4 10267,0 o.o 0,0 518786.0 38300 
1120 7 32.937 
1121 l6 -2.00 5 9287.0 58307,0 o.o 502123,0 40403.0 
ll 3A 17 -2.00 5 S56l,O 54242,0 o.o 470619.0 44413,0 
1155 18 1 .oo 4 ll27A.0 o.o o.o 563567.1 635,0 
1209 19 o.oo 4 lO?aA.O o.o o.o 52~210.1 197 ,o 
122' 20 -2.00 5 9 24 5 o 0 61742,0 0,0 500591.0 42908.0 
1235 7 '2,944 
1149 21 -2.00 , &483.o 57889,0 0,0 470583.o 46194.0 
1755 22 0,00 4 11258.0 0,0 o.o 565654,1 0,0 
llOO 2) o.oo 4 1032600 OoO o.o 52938501 OoO 
1100 7 32.945 

l3J5 6 24.0 OoO OoO 51o5 OoO 
1315 24 OoOO 5 903600 53844,0 OoO 526?29,l 3979200 
l 'Hl 25 -?oOO 5 830000 51499.o OoO 494763-0 43310 oO 
13'-A 26 o.oo 4 1091000 ' c.o o.o 577494-l OoO 
1355 7 32,950 
l'-03 27 0 ,00 4 993900 o.o OoO 53761!00 1 o.o 
1412 28 0,00 5 8935,0 55414.0 0,0 520469.o 40735 ,0 
14?9 19 -;,ooo 5 820400 521113,0 OoO 4eP.409,0 4442000 
11o1o !> 30 OoOO 4 10 8.?60 0 o.o 0,0 575724,l 0,0 
1~00 31 o.oo 4 99 2 1 o 0 o.o o.o 5377~40 1 o.o 
1509 32 -2.00 5 8844,0 56157.o o.o 5187~5,0 4196200 
1~27 31 -2.00 5 814 l oO 53364,0 OoO 4811551.0 45009.0 
1~30 7 32,9~7 

1530 6 16.0 o.o OoO 30.0 OoO 



15'-5 !4 c.oo 4 112!>7.o o.o o.o 561829.l 512,0 
l6JO 3' C,00 4 10314 ,O o.o 0,0 524858.1 376,0 
1,-1, )6 -2.00 5 ~A96,0 72237,0 0,0 485092,0 50272,0 
1630 37 -2.00 5 P219,0 6111>70.0 0,0 45674200 50305.0 
It',](' 7 32.957 
lt,44 38 O,CO 2 294~9,0 o.o 0,0 116es.o 0,0 
1 f>51 39 0,00 2 274(;3,0 0.0 o.o o.o o.o p;;, 41 o.oo 2 2743~ .o o.o o.o o.o o.o 
1707 42 0,00 2 299 Ab,O o.o 0,0 0,0 0,0 
1711 43 C,CO 3 0,0 0,0 0,0 985436,l 26254,0 
1717 44 :",00 3 0,0 o .o o.o 104!313.l 24940,0 
175~ 46 0,00 3 o.o o.o o.o 1051998,2 25003.0 
16 ::. 3 47 0,00 3 o.o o.o 0,0 99008().1 24874,0 



OATA TAKEN DURING RUN 15 ON 9 JUL 74 

THE CALlS!tATlO 'I GAS!"S ARE ICN0\\'111 TO BE 
!GAS H2 co CH4 CO2 H20 

l 2,. 17 24e94 24.97 24.94 o.oo 
2 100.00 o.oo o.oo o.oo 0.00 
3 o.oo o.oo o.oo 96.42 3e57 

CALIPRATION GAS SA'IPLES FOR THIS RUN WERE AIIIALYSfO AS 

Tl:VF. SA\'.P DELP lGAS H2 co CH4 CO2 H20 C 
837 1 1.00 1 25.03 2s.10 2s.01 24.84 0.00 
Pt,~ ? 1.00 l 2s.12 24e95 24e96 24.94 o.oo 
0 52 3 c.co l 2Sel9 24,91 24,97 24,91 0.00 
059 I, 1 .oo l 25, 17 21., A8 24,911 24,96 0,00 
90(1 5 C',00 1 25, 77 24.82 24,94 24,95 o.oo 
QD 6 Z,00 1 25, 12 24,88 24,9~ 25,00 0.00 
919 7 0,00 l 25, 32 24,82 24,91 24,92 0.00 
926 A 1,00 1 2!'>, 17 24,98 24 ,97 • 24.96 0,00 

1641, 38 0,00 2 99, l 8 0,00 0,00 0eBl 0,00 N 

11,51 39 c,oo 2 lu0,00 o,oo o.oo o.oo 0.00 ~ 
170'> 41 c.oo ;? 100,00 0,00 o.oo u.oo o.oo 
1707 42 C,00 2 100.00 o.oo 0,00 0,00 o.oo 
1711 43 (1,00 3 o • .:iJ o.oo o.oo 96.26 3,73 
1727 44 0,00 3 0,00 0,00 0,00 96,65 3e34 
1750 46 0,00 3 0,00 0,00 0,00 ?6,65 3e34 
l601 47 o.oo 3 o.oo o.oo 0,00 ?6.47 3.52 

THE RELATIVE CALl~RATION 
AREA COEFFICEIIITS ARE o.018621 0.882526 0,730622 1.000000 0,68686', 0.02116e 

•t",SPHERIC PRESSURE ~AS 756,91 . 
THE WEIGttT OF CATALYST lNlT !ALLY CHARGED TO TIIE REACTOR rs 0.252 GRAMS, 

THE GROSS WEIGHT OF THE CATALYST CARRIER ANO SUSPENSION ~ECHANIS'4 rs 32,077 GRA"'S• 



DATA TAKEN DURING ~UN H 0~ 9 JUL 74 

Tl'~f SA"O DELO !GAS H2 co CH4 coz H20 C 

P45 REACTOR Tf\'PERATUR[ HO. DEGREES CENTIGRADE 

P45 C ► • A NGFO lt\LET GAS TO o.oo o.oo o.oo 100.00 o.oo TOTAL FLC:.' 10•0 CC/SEC I !'.TPI 
845 -0.013 GRAr-.S CARBO~ OE? :)SITD 
<; 1 '.i 0.002 G!lA",S CARBO \ OEPCSITEJ 

1,N' 0.005 GRA'I S CA'<B0'1 CEPC.S! TEO 

lC'On Cl-iA"-:;ED t :1 LET GAS TO 49098 5De0l o.oo o.oo o.oo TOTAL FLOW 19.e CC/SEC I STPI 
l'lQ 11 r.oo 5 47.77 47,61 0.03 2,07 2e99 
l '20 0.559 GRA"S CAi'<OC\ CEl>OSITi::O 
1:n1- l3 -i.oo 4 48 • l3 51068 a.co 0,08 Oe09 
104(' Oe857 GRA~S CA1<eo.·• DEPOSITED 

l :)4('1 (UA"!~EO PiLET GAS TO 49.eo a.co 0,00 50,19 0,00 TOTAL FLC~: 19e9 CC/SEC ISTPI 
P5:l 14 o.oo 4 4 7.44 0.03 o.oo 52•51 o,oo 
1106 15 0,00 4 47.25 o.oo o.oo 52068 0.05 
1120 0,860 GRAYS CAqso~ OEl>CSITEO 
1121 16 -2.00 5 40.69 6024 o.oo 47.49 5e56 
113A 17 -2.00 5 40,36 6,14 o.oo • 47.02 6046 
115<, 1P 1 .cc 4 47.00 o.oo 0,00 52 •'l l o.oe 
12::q l 'l ') ,CO 4 47.04 o.oo o.oo 52092 0.02 
1223 20 -2.00 5 40.39 6.58 o.oo 47.14 s.se 
IB'\ 00866 GRA~S CARBO~ DE~CSITfO 
12'-'l 21 -2.co 5 39,92 6,52 o.oo lt6e84 6,69 
1755 22 o.oo 4 46.90 o.ro 0,00 53,09 0,00 
1100 23 c.oo 4 46,~9 0,00 o.oo 53-10 0,00 
11<'(' 0,868 GRAUS CAQ!!O•; OU•OSI HO N 

"' N 
1305 C~At1;GEO l'ILET GAS TO 46.43 0,00 o.oo 53.56 0,00 TOTAL FLC:.: 32,;; CC/SEC ISTPI 
l'I'\ 74 o.oo 5 39,48 5. 71 0,00 49.36 5,42 
l Jl l 2.-. -2.oc 5 3ci.02 5.77 0,00 48,96 6,23 
13411 26 o,oo 4 45,7d o.oo o.oo 54,21 0,00 
1355 0,873 GRAYS CAR&ON OEPCSJTtO 
l'-:l1 l7 (). (10 4 45,76 o.oo 0,00 54,23 0,00 
1412 211 C',00 5 39,40 5e92 o.oo 49,08 5,59 
1 <.2Q 29 -2.oc 5 .~.96 S,~9 o.oo ,.e,69 6,44 
l'-4 5 30 r..oo 4 ,, 5, 71 0,00 o.oo 54,28 o,oo 
l5JO 31 o.oo 4 45,72 0,00 0,00 54,27 o.oo 
l~Oci 37 -2.00 5 39.16 . 6,01 0,00 49,04 5.11 
1521 33 -2.00 5 39,13 6,02 0,00 48,70 6.53 
l53C o,e19 GRA~S CA~!!O'I DE?CSITED 

1530 CHANGED l~:LET GAS TO 49,80 o.oo 0,00 so. 19 o,oo TOTAL FLC'ii 19,9 CC/SEC l~TPI 1 ..,,. ~ 34 0,00 4 47,C4 0,00 o.oo 52,88 0,07 
lt\ClO 35 o.oo 4 47,05 0,00 0,00 52,1!8 0.05 
16!'\ 36 -2.c:i 5 39.39 7,74 0,00 45,92 6,92 
1h30 37 -2.00 5 39, 16 7,78 0,00 45,70 7,34 
1h30 0,879 GRAMS CAPSON QEPCSITC~ 



CIATA TAKEN DURING RU•I 16 0"1 10 JUL 74 

TI ''I' SA••p N:LP IGAS H2 co CH'- CO2 H20 ' ll l ~ 1 OoOO 1 soo 1 oO 2380A5o0 19467200 26536So0 OoO 
112-. 2 1 oO O 1 471900 22,.26,;oo 18'-lHoO 251662.0 OoO 
111~ 3 2.00 1 5112.0 239393.0 196953.0 2686'-1•0 o.o 
ll4 l 4 l or.O l 47•,'loO 22?397.0 l8'-2'-9oo 25205400 o.o 
l!4<l 5 0.00 l 509400 235099.0 195245.o U7065o0 o.o 
1154 6 o . oo 1 475300 2210111.0 183278.0 251321.0 o.o 
1203 7 1.00 1 5(177,0 236 716.0 195453.0 267508.0 o.o 
Pl:, ~ 'l.oo l ,. 7,;, •• ') 22oe,.~. o 1e 335,..o 251636.0 o.o 
1.: 1, 9 J.~0 2 2941,M.O c.o t1 .o o.o o.o 
1n4 10 o.co 2 271700<.l o.o o.o u.u u.o 
1.1'.lO 1 320068 

ll 30 A sso.o 
12:;r, 7 320076 
l i3:, 7 32,083 
P3C 11 o. oo 5 2951700 OoO o.o o.o 373 .o 
1?43 12 u.ou 5 27IA5o0 o.o u.o OoO 671.0 
I ?56 13 o.oo 4 2966000 OoO o.o o.o 35200 
130:> 1 32 .083 

lJCJ 6 OoO OoO o.o • 30,0 0,0 
1310 14 o.oo 4 0,0 o.o OoO 1010?99•1 uee.o N 

"' 13;'5 15 JoOO 5 OoO OoO o.o 10762 77 • 2 360,0 w 
l ~ 3,; 7 32,083 
134'.J 16 -i.oo 5 o.o OoO o.o 10011712,1 372 o0 
135:) 7 32,0H 

1)50 6 o.o OoO OoO OoO 0,0 
1 B~ 17 o.oo 4 o.o 0,0 o.o 28135100 21coo 
11.~t) a 0,00 4 CoO o.o 0,0 3251,0 OoO 
1416 19 -1,00 5 OoO o.o o.o 137200 o.o 
1420 7 32,084 

l'-20 6 1600 3400 ° OoO OoO o.o 
1425 20 •loOO 5 1075 3 .o 457356,0 o.o 5273,0 8309,0 
14)9 21 0,00 4 12011700 41!5S56,0 0,0 lllOoO 0,0 
l43Q 7 32 o 179 144'\ 2? o.co 4 1120000 456225, 0 OoO ' 123700 0,0 
!(15~ 7 320240 
:. '•,, 1 23 -1 oOO 5 1172900 4118012,0 o.o 3017 o 0 694000 
l 5J"' 24 •loOO 5 1077 l oO 45310300 0,0 226300 996500 
l50q 7 32,362 
1~20 25 0,00 4 1195100 486384,0 OoO 586,0 O,O 
1~2C 1 32 • !H9 
l5U, 26 OoOO 4 lllO'l,0 1t57998.o 0,0 105900 o.o 
1531 27 (l,00 5 11 614 ,0 451046.0 ~71 ,O 23149 o 0 le426,0 
l ~ 3-, 7 32.800 
1540 7 32,1110 

l54C 6 16o0 OoO OoO 30,0 o.o 
15 ..... 28 •loOO 5 946, • 0 26980,0 o.o 496897,0 23lt28o0 
160:) 7 320928 



16:l"l 
11>23 
1,"3• 
16 5/. 

2<l 
30 
31 
32 

:>ooo 
c.oo 
oo:io 
OoOO 

3 

' 3 
3 

o.c 
OoO 
o.o 
0,0 

OoO 
OoO 
OoO 
OoO 

o,o 1045417.1 
OoO 98245901 
o.o 1044153.1 
o.o 98328201 

23531.0 
2460900 
27284.0 
24792e0 



OATA TAKEN OURING RUN 16 ON 10 JUL 74 

Jwf C'-LISQATIO": GASES ARE K•!Ovl"l TO SE 
!GAS H2 co CH4 CO2 H20 

1 2!i. 17 24.94 24.97 24. 94 o.oo 
2 100, 00 o.oo o.oo o . oc, a.co 
3 o.oo o.oo o.oo 96,40 3e!i9 

C~Ll 'l'lAT ! Clt,; G/1S SA"l>LES FOR Ti-115 RUN WERE ANIILYSEO AS 

T l''E SA''P DELP IGAS H2 co CH4 CO2 ti20 C 
11111 1 o.oo 1 24e91. 2!i,1~ B,00 24.!!8 o.oo 
l l 7"i ? i.oo l 25,l? 25,02 24.94 24,89 0,00 
11n :, 2.00 l 25,07 2s.02 24,99 24,89 0,00 
1141 4 l ,O:> l 2i;.25 24,fl2 24,97 24,94 o.oo 
114'1 i; i',C'O 1 25,?? 24 ,79 ?5,00 24,97 0,00 
1154 6 "· :,:, l 25,35 2'•· 76 24,92 24,95 o.co 
1:c~ 7 1,00 1 25. 11 24.92 24,98 24,97 o.oo 
121('1 p o. co 1 25 • 35 24 • 72 24,92 • 24,98 o.oo 

N P17 9 ,) .oc ? 1c~. oo o.\,o 0,00 o.oo u.oo UI 
1?24 10 J,OJ 2 lllv,UO C,JO (J,UO 0,1W u.1.iu UI 

16~'\ 2<:I :J ,00 3 C',00 0,00 o.oo 96,H 3,24 
!6P 30 a.co 3 0 , 00 o.oo o.oo 96.40 3,59 
l!> 3q 3l ll,00 "3 o.oo 0,00 o.oo 96,25 3,74 
1551> 32 l),00 3 o.oo o.ou 0,00 96,'37 3,62 

T--<f RELATIVE CAL!QRAT IO•: 
A?f~ c:-: r.Fqcc~rs AR!: 0,01~736 0,8f!6(,fl4 0,7302e5 l,OO COO O 0,671066 Oe027249 

A l''C'SPHC~ l C PRt S5U'lE W1S 753, 10 . 
Tt-<E \•if IG,..l OF Ct.TALYST INITIIILLY CHAl'lGEO TO THE REACTOR IS o.246 GRAMS, 

l "E GR CSS '.vE. J Gl<T CF THE CATALYST CARRIER ANO SUSPENSION 1"ECH.\NISM IS 31,068 GR.\"1Se 



r:ATA TAl(EN DURl'IG RUN 16 ON 10 JUL 74 

Tl''E' S-FP OfLP !GAS H2 co CH4 CO2 H20 C 
1, cn o.o:>o GQA,..S CARBO~ OEPCSITEO 

l l 3C' RF~CTOR TF',.PERATURE 5!10. llFGflEE'S CENTIGRAOE 

l 1CC' o.ooe GRA''S CA"IBO!li OEPOSITE0 
123~ 0.01" GRAYS CARSON OEPOSI TEO 
l ?3<" 11 o.oo 5 99.9,. o.oo o.oo o.oo 0,05 
124~ l? o.oo 5 99.90 0,CO 0,00 o.oo 0.09 
125~ 13 ':leOO 4 99.95 o.co o.oo o.oo 0.04 
110('1 0,014 GRA,_.S CARBCN !:>EPCSITEO 

l1~C C••A':GtD I\Lt.T GAS TO 0,00 o.oo 0,00 100.00 0 .oo TOTAL FU'." 1c.~ CC/~t.C ISTPI 
n1c l 4 r, .oo 4 o.oo 0, CO o,oo ?9,82 0,17 
l ~25 15 :i.oc 5 0,00 0,00 o.oo 99.95 O•O'-
lH~ o.Ol4 GRA'1 S CAR!SC'I OEPCSIHO 
lh'.1 16 -1,00 5 o.co o. co o.oo 99,94 o.os 
11!)('! 0.001 GRA"S C/oRtlC"l OEl'CSITEO 

l ~5 ::, C••-' ·::;D Ir LET C:AS TO C,00 c. JO o,c:, 0,00 o.oo TOTAL FLC,: Oa,j CCIHC ISTPI 
THI:. SU'' OF THL F~' LLC\o/l~::; DATA OIFFt.Rt.D f'ROI! 100 Pl:.RCl:.NT B'f ,..ORE THAN 10 PERCENT BEFORE JUST IF I CAT I Ci, 
1355 17 0.co 4 O,CO G,00 0,00 . 99,85 0,14 
TMt SU" ('F THI: Fl' LL0tdNG DATA OIFFEREO mer.· 100 PERCC'IT BY 'I.ORE THAN 10 PERCH:T BEFOf<E JUST IFICAT I Cr, 
l40Q 18 J .OJ 4 c • .io O,JO o.oo 1vu.ou u,IJU 
T.,E su•,• oF THE F,·LLC~: ING CATA DIFFERt:D FRC',l 100 PtcRCENT BY //ORE THAN 10 PcRCENT BEFORE JUSTIFICATIC': 
141"' 19 -1.co ~ c . oo 0,t,;O 0,C.O 100,0::, o.oo 
l'-2 :l 0,016 GRA"S Ct. R!lC•l OfPOSITEO 

1420 C,._.A -., GfO l '. LET GAS TO 49,9e 50, O l 0,00 a.co 0,00 TOTAL FL:J ',i 19.o CC/SEC I ST:> I 
l'-~~ 2::! -1.co 5 47,62 50, 63 0,CO C,51 1,21 N 
1 .. 3<> 21 :-.co 4 49.24 50,65 0,00 0,10 0,00 ~ 
l43Q 0 • 111 GRAYS CARBO:: OEPCSITEO 
1445 22 ::i,co 4 49.27 50,~0 0,00 0, 12 0,00 
11,5:-, 0.112 GR/,'1 S CA :S:BC•, Cll'CSI TD 
l i. 51 13 -1.00 5 47,95 50, @l o.oo 0.21 0,95 
l!>Oh 24 -1 ,00 5 4 7 • <, l 50.39 0,00 0,22 l,46 
1,c" 0,294 GRA'•'. S CARB0 1, CEl'CSI TtO 
152,1 25 0,00 4 4~,98 50.95 0,0IJ 0,05 0,00 
152(' 0,451 GRIWS c1.~ec•; OE:>::lSITD 
1'>21, 26 ::l • Cl() 4 49.02 50,06 o.oo 0,10 C,00 
l ">31 27 o.oo 5 47,93 47.29 0,07 2.15 2,5!> 
1535 0,732 GRAYS CAR!IC.\ OE:>CSITEO 
l 54(l 0,842 GRA•··S CARtlC.'i OE"'CSI HD 

151.(' ("'1''!GFO t•·u:r GAS TO 49, ~o o.oo o.oo 50.19 o,co TOTAL FLC1•: 19,9 CC/5EC ISTPJ 
1546 2S -1.00 5 43,84 3.03 0,00 49,63 3,48 
1"'00 o.s6o GRA r,t 5 CAQSON ::>EPOSI TE:> 



'I 

OAT/\ TAKEN OURlr-.G RUN 17 
'"' 

ON 11 JUL 1 .. 

T l"f SA"I' DELP !Gt,S H2 co CH4 CO2 H20 C ()2(' 7 32,928 .... qz1 l 1.00 1 50t,A • 0 235550.0 194647.o 265408.0 o.o 
q3 n 2 1.00 1 46 7A • 0 221746.0 183450.0 249507.o o.o 
01~ , :,. ('0 1 501,1.0 2'6514.0 195353.0 265262.0 o.o o,<> 4 ,.oo 1 4715.o 21QH3.0 l8273t-.o 250224.0 o.o 
943 5 1.co 1 5042 .o 233253.0 193885.0 265212.0 o.o 

c,45 • 550.0 

94r, 6 11-.0 o.o o.o 30.0 o.o 
0 57 7 1. (':) 1 501,2.0 233321.0 193940.0 265424.0 o.o 
Q56 fl n.oo l 470~ .o 218679.0 182164.0 249318.0 o.o 

1 OC '\ 9 0.00 4 106el.O o.o o.o 523234.0 o.o 
t:llO 10 o.oo 4 10H7.0 o.o o.o 505848.0 o.o 

1:,1:, 6 e.o o.o o.o 15.0 o.o 
10l7 11 c- .oo 5 911Po0 42640.0 o.o 51857!>.0 33035.0 
-l "~,, 17 -7.00 ,; 8467.n 1,069J.O o.o 489362.0 4022s.o 
l :'5C 13 o.oo 4 1osq1.o o.o o.o 566665,1 o.o 
l ':'~~ 1 32.9't7 
1 :'55 14 c.oo 4 9772.0 o.o o.o '531573. 1 o.o 
11 C' J 1~ -2.C'O ,; 9073.0 4604H•O 136.0 519?56,0 32105 .o N .,, 
1117 1,, -2.00 s 8'.l65.0 45232.0 o.o 48868ij.0 40937.o ... 
112?. 7 32.9'-7 
1131 17 o.oo 4 10570 • 0 o.o o.o 568129.l o.o 
114 (' 1, 0.00 4 9 !! 01 .o o.o o.o 533098.} o.o 
1147 19 -2.00 5 9061.0 47614.0 o.o !:.18513.0 35967.0 
1210 21 -2.00 5 9013.0 50132.0 o.o 519290.0 37805 .o 
12;>7 n C'o(\0 4 9•95.o n.o o.o 533237. 1 o.o 
1?35 2J C'.oo 4 105 ~'1 .0 o.o o.o 570769. 1 o.o 
1741 24 -2.00 5 e201.o 49287.0 o.o 484171.0 42700.0 
l'\ fl('I 25 -2.00 5 8923.0 53816.o o.o s1~~21.o 40874.0 
l 1 It- 26 n.oo 4 9848.0 o.o o.o 5424240 l o.o 
1•2• 1"' 1.oc 4 10101.0 o.o o.o 57',049.1 o.o 
1. 'I? 7q -1.00 ,, 899?.0 5l6t,t,.O o.o 4~9507.0 35213,0 
140 5 30 o.oo 4 9913.0 o .o o.o 543335.1 o.o 
14 ,~ 5 1 32.9't7 
1'-12 31 l'.00 4 1063?.o o.o o.o 57~552,1 c.o 

1414 6 1.6 o.o o.o 3.0 o.o 
l'-l<l );> -1 .oo 5 643?.o 111548.0 o.o 466680.0 53887.0 
14'7 33 -2.00 5 7561.0 121942,0 16.0 443?74. o 68619.0 
1454 34 o.oo 4 10731.0 0,0 o.o 5281110.1 o.o 
1i;~, 35 c .oo 4 11137.0 o.o o.o 55Sb76.l o.o 
1~11 36 -2.00 i; 7319.0 104671.0 572.0 419470.0 68305.0 
1514 7 32.947 
l"i'-~ ~I' o.no 4 102os.o o.o 0,0 526952.1 0,0 
1~3, 39 o.oo 4 11163.0 0,0 o.o 556695.l o.o 
lf.C• 40 :::-.oc 'I 71,23.0 115801.0 o.o 42A?f.l.O 67885,0 
H,lr 4 l -1.~:i 5 809'• .o 91'-31.0 15.0 452800.0 6e479.o 
l ,<.J:J 7 )2.947 
l '-~"i 4? C,00 3 o.o o.o o.o 986400.1 22127,0 



lt>~ 1 41 a.oo 3 o.o o.o o.o 105C738• 2 23260.0 
170A 44 n.oo 3 o.o o.o o.o 91!9695•1 23958•0 
1720 '-5 o.oo 3 o.o o.o o.o 105602'-•2 21691.0 
1121 46 l"oO O 3 o.o o.o o.o 993918.l 2'-238.0 
175(' 4,7 r-.n:, 2 2"919.0 o.o o.o 512.0 o.o 
1755 .. ~ o.o;:i 2 z7,.,q1.o o.o o.o o.o o.o 
1°0J 49 o.oo 2 30074.0 o.o o.o o.o o.o 
1e~" 5C o.o;:i 2 27565.0 0,0 o.o 0,0 o.o 



OATA TAKE~ DURING RUN 17 ON 11 JUL 74 

T>iE CALlf'RATION GASES ARE KNOWN TO BE 
!GAS H2 co CH4 CO2 H20 

1 25 • 17 24.94 24.97 24.94 o.oo 
2 100.00 IJ.OJ o.oo o.oo o.oo 
3 o.oo o.oo o.oo 96.80 3.19 

C•ll'"lhl Ii'': (,AS SA""LES FOi? THIS 'lUN WERE ANALYSED AS 

Tl"f SA''P DELP IGAS H2 co CH4 CO2 H20 C 
1?2 l 1 2.00 l 25e B 25.00 24.96 2, .. 90 o.oo 
'13:> ;, 2.00 1 2r; • 10 2r;.01 25.00 24.1!8 o.oo 
Q)C, 3 a.co l B.06 25.0t, 25.01 24.85 o.oo 
Q)Q 4 3.00 1 H.29 24,77 24.93 24.9e a.co 
()'-J 5 1,no 1 25 • 14 24 .1'7 21.,97 25.QO o.co 
Q5 J 7 1 • :> O 1 25.19 24.A5 24.95 24.99 o.oo 
Q56 8 o.oo l 25.32 24. 77 24.93 24.96 o.oo 

U,)C, 42 n.oo 3 o .oo o. oo o.oo 96,A8 hll 
lf~l 4) 0,00 3 0.00 o.oo o.oo 96.92 3.01 N .,. 
17:l~ 44 o.oo 3 o.oo c.oo 0,00 96.f.4 3.35 ... 
1770 45 a.co 3 o.oo 0. l' 0 o.oo ?7. 13 2.86 
1721 46 C'.oo 3 o.oo o.oo o.oo ?6.f.2 3.37 
P~C 47 c.oC' 2 99.95 o.oo a. no c,.04 o.oo 
1"155 4~ v.oc 2 1.io. uo o. uo v.uo ... oo o.co 
l ~O:" 49 C,OC '1 10c .co C,00 0,00 0,00 0,C0 
l~C<; 50 C,00 2 100.00 o.oo o.oo o.oo :i.oo 

TMf 1ffLATIVE CALl!1RATION 
~Qf~ CC'f.-q(E ~TS ARE O.Ol~7R4 O.fA4019 Oe731670 1.000000 0.69H44 0.021110 

&T~:SPHERIC PRESSUQE WAS 757e42 • 
Tl-'E ~flG~T OF CATALYST !ti IT IALL Y CHARGED TO THE REACTOR IS Oe246 GRAMS. 

TH~ G'lCSS WEIGHT OF Tl-'E CATALYST CARIHER ANO SUSPENSION r,[CHAIIIS" IS 32.068 GRAY Se 



DATA TAKEN DUR I 'lG RUN 17 ON 11 JUL 74 

Tl"E SAVP DELP IGAS HZ co CH4 CO2 H20 C 
920 o,e6o GRAUS CAqBON DEPOSITED 

94~ Rf'ACTO~ TEYPERATURE 550. DEGREES CENTIGRADE 

045 C!-IA>;Gf:) 111:LE T GAS TO 490110 Ool)O o.oo 50019 o.oo TOTAL FLOW 19.9 CC/SEC ISTPI 
};,OJ 9 OoOO 4 47. 77 OoOO o,oo 52022 o.oo 
l J lO 10 o .oo 4 47,94 0,00 0,00 52,05 o.co 

1010 CttAfl:GEO INLET GAS TO 49,80 OoOO OoOO 50019 0,00 TOTAL FLCW 9,9 CC/SEC ISTPI 
l~ 17 11 OoOO 5 41.19 4 o 61 0,00 49.f,4 4,53 
1~35 12 -2.00 5 40021 4o64 o.oo 49032 5,81 
105:'.l 13 ()oJO 4 45060 o.oo OoOO 54039 OoOO 
1050 001179 GRAWS CARSC•1 DEPOSITED 
l C' ~,; 14 '.loOO 4 45,65 o.r.o OoO:'.l 54,34 o.oo 
11.:: 3 15 -2.00 5 40.52 5o0l 0.01 50o0l 4o42 
1117 16 -2.00 5 39,7S 5, lit 0,00 49ol6 5,90 
1122 0,879 GRA~S CARBON OEPOSITE, 
1132 17 (1,00 4 45052 OoOO o.oo 54047 0,0:'.l 
1140 111 0,00 4 45ob4 o.:io 0,0:'.l 54 o 35 0,00 
11" 7 19 -2.00 5 40,27 5ol5 0,00 49,63 4,93 
1210 21 -2.00 5 ?9.91 5,40 o.oo 49,49 5,16 
1227 22 0 ,00 4 4 5, 1'7. a. co 0,00 5,4, 17 0,00 
12H 21 0,00 4 45,42 0,00 0,00 54,57 0,00 
1?41 2/o -2.00 5 39 ,32 5,62 0,00 48,~6 6, 17 
13~0 2,; •2o 00 5 39,45 5,77 0,00 49,20 5o56 
131(, 26 OoOO 4 45,30 0,00 0,00 54,f,9 0,00 
1)23 27 1,00 4 45,29 0,00 0,00 54,70 0,00 
1132 28 -1 ,00 5 41.10 5o85 0,00 48,08 4,95 N 
l4J5 30 o.oo 4 45,38 0,00 0,00 54,61 :J,00 g 
l 4J 5 0,879 GRAl•S CAQBON ~EPOSIT£0 
l'-l? 31 0,00 4 45, 18 0,00 0,00 54,81 0,00 

1414 C'1A~•GED 111:L!'T GAS TO 49,AO o.oo 0,00 50, 19 0,00 TOTAL FLO;,/ 1,9 CC/!".EC I !.TP I 
1i.1q 3? -1.00 s 32,47 12,71 0,00 i.7,02 1,18 
14n n -2,00 s 3",94 13.19 0,00 42,45 9,40 
l4S4 :!4 0,00 4 46,67 0,00 0,00 53, 32 o,oo 
150 l 3S 0,00 4 46,95 0,00 o,oo ~3,04 0,00 
1~11 36 -,.oo s 35 ,A8 11,92 0,07 42,24 9,86 
1514 0,879 GAA~S CAPBO~ OEPOSJTEO 
1~4~ 38 0,00 4 4h,71 0,00 0,00 53,28 o,oo 
1533 39 0,00 4 47,08 ·o,oo 0,00 52 o9 l OoOO 
1603 40 o,oo s 37.12 9,79 0,00 43,27 9,81 
161A 41 -1 • 00 5 37,07 9,94 0,00 43.54 9.44 
H2r 0,879 GRA~S CARBON CEPCSlTEO 



DATA TAKEN DURING RUN 18 ON U JUL 74 

Tl"c S~"I> DELP !GAS H2 co CH4 CO2 H20 C 
1"'21 l o.oo l 4911 .o 233638.0 192983.0 262371.o o.o 
lC2Q 2 o.oo l 4571'.0 216395.o 179899.0 245839.0 o.o 
103~ 3 o.oo 1 5010.0 23132-,.0 193090.0 26'+177.o o.o 
1n44 ,. -1.00 1 4h31 .o 31<,10,r;.o 1Rl04,;,o 247870.0 o.o 
11H ., e.~o 1 5020,0 23C912,0 193968•0 265469.0 o.o 
1-'.' 5~ 6 J.(\Q 1 4665,0 219265.o lll2235,0 2'+9305.o o.o 
11C5 7 o.oo 2 29243.0 o.o o.o 10.0 569.0 
lllG ! o .oo ? 265U.O o.o 0,0 32.0 4e1.o 
1'-30 n o.oo 3 o.o o.o 0,0 1052049.2 23254.0 
1'>45 32 ::.oo 3 o.o o.o o.o 1osuoov.2 23e35.o 
1-,~ ~ n o.oo 3 o.o o.o 0,0 1ose190.2 24167.0 
1 .. 1 Q 34 ('1,:10 3 o.o o.o 0,0 1010439.t 24702.0 
102/1 7 ll,967 

113:.1 A 560.0 

1030 6 41 .o 0,0 0,0 o.o o.o 
1105 7 :i .o('I 4 29243,0 o.o o.o 10.0 569.0 
lllG ,. 0,00 4 26~2A.O 0,0 0,0 32,0 487,0 
113:l q -1.00 5 282~5,0 o.o 0,0 0,0 21201,0 

11 )J 6 l I> .o 34.0 o.o 0,0 o.o N 

1130 7 31,980 ~ 
11 (.~ 10 -2.00 ,; 10610,0 454577,0 o.o 505.0 5120,0 
1:>('0 7 32,0ll 
12:)l 11 o.oo 4 11910.0 4117221.0 0,0 54.0 o.o 
1?14 12 o.oo 4 10848.0 4,;4475.0 o.o 44,0 o.o 
1221 13 -2.00 5 11H2,0 489778,0 0,0 544.0 2812,0 
inn 7 32,100 
l~H• 14 -2.00 5 10554 .o 455659.0 0,0 so2.o 3269.0 
1?52 15 ().00 4 11921.,0 4811049.0 o.o s2.o 0,0 
125<1 16 o.oo 4 10939,0 4565711.0 o.o 33.0 o.o 
13ri; 17 -2.('10 5 lln~ 7 .o 49309!>,0 0,0 581,0 4883,0 
1310 7 u.229 
1~21 le -2.00 s 1os9e,o 45911>3.0 0,0 590.0 4097.o 
p3,; 19 -2.00 5 11614,0 491267,0 63,0 909.0 6937 .o 
114'1 7 32,321 
lH;> 20 -1.00 5 10493,0 45~204,0 1852,0 2326,0 8570,0 
13!>, 7 32.)77 

13H 8 550,0 

1353 6 16,0 o.o o.o 30,0 o.o 
l4C4 21 -2.00 5 9791.0 47302.0 o.o 509801,0 33525 .o 
1412 22 o.oo " 10277 .o 31110,0 o.o 534056.l 202,0 
l4 35 23 O,OJ 4 112114.0 7.219.0 o.o 562476,l o.o 
l'-45 24 -2.00 5 85d4e0 S3416,0 o.o 481404,0 40853,0 
I ';()5 25 -2.00 5 9342,0 59423 .o 0,0 502044,0 42896,0 
I ~c,; 7 32,393 
1'>31 27 o.oo 4 11361,0 o,o o.o 562746,l o.o 
l ~L 1 2A -2.00 5 83411.0 607119.0 56.0 468716,0 47)90,0 
1'>5Q . 29 -1.00 5 9l6P,0 69045.o ,12.0 495853.0 48796,0 



30 o.oo " 1 
10269.0 o.o o.o H6220. 1 o.o 

320396 



DATA TAKEN OURING RUN 18 ON lS JUL 74 

THE CALIQfUTIO'l GASf.S AQE Kr-OWN TO RE 
!GAS H2 co CH4 CO2 H20 

1 25 .n 24.94 24.97 24.94 o.oo 
2 100 .oo o.oo o.oo o.oo o.oo 
3 o.oo o.oo o.oo 96.42 3.s1 

CALlfl'IATfO~ GAS SA''PL(S FOR THIS RU'! WERE A"IALYSEO AS 

Tl ''E SAVP OELP IGAS H2 co CH4 CO2 H20 C 
1027 1 o.oo 1 25.36 23.85 2S.47 25.31 o.oo 
1~?<1 'l ::i .oo l 2Se65 23.61 2Se3!! 25.34 o.oo 
l '.'3~ 3 r.oo 1 25.67 23.H 25 • 39 25.~9 o.oo 
l ,. "" .. -,.oo 1 23.19 30.99 22.89 22.91 0,00 
l :151 s O,OC l 25.6'• 23,43 2S.45 25,45 o.oo 
1 '.'~ Q 6 r.c-o 1 2~.68 23,60 25,35 25,35 0,00 
11 05 7 0,00 2 99.91 0,00 0,00 o.oo 0,08 
11 lP e o.oo 2 99,92 0,00 o.oo 0,00 0,07 

N 
1 '> 3J ~l il,Oil 3 c.oo o.oo 0,00 ?6,72 3,27 °' w H,46 3;, 0,00 3 o.oo 0,00 0,00 ?6.64 3 • 35 
l "'C' ~ ?1 n .co 3 0,00 0,00 o.oo ?6,t.2 3.37 
Pl~ 34 ~.oo 3 0,00 o.oo 0,00 ?b,39 l•b0 

T.,.E qELATIVE CALIBqAflO"I 
AREA C~E~FIC[~TS ARE o.OlR592 0.944772 o.13oe41 1,000000 o.1,535eo 0.021112 

AT"CSP!-iERIC PRfSSURE WAS 751,83 . 
,.,r ~f.l GHT C~ CATALYST INIT IALLY CHARGE!) TO THE REACTOR IS o.2so GRA.,.S, 

THF. GQOSS ~EIGHT or THE CATALYST CARRIER ANO SUSPENSION ~ECHANIS!.I IS 31,967 GRAMS, 



OATA U~EN OllRJt-G RUN 18 0~ 15 JUL 7't 

Tl ' 'F $.\\'P DELP !GAS H2 co CH4 CO2 H20 C 
1:2• 0.000 GRA'~S CA'lllC'I OH'Cl> I TE:l 

1"'30 KEACTOR TE•'PERATURE 560. r>EGREES CENTIGRADE 

103:S C"A'!:;FO l'\LET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLOW Helt CC/SEC ISTPI 
ll,~ 7 ~.or " c;,q. Ql o.r.o o.oo c.co c.::,e 
l l l c ,. ,>.oo 4 99.<12 o.oo o.oo o.oo c.01 
113 0 9 -1.00 5 9f.e96 o.ro o.oo o.oo 3,03 

11 J., ( i 1 .\ ' '. CifC J• ·LfT GAS TO 49.9~ 50.01 o. oo o.oo o.oo TOTAL FLO:I l'i•t CC/!.~C I:, T;- I 
1131 0,013 GRt,1 S CA"~t,Or.,; ::J(P:.,~l Tl!:> 
1146 l<' -,.oo 5 49,54 49,,;9 o.oo 0,0!1 0,80 
12cc Oe063 GRA-~S CA~6C', ::E11:::s1 TEO 
l:' ~ l 11 :' . (\(l 4 ,;:,, 5? i.9.,,1 0.00 0,00 o.c::, 
l?l'- 12 (' .co 4 50 •'· 3 '-9,56 o.oo 0,00 O,OC 
1'7? 13 -2.(10 5 .. 9,59 ,.9,95 0,00 0,05 0,41 
123J 0.132 GRAMS CARBC~ CEF:;s IT!: 0 
1:'H, 14 -;,,oo 5 1,9. 53 49,ll9 0,00 0,05 0,51 1., C. ... - ' B ~-°'~ 4 t;l',50 49,49 0,00 o.oo O,CO 
1259 16 ~.:JO 4 5C,47 49,51 0,00 0,00 0,00 
11:)5 17 -;,,oo 5 49.45 49,77 0.00 0,05 0, 71 
1 n ° 0,261 GRA~S CAReor: CEPCSITEO 
l '21 lP -;,, ::in 5 49,?5 4<1,94 0,00 0.06 0,64 
111" 19 -2.00 5 4Q,25 49,63 0,00 0,08 1,01 
1~4~ 00354 GRA•~S CARoC~. OEl'CSI TEO 
l]S2 20 -1. ~n s 4e ,65 49,50 0,25 0,23 1.33 
1151 o.1to9 GRA:-'S CARSO'; OEl'CSITE:l 

1)5~ ~!: 6.CTC'~ TEVDE~ATUR[ 550, 
N 

OEGREES CE-!T IGRAOE 1: 

lH~ C44~~Gf:> l"-LET GAS TO 49,~0 0,00 o.oo 50,19 0,00 TOTAL no·.: 19,'i CC/:.tc ISTPI 11.:,q 21 -2.00 5 42,48 4, 71 . 0,00 4 7.97 4,82 
lt.:>? 22 1.co ,. 4t,,59 0,33 0,00 53,04 0,03 
14?~ 21 :'I, CIC 4 47.19 0,21 0,00 52.58 0,00 
1445 24 -2,0:i '5 40,40 5,61 0,00 47.77 6,20 
l C;.; ~ 25 -2,0:i s 4(' . ~2 5,qo 0,00 It 7, 11 6, 15 
l~ rs; 0,1tB GRA :1s CM(eC 'i OEP:::51 Tt::> 
1~31 27 .:,.oo 4 47,41 o.oo 0,00 52.58 0,00 
l~•l 21l -2.00 5 ~9,67 ,6.40 o.oo 46,68 7,22 
l 'i 5" 29 •l, (JO '5 39,96 ti. 8 l 0,04 4t,.21 6,95 
1614 30 C,00 4 46,64 0,00 0,0'.) 53,35 0,00 
161~ Oo42e GRA~S CARSO~ :EPCSITED 



OATA TAKEN DURING ~UN 19 ON 16 JUL 7,. 

TJVf SAVP DELP IG'-S H2 co CHI+ CO2 H20 C 
1,110 1 2.00 1 512900 z3es3,;.0 196320.0 263371+.o o.o 
1017 2 2.00 l 1+6eo.0 221755.0 183821.0 250111.0 o.o 
1C24 3 0.00 l 5117 .o 2Hl40.0 195575.0 268261.0 0.0 
l ~ll I+ 11 .C'O 1 4668.0 21~3 tt 5e0 1U2441•0 249490.0 0.0 
142 <, 27 o.oo 2 2671+2.o o.o o.o o.o o.o 
1,,4 Q 25 o.oo 2 29e1,s.o o.o o.o o.o 0.0 
1454 26 o.oo 2 26976.0 o.o o.o o.o o.o 
l 1, 1 • 34 o .oo 3 o.o o.o o.o 999108.l 24677.0 
I ~ 4~ ~I, o.oo 3 o.o o.o o.o 1002733.1 22111.u 
lhS7 37 :i.oo 3 o.o o.o 0,0 10~6520.2 29424.0 
Pl" 3R o .oJ ' o.o o.o o.o 1003746.1 22'.H>6.0 

p3:, e 550.0 

1:>30 6 l f. .o o.o o.o 30 • 0 o.o 
1:, 0 5 :i.oo 4 11056 .o o.o o.o 559448•1 o.o 
1J50 6 o .oo 4 1008 5 .o o.o o.o 522506.0 o.o 
11"5• 7 n.oo 5 891A.O 73273.0 19.0 491123.0 57981.0 
1116 f! -1.00 5 8039.0 68497.0 0,0 463S50,0 47939,0 
lDl 7 n.,.u 
1135 9 o.oc I+ 11114.0 o.o o.o •56<o447•1 o.o 
11 "" 10 -.i .oo .. 1.-i11e.o o.o u.o 526iJ56.1 o.o N 

°' 11,;" 11 -1 .co 5 A72 I .o 74457.o 17,0 485919.0 81413 . 0 "' 120"1 7 32.l+U 
1214 12 -1.00 5 7At;0 .o 708AA.O 120.0 455820.0 59926.0 

1731 6 16.0 17.0 o.o 1s.o 0.0 
1233 7 32.420 
1215 13 0 .00 4 ll49 A.~ 243691.0 o.o 296?71 • 0 0.0 
1?44 14 o.oo 4 1035?.0 229809.0 o.o 281396.o o.o 
1254 15 0.00 5 9231! .0 20HB6.0 l+!Hl,0 245270.0 67324.0 
11:1 7 32.633 
1'11 16 -1.00 5 8627.o 254409.0 4949.O 231291.0 50350 .0 
1321 7 32.747 
l3U 17 o.oo 4 1134 2 .o 240736.0 0.0 289626.0 o.o 
1 )34 l! o.o:> 4 10304.0 225545.0 0,0 2709)2.0 0.0 

l4C C 6 32.0 o.o 0,0 o.o o.o 
l4P 21 ,1.00 4 29413.0 o.o 0,0 6656.0 o.o 
142t; :?? o.oo 4 26742.0 o.o 0,0 0.0 0.0 
1432 21 o.oo 5 29012.0 o.o 13306,0 o.o 0.0 
14~9 24 o .oo s 26209,0 o.o 1071!>.0 0.0 0.0 

1439 P. 400.0 

1439 6 12.0 o.o 0.0 0.0 0.0 
1444 7 32.612 
l'-"a 25 0.00 4 29A6S.O o.o 0.0 0.0 0.0 
14 54 26 0.00 .. 26926.0 0.0 c.o 0.0 0.0 
15 01 27 n.oo 5 29393.0 o.o 7542.0 0.0 0.0 
1~ o a 2~ 0 .00 5 26 595.0 0.0 n26.0 0.0 0.0 
1514 7 32.450 



1516 29 J.oo ,. 29ij59.0 
1~2~ 30 .: .o~ 4 111 0 5.0 
1~ 1 5 31 0.0 0 5 i9645.0 
1 ~47 7 
1 ~4~ 37 r..oo ., u, ~411.0 
1~ - = 7 

-i.o o.o o.o 
0,0 0,0 o,o 
0,0 4342.0 o.o 
o.o 3175.0 O,Q 

o.o 
o.o 
o.o 
o.o 

32.362 

320300 

N ... ... 



DATA TAKEN DURING RUN 19 ON 16 JUL 74 

TMf CALIBRATION GASES ARE ICNO~IN TO RE 
IGAS H2 co CH4 CO2 H20 

l 25. 17 24e94 24.97 24e94 0.00 
2 100000 o.oo o.oo 0o00 0o00 
3 0,00 0,00 o.oo 96088 3 o 11 

CALl"RATIOl's GIIS SAVPLfS FOil TH Is r>uN WERC ANALYSED AS 

TI''!: SA ''P DELP !GAS H2 co CHI+ CO2 H20 C 
l :'.' 10 l 2,00 l ;!~.24 25,13 24,99 24,62 OoOO 
lC'l1 ? 2,00 1 2~.01 ;,,,.q~ 24,99 2<+,97 0,00 
10 24 3 0,00 l 25,19 24,79 24.91 25,09 OoOO 
lC'l31 4 ",00 1 25,11! 24,75 24e98 25,08 0,00 
1425 n c.oo 2 100, l' J 0, 00 0,00 J,00 0,1,1, 
1 .. 4. 25 C,00 2 1oc, c o u,oo 0,00 0,00 o.oo 
1'+54 26 J,O :J 2 1:JU,;J\,) o, oo o,uo o,uu Ci,UO 
lt. l ~ 34 (l,!10 3 n.oo o,no O, 00' 96,!!9 3,10 
l64? 36 e.o~ 3 0, 0 '.J o.no 0,00 ?7,13 2,86 N 

0, 
1!!~1 37 C,OJ 3 o,oo o, oo 0,00 96,51 3,48 .... 
1715 !A 0,00 3 o.oo o,r.o o.oo ?7,19 2,80 

l'1E RF.LATIVE CALIP~AT!ON 
A~EA COEFFICEl'slS ARE 0,0lP.918 00!187132 Oo 734255 1,000000 00770713 00026969 

AT~~SPt-<ERIC ?ll ES5URE WAS 762,00 . 
THE WEIGHT OF CATALYST INITIALLY CHARGED TO THE REACTOR IS 0,250 GRAMS, 

THf C",Rnss t, f I CHT OF Tt-<E CATALYST CARRIER ANO !:USPENSION MECHANl!,M IS 31,967 GRA,..S, 



CATI\ TAl<E~ OUQING ~U": 19 ON 16 JUL 74 

T:"E !i-A"I" !';[LP !GAS 1-12 co CH4 CO2 1-120 C 

l "13(1 Qf.\CTCQ TE"l'ERATUPE 550, DEGREES CENTIGRIIOE 

: :'3~ C ._,A ~ :G ~~ l':L!::T GI\S TO 49,PC o. oo 0,00 50, 19 0,00 TOTIIL. FL.Olli 19•9 CC/SEC ISTPI 
l~'.! ~ 5 o.oo 4 47,00 o.oo 0,00 52,99 o.oo 
1(":~~ 6 :i.oo 4 4f.,fl9 o.oo 0,00 53,10 0,00 
l ,15 • 7 J,00 5 39,70 7, 73 0,00 46,00 7,C4 
1 llf- fl -1,00 5 3°,97 7,81 0,00 46,Ql 6,29 
1131 0,445 G1AMS CARBO~ OEPOSITEJ 
1135 9 '.' ,CO 4 It/',, ~9 (l,(10 0,00 53,10 o.oo 
11'-'- 1:i " ,00 4 41,,79 O,ClO 0,00 53,20 0,00 
l l ~ 4 II -1.00 ~ 17,~l 7, 1?. 0,00 44,71 9,72 
11~~ 0,447 GRA:15 CAR90N CE~CSITEJ 
1~14 1~ -1,0I) 5 3P,11 8, 05 0,01 45,95 7,83 

lBl Ctt11--::;ro l~LET GAS TO 4<l,89 24,95 0,00 2,. 14 o.oo TOTAL. FLC:. 19,t CC/Si::C ISTPI 
ln~ 0,452 G'lA'1 S CAR!:C'; :>EP:OSI TE:~ 
!?JC. l' ",00 4 47,24 25,H 0,00 27,40 c.co 
1?44 14 r, ,t"O 4 4f.. 56 2~,61 0,00 27,81 0,00 
1?54 15 cl,00 5 39,52 29,35 0,54 22,52 8,02 
l ,n 0,665 GRA:1 5 CARt:C:, 0£.-CSI TE:) 
l'Hl l f. -1 ,00 'I 4C,60 2P.,57 0,67 23,64 6,50 
1 l21 0,779 GR11:1, s CARBC:, ::EPCSJTO 
112~ 17 :J ,OC 4 47,44 25 •'• 2 0,00 27,13 0,00 
1'34 B (',00 4 47,19 25,56 0,00 27,24 0,00 

1400 CliA 'IGfO l'i LET GAS TO 100,00 0,00 0,00 0,00 0,00 TOTAL FLc~· 19,11 CC/SEC ISTPI 
l 41 ~ ;:1 C't,t"O 4 9'>,)S 0,00 0,00 a.(> 1 o.oo N 
141~ n ::,.cc 4 lv J ,JO o.co J,00 v,Uv U,OU : 
1432 23 :J,CO 5 9G,]2 0,00 1,67 0,00 0,00 
14]~ 24 (',CO 5 9P,51 o.oo 1 ,1t6 0,00 0,00 

14)9 ~E~CTC'I? JE ·-t• •ER/\TURE 400, OEGRfES CE'NT !GRADE 

1<.31? C••1o -.: c;:O J•:LET GAS TO 100,00 0,CO 0,00 0,00 0,00 TOTAL FL~;-,: 19,8 CC/SEC CSTPJ 
1444 0,645 GRA"S CARf.C!, '.:£F•::. sJTD 
l'-'· • .!' c.o:J 4 100,00 0,;JO 0,00 v,ou 0,00 
14~4 2~ o.oc 4 l c.lO ,JO o,uo 0,.JO u,oo O, vO 
1~:)1 n 0,00 5 99,05 O,ClO 0,94 0,00 0,00 
1 ~ :, a 2~ J,c>O 5 99,2? 0,00 0,77 0,00 o,oo 
1'>11. 0,482 GRAYS CA~ec~ ::>E?~SiTf~ 
1516 29 c,oo 4 100,00 o,co o,oo 0,00 o.uo 
l~B 3::, c,oo 4 lilJ,0ll O,.JO U,00 J,t.:.J 0,UJ 
1~1~ ~l r',CO 5 9q,45 a.co 0,54 0,0C 0,00 
1542 0,395 GRArlS CARbC~i ::>EP:;sr TEO 
1545 32 0,00 5 99,57 0,00 0,42 0,00 a.oo 
l~O~ 0,332 GRA•~s CARec·i DEPOSJTEO 



DATA TAKEN OURJNG RU~ 20 ON 18 JUL '" TJ••E SAYD DELP IGAS H2 co CH4 CO2 H20 C 
0 21 1 1.00 1 S04 7 .o 1'<1234.0 196032.o 266043.o o.o 
92!! 'l 1.co 1 463900 221724.0 183329.0 248465.o o.o 
Cl]~ 3 o.oo 1 S0115,0 239036,0 197283.0 267333,0 o.o 
<141 " 1.co 1 4687,0 223009,0 1861194.0 250005,0 0,0 
q5111 s OoCO 2 29594,0 0,0 o.o o.o o,o 

1010 6 o.oo 2 26612,0 o.o o.o o.o 0,0 
lbS'I .,, OoC'O 3 o.o J,O o.o 1062723,2 27311,0 
172,- )5 •1 .oo 3 0,0 o.o o.o 1059382 • 2 26360.0 

94Q 6 48,0 o.o o.o o.o o.o 

""" fl 5SOoO 
Q'" 5 0,00 ,. 295 9,,. 0 OoO o.o o.o o.o 

1 :i 10 6 o.oo ,. 26612.0 o.o o.o o.o o.o 
1 ~'.'~ 7 31,860 
1034 7 0,00 s 29639,0 OoO o.o o.o o.o 
1 "" 1 8 o.oo 5 2669800 OoO OoO 0,0 OoO 
10 51' 7 311862 

11 0 3 6 lb,0 34.0 OoO o.o o.o 
11('~ 9 o,oo ,. 111192,0 "119823,0 o.o. 51.0 o.o 
1111 10 0,00 4 101109,0 466730,0 0,0 o.o o.o N .,, 
11 B 11 OoOO 4 118118 oO 49047300 0,0 o.o 0,0 "' 1121 12 -1.00 '5 1046200 47006700 0,0 H3o0 7'08,0 
1131 7 311907 
114 I 13 o.oo 5 llb21',0 496561 ,0 o.o 35710 244310 
1149 7 311930 
11 !i 5 14 -1.00 5 1073210 471768,0 o.o '+191,0 2059.0 
171 ,1 I'!> -2.00 !i 1177 fl ,O 49144/>oO OoO 57000 3297 oO 
1?14 7 31.966 
1226 16 -2,00 5 10733 .o 4661165,0 0,0 31400 21uoo 
1~ .. ,. 7 32,024 
l 251o l~ •2,00 5 107{' 0,0 47059000 0,0 13Z7o0 282600 
13'.'• 19 -2.00 5 1174-'l,O 494290,0 14000 60400 3269,0 
1112 7 320017 
l Hl 7 32,161 
1~?~ 20 •2,00 5 10701' • 0 467203.0 OoO 472.0 4647.0 
: "11 ?1 -1.00 ~ tPr.,.o 493655.0 52,0 71600 484900 
! 151 27 -1.00 5 106t.8o0 464616,0 o.o 656,0 507800 
l4Cl!\ 23 -2.00 5 11632,0 493374,0 0,0 1127,0 724500 
1412 7 32,280 
l 42" 24 -1.00 5 10733 •ll 46785200 0,0 11900 0 7683,0 
142° 7 32,374 

142° 6 32,0 OoO 0,0 0,0 o.o 

lt. 3<1 6 16.0 OoO 0,0 30,0 OoO 
1 .... , 25 o.oo 4 112011,0 l'.le4oO 0,0 566316, l 0,0 
145;> 26 0,00 ,. 1039100 323,0 0,0 ~4303401 0,0 
1-:,on 7 32,171 
l5C4 27 0,00 5 91, 0 9.0 52267,0 18,0 !>19333.o 42078,0 
l~H 211 -1.00 !i 856300 5391,a,o o.o 4916b6o0 4272000 



1~n 7 32 o 371+ 
1 o;i.4 2Q -2000 ' 92l?o0 6036300 OoO 512'+1+0oC !i05l'+o0 
1,-r, .. 30 -loOO 5 840100 51!90300 OoO 486112500 4680600 
1 ~.,., 7 320377 
l t> l ~ H -2 .oo 5 9021.0 65527.0 OoO !i08153o0 5874500 
1~31 7 320380 



DATA TAKEN DURING RUN 20 ON 18 JUL 74 

THE CALl!IRATION GASES ARE KNOWN TO BE 
IGAS H2 co CH4 CO2 H20 

l 25 .11 24.94 24.97 24.94 o.oo 
2 100.00 o.oo o.oo 0.cc 0.00 
3 o.oo o.oo o.oo 96.76 ,.2, 

C-'Ll!l~ATION GAS SA~PLFS FOR Tttl S RUN WERE ANALYSED AS 

r r•·r SMP OlLP IC.AS H2 co CH4 CO2 H20 C 
921 1 1.00 l 2s.10 25,16 24.83 24.90 o.oo 
92P ' 1.00 1 25.21 24.1!4 24.94 24.98 o.oo 
93'1 l o.oo 1 25.19 24.Rfl 24.94 24.97 o.oo 
941 4 1.00 1 25.18 24.74 25.17 24.89 o.oo 
<l",!' !I o.oo 1 100.00 o. oo o.oo o.oo o.oo 

1010 6 o.oo 2 100 .00 o.c,o o.oo o.oo 0,00 
16~1 33 :-.oo 3 o.oo o.no o.oo 96.89 1.10 
PU. 3'!> -1 .oo 3 C1.oo o.oo 0,00' 96.99 3.00 ... 
T• •E :'IF.LATIVf CALlf'RATION :::: 
A~EA COEFFtCENTS ARE o.01s677 0 .8975 33 0.739083 1.ouooco o,eo2260 0,027196 

~T ~rSPHfQIC PRFSSURf WAS 7S9.96 • 
THE ~EIG~T OF CATALYST INITIALLY CHARGED TO THE REACTOR IS 0.252 GRAMS. 

T.,E GROSS WEIC.~T OF THE CATALYST CARRIER AND SUSPENSION l'fCHANIS~ IS 31,943 GRAMS, 



O•H/1 T/\~EN l"L'RING RUN 20 o·• ,, lA JUL 74 

Tt"f. SA''I> DELI> !G4S H2 co CH4 CO2 H20 C 

()40 C•iA'!Gf'.) l •: L£T GAS TO 100.00 o. ao OoOO o.oo OoOO TOTAL FLO ,/ 29o7 CC/ SEC I.STPI 

<140 lff ACT!"'l Tf"PE 1U TURF 5~0. OEGPEES CE NTIGRADE 

"5 Q 5 !"lo CO 4 100.00 o.oo o.oo o.oo OoOO 
l .' 10 6 J oCO 4 1ua . 00 o. oo o.oo o.oo o.oo 
l ~3(' 00016 GRA'lo S CAR30\ DEPOSJTE:l 
1::% 7 0.00 ~ )llJe OO o. oo J. ou o.oo o.oo 
l J 4l ~ o.oo ~ luo .o o o.oo o.co o.oo o.ou 
l"'a,a 0.019 GRAYS CA fl !:C~ !)£1- CSITE::l 

11 :'1 1 C'-' 4':r.r l' l '1: LFT GAS TO 49o9A !10.01 o.oo o.oo o.oo TOTAL FLC.,; 111 .1: CCl!.t.C I ~Tl-I 
110~ q o.oc 4 4'>o06 50.<>3 OoOO o.co o.oo 
111 I 10 o .oo 4 4• • 39 s1.,-o o.oo ~.ou o.;.io 
111 • 1l o.~o .. 49 .02 50.97 o.oo o.oo o.co 
1127 17 -1 oCIO 5 47012 Sl.93 OoOO 0.01 0.92 
1131 o.063 GRAV.S CARSO;, CE PCS I TEO 
114 I 1] r .on 5 4~ol2 51.55 o.oo Oo03 0.28 
1 I,.., 00086 GRA !-IS CAR80r-; !)t.PCSJTt.:> 
115~ 14 -1 oOO 5 47066 5lo67 Oooq Oo4l 0.25 
1? l (' l'· -1.00 ~ 4Ao46 •;i.10 o.oo 0.05 Oo38 
1'14 o. 123 GRA!o'S CARSO:; 0£?:.SJ Tt.:l 
1714 16 -2000 s 48.09 51061 OoOO 0.03 Oo26 
l:>4~ 0 • ll!O GRAr~s CAkl!Of\ Ct.P C. SI Tt:> 
l2S'- l~ -2000 5 47074 51. 77 o.oo 0.13 0o34 
11 0• 19 •2o00 5 48.36 SlolB 0.01 o.os 0.37 
1~17 0.2 33 GRA'' S cAt<so:, u;;:,:s1n::: 
lHl 0.317 GRA' 'S CARSC.t-. OH·CU TEi> N 
1"211 20 -;,.oo 5 47oP.7 51050 o.oo 0.04 Oo57 ii1 
1'37 21 -1 .oo 5 4Ro24 5lol2 o.oo 0.06 OoS6 
l ~"~ 21 -1 oO O 5 ,. 7 oll 7 5104 3 o.oo 0.06 Oo62 
14 )Q 23 -;,.c,o 5 47.97 s1.01 o.oo o. 10 o.e, 
lt.P 00437 GRA~~S CARSO.-. 0EPCS1 TED 
1414 24 -1.00 5 '<7.67 51.26 o.oo 0.11 Oo94 
l,. :!• o.s10 G~A'1 S CA'<l.!C'I u1-c.s1 TEC 

1'-2Q ("-' 'G F''.) l'ILET GAS TO lOCoOO o.oo o.oo o.oo o.oo TOTAL FLC,. l9ob CC/!.EC IST?I 

14'\0 c••1t--•r,ro l"-LC'T GAS TO 4-9090 o.oo OoOO so. 19 o.oo TOT/oL FLC. '• 19o9 CC/SlC CSTI-I , .... ~ 2') :) oOO 4 41,o 91 o. 14 o.oo 52094 o.oo 
1452 U, o.oo 4 lo6o52 0.03 o.oo 53.43 o.oo 
1-;r!' Oo527 GRA~S CAR8C~ oE;:, ; sJTE:> 
1,;04 27 OoOO 5 40097 5.45 o.oo 1oe.6s 4o9l 
1 ~ 7.<, 2Q -1.oc 5 4~o l l 5o94 o.oo t.8.66 s.21 
153~ o.s10 c;~,. ;,s CARS:):, CE PC SITE:) 
1"44 20 -2.00 5 40007 6,27 o.oo 47077 5.87 
lt-0-t 30 -1 of'O 5 39. 57 6049 o.oo 4eol6 s.n 
1-.01 0.534 GRA"$ CARBO.°'l CE PCS I T£0 
1"' l Q n -?.(':) 5 39. 26 6077 o.oo 4 7 • 16 6079 
l !- '.'1 00536 GRA!I. S CAR!lCr, 0EPC5I TE;, 



DATA TAKEN DURING RUN 21 ON 19 JUL 11o 

T!'' E SA~•p DELP IC.AS H2 co CHI+ CO2 H20 C 
90J l 1.00 l 4646.0 222499.0 18590400 21+9382.o o.o 
904 2 1.00 l 5076. 0 235 .. 04.0 195922.0 267701.0 o.o 
9 li, 3 o.oo l 1t729.0 222371.0 187271.0 252012.0 o.o 
923 4 a.co l 5:l84e0 235924,0 196414,0 268421 .o o.o 

0 0 o.oo 2 290CO,O o.o 0,0 0,0 0,0 
1643 l!i o.oo 3 o.o o.o o.o 1007438.l 25284.0 
165~ 36 o.oo 3 o.o o.o 0,0 10534fH,2 26263,0 

'13~ 7 32 • 387 

9B I! sso.o 

'13' 6 16, 0 o.o 0,0 34e0 o.o 
}:JOO 7 32e3Slo 
1003 5 0,00 4 9511.0 0,0 0,0 559591,l 2ss.o 
l :> 11, t, 0,00 .. 10319e0 0,0 0,0 591617. 1 B6le0 
1031 ., -2.00 5 7647 ,0 58660.0 0,0 502050,0 44678,0 
l:l3'5 7 32.391 
l C'-f. II -1.00 5 8274 ,0 62502.0 o.o 528030.l 48341,0 
llCO 7 32.400 
11 01+ 9 o.oo 4 9too.o 0,0 0,0 56618801 263,0 
1117 10 0,00 4 103?9,0 0,0 o.o- 591508,l 279,0 
ID~ 11 -2.00 5 7S9?.0 59647,0 o.o 501+860,0 44218,0 N ..., 
1134 7 32,39!1 w 
1147 12 -1.00 5 8128,0 66853.0 0,0 527832, l 51161,0 

115' 6 30,5 4.0 o.o o.o a.a 
1159 13 0,00 4 25328 ,O 54544,0 0,0 1281,0 121.0 
1204 7 32e49l 
l:>ll 14 o.oo 4 274!!6e0 56775.0 o.o 543.0 o.o 
1219 15 -2.00 5 243P7e0 27665 .o 13252.0 3251,0 19760.0 
122" 7 32e63J 

122A 6 30.5 1. Q o.o o.o o.o 
1234 16 -2.00 5 28599.0 3359e0 9393,0 335.o 1n11.o 
124) 7 31 • 668 
124'l 17 n.oo 4 27129.0 134eB.O o.o 266.0 o.o 
1255 le o.oo 4 29327.0 13023.0 o.o 678.0 o.o 
1101 19 -1.co 5 2644!!e0 3733.0 8H5,0 344.0 10379.0 
1307 7 32.696 
1116 20 -1.00 5 28745.0 "238.0 86111.0 294.0 10705.0 
lHO 21 o.oo 4 27129.0 13te5.o o.o 390,0 o.o 
1334 7 32.722 
l 337 22 o.oo ,. 29396.0 13298.0 o.o 237.0 o.o 
1144 23 o.oo 5 26617.0 4~99.0 8059.0 312.0 10031.0 
lH9 24 o.oo 5 28761'e0 4493.0 8542,0 287.0 12039.0 
14(1~ 7 32e749 
1414 25 o .oo 4 27151! .o 13Hle0 o.o 178,0 o.o 
11+27 26 CleOO 4 29452.0 12924.0 o.o 292,0 C,O 
14'.17 7 32 • 719 14<. ~ 27 C',00 5 267390:l 40~1.0 8470.0 265.o 11012.0 
)457 28 -1.00 5 2PqHeO 5003,0 9792.0 e20.o 13153.0 
1511 7 32,el6 



1516 2q 11.00 " 27340,0 1367?.0 o.o o.o o.o 
1520 3:> :i.oo " 29631 ■ 0 12974,0 o.o 208,0 o.o 
H29 31 Cl,CO s 26772,0 lo962e0 7990.0 277,0 102S9,0 
H3"i 7 32e821 
15"4 7 320837 
B1o7 ,, n,oo s 2P91le0 6449,0 902800 267.o 121u.o 
1.r..~'I 7 32,856 
lt-OS n (1,00 4 2121o2,o 18756,0 0,0 1797 • 0 OoO 



OATA TAKEN DURING RUN 21 ON 19 JUL 74 

THE CAL IE!RA T!ON GASES ARE KNOWN TO BE 
IGAS H2 co CH4 CO2 H20 

1 25 • 17 24.94 24097 24.94 o.oo 
2 100.00 o.ov o.oo o.oo o.oo 
3 OoOO o.oo o.oo 96072 3o27 

CALl!'~AT ION GAS SA"'PLE"S FOR Tt-lS RUN WERE ANALYSED AS 

Tl''E SA~P DELP IGAS H2 co CH4 CO2 H20 C 
qo, l loOO 1 25.01:, 2-;.03 25.09 24oRO o.oo 
909 2 loOO l 25 .n 24oR9 24065 25.02 OoOO 
9I t- 3 OoOO l 25.21 24.112 250011 24.87 OoOO 
923 .. o.oo 1 25.19 24089 24086 25.04 o.oo 

0 0 c.oo 2 10:i.oo 0 . (, 0 Oooo o.oo OoOO 
1 643 35 llo\lv 3 o.oo a. oo o.oo 96,76 3o21 
1651' 36 o.oo 3 o.oo o.oo o.oo. 96060 3ol9 

THE RELATIVE CAL19RATIO~ N ... 
ARfA C0[FFICE~TS ARE 0,0166i.9 Oo61141U o. 736939 1,000000 0,756490 0,027902 "' 

AT~OSPHERIC PRLS5uRE 11:AS 759 o '16 • 
THE ~CIGHT OF CATALYST l'llTIALLY CHARGED TO THE REACTOR IS 00252 GRAMS, 

THE GROSS :,EIGHT Cf THE CATALYST CARRIER ANO SUSPENSION MECHAN ISM IS 31,643 GRA~S, 



DI.TA TAl<.EN DURING PU"l 21 ON 19 JUL 74 

TI '' ~ ~A''P !>ELP rr,As H2 co CH4 CO2 H20 C 
•n:i 0.543 GRA~S CARBCh DE~OSITlO 

O)'l 'IFACTCHI TEYPERATU'lf 550. DEGREfS CENTIGRADE 

<l)~ c•1M·:;fD H,LET GAS TO 46.68 o.oo o.oo 53. 31 o.oo TOTAL FLOW 21•2 CC/SEC ISTPJ 
l ~ C.:' 0.540 GRAVS Ct,RBC~. OEPCSJ TE:) 
l :' ::' " 5 o.oo 4 43092 o.oo o.oo 56.03 0103 
1016 6 0,00 4 44.07 a. no OoOO 55o81 0 • 10 
1:'31 7 -2.00 5 n. 10 6.65 o.oo 50,32 5,91 
1:n~ 0.54e GRll•~S CAUt:.Cr- OEl'CSITE:l 
l .:! '-6 ~ -1 .oo 5 37 o26 6069 o,oo 49.99 6•04 
11 C:J 00556 GRA:-S Cct.HBCti OEPCSJ Tf.O 
1 t :'4 9 o.oo 4 43.81 OoOO o.oo 56,15 0.03 
111" 10 o .oo 4 44 012 o.oo o.oo 55, 93 0.03 
1130 11 -2.00 5 36,~5 6.75 o.oo 50.53 5e85 
1134 0,551 GRA~S CM•eoN OEPCSITED 
1147 l? -1 .no 5 '36,65 1.13 o.oo 49082 6038 

115) CH•H;GfD 11\: LET GAS TO 94.16 5,~l o.oo o.oo o.oo TOTAL FLC\I, 2c.o CC/SEC ISTPI 
11~0 13 o.oo 4 93.68 6017 o.oo 0.12 0,01 
12 :: 4 0.647 GRA~S CARBC \ CEP:',SITE:l 
121' 14 o.oo 4 93.90 6004 o.oo 0,05 D.oo 
1110 l !I -2.00 5 92.03 3.17 1.e2 0.:,2 2,64 
1 '.';"4 0 • 787 GRA ''S CMHlC ', CEP:..SITE:> 

122• CH,\ \'GED l ': LET GAS TO 98.47 1.s2 o.oo o.oo OoOO TOTAL FLCI\ l9o2 CC/SlC ISTPI 
1234 16 -2.00 5 96,74 o.n lo20 Oo03 le66 
174" o.ez, GRA"S CAiieo~ CEPCSIT( :> N 
l 24CI 17 :: .oo 4 9A,45 1.s2 o.oo Oo02 OoOO .... .,. 
l?~~ 1• o .oo 4 9~.55 1.38 OoOO OoC6 OoOO 
1'3::? 19 -1 .oo 5 97.02 o.42 1113 0103 lo37 
1)(17 Oo8!>3 GRAJIS CARtlC'i CE P~~ITEO 
l" 11', ](' -1•<'<' 5 97.09 0~45 1.10 0102 lo33 
l ,~., 21 o.oo 4 9e.47 l o4P OoOO Oo03 OoOO 
1~~4 01878 GRA).IS CAR BC'; OEPC.SITE:> 
1137 22 OoOO 4 9Ao56 1 •" l o.oo 0102 a.co 
1344 23 o.oo 5 97.05 0.49 1 .09 0.03 1132 
l i~9 24 n100 5 96.91 0.,.7 1.0~ 0.02 le49 
l t. C'~ 00905 GRA~S CAReo~ OEPCSITEO 
1414 25 n.oo .. 9P,47 1.50 o.oo 0.01 OoCO 
142 7 '16 r.oo 4 9e.60 1.37 o.oo Oo02 o.oo 
1437 00936 GRA~S CARBO~ OE?CSITE:l 
l'-4'3 n c.oo 5 96092 0,45 1114 Oo02 1 o !<4 
lt.57 zq -1 oOO 5 96,53 0,52 lo 2 '3 Oo07 l.62 
I~ 11 00972 GRA~S CARSO~ Ofi,,CSIT~:> 
1,;1~ 29 o.oo .. 98.46 1.53 o.oo 0,00 o.oo 
1520 30 o.oo 4 9~.61 1•36 o.oo 0.01 o.oo 
1 ~7CI 31 o.oo 5 96.99 Oo55 1 .01 0.02 le34 
1,;~ .. o.91e GRA:-: ~ CA'leC', CE;, c s1 TE:) 
1~44 00993 GRAYS CM<eQ:, OEl'C!.IH.:-
l 54 7 37 OeOCI 5 96066 o.6s 1.14 0.02 lo49 



" 91.12 2.09 o.oo 0.11 o.oo 
1•012 GqA~S CARBON DEPCSllfO 

N ... ... 



DATA TAKEN DURING RU N 22 ON 22 JUL 7 

Tl'"f SA>: o !>ELP IG/.5 ,..2 co CH4 CO2 H20 C 
H24 l 3 .no 1 4999,0 244330,0 195550.0 262495.0 o.o p,, 7. 2.no l i.735.o 225509.o 188639,0 2521.40.0 o.o 
1,40 3 0,00 1 50!16.0 23444 l ,0 194825,0 266693.0 o.o 
1)<." 4 n.oo I 4749.0 nnao.o 165933.0 253162.0 0,0 
1 ?C. Q 5 1,00 l 5157.0 21se50.o 196185,i) 268t:23.0 0,0 
1407 6 C' ,00 2 27246.0 0,0 0,0 0,0 654,0 
l4IQ 7 o.oo 2 2969e.o o,o 0,0 0,0 o.o 
14?~ ! 0,00 2 27476,0 o.o 0,0 0,0 o.o 
l 1,2n 9 c.oo 2 29791,1) 0,0 0,0 0,0 0,0 

l • ~,. e 550, 0 

1,•4 6 30,0 0,0 o.o 0,0 0,0 
1354 7 31,850 

14 0 1 6 48,0 o.o 0,0 o.o 0,0 
l41J 7 31,857 

143 7 E, 16,0 34,0 0,0 0,0 0,0 
1449 11 o.oo 4 11170,0 463267.0 0,0 62.0 119,0 
l~Ol 7 31,905 
H 04 12 0,00 4 12030,0 4M7695,0 o:o 44,0 0,0 
15 11 13 -1.00 ~ 10R96.0 46117)6.0 0,0 486.0 2a11.o 
1~2• 14 o.oo , llBll,O 4'l39H.o 0,0 561,0 3640.0 
i s,~ 7 31.974 
l ~'• C' is C,00 , 10906,0 4 71124,0 o.o 593,0 3006.0 
1.-.0 I 7 32,037 
1..,00 17 -1.00 5 10960.0 473240,0 0,0 733.0 3747,0 
,~~4 H -1 ,CO ~ 1174P .o 41l6529,0 32,0 732, 0 5173.0 N 
H,2° 7 32,129 .... 

GD 
16'•0 19 -1 .oo ' 10877,0 473431.0 0,0 804.0 4481,0 
H,54 20 -1,00 5 11754,0 4'l5431 .o 52.0 1029.0 6320.0 
17 ~:, 7 32,248 



DATA TAKEN DURING RUN 22 ON 22 JUL 7 

THE CALIARATIO~ GASES ARE KNOWN TO 8E 
IGAS H2 co CHio CO2 H20 

l Boll 24o91o 21o.97 24.94 o.oo 
2 100.00 o.oo o.oo o.oo o.oo 
3 o.oo o.oo o.oo 100000 OoOO 

(ALIMATICIN GAS SA:,,PLES FOR THIS RU:-! WCRE ANALYSED AS 

TI ''E SAYP DELP IGAS H2 co (H4 CO2 H20 C 
1324 l 3o00 l 24oflR 25of.3 21oo87 21oo59 OoOO 
13B 2 2.00 l 25.0, 24086 2!lo22 24085 OoCO 
1140 3 o.oo l is. 30 24070 24ofl9 25009 OoOO 
1347 " OoOO l 25 024 24066 2sooo 25007 OoOO 
1Hq 5 1 oOO 1 25039 24065 24086 25007 OoOO 
14<'7 6 Cono 2 99090 OoOO OoOO o.oo Oo09 
1419 7 OoOO 2 1coooo CoUO OoOO OoOO OoOO 
142'> e OoOO 2 100000 OoOO Oooo· OoOO OoOO 
1429 9 OoOO 2 1oooco OoOO OoOO OoOO OoCO N 

~ 
THE RELATIVE CALISRATICI"-
Aq[A COEFFICENTS A~E 00018789 001192943 o. 736501 1.000000 00689999 0•0273!)9 

ATVQSPHERIC PRFSSURE WAS 759096 0 

THE ~EIGHT c~ CATALYST INITIALLY CHARGED TO THE REACTOR IS o. 251 GRAMSo 

THE GROSS WEIGHT OF THE CATALYST CAIHHfR A"IO SUSPENSION MECHANISM IS 310850 GRAMSo 



DATA TA(EN DUA ING RUN 22 ON 22 JUL 1 

Tl~'E SA~,p DELP IGAS H2 co CH4 ccz H20 C 

1354 qE'ACTO!? Tf'\IPERATURE 550. DEGREES Cf NT I GRADE 

ll54 CHa.':GfO 111:LET GAS TO 100.00 o.oo o.oo o.oo v.oo TOTAL FLC.; 18e6 CC/SEC I.STF'I 
l 1'14 0.000 GRA''S CAR~Oh OtF'LSlTtO 

l'-C'l C•➔ A• : OE::J 1-.:LET GAS TO 100.00 o.co o.oo o.oo o.co TCTAL FLC.: 29.7 ,~1s::c 15TPI 
l'-3' 0.006 GR,WS CARf:ul, cu-~~· H:. 

14:P C•lf\Nc;EO l'ILfT GAS TO 49e99 50.0l o.oo o.oo o.oo TOTAL FLC,: l9efl CCl!.EC ISTPI 
l'-'•<l 11 o.oo 4 49.02 50.95 o.oo o.oo 0.01 
l~~l 0.055 GRl."S Ct.RSC\ ::lt:~CSl TE:; 
1504 12 o.oo 4 49.20 50.79 0,00 o.oo o.oo 
1511 13 -1 .oo 5 48,C2 51.51 o.oo 0.04 o.40 
15 ? 'i 14 ::' .C'O 5 48,26 51,19 0,00 0,05 Oe48 
1 'i )C' o. 124 GAAVS CAR8C r.. OEF'C.Sl TEO 
15'-0 15 0,00 5 47,91 51,60 0,00 0,05 0,42 
11'>"1 0.1&6 C.RA'~S Cl.r<l:C'- Oll-CSl Tl:. 
lf>09 17 -1,00 5 47,~1 51,56 0,00 0.01 0,52 
lf-24 11! -1.00 5 47,91 ,1.32 0.90 0,06 Oe69 
1;i.;,<1 Oe278 GRl.~S Cl."B0 1, CE,..CSI TEO 
164;': 19 -1.00 5 47,62 51,66 0,00 0.01 0,63 
16~4 20 -1 .oo 5 47,e9 51,16 0,00 0.09 Oe84 
170:' 0,397 GRJ.VS CJ.REIO\ OEF-OSIH.:. 

N 

8 



OATA TA(EN DURING RUN 25 O"I H JUL ,,. 
Tl~'f SAt••P DELP !GAS li2 co (Hit CO2 H20 C 
lUI- l c.oo 1 477,..o 226036.0 186882.0 254713.0 o.o 
1234 2 o.oo 1 5142.0 235772.0 196307.o 268089,0 o.o 
12'- l 3 -1 .oo l 41123,0 226030.0 181!823.0 25';1154,0 o.o 
l 24<1 .. 0,00 l s11,1.o nll436,0 197625,0 269(,28,0 o.o 
17,H 24 o.oo ' o.o o.o o.o 10!>9528, 2 23966,0 
17111 25 0,00 3 o.o o.o o.o 1015552,l 22910,0 
1219 7 31.878 

1220 e 550,0 

122'.l 6 4P.o o .o o.o o.o o.o 
1255 5 c.oo ,. 2763?,0 o.o o.o o.o o.o 
1255 5 0,00 2 27632,0 o.o o.o o.o o.o 
l 301 7 31 • 894 
130'- 6 o.oo 4 29111-600 o.o o.o o.o o.o 
1104 6 :i.oo 2 29A66,0 o.o o.o o.o o.o 
ll 10 7 o.oc 5 27713,0 o.o o.o o.o 169,0 
l ~23 " o.oo 5 29RR9,0 o.o o.o 121.0 o.o 1)2Q 7 31 .9CS 

l 133 6 11 .. 0 34,0 o. O' o.o o.o 
lH6 9 c.oo 4 111115,0 466165.o o.o 137,0 o.o N 

13!>:l 10 0,00 ,. 12021.0 490293,0 o.o 120,0 o.o !!! 
1H7 11 o.oo 4 1123~,0 '-64877,0 o.o 2oe.o o.o 
1401 7 31,926 
1401. 12 -2,00 5 11740,0 495968,0 o.o 424,0 1750,0 
l'-111 13 -2.00 5 10944,0 470130,0 o.o 386,0 1699.0 
l<.'l'.1 7 310971 
l<. 31, 14 -2.00 5 11716,0 4951110,0 o.o 122.0 2814,0 
l<.49 l!, -2.00 5 109)1 .o 471459,0 o.o '-50,0 ,,,.,.,0 
1~07 7 32,029 
l5Jf. 16 -2.oc 5 11733.0 495375,0 o.o 536,0 3713.0 
152'.I 17 -2.00 5 10908 .o 470591,0 o.o 625,0 t,)89,0 
l'>l0 7 32.111 
lH5 111 -;,.oo 5 1l6Pl,O 494052.0 725,0 1440.o 54e, .. o 
1~5 C 19 -2.00 5 10 ~41,0 41\9361,0 o.o 982,0 6524,0 l ,., 1 7 32.2'-9 
lt.::l6 20 -2.00 5 116 82,0 io9341P,O 1688.0 2837,0 9667,0 
ll>lP 21 -2.0:> 5 1:)8 lC .o 468112,0 o.o io0ll3,0 99)0,0 
1621' 2? -2.co 5 llt.111.0 45643A,O 1746,0 27499,0 22589,0 
1630 7 32,606 



~ATA TAKf."' DURING RUN 25 ON 25 JUL 74 

T'l f. CALl!!RAT!O•; GASfS ARf K•:o i,'N TO RE 
IGAS H2 co CHI+ CO2 H20 

l 25, 17 24,94 24,97 24,94 0,00 
? 100,00 o.~r 0,00 0,00 0,00 
3 0,00 0,00 0,00 96,98 3,01 

CIIL!l'IQI\TIO\i (;I\!, Sl\'1PLfS FOR THIS PU"I WF.Rf I\NI\LYSE'D ~s 

TI''!: SA"P DfLI' IGAS H2 co CH4 CO2 H20 C 
12:?f. l ('1 ,00 l 2,.01 25,02 24,95 24,94 0,00 
123'- 2 r.,ro l 25,2 ~ 24, 8 l 24,93 24,96 0,00 
1241 3 -1 .oo l 25,13 z4,q7 2S,07 24,91 0,00 
1?4C> 4 n,no l 25,?0 24,92 24,92 24,93 0,00 
1703 24 0,00 3 0,00 0,00 0,00 97,03 2,96 
1..,1 4 2S ~.or 3 C,00 O,C'O 0, 00 97,03 2,96 
l ?">~ .. .; ,OiJ 2 10:i ,oo 0 , GO 0 ,00 o.co 0,00 
11v'- 6 0,0v 2 lll \J ,U0 U, Cv U, 0J u. cu u. -: o . 
Tuf QELATIVE CALlr RATIO~ 
A~EA COEFFIC[ ~TS ARE 0,01880d 0, Btlt.673 0,733306 1,000000 0,739266 0,0273!>0 

AT¥CSPHERIC PQfSSURf WAS 759,96 • 
TH~ ~EIGHT OF CATALYST INITtllLLY CHARGED TO THE REACTOR IS 0,249 G"IAt'S, 

N 

TH!: GO C$ S \~EI Gt<T CF THE C,I.TALYST CA RR IE f< ~NO SUSPENSION ~1ECHA N I SI' IS 31,e12 GRA"'S, ~ 



:>ATA TAKE"- OUR l"IG RUIII 2'> ON 25 JUL 74 

T l~•F SA'IP OELP (GAS H2 co CH'- CO2 H20 C 
1219 0.006 GRA''S CI.Rt0'• OEPCSf TCD 

1220 RfACTOll TEMPERATURE 5500 DEGREES CENTIGRADE 

1Z20 Ct-tAt,;GED f"lLET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLCW 29o7 CC/SEC CSTPI 
125~ 5 :i.oo 4 100.00 o.oo o.oo o.oo o.oo 
1301 0.021 GRAVS CARBO'l C[POSfTD 
l)C4 6 o.oo 4 100.00 o.oo o.oo o.oo o.oo 
l 'HJ 7 o.oo '> 99.97 o.co o.oo o.oo 0.02 
112~ 8 o.oo 5 99.98 o.oo o.oo 0.01 0,00 
13;:q 0,033 GRAYS CARBC• OE~CSITfD 

llH CHA'lGfO fl!LFT GAS TO 49098 50.n1 0,00 o.oo 0,00 TOTAL FLOw 19,8 CC/SEC C STP I 
lB/, 9 C' ,00 4 4A,6? 51, 7.9 0,00 0,01 o.oo 
lHJ 10 c.oo 4 4q,~6 51,12 o.oo 0.01 O,C/0 
1357 11 C,00 4 48,85 5lol2 o.oo 0.02 O,CO 
14:l l 0,054 GRA'1 S CAl'<!lC.r, OEPCSJTD 
140!, l? -2.00 5 47,91, ~H, 77 0,00 0,03 0.21 
141A 13 -2.00 5 47,92 51,Sl 0,00 0,03 0,22 
1430 0,098 GRA'1 S C.lR!IO'i D£POSITED 
l<. 34 14 -2.00 5 47,89 Sl,69 0,00 0,06 0,35 N 

}449 H -2.oc 5 47,72 51,79 0,00 0,04 0,43 e 
l~C2 Ool57 GRA"S CARBC'i DEPOSITED 
l ~Ct, 16 -1.00 5 .. 7,86 51,62 o.oo Oo04 0,1o6 
l 57:l 17 -2.00 5 47,65 Sl,70 0,00 Oo06 0,57 
1530 0,241 GRAf,'S CARBO!, O[PCSf TE:) 
l ,;3,; l II -1.00 5 47,65 'H,lo3 0,09 0,13 0,68 
l~5n 19 -2.00 5 47.44 51,59 0,00 0,09 o,es 
lt.01 0,376 GRAYS CARBO!II DEPO$f TfD 
1606 2:l -2,no 5 47,32 Sl,01 0,21 0,2, 1,19 
161M 11 -?,00 5 47,10 51,20 0,00 Oo39 1,29 
162• 22 -2,00 5 47,19 47, 26 0.21 2.51 2,79 
1630 0,733 GR~YS CARBC~ OE?~SITEO 



CATA TA~E~ DU~ING RUN 2b O'l 2b JUL. 74 

T l '•:E SA'-'P OE'L.P IGAS H2 co CH4 CO2 H20 C 
1C2'i l OoOO 1 510900 23710500 19t.lb4o0 26777100 0oO 
lC:31 2 OoOO 1 479P. o0 22710700 19017000 25606900 0o0 
1:-3q 3 loOO 1 517400 236930oo 19738100 26959900 0oO 
1 ~'-5 4 :ioro 1 4@95.0 224868.0 187475.o 25763200 o.o 
H,Jf, 2P JoOO 2 7R052o0 o.o OoO 232.0 0,0 
1613 29 OoOO 2 30209.0 o.o 0,0 0.0 o.o 
l !>2 <; 30 o.oo 3 o.o o.o o.o 1019568•1 22539•0 
H,4! 31 Oo00 3 o.o o.o 0,0 1067184.2 24167.0 
l ~C5 7 '2t601 

1 :io• 6 16,0 o.o 0,0 3000 0,0 

l ::3 l e 400t0 
1::H 5 Oo00 4 11221.0 o.o 0,0 562?48ol 242t0 
11 OC" 7 ,2.61' 
l 1C7 6 n o00 4 10570 ,0 Oo0 0,0 531!988,l o.o 
111 '> 7 -1.oc 5 1C79A,0 506200 20.0 5655e5.l 584600 
1131 8 -2.00 5 10096,0 450700 o.o 541'-36, 1 473700 
1135 7 320620 
1 l '-6 9 Oo00 4 112A2,0 0,0 o.o 565817, 1 0,0 
1154 10 0,00 4 1043•00 0,0 Q,0 538774,l 0,0 
llC't"' 7 320620 
1204 11 -1 ,00 5 1oe6?,0 6731•0 0,0 5C:8B98tl 4752.0 
1217 12 -1 oOD 5 10125,0 3227,0 o.o 544723,1 3639,0 
lB7 13 -1 oOO 5 1J907,0 39PA,O 0,0 569443.1 ssee.o 
173'> 7 320620 
12 .. 11 14 CoOO 4 10475,0 u.o 0,0 5'-06A2,1 eioo 
1257 15 o.oo 4 11298 .o OoO 0,0 56670901 o,o 
13 :' 1 7 32,620 N 
u:s 16 -2.00 5 1012100 414500 o.o 54454001 4355,0 ~ 
1H9 17 -1.00 5 1on12,o 3191,0 o.o 571?78ol 3423,0 
1331 7 32,617 

1 ?J4 6 30,5 0,0 o.o 0,0 0,0 

1346 6 30,S 3o5 0,0 o.o CoO 
13,.9 18 OoOO 4 25876,0 41!423,0 0,0 580,0 0,0 
135'> 19 OoCO 4 290 0 2.0 50433.0 o.o 42400 o.o 
l'-n 2 0,00 5 25797,0 50293,0 62•0 44900 977.o 
11,:)<; 7 32,621 
1416 21 -2000 5 27e9~oo 5306600 92.0 315,0 69000 
143!' 22 :l,00 4 259~7.n 4910~.:i q3.o 213 .0 o.o 
1433 7 32.616 
1445 23 0,00 4 2!11900 506e5.o OoO 245t0 q.o 
145P 6 H,.o 34o0 0,0 0,0 0,0 
1507 7 320616 
1~17 25 -1.00 5 116'-6,0 502223.0 o.o 24400 304,0 
l 'i 31 26 :)oOO 4 11291,0 471559,0 o.o 121,0 0,0 
1534 7 320621 
l ~" ~ 27 -2o0:' s 11637,0 5 ,13031,:) o.o 241,0 c.o 
H,C2 7 320621 



DATA TAKE, DURI NG RUN 26 ON 26 JUL 74 

T«E CALlrlqAT 101\ GASES Aqf K'IO\\'N TO flf 
IGAS 112 co CH4 CO2 H20 

1 25.17 2 ... 94 24,97 24,94 o.oo 
2 100,00 0,00 0,00 0,00 o.oo 
3 0, 0 0 o.:w o.oo 97,01 2,98 

CI\LISRATI O, GAS SA'IPLES FOR THIS RUN WERE ANALYSED AS 

Tl-''f SA'·'P '.>ELP IGAS M2 co CH4 CO2 H20 C 
1~25 1 C.,CO 1 2-;, 13 25.02 24,91 24,92 0,00 
1 :> 31 2 :i.oo 1 2 .. , 95 2, .. 99 25,19 24,A!, 0,00 
1,)). 3 l,C'O 1 25,25 24.~I, 24,91 24,()!, 0,00 
l '14~ .. ('1 ,00 1 25,16 24,7b 21o ,P,4 25,02 O,CO 
lbCh 2~ 0,00 2 99 ,97 0,00 0,00 0,02 O,CO 
1613 29 0,00 2 lJ:J,00 o. uu o,oo o.o u o._.o 
I c,i,; 30 JoOC ) v, oo o.eo 0,00 97 o l l 2.ee 
1h41 31 o.co 3 o. oo c.r.o 0,00 ?7,0 .. 2,95 

N 
00 

T><E ~ELATIVE CALlqRATI ON ... 
AREA COE~F ICf ~TS ARE o,u1 ae 2<. O,ijb2077 0.7321137 l,Ouvuou 0,7,.,.~10 0•0276H 

4T v~sP~ERIC PRESSURE WAS 759,96 . 
T"1E ~EIGhT OF CATALYST I NITIALLY CHARGED TO THE REACTOR IS 0,249 GRA"S, 

r~F. GRtss WEIGHT OF THE CATALYST CARRIER A~D SUSPENSION l' ECHAN IS"' IS 310872 GRAYS, 



!'.IIITA TAH•I DURING RUN 26 ON 26 JUL ?It 

Tl"F 5AVP DELP IGAS H2 co CH4 CO2 H20 C 
1:)0'} 0.729 GRA"S CAR90r: OE PCS I TE:> 

100'1 (HANGfO INLET GAS TO 49.80 o,oo 0,00 50,19 0,00 TOTAL FLOW 19,9 CC/SEC ISTP I 

1('131 "EACTOR TE''PERATURE 400, DEGrlEES CE~TIGRAOE 

10'.i) 5 o.oo 4 47,01 o.oo o.oo 52,95 0,03 
llCI<' Oo71t5 GRAl'S CAqeo\ OEP:SITEO 
11::1 6 o.oo 4 ltb,93 o.oo o.oo 53•06 0,00 
111'> 7 -2,00 5 45,54 0,53 o.oo 53,17 0,73 
1131 A -2.00 5 45.39 0.50 0,00 53,46 0.62 
113'; 0,71t7 GRA.'1 5 CARBO', DEPOSI TE:> 
ll4t, 9 0,00 4 46,99 o. no o.oo 53.00 o,oo 
1154 10 C,00 4 46,70 0, 00 0,00 53.29 0,00 
1201' 0,747 GRA '•S CARl!Oil OEP CSIH:l 
1204 11 -1. 00 5 4~o51 0,71 0,00 53. 17 0,59 
1217 12 -1 ,00 5 45,44 0,36 0,00 53,71 0,48 
1237 13 -1.00 5 45,bS 0,42 0,00 53.22 0,70 
12H 0,747 GRA"S CAIISO'; DEPOSITED 
17'-!I 14 o.oo 4 46,68 0,00 o.oo S3. 11 o.oo 
l;>t;7 15 o.oo 4 46,98 0,00 o,oo 53,01 0,00 
PC1 0,71t7 GRAYS C'-ReC', CE~::~t TfD 
l 30 5 16 -2.00 5 45,34 0,46 0,00 53,61 o.n 
l~l<l 17 -1 ,00 5 45,64 0,33 o.oo 53,58 0,43 
13)) 0,744 GRAWS CARBC~ OEPCSI Tl::> 

t n4 CHM:GfO l' 0LET GAS TO 100.00 O,JO 0,00 0,00 0,00 TOTAL FLO:,,, 18,'i CC/SEC I STP I 

11'-f. CHA'lGE'O INLET GAS TO 94,87 5,12 0,00 0,00 o.oo TOT.lL FLG.; 19 • c; CC/ SEC I STP I N 
1'4Q 18 o .oo 4 94,53 5.40 o.oo 0,05 a.cc s: 
115~ 19 C,00 4 94,66 s.29 0,00 0.03 0,00 
l'-01 2 o.oo 5 94,21 5,60 o.oo 0.04 o. 12 
14('1'; 0,748 GRA''S CA ~ec·. OEPGSITED 
1416 21 -2.00 5 94,29 5·,!!>? 0.01 0,02 o.oa 
143~ n 0,00 ,. 94,50 ~.46 0,01 0.02 0,00 
1433 0.1,., GqA"-S CAR!:ICN OEP:StTEC 
1445 23 o.oo 4 94,66 5.30 0,00 0.02 o.oo 

11,5• C•·At'GfD HiUT GAS TO 49 ,9 8 so. 0 1 0,00 0,00 o,oo TOTAL FLC,; 19,e CC/SEC ISTPI 
15~7 0,743 GRAYS CAii!:101, OE PCS I ft:) 
1"> 17 25 •1 ,OJ 5 47,75 s2.1e 0,00 0.02 0,0) 
1">31 26 0,00 4 40,42 51 ,56 0,00 0,01 o.oo 
l~l4 o.14s GRA'•S CA'< 9C•; :lEl"CSITfO 
l 5<.• 27 -2.00 s 4 7. 11 52.26 0,00 0.02 0,00 
16:JZ 0,748 GRAYS CAR!:IO'; CEI-CSITE::> 



DATA TAKEN DURING RU"i 27 Otl 19 .JUL 74 

TWE SA' '. P DELP IGAS H2 co CH4 CO2 H20 C 
"54 l 1.00 l 4928.0 231231.0 1eeno.o 255A67o0 o.o 
9::l? 2 :i.oo 1 sns.o 219ooe.o 197931.0 210 .. s2.o 0.0 
'109 l o.co 1 4H62.0 227773.0 19007Cio0 258842.0 o.o 
''116 4 -1 .oo l 5171.0 2379C5o0 197655.0 270163.0 o.o 
9U, 5 o .oo 2 27571.0 o.o 0,0 C,C o.o 
q34 6 c .oo 2 29 ~16.0 0 ,0 c.o o.o C,O 
<'>40 7 O,CO 2 2u,:n.o 0,0 o.o 0,0 o.o 
9'," 9 o.oo 2 27621, .o o,o 0,0 0,0 0,0 
Q',5 10 0 .00 2 2 '>912, 0 a.a 0,0 o.o o.o 

1527 41 0.0-i 3 0 ,0 o.o 0, 0 10 09338,l 21952.0 
1544 42 o.oo 3 o.o n.o o.o 1054219,2 2291Co0 
l6H· 44 n. oo 3 C, O 0,0 c . o 1057194.2 226se,o 

923 7 32.627 

924 6 12.0 o.o o.o o.o 0,0 

92<> A 475 .a 
100(1 7 32.616 

l OJl 6 16,0 30.0 o.o 0,0 o.o 

1004 6 l6o0 a.a o.o 30,0 o.o N 
1 (l:) ~ 11 o,oo 4 10f>3".i.O 75.0 a.a 53280501 77,0 ~ 
10 7 :1 11 a.oo 4 11340,0 o.o a.a 560190,l 0,0 
1:i 20 13 -2.00 s 950100 21001.0 74.0 509243.o 23249•0 
l :1 31 7 32.623 
1,1 .. ., 14 -2.00 s 10187.0 29814.0 91.0 SlitOOlol 25157.0 
l 10~ 15 1.00 4 10642.0 0,0 o.o 538012•1 0,0 
11 '.\ 4 7 32,630 
l l Or 16 0,00 4 11231lo0 o.o 0,0 55Al8lol o.o 
111'7 17 -2.00 5 9335.J 32874.0 127,0 504704,0 30359 .o 
lln a -2.00 5 9 ~95,0 lt.72ho0 142.0 52 6 367.1 29198.0 
114~ 7 32.631 

1145 6 16.0 34o0 o.o a.a o.o 
llSJ 19 0,00 4 11204.0 46 5 104.0 o.o o.o 1253.0 
1157 20 , .co 4 12067. 0 49 0 513.0 o.o o.o 504,0 
12 C~ 21 -2,oa s 10 291,0 47064 0 .o a.a 2154•0 4586,0 
1217 22 -2.00 5 11101.0 494406,0 163.0 1121.0 4823.0 
1230 7 32.768 
123) 23 u .oo 4 11170 ,0 4681175,0 o.o o.o 151.0 
124 :> 24 , .oo 4 11999.0 491804.0 o.o o.o 210,0 
1H7 25 -2.00 s 107 83.0 471611.0 0,0 14 59, 0 4793.0 
130!' 26 -2.00 5 11592.0 494485.0 160,0 1689,0 5051.0 
1330 28 ~ .oo 4 11971,0 493501.0 0,0 0,0 117 .o 
PH 7 32,980 

113" 6 32.0 0,0 0,0 o.o o.o 
1341 29 a.oo s 27726.0 301.0 282.0 es.o 962.0 
l J51' 30 o.oo 5 291\71,0 o.o 561, 0 96,0 o.o 
1404 31 0,00 4 27640,0 119.0 o.o 0,0 57 0 .0 
1410 32 o.oo 4 29P.43,0 426.0 c.o o.o o.o 



hll 7 32.986 
143:I 34 o.co 5 29979.0 o.o 59600 49600 o.o 
1431 35 :i.oo 5 27795 .o 212.0 524.0 OoO OoO 
l'- 3f. 7 320974 
l'-'-J 36 o.oo 4 3002300 OoO OoO OoO OoO 
14<,', 37 o.oo 4 27769.0 OoO o.o o.o c.o 
1.,c;:, ,,. <' oOO 5 29'195.0 201.0 t-3Co0 OoO o.o 
l 5 C·:J 40 n.co s 29969.0 o.o 619.0 o.o o.o 
15:J 7 320967 

N 

m 



DATA TAKEN DURING RUN 27 ON 29 JUL 74 

THE CALIRRATION GASES ARE Kr-: OWN TO SE 
IGAS H2 co CH4 CO2 H20 

1 25.17 24.94 24097 24.94 o.oo 
2 100.00 o.oo o.oo o.oo o.oo 
3 o.oo o.oo o.oo 96.98 3.01 

CALIMATION GAS SA~PLfS FOR THIS llU/11 ~! (RE ANAL YSEO AS 

7IV£ SA " P OELP IGAS H2 co CH4 CO2 H20 C 
~!14 l 1.00 1 25.04 25.22 24094 24.78 o.oo 
002 2 o.oo l 25t2l 24tK~ 24,94 24t97 0.00 
909 3 o.oo l 25018 24077 25004 24.99 OoOO 
91', 4 -loOO l H•25 24.79 24095 24.99 OoOO 
ou, ~ 0.00 2 1uoo oo 0.00 OoOO Oo00 o.oo 
93,. 6 0.00 2 100.00 o.oo OoOO o.oo o.oo 
040 7 Oo00 2 100000 o.oo OoOO o.oo OoOU 
q50 9 o.oo 2 100 .co o.c0 O,.CO o.oo o.oo Q~, 10 o.oo 2 100.00 Ool)O o.oo 0.00 OoOO N 

1527 41 o.oo 3 o.oo o.oo OoOO ?7o00 2o99 l! 
1 ~ .... '-2 o.oo 3 o.oo o.oo 0.00 97001 2o98 
1616 i.4 o.oo 3 0,00 a.no o.oo 97 005 2o94 

T~E RELATIVE CALIBRATIO~ 
AREA COEFFICfNTS ARE Oo01SP23 00887913 00732925 1.000000 00705369 0•026953 

~T vOSPHERIC PR[SSURf ~AS 759096 . 
THE WEIGHT OF CATALYST INITIALLY CHARGED TO THE REACTOR IS o.2so GRAMSo 

THic GROSS ~EIG~T OF THE CATALYST CARRIER . ANO SUSPENSION "'fCHANI S"4 IS 310872 GRAMSo 



DATA TAKEN DURING RUil 27 ON ?9 JUL 74 

T l'-'f SA"P OELP IGAS H2 co CH4 CO2 H20 C 9n o.755 GIIA"S CA'<BC<c CEPC.SI HD 

'124 CHM:GtD INLET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLO,; 19.e CC/SEC IHPI 

'124 ~EflCTC'R TfYPERATURE 475 ■ DEGREES CENTIGIIADE 

l0C('I o.743 GRAYS CARBO~ DEPOSITED 

!CO~ C'iA l'\ GED ! '; LET GAS TO 53 • 11 46.88 o.oo o.oo o.oo TOT.tL FLCW 1e.t CCIS t C ISTPI 

1~0 4 ,~.._,,r,ro INLET GAS TO 49,f\O O,r.o o.oc 50,19 o.oo TOTAL FLOw 19 ■ ~ CC/SEC I :.TP I 
l ~OA 11 u,OO 4 47,57 o.oo o.oo 52.40 0 • Ol 
1070 l? t' ,00 4 47,60 0,00 o.oo 52.39 o.oo 
l:'1.?'1 13 -2.00 5 43,56 2,'19 o.oo 50.18 3 • 24 
J('l)l 0,750 GRA"'S Cf.~~CN CEPCSITO 
1~45 14 -2.00 5 43.64 3.13 0.01 49.87 3,33 
110:l 15 1.00 4 47.36 o,uo o.oo 52,63 o.oo 
1104 0,757 GRA '1 S cAqec~: OEJ:,CSIHO 
110• 16 0 ,00 4 47,51 0,00 o.oo 52 .4 P. o.oo 
1117 17 -2.ro 5 42 • 7·J 3,(,2 0.01 49.43 4,21 
113, 11\ -2.00 5 42.83 3,88 0 ■ 01 49,38 :,.ee 
114' . o.ne GR/,'.'S CA"Bcr. QfJ:,Q!>ITtO 

114~ cwo:GEO l"-!LET GAS TO 49,911 50.01 o.oo o.oo o,oo TOTAL FLC'~ 19,e CC/SEC ISTPI 
1150 19 o.co 4 48.95 so,e6 o.oo c.oc 0,17 
1157 20 o.oo 4 49.15 50,78 o.oo o.oo 0 ■ 06 
120, 21 -7 ■ 00 5 47o7f, 51,39 o.oo 0.20 o.63 
121 7 2;;> -2.00 5 47.99 51.23 0.07 0.12 0 ■ 62 
12 30 0.896 GRA~S Ct. 0 eo~ ,EPOSITE, 
L' 3J ;!3 0 .00 4 48.77 51,20 o.oo lloUO <l ■ \l 2 
l 24'.l 24 o.c:i 4 48.99 50,97 o.oo 0 ■ 00 0•02 
1257 2S -2.00 5 47,53 51,6 5 o.oo 0 • 14 0,66 
l 3~lA 26 -2.00 5 47 • 77 51,39 0.02 0.1s 0.66 
1no 28 o.oo 4 48.86 51, 11 o.oo o.oo 0 • :ll 
PH 1.101 GR/, 'IS CA Deer, !>Ei>:.s I TE:> 

lJ3q CHA :'\ GEO J,\LET GAS TO 100.00 o.uo o.oo o.oo o.oo TOTAL FLCW 19.e CC/SEC ISTl>J 
1341 29 0.00 5 99.79 0,03 0.03 o.c:i 0,13 
115• 30 r>.co 5 99,9:? o. - o 0.06 a.co 0,C0 
l4C:. 31 :i ,oo 4 99 ,90 0,,)1 o.oo o.oo 0,07 
1410 32 o.oo 4 99,55 0,04 o.oo o.oo o,oo 
141' lolll GRA~S CAQbO~ CE~CSITEO 
143~ 34 c.oo 5 99.RS 0,00 0,07 0.04 o,oo 
1431 35 o.oc 5 99.90 o,:i2 0.06 0,00 a.co 
l43f> l • 102 GRA'1 S CAilSC', Dfi'CS I TC:D 
144(1 36 c.oo 4 100 .00 o. oo o.oo 0,00 o.oo 
1 .... ~ 37 o.oo 4 1c o .oo v,'.lO o.uo o. oo o.oo 
14!>,l 38 r.oo 5 99o'l0 0.02 0,07 o.oo o.oo 
1sc r. 40 o.oo 5 99.92 0,00 0,07 o.oo o.oo 
1~03 1•094 GRAMS CARBON DEPCSITED 



DATA TAKEN DURING RUN 28 ON 30 JUL 7/o 

Tr•'E SA\'P DELP IGAS H2 co CHI+ CO2 H20 C 
1230 1 -1.00 1 1o11os.o 223979.0 111se6s.o 25520 ... 0 o.o 
123"> 2 1h00 1 5134.0 235376.o 1951180•0 268137.o o.o 
1240 3 o.oo 1 4!131.0 22402;,.o 186425.0 256066.0 o.o 
1244 4 0.110 1 5151.D 235958.0 196628.0 269274.0 o.o 
125:l 5 o.oo 2 27'+5:?.o 1>.o o.o o.o o.o 
1 :' .. 'I 6 o.oo 2 29671.0 o.o o.o o.o o.o 
l1<''i 7 o.oo 2 27654.0 o.o o.o o.o o.o 
1309 II 0,00 2 29R67.0 o.o o.o o.o 0,0 
lf>IJ 23 o.oo 3 -, . 0 o.o o.o 1Uv62U4 • 1 18\.06 ,0 
1674 24 1.00 3 0 . ('I o.o o.o 1055619•2 24246,0 
1640 25 Cl,00 3 o.o o.o o.o 1008936.l 21+474.o 
11,5~ 26 1.00 3 o.o o.o o,o 1058 620,2 22532,0 

1225 6 16,0 0,0 o,o o.o O,O 

112'> e sso.o 
1,~., 7 31.791, 

1)02 6 30.0 o.o o.o 0,0 o.o 
1113 6 11> oO 34.0 o.o 0o0 o.o 
l 31!! 9 0,00 4 11309.0 465112.o o.o 24o0 7!H•0 ~ 1320 10 o.oo ,. 12061.0 4!19027.0 OoO 68.0 27300 
1' 30 7 31.827 n1oo 11 -2.00 5 107R4 .O i.1un.o o.o 101.0 2490.0 
135~ 17 -1 ,00 5 11645,0 49t,489,0 o.o 42100 3868,0 
140"1 7 31 .8114 
140~ ll •l oOO 5 10R2 l •O 473025.0 o.o 643.0 4010.0 
1417 14 -1.00 5 11672.0 496145,0 o.o 79lo0 4326.0 
1 ,. 11 7 ll,946 
141.l' 16 •2o00 5 1167500 49'i891 ,O 0,0 709.0 449900 
1451 17 -1.00 .. 10~2100 47323700 o.o 719. 0 4598.0 
1'>:l~ 7 32,026 
l~M, lfl -2.00 5 116290:l 49583700 OoO 11n.o 5061,0 
1517 19 •l oOO 5 101!18,0 4 711• 9,,. 0 911,0 571600 0,0 
1S2<> 20 OoOO 5 11611 .o 495516,0 S2.0 968,0 58&8,0 
1~'1 7 32,148 
154 ~ 21 -2.00 5 10770,0 47 0 199.0 0,0 1141,0 7580 .o 
l ~4'i ·7 32.208 
15'>3 27 o.oo 'i 115711.0 49 585800 1!86.0 1652,0 aso1.o 
160, 7 32.317 

HO~ 6 30.0 0,0 o.o 0,0 OoO 



DATA TAKEN DURING RU N 28 ON 30 JUL 74 

T-.E CALl!'IRATION GASES ARE KNO ',,N TO BE 
IGAS H2 co CH4 CO2 H20 

I 2!>,17 24,94 24,97 24,94 o.oo 
2 lCO • 00 o.oo o.oo o.oo c.oo 
3 o.co o.oo o.oo 96079 3o20 

CALl<lRAT ION GAS SA\'PLES FOR THIS flUI', WERE A'tALYSEO AS 

Tl "f SA \'P DELP IG/\S 1-!2 co CH4 CO2 H20 C 
1230 1 -1.00 1 2so1s 24094 24094 24.95 OoOO 
lZH 2 o.oo 1 25,18 24091 24,9P 24091 o.oo 
174 :'l 3 OoOO 1 Bo 19 240 fl'! 24095 24096 OoOO 
1244 4 {l O ('I:) 1 2so 17 24,89 24,99 24093 OoOO 
1;,sc 5 o.oo 2 10-ioco 0, 00 OoOO 0,tJO OoOO 
12SQ 6 l.loO~ 2 1 """" • (..U i_; • ,.HJ .loOU UoOv :i O ;,);J 

11~5 7 Jooc 2 l JJ,00 o,:io OoOU UoCO uoeio 
1109 fl OoOC 2 lOOoCO 0,00 0,00 o.oo OoOO 
1610 23 OoOO 3 o.oo o.~o OoOO ?7, 36 2o63 
H-2'- 24 1 oOO 3 0 , 0(' Oo00 o.oo ?6,64 3,35 
16 4:l H o.oo 3 o.oo CoC'O 0,00 96046 3,53 
165~ 21, l,00 3 OoOO Oo<'O 0,00 96,88 3,11 

T~c ~~LATIVf CALl~RATIO~ 
A1EA CCffF!Cf ~TS ARE O,OlPPl5 0,877714 Oo728419 1.000000 0,6625()0 000272!>6 

AT· ·~SPHFRIC OHFSSU~[ ~AS 759096 Cf 
• N 

THE wtlGHT OF CATALYST l'HTlf,LLY CHA'lGE::> TO THE REACTOR IS 0,250 GRAMS, 

THE GHC'SS ,.EI Gt<T CF THE CATALYST CAHRIER Al,O SUSPENS I O:'i MECHAl',tSr~ IS 31 • 785 GRA"S• 



DATA TAKEN OURIN:l RUN 28 ON 30 JUL 74 

T l''f SA''P DELP IGAS H2 co CH4 CO2 H20 C 

1225 CHA';GfD l'ILET GAS TO 100.00 o.oo 0,00 o.oo o.oo TOTAL FL OW 9.9 cc,~EC ISTPI 

l22"i qf ACT:lR TEUPERATURE SSO. ~EGREfS CENTIG'lAOE 

13:'~ o.ooa GRA)(S CARtlC,\ OEPOSITE:) 

11 c 2 Ct-' .\%£0 l ':LET GAS TC 100.00 o.oo o.oo o.oo o.oo TOTAL FL::W leo6 cc,scc I !.TP I 

lJl ~ C• M•:GfD l''Ll:T GAS TO 49,93 so.01 o.oo 0.0() o.oo TOTAL FLC.• l9ob CC/SEC ISTPJ 
l~l~ 9 o.oo " ,.~,75 ~l • 13 o.oo c.oo 0,10 
ll?Q lC o . oo 4 4q, po 5lol5 o.oo o.oo o.o, 
1n:i 0,041 GRA~S CA ~~c~, DEP::S ITE:. ll4 C 11 -2.co s 47, 19 S2,27 o.oo 0,06 0,36 
115~ 12 -1.00 5 47,47 51,95 o. oo o.c 3 0.5] 
1,.~;, 00098 GRA~S CA~BO •, CEl'CSITEP l 40S 13 -1.00 5 47,20 52,14 o.oo 0.06 0.5a 
1417 14 -1 .oo .. 47,4 8 51,~3 o.oo 0.01 0,59 
1431 0,160 GR A'1S CARcO'• CE"CSIHD 
l'-'- J 16 -2,00 5 47,49 51 • ei o.oo 0,06 0,62 
l'-~3 17 -1.00 5 47, 14 s2.11 0,00 0,06 0,67 
l 5C'.' 0,240 GRA ~ S (Aq~O\ CE~CSIT(:) ~ l 5C1', l~ -2.00 5 47,37 Sl,A4 o.oo o.o 7 0,70 w 
1517 19 •l ,O:l s 47026 51,05 oo12 0,55 0,0:> 
l"i2Q 20 1'1,00 5 47 .31 s 1. 77 o.oo 0, 0 8 0,81 
1S'3l o.362 GRAl~S CAR!IO'l DEPCSITCD 154(' 21 -2.00 5 46o9'3 51.79 0,00 o. 11 1.10 
l ~4 S Oe422 GRM'S CA ;> f: C'• DEi' CSITD l~~, 27 o.oo ~ .. 6,9~ 51.57 0,11 0,15 1. 17 
l M' ' 0,531 (;R A.S' S CAf<!IC. ', D£~ ;,s1 TE:; 

H,O, C ► l .O. 'IGCD l ".LET GA.S TO 10..i, oo o,co u.cu 11.r.;u l, .... u TOTAL FL C. ·,, a.6 CCl~EC ISTPI 



CAT/I Tll~EN CUR ING RUN 29 Q"j 31 JUL 74 

T t• 'E SA"P DELP IGAS H2 co CH4 CO2 H?O C 

" ~ ~ C: ~t~~ E'~ i~ ~, 
Q ... 1 lleflO 4920.0 22t.604.0 lA802.,.0 2571!81.0 o.o 
9~h 2 -1.00 sin.a 23SOOA.O 197331.0 210012.0 c,o 

IJ :' 1 3 :1 .co 1 4!!92o0 226671!.0 He925o0 251!207,0 o.o 
l-'OQ 4 1.00 1 522•, .o 23~010.a l9PU,3.0 271522.0 O,C 
1705 B ;,; .oo 2 28275.0 u.o o. (J 30.0 7b0,0 
171::' 3;: a.o o 2 30530.J 0,0 a.u 64,0 859.0 

l r" 34 p 55c.o 

1034 6 30,0 o.o o.o o.o 22.1 
FJ~ 7 32,32Z 
10 .. 4 5 J.oo 4 26920.0 o.o o.o o.o 2031,s.o 
l05 R t, o.oo ,. 2a9ae.o o.o o.o 192.0 22566,0 
11 C <, 1 32,321 

1114 t, 16,0 o,a o.o ?C,O 21,7 
1117 7 0,00 4 9PP7,0 o.o o.o 536857.1 2116300 
1131 p J,00 4 l04A4.0 0,0 o.o 564560.1 22109,0 
11 )t', 7 32,321 
115 :l 9 -2.00 5 8".'l9,0 :?0310,0 o~o 5U596ol 31!056,0 
12::6 10 -2.oc 5 9511.0 22•;is.o o.o 551278.1 3969}.0 

1721 6 32,0 1,0 0,0 o.o o.o 
172! 1 32,319 
122'\ 11 C,00 4 u , 201.::, o.o o.o 13 8500 2H89o0 
:i.74J 11 ~.oo 4 2~3::5.0 l66A5o0 0,(J 4J5.0 23413.0 
12~1 13 -2.00 5 260P.7.0 14337.o 499,0 !'i9lo0 1e4e1.o er 110 < 7 H,330 • lll~ }4 -2.00 5 ;>82:l6o0 15Q4ij.Q 596.0 606.0 2277?,0 
1H5 l5 c.co .. 21>343.0 15407,0 u.o 216.0 22201.0 
p~" 1 32.327 
l13Q lh ("I .CO 4 2!'27400 17033.0 o.o 222.0 23221.0 
135<, 17 -1.oc ,; u,n2.o 13675.0 565.0 BOO.CJ 22540.0 
1 LC':"' 7 32,333 
1.:.1,1 IP -2.c o 5 2 s 112.o 1 1, 395,0 765•0 7~3.0 23611,0 
142~ 19 -2.00 4 26277.0 15609,0 a.a 222,0 27322,0 
14 ~5 7 32,334 
l4" l 20 ~ .OJ 4 zt,3q5.c 217Sh.O 0,0 1782,0 25l,67,0 
l45t- 21 -2. 00 5 26327.() }441,2.o 1363,0 1oa9.o 2448100 
1 :; ~, 7 32,339 

15 0 ~ 6 12.0 3.4 0,0 o.o 0,0 
lSP 22 -1 ,00 ,; 26926,0 48C1>4,0 3078,0 3.,1,9,c 27674,0 
1~1, 7 32,379 
152t, 23 .1 .00 4 25le2,() 49798,0 0,0 74, 0 2'-2~9.o 
15" l 7 ?2,420 
l ~., ~ 24 Cl,00 4 272?<l,0 53199,0 o.o 42.0 24283,0 
l~5<l 25 -1,00 ~ 25010,0 422P4•0 3489,0 3790,0 28724,0 
lb-"'" 1 32,454 
11>1'> Zt, -i.oo 5 21>B4lo0 43332.0 3963,0 4125,0 28333 ,0 



ll,2CI 

27 
2e 

o.oo 
o.oo 

7 

6 
4 .. 

n.o 
212se.o 
30462.0 

LloU 
o.o 
o.o 

o.u 
o.o 
o.o 

u.o 
25093.0 

3001.0 

320497 
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:'> ATA TA KE N (lURING RUii 29 ON )1 JUL 74 

T-,E CALl~,~ATIC ', GASES AJlE KIJO,~N TO AE 
!GAS H2 co CH4 CO2 H20 

1 25.17 24.94 24.97 24,94 o.oo 
2 100.o;i O,CO o.oo O,uO o.oo 
3 o. oo U,OtJ o.oo 100,uo o.oo 

CIIL I€'~ ,\ Tl<' '-' G-\S S,WPLfS FOR TH IS 'lU~: v• lAE ANALYSED AS 

Tl '.'£ SA'"P D!: LP IGAS H2 co CH4 cr. 2 H20 C 
9i.• I C'.oo 1 25,30 24,~'I 24,P9 24.91 o.oo 
95£, 7 -1 .o:> 1 24 ,99 25. 0 l 25 ,01 24,97 0,00 

l..!l' ~ 1 n.o~ 1 25 • 1 !I 24.37 25,00 24,93 O, '.J O 
l ~ O<l 4 1.00 1 25,23 24, 85 24,96 24.94 0,00 
170 5 29 J ,00 2 99,P.9 o,ao 0,00 o. oo o, 10 
171 0 3:: ~.cc 2 99,~8 O,t:0 o.oo 0,00 o. 11 

ft-,f RfLATIVf CIILI e~,\T 10'1 
Aflf A C<'£ CF!Ct•, Ts t.::!E o.01 ~q 77 o. a 797P.6 0,729575 lo 0000~0 0,6!9999 0,027733 

IIT "0 S" '"'ERIC l'~fSSURE WA S 759,96 . 
Tt-<E '•, EIGHT OF CATALYST l~ITIALLY CHARGE!> TO THE REACTO~ IS 0,250 GRAl' S, 

THE G1'(:SS \\ [ I GHT CF ft,[ CATALYST CA RR IER ANO SUSPE~:S 10"- Vf CHA NIS" IS H,7115 GijA•~ s • 



CATA TAl<EN DURING RU'l 29 ON 31 JUL 74 

TI ''f SA " P PfLP IG•S H? co CH4 CO2 H20 C 

l'.:134 f!fACTOR Tf'1PfRATURE 550. DEGREES CENTIGRADE 

11:34 Cl>iM!CifO l'ILET GAS TO 97.17 o.oo o.oo o.oo 2e82 TOTAL FLCW 19el CC/!".CC 1$JPI 
1r1~ o.536 GR.r.:-.s CARbO!\ OEl>CSI Tl:l 
lC'44 5 ~.oo 4 97.10 o.oo o.oo o.oo 2e89 
1J 5Q 6 o.oo 4 91'>e95 o.oo o.oo 0.01 3e03 
1105 0.535 GRA:-.5 CARB01 DEPCSITCP 

1114 C'-',H,CifO I '1LET GAS TO 4Ae42 o.oo o.oo 48ePO 2.11 T:lTAL FLO,.; 20.4 CC/SlC ISTPI 
1117 7 :i .oo 4 44.34 o.oo o.oo 52,64 ,.oo 
113~ e '.l ,00 4 44,24 0,00 o.oo 52,76 2.99 
11 3 !- 0e53S GRAYS CARl!O\ PEPCSl TE~ 
1151' 9 -2.00 '5 4ll,76 2,26 0,00 !il,57 5,40 
l2Ch l!'I -2.00 'l 4Cl,R6 2,38 o.oo 51,38 5,36 

12?1 Ct-'A'lCifP !':LET GAS TO 96.55 1,44 0,00 o.oo o.oo TOTAL FLC~; 2C,l CC/SEC ISJPI 
1211 0,533 GR/.'~S C/.~e~:. CE?CSJTE:l 
1n~ 11 0,00 4 96,1',9 o.oo 0,00 0'13 3el6 
1?40 11 n.oo 4 95.07 1.15 o.oo 0,04 3, 1) 
12~~ 13 -2.00 'l 95,47 l,f.l o.06 o. 19 2,65 ~ 11:: ,, 0,544 GRA'IS CA'H!O '., ~EPCSJTE:l ... 
111:l 14 -2.00 5 95e?l 1 • 511 0.01 0.05 3,06 
H25 15 o.oo 4 95.12 1.11 o.oo c.02 3,14 
l 13 ,1 0e54l GkA'1 S CJ.k!::CI, 0t;,cs1 TL:> 
111" 16 n.oo 4 95.07 1,79 o.oo 0.02 3 • 11 11~~ 17 -2.00 5 95,08 1,53 0,07 0.01 3,22 
14 :lO 0,547 GRA:~s CAR BC ~. PE?::SI TtO 
141:' 1• -2.00 5 95.12 1,52 0.09 0,07 3.1a 
14?~ 19 -2.00 4 94,40 1,72 o.oo 0,02 3,85 
1435 o.54e GRA!'S CARBON OEl'CSJTE:l 144\ 70 r.oo 4 94, 19 2.2'1 o.oo Oelb 3.39 
14'>~ 71 -2.00 · 5 94eb5 1,60 0.1a 0.10 3.45 
1 '> ~' 0,553 GRJ.'IS CAijf:C!\ OEl'C.SI Tl:) 

l,; ~!> Ctt~•·GE'.> l'lLET GAS TO 95.23 4.76 o.oo o.oo o.oo TOTAL FLC;. 20,8 CC/SEC C STP I 
1'>12 22 -1.00 5 90.62 5,00 0,38 0,31 3,67 
1'>2l o.~93 GRA~1 S CA~ec·, Of:I>(.,!. JTE:) 
1 '>?I- 2) n.oo 4 91.09 5 • 411 o.oo 0,00 3,40 
1'>41 0,634 GRA"'S CAR80t, ::lEPCSITEO 154'\ 24 o.oo 4 91,25 5,52 0,00 0,00 3,21 
1'>50 2S -1 ,00 s 90.47 4.65 0,46 0,36 4.03 
lt-0'\ 0,668 GRA:1 s CA:1e:;:, 0H::.s1 rt.:i 
l t- 1 ~ 26 -2.00 'I 90,110 4.53 Oo49 0,37 3.77 
1621' o. 711 GRA"'.S CA"eo•, C£P(...!.J TE:l 

lt-2C CHM·C,fO J~: LET GAS TO 100.00 o,oo o.c,o o.oo o.oo TOTAL FLO" 19,1: CC/.!.CC IST?l l64t; 27 0 ,00 4 96,411 o.oo o.oo 0,00 3o51 
l 1'>'11 28 o.oo 4 99.60 o.oo 0,00 0,00 Oe39 



DATA TA~f, CURl~G Ru , 30 Ot,; 01 AUG 74 

T! Vf S~ " P DELP IGAS H2 co CH4 CO2 H20 C 
926 1 1 .oo l 4929.0 2lC15H•O 190991•0 261174.0 o.o 
931 2 1.oJ 1 5 24 9 • 0 240707.::, 20 0166.) 273864,0 o.o 
93f, 3 n.oo 1 4932.0 nn40.o !90311'-0 2t.1032.o o.o 
'l4• 4 'l.00 1 5219,0 23'J397, 0 19e95a,o 277209,0 o.o 

1646 11 0,00 2 2853P.,O o.o 0,0 109,0 o.o 
1651 32 o.oo 2 30 163,0 o.o o.o 279,0 o.o 
qi, 7 32,495 

qlq 6 29.d 0,0 O.') o.o 23.7 

Q) (I R 550,0 
q 5t, 5 ::l .CIC 4 21115.0 o.o 0,0 31, 0 23040.0 

l ~C~ 7 32,494 
l .-:c q 6 0,00 4 29J74,0 0,0 o.o 44. 0 22124,0 
102? 7 o.oo ~ 27:l03,0 0,0 o.o 50,0 24522,0 
1J3t, 8 o.oo 5 29102,0 0,0 46,0 34,0 23212,0 
104◊ 7 32.482 

1oi., 6 29.8 3.4 o.o 3,0 23.7 
l :l <.9 9 ,1 .00 4 ?3177.0 45917.0 o.o 60~26,0 26249.0 
11 ~ ~ 10 o.o:i 4 24 849,0 49589.0 o.o 64?e6,o 22971 •0 
1106 7 32.509 
1117 11 -2.00 5 22012.0 61925.0 1861.0 44202,0 42817.0 
llH l? -2.00 5 2)~49.0 t'.5P.96.0 2174.0 45095,0 42004.0 
113• 7 32.545 
1152 13 -2,00 5 22116 .o t.49A7.o 2410,0 41739,0 47956.0 
1 :' J I- 7 32,569 
1209 14 -2.00 5 23764.0 69~69,0 3168,0 42872.0 47109.0 
122~ 15 -2.00 5 21935.o 71459,0 7105.0 44757,0 46974.0 QI lBt'. 7 32.596 CD 
1241 H -2.00 5 23656.0 69727.0 34 22,0 1,zosc.o 44513,0 
125~ 17 -2.00 5 21 e e2.o 67224.0 3333.0 39517,0 47659,0 
111:l 7 32.629 

l" l l 6 16,6 6.8 o.o 6,0 23.7 
1)17 18 a.co ,. 20929,0 10 ; 647,0 o.o 122819,0 25084.0 
1 1 37 19 C1.oo 4 19 5 15,0 ? IJ 06P,O o.o 11~275.0 25312•0 
13'-f> 20 -2.00 5 19111,0 134263,0 3420.0 !!9568,0 56036,0 
1352 7 32 • 712 
1 .. ::: ~ 21 -2.00 5 17695.0 130719.0 3709.0 83043.o 59505.0 
141~ 7 32. HO 
1421 2? -2.00 5 18941,0 ueos 2.o 4627.o 85?93.0 57862.0 
1426 7 32,774 
1437 23 -2.00 5 17716.0 l3 J 070,0 5178.0 esA95.o 59819.0 
1444 7 32.en 
14~1', 24 -2.00 5 18953.o 13s101.o 7042,0 93523,0 59399.o 
1500 7 !2,833 

150!' 6 32.0 o.o o.o o.o 0,0 



OAT/I TAK£N DURING RUN 30 ON 01 AUG 74 

T'"E CALl'lRAT 10"- GASES ARF l(~:0:-N TO BE 
IGAS H2 co CH4 CO2 HZO 

l 25017 24094 24097 24094 0o00 
2 100000 OoOU o.oo 0oU0 0.00 
3 OoOO o.oo OoOO 100.00 o.oo 

C4LIPqllTIO~ G'-S S'-.,PLFS FOR THIS RUN WERE ANALYSED 11S 

Tl•'F SA"P DELP IGAS H? co CH4 CO2 H20 C 
'l]I', l loOO l 25. 11 24.Q8 24.97 24.91 o.oo 
Q)I ? 1 .(ICl 1 25 o l 11 24.~9 24.97 2-..93 o.oo 
'Ht> 3 OoOO l 250 19 24,86 24.95 24.Q7 OoOO 
Q4G .. oonCI I 25020 240119 24 o9t> 24oQ2 0,00 

11,-.t, 31 o.oo 2 99.98 0,00 o.oo 0,01 OoOO 
l ',51 n 0,00 2 9•h97 0,00 o.oo Oo02 OoCO 

Twf A'LATIVE CALl8QATION 
ADEA CCfFFICF~TS AQE Oo01A848 ooeeo434 00729673 i.000000 00689999 00027426 ~ 

'° 
4T~ OSPH~RIC PRFSSURE WAS 759096 0 

T"iE ~FIGHT CF CATALYST INITIALLY CHARGED TO THE REACTOR IS Oo2!>0 GRA'>'.S o 

THE GD~SS WEIG4T OF THE CATALYST CARRIER ANO SUSPENSION ~!(CHA~ I SM IS 31078!> GRA'~So 



C'ATA TAKEN DURING IWN JD ON 01 AUG 74 

f I '' I:: SA' IP 0£LP IGAS H2 co CH4 CO2 H20 C 
913 0,709 GqAVS CAA!!O•; OEP CSITEO 

919 CHAP:GfO l".LfT GAS TO 96,96 0,00 0,00 o.oo 3.03 TOTAL FLO .; 19,0 CC/:»EC ISTPI 

930 R~ACTOA TfS!PfRATU'.l E 550, DEGREES CEr,.TIGRADE 

95('. 5 0,00 4 96,77 o. oo 0,00 0,00 3,22 
11'1'1 0,708 GllA"S CAll80 '4 DEP::;SJT[O 
l C0 II 6 0.00 .. 97,06 o.oo o. oo 0,00 2,93 
1027 7 c.oo 5 96,57 0, Cl O 0,00 0,00 l,42 
1n3,- f! ::i.oo 5 96,92 0, 00 0,00 0,00 3,06 

, 104() 0,696 GRA:' S CA'l!!O~I DCPCSI TEO i 
1'1 43 CHA':GE!) l l\ LET GAS TO ~7 ,5'J 4,70 0,00 4, 73 3,03 TOTAL FLOW 21,l CC/~EC ISTPI 
1040 9 :J,00 4 85,47 5,01 0,00 5,84 3,65 
11 0 3 10 o.oo 4 85,116 5,U o.oo 5,94 3,04 
11 O'- 0,723 GRMtS CARSO:, OEP :lSI rro 
11 l? 11 -2.00 5 82,67 6,~0 0,24 4,27 6,00 
113'> 12 -2.00 5 S3, 17 6,es 0,27 4, 12 5,57 
113• 0,759 GRAYS CAQBO•, O[PCSI T('.; 
1152 H -2.00 5 81,96 7,06 o. 31 t 3,99 6,65 
1201', --;--. :'8] GRAf'S CAllBCN CEPOSI Tn; 
l?0<l 14 -2.00 5 82,29 7,20 0,39 l,99 6,20 
1?2'> lS -?,00 5 80,67 7,69 0,92 4,24 6,45 
123,- 0,810 GRMIS CA'lBON OEPCSIHO 
1241 16 -2.00 5 112,57 7.24 0,42 l,94 5,90 
ll'>P 17 -2.00 'i 81,75 7,H 0,43 3,80 6,65 
1110 0,843 GRA YS CA'< llu', Cf PCSI TEO 

111, CHA.\; GFO l '-: LFT G/\S TO 78.10 9,39 0,00 9,46 3,03 TOTAL FL Oll 21,l CC/!. t C I STPI 
1317 l~ o.oo 4 74,~4 10,63 0,00 11,20 3,31 
1H2 19 0,00 4 74,45 10,l-8 0,00 11 • 34 3'51 
1 ? .. (', 20 -2.00 5 69,94 13,97 0,lo2 e,20 7,44 
!''>~ 0,926 GRAVS CAR!IC,~. CEl-~SI HD 
14~'> 21 -2.00 5 6~.99 llo,25 0,48 7,97 8,28 
141 3 0,96S GRA:1 s O. 'i ~C11, CEP CSJT EC 
1421 12 -2.00 s t..9,47 14,37 o,5 ~ 7,PB 7.6e 
14?1> 0,9 88 GRJ,•S CVi !lC'I oc:;,c.sll D 
) 1,)'7 23 -2.co 5 69 , 71 14,11 0,67 8,20 8,28 
1444 1,021 GRAY S C.A P!:C·: ~t ;:..::.. !. 1 TE:; 
14 '>6 24 -2,00 5 68.~7 13,93 o.~1 8,49 7,81 
I '> CC' 1,047 GqAVS CAP!::C.:, Cfl-'.,~lTD 

l ">CA ("411':GfD H:LCT GAS TO 100.00 0, 00 0,00 0,00 o,oo TOTAL FLO ,, 19- ~ CC/~£C I l>T PI 



DATA TAKEN DURl~G Qu~ 31 ON OS AUG 71t 

Tl''F s11 ••0 DfLI> !GAS H2 co CH4 CO2 H20 C 
Q4t~ l o.cc l 4759.0 241241.0 19021e.o 254752.0 OoO 
9Sl 2 :i.oo l 522200 24202So0 19942400 271748.0 OoO 
95-. 3 -loOO l 4A9Ro0 22Bll40o0 l9008Co0 Z59?93oo o.o 

1 Or4 4 OoOO 1 52E>5o0 240726.0 .?0002900 213!>98o0 OoO 
l :l1 ~ s :i.c-o 2 29l9Po0 o.o OoO OoO 79300 
10:>f, 6 o.oo 2 30489.0 OoO OoO 0,0 44700 

'I~) 7 310889 

<I )Cl II 550.0 

<14', 6 ,.R.O OoO o.o OoO OoO ti. 10)<1 7 310898 

104• 6 24o0 l7o0 OoO OoO o.o 
l04t, 7 OoOO 4 1917100 24324300 OoO 548.0 30800 
110n p OoOO 4 206•,9o0 255670.Cl o.o 91.0 549•0 
1111. 9 -1 oOO 5 18915.0 24'>?.f>4.0 36.0 387 oO 330800 
1 l?q 10 -2.00 5 203At,•0 257430,0 69o0 38600 375400 
1131 7 310981 
114~ 11 •loOO 5 lA9S2 • 0 24!i91l o0 12P.o0 35400 4570.0 
ll~Q 11 -1.00 5 20341'.0 2saoieoo 29700 1304. 0 3733.0 -..;_ 
l}C~ 1 32;0,.o ~ 1213 13 -2o00 s 111917 oO 21.74P3.0 787.0 482.0 425500 
1 ?]G 14 -2000 !i 1())02.0 21,046?.0 207800 1·769.0 406100 
1n1 7 32 • 108 
1244 15 •2o00 s 1S826.0 245414.0 2se.o 41Boo 41,17.0 
125• 11, -2.00 !i 20233.0 2561,6400 279.0 361, 0 731700 
11~1 ., 

32.174 
l ll 4 17 •2o00 5 leP.53.0 2460E>3o0 928.0 60000 545400 
13.>'> l! -2.co s 2030900 25707500 89700 44200 5242.0 
1n,; 7 320271 
1)47 19 •lo00 ' 18fl42o0 24A036,0 307400 2574.0 7071 oO 
lHq 20 -2.00 5 ;n23;,. o Bt,051,0 436,0 568,0 685500 
l'-~? 7 320354 
141~ 21 •Zono !> l8~5lorl 245117.0 l052o0 639.0 743600 
l'-?Q 22 •2o00 5 20 208 .o 25442200 524,0 777.0 8605,0 
11, )(\ 1 320489 
}44~ 23 -2.00 5 1860700 2'-4441,0 nei.o lb47,0 951,400 
l'>OCl 24 -2.00 !"> 202 37 oO 753464,0 76700 l37loO 1033 8 .o 
15C~ 1 32.675 

1503 6 24o0 OoO o.o OoO o.o 

1508 6 32.0 o.o o.o OoO OoO 



DATA TA~EN DURING RUN 31 ON 05 AUG 74 

T'-'E CALl!'!i,ATJC' :>; GASES l\llf 1('1;01,~I TO 11f 
IGAS H2 co CH4 CO2 H20 

l 25 • 17 24.94 24e97 24.9'• o.oo 
1 100.00 o.oo o.oc, o.oo c.oo 
3 o.~o o.c.> O.:)O 100.00 l,. co 

~~LIQ~q10:,; GAS SA''PLfS FOR Tl• IS HUN l·1 fRE /ll~AL YSEO AS 

TI"!: SA"P DELP !GAS H? co Ct-14 CO2 ~20 C 
n'- ~ l -,.t'O l 24. • f.6 25,113 24e95 24.54 o.oo 
"51 2 o. :io l 25.31 24.71 24e9b 24e99 o.oo 
c57 3 -1 .oo l zs. 29 24.57 25e00 25.12 o.oo 

l "'"'4 4 ",ro l ;,,;.40 24,53 24,96 25.u9 (J.00 
l ' P ' :1. o:, 1 CJQ. ~ff 0, )0 0.0() u,c:, 0 • 11 
l'.'U 6 0.00 2 99.94 o.oo 0,00 0,00 o.c5 

THf 'lEL,\ TI Vf CAL !~RIIT 10': 
ldfA CC'rr!=!Cf'!TS A~E Oe0l8~20 OeP99H97 o.n•122 1.000000 o.6e9999 0,027604 

hT'"'.'SPl"f PI C P".:SSU'H' i:~s 759.9f. • 
T!--!E 1, E I GHT OF CATALYST INITl'-LLY CHARGED TO THE REACTOR IS 0.250 GRA'-'S• 

T • 1!: G {0$S ·., t: I G,..T OF T,..E CATALYST CAkH I Ell A'IO SUSl-'E'IS 10~ ~'ECHAI! I St~ IS 31 • 889 GRA'1 S, 



OATA TAKt;ll DUR ING RUN 11 ON 05 AUG 74 

T l ' 'f. S~ ' 'P Of.LP IGAS H2 co CH4 CO2 H20 C 
9,)'3 0.000 GRAMS CARSO~ DEPCSITE:) 

93n q,ACTOR TE'!PERATURE sso. DEGREES CENTIGRADE 

04f, CHANC.fD l'iLET GAS TO 100.00 o.oo o.oo 0.00 0.00 TOTAL FLCW 29o7 CC ✓ StC ISTPI 
1!'110 0.00e GRA''S C.I. RbC', :>tPCSlTD 

1043 Ct1A'-:;f.O l"ILET GAS TO 74099 25.00 OoOO OoOO OoOO TOTAL FLOW 1908 CC ✓ SE.C ISTPI 
lJ'-~ 7 OoOv 4 73071 26016 OoOO OoOS Oo04 
llOC e OoOO 4 73 o9l 26000 OoOO OoCO Oo07 
1114 9 -loOO s 73.06 26042 o.oo 0.03 Oo46 
lt~a 10 -2000 5 73.21 26022 o.oo Oo03 Oo49 
1131 0.091 GRA"'S CARBC'l Dt:P:iSI TE:; 
l 141 11 -1.00 5 72091 26039 OoOl Oo03 Oo63 
l\5Q 12 -loOO 5 730 H 26028 Oo03 0.02 Oo49 
l? I' ~ 0,150 GRA:15 CAl'cJOr. DEPCSI Tt:.; 
1211 ll -2.00 s 72071 26,54 0.10 0,04 0,59 
1na 14 -2000 5 72064 26.40 0.25 0.16 0.53 
l 2ll 0,219 G'IAY. S CARBOI, DEPCSlTE:> 
1244 15 -2.00 5 72.A4 26046 0.03 0,04 0,62 
l :!5a 16 -2.00 5 72,f!Z 26,13 0.01 0,03 0,97 i!f 1~ ~1 00284 GRA11S CA-.ec,. Dt:PCSI TLO ... 
13!4 17 -2.00 s 72 ,62 26,42 0,12 11,0S o. 76 
1'!2~ 18 -2.00 5 72 ,97 26017 0,11 Oo04 0,69 
l l ! I\ 0,381 GRAIIS CA~BON CE PCS I TEO l 1 1• 7 19 -2.00 5 71 .96 26,M) 0,40 0,24 o.9e 
D~!' 20 -2.00 5 72,87 26,10 Oo05 0,05 0,91 
1402 00464 GRA"-S CARSO". Cf.POSI TEO 
1413 n -2o00 5 71,48 26,27 Ool3 0,06 1,03 
l42Q 2, -2.00 s 72078 2,,93 0,06 0,07 1,14 
14 '!!' o.~99 GRAMS CM<B<.:, ci:i,_,s I TLC. 144~ n -2.00 ,, 72,07 26,10 o. 31 0,17 1,32 
1"> 0 0 24 -2.00 ' 72,64 25 , ·76 0,09 0,12 1,37 
l ">C ~ 0,785 GRA:15 CARBC~ OEPC!:ITE:'J 
BCl1 (HA":GfO 111: LfT GAS TO 100,00 0,00 o.oo 0,00 0,00 TOTAL FLOW 14,11 '" !>EC ISTPI 
l'>OQ Ct•A~C,f" l~LfT G-S TO 100,00 0,00 0,00 0,00 0,00 TCTAL FL C•I 19,~ cc,:.Lc ISTl'l 



DATA TAKE :-! CURING RUN 33 0~ 13 AliG 74 

Tt'·': SA''P DELP IGAS H2 co CH4 CO2 H20 C 
1131 7 3lo93e 

1131 e BOoO 

111• 6 32o0 OoO OoC OoO OoO 
1104 2 J oOO 1 52noo 24269800 20130700 273461 oO OoO 
11 1,0 4 0,00 1 533300 242276,0 201604,0 276859,0 0,0 
114'1 ~ 0,00 1 5:,4 2 ,() 231729,0 192656.0 U4302,0 0,0 
115~ 6 o.oo 1 53710:.l 244113,0 203067,0 2781.i25.0 OoO 
l:' 0 5 7 C'oOO 1 5111, 'l 233146,0 19396e, o 265')92 oO 0,0 
:n" e ('1,00 2 ~('19P2,0 o.o C,O 0,0 0,0 
121° 9 -1 .co 2 2SM,t.,O 0,0 o.o o.o o,o 
122'> 10 O,OJ 2 3097:'ol.l 0,0 OoO c.o ~.o 
1;>37 11 o.o o 2 19621.0 o,o o.o (. ,.., \; ,U 

12 .. , 6 24,0 17o0 o.o o.o 0,0 
121.• 12 OoOO 4 20~62,0 253391,0 o.o OoO 661,0 
l ,0 5 7 31.973 
1no 14 0.00 4 207P5,0 251.646,0 OoO 47,0 360,0 
H?4 15 () ,(10 5 19121,0 24452400 357,0 396,0 3773 ,0 
113 ,. 7 320028 
113" 16 C,00 5 205%,0 255RP7,0 115,~ 36300 3592,0 
1~5~ 17 0 ,00 5 l9C67o0 243911,0 130,0 292,0 4237,0 
l'- C"' 7 320078 
141 0 1~ :>,00 5 2052600 25654900 29800 360,0 4032,0 
1426 19 OoOO 5 1908200 24501100 76000 45900 414100 
143 0 7 32,136 
ll41 20 OoOO 5 ?0494,() 25707',0 1663,0 134700 454100 
14 5, 21 nooo 5 19114,:l 24<,00~,() 386,0 374,0 4683,0 ~ 1500 7 320215 ... 
1 '>12 2? '.lono 5 2Q5~ 0 ,0 255(152,0 36500 422,0 4969,0 
1~~~ 23 CloOO 5 1914700 ?43246,0 23900 b60,0 642200 
l ~H 7 32. 312 
1 ~ .. ~ 24 c.o:i 5 2J57A,0 25520900 llOoO 726,0 7196,0 
1~4'1 7 32,361 

l ~ 40 E> 1ioo OoO OoO 3C oO CoO 
l E-0 ? 25 0 , 00 4 109 '.> 6,0 C,O 0,0 5515u4ol 95900 
l ~ l I> 26 OoOO ,. 11713,0 OoO OoO 57725501 689oCI 
lt'>P 27 ~.oo 5 933300 4739000 0,0 50655600 4094700 
l !> '.!4 7 320361 
16'-9 2~ -1.00 5 9823,0 53474,0 OoO 52570601 4109100 



OATA TAKEN ouqlNG RUN ll ON 13 AVG 74 

T•tE CALIR~ATION GAS~S ARE KNOWN TO BE 
IGAS H2 co CH4 CO2 H20 

1 25. 11 24.94 24.97 24.94 o.oo 
2 100, 00 0,00 o.oo o.oo o.oo 
3 o.oo o.o.:, o.oo 100.ov o,o.i 

CALl"~ATIC''-4 GAS SA''PLES FOR THIS flUN WERE ANALYSED AS 

T l''E SA''P DELP IGAS H2 co CH4 CO2 H20 C 
1104 ? 0,00 l 25,10 2r;. ill 25.0 3 24,82 0,00 
1140 4 0,00 1 25, 17 24.A6 24,95 25,00 0,00 
1149 'i o. 00 l H, 19 24 I flij '14,94 24,97 o.oo 
115;<. f, o.oo l 2,;.15 24,90 24,97 24.95 0,00 
12M 1 ().(10 l 25 .27 24.85 24,92 21,.94 0,00 
1110 p 0,00 '} l 00 • 00 o.uo 0,00 o.oo o.oo 
l?lA 0 -1 .o c 2 100,00 o.oo 0,00 O.OJ 0,00 
12B 10 o.oc 2 lO v ,llO 0.00 o,oo, o.oo o.oo 
1232 11 0,00 2 100,co 0,00 0,00 0,00 o.oo ~ ... 
TMf QfLATIVf CALl~QATION 
AiEA CCEFF!CE '-j fS ARE 0,019055 0,!79851 0,729708 1,000000 O,t:e9999 0•027369 

AT"~SPHEPIC OOfSSURf WAS 7<;9.96 • 
THE WEIGHT OF CATALYST INITIALLY CHARGED TO THE REACTOR IS o.2so GRAr-.S, 

Tt-<E G~OSS WEIGMT OF THE CATALYST CARRIER ANO SUSPENSION MECHANISI' IS 31 .938 GRAIIS, 



f'IIT/1 Tll'<fll DURING RU'l H O"l 13 IIUG 7" 
Tl'-' E Sl'"P :lEt.P !GAS H2 co CH4 CO2 t-i20 C 
1~31 0.000 GRAYS CARBOr, OE PCSI H.:; 

1~31 ~fACT<"!l T[•, r>n11 TU'~[ 5500 "fG11E F.S CH;T IGRIIOE 

ll?• c~., ,-~r, I\LET G.\S TO 10..i.oo 0.1;0 O,llll o,oo o.oo TCTAt. Ft.C,. 19,& CCl!.EC , sT;:.1 

1.2 .. ~ c~-'·•:t";r, I' LET GA5 TO 74,99 25,1")0 o.oo o.oo 0,00 TOTI.I. Ft.C,; 19,~ CC/SEC I :-OT.- l 
l :'-• l ? ~~ • ~o ,. 73.96 25.114 0,00 0,00 c,oa 
l~~• OoOl'- Glll.'1 S CA i< ~C•, Ot.~CSI TLC 1 -i,,, 14 ·' • ~o 4 7?,e,. 26,10 o.co o.co 0,0'-... 

t 13?4 15 " • CIO 5 72,94 26 .,.5 0,04 0,03 0,52 
1'14 0,090 GRA''S CAR5C ., ~E;;csiif; 
11)0 16 ., • on 5 73 ,21 26,24 C,01 0,03 0,46 
l "l~c. 1., ..... ::) 0 5 72,92 26, lo4 0,01 0,02 0,5S 
1 .. ~1 0, 139 G~A''S OP!:C~. C[;,::;~1H:; 
1418 1~ ;: , oo 5 73, ll• 26,29 0,0J 0,03 l.i,52 
l'-U 10 () ,00 5 77,79 26,49 0,09 0 , ') .. 0,57 
14 J :' 0,197 G"V,"-'S CAR:,C'1 :ic.-c:.1no 
11,41 2:: ' , 'lO 5 77, ~o 26,21 0,20 0 ,12 0,59 
1 ,. ~ ., 21 n,oo 5 17,RA 26,38 0,05 I), 0 3 0,64 
l ': ~ ;-- -(,-; < 76 GRA·~~ CAPbcr. OE~~~I TC 
1n1 27 l.' • co 5 7~, 15 26,11 0 • C ,~ 0,?3 0,64 
l c;lo 71 ~ . (l:l 5 17,1~ U,,71 0,03 .o. ci. o.e~ 
1~~1 0,373 GRA'I.S CAReor, cu-:::s1 r~:; l ,,.., 24 ,1.C'0 ~ 12.'>1 26,0'- 0,03 0.06 0,91 
1 ~40 0,422 GRA,VS CA'<!:0", ::E.-CSITD 

l '>40 C"A.':(jff'l l"ILi:T GA!\ TO .,9.eo 0,00 0,00 50,19 0,00 TOTAL FL:,. 1 <,,9 CCl:Oi.C l~TPI 
1 ~:J? 25 0.r'.'I .. 47,04 o.co 0,00 52,82 0,13 
1 ~ ll- B " • (10 4 47,33 0,00 o.oo 52,57 0.09 
1~11 27 '.) ,00 ~ '-l,19 5, 11 0,00 '-8,06 5,63 
l 1>34 0,'-22 GRA"'S Ct.!?2C \ o.:.P:!.I TO 1,.. .. 0 2~ -1,(IQ .. 41,16 o;, 5 3 0,00 47,A7 5,42 



DATA TAKEN DURING RUN 31, 01'1 14 AUG 74 

Tl~'F. SA"P DELP IGAS H2 co CH4 CO2 H20 C 
1r.oo 7 32.379 

1~::,, 8 sso.o 

1 '.' l <i 6 16.0 o.o o.o 30.0 o.o 
1~2'3 1 o .oo 1 4936.0 230601.0 ,90980.0 261156.0 0,0 
l 'l •' 1 OeCIO 1 S76Ao0 24e349.0 204999.o 271o044.0 o.o 
l ~J7 3 0,00 l 49Qf,. C 2298'l5o0 191701•0 262scs.o o.o 
l '.llo6 4 c.oo 1 5290.0 241335.0 200682.0 274?58.0 o.o 
'! ~c~ 9 o.oo 2 309R;> .0 o.o o.o o.o o.o 
)100 'I •1 .oo 2 2~664.0 1).0 o.o o.o o.o 
'HOO 10 a.co 2 30972 .o 0,0 0,0 o.c o.o 
~300 11 o.oo 2 28622.0 o.o o.o o.o o.o 
P54 5 -1.00 .. 1oe1s.o 0 .-:> o.o 5471.77.1 2oe.o 
llC~ 6 o.oo 4 115~R,0 o.o o.o 571o817,l o.o 
1121 1 -2.00 5 90 70 • 0 53235.o o.o 1,94370.0 "sne.o 
lD'> e -2.00 5 91>'11 • 0 5~984.0 o.o 51A71ot.O 46e20.o 
1156 9 o.oo 4 1 '.1 9'1'> • 0 o.o o.o 5':i579lol o.o 
12'.15 lJ o.oo 4 117•,4.0 o.o o.o !>81621.1 o.o 
12P 11 -1.00 '> 9029,0 se121.o o.o 49'-780,0 52283.0 
1717 7 I =----, ~2 1:!31'1 12 -1.co 5 9495.o 61olll6,0 1".0 517635.o 52139 .o ~ .., 
1235 8 525,0 
l 24q ll c.o:i 4 1:)963.0 o.o o.o 5550e4.l o.o 
l 1 i;1, l'- o.or: .. llM,9.0 o.o o.o 5110169. 1 o.o 
l 10'\ 15 -1.00 5 9054,0 56115.o ,.3.0 495897,0 50980,0 
111, 16 -2.~o 5 9672.0 t-0'-57.o 49.0 !>19263.0 47753.0 
1317 7 32.388 
1140 17 0,00 4 11020.0 o.o o.o 555604 • l o.o 
1 34'1 18 o.oo 4 11759.0 o.o o.o 579491o,l o.o 
11~5 19 -1.00 5 9021.0 5el56.0 21.0 493520,0 1oe172.o 
1411 20 -2.no 5 9649,0 61336.0 24.0 517098 • o ,0199.o 

141~ 8 500,0 
llol7 7 32.385 
11o31 21 a.oil 4 11041.0 o.o o.o 555eoo.1 o.o 
143A 22 o.oo 4 116~2.0 o.o o.o 579356.l o.o 
l44Q 2) -2.c,o 5 9127.0 52560.0 73.0 500162.0 lo606'-•0 
B011 24 •2oC'O 5 ~AC9.0 55918,0 42,0 524?20, l 45118.0 
1527 25 o.oo .. 10964 .o o.o o.o 55l01B,1 o.o 
151Q 26 :i.oo " 11692 .o o.o o.o 578690,1 o.o 1,!A 27 -1 .oo 5 91?6,0 54540.0 81,0 '-98B29.0 47276,0 
1 ~!>5 28 -2.00 ' 9720.0 58182.0 65,0 523111,0 .. 573'-,0 

l ~5<1 fl .. 1s.o 
16:'(I 7 32.381o 
l"-17 29 O.CIO 4 110111.0 o.o o.o 556689. l o.o 
1/,24 30 o.oo " 11740 .o o.o 0,0 582788.l o.o 
1"'1? 31 -2.00 5 9'195,0 lo4~16,0 121 .o 513281.0 399O8,O 
11>~0 32 -2.co 5 10017.0 lo8l57,O o.o 5371'-3,1 39'-60.0 
1707 n o.co 4 10960.0 a.a o.o 554861•1 o.o 



1 .. 11- 34 c.oo • 11740,0 o.o u.o 58336S, 1 c.o 
1~z7 3~ -2.0:- ~ 9133,0 4b610,0 70,0 Sll067,0 417oe.o 
1 .. 3<1 ~t, •7,00 o; 9'l7P,O 49A<19,0 t,4, 0 538365,l '-0832,0 
1 ~44 7 32,394 

1•1 ~ .. 3H,O 



.., 

OATA TA~EN OURING RUN 34 ON 14 AUG 14 

THE CALl!IRATJOI\I GASES ARE KNOWN TO RE 
IGAS H2 co CH4 CO2 H20 

1 2!1.17 24.94 24.')7 24.94 o.oo 
2 1co.oo o.oo o.oo 0,00 0,00 
l o.oo 0,00 0,00 100,00 o.oo 

C~Ll!IQATIOI': GAS SA''PLES FOR THIS RUN WFRE ANALYSED AS 

Tl"!' SM•P OfLP !GAS H2 co CH4 CO2 H20 C 
l:"2'3 l o.oo 1 25 • 1 Ii 24,P.9 24,91 25,00 o.oo 
lOlC 2 0,00 l 2,,,93 25,22 25,1!1 24,68 0,00 
1=1 37 ! n.no 1 2~,32 24, 72 24,91 25,04 0,00 
1 ()41, ,. O ,l"O l 2~.211 24,78 24.89 25,03 0,00 
3100 II c.co 2 100.00 0, 00 0,00 0,0() 0,00 
HOO 9 -1.00 2 ll'C .00 o.oo 0,00 0 ,00 0,00 
~'!JC 10 J,eo ? 10 0 ,00 0,00 0,00 0,00 o.oo 
310(' 11 o.oo 2 100,00 0,00 0,00 o.oo o.oo 

TH!' Q[LATIV!: CALleQATIO~ 
Alf.A COfFFICEl':TS ARE 0,018919 o.e~·6a2s 0,134074 1.000000 0,689999 o,onnz 

~T ":" $PHfQIC pqfSSUQE WAS 759,96 . 
Tl-'!: 'l EIGt•T OF CATALYST l"IITIALLY CHARGED TO THE REACTOR IS 0.250 GRAMS. 

TH: G•OSS ~EIG"'T OF THE CAT.ALYST CAQRIEQ AND ~USPENSION MECHANISM IS ~l.938 GRAMS• 



DATA T4KE!'l DUlilNG RUN 34 01, 14 AUG 74 

T l ''F !\A•'P DELP IC:AS H2 co CH4 CO2 H20 C 
1('(1"1 0.440 GRA".S CAR!:O'l DEPOSIT(:) 

1 "('"7 ~"l,CTC':" TE''PFQJI TllRE ,so. OFCi'!HS CE'ITIGRA!)f 

l '.' 1 • Ct<A•·r-,o li'jlfT GAS TO 49.~0 Oo'lO o.oo 50ol9 o.oo TOTAL FLC'~ l9o9 CCl!.fC I !:.Tl' I 
1:1 ~4 5 -1 oO O 4 47000 OoCO OoCO 52096 Oo02 
1' "lo t, r.oc 4 47ol5 0,00 o.oo 52.84 o.oo 
112~ 7 •2o0(1 5 40054 ~075 o.oo 47.3,; 6.34 
l11Q I' -2.00 5 4:).56 6005 a.co 47,20 6017 
11 S"' 9 O.C'O 4 4"-,97 0,00 a.a:> 53002 o.oo 
1? : ~ 10 ),CU 4 47,12 0 , l'O o.Jo 52, • 7 c.vo 
1213 11 •l ,C'O ~ 39oP4 6,25 o.oo 46,73 7ol5 
1217 00443 GRAflS CA~ BOI, C(P~51Tl0 
123:> 17 -1.co ,, 39073 6,55 0,00 46,87 6 • 84 

1n~ 9!"J\C"TC'Q TE ''f'FRA TIJQf. 525. "fGflE'r S Cfl\ T IG~AOE 

l l4 • B c.oo 4 46094 OoOO o.oo 53005 0,00 
l'~!o 14 eooo 4 47006 OoOO OoOO 52093 OoOO 
11:-:-; 1~ •l oO •' 5 40oC'3 5,'19 0,00 46096 6.99 
I 1;>~ 11'. -2.00 5 4'.l, 39 6 o 18 o.oo 4 7, 12 6,28 
112" 0.449 GRAflS CAR&C ~ DEPCl>ITED ! ., .. ,~ 17 ':'.{'IC 4 "7o02 O,C'O 0,00 52,97 0,00 
l~4a l! 0.00 4 4 7o24 0,00 o.oo 52075 o.oo 
11,~ }Q -1 or.o 5 40 • 12 6024 0,00 46.97 6064 
l.:. l 'll ?:l •7oC'n ,, ,.c • :,6 6026 O,C'O ,.,.,, ~6 6059 

l,. l 1 QfACTO'! TE~•PERl,TIJRE 500. DEGREES CENTIGRADE w 
0 

!Ll., 0 ■ 446 GAA~S CARDC~ CEPCSI TG 
l'-31 21 :1.11(' .. 47 o05 Oo '.) 0 o.oo 52.94 o.oo 
l '-1 8 n c•.co 4 47,12 0,00 o.oo 52.87 o.oo 
144q 23 -2,C':l 5 4 ,1 .,.4 5o63 o.oo 47,56 6,34 
1 c.r~ ?I. -~.oo ~ 40,7R s.11 0,00 47,57 So92 
l ~2? 75 '1,00 .. t,7 ,04 C,00 0,00 52,95 O,'.lO 
1 ~ :,n 26 '.'.oo ,. 47,15 O,C\O 0,00 52 • ~,. o ;co 
l~'!a 27 •1 ,OC' 5 4(1,36 5oP3 OoOl 47029 bo49 
1•5, 29 -2,00 5 4C.54 5o95 0,00 47047 6,01 

1 C. ~A q<'~(T('', T"''"f'lATll'lf 475. '.>•GllEfS Cf.<'IT IC,RA!)f 

1 ~ ~:, 0.445 GRA!','S CARSC1i DEPOSITED !~?~ 2<l "'•r~ 4 ,.1,co 0.110 o.oo 52.99 OoOO 
lf-24 !':' o.c~ 4 47,07 O.tlO 0,00 52,92 o.oo 
l i<. 1;, 31 -2.00 5 41, 16 4,78 0,01 4e,56 5,47 
1 !-~::" 3:? •?,~O 5 41,31 t.,90 0,00 48,59 5,16 
l "~7 ~, ". ('0 4 ,.,. ,?5 o.~o 0,0'.) 53,04 o.~o 
1714 34 ~.r.t' 4 47,04 0.00 (1,00 52,95 o.co 
17:.'~ ~, -2.00 5 4(' ,9,, 4,97 0,00 48,35 5o71 
1"710 36 -?.1'0 !I 4 l ,OA 5,06 0,00 48.50 5,33 
l ~44 0,455 GRA''S CA'<oON DE.POSI Tt.O 



DATA TA~EN DURING Rur,; 35 or-: 1s AUG 74 

TI'"" S-'"P DELP IGAS H2 co CH4 CO2 H20 C 
12311 7 320424 

1240 6 l6o0 o.o o.o 30.0 o.o 

124(1 8 450.0 
12211 l o.oo 1 4969.o 234596.0 192253.0 26Bl9.0 o.o 
1no; 2 o.oo 1 S 3?7 .o 247101!.0 203149.0 276213.0 o.o 
124"! 3 c.oo l 504 l, 0 231992.0 1q2e1s.o 263?70,0 o.o 
1151 4 -le Oil l 5340,0 241552.0 200916,0 275751.0 0,0 
3"10:l 8 c.oo 2 1oqn.o o.o o.o o.o 0,0 
n:,:i 9 •l ,00 2 28664 .o o.o 0,0 o.o 0,0 
1~0(1 10 o.oo 2 )0972e0 0,0 o.o 0,0 o.o 
HOO 11 o.oo 7 2P622 .o o.o o.o o.o o.o 
12SP 5 c.o:, 4 10922 .o o.o o.o 54B549el o.o 
1101' 6 : .oo .. 11611.0 o.o o.o 575295.l o.o 
111, 7 -2.co 5 9726,0 31665,0 7A.O 518364.0 303!>4.0 
1130 II -2.00 5 104AO.O Blv4.0 6:! .o 51.,4561.,.1 27458,0 
11 .. ,- 9 o.oo 4 11013,0 o.o o.o 550337, 1 o.o 
1154 10 C,00 4 11721,0 o.o 0,0 576668.1 o.o 
1 .. ~2 11 -2.oc 5 9123.0 34900.0 83.0 s11>?00.o 32007.0 
1.:. 1 P 12 -2,co 5 10111.0 36283.0 llP.,O 54',06:>.1 39428.0 
142,; 7 32.420 ~ ... 
1421> II 4 2s. o 
14 H 13 0,00 4 110 03,0 0,0 o.o 552735.l o.o 
1 .. 4., 14 o.oo 4 11691.0 0,0 o.o Hll267.l o.o 
1451 15 -2.00 5 99~5.o 24616.o 159,0 510790.l 23637,0 
1509 16 -2.00 ~ 10796,0 23747.0 101.0 56227lt, l 20452.0 
: szo; 17 o.oo 4 ll'.141',0 o.o a.a 557512.1 o.o 
15 ll 18 :l,Cil 4 11745.o 0,0 o.o 582il58ol o.o 
154:l 19 -2.co 5 10392,0 22ss1.o 144,0 5]8027.1 21780,0 
1•o;• 20 -1.00 5 1071>1.0 22603,0 135,0 56Al67,l 27109.0 
lt-0• 7 32.430 

lh l :i e 400e0 
1613 21 0.00 4 1103A .o 0,0 o.o 5~8579.l o-.o 
lb2l 22 lleOO 4 11762.0 0,0 o.o 586082.l a.a 
1630 23 -?.00 5 10313,0 13320.0 54,0 551712,l 14322 .o 
1640 7 · 32 .423 lf,,.,_ 24 -1.00 5 1111 t<- • O 13071.0 22.0 seo2c1.1 12581.0 
17C3 25 o.oo 4 10"9P.O o.o 0,0 559885,l o.o 
1710 26 a.cc 4 11773.0 0,0 a.a 5119491,l o.o 
l 7l<l 27 -2.00 s 1on1,o 11617.0 68.0 552720.1 12040.0 
1735 2e -2.c:i 5 11070 .o 13507,0 64.0 580'-34.l 13COP.e0 



OATA TA KEN OURING RU~ 35 ON 15 AUG 74 

TH!: C.0.Lffl'!hTIO'l GASFS ARF l(•:O~:N TO BE 
IC:AS H2 co CH4 CO2 H20 

l 25.17 24.94 24.97 24.94 o.oo 
2 1co.oo o.oo o.oo o.oo o.oo 
1 o.oo o.oo o.oo 100.00 o.oo 

CALJ'1QATIC'N GAS SA•'PLfS FOR THIS qLJM WERE ANALYSED AS 

Tl '' E S,\"" DELP !GAS H2 co CH4 CO2 H20 C 
ln9 1 o.oo 1 25.01 25.09 24.95 24.90 o.oo 
PH 1 ,1.0:i 1 2,;.01 2,.w, 2,;.00 24,84 o.oo 
1 J4' ) n.co 1 25.26 ?4.76 24.97 24.99 o.oo 
1?51 4 •l .l'O 1 2~.n 2'-,71 24.94 2 ;. 01 o.oo 
11,0,:1 ~ .,.co 2 1,10 .00 o • • o ..i.ac 0 .~;,; o.wo 
3,00 9 -i.oo 2 10 :,, 00 0, 00 0,00 o.oo o.oo 
~100 10 o,oo 1 100 ,0 0 0, 00 O,CO o.oo 0,00 
BOC 11 0,00 2 1n0.oo o.oo 0,00 J,00 o.Jc 

r-. c RELATIVf cAuniuTIOlll 
nrA c.~fFF"!C!:\ TS Allf 0,01~990 OtA~6H2l 0,7301146 1.000000 Q.6119999 0.027!>74 

41' '::' SC>HE°R IC PRCSSURE l~AS 759.':i, • 
TH~ •-:r. I Gf-'T cc CATALYST l'llfTIALLY CHARGEO TO THE REACTOR rs 0.2,;o GRAr-'S, 

w 
T'"F. GQOSS 1,E IGHT 11F THE CATALYST CARRIER AND SUSPENSION WfCHANIS~ IS 31.938 GRAYS• ;;: 



OATA TAKEN DURING RUN 3S O'I 15 AUG 74 

Tl"E SA"IP DELP IGAS H2 co CH4 CO2 H20 C 
12lCl o.485 GR/.,..S CARBON DEPOSITED 

1240 C,.ANGfO INLET GAS TO 49.80 o.oo o.oo so.19 o.oo TOTAL FLO~/ 19.9 CC/SEC ISTPI 

l24C\ REACTOR TFMPERA TURE 45.:lo DEGREES CENT IGRIIOE 

12511 5 o.oo 4 47.20 o.oo o.oo 52. 79 o.oo 
1301, 6 0,00 4 47.22 o.co o.oo 52.77 o.oo 
1311 7 -2.00 5 42,79 3,41 0.01 49,57 4o20 
lBC 8 -2.00 5 43,;>7 3 .4 2 0,00 49,66 3o62 
1341, 9 0,00 4 47o2A 0,00 o.oo 52, 71 0,00 
lB4 10 0,00 4 47,34 0,00 0,00 52,65 o.oo 
140? 11 -2.00 5 42,60 3.74 0,01 49,22 4, 4 l 
141 • 12 -2.00 5 42,.?S 3,67 0,01 48,88 5,13 
14'2'i 0.481 GRA~S CARBON DEPOSITED 

1421', RE AC TO'l Tf'' PERATllRE 425. OE:;f<EES CENTIGRADE 

14B 13 C,00 4 47, 16 0,00 0,00 52,83 0,00 
l "" ~ 14 .:l ,00 4 47,22 o.o:> 0,00 52,77 0,00 
l 1o 51 l '> -2, :) 0 5 43,51 2,64 0,02 50.55 3,26 
1 ">09 16 -2.00 5 43,97 2,42 0,01 50,90 2,68 ~ 
1~2~ 17 :),:)0 4 47,01 0,00 0,00 52,98 0,00 w 
l '>31 111 c,oc " 47,12 C,00 0,00 s 2 .e 1 C,00 
1'>40 19 -2.00 s 43,62 2,41 0.01 50,95 2,98 
1 S511 20 •2,00 s 43, 35 2,28 0,01 50083 3oH 
l roOII 0,491 GRA~S CAqeo~ DEPOSITED 

1610 ~EACTOR TEV.PERATURE 400• DEGREES CENTIGRADE 

1613 21 c.oo ,. 46o9b o.oo 0,00 53.03 o.oo 
11'21 22 0,00 4 47,01 0,00 0,00 52,98 0,00 
lf,30 23 -2,00 5 44,36 1,42 0,00 52,7.3 1,96 
lf, c. \ 0.484 GR/.~S CAABC~ DEPOSITED 
lf>•d, 24 -1,00 5 44,77 1 ,32 0,00 52,B l,64 
17.::3 25 ::,oo 4 46,113 0, 00 0,00 53,16 o.oo 
111:: 26 0,0:l .. 46,AA 0,00 0,00 53, 11 0,00 
1719 27 -2,00 '.i 44 ,53 1,35 0,00 52.45 l ,6!> 
173'.i 28 -1.00 5 44,63 1, 37 0,00 52,28 1,69 



OATA TAKEN OU!HNG RUN 36 ON 20 AUG 74 

Tl''!': SA"I> OfL" IC.AS H2 co CH4 CO2 H20 C 
9C:_> 7 32e4Sl 
c:;5 1 o.oo 1 47211.0 234C64o0 187423-0 25272300 o.o 
91? 2 o.oo 1 5091100 23701800 19664300 26871400 o.o 
Ill Q 3 c.co 1 4114900 22590100 18791300 25725300 o.o 
":!~ 4 loOO 1 514400 23703400 19739400 27044100 Oo0 
934 5 :'oOO 2 275t.e oO OoO o. o OoO OoO 
'14'.'l 6 OoO O 7 29764,0 OoO CoO OoO 0,0 
',4A 7 OoCO 2 27732,0 OoO 0,0 0,0 0,0 
Q55 II OoOO 2 29947,0 OoO OoO OoO OoO 

930 8 550,0 

9?C 6 32,0 OoO 0,0 OoO 0,0 
l('('O 7 32,377 

l~C:4 6 24o0 3,4 OoO l2o0 0,0 
lC'('O 9 CoOO 4 11125200 47697,0 0,0 22472200 0,0 
1014 10 C,00 4 195C5o0 5002300 000 23671300 0,0 
1<'31 7 32,414 
10 24 11 -1 oOO 5 15117100 10325600 12e3o0 169061,0 45873,0 
l "139 12 -2,:io 5 16924,(1 1169?1,0 1851,0 169474,0 546A2,C 
1~ 5 7 13 -2.00 5 1577ilo0 11031U,O 184C,;i 16382600 !>326100 
1101 7 320436 
1113 14 -?oOO 5 Pl06o0 11 09?7o0 170300 177215,0 54P.82oC 
l 12<> 15 <'oOO 4 1859600 48788,0 OoO 232?17,0 OoO 
113' 7 32,465 
1137 16 t1o00 4 19~7eo::> 50011900 OoO 243193oC OoO 
114~ 17 -2000 5 1599500 10784100 195500 17034500 5591300 
1207 7 320481 w 
1 J!''\ 10 -2.~o ~ l72C'9oll 11357400 2019,0 1711J43oo 5412500 :;;: 
l ?:'l JCI -2000 5 1602200 10781500 188700 17111500 56000,0 
123• 7 32,500 
l?4C ;,o -7000 5 16P~l,0 123855,0 6446,0 175Bf.1,0 56696,0 
1?55 ?1 nooo 4 lf5P4o0 47639,0 OoO 2328 C6,0 OoO 
l:>C 0 7 320521 



DATA TAKEN DURING RUN l6 ON 20 AUG 74 

THE CALIBRATION GASES ARE KNOWN TO llE 
!GAS H2 co CH4 CO2 H20 

1 25,17 24,94 24.'>7 24,94 o.oo 
2 100.00 o.oo o.oo o.oo 0,00 
3 o.oo o.oo u.oo 100.0.: o.oo 

C4Ll!lqATION GAS SA~'PLES FOR THIS RUN WfRE ANALYSED AS 

Tl'1E SM'P DELP !GAS H2 co CH4 CO2 H20 C 
905 1 o.oo l 24,86 H,59 24092 24,62 0,00 
912 2 :i.oc I 25.21 24,76 24,99 25,02 o.oo 
'>l q l o.oo 1 25,33 24066 24096 25,03 o.oo 
<l]t, 4 1.00 1 25,28 24065 24,9!1 25.07 o.oc 
934 5 ~.oo 2 JOU.OJ o.oo o.uo u.uo o.uo 
940 6 c.oo 2 1,n.00 o.oo o.oo o.oo 0,00 
94R 7 c.oo 2 ICC ,OC o.co o,oo o.oo o.oo 
<l5~ e 0,00 2 JCv ,00 o.uo 0,00 a.co 0,00 

w 

T .. E RELATIVE CALIBRATION u: 
A~fA COEFFICF.~TS ARE 0o0l8711 0,891353 0,732463 1 .000000 0,689999 0,027lH 

AJvoSPHERIC PRESSURE WAS 759 • 96 . 
H•E ~EIGHT Of CATALYST INITIALLY CHARGED TO THE REACTOR IS 0,250 GRAMS. 

r .. E Gqcss 1,E 1c. .. r oF THE CATALY:.T CARRIER ANO SUSPENSION r~EC~tAN I SM IS 31,938 GRA''.So 



OAT,\ TAKEN DURlll:G RUN 36 ON 20 AUG 74 

Tl''E SA '·'P DELP IGAS H1. co CH4 CO2 H20 C 
90 () 0.512 GRA"S CARtO', OEPCSITEC 

<l .. (l ~fACTC'R Tf"PERATURF. 550. DEGREES CENTIGRADE 

<11 0 UiA•:GfO !•:LET GAS TO 100.00 o.oo 0.00 0.00 0.00 TOTAL FL01,; 19•8 CC/!.lC , sT;:, 
l '1(1:1 0.438 GRAMS CARBC\ OEPCSITD 

1 "'~t. (MA•:C:fD l''LET GAS TO 74.~8 4.99 0.00 20.12 0.00 TOTAL fLC~: 19• IS CC/!.EC ISTPI 
l C'~ O Q :i.c0 4 72.5 8 5,27 0,CO 22.11, 0.c0 
l'.114 10 0,00 4 72, ~9 5,25 0,00 2 2 • 14 0,00 
1:131 0,475 GRA11 S CA'<t!:. r, O(PC!.I TD 
1~;>4 11 -1 .oo ~ 6~.1, 11,43 0,17 16,6@ 6,56 
l "'1q 12 -2.0(1 5 64.45 12,19 0,23 15,74 7.36 
1~~., 1~ -?,(IC 5 64.11 11,09 0.24 16.00 7,54 
1101 0,497 GRA:~S CA~t!OI\ OEPCSIT(O 
111-. 14 -?.<'0 5 t,4.5A 11,49 0,21 l6.3t, 1.34 
1120 1 'I 'l ,(10 4 7;>.;>0 5.?8 0.00 22,50 0.00 
113"' o.526 GRA1: 5 CAR SC:; OEPCSITEO 
llP 16 :i.co 4 72.4S, 5,17 0.00 22, 37 o.oo 
I l l, '\ 17 -?,C'O ., 63.B9 11,64 0.25 16,39 1.eo 
lJ O;> 0.542 GHAl-' S CAkbO', C:tYC.!.ITL:l 
l ?Cl~ 1a -;>.('(' 'I 64.49 11,119 0.25 16.36 7. 19 
l'?l l <> -2,CIC 5 f.?. ~ 7 11,112 0.24 16,44 7,80 
12~1 0,562 GRA ~S CARbD~ Cf.l' CSITE..i 
n4 o 10 -2,(10 5 63.04 12,65 0,80 16.0l 7.48 
l:'~(i 21 r- ,C'n 4 7?,?9 5,17 0,00 22,53 a.co 
1'300 0.5e2 GRAVS ,,~~c~ OEP:!:I TE:: 

w 
0: 



DATA TAKEN OURl~G RU~ 37 ON 22 AUG 74 

TI ''I: SA"P DELP IGAS H2 co CH4 CO2 H20 C 
lJ5' l OoCO 1 506600 243231.0 197131 .o 267266.0 0.0 
1100 2 0.00 1 4871 oO 226680.0 1fl8604.0 257433.0 o.o 
1107 3 o.oo 1 5190.0 237186.0 197 .. 86.0 210311.o o.o 
111, " (loCO 1 4!14500 2251t09o0 1117699.0 25739900 o.o 
112 :> 5 o.o.:i 2 3.>a35.o o.o o.o o .o o.o 
112~ 6 c.oo 2 21942.o 0,0 o,o o.o o.o 
1134 7 c.oo 2 30:n11.o o.o o.o o.o o.o 
1\40 e o.oo 2 279e2.o o.o o.o o.o o.o 
1100 7 3l.81il 

1101 6 32.0 0,0 0,0 o.o 0.0 

1107 8 550.0 
113(1 7 31,887 

1146 6 24.0 17,0 0,0 0,0 0.0 
l l4Q 9 o.oo 4 2.'.1397.o 252420,0 o.o 52,0 o.o 
11 51', 10 J,00 .. 1891\5 ,0 240'10,0 o.o o.o o.o 
l2J4 11 -2.00 5 20241 •0 251805.0 4H.o 311 .o 3925•0 
12,~ 7 310915 
1217 12 -2.00 5 18732.0 239052.0 176,0 392,0 2909,0 
1230 7 ll .950 !:! 1,n 13 -2.00 5 20152,0 252805,0 1716, 0 1132,C 344 7 ,0 .... 
12"" 14 -2.00 5 18706,0 239136,0 508 ,O 315,0 4216,0 
1)01 7 32,003 
11:l ._ u -2.00 5 200116,0 250025,0 276,0 305,0 '3302,0 
131 • 16 -2.00 5 1a614,0 238 302 .o 273,0 277,0 3et',7,0 
1'30 7 32 • 053 
1335 17 -2.00 5 201s2.o 252017,0 12110,0 667.0 30!>9.0 
l '5 :> 111 ;-,.('t:l 4 lq7t>7,0 2JQ77t,.O 0,0 o.o o.o 
1)5• 19 o.oo 4 20232 .o 252516,0 0,0 o.o 0,0 
1407 7 32.113 

14:lt', 6 24,0 6,8 0,0 9.0 o.o 
1411 20 o.oo 4 18430,0 96413,0 o.o 171846,0 0,0 
142n 21 r-,oc 4 19~30,0 101143,0 o.o 179?31,0 0,0 
}42~ 22 -2.00 5 17713,0 107407,0 960.0 157814.0 17366 .o 
1431 7 32.160 
144"1 2'3 -2.00 5 1e~12.o 116441,0 1280,0 l601i26,0 21799.0 
150::, 24 -2.00 5 17260,0 116249,0 1527,0 l 4641, 7, 0 28654,0 
15J3 1 320230 
1516 25 -2.00 5 1830000 129165.0 2243.0 146224,0 31t30l,O 
152'> 26 -?.00 !i 16923.o 123133,0 2230.0 139315.o 35&20,0 
1532 7 32 • 311 
1~52 0 -2,oc 5 171173.0 137471,0 2732.0 135930,0 43219.0 
H,:,:, 1 32.403 
lt'.C~ 2A -2.00 5 l643~ ,l'.'I l33P05,() 2963,0 127379,0 46477,0 
lt.24 29 -2.00 5 17446,0 145315,0 5080,0 129740,0 48553,0 
1631 7 32.512 
1640 30 -2.00 5 16119,0 l401tll .o 4721.0 121744.0 51483.0 
lt,57 31 -2,00 ' l722Ao0 150016,0 3630.0 122476,0 52121.0 
1701 7 32,622 



5 
5 
7 

lh054o0 14582800 
112 r ,.o 1s,2,2.o 

~290oO 111111>~00 
406lo0 121l78oC 

320741 

~ 
CID 



~ATA TAKEN DURING RUN 37 ON 22 AUG 74 

T,_.E CALIAQATIO~: GASES AQE KNOl•l 'I TO AE 
IGAS HZ co CH,. CO2 H20 

l 25.17 2409 .. 24.97 24.94 o.oo 
2 lJO.OO o.oo o.oo o.oo o.oo 
3 o.oo o.oo o.oo 100.00 o.oo 

C~Ll!lflATIC~ GAS SA''PLES FOR THIS HUN WERE A"!ALYSEO AS 

Tl''f SA''P O~LP IGAS H2 co C►t4 CO2 H20 C 
l :l !>J l Cl.OD l 24eP-H 25.39 24095 24.75 o.oo 
111'10 2 ",r.o 1 25,26 24,77 24.99 21t,96 o.oo 
1107 3 o.c~ l 25032 24,72 24,95 24.99 o.oo 
1113 4 o,oc 1 25,25 24.72 24096 25.05 0,00 
1120 s c.o.:i 2 100.00 c,co o.oo o.oo 0,00 
112d 6 0,00 2 100.00 0,JO o.oo o.ou o.oo 
1134 7 a.o..:: 2 100 • .:, c.uo o,uo C.el.J o.uv 
1140 R 0,00 2 101.:.00 0,00 o.oo o.oo o.oo 

w 

T•tf ~fLATlvf CALl9RATl0,'; ;z 
A~fA coE:FICENTS ARf. 0e01R796 0,1!87130 00731644 1,000000 00689999 0e027498 

~Tv~SPHERIC PRESSURE ~AS 759.96 . 
ThE ~FIGHT OF CATALYST IN ITI ALLY CHARGE!) TO THE REACTOR IS 0,250 GRA!"Se 

THf G'• C'SS ·,, EIGHT Of THE CATALYST CARRIER AND SUSPE'iS ION t~ECHAN l St, IS 31e881 GRAr-'Se 



DATA fAl(fN DURING RU": 37 ON 22 AUG 74 

T l''f !',,\' ' !'I f'lfLP !GAS H2 co CH4 CO2 H10 C 
l l~::' 0.000 GRAIi, $ CAR!!O:j OEPOS I TEO 

1101 (HA•;GfO 1-:LET GAS TO 100,00 o,oo 0,00 0,00 0,00 TOTAL FLO·~· l9o8 CC/SEC ISTPI 

11,1 qf.\CTC1R TE"PERATUqE 550, :lEC:iflHS CEl;TIGRAOE 

113" 0,006 GRAl'S CARBOr; DEPOSITED 

11" I'> C'-iA ':GEO l 'J LET GAS TO 74,99 25,00 0,00 o.oo o,oo TOTAL FLO~I l9o!: CC/SEC ISTPI 
114n 9 0,00 4 73,77 26,22 0,00 0,00 0,00 
11 5., 10 a ,oo 4 73,60 26,'39 0,00 o.oo 0,00 
12 0 4 11 -2.00 5 7 3, 2,, 26,14 0,05 0,02 0,52 
l~o• 0,034 GRA"'S CAR80N OEPOSI TEO 
1117 17 -2.00 r; 73.17 26,34 0,02 0,03 0,41 
1?3 ~ 0,069 GRAY.S CAR80r-. Ot:PC,SJ TEO 
P3" l'3 -2.00 5 71,97 26,24 0,21 0 • 10 0,46 
1? 4• 14 -1,Cl O r; 72,9A 26,'31 0,06 0,03 0,59 
1301 0,122 GRA'1 S CA"!!ON OEPOSI TE.:; po-. 1 r; -2.00 ~ 1,.n 26,16 0,03 0.02 0,44 
1~1• 16 -2.no 5 73,03 26.l4 0,0 3 0,02 0,54 
l ~ 1!' o. 171 GRA" S CAP BO/, DE PCS I TD 
1 ~Jo; 17 -1.00 5 73 .)4 26,22 0, 16 0,06 0,40 
l 1r; :, 1" 0,00 4 73,52 u,.47 0,00 0,00 O,CO 
11 ~• 19 '1 ,00 4 ,~.64 2n,3, 0,00 0,00 0, 0 0 
l 4 C:' 0,2'32 GRA'1 S cM,eo ,, Of POSITED 

11,) t', (" ,\ ' Gf'.) l'<LE:T GAS TO 74,90 9o99 o.oo 15009 0,00 TOTAL FLC~: 19,~ CC/S!:C (STPI 
l 41? ZC- o .co 4 72,49 10,65 o.oo 16,85 0,00 
1'o2C 21 o,co 4 72,70 10,58 o.oo 16,70 0,00 
1:. ?. '1~ -2,0(' ~ 70, 10 11. ~5 0,12 15,44 2,46 
l 4 3 l Oo278 GRA VS C/.RI!:: \ ::>EPC.SITEO 
1441 23 -2,t'0 5 69,77 12,19 Ool6 14,92 2,93 
1 ~(\ :) 24 -1.00 5 6~ , 60 l:',AO 0,20 14, '31 4,05 
h ~ "\ 0,348 GflA •:5 cAr:.ec ri :lE PCSlTEO 
1 ~ l I> 25 -7,00 5 l , A ,07 13,48 0.211 13.54 4,60 
1~ 25 26 -7,0:> 5 67,47 1 .. , 55 0,29 13,60 5~06 
: ~32 0 ,430 Gf.-.A VS CA ::.t :ir, ::>£P'-SIE:: 
1:.57 0 - .? ,00 s 66,87 14 • 36 o. 34 12,60 s,eo 
l6C O 0,522 GRA'1 S CARecr, ::>Ei>CSI TE::l 
l ~C • 29 -2.00 5 65, 89 14,71 0,39 12,42 6,57 
16.'.'4 29 -2,CC' 5 65,61 15,18 0,64 12,02 6,52 
1631 0,630 GR,t,"S c•~eo·. !:lEPCSITE:: 
1640 30 -2.00 5 64,81 15,42 0,62 11 ,86 7,27 
11>~7 31 -2.00 5 65,3 2 15,76 0,46 ll,41 7, : i, 
P : z 0, 740 GRA '1 S CAFIBO N OEP OSIT£!:l 
171 4 32 -2.co 5 64, 2 1 15,91 0,70 11,39 7,77 
171 :'.' 33 -2.00 5 65,25 16,10 0,51 11,29 6,83 

r 0,860 GRA V~ CAll!: O' , :JE?l.Sl ; c: 



DATA TAKEN DURING RU'i 38 ON 28 AUG 74 

T l''E SA''P DELP !GAS H2 co CH4 CO2 H20 C 
93 0 1 31,850 

93S 8 550,0 

93s, 6 32,0 o.o 0,0 0,0 0,0 
9"3 l 0,00 l 4751,0 235753,0 188753,0 254786,0 o.o 
05 1"' 7 n.on 1 5H,7,0 231159(',0 197707,n 27Cl345 • 0 0,0 
,;5-1 3 -1.00 l 4 ~3P,O 225923,0 le R4 7P. ,O 257!>95,0 o.o 

l ,' 0 ~ .. o.oo 1 5192,0 231l32 l .o 198B2,0 Z71i46,0 0,0 
l'.\11 5 o.oo 2 27906,0 0,0 0,0 0,0 0,0 
1:; 1 Q 6 J,00 2 300 45,() 0,0 0,0 0,0 o.o 
lJU, 1 J,00 2 27R37 ,O o.o o,o o.o o,o 
1031 8 o.oo 2 299~3,0 0,0 0,0 0,0 0.0 
l:'136 1 31,858 

l ,~.,o 6 24,0 17,0 o.o 0,0 0,0 
1;1 .. 3 9 0,00 4 19006,0 231396,0 0,0 0,0 0,0 
l ::, 5 1 10 0,00 4 20462,0 '""21!8 .o 0,0 c,o v,O 
l l ~ ,• 11 •l ,:JJ 5 l8 b•l 7,0 23 , 561,0 0,0 318,0 1747,0 
11~ .. 7 ll,1172 
1114 12 -2.00 5 2ne9.o 247672,0 72,0 199,0 1447,0 
ll2'l 13 -2.00 5 18797,0 23601!6,0 108,0 l 30, 0 3164,0 w 
1137 7 31,895 ~ 
1144 l" -2.00 5 20260,0 247183,0 75,0 155,0 2525,0 
12 0 4 7 31,927 
1214 16 -2.00 5 2;)261,0 247524,0 87,0 170,0 3669,0 
1no 17 -2.00 5 18737,0 235057,0 71,0 218,0 2865,0 
123? 7 31,959 
174 'i lP -2.00 5 2C'2 n 9,0 24717R,O llA,0 185,0 2529,0 
lJ OJ 19 -2.00 5 18742,0 234550,0 102.0 283,0 2880,0 
1 ~:, "II 7 32,000 
1'14 20 -1 ,00 5 2Jv52,o 24501l7,0 120.0 207,0 3598,0 
l '.!29 n -2.00 5 lf6~4,0 233471!,_0 149,0 180,0 3721,0 
1132 7 32,053 
134'; 22 -2.00 5 20;52 .o 245045,0 245,0 418,0 4279,0 
140 ;1 7 32,108 

l4J? 6 2 ... 0 10,2 o.o 6,0 0,0 
1406 23 C,00 4 18706,0 140042,0 0,0 112951,0 0,0 
l4lQ 25 o.oo 4 19618,0 139276,0 0,0 114232, 0 o.o 
1427 26 -2.00 5 19429,0 U0570,0 546,0 117292,0 9719,0 
1432 7 32,180 
l'-41 27 -2.00 5 181.llO,o 144:.145,0 71ei,u 1101110,u 11620,0 
1 5 :,:, 28 -2.00 5 19241,0 152327,0 1064,0 113eoe.o 14746,Q 
1 "~ "\ 7 32,281 
1515 29 -2.00 5 17769,C 145629,0 1246,0 105853,0 17711,0 
1532 30 -2.00 5 18960,0 1!>5593,0 1956,0 107727,0 22912,0 
HH, 7 32,429 



DATA TAICEN DURING RUN 39 ON 2P AUG 74 

T'•E C,\LJ'l~ATIC'IN GAsrs AqE' IC'-101~'-l TO P.E 
IGAS H2 co CH4 CO2 H20 

l H,17 24,94 24,97 24,94 0,00 
2 100,IJO 0,00 0,00 0,00 0,00 
3 0,0::) \l,0::> 0,00 100,0U :>,00 

C•\Ll"UTJ(),\ :;;.s SA'-· PLE S FOR Tl-'I S RU'I tffl{E ANALYSED AS 

TI "f SAVP O!::Lr> IC.AS H:! co CH4 CO2 H2C C 
943 l 0,00 l 24,79 25,59 24,93 24,66 0,00 
9SC' 2 ~ ,..~ 

~~ ..... 1 2~.2q 21, • 75 24,9'> 25,0C o.co 
<15~ 3 -1,co l is. 2!, 24,64 25,02 25,05 0,00 

l :> :l~ 4 :>,('0 1 25,34 24,1>6 24,91> 25,02 0,00 
lC li' 'S J,0J 2 lJ.;,\lu u,LJ 

"· (Jv 
v,U.J o,..;o 

1Jl9 t, 0,00 2 l J U , ;; v o,uo 0 ,:JU u,uu O,JO 
l~U. 7 c.c~ 2 1u~•,JO c,;io 0,0J o,o;; 0, (; 0 
1031 I! 0,0;) 2 i.;..:,co o. ~o o,ou. o,o;; 0,1.iO 

Tr,E' ~EL,\TIVE C,\LI BRAT ION 
A~E.\ CCEF"F ICE•:TS .\RE 0,01A74l 0,A9l592 0,732714 1,000000 0,61!9999 o,0273e5 

U•·:';,PHfRIC P~fSS llf1E' \~AS 759,96 . 
THE ~.EIGHT CF CI\TALYST l~ITIALLY CHARGED TO THE REACTOR IS 0,249 GRA~S, 

THf Gq::,ss ;,:£ I GHT CF THf CATALYST CAI~~ !ER /IND SUSPENSI0:-1 "ECHAN I SM IS 31,8~0 GRA 'tS, 
t:: 
N 



DATA TAK.EN DUIHNG RU/'< 38 ON 28 AUG 74 

T l'!f SA"I> DELP IGAS H2 co Ctt4 CO2 H20 C 
Q ]('I 0.000 GRA~S CARbUI Otl'CSI TEO 

<l35 RE ACTCq TE~•PERATUisE 550. DEGREES CENTIGRADE 

Q]lj (HA\(-£'.) l':LET GAS TO 100.00 o.uo o.oo o.oo o.oo TOTAL FLO:. l <; • b CC/SEC ISTPJ 
1:- 11, 0.001 GRA•'S CARdCN O(POSITfO 

1040 CH'l 'l C,EO INUT GAS TO 74.99 2s.oo o.oo c.oo o.oo TOTAL FLC,. 19.~ CC/SEC ISPI 
1'143 9 r..cc 4 74.54 25e45 o.oo o.oo a.co 
1~51 l C r..oo 4 7,,.45 25.54 o.oo o.oc o.oo 
11:0 11 -1.00 5 73.73 25.99 o.oo 0.03 0•24 
1105 0.021 GRAYS CAqeo~ OEPC!.ITD 
1114 11 -2.00 5 73.97 25.RO o.oo 0.01 0.19 
112° 13 -2.cn 5 73.62 25of9 0.01 0.01 0.44 
113] o.04,. GRA"S CA RF. Or, !:>EPC!.I TEO 
1144 14 -2.00 'j 73.95 25.67 o.oo 0.01 Oo33 
l ? C' 4 OeCi76 GRA'1 S Cl,RbC~. CEF--.SITD 
l ll4 16 -2.c-o 5 73.81 2-;.1,6 0.01 0.01 Oe49 
172q 17 -2.00 5 73.69 25. ~6 o.oo 9.02 Oe40 1n, ·;~-~ 9 GQAYS CM>liO '◄ OEPC~IT[C 
l24'j lR -2.00 5 73.91 25.70 o.o l 0.01 Doll ~ uo., 19 -2.00 5 73 • 72 25.~2 0.01 0.02 Oo40 ... 
1'303 0.150 GRA!' S CAl<llC 'I :)f?CSJTE:l 
1314 20 -1.00 5 73.aS 25.62 0.01 0.01 (J •48 
1 ~;>q 11 -1.00 5 13. I\ e 25.74 0.01 0.01 o.s1 
1H2 o.2 c 2 GRA'IS CA~!l :;' , '.)fP~!:.l Tf'.) 
1)45 2? -2.00 5 73.75 25.59 0.03 Oo03 OoS7 
1 .. :io o.2s1 GRl.'1 S c,~~0:.1; :)EPCSIT(!-

14('2 CHA',GfD I ': LU GAS TC 74093 14.99 o.oo lOo06 o.oo TOTAL FLC,. u.~ CCI.Ste I.ST.- I 
l '• :'.! #i 23 o.oo 4 1;.54 l'>• 39 a.co 11 .06 o.oo 
1410 15 o.oo 4 73.43 J 5, 34 o.oo 11,21 o.oo 
1427 26 -2.00 · 5 71.96 1s.12 0.06 10.92 1.11 
1432 0,329 Gflll '.' .S CAk!lOr, UPC.SI iD 
1443 27 -2.00 5 71,51 15,q6 0.09 10 .e 1 J.65 
1 '\ :' :' 2a -2.r.o 5 71 .37 15.90 0-13 10,59 1.98 
1503 0,430 GRA'lS CAR901', DEP::SJT!::O 
1 '\ l i; 2Q -1.00 5 1 0 .03 16.06 o, 16 10.40 2,52 
l ">32 ,c -2.00 5 7:J,43 16.21 0.24 10.01 ;.ca 
l"> '.H , 0.578 GRA"S CAl'!B 'J ', DEPCSIHO 



CATA TA!<E~j DURING RU•I 39 0~ 17 SEP 74 

Tl ' ' f SA~•p DELP !GAS H2 co CH4 CO2 H20 C 
947 1 2.(10 1 490!11.:> 2JD2S.o 1903!>4.0 257197.o o.o 
94') 3 2.:>o l 41,32.0 211,901.0 le0416.o 21ol>l69.0 o.o 
<156 4 2.00 1 4967.0 2271100.0 1e9759.o 259336.0 o.o 

1.):)2 5 2.00 l 46 74 • :> 217227.0 1!109P.,0 2'• 7314 o 0 o.o 
101, ,, c .co 2 28522.0 o .o OoO OoO OoO 
l ~2:> 7 o.oo 2 2651300 o.o CoO OoO o.o 
103? 9 c.co 2 2655700 Ooa OoO o.o OoO 
1.)3~ 10 OoOO 2 2S69 0 . 0 o.o o.o OoO OoO 
lJ45 11 OoOO 2 26631 .o OoO OoO o.o OoO 
1009 7 31,042 

1: 1c 6 32o0 o.o OoO OoO o.o 

l Cl O ~ 50000 
t:'51- 7 31,022 

i;,s• 6 24 .o 17o0 o.o OoO OoO 
llO J 12 r. ,oo 4 19594.0 21soc4 ,a OoO OoO OoO 
1107 12 0,00 4 111276,0 224241,0 o.o o.o OoO 
111-, 13 -2.00 5 l941'9o0 2,,r.1, ~ loo CoO 20300 132200 
11?'1 7 ' .. ~ .. ":.46 
1131 14 -2.00 ' 1823S.O 228637.0 o.o 183.0 1638,C 
1145 15 OoOO 4 19 ~36 .r. 24202900 OoO Oo O OoO 
1154 16 0,00 4 1843900 22~658,0 0,0 OoO OoO 
1159 7 310071 
1202 17 -1.00 ' 19516,0 24288400 71 .o 168.0 2023.0 
121G lA -1.(h"' 5 l ~C 97o0 23 :J l99o0 87o0 175,0 302000 
1231 7 31.093 
1234 19 -2.00 5 191,55. 0 21,0655 oO e3.o 1e9.o 192600 ,:s p40 20 -7, (1(1 5 l7'l93,0 22A50l,0 5700 163.o l6Peoo .. 
l 1:: 0 21 -2000 5 19360.0 24J 0 25o0 92,0 194,0 212600 
1~04 7 310144 
1324 22 -2.oc ' lH071o,O 23\lOA)oO 6e,o 1e9.o 1663,0 
1'•1 7 31,130 
1, ~q 2) -2.00 ' 19311:.0 21o:>2l9,0 13900 l97oO 1295,0 
lH~ 24 -2.oc 5 171176.0 229449,0 195200 1085,0 170000 
l4 :J 5 7 31,151 
1409 25 -2000 5 1922200 23" 82400 76,0 171 oO 16le.O 
1423 21> -1.00 5 171\0 7.0 22~ 0\lOoO 70000 3h6o0 1672,0 
14)• 27 -1 oO::l 5 19212.0 23'l5 :'l 6,0 0,0 341, oO l 9 i!F. oO 
1434 7 31,168 
l 5Cl 1 31,185 
l 5~t, 29 -2.oc 5 19192,0 239105,0 llOoO 32loo 1232, 0 
l'S2l 30 0. ::i:i 4 1797600 22 41>64,0 0,0 c. c c.9 
1~2:', 31 -1 ,00 4 19~71,0 236767,0 OoO o.o OoO 
1~30 7 31,201 



PATA TA~EN DURING RUN 39 ON 11 SEP 14 

Ttff CAL I ARAT IO"l GA!fS A~E <'!01· 'II TO BE 
IC.AS H2 co CH4 CO2 H20 

l 2,017 24094 24097 24094 0o00 
2 1-: 0000 o.o:i o.oo 0o(J0 0o0 0 
3 0o0J o.oc o.oo 10 0 • (.,0 o.oo 

CALJARATIO"l GAS SA \'PLf S FQq lt'l S RUN WERE A"IALYSEO AS 

TI ''E 5,11,·p DELP IC.AS H2 co CH4 CO2 H.?0 C 
94'1 2 2.00 l H.01 25. 17 25.0l 24.18 0o00 
0i.0 3 1.00 l ?5.111 24.~6 24.96 24.98 0o00 
9';1, .. 2.00 l 25.26 24.79 2i..93 24.99 o.oo 

l::'107 , 2.00 1 25.15 21,079 24.95 24.99 o.oo 
1:))3 6 o.oo 2 1c :-, .oo 0, () 0 0,00 0,00 0,00 
l Jz .: 7 l),CO 2 100. co 0. 0 0 o.oo o.oc O,CO 
l :' lJ 9 n.C'O 2 1or . c '.l 0, 00 0,00 o. oo 0,00 
10)9 10 o.co 2 100 .00 c. c o c . oo o.oo 0o C0 
l J 45 11 :i.oc 2 100. 00 Oo CO CoOO o.ou OoOO w 

N .,. 
T~E QELATIVE CALJSQATION 
A~EA COFFFICE KTS A~E OoOlPP.06 o,se51o£>, Oo733390 1.000000 00689999 c.021111 

AT VC SPHEqlc PR ESsuqE ~AS 75(),96 0 

THE ~EIGHT OF C•TALYST l t.: ITtALLY CHARGE~ TO THE REACTOR IS 0.250 GRA"S, 

THE G•rnss •,;EIGHT Cf THE CATALYST CARRIER A'IIO SUSPENSION l' ECHA N I 5~1 IS u.022 GRA~S. 



DATA TA'<EN DURI NG Ruri 39 o~: 17 SEP 74 

TI''£' SA,'P 0£'LP IGAS H2 co CH4 CO2 H20 C 
l C- 0<1 0.020 GRA!I! CAReON OEPCSITEO 

1010 CHA':GfO l\LET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLOii 19111 CC/SEC ISTPJ 

1c1n REACTOR TEYPERATURE 500. OEGREES CEll:TIGRAOE 

l:!51> 0.000 GRA''S Cf.?!l'.;'i :)f?CSIT!':> 

l '.'5 ° C"<A'ljGf'O l"ILfT GAS TO 74.99 25.00 o.oo o.oo o.oo TOTAL FLO,; 19.~ CC/SEC ISTPI 
llOC' 12 o.oo 4 74.49 25.50 o.oo o.oo .:i.oo 
1107 12 <loOO 4 74 • 33 25.66 o.oo o,oo 0,01) 
1115 13 -2.00 5 73,79 26.00 o.oo 0,01 0 • 18 
112<1 0,023 G~A'S CAR8Ch OEFCSITE: 
1131 14 -2.00 5 73.7] 26.CO o.oo 0,01 0,23 
1145 15 o.oo 4 74 • 11 25.88 0,00 o.oo o.oo 
1154 16 '.loO:> .. 74,09 25,90 o.oo o.oo a.co 
ll 5Q 00048 GRA'1 S CM £::;,; OEP::,!JTE:> 
12J} 17 -1 .oo 5 73,57 26.12 o.oo 0.01 0,27 
121 II 1~ -2.00 5 73.3]. 26.20 o.o l 0.01 Oo44 
1n1 0.010 (iqArlS CAR!,C, '• :)E?CSITCO 
1234 19 -2.00 5 73,70 26,00 0.01 0.01 Oo26 
124~ 20 -2.00 5 73 .52 26.19 o.oo 0,01 0,24 
110• 21 -2.00 5 73.65 26,Cll 0,01 0.01 0,29 
l 114 0 • 121 GRA''S CAi<eC., Of PCS I TD 
l 324 22 -2.00 5 73,46 26,26 o.oo O,ul 0.24 
l 131 0,107 GRAYS CAR:,0\ OEP'-SI TEO 
113~ 23 -2.00 5 73,6~ 21 .. 09 0,01 0,01 0 •la 
1353 24 -2.00 5 73,0tl 26,2R 0,26 0.11 Oo24 
141)<; o.12e GRAt'S CARt,01, Of PC.SI TE:> ,:: l'-O<l 2r, -2.110 5 73,69 26oCl5 0,01 0,01 0.22 "' 14B 26 -1 .:io 5 73 • 33 26,28 0,09 0,03 Oo24 
14 JR 27 -1 .oo 5 H,59 26,09 o.oo 0.03 0.21 
1434 Ool45 G'IA'·S CARSO!, D£P:;!,I Tt:, 
l ~C' 1 0.11,2 c;qA'IS CAHt:C :. Olf.,C,:,I TL:> 
l~CI> 29 -2.co s 73,67 26ol0 0.01 0.03 0,17 
1521 30 o.oo 4 74,05 2,.94 0,00 o.oo o .• oo 
1521> 31 -1 .oo " 74,17 25.82 o.oo 0,00 o.oo 
1,;3(l Ool78 G~A~S CA~SO~ :>!:'.PCS! TE:.> 



DATA TAKEN DURING RUN 40 ON 19 SEP 74 

TIVf' 5A''P DELP IGA5 HZ co CH4 CO2 H;>O C 
1024 1 OoOO 1 462600 223452.0 18219800 24620000 OoO 
1J35 2 OoCO 1 496800 23018600 19102300 26066800 OoO 
lc'42 3 OoOO 1 469900 21862800 181968.0 24894800 OoO 
1054 " OoOO 1 5001100 22996000 19173500 262770,0 o,o 
1106 5 OoOO 2 26911700 0,0 0,0 0,0 0,0 
1112 6 OoOO 2 291 )3 I 0 0,0 0,0 OoO OoO 
1 llA 7 OoOO 2 2719.?,0 OoO 0,0 OoO o.o 
1124 8 0,00 2 29257,0 0,0 0,0 OoO OoO 
l:'12? 7 31,207 

1057 6 32o0 OoO OoO OoO OoO 

1057 8 500,0 
112«1 7 310210 

1131 6 24o0 17o0 0,0 o.o OoO 
llH 9 OoOO 4 111491,0 230'18,0 OoO OoO OoO 
l\3o 10 n.oo 4 19A3) ,O 243015,0 o.o 0,0 0,0 
1147 11 -2000 5 lt!ll9,0 23326 7 .o 15100 20200 2011100 
12Cl 12 -2.00 5 194'!4,0 24383100 lHoO 248.0 l96lo0 
1?(17 7 31,241 
l:!15 13 -2000 5 18027,0 232435,0 247,0 230.0 308100 ~ 
123(' 14 -2.co 5 l94QO,O 245444,0 526,0 218,0 2132,0 .... 
l?l<o 7 31,267 
1245 15 -2.00 5 18132,0 233292,0 189,0 223,0 2655,0 
125" 7 31,290 
1)01 16 -2.00 5 19465,0 245048,0 290,0 258,0 2 341 I 0 n 1~ 17 -2.00 5 1!!04!!,0 232612.0 201 .o 284,0 273800 
1 H? 7 310318 

1'3? 6 24,0 6,8 o.o 9,0 0,0 
13B l! :'oOO 4 19367,0 93764,0 0,0 173922,0 0,0 
l '" ~ 19 0,00 4 17943,0 AR104,0 0,0 166099,0 0,0 
1350 20 -1.00 5 l8 81S,0 97111.0 637,0 173920,0 4548,0 
140:> 7 31,342 
l4C'.'> 21 -2,00 5 1743),0 92711,0 436,0 165985,0 641'7 .o 
1421 n -2.00 5 197P.O,O 97331,,0 422,0 173957,0 6t>l9,0 
1434 7 31, 3b5 
1<.37 23 -2.00 5 17377,0 91910,0 600,0 165769,0 7418 ,O 
l <. 5" 24 -2.00 5 1P713,0 'l7e7S,O ~09,0 174081,0 6498,0 
l ,.~ Q 7 31,385 
1 S:ll! 25 -2.00 !I 17414,0 9345100 411!1,0 166048,0 7019,0 
1574 26 -2.00 5 19695,0 97854,0 531 .o 172907,0 5146,0 
15'3:> 7 31,406 
p311 27 -2.00 5 17434,0 9371!6,0 516,0 16654300 6194,0 
1554 7 31,421 



DATA TAKEN DURING RU'I 40 ON 19 SEP 74 

THE CALtflRATIO'I GASES ARE K"O '•"I TO BE 
IGAS H2 co CH4 CO2 H20 

1 25.17 24.94 24.97 24.94 o.oo 
2 100.00 o.oo o.oo 0.1,0 o.oo 
3 o.co 0,00 o.oo 1co.oo o.oo 

C.\Ll'lilATIO'I GAS SA•'PLfS FOR Tt<IS RUN WERE ANALYSED AS 

T 1 ''f SA " P DELP IGAS H2 co CH4 CO2 t<20 C 
1:)21' l C'.OO 1 24.~8 25.30 24.9P 24,72 0,00 
l~H 7 !1,00 I 25,19 24,r6 24.91' 24.9b 0,00 
10'-2 3 o.oo l H,2!! 24.75 2<,.95 25.00 o.oo 
ltl54 4 C',~O 1 25 • 2,, 24,73 2<,,96 25.06 0,00 
1 I Jt, !i :;,cJ 2 10 .... ou u.co u.ou o.uu (J, CCI 
1112 6 ,.J . J:.l 2 1-..c ,1.1J o.~;,;, o ... ,.., o.oo o.oo 
111" 1 J,vo 2 1.;J ,uil o • ...,:, 1.1, OJ tJ. 0 1.J o.uo 
1124 II :: • 0~ 2 1~ ~.00 o.:o o,ou 0. :.; lJ 0. C,() 

Tt1E qfLATIVE CALIO~ATION 
A 'IE., CCfFFICf,\TS A;if □ •01876':! O.HU6fl29 0,732'-ll 1.000000 0,689999 C,027562 

Af¥~SPHEPIC PRESsuqf ~AS 759.96 • 
Tti!:: . •flGt1T CF C,\TALYST INITIIILLY CHARGED TO THE REACTOR IS 0,250 GRA'IS, 

THC: G~C'SS I\EIGHT OF THE CATALYST CARRIER AND SUSPE~1S(ON ,.,ECHA~ I 5•, IS 31 .021 GilA''S• 
~ 
GD 



OATA TAKEN DURING RUN 40 ON 111 SEP 74 

Tl'•'E SA''P OELP IGAS H2 co CH4 CO2 H20 C 
l:'?2 Oole4 GRAYS CAR6CN OEPOSJlE:l 

l:!57 CHA~GE:> ! ~LET GAS TO 100000 OoOO o.oo OoOO OoOO TOTAL FLO~ 1908 CC/SEC ISTPI 

1057 REACTO'l TE''f>E 1U TURE' 500• OEGREES CENTIGRADE 

112" Oo 187 GRAl'I.S CARBON CEPOSI TlO 

1131 C'-'ll 'sGFO INLET GAS TO 74099 2s.oo o.oo o.oo o.oo TOTAL FLOW 19eb CC/~EC I STP I 
113) 9 o.oo 4 73.A5 26.14 o.oo o.oo o.oo 
111<> 1J o.oo 4 73.91 26.0B 0,00 o.oo o.oo 
1147 11 -2.00 5 73,07 26,57 0.0;, 0,02 0,30 
1201 l? -2.00 5 73.34 26. 34 0,01 0,02 0,27 
12C7 0.2u GRAY.S CAR60:1 OEPCSITE::l 
1215 13 -2,00 5 72,94 26,54 0.03 Oo02 0.45 
1230 14 -2,00 5 73,16 26,44 0,06 0,02 0,29 
123', Oe244 GRA"'S CAR&ON OEPOSI TEO 

124~ 15 -2,00 s 73,0l 26,54 0,02 0.02 0,38 
125~ Oe267 GRA/'IS CARBON ::>EPOSI TE::> 
11:ll 16 -2,00 5 73. 17 26.43 0,03 0,02 0.12 
1111'- 17 -2.00 5 72,90 26,55 0,02 0,02 o.i.o 
l 3?'l 0e295 GRA'-'S CARBO:; OEPOSITE::l 

1''!2 CHA',Cf'.l l'!LET GAS TO 74,90 9,'19 o.oo 15,09 o.oo TOTAL FLC,i l'i•ll CCt!.EC ISTP I 
lH5 18 o.oo 4 7 3, 16 10,14 o.oo 16,69 o.oo 
1141 19 0,00 4 11.01 10.10 0,00 H,,f!A o.oo 
lHO 20 -2.00 5 71,91 10.57 0,01! 16,79 Oe63 
14:'.';> 0 .319 GRA/'IS CArHlOf, CEPCSI IE:> 
l<+::>b 21 -2.00 !I 71,44 10.64 0,06 16,90 0,94 
1421 27 -2.00 s 71,67 10,57 0,05 16,76 0,92 
14 )4 ~ 0.342 GkA''S CARBO\ DEPOSI TD 
14 37 23 -2.00 5 71,27 11',67 o,oe 16.88 1,09 
1451 24 -2.0:> 5 71.57 10,65 0,06 16,79 0,90 
1<.~Q 0,3b2 GRA~S CARP.O~ OCPC!.I TEO 1c.~Q 2'1 -2,00 '5 71.29 10, 71 0,06 l6,e8 1.03 

1524 26 -2.00 5 71, 77 10.68 0,07 16,74 0.72 
l ~~:- . Oe3B3 GRA''S CA Re Or, CHCSITE:: 1~3P 27 -2.00 5 71,31 l0,7S 0.01 16,93 Oe9l 
1554 :l,398 GRAYS CARBC r, o::;,c.~1 H:: 



CATA TAKEN ouqlNG RU" 41 ON 27 SEP 74 

TI ''E SA''P DELP !GAS H2 co CH4 CO2 H20 C 
ASA l 1.00 l 46P.lo0 237052.0 184971.0 246479.o o.o 
Q0:5 2 l .oo 1 4564.o 2142,.2.0 177619.0 241!'>58.0 o.o 
'll2 3 l • 00 1 41160• □ 22477t,.O 16661+1.0 254?27.o o.o 
C.20 4 ::i.oo l 45-69,0 2131eo.o 177510.fl 2lt2893.0 o,o 
c;-;6 5 1.00 1 49·,l,O i;,4327.o 1e1011.o 255264,0 0,0 
Q)4 6 ~.co 2 ?6043,0 o.o o.o 0,0 o.o 
l'.ll<l 7 c.co 2 2el97,0 o.:, a.a 0,0 a.a 
"~2 9 o.oo 2 28254,0 0,0 0,0 o.o o.o Qn 7 31.eie 

~51+ 6 32 .o o.o 0,0 o.o o.o 

r !i" p 550,0 
C,!)7 7 3l,e36 

<15'1 6 24,0 17,0 0,0 0,0 0,0 
l ~ ll 7 31.903 
1))1+ 11 ..1.00 ,. 19316,0 242022.0 c.o o.o 421,0 
104~ 14 o.oo 4 17913,0 233218.0 o.o o.o 0,0 
PS!> 15- •l ,OO 5 1~975,0 2'-C6~8,0 274,0 591•0 4283•0 
l l 0~ 7 32,067 
1111 16 -2.00 5 11113.0 228451, 0 252,0 - 618,0 8345,0 
1126 17 -2.00 5 19152,0 240!:>ll oO 474,0 1422.0 6434,0 
113] 7 :32,213 



OATA TAKEN DURING RUN 41 0'1 27 SEP 74 

T'iE CALl!!qATIO'I GASES ARE KNOWN TO BE 
IGAS H2 co CH4 CO2 l-'20 

1 25 • 17 24.91, 24.97 24.94 o.oo 
2 100.00 o.o:i o.oo o.ou o.oo 
3 o.oo o.oo o.oo 100.co o.oo 

C~L!qRAT!C\'11 GAS SA"l'LfS FOR THIS RUN WfRE ANALYSED AS 

JI'.'f Sb."P DELP JGAS H2 co CH4 CO2 H20 C 
~5• 1 1.00 1 24065 26.09 24efl7 24. 37 o.oo 
~JS 7 1.00 l zi;.~o 24.611 25.00 25.()0 o.oo 
•n2 3 1.00 l 25.27 24.63 24.9~ 25.09 o.oo 

'12""1 4 ~. ('('I l 2~ .31 24.56 24.9~ 25.14 o.oc 
9U. 5 1.00 l 25.35 24.54 25.00 25.09 o.oo 
934 6 o.oo 2 1co • .:io 0 , 00 o.oo o • .io o.oc. ... 
Q)Q 7 ~.o:i 2 100 .00 c.oo o.oo :.i.oo o.oo ~ 

<l5;> 9 :i.o:i 2 lOU,00 o.:.io o.oo o,oc 0,00 

T,..E ~ELAT!VE CAL!qlATICN 
ARfA (ufFFJCf'ITS ARf O.Ol~ A05 Oe891l310 Oo7H39~ 1.000000 0o6e9999 0e0276~7 

H ' "CSPt,FR IC PRESSURE \-/ AS 759,96 • 

Tt-<E 'fflG'iT O• CATALYST INITIALLY CHARGE:> TO THE REACTOR IS Oe249 GRA '~ S. 

THE GROSS WEIGYT 0F THE CATALYST CARRIER ANO SUSPE~S!ON ~ECHANIS~ IS 310816 GRA~S. 



DATA TAKEN OURl'IG RUN 41 0 ~1 27 SEP 74 

T t • 'f. SA " P Ofl.P IGAS H2 co CH4 CO2 H20 C 
Pl) o.coo GRAYS Cf, REC'., CCPCSITfO 

q54 Ct-<.l. ~GEO I NLET GAS TO 100.co o.oo a.co o.oo o.oo TOTAL nc. ... 19.8 CC/!il:C I STl' I 

q54 i1f ACTC'll TP'FERATln E 55C. DfG ~EfS CE"NTIG~ADE 

q57 0.019 GRA"S Cl.l,bOr, :)fPCSITEO 

Q5<1 c,...u:r,ro l"ILET GAS TO 74.99 25.00 o.oo c.oo o.oo TCTAL FLC', 19 . 1: cu~::c I ST :> I 
1: 31 o.oes GRA ''S Cf., ,,~:. CEH,!dTE:l 
1::: 3<. l3 o.oo 4 73 .64 26.Z9 o.oo o.oo 0.05 
l .:" '- ~ 1" o.oo " 73.25 26.74 o.oo v. 0~ o.oo 
l ~5'> l 'i -1 .on 5 73,00 2t,.29 0.03 c.05 0.60 
1 l:) q 0,248 GRA'~S C~RSC,', ~£~CSITE:) 
1111 16 -2.00 5 72.49 26.16 0.03 0.06 1.24 
1121> 17 -2.co 5 72,85 26, 04 0.06 0,13 0.90 
113] 0.395 GRA'1 S CAR f: Ot. :>c.PCSITE:l 



DATA TAKEN DURING RUN 42 ON 03 OCT 74 

TI ' 't SA'.'P DfLP !GAS H2 co CH4 CO2 H20 C 
a5c 1 o.oo 1 44)6.0 220)4!.0 175559.0 236538,0 0,0 
1'5~ ;, o.oo 1 4~19.0 223765,0 18Moq.o 253338,0 o.o 
90~ 3 1.00 1 457e.o 213729,0 178003,0 242745.0 o.o 
01'\ 4 0,00 1 i.927.o 77673].0 188531,0 254420,0 o.o 
'112 s r.oo 2 26 0 55.0 o.o o.o o.o o.o 
"27 6 c .oo 2 2s2cs.o o ,o c.o o.o o.o 
941 7 ('I. en l 25495,0 o.o o.o o.o 14990,0 
<15<, 8 :i.oo 3 2749P,O o.o o.o o.o 13331.0 
~~!- 7 32.264 

') l;, 6 32.0 o.o o.o o.o o.o 

01~ !I 550. 0 
Q!.., 7 32t267 

93 '\ 6 32.0 o.o o.o o.o 14,7 
1~('7 7 320224 
l i' l 0 9 o.oo ~ 2S'-60o0 o.o eo.o sa.o 14962.0 
l '.:'2 5 10 ~.co 5 27657.0 o.o 10.0 22.0 132'-0,0 
1031 7 32.212 

lJ)n 6 24,0 11,0 o.o o.o 14,7 ... 
l .:' 42 11 ,1 .00 4 17042,0 231264.0 o.o o.o 1583200 t: 
l '.: 56 11 0 ,00 ,. 18454 .o 243907.o o.o 16,0 HH2.0 

1107 7 32,320 
1111 13 -2.00 ~ ll,~56.0 2246t.5.0 391.0 3409.0 24021,0 
1120 14 -2.00 .., lP J 2loO ,?'\1\704.0 1655,0 6174.0 17574.0 
11 ~ 7 7 32,469 
1143 B - 1,00 5 17062, 0 ll H65o0 2334,0 8728,0 22637.0 

1144 6 24.0 o.o o.o o.o 0,0 



CATA TA~EN DURING RU ~ 42 0'1 03 OCT 74 

T•<f. C.\Ll!lRATIC' I'! GASES AQf 1(1,0\"J TO RE 
IGAS H2 co CH4 CO2 H2C 

l 25.17 24094 24097 24.94 o.oo 
? 10 () .ov ;i .tio o.oo a.cc o.oo 
3 o,no o.oo o.oo 98.06 1,93 

C~Ll~HTIC\: GAS SA•: PL[S FO!l THIS Ru~: \·!EqE M:ALVS!::D f.S 

TI " f SA '' P DELP IGAS H2 co (t<4 CO2 t-t20 C 
Q!)!' l o.oc l 24.95 25.58 24.el 24.64 o.oo 
0::, 7 ? c.co 1 25 .27 24.1>6 25.00 25.05 o.co 
9~7 3 1.co l 2~.36 24.60 24.94 25.07 o.oo 
Cl~ 4 c·.c~ l 25 • 11 24. ~O 25.10 24.97 o.oo 
97' 5 : • .;i:i 7 )v ..; . VU V • ~· -.J o .... u .i.oo o • ..io 
Q27 6 c.oo 2 10 ;; . uo c.~o o. oo o.o:i o.ou 
Cl, l 7 ".no ' 97, 0 9 0,:10 o.:io o.oo 2.io 
c:5", R ::'. ('~ 3 9•.22 0.:10 0,0:l c.co 1.11 

, ... e- RFLATIVE CALl'>QATIN, 
,.-;r ,\ C:i f FF l(f. "\ T~ A<F 0.01~774 0 .~97267 O,1371PO 1.oo~coc 0,739392 O,O27429 

~T ".'l SPt-t[RIC PREssuqr \\AS 759,96 . 
T-<~ ·,EIGHT OF CATALYST l 'IITI/\LLY CHAflGEO TO THE REACTOR IS 0.21,9 GRA '~ S, ... 
THf G, css ,,f !G"<T 0 .- H•F C~Ti\LYST CAH '1 l ffl AND SllSPE •i S!O'I l" ECtiMI l $'1 IS 3loRlR GRA 1IS• ~ 



DATIi TAKE"'! DURING RU!t 42 Olli 03 OCT '14 

TI''~ SA.VP C'ELP IG1'S 11? co CH4 CO2 1120 C 
G5'1 0.446 GRAl'S CARBO:\ OEPOS I TE 0 

"12 Cl-iM,Gf!) J-.;LET GAS TO l0".l.00 o.oo o.oo o.oo o.oo TOTAL FLO~ l'il.b CC/SEC I STI- I 

<I l ~ 'lf ACTC' '~ TF''l>ERA fl•PE 550. DEGREES CENTIGRADE 

'13 '.' o.449 G~.A'IS CARBOI'. OEPCSITt::> 

'l)C, Cl-i ,\'!GE'l l'IILET Gf\S TO 9~.10 o.oo o.oo o.oo l-89 TOTAL FLC• 20.2 CCtSEC ISTPJ 
l "", . ' o.406 GHAII.S CAl<:1~r. :::!:.PC.SI TC!l 
1 r' 1 0 Q o.oo !i 91081 o.oo 0.01 o.oo 2.10 
1 : 25 10 :i.oo ~ 9Ao24 o.oo o.oo o.oo l•H 
l ')31 0.394 GRl,1 5 c.i.~co·i OEPCSITD 

n:,o ('-'A~·GF!:> l'ILET GAS TO 73.56 24.53 o.oo o.oo 1.e9 TOTAL FLO" 20.2 CC/SEC CSTPI 
l:')4? 11 c.oo 4 11.11 26.67 o.oo o.oo 2.21 
1-'~~ 1;, :i.oo 4 71 • 38 26.53 o.oo v.oo 2.(.)7 
11)? o.;02 GR.Al1 S CARSOr, OEPOSITE:l 
ll 11 13 -2.co ; 70.36 25, fl7 0,05 0,3!i 3o3!i 
1:2° 14 .. , .C'0 !i 71.i, 25.71 o. 21 0,60 2,32 
113? o.,so GRA'°'S Cf.R!lCN !lEPCSITEO 
1143 l !i -1 .oo 5 70.66 24.96 0.32 o.e9 3ol4 ... ... 

"' 
1144 (MA'-GFO l~LFT GAS TO 100.00 0,00 o.oo 0,00 o.oo TOTAL FLCiol 14,8 CC/SEC IST?J 



CATA TA~E N DURI NG RU~ 43 ON 16 ')(T 74 

TI "E SA•'P DELP ICiAS 112 co CH4 CO2 H20 C 
l"O 1 1 :) .00 l 4632 .o 230405.0 177960. 0 236966.0 o.o 
14:ld 2 n.oo 1 .,4e9.o 206342.0 171CS6o0 231941!.o o.o 
141~ 3 o.oo 1 <,79500 2BOll7oO 17915300 24442700 OoO 
11.n ,. CoCO l 45070'.l 206443.0 17181,300 23266900 OoO 
l"lQ .. -1 oOO 1 4SJ1,.o 215603.0 17946300 24545~00 o.o 
l<.37 6 CoOO 2 ?5572.J o.o c .o Ooll OoO 
1 .... , 7 CoOC 2 27'>65o0 0,0 o.o o.o OoO 
141.9 8 o .oo 2 2565 ~,0 o.o o.o o.o o.o 
1455 9 ~.oo 2 2751 11 .0 o.o OoO o.o o.o 
14:l(' 1 3lo807 

l'-) .> 6 12.0 a.a o.o Ooo o.o 

11.n 8 550.0 
l ~_, ,. 1 310821 

l '>~!- 6 7<..a 11.0 0,0 0,0 CoO 
15 •' 9 10 0.00 4 17334.0 212629,0 0,0 0,0 o,o 
1515 11 O,OJ 4 196~9.0 124674,0 0,0 OoO OoO 
1571 12 o,oc 5 170!,5,0 213645.0 214,0 470,0 368lo0 
15)1 1 31,872 
1535 13 -1.00 5 lA3H4.0 223448.0 297,0 500,0 3193,0 
l~<-Q 14 -1 ,:,o ~ 1705(1,0 217856.0 352.0 471 .c 3954.0 
l !- :C 2 7 31 ,9.,5 
1605 15 -1.00 5 lt1416,0 223925,0 405,0 50000 5164,0 
lf-2:l 16 -1 .oo 5 17077,0 211512,0 350,0 510,0 4991 .o 
I 1>32 1 32,024 
I ~31, 17 -1 .oo 5 18537,0 2234f,8,0 ~09,0 478,0 '-f-16,0 
lt,5 I 18 -loOO 5 noi.1.0 2111i.s.o 414,0 425.0 4513 ,0 w 
P:'.'l 7 3?,lC7 w 

0, 

l7 .) ', 19 "lo CO ,, 1~573,0 224f9l,O 1273,0 563,0 4931,0 
1721 20 0,00 5 112.::e,o 21H13l.O 531,0 4 72,0 5150,0 
1730 7 32,199 

1732 6 24.0 o.o 0,0 0,0 0,0 



OATA TAKEN OURING RUN 43 ON 16 OCT 74 

T"E C,\LIQqHI0•1 GASES ARE K'IOl"'·I TO BE 
IGAS U2 co CH4 CO2 H20 

1 25.17 24.94 24097 24.94 o.oo 
2 100.00 o. oo o.oo a. c o o.uo 
'3 o.oo o.oo o.oo 100 • :10 o.oo 

C~l.!"~IITIC' ~ G"5 Sf, '' l'Lf S FOR THIS RUN 1·: fRf f,Nf,LY51:D "5 

T l ' 'f s.,,,,p DELP IGAS HZ co CH4 CO2 H20 C 
1401 1 Oo'lO l 24063 26.H 24.79 24.34 OoOO 
l40fl 2 o .oo 1 ;,5.;>4 24.67 25004 zs.03 OoOO 
14l"i 3 n.oo 1 2,oH 24.51 24.99 25ol4 o.oo 
142;> 4 o.oo 1 2,.15 24.62 25008 25003 o.oo 
l'-2Q 5 -1.00 1 25041 24048 24,94 25,15 o.oo 
1437 6 o.oo 2 10,'. oOO u ... o o.oo O,C,.i OoOO 
} l ,4. 1 7 o. oo 2 lJv oOO Oo.10 a . c o Oo O(; o. oo 
11,4 9 R OoOO 2 lJC.00 o. co o.oo o.oo OoOO 
l< 55 9 o.oo '} 100 • 00 Oono a.oo OoOO o.oo w 

w .... 
Twf ~,.-LATIVE CAL l'!~AT 10"' 
41/f J\ CO E"'FICE'!TS MIF 00019331 00902387 00737297 loOOOOOO 00689999 0,027809 

• T .. '.)SDHE!l IC Ps FSSURE ~•AS 759.96 0 

, ... f ~flGMT 0"' C-TALYST IJ\IIT lf,LLY CHARGED TO THE REACTOR IS 00243 GP.A MS. 

THf GH:lSS •::f. !Gi.;T OF THE CATALYST CAHRIER ANO SUSPE NSION MECHA l'l JS).I IS 310807 GRAMSo 



DATA TAKE N DURI NG RU 'II 43 0 ' 1 16 OCT 74 

Tl''E SA•·p DELP IGAS H2 co CH4 CO2 H20 C 
1400 0.000 (;q,t.•15 CAOf!O'I ::lEPCSITO 

1432 C-iA~:GED l'lLET GAS TO 100.00 OoCO o.oo OoOO o.co TOTAL FLO,, l9ofl CC/SEC ISPI 

1433 ~~ACTCq TEYPfRATURf ~50o r:fG '{ EES Cft',,TJ:; •lADE 

1504 0.013 G'IA 11 S CARSO': DEPCSITD 

l5U, CtiA : GE::> ! '- LET GAS TC 74099 25. 00 o.oo o.oo o.oo TCTAt. FLC.- l 9o e CCl!.EC I ST:> I 
15.::'l 10 JoOC 4 74030 25.69 0,00 OoOO o.oo 
I~ I-; 11 o.cc " 74,39 25.60 c.oo c.oo o.oo 
I '>2 I 17 ., . cc 5 7),4 ~ 25. f•4 0,03 0,05 0.58 
1~31 0,064 G~A•1 S c1-i.ec·. C(PC!.ITD 
1H5 13 -1.00 5 73.Rl 25.61 0,04 0.05 0,47 
1~49 14 -1.r.o 5 73.49 25.78 0,05 a.cs 0,62 
16 :1 2 O. 13A GRA''S CA~ !!O~ DEPCSITD 
H-05 15 -1 .oo 5 7).57 25,54 0,05 0,05 0.11 
l/',2(1 16 -1.00 5 73 ,51 25,59 0,05 0,C5 0.1a 
l<'>H 0,216 GRA "1 S CA~l!O', :::i EPCSITD 
16 H, 17 -1 .oo 5 73.76 25.42 0,07 0,04 0,68 
l t,~ I le -1 ,00 5 H .57 25.60 0.01, 0,04 0,71 
P'.11 . 

0.299 GRA''S c1.qeor, '.:EP::SI TE:) 
1705 19 :" .oo 5 73056 25 .,.7 0.17 0,05 0.13 
1721 2:) :i .oo s 73.46 25.59 0,07 0,05 0,80 
1730 0.391 GllA''S CAReON Of PCS ITEO 

1731 Ct1A I\ GE':> I '!L:T GAS TO 100.00 o.oo o.oo o.oo o.oo TOHL FLC .-. 14,e CC/S£C I ST:> l 

w 
I;: 



!:>AU TAKEN OURING RU1'4 44 ON 17 OCT 74 

T l'''c SA ''P DfLP !GAS H;> co CH4 CO2 HZO C 
1121 l •l .oo 1 4717.0 212033.0 175902.0 239842.C ll.0 
)HO 2 "•00 1 4464.0 201393.0 168097.o 229819.0 o.o 
tn• 3 o.oo l 4733.0 211360.0 176176,0 241039.0 0,0 
l ~ 3° 4 -1.00 1 ~l,4fi • n 2C('lf>ll,O 167412,0 2?9141,0 0,0 
l ''-f> 5 C,C0 2 27101,0 o.o ~.o 0,0 0,0 
11~1 6 n .oo 2 25056,0 o,o 0,0 o.o 0,0 

'.' (I o.co 3 0,0 o .o 0,0 931500,l 14060,0 
1315 7 32 • 190 

1 •11 f, H,0 o.o o.a o.u o.a 
1•1 ~ II 550.0 
135° 7 32 • 164 

l'-Cl 6 0,0 0,0 o.o 60.o o.o 
l <oO<, 7 o.oo 4 o.o o.o o.o 972?93,l 0,0 
141~ ~ -1 .co 4 o.a o.o o.o 921296,l o.o 
l '- 21 9 -1.00 ~ o.o o.o 0,0 971212, l 446,0 
1411 7 32,161 
143~ 10 -1,0:'l 5 0,0 o .o o,o 922374,l 336,0 
11•4 Q 11 -1 .~o 5 0,0 o.o 0,0 970A92 ,1 390.0 w 
15("' 7 32,165 "' 1,;.::,4 12 •l ,00 5 0, 0 0,0 a.a 922257.1 0,0 
1520 H -1,00 5 0,0 0,0 0,0 972691,l 248,0 
1,;~ 7 7 32,160 

1534 6 o.o 0,0 0,0 f>O,O 15.6 
1,;n 14 -1.00 4 0,0 0,0 o.o 909265,l 13541,0 
1 ",; ~ 1" 0,(10 4 0,0 0,0 o.o 95 el49,l 13934,0 
l 1'" l 7 32,145 1~ I,. 16 -1.00 ~ o.o o.o o.o 907360,l 14 729,0 
11-?9 17 -].(1(' ~ 0, 0 o_,o a.a 9521,911. 1 }4451lo0 
1,31 7 32,147 
l ""'- lA -1 .oo 5 0,0 0,0 o,o 906275, l 14249,0 
If>~" 19 -2.00 5 0,0 0,0 0,0 956442,1 13453,0 
1701 7 32 • l!i0 

1701 6 0,ll 0,0 a.a 60,0 0,0 



DATA TAKEN DURING RUN 44 ON 17 OCT 74 

T>♦E CALIARATION GASES ARE KNOWl'f TO SE 
!GAS H2 co CH4 CO2 H20 

1 25.17 24.94 24.97 24.94 o.oo 
2 100.00 o.oo o.oo o.oo o.oo 
3 o.oo o.oo o.oo 97.93 2a06 

CALl!lq,HION GAS SAMPLES FOR THIS RUN WERE ANALYSED AS 

T l.,F SAVP OFLP IGAS H2 co CH4 CO2 H20 C 
1321 1 -1 .oo 1 2'>al4 2,. :n 2 ... 96 24afl7 o.oo 
132• 2 o.oo 1 25.19 24aA6 2" .97 24a95 o.oo 
1'1~ 3 o.oo 1 Bal7 24.:19 2 ... 96 24.96 o.oo 
1339 4 -1.oc 1 2s.20 24aA6 2 ... 96 24.97 o.oo 
D'-t. '!, o.oo 2 100.00 o.oo o.oo o.oo o.co 
lHl 6 :>.co 2 1\l..>.o.; u • ...:o u.co o.oo o. :;o 

0 0 C1.oo 3 o.oo o. uo o.oo 1)1.95 2.04 

THE QfLATIVf CALIARATIOM 
A~EA CO[FFICE~TS Aqf 0.0193~9 o.a792P.9 0.730120 1 • 000000 0t723178 o.0211,1,3 

•T~CSPHERIC P~ESSURf WAS 759096 • 
TH[ ~FIGHT OF CATALYST l ,'HTIALLY CHARGED TO THE REACTOR IS 0.243 GRA'~St 

THE GRCSS ~E IGMT OF THE CATALYST CARRIER ANO SUSPENSION "[CHANJSM IS 31 .807 G~A"'S• 



DATA TM,EN DURING RUN 44 0~ 17 OCT 74 

Tl"f SA~•p OELP ICiAS HZ co CH4 CO2 H20 C 
ln'S Oe382 GRJ.'I.S cAqeoi1 :>EPC.S I TL:> 

1H7 C"'ANC:ED l'1:LET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLC,; 19.8 CCl!.EC C STP I 

1~111 qf o\CTClR Tf'"PERATllRE Bo. OEGREfS CENTIGRADE 

13~<1 OoH6 GRA ''-S CARbC:, DEPCSJTD 

11.01 CHM:GE::> J'l:LET GAS TO o.oo o.oo 0,00 10<.i.vu o.uo TOTAL FLO;; 20 ... ccnEC CSTPI 
140~ 7 o.oo 4 o.oo o.co o.oo 100.00 o.oo 
1" 1, II -1 .oo .. l' etJO i),00 0,00 1uo.oo O,CiCi 
1'•:t q -1.00 ' 0,00 o.~n 0,00 ?9o93 o.cb 
14)1 0.3S3 GRA_,S CARBO/, 0EPCSJTE::> 
l 4, 'S 10 -1.co 5 o.oo 0,(10 0,00 ?9,94 o.o!> 
1,.4 0 11 -1.0:i 5 o.oo o.oo o.oo ?9.94 0,0!> 
15<'0 OoHl GRAt1 S CAR BOIi DEPCSI TE:> 
l 5'.14 12 -1 .oo 5 o.oo o.oo a.on 100.00 o.oo 
l ~2':l 1, -1 .oo 5 o.o:, o.ro 0,00 ?9,96 0,03 
1 <]? 0,352 GRA"-S CAR!lOII OEPCSI TE::> 

1534 C"'ANGEO 11\ LfT GAS TO o.oo 0,00 0,00, ?7,97 2,02 TOTAL FLC.:,., 2~,4 CC/S!'.C 15TPI ... 1537 14 -1.00 4 c.oo o.oo o.oo ?7,98 2.01 !: 1 • 5) 15 (),00 4 o.oo o.oo 0,00 ?8,02 lo97 
l'-01 0, 3 37 GRA11 S CARSON DE PCS I TED 
1"'14 1 t, -1.00 'S 0,00 o.oo 0,00 97,80 2,19 
1A7Q 17 -1.00 5 0,00 0,00 0,00 97,94 2,0!> 
l~Jl 0,339 GRA'',S CAi<cOt, CEPC.,SJTED 
H'-to 19 -1.00 5 o.oo o.oo 0,00 97.~ 7 2.12 
11-~ Q 10 -2.cc 5 0,00 0,00 o.co ?8,09 1,90 
p:,1 0.3.,z GRAl1 S CARb0:'-1 :>EPCS!TEC 

1703 CHAll:GfO l "lLfT GAS TO o.oo 0,00 0,00 100.00 o.oo TOTAL FLOw 20,., CC/SEC C STPI 



f'IATA TAtcEI>: DURING RU•·! 45 ON 31 OCT 74 

T l''f S~"P DELP IGAS H2 co CH4 CO2 H20 C 
115• 7 31.762 
l t.J• l o.oo l 4741e0 231120.0 183691.0 245693,0 o.o 
1415 2 o.oo l 5172.0 234242.0 192803,0 262S26. 0 o.o 
14 2 ~ ~ -1 ,on l 4P~5,0 22239f.,0 le3659,0 2,,9735,0 0,0 
l 1.~o 4 ().('f'I l 511,1,.0 235561,0 l943l7,o 263074,0 0,0 

1431 6 3.?,0 0,0 0,0 0,0 0,0 
l'-3~ 5 -1,":l 2 ?7373,0 0,0 0 ,0 c.o o.o 
l'-'-? 6 -1 ,o:i 2 29571,(1 0,0 0,0 0,(1 0,0 
1'-47 7 C' ,CO 2 27459,0 0,0 0,0 0,0 0,0 

1451' ,, 550,C 
14 51 p n,oo ?. ?.9f.64,0 O,C 0,0 0,0 0,0 
15 :'0 7 310771 ,~:~ ., C,00 5 275 C: 5,0 0,0 0,0 o, u 0,0 
l51C 10 -1 ,J:l 5 29700,0 c,o 0,0 c.o o.o 
1529 7 31.771 

1H? 6 30.,. 3. ,. o,o o.o 0,0 
15H, 11 o,oo 4 25P 0 0,0 511.!17,0 o.o 0,0 0,0 
l ~~? l? 0,00 4 27756,0 524:>9,0 o.o 0,0 0,0 
1 ~, . ., 13 -1,f'I(' 5 25692,C' 49551,0 326,0 114,0 3093,0 
1~00 7 31,790 
1!>02 l,. -l ,Co 5 27705, 0 53096 ,0 0,0 3826,0 2392,0 
11-21 B t> .oo 5 25719,0 45274,0 755,0 143,C 3297,C 
1~3• 7 31,815 
1~37 16 o.oo 5 ?7614,0 47424,0 1268,0 131,0 ~602,0 
1~52 17 0 , 00 5 25709,0 4'-750,0 e64,0 90,0 3074,0 
P:'l 1 31,837 ~ 1~:a 1P (' • ~c, 5 27 6'l7, C 47522,0 109 9, 0 139, r. 3647,0 N 
1~:1 19 -1, O:l 5 25728,0 45429,0 1136, 0 108,0 1902,0 
1731 7 31, e 54 
1~~,, .?C :" e'JO ~ 276•P,O 47350,0 1199. 0 211,0 2940,0 ,~,~ 21 -1 ,00 5 25'>6 7,() 45404,0 1651,0 341,0 4144,0 
lqC'? 7 31 I 8fl4 
I •,t- 2? -1 .co ~ 27711,0 470]1,0 1413,0 218.0 296(,,0 
1 ·' 21 23 !' . ("!) 5 2579b,O 41,472,0 1221>,0 112.0 2921,0 
1=n 7 31.909 
1•3~ 24 -1.~n 5 276,6,0 4~72A,0 15:)7,0 119,0 3055,0 
l C'-.(' 2• -1, ::>0 5 25 676,0 4430'1,0 1396,0 183,C 4007,0 
1 c:-7. 7 31,932 



~ATA TAKEN DURING RUN 45 ON 31 OCT 74 

THE CAL I !IRA TION GASFS ARE ~NOWN TO IIE 
!GAS H2 co CH4 CO2 H20 

1 25ol7 24.94 24097 24094 0.00 
2 100.00 o.oo o.oo a.co o.oo 
3 a.co o.oo o.oo 100.oc, UoOO 

CILl'IRb.TIC'~ GAS SAW>LfS FO:l THIS RUN WEFIE A"IAL YSED AS 

Tl''F SA''" DFLP IC',AS H2 co CH4 CO2 H20 C 
l40q l o.oo l 24.~4 2!1.51! 24.94 24062 o.oo 
14 l r; 2 ,.co l 2~.32 24.6A 24,92 25,C5 o.co 
14? .. 3 -1.00 l ?5o3? 24.64 24.96 25,0S o.oo 
1429 4 0,0('1 l B.70 24.74 2S,03 2s.01 o.oc 
l'- 'J 7 ' -1 ,()0 2 100 , C() o.oo 0,00 0,00 0,00 
I'-'•? 6 -1,0:> 2 100 ,00 o. oo 0.00 o.oo o.oo 
l "'" 7 7 o,oo ? l OJ ,00 0, 00 0,00 o.oo o.oo 
l t.5'> 8 o.oo 2 100.00 o, oo o.oo o.oo o.oo ~ w 

THF ~FLATIV[ CALlARATION 
AREA COEFFICE NTS ARE 0,019337 00905387 o.738042 1.000000 00689999 0.0211111 

,r~osPHERIC PRFSSU~ [ WAS 759,96 . 
THF wFIGHT DF c,TALYST l'IIT !ALLY CHARGFO TO THE REACTOR IS 00249 GRA~So 

THf GROSS \~EI Ci'il OF THE CATALYST CARRIER A"IO SUSFENSI0:--1 ~IE CHAN I Sil' IS 31 • 771 GRAY.So 



CATA TAICE'II DURING PU~. 45 ON 31 OCT 74 

TI '"" SIi .. " !::ELP IGAS H2 co CH4 CO2 H20 C 
135 < -0.009 GRAYS CAl<t!C '. OfF:;SITL:l 

1412 C....,A,!C,fD t•:LET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLC.., 19.e cc,:.~, ISTl'-1 

l'-~~ lfA:::TCQ TE ' 'PERATURE 550. '>EG'lEf.S CENTIGRADE 

l 'iC:1 0.000 GRAYS CARBO•, OEPCSITE:C. 
l ~05 9 o.ou 5 100. co o.oo o.oo o.oo o. iJ O 
l ~ 1 '~ 10 -1 .oo 5 liJ0. 1: 0 O. J O o.oo o.co .i.oo 
151-'l o.::i :::o GRA '1 S CM<!!C. •. ~Eµ~:;.1 TE~ 

15H CHl\'I/C,£0 I\LfT GAS TO 'l4t99 5."0 o.oo o.oo ~.oo TOTAL FL :;,; l',Oob CC/!.~C I!. TP I 
l ~H- 11 r.oo 4 94t3A 5,bl o.oo O.CG o. oo 
1v,7 12 e .co 4 94 , ~3 5 • '•6 o.oo iltOO o.oo 
154~ 1~ -1.co 5 94, :n 5o46 0.0'4 0.01 0 t44 
l t>O C 0.018 C;RA•'- S CA '>B:J', OEP ::SIHO 
H,: ;, 14 -1 .oo 5 93. ~l 5.50 o.oo 0.35 0.32 
!t',21 15 o.o:i 5 q4.39 5o<'0 0, 10 0.01 0,47 
lt- 3 ~ 00043 GRA''S CAl<!,CI, OEP:.SITC:l 
l 1, 37 16 " oCO 5 Cl4, 37 4o95 0.lb 0.01 0,49 
11>5 ~ 17 '.:' .oc 5 91, ... 7 4,95 o. 11 o.oo Ot44 
P,)l 0.065 GRA'-'. S CAP 9C:, DE FC,, £1 T::D 
}"1 (" 0 1q n.oo 5 94,)9 , .• 95 Ooll 0,01 Oo49 
172! I q -1 ,00 5 q, •• 5:? s.n2 0.15 0,01 0.21 
1~3 2 0,062 GRA"S CARec" OEP:SJTE:: 
17~~ 20 C',CO 5 94.46 4o94 0,15 0.01 Ot40 
lH J 21 -1 .oo 5 94.10 5.02 0.22 0,03 Oo60 
1 ?0 1 o. 112 GRA:15 CAtuzr. OEI-C,, !;. 1 T~;. 
l q:.'f n -1,C'O 5 9,..4e 4o90 o, 1e 0.02 0.40 ~ I•:? l 23 ri .on 5 94,49 4,QO o. 16 0.01 Ot42 • 1° 3l Oel37 (;RA''~ C~ t, !_!V' , 0t:~:.~1r..:; 
l •1 }f, 24 -1.00 5 Q4.49 4.~~ 0, 19 0,01 Ot 4 1 
1 Q'>r 25 -1,C'IO 5 94.30 4.90 0ol 9 0,01 o.se 
1c:: ~2 Ot160 GRA'IS c~;;e :: ·, :>EP ~!. I TD 



DATA TAoe:EN DUiH NG RUii; 46 ON 14 tlOV 74 

r, ,·e: 511 ,•p DFLP !GAS H2 co CH4 CO2 H20 C 
913 7 31.880 

91 'I 6 32.0 o.o o.o o.o o.o 
"21 l <'.o:i 1 Sl 46.0 215411 8 .o 19288600 261487.o o.o 
<l27 2 -1.00 1 4Al1oO 21934100 u2s11.o 2'•941600 o.o 
95:) 3 'loOO 1 514800 2H197oo ~92838.0 263276.0 o.o 

l"<''I ., 
310886 

l :"~ ., 5 0.0 0 1 5195.o 231209.0 19286200 263104 o 0 o.o 
1~2C 6 OoOO 2 2742f, o0 o.o OoO OoO o.o 
1 :>2,; ., o.oo 2 2965e.o OoO o.o o.o o.o 
1 ·: 2" ., 

310889 
l ~ 31 p o.oo 2 27~51.0 .i.o o.o o.u u.o 
I ~ lt- 9 n.oo 7 29720.0 o.o o.o o.o o.o 
1059 7 31.889 

1059 8 550,0 

1101 6 2!' • A 6,8 o.o o.o o.o 
11 ~~ lC o.oo 4 23 6 14.0 95<.60.0 o.o o.o o.o 
1112 11 o.oo 4 2563<>,0 99667,0 o.o o.o o.o 
11111 12 O.l'O 5 23 f. 95 • O 93753.0 190,0 152,0 2148,0 
1131 7 31.915 ... • 11,4 1J fleOO 5 2s1.se .o 99490.0 326,0 116. 0 2366.o .,. 
114~ 14 :i.oo 5 23767.0 94081,0 296,0 138.0 2320,0 
17Cl 7 H,943 
12 (' <. 15 ri.oo 5 25674,0 99381 .o 313,0 157,0 2239.0 
1231 ., 

31.974 
1 :' ~ :. l"I -1 .oo 5 25642.0 99545.0 389.0 111,0 2680.0 
12<.a a -1 .oc 5 23 11 23,:> 94325.o 36 7,0 130.0 2424.0 
11:, l 7 32.010 
13::15 19 o.oo 5 2s1s2.o 99659.o 4!18.0 151.0 2690•0 
1110 ;!O -1 .(I::, 5 23~19,0 ')4103.0 446.0 1oi..o 3000.0 
1'31 7 32.044 
1134 21 -1,00 5 257011.0 98710.0 497,0 135.0 2918.0 
13-♦~ 22 -1.00 5 23752 .o 933~3.0 507.0 151,0 2513,0 
1-♦~ 7 7 32.078 l4C~ 23 -1 .co 5 2s6n.o 9ee13.o 569.0 165,0 3139.0 
14:iO 24 -1.00 5 23 1' 12,0 93419,0 493,0 146.0 3222.0 
1,,37 7· 12.115 
l<.B 25 ~.oo 5 25h52e0 9819io,O 571 .o 1s1.o 3691,0 
l<.5 ::i · 26 -1.00 5 238 (1 9.0 93029.0 462.0 158.0 3979.0 
l ~:, 4 7 32.lioB 
l 507 27 n .oo s 2,12~.o 984118.0 628.0 191,0 3555,Q 
15:? 28 -1.oc 5 23795 ,0 93io82.0 637,0 1B3,0 35s,.o 
l53<l 7 320209 
1~51'> 30 -1.00 5 23!!62,0 93323.0 64 7.o 111.0 4393.0 
16:JC 7 32,H6 



DATA TAKEN DURING AUN 46 ON 14 NOV 74 

THE C,\L leRAT 10'1 GASES ARE l(;\IQ~•'' TO BE 
IGAS H2 co CH4 CO2 H20 

1 ?'i • 17 24.94 24.97 24094 o.oo 
2 1~:i .ol.l :i.ou 1;.vu o.c ... o.uu 
3 o.oc o.oo o.oo 100.vo o.oo 

CAL!n'lt, T!Cl" GJ\S SA"PLrS F01 TH IS l~V'I: 1.' f1E ANALYSED AS 

T ! ••:: ~-\' '" !lFL::> IGAS H2 co CH4 CO2 H20 C 
e 21 1 " ·":, I 1'i.C9 25.lP 24.94 24.77 o.oo () ~, ? -1.00 1 2~.17 24eP3 24e9~ 25,00 0,00 
()~:' 3 ~.co 1 25,14 24,~7 24,9~ 24,9S o.oo 

1~ -7 5 :: . 01 1 ?'i, ?9 24,74 24,9!, 24,99 o.oo 
l ~ 2:l 6 :; ,O J 2 1:.J0,v0 0, J 0 0,00 0,00 o.cu 
1~2 .. 7 ..;.oJ l IJ J .O\l 0,00 u.oo v.uu o,c,:i 
1:n • C,:.>J 2 1:.:~ ,oo c,co C, 0~ c,oo o. :;o 
! .: '! :'\ 9 :, ,OJ 2 lv'J,00 C,vO c.oo .;,.oo o,;..ci 

Tit: •! :'" LJ\TIVf CALl'lRATIO •: 
~ 1f ~ Cf"'F'"" ICE''TS A~E o.01qn4 0,1!8571! 2 0.732435 1.000000 Oe6e9999 c.021470 

AT",SPMf 1HC l'RESSllqf \IAS 759.96 . 
T •I f 1•f !G><T OF CATALYST INITI/\LLY CHARGe TO THE REACTOR IS 0,249 Gl!At'S• 

w 
Tt'E G'H'SS •.,f!G"T (ll' THE CATALYST CADRIER MIO SUSPENS IO'l (.'fCHAN I SY ts 31.A@O GRAvs. 

,. 



f\ATA TAKEN :lURING RU"! 46 ON 14 NOV 74 

Tl''f SIYP OfLP IGAS H2 co CHio CO2 H20 C Ql1 0.000 GRA''S CARbO:, OEPCSI TE:; 

91, CHA'<GfO INLET GAS TO 100.00 o.oo o.oo o.oo o.oo TOTAL FLO- l9a8 CC/SEC ISTPI 
1 :i:i~ 0.006 G~A'1 5 CJ.kbOI, OlP(.;51 TLC 
l'.'2"1 0.::09 c;q,ws CARBOr, CEPCSI TE:) 
lC"i'I 0.009 GRA:1,5 CA~BCr; OEPCSI TEO 

l:'159 lEACTM TEYPEqATURE SSOo DEGREES CENTIGRADE 

1101 oiA'lr.ro l',LfT GA.5 TO A9a99 10.00 o.oo o.oo o.oo TOTAL FLC',; 19.a CC/!:.£C 15TH 
l lC'i 10 ,1.00 " 69.29 10.10 o.oo u.oo o.oo 
1117 11 o.oo " P-9.,,,. lOo'iS o.oo o.oo o.oo 
111 A 12 o.oo 'i 1!9.12 10.,2 0.02 0.01 0.30 
1131 00034 GR.1.11 5 CA.RBOI, OEPCSITEO 
1134 13 o.oo 5 89.13 10.1oe o.o,. 0,01 0.32 
114'1 14 o.oo 5 89.07 10,53 o.01o 0,01 o.n 
1201 0.062 G~.1.·,5 C.<ReO~, ::>El'CSJTl:) 
1704 15 o.oo 'i 89,16 10.1,7 0,03 0,01 0,30 
1231 0.094 GRAY.5 CA'<BON OEPCSI TEO 
12)4 17 -1.00 5 89,08 10,49 0,04 0,01 0,36 
1 :.'t. Q l~ -1.00 'i 119,04 10,54 0,04 0.01 0.34 ... • 11r.1 0,129 GRAMS CAR601; ::IEPC.51 Tl::> ... 
13'.lS 19 o.oo 5 R9t09 10,46 0,05 0,01 Oo36 
Bl<l 2C -1.00 5 9'1.99 10.s1 0,06 0.01 0,43 
1131 0, 164 GRA1"5 Ct.~B:il, CEP,..51 TED 1 ~')4 21 -1,co 'i 1\9, 11 10.39 Oo06 0.01 Ool9 
l]4A 22 -1,00 !! 1!9,09 10,46 0.06 0.01 Oo36 
14:1~ Ool97 GRA'1 S CJ.R:,O:, Cll-C.!>I HO 
l 4'.15 23 -1 .co 5 89.{'7 10,41 0.01 0.01 Oo42 
l4l'.1 24 -1 .oo s 119.0l 10.44 Oo06 0,01 o,·,.t, 
1431 0.23!> GRA'~S C/.R!,Or; OEP:::.ITE:: 
l4J~ 25 ~.oo ~ A<l.06 10.34 0,07 0.01 0.49 
14~'.1 26 -1 .oo s RAo95 10,39 0,06 0,01 0.57 
1~: .. 0,267 GRAl"S CARBO'I DEPOSITt.:l 1~07 27 t1.oo 'i P9e07 10. 3!i 0,07 0.01 0 -... 1 
1~72 2P -l,00 s IIH,'.'3 10,44 o.o~ 0.01 o.s1 
1519 0,329 GRA:,5 CAReo,, CEPCSITE; 
1~56 ?O -1.00 'i fl~.~ 7 10.39 0.011 0.01 Oo62 
l~:IC' 0,375 GRA:1 5 C/.Rf:O"j ::>EF:..-SI TEO 



C'AO TAKHI DUAING RUr>; u or-.: 16 DEC 74 

TI ' 'f 54,•p 0:LP !GAS H2 co CH4 CO2 H20 C 
"2? 1 !'.oo l 4491•0 2319P.S.o 1H757.0 234954.0 o.o 
Q)4 1 11.oc 1 496C.O 2254211.0 H7077,0 251tP.47tO o.o 
"'-0 J c.:,, l 4674,0 2D413,0 178220,0 243302,0 0,0 
'>41, 4 o.oo 1 5002.0 124568.0 187629,0 256705,0 0,0 
053 5 C',00 2 26,;64,0 0,0 0,0 c.o 0,0 

1 '.'r~ p 550,0 
1 ·..::: 1 6 0,00 2 21lt.62,0 0,0 0,0 o,o 0,0 
1~'.)7 7 n.oo 2 26549,0 0,0 0,0 0,0 0,0 
1-: 1, 8 0,00 2 28733,0 o.o o,o o,o 0,0 
"1" 7 32,142 

r:24 6 3?,C 0,0 c.o o,o 0,0 
Q:,a 7 32,141 

1"32 7 32.123 
10~,; 9 0,00 ,; U,71\4,0 0,0 o.o 0,0 0,0 
1:: t.J 10 o,oo s 2B7t,J,0 0,0 0,0 0,0 0,0 

1055 6 24,0 17,0 0,0 0,0 0,0 
1'~~ 7 32,115 
! 1 ()~ 11 il.00 4 181 6~ ,o 22f>636,0 o,o O,C o.o 
110.< 12 c.oo 4 19422,0 23A17Z,0 0,0 0,0 o.o 
11 l~ 1~ 0,00 5 17743,0 2nell\,o C,O 127,0 413.0 
11 ~() 7 32,115 
1132 14 0,00 s 19215,0 244270,0 0,0 101, 0 292,O 
ll'-"' 1, r,oo 5 177~9,0 23196S,0 0,0 109,0 283,0 
1~r~ 7 32,111 
l~:''- 16 :". (' '.) ~ l91P7,0 241,804,0 0,0 130,0 86,0 
1?2C 17 0,00 .. lAORO,O 2 7.1\t,08 .o 0,0 0,0 o.o ~ i,,, 7 32 • 113 Cl> 
l ;" ~ c. lP Cl ,OC' .. 19 6.'7 ,0 z3q,;,.s,o 0,0 0,0 0,0 
l:'t;"' 19 !'l,(10 5 17r.39,0 231446,0 o.o 148, 0 21·s. o 
1~(12 7 32tlll 

p:i~ I\ 16,0 0,0 0,0 30,0 0,0 
l "\ (\ A 20 f',00 .. )O'l27,0 0,0 0,0 539227 • 1 0,0 
132' n o.oo 4 10219,0 o.o o.o 516210,0 0,0 
113! 7 32,110 
1~3• 22 0 ,00 s 1061)7 .o 2061o,O o.o 546637.1 1854.0 
l •~,. 23 0,00 ~ 9903,0 1772,0 o.o 5191140,0 2197,0 
14<',? 7 32.105 



CATA TAKEN ~URING RUN 48 ON 16 OEC 74 

T,..E CALIBRATIOII< GASES ARE Kl101<"1 TO BE 
IGAS H2 co CH4 CO2 H20 

1 25011 24094 24097 24094 0o00 
2 100000 OoOO OoOO OoUO OoOO 
3 OoOO OoO-> o.oo lUOoOO o.oo 

C~Ll'IRATIO•t GAS SM'PLFS FOil T.-IS IW"I Wf.RE IINALYSEO AS 

TI ''f. 5"''0 DELP !GAS .-2 co Crl4 CO2 H20 C 
<:2;;) 1 o.oo l zc..56 26.46 24.69 24027 OoOO 
'l34 2 CloOO 1 25032 24.51 25005 25010 0.00 
'l40 3 OoOO l 25038 24.37 25007 25.16 OoCO 
Q4t, 4 Cl.CIC 1 25040 24.31, 25004 2s.20 o.oc 
053 5 o.oo 2 100.00 OoOO OoOO o.oc OoOO 

1001 6 o.oo 2 100.co o.oo o.oo 0.01.1 OoOO 
1.:01 7 J.oo 2 10~.oo o.~o 0,00 o.oo O,C.U 
1013 8 0,00 2 100000 0,CO o.oo o.oo OoOO ... • T"E <lfLAT lvE CIILl!1RATIO'J '° 
AqfA COEFFJCE~TS AAE 00019139 Oo9os103 0o7H30l 1.000000 0e689999 00027844 

AT~~SP,..ERIC PllfSSUR[ WAS 75'lo96 0 

T.-~ ~EIG .. T 0~ CATALYST INITIALLY CHARGE0 TO THE REACTOR IS Oo .. 23 GRAMS• 

THE GROSS l<flG"'T CF THE CATALYST CARRIER At\JD SUSPENSION !>tfCHANJSM 1S ~2,145 GRA'~S. 



l'ATA TAi<:EN OUQl:iG RU~ loll 0 ,'I 16 DEC 74 

TI "f. SA"I' OHP IGJ\S H2 co CHio CO2 H20 C 

1:-00 ~fACTCQ Tf"PEQATUQE 55C. DEGREES CE.'-:T IGRA!>E 

919 •0,002 G:SAr-'S CARi;O:, CEPC!,ITE;.. 

Q24 Ci•~ "GfO l'.LfT GJ\S TO lO'l,CO o.ro o.oo o.oo o,oo TOTAL FL:.,. 19.a CC/!,EC , sr;. 1 
:>~n -0.003 c;qA'IS CA't:C:i CEPCSIH:j 

1 "3? -0.::22 GRA·: 5 C:..R~C'. :;:;:ic:,JT~J 
1 . ~-v~ 9 c.co ; 100.00 o.oo o.oo o.oo o.:;o 
1.)4~ 10 o.oo 5 100.0::i o.co 0,00 o.oo o.oo 

l ~ ~~ ("'A"('f!) I \ LfT GAS TO 7,, t99 25.00 o.oo o.oo o.oo TOT.I.L FL::.,. l,.b CC/!.£C I STi' I 
F'>~ -o.oz9 GRA'<S CArdC:, Cc.Pl.Sill:; 
11cc, 11 11,00 ,. 74.03 2or;.9f, o.oo o.oo o.oo 
11 i" f. 1' C'.CC 4 74.09 25.90 o.oo c.oc o.oo 
1: ! s; l~ ;,) .oo 5 73.0l 26.90 o.oo o.u1 v.06 
l ! ;:- o -0.029 GRA~S CARl:01, CEH.SITD 
113? 11o o.co or; 71 .40 26.S4 o.oo o.oo 0,04 
l 14~ 1~ ,?.r~ • n.n 26.71 o.oo o.:n O,C4 
1 ~(1 ~ -0.034 GRA''S CAR!iOt, :lE?CSITD 
12.:• H, ,:.oo ' 73.?5 26.61 o.oo 0 . 01 u.v1 
17?0 17 :i.co 4 1,.96 26,03 o.oo o.oo o.co 
1 2~~ -0.031 GRA': s CA~::C:, OEPCSITE:: 
1? '! ~ 10 :i.Cl0 4 74.17 25.~7 0,00 c.oo o.oo 
P5 0 19 r.co 5 71,31 26,63 0,00 0.01 0.:i3 
1 ~"I~ •0,:>31 GRA"IS CAR::C', DEP;..~Z":"f:., 

1• ~~ C .. ~~\ ► 1GfD l~.UT GAS TO 49.PO 0.l"o 0,CO 50,19 0.00 TOTAL fLCI,, 19.9 CCI !.EC C~TPJ 
110 • 20 0.00 ,. 1+7 .01 0.00 o.oo !>2.98 o.oo 
1 ";t:, 71 :i .oJ ,. 4t-.79 0.00 0,00 53,21 o.co 
l''l -0,035 GRA'~S CAf<t:01·, :>EPC.!ilTEO 
l~~• 2~ C),00 !i 45,96 0.22 0.00 53.55 0.26 
1•~4 23 :i .00 !i 4'1.H 0.20 0.00 53.71 0 • 32 
lt.l"\;, -0,040 G~1,:15 CARt::;•, i,E.PC!. I T£C 



OATA TAKEN DURING RUN 49 0\ 19 DEC 74 

Tl''F. SA'"P DELP IC",AS H2 co CH', CO2 H20 C 
917 1 o.oo l 4897.o 22978;>.0 187723.0 253189.0 o.o 
9z,. z o.oo 1 4665.o 213257.0 1779A2.0 z,.ze37.c o.o 
Cl)(I 3 o.oo l ',<)')J .o 21,,691,.0 l87e63.0 2~6760.0 a.a 
937 ,. o.oo 1 4710.0 212992.0 17840100 244487.o a.a i.ooo ~ c.oo 2 26~64o0 o.o o.o o.o a.a 

4•00 6 o .oo 2 n6fi?o0 o.o o.o o.o o.o i.~oo 7 n.oo 2 26549.0 0,0 0,0 o.o 0,0 
4 ~:,o " o.oa 2 2nn.o o.o o.o o.o 0,0 qo• 7 :u.ooo C:4 '.) 7 32,013 

94? " sso.o 
1:21 7 32,020 

101) 6 0,0 a.a o.o 60,0 0,0 
l C- 27 5 o.oo 4 o.o 0,0 o.o 103162701 l84o0 
1;:4; t, c.oo 4 0,0 o.o o.o 9781ll2ol o.o 
1J 50 7 -2.00 5 0,0 0,0 o.o 1029820•1 o.o 
110 3 7 32.010 
1111 8 -2.co 5 a.a o.o 0,0 976291,1 a.a 
113'.l 7 32,013 
1 l "O 9 -2.00 5 0,0 o.o 0,0 17615,0 o.o ... 
1150 10 -2.00 5 0,0 o.o o.o 528,0 o,a ~ 
115~ 11 -2.00 5 0,0 o.o o.o 330.0 a.a 
12:>2 7 32.ou 

l z;:5 6 24,0 17.0 0,0 0,0 0,0 
1?0"'1 12 ~.oo ,. 1791>0 .o 226374.0 o.o 617.o o.o 
121" 13 ::i.oc 4 19311.o 2311923,0 o.o 798.0 o.o 
):',;> 14 -1.00 5 173Ho0 ln760 ,0 3441.0 16500,0 32719,0 
l , H 7 320798 
123~ 15 -2,co 5 19794.0 lCl61~3.0 21191.0 lt,8 59. 0 301,52 .o 
1?5) 16 -1.00 5 l73Ho0 IR3554o0 392600 18321,0 32H2 .o 
l JO;'\ 7 33.433 



CATA TA(EN DURING RU ~ 49 ON 19 DEC 71+ 

T'"'E CALt~R.ATIC''; GASES ARE <NO\t. ~: TO BE 
!GAS H2 co CH4 CO2 t-<20 

l 25 • 17 24.94 24.97 21+.94 o.oo 
? 100.00 o.oo o . oo o.CJo o.oo 
'.! o .oo o.oo o.oo 100.00 o.oo 

C~Llf''HTIC'•• GA~ SA"'PLfS F'OQ THIS RWI WfRE A'IALYSfO AS 

rr v~ S.\•'P l'f LP IC:AS H2 co CH4 CO2 H20 C 
017 1 :i .c::i 1 24.90 25 • 3'1 2s.oo 21+.72 o.oo 
'1 ?4 ? o.o:i 1 25.24 24.80 24.97 24.?7 o.oo 
'l)::l ~ Cl.00 l 25 .21 24.76 21+.97 2s.02 o.co 
<l)7 " ~. oo l :>s. :n 21,.67 24.91 25.01+ o.oo 

4Q~(' 5 :i .o o 2 l~ -> . co J . ->0 o.uo O. QU o.uo 
4~00 6 o.oo 2 100.00 o.oo o.oo o.oo o.ou 
4 • CJ 7 o.oJ 2 lJ~.oo o.(,o o . oo o .oo OoUO 
1. •JO ~ o.oo 2 100.00 o.co o.oo o,oo o.co 

rw: 'ff LAT I Vf CALI PRAT 1011 
A1:A C0E ""F!CE'HS A~E 0.019133 ooee4199 Oo 73306'3 loOOOOOO 00689999 000276 36 

,,~osP ... ERIC PRESSURE WAS 759096 0 

T"'E Wf!GHT OF CATALYST l'.'IIT IALL Y CHARGED TO THE REA CTOR IS o.2 s1 uRA'ISo 
Ii( 

THE GROSS WflGHT CF THE CATALYST CARRIER ANO SUSPENSION ,_.ECHANISM IS 320000 GRA•~So N 



::lATA TAKEN DURING RUN 49 ON 19 DEC 74 

Tl"E SA''P DELP !GAS H2 co CH4 CO2 H20 C 
9:lA 0.000 GRA"S c"~e~•..; CEPCSITD 
Q40 0.012 GRAYS CAfc80 "4 OEPCSI TEO 

94i RfACTOQ Tf\lPERATURE 550. DEGREES CENTIGPAOE 

1: 21 0.019 GRAVS CARbCI: 0£'.PCSI H: ~ 

1C23 C><A "- GEC l!'.LET GAS TO o.oa o.eo o.oo 100.00 o.oo TOTAL FLO',/ 200-I CC/SEC ISTPJ 
1027 5 c.co 4 o.oo 0, 00 o.oo 99.97 0,02 
l 042 f, 0 ,00 4 c.oo 0, 00 0,00 100.00 o.oo 
lJ~,. 7 -2,00 5 O,IJO o.uo 0,00 100 ,00 o.oo 
ll ~ ' 0.009 GRA~S CA~eo~ OEP CSITE; 
11D 8 -2.00 5 c .oo o.oo o.oo 100,00 a.co 
113 (1 0,012 GRAYS CAQBO~ DEPCSITf~ 
TME SU '' OF THE F::'·LLO\, I "IG DATA DIFFt.R£D FROI• 100 PERC HH BY " ORE THAN 10 PERCENT f!EFOH E JUST JF ICAT 1r;: . 
114 ;: 9 -2.0 0 s o. oo 0, 0:) o. oo 100 ,00 0, 00 
T,-,f SU'' ~F THf. F,LLO\\ING DATA ')IFFEREO FRCV 100 PERC [N T BY ·~oqE THAN 10 PERCEl, T BEFORI:: JUSTIFICATIC11 
1150 10 -2.00 ~ o,oo O,JO 0 , 00 1 o;,,. oo 0, 00 
Tt-+ E SU'.' OF Tl-'E F: LL C\;P:G CATA DIFFE RED FRO'•l 100 Pl: RCE NT eY .. ,o~E THAN 10 PERCENT HFORf. JUSTl"ICATIC'I 
115° 11 -2,CJ s 0,CO o. oc O, vO l 00 • U:.l o. uo 
12 02 00014 GRA" S CA?20t. :>EPCSI TE:> 

w ... 12 0 ':> CHA NGED l 'l! LET GAS TO 74 .99 25,00 o. oo o . oo 0,00 TOTAL FLC ,. 1 c; • 3 CC/S EC ISTPI w 
12J7 12 C,00 4 73,49 26.44 o.oo C,06 0,00 
1214 13 0,00 4 73,54 26,37 0,00 0,07 0,00 
1227 14 -1 ,00 s 71 .4 ~ 21,4 3 o.4q 1,70 4,!9 
1232 0.797 GRA''S CAQCC:, CEPCSITE::i 
1?3• 15 -l,C'O ~ 71 ,96 21,66 0,3~ l ,t.4 4,33 
125'3 16 -1 ,00 5 71,34 21,37 0,55 l,88 4,e5 
P O:> 1,432 GR/. '1 S Cf.O~ :,:, :)EP::SJ TE ::: 



354 

8.4.3 Data Conversion Computer Program 

A listing of the FORTRAN program employed to convert data readings 

to tabular su1m1aries of experimental operating conditions and results 

follows: 



PAGF. 

II J0!3 T 

V 2 '' 12 

CART SPEC 
02FA 

CART AVAIL 
02FA 

ACTUAL 8K CONFIG SK 

PHY DRIVE 
0000 

// Fl"R 
•I OC SCTYPf~QITER,KEYBOARO,DISKoCAR0,1132PRINTER,PLOTTERI 
•LIST SOURCE PROGRA~ 

OIVf~SlC~ ITl ~EC991,DCLPC991olGASC991,0ATAl99,~1,CALl61, 
1CALCOC6 I ,su•·O I 61, ISA',1PI 991 ,RCC( 6 I, !DATE 15 I •il'SGI 160 I 

01 RfAO C2,10ll~QUN, NSA ~P, PA TV,PH20,IOATE,CZERO,FEZER 
IFC •; Qll'!lh~ ,r,P ,(I;> 

:--2 \•:, I Tf C3 ,l 02 I.\R U', ,!DA Tf 
lDI FORYAT l5X,l5,~X,1515 X ,F5,2,5X,F6 ■ 3•4X,5A2,5X,2Fl0,31 
1:ii FC'l''AlC1Hl,HX,21110All, TAt<EN Ol/RING RU'hl4o3H C :S. ■ 5A21 

wR ITFC3,llt>I 
I H10•PH7:'l 
PAJ\' ■ PAT'.' ■ 25 ■ 4 

CAL111•75,1H 
CALl21•74,91 
CALl31•24,97 
CALl41•7 ~,q,, 
CALl51•P~2!)•100o/PAT~ 
CALl61•1D J ■ 
'<Sll''l •0 
'IS1 1•,•2uo 
'1511''3 •0 
O:l 05 111•1,6,l 
5UV!" I ~- t •O. 

05 C:ll, TI ~. uE 
01" 11 l•l, ~SAvP,l 

11 RfA'.\ 17.,l0311Tlt1 Elll,15A'tPll110ELPlll,IGASlll1IOATAll,Jl1J•l•~I 
no 10 l•l, \ SAYP,l 
IFC IGASC 11-t.llR,51,H 

lA ~RITEC3,l~31ITl ~F Cll,ISAMPlll,DELPll11IGASlll0IOATAll•Jl,J•l•~I 
103 FQQVATl21~,~X,F5 ■ 2,15,5FlO ■ ll 

no 20 "-•l,~,1 
!)ATAll,~l•~ATAl!t Kl•PATM/IPATM+DELPIII I 

20 co~:fl' •uE 
t< • IC,AS 111 
GO Tn 130,41,50,10 ■ 101,K 

'30 00 70 J ■ 1, .. ,1 
SUV1 CJl ■ SU~ DIJl+DATAIJ,JI 

10 co·,r l',uE 
NSU•'l•i';SU'tl+l 
GO TO 10 

40 ~U•'l'lfd ■ St1''0161+0AT.\111ll 

' ' Sll'' 1 • ~ su,~2 + l 
:',O TO 10 

<,(l 5U"'l I 'i I •Sll''O C '> I +DA TA 11, SI 
s; Sll"; • '< Sll"1 + l 

t: ... 



rr- TC' 10 
"l l(.•ICil\Slll-5 

GO TO 1,?,531541,K 
'>7 i-rt 1Tfl3tl01i11Tl~'Ell11IGASlll1IOATAll,Jl,J•1t" 
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8.5 Nomenclature 

a area, cm2 

b exponent, dimensionless 

c0 ,c1,c2,c3,c4,c5,c6 constants in polynomial equation 

Cp heat capacity, cal/mole-K 

D diameter, cm 

V diffusion coefficient, cm2/sec 

G superficial mass flow rate, g/cm2-sec 

Gm superficial molar flow rate, moles/cm2-sec 

jo Chi 1 ton - co·lbur.n : j..:factor 

ki calibration constant, moles/cm2 

kG mass transfer coefficient, moles/cm2-sec-atm 

K1,K2,K3,K4,K5,K6 equilibrium constants 

L length, cm 

M molecular weight 

n hydrogen recycle per mole .inlet co2, moles 

ni -mole~ of component i 

P pressure or partial pressure, atm 

PsM logarithmic mean .of component pressure in bulk and at interface 

tP1M logarithmic mean pressure difference 

Q rate of heat input, - tal/sec 

r total gas recycle in Bosch reactor· per mole inlet co2,-moles 

R gas constant, 82 cc-dtm7mole-K 

T temperature, K 

u superficial velocity, cm/sec 

~ specific volume, cm3/g 

x number of moles converted 
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µ viscosity, g/cm-sec 

p density, g/cm3 

Subscripts 

1 component 1 

2 component 2 

i component i 

av average 

• 

.. 

• 
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