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5.0. Summary of Methanation

In this section, the work carried out on the evaluation of catalysts for the
methanation of coal gasification effluent gas streams (to raise the heating
value to the level of pipeline gas) is reported. Both the conventional packed-
bed reactor (PBR) and a continuous-stirred-tank reactor (CSTR) used in the -
study, along with the associated instrumentation, are described. - The "perfect-
mixing" zone for the CSTR is established experimentally. Operation in the
"perfect-mixing" zone in the CSTR eliminates the temperature and concen-
tration gradients, and permits an easier evaluatlon of the kinetics of a
chem1ca1 reactmn =

A nme-step test program was developed to evaluate various catalysts on
the same basis. Since 1964, a total of 37 commercially available and newly
developed catalysts have been tested. Not all the catalysts were subgected
to the complete test program; evaluation was stopped at the step where 2
catalyst failed. Performance data for each catalyst tested are avaﬂ.able,
if not reported herem. " S

The catalyst propertles evaluated were act1v1ty, phys:cal strength, upper
and lower temperature limits, resistance to poison, selectivity for metha-
nation reaction and the life performance. No single catalyst satisfies all .
the requirements of an ideal catalyst. For example, some activity may |
- have to be sacrificed for additional physical strength, or the lower tempera-
ture limit may have to be raised for satisfactory operation at higher tem-
peratures. However, the new generation of catalysts devéloped specifically
for the methanation of coal gasifier effluents are overcoming the earlier
deficiencies of the older commercially available catalysts.

. For most of the catalysts studied, the hydrogen-to- carbon monox1de
ratio in the feed gas should not be iess than 2.85 for the temperatures be- -
tween 525° and 900°F and for pressures above 600 psig. The catalysts
that were deactivated by an even lower Hz CO ratio and/or undes1rable
temperatures could not be regenerated.

The presence of large amounts of methane in the feed gas has a small
effect on the rate of methanation as long as the relative partial pressure of
methane is low, as compared to that of hydrogen. More studies are re-
qcured in t}ns area, especially for 1ow-pressure coal gasification processes.

The presence of 1 mmole percen‘c (or less) benzene does not affect the
methanation catalysts. The présence of higher concentrations of benzene
tends to reduce methanation activity gradually and in steps. Furthermore,
the methanator temperature must not be allowed to increase uncontrollably
while benzene is present; otherwise, carbon will be deposited. Most of the
catalysts were not regenerable after benzene deactivation.

If both CO and CO, are present in the feed CO, will be hydrogenated to
methane only when the concentration of CO is less than 0.2 mole percent.
Excess CO, (15 percent or more) may hinder the CO methanation reactmn

The presence of nitrogen in the coal gasifier effiuent (methanator feed)
may cause ammonia formaticn because nickel and iron in the catalyst (or in the
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reactor walls) promotes ammonia formation in the absence of carbon oxides.
Ammonia tends to deactivate the methanation catalyst, but it can be re-
generated by passing hydrogen at about 700°F. However, carbon deposition
usually follows deactivation.

The effect of sulfur on the catalyst activity was determined in life-test
type runs. Generally, small concentrations ({1 ppm) of propyl mercaptan
and thiophene do not affect the nickel catalysts. However, methyl mercap-
tan, carbonyl sulfide and hydrogen sulfide in excess of 1.2 ppm quickly
poison the nickel catalysts. Carbon deposition took place after deactivation.
Neither the sulfided catalysts nor the carbon deposited catalysts were re-
generable.

Life testing results of three promising catalysts are summarized.
5.1 Introduction

The existing coal gasification processes produce a reactor output gas
(prior to clean-up and methanation) with a heating value of from 300 to 600
Btu/SCF per standard cubic foot; this consists primarily of methane, hydrogen
and carbon oxides. In order to produce a gas with a heating value of about
1000 Btu per standard cubic foot, and that is interchangeable with pipeline
gas, methanation of the above-mentioned gas is essential. Heterogeneous
catalysis — the heart of the methanation process — is by nature difficult and
inconsistent, because:

e First there is no guarantee that two batches of catalysts will be
made exactly alike.

e Second there is no guarantee that the molecules which meet the
catalyst will have the same number and the same composition at all times.

The critical aspects of the methanation process are catalyst performance
and the removal of exothermic heat of reaction. Since 1952 HYGAS re-
searchers have used fixed-bed and fluidized-bed catalytic reactors to deter-
mine the most promising combination of catalyst performance and reactor
design. Since 1964 this work has intensively evaluated catalyst performance.
As this is written in mid-1974 HYGAS researchers have evaluated 37
commercially available and newly developed catalysts (Table 5-1). Although
not all the catalysts in Table 5-1 were subjected to the extensive test pro-

gram described below, the total performance data for each catalyst are
listed.

The test program employed in these catalyst evaluations is as follows:

Step 1: The activity of the catalyst is determined at temperature, T,,
Pressure, P;, flow rate, Q;, and at feed composition, X;, simulating purified
coal gasifier effluent. These data provide the base line for comparison with

any other catalyst as well as for sequential-test comparisons of the subject
catalyst.

Step 2: The upper temperature limit is determined. The reactor tem-
perature is increased gradually and continuously until the temperature is
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Table 5-1. CATALYSTS TESTED TO DATE

Catalyst

*CC113-3, 1/4x1/4 in.
CCI 13-4, 1/8-in. extrusions

CCi 13-4, 3/16 to 5/16 in. spheres

‘CCIX Cis0

CCIC-150-4-03

G-3B, 1/4x1/4 in.

G-65, 1/4x1/4 in.

‘G-41 .

G-74, 3/16 x3/16 in.

G-87% |

- T-309B, 1/8 x1/8 in.

"T-31%, 3/16x1/8 in.

T-311, 1/8 x1/8 in.

T-1183, 3/16 x 3/16 in.

UC 8, '1/8-in. spheres

UC 204-41, 1/8-in. extrusions
'UC 344-9, 1/16-in. extrusions
UC 466-34, 1/16-in. extrusions
UC 681-74, 1/8-in. extrusions
UC 964-34%

‘Meta-2

Katalco 7-2

Katalico 15-5

" SaSol E-5637

Ammonia Synthesis Catalyst
Lathe Turnings -
Ni-0116T,1/8 x 1/8 in.
Ni-0101T, 1/4x1/4 in.
Ni-0104T, 1/4x1/4 in.
Ni-X-321A-36-3-8 - .
'Ni-4303E, 1/12 in.

.CoMo -0601T 1/8 x1/8 in.
~HT-100E, 1/16 in. .
" Eng. 12468 1/8 in. (Ru)
-Eng. 13958 1/8 in.. (Pt)
~Bng. 11933 1/8 in. ﬁPh)
‘Eng. 13391 1/8 in. (Pd)
Mallinckrodt 21A-191 A%
L.DI-X825%

* Being evaluated "

Tested for Steps Listed '
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reached where the catalyst performance is not acceptable. The temperature
then is returned to T; while other conditions remain the same and the activity
is measured again. This activity is compared with that obtained in Step 1.

If the activity remains the same, the upper temperature limit is established;
if the activity decreases, the reactor is reloaded with a fresh batch of the
same catalyst and tested at a temperature slightly below that reached in

the earlier test. After the activity is measured, the temperature is again
reduced to T;, and the activity is compared with that obtained in Step 1. This
procedure is repeated until the upper temperature limit of the candidate
catalyst is established.

Step 3: The lower temperature limit is determined. " The procedure is
the same as that used for Step 2, except that the temperature is decreased
instead of increased.

Step 4: The thermal resistance of the catalyst is determined at its
upper temperature limit, Two tests are involved.

First, the catalyst is held in a hydrogen atmosphere at its upper tem-
perature limit for about three days. The temperature then is to be dropped
to T). Other conditions are set at P;, Q;, and X,;, and the activity of the
catalyst is measured and compared with that in Step 1.

Second, the activity of the catalyst is measured at its upper temperature
limit with other conditions at P;, Q; and X; for three days, then dropped to
T; and measured- again and compared to that of Step 1. These steps are
repeated until the thermal resistance level is established. Fresh catalyst
is used for each test and Step 1 is repeated at the beginning of each test
to confirm that the catalyst used has the same original performance.

Step 5 The effect of C¢Hy, NH;, or any other potential catalyst poison
that may be contained in the feed gas to methantor is investigated.

Step 6: The effects of pressure on the reaction rate are studied. At
least three pressures are investigated. The activity of the catalyst as
well as its upper and lower temperature limits are determined for each
pressure. The test procedure is essentially the same as that outlined in
Steps 1, 2, and 3, but may not be as detailed as that in the previous in-
vestigations.

Step 7: The kinetics (the effect of temperature on reaction rate) are
studied. At least three temperatures within the temperature limits deter-
mined in Steps 2 and 3 are studied. During this study, the feed composition
X) is also varied because the rate of reaction is a function of temperature,
pressure, and the composition. The approach is as follows:

a) Feed gas containing H,, CO is used for the entire temperature and
pressure range for each qualified catalyst. By varying the concentration
of CO, the order with respect to CO is determined.

b) Feed gas containing H,, CO, and He is used. By keeping the CO

concentration constant at several levels and varying that of the H, while
using He as the balance gas, the order with respect to H, is determined.
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c) Feed gas contalnlng H,, CO, and CH, (in place of He) is used for the
same conditions as in Step 7b. The order with respect to CHA is determlned

d) Feed gas contalnmg H,, CO, CH, and CO, is used. The order Wlth
respect to CO; is determined. :

e) Feed gas containing H,, CO, CH, and H,O is used The order W1th
respect-to Hy;O is determined. . A

f) Feed gas containing H;, CO, CH,, COz, H;0O and C6I—I6 is used. The
order with respect to C6H6 is determined.

g) Feed gas containing Hz, CO, CH,, CO;, H;0, C¢Hg and N, is used
The order with respect to N, is determined.

Step 8: Trace quantities-of sulfur compounds such as CZI—I5SH C4H,S,
and COS are tested to determine their effect on the catalyst activity, - The:
effect of H,S is determined only if the catalyst manufacturer claims that
the catalyst is sulfur resistant. .

Step 9: If the catalyst passes the tests mentioned above, a life test of
1000 hours or more is conducted, During this test, the temperature of the
reactor is cycled between the predetermined temperature limits. -The
pressure is held at what would be coal gasification plant pressure. The
space velocity is increased to the CO breakthrough point. Steam is added
in various quantities to the feed gas from time to time, and the feed com-
position is changed from a composition of a recycled gas to its or1gmal feed
composition. Experimental work continues 24 hours a day over the entire
test period. Data are collected during two of the three daily shifts. The
third shift is unattended; during this shift test equipment is operated auto-
matlcally at steady- sta'l:e conditions.

Steps 5, 6,8 and 9 are performed in a packed-bed reactor (PBR) "Test
steps 1,.2, 3, 4 and 7 are performed in a continuous- stlrred-tank reactor -
(CSTR). . . -

5.2 AEEaratus

TWO types of reactors were selected for this study.  One is the con-' .
ventional packed bed reactor (PBR) which was to be used to study the carbon
deposition and process variables (such as temperature distribution, tem-
perature profile, the effect of poisoning, and life test). The second reactor
is a continuous-stirred-tank-reactor (CSTR). In the CSTR the contents
are thoroughly stirred so that the composition and temperature of the fluid
are uniform throughout. Thus the exit stream has the same cornp051t10n '
and temperature as the ﬂmd inside the reactor .

The advantages of the CSTR are:
6 Kinetics may‘ be studied without any complicating control of the

reaction rate by gas- solid mass or heat transfer which are encountered
in a PBR.
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e Bulk fluid temperature and concentration gradients are eliminated
by the ""perfect mixing" conditions.

e The temperature and concentration gradient between the bulk fluid
and the catalyst surface are minimized.

e All but the fastest and most exothermic reactions can be studied at
nearly isothermal conditions and nearly complete conversion.

e Perhaps most important the complicated reaction rate expression
is induced to a much more accurate material-balance equation,

Q.C.-Q C
i o o

w

R=

where, reaction rate, 1b mol/hr-g of catalyst
flow rate, SCF/hr

concentration, lb-mol/SCF

catalyst weight, g

inlet or feed

outlet or product

R
Q
C
W

o nunn

The CSTR is used to evaluate catalysts because it is the best available means
to compare catalysts impartially on the same basis. The CSTR is used to
study the temperature effects, the pressure effects, the kinetics of the reac-
tion, and how components other than carbon monoxide affect the rate of
methanation.

A schematic diagram of the CSTR is presented in Figure 5-1. Feed
gas which can be premixed or not mixed is supplied from cylinders or
trailers. The gas is metered by an orifice, rotometer and through the by-
pass, by the wet test meter. Product gas is cooled by a water condenser
and measured by the wet test meter. The composition of the gas streams
is analyzed by infrared analyzers for carbon monoxide and carbon dioxide.
Composition is analyzed by a gas partitioner for carbon dioxide, nitrogen,
carbon monoxide, methane, ethane and hydrogen if argon is used as the
carrier gas for the instrument. Product gas is also collected in sampling
bottles for mass spectrometer analysis of all components, Pressures are
measured by gages throughout the system. Temperatures are measured
by thermocouple-recorder and by potentiometer. The liquid sample is
collected in the knockout pot and may be analyzed by wet chemistry.

The PBR is shown in Figure 5-2. It has the same arrangement as the
CSTR except that there is a provision for steam injection. A sectioned
view of the CSTR is presented in Figure 5-3 and the inserts for the reactor
are shown in Figure 5-4., Two methods of catalyst mounting are employed.
A catalyst can be placed in an annular basket or in a paddle-~basket; the
mounting systems are shown in Figure 5-5. When the paddle basket is
utilized it replaces the radial impeller which ‘s used only with the annular
basket. The cylindrical wall and the top and bottom of the reactor each
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PROPELLER |

* Figure 5-5. CATALYST MOUNTING LAETHODS_ '




have four 0.125-inch wide baffles. The wall baffles extend along the total
height of the stirred chamber; the top and bottom baffles extend radially
to the cvylindrical wall.

Catalyst temperatures are measured in the annular basket. Because
the catalyst is stationary, a thermocouple is inserted in a hole drilled into
the center of a catalyst.

A separate apparatus was set up for sulfur studies. The reactor and
vessels were coated with Nucerite, a material that is inert to sulfur compounds.
A schematic diagram of the sulfur study laboratory is presented in Figure 5-6,

5.2.1 Instrumentation

The pressures are measured by precision pressure gages which are
accurate to 0.1¢, the furnace temperatures are monitored by temperature-
recorder and the reactor temperatures are measured by a K-3 potentiometer.
The product gas flow is measured by wet test meter and the composition is
measured by infrared analyzers, gas partitioner, and mass spectrometer.
The carbon monoxide and carbon dioxide are monitored by the infrared
analyzers continuously, all the components except hydrogen are measured
by the gas partitioner when helium is used as the carrier gas and samples
were taken from time to time for mass spectrometer analysis,

The measurement techniques described provided a triple check on the
carbon oxides, and a double-check on all other components except hydrogen.

In order to measure concentrations less than 0.2 percent, it was
necessary to re-span and adjust the infrared analyzers. Product water
measurement is poor because of the condensation in the transferring lines
and dead volume in the system that holds water.

5.3 Nonideal Flow Mixing Theory

The first thing to-do after the reactor was built was to establish that
the reactor is indeed a continuous-stirred-tank-reactor with complete
mixing so that we may use the back-mixing model to evaluate catalysts and
- to study the kinetics. In order to prove that the CSTR possesses ''perfect
mixing' and to establish the ""perfect mixing" zone, the stimulus-response
technique was used. With regard to nonideal flow, this technique studies
the age distribution function of a fluid either in a vessel or leaving a vessel.
In preparation for the HYGAS research reported here, age-distribution
studies were achieved by injecting a tracer into the reactor. Two methods

were used to study the age distribution function of the tracer in the reactor.
The methods are:

1) Pulse Test — A small amount of tracer was injected into the reactor
over a short time; the response in the reactor effluent concentration of the
tracer was then measured. For example, assume that nitrogen is flowing
through the reactor at a given flow rate, pressure, temperature, and shaft
specd. A known amount of carbon dioxide (the tracer) is injected into the
reactor. The concentration of carbon dioxide leaving the reactor is con-
tinuously recorded such as shown in Figure 5-7. This is the age distri-
bution function of the tracer in the reactor.
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Figure 5-7. ARTIST'S DRAWING OF TYPICAL

RECORDED PULSE TEST RESPONSE
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2) Steg Tes — The system is switched instantaneously, from 2 stea.dy flow
of one gas to a steady flow of the tracer gas. For example, nitrogen flows
just as it did in pulse test. Through a selector valve, carbon dioxide flowing
‘into the reactor replaces mtrogen 1nstantaneously -The carbon dioxide
concentration in the product gas stream is contmuously recorded. . This is.
the age distribution function of the tracer in the reactor. After the tracer
concentration reaches a maximum value, the response for any of these
tests is an exponential decay of the tracer concentration with time. . For
the pulse test, the response is, :

| c/c, = exp ('—tFlv_) ,

Where, C = concentratlon of the tracer a.t a.ny time t.
C O-—the maximum tracer concentration in the efﬂuent
t = time

F < flow rate
V = reactor volume.

For the step test, the re_sponsé | is, ,
‘1-¢/c, = exp (~tF/V)

Theoret1cally, it is "perfect mixing" if the- slope is —1 and the area under
‘the curve is 1 when Iln C/Co is plotted versus tEB/ V.

Reahshcally, the area under the curve is seldom 1, because of dead
volumes in the system and pre- or after—mlxmg in the lines causing delay
of the tracer in the reactor system. If 'perfect mixing! is achieved, how-
ever, the slope must be a straight line, as shown in Figure 5-8. The data
for both 955 and 2250 rpm result in straight lines and indicate _per'fect
mixing'; data for 200 rpm result in.a curved line — "imperfect' mixing.

In the HYGAS work discussed here, carbon monoxide and carbon dioxide
were used as tracers, and nitrogen was used as inert gas. Flow rates of -
0 to 40 standard cubic feet per hour, pressures from 0 to 1000 psig, and
shaft speeds from 0 to 2500 rpm were the ranges investigated. *Temperature
did not affect the results because no chemical reaction occurred. "Perfect
mixing" was achieved when shaft speed reached 1500 rpm for any pressure
and flow rate. The "Perfect Mixing" zone is presented in Table 5- 2. ALl
test results are presented in Tables 5-3 and 5-4 and in Flgures 5-9 to 5~ 13.

Imperfect mixing occurred at shaft speeds exceeding 2250 rpm Shaft
speeds recommended for expenmental runs are listed in Table 5-2.°

5.4 Eq'ailibrium Compo sitions of Final Product in Methanation’

Béfore beginning the experimental program on the catalyst evaluation
and studies of kinetics, the possible gasification effluents or the possible
feed compositions to the methanator should be analyzed for their equilibrium -
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Figure 5-8. TYPICAL PULSE TEST RESULTS
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conversions so that the final results can be estimated. The reactlons that
are most likely to take place in the methanator are:

Table 5

Ky
CO + 3H2 = CH4 + Hzo

Kz

K;

CO, + 4H, = CH, +2H,0

C.H + H; 2CH,

x

C3H6 + ZHZ =2 3CH4
. Ke
CO+H, = C+ HZO
K,
2C0O0 = C +CQO;
Kg

CH, = C-+2H,

e
(2)
8 .
@
(5)
(@)

(8)

-2, "PERFECT MIXING' RANGE FOR HYGAS-ASSOCIATED

CONTINUOUS-STIRRED-TANK-REACTOR

Flow Rate Flow Rate Shaft Speed
Pressure  Pressure Minimum Maximum  Minimum -
 atm psig SCF/Hr" SCF/Hr - rpm
1 0.0 0.0725 0. 58 500 -
2 14,7 0. 1450 1.16 1000
5 58. 8 0. 362 2. 90 1000
10 132.3 0.725 5. 80 1000
20 279. 3 1. 450 11..60 1000
30 426, 3 2.175 17.4 1500
40 573. 3 2. 900 - 23.2 1500
50 720. 3 3.620 29.0 1500
60 - 867.3 4,35 34,8 1500
69 999. 6 5. 00 40.0 1500
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Figure 5-9. PULSE TEST AT 63 psig
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Figure 5-11, STEP TEST AT 1000 psig

5-24



C/C,

- 1.0

0.9

0.8

0.7

0.6

0.5

04

0.3

0.2

0.1

d o 7 2300
A |8 2300
¥ O 9 2300
J y vV 20 2300
< o .21 2300
O < 22 1000
o il
\ <
a
<
\ 0
OA
A <
%\\ S
‘Q 0
)
S\ O\<
(&
%X» N\
4
K2 <

L1 - - ¢ 11

\ | RUN NO. RPM

FLOW RATE,
SCF/hr

" o.1e
Q.168
o021
0.324
0.307
o.112

02 04 06 08 10 12 14 18 |8 20 22 24 26 28

tF/V

Figure 5-12. STEP TEST AT 1000 psig

5-25

_A-83- 1310




0.9
08 |— RUN NO. RPM FLOW RATE,SCF/hr
O 23 2500 24
07 |— R A 24 2000 143
N o 25 2000 200
06 |— N vV 26 1000 9.75
0.5 |—
0.4 |—
O
L o3}~
Q
0.2 |—
' \
0.1 | | | | | L1 | | | AN |
00 02 04 06 08 10 12 14 16 18 20 22 24 26 2.8 30

tF/V

A-83-1315

Figure 5-13. STEP TEST AT 995 psig

5~26




The free energy of reaction or the equilibrium constant is péeded for
each of the above reactions to estimate the product compositions in the

methanator at equilibrium. Ideal gas equilibrium constants' were used

in the work presented here. Attempts were made fo correlate the réal gas
equilibrium constants with the Benedict-Webb-Rubin, Chao-Seader, and
Redlich-Kwong equations of State. The lack of high-pressure data on hydro-

. gen, carbon monoxide and carbon dioxide prevents an accurate prediction.

For those who wish to .izivestigate further, however, the program by Chemshare?
may be a starting point. s L :

Equations 1 to 5 are considered for the composition analysis. - Equations
6 to 8 are the carbon deposition reactions and will be considered in the following
section. The ideal gas equilibrium constants and heats of reaction were corre-
lated by a'linear regression method (Appendix 5-A). The developed co- '
cfficients are presented in Table 5-5 with the standard deviations also shown
in this table. The equilibrium constants of these reactions are presented in
Figure 5-14. The analysis of product components is presented in Table 5-6 -
in which are the unknowns. These unknowns are solved by a subprogram
called solution of simultaneous equations of several unknowns {Appendix 5-B)
and this program is presented in Table 5-7. Equilibrium compositions for
typical HYGAS products at 1000 psig are presented in Table 5-8. .Based on
these results, it may be concluded that ethane and propane hydrogenolysis
is highly favored at HYGAS conditions and for reduction of carbon monoxide
to less than 0, 17, the reaction temperature must be less than 1000°F for a
single reactor. . - -

5.4.1 Carbon Deposition

Tﬂérmodynamics favors carbon deposition in the reactor at the meﬂla-
nation conditions as shown in Figure 5-14. Low temperature favors carbon
deposition by reactions 6 and 7, and high temperature favors carbon depo-

. sition by reaction 8. The temperature in the reactor increases as more

carbon monoxide is converted to methane. Consequently, methane decom-
position is most likely to occur near the outlet of the reactor, and carbon
monoxide decomposition’is likely to occur near the inlet of the reactor,
where the carbon monoxide content of the gas is high and the reactor tem-
perature is relatively low. -

5.4.2 Metal Carbonyl Formation

‘Most carbonyls are very toxic and formation of a metal carbonyl from
a metal catalyst means loss of activity. Thé carbonyls of Ni, Fe, and Co
are the most common. Those of Cr, Mo, W, Re, Ru, Rh, Os, Ir, and Mn
are also readily found. Most methanation catalysts contain these metals °
and the catalyst formulation is ideally suited for producing carbonyls. Some
of the physical properties of metal carbonyls are presented in Table 5-9.

5.5 Catalyst Evaluation

5.5.1 Method of Evaluation -

E'a...ch catalyst was studied according to the sequence of prbcedures '
listed in section 5.1 Introduction. The study was discontinued at the step’
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Table 5-5, Part 1. IDEAL GAS EQUILIBRIUM CONSTANTS
EQUATION FOR METHANATION REACTION, CO + 3H, @ CH, + H,0

TEMP INLCS SUBROUTINE FOR DATA INPUT FOR LRMCHS

SUBROUTINE INLCS{X,WT)
DEFINE X ARRAY AND WEIGHT {WT)
SET X{NP+1) = DEPENDENT VARIABLE
I
DIMENSION X({31)
10UT = 5
READ (2,10) Y,T
WRITE (I0UT+900) Y,.T
T=T+459.6/
X{l)=1.
X(2)=1./1
X(3)=7
XK{4)=T*T
X{5)=Y
WT=1.0
RETURN
10 FORMAT (F15.4,F10.1)
300 FORMAT (3H Y=F15¢496X42HT=F10.1)
END
L VARIABLE ALLOCATIUNS
Y{R })=0000 " T{R }=0002 I0UT(I )=0004

laX e Ny

STATEMENT ALLOCATIUNS
12 =001¢ 90C =0013

FLATURES SUPPORTED
UNE wORD INTEGERS

CALLED SUBPROGRAMS
FADD FMPY FDlv FLD FSTO FSTOX SRED SWRT SCOMP

REAL CUNSTANTS
+459670E 03=0004 «10000Q€ 01=000C

INTEGER CONSTANTS
>=000Et 2=000F

COKE REQUIREMENTS FUR INLCS
CLMMUN, Q@ VARIABLES 10 PROGRAM 94

RELATIVE ENTRY POINT ADDRESS IS 001C (HEX)
bENU UF COMPILATION
// vhup

*STURE WS UA INLCS
CART ID 0001 DB ADDR 4835 0B CNT 0008

// XEQ LRMCS

5«28

10/13/67

SIOF SUBIN
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Table 5-5, Part 2. IDEAL GAS EQUILIBRIUM CONSTANTS
- EQUATION FOR METHANATION REACTION CO + 3H; = CH, + H0O

4 8
Pl= 0.05000 PO= 0.05000
Y- 8.6629 T= 500.¢C
¥= 676603 T= 600.0
Y= 4.9895 T= 700.0
Y= 3.5753 T=" 800.0
Y= 2.3627 T= 900.0
Y= 1.3098 T= 1000.0
Y= 0.3874 T= 1100.0
Y= -0.4279 1= 1Z00.0
TERMS CUNSIDERED 1 2 3 4
TERMS FORCED IN ¢ ‘
2 0.4884278E 04 0.1083E 04 0.2455E 01 X
1  -0.1286844F 02  0.4436E-01
2 0.2068898E 05 0.5538E 02 0.2240E-01
L -0.1161675E 02  0.2742E 00
2 0.1991435E 05 0.1712E 03 :
3 -0.4894912E-03 0.1069E-03 0.,1079E-01
t AL VARIANCE STANDARD DEVIATION
1 -0.1161E 02 0.7520E-01 0.2742E 0C '
2 0.1991€8 05 0.2934E 05 0.1712E 03
3 ~0.4894E-03 0.1143E-07 0.1069E-03
0.1164E-03 0.1079E-01
LURRELATION COEFF. ARRAY
1 1.000-0.996-0.996
2-0.996 1.000 0.987
3-0.996 0.987 '1.000
LUVARIANCE ARRAY .
1 0.752E-01-0.468E 02-0.292E-04
2-0.468E 02 0.293E 05 0.180E-01
3-0.292E-04 0.180E-01 0.114E-07
K Y OBSERVED Y COMPUTED DIFF. WEIGHTING FACTOR
1 0.8662E 0Ol 0.8664E 01 - -0.1842E-02 0.1000E 01
2 0.6660E 01  0.6657E Ol 0.2779E~02 0.1000E Ol
3 0.4989E 01 0.4988E 01 0.1475E-02 0.1000E 01
4  0.3575E 01 0.357SE 01 -0.5273E-03 0.1000E 01
5 0.2362t 01 0.2364¢ 01 -0.1456E-0z. ~0.1I000E 01
6 0.13C9E 01 O0.13l1E 01 -0.1999€E-02 0.1000E 01
7  0.3874E 00 0.3881E 00 <~0.7101E~-03 6.1000E 01
8 ~0.4279E 00 =~0.4301lE 00 0.2266E-02 0.1000E 01

VAR. Y= 0.5C68E-05

5-29
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Table 5-5, Part3.

8
PI= 0.05000

Y=
Y=
Y=
Y=
Y=
Y=
Y=
Y:

TURMS
TERMS

e N~

PG= 0.05000
1.8618 T= 500.0
1.4975 T= 600.0°
1.2012 T= 700.0
0.9557 T= 800.0
0.7490 T= 900.0
0.5739 T= 1000.0
0.4237 T= 1100.0
0.2936 T= 1200.0
CONSIDERED i 2 3 4
FORCED 1IN 0
0.127378% 04 0.1573E 03 0.3566E €O
-0.1867994E 01 0.1834E-01
0.3%68009E 04 0.2290E 02 0.9265€E-02
-0.2424457E 01 0.6352E-01
0.3712386E 04 0.3967E 02
0.2176132E-03 0.2476E-04 0.2500E-02
A(L) VARIANCE STANDARD DEVIATION
~0.2424E 01 0.4035E-02 0.6352E~-01
0.3912E 04 0.1574E 04 0.3967€ 02
0.2176E-03 0.6134E-09 0.2476E-04
0.6250F-05 0.2500E-02
CURRELATIUN COEFF. ARRAY

IDEAL GAS EQUILIBRIUM CONSTANTS
EQUATION FOR WATER-GAS SHIFT REACTION, CO + H,0 = CO, + H

1 1.000-0.996-0.996
2-0.996 1.000 0.987
3-0.996 0.987 1.000

COVARTANCE ARRAY
1 0.403E-C2-0.251E 01-0.156E~05
2-0.251E 0O} 0.157& 04 0.970E-03
3-0.156E-05 0.970E~-03 0.613E-09

G\?U‘i-‘*wf\)!-x

VAR. Y= 0.30576-00

Y OBSERVED
0.1861E 01
0.1497E 01
0.1201E 01
0.9557€ 00
0.7490E700
GeH739E 00
0.4237E 00
£.2936E 00

Y COMPUTED
0.1861E 01
0.1498E 01
0.1201E 01
0.9555E 00
0.7488E700
0.5735E 00
0.4234E 00
0.2940E 00

DIFF.
0.6158E-03
-0.7214E-03
~0.4093E~03
0.1540E-03

0.1218E-03

0.3907£-03
0.2814E~03
-0.4372E-03

5-30

WEIGHTING FACTOR

0.1000E 01}
0.1000E 01
0.1000E 01
0.1000E 01
0.1000F 01
0.1000E O1
0.1000E 01
0.1000€ 01
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Table 5-5, Part 4. IDEAL GAS EQUILIBRIUM CONSTANTS EQUATION

« 'FOR ETHANE HYDROGENATION REACTION, CyH¢ + H, = 2CH,
. ; L4 8 '
. ‘PI= 0.05000 PO= 0.05000
. . Y= 6.9312 T= 500.0
: Y= "6+ 2966 e E00.0

Y= 5.3086 T= 800.0
Y= 4.9274 T= 900.0 S
Y= 4,5852 TT= 1000.0 ) B ' .
Y= i 4,2908 T= - 1100.0 .
= T= IZ00.0

"§.0786

TERMS CONSIDERED 1 2 .3 4
TERMS FORCED IN 'O

2 0.0679839E 04 0.6294E 01 0.1426E-01

1 0.5342789€-01
2 0.6614220E 04

0.2133E-01

0.2663E 02 0.1077E-01

0.6579201E 00
0.6240119E 04.
-0.2363958E-03

0.1301E 060
.0e8l26E G2 .
0.5072E-04

W N e

0.5120E~02

I A(T) VARIANCE STANDARD- DEVIATION
0.1301E 00
0.8126E 02
0.5072E-04

0.5120E-02

0.6579E 00
0.6240E 04
-0.2363E-03

0.1692E-01
0.6604E 04
0.2572E-G8
0.2622E°04

W) -

CORRELATION COEFF. ARRAY
1 1.000-0,996-0.996 -

.. 2-0.996 1,000 0.987

' 73-0.996.0.987°1.000 "

COVARIANCE. ARRAY
1 0.169E~01-0.105E 02-0.658E-05
2-0.105E 02.0.660E 04 0.407E~02
3-0.658E-05 0,407E~-02 0,257E-08

2

.0.4025€E 01

K Y OBSERVED Y COMPUTED DIFF. WEIGHTING FACTOR
w 1 0.6931E 01 0.6933E 01 -—0.2216E-02 0.1000E 01 - ’
2 0.6298E 01 0.6296E O1 0.2443E-02 0.1000E 01
3 0,5769E 01 0.5764E 01 0.4478E-02 0.1000E 01
& 0.5308E 01 0.5313E 01 -0.5311E-02 ‘0+1000E 01
5 0.4927E Ol 0.%925E 01 - 0.14646=02 UL.I000E O
6 0.4585E 01 0.4587E 01 +-0.2679E-02 ' 0.1000F 01
7 ~0G.4290E 0Ol 0.4290E Q1 0.6580E-03 0.1000E 01
- 8 0.4026E 01 0.1165E~02 0.1000E 01

VAR Y="0.T405E-0%
|  A7506 1580C
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Table 5-5, Part5. IDEAL GAS EQUILIBRIUM CONSTANTS EQUATION
FOR PROPANE HYDROGENATION REACTION, C3Hg + 2H, = 3CH,

4 8

Pl= 0.05000C PO= 0.05000

Y= 13.0618 T= 500.0
Y= i1.8679 T= 600.0
Y= 10.8688 T+ 700.0
Y= 10.0229 T= 800.0
Y= 9.2911 T= 900.0
Y= 8.64178 ¥= 1000.0
Y= 8.0812 T= 1100.0
Y= T.5849 T= 1200.0

TERMS CONSIDERED 1 2 3 4
TERMS FORCED IN )

2 0.1259091E 05 0.1264E 02 0.2865E-01

i AT VARTANCE STANDARD DEVIATION

2 0.1259E 05 0.1598E 03 0.1264E 02
0.8209E-03 0.2865E~01

CURRELATION COEFF. ARRAY
2 1.000 :

COVARIANCE ARRAY
2 0.159E 03

K Y OBSERVED Y COMPUTED  DIFF, WEIGHTING FACTOR
I 0.1306E 02 0.1312F 02 -0.5824E-01  0.1000E 01
2 0.1186t 02 0.1188E 02 =-0.1401E-01  0.1600F eI
3  0.1086E 02 0.1085E 02 O0.1147E-01  0.1000E Ol
4 0.1002E 02 0.9995E 01 0.2749E-01  0.1000E 01
5 0.9291E 01 0.9260E 01 0.3083E-01 0.1000E Ol
6 0.8647E Ol  0.8625E 01 0.2193E-01  0.1000E 01
7 0.8081E 01 0.8072€ 01 0.83986-02 0.1000E 01
8 0.7584E 01  0.7586E Ol =-0.1492E-02  0.1000F Of

VAR. Y= 0.8544E-03

A7506 1580D
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Table 5-5, Part 6. IDEAIL GAS HEATS OF REACTION EQUATION .
~ FOR METHANATION REACTION, CO + 3H,® (3514.+-I{2()

PAGE 2 TEMP INt

SUBRGUTINE IWNLCS{X,WT)

c DEFINE X ARRAY AND WEIGHT (WT)
C JET XTNP+1} = DEPENDENT VARIASLE
C EE 2 it ]

DIMENSION X(31)

IOUT = 5

READ {(2,10) Y,T

WRITE (I0DUT,900) Y.T

T=T+45%.67

X{i)=1.

X{2)=T7

X{3)=T*T

X{&)}=T*T*¥

X{5})=Y :

WT=1.0

RETURN

10 FORMAT (F15.4,F10.1)
900 FORMAT -(3H Y=F15.4,6X,2HT=F10.1}
LND
VARIABLE ALLUCATIUNWS .

Y{R )=0000 TR )=0002 TOUT(I 1=0004

STATEMENT ALLOCATIONS
10 =0010 900 =0013

FEATURES SUPPORTED
ONE WORD INTEGERS

"CALLED SUBPROGRAMS : , :
FADD  FMPY  FLD FSTO  FSTUX  SRED SWRT © SCOMP  SIOF  SUBIN

REAL CONSTANTS
“459670€ 03=000A  .100000E 01=000C

INTEGER CONSTANTS
5=000€ 2=000F

CORE REQUIREMENTS FUR INLCS
CONMON " 07 VARIABLES ° 10 PROGRAR 96

RELATIVE ENTRY POINT ADDRESS IS 001C (HEX)
'END UF COMPILATION -
77 DUP

_*STURE WS UA INLCS
CART ID 000L DB ADDR 4835 DB CNT 0008

/4 XEU LRMCS

A7506 1580E
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Table 5-5, Part 7. IDEAL GAS HEATS OF REACTION EQUATION FOR
WATER-GAS SHIFT REACTION, CO + H,0 = CO, + H,

PI
Y=
Y=
Y=
Y=
Y=
Y=
Y=
Y=

4

8
0.05000 PO= 0.05000

-92804.0158 T= 500.0
-93566.0158 T= 600.0
~94252.0158 T= 700.0
~94863.0158 T= 800.0
-95404.0158 T= 900.0
-95880.0148 T= 1000.0
~-96263,0158 T= 1100.0
~96628.,0158 T= 1200.0

TERMS CONSIDERED 1 2 .3 4
"TERMS ‘FORCED IN 0

~0.9496001E 05 C.4752E 03 0.1344E 04

-0.8782337E 05 0.3505E 03
=0.5449179E 01 0.2636E 00 0.1708€ 03

A(l) VARIANCE STANDARD DEVIATION

-0.8782€ 05 0.1228€ 06 0.3505E 03
-0.5449E 0] 0.6351E-01 0.2636E 00
0.2919t 05 0.1708E 03

CURRELATION CDEFF. ARRAY
1 1.000-0.985
2-0.985 1.000

COVARIANCE ARRAY
1 0.122E 06-0.910E 02
2~0.910E 02 0.695E-01

VA

K
1
2
3
4
5
[
{
8
R

Y OBSERVED Y COMPUTED DIFF. WEIGHTING FACTOR
-0.9280E 05 -0.9305€E 05 0.2487E 03 0.1000E 0!
-0.9356E 05 -0.9359E 05 0.3168E 02 0.1000E 01
=049425E 05 =0,9414E 05 -0.1094E 03 0.1000E 01
-0.9486E 05 ~0.9468E 05 -~0.l754E 03 0.1000E 01
-0.9540E 05 <=0.9523E 05 =-0.1715t 03 0.1000E 01
~0.9588E 05 <0.9577E 05 -~-0.l1026E 03 0.1000E 01
~0.9628E 05 -0.9632E 05 0.3926r 02 0.1000F 01
—0.9662E 05 -0.9686E 05 0.2391E 03 0.1000& 01

Y= 0.3406E 05

A7506 1580F
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. Table 5-5, Part'g. IDEAL GAS HEATS OF REACTION EQUATION .

FOR WATER-GAS SHIFT REACTION, CO + H,0= CO, + H,

4

a .
PI= 0.05000 PO
Y= -17006.0039
y= ~16777.0039
Y= -16538.0039
y= -16293.0019
Y= 216044.0019
Y= . -15787.0019
Y= ~15544,001¢9
Y= -15299.0019
TERMS CONSIDERED
TERMS FORCED IN
1 -0.1616100E
1 -0.1780901E
3 0.9322765E-
1 ALD)
1 -0.1780E 05
3

0.9322E-03

= 0.05000
. T=

© T=

T=

T=

T=

T=

T=

T=

1 2
o

05 0.2125E 03

500.0
600.0

. 700.0

800.0
900.0
1000..0
1100.0
1200.0

0.6011E 03

0s 0.4627E 02

a3 0.2478E-04

VARIANC

E

0.4218E 02

STANDARD DEVIATION

0.2141E 04 0.4627E 02

CORRELATION COEFF. ARRAY
1 1.000-0.946
3-0.946 1.000

COVARIANCE ARRAY .
1 0.214E 04~-0.108E-02
3~0.108E~02 0.614E-09

K
1
2
3
4
5
]
7

8

Y OBSERVED
-0.Y700E 05

© =0.1677E G5

VAR .

-0.1653E 05
~0.1629E 05
~0.1604E 05
-0.1578E 05
-0.1554€ 05
-0.1525€ 05

Y= o.;aseé (17

-0.1695E
-0.1676E
-0.1655€E
~0e1632E
~0.1608E
-0.1582¢&
-0+ 1554E
-0.1524E

- Y COMPUTED

a5
05
0s
05
05
05
05
05

0.6140E-09 0.2478E-0%
0.1779E 04 0.4218E 02

)

DIFF. WEIGHTING FACTOR

-0.5558E 02 0.1000E - OT
~0.1483E 02 0.1000E 01

0.1725E 02 0.1000E OV

0.3670E 02 - 0.1000E 01
0.4151E Q2 0.1000E 01

0.3567E G2 0.1000E Ol -

~-0.,2812€ 01 0.1000F 0}

-0.5794E 02 0.1000E Ol -
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Table 5-5, Part 9. IDEAL HAS HEATS OF REACTIONS EQUATION
FOR ETHANE HYDROGENATION REACTION, C,Hy + H, 2 2CH,

4 8
PI= 0.05000 PO= 0.05000
Y= ~-29301.0039 T=
Y= ~-29637.0039 T=
Y= ~29969.0039 T=
Y= -30287.0039 T=
Y= -30580.0039 1=
Y= -30858.0039 T= 1
Y= ~31120.0039 T= 1
Y= -3135%.003% TS 1
TERMS CONSIDERED 1 2 3
TERMS 'FORTED IN 0
1 -0.303882%E 05  0.2555E
1 -0.2653019E 05  0.8844E
2  -0.2945827E 01  0.6652E
I Al VARIANCE
I -0.2653E 05 0.7822E 04
2 ~0.2945E 01  0.4424E-02
0.1858E 04

CORRELATION COEFF. ARRAY

1l 1.
2~0e

CUVAR

000-0.985
985 1.000

tsNCE ARRAY

1 0.782E 04-0.579E 01
2~0.579E 0l 0.442E-02

K
1
2
3
4
S
6
3
8

VAR.

Y _OBSERVED .
-0.2930E 05
-0.2963E 05
-0.2996E 05
-0.3028E 05
-0.3058E 05
~0.3085E 05
=0.3112E O°
-0.3135E 0!

Y COMPUTED
-0:2935E 05
~0.2965E 05
-0.2994E 05
-0.3024E 05
-0.3053E 05
-0.3083€ 05
-0.3112E 0%
-0.,3141E 05

Y= 0.2174E 04

500.0
600.0
700.0
800.0
900.0
000.0
100.0
Z200.0

03

02
-01

0.7226E 03

0.4311E 02

STANDARD DEVIATION

0.8844E 02
0.6652E-01
0.4311E 02

DIFF.
0.5620¢
0.1478E

-0.2262E
-0.4604E
~0.4446E
~0.278TE

02
02
02
02
02
02

T 0.4TO3ETOL

0.6528E

5-36

02

WEIGHTING FACTOUR
0.1000E 01
0.1000E 01
0.1000E 01
0.1000E 01
0.1000€ 01
0.1000E 01
0.1600F OT
0.1000E 01
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Table 5-5, Partll. IDEAL GA

A
Pi= 0
Y=
Y=

TERMS
TERMS

8

«05000 PO
© ~54953.0079

~-55686.0079%
-5640G5.0079
-57089.0079
-57743.0079
-58353.0079
~58924,0079
~59445,0079

CONSIDERED |

FORCED .IN

-0.5732475€E

-0.4888546E
-0.6443833E

AL

~0.4888E (5
-0.6443E 01

S HEATS OF REACTIONS EQUATION
TOR PROPANE HYDROGENATION REACTION, C3Hg + 2H; # 3CH,-

= 0.05000

T= 500.0
T= 600.0
T= - 700.0
T= 800.0
T= 200.0
T= '1000-0
T= 1100.0
T=  1200.0

05 0.5548E 03

05 0.1822E 03
01 0.1370E 00

' CURRELATION CUEFF. ARRAY

1 1

2—-Q.

CUVAR

000-0.985
985 1.000

IANCE ARRAY

1 0.332E 05-0.246E 02
2-0.246E 02 0.187E-01

K
1
2
3
4
5
6
7
8

VAR .

Y O8SERVED
~0.5495E 05
-0.5%68E .05
-0.5640E 0%
-0.5708E 05
-0.5774E 05
-0.5835E 05
~0.5892E 05
~0.5944E Q%

0.1580E 04

0.8884E 02

STANDARD DEVIATION

WEIGHTING FACTOR

VARIANCE

‘0.3322E 05 0.1822E 03

0.1B879E-0L  0.L370E 00

0.7892E 04 0.8884E 02

Y COMPUTED DIFF.
-0.5506E 05 G.1163E 63  0.1000F
~0.5571E 05 0Q.2778E G2  0.1000E
~0.5635E 05 =-0.4683E 02 0.1000E
-0.5700E 05 -0.8644E 02 0.1000E
~0.5764E 05 -0.9606E 02  0.1000E
-0.5829E 05 =-0.6167E 02 0.1000E
-0.5893E 05 0.1170E 02 0.10008
~-0.5958E 05 0.1350E 03 0.LO00E

Y= 0.9234E 04

5«37
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01
ol
o1
01
01
o1
o1
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Figure 5-14. EQUILIBRIUM CONSTANTS AS A FUNCTION OF TEMPERATURE
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Table 5-6. ' ANALYSIS OF PRODUCT COMPONENTS IN
: ' METHANATION FOR COAL GASIFICATION -

= number of mo;lés of CO reacted from Equation 1
= .number of moles of CO reacted from Egqguation 2’
‘= number of moles of CzHg reacted from Equation 4

= nurnber of moles of C;Hg reacted from Equatmn 5

Total number .of moles in feed N = (CO) + (Hz) + (CH,) + (COZ) + (HZO)

+ (C2Hy) + (C3Hy)

moles of CO in prcduct' = (CO) - o, ~ dz

' moles of H, in product = (H,)— 3ay to,—o;—a,
moles of CH, in product.- = (CH,) + o, + 2a3 + 3¢,
moles of CO; in product = (CQO,) + @, |

moles of H;0 in product = (H;0) + @, — @,

moles pf. C;H, in product' = (C Hg) —a,

n‘.iéles of C3Hg in product = (C;Hg) — ¢

total number of moles in product = N — 20

: j 4 -—_[(CHA) + @y + 204 +30.] [(H;Ol-}- oy — azj [N_zal ]Z
¢y = [(CO)“QI'"C!z] [(HZ) —3a; + Otz—a3—2a4 T p2

k. L(C0,) + 0,1 105) — 30, + 0 — g — 201
2 =

K, =

. [(cQj - 5 By a,] [(H0 + i o]

[(CH.) + o + 20, +3a.12 .
4= [(CaHs) —a3] [(H) —3a; +a; —a; -ZadT

[(CH.) + @i + 2€- + 30&[{3 .
‘_:(Csﬁs) - az_-] L(Hz) ~3¢a; +a; —as — 2@4]

5-39
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Table 5-7, Partl.

SOLUTIONS OF SIMULTANEOUS REACTIONS

IN METHANATION FOR COAL GASIFICATION

PAGE 1
77 308
L0G DRIVE CART SPEC  CART AVAIL PAY DRIVE
0000 0001 0001 0000
2801 0001 -
2603 0002
~VZ M1l ACTUAL 1eK CONFIG 16K e e e
1/ FOR .
~¥ONE WORD INTEGERS ~~ "~ "~ T e

*EXTENDED PRECISION

SUBROUTINE OUTIE

INTEGER OUT
DIMENSION Y(16),2(16)

COMMON X(307,AT40) 4 FU301 s W(3043L)yMyMI,N ~ T

QuUT=5

FU9¥=X{1)
Fl10)=X(2)

F(11)=X{3)
F(12)=X{4)

Y(9)=A(1)
Y(10)=A(2).

Y{11)=A(3}
Y(12)=A(4)

Y(13}=A(5}
Y{(14)=A(6)

Y{15)=0.0
2{9)=A(1)-X(1)-X(2)

LZU1G)=A12) -3 X1} +XT27-X{3)

=2+ ¥X{41}

ZU1L)=A(3)+X{1)+2.%X{3)+3.%X(4)

Z{12)=A(4)+X{2)
Z{13)=A(5)~-X{3)

2(14)=A(6)-X{4)
Z{15)=xX{1)-X{2)

“P=1000.
T=A{T)+459.67
X(Q)=EXP (2. 302585+ (112616

'S D R

X{10)=EXP({2.302585% (- 2 424457+3912 386IT*0 2176132%*7/10004))

X{I1=EXP(2. +6 =0 .
X(12)=EXP(2.302585*(1., 536*11570 /T-O 5604*T/1000.))

.5

A(10)=‘22508 69*176 0879%T*%,5

A(11)=-26530.19-2.945827*T
A(12)=-48885.46-6.443833%T

WRITE (OUT,1000)

1000 FORMAT(?* P*113°'T'729'K
W Ul ’ ’ ’
11=13,15)

*T49'H ' T6T'ALPHA'TEBYIN'TLIOT*YOUT )

’ [] ’ LR S ] [ ’ *

10 FORMAT (F7.0¢FB8.0,5E2047¢/93(15X4OE20.T+7)193(15Ks2E20747))

RETURN

END

FEATURES SUPPORTED
ONE WORD INTEGERS

TEXTENDED PRECISION

A7506 1582
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IN METHANATION OR COAL GASIFICATION

SOLUTIONS OF SIMULTANEOUS REAC TIONS

y -
TPAGETTTTZTT Tt T
LUt REQUIREMENTS FOR. DUTIE : :
6 OasON 3064 YARTAGLES §Z8 TROGRAR ~T &gy
RELATIVE ENTRY POINT ADDRESS T% 0103 THEXY
END UF CORPICATION '
S S — e -
SOELETE S
CART ID 0001 DB ADDR 4A65 DB CNT a0z2C
*STURE WS UA OUTIE ] -
““CART ID 0OUC01  "DBEADUR™ "&AG5 ~~UB CRT 0020~~~ 7~
"TPAGE I “"‘ -
77308 I
LOG DRIVE  —CART SPEC CART AVATL —PHY URIVE
0000 0001 Qoal 0000
. .Bo0o . _eeer . BOT TToL - -
2603 goo2
v2 M1l ACTUAL 16K CONFIG 16K i
i _*EQUAT(UUTC?:GUTIE) i
' // FOR
: *ONE WORD TNTEGERS
*EXTENDED PRECISION .
#| [STSOORCE PROGRAN™ ' ~———° ——7 no rwnr s e e momm . - .
Ao SUBRGUT‘NE’. FXNC79USE HITH SEQC7 TU COHPUTE SIMULTo EQUATIUNS
w
o
A
»
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Table 547, Part 3, SOLUTIONS OF SIMULTANEOUS REACTIONS IN
METHANATION FOR COAL GASIFICATION

PAGE 2 SUBROUTINE FXNCT,USE WITH SEQCY TO COMPUTE SIMULT. EQUATIONS ™~
SUBROUTINE FXNC7
c dk kR koK
C DO NOT CHANGE ANY VARIABLES [N COMMON,EXCEPT F ARRAY T T e
c FIRST EQUATION = F{(l) = 0.0 e
C SECOND EQUATION = F(2) = 0.0
o M EQUATION = F(M) = 0.0
C EIITITTTIT T
COMMON X{30)4A{40)+F(30)
T=A(7)+459.67 4 T
RK1=EXP(2.302585%{~11.61675+19914.35/T-0.4894912%T/1000,)) .
- RK2=EXPU{Z2.302585%(-2.424457+391238671T+0,. 217613 2%T7I000. 1) -
RK 3= EXP(Z 302585%(0.65792014+6240.119/T~0.2363958%T/1000.))

-Ue Qe
9(1) (A(3)+X(1)+2 *X(3)+3o*X(4))*(X(l)“X(Z))*(100.-2¢‘X(1’)**2*((A
I =X =R *F AT =3 ¥ R+ XU 2T = XU =2 ¥ X (4 )  #¥3¥BB . #6B. J¥RKL "~ ~—————
FU2)=(A{4)+X(2) ) *{A(2)=3.%X(1)}+X{2)=X{3)=2.%X(4))}~C(A(L)~X{21)=X(2)
DI*XTIT-XTZYYV*BK?2 -
FU3)=(A(3)+X(1)+2.%X{3)+3,%X(4) )*%2=~((A(5)~X(3) )% (A(2) -3 . %X {1)+X{2
IT=XT3V=-2.#X{4Y ) 1 *RK3
FlA)=(A{3)+X(L)+2.¥X(3)+3.%X(4) ) *%3-((A(6)=X{4)I*(A(2)=3 . %kX({))+X(2
11=X{3)1-2. X4V V¥*%2Y¥RK% Tmmme T
RETURN
ENDF - — e et e o

T FEATURES SUPPORYED
ONE WORD INTEGERS
EXTENDED PRECTSION T

~—CORE REQUIREMENTS FOR FXNCY S S
COMMON 300 VARIABLES 44 PROGRAM 512

RELATIVE ENTRY POINT ADDRESS IS 0067 (HEX)

END OF COMPILATION

// DUP
*DELETE FXNCT e }
CART ID 0001 0B ADDR &4Al0 OB CNT 0028

~ #*STORE WS UA FXANCT ] T

CART ID 0001 DB ADDR 4A6A DB CNT 0028

// XEQ SEQC7

' A7506 1582B
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where the catalyst failed. The feed gas used for the test was one or all
three of the compositions listed in Table 5-8 for the initial activity test.

The feed gas composition was varied for the subsequent tests to fit the
specific purposes. Fresh catalyst was used for each new step and the test
always began with step 1. For example, fresh catalyst was loaded for study
of the high-temperature limit. - It was first tested for activity as in step 1,
then followed by the scheduled test. If the activity test differed greatly with
the initial step 1 test, a new batch of catalyst was loaded. . The testing was
very time consuming, because it-involved careful assembling and disassem-
bling, heat~up, cocl-down and pressure-testing of the equipment, as well as
pretreatment, aftertreatment and ana1y51s of the catalyst. The deactivated
catalyst was analyzed for the changes in crushing strength, carbon content,
sulfur content, metal content, crystal structure and surface area. If a
catalyst was under secrecy agreement, it was sent back to the catalyis‘{:
manufacturer for the above analyses and the findings were reguired to be
reported to HYGAS investigators. The catalysts were compared for physical
strength, activity, temperature limits, resistance to potential poisons and
deactivation behavior. (The suitability of a catalyst or catalysts depends

on the coal gasification process_used. If the design information for the
methanator is known, it is possible to recommend the most suitable cata-
lysts for the operation based on the experience gained at the Chicago labora-—
tories of the HYGAS researchers.’) -

' 5.5.2 Temperature Stabzhty

Because the methanatmn reaction is very exothermic, there Was always
concern that the catalyst bed temperature could exceed the calculated adia-
batic equilibrium temperature at some. operatlng conditions. To study these
hot spots', investigators mounted the catalyst in a stationary basket as
shown in Figure 5-5. Thermocouples were inserted into the catalyst pellets.
Typical temperature gradients between the catalyst and bulk gas are pre-
sented in Table 5-10. These data indicate that heat transfer effects were
minimal over the range of conditions expected for HYGAS operation. Higher
values of feed gas rate, mole percent carbon monoxide in the feed, and per-
cent conversion of carbon monoxide cause the higher temperature gradients
as expected. :

5.5.3 Screening Tests of Commercial Methanation Cataiys‘ts

"The first batch of catalysts selected for coal gas:fzcatlon methanation
test were Harshaw Ni-0104T (nickel on kieselguhr), Catalyst and Chemicals
C-13-4 (nickel on alumina), Girdler G-65 (nickel on alumina), and Engelhard
12468 (ruthemum on alumina). These catalysts were tested for temperatures
from 485° to 1000 °F at 1000 psig. The results are presented in Tables 5-11
to 5-16, (Table 5-11 gives the data from the CSTR Blank runs.) The initial
test results showed that: ' '

, ¢ Harshaw Ni-0104T is the most active, perhaps due to the highest
nickel content. It is the weakest physically and has an effective tempera~
ture range of 550° to 900°F. It will operate at 525° and 960 °F, but at
reduced activity level and may deactivate rapidly if prolonged use is main-
-tained at these temperature 11m1ts -
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Table 5-10. TYPICAL TEMPERATURE GRADIENTS BETWEEN
CATALYST AND BULK GAS FOR HYGAS METHANATION

Feed Rate, Mole % CO

. T T OF

SCF/hr in Feed Gas CO Conv, % cat, — = gas,

4, 50 2.4 65.2 2

5. 96 2.4 53.4 2

9.62 2.4 40. 7 2

6.47 7.0 36.6 1

7.20 7.0 33.3 2

8. 80 7.0 28. 6 3

3.90 10.0 50. 5 2

7. 20 10.0 33.4 3

9.70 10.0 31.3 9

9.94 10.0 22. 8 7
11,31 10.0 24.5 11
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Table 5-11. METHANATION DATA - CSTR BLANK RUNS

Run Numbez
Catalyst Weight, g.
Feed Gas Rate, SCF/hr
Feed Gas Compos:.‘clon,
mole %
Nltrogen
Helium

Carbon Monoxide -

Carbon Dioxide
Hydrogen
Methane
Ethane
Propane

- Total

Reactor Terperature, °F
Reactor Pressure, psig’

Proc’iuct Gas Rate, ciCF/hr
Product Gas Compo sition,
mole %
. Nitrogen
. Helium
Carbon Monoxide
- Carbon Dioxide
_Hydzogen
' Methane
-xEthane :
Propane
Total

Feed HZ/ CO Ratio

Water Collected,
1b/hr % 10

% CO Converted

ol
ON_O\\IG!—'_OI—'

62
0.0
4,29

OO R B WM O

100.

790

1000

4,29

.

ot : .
o b

SopSNoror
C OB OoON N O b

*

31.8

0.0
6.0

63

3.67

[
R Y
QO O = b ] WU O

0
[
(=]

1000

3.67

s
QONO\?IPI—-'OS-
O Ot W A= 0 O

[
o

31.8

[ R )
L .
B~~~

*Carbon deposition reaction detected.

5.47

0.0

D
oE\:oxq.o:—-.o;—a

OO =W~ W O

Yot
o
(=]

1010
1000

3.11

.

o
OCONOND O
QO M N O =00 O i

fod .
W Q -
Jumd

. .

0o

‘oo
[ B n

323

0.0

4, 33

324 325%
©.0.0 0.0
- 8.19 8,09

0.3 0,3

43,4 43,5
~ 0.1 0.1
56,1 56.0
-.0.0 0.0
0.1 0.1

'100.0 .100.0

1125 : 1323
300 - 325
16.88  6.59
8.5 ~ 0.5
41.1  40.0
0-9". 1-9
56.2 - 54,7
"_1.2 2.7
0.1 0.2
100.0 100.0
1,29 .1.29
0.0 . 0.0
20 . 25
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Tahble 5-13, METHANATION DATA - CATALYST EVALUATION (CCI C-13-4)

Data Number ) 16 17
. Catalyst Weight, : 7.81 . . 7.81
Feed Gas Rate, SCF/hr ' 7.35 o 5,85
'Feed Gas Composition, .
mole :
‘ Helium , 0.0 0.0
Carbon Momnoxide 10.5 -10.5
Carbon Dioxide 2.7 2.7
Hydrogen 32.6 . 32,6
Methane 53.8 ';' 53.8
Ethane 0.3 0.3
Propane A 0.1 0.1
T.otal : : © 100.0 100.0
Reactor Temperature, 'F 700 . 700
Reactor Pressure, psi 100 - . 1000
‘Product Gas Rate, SCF/hr 7.01 . © 5,45
Product Gas Composition,
mole . . . .-
Helium . , 0.0 . 0.0
Carbon Momnoxide . 9.75 2.19 -
Carbon Dioxide 2. 33 - L.70
Hydrogen 30.2 . 10.3
Methane 57. 22 _ 85.3
Ethane 4 _ 0.4 : 0.3
Propane - - ' 0.1 ' 0.1 .
- Total ' 100. 00 100. 00
Feed Ha/CO Ratio ‘ 3.10 o 3.10
Water Collected, , .
1t/hr x 10% ' ' - ' o --
Rate of Methane Formation, o o ,
_ 1b mole/hr-catalyst x 104 . 0.20 . . 4.99

A7506 1588




Table 5-14, METHANATION DATA - CATALYST EVALUATION (Girdler G-65)

Run Number 18 39 20 21 22
Catalyst Weight, g 27.3 27.3 27.3 27.3 27.3
Feed Gas Rate, SCF/hr 10.8 10.8 5.83 5.83 5.83
Feed Gas Composition,
mole %
Helium 0.0 0.0 0.0 0.0 0.0
Carbon Monoxide 10.5 10.5 10.5 10.5 10.5
Carbon Dioxide 2.7 2.7 2.7 2.7 2.7
Hydrogen 32.6 32,6 32.6 32,6 32.6
Methane 53.8 53.8 53.8 53.8 53.8
Ethane 0.3 0.3 0.3 0.3 0.3
Propane 0.1 0.1 0.1 0.1 0.1
Total 100.0 100.0 100.0 100.0 100.0
Reactor Temperature,-oF 720 720 770 820 900
Reactor Pressure, psig 1000 1000 1000 1000 1000
Product Gas Rate, SCF/hr 9.48 8,76 4.13 3,99 3,71
Product Gas Composition,
mole %
Helium ' 0.0 0.0 0.0 0.0 0.0
Carbon Monoxide 6.95 6.85 4.34 3,80 3.00
Carbon Dioxide 2,74 2.58 2.83 2.78 2.73
Hydrogen 21.8 21.47 14.4 10.8 10.6
Methane 68.21 68.7 178.0 82.5 83,3
Ethane ' 0.3 0.4 0.43 0.12 0.37
Propane 0.0 0.0 0.0 0.0 0.0
Total 100.00 100. 00 100, 00 100, 00 100. 00
Feed H,/CO Ratio 3.10 3,10 3.10 3,10 3,10
Water Collected,
1b/hr x 104 .. a- -- -- -
Rate of Methane Formation,
1b mole/hr-g catalyst x 10* 0.62 0.20 0.41 0.44 0.48
A7506 1589

5-50



0651 90SLYV

99 °0 .

29°0- 301 X 38ffejed m-ﬂ\oﬁoﬁ..n:

- T%°0. 1$.°0 §%°0. L0 81T - ..09°0
' . e . . 'uoyrwiog SUBYIOIN JO 918y
- == e e e m— . ew -= 01 x Iy/qr ‘pe3oaTIeD Tajepm
9g "€ 9g'e  €0°¢E €0°¢  €0°E  "E0’E . ‘€0°'E” g0 .oneyd 00/%H peaa
© ..00%00T: 00°00T ° .00°00T . 00°00T 00°00T -00°00T 00°00T 00°001 . - . 12308
00 - 070 0°0 0°0 . 00 0°0, - €0°0 ° €00 suedod
~10°0 - 9070 0°0 0°0 070 0°0 L0°0 I'0 : - ouByyg
I°%6 €26 0°16 6 °26 626 L'gb 1'¢6  .9'tb .~ SuBgAN
06°2 0€ *¥ . 80 G 0€°c LZ't  €LT  ¥O'E  99°2 - uafoapAy
0Z °2 0% "2 §2°¢ 22", 82t 60°¢ 00 ¢ o'e - 9pPIXOLIJ UoqIeD
2€°0 1%°0 8% 0 6€°0 6€°0 2€°0 09°0 70 © 9PIXOUOWN uoqieD
L% 0 €5°0 610 61°0 91°'0  91°0 91°0  91°0 . ua8013IN
: ) 9, ¥TOUL .
. ‘uorgrscduion sey) 1oNpoIg
6% 6€ "% - €9°¢ oL'e 8% % - L¥'F €'y 25'¥ IY/ADS ‘erey seHIONPoId
0001 0001 0001 0001 0001 000T 0001 0001 81sd ‘sansserd iojoeey
008 006 006 008 008 00L §19 S19 . ‘eanjexadwia], 103089y
0°001 0°001 0°001 0°00T 0°00T 0°00T 0001 . 0°00T . Tejo0L
0E°0 0E°0 010 0I'0 010 0T°0 010 01’0 suedoxg
Le’0 LE'0, 92°0 920 92°0  92°0. 92'0 . 92°0 oueRyE
6°99 6°99 L°s9 L°g§ L'ss . L'6S L' L'S§ uBUIdON
2°€e A A 2'1e 2°1e.  2°1E 2°1e z°1¢ 2°1e : uaBorpil
86°1 86 T €€ "2 €€ ¢ €€ "2 €€ °C €E "2 €€’ IPIXOTQ woqaeDd
06°9 06 °9 €°01 €°0T €701~ £°01 £°01 €°01. . - .  OPIXOUOW uoqIeD
§€°0 Ge'o 11’0 11°0 I1°0 " 11°0 110 I1'0 . : u9doIIIN
’ ﬁ. o
: . ‘uorytsodwon ser) paog
29°9 29°9 0%°9 0%9 - 0%°9 0% "9 0% 9 0¥°'9 | 1Y/ DS ‘arey sen peag
G0 '8¢ 50 *82 50 °'82 G0°8Z G0°'82 G0'82 G0°'8BZ G0°'8Z 8 ‘JySrom 3séreieD
[ 52 8z Iz 9 ° §2 ¥ f . .. . Isquoyuny

(L$010-IN MeysaeH) NOILVATVAT LSATVIVO - VIVA NOLLVNVHIEN ‘SI-§ oTdel .

5-51



Table 5-16, METHANATION DATA - CATALYST EVALUATION
(Engelhard 12468)

Run Number 31 32 33
Catalyst Weight, g 10. 33 10. 33 10. 33
Feed Gas Rate, SCF/hr -- - --
Feed Gas Composition,

mole %
Nitrogen 0. 35 0.35 0.35
Carbon Monoxide 6.90 6.90 6.90
Carbon Dioxide 1.98 1.98 1.98
Hydrogen 23.2 23,2 23.2
Methane 66.9 66.9 66.9°
Ethane 0. 37 0.37 0. 37
Propane 0.30 0. 30 0. 30
Total 100,00 100, 00 100. 00
Reactor Temperature, °F 485 600 670
Reactor Pressure, psig 1000 1000 1000
Product Gas Rate, SCF/hr 5.40 4, 81 4,32
Product Gas Composition,
mole %
Nitrogen 0.35 0.23 0.41
Carbon Monoxide 6.53 4.18 0. 89
Carbon Dioxide 2.03 2.21 2,31
Hydrogen ' 13.0 15.9 6.53
Methane : 77.1 76.7  89.2
Ethane ' 0.68 0.61 0.51
Propane 0.31 0.17 0.15
Total 100. 00 100, 00 100. 00
Feed H,/CO Ratio ‘ 3. 36 3.36 3.36

Water Collected, 1b/hr x 10* - - -
Rate of Methane Formation,
1b mole/hr-g catalyst x 10* - - --

A7506 1591
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© Girdler G-65 is the strongest physically but has the lowest activity.
it has poor low~ternperature activity (600°F) but good high-temperature ,
limit (1000°). The upper temperature limit may be higher than 1000 °F but
it was not investigated at that time for fear of carbon deposition.  Later
studies showed that G-65 has an upper temperature limit of 1200°F in the
presence of steam, but the overall activity was not impressive.

o CCIC-13-4 fell between the Harshaw Ni-0104T and Girdler G-65.

© Exigelhard 12468 has the best 10w-tempera‘cure activity as expected
from a ruthenium catalyst, but was not impressive at higher temperatures.

The economics and the suscep‘abﬂlty to be poisoned precluded performing
extenswe investigations.

5.5.4 Pore Di_ifu_sion

" Pore-diffusion resistance will be encountered at higher temaperatures,
or higher carbon monoxide concentrations, and larger catalyst sizes. - The
effect of pore diffusion resistance on the measured reaction rates was in-
vestigated. Rates were measured at comparable temperatures and concen-
{rations while particle size was varied. The results are presented in .
Tables 5-17 to 5-20. These runs indicated not only a first order dependence
on carbon monoxide, but also some dependence on hydrogen and methane
concentrations for the methanation reaction. Steam produced from the -
méthanation réaction does mnot affect the rate, but it is not known if large
quantities of steam will bé added to the feed. Further evidence to support
the diffusional influence was the virtual lack of carbon dioxide production
found when small catalyst particles were used. With large peliets, a measur-
able amount of carbon dioxide was always produced, which is indicative of’
the carbon dioxide shift reaction occurring deep in the porous structure.
With the small particles, the carbon monoxide and steam could be removed
'more easﬂy from the surface without further reaction.

5.5.5 Effect of Low H,;/CO Ratio

. The rate of methane formation slows when the hydrogen-to-carbon
momnoxide ratio in the feed is less than 3,15. It becomes poorer as the
ratio decreases, and some catalysts showed permanent deactivation when
the hydrogen-to-carbon monoxide ratio was less than 2.0. Carbon depo-
sition usually is not a problem at temperatures less than 950°F and high
hydrogen-to-carbon monoxide ratio, but becomes a problem at temperatures
higher than 900 °F and low H,/CO ratios.

. For most of the catalysts studied here at pressures of 600 ps1g or higher,
it is recommended that a gas be fed at temperatures higher than 52 5°F and
a hydrogen-to-carbon monoxide ratio greater than 20. It is also recommended
that the methanation be performed at temperatures lower than 900°F for
feed gases having a hydrogen-to-carbon monoxide ratio of less than 3.00.
The attempts to regenerate those catalysts which were deactivated due to a
low hydrogen-to- carbon monoxide ratio and undesirable temperaturées were
not successful. The data for the runs Where hydrogen-to-carbon monox1de :
ratio was varied are presented in Tables 5- -21-through 5-28.
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Table 5-20.. METHANATION DATA - EFFECT OF PARTICLE SIZE
- (Harshaw Ni-0101 Catalyst, -40 +60 mesh)"

Run Number 176

180

i77 178 179 181 182
Catalyst Weight, g -  0.37 0.37 0.37 0.37 0.37 .0.37 . 0.37
Feed Gas Rate, SCF/hr 4,43 4.25 4.69 4,59 4.45 4,56 4.51
Feed Gas Composition, ' : o
mole % o
 Nitrogen - - - - - == -

Helium 70.85 75.50 79.75 85.68 74.67 77.48 78,52

Carbon Monoxide . 5.25 5.10 . 5,15 5,22 5.03 2.92 1.78

Carbon Dioxide 0.1 0.1 0.1 0.1 0.1 0.1 - 0.1

Hydrogen 23.8 19.3 15,0 9.0 20.2 - 19:.5 19.6

Methane L <= -— [ - -— - -

Ethane - -- -- -- -- -- - --

. Propane : - -- -- -- -- -= --

. Total 100. 00 100.00 100. 00 100. 00 100,00 100,00 100. 00
Reactor Temperature, °F 575 575 575 575 = 575 575 ° 575
Reactor Pressure, psig 74 740 440 - 147 74 T4 74
Product Gas Rate, SCF/hr 4.26 3.60 4.53 4,32 4.44 4,38 4.38
Product Gas Composition, ‘ : S

mole % .

Nitrogen o - a- -- - _—  ee -

Helium '75.96 80.19 83,35 87.74 78.01 80.39 81,32

Carbon Monoxide 3.62 4,18 4,18 4,65 4.43 1.97 . 0.83

Carbon Dioxide 0.1 0.1 0.1 0.1 6.1 0.1 0.1

Hydrogen v 18.9 14.6 11.6 7.0 16.8 16.8 16.9

. Methane .42 0.93 0.77 0.51 0.66: 0.74 ' 0.85
Ethane I — -- -- -- -- fem e
Propane == - == -- -- -- --

. Total . 100.00 100,00 100. 00 100,00 100,00 100.00 100. 00
Feed H,/CO Ratio 4,53 3.78 2,91 1.72 3.87 6.68 11.0
Water Collected, N o
‘ib/hrx 10 * 28.2 15.6 16,3 10,3  13.7 152 17.4
Rate of CO Conversion, ” K '
1b-mole/hr-g . . :
- catalyst x 10* 4,19 2.31 2.41 1,52 2.03 2,26 2.42

. A7506 1595
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Table 5-27. METHANATION DATA - CARBON DEPOSITION AND LOW
TEMPERATURE STUDY (Harshaw Ni-0104T)

Run Number
Catalyst Weight, g
Feed Gas Rate, SCF/hr
Feed Gas Composition,
mole %
Nitrogen
Helium
Carbon Monoxide
Carbon Dioxide
Hydrogen
Methane
Ethane
Propane ‘ ;
Total i

Reactor Temperature, °F
Reactor Pressure, psig

Product Gas Rate, SCF/hr
Product Gas Composition,
mole %

Nitrogen

Helium

Carbon Monoxide

Carbon Dioxide

Hydrogen

Methane

Ethane

Propane

Total

Feed H,/CO Ratio
Water Collected, 1b/hr x 10*
Rate of CO Conversion,

1b mole/hr-g catalyst x 10*

*Nickel was stripped from the catalyst and deposited on the bottom of

the reactor.

246 247 248 249 250%
1.91 1.91 1.91 1.91 2.09
3.92  4.40  4.02  4.02 2.38
0. 26 0.0 0.0 0. 24 0.0

0.0 0.0 0.0 0.0

0.0 99.4  0.14 0.0 10.2
0.67 0.4  0.03 0.67 2.1

0.0 0.0 99.78 0.0 27.5
96. 2 0.2  0.05 96. 3 10.4

2.4 0.0 0.0 2.4 0.0
0. 47 0.0 0.0 0. 39 0.0

100.00 100,00 100.00 100.00 100,00

575 575 575 575 400

597 600 604 602" 597
3.92  4.40 3.99 3.97 -
0. 26 0.0 0.0  0.26 --

0.0 0.0 0.0 0.0 -

0.0 99.4  0.06 0.0 -
0.67 0.4 0.04  0.67 --

0.0 0.0  99.77 0.0 --
96. 2 0.2  0.13 96. 3 --

2.4 0.0 0.0 2.4 --
0,47 0.0 0.0 0. 37 --

100.00 100.00 100.00 100.00 -
0 0 0 0 -
A7506 1602
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Table 5-28. METHANATION DATA — EFFECT OF HZ/CO RATIO
ON METHANATION RATE

Run Number
. Catalyst Weight, ¢
Feed Gas Rate, SCF/hr
Feed Gas Comp051t1on,
maoale %
Nitrogen
‘Flelium
Carbon Monoxide
Carbon Dioxide
Hydrogen
Methane
Ethane
Propane
Totlal

Reacior Temperature, °F
Re;¢t0r Pressure, psig

Product Gas Rate, SCF/hr
Product Gas Composition,
mole %

Nitrogen

Helium

Carbon Monoxide

Carbon Dioxide

Hydrogen

Methane

Ethane

Propane

Total

Feed H,/CO Ratio

Water Collected, 1b/hr x 10%

Rate of CO Couversiomn,. -
. lb-mole/hr-g catalyst x 10%

251 252 253 254 255 256 257
2.12 2.1tz 212 212 212 212 212
3.74 4,10 3.64 3.7l  3.78 . 3.67  3.84-

1.2 0.6 -- - 1.4 0.4 .0.3
0.0 . .0.0 0.0 0.0 0.0 0.0 0.0
9.9 9.0 1l.8  10.1 8.8. 10,3 9.9
0.4 0.3 0.3 0.1 0.2 0.z - 0.2
31,1  41.7 41,0  48.0  24.1 27.5 . 30.2
55.8  47.0  45.6  4l.4  64.5 60.7  58.4
1.4 1.2 1.1 0.3 0.8° 0.8 - 0.8
_ 0.2 0.2 0.2 _ 0.1 0.2 0.1 - 0.2
100.0 100.0 100.0 .100.0 100.0 _100.0 100.0
575 575 576 575 575 576 576
595 - 598 598 600 600 301 .. 604
3.05 . 3.2z 3.2 3.13 321  3.55 . 3.44
0.7 0.8 -— e 1.4 0.5 0.5
0.0 0.0 0.0 0.0. 0.0 . 0.0 0.0
6.5 5.0 7.1 6.5 6.0 7.4 6.8
0.8 0.4 0.5 0.2 0.4 0.4 - 0.3
6.5 27.3  30.9 39.9 12.0 19.9 ~ 24.1
73.7 - -65.0  60.0 52.7 79.2  70.8 67.4
1.5 1.3 1.3 0.5 0.8 0.8 0.8
0.3 0.2 0.2 - 0.2 0.2. . 0.2 0.1 .
100.0 - 100.0 -100.0 100.0 100.0 100.0 100.0
'3.14 4,63 3.47 475  2.74  2.67  3.05
44 - -- 66 48 116 - 26
1.60 2.48 2.5  2.02 1.62 ° 1.52  1.76
. AT7506 1603
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5.5.6 Effect of.Excess Methane in the Feed to the Methanator

The presence of large amounts of methane in the feed has some effect
on the rate of methanation. The effect becomes greater when the relative
partial pressure of methane is much higher than that of hydrogen. In general,
excess methane in feed gas tends to decrease the rate of methane formation
and the reaction order appears to be between 0 and —1 for HYGAS conditions.

The reaction order may be more negative for low-pressure coal gasification
processes.

The effect of excess methane in feed on the rate of formation of methane
is shown in Figures 5-15 and 5-16. '

5.5.7 Effect of Benzene in the Feed to the Methanator

The presence of 1 mole percent (water-free basis) benzene or less
has no effect on the methanation catalysts. The benzene in feed comes
through as benzene, cyclohexane and lighter hydrocarbons. The presence
of more than 1 mole percent benzene tends to decrease the methanation
activity gradually and step-wise. For example, the catalyst activity will
drop gradually about 10 percent and will remain there for a long time, then
it will gradually drop another 10 percent and hold there for a while, and
so on. The temperature of the methanator must not run away while benzene
is present, because carbon will be deposited. Excess carbon was found
in the catalyst when it was deactivated by benzene. Most of the catalyst
studied here were not regenerable after benzene deactivation, The results
of these studies are presented in Tables 5-29 to 5-34.

It is difficult to obtain an accurate material balance on benzene because
of the inaccuracy in both quantitative and qualitative analyses of liquid sam-
ples. Due to the long transfering lines and dead spaces in the system, the
amount of liquid collected at the end of each run may not be the amount pro-
duced by the current run. In addition, the quantity collected was too small
for a good qualitative analysis. Nevertheless, an increase in the methane
content in the product was noticed and occasionally, the presence of cyclo-
hexane was detected in the vapor phase. Carbon was deposited on both G-65
(Run 264) and Harshaw Ni-0104T (Run 275) catalysts when temperature was
increased. The upper temperature limits of the catalysts must be lowered
when benzene or other aromatics are present in the feed gas.

5.5.8 Effect of CO, on the Methanation Catalyst

This study was concerned with possible poisoning effects that carbon
dioxide might have on the methanation catalysts. If the presence of carbon
dioxide in the methanator does not affect the rate of methanation or the
catalyst, carbon dioxide may be used to consume the excess hydrogen and
thus increase the heating value of the final product. Another objecti.e of
this study was aiso designed to determine the conditions at which carbon
dioxide can be hydrogenated to methane. Data for this study are presented
at several places in this part of the HYGAS Final Report but some of the
more concentrated studies are presented in Tables 5-35 to 5-38.
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Table 5-33. METHANATION DATA — RUN 281, EFFECT OF BENZENE ON
METHANATION CATALYST .

Time, Hr - 20 51 . . 67 76 94 . 98

Catalyst Weight, g 2.08 2,08 2.08 2,08 2.08 . 2.08
Feed Gas Rate, SCF/hr 3.69 3.69 3.69 3.69 3.69 3. 69
Feed Gas Composition, mole ¢ " : ‘

Nitrogen : -

Helium -

Carbon Monoxide ‘ 9.1

Carbon Dioxide 0.3

Hydrogen 28.3

Methane : 60. 6

‘Ethane _ : -—-

Benzene . 1.7

Total - 100.0 _ o

Reactor Temperature, °F .- 574 574 574 574 574 - - 574
Reactor Pressure, psig , 301 301 301 301 301 301
Product Gas Rate, SCF/hr 2.96 3,05  2.80 2.84 2.85 2.94
Product Gas Composition, mole & "

Nitrogen _—— == - _— i a- .-

Helium : C - C - - - - --

Carbon Momnoxide 5.6 5.1 5.1 5.2 5.0 5.0

Carbon Dioxide 1.1 0.6 0.6 0.5 0.7 0.5

Hydrogen ‘ 12.8 14.8 7.3 11,4 12.0 12.5

Methane : 80.5 79.5 87.0 82.9 82.3. 82.0

Ethane © - - -- - -- --

Benzene _ : - - — - -

Total 100.0 100.0 100.0 100.0 100.0 100.0

Feed H,/CO ratio ’ 3.11 3.11 3.11 3.11 3.11 3.11
Water Coliected, 1b/hr X 104 -- .- - - - 87
Rate of CO Conversion, . C

lbmol/hr-g cat, X 104 . 1,66 1.97 2.11 2.05 2.11  2.06

AT506 1608

' 5.73 .
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&

METHANATION DATA-EFFECT OF EXCESS CO; ON. METHANA’I’ION

(Unlon Carbide UC344-9 Catalyst)

Run No. .

Catalyst Weight, g
Feed Gas Rate, SCF/hr
Feed Gas Composition, mole %

j N1trogen
Helium

- Carbon Monoxide
Carbon Dioxide
Hydrogen
Methane
Ethane

Total

Reéctor Temperature, op
Reactor Pressure, psig
Product Gas Rate, SCF/hr

Product Gas Compo s:ttlon, mole %

. Nitro gen
Helium
Carbon Monoxide
.- Carbon Dioxide
- Hydrogen
Methane
Ethane

Total

Feed: H2/C02 Ratio

Water Collected, 1b/hr X 104

" Rate of CO,; Conversion,
lbmol/hr~g cata. X 10%

NHORBRONN -

336 337 338 339 340
2.3 2.3 2.3 2.3 2.3 -
6.28 7.03 6.57 4.57 4.64
0.1 0.2 0.6 0.5 o.
-- -- - -~ . 0.
0.1 - 0.1 4.9 7.4 - 4.
5.2 9.0  -- 0.2 15
94.4 90.6  -- 29.3 .14,
0.2- 0.1 ~94.2 62.4 65.
- -- _0.3 0.2 -0
100.0 100.0 100.0 100.0 '100.0
429 583 579 598 598
655 605 660 615 620
6.15 6.41 6.50 4.14 -4.30
0.1 0.2 0.6 0.6 0.2
- - e == 0.2
0.1 ~ 0.0 4.9 3.7 " 1.8
5.2 6.8 -~ 0.2 16.2
94.4 90.0 - -- 74.2 . 74.1
0.2 3.0 94.2 742 741
- —_— 0.3 0.3 . 0.2
100.0 100.0 100.0 100.0 .100.0
18.1 10.1 0 - 3.96 2.86
0 48 0 89 . 34 ..
0 2.22 0 2.09 . 1.69
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Table 5-36. METHANATION DATA-EFFECT OF CO, AND N, ON METHANATION
(Harshaw Ni 0104T)

Run No. 341a* 341b* 342 3437 344%
Catalyst Weight, g 3.5 3.5 3.5 3,5 35
Feed Gas Rate, SCF/hr 5.87 5.87 5.02 4.02 4.04
Feed Gas Composition, mole %
Nitrogen . 63.5 63{. 5 0.7 88.5 84.1
Helium 1.7 1.7 - -- -
Carbon Monoxide - - 1.3 1.6 -
Carbon Dioxide 18.3 18.3 20.8 0.0 0.8
Hydrogen 14,8 14.8 15.5 9.9 14.9
Methane 1.7 1.7 61.5 - 0.2
Ethane - -~ 0.2 -~ -
Total 100.0 100.0 100.0 100.0 100.0
Reactor Temperature, °F 597 590 599 600 596
Reactor Pressure, psig 607 625 605 592 580
Product Gas Rate, SCF/hr 5.03 4.67 4.61 3.79 4.06
Product Gas Composition, mole % -
Nitrogen 62.9 63.1 0.7 92,0 84.9
Helium 2.0 2.1 - -- --
Carbon Monoxide - 0.9 0.2 0.0 -
Carbon Dioxide 20.5 22.6 22.4 0.2 0.1
Hydrogen : 10.8 8.5 6.5 6.2 14.7
Methane 3.8 2.8 70.0 1.6 0.3
Ethane ‘ - -- 0.2 - -
Total 100.0 100.0 100.0 100.0 100.0
Feed H,/CO, Ratio 0.81 0.81 0.75 --  18.6
Water Collected, lb/hr X 104 : 196 196 65 24 0
Rate of CO, Conversion,
lbmol/hr-g cata. X 10% 0.32 0.14 0.42 0.48 0

*
0.12 wt  of NH; was found in the liquid product.
TO. 09 wt ¢ of NH; was found in the liquid product.

Temperature was increased to 700 °F then dropped back to 596°F and
carbon was deposited.

AT7506 1611
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Table 5-38.° METHANATION DATA-EFFECT OF N, ON
' METHANATION (Harshaw Ni-0104T)

5-78

Run No. 3532 354 355b 356 357°¢ 358d 359
Catalyst Weight, g 4.6 4,6 4.6 4.6 4.6 0.0 0.0
Feed Gas Rate, SCF/hr 3.05 3.54 5.08 5.95 6.26 5.70 5.18
Feed Gas Composition, mole %
Nitrogen 9.3 22.7 37.9 21.4 22.2 22.8 23.8
Helium 0.1 0.1 - - - - -
Carbon Monoxide 4,7 3.1 2.5 - - - --
Carbon Dioxide 1.2 1.1 0.92 -- -- - -
Hydrogen 24.3 22.2 17.9 78.3 717.8 77.2 176.2
Methane 56. 6 47,7 38.1 0.3 - - -
Ethane 2,7 2.2 1.8 - - - --
Propane 0.78 0.67 0.56 .- -- -~ --
n-Butane 0.16 0.08 -0.25 -- -- - --
i-Butane _ 0.09 0.08 0.05 -~ -- - --
Pentanes 0.07 0.07 0.02 -« -- - -
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Reactor Temperature, °F 794 792 795 797 672 670 . 711
Reactor Pressure psig 965 975 970 960 1010 1000 630
Product Gas Rate, SCF/hr 2.54 2.86 4,63 5,95 5,84 5.70 5.18
Product Gas Composition, mole 4
Nitrogen 10.7 28.6 40.0 2l1.4 22.2 22.8 23.8
Helium 0.07 0.04 .~ -- - -- -
Carbon Monoxide 0.29 0.42 0.52 -~ C - -- -
Carbon Dioxide 0.37 0.40 0.46 -- - -- -
Hydrogen 7.2 8.1 7.7 78.3 77.75 71.2 76.2
Methane 80.9 61.7 50.5 0.3 -- -- --
Ethane 0.34 0.46 0.49 - -- - --
Propane 0.08 0.16 0.16 -- - - -
n-Butane 0.02 0.07 0.11 -- - - -
i-Butane 0.01 0.03 0.04 .- - - -
Pentanes 0.02 0.02 0.02 -~ - - -
Total 100.00 100.00 100.00 100.0 99,95 100.0 100.0
Feed H,;/CO Ratio 5.2 7.1 7.1 - -- - -
Water Collected, 1b/hr X 104 207 33 59 0 0 0 0
Rate of CO Conversion,
1b-mol/hr-g cata. X 104 0.76 0.55 0.58 0 0 0 0
2 Feed gas contains 1.0 ppm C,H;SH.
bo. 002 g of NH; was found in 3. 45 SCF of product gas, (0.003 mol %in product).
€0.092 g of NH; was found in 8,45 SCF of product gas, (0.05 mol ¢ in product).
d 0.0003 g of NH; was found in 3.13 SCF of product gas, (5 X 107® mol $in product).
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It was found that-

1) If both carbon monox1de and carbon dioxide are present in the feed,
the carbon monoxide will be methanated f1rst

2) Water~-gas shift reaction may compete with the carbon dioxide
methanation reaction for some catalysts. In general, carbon dioxide will
be hydrogenated to methane when the concentratlon of carbon monoxide is
less than 0.2 mole percent

3) Excess carbon dioxide (154 0r more) may hinder the carbon monox1de
methanation reaction. :

5.5.9 Effect of Nitrogen on the Methanation Catalyst

As early as January, 1968 it was found that after making successful
runs at 5 and 20 atmospheres total pressure, deactivation took place at
40 atmospheres, 575°F and approximately 104 CO, 30% H,, 604 N, in the"
CSTR. 'This might have been caused by some N,-H, reaction... The chluent
was changed fror nitrogen to helium and it was found that rates at similar
conditions became higher. The matter was not investigated further at that
timme because no apprec1ab1e amount of nitrogen was expected in the HYGAS
process : :

- During the year 1972 1973, the inve shgatz.on of the effect of nitrogen
on the methanation catalysts was started again because of the possibility
that excess nitrogen in the methanator during start-up and shut-down for
the HYGAS process could be a problem. - Other coal gasification procésses,
where air is used, could 1ndeed have a problem with excess n1trogen It
was found that:

1) The reactor wall (316ss) is a mild ammonia formation‘ catalysf:

2) H1gh-m.ckel content cataly'sts are mild ammoma formatlon catalysts
in the absence of carbon 0X1des.

. 3) Ammonla is not llkely to form when the concentration of nﬁ:rogen in
the feed to the methanator is less than 50% ‘of that for HYGAS condltmns

. 4) I ammonia is fo Imed it tends to deactivate the methanatlon re-
action. The catalyst can be regenerated by passing hydrogen at about 700°F.
However, carbon deposition may" follow deactivation. The results can be
_seen in- Tables 5- 36 and 5-38. . .

, Catalyst manuiac’curers have been informed about this behav:tor They
have experienced ammonia formation during start-ups, using the same
catalyst for a“different purpose. Tt did not affect their applications. For
coal gasification, methane and various carbon oxides are present.in'the gas
_stream. It is also known that the methanator condition favors carbon de-
position thermodynamically. Therefore, proper care should be taken if
there is a large amount of nitrogen pre sent. The equﬂmnum constants
for methanation, the water-gas shift, and ammonia formatlon reactlons are
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presented in Figure 5-17. As can be seen, ammonia is not likely to form
when there is carbon monoxide, not only because the nickel is a better
catalyst for methanation, but also because the equilibrium favors the for-
mation of methane. However, in the absence of carbon monoxide (and
carbon dioxide) the equilibrium favors the formation of ammonia at lower
temperatures and higher pressures. This behavior was verified by the ex-
perimental data.

5.5.10 Effect of Sulfur on the Methanation Catalysts

A total of eleven life-test type of runs were made to study the effect
of H,S on the life of catalysts. Two types of catalysts were used, the
Harshaw Ni-0104T and the Union Carbide 204-41, in a packed bed reactor.
The approach is to simulate the space velocity and the Reynolds number
designed for the HYGAS plant. The experimental results are presented in
Tables 5-39 and 5-40. It was found that: :

1) Small concentrations (less than 1 ppm) of propyl mercaptan and
thiophene poison the nickel catalysts slightly but it is tolerable. Methyl
mercaptan, carbonyl sulfide and hydrogen sulfide poison the nickel catalysts
quickly and intolerably.

2) Catalysts were poisoned quickly at hydrogen sulfide concentrations
greater than 1.2 ppm in the feed.

3) Catalyst deactivation was more sudden than gradual.
4) Carbon was precipitated after the catalyst was poisoned. Analysis
showed that although two-thirds of the catalyst bed was not po1soned by

sulfur, carbon was deposited and plugged the reactor.

5) Sulfided catalysts were not regenerable,’ nor were carbon-deposited
catalysts regenerable.

5.5.11 Current Catalysis Studies at the Institute of Gas Technology

A number of the recently developed methanation catalysts, which are
not reported here because of incomplete investigation, are being studied.
These catalysts are:

Union Carbide UC964-34

Girdler G-87 promoted

Catalysts and Chemicals CCI C150-4-03
Mallinckrodt Ni237T

Harshaw

The results of these studies will be published at the appropriate time.

5.6 Methanation Rate Expression

A number of rate equations can be found in the literature and some
of these have proposed mechanisms as well. Table 5-41 presents some
of the published forms. The method of least squares was used to fit all
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“Table 5-40. LIFE STUDY OF METHANATION CATALYST IN THE PRESENCE

OF H,S
| | Ni0l04T, /4" . UC204-41, 1/8"
Run No, o ES-7 HS-8 HS-9  HS-10  HS-11
Gatalyst Weight, g L . 63.0 51.0 46.0°  47.7 48.3
Reactor Pressure, psig 1000 1000 - . 800 . 780 - 800
Reactor Temperature, °F B ' S T .
.Top Zone ' . 210-570 535-790  500-813 503-672 . 613-680
Middie Zone - © 560-740 805-930  215-920 626-796 690-730
Bottom Zone . '730-800 930-975 252-518 480-750 .420-750
Feed Gas Comp051t10n, mol ¢ ' ST R
. j‘I-Iydrogen 18.2 16.8 1717 17,1 17.1
- "Methane _ - 70.0 °  71.3 65.9 65.9 . 65.9
‘Carbon Monoxide 4.7 4.2 1.1 "4, 1 4.1
.Carbon Dioxide 0. 44 .0.17 0.5 0.5 0.5
fN:d:rogen 2.4 2.8 2.2 “2.2 2.2
~Argon and Helium -, . 0.08 6.0 - 6.0 6.0
‘Ethane - 3.1 3.2 3.1 3.1 .3.1
,5Prope,ne . 1.09 1,11 _.0.7 20,7 0.7
'~ Total 99.93  99.96 99-6  99.6 ° 99.6
Feed Gas Rate, SCF/hr = 17.89 17.43 15.02 19.10 18. 78
Feed Sulfur Content, ppm ‘12.0 1.6 1.3 3.6 - 4.3
Product Gas Composition, mol ¢ ' o
Hydrogen 8.4 5.2 12.1 oo g
‘Methane 83.0 90.8 78.6 °© 98.0 98.0
‘Carbon Monoxz.de -2.7 0.2 2.7 -0.2 -
:Carbon Dicxide 0.49 1.3 0.9 -..0.1 -
Nitrogen 1.8 2.3 . 2.6 - -
Argon and I—Iellum ‘ 0.1 . 0.08" 0.4 - -
Ethane 2.6 . 0.12 - 2.0 . - -
Propane ~ 0.86 0.01 0.5 - - e
' Total 199.95 ~ 100. 01 99.8 . - . L ..
Product Gas Rate,. SCF/hr 16,61 13,76 '8.74. -18.89 18.28
- Product-Sulfur, ppm - 0.7 0.1. 0.1 - C--
Water Produced, 1b/hr - - 0.057 0.014 0.006° .. . 0.002
 Space Velocity, SCF/ht-cu ft 9.925 11.944 10.781 13,223 12.841
Total Run Time, hr - 4.7 - 40 242 2 . . 64

CO Converted, mol % 46.8 - 96.3 61.7  95.1 .  72.0

- AT7506 1615
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the data obtained in the period reported. The data from the catalyst poison
studies are not used for the rate analysis. The rate expression is:

kP 0 5
cotn,

1+0.1P . €
I, + 0 05PCH4

where '

1b mole
hr-g catalyst

rate of methane formation, x 10-%

A TE/RT
1,06 x10-2
1,25 x 10* Btu/lbmole (6.9 Kcal/gmole)
_1.987 Btu/ lbmole— R

T = temperature in "R

Mo A on
o

S

This rate expression is suitable.for relatively' high nickel-content metha- .
nation catalysts of 0.25-inch size: It is applicable for all pressures and
within the temperature range of 525° to 900°F. The rates are very low at
temperatures lower than 525° F ‘This rate- equatlon will not apply for the
follomng conditions:

1) Feéed gas containing more tha'n 1.5% benzene.

2) Feed gas containing more than 0.5 ppm of hydrogen sulf1de

3; Feed gas containing more than 2 ppm mercaptans. '

Feed gas containing more than 5% water. ,

5) Feed gas containing more than 204 carbon dioxide.

6) Feed gas containing more than 509 nitrogen. ,

7) Feed gas containing ammonia, phenol and hydrogen cyanlde

-8) Feed gas with a2 hydrogen-to-carbon monoxide ratio less than 2. 85.

5.7 Catalyst Life Studies

At the beg1nn1ng of this research, no successful work had been reported
on fixed-bed methanation of high carbon monoxide, high methane content
gases with commercial nickel catalysts. In packed-bed methanation reactors,
the high exothermic heat of reaction may cause catalyst deactivation through
hot spots and carbon deposition. For each catalyst tested, a life test of about
90 hours was run in'the CSTR. For each of these catalysts which demon-
strated good activity, good high- and low-temperature limits, good thermal
resistance and relatively low cost, a special life test was conducted ina -
packed-bed reactor of 0.5 to 1.25 inches diameter. During these tésts,
all the process variables (such as temperature, pressure,,flow-rate, compo-
sition and steam-to-gas ratio) were varied. The temperature distribution
'in the reactor was-recorded with the start-up témperatures, the pressure
effect on the yield was recorded with pressure changes, and several start-
up and shut-down procedures were studied. The physical properties of
the catalysts were analyzed before and after the test (if no secrecy agree-
ment was involved) for changes in surface area, crystal structure, carbon
content, nickeél content, sulfur content, and crushing strength.
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Three of the catalysts subjected to this treatment are reported here.
Other catalysts, mostly newly developed ones, which have been or are being
studied, will be reported in the future. The catalysts reported here are
Girdler G-65, Harshaw Ni-0104T, and Union Carbide UC681-74.

5.7.1 Girdler G-65 Catalyst

The results of the life study on G-65 catalyst are presented in Tables
5-42 to 5-44. There was sufficient hydrogen in the feed to completely
methanate both carbon monoxide and carbon dioxide, The results show that
at the low space velocities both the carbon monoxide and carbon dioxide
were almost completely reacted and the 0. 8 percent of ethane in the feed
was completely hydrogenated. A plot of temperature at various locations
in the catalyst bed versus time on stream is shown in Figure 5-18. The
plot shows that, at this operating condition, the conversion was steady.

The space velocity was increased in Run LT~ 7 and dropped slightly in

Run LT-8. Both runs were stopped when the carbon deposition was sus-
pected as the reason for the deactivation. In Run LT-7, the top of the bed
contained about 6 percent carbon by weight and in Run LT-8, about 8 percent.
There was also an increase in the sulfur content of the catalyst after the run.

5.7.2 Harshaw Ni-0104T Catalyst

Harshaw Ni-0104T catalyst was used in life study L'T-11. The results
are presented in Table 5-45, The space velocity was varied from 2539 to
9130 standard cubic feet per hour per cubic foot during the run. Carbon
monoxide and ethane were at equilibrium conversion at all space velocities.
Carbon dioxide breakthrough was noticed at the higher space velocities.

A bed of activated carbon and zinc oxide at 300°F reduced the sulfur con-
tent of the feed gas from about 2 ppm to less than 0.1 ppm, so there was
no reason for the catalyst deactivation by sulfur poisoning. The operating
temperature was much lower than that for G-65; therefore, there was no
carbon deposition problem for this run. The physical strength of this
already weak catalyst was decreased at the end of the run. '

5.7.3 Union Carbide UC 681-74 Catalyst

The first zeolite-based catalyst tested was a Union Carbide Linde
8 percent nickel on NaX on March 16, 1971, It was found that this catalyst
has approximately the same activity as others based on the nickel content
of the catalysts, but has shown some potential for both high-temperature
resistance and better physical strength, Since then, Union Carbide has
submitted four sets of zeolite-based catalysts for evaluation as a metha-
nation catalyst. These catalysts are UC 204-41, UC 344-.9, UC 466-34, and
UC 681-74. Extensive evaluation tests were performed for these catalysts.
UC 466-34% catalyst has the following qualities:

1) Its activity is among the top 5 percent of all the catalysts tested.

* .
Same as catalyst UC 681-74.
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Table 5-42." METHANATION LIFE TEST, RUN LT-6

‘Run No. - | LT-6
Catalyst - G-65 =
- 'Catalyst Volume, cu it , ' 0.0327 :
.Test Duration, hr : 64 160 208 361 412
Pressure, psig 999 998 . 997 1045 1015
:TgnqmrMmre,°F . - ‘ R
' Preheater: ) 615 600 605 . . 640 640
7 in. from Top : - 1000 1010 1000 1005 1010
13 in. from Top o 865 840 840 -~ 905 . -895
Product Gas 425 425 430 . 420 420 .-
. Furnace ‘ . 570 550 550 « 570 570"
Feed Gas Composition (Dry), mole %. ) . o R
co o S 12.6 - 12.6 12.6 12,4 12,4
Co, : . 2.9 2.9 2.9 2.9° .2.9
H, L S 55,0 55.0 55.0 57.1 ° 57.1
CH, o ' ) - 27.0 27.0 27.0 25,1 25,1
CiHs L 0.8 0.8 0.8 " 0.8 0.8
N, . o 1.65_1.65 1,65 1.7 - 1.7
Total L. 99.95 99.95 99.95100.0 100.0
Space Velogity, SCF/cu fehr 280 281 282 296 - 1299
Feed Rate, SCF/hr 9.18 9.19 9,22 9.68 9.79
Product Gas Composition (Dzy), : SEEE
. mole % -
- CO 0.0 0.0 0 0. 0.0 0.0 .
COo, 0.3 -0.1 0.1 0.1 0.1,
H, 3.5 4.2 4.8 5.4 52
CH, v ) - 93.9 93.7 93.1 92.5 92.5
C;Hg 0.0 0.0 0.0 -0.0 . 0.0 .
N, 2.3 2.04 2,02 2.0 "2.19
. Total - ' 100.0 100.04100.02 100.0 99.99
Product, SCF/SCF feed ~0.537 0.520 0.502 0.499° 0.510
Heating Value, Btu/SCF 961.9 962.1 958,0 953.9 ' 953.2
‘Carbon Recovery, % 115.0 11i.3 105.6 109.3 112.9
'Hydrogen Recovery, % 1085 108.1 103.3 104.6 104.5 .
Oxygen Recovery, % 99.0 112.6 105.9 109.0 .96.5
- Water Collected by Condensate , - . '
Measurement, g/hr - 35.4 40.88 37.6 41.40 36.9
. CO Conversion, % 100.0 100.0 100.0 100.0 " 100.0
. CO, Conversion, % . 94,4 98,2 -98.2 98.2 . 98.2
C,H; Conversion, % . 100.0 100.0 100.0 100.0 = 100.0
A7506 1617
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Table 5-43. METHANATION LIFE TEST, RUN LT-7

Run No.

Catalyst

Catalyst Volume, cu ft
Test Duration, hr
Pressure, psig
Temperature, °F

Preheater

7 in. From Top
14 in, From Top
22 in, From Top
Furnace

Feed Gas Composition (Dry), mole ¢

CO
co,
H,
CH,
C2H6
N

Total

Space Velocity, SCF/cu ft-hr

Feed Rate, SCF/hr

Product Gas Composition (Dry),
mole %

co
cO,
H,

CH,

C,Hy
N

Total

Product/Feed Ratio, SCF/SCF

Heating Value, Btu/SCF

Carbon Recovery, %

Hydrogen Recovery, %

Oxygen Recovery, ¢

Water Collected by Condensate
Measurement, g/hr

CO Conversion, ¢

CO, Conversion, ¢

C,H¢ Conversion, %

20
1002

850
1005
825
700
935

12.7
3.2

57.5

24.3
1.0
1.26

99.06

3104
9.84

f¥e]
(=]
~JO N~

5-88

LT-7
G-65
0.00317
102 126 150
993 996 998
875 950 945
1025 1000 1000
825 950 975
715 910 925
935 930 930
12,7 12,5  12.5
3.2 3.2 3.2
57.5 56,9  56.9
24.3  24.9 24,9
1.0 1.3 1.3
1.26 1.2 1.2
99.96 100.0  100.0
3091 3107 3129
9.80  9.85  9.92
4.5 11.4 12,0
1.3 2.8 3.3
25.3 54.6 56. 2
66.3  28.8  25.5
0.4 1.1 1.2
2.19 _1.33 _ 1.84
99.99 100.03 100.04
.- 0.97 --
749 509 490
-~ 101.7 -
-~ 104.0 --
-~ 102.3 --
- 6.01 -
- 6.01 1.0
-- 14,9 --
-- 17.9 —-
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Table 5~44. METHANATION LIFE TEST, RUN LT-8

Run No. LT-8-

Catalyst - G-65
Catalyst Volume, cu ft . — 0.00423 —
Test Duration, hr - ' - 28 52 76 118 140
Pressure, psig 1002 997 982 1007 1008
Temperature, °F . _ * : :
Preheater ' ' 595 595 595 595 595
"9 in. From Top 940 925 885 900 . 835
18 in. From Top " 735 ‘735 715 725 685
28.in.  From Top. ' 665 - 670 665 650 640
. Lower Furnace _ 685 685 685 - 675 ¢ 660
Feed Gas Composition (Dry), :
mole % - _
CO 12.8 12.8 12.8 12.6 12.6
CO, 3.0 3.0 3.0 2.9 2.9
H, 56. 5 56.5 56.5 56.8  56.8
CH, 25.4 25.4 25.4 25.3 25.3
' C;H, 1.2 1.2 1.2 1.4 1.4
N, . 1.13 1.13 1,13 1.02 - 1,02
, Total 100.03 4100.04 100.04 100.04° 100.03
Product/Feed Ratio, SCF/SCF 0.51 0.512 0. 523 0.661 0. 703
Heating Value, Btu/SCFEF 808 793 768 741« 634
Carbon Recovery, % . 91,1 90.7 88.6 - 107.8  80.1
Hydrogen Recovery, ¢ . 90.0 90.5 89.4 103.9 .96.4
Oxygen Recovery, % 93.6 104. 2 102.4 101.5- 106 0
Water Collected by Condensate : :
Measurement, g/hr 30.3 33.3 30.6 27.0 21.7
CO Conversion, % : 86.0 81.6 80.0 70.6  '50.9
CO, Conversion, ¢ - 83.0 81.2 79.2 68.0° 49.0
GC,H¢ Conversion, 4 78.7 78. 6 78.2 57.4 °~ 54.7
AT7506 1619
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Table 5-45.

Bun No,

Catalyst

Catalyst Volume, cu ft -
Test Duration,” he
Pressure, psig
_Temperature, "F

Preheater

1-1/2 in. From Top
4 in. From Tap
Product Gas
Furnace

Feed Gas Composition (Dry),
mole

cO
O,
I,
ch,
CaH,
Ny

Total

'bpace Velacity, SCF/cu ft-hr
Feed Rate, SCE/hr

Product Gas Composition {(Dry),

mole

co
co,
i,
cil,
C,H,
N

) . Total

Product, SCF/ SCF feed

Heatirig Value, Btu/SCF

Carbon Recovery,'7 .

Hydrogen Recovery. %

Oxygeén Recovery;. %

Water Gollected by Condensate
Measurement, glhr

CO Conversion,

CO, Conyeraion, ¥

C,H; Conversion,

Run No.

| - Gatalyst

Gatalyst Volume, cu ft -
Test Duration, hr
Pressure, psig
Temperature, "F

Preheater

1.1/2 in. From Top
4 in. From Top
Product Gas
Furnace

.Feed Gas Composition (Dry)
mole § -

[eie]

CO,

H,

CH,

CHy,

Ny

" ‘l'otal

Space Velocity, SCF/cu ft-hr
Feed Rate, SCE/hr

METHANATION LIFE TFST, RUN LT-11

‘Praduct Gas ('ornposlhon (Dry). mote %

co

co, X
H

ch,

H,

N,

. Total

Product, SCF/SCF feed
Teating Value, Btu/ SCF
Carbon Recovery,
Elydrogen Recovery, %
Oxygen Recovery, %

. Total Material Recavery, ‘4
Water Collected by Cond &

Measurement, glhr

CO Gonveraion,
GO, Conversion, § '
C,H, Conversion, ¢

5:91

LT-11
Harshaw Ni-0104T
: 0 00352 -
19 80 217 . 288 421 464 558 653 771
1000 1005 1003 1000 1006 1000  loao 1003 998
655 640 630 625 605 435 545 2465 .490 "
710 700 695 685 665 500 600 535 515
855 880 875 870 890 840 840 840 790
635 635 630 620 605 580 545 620 485
585 580 575 550 450 495 495 480 425
4.3 4.0 4.0 3.5 4.0 4.0 4.0 4.0 . 3.7
1.5 ".'1.4 1.4 1.0 0.8 08 0.8 0.8 0.7
18.8 19.4 19. 4 18.8.  20.1 20.1 20.1 21.3  21.3
70.1°  69.3 69.3 70.0 69.0 69.0 69.0 - 68.0° 68.0
2,7 2.7 2.7 3.4 3.7 3.7 3.7 - 3.7 3.7
2.62 3.22 3.22 ._3.25 2.39 2.39 2.39 2.56 2.56
100,02 100.02 100.02 . 99.95 99,99 99.99. 99.99 99.96 99.96
2539 2590 2599 2596 2619 4704 2551 4798 . 2619
8.99 9.12 9,15 9.14 9.22 16.56 8.34  16.89 9.24
0.2 0.1 0.2 0.1 n.1 0.0 0.1 0.1 0.1
0.9 1.0 1.0 0.8 0.6 0.1 0.2 L0.1 0.1
1.8 1.8 1.7 . 1.4 1.5 1.6 1.5 2.1 ..3.3
93,6 93.5 93.6 94.4 94.2 4.9  95.0 94.3 - 92.9
02 0.1 0.2 0.2 0.2 0.1 0.1 0.1 ;0.4
3.34 3.53 3.33 3.12 3.4 3.29 3.07 _3.25 3.17
100,04 100.03 100.03 100.02 100.00 99.99 99.97 99.9% 99.97
0,77 0.770 .0.77 0.78 0.78 0.82 0.64 0.80 0.88
942 940 941 948 950 . 955 957 947 949
90.8 ° 92.1 92.6 92.6 92.2 96.3 76.6 97.6 103.7
91.3 91.5 Q2.0 '90.9 © 91.5 96.3 76.3 94.0 -°102.9
94.5 97.8. 1l0l.8° 90.5 109.8 100.9 81.7 105.7 114.5
10. 40 9.88 10.37  7.26 10.24 19.62 '8.34 19.00 1.15
96.3 98.0 96,1 97.7 98.0 100.0 98.3 97.8  97.6
53.4 44.4 44,3 37.0 41.0 89.7 83.8 88.5 B7.3
94.2 97.1  94.2 95.3 ° 95.7 97.7 98.2 97. 90.4
LT-11
Harshaw Ni-0104T
0.00352

820 986 1109 1152 1250 1320 1391 1420

lo14 1005 1003 1000 1006 1006 1000 | 1010

480 450 505 480 ' 565 470 535 515

© 545 510 565 550 625 540 600 595

8lo 740 810 770 900 730 855 795

, 625 610 650 715 640 770. 645 82§

£ 480 470 5151 525 540 540 ‘525 600

j T ' "

3.8 4.2 3.7, 3.7 3.7 . 3.7 3.7 3.7

0.6 0.6 0.8 0.8 1.0 1.0 1.0 - 1.0

19.8 20.0 18.9 18.9 19.6 19.6° 19.6 19.6

7.9 2.2 72.6 72.6 7.7 7.7 7.7 7.7

1.2 1.1 0.9 0.9 0.9 0.9 - .9 .9

2.73 1.94 3.09 3.09 3.06  3.06 3.06 3.06

100.03 100.04 99.99 99.99 99.96 94.96 99.96 ° 99.96

4403 5284 4832 6852 4193 8664 4383 9130

16.91 18.60 17,01 24.12. 14.76 30.50 15.43 32.14

0.1 0.1 0,00 - 0.1 0.1 a1 0.1 - -a, 1

0.00 --0.00 0.1 0.1 0.1 0.3 0.2 ° ..0.5

2.8 4.2 3.0 3.3 2.6 3.3 2.4 - 4.0
93,9 92.5 93.3 92.9 93.4, 92.6  93.3 91.5

0,00_ 0.00° 0,00 .0.00 0.1 0.00 0.00 ° . 0.00

3.16 _ 3.16 3.55 3.56 3.66  3.74 4. 03 3.89

99.96 . 99.96 99.95 99.96 .99.96 100.04 1(_10.03 " 99.99

0.86 0.484 0.82 0.82 0.82 0.80 0.83 0.80

952 940 949 944 941 932 938 922

103.4 98,6 98.1 97.6 99.3 95.9 100.3 94. 4

101.8 97.7 96.8 96.5 96.9 - 94.2 97.5 93.0

105.5 .78.8 84.9 90.5 67.3 8l.5 .65.0 €9.8

103.0 98.6  96.9 96.8 96.7 94.8 98.0 94.3

18.96 16.80 15.98 23,69 11.67 26.89 .10.97 24.47

97.3 97.9 . 100.0 97.7 97.7 97.8 97.7 97.8

100.0. 100.0 89.6 89.6 91.7 75.7 81.3 59.8

100.0 160.0 106.0 100.0 89.6 100.0 100.0 100.0
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2) It has an upper temperature limit of 1140°F in the absence of steam.

3) It has a lower temperature limit of 550°F at 1000 psig. (The lower ~
temperature limit is a function of pressure.)

4) It does not deactivate continuously under normal operating con-
ditions.

5) It deactivated steadily in the presence of 1.3 ppm hydrogen sulfide.
This catalyst was considered worthy of a life study. _

The catalyst was reduced according to Union Carbide's start-up pro-
cedure. The reactor was first purged with nitrogen for 2 hours followed
by hydrogen at a flow rate of about 3 standard cubic feet per hour for 2
hours. The pressure in the reactor was gradually increased to 360 psig
while heating up. The rate of heating was 100°F per hour until it reached
750 “F. The reactor was held at 750 °F for 12 hours while hydrogen was
passed through at about 0.5 standard cubic feet per hour. The temperature
was then lowered to 500°F and stabilized.

The feed was introduced at a space velocity of about 10,000 standard
cubic feet per hour per cubic foot. The carbon oxides in the product gas
were continuously monitored by the infrared analyzers, and conversions
were observed immediately and at the end of 3 hours. Ninety-five percent
of CO, 82 percent carbon dioxide, and 94 percent propane were converted
(Run 1 in Table 5-46). The carbon monoxide methanation reaction and the
carbon dioxide mathanation reaction are competing reactions. Usually the
carbon dioxide will not be methanated until almost all of the carbon monoxide
has been converted. Therefore, one may safely assume that when carbon
dioxide in the feed is being methanated, the carbon monoxide has nearly
all been converted.

All of the carbon monoxide in the feed was converted at the end of 4
hours. This run was continued for 117 hours; the only change was in feed-
water concentration, from 3 to 1.5%. This change was to determine whether
carbon deposition is a problem at this operating condition. There was no
problem (Run 2 in Table 5-6).

Space velocity was doubled to 20,000 standard cubic feet per hour per
cubic foot. At the end of 171 hours (55 hours at this space velocity), there
was no change in conversion (Run 3 in Table 5-46). This run was made to
find out the performance of the catalyst at nonequilibrium conditions or
the breakthrough point. Although the breakthrough point was not reached
at this flow rate, it was very close because of the sharp decrease in carbon
dioxide conversion. While maintaining the space velocity at about 20,000
standard cubic feet per hour per cubic foot, the lower temperature limit ©
was tested. The furnace temperature was decreased to 490 °F, which in
turn caused the reactor bed temperature to drop to 584°F. At the end of
236 hours, ot after 34 hours at 490°F, 0. 3 percent of carbon monoxide was
found in the product and none of the carbon dioxide in the feed was converted
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(Run 4 in Table 5-46). This test confirmed the previous finding, that the
catalyst bed temperature should be kept above 550°F. All of the carbon
monoxide in the feed was converted when the bed temperature passed 550°F
and leveled at 573°F.

The breakthrough point was reached when the space velocity was in-
creased to 33,000 standard cubic feet per hour per cubic foot (Run 5 in
Table 5-46). While holding the space velocity at about 30,000 standard
cubic feet per hour per cubic foot, the temperature of the reactor was in-
creased to 935°F. Carbon monoxide conversion increased with increasing
temperature. At 935°F, the product gas contained 0. 14 percent carbon
monoxide, or about 95% of the carbon monoxide in the feed was converted
(Run 6 in Table 5-46). Carbon monoxide was completely converted again
. as soon as the space velocity was decreased to 10,000 standard cubic feet
per hour per cubic foot.

The space velocity was increased to 30,000 standard cubic feet per hour
per cubic foot, and the temperature was increased to 1004°F at the end of
. 435 hours. The steam content was decreased to 0. 33 percent after 5 hours
at these conditions. Carbon monoxide conversion decreased considerably,
and the pressure dropped across the reactor bed increased (Run 7 in
Table 5-46). The space velocity was decreased to about 10, 000, the steam
was increased to about 3 percent, and the temperature was decreased to
786°F. At the end of 457 hours, the conversion was still poor (Run 8 in
Table 5-46), and the pressure drop across the bed continued to increase.
The experiment was discontinued at the end of 481 hours.

It can be concluded that:

1) The UC 681-74 catalyst has good activity when compared with other
catalysts.

2) It has high temperature resistance; however, steam must be present
when the catalyst is subjected to temperatures higher than 1000°F to avoid
carbon deposition. The activity of the catalyst may decrease once it has been
at high temperature. '

3} The lower temperaturs limit is- 550°F at- 600 psig or at hi gher pressures.
(It is 500 °F at 400 psig and 300°F at 0 psig). Deactivation may occur at lower
than specified temperatures and the catalyst is not regenerable.
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