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OPERATION OF A SPRAYED RANEY NICKEL TUBE WALL REACTOR

'FOR PRODUCTION OF A HIGH-BTU GAS

W. P. Haynes, J. J. Elliott, A, J. Youngblood, and A, J. Forney
Bureau of Mines, U.S. Department of the Interior

4800 Forbes Avenue, Pittsburgh, Pennsylvania 15213

INTRODUCTION

Almost all processes for the production of high-Btu gas from
coal require a clean-up methanation step to upgrade the product gas
to a heating value of at least 900 Btu/SCF. Such upgradiné'is needed
both after steam-oxygen gasification of coal and after most . processes
for_hydrogasification of coal. Metﬁanation over a nickel c#talyst is
one of the most promising methods of achieying the required heating
value. A major difficulty in the development of a suitable catalytic
methanation reactor is in controlling the temperature of the highly
exothermic reaction 3H, + CO EUgi"C) CHg + Hp0, where the heat
of reaction is about 65 Btu/SCF of feed gas converted. Efficient heat
removal is requifed.to prevent excessive reaction temperatures and
catalyst deterioration,

Catalytic synthesis of methane has been studied in various
reactor configuraéions, such as :

(a) Fixed-bed reactor, with cooiiné achieved through

heat exchange surface; (1) (2)lj

1/ Numbers in parentheses refer to references at end of paper, |
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(b) Fixed-bed reactor, cooled directly by gas recycle

’ .

(3) @ () )
(c) Fluidized-bed reactor, coéi;d’indirectly by heat
exchange surface (6) (7); and - »
(d) Tube-wa}l reactor, where the catalyst is cooled
becausg of being integral with or bonded to heat-exchanger
“tubes (8) (9).
The bench-scale developmental work performed at the Bureau of Mines
on 1.2" and 1.3J outside-diameter single-tube tu;e-wall reactors has
indicated that such reactors, with tubes coated with Raney nickel
catalyst, provide excellent temperature control and result in high
ylelds per weight of catalyst of up to 300,000 SCF of high-Bfu gas
per pound of catalyst (10).- Development of the tube~wai1 reactor,
therefore, is proceeding aﬁ the pilot-plant level in a multitube

reactor unit. The initial experimental work performed in the pilot

plant unit is reported in this paper.

Equipment

The tubé-wail reactor used in this series of experimgnts was a
multitube unit, as shown in.figures 1 and 2. The shell of the
readéor is Seinch; schedule-40 stainless-steel pipe, with an overall
length of 11 ft. The unit contains 7 catalyst tubés, each 2 inches

in diameter by 7 ft long. The outer surface of each tube is thermally

~ sprayed. with Raﬁey nickel over a length of 6 feet and to a depth of
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0.020-0.030 jnch. Each catalyst tube has a 1-inch diameter dipftubé
doﬁn-the center. Liquid Dowtherw* passes down the dip-tube and then
boils as it pasées upﬁard khrough the annulus to remove thé heat of
reaction. The Dﬁwtherm vapor enters the condenser abdve; is indir-
ectly cooled and condensed with water, and then by gravity feeds
back into the cenfer tube. To achieve good contact between gas and
catalyst, the coated 1engths’of the'sﬁrayed tubes hré baffled-so
that the synthesis gas, as it passes upward through the re#c?or, is
forced by the horizontal baffles to take a tortu&us pa;h across the
tube surfaces;~ ’

Thermocouple ﬁeils-were mounted along the length of the cata-.
lyst surface of four tubes. Three thetmocouples.were placed in each’
. wéil-énd were Qpaced‘Z.feetﬂapkrt.‘:A cﬁlibratea and motérized driye
moved these thermocoqbleé a total of 2 feet to ﬁermit measurement of’
catalyst temﬁerétﬁreé 15.1F1nch_increments along the entire 6-foot -
length of each of the four tubés; -

A séhematic floésheet of the reactor system_is shown in figure 3,
where it is shown that the feed gas to the reactor is preheated by.a
series of three4ﬁeat,eg¢hangérs._ The first exchanger is steam-ﬁeated,

the second'exchanger recovers sensible heat from the hot.product gas,

and the third is heated by Dowtherm vapor. Product water is condensed

from the product gas stream; then part of the dry product gas is

returned to the feed gas stream. Recycle of dry product gas reduces

* Reference to trade names is made to facilitate understanding and
_does not imply endorsement by the Bureau of Mimes.

N
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the water vapor conceﬁtration of the reaction'gas and thereby helps
to maintain the activity of the catalysts as well as increase the
yield of methane (10).

Fresh synthesis gas is made from natural gas in a Girdler plant
and stored in §0,000 ft3 holders until needed, The gas then is com-
pressed to 500 psi, passed through a silica gel trap for dehumidifi-
cation, then through two charcoal traps in series to remove sul fur
compounds. A cqnﬁinuous ana}jzer reco;ds.the sulfur concentration
in the feed gas which is maintained below 0.1 grain HzS/1000 SCF.
Analyses of fregh gas and product gas were performed by'mass spec;
trometry and gas chromatography. Impurities Op, No, and COp were
present in the fresh synthesis gas in the range of 0.1, 0.4, and 0
to 1 percent, respectively.

Operation
After the reactor system was assembled and leak~-tested, the
Réney nickel catalyst (427 Ni + 587 Al) was activated in place by
treatment at 90° C temperature with 2 wt pct sodium hydroxide solu-

tion. After the aluminum was leached to the extent desired, as indi-

cated by measurement of hydrogen evolution, the caugtic solution was

displaced with water, and ﬁhe catalyst was waéﬁed witﬁ 20 gal per hr
of cold tap water for about 24 hours. DistilledAwater was then used
until a reasonabiy constant pH was attained in thé wash water. 1In
experiment TWR=-1, a pH of 5.7 was reached after 48 h;urs washing;

in experiment TWR-2, a pH of 9,0 was reached after 45 hours. _These

values were about 0.2 above pH of the fresh distilled water. After the

water was drained, the activated catalyst was kept under a hydrogen
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atmosphere until synthesis gas was fed to the reactor. The amount
of aluminum digested was 65 percent in the first experiment and '
50 percent in the seéond experiment. Catalyst in experimént TWR -2
was activated an additional 20 pct after 964 hours operation.

After aétivation of the catalyst, the unit was brought to
operating pressure and ‘temperature under an atmosphere of hot
recycling hydrogen. Before tﬁe synthesis gas was admitted to the
system, pétalyst tube surface temperatures ranged from 325° to
339° ¢ in éxperimenﬁ TWR-1 and from 369° to 387° C in experiment
TWR-2. '

Syntheéis gas was fed into the system which was then brought
to desired steady-state conditions by adjustment of gas flows,
reactor pressure, and catalyst temperature. A minimum synthesis
temperature of 390° C was reached within 5 hours in experiment

TWR-1 and within 1 hour in experiment TWR-2.

Results

Most of the operating conditions over the length of experi-
ments TWR-1 and TWR-Z are shown in figures 4 and 5. Heating values
of the Ns-, Op-free dry product gas are 'shown. Values of the H:CO
ratio of the feed gas are not shown, but they ranged from 2.27 to
3.35.

Additiona; data, including H./CO ratips{ conversions, product
gas analysis,and yields, at selected fimeg in experiments TWR-~1 aﬁd

-2 are presented in tables 1 and 2. The average temperatures shown
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in tables 1 and 2 represent the average of temperatures of 4 tubes
at some common distance from the gas inlet determined to be the
hottest point in the reactor. The maximum temperatures are plotted
in figurés 4 and 5.

Discussion of Results

General Per formance

'-The length of experiment TWR-1 was 338 hours. During the ini-
tial 100 hours of operation at a feed fate of 600 SCFH and maximum
catalyst temperature of 398° to 401° C, the heating valué of the -
product gas gradvally decreased from 950 to 910 Btu/SCF'g‘-/\-- Tl;is
decfease indicated that the catalyst immediately began to iose_activity.
Overall loss of catalyst activity by the end»of the-experiment was so
great that the heating value of the product gas fell to 720 Btu/SCF
when the feed rate was 600 SCFH and.maximum caealyst temperature was
403° C.

The length of experiment TWR-2 was 1055 hours, including the

hours of synthesis after the second activation; this indicates that

- loss of catalyst activity was much slower than in the case of test

TWR-l. After 675 hours of operation, pfoduct gas of 900 Btu per SCF
heating valﬁe was being prodﬁced at 402° C maximum catalyst tempera-
tufe, 300 psi, and 600 SCFH frgsh feed rate. The "increase in catalyst
life in experiment TWR-2 is attrib;ted to the repression of nickel

carbide formation which is discussed later.

-2/ Heating values are based on Ny- O,-free gas with SCF taken at 60° F,

30 in. Hg. and dry.
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The second activation of the catalyst in experiment TWR-2
improved the caﬁalyst acti?ity significantly, as is indicated by
resultant increases in the heating value of the product éas. For
example, as shown in f;gure 5,.before the second activation.at
964 hours, the product gas heating value was 690 Btu/SCF for a feed
gas rate of 2400 SCFH; after the second activation and at 1055 hoﬁrs;
the hedting value increased to 765 Btu/SCF for the same feed gas rate.
The catalyst life in experiment TWR-2 might have been longer had the
catalyst been activated to 70 pct initially rather than 50 pct.
Dirksen and Linden (6) indicated that at activation of at least
65 pct-of the catalyst is required for long catalyst life.

Although the system had charcoal traps to remove organic sul~-
fur from the fresh synthesis gas, sulfur cqncentfations of up to
0.8 wt pct were determined on samples of the used cétalyst in experi-
ment .TWR-2. This suggests that sulfur poisoning contributed to the
decrease‘in catalyst activity.

Heat removal and control of catalyst temperature by means of
the Dowtherm coolant was excellent. In'bofh experiments, there

were no runaway temperatures at any time.

Conversion- and Gas-Feed Rate

As shown in tables 1 and 2, in the first part of experiment
TWR-1, conversion of CO + Ho was as high as 99 pct at a.gas feed
rate of approximately 600 SCFH; and 97.9 pct at approximately 1200

SCFH. 1In comparison, conversion of CO + H, during the early part
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of experiment TWR-2 was lower; for example, at 71 hours.conQersion
was 95.5 pct at about 1200 SCFH feed g;s rate. This relatively
lower conversion in experiment TWR-2 was caused by the excess of
hydrogen in the feed gas, as shown ﬁy the H,:CO ratios greater
than 3:1. Such hydrogen excess lowers the heating value of the
product gas by acting as a diiuent, but at the same time,_favoré
co uéage. |

The comParativelyblgwer values of‘CO in the product‘gas of
experiment TWR-2 are notable; lSuch high usage of CO is desired
because it represses carbide formation, indicates gobd cé£a1yst
activity, and provide; a pipeline gas of low toxicity.

As gas feed rates were increased to about'2400 SCFH or‘106 SCFH
per sq ft catalyst surface, CQO + Ho convefsion decreased signifi-
cantly. for example, in experiment TWR-2 at 71 hours and 267 hours,
respectively, conversion dropﬁed‘from 95.5 pct at 1216 SCEH feed
rate to 89.4 pct at 2432 SCFH feed rate. This performance is con-

siderably lower than that achieved in earlier bench-scale experiments

‘ (10) on a signle-tube tube-wall reactor where conversions of greater

than 98 pct were sustained for more‘thaﬁ 1200 hours at gas feed rates
of 105 SCFH per sq ft catalyst surface. Two other possible reasons
(in addition to the presence of excess hyd;ogen)‘for the lower per-
formance in the multitube reactor are that diffusional distances

from the bulk gas to the catalyst surface for the multitube unit
were several-fold greater than for the single tube unit and that

turbulent mixing in the large multitube unit was poorer than in the
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highly baffled bench-scale unit. Future modifications to the multi-
tube reactor will improve these two factors.

Carbide Formation

In experiment TWR-1, formation of nickel carbide and flaking
of the catalyst from the surface are suspected of contributing to
the rapid decline in catalyst performance. Nickel carbide forwation
was verified by X-ray anaiyses of samples scraped from the surface of
the spent catalyst tubes, The analyses showed in order of declining
abundance: NisC; Ni; aluminum nickel catalyst (cubic F.C.); and
NixC (x>4). Nickel carbide predéminated at both the gas outlet and
inlet ends of the catalyst tubes and in catalyst particles accumu-
lated in the reactor bottom. Formation of nickel carbide was the
result of too much exposure of tﬁe catalyst to CO at temperatures
favoring carbide formation; less than 370° C.

Experiment TWR=-2 was conductgd with the aim of repressing carbide
formation and achieving higher catalyst performance than was achieved
in TWR-1. One step taken to minimize carbide formation was to get the
catalyst temperature above the carbide formation region as soon as
poSsible (within‘l hour) during start of syqthesis and to maintain the
catalyst temperature above 390° C throughout synthesis. The quick
start-up was achieved by preheating the reactor and feed gas to

higher temperatures than those used in experiment TWR-1. Another step

o — AL
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taken to inhibit carbide formation was to use a feed gas that con-
tained excess hydrogen. These approaches proved effective, as
shown by X-ray analyses of the catalyst surface at the conclusion
of the experiment. Free nickel was the major constituent found on
the catalyst surface, while nickel carbide (NisC) was found to a
lesser extent. No carbide was found at the gas outlet end of the
cataijst tubes.

Catalyst Bonding

Inspection of the tube bundle at the conclusion of test TWR-1.
showed that large segments of the catalyst had flaked froﬁ the tubes.
Figﬁre 6 is a photograph of a section where flaking occurred. Such
flaking was not evident at the end of test TWR-2. A suggested explana~
tion of the more stable bond in test TWR-2 is that the lower percent
activation'of the catalyst with caustic solution resulted in less
initial disturbance of the bond between catalyst and tube than had

occurred in test TWR-1.

Temperature P;ofile and Heat Removal

Temperature profiles measured along the catalyst tubes indi-
cated that the amount of reaction occurring along the -length of the
catalyst tubes was dependent upon the following: velocity and direc-

tion of gas flow, distance from point of gas entry, and location of

"baffle plates.
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Figure 7 shows a typical temperature profile of one of the
catalyst tubes (tube F) in'experiment TWR-1 after 50 hours of
operation; feed gas rate is about 600 SCFH and recycle ratio is 1l:l.
The direction of gas flow was parallel, rather than normal,-to thé
tube surface at the points of temperature measurement. On tube F,
temperature peaks generally coincide with the location of a baffle
plate. - Temperature profiles of some of the other tubes showéd peak
temperatures at every other baffle plate. No satisfactory explana-
tion of these patterns has been established. It has been noted
that average tube temperatures may vary by up to 5° C from tube to
tube.

Dowtherm temperatures remained ¥elative1y constant along the
length of the catalyst tube. Typically, at 532 hours operation in
experiment TWR-2, Dowtherm temperatures as measured in tube G were -
386° C at the bottom, 386° C at the middle, and 387° C at the top.
This indicgtes that Dowtherm circulation was good. Based on a
heat release of 65 Btu per SCF synthesisAgas converted during the
532-hour period_énd a difference of 18.2° F between the average
tube surface temperature and the average Dowtherm temperature, the
calculated overall heat transfer coefficient of the reactor ;s

182 Btu per hour per sq ft per ° F. This is of the same magnitude
as the value of 275 Btu per hr per sq ft per ° F reported for a

3-ft single tube bench-scale unit (10).
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Conclusion
A pilot-plant size tube-wall methénntion reactor ﬁaa been

operated satisfactorily in two tests, providing exceilent tempera=-
ture control and needing a modicum of gas recycle, Catélystviife
and yields of produ;t gas were not.as great as those achieved in .
previous bench-scale tests. However, use of higher temperaturés'
and -excess hydrogen in the second test inhibited carbide-formation
and increased catalyst life significantly over that of the first .
test. In future tests, a further increase in catalyst life should
be achieved by a more rigorous rem§val of sulfur from‘thé feed gﬁs

and a more complete activation of the catalyst. A satisfactory

900 Btu per SCF product gas was yieided at a specific feed rate

of about 54 SCFH per sq ft catalyst. A reduction in excees hydro-
gen fed .r ; the reactor ‘and, possibly, an improvement in contacting
of the gas and catalyst are needed to yield a satisféctory product
gas af the higher gas feed rate of 105 SCFH per sq ft of catalygt

surface, formerly achieved in the Bureau of Mines bench=-scale units.




TABLE ‘1. - Selected operating results at various times in
’ Experiment TWR-1
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Synthesis, hours..............
System pressure, psig ....... B
Fresh gas rate, SCFH .........

Fresh gas/catalyst area, "
SCFH/EEZ ... iiiiieieninnnnn.

Vol. recycle/vol. fresh gas,..
Vol. product gas/vol. fresh gas
H5/CO in fresh gas............

- Catalyst temperature, ° C:
Average ..........00 Ceeeeean

Conversion, pct:

Product gas composition,
vol. pct (No-free): -

Product gas heating value,

a
Btu/SCFij ....................

30.1

0.86

0.27

2.40

48
300

607

27.0
0.87
0.267

2.43
- 393

98.
100.
99.

(=N}

[ S = R Y]
~N O W

941

3.91

145

300

1214 .

54.6
‘1.11

0.276

399

97.
99.
97.

o wo

= o N o

192
300

2383

106.2

1.04

0.406

2 59

398

76.
78.
76.

O O W

42,
14.

40.

w
sENO NN

598

13.3

312

400
1213
54.0
1.94

0.406

2.59

398

~
~
N oo

N
=N PN

581

11.4

336
400

614

27.3

0.343

2.73

1/ SCF based on 60° F and 30 in.

Hg., dry
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Figure 1. C(etalyst Tubes and 8-inch Shell of
Multitube Methanation Reactor
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.Cooling water
- exit | [

«—Condenser 4' long

&
(—

Cooling water inlet

Wjﬂ Condenser tubes

-=F-ﬁ : Vopor_ standpipe
aid IN—Dowtherm liquid
4 E level

MU Multitube  reactor
Gas exﬂ-—cE N 8" dia, 7' long

| Seven 2" dia tubes
EH I — flame coated with
Raney nickel, 6 long

Figure 2. Multitube Reactor for Synthesis
of High-Btu Gas
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Figure 4. Operating Conditions - Experiment TWR- 1
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Figure 5. Operating Conditions - Experiment TWR-2
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of Reactor Where

Flaking Occurred
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