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ABSTRACT

The reaction between hydrogen and «nj« with the aid^f
various catalysts (^P^^^f^Ies such as flow rates, spacestudied, and the operating gables ^ ^ ined
velocity, temperature, and gas comp hydrogen and
rather extensively. It hasJ*6** *°U and mixed with eitheroxygen in stoichiometric Portions and m q± ^ 5%
steam or helium may be, react to ^ ^
or greater at space velo^^efQUE \°0 900oC, and with mixtureshigher, at temperatures from 100 to 900^^ ^^ ^
ranging from less than 1%_^°g^ixtures, including undilutedhydrogen and 6% oxygen. *^her££\een'used with catalysts
electrolytic gas (H2 + 1/2 o2) n* silver, nickel andless active than platinum ^g. copper,^^ ^ ^ must be
V 0*) but here the gas mixture v
taken to prevent explosions.

_ vwnxz?j-tisfffs^ss ass.
500° and 800°C



TOEJIE^IOJL^^

BY^ATAHHi-A™™^

INTRODUCTION

Fission of uranium in aqueous ^u£°," "8due principallycomposition of water into hydrogen and oxygen,^ P as
11 the high energy fission "f^*'^ is then the disposalciated with aqueous homogeneous reactors arrangement
«f this hydrogen and oxygen. The most s* th reactor and

£>a bS^SrH prlsenfsU ST
oxygen recombination.

Three general methods have been considered:
1 Burning the hydrogen.
2. meeting the hydrogen-oxygen reaction by means

of a catalyst.

of the thermal reaction between hydrogen
3, Making use of the tnerm*

and oxygen.
~* h„rtroeen has been carriedAll of the work on ^e burning of hydrogen ^ ^

out by another group under the r °ne se,here.* The .
Results of that work ^^jHs that included under pointsmaterial presented in this report .^ ^ is meant by the
2 and 3 above. It Ba* *e^J out that the thermal reaction
thermal reaction, and to poinx uu ent. Burning implies
and burning of hydrogen are ;«££**?£ thermal reaction is
a flame and a rapid rate °* *eacJ;10fiameless», and in factvery much slower than burning, is ix Qrder tQ proceed.
does not require a combustible mixture mechanism and
££; thermal reaction proceeds by a iree 0c Jt mayhas Sen observed at temperatures of less than ^ tionhafsobbeenobserved f higher te.pe^tures^ ^ tered unless
S^.-'ari'Kut^lo. ?he explosion li.xt.



CATALYTIC RECOMBINATION OF HYDROGEN AND OXYGEN

General Considerations

^^T^T cerVarnTon^n?^ Ind Sef inifions
i^en^conversion" has been used to designate that P ^g ^^
hydrogen and oxygen which c Jf ea lied to a catalyst
through acatalyst. Mormall£/*° *";U|*J mole of oxygen, socontained exactly two moles of ^^"J^ either hydrogen
that the percent conversion could be based on
or oxygen or upon the stoichiometric mixture In t ^
where one constituent ™* flJPg"^"^ basis of the deficient
version was of course calcula '? ""f'fb en defined asconstituent. The term space velocity has been^ ^ ^^
follows: spage velocity is the number through a unit
measured at 0 C and 1 atm., passing Per Qf th&
volume of catalyst bed ^or MP e, th I
gas is 3000 liters per hour <*hen "S^Jgo 5liters, theand the volume occupied by the catalyst is 0.5 1
space velocity is 3000 l./hr = 6000 hr .

0. b 1.

The volume of the catalyst bed is taken to i-lude^he
void spaces between individual particles as je1 .n
catalyst volume. For example, if the catalyst P x
a pipe of inside diameter d and fills a secti^ ^ ^^
the catalyst volume is *-**-. it « suppliedvelocity is calculated on ?he basis of all oi t g^ ^^
to the catalyst, so that for ™ur^c°ssJ t° state thewith steam or other diluent it is necessary ^ e ^
percentage composition of the «*s mixiu flow rate of hydrogen,focity in order to determine the standard flo^ ^ r±<J

fc/SS1of gi- thr ihar^f/f^-L^r^/a^hrnce"
SS'dSS^S- ?1^ «- S^LpS.r.d a? the standard
conditions of 0°C and 1 atm.

Space velocity has thj;/i-nsion reciprocalji-e. Jhe
space velocity is seen to ^ «versely pr p catalyst. Ifresidence time or contact time of the g^ ^ ^ neces_
two experiments with a given snap game g

St^nTS tne^sLfopSftlng temperature and pressure,
the contact time will be the same.



Experimental Methods
The apparatus rehired for atypical expeeri:entoinKthis

study was as follows: (1) a source o y » stainless

maintained through several feet of small J" J £lame

s^t^s =?si?r iu Lnboru^iifawetting the catalystM6) the catalytic vertically
Ea2^« .^^ cat- t
supported on awire screen, with Jh ga ^n e

placement of water in inverted ™e™^c *laSs conveniently

SSSStS-^SS'S^-;-*- gaSeVOire produce^
determined by collect-, the -ndensate^over^ ^.^
and calculating the steam iiow i* standard flow rates andFor uniformity in the calculation of stangara u

and 1 atm.

When using steam as a diluent, it was found to be impor-
-f/Vib! ^Hee^on'of^Ing constituting tfe flash-Sa^arJes^or1woul^/of no value if Jt..»-ere s;llowed t.
condense to the point "here the composition of the ^
1« the explosive range Also a surface cata^y ^ ^ ^
heaterfwereYsea in tt"gas supply lines to maintain the
steam mixtures at temperatures above the dew point.

Temperature-surest - the "tal^ ^.d-^athjr^
important part of this worK. m



extended along the longitudinal -is of the catalytic reactor^
so that a thermocouple could be ™°v^™ 4» pipe reactor, two
to bottom during any test• *» J*^**%Q th* Lside wall offhfre^cfor'f/ord:^trsheowethfrfdial temperature gradient.

in order to produce electrolytic gas on *J£%™£ted,
(14 liters per minute a f^^f^ct current. The
each of which Passedn10V*Eout 2 8 volts at 100 amperes. Involtage drop per cell was ^°u* £aJ^eS for stainless steel,this case black iron pipe was substitute*! i ±^_
a tlii Poimisted of two concentric pipes, eiecuiw y
suE edC?romSeeach other by mean,> of rubber spacers A3 „
length of 1-1/4" pipe was -f^^/fftted with a flangepipe, which was ^P t tt(™ at the top was closed by
at the top. The annulus between p Jnugly around the 3/4" pipe
a 1-hole rubber stopper cut to fit snugiy solution of
and pressed in P^*^ *^e ^^fow" rates greater than
f^irerro/el^ro1! t^ga^e/minute.compressed gas
cylinders of hydrogen and oxygen were used.
Platinum on Aluminum Oxide

"Bi£r°a %d £m anyone,J war*, New ^"J; »£ Bis op and^Company P^tinum Works Malvern Pa wa^supp^^, ^
of cylindrical Al203 pellets, J-/° ratalvst has been showna surface coating of platinum The catalyst mixtures to
to be very effective in converJJf^f^emplfature. flow
water over a broad range oi ... f gas mixtures.
rate, space velocity, andJ^J^Jeen Selected and areResults of typical experiments have oeen *e
presented in Table 1.

m x.t i i+ ic ceen that essentiallyFrom the data in Table 1, J*/8*6®*^ velocities employed
complete reaction was obtained for all c temperatures.
(5000 to 200,000 hr-1) and at ^J^!""* way by ex-
The catalyst was not damaged or «*«"*,£* a^he compositionposure to reactant gases and ^eam at 900 C T^ ^^ up
of the gas feed material may vary "om v y losion ii.it.to an upper limit which is determined by tnep .g ^^
For mixtures of electrolytic gas "^"Sin this wouid produce
22% electrolytic gas. ^f^tinuS catalyst. The above limit
explosions if passed over aPlaJ™'fng Ldrogen and oxygen
is applicable only to ml**ure%f^^Lygen Is present, thein the stoichiometric ratio. If excess oxyg
explosion limit will be lowered.



Table 1

ion Between Hydrogen and Oxygen Using 0.3% Pt-on-AlzQ3 Catalyst
The React

Flow

Liters/min

Rate

•(0 °C ,1 atm.) Percent Temp.
Electrolytic Gas

Gas in °C

Max. Temp

in Cat.

°CElectrolytic
Gas Steam

Heated 1-1/4" pipe reactor; 390 g catalyst

36.

36,

73,

73,

73

18

6

6

2

2

2

3

2

36.6
36.6

36.6
73.2

73

73

73

73

0.57

2.8

1.4

0.29

1.4

1.1

pipe reactor:

5.4

14

20

1

2

5

11

14

6

A

,4

.8

.4

.4

.6

133

144

130

127

134

207

206 g catalyst,

115

115

115

110

110

110

110

110

170

242

193

154

200

280

bed depth

410

740

900

175

235

375

655

800

Percent

Conversion

bed depth

99.96
99.9

99.9
99.4

99.8

99-6

= 4-1/2"

98.9

98,9
99.4

99.8

99-9

99-9
99.8

99.8

= 18'

0. 209

1. 05

1. 05

0. 209

1 05

0. 209

2. 09

6. 26

9-.40

1..05

2,.09
4,.18

9 .40

12 .5

3 .11

3 .11

5 .94

119

289
390

Jacketed 1/2" pipe; 14.5 g catalyst, bed depth = 4'

99

99

99

4"

9

.9

.9

5.0

10.1

16.4

152

143

144

292

474

652

59
27

30

,4

,7

.3

Jacketed 4" pipe; 856 g catalyst, bed depth

2650

2720

2600

4.3

9-6
13.1

153

159

160

338

609
715

99.9
99.7

99.9

Space
Velocity

hr-1

5300

5500

10800

10600

10800

2700

9400
10400

11200

18000

18300

18800

20100

20800

244000

120000

141000

200000

217000

216000 00



Two-Stage Catalytic Recombiner

If large quantities of hydrogen and oxygen are to be
recombined, it would be more economical with regard to size
of equipment and quantity of catalyst required if one were to
employ a two-stage catalytic unit Then the first unit would
be required to give not greater than 90-95% conversion, which
would allow considerably less catalyst to be used. Following
this first stage would be a cooler which would remove about
90% of the steam from the mixture leaving the first reactor.
This reduction in gas volume would allow the second catalytic
unit to be even smaller than the first, and the over-all con
version could easily be made to exceed 99.9%. The quantity of
catalyst required to yield the same end result using a single
catalytic unit would be more than twice the total amount of
catalyst used in a two-stage unit.

Removal of Heat from the Catalyst

A number of experiments have been completed which furnish
information concerning the control of temperature in a catalytic
reactor and the removal of heat of reaction. These tests show
that the heat of the hydrogen-oxygen recombination can be re
moved from a catalytic reactor without difficulty. In these
experiments the reactor was jacketed, and cooling water was
passed through the jacket to cool the reactor wall. In one
series a 4" pipe containing catalyst was jacketed by a 5" pipe;
in another, a 1/2" pipe was jacketed by a 1-1/2" pipe; and in
the third series, the reactor was a tube and shell heat exchanger
containing seventeen 1/4" pipes, with catalyst packed inside the
1/4" pipes and coolant circulated through the shell. The
results of these tests appear in Table 2.

Examination of these results shows that the temperature of
the gases leaving the catalytic reactor is readily controlled by
using small diameter tubes with relatively large heat transfer
surface, or alternatively by limiting the composition of the
gas feed to dilute mixtures. In the last set of data obtained
with the 1/2" pipe reactor, as given in Table 2, the feed
mixture contained 16.4% electrolytic gas and the maximum gas
temperature recorded was 652°C However, this gas was cooled
to 210°C before leaving the reactor. The reactor was 28" in
length, but was unpacked except for the 4" bed of catalyst.

The diameter of the catalytic reactor need not necessarily
be small, as shown by the first set of results in Table 2. This
reactor was made of 4" pipe, jacketed by a 5" pipe, the length
of the jacketed section being 14". A bed of catalyst pellets
4" deep was supported within the jacketed zone; the rest of the
space was not packed. Such a reactor may be operated with no



Table 2

Heat Transfer in Recombination of Hydrogen and Oxygen Using
Platinum on Alumina Catalyst

Gas

In

Temperatures, °C
Heat of Total
Reaction Gas Flow

Cooling H20 Transferred Rate %

Pressure
Drop
Across

Cat.

psi

156

Max. in

Cat.

170

153

156

159
162

160

338

336

609
606

715

152 292

143 474

144 652

102 150

117 180

Roar. + «T. w^Tt n 7, r: uwiius «2u rransierred Rate

"^t^Side1 SS C?n°llng^° li"™? to Coolant .Wmin
— 0ut grams/min %

(H2
(0°C,1 atm.) 1/2 02)

135

184

290

300

530

415

4" pipe reactor; bed depth = 4"

!50 85 115 670 90

282 63 130
319 No cooling
493 25 82
568 No cooling
563 27 98

1360

0

1860

0

1860

45

0

21

0

20

1/2" pipe reactor; bed depth = 4"
175 127 132 368 34

170 118 124 422 47

210 122 137 368 54

17 1/4" pipes in bundle; bed depth = 24"
99

102

93

94

130

148

1360 100

100

2675 0.49 2.2

2770

2770

3010

3010

2990

4.3

4.3

9.6

9.6

13.1

2.4

2.4

5.5

5.5

6.6

62.5 5.0 2.3

30.8 10.1 0.8

36.2 16.4 1.1

220 12.0 3.4

64.5 20.2
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cooling, allowing the hot product steam to pass out into a
conventional heat exchanger. Limitations on the maximum
allowable operating temperature of reactor walls and off-gas
piping will require that the gas be diluted to the necessary
degree. Data on line 5 of Table 2 show that an adiabatic
reactor can convert 9.6% electrolytic gas - 90.4% steam, with
all of the heat of reaction being removed in the exit steam
at temperatures not exceeding 600°C. Calculation shows that
the observed temperature rise of 406 degrees (568-162) is suf
ficient to account for all of the heat of reaction being
removed in the product steam at the flow rates employed. If
on the other hand it is desired to cool the reactor walls, an
appreciable fraction of the heat of reaction can be extracted
by the cooling water, as indicated in column 7 of the table.
Here even richer gas mixtures may be handled.

It is interesting to note those cases where the same gas
mixture was run in the 4" pipe with cooling and without cooling.
The temperature at the center of the catalyst (i.e., 2" from
the walls) is independent of the wall temperature, and depends
only on the composition of the gas feed. Also, cooling water
lowered the inside wall temperature from 530° to 300°C in one
pair of tests.

Catalyst Poisons

An important practical consideration in the application
of a catalyst to a specific use is the question of how long
the catalyst will remain active, or whether there are poisons
which may reduce the activity of the catalyst. The effective
ness of a catalyst may be rapidly and seriously reduced by
substances classed as "poisons". Such compounds as H2S, S02,
and CO, even if present only in small concentrations, are known
to poison platinum catalysts. In the operation of a catalytic
unit in the ORNL Homogeneous Reactor, one should not expect
to encounter H2S, S02 , or CO. Those gases which will be present
in the reactor include bromine, iodine, krypton and xenon. It
is thought that the inert gases krypton and xenon will have no
effect on the catalyst. This has been found to be true using
helium. In the case of the halogen gases, iodine will be
present in much larger proportion than bromine, and in any
case the behavior of one should be similar to the other. For
this reason, our investigation of possible poisons was limited
to the effect of iodine,

These experiments were carried out by mixing iodine vapor
with hydrogen, oxygen, and steam, and passing this mixture
through a heated pyrex tube containing 30 grams of 0*3% Pt-on-
A1203 catalyst. The apparatus was made of glass in order to
prevent loss of iodine by corrosion of metal surfaces. The
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results of this work are presented in Table 3.

These experiments on poisoning with iodine showed that
relatively large amounts of iodine could be passed- through
the platinum-on-alumina catalyst with only a small loss in
efficiency provided that the temperature of the catalyst was
about 500°C or higher. The effect was decidedly more notice
able at lower temperatures. Poisoning the catalyst with
iodine at 200°C reduced the percent conversion to only 5%.
However, simply heating the poisoned catalyst to 503°C vol
atilized iodine and restored the catalyst efficiency to 97.9%.
It is also seen that the percent conversion fell off soon
after initial exposure to iodine, and at a given temperature
reached some constant value which was not altered by further
prolonged exposure to iodine. Lowering the temperature dropped
this conversion to a lower value, where it again approached a
constant value at constant temperature.

In practice, the iodine poisoning problem can be dealt
with in either of two ways: (1) the catalyst bed can be main
tained at temperatures above 400°C, (2) iodine can be removed
from the gases ahead of the catalyst by means of a suitable
scrubber or trap.

Platinum-on-Charcoal

Chronologically, the work with the charcoal base catalyst
preceded that with the alumina base catalyst. The same experi
mental procedure was followed for both, and the performance of
one catalyst was found to be comparable to that of the other.
There exists, however, one outstanding advantage of alumina
over charcoal. It was found that the charcoal catalyst, when
operated in the presence of hydrogen, oxygen, and steam, was
oxidized with the formation of C02 at temperatures above 400°C-
The alumina catalyst, on the other hand, was satisfactory over
the entire temperature range of interest, even at temperatures
as high as 900°C. For this reason, the charcoal catalyst has
been replaced by the alumina catalyst.

The charcoal catalyst which was used had been developed
for another purpose on the Manhattan Project and was designated
as Product 43 It contained 1.1% platinum on irregular pieces
of charcoal of approximately 8-10 mesh in size. It proved to
be an efficient catalyst for the hydrogen-oxygen reaction, as
can be seen from the results given in Table 4.

Poisoning of Platinum-on-Charcoal Catalyst with Iodine

Experiments identical with those previously described for
the Pt-on-Al203 catalyst were also carried out with iodine on
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Table 3

Poisoning of Pt-on-Al203 by Iodine

5-inch bed of catalyst in 3/4" pyrex tube (30 g of catalyst)

Space velocity = 13,000 hr"1

Max. Cat.

Temp.,;°C
H2
li

+ 1/2 02
ters/min.

0.63

Flow Rates

Steam

liters/min.

9.4

Iodine

mg/hr

0

Duration of

Exposure of
Cat.to Iodine

(hrs)
% Con
version

510 0 99.6

510 0.63 9.4 68 1-•1/4 97.1

510 0.63 9.4 68 2-•2/3 96.8

510 0.63 9.4 68 18 96.2

520 0.63 9.4 68 26 96.3

200 0.31 10.0 34 29 9.1

200 0.31 10.0 34 46 5.2

400 0.31 9.7 0 46 96.2

503 0.78 9.7 0 46 97.9



Table 4

The-Reaction- Between Hydrogen and Oxygen

Using 1.1% Platinum-on-Charcoal Catalyst

3/4" pipe reactor; 18 g of catalyst; bed depth = 4'

14

Flow Rate

liters/min.
(0°C, 1 atm)

% Temp. Max. Temp Space
Elect. Elect. Gas in in Cat. % Velocity
Gas Steam

64

Gas

0.81

°C

140

°C Conversion

86.0

hr"1

0.52 170 120,000
0.52 64 0.81 160 195 94.8 120,000
0.52 64 0.81 185 215 97.9 120,000
0.52 64 0.81 215 240 98.9 120,000

0.26 64 0.40 150 175 96.7 120,000
0.52 64 0.81 150 190 97.6 120,000
1.04 64 1.6 150 225 99.0 120,000
0.26 64 0.40 185 205 98.2 120,000
0.52 64 0.81 185 220 98.8 120,000
1.04 64 1.6 185 250 99.2 120,000

0.26 29 0.89 125 145 90.0 55,000
0.52 29 1.8 125 180 96.2 55,000
0.78 29 2.6 125 215 98.4 55,000
1.0-4 29 3.5 125 250 99.2 55,000
0.26 15 1.7 125 182 99.98 28,000
0.52 15 3.4 125 237 99.95 28,000
0.78 15 4.9 125 302 99.83 28,000
1.04 15 6.5 125 360 - 28,000
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the platinum-on-charcoal catalyst. The only point of difference
was again the temperature limitation of the charcoal catalyst
which can not be used at 500°C without oxidation of the charcoal
Results are given in Table 5.

Table 5

Poisoning of Platinum-on-Charcoal by Iodine

35 g of 1% platinum-on-charcoal catalyst; bed depth = 8-3/4"

Space velocity = 13,000 hr-1
Flow rates: Steam, 10 liters/min.

Electrolytic gas, 0.25 liters/min.

Maximum

Catalyst
Temp.(°C)

365

365

365

365

322

322

195

195

383

320

230

156

It is evident that iodine poisons the catalyst at low
temperatures (200°C), but the effect gradually lessens as
thetemPerature is increased, until at temperatures of about
375 C the poisoning is only slight.

Other Catalysts - Pd, Cu, Ag, Ni, V?Q^

. Comparison of Platinum with Palladium. The relative merits
of Platinum ana palladium as catalysts for the hydrogen-oxygen
reaction have been compared. A few simple tests have been
conducted on each type of catalyst to compare:

1. Activity at room temperature when catalyst is dry

2. Activity at room temperature when catalyst is wet.

The catalysts, both purchased from Baker and Company, Inc
Newark, New Jersey, were each in the form of cylindrical A1,0,

Durat ion of Exposure
Iodine Flow of Catalyst to Percent
(mg/hir) Iodine (hours) Conversion

34 0 99.9
34 1-1/2 99.6
34 9-1/2 99o0
34 38 99,0
34 54 96.0
34 62 96.0
34 79 9.0
34 84 9.0
0 84 96.0
0 84 80.0
0 84 32.0
0 84 20.0
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pellets 1/8" diameter x 1/8" long, with the noble metal coated
on the surface of the pellets. Chemical analysis of these
catalysts were as follows: 0.3% Pt, 0.020% CI; and 0.3% Pd,
0.025% CI, Thirty grams of catalyst were packed inside the
inner tube of a pyrex condenser, forming a bed 6-1/2" long x
5/8" in diameter. A mixture of 180 cc/roin, of electrolytic
gas (2H2 + 02) and 2670 cc/min. of helium was passed through
the catalyst under various conditions, as indicated in the
table which follows. Temperatures shown were taken at the
hottest point within the catalyst, which was 1/4" from head
of bed

From these parallel experiments on the two types of cata
lyst, it is seen that both catalysts are active at room temper
ature when dry, and that the reaction begins immediately. In
runs 3 and 7, the catalyst was initially flooded with water,
but no more water was added after starting gas mixture through
the bed. Here no reaction occurred until portions of the
catalyst became dry, after which the heat of reaction quickly
dried a large portion of the bed. The wet platinum catalyst
responded more rapidly than did the palladium. Reaction on
the wet platinum catalyst became evident after 7 minutes had
elapsed, while 17 minutes were required by the palladium for
comparable reactivity. Finally, if by some means the catalyst
is maintained wet, no reaction will occur for an indefinite
period of time. This was shown not only by the absence of any
temperature rise, but also by measurement of the volume of gas
mixture entering and leaving the reactor. These measurements
showed zero percent conversion in runs 4 and 8, and 100% con
version in all other runs, once the reaction had begun.

Copper, Silver, and Nickel

Metallic copper, silver, and nickel each exhibit catalytic
activity for the hydrogen-oxygen reaction, although the activity
of platinum is several orders of magnitude greater than any of
theseo As a consequence of this lower activity, however, it has
been possible to recombine electrolytic gas catalytically with
out the necessity for diluting the reactants. In order to
accomplish this, the heat of reaction must be removed at a rate
sufficient to maintain every part of the system below the
ignition temperature of the gas mixture (550°C), This has been
accomplished by passing the undiluted electrolytic gas through
metal tubing which is completely immersed in a fused KNO,-NaNO,
salt bath. Copper, silver, and nickel tubing have each been
employed, and each has been found to exhibit catalytic activity
which improves markedly with increasing temperature. All of
the experiments except one were run using unpacked tubes. In
this case, a 5-foot length of 1/2" copper tubing (0.41" I.D.)



Time after

starting
flow of gas
(min.)

0

1

2

3

4

5

7

8

9

10

15

17

20

25

30

60

90

Run 1

Dry cat.
No cooling

22°C

170

306

358

370

Table 6

Comparison of Platinum with Palladium Catalyst

Platinum

Palladium
Run 2

Dry cat.
Cooling
water run

thru jacket
of condenser

21°C

148

Run 3

Cat. wet

at start

Cat.

cooled

12°C

13

15

28

60

Run 4

Water

dripping
on eat.

thru-out run

Cat. cooled

19°C

19

19

19

19

19

19

Run 5 Run 6 Run 7

217

214

208

208

150

198

19

19

Same

as

Run 1

29°C

80

204

312

368

370

Same Same

as as

Run 2 Run 3

180C

180

191

192

196

18°C

16

14

14

25

55

134

166

198

Run 8

Same

as

Run 4

19°C

19

19

19

19
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was packed with copper pellets of 10-18 mesh size. Results
obtained in this work are presented in Table 7 and Figures 1
and 2.

Table 7

Conversion of Undiluted Electrolytic Gas

in Copper Tubing (5' long, 0.41" I.p.)

Gas flow rate - 510 cc/min
Space velocity in packed tube - 240 hr-1

Salt Bath Temperature
°c Unpacked

4.7

Tube Packed Tube

250

285 17.0 61
300 32, 0 82
320 53. 0 95
3 42 80.0 100
368 96„0

Vanadium Oxide Catalyst

One other preparation was examined as a possible catalyst
for the hydrogen-oxygen reaction. This catalyst, prepared in
this laboratory, contained 35% V203 and 65% A1203 . It was
tried out with mixtures of electrolytic gas and steam and also
with undiluted electrolytic gas. Using 7.9% electrolytic gas
in steam at 430<>C and using 40 grams of catalyst, the conversion
was 22% complete. The steam flow rate was 5.5 liters per
minute and the space velocity about 7000 hr-1. Thus the per
formance of this catalyst was rather poor. When used with
undiluted electrolytic gas, the percent conversion was better
but flashbacks were encountered at apparent catalyst tempera
tures of 350-360°C. At a flow rate of 360 cc of undiluted
electrolytic gas per minute, the percent conversion at 325°C
was 62%.

The Thermal Reaction Between Hydrogen and Oxygen

When the search for a means of recombining hydrogen and
oxygen in the Homogeneous Reactor was first begun, the thermal
reaction between hydrogen and oxygen looked attractive because
of its simplicity. This reaction has been thoroughly investi
gated by a number of workers.3»4,5 As has been pointed out in
the Introduction, the thermal reaction is not synonymous with
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RECOMBINATION OF UNDILUTED ELECTROLYTIC GAS

IN METAL TUBES

1. Ni 402°C
2. Ni 453

3. Ag 375

4. Ag 420

5. Cu 425

6. Cu 440

2 3 4 5

GAS FLOW RATE PER UNIT OF TUBE SURFACE (INTERNAL)

cc/rain/cm

Figure 1
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burning, but proceeds by a free radical mechanism, It is only
necessary to heat the gases in order to bring about the thermal
reaction Obviously, however, an explosive mixture cannot oe
heated above the ignition temperature without exploding Thus
the limitation on the thermal reaction is that either the
hydrogen and oxygen must be diluted to form a non-explosive
mixture, or the temperature must be carefully controlled and
maintained below the ignition temperature. For the purpose
of this work, it was found that the rate of thermal reaction
at temperatures less than the ignition temperature was too
slow to be of any practical value. Hence dilute mixtures were
studied at higher temperatures.

Preliminary experiments were made to determine the effects
of temperature, gas composition, space velocity and types of
surfaces upon the efficiency of the reaction. The apparatus
was the same as that used for the catalyst studies.

The effect of temperature is shown in Table 8 and in
Fieure 3 The percent conversion increased rapidly from 500
to 800°c' The tests were not extended beyond 800°C because of
oxidation and corrosion of available metals in this temperature
zone.

Comparison of the curves in Figure 4 (or data in Table 9)
shows that with dilute gas mixtures the best packing was acti
vated alumina; however, with rich gas the conversion was
definitely better without packing.

It is obvious that the efficiency of platinum catalysts
is superior to that of the thermal reactor. In fact, comparison
of space velocities shows the platinum-on-alumina catalyst to
be better by a factor of about 1000.

SUMMARY

It has been found that the reaction between hydrogen and
oxygen can be effectively carried out by means of a platinum
catalyst supported on aluminum oxide. Conversions of better
than 99.5% have been achieved at space velocities as high as
200,000 hr"1, although a more conservative figure of 30,000
hr-i would be recommended. The temperature of operation may
be any value from room temperature to 900UC, provided that the
composition of the gas mixture lies below the explosion limit.
Steam and helium have been used as diluent gases.
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Table 8

Thermal Recombination of Hydrogen and Oxygen

Reactor: Stainless steel tube, 5" dlam. x 5" long
Packing: None

Steam flow: 2.8 liters/min. (0°C, 1 atm.)
Space velocity: 100 hr~l

Temp. Electrolytic Gas
°C liters/min. (0°C, 1 atm.)

500 0.087

600 0.022

600 0.087

700 0.022

700 0.055

700 0.087

800 0.022

800 0.055

800 0.087

800 0.110

Percent

Electrolytic Percent

Gas Conversion

3.1 <5

0.8 13

3.1 20

0.8 56

2.0 69

3.1 78

0.8 84

2.0 91

3.1 93

3.9 95
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Table 9

Thermal Recombination of Hydrogen and Oxygen at 700°C

Reactor: Stainless steel tube, 5" diam. x 5" long

Flow Rates

Liters/'min(OwC,l atm.) Perce

Electro

nt

lytic

Space

Velocity
hr-1

Kind of Electrolytic % Con

Packing Steam

1.8

Gas Gas version

None 0.020 1.0 68 74
ti 2.8 0.030 1.0 110 58
n 5.8 0.060 1.0 220 50
M 11.9 0.10 1.0 450 32
t» 2.3 0.26 10.0 96 91
ft 5.7 0.63 10.0 240 90
H 11.5 1.3 10.0 480 85

S.Steel 1.8 0.020 1.0 68 65
it 5.8 0.060 1.0 220 37
tt 11.9 0.10 1.0 450 21

Activated

alumina 2.3 0.020 1.0 87 88

5.8 0.060 1.0 220 68

12.2 0.10 1.0 460 44

2.3 0.26 10.0 96 88

5.6 0.62 10.0 230 79

11.7 1.3 10.0 490 58
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Iodine has been found to poison the catalyst at temper
atures of 200-300°C, but at temperatures above 400°C the
catalytic activity is essentially unaffected by iodine.

The removal of the heat of reaction from the catalytic
unit has been readily accomplished.

The advantages of a tWo}-stage catalytic process have been
recognized.

Platinum and palladium have proved to be excellent
catalysts for the hydrogen-oxygen reaction. Catalysts which
were much less active than platinum but which nonetheless did
exhibit catalytic activity for this recombination were copper,
silver, nickel, and vanadium pentoxide.

The thermal reaction between hydrogen and oxygen was
found to progress at too slow a rate to be of importance.
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