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ABSTRACT

The MSA Hydrogen Bliminator V was operated for a total
of 367 hours under various conditions at this Laboratory. The ther-
mostat failed near the end of this time but no other depreciation
was evident. .

Eighteen plates are presented in this report showing
the operational characteristics of this equipment and the results
to e expected in service.

Suggestions are presented for a method of increasing
the capacity of the _eliminat'or ‘for emergency use and for a mode of
operation to yield efficient use of the equipment. ’

An alternative location for the thermostat is suggested
for consideration in case the fallure of that part is found in ser-
vice.
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.I.  AUTHORIZATION

This study was authorized by reference (a).

(2) BuShips letter C-55/862 (1-29-Mz & Dys) (688) of
31 January 1941. R

(b) Coward eand Jones, Burean of Mines, Bulletin 279
(1938), p. 17.

(¢) Lewie and Randall, Thermodynamics (1923), p. 478.
(d) NRL letter C-S62-4 of 16 January 1941.

II. STATEMENT OF THE PROELEM

The problem was to study the MSA Hydrogen Eliminator V
to determine its operating characteristics and to establish an exper-
imental basis for oxygen replenishment during its use aboard submar-
ines.

III. ENOWN FACTS EEARING ON THE PROELEM

Under normal conditions hydrogen forms inflammable mix-
tures with air when the concentration of the hydrogen is between 4%
and 75% by volume (reference b). This fact becomes of importance in D S—
relation to submarine operation because hydrogen is produced in the
normal operation of the lead-acid storage battery.

The probtlem here is related to the hydrogen resulting
from self-discharge of the battery taking place while the boat is
closed. By proper ventilation this gas can be distributed through -
the atmosphere of the submarine to avoid local points of high concen-
tration. The length of time which any particular boat can remain
closed without exceeding the safe limit of hydrogen concentration
then depends on the wvolume of the boat and the rate of hydrogen pro-
duction. This rate of production is dependent on a number of factors,
some of which are: original construction, state of charge, tempera-
ture, specific gravity, and age of the battery.

It was found during the last war that in some of the sub-
marines the rate of hydrogen evolution was of such an order that
methods for removal were required. At that ¢time the available cata-
lysts were mainly of the platinum group of metals, that is, low tem-
perature catalysts. These could be successfully used for the removel
of hydrogen but had the fault that they were readily poisoned by other
materials normally present in the submarine atmosphere. At the end of
the war the conditions of operation of the submarine were so changed
that the removal of hydrogen formed by self-disgharge was no longer a
problem. The development of a hydrogen eliminetor was therefore aban-
doned.
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Somewhat before the time of the entrance of this nation
into the present war one of the steps taken to prepare the submarines . P
for war time service was to raise the specific gravity of the storage :
battery electrolyte. Cloged ship tests carried out after this change
showed that the rate of hydrogen production on some of the submarines -
was of such size that the shipe could not remain closed for the time i
required for normal war time operations.

The problem of developihg a practical method for the re=
moval of this excess hydrogen was therefore sent to this laboratory
in the latter part of 1940. The known characteristics of a high tem-
perature type of catalyst indicated that it might be suitadble for -~
this purpose. This material had not been aveilable at the time of
the earlier tests. A hydrogen eliminator was therefore built employ-
ing this catalyst as the active material. It was shown in tests
aboard a submarine that this apparatus contained = basic solution to
the problem. This work was reported at that time (reference ¢).

The subject equipment, MSA Hydrogen Eliminator V, is a
commarcial refinement of that original equipment.

Iv. THEORETICAL CONSIDERATIONS

A. The Reaction

The fact has been mentioned above that when air contains
more than about four percent of hydrogen, the reaction between hydro-
gen and oxygen may teke place in the atmosphere. This reaction will
not start spontaneously at any concentration but when the hydrogen-
air mixture contalns between 4 and 75 percent hydrogen, the presence
of an electric spark, flame, or active catalytic surface will start s
the reaction which will then propagate through the gaseous mixture.

When the concentration of hydrogen is outside these limits, the re-
action of the hydrogen and oxygen takes place at the spark, flame or
active catalytic surface only without propagation.

The reaction which occurs between the hydrogen and oxygen
may be written:
2 Hp + 0 — 2 B,0

This means that two molecules of hydrogen combine with one molecule
of oxygen to give two molecules of water. Avogadro's rule states
that the same number of molecules of different gases will, at the
same temperature and pressure, occupy the same volume. Hence, the
above reaction also means that two wvolumes of hydrogen react with
one volume of oxygen to give two voinmes of gaseous water, when all
are at the same temperature and pressure. Since percentages in a
particular gas semple are proportional to- volumes, the same state-
ment applies when volumes are replaced by percentages. However, the
percentage of water vapor forméd will be somewhat in error since
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there is some volume change in the system.

This reaction takes place with a large evolution of heat. =
For each cubic foot (at 0 degrees Centlgrade and 762 mm. Eg pressure) -
of hydrogen which reacts there are 344 BTU's of heat produced. ¥hen
the hydrogen which reacts is present in an air stream and the heat -
evolved is not removed, the temperature of the air is increased by B
about 82 degrees Centigrade for each percemt of hydrogen which reacts.

This reactioh takes place essentially to completion, ref-
erence (c); that is, given sufficlent time in the presence of an ac-
tive catalytic surface with an adequate oxygen supply, the hydrogen
reacts almost completely to form water. Conversely, the catalyst in
the presence of water wapor will yleld no measurable hydrogen and
oxygen by decomposition at the temperatures involved in this equip-
ment .

B. [The Catalyst

Previous work, reference (d), has shown that the use of
& flame or electric spark is unsuited to the problem of hydrogen elim-—
ination gboard submarines and that the use of a catalyst to dring
about the reaction is the only satisfactory basic method.

The catalyst employed in a hydrogen eliminator should
have a high activity, be uneffected by high temperatures, and should —
not be peiconed by the substances normaslly found in the atmosphere
aboard submarines. A highly sctive catalyst would be able to bring -
about the desired reaction to a reasonable degree of completion when
the temperature is moderate, the gas concentration is low and the
space velocity is of a reasonably high order, that is, the exposure
of any perticular portion of the gas to the catalyst is of short
duration. The property of being uneffected by high temperaturee
permits the reaction of high concentration gas without the need f r
temperature control. A high resistance to poisoning substances
would make purification of the input gas stream unnecessary.

Various catalyst have been considered for this service
and in 1940 experiments were carried out in this laboratory using
what was essentlally the present catalyst. This catalyst had been
developed by the Mine Safety Appliances Co. for another use but
appesred to fulfill the requirements for this purpose.

C.” The Catalyst Bed

In the design of the eliminator the catalyst bed is the
essential unit and the remainder of the equipment is more or less
built around it to obtain the required conditions for activity. For
a given desired gas flow, the catalyst bed may be varied in two es-
sential dimensions, the frontel area and the thickness. An increase
in frontsl area or thickness r.sulte in a lower space velocity, that
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is, longer periocd of contact between any portion of the gas and the
catalyst. This lower space wvelocity permits the use of lower temper-
atures to yleld the same degree of completion of the reaction. The
increase of fronial area decreases the pressure required to achieve

a given gas flow rate through the catalyst. On the other hand, the
increase of thickness increases the pressure required. An increase
in either the frontal area or the thickness increases the quantity

of catalyst required to originally fill or to refill the bed. How-
ever, this increased amount should permit longer operation under poi-
soning conditions before a refill is required. The optimum design of
the catalyst bed appears %o be that having a large frontal sres and a
medium thickness. This design results in moderate temperature, pres-
sure and catalyst quantity requirements.

D. The Heating System

1. The Heat Interchanger.

The reaction, which is involved here, liberates consider-
able heat which is mainly removed from the catalyst by the reacted
gas. This heat may be partially recovered and used to maintain the
desired elevated temperature of the catalyst bed by means of a heaf
interchanger between the hot reacted gas and the cold input gas. The
heat interchenger for this use should be efficient enough to maintain
the catalyst at the desireltemperature without requiring an undue ad-
dition of heat. It must be inefficient enough to avoid the occurrence
of inordinately high temperatures when the hydrogen concentration in-
put is high. The volume occupied by the heat interchanger must be of
a reasonable order.

2. The Blectrical Heating Unit.

Since the heat interchanger can only conserve the heat
carried by the gas stream, the heat necessary to bring the catalyst
to an active state must be supplied by some other source. This is
most easily accomplished by the use of an electrical heating unit.
This heater mey be kept to a minimum size by placing it between the
input and output passes of the heat interchanger. Since the catalyst
bed is the point at which the highest temperature iz desired, the
heater should be placed in the gas stream just ahead of the catalyst
bed .

3. The Thermostat.

W¥hen the heat of reaction is sufficient to maintain the
desired temperature, the electric heater can be shut off with resul-
tant use of less electrical energy, production of a smaller heat
load and lower maximum temperatures in the catalyst bed and heat
interchanger. These desirable results can be attained by the use
of a thermostat which will automatically cut off the heater current



when a predetermined temperature is attained. This thermostat might
be located et almost any point in the gas stream after it has passed
through a reassonsble part of the input pass of the heat interchanger.
In the subject eliminator i% is located between the electric heating
unit and $he catalyst bed.

E. The Blower System.

Since the gas must be brought into contact with the cata-
lyst, a unit must be supplied to move the gas. This is accomplished
by a small electric motor driving a small multiblade centrifugal fan.
This type of device for moving gas is more efficient as a blower than
as an exhsuster. This blower must be of such size that it will move
the gas at the required rate against a back pressure made up of the
resistances due to the heat interchanger and the catalyst bed. Since
the heat interchanger contains relatively large channels of low resis-
tance, the main part of the blower pressure requirement is fixed by
the relation of the dimensions of the catalyst bed to the desired flow
rate.

¥. The Eliminator.

The various units discussed above have, in the subject
apparatus, been built into a single body of cylindrical shape about
ten inches in diameter and forty inches in length. The blower is
.attached to the input end end draws the gas directly from the sur-
rounding atmosphere. This gas is pushed into the end of the elimin-
ator body where it enters the input side of the heat interchanger.
The hot gas leaves the heat interchanger, passes over the electric
heating coil, the thermostat element, and into the catalyst bed.
The hydrogen in the input gas reacts at this point and the hot re-
acted gas passes to the exhaust side of the heat interchanger. The
exhaust gas, cooled by its passage througzh the heat interchanger,
passes out the end of the eliminator cpposite the input end.

The elimingtor, as it is delivered to the service, may
be put into operation by merely attaching an electric lead of 25
amperes capacity to a 125 volt A.C. source. However, this simple
setup is desirable only under the most temporary conditions. Since
the intake and exhaust ports are separated by only the length of
the eliminator body, there is the possibility of more or less re-
circulation of reacted gas unless the place in which the eliminator
is set up is very strongly ventilated. Thie chance of recirculation
can be decreased by the use of & reasonable length of duct on either
the intake or exhaust port. Since, normally, the greatest amount of
hydrogen to be eliminated will occur when the heat load on the air
conditioning system is already high, it would be desirable to pass
the hot exhaust gas through some type of heat interchanger, such as
an outboard fore and aft ventilating duct, which will allow most of
the heat to b= interchanged to -the surrounding sea water. This in-
terchange would also serve to condense out most of the excess water
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vepor from the exhaust gas before it enters the hull proper.

V. EIPERIMENTAL WORK o -

A. The Elminator Test Set-up-

1. The Eliminator. -

The eliminator was, as received, complete and ready for
operation. The subject apparatus was first examined as to construec-
tion and opérational features. The catalyst was emptied from the
catalyst bed and was found to welgh about eight pounds. About two
pounds of catalyst was also included in a sack for replenishment use.
The catalyst from the bed was packed back into its proper place.

2. Added Equipment for Test Purposes.
(a) ZElectrical feed system.

The electrical supply for the eliminator was
drawn from a 230 volt, 60 cycle A.C. line. A variable trans-
former was installed to drop this voltage to the desired op-
erating voltage and to permit the use of various voltages to
determine the effect of this variable. An accurate voltmeter
and ammeter were connected in the circuit to give a measure .
of the electrical requirements of the eliminator. i

In the performance of some preliminary work it was
found that the decreased current drawn when the heater was
turned off due to thermostat action resulted in an increase
of gbout six wolts in the voltage at the eliminator. An ad-
Justable resistance of about fourteen ohms, maximum, was put -
into one side of the electrical feeder between the trans-
former and the voltmeter. A magnetic contactor was connected
across this resistance so that when the contactor was closed
the resistance was shorted out of the circuit. The contac-
tor was in turn controlled indirectly by the thermostat of
the eliminator. This setup, when the heater was turned off,
placed a resistance in the circuit to absord the voltage in-
crement . ;

(b) Temperature measurement system.

The temperatures attained in the inside of the
eliminstor were measured by means of single junction chromel-
alumel thermocouples. One thermccouple was located at the
center of the catalyst bed. Another was about a half inch
from the bottom edge of the catalyst bed. A third was in the
center of the hot reacted ggs stream and slightly removed
from the catalyst bed. -The temperature rise of the gas stream
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was measured by a thermocouple with the hot Junction in the
exnaust gaes and the cold junctlon in the input gas both loca-
ted at the ports. These four potentlials, and hence, indirectly,
the temperatures, were recorded continuously during operation
by a six-point potentiometer recorder. The connectlon of one

of these to the recorder was so made that a fifth thermocouple
located in the input stream could be manually switeched in, in
its place. This gave a record of the input gas temperature
when desired.

(e) Gas Flow Equipment

The elimingtor was so set up that by attaching =2
two-foot length of four-inch duct to the exhaust, the hot re-
acted gas was emptied into a fume hocd. This avoided any pos-
sibility of re-circulation of partially reacted gas.

In order to measure the amount of input gas it ap-
peared best to add a five-foot length of three-inch sheet iron
pipe to the intake port. The impact end of a combined pitot-
-static tube was centered ahout forty-six inches from the intake
end. The dimensions of this pipe were so selected that the gas
stream should be free of "end effects" in the zone of the meas—
uring tube. The effect of the air flow on the pitot-static
tube was recorded on a zero to one-inch (water) pressure recor-
der.

The theoretical pressure drop in this added duct
work can be calculated as less than 0.05 inches of water at
fifty CFM (cubic feet per minute) of gas flow. Since this
blower develops a pressure of sbout 2.5 inches of water, the
addition of the pipe should cause only a very small change
in gas flow. This was experimentally shown to be true by
operating the eliminator at a constant voltaze both with and
without the duct work. The electrical energy which was put
in appears as a temperature rise in the gas and is hence a
measure of gas flow. There was no measurable difference in
the gas temperature rise between operation with and without
the duct. :

To obtain hydrogen containing gas for use in the
tests of the eliminator, hydrogen was drawn from compressed
ges cylinders. The pressure was first dropped by the use of
a reducing valve and the flow rate adjusted by a needle valve.
The flow rate was manually maintgined constant from the indi-
cations of a flowmeter in the hydrogen supply system. The
actual measure of flow rate was, however, obtained by timing,
with a stop watch over a suitable period, the passage of sev-
erel cubic feet of the hydrogen through a calibrated, dis-
Plzcement type, dry test meter.



Since this hydrogen stream was independent of the
action of the eliminator, the possibility existed that any sud-
den change in the electrical feed to the eliminator or in the
mechanism of the eliminator might result in explosive concen-
trations being attained. A suitable safety system was there-

- fore installed so that a small decrease in either the gas flow
rate or the electrical voltage applied to the eliminator would
instantaneously and automatically shut off the flow of hydro-
gen. This system was so designed that when tripped it would
not automatically reset.

For one part of these tests it was necessary to
admit rather large amounts of nitrogen or carbon dioxide as
part of the gas stream. A detachable tee was, for this test,
put onto the end of the input duct. The added gas was drawn
from compressed gas cylinders, metered roughly by a flowmeter
and admitted to the input gas stream from the side arm of the
tee. : :

(d) Gas analysis system.

The hydrogen concentration in the input and exhaust
gas streams was determined continuously by the use of thermal
conductivity gas analysis. The input gas was sampled between
the blower and heat interchanger and the exhaust gas at the
eliminator exhaust port. The results of these analyses were
recorded as millivoltage, and thus, indirectly, as percent
hydrogen on two points of the six-point potentiometer recorder
mentioned above. The calibration of the conductivity cells
was obtained by the use of samples in which the concentration
was determined by slow combustion in an Orsat outfit.

For the experiments with added carbon dioxide, the
analysis for that gas was carried out manually on samples of
the exhaust gas.

For the experiments with low oxygen, that is, added
nitrogen, the analysis was carried out on samples from both
the input and the exhaust gas streams. The oxygen values were
determined by methods of known accuracy.

(e) Thermostat indicator.

To make the thermostat action avasilable for study
a self-starting electric clock was attached across the termin-
als of the thermostat. This clock wowld run only when the
heater was turned off and totalized the time during which the
electric heater was off. As a further aid to this study a re-
cording electric current meter was attached to the eliminator
circuit. This gave a record of the thermostat action.

G T -

=T el !}1'3\‘ ‘P..!,__.uhnmnn;mﬁu:i;_
e B el Fons 0 o

bt 1] gl | e



ey eI
eap T R bt

= o
| A P L

(f) Auxiliary blower.

For an experiment involving higher flow rates than
those normally available, a small laboratory blower was at-
tached temporarily so that its output fed directly into the
intake end of the input duct. This blower was in position
only during tests involving its use.

B. Tests Carried Out.

1. Normal Operation

The normal operation tests were those made without the
use of the thermostat and those with the thermostat and voltage stab-
ilizer. These tests yield the most simple results and will therefore
be taken up first in this report. The tests without the use of the
thermostat were actually performed near the end of the experiments
since it was unknown at that time what effect this type of operation
might have on the lower temperature operation of the catalyst which
results when the thermostat is used. For theése tests the eliminator
was started at the desired voltage with no hydrogen admitted. When
the temperatures in the eliminator were approaching equilibrium,
hydrogen was admitted and its concentration brought to the desired
value. After = period of time the entire system came to equilibrium
end the various temperatures, flow rates, concentrations. and electri-
cal readings were recorded.

5. .Qpera,_t'ion Without the Voltage Stabilizer.

Only a little work was done under this condition. It was
felt that this operation was not standard and its only value was in a
comparison to operation with the voltage stabilizer as indicative of
the effect of load line loss. The method of test was the same as in
the preceding paragreph and essentially the same data were recorded.

2.  Low Oxygen or High Carbon Dioxide Comgéentration.

Tests were carried out in which, after the eliminator had
come to equilibrium with the desired hydrogen concentration in the
input, sufficient nitrogen or carbon dioxidé was sdded to the input
gas stream to yield the desired concentration of the added gas. Most
of these tests were carried ount without the use of the thermostat
since this condition is less complex and would show the fesult of the
varigble introduced more readily.

4. Tests at High Flow Rate. :
4 Bl
The possibility exists that the need- for a larger hydrogen
elimination capacity might arise under conditions when an additional
unit could not be obtained of installed. The operation of the slimin-
ator at higher rates than normal was therefore tested. TFor this pur-
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pose an extra blgwer was attached to the intake end of the input duct.
These tests were all carried out without the use of the thermostat be-
cause it had failed prior to that time.

5. Tests on Operating Characteristics. e

Several tests were made in which the eliminator, operat-
ing without the thermostat, and the hydrogen flow were started almost
simultaneously. The lengths of time were determined which were re-
quired after the eliminator was turned on for the reaction to start,
to become 90¢ efficient, and to become 100% efficient. Blank tests
in which the  eliminator heater was not turned on were used to deter-
- mine the lag in the analysis system. A rough check on the time re-
quired to start the reaction was obtained from the recorded tempera- i
tures in the eliminator.

VI. DISCUSSICN OF DATA AND RESULTS

The data obtained in these eliminator tests are mainly
contained in the plates appended. Plates 1 to 12, inclusive, are for
normal conditions of operation of the eliminator. Plates 13 to 15,
inclusive, cover the higher than normal gas flow rate experiment.
Plgtes 16 to 18, inclusive, give some informstion on the time re-
quired for the eliminator to start the reaction under high hydrogen
percent input. ———

A. JNormal Operation

Plates 1 and 2 show the consumption of hydrogen by the
eliminator when operating with and without the thermostat at four
voltages. Hydrogen consumption is used here to mean the amount ac-
tually converted to water in the eliminator. These plates also show
the amount of oxyzen required for replenishment purposes since the
oxygen requirement is exactly one-half of the hydrogen consumption.
Therefore, at any point on these curves the oxygen which would be

_required was equal to the value of the hydrogen consumption for that
point divided by two.

These graphs clearly show that an increasge of voltage
increases the hydrogen consumption. This increase is the difference
between two apparent effects resulting from the increase of voltage.
The speed of the motor which drives.the blower rotor increases as
the voltege increases. One measurement of this speed gave the fol-
lowing figures:

. ‘Relative Relative Actual
Yoltsge R.P.M. Pressure Capacity Consumption
100 4250 1.00 1.00 1.00
110 4730 1.24 I.3¥ 1.08
120 5160 1.47 1.21 1.18
130 BB30 1.68 1.80 1,37
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The relative pressure figures were obtained by the use of one of the
fan laws which states that the pressure produced by a blower is pro-
portional to the square of the fan speed when other variables are con-
stant. This increase in pressure should result in an increased gas
flow. If the assumption is made that the resistance opposing the flow
of gas here has the characteristics of an orifice in which the volume
passed is proportional to the square root of the pressure drop, the
relative capacity column above should apply. The agreement between
the calculated values and the actual consumption values, which are
relative fizures taken from the values of Plate 1 at 3% hydrogen, in-
dicates that the main part of the increased hydrogen consumption at
increased voltage is due to the increased speed of the blower. There
also results, however, from the increased voltage, higher temperatures
in the eliminator as shown in Plates 7, 10, 11, and 12. This effect
of increased temperatures is evident in Plate 4, in which the wvolume
of hydrogen input is plotted against the percent of hydrogen in the
input gas. The curves for operations with and without the thermostat
should coincide in the graph if there were no effect due to increased
temperatures. The fact that operation with the thermostat, which
yields lower temperatures, results in higher gas flows means, con-
versely, here that the increased temperatures should result in de-
creased gas flow. This, possibly, is due to expansion of the cata-
lyst which somewhat reduces the sizes of the irregular gas passage
spaces between the granules. Quite possibly there are other causes
which have more or less effect here but which are not apparent from
the results of these tests.

"Plate 1 also shows, when compared to Plate 4, that the
hydrogen tensumption drops appreciably below the hydrogen input when
the hydrogen concentration in the input is low. This fact is brought
out in Plate 5 which shows the eliminator efficiency.

Iin Plate 1 the fact that the lines of these plots are
curves mu$t be at least partly a result of the temperature effect
which acts to reduce the total gas flow. Another factor here re-
sults from the decreased gas density which reduces the pressure pro«
duced by the blower, and hence the total ges flow. This effect is
probably skall.

Plate 2 shows the effect of the thermostat on the hydro-
gen consumption. A€ previously mentioned, the immediate effect of
the thermostat is to reduce the eliminator operating temperatures at
high hydrogen concendrations. These decreased temperatures then re-
sult in grester gas flow and thus increased consumption, as shown
in this plate. It #heuld be mentioned that the decreased tempera-
tures also result in a slightly reddced efficiency, as shown in Plate
5, dbut this effect is overbalanced B the increased gas flow.

The ‘efficiency curves plotted in Plate 5 should not dbe

considered as highly accurate. The data shown here are obtained
from a difference between twe gos analyses, one of the input gas

—— 4"




and the other of the exhaust gas. At low percent hydrogen input

these values are small so that even a small error in the analygis
may introduce disproportionate error as zero percent hydrogen input
is approached. The general shape of the curve odbtained in Plafle 5,
Drawing 3, is, however, hardly open to question and the others |must
be essentially the same in shape. This markedly low efficiency at
low hydrogen percentage is also shown by the temperature-percent
hydrogen plates, especially Drawing 3 in each of the Plates 7, |10,
and 11. The fact that these curves start off from zeroc hydrogeén
: i?dro-

ese

percent with a portion having a low slope indicates that the
_ gen mostly passes through the eliminater without reacting at t
low concentrations.

One further point is of importance relative to Plage 5.
It was found in some of the operations at low percent hydrogen|input
that the eliminator showed a marked instabllity. This conditién was
apparent in the temperature measurements and the gas analysis 6f the
exhaust gas. The records of these resembled sine curves in opposite
phase. The shape of the efficiency curve indicates that in theé regz-
ion of low hydrogen percent input, the efficiency changes to a|large
extent, with a very small change in the hydrogen percent input in
this region, therefore, the normally negligidle changes in the|input
hydrogen percent result in greatly amplified changes in the tehpera-
ture and hydrogen percent output curves due to this change in &ffi-
ciency.

tained By use of the previously mentioned input tube, pitot-sthtic
tube, and O to 1 inch (water) pressure recorder. This setup dbes
not permit the precision which would be desirable for this meapure-
ment but was the best readily available and ylelded values waith
were at least indicative of the actual flow rate. The pressur
difference produced by the pitot-static tube for measurement a
these flow rates is quite small reaching a2 maximum velue of 0.17
inches of water at 130 volts with no hydrogen in the input. ere
were available more accurate methods of measurement of these fllow
rates, but they could not be used, either because they would upbet
the flow being measured or the degree of stability required wasz not
available here. )

The data for total gas flow plotted in Plate 6 verE ob-

The results plotted in Plate 7 show the approach tp a
straight line relation between the increase in temperature of Lhe
reacted gas and the hydrogen percent input. These curves woull be
more nearly straight if they were plotted as temperature rise
against percent hydrogen consumed. This plate, therefore, shops
that the temperature rise when operating without the thermost
could be used as a fair measure of hydrogen percent input, or, hore
accurately, as a measure of hydrogen percent consumed. When, how-
ever, the thermostat is used, the values depend on both the ogen
percent consumed and the electrical energy supplied to the healer.
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It is desirable that the energy consumption of the|elim-
inator be retained at as low a level as possible. Plate 8 shoys the
energy consumptlion of the eliminator, both with and without theé ther-
mostat. The saving of energy resulting from the use of the thérmo-
stat is apparent. .The energy consumption is shown in another form in
Plate 9. In this plate the energy efficiency is plotted for n¢rmal
operation. The saving of enefgy resulting from the use of the|ther-
mostat is apparent here as is the inefficiency of the eliminatér at
low hydrogen percent input.

. Plates 10, 11, and 12 show that the temperature atfained
in the eliminator when operating at 3% hydrogen input may be a$ high
as 550° C, which is a dull red heat. It is of interest to notE that
hydrogen will react with oxygen on any surface at about this teémpera-
ture irrespective of the normally considered catalytic charactir of
the surface. ' '

B. eration Without the Voltage Stabilizer.

The results obtained with this method of operation]are
not presented as plates since they are closely approximate to Lthe
results obtained with the voltage stabilizer. The main differ
in general, results from the fact that the voltage change res
from the thermostat action caused a change in the total gas fl
rate. A variable hydrogen percent input was therefore produce
since the hydrogen was introduced at a constant rate. This ¢
hydrogen percent input resulted in corresponding changes in t
other data recorded. The average of these varisble values fo
peratures, gas flow, hydrogen percent input and electrical en
input are all slightly larger at high hydrogen percent input t
the corresponding values for operation with the voltage stabi
These differences are small and rendered uncertain by their o
lating character so that they are not comsidered to be of par
lar value.

€. Low Oxygen or High Carbon Dioxide Concentration.

The effect of a low oxygen concentration in the i
gas was experimentally determined by the additlon of cylinder
gen to the air input. The figures for the actual gas streams
were: 20.7% oxygen in the air, 19.9% in the input gas contain
hydrozen and 16.4% in the input gas containing hydrogen and a
nitrogzn. To make any effeect of the low oxygen concentration
reedily apparent the eliminator was brought to equilidbrium on
hydrogen and air mixture and then part of the air stream was
placed by admitting nitrogen. No significant changes in the
inator operation resulted from the low oxygen congentration e

The effect of a high carbon dioxide concentration |was
also debermined in a manner exactly similar to that used in the
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experiment on low oxygen content above. One of the four tests jwas
carried out during the test of low oxygen concentration and the other
three as one each on 1, 2, and 3% hydrogen input . Concentratiq:s of
carbon dioxide between 3 and 4% were used. The net résult was ja de-
crease of between 2 and 3% in the total gas flow rate with a slight
~roduction in the temperatures recorded.

D. [Tests at High Flow Rate.

The resulte of tests carried out at high flow -rate lare
contained in Plates 13 to 15, inclusive. These high flow rateg were
obtained by attaching the output opening of a laboratory blowey to
the intake end of the input tube. This blower supplied about 1.6
inches of water pressure measured at the intake to the eliminafor
blower.

hydrogen attained by use of the extra blower. No test for opeilation
with the thermostat was included. This was because the thermogtat
had failed before these tests were carried out.

Plate 13, Drawing 1, shows the increased consumptian of

_ The results contained on Plate 14, Drawing &, and Plate
15, Drawings 1 and 2, are of the most intereet in this test sinde they
show that the increased flow rate has resulted in lower tempergtures
inside the eliminator except that of the reacted gas at high hydrogen
percent input. The significance of this lies in the fact that |the
eliminator msy be overloaded by the application of an auxiliary
blower without expecting early failure due to this cause.

E. Tests on Starting Characteristics.

In order to use.this eliminator efficiently some khow-
ledge is necessary of the time required after the eliminator i$
turned on before it becomes effective for the removal of hydrogen.
Two tests were carried out to determine this time.

The data obtained from one of these tests are showh in
Plate 17, Drawing 1, and Plate 1B, Drawing 1. Plate 17, Drawilg 1,
shows that the reading of the percent hydrogen in the exhaust fas
reached & mexirum at 3 minutes, had dropped to a reeding of 10% of
that maximum value at 7.3 minutes,. and at the end of 10 minutes a
zero reading was obtained. When the lag of the analysis system, as
shown in Plate 16, Drawings 1 and 2, is taken into account, th
maximum hydrogen concentration was found after about 1 minute,|90%
of the hydrogen was being reacted at the end of about ‘5 minutep and
the hydrogen was being completely reacted by the end of about
minutes. Plate 18, Drawing 1, shows a sharp break at 2.8 minufes
which indicates that the reaction had started te occur at or bifore
that time. The hydrogen percent input was about 1.45 when the|reac-
tion started. The increase in the hydrogen percent input aftel that
time was due to the conetant hydrogen flow rate used and the dpcreasing
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total gas flow rate resulting from the increasing temperature i

A similar test was carried out at a higher hydrogen con-
centration. The data contained in Plate 17, Drawing 2, show & maxi-
mum reading for output hydrogen at 2.9 minutes;-loﬁfof that imum
value at 5.5 minutes, and a zero reading on or before 6.5 mimites.
Taking into account the data of Plate 16, Drawings 1 and 2, these
values become respectively 1 minute, 3.4 minutes and 4 minutes.
Plate 18, Drawing 2, shows that the reaction had started on or be-
fore the end of 2.7 minutes. The percent hydrogen input at the time
vhen the reaction started was approximately 2.25. !

It is of value to note also that the total gas fldw at
the time of the start of reaction was about 70 CFM in each cage com— .
pared to the equilibrium values of 61 CFM and 54 CFM for the ex-
periments respectively.

F. General Results.

The eliminator was operated for a total of 367 hours dur-
ing these tests. About 7500 cubic feet of hydrogen were used! This
gives an average hydrogen input for the entire period of test jof
about 0.37 of a cubic foot per minute. From Plate 4 it is sedn that
this corresponds to operation at about 0.55 percent hydrogen anpuzr
A weighted average was alsc obtained in which fthe operation atl high
hydrogen percent was assigned a proportionately greater value.! This
weighted average gave a value of about 1% hydrogen. The hydrdeen
percent input was carried as high as 3.6 with the thermostat end 3.5
without the thermostat, without apparently affecting the catalyst for
further low percentage use.

Somewhat before 350 hours of operation the thermodtat
failed. The active element of this thermostat is made of copper tub-
ing with, apparently, a protective plate of some other metal.| The
tubing of this element at the point of failure had the appeardnce of
having undergone oxidation completely through the metal wall.

Twice during the period of the tests it was necesdary to

the eliminator. It was found that the catalyst tends to dbridde across
the filling opening, especially when the bed is nearly full,
. leave void spaces. It appeared from this that a special effoit must
be made to chéeck the catalyst bed frequently and to pack the
into the less accessible parts of the bed by using a screw driver or
other similar tool during the last part of the filling operation.

VII.  CONCLUSIONS AND RECOMMENDATIONS

The MSA Hydrogen Eliminator V appears to be a simjle and
effective method ofﬂremoving excess hydrogen aboard submarineg. Its
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design appears satisfactory from the theoretical consideratios
lined in éection IV.

s out-

The rated capacity of this equipment ie 30 C¥M of |gas mix~
ture at all percentages of hydrogen input. The above data, hdwever,
show that its actual capacity is between about 42 and 75 CFM depending
mainly on the voltage, percent hydrogen input, and whether thé thermo-
stat is being used. The data contained in Plate 3 may be used to ob-
tain an epproximate figure for the hydrogen consumption under |any set
of normal conditions. It must be remembered in using these vdlues
that they were obtained on a single sample of the eliminator perating
without eny essential outside interfering effects. If any appreciable
change is made in the conditions under which the eliminator wde set up
end run in these tests, then the data obtained here can not bé applied.

It probably would be possible, for use where the ¢ondi-
tions under which the eliminator is to operate are either wariable or
different from the normal here, to develop enough measuring e uipment
to permit the determination of hydrogen consumption during acfual use.
This measuring equipment would comprise two parts; one to meagure the
gas flow and the other to measure hydrogen percent consumed. |A ven-
turi tube or orifice plate could be applied to the intake pori and
equipped with a pressure measuring device directly calibrated las total
gas flow. A differential temperature measurement between the |input
gas and the exhaust gas would, when corrected for temperature |rise due
to the electric heater, give a direct measure of the hydrogen |percent
consumed. The product, then, of the total gas flow and the pércent
hydrogen consumed would give the rate of hydrogen consumption|at the
time of measurement. This measuring equipment would, of courde, be
unnecessary if a sultable method for the determination of oxygden con-
centration were available for use aboard submarines.

The results obtained with the high flow rate indidate that

in case of necessity an auxiliary blower could be attached to
take pért to increase the flow rate and hence the hydrogen co
without causing demage to the eliminator. It should be remar
tive to this method of obtaining increased cepacity that the 1
increases approximately as the square root of the increase in

the in-
sumption,
d rela-
low rate
pressure

head employed. Therefore, a large increase in flow rate can ¢
expected when a proportionately much higher pressure head is

There is, also, a method by which it might be pos
obtain higher flow rates without the use of a higher pressure
‘This method would be to increase ghe particle size of the cat
employed. This would result in lgrger flow but would undoubdbt
crease the efficiency at low hydrdgen percent input and possil
at high hydrogen percent input. However, the increase in flo
probably would more than overbalance the loss in efficlency
an increase in the hydrogen consumption rate at high percent
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Where the full capacity of the eliminator is not rdquired
or where one eliminator cannot handle the entire hydrogen evoldtion
and a second one provides more than the needed capacity, & mat
saving in the electrical energy consumption and heat output co
echieved by intermittent operation of the eliminator. By this

" of operation the eliminator would not be started when the sub
was closed for the dive but instead would be turned on when so
preciable percent, such as 2%, of hydrogen had been reached.
experiments on the starting characteristics of the eliminator
above show that the eliminator will attain its full operating
ciency in a very few minutes after starting. In fact, since t
inator is at low temperatures for some time after being turned
flow will be higher than normal at the start and gradually dro
equilidrium value. This would partially compensate for the de
starting the eliminator. The eliminator would then be operate
the hydrogen content of the atmosphere had dropped to 1.5% or
boat could be ventilated outboard. This cyclic or intermitten
of operation has several advantages. The eliminator is not op
at low percentsges of hydrogen where it is inefficient in hydr
sumption end where the electrical energy requirement is high b
stead is operated at high hydrogen concentrations where the r
furnishes most of the energy required and the hydrogen consumpfion is
high. The energy efficiency of this method of operation is obyious
from Plate 9.

The failure of the thermostat which oceurred in this elim~
inator will possibly de found to also occur in the service use} This
failure may have been the result of the severe testing conditidns em-
ployed here or to an imperfect protective coating or to other Enknown
causes. However, if the thermostats show failure under servic
tions, consideration should be given to the possibility of moving the
thermostat from its present location to some point of lower opErating
temperature and, preferably, some point in the exhaust gas strpam. A
location just before the exhaust port with a setting of 100° tp 150° C
might yield satisfactory results. This move, of course, would|complete-
ly upset the present reported data for eliminator operation with the
thermostat . : : i

vice conditions before the catalyst will become ineffective dup to
poisoning is unpredictable from laboratory tests and will probably be
found to be extremely wvariable if it occurs at- all.

The length of time the eliminator will operate unEEr ser-

The effect of a low oxygen concentraticn in the inbut gas
has been found to be negligidble. High carbon dioxide concentrhtion
in the input gas has baen found to have a small effect on the plimin-

ater which is probably inappreciable compered to the effect of] other
variabies.
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