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I,

SUMMARY o deusionts

The Bureau of Ships of $he United’ggg;es Navy contracted with the Girdler
Corporation to prepare a design/for the manufacture of for fuel

cell application aboard” submarines using methanol as the raw material.
Girdler's experience in the develomment, design, and manufacture
scale processing plants for portable and submarine use asg
mental know-how in the synthesis gas generation
was used as the basis for the initial studies,

T as experi-~
urification field
As an aid in studying and

evaluating the process problems)a nunber of gensral thermodynamic calcu-
lations were made and charts constructed. These should prove useful in

future phases of the methanol program.
;§;;:éerb-eﬁ—i*ﬁ§r1mm&gnment a number of routes werglinvestigated. Con-

sidering the state-of-the-art and the particular requirements of the sub-
marine application the evaluation led to the propossd processing sequences
The process consigts essentially of the following steps:

Sonme

l. Pumping and vaporizing liquid methanol, condensate, and
OXYEeClle

2. Catalytic refor ming of steam and methanol with provision
for direct exygen injection into the reaction zone.

3. Directly feeding the crude hydrogen to a palladium dif-
fusion unit for purification.

L« Passing through a methanator to guard against possible
carbon monoxide leakage.

5« Cooling and saturating the product hydrogen.

6. Burning the purge gas with oxygen in the feed preheater
under pressure and disposing of the flue gas directly to the
sea after condensing out the water.

of the specific advantages of the present design are as follows:

1, Minimum maintenance is required making 10 days of con-
tinuous operation easily attainable,

2. Compact design is readily adaptable to the 58C hull de-
sign.

3, Major pieces of equimment either fit through a 25" diam-
eter hatch or can be constructed on board.

L. Heat loss is minimized by enclosing the high temperature

reactors and the palladium diffusers in a common insulated
DOXe

I-1



I. SUMMARY ~ contd.

5« Sound generation is minimized by reducing requirements
for moving equipment.

6. Response time for startup, shutdown, and change of rate
is very rapid.

7. Oxygen injection in the reaction zone gives an assgist in
the acceleration characteristics of the unit.

8. The proposed design lends itself to scale up to large
capacities without penalty.

9« Hydrogen inventory is kept within tolerable limits.

10. There is the alternative of condensing and storing the
COp in the flue gase.

1l. Requires no solutions or storage of other chemicals
for cperation of the unite.

12. The unit does not generate extraneous material which
would contaminate the submarine atmosphere or result in
a disposal problem.

13, The design can be fully automated and lends itself tc
anticipatory computer control for advantageous response
characteristics.

14. The unit can be operated on air with littie loss 1in
efficiency with addition of air compression.

15, Methanol requirements can be reduced by substitution
of diesel oil or other fuels for part <f the firing duty,

Methanol as a raw material for generating hydrogen on board submarinesg
has very many advantages over other materials such as diesel oil, jet
fuel, or ammonia., Methanol is a relatively pure chemical, widely avail-
able and easily stored and handled. The process problems are relatively
well known with reasonably satisfactory solutions., Methanol does not
give rise to undesirable by-products which would result in difficult dis-
posal problem on the submarine, There is reason to believe that ethanol
could be easily substituted for methanol,

In preparing the present design a number of uncertainties were encountered

which require experimental verification. Some of these inveolve process
problems which can best be studied in a bench scale or smali pilol plant

I-2




T SUMMARY - contd,

set-ups. Others involve equipment and control problems which can best
be studied in a prototype unit.

Two approaches are proposed for the second phase of the programe

l, Carry out bench scale program before going to proto-
type unit,

2+ Carry out bench scale and prototype programs simul-
taneously.

The first approach is recommended as the most rational and to be pre-

ferred unless time schedules are overriding in which case the second
route s.aould be considered.

1-3




II. INTRODUCTION:

During the past few years increased interest has been shown in the use
cf fuel cells as a means of converting fuel to energy., As yet the fuel
cell technology has not developed to the point of using directly a raw
fuel such as gasoline or fuel oil., These fuels are used only as a raw
material source of a highly purified converted fuel, usually hydrogen.

The conversion of these fuels into hydrogen and its purification involve
complex chemical reactions and processes. The design and operation of
the equip=cnt for this fuel conversion is further complicated by the need
of variable rate production or the inclusion of an extensive hydrogen
storage facility, Efficient design of the hydrogen production facilities
is of the highest importance as the overall attractiveness of fuel cells
is dependent upon an efficient source of fuel.

The sources of hydrogen are many and varieds Much commercial experience
has been gained over the years in converting these sources to hydrogen
for other uses. However, the same experience can be called on in manu~
facturing hydrogen for fuel cell use. Some of the more commonly used
sources are natural gas and petroleum oils, while during World War II
methanol was used to some extent.

In looking for new sources of power for submarines the Bureau of Ships,
United States Navy, quite naturally became interested in the fuel cell.
Besides the high efficiencies attributed to fuel cells other advantages
become quite apparent. A fuel cell has quick response together with a
relatively high turndown ratio, If hydrogen is the fuel the by-product
is water, a material very easily disposed of should the quantity be-
come excessive. The operation of a fuel cell is quiet and the power is
produced in a readily usable form.

Because of these advantages the Navy started a search for a source of
fuel for the cells. The high inflammability and supply problems made i
storage and use of pure hydrogen as the primary fuel unattractive. .
Another factor ruling against pure hydrogen is that considerably more

energy is avallable in the hydrocarbon fuels than in pure hydrogen when

based on volume. With hydrogen eliminated as the fuel toc be carried )
cn board the submarines some means of hydrogen production had to be

developed, Various readily available fuels were chosen as possible )
fuels and several means of producing hydrogen from each of these fuels

were deemed feasible,

The Bureau of Ships of the United States Navy, contracted with the Girdler :
Corporation {Nobs 86743) (Project Serial No. SF013-06-OL, Task 4377) to i
study the various means of producing hydrogen from methancl suitable for
use in a fuel cell., Because of the many ways that hydrogen could be pro-
duced from methanol it was necessary to define the limitations that would

IT-1




II, INTRODUCTION -- contd.

be imposed upon the process. The plant was to be designed with a maximum
capacity of 70 lbas/hr. of hydrogen of =sufficient purity for use in fuel
cells, The minimum capacity was to be 4 lbs/hr. and the normal operating
rate was to be 20 lbs/hr. The plant was to have minimum response time

to changes in demand., It was to operate without down time for 10 days

and at the maximum rate for 10 hours in 2 hour periods. Cooling water
(salt free) at 95°F. and cryogenic oxygen cooling from the amount of oxygen
needed to generate the hydrogen and consume it in the fuel cell was to be
available. The system optimization was to be based on minimum weight and
volume, high overall efficiency, minimum noise, high reliability, minimum
hazard, minimum maintenance and cost, minimum oxygen consumption, and mini-
mum gas leakage or purging to atmosphere. The study was to include an
enumeration of engineering and chemical assumptions which require verifi-
cation by laboratory or engineering tests and 2n evaluation of the times
needed for start-up, shutdown, and minimum to maximum operation., Also,

to be included were heat and material balances, size and arrangement of
equipment, power consumption, fuel storage, and piping and instrumentation.
The raw materials to be used were liquid methancl at pressures equivalent
to the submergence depth, liquid oxygen with 0.5% Argon, and condensate
from a sump at atmospheric pressure. The product hydrogen was to be de-
livered at essentially atmospheric pressure, 140°F., and saturated with
water. The amount of impurity is not critical since some purging from

the fuel cell can be tolerated but CO and HpS are known to be poisons

for certain fuel cell cabalysts., (O, tends to neutralize an alkaline

fuel cell medium although some can be tolerated in a fuel cell using an
acid medium, It should be emphasized that the three most important

design considerations were compactness, rapid response to changes in out-
put demand and safety. In connection with safety, a hydrogen inventory

of less than 900 SCF was considered desirable so as to limit the danger

of explosive mixtures in the submarine in case of severe equipment failure.

With the above specifications as a guide the Girdler Corporation first
studied the equilibrium and thermodynamic considerations governing various
methods of producing hydrogen from methanol. From these results several
schemes for the generation and purification cycles were evaluateds The
evaluation was made keeping in mirnd the above factors and the overall
efficiency of the scheme, A final scheme was sclected and preliminary
designs of equipnent and auxiliaries were prepared. Complete energy

and material balances were calculated and the equipment volumes and weights
and the operating requirements were determined.

In the examination of this report it must be kept in mind that the design
contained herein is not completely engineered, Laboratory and pilot plant
work needed to complete the engineering design was beyond the scope of
the contract and was no! considzsved a part of this study. Factors that
require further testing or design refinement are discussed in Section VII,

IT-2




III, GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL:

Ao

General Discussion

l. Generation

The use of methanol for the production of hydrogen can
be accomplished by several means. Of all these methods
reforming, adiabatic reaction, and thermal or catalytic
cracking are of major concern and are discussed below.

a. Reforming

By reforming is meant a series of reactions in
which the methanol in the presence of steam is
catalytically converted to hydrogen, water, car-
bon monoxide and carbon dioxide. This conversion
is usually accomplished at temperatures in excess
of 500°F, The reaction 1s usually carried out in
catalyst filled reformer tubes located in a com-
bustion chamber. The heat for the reaction is
supplied by the combustion cf fuel and is trans-
ferred through the tube walls The composition

of the products formed is dependent upon the steam
to methanol ratio in the reactants, temperature,
pressure, type of catalyst employed; and the length
of time the reactants are at temperature and over
the catalyst. The overall stoichiometry of the
reaction may be represented by the following two

equationss
CH30H = C0 + 2Hs Reaction (1)
CO + Ha0 = (C0p + Ha Reaction (2)

Because the net reaction is endothermic large
quantities of heat must be supplied, Undesirable
side reactions include the formation of methane
and carbon. These reactions can be minimized by
choice of catalyst and operating conditions.

be Adiabatic Reaction

Adiabatic reaction refers to the reaction taking
place over a catalyst without heat being added
directly to the reactants. The energy needed for
the reactions, which are governed by the same
equations as given under reforming above, is sup-
plied by either sufficient sensible heat in the
reactants or by the addition of oxygen to the

ITI-1




III. GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL - contde

reactants upcen entering the reactor,s In the

latter case, the quantity of oxygen is not suf-
ficient for the complete combustion of the methanol
present, The heat generated by the partial oxida-
tion of methanol heats the reactants to a point that
upon cooling the reactants give up the heat neces-
sary for the endothermic reactions. The proportions
of the products produced are controlled by the ratio
of oxygen to methanol, the ratio of steam to methanol,
and the degree of feed preheat. The heat generated
in this system goes directly to the reactants; re-
quiring no transfer across tubes and resulting theo~
recticaily in more efficient use of fuels One major
drawback to this system is the fact that the com-
bustion products, carbon dioxide and 'water, remain
in the product gas and increase the purification
duty. Another is the problem of setting up a
suitable set of catalyst beds to promote the oxi-
dation reaction as well as the reforming routine.
From a theoretical standpoint the oxidation reaction
can be carried out externally and the hot flue gases
added to the rest of the reactants and poured over
the catalyst but the equipment becomes more complexe.

co Thermal and Catalytic Cracking

Strictly thermal cracking is subject to extensive
carbon deposition. Carbon removal would cause

much down time with a subsequent low efficiency.
Catalytic decomposition of methanol to carbon monoxide
and hydrogen can be carried out successfully. How-
ever, it is expedient to obtain additional hydrogen
by conversion of the carbon monoxide with steam as

in the reforming reaction, Neither of these methods
are deemed feasible for this present applicatione.

2. Purification

Three compounds constitute the bulk of the impurities formed
with the hydrogen produced by either the reforming or partial
oxidation processess They are carbon monoxide, carbon dioxide,
and water. The bulk of the carbon monoxide is removed by the
water gas shift reaction shown in Reaction (2). However, for
fuel cell applications hydrogen of approximately 99+% purity
is desired. For further purification additional steps are
requireds The meihods described below are but a few of the
possible systems that can be employed,

i1i-2




IIT, GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL - contd.

ao (Carbon Dioxide Removal

Experience has shown that many systems are practi-
cabie for the removal of carbon dioxide. Aqueous
solutions of the ethanolamines have proven to be
effective for carbon dioxide removal down to very
amall quantities., Higher energy requirements for
regeneration of the solutions are a detriment.
Potassium carbonate solutions; particularly with
organic or inorganic additives, are very efficient
for bulk carbon dioxide removal. Excellent puri-
fication can be obtained by this system but at
considerable increase in cost, Low temperature
systems with methanol sciubbing or in conjunction
with molecular sieves (solid adsorbent and chemi-
cal conversion systems (methanation) are other
means.

be Carbon Monoxide Removal

Because of the need for compactness of equipment,
carbon monoxide removal by several of the more con-
ventional means (multiple stage carbon monoxide
conversion, Cu-liquor solution absorption, etc.)

is not applicable. Methanation is an effective
means of removing small quantities of carbon monoxide
but it adds methane to the product and reduces the
yield of hydrogen. However, if the efficiency of the
catalyst used for producing the hydrogen is great,
the amount of carbon monoxide in the product will be
small enough for methanation to be practicable.

The most efficient means for the separation of hy-
drogen from the impurities listed is diffusion
through palladium. This system has rapid response
to changes of rate, has a high turndown ratio, and
is relatively compact. It does require that the
impure hydrogen be at high pressure (200 psi or
greater) and that certain palladium poisons be ab-
sent.

Various purification schemes were studied keeping
in mind the conditions for use as described above,
The advantages and disadvantages of each were con-
sidered, The results are contained and discussed
in Section IV,

I1%-3




I1I.

GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL ~ contd.

Be Review of Catalyst informaticn

Many catalysts for the production of hydrogen by reforming
hydrocarbons have been developed over the years., Because

of the ample supplies and relative low cost of petroleum
products most of the reforming catslysts have been for these
materials, Little interest ha. been shown in the use of
methanol as a source of hydrogen. One exception to this was
during World War II when the U,S. Armmy showed interest in
using methanol as a fuel for small portable hydrogen plants.
The Girdler Corporation did some laboratory work at that
time in search of an efficient catalyst for this reaction.
Many types of catalyst formulations were tried, some showing
considerable promise. The summary below contains results on
some of the catalyst formulations tested, Much of this
earlier work is tabulated in Table III-1;

1. A catalyst consisting of 50% Cu~50% Mn was prepared
from the sulfates of the metals. It gave a high yield

at temperatures as low as 480°F. and produced only small
concentrations of impurities, It could be compressed into
hard pellets with sase with only a slight loss in activity.
This catalyst had a strong dehydrogenating activity on
pure methanol, decomposing it almost completely according
to the reaction:

CHsOH = CO + 2 Hp

2. Catalyst of varying amounts of copper and iron were
tested experimentally at temperatures of 660°F, Compo-
sitions from 25 Cu-75 Fe to 75 Cu-25 Fe were reported
to give extremely low impurities.

3. Catalysts containing iron, nickel and either copper
or chromium were found to promote the reaction CH30H =
2 Hz + COs The nickel containing catalysts of this
gseries tended to yield more unsaturated hydrocarbons
then some others,

Le Methanol was successfully reformed using a combin-
ation of Girdler catalysts in a single reaction. The
steam ratio was varied from 1.25 to 2,97 giving ylelds
of 9805% to 99%0

The catalyst used in the production of 27 mobile hydro-

gen plants built by Girdler Corporatiocn for the U.S.
Army was the E.I., DuPont catalyst GCNe Inquiries have

I1I-4




III. GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL - contd.

Co

revealed that this catalyst is not now in production.

A survey of catalyst manufacturers indicate that there
are a number of catalyst formulations that may be sat-
isfactorye. Experimental work in Girdler laboratories

on a number of presently available catalystsindicates

this to be the case.

It is interesting to note that at the time of develop-
ment of the process for the portable Army units the
purity of the methanol ranged from 90 to 100%. Evidence
was gathered indicating the performance of ths catalyst
to be dependent up.a the purity of the methanol used,
The purity of methanol ccmmercially available now is
99.85%, Some of the more common physical properties

of this methanol are summarized in Section III-D,

Equilibrium Study and Thermodynemic Considerations

le Product Composition

Before a design for the production and purification of
hydrogen could be made it was necessary to study the
equilibrium of the two reactions:

CH30H 0O + 2 Hp (Reaction 1)

CO + Hx0 = COp + Hp (Reaction 2)

and the thermodynamic characteristics of the various
proposed schemes, It was decided that the most
practical way for the hydrogen generation was by re-
forming, adiabatic reaction or some combination of the
two. Several factors affecting the product composition
were studied and all of these factors could be varied
by changing the operating conditions. The three im-
portant variables were steam to methanol ratioc, pre-
heat temperature, and reaction temperature.

ae Adiabatic Reaction

For the adiabatic reaction study it was neces-
sary to add oxygen to the steam-methanol feed
mixture in quantities to supply sufficient

heat by combustion to balance the heat require-
ments, The heat load depended upon the preheat
and reaction temperatures. The system was in

III-5

A




ITI.

GENERAL REVIEW OF HYDROGEN PRODUCTION FROM METHANOL -~ contd.

effect a partial oxidation reaction with various
quantities of steam added to effect a miscel-
laneous shift of CO to the Hz and COp in a cata-
lytic reactor. In order to determine the amounts

of products to be expected, the thermodynamic
characteristics of the reaction were reviewed. From
a study of the literature it was seen that the re-
action temperature would most likely be between LOO°F,
and 8Cu®F. Calculations were then based on reaction
temperastures of 400°F., 600°F,, and 800°F, with feed
gas temperatures from 100°F., to 600°F, The molal
steam to methanol ratio, was varied from O to 8,

To determine the equilibrium compositions at the
various conditions it was first necessary to assume
an amount of oxygen in the feed, the steam to meth-~
anol ratio and reaction temperature. The thermody-
namic equilibrium and rate of Reaction (1) were
assumed sufficient to carry it to completion, The
overall equilibrium, therefore, was determined by a
material balance and the equilibrium of Reaction (2),
The equilibrium constant equation,

K = 00 x Hp
COXHgO

(K being for a specific reaction temperature) was
solved to determine the final product compositione
Assuming an adiabatic reaction a heat balance cal-
culation gave the feed temperature, If the feed
temperature was not within the range desired, a
new oxygen value was assumed and the calculations
were repeated,

The results were plotted as mols of oxygen per mol
of methanol vs. the feed preheat temperature. A
separate plot for each of the reaction temperaturcs
was made. Straight line parameters for the steam
ratio were used (See figures III-1, 3, 5). From
these graphs cross plots were made. The oxygen in
the feed was plotted against the steam ratio with
parameters of feed preheat temperature. Again a
separate plot was made for each of the reaction
temperatures. (See Figures 1I1-2, 4,6).

The calculated equilibrium quantities of the products
are summarized in graphical form. The quantities are

I1I-6
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expressed as mols of product per mol of methanol
reacted, The results are grouped according to
the three reaction temperatures, L00°F,, 600°F.,
and 800°F, The data are presented in two ways:
Product vs feed preheat temperature with para-
meters of steam ratio and product vs. steam ratio
with parameters of feed preheat temperature. It
is to be noted that the quantities of the products
vary greatly with the steam ratio. Therefore, care
must be exercised in the use of the graphs as the
scale calibration may not be continuous., (See
Figures III-C-7 thru III-C-30).

It is noted that the amount of oxygen required is
independent of the steam ratio (above 1.0) and

the reaction temperature as long as the feed pre-
heat temperature is equal to the reaction temper-
ature, This is explained by the fact that the only
heat needed is that for the endothermic reaction,
The product curves indicate that from the equili-
brium point of view the minimum desirable steam
ratio is between 1.0 and 2,0.

Figures III-C-31 shows the variation in the hydrogen
production with reaction temperature for a given
preheat temperature., It demonstrates graphically
that as the reaction temperature increases, the
fraction of the methanol used as fuel increases.
However, the lower the reaction temperature the
lower would be the expected catalyst activity and
the lower the methanol conversion.

b, Reforming

The same equations and equilibrium constants, govern
the mechanisms whether the reaction takes place in
an adiabatic reactor or in a reformer. There would
be no oxygen addition to the feed for an ordinary
reformer. Therefore, there would be a shift in the
ratios of carbon monoxide to carbon dioxide and hy-~
drogen to water in the product. However, this dif-
ference is gmall, and for evaluation purposes the
same curves used in the adiabatic partial oxidation
studies can be applied. The actual composition
of the product is dependent upon the catalyst em-
ployed and the approach to equilibrium attained,

In all cases the compositions were based on a 100%
approach to equilibrium,
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2o Enthalpic Considerations

a. Reactor Inlet Temperabure

In an adiabatic reactor where the reaction is
endothermic it is necessary that the reactants
enter the reactor at some elevated temperature
and that the heat is supplied from the sensible
heat in the reactants. The reaction will proceed
and the equilibrium will be established at some
temperature lower than the inlets A number of
calculations were made to determine inlet temper-
atures that would supply the heat needed for the
reaction to proceed at the three temperature
levels; 400°F,, 600°F, and 800°F, The basis for
the calculations was the heat of the reaction as
given below:

CHsOH (g) + H20 (g) = 002 (g) + 3 Hz (g)
AH = 21,300 BTU/Mol

The reactor inlet temperature was taken as the
temperature at which the enthalpy of the react-
ants was equal to the sum of 21,300 Btu and the
enthalpy of the products at the appropriate
reactor temperature, The results are summarized
in a useful form in Figure II1I-C-32, In these
calculations no allowance was made for heat loss
from the reactor.

be Heat Input Reguirements

In the case of endothermic reactions it is obvious
that a source of heat energy is needed, The
source of this energy can be the combustion of a
fuel, electric power; or high level waste heat
from some other process. In the application being
considered no waste heat is available, Likewise,
since the ultimate use of the hydrogen is the pro-
duction of electrical power in the fuel cell the
source of heat should be other than electriciiy.
The combustion of methanol with oxygen was there-
fore selected as the source of high temperature
heat, The amount of heat required is dependent
upon the steam ratio and the reactor exit temper-
ature., The total heat load can be broken into two
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parts, preheat requirements and reaction heat
requirements, The liquid feed (CHz0H and water
assumed at 60°F.) must be heated to the boiling
point, vaporized, and then superheated to the
reactor inlet temperature.

In Figure III~C-33 are summarized the preheat re-
quirements in thousands of BTU/Mol of methanol
needed to convert the liquid methanol and water
at 60°F, to superheated vapor at the various pre-
heat temperatures, As would be expected the pre-~
heat requirement is a direct proportion to the
steam ratio. Figures III-C-34, 35, and 36 con-
tain the reaction heat requirements of converting
the CH3OH-HpO mixtures at different preheat temp-
eratures to product at the reactor exit tempera-
ture. The total heat requirement for the various
steam ratios is contained in Figure III-C-37.

ce Flame Temperature

In the use of a direct fired reactor or heater care
must be taken to keep the flame temperature within
the design limits, If the flame temperature becomes
excessive there is danger of exceeding the limitation
of materials and damaging equimment. In the case of
using pure oxygen rather than air as the oxidant,

the flame temperature becomes much higher because
there is no nitrogen present to act as a diluent.

In the present design water is added to the com-
bustion mixture to act as a substitute for nitrogen.
In the combustion process the water is vaporized and
superheated and therefore absorbs both latent heat

and sensible heat, Figure ITI-C-38 presents data

on the flame temperature with various steam ratios

and preheat temperatures, It should be noted that

no correction was used for the disassociation of COz
and Hz0 at temperatures above 3000°F, In general

the disassociation would have some temperature lowering
effects This effect is not deemed sufficient for con-
gideration in this study,.

D¢ Physical and Thermodyrnamic Properties

In Table III-2 are summarized the physical properties of methanol.
It was obtained from the btrochures of methanol manufacturers and

-
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is descriptive of the methanol presently available in large
quantities.

The vapor pressure of methanol, water, and a 2.0:1 steam to
methanol mixture is presented in Figure III-D-l. The 2,0:1
steam ratio was treated as an ideal solutioi. This curve
may be in some error because of the non-ideal nature of
methanol-water solutions but the error is believed to be
small,

Tables I1I-3 through III-9 contain the absolute enthalpies
above the elements, heat capacities, and logarithms of the
equilibrium constants of formation of the major constituents
involved in the production of hydrogen from methanol, Table
ITII-10 contains the equilibrium constants and heats of re-
actions for the water gas shift: CO + Hx0 = COz + Hp,

These data are presented in this report in order to make
available in a convenient form the data which are the basis
of process calculstions developed in the present study
(Contract Nobs 86743). The major part of the information

is taken from publications by the National Bureau of Standards.
Suitable interpolations were made so that the Fahrenheit tem-
perature scale could be useds The data have been critically
evaluated and are believed to be the most accurate data avail-~
able pertaining to the respective chemical species and re-
actions described. The data were extracted from a larger
compilation made in 13954 uy ithe Gas Frocesses Division of The
Girdler Company, an antecedent of the Girdler Corporation.
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TABLE III-2-1

PHYSICAL PR

Boiling Point at 760 mm Hg

Critical Pressure

Critical Temperature

Density of Liquid at 59°F,
68°F,
77°F.

Explosive Limits, in Air

Flash Point, Tag Open Cup
Tag Closed Cup

Freezing Point

Heat Capacity, Cp Liquid, 32°F,
77°F.

TIES OF ME

Heat of Combustion (1iq) C02(g) & Ha0 (g)

Heat of Formation (1iq)
Molecular Weight

Refractive Index at -
T7°F.

Viscosity at 32°F,

0L

li8°F,

78.59 Atm.

L6L°F,

0.79609 g/ml.
0.79140

0.786714,

640 to 36.5% by Vol,

60°F,
54°F.

-1 °Fo

0.566 Btu/Lb,°F,
0.600 Btu/Lb,°F,

-274,700 Btu/Lb.Mol
-102,665 Btu/Lb.Mol
32.042

1.33118
1.32663

0.82 Cp
0.597 Cp
0.510 Cp




TABLE 1II-2-2

SPECIFICATIONS FOR METHAMOL

Purity, Minimum

Specific Gravity, Maximum, at 20°/20°C
25°/25°C

Acidity as Acetic Acid, Maximum
Acetone, Maximum

Alkalinity as Ammonia, Maximum
Distillation Range, Maximum
Non-volatile Matter, Maximum
Water, Maximum

Color, Maximum

Permanganate Time, Minimum
Carbonizable Substances,* Maximum

Chlcride
Sulfur
Appearance

Odor

Water Solubility

#Sulfuric Acid Wash Test

99+85% w

0,79268
0.7889

0.003%

0.003%

0.0003%

1.0°C including 64 .5%C.
0.0010 g/100 ml

0.1%

5 APHA

50 Minutes at 15°C.

50 APHA

Free of Turbidity in
Standard Chloride Test

Free of Discoloration in
Standard Sulfur Test

Clear and Free from
Suspended Matter

Characteristic, Free
from Foreign Odor, Non-
residual

No Turbidity After One
Hour at 25°C. when One
Volume of Methanol is
Diluted with Three Volumses
of Distilled Water




TABLE III-3
ENTHALPY AND PHYSICAL PROPERTIES OF OXYGEN (Gas) Op

Mol. wt = 32,000 d(1) = 71.2 1b/cu ft
bp=-297.L°F at =297.L°F
mp-¥-361.8°F* T, = =181.8°F

P, = 730.L psia

H® -H° °s Btu/lb
Btu/1b mole Fuia F
Temp. s
°F
32 3,)-110 6- 989
100 3,887 7,035
200 L5591 7.129
300 5,313 7.246
1,00 6,0L5 7.376
500 65790 7.5