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SUMMARY

This quarter the catalyst screening programs for Aerozine-50
reforming and N2O4 decomposition have continued. Four systems
are presently contemplated for Aerozine reforming. These systems
and the present hydrogen yield efficiencies for each are:

Low temperature decomposition = 17.6%.

)

) Medium temperature decomposition = 1.4%.

) High temperature steam reforming-single catalyst = 29.2%.

) High temperature steam reforming followed by NHa
decomposition and CO shift reaction = 55.0% (estimated).

iFour more catalysts active for the decomposition of Nz0, have
been uncovered. However, none showed much activity below 700°C.J
An accelerated screening program is outlined for this task.

Several catalysts active for the electro-oxidation of UDMH
have been tested. However, Rh is still the best overall catalyst.
Testing of this catalyst in a 3 x 3 in. cell definitely indicated
that a diffusion barrier will be required to prevent excessive
decomposition of the fuel on the electrode.

{An MRC carbon electrode with a higher than normal carbon

matrix density was tested with N2Os. The diffusion rate through
this electrode was not substantially reduced by this method. -
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I. INTRODUCTION

A. . BACKGROUND

This 1s the second quarterly report in the third_ stage of an
investigation whose objective is to develop a fuel cell .operating

on storable racket propellants as primary or secondary reactants.
Work oh the previous contract (NAS3-4175) largely concerned the
investigation of a number of possible systems and cell configura-
tions and culminated in the construction and long-term testing

of two cell types. One configuration used NpzH, dissolved 1n KOH
electrolyte as the fuel and gaseous Oz as the oxidizer. The
other system used NpH, dissolved in HzPO4 electrolyte as the

fuel and gaseous NpO4 as the oxidizer. DBoth systems were
developed to the point where System Designs were submitted to
NASA specifications {(ref. 1).

The present contract calls for the investigation and
development of cells operating on gaseous N20, and Aerozine-50 as
direct reactants, and for a reforming capability to use these
reactants to produce QOaz- and.Hz-rich feedstreams for fuel cells.
The construction and operation of working reformers and cells
are the objectives of this work.

B. PROGRAM ORGANIZATION

The project consists of three phases, tc be performed
roughly in series. The overall work plan shown in Figure 1
illustrates the major tasks to be performed. Detailled working
plans for Phase I have been developed and are illustrated in
Figure 2. There are three major tasks in this phase: reforming
of Aerozine-50, catalytic decomposition of N204, and electrode
development for direct reactant use. Each task has been further
broken down into subtasks which represent the actual work being
done to complete the task successfully.
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C. SCOPE OF THIS REPORT

This report covers work done on the subtasks listed
below.

Subtask

Number Description ' Work Status
1.1 Assemble Aerozine-50 Reformer complete
1.2 Run Initial Screening Tests 60% complete
.2.1 Assemble NpO4 Catalytic Reactor complete
2.2 Run Initial Screening Tests 40% complete
3.1 Cathode Optimization 50% complete

- 3.2 Develop Aerozine-50 Anode 50% complete
3.3 Design 1/3-ft2® Electrodes 90% complete
3.4 1/3 ft® Electrode Tests not started
‘3.5 Analytical Procedures {(NzO4) 75% complete
3.6 Analytical Procedures (Aerozine-50) 5C% complete




ITI. TASK I. AEROZINE-50 REFORMING STUDIES

A. BACKGROUND

The objective of the Aerozine-50 reforming studies 1is to
produce a hydrogen-rich feed stream suitable for use 1in a fuel
cell. The maximum amount of hydrogen will be produced from steam
reforming the Aerozine-50. Theoretically, 9.8 moles of Hp can be
derived from 100 grams of fuel plus 60 grams of steam. In prac-
tice side reactions and incomplete reactant use reduce yields by
various amounts depending on the catalyst and conditions.

The four systems listed below are under consideration at
this time. Each has certain advantages with respect to heat in-
puts required, hydrogen yields and efficiency, complexity and
reliability.

sttem 1: Low temperature decomposition of the fuel at 30
to 100°C in the 1liquid phase. Only the hydrazine component can
be decomposed, and the maximum Hy efficiency is 32%.

System 2: Medium temperature decomposition at 100 to 250°C
in the vapor state where the reaction might proceed faster. The
maximum efficiency is again 32%.

System 3: High temperature steam reforming from 300 to 500°C,
using a single catalyst and reactor. Depending on side reactions,
the possible efficiency is 100%.

System 4: High temperature steam reforming followed by reac-
tion Zones (or separate reactors) to decompose NHs and to convert
additional CO to maximize the Hr yileld. The maximum efficiency

is 100%.

The choice of system will depend not only on the actual Hz
efficiencies realized in the experimental work, but also on fac-
tors such as welght, volume, complexity, energy requirements, and
the end use requirements. As a start on acquiring some of this
information, heat balances have been worked out for each system
and are included in Appendix I. The experimental work in support
of each system is described in the following paragraphs.

B. LOW TEMPERATURE DECOMPOSITICN

The work done to date (and the pertinent literature) bears

(1) Only the NpHs fraction 1s decomposable in the temperature
: range considered.

(2) NzHs can decompose elther to Hz and Np or to NHz and Nz,



The extent of each reaction depends on the catalyst used.
NH5; formation can seriously limit the Hz yields.

The reactor system used to evaluate catalysts in this work
has been described in the First Quarterly Report (ref. 2).
Briefly, it consists of a reaction flask and a gas analysis train.
The fuel 1s added batchwise to the catalyst in the flask and gas
volumes are measured and analyzed by VPC after scrubbing out NHa.

All data on catalysts tested to date are included in Table 1.
Two catalysts showed sufficient promise to warrant consideration:
(1) a promoted Raney Ni-water slurry, and (2) Rh on various
supports. Although the Ni catalyst gave the highest conversion
to Ho (88% compared to 55% for a typical Rh catalyst) the slurry
form would be nearly impossible to use in a flow reactor system.
The best choice, then, 1s the Rh catalyst supported on alumina,

with which the Hs, efficiency obtained is 17.6% based on the total
Hz content of Aerozine-50, or 55% based on the decomposition of
the NoHs4 component alone.

C. MEDIUM TEMPERATURE DECOMPOSITION

The objective of this work is to improve the NzHy, decomp-
osition rate and efficlency by operating at higher temperatures
where the reactants are in the vapor phase. The tubular flow
reactor described in the First Quarterly Report (for steam
reforming) has been used to evaluate Pt, Pd, Rh, and Ni catalysts
at 10 psig from 100°C to 250°C on pure Aerozine-50 feed. The
results are presented in Table 2. No significant H, formation
was found with any catalyst above 140°C where only the vapor
phase exists in the reactor. At 100°C, where Aerozine-50 1s only
partially vaporized, some H, production was realized with a Pd
catalyst. These results seem to indicate that the vapor phase
reaction proceeds mainly to NHs on the catalysts tested. The Hs
conversion efficiency with the Pd catalyst was only 1.4%. Great
improvement is necessary for this system to be useful.

D. HIGH TEMPERATURE STEAM REFORMING OF UDMH

Steam reforming of UDMH was the subject of the maln invest-
igation under this task during the last quarter. This process
has the potential for the highest Hr yields. However, in the
temperature range considered (300° to 500°C), the thermodynamic
equllibrium predicts mainly CH4 and Np as reaction products.
Thus, the reaction kinetics must be adjusted by the use of
selective catalysts and proper conditions to promote the high
Ho-yielding reactions.

There are a large number of possible reactions with this
system. The most important now appear to be:

1. (CHs)2NNH; —> 2CHy4 + Np

2. (CHa)aNNHp—> 2C + 2NHs + Ho
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CHs)2NNH, —™ (CH3)2NH + l/}Ng + l/}NHg
3 2NNH2 — CQHG + 2/3N2 + 2/3NH3

(
(
(
(

)
CHgz)
CHs)2NNHz + 2Hp0 — 2C0 + 2NHz + 3Hp
CHs)2NNHp + 4Ho0 — 2C0> + 2NHs; + 5Hp
)

~N O U =W

(CHs) oNNH, + 4Hs0 — 2C0s + N» + 8Ha

Efficiencies in this section are reported as per cent of

maximum Hp avallable by reaction 7. Since only UDMH was fed to
the reactor in these tests, the Hp yield from NpH, decomposition

- must be added to these results to extrapolate to Aerozine-50

yields. Actual reforming runs on Aerozine-50 are reported in

a later section.

The tubular flow reactor, associated equipment, and operating
procedure used 1in this testing were described in the First
Quarterly Report. Data sheets on all runs made to date are
included in Appendix II. Details on operating parameters,
catalysts, analytical results, and calculated efficiencies and

material balances are included for each run.

The following products are listed in the reactor output:

UDMH, H0, NHs, dimethyl amine (DMA), Hp, Na, CH,, CO, COs, and
ethane. Where carbon depositlon is present the amounts are

indicated.

All components except Hz0, NHs, DMA, and carbon were deter-
mined by direct analysis of the output, using gas chromatography.
The water output was calculated from the difference between the
input Hz0 and the amount used to form CO, and COz. The NHs, DMA,
and carbon were determined by calculating mass balances :where
possible) of each individual element entering the reactor.
example of the calculations for one of the runs\}s given in Table 3.

Using this method, complete mass balances have been
The major criteria for determining the best catalyst and
conditions are described below.

1.

o

Ivdrogsen OQutput

~ 5T

+

:

Hydrogen output can be a maxlimum of 13.33 moles per
of UDMH input. This assumes that all the UDMH reacts to

An

obtained.

1C0 grams

H2,

N2:

and CO-. ‘he besi yleld obtained thus far is %.89 moles of Hp
per 100 grams of UDMH, with G-56B catalyst at 500°C and 50 psig,
or 29.2% of maximum hydrogen output. The hydrogen efficiency
should not be determined by total hydrogen input since the water
is present in excess (50%). The water-to-carbon ratio will be

varied in later tests.
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Table 3%

MATERIAL BALANCE EXAMPLE FOR UDMH STEAM REFORMING

Example:

G-56B Nickel Base Reforming Catalyst at 400°C, 50 psig

Input Conditions:

0.105 mole/hr UDMH, 0.823 mole/hr Hz0

Output Gas Composition (mole-%) after 1-1/2 hr: Ha, 50.8;
N2, 2.5; CHq, 18.6; CO, 0.3; COz, 27.6; ethane, 0.2.

Output Gas (mole/hr): 0.319
% UDMH Reacted:

Elemental Balances:

1. Carbon Input
Carbon Output

2. Nitrogen
. Nitrogen

5. Hydrogen
Hydrogen

By trial and
formed:

Hydrogen
Nitrogen

o4+

wilt
Input = 0.210
Output = 0.016
+ 0,004
= 0.020
with 0.190
Input = 0.840
+ 0,354
Output = 0.324
+ 0.237
+ 0.004
+ 0.016
= 0,581
with 0.613
error,
Output
Output =

Carbon Output

98.

2

0.210 g

atoms

0.150 from CHs4, COz, CO, and ethane
0.004 from UDMH
0.154 g atoms

0.056 g atoms unaccounted for

g atoms
from Nz

from UDMH

atoms
atoms

atoms
atoms
atoms
atoms
atoms
atoms
atoms
atoms

REEEREARRERE GER

unaccounted for

from
from
from
from
from
from

UDMH

Ho0 to form CO and CO2
Hao

CH4

CzHe

UDMH

unaccounted for

if 0.010 mole DMA and 0.180 mole NHa are

= 1.191 g atoms or 99.7% of input

]

0.210 g atoms or 100% of input

0.174 g atoms, leaving 0.036 g atoms for

carbon deposition on catalyst.

12




| . 2. Amount of CO Formed

| This factor 1is important since CO can be shifted to COg
‘ easily at low temperatures, producing more Hs.

3. Amount of NHs Formed

This is important since NHs can be decomposed to Ny and Hs
under the proper conditions.

L 4., Carbon Deposition

This process produces H, but 1s undesirable because the
catalyst will eventually lose its activity. This can be reduced
by higher water-to-carbon ratios and higher pressures. ’

We believe it will be possible to convert all materials
except CH4, ethane, and possibly dimethylamine to Ho using two
or three catalyst systems, thus greatly increasing the Hp
efficiency. (System 4). However, this would add weight to the
system and require different operating conditions (especially for
NHs decomposition). For these reasons our preferred goal is the
maximum Hpo output on a single pass through a single reactor
(System 3). Table 4 1lists the total Hp efficiency for each test
performed. Three values are shown corresponding to:

1. Actual experimental values of Hp efficiency.
2. Ho efficiency if CO 1s shifted to COz.

3. Ho efficiency if CO 1s shifted to COp; and 1f NHs is
decomposed.

The best actual efficiencies {26 to 30%! have been obtained

at 500°C, 50 psig, with a Ni-base catalyst Girdler G56B}, a Ni
: oxide catalyst (Girdler T-1144), and a Zn2 on alumina catalyst
; (Harshaw ZnO701). The best extrapolated efficiencies [45-55%)

\ for the system combining steam reforming with NHs decomposition
. and CO conversion occur at 400°C with the following catalysts:

(1) Girdler T-310, 10% nickel oxide on activated alumina

e A

Girdler Ni-base reforming catalyst

Canh
N
~-

) Girdler T-3%12 Ni and Cu oxides on alumina

= W

(
(4) Girdler T-1144, 50% nickel oxide

Table 5 shows the fraction of UDMH consumed by each of the
seven possible reaction paths (equations 1 through 7, for each
catalyst, as calculated from the observed products. The following
‘general conclusions can be drawn from these data:
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(1) All the catalysts cause NHs formation at 300 and 400°C.
The amount produced decreases as the temperature
increases; in some cases none is formed at 500°C with
the pressures used in this study. ‘

(2) Methane production increases with temperature and
pressure for most of the catalysts. The maximum found
was 60 to 70% of the UDMH reacting by this path,

(3) Carbon deposition occurs with many of the catalysts at
300 and 400°C. This reaction produces Hp, but is
undesirable because of eventual catalyst fouling.

(4) 1In some cases the direct formation of NHs from the
elements appears to have occurred to some extent.

E. STEAM REFORMING OF AEROZINE-50 AT HIGH TEMFERATURE

The two best UDMH steam reforming catalysts, Girdler G56B
and T-1144, were tested on Aerozine-50. The data sheets for
these tests are included in Appendix II and the results are
summarized in Table 6. Comparison of these results with the data
acquired with UDMH alone indicates that the fraction of UDMH
undergoing steam reforming is reduced ‘at 500°C), and the amount
of CH, formed and carbon deposited at 400°C has also increased
slightly. The net effect is a slightly reduced Hp efficiency
~from the steam reforming reaction. However, a significant
increase in NHs decomposition was found 24% for Girdler G56B
and 56% for T-1144), which tended to increase Hy yield. The
overall H, efficiency (including the NoH, component of the fuel)
was 27.0% for T-1144 at 500°C, 50 psig.

We feel the overall efficiency of the system can be improved
by optimization of the operating variables ! temperature, pressure,
input rates, and water excess amount used!. A mixed catalyst
system for both steam reforming and NHs dissociation woculd further
improve Hp production. However, a double zone reactor may be
necessary if different temperature or pressure conditionz are
required for these two processes,

F. WORK PLANS
(1) Finish the screening runs.

(a) Test molecular sieve {Norton-Zeclite) with 1% Ni + 1%
Rh for UDMH steam reforming.

(b) Test Harshaw Zn 0701 (10% ZnO on alumina) for Aerozine-5O
steam reforming.

(¢c) Test 5-15% Pd on alumina and silica gel for low
temperature decomposition.
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Optimize the low temperature system, and test the best
catalyst under the following conditions:

(a)
(p)

(e)

Flow rate varied by 3 g/hr from 7 to 16.

Temperature varied by 15°C from the best temperature
of screening.

Pressure varied by 10 psig upward until performance
deteriorates.

Conduct a five-day, long-term test of the best system.

Optimize Aerozine-50 steam reforming. Test the best catalyst
under the following conditions:

(a)
(b)

(c)

(d)

Flow rate varied by 5 g/hr from 10 to 30.

H20/C ratio varied from 2/1 to 6/1, or from
stoichiometric to 200% excess.

Temperature varied by 15°C from the best screening
result.

Pressure varied by 10 psig from the best screening
result,

Conduct a five-day test of optimized conditions.

Investigate NHs; decomposition systems.

{a)

(b)

Select three or four NHz decomposition catalysts and
try them {1) as intimate mixtures with reforming
catalyst and (2) as a separate zone |same temperature
and pressure).

If results not good 1n [a), set up separate reactor
and determine conditions required for decomposition,
and calculate efficiencies.

Run any further tests required to supply information needed
in choosing final system {Project Monitor;.

Start breadboard reactor design.
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ITTI. TASK II. DECOMPOSITION OF N-Og4

A.. BACKGROUND

The obJjective of this task 1s to decompose nitrogen tetroxide
to Nz and 0 by thermal and catalytic means to provide an oxygen-
rich stream for a fuel cell. The reactions for this decompositilon
and the present state-of-the-art were discussed in the First
Quarterly Report. The reactor system has been designed with this
information in mind, and tests made to date indicate that the
system performs satisfactorily for screening catalysts.

Each catalyst is packed in a 3/4 in. ID stalnless steel tube
to the depth of 12 in. The remainder of the tube is then fillled
with porcelain chips to provide preheating of the gas stream and
support for the catalyst bed. The test consists of installing
this packed tube 1n the system as shown in Figure 3, and heating
to four temperatures (200, 400, 600, and 800°C) while passing
Nz204. The time-delay tube operates at room temperature and per-
mits the slow recombination reaction of undecomposed NO with
oxygen to go to completion. The résulting NO, 1s frozen in the
cold trap using Dry Ice and Triclene. Only oxygen, nitrogen
and (in the case of some easlily oxldized catalystss nitric oxide
prass through the cold trap to be measured and analyzed by gas
chromatography.

The catalysts are held at each temperature for one hour while
the gas evolution rate 1s determined. 1If, at the end of this
period, the evolution rate is high enough to sweep out the
sampling manifold of the gas chromatograph, three or more samples
are analyzed. The tests on each catalyst usually require six to
seven hours to complete.

B. RESULTS AND DISCUSSION

Twenty-two catalysts have been screened since the last
Quarterly Report. Table 7 shows none of them has exhiblted
sufficient activity to be useful at temperatures below 750-800°C.
Detailed data on all catalysts tested this quarter are included
in Appendix III.

The screening tests have been performed using 20 grams per
hour of N,0O, feed. At this feed rate, 100% decomposition of
the N20O4 would yield 0.511 cu ft/hr of gas of the composition
66.6 mole % O, 33.% mole % N». The highest gas evolution rate
obtained tc date is 0.32 en ft/hr of a gas that approximates the
2:1-05:No mole ratio (see Test 77457-1, Table 7)yhich represents
a conversion efficlency of 62.6%. This was obtained using a 0.5%
platinum catalyst at 800°C. Extending testing of this catalyst
has not been performed since the operating temperature was guite
high. With other catalysts having some activity at 800°C, the
gas evolution rate 1s reduced by at least 50% when the temperature
is lowered to 700°C.
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In many cases the gas evolution rates cannot be directly in-
terpreted slince the gas composltion shifts durlng the test. More
extended tests will be performed on the most promising catalysts
after the screening program has been completed.

The noble metals have shown activlity for decomposing NzO4.
The extent of this activity appears to be related to the support
used or the method of application to the support. Tests 77433
and 77455 i1llustrate this behavior. In both tests, the actlve
material is platinum and the support is alumina. The catalysts were
prepared by different suppliers and the performance difference at
800°C is obvious.

The palladlum catalyst tested shows the same order of activity
at 800°C as the best platinum catalyst. Test 77441 indicates the
gas evolution rate change as the temperature is lowered. This
catalyst is active in the 750-800°C range, and 1s only mildly
active at 700°C. 'No activity is apparent at 650°C.

800° A(test of the rh§dium catalyst showed only mild activity at
00°C (see Test T7T7444).

The metals, nickel, copper, iron and silver, were tested.
Where the reduced metal was the active material on the support,
the metal was oxldized at 200 and 400°C by the N-0O, (see Tests
77429, 77437 and 77453). The gas evolved during this portion of
the tests was mostly nitrogen. The composition shifted gradually
to nitric oxide Jjust before the flow stopped, indicating the oxi-
dation of the catalyst was complete. Only trace amounts of oxygen
were found. At higher temperatures these catalysts exhibited
no activity for decomposing NoO4.

One of the catalysts, containing copper oxide on supported
alumina, was active for N0, decomposition ‘see Test 77461).
This catalyst, although not as active as platinum or palladium
catalysts, does not appear to have the great absorption for
oxygen that caused the delay in operation observed with the Pt and
Pd catalysts. The catalyst does display the typical decrease of
activity as the temperature 1s reduced from 800°C (see Tests
T7462-2 and 77462-3).

The acid zeolite and base-type materials exnlibited no ac-
tivity (see Tests 77426 and 77443). Some further work will be
done Dby incorporating metal cations with the zeolite type materials.



Speclal catalysts have been prepared and tested in an effort
to determine the nature of the decomposition reaction. In several
cases oxldation of the catalyst was experienced during the tests
and 1t was felt that 1f these metal oxldes could be decomposed
to liberate oxygen and the oxides reformed from the N0, stream,
an oxygen exchange system could be developed. With this in mind
silver catalysts were prepared along wlth amalgams of silver,
palladium, and platinum. It was hoped that the amalgams would
reduce the decomposition temperature of the oxides of platinum
and palladium. These speclal catalysts exhlibited only limilted
actlvity for the decomposition of N»0O, (see Tests 77441, 77445,
TTHYT and TT437).

Several tests have been made using small additions of water
to the feed stream to determine the effect on the activity of the
catalyst. The method chosen tec introduce the water has been to
saturate a stream of inert gas, argon and helium, with water and
inject thils stream at the base of the reactor tube., Several diffi-
culties were encountered because of the high solubillity of N,-04
in water. After these were corrected, runs 77457-1 through
77T457-4 were made. The reactor was operated with a catalyst that
had measured activity (in this case catalyst II-077 was used) until
a steady state gas evolutlon rate was obtained. At this time
the stream of water-saturated argon or helium was started at a
rate calculated to add 0.1 to 0.5% water to the N-O4, input. In
both tests 77457-2 and 77457-4, the corrected gas evolution rate
was lower than the measured rate taken just before the water was
added. These results do not appear conclusive since the residence
time for the system was changed considerably by adding the inert
gases.

To check this technique more thoroughly, a microsyringe will
be installed in the system, which will deliver 0.2 ml per hour
of water to the lnput stream without adding “he large volume of
carrier gas used 1n previous experlments.

C. FUTURE PLANS

Since none of the catalysts tested to date have exhibited
sufficlent activity to be useful at lower temperatures, it was
felt that a large number of new catalysts should be screened in
the near future. A new four-reactor system has been designed
(see Figure 4) and parts have been ordered to builld i1t. When
complete, the system will be operated on a 24-hour/day schedule
using a temperature program from 200 to 800°C with automatic
equipment to record the data. It 1s planned that four catalysts
will be tested per day with enough time left during working hours
to check the performance of the ones that exhibit the highest
activity. Three weeks will be required to install this new
system and check 1ts operation.
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Several new catalysts have been prepared that have higher
concentrations of the active materials found most satisfactory
in the screening tests. Since 0.5% palladium-on-alumina has
shown activity, two new catalysts have been brepared that have
5.0% palladium on both alumina and on silica. These were made
by soaking the support materials 1n palladium chloride solution
of known concentration, drying them, and then reducing them with
hydrogen at elevated temperature for several hours. A catalyst
containing 15% palladium-on-alumina is now being prepared in this
manner. Catalysts with 5 and 15% platinum will also be made
within the next week.

Catalysts will also be made up using Fep0s, Bi,03, MnOs, CuO,
CaC0s, and activated carbon in various ratios as suggested by
J. Zawadzkl (ref. 3). These are ammonia oxidation catalysts
that may also have activity for decomposing oxides of nitrogen at
lower temperatures.

Several new catalysts will be made using precipitated silica
gel to support reduced copper, copper-silver, and copper-gold
alloys. These materials will also be deposited on alumina-silicate
cracking catalyst support. '

Another approach to testing basic type catalysts (CaQ and
MgO) will be made by heating the reactor to above the decomposition
temperature of the nitrates of Ca and Mg. The temperature will
then be reduced after the N,0, feed is started.
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IV. TASK III. DIRECT REACTANT USE

A. SUBTASK 3.1. CATHODE OPTIMIZATION

1. Background

The requirements for a good N;O, cathode are as follows:

(a) High electrochemical activity at as high a potential
as possilble.

(b) Good coulombic efficiencies on a single pass of reac-
tant through the electrode chamber.

(c) Reproducible and predictable diffusion rates of NpO4
through the electrode plus a method of controlling
diffusion rates.

(d) A water back-diffusion rate less than or egual to
stoichiometric water production.

Work on the previous contract (NAS3-4571) sufficiently
covered the first requirement: the MRD carbon electrode has
adequate polarization characteristics for this application. Work
on the current contract has shown that coulombilc efficiencles
can be improved by proper manifold design aimed at reducing flow
rates. This work 1s described 1n the First Quarterly Report.
There 1s another area in which coulomblc efficiencies can be
improved. At present, the reaction product of the cathode reac-
tion is NO:

NoO, + 4HT + le™ = 2NO + 2H»0
If the reactlion can be made to proceed as:
NoOs + 8HT + 8e~ = Np + 4Ho0

twice as many amp-hours/g of Nz;04 are theoretically possible.
This calls for a catalyst screening program with the objective
of promoting the second reaction.

The N0, diffusion rate through the electrode is lmportant
because any excess NzO4 above the electrochemical requirements
can dissolve in the electrolyte with deleterious effects on
efficiency. Two approaches are possible. One method is to
control the amount diffusing to that required to maintain the
electrochemical reaction. This will require knowledge of the
factors affecting diffusion through the electrode and a program
has begun to acquire this knowledge. Both temperature and
pressure are "external' parameters that can 1nfluence the
diffusion rate. There are also the "internal" parameters of

J1



electrode porosity and compositlion. The objective of this work
is to 1limit the diffusion of N0, through the electrode so that
electrolyte contamlnation on open circult is minimized and to
match diffusion to cell current demand by metering the flow and
controlling the N 04 pressure. The equipment necessary to achileve
this will have to be temperature compensated, since diffusion
will be temperature dependent. Finally, since multicell modules
will eventually be involved, and control of total N;O4 pressure
to the module is certainly preferred over control of the supply
to individual cells, the diffusion rate through individual
electrodes must be reasonably reproducible from electrode to
electrode, All these factors must be included in the program.

The second method of attack 1nvolves developlng a hydrogen
anode that can tolerate substantial quantities of nitric-nitrous
acid in the electrolyte. A NpH, anode would be less efficlent
because of the formation of hydrazine-nitrate salts. The Hz would
be produced from Aerozine-50 by steam reforming or low temperature
decomposition. The cathode can operate either as a flow-through
solution electrode with the N-0O, dissolved in the electrolyte
(a free electrolyte cell) or as a gas electrode operating on NzO4
in a contained electrolyte cell. In either case, diffusion control
1s not necessary. Thls system 1s also attractive because con-
tamination of electrolyte at the anode by UDMH or 1ts reactilon
products 1s elimlnated.

The back diffusion of HpO vapor through the cathode 1s im-
portant in maintaining water balance in an operating module. In
contained electrolyte cells operating on gaseous reactants,
this is the only method that can be used. In other cell types, 1if
all the water produced can be elimlinated by thls route, no
auxiliaries (1ncluding phase separation devices) are required. Thus,
the water transport properties of the electrode must be determined.

2. Results

Work during the last quarter centered on two aspects: (1)
the analytical method used to determine nitrites and nitrates in
the electrolyte, and (2) the effect of carbon density and screen
mesh silze on electrode performance. A new analytilcal method
has been developed for this work and the detaills are presented
in Appendix IV. A series of cathodes with thicknesses varylng
from 0.025 in. to 0,030 1in. and carbon matrix densitles from
0.59 to 0.70 %/cc were made using stainless steel screens of
30, 20, and 16 mesh. The higher density cathodes were cold
rolled in the uncured (wet) state. Additional densification
will be realized by cold pressing after curing. All electrodes
will be screened in the diffusion cell described in the First
Quarterly Report, and electrochemical performance will be deter-
mined in the H,/N-0, 3 x 3 in. cell also described in the
referenced report. One electrode has been so tested and the re-
sults are presented 1in Figure 5 and Table 8. This electrode
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Table 8

Nz0, DIFFUSION THROUGH ELECTRODE 72493

Electrolyte: 5M HzPO4
N20. Flow Rate Through Cell: 1.6-2.0 g/min

Temp, N204 Pressure, Diffuslon Rate,
°C in. Ho0 gauge g No04/hr/cm?
26 5.4 0.256
26 0] 0.123
60 5.4 0.341
60 0 0.287
90 5.4 0.276
90 0 0.207

Stoichiometric Requilrement:
100 ma/cm®: 0.089 g N20s/hr/cm®

200 ma/cm®: 0.178 g N204/hr/cm”

pL




had the highest carbon density, but even so, the diffusion rate
was 2-3 times the stoichiometric requirement for 100 ma/sq cm
over the temperature range of 30-90°C. The polarization charac-
teristics are deemed adequate for this service.

3. Work Plans

(1) Fabricate test electrodes:
(a) Various densities and screen sizes (completed).
(v) Higher and lower carbon/Teflon ratios.

(¢) Diffusion barriers: sprayed Teflon, precipited
MnPO4 *Hz0, Kel-F oil.

(d) Four different carbon types.

(2) Determine N-0O, diffusion rates on above electrodes as a
function of pressure and temperature. Check out and
standardize ultraviolet absorption analytical method.

(3) Determine polarization characteristics of above electrodes
in a 3 x 3 cell quick testing.

(4) Set up and test Hp/N-0, contained electrolyte cell and
Hz /HNO3-HNOz (dissolved N»O,) free electrolyte cell using
double MRD-Pt electrode for anode. Determine if H, anode
will run for long periods without degradation, steady state
coulombic efficlencies.

(5) Fabricate electrodes with different catalysts: Rh, Au, Ag,
Ir, Ru, Pd, borides, silicides, NHs oxidation catalysts,
Agos0- AgSO4.

(6) Set up test apparatus to determline NyO4 reduction products
from 3 x 3 cell. . Check out and debug. Determlne presence
of No and/or N:O.

(7) Run electrodes made in (5) in apparatus (6). Check for re-
duction below NO by detecting N, or N-O in product stream.
Include evaluation of the effect of FeSO4 in electrolyte
(complex NO and hold for reaction).

(8) Run H,O vapor back diffusion determinations on one or two
of the most promising cathodes from above. Set up 3 x 3
cell with wet and dry bulb thermometers in outlet stream,
run dry N» at a constant flow high enough to insure non-
saturation.
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B. SUBTASK 3.2. AEROZINE-50 ANODE DEVELOPMENT

1. Background

" The objectives of this task are to develop an electrode that
wlll operate on Aerozlne-50 as a direct electrochemical fuel with:

(a) High electrochemical activity and little polarization.

(b) High coulombic efficiencies with a single pass of
reactant through the electrode chamber.

(c) Little or no contamination of the electrolyte from
unreacted fuel or from products of the reaction.

The first requilrement dictated a catalyst selective for the
reactions 1involved in the electro-oxidation of the components
of the fuel. A catalyst screening program has been in progress
to determine the activity of both UDMH and Aerozine-50 on a variety
of prospective catalysts.

The achievement of the second objective hinges on two factors:

(a) Minimization of the catalytic decomposition of NpHa
on the electrode which causes a loss of fuel effilciency.

(b) Maximization of the ampere-hours output per gram of fuel.

The catalytlc decomposition problem 1s susceptible to solution

by electrode design; that 1is, by preventing direct contact of the
catalytic surface of the electrode with large volumes of fuel.
The coulombic capacity of the fuel can be greatly 1lncreased if
some portion of the UDMH fraction can be utllized:

1.67 amp-hr/g of Aerozine-50 if only NoH, is utilized

2.12 amp-hr/g of Aerozine-50 if NpH, 1s utilized and UDMH is
utllized in a 2e~ oxldation

3.00 amp-hr/g of Aerozine-50 if NoH, 1is utilized and
UDMH is utilized in a 6e- oxidation

However, the desirability of promoting the electro-oxidation of
UDMH depends on whether the reaction products are deleterious
or difflcult to accommodate in operating cells. Thus, the
catalyst screenlng program has dual objectives:

(a) To find a catalyst that will electro-oxidize both
UDMH and NzH4 at a reasonably good mixed potential.

(b) To find a catalyst that will electro-oxidize NaoHa
efficlently but that 1s inert with respect to UDMH.
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Promising catalysts uncovered in the screening program must
be further characterized in larger cells 1In order to determine
fuel coulomblc efficiencies, long-term electrode performance,
and the nature of the reaction products. In this testing
various methods of reducling self decomposition of the fuel will
be evaluated. Flnal definitlve testing of theé most promising
electrodes developed will be accomplished in 1/3 sq ft cells
In which fuel distribution and product removal systems, electrode
support, and cell configuration parameters willl be investigated.

2. Catalyst Screening Program

a. Experimental

The 1.3 sq c¢m cell and assoclated equipment used in this
testing has been described in detaill in our First Quarterly Report
(ref. 2). Briefly, the fuel is dissolved in the electrolyte,
which 1s pumped across the face of the electrode. Thils arrangement

‘prevents the collection of gas bubbles on the electrode surface
and reduces concentration polarization. IR-free potentials are
determined with a Kordesch-Marko bridge. Thils method allows the
true actlivity of the electrode to be determined free from
diffusional effects and other physical limitations.

The catalyst powders are elther commerclally availlable or
are made in-house by borohydride reduction of metal salts in
solution. The latter process produces powders with very small
particle size and high surface areas; they generally possess
high catalytic activity. Test electrodes are made by 1incorporating
the catalyst powders into MRD-type electrodes supported on Pt
screen.

b. Results and Discussion

Thirteen catalysts were reported in the First Quarterly Report.
The two that showed the best activity on UDMH fuel were Rh powder
(Engelhard) and a proprietary MRC quaternary noble metal alloy
catalyst (both gave 0.56 v vs. SHE at 100 ma/sq cm and 60°C).
The best catalyst 1in short-term testing on Aerozine-50 fuel was
the same Rh powder (0.13 v vs. SHE, 100 ma/sq cm, 60°C).

This quarter, 17 new catalysts have been evaluated and several
of the original 13 have been retested on Aerozine-50. The results
of these tests are presented in Table 9. Two new catalysts that
performed as well as Rh on UDMH fuel were Ru-Rh alloys {50-50
and 75-25% composltion by weight); they ylelded 0.54% v vs. SHE
at 100 ma/sq cm, 60°C. 'T'hese cailalysts alsc were active on
Aerozine-50 (0.06 v vs. SHE, 100 ma/sq cm, 60°C). Ru, Ir, NisB,
Ru-Rh (25-75), and a proprietary five-component alloy (electrode
77628) all showed relatively poor activity on UDMH, and fair
to good activity on Aerozine-50, making them candlidates for the
. second objective of the screening program discussed above. The
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Tgble 9

AEROZINE-50 ELECTRODE CATALYST TEST RESULTS

Temperature: 60°C
Electrolyte: 5M HsPO,

Fuel: 3M in all cases, dissolved 1in electrolyte
Electrodes: Catalyst/Teflon mixtures cured on Pt

Screen, MRC laboratory made catalysts
made by borohydride reduction of salts

Electrode Potential (volts)

vs SHE at Indicated

Electrode Current Density, ma/cm?
Code Catalyst Description Fuel [¢] 100 150 200
50-67226 Rh (Engelhard) - Standard Catalyst UDMH 0.34 0.51 0.55 ' 0.59 0.63

A-50 0.00 0.04 0.08 0.09 0.12
‘71221-1 Ru (MRC laboratory made) UDMH 0.39 0.59 0.69 0.77 0.7n
A-50 0.05 0.08 0.11 0.13 C.1l-
71221-3 Rh (MRC laboratory made) UDMH 0.46 0.52 0.59 0.62 0.65
A-50 0.09 0.12 0.15 0©.16 0.16
71221-6 Ru-Rh (25-75) Alloy Catalyst (MRC made) UDMH 0.51 0.57 0.64 0.72 0.77
A-50 0.09 0.11 0.12 0.13 0.14
71221-7 Ru-Rh (50-50) Alloy Catalyst (MRC made ) UDMH 0.35 0.47 0.5% 0.57 0.61
A-5C 0.0 0.05 0.06 0.07 0.08
71221-8 Ru-Rh (75/251 Allcy Catalyst MRC made ) UDMH 0.33 0.47 0.5% 0.60 0.64
’ A-5GC 0,08 0,05 0.06  0.06 0.07
71221-2 Ir (MRC labcratory made) UDMH 0.3 0.74 0.84 0.95 1.0C
A-5C 0.08 0.14 0.20 0.26 0.30
71221-4 0s (MRC laboratory made) UDMH Q.u2 No Activity
A-50 0.0k No Activity
71221-5 Mc (MRC laboratory made) UDMH 0.41 No Activity
A-K0 0.11 No Activity
71221-9 Au (MRC laboratory made) UDMH 0.19 No Activity
A-50 0.11 No Activity
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Table 9 (Continued)
i ﬁxqctrode Potential (volts)
vs SHE at Indicated
Electrode . Current Density, .ma/cm
_Code Catalyst Description Fuel 0 50 100 150 200
56838 MRC Chelate Catalyst on Carbon Substrate UDMH No Activity
A-50 0.33 0.57 0.65 -
68729-3 Raney Nickel on Carbon on SS Screen UDMH 0.35 No Activity
A-50 0.13 No Activity
73233-29 .Ni12B Catalyst UDMH No Activity
A-50 -0,02 0.25 0.29 0.30 0.30
|
I .
73233-1a CozB Catalyst UDMH 0.36 0.58 0.87 -
: : A-50 -0.05 0.46 0.50 0.58 0.66
77628 5-Component Precious Metal Alloy UDMH 0.53 0.69 0.78 -
Proprietary Catalyst on Carbon A<50 0.09 0.17 0.20 0.21 0.23
77605 Pt-1% Mo Alloy Catalyst (MRC made) UDMH 0.53 0.75 0.3k
A~50 0.25 0.33 .40 O.44 C.49
7044g-52 Pt-Rh (90-10) Alloy (MRC made) UDMH 0.55 0.69 0.7%
A-50 0.21 0.38 0.50 C.B% 0.60
|
i 73354-9 5-Component Precious Metal Alloy UDMH 0.47 0.55 0.961 0 0.§6
| _and  -10 Proprietary Catalyst UDMH o43  0.61 0.64 C.65  0.64
73354-6 4-Component Precious Metal Alloy UDMH 0.45 0.63 0.64 0.65 C.ol
and -7 Proprietary catalyst UDMH 0.41 0.62 0.63 0.62 0.63
and -8 UDMH  0.41 0.62 0.67 ©.£9  C.71
733544 Pt -Ru {30-70C) Alloy {MRC made) UDMH 0.36  0.57 0.¢ QU7 2.81
77604 -1 5-Component Precious Metal Alloy UDMH 0.41 0.58 0.71 Looi CLES
and -2 Proprietary Catalysts UDMH 0.45 0.61 0.62 0.A3 (.64
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best of these at this time appears to be Ru (0.69 v with UDMH,
0.11 v on Aerozine-50, both vs. SHE at 100 ma/sq cm, 60°C). All
five catalysts are worth following up for this application.

3, Characterization of Rh Electrodes

a. Experimental

In order to characterize promising electrodes by determining
fuel coulombic efficiencies and long-term electrode performance,
a test stand and 3 x 3 in. cell configuration were designed, con-
structed, and tested this quarter. The object of these designs
was to trap and measure off-gases from the electrode reactlons.
Analysis of these gases 1s a preferred method of determining fuel
efficlency. The reactions that can occur with the hydrazine com-
ponent are:

Catalytic decomposition: NpHs —> N + 2H» (8)
Electro-oxidation: NoHy —> No + YHT + le- (9)

The only likely reaction that might upset thils analysis 1s the
decomposition to ammonla:

3NoH, —> 4NHas + No (10)

The extent of this reaction can be determined by checking Hp/Np
ratios in the off-gases from open circuilt testing; substantial
excursions from a 2:1 ratio will indicate that reaction 10 is

a significant factor.

The reactions of UDMH are more complex, with many more
products involved (ref. 4). However, N, is the only gaseous
product likely to be formed. In addition, our work on low-
temperature decompositlon of Aerozine-50 shows UDMH self-
decomposition is nonexlstent at temperatures of interest in
this work. Thus, the participation of UDMH in the anodic reac-
tion will be indicated by the volume of Nz produced per ampere-hour
of cell electrical output.

Calculation details on the effect of UDMH on the volume of Na
produced per Ampere-hour are included in Appendix V. 1In general
this factor will be a maximum at 7.4 x 10™3 f£t3 of Nz/Ampere-hour.
This will occur only when NgzHs 1s the sole reactant at the electrode
(UDMH an inert diluent), oxidizing as indicated by reaction 9. The
participation of UDMH in the electrooxidation 1n any mode will de-
crease this factor. Thus values substantially below 7.4 x 107° are a
strong indication of UDMH reaction. 1In practice i1t 1s necessary to
account for Nz produced by catalytic decomposition of Nz2Hs 1n calcu-
lating the factor. Thls can be accomplished by analyzing the off
gases for Hz and back calculating and subtracting the corresponding
amount of N using equation (8
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The Aerozine-50/0- acid electrolyte cell design used to con-
duct these tests is shown 1n Figure 6. This is a free electrolyte
cell with the electrolyte pumped across the anode surface. An
ion exchange membrane (Ionics Inc. cation exchange membrane
61A71-183%) 1is used to prevent Oz from the cathode entering the
electrolyte, and to prevent exit of anode gases through the cathode.

The test stand used wlth this cell is shown in Figure 7. Pro-
vision is made for trapping anode off-gases whether from the fuel
side of the electrode or from the electrolyte itself. The gas volume
can be measured accurately with a Wet Test meter and analytical
samples taken for VPC analysis. A controlled power supply and
assoclated equipment 1s used to determine electrode performance
and ampere-hour output.

b. Results and Discusslon

Two electrodes contalning Rh catalysts (Engelhard) have been
tested to date. The first was a standard MRD Rh/Teflon electrode
supported on a Pt screen. Catalyst loading was 0.3 g of Rh/in.2,
and no provision was made to limit the contact of fuel wilth the
catalytic surface. Pure Aerozine-50 was pumped to the anode
chamber at a rate of 19 g/min. The self-decomposltion rate of this
electrode (measured on open circuit) was extremely high; at 40°C
the gas evolution rate was 2.5 ft3/hour. The reaction is exothermic,
and enough heat was generated in this test to raise the cell tem-
perature sharply. The electrode was apparently damaged by the
high temperature and subsequently leaked electrolyte badly. Thus,
the electrochemical performance could not be determined on pure
Aerozine-50. The catalytic actlivity of the electrode was reduced
as shown by the results with the fuel dissolved in the electrolyte
(0.43 v vs. SHE at 100 ma/sq cm, 60°C). This test decisively
demonstrated the necessity of limlting the gross contact of the
fuel with the catalytilc surface by lncorporation of suitable dif-
fusion barriers.

The second anode tested consisted of an MRD Rh electrode, with
the same catalyst loading as the electrode previously described,
in conjunction with a MRD carbon electrode, 0.020 in. thick, with
the carbon side toward the fuel and the catalytic side toward the
electrolyte. The MRD carbon electrodes have been shown to be
capillary membranes (passing vapors only). Thus, this electrode
served as a vapor diffusion membrane 1n this test. The self-
decomposition rate of Aerozine-50 on this clectrode was determined
as function of temperature as shown in Pigure 8. At 40°C, the gas
evolution rate on open circuit measured 4.4 x 10-2 ft3/hour, nearly
two orders-of-magnitude helow the rate found with the unprotected
electrode. Duplicate VPC analysls on gas samples {taken during
the 55°C test) showed a Hy/Np ratio of 1.8/1, close enough to the
theoretical 2.0 to indicate 1ittle NHs formation.
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Polarization characteristics were determined as a function
of temperature as shown 1iIn Figure 9. The results are generally
indicative of diffusion limitations. Tests at 55°C indicated the
limiting current density with this electrode is 10 to 15 ma/sq cm.
The results of a two-hour run at 55°C, 50 ma/sq cm, are given
in Table 10. Several concluslons can be drawn from these test
results:

(1) The fuel diffusion rate through the carbon electrode
is not sufficilent to support 50 ma/sq cm. Future
electrodes must provide more diffusion, but this will
probably cause some increase 1n the self-decomposition
rate.

(2) The self-decomposition rate was greatly reduced during
this test. This 1s most likely due to the low concen-
tration of NsH4 at the electrode surface because of

limited diffusion and the competing electrochemical
reaction.

(3) The change in N> volume per ampere-hour factor from
the first hour of test to the second hour indicates
a change in the dominant reaction at the electrode.
This conclusion is supported by the change also observed
In the electrode potential. However, the possible
deleterious effects of reaction products has not been
established in thils test because of the poor diffusion
characteristics.

4, Future Plans

(1) Test different diffusion barriers with Rh electrodes:

more porous carbon, stainless steel plaque, silica-gel/
Teflon membranes. ’

(2) Run long-term test on Rh: determine if UDMH active
and if products can be tolerated.

(3) Fabricate and test electrodes made with catalysts
not active on UDMH but which worked well with Aerozine-50.

(4) Evaluate results after above tests complete: if not
satisfactory, start catalyst screening program again
to discover new catalysts worthy of test, retest same in
2 x 3 cell.

Select best 1 or 2 electrodes, fabricate 7' x 7" elec-
trodes and run tests in 1/3 ft2 cells. Check etticiency
and performance, determine proper fuel manifold geometry,
test both contalned and free electrolyte cell configuration.

—~~
U1
~—
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Table 10
TWO-HOUR RUN OF Rh/C ANODE

Fuel: Aerozine-50 pumped to
electrode at 19 g/min
Electrolyte: 5M H3PO4é pumped through cell
Current Drain: 50 ma/cm
Temperature : 55°C
Cumulative
Time, Potentlal vs SHE, Gas Vo%ume,
hours volt ft
0 -0.02 0
0.25 0.37 0.0072
0.5 0.35 0.0118
1.0 0.37 0.0185
1.5 O0.47 0.0258
2.0 0.53 0.0280

Gas Sample VPC Analysis: Ha, 3.7%
Nz, 96.3%

Calculated Nz Volume Factor:

First hour of test, 5.9 x 10™2 £t3/amp-hour
Second hour of test, 3.2 x 1073 ft3/amp-hour
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C. SUBTASK 3.2 DESIGN AND TEST 1/3-FT® ELECTRODES

1. Background

The contract work statement requires definitive electrode
testing to be performed in 1/3-ft® half cells, with ultimate
testing of all reactants of interest (including reformer products)
in this size cell. 1Initial screening programs are being carried
out in smaller cell sizes, but final testing of all promising
developments will be performed in the larger cells. The cell
frames and holders have been desligned and four sets ordered.

The manifold geometry has been approved by the Project Monitor
‘and three flow plate thicknesses have been ordered. The first
work wlth these cells will be to determine the effect of flow
plate geometry and thickness on the coulombic efficiency of the
N-O4 electrode. Previous work has shown the 1mportance of gas
Reynolds number on performance of these electrodes. Similar
studles will be carried out with Aerozine-50. Finally, half

cells operating on all reactants of lnterest will be demonstrated
in this configuration.

2. Work Plan

(a) Deslign and construct test stands including control and
analytical equilpment.

(b) Fabricate N-O, electrodes to be tested (2 or 3 most
promising from initial program) and determine optimum
operating parameters:

Reactant flow rate
Temperature (40-100°C)
Reactant pressures
Three manifold plates

Measure: >
Coulombic efficiencles at 100 ma/cm
Polarization characteristic 50-200 ma/cm®
Electrolyte contamination

In addition, measure HsO back diffuslon at temperatures
- 40-100°C with Nge equivalent to flow rates used.

(c) Fabricate Aerozine-50 anodes to be tested (2 or 3 most

promising); determine optimum operating parameters
(flow rates, temperature, pressure, manifold plates).
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(a)

(e)

Fabricate electrodes and run 1nitlial tests for fol-
lowlng reactants:

(1) O + N in 2:1 mole ratlo (simulated N»04 reformer
stream) on Pt MRD laminar electrode.

(2) Hyo + COz + CO in ratios as determined from steam
reforming data, on best catalyst found in
dirty hydrogen work on another contract (ref. 5).

(3) Hp from decomposition of Aerozine-50 (Ho + N5 in
2:1 mole ratio + UDMH at partlal pressure = vapor
pressure of UDMH at decomposition temperature),
on Pt MRD electrode.

Depending on results in 3 x 3 cell testing: construct
one full cell (either contained or free electrolyte)

operating on Hp and NzO {gas or dissolved 1n electrolyte).

Determine coulombic efficiency over long-term run. Deter-
mine optimum operating parameters.
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APPENDIX I

HEAT BALANCES FOR AEROZINE-50 REFORMING SYSTEMS

In the following discussion and tables heats of reaction and
heats for raising and lowering the temperature of reactants and
products are given in kilocalories (Kcal). A positive sign indi-
cates that external heat is needed to maintain the temperature of

the system, and a negative sign indicates the system must reject
waste heat.

SYSTEM 1

Only NzH4 decomposes to Hs, No and NHz. Table 1 shows the
total heat balance at 25°C for NoHa decomposing in various ratios
of NHz and Hz formation for 100 g Aerozine-50 input.

Table A-1

HEAT BALANCE FOR SYSTEM 1 AT 25°C,
BASIS 100 G AEROZINE-50

% NoHg % NoHa Total System
Decomposing Decomposing Heat Balance,
to NHg to Ho Kcal
70 30 -35.71
40 60 -28.48
10 90 -21.33

Reactions: a. NzHe(4)—> Nalg) + 2Ha(g)
AH = -12.05 Kcal
b. NzHs(g)—> 4/3 NHa(g) + 1/3 Na(g)
AH = -27.50 Kcal
This indicates that effective cooling is needed to maintain
temperature. Higher temperatures such as 60°C may be preferable

Since the fuel cell would probably operate at this temperature
and the UDMH portion of the fuel could be used as a heat absorber.
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SYSTEM 2

At temperatures of 100°C to 250°C, significant decomposition

of UDMH t¢ CH; and Nz tTakes place. This adds more exothermic
heat, which must be rejected. The reactions are:

AH AH AH .

at 100°C at 175°C at 250°C

as Liquid, as Vapor, as Vapor,

Kcal Kcal Kcal
a. NzHs(4)—> N + 2Hz -12.79
b. NzHs(g)—> N2 + 2Hz -21.79 -21.31
c. N2H4(z)——> 4/3 NHs + 1/3 N» -28.63
d. NzHs(g)—> 4/3 NHs + 1/3 Nz -37.92 _37.67
e. UDMH(#)—> 2CH4 + N> -48.53
f. UDMH(g)——> 2CHs + No -54.01 -54.16

Table A-2 shows the overall heat balance for this system,
assuming reactants are heated to operating temperature and prod-
ucts are cooled to 100°C. The basis 1s 100 g of Aerozine-50.

Table A-2

HEAT BALANCE FOR SYSTEM 2 AT 100°C, 175°C, AND 250°C
FOR 100 G AEROZINE-50 INPUT

Total Heat

Temp, % NzHs to % NoHs to % UDMH to Balance,
°C 4L/% NHs + 1/3 N 2Ho + N»o 2CHs + No Kcal

100 70 30 5 -33.95

40 60 5 -26.53

10 90 5 -19.11

175 70 30 20 -39,02

40 60 20 -31.70

10 90 20 24 .41

250 70 30 50 -50.29

Lo 60 50 -43,09

10 90 50 -35.85
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SYSTEMS 3 AND 4

Systems 3 and 4 include a variety of reactions. Those easiest
to work from and having a basis in experimental fact are:

AH AH
at 400°C, at 500°C,
Kcal Kecal

a. UDMH(g) — 2CHs + N> -52.40 -50.82
b. UDMH(g) (CHs)oNH + 1/3 Nz + 1/3 NHs -29.66 -29.12
3. UDMH(g) + 2Ho0 —> 2CO + 2NHs + 3Hz 2k, 56 26.06
d. UDMH(g) + 4H,0—> 2C02 + 2NHs + 5Ho 9.88 13,52
e. N2H4(g)——> 4/% NHs + 1/3 N2 ~-36.87 -36.36
f. CO + Ho0—> COz + H» - 7.34 - 6.27
g. NHz—> 3/2 Hp + 1/2 N 12,46 12.47

Table A-3 gives the heat balances under different conditions
for Systems 3 and 4. System 4 converts all CO and NHs from Sys-
tem 1 to Ho and No.

All reactants are heated from 25°C to operating temperature,
and products are cooled to 100°C, including the heat of condensa-
tion of unreacted HO0.

Table A-3

HEAT BALANCES FOR SYSTEMS 3 AND 4 AT 400°C and 500°C ASSUMING
100 @ AEROZINE-50 AND 50% H-0 EXCESS

Heat Heat
Balance Balance
Temp, % NoHs % NoHa % UDMH by reactions  System 3, System 4,
fo NHs tc Ho a2 b _e¢ _4 dte Kcal __Keal
400 100 0 5 50 5 40 0 -22.68 10.48
400 50 . 50 5 50 b 40 0 - S5.71 - 10.48
500 100 50 60 0 2 20 18 -31.13 - 4,47
500 50 50 60 0 2 20 18 -18.16 - 4.4
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Thus, under reaction conditions assumed for System 3 at 400°C
and 500°C, significant excess heat is present when NsHs produces
NHa only. About 50% less heat is present when 50% of NaHs is pro-
ducing Hz. This heat would probably be needed to maintain temper-
ature from heat radiation losses.

System 4 will need external heating at 400°C, but will be
close to a balance at 500°C. Thus, a much higher Ho efficilency
must be realized from this system to supplant needed external
power.
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APPENDIX ITA

UDMH STEAM REFORMING DATA
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UDMH STEAM REFORMING DATA SHEET

Catalyst Norton Zeolite (cation Temperature, °C 300

type )
Pressure, psig 50 Gas Volume Rate, 1/hr

Moles Gas Produced/Hr '% UDMH Used '_39.l

' uDmMH HeO Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6,465 15.08 21.55
Feed Composition, mole/hr 0,1078 0.838 0.946

Total Output Composition, mole-%: UDMH H20

N=2Hy NHs Dimethylamine Ho
No CH4 co _ CO2
Ethane Other

OQutput Gas Composition:
(not including UDMH, H>0, NzHsi, NHs or Amines)

Hp Nz CHy4 co CO» Ethane
45 minutes:
1-1/2 hour:
% Hz0 Used: % Reforming to COgz: % to CO:
Moles NHs Formed/hr: calculated
to complete
Moles Dimethylamine Formed/hr: mass balance

g atom Carbon Deposition/hr:
Moles Hz per 100 g UDMH input:
Moles Hy per 100 g total input:
Hydrogen efficiency =

Note: ©Not enough gas produced for analysis.
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UDMH STEAM REFORMING DATA SHEET

Catalyst - Norton Zeolite | Temperature, °C 400
Pressure, psig _50 -~ Gas Volume Rate, 1/hr 2.20
Moles Gas Produced/Hr 0.089 4 UDMH Used  87.0

UDMH EgQ‘ Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6,243 14,57 20.81
Feed Composition, mole/hr 0. 104 0.809 0.913
Total Output Composition, mole-%: UDMH 1.4 H20 77.1
NoHg NHs 7.3 Dimethylamine 5.6 H O.1
N 2.5 CHy 3.3 co 1.8 COx 0.5
Ethane 0.4 Other

Output Gas Composition:
(not including UDMH, Hz0, NzHs, NHz or Amines)

Hp Np CH, co CO» Ethane
45 minutes: |
1-1/2 hour: 3.0 28,3 . 37.4 20.8 5.8 4.8
% Ho0 Used: 3.6 % Reforming to COz: 2.5 % to CO: 8.9
Moles NHa Formed/hr: _0.0T74 calculated

to complete

Moles Dimethylamine Formed/hr: 0.057 mass balance
g atom Carbon Deposition/hr: 0.001 )

Moles Hp per 100 g UDMH input: 0.02
Moles Hz per 100 g total input:$.00

Hydrogen efficiency = 0.2%

~ Note: oOutput liquid highly colored indicating other compounds besides
amines present
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UDMH STEAM REFORMING DATA SHEET

Catalyst Norton Zeolite Temperature, °C 500
Pressure, psig _50 Gas Volume Rate, 1/hr 6,460
Moles Gas Produced/Hr 0,263 % UDMH Used 99.5

UDMH H20 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.923 13.83 19.75
Féea Composition, mole/hr 0.0987 0.768 0.867
Total Output Compositibn, mole-%: UDMH _0.05 Hz20 _T70.5
NzHy NHa 3.3 Dimethylamine 1.5 Ho 2.2
N 6.9 cH, 13.% co 1.3 co- _ 0.6
Ethane O.% Other

OQutput Gas Composition:
(not including UDMH, H-0, NzH., NHz or Amines)

Hp Nz CHg co CO» Ethane
45 minutes: |
1-1/2 hour: 9.0 27.9 53.9 5.2 2.3 1.6
% Ho0 Used: 3.4 % Reforming to COz: _3.0 % to CO: 6.9
Moles NHs Formed/hr: 0.037 calculated
to complete
Moles Dimethylamine Formed/hr: 0.014 mass balance

g atom Carbon Deposition/hr:  0.004%
Moles Hz per 100 g UDMH input: O.-%0
Moles Hz per 100 g total input:0.12

Hydrogen efficiency = 3-0%
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UDMH STEAM REFORMING DATA SHEET

Catalyst _ ZnO70l

Pressure, psig 50

Moles Gas Produced/Hr _0.006

Temperature, °C 300

Gas Volume Rate, 1/hr _ O.1h
% UDMH Used _ 6.1

UDMH Hz0 Total
Feed Composition, mole-% 11.% 88.6 100
Feed Composition, g/hr 6.402 14,94 21. 34
Feed Composition, mole/hr 0.1065 0.830 0.937
Total Output Composition, mole-%: UDMH H20
NoHg NHg Dimethylamine Ho
N»o ‘CHy Co CO:2

Ethane Other

Output Gas Composition:
(not including UDMH, H20, NzH4, NHs or Amines)

Ho No CHy4 co CO2 Ethane
45 minutes: |
1-1/2 hour:
% Hp0 Used: % Reforming to COgz: % to CO:
Moles NHs Formed/hr: calculated

to complete
‘"mass balance

Moles Dimethylamine Formed/hr:
g atom Carbon Deposition/hr:
Moles H> per 100 g UDMH input: -
Moles Hz per 100 g total input:

Hydrogen efficiency =

Note: Not enough gas produced for analysis.
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UDMH STEAM REFORMING DATA SHEET

Catalyst Zn070l1 Temperature, °C 400
Pressure, psig 50 Gas Volume Rate, 1/hr 5.438
Moles Gas Produced/Hr 0.221 % UDMH Used 96.1

UDMH Hz0 Total
Feed Composition, mole-% 11.% - 88.6 100
Feed Composition, g/hr 6.402 14,94 21.34
Feed Composition, mole/hr 0.1065 0.830 0,937
Total Output Composition, mole-%: UDMH 0.4 H20 61.8
N=oHy NHa 13, 4 Dimethylamine 4.6 Ha 12.8
N. 0.2 ¢y, O.b co 0.2 cos 6.3
Ethane 0 Other

Output Gas Composition:
(not including UDMH, H20, NzH4, NHa or Amines)

Ha No CHg co CO2 Ethane
45 minutes: 57,6 1,1 1,7 1.0 _38.7 __none
1-1/2 hour: 64,3 1,2 1.8 1.1 _31.6 __ none

% H20 Used: 17.1 % Reforming to COz: _ 32,8 % to CO: 1,1

Moles NHz Formed/hr: _ 0,149 calculated
to complete
Moles Dimethylamine Formed/hr: _ 0,051 mass balance

g atom Carbon Deposition/hr: 0,027
Moles Hz per 100 g UDMH input: _2,22
Moles Hz per 100 g total input:_ 0,67

Hydrogen efficiency = 16.7
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UDMH STEAM REFORMING DATA SHEET

Catalyst _ ZnQ701 Temperature, °C 500
Pressure, psig 50 Gas Volume Rate, 1/hr 11.79
Moles Gas Produced/Hr _ 0.479 % UDMH Used 100

UDMH H20 Iotal
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6.402 14, ok 21,34
Feed Composition, mole/hr 0.1065 0.830 0.937
Total Output Composition, mole-%: UDMH 0 H0 53.6
NoHg NHs 6,6 Dimethylamine 0,6 Ho 18,1
N2 5.1 CH, 8.5 CO 0.4 ‘ COo=2 _6.9
Ethane 0.2 Other

Output Gas Composition:
(not including UDMH, Hz0, NzH,, NHs or Amines)

Hp N CHq co - CO2 Ethane
45 minutes: 43.3 11.8 20.2 1.0 23.4 0.5
1-1/2 hour: 46.3 13.0  21.6 1.1 17.6 0.5
% Ho0 Used: 21.0 % Reforming to COz: 39.0 % to CO: _ 2.5%
Moles NHs Formed/hr: 0.081 calculated

to complete
Moles Dimethylamine Formed/hr: 0.0075 mass balance
g atom Carbon Deposition/hr: 0 .)

Moles Il» per 100 g UDMH input: 2.47
Moles Hs per 100 g total input: 1.0%

Hydrogen efficiency = 26.0
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UDMH STEAM REFORMING DATA SHEET

m

Cat L=

~ 7
(=R VRN

v -

yst 217 Cu oxide on

Temperature, °C 300

ETuming
Pressure, psig 50

Gas Volume Rate, 1/hr 4.431

99.2

Moles Gas Produced/Hr 0.180 % UDMH Used
UDME Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6,264 14,62 20.88
Feed Composition, mole/hr 0.1045 0.8122 0.9167
Total Output Composition, mole-%: UDMH ©O.1 H,0  O7.%
NoHg NHa 12.5 Dimethylamine 3.2 H 11.3
N> 1.5 CHs 1.0 co _0.1 Co> 2.8
Ethane O Other
Output Gas Composition:
(not including UDMH, H20, NsHs, NHs or Amines)
Ho Nz CHgq co COz Ethane
45 minutes: |
1-1/2 hour: 66,8 9.0 . 6.4 0.5 17.3 none
% Ho0 Used: 7.8 % Reforming to COz2: 14.9 % to CO:_ 0.4
Moles NHs Formed/hr: 0.139 calculated

Moles Dimethylamine Formed/hr:
g atom Carbon Deposition/hr:
Moles Hz per 100 g UDMH input:

Moles Hz per 100 g total input:
15.1%

Hydrogen effliciency
Note:

to complete
mass balance

0.036
0,091
2.0

0.60

Gas rate slowing down with time,
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UDMH STEAM REFORMING DATA SHEET

Catalyst -~ T-317 — Temperature, °C 400
Pressure, psig 50 _ Gas Volume Rate, 1/hr _3.016
Moles Gas Produced/Hr _ 0.123 % UDMH Used 100

UDMH Hz0 Total
Feed Composition, mole-% 11,4 88.6 | 100
Feed Compositlon, g/hr 6,264 14,62 20.88
Feed Composition, mole/hr 0.1045 0.812 0.917
Total Output Compositien, mole-%: UDMH H20
NoHg NHg Dimethylamine Ho
No CH,4 Co CO2
Ethane Other

Output Gas Composition:
(not including UDMH, H20, NzH4, NHs or Amines)

Hﬁ_ N_g_ CH}' C_O_ COz Ethane
1-1/2 hour: U45.5 9.1 = 10.1 31.0 4.3 none
% Ho0 Uted: % Reforming to COa: % to CO:
Moles NHsz Formed/hr: calculated
to complete
Moles Dimethylamine Formed/hr: ..ass balance
\
g atom Carbon Deposition/hr: .)

L4

Moles Hy per 100 g UDMH input:
Moles H> per 100 g total input:

Hydrogen efficiency =

Note: Test invalid due to large carbon deposition at 300°C which affected
this test.
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UDMH STEAM REFORMING DATA SHEET

Catalyst T-317 Temperature, °C_ 500
Pressure, psig 50 - Gas Volume Rate, 1/hr  9.740
Moles Gas Produced/Hr 0.396 | % UDMH Used _100

UDMH Hz0 Total
Feed Composition, mole-% 11. 4 88.6 100
Feed Composition, g/hr 6.264 14,62 20.88
Feed Composition, mole/hr 0,1045 0.812 0.917
Total Output Composition, mole-%: UDMH 0 Ho0 58.6
NaHy __ NHs ___ 7.2  Dimethylamine _ 0.8 Ho 12.6
N> %9 cm, 8.9 co _3-5 Cop D.4

Ethane 0.3 Other

Output Gas Composition:
(not including UDMH, H20, NoHs, NHs or Amines)

Hg Nz CHy co CO2 Ethane
45 minutes:
1-1/2 hour: 37.6 14,5 . 26.5 10.3 10,2 0.8

% HzO Used: 15,0 % Reforming to COz: 19.3 % to CO: _19.5

Moles NHsz Formed/hr: _0.085 calculated

to complete
Moles Dimethylamine Formed/hr: . 009 mass balance
g atom Carbon Deposition/hr: 0

Moles Hz per 100 g UDMH input: _2.37
Moles Hz per 100 g total input:_0.71

Hydrogen efficiency = 17.8
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UDMH STEAM REFORMING DATA SHEET

Catalyst Girdler T-1144 Temperature, °C 300
Pressure, psig 50 Gas Volume Rate, 1/hr 1,148
Moles Gas Produced/Hr 0,047 % UDMH Used 77.9
UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6.2%4 14,55 20,78
Feed Composition, mole/hr 0. 104 0.808 0.912
Total Output Composition, mole-%: UDMH 2.3 Hz0 79.6
N2Hy __ NHs 7.6 Dimethylamine 5.8 Hp 1.4
N 1.5 CH4 0.9 co O Coz 0.9
Ethane 0 Other
Output Gas Composition:
(not including UDMH, Hz0, NoH4, NHz or Amines)
Ho No CHy co COx Ethane
45 minutes: |
1-1/2 hour: 28.6° 32,4 19.5 none 19.4 none
% Hz0 Used: 2.2 % Reforming to COn: 4.3 % to CO: O
Moles NHs Formed/hr: 0.076 calculated
: to complete
Moles Dimethylamine Formed/hr: 0.056 mass balance

g atom Carbon Deposition/hr: 0.052 /)
Moles Hz per 100 g UDMH input: 0.22
Moles Hz per 100 g total input: 0.06

Hydrogen efficiency = 1.6
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UDMH _STEAM REFORMING DATA SHEET

Catalyst _Girdler T-1144 Temperature, °C_ 400
Pressure, psig 50 Gas Volume Rate, 1/hr _7,.660Q
Moles Gas Produced/Hr 0,311 % UDMH Used 08, 9

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.916 13,80 19,72
Feed Composition, mole/hr 0.0985 0.767 0,866
Total Output Composition, mole-%: UDMH _ 0.1 H0 _55.2
NoHg NH3 14,1 Dimethylamine 2.0 Ho 16,4
N 0.9 CHy 2.2 Co 0.9 Coz _T.2
Ethane 0.1 Other

Output Gas Composition:
(not including UDMH, Hz0, NoH4, NHa or Amines)

Hp Nz CHy co COz Ethane
45 minutes: 59.1 3.5 6.8 5.1 25.5 none
1-1/2 hour: 54.9 2.9 - 15,2 1.0 25,6 0.3
one 57.3 3.2 11.1 3.1 25.1 0.2
% Ho0 Used: 21,6 % Reforming to CO=2: 39,6 % to CO: 4.9
Moles NHs Formed/hr: 0,153 calculated
to complete
Moles Dimethylamine Formed/hr: 0,022 mass balance

g atom Carbon Deposition/hr: 0,028
Moles Hzo per 100 g UDMH input: 3,02
Moles Ho per 100 g total input: 0,90

Hydrogen efficiency = 22.6%
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UDMH STEAM REFORMING DATA SHEET

Catalyst Girdler T-1144 Temperature, °C 500

Pressure, psig _50 Gas Volume Rate, 1/hr 11l.77
Moles Gas Produced/Hr 0.4784 @ UDMH Used _ 100

UDMH H20 Total
Feed Composition, mole-% 11. 4 88.6 100
Feed Composition, g/hr ‘ 5.820 13.58 19.40
.Feed Composition, mole/hr 0.097 0.754 0,851
Total Output Compositién, mole-%: UDMH 0 H=20 55.0
NoHg NHs 2.5 Dimethylamine ©O.7 H 19.3
N> 7.0 CH,4 9.9 co 0.2 . C0-5:5
Ethane _ 1one Other

OQutput Gas Composition:
(not including UDMH, Hz0, N2H4, NHs or Amines)

Ha Nz CH4 co CO2 Ethane
45 minutes: 38.4 13.5 18.5 1.1 28.5 ~ none
1-1/2 hour: #45.9 16.7 _23.7 0.5 13,2 none
% Hz0 Used: 17.1 % Reforming to CO2: _32.5 % to CO: 1.2
Moles NHs Formed/hr: ©0.026 calculated
to complete
Moles Dimethylamine Formed/hr: 0.008 mass balance

g atom Carbon Deposition/hr: none -)
Moles H. per 100 g UDMH input: 3.77
Moles Hz per 100 g total input: 1.13

Hydrogen éfficienCy = 28.3



UDMH STEAM REFORMING DATA SHEET

Catalyst _Zn0308 Temperature, °C_300
Pressure, psig _50 Gas Volume Rate, 1/hr  3.417
Moles Gas Produced/Hr _0.139 % UDMH Used 87.5
UDMH Hz0 Iotal

Feed Composition, mole-% 11.4 88.6 100

~ Feed Composition, g/hr 6.354 14,83 21.18
Feed Composition, mole/hr 0.106 O.82A 0.930
Total Output Composition, mole-%: UDMH 1.3 H20 _70.5
N2H, NHs _9:2 Dimethylamine 5-8 H. 6.9
N _1-5 cm, 1.1 co 0 Coz 2:9
Ethane O Other

Output Gas Composition:
(not including UDMH, Hz0, N2H,, NHas or Amines)

Hz Nz CHg co CO2 Ethane
45 minutes:
1-1/2 hour: 52,6 9,8 - 8.0 none 29.6 none

% Hz0 Used: _10.0 % Reforming to COo: 19.4 % to CO: O

Moles NHs Formed/hr: 0.097 calculated
to complete
Moles Dimethylamine Formed/hr: ©0.061 mass balance

g atom Carbon Deposition/hr: 0.011
Moles Hz per 100 g UDMH input: _1l.15
Moles Hz per 100 g total input:_O.3%

Hydrogen efficiency = 8.6

Note: Zinc chromite catalyst was attacked and prevented further testing
at higher temperatures.
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UDMH STEAM REFORMING DATA SHEET

Catalyst Cu2501 Temperature, °C 300

Pressure, psig 50 Gas Volume Rate, 1/hr

Moles Gas Produced/Hr % UDMH Used 57.3

UDMH Hz0 Total
Feed Composition, mole-% 11,4 88.6 100
Feed Composition, g/hr 6. %02 14,904 21, 34
Feed Composition, mole/hr 0,1065 0.830 0. 937

Total Output Composition, mole-%: UDMH H20
NoHg NH3 Dimethylamine Ho
No CH, Co ) CO2

Ethane Other

Output Gas Composition:
(not including UDMH, H»0, N2H,;, NHsz or Amines)

Hz No CHy co CO» Ethane

45 minutes:

1-1/2 hours:

% Hz0 Used: % Reforming to COz: % to CO:

Moles NHz Formed/hr: calculated
to complete
Moles Dimethylamine Formed/hr: mass balance

g atom Carbon Deposition/hr: ,)
Moles Ho per 100 g UDMH input:

Moles Ho per 100 g total input:
Hydrogen efficiency =

Note: Not enough gas production for measurement. Catalyst attacked
at higher temperatures.
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UDMH STEAM REFORMING DATA SHEET

Catalyst T-310  NiO -~ Temperature, °C 300
Pressure, psig 50 Gas Volume Rate, 1/hr _1.32
Moles Gas Produced/Hr 0.054 % UDMH Used _81.3

UDMH Hz0 Total
Feed Composition, mole-% 11,4 88.6 100
Feed Composition, g/nhr 5.73 13,37 19.10
Feed Composition, mole/hr 0.0955 0.743 0.8%9

Total Output Composition, mole-%: UDMH 2,0 H20 774
N2Hgy - NHa 8.0 Dimethylamine _ 6.6 Hz _2.0
N2 1.2 CHsy _0Q.,6 Co _o0.1] _ Coz2 _2.1

Ethane none Other

Output Gas Composition:
(not including UDMH, H20, N2Hs, NHa or Amines)

Hz Nz CHy co oz Btha:.-
45 minutes:
1-1/2 hour: 33,0 20.7 9.6 1,0 35,7 _none
4 Ho0 Used: 5.3 % Reforming to CO2: 10.1 % to C0:10.3
Moles NHsz Formed/hr: 0.073 calculated
to complete
Moles Dimethylamine Formed/hr: 0.060 mass balance

g atom Carbon Deposition/hr: 0.010
Moles Hz per 100 g UDMH input: 0.31
Moles Hz per 100 g total input:0.09

Hydrogen efficiency = 2.3%
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UDMH STEAM REFORMING DATA SHEET

Catalyst _ T-310  NiO Temperature, °C 400
Pressure, psig _ 50 : Gas Volume Rate, 1l/hr 6.31
Moles Gas Produced/Hr 0.257 % UDMH Used  98.5

UDMH Hz0 Total
Feed Composition; mole-% 11.4 88.6 100
Feed Composition, g/hr | 5.73 13.37 19.10
Feed Composition, mole/hr ~ 0.0955 0.743 0.839
Total Output Composition, mole-%: UDMH 0.1 H=20 56.9
NzHg - NHg 12,7 Dimethylamine 4,8 H> 56.9
N2 0.6 CHs _0,5 Co O,é. ‘ CO2 8.3

Ethane 0 Other

Output Gas Composition:
(not including UDMH, Hz0, N2H,, NHa or Amines)

Hg Nz CHg co Coz Ethane
45 minutes: |
1-1/2 hour: 61.8 2.3 2,0 1,3 32,6 none
% Ho0 Used: 23,0 % Reforming to COz2: _ 44,0 % to CO:_1.7
Moles NHs Formed/hr: (Q,128 calculated
to complete
Moles Dimethylamine Formed/hr: Q,048 mass balance

g atom Carbon Deposition/hr: ‘)
Moles Iz per 100 g UDMH input: 2.79
Moles Hz per 100 g total input:Q,83

Hydrogen efficiency = 20.9%
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UDMH STEAM REFORMING DATA SHEET

Catalyst T-310 Nio Temperature, °C 500

Pressure, psig 50 Gas Volume Rate, 1/hr _ 9.55
Moies Gas Produced/Hr 0.388 % UDMH Used 100

UDMH Hz0 Total
Feed Composition, mole-% 11,4 88.6 100
Feed Composition, g/hr 5.73 13,37 19.10
‘Feed Composition, mole/hr 0.0955 0.743 0.839
Total Output Composition, mole-%: UDMH _ O H20 __ 57.4
NoHg - NHa 6.2 Dimethylamine 0.3 Hz 13.2
Na 5.7 _ CH, _11.0 co _0.4 €Oz _5.7
Ethane __ 0.3 Other |

OQutput Gas Composition:
(not including UDMH, Hz0, NzHg, NHas or Amines)

Ha Nz CH4 [¢]0} CO2 Ethane
45 minutes: 33.9 13.4 26.9 1.3 24.1 0.6
1-1/2 hour: 36.6 15.6 30.3 1.1 15.6 0.7
% Hz0 Used: 16.8 % Reforming to CO=2: 31.9 % to CO: 2,1
Moles NHz Formed/hr: 0.067 calculated
to complete
Moles Dimethylamine Formed/hr: _ 0.003 mass balance

g atom Carbon Deposition/hr:
Moles Hp per 100 g UDMH input: _ 2.49
Moles Hz per 100 g total input:_ O.T74

Hydrogen efficiency = 18.5%
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UDMH STEAM REFORMING DATA SHEET

Catalyst T-310 Temperature, °C__ 300

Pressure, psig __ 150 ' Gas Volume Rate, 1/hr _1.83
Moles Gas Produced/Hr 0.074 % UDMH Used _97.6

Feed Composition, mole-% 11,4 88.6 100
Feed Composition, g/hr | 6.11 14,26 20,37
Feed Composition, mole/hr 0.102 0.792 0.894
Total Qutput Composition, mole-%: UDMH _0.2 Ho0 74.3
NoHg - NHs 12.1 Dimethylamine 6.2 Hp 3.2
N2 0.8 CH, 0.7 co o,6v Coo 2.1

Ethane 0 Other

Output Gas Composition:
(not including UDMH, H20, NoHs, NHa or Amines)

Hp Nz CHy4 Co COz2 Ethane
45 minutes: 43,2 11.0 9,4 8.6 27.8 none
1-1/2 hour:
% Ho0 Used: 6.1 % Reforming to CO2: 10.3 % to CO:_ 2.9

to complete

Moles NHs Formed/hr: 0.121 .Z calculated
0.062 mass balance

Moles Dimethylamine Formed/hr:

g atom Carbon Deposition/hr: 0.048

N
N

Moles Hz per 100 g UDMH input: G.

o
(6)}

Moles Hz per 100 g total input:_O.

Hydrogen efficiency = 3.9%
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UDMH STEAM REFORMING DATA SHEET

Catalyst T-310 Temperature, °c 400
Pressure, psig 150 Gas Volume.Rate, 1/hr 9.19
Moles Gas Produced/Hr 0.3T4 % UDMH Used _98.%4

uDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr | 6.11 14,26 20.37
Feed Composition, mole/hr 0.102 10,792 0.894

Total Output Composition, mole-%: UDMH 0.1 H20 49.5
N2Hs - NHs 15,6 Dimethylamine Q. 4 H> _15,0
N2 0,9  CHs 6.5 CoO Q.4 - €02 10.1

‘Ethane 0.2 Other

Output Gas Composition:
(not including UDMH, H20, Nz2H4, NHa or Amines)

Hz Nz CHg co COz2 Ethane
45 minutes: 48.7 2.5 10,1 1.5 27.6 0.5
1-1/2 hour: 45,4 2.6 19.8 1.0 30,6 . 0.5

% Hz0 Used: 29.3 % Reforming to COz: 55.9 % to CO:_2.0

Moles NHs Formed/hr: _ 0,177 calculated
to complete
Moles Dimethylamine Formed/hr: 0.005 mass balance

g atom Carbon Deposition/hr:
Moles Hz per 100 g UDMH input: 2,79
Moles Hz per 100 g total input: 0.83

Hydrogen efficiency = 20.8%
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UDMH STEAM REFORMING DATA SHEET

Catalyst T-310 Nio "~ Temperature, °C__500
Pressure, psig __ 150 Gas Volume Rate, l/hr _11.53%
Moles Gas Produced/Hr 0.L469 % UDMH Used 100
| UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6.11 14,26 20.37
Feed Composition, mole/hr 0.102 0.792 0.894
Total Output Composition, mole-%: UDMH _0O Hz0 _54.0
NeHe -  NHs 6.0 _  Dimethylamine __ O Hp _16.2
N2 _ 5.7 CH, 11.2 co _0.3  Coz 6.6
Ethane _O Other

Output Gas Composition:
(not including UDMH, H20, N2H4, NH3 or Amines)

Ho No CHgq Cco CO2 Ethane
45 minutes: 37,7 13,9 28.2 1,0 19,2 none
1-1/2 hour: 40.5 14,3 28,0 0.8 16.4 _none

% Hz0 Used: 19.9 % Reforming to COa: _37.7 % to CO:_ 2.0

Moles NHs Formed/hr: _ 0,070 calculated
to complete
0

Moles Dimethylamine Formed/hr: mass balance
g atom Carbon Deposition/ﬁr: -)

Moles Hz per 100 g UDMH input: 5,11

Moles Hz per 100 g total input: 0.95

Hydrogen efficiency = 23.3%
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-56B Temperature, °C 500
Pressure, psig 25 Gas Volume Rate, 1/hr 8.02
Moles Gas Produced/Hr _0.326 % UDMH Used _ 100 .
UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
~ Feed Composition, g/hr 6.36 14,84 21.20
Feed Composition, mole/hr 0.106 0.824 0.930

Total Output Composition, mole-%: UDMH _ g H20 62.1

Nz2Hy - NHs 10.1 Dimethylamine 0.5 Ho 14,5
Nz _3.6 CHy 5.6 Co 0.2 CO2 __3.4
Ethane O Other

Output Gas Composition:
(not including UDMH, H20, NzHs, NHs or Amines)

Hp No CHg co COz2 Ethane

45 minutes:

1-1/2 hour: 53,2 1%,2 20,5  _Q.6  _12.6 _none

% Ho0 Used: 10,2 % Reforming to CO2: _19.3 % to CO: Q.9
Moles NHs Formed/hr: Q,120 calculated
to complete
Moles Dimethylamine Formed/hr: Q,006 mass balance
g atom Carbon Deposition/hr: Q.090
Moles Hs per 100 g UDMH input: 2,70
Moles Hz per 100 g total input:_ 0,82

Hydrogen efficiency = 20,4
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-56B  Ni base re- Temperature, °C__ 300
Pressure, psigjoform1ng catalystGas Volume Rate, l/hr _0,73
Moles Gas Produced/Hr 0.030 % UDMH Used 33.3

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6.31 14,61 21,02
Feed Composition, mole/hr 0,105 0.823 0.928
Total Output Composition, mole-%: UDMH 7.3 H=0 84.7
NoHg NHs 1.8 Dimethylamine 2.9 H 0.3
Ny _1.4% CH, 0.9 CO0 none Coz 0.6
Ethane none Other

Output Gas Composition:
(not including UDMH, Ho0, NoHs, NHs or Amines)

Ho _ Nz CH4 co COz Ethane
45 minutes: 9,0 4o 3 28.6 none 20.0 nane
1-1/2 hour: '
% Hz0 Used: 1.5 % Reforming to COz2: 2.9 % to CO:_pane
Moles NHs Formed/hr: _0,017 calculated

to complete
Moles Dimethylamine Formed/hr: 0,028 mass balance

g atom Carbon Deposition/hr: _______‘)
Moles Hs» per 100 g UDMH input: 0.05
Moles Hp per 100 g total input:0,.014

Hydrogen efficlency = 0.4%

77




UDMH STEAM REFORMING DATA SHEET

Catalyst __G-56B Temperature, °C___ %00
Pressure, psig 50 | Gas Volume Rate, 1/hr T7.8%4
Moles Gas Produced/Hr 0.319 | % UDMH Used 98-2

| UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 6.31 14.61 21.02
Feed Composition, mole/hrl 0.105 0.823 0.928
Total Output Composition, mole-%: UDMH 0.2 H20 55.8
N2Hy - NHs 15.6  Dimethylamine _0.9 Hr _14.0

N2 _0.7 CHs 5.1 Cco 0.1 CO2 7.6
Ethane _Q,] Other

Output Gas Composition:
(not including UDMH, Hz0, N2Hs, NHa or Amines)

Ho No CHq co COz2 Ethane
45 minutes: 52.0 2,2 17.4 0.6 27.7 none
1-1/2 hour: 50.8 2.5 18.6 0.3 27.6 0.2
% Ho0 Used: 21.5 % Reforming to COz: 41.9 % to CO:0.5
Moles NHs Formed/hr: _0.180 calculated
to complete
Moles Dimethylamine Formed/hr: 0.010 mass balance

g atom Carbon Deposition/hr: 0.036
Moles Hz per 100 g UDMH input: 2.57
Moles H> per 100 g total input: O0.77
Hydrogen efficiency = 19.3%
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-UDMH_STEAM REFORMING DATA SHEET

Catalyst G-56B N1 base steam Temperature, °C_ 509
reforming catalyst

- Pressure, psig 50 Gas Volume‘Rate, 1/hr _11.93
Moles Gas Produced/Hr _0.485 % UDMH Used . 100

uDMH Hz0 Total
Feed Composition, mole-% 11,4 88,6
Feed Composition, g/hr 5.72 13.35 19.07
Feed Composition, mole/hr 0.0953 0.7416 0.8369
Total Output Composition, mole-%: UDMH _ O H20 51,3
N2H,4 - NHa 4.7 Dimethylamine 0 Ho 20.1
ng 6.4 CHs 30.1 CoO _0.4 _ Co2 _7.1
Ethane _ 0 Other

Output Gas Composition:
(not including UDMH, H20, N2Hs, NHa or Amines)

Hgo Nz CHy4 co CO2 Ethane
450 b :
hddBobose: 40.35 15.78  25.13 1.00 17,75 _none
4-hr average 45,77 14,35 22.85 0.9 16.14 none
% H20 Used: 21,7 % Reforming to COz: 40.8 % to CO: o 1
Moles NHs Formed/hr: Q,Q52 calculated
to complete
Moles Dimethylamine Formed/hr: none mass balance
g atom Carbon Depositién/hr: . ,)

Moles Hz per 100 g UDMH input: 3,89
Moles H> per 100 g total input:1,16
Hydrogen efficiency = 29.1

NOTE: Repeat of previous test over a 6-hour period.
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-568 Temperature, °C 500
Pressure, psig 50 Gas Volume Rate, 1/hr 13.30
Moles Gas Produced/Hr 0.541 % UDMH Used 200

UDMH Hz0 Total
Feed Composition, mole-% 11.4 80.6
Feed Composition, g/hr 6.31 14.61 21.02
Feed Composition, mole/hr 0.105 0.823 0.928
Total Output Composition, mole-%: UDMH 0 H20 51.3
NaHy __ - NHs 4.7 ~ Dimethylamine _O_ Hzo 20.1
N> 6.4 CHy _10.1 CoO 0.4 Co2 7.1
Ethane 0 Other |

Output Gas Composition:
(not including UDMH, Hz0, NzHs4, NHs or Amines)

Hz Nz CHy co CO2 Ethane
45 minutes: 48,2 12.5 17.7 Q.9 20,6 _none
1-1/2 hour: 49,5 14,2 21.5 Q.7 k.2 _none
% Hz0 Used: 19.2 % Reforming to COz: 36.7 % to CO: 1.9
Moles NHs Formed/hr: 0.056 calculated

to complete

Moles Dimethylamine Formed/hr: O mass balance
g atom Carbon Deposition/hr: 0.013

Moles Hz per 100 g UDMH input: _4.25
Moles Hz per 100 g total input: 1.28

Hydrogen efficiency = 51.9%
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-56B Temperature, °C 200

Pressure, psig _150 Gas Volume Rate, 1/hr _ 2,81
Moies Gas Produced/Hr _ 0,155 % UDMH Used 99,4

UDMH Hz0 Total
Feed Composition, mole-% 11,4 88.6 100
Feed Composition, g/hr 6,465 15.085 21,55
Feed Composition, mole/hr 0.108 0.839 0.947
Total OQutput Composition, mole-%: UDMH 0.1 H-0 ©68.3
NoHs _ - NHs _13.5 Dimethylamine __ 4.2 Ha _6.9

N2 0,8 CHs __ 2.7 CO __1.0 CO2 _3.2
‘Ethane g Other ’

Output Gas Composition:
(not including UDMH, Hz0, N2H4, NHs or Amines)

Hp Nz CHyq co CO2 Ethane
45 minutes: bo 4 7.2 14,5 0 __ 8.6 20.3 __nane
1-1/2 hour: 49,0 6.0_ 14,7 7.2 22.59 Q0.5

% H20 Used: 9.7 % Reforming to CO2: _ 16,2 % to CO:__ 5.1

Moles NHs Formed/hr: 0,150 calculated
to complete
Moles Dimethylamine Formed/hr: _ Q0,046 mass balance
g atom Carbon Deposition/hr: 0,053
J

Moles Hz per 100 g UDMH input: _ 1,17
o~ b} O N ZC

Moles Hz per 100 g total input:_G,2%5

Hydrogen efficiency = 8.8%
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-65B Ni base reform- Temperature, °C 400
ing catalyst

Pressure, psig 150 Gas Volume Rate, 1/hr 7,72
Moles Gas Produced/Hr Q,314 % UDMH Used _ 100

| | UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.41 12,63 18.04
Feed Composition, mole/hr 0.0902 0.702 0.792
Total Output Composition, mole-%#: UDMH O H,0 51.6
NoHy _ - NHs 15.6 Dimethylamine _1.1 Ho __14.0
N2 _0.8 CHy _T.0 co 0 Co= 9.8
Ethane 0.1 Other |

Output Gas Composition:
(not including UDMH, H20, NzHs, NHz or Amines)

Ho Nao CH4 co CO2 Ethane
45 minutes: 42.6 2.5 24 .0 nane 30 .U 0.5
1-1/2 hour: 43.91 2.5 22.1 none 30.9 0.4

% Hz0 Used: 27.6 % Reforming to CO2: 53.9 % to CO:_0Q

Moles NHa Formed/hr: 0.153 calculated
to complete
Moles Dimethylamine Formed/hr: 0.011 mass balance

g atom Carbon Deposition/hr:

Moles Hp per 100 g UDMH input: 2,56
Moles H> per 100 g total input:Q,77
Hydrogen efficlency = 19.1%
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UDMH STEAM REFORMING DATA SHEET

| Catalyst G-56B Temperature, °C 500
Pressure, psig 150 ' Gas Volume Rate, 1/hr 11,03
Moles Gas Produced/Hr 0.448 % UDMH Used 100

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.70 13.351 19.01
Feed Composition, mole/hr 0.0950 0.739 0.834
Total Output Composition, mole-%: UDMH _ O Hz0 54.2
NzoHg -- NHa 5.4 Dimethylamine 0 Ho _17.4
N2 _5.9  CHs 10.9 COo_0o  Cos _6.2
Ethane _0 Other

Output Gas Composition:
(not including UDMH, H20, NzH4, NHz or Amines)

Hp N CHy co Cog Ethane
45 minutes: 38.0 '13.0 26,3 none 22,6 none
1-1/2 hour: 43.0 14.5 27.1 none 15.4 __none

average
% Ho0 Used: 18.7 % Reforming to COz: _36.3 % to CO:__0O

Moles NHs Formed/hr: 0.060 calculated
to complete
Moles Dimethylamine Formed/hr: none mass balance

g atom Carbon Deposition/hr:
Moles Hz per 100 g UDMH input: 3.39
Moles Hy per 100 g total input: 1,02

Hydrogen efficiency = 25 49
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-#3 Temperature, °C 300
Pressure, psig 50 Gas Volume Rate, 1/hr 0.495
Moles Gas Produced/Hr 0.020 % UDMH Used 83.3

UDMH Hz0 Total
Feed Composition, mole-% 11,4 88.6 100
Feed Composition, g/hr | 5.97 13.92 19.89
Feed Composition, mole/hr 0.0995 0.773 0.873
Total Output Composition, mole-%: UDMH 1.8 H-0 80,2
N2Hg - NHs3 11.1 Dimethylamine 4.8 Ho 0.8
N2 0.7 CHy _ 0.3 Co _0.3 Coz __0
'Ethane O Other

Output Gas Composition:
(not including UDMH, Hz0, N2H4, NHa or Amines)

Hp Nz CHg co COz Ethane
45 minutes:
1-1/2 hour: 37.2 31,8 16,4 14,5 none none
% H20 Used: Q.4 % Reforming to COz: _O % to CO:_1,5
Moles NHs Formed/hr: Q.107 calculated

to complete

Moles Dimethylamine Formed/hr: 0.046 mass balance
g atom Carbon Deposition/hr: 0.068

Moles Hz per 100 g UDMH input: 0.13
Moles H> per 100 g total input: 0.0%4

Hydrogen efficiency = 0.9%
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UDMH STEAM REFORMING DATA SHEET

| Catalyst G-43 . Temperature, °C 400
Pressure, psig 50 : Gas Volume Rate, 1/hr _ 1,48
Moles Gas Produced/Hr 0.060 % UDMH Used ;97.7

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr ' 6.05 14,13 20.18
Feed Composition, mole/hr 0.101 0.785 0.886
Total Output Composition, mole-%: UDMH 0.2 H20 _T%.7
NaH, - NHa 12,8 Dimethylamine _6.3 Ha 2.4
N2 _0.5  CH, _0.5 Cco _1.0 CO2 1.7
‘Ethane ___0 Other |

Output Gas Composition:
(not including UDMH, H20, N2H4, NHs or Amines)

Ha , Nz CHyg co COz Ethane
45 minutes: 42.6 9.9 9,2 17,0 20.6  ___0.7.
1-1/2 hour: 39.7 7:5 7.6 16.5 28.7

% Ho0 Used: 5.6 % Reforming to CO2: 8.4 % to CO: 5,0

Moles NHs Formed/hr: 0,126 calculated

to complete
Moles Dimethylamine Formed/hr: 0.062 mass balance
g atom Carbon Deposition/hr: 0.041 /)

Moles Hzo per 100 g UDMH input: 0.%40
Moles Ho per 100 g total input:0.12

Hydrogen efficiency = 3.0%
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-43 Temperature, °C 500

Pressure, psig 50 Gas Volume Rate, 1/hr 6.35
Moles Gas Produced/Hr 0.258 % UDMH Used 100

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.91 13.79 19.70
Feed Composition, mole/hr 0.0985 0.766 0.865
Total Output Composition, mole-%: UDMH _ O H20 64.7
NoHy - NHs 8.3 Dimethylamine 2.6 Ho 8.2

N2 3.9 CHe _ 7.4 CoO __ 1.5 COz2 _3.2
Ethane _Q.2 Other

Output Gas Composition:
(not including UDMH, Hz0, NzH4, NHs or Amines)

Hp ' Ng CHyg co COz Ethane
45 minutes: 33.7 17.4 26.1 6.1 16.6 -
1-1/2 hour: 33.8 15.9 30.5 6.1 13.0 0.7
% Ho0 Used: 10.8 % Reforming to COz: 17.0 % to CO:_ 8.1
Moles NHsz Formed/hr: 0.0883 calculated
to complete
Moles Dimethylamine Formed/hr:0.0QZ mass balance

g atom Carbon Deposition/hr: 0,011l
Moles Hz per 100 g UDMH input: 1,47
Moles Hz per 100 g tctal input: 0,44

Hydrogern eificlency = 11,0%
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UDMH STEAM REFORMING DATA SHEET

Catalyst @-43 Temperature, °C 200

Pressure, psig 150 v Gas Volume Rate, 1/hr 0.57
Moles Gas Produced/Hr % UDMH Used 63.0

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.59 13,03 18.62
Feed Composition, mole/hr 0.093 0.724 0.817
Total Output Composition, mole-%: UDMH H20
NoHg NHa Dimethylamine Ho
N»  CH, co __ CO2
Ethane Other

Output Gas Composition:
(not including UDMH, H20, N2Hs, NHa or Amines)

Hp _ Nz CHg co COz Ethane
45 minutes:
1-1/2 hour:
% Hao0 Used: % Reforming to COz: % to CO:
Moles NHs Formed/hr: calculated
to complete
Moles Dimethylamine Formed/hr: mass balance
g atom Carbon Deposition/hr: ,)

Moles Ho per 100 g UDMH input:
Moles Hz per 100 g total input:
Hydrogen efficlency =

Not enough gas produced for valid gas analysis,
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-43 . Temperature, °C__ 400
Pressure, psig 150 ' Gas Volume Rate, l/hr 3.02
Moles Gas Produced/Hr 0.123 % UDMH Usea 98.0

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.63 13,12 18.75
Feed Composition, mole/hr - 0.094 0.729 0.823
Total Output Composition, mole-%: UDMH 0.2 Hz0 _69.2
NoH, - NHs 10,8 Dimethylamine 6.7 H> 5.6 |
N _1,2 CHy _1.3 co 1.1 ' Coz= 4.0
Ethane 0 Other

Output Gas Composition:
(not including UDMH, Hz0, NaH4, NHs or Amines)

He Nz CHy co Coz Ethane
45 minutes:
1-1/2 hour: 42,2 8,8 10,0 8.5 30.4 0
% Ho0 Used: 11,7 % Reforming to COz: 19.7 % to CO: 5.3
Moles NHs Formed/hr: 0,100 calculated
to complete
Moles Dimethylamine Formed/hr: 0,062 mass balance

g atom Carbon Deposition/hr:
Moles Hz per 100 g UDMH input: _ 0.93
Moles Hp per 100 g total input:_0.28

Hydrogen efficiency = 6.9
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UDMH_STEAM REFORMING DATA SHEET

Catalyst G-43 Pt Temperature, °C 500
Pressure, psig 150 Gas Volume Rate, 1/hr _9.02
Moles Gas Produced/Hr _ 0.367 % UDMH Used 100

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.91 13.79 19.70
Feed Composition, mole/hr 0.0985 0.766 0.865
Total Output Composition, mole-%: UDMH 0 H20 60.1
N2H, - NHs 5.1 Dimethylamine 0.6 Hr 11.6
N> 6.1 CHy 11.2 Co 0.8 CO:2 4.2

Ethane 0.2 Other

Output Gas Composition:
(not including UDMH, Hz0, NoHs, NHs or Amines)

Hz - N2 CHg co €Oz Ethane
45 minutes:
1-1/2 hour: 32,2 18.3 _33.9 2.4 12,7 0.6

% H20 Used: 13.3 % Reforming to CO2: 23,9 % to CO: 4.7

Moles NHz Formed/hr: 0.056 calculated
to complete
Moles Dimethylamine Formed/hr: 0,007 mass balance

g atom Carbon Deposition/hr:

Moles Hz per 100 g total input:0.65

Hydrogen efficiency = 16.2%




UDMH STEAM REFORMING‘DATA SHEET

Catalyst Pt oxide in alumina ~  Temperature, ° 400

Pressure, psig 50 Gas Volume Rate, 1/hr _],4]
Moles Gas Produced/Hr _0,057 % UDMH Used 96,9 _

| DM Hz0 Total
Feed Composition, mole-% 11.4 88.6
Feed Composition, g/hr 5.88 13.71 19.59
Feed Composition, mole/hr 0.098 0.762 0.860
Totalbcutput Composition, mole-%: UDMH _Q.3 H20 75.1
NaHy - NHs 12.9 Dimethylamine _5.7 Hp 2.2
Nz _ g CHy 0.2 Co _3.1 €02 0O

Ethane 0 Other

Output Gas Composition:
(not including UDMH, Hz0, NzHs, NHs or Amines)

Hz © Np CHyg co COoz Ethane
45 minutes: _36.0 7.2 3.9 52.9 none none
1-1/2 hour: 36.1 7.2 4.1 52.6 none none
% Ha0 Used: 3.9 % Reforming to COz: O % to CO: 15.3
Moles NHa Formed/hr: _ 124 calculated

to complete
Moles Dimethylamine Formed/hr: Q56 mass balance

g atom Carbon Deposition/hr: 0.046
Moles Hz per 100 g UDMH input:0.37
Moles Hz per 100 g total input®.ll

Hydrogen efficiency = 2.870
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UDMH STEAM REFORMING DATA SHEET

Catalyst ___Pt oxide in alumina  Temperature, °C_500

Pressure, psig 50 | " Gas Volume Rate, 1/hr _3.66
Moles Gas Produced/Hr 0,149 % UDMH Used 100 ‘

| UDMH Hz0 Total
Feed Composition, mole-% | 11,& 88.6 100
Feed Composition, g/hr 6.01 14,03 20.04
Feed Composition, mole/hr 0.100 0.779 0.879
Totél Output Composition, mole-%: UDMH O H20 70.11
N2H, - NHs _14.6 Dimethylamine 1.4 Ho _T7.8

N2 33 CH, o L CO_o3x_  COa _ g

Output Gas Composition:
(not including UDMH, Hz0, NzHs, NHsz or Amines)

Hp ' ‘Ng CHg co Co2 Ethane
45 minutes: 49.6 7.9 14.6 26.0 1.6 0.2
1-1/2 hour: 56,1 9.2 17.4 17.1 none ___ 0.2
% Ho0 Used: 3,3 % Reforming to COz: O % to CO:_12.5

to complete

Moles NHs Formed/hr: 0,157 calculated
0.015 mass balance

Moles Dimethylamine Formed/hr:

g atom Carbon Deposition/hr: 0.118 .)

Moles Hp per 100 g UDMH imput: _1.4

(&)

Moles Hz per 100 g total input:_O.42

Hydrogen efficiency = 10.5
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UDMH STEAM REFORMING DATA SHEET

Catalyst _ Pt Oxide " Temperature, °C 400

Pressure, psig 150 o Gas Volume Rate, 1l/hr _ 1,52
Moles Gas Produced/Hr 0,062 % UDMH Used _97.9
uDm Hz0 Total

Feed Composition, mole-% 11,4 88.6 100

Feed Composition, g/hr | 5.82 13.58 19.40
| Feed Composition, mole/hr 0.097 0.754 0.851

Total Output Composition, mole-%: UDMH 0.2 Hz0 _ 74.4

NaH, _ -- NHs 11.9 Dimethylamine _6,9 He 1,6

N2 _0.5 CH, 0.4 CoO _ 3.4 Co2 _0,6
Ethane 0 Other

Output Gas Composition:
(not including UDMH, H20, NzH,, NHs or Amines)

Ho Ng CHg co Coz Ethane
45 minutes: 22,8 6.3 7.2 oh.1 9.5 0
1-1/2 hour: 24.3 8.3 6.1 52.1 9.3 0
% Ho0 Used: 5.8 % Reforming to COz2: 3.0 % to CO: 17.0
Moles NHs Formed/hr: _0.114 calculated
to complete
Moles Dimethylamine Formed/hr: 0.066 mass balance

g atom Carbon Deposition/hr: 0.016
Moles Hz per 100 g UDMH input: 0.26
Moles Hz per 100 g total input: 0.08

Hydrogen efficliency = 1,9%
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UDMH STEAM REFORMING DATA SHEET

Catalyst Pt oxide on alumina Temperature, °C_500

Pressure, psig __150 Gas Volume Rate, l/hr 8.07
Moles Gas Produced/Hr 0.328 % UDMH Used _100 _

UDMH Hz0 Total

Feed Composition, mole-% 11,4 88.6 100
Feed Composition, g/hr | 5.58 13.02 18.60
Feed Composition, mole/hr 0.093 0.723 0,816
Total Output Composition, mole-%: UDMH __0 H20 _60.0
vN2H4 - NHa 7.8 Dimethylamine _0.9 Hz 60.0
‘No ___ 4.6 CH, _8.8 o 3.6 CO2 _2.8

Ethane 0.4 Other

Output Gas Composition:
(not including UDMH, H»0, NzHs, NHs or Amines)

Ho - Ng CHg co CO2 Ethane

45 minutes: 34,0 17 .6 30.0 10.8 7.6
1-1/2 hour: _38.5 4.7 8.1 11.6 8.8 1.4

% HpO Used: _13%.3 % Reforming to COz2: 15.6 % to CO: 20.4

Moles NHz Formed/hr: Q81 .2 calculated
to complete

Moles Dimethylamine Formed/hr: .009 mass balance

g atom Carbon Deposition/hr: ‘)
Moles Hp per 100 g UDMH input: _g .07
Moles Hs per 100 g total input: Q.62

Hydrogen efficiency = 15.6%
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UDMH STEAM REFORMING DATA SHEET

Catalyst m_z12 Temperature, °C 300
Pressure, psig 50 | Gas Volume Réte, 1/hr 2.34
Moles Gas Produced/Hr _0.095 _ % UDMH Used _ 92.9 ‘

| UDMH Hz0 Total
Feed Composition, mole-% . 11.4 88.6 100
Feed Composition, g/hr 5.91 13.79 19.70
Feed Composition, mole/hr 0.0985 0.766 v.865

Total Output Composition, mole-%: UDMH _g 7 H20 72 4
NoHy - NHs 10.3 Dimethylamine 6.8 Ho 4.1

N2 1.0 CHe _0.5 CO _0.5 Coz2 _3.7
‘Ethane 0 Other

Output Gas Composition:
(not including UDMH, H20, N2He, NHs or Amines)

Hp No CHy4 co Coz Ethane
45 minutes: 48.3 10.1 5.8 6.5 29.3 none
1-1/2 hour: 41,4 10.6 5.7 5.6 36.8 none
% Hz0 Used: 9.8 % Reforming to COz: _17.8 % to CO:_2.5
Moles NHas Formed/hr: 0,098 calculated
to complete
Moles Dimethylamine Formed/hr: 0.065 mass balance

g atom Carbon Deposition/hr: o
Moles Hp per 100 g UDMH input: 0.66
Moles Hz per 100 g total input: g 29

Hydrogen efficlency = y g

ol




UDMH STEAM REFORMING.DATA SHEET

Catalyst T312 ' Temperature, °C %00
Pressure, psig 50 Gas Volume Rate, 1/hr _6.27
Moles Gas Produced/Hr 0.255 % UDMH Used 99.3 _

| UDMH Hz0 Total
Feed Composition, mole-% _11.4 88.6 100
Feed Composition, g/hr 5.91 13.79 19.70
Feed Composition, mole/hr 0.0985 0.766 0.865

Total Output Composition, mole-%: UDMH _Q,] H20 58.5
NoHg - NHa 12.3 Dimethylamine ). .8 Ha _14.2

N2 0.8 CH, 1.1 co _1.7 CO2 6.5
Ethane _g Other

Output Gas Composition:
(not including UDMH, Hz0, NzHs, NHs or Amines)

Hz N2 CHy co Coz  Ethane
45 minutes: 53,2 2.9 3.8 6.6 33,4  none
1-1/2 hour: _58.4 R y 4 7.1 26.6 none

% H20 Used: 20.1 % Reforming to CO2: _34.5 % to CO: 9.1

Moles NHs Formed/hr: 0.129 calculated
to complete
Moles Dimethylamine Formed/hr: _0.050 mass balance

-

Moles Ho per 100 g UDMH input: _2.53%
Moles Hz per 100 g total input:_ Q.76

g atom Carbon Deposition/hr:

Hydrogen efficiency = 18.9




UDMH STEAM REFORMING DATA SHEET

Catalyst T312 Temperature, °C 500
Préssure, psig 250 Gas Volume Rate, 1/hr _9.73
Moles Gas Produced/Hr _0.396 % UDMH Used 100

UDMH Ha0 Total
Feed Composiiion, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.91 13,79 19.70
Feed Composition, mole/hr 0,0985 0,766 0.865

Total Output Composition, mole-%: UDMH _0Q Hz20 55.8
NoHg - NH3 Z . Z Dimethylamine Q . Z Ho 14, 9

N2 __ 4,9 CHs _8.9 CO_0.8 COo2 _6.1
Ethane 0.2 Other

Output Gas Composition:
(not including UDMH, Hz20, N2H., NHs or Amines)

Ho Nz CHy co C0z  Ethane
45 minutes: 39.5 11.7 22.6 2.0 24,3 0.7
1-1/2 hour: 42,0 13.0 25.0 2.3 17.2 0.6

% HoO Used: 18.9 % Reforming to COz: 34.5 % to CO: 4.6

Moles NHas Formed/hr: .086 calculated
v to complete
Moles Dimethylamine Formed/hr: 0.008 mass balance

g atom Carbon Deposition/hr:
Moles Ho per 100 g UDMH input: 2.81
Moles Hz per 100 g total input: 0.84

Hydrogen efficiency = 21.1
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UDMH STEAM REFORMING DATA SHEET

Catalyst T-312 g&;%%HQXIdES onTemperature, °C 300 ,
Pressure, psig 150 Gas Volume Rate, 1/hr _1.37
Moles Gas Produced/Hr Q,056 % UDMH Used . 96.5
UDMH Hz0 Total
Feed Cdmposition, mole-% 114 88.6
Feed Composition, g/hr 5 .65 15.17 18.82
Feed Composition, mole/hr 0.0942 0.732 0.826
Total Output Composition, mole-%: UDMH 0.3 H20 76.6
NoHy - NHa _8.3 Dimethylamine 8.4 H 0.9
N> 1.8 CHy 1.1 Co O.l» CO> 2.4
Ethane - Other -

Output Gas Composition:
(not including UDMH, Hz0, NpH4, NHs or Amines)

' Ho Ng CHg4 co CO2 Ethane

|
45 minutes: 14,1 28.3 18.2 1.3 38.0 -
1-1/2 hour:
% HoO Used: % Reforming to COgz: % to CO:
Moles NHsz Formed/hr: calculated

to complete

Moles Dimethylamine Formed/hr: mass balance
g atom Carbon Deposition/hr: ,}

Moles Hz per 100 g UDMH input:
Moles Hz per 100 g total input:

Hydrogen efficiency =
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UDMH STEAM REFORMING DATA SHEET

Catalyst T312 Ni + Cu Oxides Temperature, °C 400

Pressure, psig __ 150 Gas Volume Rate, 1l/hr _ 6.29

Moles Gas Produced/Hr _n og5h % UDMH Used | 99.0
UDMH Hz0 Total

Feed Composition, mole-% 11.4 88.6 100

Feed Composition, g/hr 5.65 13.17 18.82

Feed Composition, mole/hr 0,094 0,732 0.826

Total Output Composition, mole-%: UDMH Q.1 H20 57.7

N2Hg - NHa 12.3 Dimethylemine 4.2 Hzo _14.3

N2 1.1 CHy _1.7 co 1.6. . Coz 7.2

Ethane __ 0 Other

Output Gas Composition:
(not including UDMH, H>0, N2H,., NH3 or Amines)

Hz Nz CHy co COz Ethane
45 minutes: _51.9 3.6 6.2 4.9 33,4 __none
1-1/2 hour: 55.3 4 4 6.5 6.2 27.7. _none

% Hz0 Used: 21.6 % Reforming to COz: 37.8 % to CO: 8.5

Moles NHz Formed/hr: 0.122 calculated
to complete

Moles Dimethylamine Formed/hr: o, 042 mass balance

g atom Carbon Deposition/hr:

Moles Hz per 100 g UDMH input: 2,51

Moles H> per 100 g total input: 0,76

Hydrogen efficiency = 18.9
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UDMH STEAM REFORMING DATA SHEET

Catalyst T312 Ni + Cu Oxides on Temperature, °C__ 500

Alumina
Pressure, psig _150 Gas Volume Rate, 1/hr 8.46
Moles Gas Produced/Hr _0.344 % UDMH Used 100 _
| UDMH Hz0 Total
Feed Composition, mole-% 11 .4 88 .6 100
'Feed Composition, g/hr c G5 13 .17 18_82
Feed Composition, mole/hr Q.004 0.73%2 0.826

Total.Output Composition, mole-%: UDMH o H20 60.1

NoHg - NHs 6.3 Dimethylamine _Q,7 Hz 11.0
N2 _5.6 CHy _11.0 CO_0.2 €02 _5.0

Ethane 0.3 Other other

Output Gas Composition:
(not including UDMH, Hz0, N2H4, NHs or Amines)

Hp N CH, co COx Ethane
45 minutes: 31.6 16.3 28.3 0.5 22.4 0.9
1-1/2 hour: 33.2 16.9  33.1 0.7 15.2 0.8
% Ho0 Used: 14.6 % Reforming to COz: 27.7 % to Co:_ 1.17
Moles NH3 Formed/hr: _ oAg calculated
to complete
Moles Dimethylamine Formed/hr: __.007 mass balance

g atom Carbon Deposition/hr:

Moles Hy per 100 g UDMH input: o5 0

Moles H> per 100 g total input:_oqg A1

Hydrogen efficiency = 15.1
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UDMH STEAM REFORMING DATA SHEET

Catalyst g7 o Temperature, °C__ 300

Pfessure, psig 50 Gas Volume Rate, 1/hr 1.135

Moles Gas Produced/Hr _0.086 % UDMH Used 75.1 A

R UDMH Hz0 Total

Feed Composition, mole-% 11,4 88.6 100
 Feed Composition, g/hr 6.02 14.06 20.08

Feed Composition, mole/hr 0.100 0.781 0.881

Total Output Composition, mole-%: UDMH _ 2.5 H20 82'0,

NaHg _ NHa 4.9 Dimethylamine _5.7 Ha 0.1

N2 2.4 CHse 2.1 CO __ o CO2 _OQ
"~ Ethane Q Other

Output Gas Composition:
(not including UDMH, Ho0, N2H4, NHs or Amines)

Hp - N CHgq co COoz Ethane
45 minutes: 3,5 54,0 42.5 - - -
1-1/2 hour: 2.9 53.7 43,4 - - -
% Ho0 Used: Q % Reforming to COz: _O % to CO:__ O
Moles NHs Formed/hr: Q47 calculated

to complete
Moles Dimethylamine Formed/hr: 054 mass balance

g atom Carbon Deposition/hr: .022
Moles H> per 100 g UDMH input: 0.03
Moles Hs per 100 g total input: 0.0l

Hydrogen efficiency = 0.2
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UDMH STEAM REFORMING DATA SHEET

Catalyst g-47 Iron Oxide Temperature, °C_%00
Pressure, psig 50 Gas Volume Rate, 1/hr _3.10 :
Moles Gas Produced/Hr 0,126 % UDMH Used 87.6
| UDME Hz0 Total

Feed Composition, mole-% 71.4 88.6 100

" Feed Composition, g/hr 5.96 13.90 | 19.86
Feed Composition, mole/hr 0.099 0.772 0.871
Total Output Composition, mole-%: UDMH 1,2 H20 _76.1
NzHg - NHa 6.1 Dimethylamine _3%.8 Ho 1.5
N __ 3.8 CHy _6,3 CO _0.2 Co2 _0.8

Ethane 0.1 Other

Output Gas Composition:
(not including UDMH, Hz0, N2Hs, NHs or Amines)

Ho . N2 CHy co CO2 Ethane
45 minutes: 13.4 31,4 4hr.5 2.1 4.6 1.0
1-1/2 hour: 11.9 29,8 48,9 1.9 6.5 1.0
% Ha0 Used: 2,5 % Reforming to CO2: _UL.1 % to CO: 1.2
Moles NHa Formed/hr: Q.060Q calculated
- to complete
Moles Dimethylamine Formed/hr: 0.038 mass balance

g atom Carbon Deposition/hr: 0.022 ,)
Moles Ho per 100 g UDMH input: 0.25

Moles H> per 100 g total input:g g3

Hydrogen efficiency = 1.9
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UDMH STEAM REFORMING DATA SHEET

Catalyst G-47 TIron Oxide Temperature, °C 500

Pressure, psig _ 50 ’ Gas Volume Rate, 1l/hr __ 8.37

Moles Gas Produced/Hr _ g, 340 % UDMH Used 99.5

UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
‘Feed Composition, g/hr 6.05 14.13 20.18
Feed Composition, mole/hr 0.101] 0.785 0.886

Total Output Composition, mole-%: UDMH _ O H20 62.8
NoH, - NHa 4.4 Dimethylamine _1.7 Hz _9.5
Nz __ 6.1 OCHs _10.5 € _05 00z _%.0

Ethane . 4 Other

Output Gas Composition:
(not including UDMH, H20, NzH¢, NHs or Amines)

Hp ~ Nz CHg Cco CO2 Ethane
45 minutes: 32.9 19.0 3%.,9 1.4 1.7 1.2
1-1/2 hour: 30.9 19.6 34,0 1.4 2.9 1.2

% Hz0 Used: 11.7 % Reforming to CO2: _21.8 % to CO:_2.5

Moles NHz Formed/hr: _ 0,049 calculated
to complete

Moles Dimethylamine Formed/hr: 0,019 mass balance

g atom Carbon Deposition/hr:

Moles Hs per 100 g UDMH input: 1,74

Moles Hz per 100 g total input:0.52

Hydrogen efficiency = 13.0%
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UDMH STEAM REFORMING DATA SHEET

Catalyst _G-47

Temperature, °C 300

Pressure, psig 150 Gas Volume Rate, 1/hr 0.26
Moles Gas Produced/Hr 0.011 % UDMH Used 0.5%
UDMH Hz0 Total
Feed Composition, mole-% 11.4 88.6 100
Feed Composition, g/hr 5.91 13,79 19.70
Feed Composition, mole/hr 0.0985 0.766 0.865
Totai Output Composition, mole-%: UDMH H20
N2oH, NHg3 Dimethylamine Ho
N2 CH,4 Co CO2z
Ethane Other
Output Gas Composition:
(not including UDMH, Hz0, NpH4, NHs or Amines)
Hp Nz CHgq co COz Ethane
45 minutes:
1-1/2 hour:
% Hp0 Used: % Reforming to COz: % to CO:
Moles NHs Formed/hr: calculated

to complete
mass balance

Moles Dimethylamine Formed/hr:

g atom Carbon Deposition/hr: /)
Moles Hp per 100 g UDMH input:

Moles Hp per 100 g total input:

Hydrogen efficiency =

Not enough gas produced to analyze
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UDMH STEAM REFORMING. DATA SHEET

Catalyst _ G-U47 Iron oxide Temperature, °C_ 400

Pressure, psig 150 ' Gas Volume Rate, 1/hr 3,30

Moles Gas Produced/Hr _ o, 134 % UDMH Used 77.7

UDMH Hz0 Total
Feed Composition, mole-% 11.4 _88.6 100
Feed Composition, g/hr — 503 —13.12 - 18,75
Feed Composition, mole/hr 0.094 0.729 0.823

Total Output Composition, mole-%: UDMH 2,2 H20 __77.0

NoHg - NHa 3.5 Dimethylamine 2.7 Ho (.9
Na __ 4.7 CHy _ 8,1 Co _0.2 - Co2 _0.4%

Ethane _9Q,2 Other

Output Gas Composition: i
(not including UDMH, H20, N2H4, NHs or Amines)

Hz - N CHq co CO2 Ethane.
45 minutes: 616 31.3 55.9 1.5 3.4 I
1-1/2 hour: 6.5 32.8 56 .2 1.3 2.9 N
% Ha0 Used: 1.4 % Reforming to COz: _2.1 % to Co: 1.1
Moles NHs Formed/hr: g gzo calculated

to complete
Moles Dimethylamine Formed/hr: 0.02R mass balance

g atom Carbon Deposition/hr: 0.006
Moles Hz per 100 g UDMH input: O0.15
Moles H> per 100 g total input: 0.05

Hydrogen efficiency = 1.1%
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UDMH _STEAM REFORMING DATA SHEET

Catalyst G-47 ' Temperature, °C_500
Pfessure, psig _ 150 : Gas Volume Rate, 1/hr __ 7 71
Moles Gas Produced/Hr 0.313% % UDMH Used . aB .y

‘ UDMH Hz0 Total
Feed Composition, mole-% 11.4 88 .6 100
‘Feed Composition, g/hr ‘ 591 13.79 19.70
Feed Composition, mole/hr 0.0085 0.766 Q.865

Total Output Composition, mole-%: UDMH _ .] H20 _64.6
NoHe _ NHa 5.5 Dimethylamine _0.7 Ho 8.0

N2 5.9 CH, 11.6 CO 0.4 _ Coz2 3.0
Ethane _n 2 Other

Output Gas Composition:
(not including UDMH, Hz0, N2H4, NH3 or Amines)

Hp Y CH4 co COogz Ethane
45 minutes: 27.3 20.3 39.0 0.9 11.6 0.9
1-1/2 hour: _op7 A 0.4 _39.8 1.2 10.4 0.8

% HoO Used: 9.0 % Reforming to CO2: _16.5 % to CO: 1.9
Moles NHz Formed/hr: _ . 059 calculated
to complete
Moles Dimethylamine Formed/hr: (,008 mass balance
g atom Carbon Deposition/hr: 0,013 ’)
Moles Hz per 100 g UDMH input: }1.46
Moles Hy per 100 g total input: .4l

Hydrogen efficiency = 10.9
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APPENDIX IIB

AEROZINE STEAM REFORMING DATA
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AEROZINE STEAM REFORMING DATA SHEET

Catalyst = G-56B Temperature, °C 300
Pressure, psig 25 Gas Volume Rate, 1/hr 2.677
Moles Gas Produced/Hr 0.109 % UDMH Used 94.9
— % NoH4 Used TOO
UDMH Hz0 NoH. Total
Feed Composition, mole-% g .U 73.0 17.6 100
~ Feed Composition, g/hr 4.75 11.06 4,75 20.56
Feed Composition, mole/hr 0.0792 0.6144 0,484 0.8420
Total Qutput Composition, mole-%: UDMH (.4 H20 57,8
NzHs _Q NHa 26.5 Dimethylamine 4 7 Ho 2.9 -
Ne 6.1  CHy 0.4 co_0.6  Co2_0.6
Ethane Trace Other

Output Gas Composition:
(not including UDMH, Hz0, NzH4, NHz or Amines)

.Hg_ Eg_ CH& _CQ COg Ethane

45 minutes: 30.7 52.4 3.8 5.6 7.4 0.1
1-1/2 hour: 23.5 63.1 41 5.3 4.0 0.1
one 27.1 57.8 3.9 5.5 5.7 0.1
% Ho0 Used: 3.0 % Reforming to COz: 3,9 % to CO:_3,8
Moles NHs Formed/hr: g 2731 calculated

to complete
Moles Dimethylamine Formed/hr: (0.0480 mass balance
g atom Carbon Deposition/hr: 0.0376

Moles Hz per 100 g aerozine input: 0.31
Moles Hz per 100 g total input:0.1i%

Hydrogen efficiency = 3.2
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AERQZINE STEAM REFORMING DATA SHEET

Catalyst G-56B Temperature, °C 400
Pressure, psig 25 Gas Volume Rate, 1l/hr 7.221
Moles Gas Produced/Hr _0.294 % UDMH Used 99.7

‘ % NoH, Used 100

UDMH Hz0 NgHy Total

Feed Composition, mole-% 9.4 73.0 17.6 100
Feed Composition, g/hr 4.75 11.06 4,75 20.56
Feed Composition, mole/hr 0.0792 0.6144 0.1484 0.8420

Total Output Composition, mole-%: UDMH _¢ H20 45,2

Nz2Hy _ 0O NHa 28.1 Dimethylamine (.7 Ho _11.7 -
N2 5.7 CHs _3.8 co Q___  Coz _4.8
Ethane 0 Other

Output Gas Composition:
(not including UDMH, H20, NoHs, NHa or Amines)

Ha Nz CHg co COz Ethane .
45 minutes: 44,6 22.0 13.8 none 19.6 none
1-1/2 hour: 45.3 22.0 15,4 none 17.4 none
one 5.0 22.0 14.6 none 18.5 none
% Ho0 Used: 16.9 % Reforming to COz: 34.3% % to CO: O
Moles NHsz Formed/hr: 0.3178 calculated

to complete
Moles Dimethylamine Formed/hr: _.0075 mass balance

g atom Carbon Deposition/hr: 0.0456
Moles Hp per 100 g aerozine input: 1.39
Moles Hz per 100 g total input:_0.64

Hydrogen efficiency = 14.2
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AEROZINE STEAM REFORMING DATA SHEET

Catalyst G-56B » Temperature, °C.zaq

-Pressure, psig 20 Gas Volume Rate, 1l/hr _3j 8%o

‘Moles Gas Produced/Hr Qo,Q74 % UDMH Used _gh 3
% NzH4 Used 97 ]

UDMH Hz0 NoH,  Total
{Feed Composition, mole-% 9.4 73.0 17.6 100
Feed Composition, g/hr 4,69 10.92 4,69 20.30
"Feed Composition, mole/hr 0.0781 0.607 0.1464 0.831

Total Output Composition, mole-%: UDMH _o.7 _ Hz0 58.8

NoHy 0.4 NH3 30.9 Dimethylamine 0 H 0.3 -
No __6.1 CHs _0.8 CO_0 €02 _0
Ethane 0 Other

Output Gas Composition:
(not including UDMH, Hz0, NzHs, NHs or Amines)

Ho No CH4 co Coz Ethane
45 minutes: 5.3 84.7 _10.0 none none none
1-1/2 hour: 4.0 84.8 . 10.9 0.3 none none
% Ho0 Used: 0.1 % Reforming to COz2: O % to C0:0.1
'Moles NHs Formed/hr: 0.319 calculated
to complete
{Moles Dimethylamine Formed/hr: 0 mass balance

g atom Carbon Deposition/hr: 0.089
/

Moles Hy per 100 g aerozine input: 0.032

Moles Hz per 100 g total inpubt:g,015

Hydrogen efficiency = 0.3%
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AEROZINE STEAM REFORMING DATA SHEET

Catalyst __ G56B Temperature, °C ' 400
Pressure, psig 50 Gas Volume Rate, 1l/hr _6,855

Moles Gas Produced/Hr _ 0,279 UDMH Used a8
%% NzH4 Used lOO;L

UDMH Hz0 NeH, Total
Feed Composition, mole-% g. U 73.0 17.6 100
Feed Composition, g/hr 4,60 10.72 4,60 19.92
Feed Composition, mole/hr 0,0767 0,5955 0.1438 0.8160
Total Output Composition, mole-%: UDMH 0,1 H20 43,5
N2H4y _Q ~ NHs _30.4  Dimethylamine _Q.,5 Ha _12.5 -

N2 4.7 CHs _2.6 CO o U4 CO2 5.3
Ethane Tpgce Other

Output Gas Composition:
(not including UDMH, Hz0, NoHs, NHs or Amines)

Hg Nz CHg co Coz Ethane
45 minutes: 49.6 23.6 8.8 1.6 16.5 none
1-1/2 hour: 49,0 18.2 10,2 1.6 20,9 __ Q.1
% Ho0 Used: 20.3 % Reforming to CO2: 38.0 % to CO:_2.9
Moles NHa Formed/hr: Q 3318 calculated

to complete
Moles Dimethylamine Formed/hr: ¢,0050 mass balance

g atom Carbon Deposition/hr: g ohaog

Moles Hz per 100 g aerozine input: 1.49
Moles Hz per 100 g total input:0.69

Hydrogen efficiency =15.2
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. AEROZINE STEAM REFORMING DATA SHEET

Catalyst G-56B Temperature, °C 500
Pressure, psig "0 Gas Volume Rate, 1/hr 12,02
Moles Gas Produced/Hr _0.489 % UDMH Used 100

% N2H, Used 100

UDMH H20 NoHg Total
Feed Composition, mole-% 9.4 73.0 17,6 : 100
Feed Composition, g/hr 4.60 10.72 4.60 19.92
Feed Composition, mole/hr 0.0767 0.5955 0,.1438 0.8160

Total Output Composition, mole-%: UDMH 0 H20 42,4

Nz2Hsy O NHs 15.7 Dimethylamine 0 Ho _17.6
N> 11.0 CH, 8.9 Co 0.1 _ CO2 4.3
‘Ethane 0) Other 0

Output Gas Composition:
(not including UDMH, H20, NzHs, NHz or Amines)

Ho No CHyq Cco COo2 Ethane
45 minutes: 40.8 25.0 20.3 none 13.9 none
1-1/2 hour: 43,2 27.6 22.3 0.3 6.6 none
One 42.0 26.3 21.3 0.2 10.2 " none
% Ho0 Used: 16.9 % Reforming to COz: 32.5 % to CO:__0.7
Moles NHsz Formed/hr: 0.18%4 calculated

to complete

Moles Dimethylamine Formed/hr: 0 mass balance
g atom Carbon Deposition/hr: c ___

Moles Hy per 100 g aerozine input: 2.23
Moles Ho per 100 g total input:__1.03

Hydrogen efficiency = 22.8%
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AEROZINE STEAM REFORMING DATA SHEET

Catalyst Girdler T-114%4 Temperature, °C__400 .
Pressure, psig 50 Gas Volume Rate, 1/hr _6.923
Moles Gas Produced/Hr _0.2814 % UDMH Used 94 .6
% NpHs Used 100
UDMH H20 NoHg Total
Feed Composition, mole-% g, U 73.0 17.6 100
~ Feed Composition, g/hr 4,576 10.658 4,576 19.81
Feed Composition, mole/hr 0.0763 0.5921 0.1430 0.8114

Total Output Composition, mole-%: UDMH __ Q.4 H20 _U45.6

Nz2Hs _0Q NHa 25.4 Dimethylamine 2.4 Hz 13.7 -

N2 6.0 CHy __1.4 Co _0.6  CO= _4.3
Ethane _q Other

Output Gas Composition:
(not including UDMH, H20, NzH,, NHa or Amines)

Hp Nz CHq co Coz Ethane
45 minutes: :
avg - 2 hr: 52,4 23,1 _ 5.5 2.4 16.6 0
% H20 Used: 16.9 % Reforming to CO=2: 30.6 % to CO: 4.4
Moles NHz Formed/hr: Q,2740 calculated
to complete
Moles Dimethylamine Formed/hr: 0.0264 mass balance

g atom Carbon Deposition/hr: 0.0227
Moles Hp per 100 g aerozine input: 1.61
Moles Hs per 100 g total input: O.T4
Hydrogen efficiency = 16.2%
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) ‘ AEROZINE STEAM REFORMING DATA SHEET

Catalyst  @irdler T-114) Temperature, °C_500
Pressure, psig 50 Gas Volume Rate, 1l/hr _13,175
Moles Gas Produced/Hr 0.5356 - % UDMH Used  08.8 '
% NoH, Used 100
UDMH H>0 NoH., Total
Feed Composition, mole-% Q.U 73,0 17.6 100
- Feed Composition, g/hr 4 .576 10.658 _h.576 19.81
Feed Composition, mole/hr 0.0763 0.7921 0.1430 0.8114

Total Output Composition, mole-%: UDMH p 1 H20 15.9
NoHa o) NHs 8.1 Dimethylamine _] .0 H> 20.9 -
N2 13,7 CHa 8,5 Co 0.2 CO2 1.7

Ethane 0 Other 0

Output Gas Composition:
(not including UDMH, H20, N:2H4, NHz or Amines)

Ha Nao CHy co CO2 Ethane
45 minutes:
avg - 2 hr: 46.1 30.6 19.0 0.4 3.9 0

% Ho0 Used: 7.4 % Reforming to CO2: _13.4 % to CO: 1.4
Moles NHz Formed/hr: (0.0968 calculated

to complete
Moles Dimethylamine Formed/hr: 0.0121 mass balance

g atom Carbon Deposition/hr: 0.0017

/
Moles Hz per 100 g aerozine input: 2.70

Moles H> per 100 g total input:1.25

Hydrogen efficiency = 27.1%

113




APPENDIX III

N-O4 CATALYST DATA
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APPENDIX III
CATALYST DATA

Type Number: G-43 Manufacturer: Girdler
Classification: Reduction of Nitrogen Oxides
Temperature Range: Not specified
Active Material: Platinum Promoted
Substrate or Support:
Size: 1/4"x 1/4" Shape: Tablets
Additional Information: 4High1y active, physically rugged. Presently

in commercial use in petrochemical industry.

Type Number: T_114%4 Manufacturer: @Girdler
Classification: Experimental |

Temperature Range:

Active Material: Nickel Oxide 50% Nickel
Substrate or Support: Refraétory Oxide

Size: 3/16"x 1/8" Shape: Tablets
Additional Information:
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APPENDIX III(Cont'd)

Type Number: T-310 Manufacturer: Girdler .
Claésification:' Experimental

Temperature Range: Not specified

Active Material: Nickel Oxide 10-12% nickel
‘Substrate or Support: Activated Alumina

Size: 3/16" x 1/8" Shape: Tablets
Additional Information:

Type Number: T-366 Manufacturer: Girdler
Classification: Experimental

Temperature Range: Not Specified

Active Material: Copper 50%

Substrate or Support: Kieselguhr

Size: Powder Shape:

Additional Information: Stabllized to be non-Pyrophoric.
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APPENDIX IITI (Cont'd)

Type Number: T-317 Manufacturer: Glrdler

Classification: Experimental

Temperature Range: Not Specified

Active Material: Copper Oxide 10-12%
Substrate or Support: Activated Alumina

Size: 3/16" x 1/8" Shape: Tablets

Additional Information:

Type Number: T-315 Manufacturer: Girdler
Classification: Experimental

Temperature Range: Not Specified

Active Material: Copper Oxide (3 to 4%)

Substrate or Support: Activated Alumlna

Size: 3/16" x 1/8" | Shape: Tablets

Additional Information: Actlve material concentrated in thin

outer layer.
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APPENDIX IIT(Cont'd)

Type Number: T-313 Manufacturer: Girdler
Classification: Experimental |

Temperature Range: Not Specified

Active Material: Nickel 3-4%, Copper 0.2%

Substrate or Support: Actlvated Alumina

Size: 3/16" x 1/8" Shape: Tablets

Additional Information: Active materials concentrated in thin

outer layer.'

Type Number: G-31 Manufacturer: Girdler
Classification: Steam Reforming

Temperature Range: 950°-1150°C

Active Material: Nickel

Substrate or Support: Alumlna

Size: 5/8" to 1-1/2 ' Shape: Lump

Additional Information: High activity may have to be crushed for trials.
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APPENDIX III(Cont'd)

Type Number: ICI-35-% Manufacturer: Girdler

Classification:  Ammonia Synthesis

Temperature Range: Not Specified

Active Material: Triplé Promoted Iron Oxide

Substrate or Support:

Size: 2-8 mm Shape: Granules

Additional Information: 'Long life - High or low temperature operatlion -

Poisoned by sulfur or oxygen compounds.

Type Number: G-56 Manufacturer: Girdler
Classiflcation: Ammonla Dissoclation and Steam Reforming
Temperature Range: Not Specified

Active Material: Nickel

.Substrate or Support:

Size: 5/8 x 3/8 . - Shape: Raschig Rings

Additional Information:
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APPENDIX IIT (Cont'd)

Type Number: Manufacturer: Engelhard Industries
Classification: Ammonia Dissociation Type

Temperature Range: N/S

Active Material: Platinum 90%, Rhodium 10%
Substrate or Support: Wire

Lize: Shape: 80 mesh gauze

Additional Information:

Type Number: H-BPS-55 Manufacturer: Norton Company
Classification:l Acid

Temperature Range: 100-650°C

Active Material: Synthetic Zeoliltes

Substrate or Support:

Size: 1/16 Shape: Pellets

Additional Information:
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APPENDIX III (cont'd)

Type‘Number: G-49A Manufacturer:
Classification: HWdrogehation
Temperature Range: N/S |
Active Material: Reducéd Nickel
Substrate or Support: Kieselguhr

Size: 3/16 x 1/8 Shape:
Additional Information:

Type Number: Manufacturer:

Classification:'

Temperature Range:

" Active Material:

Substrate or Support:
Size: Shape:

Additional Information:
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APPENDIX III (cont'd)

Type Number: 73578-B Manufacturer: MRC
Classificétion: Proprietary

Temperature Range:

Active Material: Same as T7604-1
Substrate or Support: On speclal substrate
Size: Powder Shape:

- Additional Information:

Type Number: T-325 Manufacturer: - Girdler
Classification: Experimental

Temperature Range:

Actlve Material:

Substrate or Support: No support

Size: 1/8 Shape: Tablets
Additional Information: |

Like G-49B only in tablet form.
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APPENDIX III (cont'd)

- MRC

Type Number: Manufacturer:
Classification:

Temperature Range:

Active Material: Titanium
Substrate or Support:

Size: Powder Shape:

Additional Information:
Heat treated in air for 2 minutes at 700°C.

Type Number: ¢3578-p Manufacturer: “MRC
Classification:‘ Proprietary
Temperature Range:

Active Material: Same as 77604-1
Substrate or Support: Shawinigan'black
Size: powder Shape:

Additional Information:
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APPENDIX III (cont'd)

Type Number: T7604-2 Manufacturer: MRC
Classification: Proprietary
Temperature Range:

Active Material:

Substrate or Support:

Size: Powder Shape:

Additional Information:

Type Number: - Manufacturer: - MRC
Classification:

Temperature Range:

Active Material: Thorium

Substrate or Support:

Size: Powder Shape:

Additional Information:
Heat treated in argon for 2 hours at 700°C.
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APPENDIX III (cont'd)

Type Number: T77604-5 Manufacturer: MRC
Classification: Proprietary

Temperature Range:

Active Material:

Substrate or Support:

Size: Powder Shape:

Additional Information:

Type Number: <77604-1 Manufacturer: - MRC
Classification: Proprietary
Temﬁerature Range:

Active Material:

- Substrate or Support:

" Size: Powder Shape:

- Additional Information:
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APPENDIX III (cont'd)

Type Number: ' Manufacturer:
Classification:

Temperature Range:

Active Material: Rhodium metal
Substrate or Support:none |

Size: Powder Shape:
Additional Information:

Type Number: 77604-4 Manufacturer:
Classification: Proprietary
Temperature Range:

Active Material:

Substrate or Support:

Size: Powder Shape:

Additional Information:
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APPENDIX III (cont'd)

Type Number: Ni-4305E Manufactufer: Harshaw
.Classification: Acidic Hydfogenation and Desulfurization
Temperature Rarge:

Actlive Material: Nickel-Tungsten

Substrate or Support: Alumina

Size: 1/8" Shape:

Additional Information:

Type Number: pAg-0l01E Manufacturer: Harshaw
Classification: (xidation of methanol
Temperature Range: N/S

Active Material: 3 5¢-4,0% Silver

Substrate or Support: AaAlumina

Size: 7 /gn : Shape:
Additional Information:
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APPENDIX III (cont'd)

Type Number:gu_guh T Manufacturer:

Classification: Hydrogenatién
'Temperature Range: N/S

Active Materlial: Copper Chromite
Substrate or Support: Alumina

Size: 3/8" . Shape:
Additional Information:

Type Number: Cu-2501G Manufacthrer:
Classification: Dehydrogenation
Temperature Range: N/S

Active Material: Copper Carbonate
Substrate or Support: Silica

Size: 1/8" Shape:
Additionél Information:

Tablets
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APPENDIX III (cont'd)

Type Number: Cu-0307T Manufactufer: Harshaw
Classification: oOxygen or Hydrogen Removal
Temperature Range: N/S

| Active Material: (Cu0 99%

Substrate or Support: None

Size: 3 /g Shape: Tablets
Additional Information:

Type Number: ¢,_-pg9o5T Manufacturer:  Harshaw
Classification: Chlorination

Temperature Range: N/S

Active Material: CuClas

Substrate or Support: Alumina

Size: 131/8" Shape: Pellets
Additional Information:

129




APPENDIX III (cont'd)

Type Number: MRC-Ag Manufactufer: Monsantc
Classification: Proprietary |

- Temperature Range: 300°-400°C

Active Material: 0,2-0.4% Silver

Substrate or Support: Alumina

Size: 3/8" Shape: Chips
Additional Information: Borohydride Reduced

Type Number: MRC-Ag-HG Manufacturer: Monsanto
Classification: Proprietary

Temperature Range: 300°-400°C

Active Material: Silver and Mercury 0.2-0.4%
Substrate or Support: Alumina

Size: 131/8" Shape: Chips
Additional Information: Borohydride Reduced
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APPENDIX III (cont'd)

Type Number: T-309 Manufactufer: Girdler
Classification: Experimehtal

Temperature Range: N/S

Active Material: Platinum Oxide

Substrate or Support: Alumina

Size: 3/16 x 1/8 Shape: Tablets

Additional Information: Platinum Oxide Concentrated in thin
outer layers

Type Number: T-366 Manufacturer: Girdler
Classification: Experimental

Temperature Range: N/S

Active Material: Copper 55%

Substrate or Support: Kieselghur

Size: Powder Shape:
Additional Information: Stabilized



APPENDIX III (cont'd)

Type Number: g-49a Manufactufer: Girdler
Cléssification: Hydrogenation |

- Temperature Range: N/S

Active Material: Reduced Nickel

Substrate or Support: Kieselguhr

Size: 3/16 x 1/8 Shape: Tablets
Additional Information:

Type Number: G-43 Manufacturer: Girdler
Classification: Reduction of Nitrogen Oxides
Temperature Range: N/S

Active Material: Platinum Promoted

Substrate or Support:

Size: 1/4 x 1/4 Shape: Tablets
Additional Information: Highly Active
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APPENDIX III {cont'd)

Type Number: G-47 Manufactufer: Girdler
Classification: ammonia Dissoclation

‘ Temperature Rarige: 850-980°C

Active Material: Iron Oxide

Substrate or Support:

Size: 1/4" Shape: Spheres
Additional Information: High Space Velocities

Type Number: Manufacturer: Engelhard
Classification:

Temperature Range: N/S

Active Material: (.54 Palladium

Substrate or Support: Activated Alumina

Size: 1/8 x 1/16 Shape: Cylinders
Additionél Information:
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APPENDIX III (cont'd)

Type Number: Manufacturer:

Classification:

Temperature Range: N/S

Active Material: cald

Substrate or Support:

Size: /4 Shape:
Additional Information:

Type Number: Manufaéturer:
Classification:

Temperature Range: N/S

Active Material: 0,5% Rhodium
Substrate or Support: Alumina

Size: 1/8" _ Shape:

Additional Information:

-
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APPENDIX III (cont'd)

Type Number: MRC-Pt-Hg  Manufacturer: Monsanto
Classification: Proprietary

Temperature Range: 200 - 800°C

Active Material: 0.2 - 0.4% Pt-Hg

Substrate or Support: Alumina

Size: 1/8 in. . Shape: Chips
.Additional Information: Borohydride Reduced

Type Number: Ag-OlOlE  Manufacturer: Harshaw
Classification: Methanol Oxidation

‘Temperature Range: 200 - 800°C

Active Material: Silver

Substrate or Support: Alumina

Size: 1/8 in. Shape: Extruded pellets

Additionél Information:
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APPENDIX TIII (cont'd)

Type Number: cugho2T Manufacturer: Harshaw
Classification: Hydrogenation

Temperature Rarige: 200 - 800°C

Active Material: Copper Chromite Cu0-35%

Cr'g 03-38%
Substrate or Support: Ba0-10%
Size: 1/8 in. Shape: Tablets

Additional Information: Ba0O stabilized

Type Number: Ni-4305E  Manufacturer: Harshaw
Classification: Hydrogenation
Temperature Range: 200 - 800°C
Active Material: Nickel Tungsten Sulfides 4.5%N. O.5%W
Substrate or Support: Alumina
Size: 1/8 in. Shape: Extruded pellets

Additionél Information:
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APPENDIX III (cont'd)

Type Number: 11-077 Manufacturer: Engelhard
Classification:

Temperature Range: 200 - 800°C

Active Material: 0.5% Pt

Substrate or Support: Alumina

Size: 1/8 in. Shape: Extruded pellets
Additional Information:

Type Number: Cu2501G Manufacturer: Harshaw
Classification: Dehydrogenation

Temperature Range: 200-800°C

Active Material: Copper Carbonate 6%
Substrate or Support:_Silica

Size: 4-10 mesh Shape: chip
Additional Information:
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APPENDIX III (cont'd)

Type Number: Cu-0803 Manufascturer:

Classification: Oxygen Removal
Temperature Range: 200 - 800°C
Active Material: Copper Oxide
Substrate or Support: Alumina

Size: 1/8 Shape
4 Additional Information:

Type Number: Manufacturer:
Classification:

‘Temperature Range:

Active Material:

Substrate or Support:

Harshaw

¢ Tablets

Size: Shape:

Additionél Information:
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APPENDIX IV

ULTRAVIOLET SPECTROPHOTOMETRIC DETERMINATION
OF NITRITE-NITRATE

This method of quantitative determination of Nitrite-
Nitrate in acid solution makes use of the distinct absorption
bands 1in the UV region for these materials.

Absorbance maxima are at 357 mu for nitrite and at 301 my
for nitrate. Nitrate does not absorb at 357 my; therefore, no
_correction for absorption is necessary. However, nitrite does
absorb at 301 my, and correction 1s necessary for nitrate
analysis.

A Cary Recording Spectrophotometer, Model 14M with matched
1.00-cm quartz cells was used. The solvent used was 2.5M HzPOg4
diluted from 85% J. T. Baker Reagent-grade phosphoric acid.

Absorption data for NOz- and NOs-ions were obtained.
Beer's law was followed and was used to obtain the following
equations:

1) Aas7 = 46.9[NO2-]

2) Asor = 3.80[N0z-] + 7.76[NOs-]

Since cell length is 1.00 cm, no correction is necessary and
absorption constants are molar absorptivities.

Utilizing the following formula for solution of NzO4, the
quantlty of Np0O4 is easily calculated:

N204 + Ho0 —HNO, + HNOg

In the presence of air, some or all of the nitrous acid will
oxidize to nitric acid

Therefore, the nitrite-nitrate concentrations will n

~ 4

iv o
equlimolar but may be easily corrected as follows to det
N>0O4 concentration:

te
ermine

[NOg-] + [NOa-]
2

[N204] =
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APPENDIX V.

CALCULATIONS OF VOILUME N»/A.H. FACTOR FOR AEROZINE-50
ELECTROOXIDATION

The test conditions used (described in section IV, B, 3)
correspond to excess fuel conditions: any component of the fuel
may be used 1n any proportion with the unreacted components dis-
carded. There are four reactions which can take place:

H-1 NzHs oxidizes by a 4 electron process to yleld 1 mole of
Nz per mole of NzH4 reacted

U-1 UDMH oxidizes by a 6_e1ectron process td‘yield 1 mole of
Nz per mole of UDMH reacted

U-2 UDMH oxldizes by a 2 electron process yleldlng no N2
U-3 UDMH oxldizes by a 4 electron process ylelding no N»

The justification for the UDMH reactions 1s found in ref. Yy,
No apriori assumptions can be made, any or all of these reactlons
can take place, any or all may contribute to the Ampere-Hour cap-
acity of the cell. Calculation of capacilty and volume factors
leads to the followlng:

Species Reaction A.H/gm ££3N2/gm
reacting Code Reacting reacting
NoH4 H-1 3.35 24,7 x 1072
UDMH U-1 _ 2.68 13.1 x 10° 3
UDMH - y-2 0.89 0
UDMH U-3 1.78 )
Let: w = g UDMH reacting by reaction U-1
u = g UDMH reacting by reaction U-2
- y = g UDMH reacting by reaction U-3
z = g NaH4 reacting by reaction H-1 . Co
v = number of 1/1000 ft® of Nz produced per A.H. The Ampere-

hours produced hy any or all of the possible anodic
processes 1s given by: .

-

v

A.H. =2.68 w+ 3.35 2 + 0.8 u+ 1.78 y .
The volume of Nz produced at the same time 1is:

££3 No = 13.1 x 103 w + 24.7 x 1073 2z
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There are three possible conditlions to be analyzed:
1. Nz2H4 the only reactive component

2. Both UDMH and NzH4 actlve

5. UDMH the only reactive component

Caée 1 Nz2H4 the only reactive component.

In this case w=u=y=0 and A.H. = 3.35 z and ft3 No = 24.7 x 1072 2
forl A.H.: ' : ’

z'= 1/3.35 = 0.30 g |
Substituting this value into the volume equatlon:
£t® N2 = 24.7 x 1072(0.30) = 7.4 x 107 : vy = 7.4

Now the objective of the remaining analyses 1s to show that
this value of V = 7.4 cannot be obtained with any conditions.

Case 2 Both Nz2Hs and UDMH active

' For V to equal 7.!, the volume of Nz produced in 1 A.H. must
"equal 7.4 x 103 £t -

Thus for 1 A.H.

7.4 x 1002 = 13.1 x 1073 w + 24.7 x 107> 2

rearranging and comblning terms:

z = 0.30-0.5% w

substituting this expression into the A.H. eguation:

AH. = 2.68 w + 3.35 (0.30-0.53 w) + C.82 u + 1.78 vy

rearranging and combining terms:

ALH. = 1.0+ 0.90w + 0.89 u + 1.78 y

Now the assumption behlind this equation was that 1 A.H. pro-
duced 7.4 x 1072 ft3 of Nz. The only case in which this is sat-
isfled 1s for w=u=y=0, 1.e., the UDMH does not participate in the
reaction in any manner at all. Thus 1if N2H4 1s active at all,
the maximum V is 7. and this occurs when NzHs is the only active
specles. The partlcipation of UDMH in the reaction in any wmode
wlll decrease V.

Case 3 UDMH the only reactive component

In this case NzH4 does not particlpate in the reaction at all

141




and the two general equations are:

ALH. =2.68 w+ 0.8 u+ 1.78 v
£t2 N = 13.1 x 103 w

Agaln for V to ggual 7.4, the volume of Nz produced in 1 A.H.
must equal 7.4 x 10°° f£t®. Thus for 1 A.H.:

7.4 x 107% = 13.1 x 10°° w
w = 0.565 ¢
substituting into the ampere-hour expression:
A.H. = 2.68 (0.565) + 0.89 u + 1.78 y
or A.H. = 1.51 + 0.89 u + 1.78 ¥
The assumption again was that 1 amp-hour produced 7.4 x 1073
- £t3 of gas. However, this cannot occur for any actual values of
u and y. The maximum V which can occur if NzH4 1s lnactive 1is
at u=y=0 where V = 4.9.
These analyses have indicated that V values below 7.4 indicate

participation of UDMH in the electrode reaction, while V = 7.4
(within experimental error) indicates NzHs 1s the only participant.
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