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FOREWORD

Food Machinery and Chemical Torporation has invos*tigated different
means of producing liquid mixtures of nitric oxide ani nitrogen dioxide
from the standard high-temperature adscrption (HTA) vccovery system.
The aim of this specific project, under Contract AF 18(500)-34, Supple-
mental Agreement No. S3(53-908), has been to develop a process to
rapidly cool the nitric oxide-oxygen gas mixture, as obtained from the
regular HTA process, condense nitric ox:de-nitrogen dioxide, and allow
the excess oxygen to escape. Five birmon-hly progress reporis have been
issued describing the research on this preject from 1 Marcn 1953 %o
1 March 1954. This is a final report rr=pared frowm t.e =arlier reports
to cover the work completely.

The contract was administered unds: Forrest 5. Forbes; Froject
Engineer, Fuel and 0il Branch, Power Pl:s -t Labcratory, Wright Air Devel-
opment Center.

Donat Be Brice assisted by Norman "ishman, was responsible for
planning of experiments and for prccess calculations. Normwan Fishman
made the majority of the sorpition and condensation tests, and William J.
Gowans, the analytical determinaticns. OSupervision «f *he project was
under Wesley N. Lirisay, Chief, Chemical Research Sectior, Ceniral
Research Department, Food Machinery and Chemical Ccrporaticn, under the
general direction of Paul C. Wilbur, Vice Presideni and Directcr of
Research.

This document 1s classified CONFIDENTIAL irn ite entiraty because
of the nature of, and potentisal military application of, the research
work and data described herein.
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INTRODUCTION

Many forms of rockets are under intensive deveiopment in this
country and many combinations of fuels and oxidizers for these
devices have been examined. A 30-70 weight per cent mixture of nitric
oxide and nitrogen dioxide appears well suited for use as an oxidizer.
It has the same desirable properties of nitrogen dioxide plus the
added feature of a low freezing point (under -100°F) whican is a
requirement for use in rockets which must perform in arctic climates
as well as high altitudes where the temperature is low. Sources of

supply for mixed oxides have therefore become important to the Armed
Forces.

The effluent gases from the Focd Machinery and Chemical Corpora-
tion high-temperature nitrogen-fixaiion furnace offer a potential source
of mixed oxides. As produced these _ases contain about 2% nitric oxide,
2% carbon dioxide, 5% water vapor, 17% oxygen and the rest nitrogen.
Various methods of concentrating the dilute nitric oxide to useful
values have been examined. One such method investigated in the labora-
tory under Contract AF 18(600)-5h over the period January 1, 1952,
through February 28, 1953, is described fully in WADC TR 54-378
(FMMC Final Report CR-CH 2065.) ils These tests involved modifications

of the so-called high temperature adsorption (HTA) process, represented
by the equation: 400°C

2NO + 3/2 0z + NagFepO4 pud 2NalNOs + J2203
750°C

The earlier laboratory and pilot-plant investigations indicated
the feasibility of recovering & 4:3 mol mixture of nitric oxide and
oxygen from a two per cent nitric oxide gas, as obtained from the
nitrogen fixation furnace using the standard HTA recovery process.
Calculations were made to determine if this 4¢3 mol mixture could be
cooled rapidly enough in a conventional heat exchanger to prevent
excessive oxidation of nitric oxide to nitrogen dioxide and thus produce
a 30-70 weight per cent NO-NO, mixture (mixed oxides). These calcula-
tions indicated that upon cooling the nitric oxide and oxygen, & 30-T70
NO-NOz mixture would be reached at about 160°F. By ipcreasing the rate of

chilling, it appeared possible to avoid going beycnd the desired state
of oxidation at a lower temperature.

It was reasoned that if this partially cooled gas were bubbled into
cold mixed oxides (3%0-70 NO-NOz), the nitrogen oxides would be condensed
and the excess oxygen would escape. In order to 1limitv nitrogen oxide

losses to about 15%, the liquid temperature would have to be below
-60°F. -

CONBITIA.
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CBJECTIVES

This investigation involves different means of producing NO-NO2
mixtures from the HTA recovery system. Ii was anticipated that the
process developed would rapidly cool *the nitric oxide-nitrogen dioxide-
oxygen gas mixture obtained from the regular HTA process, condense NG-NOp
in liquid form and allow the excess oxygen to escape. Included are:

1. A demonstretion of the process on a laboratory scale by mixing
nitric oxide and oxygen gas streams together, suddenly
cooling the mixture either by passing it into cold liquid
NO-NO, or by condensirg it on a cold surface to determine
the practicability of tune operation.

2. A study of the efficiency of stripping the entering gsses,
the degree of oxidation ocurring in the liquid, ~nd the
allowable state of oxidation of the inlet gaser .

%+« Measurement of pﬁysical properties of the mixed oxides.

13

Runs of an exploratory nature show the efficiency of scrption
of nitric oxide by this process. The workability ~f a process based
on the principle of chilling a gaseous mixture of NU-NOp-0Oz by butkling
it through a NO-NOp liquid mixture is affected by the following:

1. The tendency of oxygen in the gaseous mixture to oxidize
the nitric oxide in the liquid NO-NOp mixture -as the gaszes
were bubbled through the liquid mixture.

2. The efficiency of recovery (or sorption) of nitrogen
oxide gases by the liquid NO-NOp mixture.

3. The amount of nitrogen dioxide formed from the nxidation of
nitric oxide by cxygen in the bubbles during their rise
through the liquid.

LABORATORY PROCESSES

The laboratory experimentation is presented in two separate
phases. Phase one involves production of mixed oxides by bubbling
techniques and is concerned with effects of depth of liquid column,
reaction temperature, gas flow rate and type of bubbling tip. Phase
two, an outgrowth of phase one, involves direct film-type condensation
of mixed oxides by passing process gas at high velocity through a coil
immersed in a low temperature bath and is concerned with studies of
such varisbles as bath temperature, dilution of the gaseous mixture with
inerts, and preheat of the inlet gases. Ia both phases special efforts
are made to prevent excessive oxidation of niitric oxide to nitrogen
dioxide, in order to obtain the desired 30 weight per cent nitric oxide
in the liquid product. Descriptions of analytical procedures and dis-

2
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cussions of pertinent analyses are given in Appendix I.

PHYSICAL DATA

In order to permit more detailed chemical engineering calculaticns
of the proposed method for manufacture of mixed oxides, data were
desired on the physiceal properties of the liquid NO-NOz system such as
vapor pressure, viscosity, density, surface tension and specific heat.
Since these data were for the most part unknown, they were determined
experimentally over the pertinent temperature and concentration ranges.
Appendix II contains procedures used and reszults of physical property
measurements.

COMMERCIAL PROCESS

Various calculations were made to determine the efficiency of
recovery of nitrogen oxides in the laboratory process and to estimate
the probable efficiency of operation of a larger scale process.
Appendices III, IV andi V contain examples of kinetic calculations,
sorption and condensation calculations, and data on heat loads and
refrigeration requirements. These calculations serve as the basis
for the proposed commercial process.

COMEENR AL
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EXPERIMENTAL

PRODUCTION OF MIXED OXIDES BY KUBBLING TECHNIQUES

Liquid mixed oxides were produced by bubbling various gaseous nmix-
tures of oxygen and nitric oxide through cold liquid mixed oxides.
The gases were owtained in commercial cylinders. The ini+ial charge of
liquid oxides was made by adding nitric oxide gas to liquid nitrogen
dioxide in a pressure vessel. The nitrogen dioxide was from zcmmercial
cylinders and was distilled over phosphorus pentcxide prior to use.

Aggaratus

Apparatus shown in Fisure 1 for the purification of commercial
nitrogen dioxide by distillation comprises a 500 mi flack, a glass
reservoir fabricated from 41 mm OD pyrex tubing, and a liquid nitrogen
condensate bath.

The stainless steel reservoir slown in Figure 2, used to prepare
stock quantities of liquid mixed oxides, was fabricated from a short
length of one-inch schedule 40, type 304, stainless steel pipe, and was
hydraulically tested to 800 psi. before use.

The first bubbling apparatus (Figure 3) ccmprised a glass sample
container, a thermocouple w<ll, and a concentric tube bubbler. TFigure L
is a schematic drawing of rubbler tip "A", and the revised bubbler
tip "B". The revised bubbler was made somewhat longer t¢ permit tubbling
through greater depths of liquid, and the concentric orifices were
arranged so that nitric oxide and oxygen gases would not mix until they
were bubbled into the mixed oxides. In both buhblers, oxygen flowed

through the inner tube and nitric oxide through the annular space between
the tubes.

Ancther concentric tube apparatus (Figure 5), used in the last
series of bubbling tests, consisted ¢f a fritted glass tip for more
efficient distrivution of gas bubbles. The equipment set up for a
bubbling run, including apparatus used tn collect samples of the exhaust
gas, is shown in Figure 6.

Preparation

Nitrogen dioxide crystals from the condenser of the purification
.apparatus were thawed, traunsferred to the evacuated steel reservoir
(Figure 2), frozen by ‘mmersion of the reservoir in liquid nitrogen, and
freed of impurities by further evacuation of the reservoir. With the
reservoir still in liquid nitrogen, nitric oxide was added fo the
nitrogen diosxide through a 1/h-inch stainless steel tube from a nitric
oxide cylinder. The nitric oxide was transferred at a pressure of 20 to
LO psig. as observed by a pressure gage attached to the transfer line,
. and the time of flow was controlled to limit the transfer at any cne
time to 10 to 15 grams. These small increments were used to avoid
the possibility of excessive pressures if all the nitric oxide should
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gasify when the reservoir was allowed to war. . After each increwzal the
reservoir was removed from the liquid nitrogen and the ccontents were
allowed to melt. Nitric oxide and nitrogen dioxide appeared to react
rapidly to form liquid mixed oxides under these conditions. The
chilling and melting cycle was repeated until weighings indicated that
the desired amount of nitric oxide had been added. The steel reservoir
was then cooled to about ~60°F. and the liquid mixture was transferred
through a glass tube into a glass sample flask--immersed in a dry
ice-acetone mixture to minimize vaporizaticn. The composition of the
sample was ohtained from its freezing point, using the methcd presented
in Appendix I.

Bubbling Process

Process gases were bubbled through a charge of liquid mixed oxides
in a glass sample flask, under prescribed conditions of gas flow rate,
bath temperature and run duration. Gas flows were measured with
Fisher-Porter precision bore rotameters and controlled by means of
l/8-inch stainless steel needle valves. Dry ice was added as necessary
to maintain the dry ice-acetone bath at the prescribed temperature.

Sorption efficiencies were calculated as illustrated in Appendix IV,
using material balances based on liquid weights and compositicns before
and after bubbling. Sample flasks were calibrated to give volume for
measured height of liquid, and density data were used to convert to

sample weight. Liquid compositions were determined from freezing
point data.

During the later tests, samples of exhaust gases were retained for
analysis by freezing them with liquid nitrogen using Lhe apparatus

shown in Figure 6. The sampling and analysis procecures are described
in Appendix I.

FIIM-TYPE CONDENSATION OF PROCESS GAS

Apparatus

Apparatus used in the investigation cf film-type condensation of
process gas comprised a condensing coil;, a reservoir for condensed
liquid, and an exhaust stack Tor escape of uncondensed gases. The
first condenser coil (Figure 7) was fabricated fror 5 mm ID pyrsx
tubing, wound in three turns of approximately 1.5 inch 1D,

Figure 8 shows the second condenser in position for transfer of
liquid sample. The coil was made of 5 mm. ID pyrex tubing, wound in
eight turns of approximately 3 inch ID. The auxiliary tubing and sample
flask were used to transfer condensate from the condenser reservcir
for freezing point determinations.

CORSENE
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Results of condensation tests with the glass coils lea uo fabrica-
tion of a condenser coil of stainless steel tubing. This coil (Figures 9A
and 9B) consisted of 9 1/2 turns of 3 3/8 inch mean diameter, 1/4 inch
OD, 20 gauge, type 30L, stainless steel tubing. Liquid condensate was
separated from uncondensed gases in a tee-shaped vapor separatcr, from
which the condensate flowed through a U-tube liquid trap into the
upper reservoir. Uncondensed gases passed through the uprer arm of the
vapor separgtor to the lower reservcir from which they were allowed to
vent to the atmosphere. A stainless steel coil wraprped with Nichrome
wire (Figure 10) was used ‘o preheat the gaseous NO-NOp stream. The
dip-tube used for the transfer of condersate was ths same as iLbhat uszed
with the glass condensers. (Figure 8j).

Condensation Process

A mixture of three gases was used. Nitroger dioxide gas was
added to nitric oxide and oxyger 1in such propertions as to simulate HTA
process gas after it had been ccoled and a portiHa »f the nitric oxide
had been oxldized. Gas flows were metered bty rotameters and contreoliled
by 1/8 inch stainless steel needle valves. The nitrcgen dioxide rota-
meter and its inlet line were heated by Nichrome wire windings t~ prevent
condensation. The three rotameters used for nitrogen dioxid2 at various
flow ranges were calibrated directly by condersing ritrogen dioxide gas
and weighing the liquid condensate, giving the calibration curves in
Figures 11 (A, B and C). To prever zcndensation of nitrogen dioxide
downstream from its rotameter, it waszs wixed immediately with meverasd
nitric oxide., Oxygen was mixed into the gas stream immediately upstirsam
from the point where the gas flowed into the low temperaturs bath., Figure
12 shows flows of these three gases.

Sterting procedures were varied somewhat for tests with the different
condensers. In the experiments with the smallest ccil, *tkhe fiow of
nitric cxide and nitrogen dioxide was started pricr to immersion, and
the oxygen flcw was begun immediastely after immersicrn, This fechnigqus
was employed to lessen oxidation of the nitric coxide abt tha start of

the experiment tefore a low temperature surface wus ava;-ane for conlenw
sation.

When the larger glass condenser came into use, the starting procadure
was wmodified in that only nitric oxide or nitrcgen gas was flowed prinr to
immersion. The timed run was commenced by introducing tbe other gasas
silmultaneously after immersion of the condenser iutc the bath. Nitrcgen
gas was flowed into the reservoir through a tube inserted intc the exhaust
vent at a rate approximately twice that of the existing gases to minimize
condensation of gases in the reservoir or in the stack,

The starting procedure remained essentially unchanged with the
stainless steel condenser. However, due to the condersate trapring
arrangement, it was not necessary to flow nitrogen into the regervoir.

6
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r thcse runs in which the gas preheater was used, the stainless stieel
~cr -+ m3er was first filled with nitrogen gas and immersed in the bath.
+1 .5 flowed through the preheater until temperature equilibrium had
2+~ .ached. Then the air ficw was stopped and the flow of nitric
.4 '+ and nitrogen dioxide commenced. ‘The discharge tfrom the preheater
was ihen coupled to the condenser coil and the oxygen flow quickly
started. The gas temperature at the discharge rrom the preheater was
measured with a Chromel-Alumel thermocouple attached to the metal wall.
The temperature of the mixed.gases a*t the entrance 0 the condenser
was then estimated from air«flow calibration data in this same rangs
of mass flow rates (Figure 13).

Upon cessation of gas flows the glass condensers were remcved from
the low temperature bath and weighed to determine the quantity of
product condensed. The product was then transferred to the freezing-
point-determination flask by means of nitrogen gas pressure and the
transfer dip-tube. Because of the double reservoir system employed ty
the stainless steel condenser, it was found more convenient to weigh
the product after transfer to the freezing point flask.

For the determinaticn of the heat load involved in the condensa-
tion process, the procedure was modified. To avoid dissolved carbon
dioxide in the acetone coolant bath, the acetone was precooled indirectly
by surrounding its container with dry ice. Tre chilled acetone was then
transferred to the insulated bath vessel, the mixed gases were floved
through the immersed condenser; and the time for the bath temperaturs
to change a' arbitrary number of degrees was recorded.
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RESULTS

BUBBLING GASES THROUGH LIQUID MIXED OXIDES

Preliminary tests involved bubbling a pure gas (nitrogen, oxygen,
or nitric oxide) through liquid mixed oxides. Early resulis showed that
at -60°F., oxygen bubbled through the mixed oxides did not readily
oxidize the nitric oxide present. Later results, presented in Table 1,
showed that though the oxidation rate was small at lower temperatures,
it increased appreciably as the liquid temperature was raised.

TABLE 1

Loss of Nitric Oxide in Liquid Mixed Oxides by Bubbling Oxygen or Nitrcgen

Bath Oxygen Gas Bubbled Nitrogen Gas Bubbled
Temp . Weight % NO %NO Weight % NO % NO
°F. Initial  Final Loss & Initial Final Loss
-60 28.4 27.1 5.2 28.3 27.9 2.8
-0 27.1 23.4  12.5 27.9 27.1 5.3
-30 23,4 20.2 k4.1 27.1 26.3 5.k

& Loss either by evaporation or oxidation to nitrogen dioxide.

In an experiment in which nitric oxide gas was bubbled through a
2.5 inch depth of liquid mixed oxides at -60°F., more than 60% of the
gas was sorbed. Other preliminary work in wiaich 4:3 molar mixtures of
nitric oxide 2nd oxygen were bubbled throuvgh a small sample of liquid
mixed oxides resulted in only small amounts of nitric oxide being sorbed.
The rest of the nitric oxide introduced was either oxidized and condensed
as nitrogen dioxide or passed out of the surface of the liquid unreacted.
Calculations shown in Appendix III indicsted that about 40% of the nitric
oxide could be oxidized in the free volume of tne bubbler tip at -60°F.

Results of experiments with this first single-~orifice bubbler are
presented in Table 2 as Series<A runs. Also presented in Table 2 as
Series-B runs are the experimental results of investigations ccnducted
with the modified bubbler having the reduced premixing volume in the tip.
A bubbling time of 60 minutes was used for all runs except B-15.

Nominal column heights were 2, 4, 6, or 8 inches, and the liquid
temperature was -60°F. or -90°F. (with two exceptions). Flow rates of the
NO-0Op gas mixture varied from 17.5 to 192.5 std. cc/min. (70°F. and 1L4.7

psia). Initial 1liquid concentrations varied from 25.5 to 30.3 wt. %
nitric oxigde.
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Data obtained in the "A" series runs suggested trends ani directions
for subsequent experimentation. Evidence was obtained to show an increase
in nitric oride sorption with greater column depths and greater flow
rates. later runs yielded more complete data which allowed determinaticn
of actuval percentages of nitric oxide sorbed, confirmed trends indicated
by earlier tests, and showed optimum flow rates for each sample depth.
Figure 14 shows the relationship between nitric oxide flow rate and the
percentage of nitric oxide sorbed, based on the calculation method
illustrated in Appendix IV. Sorption isotherms are drawn for liquid temp-
eratures of -60° and -90°F. for a nominal liquid depth of six inches.

Table 3 presents experimental data and calculated results for work
done with the fritted glass bubbler. Reaction temperatures were -60°F.
and -90°F. Flow rates, as indicated in Table 3, ranged from 220 to 480
std. cc. per minute for the nitric oxide and all flows were in & 4:3
molar ratio of nitric oxide to oxygen. Column heights were wmeasured
with a cathetometer before and after bubbling, the sample being thermc-
stated at -60°F. Conversion to sample weights were made using density
data presented in Appendix I1. Figure 15 shows the relationship between
nitric oxide flow rate and nitric oxide sorbed by means of sorption
isotherms at temperatures of -60° and -90°F.
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CAONEBUNTIAL

FIIM-TYPE CONDENSATION OF PROCESS GAS

Tebles 4, 5, and 6, respectively, present experimental data and
calculated results for condensation tests with the three condenser coils
used. Except as noted, the gas proportions flowed are based on a b3
molar ratio of nitric oxide to oxygen corresponding to NzOz. Data of
doubtful accuraty are indicated by explanatory footnotes. " In order to
compare the resuits with those from bubbling tests, the amount of nitric
oxide condensed or exhausted is expressed as a percentage of the total

flow of nitrogen oxides as nitric oxide. A sample calculation is shown
in Appendix IV.

All test work with the small glass coil was conducted using a bath
temperature of -60°F. Variables studied with the large glass coil
included bath tempersture and the addition of an inert diluent to the
gas mixture. Experiments with the stainless steel coil included effects
of changing the NO:NO, ratio flowed and preheating the entering gases,
as well as changing the bath temperature and introducing an inert
diluent (nitrogen) into the flowing stream.

Figure 16 illustrates the effect of bath temperature on the condensa-
tion of mixed oxides for the large glass coil and the stainless steel
coiil--with added parameters of gas preheat and inert diluent. Figure 17

shows the effect of changes in the NO:NO» proportion on the nitric oxide
concentration of the product.
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PRCCESS HEAT REQUIREMENTS

Four measurements were made of the heat load involved in the
condensation process. The first was a preliminary trial during
run F-12, and the other three were experiments employing more ade-
quate bath agitation and increased bath capacity to improve the
precision and reliability of measurement (see Table 7). A sample
calculation is given in Appendix V.

CARBON DIOXIDE AS A PROCESS CONTAMINANT

To determine the solubility of carbon dioxide in the mixed
oxides, carbon dioxide was bubbled at -60°F. inco a liquid containing
27.7% nitric oxide until saturated. By weighing the sample before
and after bubbling, it was found that carbon dioxide was soluble to
the extent of about five per cent at -60°F. This amount of carbton
dioxide, also served to lower the freezing point of the mixture hy
3.5°F., from -91.5°F. to -95°F.

To determine the effect that the solution of carbon dioxide in
liquid mixed oxides would have on the vapor pressure cof the mixture,
the vapor pressure was measured before and after addition of carbon
dioxide. A sample of mixed oxides (32.3% NO) was frozen into a
stainless steel reservoir. Its vapor pressure was measured with a
Bourdon gauge over a temperature range of about 30°F. to 65°F.

This wmeasvrement was repeated after an amount of carbon dioxide

equal to four per cent by weight of the mixture had been added to the
reservoir. Figure 18 presents the vapor pressure curves for the
liquid sample with and without added carbon dioxide over the tempera-
ture range measured.
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DISCUSSION

BUBBLING GASES THROUGH L1QUID MIXED OXIDES

Preliminary bubbling tests using pure gases (nitrogen, oxygen,
or nitric oxide) gave information on the general mechanism oi re-
covering nitrogen oxides by bubbling HTA process gas througn liquid
mixed oxides. When pure nitric oxide was bubbled through a 2.5
inch depth of liquid mixed oxides at -60°F., the sorption of more
than 60% of the input as nitric oxide indicated +that sorption of

this type was sufficiently rapid to make possible efficient recovery
by bubbling.

Results presented earlier in Table 1 indicate that when pure
oxygen was bubbled through liquid mixed oxides, oxidation of nitric
oxide in the liquid was not rapid at -60°F., but became appreciszble
at higher temperatures. The differences shown in the table for the
effects of bubbling oxygen and nitrogen on nitric oxide losses are
a measure of the NO oxidized. These data are conservative because
of differences in liquid composition. For example, if nitrogen
w