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NATIONAL: ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EFFECTS OF NITROGEN TETROXIDE AND WATER CONCENWNTRATION ON FREEZING
POINT AND IGNITION DELAY OF FUMING NITRIC ACID

By Riley O. Miller

SUMMARY

The interrelsted effects of water, from O to 10 percent by welght,
and nitrogen tetroxide, from O to 25 percent by weight, in fuming nitrie
acid were investigated with respect to the freezing points of the acid
end the ignition delays with several fuels. An equilibrium freezing-
point surface for the acids in the composition range studied is presen-
ted. A minimum Preezing point of -88.5° F occurs in the region of
approximately 5 percent water and 17 percent nitrogen tetroxide, and a
binary eutectic line extends from this region to neerly anhydrous acld
containing 25 to 26 percent nitrogen tetroxide, which freezes at -82.5° F.

The ignition delays of fuel blends of 30 percent o-toluidine, 50
percent allylamine, and 50 percent ethylenimine, respectively, in tri-
ethylamine were determined at 70° and -40° F. These data show that the
o-toluidine blend was most senslitlve to both temperature and acid com-
position while the ethylenimine blend was least sensitive. Acids con-
taining small amounts of weiter and large amounts of nitrogen tetroxide
glve shorter delays than acids contalning large smounts of water and
smell emounts of niltrogen tvetroxide; thls effect 1s more pronounced at
low temperature. The effects on ignition of varylng either the water or
the nitrogen tetroxide content of acld are less as the water 1s decreased
and the nitrogen tetroxide is increased. The acid compositlion region
giving low freezing points falls withln the region of short ignition
delay.

Several possible chemical causes for the opposing effects of water
and nitrogen tetroxide on ignition are dlscussed.

INTRODUCTION

The freezing points and low-temperature fuel-igniting properties of
fuming nitric acids are of current interest because of a demand to ex-
tend the use of these oxidants to rockets operating at low temperature.
Varied amounts of nitrogen tetroxide and water are known to affect these
properties; for example, recent experiments have shown that fuming nitrie
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acids containing 3 to 4 percent water and 16 to 19 percent nitrogen te-
troxide have low freezing points and ignite sulitable fuels at tempera-
tures of -76° F and lower (refs. 1 to 5), whereas the usefulness of white
Puming nitric acids wilthout additives is limited to higher temperatures.
In order that the best possible specificatlions be established for rocket
oxidizer aclds, a knowledge of these properties should be acquired for
fuming nitric acids containing various amounts of water and nltrogen te-~
troxide. )

Published freezing-point data for fuming nitric aclids in the compo-
sltion ranges of usefulness to the rocket industry have been limited,
for the most part, to the binary systems nitric acid - water (ref. 6) amd
nitric acid - nitrogen tetroxide (refs. 7 and 8); the latter data require
corroboration (refs. 8 and 9). Data have been recently published also
for the system nitric acid - nitrogen tetroxide (plus 2 percent water)
(ref. 10). A need has continued to exist for studies of freezing pointe
of the ternary system nitric acid - nitrogen tetroxide - water in the
region of high nitric acld concentrations.

An experimental investigation, described herein, was made to deter-
mine the interrelated effects of nitrogen tetroxide and water on the
freezing points and the fuel-igniting properties of fuming nitric acid.
Experimental freezing-point data were obtained for nitric scids contain-
ing O to 10 percent water and O to 25 percent nitrogen tetroxide. These
data were determined from temperature-time melting curves obtained in a
sealed automatic-recording apparatus. Date more exhaustive than those
heretofore published also were cbtalned to show the effect of the same
acid compositlons on the ignition of seversl fuels. These fuels were
blends of 30 percent o-toluidine, 50 percent allylemine, and 50 percent
ethylenimine, respectlvely, in triethylamine and have already been in-
vestigated at this laboratory with several acids (refs. 1, 3, and 4).
They were selected for this study because of their diversity of composi-
tion, low-temperature fluildity, and desirable ignition characteristice.
By use of a modified open-cup apparatus (refs. 1, 11, and 12), ignition
delays were determined at 70° and -40° F; the more thorough study was
made at -40° F, approximetely the lowest temperature at which a1l the
aclds are fluid.

Acid composition ranges glving low freezing points are compared with
the composition ranges glving short ignition delays at low temperature.

Some hypotheses are proposed which may aid iIn explainling the effects of
nitrogen tetroxide end water on lgnition delay of fuming nitric acid.

EXPERIMENTAYL, PROCEDURE

Measurement of Freezing Polint

The freezing-point apparatus (fig. 1(a)) consisted of a sealed
glass cell in which the acid was contained and Ilnstrumentation which
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automaticelly recorded the temperature of the acld as & functlon of time.
In the glass cell were a stirring rod and a well which contained a nickel
resistance thermometer. The stirring rod was reciprocated by a low-speed
motor and the rod was sealed from the atmosphere through a hypodermlc
syringe barrel and plunger. The instrumentation consisted of the resist-
ance thermometer, a bridge circuit unit, and selif-balancing recording -
potentiometer. The bridge circuit converted changes in resistance to
changes In potential so that the potentiometer could make a conmbtinuous
record of temperature as a function of time.

A calibration of the complete spparatus was made by freezing pure
hydrocarbone of known freezing point in the apparatus; the mean devlation
from the calibration curve was 0.8° F. The acid was cooled by ralsing a
bath of liquid nltrogen around the outside of the cell. The cell was
Jjacketed so that the rate of heat transfer could be controlled by the
degree of vacuum in the jecket; for most of the experiments, however, a
full vacuum was used. The acid was warmed by removing the liquid nitro-
gen bath and exposing the outslde of the cell Jjacket to atmospheric air.
Two complete cooling and warming curves were run for each acid. Usually
the acid was cooled until it was completely frozen as a white solid.
Examples of cocling end warming curves are presented in figure 2; two
separate cooling and warming curves are shown for one of the red fuming
nitric acids investigated. Curve I shows the usual behavior of the acid.
The segment AB indicates the cooling of the acid as & liguid. At B the
acld has been supercooled and starts to freeze, the temperature rising to
C. The segment CD shows that a phase 1s freezing. This segment can be
extrapolated backward to give spproximately the initial freezing point E.
The record was interrupted at D, and presumably during the period of in-
terruption & second phase froze thus forming a binery eutectic. On the
warming curve this melted at F. The last of the solids disappeared at G,
the final melting polnt, which is 2° F higher than E, the extrapolated
initial freezing point. In some cases the initial freezing point and
final melting point were closer together than this.

Curve IT (fig. 2) illusitrates an interesting phenomenon thet was
gometimes encountered during the freezing-polnt experimengs. Here the
scid remained supercooled to temperatures lower than -100" F until at B!
a phase (2) started to freeze; when the segment CG'D' was extrapolated
backward, the indicated freezing temperature was -104° F. This "pseudo”
freezing temperature was much lower than the initial freezing temperature
E from the upper curve. The pseudo freezing temperature probebly is the
temperature at which a phase (2) freezes out of the liquid, which is still
supercooled with respect to phase (1); phase (1) would have frozen first
from the system under equilibrium conditions. The warming portlon of
curve IT shows that the phases have readjusted themselves, and the binary
eutectic and final melting points F' and G', respectively, correspond to
the polints F and G of curve I. The difference in the slope of the curves
reflects a difference in the rate of heat trensfer. Cwurve II shows that
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initlal freezing point dats are not always equlliibrium wvalues and there-
fore final melting points are better criteria for equilibrium freezing
roints. The equilibrium freezing points reported herein are actually
final melting points; each point is the average of at least two deter-
minations. Unless otherwise specified, these averages are within +0.5° F
of the individual measurements.

Measurement of Ignition Delay

Ignition-delay experiments were wade in a modified open-cup apparatus
(fig. 1(b)). The fuel (1 ml) in a sealed ampule is submerged underneath
the surfece of the scid (3 ml) contalned in an ignition-type pyrex test
tube. The ampule 1s broken by a weight striking a stainless steel rod
which rests on the ampule. The ignition delay is measured as the in-
terval from the time the ampule starts to break to the time the first-
continuous  flame starts in the test tube. Prior to the firing, the fuel
end acild are brought to a desired temperature by Ilmmersing the lower part
of the assembly in a constant-temperature bath. Imstantaneous measure-
mentg and continuous oscillograph records are made of the ignition-delay
interval; unless otherwise specified, the data reported herein were taken
from continuous records of light emission as a function of time. More
complete descriptions and discussions of the apparatus are contained in
references 1, 11, and 12.

Materials

Fuelg. - The fuels used in the lgnition-delay experiments were
blends of 30 percent by volume o-toluidine, 50 percent allylamine, and
50 percent ethylenimine, respectlvely, in triethylamine. The blends were
prepared from purified compounds procured from commercial sources.

Acids. - The acids used in these experiments were prepared by mix-
ing, at low temperature, calculated quantities of three stock solutions:
(1) a nearly absolute nitric acid, (2) a nearly anhydrous red fuming
nitric acid (42.1 percent nitrogen tetroxide), and (3) a c.p.-grade 69.9-
percent nitric acigd.

The absolute acid (1) was prepared by distilling c.p.-grade white
fuming nitric acid from an equal volume of sulfuric acid in a sealed all-
glass apparatus at low pressure. The red fuming nitric acid (2) was pre-
pared by absorbing gaseous commercial anhydrous nitrogen tetroxide into
the absolute acid (1) at -40° F. . The c.p. grade 69.9 percent nitric acid
(3) was untreated prior to blending.

Compositions of the acid blends were calculated from the weights of
the stock solutions used.
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RESULTS AND DISCUSSION
Freezing-Point Experiments

Effect of nitrogen tetroxide and water on equilibrium freezing point
of nitric acld. - Experimental freezing-point data for nitric acids of
various compositions are shown in table I. The equllibrium freezing
points shown in the table are actually finsl melting points and are the
results of at least two determinations. The eguilibrium freezing tem-
peratures for the two binary systems and the ternary system are shown
also in figure 3.

A freezing curve for concentrated nitric acid - water prepared from
published data is shown in figure 3(a). These data show a eutectic com-
position of 90 percent acid with a freezing temperature of about -88° F.
Since the data for 90 to 100 percent acid are well corroborated, further
experiments with thls system were deemed unnecessary. The equilibrium
and eutectic freezing points of an acid containing 6 percent water, de-
termined as a check on the method, are also shown in figure 3(a).

Freezing points for the binary system concentrated nitric acid -
nitrogen tetroxide (+0.4 percent water) are shown in figure 3(b). These
data do not corrcoborate the data of reference 7, but they do agree falrly
well with the data of reference 8 (indicated on plot). The existence of
a eutectic composition at 19 percent nitrogen tetroxide freezing at
-10° F (ref. 7) was not confirmed. On the basis of these data, the
eutectic composition appears to be at 25 to 26 percent nitrogen te-
troxide. The data of reference 10 show the eutectic occurring at
aepproximately 23 percent nitrogen tetroxide for acids containing 2 per-
cent water; the date for acids containing approximately Z percent watber
in table I fall reasonsbly close to the curve proposed in reference 10.

A plot of the equilibrium freezing-point surface for the ternsry sys-
tem nitric acid - nitrogen tetroxide - water, constructed from data of
table I, is presented in figure 3(c). The data indicate that a minimum
freezing point of -88.5° F occurs in the region of about 17 percent ni-
trogen tetroxide and 5 percent water. 'A line of minimum freezing point
extends from this region to approximately anhydrous acild contalning 25 to
26 percent nitrogen tetroxide, where the freezing point is -82.50 F. The
substance freezing in the lower left-hand region of the plot is nltric
acid; the substance in the lower right is probzbly HNOz:NOz2. In the

upper right-hand region, the freezing substance is probably nitrogen
tetroxide or possibly HNOz-H30-

Binary eutectic freezing points. - Binary eutectic freezing points
are also shown in table I. These usually represent the break in the
melting curve preceding the final melting point (see fig. 2 for an
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exemple). Some of the very low temperature data, however, may not be
equilibrium values but rather pseudo eutectic freezing points.

Ignition-Delay Experiments

Ignition delays at -40° and 70° F for blends of 30 percent o=
toluidine, 50 percent allylamine, and 50 percent ethylenimine, respec~
tively, in triethylamine are shown in teble IT and some of the data are
plotted in figures 4 and 5.

Effect of acid composition on ignition delay at -40° F. - Data for
the o-toluidine blend at -40° F (fig. 4(a)) show the average delay to
increase with increased water content, and the effect of water content
is least when the nitrogen tetroxide content is large. The curves seem
to be approximately hyperbolic in shaepe. Effects of both water and ni-
trogen tetroxide were less pronounced as the water content was decreased
and the nitrogen tetroxide content increased.

Similar trends were observed for the allylamine blend at -40° F
(fig. 4(b)), but the effects were less pronounced than with the o-
toluidine blend.

The effects of acid composition on ignition delay at -40° F were
least spperent when the ethylenimine blend was the fuel (fig. 4(c)).
The delays were of the order of 30 milliseconds or less for all acids
except the one containing 10 percent water and only a trace of nitrogen
tetroxide. Increasing water content appeared to have a small effect
toward inecreasing the delay. o

Effect of aclid composition on ignition delay of several fuels at
70° F. - Ignition delays at 70° F of the same three fuels as functions
of acid composition are shown plotted in figure 5. The trends shown by
these curves are quite similar to those at -40° F {fig. 4) except that
the delays were shorter and the effects of acld composition were less
pronounced. Water still had a tendency to lncrease ignition deley end
nitrogen tetroxide to overcome this effect. All these curves 1ndicate
that 8 percent nitrogen tetroxide is sufficlent to reduce the delays;
in fact, a trend seems to be for the delays at 8 percent nitrogen te~
troxide to be smaller than those at 25 percent. This upward swing at
25 percent nitrogen tetroxide, however, is within the variation of data
sometimes obtalned with the modified open-cup epparstus. All the average
delays at 70° F were less than 50 milliseconds.

3014
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Coincidence of Acid Compositions Giving Low Freezing
Points and Short Ignition Delays

Cross plots showing lines of constant ignition delay as functions
of acid composition for the fuel blends o-toluidine end allylemine, re-
spectively, in triethylamine at -40C F are shown in figure 6. These
plots re-emphasize the fact that from the standpoint of short ignition
delay, acids containing small smounts of water and large amounts of ni-
trogen tetroxide are more desirable than acids containing large smounts
of water and small amounts of nitrogen tetroxide. It is also shown that
at -40° F delays of 60 milliseconds or less occur for most of the re-
gpective lower right-hand regions of the plots. Tow freezing tempera-
tures also occur within this region. The coincidence of low freezing
temperature and short ignition delay in acid compositions is shown by
figure 7. In this figure the ares of acid compositions giving freezing
points of -80° F or less is shown and, also, areas of acld composition
glving delays of 60 milliseconds or less at -40° F for four different
fuels. The data for the o-toluldine and allylamine blends are the same
as shown in the previous figure; datas for the ethylenimine blend and for
mixed alkyl thiophosphites (ref. 5) are slso included. Tt is apparent
that aclds containing nitrogen tetroxide and water may be specified for
low freezing polint and also be in the reglon of short ignition delsy st
low temperature. This 1s emphasized by the date reviewed in figure 8.
Ignition delays (refs. 1 and 3) cbtained with low-freezing nitric acid
containing espproximately 3 percent water and 19 percent nitrogen te-
troxide, for the seme fuel blends investigated herein, are shown plotted
as functions of temperature. These data show that this acld ignited the
allylamine blend and the ethylenimine blend at temperatures as low as
-105° ¥, with avergge delsys of 50 milliseconds or less. (The acid was
supercooled at -105° F.)

Hypotheses on the Opposing Effects of Nitrogen Tetroxide
and Water on Ignition Delay
Some hypothetical considerations may facilitate an understanding of
ignition of a fuel by an acid. Reactions in both liquid and gaseous
phases probably contribute toward ignition, and effects of water and ni-
trogen tetroxide prcobably occur in both phases.

Role of oxide cations. - Published data indicate that the oxide ca-
tions, nitronium N02+ and nitrosonium NO+, occur in oxidizer acids

(ref. 9). These data show that concentrated nitric acid is in equilibrium

with water, nitric ions, and nitronium lons.
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—3 - +
2HNO, <= H,0 + N0z~ + NO, (1)

Nitrous acid, if present, would be in equilibrium with water and with nl-
trous and nitrosonium lons

2HNO, <2 Hp0 + NOg™ + NO* (2)

In acids containing negligible amounts of nitrogen tetroxide, water has
the effect of suppressing the formation of the oxide cations. TIn acids
contalning nitrogen tetroxide, this trend would be opposed inasmuch as
the nitrogen tetroxide reacts with water to form the acids which are in
equilibrium with the ions (egs. (1) and (2)).

A correlstlion appeasrs to exist between conditions which favor forma-
tion of oxide cations and conditions which favor short ignition delsys,
inasmuch as the ignition data herein show that in the absence of nltro-
gen tetroxide, water favors long delays, but in the presence of nitrogen
tetroxide this effect is less pronounced. The hypothesis that conditlons
favoring oxide cation formation are criterias for short ignition delay is
further supported by a consideration of mixed acid. Evidence has shown
that nitronium ion formation is favored by the presence of sulfuric acid
in nitric acid (ref. 9).

HNO, + znzs04<:’ No,* + H,0% + 2ESO," (4)

Sulfuric acid (up to sbout 17 percent) also promotes short ignition de-
lays (refs. 13 and 14).

The probable role of these cations becomes evident 1f onium eddi-
tion, neutralization in the G. N. Lewis sense (ref. 15), is assumed to
be the first rapid reaction to occur between a fuel and an acid (ref. 9).
Such reactions could provide activation energies for subsequent reactions
and also supply substances which could undergo intramolecular oxidation.
. A variety of fuels ignitible by acid could concelvably undergo onium
addition with these cations.

The amino group, having an unshared electron pair, is expected to
add the oxlide cations much as ammonile would add hydrogen cation to pro-
duce ammonlum ion.

H :Q: | T B :0:]*
R:N:+[N|—|R:N: X
H :0: H :0

3014
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or
R ¢ § ¢ +[::0]" —[Rommo]* (5)

These reactions, having negligible activation energies, are expected to be
quite rapid.

It has been shown in reference 16 that the salts of the amines are

nonigniting with acid; this was interpreted to indicate that neutrali-
zation wes not a contributing factor in ignition, because RNH3+ in

the salts appeared to be reletively inactive. Toms of this type,
ednittedly, would be more likely to form in nitric acids containing
large amounts of water, whereas lons of the type RNHZNOZ"' and

RIIEIZNO'*‘ would be expected in concentrated nitric acids; in elther case,

however, heat would be evolved. The possiblility of formatlon of the
more steable Rl‘IE{3+ ilons may be another reason why the presence of water

inhibits ignition.

The nonigniting property of the amine salts would confirm rather
than disprove the hypothesis that onlum addition 1s a first step in ig-
nition by acid. The amine salts have already undergone onium addition
and therefore the heat of this reaction would not be available for sub-
sequent reactions during the early phases of ignition. Rapid formation
of unstsble fuel-oxide ions would also be improbable, lnasmuch as an ex-
change rather than an addition reaction would be required.

A similar addition may take place on a benzene!ring

CHz CEs 4+ CHz *

|
@ & @lémz Nog* N e
e fi— —_— -
- s - N (6)
g Sg ©( 02

H

This reaction is closely analogous to the f£irst step in nitration; the
resulting product is unstable. In ignition this addition probably
progresses more rapidly than under conditlions of controlled nitration.

In an aromatic asmine, for example o-toluldine, the scid may therefore
attack either the ring or the amino group.

An olefinic group, for example allyl, may act as a2 base in the
G. N. Lewis sense (ref. 9). Thus allylamine may be attacked at the
side chain as well as the amino group.
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NHZ CEz - CH =

]

NHé CHé - ZH -

- (7)

NO,
— [NH20335N02]+

II!—S?I—!II H=-Q-=t

The trialkyl trithiophosphite molecule has seven unshared electron
pairs and presumsbly would be very vulnerable to onium attack at a sul-
fur, or possibly a phosphorus atom. This may account in part for 1ts
extremely short ignltion delsy.

R +
|
& _?  To,* /ERS)CE):SNOZ:] )
:z: ~ IERS)sPNOZ:r'

Evidence exists, therefore, for the hypothesis that in ignition of
a fuel by an acid the flrst reaction because of its negliglible activation
energy 1is neutralization, in the G. N. Lewis sense, and that oxldation
mey follow because of: (1) the heat evolved from the neutralization reac-
tion and (2) the resulting fuel-o6xide cations which can undergo intra-

molecular reactions. Pyrolysis of the fuel and acid probably also results.

The probable importance of the oxlde cations during lgnition has also
recently been recognized in reference 16, wherein other possible reactions
between the fuel end cation are proposed. Some of these reactions, pos-
sibly, could occur within the fuel-oxide catlon after neutralization.

Other chemical evidence. - Other evidence also may be clted to ra-
tionalize how water inhibits and nitrogen tetroxide (or dioxide) promotes
ignition. One obvious effect of water 1s simple molecular dilution of
the acid. An acld, for example, contalning 10 percent water by weight
is more than 1/4 water on the molecular basis. Large fractions of water
presumably would slow the reactions by dilution of the reactants and by
absorption of heat.

Another possibllity In gas-phase reactions is that niltrogen dioxide
is thought to oxidize carbon monoxide directly in a homogeneous reactlon
(ref. 17). Mixtures of nitrogen dioxide - carbon monoxide - oxygen,
furthermore, are known to explode when water and hydrogen sre present.
The role of such an explosion in fuel-acid ignition is difficult to
appraise. It may be beneficial in that 1t causes adiabatic compression
which mey promote ignition. Ignition in the modifled open-cup apperea-
tus, for example, is frequently accompanied by a strong pressure pulse.

3014
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An increase i1n vapor pressure of the acid probebly would promote
gaseous reactions., In the sbsence of nltrogen tetroxide, water up to
30 percent somewhat decreases the vapor pressure of nitric acid. This
effect, however, is soon overcome when nitrogen tetroxlde is added to
the scid, and in red fuming nitric acid the comblned effect of both ni-
trogen tetroxide and water is to inerease vapor pressure (refs. 9 and
18).

SUMMARY OF RESULTS

The interrelated effects of water, from O to 10 percent, and nitro-
gen tetroxide, from O to 25 percent by weight, in fuming nitric acid
were investigated with respect to the freezing points of the acids and
the ignition deleys at -40° and 70° F with fuel blends of 30 percent o-
toluidine, 50 percent allylamine, and 50 percent ethylenimine, respec-
tively, in triethylamine. The following results were cbtalned:

1. The minimum equilibrium freezing point for the composition range
studled was -88.5° F Por & red fuming nitric acid containing epproximately
S percent water and 17 percent nitrogen tetroxide. A line of minimum
freezing point extended from aclds of this approximate composition to
nearly anhydrous red fuming nitric acid containing 25 to 26 percent
nitrogen tetroxide, having a freezing point of -82.5° F.

2., With respect to l1gnition delay, the fuel blends varied in their
gensitivity to the amount of water and nitrogen tetroxide in the acid,
and this effect was more pronounced at -40° F. At this temperature, the
o-toluidine blend was most sensitive while the ethylenimine blend was
least sensitive to acid compeosition.

3. In the ebsence of nitrogen tetroxide, the ignition delays in-
creaged as the water in the nitric acld wes increased. This effect, how-
ever, was counteracted by the presence of nitrogen tetroxide in the acid.
Thig trend was found at both 70° and -40° F » but was more pronounced at
-40% F.

4, At -40° F most of the acids studied gave average delays less them
60 milliseconds; the shortest delsys occurred for acids containing small
amounts of water and large amounts of nitrogen tetroxide. The effect on
ignition delsy of varying either water or nitrogen tetroxide content also
was small for such acids.

5. At 70° F all the acids studied gave average ignition delays less
than 50 milliseconds, with the three fuels.

6. An acid composition region of low freezing temperatures was with-
in the region of short ignition deley.
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CONCLUSION

The equilibrium freezing point of fumlng nitric acid may be con-
trolled by varying the amount of water and niltrogen tetroxide in the
aclid. Acids may be specified which would freeze at low temperstures and
also give short ignition delays at low temperatures with suitable fuels.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aerconautics
Cleveland, Ohio, August 6, 1953
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TABLE I. -~ FREEZING POINTS OF NITRIC ACIDS CONTATNING VARIOUS

AMOUNTS OF NITROGEN TETRCXIDE AND WATER

Acid composition,
percent by weilght

Freezing point,
OF

E,0 N,0, ENO, 8gquilibrium PBinery
Eutectic
o} o] 100 Co42.9 | emmeeee
.4 8.4 91.2 -48.5 ——————
.4 14.5 85.1 -56.5 -82.5
4 22.3 77.3 -74.0 -82.5
.3 31.9 87.8 -58.0 -78+2
4 42.1 57.5 -41.5 -53
2 0 98 €.45.5 | ecemea--
1.7 8.7 89.6 -52.5 |  eeeeaa-
1.4 17.3 81.3 -64.0 -83
.8 25.9 73.3 -77.5 -88
4 0 96 C.52.0 | —mmeee-
3.7 8.6 87.7 -61.5 -94*1.5
3.4 17.2 79 .4 -81.0 -88+1
2.8 25.8 71.4 -69X2 | —meeeee
3 o} g4 €63.0 |  acemaa-
6.3 .1 93.6 -62.5 -88.5
5.7 8.6 85.7 -77.5 -g2
6.4 13.9 79.7 -80.0 |  —em—eee-
5.3 17.2 77.5 -88.5 -88.5
4.8 25.8 69 .4 -70.0 |  emeeme-
8 0 92 C.74.5 | cmemeea
7.7 8.6 83.7 -77.5 |  emee——-
7.8 8.8 83.4 -77.5 | emmmea-
7.3 17.3 75.4 -7581 -92.0
6.7 25.9 67 .4 -70.0 | emmeme-
10 0 90 ¢_88.0 —————
9.6 8.7 81.7 -72.5 -96.5
g.2 17.4 73.4 -62.0 |  me-e-ec
8.6 26.1 65.3 -60.0 | eemmeea

8Final melting point.
Ppreak in melting curve prior to fimal melting polnt.

Cbata from fig. 3.




TAHLE IT. - IGNITION DELAYS OF NITRIC ACIDS CONTAINING VARIOUS AMOUNTS OF NITROGEN TETROXIDE AND WATER
(a) Temperature, -40° ¥

Acld ecmposition,

Tuel composition, perocent by volums

t b 41ght
percent by welgh 30 o-toluidine - 50 allylamine - £0 sthylenimine -
70 Triethylamins 50 triethylemine 50 triethylamine
HoO [ HpOy | HNOg [Humber of Ignition delay, | Rumbexr of Ignition delay, | Number of Ignition deley,
lgnition uillisec ignition millisec lgnition millisec
experimente Wo | Mex | Av experinents Mo | max | v experiments Min | Bex | v
0.4 0.1 99.5 4 25 35 30 4 27 48 58 4 17 23 20
oA 2.1 97.5 6 25 a8 26 - - ——— —— - —-— — -
.4 | 5.7 85.9 a5 16 [ 28 | 21 - | =~ - — e | -
4 7.4 | 98.2 ag 14 23 20 - — | | = - — — -
2.8 0.1 | 97.1 3 29 48 40 8y 22 40 35 4 18 30 25
1.8 8.0 90.1 4 19 30 25 8 24 41 29 4 16 21 18
1.7 | 16.1 | 82.2 4 25 33 28 4 25 39 35 4 17 20 18
1.5 | 24.6 4.1 4 25 30 28 4 26 44 33 4 15 18 17
4.4 0.1 95.5 2 42 97 4] 4 48 S7 a2 3 19 36 27
5.9 8.0 | 88.1 4 25 36 30 3 24 50 34 4 22 35 26
3.7 | 16.0 | 80.3 4 28 41 34 .4 30Q 41 34 [ 18 27 23
3.5 24.6 2.1 4 30 38 34 4 30 36 354 4 20 25 22
8.3 0.1 | 935.86 4 78 | 164 |} 129 4 [:{4] 77 69 4 25 4B 36
5.9 8.0 | 88.1 4 39 43 40 4 38 46 42 4 29 35 32
6.8 15.8 78.5 4 30 42 54 4 47 58 52 4 25 27 25
5.3 | 24.7 T0.0 [ a0 47 33 4 37 50 42 4 20 24 22
8.2 0.1 | 91.7 B 140 | 222 | 179 b ao | 123 97 4 35 41 37
7.7 B.1 | 84.2 4 57 91 68 4 35 BO 43 2 17 24 21
7.7 15.9 76.4 & 30 58 42 4 4l &80 48 4 25 k1] 32
7.2 | 24.7 | 68B.1 4 47 70 57 4 35 =14 &2 4 25 55 29
0.1 | 0.1 | 88.8 by 5 83 {210 | 135 cg
8.7 8.1 | 82,2 4 100 | 172 | 129 4 8l 81 69 4 20 56 28
9.8 | 15.8 T4.5 4 sl 82 85 4 48 80 55 & 30 50 40
8.3 24.4 86.3 4 33 44 39 4 +“ 82 55 4 38 &2 40
(b) Temperature, 70° P
2.8 0.1 | 97.1 4 20 29 24 4 30 40 37 4 11 17 13
2.1 8.1 | 89.8 3 13 21 16 4 21 40 26 4 7 10 a
1.3 24.56 T4.1 4 20 a5 23 3 30 45 37 4 1 19 15
6.1 0.1 93.8 4 18 27 21 4 25 45 38 4 6 13 10
5.9 8.0 86.1 4 12 24 18 4 13 28 22 & 8 10 g
5.3 24.7 | 70.0 3 1a 32 24 & 28 42 35 3 is 26 20
10.2 0.1 | 89.7 2 30 49 &0 4 40 54 48 2 28 38 33
10.0 8.2 | 1.8 4 19 29 25 4 20 27 24 4 10 15 13
9.1 24.86 | 86.3 + 20 27 24 4 a7 33 31 4 14 30 21
Spate from sounter, W
o ignition.
CSporadie ignition.
L] » ¥
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Figure 1. - Experimental apparatus.
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=30 I | [
~WET -
o Ref. 6
3\ O Ref. 19
o O Ref. 1 38
-{ A Table I =
-40 '
np/E !
‘>/
-50 //d
Solid \ j{
-60 HENOz*Hp0
+ solution A}
[®]
-70 P )
\ / Solid
BNOS + )
\ / solution
~80 f -
Y
a
-390 Sol1d BNOz-H,0 Solid HNOz
+ entectlc + eutectlc
(ENO3-Hz0 + HNOz) (ENOz+HpO + HNOz) —
. ] |
75 80 85 80 g5 100

Nltric acld, percent by welght

(a) Nitric acid - water. -

Flgure 3. - Freezing-polnt curves,
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(b) ¥itric acid - nitrogen tetroxide (+ 0.4 percent water).
Figure 3. - Contimued. Freerlng-point curvea.
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Water, percent by welght
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Figure 3. -~ Concluded. Freezling-polnt curves.
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Figure 4. - Ignition delay as functlon of nitrogen tetroxide and water
in nitric acid at -40° F.
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Average ignition delay, millisec
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(b) Fuel, 50 percent allylamine ~ 50 percent ethylenimine (by volume).

Figure 4. - Continned. Ignition delay as function of nitrogen tetroxide end. water
in nitric acid at -40° W,
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(e) Puel, 50 percent ethylenimine - 50 percent triethylamine (by volume).

Figure 4. - Concluded. Ignition delay as function of nitrogen tetroxide and water

in pitric acid at -40° p.
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(a) Fuel, 30 percent o-toluidine - 70 percent triethylamine (by volume).

Fignre 5. - Ignltion delay as function of nitrogen tetroxlde and water in nitric acld

at 70° 7.
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(b) Fuel, 50 percent allylsmine - 50 percent triethylemine (by volume) .

Flgure 5. - Contimed. Ignition delay as function of nitrogen tetroxide end water

1o nitrio acld at 70° F,
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(c) Fuel, 50 percent ethylenimine - 50 percent triethylamine (by volume).

Mgure 5. - Concluded. Tgnition delay as function of nitrogen tetroride anmd water
in nitric seid at 70° F.
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Flgure 6. - Ignitlon-delay surface of system concentrated nitric

acid - nitrogen tetroxide - water at -40° F.
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milliseconds or less at -40° F and region with freezing polnts of -80°

F or lower.
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Fignre 8. - Ignition delays of several fuel blends with low-freering red fuming nitric acld (3 percent Hy0 - 19 percent
Np0,) am functions of temperafure (refs. 1 and 3). (Acid supercooled at -105° F.)
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