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RESEARCH MEMORANDUM

ORGANOPHOSPHORUS COMPOUNDS IN ROCKET-ENGINE APPLICATIONS

By Dezso J. Ladanyl and Glen Hennings

SUMMARY

Experimental ignition-delay determinatlions of mixed alkyl
thiophosphites, triethyl trithiophosphite, and propylene
N,N-dimethylamidophosphite with red and white fuming nitric acids were
conducled at temperatures from 140° to -95° F at sea-level pressure
and at pressure altitudes of about 90,000 feet with a small-scale
rocket engine of approximately S5O pounds thrust. Regardless of pro-
pellant combination or imposed temperature and pressure conditions,
the 1gnition delays were all less than 10 milliseconds; most were 1n
the range 1 to 6 mllliseconds.

In addition, the literature pertaining to the use of organo-
phosphorus compounds In rocket-propellant combinations was surveyed
and summarized with particular emphasis on ignition-delay investigations.

The experimental data and literature survey were examined and eval-
uated with respect to utilization of organophosphorus compounds in
rocket-engine applications. Although the exploitation of this new field
of propellants 1s not complete, it appears that the tertlary compounds,
especially thiophosphites and amidophosphites, are potentially out-
standing rocket fuels since they meet proposed specifications better
than many contemporary propellants and, if developed commercially, can
assume excellent competitive positions with respect to other low-
freezing-point, spontaneously ignitible fuels.

INTRODUCTION

In the search for liquid rocket fuels that are better than those
now known and avallable, a useful gulde is the set of target reguire-
ments formulated by the Bureau of Aeronautics (ref. 1 and table I). In
addition to the items included in this list, another desirable goal is
the discovery or development of self-iganiting fuels that have very
short delays over a wlde range of temperatures with an extensively used
oxidant such as fuming nitric acid. This characteristic 1s especially
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degirable in applications where the total permlssible propellant-
burning time is extremely short and where lgnition delay is a signifi-
cant portion of this time.

In order to find fuels complying with the foregoing criteria,
geveral investigators have examined and studied compounds outside the
widely investigated classes such as alcohols, amines, and mercaptans
(e.g., refs. 1 to 4). One such group that has received conslderable
attention recently is the large class of organophosphorus compounds.
Several members of this class show promise not only as starting fusels
but alsoc as main fuels in certain applications. They possess many
desirable chemical and physical properties as well as a potential for
inexpensive, large-scale production.

Ag part of a general Investigation conducted at the NACA Lewis
laboratory on the suitabllity of certain fuels used with various nltric
aclds as self-igniting rocket propellant combinations (refs. 5 to 12),
a literature survey of organophosphorus compounds pertinent to rocket
applications was made and 1s reported in the appendix. In addition,
ignition-delay determinations of three of the most promising ones,
namely, mixed alkyl thiophosphites, triethyl trithiophosphite, and
propylene N,N-dimethylamidophosphite, were made with red and white
fuming nitric acids at temperatures from 140° to -95° F and at sea-
level pressure and at pressure altitudes of about 90,000 feet with a
small-scale rocket engline of approximately 50 pounds thrust and are
also reported herein. The literature survey and the experimental
results of the ignition-delay measurements are employed to evaluate the
feasiblility of these materials for further development.

APPARATUS

The 1gnition-delay apparatus utlilized in the experimental investil-
gation 1s shown dlagrammatically in figure 1. It was a modiflcation
of the one reported in detail in reference 8. It also incorporated
gome of the features of a similar apparatus described in reference 11l.
The two major changes involved an Improved propellant-injectlon system
and a new means for assembling the rocket engine.

As shown in the Insert of figure 1, the rocket-engine assembly
conslsted of an inJjector head, injector orifices, a trangparent cylin-
drical combustion chamber, a plate with a convergent exhaust nozzle,
and propellant tanks.

The internal geometric configuration was identical to ths one in
reference 8. The 90° included angle of the propellant streams, the
center locatlon of the combustion-chamber pressure tap in the injector
head, the 0.68-inch propellant-stream travel before lmpingement, the
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0.041~inch fuel-injector-hole diameter, the 4-inch-long and 2-inch-

inside-diameter combustion chamber, and the 0.4-inch-throat-diameter
exhaust nozzle were all unchanged. The 0.0675-inch-diameter oxldant
injector was slightly larger than that used in reference 8.

The injector orifices differed from the earlier ones (ref. 8) in
that they were not integral parts of the propellant tanks, but were
geparate InJjector-head inserts which were not removed during the course
of the experiments. This system ensured production of propellant
streams with Invariant Impingement characteristics. It also decreased
experimental operating time by permitting slmultaneous preloading of
several pairs of propellant tanks.

The method for assembling the engine was modified by elimineting
the connecting bolts between the injJector head and the nozzle plate, and
replacing this system by one in which the assembly was bound in com-
pression between a rigid upper support and a movable lower screw~jack
mechanism. Flexible metal bellows enclosed in the Jjack provided an air
geal for the low-pressure experiments. These embodiments are shown in
the cut-~away view In figure 1.

PROCEDURE

The operating procedure employed in all experiments reported here-
in was essentially the same as the one described in reference 8. When
a fast-acting solenold valve was opened, pressurized helium burst
sealling disks at each end of the propellant tanks and forced the pro-
pellants through injector orifices into the combustion chamber. Photo-
graphs were taken of the two propellant streams entering the combustion
chamber, impinging, diffusing, and then igniting. Measurements of the
ignition-delay period were made from the photographic data. As before,
the propellant-injection pressure used in every run was 450 pounds per
square inch gage.

PROPELLANTS
Fuels

Three organophosphorus fuels were used in this Investigation. Two
of them were derived from the class of thiophosphites: (1) a mixture
of low-molecular-welght alkyl thiophosphites known as mixed alkyl
thiophosphites and (2) triethyl trithiophosphite. The third was an :
amidophosphite, propylene N,N-dimethylamidophosphite. It is known more
familiarly as 4-methyl-2-dimethylamino-1,3,2-dioxaphospholane. ‘

CONFIDENTTIAL
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The mixed alkyl thiophosphites was furnished by Standard Oil
Company of Indiana. It was part of a particular pilot-plant gquantity
deslgnated as Batch No. 6. An ultimate analysis and some physical
properties of this speciflc batch are reported in reference 13. The
over-all average molecular welght of this product 1s about the same as
that of triethyl trithiophosphite.

The triethyl trithiophosphite was supplied by California Research
Corporation and marked as Sample No. 53070-R.

The amidophosphite was provided by Shell Davelopment Company. It
was part of Lot No. P-3234. For brevity of nomenclature, Shell's coded
designation for this fuel, RF 208, is widely used.

Each of these fuels was removed from 1ts sealed container and
immediately placed Into smaller tightly enclosed ground-glags-stoppered
bottles. The transfers were made with ag llttle fuel-to-atmosphere
contact as possible to minimlze any hydrolytic or oxidative reactions
that might occur.

Soon after initiation of the mixed alkyl thlophosphites program,
1t was observed that the 100-millliliter premeasured charges of fuel
possessed cloudy appearances of various degrees. A yellowish sediment
was also noted on the bottom of each bottle. Since the amount of ma-
terial In each contalner was very slight, it was not known whether the
golid contaminants were already present but unobserved at the time of
receipt of the fuel or whether they were oxidation products that were
formed in spite of the precautions taken to avold them by rapid transfer
and good sealling. Some of the clearest fuels were carefully decanted
and results obtalned with them were compared with those yielded by some
of the cloudiest fuels that were thoroughly shaken before being trans-
ferred to propellant tanks. These tests disclosed no significant
effects by the contaminants on ignition delay. In contrast to mixed
alkyl thiophosphites, no visually observable amounts of settled or
sugpended sediment were ever found in the storage bottles of the other
two fuels.

Some of the physical properties of the three fuels were determined
and are as follows:

Fuel Density, g/ml Viscosity,

centlstokes
86° F|68° F |-40° F|77° F|-40° F|-65° F
Mixed alkyl thiophosphites 1.09911.108| 1.165(1.960| 12.09]| 25.6
Triethyl trithiophosphite 1.09511.104 | 1.157(1.880| 10.61| 21.4
Propylene N,N-dimethylamidophosphite|1.072{1.082 | 1.145|1.972| 16.95| 49.7
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Freezing-point determinations were not successful because of the ready
supercooling of the fuels to temperatures below -100° F.

Oxidsnts

The two oxidants used in these lgnition-delay studies were obtalned
ag supernatant liquids from 55-gallon aluminum drums. The red fuming
nitric acid (RFNA) contained approximately 3 percent water and about
20 percent nitrogen dloxide by weight. The white fuming nitric acid
(WFNA) met USAF Specification No. 14104. Since the investigation was
conducted over an extended period of time, an analysis was made of each
batch removed from the drums and is Included in table II, III, or IV.

RESULTS AND DISCUSSION
Mixed Alkyl Thiophosphlites and Red Fumlng Nitric Acid

Fifteen runs were conducted with mixed alkyl thiophosphites and
red fuming nitric acld at temperatures from 120° to -93° F and at sea-
level pressure and pressure altitudes of 82,500 and 90,000 feet. A
summary of the data 1s presented in table II. A plot of ignition delay
against average propellant temperature at various initial ambient pres-
sures 1s shown 1n figure 2.

At sea-level pressure, the delays were essentlally constant at
about 3 milliseconds from 120° to -40° F. Below -40° F, they increased
relatively rapidly untll they reached almost 6 milliseconds at -95° F.
The over-all increase in ignition delay was actually quite small, being
only 3 milliseconds in a 200° F temperature interval. The short delays
are in contrast with previously reported results obtained with a similar
apparatus 1n which a comparatively slow-opening propellant-valve mecha-
nism had been substituted for the quick-opening disk system (ref. 11).
The delays in the former apparatus were about fourfold longer at corre-
sponding temperatures which ranged from 80° to -70° F. The short delays
at the very low temperatures (below -80° F) are contrary to results
obtalned with several open-cup apparatus (e.g., refs. 3 and 11), which
indicate a sudden rise in ignition delay in that temperature region with
various low-freezing-point acids. An explanation for the difference
may be found in the relative Insensitivity of the small-scale engine to
viscosity effects (refs. 10 and 12).

At low initial ambient pressures and 120° F, the average ignltion
delay was slightly longer (about 2 millisec) than that obtained at sea-
level pressure and the same temperature. At a pressure altitude of
90,000 feet and -93° F, the delay was essentlally the same as at sea-
level pressure and approximately the same temperature.

CONFIDENTTAL
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In accord with another reported observation (ref. 14), mixed alkyl
thiophosphites and nitrilc acid gave smooth starts and left clean com- .
bustion chambers after reaction.

Triethyl Trithiophosphite and Red Fuming Nitric Acid

Eleven runs were made with triethyl trithiophosphite and red fuming
nitric acid at temperatures from 121° to -95° F and at sea-level pressure
and a pressure altitude of 90,000 feet. Table III presents a summary
of the data. Ignition delay - temperature relations at various initial
ambient pressures are plotted in figure 3.

3110

The ignltion characteristics of this propellant combinatlon were
very similar to those exhiblted by mixed alkyl thiophosphltes and red
fuming nitric acid, even with respect to actual values of ignltion
delay. At sea-level pressure, the average delays ranged from about 2.5
milliseconds at 120° F to almost 6 milliseconds at -95° F. At 121° F
and a pressure altitude of 90,000 feet, the delay was 2 milliseconds
longer than the one obtalned at the same temperature but sea-level
pressure. At low temperatures (< -70° F), the delays at pressure
altitudes of 90,000 feet were essentially the same as the delays at
corresponding temperatures and sea-~level pressure.

The similarities between triethyl trithiophosphite and mixed alkyl ~
thiophosphlites also extend to physical properties (e.g., dengities,
viscosities, freezing point), smooth starts, and clean combustion
chambera.

//Propylene N,N-dimethylamidophosphite and Red Fuming Nitrilc Acid

Eighteen runs were conducted with propylene N,N-dimethylamido-
phosphite and red fuming nitric acld at temperatures ranging from 1320
to ~93° F and at sea-level pressure and a pressure altitude of 90,000
feet. The experimental data and results are summearized 1n table IV.

A plot of ignition delay - temperature relations at the two conditlons
of inltial ambient presgssure is presented in figure 4.

Tgnition delays at sea-level pressure were less than 2 milligeconds
at room temperatures and increased with decreasing temperature to about
8 milliseconds at -95° F.
In comparison with the two preceding fuels, the amidophosphite had
shorter average delays at the higher temperatures, but longer average
delays at the lower ones when red fuming nitric acid was the oxidant. "
The cross-over point may be placed somewhere between 0° and -15° F. Al-
though the amidophosphite may have greater lgnition reactivity than
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either of the two thlophosphite fuels, its rapid rise in viscosity below
-40° F appears to mask its reactivity to some extent by decreasing the
mixing efficiency and thereby increasing the ignition delay.

As with the two preceding propellant combinations, the ignition
delay at about 120° F and a pressure altitude of 90,000 feet was sligntly
longer than the average delay at the same temperature and sea-level pres-
sure. At about -90° F, there was no significant difference between the
delay at a pressure altitude of 90,000 feet and the average delay at
gea-level pressure.

In comparison with the thiophosphites, the amidophosphite also gave
smooth starts; however, 1t left a heavy carbonaceous residue on the
combustion-chamber walls after each run. The amount of deposit decreased
with increasing initial temperature.

Mixed Alkyl Thiophosphites, Triethyl Trithiophosphite, and Propylene
N,N-Dimethylamidophosphite with White Fuming Nitric Acid

Tgnition-delay determinatlons of the three phosphite fuels were
also conducted with white fuming nitric acid. Considerably fewer runs
were made with this oxidant.

In the mixed alkyl thiophosphites - white fuming nitric acid series,
the iIgnition delays, with one exception, ranged from an average of 5.5
milliseconds at 120° F to about 6 milliseconds at -40° F, regardless of
initial ambient pressure (table II and fig. 5). The exception was a
delay of 11.5 milliseconds at 115° F and sea-level pressure (run 261).
No explanation can be offered for this anomaly at the present time.

The curve obtained with triethyl trithiophosphlte was similar to
the one yielded by mixed alkyl thiophosphites, but was lower by about
1/2 millisecond (table III and fig. 6). As with the latter fuel, the
initial ambient pressure had no significant effect on ignition delay.

The amidophosphite - white fuming nitric acld curve was determined
with more data than the preceding two (table IV and fig. 7). At sea-
level pressure, the ignition delays ranged from about 2.5 milliseconds
at 140° F to approximately 4 milliseconds at -40° F. At a pressure
altitude of 90,000 feet, the delays at about 120° and -40° F were
approximately the same as the corresponding sea-level values.

In comparison wlth results obtained with red fuming nitric acid,
the thiophosphite fuels wilth white fuming nitric acid gave delays that
were about 2 milliseconds longer over the comparable temperature range
of 120° to -40° F. In a similar comparison, the amidophosphite yielded
delays that were sllightly longer at room temperatures but approximately
the same between 20° and -40° F.

CONFIDENTIAL
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With respect to preignition characteristics with the amidophosphite,
the red fuming nitric acid is probably more reactive than the white
fuming acld; however, its greater vlscoslty seems to work to its d4is-
advantage, especially at the lower temperatures, by producing poorer mix-
ing and consequently longer delays. The same general trend is evident
with the thiophosphite fuels although it 1s not as pronounced, possibly
because of their higher fluidities at low temperatures.

As with red fuming nitric acid, the thiophosphltes with white
fuming acid left clean combustion chambers. In contrast, the amido-
phosphite produced carbonaceous residues with both oxidants.

The ignition behavior of all three organophosphorus fuels with
white fuming nitric acid 1s similar to that reported in the literature.
In general, the actual delays are lower than published values for corre-
sponding temperatures. A simllar comparison between varilous laboratories
cannot be made with these fuels and red fuming nltric acid since no
experiments have been reported with comparable propellant combinations.

Discussion of Results at Subatmospheric Pressures

Ignition delays at low initial ambient pressures were not signifi-
cantly different from those at sea-level pressure, particularly at low
temperatures. The greatest effect of hlgh altitude occurred with RFNA
at 120° F where the ignition delay increased from 1 to 2 milliseconds.
The effect of initial amblent pressure on ignition-delay results may be
explained by a consideration of the liquid mixing of the oxidant and
fuel jets. As dlscussed in reference 8, a propellant ejected into a
rocket chamber at low initial pressures changes rapidly from a diffuse
spray into a solid stream because of a pressure rise above its vapor
pressure. The rise is caused by propellant evaporation and evolution
of initial reaction gases. The rate of change depends on factors such
as propellant flow rate, chamber size, and propellant vapor pressure.
At 120° F, the vapor pressure of RFNA was high enough to show a notice-
able increase in ignition delay. At lower temperatures, the vapor
pressures were not sufficiently grest to make an appreciable differ-
ence in ignition delay between high-altitude and sea-level conditions.

Since WFNA has a lower vapor pressure than RFNA (one-third less at
120° F), the effect of high altitude would be less with 1t than with
RFNA; this premise was corroborated by the resulta.

SUMMARY OF RESULTS
Ignition-delay determinations of three organophosphorus fuels with

nitric acid oxidants were made at simulated altitude conditions with a
small-gcale rocket englne of approximately 50 pounds thrust.
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The results with low-freezing-point red fuming nitric acids con-
taining approximately 3 percent water and 19 to 20 percent nitrogen
dioxide by weight are summarized as follows:

1, With mixed alkyl thiophosphites at sea-level pressure, the
ignition delays ranged from about 3 milliseconds at 120° F to approxi-
mately 6 milliseconds at -91° F. With the same propellant combination
at pressure altitudes of about 90,000 feet, the delays were about 2
milliseconds longer at 120° F than comparable delays at sea-level
pressure; however, this effect was not noted at the lower temperature
limit.

2. With triethyl trithiophosphite at sea-level pressure and at a
pressure altitude of 90,000 feet, the ignition delays from 120° to -95°
F were generally similar to those produced by mixed alkyl thiophosphites

and the game acid,

3. With propylene N,N-dimethylamidophosphite at sea-level pressure,
the ignition delays varied from about 1.5 milliseconds at 130° F to
8 milliseconds at -93° F. With the same combination at a pressure
altitude of 90,000 feet, the delay at 120° F was only slightly longer
(about 1 millisec) than the corresponding delay at sea-level pressure.
At -90° F, there was no significant difference at the two pressure
conditions.

The results with white fuming nitric acids meeting USAF Specifi-
cation No. 14104 are summarized as follows:

1. With mixed alkyl thiophogphites, the lgnition delays, with one
exception, ranged from an average of 5.5 milliseconds at 120° F to
about 6 milliseconds at -40° F, regardless of initial ambient pressure.

2. With triethyl trithiophosphite, the ignition delay - temperature
curve was similar to the one produced by mixed alkyl thiophosphites,
but was lower by about 1/2 millisecond. The initial amblent pressure
also had no significant effect on ignition delay.

3. With propylene N,N-dimethylamldophosphite at sea-level pressure,
the ignition delays varied from about 2.5 milliseconds at 1409 F to
approximately 4 milliseconds at -40° F. At a pressure altitude of
90,000 feet, the delays at about 120° and -40° F were essentially the
same as the corresponding sea-level values.

Smooth starts were observed with all slx propellant combinations
in all runs. No explosions occurred in any of the experiments.

CONFIDENTIAL
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Clean combustion chambers were always left by both thiophosphite
fuels regardless of the oxidant used. With the amidophosphite and .
either fuming nitric acid, heavy carbonaceous residues were always
deposited in the combustion chamber.

CONCLUDING REMARKS

In addition to the preceding experimental iInvestigation, a survey
of the literature pertaining to the use of organophosphorus compounds
in rocket propellant combinations was made and is reported in the appen-
dix. Both sources of information were utilized 1n obtaining a general
evaluation of these compounds with respect to further development and
in formulating specific suggestlions for new and possibly potentially
outstanding rocket fuels. The appraisal and recommendations are summa-
rized as follows:

3110

In general, trivalent organophosphorus compounds with low-molecular-
welght alkyl substituents have excellent ignitlion characteristics with
various nitric acid and hydrogen peroxide oxidants over a wide temper-~
ature range. Many of them possess desirable physlcal and chemical
properties. Many are also compatible with ordinary materilals of con-
struction, have values of specific impulse over 200 pound-seconds per
pound, are not very toxic, and have good potential logistic gqualities,
particularly 1in that they can be produced cheaply in large quantities -
from readily avalilable raw materials. Members of all of the organo-
phosphorus classes reported herein have been investigated as components
of various fuel mlxtures with encouraging results.

Among the disadvantages of some of these compounds is atmospheric
instability due to elther hydrolytic action or oxidation or both. Most
of the compounds are also characterized by very disagreeable odors.

Amidophosphltes and thiophosphites appear to be the outstanding
classes investligated to date even though excessively corrosive reactlons
in the combustlon chamber have been reported for some of them in engine-
performance tests. The three fuels Investigated experimentally and
reported herein represent good examples of these classes but, in many
respects, are certainly not the best obtainable. In the search for
better propellants, however, they perform a valuable functlon by serving
as well evaluated interim fuels untll superior ones are developed and

Lomvrmn i+t vt AR
LILVOD v UL

[ e 0= Y=%44]

Thosphonltes seen to be the least attractive of all trivalent
organophosphorus compounds.
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From the review of the literature, there is evidence that certain
substituents, cyclic configurations, tertiary groupings, phosphorus-
sulfur bonds, and phosphorus-nitrogen linkages contribute to the ig-
nition reactivity of organophosphorus compounds. With thls information,
it 1s possible to make composites with these various structural com-
ponents and produce compounds with exceptionally good rocket-fuel
characteristics. A few examples of the many possibilities are as
follows:

Ethylpropylene trithiophosphite

T
C—5
I >P—S——Et
c—=5

5SS

N

contains (1) the P configuration found to be strongly conducive to
S

spontaneous ignition, as in triethyl trithlophosphite for example, (2)
the general structure of the reactive tertiary cyclic phosphites, and
(3) the methyl side chain that reduces the freezing point considerably
under that of the ethylene compound. Thls compound will probably
oxidize in air, but perhaps not as readily as triethyl trithlophosphite
since two of the possibly Influential sulfur atoms are tied up in a
ring.

Pyrrolidylpropylene trithiophosphite

s

c—C
/P—S—N/ |
c—s

—C
1s similar to the preceding compound except that the ethyl radical 1s
replaced by a pyrrolidyl ring which is known to have substantially

improved the thermal stability of simllar compounds. The higher mo-
lecular weight may detract somewhat from its performance.

Propylene N,N-dimethylamidodithiophosphite

C
é——S C
L
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eliminates one P—S linkage, but introduces the amido group which
may be much more reactive. With no unrestricted phosphorus-sulfur .
bonds, this compound may be quite stable towards atmospheric oxidation.

Although many of the major groups of organophosphorus compounds _
have been investigated as sources for practical rocket fuels, there are
still many other classes which have not been studied. Since thls field
of chemistry has already proved frultful in the search for better rocket
fuels, 1t may be advantageous to explore other promising groups such
as the phosphlnamides, phosphinimines, and phosphinites.

011¢

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics.
Cleveland, Ohio, February 1, 1954.
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APPENDIX - LITERATURE SURVEY

Introduction

Historical review. - Until recently, a large branch of organic
chemlstry, organophosphorus compounds, has been overlooked as a source
of possible rocket fuels. At the present time, however, Ilnvestigations
into the organic chemistry of phosphorus are lncreasing very rapidly
in many areas and its importance 1s becoming increasingly apparent. An
inquiry Into the possibility of its use in rocket fuels was inevitable.

The foundation of phosphorus chemistry as it 1s known today was
laid by Carl A. Michaelis who emphasized the purely synthetic aspect.
Many present references are attributed to Aleksandr E. Arbuzov, who is
noted for his excellent sxperimental and theoretical contributvions.
Although the scientifically planned study of organophosphorus compounds
is more than 100 years old, no over-all literature surveys or summaries
were made until 1938, when Plets wrote his Organic Compounds of Phos-
phorus, a difficultly available book with Russian text. A more recent
and complete treatment of the general aspects of the subject may be
found in English in reference 15. A survey of the work of Michaelis
and Arbuzov plus the Information in reference 15 affords an investigator
Interested in new rocket fuels a good background revliew of this branch

of chemistry.

In splte of the vast amount of literature being accumulated on
organophosphorus compounds, adequate discussion of the reaction mecha-
nisms of these substances is nonsxistent. According to reference 15,
the situation 1s due largely to a lack of any truly comprehensive
studies along modern lines of such investigations.

An early reference to the reactivity of organophosphorus compounds
with various substances may be found in a Russian article which describes
the synthesis and properties of mixed thio esters of phosphorous acid
(réf. 16). It is reported therein that these compounds are decomposed
by water, alkalies, and strong acids. Nitric acid 1s especially vigor-
ous and leads to explosive decomposition. It was also found, as is now
well known, that all the esters are svil-smelling, unstable substances
that are easily oxidized in air with the triethyl ester being especially
gensitive to oxygen.

Nomenclature. - At the present time, there 1s no universally
adopted system of nomenclature for organophosphorus compounds. Confusion
exlsts because the same compounds are often given different names and,
congequently, are assigned to different subgroups which have widely
varying physical and chemical properties. Although the nomenclature in
this report may be at variance with some of the systems used in the
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various references that are cited, an attempt to establish uniformity
has been made by keeping 1t in conformance with reference 15, which
eliminates class names that may later become obsolete and which brings
into cloger relation several compound types that are set apart by
current practices.

Classification. ~ Organophosphorus compounds may be subdivided as
(1) phosphines, (2) halophosphines, (3) halophosphine halides, (4) phos-
phonyl halides, (5) quaternary phosphonium compounds, (6) tertiary
phosphine oxides, sulfides, and selenides, (7) phosphinous, phosphonous,
and phosphonic acids, and their esters, (8) phosphites, (9) halo-
phosphites, (10) phosphates, (11) halophosphates, (12) compounds with
phosphorus-nitrogen bonds, (13) quasi-phosphonium compounds, and (14)
sulfur analogues of the oxygen-containing compounds.

Many of the classes 1n thils list have been investigated as sources
for practical rocket fuels. To date, the most promising substances 1n
the whole group are trivalent compounds among which certain amido-
phosphites and thiophosphites were found to be easy to prepare and to
have very desirable chemlcal and physical properties as well as excel-
lent ignition qualities. These particular classes will be emphasized
herein.

Phosphines

General review. - Phosphlines were among the first of the organo-
phosphorus compounds to be investigated as possible rocket fuels. They
are very reactive substances, as are all derivatives of trivalent phos-
phorus (ref. 15). As a class, they possess the unpleasant character-
istic odor of phosphine and are somewhat toxic.

Although all phosphines are subject to oxidation, primary and
secondary phosphines (especially those containing lower aliphatic
radicals) are outstanding in their affinity for atmospheric oxygen.
The aromatic derivatives, especlally the tertiary forms, are rather
stable in this respect, but are readily attacked by various oxidizing
agents (ref. 15). :

Alkyl phosphines: Alkyl phosphlnes can be produced by the reaction
of olefines with phosphine, an attractive and feasible method for con-
verting hydrocarbons to hypergolic fuels (spontaneously ignitible with
an oxidant) on a commercially large scale (ref. 17). They can also be
preparsd by the reaction of phosphorus trichloride with the correspond-

ing Grignard reagent (refs. 1 and 3).
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In qualitative open-cup ignition tests at 759 F, various primary
phosphines (2-ethylhexyl, n-octyl, and dodecyl) and a secondary phos-
phine (di-2-ethylhexyl) had excellent ignition properties with various
nitric acid type oxidants: WFNA (probably 98 percent HNOS), RFNA (22

percent NO;), WFNA (90 percent HNOz), and nitrogen tetroxide (N;0,)

(refs. 3 and 18). These particular phosphines could be diluted with
n-heptane to 40 to 60 percent of the total volume and still remain
hypergolic with WFNA (98 percent HNOS) and N204. In this respect, the

branched phosphines were better than the straight-chain compounds. In
another open-cup apparatus (refs. 3 and 18), the same primary compounds
had ignition delays of 4 to 10 milliseconds at 75° and -40° F with

WFNA (probably 98 percent HNOz). In the qualitative open-cup apparatus

of reference 17, certain tertiary phosphines (trimethyl, tri-n-butyl,
and tri-sec-butyl) were found to be much less reactive than the primary
or seconiary compounds (refs. 3 and 18). The tri-n-butyl compound was
nonhypergolic under the particular test conditions. Another investi-
gator found tri-n-propylphosphine to be very reactive with WFNA (>95
percent HNO3) at room temperature but completely unsatisfactory in

reactivity at -40° F (ref. 1).

Alkyl phosphlnes have also been Investigated with hydrogen peroxide
(HEOZ) as the oxidant. A summary of the results obtainsd with an open-

cup ignition apparatus with neat compounds and some benzene blends is
shown in table V (refs. 18 and 19). The data indicate that alkyl
phosphines in general have good ignition qualities with hydrogen peroxide
oxidants (80 percent and 90 percent Hy0,) as compared to the reactivity

of other hypergollc fuels with these oxidants. The primary phosphines
appear to be slightly superior to the secondary and tertlary compounds.
As a consequence, the limiting dilution with benzene 1s less with the

tertiary phosphines than with the primary compounds.

Aryl phosphines: Aryl phosphines have been studied with various
nitric acid oxidants. Phenylphosphine ignited very rapidly with WFNA
(90 percent HNOz) (refs. 20 and 21), WFNA ( >95 perceat HNOz) (ref. 22),

and a mixed acid (ref. 21) in gualitative open-cup ignition tests at
room temperature and at -40° F. Quantitative open-~-cup ignition experi-~
ments with 90 percent nitric acid yielded ignition delays ranging from
about 7 milliseconds at 70° F to about 15 milliseconds at -65° F (ref.
21). Although phenylphosphine is very reactive, it 1is not very
practical as a fuel in the unblended form because it reacts spontaneous-
ly with air, and its combustion products are extremely toxic (ref. 20).

The usefulness of phenylphosphine as a blending agent has been

investigated. It was tried as an additive to jet fuel (JP-3), but, of
the total volume, 30 percent phenylphosphine was necessary to make the
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blend hypergolic (refs. 20 and 21). It was also added to 2-methyl-1-
buten-3-yne in an attempt to Improve the ignition qualities of this
material, especlally at low temperatures. With white fuming nitric
acids (90 percent and >95 percent HNO3), a substantial improvement was

obtalned with 25 percent additive both at room temperature and at -40° F
(refs. 21 and 22). With mixed acid, the improvement was not satisfactory
at -40° F (ref. 21).

Economics. - A prelimlnary study of the cost and avallability of
alkyl phosphines is reported in references 3 and 18, Although no commer-
clal sources of the important raw material, phosphine, exist at the pre-
sent time because of a lack of demand, it should be possible %o produce
the compound relatively cheaply since large quantities of hydrogen and
phosphorus are available at low cost. Because phosphine reacts with
olefins in the Cg to Cj, range in 80 to 90 percent yields, 1t is esti-

mated that the corresponding alkyl phosphines can be produced at less
than 30 to 35 cents per pound. Branched alkenes are more easlily avalla-
ble than straight-chain olefins; this is fortunate since phosphines
derlved from the former have lower, and therefore more desirable, freez-
ing points than those obtalned from the latter.

S y. - Phosphines are very reactive substances, but this desira-

ble quality 1s somewhat offset by thelr unpleasant odor and toxiclty.
Although the primary and secondary compounds are outstanding among the

alkyl phosphines from the standpoint of ignition with various nitric
acld and hydrogen peroxide oxidants, they are among the most unstable

of all the phosphines in ailr. Aryl phosphines also possess satisfactory
ignition delays with nitric acld oxldants. In general, phosphines can
be diluted to a considerable extent with various hydrocarbons and still
remaln hypergolic. Alkyl phosphines are potentially avallable In large
quantities and at low cost.

Halophosphines

General review. - The Investigation of halophosphines as possible
rocket fuels has been limited to probably one compound, ethyldichloro-
phosphine. Study of its ignitlon behavior has been confined to hydrogen
peroxide oxidants (ref. 3). It is exceedingly hypergolic with 90 per-
cent H;O0; and 1s even self-igniting with 60 percent H,O5. Excellent

l1gnition propertles at low temperatures are obtalned with H,0, solutions
of NH,NOs.

At room temperature, blends of ethyldichlorophosphine and toluene
to at least a 1:1 mixture by volume are hypergolic with 90 percent
H,0,. Blends with lesser amounts of toluene are self-lgniting with
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80 percent HyOp to -2° F and with HZOZ-NH4N03 mixtures to -42° F
(ref. 3).

Summary. - Probably only one halophosphine has been examined for
pessible rocket applications. The excellent ignition properties of the
compound, ethyldichlorophosphine, and various hydrocarbon blends with
hydrogen peroxide as oxidant indlicate a need for further exploltation
of this group.

Phosphites

General review. - The phosphltes that have been of interest in
rocket applications are esters of phosphorous acid. Primary phosphites
are generally sirups that show monobasic properties and are very re-
sigtant to oxidation (ref. 15). They may be regarded as existing in
the free state in the form of the keto structure, ROP(0)(OH)H, with
only one normally ionic hydrogen. It 1s probably because of these
characteristice that they have not received serious consideration for
use as rocket fuels.

The secondary esters are essentlally odorless liquids that can be
distilled in vacuo. Thelr lack of oxldizability ls explained by the
fact that, In the free state, they exist substantlally in the keto form
instead of the (RO)2P(OH) form. Raman spectra and parachor measurements

for molecular gtructure determination show further that the substances
exist in the free state in the form of associated, probably cyclic,
conflgurations that may be assigned dimer or trimer magnitudes (ref. 15).

The tertiary esters are possibly the most reactlve substances in
this class (ref. 15), and, consequently, have received the greatest
attentlon in the rocket fleld. In contrast to the other two groups,
these compounds are true derlvatives of trivalent phosphorus and, as
such, they undergo the usual addition reactions Including oxidation to
the corresponding phosphate. Trilalkyl phosphites are oxidized rather
slowly to the corresponding phosphates by contact with atmospheric
oxygen (ref. 22). This stability 1s advantageous in situations where
long-term storage is often a serlous problem. Tertiary esters in which
two of the phosphorus valences are ester-bound by a cyclic structure
(from glycol esterification) are known and have been examined for rocket
applications,

Phosphites serve as useful intermediates for synthesis of numerous
organophosphorus compounds. In addition to this tramsient utility, the
tertiary esters have found falrly extensive use as antioxidants, par-
ticularly in the field of oill additives (ref. 15).
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Phosphites that have been 1nvestlgated as possible rocket fuels may
be divided into two categorles: acycllc and cyclic. This particular
gseparation differentiates them quite sharply with respect to lgnition
characteristics.

Acyclic phosphites: In the acycllc group, dialkyl phosphites were
found to have poor ignition qualities. Sodium diethyl phosphite 1n
toluene (30 percent by weight) and diethyl phosphite would not ignite
in an open-cup ignition apparatus at room temperature or -40° F with
elther WFNA (> 95 percent HNOz) or a mixed acid (ref. 22). Paraffinic,

olefinic, and acetylenic tertiary compounds were also tested in the same
apparatus. There is no apparent correlation among their 1gnltion reac-
tivities. With WFNA (90 percent HNOS) and varlous mixed aclds, trimethyl

and tripropargyl phosphites 1gnited satisfactorily at room temperature
(ref. 21), whereas the triethyl (ref. 24) and triallyl compounds (ref. 21)
yielded unacceptable delays (> 1 sec to ®). At -40° F, however, no
ignition was possible except with trimethyl phosphite and WFNA (90 per-
cent HNOz) (ref. 21). With WFNA (> 95 percent HNOz), the same tertiary

compounds with the exceptlon of the triple-bonded one had excellent
ignition characteristics at room temperature (ref. 22); the latter did
not ignite. At -40° F, the trimethyl compound was again the only cne
that would ignitse.

Cyclic phosphites: In the cyclic group of phosphites in which the
phosphorus is in a ring system, only tertiary compounds have been in-
vestigated. In contrast to the acyclic phosphites, the cyclic compounds
possess considerably greater ignitlon activity. Various compounds
tested in an open-cup ignltlon apparatus with several nitric acid
oxldants all had good ignition properties at room temperature and 1n
general had similar characteristics at -40° F (refs. 1, 21, 22, and 24).
A summary of the results of these experliments is shown in table VI. In
similar tests, one of the compounds, ethyltrimethylene phosphite, 1ig-
nited vigorously with H50, (90 percent) at room temperature and -40° F

(ref. 1). Another one of the compounds, methylethylene phosphite,
ylelded ignition delays of 20 milliseconds at 68° F and 40 milliseconds
at -40° F with WFNA ( > 95 percent HNOS) in another ignition apparatus

(ref. 1). In this apparatus and with the same aclid, ethyltrimethylene
phosphite gave a delay of 50 milliseconds at -40° F (ref. 1).

One undeslrable chemical property generally possessed by these
cyclic phosphites 1s the ring opening obtalned upon hydrolytic treatment
(ref. 15). It usually takes place qulte vigorously.

Cyclic phosphite blends: The reactivity of these cyclic compounds

suggested thelr use as blending agents for inducing or enhancing hyper-
gollc action of a fuel that ig desirable in other respects. Neither
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2-methyl-l-buten-3-yne (ref. 21) nor JP-3 (ref. 1) are hypergolic with
mixed acids at -40° F; however, good ignition characteristics were ob-
tained with solutions of these compounds containing 25 percent by volume
of propargylpropylene phosphite. The effects of the additlve decrease
rapidly with decreasing concentration. A similar amount of the same
phosphite in the alkenyne did not make it hypergolic with WFNA (90 per-
cent HNOz) (ref. 21). Although methylethylene phosphite seems to be

more reactive than the propargyl compound according to table VI, 25 per-
cent by volume of it In the same alkenyne could not produce spontaneous
ignition when mixed with WFNA (> 95 percent HNOz) at elther room temper-

ature or -40° F (ref. 1).

Summary. - The most reactive phosphltes are the tertlary esters.
Of these, the cyclic compounds possess the greatest ignltion reactivity.
Although the latter may be satisfactory for certain rocket applications,
they generally suffer ring opening on hydrolytic treatment and, there-
fore, serve a much better purpose by acting as iIntermediates for syn-
thesls of other organophosphorus compounds.

Halophosphites

General review. - Halophosphites may be regarded as ester halldes
of the parent phosphorous acid. They are usually liquids which resemble
the trichloride in their general appearance and behavior (ref. 15).
Since the itrihalides are similar to the halophosphites and since they
may be regarded as phosphites in which all three of the (OR) groups have
been replaced by halogen, these compounds will also be included in this
section.

Primary dihalophosphites are usually very stable to heat, with the
chloro derivatives being best in this respect (ref. 25). On the contra-
ry, the secondary monohalophosphites are usually unstable thermally and
in prolonged storage (ref. 15). As phosphites, halophosphites serve as
useful intermedlates for the synthesis of many organophosphorus compounds.

Cyclic halophosphites: Excluding the phosphorus trihalides, cyclic
secondary monohalophosphites are probably the only halophosphites that
have been investigated as rocket fuels to the present time., In a
qualitative open-cup apparatus, ethylene chlorophosphlte had excellent
ignition characteristics with WFNA (> 95 percent HNO3) and a mixed aclid

at room temperature and -40° F (ref. 22). The ignition reactivity of
propylene chlorophosphite tested under the same condltlons was almost
as good (refs. 21, 22, and 24). This compound also ignited satisfacto-
rily with WFNA (90 percent HNOz) at the same temperatures (ref. 24).
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Trimethylene chlorophosphlte ignited very rapidly with WFNA (> 95 per-
cent HNO;) and hydrogen peroxide (90 percent) at room temperature and -

-40° F (ref. 1). In guantitative open-cup lgnitlon apparatus, ethylene,
trimethylene, and propylene chlorophosphites with WFNA (> 95 percent
HNOz) yielded delays of 23 milliseconds (refs. 1 and 22), 17 milli-

seconds (ref. 1), and 29 milliseconds (ref. 1), respectively, at -40° F.
The ethylene compound was also tested with the same acid at other
temperatures, ylelding delays of about 15 to 23 milliseconds at 68° to
70° F (refs. 1 and 22) and about 25 milliseconds at -70° F (ref. 22).
Another laboratory reports a delay of only 9 milliseconds at -70° F for
the propylene ester and WFNA contalning approximately 4 percent water
and 4 percent sodium nitrite (ref. 26).

3110

Ethylene chlorophosphite has been utilized as an iganition-upgrading
blending agent. A solution of thils compound in 2-methyl-l-buten-3-yne
(25 percent by volume) reduced the ignition delay of the latter with
WFNA (>95 percent HNOz) to 15 milliseconds at room temperature (ref. 22).

At -40° F, however, the delays were long (about 130 millisec) and erratic.

A major drawback in the use of halophosphites as rocket fuels is
the hydrolysls of most of the compounds. Water reacts with halophosphites
to form the corresponding phosphites (primary or secondary). Propylene
chlorophosphite, for example, is chemically unstable when exposed to a
humid atmosphere (ref. 26). .

Phosphorus trihalides: Phosphorus trihalldes have been tested
with both nitric aclid oxidants and hydrogen peroxlide. In experiments
at 70° and -40° F in a modified open-cup appaeratus, the trichlorlde did
not ignite with either WFNA (98 percent HNOz) or RFNA (8 percent NO5)

(ref. 11). Another laboratory advanced the hypothesis that compounds
contalning a phosphorus-halogen bond are extremely reactive towards
hydrogen peroxide (refs. 18 and 19). It was supported in part by the
fact that PBr, and PCl, are both hypergolic with H,0, (90 percent).

The trichloride was less reactive than the tribromide (ref. 19) and had
a long delay of 14 seconds at room temperature (ref. 18). It has also
been shown that fuels contalning small amounts of phosphorus halides
are improved with respect to self-igniting guallties with hydrogen
peroxide (ref. 3). .

Economics. - Cyclic phosphites of the type dlscussed In this
section have been known for a long time, but could not bs prepared in
high yields until recently (ref. 27). TFthylene chlorophosphite, for
example, has been produced in essentlally quantitative ylelds according
to the following equation (ref. 1): -
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Hzc——OH Cl\\ HZC—ﬂQ\\
+ I// —C1l —> //P——Cl + 2HC1
H,C—OH C HoC—O
ethylene phosphorus ethylene hydrogen
glycol trichloride chloro- chloride
phosphite

In turn, this chloride has been reacted with alcohols, mercaptans, and
amines in good yields (ref. 1). With relatively cheap raw materials
that are readily available, these compounds can be produced potentially
in large amounts at low cost.

[o. Fpeew. — A2 +ha N~ T4 T4
s)uummw"‘"z- - uAu.Luu..Lug vil& pads puu; us oy iha..L.Lu.oc, Cyc.il SGCOH&.&“}'

monohalophosphites are probably the only halophosphites that have been
investigated as possible rocket fuels to the present tlme. Although
these particular compounds all have excellent ignitlon characteristics
and can be produced potentlally In large amounts at low cost, they have
the disadvantage of being chemically unstable in contact with water.
They serve a useful purpose, however, as Intermediates in the synthesis
of other, more stable organophosphorus rocket propellants.

Amidophosphites and Amldohalophosphites

General review. - The rocket fuels discussed In this section are
amides of phosphorous acid esters and halides, and blends of these
substances with various hydrocarbons and other compounds. A summary
of the results obtained with an open-cup ignition apparatus for several
neat members of this group with hydrogen peroxide and several nitric
acld oxidants at room temperature and at -40° F is given by table VII.
In general, these compounds have excellent ignition characteristics.
The few fuels which were rated lower than "10" (table VII) either had
no N-alkyl substitutions or contalned alkyl substituents with more than
two carbon atoms. Of interest is the monochioro compound, N, N, N',
N'-tetramethyldiamidochlorophosphite, which bursts into flame when
poured into water (ref. 1).

In another open-cup apparatus, one of the acyclic trilamides,
N,N,N',N',N",N"-hexamethyltriamidophosphite, was hypergolic at -78° F
with a low-freezing—point white fumning nitric acid containlng 4 percent
KNOz and 4 percent H,O0 (ref. 28). This fuel, as well as its hexaethyl

homologue, was self-igniting even with WFNA (70 percent HNOz), presuma-

bly at room temperature (ref. 28). The latter fuel was crude, probably
containing N,N,N!,N'-tetramethyldiamidochlorophosphite. It was extremely
reactive, being hypergolic with 80 percent H,0, at -20° F (ref. 19).
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Preliminary drop tests of various distlillation fractions of two
relatively new fuels (di—gfpropyl N,N~dimethylamidophosphite and
di-n-propyl N,N-di-n-butylamidophosphite) with WFNA ( > 95 percent HNOz)

generally gave excellent ignitions (ref. 29). The evaluation of these
compounds as rocket propellants is in progress (ref. 29).

Actual values of ignition delay for many of these compounds have
been obtalned with various open-cup lgnition apparatus and are listed
in table VIII. In thils group, the fuel with the shortest delay 1is a
cyclic compound, ethylene N-methylamidophosphlte. With WFNA (> 95
percent HNOz), 1t yielded a delay of only & milliseconds at -40° F.

All halophosphites llsted in this table react wlth water. One of then,
N,N,N' -trimethyldiamidochlorophosphite, actually ignites when poured
into water. In the subgroup of cyclic amidophosphites, the propylene
compounds are more desirable than the corresponding ethylene homologues
since the gside-chain methyl group reduces the freezing point consider-
ably without appreciably affecting the other Important properties. It
was also found that the addition of a pyrrolidyl ring substantially
improves high-temperature stability. In reference 30 the most thermally
stable material tested was a phosphorous triamide with a pyrrolidyl ring.

Small-gcale rocket englnes have also been used to measure ignition
delays of amidophosphites. With an englne of 50 pounds thrust, propylene
N,N-dimethylamidophosphite gave delays of 12 and 14 milliseconds with
RFNA (11.4 percent NO,) and WFNA (2.4 percent NOp), respectively,

(ref. 31). The experiments were probably made at room temperature.

Operational screening tests In a 70-pound-thrust rocket engine at
300 pounds per square inch absolute chamber pressure have been con-
ducted with propylene N,N-dimethylamldophosphite and WFNA (ref. 14).
With an acid lead and various oxidant-fuel ratlos, extremely smooth
starts and clean, stable combustion were obtained. A maximum specific
impulse of 182 pound-seconds per pound at an O/F of 2.0 was only 81
percent of theoretical. The runs were characterized by excesslve
corrosive action in the combustion chamber, particularly In the nozzle
section.

Amidophosphite blends: Because of their reactivity, amldophosphites
have been studied extensively as blending agents. Many of the compounds
listed in tables VII and VIII as well as others reported only 1In blends,
such as ethylene N,N-di-Z-ethylhexylamldophosphlte, have been utilized
to enhance the ignition characteristics of two acetylenlc hydrocarbons,
2-methyl-i-buten-3-yne and 1,0-heptadiyns, both of which are attractive
from the standpoint of potential avallability and low cost (refs. 1, 4,
21, 22, 30, and 32). Ignition experiments were also conducted with
mixtures of amidophosphites and other hydrocarbons such as JP-3,
1sooctane, n-heptane, and toluene (refs. 1, 4, and 30). A few blends of
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amidophosphites with one another have been investigated (refs. 32). Some
tests were also conducted with an acetylenic amine-triamide mixture

(ref. 1). In many cases, performance characteristics, physical proper-
ties, storability, thermal stability, toxicity, and mechanical shock
stability of these mixtures are reported along with the ignition charac-
teristics in the same references. In general, the trlamides are the
most offective ignition upgraders. In this subgroup, N,N',N"-trimethyl-
triamidophosphite 1s outstanding in this respect (ref. 4).

Economlcs. - If produced In gquantities of 50,000,000 pounds per
year, any one of the preceding desirable amidophosphites can be manu-
factured to compete with prevalling hypergolic rocket fuels. Based on
satisfactory physical properties, good performance, and short ignition
delays with WENA, one of thess compounds, propylene N,N-dimethylamido-
phosphite, was chosen for a more extensive, as well as 1ntensive, in-
vegtlgation. Tts toxicity, corrosiveness, storage stability, thermal
stability, 1impact stability, and compatibility with contalning sub-
stances were reported as being satisfactory (refs. 30 and 33). It can
be made from starting materlals that are readily avallable in commercial
quantities with a cost of about 35 cents per pound. Production has

already reached the pilot-plant stage (ref. 33).

Summary. - In general, amidophosphites with N-alkyl substituents
and small alkyl radicals have excellent ignition characteristics. In
addition, many of them meet most of the Bureau of Aeronautics target
requirements for rocket fuels. Although limited engine tests indicate
extremely smooth starts and clean, stable combustion with these com-
pounds, scme trouble may be encountered with excessive corrosive action
in the combustion chamber. Because of their reactivity, amidophosphites
have been studied extensively as fuel blending agents. The triamides
appear to be the most effective lgnition upgraders.

Except for hydrolytic reactivity, amidohalophosphites possess the
same desirable quallities as the amldophosphites.

Thiophosphites, Halothiophosphites, and Amidothiophosphites

General review. - The rocket fuels discussed in this section are
esters, ester halides, and amides of thiophosphorous acids. The esters
may be prepared by the reaction of phosphorus trichloride with a mercap-
tan (ref. 34) or by the reaction of yellow phosphorus with alkyl disul-
fides (ref. 35). The latter process is more desirable because the
procedure 1s simpler, the yield is much higher, and the product has a
narrower boiling range (ref. 3). Also, the raw materials are potentially
available at a low cost. Infrared analyses ldentify P=S bonds in
products obtained by both methods and indicate the following possible
equilibrium (ref. 28);
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RS RS

RS—P~—R—P =S5

/

RS RS
A similar reaction is known for the oxygen analogue.

In addition to their usefulness as rocket fuels, thiophosphorous
acld esters are good extreme-pressure-lubricant additives (ref. 38).
Triethyl trithiophosphite by itself is a better lubricant than conven-
tional petroleum oils, but it is not as sffective as extreme pressure
lubricants themselves (ref. 37). Since most liquid lubricants used in
rocket hardware are dissolved by thiophosphites, the latter can replace
them and perform their functions in certain applications (ref. 37).

Triethyl trithiophosphite: As a group, thiophosphltes have not
been investigated as extensively as some of the others with respect to
total number surveyed; however, one of its tertiary members, triethyl
trithiophosphite, has probably been studied as a possible rocket fuel
by more laboratorles than any of the other organophosphorus compounds.
Blends of thls ester with various hydrocarbons have received a compara-
ble amount of attentlon. In addition to its desirable physical proper-
ties and short ignition delays with nitric acid oxidants, one of the
reasons for its wide investigation 1s 1ts selection as a reference fuel
in an 1gnition-delay-apparatus standardizatlon program formulated
during a conference on "Rocket Fusls Derivable from Petroleum" held in
San Francisco in March, 1952. Eleven organizations participated in
this program. The results of their tests are summarized 1n reference
38. In addition, several of the particlpants released sseparate reports
of all or portions of their data (e.g., refs. 3, 11, 31, 39, and 40).
Open-cup and small-scale rocket engine apparatus were both used in the
investigation. The experiments were conducted at 75°, 32°, and -40° F
with WFNA ( > 98 percent HNO3) and triethyl trithiophosphite blends

containing 0, 10, 20, 30, and 40 percent by volume of n-heptane. In
many instances, the results for the same conditions varied by a whole
order of magnitude between the various organlzations. At each test
temperature, the lowest average values were less than 10 milliseconds
for the neat compound. The delays generally increased with an increase
in the amount of diluent. Tne reported effects of temperature, however,
were inconsistent; there was either an increase, a decrease, or no change
in ignition delay with a decrease in temperature. At the extreme con-
ditions of -40° F and 40 percent n-heptane, the lowest average delay was
32 milliseconds. In addltion to the different methods used for determin-
ing ignition delay, part of the variance In results may be attributed

to the extent of oxldation of the fuel at the time of experiment.
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Triethyl trithiophosphite has been tested with various other nitric
acld oxidants. With WFNA containing 4 percent water and 4 percent
sodium nitrite, it yielded an ignition delay of 17 milliseconds at ~70° F
(refs. 26 and 40). With a similar oxidant, the delay was 11 milli-
gseconds at -70° F (ref. 26). With a blend of anhydrous WFNA (85 percent
by volume) and methane sulfonic acld (15 percent by volume), the delay
was only 8 millissconds at the same temperature (ref. 41). It also
ignited with N204 and H;0p 1n an open-cup apparatus; however, there was

a long delay with the latter oxidant (ref. 41).

Trimethyl trithiophosphite and other homologues: Some of the homo-
logues of triethyl trithiophosphite have also been investigated. Tri-
methyl trlthiophosphite 1is reportedly more reactive than the triethyl
ester (ref. 28). At room temperature, 1t yielded very short delays with
WFNA (probably 97 percent HNOS) and WFNA contalning 4 percent Hy0 and

4 percent KNOz (ref. 28). At low temperatures (< -70° F), the delays

were still very short. An ester product prepared from methylethyl
disulfide gave similar results (ref. 28). Another laboratory reported
a delay of only 6 milliseconds at -70° F for the trimethyl ester and a
low-freezing-point WFNA containing sodium nitrite (ref. 26). This is
S milliseconds less than that obtained with the triethyl ester under
the same conditions (ref. 26) and 1s in accord with reference 28 with
respect to the order of relative reactivity between these two compounds.
Hypergolic activity decreases with increasing size of the alkyl groups
(ref. 28). Tri-n-propyl and tri-n-butyl trithiophosphites have poor
ignition characteristics. The same relative ignition relations among
these homologues exist with 90 percent H,O, (ref. 18).

Mixed alkyl thiophosphites: There 1s a conslderable amount of
Interest in a fuel known as mixed alkyl thiophosphites which has an
over-all average molecular welght about equal to that of triethyl
trithiophosphite. Its ignition properties are alsoc similar to those
of the triethyl ester (refs. 17, 18, 26, 30, and 42). Delays of less
than 10 milliseconds with WFNA (> 97 percent HNOz) at room temperature
have been reported in an open-cup apparatus (ref. 11) and a small-
scale rocket engine (ref. 39). Another investigator compared this
fuel and WFNA containing 4 percent H,0 and 4 percent NaNO, with triethyl

trithiophosphite and the same oxldant with the following results
(ref. 28):

Fuel Average ignitlon delay, millisec
-40° F -70° F
Mixed alkyl thiophosphites 8 27
Triethyl trithiophosphite 9 17
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The effect of temperature on the ignition delay of mixed alkyl
thiophosphites with low-freezing-point blends of WFNA and varilous
nitroparaffinsg 1s reported in reference 3. The addition of nitro-
paraffin to acid increased ignltion delay only slightly at room temper-
ature and considerably at -40° F. This fuel has also been tested with
90 percent H;0p, probably at room temperature (ref. 3). An unsatis-

factory delay of 75 milliseconds resulted.

Engine experiments: Tests with WFNA and trimethyl and triethyl
trithiophosphites have been conducted 1n a rocket engine of 220 pounds
thrust (ref. 26). With both fuels, starting was smooth, but the spe-
cific impulses were lower and the exhaust products were smokier than
those obtalned with mixed butyl mercaptans. Similar results were ob-
tained with the triethyl ester and with mixed alkyl thiophosphites in
a smaller engine of 70 pounds thrust (ref. 14). Stable combustion was
obtained over the entire range of oxldant-fuel ratios used 1n the tests.
Values of maximum specific impulse were far below theoretical values
as shown in the following table; however, these performance flgures
should be considered as qualitative since an optimum test vehicle was
not used.

Fuel Theoretlical Experimental Percent
performance, performance of theo-
ot ibriun  |Meximm [ Oxident- retical

gpecific |fuel

Maximum |Oxidant-|Iimpulse, {ratio

specific |fuel 1b-sec/1b

impulse, |ratlo

1b-sec/1b
Triethyl trithiophosphilte 196 2.9 180 2.3 92
Mixed alkyl thio- 213 2.4 186 2.6 87

phosphites

In these tests, the combustion products were found to be extremely corro-
sive to the stainlegs-steel chambers and nozzles at the engine operating
temperatures and pressures. The combustion chamber had a clean scrubbed
appearance after each test.

Alkyl thlophosphite blends: Both mixed alkyl thiophosphites and
triethyl trithiophosphite have been blended with various hydrocarbons.
Some studles have been conducted with alkyne mlixtures and WENA; the
results are shown in the following table:
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Fuel Diluent Amount Ignition delay, millisec |Ref-
gﬁl WEFNA WENA or-
uent, (90- nt| (> 95- ¢ | ence
percent percen percen
by HNOz) HNOz)
volume -40° F  |Room |-40° F
temper-
ature
Mixed alkyl 2-Methyl-1- 50 80 -- 40 |30
thiophosphites| buten~3-yne
Mixed alkyl 1,6-Heptadiyne 50 No - No 30
thiophosphites igni- igni-
tion tion
Triethyl tri- 2-Methyl-1- 75 -- 65 170 1,
thiophosphite buten-3-yne 22
Triethyl tri- 1,6-Heptadiyne; 50 - - No 4,
thilophosphite 1gni-| 43
tion

Mixed alkyl thiophosphites blends with n-heptane, diisobutylene,
and toluene have also been reported (ref. 187; but, because of faulty
instrumentation, the values of ignition delay were later questioned
(ref. 3).

A 1:1 blend of triethyl trithiophosphite and n-heptane failed to
ignite at -70° F with an 85:15 blend of anhydrous WFNA and methane
sulfonic acid (ref. 2). Various mixtures of triethyl trithiophosphite
and the ethyl mercaptal of acetaldehyde ylelded short delays at -70° F

with a blend of anhydrous WFNA and methane sulfonic acid; however, none
of the fuel blends had a delay as short as the 8 milliseconds given by
the neat thiophosphite (ref. 41).

Blends of trimethyl trithlophosphite with unsaturated hydrocarbons
have been Investigated as a means of decreasing the low-temperature
viscosity and the freezing point of the phosphorus compound (ref. 29).

A summary of the data 1is given in table IX. As shown by the table,
blends containing from 0 to 40 volume percent hydrocarbon generally have
excellent delays at -65° F. Dilution studies of the trimethyl ester
with benzene have been made with 80 percent and 90 percent H;0, as

oxidants (ref. 3). As little as 30 percent by volume of thiophosphite
in benzene 1s hypergolic with 90 percent H,0, at room temperature.

Cyclic thiophosphlites: Some cyclic thiophosphites in which sulfur
18 not in the ring with phosphorus have been studied. S-ethylethylene
thiophosphite (2-ethylmercapto-1,3,2-dioxaphospholane) and S-ethyl-
propylene thiophosphite (4-methyl-2-ethylmercapto—l,3,Z-dioxaphospholane)
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would not 1lgnite properly with either WFNA ( > 95 percent HNOS), or
90-percent HpOo (ref. 1). These results are in contrast to those ob-
tained with the oxygen homologues (see section on Phosphites).

An unnamed cyclic thiophosphite,

0=c—o\P—N y

! N,

in which sulfur and phosphorus are in the same ring was tested with
WFNA contalning 4 percent HZO and 4 percent NaNOz. From the structure,

CoHs

H,C—S

the substance could possibly be called S,0-ethionylene N,N-diethylamido-
thiophosphite or 4-oxy-2-dlethylamino-l-thia-3-oxa-zZ-phospholane. At
72° and 0° F, ignition delays of 10 and 60 milliseconds, respectively,
were obtained (ref. 2). Its difficult preparation and long ignition
delay at O° F eliminated this compound from further consideration as a
rocket fuel.

Aryl thiophosphites: An aromatic compound, tritolyl trithiophos-
phite, has been prepared in good yleld; however, it was not studied
extensively because of its poor ignition qualities (ref. 3).

Halothiophosphites: Only a small amount of work has been done
with halothiophosphites. Diethyl chlorodithiophosphite 1s hypergolic
with 90-percent H,0, at room temperature (ref. 18). Ethyl dichlorothio-

phosphite has an ignition delay of 50 milliseconds at -70° F with WFNA
containing approximately 4 percent water and 4 percent sodium nitrite
(ref. 26). This is conslderably greater than the < 20 milliseconds
yielded by triethyl trithiophosphite with the same oxidant in the same
apparatus. Both of the halophosphites were hgpergdlic with 80-percent
H,0, containing 30-percent NH4NOz down to -52° F but with considerable

delay (ref. 3). Of the two, the dichloro compound gave the shorter
delay. S,0-Ethylene chlorothiophosphite (2-chloro-1-thia-3-oxa~-2-
phospholane) was very hypergolic with WFNA (> 97 percent HNOz) in an

open-cup ignition test (refs. 3 and 18). It is an example of a cyclic
halothiophosphite in which the sulfur is In the ring with phosphorus.

Amidothiophosphites: With respect to lgnitlon reactivity, the

mnat nramiaineg AP all Aveonnanhaanhareg oo fin Ty o s md Aol d el o
megt Promipgling O G4aa Organdpalspaldiius COMpOUWias 1S all aliuLulliuvplios
phite. The substance, ethyl N,N,N',N'-tetramethyldiamidothlophosphite
(bis—dimethylamido-ethyl-thiophosphite), gave a very low lgnition delay

of only 3 milliseconds at -70° F with both WFNA containing 4 percent

N
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water and 4 percent sodium nitrite and a 1:1 blend of anhydrous WFNA
and methane sulfonic acld (ref. 2). It also ignites readily with N>04

and. Hzoza(ref. 41). Its main disadvantage at the present time is its

poor over-all yield (about 35 percent) on preparation (ref. 41). Con-
trary to expectations, the lower-molecular-weight homologue, methyl
N,N,N',N'-tetramethyldiamidothiophosphite, had much longer delays with
the WFNA-NaNO, oxidant as shown in the following table (ref. 41):

Homologue |{Ignition delay, millisec
-40° F -70° F
Methyl 1z 20
Ethyl 5 3

Physical properties. - Several alkyl thiophosphites meet many of
the Bureau of Aeronautics target requirements and are, therefore,
potentially attractive as major rocket fuels. Their bolling points are
high, specific gravities are greater than unity, vapor pressures are
low, and melting points are below -70° F with some mixtures fusing
below -100° F (ref. 3). In addition, they remain quite fluid at low
temperatures and are easlly supercooled. Thelr disagreeable odors,
however, constitute an annoying disadvantage. Other disadvantages are
a decrease In hypergollicity and an increase In density and viscosity
with air oxidation. Sensitivity to gum formation has also been reported
(ref. 37).

Chemical properties. - Thiophosphites are not affected by water or
gteam at 212% F; however, hydrolysis may occur at higher temperatures
(ref. 3)., The thermal stability of some alkyl homologues 1s favorable
even at about 400° F (refs. 3, 4, and 44). They can be stored without
difficulty for long periods of time provided that atmospheric oxygen
is excluded (ref. 3). In general, alkyl thiophosphites are about as
toxic as aniline (refs. 3 and 26).

Economics. - Raw materials are avallable in sufficient quantitles
to exceed by far the requirements for 100 million pounds per year of
thiophosphites (ref. 3). Cost calculations indicate that they can be
manufactured to sell between 20 and 30 cents per pound based on an
ennual production of 15 million pounds per year. Large production
can reduce the cost to a point that 1s less than that of rocket fuels
currently used or considered for use (ref. 3).

The widening Interest in alkyl thiophosphites resulted in a confer-
ence sponsored by the Alr Force in Chicago on March 12, 1953, in which
a discusslon was held on the evaluation, production, and applications of
these fuels (ref. 45).
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Summary. - Of the few thiophosphites that have been investigated
for rocket applications, triethyl trithlophosphite has probably been -
studied more extensively than any other organophosphorus compound.

This and other low-molecular-welght alkyl thiophosphites are potentially
attractive as major rocket fuels because they meet many of the Bureau

of Aeronautics target requlrements. They possess several disadvantages,
however. Their ready oxidation in alr i1s accompanied by a decrease in
hypergolicity and increases 1n density and viscosity. Although they
produce a clean, stable combustion, the exhaust gases are smoky and the
combustion products are very corrosive, particularly in the nozzle
gection,

3110

With respect to 1gnition delay, aryl thiophosphites, cyclic thio-
phosphites, and halothlophosphites are not as good as the low-molecular-
wolght alkyl esters. In contrast, the most promising of all organo-
phosphorus compounds investigated to date is an amidothiophosphite with
very low delays at low temperatures. Its main dlsadvantage at the
present time ls a poor over-all yleld in preparation.

Phosphonites

General review. - Very little work has been done wlth esters of
phosphonous acids as prospective rocket fuels, ZXven though only a few
compounds have been investigated, they are distributed among several -
different subdivisions of this class (refs. 1, 20, 21, 22, and 24). A
summary of ignition data obtalned in an open-cup apparatus at room
temperature and ~40° F with several nitric acild oxidants is shown by
table X. Although the results obtalned with sach particular compound
are not necessarlily representative of 1ts category, a tentative order
of decreasing ignition reactivity may be indlcated as follows:

halo > paraffinic > cyclic > oleflnic > amido

The position of the amldophosphonite may be attributed to its relative-
ly large Cz groups.

In another apparatus, the halo compound, benzenedichlorophosphonits,
ylelded delays with WFNA ( > 95 percent HNO3) of about 35 and 110 milli-

seconds at 70° and -40° F, respectively (ref. 22). With the same acid,
a 25 percent by volume blend of this phosphonite with Z2-methyl-l-buten-
S—yne gave a long delay of 355 milligeconds at room temperature (ref.
22) and no ignition at -40° F (ref, 1).

Al VLU
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Summary. - Ignition-delay data from the few phosphonites that have
been investigated indicate that this group of organophosphorus compounds
is not as satisfactory a source of rocket fuels as several of the others
already discussed.

Miscellaneous Organophosphorus Compounds

All compounds discussed In the preceding sectlons were synthesized
and tested at least with respect to their ignition characteristics.
There are a few compounds which cannot be classified conveniently in
any of the foregoing categories or which have no information about them
in rocket literature aside from some calculated performance data and
estimated heats of formation. A summary of such data is shown 1n
table XT.

Very feow pentavalent organophosphorus compounds have ever been
considered for use in propellant combinations. Some work with trilalkyl
tetrathlophosphates leads to a tentatlive concluslon that they have
little practical value as rocket fuels (ref. 28).
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Wilson, E, M.: A Study of the Ignition Delay of Triethyl Tri-
thiophosphlite with Nitric Acid in an Impinglng-Stream Rocket
Starter Motor. Final Rep. No. 680, Nov. 11, 1952-Jan. 11, 1953,

AeroJet Eag. Corp. (Calif.), Feb. 17, 1953. (Contract N7onr-
462, Task Order III, Ttem 10.)

Strier, M., Felberg, R., and Pearl, C.: Investigation of the
Relationship of Propellant Chemical Structure to Spontaneous
Ignition with WFNA. Final Rep. No. RMI-466-F, Reaction Motors,
Inc., Mar, 23, 1953. (Contract NOa(s) 52-595-c.)
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41. Plno, M. A.: Sixth Quarterly Report. California Res. Corp.,
Richmond (Calif.), Apr. 1953. (Contract NOas 52-034-c.)

42, Carmody, D. R.: Development of Liquid Rocket Propellants. Bi-
monthly Rep. No. 6, Feb. 26-Apr. 26, 1952, Standard 01l Co.
(Ind.), Apr. 26, 1952, (USAF, AMC Contract AF-33(038)-22633.)

43, Bollo, F. G., et al.: Rocket Fuels Derivable from Petroleum. Rep.
No. S5-13447, Quarterly Detalled Rep. Nov.-Dec., 1952, Shell Dev.
Co., Emeryville (Calif.), Jan. 1953. (Dept. Navy, Bur. Aero.
Contract NOas 52-808-c.)

4 . Anon.: Combined Bimonthly Summary No. 29, Feb. 20-Apr. 20, 1952.
Jet Prop. Lab., C.I.T., May 20, 1952.

Cermedy, D. R., Mayerle, E. A., and Zletz, A : Development of
Liquid Rocket Propellants - Alkyl Thiophosphite Conference.
Standard 01l Co. (Ind.), Mar. 12, 1953. (USAF, AMC Contract

AF-33(038)-22633.)
46. Carmody, D. R.: Development of Liquid Rocket Propellants. Bi-

monthly Rep. No. 9, Aug. 26-0Oct. 26, 1952, Standard 01l Co.
(Ind.), Oct. 26, 1952, (USAF, AMC Contract AF-33(038)-22633.)
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TABLE I. - TARGET REQUIREMENTS FOR ROCKET FUELS

FORMULATED BY BUREAU OF AERONAUTICS (REF. 1)

Density
Boiling point
Melting point
Viscosity
Toxicity

Physical state

Stability

Logistics

Ignition
characteristics

Specific
impulse

Materials of
construction

Above 0.985 g/cc

Above 170° F

Below -90° F

Free flowing at temperatures between -90° and 170° F
Relatively nontoxic

Liquid desirable; however, gases with low vapor
pressures are acceptable

Compounds should be resistant to chemical and thermal
check, and should be stable during storage periods
of six months to one year

Compounds should be capable of being produced in
tonnage quantities and at a cost of below 25 cents
per pound

Compounds should be easily ignitible (spark or spon-
taneous ignition) with such common oxldizers as
liquid oxygen and fuming nitric acid

Calculated values of above 270 lb-sec/lb with liguid
oxygen or white fuming nitric acid are desirable

Compounds should be compatible with such materials of

construction as mild steel, aluminum, and their
alloys

CONFIDENTIAL

AT



37

CONFIDENTIAL

NACA RM ES4A26

*PIOD3L ONg
9 g2 JUBPTXO s9 19 Sy~ - 6s- 6¢- L0 68°1 S* 802 09L 0 6s- 8¢e
€9 9°91 FUBPTXO TL 99 oy 44 [+34 oy ¢°0 91 L°0 89T 09L 0 o¥ 092
S'11 2Lt JuBpTXQ [ol] €L 911 91T STT ST1 ¢ 9°1 g* 2LT 09L 0 STT 192
'S 8°9 Tanyg 6L 8% 811 81T 611 811 e 9°1 S* LST g ¥%e 009 9L 81T 292
9°g 1°92 JUBpPTXO 8L 28 et et 12t 021 L0 61 S'0 S6e 09L [o] et o¥¢
SPT08 OTaTu BuTuny B3TUM
19 L8 Tand ¥9 S¥ fo{:0d £6- 6~ €6~ V61 9°¢ (®) (=) 6°2T 00008 €6~ gqe
LS €L Tond 89 2g 68~ 98- 6~ 6~ V6T 9°¢ €0 oee 09L o] 16- 2ve
8°v 2°'¢ 18ng 6S 2g 18- o8- 08- 08— 61 9°¢ 9° oLT 09L 0 o0 ose
L'e o't JUBDTXO 65 08 08~ 8~ 6L= 6L~ '8l 9°¢ €0 09T [o]:7) 0 6L~ 6ve
2'c 8°'0 JUBDPTXO €9 2s T~ 89- 69+ 69- ¥ 61 9°¢ 8°0 0LT 09L o] 69- cese
S'e ¢'e g 89 89 ov- 8¢- ‘B~ 6€- ¥ 61 9'¢ 9° 0ce 09L o] 6e- 8%2
S°y ¥ 12 Tang LS 99 Le~ ge- 6¢- -390 ¥ 6T a*e [Sade] 2¥e 09L (o} [:1°0d g¢ge
2'e 6'c 18ng 09 8% 0 4 0 [o] ¥ 61 9°'¢ e 852 09L o] o Lge
S'¢ 91 Tong oL 89 T 4 2 T ¥o61 9°¢ 0 gee 09L 0 4 Lye
't S'L Tang SL L oy v oy oy ¥ 61 9°¢ £°0 oLe 08L o] oy gge
o'¢ 0°s TNy 98 LL 6L 6L 6L 6L 61 9°¢ Lt Le2 09L 0 6L vee
9°2 L°9T1 TNy YL 18 18 18 18 8 ¥6T 9'¢ L0 8Te 09L 0 18 9ve
v°c 3844 ey o8 oL 1eT et 02t 021 v 6t 9°¢ S* ozge 09L o] 0et sve
LS L 82 JUBPTXO L8 S8 €T g2t et 02t 8°6T Lz (=) (®) ST 00628 o2t vee
£'s 8 4 JuepTx0 18 [o73 2eT ect [sI-A8 02t ¥y 61 g'¢ ¥°0 s0e 6°C1 00006 021 ¥¥e
epyow” otI4Tu Butwng pay
pr-1:
‘aanegaad 283
DBSTITIW JoqueyD u3uq aang yITem Jaqueyo | -uy be/qr
‘Jequeyd uoTjy uoTqeng] ate| eqetd!| -uasdwes pesy £q ale yBTom a -uoT38NquOd ‘aanegaad . By wuw ale 1J . do a

o@8TTTu|| -snquoo ojuy| -woo ojug - JUaoaa q JUSIII wnwTYBW JI8qQuUEYD | ‘aangea. apng131® [‘aamivaaduwag

‘Letep gatajue 3af|quertadoad IUSTQUY) STZZON | -3183 §U0D | 20303 UT | TaNd | UBPTQ ‘quspyxo| ‘quepTYO UTe338 | -UO T4 ENQWOD jusTque | aanssaad quertadoad
UoT3TUBY || usamisq auwyy pean _m: ‘aangeaadwa], Ut CON| UT J338M 09 auyy WNL X8R 18T TUI 18137Ul aBevaaAy] uny

_umsodkdaan 8UTBUS -390 wawonnzﬂsmu
SAIOV OIULIN ONIWNA 'IVHIAES ANV SHLIHISOHJOIHL 'IXWIV QIXIW HO4 VIVQ NOILINDI 40 AMYWWAS - °IT d14vl

OT1e

CONFIDENTIAL



NACA RM E54AZzZ6

3110

38

- JoqWEYD UOTIENqUOD PaBFoj Jo 98NE0aq STYBUIWIN3SPUT INTEA 30U,
¢-g 881 Tong 67 es | zo- | e |zw- | ew- ¢ 9 1 L 6T o9 | © zv- 6T
8°S 0 ¥¢ JuBp X0 19 ss ov- ) 9¢- 6%- [$15%d P\O 61 9°0 8L2 6°21 000405 B6E~ cve
ey g°ctT Tong oL %9 187 ¥ o o¥ g0 9°T L0 91T 09L o] oy 992
¢°g €91 Tond LL 8L 81T i 8TT 61T 81T e 9° 1 ¥ S6T 09L [o] 611 262
9°9 6°91 JUepIX0 ¢8 18 - et 0cT 0T 1 6" 9° S62 09L o] 0et 8v¢e
0°s 1°%c Tond 28 ¢8 €T ceT el 1etT L°C 6°1 S0 28e 62t 000°05 eel gee

gpTor 0FJ3TU Jujung 33TUM
_ s e i & _ ikl

S°g ¥-8¢ T80y 19 ¥ c6- . 26- |96~ _ S6- 002 L g S* 0ST 6°cT 00005 S6~ 9%c

6°¥ % Tend <9 ¥ S6- ¥6- S6- v6~ 070 L°¢ S0 281 09L o] S6- §se

M LS 9'P<p Juep X0 29 9¥ ei- oL- 1L- 1L~ 0-0c L' L 091 09L [¢] L= 062

. . N P -——— - - . . . . £ l -
[25] e 9 01 JuepIxX0 L9 »’.mm\ ;‘ \\\\\\\\\ B 1 oL oL 8 61 L' L0 s¥e 62T 000 °05 (73 L%¢
E 0'¢ 9'e 4uUepPIXQ %9 i 09 ! 62~ 235 ov- o9~ 0°0c L¢ S0 002 08L 0 o¥- i 414
R .

m 8¢ Sy JUBNIXO . 6% 88 o] T - o] 0°0c L°¢ S* S9T 09L o] 4] 68¢
(@] 8°2 28 T | cL 89 S¥ Sy 144 ¢y 002 L'e Lt 61c 09L o] 144 L82
(&) 6°c S°0 JUepIXQ L 69 8L 8L 8L ! 6L 0°02 L°e 9°0 002 09L o]} 6L 162
9°¢ ¥rge 1°nd 98 1L SIT STt ST et 002 Le L =1:19 L°2T 00003 eTT 65¢

e L8 QUBDTXO 8L eL 61T 61T 12T el 0°0e L°g S* ozge 09L ] 12T 85S¢

v L'e JUepIX0 ¥9 €8 61T et et el 8761 Le S0 06e 6°2T 00003 1T 1%¢

spjoe OTJITU JuTung pay
T FEX]
auBTom ‘oangsaad 23ed
09STTTTU ZoquEyo aaqueys| ‘ut bs/q1
fIaqueyd UOTI uoT98Nq y3eq aJanj £q Ju8temM |-uofasnquoo| ‘sanssaad | 3y um 13 do
2o TTTTU|| -8nquoo ojuf| =-wod ojuy are| e9981d: -~eaodweg peay .a:mc.umn £q quaoaad unmTxBW Joquieyo | ‘eanssaad| ‘apng3 378 | ‘aanjeradualy
<fe1op|| seTagus 3af |aueTTadoad |IUSTAUV| STZZON ~3UB4SUOY| JOJOI[UT| T3NA|JUBPTX0 | “JUBDPIXO|  <qumpTx0 ups3ge|-uotesnquoo | juetque| aanssard| 3uerradoad
uoTaTuBT || usemgeq awWTL peaT &, ‘eungeradua], ut CoN| ut aejEM 09 QWL wrmixen | TBIFFUI| TETITIL 28RIaAY| UNY
_umsumumaqw autBus-49)00d aTBIE-TTBUT])
SQIOY OIMLIN DNIWQS TVHHAHS ANV FLIHISOHJOTHIIYML TAHLIIYL HO& VIVQ NOILINDI J0 XHYWWAS - "III ATEVL

CONFIDENTIAL

Ill




39

CONFIDENTTAL

NACA RM E54A26

reanssaad Jaqueyo-uoT3Enquod yead ute3qs 03 LW,

‘pautelge jou L1qeqoad ssm sTqissod sanssaad wnwixsw feangsauad xmmmv
reweay aanjojd-uotjow swws UF JaqWBYO UOTISNqWOd pagsjua sjuetrsdoad yjody
*J3qUWBYD UOT38NqUod Psleody JO a€neosq 9TqBUTWIISPUIq

O011g

*PAUTBIAO PUOIII ONg
L 4 L1 JUEDTX0 99 L 1% (3% === o¥- g 91 LAY SSTp 09L 0 ov- 882
c'S 0°'S¢ JUBPTX0 L9 et} ¥y 9e~ 6¢- 3% L 6°1 11 oLe 6'CT 000°06 6¢- 9¥%¢
s'e 6'¢ Teng 19 19 61~ LI= 6T~ oe- L0 61 9'0 862 09L o} 61~ 82¢
3 R JUBDPTX0 6L | sL 0 0 1 1= P 6 g vs2 T oL o 0 67
2°¢ 2'8e JuUBDTYX0 L6 18 6T ee 2e 0c L €1 L SiLe 09L o] 1e oge
0'e [AlPd (2) L9 cL o¥ o¥ - oy N 91 S 002 09L o} oy L82
92 g'e eng LL LL c8 L8 £8 28 L0 61 9°0 88¢c 09L 8] 8 1ee
9°'2 ve JUBDTXQ0 98 88 et et 611 0cT L 6'T 9 88 09.L 0 8TT cee
8°'e S 91 Tang L8 8 GetT 21 12T 0gT L 6T g 28l 62T . 000°086 et 9¢e
8¢ 0'9 JUBDTX0 98 88 geT €31 eecT cel L 68' 1 g" oLe o9L !0 2cT 384
c'e g2t Tend 18 18 1541 o¥t [:1°48 6CT L0 6'T S0 g8e 09.L 0 6€T cee
8pT0® OTJ3TU Butung a3 jum
T
08 (q) (q) +9 144 V6= 16~ |26~ c6- 002 L8 9* 00T 09L | 0 c6~ 692
¥'9 LS JuspIXQ 6L [:34 G6- [oF:5d 16- 16~ 86T L'e 80 S8T 621 00006 16- 1447
0L 9'¢1l Tong LS 154 L= ¥e- L8~ L8~ 002 L Lt ¥1T 09L ¢ 0 L8= oLe
8°9 L*se JuepTxo €9 Sy €8~ 18- ve- ¥8- 002 L°¢ 9'0 SST 09L 7 0 14 £682
1°6 an JUBDTXO oL 6¢ 98~ cg- 8L~ 08~ o'ee L'e 8° QeT 09L u 0 6L- e
L'g a (a) 99 9¢ oL- 69- | TL- | 2L- 002 Lg L0 set 09 | o© e~ 2Le
] 80T JUBRIXQ 6% 18 LG- $S- 9G- 96— 8° 6T L2 6" oLT 09L ‘ﬂ [} $G- s8¢
1°¢ 9'%1 Tang 99 6% [0) 4ud 8g- 6¢- [0) 4ud 0°0c L'e L 9¢T 09L “ ¢} 0%~ LS
% 1°92 JuUBPTXO [} LS (oA 8T~ | === oz~ 8° 61 Le (e) (®) 09L 0 oz~ g98e
e ¥ ve JUBDPTXO S9 ¥ I~ - - 1= 002 L'g L0 OLT 09L | 0 1- vie
1 €92 JuBDPTXO S9 wm 14 *1 44 ce 0°0e L'g L 002 08L 0 e (34
ge 8° JUBPTYO 69 ¥9 9% Sy 44 vy 002 L'e L 28T 094 0 44 gLe
0'e ¥°'ST Teong 1L 63 99 S8 29 <9 0°0c L'g L 661 09L o] c9 [0}:14
81T 2°'ST g YL L9 18 08 9L 9L 0°0c L'C L0 OoLT 09L 0 9L gie
81 2T FUBDTXO ¥L YL 2ot 20T 00T 001 0'02 L 9° 502 09L 0 R 001 1 182
9'¢c 6°CT Teng 06 == 0ct 81T 6TT 8171 86T L2 g 882 6°'2l 00006 61T A, LES
e'T ¥ er Tang €8 9L et 12T 0ct 6TT 002 L°g 8 L6T 08L ] 01 i Lie
LT g'e JUepTIO 08 gL ¢eeT eeT eet 2e1 0°oe L°g 8°'0 802 09L 0 2eT _ 8Le
8pToR oja3ju Bujung pay
oag
‘aanggaad 2883
028 TTTTW JaqUBYD JuBtam Jaqueyo | *ul bs/qT
‘Taqueyd uotg uoiysng Yaea aang Aq quBTam =Uuo T4 8NQUod faangsaad By wuw 13 do

098 TTTIW] ~8NqWAd OqUf | -wWod 03Uy ate | a3erd| -wasdway peay juaoaad |£q juacaad wnuxew J3queyo | ‘eangsaad| ‘apniTate |‘sanjevaadwal

‘fu1ap] sejaqua 38 [querradoad |quatquy |aTzZoN ~3UEl8u0y | Joj0afur| Tang [Juepixp| ‘AUEPIXO | ‘quepIvo utel1g® [-uoygenquoo quatque| aanesaad queitadoad
Uo T3 YuUBI uasmjaq awty pean d, Teang gIaaua], uy SOoN| Ul Jaj8M 0% BuWTY WnWTX BN TeTATUL 1813 TUl advaaay| uny

ﬁn:un&nnaa autBua-gaooua mﬁwom::msmu
SAIDV DTHLIN ONIWNA TYHAAHS ONV ZLIHASOHJOQIWYTRHIAWIC-N‘N HNAIXJOMd HOA VIVQ NOTLINDT 40 AMVWWAS - ‘AT F14YL

CONFIDENTIAL



40

CONF IDENTTAL

NACA RM ES4A26

TABLE V. - SUMMARY OF IGNITION DATA FOR NEAT AND BENZENE-DILUTED

ALKYL PHOSPHINES WITH HYDROGEN PEROXIDES AT VARIOUS TEMPERATURES

IN OPEN-CUP APPARATUS

(REFS. 18 AND 19)

Phosphine Class of |Amount of|Amount |Amount |Temper-| Ignition
phosphirre |phosphine|of fuel of ature, delay
in blend, | used, [oxidant| °F
percent ml used,
by volume ml
90-Percent hydrogen peroxlde
2-Ethylhexy1a Primary 100 0.03 0.5 Amblent Shortb
100 .06 .5 0 5 sec
100 .14 .5 -20 4 sec
40 .12 .5 Ambient |No ignition
40 .16 .5 Ambient |2 sec
E—Octylc Primary 100 0.04 0.5 Ambient |Very shortd
100 .03 .S Ambient |Short
100 .08 .5 0 2 sec
100 .12 .5 -20 Short
50 .10 .5 Amblent [No ignition
50 .15 .5 Ambient |Short
Dodecyl® Primary 100 0.12 0.5 Ambient [No ignition
100 .20 .5 Ambient |Short
Di-2-ethylhexyl® |Secondary 100 0.05 0.5 Amblent 1.4 sec
Tri-n-butyl Tertiary 100 0.01 0.5 Ambient |Very short
100 .08 .5 0 No ignition
100 .08 .5 0 Very short
100 .12 .5 -20 Short
30 .20 .5 Ambient |No ignition
Tri—§gg-butylf Tertlary 100 0.04 0.5 Amblent |Very short
100 .08 .5 0 No ignition
100 .10 .5 0 Short
100 .14 .5 -20 Short
30 .20 .5 Amblent |No ignition
Tri—2—ethylhexy1a Tertiary 100 0.10 0.5 Ambient |[No 1gnition
80-Percent hydrogen peroxlide
2-Ethylhexyl Primary 100 0.06 0.5 Ambient |Short
100 .06 .5 14 2 sec
100 .08 .5 -22 15 see
n-Octyl Primary 100 0.06 0.5 Ambient |No ignition
100 .08 .5 Ambient |Short
100 .08 .5 14 Short
100 .08 .5 -20 2 sec
Tri-n-butyl Tertlary 100 0.06 0.5 |Ambient|Short
100 .12 .5 14 No 1gnition

@Prepared from phosphine and 2-ethylhexene.
bShort, noticeable delay but less than one second.
CPrepared from phosphine and l-octene.
dinstantaneous to the senses.

ePrepared from phosphine and propylene tetramer.

f
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TABLE IX. - SUMMARY OF IGNITION-DELAY DATA FOR TRIMETHYL
TRITHIOPHOSPHITE - UNSATURATED HYDROCARBON BLENDS AND RED
FUMING NITRIC ACID CONTAINING 22.6 PERCENT NO, AND 0.99

PERCENT HoO AT -40© AND -65° F IN OPEN-CUP APPARATUS

(REF. 29)
Hydrocarbon Temper - Ignition delay, millisec
atg;e’ Amount of hydrocarbon,
percent by volume
0 20 40 60 80
2-Methyl-1-pentene -40 10.0 | 17.6 | 20.1 | 59.6 | (a)
-65 13.0 | 10.4 | 15.8 | 114 (a)
1-Hexene -40 8.2 |19.1 |41.8 | (a)
-65 12.8 | 17.5 | 34.9
Isoprene -40 3.3 18.0 | 19.6 |51.3
-65 11.6 | 31.8 | 44.6 135
Dipentene -40 8.8 |12.4 1 90.5 | 406
-65 11.0 | 14.9 | 139 | (a)
1-Vinyl-3-cyclohexene -40 8.5 | 11.9 {59.1 | (a)
-65 8.8 | 16.6 | 89.0
Styrene -40 7.8 113.3 | 68.8 818
-65 16.4 | 15.1 | 73.5 (a)
Phenylacetylene -40 12.8 5.3 400 135
-65 (a) | (a) | (a) | (a)

%No ignition.
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TABLE X. - SUMMARY OF IGNITION DATA FOR SEVERAL PHOSPHONITES AND VARIOUS
NITRIC ACID OXIDANTS AT ROOM TEMPERATURE AND AT -40° F OBTAINED IN

OPEN-CUP APPARATUS (REFS. 20, 21, 22, AND 24)
Fuel 80xidant
byame CName 90-Percent >95-Percent Mixed acid
WFNA WENA
Room |-40° F| Room -40° F| Room |-40° F
temper- temper- temper-
ature ature ature
Paraffinic phosphonite L o
Dimethyl benzene-|Dimethyl benzene- dip dl €10 €10 le dO
phosphonite phosphonite
Olefinic phosphonite
Diallyl benzene- |Diallyl benzene- £y - ———— S —
phosphonite phosphonite
Cyclic phosphonite
Propylene 2,4-Dimethyl-1,3,2~ dg dg —--- -—-- dg dg
methane- dioxaphospholane
phosphonite
Halophosphonite
Benzenedichloro- |Benzenephosphonous --- - €10+ €10 | €10+ €10
phosphonite dichloride
Amidophosphonite
N,N,N',N'-Tetra- |[N,N,N' ,N'-Tetraiso- €2 (g) ———— - 84 (g)
isopropyl- propyl benzene-
benzenediamido- phosphonousdiamide
phosphonite

ASee table VI for ignition-rating scale.

bNom.enclature according to ref. 15 or extension of ref. 15.

CNomenclature according to indicated literature references.

dRer, 21,
€Ref. 22.
fRef. 20.

ERef. 24.

CONFIDENTIAL



NACA RM E54AzZ6

CONFIDENTIAL

48

1

3110

*00/3 1 8q 03 poumsse £qTsusp gqueriadoad oFeaary
queTTedoad sy3 Jo ul3ysep wnwijdo pue UOTIOTLI OU Futunsse 4USTTJ TBOTIASA UT 33120 ,PIBPUBYS,

(1 "Joa 99s) SOT3TSUSP UISOUD dY3 JOJ SAqUE]

e £q pautejje 8pPNITITVp

-0%H Pu®B QD 0% UOTISNQUOD JOJF USSOUD OTFBI SJINIXTH,
- 20UBJaJod 8JN3RJISFTT PA3eoTPUt 03 BUTPJIOOO® SINJBTOUSUONq
‘g7 *Jad JO UOTSU8GXd JO GT *Jod 0% JUTPJIODO® SJINJBTIOUSWON,

6T 88¢ 081G gge 922 S'G2 06T¢ S9° sutydsoydoutuy sptweutydsoyd
8T YLy 059S GG2 9%2 v 2e 08¢ gg'1 |eutydsoydoutweTLyjeutd sptweutydsoydTAyzsuiq
sueToudsoyd-ezBTP aq tudsoydopTweTas
0 65% 00SS 182 ¢ye g-¢e 01¢¢ 0T'T | -2°‘¢fT-outwiauatiyia-g -ous TAY3STq- N NN'N
auetToydsoyd-ezeRTp a3 TuydsoydopTwetas
¢ s1¢i4 00SS 0Se ¢ve 8°22 08e¢ 02T |-2‘cfr~outweTLysauiq-2 -auaTAy3a-, N N-TAUISWTA-N*N
suetouydsoyd-ezeip o9 TudsoydopTueTagsuaTLuld
8¢ =137 00S8S 062 c¥e ¢°22 062¢% ¢t -z ¢‘T-TAPTTOaILd-C nzz._z:waﬁhzqumhumauzhz
wnTaqtT
mHoE\HmOx -tnby [uszoag (9)
‘uo1g (p) 098/43 J9QUEYD Mo oT3BI
-BWJIOJ gaTTw |‘K£gTo0TeA q1/09s-q1 uft ay3tem| ‘aanje JuUBtTem
Jo 3eay fXaput 0T3STJI92 fosTndwT geTnoaTouw | ~asdwag 9n7g
po3RWTASYH [9PNYTATY | -OBIBUD oTJtoadg 23vJI9AY | J5QUBRYD | -3UBDTXO Tandq ToNdg
(v -439) NADAXO dINDIT HLIM SANNOLWOD SAYOHJdSOHJONYDHO

TYYIAES ¥0d NOTILVWHOA J0 SIVHH CHLYVWILSH ANV YIVA IONVWHOSHHd QAIYTINOTYO 40 AHVHWWAS - *IX FTEVL

CONFIDENT IAL




49

CONFIDENTIAL

NACA RM E54A26

*enjegedde £B]OP-UOTFTUBT SUTBUS-46M00I STBOS-TTBWE JO Uo3elf OTQBIMEISBIT - °*T OINITL

SMOTTeq SUurr08euuo) . i : E=

BISWED
peads-ydtyg

roddne eutBue xeddp

OTv2-ao| | 8T 27Z0U 1sneyxy
90T JTIO Jaoqosfur Tang

one1d sTZzZouU-38NBUXY
LN
qust 1 sdoad
Sutrdurduy
901 JTJIO0
JsquByd Joq08(Uurl
1 snBXs uoT1snNquos WUBDTXQ
~39300Y 1ustedsusay, _ dey sanssead

y \w\\\\“vw / \\.

X

Jaqursyd

J8qmeyo -UoTAENqWO)

300J-0TQr0-003T OF}

P8BSy
Jo0q08fuT

Jusy Teng g qaeq
¥8TP asang g aanqersdwen
-1UB}EUOY

aAT®BA Futuedo-jound

2><

I £1ddns

sangsoad mmiTey

CONFIDENTTAL



NACA RM E54A26

CONFIDENTIAL

50

‘quBjeom £q PTIOTP UeBOIITU jueoged 0z puw
Jeq8M queoged § 03 ¢ BUTUTIBIUOO PIOB ODTJIITU Supumy pex pue ejjudsoydoiuztai TLUIETII JO £9Tep UOTITUBT - "¢ omBTd

do ‘eanguredwesy juvrledoad eBuIeAy

oFT 021 00T 08 09 0% 02 0 02- oy~ 09- 08~ 001~
_ 2
—Q
l
/
. =] // - ’
// )
/‘
¢ Illll o
1687 000°06 O o N
TeAaeT B8 O Q 9
epnyTaTe
eansweaq

‘quBiem £q opTXolp UeBoa3TU quedoged 02 03 6T PUW
aeq8M queoged ¢ 3noqe JUTUTBIUOCD PIOB OTI3TU Burum] pex puw sejjudsoudoTus 1£5Te pexyw JO £¥T6p UOTFIUSI - °2 oan3td

Io ‘omqraedmes juwTredoxd: eFerery

ov1 02T 00T 08 09 034 02 0 02- oy~ 09~ o8- 00T~
T 2
) A = 9
[ ——— Q
} ¥
—
3063 000°06 O o S
3003 005‘28 © AN
(o] ToAeT ®eS © N
¢ y
epna1aTe o9
eansgead
8

008 TTTTH ‘£wlep UOTITUSI

CONFIDERTIAL

cesITITm ‘Lwrep uojyTudl

|l



51

CONF IDENTTAL

NACA RM E54A26

*(POTPT °"ON UOT3BOTJY

-0ads 4¥YSn ) PToB OTI3TU Butwng 23Ty pus gaqTudeoydotys TANTE PaxTw Jo ABTap UOTITudl - °g 2anBTyg

[ A

do ‘sanjsasdwsy juerradoad aB¥vaaay

021 001 08 c9 ov 02 0 oe- 0%~ 09- 08~ 001~
v
9
o) 5

]

1837 009°9.L O

19A3T B3S O
apn3T31e ot

ERLGEERE |
O

21

o¥vT

*3yBTemM £q 8pIXOTP usBoaatu jusoasd o2 pue J938M qusdgad ¢ jnoqe FuTulwg

-uo9 PIOB O9TJ3TU Butumgy paa pur a3TydsoydopruwsTAYIawWIp-NN ausatiddoad Jo AeIsp UOTATUBI - *% aandiyg
Jdo ‘eangeugsdwe) gusyTedoad a3sasay
02t 001 08 09 oy oe 0] oc- ob~ o8- 08- 00T~
o]
-5 2
(1 B
. Q@
//
14
~]
™
N
[¢]

3837 200°06 O
18437 828 O

o/“

apnyTaTe
sandgaad

o1

Q9STITTW ‘Aelap UOTITUldI

298TITITW ‘felap uOTITUSI

CONFIDENTIAL



NACA RM E54Az6

CONF IDENTLAL

52

*(¥0T%T *ON UOT38OTITO2dS JAVSN)
PIOB OTJ3TU Sumum] a3Tus pus o3 fydsoydopiueTAyzswtp-N‘N sualldoad jo LB[sp UOTFTUSI ~ L SInITJ

a5 ¢ aanqeIodmway querTadoad s8vasay

0%T 02T 00T 08 09 0¥ 02 0 02- oF - owm
D
a et —
o
396 000°068 O = ¥
TeAeT weg O
epn3raTe d
eanssead
| | ] 9
*($OT#T °*ON UOT3BOTJTOdS
AVSN) DIOB OTJI3TU Fupumy 937ym pue 937ydsoydoty3Tay TAY3aTag Jo ABTSp UOTITUSI - °9 2am3td
ho ¢ sanqsaadmaq queTT2doad sdsieAy
oFT 021 001 08 09 o¥ 02 0 02~ ov- omm
¢
(2] o]
O
1607 00006 O 9
o TeA6T B3 ©O
epn3T3Te
eanssexd
1 1 1 8

008 TTIW
‘£BTop UOIRFUII

088TTTTW
‘£BTSP UOTRTUBI

NACA-Langley - 4-2-54 - 325

CONFIDENTIAL




