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NATTONAT, ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

CRGANOFEOSPHORUS COMPOUNDS IN ROCKET-ENGINE APPLICATIONS

By Dezso J. Ladanyl and Glen Hennings

SUMMARY

Experimental lgnition-delay determinations of mixed alkyl
thiophosphites, triethyl trithiophosphite, and propylene
N,N-dimethylamidophosphite wlth red and white fuming nitric acids were
conducted at temperatures from 140° to -95° F at sea-level pressure
and at pressure altitudes of gbout 90,000 feet with a small-scele
rocket engline of approximately 50 pounds thrust. Regerdless 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 milliseconds.

In addition, the literature pertaining to the use of orgeno-
phosphorus compounds 1ln rocket-propellant comblnatlions was surveyed
and summerized with particular emphasls on ignitlon-delsy Investigatlions.

The experimental data and literature survey were examined and evsgl-
uated with respect to utlilization of organophosphorus compounds 1n
rocket-engine applications. Although the exploltation of this new field
of propellants 1s not complete, 1t appears that the tertiary compounds,
especially thiophosphltes and emidophosphites, are potentlally out-
standing rocket fuels since they meet proposed specificatlions better
than meny contemporary propellsnts and, if developed commercially, cen
assume excellent competitive positions with respect to other low-
freezing-point, spontaneously ignitible fuels.

INTRODUCTION

In the search for liguld rocket fuels that are better than those
now known and avalleble, a useful gulde is the set of target regqulre-
ments formulated by the Bursau of Aeronautics (ref. 1 and table I). In
addition to the items included In thils list, another desirable goal is
the dlscovery or development of self-ignlting fuels that have very
short delays over a wlde range of temperatures with an extensively used
oxident such as fuming nltric acid. This characterlstlc ls especlally
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desirable in applicatlons where the total permissible propellant-
burning time 1s extremely short and where lgnltion delsay is a signifil-
cant portlion of this time.

In order to find fuels complylng with the foregolng criteris,
several lnvestigabtors have examined and studied compounds outside the
wldely investlgated classes such as alcchols, emines, and mercaptans
(e.g., refs. 1 to 4). One such group that has receilved considerable
attention recently is the large class of organophosphorus compounds.,
Several members of this claess show promlse not only as starting fuels
but also as maln fuels In certaln applicatlions. They possess many
desirable chemical and physical properties as well as a potential for
inexpensive, large-scale productlon. .

As part of a general Investlgation conducted at the NACA TLewls
laboratory on the sultablllity of certaln fuels used with various nitric
aeclds as self-ignlting rocket propellant combinations (refs. 5 to 12),
a llterature survey of orgasnophosphorus compounds pertinent to rocket
applicatlions was made and is reported in the appendix. In addition,
ignition-delay determinatlions of three of the most promising ones,
namely, mixed slkyl thiophosphites, trlethyl trithiophosphite, and
propylene N,N-dimethylamidophosphlite, were made wlth red and whlte
fuming nitric acids at temperatures from 140° to -95° F and at sea-
level pressure and at pressure altltudes of asbout 90,000 feet with a
small-scale rocket engine of approximately 50 pounds thrust ani are
glso reported hereln. The litersture survey and the expsrimental
results of the lgnlitlion-delay measurements are employed to evaluate the
feasiblility of these materials for further development.

APPARATUS

The ignitlion-delay apparatus utllized 1n the experimental investi-
gation is shown diagrammatlcally in figure 1. It was a modlification
of the one reported in detall in refereance 8. It also Incorporated
gome of the features of a simlilar apparatus described in reference 1ll.
The two major changes involved an 1mproved propellant-inJection system
and a new means for assembling the rocket englne.

As shown in the Insert of flgure 1, the rocket-engine assembly
conglsted of an inJector head, inJjector orifices, a transparent cylin-
drical combustion chamber, a plate with a convergent exhaust nozzle,
and propellant tanks.

The Internal geometric conflguration was ldentlcal to ths one in
reference 8. The 90° included angle of the propellant streams, the
center location of the combustion-chamber pressure tap in the injector
head, the 0.68-1nch propellant-stream travel before lmplngement, the
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0.041l-inch fuel-injector-hole dlameter, the 4-inch-long and Z2-inch-

inside-dlameter combustion chamber, and the O.4-inch-throat-diameter
exhaust nozzle were all unchanged. The 0.0875-inch-diameter oxldant
injector was slightly larger than that used 1In reference 8.

The inJjector orifices differed from the earller ones (ref. 8) in
that they were not integral parts of the propellant tanks, but were
separate injector-head inserts which were not removed during the course
of the experiments. Thils gystem ensured production of propellant
streams with Invariant Impingement characteristics. It also decreased
experimental operating time by permitting simultaneous preloading of
gseveral palre of propellant tanks.

The meothod for assemblling the engine was modified by ellminating
the connectling bolts between the inJector head and the nozzle plate, and
replacing this system by one in which the assembly was bound In com-
pression bebtween a rigld upper support and a movable lower screw-Jjack
mechanism. Flexlble metal hellows enclosed in the Jack provided an alr
geal for the low-pregsure experiments. These embodlments are shown in
the cut-away view in filgure 1.

PROCEDURE

The operating procedure employed in all experiments reported here-
in was essentlally the same as the cne described in reference 8., When
a fast-acting solenoid valve was opened, pressurized hellum burst
sealling dlsks at each end of the propellant tanks and forced the pro-
pellants through lnJector orifices into the cocmbustlon chamber. Fhoto-
graphs were taken of the two propellant streams entering the combustion
chamber, Implnglng, dlffusing, and then lgnlting. Measurements of the
ignition-delay period were made from the photographic data. As befors,
the propellant-injection pressure used Iln every run was 450 pounds per
square inch gage.

PROFELLANTS
Fuels

Three organophosphorus fuels were used In this investlgation. Two
of them were derived Prom the class of thiophosphites: (1) a mixture
of low-molecular-welght alkyl thiophosphites known as mixed alkyl
thiophosphites and (2) triethyl trithlophosphite. The third was an
amldophosphite, propylene N,N-dimethylamidophosphite. It 1s known more
famillerly as 4-methyl-2-dimethylamino-l,3,2-dloxaphospholane.
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The mixed alkyl thiophoaphites was furnished by Standard Ol1l
Company of Indlena. It was part of & partlicular pllot-plant gquantity -
deslgnated as Batch No. 8. An ultimate analysis and some physical
properties of thls speciflc batch are reported In reference 13. The
over-all average molecular weight of thls product is sbout the same as
thet of triethyl trithiophosphite.

The triethyl trithlophosphite was supplied by Californlia Resesarch
Corporation and merked as Sample No. 53070-R.

3110

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

Bach of these fuels was removed from its sealed contsiner and
Immediately placed into smaller tlghtly enclosed ground-gless-stoppered
bottles. The transfers were made with as llttle fuel-to-atmosphere
contact as possible to minimlze any hydrolytic or oxidatlive reactlons
that might occur.

Soon after inltilatlon of the mixed alkyl thiophosphltes program,
it was observed that the 100-mllliliter premeasured charges of fuel
possessed cloudy appearances of various degrees. A yellowlsh sediment -
was also noted on the bottom of each bottle. Since the amount of ma-
terial In each contalner was very sllght, 1t was not known whether the
go0lid 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 precautlons taken to avold them by raplid transfer
gnd good sealing. Some of the clearest fuels were cearefully decanted
and results obtalned wilth them were compared with those ylelded by somse
of the cloudlest fuels that were thoroughly shsken before being trens-
ferred to propellant tenks. These tests dlsclosed no significant
effects by the contaminants on ignition delay. In contrast to mixed
alkyl thlophosphltes, no visually observable amounts of settled or
suspended sediment were ever found 1n the storage bottles of the other
two fuels.

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

Fuel Density, g/ml Viacosity,
centistokes

86° F|68° F|-40° F|77° F|-40° F|-65° F

Mixed alkyl thlophosphites 1.,099]1.108 1.165|1.960| 12.09| 25.6 -

Triethyl trithiophosphlte 1.095(1.104 | 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 beceuse of the ready
supercooling of the fuels to temperatures below -100° F.

Oxidants

The two oxldants used in these lgnition-delay studies were obtalned
as supernatant ligulds from 55-gsllon aluminum drums. The red fuming
nitric acid (RFNA) contained approximately 3 percent water and about
20 percent nitrogen dioxide by weight. The white fuming nitric acid
(WFNA) met USAF Specification No. 14104. Since the investigation was
conducted over an extended perilod of time, an anslysis was made of sach
batch removed from the drums and is Included In table II, IIT, or IV.

RESULTS AND DISCUSSION
Mixed Alkyl Thiophosphltes and Red Fumling Nitric Acld

Fifteen runs were conducted with mixed alkyl thiophosphites and
red fuming nitric acid at temperatures from 120° to -93° F and at sea-
level pressure and pressure altltudes of 82,500 and 90,000 feet. A
summary of the data is presented 1In table IT. A plot of ignition delay
agalnet average propellant tempersasture at various initlal awbient pres-
gures is shown In 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 rapldly untll they reached almost 6 milllseconds at -95° F.
The over-all increase In ignlition delay was actually qulte smell, belng
only 3 milliseconds in a 200° F temperature interval. The short deleys
are In contrast with prevliously reported results obtalned with a similar
apparatus in which a comparatively slow-opening propellant-valve mecha-
nism hed 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
st the very low temperatures (below -80° F) are contrary to results
obtained with several open-cup apparatus (e.g., refs. 3 and 11), which
indicate a sudden rise in ignition deley In that temperature region with
varlous low-freezling-point aclds. An explanation for the difference
may be found in the relatlive insensitivity of the smasll-gcale engine to
viscoslity effects (refs. 10 and 12).

At low initisl ambient pressures and 120° ¥, the average ignition
delay was slightly longer (about 2 millisec) than that obtained at sea-
level pressure and the same temperature. AL g pressure altitude of
80,000 feet and -93° F, the delay was essentlally the same as at ssa-
level pressure and approximately the seme temperature.
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In accord wlth another reported observation (ref. 14), mixed alkyl
thiophosphltes and niltric acid gave smooth starts and left clean com- .
bustion chembers after reaction.

Triethyl Trlthliophosphite and Red Fuming Nitric Acid

Eleven runs were made with trliethyl trithlophosphlite and red fuming
nitric acld 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
amblent pressures are plotted 1n figure 3.

3110

The lgnition characteristice of thls propellant combination were
very slmilar to those exhibited hy mlxed alkyl thiophosphltes and red
fuming nitric acld, even wlth respect to actual values of ignltlion
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 mllllseconds
longer then the one obtained at the same tempersture but sea-level
pressure. At low temperatures (< -70° F), the delays at pressure
altitudes of 90,000 feet were essentiaelly the same as the delays at
corresponding temperatures and sea-level pressure.

The slmlilarities between trlethyl trithlophosphlte and mlxed alkyl
thiophosphites also extend to physical properties (e.g., dengities,
viscosities, freezing polnt), smooth starts, end clean combustion
chembers.

Propylene N,N-dimethylamlidophosphite and Red Fumlng Nitric Acid

Eighteen runs were conducted wilth propylene N,N-dimethylamido-
phosphite and red fuming nitric acld at temperatures renging from 132°
to -93° ¥ and at sea-level presgsure and a pressure altltude of 90,000
feet. The experimental data and results are summarized in table IV,

A plot of 1gnition delaey -~ temperature relations at the two conditions
of Inltlal amblent pressure 1s presented in figure 4.

Ignition delays at sea-level pressure were less than 2 milliseconds
at room temperatures and increased with decresalng temperature to about
8 milliseconds at ~95° F.

In comparisgon wlth the two precedlng fuels, the amidophosphite had
shorter average delays at the higher temperatures, but longer average
delays at the lower ones when red fumlng nitric acld was the oxidant. -
The cross-over point may be placed somewhere between 0° and -15° F. Al-
though the smldophosphite may have greater ignltlion reactivity than
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elther of the two thiophosphilte fuels, 1ts rapid rise in vlscosliy below
-40° F appears to mask 1ts reactivity to some extent by decreasing the
mixing efficlency and thereby lncreasing the ignition delay.

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

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

Mixed Alkyl Thiophosphites, Triethyl Trithiophosphlte, end Propylene
N,N-Dimethylamidophosphlte wlth White Fuming Nitric Acld

Ignition-delay determinations of the three phosphite fuels werse
also conducted with whilte fuming nitric acld. Conslderably fewser runs
were made with thls oxidant.

In the mixed alkyl thiophosphites -~ white fuming nitric acld series,
the 1gnition d.elays6 wilth one excepilon, 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 exceptlon was a
delay of 11.5 milliseconds at 115° F and sea-level pressure (run 261).
No explanation can be offered for thls ancmaly &t the present time.

The curve obtained with triethyl trithliophosphite was simllar to
the one ylelded by mixed alkyl thiophdsphites, but was lower by aboutb
1/2 millisecond (table IIT and fig. 6). As with the latter fuel, the
initial amblent pressure had no significant effect on ignitlion delay.

The amlidophosphlte - white fuming nitric acld curve was determined
with more date than the preceding two (table IV and fig. 7). At sea-
level pressure, the lgnition 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 obtalned with red fuming niltrlc acild,
the thiophosphlte fuels with whlte fuming nitric acld gave delsys that
were about 2 milliseconds longer over the comparable tempersbture range
of 120° to -40° F. In a similer comparison, the amidophosphite yielded
delays that were sllightly longer at room temperatures but approximastely
the seme between 20° and -40° F.



8 i NACA RM E54A26

With respect to preignition characterlstlcs with the amidophosphite,
the red fuming nitric acid 1s probably more reactlive than the whilte
fuming acld; however, its greater viscoslty seemsa to work to its dis-~
advantage, especially at the lower temperatures, by producing poorer mix-
ing and. consequently longer delays. The same general trend is evldent
with the thiophosphite fuels although it is not as pronounced, possibly
because of thelr higher fluldities at low temperatures.

As with red fuming nitrlc scld, the thlophosphltes with white
fuming acid left clean combustlon chambers. In contrast, the amido-
phosphite produced carbonaceous residues wlth both oxidanta.

The lgnition behavior of all three orgenophosphorus fuels with
white fuming nitric acid is similar to that reported in the literature.
In general, the actual delays are lower than published values for corre-
sponding temperatures. A similar comparlson between various laboratories
cannot be made with these fuels and red fuming nltric acld since no
experiments have been reported wlth comparsble propellant combinatlons.

Discusslon of Results at Subatmospheric Pressures

Ignition delays at low lnitlal amblent pressures were not slgnifi-
cantly different from those at sea-~level pressure, particularly at low
temperatures. The greatest effect of hlgh altlitude occurred with RFNA
at 120° F where the ignition delay increased from 1 to 2 milliseconds.
The effect of inltlal ambilent pressure on ignition-delay resulte may be
explained by a conslderation of the liquid mixing of the oxidant and
fuel Jets. As dilscussed in reference 8, a propellant ejected into a
rocket chamber &t low initial pressures changes rapidly from a diffuse
gpray into a solld stream because of a pressure rise zbove its vapor
pressure. The rise is caused by propellant evaporation and evolution
of initiel reaction gases. The rate of change depends on factors such
as propellant flow rate, chamber size, and propellant vapor pressure.
At 120° ¥, the vapor pressure of RFNA was high enough to show & notice-
able increase in ignition delsy. At lower temperatures, the vapor
pressures were not sufficlently greet to make an appreclable 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 results.

SUMMARY OF RESULIS
Ignition-delay determinations of three orgenophoephorus fuels wlth

nitric acid oxldants were made at simulated altltude conditions with a
small-scale rocket englne of approximately 50 pounds thrust.

ST
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The results with low-freezing-polnt red fuming nltric acids con-
taining approximately 3 percent water and 19 to 20 percent mitrogen
dloxide by welght ars summsarlzed as follows:

1. With mixed alkyl thiophosphites at sea-~level pressure, the
ignition delays renged from about 3 milliseconds at 120° F to approxi-
mately 6 millliseconds 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 compareble delays at sea-level
pressurs; however, thls effect was not nolted at the lower temperature
1imit,

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

3. With propylene N,N-dimsthylamidophosphite at sea-level pressure,
the ignition delays varied from sbout 1.5 milliseconds at 130° F to
8 milliseconds at -93° F. With the same combinstion 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 signlficant dlfference at the two pressure
conditions.

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

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

2, With triethyl trithlophosphite, the lgnition delay - temperature
curve was slmllar 4o the ome produced by mixed alkyl thiophosphiltes,
but was lowser by about 1/2 mllllsecond. The inltlal amblent pressure
also had no signiflcant effect om ignition delay.

3. With propylene N,N-dlmethylemldophosphlte 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 essentlally the
same as the corresponding sea-level values.

i

Smooth starts were observed with all six propellant combilnations
in all runs. No explosions occurred In eny of the experiments.
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Clean combustlion chambers were always left by both thiophosphite
fuels regesrdless of the oxldant used. With the amidophosphlte &nd
elther fuming nitrlic acld, heavy carbonaceous resldues were always
deposited In the combustlon chamber.

CONCLUDING REMARKS

In =sddltion to the preceding experlmental Investlgation, a survey
of the literature pertaining to the use of organophosphorus compounds
in rocket propellant comblnatlons was made and is reported in the appen-
dix. Both sources of Information were utilized in obtalning & gsneral
evaluation of these compounds wlth respect to further development and
in formuleting specific suggestlions for new and posslbly pobtentlally
outstanding rocket fuels. The appralisal and recommendations are summsa-
rlzed as follows:

In general, trlvalent orgsnophosphorus compounds with low-molecular-

welght alkyl substltuents have excellent ignltlon characteristlcs with
varlous nltric acld and hydrogen peroxide oxidants over a wide temper-~
ature range. Many of them possess desirable physlcal and chemlcal
properties. Many are also compatible with ordinary materlale of con~
gtruction, have values of specific impulme over 200 pound-seconds per
pound, are not very toxic, and have good potentlal loglstlc qualitiles,
perticularly In that they can be produced cheeply in large quantities
from readlly avallable raw materials. Members of all of the orgemo-
vhosphorus classes reported hereln have been lnvestligated as components
of varlous fuel mixtures wilth encouraging results.

Among the dlsadventages of some of these compounds 1ls atmospheric
instablllity due to elther hydrolytlc actlion or oxldatlon or both. Most
of the compounds are also characterized by very dissgreeasble odors.

Amidophosphltes and thilophosphltes appear to be the outstanding
classes investigated to date even though excessively corrosilve reactions
in the combustion chambsr have been reported for some of them in englne-~
performance tests. The three fuels Investigated experimentslly and
reported hereln represent good examples of these classes but, in many
respects, are certalnly not the best obtainable. In the search for
better propellants, however, they perform a valuable functlon by serving
a8 well evelusted Iinterim fuele untlil superilor ones ars developed and
Investigated.

Phosphonites seem to be the least eftractlve of all trivalent
organophosphorus compounds,
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From the review of the literature, there 1s evidence that certaln
substituents, cyclic configuratlons, tertliary groupings, phosphorus-
sulfur bonds, and phosphorus-nitrogen linkages contrlibute to the 1g-
nition reactivity of organophosphorus compounds. With this information,
it 1s possible to make composites with these varlous structural com-
ponents and produce campounds with exceptionally good rocket-fuel
characteristics. A few examples of the many possibllitles are as
follows:

Ethylpropylene trithiophosphite

c
I

¢—S
N -
clz—s/P_S b

=]
N
contains (1) the P configuration found to be strongly conducive to

spontaneous ignition, as In triethyl trithlophosphite for example, (2)
the general structure of the reactlve tertlary cyclic phosphites, and
(3) the methyl side chain that reduces the freezing point considerably
under that of the ethylene compound. Thilps compound will probably
oxidize In air, but perhaps not as readlly as triethyl trlthiophosphite
since two of the possibly influential sulfur gtoms are tied up in a
ring.

Pyrrolidylpropylene trithliophosphite

¢
G-—S\\ . //C——
I |

i1s similer to the precedlng compound except that the ethyl radical is
replaced by & pyrrolidyl ring which 1s known to have substantially
improved the thermal stabllity of similar compounds. The higher mo-
lecular welght may detract somewhat from ite performance.

Propylene N,N-dimethylamidodithiophosphite

C
g

\ /
e

.
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eliminates one P—S Llinkage, but Introduces the amldo group which
may be much more resctive. W1ith no unrestricted phosphorus-sulfur
bonds, this compound may be quite stable towerds atmospherilc oxldatlon.

Although meny of the major groups of organophosphorus compounds
have been iInvestlgated as sources for practlcal rocket fuels, there are
8tlll many other clagses which have not heen studied. Slnce this fleld
of chemlstry has already proved frulitful in the search for better rocket
fuels, 1t may be advantageous to explore other promising groups such
a8 the phosphinamides, phoasphinimines, and phosphinites.

Lewls Flight Propulsion Laboratory
Natlional Advisory Committee for Aeronautics
Cleveland, Ohio, February 1, 1954.

otte
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APPENDIX - LITERATURE SURVEY

Introduction

Historical review. - Untll recently, a large branch of organilec
chemlstry, organophosphorus compounds, has been overlooked as a source
of possible rocket fuels. At the present time, however, investigations
into the organic chemistry of phosphorus are lncreasling very rapldly
in many areas and its importance 1s becoming lncreasingly apparent. An
inquiry into the posslbllity of 1ts use in rocket fuels was inevlitable.

The foundation of phosphorus chemlstry as 1t ls known today was
laild by Carl A, Michaells who emphaslized the purely synthetic aapect.
Many present references are attributed to Aleksandr E. Arbuzov, who is
noted for hls excellent experimental and theoretical contrlbutlons.
Although the sclentifically planned study of organophosphorus compounds
1s more than 100 years old, no over-all literature surveys or summarles
weres made untll 1938, when Plets wrote hlis Organic Compounds of FPhos-
phorus, a difficultly avallable book with Russlan text. A more recent
end complete treatment of the general aspects of the subject may be
found In English In reference 15. A survey of the work of Michsaells
and Arbuzov plus the Information in reference 15 affords an investigator
Interested in new rocket fuels a good background revlew of this branch

of chemistry.

In spite of the vast amount of lliterature belng accumnlated on
organophosphorus compounds, adequate dlscussion of the reactlon mechs-
nisms of these substances 1ls nonexlstent. According to reference 15,
Tthe sltuation 1s due largely to a lack of any truly comprehensive
studles along modern lines of such investigatlons.

An early reference to the reactivlty of organophosphorus compounds
wilth various substances may be found in a Russian article whlch describes
the synthesls and properties of mixed thlo esters of phosphorous acid
(ref. 18). It is reported therein that these compounds are decomposed
by water, alkalles, and strong aclds. Nitric acld 1s especlelly 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 easlily oxldized in air with the triethyl ester being especlally
gengltlve to oxygen.

Romenclature. - At the present time, there is no unlversally
adopted system of nomenclature for organophosphorus campounds. Confusion
exlste because the same compounds are often glven different names and,
consequently, are assilgned to different subgroups which have wldely
varying physical and chemical properties. Although the nomenclature in
this report may be at varliance with some of the systems used in the

1 4
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various references that are clted, an attempt to establlish uniformity
has been made by keeping 1t In conformance with referemce 15, which
eliminates class names that may later become obsolete end which brings
into closer relatlon several compound types that are set apert by
current practices.

Clasgsificatlon. - Organophosphorus compounds may be subdlvided as
(1) phosphines, (2) kalophosphines, (3) halophosphine halides, (4) phos-
phonyl halides, (5) gquaternary 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-contalning compounds.

Many of the clesses in thls list have been investligated as sources
for practical rocket fuels. To date, the most promlsing substances in
the whole group ere trivelent compounds among which certaln amido-
phosphites and thiophosphites were found to be sasy to prepare and to
have very deslveble chemlcal end physlcael properties as well as eXcel-
lent l1gnitlon gualltles. These particular classes wlll be emphasized
hereiln.

Phosphines

General review. - Phosphlnes were among the filrst of the organo-
phosphorus compounds to be investigated as posslible rocket fuels. They
are very reactive substances, as are all derivatlves 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 oxidatlon, primary and
secondary phosphines (especially those contalning lower aliphatic
radicals) are outstanding in thelr affinity for atmospheric oxygen.
The aromatic derivatlves, especlally the tertiary forms, are rather
gtable In thls respect, but are readily attacked by various oxidizing
agents (ref. 15).

Alkyl phosphines: Alkyl phosphines can be produced by the reaction
of olefins with phosphine, an attractive and feaslble method for con-
verting hydrocarbone to hypergolic fuels {spontaneocusly ignitible with
an oxidant) on a commercially large scale (ref. 17). They can alsc be
prepared by the reaction of phosphorus trichlorilide with the correspond-
ing Grignard reagent (refs. 1 and 3).
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In qualitative open-cup lgnition tests at 75° F, various primary
phosphines (2-ethylhexyl, n-octyl, and dodecyl) and a secondary phos-
phine (di-2-ethylhexyl) had excellent ignition properties with various
niltric acid type oxldants: WENA (probably 98 percent HNOS), RFNA (22

percent NOy), WFNA (SO percent HNOz), and nitrogen tetroxide (N50,)

(refs. 3 and 18). These particular phosphines could be diluted with
n-heptane to 40 to 60 percent of the total volume end still remaln
hypergolic with WFNA (98 percent HN03) and N;O,. In this respect, the

branched phosphines were better than the stralight-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

WENA (probably 98 percent HNOs). In the qualitatlive open-cup apparatus

of reference 17, certaln tertiary phosphines (trimethyl, tri-o-butyl,
and tri-gec-butyl) were found to be much less reactive than the primary
or seconiary compounds {refs. 3 and 18). The trl-n-butyl compound was
nonhypergollc under the pariiculsr test conditlons. Another Investl-
gator found tril-n-propylphosphine to be very reactive with WFNA (>95
percent HNO3) at room temperature but completely unsatlisfactory in

reactivity at -40° F (ref. 1).

Alkyl phosphines have also besn investigated with hydrogen peroxide
(Héoz) ag the oxldant. A summary of the results obtained with an open-

cup lgnitlon appsratus wlth neat compounds and some benzene blends is
shown in teble V (refs. 18 and 19). The data indicate that alkyl
phosphines In general have good lgnition qualltles wlth hydrogen peroxide
oxidants (80 percent and 90 percent HZOZ) as ccmpared. to the reactivity

of other hypergollc fusls wlth these oxlidants. The primary phosphines
appesr to be sllghtly superior to the secondary and tertlary compounds.
Ag a consequence, the limiting dilution with benzene is less with the

tertiary phosphines than with the primary compounds.

Aryl phosphines: Aryl phosphlnes have been studied with various
nitric acid oxidants. Phenylphogphine lgnlted very rapldly with WFNA
(90 percent HNOz) (refs. 20 end 21), WFNA ( >95 perceant 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 lgnition experi-
ments with 90 percent nitric acid ylelded ignition delays rangling from
about 7 milliseconds at 70° F to about 15 milliseconds at -85° F (ref.
21). Although phenylphosphine is very reactive, 1t 1is not very
practical as a fuel in the unblended form because 1t reacits spontaneous-
ly with eir, end its combustion products sre extremely toxic (ref. 20).

The usefulness of phenylphosphline as a blending agent has been

investigated. It was tried as en 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 alsc added to 2-methyl-l1-
buten-3-yne In an attempt to improve the ignition gualities of this
materlal, especlally at low lemperatures. With white fumlng nitric
aclds (90 percent and 95 percent EN03), a substential Improvement wag

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

Economics. - A prelimlnary study of the cost and availabllity of
alkyl phosphines is reported in references 3 snd 18. Although no commer-
cial sources of the Important raw material, phosphine, exlst at the pre-
sent tlime because of a lack of demsnd, 1t should be possible to produce
the compound relatlvely cheaply since large quantities of hydrogen and
phosphorus are avalilsble at low cost. Because phosphlne reacts with
olefins in the Cg to Cj;p range in 80 to 90 percent yields, 1t 1s estl-

mated that the corresponding alkyl phosphlnes can be produced at less
than 30 to 35 cents per pound. Branched alkenes are more easlly avalla-
ble than stralght-chain olefins; this ls fortunete since phosphines
derived from the former have lower, and therefore more desirable, freez-
ing polnts than those obtalned from the latter.
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Summary. - Phosphlnes are very reactive substances, but this desira-
ble quality 1s somewhat offset by thelr unpleasant odor and toxicity.
Although the primsry and secondary compounds are outstanding among the
alkyl phosphines from the standpoint of l1gnition with various nitric
aclid end hydrogen peroxlde oxldants, they are among the most unstable
of all the phosphlnes in &lr. Aryl phosphines also possess satlisfactory
ignition delays wlth nltric acld oxidants. In general, phosphlnes can
be diluted to a conslderable extent with various hydrocarbons and stlll
remain hypergolic. Alkyl phosphines are potentially avallable In largs
quantitles and at low cost.

Halophosphines

General review. - The lnvestlgatlon of halophosphlnes as posslble
rocket fuels has been llmited to probably one compound, ethyldichloro-
phosphine. Study of its ignition behavior has been confined to hydrogen
peraxlde oxidants (ref. 3). It 1s exceedingly hypergolic with 90 per-
cent H;0, end 1s even self-igniting with 60 percent H;05. Excellent

lgnition propertiles at low temperatures ars obtained with H;0, solutions
of NH4NOz.

At room tempersture, blends of ethyldlichlorophosphine and tolusne
to at least a 1l:1 mixture by volume are hypergolic with 90 percent
Hy0p. Blends wilth lesser amounts of toluene are self-igniting with
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80 percent H;0p toO -2°F and-with H,05,~NH4NOz mixtures to -42° F
(ref. 3).

Sumnary. - Probably only one halophosphine has been examlned for
possible rocket applications. The excellent ignltion properties of the
compound, ethyldichlorophosphine, and various hydrocarbon blends with
hydrogen peroxide as oxidaent Indicate & need for further explolitation
of thls group.

Phogphltes

General review. - The phosphltes that have been of interest in
rocket applicatlons are esters of phosphorous acld. ZFPrimary phosphites
are generally sirups that show monobasic properties and are very re-
gsistent to oxidation (ref. 15). They msy be regarded as exlsting in
the free state in the form of the keto structure, ROP(0){OHE)H, with
only one normally lonic hydrogen. It ls probably because of these
characteristics that they have not recelved serlous conslderastion for
use ag rocket fuels.

The secondary esters are essentially odorless ligulds that can be
dlstilled in vecuo. Thelr lack of oxidizabllity is explained by the
fact that, in the free state, they exlst substantially in the keto form
instead of the (RO)2P(OH) form. Raman spectra aend parachor measurements

for molecular structure determination show further that the substances
exlst In the free state in the form of assoclated, probably cyclic,
configurations that may be assigned dimer or trimer magnitudes (ref. 15).

The tertlary esters are possibly the moet reactive substances in
this class (ref. 15), and, consequently, have recelved the greatest
attention In the rocket field. Imn 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. Trialkyl phosphltes are oxldlzed rather
slowly to the corresponding phosphates by conbact with atmospheric
oxygen (ref. 22). This stabllity 1s advantageous in situations where
long-term storage 1s often & serious problem. Tertlary esters ln which
two of the phosphorus valences are ester-bound by a cyclic structure
(from glycol esterificatlion) are known and have been examined Por rocket
applicatlons.

Phosphites serve as useful Intermediates for synthesis of numerous
organophosphorus compounds. In addition to this transient utllity, the
tertliary esters have found falrly extenslve use as antioxidants, par-
tilcularly in the field of oll additives (ref. 15).
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Phosphites that have been lnvestligated as possible rocket fuels may
be divided into two categorles: acyclic and cycllc. This particular -
separation differentiates them quite sharply with respect to lgnition
characterlstics.

Acyclic phosphites: In the acycllc group, dlalkyl phosphlites were
found to have poor lgnition gqualitles. Sodium dlethyl phosphite in
toluene (30 percent by weight) and diethyl phosphite would not ignite
in an open-cup lgnitlon apparatus at room tempersture or -40° F with
elther WENA (> 95 percent HNOz) or a mixed acid (ref. 22). Paraffinic,

olefinic, and acetylenic tertlary compounds were also tested 1in the same
apparatus. There is no apparent correlation among their lgnition reac-
tivities. With WFNA (90 percent HNOz) and various mixed acids, trimethyl

and tripropargyl phosphltes lgnlted satlsfactorlly at room temperature
(ref. 21), whereas the triethyl (ref. 24) and triaellyl compounds (ref. 21)
yielded unaccepteble delays (> 1 sec to ®). At -40° F, however, no
ignitlon was possible except with trimethyl phosphite and WFNA (90 per-
cent ENOz) (ref. 21). With WFNA (> 95 percent HNOz), the same tertiary

compounds with the exception 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 ignite.
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Cyclic phosphites: In the cyclic group of phosphites 1in which the .
phosphorus l1s in a ring system, only tertiary compounds have been in-
vestlgated. In contrast to the acyclic phosphites, the cycllc compounds
possess consldersbly greater lgnition activity. Varlous compounds
tegted Iin an open-cup lgnition apparatus with several nltric acld
oxldents all had good lgnltlon properties at room temperature and in
general hed similar characterlstlcs at -40° F (refs. 1, 21, 22, and 24).
A summary of the results of these experiments l1s shown In table VI. In
simllar tests, one of the compounds, ethyltrimsthylene phosphite, 1g-
nited vigorously with Hy0o (90 percent) at room temperature and -40° F

(ref. 1). Another one of the compounds, methylethylene phosphite,

yielded ignition delays of 20 milliseconds at 68° F and 40 milliseconds
at -40° F with WFNA (> 95 percent HNOz) in another ignition apparatus

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

One undeslrable chemlcal property generally possessed by these
cycllic phosphites 1s the ring openlng obtalned upon hydrolytic treatment
(ref. 15). It usuaslly takes place quite vigorously.

Cyclic phosphlte blends: The reactivity of these cyclic compounds -

suggeated thelr use as blending agents for inducling or enhanclng hyper-
gollc actlon of a fuel that la desirasble In other respects. Nelther
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2-methyl-1l-buten-3-yne (ref. 21) nor JP-3 (ref. 1) are hypergolic with
mixed acids at -40° F; however, good lgnitlon charscteristlcs were ob-
tained with solutions of these compounds contalnlng 25 percent by volume
of propargylpropylene phosphite. The effects of the addltlve decrease
rapldly with decreasing concentration. A simliler 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 reactlve than the propergyl compound according to table VI, 25 per-~
cent by volume of 1t in the same alkenyne could not produce spontaneous
ignition when mixed with WFNA (> 95 percent HNOz) at either room temper-

ature or -40° F (ref. 1).

Summary. - The most reactive phosphites are the tertiary esters.
Of these, the cyclic compounds possess the greatest lgnition reactivity.
Although the latter may be satisfactory for certaln rocket applications,
they generally suffer ring opening on hydrolytic treatment and, there-~
fore, serve a much better purpose by actlng as Intermedlates for syn-
thesls of other organophosphorus compounds.

Halophosphites

General revlew. - Halophosphltes may be regarded as ester halldes
of the parent phosphorous acld. They are usually ligulds which resemble
the trichloride in their general appearance and behavior (ref. 15).
Slince ths trihalides are similar to the halophosphltes and since they
may be regarded as phosphites in which all three of the (OR) groups have
been replaced by halogen, these compounds willl alsoc be included in this
gection,

Primary dlhalophosphlites 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 thermelly end
in prolonged storage (ref. 15). As phosphites, halophosphites serve as
ugeful intermediates for the synthesis of many orgenophosphorus compounds.

Cyclic halophosphites: Excluding the phosphorus trihalides, cyclic
gsecondary monchalophosphlites are probably the only halophosphites that
have been Investigated as rocket fuels to the present time. In a
quelitatlive open-cup apparatus, ethylene chlorophosphite had excellent
ignition characteristics with WENA (> 95 percent HNCg) and & mixed acld

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 lgnited satisfacto-
rily with WENA (90 percent ENOz) at the same temperatures (ref. 24).
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Trimethylene chlorophosphlite ignlited very rapldly with WFNA (> 95 per-
cent HNOz) and hydrogen peroxide (90 percent) at room temperature and -

-40° F (ref. 1). In quantitative open-cup ignition apparatus, ethylens,
trimethylene, and propylene chlorophosphites with WFNA (> 95 percent
HNOz) ylelded 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 acld at other
temperatures, ylelding delays of about 15 to 23 mllliseconds 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 sat -70° F for
the propylene ester and WFNA containing approximately 4 percent water
and 4 percent sodium nitrite (ref. 26).
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Ethylene chlorophosphite has been utllized as an ignltion-upgrading
blending agent. A solution of thils compound In Z-methyl-~l-buten-3-yne
(25 percent by volume) reduced the ignition deley 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 msjor drawback in the use of halophosphlites as rocket fuels 1s
the hydrolysls of most of the compounds. Water reacts with halophosphites
to form the corresponding phosphites (primary or secondary). Propylene
chlorophosphlte, for example, 1s chemlcally unstable when exposed to a
humid atmosphere (ref. 26).

Phosphorus trihslldes: Fhosphorus trihalides have been tested
wlth both nitric acld oxldants and hydrogen peroxide. In experiments
at 70° and -40° F in & modified open-cup apparatus, the trlichloride did
not ignite with either WFNA (98 percent HNOz) or RFNA (8 percent NOj)

(ref. 11). Another laboratory advanced the hypothesls that compounds
contalning & 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 E,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 smell amounts of phosphorus halldes
are lmproved with respect to self-lgniting qualltlies with hydrogen
peroxide (ref. 3). .

Beconomics. - Cyclic phosphltes of the type dliscussed 1ln this
sectlon have been known for a long time, but could not bs prepared in
high ylelds until recently (ref. 27). Ethylene chlorophosphite, for
example, has been produced in essentially gquantltative yields according
to the following equation (ref. 1): .



0TTS

NACA RM ES54A26 ol 21

HZC——OH ClL HZC——Q\\
+ I{/ —CL —> l —C1l + 2HCl
H,C—CH C HyC
ethylene phosphorus ethylene hydrogen
glycol trichlorilde chloro- chloride
phosphlte

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 potentlially
in large amounts at low cost.

Summary. - Excluding the phosphorus trihalides, cycllc secondary
monohalophosphltes are probably the only halophosphites that have been
inveatigated as possible rocket fuels to the present time. Although
these particular compounds all have excellent lgnition characteristics
and can be produced potentlally in large amounts at low cost, they have
the disadventage of being chemically unstable 1n contact with water.
They serve a useful purposse, however, as Intermedlates in. the synthesis
of other, more steble organophosphorus rocket propellants.

Amidophosphites and Amidohalophosphites

General revliew. - The rocket fuels discussed in thls section are
emides of phosphorous acld esters and halides, and blends of these
substences with varlous hydrocarbons and other compounds. A summary
of the results obtalned wlth an open-cup ignltion apparatus for several
neat members of this group with hydrogen peroxide and several nltrilc
acid oxidants at room temperature and at -40° F is glven by table VII.
In general, these compounds have excellent ignition characteristics.
The few fuels which were rated lower them "10" (teble VII) either had
no N-alkyl substltutlions or contalned alkyl substituents with more than
two carbon atoms. Of interest 1s the monochloro compound, N, N, N!,
N'-tetramethyldiemidochlorophosphite, which bursts into flame when
poured into water (ref. 1).

In another open-cup apparatus, one of the acyclic triamides,
N,N,N',N',N",N"-hexamethyltriamidophosphlte, was hypergolic at -78° F
wlth a low-freezing-polnt white fumning nitric acld containing 4 percent
KNOz and 4 percent Hy0 (ref. 28). This fuel, as well as 1ts hexaethyl

homologue, was self-igniting even with WFNA (70 percent HNOs), pPresuma-

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

generally gave excellent ignitions (ref. 29). The evaluation of these
compounds as rocket propellants 1s in progress (ref. 29).

Actual values of lgnltion delay for many of these compounds have
been obtalned with varlous open-cup lgnition apparatus and are listed
in table VIII. In thls group, the fuel with the shortest delay 1s a
cycllic compound, ethylene N-methylamldophosprhite. With WFNA (> 95
percent HNOz), 1t yielded a delay of only 6 milliseconds at -40° F.

All halophosphltes listed in thls table react with water. One of them,
N,N,N'~trimethyldiamidochlorophosphite, actually lgnites when poured
into water. In the subgroup of cycllc amldophosphites, the propylene
compounds are more deslrable then the corresponding ethylene homologues
since the glde-chaln methyl group reduces the freezing point consider-
ably wilthout appreciably affecting the other importent properties. It
was also found that the additlion of a pyrrolidyl ring substantlally
improves hlgh-temperature stablllty. In reference 30 the most thermally
gtable materlal tested was a phosphorous trlamlide with a pyrrolidyl ring.

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

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

Operatlional screening tests 1n a 70-pound-thrust rocket engine at
200 pounds per sguare lnch absolute chamber pressure have heen con-
ducted with propylene N,N-dimethylamidophosphite and WFNA (ref. 14).
With an acid lead and verious oxidant-Tuel ratlios, extremely smooth
starts and clean, stable combustion were obtalned. A maximum specific
impulse of 182 pound-seconds per pound at an O/F of 2.0 was only 81
percent of theoretlcal. The runs were characterized by excesmslve
corrosive actlon In the combustlon chamber, partlcularly 1n the nozzle
sectlon.

Amldophosphite blends: Because of thelr reactlvlity, smidophosphites
have been studled extensively as blendlng agents. Many of the compounds
listed in tables VII and VIII as well as others reported only in blends,
such as ethylene N,N-di-Z-ethylhexylamldophosphlte, have been utillzed
to enhance the 1gnltion characterilstics of two acetylenic hydrocarbons,
Z2-methyl-l-buten-~3-yne and 1,6-heptadiyne, both of which are attractive
from the standpoint of potential avallsbility and low cost (refs. 1, 4,
21, 22, 30, and 32). Ignition experiments were also conducted wlth
mixtures of amidophosphites and other hydrocarbons such as JP-3,
isooctene, 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 amlne-trlamide mixture

(ref. 1). In many cases, performence characteristics, physical proper-
ties, storability, thermal stability, toxicity, and mechanical shock
stability of these mixtures are reported along with the ignition charac-
teristice in the seme references. In general, the triamides are the
most effectlve ignition upgraders. In this subgroup, N,N',N"-trimethyl~
triemidophosphite 1s outstanding in this respect (ref. 4).

Economics. - If produced in gquantities of 50,000,000 pounds per
year, any one of the preceding desirable smlidophosphites can be menu-
factured to compste wilth prevailllng hypergollc rocket fuels. Based on
gatlafactory physical properties, good performence, and short ignltion
delays with WFNA, one of these compounds, propylense N,N-dimethylamido-
ohosphite, was chosen for a more extensive, as well as Intensive, in-
vestigation. Its toxiclity, corrosiveness, storage stablillity, thermal
stabllity, impact stabllity, and compatibility with contalning sub-
stances were reported as belng satisfactory (refs. 30 and 33). It can
be made from starting materlals that asre readlly avallable In commercial
quantities wlth a cost of about 35 cents per pound. Production has
already reached the pllot-plant stage (ref. 33).

Summary. - In general, amldophosphltes wlth N-alkyl substltuents
and small alkyl radicals have excellent ignitlion characteristics. In
addition, many of them meset most of the Bureau of Aeronautlcs target
regulrements for rocket fuels. Although limlted engine teste Indlcate
extremely smooth starts and clean, stable combustion with these com-
pounds, scme trouble may be encountered wlth excessive corrosive actlon
in the combustion chamber. Because of thelr reactivity, amidophosphites
have been studied extenslvely as fuel blending agents. The triamldes
appear to be the most effective ignition upgraders.

Except for hydrolytlic reactivlity, amidohalophosphltes possess the
same desirable qualities as the amldophosphltes.

Thiocphosphites, Halothiophosphites, and Amidothiophosphites

General review. - The rocket fuels dliscussed in this ssction are
esters, ester halldes, and amldes of thlophosphorous acide. The esters '
may be preparsed by the resactlon of phosphorus trichloride wlth & mercap~
tan (ref. 34) or by the reactlon of yellow phosphorus with alkyl disul-
fides (ref. 35). The latter process is more desirable because the
procedure is simpler, the yield is muck higher, and the product has a
narrower bolling range (ref. 3). Also, the raw materials are potentially
avellable at a low cost. Infrared enalyses ldentify P=S bonds in
products obtained by both methods and Indicate the following possible
equilibrium (ref. 28);

A
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RS RS

RS—P == R—P = S

/

RS RS
A glmilar reactlion 1s known for the oxygen analogus.

In addition to thelr usefulneass as rocket fuels, thiophosphorous
acld esters are good extreme-pressure~-lubricant additives (ref. 36).
Trlethyl trlthiophosphlte by 1tself 1s a better lubricant than conven-
tlonal petroleum oils, but 1t ls not as effective as extreme pressure
lubricants themselves (ref. 37). Since most liquid lubricants used in
rocket hardware are dlssolved by thlophosphites, the latter cam replace
them and perform theilr functions in certain applications (ref. 37).

Trlethyl trithlophosphlte: As a group, thlophosphites have not
been investigated as extenslively as some of the others wlth respect to
total number surveyed; however, one of its teritlary members, triethyl
trithiophosphlte, has probably been studled as a possible rocket fuel
by more laboratoriles than any of the other organsphosphorus compounds.
Blends of thlis ester with varlous hydrocarbons have recelved a compara-
ble amount of attention. In addition to 1ts desirable physical proper-
tles and short ignition delays with nitric acld oxidanits, one of the
reasons for 1ts wlde investigation 1s 1ts selectlon as a reference fuel
in an ignition-delay-apparatus standardlzation program formulated
during a conference on "Rocket Fusls Derivaeble from Petroleum" held in
San Francilsco in March, 1952. Eleven orgenlzatlons participated in
thils program. The resulits of thelr tests are summarized in reference
38. In eddition, several of the participants released ssparate reports
of all or portions of their data (e.g., refs. 3, 11, 31, 39, and 40).
Open-cup and small-scale rocket englne apparatus were both used in the
Investigation. The experiments were conducted at 750, 320, and -40° F
with WFNA ( > 98 percent HNOz) 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 & whole
order of magnitude between the varlous organlzations. At each test
temperature, the loweat average values were less than 10 milliseconds
for the neat compound. The dselays generally lincreased wlth sn Iincrease
In the amount of diluent. The reported effects of temperature, however,
were inconsistent; there was either an increase, a decrease, or no change
in 1gnltion 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 mllliseconds. In addition to the dlfferent msthods used for determin-
Ing ignition delay, part of the wvarlaence in results may be attributed

0o the extent of oxidatlon of the fuel at the time of experiment.
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Triethyl trithlophosphlte has been tested wlth various other nltric
acld oxldants. Wilth WFNA containing 4 percent water and 4 percent
sodium nitrite, it ylelded an ignition delasy of 17 milliseconds at -70° F
(refs. 26 and 40)- With a similer oxidant, the delay was 11 milli-
seconds at -70° F (ref. 26). With a blend of anhydrous WFNA (85 percent
by volume) and methene sulfonic acid (15 percent by volume), the delay
was only 8 milliseconds at the seme temperature (ref. 41). It also
ignited with Ny04 and H;O0, 1n an open-cup apparatus; however, there was

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

Trimethyl trithlophosphite and other homologues: Some of the homo-
logues of triethyl trlthiophosphite have glso been investigated. Tril-
methyl trithiophosphlte ls reportedly more reactive than the triethyl
ester (ref. 28). At room temperature, it ylelded very short delays with
WFNA (probebly 97 percent HNO3) and WFNA contalning 4 percent Hy0 and

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

wore stlll very short. An ester product prepared from methylethyl
disulfide gave similar results (ref. 28). Another laboratory reported
e delay of only 6 milliseconds at -70° F for the trimethyl ester and a
low-freezing-point WFNA containing esodium nitrite (ref. 26). This 1s
5 milliseconds less than that obtalned with the triethyl ester under
the same conditions (ref. 26) end 1s in asccord with reference 28 with
respect to the order of relatlve reactlivity between these two compounds.
Hypergolic sctivity decreases with lncreasing size of the alkyl groups
(ref. 28). Tri-pn-~propyl and tri-n-butyl trithlophosphites have poor
lgnition characteristics. The same relative ignition rslations among
these homologues exist with 90 percent H,0p (ref. 18).

Mixed alkyl thlophosphites: There 1s a considerable asmount of
interest in a fuel known as mixed alkyl thlophosphites which has an
over-all average molecular welight about equal to that of triethyl
trithlophosphite. Its ignition propertlies are also simllar to those
of the triethyl ester (refs. 17, 18, 26, 30, and 42). Delays of less
then 10 millissconds wilth WENA (> 97 percent HNO5) at room temperature
have been reported in an open-cup apparatus (ref. 11) and a small-
scale rocket englne (ref. 39). Another investigator compared this
fuel and WFNA containing 4 percent HyO and 4 percent NaNO, wlth trlethyl

trithiophogphlite and the sams oxldant with the following results
(ref. 28):

Fuel Average lgnltlion delgy, mlllisec
-40° F -70° F
Mixed alkyl thlophosphites 8 27
Triethyl trithiophosphite 9 17
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The effect of temperature on the lgnition delay of mixed alkyl
thilophosphites with low-freezing-point blends of WFNA and various
nltropareffins is reported in reference 3. Ths addltion of nitro-
paraffin to acld Increased lgaltlon delay only slightly at room temper-~
ature and considerably at -40° F. This fuel has also been tested with
90 percent H5Op, probably at room temperature (ref. 3). An unsetis-

factory delaey of 75 milliseconds resulted.

Engine experiments: Tests wlith WFNA end trimethyl and triethyl
trithlophosphltes have heen conducted 1n a rocket engine of 220 pounds
thrust (ref. 26). With both fuels, starting was smooth, but the spe-
cilfic lmpulses were lower and the exhaust products were smokler than
those obtalned wlth mixed buityl mercaptans. Similar results were ob-~
talned with the trliethyl ester and with mixed alkyl thiophosphlites in
a smeller engine of 70 pounds thrust (ref. 14). Stable combustion was
obtalned over the entire range of oxldant~fuel ratlos used 1n the tests.
Values of maximum speciflc impulse were far below theoretlical values
ag shown in the followlng taeble; however, these performance flgures
should be consldered as qualitatlve slnce an optimum test wvehicle wes
not used.

Fuel Theoretical Experimental Percent
performance, performance of theo-
e ibriun  |Meximm |Oxidamt Tetiest
speciflc |fuel
Maximum |Oxident-|lmpulse, |ratlo
speclfic |Tuel lb—sec/lb
Impulse, |ratio
lb—sec/lb
Triethyl trilthlophosphlte 196 2.9 180 2.3 g2
Mized alkyl thio- 213 2.4 186 2.8 87
phosphltes

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

Alkyl thiophosphite blends: Both mixed alkyl thlophosphites and
triethyl trithliophosphite have been blended with varlous hydrocarbons.
Some studles have been conducted with alkyne mixtures and WFNA; the
results are shown 1n the following table:
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Fusel Diluent Amount Tgnlition delay, mlllisec [Ref-
giluent WEIA WENA che
’l (90-percent| (> 95-percent
percent HNO3) ANO= )
by 3
volume -40° F |Room |-40° F
temper-
ature
Mixed alkyl 2-Methyl-1- 50 80 - 40 1|30
thiophosphltes buten-3-yne
Mixed alkyl 1l,6-Heptadiyne| SO Ko - Ko 30
thiophosphites igni- igni-
tion tion
Triethyl tri- 2-Methyl-1l- 75 - 65 170 |1,
thiophosphlie buten-3-yne 22
Triethyl tri- 1,6~Heptadiyne 50 - - Fo 4,
thiophosphite 1gni-| 43
tlon

Mixed alkyl thilophosphites blends with n-heptane, diisocbutylens,
and toluene have also been reported (ref. 187; but, because of faulty
instrumentation, the values of ignition delsy were later questlomned
(ref. 3).

A 1:1 blend of trilethyl trithlophosphite and n-heptane falled 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 merceptal of acetaldehyde ylelded short delays at -70° F
with a blend of anhydrous WFNA and methane sulfonlc 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 trithiophosphite with unsatursted hydrocarbons
have been Iinvestigated as a means of decreasing the low-temperature
viscosity and the freezing point of the phosphorus compound (ref. 29).

A summary of the data is glven In table IX. As shown by the table,
blends containing from O to 40 volume percent hydrocarbon gensrglly have
excellent delays at -65° F. Dilution studles of the trimethyl ester
with benzene have been made with 80 percent and 90 percent Hy0p as

oxidants (ref. 3). As little as 30 percent by volume of thiophosphite
In benzene 1ls hypergolic with 90 percent H;O0, at room temperaturs.

Cyclic thiophosphltes: Some cycllc thlophosphites in which sulfur
is not In the ring wlth phosphorus have been studied. S-ethylethylene
thiophosphite (2-ethylmercapto-l,3,2-dloxaphospholane) and S-ethyl-
propylens thiophosphite (4-methyl-2-ethylmercapto-l,3,2-d1ioxaphospholane)
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would not lgnite properly with either WFNA ( > 95 percent HNOz), or
90-percent Hy0, (ref. 1). These results are in contrast to those ob-
tained wlth the oxygen homologues (see section on Phosghites).

An unnamed cyclic thilophosphlte,

0=C—0 CoHg
\\P—4N//

HéG——S// \\GZHS,

in which sulfur and phosphorus are in the same ring was tested wilth
WENA containing 4 percent H,0 and 4 percent NENOZ. From the structurs,

the substance could poseibly be called S,0-ethionylene N,N-dlethylemldo-~
thilophosphite or 4-oxy-2-dlethylemino-l-thias-3-oxa-2-phospholane. At
72° and O° F, lgnitlon delays of 10 and 60 milliseconds, respectively,
were obtained (ref. 2). Ite difficult preparation and long ignition
delay at 0° F eliminated this compound from further conslderation as a
rocket fuel.

Aryl thlophosphltes: An arocmatlc compound, tritolyl trithiophos-
phite, has been prepared in good yleld; however, 1t was not studled
extensively because of 1ts poor ignition gqualities (ref. 3).

Healothlophogphltes: Only & small smount of work has been done
wlth halothlophosphites. Diethyl chlorodithiophosphite ls hypergolic
with 90-percent Hs0, at room temperature (ref. 18). Ethyl dichlorothio-

phosphite has sn ignition delsy of 50 milliseconds at -70° F with WENA
containing approximstely 4 perceni water and 4 percent sodlum nitrlite
(ref. 26). Thils 1s consilderably greater than the < 20 milliseconds
ylelded by trlethyl trlthliophosphlte with the same oxidant in the same
apparatus. Both of the halophosphites were h%pergdlic wlth 80-percent
Hy05 contalning 30-percent NHyNOz dowa to -52* F but with considerable

delay (ref. 3). Of the two, the dlchloroc compound gave the shorter
delay. S,0-Ethylene chlorothiophosphite (2-chloro-l-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 ls In the ring wlth phosphorus.

Amidothlophosphlites: With respect to lgnition reactlivity, the
most promising of all orgenophosphorus compounds 1s an smidothiophos-~
phite. The substance, ethyl N,K,N',N'-tetramethyldiamldothicphosphlte
(bis-dimethylamido-ethyl-thiophosphite), gave a very low ignition delay
of only 3 milliseconds at -70° F with both WFNA containing 4 percent
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water and 4 percent sodium niltrite and a 1l:1 blend of anhydrous WENA
end methane sulfonic acild (ref. 2). It also ilgnites readily with NoO4

and HZOZ\(ref. 41). Its main disadvantage at the present time 1s 1ts

poor over-all yield (about 35 percent) on preparation (ref. 41L). Con-
trary to expectetions, the lower-molecular-weight homologue, msthyl
N,N,N',N'-tetramethyldiamidothiophosphite, had much longesr delays with
the WFNA—NaNoz oxldent &s shown in the followlng table (ref. 41):

Homologue |[Ignition delay, millisec
-40° F -70° F
Methyl 12 20
Ethyl 5 3

Physical properties. - Several alkyl thliophosphites meet many of
the Bureau of Aeronautics target requirements and are, thersfore,
potentlally attractlve as majJor rocket fuels. Thelr boiling polnts are
high, specific gravities are greater than unlty, vapor pressures are
low, end melting points are below -70° F with some mixtures fusing
below -100° F (ref. 3). In addition, they remain guite fluld at low
temperstures and ere easlly supercooled. Thelr dlsagreesble odors,
however, constitube an annoylng dlsadvantage. Other dlsadvantages are
a8 decrease 1n hypergollicity and an Increase In denslty and viscosity
with alr oxidatlon. Sensltivity to gun formatlon has also been reported
(ref. 37).

Chemlcal properties. - Thiophosphites are not affected by water or
steam at 212% F; however, hydrolysis may occur at higher temperatures
(ref. 3). The thermal stabllity of some alkyl homologues 1s favorable
even at about 400° F (refs. 3, 4, and 44). They can be stored wilthout
difficulty for long periocds of time provided that atmospheric oxygen
1s excluded (ref. 3). In gemeral, alkyl thiophosphites are about as
toxic as aniline (refs. 3 and 26).

Economlcs. - Raw materlals are avallable 1n sufficient quantities
to exceed by far the requlrements for 100 million pounds per year of
thiophosphites (ref. 3). Cost calculations indicate that they cen be
manufactured to sell between 20 and 30 cents per pound based on an
annual productlon of 15 million pounds per year. Largs productlon
can reduce the cost to a polnt thet 1s less than that of rocket fuels
currently used or comnsidered for use (ref. 3).

The widenlng Interest in alkyl thiophosphltes resulted in a confer-
ence sponsored by the Air Force in Chlicago on March 12, 1953, in which
a discusslon was held on the evaluation, productlon, and applications of
these fuels (ref. 45).
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Summary. - Of the few thlophosphltes theat have been investlgated
for rocket applications, trilethyl trithilophosphlte has probably been
studied more extensively than any other organophosphorue compound.

This end other low-molecular-welght alkyl thiophosphites are potentially
attractive as major rocket fuels because they meet msny of the Bureaun

of Aeronautics target requlrements. They possess geveral disadvantages,
however. Their ready oxlidation iIn alr is accompanied by a decrease in
hypergoliclty and increases In denslty and viscosity. Although they
produce & clean, stable combustlon, the exhaust gases are smoky and the
combustion producte are very corrosive, pertlcularly In the nozzle
gection.

With respect to lgnltlon delsy, aryl thlophosphltes, cyclic thio-
phosphites, and halothlophosphites are not as good as the low-molecular-
woelght alkyl esters. In contrast, the most promising of all organo-
phosphorus compounds lnvestigated to date 1s an amidothiophosphite wlth
very low delays at low temperatures. Its maln disadvantage at the
present time ls a poor over-all yleld in preparation.

Phosphonites

General review. ~ Very little work has been done with esters of
phosphonous aclde as prospective rocket fuels. Even though only a few
compounds have been Ilnvestlgated, they are dlstrlbuted among several
different subdivielons of this class (refs. 1, 20, 21, 22, and 24). A
sumsary of ignlition data obtalned in an open-cup apparatus at room
temperature and -40° F with several nitric acld oxidants 1s shown by
table X. Although the results obtained wlth sach paritlcular compound
are not necessarily representatlive of lts category, a tentative order
of decreasing lgnltlon reactivity msy be indlcated as follows:

halo > paeraffinic > cyclic > olefinic > amldo

The poeition of the emidophosphonite may be attrlbuted to ite relatlive-
1y large Cz groups.

In another apparatus, the halo compound, benzenedlchlorophosphonits,
yielded delays with WFNA { > 895 percent HNO3$ of about 35 and 110 milli-

seconds at 70° and -40° F, respectively (ref. 22). With the same acig,
& 25 percent by volume blend of thls phosphonlte with 2-methyl-l-buten-
3-yne gave a long delay of 355 milliseconds &t room tempsrature (ref.
22) and no ignition at -40° F (ref. 1).
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Sumnary. - Ignition-delay data from the few phosphonites that have
been investigated indlcate that thls group of organophosphorus compounds
1s not as satisfactory a source of rocket fuels as several of the others
already discussed.

Migcellaneous Organophosphorus Compounds

All compounds discussed in the preceding sectlons were synthesized
and tested at least with respect to their ignitlion characteristics.
There are a few compounds which cannot be clagsified convenlently in
any of the foregolng categories or whlch have no informatlon ebout them
in rocket literature aside from some calculated performaence date and
egtimated heats of formation. A summary of such data 1s shown In
table XT.

Very few pentavalent orgaenophosphorus compounds have ever been
consldered for use 1n propellaent combinations. Some work with trialkyl
tetrathlophosphates leads to a tentative comnclusion that they have
11ttle practical value as rocket fuels (ref. 28).
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TABLE I. - TARGET REQUIREMENTS FOR ROCKET FUELS

FORMULATED BY BUREAU OF AFRONAUTICS (REF. 1)

Density
Boiling point
Melting polnt
Viscosity
Toxiclty

Physical state

Stebility

Loglstics

Ignition
characteristics

Specific
impulse

Materials of
construction

Above 0.985 gfce

Above 170° F

Below -90° F

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

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

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

Compounds should be cgpable of belng produced In
tonnage quentities and at a cost of below 25 cents
per pound

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

Calculated values of ebove 270 lb-sec/lb with ligquid
oxygen or white fuming nitrilc acld are desirsble

Compounde should be compatible with such materials of
construction as mild steel, aluminum, and their
alloys
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TAELE IT. - SUMNARY OF IGNTYION DATA FOR NIXED ALKY], THEOPHOSFATTES AND SEVERAL FIMIAG NITRIC ACIDS

[Emall-scele rocket-sngine Epparetus ]

3110

[

Run Avnrn,ﬁm " Initial In:!.t;dl.a:lé ll%:-u:i '!:I.:e uﬁo ngmm I‘l:f in Tewperntire, °F ) lant ?.'u betwaan || Xgnition
[prope preagure | asblen cosbuntion-|at 1 dant pe ot entries |delay,
temparature,| altitude, | pressurs, |chasber maxinm percent by|parcent |0Xidant | Fusl (Injectot|Constant~{ Nozsla |Ambient [into oow- |into combus- ||m1i1iAsa

op £t wm g |pressure, |oombuation-| walght by heed tempore- |plate |nir [busticn  [tdon chambaw,
1b/aq in. |obmmber walght fure ba chaspar williaas
£age pressums,
.1 I
Red fuming nitrio aoide’

244 120 90,000 12.8 fOﬂ 0. 5.8 19.4 120 120 1lgg 152 0 1 oxidant 4.8 5.3

354 120 82,600 18.8 ;& (a 2.7 19.8 180 121 193 125 85 a7 Oxidant 28.7 B.7

248 120 0o 760 2 . 5.8 18,4 120 120 1 121 70 80 Fuel 14.3 5.4

246 a1 )] 760 218 0,7 5.8 19.4 al a a 81 a) T4 Fuel 15,7 2.6

=4 Fi:] o 780 257 7 3.0 19.4 7 i 73 i) T ] Fuel 5.0 5.0

=-1.] 4 o] 760 27 0.3 3.6 19.4 40 40 4l 40 Fa 6 Fual 7.5 5.2

247 2 ] 780 206 0.4 3.6 19.4 1 a2 2 1 8g 70 Jusl 1.8 5.5

237 0 [} T80 250 -] 3.6 18,4 0 1} 2 a 58 60 Fuel 2.9 3.2

258 ~39 [ 780 242 0.3 5.4 19.4 =59 -39 =58 =57 58 57 Fuel 21,4 4.5

248 =38 o 780 220 .8 5.8 15.4 =38 ~39- -34 - &0 a8 [-1:] Fael .3 5.5

a2 ~89 [s] 160 170 0,8 3.6 18.4 -88 -89 ~58 =71 5 83 xidant 0.8 5.2

249 -78 0 780 160 0.3 5.8 19.4 =19 ~78 ~31 =30 BO 5 Oxldent 1.0 5.7

250 ~80 0 780 170 ] 3.6 18.4 -80 -80 -0 =a1 B2 B9 Foel 3.2 4.0

248 =gl 0 T80 200 0,5 3.8 19.4 ~@1 ~91 -88 =88 B2 L] Fusl 7.3 5.7

285 -85 80,000 12.9 (a) {n) 5.6 19.4 -5 -93 ~83 -5 48 1] Fael 8.7 8.1

White fuming nitrlo acids

540 121 ] T80 26 0.8 1.9 0.7 120 12 12 181 1] 78 Oxldsnt £6.1 5.8

282 118 15, 800 £4.8 187 -} 1.8 3 118 118 118 118 48 ™ Yoel 6.8 5.4

a8l 113 1] 30 12 .8 1,8 3 118 11B 116 118 75 80 Oocldant 17.2 1.5

260 40 1} 780 188 0.7 1.6 0.3 40 40 41 40 -1 1 Oxldnnt 16.6 6.3

338 =38 Q 780 208 .5 1.0 0.7 -39 =50 -41 ~48 Bl 85 Oxtdant 2.8 &.1

o record.
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TAELE TT1. - SUWMARY OF IGNITION DATA PR TRAIKTHYL TRITHIOPHOSPHITE ARD SEVERAL FUMING KITRIC ACIP3
[Bmel1-scale rockst-engine apparatus,]

1335

Run Aversge Initial [Initial |Mexlmum Tima to Water in (NOy in Temperature, °F Lead s Time betwsen
propellmnt | pressure |meblent | combustlon-|attain ocldant, |, Qucldan: 1 Gonstant— |Howzle [Amblent|Propellant|jet entriss
temparature,| altituds, |pressure,| chanber maxiunm peroent ‘q pﬁ:' T |Fue ;’.ﬁ:i;ctm‘ t;.::crl- p;ta air *"*|into son~ |into ocubue-

oy s mm Hg |pressura, combuation-| welght by ture bath bustion tlon chamber
ib/aq in. (chember welght chiamber mllisec
Bage prassure,
B&0
Aesd fuming nitric acide

541 12, $0,000 12.8 20 Q.5 2.7 19.8 121 121 | 12 118 a3 ed Oxidant 3.7 4.1

258 1 o | 780 220 .5 5.7 20,0 121 (121| 119 118 72 78 Oxidant 8.7 2.1

289 113 90,000 12.7 188 -7 5.7 0.0 113 13| 115 118 71 88 Fuel 25.4 3.8

21 79 o] 760 200 0.8 3.7 20.0 79 78 7% 78 68 1 Oxldent 0.5 2.9

57 L o | 760 £19 7 3.7 20,0 43 B3| 45 & Ba 72 Fuel 8,2 2.8

289 ] o | 780 165 5 3.7 20.0 o - 1 0 68 4 Qriuant 4.8 3.8

254 -40 o | 780 200 0.5 3.7 20.0 -40 | 40} -38 ~58 80 64 Oxidant 2.6 3.0

347 ~70 80,000 12.3 £48 0.7 2.7 18.8 =7¢ | =T0{ -~- -— 53 &7 Oxldent 10.2 6.2

290 =71 0 780 150 7 8.7 20.0 -7l -n| -7 -7 48 [3- Ox'dent | 4.6 6.7

£56 -6 o | 780 182 0.6 3.7 20,0 -94 | -965( -84 -85 4k ] Fual 4.1 4.8

o568 -85 80,000 12.9 180 ] 3.7 20.0 -85 [ -956| -92 -32 L 81 Fuel 35.4 5.5

White fuming nitria aolds

335 122 90,000 12.9 282 0.5 1.9 0.7 121 | 122| 13 123 a3 ag Fuel 24,1

4B 120 0 | 780 288 8 -9 1.2 120 | 120 121 — 2 as Oxidant 18.9

22 119 o | 780 1p8 8] 1.6 .3 18 119 118 put} 78 77 Puel 16.3

288 w0 0 | 780 la8 0.7 1.6 0.5 40 40 4l 4 64 o Fuel 12.8

342 -39 50,000 12.9 278 0.8 1.9 0.7 -39 =38, -38 ~40 53 61 Ol dant 54.0

293 -42 a 760 188 o7 1.8 -] -42 -42| -39 -42 53 18 Fuel 18.8

* MExact valus indeterninable becwuss of fogged combustlon chanber.

OT1E
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TABLE IV, - JUMMARY OF IONTTION DATA FOR IROPYLENE N,N-DIMETEYLAMIDOPHOSPHITE AND JEVERAL FUMING NITRIC ACIDS
[3mall-scale rocket-sngine spparatus,|

Ran Aw:r!f Initial |Inltlel |Meximum Time to Water in |NOp in Tomparalira, op Lead Time betwsen{Ignition

lant |pressure |(ambient |oocmbustion-|attaln arldant, |axidant, [Cxldant]Fuel ﬁ,j.:;otor Omatant- [Nozzla[imbient|propellant| jat sntriss |delay,

t-puralm-, altituds, (pressure, | ahawber maximun percent by|parcent tempara- (plata |mir into ocom- |into combog«millisen
o 3 mm Eg | presgure, |ocombustion-| weight by tire bath bustion |tion a
l'b/nq in, | chambar welght ohambaez aillipec
gaga presmura,
aec
Red fuming nitrie acide
278 1352 o' 780 208 0.8 3.7 20.0 132 138 133 133 78 80 Oxldent 2.3 1.7
277 120 [} 760 197 N:] 3.7 20.0 119 120 12d 121 i as Fuel 15.4 1.3
337 118 90, 000 12.8 288 ] 2.7 19,8 119 18| 19 120 - 90 Fasl 12,9 2.6
281 100 0 740 2058 8 5.7 20.0 100 100| 102 Jog T4 T4 Oxidant .2 1.8
78 78 0 780 170 0.7 5.7 80,0 16 78 80 a1 a7 74 Fuel 18,2 1.8
£80 [}:] 0 780 198 )7 5.7 20,0 a3 82 €b a8 ag 71 Fuel 14,4 2.0
276 42 0 780 182 .7 5.7 20.0 48 42 4B [ 4 &9 Oxidant 9 2,3
218 22 ] 780 200 .7 5.7 20.0 22 &2 25 25 58 85 Oxideant 26.3 3,1
274 -1 [+] 780 170 Q.7 5.7 20.0 -1 -1 -1 ~L 84 1] Oxident 2.4 2.8
288 ~20 0 760 (a (a) 2.7 19.8 20 | --=| -18 -20 B7 2 Oxident 28,1 4.1
273 - =40 [} 780 1s .7 3.7 20.0 -0 38| ~38 -40 &9 88 Fuel 14.8 3.1
283 -68 [+] 780 170 ] 2.7 18,8 ~bB =-B8 =b4 =57 61 49 Oxidant 10.8 5.2
272 ~72 [+] 780 126 Q.7 5.7 20.0 -72 -71| -B8 -70 38 86 b) fb B.7
271 -78 1] 760 156 N:] 3.7 20.0 ~80 =781 ~B2 ~86 39 T0 Oxidant b 8.1
<as -84 [ 760 188 0.8 5.7 20.0 -84 -84| =B1 ] 45 83 Oxldant /.7 é.8
270 -87 4] 780 114 .7 3.7 20.0 -a7 -87| -B4 =77 &5 B7 el 12.8 7.0
544 -8l 20,000 12,8 186 0.8 2.7 1¢.8 -91 -9l 80 -85 48 kil Oxldant 5.7 8.4
269 -85 0 760 100 .8 3.7 20.0 -83 | -9g| -81 -24 34 64 b) () 8.0
Whita fuming nitrio aslas

333 139 o] 760 236 0.6 1.p 0,7 139 1591 140 141 a1 38 Fuel 18.8 2.3
319 122 0 780 270 b 1.9 .7 122 122) 123 123 sa a6 Oxidant 6.0 2.8
338 121, 80,000 12,9 28z .5 1.8 i 120 121] )24 126 4 a7 Fual 16.5 2,8
352 119 o 760 288 +8 1.8 .7 120 119| 121 121 84 a8 Oxldant 2.4 2.8
331 83 ¢ 760 288 0.8 1.9 0,7 ag as a7 a2 17 77 Puel 2.3 2.8
£47 4 5} 7680 200 8 1.8 .5 [ -— 40 40 72 87 o) 4 .2 2.0
330 Pa [} 780 275 .7 1.9 .7 20 a2 1z 81 a7 (xldant a2 5.2
349 0 o] 760 254 .8 2 1.2 1 1 ¢} 4] ™ 79 Oxldant 30.2 3.3
328 -10 o] 780 258 0.6 1.9 0.7 -20 -19] =17 -18 €1 -2} Fual 3.9 5.6
X48 -38 90,000 l12.8 210 1.1 1.9 W7 ~38 =38 =56 -4 13 &7 Oxidant 358.0 S.2
288 ~40 0 760 4155 L 1.6 5| 40 | --e| -39 -i1 71 86 1.7 4.1

Eno record chtalned,
bIndsterminable bacause of froatad combustion chambar.
ellmr.s entarsd combustlion chamber in sama motlon-pleture freme.

Peak prepeure; macimum
S7ims o attain pesk o

furs poanible was probably not attained,

tion-ghamber prepsure,
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TABLE V.

NACA RM E54426

- SUMMARY OF IGNITION DATA FOR NEAT AND BENZENE-DILUTED

ATKYL, PHOSPHINES WITH HYDROGEN PEROXIDES AT VARIOUS TEMPERATURES
IN OPEN-CUP APPARATUS (REFS. 18 AND 19)

Phosphine Class of |Amount of|Amount [Amount |Temper-| Ignition
phosphlrre | phosphlne| of fuel of aggre, delay
In blend,!| used, |oxidant
percent ml used,
by volume ml
90-Percent hydrogen peroxide
2-Ethylhexyla Primary 100 0.03 0.5 Ambient Shortb
100 .06 .5 C 5 sec
100 .14 .5 -20 4 sec
40 Jd2 5 Amblent |[No ignition
40 .16 .5 Amblent |2 sec
n-Octyl1® Primary 100 0.04 0.5 |ambient|Very shortd
100 .03 .5 Amblent |[Short
100 .08 .5 0 2 sec
100 Jd2 .5 -20 Short
50 .10 .5 Amblent [No ignition
50 .15 .5 Amblent |Short
Dodecyl® Primary 100 0.12 0.5 Amblent [No ignition
100 .20 .5 Amblent [Short
. Di-2-ethylhexyl® |Secondary 100 0.05 0.5 }(Amblent|l.4 sec
Tri-n-butyl Tertiary 100 0.01 0.5 Amblent [Very short
100 .08 .5 o] No ignition
100 .08 .5 [oF Very short
100 d2 .5 -20 Short
90 .20 .5 Ambient [No ignition
Tri-sec-butylf Tertlary 100 0.04 0.5 Amblent (Very short
100 .08 .5 (o] No ignition
100 .10 .5 0 Short
100 14 .5 -20 Short
g0 .20 .5 Amblent |[No l1gnition
Tr1-2-ethylhexy1a Tertiary 100 0.10 0.5 Amblent (No ignition
80-Percent hydrogen peroxide
2-Ethylhexyl Primary 100 0.08 0.5 Amblent |Short
100 .06 .5 14 2 sec
100 .08 .5 -22 15 see
n-0Octyl Primary 100 0.08 0.5 Ambient |[No ignition
- 100 .08 .5 Amblent [Short
100 .08 .5 14 Short
100 .08 .5 -20 2 sec
Tri-n-butyl Tertiary 100 0.06 0.5 Ambient |Short
100 .12 .5 14 No 1gnition

8prepared from phosphine and 2-ethylhexene.
bShort, noticeable delay but less than one second.

CPrepared from phosphine and l-octene.

dInstantaneous to the senses.
€Prepared from phosphine and propylene tetramer.

fMay have changed chemically since ita preparation.

otIE



TABLE VI. - SUMMARY OF IGNTTION DATA FOR CYCLIC PHOSPHITE3 AND VARIOUS NITRIC ACID
QXIDANTS AT ROOM TEMPERATURE AND AT -40° F IN OPEN-CUP APPARATUS

{REF5. 1, 21, 22, AND 24)

CZ-6

3110

Cyclle Phosphite Oxldant
EName Dyame 90=Percent ws;;;ment Mixed acid

Roam |-40° F| Room |-40° F| Room |[-40° »
temper- temper- temper-
ature ature ature

Methylethylene 2-Methoxy-1, 3, 2- - -— 10+ €10 €10 C10

phoaphita dioxaphospholane

Butylethylene 2-Butoxy-1,3, 2= —— | - day g 410 dy

phosphite dloxaphoapholene

Ethylpropylenae 4-Mathyl-2-ethoxy- eg 95 | weae | - als g

phoaphlite 1,3, 2-dioxaphospholans ’

Propargylpropylene 4-Hethy1—2—progargylon- 10 | fio | %0 d.. f10 | f10

phosphite 1,3, 2-dioxaphoapholane £

syu-2-Butynylenedi- | 1, &= [bis(é-Methyl=1,3= 10 fa | %0 g f10 Iy

propylene &l oxa-2-phospholyloxy]]-

diphosphlte 2-butyne

Ethyltrimethylene 2-Ethoxy~1,3, 2~ | =m da. | 90 UV (S

phosphite dloxaphosphorinane

BNomenolature acoording to ref, 15.
bNomenclaturs acocrding to indicated literature refersnces.

CReference 22.
GReference 1.
SRaeference 24,
fRefarence 21.

Ignition rating mcale

Rating

Explanatlon

[
CHUOUPTIDNDOO

Violent flame - delay <1/2 zec
Gtood flemes - delay <1/2 sea
Madiun flame ~ delay <1/2 sec
Medium flama - delay <1 sec
Poor flame - delay >l aec
Violent reactlion - flames cccasionally
Faat resction - no flame
Medium reaction - no flame
Fair reaction - no flame

Poor reaction ~ no flame

No reaction

92V¥SE W VOVN
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TABLE VII. - SUMMARY OF IGUITION DATA POR AMIDOPHOSFIULTES AND AMIDOHALOPHOSPIITES WITH HYDROGEN PEROXIDE AND SEVERAL

NITRIC ACLD OXTDANTS AT ROOM TEMPERATURE AND AT -10° F IN OPEN-CUP ATFARATUS (REPS. 1, 22, AND 24)2

PFuel I &0xldant
byame CHame 90 Percent >95 Percent Mixed acld 90 Percent
WFHA K305
Room |-40° F| Room | <409 F| Room |-40° Room | -40° F
I temper- temper- tenper- temper-
ature ature ature ature
1 -
Acyclic emldophosphite
Dibutyl N,N- Dibutyl diisopropylamido- a4 SR [N dg QO | comm | e
diisopropylamidophosphitel phosphite
Cycllic amidophosphltes
Ethylene emidophosphite 2-Amino-1,3,2-di oxa- — - &5 a5 - | === | %10 %9
polymer pheapholana (polymer)
Ethylena N~ 2-Methylamino-l,3,2- ——- - | *f10 o0 —— w= | ®10 #10
nathylamlidophoasphite dil oxaphospholane
Bthylens N,N- 2-Dimethylamino-1,3, 2- ——- - | fao T fio | 110 | —coon | cwe-
dimethylamiGophosphite dloxaphoapholane
Ethylene W,N-dl-n-butyl- |2-Di-p-butylamine-1,3,2- - - 894 eg — | - eg. o54
amidophoaphite ¢ioxaphospholane
Propylene N,N-dimethyl- 4-Methyl-2-dimethylamino— — - 1°%10 @10+ i — %10 ®10
amidophozphite 1,3, 2-dloxaphogpholane a £
Propylenc N,M-diethyl- 4-Methyl-2-d1 ethylanino- 10 dy 10r | f1o¢ | Y0 %0 | oomm | o
amldophosphiteé 1,35, 2-d1oxaphozpholane
Aoyolle triemidophosphites®
N,N,N',N'-Tetremethyl- N,N,N',N'-Tetramethyl- — -~ | ®10 *10 e | e |®B104 |*vB10+
triamidophos ta phosphorous triamidae
H,N,N' N K", N~ Hoxamethyl-|N,H,N' N' K" ,N"-Hexameathyl- — - ®10- 10 —— aen  |22B10p |®8104
triamidophosphite phoaphorous triamide
Aoyelic amidochalophasphites
N, N-Diisopropylemido- Diiscpropylamidephcaphorous | --- ﬂ—T Iy Iy f10 f1 | o~ |-
dlchlorcphosphlte dichlarida
H,H,N', N'-Tetranethyl.. NN, ¥' ,N'-Tatramethylchlorg- | --- -~ |®10 €10 e | —am [SrB10+ |®Biov
diamidochlorophosphite phosphorous dlamidae
Cyclic amidodiphasphite
Diethylene N-methylamido- |N-Methyl-bis[2(-1,3,2- -—- - |%10 *0- | - |-— ] %0 %0
diphosphita ddoxaphospholanyl }] amine

aSee teble VI or lgnition-reting scale,
b‘Hme.nolmiure aceording to ref. 15 or extenaion of ref, 1b.
CHemenolature according to indicated literature referances,

dﬁe!‘arence 24.
®Relerence 1.
rRareramc 22.
EExplosive resation.
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TABLE VIII. - SUMMARY OF IGNITION~DELAY DATA FOR AMIDOPHOIFHITES AND AMIDOHALOPHOSPHITES
WITH NITRIC ACID OXIDANTS AT VARIOUS TEMPERATURES IN OFEN-CUP APPARATODS

(REPS. 1, 4, 21, 22, 30, 31, AND 48)

Fuel White | Temper. |Ignition|Refer-
fuming ature, delay, |ences
®Name BName nitrie op millissc
acld,
percent
Acyolic amidophosphite
Dimathyl N,N- Dimethylam!nodime thyl- >35 -40 8 28
dimethylamidophoaphlte phosphita
Cyaelle amldophoaphiten
Ethylene N-methylamido- 2-Mathylamino-1,3, 2~ »85 40 6 1
phosphite dioxaphoapholene
Ethylene N,N- 2-Dimethylamine-1,3, 2« »>85 70 %20 1,22
dimethylamidophoaphlte dioxaphoapholane
Ethylene N,N- 2-Ddmethylamino-1,3, 2- »35 ~40 11 1
dimethylamidophoaphite dioxaphoapholane
Ethylsne N,N- 2~Dimethylamine-1, 3, 2~ »35 =70 %30 1,22
dimethylamidophoaphlte dloxaphoapholane
Ethylene N,N-dl-n-butyl- 2-Di-n=-butylamino-1,3, 2- »88 -40 65 1
amidopheaphite dioxaphospholane
Prepylans N,N-dimethyl- 4~-Moathyl~2-dimethylamino- >B8 79 15 i
emidophosphite 1,3, 2-alexaphoapholane
Propylene N,N-dimethyl- 4-Methyl-2-dimethylamine- »>85 -40 18 - 21 |1,4,30
ami.dophosphi te 1,3, 2-dloxaphospholane
Propylene N,N-dimethyl- 4-Methyl-2-dinethylamino- =95 a7§ d10 i
amidophoaphite 1,3, 2~dloxaphoapholane
Propylens N,N-dimethyl~- 4-Methyl-2-dimethylamino- 29 75 5.3 a5
amldophosphite 1,3, 2~-dloxaphospholane a
Propylene N,N-dlethyl- 4-Methyl-2-diethylemino- 80 70 40 21
amidophosphite 1,3,2-dlaxaphaapholane
Propylene N,N-diethyl- 4-Methyl-2-disthylemino- 20 -85 0140 1
amidophosphite 1,3, 2-dicxaphospholens
Ethylene N,N-tetra- 2~Pyrrolidyl-l, 3,2~ 285 =40 18 30,31
methyleneamidophosphlte dloxaphospholane
Prapylene N,N-tetra- 4=-Methyl-2-pyrrolidyl~ >35 68 15 30
methyleneemidophosphite 1,3, 2-dioxaphospholanse
Propylene N,N-tetra- 4-Mathyl-2-pyrrolldyl- »85 -40 17 - 18 |4,30,31
mathyleneamldophosphite 1,3, 2-dloxaphaspholane
Prapylena N,N-tetra- 4-Mathyl-2-pyrrolidyl- »95 ~49 24 30
methyleneamldophosphlte 1,3, 2-dioxaphoapholane
Propylene N,N-tetpa- 4-Methyl-2-pyrrolldyl- 90 88 18 30
nethyleneamidophosphlte 1,3,2-dloxaphospholane
Propylene N,N-tatra- 4-Nethyl-2-pyrrolldyl- 90 -40 25 30
wathylensam!dophoaphite 1,3, 2-dloxaphospholane
Propylene N,N-tetra- 4-Methyl-2-pyrrolldyl- 90 -78 29 30
methyleneamidophoaphl te 1,3, 2-dloxaphospholans

oTTE
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Aeyolle trismldophoaphltes

N,N' N"-Trimethyl- M,N',N"~Trimethyle »95 -40 15 - 18 |(4,30,31
triamidophosphlte phosphorous triamlde

N,N,N!,N'-Tetramethyl~ N,N,N! ,N!'-Tetramethyl- =95 |68 to 58| <12 1,4,30
triamidophosphlte phosphaorons trlamide

H;N,H',H',H;—_Pentamethyl- N,N,N1, N, N"-pPentamethyl- »35 -40 18 4,350,351
trismlidophoaphlta phoapharous triamide

N,N,N!,N',N" ,N"-Hexamethyl-| N,N,N' ,N!,N" N"-Bexamethyl- | =95 (68 to -58| <19 1,4,30
triemidophosphlte phosphorons triamlde

N,N,N',N!',N",N"-Hexamethyl-| N,N,N',N1,N", N"-Hexamethyl- >85 875 10 4
triemldophosphite phosphorous triamide

Cyalic triamidophosphite

N,N‘.N‘,N'-Tatrmnethyl-ﬂ", N,N,N* ,N'-Tatramethyl-N",N"- | »96 68 10 30
N'"-tetramethylanetril- tetramethylenephosphorous
emddophoaphite triemlde

N,Nrﬂ',N'-Tetramethyl—N", N,N,N',N!~Tetramethyl-N",N".| =85 40 12 ~ 15 |4,30,5]
X '—tetra.m;gihylenetri- tefrar;athylenaphoaphoroua
amidophos te trliamide

N,N,N',N!-Tatranathyl-N", |N,N,N',N'-Tetramethyl-N",N"- 20 68 12 30
N-tetramsthylenetri- tstramethylenephoaphorous
apidophosphlte trlemlde

H,NrH',N' ~Tetramathyl-N", |H,N,N',N!-Tetramethyl-N",N"- 90 -40 24 30
N'-tetramethylenstri- Eag:imethylenephoaphormm

. amidophosphite I de

M,N,N',N!'-Tetramethyl-N", |N,N,N',N'-Tetramethyl-N",N"- 20 -78 8 50
N'-tetramethylenetri- tetramethylenephosphorous
amidephoaphlte trlamide

Acyelic anldohalophosphitas

N,N-Dimethylamido- N,H—Di;gthyldiggigro- =96 ~40 26 30,51
dichlorophoaphite phosphorous e

N,N,N'~Trimethyldiamido- N,N,N'-Trimethylchloro- =95 ~40 21 30
chlorophoaphlite phoephorous dlemide

N,N,N',N!~-Tetramethyl- N,N,N' ,N'-Tetramethylohloro-| »95 -40 10 1
diamidochlorophosphite phosphiorous diamide

Cyelic smldediphosphite
Diethylene N-methyl=- N-Methyl-bis[2(1,5, 2 »35 -40 10 1

amldodiphcsphite

dtoxaphospholanyl)] amine

BNomenolmture scoording to »ef. 15 or sxtenslon of ref. 15.
byomenclature scoording to indlcated literature references.

CApproximete value.
dIrnpinging Jets wlth Bplash

plate.

®Impinging Jets with no splash plate.
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TABLE IX. - SUMMARY OF IGNITION-DELAY DATA FOR TRIMETHYL
TRITHIOPHOSPHITE - UNSATURATED HYDROCARBON BLENDS AND RED
FUMIRG NITRIC ACID CONTAINING 22.6 PERCENT NO; AND 0.99

PERCENT Hy0 AT -40° AND -65° F IN OPEN-CUP APPARATUS

(REF. 29)
Hydrocarbon Temper - Ignition delay, milllsec
atg;e’ Amount of hydrocarbon,
percent by volume
o] 20 40 80 80
2 -Methyl-l-pentene -40 10.0 | 17.6 | 20.1 | 59.6 | (a)
-85 13.0 | 10.4 [ 15.8 | 114 | (a)
l-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
-85 11.6 | 31.8 [ 44.6 135
Dipentene -40 8.8 |12.4 (90.5 4086
-65 11.0 | 14.9 | 139 | (&)
1-Vinyl-3-cyclohexene -40 8.5 |11.9 |59.1 | (a)
-65 8.8 |16.6 {89.0
Styrene -40 7.8 115.3 | 68.8 | 818
-85 6.4 [ 15.1 [ 73.5 (a)
Phenylacetylene -40 12.8 5.3 400 135
-65 (a) | (a) | (&) | (&)

®No ignition.
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TABIE X. - SUMMARY OF IGRITION 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 80x1dant
b °n. 90-Percent >95-Percent Mixed acild
Neme ame WFNA WFNA
Room |-40° F| Room |[-40° F| Room |[-40° F
temper- temper- temper-
eture ature ature
Paraffinic phosphonlite
4
Dimethyl benzene-|Dimethyl benzene- dio d; | e10 e10 | S0 0
phosphonite phosphonite
Olefinic phosphonlte
Diallyl benzene- |Diallyl benzene- Ty - —— N R —
phosphonite phosphonite
Cyclic phosphonite
Propylene 2,4-Dimethyl-1,3,2- dg dg | —--- -—— | dg dg
methene- dioxaphospholane
phosphonite
Halophosphonite
Benzenedichloro- |Benzenephosphonous — - €10+ €10 | €10+ €10
phosphonite dichloride
Amidophosphonite
N,N,N',N'-Tetra- |N,N,N',N'-Tetraiso- &2 (&) | oo - | 84 ()
isopropyl- propyl benzene-
benzenedismido-| Phosphonousdiamide
phosphonite

83ee table VI for ignition-rating scale.
bNomencla.ture according to ref. 15 or extension of ref. 15.
CNomenclature according to indicated literature references.

dRef. 21.
€Ref. 22.

frer. 20.
8Ref. 24.



TABLE XI. - SUMMARY OF CALCULATED PERFORMANCE DATA AND ESTIMATED HEATS OF FORMATION FOR SEVERAL

CRGANOPHOSPHORUS COMPOUNDS WITH LIQUID OXYQEN (REF. 4)

Fuel bRuel Oxidant-|Chamber| Average Specific Charac- |Altitude|Estimated
fuel temper- molecular lmpulse, teristlc Index, heat of
welght | ature, |weight in 1b-sec/1b veloclty,| miles forma-
ratio 9% | chamber Tt/sec (d) tion,
(e) Frozen| Equi- keal/mole
1librium
N,N-Tetramethylene-N',N"- 2-Pyrrolidyl-1,3,2- 1.31 3290 22.3 243 250 5500 455 28
ethylenetriamidophoaphite disza-phospholane
N,N-Dimethyl-N',N"-ethylene-|2-Dimethylamine-1,3,2-| 1.20 3280 22,8 243 250 5500 455 31
triamidophosphite diazz-phospholane
N,N,N' ,N"-Diethylene- 2=-Ethyleneimino-l,3, 2= 1.10 3310 23.6 243 251 5500 459 0
trlamidophoaphite diaza-phospholane
Dimethylphoaphinamide Dimethylaminophosphine | 1.25 5380 22.4 246 255 5650 474 18
Phosphlnamide Aminephosphine .85 3190 25.5 228 235 5180 388 19

%N omenclature according to ref. 15 or extenaion of ref. 15.
bNomenclature according to indicated literature reference.
CMixture retio chosen far combustion to CO and Ho0.

daltitude =ttained by a "standard" rosket in vertical flight assuming no friction and optimum design of the propellant

tanks for the chosen densities (gee raf. 1).

Average propellant density assumed to be 1 g/ce.
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Figure 1. - Diagrammatlc sketch of small-scale rocket-engine ignlition-delay apparatue,
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Igniticn delay, milllamec

Ignition delay, millimec
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F¥igure 2. - Ignition delay of mired alkyl thiophosphites and red fuming nitric acid containing about 3 parcent water
and 19 to 20 percent nitrogen dioxide by weight.
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Figure 3. ~ Ignition delay of triethyl trithiophosphite and red fuming nitric acid comtaining 3 to 4 percext water
anl 20 percent nitrogen dloxide by woight.
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Figure 4, -~ Ignition delay of propylene N,N-dimethylamidophoaphite and red fuming ultric acld coan-
taining about 3 percent water and 20 percent nitrogen dloxlds by weight.
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Figure 5. - Ignition delay of mixed elkyl thiophosphites and white fuming nitric acid ( USAP Spec-
ification No. 14104).
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Figure 6. - Ignition delay of triethyl trithiophosphite and white fuming nitric acid (vsaF
Specification No. 14104).
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Figure 7. - Ignition delay of propylene N,N-dimethylamidophosphite and white fuming nitric aeld

(USAF Specification No. 14104).
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