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PREFACE

The thermochemical investigations of the special
propellants that are discussed in this report were carried
out in the Burnside Laboratory of the E. I. du Pont de
Nemours and Co., Ine., Carney's Point, New Jersey.

All of the work was done under the jurisdiction of
the National Defense Research Committee for the purpose
of developing new propellants with higher ballistic

qualifications.

OSRD Report No. 6217
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THERMOCHEMICAL STUDIES OF SPECIAL PROPELLANTS

INTRODUCTION

Historical Comments

In 1857, Bunsen & Schischkoff published their
very Iimportant researches on gun powder. Their experiments
were directed, first, to determine the nature and proportions
of the permanent gases generated by the explosion of the
powder; secondly, to determine the emount of heat generated
by the trensformetion. With the aid of these experimental
data they deduced, from theoreticel considerations, the
temperature of explosion, the maximum pressure in a closed
chamber, and the totsl theoretical work which gun powder
is capable of performing on the projectile. The powder
in the experiments was not exploded, but deflegrated
by being allowed to fall in an attenuated stream into g
heated bulb, in which, and in the tubes connected with
it, the products were collected.

The transformation, according to these experimenters,
was given in a well organized scheme which consisted of the
originel explosive ingredients on one hand (&t that time
Nitre, Sulphur and Charcoal) and the residue and gas analyses
on the other.

Bunsen and Schischkoff determined the number of
units of heat generated by combustion, by exploding a small

eamount of powder in a tube immersed in water. They found



that the combustion of a gram of powder gave rise to 620
gram units of heat; and hence, they calculated that the
temperature of explosion, in a closed chamber impervious
to heat, was 3340YC. (5980YF.)1,

After the introduction of smokeless powder in
18642, thermochemical determinations, similar to those
on black powder were made on nitrocellulose and its
derivatives in order to formulate an explosive that would
shdw the highest qualifications for a propelling substance.
In many cases nitroglycerin was incorporated with nitro-
cellulose to add more oxygen. The British have manufactured
nitrocellulose-nitroglycerin propellants (commonly called
cordite) for several decades. Propellant research, which
includes formulating mixtures oi new ingredients, granulating
the mixture of ingredients in various forms, testing the
: finél products for their burning characteristics, and
determining their thermochemical propertieé, has been
carried out by many the world over. It is to be emphasized
that this field of research has been a continued process.

Numerous thermochemical tables have been formulated
in order that they may be used theoretically for calculating
thermochemical reactions. Milus3, in 1935, found that
thermochemical constants calculated from thermochemical data
on heats of formation from the literature could not be
relied upon for accurate work, since discrepancies existed
in published values, especially for nitrocellulose. His

research on the thermochemical properties of nitrocellulose



and various smokeless powder ingredients was an important
contribution to those who were working on new compositions
for propellants.

In 1940, with an inevitable war facing our country,
cur government inaugurated the National Defense Research
Coumittee of the Office of Scientific Research and Develop-
ment Council. Under its Jjurisdiction severasl research
stations were established to carry on an extensive research
program in order to improve the propellants that were to
be used in our war machinery. Improved compositions were
in order that would give high velocities, low breech
pressures, with a minimum of barrel erosion and flash.

The thermochemical investigations in this report
were designed to aid in the development of new propellants;
new compositions that would give lower heats of explosion,
greater gas volumes, and lower flame temperatures than

those compositions that are commonly used.

Heat of Explosion

Most chemical reactions either liberate or absorb
heat. However, it is a charecteristic for all chemical
explosive reactions to liverate heat, making the external
heat effect (commonly called Q) a positive quantity.

Employing the simple form of energy balance,

« - W= AE

where Q = external heat effect

-3 -



w work done

internal energy

4E
If the explosion occurs in a closed chamber, or

calorimeter bomb, where there cannot be any external work,

then

and
Q=4aE
All the heat liberated is absorbed by the system

and, consequently, there is a corresponding rise in temperature.
The heat of explosion of a propellant can readily be determined
by burning it inside & closed chamber and then measuring the
amount of heat expelled. ©Since its potential energy is
transformed almost completely to heat, it is usually accepted
that the term "heat of explosion" of a propellant may be
used in lieu of its potential.

In a constant volume process

To
f CVaT = 4 E

T

where Cy = mean sSpecific heat of the powder gases

To = adiabatic flame temperature
T = ambient temperaturs

and the rise in temperature may be computed if values of the
heat capacity at constant volume of the products of explosion

are known.



In order to determine the true gquantity o1 neat
or rational heat generated by the explosive material «t
the adiebatic flame temperature it is necessary to deduct
from the observed heat of explosion the amount of heat
liberated by the products formed during the process of
cooling from the adiabatic flame temperature, which is
usually above 2000”0., to the ambient temperature. Since
these explosions take plece between 2000¥C - 3000YC., only
the water-gas equation is applied in the determination of
the dynamic equilibrium of the gases. While methane is the
most common compound formed during the progress of cooling,
the powders with relatively low flame temperatures may
form ammonium bicarbonate, ammonium hydroxide, and free
ammonie. A deduction must &lso be made for the heat
evolved on condensation of water during cooling of the
product gases.

Having found the rational and specific heats of
the gases present immediately after the explosion, the
isochoric temperature of the explosion can be calculated
from the following relatious:

Te = H_ (1)
Cv

where:
Te = Isochoric temperature of explosion

in degrees centigrade.

=2
i

Rational heet in calories jer grem.

Specific heat of the products of

(@]
<
]

the explosion at constant volume.
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MATERIALS AND METHODS

Apparatus

The apparstus necessary for mesasurements and
enalyses is similer to that of Milus (Milus, P. R., "Thermo-
chemical Examination of Nitrocellulose" Industrial and
Engineering Chemistry, 29, 492 (1937) and that of Kinceid
and Dailey (OSRD Report No. 1578 by Kinceid, J. ¥. and
Deiley, B. P., "Thermochemical Examination of & Number
of Commercial Propellants"™, Explosives Research Laboratory,
Bruceton, Pa., 1943).

Calorimetric Bomb

The calorimetric bomb (Figure I) used in the
following calorimetric measurenients has a chamber capacity
of 75 c.c., is made of Rezistel 4 stainless steel, and is
designed to withstand a pressure of 30,000 p.s.i. It
consists of a bomb chamber proper, firing head, and a gas
outlet tubé. The firing head is threaded into the bomb proper
and sedled by a copper gesket. An insulsted firing pin
extends through the firing head, being sealed on the interior
end with a bakelite cone, a fiber washer, and a neoprene
washer, and insulated on its exterior end by a rubber washer
and a piece of rubber tubing. The position of the outlet
tube and needle valve makes the bomb eacsy to manipulate for
evacuation and the expulsion of the gases.

Water Calorimeter

The water calorimeter was designed for the calo-

rimeter bomb (Figure II). An inner cylindrical chamber,
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WATER CALORIMETER
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made of aluminum is constructed to hold the bomb and a
certain amount of water. An outer and heavier walled
aluminum cylinder insulates the system with a two inch air
space. # three propeller stirrer is connected with an
adjustable speed laboratory motor by a piece of rubber
tubing. The stirring rod rests in a bearing on the bottom
of the inner chamber with its propellers pitched and spaced
to give adequate agitation.

Ignition

A fine iron wire is wrapped around the firing
head terminals and chargéd with 0.2 gm. of nitrocellulose
whose heat value is known. The explosion is initiated
by the current from a storage battery. A correction
is made for the heat generated by the ignition nitrocellulose
when calculating the heat of explosion of the propellant.

Gas Measuring Egquipment

The equipment used for measuring the permanent
gas volume consists essentially of two 2000 ml. vacuum
flasks, an accurate manometer, a filter tube, and a calcium
chloride tube. (Figure III) The gases in the bomb are
allowed to‘expand into the system after it has been evacuated
by a Hy-Vac pump. With the volume of the system known, &
volume of gas can be measured by observing the change in
pressure when it is passed into a completely evacuated
systemn.

Gas Sampling

A gas sampling tube, connected to a reservoir

containing an acidulated solution of sodium sulfate, is

-7 -
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evacuated by the auxiliary evacuating system and the gases
allowed to enter from the permanent reservoir. (figure lv).

Thermometry

The measurement of the change in temperature, when
a charge of powder is fired in the calorimeter, is made Dy
means of a Beckman thermometer, graduated in 0.01Y¢ and
estimated to the neérest 0.001%C with a magnifier. The best
results are obtained when the mercury column in the ther-
mometer is set about two degrees below room temperature, if
a L - 5°C rise is anticipated, and the water for the
calorimeter cooled a little below the zero point of the
thermometer. After the stirrer is started sna the system
allowed to reach equilibrium, a change in temperature
with respect to time is observed and recorded. When the rate
of temperature change becomes constant the bomb is fired.
At the end of ten minutes the temperature is recorded
and as cooling takes place the change in temperature with
respect to time is again secured. From these data and
extraepolations the total rise im temperature is calculated.
(Fig. VI).

The data teken and the method of calculating the
heat of explosion are given below.

Let: Tl = temperature of calorimetric system at the
time of firing in “C.
AT = (T2 - T;)
T, = Te¢ + Te = corrected temperature after firing

Te = temperature of final reading

-8 -



APPARATUS FOR GAS SAMPLING
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Tc'= ¢ (tg - ty) = temperature correction

¢ = average cooling correction in YC per min.

te = time (in min.) of last reading
tp = time (in min.) of firing
If: Hgyy = heat of explosion in calories per gram
Q = total calories from the explosion § Wy xaT
q = calories from igniter
Then:
Bex = Q-9

Wt. of Sample

Determinstion of the Water Bgquivalent of the Celorimeter

?he water equivalent of the calorimetric system,
We in the previous paragreaph, is defined as its capacity
to take up heat in comparison with water. The water equivalent
of the calorimetric system is 1580 calories per one degree
rise in temperature. 1his was determined by an electrical
method, in which an electrical heating coil was placed inside
the bomb and a sufficient smount of heat was emitted in two
minutes to raise the temperature of the system 3 to 4YC.
By converting joules to celories, the average of ten
determinations gave 1580 calories with 850 gms. of water;
a mean deviation of 0.42%, en extreme veriation of 1.L€%,
and extreme deviation from the mean 0.8L%.

Methane formetion

Since methene is formed during the process of
coocling, it is & secondary reaction and its heat of formation
must be considered when calculating rational heat and total

gas volume.



CO0 + 3H, = CHA + H,0 + 58,900 calories

At 25YC., end considering water as & liquid, the
heat of formation of CO is 26.9, CH, 18.L, and H30 67.4 kilo
calories. If the gas analysis shows "X" cc. of methene per

grem at S.T.P. then,

58900 X = methane correction in cel./gm. of powder (2)
22400

by inspection it is seen that the formation of
methane causes a decreese in the total gas volume, consequently,
& correction must be applied to the total gas volume measure-
ment in order to determine fhe mole fractions of the gases
before cooling has taeken place. To make tue correction,
the volume "X" of methene formed is subtracted from the
volume of Hp0 and added to the volume of CO and Hy, as "&"
and 3 "A", respectively.

Calibration of The Permanent Volume Measuring System

The exaet volume of a2 1000 ml. round bottom flesk

was determined by 1illing it with weater anda weighing it
st a known temperature. OSeveral of thuese determinations
gave a meen of 1103 ml. et 20YC.

The system was evacuated to a vacuum of 0.1 mm.
ct mercury. The calibrated flask, with its air unaer
atmospheric pressure, was connected to the evacuated system
and\its gases allowed to expend into the system. The total
volume of the system was determined by the increase in
pressure.

It:

B, = pressure in system (if any)

- 10 -



Py = final pressure in system
p3 = atmospheric pressure in calibrated flask
V1 = zero volume of system
V3 = volume of calibrated flask
m = change of mercury in manometer in cm,
= cross-sectional area of manometer tube (.Oquz'cm.z)
Then |

PV, + (p3 - py) V3 = (V] + mk) pp
V1 = 4538 ml.

(3)

Experiments

A weighed amount of the explosive, sufficient
to give a loading density of 0.07 gm./cc., is placed in
the calorimeter bomb. The ignition wire is attached to
the firing head and charged with a carefully weighed piece
of fibrous nitrocellulose (13.4%N), approximately 0.2 gm.
ifter the firing head is screwed into position the bomb is
evacuated with a Hy-Vac pump. It is then placed in the
calorimeter and the stirrer set into position. A weighed
amount of water, adjusted to appioximately two degrees below
room temperature, isvintroduced to the calorimeter by means
of a glass funnel. A Beckman thermometer is set into
position and the stirrer started. bDuring the first five
minutes the system approaches a steady state; the temperature
is recorded at one minute intervals until the difference
between successive readings is the same. When the bomb is

fired a continuous rise in temperature is observed for at
least ten minutes. Readings are resumed when the system

- 11 -



begins to cool and continued until a constant rate of ccoling
is obtained for ten comsecutive minutes. (See Figure VIL in
appendix) .

Determination of Permanent Gas volume

The bomb is removed from the calorimeter and
attached to the permenent volume measuring system, which
has previously been evacuated with a Hy-Vac gump. The
heights of the right and left mercury columns of the
manometer are read with a vernier scale to the nearest
0.1 mm. <Yhe gases inside +the bomb are tien released
gradually into the system. &#Iter an eguilibrium in
pressure has been established between the bomb and the
rest of the system, the temperature of the gas is recorded
and the mercury columns read, in order to determine the
change in pressure.

If Ry and L, are the first manometer reaaings
and Ky and L2 are the readings after the geses &are intro-
duced, then:

(R} + L1) - (Rp + Ly) = pressure of the gases in
the system.
| Letting:
V = volume of the permanent gases at standard

temperature and pressure in cm. 3.

Vs = volume of the system in em. 3.
m= (Ly - L2) or change of mercury in the manometer
in cm.
k = cross-sectional area of manometer tubing in
cm.2

- 12 -



p = pressure in the system at equiliorium in mm. Hg.
T = room temperature in YC.
t = temperature of the gases in YC.

0.14 = correction factor for expansion of mercury.

then:
Vs.t.p. = (Vs + mk) P x 273
760 + 14T} (273 + t) (4)
Vs.t.D.
Wt. of charge in gus. = permanent gas volume in cc./gm

Water Determination

After the permanent gas volume has been measured,
the gas reservoirs are shut-off from the rest of the system
and tne calcium chloride tube disconnected. The bomb and
the previously weighed tube are left connected and raised
to the height of a tripod stand into a two liter metadl
beaker. The disconnected end of the calcium chloride tube
is connected to an suxiliary evacuating system, in which is
attached a small manometer (¥igure V) and the system gradually
evacuated by a Hy-Vac pump. When the mancmeter no longer
shows a change under reduced pressure, water is poured
around the bomb and heated to 70YC. Evacuation is con-
tinued until the manometer shows no change. ''ne calcium
chloride tube is disconnected, reweighed, and the amount

of water absorbed is calculated by difference.

Wg = weight of water in gms.
W; = weight of water from ignition N/C

then:

(Wg - Wi) 22,400
18 x wt. of charge = H20 in cec./gnm. , (5)

- 13 -
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Residue Analysis

If a qualitative examination reveals a residue it may
be necessary to make quantitative determinations. In most
cases only ammonium bicarbonate is present in sufrficient
quantity to warrant a determination.

In the cases of cooler powders, i.e. in the proximity
of or below 2000%¥C., appreciable quantities of ammonium
bicarbonate, ammonium hydroxide, and free ammonia may be
formed during the process of ccoling. The amount of heat
liberated by these reactions is subtracted from the observed
heat of explosion in the calculation of rational heat.

Determination of Carbonates

After the gases are released from the bomb it is
opened and washed down with 50 c.c. of barium chloride 0.1 N.
The precipitate is washed and scrubbed from the bomb with several
portions of hot water into a beaker. The precipitate is cooled
and filtered, ignited in a 800YC oven, cooled, and weighed
as barium carbonate.

Determination of Ammonia Present As Ammonium

Bicarbonate and Ammonium Hydroxide

When the gases have been released rrom the bomb it
is opened and immediately washed down with a 1% hydrocnloric
acid solution. The acidified solution is transferred to a
round bottom flask, made alkaline with an excess of 3% sodium
hydroxide solution, and immediately connected to a vertical
air condenser. The ammonia liberated on heating is buboled

into 50 ml. of standardized 0.1 N hydrochloric acid. Thne

- 14 -



excess acid is back-titrated with stendard O.. N sodium hydroxide
with methyl red as an indicator. If the ammonia as ammonium
chloride and the carbonate as barium carbonate are in proportion
to their equivalent weights, the residue is considered to con-
tain only ammonium bicarbonate. An excess of ammonia is cal-
culated as ammonium hydroxide.

Determination of Free Ammonia

If ammonia is present in the permanent gas volume
its quantity is determined by bubbling the gases through an
absorption column containing standard 0.1 N hydrochloric acid
and back-titrating the excess acid with standard 0.1 N sodium
hydroxide with methyl red as an indicator.

Determination of Hydrogen Sulfide

When the bomb has been fired and coolea, the volume
of permanent gases is allowed to oubble through an absorption
column containing a standardized solution of 0.1 N iodine
solution mixed with 0.1 N hydrochleric acid in equal pro-
portions. Any hydrogen sulfide in the gases will be converted
to hydriodic acid and free sulfur. The excess iodine is
back-titrated with a standardized solution of 0.1 N sodium
thiosulfate, employing starch as an indicator. The exéess
hydrochloric acid is back-titrated with a standaraized soiution
of 0.1 N sodium hydroxide. (7This method is usea to aetermine
various other sulfides).

Gas Analyses

The reservoir containing the permanent gases is

sempled by means of an evacuated sampling bulb (Figure Iv), to

- 15 -



which is attached a reservoir containing aciduiatea sodium

sulfate. The bulb is transrerred to the gas analyzer anda

the gases analyzed for carbon dioxide, carbon monoxide,

hydrogen, methene, and nitrogen according to standard

procedure.

Calculation of The Temperature of Explosion

In order to calculate the temperature of explosion

it is necessary to know:

1.

2.

(o NN I )

7.

The heat of explosion in cal./gm.
The heat liberated by all the constituents
formed on cooling.

Water of condensation.

Water - gas reaction shift.

Rational heat.

Total gas volume (corrected for methane
formation}).

Gas analysis of the permanent gases.

Rational heat | = temperature of explosion

Mean Specific heat of the gases
from Room T to 1 of Explosion

Discussion

Contribution of Butyl Stearate to the Heat of

Explosion of Butyl otearate RDX Mixtures

Thermochemical analyses or several RDX compositions

containing butyl stearate showed appreciable difrerences be-

tween observed and calculated values of heats of explosions.

In other words, the summation of the heats or explosion of

their ingredients did not coincide with actual values obtained

from the compositions.

- 16 -



In an effort to explain these discrepancies, several
combinations of butyl stearate and RDX, containing from 2 to
15% of the stearate were examined calorimetrically. The
percent of butyl stearate in the mixtures was plottea against
the heat of explosion value of butyl stearate. A curve,
almost exponentiel, was drawn, showing that the cooling
effect of butyl stearate in RDX decreases as its percentage
increases. (Figure VI). Consequently, it the heat of
explosion is taken from this chart when calculating the heat
of a propellant containing butyl stearate and RDX, the
results are practically identical with those obtained
calorimetrically.

Thermochemical AnalySes of Several RDX ana
Albanite Compositions

Preliminary thermochemical analyses were made on
a sample of pure tetryl and three nitrocelluloses of ditfferent
nitrogen contents in order to verity the calibration of the
calorimetric and gas measuring equipment.

Table 1 shows the composition of each propeliant
tested and chemical analyses of its ingredients.

Several of the most widely used military propellants
were tested first and the results compared favorably with
the determinations made by others on these compositions.

Finelly, experimental RDX and Albanite powders,
manufactured at Burnside Laboratory, and several Albanite
and experimental compositions submitted by the Explosives
Research Laboratory, Bruceton, Pa. were analyzed and taeir

thermochemical characteristics determined. The results from

- 17 -
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these experiments, as shown in Tables IT &nd ITII, indicated
that RDX propellants of the compositions designated as CCl
and CC2 gave an appreciably greater gaes volume, per gram of
powder, than did the FNH and NH cannon powders, while no
great difference existed between their rational heats.

The flame temperatures of the RDX powders examined cover
the renge from 2100 to 3000YC. This covers the field from
cool, flashless cannon powder tc a hot rifle composition.

It will be noted that the Alpanite seample VC-66EX
which represented powder granulated for the havy 6"/47 Gun
gave a lower adiabatic fleame temperature then Cordite N/P/M,
0C-172-8X, elso mede for this gun.‘ Both conteined 1.5%
K250, . Both of these powders have lower flame temperatures
then FNH (85-10-5), represented by VG-10397. “The Pyro
powder, VG-10648, gave a still higher rleme temperature.

The order of increesing temperature is alsc thet of increesing
flash tendency in cennon. It is interesting to note that
there is very little difference between the rational hests

of Albanite, Vordite N and FNH. That of Pyro is somewhet
higher.

The calculated values given for the heats of
exploéion and fleme temperatures were computed Irom the datea
contained in the thermochemical tables of the October 1944
OSED monthly report on Contrect Owisr-881l rrom California
Institute of Technology - Investigations of “ouble base

powders. In cases of the cooler powders these values did

_18_



not compare favorably with experimental results because of
the large calorimetric corrections involved in compensating
for the heats of formation of various substances formed

when the hot gases are cooled to room temperature.

- 19 -



SUMMARY

Thermochemical a&nalyses have been made on & number
of propellent compositions, both service and experimental,
as an aid in the study of flesh, interior ballistics, and
barrel erosion. Heats of explosions and gas compositions
were obtained, experimentally, through the employment cf a
calorimeter bomb, gas measuring and analyzing egquipment.
Rational Leeats snd fiame temperatures were calculated from
the observed data on 19 samples of military and experimental
compositions, including Albanite, RUX powders, Cordite N/P/M,
and single-baese propellents. The results obteined strongly
indicate that actual calorimetric measurements are necessary
in order to determine the true heat of explosion and flame
temperature. In some instences it was round thet the cel-
culated values, obtained from the summetion of the thermsl
data of the individual ingredients, daiverged to an appreciable
extent from the values observed when in combination with one
another. Further investigations showed that the extent of
the combustion of the cooling ageuts and the state of the
cor?esponding oxygen balance seemed to eXplain this phenomenon.
This is clearly illustrated in comnnection with the relatively
cool RDX compositions, where the cooling etffect per gram or
butyl stearate depends upon its guantity in the mixture.
Thermochemicel data are tabulated for some experimental kDX

and Albanite composgitions.

- 20 -
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APPENDIX A

A TYPICAL THERIOCHEWICAL CALCULATION

Determination of the Heat of Lxplosion

Yit. of Sample L .7096 gms,
Wt. of ignition 0.2132 gm. Wt. of CaCly iupe 51,7385 gm.
Time (in min.) Temperature (in C°) Temperature change (in ¢°)
1 1.218 +0.006
2 1.224 +0.006
3 1.230 +0,006
L4 1.236 aeee T1 = 1.242°
-5 fired 000000 eeeea
6  mmmee e
7 __________
8  aeeee
9  emea= -
10 emme—— e
T
12 emee—- led
13 eemme e
1, eeee- lea
15 eemee— e
6 0 eee-e veea
17 eeme= e
8 P,
19 4o302  ecmea
<0 44300 -0,002
21 L.297 -0.003
22 4.293 -0.004
2L L .286 -0,003
25 1+0283 -0.003
26 L.281 -0,002
=7 b 279 -0.002 T, = 4.279

0.023
= 0.003°/min.

c = 0,003°/min.
te = 27 |

Te = ¢{tg - tp) = 0,003 (27-4) = 0.069°C
To 2 Tg + To = Le279 + 0.069 = L.348°C
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H
]}

T2 - Tl = LP.BII—S - 1.214,2 = 30106

Q,-We

.2132 x 1082 = 230.,7 cal. (Ht. of Txplos. of 13.45%N
N/C = 1082)

x T = 1580 x 3.106 = 4907.5 calories

Q
(]

Hex = Q=q = 4,907.5 = 230.7 = 993.0 cal./gm.
Wt. of sample L4.7096

Determination of Permanent Gas Volume

If:
Vy = vol. of bomb in ml., then:
Vs.t.p, = (Vg + Vp + mk) - + (R1 = Rp) 273
vt (760 £ O ThTT (375 ¢]
= 29,0°C

(Ly - Lp) + (R - Rp) = 764.5 mm Hg.

Vs.t.p. = (4538 + 73 + 16.7) 764.4 x 273 = 4188,0 cc.
(760 + 3.5) 302.0

Correcting for gases from igniters at 713 cc¢/em of N/C.

,188,0 - 152,0 = 856,9 cc/gm. S.T.P.
407096 -

Determination of Water of Condensation

Difference in weights of CaCls tube = 55,2071 - 54.7385 =
0.4686 gm. Water of condensation from ignition N/C = 0,0288 gm.
0.4686 -0 ®88 = 0,4398 gm.
0.4398 x 22,400 = 116.2 cc/gn. S.T.P.

18 x 4.7096
Gas Analysis
Composition ‘ % ce/em,
COp 12.4 106.3
co 39.5 338.5
Ho 23.1 197.9
CHy, 0.1 0.9



calculation of the Temperature of Explosion

Co2 co Hy CHj, No H20
Anal, cc./gnm 106.3 338.5 197.9 0.9 213.4  116.2
Corr. for CHj 106.3 339.4, 200,66 @ ~—== 213.4 115.3
Gm. mole/gm. 0.0047 0.0151 0.0089 0.0095 0.0051
Bstimated T°C at 3010° k* = 7.33

k = (CO + X) (Ho0 + X)
(CO2 - X) (Hz - X)

7.33 = (339.4 + X) (115.3 + X) _ 39,133 + L54.7X + X2
TI06.3 = %) (200.6 = XJ 21,32l - 306.9% + X%

7.33%° - 2,250X + 156,304

~%2 = L55% - 39,133
5.33%2 = 2,705% + 117,171

X =2,700 & 7,317,025 ~ 2,966,770
’ 12.66
X = 49,0 cc.
= 0,0022 gm. mole,
Corrections:
COp co Ho No H»0

Gm. mole 0.,0025 0.0173 0.0067 0,0095 0,0073
Mole.heat 11.70 6.33 5.93 6.27 9.24
Specific heat 0.0293 0.1095 0.0397 0.0596 .,0676 = 0.3057

Water of Condensation: HpO (vap.) = HpoO (lig.) + 9900 cal,
Correction = 51 cal,

Water-Gas Reaction Shift: CO + HpO = CO2 + Hp + 9800 cal,
Correction = 21 cal.

liethane Formation: CO + 3Hp = CH), + Hpy0 + 58,700 cal.
Correction = 2 cal.
Total Corrections 74 cal./gm.

leat of Explosion (993 cal./egm ) - 74 cal/gm. = Rational heat

919 cal./gm.

won

From Equation (1)

Temperature of Ixplosion = 919 cal./gm. = 3006°C
0.3057
* (k is the equilibrium constant taken from tables by Lewis & van Zlbe -
JaCs, 57 (1935) 612-14)




TARLE I
Composition of the Various Propellants Studied

Mamle No. Tue _ NC N0 NoD X DUA DR INT Cenul seesia e pert) s ‘ilie mE
Vo-10648 5% 38 Pyre 93.96 wmmws cccme cocme mmee ece= maie eoea cocmm 0098 cceee ecems mmcmm mmee ——
¥0-10397 INE (85-10-5) 83.26 momer mcece cmcom mmmee U493 9.85 oo come 1,00 emcos mmene memme —emee  ———
¥0-7967  NH (87-10=3) 67.16 ----- 2.8 9.96 --eee -—eme 0,98 - cmmme  mmmne mimee m- ——
TA-5386  IMR LELY £8.09 — === == .87 =ena- o 0,63 mmeoe emmma mmee mmoce mw—
0C-172-EX NX/P/M 18,40 18.60 53,80 o--~ \ 7.30  covem ommmm amcen mmeee 0,32 mmoon e
XX 6079 €Ol 37.93 covee cwens UE,96 . m—oee cvrme 0,50 aveme 12,21 weenc ccccn  omam
RX 6080  cC2 36,17 mmcoe accce 52,20 mmmweme mmmme  conce emmce  ccemw 0,50 a-oee 10.73 ceeee o-oe- —
BX 6081  CC - Speeial 38.17 a-== =eo== 52,28 - 3.8l comem QM5 emen B50 oo eeeee ——
Y3-107517 CC - Spesial 47,98 co—s caem 140.02 0,50 -meee  B,59 emcen conm  cmee
RX 6082  CR2 55.79 mvmem= ccone 35,28 cmwen ommem §,6] ceeve  ememe 0,50 1,92

EX 6083  CR} 35,61 =mvee cecce 54,90 smmee ammee 7,52 «e--= 0,77 0.50 - e c——
¥C-96-EX Aldanite 18.5] comme 53,26 ceeew 18,49 3,80 —--= 1. M e ac e m——
VC-66-RX* Albenite 20.00 ==v== 55,00 w-cmm 19,50 4e00 e<cor 1,50 cremm mmee mwone ccmen  emoms emcee ———
W-11625* (INL) Albanite 20,00 coewe 55,00 oweamw 19,50 .00 o~—e- 1.5 o mwms ceaes  e—
W-11481° (ERL) Experimental 25.60 ——- 55.00 —-~ 8,50 ——= % 1.5 ———nm —
Va-11484* (ERL) Experimental 20.80 ==—e 55,00 === 8,50 === ~--o- 1,50 14,2 ———
US-11885* (FBL) Bx;erimental 20.80 ~=<— 55,00 =c-we £.50 @—wee o---= 1.5 - W2 e
UG-11886* (ERL) Bxperimental 21.75 ==-== 55,00 —---= 8,05 =meee —aee= 1.50 13,7 —e——
UG-11487* (ERL) Experimental 23,00 ===e= 55,00 =--me 7,80 weme= =—coe  1.50 —mmmm em—ee cemen  cmems  eceme mceee 12,7

® Noainal Compositiems
(1) DBT = Dibutyl Tartrate
(2) BS = BDutyl Stearate

(3) THED = PTrinitreethylbenseas

0.39

oLl
0.30
4,29

- -

-

————-



TABRLE 11

Heats of Kxplosion, Rational Heats, and Isochoriec Temperature of Explosion

Galorimetric Corrections

Heat of Rational Caloulated from Composition®

Samle  tme g ML il (foh) (fom) (et gmre (B ooromtiy [ty Lplesion Erploston
K C 12.60¢ ¥ 962 2832 864 4 -—-- 12 22 —— 98 954 2798
¥/ 13.13% ¥ 1044 3065 940 2 ———- T 38 —— 1% 1037 3065
5C 3.us5¢ N 1082 3160 963 s .- ™ 45 — 123 1081 3101

Tetrn u 3125 n 2 - 3 W .- 13 — —--
¥3G-10048  Pyro 808 2307 712 13 -—-- o 17 2 9% £19 2293
¥6-10397  35-10=5 Tl 2287 665 b -—-- Y a 13 79 720 2287
V6-7967  87-10=3 116 2365 703 4 —--- 15 5 1] 765 23k2
VA-5385 DR LB1L 875 2640 91 4 ——- 55 25 -—-- s 880 - %632
0C-172 EX NP, M 179 2221 671 10 ---= 59 9 30 108 132 an
EX 0079 -1 755 2139 673 20 --- Lo 3 19 82 7125 a92
EX 6080  CC-2 187 2263 12 5 --e- k2 8 1 66 5 2338
2X 6081  CC-Special g4 2450 712 15 e b2 18 5 & 828 2439
VE-10751W I C-3pecial 345 2632 190 5 —— 35 15 —— 55 85k 2614
EX 0082 CR-2 920 2130 837 4 -——- 50 29 -—— g3 947 2174
RX o083  (R-3 936 3003 922 2 —- 51 s -—- ™ 1042 3029
vC-96 EX  Albanite 151 2039 611 P 10 71 15 26 146 130 2028
¥5-50 EX  Aldanite 731 2161 674 L 2 08 9 4 107 670 2092
U3-11025 Albaaite 796 2257 708 4 ———- 55 g 21 8s — .
W11kl pesetE L 182 az 690 6 - & 4 21 92 — —--
UG=11484 ;ip-:ﬁ;;;m 195 218 »'095 10 - 59 b 44 100 — .-
U8-11435 &:323 v B13 2234 710 10 e 66 3 22 101 — —---
UG-11436 g;:ﬁ::: w57 2158 685 10 - 70 3 39 122 — —--
vo-114:7  Tlasiless N 215 672 10 ~--= 59 0 30 9 -

* Calcala‘ed from tnermcciemical tables in the moathly report,

of Technology.

"Iavestigations of Doudle Bage Powder,® by Dr. Linus Pauling, California Institute



TABLE 111

Products of Bxplosion

Residue Analyees

P'__"—_"!,D"(—E‘T"TT"I“ easuresests S.T.F, rmanent Gas Corrosition in Percect
erm. Yol. E cond, otal Yol. Pornenes = — FH, HCO,

Sample Type e cc/ gn. co/gm. ce/ gm. co, CO H; CH, ¥, o/
N/C 12.604 ¥ 0.08 147 163 910 2.4 W1,6 22.7 0.2 1k o em— —-
¥/C 13.13% ¥ 0.08 126 166 892 25.2 M.1 18, 0.1 15. e —- ———-
¥/ C 13.454 § 0.08 N3 169 882 28.3 36.3 19.3 0.2 ;3.7 — o= ---
Tetryl 0.08 900 39 939 6.0 53.8 15,1 0.9 R — — —
V6-1064E  Pyre * 0.08 839 13 952 12.0 9.6 26.6 0.6 12.¢ 0.2 o— 0.0016
VG-1C397  85+10=5 0.07 875 93 968 12.7 50.1 25.1 0.2 11.9 -——  trace 0.0194
¥6-7967 87-10=3 0.07 L 151 931 382 11.2 &.s 23.6 0.2 13.2 ——. — 0.0076
VA-5386 IMR 481N 0.08 813 124 937 17.2 £ 22.8 0.2 13.7 -=—  trace trace
0c-172-2x  B/P/N 0.07 187 129 916 6.8 33.9 25.8 0.5 32,9 — 0.8 0.0433
RDX COLPCSITIONS
EX 6079 ce-18 0.07 966 90 1056 47,0 29.1 0.8  20.0 trace e—— 0.0274
EX 6080 ce-2 0.07 987 9 1083 6 5.0 30.3 C.2 19.9 trace ---- 0.0155
EX 6081 CC-special 0.07 953 9% 1048 8.0 k1,9 27.7 0.6 21.8 trace trace 0.0027
VE-10751-¥ CC-epecicl 0.07 926 80 1006 8.0 W6,U 22.5 0.2 19.6 —— e ———-
EX 6082 CR=2 0.07 872 112 agh 12.8 W,k 2bhg 0.2 20.7 ———— trace  -----
EX 6083 CR-3 0.07 854 115 969 12,8 39.5 23.1 0.1 2L.9 —— trace  —---
NITROGUANIDINE « DINA COMPOSITICES
VC-G6-EX  Albenite 0.07 196 18 954 3.3 31,0 26.8 1.2 32.1 — 5.6 0.0373
VC-66-EX  Albariie 0.07 811 154 965 R N.6 27.¢c 0.2 33,9 — 0.8 0.0372
Us-11625 Altanite 0.07 799 124 923 E.s Wb 27,8 0.2 3.8 ——e - 0.0313
UG-11481 B;:"a_i;;;m c.o7 796 139 935 0  31.2 30.¢c 0.} 33.k ——ee e 0.0313
UG-11484 h 0.07 807 134 94} M6 36,8 26.5 0.5 3.6 -—-- -—- 0.0396
UG-11485 . c.07 760 150 930 a.h 37.9 23.6 0.5 32.6 —- —_— 0.0322
UG-11L86 . 0.07 8c2 158 960 1  35.4 26,6 0.5 33,4 -—— —— 0.0570
UG-11L87 ' 0.07 m 134 £)9 3.8 37.1 4.2 0.5 55.3 -——- —— 0.0L13

®* Contaipns a trece of armoniur hydroxide in tke condensed water,
¢¢ D equals loading dersity.
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