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This revisien of thermochemical additive constants and
- equations for celculating them was performed under Bureau of
Ordnence Task Assignment NPF-B2d-02-15-54, It is part of a
program to keep methcds of calculaiing thermochemicel prop-~
erties of propellants up to date. Values of constants are
published witlh the reservation that they may be modified by

future work a1d new cata in the literature. The data are as

of 1 April 19:5.
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Head, Chemical
Physics Tivision
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ABSTRACT

The equafions for the calculation of the thermochemical
additive constants of propellant ingredients, originally pre-
sented by Hiruchfelder and Sherman in 1942, are revised to
accommodate tle later thermochemical data of combustion prod-
ucts and ingredients, The new constants, which are for the
terns energy ieleased (E), mean heat capacity (Cy), and
number of moles of gas (n), were calculated and are tabulated
for a number of th: most used ingredients. Separate unique
consideration is glven for potassium sulfate and for basic
lead carbonate, resulting in larger diff:erences in constants
than are obta.ned for the generalized trecatment of organic

ingredients.
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REVISION OF ADDITIVE CONSTANTS FOR THE SIMPL: CALCULATION
OF THERMOCHEMICAL PROPERTIES FOR USE IN BALLISTICS

In 1942 Hirschfelder and Sherman(l) presented a
method for the simplified calculation of thermochemical yrop-
erties for propellants by means of additive constants. Since
then there have been a number of changes in the values of the
thermochemical data used for these calculations. It is the
purpose of this report to tabulate the newer data, to revise
the equations for the additive constants on the basis of these
data, and to calculate new constants for some of the most used
ingredients, The revisions have been made following the pro-

cedures glven by Hirschfelder and Sherman,(l)

DATA

Experimeatel daila were obtained from as many sources &as
were availabl: to the authors., Reasonable estimates wvere
made when no iata coula be found. Changes from previous data
involved the 2nergy of formction at 0° B of cerbon monoxide
and carbon disxide, the heat capacity of graphite and water(g),
and correctiol of molar properties to conform with the latest
international atomic weight for carbon, i.e., 12.0110(15)
Values for th: heat capacities of hydrogen, nitrogen, carbon

dioxlide, and carbon monoxide had also changed slichtly. The
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data used for the calculation of the equations for the con-
stants are given in Table I, The thermochemical and molecular
data for ingredients are given in Table II. The atomic com-
position data for ingredients are given in Table III.

REVISED EQUATIONS

The revised equations for the calculatlion of the addi-
tive constants Ey and Cvi are as fullows:

C\; =] nﬂ:}Ci Y 3.26“.’\1 % SGI)&Oi %3 38'2.1\;

For ¥; an altcrnative equation may be used

E; = L.C - 133018C; - 40019%; « 520730, - 6721N,

The equation :or ny remains the same, i.e.,

o =G+ Vel « 1/2N;
B4, Cyys and ny are the additive constanis for energy re-
leased, mean heal capacity, and number of moles of gas for
ingredient i, respectively, Cy, Hy, O1, and Nj are the nun-
ber of gram-a.oms of the elesents per gram of ingredient i.
E(1); is the negative of the energy of formation at 15° C
(288.16° K) o:" the ingredient in cal/gram i.e., éEf§1§° C)
where 8E is the molar quantity and M is the molecula: weight,
H. C. is the heal of combustion of the inmredient in calories
per gram at 15° ¢ for liquid-water product and constant voli=-

une, These equations are orly changed in the values of the
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mumer ical coe:ficients and have been arrived at by aitherencs

to the methods and procedures of Hirschfelder and Sherman,(l)

CALCULATED ADDITIVE CONSTANTS FOR SELECTYD
PROPELLAXNT INGRUDIENTS

The additive constants Ej, Cvi, and ny have been calcu~
lated from the above equations fer a number of the most common
propellant ingredients and are given in Table IV, Kumerous
changes in encrgy of formation of ingredients including the
nitrocelluloses were noted, For the inorganic salts, basic
lead carbonate and potassium sulfate, the calculatlons had to
be made by considering the effects of these ingredients to be
unique. The calculations of the constants for these salts

are given in /ppendix A,

USE OF ADDITIVE CONSTANTS

The adiabatic flame temperature and imopztus of a propel-
lant are calculated by means of equatlons given by Hirschfelder

and :hermana(") These equations are:

T, 2500 0 Lt

%xhC,, 3

and

f= ?xﬂn ‘,‘RT L

1 A

i BT
ot A Al iAW 3 AR 3




CONFIDENTIAL

Table IV

MR 104

TEERMOCHE{ICAL ADDITIVE CONSTAI'TS FCR PROPELIANT INGREDIENTS

Compound Ey Cvy by
Butyl stearate ~3726, 5675 | 12919
Dibutyl phthalate -2691, 4336 09700
Dioctyl phthalate =3101, L4796 11010
Diphenylamine -3007. 23600 .10636
Ethyl alcohol -2772. 6121 .10853
Ethyl centralite -2882, ~4013 10434
Nitrocellulosed 11,002 X ~30.4 .3528 ,04387
i 11.50% XN kl.5 | 3496 04278
b 12.00% N 113.2 o364 0149
b 12,20% N 141.9 03451 04125
" 12.60% N 199.1 3426 ,04038
. 12.80% N 228,2 3413 03994
. 13.00% N 256,8 3401 .03951
" 13.15% X 278.4 »3391 .03918
J 15.254 % 292,0 3385 .03896
" 12.50% X 327.1 23369 03842
3 14,1840 1 b21,2 03328 »03702
2-Nitrodiphenylanine ~1949, 03317 .08402
Nitroglycerin 951.5 3388 »03032
Nitroguanidine -57.4 .3690 20U80L
Petrolatum -14113, ,6128 014510
RDX 639.0 .3391 0052
Water(11q) -1552.2 | L6403 | .05551
Basic lead carlonate ~199.7 -0910 -00387
Potassium sulfute ~1226,5 | ,2708 | -,00574/

M Imemadiece values for othe poicentege ritregen nivovcsllulosee may be obtained by

kinewr ingespolaiion.

%/Note thas tha negat va is intontlonsl. Seve Appendix A for decivesion.

CONRFIDENTIAL
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where T, is the adiabatic flame temperature in °K, xq is the
weight fraction of the ith ingredient in the propellant, f is
the impetus in ft-1b/1b when R the gas constant is 2781.7 ft-
1b~gram/deg-1b-mole, and EklEi, Ekicvi. and Ekinl are the sums
of the product of the weight fraction and the additive constants
for all ingredients of the propellant, In connection with the
calculation of these ballistic properties it is necessary to
know the composition of the propellant including that of the
volatiles, Usially the volatiles are determined as a total,
and one must estimate what they are composed of and in what
veight ratio, Knowledge of the type of rowder and its manu-
facture may give one a basis for the estiumation. The con~
ventions used by the authors, based on experiencse with ether-

alcohol solvenf~extruded propellants, are given in Appendix B,

CONFIRDENTIAL 11
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APPENDIX A
CALCULATIOY OF TH® ADDITIVS CONSTANTS FOR BASIC LEAD
CARBONATE AI'D POTASSIUM SULFATIE

Pasic lead Carbonate, 2PbCO3°Pb(OH)2

Basic lead carbonate was considered to contribute to the
water-gas equilibrium and to contribute liguid metallic lead
in the form of fine droplets., ZExamination of the critical tem-
perature and pressure of lead indicated that the most probable
state under gun conditions was the liquid., Thus the calcula=-
tions of Ej ani Cvi had to allow for the production and pres—
ence of lead,

Calculation of Ey:

5, = E{1) ¢ E(2) + E(3) - E(4)
accordiag to leschfélder and Sherman,(l) In this case the
presence of lead affects only the values of %(2) and E{(4), E(1)
was estimated to be 557.5 cal/gram from the data for teat of
reaction giver in reference (1&),

E(2) 1s the energy envolved when the elements present are
cooled from 288,16° to 0° K, The contribution of the lead in
this compound to 2(2) was estimated to be $.49 cal/gran,

E(4) is the energy necessary to heal t{he product gases
(and/or finely divided liquids and solids) from 0° to 2500° K.
The contribution of lead in this compound to E(4) was estimated

to be 68.2 cal/gram, and the contribution to E(2) = E(4) was
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«62,7 cal/gran for the lead in this compournd, This figure was
then added to the value of Ej obtained for this compound on th2
basis of the regular B4 equation. Thus:

E, - -E(1} - 38966C, - 6252, » 520730, - 62.7 » < 199.7 cel/gram.
Calculation of cvii

The assumption was made that the finz droplets of liquid
lead were in tlermal equilibrium with the gas and therefore 2

term for lead lad to be added to the Cvy z¢uation, Thus:

Cy: = 18030 » 3.264H; ¢ 5.0080; « 6.10 Py
= 09102 cal/degren:gmm

Calculation of ny:

The flne troplets of lead were not considered to contri=
bute to the nuiber of moles of gas per gram, Thus:
g, v G« /24,
= 003867 molee/ pram
The data used ‘n the above calculations are listed in the

various tebles of ilis report.

Potassium Sulfate, K550

Tne constants were previously estimated by iirschfelder
and gherﬂan( 2) on the assumption that, in guns, potassium sul-
fate vaperizes as potaossium gulfate molecules, It was felt
that tnis treaiment was nol & realistic oue when reducing gases
were present, A quelitative study was nade of the products of

explosion of a powde- containing %% potassium sulfate, Thio

P f ‘5
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powder was fired in & calorimetric bomb, and the gases were
found to contain a considerable quantity of hydrogen sulfide,
The residue left in the bomb was dissolved in water and tested
Zor the presence of sulfate ion, This test showed a negligible
amount of sulfate present., From tnls experiment 1t was fel!
that a nore accurate estimate of tne reaction of potassium

sulfate in & prcpellant was:

K350y 4pgy * Magy ™7 HsStg) + 20H(p; + 2H,0(g)
The hydrogen wculd be furnished bty the water-zas equilibrium,
which would ad ust itself to the required condition. The cal-
culdilons were made on the basis of the above assumptions with
the additional products taken into consideration.

Calcuiation of Ej:

E(1), the negative of the energy of formation per gran,
was celculated in a straight-forward mannsr from the heat of
formetion and vas found to be 1959.6 cal/gren.

E{2), the energy to lower the teuperature of the elements
frow 288,16°to 0° K, wes calculated from the usual type eque-
tion.

K{2) ~1630K ¢ 12018, ¢ 7130,
2 425 cal/ gram,
E(3} is tle energy of formatlon of the combustion products,
Equations for %(2) were obtained for the two extreme cases:

(a) no carvon dioxide formz2d and (b) no water formed. These
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cases followed the method of Eirschfelder and Sherma.n(l) but
included the K,50) + 4Hp reaction. This inclusion wes made by
considering the reaction to be:

CHON < K,S0, = H,0 ¢ H, + CO, ¢ CO < H,5 + KOUf ¢ Ny,
Then the equations relating the number of moles of products to

cne gram-atoms of elements of the reactants were as follows:

ncogs.,ﬂi:f/ﬂ[s’ro-clénuu
2CO “‘.£=001/2H 45 nH’

nugo Lt I/ZH - B nH2

A
oK U
ap,s =S

ﬂH:. - nHz

where the n's are in moles per gram and the C, H, 0, N, K,

and S are in gram-atoms per gram of the elements in the povder,

Thus for the two cases:

(¢} when ngg 0
By, =+ 1/2H-0 - 48
nco =C
nH,O 20 .C+ 25

(1) when my_ = O
“Hs& « 1/2H - 28
ncg =0-C~ 2
“CO‘ =2C-0-925
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The other conccntration expressions remained the same in both
cases, The valiues for the separate cases were each substi-

tuted into the T(3) expression;
E(3) « (“S)HQO v (118)(;01p + (n8)cq ¢ (n@)ﬂzs + (a8 oy

vhere & is the energy of formation at 0° K of the various
product coapounds as given in Table I and Table V. Thus two
expressions were obtained, E(3)2 and E(3)h in terms of con-

stants and gran-ators per grem of elements,

Table V
THERMOCHEMICAL DATA FOR SRIECTED SUESTANCES

C. e

T v, Cal/deg-mole AE, Kecal/mole |
0° -288,16° K| 200C°-3000° | Fornation 0° K} 0°~250(°K

K(crys) | 5.657 - 0 —

b ;

S(rh) 4, 4800/ - 0 _
st(g) - },IJ'QZ}C'/ 4 ,1235/ 21 0825-12/
KOH et 18.0%/ 102,376/ 49 . 4408/

% Reference {13)
by Refesence (5)

&/ Avthors egtimate
E(4) 1s the energy to heat all the products from 0° to
25300° X. E(4) equations were obtained for the two cases in a

manner quite similar to that for E(3) from the equation:

B4 = (na)y ¢ « (maly, ¢ (ralcp « inaleq © (naky g + (aadg oy * (nady,
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shere the afs s«re the energy to heat the respective products
from 0° to 2500¢ K., Thue B{#)% end R(&)" exuressions were cb-
tained,

According to Hirschfelder and Sherman(l):
E(3) = 0.778(3}* « 0 23E(3;"

and
E(4) = 0 77E/4)° » 0. 236}’

and thus

E(2) - g} = 0.770E(3)° - K(4)"} « 0.23543:" - E(8)")
4 expression wes derived from this for B(3) - B(4) in terms of
constants and the grom-atoms per gram of clements, A similer
B(3) -~ B(4) ex ression was obtained Tor the CHON system alone,
and this expression was subtracted from that for the CHON pius
potassium sulfete to give -1 expression for the potassium suvl--

fate slone, Tins thz expression:
(B3)- o - Ty o + {5 o 2Py Wdeg, -
2o ¢ Sy s+ Ki%on
was obteined. vher: ¢ - AEroy  APgs00° 0° K
for the various products, OSubstituting the numerical values
wmre:
E(3) - E{4)), = 1203485,

= 630.6 cal/grom

combining BY) + B9 - K3} - B{4) gave:
K oo 1'226(.5 cal/ grevo
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Calculation of Cvy:

An expression for Cvi was obtaineda from

C, =(aC)y g *®C,)y, * (6T )co, +(uC.)co ¢ (#C.)y s + (aC.)kon * (C\)N,

together with the same concentration expressions and the two
extreme cases: (2) no carbon dioxide anéd (b) no water., Ex-
pressions were obtainza Ior Cva and Cvp for both the CHONKS
and CHON systens and the difference was ovtained, Both Cy2
and va vere given equal welgit 1n ootaining the final ex-
pression, i.2.,

] s k
c“ﬁ =1/2[C "« C "1

The resuliant equation was:
C, =47.19%,
b

A4
= 0.27079 cal/dsg-gram
Calculation of nj:

On the basis of the reaction that was assumed betlveen
potagsium sulfate ard hydrogen, it was seen that the net ef--
fect was the consumption of 1 mole of gas rather than ¥
furnishing of gas. Thus the value of ngy had to bs negative,
and

B =S,

= =,005738 wolyy/ grem

o 90, ) FEeR 1 e, g g
; 4 454t
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APPENDIX B
CONVENTICNS USED AT NPF FOR THE ESTIMATION OF THE COMPOSITION

OF TOTAL VOIATILES IN CONVENTIONAL GUN PROPELLANTS
USING ETHER-ALCCHOL SOLVENT

Low Total Volatiles

When totel volatiles are 0.75 or less, the volatiles are
considersd to be only water. This convention covers most

nitroguanidine and most RDX powders that are solvent extruded.

High Total Volatiles

When the propellant has a high total-volatile content,
the volatiles are considered to consist of 0.7% water, and the
renainder is considered to be ethyl alcohol. This convention

covers single- and double~base solvent—exiruded powders,

R J ey gy Ay THAT
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