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ABSTRACT

EFFECT OF CHEMICAL STRUCTURE ON
ROCXET FUEL IMPULSE

b
8. T. DE&ETRIADES
Submitted for the degree of Master of Science in the
Department of Chemical Engineering on
August 24, 1951

This thesls offers proof that the specific impulse
of an adiabatic rocket motor fitted with an isentroplc
nozzle is s function only of the number and type of bondse
entering the combustlon chamber when the motor operates
between two fixed pressures Py and P,.

This function is postulated to be:

o
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where 1 = J, k, 1, * ° * u = Dbond types
Ue
-~=- = gpecific impulse
Ee

J = mechanical equivalent of heat
gc = unit conversion factor
ny = number of bonds of type 1
ensrgy contribution of bond type i‘to total

enthalpy change between combustion chamber and
nozzle exit

o
-
i

L]

Wy mass contribution of bond type 1 to total mass

g = summation sign over all i's.
This postulated function 1s shown to fit the facts
for various mixtures of fuel and oxidant.

The maznitudes of ej and wy for various bonds of -
interest are calculated at stoichiometric mixtures of fuel
and oxlidant. The relative magnitudes of ~S§~ describe the

relative effect of cnemical bordson specific impulse and
the optimum structure for a propellant is that which con-
tains the maximum possible values of ~%1-
The Appendix contains an extension of Hottel,
Williams and Satterfield's generalized Thermodynamic Charts
from 3200°K to 40009K, These charts are good for the sys-
tem C-H-O and stoichiometric, and fuel-rich mixtures only.

Small amounts of nitrogen (-0- < .25) do not introduce
appreciable errors.
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I. INTRODUCTION

Generalized thermodynamlce ch&rts have been prepared,
(;), which greatly reduce the time and effort required to
obtain an evaluation of the theoretical performance of high
output combustion systems, such as rockets, operating on
mixtures of carbon, hydrogen, oxygen and nitrogen.

it is relatively easy to predict from the above
charts, with falr accuracy, the performance of a specific
fuel-oxldant mixture. However, there is no way of deter-
mining directly, without repeated trials, which i1g the
apprropriate way of comblning a given number of atoms of
carbon, hydrogen, oxygen and nitrogen in order to achieve
optimum rocket performance.

‘The object of this paper is to present a method
for pfedicting the-effect of chemical structure on rocket
fuel theoretical impulse. The method may be used to pre-
dict how a change in chemical structure affects the theo-
retlcal specific impulse of a given atomle composition

which involves the above four elements.

iy
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T, LITERATURE SURVEY

The theoretical performance of various chemical
propellant systems has been calculated by a number of in-
vestigators, A comprehensivg survey of thle fleld appearé
in (17) and (18). However, the contents of the investi-
gations cited in (17) and (18) are classified and therefore
unavailable to this author, |

‘ There 1s no unclasslfied literature on a generalized
method for predicting the effect of chemical structure on

specific impulse. The existence of such a method in classi-

fied literature does not appear probable.



TIT. Proof That Specific Impulse Is a Unique Function of the
Chemical Bondg of the Reactants

The speed of the exhaust of a rocket 18 obtalned

from the adlabatlc flow energy balance without external work

_or potential energy changes.

I A2
-.A.g.. sY ..9.@-‘3...)... (1)
W AZgOJ

where H = true total enthalpy, chemical plus sensible, of
mixture |
W = mass of reactants taken as a basis in calculat-
| ing AH
u = gpeed of W with respect to the rocket
€c = unit conversion factor
J = mechanical equivalent of heat
Since the speed of the entering fuel and oxldant 1s
negligible in comparison wlth the exhaust speed, we may
write:
AH g

_W chJ
where u, = speed of exhaust gases with respect to the

rocket

u
Then the specifie impulse, --9-, is
Ee¢

$ .
Ug - 2d AH
e SR | - (3)
)[7 8¢ W ?




The units of specific impulse are:

2
Lo Pl o Pl o LB (1)
e ML M M
e
where F = force or welight

M = mass

L = length

8 = time
Therefore, specific impulee ls a measure of the force or
thrust delivered per unit mass fired per unit time. Obvi-
ously, the highest possgible specifie impulse for any glven
system 1s the goal of the rocket engineer.

Since the quantity -§g~ ls constant under azz cir-
cumstances, specifle impulse varles directly as q -1;- and
reaches 1ts maximum ag -%?; reaches lts maximum.

For a fuel and oxidant mixture of glven atomlec com-
position, W 1s constant and therefore specific impulse be-
comes meximum as AH becomes maximumn.

AH 1s, ideally speaking, the total enthalpy change
of the gaseous mlxture of combustlion products between the
combustion chamber and the nozzle exit. Enthalpy is a point
property or point function, (&, 2, 13), i.e. it is dependent
only on the initial and flnal conditions of the system and
ls independent of the path followed in producing the changes
that differentiate between the initial and the final state

of the system. In the case of the rocket motor the system



1s the mass of reactants W, Therefore, the total enthalpy

change OH whlch W undergoes is dependent only on the condi-
tions of the initial state (in the combustion chamber) and

the final state {at the nozzle exii area). Uniform condi-

tions are assumed throughout the combustion chamber and on

all of the exit area.

The intensive reference variagbles of which H is a
function are temperature (T), pressure (P), and composition.
Therefore, AH depends only on the composition, pressure and
temperature in the combustion chamber and at the exit of the
nozzle,

Let the pressure in the combustion chamber asnd the
pressure at the exit of the nozzle be fixed at any two val-
ues Po and PB’ respectively. Then the total enthalpy at
these two locations 1s a funetion of temperature and com-
position only. However, for the kind of process defined
above, the total enthalpy (over some convenient basis) in
the combustion chamber 1s equal to the total enthalpy enter-
ing the combustion chamber (over the same basis).

Thus, if the variables are designated by the sub-
gcripts 1, 2, and 3 for the entrance to the combustion cham-
ber, the combustion chamber and the nozzle exit in that or-

der, we have:

Hp = r9(15,C5) ‘ (53

Hy = 1£,(15,C5) | (6)

leﬂg



where T = the temperature variable.
C = the composition variable.
The pressure at the entrance to the combustion cham-
ber is assumed to be equal to that in the combustlon chamber.
The composition C is a function of the temperature
and the atomiec composition A at any point. Thus, when we
';onsider a mass W whose atomic composition does not vary be-

tween the entrance to the chamber and the exit, we may write:

Hy = fu(T3,A) (9)
H) = H, (7]

The chemical enthalpy entering the combustion cham-
ber 1s known to_be,(lﬁh a unique function of the number and
type, Nl’ of chemical structural bonds which unite the atoms
that comprise the molecules of the reactants at the entrance
to the combustion chamber. Heat capaclties are also known
to be unique functions of the structural characteristicg of
the molecules,(ig), i.e., the number and type of bonds Nj.
If, therefore, the same‘convenient temperature basls ie
picked at the entrance to the combustion chamber for all
the types of reactants considered, the total enthalpy enter-
ing the combustlon chamber is a unique function of the num=-

ber and type of bonds Nl. Then:

Hl = 'fs(Nl) (10)

a0y



The atomic composition A at any point in the combue-
tion chamber and the nozzle is completely and unicuely de—
geribed by the number and type of bonds Nl’ l.e., for every
Nl we have one and only one A. Therefore:

A = 1g(N) (11)
Note, however, that A doee¢ not uniquely define Ny, 1l.e., Ny
1s not a unicue function of A since we may have different
N,'s for the same A,

Thue the total enthalpy in the combustion chamber.
also,Hz, le a unicque function of the number and type of

bonds Nl at theientrance, or

H = fS(Nl) = H, (12)
Since A 1s a unlaque function of Ny,
By = £,(T5,N;) (13)

and T,, the temperature in the combustlon chamber, ieg a

unique function of Nl, or

T, = f£3(N) (14)

If we assume that the expansion from the combustion
chamber to the exit of the nozzle 1g reversgible and adiabat-
le, there 1s no change in entropy between the combustion
chamber and the nozzle exit. Therefore:

S2 = 34 (15)

The entropy in the combustion chamber, 5,, at a
fixed pressure Pz, 1s a unique function of the temperature,

T,, at that location and the atomic composition. But the

o



temperature in the chamber lg a unicue funetion of Ny, the
number and types of bonds at the entrance. Therefore, 32
1s a unique function of the number and type of bonds at the

entrance, or

8, = fg(T,,A) = f4(N;) = 35, (16)

d

The entropy at the nozzle exit, 83’ at a fixed pres=-
‘sure PB’ is a unlque function of the temperature at that lo-
cation, T,, and the atomlc compogition only,;or.

53 = rll(TB,A). ‘ (17)

And since S, and A are uniaue functions of Hl, T3 1s a unlque
o

function of Nl, or

The enthalpy at the exit of the nozzle, H3, is a

unique functlion of T3 and A. Therefore:

And since AH = H, - HB = f5(N1) - f13(nl)
H = £, (N) . (20)

AH, the change in total enthalpy between the combus-
" tion chamber and the nozzle exit, is proven to be (for an
adlgbatic reversible expansion from a fixed pressure P2 to
a flxed pressure PB) a unique fuﬂction of the type and num-

ber of chemlcal bonds which enter the combustion chamber 1in



a mags W, 1l.e,, for'every‘number and type of bonds Nl at
the entrance, we have one and only one AH, Even though Nl
1s a function of AH, 1t 1s not a unique function of the |
total enthalpy change. The same AH may result from a vari-
ety of combinations of bond types.

The mass taken ae a basls, W, is a unique function
- of the atomie compogition A and therefore a unique funetion
of the number and type of chemical bonds at the entrance,
N,, or

W = r15(x1). | (21)

Then specific impulse is a unique function of the

number and type of bonds at the entrance to the combustion

chamber, Nl, or

Ug 2J

ol ol STALRE fzz)

This result 1s generally applicable and limited
only by the character of thas function flS(Nl).

To summarize, for any W with PZ and P3 fixed,

But C = g(4a),
therefore H, = r3(Té,A),



Hy = f“(TB,A),
therefore H, = fS(Nl) = fB(TE,A).
But A = f (N;), unique; N, = h{A), non-unigue,

therefore fﬁ(Nl) = f3(T2»f6(N1)3 = f7(T2'N1)'
or T2 = f8 (N}.)'
Also Sz = 83,

and

03]
3V}
!

f9(Ty,A) = f5(N;) = 8,

but S5 = £17(T5,A) = £15(04,1,(N)) = r£19(N;),
therefore T, = £1,(N7).

Then H, = fb(TB'A) = flj(Nl)’
therefore 4H = H, - H3 = £y (Ny),

and W = fl5(N1),

. sy r———ﬂ
u ! PR
therefore ......g.- = i ; -.gg.. . —égm = V n«z..g.- . f16 (Nl ) .
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IV, Postulation of the Character of the Functlon f,.(N;)

and Discussion

Although proof has been offered above that specific
impulse is a funetion, under the above-stated conditlons,
of the chemiecal structure of the reactants entering the com-
bustion chamber, no evidenece has been offered as to the

character of this function.

The ratio fy¢(Ny) S e A 1 =%.-§§- . =S
- f15(Ny) 2d e

has the dimensions of%—E;E— where F = force dimension, L
= Jength dimension, M = mass dimension. The variable N,
1s dimensionless., Therefore, sgince for a given mass basls
the dimensions of AH = f,,(N;) are those of energy and
the dimensions of W = f15(N1) are thoge of mass, the
function flh must have the dlmensions of energy, l.e., FL,
and the funection f15 must have the dimensions of mass,
l.,e., M.

Since each type 1 of bond contributes a certain
amount oI energy ey speclfic to the bond to the total en-
thalpy Hl’ (14), and since the amount of energy contributed
1s a unique function of the bond type variable and further-
more since that energy 1s proportional to the number of

bonds of that type, it arpears expedient to postulate that,

under the conditions stated above, AH is thzs sum of the

products of the number ny of each type of bonds times the
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corresvonding energy contributlons of each bond to AH,
Thus it 18 vostulated that:

AH = %nlei (23)

where 1 = }, k, 1, * * * u, = types of bonds.
ng = _the number of bonds of type i, dimensionless.
ey = the energy contribution of each bond of the
type 1 with dimensions FL. |

:E? = gummation over all the types of bonds present.

For any reactant mixture, the only unknowns in the
above general expression for AH are the el's. These can be
easlly derived from the generallized thermodynamle charts,

(1), in the following manner:

Using the same notatlion as in the generalized charts -

= A r - = -
AH H (Hf,zlm0 Hf’o) H, - Hy (24)
- H H. - H
since AH® = ~——§g~~»~€&9~»—— SO M S
He 2400 - Hr,0 He 2400 - Hr,0

For any reactant mixture, 4H can be calculated froﬁ
the chartse. Then, if that mixture contains more than one
type of bonds, the 4H of a sufficient number of other mix-
tures containing the same type of bonds (and possibly other
types) 18 csleculated so that the final number of miitureﬂ
chosen 1s ecual to the total number of types of bonde pre-

gsent in all mixtures. Thueg, given x types of bonds J, k, 1,

* * * u pregent each nj, n,, nl, MR times, x mixtures



are chosen which taken all together contain among themselves
the types of bonds Jj, k, 1, * * * u. The corresponding AH's
are then calculated and the resulting system of x simultane-
ousAlinear equations

48,

]
o
=
e
®
[

AH, = :§;n1e1 (25)

A, = :%fniei; 1 = 3, %k, 1, ¢ ¢« u

is solved for €y, €, €1 ° ¢ * ey - Then these ey's are
the energy contributions to the change in total enthalpy of
the bonds of type J, X, 1, * * * u in that order.

Note that even though these energy contributlions
are unique functions of the type of bond (i.e., there is
one and only one e for a given bond) when P, and P4 are
fixed, the type of bond 1s not a unique function of the
energy contributions (i.e., for a given e there exist many
different bonds). It is perfeetly legitimate to have two
different kinds of bonds of the same energy contributlon.
In that case AH may be e@ual for two systems of different
structure and therefore, 1n some cases, of different com-
position. This in no way Jjeoparadizés the proof leading to

(20) or the derivation of the bond contributions e since

- the resulting system (25) is still algebraically consistent

and may yleld, at worst, the same e's for two different kinds

of bonds,



Summarizing: AH 1s a unique function, with dimen-
gions FL, of Ny. Ny is a non-unique function of the ey's.
Therefore, ey is a non-uniaue function of AH (fThere may be
differsnt eg's for a given AH, which 1is eoulvalent to say-
inz that 4H may be the same for different ey's) and 4H is
a unique function of the ey's which is postulated to be
AH = Z nyey.

iOther eriteria for postulating this form of the
function flu are:
1) Ease of prediction of ey's.
2) Accuracy of predicted ey's.
3) General applicability of predicted eyls.

The ease of predlction of e,'s from the linear ap-
gregate (25) is apparent.

The accuracy of predicted e;'s is dependent on the
degree of elaboratlion exercised in choosing the types of
bonds for which ei's are computed. The greater the number
of types of bonds employed, l.e.,, the greater the degree of
distinction betwesn types, the more difficult it becomes
to uese the bond contribution concept. The degree of dis-
tinetion between bonde, however, is not entirely arbitrary.
The tables of bond eneriies of formation, (14, 15), provide
a basle of cholece since the differences between energies
of formatlon ars, in an indefinlte way, a measure of the
Thus no distinction will be made between the C-H bonds
encountered 1in CHy and thoge found in 02H6. In most caces

no distinetion will be made between the bond connecting two
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atome, say A~B, when one sget of atoms ¢, D, « ¢« » ete. fill
the remaining bonds of atoms A and B, and the same pond con-
necting the same two atome when a different eet of atoms,

R, 8 * * * ete. fill the remaining bonds of atoms A and B,
and the same ey's will be aseigned to each bond.

The accuracy of presdleted ey's is within the accur-
acy inherent to the generallzed thermodynamic charts.' In
this investigatlon the relative rather than the absolute
magnitudes of specifle impulse are consldered. Sinece, there-
fore, it was found that for a serles éf reactants whose
atomic composition does not vary greatly, the error intro-
duced by the charts is relative, in the same direction and
eaual in magnitude for each reactant mixture, and since for
most nitrogen-free stoichiomstric mixtures of fuel and oxi-
dant the atomic comyosition internolation numbers vary only
between 0.75 and 0.%95, 1.e., the range where the charts are
most accurate, there lg ample Jjustification for retaining
at least four significant figures in the evaluation of spe-
cific impulse. In the range of the fuel-oxidant ratios
studled the AH's predicted from the charts are in the range
of 105-106 B.T.U,/1b. mole of fuel and the computed ey's
are in the range of 10” B.T.U./bond type. Thle meang that
at least the flrst two or three figures of the five-figure
bond energy contributiones to AH are significant. With the
basis for calculation of ei'a asgumed on page 22, 1t was
found that all the above statemente are supported by evidence
accumulated by exteneive use of the generallzed thermodynamic

charts. For example, the AH computed from the charts for

IS
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CeHyy + 9.50, 1e 534,580 B.T.U./1b. mole of fuel and the AH
predicted by use of the ej's for the same reactante 1s
534 450 B.T.U./1b. mele of fuel.

With the basis chosen here, (see page 22), there

is a wide appllicability of the ej's. The computed e;y's can

be uged to prediect the exact AH, within the limitations

always of the charts, for sztoichiometric mixtures, and gilve
the relative magnitude of the energy contrlbutlon to AH
at every other fuel-oxldant ratio even when large.quantities
of nitrogen are present (i.e., at stoichiometric air).

Each bond also contributes a certain amount to the
mass W of the reactants taken as a basis, This amount can
be derived in a fashion similar to that used in the deri-

vation of the enerpgy contributions. Thue, given a total

of x types of bonds J, k, * ° ° u, present, each ny, ny,

Ny ¢ * * ny times, x mixtures are chosen which together

contalin the types of bonds J, k, 1 * * * u, The corre-

eponding total W's are calculated and the resulting system
of x simultaneous linear equations

N e =

WZ = Zlniwi

W =>ZH

x N ALE 1 = J, k, 1, * = * u.
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1s solved for wy, Wy, Wy * * * Wy. Then these w's are the
mass contributions to the total mass that is chosen acs a
basis, of the bonds of type J, k, 1, ¢« + - u in that order.

| The ease of prediction of wi‘s from the linear ag-
gregate (26) is apparent. |

The accuracy of predicted wy's is dependent on the

- degree of elaboration exercised in choosing the types of

bonds for which wy's are computed. Welght contributions
are computed for the bonds and groups for which ey's are
calculated. The accuracy of wy's also depends on the ac-
curacy of atomic weight data. In general, the predicted
welght contributions are more accurate than the predicted
ey's since the function (21) is more Justifiable and since
the accuracy of the weilght data 1s greater than that of the
thermodynamic data.

There are no limits on the applicabllity of wy's.

Therefore the quotient ~%§~ is seen to be the ratio
of two sums of bond contributions to the change in total

enthalpy and to the mase basls of the system, or

JAE 0 BBy h My K Myfy ot ot myey

Y . (2a)

A guotient of this nature 1s maximlzed when the in-

e
dividusal quotients S are maximized, since 1n order that

every individual ~;-;§— may become maxlimum every nieiy must
1
become maximum and every nywy must become minimum. Then,

also, the sums ZEniei and ;fniwi become maximum and minlmum

respectively.
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For a fuel and oxlidant mixture of given atomlc com=-
rosition, W ls fixed when the mass basls 1g chogen and there-
fore there 1s no need to compute the individual wy's. Then,
in order to have a maximum impulse the appropriate types of
bonds must be selected which will contribute maximum ey's
per bond and waich willl yield the optimum reactant structure
within the limltations imposed by valence numbers, poseibil-
1ty of exietence of compound, etc.

When a cholce must be made from a wilde variety of
possible atomic compositions, W is not fixed and the bond
contributions to the total mass must e calculated for all
atomlc compositions. All possible quotlents ¥§i5i* = ~§i—
must then be formed and by picking the maximum quotients
the appropriate bonds must be selected whiech wiil yield the
optimum reactant structure within the limitations imposged
by valence numbers, possibility of existence of compound ,
etc.

Thie paper provides tables of the contributions ey.
of varioue types of bonds to the total AH and of the quotients
~§i- for the most lmportant structural bonde and groups.

In both the fixed atomice composition case and the
case where a cholce mugt be made from a variety of possible
atomic compogitions, a gzeneral method'for the selsction of
the obtimum structure-of any atomic composition is intro-
duced so that the work of selectinz the optimum structure be-

Comes systematic and less effort- and time-consuming.

i
LY |
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.EE.‘ Derivation of Bond Contributions go Total Enthalpy

Change and to Total Welght

The bonds of various fuels and oxidants used 1n

rockét propulsion were studied extensively ahd the results
appear below., Attention 1g called to the fact that various
assumptions'were made and dlfferent bages were selected 1n
an attempt to reduce the computational effort where such
assumptiong and bases would not affect the consisteﬁcy of
the fiﬁal results., All assumptiones and cholces of bases
are stated at the proper places in the text.

— i aa—n f— —

A. Stolchiometric liguld oxygen as oxidant

When pure oxygen 18 used as oxidant, 1t was found
that, in-general, an increase of the oxygen beyond the
stolchlometric ratio, makes the specific impulse decrease,
mainly because of the increase in W. A4H increases too, be-
cause oxygen dilution lowers the temperature and suppresses
dissoclation, but the corresponding increase of AH is small.
As the oxygen 1s decreased below the stoichlometric ratio |
and down to a certain critical value, AHlagain increases,
becﬁuse incomplete combustion.lowers the temperature, and
the specific impulse becomes greater since W becomes smaller.

Ae the oxygen is decrsased below the critical point, spe-

cific impulse drope sharply. No study of thie critical point

is made here but 1ts existence is worth noting.

The relative magnltudes of the energy contributions

of the various bonds were not found to be greatly affected

by the change in the amount of oxygen.
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TABLE 1

HEATS OF COMBUSTION'

Hydrogen, Carbon, Carbon Monoxide and Hydrocarbons

Note:
The following values are toaken from the tables of the
American Petroleum Institute Research Project L4, of
the National Bureau of Standards on the Collection,
Calculation and Compilation of data on the Properties
of Hydrocarbons.

Heat of combustion
AHE at 25°C and
constant pressure

to form

H,0(gas) and CO,(gas)

Compound Formula State K cal/mole
Hydrogen Hy gas 57.7979
Carbon C solid gr 94,0518
Carbon Monoxide ofe] gas 67.6361
PARAFFINS
Methane CH, gas 191.759
Ethane CoHg g 341,261
Propane CsHg g 488,527
2Methylpropane C4Hig g 633,744
(Isobutane)
n-Pentane CsHyo g 782,040
2=Methylventane CsHyo g 780,120
(Isopentane)
2,2=Dime thyl propane C 5Hll g 777.370
(Neopentane)
n Hexane CeHil g 928.9130
3-Methylpentane CeHyyy g 927.870
2,2=Dimethylbutane CeHyy g 924,530
2,3-Dimethylbutane CeHyy g 926,400
n-Heptane CoHyg g 1,075.850
2,3~Dimethylpentane CrnHyg g 1,073.120
n~-Octane CgHyg g 1,222,770
n-Nonane CoHog g 1,369,700
n-Decane CioHsn 8 1,516.630

(a)

All other heats of combustion usgd in this text were
taken from (1), (6), (8) anda (20).
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TABLE 1, CONT!D

Compound Formula
MONOOLEFINS
Ethene (ethylene) C2Hy
Propene (propylene) CaHg
1-Butene CaHg
cis=-2-Butene G4H8
trang-2-Butene CoHg
2-Methylpropene C4Hg
(isobutene)
2=-Methyl-l=-Butene CsHip
3=-Methyl-l=Butene CsHip
2=Methyl=-2-Butene Csﬂlo
ACETYLENES
Ethyne (acetylene) CoHp

Propyne(Methylacetylene)CaH,
1-Butyne(ethylacetylene)C Hg

2-Butyne C.He
(dimethylacetylene)
J=Methyl-l=butyne CgHg

ALKYIL BENZEIES

Benzene CegHe
Toluene G7H
Ethylbenzene Ggﬁgo
1,2-Dimethylbenzene CgHip
1,3=Dimethylbenzene CaH1g

1,4-Dimethylbenzene cBHlO
1-Methyl-lb-ethylbenzeneCqHi,

ALCQHOLS
Methyl alcohol CHLO
Ethyl alcohol . C2HgO
n-Propylalcohol CaHgO
isopropylalcohol C3HgO
n=-Butyl alcohol G4H100
- Amyl alcohol CaHT20

Methyl-diethyl corbinolCeHiu0

b:From (6)

(b)

State

QoReg MO IRMN

R MM ENKE

03 09 0] 03 (0Q 0Q 0y

liguid

HEEHRR

Heat of combustion
AHE at 25°C and
congtant pregsure
to form

H,0(gas) and COx(gas)

K cal/mole

316,195
b60, 428
607.679
606,037
60k, 99k
604,056

750,570
752.330
749,080

300,096
Lh2,070
589,302
584,974

734,050

757452
901,50
1048.53
1045, 9k
1045,52
1045,69
1192.47

149,80
296.35
439.80
432,60
586,25
723.70
853.15

oty



The bond 0-~0 connecting the two oxygen atoms in the
oxysen molecules entering the combustion chamber was assumed
to make a contribution of zerb to the change in total en-
thalpy and to the total welght. The e's and w‘s of all other
bonds were computed on this basis,

In order to employ the generalized thermodynamie
charts at their maximum accuracy (see Appendix), stoichio-
metric mlxtures of fuel and oxldant were used in the predic-
tlon of ey's and wi's. However, by employing scattere&
mixtures in the fuél—lean and fuel=-rich regions it wae con-
firmed that even though the magnitudes of the e4's changed,
the relative magnitudes remained substantially the same,

The game was found fto be trﬁe for the weight contributions,
Wy, |

Thus, an incrqase in oxygen always increases and a
decrease in oxygen always decreases all the weight bond con-
tributions. Therefore, if the -sj- quotient for a certain
bond J is the highest of all otheg quotients at the stoichl-
ometric ratio of oxygen to fuel, the same quotient will
- 8till be the highest at all other ratios of oxygen to fuel
since all the wi's will change in the same relative way.

In Table 1 are listed the heats of combustion of
various paraffin and olefin hydrocarbons, aleoholeg, ethers,
aldehydes, ketones, amines, aromatics énd other organic
‘compoundg, which are probable rocket fuele and which provide

among them a great number of important bonds. The heats
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of combustion for the fuels llsted are at 2500 and constant
prescsure and over gaseous H,0 and CO,. The units employed
are B,T.U./1b. mole. The initlal state of the fuels is
gaseous (unless otherwise noted) since methane, the criti-
cal temperature of which 1s -83°C, was used to derive the
important C-H bond and since a change of bgsig for other
fuels would needlegsly complicate all calculationse.

The AH calculated for liquld hydrocarbon fuels 1s
in general less by 1 per cent than that calculated for
gaeenus hydrocarbons. The latest heat of combustion data
were used in all cases, (3, 6, 8, 15).

These heats of combustion are converted to the basis
used in the generalized thermodynamic charts, (1, page 46),
i.e., to heat evolved on cooling given compound from 300°K
to 0°K, plus heat released by burning with O» at 0°K to give
C0,, Hy0 (vapor), Oz and N,. This 1s eculvalent to burning
the compound at 300°K (or 25°C, approximately) to give €0y,
Hy0 (vapor), O, and N,, adding the heat released by cooling
the products to 09K and subtracting the heat necegsary to
heat the stoichlometric oxygen used from O°K to 3009K. Then
the enthalpy of the 1liquid oxygen used ig added and the re-

sult 1s ng

As an example, consider the calculation of Hy for

methane.
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AHc = heat of combustion of CHy, gaseous, at 25°C,
over COp, H,0 (vapor) = 345,166 B.T.U./1b.
mole.

in general, for a gas,

A = ’ - — - x
1,sensible (cp,aV. )2 (tz tbase) (cp,av. )1
() = b, qq) (27)
or, approximately,
2
1,sensible (cp,av;)z(tz ?l) :

then.from Figure 27, reference (1),

cp,a.V. ,009 = ?"&5 B. TDUQ/le mole.
®p,av. ,H,0 = 7.95 B.T.U./1b. mole.

cp,dv.,Oz = 6,94 B,T.U./1b. mole.

therefore,

8Hgangivie = (1 x 7.45 + 2 x 7,95 - 2 x 6.94) 1.8 x

298 = 5,080 B.T.U,/1b. mole.

And since the enthalpy of the liquid oxygen used is
-1818 B.T.U,/1b. mole,

B, = 345,166 + 5,080 - 3,636 = 36,610 B.T.U./1b.

mole.

Since for stoichiometric mixtures of hydrocarbons and

oxygZen the flame temperature ie beyond the range of the gen-
eralized thermodynamic charts in.(l). the charts were extend-

ed to 4000°K. The extensions appear in the Appendix with an



appropriate dlscussicn.

Figures Al, A2, and A3 are the extensions of and
corregrond to Ficures 29, 31, and 732 of reference (1) in
that order. It was not found necescsary to extend Filgure 30
of reference (1l). Use muet ve made of Figure 33 of refer-
ence (1) for the prediction of (a - B).

The composition interpolation number nplots as well
as Fipure 133 of (1) apply to and should be used concurrently
with the corresponding extended chartse in the Appendix.

The interpolation numbers used have only three gig-
nificant fipures the last of which is doubtrful. However,
it was found that a change in the interpolation number by
0,005 in either direction doeg not affect the results as
long as the change 1s in the same direction for all com-—
pounds studied and as long as a change in the composition
of the system in one direction produces a relative change
in the interpolation number. Thus it was found that if the
Figure 29, (1), interpolation number for CyHyg + 6.502 1s
assumed to be 0.894 and that of CgHyp + 80, ie assumed to
be 0.896, the resulting AH's are congistent and they are
the same in the first three significant figures as when the
interpolation numvers are assumed to be 0.899 and 0.901 for
Cyli1p + 6.50, and CsHy, + 805 respectively. Even if there
were a change to the third significant figure of AH, that
chanze would pe kent consictent in a homologoug series of

compounds 1f the internolation numbere were kert consiestent
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and the relative magnitude of the AH's and the ei's would
not change.
It muet be emphaslzed thet the relative magnitudes
of the bond energy contributione are not appreclably affacted

by any of the factors contributing to the errors inherent

to the charts 1f thoge errorsare kept in the same dlrection.

" (1.) Bonds encountered in normal paraffins

In general, the formula for paraffin hydrocarbons 1s
CHHZn + 2. Then the basis correction for the heat of com-
bustion and the llouild oxygen correction and reduction of

the heat of combustion to Hy 1s, in terms of n:

298(1.8)E.MSn + (n + 1)(7.95) - (--35-5--1--)(6.95)1 -
- *Eg}gsg-*t—%l“ = (1500 - 55n) B.T.U./1b. mole

Table 2 provides the bonds found in varilous paraffine

and the corresvonding Hf,zuce» H, and B for stoichlometric

1l
combustion with licguld oxygen. The bonds C-H, 01~Ci, Ci-Gil,
clioc? yere founa surficlent to describe the AH of the nor-
mal paraffins. ol ana ol reprecsent primary and secondary
carbone regpectively.

The derived ey's were used to compute the AH of vari-

ous compounds and the results can be checked with the AH's,

calculated from the charts,in Table 3.



The bond types C-H, Ciwci, 01-011, 011-011, are represented

TABLE 2

by the letters a, by, by, and by respectively. ¢! ana ¢

represent primary and secondary carbonge respectively.

1b3
2b3
3bg
4b3
5bq
6b3

Compound Bond Types
and Numbers
CH), ba
CoHg 6a, 1bjy
C3Hg 8a, 2bs
CyHy 0 10a, 2b,,
CsHyop 12a, 2bp,
CeHyy 1ha, 2bs,
CoH, ¢ 16a, 2b,,
CgHyg  18a, 2by,
CoHog 20a, 2b,,
CloHBz2  22a, 2bp,

He 2100

143,430
242,150
340,870
439,570
538,290
63,010
735,730
834,450
933,170

7b3 1,031,890

H

346,616

615,664

880, 688
1,144,975
1,408,902
1,673,249
1,937,650
2,202,051
2,466,470
2,736,889

HI‘

e

2.4166
2. 5424
2.5836
2.6047
2.6173
2.6267
2.6336
2.6389
2.641731
2.6464

11



Ag an example of the calculation of AH, consider the

case of CHu.

CHy + 20, = (0, + 2H,0, fictitious composition.

H, = 2.4166, Fiz. 29, (1), interpolation no. = 0,840,
read T, = 317°K from Fig. Al
Tl = 3417°K, Fig. 31, (1), interpolation no. = 0.860,

read §% + 8 = 1.1305 from Fig. A2,

From Fig. 33, (1), a - 8 = 0.0175.

Therefore, ST + a = 1,1480.

s’ +a = 1.1480, Fie. 32, (1), interpolation no., = 0,860,
read T, = 2700 from Fig. A3,

T, = 2700, Fig. 30, (1), interpolation no. = 0.850,

read Hg = 1.6020.

Then AHT = 0,8146,

AH = (#8146)(143,430) = 116,840 B,T.U./1b. mole fuel
Then, the contribution of each C-H bond is —1l§4§&9~ 29,210
Bc T- Uo /C“‘H bond-

For CoHg + 3.502, AH = 198,660 B.T.U./1b. mole fuel.

Therefore, the cl.gd energy contribution is 198,660 -
- 6 x 29,210 = 23,400 B.T.U./ct=c! bong.
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Reactants W
CH,+20, 80
CoHg+3.50, 142
CHg+50, 204
OyH,o+6.50, 266
05H12+802 328

CgHyu+9.50, 390
C7H, 6+110, usé
CgHyg+12.50, 514
CoHl,q+140, 576
Cq0H55+15.50, 638

TABLE 3
Fg,29 Fg.31 Fg.33 Fe.32
.840 ,860 ,0175 .860
.870  .890 .0178  .B75
.890 .898 .0195 .890
.89%  ,900 .,0197 .895
.896  .902 ,0199 .900
.898  .904 ,0200 .903
.90  .906 .0202 .905
902 .908 .0203 .907
904  .909 .020k .909
.906  .910 .0205 .910

Cale'q
AH

116,840
198,660
283,800
367,350
450,980
534,480

618,450

701,280
784,890
869,260

29

Prg%'d

450,900
534,450
618,000
701,550
785,100
868,650



Heat of combustion data used for the determination
of H in Table 2 are from (5), page 2Lily,

Table 3 gives the calculated values of AH (in B.T.U./
1b, mole fuel) and W (in 1lbe.) and the predicted values for
AH, The interpclation numbers ueed in calculating AH are
given under the headings Figure 29, Figure 31, Figure 33
(the @ -~ 8 18 listed), Figure 32 and Figure 30, for the
corresponding firures of (1) and the Appendix (see page72).

Table 4 gives the energy (e1) and weight (wy) con-
tributions as well as the -;%~ ratios of the listed bond

tvpes. The bond type code letters are explained in Table 2.

TABLE &4
Bond Type Energ Weilght e
— Contributions Contributions .ﬁi’
a | 29,210 | 20 1460
by 23,400 22 1064
b5 25,060 22 1139

b3 25,130 22 1142



(2.) Bonds encountered in branched paraffins
In general, the formula for branched paraffin hy-
drocarboné is CnHpp + 2. Thelr complete combustion ylelds
n moles CO2 ahd n + 1 moles Hz0. Then the basls correction
for the h=at of combustion, tine 11@uid oxygen correction
and the reduction of the heat of combustion to Hy is, in

terme of n:

Table 5 1lists the bonds found in various branched
paraffins and the corresponding Hf,zhoc: Hl and HX for
stoichiometric combustion with liquid oxygen. The bonds
SR LR E R E PR A e JRE Gt A SN E R At £ R
found gufficlent to predict, in conjunction with the honds
derived from other-hydrocarbons,'tﬁe AH of the branched

paraffins.

Table 6 gives the values of AH (in B.T.U./1b. mole
fuel) as calculated from the charts and W (in 1bs.), and
the predicted values for AH. The interpolation numbers
used in calculating AH ars given under the headings Figure
29, Figure 31, Figure 33 (The a - 8 is listed), Filgure 732
and Figure 30, for the correspoﬁding figures of (1) and

the Appendix (see page?2).
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The bond types
Ciii_ciii

TABLE 5

br and bg in this order.

and

are represented by the letters by, bg, bg,

For other bond type code

letters see previous tables.

Compound Bond Tyvnes and Numbers

ChHyg
Isobutane 10a,

CsHy 2
Isogehtane 12a,

CcHq2
2,25D1methyl
propane  12a,

CeHiny
3~-Methyl
pentane  1lba,

CeHy
2,2 Dimethy

butane 1lbg,
Celiy

2,3 Dimethyl
butane 14a,
C.H.

2,3 Dimethyl
pentane  16a,

1bs,

nbu,

1b,,

2oy,

1by,,

3bg,

1bg

3by,

lb5

2b5

1b?

lbﬁ, 1bg

He 2400
439,570

538,290
538,290
637,010
637,010
637,010

735,730

H
1,142,017

1,405,446

1,400,496

1,665,329

1,668,695

1,932,736

33

Hr

2.5980

2.6109
2.6016
2.62%

2. 6142



Reactants W

CyHyn+6. 50
L7310 2 266

Isobutane

CzHq,+80
5f127CY2 328
Isopentane

C H12+802
5 328
2,2 -Dimethyl
propane

CgHyy+9. 507

390
3-Methyl
pentane

c H b+9-502
671 390
2,2~Dimethyl
butane

G6H1b+9050
% 390
2, 3=Dimethyl
butane

CoH,¢+110.

716 2 452

2,3-Dimethyl
pentane

Fg.29

.894

.896

.896

.898

.898

.898

. 900

TABLE 6

.900 L0197
.902 .0199
;992 . 0199
. 904 . 0200
.90%  .0200
.904  .0200
.906  .0202

Fg.32 Fg.30

.895

. 900

L] 900

. 503

.903

.903

0905

+885

.888

. 388

.891

.891

.891

894

Lu7 ,100

532,990

529,800

531,903

614,260

532,820

614,800
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Table 7 gives the enerzy (e;) and weight (wy)

. e 3
eontributions as well ag the -ﬁ;~ ratios of the listed

bond tyres. The bond type code letters are explalned in

Table 5.
TABLE 7
Bond Tyve Enerzy Welght -ei.
Contrinutions Contributions Wy

by, _ 25,000 , 22 11737
bs 24, 380 22 1108
b 24,140 22 1097
bs 23,480 22 1067

by ' 23,000 22 1045

U



(3.) Bonds encountered in monoolefins

In geheral, the formula for monoolefins is CnHEn'
Their complete combustion ylelde n moles 002 and n moles
H,0. ‘Then the basis correction Tor the heat of combus-
tion, the licuid oxygen correction and the reduction of

' the heat of combustion to Hy is, in terms of n:
r"' .

298(1.8) [ 7.45n + 7.95n ~ -2 (6.94)] -

- 2727n = =50n B.T.U./1lb. mole.

Table 8 lists the bonds found in various monoole-

fins and the corresponding Hf,zuoo’ H1 and H- for stoichio-

L

111

metric combustion with 1llguld oxygen. The bonds Ci = C1

¢l = ¢t 11 = it ¢!l = o' trang, ¢ = ¢

,cis,
and ¢iil = cil were found sufficlient to predict, 1n-con—
Junction wlth the bonds derived from other hydrocarbons,
the AH of the monoolefins.

Table 9 gives the values of AH (in B.T.U./lb. mole
fuel) as calculated from the charts and W (in lbs.), and
the predicted valuss for AH. The interpolation numbers
used in calculating AH are given under the headings Figure
29, Figure 31, Fipure 33 (The @ - B is listed), Fipure 32
and Figure 30, for the corresponding figures of (1) and .

the Appendix (see paze72),
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TABLE 8

The bond tyves €l = o1, ¢l = ¢} it o git,, o1 g1

ol = olt1 o oiil o glit

trans, a ~are represented by the

letters e, €2, ©3, ¢4, c¢5 and cg in this order. TFor

other bond tyre code letters see previoug tables,

Compound Bond Tynes and Numbers He 2n00 H HT
CoHy, Lo, ley 197,440 569,050 2.8821
CoHg 6a, 1bz, le2 296,160 828,620 2.7978
CuHg 8a, 1b,, 1b., le, 394,880 1,093,620 2,769L
1-Butene - - ‘
CyHsg
cis-2- 8a, 2b,, le, 394,880 1,090,660 2.7620
Butene
CuHg
trang-2- 8a, 2by, ley 394,880 1,088,780 2.7572
Butene
CLFHS .
2-Methyl 8a, 2by, leg 394,880 1,087,100 2.7529
propene
CsHyg

2=Methyl- 10a, 1bp, 1by, 1bs, les 493,600 1,350,780 2.7365
l-butene '

c 5H10 .

F=Methyl- 10a, 2by, 1bg, lep 493,600 1,353,950 2.74730
l-butene .

2=Methyl- 10a, 1b,, 2by, leg 493,600 1,348,100 2,7311

2=Butene



Reactants
- C,Hy+30;
CsHg+k4. 502
CyHg+602
CyHg+602
CyHg+60,
CyHg+60,
C5Hy0+7.50;
G5t 0+7. 502

C5Hy0+7.50;

=

124
186
248
248
248
248
310
310

310

TABLE 9
Fz,29 Eg.él Fg.33 Fg.32 Fg.30
.910  .915 .0207 .915 .910
. 910 915 .0207 .915 « 910
. 910 . 915 .0207 .915 . 910
.910 .915 .0207 .915 .910
910 .915 .0207 .915  .910
.910  .915 .0207 .915 .910
.910  .915  .0207 .915 .910
910  .915 .0207 .915 .910
.910  .915 .0207 .915 .910

37

Calé'd Pred'a
o

o

178,310
255,100
338,570 338,670
336,440
336,100
337,580
419,300 420,300
421,050 421,530

418,620



Table 10 gives the energy (ey) and welght (wy)

contributions as well as the ~§i- ratios of the llsted

bond types.
Tabl e 8 .

Bond Type

°1

TABLE 10

Energy
Contributions

61,470
54,800
52,640

52, 300

53,902

51,460

Welght
Contribut

)
tlons

by
hiy
Li

bl

Ll

The bond type code letters are explained in

-21.
Wi

1394

1246

1198
1190
1225

1169



(4.) Bonds encountered in acetylenes

In general, the formula for acetylenss 1s ChHon - 2.
Thelr complete combustion ylelds n moles €O, and (n - 1)

moles Hzo. Then the basis correction for the heat of com-

bustion, the liguid oxygen correction and the reduction of

the heat of combustion to Hy ie, in terme of n:

- (-39.22-5‘--)(1818) = ~(47n + 1500) B.T.U./1b. mole.

Table 11 liste the bonds found in varioue acetylenes
and the corresponding He puqo, Hy and HY for. stolchiometric
combustion with liquid oxygen. The bonds ct-= Cl, ol = 011
cil = o3 yere found sufficient to predict,'in con junction
with the bonds derived for other hydrocarbons, the 4H of
the acetylenes,

Table 12 gives the values of 4H (in B.T.U./1b. mole
fuel) as calculated from the charts and W (in 1bs.) and the
predicted values for AH. The interpolation numbers used
in calculating AH are given under the headings Figure 29,
Figure 31, Figure 33 (The a - B 1s lieted), Figure 32 and
Figure 30, for the corresponding figures of (l) and the

Appendix (see vaze/2).
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TABLE 11

The bond types C-H, ct E‘Ci, ot = ot g ol = it are
represented by the letters a, dy, dp and d3 respectively.

For other bond type code letters see previous tables,

Compound Bond Types and Numbers Hf,EbOO H gf
CH), ba, 1b,, 1d, 251,470 794,076 3.1577
CLHg ~
1-Butyne 6a, 1bo, 1bs, 1dp 350,190 1,068,043 13,0498
CuHg
2-Butyne éa, 2bs, 1d 4 350,190 1,051,253 13,0016
05H8
3~Methyl~ 8a, 2by, 1bs, 1d, LL8,910 1,319,540 2,9394

1-butyne



TABLE 12

Reactants

=

Fe.29 PFPg.31l Fg.33 Fg.32 Fe.30 Caleld Pred'd
Y

CoHp+2.50, 106 940 .950  .0230 .940 .940 149,820

CaHj+40, 168 .930 .942 ,0220 .930 .930 230,700 230,150

e

kS

230 .922 ,935 .0218 .922 .922 313,700
1-Butyne o
04H6+5.502
230 .922 935 .0218 .922 . 922 304,280
2~Butyne
' 292  .918 «930 .0215 .918 .918 396,110 1396, 310
3~-Methyl-

l1-butyne



Table 172 piveg the energy (ei) and weight (Wi)

. e ‘ .
contributions as well as the *ﬁ%~ ratios of the listed
bond tyves. The bond type code letters are explained

in Table 11,

TABLE 13
Energy Welght 81
Bond Type Contributions Contributions Wy
dq 91,400 66 1184
do 88,250 66 1337

a4 78,900 66 1194



(5.) Bonds encountered in alcohols

In general, the formula for monohydroxyl hydro-A
carbons is C Hy, , 0. Thelr complete combustlon yields
n moles CO, and (n - 1) moles HpO. Then the basls cor-
rectlion for the heat of combustion, the 1iquid‘oxygen'
correction and the reductlon of the heat of combustion to

Hy is, in terms of n:
298(1.8) | 7.45n + (n + 1)(7.95) - —g-n(6.95):] -
- 1818 (-22-) = 4260 - 50n B.T.U./1b. mole.

Table 14 liste the bonds found in various aleohols
and the corresponding Hf,ZhOO: Hy and HF for stolchiometric
combugtion with 1liquld oxygen. The bonds C°~0H, Gl-OH,
C1i_0H and C111.0H were found sufficient to predict, in
conjunction with the bonds derived from other hydrocarbons,
the AH of the alcohols.

Table 15 gives the values of AH (in B.T.U./1lb.
mole fuel) as calculated from the charts and W (in 1lbs.),
and the predicted values for AH; The interpolation num=-
bere used in calculating AH are given under the headings
Figure 29, Figure 31, Figure 33 (The a - 8 1s listed),
Flgure 22 and Flgure 30, for the corresponding figures of

(1) and the Appendix (gee page 72).



S8ince the heat of combustionn of liguid alcochole
was used (because of lack of gaseous state data) the vari-
ous C-0OH bonds include that change of bage difference.

The C-OH energy contributions should be higher by 2000~

- but should etill remain in the same descending order.



TABLE 14

The bond types C°-0H, ¢1-0H, ¢11-0H ana cill-oH are

represented by the letters g1, 82, g4 and g) in that

order.

tables.

Compound
CHBOH
CoHs OH
n-03H7 OH
1~CBH?0H

For other bond type code letters see previous

Bond Types and Numbers Hf,2400
3a, lgy 143,430
Sa, 1by, lg, 242,150
7a, 2b,, lg, 340,870
7a, 2bp, 1gs 340,870

9, 2by, 1bs, lgy

H
265,450
529,270
795,750
782,790

439,570 1,059,310

1la, 2by, 2bs, 1g; 538,290 1, 306,670

CH4(CpHs) ,C(CH) 13a, 2b,, 1by, 2bs, 1lg)y, 637,010 1,539,630

il
1.8507
2.1857
2,334
2.2964
2.4100
2.4274
2.4170



Reactants

GHBQH+1.502
C2Hg OH+ 30,
n-C 3H70H+

1~03H7OH+
+k, 50,

n~0uH9OH+

+602

n-CsHy 9 OH+
+7.50,

CH4(C5Hs),COR+

+902

LI
80

142

204

204

228

390

TABLE 15
. 840 . 860
. 870 .890
. 390 .898
.890 .898
«89%  ,900
896 ,902
.898 ;90h

FE. !2
.0175

.0178

.0195

.0195

. 0197

.0199

. 0200

Fg. 32 Fe,30 Cale'd

[\:
. 860 .850 95,340
.875 .875 181,500
.890 .880 266,700
.890 .880 263,970
895 .885 350, 380
.900 ,888 L4134, 070
.903 .891 509,630

Pred'a

|5

181,560

350,250

433,800



Table 16 gives the energy (ey) and weight (wy)
contributions as well as the ~§%- ratios of the listed

bond types, The bond type code letters are explalined in

Table 5.
TABLE 16
Energy® Welcght e
Bond Iype - Contributions Contributions ~§i-
€1 7710 . 20 85
gz 12050 : 20 602
gh« 6020 20 301

* Above liquid basis.

L4
=



(6.) Bonde encountered in aromatics

A different method of deriving the ey for bonds
encountered in aromatics ls employed. The energy contri-
bution étho AH of the entire benzene (CgHg) molecule
1g calculated. Then it 1s assumed that each carbon-hydrogen
bond contributes the same amount of energy as in the paraf-
fine, namely e, = 29,210 B.T.U. Therefore, the substitu-
tion of one hydrogen by, for example, a-—OHB radlcal will
vleld:

eg, ~ 85 + 35 + ebu AHCéH5CH3

.It was found that 1t 1is not necessary to differen-
tiste between ortho-, meta-, and para-substitution since
only the fifth or sixth significant figure of the heats
of combustion varies in these cases,

In general, the formula for benzene and the alkyl
benzenes 1s anZn 6 and their complete combustion products
are n moles CO; and n - 3 moles H,O, Then the basis cor-

- rection for the heat of combuetion, the liquid oxygen cor-
rection and the reduction of the hesat of combustion to Hq

is, in terms of n:

298 x 1.8 [n(7.45) + 7.95(n - 3) - (- 33-——-3 gb 9]

- -g’-(n - 1)1818 = -(4483 + 45n).

43
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Table 17 lists the bonds found in various alkyl
benzenes and the corresponding Hf,2400’ Hy and HY for
stoichiometric combustion with liquid oxygen. The group
CgHz was found suffieient to predict, in conjunction with
the bonds derived from other hydrocarbons, the AH of all
- monosubstituted benzenes. For polysubstituted benzenes
an squivalent basic aromatie group is computed by sub-
tracting sufficient a's ffom the value ep,.

Table 18 gives the values of AH (in B.T.U./1b. mole
fuel) as calculated from the charts and W (in 1bs.) and the
predlicted values for AH., The interpolation numbers used
in calculating 4H are gziven under the headings Figure 29,
‘Fizure 31, Figure 33 (The o - B 1s listed), Figure 32 and
Figure 30, for the corresponding fisures of (1) and the

Appendix (see page T2).



- The groups CgHs™, CgHy = and 06H3 = represented by the
letters kj, kp and k3 respectively.

code letters see previous tables.

TABLE 17

Compound Bond Types and Numbers Hr,zboo _

CeHe la,
0635GH3 ki,

CeHsCoHs K,

CHACGHYCH, Kk,

02H506H}4,GH3 ks,

k¢ or 2a, ks
3a, lby

5a, 1bz, lbs
6a, 2by -

8a, 1lbp, 1by, 1bs

458,250
556,970
655,690
655,690

754,410

H
1,358,800
1,617,900
1,882, 500
1,878,200

2,142,450

For other bond type

H

2.9651

2.9048 -

2.8710

2,8622

2.8410

50



TABLE 18

¥ Fg.29 Fg.31 Fg.33 Fg.32 Fg.30 Cale'd Pred'd
—AR T AH

C4Hg+7. 50, 718 940 .945 .0225 .940 .940 412,760
CgHsOH,+90, 380 .933 .93 .0220 .933 .933 496,450 496,180
CgHsCoHe+10,50; b2 .930 .935 .0215 .930 .930 579,200 579,040

GHBCéﬂuch-!-

bh2 .930 .935 .0215 .930 .930 579,100 579,600

CH5CgHy,OH g+

504 .928 .933 .0210 .928 .928 662,950 662,460
+1207 .



Table 19 gives the energy (e;) and weight (wi)

contributions as well as the ©i ratios of the listed
w3

group types. The group type code 1etters.are explained
in Table 17,

TABLE 19
Energy Welight R
Group Tyne Contributionsg Contributions Wy
k3 383,550 309 1241
ko 354,340 306 1180

ks 325,130 291 1119

S
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7. Bonds and groups encountered in amines and other nitrogen

containing compounds

In this series of fuels 1t was found necessary to
use the groupr contribution concept introduced on page A48.

Because of the varlety of series studied, no general
wﬁy of predicting the change of the heats of combustion due
to base 6hanges was used.

The number of reactants studied in this table was
limited by the availability of relliable thermodynamic data.
Thus, interesting monofuels such as hydrazine nitrate were
not studled,

Most heats of combustion used in this section were
taken from Table 4, page 46 of (1l). Then the enthalpy of
the liquild oxygen necegsary for complete combustion was
added to the heat of combustion and the result was Hy, the
total enthalpy of the reactants entering the combustion .
chamber, All fuels studied were in a ligquid state and there-
fore each of the Donds and groups listed here has absorbed
the entire change of state error which ranges from 1000 to
5000 B,T.U. per bond (see page 23). Thls change of basis
does not appreclably affect the relative magnitudes of the
energy bond contributlons.

The limitations of the sccuracy of the extended charts
for nltrogen containing mixtures have been adequﬁtely disg-

cussed elsewhere (pages 64 and 76).
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Table 20 lists the bonds and groups found in various
nitrogen—containing organlc compounds and the corresponding
. o .
Hr,ZQOO’ Hy and H" for combustion with stoichilometric liquid

oxygen. The groups CO—NHZ, c~§—c, C-N-C, 01~NH2, 011~NH2,
_ , . .
H C
N-H, C°-NO,, cl-NO,, C-CN, C-NC and N-H were found sufficient

‘to predlect, 1n conjJunctlon wlth bonds and groups derived from
other hydrocarbons, the AH of most nitrogen-organic compounds.

Table 21 gives the values of AH (in B.T.U./1b. mole
of fuel) as calculated from the charts and W (in 1lbs.), and
.the predicted values for AH. The interpolation numbers used
in caleculating AH are given under the headings Filgure 29,
Figure 31, Figure 33 (The a - B 1is 1llsted), Figure 32 and
Figure 30, for the corresponding figures of (1) and the Ap-
pendix (see page 72).

A more detalled study of the nitrogen-organic com~

pounds is needed and it should be éasy to make when more

accurate thermodynamic data and charts become available.



TABLE 20

The groups C-NH,, C-N-G, C-N-C, Gl-wh,, ¢il-nm
H ¢
N-N, CO-NOZ, Ci-HOZ, C-CN, C~NC, N-H are represented by the

2’

letters 11, 12, 13, 14, 15, 14, 17, 18, 19, l10 and 1ll in
thils order. For other bond and group type code letters see

previous tables.

Comoound ~ Bond Types and Numbers Hy 40 H il
GHBNHE 3a, 1, 182,825 421,680 2.3012
(CH,) ,NH ba, 1, 281,550 672,140 2, 3875
(CHBJBN 9a, 1, 380,270 960,710 2.5120
CoHsNH, 5a, 1by, 11, 281,550 672,320 2.3880
(CHy),(NHp), La, 1by, 11, 320,970 736,150 2.2375
CgHgNH, ky, 1 497,670 1,393,800 2.8010
CéH@(NHE)CHB k2, 3a, lby, 1lg 596,390 1,648 450 2,7615
NoHy 41,4, 114 123,530 236,550 1.9162
CH4NO, 3a, 11, 138,140 284,300 2,0580
C2H5NO, 5a, 1by, 1llg 236,860 548,150 2.3165
CH4CN 3a, llg 192,170 517,710 2.6920
CH4NC 32, 115, 192,170 536,610 2.7912
NH3 3144 84,110 131,280 1.5608
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TABLE 21

W Fg,29 Fg.31 Feg.33 Fg.32 Fg.30 Cale'd Predld
AH AH

CHNH,+2.250, 103 .800 .790 .0150 .800 .800 150,000
(CHB)ZNH+3.750Z 165 .820 .830 .0160 .850 .850 221,000
(cﬁ3)m+5.2502 227 .860 .880 ,0170 .870 .860 315,000
CoHNH,+3.750, 165 ;830 L840  .0170 .860 .860 227,000

(CHp ), (NHp ) o+

188 .815 .830 .0160 .B50 .850 256,000 255,840
+u02 .

CeHoNH,47.750, 341 .930  .930  .0220 .930 .925 428,400 428,350

CgHy (NH,, )CH

6 2755 ko3 .932 .932 .0222 ,932 .927 511,770
+9‘2502
N,H+0; 6k ,560 .590 .0175 .575 .570 85,000
CHNO0,+0, 750, 85 .84O  .860 .0160 .850 .840 106,000

CoHoNO,+2.250, 147 .875 .880 .0180 .880 .875 185,000
CHBNC+2.7502 129 .910 . 910 .0190 ,900 . 900 168,000

NH4+0.750, 41 .570 .600 .0180 .585 .580 48,900



Table 22 gives the energy (ey) and weight (wy) con-

tributions as well as the ~;}- ratios of the listed bond

types. The bond and group type code letters are explalned

in Table 20,

TABLE 22

Energy
Contributions

62,1400
45,700
53,100
57,800
Lkl 800
20, 300
19,400
15,550
75,400
81,400
16, 300

'

Weight
Contributions

43
45
u7
43
32
9.4
25
25
69
69
13,66

- .

wy
1450

1030
1130

1345 .

1400
2160

776

622
1092
1180
1193

57



. e '
B. Accuragcy of --3- ratios
b

The first two and with some reservations the third

e: - :
figure of the —;i— numbers should be accepted as signifil-

cant.
e .
The relative magnitudes of -;i~ at stolchiometric
mixtures are within 1.0 per cent of the relative magnlitudes

e
of ~;i~ at other rfuel/oxidant or fuel/(oxldant + diluent)

mixtures.
The first two significant figuree of atomic welghts

-were uged because the relative error thus introduced 1g

negligible.



C. Apnlication of Bond Contributions.

As an illustration of bond contribution uses the
following two simple examples@al preswmiid.

Example 1 , Which is the best way of introducing oxygen

into the fuel gtructure?

From table 16, p. 47 we see that C°-CH contributes:
e/w)g, = 385.

From table 12, p. 57, we see that c°-Noa contributes:
e/w)17 = 776

Therefore the best way of introducing oxygen into

a fuel is thrcough a C;Hoz bond.

Example 2. Which is the best structure for a fuel nmixture

of composition Cn Hop?

By inspection of tables 4, 7, 10, 13 and 19 we see Aok
that fuel is pure nCpH, rather than n{2/3 CH, + 2/3 C,H,)
or n(2/3 CH, +2/9 CeHe).



D._.Sonclusions |

The values of -~i listed in tables &, 7, 10, 13,

16, 19 and 22 predict the desirability of inclusion of vari~
ous chemleal bonds in rocket fuel structure., Thus, in order
to connect two given atoms in a way which will yield the
optimum specific impulse, the bond with the highest vossible
—si~ must be picked, An inspection of these tables estab-
lishes the desirability of bonds such as Cl = ¢ over ot - ¢l
ete. Usually bonds which contribute maximum values of -§l~
also contéibute an increase to the flame temperature but |
this paper did not elaborate on bonds from a temperature
point of view.

The calculations of’bond contributions assume equili-
brium ampng the chemical specles present in the rocket engine.
The reactions taking place in it are rapid enough; (17, 18),
to Jjustify this assumption even for such a short (1(3"3--10“}'F
secs) residence time. This paper does not investigate the
effect of reactant structure on rates of reaction. It 1is
possible that such an effect may influence, (11), specific
impulse by decreasing (or increasing) the rate of reaction
so that equilibrium 127¥eached within the chamber (or 1is
reached very early in 1t so that a shorter one could be used).
Since, however, a rocket motor is a continuous process and
ls not dependent on exact timing of detonation (such as 1é
necesgary in piston engines) for full efficiency, Spéciric

impulse should be ingsensitive to such Yknock" effects.



<" RECOMMENDATIONS

One of the methods for ?redictihg the effect of
fuel structure on speclfic impulse 1nvestigated by the
author was the cuantization pf heats of combugtion of
various fuels on a bond type basis., Thus the contributidn
hy of each type of bond 1 to H,, the total enthalpy enter-
ing the combustion chamber, rather than AH was found in a
manner similar to that employed in deriving the contri-
butions of each bond to 4H. The -gi— auotients were then
calculated and it was found that thelr relative magnitudes
were not in close agreement with the relative magnitudes
af the quotientz —§§;. _39 simple correlation couldhég
found between —§i4 and -sié. However, the use of -gé

i2 recommended when only a rough estimate of the'effect

of structure on speclific impulse is necessary. The -gl#

: _ i
can be computed with greater accuracy since no use hasgs to

be made of the generalized charts. No table of -gi~ is
included here since hy for various bonds can be easily
calculated from the tables of H,.1in the text.

It can be seen that in most cases e; can be pre-
dlcted to 3 significant figures. This suggests the pos-
sibillity that tables constructed to give ey for each bond
as a function of %he ratio fuel/oxidant at any pressure

difference will be accurate enough to use in predicting

6i



enthalpy changes of various mixtures used in rockets, gas
turbines and jet enginesg. For example, a rlot could be
made of e for the bond C-H versus fuel/oxidant at various
pressure differences. Given tables for enough bonds, the
absoiute magnitude of AH for any mixture can be predicted.
The critical ratio of fuel/oxidant giving the
meximum speciflc impulee should be further investigatad.
The space above the upper (0.9) composition inter-
polatlon line of the figures 1in the Appendix may be used
for interpolation numbers between 0.9 and 1.0 by assuming
that the "doubled-up" space between 0.9 and 1,0 is eoual
to the interval between 0.84and 0.9. The error introduced

by this assumption cannot be greater than 1 psr cent,



APPENDIX

Early in the investigation of this topiec it was
found that the geﬁeralized charts of Hottel, Willlams and
Satterfield, (1), &0 not cover the temperature ranges
~attained by stoichiometric mixtures of hydrocarbons and
liquid oxygen. Because of the general desirability of
stoichiometric mixtures (minimum error in reading com-
position interpolation numbers, ease of computation of
HY, ete.), the charts were extended to cover the region
from 3200 to 4000°K.

The basés used in (1), page 44, are employed.

Seven mixtures of carbon, oxygen and hydrogen
and one of carbon, oxygen and nitrogen were studied.

These mixtures are listed in tabie Al, Emphasis was
placed on the stolchiometric mixtures of CH, , C,Hg and C
with oxygen because the composlition intérpolation numbers,_
ags read from the charts of (1), of the hydrocarbons studied
lle between the composition 1ﬁterpolation numbers of these
threesystems. Then the fuel 0236’ with _g- = 3 was
studied at four different oxygen concentrations.

The oxygen concentrations were picked in the fol-

o
lowing manner, The =w~=ww—ewwwwm—w yglue of the inter-

0 2¢ + -Ho
+ 2 5"

o)
sectlons of the ~a-"“§é = 0,25 (corresponding to G,Hy)
+



line and the composition interpolation numbers 0.2, 0.4,
0.6, 0.8, in the fuel-rich region, was read ffom the
charts (Figure 29, (1)). Then, since ¢ = 2 and H =
6, the resulting four equations where O is the only un-
known were soléed and the determined values of 0 were
the oxygen concentratlions corresponding to the four fuel-
| rieh mixtures of interpolation numbers 0.2, 0.4, 0.6, 0.8.
The atomic ratios of these four mixtures are given in
Table Al. Finally, the mixture C + O + 2N was picked be-~
cause 1t provides the interpolation number of zero value.
It is worthy of note that the composition C + O,
also of composition interpolation number zero, was stud-
1ed but since 1ts reduced enthalpy and reduced enﬁropy
data were within 0.1 per cent of the C + O + 2N line 1t
wag not listed 1in the tables or plotted on the charts.
The absence of nitrogen from the compositions
studlied does not impalr the value of the charts since
the flame temperature of mixtures in which an excess of
nitrogen ls present cannot climb, because of the dilu~
ent effect of nitrogen, into the region above 3200°K.
Only when a small amount of nitrogen is present does the
flame temperature climb above 3200°K, and then the
amount of niltrogen 1s so small (—g— < 0.25) that, as re-
véaled by a study of the system CpH) (NHp), + 40,, (3),

b

the error introduced by ignoring 1t and reading a



composltion interpolatign number from ﬁhe ~%— = 0 table
is in the order of 1 per cent. This error is absorbed
by the energy contribution of the bonds which link ni-
trogen with other atoms'and therefore 1t is expected
that these bond contributions will all be either higher
or lower than the true values. The error wlll lle in
the same direction for’all mixtures gince the effect of
nitrogen within the above-mentioned narrow concentra-
tion limite is relatively the same.

It was found that the nitrogen containing bonds!
energy contribution values cslculated by use of Figures
Al, Az; and A3 were less, by 9 per cent, than those
calculated by use of the CH,(NH,), + 40y system data.
Thie error should be the same for all mixtures of ap-
proximately the same nitrogen content and therefore the
relative magnitudes of the energy contributions of vari-
ous nitrogen containing bonds are true.

For each mixture, the equilibrium gas composl~-
tion was calculated for values of the temperature at
intervals of 200°K between 3200°K and 4000°K, and at
300 psia. It was not found necegsary to calculate the
equilibrium compositions at 14.7 psia because Flgure 30
of reference (1) covers the range of nozzle exit temper-
atures attained at a pressure of 14.7 psia and Table 14

of Appendix C of reference (1) provides enough data for

L T

by
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an extension of the generalized entropy plot at 14.7
psia to cover the ranges of interest. Only the C-H-0
mixture data from this table were plotted in Flgure 3.
A chemical reaction among a moles of A, b moles
of B, ete., to give r moles of R, 8 moles of 3, etc.,

may be written in the following generalized form:

aA + DB + * * * &~>pR + gS 4+ » .+ (A1)

At thermodynamic ecullibrium the fugacities of the com-
ponents indicated in Equation (Al) are related by the

equation:
(£g)7(2g)® + - -

B S = K (a2)
where £y (1= A B, *+* R, 8 +++) 1s the fugacity of
component 1, and K, known ae the equilibrium constant,
is a function only of temperature. If it is assumed
that the behavior of the species present is in accord-
ance with the laws of ideal solutions and gases, equa~

tion (A2) can be expressed as follows:

(XA /gxi)a(*c n/mxi)b < e
1 = A, B L R, s e« o o

b

O = o o 0 o e S 0t 2o 70 4t G e rn o o = I{ (A“’ )



Where x4 1s the number of moles of component 1 in the
mixture, X4 1s the total number of moles of gaseous
components, n'is the total pressure ln atmospheres and
Py 1s the partial pressure of component i.

From general correlations concerning the com-
_pressibility factors and fugaclties of gases it 18 es-
ﬁimated that at pressures below 1000 psia and tempera-
tures above ZOOOOK the aséumptioﬁ of ideal behavior |
results in errors of less than-o.z per cent in calculat-
ing volumetric behavior and of less than 0.5 per cent in
caleulating equilibrium concentrations. Although cor-
rections can be made for variations from ideal behavior,
the resulting galn in accuracy is small in comparison
with the consilderable increase in computational labor,

Allowance wae made for the possible presence of
the species CO,, CO, H,O, H,, OH, H, 0, Oy, NO, and Nj.

The following general expressions for the équi—
librium constants were derived by the author from data

given in, (1), and, (16).

log Ky + 9.339 x 102(-%—) -1.19 = 0  (a5)
log K3 + 17.906 x 103(-2-) - 3.7075 = o (a6)

log Kg + 26.42 x 103(¥$-) - 6.105 = 0 (47)

A



log Ky + 26,51 x 103(—%~) - 6,564 = 0 (a8)
3, 1
log Kg + 12.0 x 10 (e§~) - 3.199 = 0 (49)

log Kqq + 15.042 x 103(-$~) - 3.7368 = 0 (A10)

o
Where T = K and Kq, K3’ etc., are the equilibrium

constants corresvonding to:

P, P X
K, = -_gg-ggg- = __CO¥Hp0 (a11)
Poo, Hy %00, H,
1/2
K = ...I.,&Iofljz-..- = -..f}jgfg....(:.)..._-.. - (AlZ)
’ P1'72P /2 (21)172
N, “Hp0 N, “H,O
P P2 X Xee
. % ToTEp M)
K¢ . - (a13)
p2 2 (Zx)
H,0 *H,0
P X
K, = _ o, ..-Qfgz.g.).-- (A1%)
Pa0 *g,0(¢ %)
K = _fﬂ-- = J.SH..(." ) }/2 (A15 )
9 P172 x}:&/z(zx)ﬂz
2
o, Ak
Ko = ""Ij“""g“" = ";"*"a-*“i‘/-z-- (A16)

For a discusslon of the accuracy of these ecqullib-

rium constants see (17, 19).
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These equilibrium relatlonshipe combined with the
mass balance equations, permit the setting up of a series
of simultaneous equations establishing the concentrations
of all constituents in the reactlon products. These equa-
tions can'be solved only by trial and error. For the
initial trial values the graphical solutions shown. in the
charts of (3) were used. Hirschfelder'!s equilibrium con-
stants were used by (3). The equilibrium compositlons of
the systegg -g- = 0,5, -g? = 0, -g~ = 0 and ~g~ =
=0.25, -5~ = 1, -g- = 0 at 3200°%K and 300 psla were
calculated from (3) and checked against the data in (1).
The results checked in the first four 8ignificant figures.
The equllibrium data presented here in Table A2 are be-
lieved to be accurate up to four significant figures.

As an example of the caleculation of equilibrium
compositions consider the case of the system C + Oy,

There are two elemente (C and O) present and four
components (CO, COp, O, and 0)., Therefore, we need two

equllibrium relationships. These are provided by the

reactlona:
20> 0, (A17)
. .
€O + -5-02 —.00; (a18)
P X,
_ 0 0,(Z x)
Then Ky = --3%- = 2.2 (A19)
P% xgrr



1/2 )
Kg = jf?%...,-.. = -}fgggfifir..._ (A20)
1/2 1 1/2
K
where KA = b (A21)
K2
7
= l I 2
176
and XCOZ + Xgg = 1 (A23)
2xC02 + ZXOZ + X+ Xgg = 2 (A2%)
These yleld:
1 2 1
2(1 + x.0) (2= = 1) Ko (1 + Xpg) (== - 1)
0 ' o}
c XCO B C XCO

o — A - - T W " s At N COY PP i s S - - Y o G o S " o - S Sy Sl TV WD D o O PO W S W G

- Xy = O (A25)

which can be golved by trial and error, and

(1 + x ) (k- - 1)2

0 X
e co______. (A26)

Then XGOZ and x4 can be derlved from (A23) and (A24) re-
spectively.

. X,
In Table A2 the values of ¥y < ~~i-u are listed.

e.\%% j

3



The method of generalizing enthalpy and entropy
employed in (1), page 44, is used here.

The fictitious compositions appearing in Table
A3 were determined as outlined on page 59 of (1Z).

The thermo@ynamic data appearing in Table Al
were taken from (4) and (16) but were reduced to the
bagsis used in (1), Where necessary corrections were in-
troduced so that they are consistent wlth the values
used in (1), even though those values are not the latest
and most accurate, as explalned on page 69 of (1).

In general, the enthalpy of a mixture 1s

Hpx = 3 ¥iHy,
and the entropy 1is v

P
Smix = ¥ (183 - y4 Rin -3-),
;

where 1 = general component
8 = entropy

= enthalpy

= mole fraction

= gge constant

w o<

= partial pressure in atmospheres.

The vertical shift B8 of the entropy lines at 300

pela was derived, for each interpolation number, from the
data in Table 13 of (1). Thus, the tie point of all in-

terpolation numbers is seen to be at T = 2400°K and

sz - r
q00 + B = 09550, or B = 0.9550 - S

300 for any com-

position,



A plot of atomlc composition versus B was made
and the B's for the compositions studled here were de-
rived from it and appear on Table A7.

The reduced data of Tables A5 and A6 appear
eraphically in Figures Al and A2. The data for the 3000°K
to 3200°K region of both figures were taken from (1).

The interpolation lines 0.1, 0.3, 0.5, 0,7 and
- 0.9 in both figures were fixed by interpolation. The
region between 0.8 and 1;0 1s most accurate in both charts.

The composition interpolation number plots ag well
as Figure 33 of (;),’apply to and should be used concurrent-
ly with the correspondlng extended charts in the Appendix.

It can be seen that the interpolation lines for
atomlc compbsitions containlng hydrogen slope upwards
more éharply at higher temperatures than the interpola-

" tion line 1.0 (for C + 02) and therefore they intarsect
this line. This 1s a true representation of fact since
it 1s much esgsier to ra;se the temperature of a carbon
and oxygen system than 1t 1s to ralse the temperature of
a carbon, hydrogen and oxygen mixture because the latter
system absorbs more energy by dissociation (i.e., there
1s more dissociation in the C-H-O mixture and that keeps
the temperature down).

In Figure Al, the line wnich begins at the inter-
section. of the T = 3850°K and H' = 3,50 lines and

which is given an atomic composition interpolation



number of 0.87, is arbitrarily assumed to be the upper
interpolation line in the range from 3850°K to 4000°K
since the data for all the other mixtures studied fall
below that line. Following this assumption, the 0.9
line is easily located by interpolation between the 0.87
and 1.0 lines. |

| In Figure A2, the line which begins at T =
= 3710°K and ST + 8 = 1.212 approximately and which
is given an atomic compositien iﬁterpolation number of
0.88, 1s afbitrarily'assumed to be.the upper 1nterpola-
tion line in the range from 3710°K-to hGQOOK, since the
data for all the other mixtures studied fall below that
line, Following this assumption, the 0.9 line is easily
~ located by interpolation between the 0.88 and 1.0 lines.

Thus in both figures it was assumed that mix-~
tures wlth atomle composition interpolation numbers °
above 0.87 (for H') and above 0.88 (for ST + B) 1ie in
the space between these lines and the 1.0 lines,

Since H; 1s calculated from heat of combustion
data wlth an accuracy of five significant figures, a

contraction of the H;GO scale will not impair the ac-

curacy of the determination of AH'. For this resson

and in order to make Figure 1 smaller the H;OO scale

was contracted by twofold. Thus the unlt of the H;OO
scale 18 0.02 and has a unit scaleAmean scale range) .



Al

0,02
quotient, Q, of 3 55" = 0,01 whereas the unit of the
* 10 o <
temperature scale 1s 10°K, or Q = —5356- = 0,003.

The same temperature scale was retained in all three

Figures. In Figure A2 the g¥ 4+ B scale has a unit of

_ 300
- 0.002.
Q002 and Q = —i—;36~ = 0,002, and in Figure A3 the
sgoo, + @ seale has a unit of Q002 and Q = 20,002 o

# 0,002. Since each scale unit is large enough to per-
mit reading a value of -§%~ of 1t, and since all the |
scales except that of HSGO have approximately the same
Q, the same number of signiflcant figures; namely four,
can be read from each of the three scales. A fifth
significant flgure may be added in some cases wilthout
actually sinking into inordlnate use of poetiec llicense.
Figure 30, (1), ytelds H{u.7 to at least four
significant figures and although the temperature scale

of that'plot is such that each scale unit represents

209K, so that @ = -Egga~ = 0,01, the temperature can

be read to four significant figures when use 18 made of
a magnifying lens.

Although 1%t is contrary to the theory of errors
to derive results of more significant figures fhan Jus-
tiflable by the least accurate.data used, when there
exist grounds for assuming that the error in the data
(or in reading a plot) is in the sémé direction in all
cases and when the relative rather than absclute magni-~

tudes are sought, it 1s legltimate to vest with signirfi-

cance the first "doubtful® figure.



Suggestions for Improving the Accuracy of the Charts

The accuracy of the charts at the higher tempera-
ture ranges can be improved by making separate plots for
the fuel-rich, stoichiometric and fuel-lean mixtures so
that there would be only one mixture for each interpola-
. tion number. As the charts are cénatructed now, there
exists a fuel~lean and a fuel-rlich mixture for every in-
terpolation number,

More compositions should be investlgated and more
accurate values for the thermodynamic functions and the
equilibrium constants should be usged.

Tie-points should be plcked at higher tempera-
tures even 1f that would mean providing mofe elaborate
equllibrium composition data'wiph the charte and postuiat~

ing a more. elaborate fictitlous composition.

Analytical expressions for the atomic composition -

intefpolation numbers should be developed or more aceu-
rate plots of the interpolation numbers should be con-
gtructed.

A continuous and unique function of the variables
C~-, H~, O-, and N-content shoﬁla be developed first and
that function should then be vlotted on a Temperature-

Enthalpy and Temperature-Entropy plane,
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Accuracy of Extended Generalized Thermodynamic Charts

The extended charts presented here, although
surficlent and accurate for the investigation of stol-
chiometric and fuel-rich mixtures of hydrocarbons or
carbon and oxygen, are not based on a great enough
wealth of equilibrium data to gatlisfy the author of
their accuracy in the fuel-lean region, although random
calculatione have shown that they are certainly within
10 per cent of the truth in that region.

For mixtures containing nitrogen in a ratio of
nitrogen to oxygen greater than 0.50, the charts are
within 5 per cent of the truth in the 3200°K to 3600°k
range and within from 5 to 10 per cent of the truth for

the range from 3600°K to 4000°K,



TABLE Al

Compcsitions_Cerresbonding to Intenpolétion

Numbers Derived from the Graphe in Ref, 1

" Reduced Enthalpy Reduced Entropy
at 300 psia. ~at 300 psia.
Interpolation No. Composition Interpolation No.

0 C+0+2N 0
.2 CeHe + 4.120(0) .26
b Calg + 5.990(0) .6
.6 CoHeg + 6.500(0) .60
.8 CoHe + 6.775(0) .76
.84 CHy + 4.0(0) .88
.87 C2He + 7.0(0) .89

1.0 C + 20 1.0



TABLE A2

Equilibrium Gas Commositions at 300 psia

C+0 + 2N
3400

Na ‘5 ‘.

3600

Yoo o5 5

5

3800 LO0O
o5 5
05 015

CoHg + 4,12(0)

3400 3600 3800

.00196 ,00475 ,00843
.00980
. 21569
07475
.OLB0ok
«27736
.32010
.04951

.00392 .02073
«22598
04917
.02975
.30760

. 20907
.11323
.06520
c22hl1
.31226
.0l167
+35393

. 32647
.05515
.38162

4000

.01225
.03824
. 20000
+ 15637
.08431
17745
.30000
.03138

.33138 -

-
R



| TABLE A2, CONT'D

CoHe + 5.99(0) CoHg + 6.5(0)
3400 3600 3800 4000 3400 3600 3800 4000

Yo .0333 04534 ,05319 .05392 .05343 ,06372 .07304 ,07157

Yo .01593 ,03064 ,05269 ,07990 ,02010 ,03652 ,06103 .09118
YHQ .07451 ,08971 .10049 ,10980 ,05858 ,07402 ,08456 ,09510
Yy .02843 04951 ,07868 ,11593 ,.02515 ,O4461 ,07255 .10980

Yoy ~ -06863 .09313 ,11691 ,12598 07696 .10245 .12696 .1k265
Yy, o LH1741 35049 .27893 ,20907 ,41530 ,34927 .27500 ,20490
Y50 ,21127 22041 .23872 .25099 .18382 .20784 ,22402 .22745
Yo, 15049 ,11177 ,08039 .O5kk1 16666 .12157 .08284 ,05735

CO+C0,  .36176 .34118 .31911 ,30540 35048 .32941 .30686 .284B0




J R |

CoHg + 6.775(0)

3400
YOQ 06520
YO .02254
¥y, .05250
Y, .02377

You .08039
Ty o LU1286
Yog 17304
.17010
CO+C02 34314

3600

07745
. 03995
.06627
04191
. 10735
. 34403
. 20000
. 1230k
. 3230k

TABLE A2, CONT'D

3800 4000 3400

,08309 .07990 ,06995
.06495 09681 02319
.07819 .08873 .05588
.06985 .10490 02451
.12892 .iﬂﬁlo . 08700
.27502 20540 45493
.21373 22034 14118
08725 .05882 .14338
.30098 ,27916 . 28456

3600

. 07966
.0118
.07255
.0u387
11372
.38235
.16250
. 10417
. 26667

CH, + 4(0)

3800

.08333
.06520
. 08799
.07359
. 13602
. 30487
. 17547
.07353
. 24900

Looo

.08039
09745
.09926
.11029
«15393
. 22869
. 18073
JOL926
«22999.



Ca
3400

.07931
02456
LOoUb652
.02245
.08402
L0354
.16230
. 17730

33960

TABLE A2,

COLT!D

+ He +

3600

. 08701
.0k279
06172
. 04005
10956
. 34137
.18980
12770
. 31750

3 .502_
3800

.08897
.06863
07549
. 06814
.12990
.26961
.21078
. 08848
29926

k000

.08725
.10122
. 08407
.10270
< 14755
. 20294
. 21300
.06127
- 27427

C + 0,

3400 3600 3800

L1755 (17010 , 17990
.03392 ,05858 ,09534

.32892 ,39877 .45515
48961 .37255 , 26961
.81853 77132 .72476

4000

. 17500

L9314

.18872 -

.68186

2
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Fictitiousg Comnositions Corresponding

TABLE A3

to The Real Compositions Invegtigated

(Based on C-H-0-N-content of real compositions

30C psia.

at corresponding temperatures.)

T, %K

’

C +0 + 2N

Na
co

CoHg + 4,120(0)

Ha
Ho0
GO
CO»

CoHe + 5,990(0)

Hp
H,0
co
CO,

CoHg + 6.50(0)

Hp
H,0
co
CO,

Ha
H,0
co
COg

CH, + 4,0(0)

H,0
COs

3400

. 5000
.5000

. 25400
. 31843
.29553
. 08609

.05875
.48389
. 12394
.23782

.02278
. 50294
. 06484
. 2856k

-,01301
.50170
.02560
31754

. 56912
. 28456

3600

.5000
. 5000

. 24600
. 30841
. 28623
. 081338

05541
145636
.11689
.22429

.02142
47270
. 06094
. 26847

. 0122k
L7232
.02410
. 29894

533k
« 26667

3800

.5000
. 5000

23176
.29913
.27408
. 07985

.05183
42683
.10932
»20979

.01995
LUL034
. 05677
.25009

L0114l
L 41006
. 02245
.27853

. 149800
. 24900

4000

.5000
5000

. 22057
- 27650
25662
07476

. OL960
40850
. 10463
. 20077

.018C9
L0911
.05269
.23190

01059
.14'181.5
02032
. 25334

15998
.22999



T, °%K 3400 3600 3800 4000

GEHB + 700(0)

H,0 « 50940 Jur625 889 41140
€O, 33960 .31750 .29926 27427
C +_2.0(0)

CO, .81853 77132 720476 68186



TABLE Al
The values of total enthalpy H and entropy S for the
chemical species H, H2, O, OH, H20, CO, Nz, Oz, and GC»
are given below., These values are from references (1)
and (4). The units of enthalpy are calories/g-mcle
and of entropy calories/g-mocle °K, which equals

BTU/16 mole °R, The values are based on o "dead" state

of 0°K and producte of complete combustion as described

in Chapter 4 of reference (1). The thermodynamic func-
tions are for the 1deal gaseous state commonly used in
physicochemical calculations. To convert

calories/g-mole °K to BTU/lb-mole, multiply the former

by 1.8000.
ENTHALPY

Temp., °K 3400 3600 3800 hooo
H 97002 97934 98865 99796
Ha 83839 85627 87427 89235
0 75428 76360 77291 . 78222
OH 64940 66735 68535 70339
H=0 38106 40851 43620 46409
co - 94776 96563 98360 100140
Oz 29358 31312 33282 35267
CO2 45078 48116 51230 54382

Nz 27807 29580 31355 33130



ENTROPY
3400 2600 2800 Lo0o0
179,50 29,81 40,11 Lo, 41

Lb9,584 50,105  50.609 51.102

50.580 50,89 51,19 21,49
52,49 62,98 51,53 63.94
70,20 70.96 71,67 72,32

66.658  67.228  57.78L 68,726
69.215 69.805 70.785 70.955
81.904  82.82L  g=,74b4 8l4, 634
64.895 65,390 ©65.865 66.705

U



TABLE A5

Reduced Enthalpy, Hr, versus Temperature, °K,

at 300 psia.

Interpolation line* Hr
3400 3600 3800 4000
0 1, bely7 1,.5582 1.6517 l.7452
2 1.7885 2.0607 2.4303 2.9489
A 2,0840  2,5077  2,9991  3.4807
.6 2.2430 2,6808 3.1986 .3.7930
.8 | 2.3455  2.7779  3.2886  3.,8851
.84 2.3872 2.8252 3.3402 3.9586
.87 2,4026  2.8530  3.3530  3.9684
1.0 2,467  2.8607  3.3065  3.7629

*See Table Al for corresponding composltions,



TABLE A6

Reduced Entropy, Sr+ﬁ, versus Temperature, °K,

at 300 psia.

Interpolation Line* 3400 3600 3800

0 1,0049 1.0134% 11,0216
.26 1.0522 1,0800  1.1123
b6 1.0863 -1.1331  1,1851
.60 _, 1.1065 1.1567 1.2123
.76 1.1209 1.1701 1,2268
.85 ©1,1217 1.1764  1,2299
.88 1,024k 1.1810 1.2359
1,00 1.1380 1.1853 1.2338

*See Table Al for corresponding compositions,

[Tolole]
1,029k
1.1663
1.2426
1.'2680
1.2833
1.2913
1.'2940
1,2813



TABLE A7

Vertical Shift (B) of 8300_1ines

versug Atomic Composition and

Entrony Interpolation Numbersrat 300 psia.

Atomic Cdmgj

€ +0 + 2N
CoHe + 4,120(0)
CoHe +5.990(0)
CoHg +6.500(0)
CoHe +6.775(0)
~ CHq + 4(0)

CoHg + 7(0)

C + 2(0)

g
o’

1

485
.338
«3077
.2952
.25

« 2857
50

lolix

0
1.456

923

.885
1.0

«857
0

O O 0O O O O O »

lol=
-

Internolation No.

«26
A6
.60
.76
.86

1.0

B

.0289
.0107
.0100
.0110
.0115
.C130
.0104

0193
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