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I. INTRODUCTION

Thie report containg the results of a astudy to determine the chemical
species and chemical reactions of importancs in nonequilibri-ym performance
calculations. This study was performed by TRW Systemo Group for NASA
(MSC) under contract NAS 9-4358, Improvement of Analytical Predictions
of Delivered Specific Impulse.

The objective of this contract w2s to develop a famlily of four computer
programs to calculate inviscid, one-dimensional and axisymmetric non-
equilibrium nozzle flow fields accounting for the nonequilibrium effecta of
finite rate chemical reactions between gaseous combustion products and

velocity and thermal lags between gaseous and condensed combustion pro-
ducts.

The four programs developed under this contract are:

© A one-dimensional program which calculates the equilibrium,
frezen and kinetic performance of propellant systeme having .-
gaceous exhaust products containing the elements carbon,
hydrogen, oxygen, nitrogen, fluorine and chlorina,

© A one-dimensional program which calculztes the equilibrium,
frozen and kinetic performance of cystems having gaseouo and
condensed exhaust products containing the elements carbon,
hydrogen, oxygen, nitrogen, fluorine, chlorine and one metal -
element, either aluminum, beryllium, boron or lithium.

© An axisymmetric program which calculates the kinetic per-
formance of propellant systems having gaseous exhaust pro-
ducts containing the elemente carbon, hydrogen, oxygen,
nitrogen, fluorinas and chlorine., On option, this program
considers either the axpansion of a uniform mixture (tha ideal

engine case) or of a two-zoned mixture (the film cooled engina
cage).

@ An axdipymmetric program which calculates the kinetic per-
formance cf propellant systems having gareous and condensed
exhaust products containing the elements carbon, hydrogen,
oxygen, nitrogen, fluorine, chlorine and one metal slement,
either aluminum, beryllium, boroa or lithinm. Thic program

considera only the expansion of 2 uniform mixture (the ideal
engina case).

These programs differ in 2 number of ways from previous programs

developed to calculate nonequilibrium ncozzle expansions.
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In partivular:

The programs are completely self-contained requiring specifi-
cation of only the propellant system {elemental composgiticn
and heat of formation), relaxation rates and nozgzle geometry
to run a case.

The chemnical species considered by the progra:ns have baen
selecied to allow accurate equilibrium, frozen and kinetic
performance analyses of cryogenic, space storable, pre-
packaged, hybrid and solid propeliant systems of current and
projected operational use.

All digsociation-recombination and binary exchange reactions
between the gaseous species present in the exhaast are con-
sidered by the programs allowing complete kinetic expansion
calculaticas.

The programs utilize TRW Systeme implicit integration method
which allows rzpid intesration of the chemical and gas-particle
relaxation equa*ions from equilibrium chamber conditiona.
Typiczal run times are thrZe minutes for the one-dimensional
programs and ten minutes for the axisymmatric programs on
an IS 7094 Mad II compute..

The programs allow ana'ysis of the parformance loss agsociated
with film cooling in propellant systemns having all gaseous
exhaust products.

The programs allow simultansous consideraticn cf both chem-
ical and gas-particle relaxation losses in propellant systems
having condensed exhaust products.

The one-dimensgional programs allow equilibrium, frozen and
kinetic performance calculations to be performed durirg a
single machine run.

The progra.ns are written in machine independent language
(Fortran IV) allowing their use on all standard computers.

The study degcribed in this report was performed to determine the
significant chemical species and chemical reactions which need be con-

sidered in nonequilibrium performance calculations for typical propeliant

systems containing the elements: carbon, hydrogen, oxygen, nitrogen
fluorine, chlorine; and one metal element, either aluminum, beryllium,
boroa or lithium. The significant chemical apecies were defined in
contract NAS 9-4358 as those which must be congidered to determine
the equilibrium of the propellant systems under investigation to within
0.5 second of specific impulee at an area ratio of 40, The gelaction
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of the sizri‘icant chemical species in typical propellarnt exhaust mixtures
on the basis of equilibiium performance calculations does not, however,
ingure the validity of the selection fuz all nonequilibrium performance
calculations., If tire significant chemical spacies selection is valid for both
equilibrium flow (infinite reaction rates) and frozen flow (zoro reaction
rates), however, the selection will algso be valid for nonequilibrium flows
having finite reaction rates. Thus, an additional restriction was imposed
on the significant chemical species selection and the significant chemical
species were defincd as those which must be considered to determine both
the equilibrium and frozen specific impulse of the propellant systems under
investigation to within 0.5 second at an area ratio of 40.

After determining the significant species, all possible disgociation-
recombination and binary exchange reactions between these species were
stodied. Those reactions having an energy barrier due to the fact that
they cannot cccur in the ground state (the so-called ""spin forbidden' re-
actions) were identified, and those reactions, which while stoichiometrically
possible wero highly improbable due to structural or steric factors, were
identified and eliminatad from consideration. A literature rate survey was
. erformed to determine the status of rate data for the chemical rcactions
of interest.

Thege studiez are described in the following sections.

2, CHEMICAL SPECIES STUDY

A number of propellant systems containing the elements: caxrbhoa,
hydrogen, oxygen, nitrogen, fluorine and chlorine, and one metal element,
either aluminum, beryllium, boron or lithium, were selected as represen-
tative of *ypical liquid rocket cryogexnic, space storable and prepackaged
stcrable propellant systems, hybrid and solid rocket propellauts. The pro-
pellant systems selected for study ars given in Table I of Appendix A,

These propsllant systems are reprrgentative of current and projected op-
erational propellant systems.

The numuer of chemical species in the exhaust mixtures of these
propellants for which JANATF therrnochemical data exis’s is over one hun-
dred. The number of chemical reactions between those species which are
stoichiometrically posaible is naturally immense. It is clearly undesirable

-

3




——

: L. "
. . —nm ) - - - . -
L Ny e - - - - -

to atiempt to account for all possible chemical species and chemical re-
actiors in nonequilibrium performance calculations since it is known that
relatively few Jf the tctal possible species and rcactions are of engineering
importance in nozzl: and plume_ éxpansions.

The approach taken in this study to determine the minimum number
of species which must be considered in nonequilibrium performance calcu-
lations was to consider equillbrium and frozen expausions as the limnits of
nonequilibrium expansions. Thus, by determining the significant spacies
which must be considered to accurately calculate the equilibrium and frozen
performance of these typical propellant systems, the significant species
which must be considered (n calculating the nonequilibrium performance of
these and sirailar propellant systems can be determined. For the purpose
of this study, the significant chemical species were thus defined as thosze
which must be considered to determine both the equilibrium and frozen

specific impulse of the propellant systems conaidered ir the study to within
0.5 second at an area ratio of 40.

Equilibrium and frozen performance calculations were performed for
the propellant systems listed in Table I, Appendix A, 2t two char ber pres-
sures, 100 psia and 1000 psia, considering all species for which JANAF
thermochemical data exist present in the exhaust mixturea. These calcu-
lations were used as the reference calculations for comparison with cal-
culations performed considering fewer species. Those molecular species
appearing in only trace amounts (less than approximately 10"3 mole percent)
in the reference calculations were neglected and the calculations repeated
to determine the effect of neglecting trace species on the calculated equili-
brium and frozen performance of these propellant systems. After a garies
of such calculations considering different chemical species present in the
various exhaust mixtures, it was determined that the significant epecies
present in these exhaust mixtures are those given in Talla II, Appendix A.
Those significant species present in each propellant system studied are
given in Table III, Appendix A. Comparisons of the cquilibrium and frozen
performance calculated considering all species preceat and only the signi-
ficant species present is given in Tables 17 through XXXVII in Appendix A
for all propellant systemo studied.
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Examiuation of Tables IV through XXXVII, Appendix A, shows that for
the nonmetallized propellant systems the maximum performance difference
between the calculatic;ns’considering all species present and only the aigni-
ficant species present is 0.49 second of specific impulge at an area ratio of
40. This difference occurs in the frozen performance calculation of the
Chlorine Triflvcride/86% Monomethy! Hydrazine + 14% Hydrazine system
at a mixture ratio of 3,2 and 100 psia chamber pressure. In the metallized
systems, the maximum performance difference is 0. 38 second of specific
impulse at an area ratio of 40 which occurs in the frozen performance cal-
culation of the double base-beryllium-ammonium perchlorate system for
100 psia chamber pr.ssure. It.is seen that the neglected chemnical species
have little effect on the calculated performance of the propellant systems
studied. Thus, performance calculationg performed considering only the
significant chemical species given in Table 1I present in the exhaust mixture
will allow the accurate determination of the equilibrium, frozen and non-
equilibrium performance of ti.ese and similar propellant systems,

Although the eignificant chemicz! species given in Table I were de-
termined from studying specific propellant systems, the utility of nonequi-
librium performance programs based on this species selection is not limited
to these specific propellant systems, but is equally valid for chemically
similar propellant systems. In studying similar propellant systems, the
applicability of the significant species selection can be simply establighed
by comparing equilibrium and frozen performance calculations considering
all species preecnt and orly the significant epecies present. ¥or chemically
nonsimilar systems, the above methods can be readily utilized to determine
the siguificant chemical species in these systems.

3. CHEMICAL REACTION STUDY

Having identified the significant chemical opecies in the above prop<i-
lant systems, all possible recombination-dissociation and binary exchange
reactions between the significant spacies present in each propellant system
were studied. Those reactions which, although stcichiometrically possible,
were highly improbable on the basis of structural or steric factors were
eliminated resulting in the identification of those reactions given in Tabhles I
through VI, Appendix B, as those reactions of possible chemical gignificance
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in nonequilibrium expansions of the propellant systems studied.

Those reactions eliminated due to steric and structural arguments
(listed in Table VII, Appendix B) involve the breaking and formation of a
number of chemical bonds and molecular rearrangements which are highly
improbable compared to other reactions which can occur between the same

epecies.

Although arguments can be given that some of the reactiors identified
to be of possible chemical significanc: in the nonequilibrium expansion of
the propellant systems studied can be of litile significance due to concen-
tration considerations or possible activation energy consideraticns, current
lack of rate knowledge preclude: their elimination at this time. This
approach of reiaining all possible chemical reactions in nonequilibrium
calculations which cannot be eliminated due to steric consideration insures
that future rate mecasurements which may change the relative importance
of various chemical reactions will not affect the nonequilibrium computer
programs developed by TRW for NASA,

4. CHEMICAL REACTION RATE STUDY

A literature survey was performed to determine the status of rate
data for the chemical reactions given in Tables I through VI of Appendix B.
Those reactions for which rates have been reported are given in Table IX
of Appendix B. In addition, those reactions having an energy barrier due
to the fact that they cannot occur in the ground state (the so-called "spin

forbidden' reactions) were identified and arelisted in Table VIil of Appendix B.

Order of magnitude rate estimates can be obtained I, statistical
mechanics and kinetic theory for those reactions for which rate data are
not reported. When rate constants are represented by an Arrhenius equa-
tion, k = AT exp (-E/RT). where T is the absolute temperature, R is
the gas constant, A is the frequency factor, E is the activation energy,
and n determines the pre-exponential temperature dependence, order of
magnitude approximations caz he made as follows:

A. Exothermic, trimolecular reactions

B+C+M =BC+M , k=23x10® 705
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B. Exothermic, binolecular reactionz with triatomic transition
state's.

B+CD =BC+D , k=5x101 1% %exp {-Elm'}

where E = 5. 5% of the CD bond
energy (Hirschfeider Rule)

C. Exothermic, bimolecular reac.iong with transition states of
more than thrae atoms

BC+DE =BCD+E , k= 1x10!! 7% Sexp {- E/RT}

where E = 5. 5% of the DE bond
energy

D. Exothermic, bimolecular, binary exchange reactions

BC+DE=BD+CE , k=1x10107%% exp {- EIRT}

where E = 28% of the sum of the
BC and DE bond energies

The reactior. xates for the "spin forb*dden' -eactione car be similarly ecti-
mated if the rate constants are corracted by Boltzmann factors for the fact
that these reactions do not occur in the ground state.

-

The above methods of estimating exothermic reaction rates are
similar to those used by Tunder, et al. *

PUEUPNOUNT T VU,

% R. Tunder, S. Mayer, B. Cook, and L. Schieler, "Compilation of
Reaction Bate Data for Nonequilibrium Performance and Re-entry
Calculation Prc grams, ' Aerospace Corporation (1966).

'
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Table 1. Propellant Systems Studied at Chamber Pressures
of 100 and 1000 psia to Identify Significant
Chemical Species

Cxidizer/Fuel Mixture Ratios
1. Oxygen/Hydrogen MR = 2.0, 4.0, 5.0, 6.0, 10.0
2. Fluorine/Hydrogen MR =3.0, 7.0, 10,0, 13.0, 20.0
3. Oxygen/RP-1 MR =1.0, 2.2, 2.6, 3.0, 5.0
4. Mitrogen Tetroxide/Eydrazine MR =0.5, 0.9, 1.1, 1.3, 2.0
5. Compound "A"/ Hydrazine MR=10, 2.3, 2.5, 2.7, 5.0
6. Nitrogen Tetroxide/Monomethyl MR =0.5, 1.5, 1.8, 2.1, 3.5
Hydrazine
7. Oxygen Difluoride/Monomethyl MR=0.5, 1.5, 1.8, 2.1, 3.5
Hydrazine
8. Perchloryl Fluoride/Monomethyl MR =0.5, 1.5, 1.8, 2.1, 3.5
Hy1razine

9. Hydrazine/Diborane MR = 1. 15, 1.25, 1.35
10. Oxygen Difluoride/Diborane MR = 2.4, 3.2, 4.0
11. Oxygen Difluoride/Lithium Hydride MR =2.5, 3.0, 3.5

12. Chlorine Trifluoride/86% Monomethyl MR =2.4, 2.8, 3,2
Hydrazine+14% Hydr~zine

13. Chlerine Trifluoride/49% Monomethy! MR =2.5, 3,0, 3.5
Hydr'.zine+8% Hydrazine+
42% Aluminum

14, Chlorine Trifluoride/43% Monomethyl MR =4.0, 5.0, 6.0
Hydragine+7% Hydrazine+
50% Beron

15. Chlorine Trifluoride/43% Monomethyl MR =3.5, 4.5, 5.5
Hydrazine+7% Hydrazine+ ’
50% Beryllium

POV
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16,

17.

18.

19.

Tatle 1 {Continued)

Oxwdizer/ Fuel

Ammonium Perchlorate/ PBAA— Aluminum

Ammonium Perchlorate/PBAA—~ Beryllium

Ammonium Perchlorate/Double Base—
Aluminum

Ammonium Perchlorate/Double Base—
Beryllium

Comgosition

14 percent Organic Fue

16
70

" 16

13
71

69.
19.
10.

81
10
9

1" Aluminum
11}
NH 4ClO 4

" Organic Fue
" Beryllium
" NH 4C10,

4 " Double Base
g " Aluminum
g " NH 4ClO 4

" Double Base
" Beryllium
" NH 4CIC) 4
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Table II. Species Selected for Use in the TRW/NASA Nonequilibrium
Performance Programs

Basic Specles for €, H, N, O, Cl, and F Propollent Systems Having Gassous Comr buation Products

[4 Cl r H N o)
co <, F, H, N, 0,
co, cr H.0 MO OH
HF
HCl

Additional Specles for
Propellant Systems

Having Condensed Additional Gpecles for Additional Specles for Additional Specles for Additional Specles for
Carbonas s Propellent Systems Propeliant Syatems Jropellant Bystems Propalliant Systams
Combustion Product Contairing Aluminum Containing Boron Containtng Berylllum Contalning Lithium
C(S) Al B Be 11
Cz AlO B(L) BeOH LiH
CH Mzo B{S} Boozl-lz LiOR
CH MZO_-,(L) BO BeO L0
CH’ MZO ,(Si BOz BaO{L) mzo
CH‘ AlOC1 BF BeO(5) Licl
Csz AlOF BF, Bezo LiF
CF AlCl BP, BeCl uzrz
Cze AlCt, BCl BcClz
CN AlCly BClz BeF
CICN AICIF BCl, AoF,
FCN AlCIF, BCIF BeCIF
HCN Axct,_r BCL, F
. AlF BCIF,
AlF, BOF
AlFy BOCI
BN
BN(S)
A-3

—— e -
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Table III. Significant Species Considered
in Each Propellant System ’
¢
i
Propsllant Syetem (Table 1)
OZ'HZ FZIHZ O?/RP-I NZO4/H2H‘ A/NZH4 ;
Specles
H H C H cl
H, Hz C{S}) . HZ CIZ
HZO HF co HZO CIF
(o] F coz N
oz FZ Cz NZ FZ
. OH CH NO H
CHz o az
(.'.H3 Oz HF
CH“ ox HC1
) C.H, N
r“ H Nl '
W/ u
2
HZO
(o]
o,
OH
Total Number of
Specics Considered
In Each Caee
6 5 1% 9 n
=
-
A-4
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Table III. (Continued)
Propellant Systam

NzO4/\4MH OFZIMMH CIOSFIMMH N2H4,82H OFZIBZH6
Specien
C C C B B
C(s} Cc(s) C(s) B(L) B(L)
co Cco co B(S) B(S)
COz COZ COz BN BO
CN CN CN BN(S) BOz
C, Cz Cz H BF
CH CH CH Hz Bl-‘z
CHz CHz Cl-lz N BF‘3
CH3 CH, (:l-l3 NZ BOF
CH, CH, CH, F
CH, CH, C.H, Fa
H CF CF H
l'-lz czl-‘z <:zl-‘z Hz
HZO F Cl Hzo
HCN Fz Clz HF
N FCN CICN (o]
Nz H CIF CZ
NO l'lz F GH
o] Hzo Fz
02 HF FCN
OH HCN H
N l"lz
Nz HzO
NO HF
o] HC?
0z HCN
OH N
N,
NO
[o]
%,
CH
Total Number of
Species Considered
In Each System
2l 27 a2 9 18

A-5
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Table III. (Continued) .
-
Propellant System 4,
rs L
& : :
CErd (YY) [NTY) \
4-'1..Mml 'Im.M\lu 4IT..MMII
ub‘_,ll "l L TF Im-'.'..mun % r:‘n‘ ~ y‘n‘ ” r:‘u‘ 1
14% N, it 41% AL Sk N Sa% e . Tl
- '
. i Spesire - -
. ¥ [ < . ¢ - !
', (g0) ) s € (s) N
= - 5
. :
H t, <, [ 2 (.‘ R -
", CN - (N <N <N ’ )
1,0 ou ., oo 1 cu -
HF cn, cif, cu, o, o
L ohy ©CHy CH, oy M :
. .
, LM cu, CH, «h, iy .o
. LiOH <M, c,n, o, c,M, O
, Lio oF CF ¢F CF - H
! - - I
- |
; 1,0 ,F, o5, €,F, ,F, i
i - 1 ci cl cl cl .
3 - b ! = s B
) L, F, cl, O, €, o, x ;
o CICN CICN CIeN C(N '
- ,
: o . CIF Clr CIF CIF ;
: - O F F F F '
1
o Fa ) F, ¥, )
TSy FCh FCN FCN FCN 1
H H H 5
H ] 3
. 1 : ", Hy H, u, ]
3 HF HF ur ]
. HC1 uct HCL ner .
HCN HCN SICN tHCN ‘1
- . i N -~ N n N . - 1
4 e L2l - ~ P
= H
- . N, N, N, N, :
) - Al B Be !
1
. AlCH MLy BeCl }
) AlLLy B(S) BeCl, :
AlF BF BeF {
- §
AIF, BF, Re¥ :
- ¢ . ' ALF, nrF, BeCIF . }
. A, BN i
. AlCIF BN(S) '1
' - AICIF, RC1 s
.
; AIC1F BCt,
B(.l’ ) : s ‘—s
; ! " BCIF 4
- BC),F -
7 - _BCIF, . N -
. Tatal Number of ) - o
Species Considered - ~ : T
In Fach Syetem N : - - * . g
- PO ’ ' ) - e ) N - i - -t e fr _:
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Table III. (Continued)
Propellant System

AP/PRAA-AL Al?/PBAA-Re APIDR-AL ABR/DR-Ne
Species

c c ¢ 13
() € 4S) C(S) C{S)
co co co o
co, co, . co, co,
CN CN N CN
c, c, c, c,
CH CcH .H CH
CH, cr, CH, CH,
cH, cH, cH, CH
CH, CcH, cH, CH,
CZHZ CZHZ CZHZ CZHZ
c1 cl ci c1
c, cl c, c,
CICN CICcN CICN CICN
H H H H
H, H, H, i,
K,0 H,0 H,0 K,0
HC1 HCL HCL HCl
HCN HCN HCN HCN
N N N N
N, N, N, N,
NO NO NO NO
o o o o
o, o, o, o,
oH OH OH oH
Al Be Al Be
AlO PeOH Al0 BeOH
ALO BeO,H, A1,0 BeO,H,
A1,0,11) BeO A1,0,(L) BeO
A1,0,(5) PeO(L) A1,0,i3) BeO{L)
AlC) BeO(S) AICI BeO(S)
Alc, BeCl alci, BeCi
Al0C) ReCl, AloCH BeCl,
INT Le,0 AlC1, Be,0

Total Number of
Species Considered
In Each System

34 kL] 34 34
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Table IV. Theoretical Specific Impulse of OZIHz System

Chamber Pressure = 100 psia

Equilibrium Flow Frozen Flow

Mixture  Area All Signife;cant Al All Signig'..c ant .y
Ratio RAatio Species Species sp Species Species 8p
2.0 10.0  406.89  406.88 0.01 406.77 406,78 0.0l

20,0  419.36  419.36 0.00 419.25  419.25 0.00
30,0  425.18  425.18 0.00 425.06  425.06  0.00
40,0  428.76  428.76 0.00 428.64  428.65 0.0l
4.0 10.0  425.99  425.99 0.00 415.04 415.04 0.00
20.0  442.84  442.84 0.00 430.36 430.36 0.00
30.0  450.70  450.70 0.00 437.48  437.48 0.00
40.0 455.55  455.55 0.00 441.87 441.87 0.00
5.0 10.0 421.42 42} 42 0.00 402.37 402.37 0.00
20.0 440.51  440.51 0.00 418.04 418,04 0.00
30.0 449. 67  449.67 0.00 425.39  425.39 0.00
40.0 455.40  455.40 0.00 429.93  429.93 0.00
6.0 10.0 412.08  412.08 0.00 387.58 387.58 0.00
20.0 433.09  433.09 0.00 403.10 403.10 0.00
30.0 443.41  443.41) 0.00 410.43 410.43 0.00
40.0 449.98  449.98 0.00 414.97  414.98 0.0l
10.0 10.0 359.60  359.61 0.01 336.24 336,24 0.00
20.0 379.67  379.68 0.01 349.97 349.97 0.00
30.0 389.92 389,93  0.0) 356.48  356.49 0.01
40,0 396.60  396.60 0.00 360.54 360.55 0.01

[P
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Table V., Theoretical Specific Impulse of OZ/HZ System

Chamber Pressure = 1020 psia

Equilibrium Flow Frozen Flow

Mixture Area Al Signi%c ant L.y All Signif ?cant
Ratio Ratio Species Species sp Species Species
2.0 10,0  406.89  406.87  0.02 406.85 406.85

20,0  419.36  419.36 0,00 419.32 41°.32
30,0  425.18  425.18 0,00 425.14 425.14
40,0  428.76  428.76  0.00 428,72 428.73
4.0 10.0 427.01  427.01 0.00 422.02 422.02
20.0 443.60  443.60 0,00 437.95 437.95
30.0  451.35  451.35 0.00 445.37  445.37
40.0  455.13  456.13 0.00 449.95 449.95
5.0 '10.0 424.36  424.36 0.00 413,55 413,55
20.0  442.80  442.81 0.01 430.25 430.2¢
30.0  451.66  451.66 0.00 438.15 433.15
40.0  457.19 457.19 0.00 443.06 443.06
6.0 10.0 417,72 417.72 0.00 401.19 401.19
20.0  437.68 437.68 0.00 417.96 417.97
30.0  447.46 447.46 0.00 425.99 426,00
40.0  453.68 453.68 0.0 431,01 431.0¢
10.0 10.0  366.60  366.61 0.0 348.49 348,52
20.0  386.06  386.08 0.02 363.34 363.28
30.0 395,86  395.87 0.01 370.50 370,53
46.0  402.19  402.20 0.01 374,99  375.02
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Table VI. Theoretical Performance of FZIHZ System

Equilibrium Flow

Chamber Pressure =100 nsia

Frozen Flow

Mixture Arga Al!. Signi.?::tcant Al All Signiiicant Al
Ratio Ratio Species  Species sp Species Species sp
3.0 10.0 425.46 425.46 0.00 423,31 423.31 0.00

20.0 437.38 437.38 0.00 435.12 435.13 9.01
30.0  442.87 442.88 0.01 440.57  449.57 0.00
40.0 446.26  446.25 0.00  443.91  443.91  0.00
7.0 10.0 443,93 443.93 0.09 4190.45% 410.49 0.00
20.0 . 460.76 460.76 0.00 421.97" 421.97 0. 00
30.0 468.33 468.33 0.00 427.10 427.10 o0.00
40.0 472.87 472.87 0.00 430.22 430. 22 0.00
10.0 10.0 439.15  439.15 0.C0 397.12 397.12 0.00
20.0 458.94 458.94 0.00 407.91 407.91 0.00
30.0 468.23 468.23 0.00 412.68 412.68 0.00
40.0 473.92 473.92 0.00 415.56 415.56 0.00
13.0 10.0  433.94 433.94 0.00 387.44 337.44 0.00
20.0 454.89 454.89 0.00 397.175 397.75 0.00
30.0 465.13 465,13 0.00  402.28 402,28 0.00
40.0 471.57 471,57 0.00  405.00 405.00 0.00
20.0 10.0 416.55 416,56 0.01 363.45 363.45 0.00
20.0 438.62  438.63 0.01 372.74 372.74 0.00
30.0 449.49  449.49 0.00 376.81 376.81 0.00
40.0 456.23 456.24  0.01 379,24 379.25 " 0.0
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Table VII. Theoietical Performance of Fz/Hz Sys-tem
E Chamber ’ressure = 1000 psia
Equilibrium Flow Frozen Flow
5 5

Mixtqre Area All' Sigmf?cant Al All' Signifi.cant
Ratio Ratio Species Species sp Species Species sp
3.0 10.0 425,51 425,51 0.09 424,717 424,77 0.00
20.0 437,42 437.42 0.00 436.64 436.64 0.00
30.0 442.91 442.91 0.00 442,12 442.12 0.00
40.0 446.28 446.28 0.00 445,48 445,48 0.00
7.0 10.0 448,06 448,06 0.00 426.87 426.87 0.00
20.0 463. 74 463.74 0.00 439.46 439.46 0.00
30.0 470,78 470.78 0.00 445, 06 445, 06 0.00
40.0 475.01 475.01 0.00 448, 45 ” 448,45 0.00
10.0 10.0 447.25 . 447.25 0.00 416.27 416.27 0.00
E 20.0 465, 21 465.21 0.00 423.40 428.40 0.00
30.0 473.51 473.51  0.00 433.75  433.76 0.01
40, 0 478.57 478,57 0.00 436.97 426.97 0.00
13.0 10.0 444,18 444,18 0.00 407.19 407.19 0.00
20.0 463.58 463,58 0.00 418.88 418.88 0.00
30.0 472.74 472,74 0.00 424.01 424.02 0.01
40,0 478,41 478,41 0.00 427.08 427.10 0.02
20.0 10.0 428,82 428,82 0.00 383.44 383.44 0.00
20,0 449. 06 449. 07 0.01 393.98 393.99 0.01
30.0 458.41 458.42 0.01 398.59 398.59 0.00
40.0 464.16 464.16 0.00 401. 34 401.33 0.01
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Table VIII. Theoretical Performance of OZ/RP-I System

Chamber Pressure = 100 psia

Equilibrium Flow Frozen Flow

)
Mixture  Area Al Signi}?cant Al All Signlite"icant .

Ratio Ratio Species Species sp Species Species ““sp
1.0 10,0 243,42  243.42  0.00 225.54 225.54 0.00
20.0  256.28 256.28  0.00 232.46 232.46 0.00

30.0  263.00 263,01  0.01 235.62 235.62 0.00

40.0  267.48  267.48  0.00 237.51 237.51  0.00

2.2 10.0  320.10 320.10 0.00 301.61 301.62 0.01
20.0  335.14 335.14  0.00 313.17 313.18 0.01

30.0  342.49 342.49  0.00 318.61 310,62 0.01

40.0 34717 347,17  0.00 321,98 321.99 0.0l

2.6  10.0 320.65  320.65  0.00 297.29 297.30 0.0l
B 20.0  338.29 238.29  0.00 309.03 309.04 0. 01
30.0  347.17 367.18 0.0l 314.60 314.60 0.00

40.0  352.91 352.91  0.00 318.06 318.07 0.01

3.0 10.0  315.06  315.07  0.01 291,40 291.40 0.00
20.0  333.32 333.32  0.00 303.08° 303.08 0. 00

30,0  342.84 342.84  0.00 308.65 308.65 0.00

40.0 349.15 349.16 0.01 332,11 312.12 0.01

5.0 10.0 286,97  286.97  0.00 266.60 266.61 0.01
20.0 303.36  303.37  0.01 277.51 277.53 0.02

30.0 311.83  311.84  0.01 282.74 282.76 0.02

40.0  317.40 - 317.41  0.01 286.03 286.03 0.00
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Table IX, Theoretical Performance of 02,’RP-1 System

NIV A

Chamber Pressure = 1000 psia

s
—

Equilibrium Flow Frozen Flow ]
16 16 7
Mixture  Area All Significant Al Al Significant . 1 g
Ratio Fatio  Species Species sp Species Species ‘‘‘sp ,
1
1.0 10 0 250,41 250.42 0.01 232.73 232.74 0.0!1

20.0 263.46 263.46 0.00 240.11 ¢40.12 0.01
30.0 270.24 270.24 0.00 243.52 243,53 0.01
40.0 274.74 274.74 0.00 245.61 245.62 0.01

o P KA i S Gl R ARSI

2.2 10.0 323.22  323.22 0.00 311.55  311.57 0.02

20.0  337.63 337.63 0.00 323.94  323.96 0.02
30.0  344.68 144,69 0.0l 329.83  329.85 0.02 .
40.0  349.18 349.18 .00 333.49  333.52 0.03

2.6 10.0  327.31 327.32 0,01 309.12  309.14 0. 02
20.0  344.08 344.09 0,01 321.85  321.88 0. 03
30.0  352.41 352.41 0,00 327.97  328.00 0.03
40.0  357.75 357.76 0,01 331.82  331.84 0.02

Ll 2. SR B e to A SNBEI T VIA

3.0 10.0 323.21 323.22 0.0 303.46 303.48 0.02

20.0 341.38 341.39 0.01 316.16 316.18 0.02
30.0 350.77 350.77 0.00 322.29 322.32 0.03 ‘ '
40.0 356.94 356.94 0.00 226.16 326.18 0.02
5.0 ig.o0 293.24 293.25 0.01 276.55 276.58 0.03

20.0 309. 32 309.33 0.01 288.31 288. 34 0.03

30.0 317,51 317.52 0.01 294,01 294.04 0.03

vty S e ol o B

40,0 322.84 322.85 0.01 297.60 297.63 0.03

A AT
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Table X. Theoretical Performance of N204/N2H4 System
Chamber Pressure = 100 psia

Equilibrium Flow -

Frozen Flow

Mixture Are.a Al} Signi‘ii.cant Al Al} Signi'iigant Al
Ratio Ratio Species Species sp Species Species 8p
0.5 10.0 288.09 288. 09 0.00 287.46 287.46 0.00

20.0 297,27 297.27 0.00 296. 59 296.59 0.00
50.0 301.54 301.53 0.01 300.83 300.83 0.00
40.0 304.18 304.16 0.02 303.46 303.46 0.00
0.9 10.0 310.06 310.06 0.00 3G3.11 303.12 o0.01
20.0 321.77 321.77 0.00 314.00 314.00 0.00
30.0 327.22 327.22 0.0C 319.05 319.05 0.00
40.0 530.58 330.58 0.00 322.16 322,17 0.0}
1.1 10.0 314.68 314.68 0.00 302.44 302.44 0.00
20.0 327.¢65 327.65 0.00 313.68 313.68 0.00
30.0 333.76 333.76 0.00 318.91 318.92 0.01
40.0 337.55 337.55 0.00 322.15 322.15 0.00
1.3 10.0 315.95 315.95 0.00 298. 38 298,38 0.00
20.0 330.24 330.24 0.00 309. 65 309.65 0.00
30.0 337.08 337.08 0.00 314.92 314,92 0.00
4.0 341, 35 341.35 0.00 318.18 318.18 0.00
2.0 10.0 290.92 290.93 0.01 276.98 276.99 0.0l
20.0 303.74 303.75 0.01 287.42 287.43 0.0l
3¢.0 309,84 309.84 0.00 292.31 292,32 0.01
40.0 313,63 313.63 0. 00 295.33 295,34 0,01
A-14
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Table XI. Theoretical Performance of 1\’204/N2H4 System

Chamber Pressure = 1000 psia

Equilibzium Flow

Frozen Flow

Mixture Area All Sigm?i.cant All Sign'g.'?cant I
Ratio Ratio Species Species 3p Species Species 8p
0.5 10.0 288.11 288,11 0.0C; 287.90 287.90 0.00

20.0 297.31 297.28 0.03 297.06 297.06 0.00
30.0 301.60 301. 54 0.06 301.31 301.31 0.00
40.0 304.29 304.17 0.12 303.94 303.94 0.00
0.9 10.0 310.57 310,58 0.01 207.54 307.55 0.01
20.0 322.16 322.16 0.00 318.78 218,78 0.00
30.0 327.55 327.55 0.00 324.00 3.4,00 0.00
40,0 330.87 330.87 0.00 327.22 327.23 0.01
1.1 10.0 315.96 315.96 0.00 309.48 309.49 0.01
20.0 328.62 328. 62 0.00 321.31 321,31 0.00
30.0 334.59 334.59 0.00 326.84 326,85 0.01
40.0 338.29 338.29 0.00 330.27 330.28 0.01
1.3 10.0 318.45 318.44 0.01 307.01 307.01 0.00
20.0 332.18 332.19 0.01 319.01 319,02 0.31
30.0 338,75 338.75 0.00  324.66 324.67 0.0l
40.0  342.85 342.85 0.00  328.17 328,18 0.0l
2.0 10.0 292.43 292.44 0.01 283.06 283,08 0.02
20.0 304.91 304.92 0.01 294,02 264.04 0.02
30.0 310.84 310.84 0.09 299.16 299.18 0.062
40.90 314,53 314,53 0.00 302.36 302.38 0.02
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Table XII. Theoretical Performance of Compound A/ NZH4
Chamber Presgsure = 100 psia
Equijlibrium Flow Frozen Flow
11 11
Mixtt}re Area All Significant All Significant al
Ratio Ratio Species Species sp Species Species 8P
1.0 10,0 312.43 212,43 0,00 304.68 4 304.69 0,01
20.0 322.05 322.05 0.00 313.63 313,63 9,00
30.0 326.41 326,41 0.00 317.70 317.70 0,00
40.0 329.07 329.08 0,01 320.19 320.20 0.0l
2.3 10,0 340,94 340,94 0.00 311.55 311.56 0,01
20.0 355,27 355,27 - 0,00 320.42 320.43 0.0l
30.0 361,89 361.89 0.00 324.37 324,38 0.01
40.0 365.92 365.92 0,00 326.76 326.77 0.01
2.5 10.0 341,63 341.6> 0,00 312.42 312,43 ‘ 0.01
20.0 356,48 356.48 0.00 321.37 321.38 0,01
30.0 363.42 363.42 0,00 325.36  325.37 0.01
40.0 367.65 367.65 0.00 327.78 327,79 0.01
2.7 10.0 341,59 341,60 (;.01 310,25 310.26 0,01
20,0 356.86 356,86 0.00 319.02 319.04 0,02
30.0 364,12 364.12 0,00 322.93 322.94 0.01
40.0 368.60 363.60 0,00 325,29 325.30 0.01
5.0 10.0 263.30 263,30 0,00 238,27 238.27 0.u0
20,0 275.36  275.37 0.01 244.10 244,10 0.00
30.0 281,01 281,01 0.0C 246.72  246.72 0.00
40.0 284,51 284.51 0,00 248,29 248.29 0,00
A-16
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Table XIII' Theoretical Performance of Compound A/NZH4
Chamber Pressure, 1000 psia
Equilibrium Flow Frozen Flow
11 11
Mixture Area All. Signlﬂ_ca.nt Al Al Signliicant/ 1
Ratio Ratio Species Species sp Species Species “ “sp
1.0 10.0 312.84 312.84, 0.00 309.46 309.47 0.0t
20.0 322.34  322.35 o.01 318.68  318.69 0.01
30.0 326.66  326.66 0.00 322.87 322.88 0.0t
40.0 329.30 329.30 0.00 325.44 325.44 0.00
2.3 10.0 345.52 345.53 0.01 325.22  325.24 0.02
20.0 358.71 358.74 0.00 335.06 335.08 0.02
30.0 364.77 364.77 0.00 339.45 339.48 0.03
40.0 368.46  368.46 0.00 342.114 342.14 0.03
2.5 10.0 346.79 346.79 0.00 324.514 324.53 0.03
20.0 360.43  360.43 0.00 334.27 334.30 0.03
30.0 366.73  366.74 0.0t 338.63  338.66 0.03
40.0 370.58  370.58 0.00 341.26 341.29 (.03
2.7 10.0 347.16  347.:7 0.01 323.22  323.25 0.03
20.0 361.31 361.31 0.00 332.87 332.91 0.04
30.0 367.92 367.92 0.00 337.18  337.21¢ 0.03
40.0 371.96  371.97 0.01 339.78 339.81 0.03
5.0 10.0 269.48 269.49 0.01 247.86 247.86 0.00
20.0 280.44 280.44 0.00 254.15 254.16 0.0%
30.0 285.69  285.70 0.0t 257.00 257.00 0.00
40.0 289.06 289.06 0.00 258.72 258.73 0.0t
A-17
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Table XIV. Theoretical Performance of N,0,/MMH System
Chamber Pressure = 100 psia

Equilibrium Flow Frozen Flow ™
21 21
Mixture Area All Significant Al All Significant ,

Ratio Ratio Species  Species sp Spe-ies Species 8p
0.5 10,0 248,77 248,77 0,00 228.95 228,95 0,00
20.0 261.37 261.37 0.00 235,58 235,57 0,01

30.0 267.85 267.85 ‘0.00 238.52 238,51 0.01

40,0 272,11 272,11 0,00 240,24 240,24 0.00

1.5 10,0 304,66 °304.66 0.00  295.75 295,76 0,01
20,0 316.84 316.84 0,00 306.45 306,45 0,00

30.0 322,68 322,68 0,00 311.4?> 311,43 0,01

49,0 326,36 326,36 0,00 314.49 314,50 0,01

1.8 10,0 309.86 309.86 0,00 294.84 294,85 0,01
20.0 323.42 323.42 0,00 305.92 305,92 0,00

30.0 329.95 329.95 0,00 311,10 311,11 0.01

40.0 334,07 334,07 0,00 314,31 314,31 0.00

2,1 10,0 310,76 310.76 0,00 290.57 290,57 0,00
20,0 325,85 325.85 0,00 301.70 301,70 0,00

30,0 333,18 333,18 0,00 306.92 306,93 0,01

40,0 337.83 337.83 0,00 310.16 310,i7 0,01

3.5 10,0 283,47 283.48 0,01 . 266,12  266.13 0,01
20,0 297.25 297.25 0,00 276.42 276,43 0,01

30.0 303,92 303.92 0,00 281,28 281,29 0.0l

40,0 308,13 308,14 0,01 284,30  284.31 0.01
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Table XV, Theoretical Performance of N204/MMH System
Chamber Pressure = {000 pala

» Equilibrium Flow

Frozen Flow

Mixture Area All Signfflicant sl Signi?;iica.nt Al
Ratio Ratio Species Species sp Species _Species 8p
0.5 10.0  256.22 256.23 0.01 237.69 227.69 0.00

20.0 268.83 268.84 0.01 244.82 244.82 0.00

30.0 275.28 275.350 0.02 248.06 248.06 0.00

40.0 279.5¢ 279.52 0.01 250.01 250.90 0.01

1.5 10.0 305.33 305. 38 0.00 300.95 300.96 0.01
20.0 317.40 317.40 0.00 312.06 312.07 0.01

30.0 323.17 323.17 0.00 317.24 317,25 0.04

40.0 326.81 326.81 0.00 320.44 320.45 0.04

1.8 10.0 311.71 311.71 0.00 302.90 302.91 0.01
20.0 324.86 324.87 0.0f 314.64 314.66 0.02

30.0 331.21 331.21 0.00 320.17 320.19 0.02

40.0 335.21 335.21 0.00 323.60 323.62 0.02

2.1 10.0 314.28 314.28 0.00 300.03 300.04 0.04
20.0 328.F% 328. 64 0.00 311.95 311.97 0.02

30.0 335.63 335,63 0.00 317.61 317.62 0.01

40.0 340. 06 340. 06 0.00 321.13 321.14 0.0t

3.5 i0.0 286.10 286. 11 0.01 273.39 273.41 0.02
20.0 299.34 299.34 0.00 284.3¢ 284.33 0.02

30.0 305.75 305.75 0.00 289.50 289.52 0.02

‘ 40.0 309.79 309.79 0.00 292.74 292.75 0.01
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Table Xvi, Theoretical Performance of OFZ/ MMH System
Chamber Pressure s 100 psia

Mixture

Ratio

1.5

1.8

2.1

3.5

Area
Rat.o

10.0
20,0
30.0
40,0
10.0
20.0
30.0
40.0
10.0
20.0
30.0
40.0
10.0
20,0
30.0
40.0
10.0
20.0
30.0
40,0

¢ Eqdiibrium Flow

Frozen Flow

A-20

27 27
Al% Significant All Significaat I
Species Species ap Species Species 8p
294.08 294,08 0,00 289.10 289,11 0.01
305.56 305,56 0,00 298.20 298.20 0,00
311.46 311.46 0.00 302.44 302,44 0.00
315,34 315.34 0,00 305,06 395,07 0,01
357.82 357.82 0,00 333.68 333,68 0.00
371,75 371,75 0,00 343.74 343,75 0.01
378,16 378.16 0.00 348,27 348, 28 0,01
382,07 382,07 0.00 351,03 351,03 0.00
364.08 364,08 0.00 333.69 333.7¢ 0.01
379.97 379.98 0.01 343,78 343.79 0.01
387.43 387.43 0.00 348,32 348,32 0,00
392,03 392,03 0.00 351,07 351,07 0,00
366,18 366,19 0.01 331,65 331,65 0.00
383,806 383.86 0,00 341.63 341,64 o0.01
392,34 392,34 0.00 346.10 346,11 0.01
397.62 397.62 0,00 348,82 348.83 0.01
355,12 355,12 0.00 316,22 316,23 0.01
374,07 374,08 0.01 325,35 325,36 0.0l
383,77 383.77 0.00 329.43 329.43 0.01
390,11 390.11 0.00 331.89 331.89 0.00
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Table XVI. Theoretical Performance of OF,/MMH System
Chamber Pressure = 1000 psia

Mixture
Ratio

Area
Ratie

0.5

1.5

£.8

2.1

3.5

10.0
20.0
30.0
40.0
10.0
20.0
30.0
40.0
10.0
20.0
30.0
40.0
10.0
20.¢
30.0
40.0
10.0
20.0
30.0
40.0

*quilibriurm Flow

Frozen Flow

All' Signizt:{cant Al Al Signlzfzcant Al
Spucies _Species sp Specles Species 8p
295,12 296.13 0.01 289.65 289.67 0.02
308.24 308.24 0.00 298.814 298.82 0.01
314.414 314.42 0.01 303.07 303.0y 0.02
318.46 318.46 0.00 305.72 305.73 0.01
360.88 360.88 0.00 345.85 345.88 0.03
374.01 374.02 0.01 356.83 356.83 0.00
380.06 380.06 0.00 361.76 361.76 0.00
383.76 383.76 0.00 364.75 364.75 0.00
369.15 369. 15 0.00 347.86 347.89 0.03
383.83 383.84 0.01 359.00 359.03 0.03
390.71 390.72 0.01 364.03 364.06 0.03
394.95 394.96 0.04 3587.08 367.114 0.03
373.37 373.38 0.04 346.71 3%6.74 0.032
389.59 389.59 0.00 357.82 357.85 0.03
397.28 397.28 0.00 362.84 362.87 0.03
402.06 402.07 0.0t 365.88 365.91 0.03
363.75 363.75 . 0.00 330.31 330.33 0.02
382.30 382.31 0.01 340.46 340.47 0.0¢
391.64 391.64 0.00 345.00 345.02 0.02
397.65 397.65 0.00 347.74  347.76 0.02
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Table XVIII, Theoretical Perforaance of C10F3/MMH System
Chamber Pressure z 100 psia

Equilibrinm Flow

Frozen Flow

Mixture Area ' All Sign?fi.cant All Sign?fziz.cant Al

Ratio Ratio Species Species sp Species Species 8p
0.5 10.0 254,45 254, 45 0.00 243,34 243,34 0,00
20.0 266.45 266,45 0.00 250, 69 250, 69 0.00

30.0 272,62 272,62 0.00 254,07 254.07 0.00

40,0 276,67 276, 67 0.00 256,12 256.11 0.01

1.5 10.0 306,02 306.03 0.01 294,32 294.32 0,00
20,0 317.54 317.55 0.01 304.06  304.07 0.01

30.0 322.99 322.99 0.00 308.52 308,51 0.0!

40.0 326.41 326,41 0,00 311.26 311,25 0.01

1.8 10.0 311.90 311,91 0.01 293,77 293,78 0.01
20,0 324.93 224.93 0.00 303,77 303.78 0,01

30.0 331.10 331,11 0.01 308, 35 308.36 0.01

40.0 334,36 334.97 0.01 311.17 311,18 0.01

2.1 10.0 313,63 313,63 0.00 29¢, 35 290,36 0,01
20,0 328,24 328. 24 0.00 300, 35 300.36 0,01

30.0 335,25 335,25 0. 00 304.95 304.96 0,01

40.0 339.65 339,65 0.00 307,77 307.78 0.0}

3.5 10.0 294.11 294.13 0.02 268.73 268,76 0.03
20,0 309.53 309.55 0.02 277,92  2797.95 0,03

3u.0 317.20 317.22 0,02 282.15 282,17 0,02

40,0 322.11 322,12 0.01 284.75 284,77 c.02
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Table XIX., Theoretical Performance of C10F3/MMH System
Chamber Pressure = 1600 psia

Eguilibrium Flow

Frozen Flow

Mixture Area All. Sign:iié.cant Al All Sign?fzi.cant Al
Ratio Ratio Species  Srecies ap Speciea Species sp
0.f 10.0 259.96 259.97 0.01 246.9% 246.9¢ 0.00
20.0 272.20 272.2¢ 0.01 254.49 254.49 0.00
30.0 278.45 278.46 0.0f 257.99 257.99 0.00 -
40.0 282.54  282.55 0.0f 260.12  260.12 0.00
1.5 10.0 307.02 307.03 0.c1 300.92 300.94 0.02
20.0 318.29 318.31 0.02 311.15 311.17 0.02
30.0 323.65 323.65 0.00 315.84  315.86 0.02
40.0 327.04 327.00 0.01 3i8.72 318.74 6.0n2
1.8 0.0 314.18 314.19 0.04 303.09 303.12 0.03
20.0 326.67 326.68 0.01 313.81 313.84 0.03
30.0 332.6t 332.61 0.00 }18.76 3:8.79 0.03
40.0 336.32 336.32 0.00 321.80 321.82 0.02
2.1 10.0 317.63 317.63 0.00 301.18 301.22 0.04
20.0 331.37 331.38 0.01 312.05 312.09 0.04
30.0 337.97 337.97 0.00 317.10  317.13 0.03
40.0 342.10 342.10 0.06 320.19 320.23 0.04
3.5 10.0 299.59 299.63 0.04 278.90 278.98 0.08
20.0 314.30 314.34 0.04 288.91 288.99 0.08
30.0 321.52 321.55 0.03 293.56 293.63 0.07
40.9 326.10 326.13 0.03 296.42 2%6.49 0.07
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Table XX, Theoretical Performance of N2H4IBZH6 System
Chamber Pressure = 100 psia

(PO S W

Equilibrium Flow Frozea Flow'
9 9
Mixture Area All Sigmificant Al All Signaficant Al
Ratio Ratio Species Species sp Species Species sp
1.15 10.0 368,47 368.48 0.01 363.30 363.32 0.02

20.0 385.60 385.60 0.00 379.82 379. 84 0.02
30.0 394.03 394.04 0.01 387.95 387.96 0.01
40.0 399.43 399.43 0.00 393.14 393.15 0.01
1.25 10.0 365.63 365.63 0.00 362.80 362. 85 0.05

O S e T O R R TV TR A T T Oy I eT

20.0 382.32 382.31 0.01 379.15 379.21 0.06
30.0 390.50 390. 50 0.00 387.18 387. 24 0. 06
40.0 395.74 395.73 0.61 392.31 392.37 C.0¢

SN asbtiadks Lk Suiiaae

1.35 16.0 362.02 362,02 0.00 359.90 359.93 0.03
20,0 378.26 378.26 0.00 375.90 375.94 0.04
30.0 386.21 386.22 0.01 383.73 383.77 0.04
40.0 391.28 391.28 0.00 388.72 388.7% 0.04

okt Gtk et o A,
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Table XXI. Theoretical Performance of NZH4IBZH6 System
Chamber Pressure = 1000 psia

Equilibrium Flow

Froz-n Flow

Mixture Area A.ll Signi?%cant All Significant Al
Ratio Ratio Species Species sp Species Species sp
1. 15 10.0 368.81 368.84 0.03 366.59 366.71 0.12
20.0 385. 87 385.89 0.02 383.39 383.52 0.13
30.0 394.28 394.29 0.01 391.67 391.80 0.13
40.0 399.65 399.67 0.02 396.96 397.10 0. 14
1.25 10.0 365. 84 365.85 0.01 364.70 364.78 0.08
20.0 382.48 382.48 0.00 381.21 381.29 0.08
30.0 390.65 390.66 0.01 389.32 389.40 0.08
40.0 395. 87 395. &7 0.00 394.50 394. 58 0. 08
1.35 10.0 362.18 362.18 0.00 361.38 361.42 0.04
20.0 378. 39 378. 39 0.00 377,50 377.54¢ 0.04
30.0 386.33 386.33 0.00 385.39 385. 44 0.05
40.0 391.38 391.39 0.01 390.42 390. 47 0.05
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Table XX, Theoretical Performance of 0F2/82H6 System

Chamber Pressure

Equilibrium Flow

100 psia

Fro~en Flow

Mixture Area All. Signiitsicant Al .Au Significant Al
Ratio Ratio Species Specles ap Species Species sp
2.4 10.0 380.05 380.16 0.11 351.00 351.13 0.13

20.0 399.82 399.914 0.09 363.42 363.5¢ 0.12
30.0 409.90 409.98 0.08 369.21 369.32 0.11
40.0 416.49  416.57 0.08 372,78 372.88 0.10
3.2 10.0 388.09 388.17 0.08 355,80 355.87 0.07
20.0 408.74  408.78 0.07 368.17 368.2¢  0.07
30.0 419.32  419.39 0.07 373.92 373.98 0.06
40.0 426.3i  426.37 0.06 377.46 377.52 0.06
4.0 10.0 390.36  390.37 0.014 355.145 355,12 0.03
20.0 4i1.28 411.29 0.01 367.31 367.26 0.05
30.0 422.03 422.04 0.01 372.94 372.89 0.05
40.0 429.10  429.1i 0.04 376.40 376.35 0.05
Ae26

o 4 ——————— — e

Ea 2 e e

¥

LRI ¥ o R LA ES TR € TR A S i

23

pors

PRPUCUUY * .

— i a PUPOSIRPSPPRp IR AR VI S




Table XXIII., Theoretical Performance of Oleth-lb
Chamber Pressure = 1000 psia

Equilibrium Flow Frozen Flow
18 18
Mixture Area All Significant Al All Significant Al
Ratio Ratio Species Species '8p Specias Species 8p
2.4 10.0 387.64 387.87 0.23 364.44 364.76 0.32

20.0 407.03 407.21 0.19 378.00 378.28 0.28
30.0 416.96 417.14 0.18 384.38  384.65 0.27
40.0 423.54 423.7 0.17 388.33 388.60 0.27
3.2 10.0 397.86 39R.06 0.20 371.29 371.47 0.18
20.0 418.35 418.52 0.17 384.94  385.10 0.16
30.0 428.84 429.01 0.17 3941.38 391.54 0.16
40.0 435.75 435.90 0.15 395.38 395.52 0.14
4.0 10.0 400.50 400.57 0.07 371.13 371.10 0.03
20.0 421.26 421.34 0.08 384.58 384.54 0.04
30.0 431.81 431.89 0.07 390.93 390.87 0.06
40.0 438.70 438.76 0.06 394.86 394.79 0.07
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Table XXIV. Theoretical Performance of OFz/ LiH System
Chamber Pressure = 100 psia

Equilibrium Flow Frozen Flow
16 16
Mixture Area All Significant Al All Significant LI
Ratio Ratio Species Species sp  Species _Species T~ sp

2.5 10,0 346,73 346,76 0.03 322,10 322.19 0.09
20,0 364,06 364,09 ¢.03 333.44 333,5¢ 0.10
30.0 372,91 373.93 0.02 338.72 338,82 0.10
40,0 378.72 378.74 0,02 341,99 342,09 0.10
3.0 10.0 352,67 352,72 0,05 322,46 322,58 0.12
20,0 371,27 371.32 0,05 333,66 333.79 0.13
30,0 380,68 380,72 0.04 338,86 332,99 0.13
40,0 386,79 386,83 0,04 342,07 342,19 0.12
3.5 10,0 351,84 351.89 0,05 326.09 320,23 0.14
20.0 370.89 370,94 G.05 330,97 331,12 0.15
30,0 380.66  380.790 0,04 336,00 336,15 0.15
40.0 387.06 387.10 0,04 339.09 339,24 0.15
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Table XXV. Theoretical Performance o/ OF,/LiH Syatem
Chamber Pressure = 1000 psia

Mixture
Ratio

Equilibrium Flow

Frozen Flow

16
Arca Al Significant
Ratio Species Species

2.5

3.0

10.0 354.00 354.04
20.0 371.48 371.52
30.0 380. 41 380. 45
40.0 386.30 385.33
10.0 361.04 361.10
20.0 379.22 379.2¢
30.0 383. 41 388.46
40.0 394. 42 394.47
10.9 361,02 301.09
20.0 379.67 379.73
30.0 389. 14 389. 20
40.0 395.33 395.38
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0.04
0.04
0.04
0.03
0. 06
0.04
0.05
c.05
0.07
0.06
0.06
0.05

16
All Significant
Species Species 8p
335.21 335.35 0.14
347.82  347.97 0.15
353,78 353.93 0.5
357.49 357.64 0.15
337.48 337.65 0.17
350.02 350.18 0.17
355.91 356.09 0.1
359.58 359.7% 0.18
335.49  335.67 C.18
347.67 547.87 0.20
353,40 353.60 0.20
356,24 357.14 0.20
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Table XXVI. Theoretical Performance of CTF/86% MMH+
. +14% NZH4 System

—r

Chamber Pressure = 100 psia

Equilibrium Flow Frozen Flow
25 25
Mixture Area All Significa.'¢ Al All Significant Al
Ratio I'atio  Species  Species sp Species Species sp
2.4 10.0 305.43 305.45 0.02 283.35 283. 56 0.21

20.0 318. 46 318.48 0.02 292.71 292.92 0.21

30.0 324. 54 324.55 0.01 296.99 297.21 0.22

40.0 328.28 328. 29 0.01 299.62 299.84 0.22

2.8 10.0 306.97 307.01 ~ 0.04 281.68 282.04 0.36
20.0 A20.78 320. 81 0.7"3 290.82 291.20 0.38

30.0 327.28 327.31 0.03 295.10 295. 39 0.39

b 40.0 331.29 331.32 0. 03’ 297. 55 297.95 0.40
3.2 10.0 304. 2¢ 304.32 0.06 275.46 278.92  0.46
20.0 317.30 317.34 0.04 287.35 287.84¢ 0.49

30.0 323,65 323.66 0.01 291.41 291.90 0.49

40.0 327.72 327.68 0.04 293,87 294.39 0.49
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Table XXVII. Theoretical Performance of CTF/86% MMH +
+14% NZH4 System

~
= Chamber Pressure = 1000 psia
Equilibrium Flow Frozen Flow
25 25
Mixture Area All Signifif:ant Al All Signiﬁ:.caat Al
PRatio Ratio Species Species ap Species Species 8p
2.4 10.0 307.49 307.52 0.03 289.38 289. 58 0.20
20.0 320.02 320.04 0.02 299.28 299.48 0.20
30.0 325. 86 325. 87 0.01 303.82 304.03 0.21
40.0 329.45 329, 47 0.02 306.61 306. 83 0.22
2.8 10.0 309.92 309.96 0.04 287.92 288.23 0.31
20.0 323.05 323,09 0.04 297.66 297.99 0.33
30.0 329.21 329.24 0.03 302.13 302, 46 0.33
40.0 333.01 333.04 0.03 304.87 305.21 0.34
} 3.2 10.0 306. 57 306.62 0.05 284.89 285.0¢ 0.15

20.0 319.54 319.49 0.05 294.41 294. 58 0. 17
30.0 325.91 325.74 0.17 298.77 298.95 0.16
40.0 329.96 329.67 0.29 301.44 301.62 0.18
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Table XXVIII,
CTF/49% MMH+8% N2H4+43% Al

Theoretical Performance of

Chamber Pressure = 100 paia

Equilibrium Flow

Frozen Flow

Mixturo Are.a All Si gni?i.cant 41 A.ll Si guzg.cant N
Ratio Ratio Species Species sp Specics  Species ap
2.5 10.0 295.19 295,52 0.33 267.94 268.09 0,15
20.0 311.19 311,47 0.208 277.15 277.35 0.20
30.0 319.41 319.68 0.27 281.41 281, 64 0.23
40,0 324.83 325,08 0.25 284,04 284,28 0.24
3.0 10,0 294,88 295.02 0.14 266.75 266, 86 0.11
20.0 310,96 311,08 0.12 275.73 275,87 0.14
30.0 319,22 319,32 0.10 279.88 280,03 0.15
40.0 324,64 324,74 0.10 282.42 282, 59 0.17
3.5 10.0 292,48 292.56 0,08 264,69 264,82 0,14
20,0 307,89 307.95 0.06 273.45 273.60 0.15
30.0 315.45 315,51 0.06 277.49 277.65 0.16
40,0 320.23 320,28 0.05 279.97 280,13 0.16
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Table XXIX, Theoretical Performance of
CTF/49% MMH+8% NZH4+43% Al

. Chamber Presesure = 1000 psia
Equilibriwm Flow Frozen Flow
35 35
Mixture Arcea Al Signiﬁ.cant Al All Significant Al

Ratio Ratio Speciecs Species 8p Species Species 8p
2.5 16.0 302,13 302,24 0,11 280,35 280.4¢ 0,12
20,0 318.15 318.24 0,09 290. 64 290.79 0.15
30.0 326,33 326.41 0.08 295,49 295.64 0.15
40,0 331,68 331,76 0,08 298,49 298.66 0.17
3.0 10.0 301.82 301,92 0,10 279.06 279,19 0,13
20.0 317.88 317,96 0,08 289,06 289.22 0.1¢
30.0 326,04  326.11 0.07 293.75 293.92 0,17
40,0 331,36 331.43 0.07 296,66 236,82 0.6
) 3.5 10.0 298.45 298.54 0.09 276.56 276,74 0,18
20.0 312,93 313.00 0,07 286,27 286,45 0,18
30.0 326,00 320.06 0,06 290.80 290.99 0.19
40.0 324.53 324,57 0,04 293,60 293,79 0,19
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Table XXX. Theoretical Performance of CTF/43%MMH +
+71% NZH4+50% B

Chamber Pressure

Equilibrium Flow

= 100 psia

“Frozen Flow

. Mixture Area All Signffzcant Al All Signfz.cant Al

Ratio Ratio Species  Species sp Species Species sp

4.0 10.0 288.95 <89.09 0.14 263.45 263.37 0.08

20.0 305,12 305.24 0.12 273.00 - 272.95 0.05

30.0 313.51 313.63 0.12 277.49 277.45 0. 04

40.0 319.07 319.18 0.11 280.28 280. 24 0.04

5.0  10.0  291.82 291.89  0.07 264.37 264.35 0,02

20.0 308 30 308. 36 0.06 273.76 273.74 0.02

J 30.0 316.82 316. 89 0.07 278.15 278. 14 0.01
40.0 322. 46 322.52 0.06 280.88 280.87 . 0.01

6.0 10.0 291.96 291.99 0.03 263.00 263. 06 0. 06

20.0 308. 50 308. 55 0.05 272.17 272.23 0.05

30.0 317.09 317.13 0.04 276.46 276. 52 0. 06

40.0 322.175 322. 0.9¢ 279.11 0. 06

79
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Table XXXI. Theoretical Performance of CTF/43% MMA ¢+
+7% N,H, +50% B

Chamber Pressure = 1000 psia

e ba— be b —e

Equilibrium Flow Frozen Flow

3y 39 1
Mixture Area All Sigmficant ,, Al Significant Al -
Ratio Ratio Species _Species  ~'sp Species Species sp :
: }
4.0 10.0 296 55  296.64 0,09 275.73 275.73 0.00 ,
20.0  512.87 312.95 0.08 286.35 286.37 0.02 |
30.0 321.32 321.39 0.07 291.44 291.46 0.02 ﬁ

40.0 226.91 326.98 .07 294.62 294.65 0.03
5.0 10.0 299.71 299.77 0.06 276.u7 276.94 0.07 '
20.0 316.29 316.35 0.06 287.27 287.34 0.07 :
5 30.0 324. 8¢ 324.92  0.06 292.23 292. 30 0.07 ;
 40.0 330.52 330.58 0.04 295.32 295,40 0.08 3
6.0 10.0 300.03 300.10 0.07 275.53 275.65 9.12 }

20.0 316.29 316.37 0.08 285.64 285.78 0.14

—— oA

30.0 324.64 324.71 0.07 290.44 290. 58 0.14
40.0 330.77 330.13 0.06 293.44 293, 57 0.13

D S s T L S DU

A-35




.- - . ' ~T s N <§l’:_1

-y

Table XXXII. Theoretical Performance of CTF/45% MMH ¢
+71% NZH4+50% Be

- Chamber Pressure = 100 poia

Equilibrinm Flow ___ Frozen Flow
31
Mixture  Area All Significant Al All  Significang af
Ratio Ratio Species Specias sp Specias Spacies 8p
3.5 10.0 309. 82 309.98 0. 16 283. 86 283.77 0.0%

20.0 326.98 327.13 0.15 294.12 294.04 0.08
30.0 335.88 336.02 0.14 298.95 298.88 0.07
40.0 341.78 341.91 0.13 301.95 391.89 0. 06
4.5 10.0 310.36 310,43 0.07 282.28 282, 07 0.2%
20.0 327.39 327.47 0.08 292.16  291.94 0.22
30.0 336.15 336.22 0. 07 296.77 296. 56 0.2%
40.0 341.92 341.99 0. 07 299.64 299, 42 0.22
5.5 10.0 306. 16 306. 22 0. 06 277.60 277.57 0.02
20.0 321.84 321. 39 0.05 287.04 2870. 01 0.03
30.0 329,47 329.52 0.05 291.42 291. 41 0.01
40.0 334.30 334.34 0.04 294. 14 294. 12 c.02




Table XXXIIT.

Chamber Pressure = 1000 psia

+7% NZH4+50% Be

Equilibrium Flow

Theoretical Performance of CTF/45% MMH +

Frozen Flow

¢ ixture Area Al]: Sign?flfcant A All Signiafilcant Al

Ratio Ratio Species Species sp Sgecies Species 8p

3.5 10.0 313.41 318.50 0.09 297.23 297,24 0.01
20.0 335.57 335.66 0.09 308.51 308. 54 0.03
30.0 344.44  344.53 0.09 313.91 313.95 0.04
40.0 350. 30 350.38 0.08 317.29 217.33 0.04

4.5 10.0 318.50 318. 56 0,06 295.31 95.25 0. 06
20.0 335.44 335,50 0,06 306.15 306.10 0.75
30.0 344.10 344.16 0.66 3il.29 311.24 0.05
40.C 349.76 349.81 0.05 314.50 314.45 0.05

5.5 10.0 312,58 312,64 0,06 290,01 290. 07 0. 06
20.0 327.15 327.21 0.06 300.32 300.39 0.07
30.0 334.27 334.31 0.04 305,18  305.24 0. 06
40.0 338.84 338. 86 0.02 308.19 308.26 0.07
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Table XXXIV. Theoreticz] Performance of AP/PBAA-Al System

Equilibrium Flow . Frozen Flow
Chamber 34 34

Presasure Area All Significant , P All Significant
(psia) Ratio Species Species ““sp Speciea  Speciesn ““sp
100 10,0 283.70 283,71 0.01 270,33 270,35 0.22
20.0 299,29 299. 29 0.00 282,14 282,16 0.02
30,0  307.05 307.05 0.00  287.89 287.91 0,02
40.0 312,03 312,04 0,01 291,52 291,55 0.03
1000 10.0 286,52 286,54 n, o2 277,34 277, 38 0.04
20.0 301,70 301,70 0.00 289.74 289,78 0.04
30.0 209,22 309.22 0.¢" 295,82 295,87 0.05
40.0 314,04 314,04 0.00 299.70 299,74 0.04
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Tablve XXXV. Theoretical Performance of AP/PBAA-Be System

Equilibrium Flow Frozen Flow

Chamber 34 34

Prcssure Area All Significant , . Al Significant L1
{psia) Ratio Species  Species sp Species Species sp
100 10.0 305,71 305,74 0,03 289.32 289.45 0,13
20.0 324,00 324,03 0,03 303,10 303,25 0,15
30,0 333.39 333.41 0.03 309.93 310.09 0,16
40.0 339,56 339,57 0,01 314,32 314,48 0.16
1000 10,0 308.84 308,87 0,03 296.54 296,68 0.14
20,0 327.15 327,18 0.03 311,01 311,16 0,15
30.0 336,46 336,48 0,02 318,25 318.40 0,15
40,0 342,53 342,55 0,02 322.91 323,07 0,16
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Table XXXVI. Theoreiical Performance of AP/DB-Al
Equilibrium Flow — _Frozen Flow 3
Chamnber 34 34 ;
Pressure Area Al Significant 21 All Significant Al
{pnia) Ratio Species  Species op Species Srnacien sp
!
100 10.0 284,61 284.62 0.0} 272.41 272. 47 0.06
i
20.0 300.70 330.73 0.03 284.76 284. 83 0.07
30.0 303.26 309.24 0.02 290.86 290,93 0. 07
40.0 314.82 314.78 0.04 294.76 294,83 0. 07 !
:
1000 10.0 288. 45 288, 47 0.01 280,52 230,64 0.12 g]
20.0 304.20 304. 20 0.0C 293,53 293.67 0.14 % '
30.0 312,50 312, 51 0.01 360,01 300.15 0.14 ﬁ
40.0 317.87 317.89 0.02 304,18 30¢.32 (.14




‘fablve XXXVII. Theoretical Performsnce of AP/DB-Be Syatem

Equilibrium Flow

Frozen Flow

g::::::: Areca All Signfgcant All Sign?f‘:cant al

~(psia)  Ratio  Species Species ~~ gp Species Species op
100 10.0 303.92 304.00 0.08 28%9.89 290.18 0.29
20.0 322,16 322,23 0.07 303.67 304.00 0.33

30.0 331,52 331.58 0.06 310,52 310,88 0,36

40.0 337.66 337.72 0.06 314.92 315.30 0,38

1000 10.0 307.68 307.72 0,04 298.31 298.48 0.17
20.0 325,43 325.97 0,04 312,87 3:3.06 0.19

30.0 335,20 235,23 0,03 320,18 320,38 0.20

40.0 341,24  341.27 0.03 324.90 325.10 0,20
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Table 1. Chemical Reactions of Importance in Nonmetallized
Propellant Systems Containing Carbon, Hydrogen,
Oxygen, Nitrogen, Fluorine and Chlorine Having
Gassous Combustion Products

Chemical Reaction

C02+M:= CO+0+M
HZO-G-M:-‘ OH+H+ M
CO+M=2C+0+M
C12+M== 2Cl + M
FZ+M= 2F+ M

HCl+ M= H+Cl+ M

" HF+Ma2H+F+M

Hy+M=2H+M
N, + M= 2H+M

NO+M= N+O+M
OH+M=O+H+M
7
CIF+M=Cl+F+M

+ M= 20+ M

CO, + H = CO + OH
CO,+0=CO+0,
H,0 + Cl = OH + HCl
H,0+H= OH+H,
H,0 + O = 20H
CO+COCO,+C
CO+H=C+OH
CO+ N =C+NO
CO + NO = CO, + N
CO+0=C+0,

HCl+ClalH+ Clz

B-1

Chemical Reaction

1IC1 + HC1 = H, +Cl,
HCl1+ O = OH+ C]
HF +Cl= HCl1+ F
HFE+ F= I'I+Fz
HF + H= H2+F
HF + HF :Hz-l-Fz
HF+0=20H+F
HF + OH= H,0 + F

H, + Cl = HCl + H

'Hz+o =OH+H

HZ + OZ = 20H

NZ+° #aNO+ N

NZ +0 2NO

5=
NO+Hz= N+ OH
NO+O= N+Oz
Oz+l~l =20H+ O
Cl+CiF=Cl, + F
F+ClF= Cl+F,
HF +Cl= ClIF+H
HCl + F= ClF + H
HCl + HF = CIF + H,
HF + CIF « F, + HCl
HF + Cl, = CI1F ¢+ HC!

ClIF+ClF = F, + Clz
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Table II, Additional Chemical Reactions of Importance in
Dropellant Systems Contalning Condensed Carbon

As a Combustion Product

Chemical Reaction

C2+M =C+C+M
CH+M=2 C+H+ M

CH,+ M- CH+H+M

2
CH, +M =CH, + H+ M
CH4+M=° CH3+H+M
C,H, + M= CH+ CH+M
CN+M=C+N+M
HCN+ M= CN+ H+ M
CNCl+M=CN+Cl+M
CNF+M= F+CN+ M
CF+M=C+F+M
C.F,
HCN+ M= CH+ N+ M

+M=2 CF+CF+M

CNF+M=CF+N+M
F+CF an+C
C+Hz=‘ CH+H
C+HZO=: CH + OH
C+HF = CH+ F
C+HF=CF+H
C+HCl=CH+ Cl
C+Nz"'° CN+ N
O+CN =NO+ C
C+CH=CH+O

CQ+CF=CIF+C

"C+ CH

Chemical Reaction

CO+F=CF+0
CO+H=CH+O
CO + H, = CH+OH
CO + HF = CF + OH
CO+N=CN+OQO
CO+ N, = CN + NO
CO+OH= CH+O,
C+C0=C,+0
cO+Cco=C,+0,
F + CNC1 = CN + CLF
HCl + CNF ¢t HCN + CIF
HF + CNCl = HCN ¢ C1F
CIF + CNF# CNCl + F,
Cl, + CNF = CNCI + CIF
C+ HCN= C}H+ CN
C+CNF = CF+CN

3 =CH+ CI—Iz
C+CH, =CH+CH

CH + HCN = CN + CH,
HCN + CF = CNF + CH
CH, + C= CH, + CH
HCN + CH, = CH, + CN
HCN + CH, # CH, + CN
CH; + CH= CH, + CH,
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Table II, (continued)

CH4 + CH= (JH3 + C!—lz
CH3 + CH3 =] CHZ + CH4
Cl + HCN = CN + HC1
Cl+ HCN= CNCl + H
Cl + CI'F & CN + C1F
Cl + CNC1l =CN + Clz
CF+CF= CZ + F2
HF + CNF =2 HCN + F

2
HC1 + CNC1 = HCN + Cl,
H+C, =C+CH
H+CN =CH+N
H+CF= CH+F
H+HCN = CN+ H,
HF + CN = CNF + H

H+ CNF = HCN + F

H+ CNCL = CN + HC)
H, + CH= CH, + H

H+ CHy = CH, + H,

H, + CH; = CH, + H
H+C,H,= CH+CH,

2
F-!-Cz #CF+C
F+CN=CF+ N
HF + CN=2 HCN + F
F+ CNF #CN+ F,
Cl + CNF= CNCl+ F

HF + CH :-°CH2+F

HF+CHZ =CH3+F

HF+CH3 =CH4+F

Hz+ CZ:: CH + CH

H,

HF + HCN= CNF + HZ

HCi + HCN = CNCl1 + Hz

H,

OH + HCN “ CN + HzO

+ CF = CH+ uF

O+ CH =CHZ+OH

HZO + CHz = CH3 + OH

HZO + CH3

HF +C, #=CH+CF

= CH4+ OH

2
HF + CF = CH+FZ
HF + CNCl= CNF + HCl
HCl + CH= CHZ+CI
HCl + CF » CH + CIT
Cl+CH3 =CHZ+HC1
HCl + CH3 2 CH4 + Cl
C+CN =CZ+N
NZ+Cz== CN + CN
CN+ CO= C, + NO
OH+HCN=CHZ+NO
N+ CO= CN+O

O + HCN = CH + NO
O+ HCN =2CN+OH

O + CNF = CF + NO

OH + CH= CH, + O

Lode " Y
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Table 11,

O+CH3.-:CHZ+OH
OH + CH3 =-‘CH4+O
NO + CO ==(IN‘+Oz
CH+CO*= CZ-I-OH
OH + CN = CH + NO
OH + HCN =CH2+ NO

(continued)

H + HCN rfCH2+N
NZ-I-CH =HCN+ N
NZ+CF 2CNF+ N
N+ C?_H2 = CH + FCN
N+ CZFZ= CF + CNF

e Az ey
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Table LI, Additional Cheinical Reactions of Importance in Aluminum
Containing Propellant Systemas

O

AlCl

Chemicsl Reaction

AlC+ M ~Al+ O+ M
AlZO+M = Al + AIO+ M
AlICl+ M =Al+Cl+ M
AICIZ+ M= AICl1+ 71+ M

3+L'.= A1C12+C1+M
AlIF+ M =Al4 F+ M
AIFZ+M=A1).-‘+F+M

A1F3+M :A.le*F-fM
AlOCI+ M =AlIO+ Ci+ M
AlIOF+M =AlIO+F+ M
ACiIF + M = AlIF+Cl+ M
AICIZF-}M :AJ.CIZ+1-’+M
A1C1F2+M=A1F2+CI+M
AlIOCl+ M= AIC1+ O+ M
AlIOF + M= AIF+ 0+ M
AlICIF+ M = AIC1+ F+ M
AICIZ
AlClE‘z+M= AlCIF + FF+ M

F+M=AICIF+Cl+ M

AI+COZ:.°A]O+CO

_Al+CO=nlO+C

Al ¢+ NO =A10+ N
Al+0, = 4l0+ O
M+AIOC1=AIZO+CI

Chemical Reaction

Al + AIOC1 == AlO + AlCL
Al + AIOF =‘A120+F
OH + AJF =HF + Al0
O+ AlF = F + AlO

AlO + H = Al + OH

AlO + A1F -.:A120+F
AlOF 4+ Al =AlF + AlO

Al,O + Cl =AlO + AlCl1

2
A120+0 = AlO + Al1O
AlCl + CO = Al0C1 + C
AlCl 4+ HCL =AICIZ+|H
AlCl + NO = AJOC1 + N
AlCl + OH = AlQ0 + HC1
AlCl + C1 :-'Ai+€-lz
AlCl + H =Al + HC1
AlCl + 0 = AlI0+ Q1
AlCl + AlIC) =A1+A1CIZ

AlCl + AlOC1 =Al,O ¢ Clz

2
AICL + AIOCI = AIO + ALCL,
AIC1 + AIOF = AIF + A1OC1
AICl, + Ci = AIC1 + C1,
AlOC1 + CO = AIC1 + CO,

AlQC] + HCQ1 = AlClz + OH




()

@

oy

P

Table 1il. {continued)

A1OCL + Cl =410 +Cl,
AIOC1 + C1 = AICL, + O
AIOC! + H = AlO + HC1
AlOCl + H = AIC1 + OH
A10C1 + O ~AICL + O,
AIF + AIF =Al + AIF,
AIF + HCl = AICl + HF
AIF + HF = AIF, + H
AIF + NO = AlOF + N
AIF + Cl =AICi + F
AIF+F =Al+F,
AIF + H = Al + HF

ALF + AIOF = AlO + AlF,
AIF, + F= AIF+F,
AIOF + HCl = AlOCl + HF
AIOF + HF = AIF, + OH
AlIOF + Cl= AlOCl + F
AIQF + F = AlO 4 F

2
AlIOF + F = AlF, + O

2
AlQF + H = Al10 + HF
AlOF + H = AlF + OH
A10F+O=A1F+Oz
Cl + AIF =CIlF + Al
F + AICl =CIF + Al

C+ AIF = CF + Al

A A S e S o R i S A A S BT DB S (N O iAoy
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CN + AlF = CNF + Al

CN + AIC1 = CNC1 + Al
AIF, + AIF = AlF; + Al
AICIF + AIC1 =AICLF + Al
AIF + AICL, = AICLF + Al
AIF + AICIF = AICIF, + Al
Cl + AIOF = CIF + AlO

CO + AIF = CF + AlO

C + AIOF = CF + AlO

CN + AIOF = CNF + AlO
CN + AIOC1 = CNCl + AlO
AIF, + AIOF = AlF

2 3

AlQCE + AICIZ = A1C13 + AlQ

AlQF + AlCl = AICLF + AIQ

+ AlO

AlF + A1OC1 = AICIF + AIO
AlOF + AlClz = AICLF + AlO
AlCIF + AlOQC] = ALCLF 4 AIO
AICXZ + AIOF = AICIZF + A0
Ale + AlOC1 =A1C1FZ + AlO
AlQF + AIOF = AlCle + Al0
AlQCl + AlF = CIF + AIZO
AlCl + AIOF = CIF + Alzo
ClF + AIF = F, + AlCl

2

F+ AICIF = Z"‘?#AICI

AlCl + HF = AICIF + H
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Table II1. (continued)

Clz + AlF = CIF + AlCl

Cl 4+ AICIF =CI1F + AlCl
C + AICIF = CF + AlC1
CNCl1 4 AlF =CNF + A1C1
AlCl + CNF = AICIF + CN

AlCl + AlClz s A1C13 + Al

AlICl + AlF = Al + AICIF
AICIF + AlF = AlF, ¢ Al

AlCl + AlF, = AlF

2

3= Al(:lZ + AlClz

AIF + AICl, = AIGIF + AlCl

+ AICIF
AlCl + AIC1

AlC} +AlCle = AICIZ + AICLF
AlF 4 AlCiq = AlCIaF + Aalcl
ALCL + AICIF, =AICL, ¢+ MFZ
AlCL,F + AlF= AICIF, + AlCL
AlCl + AlCl.Fz = AICIF + AILCIF
Cl+ Al013=-' (31.2 + AlClZ
AJClz+ F = AlCl + CIF

Cl 4+ AICIF = F+A1C12

F+ AICIZI-‘ = F, + AlClz

Cl+ AlCle = Fz + AlClZ

HCl 4 AICIF == HF + AlClz
AICIZ + HF = AXC!ZF+ H
AlClz + HCl1 = MC13 +H

F+A1C13:= CI..""+A1C12

Cl, + AICIF= CIF + A1Cl, A

‘0
Ci+ AICIZF =Clk + AICIZ
C - AlCIZF =2Cr ¢+ Alcnz
CN+ AICIZF = CN¥F + AlClz

CNC1 + AICIF = CNF + AlClz

AICIZ + CNC1 = AlICl, + CN

k]

AlCle + AlF = Ale + AlClZ

AlClz + AlF, = AICIF 4+ A\CIF

2
AlClz + AIOF = AlOCl 4+ AICLF

AlCl, + A1F3= AlFZ + AICIZF

AlClz + IJ.F3 = AICIF + AICIFZ

A1C13 + AlF = AICIF 4 Al(:l‘a

AlClz + AICLF = AlCL, 4+ ALCLY

3

AlGL, + AICIFZ'.‘- AlF, + Al(:l3

AlQ1, + AICIF, = AlClF 4 AICL,F

2
AlOCl + F = AlO + CIF
AlOCl + F = AICIF + O

C1F + AIOF =2 F2+A10Cl
AlQCl + HF = AICIF + OH

Cl, + AIOF = CIF + AlOC1

CO + A1QF =CF + AlOC1
AlCIF + AIOF = Ale-i'AIOCIl

, t AIOF = AIF3 + A10CL

4t AlQOF = AICIZF + AlOCt

AICLF
AlCl

AlCle + AIOF = MCIFZ + AlOC?
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Table III. (coctinued)

-~ A FAICIF = Q, + AF

AlF + HC1 = AICIF + H

Cl + AlF, = CIF + AlT

2
F + AICIF = CIF + AlF

CO + AIOF = CO, + AlF

AIF2+C=A1F+CF

AlF + CNF =A.1F2+CN
CNCl + AlF = CN + AICIF

AlF + AlF ALF, + AIFZ

3=
AlF + AlCle = AICIF + AICIF

AlF + AlCle = Ale + AIC1F

AlF, + Cl = AICIF + F

rA
AIFZ + Clz = AICIE 4+ C1F-

F+A1CIZF= C12+MFZ

Cl+ AlQ1F, = C12+ AIFZ

F+A1F3-‘=FZ+ AIFZ

H<+ A1F3= !{F+A1F2

AlF, + HCl = AICIF + HF

r4

All-‘z +HCl = AlCle +H

F + AICIF, = C1F+A1Fz
C+A1F3=: C’F+A1Fz

CN+ A.IF3 = CUNF + Ali-‘z

AIFz + CNC1 = A!Cl.Fz + CN

AlCIF + AlCle ] J‘\l(:l3 + Al}."z

AlF 4+ AICIF

2 & AJ.CX.F + Ale

B-8

AICIFZ + AIClfF = MCle 3 Ale

A1F3 + AICIF = AICIFZ + AIFZ

AlIQF + Cl1 = AlCIF + O
AlOF + HCl = AlC:F + OH
CO+ AIFZ = CF 4+ AOF
AlOF + CNC1 = AlQCl + CNF
AlF, + Cl = AlF, + C1¥F

3 2

3+Cl .-:AlCle-f-F

+Cl, = AICIFZ + CIF

AlF

AIF3 + HC} = AICIFZ + HF

A1F3 + Cim e MCIFZ + Fz

CNCi + A1F3 = CNF + AICIFZ
AIF3 + .@-.1(313 = AlCizF ¢ AICIFz
AICJ.FZ 4 AICIFZ = .uazr + AlF.
Cil+ AICIZF =F+ A1C13

CIF 4 AICLF = F, + AICI,
HCl + AICLF = HF + AICI,

Cl, + AICL,F = CIF + AlC1,

CNC1 + AICL,F= CNF + AlCl,
AICl, 4 AICIF, = AICL,F + AICL)]
Cl + AICLF = Cl, + AICIF

CIF + AIF, = F, 4 AICIF

F + AICIF, = F, + AIQIF
H + AICIF,  HF + AICIF

AlCIF + HC]l = AlCle + H




C s Table I (continued)

AICIF ¢ CIF = AICL, + F, AICIF, + Cl, = AICLF + CIF

F + AICL,F= CIF + AlICIF AICIF, + HCI : AICLF ¢ HF

Cl + AICIF, = CIF + AICIF A1C1F2 + CIF & Al(nzr + F?.

C + AICIF, = CF t AICIF AICIF, + CNC1 = AICL,F + CNF
CN + AICIF, = CNF + AICIF AlOCl + Cl, = AlCl, + O

CNCl1 ¢4 Ale = CNF + AICIF O+ MCIFZ = Fz + Al10C1
AlCIF + CNC1 = AICIZF + CN o+ AlClzP = CIF + AlOCi
AICIF, + Cl .—:AlCle +F Al + CO= AIOF +C




Table 1V. Additional Chemical Reactionr of Importance in Beryllium
Coutaining Propellant Systems

[}

U Chemical Rezactions Chemacal Reactions
BeOH+ M= Be +OH+ M BezO+I‘.F = DBeF + BeOH
BeOHOH+ M =BeOH+OH + M Be,O + OH = BeO + BeOH
BeO+M=Be+OC+M Be20+Cl=BeO+BeCl
BezO+M=Bc+BcO+M BeaO+H=Be+BeOH
BeCl+ M= Be+Cl+ M Be,0 + O = BeO + BeO
BeCl, + M = BeCl+ Cl+ M BeOHCOH + Be = BeOH + BeOH
BefF+ M= Be+F+M BeOH + Cl = BeO + HC)
BeF, + M= BeF+ F+M BeOH + Cl = BeCl + OH
BeOH+ M = BeO+H+ M HZO+Be-.:H+BEOH
BeClF ¢+ M= BeCl+ F+ M BeOH + H = BeO + H,
BeClF + M= BeF+Cl+ M BeOH + O = BeO + CH

: Be + BeF, = BeF + BeF Be + BeCl, = BeCl + BeCl

BeO 4 Hzc 1* BeOH + OH BeCl + '220 = BeOH 4 HC)
CJ, 4 Be = CQ + BeD H + BeCl, = HC1 + BeCl
BeO + HC1 = BeCl + OH BeCl + Cl = Be + Cl,
BeO + HF» BeOH+ F BeCl + H= Be + HC!
CO + Be » C 4+ B=0 BeF#HzO'-fBeOHi»HF
BeO + Cl = BeCl1+ 0O BeF + HC1 =2DBe(Cl + HF
B3e0 + H= Be + OH BeF + OH * BeO + HF
NO + Bo = N + BeO BeF + OH = BaOH 4+ F
O, + Be =0 + BeO Ber + C. 2 BeCl + F_
BeO+BeF=BezO+F BeF+F #Be+ F,
Be,0 + HZO # BeOH ¢+ BeOH BeF + Hz De + HF
BezO+HCl=BeCI+BeOH BeI’ +O2 BeO+ F

O B-10
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Table IV,

Bel:‘Z + H = BeF + dF
BeOHOH + H =~ BeOH + K,0
Cl 4+ BeF = CLF + Be

C 4+ BeF = CTF + Be

CN + LeF = CNF + Be

Be + CNCl = BeCl 4 CN
BeF + BeCl = BeClF + Be
F 4+ BeClF = F, + BeCl
ClF + BeF = Fz + BeCl

H ¢+ BeClF = HF + BeCl

Cl ¢+ Be<lF =CIF 4 BeCl
Cl, + BeF = CIF + BeCl

C + BeClF=: CF 4 BeCl ~
CNC1 + Bef = CNF + BeCl
CN + BeCl, 2 CNCI1 + BeCl
BeCl + EeF, -+ BeClF + BeF

2

BeF ¢+ BeCl, = BeClF + Be(Cl

2
BeOH+ C = BeO + CH

Cl+¢+ BeClF = F ¢ BeC‘z

(continued)

CIF + BeClF = FZ. + BeCLZ
BeClZ + HF = BeClF 4+ HC!
Clz + BeCl¥ = CIF ¢ BeClz
CNC1 + B:ClF = CNF + Be(Cl

P
BeCl, + BcFZ = BeClF + BeClF

2

CO + BeF = CF 4 BeO
Cl + BeClF= Cl, + BeF
F + BeF, = F, + BeF

H ¢+ BeClF = HCl + Be¥F
Cl+ Bel, = CIlF + Bel
F 4+ BeCly = CIF + BeF
C 4 DeF, = CF ¢ BeoF
TN+ Ber:s CNF 4 Ber
BeF + CNC1 = BeC.F ¢+ CN
BeF, 4+ Cl == BeCIF + F
BeF, + Clz = BeClF + CIF
BeF, + HCl = BeClF + KF
BeF2 + ClF= BeCIF + F.

2
BeF, + CNCl = BeClF + CNF

!
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Table V, Additicnal Themic2i Reactions of Importance in Boron
Cantaining Prcpella-t Gystemo

Chemical Reaction

BN+M=B+N+M
BO+M=2B+O+ M

B, +M=BO+O0O+ M

2
BCl+ M =B+Cl+M
BC12+M= BCl +Cl+ M
RCl; + M= BCL,*Cl +M
BF+M=B+F+M
BFZ+M= BF+F+M
BF3+M== BF2+F+M
BOCl+M=B8Cl1+0O0+M
BOF+MeDBO+F+M
BCIF+M =BF+Cl+ M
BCLF+ M= BCL+ F4¢ M
BOF+M=2BF+0O+M
BOCl+ M =BO+Cl+ M
BCIF+ M= BCl+F+ M
BCLF+M =BCIF+ Cl+M
BCIF, + M= BF, + Q'+ M
BCIF, + M =BCFY+ F+ M
BN, =BN+N

B+ NO=BN+O
N+4BO=NO+B

Nz+50=m+BN

(R G o AT

_(.}_hemical Reaction

BO+BO = P#BOI
co+no,_':='coz+ao
BO+CO=8+Co,
BO+CO= BO, +C
BO +HC1 = BCl11 OH
BO + HF = BF + OCH
BO 4 NOp BN + O,
BO 4+ NO e BO, + N
CO+B:=C+BO
BO+Cl=BCl+0O
BO+F xBF+0
BO4EH=2B+OH
BO+NusBN+O
BO+O aB+ O,
LO 4 BCt = B + BOQ
BO*BOCI-.eE,O.,.-& BC
BO ¢+ BF = B + BOF
BOF + BFZ cBF':#BO
BO + BOF = BF+BOZ
BO, + HF = BOF ¢ OH
BO, + Q= BOCI1+ 0O
BO, + H = BO + OH
BO, ¢+ O =BO+O,
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Table V.,

_C;hemlcal Reaction

BTl + BCl =B + B(.'.lZ
BCl+Cl B+ Glz
BCl+ H = B + HC.
BCl4 N =BN+QC}

BCl + hOF = BCC! + BF
BC12+ Cl = 8Cl +Clz
BC13+ Cl = BClz + Clz
BOCl + HCl = BClz + OH
HCl + 302 = OH + BCC]
BOCl1 +Cl - BO + Clz
BOCI+Cl = BC12+ o
BOCl + H =BO + HQ
J0C1 + H BZL +OH
BCCl + N = BCl + NO
BCCl1 +0 = BCl +Oz
BF + BF =« B+ BFZ
CO + BOF = COZ+ BF
BF +CO= BOF +C
BF + HCl = BC! + HF

BF +HF = BF, +H

2
BF +Cl= Bl +F
BF+I~‘=’B¢FZ
BFEF+H=B +HF

B+ NaBNt+F

(continued)

Chemical Heaction

+ +
BF BanB BF3

LF +BOF = BO + BFZ

= =
BFZ+F-BF+ 2

Fe
BF, +) BFZ+ Fz

BF3+H=BFZ+ RF

BOF+ BOF* BOz+ BFZ
BOF + HCl1 = BOCl + HF
BOF + HF = BF2+ OH
BOF +C1 = BOCl + F
BOF‘FF:BO"‘Fz

BOF+F=BF2+ o
SO +H=BO+HF
BOF +H = BF + OH
BOF+O:!BOz+F
F+BCl=ClF+B
B+ CN= BN+C
C+BF=CF+3

B + HCN = BN +CH
CN+BFsCNF +B
B +CNF= BN+CF
CN+ BC1= CNCl +B
BCl + BCl, cBCl3+ B

BF +B8C1 = BCLF +B

BCl + BCIF = BCIZF +B
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Table V.,

Chemical Reaction

AF ¢ BCiz = BCIZF+ B
BCl ¢+ BFz b BCHS‘z +B
CN + BO = CO + BN

CN + BF = CF + BN

F + BOCl ~ CIF+ DO

CO +DF = CF + BO

C + BOF =CF+ BO

CN ¢+ BOCl= CNC! : BO
BCl + BOCL = BCIZ# BO
BCIZ+ BCCl =~ BC13+ BO
BF+ BOC! = BCiF+ BO
BCl + BOF = BCIr+ BO
BClz+ 80+ = BCLF ¢+ BO

2

BCIF + BOCl = ECL,F +BO

2

Bo ¢ BCIFB:‘ BOC1 + BFZ

BCIF+ BOF = BCIF, + BO
CO*+ BOF =CF + BO,

BOCI + BOCI = BCY, + BO,
IOF + BOCI = BCIF +BO,

BF +C!, = BCl + CIF

2
Cl ¢ BTIF = Clz‘!' BF
BF ¢+ HC. = BCIF + H
F - BCIF =CIF ¢+ BF

BF +ClF =BCl+F

4

{continucd)

Chemical Reaction

C+ sz = CF+ BF

BF + CNF= BF,+ CN
BF+ CNCl = BCl+ CNF
BF + CNCl = BCIF ¢ CN
BF + BClz = BCIF + BCl

2
BF + BCIF = BCl 4 BF,

BF + 3513:: BCl, + BCIF

BF + BCle = BCl + Bf.:l_l-'z
BF 4 BClZF= Bc12+ BP2
B¥+ BZl,” = ACIF ¢ BCIF
BF ¢+ BC:?‘Z = RCI ¢ BFS
AF 4+ ncnx"_{ s BCIF+ BF_,_
BF‘B 4+ Cl =3BCIF+ F
BF2+ czz :» BCIF + ClF
Cl+ Bcu-‘z .—:cxz* Brz
B:-‘zi» JCl = BCIF + HF

= +
BCle* H = HCl n?z
cl+ BF3 = CIF ¢ BFz
BFZ+ CIF = I-‘z+ BCIF
F+ chz-‘z:: ClF + BI-‘z
CO*BF2=CF*BOF
BFz 4 CNCl = BCIF ¢+ CNF
C+BF3 = CF+BF2

CN ¢ DF, = CNF + BF,
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Table V. (czontinued)

Chemical Reaction

CN + BCIFZ = CNCl+ BFz

BC1F2+ BCI1 rBClz+ BFz

BF, + BClz-’: BCIF + BCIF

2

BC‘.Fz-l- BClz 2

BCl,F + BCIF .- BF, + BCl
2 2 3

= BC13+ BF

BCLF + BOF = BOCl + BFZ

BF3+ BCl = RCIF+ BFz

BF3 + BClZ = BCIZF + BFZ
BCIFZ-I- BCLF = BCXZF + BFz

BF, + BCIF = BCIFZ+ BFz

3

BF, ¥ Cl :BCIFZ* F

3
.5F3 T Clz
BF3 ¢ HCl = BCIFZ + HF

= BCIFZ + CIF

BF, + ClF = BCIF,+ F

3 2 2

BF, + CNCI1 BCIFZ+ CNF

3

BF, + BClz :» BCIF + BC1F

3 4

BF,+ BCl, = BCL,F + BCIF,

BClFz + BOF = BOCl + BF3

EF3 + BCIZF = BClF, + BC1F

2
BOF +(1 =BCIF + O

2

BOF + Cl, =BOCl1 + CIF
BOF + HCl = BCI1F + OR
BOF +CIF = BOCl + FI.
BOF + CNCI1 = BOC1 +CNF

Chemical Reaction

BOF + BCl, = BOCl + BCLIF

BOF + BCl, = BO-1 + BCL,F

2

3 2
BOF + BCIZF = BOCl+ BCIF2
F + BCIF -‘Fz‘l' BCl

BCl + HF = BCIF +H

BCl +HC1 = BC12+ H

F+ BClz = ClF + BCl
Cl + BCIF = ClF + BCl
CO + BOCl =COZ+ BCl
C 4+ BCYF = CF + BCl
BCl +CNF = BCIF + CN
BCI + CNC1 ::BCIZ + CN

BCi+ BCi, = BCIZ+ BCl

3 2

BCl + BCIZF = BClz+ BClIF

BCl + BC1F, = BCIF + BCIF

2
Cl+ BClF= F+ BClz

CIF + BCIF= Fz + BC:l2

F+BClLLF=F +BClz

2 2

2= Fz + BCIz

HCl + BCIF = HF + BCl

Cl + BCIF

A

H+t BCIZF = HF + B(.'.lz

H+ BCl, = HCl + BClz

3

F + BCl, = CIF + BCl

3 2
Clz + BCIF = CIF + BCIz ’

'
Lt e =




Table V,

Chemical Reaction

Cl+ BC)ZF = CiF 4 BCIZ

C+ BCIZF ~CF ¢+ BClZ

CNCt + 3CIF = CNF + BCIZ

CN + BCle = CNF + BCIZ

BCl,+ CNCIi :BC13+ CN

2

BCIZ-I- BCIFZ = BCIF + BCIZF

Cl+ BCIZF s+ BCX3
CIF + BCIZF £ Fz +BCl3

BClz + BC}.ZF = BCIS + BCIF

HCl + BCle = HF + BCl3

Cl, + BCXZF =CI1F + BCl}

2 3

CNC1 + BCIZF = CNF + BC13

BCle + BCIZF = BCIFz + BCl

BOCl1 + F = BCIF + 0O

3

BOCl + HF = BCIF + OH

CO + BCIF = CF + BOC1
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{continued)

Chemaical Reaction

Ccl + BC]ZF = Cl2 + BCIF

F+ BC1F2= F, + BCIF

2

H + BCIF, = HF + BCIF

2

H+ BCIZF = HCl + BClIF

F+ BCIZF =CIlF +BCIF
Cl *BCin = CIF + BCIF

C+ BCIF, =CF + BCIF

A
CN +BCIFZ = CNF +BCIF

CN + BCle = CNCl + BCIF

Cl+ Bc1F2~“= F+ BCIZF

HCl + BCle = HF + BCIZF

Clz'i‘ BCIFz = CIF + BCle

CNC1 + BCIF, = CNF + BCL F

2 2

ClF + BCle = Fz-f BCIZF

BClL +CO= BCGCl +C




Table VI, Additional Chemical Reactions cf lmportance fin Lithium
Containing Propecllant Systems

Chemical Reaction

LiH+M=Li+ H+ M
LiOH+ M: ln+ OH+ M
LiO+M #Li+ L+ M
Li,0+M=Li+LIO+M
LiCl 4+ M= Li¢4Cl+ M
l.lZCl +M=LiCl+ LaCl + M
IaF+ M= Li+ F+ M

Li FZ+M LiF+ 1laF+ M
LiOH+ M= LIO+H+M
Li + H,0 = Li¥" + OH
Li + H,0 LiOH + H
Li+CO=LiO+C

Li+ HF = LiH+ F

Li+Hz= LaH+ H

Li+OH = LiH+ O

Li+OH= LiO+H
1i+0,=LiO+0O
Li 4+ LiOH = LiH + LiO
Li+LiOH=Li O+ H
HCl + 3% # Cl + LiH
CO, + Li # CO + LiO
Cl + LiOE = HCl 4+ LiO
LiO+ HF = LiOH+ F
UO+}12=L1H+OH

B-17

Chemical Reaction

LiO+OH =LIH+ O

2

NO + Li= N + LiO

LiO + LiOH = Lizo + QH
LiO 4 LiF = LiZO +F
L:;OH + LiOH= HZO + LSZO
LiF + LiOR < HF + LizO
LiZO + HZ = LiH + LiOH
LizO + H = LiH + LiO
LiZO + 0= LiO + LiO
HZO + LiCl = HCl + LiOH

LiOH + H2~: LiH+ H,0

2
LiOH + OH = LiO + H,O

2
OH + LiCl= Cl + LiCH
LiOH+ H = LiIH+ OH
LiOH+ H =LiO ¢+ HZ
LiOH+ 0O =~ 1Li0 + OH
LiOH + LiCl = LizO + HC1
LiF + H:,_o = LiOH + HF
LiF + HF= LiH + Fz
LiF + Hz = LiH + HF
LiF+0OH = LiOH 4 F
LiF + OH =LiO ¢+ HF
LiF4+Cl= LiCl+ F

LiF+ F=Li+ F,

—————— V8
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Table V1. {(continued)
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LiF + H = Li + HF
LiF+H=LiH+ F

. LiF+0 =LiO+F

LiCl + HCl ¥ LiH +_Cl.Z
LiCl + HF =LiF + HC1

LiCl + H, = LiH + HCl

y =
LiCl + OH = LiO + P
LiCl + Cl =Li+ ClZ
LiCl + H = Li + HC1
LiCl1+ H=LiH+ Cl
LiCl1+ 0= LiO+Cl
LiCl + LiO = LiZO +Cl
F+LaCl =ClF + la
Cl+ LiF =CIF + Li
Li+CH=LiH+ C
C+LiF 2CF + Li

Li+ HCN= LaH+ CN
CN + LiF CNF + Li

CN + LiCl = CNC1 + Li

Li+ CHZ = LiH+ CH
Li+ CH3= LiH + CHz
Li+ CH4 =Lill ¢+ CH3
HF + LiCl = CIF + LiH
CO + LiF = CF + LiO
HCl + LiF = ClF + LiH
CH + LiF =CF + LiH
HCN + LiF = CNF + LiH
HCN + LiCl = CNCl + LiH
LiH+ CO = LiO + CH
LiOH+ C = LiO + CH
LiOH+ CH = L0 + CHz
iCOH + CN = LiO 4+ HCN
LiOH + CHZ = LiO + CH3
LiOH + CH3 = LiO + CH

4

LiF + Cl1, = LiCl + C1F

2

LiF + ClF = LiCl + Fz

CNF + LiCl =CNCl + LiF

. N mteahe s




Table VII. Chemical Reactions Eliminated Due to
Steric Considerations

Y Chemical Reactions Involving
(J No Mectallized Species

Chem!cal Reactions Involving
No Metallized Species

C+H20=-‘ CO*HZ

C+OZ+M=C02+M

CO + HZO = COZ + Hz

H,

HZ+O+M= H20+M

+ NO =HZO+N

H2+oz= H,0+0
HZO+N=H2+NO
CHZ+M= C+H2+M
CH2+O =C+HZO
C0+H2=CHZ+O

CO+H2°=CHZ+OZ

COZ+F=CF+OZ

COz + H‘,_ = CHz + OZ

co -O-N‘:SCN'-O'Oz

2
C+COZ=CZ+O:,.

C+ CH4 = ZCH2

C+CZHZ= CZ+CHZ
COZ+ CH2 =CZH

Z+°

CH+ CZHZ = Cz + CH3

2

z+CH‘5

Czl-lz+M= CHZ+C+M

CHz'b Czi-lz =C

CZFZ+M=CZ+FZ+M

Cze+Hz= PZ+CZHZ

B-19
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H+CZH2 ’-'-‘C+C!~l3
CF+HZ =F+CHZ
F+C2Hz=CF+CHz
H2+CZ =C+CH2
CZH2+M=‘- Hz+CZ+M
CH3+M= HZ+CH+M
Hz-l-CN: CHZ+N

H2+HCN= CH, + N

3
CH4+M=H2+CHZ+M

l-lz + C,H, = 2CH,

H, + C,H, =CH, ¢+ C
HZ + Csz = CH3 + CIli
CO +CH, = H,C +C,
CZHZ + 0= HZO + CZ
HZO + CN= CHZ + NO
H20+HCN-.= CH, + NO
HZO + CHZ:: CH4 +0
CHqr +CO= H,0 + CZHZ
HF + Csz" CF + CH3
N+CZHZ= CN+ CH.‘,-
COo+ CH,=0+ CZHZ
CH3 + CO= OH + Czl-l2

H,0+CH= CH, +0
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Table VII. (continued}) Chemical Reactione %limirated
Due to Steric Congiderations

Chemical Reactions iavolving

Boron Species

CoO +B::BOZ+C

2

F,+B+M =BF,  +M

2 2

H, 4B+ M= BH,+ M

H,O+ B = BO+H

2 2
HZO+ B= BHZ+ o

Oz+ B+ M= BOZ+M

F,+ BN =BF2+N

2

H2+BN=BH +N

2

HzO‘O- BN~ BHZ+ NO

O,+ BN =BO,+ N

2

F,+ BO ::BFZ'I-O

H,+ BO =BH,+ O

2
HZO +BO =BO

Z
2
2
+H

2 2

H,0+BO= BHZ"‘O

2
F+ BO

2

2= BF + 02
= +

Fz + BOz BFz Oz

HZ*BOZ::BO"‘H O

2
H, + BO ::BH?"'O

2 2
N +BOz=: BN + OZ
F ¢+ BH, = BF +H2

2

z.-

Fz 4+ BHZ = BF2+ Hz

B-20

Chemical Reactions Invalving

Boron Specias (contiaued)

N+ BHZ j:BNi' Hz

NC + BHz = BN + HZO

F,+Br+M=- Br,+M

2 3

HO+ BF = BOF+H
2 2

C+ BF, »BOF+F

3 2
BCIF ¢+M =B *CIFt+ M

BH,+ C :B#CHZ

2
B+ CH3 ‘-’BHz'l- CH
B+ CH4 -.:BHZ"‘ CHz
B+ CZH'Z_: BHz{‘ C
BFz'i' CZ ;‘tB’. Cze
BCIF+ N BN+ CIF

2

BOZ + CN 2BN< CO;

BH,+ CN = BN+ CH

2 F

BHZ. + HCN =2N+ Cl'l3

BCIF+ O= BO+ CIF

EH, + CO= BO+ CH

2
BCIF + O, = BO

2
,+ CIF
BF ¥ CO, = BO, * C#

BH, + co, = BO, + CH,
BQF * H, =BH, ¢ QF




Table VII. (continued) Chemical Reactions Eliminated
Due to Steric Considerations

Chemical Reacticna Involving
Boron Species (Continued)

BF +CH, . BH,+ CF

2 2

BFz + CZHZ = BHZ+ C Fz

?*M::BF"’CIZ

2

BClz

BF*CZFZ ::BF3+C

BF *+ BCl

r4

3 =BC]ZF + BCl

ZF‘*F =BFZ*C1

BF3 +Cl =CCIF +F

BCl1 2

2

BClF+ F, = BF’+CIZ

2 2

BOF + Cl2 = BCIZF+ o -

BCXFZ + QO =BOF + CIF

BC1F2+M.-:BCI+F + M

2
BOCl + !-!2 =BCl + HZO

BCIZF +M=BCl+CIiIF+M
BCl, + F =BCIF + .(:lz

BCle + Clz = 8313 + Fz

BCl,F+ O =BOCl+ CIF

2

Chemical Reactions Involving
Lithium Specieqg

L= 1
H.‘O Lt 1.104112

CO+LiH =LiOH +C
COz+ LiH ¥ LiOH+ CO
NO + LiH = LIOH + N
O+LiH+M = LIOH+ M

OZ-Q-!.AH 2 LiOH 4+ O
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Chemical Reactions Iavolving
Lithium Specien (continued)

C+ LiOH = LiH + CO

Fz*’ LizO ::Lial-‘z* o

LiF +Clz=Li Cl, +F

2" 2 272 2

Chemical Reactions Involving
Aluminum Specieo

Clz"' AI*M-.-,MC.IZ"‘M

HzO‘FAl =-‘A10+Hz

Cl, + A1O "v-‘AlClz +0

2

(:0z +AIZO =A1.€03 +C

4+ AIZO “AlO+ AICIZ

zo + M -.'uzo3 + M

H,O #+ AICI ¥ AlOC14+ H

Clz

C.,+ Al
~

2
AICIF + M Al +CIF ¢+ M

Al + Can =A1F2+ Cz

AlC1 +A1Fz =Al + AlCle

AICIF + O = AlO +CIF
AICLF + AlIC ::AIZO + CIF

MC13+ M =AlICQ +C1, + M

2
AlCle +M =AIClL +CIF+ M

A1l + Cze .-:AICIFZ + Cz

N.Cleﬁ- M =AlF+ Clz'f M

AIF3+M::A1F+F + B¢

2
AIF+ AICIF, =AIC1+ AIF,

AJCle'# M =AlF +CilF+ M




- P -

Table VII. (continued) Chemical Reactions Eliminated
Due to Stenc Coucidorations

! Q ‘ Chemical Reactions Involving
Aluminum Species {conttnued)
R ! AIF3+ CZ = AlF ¢ CZFZ
E;s‘ AIOF + Cl, = AICL,F +0
o AIF, +0 =AIOF + F,

AICIFZ + O = AIOF +CIF

All"‘3 +Cl ~AICIF ¢ Fz

MF3 + Clz :NCIZF*‘ Fz

ACl, + F = AICIF +Cl,
AIClL, + F, = AICIF

[ aas P .L.(‘ﬂ
A
—_—

-3

2t ey
AICIF, + M= AICL+F, + M

>
-
0

=
3
4
=

Chemical Reactions Involving
Beryllium Species

Clz‘l'Be'O‘M =BeCiz+M

[
14

HZO 4+ Be =ReO + Hz

P BeOZHZ + Be = BezO + HZO

IV T

Clz + BeOH = BeClZ + OH

ClZ 4+ BeQ = BeClz +0

HZO 4+ BeO4 M =BeOsz + M
Be(.'.lz + BeO = BeZO + Cl.z
BeClF+ M = Be+ ClIF + M
Be+Cz Fz s Ber + Cz
BeClF + OH = BeOH + CIF
; BeClF + O » B20O + CIF

BeOQO 4 BeClF = BeZO + C1F
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Table VIII. Spin Forbidd=#n Cherrdcal Reactions Which
. Do Not Occur In the Ground State

Co,*M =CO*tO*+M
FCN+M =CFE+N+M
H+ HCN = CH,+ N
HCN+ M~ N +CH+ M
CH + N, =N+ HCN
CF*NZ=N+ FCN
N+ C,H, = CH+ HCN
CF +I'CN = N+czpz
CO + AIC1 = AI0C1 + C
NO+AlICl = AIOC] + N

AlIOCI+ M = AIC1+0 +1:;°

G e s, W Rl R T NA TR 2 A SR AR s RE A S 2 bz en Vo e

AIOCI.+C12 =AlIClL. + O

3
AlClF;-l- QO 2 A0C) 4+ pz
AICIZ?+O~’= AlQCl + CIF
AlF+ CO = AIOF; C
BOF +M = BF+0 + M
BF+ BOF = BO+F, )
BCl+ CO=380C1+C
C + BeO = Be * CO
N+ BeO = Be + NO
BeD+MceBe+O+M

Bezo 4+ O = 2BeO

s adem xem
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Table IX.

nemital Reaction

————

CO, + Ma=CO0O ¢ M

ngo.u:‘:ouonou

COPMEZTC+Oe M
HF « T Her o M

"z'u:m.“
Ny e tN e M

D ¢ Mmoo O e bd
CH»USTO+He M

0;0&.,"2300“

COgOﬁQ'.::m'O"
CJIOO.;:_‘OOOO‘

RlOQl-h.-:OHOHl

H,0 » 0= 20K

Chamical Reactions for Which Rate Ccnstants
Have Been Determined

Exothormic Ratye Constamt®
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Table IX. Chemical Reactions for Which Rate Constants

Chemical Reaction

Laothermic Rate Constant
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