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ABSTRACT

Detonation properties in steady, one-dimensional,
equilibrium flows have been calculated for hydrogeﬁ~ch10rine,
carbor disulfide-oxygen and carbon monoxide-hydrcgen-oxygen-
nitrogen mixtures at an initial temperature of 25°C, jnitial

pressures in the range from 30 to 760 torr and various

initial mixture compositions. Experimental vaiocities in
stoichiometric (H2+Clz) and (C52+302) mixtures, at atmospheric
pressure initially, are about 2% Targer than the calcuiataed

values and may reflect achievement of only partial equilibrium

at the C-dJ plane.
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PREFACE

The researcn reported herein is a preliminary

study of gaseous detonative combustion in novel chemical

systems, namely in hydrogen-chlorine, carbon disulfide-oxygen

and carbon monoxide-hydrogen-oxygen-nitrogen mixtures. The

global objective of all gasenus datonation research is to

further the understanding ¢f the instability mechanism

associated with the multi-headed structure observed

universally in gasecus ue*onstive combustion. The specific

reasons whereby we have chosen to study the above mentioned

reactive systems are twofold. 1In the first instance, the

former two possess much simpler kinetic schemes than the

oxvhydrocarbon systems conventionally studied in this

research area. There are indications that the kinetic

schemes may be linked to the instability mechanism and

TP P PR TT T P, e of 1 D B
Latn st it I o s AP A T B M

hence the simplified kinetics could help in isolating this

GRe R

linkage. Secondiy, all of the above reactive systems produce

ot

potentially lasing media and it is of interest to investigate

i

e

the feasibility of exploiting them in powerful, infrared,

self-sustained chemical lasers.

As a first step, one must obtain reliable theoretical

R Lo g o~
i b R b T 2

and experimental daca on the global detonative behavior of

DAt

the above mentioned gaseous systems. In this report, we

present the theoretical aspect of the probiem, i.e., the

C-J calculations of detonaticn parameters in (H2~C12),

(CSZ-OZ) and (CO-HZ-OZ-NZ) systems.
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INTRODRUCTION

Gaseous detonation waves have been extensively
studied since the end of the 16th century. However, most
of these theoretical and experimental investigations have
been mainly devoted to hydrocarbon-oxygen systems for
utilitarvan purposes. Although the classical C-J model

of a det.onation wave which assumes 1, 2

the wave to possess
a uniform and unidimensional structure predicts detonaticn
velocities in good agreement with experimentally measured

values, it has been demonstrated 3,-4

that planar detonation
waves are inherently unstable, consisting of an intersecting
transverse wave pattern composed of elemental triple point
intersections. Sufficient experimental evidence exists 5, 6,7
to infer that the onset of instability is in the form of
periodic formation of randomly distributed reaction centers.

From the siviking qualitative resemblance of the onset of

instability in gaseous detonations and in a reacting system
involving autocatalytic or chain-branching steps irn the

8, 10 4hat the

reaction scheme 9, we have postulated
instability mechanisms in gaseous detonations may also

arise from such autocatalytic or chain-branching schemes.
However, due to the complexity of the preposed chain-branching

kinetic schemes in hydrocarbon-oxygen systems, we have

suggested 10 to investigate systems with relatively simpler

kinetic schemes such as the hydrogen-chlorire and/or the

carbon disulfide-oxygen systems.
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It is commonly admitted that, in both systems,
chemical reactions proceed through a chain reaction

mechanism. For the'(Hz-Clz) syster, the relevant

kinetic steps are:

C12 + M>2C1 + M inttiation (1.1.a)
Cl+ Hy + HCl + H (1.7.b)
propagation
H o+ Cl, » HCI™ + C1 (1.1.c)
2¢1 + M > Cl, + M
*ermination (1.1.d)

2H + M + H, + M

where underlined species denote chain carriers, HC1 is

a molecule in the elect-onic and vibrational ground state
*

and HC1 , a vibrationaily excitad molecule in the

electrenic ground state. Recause it has been inferred

from experiments 1, 12 that the energy liberated in

reaction (1.1.c), namely 45.5 kcal/mole, is initially
concentrated mainly in the HCI* molecule (with vibrational
quantum number v = 6), it has been postulated 13 that undev
flame conditions such energetic molecules ciauld disscciate

C]z molecules through an energy chain-branching reaction, viz.,

HC1® + €1, » 2C1 + HCT (1.1.e)

this process beiny endothermic by 11.7 kcal/mole, onrl:

S g d oy st

]
gl i Al

N

e e BB

b S AR



P . \
VIS o S e N
. i , N ; }
A oo ’ . ! i
. o ™ s
Jie T G S R WO N PR Y Fr I DTN R SN PR AT X N IR SR W T i Do 5 "JL':‘:
i D o o L Sk s S s e P R TR ST e L e e T i T S S A Y : R & i

Aithough no experimental evidence for the existence-of
reaction (1.1.e) has been found in (H2-C12) flames ]4,
the instability‘;bsérved under detonative combustios 'O
suggests the presence of the energy chain branching step |
in (HZ-CIZ) detonations according to the autocatéiytic
instability mechanism.

On the other hand, two chain-branching steps are
c;mmonly considered in the (CSZ-OZ) kiqetic scneme which
is usuaily described by the following ;hain réaction

mechanism 15, 16

0, + M > 20 + H,
CS? + 0 + CS + S0, (branching)

—

50 + 0, » S0, + 0,

*
€S + 0+ CO +58,

€S + 0, > COS + 0,

2

S +0, >80 +0, (branching)

—

20 + M » 0, + M,

?

*
where C0 dencvtes a vibrationally excited molecule in the
electronic ground state. Although this chemical scheme
is somewhat more complex than the (HZ-CI,) one, it is still

much simpler than the oxyhydrocarbon one and the instability




observed under detonative combustion in preliminary

experim-nts can be easily tinked to the chain-branching

steps of the (CSZ-Oé) kinetic scheme.

In the context of the present report, C-J

detonations in (HZ-CIZ) systems have been investigated
17-19

as eariy as the beginning of the 20th century

17-19

Detonation velocities have been measured in stoichiometric
17

and fuel-rich mixtures

in the pressure range from 200 tc

760 torr. Comparison with theoretical calculations in

stoichiometric mixture> has shewn a qualitative discrepancy,

experimentally measured values of 1730 m/sec being pressure-
18, 19

independent from 760 to 200 torr
20

vhereas calculated

vatues decrease by approximately 2.5% from 1720 m/sec

at 760 torr to 1680 m/sec at 200 torr. This ciscrepancy
19, 20

has been attributed to achievement of only partial

equilibrium, the resulting C1 atom concentration being less

than that corresponding to the equilibrium reaction C]z < 2c1,

therefore resulting in calculated detonation temperatures and

velocities less than the true values. In preliminary

investigations of spherical and cylindrical detcnations in

stoichiometric mixtures at subatmospheric pressures (30 - 120

torr), we have recently measured detonation velocities from

1470 m/sec at 30 torr to 1625 m/sec at 100 torr. At

e fut

atmospheric pressure, with increasing fuel concentration,

detonation velocities increase from 1729 m/sec for the

ste.chiometric mixture to 1855 m/sec in a (3H2 + C]z)

mixture ]7. Recently, soot film records in cylindrical

B it AT AR b T eSS G
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and spherical detonations in stoichiometric (HZ-C12)
mixtures, at subatmospheric pressures, have given 10 a
concrete evidence of the multi-head2d structure in this
system. Due to the lack of experimental and theoretical
data at subatmospheric and atmospheric pressures and
various initial compositions in (HZ-Clz) systems, we
have started a detailed theoretical and experimental
investigation of this system under detonative combustion
conditions with tine aim of ascertaining the relevant
kinetic schemes and rate constants prevailing under
non-equilibrium conditions in order to get some
understanding of the instebility mechanisms arising

in most gaseous detonable sy:tems and with the hope of
achieving a more accurate description of the propagation
of multi-headed detonation waves.

Detonation studies in (HZ-CIZ) systems have also
been motivated by their possible application to the
development of powerful, infra-red, self-sustained,
chemical lasers, At present, successful operation of
pulsed and/or continuous waye mode (HZeC12) Jasers have
beer reported 21, 22. The feasibility of a detonation
Jaser rests on the degree to which large population
inversion in vibrationally excited reaction products

formed in the reaction zone and/or in the hot combustion

product region behind a detcnation wave can be achieved.

Because non-equilibrium prevails behind a d2tonation front

and because of the fast hydrodyvnamic expansion accompanying




a detonation wave, vibrational freezing should be readily
achieved; in other words, collisional deactivation of

excited species should be appreciably reduced by the

resulting lowering of the translational temperature of
the reacted mixture. Therefore, the non-linear coupling
between chemical reactions and hydrodynamics in a transient
flow field should guarantee the feasibility of population
inversion under detonative combustion.

In addition to the (HZ-CIZ) system, twe other
systems, namely, the carbon disulfide-oxygen and
carbon monoxide-oxygen-hydrogen-nitrogan systems,
appear to be possible candidates for detonative laser

applications. The (CSZ'OZ) system has been successfully

operated as a chemiEa] Jaser, lasing resulting from

vibrationally excited CO formed in chemical reactions

23

initiated by an electrical discharge and/or under

deflagrative combustion ]5. Under detonative coﬁbustion,
the (CSZ'OZ) system has been experimentally investigated

since the beginning of the 20th century in relation with

expiosions in coal mines. Dewonation velocities of

1800 m/sec have been measured 24, 25

in (CSZ + 302)
mixtures at atmospheric pressure. No experiments at
subatmospheric pressures and other initial compositions

have been reported &nd no theoretical data are avaiiable

for comparison.
On the other hand, there have been extensive

studies o7 detonation properties in (CO-OZ-HZ) sy-tems.

gyt e e S e R




The (CO-OZ} system supports a stable detcnaticn wave in
26. 27

the presence of trace amounts of hydrogen , whereas

in a dry (CO-OZ) mixture, no seif-develoned detonation

has ever been cbserved. The main products of the

reaction betweenrn (O, 02 and H2 are CO2 and HZO’

Therefore, the (CO«O?-HZ) system should provide the

essential species for CO2 laser operation. CO2 lasers

have been extensively studied since the last! decade,

vibrationally excited 002 in the (0001) level resulting

from very efficient V-V exchange between Nz(v = 1) and

C02(00°0) due to the near resonance between the NZ(V = 1)
28

and C02(00°]) levels In addition, populiation inversion

between the (00°1) and (10°0) C0, levels is enhanced by

the presence of water vapour, one of the most efficient
) 28

quenching molecules for the CO2 Tcwer laser leve

Addition of N, to a (C0~02-H2) mixture should provide the

main species, namely, C02, H20 and NZ’ for successful

operation of a CO2 detonation laser.

Therefcre, the (HZ-C]Z), (CSZ—OZ) and (C0-02-H2-N2)

svstems appear to be possible candidates for successful
operation of detonation lasers. The first task in
investigating the feasibility of such cevices is to study
theoretically and experimentally the behavior of these
gaseous mixtures under detonative combustion. In this
report, we present a theoretical investigation of the
detonation properties of these systems. The classical

C-J model has been used to calculate detonation parameters

B b A i o N I T T B g A R m e T et T e Lo T L T
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in (HZ-CIZ), (652-02) and (co-oz-HZ-NZ) mixtures under

a wide variety of initial conditions. The mcthod of
computation is slightly different than that propuced by
Eisen et al 22, Instead of solving simultaneously the
system of non-linear, algebraic equations (hydrodynamics +
chemistry), we have devised a method by which for a given
temperature of the burnt gases, the equilibrium composition
at the C-J plane is obtained by iteration of the chemical

equilibyrium and atom balance equations, for an assumed

volume of burnt gases. Then, iteration of the hydrcdynamric

equations yields a solution for a1f detonation parameters.
The C-J solution is then obtained by finding the minimum
detonation velocity compatible with the given initial
conditions.

In the following, we shall first review the
governing equeztions of the C-J model and desaribe the
numerical method used to solve the corresponding system
of non-linear, a’gebraic equations for any reacting gaseous
mixture. Next, we shall present the relevant thermodynamic
equilibrium and atom balance equacions for each particular
system, namely, (H2-C12), (CSZ-OZ) and (CO-OZ-HZ-NZ).
Finally, the results will be discussed and compared with

available experimental data.
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2. Governing Equations

In the classical theory of detonation waves,

the detonaticn process is considered as a one-dimensional

one. The det)ynation front moves with uniform velocity D

into a reactive gas mixture, initially at rest, ll, =0,

at initial temperature and pressure, 7, and /% , respectively.

The passage of the wave sets the gas behind it in motion at

a velocity ¢, (Fig. la). In a reference system in which the

wave is stationary, let )‘ and \é denote the gas velocities

with respect to the stationary wave (Fig. 7.b), so that

y =0

) (2.1)
and

Vo, = D-u,

(2.2)

Across a detonation wave, the flux densities of mass,

momentum and energy are continuous. In the stationary

wave reference system, these conditions take the following
forms:

- mass flux continuity:
£V = ph

where f’denotes the gas density and subscripts 1 and 2,

(2.3)

the unburnt and burnt gases, respectively.

- momentum flux continuity:

b+pY = hrRV

where P is the gas pressure.

(2.4)

il

b
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- energv flux continuity:

H, + ?mw "= H +Z‘MW

il

where A% denotes the number of moles of specie ¢,
c=1, 2,...,j for reactants and ¢= 1, 2,...,k for
reaction products. va is the molecular weight of species

¢ and/V, the enthalpy of the reactive mixture
Jork

IZ‘[(AH;') + (H°- /-/,,,)_7 (2.6)

where (AH{ VA is the standard enthalpy of formation of
species ¢ , (/-/ —Hz,e )‘- f C},, dT is the
difference between the enthalpies in the standard state at
temperatures'T-and 298°K, respectively and J is the energy

conversion factour.

Assuming a mixture of perfect gases, the equation

of state is given by:
o e
p= PRT = T\ RT (2.7)
w ¢ v
. : : |
vhere Iz is the ideal gas constant, €/ is the gas volume and

QD', the mean molecular weight of the mixture

W= IXW, (2.8)

bbbty i skt el

o)

Xf = mi/ 2'”‘

is the mole fraction of cpecies ¢£ .

The classical mode]l of a detoration wave assumes
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'the state of the burnt gas mixture to be the thermodynamic

and chemical equilibrium state. The equilibrium compcsition
at constant pressure and temperature, /h-and 7;, respectively,

is determined by writing that each chemical reaction taking

place in the reaction zone behind the detonation front reaches
equilibrium at section 2, the correspondinn equations beina:
i) the chemical equilibrium equations
ii) the conservation of mass (or atoms) equaticns.
For a given chemical reaction,
k
:£>VL}:A15 :jéE: ':E>‘°¥?’qf
I3 K ¢

b

the equilibrium constant i(&is defined as

K(T) = % = T,TC;M‘ (2.10)
k, ¢
where /(; and kb denote the specific forward and backward
reaction rates, respectively, C} = 4”7/&/ is the concentration
of species ¢ and AL = 1%."_4.' , where the & 's are
the stoichiometric coefficients. Using Dalton's law for a

mixture of ideal gases, viz.,

,b,- -‘X¢P (2.11)

where /%-is the partial pressure of species ¢'and the perfect

gas law for species ¢ ,

b= a2 RT/y (2.12)

Eq. (2.10) can be rewritten in terms of partial pressures

and/or number of moles, viz.,




(2.13)

Defining the equilibrium constant ’(Pin terms of partial

pressures, viz,,
Ay’
kp(T?' = Zr)b, (2.14)
Eq. (2.13) becomes

kp(T)‘ ZT”I.’AD:('@:T ' (2.15)

The functions k/’( 7" ) are tabulated 30 4 can be obtained

from the well-known thermodynamic relation:
o
R"T/%/(,(T) = - Z\A‘{'[AF(T)].‘ (2.16)
c

where [AF’(T)},' , the standard free energy of formation

of species ¢ is also tabulated in Ref. 30.

Finally, for a given gas mixture containing .l

different atoms, latom balance equations can be written,

k J
S Ao W — 2 Xs, W= O,
ey,

e=1

viz.,

(2.17)

where DC;},’ is the aumdber of atoms of kind § in molecule

of type c'.
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3. METHOD OF SOLUTION

For given ipitia] conditions, i.e., state 1,
viz., ﬁ s T, » 4, s X:.¢=1, 2,...,j and \{=D,
properties of state 2 are determined by solving the system
of ( 4+ & ) non-linear, algebraic equations (Eqs. 2.3-2.5,
2.7, 2.15, 2.17) in (4+'(' ) unknowns, namely, é » Iy s Y ,\é
and the equilibrium composition ( k species). However, since
the detonation velocity V{(org})) is also unknown, the
svstem can on]y be soived by assuming either the detonation
velocity or any property of state 2. 1In the following, we
shall assume a temperature Z; and solve for the other unknowns.
The Chapman-Jouguet state is the state 2 for which the dztonation
velocity is minimum.

For a given temperature 7; ,» the chemical equilibrium
equations (Eq. 2.15) can always be expressed as functions of
the volume {4_and atom numbers only. Therefore, assuming
a volume t4,, the atom balance equations can be solved by
the Newton-Raphscon method to yield the equilibrium composition.
The pressure li is then obtained from Eq. {2.7). Next, the
hydrodynamic equations (Eqs. 2.3-2.5) are rewritten in the
following forms. Combining Eqs. (2.3), (2.4) and (2.7) vields

an expression for the detonation velocity, viz.,

D
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2
A second expression for b; is obtained by combining
Eqs- (2-3)’ (2.5)'(2.7)’ Viz.,

2 ke e . o
V=27 2’ 0H): +(HE7,)-Hige )]

'z Y

- S floH (H - He) )]

L

= £ (7 v) (3.2)

Equations (3.1) and (3.2) are then solved by iteration
(false positicn method; to yield a solution for v,' and ‘Uz_
when lF(m)_ F(u-n;/’ F—(m-n,< ,0-8’ where

F= F(T20) - F;(T:,‘Os) . Note that for

each intermediate value of 4/ , the equilibrium composition

must be recomputed as described above. The advantage of
this method over Eisen et al's method 23 is its simplicity,
the rapidity of convergence to the solution, (usually, only
four iterations by the false position method are necessary)

and the absence of instability always present in the

Newton-Raphson method when the number of equations increases
with increasing compliexity of the burnt gas mixture. Finally,

the method of steepest descent is used to obtain the minimum

detonation velocity D , i.e., the C-J state. The C-J state
- ~8
is considered to be reached when ’D‘”‘)_ D("’")'/D@‘ % O
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-3
and the temperature siep size AT; £ 10 °k .

Frozen specific heat ratios L()Cr') and Mach numbers M:.({")

in the burnt gases have also been calculated using tiie following

farmulae:

where C;g{ is the molar specific heat at constant pressure
’

of species ¢ ..

Mz(f") = \/2/5'2(7‘?")

and

() = (%) R°72/W1)£;

where C;(jﬁr ) is the frozen sound speed of the burnt

gases. All thermodynamic data, namely, enthalpy differences,
standard free energies of formation and molar specific heats
at constant pressure tabulated in Ref. 30 were fitted by a

least-squares fit program to polynomials of degree equal or

greater than four, in the temperature range from 2600 to 5000°K.
Calculations were performed in double precision on an IBM360/75 0S

and the results shown in Tables I-XVIII are presented in computer

outputs. In these tables, each specie name denotes the
corresponding mole percent, the pressures are in atmospheres
and the fluid velocities with respect to the stationary

detonation wave are in km/sec.
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RESULTS

In this section, we present the calculated
properties of C-J detonation waves in (HZ-CIZ), (052-02)

and'(CO-OZ-HZ-NZ) systems. Al11 calculations were performed

=2 with initial pressures ranging from 30 to 760 torr and an
initial temperature of 298%k. Initial mixture compositions

were also varied.

4.1 The (H,-Clz) System

A

o

The equilibrium composition at the C-J plane in

. .
T O syt

Ak »r"‘ﬂ‘»"ln. i LA

(HZ-CIZ) detonations consists of five species, namely,

C]z, C1, HZ’ H and HC1. The relevant equations and detailed

analysis of the (H2-C]2) chemistry are given in Appendix I.
The detonation properties calculated by the method

described in Section 3 are 2resented in Tables I to VII and

plotted in Figs. 2 to 6 for C]Z initial mole percent ranging

b

from 30 to 70 and initial pressures from 30 to 760 torr.

At constant initial pressure, the detonation velocity (Fig. 7)

g b i st ot o o b B
s ot B

L i g
At T

first decreases quite linearly with increasing C]2 initial

mole percent, up to 50%, then decreases sharply with Clz

M

increasing from 50 to ~ 57.5%, then retains a negative slope

i

L

o T

with C]z increasing up to 70%, the 1imit of the present

calculation. At constant C]z initial mole percent, decreasing

e s
AR ST

the initial pressure causes & small decrease in the detonation

velocity, the largest drop (™ €%) occurring for the stoichiometric

mixture. Figure 3 shows the corresponding variations of the
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temperature ratio TZ/T] with initial pressure Py and C}Z
initial mole percent. At any initial pressure (30 - 760 torr),
the maximum temperature ratio does nct occur for tha
stoiciiometric mixture but is shifted towards lower C1,
concentration (approximately around 47.5%). The maximum
also becom~s quite flat at prassures below 100 torr. On the
other hand, the pressure ratio ﬁzlp] and the detonation Mach
number M], shown in Figs. 4 and 5, peak at 59% CIZ initial
mole fraction for all! initial pressures as expected from
stoichiometry, while retaining the same qualitative shape
as the temperature ratio. The HC]‘mole percent variations
shown in Fig. 6 exhibit the same qualitative behavior as the
other thermodynamic parameters but the maxim m HC1 mole percent
shifts from 50% initial C]2 at atmospheric pressure, as
expected from stoiometry, to ~ 55% initial Clz at 30 torr.

The present results are in good agreement with Zel'dovich's
calculated detonation parameters 20 in stoichiometric mixtures

at 760 and 200 torr, initial pressure. Therefore, the

qualitative discrepancy between calculated 20 and experimentally

measured 18, 19 detonation velocities, already discussed in

Section 1, is also reflected by the present calculation.
Similarly, comparison of the present calculation with Dixon's
measurements 7 at atmospheric pressure and varying initial
composition shows a poor agreement (Fig. 2), calculated
detonation velocities being higher at low Clz mole percent

and lower for the stoichiometric mixture. Experiments at

subatmospheric pressures are in progress and the results will
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be compared te the theoretical values in a near future.

4.2 The (§S°:92) System

Whereas the (HZ-CIZ) syste. has only one stoichiometric
composition, the equimolar one, the (CSZ-OZ) system possesses

at least three stoichiometries, namely:

CS2 + 302 > CO2 + 2502, (4.2.1)

CS2 + 202 + CO2 + 250, (4.2.2)
and ~ '

Cs, + 0, » 200 + 25, (4.2.3)

Therefore, under detonative combustion, CO, COZ’ so, 302 and 52
are likely to be found in the burnt gas at the C-J flame. In
addition, kinetic studies in shocked-heated (CSZ-OZ) mixtures,

highly diluted in A, also include among the product, carbonyl

sulfide, COS 16, 3]. Hence, the equilibrium composition at

the C-J plane snould consist of 11 species, namely,

€S,, CS, co, €0y, cos, 02, 0, 502, SC, 52 and S. HWe have

also included in the calcu]ation'c2 and C to account for CO

and CS dissociations. The detailed analysis cf the equilibrium -
composition at the C-J plane in (052—02) mixtures is given in
Appendix II. The results are presented in Tables VIII to XIII

and Figs. 7 to 19, for initial pressures ranging from 30 to

760 torr and CS2 initial mole percent from 25 to 80%. Below
25% initial CS? and above 80% initial CSZ’ 10 solution could

e e — =

T SSRGS
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be obtained. The absence of theoretical solutions

the detonability limits of the (652-02) mixture, although
the model does not account for these limits. At constant
initial pressure, detonation velocities decrease vith
increasing CS2 initial mole percent and seem to be maximum
at 25% initial Cs, (Fias. 7, 11). At constant initial
composition, decreasing the initial pressure from 760 to
30 torr decreases the detonation velocity comparison with
an experimentally measured value in (CS2 + 302) mixture at

25 shows some disagreement, the

1 atm. initial pressure
calculated value being ~ 1.4% less than the measured one.

Such a discrepancy may result from achievement of partial
equilibrium at the C-J plane. Due tc the various possible
stoichiometries of the (CSZ-OZ) system, it is difficult to
define a priori the stoichiometry for which all thermodynamic
parameters will be maximum. From Figs. 8 and 12, it is seen
that the temperature ratio T2/T] is maximum at ~ 30% initial
C52 for all initial pressures considered in the present
calculation whereas the pressure ratio P2/p] (Figs. 9, 13)

and detonation Mach number M] (Figs. 10, 14) are both maximum
at ~ 35% initial CSZ’ for the same range of initial pressures.
Therefore, the stoichiometry described by Egqs. (4.2.2)
corresponding to a (CS2 + 202) mixture seems to prevail

under detonative combustion. In addition, all detonation

parameters (Figs. 11-14) chow a very sharp decrease at 60%

initial CSz. This behavior may reflect & shift in shoichiometry
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from (CS2 + 302) to (2632 + 02) and is supported by the

correspondinyg variations in product mole percents as shown

in Figs. 15 - 9. As expected from stoichiometry (Eq. 4.2.1),
CO2 is maximum, a‘though much smaller than the CO mole percent,
for (CSZ) initial = 25 at all initial prassures considered
Fig. 15). Similarly, 502 is also maximum for the same

initial composition (Fig. 16). Increasing the fuel mole

percent shifts the stoichiometry to the reaction described

by Egqs. (4.2.2), hence resulting in SO reaching a maximum at

~ 35% (Fig. 17). C‘turther increase in fuel concentration shifts
again the stoichiometry to the react“cn described by Eq. (4.2.3),
resulting in CO and S2 reaching a maximum at ﬂ 76% initial C52
(Figs. 18, 19). Moreover, in this case, equal mole percents

of CO and 32 are approximately formed, in good agreement with

the corresponding stoichiometry. Whereas all detonation

parameters decrease with decreasing initial pressures, the

CO mole percent increase with increasing initial pressure

(Fig. 18), S, and SO mole percents first decrease, then
increase after reaching their maximum (Figs. 17 and 15) and

C02 and 502 mole percents exhibit the same qualitative behavior
as the detonation parameters (Fig. 15, 16). fhe lack of

experimental data makes it difficult to draw any conclusion

R A ys

on the behavior of the (CSZ-OZ) system under detonative
combustion. &txperiments are in progress and will be compared

with theoretical data in a near future.
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4.3 The (CO-HZ;QZ-Nz) System

For an (Hz-pz) system, the relevant stoichiometry

H2 + .502 + Hy0 (4.3.1)

Accounting for dissociation and recombination under detonative
combustion, the equilibrium composition should consist of

six species, namely, H,, 0,, H, 0, OH and H,0. Addition of
carbon monoxide to the (HZ-OZ) system while maintaining the

stoichiometry, i.e., fuel/oxidizer = 2, viz.,

[yH2 + (1-y)co] + .502 + yH20 + (1-y)C02 (4.3.2)

yields CO2 as reaction product. Again, accounting for

} 5 dissociatien and recombination, the relevant equilibrium
composition for the (CO-OZ~H2) system should consist of ten
species, namely, HZ’ 02, co, 602, H, 0, OH, HZO’ C2 and C.
Finally, with nitrogen distribution, NZ‘ N, NO, NOZ’ NZO’
HN and HNO should also be included in the equilibrium
composition at the C-J plane. Therefore, we shall consider

seventeen species to be present at the C-J plane in detonations

in (CO-OZ—HZ-NZ) system. The detailed analysis of the chemistry
of this system is presented in Appendix III.

Because experimental data are available for the
undiluted system only, we have first calculated detonation
parameters in the stoichiometric mixture given by Eq. (4.3.2)

at atmospheric pressure, initially. The results of these
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calculations with varying initial CO mole percent are
shown in Table XIV and Figs. 20 - 24. Complete agreement

with Lu et ai's 26 calculated detonation velocities is shown

in Fig. 20 whereas experimental data 26, 27

are about 2%
lower than the theoretical ones. As shown in Figs. 21 - 23,
temperature and pressure ratios and detonation Mach number all
exhibit a minimum at a high CO content. Howevér, the minimum

tewperature ratio occurs at ~ 85% initial CO/(CO + HZ) whereas

the pressure ratio and detonation Mach numbey have a minimum

at ~ 80% initial CO/(CO + HZ)’ C0 and CO2 product mole
percents (Fig. 24) are seen to increase with increasing
co/(COo + HZ) initial mole percent, the CO mole percent being
larger than the C0, mole percent at Tow initial cos(co + Hz)
content whereas the reverse is true at high initial CO/(CO + Hz)
content, both product percentages being equal for ~ 80% CO/(CO + Hz)
initial.
With nitrogen dilution, no experimental data are yet

available for comparison with the theoretical results presented

in Tabies 15 - 18 and Figs. 25 - 29. [n these calculations,

w2 maintain the stoichiometry as given by Eqs. (4.3.2), the
initial HZ mole percent being fixed at 1% and the initial N2
mole percent varying from 10 to 40%. At constant initial
pressure, with increasing N2 dilution, all detonation properties
decrease monotonically. Similariy, at constant N2 dilution,
decreasing the initial pressure also decreases all detonation
properties. The corresponding variations of the CO2 and CO

product mole percents are shown in Fig. 29. The CO2 mole




percent exhibits the same qualitative behavior as the
thermodynamic properties when the initial pressure and/or
the N2 dilution are varied whereas the CO mole percent

increases with decreasing initial pressure at constant N2

dilution being slightly larger (a few percent) than the

CO2 mole percent at low dilution and initial pressure and

smaller (v 15%) than the C0, mole percent at larger N,

dilution for any initial pressure in the range {760 - 30 torr).

The calculation was not carried beyond 40% N2 dilution because

one may expect quenching of the detonation in highly diluted

mixture. These results will be compared with experimental

-ata in a near future.
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Appendix 1

The overall reaction for the equilibrium
composition at the C-J plane in (HZ-CIZ) mixtures can

be written as:

a,Cly + Aty —= bCh + L4 + §C/
‘/'5414/ * b‘f”c/

(1.7)

where the @'s and D 's denote reactant and product
mole numbers, respectively. The corresponding atom

balance equations are:

[cr 24 = 24 + b + be (1.2)

[H] R =2b +4 +0s (1.3)

For a given temperature Z:.and a given volume ¢/, of the
burnt mixture, the equilibrium composition is determined
by solving simultaneously the atom balance and equilibrium

equations. Therefore, three equilibrium equations are

needed corresponding to the following chemical reactions, viz.,

K

FH, = H (1.4)
&

i‘c/z =c/ (1.5)
;

E ! AV

& i-/-{,_ + %f</z4— H! (1.6)
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where the ﬁf‘s are the corresponding equilibriww constants,

namely,

/(g = ﬂ:/,b,j = (54/5,:A)X (1.7)

ko= hlpe = (4169)X (0

e
24
.=

g

.

33

e
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AP, SN

ks = ballhy b= b/(68)"

(1.9)
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where

(R )"

X

(1.10) ,

Defining
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it can be seen that Eqs. (I.2, 1.3, I.7-1.9) can be expressed

.3
in terms of@ and 54 for given 72 and €4h. Solving Egs.
(1.7-1.9) yields:

5, = t;/é', (1.11)

b = 4/C (1.12)

2

by = b by IC (1.13)
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where the C"s are functions of 73 and Ua.’ only, viz.,

C = Kk (T)/x" (1.14.

G = k:(?;)/*z (1.14.b)

n

Cs

Using Egs. (1.11-1.14) into Eqs. (1.2, I.3) yields a

system of two non-linear, algebraic equations in b3 ’

Q , Tpand U, viz.,

_ T 2x* z _
F(Z‘)y)rz)()z)': f'; +1+-(-§—]—ZQ, 0O

- [2y* o =
G(59 T 0u)=[E +y +’é§] 2, =0

where ¥ = é and ya 64, . For given values of I
and U:-’ this system can readily be solved for 2 and 4
by the Newton-Raphson method and the remaining unknowns,

namely, A/ . ba and b;are then given by Eqs. (I.11-1.13).

kl[n)kZ(E)/(k}(Tz:)zz) (1.14.c)
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Appendix I1I

The overall reaction for the equilibrium composition

at the C-J plane in (CSZ-OZ) mixtures is:

2,CS,. +2,0, — h(C5, + LCS + CO
+ 4,C0S +5G +4C
+460Q * 40 * 556

4—!;95567 *’4% SL. 4“é£fs
-/-.5,3 (;01 ) (11.1)

The corresponding atom balance equations are written as:

Jc]:a = b+6+6 >, +bp +R4 + 4 (11.2)

4'453

[5]: 24 = b +h +4 + 4 +4, +24 (11.3)
+ bzz.

[o]: 24 = b+l +26; +b; 124 +4 (11.4)
+ 20,3

S1nce thirteen species are assumed to be present at the C-d
plane and three atom balance equations can be written for the
(052-02) system, ten equilibrium equations are needed to obtain
the equilibrium composition for given 75 and €4 . These

equations corresponu to the following chemical reactions, viz,,
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k‘ . ur;.;__w ~-
b 4 #
S == 50+30, (11.5.b)
k3 / .
(S, == CS+352 (11.5.¢)
ks
SO =— :zl"sz + :zLOa (11.5.d)
L E
:7:"5;- = S (11.5.e)
e .
. / L
S =X :5,"67- 2 % (11.5.f)
L C :‘;_.&: C
3 ¢ (11.5.9)
/Q /
CoS == CS+373%% (11.5.h)
Ky ,
—e A
CO *— ,'i"(;- *+3 2% (11.5.4)
L .
CQ = CoO+7% (11.5.3)




and the corresponding equilibrium equations in terms of -

equilibrium constants are:

k,‘ “Eo" = -2’—’)6 (11.6)

B~ " ¢

ké.—- (—é-"—'—b‘-'k) = ! (11.11)




De‘fininag: '

B

e /?ebc €= 4y 3,0, 13

it can be seen that all the b‘s in Eqs. (I1.6-11.16)

the ¢, 0 and S atom numbers, respectively, viz.,

b= 486/

AT
13
osb‘
.g%
N
D)

can be expressed as functions of 7; , ‘Uz.and b‘ ’ bg , bn_ s
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where the {'s are functions of 72 and 0&, only, viz.,

C = kiklikb&/x*

G = ks'kck;/?'z'
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C, = k Kekg kaka/x*

G= k/x*

CTz‘ = “%;Txézfzb

c, = k& kke/X*

(11.18)

Ce = k,kd(s/?f"
g = ke /X~

Cro = k,‘x/;@’ﬁo/?(4

Using Eqs. (I1.17) into Eqs. (II.2-1I.4) yields a system

of three, non-linear, algebraic equations in five unknowns

bG s 5 s b/,_ s 7;and Uz,namely,




G Y3, Ta )= 251" 24 + ZYE + 42
g T4 &G G

+ 15+ 2y -6, =
é (_.g*j 7 o

) 2
Hlmp2ma)= 2+ 5« F +2

2
1 4 o yE L 2xE 24, =0

L2 Cor Ce

where = é
z = '66 s y-? , and 2= ba . These equations

are readily solved for given ‘(é and '7;_by the ‘lewton-Raphson

method, then Eqs. (I1.17) give the remaining unknown b‘s.
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Appendix III

R. The (C0-H,-0,) System

The overall reaction for the equilibrium composition

at the C-J plane is written as:

aCo+a,0,+ %G H. ~~ G, +{CO+ 40, 4

-+ b40+bsf40 fb‘ OH
(i11.A.1)

+'é;//:_ + é96/+ A’C:, k

s ke e

+ 4. C

/

Gomd
1y

ol et 1

AAEA bl e R

The corresponding atom balar.ce equations are:

[c]: a, = b +6 +2b; +5, (111.A.2

T~

hh b
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[o]: @, +3% = ‘Zb/’fé-*’?é?*ér'; be+b (111.0.3)

Lkt s
7l

JH]: 225 = 2b-+ b 25, + b, (11.A0)

For given temperature and volume of the burnt cas mixture,

the equilibrium composition (10 species) is completely

determined by solving simultaneously the atom balance and

T
bR

equilibrium equations. Therefore, seven equilibrium

equations are needad, representing the following reactions:
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CO,_ =cCo+ 'LOJ- (111.A.5)
k.
A
CO == 3 G *20" (111.A.6)
L,
76 =0 (I11.A.7)
ka
!
G F c (111.A.8)
L, L
:‘i”z — H (I11.A.9) E
O == Ho+3 (I11.A.10) L
23
WA &
oH == G +34, (I11.A.11)
where the K's are the corresponding equitibrium constants, ¢
viz., é -
: ! .
3 K = 'Q" élb-’ ‘Q (111.A.12) ‘%
Y
’b”“& “ :
S XS o]
K, = = 332 (111.A.13) |
2 be 1R°T: :
- © 4 2 3
S C (I11.A.14) 3
3 T R AT, %
% b or A zi
k"ﬁ 2 NL[RE) (111.A.15)
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(111.A.16)

247 AT, (111.A.17)
,;go s 2% .

and 14’ y)
> =

kBB, (B4 _ .

2 p = 5 (111.A.18) 23

o (4 3

inspection of Eqs. (III.A.2 - III.A.4, II1.A.12 - III.A.18)

shows that for given 7z and ¢4 , all the H's are functions
of the atom rnumbers only, namely, 54 , bg and éo ,
respectively. Solving Egs. (III.A.13 - III.A.?8) in

terms of 54 ’{’8 and .é, yields the equilibrium composition,

v l} = 6;-610/6} (111.A.19)
b= bb./C (I11.A.20)

b = by 1Cy (111.A.21) éé

bs z &,5;/04 (111.A.22) %

66 = 5458/(‘5' (I11.A.23) %

b;-"; b;/(“ (I1I.A.24) ;

5} = é:/ci (111.A.25) é;
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where the C's are functions of 7;.and L/

given by the following relations:

C; = ’b‘kilt;iﬁa}/,:zu¢
C;_ < kz&k'l /7(:.
l?;b/,’xga

Gy = Kshehekz/x*

P
]

(:;— o 4§E{£EFAEZ//j2ﬁL
ks/x*
CZ; = /%;L/c*’z

Using Eqs. (III.A. 19 - IIT.A.25), Eqs. (J°°

o
"

become:

nly, and are_
(I11.A.26)
(111.A.27)
(IT1.A.28)
(II1.A.29)
(I11.A.30)
(I11.A.31)

(I11.A.32)
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where Z = 54 ,y

b&’ and 2 = éo , respectively.
This system of three, non-linear, algebraic equations
may be solved by the Newton-Raphson method for a given

temperature 7: and a given volume té_and the corresponding

equilibrium composition is completely determined by using
Eqs. (III.A.19 - III.A.25).

The overall reaction for the equilibrium composition
at the C-J plane is given by:

a,CO + 8,0, + Ay, + Byl —
bCo, + 6,CO +4,0, + 5,0
+ G + bW +é,”di+ b N0

(111.B.1)
+56,NO, + 5,10 +4,04 +5,H, -

PN 5 SR EROESS AT T DI TR B
- TS Ay S e B ARNG a bl 37, k= =

# byl + baCo t+ b C + Ly NH + By HNO

The corresponding atom balance equations are:

[C]: @, = b+4 + 2b, + b

(111.8.2)

[0]: @,+2@ = 26,+b, 4265 164 +4, (111.B.3)
'I'ba *26‘7 +éo+é,+6,;,
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j: 2a; = 'Zb.s""’bé +4 124y +& (111.5.4)
'f"b‘*é/} :

[HJ: Ry = o?bg +b//*o?6n+b/3'fél‘f b/} (111.B.5)

The equilibrium composition consisting of 17 species is 4

obtained by solving simultaneously the atom balance and
equilibrium equations for a given temperature 7,'_&:..: a
given volume 1;.of the burnt mixture. Thrrefore, 13
aquilibrium equation§ are needed, corresponding to the

following reactions:

K,
fo = corio (1I1.8B.%)

ke p
co = 1G+2% (111.B,7)

ZHUARHIESY

ks
szO‘ = . (1I1.B.8)
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oAb S |y i 4% i ™ o L G, T TPy
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(111.8.9)

Al (111,8.10)
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-
ke /
NO _:';zLA/i+:2-Q- (I111.B.11)
PR
el
g

50 +NO (I11.B.12)
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L T N e
h ,,}‘,Lm.«‘@

PRy

:{'/V:. + NO (.111.3.13)
H

(II1.R.14)

(1B R T AR,
RS
-

H,0 OH + $#- (111.8.15)
ki

Y ;’LT.:
OH = 76, +3H; (111.B.16) f
N = 2N 2 (I11.B.17) .

I
HNO =% 4H, +NO

(111.8.18)

where the k's are the corresponding equilibrium constants,

viz.,

b
kc" %& = b"'b3('?7;L (i11.B.19)
%o

8

k (&'bq) = (5.354

(111.8.20)
A b,

I o i
e
L x.l" %
o ETR .
e s haibe s ) PRI ;
kb N Sty 8 i o d s, Yol bl e it Ay
St U D UL AP IS R QORI R

or
K = g = b4/'e72- >
g é;'»w)

¢

(111,8.21%)
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(111.8B.22)
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(I11.B.24)

(111.8.25)

(1T1.B.26)

(111.B.27)

a. "
Ko = ;é/; oH - 5, b"(e 3% (111.8.28)
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Kis = bu e
Pawo

inspection of Egs.

b4’b"

Solving Egs.

variables yields:

N

b
b,

]

by =

Defining 3& =z /%b,

e b

- 57'511,’(

%%

and 9{ (ZE ‘/141

%)

(111.B.2 - I1I.B.31) shows that

= &zb,{/el

by bs 1C,
4 /G
4" /¢y

b, b /Cs

b/

b b G

b3/ Ce

by b3 /GG

(111.8,19 - I11.B.31) in terms of these

(111.8.31)

1&3 and l&;-(the 0, N, H and C atom numbers,

respectively) can be chosen as independent variables.

(111.

(111.

(11I1.

(111.

(111.

(111.

(111.

(111.

(111,
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.34)

.35)

.36)

.37)

.38)

.339)

.40)
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where the C's are functions of ié,and Z:on]y and are

given by:

4

Gz

3
s

= /5‘k3‘g33/t§‘/ﬂ?fﬂp'
G- Kykshke /X*

b, = b3 /Co

by = b/:' /Cu

(171.8.47)

(I11.B.42)
by = & ék’/GCZL (111.B.43)
b = be 4/ (111.5.44)

= (ks/X)
(ks/X)
Ky ks Ke/X*
ks ‘G;F/?24*&3/(7(*’
K ksl / X°
ks Ky Koo K /Xt
ks Kahu/X™
.98
= (ke/X)*
= Kekghn !X
- kkskokybos/x?

n

)

1]

(111.8.45)
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Substitition of Eqs. (II1.B.32 - 1II1.B.44) into
Eqs.,(:II;B.Z - I11.B.5) yields a system of four,

non-linear, algebraic equations, viz.,

| , 2, W2, 2%, 2
Flyzg# Tu) =42+ 'a e 212 -4

2- 2>
Hzx 4,2, 7,4.) = %L +Z H.é.,é.:— +-zcéx

B sk, WS
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where o/ = b",z = b‘,f 56/3 anda?-s'b,s,
respectively. Selving this system by the Newton-Ranhson
. :thod for given 7_;and t‘,yie]ds the equilibrium atom
numbers and the mole numbers are then obtained from

Eqs. (Ii1.B.32 - III.B.44).
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Table I
(c12)1c = ,300D 02 v, = .1380 01
p, 2 .100D 01 .500D 00 .250D 00 .158D 00 "
T,/T,  .317D 01 .904D 01 .890D 01 .880D 01
P,/P;  .154D 02 .162D 02 .161D 02 .160D 02
0;/p,  -566D 00 .564D 00 .5620 00 .551D 00 é%
7
v,P .197D 01 .195D 01 194D 01

.193D 01

4

o
i

: v, 171D 01 .710D 01 .109D 01 .108D 01 :
5 :
g M, .507D 01 .504D 01 .5000 01 .497D 01 j§
3 3
B =
: Mz(fr‘) .972D 60 .967D 00 .962D 60 .958D 00 ,2%
3 Yz(fr) .130D 61 .130D 01 .130D 01 .130D 01 %
e c1zc .528D-02 .565D-02 .402D-02 .361D-02 % i%
4 =
4 H2 .396D 02 .395D 02 .394D 02 .394D 02 : %
C1 .104D 01 .128D 01 .1552 01 .173D 01 |
é KC .993D 00 .122D 01 .148D 01 .166D O1 g |
& ; HC1 .583D0 02 .580D 02 .575D 02 .572D 02

g a pressures are in atmospheres; b velocities

% are in km/sec; © mole fraction percentage.
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HC1

.132D 00 .105D 00

.876D 01

.159D 02

.560D 00

.192D 01

.108D 01

.496D 01

.957D 00

.130D 01

.345D-02

.393D 02

.181D 01

.173D 01

.571D 02

Table T (continued)

.871D 01

.158D 02

.560D 00

.192D 01

.107D 01

.495D 01

.955D 00

.131D 01

.326D-02

.393D 02

.190D 01

.182D 01

.570D 02

.789D-01

.864D 01

.158D 02

.559D 00

.191D 01

.107D 01

.493D 01

.953D 00

.131D 01

.302D-02

.393D 02

.203D 01

.194D 01

.568D 02

.526D-01

.854D 01

.156D 02

.558D 00

.190D 01

.106D 01

.491D 01

.950D 00

.131D 01

.271D-02

.392D 02

.220D 01

.210D 01

.565D 02

.395D-~01

.847D 01

.156D 02

.557D 00

.189D 01

.106D 01

.489D 01

.948D 00

.131D 01

.250D-02

.391D 02

.233Db 01

.223D 01

.563D 02
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Table II

P .100D 01 .500D 00 .25CD 00 .158D 0O

Pl
g i e
i A ) ‘*M |\E“I‘ § Hg" MMM ¥

RPTHeHITIAL Rl
c“ M

TZ/Tl .103D 02 .109D 02 .975D 01 .958D 01

)
il

:
(€1,), = .400D 02 vy = .137D 01 % ”},g
271 1 '

St b iy b
iy JrE M L)
“44 "“M"“"w"‘\‘n‘lﬂ‘

P,/p; 191D 02 .187D 02 .184D 02 .181D 02

&

p]/p2 .557D 00 .555D 00 .554D 00 .553D 00

o ) ) o
r'v( i ‘4':"\”*\ it

Vi .185D 01 .183D 01 .181D 01 .179D 01

2 .103D 01 .101D 01 .100D 01 .990D 00

e P
iz s

é ; M, .545D 01 .540D 01 .533D 01 .529D 01 4
E My(fr) .95 . .0 .948D 00 .943D 00 .940D 00 Z
é vp(fr)  .131D 01 .131D 01 .132D 01 .132D O g;
? 1, .380D-01 .3060-0{ .243D-01 .207D-01 %
% H, .208D 02 .208D 02 .209D 02 .209D 02 i
é ¢l .470D 01 .530D 01 .590D 01 .629D 07 V§
; i H 194D 01 .221D 01 .249D 01 .267D 01 ‘?

S I e

HCY .726D 02 .716D 02 .707D 02 .701D 02

oA e

""?} By
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Table II (continued)

P] .132D 00  .105D 00 .789D-01 .526D-01 .395D-01
T2/T] .951D 01 .943D 01 .933D 01 .918D 01 .908D 01
PZ/PT .181D 02 .179D 02 .178D 02 .176D 02 .174D 02
p-l/p2 .552D 00 .552D 00 .551D 00 .551D 00 .550D 00
V] .179D 01 .178D 01 .177D 61 .176D 01 .175D 01
V2 .986D 00 .982D 00 .976D CO .968D 00 .962D 00
M .528D 01 .526D 01 .523D 01 .519D 01 .517D 01

Mz(fr) .939D 00 .937D 00 .936D 00 .933D 00 .932D 00

Yz(fr) .132D 01 .132D 01 .132D 01 .133D 0! .133D 01

1, .195D-01 .180D-01 .162D-01 .140D-01 .126D-01

: H, .210D 02 .210D 02 .210D 02 .210D 02 .211D 02

: C1 .644D 01 .663D 01 .686D 01 .719D 01 .742D 01

é ; H .274D 01 .283D 01 .294D 01 .309D 01 .320D 01
HC1 .698D 02 .696D 02 .692D 02 .687D 02 .683D 02
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Table IIT
(€1,); = .450p g2 - Y; = .136D 07
Py +100D 0T .5000 00 .250p 0o .qs5gp 00
T2/Ty 1050 02 1020 02 .g94p o .976D 01 :
P2/Py . -2000 02 196D 02 .797p op .189D 02 E?
P1/p2  .554D 00 5530 00 .s50p oo .551D 00 é§
v, (179001 176D 01 .174p 01 .y173p 01 i%
v, 989D 00 .975D 00 961D 00 .g51p g
n, $9%8D 0T 551D 01 5450 01 s4qp o
Mplfr) 944D 00 939 gp 935 00 .932D og
2(fr) 1320 01 L133p 07 133 01 .124p o7
1, 8650-01.6720-01 517D_01 | 433p.0
H, 126D 02 .128D 02 1300 02 .q31p 02
c1 787D 01 .863D 01 .935p 07 . ogpp 01
H +188D 012000 01 2310 01 . 946p o
HC 776D 02 .764D 02 7530 02 .746p o
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HC1

TS A

.132D 090 -

.968D 01

.188D 02

.551D 00

172D 01

.948D 00

.538D 01

.931D 00

.134D 01

.404D-01

.132D 02

.100D 02

.252D 01

.743D 02

.105D 00

.959D 01

.186D 02

.550D0 €0

171D 01

.943D 00

.536D 01

.929D 00

.134D 01

.370D-01
.132D 02
.102D 02

.2590 01

.739D 02

Table III (continued)

.789D-01

.9480 01

.185D 02

.550D 09

.171D 01

.937D 00

.533D 01

.928D 00

.134D 01

.330D-01

.133D 02

.105D 02

.268D 01

.735D €2

.526D-01

.932D 01
.182D 02
.549D 00
.169D 01
.929D 00

.529D 01

.9255 00

.134D 01

.2%0D-01

.134D G2

.109D 02

.281D 01

.729D 02

.395D-01

.921D 01

.180D 0z

.549D 00

.168D 01

.924D 00

.526D 01

.924D 00

.135D0 01

.2500-01

.134D 02

111D 02

.290D 01

.725D 02
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(C1,); = .500D 02 - y; = .136D 0 ié
P, .100D 01 .500D 00 .250D 00 .158D 00  §§
To/T, .1050 02 .102D 02 .994D 01 .975D 01
P, /P, .204D 02 .2000 02 .195D 02 .1930 02
py/p,  -554D 00 .552D 00 .551D 00 .550D 00
v .172% 01 .1700 01 .167D 01 .166D 01 7
v, .951D 00 .937D 00 .929D 00 .914D 00 '§
My .565D 01 .5580 01 .551D 01 .546D 01 %;
M,(fr)  .936D 0G .931D 00 .3270 00 .924D 00 :i
y,(fr)  .135D 01 .135D 01 .136D 0! .136D 01 }
c1, .210D 00 .156D o& .116D 00 .950D-01 é
Hy .568D 01 .597D 01 .624D O1 .G641D 00 %
c1 .122D 02 .130D 02 .138D 02 .143D 02 i
H .125D 01 .141D 01 .158D 01 .169D 01 %
é HCY .8C7D 02 .794D 02 .782D 92 775D 02 %
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Table IV (continued)

P] .132D 60 .105D 00 .789D-01 .526D-01 .395D-01
TZ/TI .967D 01 .958D 01 .946D 01 .930D 01 .919D 01
PZ/P] .191D 02 .190D 02 .188D 02 .186D 02 .184D 02

p]/pz -550D 00 .550D 00 .549D 00 .549D 00 .548D 00

Vl .165D 01 .165D 01 .154D 01 .163D 01 .162D 01
V2 .910D 00 .9060 00 .900D 00 .892D 00 .887D 00
M] .5445 01 .542D 01 .539D 01 .535D 01 .532D 0i

Mz(fr) .923b 00 .921D 00 .920D 00 .917D 00 .916D 00

Yz(fr) .136D 01 .i36D 01 .136D 01 .137D 01 .137D 01

C12 .877D-01 .796D-01 .702D-01 .587D-01 .517D-01
H, .648D 01 .656D 01' .666D 01 .680D 01 .690D 01
C1 .145D 02 .147D 02 .150D 02 .154D 02 .157D 02
H, .173D 01 .179D 01 .185D 01 .195D 01 .202D 01

HC1 .772D 02 .768D 02 .764D 02 .758D 02 .753D 02
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HC1

.100D

.984D

.193D

.563D
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257D

.799D

02 -

01

01

02

00

01

00

01

0C

01

Go

¢o

02

00

02

.500D
.962D
.190D
.561D
159D
.894D
.550D
.934D
.1380

.605D

.943D ¢

161D

.791D

00

01

02

00

01

00

01

00

o}
et

A8

.250D

.940D

.187D

.559D

.158D

.682D

.544D

.929D

.139D

.413D

312D

.198D

.401D
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Py/Py
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Mz(fr)
Yz(fr)

HC1

.132D 06 " .105D 0g

.920D 01

.184p 02

.557D 00

.156D 01

.870D 00

.539D 01

.923D 00

. 139D 01

.2909 00

131D 01

.2C4D 02

-484C 0n

775D (02

P b M A N
o T PlE T S SNATREINE

9136 01

.1830 02

-556D 00

.156D 01

.866D 0¢

.537D 01

.922D Gv

.140D 01

-257D 00

.1370 61

.206D 02

.514D 09

7720 02

Table Vv (continyed)

.789D-01
.903D 01
.182vu 02
.555D co
.155D 01
.861D 00

-534D 07

.526D-01

.891D 01

.180D 02

.554D 00

.154D 01

-854D 00

.531D 01
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.325D-01

.881D 03

.179D 02

.554D 00

.153D M

-849D 00

-528D 01

915D 00 .916D gg .914p 06

. 140D 07

.220D 00

. 146D 01

.209D 02

.554D 00

.769D 02

- 140D 61

177D 00

- 158D 01

.212D 02

.A13D 00

.764D 02

.1400 01

.152D 00

-167D 01
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.655D 00
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HC1

.100D 01

.825D 01

.163D 02

.5660 00

.142D ¥l

.8040 09

.510D 01

.939D 00

.139D 01

.742D 01

.167D-01

.2100 02

.€69D-02

.716D 02

Taple VI

-5000 00

.795D 01

.156D 02

.566D 00

.146D 01

.792D 00

.503D 01

.935D 00

.140D 01

.553D 01

.133D-01

.225D 02

.570D-02

.710D 0Z

vy = 135D 01

254D 00

.769D 01

.154n 22

.566D 00

.1382 01

.780D 00

.496D 01

.931D 00

.141D 017

.570D 01

.106D-01

.2390 02

.482D-02

.704D 02

-158D 90

.751D 0i

L1510 02

.566D 00

136D €1

.772D 00

.497D 01

.928D @

.141D 01

.518D 01

.911D-02
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.429D-02

.701D 62
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Table VI (continued)

y -132D 00 ".1050D oG -789D-01  .525p-07
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.395D-01

-744D 61
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.566D 00

.136D 01

-769D 00

.489D 01

.927D 00

.142D 01

.500D 01

.859D-02

.250D 02

.410D-02

.700D 02

.566D 00

135D (1

.766D0 00

.487D 01

.926D 00

.142D 01

.475D 01

.800D-02

.254D 02

.387D-02

.698D 02

-556D 00

-134D 01

-761D 00

-484Dp 01

.925D 00

- 142D 01

-446D 01

.731D-02

-259D 92

.360D-02

.696D 02

565D GO

133D 01

755D (0

.480D 03

.924L )0

-142D 01
-407D 01
.645D-02
-265D 62

.326D-92

.694D 02

.143D 02

367D oC

.133D 01

.751D 00

L4770 01
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P, .100D

.688D

V4 17D

VZ .659D

U

My L4542
My(fr)  .942D
Y, (fr)  .134D

c1, .304D

c1 .136D

HCY .559D
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.384D-

H .123D-

02

01
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00

01

00

01

00

01

(2

03

02

03
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.500D 00

»665D 01

.128D 02

.563D 00

.115D 01

.648D 00

.447D 01

.937b 00

.135D 01

.296D 02

.266D~03

.149D 02

.926D-04

.555D 02

Table VII

Y]":

.250D 00
.643D 01
.125D 02
.552D 00
.113D 01
.637D €C
.441D 01
.932b 00
L1368 D1
.287D 02
.181D-03
.161D 02
.680D-04

.552D 92

.134D G1

.158D 00

.628D 01

.122b 02

.561D 03

.112D 01

.630D 00

.436D 01

.929D 0C

.1360 01

.282D 01

.139D-03

.169D 02

.546D-04

.549D 02
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Table VII (continued)

Py .132D 00 .105D 00 .789D-01 .526D-01 .395D-01
TZ/Tl .6230 01 .616D 01 .607D 07 .595D 01 .587d O1
P2/P] . .122b 02 .121D 0 .119p 02 .117D 062 .116D CZ
r]/pe .561D 00 .560D 00 .560D GO0 .560D 00 .559D 00
VT .112D 01 .111D O1 .111D v% .3110D 01 .109D 01
Vz .627D 00 .624D 00 .619D 00 .613D C0 .503D 00
M .434D 01 .432D 01 .430D 01 .4260 0! .423D 01
Mz(fr) .927D 00 .926D GO .9%24D 00 .921D 00 .920D 00
yz(fr) .136D 01 .136D 01 .137D 01 .137D 01 .137D 01
1, .280D 02 .277D 02 .274D 02 .269D 02 .266D 02
H, .125D-03 .110D-03 .927D-04 .725D-04 .608D-04
C1 .172D 02 (176D 02 .18CD 02 .186D G2 .161D 02
H .499D-04 .446D-04 .385D-04 .311D-04 ,266D-04
HC1 .548D 02 .547D 02 .546D 02 .544D 02 .5423D 92
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Py .100D 91
T,/Ty  .136D 02
Py/Py 262D 0Z
py/p,  -540D 00
v .178D 01
.959D 00
My .641D 01
M,(Fr)  .984D 00

Y, {fr) 117D 01

(cs,), = .250D 02

Table VIII

Y1 7

.500D 00 .250D 00

.121D 02 .126D 02

.255D 02 .248Dh 02

.540D 00 .539D 00

L75D 01 .173D 01

.945D 00 .931D 00

.632D 01 .623P 01

.975Dp 00 .367D 00

.1190 01 .120D 01

.1330 01

.158D 00

.123D 02

.244D 02

.539D 00

.171D 01

.921D 00

.618D 01

.9620 00

L1270 01
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To/ Ty

Pa/Py

D]/pz

.132D 00

.122D 02

.243D 02

.539D 00

.170D 01

.518D 00

.615D 01

.961D 00

.121D 01

.105D 00

L1210 02

.241D 02
.538D 00
.170D 01
.913D 00
.613D 01
.959D 090

.122D 01

.789D-01

119D 02

.238D 02

.538D 00

.169D 01

.908D 00

.609D 01

.956D 00

.122D 01

Table VIII (continued)

.526D-01

.117D 02

.234D 02

.538D 00

.167D 01

.900D 00

.604D 01

.953D 0¢C

.123D 01

.395D-01

.115D 02

.232D 02

.538D 00

.166D 01

.894D 00

.601D 01

.951D 00

.123D 01
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Table VIII (continued)

P1 .100D 01 " .500D 00 .250D 00 .158D 00
% é CS2 .205D-05 .113D-05 .618D-06 .413D-06
% % CS .940D0-04 .6145-04 .397D-04 .296D-04
é\ co .174D 02 .176D 02 .177D 02 .178D 02
B S
E 'Eﬁ§~»- 661D Qlu §?99ﬂp1__:§84Q“01~ﬂ,553D 01
E cos .824p-02 .591D-02 .423D-02 .338D-02
C2 .565p-11 .181D-11 .563D-12 .257D-12
c .106D-05 .6152-06 .350D-06 .238D-06
02 .158D 02 .156D 02 .153D 02 .151D 02 i
0 .124D 02 .133D 02 .142D 02 .148D 02 i
502 .242D 02 .237D 02 .232D 02 .229D 02
E S0 .208D 02 ,208D 02 .,208D 02 .208D 02
i SZ .209D 00 .184D 00 .162D 00 .149D 00
S .251D 01 .265D 01 .279B 01 .287D 01
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Table VIII (continued)

.132D 00 ".105D 00 .789D-01 .526D-01 .395D-01
.352D-06 .289D-06 .224D-06 .156D-06 .121D-06
.263D-04 .2276-04 .188D-04 .144D-04 .119D-04
.178D €2 ,179D 02 .179D 02 .180D 02 .180D 02
.555D 01 .546D 01 .534D 01 .518D 01 .508D 01
.310D-02 .278D-02 .242D-02 .199D-02 .173D-02
.188D-12 ,127D-12 ,773D-13 .380D-13 ,229D-13
.204p-06 .,169D-06 .132D-06 .939D-07 .722D-07
02 .150D 02 .149D 02 .148D 02 .146D 02 .145D 02
0 .150D 02 .152D 02 .156D 02 .160D 02 .164D 02
502 .228D 02 .227D G2 .225D 02 .223D 02 .,222D 02
SO .208D 02 .,208D 02 .207D 02 .207D 02 .207D 02
52 .144D 00 .138D 00 .130D 00 .121D 00 .114D 00
i S .290D 01 .294D 01 .299Dp 01 .305D 01 .310D 01
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(csz)] = .300D 02 Yy = .132D 07

1 -100D0 01 ,5900p 00 .250D 00 -158D 00

TZ/T] 137D 02 132D 02 .127p 02 -124Dp 02

P2/P] -273D 02 .266p 02 “0D 02 ,255p g2

p]/p2 -540D 00 .54¢0p 00 .539Dp g0 .539D 00

V] 177D 01 .175p 01 .172p o7 171D 01
V2 -957D 00 .943p 00 .929p 0o .919D 00
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Table IX (continueu)
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P] -132D 00 .105D 00 .789D-01 .526D-01 .395D-07
TZ/T] -123D 02 .122D 02 .120D 02 .118D 02 .116D 02
P2/P] -253D 02 .251D 02 .249D 02 .245D 02 .242D 02
p]/p2 -539D 00 .538D 00 .538D 00 .538D 00 .538D 00
V] -170D 91  .169D 01 .168D 01 .167D 01 .166D 01
v, -916D 00 .9711D N0 .905D 00 .897D 00 .892D 00
M] -632D 01 .629D 01 .625D 01 .620D 01 .617D 01
Mz(fr) -959D 00 .957D 00 .954D 00 .951D 00 .949p 00
yz(fr) -122D 01 .722D 01 .123D 01 .123D 0] .124D 01
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Py .100D 01 ° .500D 00 .250D 00 .358D 00
s, .137D-04 .743D-05 .401D-05 .2660-05
s .345D~03 .224Dp-03 .144D-03 .107D-03
co .221D 62 .222D 02 .223D 02 .224D 02
co, .571D 01 .533D 01 .500D 01 .480D 03
cos .198L-01 .14¥D-01 .997D-02 .794D-02
¢, .2370-10 .756D-11 .236D-11 .108D-1}
c .230D-05 ,134D-05 .765D-06 .523D-06
02 .807D 91 .799D @1 .789D 01 .781D 01
0 .830D 01 .100D 0z .108D 02 .112h Q2
502 .216D 02 .210D 02 .206D 02 .203D 02
SO .276D 02 .275D 02 ,275D 02 .274D 02
52 .742D 00 .€50D 00 .5682 GO .519D 00
S .492Dp 01 .518D 01 .543D 01 .56GD 01
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COS

502
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Table 1X (continued)

.132D 00 °

.226D-05

.948D-04

.224D 02

.473D 01

.726D-02

.786D-12

.449D-05

.778D 01

.114D 02

.202D 02

.274D 02

.501D 00

.566D 01

.105D 00

.185D-05

.819D-04

.224D 02

.464D 01

.650D-02

.534D-12

.371D-06

.774D 01

.116D 02

.200D 02

.274D 02

.479D 00

.573D 01

.789D-01
.143D-05
.678D-04
.224D 02
.453D 01
.564?-02
.324D-1¢
.291D-06
.769D 01
.119D 02
.199D 02
.273D 02
.452D 00

.583D 01

.526D-01

.994D-06

.518D-04

.225D 02

.439D 01

.462D-02

.159D-12

.205D-06

.761D 01

.123D 02

.197D 02

.272D 02

.417D 00

.595D 01

.395D-01

.767D~C6

.427D-04

.225Dp 02

.429D 01

.401D~-02

.960D-13

.159D-06

.755D 01

.1250 02

.195D 02

.272D 02

.394D 00

.604D 01
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.135D 02
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.119D 01
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.130D 02

2720 02

.541D 09

.173D 01

.5340 00

.560D 01

.970D 00

.121D 01
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,250D 00
.126D 02
.265D 02
.540ﬁ 00
.170D 11
.920D CO
.651D 01
.9620 60

.122D 01
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.188D 00

.123D 02

.261D 02

.5400 00

.169D 01

.911D 00

.645D 01

.958D 00
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T2/T1
PZ/P]

p1/py

Mz(fr)

Yz(fr)

.132D

.122D

.259D

.540D

.168D

.907D

.642D

.123D

o0

02

02

00

01

00

01

00

01
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Table X (continued)

.105D

121D

.257D

.539D

.167D

.903D

.640D

.955D

.124D

00

02

02

00

01

00

01

00

01

.789D-

.119D

.254D

.539D

.166D

.8979

.636D

.952D

.124D

01

02

02

00

00

01

co

01

.526D~

117D

.251D

.5390D

.165D

.890D

.631D

.949D

.124D

01

02

02

09

01

00

C1

00

01

395D-01

.115D 02

.248D 02

.538D

.164D

.884D

.627D

.947D

.125D




€ns

.100D 07

.774D-04

.290D-03

,2641 02

.490D 01

.436D-01

.529D-10

.298D-05

.325D 01

.5230 01

.1329 02

.318D 02

.232D 01

.783D 91

Table X {continued)

.643D-03

.264D 02

.455D 01

.307D-01

.172D-10

.177D~05

.326D 01

.573D 91

.178D 0z

.319D 02

.203D 01

.831D 01

- .500D 00

.4170-04

177D 01

.876D 01

.250D 00

.224D-04

.414D-03

.265D 02

425D 91

.217D~01

.547D-11

.103D-05

.325D 01

.622D 01

173D 02

.319D 02

.308D-03

265D Q¢

407D 01

.372D-0]

.252D-11

.713D-06

.324D 01

.654D 01

171D 02

.319D 02

.158D 00

1620 01

.905D 01
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co

co

cos

o DTN ¢ AR APORE KO sy

.132D 00

.126D-04

.273D-03

.265D 02

.400D 03

.157D-01

.185D-11

.€14D-06

.324D 01

.667D 01

.170D 02

.318D 02

.156D 01

.916D 01

lbrachinl

Table X (continued)

©.105D 00

.103D-04

.236L-03

.265D 02

.393D 01

.141D--01

.126D-11

.511D-06

.3230 0i

.682D 01

.169D 02

.318D 02

.149D 01

.930D 01

.789D-01

.7929-05

.196D-03

.265D €2

.383D 01

.122p-01

.772D-12

.403D 06

.3220 01

.701D 01

.167D 02

.318D 02

.140D 01

.947D 01

Bt it el il
RETSIRSERE

.726D-01

.548D-05

.150D-03

2650 02

.370D 01

.995D-02

.383L-1?

.225D-06

.321D 01

.729D 01

.1buve 02

.317D 02

.1290 01

.970D 01

.395D-01

.422D-05

.123D-03

.266D 02

.361D 01

.862D-02

.232D-12

.224D-06

.319D 01

.748D 01

.164D 02

.317D 02

.122D 01

.985D 01
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Table XI
(CSZ)] = .400D 02 - Yy < .130D 01
P] .100D 01 .500D 0G .250D 00 .158D 00

n

T2/T.l .129D 0 .125D 02 .121D 02 .118D 02
PZ/P] .274D 02 .268D 02 .262D 02 .258D 02

p]/p2 .545D 00 .545D 00 .544D 00 .543D 00

Yy .170D 01 .168D 01 .166D 01 .164D 01
Vo .928D 09 .915D 90 .9G62D 00 .894D 00
My .668D 01 .659D 01 .651D 01 .645D 01

M?(fr) .976D 00 .963D 00 .962D 00 .958D GO

Yz(fr) .1219 01 .123D 01 .124D 01 .125D 01
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E Table X! (continued) :
e B P, .132D 00 .105D 00 .789D-01 .526D-01 .395D-01 :
3 : T,/Ty  .117D 0z .116D 02 .115D 02 .113D 02 .111D 02 3
. g P,/Py  .256D 02 .234D 02 .252D 02 .248D 02 ..46D 02 4
4 : 3
b § p1/p,  .543D 00 .543D 00 .542D 00 .542D 00 .542D 00 1
b E v, .164D 01 .163D 01 .162D 01 .161D 01 .160D 01 4
N g 2
-k v, .890D 00 .886D 00 .8RID 00 .874D 00 .868D 00 3
E ] M, .643D 01 .640D 01 .637D 01 .632D 01 .629D 01 3
, g z
5 § M,(fr) ~ .957D 00 .955D 00 ,953D 00 .951D 00 .949D 00

gﬁ

g

5 Yo(fr)  .125D 01 .125D 01 .125D 01 .126D 01 .126D 0]
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€S,
CS
co
Co,

€os

.100D 01

.389D~03

.219D-02

.302D 02

.432D 01

.913D-01

.550D-10

.203D-05

.542D 09

.200D 01

.148D 02

.314D .-

.654D 01

.979D 01

Table XI (continued)

.500D 00

.217D-C3

.146D-02

.302D 02

.398D 01

.654D-01

.183D-10

.122B-05

.939D 00

.2138D 0i

.144p 02

.318D 02

.588D 07

.106D G2

.250D 00

.121D-03

.957D-03

.303D 02

.370D 01

.468D-01

.594D-11

.722D-0A

.931D 00

.238D 01

.140D "2

.321D G2

.527D 01

113D 02

.158D 00

.814D-0"

.721D-03

.303D 02

.353D 01

.375D-01

.278D-11

.504D-06

.925D 00

.250D 21

.138D 02

.222D 02

.A89D 01

.118D 02
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Table XI (continued)

| -

.132D 00 " .105D 00 .7890-01 .726D-01 .395D-01 4

.6SCD-04 .574D-04 .447D-04 .315D-04 .245D-04 g §

.643D-03 .560D-03 .467D-03 .360D-03 .300D-03 3

.303D 02 .203D 02 .303D 02 .303D 02 .303D 02 3
.346D 91 .329D 61 .3300 01 .317D 01 .309D 01

.243D0-01 .308D-01 .268D-01 .220D-01 .191D-01 :
.205D-11 .141D-17 .863D-12 .436D-12 .267D-12
.4360-06 .364D-06 .288D-06 .207D-06 .163D-06
.923D 00 .919D 00 .914D 00 .908D 00 .S03D 00
.255D 01 .261D 01 .268D 01 .279D 01 .286D 0i 3

2

.137D 02 .136D 02 .135D 02 .133D 02 .132D 02 g :

.323D 02 .323D 02 .324D 02 .325D 92 375D 02 -

.474D 01 .457D 01 .435D 01 .4065D 01 .385D 01 i §

.120D 02 .123D 02 .126D 02 .130D 02 .133D 02 %% g

; E

% 3

5= 3

e e T P . . f E 5




P1 = .100D 01
(CSZ)l .500D

TZ/T] .114D

PZ/P] .253D

EGE s Seom k. o R S S R R
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Table XII

02 .6r0D 02 .700D 02 .800D 02

02 .989D 01 .748D C1 .533D 01

02 .228D 02 .170D 02 .110D 02
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Table XII (continued)

(€s,), .500D 02 * .600D 02 .700D 02 8COD 02
cs, .375D-02 .212D-01 .773D 01 .343D 02
cs .453D-02 .581D-02 .104D 00 .370D-02
co .367D 02 .428D 02 .447D 02 .292D 02
co, .401D 01 .355D 01 .765D-01 .141D 00 ;
coS .270D 00 .599D 00 .165D 01 .464D 01 :
C, .143D-10 .179D-11 .395D-11 .232D-17
c .305D-06 .222D-07 .716D-09 .945D-15
0, .637D-01 .219D-02 .921D-09 .604D-13
0 .187D 00 .915D-02 .239D-06 .932D-11
g S0, 8380 01  .262D 01 .119D-03 .13°-04
] g S0 .199D 02 .688D 01 .108D-01 .286D-03
: | S, .229D 02 .402D 62 .455D 02 .317D 02
% S .767L 01 .330D 01 .235D 00 .222D-02
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Table XIII

Py = .132D 00

(CSZ)-l .500D0 02 .600D 02 .700D 02 .800D 02

T2/T] .104D 02 .924D 01 .732D 01 .514D 01

P2/P-l .238D 02 .218D 02 .168D 02 .107D 02

p.‘/p2 .547D 00 .550D 00 .567D 00 .572D 00
; Vi .152D 01 .140D O1 .120D 01 .911D 00
E; Vo .829D 00 .770D 00 .679D 00 .521D 00
; M, .625D 01 .603D 01 .538D 01 .426D 01
% Mz(fr) .955D 00 .956D 00 .985D 00 .9°3p G¢
:E Y, .129D 01 .127D C1 .126D 01 .124D «

Y,(fr) .1270 1 .128D 01 .127D 01 .123D 01
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Table XIII (centinued)

Eé (€S, ), .500D 02 - .600D 02 .700D G2 .800D 02

'% cs, .8950-03 .543D-02 .750D 01 .238D 02

ig cs .151D-02 .217D-02 .209D OC .509D-02

~§% co .369D 02 .433D 02 .454D 02 314D 02

¢ co, .314D 01 .272D 01 .131D-01 .353D-01

% cos .116D 00 .264D 00 .672D 00 .230D 0]

i C, .518D-12 .893D~13 .100D-10 .i52D-17

g c .610D-07 .581D-08 .218D-08 .920D-15 ;
'% 0, .528D-01 .205D-02 .101D-09 .537D-14 :
i 0 .208D 00 .119D-G! .160D-06 .381D-11

i; 50, .776D 01 .2445 01 .737D-C5 .123D-05

; 50 .212D 02 .782D 01 .389D-02 .103D-03 :

; s, .206D 02 .386D 02 .457D 02 .325D 02 g :
: s .101D 02 .484D 01 .500D-01 .353D-01 :
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1

CO/(C0+H2)

TZ/T}

D]/Pz

M

Mz(fr)

Yz(fr)

= ,100D 01

.985D

.184D

.543D

.180D

.980D

.523D

.100D

.140D

112D

02

02

00

e~
.

09

01

01

01

01

Table XIV

.850D

117D

.183D

.543D

.187D

.102D

.521D

.996D

.140D

113D

02

02

02

00

01

01

01

00

01

01

02 = ,333D 02

.700D 02

.118D

.183D

.543D

.197D

.107D

.521D

.992D

. 140D

.114D

% L e

02

02

00

01

01

01

00

01

01
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T,/T,

Py/ Py

01/92

M

Mz(fr)

Y3

Yz(fr)

CO/(C0+H2)

T "2

.550D 02

.119D 02

.184D 02

.542D 00

.209D 01

.114D 01

.522D O

.987D 00

.140D 01

.11€D 01

YIV (continued)

.400D 02 .250D 02
.120D 02 .121D 02
.185D 02  .186D 02
.544D 00  .544D 00
.224D 01 .242D 07
.122D 07 .131D ©]
.523D 01 .525D 01

.981D 00 .975D 00
.140D 01 .140D 01

.117D 01 .119D 07
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co

H

OH

| LR Y WAL, B o

CO/(C0+H2)

co

Table XIV (continued)

2 .400D 02

.373D 02

.160D0 02

.472D G1

0 .381D 00

.120D 01

.444D-0;

.210D-12

.623D-07

.585D 02

.850D 02

.339D 02

.330D 02

.138D 02

.426D 01

.765D 01

510D 07

.932D 00

.133D 91

.167D-12

.537D-07

.700D

.2565D

.288D

.121D

413D

.166D

.746D

.226D

.214D

71D

02

02

02

02

01

02

01

01

01

.569D-07
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Table XIV (continued)

CO7(CO+H,) .550D 02 .2000 02  .250p o2
o, 194D 02 129D 02 .718p 07
g
co 242D 02 1905 22 128D o2
0, -104D 02 .883D 01  .727p o7
0 -410D 0T 408D 01  .405p o
H,0 -256D 02 .3415 02 .420p g2
OH .928D 01 .108D 02  .121p o2
: H, :397D 01 .623D 01 924D o1
: H -300D 01 .404D 01  .533p 07
: C, -185D-12  .189D-12  .154p-12
: c -637D-07  .709D-07  .712p-07 :
: 3
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Table XV

}] = .100D 02 Yy = -140D 01

-100D 01 .500D 00 .250D 00 .158D 00

T2/T] -115D 62 .172D 02 .108D 02 .106D 02
P2/P] -180D 02 .176D 02 .173D 02 .170D 02
p]/p2 543D 00 .543D 00 .542D 00 .542D 00

-179D 01 .176D 01 .174D 01 .173D 0]

-970D 00 .958D 00 .946D 00 .938D 00

-516D 01 .570D 01 .504D 01 .500D O]

Mz(fr) -994D 00 .987D 00 .980D 00 .975D 00

Yz(fr) .114D 01 .115D 01 .116D 01 .117D 0]
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P] .132D

TZ/T] .105D

P2/F] .169D
p]/pz .542D
vy .172D
.935D
M, .499D
Mz(fr)

.974D

vo(fr) 117D

00

02

02

01

00

01

00

01
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Tatie XV (continued)

.1050

.104D

.168D

.542D

172D

.931D

.497D

.972D

.118D

00

02

02

00

01

00

01

00

.789D-

.103D

.166D

.542D

.171D

.926D

.494D

.969D

.118D

01 .526D-01

02 .102D 02

02 .164D

00 .542D

01 .170D

00 .920D

01 .491D

00 .9€6D

01 .119D

02

00

01

00

01

00

01

.395Dp-01

.100D 02

.163D

.542D

.169D

.915D

.488D

.964D

.

1

9D

02

01

00

01
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¥
H
£
2
z
2
€
3
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¥
¥
E
£
£
£
£

KNG

.100D 01

.3792 02

.314D 02

.127D 02

.336D 01

.106D 02

.116D-02

.221D 01

.179D-03

.282D-02

.458D 00

.1080 01

.481D-01

.254D 00

.707D-13

.277D-07

.533D-04

.987D-04

- 89 -

.500D 00

.365D 02

.322D 02

.130D 02

.372D 01

.106D 02

.998D-03

.204D 01

.115D-03

.196D-02

.436D 00

.107D 01

.495D-G1

.289D 00

.236D-13

.166D-07

.379D-04

.541Db-04

Tabla XV (continued)

.250D 00

.383D 02

.329D 02

.133D 02

.408D 01

L1069 02

.850D-03

.187D 01

.734D-04

.135D-02

.415D 00

.106D 01

.508D-01

.327D 00

.765D-14

.978b-08

.267D-04

.414D-04

.158D 00

.346D 02

.333D 02

.135D 02

.432D 01

.106D 02

.760D-03

.177D 01

.544D-04

.105D-02

.402D 00

.104D 01

.516D-01

.353D 00

.358D-14

.681D-08

.211D-04

.309D-04
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NH

HNO

T LA T VST e,
it

.132D 00 -

.343D 02

.335D 02

.135D 02

.441D 01

.106D 02

.726D-03

.172D 01

.483D-04

.954D-03

.397D 00

.104D 01

.519D-01

.364D 00

.265D-14

.589D-08

.192D-04

.275D-04

Table X¥ (continued)

.105D 00

.340D 02

.337D 02

.136D 02

.453D 01

106D 02

.686D-03

.167D 01

.418D-04

.845D-03

.390D 00

.103D 01

.522D-01

.378D 00

.182D-14

.4921-08

.171D-04

.238D-04

.789D-01

.336D 02

.340D 02
.137D 02
.468D 01
.106D 02
.637D-03
.161D 01
.346D-04
.722D-03
.383D 00
.102D 01
.527D-01
.396D 00
.112D-14
.389D-08
.147D-04

.198D-04

.526D-01

.330D G2

.343D 02

.138D 02

.490D 07

.1060 02

.572D-03

.153D 01

.265D-04

.578D-03

.372D 00

.101D 01

.532D-01

.422D 00

.563D-15

.279D-08

.118D-04

.150D-04

.3950-01

.326D 02

.345D 02

.139D 02

.505D 01

.106D 02

.529D-03

.147D 01

.219D-04

.493D-03

.365D 00

.997D 00

.536D-01

.441D 00

.344D-15

.219D-08

.101D~04

.126D-04
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Mz(fr)

Yz(fr)

.200D 02

.100D 01

.112D 02

.176D 02

.544D 00

.177D G1

.962D 00

511D 01

.988D 00

.115D 01

Y, = .140D 01

Table XVI
.500D 00 .250D 00
.1090 0z .106D 02
.173D 02 .169D ¢2
.543D 00 .543D 00
175D 01 .173D 01

.95 00

.505D 01

116D 01

.940D 00

.499D 01

.975D 00

.158D 00

.104D 02

167D 02

.543D 00

172D 01

.932D 00

495D 01

.971D 00

118D 01

%
%
=
-
Z




Py .132D 00
T,/Ty 103D 02
P,/Py  .166D 02
p1/05 .543D 00
Vi 171D 01
v, .929D 00
M, .494D 01
M,(fr)  .970D 00
Yo(fr)  .119D 01
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Table XVI (continued)

.105D 00

.102D 02

.165D 02

.542D 00

171D 01

.926D 00

.492D 01

.968D 00

.119D 01

.789D-01

.101D 02

.164D 02

.542D 00

.170D 01

.921D 20

.490D 01

.966D 00

.119D 01

.526D-01

.995D 01

.162D 02

.542D 00

.169D 01

.915D 00

.487D 01

.963D 00

.120D 01

.395D-01

.984D 01

.160D 02

.542D 00

.168D 01

.910D 00

.484D 01

.961D 00

.120D 01
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Table XVI /continued)

P] .100D 01 °.500D 00 .250D 00 .153D 00

C02 .354D 02 .342D 02 .331D 02 .324D 02

Co .257D 02 .265D 02 .272D 02 .276D 02

02 .102b 62 .105D 02 .108D 02 .110D 02

0 .238D 01 .267D 01 .297D 01 .317D 01

N, .220D 02 .220D 02 .219D 02 .219D 02

N .107D-02 .934D-03 .808D-03 .730D-03

NO .262D 01 .243D 01 .224D 01 .212D 01

N20 .300D-03 .194D-03 .124D-03 .927D-04

NO, .312D-02 .218D-02 .152D-02 .119D-02

H20 .535D 00 .510D 00 .486D 00 .471D 00

OH .954D 00 .953D 00 .947D 00 .941D 00

H, .500D-01 .517D-01 .534D-01 .544D-01

B .210D 00 .242D 00 .277D 00 .301D 00

Ca .215D-13 .746D-14 .252D-14 .121D-14

c .116D-07 .718D-08 .435D-08 .309D-08 &

NH .568D-04 .410D-04 .293D-04 .233D-04 5;

HNO .117D-03 .767D-04 .500D-04 .376D-04 %%
%%
|

i
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‘g Table XVI (continued) 2%
i : .132D 00 ~.105D 00 .789D-01 .526D-01 .395D-01

: co, .321D 02 .318D 02 .314D 02 .309D 02 .305D 02
f co .7/8D 02 .280D 02 .283D 02 .286D 02 .288D 02

: ) 111D 02 .112D 02 .113D 02 .114D 02 .115D 02

% .325D 01 .335D 01 .348D 01 .366D 01 .379D 01

? N, .219D 02 .218G 02 .218D 02 .218D 02 .218D 02

é. N .7000-03 .665D-03 .621D-03 .562D-03 .523D-03

i> NO .208D 01 .202D 01 .195D 01 .185D 01 .178D 01

§ N,0 .824D-04 .713D-04 .592D-04 .455D-04 .377D-04

g NO, .108D-02 .960D-03 .823D-03 .662D-03 .566D-02

; H,0 .465D 00 .458D 00 .450D 00 .437D 00 .429D 00

Z OH .938D 00 .934D 00 .929D 00 .920D 00 .913D 00

? H, .548D-01 .553D-01 .559D-03 .566D-03 .572D-03

- H .311D 0G .324D 00 .341D 00 .365D 00 .383D 00

% Z, .904D-15 .630D-15 .394D-15 .218D-15 .125D-15

} c .269D-08 .227D-08 .182D-08 .132D-08 .105D-08

; NH .213D-04 .190D-04 .164D-04 .133D-04 .115D-04

g NO .335D-04 .291D-04 .243D-04 .187D-04 .156D-04




Tabie XVII

(N, = .3000 02 Y; = .140D 01

P] .100D 01 .500D Q0 .250D 00 .158D 00
TZ/T] L1082 02  .106D 02 .101D 02 .101D 02
szP] 172D 02 .169D 02 165D 02 .163D 02
p]/pz -544D 00 .,544D 00 .544D 00 .543D 00
VT 175D 071  .i73D 01 .172Db 01 .170D 91
VZ -954D 00 .943D 00 .933D 00 .925p 00
M] .504D 01 .499D 01 -494D 01 .490D 07
Mz(fr) .982D 00 .976D 00 .971D 00 .967D 00
Yz(fr) 117D 01 .118D 01 119D 01 .119D 0]
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TZ/Tl .101D 02

PZ/P1 .162D 02

p]/p2 543D 0Q

V] .170D 01
V2 .323D 00
My .489D 01

Mz(fr) .966D 00

yz(fr) .120D 01
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LTI

105D

.9970D

1615

.169D

.919D

L4870

.965D

.120D

6o

0

02

00

01

00

01

00

01

96 -

.789D-01

.987D

.160D

.543D

.168D

.915D

.485D

.963D

.120D

01

02

00

01

00

01

00

01

Table XVII (continued)

.526D

.972D

.158D

.543D

.167D

.909D

.482D

.960D

.121D

-01

01

02

00

01

00

01

00

01

.395D-01

.962D

157D

.543D

.167D

.904D

.480D

01

02

00

01

00

01

00

01

(e e PR

¥
2

it

A
ot

c oy o . . ' 'v.‘" Cae ‘,“l
tkiehibicy Gulls B NRE R SR 2 e S




NH

HNO

.1450D 01

.328D 02

.201D 02

.785D 01

.159D 01

.335D 02

.770D-03

.256D 01

.355D-03

.282D-02

.622D 00

.807D 00

.502D-01

.164D 00

.508D-14

.404D-08

.478D-04

.112D-03

".500D 0G

.317D 02

.209D 02

.821D 01

.181D 01

.333D 02

.688D-03

.240D 01

.232D-03

.200D-02

.595D GO

.816D 00

.5250-01

.192D 00

.186D-14

.260D-08

.351D-04

.748D-04

Table XVII {continued)

.250D GO
.307P2 02
.216D 02
.8354D 01
.204D 01
.332D 02
.607D-03
.223b 01
.150D-03
.141D-02
.569D 00
.820D 00
.546D-01
.222D 00
.659D-15
.164D-08
.256D-04

.494D-04

.158D 00 -

.301D 02

.220D0 02

.875D 01

.219D 01

.332D 02

.555D-03

.212D 03

.112D-03

.111D-02

.553D 00

.820D 00

.560D-01

.244D 00

.327D-15

.119D-08

.206D-04

.374D-04

e,

~ Ca

-.Af{wn‘f‘r‘\ﬁweﬂd.ﬁ.‘iﬁ»n i Ak




ot T A e e L R e s

co

co

NO
N,0
NO
H,0
OH

HNO

.132Db 00

.298D 02

.222D 02

.882D 01

.226D 01

.331D 02

.534D-03

.208D 01

.100D-03

.101D-02

.547D 00

.819D 00

.565D-01

.253D 00

.246D-15

.104D-08

.189D-04

.335p0-04

.105D 00
.295D 02
.224D 02
.891D 01
.234D 01
.331D 02
.510D-03
.203D 01
.869D-04
.01D-03
.539D 00
.818D 00
.571D-01
.265D 00
.174D-15
.890D-09
.170D-04

.292D-04

.789D-01

.292D 02

.227D 02

.903D 01

.244D 01

.331D 02

.480D-03

.196D 01

.724D-04

.775D-03

.529D 00

.816D 06

.579D-01

.280D 00

.111D-15

.7229-09

.147D-C4

.245D-04

Table XVI1 (continued)

.526D-01

.287D 02

.230D 02

.918D 01

.259D 01

.330D 02

.439D-03

.187D 01

.559D-04

.626D-03

.515D 00

.812D 00

.590D-01

.302D 00

.582D-16

.535D-09

.121D-04

.190D-04

-3950-01

.283D 02

.232D 02

.928D 01

.270D 01

.330D0 02

.411D-03

.181D 01

.464D-04

.538D-03

.506D 00

.809D 00

.597D-01

.318D 00

.367D-16

.431D-09

.105D-04

01590"04
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;;_‘ i (Ny); = .400D 02

P, .100D 01
E T,/T,  .104D 02
P,/Py  .167D 02

p]/p2 .546D 00

v, .173D 01
v, .944D 00
: M .497D 01
- M, (fr)  .976D o0

Yo(fr) 119D 01

Table XVIII

.500D 00

.102D 02

.164D 02

.545D 00

171D 01

.934D 00

.492D 01

.971D 00

.119D 01

.120D 01 .121D 01

Y, = .140D 01

.250D 00 .158D 00

.996D 01 .981D 01

.161D 0z .159D 02

.545D 00 .545D 00 |
.170D 01 .168D 01 ;
.924D 00 .917D 00 ?
.487D 01 .484D 01 ;
.967D 00 .964D 00 g
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TZ/Tl

P2/P]

p}/pz

Mz(fr)

Yz(fr)

.132D 00

.975D 01

.158D 02

.545D 00

.168D 01

.915D 00

.482D 01

.963D 00

.1210 01

s TS LB BT
R T

.105D 00

.967D 01

.157D 02

.544D 00

.167D 01

.911D 06

.481D 01

.962D 00

.121D 01

.7839D-01

.958D 01

.156D 02

.544D 00

.167D 01

.907D 00

.479D 01

.960D 00

.121D 01
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Table XVIII (continued)

.526D~-01

.945D 01

.154D 02

.544D 00

.166D 01

901D 00

.476D 01

.958D 00

.122D 01

.395D-01

.935D 01

.153D 02

.544D 00

.165D 01

.897D nn

.474D 01

.956D 00

.122D 01

. [ ,:u' « ‘"H‘;
' N Wbﬁ‘pﬂw%
b D S A 1 5 8 A e AU SR A b R




Table XVIII {continued)

.100D 01 " .500D 00 .250D 00 .158D 00

.300D 02 .290D 02 .281D 02 .276D 02

.148D 02 .155D 02 .162D 02 .186D 02

.572D 01 .606D 01 .637D 01 .657D 01

.950b 00 .110D 01 .127D 01 .138D 01

.4480 02 .446D 02 .445D 02 .444D 02

.452D-03 .415D-03 .375D-03 .348D-03

.222D 01 .210D 01 .198D 01 .189D 01

.349D-C3 .230D-03 .151D-03 .114D-03

Lgid A RN et i g 0 S
LR d (Rl RS
4

NO, .223D-02 .161D-02 .115D-02 .914D-03

3 H,0 .721D €0 .693D 00 .667D 00O .649D 00
‘g OH .641D 00 .657D 00 .669D 0C .575D 0O
§ H, .481D-01 .509D-01 .536D-01 .554D-01
% H .117D 06 .140D 00 .165D 00 .183D 00
% o .813D-15 .318D-15 .120D-15 .619D-16¢
g c .106D-08 .717D-09 .473D-09 .354D-09
4i NH .333D-04 .251D-04 .187D-04 .153D-04
‘é HNO .930D0-04 .631D-04 .424D-04 .325D-04
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Table XVIII {continued) z

Py .132D 00 ".105D 00 .789D-01 .526D-01 .395D-01
co, .274D 02 .271D 02 .268D 02 .263D 02 .260D 02 g§

co .168D 02 .170D 02 .172D 02 .176D 02 .178D 02

0, .665D 01 .674D 01 .685D 01 .701D 01 .711D 01

0 .143D 01 .149D 01 .156D 01 .168D 01 .176D 01

N, .443D 02 .443D 02 .442D 02 .442D 02 .441D 02

N .337D-03 .325D-03 .308D-03 .285D-03 .270D-03

NC .186D 01 .182D 61 .177D 01 .169D 01 .164D 01

N,0 .102-03  .887D-04 .742D-04 .576D-04 .481D-04

‘ NO, .834D-03 .746D-03 .645D-03 .525D-03 .453D-03

Hy0 .642D 00 .634D 00 .624D 00 .609D 00 .599D 00

; OH .676D 00 .678D 00 .680D 00 .682D 00 .Z82D 00

Hy .560D-01 .569D-01 .579D-01 .593D-01 .603D-01

H .190D 00 .200D 00 .213D 00 .232D 00 .246D 00

C, .474D-16 .341D-i6 .222D-16 .121D-16 .777D-17
‘ c .315D-09 .272D-09 .224D-09 .170D-09 .139D-09 :

. NH .141D-04 .127D-04 .112D-04 .926D-05 .809D-05 ;

£ HNO .292D-04 .256D-04 .216D-04 .169D-6F .142D-04 %
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FIGURE CAPTIONS

Detonation Wave in
a) Llaboratory System

b) Stationary Wave System

Detonation velocity in (HZ-C12)

mixture at 298°K.

Theoretical temperature ratio in

detonated (H,-C1,) mixture at 228%.

Theoretical pressure * .t v in

detonated (H2-C12) micture at 298°K.

Theoretical Mach number in detonated

(HZ-CIZ) mixture at 298°K.

Theoretical HC] mole percent in

detonated (H2-612) mixture at 298°K.

Detonation velocity in detonated

(CSZ-OZ) mixture at 298°K.

Theoretical temperature ratio in

detonated (CSZ'OZ) mixture at 298°K.
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FIGURE 9

FIGURE 10

FIGURE 11

FIGURE 12

FIGURE 13

FIGURE 14

FIGURE 15

FIGURE 16

FIGURE 17

A e R

Theoretical pressure ratio in

detonated (CSZ~02) mixture at 298°K.

Theoretical Mach number in detonated

(CSZ'OZ) mixture at 298°K.

Theoretical detonation velocity in

(CSZ'OZ) mixture at 298°K.

Theoretical temperature ratio in

detonated (CSZ-OZ) mixture at 298°K.

Theorctical pressure ratio in

detonated (CSZ—OZ) mixture at 298°K.

Theoretical detonation Mach number

in (CSZ-OZ) mixture at 298°K.

Theoretical CO2 mole percent in

detonated (CSZ-OZ) mixture at 298°K.

Theoretical SO2 mele percent in

detonated (052-02) mixture at 298°K.

Theoretical SO mole percent in

detonated (CSZ-OZ) mixture at 298°K.
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FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

FIGURE

18

19

20

21

22

23

24

25

- 105 -

Theoretical ¢o mole percent in

detonated (CS,-0,) mixture at 298"k,

Theoretical S2 mole percent in

detonated (CS,-0,) mixture at 298°%K.

Detonation velocity in 2(H2 + CO) + 0,

mixture at one atmosphere and 298°K.

Theoretical detonation temperature
ratio in 2(H2 + C0) + 0, mixture at

one atmosphere ani 298°K.

Theoretical detonation pressure ratio
in 2(H2 + C0) + 0, mixture at one
atmosphere and 298°K.

Theoretical detonation Mach number in
2(H2 + CO) + O2 mixture at one
atmosphere and 298°k.

Theoretical COZ and CO mole percents
in detonated 2(h'2 + C0) + 02 mixture

at one atmosphere and 298°K.

Thecretical detonation velocity in

(CO-H,-0,-N,) mixture at 298°K.
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FIGURE 26

FIGURE 27

FIGURE 28

FIGURE 29

Theoretical temperature ratio in
detonated (CO'HZ'OZ'"Z) mixture at
298°k.

Theoretical pressure ratio in
detonated (CO-HZ-OZ-NZ) mixture
at 298°k.

Theoretical detonation Mach number

in (CO-H,-0,-N,) mixture at 298°k.

Theoretical CO2 and CO mole percents
in detonated (CO-HZ-OQ-NZ) mixture at

298%%;.
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