SPACE SCIENCES LABORATORY

AD 607380

(L A A S P

HARD COPY  §. /7
B \MICROFICKE  §. 2 75

e /¢4
UNIVERSITY f§# CALIFORNIA /

BERKELEYMEALIFORNIA




CLEARINGHOUSE FOR FEDERAL SCIENTIFIC AND TECHNICAL INFORMATION CFSTI
DOCUMENT MANAGEMEKT BRANCH 410.11

LIMITATIONS IN REPRODUCTION QUALITY

accession ¢ A1) (07360

d . WE REGRET THAT LEGIBILITY OF THIS DOCUMENT IS IN PART
UNSATISFACTORY. REPRODUCTION HAS BEEN MADE FROM BEST
AVAILABLE COPY.

D 2. A PORTION OF THE ORIGINAL DOCUMENT CONTAINS FINE DETAIL
WHICH MAY MAKE READING OF PHOTOCOPY DIFFICULT.

D 3. THE ORIGINAL DOCUMENT CONTAINS COLOR, BUT DISTRIBUTION
COPIES ARE AVAILABLE IN BLACK-AND-WHITE REPRODUCTION
ONLY.

D 4. THE INITIAL DISTRIBUTION COPIES CONTAIN COLOR WHICH WILL
BE SHOWN IN BLACK-AND-WHITE WHEN IT IS NECESSARY TO
REPRINT.

D 5. LIMITED SUPPLY ON HAND: WHEN EXHAUSTED, DOCUMENT WILL
BE AVAILABLE IN MICROFICHE ONLY.

D 6. LIMITED SUPPLY ON HAND: WHEN EXHAUSTED DOCUMENT WILL
NOT BE AVAILABLE.

D 1. DOCUMENT IS AVAILABLE IN MICROFICHE ONLY.

D 8. DOCUMENT AVAILABLE ON LOAN FROM CFST! ( TT DOCUMENTS ONLY).

PROCESSOR: pv/’

TSL-107-10/64



SPACE SCIENCES LABORATORY
and
INSTITUTE OF ENGINEERING RESEARCH
University of California
Berkeley 4, California

COMPUTATION OF
GASEOUS DETONATION PARAMETERS

by

C.W. Busch
A, J. Laderman

A.K. Oppenheim
Faculty Investigator

¥SSL Technical Note #6 on Contract NAS8-2634
Series No. 5

Issue No. 42

/' IER Report No. 64-12 on Grant AFOSR-AF-129-64

August, 1964
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GASEOUS DETONATION PARAMETERS *
by
C.W. Busch, A.J. Laderman and A.K. Oppenheim

University of California, Berkeley

ABSTRACT

This report describes the development of a method programmed
for a digital computer to evaluate one-dimensional detonation
parameters in gaseous media. The calculations are based on the
assumptions that the mixture is cqpprised of ideal gas consti-
tuents and that the wave process is governed by equilibrium end
conditions.

Details of the analytical method of solution are presented
including the IBM 7090 computer program, described in Fortran
language. Sample input and outprt data with instructions for
preparing the input data are given.

Finally, computations are performed for a number of hydrogen-
oxygen mixtures from H2+02 to 3H2+02 at several initial conditions
covering a range in pressure from 0.1 to 760 mm Hg and in temper-
atures from -180 to +200°F and a comparison is made with calcula-
ticns of other investigators for a stoichiometric mixture initially

at NTP.

*This research was supported by the United States Air Force, through
the Air Force Office of Scientific Research of the Air Research and
Development Command under Grant AFOSR 129-64 and the National Aero-
nautics and Space Administration under Contract No. NAS8-2634.
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i1
NOMENCLATURE

Dimensional Variables:

Q@ - scund velocity

BJ'; - defined by eq. 6.1.17
Cp; - molar specific heat of Jh species
Cp - mass specific heat of gaseous mixture -
& - defined by eq. 6.1.13
J; - molar Gibbs free energy at ith species
- molar Gibbs free energy at ith species at one atmosphere
h: - molar entkalpy of (th species '
h - enthalpy per unit mass of the gaseous mixture
m: - molecular weight of i(th species
- molecular weight of gaseous mixture
- number of moles of {th species
- total number of moles of gaseous mixture
- pressure
- mole fraction of jlB component in hypothetical system
universal gas constant
- specific gas constant
- molar entropy per unit mass of the gaseous mixture
- absolute temperature
- particle velocity relative to the wave

- volume per unit mass of the gaseous mixture

>.<<c—|071’$%e~.0‘63,~33

o~

- mole fraction of {th species

- chemical symbol denoting the (kb species

N
1

iteration parametersdefined by eq. 6.1.14

stoichiometric coefficients for i(¢b chemical reaction

~20

£
b ity
1

enthalpy change for the (th chemical reaction defined by eq. 6. 2.3
Gibbs free energy change for the (kb chemical reaction defined by
eq. 6.1.15

Y‘ - specific heat ratio

2
O

M; - chemical potential of (th species
Subscripte

1 - denotes initial properties upstream of the wave

2 - denotes final properties downstream of the wave
f - denotes properties based on frozen composition
e - denotes properties based on equilibrium composition



iii

Dimensionless Variables:
C - CP/R:

% - h/RIT

w7 - mz/m.

Ml b ul/al
MQI2 - uz/“‘e,z
M, - Ue/ay,,

P - &/n

pressure ratio at CJ state

pressure ratio at von Neumann spike

z
'

< U
'

o
L)

pressure ratio in Hugoniot curve where V = 1.0

/T

VZ/V.I = uz/ul

V evaluated from Hugoniot equation at given P and approximate T
V evaluated on Rayleigh line at given P

-V evaluated on Rankine-Hugoniot curve at given P

L << <0

- V evaluated from equation of state at given P and ©
AB - correction to O at specified P on Hugoniot curve

AE‘ - correction to R,
AEM- correction to Pw

AE:;' correction to R:x
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1. INTRODUC TION

The calculations of detonation parameters have been made by several
investigators, notably Lewis and Friauf (1), Berets et al (2), Edse (3),
Wolfson and Dunn (4), Luker et al (5), Eisen et ai(6), Bollinger and Edse (7),
Barrere's (8), Gordon and Zeleznik (9), and Bird et al (10).

The distinguishing features of the various analyses are summarized in
Table 1. All have in common two basic assumptions, namely that complete
thermodynamic and chemical equilibrium is established immediately down-
stream of the wave, so that dissipative effects and variations in chemical
reaction rates can be disregarded, and that the constituents of both reactants
and products behave as perfect gases.

The work in references (1), (2), (4), and (5) followed similar approaches
and in particular, specified the CJ state as that for which the final Mach
number, based on the frozen sound speed, was equal to unmity, Lewis and
Friauf made use of this condition in their equations and proceeded to caicu-
late detonation properties by determining successive corrections to the
assumed 1nitial values of the independent variables, T, and V; using an iterative
technique. Berets et al (2) used the same method, while Wolfson and Dunn (3)
and Luker et al (4) performed the calculations in a similar manner but with
T, and p, as the independent variables,

It was subsequently shown, however, that the correct specification of
the CJ state must be based on the equilibrium sound speed. This problem
was circumvented by Edse (3) and Bollinger and Edse (7) who determined the
CJ state from the condition that the corresponding wave Mach number is a
minimum. An imtial estimate was made for the CJ value of the final tem-
perature in both cases, the corresponding properties on the Hugoniot curve
evaluated,and then corrections to the CJ temperature found. This is essentially

the approach used by Eisen etal(6) who chose, however, M, as the independent



parameter. The latter method gave double-valued solutions for each value
of M, and the CJ state was determined when both solutions converged,
yielding the minimum vave Mach number. In addition, Eisen et al (6) were
the first to evaluate the final equilibrium Mach number as a check on their
CJ calcuiations,

Barrere (8) developed a graphical method for calculating detonation
properties which gave results in good agreement with those of Eisen et al(6).
The CJ state in this instance was defined as the point on the Hugoniot curve
at which the entropy was a minimum,. Incorporating this into the conservation
equations, |, and p, were used as the independent variables to evaluate the CJ
properties.,

Zeleznik et al (9) were the first to actually utilize in their computations
the principle that at the CJ state the equilibrium Mach number is unity. On
this basis initial estimates were made for the independent variables p and
T, and corrections found until the Hugoniot equation and equation of state
were satisfied.

Bird et al(10) computed the CJ properties by finding the point of minimum
wave Mach number. Since the thermodynamic properties are functions of the
final temperature, |, , alone, this parameter was chosen as the independent
variable, eliminating the need for re-evaluation of these properties at each
iteration. The program is generalized to include the presence of condensed
phases in the products of reaction,

In the present work, a method was developed for the determination of
detonation and deflagration parameters including, in addition to the CJ state,
solutions on both the deflagration and detonation branches of the Hugoniot
curve. The procedure was programmed for an IBM 7090 digital computer in
Fortran language. For detonations the calculations are terminated when states

with pressure ratios corresponding to the von Neumann spike on the one end,



and the conditicn that the density ratic is equal to unity on the other, are
attained. For deflagrations, the calculations are restricted, of course, to
values of the pressure ratio equal to and less than unity. It should be noted
also that since the allowable chemical reactions are specified in the input
data, the parameters for other processes, such as non-reactive or dissoci-
ative waves, may be easily determined,

During the initial phases of this study, the wave velocity was chosen

as the independent variable, following the approached used by several other
investigators. For each specification of the velocity, then, solutions on
both the strong and weak branches of the Hegoriot curve were obtained and
the CJ state determined when the solutions converged at the minimum value
- of wave velocity. However, difficuities in obtaining convergence within a
desired accuracy were encourniered and it has been then found that the most
convenient independent variable is the pressure ratio.
Since the thermodynamic properties of each constituent are uniquely
functicns of the temperature alone, the temperature ratio suggests itself
as a convenient independent variable. ﬁowever, as shown in Figs, 10 and 11,
where temperature and pressure ratios are plotted respectively against the
dimensionless entropy, the variation in the pressure ratio is about ten times
greater than that in the temperature ratio along the Hugoniot curve, so that
choosing the pressure ratio as the independent variable aliows greater
latitude 1n making an 1mitial estimate of its value at the CJ state.
The CJ state was specified by the condition that the local equilibrium
Mach number 1s equal to unity which, within the accuracy of calculations,
corresponds exactly to the state of minimum wave velocity.
Calculations of detonaticn parameters were carried out for several

hydrogen-oxygen mixtures over the range of initial conditions as follows:



Initial Initial
Pressure Temperature
Composition mmHg oF
H2 + 02 760 -180
-50
190 +60
+200
10 )
ZHZ + O2 -180
! +60
3H2 + O2 0.1 -180
+60

The best available source of thermodynamic data, namely the JANAF
Tables (11) prepared by the Dow Chemical Company, was used in the cal-
culations, Within the accuracy of these'data, the results for the CJ wave
were found to be 1n good agreement with those of references 6, 8, and 9
obtained for similar conditions. In additmn the CJ wave velocity exhibits
an increase, independently of c0mpos1ti.on, of approximately 15 percent as
the initial pressure was increased from 0.1 to 760 mmHg, and a decrease
of approximately 3 percent as the initial temperature was increased from
-180 to +200°F. Over the same range of initial conditions, the CJ pres-

sure and temperature ratios were found to be more sensitive functions of

tne 1nitial temperature than of the initial pressure,



2. DETERMINATION OF THE HUGONIOT CURVE

The detonation wave is considered to be a one-dimensional front and the
pro.css to take place in the absence 31' dissipative effects so that the simple
continuity, momentum, and erergy equations apply. The conditions of the
initial gas mixture, including its composition, are assumed to be known,
while the thermodynamic properties of each constituent of both the initial
maxture and final products must be specified as input data. Each gas species
is assumed to obey the ideal gas law so that the thermodynamic data of each
species can be expressed conveniently in the form of a polynomial expansion
in terms of the temperature. Any number of chemical reactions may be
considered in the equilibrium system, including the case of no chemical
reaction, corresponding to the Rankine-Hugoniot curve,

The final conditions of the wave are determined from a solution to the
conservation equations and the equilibrium equation of state. The equations

expressing conservation of mass, momentum, and energy respectively are:

M
v '{'f: 2.1
-
'Pa - 7:" = Vv, - V, Z. 2
ha'_ha"= 'é'(ula_ug} 2.3

where u is the particle velocity, v the specific volnme, - the pressure,
and h the enthalpy while subscripts 1 and 2 denote initial and final states
of the wave, respectively. The enthalpies in the energy equation are

evaluated by means of a simple summation procedure:

h =%X;h‘/m 2.4
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wicce the X , the mole fractions of the [ species, are determined for state 1

froin the spec:fied composition of the initial mixture and for state 2 from the

cunposition ocorresponding to local thermodyne.-ic equilibrium. The mean mole-
cular weight is a weighted average of the molecular weights, Im: , of the

o4
1.L s-ecies given by the relation:

m =ZXLm': 2.5
[ X

and HL- , the mclar enthalpy of the (b species, can be expressed as:
L] o T_
.= K d7 2.6
HL h" + L CFL.

o

where Hj is the enthalpy of formation at a reference temperaturev‘ _’; and
C’Po’ is the specific heat of the (th species,
The conservation equations, eqgs. (2.1), (2.2) and (2. 3), can be com-

bined to yield the well-known Hugoniot equation:

he = by =2 (po- R+ ) 2.1

which, expressed in dimensionless terms, has the form:

Yoo 2 =E(P- 2V +1) 2.8
where P is the pressure ratio ',E/’E, \/ the volume ratio, Vg/li and 7/ is

the dimensionless enthalpy defined as:

# Rv RiT o'l
where T is the temperature and R, the specific gas constant, is expressed

in terms of the umiversal gas constant R and the mean molecular weight:
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The equation of state of the medium behind the wave can be written as:

y Vi R>T 2.11

In dimensionless form, eq. (2.11) becomes

PV=6/7 2.12

where © and 777 are respectively the temperature and molecular
weighy ratics, 75/1: and m,'/m, , across the wave.

Since it is most convenient to work in the specific volume-
temperature plane, eqs. (2.8) and(2.12) can be rearranged to yield

the following expressions:
\/=E(7o‘2-79§)/(P—1) -1 2.13
V=8/Pm) 2.14

Both'Né and /77 can be deterﬁined, of course,once P and 6 are
known; hence, by specifying a value of P, solutions to sqs. (2.13)
and (2. 14) can be found as shown in Fig 1. The intersection of the
equaticn of state (2.14) and the Hugoniot equation (2. 13), which repre-
sents a solution point, i.e., a point on the Hugoniot curve correspon-
ding to final conditions of the wave, is found in the following manner.
An initial choice is made for & and, at the specified P, the equili-
brium composition and corresponding thermodynamic properties are
caluclated. If the initial choice of & was correct, then eqs. (2.13) and
(2.14) would be satisfied simultaneously within the prescribed accuracy.
If not, a correction to ©, A6 , is obtained by expansion of eqs. (2.13)
and (2.14) in terms of a Taylor series about the initial approximation to
©. Equating the resulting expansions and retaining only first order

terms, we obtain then:

26 =0y -V, - (),



where \/H and VS are the volume ratios evaluated from the Hugoniot equation
and equation of state respectively at the specified P and previous value of €.

Differentiating eqs. (2.13) and (2. 14) with respect to © at constant P yields,

respectively:
¥ 45
S oy P-1 2.16
AM) - 722{ Llog 777 }
16/, P L (azoge),, 2.17
where ’%‘f 1s the non-dimensional equilibrium specific heat at constant

P and the subscripts H and S denote differentiation in the V-6 plane along
the path of the Hugoniot equaiion and along the path of the equation of
state respectively. The derivation of equation (2.17) is given in section
6.5. Successive corrections are made to the temperature, © , until the
values of \/ comI;uted from eqs. (2’. 13) and (2.14) agree within a pre-
scribed accuracy.

Eqs. (2.13) and (2.14) can also be solved by choosing & as the
independent variable and iterating for the correct value of P,

Eq. (2.15) then becomes

A6 = (Vi- \/)/t %T:GJ ~ 2.18

where the subscripts H and $ now refer to differentiation in the V-P plane
along the Hugoniot equation and the path of the equation of state respec-

tively. For this case eqs. (2.16) and (2.17) become respectively
)L)w‘,?[(p 1XV-;| )= (%- ,'VJ/(P 1) 2,19
(%%)e,s {1 + 9‘/'&?'9&)} 2. 20



Eq. (2.19) is obtained by straightforward differentiation of eq. (2. 13),
while eq. (2.20) is derived in section £,5, Fig. 2 shows the solution for a
point on the Hugoniot curve in the \/-P plane. The initial conditions are the
same as those of Fig. 1 and the value of G , Fig. 2, was chosen so that both
solutions correspond to some point on the Hugoniot curve. A comparison of
Figs. | and 2 shows that the Hugoniot equation and equation of state are nearly
orthogonal in the V-© (constant pressure) plane while in the \/-P (constant
temperalture) plane they are almost parallel. Hence, in addition to a wider
latitude for the initial choice of the independent parameter, choosing P ,
rather than ® , as the dependent variable should minimize problems
associated with convergence,

For purposes of illustration, Fig. 3 shows the Hugoniot curve for a
2H,$0, mixture initially at 60°F and 1 atmosphere in the PV plane. Shown
also is the CJ Rayleigh line whose intersection with the Rankine-Hugoniot

curve defines the von Neumann spike.
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3. DETERMINATION OF THE CHAPMAN JOUGUET STATE

The CJ state is defined as that state at which the final equilibrium Mach
number is equal to unity. It is determined by finding the intersection of the
thoniot‘curve with the line M,'Z =1, in the Mr.a'P plane. Fig. 4 shows the
Hugoniot- curve in the Mg," P plane fora 2 H+0, mixture initially at 60°F and
1 atmosphere, and the line Me,z =1 The CJ state is determined by making an
initial guess for the CJ pressure, PL‘; » linearizing the Hugoniot curve in the
M,lz-P plane, and solving for corrections in the initial choice of E; . At
each approximate value of Rs , the corresponding properties on the Hugoniot
curve are evaluated by the method described in the previous section,

While previously it was possible to find analytical expressions for the
derivatives of the governing equations, a numerical method must be used here.
The derivative of the Hugoniot curve in the' Me2™ P plane 1s found by taking a
small increment, $P , in the previous estimate of FZI and evaluating the
corresponding incremental change in Me',—‘,) §Me., . Hence, to a good approxi-
mation, the derivative of the Hugoniot curve in the M, P plane 1s given by

%%"—2- , and it can be easily verified that the correction A Rr is given by

ARy = /1 - Me)a)/(gMg,a/S P) 3.1

It is advisable to overestimate the imitial approximation to Rs in

. 1

order to insure that the corresponding value of V on the Hugoniot curve will
be less than one. The stability of the iteration procedure 1s improved by re-

quiring that

IARs] ¢ 1 3.2
which should prevent the new approximation to Py from becoming too smail
and yielding an imaginary wave velocity, The iteration is continued untii the
value of MQ‘E is sufficiently close to one, so that AP;: is less than a pre-

scribed value,.
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4, DETERMINATION OF THE VON NEUMANN SPIKE

The von Neumann spike conditions correspord to the properties behind
a non-reactive shock wave which propagates at a Mach number equal to that
of the CJ detonation. In this report the von Neumann spike is used to establish
the upper limit to the Hugoniot curve. The state in the P-V plare corresponding
to the von Neumarnn spike 1s determined by the intersection of the Rayleigh line,
which emanates from ihe initial state and 1s tangent to the Hugoniot curve, with
the Rankine-Hugoniot curve. Fig. 3 illustrates the solutirn for the case of a
ZH0+Q, muxture initially at 60°F and | atmosphere. The iterative technique
used in the method of solution 1s similar to that outlined in section 3, An initial
guess is made for F, , the von Neumann spike pressure ratio and the equations
of the Rayleigh line and Rankmé-Hugomot curve are linearized permitting cor-
rections to be found to the initial choice of P,y.

It 1s necessary to know the value of the derivatives, g—% , along both the
Rankine-Hugoniot curve and the Rayleigh line in the P-V plane, in order to
linearize the equations describing thcse curves, The first, g‘%)“ ,» 1s found
by taking a small increment in P, §SP, and evaluating the corresponding
increment in V , §V ; the ratio é-% » yields, then, a sufficiently gocd
approximation to the derivative, 3'%)” The second, %)R , 18 1nvariant and
may be found analytically. The dimensionless Rayleight line equation is given

by:
P-1=vimi(-v) 4.1

where Y; , and Mi are, respectively, the initial specific heat ratio and Mach

number. Since both Y

; and M, remain consiant along the Rayleigh line,

!
g%)g T Ymz 4.2

differentiation of eq. (4.1) yields.
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An initial approximation to the von Neumann :pike pressure, E,,,, » 18
made and at this pressure, the required derivatives are evaluated as outlined
above, It can easily be verified that the correction to the approximation of

PVN is given by:

27 = (v - w)[(E9),, + F3) 4.3

where VRH and VR are, respectively, the values of the volume ratio evalu-
ated from the equations for the Rankine-Hugomot curve and Rayle:gh line
at the previous value of P, . The iteration is continued until V is sufficiently

close to VR so that AP 1is less than a prescribed value.
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5. DETERMINATION OF THE POINT ON THE HUGONIOT CURVE AT V =1.0

The pressure ratio, f{,, , corresponding to the point on the Hugoniot
curve where V=] is used to establish the lower limit of the Hugoniot curve,
It 15 determined by the intersection, in the%-P plane, of the Hugoniot curve
with a line of 45° slope passing through the point #%:4-1, P= 0, corresponding

to the Hugoniot equation with /=10, The two equations are then:

X <% +4(P - v+ 5.1

Moo=+ (P-1) 5.2

Similar techniques are employed to solve eqs. (5. 1( and (5.2) as that
used in sections 2, 3, and 4. An initial approximation is made for R,:;;
the two equations (5. 1) and (5. 2) are linearized at this value of Pv=, , and a
correction found for the initial guess,

The derivative of eq. (5.1) in the ¥-P plane is found by taking a
small inorement §F in the approximate F,., and evaluating the
corresponding increment in 7/2) §#% . Hence a good approximation to the
derivative of eq. (5.1) is given by -é'zg- . The derivative of eq. (5. 2) is
obviously equal to cne. It can be easily verified then that the correction

to the initial approximation of F_, 15 given by:

AR, = (7.124-7,12m)/(1 - ) 5.3

where 74” and %v-: are evaluated from eqs. (5.1) and (5. 2) respectively

at the approximate Pv:; .

The iteration is continued again until % is sufficiently close to

val

7¥2H , that APV_' is less than a prescribed value,
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6. EVALUATION OF EQUILIBRIUM COMPOSITION AND
EQUILIBRIUM THERMODYNAMIC DERIVATIVES

The preceding anclysis requires the evaluation of the equilibrium com-
pcsition of & multicompcnent mixture of gases at a specified temperatucze
and prescsure, Brinkley (12) has developed a convenient method for equili-
brium calculations for use in machine computation, and this procedure has

been adeptad for cur work.,

6.1 Equilibrium Composition

Foliowing Brinkley (12) and Obert (14),we shall consider the procducts
to consist of a certain number of species, referred to as constituents, of
which a certain minimum number are components. The distinction between
constituents and components is derived from the fact that in a closed svstem
at a given pressure and temperature in which departures from equiiibrium
are considered, a component i1s defined as an independent variable wkile a
constituent is defined as a dependent variable. (In an equilibrium system
at a given pressure and temperature, the composition is fixed and herce
the components may not be varied independtly). For example, consider a
closed system in which H,, O, , and H,0 are present at a given pressure and
temperature., Any two of the three constituents may be considered as com-
ponents. Formal rules for selecting components were given by Brinkley (13).

The constituents of the equilibrium system can be expressed symboli-

cally in terms of the components in the following form:
0 &= pg N ] i 3
YL Zj P‘J)j 6.1

where Y.. designates the chemical symbol of the it

constituent, YJ - the
chemical symbol of the jfb component, and P{f are the stoichiometric co-

efficients. In this section, L subscripts refer to constituents andJ and k
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subscripts refer to components. For example, consider the hydrogen-oxygen

system in which six constituents are assumed present, namely, H. » Oz » H:0»

OH , H , and O, and let the components be H0 and O,.

formed by the ﬁ-j‘s is:

Then the matrix

o Components
— =3
| ¥ Constituents

Ha -1.00 -0.50
0: 0. 00 1.00
H.0 1.00 0. 00
OH 0.50 0. 25
H 0.50 0. 25
(@) 0.00 0.50

The composition of the jnitial mixture determines the
each component in a hypothetical system consisting of components cnly.

The mass balance between the hypothetical system an

stituents is expressed then by the relationship:

2 Bjni =

d the equilibrium con-

where Nn; is the number of moles of the (! constituent in the equilibrium

system derived from the hypothetical system.

for the system under consideration can be expressed as:

A= 3

component respectively.

The mass action relations

where 4 and y; are the chemical potentials of the (th constituent and J'th

mole fraction of

6.1.2

6.1.3
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Dividing eq. (6.1.2) byn , where

n'%ﬂ;_ 6.1.4

leads to:

?ngi-"'—%j/n 6.1.5

which, when summed over thej componernts, becomes after rearrange-

ment:
E=1 +§(/85—1)x; 6.1.6

where ﬁ is defined by the relation:

/9‘~=JZ/9{,' 6.1.7

Substituting eq. (6. 1. 6) into eq. (6.1.5) yields finally:

LZ(,BLJ ‘(ﬂ-*l)cz\,,.)x‘- = 9 6.1.8

A quantity Gj can be defined now as the residue of eq. (6.1.8), i.e.,

G; =§(/‘9¢J"(ﬁ" _1)%),(‘.-%' 6.1.9

where (5; is identically zero when the correct set of X; are substituted
into eq. (6.1.9).

The chemical potential of the (th ideal gas constituent may be written
in the form:

M ’=/{‘-° + (R.TIOj(PJQ) 6.1.10

where /1{:’ is the chemical potential of the /™ constituent at the temperature
in question and one atmosphere. Note that the chemical potential of a pure

species is equal to the Gibbs free energy per mole. Hence, for this case:
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6.1.11

where 3f is the molar Gibbs free energy of the il constituent. Substituting

eq. (6.1.10) into eq. (6.1.3) and rearranging terms yields:

logtx) = f:(pT) —% B,z

where

j;i(»;:,')")"’ ~log(p) - A£3°/02

T

and Z:, the iteration parameter, has the formal definition:

ZJ' = "fog(p) - /09()3')

The quantity, Aig" . used in eq. (6.1.13) is defined by the relation:

,9°=9-3 Fij9;

Now an initial guess must be made for Z . Then substituting the

value of X‘.'from eq. (6.1.12) into eq. (6.1. 9)) expanding the resulting

equation in a Taylor geries about the approximate set of

J

only first order terms, one obtains a set of linear equations of the form:

2B, A7 =Gy

where

BT (g e

f Z'J'. With the new

and AZK are the correction terms for the initialchoice o
values of ZJ , the procedure is repeated and the iterati

desired accuracy.

on continued to the

6.1.12

6.1.13

6.1.14

6.1.15

2, and retaining

6.1.16

6. l. 17
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6.2 Evaluation of the Derivatives 6[991):3 and | 3_[‘23.,)

Differentiating eq. (6. 1.12) with respect to log(T) at constant -p one

obtains:

[

. = Aﬁ..b. — ‘ QZ,‘
(e) |09T;‘7) AT ZJ—PLJ(';“)?T)'P 6. 2.
where we have made use of the thermodynamic relatior

(é logT),,f “A“h 6. 2.2

and A;h is defined as:
: L= HL-“:/@;J‘H- 6.2.3
Taking the derivative of eq. (6. 1.8) with respect to |09(T) at constant P,

where the correct set of X; have been used, and substituting eq. (6. 2.1) into

the resulting expression yields:

N

(STS"'),, Z q"(ﬂ l‘h)XAh/(RT 6. 2.

which gives a set of simultaneous equations from which the set of derivatives
@L)f may be determined, allowing, finally, the evaluation of the set of
derivatives 9—133#‘)79 from eq. (6.2.1)
The set of derivatives (‘é‘%%gé")r may be derived in a similar malnﬁer.

Differentiating eq. (6.1.12) with respect to |og(,f9 at constant | we have now:
(g log —p)‘r = e szgf.j (;lo'g-?)r 6.2.5

while taking the derivative of eq. (6. 1.8) with respect to -P at constant
T , where again the correct set of X, have been used, and substituting

eq. (6. 2.5) into the resulting expression we obtain finally:

Bjk&bz;ﬁr= - % 6.2.6
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This provides a set of simultaneous equations from which the set of derivatives
( A !og’ 'P)T may be determined. Consequently, the derivatives (; ’OQQ'P )‘r

may be evaluated from eq. (6. 2. 5).

6.3 Partial Derivatives of Molecular Weight

-

The partial derivatives of the molecular weight can be expressed most
conveniently in terms of the partial derivatives of the mole franctions. Making

use of a mathematical idenrtity, we can write:

(3-109-50—) = - (.A.m_) 5

g T » m élogT—P 6.3.1
With the use of eq. (2.5), where m; is, of course, 4 constant, we obtain:

s, -z g

c)logT % M BleqT lp 6.3.2

Similarly, it can be shown that:

@:LS;’%)T = mnf‘@"%f)r | 6.3.3

6.4 [Evaluation of Equilibrium Specific Heat

The equilibrium specific heat per urit mass is denoted by the expres-

sion (‘31111')_P where
l’l =ZL- m 6.4.!
Performing the indicated diiferentiation yeilds then:

c?e'—‘—%‘*m‘;@-?‘),. + ;h;x&@éulf +§_-,§',~(§%),, 6.4, 2

where the first term on the right hand side represents the frozen composition
specific heat per unit mass, Cﬂ-_ . Expressing the derivatives in logarithmic

form we have:

C-Pe-'-‘ Cf{_“%%@%%%ﬁ‘?%(% 6.4.3
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Note that for the case of frozen composition, the derivatives on the right hand

side of eq. (6. 4. 3) vanish, leading to the identity that Cpe= Copy +

6.5 [Evaluation of Thermodynamic Derivatives @Tﬂp and (&'P)r

Differentiation of the ideal gas equation of state with varying molecular

weight yields:

and
' (g_}f%)T=—:¥’—(1+ log 'P)T) 6.5.2

These relations are necessary to evaluate the equilibrium sound velocity and
specific heat ratio, while eq. (6.5.1) has already been used in section 2.
The derivatives on the right hand side of the equations have been determined

already in section 6. 3.

6.6 Evaluation of the Equilibrium Specific Heat Ratio

The equilibrium specific heat ratio, Y, , is defined as:

- C
Ye= Con é. 6.

which upon substituting the well-known specific heat equation:

Cpe~Cwe =~ T@’%)i/(f:}‘s)r 6. 6.

(s

becomes:

Ye=—c ‘Q”% 6.6.3
fe+ T($tL/85

Substituting now eqs. (6.5.1) and (6. 5. 2) into (6. 6. 3) and rearranging terms

we obtain finally:

Ye = Cre %[1 “09 LJ/[“'( !ogf),] 6.6. 4
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Note that for frozen composition, the derivatives of the molecular weight, m .,

vanish so that
=YW= —Sp¢
Ye = )i Gy R 6. 6.

6.7 Evaluation of Equilibrium Sound Velocity

The equilibrium sound velocity is given by:
2. (38
Qe \ J? )s 6.7.

The above can be expressed in terms of-p,V, and T and the specific heat data

by a number of ways. One is by the use of the specific heat ratio

c
- fe
Ye - C\/e 6. 7.
Now Cpo, = T(?’-,i-)19 and Cee® TRTH so that eq.(f. 7. 2) becomes
93} f2S
Ye’(AT}f 5\ 6.7.
Since, by the partial derivative relation between three variables,
35 (). 65)
* i AT /s (3P/T 6.7.
and .
) ) [ |
('ﬁ)ﬁ éT)s('bv)-r 6.7. ¢

Substituting eqs. (6. 7. 4)and {6, 7. 5)into eq. (6. 7. 3}ard simplifying gives:
0, pal
Yo = LT\l

= J
(%-’1‘—)5(@%)1— 2+ @—5) 5/(5;‘?)7' \
42~ v, B2,

Therefore the equilibrium sound velocity is given by the expression

aca = "Vayo(:(j_f}r 6.7.

o

7.

|

Hence

-
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Substituting eqs. (6. 5. 2) and (6. 6. 4) into (6. 7. 8) yields after rearrangement

e T/
T Qe - 6.7.9

for frozen compomtxon, (é.l_g__) (3‘)_}%2'@)70 0 and eq. (6. 7.9) reduces to the

— ]

classical thermodynamic relation

2 — L] 7' i @
ag = Y; (RT/P’? 6.7.1
It should be noted that the equilibrium velocity of sound is not equal to

X‘eRT/ m . If one wishes to use a similar expression it can be done by in-

troducing a quantity " such that

=TRT/m 6.7.11

Then by comparing eqs. (6.7.9) and (6.7.11)

- : .
[1 +(3lesm)] - & [1 (Seg). ] o
Clearly, if the molar mass m is constant
T’ P - V¢ 6.7.13

Cpg— R/m

However if the molar mass is varying,

a ( ) i(&fogf) (%Zg'ﬁﬂT/m

while from the temperature-entropy relations, with e the internal erergy

(Q.h%_}})_;??) (‘,}éﬁg‘f)s 6.7.14
Hence _]_,z (—%—E')S

which should be contrasted to Ye used in eq. (6.7.8).

-
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7. COMPUTER PROGRAM AND DATA

The program written for the IBM 7090 digital computér at the Computer
Center, University of California, Berkeley, to evaluate the detonation para-
meters of gaseous mixtures consists of four programs and subprograms. The
Fortran listings are given in Tables 2 - 7 which are discussed below. A flow
diagram illustrating the operations performed by the four sub-routines and

their interdependence is shown in Fig. 5.

Table 2 Source Program

This program loads the initial data into the computer and evaluates the
upstream thermodynamic properties. These initial conditions are then printed
out, and several constants are evaluated from the input data which are used

later in the program.

Tables 3, 4, 5 Subroutine Spec

There are three Spec subroutines which shall be denoted by Spec(a),
Spec(b),and Spec(c). The purpose of the subroutine in all three cases is either
to specify the pressure at which properties are to be evaluated on the Hugoniot
or Rankine-Hugoniot curve, or to converge to a particular pressure, e.g. R,
Ry or Pyag.

The thermodynamic properties and equilibrium composition are printed

out for each solution in this subroutine.

Table 6 Subroutine Main

Subroutine main is called by the Spec subroutine to determine the
correct value of temperature on the Hugoniot (or Rankine-Hugoniot) curve
corresponding to the given value of £, After converging to the correct 6,
the equilibrium sound velocity and specific heat ratio are evaluated and the

subroutine returns to subroutine spec.
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Table 7 Subroutine Brink

This subroutine is called by the subroutine main at each approximate
value of T and P to evaluate the equilibrium composition and several thermo-
dynamic properties,

Table 5 Input Data

The input data is given to the computer on IBM data cards. Instructions
for putting the required data on the cards are given below. The foimat state-
ment is given by each data card and the nur.nbers on the left indicate the
spaces on the card where the data must be inserted

Data 1: 1 card (7E10. 3)

1-10: _ ik atmospheres

11-20: T, » degrees Kelvin

21-30: convergence criterion for AZ'J'

31-40: . convergence criterion for AT, 4 fZJ. , 4F, and AP,.,
41-50: increment of P for Spec(a)

blank for Spec(b)allad Spec(c)
51-60: initial vaiue at P for Spec(a)
initial appraximation of Pc_;- for Spec(b)
initial approximation of P, for Spedc)
61-70: initial approximation for T corresponding to the iritial P
Data 2: 1 card (7E10. 3)
1-10: blank
11-20: initial approximation for Pv;. for Spec(b)

blank for Spec(a) and Spec(c)
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Data 3: 1 card (7110)

1-10: number of pressures to be evaluated on Hugoniot curve

for Spec(a)

blank for Spec(b)and Specic)

11-20: number of constituents in downstream equilibrium system
21-30: number of components in downstream equilibrium system
31-40: number of species in upstream mixture

41-50: 1if Re, is to be computed for Spec(b)

0 if Fy=; is not to be computed for Spec (b)
blank for Spec(a)and Spec(c)

Data 4: 1 or more cards (7110)

1-10: subscripts of constituents appearing in {nitial mixture
Data 5
11-20: subscripts of constituents appearing in lists of componerts

Data 6: twice the number of cards as the number of constituents in downstream

system
1-70: Data on each card is a line from Table 8: i.e. , each
card has coefficients for one species and for one
temperature range. The cards with the coefficients for
the constituents must appear in the order that the
constituents appear in the /g“j , i.e., Data 8. The low
temperature range coefficients must appear first
followed by the high temperature range coefficients.
Data 7: 1 or more cards

10 spaces
per data: molecular weights of components in order
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Data 8. 1 or more cards (7E10. 3)
The matrix of the stoichiometric coefficients, F{J , with one or more
cards for eacﬁ (. IfJ' becomes greater than 7, use two cards for each c.
Data 9: ! or more cards

10 spaces
per data: relative composition of upstream mixture in order of Data 4.

Data 10: 1 or more cards (7A10)

10 spaces

per data: symbols of constiiuents
Data 11: 1 or more cards (7E10, 3)
Approximate mole fractions of components in equilibrium producté.
Data 12: 1 card

blank for Spec(a) and Spec(b)
value of Mach number at which shock wave properties are to be computed

for Spec(c)

Table 8 Preparation of Thermodynamic Data

A fifth degree polynomial was fitted to the specific heat data of each

species so that the molar specific heats were given by:
: Iy
Cr _ 3\n
R > @ (T 10 ) 100& T € 1500

n=0

Cpn _ 2 _a\n
R =2 bni(T'IO 3) 1500 < T €£5100

neo

where two series expression were used to obtain a more accurate fit over the’
entire temperature range, The molar enthalpy of the (b species was found

then by integration of eq, {7.6.1), yielding thus:

he _ -
527&: a i ana(T-IO 3)[11-1) + Q. /T') 100 <T¢ Is00

N=0

7.6.2

he _ )
RT niobﬂi (T'IO 3)%11'-1) t+ ELL/(T) 1500 T £ 5100
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where the constants of integration @ and b; were adjusted so that the
enthalpy computed from both eqs. (7. 6. 2) were identical to the value listed
in the JANAF tables at 1500°K.

Dividing eq. (7. 6. 1) by the temperature and integrating the resulting
expression yielded finally an equation for the molar entropy:

= oulegT +5 0l T16 Ve
= Qo 03-,— -t-""a,,: T-IO (rH-l) "'07" /oo T < 1500
e n 7.6.3
- -3

W= bul ogT + :Z, anL(T' 10 )/%nf‘)+ la,‘o 1524 T < 5100

where again the constants a;; and L,; were adjusted to provide an identical

fit with the JANAF data at 1500°K.

Table 9 lists three sets of sample input data for the computer program
using Spec(a), Spec(b), and Spec(c) respectivély where each set is for a
2H,+0 mixture initially at 1 atm and 288. 72°K (60°F). The corresponding

computer output is then listed in Tables 10 - 12.



28

8. DISCUSSION OF RESULTS

Detonation parameters for the forty different initial conditions listed on
page 4 were calculated using the computer program and the results are pre-
sented in Figs. 6 - 31.

Figs. 6 - 9 show the PVrepresentation of the Hugoniot curves computed
for initial pressures of . 1 and 760 mm Hg. Fig. 6 presents the Hugoniot curves
fora 3H,+0, mixture initially at 200°F, Fig. 7 shows the Hugoniot curves
for all three compositions at an initial temperature of 60°F, Fig. 8 illustrates
the results for a 3H,+0, mixture initially at -50°F while, finally Fig. 9
displays the Hugoniot curves for all compositions at an initial temperature of
-180°F. It is of interest to note that the Hugoniot curves are relatively inde-
pendent of initial composition, and further that the CJ state in all cases has a
volume, or velocity, ratio of approximately 0. 54.

Figs. 10 and 11 show dimensionless temperature-entropy and pressure-
entropy diagrams for the case of a C Hz +0; mixture initially at 1 atm and
60°F. They illustrate the classical condition that the entropy 1s a minimum
at the CJ state. Further they indicate that the pressure variation is greater
than that of the temperature over a given portion on the Hugoniot curve.

The effect of initial pressure on the CJ pressure and temperature ratios
are shown respectively in Figs. 12 and 14, Fig. 13 is a cross plot of Fig., 12
for the 3Hp+Oz composition and illustrates the obviously greater effect of
initial temperature on the CJ pr'essure ratio.

Figs. 15 and 17 show the effect of initial pressure on the CJ wave velocity
and Mach number regpectively. It is interesting to note that the CJ wave
velocity is comparatively independent of initial temperature, while the Mach

number is relatively independent of composition. Fig. 16, obtained from a
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cross plot of Fig. 15 for the 3H,+O,; composition demonstrates the effect
of initial temperature on wave velocity.

Figs. 18 - 25 show the equilibrium composition at the CJ state as a
function of initial pressure for each 1nitial co{'nposition and temperature.
They reveal the interesting re sult that the equilibrium composition of H0
is approximately the same for all conditions.

Figs. 26 and 27 indicate the effect of initial pressure on both frozen
and equilibrium CJ specific heats for all three ccmpositions at -180°F and
60°F. The frozen specific heat is seen to be independent of initial compo- .
sition. More interesting yet is the comparison between the equilibrium and

frozen specific heat, the former being about five times larger than the latter.

Fig. 28 illustrates the dependence of both frozen and equilibrium CJ
specific heat ratios on the initial pressure. The equilibrium specific heat
ratio, Ye , is nearly independent of initial pressure and temperature, but
shows a significant dependence on composition. The frozen composition
specific heat ratio, Y# , on the other hand, shows an obvious dependence
on initial pressure, although it is relatively independent of initial tempera-

ture and composition.

The von Neumann spike values of P, ©, and V are shown in Figs. 29,
30, and 31 as a function of initial pre ssure. It is interesting to note that the
ratio of the VN pressure and temperature to the corresponding CJ values is

nearly independent of the initial conditions.

The CJ properties for the initial conditions considered are tabulated
in Table 13, while the von Neumann spike properties are presented in
Table 14.

Finally, it is of interest to compare results of the present calculations

with those obtained by other investigators together with some experimental
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results. The data for CJ detonations presented in Table 15 indicate a good
agreement between the various results based on the use of the equilibrium
sound speed, which in general are slightly larger than both experimental
rﬁeasurements and those results based onfrozen sound speed. The present
results also agree quite well with those of Bollinger and Edse (7), which were

obtained at 313°K.
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TABLE 1. Comparison of Various Methods of Analysis
INDEPENDENT
AUTHOR SYSTEM SCOPE _VARIABLES METHOD REMARKS
Iteration onTy V5, to Atomic o:zgcn n::
- satisfy conservation equa- considered in t
ﬁi'f&(l) Hy:;:ﬁ"i' 0"{3'“ CJ state | Tp, v, tions with CJ state deter- equilibrium system
L LA mined from condition
=Mpg=1
Berets,
et al (2) | Hydrogen,Oxygen CJ scate | ., SmF::.‘leil and
Hugoniot curve determined
by selecting arbitrary
Hugoniot and 1t¢rltinf for the
Edse (3) Arbitrary curve and T2 corresponding value ofp, .
CJ state C] state determined wh
slope of Hugoniot curve is
identical to slope of
Rayleigh line.
i Itontt:iom onTy and P to
Wolfson satisfy conservation equa-
& Durn (4) | Atbitrary CJ state | T, p; tion with CJ point determin-
ed from conditionM2=M27-1.0
Luker Hydrogen,Oxygen CJ state T2 Py Same method as Reference 1 X::ng.o‘fh:%.:zu.-
ot al (5) and Steam used for “20
For selected values of Mj,
Hugoniot iterations are preformed
Eisen C,H,0,N,A curve and M1 to determine points along First to check CJ
et al (6) CJ state Hugoniot curve. CJ state state with M5 =1
specified by condition that g
Mq 18 a minimum.
Hugoniot curve found by
;efccting arbitrary T» , and Eggé:ig::“rn:g:'p;r_
Bollinger - etermining corresponding
& Edle8(7) Hydrogen-Oxygen CJ state T2 by iteration. The CJ stat ated directly in I_:he
18 determined by finding the | SOnservation equa
{value of minimum M, . tions
Computes equilibrium compo-
sition for several values
of P and T in the neighbor-
hood of the CJ state. Values|
of Yo andh are then evalu-
Barrere Arbitrary CJ state p2,T2 ated from both the conserva- | Graphical method
et al (8) tion eguntions and the equa-
tion ot state. A cross plot
technique yields the solu-
tion to the CJ state. The
criteria for the CJ state is
that of minimum entropy.
Iteration on p, and To with Sound speed of
Zeleznik & | Arbitrary CJ state o) T condition Me: ncorpor- gr ts expressed
Gordon (9) 22 ated in confervation y a&=RT where
equations r-Jong , Cpe
Qe
is determined itera- May include more
- tively for specified To to than one phase in
Bird Arbitrary includ-| Hugoniot T2 satisfy Hugoniot equation the chemical system
et al (10) | ing condensed curve & and equation of state. CJ
phase CJ state gate evaluated for My
mi numum,
CJ state, To 1s determined itera- Sound speed of
von Neumann tively for specifibkd P to grod?cts expressed
Present Arbitrary spike and Po satisfy Hugoniot equation K = v e )y
Work Hugoniot and equation of state. CJ where:
curve state evaluated forM, o-1. Ye g&
; ve




TABLE 2. Fortran Listing - Source Program

*

1000
1001
1003
1004
1005

1050

1100

e . 8

1055
1060

LIST

DIMENSION A(lOolO)081200101088(20)OBC(ZOQIO)QC(30910)oCOMP(ZO)’
1CPM(20) 9AEQ(10910)9DZ2(20)9G(20)9GG(10) sH(20)sHF(20)sQ(10)2UU(20)
2UB(10)sWMM(20) sNB(10)sNX(20) 9X(20)9Z(10)sWMC(10) sWMP(20)+sCP(20)»
3STORE(50920)+BETA(20)9DH(20)

COMMON A»AA3AAA9»B+BB9BBBIBCsCsCCoCOMP9CDZ sCDV 9CPMyCPL9CP29D9DP DT
10F29D2 sGrGAMMAL GG oHoHF 9H] o H2 sMMoMP s NB s NCMoNCOM s NCONoNGO 9NN oNX 9P »
2P19P2+sQ9QQsRsSONICToT19T2sUlsUUsUBsVIV1IeV29WMeWMMeWMO 9 X9 XNoe2422,
3E9WM] yWMC o WMP yCONV 9 CON 9 CP oEMACH2 s FMACH2 9 XMCH] s FRSON ¢ EQSON s GAMM2R »
4GAMM2E s CPReCPE9H2 s STORE sU2 ¢yCVE 9 CVR9sBETAsDHsLSMFT 9DSsDUDELP 9 XXsYY s
SLXoLYoLZoLWoLVeLUsLToLSsLRsLDsQLOSS 9 SOUND9CHECKV sCHECK sN9sRRsRRM,SS
FORMAT (TE1046)

FORMAT (7110)

FORMAT (7A10)

FORMAT (6E12,5)

FORMAT(8E1043)

R=1.98726

CONV=4184,

CON=414,864/1460139 - -

READ 10009P10T1QCDZ9CDV.DP9P’T'QLOSS9CH‘CK
NGO=0

NN=0

IF(P1) 1100,2000451055
PRINT 1110
FORMAT t7H STOP 1)-

CALL EXIT

PRINT 1060
ARG6=20
FORMAT (56H1HUGONIOT CURVE CALCULATIONS FOR GASEOUS MIXTURES---PROP
162HULSION DYNAMICS LABORATORY--UNIVERSITY OF CALIFORNXA--BERKELEY)

- oo -} 50 -READ--100T yMP-yNEONYNCOMy NCMy LR

w118
1160

1200

1300

READ 1001s (NX(I)sI=1sNCM)
READ 1001y (NB(J)9J=19NCOM)
N=NCON

DO 1160 1=1,NCM

IF (N-NX(I))115501160o1160
N=NXt1Y - - '

CONTINUE

MC=2#N

READ 10059 ((CtI9J)sJ=198)91=14MC)
READ 1000+ (WMC(J)9J=19NCOM)
DO 1250 I=1yN

i =1 250 -READ 10009 tB t 15 ) 9 J=1 sNCOM)

READ 1000s(X(I)9i=]l9sNCM)
READ 1003 (COMP(J)9sJ=1yN)
QQ=0,0

DO 1300 I=14NCM

QQ=QQ+X (1)

DO 1350 I=1sNCM -

1350 X(1)=X(1)/QQ

| [ U

00=0,0

DO 1500 J=1,NCOM
0(J)=20,0

DO 1450 K=14NCM



TABLE 2 -~ Continued

IsNX(K)
1450 Q(J)1=Q(J)+B(IsJ)#X(K)
1500 QQ=QQ+Q(J)

DO 1550 J=1.NCOM ~—
1550 Q(J)=Q(J)/QQ
WMO=0
DO 1560 J=1,NCOM
1560 WMO=WMO+WMC (J)#*Q(J)
___WM1=wMO*QQ
RR=R/WM1
RRM=RR#T1
/ DO 1690 1=1,NCON
WMP(1)=0e
DO 1690 J=1,NCOM
1690 WMP (1 )=WMP(T14B(1sJ)*WMC(J)
DO 1700 1=14NCON
BB(1)=040
DO 1700 J=1,NCOM
1700 BB(I)=BB(1)+B(1+J)
DO 1750 1=1,NCON
DO 1750 J=1sNCOM

" 1750 BC(1,J12B(1+)=(BB(I)=10)%Q(J)

TK=71/1000,
1760 IF(T1-1500e) 17705177051772
1770 DO 1771 K=19NCM
I=NX(K)
1771 CPM(K)=((((¢C¢1.6)*T&+C(1.5»:*TK+C(1.4))*TK+C(1.3))*TK+C(1}2|)&TK+
T1Ct1e1))4R” ' . '
GO 7O 1780
1772 DO 1773 K=1sNCM
1=NX(K)
J=l+N
1773 CPM(K)=(((((C(Jobl*TK+C(Jo§’)'TK#C(J.&))*TK+C(J.3))*TK#C(J.2))*TK+
TTTIC(Je1) ) %R ’ | '
1780 CP1=0,
DO 1800 I=1yNCM
1800 CP1=CPLl+CPM(1)#X(1])
GAMMA1=CP1/(CP1-R)
CP1=CP1/WMl
" SONIC=GAMMA1#R#T1/WM1
U1=SQRTF (SON1C#CONV)
V1=R#*#T1/(WM1#P1)
V=V1#CON -
IF(T1-1500.) 1810+1810+:812
1810 DO 1811 K=14NCM ,
[=NX(K) ' &
HF(K):((c(tC(l.a)*TK/5.+c¢l.5)/4.h*7K+C(l.atla.)*rn+C(1.3)/2.)~Tx+
1C(192))#TK+C( 191 )#LOGF(T1))*RFT(1+8)#R
1811 HIK) = (CET96)%TE/60+CI195)/50)#TK4C(104)/60)#TKC(193)/30)0TKe
1C(1+2)726)%TKC(101))%T1#R4C(14T)I®*R
GO TO 1850

T1{812 00 1813 K=loNCM

I=NX(K)
J=N+1
HF(K)S(((((C(J;6)*TKIS.+C(J05)/40)*TK*C(J.Q)/3.)’TK#C(J.3)/2.fﬂTK+
IC(JoZ))*TK+C(J.1)‘LOGF(T1))'R+C(J081'R

1813 H(Ki=(((((C(Jobl'TK/60+C(Jo5)/5.)*TK+C(J06)/4-)’TK+C(J03)/3.I'TK#

S T TTUIV21 726 ) HTKT I 1) 1R TISR4C LIS TI#R

1850 H1=0,
§8=0.



T 1900 HITHIMHE X tH — - L

TA 1. 2 - Continued

DO 1900 J=1,NCM
$5=55+ X(J)'(HF(J)-R'LOGF(PI'X(JIII

Hl=H1l/WM]l
§5=SS/R
HH=H1 /RRM
HC=CP1/RR
PRINT 1950

- 1950 FORMATtIOHO INETIAL CONDITION OF MIXTURE)

PRINT 19604P1sT1sHH,Ul

1960 FORMAT(4HOP1=E125¢ 14HATM TEMP=F10,4916H DEGK ENTHALPY=F10
/1e2916H SD VEL=F10.49+5HM/SEC)
PRINT 1961+sV o HC9yGAMMA] sWM1
1961 FORMAT(4H V1=E10¢5+16HCM3/GM CP1=F10e34+16H GAMMA1=F10
Y639 16H - - - - WM1=aF1063/7) '

ORINT 1959,SS
1959 FORMAT(9H ENTROPY=F10¢4)
PRINT 1962
1962 FORMAT(23HOCOMPOSITION OF MIXTURE/)
DO 1965 J=1,NCM
g eNNtFy
PRINT 19635COMP(1) »X (J)
1963 FORMAT(A792H 2E12.5)
1965 CONTINUE
READ 1000s (X(J)9J=1sNCOM)
1980 CONTINUE
———€Att -SPEC— —— - - .-

m—— i ome . aea

GO TO 1050
2000 CALI. EXIT
END

i e o S e ———a



® ¥

TABLE 3. Fortran Listing - Spec(a) Subroutine;
Hugoniot Curve Calculations

LIST
LABEL
FORTRAN

SUBROUTINE SPEC

DIMENSION A(10,10).3(20.10)988(20).BC(ZO,IO).Ctio.IO),cﬁﬁF(ZO).
1CPM(20) sAEQ(10510)sDZ(20)9G(20)9GG(10)9sH(20)sHF(20)sQ(10)sUU(20)>
2UB(10)sWMM(20)sNB(10) sNX(20)9X(20)92(10)sWMC(10)sWMP(20)sCP(20)>
3STORE(50+20) sBETA(20)sDH(20)

COMMON A»AA,AAASBsBBsBBBsBCsCsCCsCOMP2CDZ sCDVCPMsCPL19CP2sDsDPsDTy
lDTZoDloGoGAMMAI9GG,H.HF,H1,HZ,MM,ME,NE’NCM.NCOM.NCON.NGO,NN,NX’P.

b

2P1sP2,0sQQsRsSONICsToT1sT2oUlsUUsUBIVIV1sV2sWMeWMMeWMOsX9XNs2Z 9227
3EsWM1 sWMC s WMP 3 CONV s COiN s CP s EMACH2 s FMACH2 s XMCH1 » FRSON s EQSON » GAMM2R »
4GAMM2E s CPRyCPE sH2 9 STORE 9U2 9yCVE sCVRsBETAsDHsLSMFT9sDSsDUsDELP s XX s YY >
SLXoLYoLZoLWoLVoLUSLT9LSsLRsLDsQLOSS » SOUND 9yCHECKV 3CHECK3NsRR»RRM$SS
FORMAT(1H )
FORMAT (47H1THERMODYNAMIC PROPERTIFS ON THE HUGONIOT CURVE)

wIN

FORMAT(56H0 PRESS R TEMP R \VEL R MACH1 FMACH2 FMACH2 FSDVEL2
165HESDVEL2 FGAMM2 EGAMM2 FSPT ESPHT ENTH: MOLWT ENTROP
2Y )

FORMAT(FOel4sFB8elsFTet493FTeb92F9e¢392FT7e492FBe4sF10e33FBe35F9e4)

FORMAT(F10e499E1245)

FORMAT(46H1EQUILIBRIUM COMPOSITION ON THE HUGONIOT CURVE)

NP U &

2000

FORMAT(10HO PRESS R 9A12)
NGO=0

MM=5

LSMFT=0

K=NCON+1

Lv=0

2200
2250

PRINT 2
PRINT 1
PRINT 3

GO TO 2250
P=P+DP
P2=P#P1

T2=1T¥11
CALL MAIN
XX=XX/RR
H2=H2 /RRM
CPE=CPE/RR
CPR=CPR/RR

2275

2300

TFTMM=8T2300522 T3 22719
PRINT 1

MM=0

PRINT 49PsT9VeXMCH]1 s FMACH2 yEMACH2 9 FRSONEQSON » GAMM2R s GAMM2E »
1CPRyCPEsH2 s WMy XX

MM=MM+1

2700

NCUENGUFT

LSMFT=LSMFT+1
STORE(LSMFT,1)=P

DO 2700 I=1,NCON

L=1+1
STORE(LSMFTsL)=X(1) =

2750
2800

1 VUYET IV

IF(40-LSMFT) 2800,2800+2200
MM=5
PRINT 6



TABLE 4 Fortran iisting - Spec(b: Subroutine; CJ Calculations

*®

10

12
14

20
21
22
23
25
28

2000
2050
2100
2200

2250

LIST

LABEL

FORTRAN

SUBROUTINE SPEC

DIMENSION A(10910)9B(20+101sBB(20)9sBC(20910)9C(30+10)sCOMP(20)
1CPM(20)9AEQ(10910)9D2(20)+G(20)9GG(10)9sH(20) sHF(20)9Q410)sUU(20)
2UB(10)sWMM(20)sNB(10)sNX(20)9X(20)92(10)9oWMC(10) sWMP(20)+CP(20)
3STORE(50920) 9BETA(20) 9DH(20)

COMMON AsAA»AAASB+BB+BBBsBCIC+CCoCOMPsCDZ9sCDV9CPMyCPLl9CP29sDsDP4DT
1DT29DZ9GsGAMMA] 9GGaHoHF oH1 sH2 MM sMP s NB ¢ NCM s NCOM 9o NCON s NGO 9NN g NX 9P
2P1sP23sQyQUeRsSONICeToT1leT2sUlsUUsUBIVIVI V29 WMeWMMeWMO9XeXNeZsZZ»
3EsWM] s WMC o WMP yCONV s CON s CP 9 EMACLH2 9 FMACH2 s XMCH1 s FRSON 9 EQSON s GAMM2R »
LGOAMM2RE sCPReCPE9sH2 9 STORE »U2 o CVE 9 CVR9BETASDHoLSMFT 9DSsDUsDELP 9 XX9YY s
SLXoLYoLZ sLWolLVolLUsLToLSsLRoLDsQLOSSsSOUNDeCHECKV yCHECKsN9sRRIRRM oSS

IF (LR) 595,94

PX=0.

GO TO 2100

PP=P

TT=T

P=CHECK

P2=P#P]

T2=T*T1

Lv=1l

CALL MAIN

DS=H2

DD=H2

888B=H1+V1*#(P2-P1l)+uLUSS

P=P+.05

P2=P*P]

CALL MAIN

DS=(H2-DS)

AAA=V1*P]

CC=DS/.05

DELP=(DD~-BBBB)/ (AAA-CC)

IF(ABSF(DELP)-1e" 144912912

DELP=DELP/ABSF(DELP)

CONTINUE

P=P-,05+DELP

IF(ABSF(BBBB-DD)-CDV)20920910

IF(ABSF(DELP)-CDV) 21421510

PX=P

PRINT 22, PX

FORMAT(63H0 THE PRESSURE RATIO OF THE HUGONIOT CURVE AT v2=vl IS E
1QUAL TOF9.4)

IF(PX-1e) 23923928

PRINT 25

FORMAT(4BHCTHERE IS NO CHAPMAN-JOUGUET POINT FOR THIS DATA)

GO 1O 3270

P=PP

T=TT

DO 2000 I=1,NCM

K=NX(1)

DH(TI)=X(K)

D0 2050 I=1oNCM

X{I)=DH(1)

PRINT 2200

FORMAT(1H /7))

PRINT 2250

FORMAT(54H THERMODYNAMIC PROPERTIES AT THE CHAPMAN-JOUGUET POINT)

P2=p%pP]l

T2=T*T1



TABLE 4 - Continued

Lv=0

2300 CALL MAIN

2308
2310

2350
2500

2520

2550

DU=EMAEHR———— —  — - - e e —— - -
PP=pP

PxP+,05

P2sP#P]

SOUND=EMACH2

CALL MAIN

DU EMAEH2-DU /005 -
DELP=(1,-SOUND) /DU

IF(ABSF(DELP)=-1¢) 2310,2308,2308

DELP=DELP/ABSF{DELP)

CONT INUE

P=PP+DELP

p2=p#pl

IF(ABSF (SOUND=-1,) -CDV) 235092350+2300

IF(ABSF(DELP)-CDV) 250052500+2300

CONTINUE

CALL MAIN

T=T2/71

PRINT 2520

FORMAT(56H0 PRESS R TEMP R VEL R MACH1 FMACH2 EMACH2 FSDVEL2
165HESDVEL2 FGAMM2 EGAMM2  FSPHT  ESPHT ENTH2  MOLWT ENTROP
2Y )

PRINT 2560

XX=XX/RR

- H2=H2 /RRM

CPE=CPE/RR

CPR=CPR/RR

PRINT 25509P 9T sV XMCH]1 s FMACH2  EMACH2 FRSON » EQSON s GAMM2R s GAMM2E »
1CPRyCPEsH2 s WMo XX
FORMAT(FOeloFBetoFT el 93FTe492F9e¢392FTel92FB8e49F10e39F8e39F9e4)

e 2560 FORMAT(EH ) - :

2600

2950

3000
3050

3060

| RS

3070
3260

o < — ae ———as .3,_2.62

3264
3266

3270

PRINT 2560

PRINT 2600

FORMAT(54H0 EQUILIBRIUM COMPOSITION AT THE CHAPMAN-JOUGUET POINT)
PRINT 2560

LFIRST=1

I1F(NCON=9) 3000+3000+2950
LPRINT=9

GO TO 3050

LPRINT=NCON

PRINT 30609 (COMP(J)sJ= LFIRSTHLPRINT)
FORMAT(9A12)

PRINT 2560

PRINT 30709 (X(I)9I=LFIRSTsLPRINT)
IF(NCON~LPRINT) 327093270+3260
FORMAT(9E12.5)

LFIRST=LFIRST+9

IF (NCON-LPRINT-9) 3262+3262+3264
LPRINT=NCON

GO TO 3266

LPRINT=LPRINT+9

PRINT 2560

GO TO 3050

RETURN

END



TABLE 5.

*
*

at Given Mach Number

LIST

LABEL
FORTRAN

—eeemee———. SUBROUTINE SPEC = = _ N T .
DIMENSION A(10+10)9B(20+10)988(20)98C(20910)+C(30010)+COMP(20)»

Fortran Listing - Spec (c) Subroutine, Shock Conditions

1CPM(20)9AEQ(10+10)+DZ2(20)+G(20)9GG(10) sH(20) sHF(20)9Q(10)9UU(20)

2UB(10) sWMM(20) osNB(10)sNX(20)9X(20)92Z(10)sWMC{10) +WMP(20)+CP(20)

3STORE(50920) +BETA(20)9DH(20)

COMMON A9sAA3AAA+B»BB9BBBBCsCoCCrCOMP9CDZ »COVCPMeCP19CP29sD9sDP DT

1DT29eDZ 9G9GAMMA] 9 GGoHoHF s H] o H2 yMM oMP 9 NB 9 NCM 9 NCOM9 NCON s NGO s NNoNX 9P o

2P19sP2+QeQQsRsSONICIToT1oT20UloUVUsUBIVIV]1eV2eWMeWMMoWMOeXeXNeZ o2

3E9WM] oWMC s WMP s CONV ¢ CON o CP ¢EMACH2 ¢ FMACH2 s XMCH1 s FRSON o EQSON ¢ GAMM2R o

4GAMM2E sCPRoCPEsH29STORE sU29CVE 9sCVR9BETASDHoLSMF T 9DS sDUsDELP 9 XX 9 YY s
BLXoLY oLZoLWoLVoLUsLToLSsLRoLD9GLOSS » SOUND s CHECKV s CHECK9NsRR9sRRMsSS

1

9000

FORMAT(8E10+3)

Lveo

READ 19XMCH1
ALPHASGAMMA 1 #XMCH 1442

T2=T#T]

P2=P#P}

CALL MAIN

VRH=V N
VALPH=14=(P=14)/ALPHA

P=P+,05

P2=P#P]

CALL MAIN

ODVDP=(V=VRH) /7,05
DELP=(VALPH=YRH) / (DVDP+1e¢/ALPHA)

9050
9100

9200

IF (ABSF(DELP)=1e) 9100+9100+9050
DELP=DELP/ABSF(DELP)

P=P-,05+DELP

IF (ABSF(DELP)=CDV) 9200+9200+9000
P2=P#P1

_CALL MAIN

PRINT 9400

9400 FORMAT(29HOPROPERTIES BEHIND SHOCK WAVE)

95410

PRINT 9410

FORMAT(56H0 PRESS R TEMP R VEL R MACHL FMACH2 EMACH2 FSDVEL1

165HESDVEL2 FGAMM2 EGAMMZ2 FSPHT

———e e BY)

PRINT 9430

ESPHT ENTH2 MOLWT ENTROP

PRINT 9420ePsTsV s XMCH] 9 FMACH2 o EMACH2 9 FRSON 9 EQSON s GAMM2R 9 GAMM2E »

1CPReCPEsH2 9 WMo XX

9420 FORMAT(FOeloFBeloFTel93F7e492F9¢302F7e492FBe&4sFl0e39FB8e3sF9e4)

PRINT 9430

9430 FORMAT(1H )

2" -

1 et - e s

9440

9450

9500

9550
9560

9570
9760

PRINT 9440

FORMAT (30HOCOMPOSITION BEHMIND SHOCK WAVE//)

LFIRST=1

IF (NCON=9' 950009500+9450
LPRINT=9

GO TO 9550

LPRINT=NCON

PRINT 95609 (COMP(J) 9 J=LFIRSTLPKINT)

FORMAT(9A12)

PRINT 9430

PRINT 9570 (X(1)s1=LFIRSTsLPRINT)
FORMAT(9E1245)

TF (INCON=LPRINT) 9770+9770+9760
LFIRST=LFIRST+9



TABLE 5 - Continued

1F (NCON=LPRINT=9) 9762+9762+9764
9762 LPRINT=NCON
GO TO 9766
9764 LPRINT=LPRINT+9
9766 PRINT 9768
9768 FORMAT(1H 77)
GO TO 9550
9770 RFTURN
END



TABLE 6. Fortran Listing - Main Subroutine.

x

4000

400%

4007
4008

4010

4150

4200

4310
4311

4320

4340
4350

4400

LIST

LABEL

FORTRAN

SUBROUTINE MAIN

DIMENSION A(10G910)sB(20510)9RB(20)sHC(20910)9C1'30410)sCOMP(20)
1CPM{20)sAEQ(20e10)902(20)9G(20)90G(10)oH(20)9HF(Z20)9Q(10)9UU(20)
2UB(10) oWMM(20) sNB(10) oNXI2D)9X(20) 92 (1G) sWMCLLN) sWMP(20)sCP(20)
3STORE(50920) ¢BETAL20)9DH(20) .

COMMON A9AA3AAASD 0B 983BBsBL - s CCoCOMP 9 (UL s CUV 9(CPMeCPL1oCP29D9sDP DT
10T29DZ9GoGAMMAL o GGoHoHF oH] oH2 91 AMaMP o NB g NCM ¢ NCUIM s NCUN o NGU o NN o X o F o
2P1sP29W@sQQeRsSONICoToT1oT29UlsUUsUBIVIVIeV2oWMeWMMeWMOsXeXNoZ 22,
3E s WML 9 WMC 9 WMP 9 CONV s CON 9 CP o EMACHZ o FMACH2 9 XMCH1 s FRSON s EQSGON 9 GAMMZR
4GAMM2E s CPROCPEsH2 9 STORE 92 ¢CVE 9 CVR 9BETASDHOLSMF T oUSeDUSDELP o XX oYY o
SLXoLYoLZsLWoLVeLUSLT sLS5oLRILVsGLOSI93CUNVeCHILKV9CHECK sN9RRIRRM9SS

CALL SRINK

PVTP=0.

DO 4005 [=1,NCON

PVTP=PVTP+WMP (1 )% X{])*bETA(])

PVIP=(1le=-PVTP/WM)*R/ (WM%P2)

AAA=? (*CP2/(V1*(P2-P1))

BBB=24# (H2=H1=-QLUSS)/( (P2-P1)*V]1)-1,

CC=PVTP/V1

D=R*T2/(V1#P2#wM)

DTZ2=(BBB=-D) /7 (CC-AAA)

IFCABSF(DT2)-400e} 4008+400894007

DT2=6400e%(DT12/ (ABSF(DTZ)))

T2=T24DT? '

I1F (ABSF(BBB=-D)-CDV) 4nl10+400044000

DT2=NT2/T1 i

IFCARSFI(DT2)=CDV) 4150940004000

V=888

T=T2/T1

IF(LV) 420094200+4500 !

Ul=2¢%(H2-H1-QLOSS)/(ie-V#%2)

U2=(v%x2)*)]

XMCH1=SQRTF(U1/SONIQ)

GAMM2R=CPR/ (CPR=R /™)

FRSON=GAMIZ2R#*R*T 2/

FMACH2=SQRTF (U2/FRSON)

FRSON=SQRTF {FRSON#*CONV)

DO 4300 J=1,NCOM

GG (J)==Q(J)

ARG6=0

LLL=ISIMEQ(10sNCOMs19AsGGyARGH,sD2Z)

IF(LLL=1) 4320+4320,4310

PRINT 4311

FORMAT(7H STOP 5)

CALL EXIT

DO 4350 I=1,NCON )

BETA(I1)=0.

DO 4340 JU=1,NCOM

BETA(I)=BETA(]I)=8B(IlsJ)%A(Jy])

BETA(1)=BETA(]l)-1,

PVPT=0,

DO 4400 I=1sNCON

PVPT=PVPT+WMP({I1)®X(1)*BETA(I)



4430
4450

4500

TABLE 6 - Continued

PVPT=(1e+PVPT/WM)

GAMMDE= PVTP**Z*W4*97**71l(*pVPT*LPt)
GAMM2E=1e/7(]1e=GAMM2E)
EQSON=GAMMRE #R#T 2/ (PVr T k)
EMACHZ=5QRTF (U2/EWSON)
EQSON=SURTF{EQSON*CONV)

XX=Ce

DO 4450 1=19¢NCON
IF{X(II#]10e®*])0=16) 44U 94LDOUIGL3Y
XX=XX+X D) #(HF () =R#HLOGF (X (] )%r2))
CONTINUE

XX=XX /WM

RETURN

END



TABLE 7. Fortran Listing - Brink Subroutine,

500

501

502

503
504

505

510
520

521
522
523
531

540

550

560
564

LISTY

LABEL

FORTRAN

JUBROUTINE BRINK

DIMENSION A(10910)9B(20s10198B(20)+s8C(20910)9C(30s10)9COMP(20)
1CPM(20)sAEQ(10910)sD2(20)sG(20)sCG(10)9sH(20)sHF(20)+Q(10)sUU(20)
2UBL10)sWMM(I20) oNB(10) sNX(20) 9 X(20)9Z(10)sWMC(10)sWMP(20)sCP(20)
3STORE(50+2C) sBETA(20)9DH(20)

COMMON AsAA3AAASB sBB+sBBBsBCsCsCCosCOMPsCLZ+sCDVICPMeCPL19CP29DsDP DT
1DT2sD29GsGAMMAL 9 GGoH otIF gt1) gtH2 oMM o MP g NB 9 inCM g NCOM o NCON NGO s NN NX oP o
2P1oP2ooliGoRoSONICoToTleT2eUlsUUsUBIVeVIeV2eWNMeWMMeWMOeXeXNs29sZ2»
3E 9 WM] s WMC o WMP 3 CONV 9 CON s CF s EMACH2 s FMACH2 9 XMCH1 s FRSON EQSON s GAMM2R o
4GAMM2E ¢CPRoCPE 9sH29STORE sU2 9 CVE o CVRIBETA 9D o LSMF T 9DS9DUSDELP o XX s YY s
SLXsLYoLZoLWoLVoLUsLToLSsLRILDsQLOSSsSOUNDsCHECKV sCHECK 9sNsRRSRRM$SS

L=0

TK=T2/1000,

IF(T2=15004) 50095004502

DO 501 I=1+NCON

CPUIN=( (U ((CIIo6)#TK+CUI95)IRTKAC(]04))*TK+C(163))%TK+C(]I92))%TK+
1C(1s1))#R

HUI) = (U(ClTo0)®#TK/60o+C(1051/5e)%#TK+C(14)/40)%TK+C(193)/36)%#TK+
1C(192)/2e ) #TK+C(191))%#T2%#R+C([o7)*R

HFCI)=(((((C(To6)%TK/S5e4C(105)/4e)HTK+CUI94)/3)%¥TK+C(113)/2+)%#TK+
1C(Te2))RTK+C(I o) *LOGF(T2))*¥R+C(1+8)%R

UUCT)=H(TI)-T2#HF (1)

GO TO 504
DO 503 I=1sNCON
J=I+N

CP(I):(((((C(Job)*TK+C(JO5),*VK*C(J|4))*TK+C(J03)¥*TK*C(J’2))*TK+.
1C{Js1) ) %R i .

HOI) = (((C{Jeb6)RTK/6e+C(J95)1 /5 ) RTK+C(J0s4) /4 ) #TK+C(J93)/3e) ¥TK+
1C(J92)/2e) #TK4C(Js 1) ) %#R#T2+C(Je7)*R ]
HFCI)=(({((C I *#TK/5e4+C(J85) /74 ) ¥TK+C(J984)/3e)%TK+C(J93) /26 ) %*TK+
1C1Js2) ) ®TK+C(Jo 1) *LOGF(T2) ) *¥R+C(Js8B)*R '
UULT)=H(T)=T2*HF (1)

DO 505 J=1,NCOM

I=NB(J)

UB(J)I=LU(T])

DO 520 1=1+NCON

G(1)=0.0

DO 510 J=1sNCOM

G(I)=B(IsJ)RUB(J)/(R*T2)+G(1])

G(1)=G(1)=-LOGF (P2)=UU(])/(R*T12)

IF(NN) 5234523,521

DO 522 J=1,NCOM

X(J)=WMM ()

DO 531 J=14NCOM

2(J)==LOGF(X{J))=LOGF (P2)

NN=1

DO 560 1=14NCON

X{1)=0e0

DO 550 J=1sNCOM

X(I)=X(1)=B(1sJ)%Z(J)

X(I)=xX(I1)+G( 1)

XtI)=EXPF(X(I))

IF(L) 56595654610



565

280

583
584
585
590

600

620

630

640
705

710

720

730

750

752

758
759

760

TABLE 7 -

D0 575 J=1sNCOM
0O(J)I=0e0

DO 570 I=1sNCON
GOLIN=GGEI)+BC (1 e J)*X(])
GGIJY=CO(H)=G(J)

DO 58N J=14NCOM

DO 580 K=1sNCOM
AlJsK)=0e0

DO 580 1=1sNCON
A(JsK)I=AlIoK)+BCUT o J)RBLioKI*X (1)
AEQL{UIK)=A(J9K)

ARG6=N
LLL=ISIMEQ(IOsNCOMe 1 9AEQsGGsARGH 9DH)
IF(LLL=-1) 58595859583
PRINT 584

FORMAT(6H STOP 5)
22=0e0

D0 590 J=14NCOM
2(J)=Z{JV+AEWQ(J9])
22=2Z2+ABSF (AEQ(Js 1))

IF (22-CDZ) 60046004540
L=1

GO TO 540

XN=0,

DO 620 J=14NCOM

I=No(J)

WMM(J)=X(1)

DO 630 I1=1,NCON
XN=XN+BB(I)*Xx(1])

XN=1e /XN

WM=wMO/ XN

H2=060C

DO 640 [=1+NCON
H2=H2+H( 1) %#X(])

H2=H2 /WM

CPR=0,

DO 710 I=14NCON
CPR=CPR+CP(T1)#X(1)

CO 730 1=1+NCON
DH(11=0,

DO 720 J=1,NCOM

K=NB(J}
DH(I)=DH(1)=8B(1+sJ)*H(K)
DHUI)=DH(I)+H(1)

DO 750 J=1sNCOM
GG(J)=De

DO 750 I=19NCON

GG I(J)I=GGIJ)+BT T oI %XIT)I®DHITY/(R%T2)
DO 752 1=1,NCOM

DO 752 J=1,NCOM

AEGQG(T oJ)=ALTeJ)

ARG6=0
LLL=ISIMFQ(10sNCOMy 1 yAEQsGG9ARGOsDZ)
IF(LLL=1) 76047604758
PRINT 759

FORMAT(TH STOP 5)

CALL EXIT

DO 775 1=14NCON
BETA(I)=0e

DO 774 J=19NCOM

Continued



174
175

177

780

TABLE 7 - Contined

BETA(IVN=RETA({)-8(]4J)RALG(Je])
RETA(T)I=RETA(TI)I+DH(T)/(R*12)
CPR=CPR/wM

CPE=CPR

PLNM=Q,

DO 777 1=19NCON
PLNM=PLNM=WMP ([ )X (i )*BETA(])
PLANMzPLNM/ (T2#WM#%2)

DO 78C I=1,NCON
CPE=CPE+R(I)#X(I)*BETACL) /7 (WART2)4+H( [ ) *#X (] )#PLNM
CP2=CPE

RETURN

END
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Q¥

TABLE 9. Sample Input Data for Computer Program for Mixture Initially
at 60°F and 760 mmHKg.

-

Data for Spec(a) Subroutine

l. 288,72 «0N0ONND] QODOQ} ' 27 15
1Ce .
6 2 P4
1 2
3 -2

1e7747952 126496609 =33,09569940,682341 =2£3¢2780095¢038/862 “b63e800)BGIeVLsii s0
3e3965745 =030432267344248489 -3,43481621023598406 ~el1996205=1023e487cu0céilss50
400821991 =1611136904»0978967 ’300381$Ull.l£89“lb *BlbiZb%Ol-sodeeUl)‘oJdOOUOSZ
4e0067420 =2461251144%654437C4 °4.0708144£0J59Z515 -o44N107933574e8129 —0lilbizVs
204999245 - 295472+ 7061 -04)740)!),
300439461 =2625985073,9647901 -3.4822300105044257 ~025411317791344002 ze238Hv4¢
208699448 472232810 ¢063794338=e0Y0T72452eU2,446805=e0U14T682 (4lelTbli~edi(ibits,
9508411221 =3404058982e248694> -0 721664UBeLllULBULIL ~euubbcbeb~2elBec bl~Bes 705363
BeU282346 -6e47261292e5982138 =leI86H405032550230 ~e0lu9.930=52¢Y1eT9i~ddede i
4,38902840 ~1,71685631,6660167 ~eb6UT66657elUU02323 =eCDF L1988 i3223e8l87 ~2ebbunud |
204999?45 23472e(61 ~eud it
3.5206998 ~1.76641331,1796127 -s38134480.0601bd981-.uupbl(3626790.139 ~eJ90137%2
18,016 32,

Je ' -5

1.
l. '
o5 ‘ 025
5 ~e25

5

. 2e 1 .
H2 02 - H20 OH H 0
45 « N8
L
Data for Spec(b) Subroutine
le 288972 o U000C1 OINIVIORY lue lle
2 2 8
1 2 -
1 2

1e7747952 126496609 =336095699404682327 =23e2240099e(3d70062 -003e800853e01537756
303965745 =430432267344248489 =3.4348716212359846 =el1996242-1023e4b8725e27 15370
208699448 072232810 ¢063994338=e05072252e020640865=e00L07682~741eli4(l=g21067430
5086411221 -3,0405898242486945 =472166208e11018010 =e0U6520L8-2¢lBecT82=6e' 103585

2016 32,
1 ,
1.
20 le :
H2 02
666 333

Se



Tl VB e N D e+

P

e

SRR

le

4C

167747952
343965745
400821991
44CT6T420
204999245
360639461
208696448
58411221
80282346
4e3902840
204999245
3¢5206598
18,0216

le

le
o5
o5
2o

045

TABLE 9 - Continued

Data for Spec(c) Subroutine

288472 «200C11 «C0001 le 10,

3% ]

6 2
2

5 :
126476607 -33477506054606682327 <23,254n795,22R7882 ~863,89N882.0137796

~0304722673,4248480 ~3,43L876212350848 ~411996245-1023,48725.2713998
=1611136904640378767 ~2,05815011,12890416 -4181208481-30283,012-438R880032
~2001251144454427040 ~0G40TCBLLU240592518 «o4L010753235T74,48129 -e17879830
: » 254726701 =045246595
~20259850736964T7901 =1448222001450N42257 -e25417317291%4eN02 225305942
072232B10 4703570433840 9NT722824N2046LAA8-NCV14TER2=TH]1,1T4T1=45TOATHR0
«34N4058G8262486745 =.7216620%8¢113180110 —-eN055282R-2228.2782-8,97832R2
~6e4T726129545782138 -169865405632350238 =6019956235~3229T76791-230324212.
=1e71€8563166660167 ~063766657010002323 -4C06198872223.,8187 =2.8644487
254726761 =e45946595
~1e7664133141726127 -e36126433,0501639P1-6003677562879706139 ~450613732
32 !
—o5
le

025

-e25

o5 ' -

1.

OH Y (9]

02 H20

«C8



NOMENCLATURE FOR TABLES 10, 11, and 12

Initial Condition of Mixture

Pl — -, atm

TEMP - T; , °K
ENTHALPY - %

SD VEL - a,, m/sec
V1l - v, cm¥gm
CP1 - ¢pi /R,

GAMMA 1 - ¥

WML - m
ENTROPY - S./R

Properties Downstream of Wave

PRESSR - P
TEMPR - ©
VELR -~V
MACH 1 - MI

EMACH 2 - Mg,

F MACH 2-M,
ESDVEL 2-0¢, m/sec
FSDVEL 2 -Q¢;., m/sec
F GAMM 2- 1Y

E GAMM 2 - T

FSPHT - C'f’l»/R:

ESPHT — Cpq/R,
ENTH2 — %
MOLWT - m;

ENTROPY - S:/R,

e —



Table 10: Sample Output: Hugoniot Curve Computed Using Spec(a)
' Subroutine and Input Data in Table 9

HUGDMICT CLAYE CALCULATIONS FLR GASICUS PIXTURLS--=PROPULEION CYNORICS LARLHATCHY-<UMLVERSITY CF CALIFCRN S-cnbRRH (Y
INITEAL CONCAYICH CF PINTURE

Pis 0.1GCTCE MATY TEPPa  280.72,0 CECX ENTHALPYS 2o l2 D VELe 529, 10%3M/3EC

VIs, 19729€ J6CPI/GH [4 T 3404 Lanrala 1408 wbls 12.¢11

EnTacrys  19.2001

COMPOSITICA CF PIXTLAE

n2 * L.00007¢ Cu
a2 e CoIIINNE-CT

THERMCEYAAYIC PRCPEATIES CN TRE WUGCANIOT CLAVE

PRESS A TEFA A VEL R PACKHL PNACKD CMOLKFD FSCVEL2  [SOVELZ FCAPPY EuAPP2  FSPNT 480Nt LAY [ 11444
1G0JCC 121502 Zo894)32.5027010035%00.479 1534.7 0 1494,872) 1.2147 1.2123 .65 2219
e buCC 12.2¢409 6 2.7566 2.80066 1% ..95 13554733 L,2160 L1.2134 “@ %145
12000C3 12,3423 1.9 2.973) 1560.aT8 97 1,218 1.2148 -wd 21,104t
13.00Cu 12,3020 1.4 L7123 A5TZ.070 5T L2131 L.215y 1..500 EATRAET |
16.006C 12,4380 $.8621 1.4302 1.494) 1577,533 I517.746 1.217) 1.21¢8 23.1006 1.1 230134

5.63835 1.2952 1.3467 1582.¢606) 1523.080 1.2179 L.217Y 23.7298 11,007 14u>28 2u.biud
16.00CC 12,9640 5.9.58 141496 1.2359 1900.005 1528304 1.287€ 1.21€7 23,6850 12:.237 34.%.6 25,1178
17,006c 12,620 O 504205 11071 Ro15C2 1593.216 153546105 1.2100 1.2160 4.014) 73.85%6 12:.787 14,560 *o.llie
18.00C0 12,6010 0.5028 53870 1.0456 1,081 1590.762 1505.419 1.2183 1.22 & 4,417 23,8259 13.35¢  laesly 23176
19,000C 12.7373 0.5554 5.3699 0.30%6 1.9238 16.3.237 1561.363 1.21€8 1.2219 4,019 23.8.78 13601 10.4% 2%.l sy

13,0000 $2.502¢

27403CC 12.7915 U.93.0 $.39701 0.299C D.9753 1€6.0.148 1548.191 1.2188 1.225v 4.0225 23.591) 14,425 14,672 25008
21,000y 32,8446 C.5004 5.3830 0.0989 0.9336 1€613.001 932,971 1.218) 1.2248 ~3.5929 16,901 14,449 2.,1.173
22,0309 12,8968 C.o881 5.4052 39 J.0973 1617.003 1557,687 1.2194 1.2251 23.594¢ 15.507 14,825 /il e
43,6000 12.9474 C,4695 31 Je8652 1622.537 1562.)051 1.216¢8 1.2202 21,9999 18.,87 10,650 201043
26,0900 12.997) 0.452¢ 9.8056 7.8360 1627.20% | 0962 1.220) $.221) 23.81.3 16,585 14.37¢

Yo

25,04C0 13.0460 (.43 Qo7817 2.811) 1631.943 1571.527 1.2206 1.22¢8¢ 2).6245% 17.123 14,381
26.00CC 13.0939 [.8222 0.7587 ). 7878 C 1570, la8 1,2207 3.227¢ 2300023 17.46 14,327
21,0060 1341415 C.4087 Je7384 U, T64T 106 531 1,228 V.23 5 23.0042 10.19 14,322
20.000C 13.18% ¢ ¢ 436 0.7198 D.7474 1645.75¢ «ITT 1,2216 12316 ?2).660 16,730 14.27¢

2s.
29,0400 13:233C 043040 5.4923 0,7027 D.7287 1855.305 1509.309 1.221¢ 1.2326 4.643) 2).7134 15.268  14.2%1

30,0000 132780 T.5737 $.7425 J.6877 2.7133 1656.825 1593.770 1.2221 1.2317  4.6452 23,7622 19,601 16,220
310000 1343224 $.3635 5.7937 J.6724 0.63F1 1059.320 1590.122 1.222% 1.2)48 4.647) 23.772% 20.33% 16,27
32.00C0 13.3661 (.3539 S.8457 08047 1683,794 1802,446 1.222% 1.2350  4.0495 23,803y 2..068 144174
33,0000 13.4,8) T.3449 5.8983 2.6 J.6708 1643,242 1006,745 12237 1.23¢9 4.6516 23.04 5 21,600 144169 25,2104
$4.00CC 13,4520 2.33¢5 5.9514 J,6342 2.658% 1672.670 14110027 1.220¢ 1,230 4.0530 23.0767 20193 14:125 25.2):2

23,9148 22,487 14,97 25,2401
23,953 2239 14T 2002024
1683.867 1823.71% 1.2247 23,993 23,531 L14..e5 25,2740
169G.298 1427,957 1.2291 1.2022 4.0022 24.0049 260202 14..19 25.29
1694,500 1632.008 1.2299 1.2433 4.6642 24,0772 20,59 15,995 2%.3102

35,0000 12,4941 Co3209
36,006 13,9398 J.32.9
37.000C 19,9770 G.3138
30,0000 13.61%8 C.307°
39.00CC 13,4302 0.33.6 6.2205 3.3848

40.DCCC 19,0902 2.2945 8.2746 0.9762 2.9982 1690.919 1636.230 1,229 1.2444 4,606 24,129 2%.12% 13900 25,3248
41,0000 13,7578 0.2087 6.3203 0.5602 0.3907 1723.298 1640.380 1.22¢) 1.2454 20,1643 29.056 13,941 25,308
42,0060 13,7770 ".2031 6.3022 2.56U6 0.9021 17)7,547 1844,505 1.22¢7 1.2405 24:249) 20,087 13,315 2%.3644
43.000C 13.8199 C.2779 6.4357 12,9534 J.5748 1711.005 184n.617 1.2271 L.2478 246,258 26107 Ls.eRY 25.38U7
44,0000 19,0544 S.2720 6.4894 0.5405 0.5475 1716132 152,704 1.227% L.2480 26,3008 27,240 13.%0¢ 2w.87 )

49,0000 13.0320
46,0000 0
47.00¢¢
40.00CC 1o,
49.0)0C 14,0629 .257 8,734

0.6238 2.6409 1677.591 1615.272 1.226C
1681,40 9,903 1.2244

3.9399 C.5607 172,400 (656,799 1.2278
J.8336 D.3%61 724,074 166 " 1.220
0.8479 1023.9X% v 1.2200
D.9419 1733477 8 §,225%
J.%381 LP37.4105 b.2208

(3} 27710 11.8)3e
20.%08 | .
038 15.706
W0 1309
29,088 13,732 29,495

2443
24

24.538)

PRESS & -2 o2 L1134 cr r 4

10,9600 C.1501CE-00 Ce95510L )3 *,12801€-0C UL T753250-C1 .o362e0C-.1
11.0C0 0.15070E-30 0.952V5E 10 J.129476-(C 0.75440E-C1 o35 eal-J1
12.0000 932¢-00 Co95132E Y0 7. 13090€-0C CoT76)52FCL . D% 8461
13.0000 Co19905E-30 1,48339€-71 T O4TO2E 57 “ A12149€-.0 T, 765 9E-C1 .35t 02¢ -}
14.0CC0 0.16059E-79 . 4¥I65E-01 0.545208 N0 ~.1I270L-C2 S, PPORIE-CL . 3¢ IPL-)

o
.
-

35.2CCC ColGL29E-00 Y,40342€-01 C.54204F DC C,13D04E-0C CoPV3SAE-CL ., 36348L-31
16.0000 C.161080-30 ~.4038TE-NT C.330G0E 37 . 13439€-00 Q. TIN2E-CL . .36THNC-00
17,0668 Co14254€-90 7.40419E-21 )eSII27E 70 Co13592€-00 0. 70741€-CL L.3TiuTC-u1
0CCO 0.16319¢-C0 STE-91 0.53453F 20 2.1)6938-(0 O, T930CE-CL 37495L-01
19,0500 C.16385¢-00 ORE-OL Co33IT6L JC o1 3VESE-CO0 0.00043E-C1 :oBT692E-01

20,3000 C.168510-00 .603496-01 0.52R96L 30 Co130998-30 G.8OTINE-CL .38/ 9¢
204306Q 0.145176-00 7,40800€-01 0.52014€ 00 C.33994E-(0 C.01440E-CL C.3871
22,0000 0.16582€6-30 1.494396-01 0.52300€ 00 9.14C928-.0 0.02160€-C1 2.37139€-24
23.0000 C.1606BE-00 J.48Y02€-01 C.92)44€ )3 [ 141008-00 0.02004€-01 .3V TIE-C|
24,0000 0016713600 Y AGTI2E-01 Q. 91T57E 10 C.142008-00 C.030708-C1 .4 1OE-0)

0.16770€-00 . 4n03IE-01 T.914600 30 Co18370€-00 C.0043TL-CL .6 4581
0.16003€-G0 1o 0009%E-01 V. S1IVE J0 G.184728-00 0. 052500~C1 7.4 0 TL=-01
0 C.16908€-0C *,40959C-01 0.30089¢ 00 C.145438-00 0.880978-C1 .41 165€-01
0,169726-90 '.497236<01 0.90998¢ 00 2. 14097€-00 0. 00077E-C1 ..41:29C-v1
ColV036E-00 7.49000¢-01 J.5CBOTE 00 o 14740E-00 C.OVII9E-CL L.42.90€-31L

90.0C00 0.17099¢-00 1.49154€-01 0.5°013E 00 0,148306-30 0.009328-C1 c.42772¢-91
31,0000 0.1714238-00 0 £<31 0.49723€-20 J,14927€-00 C.894008-C) [ 417910~
32.0€00 0.17224¢-00 vl J.49831E=-%0 J,19019E-00 0. M2T0E-C1 Jaai739€-01
33,0000 S.172008-00 €=00 Co091I9E-20 5. 190I3E-00 0.9114DE=C1 Ued4224 -0)
34,0000 0. 17340E-00 N 40414E-01 Coa004TE-)0 T.1SL09E-00 0.920208-C1 L4411 0]

39,0000 0.17400E6-00 0,494 79€<01 Co08350€-30 . 192758-00 C.92010€-C1 ..457062-01
00068 0. 17009C-00 J.49342E-01 C.40204€-70 . 133008-00 0,930 78-C1 v.40TI0€E-u1
37,0000 0.17929€-00 0.49600€-01 0.47973¢-00 L.154438-20 C.907238-C1 J.46220€-31
39.5800 0.17900E-00 0.49668(-01 0.47682€-20 2.19327¢-00 J.95443E~C) 0.46720(-31
99,0000 C.17646€~30 7,09720§-01 0,473928-00 C.15009¢-00 0. 96300E~C1 ..47241€-01

48,6000 0.17704£-00 0.4T102€-00 Co136908-0L0 0.974938-C) 0.47187L-01
~$1.0008 0.17701C-00 ] €<00 C.157710-00 0.90439¢-0} 02768-01
42,0000 0.170188-00 0.190548-00 0.99372€-L1 0.40T90€-01
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EQUATION OF STATE

SOLUTION TO
HUGONIOT CURVE

o

VOLUME RATIO
i

HUGONIOT EQUATION

N

I
W

-4
10 M 2 13 14 15

TEMPERATURE RATIO

Fig. 1: Determination of a Point on the Hugoniot Curve in
the V-P Plane
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Fig. 2: Determination of a Point on the Hugon..: C
theV-© Plane
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Fig. 3: Diagram Showing Hugoniot Curve, Rankine-

Hugoniot Curve, and CJ Rayliegh Line for
2H2+02 Mixture at 60°F, 760 mm Hg.
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FLOW DIAGRAM
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(TABLE 2)

LOAD DATA AND EVALUATE
SEVERAL CONSTANTS

| L
GO TO SPEC. WITH . RETURN FOR MORE
INITIAL DATA. DATA OR EXIT FROM
PROGRAM.
SUBROUTINE SPEC.
(TABLE 345 )
SPECFY VALUES OF p AT

WHICH HUGONIOT CURVE IS TO
BE SOLVED OR FIND PC-JORF\‘/-N
PRINT OUTPUT.

I ,
GO TO MAIN WITH RETURN TO SPEC

p SPECIFIED WITH SOLUTION TO

HUGONIOT CURVE .
SUBROUTINE MAIN T
(TABLEG) I

EVALUATES THE THERMODYNAMIC
PROPERTIES ON THE HUGONIOT
CURVE AT THE GIVEN p.

|
GO TO BRINKWITH RETURN TO MAIN

p AND T SPECIFIED WITH EQUILIBRIUM

COMPOSITION AT
SUERQTNE BN S
|

EVALUATES\EQUILIBRIUM AT
SPECIFIED p AND T.

Fig. 5: Flow Diagram of Computer Program
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Fig. 7: Hugoniot Curves for Hydrogen-Oxygen Mixtures
Initially at 60°F
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Fig. 9: Hugoniot Curves for Hydrogen-Oxygen Mixtures
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Fig. 10: Hugoniot Curve in Dimensionless Temperature-Entropy Diagram
for 2H+0 Mixture Initially at 60°F, 760 mmHg.
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Fig. 14: Influence of Initial Pressure on CJ Temperature Ratio
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Fig. 15: Influence of Initial Pressure on CJ Detonation Velocity
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Fig. 19: Influence of Initial Pressure on Equilibrium Composition of
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Fig. 20: Influence of Initial Pressure on Equilibrium Composition of
 Product Gases for 3H+0O, Mixture Initially at -50°F
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Fig. 21: Influence of Initial Pressure on Equilibrium Composition of
Product Gases for 3H,+0, Mixture at -180°F
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Fig. 22: Influence of Initial Pressure on Equilibrium Composition of
Product Gases for 2H,+0O, Mixture Initially at 60°F
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Fig. 23: Influence of Initial Pressure on Equilibriumm Composition of
Product Gases for 2Ha+ O, Mixture Initially at -180°F
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Fig. 27: Influence of Initial Pressure on Specific Heat at the Constant
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