Superscripts

G = vapor phase
L = liquid phase
o = at physicochemical equilibrium

Subscript

O, = for oxygen

Composite symbols

ko = Henry’s law constant for oxygen
Kx = apparent equilibrium constant in terms of mole fractions
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Single Generalized Chart of Detonation

Parameters for Gaseous Mixtures

ROBERT G. DUNN and BERNARD T. WOLFSON

Aeronautical Research Laboratory, Wright Air Development Center, Wright-Patterson Air Force Base, Ohio

T here exists a need for simplified methods of determining
and visualizing the values of detonation parameters for all
gaseous mixtures, Some of the instability phenomena ob-
served in aircraft propulsion systems (turbojet afterburner,
ramjet, rocket) are believed to be the result of some form of
detonation. Information on detonation parameters may have
direct application in the understanding of these instabili-
ties, These instability phenomena and their possible as-
sociation with detonative combustion have been discussed
{, 5, 6).

Information relating to aircraft propulsion system insta-
bility phenomena can be applied to analogous situations in
chemical and other industries. Thus, fundamental aspects
of detonation are likely to find application in many areas.

To provide simplified means for analytically determining
values of detonation parameters, the authors rearranged the
classical equations of detonation and devised a calculation
procedure based on the resulting generalized equations, in-
volving only nondimensional quantities (2). During the
process of generalizing the detonation equations, it became
apparent that it would be extremely useful if the detonation
parameters for all gaseous mixtures could be presented in
nondimensional form on a Mollier-type diagram. This would
aid considerably in the visualization of the relationships
among the various detonation parameters. It was found that
the generalized detonation equations could be utilized for
the graphical presentation of detonation parameters on a
small number of Mollier-type diagrams. Three such dia-
grams were presented (7), covering the ranges of detonation
parameters normally encountered for gaseous mixtures.

In this report, a single generalized chart of detonation
parameters for gaseous mixtures is presented. This chart
represents an improvement of the generalized charts previ-
ously presented (7), in that the detonation parameters for
all gaseous mixtures are now on a single diagram rather
than on a series of diagrams, thereby eliminating the neces-
sity for interpolation between charts. The chief usefulness
of the generalized chart is to provide a means for the visu-
alization of the relationships among the detonation parame-
ters for all gaseous mixtures on a single diagram. The ap-
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plication of the single generalized chart is illustrated by
several examples,
EQUATIONS FOR GENERALIZED CHART

It has been shown (2) that the following four equations
can be derived directly from the classical equations de-
scribing the detonation process for gaseous mixtures:

1 M2 11 1
B- 3 [—_l+ ﬁ (—’+}“>J B (1)
Ya -1 2 Y1 2M1 }’1‘1

P 1
2. Gy MP + 1) @)
Py v+ 1
Pa_ Vit 1 v ME 3)
[ Y2 }’1M1= +1
T My v M+ 1)

- . 4
My, Ga+ 1y yiM¢ @
where B is the energy release function, B = (J&/a}), and
M, is the detonative Mach number, M, = (D/a,).

In the derivation of these equations it was assumed that
the ideal gas law holds for the reactants and the products at
the initial and final conditions, respectively. This is
equivalent to the assumption that the actual temperatures
and pressures of the initial and final mixtures in all cases
are in a region where the use of the ideal gas law results
in negligible error, For the final mixture, this is a reason-
able assumption in all cases in view of the extremely high
temperatures occurring in detonation. For the initial mix-
ture, this is a reasonable assumption if the initial condi-
tions are sufficiently far from the critical conditions of
pressure and temperature for each component so that com-
pressibility is a negligible factor. Thus, in all cases
where an equation of state has been required for describing
the states of the initial and final mixtures at the initial and
final conditions, respectively, the ideal gas law has been
used. The usual assumption is also made that chemical
equilibrium is attained in the detonation wave.

JOURNAL OF CHEMICAL AND ENGINEERING DATA



A_w» +8 RVHQ.ZO_POZDu 3SVINIY A9YINI dIJIAON
Oz OOt OBe 09¢ Obe 02€ OOE 08¢ 09 obve Oc¢ 00c 08I 09! oWl 02l ool 08 09 o 874 0

- = == =

...................................................... %_r

[«]

I =T

e 4

,,,,,,,,, e e I B R e /8

e \kvw\w\\\x\\\\\\w\“\“w.ﬁ

il

....................... N S \\\\u\\.\\\“\\\\\\%.,\
III’I|'i!"ﬁﬂm“W“‘h‘“ilquuyulI\\r\.lm\,’,,m,“wﬂj,lﬂhaﬂﬂ,V\\‘ J*NN\WM\HP,\ NW \\§\§¥%§

ﬂ‘”(‘(w‘lw\‘lh“\\‘!“H{;‘}wwvﬁm}v'&“‘lﬂ\‘l\y‘\ﬂ%wuwwy , et ,],ka\l\\’\ Dy DL Iy 1101000 AT .
= ,\ S — = e = Va\\\ - \.\l,\ \\\N\\\\N\\\\\\\\\\\\\\\\ %&\

—_— = |

N

[ = e W W=, G S S S S St s Sy g e AL i \~.. N

| 2 il*lﬂ“&[}l e >y \%@%wwww\%%\
o g g T i i
= QN\MM W\.Kam*\\ FIs e e e e e e W #\NN.NW\&&«%\\ .§\§n

=)

[=]

2

[*3

_ £

e " ) B

[=]

14

[=]

S

[=]

<o o] ot ; X
5 =i — 0 S 0 —4o
—r——&" “L%\}WNWHAV A

y - \ LT 7 < 9/ 7 \\\ \\N\\”\\ S . 9
“ 7 i > \\&W\«%&Nﬁu\\\*\\\\“«\\%ﬁ%@

73

!
!
|
l
l
1
1
|
N

8

,‘&
~
[=]

[=]

6

[=]

ol

[=]

[}

2l

[=]

€l

[=]

ST A L L I A A T T v
P A i

"W osl

125

MACH NUMBER FUNCTION, 7 M
Figure 1, Single generalized chart of detonation parameters for gaseous mixtures
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To facilitate generalization of the detonation equations,
it was assumed that both the initial and final gaseous mix-
tures are polytropic (7)——that is, the difference in internal
energies across the detonation wave is

ey—¢€ =cy, Ty ~cy T,

It is believed that this assumption did not appreciably af-
fect the accuracy of the final generalized equations.

To permit presentation of the detonation parameters for
gaseous mixtures on a single chart, Equation 1 may be
utilized in a slightly modified form. Multiplying each side
of Equation 1 by y,,

1 M2 1
v, B = 2 [Zx__x+y: '—z+1 - (5)
vs =1 2 2y, M y. -1

Vi 1 [)':Mf 2 1
1B + = +y +1 (6)
' y,~1 s ~1 2 : 2y, M¢

Then, introducing the modified energy release function,

£

= @

B:le+

EAquation 6 becomes

8 1 y, M2 . 1 ) @)
= + +
yio1 [ 2 T \ayml

Equations 2, 3, 4, and 8 are the nondimensional equations
which form the basis for the single generalized detonation
chart presented in this report,

CONSTRUCTION OF GENERALIZED CHART

It was found that all the detonation parameters, appli-
cable to all gaseous mixtures, could be presented on a
single generalized chart (Figure 1). This chart is a graphi-
cal presentation of the generalized detonation equations
(Equations 2, 3, 4, and 8). The chart shows basically the
variation of the Mach number function, y, M?, with the modi-
fied energy release function, 8, at constant values of the
specific heat ratio for the final mixture, y,. This relation-
ship (Equation 8) is represented as radial lines (approxi-
mately straight) emanating from a region near the origin.

The other detonation parameters~—pressure ratio, temper-
ature-molecular weight ratio, and density ratio across the
detonation wave-——are represented by cross plots on the
chart, each of these parameters being dependent only on
the Mach number function and y,. That is, lines of constant
p./py, lines of constant T .M, /TM,, , and lines of constant
ps/p, have been cross-plotted on the generalized chart
utilizing Equations 2, 3, and 4.

The lines of constant y, (radial lines) shown on the chart
are approximately straight. Inspection of Equation 8 shows
that for large values of y, M2, the term 1/(2y, M) is negli-
gible. Therefore, for all values of y, M} above approxi-
mately 15, these lines are straight within the reading ac-
curacy of the chart. Each of these lines is slightly curved
at the lower end and reaches a minimum value of B at a
value of y, M} near unity. The exact coordinates of this
minimum point are

Ya

Bmln = C))
¥a=1
M=y, (10)
and the locus of the 8, points is given by the expression
Bmln
y M= (11)
e Bm in ™ 1

Examination of Equations 2, 3, and 4 shows that this locus
(where y, M2 = y,) is also the locus of points representing
the following theoretical conditions:
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B TaMw, | L
Py Tlez P1

For the lines of constant density ratio, the point at which
B is a minimum is given by the expression

Bmln =

Pa/py 1 2 P2/py 1
Py 1My +< . M2
[ 2 2(pa/py) }Y: ' 2 2pa/py .

2 = pa/p) yi M = palpy

12)

where the value of y, ¥? at this point is

Yxsz - pz/Px E + Pa/P: 2 :] a13)
2~ pa/p, @ - pi/p) ¥ pu/p,

The range chosen for each of the detonation parameters
plotted in the generalized chart was based on theoretical
and experimental data obtained from the literature for a
number of representative gaseous mixtures, The maximum
value found for y, was slightly higher than 1.4 and for M,,
approximately 10; hence, the chart was constructed with
values of y, M} ranging up to 150. The range of values
plotted for 3 is 0to 420; for p,/p,, 2 to 72; (T, M, )/ (T, My,,),
1 to 37; and p,/p,, 1.6 to 1,93,

USE OF CHART

The value of the generalized chart (Figure 1) lies princi-
pally in the fact that it presents all of the detonation pa-
rameters for gaseous mixtures, utilizing only dimensionless
quantities, on a single Mollier-type diagram,

The usefulness of the chart in permitting immediate visu-
alization of numerical values of all the detonation parame-
ters may be illustrated by considering two actual gaseous
mixtures for which partial detonation data are available in
the literature,

For the gaseous mixture H, + % O, at 18°C. and a pres-
sure of 1 atm., values reported in the literature (3) for deto-
nation velocity and pressure ratio are D = 2806 meters per
second and p,/p, = 18.05, respectively., The molecular
weight of this mixture is M,, =12,0107. The Mach number
function is, therefore,

DM, (2806 x 10%)’ (12.0107)
JRT ~ (4.185 x 107)(1.98719)(291.1) _

If these values of p,/p, and y, M} are used, the remaining
detonation parameters as obtained from Figure 1 are as
follows:

ylMlz =

v, = 1.214
pQ/pl =1,78
M,
——1-10.2
T, M,
B =445

As an indication of the accuracy of data obtainable from
the chart in this manner, calculated values of y, and p,/p,
for this case reported elsewhere (2, 4) are found to be the
same as the values given above.

The second example illustrating the use of the general-
ized detonation chart is for the gaseous mixture, C, H, + O,
at 15° C. and a pressure of 1 atm, For this mixture, Manson
(4) reported the detonation velocity to be 2960 meters per
second and the pressure ratio to be 50.2. The molecular
weight of this mixture is 29.008 and the Mach number func-
tion is
D*M,, (2960 x 107)° (29.008)

= = 105.0
JRT (4.185 x 107)(1,98719) (291.1)

}’1sz=
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Using these values of p,/p, and y, M2, the following values

of the remaining detonation parameters may be read from
Figure 1:

.M,

ya = 1.11 LM 267
M,,

pa/p, = 1.88 B =231

In more general applications, the generalized chart can
be used to illustrate clearly how all of the detonation pa-
rameters vary with initial composition, pressure, and tem-
perature, That is, if data such as y,M! and p,/p, are
available for a given detonable gaseous mixture at several
initial conditions, these data may be plotted directly on the
generalized chart. This plot will provide a convenient
means of visualizing the change of all detonation parame-
ters under varying initial conditions. The plot may also be
used to facilitate accurate interpolation of detonation data,
so that values of the detonation parameters may be con-
veniently obtained for initial conditions where data are not
available,

Other practical applications for the generalized chart
will become apparent with its use. For example, if the
detonation limits for a class of detonable gaseous mixtures
can be represented by a single curve on the generalized
chart, such information will be extremely valuable in many
applications,

ACKNOWLEDGMENT

The writers are grateful for the encouragement and guid-
ance given by D. G, Samaras and also wish to express their
appreciation to Amy Clemmer, who performed the calcula-
tions and prepared the graph.

NOMENCLATURE

a = velocity of sound, cm. per second
B = energy release function, dimensionless

cy = specific heat at constant volume, cal. per gram, °K.
D = detonation velocity—velocity of detonation wave with
respect to initial mixture, cm. per second
e = specific internal energy, cal. per gram
h = energy release per unit mass of mixture, cal. per gram
] = mechanical equivalent of heat, dyne-cm./cal. or ergs per
cal.
M, = detonative Mach number—Mach number of detonation wave
with respect to initial mixture, dimensionless
Y1 M} = Mach number function, dimensionless
M, = molecular weight, grams per gram-mole
p = pressure, atmospheres
R = universal gas constant, cal./gram-mole, °K.
T = absolute temperature, °K.
B = modified energy release function, dimensionless
y = specific heat ratio, dimensijonless
p= density, grams per cc.
Subscripts
1 = initial mixture at initial conditions
2 = final mixture immediately behind detonation wave at
final conditions
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Explosive Systems Containing Liquid Oxygen

Liquid Oxygen-Liquid Methane Mixtures

A. G. STRENG and A. D. KIRSHENBAUM
Research Institute of Temple University, Philadelphia 44, Pa.

Although the explosive properties of combustible gas-oxygen
mixtures have been investigated extensively, little or no work
has been done on the explosive properties of the same mixtures
in the liquid phase. Liquid systems having densities more than
1000 times as great as the corresponding gas mixture have faster
reaction rates. Knowledge of the detonation properties of a mix-
ture in both gas and liquid systems should provide data for test-
ing and extending the classical theory of detonation. Data are
being obtained on nine systems (5,6).

. Methane (1) —oxvgen (1)

. Carbon monoxide (I)—oxygen (1)

. Cyanogen (s)—oxygen (1)

. Carbon subnitride, C,N, (s) —oxygen (1)
Ammonia (s)—oxygen (1)

Hydrogen (1) —oxygen (s)

Carbon (s)—oxygen (1)

. Aluminum (s)—oxygen (})

. Ozone (lands)

BN =

el =)

This article deals with the first system —mixtures of liquid oxy-
gen with liquid methane.
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MISCIBILITY OF LIQUID METHANE AND
LIQUID OXYGEN

Liquid methane was found to form clear homogeneous solu-
tions with liquid oxygen at 90°K. (-183°C.) over the whole
composition range from 0 to 1009, oxygen. The solutions are
colorless on the methane-rich side and gradually approach the
color of liquid oxygen on the oxygen-rich side. Cooling to
77°K., however, caused solid methane to separate in mixtures
containing over 50 weight 9, methane. (Matheson c.p.
methane was used in these experiments.) Fastovskil and
Krestinskil (4) investigated the solubility of solid methane in
liquid oxygen between 69° K. (-204°C.) and 74° K. (-199°C.).
They found that at 74° K. the weight ¢ of methane in liquid
oxygen was 49.35,

EXPLOSIVE RANGE AND EXPLOSIVE FORCE OF
LIQUID OXYGEN-LIQUID METHANE SYSTEM

The explosive limits and brisance characteristics of the liquid
methane-liquid oxygen system were determined at 90° K. for
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