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NOMENCLATURE

A area

K Angstrom units = 10"8 cm

a speed of sound

b channel width

cp specific heat at constant pressure

Ca,Ch concentration of gas "a" or "b, mole fraction
Ce volumetric concentration of collodion in amyl acetate
Ch mass of nitrocellulose/unit volume of collodion
Dap binary diffusion coefficient

d channel depth

E activation energy

e naperian base

F function defined by Equation (2.15)

f mole fraction

h specific enthalpy

k constant

ki,kp,ete reaction rate constants

L permiter length of drum camera

Le film thickness

M Mach number

m molecular weight

m,n integers in Equation (5.4)

n number of drops

P nondimensional pressure ratio defined in Equation (2.37)

ix



P permeability

P pressure

q specific heat release

Ry universal gas constant

r film radius

T temperature

t time after passage of wave

t non-dimensional time after passage of detonation wave,

Equation (L4.10)

tp drum period of drum camera

u velocity in x direction

Upax maximum velocity in channel

v specific volume

v velocity in y direction

v instantaneous non-dimensional velocity, Equation (L4.9)
3f acceleration of film in y direction

% non-dimensional acceleration, Equation (4.8)

[x] third body concentration

X reaction length

Xp pitch length

z defined in Equation (4.32)

a angle of slit with the direction of motion of camera
B,B' angles of detonation streak with direction of motion of film
r'(x) "Oomplete" gamma function

r(x,y) "Tncomplete" gamme function defined as O;rtx'le'tdt

Y ratio of specific heats



) deflection angle of interface

€ coefficient defined in Equation (2.21)
¢ reduced distance

E reduced reaction length:

e wave angle

A ¥/%,

K magnification

v kinematic viscosity

v number of drops/unit volume

Vrm natural sound frequency

3 fractional area increase defined by Equation (2.18)
0 density

T induction time

?1 function defined in Equation (2.35)

P function defined in Equation (2.36)

¢5,¢3' functions defined in Equations (3.8) and (3.10)

X see Equation (L.Lk)

v function defined in Equation (2.23)
Subscripts

1 condition ahead of wave

2 condition behind wave

20 condition immediately behind wave

3 condition behiﬁd wave after expansion
c critical

CJ Chapman=-Jouguet

x1
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ABSTRACT

The theoretical analysis presented in this work shows that a detonation
wave in a gaseous explosive bounded by an inert gaseous medium propagates at
a lower velocity than it would have if the explosive were inside a tube with
a solid wall. The velocity decrement is found to be dependent primarily on
the ratio of the initial densities of the explosive and the inert gases, the
reaction length‘of the explosive and the extent of the explosive normal to
the interface. An extension of composition limit criteria shows that there
is a limit to the velocity decrement beyond which the detonation 1s expected
to quench and therefore deteriorate into a shock.

Extensive experimental results on Ho-Op mixtures bounded by nitrogen and
some results on stoichiometric CHg-Os bounded by different gases show a gen-
eral agreement with theory. In the case of Ho-05 mixtures, it is found that
a velocity decrement beyond 8-10% leads to quenching. The reaction lengths
of the stoichiometric mixtures of Hs-Oo and CHy-Op are found to be .14 in.
and .32 in. respectively. In all of the experimental work, the explosive was
separated from the boundary gas by a very thin film (250-500 A) to eliminate
any diffusion effects.

Other results relative to the behavior of the detonation wave when the
explosive is much denser than the boundary gas and also near the quenching
limit are included.

It is concluded that the experimental method described can be used as a

new tool for determining some important properties of gaseous detonations.

xiii



I. INTRODUCTION

Research on detonation waves has received quite an impetus »
" since the late nineteenth century when Berthelot and Vieille(l)‘aﬁd
_'Mallard and LeChateller(2) published their experimental ﬁorks identi-
fylng the supersonic nature of these waves, and indicating that {nT
constitute & mode of combustion distinct from the slow mode or deflagra=-
tion. Very shortly thereafter, Chapman(5) and Jouguet;(h) using a hydro-
dynamic approach, confirmed this observation. In addifion, théy recog-
nized, independently, that the burned gas behind the wave traﬁels at
the local speed of sound relative to the wave. Waveé possessing this
unique property are now calléd Chapman-Jouguet waves in their honor.

| The present literature on detonation waves and allied subjects
covering various aspects of the phenomenon is very exfensive as can be
seen from the reviews of Morrison, gg_gi.,(S) Gross and Oppenheim,(G)
Wagner,(7) and Evans and Ablow.(8) Experimentally, the study of deto-
nation waves has, up to recent years, been conducted in shock tuBeé or
flame tubes} for example, see the work of Morrison,(9) In a tube it
appears that the only stable type is the CJ wave as shown by Lewis and
| VonElbe(lO) and Scorah.(ll)

Within the last decade some theoretical studies by Slestrunck,
et al.,(12) ang Rutkowski and Wicholls(}3) indicated the possibility of
attaining standing detonation waves (i.e., fixed with respect .to labora=-
, tory coordinates). Theséﬁwaves could be either the CJ type or the st&ong

type where the burned gas travels at subsonic speed relative to the wave.



The first standing detonation wave was realized in 1958, in an under-
expanded Jet and was reported by Nicholls, Dabora and Gg;lera(u‘)

Later on, other researchers such as Gross(ls'ié) and Rhod;!a and cnrm(l'f)
reported on experiments concerned with the esta.blishmnt of standing
detonation waves. | |

Another aspect of the detonation phenomenon to vhich consid-
erable attention is given at present is the structure of the wave itself.
The ploneering works of Kirkwood and Wood(18,19,20) end of HirschPelder .
and colleagues(21,22,23) ag well as the work of Adamson(2¥) gre cited in
this regard. White(25) used interferometric techn!.qués to study the
structure of the vave experimentally. Reviews on this subject can be
found in the publications of Oppenhein and Stem(a‘?) and Ne(a")

The chemical reaction behind the detonation front has been
also a subject of sﬁudy by mny 1nveatigatqrs. In particular, the
hydrogen-oxygen-diluent regction has been studied in detall: for ex-
ample, the works of Dure,(28) Schott and Kinsey(29) and Nicholls.(30)
The last two works were primarily concerned with the igniticn time de-
lay.

Recently, in an effort to obtain a hetter understanding ¢f
the propagation of detonation waves in condensed (liqﬁid or solid) ex- .’»
plosives, Sommers(31l) studied, ss an analogue , the interaction process
_between a gaseous detonation wave }and an inert confining gas. The |
analogy stems from the realization that. pressures behind detoration |
waves m’condensed explosives are so high that any confining nedim
would behave much like a compréssible material. Son'lﬁcrsy,succeeded in

showing that different confining gases can influence the behavior of,‘:



the detonation wave differently, and thus was able to confirm qualita-
tively what ha’ been observed experimentally in condensed explcsives
by several investigators such as Campbell et al.ﬁBg) Mndard(BB) and
Nahmani and Manheimer.(54)

Apart from its usefulness as a tool in gaining an insight into
the behavior of condensed explosives, the study of the interaction pro-
cess between a gaseous detonation and a side inert gas is interesting
by itself. The extensive experiments on detonations waves in Hp - Op
mixtures when confined by an inert gas reported here will show how such
studies can lead to estimates of reaction lengths behind detonation
waves,and to a check on the reaction mechanism in the same region.

An intriguing application of a detonation wave is its main-
tenance in an annulus with the front moving in the tangential direction.
Detonation can be maintained continuously by exhausting the burned gas
through one side and replenishing the annulus by the detonable gas from
the other side. This type of detonation traveling in a circular track
was reported by Voitsckhovskii,(BS) It has also been studied by
Morrison and Cosens(56) as a prelude to the design of a rotating detona-
tion wave rocket engine, the feasibility of which is under extensive
study at the Aircraft Propulsion Laboratory of The University of
Michigan,(57’58’59) The physical design of such an engine is such that
the unburned gas will in general be in contact with the burﬁed gas from
the previous cycle. ’Therefore, one of the problems relevant to the
rotating detonation engine is the determination of conditions under which

the detonation wave would continue to propagate. The results reported



herein will in part answer this question. The results are also con-
sidered relevant to the prevention of detonations that can arise in
rocket launching sites due to leakage of fuels and oxidizers, as well

as to the design of detonation traps.



II. GENERAL CHARACTERISTICS OF GASEOQUS
DETONATION WAVES

2.1 One Dimensional Waves

The classical hydrodynamic formulation of the characteristics
of a general, steady, one-dimensional wave will be presented briefly
here, It is assumed that the wave can be considered as a planar dis-
continuity, with conditions along the wave being uniform, as represented

in Figure 1. Thus the conservation equations can be written as follows:

a. Conservation of mass:

plul = p2u2 (201)

b. Conservation of momentum:

2 -
pul + Py = pU5 + Py (2.2)

c. Conservation of energy :

ui u2 '

= thtas §£ + ho (2.3)
where q is the heat release (if any) per unit mass due to chemical
reaction.

To keep the analysis as general as possible, one can assume
that the gases ahead and behind the wave have different molecular weights
and ratios of specific heats. However, for simplicity both gases are
assumed thermally and calqrically perfect. Thus the equation of state
is

P =pBI%E (2°)+)
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Figure 1. One Dimensional Detonation Wave.
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and the enthalpy can be written as

A T S (2.5)

obtain

P

2 -1 2 22

Pl ==Y - o M% = - P2 (2.6)
v2 _ g P1vy P1P1

V1

On & pv diagram this equation represents a straight line with a nega-

tive slope for any finite Mach number. This is called the Rayleigh line,
On the other hand, if Equatioms (2.1), (2.2), (2.3) and (2.5)

are combined, the following can be obtained, after elimination of the

velocity terms:
2q 71 + 1 yo = 1,70 = 1 P 7o = 1.,V 7o = 1
i S hyemgy @222 2o (2
P1v] 71 = 1 yo + 17 yo + 1 P1 yo + 17 vy 7o + 1

This is called the Hugoniot relation,and it can be seen that on a pv
diagram it would plot as a family of hyperbolas with a function of ¢
and 7's as a parameter.

Figure 2 shows a schematic plot of Egquation (2.6) (two straight
lines) and Equation (2.7) for the adiabatic case and for two cases with
heat release. The lower_branch of the Hugoniot curves in conjunction
with Rayleigh lines of absolute slope less than y; represent the de-
flagration mode of combustion and is not relevant to our work here. The

upper branch and Rayleigh lines of absolute slope greater than 71



represent shock or detonation waves. In general, a Rayleigh line in-
tersects the Hugoniot curve at two points which represent the simul-
taneous solution of Equations (2.6) and (2.7). As examples, point A
represents an adiabatic shock wave with Pg/Pl and pE/Ql greater than
unity; point B is the solution for a strong detonation wave, and B'
is that for a weak wave both of which occur for a value of ¢q less
than the limiting value. Points similar to B' are usually ruled out
from entropy considerations, if the detonation process is considered a
shock followed by heat release. Finally point CJ 1is the solution for
the Chapman-Jouguet wave and is realized at the limiting value of heat
release and is the type of wave observed in flame tubes.

As can be seen from Figure 2, at point CJ, the Rayleigh line
is tangent to the Hugoniot curve. If Equations (2.6) and (2.7) are dif-

ferentiated, we obtain respectively:

D

3(=2) 2 2
p1° _ . WP (2.8)
v 1P

3(=2
V1

and ‘
-1

)2 R2,.22-o
1%1 . PP 70 % (2.9)
A2 p1 72 -1

(= Bl
V1 p2 72 +

Equating (2.8) and (2.9), substituting p; from (2.2) and u; from

(2.1), the solution of up for the CJ point is obtained.

ue =\ /2222 < a5 | (2.10)
2 2



This means that for a Chapman-Jouguet wave the velocity of the burned

gas immédiately behind the wave travels at the local sonic speedAwith
respect to the wave. As has been mentioned eaflier, this appears to

be the most stable type of detonation waves in flame tubes. The ques-
tion of whether the velocity of sound, ap, should be based on frozen

or shifting equilibrium is raised in the literature, and for a' summary
of its implications the reader is referred to the survey article by Gross
and Oppenheim°(6) It is shown there that using either "frozen" or "equi-
librium" speed of sound leads to an insignifigant differénce in the pre=-
diction.of the detonation velocity; therefore, the "frozen" speed of

sound is used in this work.

2.2 C(Classification of Detonation Waves

The conservation equations together with the perfect gas re-
lation and the definition of the velocity of sound can be combined to
give the changes in the thermodynamic properties across the wave in terms
of the original Mach nuﬁber Mj, g and y's. This was done by Adamson
and Morrisoh(ho> for the simple case where no changes in molecular weight
and specific heat ratio were considered. Later, Adamson(ul) generalized
the solﬁtions to cases admitting these changes. These éolutions are.

given here without derivation:
a. Pressure ratio:

Pp g . nf (0 - 22) | (2.11)
P1 72 + 1 n



-10-

b. Density ratio:

f2 - L (2,12)

L1 ._F 2.2y 1
m— ( ) =

c. Temperature ratio:

r 1
T m
oy 1,-_2_1r__<M§-;_2>J><
1 1 i M7 (72 +1) 1
M
F !
1+ L - 12y (2.13)
7o +1 71
J i

From the latter, one can easily obtain the speed of sound ratio, which

will be needed in a later section of this work, as:

7ol F(Me - 72
@Pf .M 2 |, 1 n L E G2 22
a1 gl 71 M (7o + 1) | e+l bt on
£
\ (2.1L4)

2 o '
2(75 - 1) MT 2( ¢ T2y (a5
(71 - 1) f - 22 °p;T1 71(7p - 1)

and its implication is as follows:
F=1 represents cases with limiting q, i.e., CJ waves.

Fs=s2 represents cases with ¢ =0, i.e., adiabatic shock

waves, (vhen 71 = 7).

2 >F>1 represents cases of strong detonation waves.
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The solution for the Mach number behind the wave was also given in

(41) as

2 Yoy 70
5 (70 + 1 - F)(M] “';—) +7—(72+l)
M, = 7L < 2 - (2.16)
V o2 72
2 7 F(MT - ;—) + (75 + 1)
1

It is to be noted that for the CJ case M, =1, and therefore,
Equation (2.16) yields F =1 so that the propagation Mach number of a
Chapman-Jouguet wave can be found from Equation (2.15) by the relation

2 7,2

2, (M -ZE)

qg _ 71-72 72 T L 71
c, T -1 -1 2
p,1 7102 -1 N M

2( (2.17)

Thus if the initial thermodynamic conditions as well as the value of
heat release and Yo are known, the detonation velocity can be found.
In general, however, finding g and 7o Trequires a-trial and error
solution that involves chemical equilibrium behind the wave as shown,

“(10)

for example, by Lewis and von Elbe, Moyle, et alo,(hg) Gealer and

7
Churchill, (¥3) Dunn and Wolfson(*), Bisen, et al.,(*5) aui vers recently
(46)

by Zeleznik and Gordon,

2.3 Detonation Waves Bounded by an Inert Gas

a. BEffect of an Area Change on the Propagation
of a Detonation Wave

When a plane detonation wave propagates in a gaseous explosive
column surrounded by an inert gas, an oblique shock is induced in the
latter due to the expansion of the burned gas behind the detonation front.

This type of interaction is believed to have been first treated by
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Doring and Burkhart,(u7) The flow pattern, as it appears to an observer
moving with the detonation front, is shown in Figure 3. In this frame
of reference, both the detonation and the shock waves appear stationary,
and the unburned explosive as well as the surrounding inert gas travel
at a velocity, Uy s into the waves.

Recently Sommers(5l) in his effort to simulate detonation of
condensed explosives, devised a means of exposing a gaseous explosive
column to an inert gas so that the interaction of the detonation wave
with the latter could be observed photographicaelly. Essentially the
method consists of letting a stream of explosive gas flow either into a
still medium or parallel to a side stream of an Inert gas. A detonation
is started in the explosive and when it comes in contact with the inert,
the interaction process is photographed. Figure 4 is a typical schlieren
picture of such an interaction, and it is seen that except for the curva-
ture near the initial interface of both the shock and the detonation
fronts, the interaction process follows closely the sketch in Figure 3.
It will be shown later that the curvature is primarily due to diffusion
between the two gases so that if it is minimized by appropriate means,
the curvature will be reduced considerably.

In order to find analytically what effect the expansion of the
burned gas and the attendant induced shock in the inert have on the pro-
pagation velocity of the detonation wave a model of the interaction pro-
cess must first be formulated. To begin with, it can be assumed after
Zeldovich£u8) von Neumann(u9) and Doering,(so) that the detonation wave
consists of a shock followed by combustion. Further, since chemical

reaction cannot be instantaneous, complete heat release is not immediate
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so that the Chapman~-Jouguet plane is at some distance from the shock
front. Such a process is illustfated in the p-v plane (Figure 2) as
going from (@ to A which is the shock, and then back to point cJ
through various stages of heat release. It should be pointed out that
recent evidence by Hornig(5l> and White(52>'indicates that the ZND
model of detonation is esseptially correct. The distance between the
shock front and the CJ plane, denoted by i; will be défined as the
reactiqn length.

In the case where the detonation tekes place in a, solid tube,
the CJ plane should essentially have - except for a boundary layer =
the same area as the shock ;plane.. However, when the detomation is ex-
posed to a compressible inert medium the shocke&;gas,‘being at higher
pressure than the inert, expands so that the CJ plaqe’in this cése would
have a larger area than the shock front. A detailed anélysis of the
reaction zone affected by the side relief is extremely difficult to make
because the region of interaction would include‘subson%c aﬁd supersonic
flow regimes which are further complicated by chemical reaction. Further,
the adjustﬁent of the subsonic flow behind the shock front of the deto-
nation wave would most likely cause some curvature in the wave itself,
the oblique shock in the inert and the interface.

In order to formulate, then, a model that would be amenable to
analysis, the region of curvature is assumed to be very small compared
to the total reaction zone = an assumption which is justified only by
the experimental evidencé shown later. Thus, in the idealized model,

shown in Figure 5, the detonation front, the oblique shock and the in-

terface are all assumed to be plane.
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The method for calculating the deflection angle of the inter-
face is presented in the next section. However, it ié sufficient to |
point oqt again, that due td this deflection, each stream-tube, origi-
nating at the frontAof the detonation wave, would experience an area
increasé at the CJ plane. The problem then is to find the effect of
ﬁhis area increase on the profagation velocity. The analysis that willA
‘follow will meke use of reasoning similar to that of Fay(55) who in-
vgstigated the effeét of bdundary layer on the detonation velocity in
solid tubes. If the shock front area is Ay and the CJ plane area is

Ap which is different from A7, then
AJAp =1+ ¢ (2.18)

where ¢ 1is the average fractional change in the area of each stream

. tube.

The conservation equations thus become:
(1) Conservation of mass:

Y = pgug(l + &) (2.19)

(2) Conservation of momentum:
L2 2 ok |

Clpqup + Py o= (pgp + Pp) (1 + E) - of pag (2.20)
and the conservation of energy equation remains the saﬁe\as Equation
(2.3). To evalﬁate the ihtegral term in Equation (2.20) yequires de-
tailed knowledge of the vafiation of the pressure behind the shock
front along the interface. withiﬁ‘ the reaction zone. However, one can
define the integral as: |

4

Of p dt = poek (2.21)
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and note from Equation (2.11) that pg/pl for a shock (F = 2) is about
twice that of a detonation wave (F = 1) when M; is large. Thus, the
value of € 1is between 2 and 1. It will be shown later that it is
about 1.15,

Using the same general assumptions as in Sections 2.1 - 2.2,
Equations (2.3), (2.19), (2.20), (2.21) together with the definition of

the speed of sound can be combined to give:

2
2(1+ 2) = (22)2(71 “Hr 1 1 (71Mi,+ 1)
ep,T1 1 f- 1) te v
(L + 70)(1 + &)
(7 - 2
sl - (2.22)

Introducing a new function ¢ defined by

1+ ﬁ‘sif“ leg '; (2.23)
tl EEEEAEE)

Equation (2.22) can be reduced to the following:

2 2
2 72 2 . 1
oL _ M7 g2t " -5 * KC (2.24)
Pl 1 1 :

This equation is different from Equation (2.17) by only the last term
which represents the effect of area change. For large Mj, (Ml > 5),

Equation (2.24) can be reduced further to:

. 2
71~ 7o 75 =1 2 2
o[ - ] = M7 (1 +¥75) (2.25)

If the heat release is assumed to remain the same whether there is an

area change or not, the right hand side of (2.25) remains essentially
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constant., It should be added that physically this is a reasonable
assumption in that chemical equilibrium is expected to remain the
same at the CJ plane whether there is an area change or not. This is
50, because the influence of én area increase would be a decrease in
both pressure and temperature at that plane, and if the heat release
is controlled by dissociation at this point, the pressure and tem-
perature effects would tend to cancel each other. As a check on this
assumption, calculations on the stoichiometric Hy - Oo mixture at a
pressure and a temperature of 20% less than atmospheric were performed
using the method of Zeleznik and Gordon,(h6) and it was found that the
heat release changed only by 0.2%.

Noting that Vv =0 when ¢ =0, one can find, after making
use of Equation (2.25), that the decrease in Mach number from the case
where there is no area change to the case where ¢ 1s finite can be

written as:

.Ml(§=0) -MAm /____;__2_ (2.26)
Mg=0)  Mi(¢=0) Ly

or in terms of ¢ .

1 - (52 ()

A LS B
My (¢-0) VI - () (017 + 22t () - () (c
£= - (i) nltlmg)iny - o o
(2.27)
which for ¢ << 1 reduces to
AMJ_ 2, €
— 2.28
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Fof 7o = 1.2 which is a reaéonable value for the products
of combustion in Ho - Oo detonations, the change in Mach number (or
velocity) becomes

A 65k et (2.29)
M1(¢=0)

Fay,(53) using numerical calculations for the stoichiometric
'hydrdgen-oxygen, obtained a coefficient of 055 instead of the above
.654., In our applications, since ¢ can be as high as .25, we shall

- make use of relation (2.27) rather than (2.28).

b. Degree of Confinement and Explosive Deflection Angle

The determination of the interface deflection angle is neces=-
sary for the calculation of the area change. In this section the method
of Sommers(5l) for calculating this angle is described first and then a
more general method is presented in detail.

For his solution Sommers assﬁmes the idealized model of
Figure 3 wherein the detonation wave 1s considered a discontinuity. The
burned gés behind it suffers s Prandtl-Meyer expansion from uﬁity Mach
number conslstent with the CJ conditlon. It is possible then to find
the pressure of the expanded gas for various Prandtl-Meyer angles. On
the other hand, from a knowledge of the flow Mach number in the inert
boundary, solutions for the pressure behind the wave for any wedge angle
can be found. The correct solution to both flows is obtained when both
the pressure behind thé shock and the wedge aﬁgle match the pressure of
the expanded gas behind the detonation wave and the Prandtl-Meyer angle

respectively.
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The method to be presented here is based on a shock tube
analogy, and is generalized for any combination of explosive and boundary -
gases., In the aﬁalogy, the gas behind the front of the detonation wave
will be comparable to the driver gas, and the inert gas will be equiva-
lent to the driven gas. As illustrated in Figure 6, the familiar y-t
plot of the shock and the interface propagation will be similar to the
y-x plot in the case at hand, where x 1is equivalent to wujt. For the
purpose of this analogy, the detonation wave i1s considered again as a
discontinuity so that plane 20 and % of Figure 5 are considered merged
into one plane.

With the nomenclature of Figure 6, the equation for the pres-

sure ratio across the shock in the inert boundary is, from Reference 5L:

. 8y by . " - ___229__
r (7600 = 1) i (22 -'1) : -1
Pe20 _ Pi2 ’1 ) °20 " 7 Bepo Pi1 _ | 7620
P; Pi1 | N — Pip *f
- (2.30)
Now, peEO/Pil can be written as
DPe20 _ DPe20 . DPel (2.31)
Pi1  Pel  Pil :
and
1/2
841 _ %1, %l _ (741 Pi1 | Pel , Pel (2.32)
ag20 ael ae20 7el Pel Pil 8e20
Purther, from Equations (2.11) and (2.14) respectively
2e20 _ gy o (2.33)

Pel el
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and
8e2o0
= ¢2 Mel (21:51!-)
8el
where:
Yo F 1 Y F
¢l = el l+ = (l - e20 ) (2035)
Yeoo * Me1 Yeoo * 1
and
1 1 2
7e20 el
7e20  F ,7e20,2 1/2

el Mel el
It is to be noted that for large M., the functions ¢l and ¢2 are
essentially constants and depend primarily on the type of wave con-
sidered through F.

If we define:

_ Psq . DPs
F = (28 - o)
M1 Pey Py

and substitute Equations (2.31), (2.32), (2.33), (2.34), and (2.37) into

(2.30), the latter can be rearranged to the following form:

Ye20™L
B 270 _ . 1/2
bolr-(i) By (L)L)
1/2 ; 1/2 . 711+l DPel M

Pel?el 7i1 = il el "el
pityil’  2(yi1 + 1) 7e207l 15 (Bily 1
BT 2
7'el pel Mel



ol

For large M,y this equation reduces to

(pil7il) e 2 2071+, /2 (rgp07L) 5 Jp
Pe17el 7il ¢e7e1 Yep0™L
(ﬁ ) 27e20
2y
(2.39)

Although it is hard to conceive of practical situations where

py1 1s different from p.q, the ratio pil/pel was kept in Equation
j
(2.36) for generality. It is seen that for a reasonably large Mg and
a ratio of Pil/pel moderately different from unity, the correlating
= . 1/2 .
parameter for P is essentially (pil7il/pel7el) / , since
1/2 —

[711/2(7il +1)] / changes very little with 7y;7. The parameter P
of course is nothing but the pressure ratio across the wave in the ex-
plosive after expansion due to side relief has taken place, normalized
. 2 .
in terms of Mel’ since Dy, = peBO

Equations (2.38) and (2.39) are plotted in Figure 7 for a
detonation condition in the explosive and for yo7 =741 = 1.4, and
Yepp = 1:2. TPurther in Equation (2.38); pi1/pe1 was taken as unity
and Mel = 5. Also plotted on the same figure are the results obtained
using Sommers method under the same conditions. Good agreement between
the two methods is apparent. The plot shows that the higher the density

parameter,

, 1/2 1/2
(Prr7azy (Rlray * 1), is,

Pe1?el 7il

the closer the pressure ratio P to the ideal pressure ratio of ¢l’
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indicating that the denser the confining medium is,the better the con-
finement, This is in agreement with the results of Sommers,(5l) who
found that the controlling parameter is the acoustic impedance ratio,
pilail/pelael’ for it can be shown that in the special case where
Pi1 = Peyo (inil/pelyel)l/2 is indeed equivalent to pilail/pelael;

In Figure 7, the plots labeled "Shock" are obtained again
through Equations (2.38) and (2.39), except that the temperature and
the pressure conditions behind the wave in the explosive are taken
equivalent to what might be obtained if the detonation wave were a
shock at the same Mg]. In this case yepp ~1s taken as 1.4, This
plot is not intended to imply an actual description of the pressure
field, but it is used only as a means of calculating, as shall be done
next, the interface angle under widely different conditions.

In order to evaluate thé defleétion angle, 3, the shock tube

analogy is retained. If v; 1s the interface velocity in direction

normal to the detonation velocity, then

vi/aj1  vi/agl  aq1 .
tan d = = 0o == 2,40

Uel/8i1 Mel ael (2.%0)

But from Reference 54
P 71/2
Vi Pio 711(711 + 1) L
L= (2= -1) > T T (2.141)
ail Pi1 iz 7il
Pi; 741 * 1

Therefore, writing

841 _ (711Pi , Penyl/2 (2.4)
Gel 7elPel  Pil
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and substituting it amdEquations (2.l41) and (2.37) into (2.40) we obtain:

- Piy1, 1
[F - (=) =]
" o Pelven,t2 vy 1/ Pe1” Y5 X
an § = ——( )| ] (2.43)
el p11711"  2(74p+1) (54 (ZAL7hy Piny L /2

711t 'DPe1” Mgy

If Equation (2.38) is substituted in the above equation, tan & Dbecomes

Yeoo - 1
2 B . 27e20
tan 5 = ———— ¢, |1 -(3) (2. 44)
(7620 - l) 2 @I

Since P 1is a function of the parameter,
pevren 2 M
p11711  2(rgp + 1)
it is possible to find the variation of tan & with this parameter.
This is done in Figure 8 for the same conditions as those of Figure 7.
It can be seen that under the various conditions used, tan & is nearly
independent of Mg and as to whether a shock or a detonation is con-
sidered in the explosive.
As a way of assessing the range of validity of the shock tube
analogy, the results obtained using Sommers' method for Mg = 5,
711 = Yel = 1.4 and yepp = 1.2, are also shown in Figure 8. Excellent
agreement is obtained for tan & up to about 0.5. The main conclusion,
then, is that the deflection angle depends primarily on the original

properties of the explosive and inert gases through the density parameter.

c. Shock Angle in the Inert Boundary Gas

Although it will be seen that the shock angle in the confining

gas does not appear explicitly in the evaluation of the propagation
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velocity of the detonation in the explosive, it will nevertheless be solv-
ed for next for the sake of completeness of the flow configuration,
and because it is one of the prime features that can be observed ex-
perimentally.

To this end, let us assume as in Figure 9 that an incident
wave travels through the medium e at a velocity Uel/sin Oel in the
direction parallel to the interface between two media. The refracted
wave travels, of course, at the same velocity but the normal components

of the velocities are related by:

41 - (2.145)

sin Gil sin @el

This is the general refraction law which applies for any type wave,

linear or non=linear. It can be written as:

Milail _ sin gil

= 2. 46

Now if we consider a shock wave only in the inert medium 1 without a

change in 7;, we see from Equation (2.11) that

. 2v.
P2 o1 T () - 1) (2.47)
Pi1 L+7ri
/ R
If we substitute (2.42), (2:37) and (2.47) into ( 2,46), we find that
; 1 1 - 1/2
sin Oq1 _7uatl L 741, (Pedleny /2[ 7i1 ) /2[5 s Tt Pay 1 /
sin 61 741 7rel  pi1ril  2(7i1+1) 711+l Pel MG,
| (2.18)
50 that from Equation (2.43)
[P+ APy L
sin 641 _ 741+ 1 7t Pey Me1 s (2.49)
sin © 2 s _(Pily 1
el [P - (=) ]
Pel MEI
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Flgure 9. Wave Refraction at the Interface of Two Medis.
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For the case where the incident wave is normal to the interface

(61 = 90°), Equation (2.49) reduces to:

— Ys1=1 D
ysq + 1 [P + 7ll+l(pll> Mé )
sin 07 = 112 - 11p el el +tan s (2.50)
[P - (Z2)
pel Mel

which for large Mg] reduces further to

7yiq + 1
sin 04 = -1_1_2__— tan & (2.51)

This is immediately recognized as the relation between wave
angle and wedge angle for high Machhnumbers and small wedge angles.

Equation (2.48) is plotted in Figure 10 for the case where
74 = 1.4 and that where y; = 1.667. In both cases it is assumed that
Mel is equal to 5 and a detonation condition prevails behind the wave
in medium e. Also shown in the same figure is the solution of
Sommers,(5l) for sin ©g1 =1, and it is seen that the agreement is very
good..

An immediate application of Figure 10 is the experimental work
of Gvozdeva,(55) where the refraction of detonation waves was studied.
For the case of detonation of (CHL4 + 202) refracted in air as boundary
gas, we nofe that the parameter

PeYeyl/2 7y L2
(p:y:) [2(71 }r 1)] = ,519 (2.52)

Accordingly from Figure 10, sin 847/sin 8 = 0.498. Since 63 = 58°,
one finds 0641 = 25°, (@vozdeva's schileren photograph shows a shock
wave angle 041 of about 26°, which is in excellent agreement with the

theoretical value.



*I9qaweIB ALqFsusd
JO UOTOUNg B S8 9ABM JUSPFOUI O3 Po3dBIFSY JO ATYUSUOTIBTSH QT SINITd

Sz % Y
_H: .\%N T YILINVHVD ALISNIA
Y.

S (o )] S0 1'0 S00

ya

-%2-

| : \\ ——— 1500

powren i 3oy {271 2, . \\
W
W

— 74

19

\«mnuv. S0

ol



-33.

d. . Determination of the Detonation
Wave Velocity Decrement

With the detonation considered as a discontinuity, one can
calculate the deflection angle of the interface as is done in Section
- 2.3b. In order to determine the detonation wave velqcity decrement,
the assumption is now made, for the deel of Figure 5, that the same
deflection angle prevails along the reaction iengtﬁ{‘ This assumptién
is bo;ne out Dby the experimentai résults presented in Chepter V. If
one considers a two-dimensional chanhel of width b, exposed to the

inert on one side normal to b, it is easily seen that

B el L (2.5)

From Equation (2027), it is éeeﬁ that the only unknown left
is € . An estimate of the value of ¢ can be obtained from the work
of Hirschfelder and Curtiss.(2Y) Tn this work, the pressure distribution
in the reaction zone of a detonatioﬁ with an*irfeversib;e unimolecular
reaction is calculated for the case wheré the shbck éﬁd reacﬁidn zones
are éoupledo In terms of their reduced distancé'whiah 1s proportional
to x and which can be denoted by €, it is found that the pressure
distribution p could be represented with good fidelity by the follow-
ing equation:‘ |
(B_ - 1) = (Pmax - 1) 7K (2.54)

b2 p2

where po 1s the CJ pressure. If we define the reduced reaction length

¢ as that point where p = p is within one pércent-cf the final value,

¢

one obtains

t = 1n(§”i§2<_;§?.) (2,55)

Pz*'Pz

L B
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Further, since for a known channel width and a known angle B, £ 1is
proportional to ¢, definition (2.21) can be written in the alterna-
tive form

. e
J 5 at = et (2.56)

—uv|

and therefore, after substituting (2.54) into (2.56) and integrating

the resulting equation, one gets

-k
e ={1 + L (Pmax . 1)(1 - e C)}
kf © po
[Eg@&,- 1} A
S 1-2 (2.58)
Pmax _ Pmax _
D
AE LR
L.

With Pmax/P2 = 1,53 from Reference 21 and pz/pe = 1.01, it is found
that

¢ =1.13 (2.59)

With this value of ¢, a plot of the detonation velocity dec-
rement as a function of the area increment can be made according to
Equation (2.27). This is shown in Figure 11 for the case where
Yepo = 1.2 . It should be added that the method of obtaining € is con-
sidered simply as a good estimate. However, if the exponential character
of the pressufe variation is retained, it can be shown that € is not
very sensitive to eilther Pmax/pQ or pz/pg . ‘For example, if

Puax/Po = 2 » €=1.21 and if pE/p2_= 1.10 , € =1.20 .
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ITI. CHEMICAL ASPECTS AND QUENCHING CRITERTA

Although Equation (2027) can predict the velocity decrement
in the propagation Mach numbef of a detonation wave, it does not give
any information about whether the detonation would continue to propa-
gate or quench. It is expected, however, that such information could
be obtained by a consideration of the nature of the chemical reaction.

The quenching criteria, to be presented here, are based on
theories that are used to predict composition limits, and are confined

to hydrogen=-oxygen mixtures as explosives.

3.1 Shchelkin's Instability Criterion

Shchelkin(56) examined the stability problem of a detonation
wave in the light of an overall reaction rate to arrive at an analytical
expression that predicts the onset of a spinning detonation. Since the
latter is usually associated with composition limits (i.e., explosive
compositions that do not support detonation), it would seem that his
solution could be extended to predict limits due to side relief,

,Briefly, Shechelkin's theory is as follows. The detonation
wave is considered a shock plane followed by a CJ plane after & sultable
induction time, 7. This time can be determined from the overall reaction
rate when pressure dependence is ignored, as:

Ep
RAT
(0] 620 (501)

T~¢€

where Tgpq is the temperature in the shocked gas and E, 1is the acti-
/

vation energy for the overall reaction. {If a disturbance starts in the

-36=-
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CJ plane,:the deformation becomes such that some of the gas in the post
CJ plane infringes on the unreacted shocked gas. Since the shocked

gas is at higher pressure than the reacted gas, it tends to expand to

a pressure close to that of the latter, resulting in a temperature de-
crease. This decrease, of course, tends to increase the induction time.
Sﬁchelkin postulated that if this increase is equal or greater than the

induction time, instability sets in.

Now
5 E,
a RT
7 T~ 2E2 e €20 (3.2)
Te2o x,RTeQO
If it is assumed that dﬁ/ﬂiégo is - unstant as the tempersture

goes from Tep, to a temperature ngo, consistent with the expansion

then the instability criterion becomes:

1

E T
2 - -820) > (3.3)
RoTepo Tepo” —

If the detonation pressure in the CJ plane is D, and if the ratio of
specific heats in the shocked region is the same as that of the original
gas, then,by assuming isentropic expansion, Equation (3.3) can be written

as

7e1 = 1

E
2 l"(

>1 (3.4)
RoTe2o Pe2o

If the shocked gas has the same molecular weight as the original gas,
substitution from Equations (2.11) and (2.13) with the appropriate

value of F into (3.4) yields, after denoting the critical Mach number
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satisfying the equality sign in (3.4) by Mp, :

] Yep -1
. X , Te2 el
Yoo + L + 74 e - Te2
1. et 1) | e2 oM, = 57
Yep *+ 1) | Yol t 1+ 2% (Mlc - 1)
RoTelb 2(7¢1 - l)(Mi - l)(7elMic + 1)
=—=—= |1+ = 5 (3.5)

E2 (761 + 1)2 Mlc

The significance of the above analysis as related to this
work is as follows. If the Mach number of propagation of a detonation
wave is greater than Mj,, it is expected that it would be stable and
thus continue to propagate. If, however, the propagation Mach number
1s smaller than Mj,, instability would set in, leading to possible
quenching. Thus quenching takes place when

ALY S Mel(§=0) - Me . | : (3.6)
Mel(e=0) = Mel(€=0)

The critical Mach number, Mj., is calculated for the case where
the acti&ation energy, Bo = 17 keal/mole, ye1 = 1.4, 7ep = 1.2, and
Te1 = 520°F. These values are consistent with hydrogen-oxygen mixtures.
In particular the value of the activation energy corresponds to reaction
II in the next section, which is éénerally considered to be the control-
ling reéction. A trial and error method‘used in Equation (3.5) yields
Mjc = 4.09.

The theoretiéal detonation Mach numbers for the hydrogen-oxygen

mixture without side relief have been recently calculated by Zeleznik and
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Gordon, for the stoichiometric mixture(u6) and for other mixtures that
extend beyond both the rich and lean ends°(57) Figure 12 shows a plot
of the Mach number as a function of the hydrogen mole fraction with
initial conditions of room temperature and pressure. On the same plot
the line showing the critical Mach number according to Shchelkin's
criterion is included. Thus, the intersections of this line with the
detonation curve give the composition limit. Further, since the stoi-
chiometric mixture has the highest Mach number, it would admit the

largest decrease in Mach number before quenching.

5.2 Belles' Explosion Limit Criterion

Belles(58) used the well known explosion criterion of hydrogen-
oxygen mixtures described by Lewis and vonElbe(59) to predict the compo-

sition limit. The important reactions considered in this scheme are the

following:
ky
OH + Hy —== H,0 + H, Ej =2.5 keal/mole I
ko
H+Op —5» OH+ 0, E, =17 or 18 II
k
O+H, 2, OH+H, Ez =6 III
k)
X+H+ 0, —s HOp + X, E4=-(2-5) IV

The steady state approximation for this set of reactions yields the
following relation between the chain propagating reaction II and the

gas phase chain breaking reaction IV.

2k
2 -1 (3.7)
k) [X]
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The values for the rate constants as given by (59) are as follows:

803 17,000
- -1 —%53-—
10-17 Teoo (Tego ) R em)

——

2 8350 °© sec
and
/ 6
- =35 Teoo cm
Ky =3.Tx 10 803 sec

If these are substituted into Equation (507),'one obtains

Pe2o el7’OOO/RTe20 - .11 _ ¢5 (3.8)
Te2o x

where fg is an effective mole fraction of third bodies given by (59)

as:

fy = Ty + 3580, + 130y, + .2f), + L.M7fog, + 300 (3.

and where Tep, ( in °K ) and Pgo, (in atmospheres) are the tempera-
ture and pressure respectively in the shocked gas behind the detonation
front.

The left hand side of Equation (3.8) is a function of the
Mach number, 7.7, the initial pressure and temperature. This function
which can be obtained from Equations (2.11) and (2.13) with F =2, is
denoted by ¢5. The right hand side of Equation (3.8) is a function of
composition only., Plotting ¢5 against Mg as in Figure 13 (curve
labeled E, = 17 keal/mole) where 7e1 1is taken as 1.4, T,y = 300°K

and p; =1 atm, one can obtain the value of Mg for each mixture

ratio that satisfies Equation (3.8). This is the Mach number that satis-

fies the explosion criterion and is considered the critical Mach number
below which detonation is not possible. It is plotted in Figure 12 as

the curve labeled "Belles, Ep = 17 kcal/mole".
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Figure 15. Critical Mach Numbers According to Belles'
Explosion Limit Criterion.
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More recent data on reaction rate constants indicate that
reaction IV has a negative activation energy with Ej = - (2 - 5) kcal/mole
as reported by Clyne(6o) and Baldwinn(6l) If the value of 2k2/k4 = 72 mm
Hg at 813°K and E> - E) =20 kcal/mole as quoted by the latter are

assumed, then Equation (3.7) becomes

Pe2o ,20,000/RTepo _ 25.3 4 (5.10)

Teoo 3

H

X
The function ¢% will be different from ¢3 as can be seen from the
curve labeled "Eo - E) = 20 kcal/mole" in Figure 13. Consequently, the
critical Mach number variation corresponding to Equation (3.10) which is
plotted in Figure 12 as the curve labeled "Belles, Ep - E) = 20 kcal/mole"
will also be different, It is apparent that this curve is much lower
than that corresponding to Equation (3.8) where old reaction rates are
used, and is very close to that of Shchelkin's criterion.

Further, it should be mentioned at this point, that although
Belles' analysis is criticized because it extends the explosion limit
criterion to regions of pressures and temperatures far removed from static
experiments; there is evidence of its validity in the standing detonation

(62)

wave experiments by Nicholls and Dabora.

3.3 Patch's Constant Temperature Criterion

(64)

Patch(65) examined the experimental works of Gordon, et al.,
and of Breton(65> near the rich and lean limits of hydrogen=-oxygen=-diluent
mixtures for the purpose bf deducing a limit criterion. He calculated
the theoretical Mach number for mixtures with compositions at the limit

corresponding to the values of (64) and (65), from which he deduced the
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temperature, T behind the shock at various degrees of relaxation.

€207
From his results he concluded that the temperature T.,, gave the

least standard deviation when rotational relaxation but no vibrational
relaxation was considered. The average Tgo,, he found, was 1314°K

when initial conditions were atmospheric. He then proceeded to calcu-
late the theoretical compositions that have a detonation Mach number
compatible with the average T,

Patch also calculated the theoretical limit composition using
Belles'(58) explosion limit criterion outlined in the previous section.
By comparing the deviation of the theoretical hydrogen mole fraction
calculated by the two methods from the experimental mole fraction at
the limit, he found that the average of the absolute value of the de-
viation is smaller in the case of the constant temperature calculation
than that of the explosion limit calculation. His conclusion, then, is
that a constant ignition temperature independent of composition can
adequately predict the composition limits.

On this basis, if one assumes that the same critical ignition
temperature is required for all mixture ratios, then the same critical
detonstion Mach number is necessary. This can easily be found from
Equation (2.13) to be My, = 4,23, end is shown on Figure 12 by the
straight line labeled "Patch". It 1s interesting to note that 1t is
close to the critical Mach number calculated by Shchelkin's criterion.

The composition limits as predicted by the above three criteria
can now be compared with experimental observation. Table I, below, pre=-

sents such a comparison. It indicates that all three criteria (except
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Belles' with the old chemical kinetic data) predict limits very close

to those observed.

TABLE I

HYDROGEN=OXYGEN COMPOSITION LIMITS
Detonation Limits (Mixtures at Tgj = 300°K and pej = 1 atm.)

Lean Limit Rich Limit

Criterion (% Hp) (% Ho)
Shehelkin(E, = 17 keal/mole) 16.5 93.0
Belles (Ep = 17 kcal/mole) 21.0 87.8

(Ep - Ey = 20) 16.8 92.0
Patch  (Tepo = 1314°K) 18.0 92,2
Observed :
Gordon, et al. (Reference 6L4) 92,5
Breton (Reference 65) 15.0
Lafitte (Reference 66) 15.0 90.0

‘ However, we shall see from the experimental results that
quenching due to side relief will follow trends similar to those pre-

dicted by Belles' criterion, when old kinetic data are used.



IV. EXPERIMENTAL REQUIREMENTS AND ARRANGEMENT

4,1 Preliminary Experiments

In order to explore in at least a qualitative fashion the
ideas embodied by Equations (2.27) and (3.6), it was decided to use
a setup similar to that of Sommers(3l) but with some modifications
as shall be described presently. The main two ideas that were to be
explored are, (1) that the decrease in the detonation velocity when
the wave is confined by a/compressible medium, should be approximately
inversely proportional to the channel width as Figure 11 and Equation
(2.53) indicate, and (2) that there should be a point where the
decrease can become so high that the detonation would quench and
degenerate into a pure shock.

In Sommers' setup, an explosive mixture 1is realized by
metering fuel gas and oxygen into the bottom of a rectangular flame
tube of approximately 4 ft in length and .35 in. x .5 in. in cros-
section. The explosive mixture flows at very low velocity (order
of 10 ft/sec) through the tube and into the test section., At the
test section, the exploéive jet is bounded by glass plates at the
wider sides, and by a soliq wall on one narrow side. At the other
narrow side the jet flows adjacent to either a quiescent or a flowing
boundary inert gas. The explosive mixture is ignited at the bottom
of the flame tube, and by a suiteble time delay arrangement a schlieren
picture of the detonation wave and attendant phenomena at the test
section can be taken. Figure 4 is a typical photograph obtained in

this manner.

L6
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For the purpose of performing the preliminary experiments,
the test section is modified as shown schematically in Figure 1k,
The explosive jet from the flame tube is divided into two columns,
usually of different widths. Each column is bounded by a side jet
of the inert to be used. The dividing wall is a .010 in., thick brass
shim stock, the bottom of which is filed to a wedge. A photograph of
the test section is shown in Figure 15. |

The idea now is that a detonation wave originating in the
flame tube propagates into both channels at the same speed at the
beginning of the test section where the explosive is bounded by solid
walls, However, when the detonation wave reaches a point where the
explosive is exposed to an inert, any effect on the propagation
velocity could be noticed. Figure 16 shows a series of photographs
taken at different time delays from the instant the detonation wave
passes a fixed point in the flame tube. The explosive in this case
is stoichiometric Hp-Op mixture and the inert is nitrogen. In
Figure l6a'the detonation front is shown after it has been split by
the dividing wall and it is apparent that the wall has a ﬁégligible
effect. From Figure 16a-16d, one can clearly see that the detonation
front travelled faster in the wide channel than in the narrow one.
Further, in the wider channel the combustion zone seems to be attached
to the front whereas in the narrow channel a "eleen" front could be
seen followed at an appreéiable,distance by a "turbulent" region.
This is interpreted as a quenched detonation. The "turbulent" zone

apparently corresponds to the region where the explosive either
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I /DIVIDING WALL
EXPLOSIVE - INERT
CONTACT SURFACES
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Figure 1k, Schematic Drawing of the Test Section Used in
the Preliminary Experiments.
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Figure 15. Photograph of the Test Section Used in the
Preliminary Experiments.
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(a) t =T2.5 psec

(e) t =9Lk.6 usec (d)

t = 107.8 psec

Figure 16. Detonation Wave Progress of Stoichiometric Hy - Op

Mixture in Channels of Two Different Widths.
(Boundary Gas = Np)

(Scale: Total width of both channels = .5 in.)
(t = relative time picture was taken)
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ceases to burn or is deflagrating. This explanation is further

corroborated by x-t plots of the detonations from these and similar

photographs, in that the front appears to travel at continuously

decreasing velocity in the narrow channel. On the other hand, in

the wider channel the velocity seems to reach a new steady-state

value somewhat lower than that in the solid tube, at about 10 usec

after the detonation passes the start of exposure to the inert.
Experiments with mixtufe ratios other than the stoichiometric

indicated the same features just described proving qualitatively the

two ideas mentioned at the beginning of this section.

4.2 Separation of the Explosive from the Inert by a Thin Membrane or
Film

A close examination of Figure 16 reveals a mixing or diffusion
zone between the inert and the explosive. The question érises, then, as
to what influence does the diffusion introduce into the problem., For
example, could the slowing down of the detonation front be primarily
due to diffusion or does the latter have only a minor effect? For
his experiment Sommers calculated the diffusion width for the gases
he used and found it to be of the order of .1 in. at two inches from
the point where the two gases meet. He concluded that since his
channel width is .5 in. the effect of diffusion would be negligible.

Unfortunately, sucha diffusion width becomes too important
in our experiments for the simple reason that channel widths less
than .5 in, were contemplated, Therefore, methods for eliminating
or at least minimizing the diffusion were sought. Separation of the

explosive from the inert gas by & thin wall appeared to be the
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logical solution, Sommers, early in his work, had used cellophane
wrap .0005 in., thick as the dividing wall but he found that such
walls offered infinite confinement as far as the detonation wave
was concerned, In other words, he found that the detonation wave
in a cellophane tube propagated at the same speed as it would have
in a tube having thick solid walls. His conclusion was that the
presence of any solid wall no matter what its thickness is, would
provide infinite confinement for detonations.

Despite this discouraging observation, it was decided
that it would be worthwhile to test a thinner membrane and there-
fore a soap film was tried. The film was obtained by dipping a
wire frame into a soap solution and then retracting it. Because
of the relatively large area required namely: .35 in. x 3 in., 1t
was found that a thick solution was necessary to obtain a film
that would last about two minutes, which was the time necessary
to carry out the experiment, Thus, commercial liquid soap with
one to one by volume dilution with water was found adequate. After
obtaining the soap film on the frame, the frame was inserted into
the test section and positioned so as to separate the explosive gas
from the boundary inert gas. Figure 17 is typical of the results
obtained. In Figure 17a the soap film was on the wider channel and
in Figure 1Tb it was on the narrower channel, In either case, it
is clear that the detonation front remained planar and travelled
faster in the channel with the soap film. Further, from measurement
of detonation velocity in the solid tube ahead of the test section

and other necessary data, it appeared that the detonation wave did
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(a) Film on wider channel (b) Film on narrower channel

Figure 17. Detonation Wave Appearance When Confined by a Soap Film.
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not change its velocity while travelling in the channel provided
with the soap film, These results, then, supported Sommers'
conclusion mentioned earlier.

At this stage, the author's attention turned to the work

(55)

of Gvozdeva where a study of the refraction of detonation waves
from one medium to another was made. The two gaseous media were
separated by a thin nitrocellulose film which evidently introduced
a negligible effect. From this work and the tests described above,
it became apparent that an analytical determination of what con-

stitutes a film of negligible effect is in order., This is presented

in the following section.

4,3 Analytical Determination of the Critical Thickness of Thin Films

For the determination of film thickness, one can resort back
to the shock tube analogy. Again in this analogy, the driver gas is
the gas behind the detonation wave and the driven gas is the inert
medium. Further if there is a film between these two gases, it will
be analogous tova piston of a gun tunnel. Because the film is thin
and reasonably weak, it is assumed that the only resistance it offers
to the expansion of the burned gas is that due to inertia. Figure 18
shows schematically the analogy with the film position assuming the
"piston" path.

The acceleration, 3f, of the film in the y direction is

governed by the following equation:

- = : L,
Pz = Pip T PebgV (k1)
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The expansion of the gas behind the wave is assumed to take place

isentropically so that:

27 e20
Pe3 Teoo = 1 Ve3 Te20 * ' g
=2 - 1-- = (4.2)
pe20 2 aego ;

and finally the instantaneous velocity of the inert in the y direction

is the same as that of Equation (2.41) and is rewritten here for con-

venience:
- , - 1/2
Vio_ |Pi2 | |74 (711 + 1) (5.3)
"1 |Pn Pip Ty =t
Pjp 741 %1
L. —

The velocity of the film and the velocities of the gases immediately
in front or behind it are all the same and therefore can be denoted
by v

Vo=V,=V =7V (4.4)

By using the definitions of ¢l,‘¢2 and P of Equations (2.33), (2.3%)

and (2.37) respectively and noting that:

Ve§ _ Y , il . (14-05)

one can write Equations (4,1) and (4.3) in the following forms respec-

tively:

L |
e P F (1.6)
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and
1 = P,
) P - il
_ o |Per?e1 711 |2 Pe] Mo1?
Vv =
2 +1
A P7yy 2y, + 1) %
s, P11 Tl
(] 2 ’
p M
el el 7il+ lJ
where
y (0]
0 T P v
v = . _fr (4.8)
at b u 2
Pe1”1Me1
- Ve2 v 1
v = = o¢ <)+°9)
ae2O ael 2Mel
and
_ ¢.p._.M
T - 1 el el % (4,10)
Poppletyy
From Equation (2.43), Equation (4.7) is seen to be:
7 - Len?d (4,11)

However, tan & in Figure 8 is found to be a function of the density
ratio parameter independent of whether a shock or a detonation con=-

dition behind the front of the detonation wave is assumed, and weakly

g

dependent on the Mach number for Mel > 5. Hence, the high Mach number

approximation can be used in Equation (L4.7) to give:
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(k.12)

Ter P2 |es1741 2(rsp + 1)

Substituting this equation and Equation (L4.2) into Equation (4.6), one

obtains:
2
7 20
Ye20 =t
Y -1 cqY s 2y +1) | —~ o
l = eag —v-’ ) F;— 7el¢2 pllyll ° (711 ) v2 =V (halB)
1] 2 Pe1?e1 74

At this point the values of @, and §, for the shock or the

detonation conditions are calculated using the values of y,, Yel?

7 epo 204 pil/pel shown in Table II below in Equations (2.33) and (2.34).
TABLE II
EVALUATION OF THE FUNCTIONS ¢l AND @,

Pi1

Mer F (=) i1 Yel Ye20 h P
el

5  2(shock) 1 1.k 1.4 1.h 1,160 481

—» o 2(shock) any 1.k 1.h 1.h 1.1667 Lu4hl

5 1(deton) 1 1.k 1.4 1.2 654,560

o 1(deton) any 1.k 1.k 1.2 636  ,545

As is expected, the values of ¢l and ¢2 depend primarily on whether
shock or detonation conditions is assumed but not on the Mach number
for Mel r>J 50

Equation (4.13) is plotted in Figure 19 for both shock and

detonation conditions with ¢l and ¢2 corresponding to very large Mg
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and with y's corresponding to Table II. Further, two values of the
density ratio parameter appearing in the equation are considered,

namely

1]_/2

Pe17el , Vil

= ol or 20
P?s 20y l)J

These values are chosen because théy bracket the values for the combi-
nation of gases that are used experimentally.

From Figure 19 it is seen that the variation of the non-
dimensional acceleration can reasonably be expressed as a linear

function of the non-dimensional velocity, i.e.,

<lo

r
=1 -;_-}__— (Ll-.l)-l-)

8

o
V=Oa

where F; is the velocity at
Equation (4.14) can be integrated by separation of variables
to obtain the time tk’ required for the velocity to reach a certain

fraction, A, of the final velocity. Thus

oo - B
7 ¥ P (4.15)
o ,_.¥T 0
vCX)
or
- 1 —_
—) = L, 16
v, 1n (1-x) ty (k.16)

Setting this time to be a fraction, ¢, of the reaction time, one
obtains after noting that the reaction time = E/uel and using

Equation (4.10):
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zf _ O¢lpe1¥%l
- _ (4.17)
2VePrie1Vel 1 T
or
fe_ of1 , Pel (4.18)
- _ 1
* Tl e (T3 Pt

With the values of @, and §, shown in Table II, it can be seen that

the most stringent éase 1s that for a detonation condition behind the
wave., Further, when Pe is smaller than p; then ;; is also small and
when Pe is larger than p;, v, 1s large. By considering these effects
and after setting o = .1 and X = ,99, one obtains for the most con-

servative case

_ﬂ_f ) 1 x .636 - Pel
7 2185 x 1.b x 545 x §o6 Pr
[ P
- L0918 =Lz el | (.19)
- Pr Pr

The inertia of films with thickness givgn by this equation would .be
felt only within one-tenth of the reaction length. For the purpose
of this study, this is considered the critical thickness beyond which
the effect of the film is no longer deemed negligible, For film
material, such as nitroéelluiose, having a density of 1.58 gms/cm5
and for an explosive (80% H, - 20% O,) density of 3.57 x 107+ gms/cm5

at N.T.P, and a reaction length of about 0.3 cm.,
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6

b = 6.8 x10°C cu = 680 A (4.20)

f

This result explains why cellophane whose thickness is two orders of
magnitude higher can act as infinite confinement.,

It is to be noted that although Equation (4.19) predicts
that the film thickness should be proportional to the operating
pressure, the fact that the reaction length is inversely proportional
to the pressure for a second order reaction cancels its dependence on

pressure,

L4 Preparation of Thin Films and Estimation of Their Thickness

Thin films with thicknesses of the order required for our
purposes have been used in electron microscopy as supporting membranes
for the specimens being observed. There are several materials that
can be used, but apparently the two most common materials are Formvar
(polyvinal formal) or Collodion (cellulose tetranitrate dissolved in
ether and alcohol), The film is usually prepared by first obtaining
a solution of the material in an appropriate volatile solvent and
carefully placing a few drops of the solution on the surface of
distilled water in a Petrie dish of about 20 cm in diameter. The
solution spreads over the surface, the solvent evaporates, and one
is left with a thin film floating on the water surface, Various
tecﬁniques for removing the film are used and the interested reader
is referred to a book by Hall(67) which contains a chapter on the

subject of films.,
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The material adopted for use in the experiments of this
study is Collodion dissolved in amyl-acetate, It was found after
some experimentation that three drops of 15% solution were adequate
for they provided a film of acceptable thickness yet they allowed
a reasonable time before the solvent completely evaporates -- a
situation that renders the fémoval of the film subject to frequent
breakage.,

To prepare the film for use, three drops of the solution
are placed on the water surface in rapid succession., These are
easily seen to spread over most of the dish surface, As the solvent
evaporates there appear broad diffraction color bands over the whole
surface, As soon as they disappear a steel frame-film hoider whose
dimensions are shown in Figure 20, is introduced near the edge of the
dish until all of the opening is submerged in the water under the
film, The film holder is lifted gently at an angle until the edge
of the film starts adhering to the surface of the holder near the
top of theVOpeningo When the holder is lifted further its two outer
edges usually start cutting the film, However, sometimes the cuts
need to be started by a sharp razor or knife, The holder is now
moved to the center of the dish, as it is lifted, until the film
covers the opening adhering to both the flat and chamfered parts
of the edges of the holder. During this operation care is taken
that no fold back of film occurs and that no wrinkles are present,
As soon as the frame is removed the flat part of the edge is blotted
out so that the film rests essentially on the chamfered portion,

Sometimes a few water drops cling to the film and are allowed to
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evaporate before using the film, This is done either by letting

the water naturally evaporate or by passing dry nitrogen on either

side of the film when the film holder is placed in the test section,
The film obtained in this manner is usually colorless or

silvery grey. Its thickness can be estimated by two methods. The

first method is based on calculating the residue volume and assuming

it is evenly distributed over the water surface, Thus:

Cp Cc n
e = o (k.21)
where c, = mass of nitrocéllulose/unit volume of collodion
= O gms/cm3
C. = volumetric concentration of collodion in amyl acetate
= .15
n = number of drops used = 3
v = number of drops/unit volume = 30 en™2
r = film radius = 7.5 cm
p, = nitrocellulose density = 1.58 gms/cm5

With the above values one finds that
-6 ©
ﬁf = 2,15 x 10 " cm = 215 A
The second method of evaluating the film thickness is based
on a study by Peachy(68) who gives a correlation between the inter-
ference color of thin sections and their thickness when observed under
white light. For films with index of refraction = 1.5 the correlation

is as shown in Table III belows
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TABLE ITI

COLOR-THICKNESS CORREIATION FOR THIN FIIMS
(index of refraction = 1,5)(68)

Thickness Range Interference Color
< 600 X Gray
600 - 900 Silver
900 = 1500 Gold
1500 - 1900 Purple
1900 - 2400 Blue
2koo - 2800 Green
2800 - 3200 | Yellow

The index of refraction of nitrocellulose is 1.514%, and
therefore the above table can be considered applicable, On this basis
the color of films made from two different solutions and varying
number of drops was observed and their thickness was estimated. Some
averaging was necessary as apparently. the films were not uniform in
thickness., The result is shown in Figure 21 from which the thickness
of films used in this study can be estimated to be about 230 Xo This
result is in agreement with the result of the previous method. In
addition, it is apparent that such films satisfy the requirements set

in the previous section.
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4,5 Diffusion Through Thin Films

A film with thickness of the order of that mentioned in the
previous two sections is not expected to eliminate completely the
diffusion between the gases it separates. However, it is plausible
to assume that it represents a definite barrier to the diffusion,
and therefore, the question arises as to how good a barrier it is,

To answer this question, imagine two semi-infinite compart-
ments one beside the other and each of which contains a different gas
at the same temperature and pressure. The distribution of the two
gases in the two compartments as a function of time is to be found
for the following two cases: one, when at time zero the wall between
the compartments is removed completely and two, when the wall is
replaced by a thin film,

If the two gases are denoted by "a" and "b" in compartments

1 and 2 respectively, use of Fick's second law gives, at t > O

oc, Bgca o

— = D, T% .22

dt ab 3y~ )
For the first casé, the boundary conditions are as follows:

¢,y = Cp fOry=0, t>0 (4,.23)
and

de dc

al | 82 pop y=0,t>0 (4.24)

dy dy

c, = 1 for y>0 t =0 (k.25)

c. = 0 for y<O t =0 (4.26)
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For the second case, the boundary conditions are the same except the

condition (4.23) is replaced by
“al , P

3
+ — c )=0, fory=0, t>0 (4.27)

Pab 55 * 7 - (cap = a1

where P is the permeability of species "a" in the film. This condition

expresses the assumptions that no accumulation of species "a" in the
film takes place and that its distribution is linear within the film,

It can readily be seen that the diffusion problem above is
analogous to the heat conduction problem between two semi-infinite
solids of the same material but having two different temperatures
initially. The first case above 1s similar to the case where at time
zero the two solids are brought together without contact resistance,
and the second case is similar to that when there i1s a contact resistance
such as a gaseous film,

The solution for Equation (4.22) under the appropriate boundary

conditions can be found in the treatise of Carslaw and Jeager(69> and is
presented below,

For the first case:

c, = Lliserr —L | for y>0 (4.28)

2 2Dt
ab

and

c, = % erf ——l21——» for y<O0 (4.29)

odD .t
ab
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and for the second case:

0
1}
I

1+ erf ___Z___ + |exp (z2 - -ZF—) erfc z

a
LD .t
2D t ab
ab
for y > 0 (4.30)
and
: |
c, = = (erf ——l11—- + [exp (z2 "3 J ) erfc z
2D _t Dap? J
ab
for y < 0 (4.31)
where

7 = — + ..E_Pi '\/._t_ ()-1-932)
ednabt £ D

To obtain the numerical solutions, one notes that for gases

the diffusion coefficient

~ 2
Dy, = 1 em /sec (4.33)

and, that for permeability, the value for H2 through various cellulose

compounds as quoted by Barrer<7o) can be used. This value is
~ -7 .2
P = 107 em®/sec (h,3h)

Equations (4.28) and (4.30) are plotted in Figure 22 for
various values of t, In the latter equation the value of ﬁf = 200 X
was used, It can be seen that for relatively short times a thin film
offers an excellent barrier to diffusion. It appears that in order to

take advantage of the film the gases should be exposed to the film
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for ¢ short time only. This can be accomplished by flowing the
gases along the sides of the flim and choosing a flow velocity that
allows a reasonably short residence time.

It should be pointed out, however, that because of the no-
slip condition of the two streams of gases at the film surface, the
solution of the diffusion problem is somewhat more involved than
that given by Equation (4.30). For the appropriate solution, the
following analysis is offered.

Let both gases "a" and "b" be flowing in channels 1 and
2 respectively on either side of the film which is considered coincident
with the x axis, By assuming incompressible steady flow and no change
in density due to diffusion one can write the following conservation
equations: |

a) Continuity:

LR/ A (4.35)
dx dy
'b) Momentum:
2
pm g ou, Su 1dp (4.36)

X dy Ay o dx

c) Diffusion of "b"

oc dc o ¢
u g;b + v S;h = Dy, S;Eh (b.37)

For a fully developed, parallel flow in a channel, au/Bx =
v = 0, Therefore, Equation (4.36) reduces to that of a Poiseuille

flow and Equation (4.37) becomes:



3¢, e,
U.-a—;-= Dab'é‘;g— - (J‘l'°58)

This equation is to be solved subject to the following boundary con-

ditions:
e, = 0, x =0, ¥ >0 (4.39)
C_b = O, X Z O, y = (11-014-0)
and
P dey,

+D y=0 (L.h1)

|
o
»
V
L

— C - C.
Le ( bo bl)

ab dy - -
If the diffusion through the film is assumed to be constant and equal
to the maximum possible diffusion, this boundary condition can be

written as:

P

— = D — x>0, y-= (k. h2)
P Z

The system of Equations (4.38), (%.39), (4.k0) and (Lk.42) is
analogous to that obtained for the problem of heat transfer to a fluid
flowing inside a tube when the heat flux at the wall is constant, If

u is considered to change linearly with y, the solution is given in

the book by Bird et g£°(7l) For a conservative answer one can write:
- 2y S (kok
LR S (koh3)

where W, .. is the maximum velocity in a Poiseuille flow and b is the
channel width., The solution involves a change of wvariables and is

presented here without derivation:
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/3 | 3 2 BI
¢y = 1-o =20 56XDab) et Ly 1_M (b.bh)

a 2
Dale |Uae | 1B) ) J
2y [ Ymax v 13
where X = —& |—/—— and TI(2/3) is the "complete" gamma
b |36x Dgy

function and I'(2/3, XJ) is the "incomplete gamma" function.

Equation (L4.44k) is plotted in Figure 22 for a value of
Uoax = 60 in/sec, b= ,51n and X = 3.25 in, corresponding tb the con-
ditions used in the experiments described in this work., The incomplete
gamma function is obtained from the tables by Pearson(72)o It is
apparent from the plot that the diffusion is negligible under the
experimental conditions used.

It should be added that taking b = .5 in. (the widest channel
used) results in the most conservative answer, if the same average

velocity is used in a narrower channel., This is so, because the con-

centration depends on the slope of the velocity profile at the film,

4,6 Experimental Arrangement and Procedure

The experimental apparatus is designed for obtaining two:
basgic pieces of information: the critical explosive width and the
velocity decrement of the detonation at exploéive widths larger than
the critical. For both of these measurements, the basic equipment for
the preparation of the explosive and for charging the test section is
the same. Figure 23 is_a schematic diagram of the system. All lines
are 1/b in, stainless steel tubes except the 40 in., long flame tube
which has an inside cross-section of 0.36 in. x 0.50 in. The glow

plug is placed 8 ft ahead of the entrance to the flame tube to insure
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a fully developed wave before any measurements are taken. The flame
tube is vertically mounted and is terminated by the test section

shown in both Figures 24 and 25, . The test section is provided with
two 1/2 in. glass plates constituting the front and back walls, and
each plate has .035 in. wide by .135 in. deep grooves for the film
holder (Figure 20) to slide through. The depth of the explosive
channel in the test section matches its depth in the flame tube, but
its width can be easily changed from .5 in., to .1 in. at .05 in,
intervals by suitable spacers and a wedge piece. While the detonation
propagation velocity may be affected by the wedge on the inclined side

(72)

as evidenced by the work of Niéholls, et al, we shall see that
this is not the case on the straight side.

To prepare the explosive mixture, the mixing chamber (see
Figure 23) is evacuated and then filled consecutively with oxygen and
fuel. The partial pressure method is used to obtain the desired mix-
ture. The pressure is monitored by a Marsh guage,utype 200-C, which
can be read to less than 0.5 psi. The mixing chamber, which is a
sphere one foot in diameter, is usually filled to about 60 psig total
pressure. It is provided with a blow-off diaphragm for safety. Before
a particular mixture is used a period of no less than two hours is
allowed for complete mixing.

To prepare fo£ a run, the expendible toy balloon is evacuated
and then filled with the explosive mixture. This process is repeated

once more to insure purity of the mixture in the balloon. Valves 5

and 8 are closed and the plumbing between them is evacuated. This
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Figure 25. Photograph of the Test Section.
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provides a buffer zone that blocks the detonation wave from travelling

back to the mixing chamber;

The film holder on which a thin film has previously been
mounted according to Section L.k, is inserted into the test section,
after its edges have been covered by a thin layer of vacuum grease,

The purpose of the grease 1s to prevent any m;xing and/or diffusion
between the inert and fhe explosive via the grooves in the glass plates.

To make a run, valves 1 and 9 are opened slowly and simul-
taneously in such a way that pressures of the inert and the explosive
are kept equal at all times until the balloon is nearly exhausted.

To insure that the flame tube is purged of air, the balloon is filled
again and this process is repeated. A simple but very sensitive check
to insure equal pressures on both sides of the film at the test section
is accomplished in the following manner. The filament of a small bulb
is focused on a screen after reflection‘from the film, When the
pressures are equal the film is plane and the image of the filament

is sharp. At a slight unbalance in pressure the film becomes curved
and the image of the filament shifts and becomes diffused. The
direction of the shift indicates which side is higher in pressure so
that corrections could be made. It was found tha£ this method is
sensitive to less than 1 mm of water of pressure difference., It should
be added that maintaining equal pressures on both sides of the film is
advantageous by itself in that it insures constant explosive width and -
prevents gross mixing,

All runs are made with test section over-pressures not less

than 4 cm of water. The sizes of the exit orifices shown on the top of



the test section in Figure 24 are so chosen that the overall velocity
in the test section is about 40 in/sec, correspgnding to a maximum
velocity of 60 in/sec if a Poiseuille flow is assumed. For such a
velocity, the diffusion at the top of the test section is found to

be negligible in Section 4.5.

When the balloon is nearly emptied the glow plug switch is
closed momentarily thus starting two detonation waves,'one going to
the balloon and exploding it, and another travelling toward the test
section, The sequence of events that take place as the latter travels
down the flame tube depends on which of the two kinds of photographs
is desired, as described next. It should be mentioned that a glow
plug is found more satisfaétory than a spark plug because the latter
seems to affect the electronic instruments used in the experiment.

a. Equipment and Procedure for Spark Photography

The equipment for obtaining spark schlieren photographs of
the detonation wave in the test section is shown schematically in
Figure 26, Four ionization probes are used to detect the passage
of the detonation wave in the tube resulting in the performance of
certain functions which will be described shortly. Each probe is
made up of two 20 gauge enameled copper wires 6 in, in length. The
wires are twisted together for one inch and this part is inserted
‘into a teflon tubing of equal length. The wire and the tubing are
then housed into a l/8‘in° pipe thread Conax thermocouple fitting¥

resulting in a pressure tight assembly. The protruding teflon tube

*Manufactured by Conax Corporation, Buffalo, New York.
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is cut and the wires are clipped to a length such that when the
fitting is threaded into the tube, they will be flush with the tube
wall, The clipped wires have pointed bare ends separated from each
other by the two thin enamel layers thus constituting two conductors
with a gap in between.

One wire of each probe is grounded and the other, in the
case of probe 1 and 3, is connected to the grid of an 884 thyratron
in the thyratron unit., A unit similar to the one used is described

(9)

in the work of Morrison. The passage of the detonation wave, with
attendant ionization, shorts the probe thus decreasing the grid bias
of the thyratron causing it to fire and generate a voltage signal
through the plate circuit., The voltage signal is fed to either the
start or stop input of timer 1. In most runs a Berkley 1 megacycle
counter, Model No. 5120, was used as timer 1. It is accurate to

+ 1 psec and it 1s used to measure the wave velocity.

In the case of probe 2 the ungrounded wire was connected
to the grid of type 2050 thyratron in the time delay unit which is
similar to the one described in Reference 9, The firing of this
thyratron, in addition to providing a signal to the start input of
timer 2, causes, after a predetermined time delay set by the
potentiometer adjustment in the unit, a second 2050 thyratron to
fire which in turn causes a spiked voltage signal to be induced in
a coil, The output of the coil (about 15 kv) is used to trigger

the spark source, A voltage signal due to the firing of the first

thyratron is fed to the start of timer 2.
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The spark source unit built by the Aircraft Propulsion

Laboratory personnel consists essentially of two circular metal
plates with 10 Sprague (type 20 DK-25) 500 pufarad capacitors
spaced evenly in a circle, They are charged to 25 kv and discharged
by the coil pulse from the delay unit. An orifice in one plate acts
as a point light source during the duration of the spark which is of
the order of 0,1 usec.

The light strikes the collimating lens of the schlieren
system as well as a photomultiplier whose circuit generates a voltage
signal used as an input to timer 2. Model 524 B Hewlett-Packard 10
megacycle which is accurate to + O.l psec 1s usually used as this
timer. Its function in this case is to measure the time delay between
the passage of the detonation of probe 2 and the spark discharge, i.e.,
when the spark picture is taken. It should be added thatoccasionally,
Models 757 B and 727 BN timers made by Computer Measurement Company
are used for checking purposes. They are accurate to + 0.1 psec.

b, Equipment and Procedure for Streak Photography

The essential features of the equipment used for schlieren
streak photography are the same as those for spark photography. As
the block diagram shows in Figure 27, probes 1 and 3 are again used
for the measurement of the wave velocity. Probe 2 in conjunction
with the time delay unit provides a triggering spark to initiate a
flash of about 1 msec duration in the flash tube shown., The flash
tube is housed in a box -and again an orifice on one side acts as a

point source, The optical system chosen was dictated by availability
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of components and space limitation, At the right hand 'side of the
test section all light is blocked off except for a .010 in. slit
along the explosive channel close tovthe solid wall side, One side
of the slit has three notches providing increased'exposure at the
corresponding image points thus establishirg the veftical spatial
scale. The knife-edge was set horizontally in this schlieren system.

An Avco rotating drum cemera was used to obtain the streak
photographs, The drum is 4 in, in dismeter and 3 in. long in inside
dimensions, It is nitrogen or éir driven with normal rotationali
speed being 600 rev/seco Thus, its rotational period is longer than
the flash duration and therefore no double exposure can occur. The
camera is provided with a magnetic pick=-up Whose signal is fed to the
Hewlett-Packard counter used as a period meter, The signal is
interrupted by a normally open relay switch‘(Potter and Brumfieid
type KCP 11) whose energizing céil is part of‘the plate circuit of
one thyratron in the thyratron unit. The switch thus closes only
after the passage of the detonation %ave by probe 0 with a time delay
of 5 msec, This means that the»period méasured is for a cycle some-
what later than the one at which the picture is takeno However, the
camera is usually brought to speed before a run is started and there=-
fore the measurement is considered adequate,

Because of the comparatively slow linear speed of the film
in the drum, it was fqund necessary to take pictures at .2 reduction,
Such reduction results in a detonation streak at about 700 with the

time axis,
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Almost all film used for the streak pictures is Kodak plus-X
on Estar base, which is a relatively curl resistant base. Further
its dimensional changes due to processing, humidity or temperature
variations are isotropic -- a quality which is essential for accurate

determination of the velocity or the velocity change of the detonation

wave,



V. EXPERIMENTAL RESULTS AND DISCUSSION

5.1 Critical Channel Widths of Hpo-Opo Mixtures When Bounded by Nitrogen

As was shown in Chapter III, the quenching criteria presented
there are all based on the assumption that certain conditions have to be
met in the post shock region of the detonation waves before the detona-
tion could be considered self supporting. The different conditions
could all be translated into a Mach number requirement which are shown
in Figure 12, Before experimentally finding this critical Mach number
for Hy-Op mixtures, it is easler first to find the critical channel
width for different mixture ratios when bounded by an inert gas and
then determine the corresponding Mach number,

To do this, a series of go-no go type experiments were made
where the mixture ratio as well ‘as the chennel width were varied. The
boundéry gas used was nitrogen in all cases. It was chosen because
preliminary. calculations indicated thét quenching could be accomplished
in a wide range of mixture ratios at chennel widths compatible with
the test section design.

In the experiments, a mixture ratio is chosen and a run is
made with the test section set at the widest possible channel width
(.5 in. ). Spark schlieren photographs are taken when the detonation
wave is about two or three inches past the point where the explosive
is exposed to the inert, Examination of the photograph revealed
whether the detonation is quenched or not. Typical photographs of

an unquenched and a quenched detonation wave are shown in Figure 28,

-87-



Figure 28.

(a)

(b)

(a)
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an Unquenched Detonation Wave.

Run No. 881, b = 0.25 in.
Unquenched, 60% Hy - 40% 0o with N, Boundary

Run No. 840, b = 0.5 in.
Quenched, 40% Ho - 60% 0o with No Boundary

Typlcal Spark Photographs of a Quenched and
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As was explaihed earlier, the quenched detonation wave is characterized
by a "clean" shock front followed, at an appreciable distance, by a
"turbulent" zone. Further, ﬁrom a knowledge of the detonation velocity
inside the tube as measured through probes 1 and 3 (see Figure 26) and
the time delay at which the picture is taken, an estimate of the
decrease in velocity of the quenched detonation wave could be male.

It was found that the quenched detonation waves suffer an average of
over 20% velocity decrement in 2-3 inches of exposure to the boundary
gas.,

To insure repeatability, four or five runs were made for each
set of conditions (mixture ratio and channel width)., If the detonation
wave is unquenched, a smaller channel width is chosen and more runs are
made, If the detonation wave is still unquenched, a further decrease
in channel width is made until quenching is observed. Thus, a deter-
mination of the critical channel width could be made.

Figure 29 represents the results obtained on such a series
of experiments., Within the capabilities of the test setup, the
leanest possible mixture ratio for which a critical channel width could
be determined is 45% H2-55% Oyp. Difficulties were encountered in
starting a detonation wave in mixtures richer than 75% H,-25% Op. Thus,
the results of Figure 29 are subject to these two liminations. However,
they are extrapolated up to the experimental lean and rich composition
limite of Table I as shown by the broken lines.

In some runs, it was difficult to decide whether the detona-

tion wave is quenched or not. The reason was that in some cases only
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considerable thickening of the reaction zone could be observed; in others,
the pictures revealed 50-50 chance of quenching and non-quenching., The
points corresponding to these situations are plotted in Figure 29 as
"doubtful",

At this point, it is well to observe that Figure 28a reveals
the same features of the assumed model of the interaction process shown
in Figure 5, The absence of large curvatures in the detonation wave
and the oblique shock as opposed to the curvature observed in Figures
4 and 16, is attributed to the reduction of diffusion offered by the
separating film. Figure 29b shows that even in the quenched case,
the interface is quite straight and thus adds more faith in the
adopted model.

5.2 Velocity Decrement of Stoichiometric Hpo-Oo When Bounded by Nigrogen
and Inferred Reaction Length

With the critical channel widths for various mixture ratios
found, we now turn to the experimental determination of the effect of
channel widths larger than the critical, on the propagation velocity
of the detonation wave, In essence a check on the analytically calcu-
lated variation of the velocity with area increment, shown in Figure
11, is to be made.,

To carry out these experiments the stoichiometric hydrogen-
oxygen was chosen for two reasons, One, it allows the widest range of
channel widths that could be used within our experimental limitations,
as can be seen from the results of Figure 29, Two, this mixture has

been investigated extensively in the literature, and in particular, an
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estimate of the reaction length which we shall need in our calculations,
is available,

Tests were made according to Section 4.6 using streak photo-
graphy. Four different channel widths were investigated, namely .2in.,
25 in., .5 in., and .5 in. From five to ten runs were made for each
width. A run with a solid wall, instead of a thin film, was also made
for each channel width. This was intended to confirm that any observed
changes in the detonation velocity is not due to some peculiarities of
the test section but due to the side relief,

Figure 30 shows typical streak photographs of the detonation
wave, both with a solid wall and a thin film, for a channel width of
.5 in. In the case of the solid wall, it can readily be seen that the
slope of the detonation remains unchanged throughout the test section.
A close examination of Figure 30b (the thin film case) shows that the
detonation wave does slow down and indeed reaches a new steady state,
indicating that i1t is not quenched. 1In all the streak pictures that
will be presented henceforth; the detonation travels up and to the
right. As a further guide to the identification of various streaks
observed some pertinent dimensions are shown in Figure 31.

Figure 32 shows a streak photograph for the same conditions
as those of Figure 30, except in this case the channel width is only
.2 in, It can again be seen that in the case of a solid wall the
detonation speed remains unchanged even though the wedge piece was
present, In all similar cases the results were the same and, there-

fore show that the geometric arrangements in the test section does



(a) Run No. 797
Solid Boundary

Vert. - x13 = 2.996 in.
Horz. - dist. equiv. to x13 = 82.67 usec

(b) Run No. 796
Nitrogen Boundary
Vert. - x33 =2.996 in.
Horz. - dist. equiv. to x33 = 82.96 usec

Figure 30.

Streak Photographs of a Detonation Wave in
Stoichiometric Hp - 0o (b =0.5 in.).
(See Figure 31 for other dimensions.)
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(a) Run No. 752
Solid Boundary
vert. - x13 =2.996 in.
horz. - dist. equiv. to x3 = 81.67 psec.

(b) Run No. 992
Nitrogen Boundary
vert., - X;3 = 2,996 in.
horz. - dist. equiv. to xj3 = 78.0 psec.

Figure 32. Streak Photograph of a Detonation Wave in
Stoichiometric Hy - Op (b = 0.2 in.).
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not affect the detonation wave being studied. In the case of exposure

to the side relief (Figure 32b), a close examination reveals again that
a new steady state velocity is reached in a similar fashion to that of

Figure 30b.

In addition to the incident detonation wave streak, some
interesting patterns due to the reflected shock could be observed but
these are of no consequence to our analysis. The striae observed in
the case of channel widths less than .5 in. at the lower part of the
photograph below the bottom white line is due to the reflection of
the detonation’wave in the small curved channel (see Figures 24 and
25).

Fach run is followed by teking a picture of the slit on the
same film strip. This was done for the purpose of accounting for any
deviation in its perpendicularity from the time axis, as shall presently
be seen., If the slit is at an angle & from the ordinate and the detona-
tion trace makes an angle B with the time axis, it can be shown that

the velocity of the detonation wave is

L tan B
e ptp (1 - tan B tan Q)

n

(5.1)

where L is the perimeter length of the drum, p is the magnification
and tp is the time for one revolution of the drum. For small @ and

for B > MSO, Equation (5.1) can be simplified to

W = 2 tan (p + Q) (5.2)

e
wtp
Further, the change in velocity from u, to a new steady-state velocity

ue’ for which the corresponding slope angle is B' and the slit angle
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is &' on the streak photographs, is simply:

Aug Ue = Ue ™ ] tan (B'+ Q')

u u tan (B + Q) (5:3)

The original streak photographs obtained with about 5:1
reduction were examined in a tool-maker's microscope and the pertinent
angles and distances were measured for the purpose of calculating the
velocity Ug at the entrance of the test section and the velocity
decrement Aue/ue according to Equations (5.2) and (5.3) respectively.
The velocity of the detonation wave also was calculated from knowledge
of the distance between the ionization probes 1 and 3 and the time of
passage of the detonation wave between them. Table IV shows a summary

of the results.

Strictly speaking, the comparison between theory and experi-
ment should be made using in the latter the velocity decrease from the
theoretical velocity. Howevér, it is shown in the appendix that the
error involved in Aue/ue is about .8% of the detonation velocity, where-
as the error in the measurement of the detonation wave velocity by
either the ionization probes or the streak photogrephs, plus the error
due to composition would amount to about 2% of the detonation velocity.
If either column (4) or colum (6) in Table IV were added to column (7)
to obtain the decrement of velocity from the theoretical, then the
results would be subject to an error of 2.8% of the velocity. Since
the greatest decrement is about ll% such an error becomes an appreciable
fraction of the decrement. It is therefore felt that Aue/ue without

correction would be more reliable.
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TABIE IV

SUMMARY OF THE EXPERIMENTAL RESULTS OBTAINED FOR THE

STOICHICMETRIC H,-0O, BOUNDED BY No
272
[(ue)th = 9320 ft/sec (Ref. L46]

(1) (@) (3) () (5) (6) (7) (8)
Number b (u) (Aue)io w (Aue>5 Au)  Renge in
of Runs e’ion ) 5] o) " Aug

e’th e’th e Uy
(in) (ft/sec) (ft/sec)
9 .2 907k . 0264 9199 .0121 .070 .051 -
097
8 .25 9138 .0195 9090 . 0245 .087 .063 -
JA11
5 3 9224 .010% 9168 .0160 .072 .054 -
0098
6 .5 9186 LO1hk 9209 .0120 .0k0 .0235 -
.055
(3) Average velocity obtained from ionization probes
measurements,
(W) Fractional average difference between (3) and
the theoretical value.
(5) Average'velocity obtained from streak camera
measurement, before wave reaches the side relief.
(6) Fractional average difference between (5) and
the theoretical value.
(7) Average velocity decrement for wave with side
relief obtained from streak pictures.
(8) Renge from which the average was obtained in (7).
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On the other hand, the velocity decrement in the flame tube
due to the effect of the boundary layer should be taken into account.
(53)

This decrement, calculated by Fay's method , amounts to 1.8% for
the tube size used in this investigation. It is added to columns
(7) and (8) and the results plotted in Figure 33. Shown on the same
plot is the theoretical curve deduced from Figure 11 where £ is
calculated according to Equation (2.53). The value of the reaction
length X is taken as .138 in., which is the value deduced by Fay(SB)
from the work of Kistiakowsky and Kydd°<7h) The value of tan & was
taken from Figure 8 to be .258 corresponding to the density parameter
value of ,353., Figure 33 shows that the experimental results are in

reasonable agreement with the theory and therefore confirm that the

value of the reaction length is .14 in. to within about 20%.

5.3 Behavior of Detonation Waves at Channel Widths Close to the Critical

At channel widths below the critical, it was seen in Section 5.1,
that the detonation wave quenches and degenerates into a shock. A typical
streak photograph of a quenching detonation wave shown in Figure 3k,
beautifully reveals the dynamics of the quenching process. At about
two microseconds after the detonation meets the boundary gas, it starts
slowing down, Then there is some thickening of the reaction zone and
finally, it appears that a pure continuously decelerating shock (black
curve) travels intq the explosive followed by the interface of the
shocked but unburned.gas with the last layer of the gas that suffered
combustion (light, comparatively thick curve), at an ever widening

distance.
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Figure 34. Streak Photograph of a Quenching Detonation
Wave in Stoichiometric Hp - Oo with
Nitrogen Boundary.

Run No. 760
b =0.1 in.
Vert. - xy3 = 2.996 in.
. Horz. dist. equiv. to x33 = 81.7 usec, approx.
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At channel widths above the critical, it was maintained
in the previous section that the detonation wave velocity reaches
a new steady state value, as the various streak photographs revealed.
To obtain a further proof of this, the velocity of the shock induced
in the inert was checked., This was done by photogresphing the progress
of the detonation wave through a slit close to the solld wall of the
channel and the progress of the oblique shock in the inert through a
slit at about .5 in. away from the separating film. Such a "double
slit" streak picture is shown in Figure 35. A guide for the inter-
pretation of such photographs is presented in Figure 36, Slit 2 is
partially blocked off near the top of the test section, for the
purpose of interrupting traces due to it, so that it would be possible
to identify which trace belongs to which slit. The curved trace due
to slit 2 near the bottom of the test section seen in Figure 35 is
due to the cylindrical propagation of the shock from the point where
the detonation wave first "sees" the boundary gas. After this initial
curvature it cen be seen that the trace of the oblique shock at points
correspondihg to where the detonation wave reaches a new steady state
has the same inclination as that of the detonation wave trace., This
is true of the interface trace also, although at first glance it does
not appear to be so, However, this trace should be examined from the
point where the initial curvature subsides to the point that corre-
sponds to the detonation wave position when the latter hits the solid
part of the film holder again. The distance corresponding to these

two points is rather short.
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Figure 35. Streak Photograph of a Detonation Wave in
Stoichiometric Hp = 0o and of Attendant
Shock Wave in the Nitrogen Boundary
(Double S1it).

Run No. 801
b = 0.5 in.
Vert. - x3 = 2.996 in.
Horz. dist. equiv. to x15 = 91.86 usec
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At channel widths close to the critical, the trace of the detona-
tion wave in the streak plcture showed, at times, some periodic waviness
with the detonation wave remaining unquenched. An example of such a
situation is shown in Figure 37 in which the appearance of the wave is
very reminiscent of that of a "spinning detonation wave (see, for
example, Ref. 7). In a way, this is not surprising, for "spin" is
usually associated with composition limits which in turn must necessarily
depend on limits in the chemical reaction involved. That side relief
imposes some limitation on the chemical reaction is demonstrated by the
quenching behavior of the detonation wave.

The work of Fay(75) on spinning detonation wave showed that
the waviness can reasonably be described as due to the transverse mode
of vibration of the gas behind the shock front. It is, therefore, inter-
esting to apply this theory to our work here., The sound frequencies of

a column of gas in a rectangular channel with sides b and d, are:

(5.4)

with the fundamental frequency obtainable by setting n =m = 1. If the
velocity of sound a, is taken as the average sound velocity behind the

detonation wave then

Bep = aelMelig (5.5)

so that the theoretical fundamental frequency is
1/2
_ feiMerfp (12 /
v,, = —S&g&ife 2 4]
th 2b 42
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Figure 37. Streak Photograph of a Detonation Wave im
Stoichiometric Hp - Op with Nitrogen
Boundary Showing Spin Characteristics.

Run No. 766
b = 0.2 in,
Vert. - Xy3 = 2.996 1in.
Horz. - dist. equiv. to xj3 = 81.7 psec, approx.
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The observed frequency can be obtained from the cbserved pitch length,

X,y 88

Egl _ aelMel
%p *p

and therefore the ratio of the theoretical frequency to the observed is

(5.7)

Vih 5; b° 12
-v‘-= g% '('1-2-+l (5@8)

From Figure 37 we find Xp = ,75 in., and therefore, with b = ,2 in.,
d = .36 in. and @ = ,52 obtained from Table II, application of this

equation gives

Vih
— = 1l.12 (5.9)

which indicates that the observed frequency is about 12% smeller than

the theoretical. The order of the variation is the same as that

observed in spinning detonation in tubes without side relief,

Fay's work does not delve into the origin of spin, nor has
there been a satisfactory theory on this problem, Since our experimental
work shows for the first time, thatspin could be created at will by
proper choice of the boundary gas and channel widths in explosive
mixtures far away from their composition limits, further experimental
study along these lines may well prove helpful in solving the initiation
problem, As can be implied from the survey of Oppenheim EE_E£Q(76),

spin initiation may very well have some bearing on rocket motor instab-

ility.
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5.4 Velocity Decrement of Hp-Op Mixtures Bounded by Nitrogen Near Their
Resgpective Critical Channel Widths

In order to establish which of the quenching criteria presented
in Chapter III is most adequate in predicting the quenching limit, a
series of runs were made with various hydrogen-oxygen mixtures bounded
by nitrogen, at channel widths very close to the critical. The idea
was to determine the maximum velocity decrement possible before quenching
takes place and to compare the results with each of the three criteria.
Again streak schlieren photography was used and examples of the results
for the leanest and richest mixtures tested are shown in Figures 38 and
39 respectively. Table V below gives a summary of the results obtained
on the measurement of the velocity decrement using the same method as
Section 5.2,

To find the critical Mach number from the experimental data,
fhe average velocity decrement column (Q) was subtracted from the
theoretical Mach number column (11) with the results shown in column
(12). Column (13) shows the range in the critical Mach number based
on the range in the velocity decrement, These results which were
corrected by a velocity decrement of .018 due to the boundary layer
effect (see Section 5.2) are plotted in Figure 12. They show best
agreement with Belles' explosion limit criterion (with the old
chemical kinetics data) not only in magnitude but in trend as well.

It might be argued that either Patch's constant temperature
criterion or Shchelkin's instability criterion could be made to give a
reasonable fit to the experimental data by simply adjusting the

critical temperature in the former and the value of the activation
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Figure 38. Streak Photograph of a Detonation Wave in
46.3% Hp = 53.7% Op, with Nitrogen Boundary.

Run No. 101k
b = 0.5 in.
Vert. =~ le = 2.996 in.
Horz. - dist. equiv. to x13 = 79.35 usec
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Figure 39. Streak Photograph of a Detonation Wave in
75% Hp - 25% Op, with Nitrogen Boundary.

Run No. 976
b = .25 in.
Vert. - x33 =2.996 in.
Horz. - dist. equiv. to x33 = 78.60 psec
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energy E, used 1n the latter, since these are not known with consider-
able certainty. Doing this, however, would still give in both caseé a
constant critical Mach number and thereby the trend of the experimental
data would not be followed, Further, the composition limits that would
be predicted under these circumstances would be far removed from those
observed.,

In experiments conducted at lower than atmospheric pressures
such as those on the standing detonation wave reported by Nicholls and

(62)

Dabora it was found that ignition did not take place except under
conditions compatible with Belles' criterion. A further support to
plausibility of the explosion limit criterion is the observation made
by Lewis and von Elbe(77) that composition limits in Hy-0, can be
widened if a special effort is made to dry the mixture. They point
out that this is indicative of the role of the chain breaking reaction
IV and the high efficiency of water as third body (see Equation 3.9)
in this reaction, In this regard, the experimental results reported
here which show that guenching takes place at lower Mach number
decrement than the theory predicts can be interpreted to be due, in
part, to the water contamination, as no special precaution was taken
to pre-dry the gases any further than as supplied.

Neither Shchelkin's nor Patch's criteria take into consider-
ation any composition effect, Further, Patch's criterion is probably
applicable to mixtures which are initially at pressures near atmos-
pheric, whereas Shchelkin's criterion is independent of pressure.

Since the results presented here which show a definite composition
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effect, and since the results in (62) for initial pressures much lower
than atmospheric are in good agreement with the explosion limit
criterion, it is concluded that it is basically adequate in describing
the conditions under which detonation waves in H2—02 mixtures could be
self-maintained.

5.5 Estimation of the Reaction Length in the Stoichiometric Methane
Oxygen Mixture

The theory presented in Chapter II indicates that if data on
the velocity decrement of an explosive when confined by a known inert
medium are avallable, they can be ﬁsed to infer the reaction length of
the explosive, This is what was done in Section 5.2 for the stoichio=
metric hydrogen oxygen mixture with encouraging results.

Stoichiometric methane oxygen was chosen as another explosive
mixture for the purpose of calculating its reaction length, When the
widest available channel width was used with nitrogen as boundary, it
was found that the reaction zone thickened and the detonation wave
tended to quench. As the theory predicts, the situation was improved
when carbon dioxide, a gas heavier than nitrogen, was used., More
improvement was experienced when butane was used as the confining gas.
Typical streak photographs for the above three conditions are shown in
Figure 40, In the butane case, the detonation wave still seemed to be
thick but nevertheless it was considered unquenched because the velocity
appeared constant near the top of the test section, The velocity
decrement calculated from several photographs ranged from ,081 to
,093 with an average of ,088, Thus the total velocity decrement

becomes ,106 after decrement due to boundéry layer effect is added
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(a) Run No. 1018
Boundary Gas: No
b = 0.5 in.
vert. - x3 = 2.996 1in.
Horz. - dist. equiv. to X3 = T7.92 psec

(b) FRun No. 1020
Boundary Gas: COp
b = 0.5 in.
Vert. - x33 = 2.996 in.
Horz. - dist. equiv. to X1z = T7.92 usec

Figure 4. Streak Photograph of Detonation Wave in
Stoichiometric CH)Y - Oo and of Attendant
Shock Wave in the Boundary Gas (Double
S1it).
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(¢) Run No. 1022
Boundary Gas: CpHjp
Channel width = 0.5 in.
Vert., - X13 = 2.996 in.
Horz. - dist. equiv. to x33 = 79 usec

Figure 40. (Continued)
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(as explained in Section 5.2). From Figure 11 such a velocity
decrement corresponds to an incremental area increase £ of ,176.
Using Equation (2.53), after finding tan & to be ,272 from Figure
8 the value of .3%25 in, is obtained for the reaction length of the
stoichiometric methane-oxygen, which is about twice that of the
stoichiometric hydrogen-oxygen.

A£ this point, it is interesting to look at the results
of Wagner(78) on detonations of mixtures of city gas¥* and oxygen
conducted in paper tubes and examine them in the light of the
findings on reaction lengths in this study. Wagner, by "specially
treating" the paper tubes, was able to change the distance X 5
behind the detonation front at which they break, He finds that the
detonation velocity in the paper tubes to be less than that in a
solid tube with the decrement in velocity increasing with decreasing
Xy 3 and. quenching setting in when Xy = o4 in, His expression for
the area increase due to the paper motion is

e o= 1070 t° (5.10)%%
where t is the time (in psec) after the passage of the detonation
wave, By assuming the time in which most of the reaction in
detonation is completed is about 1 psec, he concludes that the
area increase, being thus very small, cannot alone explain the
relatively large velocity decrements he obtains, and therefore
the flow conditions behind the C-J plain must be influencing the

propagation velocity.

*Composition not reported, Main constituent is assumed to be methane,
*¥Expression (5.10) corresponds to & paper thickness of about .00l in,
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An alternative explanatipn of Wagnef's-findings is offered
as follows., Because of some impurities in city gas, it is reasonable
to assume that its reaction length is higher than that of methane.
Such a reaction length would mean a reaction time of 6-9 usec, which
in turn gives & = ,O4 - .08, Such an area increase corresponds to
2-5% velocity decrement which is what Wegner obtains at x, slightly
larger than .4 in. This explanation of Wagner's results seems to be
very plausible as it does away with the unlikely postulation that
perturbations behind the C-J plane can influence the propagation
velocity of the detonation wave.,

5.6 Behavior of Detonation Waves When the Density of the Boundary Gas
is Much Lower Than That of the Explosive

In agreement with theory, it was demonstrated in the previous
section that the denser the boundary gas the better the confinement of
the detonation wave., The limit of course is a solid boundary, inside
which a detonation wave travels without loss in velocity. The question
arises as to what happens to a detonation wave when a gas much lighter
than the explosive is used as the confining medium. Such a situation
can usually arise in a rotating detonation wave rocket motor mentioned
in the introduction. After the first cycle, the burned gas is pushed
by the fresh charge thereby acting as a confining medium for the
detonation wave in the next cycle, The burned gas is, of course,
expanded from the Chapman-Jouguet pressure to some lower pressure;
however, it would still be at a higher temperature than the injected

charge and therefore would be much lighter than the charge,
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Figure 9 which was derived using the shock tube analogy,
indicates that when the density parameter is about 1.4, the shock
angle in the inert becomes nearly 900° Such a shock angle with flow
deflection downstream of it is not possible unless the shock is
detached from the leading edge of the deflection plane, In actuality,
detachment arises at shock angles ranging between 62-780 depending
on the detonation Mach number and the density parametera This
situation was first recognized by Sommers(5l) who was able to show
photographically that indeed when the inert gas is light enough a
detached shock can develop.

The question that needs to be answered here is what effect,
if any, has the condition of shock detachment on the quenching criterion.
Some experiments were carried out with H,-O, and CH)-0Op detonations
bounded by either He or H,, Typical spark photographs are shown in
Figures 41 and 42, In the case of 75% Hy-25% O, bounded by He
(Figure 41b), one can see that the shock is still attached, whereas,
in the case of the same explosive bounded by H, (Figure 4la), the
shock appears to lead the detonation wave. Finally,'in the case of

33.5% CH,-66.T% O, bounded by H, (Figure 42) the shock is well ahead

5
of the detonation wave and can be seen to be inducing an oblique shock
into the explosive mixture, for all the conditions represented by
these photographs calculations would indicate that quenching of fhe
detonation wave in the explosive should have taken place, Why then
do none of these photographs show any quenching?

A qualitative explanation can be offered as follows., When

the shock is detached it runs ahead of the detonation wave. Now the
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(a) (b)

Figure 41. Spark Photographs of a Detonation Wave in
75% Hy - 25% Op. (b = 0.3 in.)

(a) Run No. 1148 - Hydrogen boundary
(b) Run No. 1169 - Helium boundary
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Figure b2. Spark Photograph of a Detonation Wave in
33% CHY - 67% Op with Hydrogen Boundary.
(b =0.5 in.) (Run No. 1107)
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density of the inert gas behind the shock is higher of course than
its initial density, so that what the detonation wave "sees"
essentially, is this higher density gas., This in turn means a
lower deflection angle and therefore a lower area increase and a
lower Mach number decrement. Therefore, it is possible that the
steady=-state detonation Mach number could still be higher than the
critical, Hence no quenching appears to take place,

Despite these circumstances it is still reasonable to
assume that quenching could be accomplished if the channel width
is sufficiently reduced, This was done in the case of 5% H2-25% 0p
bounded by hydrogen. A typical photograph is shown in Figure 43 where
it can be seen that the shock in the boundary gas leads by an appre-
ciable distance the reaction zone in the explosive., Further one can
see the oblique shock induced by the shock into the explosive more
clearly than could be seen in Figure 41, Also distinguishable is
a new interface pushed into the explosive. Needless to say, the
flow pattérn is very complicated.

Unfortunately the rotating drum camera was not available
when tests of conditions similar to those of Figure 43 were being
conducted. However, tests where pictures at several time delays
were taken when I-I2 and He were used, showed a considerable decrease
in the velocity of the detonation wave, The data is plotted in
Figure 4, showing that the "reaction zone" propagation was at about
50% of the detonation velocity. Because the accuracy of the relative

time delay is in question, it is not possible to say with certainty



Figure 43.
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Spark Photograph of a Detonation Wave in
5% Hp - 25% 0o Mixture with Hydrogen
Boundary, Showing an Oblique Shock in the
Explosive Resulting from a Leading Shock
in the Inert. (b = .02 in.) (Run No. 1193)
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at this point, whether the detonation is continuously decreasing in

velocity or whether it reached a steady state. However, it is
interesting to mention that Voitsekhovskii(BS) reports a steady
detonation velocity in an annular channel at half the C-J velocity.
The situation in the annular channel is such that the burned gas is
on the side of the fresh,unburned gas acting as a low density
boundary.

If this is more than a mere coincidence, it must mean that
a rather new and interesting mode of detonation wave is possible. It
should be added that such a mode is not completely inconsistent with
the quenching criterion, for by inducing an oblique shock into the
explosive, the detached shock of the inert essentially increases
both pressure and temperature of the explosive. This can mean that
the explosion limit criterion can be attained at somewhat lower
Mach number than would be needed when the explosive is not so
"prepared". Thus it would appear that a low density gas, when
used as an inert boundary, can provide a mechanism by which some
of the energy of the detonation wave could be transferred ahead of

the detonation‘fronta

2.7 Experimental Interface Deflection Angles and Inert Shock Angles

As a check on the degree of accuracy with which the shock
tube analogy can predict the interface deflection angles as well as
the shock angles in the inert, measurements of these angles from
spark schlieren photographs were made. The data for the deflection

angles are plotted in Figure 45 where the theoretical deflection
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angle is also shown., Reasonable agreement is apparent throughout
the range of conditions tested. Agreement appears, in general, to
be excellent when the explosive channel width is large, i.e., when
conditions are above and far away from the quenching limit.

The data for the shock angle in the inert for limited
test conditions, are plotted in Figure 46. They indicate good
agreement with theory again. Cases in which the shock leads the
detonation wave are not plotted because the shocks were curved
and it was impossible to determine an "average angle,"

It is concluded on the basis of these measurements that
estimation of area change near the detonation zone by use of the
shock tube analogy results in a satisfactory agreement between

theory and experiment.



VI. CONCLUSIONS

The shock tube analogy is successfully used to predict the shock
angle induced by a gaseous detonation wave into the inert com-
pressible medium that confines it. It can also predict the inter-
face angle between the expanded burned gas behind the detonation
wave and the shocked gas in the inert.

The parameter that controls the extent of the deflection angle
contains essentially the ratio ef the density of the explosive to
that of the inert. The higher this ratio is, the larger the de-
flection angle.

The effective area change of each stream tube between the shock
plane of the detonation wave and the Chapman-Jouguet plane, can

be calculated from a knowledge of the deflection angle, the ex-
plosive channel width and the reaction length.

It is possible to predict that an area increase in the reaction zone
reduces the detonation velocity. Thus, if the velocity decrement
of a‘detonation wave 1in a known explosive of known channel width,
confined in a known inert can be determined experimentally, the re=-
action length can be inferred. This is done in the case of a
stoichiometric Hy=-0p mixture and a stoichiometric CHy=0p 1in
which the reaction lengths are found to be .14 in. and .32 in,
respectively. The inferred reaction length of the Hp=0, mixture
agrees with the value reported in the literature.

Using Belles' explosion limit criterion it is possible to predict,

for the Hp=0, mixtures, a critical detonation velocity below which

-128-
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The detonation is expected to quench. Good agreement between this
theory and the experimental results is obtained. It is fgund that

a velocity decrement larger than 8—10% of the theoretical velocity
can lead to the quenching of the detonation wave.

Near the quenching limit, the detonation wave propagates, at times,
like a spinning detonation wave so common at composition limit.

This is the first time that a "spin" could be induced in gas mix-
tures away from their composition limit and the method is therefore
deemed convenient for the study of the origin of spin.

When the inert boundary gas is much lighter than the explosive, the
induced shock is detached. In some instances, it appears that such
a condition can provide a mechanism whereby energy from behind the
detonation wave can be transferred ahead of it. In such situations,
detonation waves traveling at about half the Chapman-Jouguet velocity
have been observed experimentally.

A technique for minimizing diffusion between the boundary inert gas
and the explosive gas by separating them by a thin film is developed.
It is fouhd that in order for the film itself to have a negligible
effect on the interaction process being studied, the ratio of its
thickness to that of the reaction length should be one-tenth the

ratio of the explosive density to that of the film.



APPENDIX A

ERROR ANALYSIS

The calculation of the detonation velocity and the velocity
decrement are subject to errors due to measurements as well as explosive
composition. It is therefore necessary to assess the accuracy of the
reported calculations.

According to Reference 79, the error in a quantity y, where

y = F(Xl: Xpy cooy Xn) _ (A'l)

and be calculated by the following equation:

5 o JF 2 5
(@y) = I (=) (dxi) (A-2)
] -/
which will be used below.

A.1 Error in Velocity Measurement from Streak Photographs

The detonation velocity from streak photographs can be calcu-
lated according to Equation (5.1). This can be written, after assuming
0 =0 and noting that thé magnification 1s obtained by measurements of

two distances, as

Lig
24t

tan B (A-3)

Ue =
p

where f, = distance between two fixed points on the test section

44 = distance between the corresponding points on the image.

Applying Equation (A-2) to (A-3), one obtains

ey Ly : 2 n B.2
@ -1+ G+ G+ Camp) /2

(A-4)
-]_50..
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In using the tool maker's microscope for the measurement of angles
and distances on the photographs, angles to within 0.1° and distances

of . .5 in. to within .002 in. could be made. Since

d tan B _ dg (4-5)

tan B sin B cos B

and since B = 70°, then d tan B/tan B = .0055. Further with,

dL = ,002 (ability to measure drum perimeter of
L 2.5 in. to within .025 in.)
44 = 001 (measurement of 3 in. to within .003 in.)
4o
%ﬁi = .00k (ability to define fixed points on the
1 photographs when viewed in the toolmaker's
microscope)
and
QEE = ,003 (measurement of the drum camera period by
tp the Hewlett-Packard timer as reported by

the manufacturer)

one obtains

due 2

(o ) = .TT5% (A-6)

A.2 Error in Velocity Measurement from
Measurement by Ionization Probes

The velocity in this case is calculated as
b3
Ug = (A-T)
tl§
where le is the distance between two probes which can be estimated
to within 1/16 in. in~12 in., and t15 is the time for the deto-

nation wave to pass from probe 1 to probe 3 as measured by the Berkley
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timer, to an accuracy of 1 psec in 100 psec. Therefore,

403 - 0050 ana 313 - .01
413 13

which gives:

A.3 Error Due to Composition

The hydrogen oxygen mixture is prepared by the partial pressure
method. The accuracy of the gauge used combined with the accuracy of
reading it is about .5 psi. Usually‘a total pressure of 70 psia 1is
attained during the preparation of each mixture.

The mole fraction of Hy 1s

PH (A=9)

T =
N T

For 40% Hp - 60% Op mixture then

dpg, .5 _ -
5, e .0178 (A=10)

and for 75% Hp - 25% O, mixture

dp
L5 .0095 (A-11)
PH2 70 x .75
But,
WPtot _ .5 - o072 (A-12)
Ptot 70
so that S
dfy. ©°
“V/:_Ea =1.92% = 1.19% (4-13)

fHQ
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The theoretical detonation wave velocity as calculated by
Gordon(57) is shown in Figure 47 as a function of the hydrogen mole
fraction. From this figure and the possible error in the mole fraction

of Ho, one can deduce that the possible variation in detonation velocity

du e ‘
\/ (1-1-—&) =.9% - 1.3% (A-1k)

(S]

can be:

A.4 Error in the Velocity Decrement as
Measured from Streak Photographs

When o' =qa =0, the velocity decrement in Equation (5.3) be-

comes:
A.___ue =] = t_&an : (A'15 )
Ug tan B :

Applying Equation (A-2) and noting that tan B = tan B', one obtains the

following expression for the error in the velocity decrement:
T w2 > |
U, : d tan
\/O“ue‘fe) -\ (A-16)

With the‘value of the error in tan B calculated to be .0055 in Section

A.l, this becomes
w2
alggs) = .78 (4-17)
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