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Abstract—-A simplified theory of blast initiation of detonations in clouds of fuel in gaseous or droplet
form is developed and agrees with the experiments described below. The flow is at first dominated by
the strong blast wave but transition from blast to detonation behavior occurs near a critical radius r.
where the blast energy and the heat of combustion contained in r < r. are equal. The complex flow in
this transition region cannot be determined analytically. In the simplified theory the details of the
transition region are ignored but the flow is represented by the self-similar solution for a strong blast
wave for r <r. and by the self-similar detonation solution for r >r..

The development of a sectored shock tube to study cylindrical shock waves and two-phase detona-
tions is described. Data are presented for shock waves as well as for blast initiated detonations of a
monodisperse spray of 400 u kerosene droplets in air at standard conditions. Two regimes of
propagation were established experimentally: (1) the subcritical energy regime, where decoupling of
shock and reaction zone results in a strong blast wave type decay and, (2) the supercritical energy
regime, where the initially overdriven cylindrical detonation decays, at some critical radius, to its
Chapman-Jouguet state. Experimentally determined critical radii and steady-state detonation velocity
agree very well with theoretical predictions. Detonation velocity was found to be constant at the plane
C-J value for radius greater than the critical radius.

1. Introduction

Tuis sTUDY is directed to the initiation of detonation in two-phase (liquid-gas) mix-
tures by blast waves. In such cases one would expect strong blast wave behavior
to be observed near the origin of the blast. However, at sufficient distances away
and provided detonation was actually achieved, one would expect a constant vel-
ocity Chapman-Jouguet detonation. Accordingly, the theoretical portion of this
paper considers strong blast wave theory for the cases of planar, cylindrical, and
spherical geometry. Similarity solutions are discussed and some results presented.
Further, the similarity solution for a detonation wave is discussed. Of course,
there is a transition region between the two limiting solutions, which, for simplifi-
cation, is assumed to occur discontinuously at a certain critical radius. Thus a
much simplified model of the entire process is adopted.

The second part of the study is devoted to the experimental achievement of
blast initiated detonations and how these results compared with theoretical pre-
dictions. For these studies only the cylindrical geometry case was considered. Ini-
tial effort was directed at the production of cylindrical blast waves and a
determination of the effective energy release driving these waves. In later studies
the shock wave impacted a cloud of kerosene drops and air, wherein the cloud
was formed by 77 needles, each disturbed at the Rayleigh frequency and produc-
ing drops of the same size. Attention was given to those conditions under which
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detonation was established, and the overall cloud behavior as it compared to the
simplified theoretical treatment.
The theoretical and experimental aspects of the study are now described.

2. Theoretical analysis

A simplified analysis of the propagation of a blast wave through a gaseous or
two-phase combustible mixture is developed below. The reviews of Lee[l],
Chernyi et al.[2], and Korobeinikov [3] summarize recent work on blast propaga-
tion through combustible mixtures. In discussing the propagation of blast waves
through combustible mixtures[4] it is useful to define a critical blast wave radius
r. such that the energy of combustion contained within r. is equal to the blast
wave energy E,. If Q is the combustion energy per unit mass of fuel oxidizer mix-
ture, then

r- = (vEol0.Qp1)""” 1)

where v =1,2,3 and o, =2,2n, 47 for planar cylindrical and spherical waves.
When the blast radius r. < r., the blast energy E, is dominant and asymptotic
analysis[5] shows that the flow then can be described by the self-similar strong
blast wave solution of Sedov[6] and Taylor[7]. When r, > r. combustion domi-
nates and the blast wave decays to a constant velocity Chapman—Jouguet (C-J)
detonation, provided combustion is instantaneous at the shock front. The flow
behind the C-J wave also is self-similar[6]. In the transitional region r, ~ O(r-)
the flow is no longer self-similar and various numerical, perturbation, and approxi-
mation techniques used to deal with this region are described by Lee[1] and
Korobeinikov [4].

The theory shows[4 and 5] that transition to a C-J detonation always occurs
when the combustion energy is released instantaneously, i.e., when the reaction
zone thickness, A, behind the shock front is negligibly small. With finite A, the
one-dimensional analysis of Korobeinikov et al.[8] shows that the flame zone
separates from the leading shock precluding the formation of a steady C-J detona-
tion. While this flame separation is observed when missiles are fired through com-
bustible mixtures[9], detonation can be initiated with blast waves even though the
reaction zone thickness, A, has some finite value for all detonations[10]. The key
to the conflict between the results of the one-dimensional theories and observa-
tion is that two-dimensional effects are present within the reaction zone of most
self-sustained detonations[11]. A complete theory of blast initiation must take
these effects into account. As a preliminary step in this direction Bach et al.[10]
have introduced a phenomenological theory of initiation. They find that with a
finite reaction zone thickness A, transition to a C-J detonation will only occur
when the blast energy E, exceeds a certain critical initiation value in accord with
experimental observation. In terms of a characteristic explosion length, r,, defined

by tiv 1/v
= ()" = (22) @

blast initiation of a C-J detonation occurs only when the ratio (A/r,) is less than a
certain critical value. Here k, = 1,27, 4w, for v =1,2,3, and a, is the speed of
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sound in the unburned fuel oxidizer mixture. An interesting feature of the theory
is the occurrence of stable sub-C-J waves when A/r, is near the critical initiation
value.

The theoretical developments described above require considerable computa-
tion, particularly in the transitional region, 7, ~ O(r-). The theory of initiation is,
in any case, only in a preliminary form. There are, however, a number of practical
problems where the main features of blast propagation through explosive mix-
tures are desired with minimum computational effort. The results of Bach et
al.[10], Korobeinikov [4], and Chernyi et al.[2] show that the transition from blast
to C-J wave behavior, if it takes place, occurs when r, ~ r-, for both discontinu-
ous and finite thickness detonation fronts. For rapid estimation of propagation
properties it is therefore proposed to use the self-similar strong blast wave theory
for r, < r. and the self-similar C-J wave solution for r. > r..

Such an ultra simple or zeroth-order theory cannot describe the details of the
transitional flow, nor can it be used to predict initiation energies. However, the
experiments described below show that the blast—C-J wave transition occurs
very rapidly, and that the zeroth-order theory predicts the propagation of the
wave front remarkably well. The use of r. as the dividing point between the blast
and C-J solutions fits the experimentally observed result that the transitional
radius increases with increased blast energy E,. Korobeinikov{4] shows that the
distributions of velocity, pressure, and density correspond to those behind a
strong blast wave when r,/r-<1, and to those behind a C-J detonation when
r./r.> 1. In the zeroth-order solution it is assumed that the blast wave property
variations are valid for r. < r. while the C-J property distributions are used for
r, > r-. The validity of this feature of the zeroth-order solution, which facilitates
the computation of impulse and other blast effects, remains to be tested experi-
mentally.

The details of the self-similar solution for strong blast waves is described in
great detail by Sedov[6]. The key assumptions are that the shock pressure ratio
(p2/p)) > 1, that the release of explosive energy is instantaneous, and that the fluid
is a perfect gas with constant specific heats. Then it can be shown that the shock
radius r,, and the velocity v,, pressure p, and temperature T, immediately behind
the shock front are given by

;= (EO )1/v+2 t2/v+2
s

api
o, = 4 (_E_o_)”"“ t_vh'ﬂ
(v+2)y+ D \ap,
3)
p = 821 (ﬂ)m+v t—2vlv+2
2T w42 (y+ 1) \aps

T, = 8(y—-1 (ﬂ)mﬂ 2vive
) (v+D
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The parameter a, which is related to energy conservation, is a function of vy and
the dimensional index v and may be found in Ref. [6]. Analytical solutions for r/r,,



388 J. A. NICHOLLS et al.

v/v2, p/p2, T/T: and p/p. between the shock front and explosion center are
presented by Sedov[6] as functions of the dimensionless velocity V = v(t/r) and
can be readily used to find the properties of the flow behind the explosion front.
The self-similar solution described above fails near explosion center, and as
indicated by Brode et al.[12] can only provide a crude approximation, and, with
recent advances in numerical computation more accurate theoretical solutions
have become available. However, the simplicity of the “old” blast wave theory is
in the spirit of the zeroth-order theory proposed here and the results agree quite
well with the experiments described below.

The conservation equations describing the self-similar flow behind a C-J deto-
nation can be reduced to the single ordinary differential Eq. (5)

dz _ z[A(V — )’ + @ —1)(y:—DV(V -1)—2z]

dv VIV —1)—pz] @
where the dimensionless velocity 'V and the variable z are defined by
=r . = PQ)
v =y V(A); z %R().) ®

p=p(r’[thP(A);  p=pR(A)

A is the similarity variable (r/r,), while vy, is the ratio of specific heats of the
combustion products. The numerical integration of Eq. (4) is the key problem in
computing the self-similar flow behind a C-J detonation. The variation of V and z
with the dimensionless radius (7/r,) can then be found by integrating

dn)) _ z—(V—1y ;
AV VIV =17=z] (6)

The flow behind the detonation is assumed to be isentropic so that z and R are
related by

AZZ V4 (7)

D - RP,-D
R™ R

The integration of Eq. (4) is started at the point (z,, V) corresponding to the
C-J conditions immediately behind the detonation front. Hence (z., V>) must be
on the sonic parabola z = (1 — V)’ in the z-V plane (Fig. 1). Accurate computa-
tion of the properties immediately downstream of the detonation front requires
the tedious determination of chemical equilibrium for each fuel-oxidizer mixture
and has been carried out using the Gordon-McBride numerical code [13]. Once the
propagation velocity C; Mach number M, and ratios of specific heats y; and .,
and the molecular weight M, of the combustion products have been determined
using[13] other detonation properties can be determined with remarkable accu-
racy from the perfect gas Hugoniot Equations applied across the wave with
changes in gas properties taken into account. Thus for C-J detonations

| (o2
R, [72+1<1+71>]

2 2 (8)
N /' Zl)
= e— +.—.
z (y2+1)° (1 Y1

where z, = Mp .
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Fig. 1. The V-z plane for a C-J detonation.

The detonation front is followed by an isentropic expansion through which the
velocity of the combustion products drops to zero at the boundary of a stationary
core region, which corresponds to the point A: z =1, V =0 in the z-V plane.
Point A is a node and in the physical plane corresponds the characteristic separat-
ing the expansion wave from the stationary core. The stationary core is rep-
resented by the line V = 0 extending from z = 1 to z =  which corresponds to the
detonation center r = 0. Some typical z-V solution curves are shown in Fig. 1 for
v =1, 2,3. The v = 1 solution is singular and coincides with the sonic parabola z =
(1—- V). Typical pressure profiles behind a stoichiometric CH,-air detonation
computed as described here are shown in Fig. 2.

In computing r. it is important to recognize that Q is not the fuel heatmg value
per unit mass of the fuel oxidizer mixture, for with dissociation combustion is
rarely complete, particularly near stoichiometric conditions. However, from the
perfect gas C-J conditions it can be shown that

B C2 _ aleD2 . _
Q=3 —D 2v-D ©

where now C, ¥y,, and M, are taken from the exact computation[13] of the C—J
conditions. With Eq. (9) the expression for r. can be written

_ 2VE0(722 _ 1)]llv I:ZVEo('Yz - 1)]1/v
r [ Gpplcz O'u'YlleD (10)
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Fig. 2. Air-CH, C-J detonation variation of pressure.

also it is of interest to note

Z= [—7—2"( 2= Dk’]w an
ro o.Mp

The self-similar C-J theory is readily extended to mixtures in which the fuel is
in droplet form. The C-J conditions have in this case been formulated by
Williams[14] and by Nicholls et al.[15]. With the fuel in liquid form the C-J
conditions are modified resulting in a slight shift in the point (z., V) in the z-V
plane. It is generally reasonable to assume that the combustion products are in
gaseous form, and then the flow behind the detonation behaves exactly as before
with, however, a slight modification in the C-J conditions.

It can be seen that with the above zeroth-order theory very little computational
effort is required to determine the propagation of blast waves through combustible
mixtures over a wide range of conditions. The only information required is the
geometry and energy E, of the blast and the properties of the fuel oxidizer mix-
ture. The theory does not provide information about the energy required for blast
initiation and there is a discontinuous transition from blast to detonation prop-
erties when r. = r.. The experimental results described below show that the
zeroth-order solution describes the propagation characteristics of blasts through
combustible mixtures remarkably well.
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3. Experimental research

The present experimental investigation[16, 17] seeks to resolve in a controlled
manner overall propagation details of blast initiated two-phase cylindrical detona-
tion waves. Heretofore, controlled experiments have never been conducted on
cylindrically or spherically propagating heterogeneous detonations wherein fuel-
air mixture ratio and/or drop size are controlled. The research has proceeded in
two states; namely, the design and development of a satisfactory experimental
facility, followed by a systematic variation of test conditions, data tabulation and
analysis.

Experimental facility

A cylindrically shaped cloud was modeled which is idealized to the extent that
cloud conditions (i.e., mean drop size and local mixture ratio) vary only with
radius rather than with azimuth or in a direction parallel to the axis. Due to the
axial symmetry of the problem and in order to minimize the magnitude of the
explosion, the test chamber configuration chosen is a pie-shaped sector of a
cylindrical cloud. The walls of a detonation test chamber will, in general, have an
effect upon the detonation process due to heat and momentum losses to the wall.
While use of a very large chamber essentially eliminates wall effects from the
overall process, it is important that the chamber not be excessively large, if a test
chamber is to be operated within a laboratory.

Two-phase detonation studies in constant area test chambers[18] have demon-
strated that there is a relation between fuel drop size, test chamber dimensions,
and the magnitude of the wall effects on the detonation process. Therefore, in the
process of determining the dimensions of a test chamber that will minimize wall
effects and still be of a practical size and shape, it is necessary to simultaneously
consider the size of the fuel drops.

The selection of the size and distribution of the fuel drops within the test
chamber must also be based on the practical limitations of the drop-producing
mechanism and the fuel-to-air ratio desired. The nominal drop size was selected
following an examination of the frictional and heat losses to the walls of a
prospective test chamber and the reaction zone length of a detonation process.
The wall losses may be taken into account through the use of Eq. (12), taken from
Ref. [18], where u. is the actual detonation velocity, u,, the ideal C-J velocity, v;
the ratio of specific heats at the C-J plane, p; the fuel density, p, the oxidizer
density in front of the shock wave, Cx the heat transfer coefficient, and r. the

hydraulic radius.
u,/u,., = [1 +(30D/r;.)‘y;2(p,/p1)”2 (:H]—ll2 (12)

The product in the brackets is small compared to one, allowing (4., — U, )/u.., the
dimensionless velocity deficit to be expressed by the biomial expansion

Aus /uso =1- (ul /ulo) = ISD/r'I (732)CH(P' /p‘)”2 (13)
For y;=1.2, Cy =2.5% 107> and the appropriate densities, Eq. (13) becomes
Au,fu, =55x107°(D/n.) (14)

for D in microns and r, in inches.
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The velocity deficit can then be expressed as a function of drop diameter and
test chamber geometry, with plots similar to Fig. 3 being made for various
chamber configurations. For a selected chamber geometry, the latter figure gives
chamber radial distance versus drop diameter for curves of constant velocity de-
ficit. As expected, the velocity deficit becomes very large in the chamber vertex
region. It was decided that conditions should be selected that would allow the flow
properties to be well established, with few wall losses, by a radial distance of 6 in.
The final selection of the nominal fuel drop size and the test chamber dimensions
were made on the basis of allowable limits on velocity deficit and the practical
problems of drop generation. By examining a series of graphs similar to Fig. 3 and
by considering that the allowable limit on the velocity deficit at a 6 in. radial dis-
tance should be about 5%, a nominal drop size of less than 400 u was chosen.

A drop-generation technique, with important differences from that employed
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Fig. 3. Radial distance from chamber vertex plotted versus drop size for constant veloc-
ity deficit, for geometry selected.
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in earlier work[19, 20, 21], was developed to produce a spray of fuel drops of
nearly uniform size and spacing. The decision to develop the technique was made
following preliminary tests involving those already in existence, and provides for
a further extension to the vibrating capillary jet methods, based essentially upon
Rayleigh’s analysis[22] of jet instability.

A motor-driven system was developed in order to generate stronger pressure
pulses. The sinusoidal disturbances of the liquid fuel is generated by periodically
interrupting the flow to the needles. By this technique, the disturbance is intro-
duced to the fluid through rotation of a 48-tooth gear enclosed in a cylindrical
case. The inlet and outlet ports are so positioned that the top land of the rotating
gear simultaneously opens or closes both ports. Kerosene under pressure is fed
through one port to the rotating gear. The fuel leaving the pulse generator enters
the test chamber through a connected series of eleven sub-manifolds, made up of
seven capillary needles each. Hence, the monodisperse spray produced in such a
fashion falls vertically, orthogonal to the propagation direction of the initiating
blast wave. The fuel system was thoroughly tested to determine operating condi-
tions necessary to generate drops of uniform size and spacing. The values of drop
size, and operating frequency obtained experimentally compare very favorably
with those computed on the basis of Rayleigh’s theory.

While the initiation of detonation in gaseous fuel-oxygen mixtures is relatively
easy and many methods have been used (i.e., spark plugs, glow plugs, shock
waves, and even cigars), the replacement of oxygen with air renders initiation
more difficult. Nevertheless, many detonation experiments on gaseous fuel-air
mixtures have been conducted. When the fuel is in liquid droplet rather than
gaseous form, initiation is more difficult. In recent studies on two-phase
detonation[21, 23], wherein the oxidizer was systematically varied from pure ox-
ygen to oxygen-nitrogen mixtures, it was found extremely difficult to ignite the
fuel when the volumetric percentage of oxygen in the oxidizer was less than about
35%. In view of the above, it was deemed important to carefully consider the
method of initiation in connection with the present research.

Initiation techniques considered included auxiliary shock or detonation tubes
as well as solid explosives. Auxiliary shock and detonation tubes require more
support equipment than the comparable solid explosive system, so that the time
between experimental runs would be longer. An advantage, however, would be
that these techniques can produce a sustained high pressure, high temperature,
and high velocity blast directed at the drops. On the other hand, the explosive pro-
cess is accompanied by a rapid decrease in these gas dynamic characteristics im-
mediately behind the shock, which would render initiation more difficult.
Nevertheless, the solid explosive technique was selected due to its simplicity,
flexibility, and the ease with which the energy level could be increased. Uncer-
tainty in the location of the energy threshold point required experimental runs of
vastly differing energy releases. Blasting caps and Dupont Detasheet C were used
in varying combinations to achieve varying amounts of readily established total
energy release. The composition of Detasheet C is 63% Pentaerythrite Tetrani-
trate (PETN), 8% Nitrocellulose (NC), and 25% noncombustibles. The heats
of combustion for PETN and NC are, respectively 4280 ft-Ib/g and 2640 ft-Ib/g.
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Taking a weighted average of these, the heat of combustion for Detasheet is
given as 2911 ft-b/g or 188 ft-Ib/grain. Detasheet was exploded using Dupont
blasting caps with a nominal energy release of 1110 ft-lb. Hence, the total in-
itiation energy in the tests described later is equal to the blasting cap energy
added to the energy of the Detasheet used.

The detonation chamber is mounted on a Unistrut framework with the
chamber centerline approximately 4 ft above the floor. The fuel storage, motor-
driven fuel pressure pulse generator, fuel valving, and electrical solenoids are also
mounted within the Unistrut framework. A rack cabinet immediately to one side
of the detonation chamber houses most of the associated electrical and electronic
equipment. Figure 4 is a schematic of the experimental apparatus.

Bypass Fuel Supply
Main Dr °} Generator Pregsure Transducer
Fuel ’ @ ) RPM Counter
Supply & @-

Automatic Timer

Pressure Switches

Fuel Supply Q
(Input to Raster Unit)

Pad Retraction (2)
Detonator (3

Raster
Unit

Fig. 4. Schematic of experimental apparatus.

The detonation chamber, without the breechlike explosive charge holder, is
283 in. along the centerline. The top and bottom bars diverge at a 20° total included
angle. The inside dimensions of the chamber are 2.05in. wide, 1in. high at the
narrow end, and 11 in. high at the open end. A breech, which holds the detonator
cap and plastic explosive, is mounted to the narrow upstream end of the chamber.

The detonator tube is prepared for a run through the execution of an estab-
lished sequence of steps involving final instrumentation checks, drop setup, and
detonator preparation. The initiator blast wave is injected into the detonation
chamber from the breech. Lead-zirconate titanate piezoelectric transducers of the
type developed in earlier studies{24,25]), which have rise times of less than
1 usec, are employed for making pressure measurements. Average wave vel-
ocities are measured over eight separate intervals using diaphragm type pressure
switches of very high reliability. The output from these switches, positioned
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uniformly along the chamber side wall, is displayed by means of a raster cir-
cuit on an oscilloscope.

Experimental blast wave results

Efforts thus far have focused upon evaluation of the two limiting cases for an
idealized model of a blast initiated heterogeneous detonation—the strong cylindri-
cal blast wave and the cylindrical C-J detonation wave.

Considerable emphasis has been placed on the attainment of good blast wave
data. The reasons for this are basically threefold. First, it was an expedient way to
debug much of the apparatus and instrumentation and to gain experience and
confidence in the operation. Second, it was deemed important to assess the
degree to which cylindrical blast waves were being generated. Third, good
documentation and understanding of the blast wave data provided an experimen-
tal technique for the determination of initiation requirements for the two-phase
detonation. Two basic developments followed from the blast wave experiments.
An energy efficiency of the sectored chamber was determined, which relates the
effective energy release with the calculated or maximum allowable energy re-
leased in the chamber. Second, a quantitative comparison of experimental blast
wave data with strong blast wave theory was made, thereby yielding a behavioral
estimate of wave processes in the sectored chamber.

In order to make meaningful use of the blast wave data received from these
tests, it was necessary to arrive at a standard reduction technique. Once estab-
lished, this technique yielded self-consistent results useful in describing the be-
havior of wave processes in the sectored chamber. The reduction technique finally
chosen begins with a translation of the rough radius-time data from the raster
scope photographs for a given energy level. This rough data is then smoothed
using a least-squares polynomial regression of time data to a second-order depen-
dency on radius. An example of this polynomial smoothing technique is given in
Fig. 5, which shows a radius-time plot for the blast wave generated by 2.0 g of
Detasheet. Displayed in the plot are the actual rough data points and the subse-
quent least-squares second-order polynomial fit mentioned above.

It was of interest to interpret experimental blast results in light of cylindrical
blast wave theory. In order to do this, it was necessary to determine both the
theoretical geometric origin and the time origin of the modeled line-source explo-
sion. The blast center r =0 was assumed to be at the hypothetical apex of the
chamber. Then it was necessary to determine the effective time it would take a
blast wave to travel from the origin to the oscilloscope trigger station. This time is
represented by t,. As the experimentally measured time, t’, is referenced from a
triggering pressure switch, the time value, ¢, referred to the geometric origin, is
determined by

t=t'—to

where t, < 0 and is determined from data, such as shown in Fig. 5, for each energy
level. The adjusted time is then plotted against radius.

From the analysis of the blast wave data it was found that the energy release
experienced in the sectored chamber was less than that predicted from the known
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Fig. 5. Experimental blast wave data, 2.0 g Detasheet.

quantity of Detasheet used in the detonator. This result can be explained on the
basis of the differences between the experiment and the self-similar blast wave
theory with instantaneous energy release. The existence of a physically limiting
chamber causes energy losses to the walls and leakage through ports in the
detonator breech. The initiation energy release is not instantaneous as assumed by
theory, but was actually calculated to be of the order of 10 u sec. Finally, the blast
energy is not released uniformly along a line source.

The energy efficiencies were computed by comparing the experimental data
regressed following Eq. (15) and the radius-time variation from strong cylindrical
blast wave theory given in Eq. (16) (which is Eq. (3) with a = 1.0, a good
approximation for y = 1.4 and » =2.0).

t= b1r2 (15)
t — (E()/p])_l/2r2
or (16)
t = d.r2

Since Eqgs. (15) and (16) are of the same general form, any differences in
radius-time behavior between the two for a given process will be reflected in
differences in the constant coefficients b, and d,. An energy efficiency is now
defined as

Ne = Eoul./Eocuc. (17)

Here E.,,., follows directly from a mathematical regression to experimental data;
while E,_._ is derived from knowledge of the detonator-Detasheet combination.
Energy efficiencies have been determined for a range of energies for which experi-
mental blast wave data was taken. Figure 6 gives the results of this computation.
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Fig. 6. Sectored chamber energy efficiency as a function of calculated energy release.

The curve displayed is a second-order polynomial regression to all the data, and
was used to describe the energy efficiency in subsequent computations.

In the interest of examining how closely cylindrical blast behavior was mod-
eled in the sectored chamber, experimental data was compared with strong blast
wave theory. A quantitative comparison between experiment and theory was
achieved by making use of the experimental blast data corrected by ¢, time values
and the theoretical expression above, Eq. (16).

Figure 7 shows typical corrected experimental radius-time data points for a
blast wave generated by 1.5 g of Detasheet with two curves derived from strong
blast wave theory superimposed. The upper curve is strong blast behavior com-
puted from Eq. (16) with E,__ used as blast energy. The lower curve is the strong
blast behavior corresponding to a blast energy scaled by the previously deter-
mined energy efficiency. Inasmuch as the theoretical curve involves use of an
experimentally determined efficiency factor, the influence of this value on predic-
tions was examined. Different polynomial fits to the efficiency data of Fig. 6
resulted in negligible changes in the value of 7. for a given energy level. In
addition, small changes in 5. were found to have little effect upon theoretical blast
wave arrival times and wave velocity. It is observed from data such as shown in
Fig. 7 that while the experimental wave behavior is very nearly following classical
strong blast wave theory the nonidealities previously mentioned are having a
modifying effect.

It is concluded that the experiments closely exhibit the desired cylindrical
blast wave behavior, starting at a rather small radius.

Experimental detonation wave results
With the facility calibrated using the blast wave experiments, two phase-
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Fig. 7. Comparison of strong blast wave theory with experiment.

detonation experiments were made. Using the techniques described earlier, 77
needles were used to produce a monodisperse cloud of 380 u drops of kerosene.
Two fractions of kerosene were used throughout the tests, Kerosene 1 and 2, with
the latter being of a more highly refined variety. Air at atmospheric conditions was
the oxidizer. The initiation energy, Eo, was systematically varied at a fixed global
equivalence ratio, ¢r, for a given fuel. To date detonation runs have been made at
¢r =0.63. Experiments with other values of ¢ will be made in the future.

The properties of the two kerosene fractions used are given in Table 1.

Reduction of the experimental detonation data showed it to be self-consistent
and in substantiating agreement with previously reported data[16]. Figure 8 is a
typical radius-time plot of experimental detonation data at varying energy levels
for Kerosene 2. A corresponding plot for Kerosene 1 would show similar results.
This plot demonstrates the general form of the data as well as the currently em-
ployed fourth-order polynomial fit.

Figure 9 demonstrates the current technique for obtaining experimental deton-
ation wave propagation velocity and critical transition distance. Figure 10 is a plot
of predicted two-phase detonation velocity as a function of equivalence ratio and
drop size for Kerosene 2 with experimentally determined values superimposed for
comparison. The predicted theoretical two-phase velocity was determined by
modifying the equivalent gas phase velocity by a mean velocity deficit. The mean
or average velocity deficits used in the determination of kerosene spray velocity
were computed to be 1.44, 2.88, and 4.32% for 200, 400, and 600 u drop sizes,
respectively. Theoretical and experimental values of detonation velocity and
transition distance for Kerosene 1 and 2 are compared in Tables 2 and 3,
respectively. A cursory examination of current data suggests that deviations of
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Table 1. Comparison of physical properties.

Kerosene 1 Kerosene 2
Density 1.5281 1.4464
(slugs/ft’)
Surface tension 2.023x10™° 2.059x 10°°
(b/ft)
Viscosity 5.307x10°° 5.348x 10°°
(Ib-sec/ft?)
Molecular weight 177.06 206.8
Composition
Percent C 86.25 85.44
Percent H 13.75 14.56
Heat of combustion
(callg) 11,220 11,310
Heat of formation
(cal/g-mole) —68,770 —60,450
Stoichiometric
Equivalence ratio 0.292 0.292
(O, basis)

experimental velocities and transition distances from predicted values increase as
the blast energy is decreased toward the ignition threshold.

Figure 11 displays in a more transparent fashion the fundamental wave be-
havior of a Kerosene 2-Air detonation as a function of chamber radial distance
and blast initiating energy. The continuous and expected decay patterns of the

Chamber Radius (in.)

Increasing Energy

Blast Energy
{grams)
3.5

.

oMM W
ooV o

100.0 2000 = 300.0 = W00.0  S00.0
Time (usec)

Fig. 8. Experimental Kerosene 2-Air radius-time behavior as a function of initiation
energy in grams of Detasheet.
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Fig. 9. Experimental data reduction technique. (Kerosene 2-Air, 2.5 g Detasheet)
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Fig. 10. Spray detonation velocity for Kerosene 2 as a function of equivalence ratio and
drop size.
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Table 2. Experimental two-phase detonation results for Kerosene 1.

Explosive Detonation
Charge Velocity © Detonation  Percent Teoxp Temeo?  Percent
(grams) (ft/sec) Mach No. Difference’ (in.) (in.) Difference

2.5 4625 4.07 9.5 18.5 18.44 -0.33
1.5 4400 3.87 13.9 17.3 16.36 —5.74

"Based upon theoretical two-phase detonation velocity of 5110 ft/sec.
*Computed using energy adjusted by energy efficiency factors.

curves up to the transition radius are clearly noticeable, while the slope of the
curves beyond the transition radius, for sufficiently high blast energy, is constant
if low-frequency polynomial generated oscillations are ignored. Thus a constant
C-J detonation velocity is predicted for energies above the critical threshold,
while a decaying wave velocity is predicted for sub-threshold energies. The ob-
tained experimental detonation velocities compare to within 5% of the predicted
two-phase detonation velocities. A similar plot of Kerosene 1 data shows nearly
identical trends.

The general form of the experimental Mach number-radius curves of Fig. 11
then shows that the wave is initially dominated by a strong cylindrical blast wave
to an energy dependent critical distance. At this critical point an abrupt transition
to a constant velocity C-J detonation wave occurs. A slight dependence of the
final detonation velocity upon the initiation energy appears in these curves. At this
time, however, such a dependence can only be conjecture in view of the experi-
mental uncertainty.

Plotted in Fig. 12 are two curves of predicted critical radius and experimen-
tally determined transition radii as functions of calculated blast wave energy. The
upper curve is the critical radius computed as a function of energy from Eq. (1)
with v = 2, where 100% of E, calculated is used. The lower curve is the prediction
when E, is scaled by .the blast wave energy efficiency discussed earlier. The
results are most striking, since a remarkable agreement occurs between an analyti-
cally determined critical radius and experimental values of transition radius. The

Table 3. Experimental two-phase detonation results for Kerosene 2.

Explosive  Detonation
Charge Velocity  Detonation  Percent Frexp Tomeo?  Percent
(grams) (ft/sec) Mach No. Difference’ (in.) (in.) Difference

35 5106 4.50 0.30 203 203 0.0

3.0 5090 4.48 0.60 19.2 19.31 0.57
2.5 4900 432 4.30 18.2 18.44 1.30
20 4800 423 6.30 17.2° 17.51 1.77
1.5 4800 423 6.30 158 16.41 372

'Based upon theoretical two-phase detonation velocity of 5120 ft/sec.
*Computed using energy adjusted by energy efficiency factors.
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same experimentally determined value of P,/P, = 12.55 was used to compute Q
for both kerosene fractions, thus making possible the representation of experi-
mental transition radius values on the same plot.

4. Conclusions

Controlled experiments on cylindrical blast waves were performed and the
associated data reduction techniques discussed. The results are interpreted to
yield a calibration on the effective energy release of the initiating charge for the
sectored detonation chamber.

Two-phase cylindrical detonation experiments were also conducted using two
varieties of kerosene. The results indicate that at small radius blast wave behavior
predominated whereas at larger radius a constant velocity detonation was realized
when the initiation energy was sufficiently high. The experimentally determined
transition radius between the two types of behavior agree very well with theoreti-
cal values computed using the zeroth-order solution described in Section 2 above.
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