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Abstract—Detonations can be initiated in unconfined fuel-oxidizer clouds by blast waves of sufficient
energy. The ground impulse generated by such detonations can cause considerable damage. An
analytical theory is developed in the present paper, which makes it possible to predict this impulse,
and experimental measurements which verify the theory are reported.

A plane detonation wave propagating through a one-dimensional fuel-air cloud in contact with
the ground and with the inert atmosphere at height h is considered. The wave is followed by an
expansion wave which propagates from the inert gases into the combustion products, and an oblique
shock is induced in the inert bounding the explosive. In computing the impulse only the region
behind the detonation where the expansion is reflected from the ground is considered. The impulse
per unit area is found to be the product of p,(h/C) and a universal impulse function U,(£), where p,
is the piessure behind the detonation and C is the Chapman-Jouguet velocity, and £ = x/I is the
dimensionless distance from the detonation.

Experimental values of the pressure and impulse behind a plane wave were obtained using
a plastic bag, 4 x4 x 20 ft long, filled with a stoichiometric MAPP-air mixture. The detonation was
initiated using an explosive initiator at one end of the bag. Pressure transducers placed on the ground
plane along the center of the bags were used to determine the variation of the pressure and impulse
per unit area with time. Theory and experiment were found to be in excellent agreement.

Introduction

DETONATIONS can be initiated in unconfined fuel-air clouds by the rapid release
of energy. The pressure and velocity induced behind such detonations can result
in extensive damage. The present paper deals with the ground impulse generated
in such fuel-air explosions.

In general the ground impulse will depend on the cloud shape, the fuel
distribution within the cloud, and the location relative to the initiator. Idealized
analytical models of such fuel-air explosions have been discussed by Sichel and
Hu (1973). The calculation of the impulse generated by detonation of a centrally
initiated hemispherical fuel-air cloud is a one dimensional unsteady problem and
has been treated numerically by Fishburn (1976). Fishburn (1976) considers wave
propagation both within the cloud and into the inert surrounding medium.
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In practice the shape of fuel-air clouds, such as might result from fuel spills,
is more likely to approximate a cylindrical disk rather than a hemisphere. In
order to evaluate the characteristics of different fuel-air combinations, it is also
frequently convenient to experiment with plane or one dimensional configura-
tions by using rectangular plastic bags filled with the combustible mixture of
interest. In these cases the presence of the inert boundary between the explosive
fuel-air mixture and the surrounding inert air greatly modifies the pressure
signature and ground impulse compared to that computed using one dimensional
theory. Numerical computation of the two dimensional unsteady flows which
result is complex and expensive; hence, simple approximate analyses are of
great interest. A simple method of computing the ground impulse of a detonation
with side relief is developed below, and the results are compared with experi-
mental measurements.

In the first section below the nature of the problems involved in computing
static impulse, even in the simple case of a fuel-air explosion with plane
geometry are considered. A simple theory for computing ground impuise is then
described followed by a comparison of the theory and corresponding experi-
mental measurements.

One dimensional fuel-air explosions

The difficulties in analyzing fuel-air explosions (FAE) in clouds other than
those of spherical symmetry can be demonstrated by considering the “‘one
dimensional” clouds which arise in shock tube or bag tests. Such a cloud with
direct initiation by a plane explosive charge at the center is shown in Fig. 1.

When the surfaces bounding the cloud are rigid, the FAE behaves like an
infinite, plane explosion. The initiating charge first generates a strong, plane blast
wave. For strong enough charges, transition to a plane detonation occurs when
the blast radius 7, is of the order of a critical radius r*, defined by equating the
blast energy to the heat of combustion released inside r*. During this transition,
which has been studied in part by Bach et al. (1971) and by Lee (1972), the blast
wave changes to a detonation followed by a Taylor Expansion (Taylor, 1958).
This self similar flow, for which analytical solutions have been found (Zeldo-
vitch, 1942, Sedov, 1959), is also obtained numerically by Fishburn (1976) for the
flow within the explosive cloud.
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Fig. 1. One dimensional fuel-air explosions.
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When the detonation reaches the edge of the cloud r = r,, the flow changes
once again. A shock propagates into the inert gas beyond the fuel cloud, and a
reflected expansion generally moves into the combustion products. While Fish-
burn (1976) does not consider the details of initiation, the other processes
described here are taken into account by his calculations for a spherical cloud.

More typically the upper surface, and the sides in a cloud with a rectangular
cross section, rather than being rigid, are bounded by an inert gas like air. Then
it becomes necessary to deal with a two or even three dimensional unsteady
flow. The initiating blast will no longer be plane because of the compressible
boundary. Once a detonation is established, it will be followed by an expansion
wave propagating from the inert boundary into the combustion products while
an oblique shock is induced in the inert boundary gas as shown in Fig. 2 for a
two dimensional cloud. The blast-detonation transition, and the propagation
beyond the fuel cloud radius will, in this case, be quite complex and have not, to
the authors’ knowledge, been treated in detail.

The presence of the compressible boundary may also result in a decrease in
the propagation velocity of the detonation. This effect, which has been in-
vestigated by Dabora et al. (1965) and Sichel (1966) among others, depends on
the ratio of the reaction zone thickness A to the cloud height h. While this effect
will not be considered in the analysis below, it may be important in the case of
detonations in heterogeneous fuel-oxidizer mixtures which often have extensive
reaction zones.

Despite these difficulties, the plane configuration provides a useful means of
studying fuel-air explosions experimentally under well controlled conditions.
Plane detonations have been initiated in 4 X 4 x 20 ft rectangular polyethylene
bags filled with various fuel-air mixtures. The critical energy required for direct
initiation has been determined (Collins and Parsons, 1973), and as described in
detail below, the pressure and ground impulse have been determined. For the
gases used in these experiments, the critical radius 7* ~ O (2 ft); hence, the
detonation induced in the bag propagates mainly as a plane wave with side relief
as shown in Fig. 2. This behavior has been verified by photographic observation.
Theoretical expressions for the pressure signature and ground impulse
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Fig. 2. Interaction between the products of detonation and the inert boundary-coor-
dinates fixed on the detonation.
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developed by such waves will now be derived in order to explain the experi-
mental resuits.

Analysis

A plane detonation wave propagating through a fuel-air cloud of width & is
considered as shown in detail in Fig. 2 with respect to coordinates fixed to the
wave. The pressure behind the detonation drops from p,, to p.: across an
expansion wave as the combustion products are deflected through the angle 8.
The molecular weight of the explosive and inert will be of the same order for a
fuel-air mixture bounded by air; hence, the wave induced in the inert is an
oblique shock. The strength of the expansion is established by equating the
pressure and flow deflection at the interface between the inert gas behind the
oblique shock and the combustion products behind the detonation. The expan-
sion wave is reflected from the ground plane where the pressure drops from the
CJ value p., to p.s at a distance [ from the detonation front. Behind the
expansion, where r<(r,—1[), the pressure will be only slightly above at-
mospheric, and ultimately will be reduced by further reflections from the
combustion product-inert interface. The contribution of this region to the ground
impulse is, therefore, neglected. The perfect gas equation of state is assumed
with suitable values of the ratios of specific heats vy, and y; chosen for the
combustion products and the bounding inert gas.

Since the Mach number behind the CJ detonations, M,, = 1.0, the deflection
angle & and the Mach number M,; downstream of the expansion are related by
(Liepmann and Roshko, 1957)

Yot 1172, i [Ya—1 2 " —1ppg2 12
o=[la5] wn [T M- D] et ME-UT O

On the other hand across the oblique shock in the bounding gas

M?sin?0 -1 ]

M7(yi +cos 26) +2 2

5§ =tan™! [2 cot 8

and by equating (1) and (2) a single relation between M,; and the shock angle 6 is
obtained. M, is the ratio of the detonation velocity C and the speed of sound in
the undisturbed inert gas.

An additional relation between the shock angle 8 and M.; is obtained by
equating the pressures on the two sides of the inert-combustion product inter-
face. The pressure ratio across the oblique shock will be

Pi2 _ 2vu 2 cin?6—1 3
3 1+7“+1(M,1sm0 )- 3)

If the gases ahead of and behind the detonation satisfy the perfect gas equation
of state, it is readily shown that (Sedov, 1959; Nicholls et al. 1972)
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E= 1+ Z‘lel (4)
P Yeot1 °

The simplicity of (4) is deceptive since the parameters M,; and 7., can be
determined only after the equilibrium composition of the combustion products
has been calculated. The computer code of Gordon and McBride (1971) has been
used for this purpose here. Downstream of the detonation the combustion
products are assumed to be chemically frozen. Then the flow across the
expansion wave will be isentropic so that

Pes _ (112X (Y2 + 1) Yerl(ver—D)
Pe [1 +(1/2)(ye2— l)MZ,] : 5)
Now using

Pz _ (P2)(Pa

1 4 (Px )(pgz) (6)

together with (3), (4) and (5) yields the required relation between M,; and 6.

The simultaneous solution of eqns (1), (2) and (6) was determined iteratively.
Once M,; is known, the deflection angle 8, the interface pressure p.; and the
details of the expansion wave are readily determined. The pressure variation
along the ground plane due to the reflection of the expansion wave was
determined using the method of characteristics as described, for instance, by
Liepmann and Roshko (1957). The reflection of an expansion wave at a solid
surface is a standard problem of gas dynamics. Calculations were made for
methane air and MAPP-air mixtures for equivalence ratios ¢ in the range
0.6 < ¢ < 1.6 as representative of hydrocarbon fuels, even though the detonabil-
ity of CH, air is questionable. Remarkably, over this range the deflection angle &
and the shock angle 6.were found to remain essentially constant at & = 20°,
9 = 29° for both mixtures. The length ! of the reflection zone (Fig. 2) scales with
the height h of the fuel oxidizer cloud, and as a consequence of the above
results, the ratio I/h has a constant value I/h =2.90. A further consequence is
that for the mixtures considered, the dimensionless pressure p/p.; is a universal
function of the dimensionless variable

Iry—7r

B )

¢~

b IR

where x is the distance of a given point from the wave front as shown in Fig. 2.
The variation of (p/p.;) with ¢ is shown in Fig. 3 and tabulated in Table 1. The
composition of the MAPP gas used in the calculation is presented in Table 2.
With the pressure distribution behind the detonation known, it now is
possible to compute the impulse I, per unit area at a fixed distance 7 from the
center of initiation. r is assumed sufficiently large that the steady expansion
wave flow pattern described above is fully established. The impulse I, will
depend on the relative values of r, and the detonation radius r,, and on the length
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Fig. 3. The variation of p/p,, with &£.

Table 1. The dimensionless pressure p/p., and the universal impulse
function U,(§)*

f P/Pez U,(f) § P/Pez U,(f) f p/peZ U:(f)

00 1.00 0.0 1.1 0518 0875 22 0232 1250
01 0995 0100 1.2 0462 0924 23 0220 1.272
02 0970 0.198 13 0425 098 24 0210 12%
03 0935 0293 14 03% 1009 25 0200 1314

04 089 0384 15 0362 1.046 26 0.19 1334
05 0840 0471 16 0340 1.082 27 0.180 1.352
06 0785 0552 17 0315 1114 28 0170 1370
07 0730 0628 1.8 0295 1145 29 0.160 1.386

08 0670 0698 19 0278 1.173
09 0612 0762 20 0260 1.200
1.0 0560 0821 21 0247 1.226

*Computed numerically from eqn (11)

Table 2. MAPP gas composition used in the im-
pulse calculations

Constituents Percentage
Methy! acetylene (C;H,) 35.91
Propadiene (C;H,) 24.48
Propane (C;Hyg) 18.58
C, compounds 13.74
Propylene (C;Hy) 7.29

Moiecular weight: 43.47.
Stoichiometric % MAPP in air by volume:
4.434.
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Fig. 4. Position of the detonation with respect to a fixed point r on the ground plane.

! of the reflection zone. The three cases which must be considered are shown in
Fig. 4. Before the wave reaches position r, I, = 0. While the wave and the
attached expansion wave are passing over the position r, i.e. while r, > r>r, — |,
the impulse per unit area will be

t t
I,=f - dt = p, f (L—&)dt. 8
. »-p) Pe2 o \p2 Pex 8

Here the arrival time ¢, = (r/C) is the time when r,=r. When r<r,— 1, the
impulse I, remains constant at

4HHO)
L =p. f (L—ﬂ) dt 9
p2 1, peZ P¢2 ()

r

since, as already indicated, the effect of the region behind the reflected expan-
sion is neglected.

Now using the definition of £ in (7) and the relation dr, = C dt, the integrals
in (8) can be expressed in terms of £ so that

L=ra(g) [ [ pelee-nl@) e [vo-e] o

with U,(§) the universal function

3
U.(8) = fo L () d¢ (11

which is plotted in Fig. 5 and tabulated in Table 1. U,(£) can also be represented
quite accurately by the expression

U,(¢) = 1.525[1 — exp (- 0.773§)] 12)

as shown in Fig. 5. At the end of the reflection region £=I/h =2.90 and
U.(l/h) = 1.386; hence when r < r, — [, the impulse I, will have the constant value

e ()2 [ 2n(2)]
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Fig. 5. The universal impulse function U,(£) for a plane wave with side relief.

Equations (10) and (13) provide very simple expressions for the impulse per
unit area at some distance r from blast center. While the results have specifically
been calculated for MAPP-air and CH -air mixtures, it does not appear un-
reasonable that (10) and (13) can be used for most hydrocarbon-air detonations
in the range 0.6 < ¢ < 1.6. Once the expansion wave behind the detonation is
fully developed, the flow becomes independent of the distance r from blast
center, which explains why I, is also independent of r. It is of interest that I, is
directly proportional to the ratio h/C, the time it would take for the detonation to
propagate across the fuel cloud.

For very large values of (h/r) the detonation will behave like one in a duct
with rigid boundaries. Then, as mentioned above, the detonation will be followed
by a Taylor expansion instead of a centered expansion wave propagating inward
from the inert boundary. In this case the ground impulse generated per unit area
at a distance r from blast center has been computed by Nicholls et al. (1972).
With a Taylor expansion behind the wave the impulse is given by the expression

L= p,(r/C)[% Ur(r)— (r - 1)] (14)

for t > (r/C). Here 7 = t[t, = t{(r/C), and I} = 0 when t <t,. Uz(7) is a universal
impulse function which is given in Table 4 both as a function of 7 and of the
variable A = rfr, = 77",

Now the impulse Ir is no longer independent of the distance r from blast
center. Because of the pressure plateau behind the Taylor Wave the impulse
continues to increase with time instead of reaching a constant value. Thus when

7 1 it is shown by Nicholls et al. (1972) that

It = p(r/C)[0.358(p.2/p1) — 117 = p1[0.358(p./p1) — 1]t (15)

In this limiting case I, thus, varies directly with time, and no longer depends on
the radius r.
It is possible to estimate the minimum value of h/r. for a fuel cloud of radius
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r. below which the effect of side relief must be considered by assuming that a
C-J detonation is initiated almost instantly at blast center. Then a signal from the
inert boundary will propagate to the ground surface in approximately the time
(hla,) required for a sound wave to travel across the cloud at the speed of sound
a, behind the detonation. During this period the detonation will travel a distance
r= Ct = C(hla,) so that (h/r)= a,/C, when the effect of side relief first reaches
the ground plane. For a C-J detonation it is readily, shown that a,/C = p,/p, =
Yer (¥e2 + 1). For most hydrocarbon detonations vy,, ~ 1.18 so that, finally, (h/r)=
0.54 ~ 1/2. For clouds with (h/r.) = 1/2 the detonation reaches the cloud boun-
dary before side relief becomes important, and the impulse will then depend on
reflections from the cloud boundary. When (h/r.) < 1/2 side relief must be taken
into account.

Experimental measurements

Experiments were conducted using 4 X 4 x 20 ft supported polyethylene bags.
Complete fuel-air mixing was obtained with a fan. Disc shaped 85 gm PETN
based Dupont “‘detasheet’” explosive initiators were placed at one end of the bag.
Kisler Corporation Model 202C series piezoelectric pressure transducers moun-
ted level with the ground along the center of the bags were used to measure the
variation of the pressure with time. The transducers were placed at distances of
12, 13 and 14 ft from the initiator. Signals were conditioned and then recorded by
a Honeywell Corporation Model 7620 wide band magnetic tape recorder. The
impulse, obtained by integrating the pressure signal, was also recorded. The
average temperature within the enclosure for all tests was 36 * 3°C. For each test
the shock wave arrival time, maximum detonation pressure, and the total
impulse were recorded.

Tests were made using stoichiometric mixtures of air and MAPP gas (Table
2), 1.3 butadiene (C,H¢) and propylene oxide (C;HgO). Typical pressure and
impulse traces, recorded for the MAPP-air mixture, are reproduced in Figs. 6(a)
and 6(b). The second small pressure peak, appearing in all the traces, is due to
the arrival of the reflection of the detonation from a metal plate at the end of the
bag, and also results in a slight jump in the final value of the impulse. This effect
has been neglected in the analysis of the data. In interpreting the data it is
important to recognize that expansion waves propagate into the combustion
products not only from the top surface of the bag, 4ft from the pressure
transducers, but also from the sides at a distance of 2 ft from the transducers.
Consequently, the data has been treated as equivalent to that from a cloud of
height h = 2.0 ft. The interaction of the waves from the top and sides of the bag
will result in a complex three dimensional flow near the center. Comparison of
the data with the analysis developed above indicates that this interaction, which
has been neglected here, has a small effect on the pressure and impulse recorded
on the bag floor.

The results of all the experiments are summarized in Table 3. Both the
measured and calculated values of the pressure p., and the impulse I, are
presented. The measured values of p.,, which were taken as the peak values
from the pressure traces, tend to be consistently above the theoretical values by
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Table 3. Experimental and theoretical values of total impulse and
peak pressure

1,3 Butadiene: p,,/p, = 18.68; C = 5.938 ft/sec

Pe2 Pe2 (Is)max (Is)max
psia psia meas. theory
Shot Station meas. theory psi-msec  psia-msec
2 2 3284 274.7 110.0 113.9
2 3 3313 l 100.2 l
MAPP: p,,/p, = 18.62; C = 5953 ft/sec
Pe2 De2 (Is)max (I:)max
psia psia meas. theory
Shot Station meas. theory psi-msec  psia—-msec
1 1 321.2 273.7 109.5 113.1
2 1 279.4 99.8 !
2 2 363.3 95.8
3 2 322.7 90.1
3 3 273.7 102.7
Propylene oxide: p,./p, = 19.881; C = 6053 ft/sec
Pe2 Pe2 (Is)max (Ix)max
psia psia meas. theory
Shot Station meas. theory  psi~-msec  psia-msec
1 3 284.5 292.2 116.5 119.8
2 i 343.7 l 113.0 l
2 3 325.7 110.1

as much as 33%. This divergence has not been explained but could be caused by
ringing of the transducers or by interaction between the bottom of the bag and
the transducers on the ground. The impulse provides a more significant basis for
comparing theory and experiment, since it represents the integrated effect of the
pressure, and here the agreement appears to be quite good.

The pressure trace in Fig. 6(a) has been reproduced in Fig. 7 along with the
theoretically computed pressure. For the theoretical curve the variable £ was
converted to time using h = 2.0 ft and the theoretical detonation velocity C =
5953 ft/sec for stoichiometric MAPP air. Except for the initial part of the trace
where measured pressure drops sharply and appears to oscillate, the agreement

Table 4. The universal impulse function Ur(r)

A T U(r) A T U(r)

1.00 1.000  0.000 0.60 1.667  0.426
0.95 1.050  0.050 0.50 2,000 0.556

0.90 1110 0.100 0.40 2500 0.740
0.85 1.178  0.152 0.30 3.333 1.046
0.80 1.250  0.203 0.20 5000 1.659
0.75 1.330  0.256 0.10  10.000 3.500

0.70 1.429  0.310
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between theory and experiment is excellent. The corresponding measured and
theoretical impulse variation is shown in Fig. 8. Here, too, agreement is ex-
tremely good. While all the pressure traces and the corresponding impulse
showed similar behavior, detailed comparison was restricted to the case shown
in Figs. 7 and 8, since the most significant parameter is the total impulse I,
presented in Table 3.

The impulse I+ computed using eqn (14) for r = 14 ft is also shown in Fig. 8.
It is clear that in this case the effect of side relief is dominant, and that the
impulse based on the Taylor expansion is much too high after about 0.4 msec.

The pressure signature should be independent of detonation radius 7, for a
fully established fuel-air explosion with side relief. This behavior appears to be
verified by Fig. 9 which shows the pressure traces in MAPP-air 13 and 14 ft
from the initiator with the onset of the pressure rise, in each case, placed at the
origin to facilitate comparison. The reflected wave pressure rise occurs earlier in
the upper trace for station 3, which is one foot closer to the steel end plate.

Discussion of results

A simple theory for computing the pressure signature and impulse within the
cloud of a plane fuel-air explosion has been developed. The key element of the
theory consists of no more than computing the reflection of a centered expan-
sion wave at a solid wall. The theoretical results were in good agreement with
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Fig. 6(a). Experimental pressure trace for stoichiometric MAPP-air; wave moving
from right to left.
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Fig. 9. Experimental pressure traces plotted using a common origin for the time scale.

measured pressure signatures and ground impulse. Since only one value of h
was used in the experiments it is of course possible that this agreement was
fortuitous; however the results are certainly encouraging. Interestingly, the
normalized pressure and impulse computed for methane air and MAPP-air were
almost independent of the mixture composition over a wide range of equivalence
ratios. It appears likely that this result remains valid for hydrocarbon-air
detonations with fuels other than methane and MAPP gas.

The comparison of the theory described above with a carefully controlled
experiment is the main contribution of the present paper. The results suggest
that many aspects of fuel-air explosions can be studied using relatively simple
analytical methods without immediate recourse to numerical computation.
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