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Abstract 

This paper reviews laboratory, balloon and open-field experiments, which have been 
performed to study the deflagration regime in free air. In the first part, the paper considers 
briefly the different models available to estimate deflagrative unconfined explosion effects, 
without turbulence. Then a description is given of the known tests conducted, which 
indicates the effective scale of the various experiments, their operating conditions and the 
kind of the measurements done. The main results are presented and discussed in some detail 
to assess the role on the explosion yields of important parameters such as the fuel concentra- 
tion gradients, the shape and size of the inflammable mixture, and the ignition energy. The 
overall conclusion of this survey is that inflammable mixtures drifting over open field and 
ignited, will burn with a low flame speed and consequently will generate very weak pressure 
effects. 

1. Introduction 

In the design and construction of industrial installations, it is necessary, for 
safety purposes, to take into account the potential explosion hazards resulting 
from accidental spills. These take the form of a massive release of a dangerous 
product, generally a hydrocarbon, followed by the formation in the atmosphere 
of an inflammable cloud. Depending on the weather conditions and topogra- 
phy, such a cloud may drift, and if it is ignited, the pressure wave created by the 
explosion may cause serious damage; even at considerable distances. In order 
to protect the safety functions of a plant, where large quantities of inflammable 
materials are processed, stored or transported, it appears necessary to assess 
the overloads that must be built in to the structures. 

Analysis of vapour cloud explosions which have actually occurred [I] has 
proved that blast effects are potentially devastating up to large distances from 
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the centre of explosion. Significant blast effects are generated only if the 
energy is released in a short period of time, which means that the flame speed 
must be high. 

One of the explosion regimes which could occur, is the detonation of the 
inflammable part of the unconfined cloud. Detonation is the most severe 
explosion regime, producing high velocity up to 1900 m/s and pressures up to 17 
bars. But in view of the very large ignition energies required to directly initiate 
the detonation of a fuel-air mixture [Zj, near an optimum concentration, this 
detonation regime can be ruled out in practical conditions. 

The other explosion regime is deflagration, which is more likely and which 
can also explain damage observed in all past accidents [3]. To judge the 
severity of such an explosion regime, an important research effort has been 
done to characterize the nature and the effects of deflagrations. A wide variety 
of tests, from small scale tests (at laboratory scale) to large scale (on open field) 
have been performed, so that there is now a considerable data base available on 
fuel-air deflagrations and pressure effects due to deflagrative explosions. 

The present chapter is concerned with deflagration tests of unconfined 
inflammable fuel-air mixtures, without turbulence. We review field and labor- 
atory experiments which may provide information on the deflagration of an 
unconfined vapour cloud. The objectives are as follows: 

(a) a very short description of deflagration modellings used for analyzing 
and interpreting deflagration tests; 

(b) a list of deflagration experiments whose data are presently available, 
including their conditions and configurations, 

(c) a study and discussion of the main factors which may influence the 
combustion regime: 

l effects of the concentration (homogeneous and heterogeneous media), 
l effects of the cloud shape, 
l effects of the energy released by ignition, 
l effects of the size of the cloud. 

2. Deflagrative explosion models: A brief survey 

The simplest way to simulate an unconfined fuel-air mixture deflagrative 
explosion and to measure the blast generated, is to enclose into a slight 
confinement a uniform well-monitored composition of the inflammable mix- 
ture. Usually, the confinements are of spherical, hemispherical on the ground, 
pancake, cubic or rectangular shapes. The mixture boundary is formed by 
a soap film in laboratory scale experiments, and a rubber or plastic sheet in 
field experiments. When ignited at the center of symmetry, the mixture sup- 
ports, in the absence of any obstacle or partial confinement, the propagation of 
a diverging spherical flame front. Furthermore, if pressure wave reflections, 
due to impedance mismatching on the interface at the sheet are ignored (an 
assumption which will be shown not strictly valid in the next items), the flame 
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expansion, free of any turbulence, occurs as in an infinite homogeneous me- 
dium. In such a situation, the flame history being known, the generated flow 
field can be calculated as described in the present item. 

2.1 The spherical expanding flame mode1 
All the above described conditions being fulfilled, the spherical expanding 

flame front may be thought as a thin discontinuity (compared to any character- 
istic observation length in the hydrodynamic field generated by the flame) 
which confines the burnt gases in a state of zero velocity. The spatial velocity 
(or speed) V, of the front is therefore given by: 

Vr=PSlJ 0) 

where S, is the apparent burning velocity which can be estimated from laminar 
burning velocity value S”, (if the front instability is taken into account for 
correction) for most of hydrocarbon and hydrogen-air mixtures. The expansion 
ratio j3 is the density ratio of fresh to burnt gases calculated at the front 
discontinuity which supports a very small pressure drop for moderate flame 
velocities VF_ Consequently /I is quite well estimated by the ratio of the 
adiabatic flame temperature (at ambient pressure) of the mixture to the ambi- 
ent temperature (perfect gas assumption). If R, is the radius of the initial 
unburnt mixture (initial radius of the spherical balloon), mass conservation 
implies that the final flame radius R,,, (maximum radius of the flame ball) be 
given by: 

I?,=plQ?, (2) 

Experiments [4] with hydrocarbon-air mixtures of nearly stoichio- 
metric composition - equivalence ratio 4 roughly in the range 0.9 (lean) to 
1.2 (rich) - show that a good estimate of 0 is around 8. This experimental value 
is smaller than the calculated adiabatic one 153. Proofs of the existence of 
radiative losses from burnt gas to the surroundings were observed with large 
balloons [4] which could explain the jzl deficit. Notice, for j?- 6, relation (2) 
gives 

R ,-1.8R, (3) 

To estimate the flame velocity from relation (l), care must be taken to select 
an appropriate value of the apparent burning velocity S,. Numerous experi- 
ments (see, for instance Refs. [6, 71) demonstrated that a cellular structure 
appears for most fuel-air mixtures (hydrocarbon, hydrogen) when the flame 
radius rF reaches about 5 to 10 cm, and the actual flame front surface is 
augmented compared to the smooth spherical flame surface having the same 
mean radius. Large balloon experiments [8] and analytical treatment [9] are in 
agreement to estimate surface increase by a factor k of the order of 1.5 to 2.5. 
This factor must be included in relation (1) to get the actual value of VF for 
large flame radius, multiplying the laminar value Sz by the factor k. Even at 
very large flame radius rF (rr > 5 m in Ref. [83), self-generated turbulence effects 
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do not appear. Only obstacles, like grids as in the experiments by Wagner et al. 
[lo], are able to acceleratre sufficiently the flame front to give an apparent 
burning velocity to be included in relation (l), up to eight times the laminar 
value SO,. 

2.2 Calculation of the hydrodynamic field 
For moderate flame speed (compared to the sound velocity in burnt gases) the 

assumption of gas at rest in the flame ball is valid. Therefore, the flow field 
generated by the expanding spherical flame may be thought of as the field 
created by an equivalent spherical piston. For constant flame speed, this 
approach has been pioneered by Taylor [ll], solved numerically by Kuhl et al. 
[12] as a limiting case of blast wave, and more recently, described analytically 
by Deshaies and co-workers [13-E]. 

For faster flames and detonative explosions, a number of numerical codes are 
now available (see, for instance, Refs. [16,17]) for computation of blast pres- 
sure. As they are discussed in a separate chapter of this issue, only the model 
by Deshaies [7,18] will be discussed here in more detail, because it is very 
appropriate to flow field calculations in the case of balloon experiments. 

In this model [7] the flow is divided into three consecutive zones: (i) near the 
flame front an incompressible source flow; (ii) for distance r> 2rf, rF denoting 
the flame radius, the incompressible zone matches with an acoustic source 
flow; (iii) the acoustic zone is fitted to the leading zone entering the undistur- 
bed medium at rest. The leading zone consists in an acoustic wave, unless the 
flame speed exceeds about 130 m/s. In this latter case, the leading pressure 
wave becomes a shock wave whose amplitude increases with the flame speed. 
Adopting this division of the flow into three zones, a complete field solution 
was found for a constant velocity flame of any speed [14]. The solution allows 
the pressure and velocity profiles versus time t at a given distance r (or versus 
distance r at a given time t> as shown on the schematic representation of Fig. 1, 
to be drawn as soon as the constant value of V, is known. 

The interesting fact, with respect to the interpretation of balloon experi- 
ments, is that the first order of the solution corresponding to constant velocity 
flames, can be extended to the case of variable flame velocity, provided that the 
flame accelerations remain moderate to prevent the formation of shock waves 
in the flow field. For clarity, the relationships giving the pressure and velocity 
fields generated by the expanding spherical flame whose path is given by 
the function rF(t), are reproduced here from Ref. [X3]. The overpressure 
Ap(r, t)=p(r, t)-p, and velocity u(r, t) in the environment of density p0 at 
pressure pO, are given at the first order and at distance r respectively by: 

r; d+ 
u=(1-/3-‘)t dt 

( > 
(5) 
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Fig. 1. Typical overpressure records by a spherical flame expanding at constant velocity: 
{a) versus time at a fixed distance r from the ignition point; (b) versus distance at a fixed 
time t. Notice that the shock wave indicated is an acoustic wave for flame speed VF below 
130 m/s. 

near the front (r-rF), and by 

(‘3) 
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in the acoustic zone (r,>2R,). R, designs the initial radius of the inflammable 
volume and in relations (6) and (7), r = t - r/co, is the time variable, c, the sound 
velocity in the undisturbed medium. 

Relationship (6) can be rewritten in the following form: 

Ph”9 t> --PO= 
p,(l--p-l) dZV 

47~ d-t2 

which contains explicitly the acoustic source volume V whose variations 
versus time defines completely the monopole acoustic source strength, pro- 
vided the expansion ratio p of the mixture may be considered as a constant. 

The acoustic approach has been folIowed by several authors. Strehlow [19] 
used it to characterize the maximum peak overpressure generated by a pan- 
cake- or cigar-shaped cloud with central or edge ignition. A more sophisticated 
model, involving a distribution of simple sources successively activated ac- 
cording to the law of flame development, was proposed by Auton and Pickles 
[ZO] to exhibit the asymmetry of the pressure field in case of a cigar-shaped 
cloud ignited from the center. A similar model has been developed by Catlin 
[Zl] for non-spherical clouds lying on the ground with different aspect ratios. 
These latter calculations were found to agree fairly well with the results of 
experiments at small scale carried out with cylindrical clouds, point ignited on 
ground at the centre [22]. 

In the frame of acoustic models, it should be noticed that the pressure field 
depends not only on the flame speed V,, but also on its variations (see relation 
(6)). Moreover the contribution of flame acceleration (or slowing down) to the 
pressure field is proportional to the squared flame radius. This important fact 
should not be ignored in practical situations of very large cloud: A final flame 
acceleration may lead to severe peak overpressures, although the flame speed 
be moderate during the main part of its travel across the cloud. One should say, 
however, that numerical blast calculations [17,23] demonstrate that this effect 
is less and less pronounced as the mean flame speed is increased. 

To conclude this brief review of the deflagrative explosion models, we will 
retain, for the next, the following statements: 

1. The flow field generated by an unconfined constant velocity spherical 
flame is completely known. 

2. A first order solution is available to describe the near field and the 
acoustic field taking into account the flame speed variations provided that the 
front mean velocity remains moderate (below about 130 m/s). The flame accel- 
erations should be also sufficiently moderate to prevent shock-wave formation 
in the field. 

3. Acoustic simple source models can be extended using an appropriate 
source array to take into account non-spherical shape and edge ignition. In 
that case, directional effects appear in the hydrodynamic field of the uncon- 
fined explosion. 
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3. The review of experiments on deflagrative unconfined explosion 

A great need exists for data for the estimation of blast yields by accidental 
explosions and also for validation of the theoretical predictions. This is the 
main objective of laboratory and field experiments on unconfined deflagrative 
combustion without turbulence. 

All the models just reviewed demonstrate that the pressure field depends not 
only on the flame speed but also on its time variations. Moreover, models show 
that the overpressure can be determined only in the case where the complete 
flame history is known in detail. These predictions can be accepted for practi- 
cal use if there are reliable experimental results with which they can be 
compared. 

The test programs conducted up to now cover generally four distinct topics 
whose objectives are as follows: 

(1) The concentration effect: tests with homogeneous mixtures have been 
performed to study the influence of spontaneous acceleration of the deflagra- 
tion and to validate models of the pressure field generated by a deflagration; 
Similarly, tests in non-uniform composition mixtures have been carried out to 
observe the flame acceleration effects produced by fuel concentration gradi- 
ents which would occur in a real explosive cloud. 

(2) The shape effect: to study the influence of the initial shape of the inflam- 
mable volume on the pressure field produced, a number of tests with various 
geometries (spherical, cylindrical, pancake and very complex shape of a real 
drifting cloud) have been run. 

(3) The size effect: tests have been performed to characterize the effects of the 
explosion scale, when the volume of the inflammable charge is increased in 
a wide range from a volume of some liters up to several thousands of cubic 
meters. 

(4) The ignition effect: the effect of energy released by ignition on the 
explosion regime obtained and on consequent flame speeds has been experi- 
mentally determined. 

The influence of these four parameters is discussed in some detail in the 
following section. It is clear that all the experiments have a direct relevance to 
accidental explosions which have actually occurred as well as theoretical 
interest. 

A complete list of the experiments, of which we are aware, on unconfined 
deflagration without turbulence is given in Table 1. 

The expression “without turbulence” means that the flame trajectory is not 
affected by semi-confinements, by hot gases turbulent jet ignition, by crossing 
obstacles like grids, and the like, that is, in short, not affected by any cause 
liable for producing turbulences in the flow of unburnt gases and, as a result, 
forced accelerations of the flame. 
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List of experimental conditions of the main balloon type experiments reported in the literature 

No. Tests Year Principal Fuel Volume Geometry Number 
reference of 

tests 

1 Shell 1965 VI Ethylene 
Propane 
Methane 
Hydrogen 

2 Nantes 1970 WI Natural 
gas 

3 China 1975 Bl 
Lake 

1977 

4 ENSMA 1979 [181 

5 ENSMA 1980 P21 

6 Shell- 1980 1291 
Maplin 
Sand 

7 Charles 1981 141 
1 

Methane 

Propane 
Ethylene 
Ethylene 
oxide 

Hydrogen 
Methane 
Propane 
Ethylene 
(+ oxygen 

argon) 
Ethylene 

Natural 
gas 

Small 

. Instantaneous 
3m3 liquid 
. Continuous 
0.17 m’/min 

262 m’ 

2995m3 

30 dm3 

17 dm3 

Spills 
. Continuous 
2.85.8 m’/mm 

Spherical A 
(soap bubble) number 

Real cloud 40 

Hemispherical 3 

Spherical or 
hemispherical 
(soap bubble) 

Cylindrical A 
(soap bubble) number 

Real cloud 

6 
1 
2 

A 
number 

7 
4 

Propane 

Ethylene 
Acetylene 

. Instantaneous 
5-12 m3 
12 m3 Spherical 12 
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Objective Destruction Topography Concen- Measures 
of the tration 
enclosure Pressure Flame 

trajectory 

Ignition 

Study of the 
noise produced 
by a flame 

Laboratory 

Extent of a 
cloud 

NO Open field 
confinement 

Flame propaga- No 
tion and flame 
acceleration 
process 
Unconfined or 
partially con- 
fined medium 

Open field 

Spontaneously 
accelerating 
flames 

Yes Laboratory 

Effects of the No Laboratory 
deflagration of confinement 
a pancake- 
shaped cloud 

Measurement of Open field 
flame propagation 
and pressure 
waves generated 
by the deflagration 
of a real cloud 
(after a liquified 
gas spill on water) 

Homogeneous Yes Open field 
medium-Influ- and no 
ence of sponta- 
neous accelera- 
tion on pressure 

- 1 High-speed 
Acoustic camera 
microph. 

A - Photography 
number 

- 10 High-speed 
camera 

1. 1 High-speed 
partial camera 
pressure 

1 1 High-speed 
partial camera 
pressure 

200 24 Video 

1 

Electrical spark 

Torch 

Weak source 

Discharge of a 
capacitor or low 
energy spark 

Low energy 
spark 

Spark ignition 
(number = 10) 

8 High-speed 
camera 

Low energy 
electric ignition 
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TABLE 1. Continued 

No. Tests Year Principal Fuel Volume Geometry Number 
reference of 

tests 

8 KWTJ 1981 P41 Hydrogen 7.5 m3 Hemispherical 7 
50m3 3 
260m3 2 
2100 m3 1 

9 Coyote 1981 1301 
(3, 5, 
697) 

10 TN0 1982 1311 

11 Charles 1982 181 
2 1983 

12 Charles 1983 141 
3 

13 Shell 1983 [321 
1984 

Natural 
gas 

LNG spill 
14.6 m3 
28.0 m3 
22.8 m3 
26.0 m3 

Real cloud 4 

Propane up to 
1900 kg 
between 
flammability 
limits 

Real cloud 10 

Ethylene 12m3 Spherical 11 

Ethylene 12 m3 Spherical 11 

Natural 
gas 
Propane 

3700 m3 Cylindrical 15 
(segment of 
a pancake 
shaped cloud) 

14 Charles 1984 141 Ethylene 125 m3 Half cubical 3 
4 (6.3 x 6.3 x 

3.15) 
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Objective Destruction Topography Concen- Measures 
of the tration 
enclosure Pressure Flame 

trajectory 

Ignition 

Influence of No 
cloud extension 
and ignition 
energy on 
flame speed 

Vapour burn No 
experiments after confinement 
liquified natural 
gas flame 
propogation 
Effect of No 
obstacles, but confinement 
some unobstructed 
tests have been 
carried out 
(vaporization 
from a pond) 
Acceleration Yes 
effects produced 
by fuel concentra- 
tion gradients 

Effects of energy Yes 
released by 
ignition 
Effects of Yes 
obstacles and jet 
ignition: 
Unobstructed 
tests with natural 
gas 
Unobstructed 
tests with propane 
Unobstructed 
tests with jet 
ignition 
Effects of the Yes 
size of the 
flammable cloud 

Open field 10 

Open field 89 2 

Open field - A Video flame 
number 

Open field 2 8 

Open field 

Open field 

Open field 3 8 

High-speed 
camera 

Flame velo- 
city sensors 
and photo- 
graphy 

Highly variable 
up to 1000 J 
(exploding 
wires) 

Flames or jet 
ignition 

Pyrotechnic 
ignition 

High-speed 
camera 

Low energy 
electric ignition 

High-speed 
camera 

Flame 
dectors and 
high-speed 
camera 
and video 

Low energy 
electric ignition 
+ plastic charge 
Low energy or 
jet ignition 

High-speed Low energy 
camera electric ignition 
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In Table 1, the principal features of the experimental campaigns are specified 
and in columns, one can-find successively: 

the principal reference where the tests concerned are described extensively; 
the fuels used, which involve a large scale of reactivity, ranging from 
methane (the less reactive fuel) to very reactive fuels such as acetylene or 
hydrogen, 
the volume experimented; 
the configuration and geometry; 
the purpose of the tests and the phenomena studied; 
the surrounding topography; 
the extent of measurements: concentration, pressure, time of arrival of the 
flame, etc.; 
the type of ignition device. 

Note that three different types of experiments are quoted in the table: 
1. Laboratory-scale experiments which are very useful. Generally, the inflam- 

mable mixture is contained in a soap bubble and is ignited at its centre of 
symmetry or at the edge, the confinement by the bubble wall does not affect the 
flame development. Such small scale tests allow Aolation of some process 
occurring in the deflagration and they can easily be multiplied. 

2. EncEosure-type experiments (intermediate or large scale) which include 
balloon or pancake experiments. The simulated inflammable cloud is held in 
a thin bag, as shown on the typical arrangement of Fig. 2, and the mixture 
burns when ignited. In some tests, the balloon skin is destroyed before ignition, 

DETAIL OF 
HEMISPHERE BASE 

5M RADIUS POLYETHYLENE 
FILM HEMISPHERE 

IGNlflON POINT 

AIR DEFLECTOR r PRESSURE GAUGES. 
AND VALVE 

INSTRUMENTATION CHANNEL 

Fig. 2. Typical experimental arrangement for balloon-type experiments in medium-size scale 
(from Ref. [8]). 
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and the combustible mixture is in contact with the atmosphere as the flame 
front travels across the volume. In other tests, on the other hand, the destruc- 
tion of the initial thin confinement is not operated. Particular attention is paid 
to this experimental procedure: indeed, a comparison between completely 
unconfined tests and other ones with a latex confinement of the charge (see, for 
instance, Ref. (41) has shown that flame speeds are virtually the same during 
the first period of the propagation in the inflammable mixture and therefore the 
pressure field is unaffected; by contrast, the presence of a skin may have an 
effect on the final acceleration of the flame and the pressure signals may 
be different. Consequently, the overpressure values may be overestimated 
when the confinement is not removed before ignition (see also Section 4.1, 
below); 

3. ReaE cloud experiments (at large scale) which allow the shape and the 
scale parameters to be investigated. Large quantities of inflammable materials 
are released, vaporized in the environment where an inflammable drifting 
cloud is formed, whose combustion is closely monitored. Flame speeds and 
overpressures are measured. The size of these tests is such that they represent 
a full-scale test for accident scenarios in an open space. 

The influence on the unconfined deflagrative combustion of the principal 
parameters investigated is analyzed in more detail in the following paragraphs, 
on the basis of the experiments listed in the Table 1. 

4. The main results 

The flame speed and maximum overpressure ranges, observed in the different 
tests retained in the Table 1, are listed in Table 2. The analysis of this set of 
results allow the effects of fuel concentration (uniform or not), and of the cloud 
shape and size to be separated. 

4.1 Effect of fuel concentration 

4.1.1 The uniform composition mixtures 
Results for uniform composition mixtures of common hydrocarbons and 

hydrogen with air are available (tests 1,3,7,8, 14 in Table 2) in a large volume 
range: 10 - 5 to 4 x IO3 m3 approximately. The common feature to all these tests, 
is that the observed overpressures are always found between about 1 and 
60 millibars, amplitudes which are unable to cause severe damage to the 
environment. 

Generally speaking, the measured flame spatial velocity is well estimated by 
relation (1) in which the multiplying factor k is included to take into account 
the flame front folding. Three was found to be a rather conservative value for k. 
The expansion ratio #? can be estimated from the maximum radius of the front 
and Sz*taken as the classical laminar burning velocity of the fuel-air mixture 
for the given composition. 



TA
B

LE
 2

 

Su
m

m
ar

y 
of

 r
es

ul
ts

 
ob

ta
in

ed
 

fr
om

 t
he

 e
xp

er
im

en
ts

 
lis

te
d 

in
 T

ab
le

 
1 

N
o.

 
Te

st
s 

Fu
el

 
C

on
ce

nt
ra

tio
n 

or
 

eq
ui

va
le

nc
e 

ra
tio

 
Fl

am
e 

sp
ee

d 
(m

/s
) 

O
ve

rp
re

ss
ur

e 
(m

ba
r)

 
(+

2&
) 

C
om

m
en

ts
 

1 
Sh

el
l 

(1
96

5)
 

2 
N

an
te

s 

3 
C

hi
na

 L
ak

e 

4 
EN

SM
A

 
(1

97
9)

 

(S
ph

er
ic

al
) 

5 6 

EN
SM

A
 

(1
98

0)
 

(c
yl

in
dr

ic
al

) 

Sh
el

l-M
ap

lin
 

Sa
nd

 

C
ha

rle
s 

1 

H
yd

ro
ca

rb
on

s 
an

d 
H

yd
ro

ge
n 

N
at

ur
al

 
ga

s 

M
et

ha
ne

 
Pr

op
an

e 
Et

hy
le

ne
 

Et
hy

le
ne

 
ox

id
e 

H
Z 

C
H

4 
G

H
, 

C
2H

4 

G
H

, 

N
at

ur
al

 
ga

s 
Pr

op
an

e 

Et
hy

le
ne

 

A
ce

ty
le

ne
 

‘%
 

C
,H

, 
(9

%
) 

G
H

, 
H

Z 

R
ea

l 
cl

ou
d 

10
%

 
5%

 
6,

50
/o

 
7.

7%
 

Su
pe

ro
xy

ge
na

te
d 

ai
r, 

st
oi

ch
io

m
et

ry
 

re
la

tiv
e 

to
 0

, 

Su
pe

ro
xy

ge
na

te
d 

ai
r, 

st
oi

ch
io

m
et

ry
 

re
la

tiv
e 

to
 O

2 

R
ea

l 
cl

ou
d 

1 1.
3 

1 1.
8 

3-
20

 
O

-O
.6

 
(d

is
ta

nc
e 

r 
?)

 

5-
15

 
N

ot
 m

ea
su

re
d 

5.
2~

8,
9 

- 
6.

1-
12

.6
 

- 
17

.3
 

- 
13

.4
-2

2.
5 

- 

V
ar

io
us

 
co

m
po

si
tio

ns
 

of
 s

up
er

ox
yg

en
at

ed
 

ai
r 

m
ix

tu
re

s 
gi

vi
ng

 
bu

rn
in

g 
ve

lo
ci

tie
s 

as
 

0.
4<

~<
1.

9m
/s

 

R
ea

l 
cl

ou
d 

B
al

lo
on

 
ex

pe
rim

en
ts

 

3-
10

0 
l-3

50
 

S-
50

 
l-1

60
 

-C
l0

 
C

O
.8

 
<2

8 
co

.4
 

8.
5 

11
 

3.
3-

5 
11

 
17

 
20

 
32

 
6.

4-
21

.6
 

17
 

38
 

So
ap

 b
ub

bl
es

 
2<

4<
40

cm
 

ex
pe

rim
en

ts
 

w
ith

 m
ix

tu
re

s 
of

 
vo

lu
m

et
ric

 
co

m
po

si
tio

n 
as

: 
C

,H
, 
tY

&t
ZN

, 
Y 

st
oi

ch
io

m
et

ry
 

O
<:

Z<
Z,

ir 

H
om

og
en

eo
us

 



8 
K

W
U

 
H

yd
ro

ge
n 

St
oi

ch
io

m
et

ry
 

9 
C

oy
ot

e 
N

at
ur

al
 

ga
s 

R
ea

l 
cl

ou
d 

10
 

TN
0 

Pr
op

an
e 

11
 

C
ha

rle
s 

2 
Et

hy
le

ne
 

12
 

C
ha

rle
s 

3 

13
 

Sh
el

l 

14
 

C
ha

rle
s 

4 

Et
hy

le
ne

 

N
at

ur
al

 
ga

s 
Pr

op
an

e 
N

at
ur

al
 

ga
s 

Et
hy

le
ne

 

R
ea

l 
cl

ou
d 

C
on

ce
nt

ra
tio

n 
gr

ad
ie

nt
s 

1.
1 

1.
1 

1.
1 

1.
1 

6.
7%

 

< 
83

.6
 

l-1
5 

10
0 

3-
10

 
(in

 o
ne

 t
es

t, 
32

 m
/s

) 

18
-2

9 

~3
2 

<1
2 

10
 

46
5 

30
-4

0 
10

-1
5 

90
-1

45
 

83
-2

22
 

11
-2

0 
12

 

<6
0 

A
 f

ew
 m

ba
rs

 

kk
ul

at
ed

) 

V
ol

um
e 

ef
fe

ct
 

R
ea

l 
cl

ou
d 

Je
t 

ig
ni

tio
n 

3.
4-

8.
5 

Je
t 

ig
ni

tio
n 



138 J.C. Leyer et al./J. Hazardous Mater. 34 (1993) 123-150 

2ilbar 
60 mbar 

‘TA 
s- 
4- 

3- 

2- 

, -.., 
2 3 ; 5 10 r cm> 

Fig. 3. Variations of overpressures versus distance (a), and flame velocity versus distance 
(b). Spherical explosion of Hz-air stoichiometric mixtures (from Ref. [24]). 

The pressure field calculated from relations (4) to (7), or from analogous 
acoustic models, is in most cases in good agreement with the measurements. 
Figure 3 from Ref. [24] is an example of such an agreement for Hz-air mixtures 
at stoichiometry over a large volume interval: the peak overpressures exhibit 
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an acoustic behavior, decreasing outside the flame ball with the inverse of the 
distance r. Moreover, the constant pressure inside is related to the constant 
velocity spherical flame model (see Ref. [7] and Fig. 1) which can predict fairly 
correct values of the pressure signals. 

Actually, even with uniform composition mixtures, the flame propagation 
velocity V, is not a constant. Smooth successive spontaneous accelerations 
due to changes in the front structure are reported in Ref. [18] for small flames. 
Woolfolk and Ablow [25] noticed that the radius rF of the fast spherical 
deflagration in Hz-O2 stoichiometric mixtures (R, = 0.455 and 0.8 m) varies 
with time as: 

r,-t 
1.36 

(9) 

that means a flame speed V, increasing with time t as 1°.36. A similar behavior 
is reported in Ref. [24] for Hz-air mixtures for which the ratio of the actual 
flame speed to its laminar value increases with flame radius as r”.25 (Fig. 3(b)). 
The flame front accelerates during the end of the propagating phase, several 
causes being involved in this behavior: (a) the balloon sheet is often main- 
tained by a supporting device, acting as an obstacle (grids or so); (b) when the 
wall is destroyed before ignition - as in Charles 1 test - a perturbed, rippled 
interface is left between the mixture and the ambient air leading to a flame 
acceleration. This phenomenon is even observed (but slightly) with the light 
confinement offered by the soap film in bubbles experiments [5]. 

Pressure wave shape and amplitudes (see Fig. 1) and flame speed variations 
have been correlated in the acoustic region for some tests: starting from the 
recorded pressure signal versus time at a given distance r, the flame speed and 
flame path are reconstructed by two successive integrations of relation (6). 
This method, used in the Charles 1 test set [4] and in other tests has confirmed 
that the flame speed V, was effectively increased (as clearly seen on the 
example of Fig. 4) at the moment when the flame radius became larger than 
approximately 1.5 m (the initial radius of the charge was R,= 1.4 m). 

The consequence of the occurrence of an accelerated end phase is to yield 
peak overpressures higher (multiplied by a factor of 2 in some cases) than the 
peak pressure which would be observed at a constant flame speed (from ignition 
time to end of combustion) evaluated on the theoretical basis of relation (1). 

4.1.2 Mixtures exhibiting a fuel concentration discontinuity 
With the objective of assessing the influence of more severe accelerations of 

the flame, some experiments were performed at a laboratory scale [18] or at 
a medium scale (in Charles 2 tests [4] involving 12 m3 of several ethylene-air 
mixtures), where a fuel concentration discontinuity was displayed along the 
flame path. Rich or poor compositions were associated to nearly stoichiometric 
ones to provoke noticeable variations in the flame speed. In the example of 
Fig. 5, the mixtures, initially confined within two concentric latex balloons of 
radii Ri = 0.9 and R, = 1.4 m respectively, are ignited at the centre, and the 
flame propagates from rich (13% C2H4) to stoichiometric (8.5% C2H4) 
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Fig. 4. Flame trajectory r&) and flame velocity VF(t) versus time in the case of a 12 m3 
deflagrative explosion of acetylene-air mixture (Charles 1 tests, Ref. [4]). Notice the flame 
acceleration in the final period of the propagation. 

compositions. Instead of the expected flame acceleration at radius rF - 2Ri, an 
oscillatory propagation was observed in the rich mixture (0 cz t < 90 ms), fol- 
lowed by a constant speed travel at the transition between the two mixtures 
(t - 100 ms) and, curiously, the flame slowed down abruptly when burning the 
stoichiometric composition. Such behavior could probably be explained by the 
destruction of the balloon skins before ignition, allowing turbulences to be 
induced, and interdiffusion between the two mixtures and between the ex- 
ternal mixture and air, to occur. Actually, in some Charles 2 tests where the 
balloons were not destroyed, normal behavior was observed: acceleration (or 
slowing down owing to fuel percentage) of the flame occurred at the interface 
of the inner balloon, and the peak pressure (enhanced by the confinement) 
corresponded to the end of burning of the fastest composition. 

Generally speaking, the balloons were either destroyed or not before igni- 
tion and whatever the adjoining compositions, the maximum flame speeds were 
found to be larger by a factor of about 1.5 compared to the value observed with 
the fastest uniform composition (8.5% C2H4) experimented in Charles 1 tests. 
Consequently, the overpressure peaks found in Charles 1 tests, were multiplied 
by a factor of 2 to 3 by the influence of the composition discontinuity. More- 
over, the pressure signals displayed severe oscillations, which could reinforce 
damages in real accidents as far as resonant effects on the structure are 
concerned in actual hazards. 

Finally, the acoustic correlation (relation (7)) gave satisfactory results 
in the interpretation of the experiments as for the uniform compositions. 
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Fig. 5. Typical measured pressure record (a) and calculated flame velocity (b) in the case of 
deflagrative explosion of a 12 m3 volume of ethylene-air mixtures with a concentration step 
on the flame path (Charles 2 tests, Ref. [43). 

The largest peak overpressure was actually observed when the flame acceler- 
ation was rejected at the end of the propagation (large flame radius). It was 
particularly the case if the richest mixture (13% C,H,) was set at the outer 
boundary, allowing after-burning with the surrounding air to occur in the last 
phase. 

4.2 Influence of the shape of the charges 
Up to now, spherical charges ignited at the center have been discussed. To 

simulate the most probable real situation of a flat unconfined cloud, experiments 
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with cylinders [Z] or fuel spreading on the ground are more realistic. Clearly, 
depending on the height to length ratio (aspect ratio E) of the mixture volume, 
and/or on the location of the ignition point relative to the volume boundary, 
only the initial period of the flame propagation can be spherical. This phase 
ends as part of the flame front contacts the air boundary allowing the burnt 
gases to be released to the surroundings. The flame speed V, and front surface 
A, decrease, and consequently the strength of the equivalent acoustic source is 
reduced (see eq. (8)). 

b 
Ro= 14Scm 

35cm 

Ground plate 
Experimental device 

Acceleration phase due 
to the experimental 

device (ring) , 
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20 40 1 
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Fig. 6. Comparison of pressure signals versus time at a fixed distance observed in the case of 
spherical and cylindrical et.hylene-air clouds (from Ref. [22]). 
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This behavior is illustrated in Fig. 6 where typical pressure signals from the 
deflagration of a hemisphere and of a cylinder of the same volume (C&J&-air 
stoichiometric) are compared. The flame speed, V, = 6 m/s during the spherical 
phase, decreases to V, = 3.5 m/s, for the cylindrical propagation which generates 
a nearly constant overpressure (the final peak due to the particular experi- 
mental arrangment of Ref. 1221 should be ignored when there are no obstacles). 

Typically, peak overpressure generated by the deflagration of flat volumes 
are significantly smaller than in the spherical case, and become very weak 
when the aspect ratio E is reduced. This general conclusion is confirmed by 
larger scale experiments as shown on Fig. 7 and also by real cloud experiments 

! Combustion in segment represents that in full ctoud 

Expand iing flame 

Large pan 
shaped 
gas cloud 

Icake- 

Segment of flame represents 
part of the full hemisphere 

0 . 

z l 

0 m value 

Distance from ignition pain?, m 

Fig. 7. Peak overpressure registered in large scale cylindrical unconfined explosions (from 
Ref. 1321). 
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such as 9,6,13 in Table 2. Even with fast flames ( VF - 100 m/s) observed with 
turbulent jet ignition, overpressures remain always in the range of a few 
millibars. Acoustic models (Refs. [l&22]) are very useful to explain the far field 
pressure, at least qualitatively. Near the exploding cloud, the pressure field 
may exhibit asymmetry [21] and non-acoustic decay of the wave. 

4,3 Influence of the voEume of the explosive mixture 
As already mentioned in the above items, hemispherical balloons have been 

used to experiment up to about 2100 m3. With central weak ignition and in the 
case of uniform mixture composition, there is a tendency for the spherical 
flame to accelerate continuously with increasing radius (see Refs. [24, 251 and 
Fig. 3). But the acceleration remains moderate, as evidenced by the results of 
Lind [8] given in Fig. 8 relative to propane and methane-air mixtures. So, one 
may expect more pronounced blast effects with large sized flames, but without 
any obstacles or turbulence the velocities are much lower than observed 
during a predetonation period or in confinements. The overpressures observed 
are far below 100 mbars, and then are non-catastrophic for the environment. 

It should be noticed that buoyancy effects are observed for a spherical flame 
whose radius exceeds about one meter for hydrocarbon-air mixtures. As a con- 
sequence, the flame speed in the vertical direction is larger than in the 
horizontal one (see Fig. 8). This effect was also observed in Charles experi- 
ments with 125 m3 of ethylene-air (6.7% C,H,) contained in a retractable 
rectangular box [4]. In this case, the measured pressure field was comparable to 
the calculated field taking into account the flame speed observed in the 45’ 
direction. So buoyancy effects are certainly responsible for the asymmetry in 
the generated field but are of negligible influence on the overpressure values. 

The negligible influence of the size of the mixture volumes on unconfined 
deflagrative explosion yields is further confirmed by large scale trials simula- 
ting real clouds. For instance, in tests 6,9,10 on Table 2, measured overpres- 
sure did not exceed a few millibars and flame velocities were lower than 15 m/s, 
as shown in Fig. 9. 

4.4 Strong ignition energy 
For the most part of the experiments performed, ignition energy was low 

(spark or fuse composition). If one expects ignition by hot jets, which involves 
turbulent propagation and for that reason is discussed elsewhere, strong 
ignition was studied in Charles 3 (see Table 2) only. Twelve cubic meters of 
ethylene-air mixtures (8.5%) were fired using the detonation of 5-8 g of a solid 
explosive and a deflagration was observed to propagate behind a decaying 
spherical shock wave. In the initial phase, the flame boosted by the shock was 
accelerated up to about 100 m/s, but the flame speed suddenly decreases around 
rF - 1 m, and, completely decoupled from the shock wave, recovered an almost 
constant velocity of the order of 30 m/s (compared to about 12 m/s for weak 
ignition of the same mixture). As a consequence, in the far field, the leading 
shock wave generated by the solid explosive detonation having completely 
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Fig. 8. Large scale balloon experiments. Illustration of buoyancy effects on the flame 
propagation (from Ref. [8] ). 

decayed, the peak overpressure observed was at most 10 mbars, as shown on 
Fig, 10, and thus was relevant for acoustic interpretation. It should be noticed 
that previous tests [26] demonstrated that lo-12 g of the same explosive were 
able to initiate the detonation of the ethylene-air mixture; but intermediate 
regimes of fast deflagration could never be generated even with accurate 
weighting of the explosive mass between 8 and 10 grams. 

So it could be concluded that, even with sensitive mixtures, strong ignition 
without turbulence lead either to detonation or to slow deflagration. In the last 
case, fast deflagration at a speed of several hundred meters per second is 
restricted to the very beginning of the propagation which is not self-sustained. 
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Fig. 9. Flame trajectories in real cloud explosion (from Ref. 1311). Propane-air cloud with- 
out obstacles. 

5. Conclusion 

The present chapter reviews several sets of experiments, at small, intermedi- 
ate and large scale, which have been performed because of the lack of know- 
ledge to predict the yields of unconfined deflagrative combustion_ 

The results of all these tests, without any source of turbulence generation, 
confirm the low values of the flame speed even for the more reactive fuels. 
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Fig. 10. Maximum peak overpressures versus distance observed with ethylene-air mixture 
in the case of strong ignition energy (Charles 3 tests Ref. [4]). 

Experimental values of flame speed are of the order of 15 m/s, for an equiva- 
lence ratio of 1, except for hydrogen and acetylene which have had values of 
30 m/s reported. As a result, truly unconfined fuel-air explosions produces very 
weak pressure effects, of the order of few millibars near the edge of the 
inflammable charge. No important scale effects have been observed. 

The pressure field has been found to be highly dependent on the acceleration 
of the flame which could be generated either by the experimental device itself 
(especially at the boundary of the charge) or by fuel concentration gradients in 
the inflammable mixture. But they never cause an important increase in the 
peak overpressure to be observed, even if the cloud is ignited by a strong 
ignition source such as a solid explosive mass. However, ignition by hot 
turbulent jet issuing from a confinement should be treated with care. 
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In the light of pressure levels recorded in a completely open space, such 
conditions of explosion do not appear to be a major risk. The only causes of 
greater overpressures, capable of inflicting severe damage on structures, would 
be high energy ignition combined with semi-confinement effects, obstacles 
effects and hot jet ignition, able to create turbulences on the flame path. These 
effects are discussed in some detail in separate chapters of this issue. 

Considering as well established by now, the fact that truly unconfined 
deflagrative explosions are not very powerful and are easily supported by the 
conventional structures of most of the industrial plants, one may doubt the 
interest in future balloon experiments. Obviously, they should be restricted to 
cases where primary information is needed on the reactivity of new fuels, or on 
mixtures of several conventional fuels. Indeed, balloon experiments without 
turbulences are easy to perform rapidly and at relatively low cost. However, in 
no case can such types of experiments simulate actual large scale deflagrative 
explosion hazards in which obstacles and partial confinements are of drastic 
influence. 
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