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Abstract

An experimental system was setup to study the pressure field of unconfined vapor cloud explosions.

The semi-spherical vapor clouds were formed by slotted 0.02mm polyethylene film. In the center of the cloud
was an ignition electrode that met [SO6164 “Explosion Protection System” and NFPA68 “Guide for Venting of
Deflagrations”. A data-acquisition system, with dynamic responding time less than 0.001s with 0.5% accuracy,
recorded the pressure-time diagram of acetylene-air mixture explosion with stoichiometrical ratio. The initial cloud
diameters varied from 60cm to 300cm. Based on the analysis of experimental data, the quantitative relationship
is obtained for the cloud explosion pressure, the cloud radius and the distance from ignition point. Present results
provide a useful way to evaluate the building damage caused by unconfined vapor cloud explosions and to determine
the indispensable explosion grade in the application of multi-energy model.
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1 INTRODUCTION

The pressure of unconfined vapor cloud explo-
sion(UVCE) is a very important parameter to risk
assessment and safety design. Some experiments
were carried out under given conditions(!~%l but it
is not enough to draw a quantitative conclusion be-
cause of the scatter of experimental conditions and
the complex mechanism of UVCE. As an empirical
model, TNT equivalency method has been applied
to the assessment of industrial accidents. Neverthe-
less, its applications show that the equivalent effi-
ciency is scattered from 0.02% to 15.9%4%. Self-
resemblance theory!®”) is an over-simplified model in
which the flame velocity is assumed as a constant.
Multi-energy model®—1° is considered as the most
reasonable one so far, but it is difficult to determine
the explosion grade in its practical applications. The
scaling method*!] according to 1/3 power of cloud
volume is inconsistent with industrial cases. There-
fore this paper focuses on the experimental study for
a quantitative relationship of the cloud explosion pres-
sure, the cloud radius and the distance from ignition
point.

2 EXPERIMENTAL SYSTEM

The experiments were carried out in an open field
of 4000 m? with safety defences. The experimental
system is as follows.
2.1 Pressure transducers

The pressure transducers were used to receive pres-
sure signals. Their measuring range is —5—10kPa
with an accuracy of 0.5%. The voltage supplied for
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transducers is 24 V(D.C.)
2.2 Data acquisition card

The card used for experimental data acquisition
was a 12 bit A/D conversion card with 8 synchronic
channels with sampling frequency of 200 kHz per chan-
nel.
2.3 Ignition device

The ignition device was made according to
ISO6164 “Explosion Protection System” and NFPA6GS
“Guide for Venting of Deflagrations”. The ignition en-
ergy is approximate 100 mJ which is higher than that
of most industrial ignition sources such as static elec-
tricity, sparks and so on. Fig. 1 shows the principle of
ignition device.
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The principle diagram of ignition device
1—ignition electrodes; 2—ignition coil;
3—switch; 4—battery (12V)

Figure 1

2.4 Computer

A computer was used to save and process the data.
The card was plugged in the PC socket of the com-
puter and the transducers were connected with data
acquisition card by shielded cables. Fig.2 shows the
principle of data acquisition.
2.5 Experimental method

The semi-spherical stoichiometrical acetylene-air
mixture clouds were formed by 4 pieces of 0.02 mm

* Supported by the National Natural Science Foundation of China(No. 50076006).

** To whom correspondence should be addressed.



Experimental Study on Unconfined Vapor Cloud Explosion 91

polyethylene film. Each of them is one-eighth sphere.
In the process of inflation, they were connected with
each other by adhesive tapes. Just before ignition,
the tapes were removed. The ignition electrode was
in the center of the sphere. And 16 transducers
were arranged around the sphere in different radii and
heights.
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Figure 2 The principle diagram of data collection
1—pressure transducer; 2—sampling resistance;
3—signal output

3 EXPERIMENTAL RESULTS

The experiments were carried out for acetylene-air
clouds with initial radius of 30 cm, 50 cm, 100 cm and
150 cm, respectively. Fig. 3 is an instantaneous record
of flame. Fig.4 is a typical pressure-time curve mea-
sured during explosion of a 100 cm hemisphere with
the time counted from the ignition. Fig.5 is the ex-
perimental results and their fitting curves. Fig.6 is
the comprehensive results and their fitting curve.

Figure 3 An instantaneous record of flame
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Figure 4 Measured explosion pressure-time diagram
(Ro = 100cm)

During explosion, the cloud volume increases with
the propagation of flame. When the flammable gas
mixture burns up, the combustion ends and the pres-
sures reach their peaks. Of all the peaks, the maxi-
mum pressure was detected at the final radius of cloud.
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Figure 5 Experimental results and
their fitting curves
1—Ap = 0.264/r, Rp = 30cm;
2--Ap = 0.847/r, Rp = 50cm;
3—Ap=1.101/r, Ry = 60cm;
4—Ap = 3.275/r, Rg = 100 cm;
5—AP =T.117/r, Ry = 150cm;
4, B, A, X, x experimental data;
— fitting curve
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Figure 6 The comprehensive result
and its fitting curve
& experimental data; fitting curve

For acetylene-air mixture, it is clear from Fig.5 that
the maximum pressure occurs at the place 1.7 times
of initial cloud radius from ignition point.

For r > 1.7Ry, the fitting equation of the experi-
mental data shown in Fig. 6 is

Ap =3Rj/r (1)

The equation is effective under the confidence level
of 0.99 based on the result of square deviation analysis
listed in Table 1.

It can be inferred from above results that the pres-
sure of UVCE is proportional to the square of cloud
initial radius and inversely proportional to the dis-
tance from ignition point. Thus Eq.(2) can be pro-
posed for any cloud explosions.

Ap = AR:/r (2

where A is a constant depending on the cloud mixture.
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Table 1 Mean square deviation analysis on fitting

equation
s1/1
S Sa = ?‘f{lni——T) Fg,01(1,n—2)
305524 248 3692 34.10

4 DISCUSSION
4.1 Damage of UVCE

The experimental results show that the maximum
pressure occurs at the final radius of cloud, and for
acetylene-air mixture, the maximum pressure occurs
at the place 1.7 times of initial cloud radius from ig-
nition point. Substituting r = 1.7Ry into Eq. (1), the
calculated cloud initial radii causing building-damage
are obtained and listed in Table 2.

Table 2 The building-damaging pressurell2] and
calculated gas cloud radius

Damaging part Pd, kPa Ry, m
glass window 12.0 6.8
removing roof 24 13.6
damaging brick wall 37 21.0
damaging concrete wall 76 43.1

4.2 Scaling rule

An alternative to the TNT equivalence method is
to scale experimental results!!}]. If a pressure-distance
curve is given based on the experimental data of ex-
plosions for 1000 m?, for a cloud explosion with a vol-
ume V, the blast wave pressure can be found from the
curve simply by scaling the actual distance from the
explosion center r to an equivalent distance req.

1000 /3
ra=r () 3)

It is clear that the pressure varies only with the
equivalent distance req and is irrelevant to the cloud
volume. However, the experimental results of present
study show that the explosion pressure increases with
the 2/3 power of cloud volume. Other experimental
results!] have also confirmed that the explosion pres-
sure increases with the cloud volume.

4.3 Comparison to multi-energy model

The converted experimental results according to
the coordinates of multi-energy model are shown in
Fig.7. It is obvious that our results agree well with
those of multi-energy model in dimensionless over
pressure-dimensionless distance relationship. The ex-
plosion grade increases with the radius of flammable
gas cloud. For example, the explosion grade is lower
than 1 for a cloud with a radius of 50 cm and reaches
4 for a cloud with a radius of 500cm. Thus Eq. (2)
can be used to determine the explosion grade required
in the application of multi-energy model.
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Figure 7 The comparison of present results with
muli-energy model
Ry, cm: @ 500; O 300; x 150; A 100; A50

4.4 Comparison to TNT equivalency method

The converted experimental results according to
the coordinates of TNT equivalency method are shown
in Fig.8. It is evident that the explosion pressures
from TNT equivalency method are much higher than
those of the present study because of the essential dis-
tinction between TNT explosion and cloud explosion.
First, TNT explosion can be considered as point ex-
plosion and the volume of explosive can be ignored,
but cloud volume should be considered because it in-
creases with the propagation of flame. Second, the en-
ergy releases instantaneously in TNT explosion, while
it releases step by step in cloud explosion. Third, TNT
explosion causes strong shock wave, but cloud explo-
sion usually causes weak pressure wave.
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Figure 8

5 CONCLUSIONS

An experimental study on unconfined vapor
cloud explosions was conducted with semi-spherical
acetylene-air clouds. The quantitative relationship is
obtained for explosion pressure, the cloud radius and
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the distance from ignition point by fitting the experi-
mental data, that is

R3

r

The results agree well with those of multi-energy
model in dimensionless pressure-dimensionless dis-
tance relationship. The explosion grade increases with
the radius of flammable gas cloud. Present results
provide a useful way to evaluate the building dam-
age caused by unconfined vapor cloud explosions and
to determine the indispensable explosion grade in the
application of multi-energy model.

The pressures from TNT equivalency method are
far higher than the experimental ones, especially in
near field, so it would give over-conservative results in
gas cloud explosion accident assessments.

Ap=A

NOMENCLATURE

A constant depending on cloud mixture,
kPa-m™!

E. combustion energy of clouds in unit volume,
kJ-m~—3

F F value in square deviation analysis

Fo.01(1,n —2) the value under the confidence level of 99%
in F test

Po initial pressure of clouds, kPa

Pd building damaging pressure, kPa

Ap over-pressure of UVCE, kPa

Ap, dimensionless over-pressure (&3‘98 = _A_p)

Ry initial radius of gas cloud, m r

r distance from ignition point, m

Teq equivalent distance

T, dimensionless distance [F = —r———]

i (Bc/Po)'/®

S5 sum of fitting square deviation

Sa sum of surplus square deviation

t time, s
Vv cloud volume, m?
Woent  TNT equivalent mass, kg
r
A equivalent distance (A = ———, m-kg'”a
(= o)
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