
Research Article
Influences of the Cloud Shape of Fuel-Air Mixtures on
the Overpressure Field

Chunhua Bai, Ye Wang, Jianping Li, and Mingsheng Chen

State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China

Correspondence should be addressed to Ye Wang; wangye 0422@126.com

Received 16 December 2015; Revised 11 April 2016; Accepted 11 April 2016

Academic Editor: Isabelle Sochet

Copyright © 2016 Chunhua Bai et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This paper presents an experiment system in the open field, which comprises a charge structure (approximately 166.2 kg), a high-
speed camera subsystem, and a pressuremeasurement subsystem.Through a series of experiments under the cylindrical cloudswith
different diameters, heights, and diameter-to-height ratios (𝐷 :𝐻), the influences of various cloud shapes on the overpressure field
were analyzed and discussed. Based on the experimental results, the overpressure field was divided into two zones: detonation wave
zone and shock wave zone. It is found that the overpressure of shock waves at the same distance from the explosion center increased
with the diameters, but the variations of heights had little impact on the overpressure.Therefore, the pancake-shaped cloud of fuel-
air mixtures is the optimal shape for obtaining the wider overpressure field. Moreover, it is found that the overpressure field gets
the maximum under the diameter-to-height ratios of 5.7 in the same distance within the studied range.

1. Introduction

Some fuels, such as hydrocarbons and hydrocarbon oxides,
cannot blast when they are stored separately. However, when
they are mixed with the ambient air under the dynamic load,
they form a certain shape vapor cloud of fuel-air mixtures
(fuel-air cloud) and obtain explosive properties. The fuel-
air clouds detonate if a powerful igniter source provides the
proper energy for the initiation and the concentration of fuel
in the cloud reaches the explosive limits. The detonation of
fuel-air cloud produces the high overpressure, temperature,
and impulse. Such conditional detonation of fuel-air cloud
results in a serious explosion accident when the leaked fuel
in storage, process, sale, and transport satisfies the formation
condition of fuel-air cloud. However, it is an important step
in the reformation for routine weapons [1] to make use of the
phenomenon in themilitary field and the fuel-air cloud is also
known as Fuel-Air Explosives (FAE).

Shock waves are the major hazard in explosion accidents.
The overpressure is one of the main parameters to eval-
uate the risky level of shock waves. The characteristics of

the overpressure of fuel-air mixtures have been extensively
studied in recent years to recognize the cloud detonation pro-
cess through accurate modeling and estimation conditions.
Therefore, it is important to study the parameters affecting the
detonation of the fuel-air cloud resulting in the overpressure
field. Up to now, influencing factors of the overpressure of
fuel-air cloud have been widely studied. Some works on the
enclosed space have paid attention to the influencing factors
of the overpressure production process of gas-liquid two-
phase, gas-solid two-phase, and gas-liquid-solid three-phase
within the vessel in laboratory [2–7], such as the location of
the detonation initiation point [8, 9], energy [10] and ignition
way [11], particle size [12] of fuel-air mixtures, and fuel type
[13]. Moreover, the related computational model had been
established [8, 14].

The cloud shapes effectively affect the damage scope of the
explosionnear the ground [15]. Consequently, in the study,we
carried out an experiment in the open field, measured cloud
shape data with a high-speed color photography system, and
recorded the overpressure values with a pressure measure-
ment system. Based on a series of experiments carried out
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Figure 1: Sketch of charge structure (not to scale).

in this system, we studied and discussed the overpressure
of fuel-air mixtures under different diameters and heights of
cloud.

2. Experimental Apparatus and Procedures

2.1. General. The experimental system consisted of a charge
structure (approximately 166.2 kg) coupled with a high-speed
camera subsystem and a pressure measurement subsystem.
The experiments were carried out in the open field with the
charge structure.The detonator was placed at the center of the
bottom cover with the radius of 1.5m.

The process of change in the shape of cloud was moni-
tored by means of the high-speed camera subsystem and the
overpressure data were captured by the pressure measure-
ment subsystem.

2.2. Materials. Solid-liquidmixtures were chosen as the fuels
in the study due to their wide range of explosive limits in
air, high damage potential, and high sensitivity to detonation
[16]. The solid component was aluminum powder and the
liquid component was ether. The physical and chemical
properties of aluminum-ether mixtures are given in Table 1.
TNT was selected as high explosive in the central charge
because of the low-detonation velocity and low pressure
blasting compared to RDX and HMX. Moreover, TNT was
chosen as the initiator charge for cloud detonation test [17].

2.3. Preparations of Explosive Charges. TNT was shaped into
the cylindrical shape by press-fitting method to achieve the
density of 1.63 kg/m3 and the total mass of TNT in the central
charge is 1.08 kg. TNT (8 kg) in the initiator with the size of 𝜙
150mm × 100mm was prepared for detonation.

2.4. Charge Structure. As shown in Figure 1, the charge
structure is composed of shell, fuel, center charge, fuse, and
detonator. The charge structure was designed as a cylinder
to form the cylindrical cloud. The inner diameter and the
length of the charge structure were, respectively, 0.182m and
1.1m.The total fuel mass in each charge structure was 125 kg.
The shell of vessel was made of aluminum alloy materials

and 0.3mm thick 16 equispaced indentations on its surface
allowed the fast formation of homogeneous clouds. Both
the bottom and top covers were welded to the shell. In the
experimental charge structure, the central charge was ignited
by a fuse in the central part of the center tube.

2.5. Fuel Dispersion Trials. The experimental setup shown in
Figure 2was adopted in the fuel dispersion testswithout using
initiator.The fuel dispersion process was recorded with a V12
high-speed color photography system. The photographing
frequency was 1000 frames per second.The recording period
was no less than 2 s and the resolution ratio of each photo was
1280 × 720.

2.6. Overpressure Trial of Fuel-Air Mixtures. According to
different delay time, the fuel-air mixture was used to form
the certain cloud shape and the cloud was detonated by a
separate initiator charge. The test parameters are as given
below: canister stand-off (1.5m), initiator stand-off (2.8m),
the interval between canister and booster (1.5m), and delay
of initiator charge [TNT] (240∼280ms).

The detonations weremonitored bymeans of the pressure
measurement subsystem composed of the pressure testing
device and synchronization control device. The pressure
testing device was composed of Kistler pressure sensors,
sensor adapters, and data collection unit for storing the
voltage values. Synchronization control device sent the order
to the data collection systems to record the electricity signal
as soon as it detected the detonation signal and the recorded
data were stored in the hard disk. The pressure sensors were
mounted on the steel plate with the diameter of 0.3m and the
plate surface was parallel to the ground. The main mounting
lines were arranged from the charge center in four directions
and the distances between the charge center and the sensors
were, respectively, 5m, 8m, 10m, 15m, 20m, 30m, 40m, and
50m (Figure 2).

For the detonation with a given cloud shape, the mea-
sured pressure varies with time and reaches the peak values
in the front of pressure wave. The peak values are defined
as the peak overpressure. With the measurement subsystem,
the overpressure can be obtained on the basis of the given
sensor’s sensitivity and magnification through calculation.
The relationship of voltage and overpressure is expressed as

𝑝 =

𝑉
𝑚
𝑆
𝑞1

𝐾𝑆
𝑞

, (1)

where 𝑝 is the overpressure; 𝑉
𝑚
is the recorded voltage; 𝐾

is the charge amplifier magnification; 𝑆
𝑞1

is charge amplifier
sensitivity; 𝑆

𝑞
is sensor’s sensitivity.

2.7. Experimental Process. In order to measure the over-
pressure accurately, it is important to check and arrange
all the devices before the experiments (Figure 2). Firstly,
the experimental charge structures were mounted on a rack
which was 1.4m above the ground, with the structural center
of the bottom cover which was 1.5m above the ground.
Secondly, two 4m high coupled signposts perpendicular to
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Figure 2: Experimental layout.

each other were arranged in the center of the bottom cover.
Finally, the trigger times of pressure sensors were tested
to be no less than 20. Moreover, two high-speed digital
cameras were mounted at the same height and with the safety
explosion distance from the bottom port center.

After checking the devices, the fuse was triggered via an
external signal firstly and the center charge then produced
a powerful blast. The blast caused the shell damage, thus
dispersing the fuel to form the certain fuel-air cloud in the air.
After the delay of 240∼280ms, the fuel-air cloudwas initiated
by the detonator. Meanwhile, the pressure measurement
subsystem collected the data and the experimental photos
were taken by the high-speed cameras.

3. Results and Discussion

3.1. Formation of Fuel-Air Cloud. The data of cloud dispersal
processwere acquired by aV12 high-speed color photography
system. The photographing frequency was 1000 frames per
second. Recording timewas no less than 2 s and the resolution
ratio of each photo was 1280 × 720.

The fuel was dispersed by central charge. After a certain
period, fuel-air mixture formed cylindrical fuel-air clouds.
According to the characteristics of cylindrical clouds, the
diameter (𝐷) and height (𝐻) represented the cloud dispersal
process. Thus the ratio of diameter to height (diameter-to-
height ratio, 𝜀) is defined as

𝜀 =
𝐷

𝐻
. (2)

Figure 3 shows the typical photos of fuel-air cloud dis-
persal process. In order to obtain the actual size of cloud, the
pixel of the photoswas converted into the length unit ofmeter
according to the signposts. The typical transferred 𝜀 varying
with time is shown in Figure 4. It is indicated that 𝜀 increases
with time and then reaches the maximum value. The values
decreased firstly and then vibrated around a certain value.
After a short time, 𝜀 decreased. The cloud dispersal process
can be divided into three successive stages: the acceleration
phase, the deceleration phase, and the turbulence phase.
As shown in Figure 4, the horizontal motion of cloud is
quicker than the verticalmotion in the acceleration phase and
the horizontal motion speed decreases more severely than
the vertical motion in the deceleration phase. However, the
horizontal motion was more andmore obvious and the cloud
expanded stably in the turbulence phase. On the basis of
the dispersal process, the cylinder cloud of fuel-air mixtures
could be formed in the turbulence phase.

3.2. Overpressure at Different Cloud Diameters. The experi-
ments of fuel-air mixture explosions were carried out under
the same ignition conditions: relative humidity of 90%, initial
temperature of fuel-air mixture at 26∘C, and the wind speed
less than 5m⋅s−1.

The cylinder shapes of the cloud with different diameters
at the same cloud height of 4m were chosen and compared
with each other. The peak overpressure of each experiment
was calculated as the average of the measured values at four
points with the identical distance from the explosion center.
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Figure 3: Photos of cylinder clouds taken by a high-speed camera.
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Figure 4: Diameter-to-height ratios 𝜀 of cylinder cloud of fuel-air
mixtures versus time.

Table 1: Changing rate of various diameters at the fixed distances.

Distance/m Increase rate%
Δ𝐷 = 𝐷

2
− 𝐷
1
= 0.3 Δ𝐷 = 𝐷

3
− 𝐷
2
= 0.9

5–10 — —
15 54.76 13.33
20 54.84 21.88
30 48.39 21.74
40 29.17 16.13
50 10.53 14.29

In the typical results of experiments in Table 1, the values
of three columns, respectively, correspond to the cases of
different diameters 22.7m, 23.0m, and 23.9m.
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Figure 5: Comparison of overpressure under various diameters
versus different distances.

Figure 5 indicates that the maximum peak overpressure
of fuel-air cloud in each experiment is acquired within the
range of 0m and 10m and the peak overpressure decreases
with the increase in the distance.

The explosive cloud ignited by the powerful source imme-
diately generated the detonation waves.When the detonation
waves traveled to the ground along the propagation direction,
it caused a Mach reflection which accelerated chemical
reactions and raised the temperature. As a result, the deton-
able cloud produced the higher explosive overpressure and
obtained the maximum overpressure. Then the detonation
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waves stably propagated. When it spread to the cloud border,
detonation waves were attenuated to shock waves. According
to the distribution law of peak overpressures, the overpres-
sure field is divided into two zones: detonation wave zone
and shock wave zone. In the experiment, in the detonation
wave zone, the peak overpressure of fuel-air cloudwas slightly
changed slightly within the testing height range from 0m to
10m. In shock wave zone, the peak overpressures decrease
significantly in the testing height range from 10m to 50m.

For the purpose of comparison, peak overpressures
obtained within the same distance in different diameters are
also shown in Figure 5. The overpressures within every fixed
distance under the diameter of 23.9mwere the largest among
the three cases of three different diameters and the largest
overpressure was 0.853MPa.

Table 1 summarizes the decrements of shock waves in
different diameters. The decrements of shock waves almost
were decreased with the increase in the diameter. The
larger diameter increased the maximum overpressure at the
same distance in the detonation waves and the increasing
rate was between 10.53% and 54.84%. In the shock waves,
the decrements of peak overpressures showed the similar
changing trend with that of the detonation waves.Thismeans
that the peak overpressure increases with the increase in the
diameter at the same distance. Therefore, the larger diameter
can significantly enhance the explosion influencing range
under the same fuel mass.

The higher overpressure was produced in the larger
diameter at the same distance and the decrease rate was
smaller than that in the near field of shock waves. However,
the decrease rates were consistent with each other in the far
field of shock waves. For example, the overpressures within
the diameter range from 22.7m to 23.9mwere close to that at
the distance of 50m, 0.02MPa. As a result, the overpressures
in the far field of shock wave showed no obvious difference
among different diameters.

3.3. Overpressure at Various CloudHeights. Theexperimental
results on the overpressure at different heights (3.8m, 3.9m,
and 4.1m) were obtained, respectively. The overpressures
determined at the same distance are shown in Figure 6.

As shown in Figure 6, the changing trend of overpressure
of cylindrical cloud in each experiment is the same under the
three diameters. Thus, the measurement field is divided into
the detonation wave zone and shock wave zone.

Comparison of the peak overpressure under various
heights with the same diameter of fuel-air cloud showed
that the peak overpressure in the shock waves varied with
the height. Although the peak overpressure varied with the
height, the gaps among different groups decreased with the
propagation of shock waves. In the shock wave zone, the
peak overpressures gradually became close to each other.
Therefore, compared with the diameter, the height within the
studied range had little impact on the peak overpressure in
the shock wave zone. According to the experimental result,
the peak overpressure reached the highest value under the
height of 3.9m.

In order to expand the explosion scope, during the
selection of the cloud shape, the following two points can
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Figure 6: Comparison of overpressure under various heights versus
different distances.

be referenced. Firstly, under the pancake-shaped cloud, the
range of overpressure field can be increased. Secondly, the
larger diameter can realize the purpose within the certain
height range.

3.4. Overpressure at Various Diameter-to-Height Ratios of
Cloud. According to the experiment results of cylindrical
cloud with different diameters and heights, the pancake-
shaped cloud with the larger diameter can boost the impact
range of overpressure. Thus, the main characteristics of the
overpressure field are largely dependent on the 𝜀 of the
pancake-shaped cloud.

The pancake-shaped clouds with the same volume and
fuel mass were ignited at various 𝜀 under the same experi-
mental conditions. Table 2 shows the results of overpressure
within the same distance at various 𝜀 of 5.6, 5.7, and 5.8,
respectively. Similarly, the overpressures in each experiment
were divided into detonation wave zone and shock wave
zone. When the 𝜀 of pancake-shaped cloud was between 5.6
and 5.7, the maximum overpressure under the same distance
increased with the increase in 𝜀; when the 𝜀 was between 5.7
and 5.8, the increasing rate of overpressure decreasedwith the
increase in 𝜀.When the 𝜀 of pancake-shaped cloudwas 5.7, the
overpressure at the various distances reached its maximum
value (0.943MPa) in the detonationwave field and 0.132MPa,
0.075MPa, 0.047MPa, and 0.032MPa in the shockwave field.

According to the above result, the 𝜀 of pancake-shaped
cloud affected the overpressure range. However, the over-
pressures of pancake-shaped cloud decreased when the 𝜀
increased from 5.7 to 5.8 and the decrement of overpressure
was less than 12.50%. Similarly, the increment of overpressure
reaches 51.61% when the diameter-to-height ratio increased
from 5.6 to 5.7. Therefore, simply enlarging the diameters
of the pancake-shaped cloud does not expand the range
of overpressure. Only the appropriate 𝜀 of pancake-shaped
cloud can result in the largest range of overpressure.
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Table 2: Peak overpressure with 𝜀 at the fixed distance.

Distance/m
𝜀
∗ Rate

5.6 5.7 5.8 Increase%
Δ𝜀 = 𝜀

2
− 𝜀
1
= 0.1

Decrease%
Δ𝜀 = 𝜀

3
− 𝜀
2
= 0.1

5–10 0.716 0.943 0.815 — —
15 0.126 0.132 0.125 4.76 5.30
20 0.062 0.075 0.073 20.97 2.67
30 0.031 0.047 0.046 51.61 2.13
40 0.025 0.032 0.028 28.00 12.50
50 0.019 0.024 0.021 26.32 12.50
𝜀
∗ represents diameters-to-height ratios.

Table 3: Comparative experimental and theoretical overpressure of cloud detonation for different sizes cloud.

Distance/m
Experimental overpressure/MPa

TNOMEM overpressure/MPaCloud shape
𝜙 22.7 × 4m 𝜙 23.0 × 4m 𝜙 23.9 × 4m 𝜙 23.4 × 3.8m 𝜙 23.4 × 3.9m 𝜙 23.4 × 4.1m

𝑅 = 15 0.126 0.195 0.221 0.126 0.12 0.124 0.31
𝑅 = 20 0.062 0.096 0.117 0.062 0.064 0.066 0.068
𝑅 = 30 0.031 0.046 0.056 0.034 0.038 0.039 0.042
𝑅 = 40 0.024 0.031 0.036 0.025 0.026 0.028 0.031
𝑅 = 50 0.019 0.021 0.024 0.019 0.019 0.021 0.020

3.5. Theoretical Estimation of Overpressure by TNO MEM.
The Netherlands Organization Multi-Energy Model (TNO
MEM) [17] is a simplemethod for vapor cloud explosion blast
modeling based on the multienergy concept. The results can
be expressed with the distance to center of the cloud and
the explosion strength. The 10-level strength of the explosion
was recommended as the overpressure to be expected from a
detonation.

The TNOMEM implies that

𝑅 = 𝑅(
𝑃
0

𝐸
)

1/3

,

𝑃
𝑠
=
𝑃
𝑠

𝑃
0

,

(3)

where 𝑃
𝑠
is dimensionless maximum overpressure; 𝑅 is

combustion energy-scaled distance; 𝐸 is total energy for
explosion source, MJ; 𝑃

0
is atmospheric pressure; Pa and 𝑃

0

are given as standard atmospheric pressure, 1.01 × 105 Pa; 𝑅 is
the distance to center of the cloud, m.

Assuming that the behaviors of the fuel mixture are
similar to those of diethyl ether, the peak overpressure
within a certain distance can be estimated by TNO MEM
method. The changes of overpressure with distance were
computed according to (3) (Table 3). These values were
compared with the results of overpressure experiments. TNO
MEM was established without considering the initial shape
of cloud. In the center ignition and flame propagation for
constant speed with hemispherical gas cloud model, a group
of strengths of the explosion was calculated by the numerical
method. Thus, the estimated values were related to the total

energy of explosion source. The results in Table 3 indicate
that experimental and TNO values show the similar change
tendency of overpressure with distance. In shock wave zone,
the values of overpressure are consistent with the TNO
estimated values. However, the values of overpressure near
detonation wave zone are lower than that of TNO. These
minor differences in the values of overpressure are ascribed
to the simple assumption of TNTMEM, measurement errors
in experiments, and the properties of fuel.

4. Conclusions

In the paper, we studied the influence of the shape of cloud
on detonation parameters. The main conclusions can be
summarized as follows:

(1) According to the changing trend of the overpres-
sure of fuel-air cloud, the range of overpressure
was divided into the detonation wave zone and the
shock wave zone. In the detonation wave zone, the
maximum overpressure was acquired and the peak
overpressures decreased significantly in the shock
wave zone. The decrement of peak overpressure was
between 82.40% and 20.83%.

(2) The overpressure of cylindrical fuel-air cloud at the
same distance increases with the increase in the diam-
eter. However, the height of cloud shows little impact
on the overpressure in the shock wave zone. There-
fore, increasing the diameter of cylindrical cloud
can increase the overpressure range under the same
conditions. Based on the influences of the diameter
and height of cylindrical cloud on the overpressure,
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the explosion of pancake-shaped cloud of fuel-air
mixtures realizes the larger overpressure range.

(3) Though the pancake-shaped cloud produces the larg-
er range of overpressure, the influencing range of the
overpressure is affected by diameter-to-height ratio
𝜀. Thus, the optimal diameter-to-height ratio of 5.7
allows the maximum peak overpressure for the same
distance within the studied range.

The study results can be applied in the industry and mil-
itary. In the military, the tendency for fuel-air clouds to form
pancake shapes could significantly enhance the influencing
range of the overpressure effect. In the industry, the factors
of cloud shape should be included in hazard assessments and
hazard analysis when the large quantities of fuel were handled
during the storage, processing, sale, and transport.
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