Journal of the Korean Society of Marine Engineering, Vol. 42, No. 8, pp. 653~658, 2018 ISSN 2234-7925 (Print)
J. Korean Soc. of Marine Engineering (JKOSME) ISSN 2234-8352 (Online)
https://doi.org/10.5916/jkosme.2018.42.8.653 Original Paper

Effect of containment structure on methane gas explosion
in fixed roof storage tank
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Abstract: Petrochemical industry sites such as chemical reactors and fuel refineries are the most dangerous sites for explosion
accidents. The flame propagation and gas explosion of hydrocarbon gas in a containment is influenced by the structure shape. In this
study, a containment structure was tested to understand the effect of the length-to-width ratio on methane gas explosions in a fixed
roof storage tank. The results show that the flame development and the pressure curve were stable, and the final averaged pressure
remained at 3.8 bar until a length-to-width ratio of three was reached. At a length-to-width ratio of five, the flame front and pressure
variation became unstable, the peak pressure increased, and the final pressure decreased; this means that the combustion is a fast-
burning and partial explosion. When the structure became longer (ratio greater than eight), the pressure increased sharply to 51.9 bar
and then reduced to 3 bar at monitoring point 7 located at the end wall. The pressure behavior shows that the flame propagated over a
great distance, which created the explosion condition for the unburned gas in the end area of the containment.
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i volume of which reached 300,000 m® after 25 min, and the rate
1. Introduction

- 3 -
Petrochemical industry sites such as chemical reactors and of gas production was 200 m*/s [11]. The gas was supplied

fuel refineries are the most dangerous sites for explosion continuously and the explosion propagated through the vicinity.

accidents [1]-[3]. Typical explosive gases normally constitute a As the volume of the cloud decreased, the cloud spread near the

mixture of hydrocarbon and air, and the flame propagation and tank as a result of buoyancy [12][13]. Liquid droplets fell from

gas explosion of the hydrocarbon gas in a containment is the tank because of the overfill of liquefied gas. This downward

influenced by the structure shape [4][5]. The flame propagation motion drew the air down, which enhanced the burning [14]-

is also influenced by the interaction with local blockages [6]. [16]. The damage is shown in Figure 1.
Explosions in storage tanks have been studied [7].

In December 2005, explosions occurred in specific storage
depots in Buncefield, UK. The survey of the accident showed
that the fire covered the whole area of the site after a large
explosion. In this accident, 40 people were injured explosion,
and there was major damage to both the commercial and the
residential properties surrounding the site [8]. The level of
gasoline reached the tank top, and liquefied gas flowed through
the vents located in the fixed roof tank [9]. After a 25-min

Figure 1: The Burnt Southern edge of the Buncefield vegetation
overflow through the vents, the rate of flow almost doubled to

960 m*h [10]. This increased overflow occurred for 8 min prior The installation of a safe layout around the Buncefield site would

to the explosion. A cloud was formed by the explosion, the  have worked well to prevent the rapid spread of the explosion
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around the area [17][18]. Containment design and location were
studied to reduce spreading of the vapor to nearby tanks. The
results show that it is important to surround all of the storage tanks
with dike walls, commonly referred to as bunds. After the explosion
in Buncefield, another accident took place in the Indian city of
Jaipur (Rajashthan State) from an oil fire on October 29, 2009
[19][20]. The fire led to various explosions at the Indian Oil
Corporations (I0C), which destroyed 12 large tanks. The research
extended to a marine vessel carrying gas or liquid fuel such as LPG
or LNG. The design of dikes in the containment area of explosives
or flammables has been studied [21]-[24].

The structure shapes are also important for the control of
flame behavior and to prevent severe explosions; however, there
are limited studies that address this. In this study, the
containment structure was tested to understand the effect of the
length-to-width ratio on methane gas explosions in a fixed roof

storage tank.

2. Mathematical Model and Conditions
2.1 Mathematical Model

This study used transport equations for the combustion and
explosion, given as follows [25].

Conservation of mass:
at (va) + (B]pu]) - v (1)

Momentum equation:

5 (Bupu) + 5 (Bipuuy) =

a a
—By g+ 35 (Bi0i) + Foi + BuFui +By(p —podgi ()

o= o[22l

where oj; is the stress tensor.

Transport equation for enthalpy:

d 0
3 (Bvph) + % (Bjpujh) =

= (Bytest) + 5, 224 ©

op 0X;

Transport equation for fuel mass fraction:
d d
3 (BvpYrue) + P (Bipu;Yeyel) =

a Hefr 0Yruel
Oxj (B] Gtuel an ) + Rfuel (4)
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where Ry, is the fuel reaction rate.

Transport equation for the mixture fraction:

Heff OF.
o (B et 2% (5)

5 (Bp®) + 5 (Bipusg) = 5

Transport equation for turbulent kinetic energy:

0 d
E(vak) + P (Bjpujk) =

2 (B 2e25) + Py — Bype (6)

oy 0%j

Transport equation for the dissipation rate of turbulent kinetic
energy:

a d

E(BVDE) + P (Bjpuje) =

{4 Ueff €
a%; (B] oe 6)(]-) +BPe

The stress tensor in Equation (7) is given by:

2
~ CoeBup (7)
ou; | ou) 2 a
Heff( -+ a—;l) =3 8;(pk + P—effalxt) (8)
The effective viscosity is defined as follows:
k2
Mefr = 1+ pCy— ©)

2.2 Calculation condition and geometry
In this simulation, the initial conditions were a temperature,
pressure, and equivalence ratio of 300 K, 1 atm, and 1.1,

respectively, and the test fuel was methane gas.

Table 1: Test Conditions

Chamber size
Test cases
Length Width Height
Case 1 10 10 10
Case 2 12.35 9 9
Case 3 15.63 8 8
Case 4 20.41 7 7
Case 5 27.78 6 6
Case 6 40 5 5

Table 1 shows the test conditions for six different cases, which
are classified by the length-to-width ratio of the rectangular
chamber. The ratio varied from one in Case 1 to eight in Case 6,

while the chamber volume was fixed at 1000 m®.
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3. Result and Discussion

3.1 Combustion Product

Figure 2 shows the variation in concentration of the
combustion product. Red represents the complete combustion
region, which indicates flame development. In Case 1, which is a
cube structure with the same value for the three directions of
length, width, and height, the flame developed widely soon after
ignition, and then propagated slowly to the upper, lower and
right-side walls. The behavior of the flame propagation signifies

ordinary burning with no explosion.

3.2 Temperature Variation

The temperature variations are given in Figure 3 for the six
cases. In Case 1, which has a wide space near the ignition point,
the temperature developed spaciously and a high-temperature
region occurred in the upward region of the containment. The
behavior in Case 2 was very similar to that in Case 1. The longer
structures of Cases 3 and 4 showed slightly unstable distributions
with wrinkled front surfaces. In Cases 5 and 6, which have
considerably longer geometrical structures, the high temperature

area was shown near the centerline.

Time(s

0.078s | 0.105s | 0.129s | 0.158s | 0.228s

Cases

Time(s),
Cases

0.078s | 0.105s | 0.129s | 0.158s | 0.228s

Figure 2: combustion product concentrations

In Case 2, which has a slightly longer structure than Case 1, the
flame behavior was similar to that of Case 1. When the containment
was enlarged with a longer structure such as in Cases 3, 4, and 5, the
flame front became unstable and wrinkled, and the flame speed
increased. The longer the structure shape, the faster the flame speed.
Case 6 is the longest structure with a length eight times greater than
the width or height. In this case, the flame developed through the
centerline soon after ignition, and then propagated in the longitudinal
direction at very high speed. The pressure and temperature of the
unburned gas increased rapidly with the high-speed flame
development. This condition was reached in the detonation region of
the methane and air mixture. The rapid flame detonated the end gas,

which is defined as a flame-induced explosion.

Figure 3: Temperature Variation

3.3 Pressure Variation

The pressure was measured at seven points during the flame
development. The first measuring point of P1 was placed at the
center of the left wall, and the last measuring point of P7 at the
center of the right wall. The other points from P2 to P6 were
evenly distributed on the centerline.

Figure 4 shows the pressure variation with time from ignition.
In Case 1, the pressure at all of the monitoring points appears
very similar, which means that the burning speed was sufficiently
low to propagate the pressure over the containment. The pressure
began to increase at 0.15 s, which represents the ignition delay.
Then, the pressure increased smoothly with main combustion
occurring up to 13.8 barg. The smooth variation indicates that the
combustion was a normal burning phenomenon.
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Figure 4: Pressure variations in Case 1

Figure 5 shows the pressure variation in Case 2, which is
slightly longer than Case 1. The pressure development behavior

appears similar to that of Case 1.

Figure 5: Pressure variations in Case 2

Figure 6 shows the pressure variation in Case 3. The pressure
variation became unstable, but the end maximum pressure
reached 13.6 barg, which is very similar to in Case 1. This means
that the burning process was slightly unstable, but the fuel gas

burned out completely.

Figure 6: Pressure variations in Case 3
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Figure 7 and Figure 8 show the pressure variations in Case 4
and Case 5 in which the length-to-width ratios are three and five,
respectively. In these cases, the pressure became highly unstable
and the peak pressure increased up to 19.3 barg in Case 5. This
means that fast-burning or partial explosions occurred. The final
pressure in Case 4 approached 13.8 barg, which is similar to in
Case 1; this indicates that the fuel in the containment was burned
out completely. However, the end pressure decreased below 13
barg in Case 5, which means that the fuel gas did not burn
completely until the end of the combustion. The pressure
variation behavior shows that detonation initiated at a length-to-

width ratio of five.

Figure 7: Pressure variations in Case 4

Figure 8: Pressure variations in Case 5

Figure 9 shows the pressure variations in Case 6. The case
structure has a length-to-width ratio of eight, which indicates that the
long structure has a length eight times greater than the width. In this
case, the pressure remained near zero until 0.24 s, sharply increased
to 51.9 barg, and then reduced to 3 bar at monitoring point 7 located
at the end wall. The pressure behavior shows that the flame
propagated for a great distance, which created the explosion condition
for the unburned gas in the end area of the containment.
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Figure 9: Pressure variations in Case 6

4, Conclusion

In this study, the containment structure was tested to
understand the effect of the length-to-width ratio on methane gas
explosions in a fixed roof storage tank. The flame and pressure
results are as follows:

Up to a length-to-width ratio of three, the flame development
and the pressure curve were stable, and the final averaged
pressure remained at 3.8 bar; this means that the combustion was
a normal premixed burning.

At a length-to-width ratio of five, the flame front and pressure
variation became unstable, the peak pressure increased, and the
final pressure decreased; this means that the combustion was a
fast-burning and partial explosion.

When the structure became longer (ratio greater than 8), the
pressure remained near zero until 0.24 s, sharply increased to 51.9
bar, and then reduced to 3 bar at monitoring point 7 located at the
end wall. The pressure behavior shows that the flame propagated
for a great distance, which created the explosion condition for the
unburned gas in the end area of the containment. These results
indicate that the length-to-width ratio must be less than four to

avoid explosion.
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