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Abstract. In order to study the influence of wind speed or the flame development
process, pool fire flame shape and thermal radiation distribution atter the ocour-
rence of the full-surface pool fire accident of the port crude oil storage tank, the
pyrosim software was used to establish the fire sccident model of SMN00M? crude
oil storage tank under different wind speeds. The numerical simulation shows
that after a full-surface pool fire accident occurs in one of the tanks, the thermal
radiation received by the adjacent tanks when the wind speed is large is above
the critical thermal radiation value, which is very easy to spread into a multi-tank
pool fire. With the increase of wind speed, the height and length of the pool fire
flame gradually decrease. and the flame inclination angle increases. With the in-
crease of wind speed. the strong radiation area gradually spreads to the downwind
direction, and the tank i the downwind direction may have an indirect pool fire
spread accident.
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1 Introduction

With the rapid development ol China 's economy, China 's waterway dangerous goods
traffic continues to prow steadily. At present, China has built more than 8 000 danger-
ous goods storage tanks in ports, with a total capacity of more than 100 million cubic
meters and an annual wmover of more than 300 million tons, The types of storage and
transportation mainly include crude oil, refined oil, natural gas and liquid chemical
products|1].There are many storage and transportation facilities for port storage tanks,
large amount of loading and unloading operations, and relatively concentrated storage
arcas, There are great potential safety risks and accident hidden dangers. Fire and ex-
plosion accidents i oil tank at home and abroad have occurred repeatedly, causing
serious social public safety hazards and loss of life and property[2].

In the typical fire mode, the full-surface pool fire has the largest hazard range [3]. The
most serions impact afier the fire accident of the storage tank 15 thermal radiation. The
fire storage tank releases a large amount of thermal radiation, which causes the adjacent
storage tank to burn or even explode. At the same time, the large amount of radiabion
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heat generated by the combustion of the oil also poses a serious life threat to the on-site
mspection personnel and firefighters.

At home and abroad, the research on large oil tank fire 15 mainly carried out from
three aspects: experiment, theoretical analysis and numerical simulation, With the con-
tinuous maturity of large oil tank fire experiment and numerical simulation technology,
the use of numerical simulation software to analyze large oil tank fires is becoming more
and more extensive. Pourkeramat|4)] studied the effect of pool fire dimension and its
stand-off distance on the structural behavior of thin-walled tanks. Ahmed|5] studied the
fire-influenced domino accident propagation pattern, The results show that the ineident
heat flux due to tilted lame doubles in magnitude with a four-order increase in the es-
calation probability for the most affected tank, intensifying its vulnerabality.

In the numerical simulation of large erude oil storage tank fires, the frequent fire sce-
narios are generally concerned. There are few studies on the most serous [ull-surface
fire scenanios, and the sumulation of the consequences of large crude ol storage tank
fires under different environmental winds 1s not systematic, Based on this, this paper
uses numerical simulation to analyze the flame shape, thermal radiation distribution and
its damage to personnel of the full-surface liquid pool fire with wind speed of (-10m / 5
in the 50000m* storage tank commonly used in the erude oil reservoir arca based on
pyrosim, which provides a reference for the safety risk analysis and emergency treatment
of crude o1l storage tank fire accidents.

2 Materials and Methods

2.1 Simulation Model

In this paper, pyrosim soltware is used for numerical simulation. The accuracy of the
three-dimensional fire simulation resulis of the software has been verified by vanous
experiments, and is widely used in fire simulation in large spaces such as factories,
underground passages and buildings [6].

Fig. 1. Numerical simulation model, grid and detector arrangement

In this paper, an internal floating roof storage tank with a capacity of 30000m? storage
tank and an internal diameter = height of @60 0m=20.0m 15 constructed, and the corre-
sponding numerncal simulation model is established, The size of the caleulation area is
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set o 210m=120m=300m, and the uniform cubic grid is uwsed. The gnd is
1.5m=1.3m=1.5m, with a total of about 9 million grids. At the same time, the radiation
heat flux detector is arranged in the upwind and downwind of the storage tank. On the
planes of tank height (20.0m), From the edge of the tank to 3 times the diameter, the
thermal radiation flux detector is arranged at an interval of 0.1 tmes the diameter of the
tank, as shown in Fig. 1.

2.2 Material Parameter

1o the simulation process, the material of the storage tank is set to steel plate, the ground
material is concrete, the four sides and top surfaces of the numerical simulation sur-
rounding area are sel to OPEN boundary, and the ol tank and ground are set to INERT
boundary, which can avoid the accumulation of heat in the grid area and affeet the
simulation results. The values of thermal physical and chemical properties parame-
ters[7] are shown in Table 1.

Table 1. Parameter table of thermal physical and chemical properties of materials

material i

parameters | Steel | Cancrete |

Thermal conductivity { WimeK ) | 498 10 |
specific heat { klkg K ) | 047 | 08 i
Thermal diffusivity (%) | 1.77=10° | 5.7%107 |
Material thickness (m) [ Ol | L0 !
Density (kg / m'} L7900 | 2400 |
Emissivity {%) 045 | 095 |

2.3 Simulation Parameters

The setting of simulation parameters includes simulation time and environmental con-
ditions, In this paper, the annual average temperature of the storage tank area is 15.2°C,
the annual average atmospheric pressure is 101.6kPa, the annual average relative hu-
midity 15 80%, and the simulation time 15 60 s,

As the port will stop operation when it encounters wind above six levels, In this paper,
0-10m/s 15 selected as the simulated wind speed, with an imterval of lm/s 1o accurately
explore the influence law of wind speed.

2.4 Fire Source Setting

In pyrosim, setting the fire source is a very important part. The current simulation cal-
culation usually caleulates a fixed heat release rate per unit arca by combining the ther-
mal physical and chemical properties of the fuel with the combustuon rate caleulation
model.

The combustion rate of erude oil is 0.0732kg/(ms) calculated by Babrauskas formula,
Combined with the thermal physical and chemical properties of crude oil in Table 2, the
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median value of combustion efficiency is 0.763, and the heat release rate per unit area
of erude oil is caleulated to be 2373 kW/m?®,

Table 2. Parameter table of thermal physical and chemical properties of crude oil

parameter | material

| combustion heat (kifkg) | 42700

_maximal combustion rate (Kg/m™ | 0.027-0.119
_ Density (kgim’) | 783
| Thermal conductivity (W/m K} (.14

specific heat (k1lkg-K) [ 24 |

| combustion efficiency (%) | 0.68-0.85

2.5 Limitations of Models and Parameters

Due to the hmitations of Pyrosim in the geometric model setting, the eylindrical tank
cannot be direetly constructed. In this paper, the eylindrical tank is approximately re-
placed by a combination of multiple triangular prisms. At the same time, due to the
complex characteristics ol crude oil, the parameters set by numerical simulation cannot
be completely consistent with the actual properties, and the caleulation resulis will pro-
duce certain errors. However, the parameter setting has been as practical as possible,
and the error is within the controllable range.

3 Resunlts & Discussion

N | Analysis of Flame Heat Release Rate (HRR)

From Fig. 2{a), it can be seen that in an open environment, the time required for crude
o1l to burn from ignition to the most intense combustion is very short, reaching a peak
around 10 s This peak represents the maximum development stage of the flame, and
the peak of the heat release rate here jumps obviously. From Fig. 2ib), it can be seen
that as the wind speed increases, the wind provides more sufficient oxygen for combus-
tion and promotes the combustion reaction. Therefore, the peak of HRR increases and
reaches the maximum at the wind speed of 3 m /s After that, the tank is in an unstable
state at the initial stage of combustion due to the wind, and its effect overwhelms the
wind 1o promote the combustion effect, so the peak of HRR decreases. When the wind
speed is 10m /5, the HRR value is about 16.2 % lower than the HRR peak under the
static wind condition, and 34.9 % lower than the wind speed of 3m/s. After this stage,
the heat release rate gradually decreases and the fluctuation range is reduced.

3.2 Analysis of Fire Plume Morphology

Crude oil is composed of a variety of hydrocarbons with high carbon content, and a
large amount of black smoke is produced during combustion. The flame above the black
smoke and fuel is called a fire plume, which is divided into a clean combustion zone
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and a flue gas coverage zone. Fig. 3 shows the shape of the fire plume when the tank
burns stably after a full surface fire, It can be seen that the clean combustion zone 15
located at the bottom of the visible Dame layer, the height is low, and the thermal radi-
ation energy is extremely high. the flue gas coverage area is located above the clean
combustion area, where there are a large number of smoke particles.
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Fig. 2. Numerical stmulation model, grid and detector arrangement

By simulating and observing the dynamic flame plume morphology, it can also be
seen that i the early stage of o1l combustion, the flame moves up and down under the
action of buoyancy, which 15 due to the negative pressure area formed at the bottom of
the flame and the liquid level of the oil. A large amount of air is inhaled in this area to
form a churning air mass, resulting in flame pulsation, smoke column or mushroom-
like entrainment. With the merease of time, the concentration of flue gas produced by
combustion is getting larger and larger, and the flame is weakened. However, as the oil
combustion becomes more and more sufficient, coupled with the dilution effect of
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wind, the concentration of flue gas decreases, and the flame becomes more and more
obvious.

-

(a) v=lhmn's

(b} v=3m's

(<) v=10m's

Fig. 3. The shape of fire plume at different wind speeds
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3.3 The Influence of Wind Speed on the Shape of Pool Fire

Fig. 4 (a) is the (lame shape diagram of steady pool fire under no wind condition. It can
be seen that the flame is roughly conical. Fig. 4(b) 15 the flame shape diagram when the
wind speed 15 5m/s. It can be seen that the whole fame is inclined st 4 certain angle
towards the downwind dirccnion. At this time, the highest point of the entire flame 15
no longer located mn the vertical direction of the tank center.

Fig.d {c) shows the geometrie characteristics of the flame at different wind speeds.
The geometrie charactenstics of the flame can be roughly determined by the temperature
distribution map of the flow field. The flame height can be obtained by subtracting the
height of the liguid level from the highest point of the flame, The height of the flame at
1= 10m/s wind speed is shown in fig.4 (¢), which is between the upper and lower limits
of the empirical formula,

The linear distance between the highest point of the Name and the center of the liquid
surface is the length of the fame. It can be seen rom Fig 4 (c) that the change wend of
the flame length 1s basically the same as the flame height, and gradually decreases as the
wind speed increases.

{a) v=0m's

(b v=>amy's
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{c) Flame paranseters at different wind speeds

Fig. 4. ool fire shape and flame parameters

As the wind speed increases, the lame inclination angle increases. When it reaches
10m /s, the flame melination angle even reaches 4587, At this inclination angle, the tank
in the downwind direction may have an indirect pool fire spread accident, which will
eventually lead to major aceident consequences.

3.4  The lofluence of Wind Speed on Thermal Radiation Intensity

The thermal radiation intensity is generally defined by the thermal radiation value gen-
erated by the flame of the accident tank. According to the regulations of the American
Chemical Engineers Association, this paper defines the thermal radiation value greater
than 13.5 kW/m?® as the strong radiation area[8].

Fig. 5 shows the distribution of thermal radiation under different wind speeds. 1t can
be seen that the area with large heat flux density under fire conditions 15 mainly coneen-
trated above the storage tank, and there 15 also some thermal radiation around the storage
tank, but the attenuation phenomenon is very obvious. The wind speed has a great influ-
ence on the distribution of thermal radiation near the tank. With the increase of ambient
wind speed, the strong radiation area gradually spreads to the downwind direction, and
the storage tank in the downwind direction may have an indirect pool fire spread acci-
dent.

Fig. 6 shows the strong radiation distribution area at the liguid level of the storage
tank under different wind speeds. The diameter of the storage tank in this paper is 60.0m,
According to China's specifications, the minimum distance between the center of the
accident tank and the adjacent storage tank is 54.0m (red area in Fig. 6). When the wind
speed is 10m/s, the farthest distance between the strong radiation area in the downwind
direction and the center of the accident tank 15 83 0m. After the full surface pool fire
accident, the adjacent storage tank 1s directly exposed to the strong radiation area caused
by the tank.

The thermal radiation values at the downwind direction of the accident tank and the
ligued level height (z=20.0m) of the tank are extracted. As shown i Fig. 7, the thermal
radiation value generated by the pool fire will lirst deerease sharply and then decrease
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slowly in the direction away from the aceident tank. The wind speed has a great influence
on the thermal radiation distribution near the tank. When the distance from the tank 1s
close, the thermal radiation value reaches the maximum when the wind speed is 10m/s.
When the distance from the tank is far, the thermal radiation value reaches the maximum
when the wind speed 1s 6m/s.

{b) v=5m's.
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{c)v=10
Fig. 5. I'ool fire shape and flame parameters

(b} v=3m's
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(c)v=10

Fig. 6. "ool fire shape and flame parameters
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Fig. 7. Under different wind speeds, the thermal radiation distribution in the downwind direc-
tion at the liguid level height { 2 = 20.0m ) of the accident tank.

35 Emergency Strategies

According to the numerical simulation results, the strong radiation area graduvally
spreads downward with the increase of wind speed, and the storage tank in the down-
wind direction may have an indirect pool fire spread aceident. Once the crude oil stor-
age tank in the port oceurs, the fire fighting and rescue must strietly follow the basic
principle of " control first and then extinguish, plugging and dramage at the same time
', The primary task is to quickly cut ofT all the material conveying and connecting pipe-
lines of the burning storage tank, and open the emergency shut-off valve of the adjacent
storage tank. While controlling the fire, it 14 also necessary to implement cooling pro-
tection for the surrounding storage tanks to reduce the secondary disasters caused by
the domino efTect.
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4 Conclusions

1) According to the tank spacing defined by China's specifications, after a full surface
pool fire aceident occurs in one of the tanks, the thermal radiation received by the ad-
Jacent tanks when the wind speed is large 15 above the eritical thermal radiation value,
which is very easy to spread into a multi-tank pool fire.

2} In the case of wind, the height and length of the pool fire Name gradually decrease
with the increase of wind speed. As the wind speed inereases, the flame melination angle
increases, and when it reaches 10my's, the fAame inclination angle reaches 48°,

3} In the process of full surface pool fire accident, the strong radiation area 15 mainly
concentrated in the space above the oil pool of the accident tank, and gradually spreads
downward with the increase of ambient wind speed. The wind speed has a preat inllu-
ence on the thermal radiation distribution near the tank, and the tank in the downwind
direction may have an indirect pool fire spread accident.
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Open Access This chapter s licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (hitp:fcreativecommaons.org/licenses/by-ncid.00),
which permits any noncommercial use, sharing, adaptation. distribution and reproduction in any
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source, provide a link to the Creative Commons license and indicate if changes were made.
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is not included in the chapter's Creative Commons license and your intended use is not
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