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ABSTRACT: Over the past twenty years, China's oil consumption has increased dramatically, resulting in the birth
of a lot of large oil storage area. At the same time, the safety of the oil tank has aroused great attention, especially
the oil tank fire which is very difficult to control and put out. One of the important reasons is that high strength
thermal radiation of storage tanks may ignite adjacent tanks, easily leading to further development of the fire. In this
paper, the numerical simulation method is used to make further study of the problem: from the perspective of danger
of oil and oil tank fire as well as the principle and danger of thermal radiation. FDS is used to simulate fire scene
and find out the interaction laws of thermal radiation between adjacent tanks. Through studying of the thermal
radiation effect on personnel, it is found out that at the height of 1.5m thermal radiation intensity tends to firstly
increase and decrease later. At about the 0.55D, it reaches the maximum value. At last, information that is helpful to
fireman is summarized from simulation results.
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INTRODUCTION

Crude oil as the main energy and important raw materials of modern industrial enterprises has wider and wider
applicable fields. With the scale of crude oil reserve becoming larger and larger, the security of the crude oil reserve
is becoming more and more serious [1][2]. The intense thermal radiation of pool fire in fire dike in oil tank field can
not only cause harm to surrounding personnel and equipment but also leads to rupture of surrounding tanks, causing
secondary disasters in the fire [3][4]. Many scholars adopt numerical simulation method to analyze the related issues
of oil tank fire hazard. Geng Dongsheng through numerical simulation finds out the relationship between the
effecting are of thermal radiation of oil tank and the diameter of the oil tank. Then aiming at an oil depot project, he
establishes geometry model for the oil reservoir [5]. Xia Jianjun [6] by mathematical calculation and software
simulation analyzes the safety of the minified model test of oil tank fire and obtains parameter data such as flame
pulsation frequency, inclination angle, flame height and safety distance of thermal radiation. Then he compares it
with the actual model test [7]. Liu Yanyan [8] on the basis of analyzing all kinds of influencing factors, according to
the heat transfer theory, establishes a model of determining the thermal radiation area to determine the size of
effecting are of thermal radiation of pool fire. There are many software for fire numerical simulation, but Cao Bin
and other scholars, by comparing the simulation results of FDS and FLUENT, find that FDS has better numerical
simulation results [9].

One of the reasons why tank fire is difficult to control and extinguish is that the rapid fire and its violent flame
produces strength thermal radiation to nearby devices and tanks high, which is easy to ignite adjacent tanks and
leads to further expansion of the fire disaster. In this paper, in the background of an oil tank area in a factory and on
the basis of simulating the real fire, accurate assessment of the damage of fired oil tanks on the adjacent tanks has
been made. It is expected that from a large number of simulation results the law of various factors in fire
environment effecting on the tank thermal radiation can be summarized out.

FDS

Basic Theory of FDS
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FDS is as same as the software to compute fluid dynamics, which mainly takes the fluid movement in the fire as the
simulation object. FDS makes a relatively more accurate calculation in the fire simulation, and its model has been
verified by many large and various sized fire tests. FDS model is three-dimensional simulation software based on
large eddy simulation (LES), which can simulate the process of turbulent flow in fire [10]. FDS is a flowing
numerical solution model of the Navier Stokes equation (N-S equation) at Low Mach Number which is driven by
the fire buoyancy.

FDS software can be divided into two parts FDS and SmokeView. The FDS part is the main body of the software
whose main function is to conduct the establishment and operation of the fire simulation model. In the operation
process, it can simulate the heat transfer process and the changes of fire temperature, carbon dioxide, carbon
monoxide, smoke concentration and some other factors in fire. The SmokeView part is an auxiliary program of FDS
software, which can visually display the results of the dynamic and static data of FDS simulation. Parameters such
as temperature, carbon dioxide, carbon monoxide concentration can be displayed in the form of Excel and data such
as dynamic data contour surface, water spray particles and liquid droplets can be presented in the form of
three-dimensional animation. Most of the data output by FDS can be re-processed by the third party data processing
software according to needs. The simulation process of FDS is shown in the following Figure 1:

Figure 1. The simulation process of FDS.

FDS uses the Navier Stokes equation to calculate the change of temperature and density in the course of fire
combustion, and ignores the fluctuation of sound wave. The basic governing equations of N-S are as follows:

1) Component transportation equation:
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diffusion fraction of No.i group; 3( )m
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 represents the generation rate of the unit volume.

2) Mass conservation equation:
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In this equation, 3( )kg
m represents the density of oil and gas, t(s) indicates the fire simulation time; u(m/s)

indicates the oil and gas speed.

3) Momentum conservation equation:
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In this equation,  (Pa) represents pressure inside the tank; ( )f N represents pressure outside the tank; ( )ij pa s 
represents viscosity of the oil.

4) Energy conservation equation:
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In this equation,  /h kJ kg represents enthalpy of oil and gas group; 3( / )mq kw m represents heat release rate of
oil and gas; 2( / )q kw m represents radiant heat; 3( / )kw m represents dissipation rate of oil and gas.

Thermal Radiation Model

For the calculation of thermal radiation, the calculation method of the fire dynamics simulation software is he finite
volume method based on the modification of Transmittal Equation Radiation of no scattering gray gas. In the
equation of thermal radiation, the thermal radiation intensity is a numerical value that is related to a wavelength, and
is calculated by the similar calculation method of the finite volume. Non-scattering radiation transfer equation used
by the FDS software to solve the thermal radiation is:

       , , ,bs I x s k x I x I x s     
      

where,  bI x represents the source term; s represents the heat radiation intensity vector, and  ,k x  represents
the absorption coefficient.

In the numerical simulation of fire, in order to reduce the influence of spectral dependence, the thermal radiation
spectrum is subdivided and the heat transfer equation of the No. i subdivision is calculated. The thermal radiation
transfer equation of the band is:

       ,, , , 1, 2, ,n b ns I x s k x I x I x s n N      
       

nI represents thermal radiation intensity of No. n band; nk represents the absorption coefficient of the current
band. ,b nI can also expressed by the following equation:.

  4
, min max,b n nI F T   

ESTABLISHMENT OF THE MODEL AND NUMERICAL SIMULATION

Parameters of the Oil

The basic premise of the oil tank fire simulation is the setting of characteristic parameter of oil. In the modeling
process, the various parameters of the thermal physical properties of the fuel should be set accurately, including the
oil density, tank thickness, specific heat, thermal conductivity, external radiation of the flame, heat release rate, etc..
Because in the present paper, the gasoline tank fire is the researching subject, heptanes in the FDS database are used
as the model of thermal physical parameters of gasoline takes parameters and these data been corrected according to
data in references. Gasoline thermal and physical parameters are shown in Table 1.

Table 1. Parameters of Gasoline Thermal and Physical Properties.

Parameter symbol Parameter Gasoline Unit

MW_FUEL Molar mass of fuel 120 g/mol

NU_O2 Ideal chemical equivalent fraction of oxygen 12.9 _

NU_CO2 Ideal chemical equivalent fraction of carbon dioxide 8.6 _

NU_H2O Ideal chemical equivalent fraction of water vapor 8.8 _

SOOT_YIELD
Mass fraction of the smoke particles which are

transferred from fuel
0.12 _

HEAT_OF_VAPORIZATION Latent heat of vaporization of fuel 315 kJ/kg
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HEAT_OF_COMBUSTION Combustion heat of fuel 43785 kJ/kg

KS Thermal conductivity 0.136 W/mK

C Specific heat 1.83 kJ/kgK

RHO Fuel density 742.8 Kg/m3

RADIATIVE_FRACTION External radiation fraction of flame 0.32 _

Thermal Radiation

The setting of thermal radiation of the oil is mainly based on the external radiation fraction of the fire flame. At the
same time, we should also consider the “smoke resistance effect” when oil is burning should also be taken into
consideration. With the increase of the diameter of the oil tank, the influence of the “smoke resistance effect” has
also increased, and the percentage RX of the flame radiation to surrounding areas is greatly influenced by the
“smoke resistance effect”. Hiroshi Koseki through a large number of experimental researches and analyses has
concluded that when the 0.1<D<2m, RX is about 0.32; when D>2m, RX and D-0.5 is in a proportional
relationship with the relationship as follows:

0.32RX  , 0.1m<D<2m

0.50.437RX D , D>2m

In the oil tank fires of 3000 3m , 5000 3m , 10000 3m studied in this paper, diameters of oil tanks are respectively 17m,
21m, 30m. By the above equations, it can be calculated that the radiative percentages are respectively 0.106, 0.098,
and 0.079. When simulate the fire of oil tanks with different diameters, the coefficients of the external radiation are
set differently, so that the simulation data can be in accordance with the actual situation.

Simulation Model

The simulation area of oil tank fires of 3000 3m and 5000 3m is: the length, width and height at the direction of X
axis, Y axis, Z axis is respectively 54m, 30m, and 43.2m. The length, width and height of 10000 3m oil tanks are
respectively 63m, 36m, and 54m. In the simulation area, the grid division not only affects the accuracy of the output
data, but also affects the time required for simulation. After a comprehensive consideration, the simulation region is
divided into three regions (all of them are uniform Cartesian grid) to make grid division. Make minute division of
the important simulation regions and rough division of unimportant ones to improve the accuracy of the simulation
and to reduce the required computation time.

Based on the process of establishing he above model, this paper mainly carries out 40 sets of simulation experiments.
The simulation models in this paper are summarized and its specific serial number, boundary conditions and related
parameters are shown in Table 2:

Table 2. The boundary conditions and related parameters.

Model number Tank capacity 3m Open form Wind speed m/s Distance

1 5000 1/4opening 0 0.4D

2 5000 1/4opening 0 0.4D

3 5000 1/4opening 0 0.4D

4 5000 1/4opening 0 0.28 D-1.0 D

5 5000 1/4opening 0 0.28 D-1.0 D

6 5000 1/4opening 0 0.28 D-1.0 D

7 5000 1/4opening 0 0.28 D-1.0 D

8 5000 1/4opening 0 0.28 D-1.0 D

9 5000 1/4opening 4 0.28 D-1.0 D

10 5000 1/4opening 4 0.28 D-1.0 D

11 5000 1/4opening 4 0.28 D-1.0 D

12 5000 1/4opening 4 0.28 D-1.0 D
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13 5000 1/4opening 4 0.28 D-1.0 D

14 5000 1/4opening 8 0.28 D-1.0 D

15 5000 1/4opening 8 0.28 D-1.0 D

16 5000 1/2opening 0 0.28 D-1.0 D

17 5000 1/2opening 0 0.28 D-1.0 D

18 5000 1/2opening 0 0.28 D-1.0 D

19 5000 1/2opening 4 0.28 D-1.0 D

20 5000 1/2opening 4 0.28 D-1.0 D

21 5000 1/2opening 4 0.28 D-1.0 D

22 5000 1/2opening 8 0.28 D-1.0 D

23 5000 1/2opening 8 0.28 D-1.0 D

24 5000 1/2opening 4 0.28 D-1.0 D

25 3000 1/4opening 0 0.1 D-1.5 D

26 3000 1/4opening 0 0.28 D-1.0 D

27 3000 1/4opening 0 0.28 D-1.0 D

28 3000 1/4opening 4 0.28 D-1.0 D

29 3000 1/4opening 4 0.28 D-1.0 D

30 3000 1/4opening 4 0.28 D-1.0 D

31 3000 1/2opening 8 0.28 D-1.0 D

32 3000 1/2opening 8 0.28 D-1.0 D

33 10000 1/4opening 0 0.28 D-1.0 D

34 10000 1/4opening 0 0.28 D-1.0 D

35 10000 1/4opening 0 0.28 D-1.0 D

36 10000 1/4opening 4 0.28 D-1.0 D

37 10000 1/4opening 4 0.28 D-1.0 D

38 10000 1/4opening 4 0.28 D-1.0 D

39 10000 1/2opening 8 0.28 D-1.0 D

40 10000 1/2opening 8 0.28 D-1.0 D

Analysis of the Modelling Results

When there is an oil tank fire, the fire fighters will take the appropriate measures to control the development of the
fire and fight to put out the fire finally. In this process, it is also involved the damage of thermal radiation in fire to
firemen. Therefore, this paper studies the law that thermal radiation affects on firemen. Now, under the condition of
5000 m3, 1/2 opening and the wind speed of 4 m/s, the influence of thermal radiation on firemen is studied.

In order to fully considerate the thermal radiation intensity of the oil tank fires to the surrounding large areas, take
25 thermal radiation measuring points in the burning downwind side of the fired tank and name them respectively as
GASP1-GAP25. According to the characteristics of the human body, measuring height is taken as 1.5 m. The
distance among GASP1-GAP25 is 1.2 m. And GASP1 is 2.1m away from the fired tank wall and 12.1m away from
the fire center. The distribution of the measuring points is shown in Figure 2.

From Figure 3 the thermal radiation intensity curve, it can be seen that with L/D = 0.55 as the boundary, when
L/D<0.55, the thermal radiation is on the rise, and when the L/D>0.55, the thermal radiation is in a downward trend.
Thus, it is different from the simple way people thought that the farther from the fire the smaller the danger will be.
Due to the protection of the wall of the fire tank from the thermal radiation, the smaller of the distance to the tank
wall the smaller the heat radiation is when L/D<0.55. Also under the condition that relationship between wind
direction and thermal radiation is highly similar to the relationship between wind speed and thermal radiation, the
wind to thermal radiation at downwind area is the largest, binary area smaller, and upward the smallest. Because
thermal radiation at downwind area is larger than that of upwind area, and most of the oil tank fires are in the form
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of partially opening, the effect of fighting fire at upwind direction may not reach so far. These research results can
provide a scientific reference for firefighters in the selection of fire fighting locations.

Figure 2. Distribution of Measuring Points.

Figure 3. Curve of Intensity of Thermal Radiation.

CONCLUSION

Through consulting related materials, the paper verifies the credibility of the fire dynamics software FDS, and make
further discussion through the comparison between the simulation data and the theoretical knowledge. The accuracy
and credibility of FDS is verified. Through analysis of adjacent tank thermal radiation, it can be concluded that the
side of adjacent tank that is closest from the fired tank is most effected area of thermal radiation. At the same time,
the part of the side which is closed to the top of the tank receive the maximum cumulative strength of thermal
radiation and is the most dangerous area of the adjacent tank, making the adjacent tank under serious safety threat.
Once this area is deformed by high radiation heat, it is easy to cause the fire accident of the adjacent tank. Thus
strengthening fire protection and cooling measures in this area is an effective method to prevent the secondary
accident. By studying the influence of thermal radiation on the personnel, it is found that the thermal radiation
intensity at the height of 1.5m tends to increase first and then decrease, and reaches the maximum value at 0.55D.
These results can provide a scientific reference for firefighters to selection the location of fire fighting.
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