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Major hazard installations (MHIs), such as oil refineries, petrochemical plants, and terminals, use large-
capacity storage tanks for storing crude oil and by-products. Pool fire is one of the most common types
of storage tank fire incidents. This technical article aims to investigate the domino effect resulting from a
pool fire in a tank farm consisting of eight large floating-roof storage tanks, with a focus on four specific
tanks. A crude oil storage tank was selected as the primary tank (source tank). Point source and plume
solid models were used to estimate the thermal radiation. It has been noted that the thermal radiation from
the source tank to the adjacent tank in the same dike exceeds the threshold heat radiation level and might
result in a domino effect; however, the thermal radiation from the source tank alone does not reach the
threshold level for the tanks in the other dike. Additionally, it was found that the thermal radiation from
both the primary and secondary tanks just reaches the threshold level for the farther-away tank in the other
dike. The domino effect occurs provided that the firefighting system is not activated and the emergency
response team does not intervene within ten minutes.

pledl adill bl 35 (e Jads G133 (9> B0 (0 gingld) 50 peds

JSlio s 52,8 (93 <83l esal

Ao lial| LS

Lall gl

o2l 3>
Syl § Lyl

5.2.5.;)3..‘.” JQU

sl

Slaszeg ol 14)S5 Jlass sl Jeaxl Jie 3yshasll (o Adlal deyull @3 2o liyall clisall
i ilitding ALl Taaill i) s S alzal 13 Sl poeiad il jsiat Gilyas SbslesSy )
3 omsdl @l by JI e JBL s Laadll bl 3l £leil o e Leguds ASYT (gl 315>
U139 bl ) e o Llasdl oy s dasladl wladdl 15 50 Slilss 2l o O5Sa Jads cosme
als L ol jlasl @F wal abisdl gusl (asxll G (e giesdd) il g Al Ayl
Gl Lsylany @oled) g laddll Glued ansall sganlly dladill zales plusiuly Jol i
Jlowall ol o @l el o ¥ () (s - sl 6 cun o) (S @M1 gLl (ggud
g Ladd iy sinegad] sl die iting (o) ¢ Laid oYl asedl gl (gl s @ ST Gl
oo &Ll gladdl goazas O e 689 sl pasdl @ Ll e Haall G155 (e sl gl S=d!
B! wds s 13) giagad) ooy Yy L giead) gt oYl a1 ey g3l sl suuall olis
383 5yie IV 3oyl sLaalg Solslall §ay8 S5 s ol il 8gl 3 ALY iyl

1. Introduction

Major hazard installations (MHISs), such as refineries, petrochemical
plants, and terminals, usually use large-capacity storage tanks for
storing crude oil and by-products. The major hazards resulting from
the operation of MHIs include fire, explosion, and toxic release [1].
The world has witnessed many tank fire incidents [2]. Pool fire is one
of the most common types of fire accidents in the chemical process

industry (CPI). Buncefield, UK (2005), Sitapura, India (2009), and
Puerto Rico, USA (2009) are examples of very large and persistent
pool fires that occurred in tank farms [3]. The thermal radiation from
pool fires might affect adjacent storage tanks, resulting in a domino
effect. The domino effect describes a chain of accidents in which a
primary accident escalates into higher-order accidents. Such accident
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scenarios are more likely to cause massive damage to people, assets,
and the environment than stand-alone accidents. A domino effect
occurs when a minor accident triggers a sequence of events that
causes damage over a larger area and leads to severe consequences.
An accident can be categorized as a domino effect if three concepts
are involved: (1) a “primary” event that occurs in a specific unit, (2)
the propagation of the accident to one or more units, triggering
“secondary” accidents as a result of the primary event, and (3) an
“escalation” effect that results in an overall increase in impacts, with
secondary accidents being more severe than the primary one [4].
There are two main patterns identified for propagation and escalation:
(1) direct escalation and (2) indirect escalation.

Previous studies indicate that the frequency of domino effects has
increased in the chemical and process industries in recent decades.
Disasters caused by domino effects, such as the BP Deepwater
Horizon explosion, Buncefield oil depot fire, Puerto Rico's CAPECO
explosion and fire accident, and the Jaipur fire accident, have
demonstrated the vast damage caused to society. Pool fires account
for 44 percent of all accident scenarios that escalate to a domino
effect. The impact of a pool fire on adjacent equipment and personnel
depends on several factors, including fuel properties, pool size, the
distance between the fire and target equipment, and meteorological
conditions. The possibility of a domino event caused by a pool fire
may vary under different conditions [5]. As these frequent and
dangerous accidents occur in the chemical industry, pool fires are
often blamed as one of the primary accidents triggering domino
events [6]. A historical analysis of 261 accidents involving domino
effects showed that storage areas are the most probable initiators of a
domino effect [7]. Kadri also highlighted that past domino accidents
reveal that the most typical primary incidents in a domino effect
sequence are explosions (57%), followed by fires (43%). In Taiwan,
it was noted that some storage tank fires or explosions lead to more
disasters due to insufficient safety distances between storage sites and
adjacent areas [8]. This technical article aims to present an overview
of the evaluation of domino effects resulting from pool fires in large-
capacity crude oil storage tanks through a case study.

Thermal Radiation Estimation

Several models have been proposed in the literature to estimate
thermal radiation and its effects [9][10]. Semi-empirical models are
highlighted as the most widely used for routine hazard estimation
because they are easily understood and mathematically
uncomplicated. There are two types of semi-empirical models: point
source models and solid plume radiation models. Pool fire semi-
empirical models consist of several submodels, as schematically

shown in Figure 1.
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Fig 1: Pool fire models schematic diagram.
The first step in calculating the consequences of a pool fire starts with
the calculation of the burning rate. When a spilled liquid is ignited, a
pool fire develops. The most important parameters of a burning pool
which determine the flame shape are the flame length. The most

widely used flame height correlations are those of Heskestad [11],
Thomas and Moorhouse [12]. The flame height can be calculated for
still air and under wind conditions as shown in Table 1.

Table 1: Pool flame length correlations.

Correlation Author Equation Wind
Thomas (1963) L/D = 42[mB/pm/g_DJO'61 Eq. (1) No
Heskestad (2002) L= 0.23Q2/5 - 1.02D Eq. (2) No

L/D = 55[my/p/gD]"* w02 Eq.(3)
Thomas (1963) cost = 0.7[uw/(gmpD/pa)] Eq. (4) Yes

w' = wy/(gmsD/p)' " Ea.(5)
0.254
Moorhouse (1982) L/D = 6.2[mg/p,/gD| = w°%* Eq.(6) Yes

The steps and equations to estimate the heat flux by using the point
source and solid plume models are summarized in Figure 2.

Burning rate
my = mp.[1— g *ED) Egq. (%)
Mg = Yimoeflia Eq.{(%)
Trnaxr = 127 % 1075 (AF-/AH*) Eq. {10}
AH* = (Al + Cp(Tep — Ta)) Eq. (11}
1
Pool diameter
Ceontinuous lesk on an infinite plate
Dmar = 2+ Vi/ T¥max Eg. (1)
Instentanecus leak of defined vohone
p=2Jnk Eq (13)
¥
Flame Geometry
L/D = 42fms foc gDl Eq. (1%
Ye=Lf2P + (D/2+ XF Eq. (16)
) 1
| POINT SOURCE MODEL | | SOLID FLUAE MODEL |

Energy radiated Surface emitted power

@ =mgA(1 - For conventional solid plume
e~FA\AH,  Eq.(17) SEP = (mgAAH/ A7 ) Fs (21)
* For Modified solid plume
SEP = (1 — ¢)SERnas
Atmospheric trans. +CSEPopa: Eq. (22)

Ta = 2.02(BXg)~ M
Ea(1%)

SEBnax = (mgAAH {AF) Fs
Eq. (23)
¥ It

Geometric view factor Atmospheric trans.
Fa=1/4mX] Eqg.(19) Ta = Z0Z(R X097 (24

+ 1

Heat flox
Ey = SEP Tq Foy Eq. (25)

Heat flox
Er =@taFp  Eq (20)

Fig. 2: Point source models steps and equations
2. Tank Layout and Spacing
In order to avoid tank fire or explosion incidents spreading to
neighboring areas and evacuate people, it is essential to keep a safe
distance between storage tank and other nearby areas. Ideally, tank
layout should be optimized to ensure that there is sufficient access to
tanks for firefighting and to minimize the risk of escalation in the
event of a tank fire. Setting reasonable safety distance (shell-to-shell)
between tanks can effectively prevent the occurrence of domino
accident. Table 2 summarizes the codes recommended safe
separation distance between tanks.

Table 2: Safe separation distance between tanks

Codes Tank Spacing (Shell-to-Shell) m

1 x the diameter of the largest tank with an
absolute minimum of 15 meters.
HSE — 176 [13] 15 m for tanks diameter above 45 m diameter.
The NFPA-30 code [13]  1/6 sum of adjacent tank diameters
KLM Technology  Half the diameter of the larger tank, but not less

Marsh Companies [13]

Group [13] than 10 m and need not be more than15m.
OISD [13] Tanks with diameter exceeding 50 m, (D +d)/4
China code GB 50,074- 0.4 diameter

2014 [14] :

Taiwan’s  regulations  The spacing shall be one-sixth (1/6) of the sum
8 of the diameter of two abutted tanks
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3. Thermal radiation consequences

It was highlighted that thermal fluxes and radiation associated with
storage tank fires pose significant hazards to people and facilities.
Thermal radiation consequence on people could range from first
degree burn injury to fatality, while consequences on facilities could
involve the weakening of materials stress bearing capacity leading to
structural failure and possible loss of containment of hazardous
materials [15]. It was highlighted that a heat flux of 5kW /m? is
commonly used as a criterion to specify exclusion zones for
emergency personnel [16]. The Department of Housing and Urban
(HUD) has established radiation flux levels of 31.5kW /m? for
buildings and 1.4kW /m? for people as guidelines in determining an
Acceptable Separation Distance (ASD) between a fire consuming
combustible liquids or gases and nearby structures and people [17].
Table 3 summarizes the Level of heat flux effect on people and
damage to steel structure. It was also proposed that the threshold
value is 15 KW /m? for over 10 minutes when the atmospheric tanks
are affected by heat radiation [14].

Table 3: Level of heat flux effect on people and steel structure.

Radiant flux Pain and injury to human / process equipment

(kW /m?) level  and structure damage (after 30 minutes).

1.0 No harm — solar constant on a summer day.

2.1 Pain after 1 minute

5 Pain after 10s. 1* degree burn after 20s. 2™ degree
burn after 30s exposure to bar skin.

15 The threshold of heat radiation flux that will cause
accidents in adjacent tanks

31 Steel deformation

37 Process equipment and structure damage

4. Mechanism of domino effect in pool fire

4.1. Characteristics

It was found that the domino effect has at least the following three

characteristics [14]

1. A primary accidental scenario (usually as fire, explosion)
occurred;

2. The propagation of the primary accident to one or more adjacent
units, due to an “escalation vector” (thermal radiation,
overpressure and fragment) generated by the primary scenario;

3. An “escalation” effect that leads to a general increase in
consequences than overall consequences more severe than those
of the primary event.

4.2. Escalation vectors and thresholds

It is believed that the thermal radiation produced by fire (e.g. pool

fire, jet fire, flash fire, fireball), overpressure and fragment produced

by explosion, are the escalation vectors leading to the occurrence of
the second or third accidents. The escalation threshold is an important
criterion for the identification of domino accident.

3 - Theoretical models of thermal radiation

The theoretical models of flame height and thermal radiation flux

have been summarized in Table 2. 4 - Probability analysis

The escalation probability can be calculated from the cumulative

expression for a normal Gaussian probability distribution function,

i.e. Equation

Py = J% e Eq. (26)

The "Probit model" can be effectively used to evaluate the Probit

value for escalation by analysing the relationships between the time

to failure (ttf), threshold values (I) and volume (V). Table 4

summarizes the Probit models used in the present study to evaluate

the escalation probability for atmospheric and pressure vessels
affected by thermal radiation.

=x*/2 gy

Table 4: Models for escalation probability due to thermal radiation

P=05 [1 + 2 erf (@)] Eq. 31)

Iv=s| V2
4.3. Bayesian Network
In the domino effect, the Bayesian network can be used to analyse
the accident scenarios and study the influence degree of each factor
according to the conditional probability. The Bayes’ theorem
provides a simple method to calculate the probability from the
Equation (32).
P(B/A) =

5. Case Study

A terminal initially designed to consist of eight crude oil floating roof
storage tanks used for the storage and exportation of crude oil. Two
tanks (T 1-2 and T 1-8) have been changed to be used for the storage
of Kerosene. The storage tanks were made up of carbon steel material
with dimensions of 58m diameter and 17m height. Each two storage
tank was provided with a secondary containment dike. The terminal
layout plan is shown in Figure 3.

SEA SIDE

P(A/B)P(B)

o Eq. (32)

® ®

Fig. 3: Schematic diagram of the layout of the floating roof storage
tanks

Table 5 summarizes the floating roof main parameters.

Table 5: Floating roof storage tanks main parameters
TANK NUMBER

Description T(1-1) T(1-3) T (1-4) T(1-5)

T(1-6) T(1-7) T(1-2) & T(1-8)
Tank type Vertical cylindrical Vertical cylindrical
Roof type Floating pontoon Floating pontoon
Bottom type Cone up Cone up
Nominal Diameter (m) 57.9 57.9
Total shell height (m) 17 17
Type of product Crude oil Kerosene
Nominal capacity (m3) 44663 44663
Corresp. Height (m) 17 17
Usable capacity (m3) 41521.714 41521.714
Corresp. Height (m) 16.5 16.5
Density (kg/L) 0.8 0.8
Roof legs Operational 217 217

position (m)

Table 6 summarizes the flammable material parameters.

Table 6: Flammable material parameters

- Crude oil Kerosene
Escalation  Target Probit models Boiling temperature (K) 810.93 423
vector  equipment Density (kg/m?) 200 780
Y =12.54 — 1.847In(ttf) Eq. (Z_Z) Heat of combustion (kJ/kg) 42600 43200
Atmospheric In(ttf) = —1.128In(I) — 2.667 X 107>V + Heat of vaporization (kJ/kg) 366 251
Radiation 3%312 54 ]iqéégﬁ(ttf) Hq. (29) Heat capacity (kJ/kg K) 2.2 2.1
i T LI L ; Table 7 summarizes the metrological parameters.
Pressurized 1 1 £) = 0.947In(1) + 8.835V°%  Eq. (30) gicalp
. . . Table 7: Metrological parameters

Opce the pro}?lt value has been cglculated it is then possible to rel.ate Relative humidity % 70
this to a fraction or percentage via tables, or a graph or a calculation Ambient temperature (K) 208
such that Wind speed (m sec™!) 8
JOPAS Vol.23 No. 2 2024 133
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6. Estimation of thermal radiation

This work is based on a hypothetical fire occurred on one of the

floating roof storage tanks in the terminal. In order to estimate the

thermal radiation which results in from the fire in one of the tanks,

some assumptions have been made:

1.Fire incident occurred in a floating roof crude oil storage tank T 1-
1. Therefore, the storage tank T 1-1 was selected as the primary
tank for the study.

2.The prevailing wind condition is North West (NW). T 1-1 is
upwind for the other storage tanks.

3.The fire is limited to tank roof.

4.The domino effect calculations are limited to four tanks only

Figure 4 shows the layout of the floating roof tanks and the distance
between tanks and the dike.

206m|

T 1-6 T138

Fig. 4: Layout of the floating roof tanks

7. Results and Discussion

Point source and solid plume models have been used for the
estimation of the thermal radiation from T 1-1 to T1-2, T 1-3, T 1-4
and from T 1-2 to T 1-4 and finally from T 1-3 to T 1-4. Burning rate,
pool diameter and flame length are parameters which are not affected
by the choice of the radiation model. The flame length of Thomas
was found higher than that of Heskestad therefore it was selected for
the calculations of the distance to the receptor. Table 8 summarises
the output parameters. Figure 5 and 6 show the geometry of the pool
fire for point source and cylindrical solid plume models.

Table 8: Numerical output parameters

X=X5=30m

’ Receptor

X=30m

“br2=29m
D=58m

Fig. 6: Cylindrical pool fire in still air conditions for solid plume
model
The point source and solid plume equations in Figure 2 have been
used for the estimation of the distance from the flame source to the
receptor, the energy radiated by the source, the atmospheric
transmissivity, the geometric view factor and the heat flux. Table 9
summarizes the point and solid plum model results.

Table 9: The point and solid plum model results

Thermal radiation from crude oil storage tank (T 1-1) to Kerosene
storage tank (T 1-2).

Point source model Solid plume model
Distance from the Distance from the
point source to the 103.8 flame surface to the 72.1
receptor, xs (m) receptor, x (m)
Energy radiated by Surface Emitted
the  source, Q 1765698.858 Power, SEP | 56.952
(k]/Sec) (Js~'m™*)
. Atmospheric
Agmquhenc 0.716 transmissivity, T, ,( 0.74
transmissivity, 7, m-2)
Geometric view Geometric view
factor, Fp (m™2) 0.0000731 factor, Fp;, (m™%) 0.07
Heat flux at Heat flux at
Distance, E, 9.34 Distance, Er 2.95
(kWm=2) (kWm=2)

Thermal radiation from crude oil storage tank (T 1-1) to crude oil
storage tank (T 1-3).

Parameter  Crude oil Kerosene
Burning rate, my, (m 25 ~1) 0.045 0.039 Point source model Solid plume model
Diameter of the pool, D, (m) 57.9 57.9 Distance from the Distance from the
Area of the Pool, 4, m?) 2631.64 2631.64 point source to the 63.54 | flame surface to the 30
Flame surface arca, Ay (m?) 5623.059 7901.288 receptor, Xg (m) receptor, x (m)
Thomas (1963) (no Energy radiated by Surface Emitted
Flame length, L wind) 743 43.46 the source, Q | 1765968858 | Power, SEP | 56.952
(m) Heskestad (2002) (no 39 u (kJS7h) (Js~im™)
wind) Atmospheric Atmospheric
mOosp 0.748 | transmissivity, T, .( 0.801
...................... transmissivity, 7, )
Pool fire Geometric ~ view Geometric view
factor, Fp (m™2) 0.00001972 factor, Fp;, (m™%) 0.19
Heat flux at .
L=47.43 Distance, E, 26.046 | Heat ﬂ“’j;r‘t (%;,t;“ff)’ 8.667
(kWm~%)
Thermal radiation from crude oil storage tank (T 1-1) to crude oil
storage tank (T 1-4)
> <X5=63.54m Point source model Solid plume model
MRS Distance from the Distance from the
TN & point source to the 130.1 flame surface to the 99
- - @ Receptor receptor, xg (M) receptor, x (m)
‘D2=298 X =30m . Energy radiated by Surface Emitted
D=57.9m the source, Q | 1765698.858 | Power, SEP | 56.952
. . . cpr . -1 —1,.,,—2
Fig. 5: The geometry of the pool fire in still air conditions for point (kI S7) A( Js 7}? 4)
source model i tmospheric
v A§m(?sphenc 0.702 transmissivity, T, ,( 0.719
transmissivity, 7, m-?)
Geometric view Geometric view
factor, Fp (m™2) 0.000047 factor, Fp;, (m™%) 0.04
H?at flux at Heat flux at Distance,
Distance, E, 5.8 Er (kWm™2) 1.6
(kWm™?%)
JOPAS Vo0l.23 No. 2 2024 134
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Thermal radiation from Kerosene storage tank (T 1-2) to crude oil
storage tank (T 1-4)

7.2. Estimation of Domino Effect
The domino effect is estimated based on the thermal radiation and the

i Point source model i Solid plume model probability analysis. The thermal radiation which resulted in from the
Distance from  the Distance  from  the source tank (primary tank) should be compared with a criterion to
point source to the 62.84 flame surface to the 30 verify that the thermal radiation has an impact on the secondary and

receptor, X, (m) Tecep tor’x.(m) tertiary tanks which might result in domino effect. The threshold
Energy radiated by Surface Emitted . 2 o
the  source, Q | 1551825.475 | Power, SEP | 5528 quantlty. 15 kW /m was .selected as the criterion. Table 11
(MJ S0 (Js~'m™2) summarizes the heat radiation flux between the source and the
- Atmospheric targeted tanks (T 1-1) to (T 1-2, (T 1-1) to (T 1-3), and (T 1-1) to (T
transﬁg;‘i’jﬁ}ylerr‘c 0.749 transmissivity, 7, ,( | 0.801 1-4). o _
> ta m?) Table 11: The heat radiation flux to receiver
Geometric view Geometric view . oo Comparison of
factor, Fp (m™%) 0.0000201 factor, Fpy, (m™%) 0.18 Tank to tank Distance  Heat radlatzmn heat radiation
(m) flux kW/m . o
Heat flux at . with criterion
Distance, E, 2336 Heat flux at Distance, | o T1-Dw(T12) 721 9.34 E, <15
(Wm™?) Er (kWm™) (T1-)to(T13) 30 26 15 < Er < 31
(T1-)to(T1-4) 99 58 E <15
Thermal radiation from crude oil storage tank (T 1-3) to crude oil (T1-2) to (T 1-4) 30 23.36 15<Er<31
storage tank (T 1-4) (T1-3)to (T 1-4) 72.1 9.34 E. <15

The results are the same as from crude oil storage tank (T 1-1) to crude oil
storage tank (T 1-3)

From Table 9 the point source model predicts higher heat flux at
receptor than solid plume model. This overestimation of heat flux
leads to considerably conservative prediction of the thermal effect on
receptor. The thermal radiation which is estimated by point source
model is higher than that found from solid plume model. Although
the solid plume model is more realistic than the point source model
thermal radiation however the point source is considered worst case
scenario and it will be used for comparison with the thermal radiation
criteria. The thermal radiation which results in from tank T 1-1 to
tank T 1-3 (26.646kW m™2) is higher than the threshold heat
radiation level (15 kWm™2) and less than (31 kWm™2) the heat
radiation level of the equipment damage. The floating roof storage
tanks are provided with automatic firefighting system which can be
actuated immediately in addition to the emergency response team.
The thermal radiation from crude oil storage tank T 1-1 to kerosene
storage tank T 1-2 is 9.34 kWm™2 which is less than the threshold
heat radiation level (15 kWm™2). Therefore, the tank T 1-2 does not
affect by the heat radiation from tank T 1-1.

The thermal radiation from kerosene storage tank T 1-2 to crude oil
storage tank T 1-4 is 23.36kWm ™2 which is higher than the threshold
heat radiation level (15 kWm~2) and less than (31 kWm™2) the heat
radiation level of the equipment damage.

The thermal radiation from crude oil storage tank T 1-3 to crude oil
storage tank T 1-4 is equal to the thermal radiation of tank T 1-1 to
tank T 1-2 which is9.34 kJ/m? sec. The thermal radiation is less
than the threshold heat radiation level (15 kWm™2). Therefore, the
tank T 1-4 does not affect by the heat radiation from tank T 1-3.

7.1. Comparison of Tanks Safe Separation Distances

The tank farm consists of eight floating roof storage tanks. The
diameter of the storage tank is 58m. Each two floating roof storage
tanks are surrounded with an independent dike. The separation
distance between each two tanks in one dike is 30m. The estimated
safe distance between tanks by using point source model was found
to be 24m. Table 10 summarizes a comparison of the actual tanks
safe separation distance with the codes and the estimated safe
distances.

Table 10: comparison of the estimated distance with the codes
Codes and Models Tank Spacing (Shell-to-

Shell) (m)

Marsh Companies 58

HSE — 176 15

The NFPA-30 code 19.33
KLM Technology Group 17.4

The Qil Industry Safety Directorate (OISD) 29

China code GB 50,074-2014 23.2
Taiwan’s regulations 29

Point source model 24

It has been noted that the storage tanks separation distance is as OISD
and Taiwan’s regulations. Marsh Companies provides the most
conservative estimates whereas the least conservative safe separation
distances were obtained using HSE-176.

Figure 7 shows the Bayesian network based on domino effect

3kk)/

. fl-kif

Fig. 7: Bayesian network based on domino effect

It has been noted that the thermal radiation between tanks T 1-1 to T
1-2,and T 1-1to T 1-4, and T 1-3 to T 1-4 are less than the threshold
heat level. Therefore, the target tanks are not affected by thermal
radiation and will not result in domino effect. The thermal radiation
between tanks T 1-1to T 1-3 and T 1-2 to T 1-4 exceed the threshold
heat quantity and less than the steel deformation heat quantity.
Therefore, the targeted tanks might be subjected to domino effect if
the automatic firefighting system and emergency response team do
not activate.

7.3. Bayesian Network

It was assumed that a pool fire occurred in tank T 1-1. The tank T 1-
1 is the primary pool fire, which the most likely Bayesian network
based on domino effect according to spacing of tanks. Figure 8 shows
the Bayesian network.

Fig. 8: Bayesian network based on domino effect
The domino effect was analysed according to the pool fire
consequence model and the probability model in tank farm.
Therefore, the heat radiation flux and the accident escalation
probability received by the target tanks are shown in Table 12.

JOPAS Vol.23 No. 2 2024
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Table 12: The heat radiation flux to receiver and the escalation

probability
Distance N .
Tank to tank between gﬁ:t kn;/(}mmt;on E:gz?l::;)iltly
tanks (m)
(T 1-1) to (T 1-2) 72.1 9.34 -
(T 1-1) to (T 1-3) 30 26 0.04
(T 1-1) to (T 1-4) 99 5.8 -
(T 1-2) to (T 1-4) 30 - -
(T1-3)to (T 1-4) 72.1 9.34 -

Comparing the heat radiation threshold with the heat radiation flux
received by the targets, the thermal radiation from tank (T 1-1) to
tank (T 1-3) is denoted E 3. Ei3 =
26.046 kW /m? > 15kW /m? thus tanks T 1-3 is selected as
secondary unit. The thermal radiation from tank (T 1-1) to tank (T 1-
2) is E,15. The thermal radiation from tank (T 1-3) to tank (T 1-4)
isEy34. Er1p = Epza = 9.34 kW /m? < 15 kW /m?. Therefore, tank
T 1-2 was not selected as secondary unit. The thermal radiation from
tank (T 1-1) to tank (T 1-4) E;14 = 5.81 kW /m?.

The escalation probability of accidents for tanks (T 1-1) to (T1-3)
was estimated to be 0.04. The escalation probabilities of tanks (T 1-
1) to (T 1-2) and (T 1-3) to tank (T 1-4) are 0. Therefore, tank T 1-4
cannot be chosen as the tertiary unit.

The received radiation fluxes of tank T 1-4 from both tanks T 1-1 (
5.81 kW /m? ) and T 1-2 (0) are 5.81 kW /m? which is less than the
threshold amount 15 kW /m? (E,4 = Ey14 + Ey4) respectively.

It can be seen that the received radiation fluxes of tank T 1-4 from
tanks T 1-1 5.81kW/m? and T 3-4 are 9.34kW/m? are
15.15 kW /m? (Ep4 = Ey14 + Er34) tespectively. Therefore, that
total thermal radiation received by E;,
Ers = Eria + Erps + Erzy Eq. (33)

E,, =581+0+9.34 = 1515 kW /m? Eq. (34)

E,, does not exceed the heat radiation threshold quantity. It is
obvious that when there are multiple thermal radiation fields, the
possibility of an accident has increased. Figure 9 shows the thermal
radiation received by tank T 1-4.

. Ik]an.zs
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Fig. 9: Thermal radiation received by tank T 1-4
The probability of the domino accident of storage tank T 1-3 was
estimated through Bayes’ theorem and it was found to be1.6 X 1078,

8. Conclusions

The pool fire in crude oil storage tanks, the thermal radiation semi-
empirical models, safe separation distances between storage tanks,
and the consequences of thermal radiation along with the escalation
probability of the domino effect in pool fires have been summarized.
Based on these theories and models, the influence of thermal
radiation and the domino effect caused by pool fires in tank farms is
analyzed, with a particular focus on the impact of thermal radiation
flux on a receiver.

The study focused on a 2x2 configuration of storage tanks within a
tank farm consisting of eight floating-roof storage tanks. When a pool
fire occurs in one tank, the adjacent tank in the same dike is affected,
while the tanks in the other dike are not impacted. Although the
farther-away tanks are not affected, the presence of multiple thermal
radiation fields significantly increases the likelihood of a domino
accident. The occurrence probability of a domino accident at the first
level was found to be 1.6x10—81.6 \times 10"{-8}1.6x10-8.

The safe separation distance between tanks plays a vital role in
preventing the domino effect.
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