RECENT ). (2018), 56:128-136 -~
https://doi.org/10.31926/RECENT.2018.56.128 wT

Quantitative Risk Analysis Detailed Study of Thermal and Overpressure
Risks Case Study

Mohamed Seddik HELLAS
University Fréres Mentouri, Constantine 1, Algeria, hsehsee@gmail.com
Rachid CHAIB
University Freres Mentouri, Constantine 1, Algeria, r3chaib@yahoo.fr
Ion VERZEA
"Gheorghe Asachi" Technical University of lasi Romania, verzea2000@yahoo.com

Abstract

0il and gas companies generate high levels of risks because they process and store large quantities of
flammable, explosive and toxic liquids and gaseous products. Actually, no country is immune to disasters
related to the industrial installations of oil and gas complexes where several tragic experiences have
caused significant human, material and environmental losses. Therefore, the importance of the rigorous
monitoring of management procedures and the strict observance of industrial safety measures are
required to ensure not only the reliability of the facilities themselves but also to protect the human
resources. Locally, the catastrophic explosion of the liquefaction complex of Skikda in January 2004
caused 27 fatalities and 73 injuries and revealed many weaknesses in the risk prevention within
Sonatrach. In order to master these phenomena several techniques and mathematical models of risk
prediction have been developed. Among these methods, we find the Quantitative Risk Analysis (QRA),
which is the objective of our work, whose objective is to evaluate the probability of damage caused by a
potential accident. This method, initially developed in the field of transport and nuclear power, has been
progressively adapted to the process industry, particularly in northern European countries for Seveso
type installations. In this work, we are interested in the application of the QRA method to the LPG
industrial zone located in Constantine, Algeria. The objective is the study of undesired events, their
frequencies and their effects, including the probability of fatality or injury by thermal effect (1st degree
burn, 2nd degree burn, deaths) and by overpressure (lung damage, eardrum rupture, head impact,
whole-body displacement impact, building collapse, major structural damage, minor damages, breakage
of window panes). The purpose is to estimate the individual risks and the societal risk, and to apply the
measures that suitably deal with these estimates.

Keywords
QRA, probability of injury or death, thermal effect, overpressure effect, individual and societal risk

1. Introduction

The terms QRA (Quantitative Risk Analysis), PSA (Probabilistic Safety Assessment) and PRA
(Probabilistic Risk Analysis) are used synonymously in different industries to describe various
techniques for evaluating risk. Whilst quantification of risk for specific issues has been around for along
time, the grandfather of modern probabilistic assessment of the overall risk for an entire major hazard
facility is generally accepted to be WASH-1400, commissioned by the US Nuclear Regulatory
Commission in 1975. This quantified the safety risks associated with the operation of all electricity
generating nuclear power plants in the US. The nuclear industry led the way, motivated by a desire to
demonstrate that the actual risk was less than other industrial facilities and counter the public's
perception that nuclear stations are very risky because the worst-case consequences are potentially so
catastrophic.

It is not surprising that the petrochemical industry followed suit shortly after, since the toxic effects
of large chemical releases can disperse many miles and affect large numbers of people in local towns
and cities. Explosion effects can also be devastating. For example, an explosion of the liquefaction
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complex of Skikda in January 2004 caused 27 fatalities and 73 injuries and revealed many weaknesses
in the risk prevention within Sonatrach. In this work, we are interested in the application of the QRA
method to the LPG industrial zone located in Constantine, Algeria [1]. The objective is the study of
undesired events, their frequencies and their effects, including the probability of fatality or injury by
thermal effect and by overpressure. The purpose is to estimate the individual risks and the societal risk
(FN curve) and to apply the measures that suitably deal with these estimates.

2. Methodology

The methodology are based on the QRA approach, Figure 1, this approach consists mainly in
identifying potential accident scenarios, estimating their frequency and analysing their effects, in order
to estimate individual and societal risks and thus apply the measures to be taken.

Collection of relevant information
-Site Data

-Meteorological data

-Technical data on the process or system analysed

| J
\

Identification of the Hazard scenario
* g
Frequency Estimation of Initiating Events
and Development of Event Trees

J
v

Analysis of the consequences and effects J
v

Individual and societal risk estimate J

Fig 1. Steps in a quantitative risk analysis [2]

2.1. Collection of relevant information
2.1.1. Site Data

Constantine is located in eastern Algeria, about 245 km from the Algerian-Tunisian border, 431 km
from Algiers to the west, 89 km from Skikda in the north and 235 km from Biskra in the south. The
project consists of the construction of a bulk LPG storage tank, aerial type (butane and propane) and the
installation of LPG Centre Khroub tanker lorry.

2.1.2. Technical data on the process or system analysed

El Khroub has five storage spheres (Figure 2):
- Two Butane Spheres with a unit capacity of 2,845 m3 (Bul and Bu2);
- Two Propane Spheres with a capacity of 2,000 m3 (Pro1 and Pro2);
- One sphere propane with a capacity of 1100 tons (froB).

Bu 1
Pro3

Fig 2. LPG storage spheres
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2.1.3. Meteorological data
Additional meteorological and environmental parameters that have been used in the analyses are
presented in Table 1.

Table 1. Constantine Weather Data

Factors Conditions
Average Site Temperature 25°C
Average Site Humidity 60%
Wind speed 5m/s
Prevailing Wind North-West

3. Identification of the Hazard Scenario

The qualitative analysis carried out previously by the preliminary hazard analysis technique, allowed
the identification of the major hazards or potential risks associated with the installations, their
exploitations and their environments.

Adverse events are catastrophic ruptures can give rise to various final accidental scenarios,
depending on various factors and circumstances, including the type and physical state of matter emitted,
the presence of ignition sources, the intervention security equipment, etc.

4. Frequency Estimation of Initiating Events and Development of Event Trees

The frequencies of the initiating events are extracted from the company's data. On the contrary, the
probabilities of inflammation are drawn from the literature [3, 4], Table2. The QRA accident scenarios
are shown in Figures 3, 4 and 5.

Table 2. Probability of ignition / Frequency of initiating events

Initiator event Frequency [1/year]=[Y-!]
Catastrophic rupture Bu 1.2 5.00 E-04
Catastrophic rupture Pro 1.2 6.27 E-04

Catastrophic rupture Pro 3 3.30 E-04
Ignition Probability [%]

Immediate ignition 7.00 E-01

Delayed ignition 9.00 E-01

Ignition Delayed ignition consequence ¥~1

Fireball 7.00 E-04 Y~!

Catastrophic 0.70
— , -
rupture (Bu 1, 2) VCE 270E-04Y
0.9
SE-04Y1
0.30 No  300E-05Y!
0.1

Fig 3. Tree of events related to the spheres (Bu 1, 2)

Ignition Delayed ignition consequence Y™! Ignition Delayed ignition consequence ¥ !
Fireball 8.78 E-04 Y ! Fireball 2.31 E-04Y"!
. 0.70 . 0.70
Catastrophic Catastrophic
rupture (Pro T, 2) VCE 3.39E-04Y! ruprare (Pro )| VCE 891E-05Y!
6.27E-04Y! 0.9 330 E-04Y1 0.9
0.30 No 3.76E-05y! 0-30 No 9.90E-06Y!

0.1 0.1
Fig 4. Tree of events related to the spheres (Pro 1,2)  Fig 5. Event tree related to the sphere (Pro 3)
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The frequencies of the consequences of the accident scenarios 1, 2 and 3 are calculated by multiplying
the probability of the same path events. For accident scenarios with the same consequences, their total
frequency is estimated by adding the frequencies of each scenario. The results of this analysis are

presented in Table 3.

Table 3. Frequency consequences of accident scenarios

Consequences Total frequency of consequences [Y7] Percentage [%]
Fireball 1.81 E-03 70%
VCE 6.98 E-04 27%
Dispersion 7.75 E-05 3%
Total 2.5855 E-03 100%

[tis clear from these results that the frequency of occurrence of the most feared events is that relative
to the Fireball phenomenon 70% compared VCE 27% and 3% for dispersion.

5. Analysis of the Consequences and Its Effects
5.1 Complex study (Probit variable)
The value of the probit variable Y used to calculate the probability of lethal effects is determined by

the following equation [5]:

Y-5
PpiZSOX 1+m><erf

)

(1)

There are different probit equations for estimating the effects (of heat flow or overpressure) on
individuals or materials, Table 4. The dose, in these cases, are generally considered to be: (Q for thermal
effect) and (S for overpressure effects).

Table 4. The different probit equations and their doses

Affects Dose Probit functions Reference
1st degree burn Y =-39.83 + 3.02xIn(Q)
2nd degree burn Q= (txI*/3) Y =-43.14 + 3.02xIn(Q) [5]
Deaths Y =-36.38 + 2.56xIn(Q)
Eardrum Rupture S=PF Y =-12.60 + 1.52xIn(S) [6]
go 42 , 13
Lung Damage P Pf"" thar Y =+ 5.00 - 5.750xIn(S) [7]
Poar =5 toar = 557 o
Whole-Body Displacement _7.38x10%  1.3x10° _
Impact S= PR Y =+5.00 - 2.440xIn(S) i8]
3 8
Head Impact 5= 28T 2 Y = + 5.00 - 8.490xIn(S)
7.4 113
Building Collapse s=(2 )+ (55) Y =+ 5.00 - 0.22xIn(S)
;. 8.4 nor 93
Major Structural Damage S= (17;00 ) + (Ziﬂ) Y =+5.00 - 0.26xIn(S) [5]
3.9 5.0
Minor Damages S= (4600 ) (g) Y =+ 5.00 - 0.26xIn(S)
Breakage of Windows Panes S=P, Y =-16.58 + 2.53xIn(S)

Simple study

The reference values for thermal effect on structure for classified installations are as follows, Table 5.
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Table 5. Threshold of thermal effect
Thresholds of thermal effects Thermal
Threshold of significant window destruction 5 kW/m?
Threshold domino effects and corresponding to the threshold of serious damage

8 kW/m?2

on structures
Threshold for very serious damage to structures, excluding concrete structures 16 kW/m?
Threshold for very serious damage on concrete structures 20 kW/m?

6. Modelling Effects
6.1. Fireball

Several Fireball modelling methods can be found in the literature [9], including those proposed in
Table 6 for determining the heat radiation received by the person. Using the equations of Tables 4 and
6, Equation (1) and with the help of the Matlab program, we determine the thermal effects of Fireball
that can occur at the spheres. The results of the calculations are shown in Figure 6.

Table 6. The thermal intensity received by the person

Model H, t, Tm Fyq T, E I
[m] [s] [m] [dimensionless] (dimensionless) [kW/m?] [kW/m?]
PHAST 1.389-0.135x log, (P, x 1) | FrMxAH,
0.85% (rm/X)? _ RH 4T X TE X L),
TNO 2Xr 3.24x M0325 i P,,=99.89 x ~ - X exp(21.66 — T, X Fpy XE
Enodel) "o Mo X=/(? + 12) " 343138 F,=0.27x en A
T—) (l’sat)o 32

Figure 6 show the different areas of lethality or injuries due to the thermal effects of Fireball (100%
burn probability: 3rd degree, 2nd degree and 1st degree), for the road link between region A to H.

3rd degree

Probability of Burn 100%

gree  2nd degree
T

st dey
<

1 L
073 1.5 1.8 3739 53 6
B cCD Distance x (km) £ F G H

Probability of Burn 100% 01st degree O 2nd degree; €O 3rd degree
Fig 6. Contour and probability curve of lethality or injury due to thermal effects of the fireball

<

>

Using the Table 5, the Figure 7 show the different areas of damage to the fireball by thermal effects,
for the road link between regions A to H.

3

o 3

Thresholds of thermal effects ( KW/m?)
E S

I
0 O.CE 1(:11'20 Distance X (Km) JGEJBF l.iG H

Thresholds of thermal effects: OOS kW/m2 008 kW /m? C 16 kW /m? )20 kW /m?
Fig 7. Contour and curve of the different areas of damage to the fireball by the thermal effects

132



RECENT, Vol. 19, no. 3(56), December, 2018

The Table 7 below shows the thermal effect on good or people and their radius of each sphere.

Table 7. Thermal effect on goods or people and their radius of each sphere

The spheres SphereBu 1,2 | SpherePro1, 2 Sphere Pro 5
. 1st degree 1654 m 1397 m 1461 m
Proba}tnl.lty odf_burn 100% 2nd deiree 997 m 828 m 872 m
their radius [m] 3rd degree 822 m 680 m 722 m
05 kW /m? 2119 m 1794 m 1991 m
Thresholds of thermal 08 kW /m? 1644 m 1401 m 1549 m
effects and their radius [m] | 16 kW /m? 1103 m 944 m 1038 m
20 kW /m? 947 m 796 m 902 m

6.2. VCE (Vapor Cloud Explosion)

The suppression effects were modelled by the multi-energy method proposed by TNO [10], the index
of the chosen violence is the order of 10. However, this index allows taking into account a phenomenon
of detonation and propagation of shock waves. The Abacus of the overpressure and the duration of the
positive phase are provided as a function of the Sachs scaled distance [11] as well as Table 4 and
Equation (1); we determine the effects of overpressure on goods and people that may occur at the
spheres. The results of the calculations are shown in Figures 8 and 9.

Proby oDeath 100%: ?
Eardrum Rupture; OHead Impact; OWhole-Body
Fig 8. Fatality probability Contour 100% by Fig 9. Damage probability Contour 100% by

overpressure effect overpressure effect

Probability of Damage 100%: Building Collapse;

Lung Damage;
Major Damage;o Minor Damages o Breakage of Windows

The Figure 8 clearly show the effects of overpressure at 100% probability of fatality, on the most
sensitive organs, namely the head, Whole-Body Displacement, eardrum and lung. It is indicated that the
PHAST Risk program does not calculate the probability of mortality by overpressure effect.

The Table 8 shows the overpressure effect on goods or people and their radius of each sphere.

7. Individual Risk Estimation

The individual risk is defined as a function of spatial coordinates representing the probability that a
person per year on permanent danger was killed [12], the individual risk at a given location is
mathematically defined by the following equation (2):

n
Ryy = Z 1Rx,y,i (2)
1=
R,y is expressed as a function of frequency and probability by:
Rx,y,i = fei X Pgi (3)

Using equations (2) and (3), we estimate the individual risk in the storage spheres; Individual risk is

represented graphically, Figure 10.
Based on the UK HSE Individual Risk Criteria [13], Figure 10 clearly show that the individual risk to

which operators are exposed to:
» IR <10-¢ acceptable risk that corresponds to the region under the green line;

133




RECENT, Vol. 19, no. 3(56), December, 2018

» 10-¢ <IR <104 tolerable risk corresponding to the area between the green and red lines;
» IR > 104 unacceptable risk corresponds to the area above the red line.

Table 8. Overpressure effect on goods or people and their radius of each sphere

The spheres SphereBu 1,2 | SpherePro1,2 | Sphere Pro3

Probability of Lung Damage 123 m 107 m 111m
death 100% and Eardrum Rupture 140 m 123 m 127 m
their radius [m] | Whole-Body Displacement 185 m 160 m 167 m
Head Impact 311 m 262 m 274 m

Probability of Building Collapse 217 m 189 m 197 m
damage 100% Major Structural Damage 357m 312m 323 m
on the goods and Minor Damages 386 m 337 m 350 m
their radius [m] | Breakage of Windows Panes 860 m 752 m 780 m

risk contours

‘
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— 1.3y :
unacceptable risk

s
S

tolerable risk

<
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: | I I I Lt
gy 9 0 500 1000 1500 2000 2500 3000 3500 4000 4500

«
o % Distance X (m)

Fg. 10. Curve and contour individual risk

7. Societal Risk Estimation
Societal risk can be represented by the FN curves, itis important that the frequencies and the number
of dead be properly combined the N number of deaths each accident scenario is calculated by [14]

N; = Z Pyy Pp; (4)
xy

The number of deaths and its associated frequency must be estimated for each accident scenario
and therefore, the cumulative frequency is expressed [14]:

Fy =Y F; forall incident outcome case I for which N; = M. (5)

From equations (4) and (5), it is possible to calculate the societal risk for each consequence of VCE
and fireball that occur at night and during the day, or the total damage on population. Figures 11 and 12
based on societal risk criteria Health and Safety Executive (HSE) [13], United Kingdom. The lines
separate three categories of risk, “acceptable”, “ALARP”, and “unacceptable”. ALARP region of the curve
indicates an area where further risk reduction measures should be considered (if reasonably practical).

Through the two Figures 11 and 12, we deduce the following:

- Therefore, the fireball scenario should be considered the most serious compared to VCE;

- SR VCE (day and night) is between the green and red lines, which means that social risks are

tolerable;

- SR fireball are between two zones: Tolerable if the number of fatalities: N < 55 and N > 325 days,

N <55 and N > 165 night, and unacceptable if: 55 < N < 325 days and 55 < N < 165 night.

8. Conclusion

Modern QRA has been around for over 30 years, led by the nuclear and onshore petrochemical
industries, shortly followed by the offshore and rail industries. The differences in the focus and level of
detail of QRA in each industry arise from the need to understand the critical risk issues unique to the
industry. However, all industries agree that while QRA is not a panacea, it does help to make better risk-
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informed decisions, thus saving lives, protecting the environment, reducing economic loss and
preserving the reputation of the associated organization, in this work, we deduce the following:

- Adverse events are catastrophic ruptures can give rise to various final accidental scenarios;

- The frequency of occurrence of the most feared events is that relative to the Fireball phenomenon
70% compared VCE 27% and 3% for Dispersion;

- Determine the thermal and overpressure effect on goods or persons, for the road connection
between region A to H, and classify the most sensitive organs of the effect of overpressure;

- Estimate the individual risk, in our case; we suggest moving the road to be in the accepted area
Figure 13;

- Estimate the risk societal risks, for each consequence of VCE and fireball that occur at night and
during the day, therefore, the fireball scenario should be considered the most serious compared
to VCE. In order to more safety on site, we recommend the installation of Flame Detectors with
an automatic deluge system (preventive action), and minimized the numbers populations
(residents of the area next to the factory) (protective action), Figure 14.

' :
Unacceptable risk
107

—

Unacceptable risk

/

wil \

Tolerable risk

Tolerable risk

=
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<,
i
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Negligible risk

Frequency of N More Fatalities,per year:(F)
Frequency of N More Fatalities,per yvear;(F)

2

|
10 10

S By

,
10° 10' 10 10

Number of Fatalities;(N) Number of Fatalities;(N)
Fig. 11. Societal risk occur at day Fig. 12. Societal risk occur at night
Societal risk that correspond: I total; BN fireball; VCE

.ty ¥l
Individual
risk contours

Unacceptable risk

Protective action

— 13y

= Tolerable risk

UONIE 2ARUIAL]

Negligible risk
e ‘“._T_-‘.v }, Ry o <\ » ?‘, T ' R 0 "
Fig. 13. The suggested route to be accepted Fig. 14. Preventive and protective action to
in the area reduce societal risk

We can improve the PHAST Risk program in terms of calculating the probability of fatality by the
effect of overpressure and classifying the most sensitive organs, as well as the probability of injury (1st
and 2nd degree burn). Given the importance of this study, it can be generalized for similar sites of
Sonatrach.

Nomenclature
ALARP | Aslow As Reasonably Possible Psae | Burst pressure [N/m?]
Dm | Lift-off height of the fireball [m] P, | Atmospheric water vapor
E | Surface emissive power [kW/m?2] rm | Radius of the fireball [m]
Fy | Frequency of all incident outcome cases RH | Relative humidity [%]
affecting N
Fi | Frequency of incident outcome cases “I” R., | Total individual risk of death [Y™]
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[ | Thermal radiation received by people SR | Societal risk

[kW/m?]

m | Mass of the human body [kg] T, | Ambient temperature [°K]

M | Masse hydrocarbure en [kg] Y | Probit function

n | Total number of accident scenarios T, | Atmospheric transmissivity

N; | Number of fatalities resulting from AH. | Heat of combustion [K] /kg]
incident “I”

P,y | Number of people at location (x y)
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