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Special Topics

g Domino effects

= Predict the occurrence of such incidents that atfect
nearby items by thermal, blast or fragment impact

= Domino analysis is also used to evaluate equipment
separation to minimize the potential for incident
propagation

# Unavailability analysis of protective systems

= Determine the probability that a protective system will
be in a failed state when a demand on that system
occurs
#® Reliability analysis of programmable electronic
systems

= Determine the probability of electronic system and
quantitative methods for the analysis of a system




Future Development

g Hazard identification

= Continued improvement and ongoing development in
process hazard analysis methodologies;

» Increased industry sharing of incident and potential
incident data;

= Continued development of exFert systems, checklists,
tailure libraries, and other tools to leverage the
effectiveness of PHA teams;

= Improved access to existing data on industry
experience and history, so past incidents can be more
etfectively prevented from recurring;

= Use of modern tools for searching and screening data
to extract relevant incident data from a large mass of
diverse data.
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# Source and Dispersion Models

= Better methods for defining source terms including
hole size and release rates;

s Better methods to deal with two phase flashing flow
through holes;

s Performance evaluation of newly released dispersion
models based on actual experiments and field data

s Better methods to estimate the plume or putf width for
the dispersion of dense clouds;

= Continued improvements in understanding of aerosol
formation, including better methods for determining
the mass fraction of aerosol formed, and the particle
size distribution;
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g Consequence Models

= Improved determination of the flammable mass in a
vapor cloud, including a better fundamental
understanding and experimental verification;

» Increased understanding of the factors which impact
the transaction from ignition to explosion for
flammable liquid and gas releases;

» Better experimental data, and data on more materials,
for short chemical exposures (in the range of a few
minutes up to one hour);

s Continued improvement in toxicity modeling and
dose-response modeling, particular for single, very
short exposures (in the range of a few minutes up to
one hour)
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# Frequency Models

s Continued improvements in models for incorporating
human factors into a CPQRA study;

s Improved capability of understanding the likelihood of
tailure of complex electronic systems such as digital
control systems, programmable logic controllers, and
other such equipment.

= A generalized method to estimate the probability that
one or more of the software bugs or errors will occur
within a specified mission time.

#® Real time fault diagnosis
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Chlorine Rail Tank Car Loading
Facility

# System description

» The supply tank is mounted on weigh scales and liquid
chlorine is transferred to a rail car using pressurized
nitrogen

= Two remotely actuated emergency shutoff valves are
located, and the storage tank has a emergency vent

= 10,000 gal(50 ton) ambient temperature rail tank car is
fitted with pressurized valves

s Use typical weather condition
+ Wind speed of 4 m/s(13 ft/s) and D atmospheric stability

» The chlorine loading facility is located 100 m west of a
populated area 400 meters(1/4 miles) square with a
uniformly distributed population of 400 people
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RAIL TANK CARS
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FIGURE 8.3. Simplified chilorine rail car loading procedure.
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[dentification, Enumeration and
Selection of Incident

g Incident should be screened based on the criteria

s [ocalized incidents whose consequences do not extend
beyond the boundary fence need not be evaluated for
purposes of estimating public risk

= Major and catastrophic incident of similar scale can be
grouped and represented by single incident with
requencies determined from contributions of all
individual incident in each group
# Hazards and specific incidents in the chlorine

loading facility can be identified in a number of
ways (HAZAOP, PHA, What-if and so on)

# The representative set of incidents should cover a
range of incident outcome capable of causing
consequences in the community




TABLE 8.1. Output from a HAZOP Revieww of Chilorimne Rail Car Loading Facility
Flowsheet (Extract Only)

FIAOWSHEET: CHILORINE LOADING SYSTEM
Guide
word IDeviarion Possible causes Conseguocnces Acrion reqguired
I. NN Flowr A Manual valves shur  A—D Operarional delay A—ID Confirm operation

B EST> walive SMvar insrructions suicable for

= : ey safc corrccoons of all No

. Hlosc blockaed EETim aax s

ID. Pipce blocked

IXI. High F laowws M. Flange leak S Toxic hazard ALl Minimaze flange
COMMICCTIoNs
A2 Check suirability of
gasker specification
A3 Ensure ESTD
activation point is ac
conwvenient locacion,
considaer 2 actruaartion points
A4 Check locarion aof
breaching apparatus

B. Valve leak B. Toxic harard B, Similar te flange leak

C. Pipe leak duc to . Toxic hazard CZ. Minimize activitices

impact near chilorine lime

ID. RV malfuncrion 2. Toxic hazard ID. Inspect BV before

on rail car loading.

E. Hosc leak E. Toxic hazard E. Develop prevencive
muaintenance prograrm For
hoses

ITT. High L.ewvel M. Weigh scale error AL Chlorine passes AL Unlikcly, existing,

through relict valve-
toxic haward

design and weigh scale
system considered
adeguarc

I, Flaigh Temperaoures

A External fire Ffrom
ncighboring

(1) rail linc handling
flarmmable macernals
(2) elevared pipeline
wwrith flammable
material

Al RelicF valve Lifts

passes large vapor flowvw

A2 Shell Failure
carastrophic rupture-
roxic hazeard

A. Fire prorcecuion facilicces
adeguare, approximarcly
60 min o control poaol
fire. Carastrophic ruptare
unlikely before fire
broughe under conrol

. Hhigszh Pressurc

AL WNimrogen supply
OVerpressure

V. RcoclicfF valve lifts
3“1.:[ cmergcnc:.- bl et o) g
voxic hazard

AL No acution reguired;
proessure contral system on
nirrogen supply and PCWV
T c[ﬂcrgcnl:y Ve
adeguacce

VI Ocher Cc?rrusion

AL Imccrnal
corrosion of tanks
or pipce fittings

AL Liguid or vapor
leak; roxic hawzarcrd

AL Periodic incvernal
inspoecctons (1—5 year
intervals) should dertect
any incipicnrt corrosion




TABLE 8.2. Representative Set of Incidents Extracted from Table 8.1

Incident

Reference from

Duration = 60 min (estimated time for fire fighting measures to
cool chlorine car and stop release)
Cause

Exrernal fire lifts relief valve

No. Incident description Table 8.1
] Small hiquid leakage (equivalent to 2", 12.7 mm hole) ITA, 1IB
Duration = 10 min (estimared) IIE
Causes 11C
Valve leak (7 valves and associated flanges)
Hose leak |
Impact failure of iquid connecting pipe
2 Small vapor leakage (equivalent to ¥4, 12.7 mm hole) ITA, IIB |
Duration = 10 min (cstmared) [IE
Causes Inc
Valve leak (5 valves and assoaated tlanges) an
Hose leak
Impact fatlure of vapor connecting pipe
Relief valve leak
3 Large vapor leakage IVA




Incident Consequence Estimation

N

# Incident No. 1: Liquid discharge, 2-in(12.7 mm) hole

s The liquid chlorine system is specified to be under slight nitrogen
pressure at 6.3 bar(6.3 X 10° N/m? abs)

rﬁ,_ =pVA pACDJZ {g;;P(thL}

m; is the mass discharge rate (kg/s)

v is the fluid velocity

A is the area of the hole(for 12.7 mm, 1.27 X 10* m?)

Cp is the mass discharge coefficient(for liquids use 0.61, dimensionless)
g.is the gravitational constant(force/mass acceleration)

P, is the upstream pressure(5.3 X 10° N/m* gauge)

o is the liquid density (1420 kg/m?3)

g is the acceleration due to gravity(9.8 m/s)

h; is the height of liquid above the hole(assume 0 m)

= Som; =3.0 kg/s

® & 6 6 6 6 o o o
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# Equation for flash fraction

(T-Tp)
FV — CP
fg
¢+ Cpis the average heat capacity over the range T to Tb(0.950

kJ/kg C)
+ T is the initial temperature(19 C)
+ T, is the final temperature = atmospheric boiling point(-34 C)
* hy, is the heat of vaporization(at -34 C, 285 k]/kg)
+ Fy is the mass fraction of released liquid vaporized(unitless)

s With this data, the flash fraction is calculated to be 0.17

= S0 the cloud is 34%(17% vapor and 17% aerosol)of the
release and 66% rains out on contacting warm ground
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Incident No. 2 : Vapor discharge, ¥2-in.(12.7 mm) Hole

m If the pressure difference between the chlorine system and the
atmosphere exceeds the critical pressure ratio, the flow through
the orifice will be limited by the sonic or critical velocity

(k /(1))
Pchoked _

P, k+1

Pt okeq 18 the maximum down stream pressure resulting in maximum flow
P, is the upstream pressure(6.3 bar abs.)

P, is the downstream pressure(1.01 bar abs., atmospheric)

k is the heat capacity ratio(1.32 for chlorine)

+ So the choked pressure P .4 = (6.3 bar)(0.542) = 3.42bar

+ The discharge downstream is to atmospheric pressure which is less

than the calculated choked flow, thus sonic flow is expected through
the hole
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# The equation for sonic or choked flow through the
hole

290|\/|( 2

| © D
mchokedZCDApl Rq T1 k_|_1 J

* M keq 1S the gas discharge rate, choked flow(kg/s)

+ Cpis the discharge coefficient(approximately 1.0 for gases)
+ A is the area of the hole(for 12.7 mm, 1.27 104 m?)

+ P, is the upstream pressure(6.3 X 10° N/m? abs)

* M is the molecular weight(kg/kg-mol)(for chlorine, 71)

+ R s the gas constant(8314 J/kg-mol/K)

+ T is the upstream temperature(18 C, 291 K)

= So the incident 2 vapor release rate for entry to the
dispersion model is 0.29kg/s
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# Incident No. 3 : Vapor discharge from rail car
relief valve

= The vapor generated in a pressure vessel engulfed in an

external fire can be estimated using the formula from
NFPA 58

Q; =34,500FA"%
s Qin SI unit

Q; =34,500FA>%2[2.91x107*(kJ /s)/(Btu/ hr)]

* Q¢ =heat input through vessel wall(k]/s)
+ A = total surface area(approximately 650 ft?)

+ F = environment factor(from API RP-520 use F=0.3 for insulted
tank)

= S0 Q; = (34,500)(0.3)(650)°82(2.93 X 104) = 614 k]/s
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= Relief valve discharge rate

m = Q; /hfg

+ m = gas discharge rate(kg/s)
* hy, = latent heat of vaporization at relief pressure(257 kJ/kg)

= m = (614 kJ/s)(257 k]J/kg) = 2.4 kg/s

TABLE 8.3. Summary of Representative Incident Release Rate Estimate

Estimated release rate

Incident Description (kg/s)
1 Liquid leak 3.0
2 Vapor leak 0.29

3 Reliet valve discharge 2.4




N

L

Chlorine toxicity calculation

= Determine the toxicity relationship to be used for estimating
fatalities from the exposure to chlorine vapor

s Probit method is often used to estimate fatal effects

Pr =-8.29+0.92In(C?t)

¢ Pr = Probit function value
¢ C = chlorine concentration(ppm)
¢ t=duration of exposure)

TABLE 8.4. Estimated LC,, for Chlorine Exposures

Exposure time Estumated LCg
(min) Incident (ppm)
10 1,2 433

60 3 177
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# Dispersion Calculation

A Pl 2 )

¢ <C>is the average concentration(mass/volume)

* G  is the continuous release rate(mass/time)

* 0,0, 0, are the dispersion coefficient in x,y,z direction(length)

+ u is the wind speed(length/time)

+ y is the cross-wind direction(at the centerline concentration y=0)
+ z is the distance above the ground(at ground level, z=0)

+ H is the release height above the ground(assume H=0)
G

<C>pax=

oo ,U

y
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s To obtain <C> in ppm, use a conversion factor

<C > = S {RT *106}
7o yo,u| MP

+ R = gas constant(0.082057 atm-m?/kg-mol K)
¢ T = temperature(K)

¢+ M = molecular weight(kg/kg-mol)

¢ P = pressure(atm)
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s Calculation oy, oz for D atmospheric stability

2
o = exp| 4.23+0.92221In| —— |-0.0087| In| ——
1000 1000

2
& = exp| 3.411+0.7371In| —— |- 0.0316| In| ——
1000 1000
m SO,

*+ m; = 3.0 kg/s (Incident 1)
* m, =0.29 kg/s (Incident 2)
* m,, = 2.4 kg/s (Incident 3)
+ T=18C=291K
*u=4m/s

* M =71 kg/kg-mol

¢+ P=1atm




TABLE 8.5. Downwind Center Line Ground Level Chlaorine Concentrations for the
Three Representative Incidents

Incident 1 Incident 2 Incident 3
Liquid leak Vapor leak Relief valve discharge
(3.0 kg/s 10 min) (0.29 kg/s 10 min) (2.4 kg/s 60 min)
x (m) C (ppm) 2 (m) C (ppm) 2 (m) C (ppm)
100 2173 50 769 100 1738
200 617 68 433 150 828
244 433 100 210 200 493
250 415 120 150 250 332
300 301 300 240
358 177
400 146

TABLE 8.6. Distance at Which Chlorine Concentration Reaches LC,

Downwind distance at
Duration  Chlorine LC5;,  which concentration
Incident Description (min) (ppm) = LCzq (m)
1 Liquid leak 10 433 244
2 Vapor leak 10 433 68
3 Relief valve discharge 60) 177 358




Incident Frequency Estimation

# Failure data for process equipment items(e.g.,
flanges, valves, hoses) can be obtained from
various reliability data bases

n
Fo=> f
j=1

s [, = overall frequency of the representative incident 1

s f; = failure frequency of component j which is included
in representative incident i




TABLE 8.7. Estimated Failure Frequency for Chlorine System
Components

Failure frequency,
average service
Failure description (events/year)
Valve leak | x 103
Hose leak 5 x 10
[mpact failure of pipe” I x 109
Relief valve leak at normal operating pressure L x 104

‘It should be noted that among the many factors that must be considered when
estimating pipe failure rate are pipe length and pipe size.
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= For incident 1, the frequency of the representative
vapor leak(7 valves, 1 hose, 1 impact pipe failure)
* F1 = (1X105) + (1X105) + (1X10) + (1X107%) + (1X107%) + (1X10%)
+ (1X10) + (5X104) + (1X10) = 5.8 X 10 per year
= For incident 1, the frequency of the representative
vapor leak(b valves, 1 hose, 1 impact pipe failure and 1
relief valve leak)
o F1 = (1X105) + (1X107) + (1X105) + (1X107) + (1X105) + (5X104)
+(1X107) + (1X10%) = 6.6 X 10* per year
s For incident 3, historical data are not suitable for
frequency estimation

* A simple fault tree model of the external fire scenario is
developed to calculate the frequency from basic causative
factors
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“IGURE 8.5, Fault tree for external fire around chlorine loading facility. leading to relief valve
discharge of chlorine (Incident 3).



Summary of frequency estimation

[

TABLE 8.8. Summary of Representative Incident Frequency Estimates

Incidents Description Estimated frequency (}’1"])
1 Liquid leak 5.8 x 10
2 Vapor leak 6.6 x 10
3 Relief valve discharge 3.0 x 10-%




Risk Estimation
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#® Individual risk

s Individual risk can be calculated through figure 4.8

= Frequency in any particular direction assuming a
uniform wind direction distribution
fi,d — f|(9|/360)
m f, 4is the frequency at which incident outcome case i affects a

point in any particular direction assuming a uniform wind
direction distribution(yr?)

m f; is the estimated frequency of occurrence of incident outcome
case i(yr?)

m 0, is the angle enclosed by the effect zone for incident outcome
case i (degree)

s Forincident 3, £; =3 X-10%and 6;=15
o f,,= (3 X 10 yr1)(15/360) = 1.2 X 107 yr




List of study group incidents,
incident outcoimes, and Incident
outcome cases (Chapter 1)
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CONSEQUENCE AMNALYSIS

Cetermine effect zone
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[Cha?tar 2)
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(Chaptaer 3)

i |

v

List of incident outcome
cases with effect zones
and frequencios

v

Select incident outcome case
with largest effect zone

Seaelect incddent outcome case
with next largest zone

Does wind
direction affect

Usse incident outcome
case frequency directly

L

location of
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the contour [Equation (4.4.5)]

No

J

RISK CONTOUR MAP
COMPLETE

FIGURE 4.8. A simplified procedure for individual risk contours.




TABLE 8.9. Summary of kepresentative InCiaents with AssoCiated CITECT Z0NEs dhnd

Frequencies
w
Effect zone
Cl, Leak Distance Plume Frequency of
Discharge duration LCs; toLC;y arc  occurrence
Incident  Description  rate (kg/s) (min)  (ppm)  (m)  (deg) ()
I Liqud leak: %- 3.0 10 433 244 15 5.8 x 10+
in. equivalent
hole
2 Vapor leak: Y- 0.29 10 433 68 15 6610
in. equivalent
hole
3 Vapordischarge 2.4 60) 177 358 15 3.0x10%
from relief valve
due to fire
e e et ———]
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s Draw a circle around the chlorine facility with a radius
equal to the effect zone radius(358 m)

s An individual risk value
IRCI — fi (Or fi,d) + IRCi—l

m IRC, is the value of individual risk at the contour of the incident
outcome case under consideration(yr?)

m IRC,, is the value of individual risk at the next further risk
contour(yr?)

* IRC Incident 3 Countour f3,d =12X 10_7 yr_l +0
# For incident 1
o £, 4=1£,(6,/360) = (5.8 X 10 yr)(15/360) = 2.4 X 105 yr-!

* IR Incident 1 Countour — f 1,d +IR Incident 3 Countour
*=24X10%yr!'+1.2X 107 yr!

¢+ =24X10°yr!
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# For incident 2

o £, 4= £,(8,/360) = (6.6 X 104 yr1)(15/360) = 2.8 X 10 yr!

+ IR Incident 2 Countour — f 2,d +IR Incident 1 Countour
*=28X10%yr!+24X10° yr!

+=52X10%yr!
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Societal Risk

# Societal risk calculation

= Requires an estimate of the number of people killed by
each incident outcome case, rather than an estimate of
the likelihood of fatality at a particular location

= Wind direction is divided into an 8-point wind rose
* N, NE, E, SE, S, SW, W, NW

¢+ The probability that the wind will blow an any one of the 8
possible direction is 1/8, and the frequency of each incident
outcome case is equal to 0.125

* For example the effect zone from incident outcome case 3W
covers an area of about 15,460 m? of the populated area, and
given the population density of 25 persons per 10,000 m?, this
effect zone affect 39 people (15,460 m? X 25 people/10,000 m?)




TABLE 8.10. List of Incident Outcome Cases Assuming an 8-Point Wind Rose

Incident outcome case

WWind
Incident frequency direcction Frequency
Incident (yr™1) No. probability (yr™1) Comments®
1 5.8 x 10—+ 1SW 0.125 7.3 x 10-5 A
1W 0.125 7.3 % 10-5 A
INW 0.125 7.3 x 10-5 A
1N 0.125 7.3 x 10-5 B
INE 0.125 7:3 x 105 B
1E 0.125 7:3 % 10-% B
1SE 0.125 7.3 x 10-5 B
18 0.125 7.3 x 10-5 B
2 6.6 x 104 2SW 0.125 8.2 x 10-5 B
2W 0.125 8.2 x 10-5 B
2N'W 0.125 8.2 x 10-5 B
2N 0.125 8.2 x 105 B
2NE 0.125 8.2 x 10-5 B
2E 0.125 8.2 % 10-5 B
2SE 0.125 8.2 » 10-S B
25 0.125 8.2 x 105 B
3 3.0 % 106 3ISW 0.125 3.8 »x 107 A
3W 0.125 3.8 x 107 A
3INW 0.125 3.8 x 107 A
3N 0.125 3.8 x 107 B
3NE 0.125 3.8 x 107 B
3E 0.125 3.8 % 107 B
3SE 0.125 3.8 % 107 B
38 0.125 3.8 x 107 B

aA Effect zone affects populated area; B, effect zone does not affect populated area.
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s Cumulative frequency (from eq.(4.4.9))

FN — E Fi For all incident outcome case i for which N>=N

* F, is the frequency of incident outcome case i
* N, is the number of people affected by incident outcome case i




TABLE 8.11. Estimated Number of Fatalities for Incident Outcome Cases Affecting
the Populated Area

Estimated number of
Incident outcome case Frequency F (yr™}) fatalities
ISW 7.3 x 10-5 13
W 7.3 x 10-5 16
INW 7.3 X 105 13
3SW 3.8 x 10-7 20
3w 3.8 % 107 39
3INW 3.8 x 107 20
All others — 0

TABLE 8.12. Societal Risk Calculation and F-N Curve Data

Estimated number Cumulative frequency of N

of fatalities” or more fatalities, Fy (yr™") Incident outcome cases included
N > 39 ) 0 None

20< N =39 3.8 x 107 3W

16 <N =20 1.1 x 10-¢ 3W, 3SW, 3NW

N =16 7.3 x 103 3W, 35W, 3NW, 1W

N=13 2.2 104 3W, 3SW, 3aNW, 1W, 1SW, INW
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FIGURE 8.8. Societal risk F-N curve for chlorine rail tank car loading example.




Other Societal Risk Measures

# Maximum individual risk

s The person incurring the maximum individual risk is
located at the center of the west edge of the populated
area =24 X 10~ yr!

# Average rate of death

n
ROD =) f;N,
1=1

+ f. is the frequency of incident outcome case i (yr?)
* N, is the number of fatality result from incident outcome case i
* n is the number of incident outcome case
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ROD = (7.3 X 10) (13) + (7.3 X 10%) (16) + (7.3 X 10) (13)
+ (3.8 X 107) (20) + (3.8 X 107) (39) + (3.8 X 107) (20)

= 3.1 X 107 fatalities/year




Distillation Column

g Description

s A C6 distillation column is used to separate hexane and
heptane from a feed stream consisting of 58%(wt)
hexane and 42%(wt) heptane

s The column operating gressure is 4 barg and the
temperature range is 130-160 C from the top to the
bottom of the column

s The column bottoms and reboiler inventory is 6000
kg(13,228 1Ib) and there are about 10,000 kg(22,046 1b) of
liquid on the trays

s The condenser is assumed to have no liquid holdup

and the accumulator drum inventory is 12,000
kg(26,455 1b)

= The material in the bottom of the column is
approximately 90% heptane and 10% hexane




Pressure Relief Header

Column
Feed 16.7 kgfs
0.15mID
=  s0eC
0.50mID
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Stcm l:l ::: lllll :
Reboiler 180°C
180°C
8 Barg

30 kg/s

aiworo

0.50 m ID

Cold Water
Overhead Condense

A

/

Accumulatur

arweio

Hexane 10 kg/s

Heptane 6.7 kg/s

Piping Diameter Total Length
0.10m 10m
0.15m 15m
0.50 m 25m



TABLE 8.14. Physmal Propertles

e e L e ] T T T T T T ———

Physmal Propcmcs Hexane Heptane
Boiling point (°C) 69 99
Molecular weight 86 100
Upper flammable limit (vol %) 7.5 7.0
Lower flammable Limit (vol %) 1.2 10
Heat of combustion (J/kg) 45 x 107 45 x 107
Ratio of specific heats, 4 1.063 1054
Liquid density at boiling point (kg/m®) 615 614
Heat of vaporization at boiling point (J/kg) 34 x 109 3.2 x 105
Liquid heat capacity (J/kg’K) 24 x 103 2.8 x 103

"From DIPPR Handbook (AIChE, 1987)
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# Description(cont.)

» This is an old plant, and, to the east, 80 m away, is an
on site office and warehouse complex containing 200
people, distributed uniformly on 1 ha(100 X 100 m) of
land

= Only one average weather condition is considered
+ A wind speed of 1.5 m/s and F stability
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FIGURE 8.11. The plant layout and surroundings.



FIGURE 8.12. The wind rose for Case Study 8.2.



[dentification, Enumeration and
Selection of Incidents

\VV
@ | The possible incident list

»  Complete rupture
+ Column
¢ Accumulator
+ Reboiler
+ Condenser
» Liquid leaks(full bore rupture and hole equivalent to 20% of diameter)
¢ Column feed line
Reboiler feed line
Heptane pump suction line
Heptane pump discharge line
Condenser discharge line
Reflux pump suction line
Reflux pump discharge line

Shell leak(of column, accumulator, reboiler or condenser) of hole size equivalent to 20% of
pipe diameter only

m Vapor Leak(full bore rupture and hole equivalent to 20% of diameter)
¢ Column overhead line
+ Reboiler discharge line

+ Shell leakage(of the column, accumulator, reboiler or condenser) of hole size equivalent to
20% of pipe diameter only

® 6 6 6 6 o o
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s This set can be reduced to the representative set of
incidents through the following assumptions and
judgment

¢+ There are no automatic isolation valve within this system
+ All liquid lines have diameter of either 0.10 or 0.15 m
+ Both vapor lines are 0.5 m in diameter

s The above assumption produce the following
representative set of incidents

+ A. a catastrophic failure of the column, reboiler, condenser,
accumulator or any full bore liquid or vapor line rupture

+ B. liquid release through a hole of diameter equal to 20% of a
0.15 m diameter line

+ C. a vapor release through a hole of diameter equal to 20% of a
0.5 m diameter line




Incident Consequence Estimation
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#® Flash, discharge and dispersion
calculations(Incident A,B and C)

= Incident A : Catastrophic failure
o 0T

¢+ Cp = average liquid heat capagcity over the range T to T,
(2400J/kg K for hexane, 2800]J/kg K for heptane)

¢+ T =initial temperature(130 C for hexane, 160 C for heptane)

+ T}, = final temperature or atmospheric boiling point(69 C for
hexane, 99 C for heptane)

* h;, = heat of vaporization(3.4 X 10° J/kg for hexane, 3.2 X 10°
]fI%g for heptane)

* Fy = fraction of liquid flashed to vapor

m Calculated flash fraction are 0.43 for hexane and 0.53
for heptane




TABLE 8.15. Data Used for Instantaneous Heavy Gas Dispersion

Calculations

Quantity

Instantaneous release

Mass released

Release rate

Temperature

Dilution factor

Cloud radius

Atmospheric stability

Wind speed

Surface roughness parameter
Ambient temperature
Ambient humidity

28,000 kg
69°C

10

Equal to height
Stable (F)

1.5 m/s

0.1 m

20°C

80%

TABLE 8.16. Results of Dispersion Calculations for the Instantaneous Release
(Incident A)

Distance Center-line Cloud
downwind Cloud radius Cloud height concentration temperature
Time (s) (m) (m) (m) (vol %) ("K)
0 0 32 32 7.8% 309
20 30 o1 14 2.2 297
40 60 125 1k 1.5 296
57 85 148 9.5 1.2 295

*The initial concentration is calculated for a 10 times dilution of hot hexane into ambient air.

On mixing, the air will work, the hexane will cool, and the total volume of the cloud will increase.

This results in an initial concentration of 7.8% (vol).
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# Incident B and C : liquid and vapor release from
hole in piping
s The discharge rate for the liquid release(Incident B) can

be estimated using Eq. (2.1.15), assuming a hole
diameter of 0.03 m

¢+ The resulting discharge rate is 9.6kg/s
s The discharge rate for the gaseous release(Incident C)

can be estimated using Eq. (2.1.17), assuming a hole
diameter of 0.10 m

¢+ The resulting discharge rate is 12.4kg/s

= Average flow rate of representative average release of
vapor(B and C) is 11 kg/s




TABLE 8.17. Data Used for Continuous Heavy Gas

Dispersion Calculations

Quantity

Continuous release

Mass released

Release rate

Temperature

Dilution factor

Cloud radius

Atmospheric stability

Wind speed

Surface roughness parameter
Ambient temperature
Ambient humidity

11 kg/s
69°C
10

Equal to height

Stable (F)
1.5 m/s
0.1 m

20°C
80%

TABLE 8.18. Results of Dispersion Calculations for the Continuous Release

(Incidents B and C)

Distance Center-line Cloud
downwind Cloud radius Cloud height concentration temperature

Time (s) (m) (m) (m) (vol %) (°K)
0 0 3.7 .7 7.87 309

20 30 24 1.8 2.4 297

40 60 38 1.6 L7 296

60 90 50 1.5 1.4 295

T 106 56 18 1.2 294

"The initial concentration is calculated for a 10 times dilution of hot hexane into ambient air.

On mixing, the air will work, the hexane will cool, and the total volume of the cloud will increase.

This results in an initial concentration of 7.8% (vol)
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# FEvent trees

s For incident A,B and C, a number of different incident
outcomes are possible depending on (1) if, and when,
ignition occurs and (2) the consequences of ignition

s In order to define the incident outcomes for these
release, two event trees have been constructed
+ Consider immediate or delayed ignition




Instantaneous

Immediate ignition

BLEVE

release

No immediate

Delayed

Conditions

(Incident
outcome 1)

UVCE

ignition

ignition

No

favor UVCE

Conditions favor

(Incident
outcome 2)

Flash fire

flash fire

(Incident
outcome 3)

No

ignition

FIGURE 8.13. Event tree for Incident A.

consequences



Immediate ignition

Jet fire

(Incident
outcome 4)
Continuous
release -
Delayed f:las:h fire
anifion {Incident
outcome 5)
No immediate
ignition
No No
ignition consequences

FIGURE 8.14. Event tree for Incidents B and C.
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# From the event tree, the following incident
outcomes are identified for the risk analysis

s BLEVE due to immediate ignition of and instantaneous
release

s VCE due to delayed ignition of an instantaneous
release

= Flash fire due to delayed ignition of an instantaneous
release

» Jet fire from immediate ignition of a continuous release

= Flash fire due to delayed ignition of a continuous
release




Consequences of Incident Outcomes
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# Incident outcome No. 1 : BLEVE due to
immediate ignition of an instantaneous release

= Quantity of hexane : 28,000 kg

»s Parameters are calculated using a software package
¢ Peak BLEVE diameter : 181 m
+ BLEVE duration: 12 s
¢ Center height of BLEVE : 136 m

s For a duration of 12 seconds, the incident radiation
required for fatality of an average individual id
approximately 75 kW/m? (from figure 2.95)




100
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i
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\
0.1 \
1 10 100 1000

INCIDENT THERMAL FLUX, kW/M?2

FIGURE 2.95. Serious injury/fatality levels for thermal radiation (Mudan, 1984).
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s Incident radiation from a BLEVE

+ E, is the emissive radiative flux received by a receptor
¢ 1, = transmissivity

* E = surface emitted radiative flux(kW/m?)
+ F,, is the view factor(dimensionless)

= [ransimissivity
T, = 2.02(Py X, ) %

+ 1, is the atmospheric transmissivity (fraction of the energy
transmitted O to 1)

+ Py is the water partial pressure(Pascal, N/m?)

* Xg is the path length distance from the frame surface to the
target(m)
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= Path length x

X =/(HZ pve_r? - D“;AX = /(1362 +r2 —905

¢ ris the horizontal distance from the column to the receiver

s Assuming Py, = 2810 N/m?
7 =0.99[(136° +r*)*° —90.5] %

s View factor

D2
Fp = — 12X =8190r
4r
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s Radiative emissive flux

=__ RMH

2
mDMaxUsLEVE
E is the radiative emissive flux(energy.area time)

R is the radiative fraction of heat of combustion(unitless)

H. is the net heat of combustion per unit mass(energy/kg)
Dy1ax is the maximum diameter of the fireball(length)
m ty pyg 1S the duration of the fireball(time)

¢ For R =0.25 and the heat of combustion for hexane is 4.5 X 107
J/kg, E =255 kW/m?

—-0.09
E, = 0.99{(\/1362 4 )—90.5} (255)g190r 7

|
|
m M is the initial mass of fuel in the fireball(mass)
|
|

s For a radiation level E_ of 75 kW/m?, r=135 m
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g Incident outcome No. 2 : unconfined vapor cloud
explosion due to delayed ignition of
instantaneous release

s Use TNT equivalent model
nME,

Ernt

W =

+ W is the equivalent mass of TNT(kg)
*+ 11 is an empirical explosion efficiency(assumed to be 0.1)
+ M is the mass of hydrocarbon(28,000 kg)

+ E_is the heat combustion of hydrocarbon(4.5 X 107 k]/kg for
hexane)

+ Eqnris the heat of combustion of TNT(4.6 X 10° J/kg)
= 50, the equivalent mass of TNT is 27,391 kg (60,387 1b)
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= An overpressure of 3 psi is used to calculated the extent
of fatal effect

= From a figure to figure 2.48, the scaled range(Z.) for an
overpressure of 3 psi is 15 ft/Ib1/3

s Actual distance

Re = Z W3 =15x 60,3783 =588 ft(179m)
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# Incident outcome No. 3 : flash fire due to delayed
ignition of an instantaneous release

= For flash fire, approximate estimate for the extent of the

fatal effect zone is the area over which the cloud is
above the LFL

m Circular zone of 148 m radius centered 85 m downwind

#® Incident outcome No. 4 : jet fire from immediately
ignition of a continuous release
s There is no direction threat to the office/warehouse

complex and this incident outcome is not considered
further
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# Incident outcome No. 5 : flash fire due to delayed
ignition of a continuous release

m The area over which the cloud formed by the
continuous release is above the LFL can be derived
from table 8.18

s This gives a pie-shaped hazard zone 162 m long
downwind (106 m distance + 56 m radius)

# The net result of these consequence effect

calculation is that four other incident

outcomes(Nos. 1, 2, 3 and 5) could impact the

office/warehouse complex




Incident Frequency Estimation
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# Frequencies of the representative set of incident
» Use historical failure rate data

TABLE 8.19 Example Failure Frequency (for lllustration Purposes)

Item Size of failure Failure rate
Piping

Small = 50 mm dia. Full bore rupture 8.8 x 107 (myr ™)
20% of pipe dia. rupture 8.8 x 1077 (m yr™h)
Medium > 50 mm dia. Full bore rupture 2.6 x 107 (myr?)
< 150 mm dia. 20% of pipe dia. rupture 5.3 x 107 (m yr™})
Large > 150 mm dia. Full bore rupture 8.8 x 1078 (m yr™!)
20% of pipe dia. rupture 2.6 x 1076 (m yr™l)
Fractionating system Serious leakage 1.0 x 107° (m yr™})
(excluding piping) Catastrophic rupture 6.5 x 1078 (m yr™1)
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g Incident A : Instantaneous release

= This incident includes the following system

+ Catastrophic rupture of any component in the fractionating
system

+ Catastrophic(full bore) rupture of any pipework

m There is approximately 25 m of 0.5 m diameter piping
and 25 m 0F0.15 m equivalent diameter piping
included in this incident

+ Catastrophic rupture of fractionating system
» 6.5X10° yr!

+ Full bore of 25 m of medium pipe
» 25X2.6X107=6.5X10° yr!

+ Full bore of 25 m large pipe
n 25X 8.8X108=2.2X10¢ yr!

+ Total =1.5 X 107 yr!
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# Incident B and C : continuous release

= Includes holes of 20% of the diameter for all piping and
serious leakage from vessel

m There is approximately 25 m of large 0.5 m diameter
piping and 25 m of medium 0.15 m diameter piping
¢+ Leaks from 25 m of medium pipe
m 25X53X10% =13X10*yr!
* Leaks from 25 m of large pipe
s 25X2.6X106=65X105 yr!
+ Serious leakage from fractionating system
= 1.0X 105 yrt
¢+ Tatal
= 2.1X10%yr!




Probabilities of Incident Outcomes
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# The probability of each outcome

s Determined by assigning probabilities to all of the
branches of the event trees

= The branch probabilities for these event tree have been
derived using engineering judgment




BLEVE

1 Immediate ignition (Incident
p =0.25 outcome 1)

p=025

UVCE

5 UVCE (Incident
p=05 outcome 2)

p=034
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3A Delayed
ignition
p= 0.9

Flash fire

2 | No immediate 6 | Flash fire (Incident
ignition p =05 outcome 3)
p= 0.75 p = 0.34

No
4A !““. . consequence
.

FIGURE 8.15. Event tree for Incident A, instantaneous release; wind from SW, W. and NW
directions (directions affecting residential area).
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1 Immediate ignition . (Incident

p =0.25 outcome 1)
p = 0.25

UVCE

5 UVCE (Incident
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3B Delayed
ignition
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Flash fire

2 | No immediate 6 | Flash fire (Incident
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4B | No_ consequence
E"f'g'; p = 0,60

FIGURE 8.16. Event tree for Incident A,instantaneous release; wind from all other directions
(directions away from residential area).
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FIGURE 8.17. Event tree for Incidents B and C, continuous release; wind from SW, W. and
NW directions (directions affecting residential area).
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FIGURE 8.18. Event tree for Incidents B and C, continuous release; wind from all other
directions (directions away from residential area).



TABLE 8.21. Event Tree Branch Probabilities—Instantaneous Release

from Figures 8.15 and 8.16

[From Figure 8.16 (wind
from all other directions)

No égniti{m

Branch Branch number  Probability Basis

Immediate ignition (BLEVE) 1 0.25 Cause for failure may be fire and
the release will initially extend to

| No immediate ignition 2 0.75 a wide area

Delayed ignition 3A 0.9 Ignition likely due to large size of

[From Figure 8.15 (wind cloud and the presence of

from SW, W & NW)] population resulting in larger
number of ignition sources

No ignition 4A 0.1

UVCE 5 0.5 High likelihood of UVCE
because the release 1s a very large

Flash Fire 6 0.5 quantity of flashing liquid

Delayed ignition Lower likelihood of 1gnition due

to smaller number of ignition
sources




TABLE 8.22. Event Tree Probabilities—Continuous Release

from Figures 8.17 and 8.18

No ignition

Branch Branch number ~ Probability Basis
Immediate ignition 7 0.1 Low likelihood of immediate
ignition due to Jack of local
No immediate ignition 8 0.9 ignition sources and low rate
of release
Delayed ignition 9A 0.75 High likelihood of delayed
[From figure 8.17 (wind ignition due to presence of
from SW, W & NW)] population
No ignition 10A 0.25
Delayed ignition 98 0.1 Low likelihood of delayed
[From figure 8.18 (wind ignition due to smaller number
from all other directions)] of ignition sources
10B 0.9
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® Preparation of incident outcome case frequencies

= BEvent tree analysis developed the instantaneous and
continuous release incidents to four specific incident
outcomes that can impact the office/warehouse
complex

TABLE 8.20. Incident Outcomes Impacting the Residential Area

“ Incident
outcome
number Incident outcome
1 BLEVE due to immediate ignition of an instantaneous release
7 UVCE due to delayed ignition of instantancous release
3 Flash Fire due to delayed ignition of an instantaneous release |
5 Flash Fire due to delayed ignition of continuos release




TABLE 8.23. Frequencies of Incident Outcome Cases

Incident
Incident Incident Incident outrcome case
Incident frequency outcome outcome Directional frequency
Incident outcome Gyr Y probability” frequency From probability” yrH

A 1 BLEVE 1.5 x 10-5 0.25 3.8 < 10-¢ - —_ —_ 3.8 x 106

A 2VCE 1.5 x 10-% 0.34 5.1 x 10-¢ SW NE 0.20 1.0 x 10-6

0.34 5.1 x 10-° W E 0.15 il | b

0.34 5.1 x 10-° NW SE 0.10 5.1 x 10-7

0.08 1.2 5 1079 N S 0.10 1.2 x 107

0.08 1.2:2¢. 106 NE SW 0.10 1.2 x 107

0.08 1.2 x 10-¢6 E W 0.10 1.2 x 107

-0.08 1.2 x 10-6 SE NW 0.10 1.2 x 107

0.08 1.2 % 10-6 S N 0.15 1.8 x 10-7

A 3 1.5 10-5 0.34 5.1 % 10-9 5W NE 0.20 1.0 x 10-6

Flash Fire 0.34 5.1 x 10-6 W E 0.15 7.7 % 10-7

0.34 5.1 x 10-¢ NW SE 0.10 5.1 x 10-7

0.08 1.2 x 10-6 ™ S 0.10 1.2 x 107

0.08 1.2 x 10-6 NE SW 0.10 1.2 x 107

0.08 1.2 x 10 E w 0.10 12 3 307

0.08 1.2 x 106 SE NW 0.10 1.2 = 1077

0.08 1.2 % 106 S N 0.15 1.8 x 10-7

B & C S5 2.1 x 104 0.68 1.4 x 104 SW NE 0.20 2.9 x 10-5
Flash Fire

0.68 1.4 x 104 w E 0.15 2.1 x 10-5

0.68 1.4 x 104 NW SE 0.10 1.4 x 10-5

0.09 1.9 x 10-5 N S 0.10 1.9 x 10-6

0.09 1.9 x 10-5 NE SW 0.10 1.9 x 10-6

0.09 1.9 x 10-5 E w 0.10 1.9 x 106

0.09 1.9 x 10-5 SE NW 0.10 1.9 x 106

0.09 1.9 x 10-5 S N 0.15 2.9 x 10-6




Risk Estimation

@ Individual risk

s The individual risk in the area around the column is
estimated from above incident outcome case
frequencies and consequence effect zone

s Incident outcome
+ BLEVE

m A circle of radius 135 m centered on the column
+ VCE

m A circle of radius 179 m centered 85 m from the column
+ Flash fire(instantaneous)

m A circle of radius 148 m centered 85 m from the column
+ Flash fire(continuous)

m A pie shaped section(64 angle) that extends a total of 162 m from
the column

m The radius is 56 m centered on a point 106 m from the column
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FIGURE 8.19. The plant layout and surroundings.
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= The four consequences effects described above can be
divided into 3 common types
¢ Circular shaped, centered on column(incident outcome 1)

¢+ Circular shaped, centered 85 m from column(incident outcome
2 and 3)

+ Pie shaped, originating at column(incident outcome 5)




RISK

0 135m 0 [35m

FIGURE 8.20. Risk profile for Incident outcome 1: BLEVE.
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FIGURE 8.21. Risk profile for Incident outcome 2: VCE.
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FIGURE 8.22. Risk profile for incident outcome 2: flash fire (instantaneous).
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FIGURE 8.23. Risk profile for incident outcome 5: flash fire (continuous).



TABLE 8.24 Estimation of Individual Risk

Incident Frequencies of Total frequency
outcome incident outcome  for each incident
Distance from  Incident outcomes cases cases contributing outcome case
column (m) contributing contributing (yr't) (yr'})
0-63 1 BLEVE Wind 3.8 x 10 5.7 % 10r°
direction
independent
2 UVCE SW to NE 1.6 x 10-6
NW to SE 1.2 X 106
NtoS 1.8 x 107
NE to SW 1.8 x 107
EtoW 1.8 x 107
SE to NW 1.8 x 107
StoN 2.8 %107 4.6 x 106
3 Flash Fire (Inst.) Same as 2 4.6 x 106
5 Flash Fire (Cont) SW to NE 5.0 x 105 1.1 x 10~
Wt E 3.8 x 10-3
NW to SE 2.5 % 109
Total individual risk = 1:25 % 104 y¢!




TABLE S8.25. Total Individual Risk at Discrete Distances in the East Directiomn®

Distance segment ()

Incident outcome case thart
no longer impacr on the
total individual risk

Total individual risk (yr— 1)

Ar O up o 63

AT 63 up o 7S

A 75 up to 94

Ar 94 up to 108

Ar 108 up o 120

Ac 120 up o 135

Ar 135 up o 157

A 157 up o 162

Ar 162 up o 194

Ar 194 up o 228

Ar 228 up to 233

AT 233 up o 264

=264

Flash Fire (Cont.)
N o S
NE to STVA™
E to W
SE to INW
S o IN
Flash Fire (Insrt.)
E to W
Flash Fire (Insc.)
SE to INWW
NE to SWW

TUCWVE
E to W

TIOVCE
MNE to SWW
SE to INWVW

Flash Fire {Instc.)
N o S
S o N

Flash Fire (Cont.)
SV o INE
NWW o SE

TIrWVCE
™ o S
S o IN

Flash Fire (Contc.)
VvV oo E

Flash Fire (Inst.)
SWVW o INE
NWVV o SE

UV CE
SW o IMNE
NW o SE

Flash Fire (Inst.)
W oro E

TWCE
VWoro E

Z.39 > 105

7.38 = 105

F.36 > 105

2.63 =< 10—5

2.60 > 105

4. .59 > 10—°

3.06 = 10—°

1.53 = 10—6

7.65 > 10—6

“From the dara in this table, a curve for the total individual risk curve in the east direction can be developed, which

is shown in Figure 8.21.
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FIGURE 8.24. Individual risk versus distance in the east direction.
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# Some observations on the results

s The risk near the column has probably been
underestimated, since small incidents that may
contribute to the risk in this area have been excluded
from the analysis(e.g., jet fire hazards)

s The choice of only two places for ignition simplifies the
real situation of ignition point at intermediate location
due to office/warehouse complex, fired process
equipment, roads etc

= The use of only one weather condition(F stability, 1.5
m/s wind speed)

s The risk from VCE is probably overestimated because
of the high explosive yield chosen




Societal Risk

TABLE 8.26. Estimation of Number of Fatalities for Each Incident OQOutcome Case

Incident outcome case Estimated number of
Incident outcome case frequency (yr™1) fatalities
1 BT EVE 3.8 >x 1096 s0
2 VCE
SEW o INE 1.0 < 10—"° 200
W o E 7.7 x> 107 150
NW to SE 5.1 »x 107 200
No S 1.2 =x 10—7 130
NE to SVW 1.2 < 107 80
E o W 1.2 3 10-7 80
SE to INW 1.2 x 107 80
S to N 1.8 x 107 130
3 Flash Fire (Inst.)
SW to INE 1.0 < 10-° 130
W o E 7.7 x> 107 150
NW o SE 5.1 > 107 130
N oo S 1.2 > 107 40
NE to SW ¥ 2w 0 O
E to W 1.2 < 107 (4]
SE o INW 1.2 3 LO—F 0
S to IN 1.8 < 107 40
5 Flash Fire (Conrt.)
SW o INE 2.9 % 105 5
W o E 2.1 < Y05 40
NW o SE 1.4 >« 105 5




	Special Topics, Future Development and Case Practice
	Special Topics
	Future Development
	슬라이드 번호 4
	슬라이드 번호 5
	슬라이드 번호 6
	Case Practice
	Chlorine Rail Tank Car Loading Facility
	슬라이드 번호 9
	슬라이드 번호 10
	슬라이드 번호 11
	Identification, Enumeration and Selection of Incident
	슬라이드 번호 13
	슬라이드 번호 14
	Incident Consequence Estimation
	슬라이드 번호 16
	슬라이드 번호 17
	슬라이드 번호 18
	슬라이드 번호 19
	슬라이드 번호 20
	슬라이드 번호 21
	슬라이드 번호 22
	슬라이드 번호 23
	슬라이드 번호 24
	슬라이드 번호 25
	Incident Frequency Estimation
	슬라이드 번호 27
	슬라이드 번호 28
	슬라이드 번호 29
	Summary of frequency estimation
	Risk Estimation
	슬라이드 번호 32
	슬라이드 번호 33
	슬라이드 번호 34
	슬라이드 번호 35
	슬라이드 번호 36
	Societal Risk
	슬라이드 번호 38
	슬라이드 번호 39
	슬라이드 번호 40
	슬라이드 번호 41
	슬라이드 번호 42
	Other Societal Risk Measures
	슬라이드 번호 44
	Distillation Column
	슬라이드 번호 46
	슬라이드 번호 47
	슬라이드 번호 48
	슬라이드 번호 49
	슬라이드 번호 50
	Identification, Enumeration and Selection of Incidents
	슬라이드 번호 52
	Incident Consequence Estimation
	슬라이드 번호 54
	슬라이드 번호 55
	슬라이드 번호 56
	슬라이드 번호 57
	슬라이드 번호 58
	슬라이드 번호 59
	슬라이드 번호 60
	Consequences of Incident Outcomes
	슬라이드 번호 62
	슬라이드 번호 63
	슬라이드 번호 64
	슬라이드 번호 65
	슬라이드 번호 66
	슬라이드 번호 67
	슬라이드 번호 68
	슬라이드 번호 69
	Incident Frequency Estimation
	슬라이드 번호 71
	슬라이드 번호 72
	Probabilities of Incident Outcomes
	슬라이드 번호 74
	슬라이드 번호 75
	슬라이드 번호 76
	슬라이드 번호 77
	슬라이드 번호 78
	슬라이드 번호 79
	슬라이드 번호 80
	슬라이드 번호 81
	Risk Estimation
	슬라이드 번호 83
	슬라이드 번호 84
	슬라이드 번호 85
	슬라이드 번호 86
	슬라이드 번호 87
	슬라이드 번호 88
	슬라이드 번호 89
	슬라이드 번호 90
	슬라이드 번호 91
	슬라이드 번호 92
	Societal Risk

