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Process Hazard Review and Consequence Effect Analysis
for the Release of Chlorine Gas from Its Storage Tank
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ABSTRACT

Most of the accidents occurred from the chemical plants are related to the catastrophic gas
release events when the large amount of toxic materials is leaked from its storage tank or trans-
mitting pipe lines. In this case, the greatest concerns are how the spreading behaviors of leakages
are depended on the ambient conditions such as air stability and other environmental factors.
Hence, we have focused on the risk assessments and consequential analysis for chlorine as an
illustrative example. As appeared in the result, Fire & Explosion Index depicted it a bit dangerous
with presenting the comprehensive degrees of hazard 90.7. And as a result of Phast6.0/ALOHA,
the trends of each scenario appeared considerably identical although there are some differences
in the resulting effects according to the input data for the Gas Model. The consequence analysis
is performed numerically based on the dense gas mode. In the future, using more correct input
data, material properties, and topographical configuration, the method of this research will be use-
ful for the guideline of the risk assessment when the release of toxicants breaks out.

Keywords : Fire & Explosion Index, Dense gas model, Hazard and operability, Pobit function, Fault tree
analysis, Threshold limit values, Threshold

T. of Korean Institute of Fire Sci. & Eng.
Vol. 17, No. 3, 2003

1. M =

Aol A Aol Z7RI Wk FEE2 AW
A AR 37tk ek SRRl B

1.1 oA7eld o =X Edo] FEF Asle] AT Alle FIAAEY 3
o getagdy] 2 S # wgAol & £ 28 EA 3 d2AF] FRENAZA ABH
A FE HE £ JomZ, old et AAHA 4

"E-mail: 119kjs@hanmail.net T BAE HE HHE A vido] W= Fg

61



62 224

sich, webA, fElS SHE

gt ol B9 FEAITERA A FeAY9E 4
she FARYe dago] FUlHY ok EF o=
9 FEE AvEY olv p] AR EF(USEPA)S
19961d “HF FeAEY B Z2 Y (The final risk
management program, RMP) Rule 40 CFR 68%
AGste] 1996 HE WHIHUIL, ©] Rule
USEPAS] th7)% 4 (The clean air act amendments
of 1990, CAAA)®) section 112(D3lol A FA3 &2
AR FEHA] HRREE WEAT g1y, <u] 4t
Yot B A= (The occupational safety and health
administration, OSHA)”¢]  “&A ¢bA #2] (Process
safety management, PSM)” Rule'?7}%] #3571 ¢]
o} ujEhA, B A7 BEAL «FAMd 2 FAAE
A #2)(Process safety and risk management, PSRM)
o83l F&= Qg JiQl, FAHY & F9] <
9] X GAE vlx= FABEAZE WA 87 9
AoZ, IAAA AAAE 2 g YsiEs
ol 2 E&o] it

Aol Zyle AMSTH
s

9 Tl o

1.2 oy
PSRMS 1470 7484 F «FAH FA9d3HEN"

l SYSTEM EXPLAINATION l

v

F&EI I » ACCIDENT INDENTIFICATION HHAZOﬂ

I TARGET SELECTION (SCOPEING) I

2

CONSEQUENCE
PREDICTION

v V- v

RELEASE TOXIC EFFECT DISPERSION
CALCULATION CALCULATION CALCULATI

[ | |
l FREQUENCY PREDICTION l

v

I RISK PREDICTION I

I
INDIVIDUAL RISK SOCIETAL RISK

——

RISK INDEX I

v

| CONCLUSION l

Fig. 1. Flow chart for the risk analysis.”

FtsiA) - 28R A7 H A3E, 2003

AN -

& A FARNAL A E(Process hazard review)s:
A3} 9 E 4 (Consequence analysis)e] 23EoFZ o]
o ), mEtA, B A3 g4 AFYIANM Fire
and Explosion index®} HAZOPd 28] “FA-4s918
AAEE S5 g2 “FARIANAEAL AE
ZRE oY oA 52 Ayl ts)
Integrated approachE E3ld “A3} FFEA"S 3]
sk Hry AAF ol AL «FANA L f{a
B4 BHYAE FEIH] AT Relth. Fig. 1& &
A7 HHES veld RO 3EgAgelA dAlE
T AL F AR 5B &4l o8
A, FEHAEZY g7 72 g AdAdEs 38
Folt},

$A 7ise uiel Zol A WAl Screen TAZA
Fire & Esxplosion IndexV2 H&3te T2 g
o] A=g FHsA 9o, ook Hasle 3
¥ HAZOPS B3 Ataie] tigA U L& &34
ot T HAZE= Scoping FAIE ZF AUEL E F3l
EAEAY FEAEZ A JRAEE FAs= ol
28 FAEdx 4 F&4dE origs 2d
(PHAST6.0(/ALOHA)YS 28319, o]& 7|WeZ Gas
Mode?ol) tidh 948 A7 ol ule} vXe 2SI
2 Akl A AAA A8 € A A9
< <& AABIA AT

1.3 x| g4 XEYI AAH

Fig. 2= & 39 t vl 95 g4 AAdaa
Alz=dle] WiAEEE vebd Zoltt. FEHIE A%
3 (weigh scale)9oll A== 7194ALE ALE-Ele
AH GA7t LukE tank car(5ton)o) AEHTH AR
(iquid £I) B F71Feede AFFI ol dol
I RS 7Y Z 2HUAAE 7 3271 E tank
car] A€ 2709 A4 FF4 ¥ A dHe
A= adF Zon AR vl WESL i
FATFHAYL ZUE AL AlAE] Alole] o 520
A2 WH o) wRHr}

1.4 A ojlH] 2y

14.1 SAZER|FE o83 M 34 A9A B2t

SAZE Y]] F e R2Ee sEggd o]
Al ZHIA ND, ¥HEA(ND) e EA4Nh) EFE AF
HEFshs ol UojA AR AFAS =g B7t
37] S8 dE Aoz B dyoMe ARd o] 2
Aol A WA =3 Fig 39 A Z29] 8 =)+ (Fire
& Explosion Index)& HE&F224 A AF9



B2 72 FEA FRNFAE R AATEA

ESD
. 4
Chiorine  vent, <} ) s
collecting $ vapor N N t E_
Vs . V4

destroy system E

: Hose with screw connection

: excess flow valve

: angle valve
Nitrogen padding V2
]>| N T : check valve
: relief valve
Chiorine L2
feeding : manual valve

TR YV

ESD

PCV

LOAD CELL SCALE

Fig. 2. Diagram of liquid chlorine batch storage tank system.
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Table 1. Risk assessment by fire and explosion index
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Table 2. HAZOP Review Results for Chlorine Batch Storage Tank
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Table 3. Accident scenarios select by HAZOP review
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Table 4. Applied equations to calculate the release velocity in each scenario

AL S A2 EE o} 4y &5 (kg/s) F=Hke)
_ 12 1.9
G, = ch(Z(Pp LV gh) -
1 3?];?) T her 122 A
- A
Fv=C ) 0.17 pool 8]
(&sHA)
v(y-1) (1.32/0.32)
B (151 (222
2 2
TE éE 2 12D
2 20 mim Gy=Cay 20, o= Y+1) 0.26 )
B _ M L)(Y“V(Y—DT-S
Gv="Cahp = [RT(7+ 1
(NFPA 58)
3 g uuE | Q, = 34,500FA"® 24
(60 min) Qin = 34,500FA*#%[2.93X 10*(k]/s)/(Btwhr)] ’ )
Grv = Qu/hg

Table 5. Estimated LCs; for the accident types Table 6. Used equations to chlorine dispersion calculation

P,=-8.29 + 0.92InC%
ARAHS | =E&A7 AL E] LCs
1 10(min) BA T2 433 ppm
2 10(min) Z71%% 433 ppm
3 60(min) | WE wiZ| 175 ppm
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DENSE NAUTRAL & HEAVY NAUTRAL &
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[ I ¥ ] |
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Fig. 4. Typical model sequence for toxic gas release.
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Table 7. Chlorine concentrations around its source point under the downwind condition for the proposed 3 scenarios

NO.1 dA= NO2 &71%& NO3 delzdEn&
(1.9 kg/s, 10 min) (0.26 kg/s, 10 min) (2.4 kg/s, 60 min)

X(m) Ckg/m® | C(ppm) X(m) Ckg/m® | C(ppm) X(m) Ckgm® | C(ppm)
50 0.284615 | 96312.19 50 0.038947 13179.56 100 0.012488 4225.738
100 0.009886 | 3345.376 100 0.001353 457.7882 150 0.004054 1371.838
110 0.00736 2490.641 102 0.00127 429.7278 200 0.00211 713.9287
120 0.005728 | 1938.48 150 0.000439 148.6158 250 0.001332 450.7397
130 0.00461 1559.984 200 0.000229 77.34227 255 0.001281 433.3339
150 0.003209 | 1086.039 250 0.000144 48.83014 260 0.001232 417.0001
200 0.00167 565.1935 255 0.000139 46.9445 265 0.001187 401.6487
210 0.001506 509.6839 260 0.000133 45.17501 270 0.001144 387.1993
220 0.001367 462.5718 265 0.000129 43.51194 271 0.001136 384.4112
225 0.001305 441.6262 270 0.000124 41.94659 272 0.001128 381.6558
228 0.00127 429.7927 271 0.000123 41.64455 275 0.001104 373.58
230 0.001248 422.189 272 0.000122 41.34604 280 0.001066 360.7258
240 0.001144 387.2691 275 0.00012 40.47117 285 0.00103 348.5782
250 0.001054 356.8356 280 0.000115 39.07863 290 0.000996 337.0844
2565 0.001014 343.056 285 0.000112 37.76264 295 0.000964 326.1965
260 0.000976 330.1251 290 0.000108 36.51748 300 0.000933 315.8709
265 0.00094 317.9719 295 0.000104 35.33795 350 0.000698 236.3143
270 0.000906 306.5328 300 0.000101 34.21934 400 0.000546 184.9161
275 0.000874 295.7508 350 7.57E-5 25.60071 410 0.000523 1 112
280 0.000844 285.5746 400 5.92E-5 20.03258 450 0.000442 149.5231
285 0.000815 275.9578 450 4.79E-5 16.19833 500 0.000366 123.971
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Table 8. Chlorine concentrations and distance to the each probit value for the proposed 3 scenarios

2w NO.1 4A+& NO2 F71%& NO3 €& ZduuS
= (1.9 kg/s, 10 min) (0.26 kgf/s, 10 min) (2.4 kg/s, 60 min)
% Pr X(m) C(ppm) X(m) C(ppm) X(m) C(ppm)
10 3.72 635 64.7 218 64.7 900 445
20 4.16 493 100.54 178 100.54 700 69
30 448 410 238.4 155 238.4 580 95.1
40 4.75 350 3814 138 381.4 493 124.6
50 5.0 228 429.7 102 429.7 410 176.8
60 5.25 213 487.3 115 487.3 327 269.1
70 5.52 207 591.7 105 591.7 275 370.6
80 5.84 198 639.4 95 639.4 222 575
90 6.78 167 837.6 84 837.6 139 1644

Table 9. Comparison of toxicity and threshold quantities for the typically regulated toxic substances to prevent the
release

Toxicity Threshold Concentration(ppm) Threshold
Chemical TLV-STEL IDLH ERPG-3 Quantity lbs
TIVIWA |15 iy | OSEAPEL 3 mim) | (60 min) e
Ammonia 25 35 25 500 1,000 10,000(4,540)
Chlorine 0.5 1 0.5 30 20 2,500(1,135)
Hydrogen Chloride 5 - 100 100 5,000(2,270)
Hydrogen Cyanide 10 5 10 50 - 2,500(1,135)
Sulfur Dioxide 2 5 100 15 5,000(2,270)
Threshold ®: 93], Aol =2 4= Q= H425e A=,
Ref : USEPA, CAAA of 1990, section 112(r)68130-the federal register 04/15/96.
Table 10. Dispersion parameters and initial values
MEEE Glgs) o= FEU/sY A M AN A
No.1 No.2 No.3 TX) 7= (kg/kg-mol) P(bar)
1.9 0.26 24 293 3, 5D 71 6.3
| A =2 AIZHIDLH) 30 min(1800s)
247 10 m 12439 473 12 mm
k] 1,000 kg < #F 50%
FE =9 13 m FsE 70%
B3 Ale]= (D) 8.5 mx(H) 15.5 m, Vertical Cylindrical Tank
7l & IDLH l Immediately Dangerous to Life and Health

Threshold %S 2oF3led At Aojrt.

ditd oz dir)jguirde) JHExgE WEY #d
g, IAAERE 2P £ FEAEY A 7}
A2 FEIAG, o] = L JRoH= 8% AR

24 308 oY =24 XA F= <l IDLHY
Ho) F3k& A disld HAA FAZes @F
sttt 2] BEYAE, & T2 U dye
Table 102} 2.
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Table 11. Ambient condition scenarios
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Table 12. Index for ground roughness of representative
regions
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0.001 0.1 3 9 100

Table 13. IDLH ranges from the results of ALOHA(unit
: km)
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Fig. 9. Variations of damage range affected by the ground
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I F d¥-E vepd 3o Table 133 Fig. 9011’4-

Table 13014 & F AUARo] FHo| WESLF F&E
2e) Fitol 7 Yoju} IDLHE HESE F)H 7}t
ZolZith, S Fig, 99t 10014 AW A&7} 242
& AW mpEdo] S5 F&o AN 4
e FEgol S & F AUtk EF AW AHY
HEFE F3 39 e ATHLE S
.

mlo_\,L._
0, J

4":
3. AlnHlE o=

=29 dE3A 7 ARzAvE e HArbsAde
AEE A AelM Ga1 7B AHES] A
3 dAE BASE B AN EE =& o
AL AlRAVGE L 13 29 3 =L, dAS FAH
Agel EAY B8 92287 9OH Fig. 149
Zro] AgEuPE (fault Tree Analysis)®& A3l
TS G2 5 e, o] WS A 300 3
£ At} Table 10994 12mm FHoZ FAE &
o YT o AeEA]E Rijnmond™!V(1982)014 =28 A
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Fig. 11. Fault tree analysis for outside fire around of the
batch chlorine storage tank.
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qFA AfzAveled disiA 2 2VsA, 9%
4 B FYEE 52 53 9 ANLE FH
A ARl ot Biey By 2 gellale Al
A Fsot

Table 152 FEFFU /AU 937 Hxelt). 7z
Al e dis] 1A HPE AN 2 fgEA
(risk counter) 2&)7] fsiME, R HAR T
Vg & ALARE AYEe o), o] F9e AL
39] E2jZWB F&(410m)°] Y=Y, TS F ¥
AR Fgdo] 7 AL 1= AA 2228 m), "
o2 JFgHo| /Mg AL AL 2& F7IFE(102mE
Table 159 28 4FAAE AFste LAY
fq=£(®;, 360)9k IRCi=f(or fo) +IRCLIE A}83t
wekelzlel] wlel AL IS TAAIZ F AHQE ¥
3 5348 28 Aol Fig. 120]t}. Table 159} Fig.
120 el Al ¥iE @ HP5IHE AFRT,
AL 271 &7 A A9l A ==EAR, AL
13} 38 FE3] =dditle AS ¢ 4 Ao 8
W W& AR 32 AFRAYY FoFE IF
- TR, UHR] AR HiEv E 9SO
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I
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Table 14. Estimated failure frequency for chlorine storage tank components and predictive values of accident

frequencies for 3 scenarios

e RN Fi=3
EEE 1x10° A s NECE THE A=, yr
. - L = Wy 5 3-8 3.8x10™*
AL = —4 ) L = s ]
e 510 ! e Ho|Z2E 743 (228 m)
a6, 523, 5.8%10™
Ho|L FE 1Y 1x10°5 2 7% o] ZF-E4-2, ('102 m)
Yl BujE-1
gz Wn uj& o ooy g | ST iR 3.0x107°
aged g | U 3 ERHE RN s (410 m)
Table 15. Summary of representative scenarios with its associated effect zones and frequencies
WERIAL AT W84 fig = £(8;, 360), IRC; = fi(or fig) + IRCiy
Garz . FFAY .
~ = i LEIPANRE ol e
X R I Il e frow e e e o= Bl sl KA
(kg/s) A (deg) .
1 AR & 1.9 10 430 228 m 15 3.8x10™* | 1.3x1077
2 =7 e 0.26 10 430 102 m 15 56x107* | 1.6x107°
3 A R 24 60 175 410 m 15 3.0x10°¢ | 1.7x10°°
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Fig. 12. Individual risk contours around a chlorine
storage tank.

4.2 M3 98

ALEE A EA XY AEEAdE &S
= o] ol z} Ala A} Alglel ols)] Algsle
Atge] 5 oS3k RoltHENIA),

£ dFME & 712 713AE0 ti7kEs 2
5m/s E£)2 UEFo= vy T ti=A

—

Table 16. List of scenario outcome cases amusing an 8
point wind rose

Table 17. Estimated casualty calculated from the proposed
scenarios

A
Area=nr A360 =M
AL 3
E ;aog =5 Azas Aflfi}

5 — ol xarmiz | (F -1 °
1SW |3.8X10™| 5,003 | 0.125 |7.3X107°| 12
1W  (3.8X107% 5493 | 0.125 |7.3x10°| 14
INW |3.8x107% 5,003 | 0.125 |7.3X10°°| 12
3SW |3.0X107%| 8,997 | 0.125 |3.8x107| 23
3W  [3.0x107%[ 20,685 | 0.125 [3.8X1077| 52
3NW [3.0X10°%[ 8997 | 0.125 [3.8X1077| 23

71 8t Tk

Table 162 Z+zhe] Alvz] 2] thsl] 8 point FHlx
o W2t Fig. 12& F=sle] & Ad= ¥] 4 A
& TR, wA HeE A Folt)

Table 17= Table 162] F&F W A ge] Fdko] u}
& FANEY g3 6=15°2, UTFLEE 25%/
10,000 m*Z 7}tz ALE 2 AFe] o4 AERp

EA : Effect Zone in Population Area, NEA : Non-Effect Zone in

Population Area.

Accident Result lists Table 18. Societal risk calculation and F-N curve data
No. of |Frequency Wind Note Fy=N=N
Accident| (™) | No. | Direction |Freduency oIAte] AMD
ol e e [T AT
Probability ~ Al g #d Az 23 2=

ISW | 0125 |[48x10° |EA T SR E
1w 0125 | 4.8%10°|EA N>52 0 -
INW| 0125 |48x10°|EA 23<N<52| 3.8%x107 3w

1 | 3exioe N 0.125 | 48x10™ |[NEA 14<N=<23| 11X10° 3W, 3SW, 3NW

| INE | 0125 |4.8%10% [NEA N=14 | 7.3x10° 3W, 3SW 3NW 1W
1E 0125 | 4.8x107° |NEA N<12 | 22x10* |3W 3SW 3NW, 1W 1SW INW
1SE | 0125 |4.8x10° |NEA
1S 0125 |4.8x10° [NEA s
1

3Sw | 0125 |38x107 |EA R
3W | 0125 |38x107|EA L 1oe0s
3NW| 0125 |3.8x107 |EA 2
3N 0.125 |3.8x107 |NEA g 1oe

3 | 30x10%¢ =
3NE | 0125 |3.8x107 |NEA £ o
3E 0125 |3.8x107 |[NEA &
3SE | 0125 |38x107 |NEA roeor -

1C0
| 35 | 0125 |38x107 |NEA N

Fig. 13. Societal risk F-N curve for the batch chlorine
storage tank.

T of Korean Institute of Fire Sci. & Eng., Vol. 17, No. 3, 2003



72

AR -4 '

Table 19. The results obtained from the dispersion model by using PHAST and ALOHA

e 0 &
TEA | 9% A9S g et 3
s Agas | JREASEA O/l GHE HoE 5% 2 $50) 71 9% U4, ol e AdA e
g 23 eigol ¥ F5(Fig. 7, 8).
3% F40) HESE TEEA0 $lo] & Yolum, JAPA7F Aok (Fig. 7, 8).
Au gme | AR AR F o180l 345 g5] ARl vlAe Iyl AL, AV A/ a5
FENE | = 38 29 e AFH0E 37K CFig 9, 10).
ez go | 27 9% 3 o] 2 9TE 74 YL HAFL 2108, 7F F FUFLn AL
TEE AUE UERIE 39 284 e ZEc FULE Y WA 182 YehdFig. 6).
exq | ALOHAZHS] Zagte okiel Ao)& Jehi= slonh, 2 Alele @ A% 499 94 ¢
°° (Fig. 7, 8).
Famdwe] oF A5 5ES 7IZA(DLH, ERPG-3)s} vl FO2 #stSA/129] S4e
H 3 Ue $EAE AR 4 AT, Fal STk T2 dE AGA MYHSAA £ Al F
Aspl B8 + 38
o]tk o] tht Fol7} Y& WASKOL Fig. 73 8ollA

Table 182 Table 178 7|22 3t Nolite] Al
oA FIe vXE BE AT An Al ¥iEs 7
3 Aol Fig. 13& Table 182 N o)4e] Abixzt
F& oplshe Al A3 Aldlel tg 3 W FN
£ <4 (logarithm) F-N F4o=2 od Aol

50d E

B A7 e 3ty Al dolA] gJAaAEA
AEo i3t AHA LS 37 AsiA, R HA
Screen ©Al9l4] Fire & Explosion IndexS 2&3%
Az TR 99 AxE 90.724 ¥+ AT
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& Alzel E AuEes] AHFE, F717E, g
Zie 229 7RG EEIYL, ol& 7w 3
o Aedd 98 2 AEA Y BERE oS3 AN
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715E7t AF AGe A =2 A, AL 1% 3
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W&l AL 32 ARG FRFEA FTE 7A
A, YA Az WEst o %3 € F AL,
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Societal risk F-N curve g3t
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Table 192 HLZ 2 dense gas £4<l PHASTS}
ALOHAE A3qste] A& il S vA= F8
2SS it &g 893t Aol

olgol A AHE uie} Zol, FF [ EA7I2Y] T
Zd wE A JF& 7P A HorE + e
FA 3 o] 2 software modelE-S ZAES Y FZof
i3t A7 =d= (Consequence Model)S 7t o g
H, QAe] A%, &7, ¢t nAle TS Hrtst
7] 9% AFAA FAAE Hrpled dg 2o
Agg stol= g AFdtdor & Heolot. ofdt
AEL AR, 7190l 71et AEFe g 23EHe 9
HER9 vind £ Ux, A, AlY Azt T
HE g 24N F e 9874 FHoEA, v
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Nomenclature

[Table 4]

GL : HA HiE &= (kg/s)
Gy : 7K HiE &=(kgfs)
Gy : 37 HiE &%(kgls)

h

: HF0 m 7F8)

Ca :HEE AFEA ARA 0.61[-])

A

: 79 S WA (12 mmel A% 113X 1074 m?)

p g9 (1420 kg/m®)

P f#3 943(6.3<10° N/m? abs.)

P, :di7) ¥4 1.0X10° N/m?® abs.)

g  FHOZ Q¥ 7= (9.8 m/sd)

Fy 3712 2sld dxe) 28

C, : T=¥E Th(0.950kJ/kg °CYIXe] Ha HA|
g8

T :312=20°C)

Ty &% 2==U7] ¥15H(-34°C)

hy @ F2A(-34°C, 285 kJ/kg)

D YA sk

v E8EMIEAY] A, 1.32)

M : ExZ(mg/kg-mol) 949 A% 71

R 72 4%(8310 J/kg-mol K)

T f{YE €=@291K)

Qn :&7] HE TRKE AL W]/s)

F : ZXRIZHAPI RP520X AH #=9] A9
F=03& AH8)

[In Table 7]

C 1%, ¥, 2 9RO FE(kg/m®)

G 1 £ (kgfs)

H : thA} Zol(m) o9 T&d &9
Oy Oy, O; : S WF(m), £F A2 o=
u 1 5 (m/s)

[In Table 11]
fi oA AL Ol 33 RE R 3 U=
F o3 AR @ 3H e

[Table 12]

fa o ARAET AR v 7Y T B¥E W
= 54 W Ao 932 nAE He

fi AR AT AR e Gl A Ns

6 A AR A ] Yo ERA 4%

o ZEFN] AL AR Al oigk el

o] 7HAA AFIGrY
IRC;.p: ohe 93 Foradelxel 719 913zt

[In Table 15]

Fy : N o] Aol 992 nidle =&
At Alel e

F Ak 2 kel Ms

N AR A% AR i) g BE ARl 5

A}
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