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TiCl, tH] KORASIA 5.0~7.19)], PHASTOA] 2.4~3.881 SA YeRST), 22 7130 71 v]wof| A= KORAZ} &P R
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Abstract — Water-reactive chemicals pose unique hazards because they generate toxic gases through exothermic
reactions with atmospheric moisture upon release. This study selected titanium tetrachloride (TiCls, vapor pressure 1.3
kPa) and silicon tetrachloride (SiCly, vapor pressure 26.7 kPa) as comparison targets, which share an identical hydrolysis
mechanism producing HCI at a 1:4 molar ratio but differ approximately 20-fold in vapor pressure. Using three dispersion
assessment programs (ALOHA, KORA, and PHAST), the HCI dispersion distances were compared and analyzed under
identical atmospheric storage tank leak scenarios. A total of 48 simulation cases were conducted combining a 15 m®
atmospheric tank, four leak hole sizes (5, 22, 87, 150 mm per IOGP 434-01), and with/without dike conditions. Since TiCly
and SiCly are not registered in the PHAST substance database, a novel workflow was constructed: Pool Diameter was
obtained via ALOHA, evaporation rates were calculated using the EPA Evaporation Rate Equation, HCI generation rates
were converted by molar ratios, and the results were directly input into PHAST. Results showed that, under no-dike
conditions at ERPG-2 level, the dispersion distance of SiCl4 was approximately 2.4 to 7.1 times wider than that of TiCly
depending on leak hole size. In the inter-program comparison, KORA produced 1.25 to 3.46 times wider ranges than
PHAST for small leaks (5~22 mm), while a prediction reversal was observed for large TiCly leaks (87~150 mm) where
PHAST exceeded KORA. Dike installation reduced ERPG-2 dispersion distances by approximately 23~91% for leak
holes of 22 mm and above.
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AREEE A4 AR R, O] F 92T A5 Al A4E3E] wkgste] ¢
SPAHC)) 7HAE BT B RESAY Bt sl EAE
ARAAE 7120 2 o A= TiCly 79704, SiCly 577
A FHE L ATH,2].

1974\ w])=+ AJ7}aL bulk terminals®] SiCly 15 “F3 Alare]
A= A1, 99 1604, 9 16,000 o] 71 whg ekl o,
ARIL FA7HA] oF 1990 A QETH3]. FelxE 20159 A5
T4 OCI Z/\@]/\} 7oA 10Q13] bellows valve bonnet -]
A2 SiCly F 108.26 kgo] 3287 FE5 o], x| F9l ¥£3F 179
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AT A Ak B9 sl 3 HE 227t 9F 210 TEA
SiC %—ét@(sm Ty <k 150 T ol %'18}1 dPov R FEF
AL g N E FEHE A 7 4
2016+ ZFA0AE= Joad cell 2&%Eo] 23t 25X FE0], 200057
7)ol A= vaporizer overflow= 2Wg°] APggt A7} #HAYE}HS]
t}4]. Kapias$} Griffiths[S]o]l F2 W, 1990~1999\d ©] o] A] 1.
19 2 yh8-A 318HE2 Ala 8897 = TiClLel 4737 (53%) 2.2

B
o
>

7V & HIeE AT
&= WA g8t pool AT AT S thre tx 23
2= Kapias®} Griffiths7} 743 REACTPOOL®] 21 2™ [6], SiCly[7],
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Table 1. Key physicochemical properties of TiCl; and SiCly
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KORA, ALOHA, PHASTS] A 2130 7t o= HA= FF o
2 ENstn 7 2230 & kA %él AL A3de st
ot AR, S A X & gk A7 a3 A S B

(TiCly)¥} 3L F719k ZZ(SiCly) kol ofw H]
Wb, A 2P ks A7) 7|3 1 g)S deke] JoAe

A,

2-1. Cha X9 =Y 2 HIg

TiCl4(CAS No. 7550-45-0)S 223 189.68 g/mol, =74 oF
135~136 C, U= 1.73 g/em’S] F-24 AR 24, tf7] 5 522} 4
% Al A FE(fume)S A/ SHCE. SiCl(CAS No. 10026-04-7)=
A 169.90 g/mol, Z=F 2F57.6 C, U 1.48 g/cmu 521
Wkl A Aol ths]. 20 C 71+ F71%°] SiCly= ©F 26.7 kPa@®
TiCly (1.3 kPa) thy] oF 208l o} 7 EX 9] 7hpial REGS &
At slelEFEA IAE 7HIct

TiClLy(1) + 2H,0(1) — TiOx(s) + 4HCI(g) (1)
SiCly(1) + 2H,0(1) — SiOa(s) + 4HCl(g) )

A 71507 251 TiCl, 189.68 g — HCI 145.84 g (76.9%),
SiCly 169.90 g — HCI 145.84 g (85.9%)°] t}. SiCl,7} TiCly ¥t}
A HCl A8H80] oF 12% %01, o] 2ol 5718kl 23 5
E=y i}°1°ﬂ F7e o] HE HCl 28] 232 1F AxE FiA

o}, = B o] 1Al BA) H) WS Table 19 Ae)ski}.

™ mim

2-2. S ™yl =2

2 Aol A ARESE A Z2 e B 0] B 27| WA olA
B2 A 2Jo]7} 9lth. KORAY: F&% WAlE &
HCLE 3Hilate] EAbA7]E A5 SA] A3 o
229 F T = WA 2
glstet. TRk A A Pool ol 28t AITHA A AL W =] A] =
TF. ALOHAS= Pool 522 7|Hkofu} Eik-g- ZpA|= Wi RARE =
7Fs8bH, PHAST= AHA| =4 dlofg]o] o) TiCL$t SiClyt &
FElo] QIR gko} A4 FFo] Brbsstth wiEkA] 2 Aol
ALOHAZ pool diameterE- AM&3}3L, EPA evaporation rate equation2
A gato] SHES Anlel &, B8] Fhke® HCI RS *%OP
o] PHAST®] user-defined release® ¢ 3= (M HJAZ=2%
T35 & REEA dA 2] = $ HCL 474 & J’Vé%
Pool A (A1EA), T FN22A, 718 A 248, 2 v
(A32A]), HCI el7] gkl4eA) 2] 4dA| 2 X3t

1r

Property TiCly SiCly
Molecular weight (g/mol) 189.68 169.90
Boiling point (°C) 135-136 57.6
Vapor pressure (kPa, 20 °C) 26.7
Density (g/cm?®) 1.48
Hydrolysis reaction TiCly + 2H,0 — TiO, + 4HC1 SiCly + 2H,0 — SiO, + 4HCl
HCl mass ratio (%) 76.9 85.9
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2 Aol A At FEH 91 2] EX (endpointy> AIHAZ} 7l
ERPG (Emergency Response Planning Guidelines)& %] 8-}t
HCIel| Y8k ERPG-1=> 3 ppm (7HH A=), ERPG-2= 20 ppm (H]7}
A7 27 9), ERPG-32 150 ppm (A3 $1g)olct. AA 72
Jeon F[12]°] AQIEE 47+ AAE AEsto], ERPG-3 27 79
hot zone, ERPG-2~3 17+ warm zone, ERPG-1~2 17+ Cold
Zone, ERPG-1 7|7+ safety zone® & -3} T}.

2-4. 22| AH| 7|&= H|

TDMA (Titanium Dioxide Manufacturers Association)®] ‘Safety
Advice for Storage and Handling of Anhydrous TiCl,’ [13] #]7¢
B3 X9 A5 ], 8|3 dry nitrogen/dry air purge, 2] 013%] B
Z~ 2 mm, valve A, level measurement O]TPZ} 9 215 2t = Al
foam/paraffin oil 57| A, water curtain 2 2| 5= 733k AT
v s TelEtEdae ) fallstead A9 A dX

9 #e] IACHE DA = E R B4 Oist WA T 54
H| 257} A EZenk s = o] gt

3. o1 U
A T3 AAle Y =AY Y
dold 21 A%, ALOHA 758 53 pool diameter 2+, EPA
SHE AP el 9 HCl B8 % 74]*1} KORA #HA| 75 4
PHAST ¥ &, A7} Bl 24, b -3 3t 259] 79A|=
TdE

= AL 3E AlE

3-1. Al AL MY

A7 A 2205 T3 TR flste] AR A= vertical
e o LAY, £ 15 m’E ZLSSIT FET A=
IOGP Report 434-01[14]2] process release frequencies -5+ | A o]
g} 5,22, 87, 150 mme] 49AIE A&tk 71 21 T
3.0 m/s, t71SHAE D, 7] &% 25 C, AlG % 50%2 A48k
th 2 Ao 4= KOSHA Guide P-107-2020[15]¢114 4 &] 8}=
Horol AU 2. (ES 1.5 mfs, O)7IMAE F) 27118 24844 oF
a1, There] AU 9 (E4: 3.0 mvs, T71SH T D) 202 Eds)
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SIC}. o1z KORA 6.0 BHojlA Heope] Aufe)e 0] A 5)A]
eb7] wiizolw], Al T2 3 2k 5 27 Hlad] Ak Swst

7] gk,

3-2. HCI 92k APY dhH

PHASTS] =4 dloJg o] A0 TiCLe} SiCl7t 555 o] A
%O U E ALOHA—EPA T —¥ 1] ik — PHAST <] 9
AZZ 5 /33 TH(Fig. 1). EPA evaporation rate equation[16]
2 2 3y 2t

Qr=0.284 x U"0.78 x MWA(2/3) x A x VP / (82.05xT) (3)

714 Qe 44 E(Ib/min), U E55(m/s), MW= -2}k
A¥ Pool AZ(f%), VPE= Z7]19H(mmHg), T= 2% (K)°]t}. T1C14
(VP=10 mmHg)2} SiCl, (VP~200 mmHg)= 571 el A <F 20m)
72].0]_3, E_o] Ui Eo] pOOl Uﬂ?ﬁ 01]}"1 ZHL ] 174] \ﬁ—g].;( 1;]_
EPA 2 Ztﬂ—h A}Z%)\l__g;_' /\]—EE EX]J ?‘?ﬂl’%}‘é‘ HCl }\gﬁ%k_i
Fitebr] S8, 2 2242 7kiE] vhE-2el] 7] 28k A |(TiCle=
0.769, SiCls= 0.859)2 24315t}

3-3. 94719 7HY ! ISR

ALOHAS= pressure vessel ‘7= W& 54 712~ 39 74
o] B7Vsste] AR E A 2 o 2k AlEo]dS 43131
KORA 6.0914] # 2] Aluhe] @ 271 -5o] A LEX] kot tigtke]
A e 202 TSIt EPA evaporation rate AH8 A& &
g HCL A= A AL d7] & F2% 2 2 E F55 0
UE TS HER sk Stk T 7). e
o] 0.5 mZ Gt AlEH oIS Hek A8 218 71

S0, AR ARie] Az du] uiA] A1 Sofl 23t Fak g
A AshTh T AlEEol A Aol 28 x 322 x 4

FES < 2R 24 = 48 Alo] 2ol
4, Zu} 3 E

4-1. SEE S HHe| HiW

ALOHAE &3l AF&% TiCl,2) pool diameteri= F&3 719
w2} 3.2 m (5 mm)oA 60 m (150 mm)7}4] 571351330 EPA SHE

ALOHA EPA Evaporation

Rate Equation

Material property input

Pool area (A
Sterage tank specs (A)

Leak hole size Vapor pressure (VP)

Wind speed (U), lemp (1)

- | Di
Calculate Pool Diameter ~ Evaporalion rale {kg/min)

Mole Ratio Conversion

PHAST

TiCla : User-Defined Release

SiClg:

Evap. rate x 0,769

Evap. rate x 0,859 ‘Weather conditions setup

» HCI generation (kgfs) ~ Dispersion range {m)

TICls {vapor pressure 1.3 kPa)

— Pool Diameter (ALOHA result)

- Evaporation: low VP — slow evaporatlon

— HCI generation: small amount / long duration

— Dispersion range: relatively narrow

Effect of vapor pressure difference on dispersion range

SICly (vapor pressure 26.7 kPa)

— Pool Diameter (ALOHA result)

— Evaporatlon: high VP — fast evaporation

= HCI generation: large amount { short duration

— Dispersion range: relatively wide

Fig. 1. Integrated workflow of ALOHA-EPA evaporation rate-molar conversion-PHAST.
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AP AE Ag-ek A3 SHES 0.0015 kg/s (5 mm)°A] 0.541 kg/s
(150 mm)°) 3L, & ] 34 3 HCl A4S 0.00118~0.416 kg/s
H2lo|gltt. PHASTe §l&lste] 7-¢F ERPG-2 715 gk &3 §
£ 26.7 m (5 mm)°lA 451.1 m (150 mm)°] AT} 3B KORAS] A}

EHRS- 7)) 93 ERPG-2 715 HCl B 9938 9= 334 m (5 mm)
ol 4] 286.1 m (87 mm ©|}, E3HE AFEE o], 87 mme} 150 mmef| A
FYUsk gk B ITh o= KORAS] A% SA] 28 Rdllo] A
A% 7= Agtel] Tato] xshel 7l o7 dAckect,

SiCl42] pool diameter= 1.8 m (5 mm)°l|A] 46 m (150 mm)=
LERSTE, SiCLE] 58 Z719 (26.7 kPa)O.& Q18] EPA e
0.0093 kg/s (5 mm)ellA] 6.07 kg/s (150 mm)Z AFEH o], T

Z3 oA TiCly U] oF 6~119)) 2 SHES Bk HCL A8k
0.008~5.21 kg/s% 11, PHAST®] ¢] 3t ERPG-2 7]+ % & °]
64.4 m (5 mm)°l| 4] 1,714.4 m (150 mm)ll =3} T KORAS] HCI
it FE 9= 166.3 m (5 mm)ollA 2,043.3 m (87 mm ©)A,
$hE A& 9lth ERPG-2 71 B &9l B4 1) &
(SiCly/TiCly)=> KORA HCIl 7] 5.0~7.14l, PHAST HCIl 7|+
2.4~3 89| 2 AFEE K Table 2). Z71%40] o 208) xfojubx]wt &
AF oéﬁo]:l?j%_ﬂt_ 2.4~7.IHH oﬂ 1;4 Ab D:ﬂ/] H]A&aﬂx% E/d
o] ERIF . F=F A7 Mt Y] ¥l = Fig. 200 Ax
33Tt

Fig. 2014 A|Z14 0 7 ghelx| o] SiCly(sS
=3 A71°04 TiCLe A 718 o] = o & 9

% -

_4

4

T/ B
R

& BT},
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1 1.2541, 22 mmoll A 1.528] 2 KORAZ} B KoY, 87 mmel
A1 0.6790, 150 mmoll A 0.638) 2 9 A= o] PHAST7Z} ©.3]2 ¢
5 FEHLAE A=l o] 9 @244S KORAZ} 87 mm ©]
Aol A A gk Aok 5 AFeH286.1 molA] Edhol] Lekal= v,
PHAST:= ALOHA®] pool diameter (57~60 m)E 7]RFO. %2 531'%0]

A& Z71817] wiEo]t}. SiClell gk KORA/PHAST H]E-2 5 mme]|
A1 2,589, 22 mmoll A 3.469), 87 mmollA] 1.654), 150 mmeofl A
1.1990 2 YEelY, A 7kl A KORAZF PHASTE U} H& gy
A& ARESIGITH(Table 3).

TiCl491r DELE] oﬂé o3 7] _3_ HLA@L].;(] o}oLo 1,]. l"%lo] 7-]7(1:“#
Hl&o] ZAashs A3 A3kt KORAS #ofjF 71 Fo]
SiCLellA B & 21 11 718 E4ellA A= SA) A8 71y 7
A pool T 719 AP k] F2)7} o] A Ve WiEo R
ke,

FEY A7 17@#% pool Eitel] W& Agk g 7= <1
Z2 0 3b ellS AR ks S HltkFig. 3).

4-3. R S0} H|W

TiCL,S] 7% ERPG-2 7|52 2 W8 A ] A]| KORA HCI 4
2= 22 mm W 1622 m — 362 m (77.7% A7), 87 mm% w)
286.1 m — 36.2 m (87.3% A7), 150 mm<¥ w 286.1 m — 362 m
(87.3% A7) = YEFSTH(Table 4). PHASTOI A= 22 mm¥ o
1071m—>516m(518%;<1ﬂ) 87 mmY ™ 427.8 m — 51.6 m
(87.9% A7), 150 mm ® 451.1 m — 51.6 m (88.6% #4171

4-2, T2 ]HH 0f|F 24} dHlw o} 5 mmellA = WY 45-2F BAIgO] poole] WRH ol st
TiClsll th$F KORA/PHAST U] ERPG-2 7]F 2.2 5 mm] A 3l Az 2t loio
Table 2. ERPG-2 dispersion distance comparison between TiCls and SiCls (no dike)
Hole size (mm) TiCly KORA (m) SiCly KORA (m) KORA ratio TiCly PHAST (m) SiCl4 PHAST (m) PHAST ratio
5 334 166.3 5.0 26.7 64.4 24
22 162.2 1,001.9 6.2 107.1 289.3 2.7
87 286.1 2,043.3 7.1 427.8 1,236.1 2.9
150 286.1 2,043.3 7.1 451.1 1,714.4 3.8
B SiCI, KORAHCI @ SiCl, PHASTHC! M TICI,KORAHCI @ TICl, PHAST HCI
2,500
2,000 |
£
1,500 |
|
s
o
=]
o 1,000 |
iy
2
500 |
e Blm. mh

22mm

87mm 150mm

Fig. 2. Comparison of ERPG-2 dispersion distances across programs by leak hole size (no dike).
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Table 3. Inter-program ERPG-2 dispersion distance comparison (no dike)
Holesize ~ TiCl; KORA (m)  TiCly PHAST (m) TiCly KORA/PHAST SiCly KORA (m)  SiCly PHAST (m) SiCls KORA/PHAST

5 mm 334 26.7 1.25 166.3 64.4 2.58
22 mm 162.2 107.1 1.52 1,001.9 289.3 3.46
87 mm 286.1 427.8 0.67 2,043.3 1,236.1 1.65
150 mm 286.1 451.1 0.63 2,043.3 1,714.4 1.19

@ SICl, KORA/PHAST @ TICI, KORA[PHAST
4.0
35
3.0
25
2.0

1.5

KORA | PHAST ratio

e
1.0

05 —0

0
Bmm 22mm &7mm 150mm

Fig. 3. Chage in Impact Distance Ratio between KORA and PHAST by leak hole size (ERPG-2, no dike).

SiCLe] 7d-¢- ®-78 ] A] KORA HCl 93 91+ 22 mm¥Y W o] WHE(33 mA)o] F B EFol|A Pool HAS EHO R
1,001.9 m — 179.0 m (82.1% A 7}), 87 mm< W 2,0433 m — 1790 m Algksl7] WEo)w, pool Wo] WHFH U= A= 74 &
(91.2% AZH), 150 mmQA W 2,043.3 m — 179.0 m (91.2% A7) olof &5k FE Az Y gle 22 o] A4 S48 9

o] 2 t(Table 5). PHASTOWL 22 mm% ) 289.3 m — 222.6 m ul gttt ohek 5 mm FEAA = R A2k BASel pool
(23.1% A7), 87 mm¥ W 1,236.1 m — 222.6 m (82.0% A7), diameter (1.8~3.2 m)7} HFH 217(6.5 m) oJulo| 2= Azt a7
150 mm% W 1,714.4 m — 222.6 m (87.0% A17H)°Iith. 7} YA ki,

2 UEE g3 v oA, 150 mm &3 ERPG-2 7]

KORA2] AZFE-L SiCly 91.2%, TiCly 87.3%% f-AFsHA LFelst 4-4. AT EY
t}. PHASTO A = SiCly 87.0%, TiCly 88.6%% 719 FU &ttt 150 mm ‘F&2, 59 2 2714 PHAST HCl 7| A

Table 4. Dike effect on ERPG-2 dispersion distance for TiCly
Holesize  No dike, KORA (m) With dike, KORA (m) KORA reduction No dike, PHAST (m) With dike, PHAST (m) PHAST reduction

5 mm 334 334 0% 26.7 26.7 0%
22 mm 162.2 36.2 77.7% 107.1 51.6 51.8%
87 mm 286.1 36.2 87.3% 427.8 51.6 87.9%
150 mm 286.1 36.2 87.3% 451.1 51.6 88.6%

Table 5. Dike effect on ERPG-2 dispersion distance for SiCly
Holesize  No dike, KORA (m) With dike, KORA (m) KORA reduction No dike, PHAST (m) With dike, PHAST (m) PHAST reduction

5 mm 166.3 166.3 0% 64.4 64.4 0%
22 mm 1,001.9 179.0 82.1% 2893 222.6 23.1%
87 mm 2,043.3 179.0 91.2% 1,236.1 222.6 82.0%
150 mm 2,043.3 179.0 91.2% 1,714.4 222.6 87.0%

Table 6. Boundary zones for 150 mm leak (PHAST HCI basis)

Substance Dike Hot Zone, ERPG-3 (m) Warm Zone, ERPG-2 (m) Cold Zone, ERPG-1 (m)
SiCly No 493.7 1,714.4 5,452.1
SiCly Yes 75.1 222.6 620.3
TiCly No 141.3 451.1 1,297.9
TiCly Yes 18.8 51.6 128.5
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TS5 4743 A, SiCl,e] 7§ Hot Zone (ERPG-3) 493.7 m,
Warm Zone (ERPG-2) 1,714.4 m, Cold Zone (ERPG-1) 5,452.1 m
© 7 AFEE K Table 6).

TiCl42] 7 -9 hot Zone 141.3 m, warm zone 451.1 m, cold zone
1,297.9 me] 31tk SiCl, 2] 7371792 TiCly tHH] hot Zone 3.54H,
warm zone 3.84l, cold zone 4.2°] Ylo], 5 AT E29]
Z715%el me} AT S EH 0% Yol FE B,

4-5. 24 Xo|7} &4 AS0ll O|X|= P& ToE

F71%0] =2 SiCly= ARaL 2719 523 ito] o 2= o] 4l
43} tjy] AAo] Ao | TiCl=s A7 X144 HClL 2y =)
HE 1o 7] oA deo] o Tttt T71%) 2080 xte| 7t ik
Qa2 gnlalskA] ko, o] u|dE BAE FFHSHE Aol
4 7]ofo]T,

£ AT = 252 F7EE 28 HCl A3k 100%2 7Hd st
). 184} Kapias®} Griffiths[5]2] A7l w2 A A 71423
RS-0 4 9] HCI A AgHEe ok 27% 502 B11¥ Hf 3lo],
B Ao Ad e e 9 AR v s rkE S 7
Aol Jlom = RESAY B4 BaA 913 U ddelA] A
R =2

b

4-6. TEH NhY HIt

KORAS®] A& SA] AZ 71L& At E F2(5~22 mm)°ll A
PHAST th¥] 1.25~3.46v2] g 71 +2s8lvh. 53] 1L 571
Sk SiCLollA o7} Zo] T 2 7S KORAZ} F53 AA=
SA] Agksl= WA PHASTES pool 52 3173 713 214 HC1 A
3 S5 Rkdsly] wiiteltt. Wb A F719F TiCLe] thit R &
(87~150 mm)°l4]= KORA7} PHASTH.U} 33~37% H< o5 &
Aol #EEGI=], o= KORAS A% A% += £3ts}
ALOHAS] Y2 pool (57~60 myel| 2]8t =2 Z3kg 2}o]df 7]l
gt A\Ake] 24 Al T sk Pool zlo] 71 9] Abo]
(ALOHA 0.5 cm vs KORA 1 cm)°ll 3t}

4-7. AlZ|21 SiCly At MAME Hlw

1974 1] = A7} bulk terminalsell A 2433 SiCly HiF R 7%
AFI[3]9] 2718 ALOHAS} PHASTE A|@3lo] B olre] A5
o) &S Ao A5 o}o“E} AFka Aol o 21
3300 m® AFH A 8l = (vertical, 2788 90%), 321 2](76.2 mm) H] 7
4, 7% °F 15 C, 5% 3 m/s, 71 = D= A4St
ALOHA A]&#°]4d A3} Pool Diameter 8.4 m, Max average sustained
release rate 23.6 kg/min®] AF&% 1 01 ERPG-2 7|5 Y &4
(SiCl4) Oﬂsbﬂ% 0] = 818 m% L]—H— 1;]_ EPA = ZHLE }\]—PQ/J ] ng_
sto] HCl M 3kgS A&t A7), evaporation rate 71HF 0.174 kg/s
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9l Max average sustained release rate 7|} 0.338 kg/s=. AAFE S
©m, o]& PHASTel $1¥$F A3} ERPG-2 7|5= HCI &4t 3+
9= 247} 288.7 me} 405.3 m= A TH(Table 7).

4-8. QKM TS ot

AT }\]Péﬂ] 1’1 Axke} TDMA 7152[13], =ui 9] ARl A
#9] wFE Tl vhaat 22 JiA Rk ARk A,
B 2t gﬂu 4224 TDMA[13]141E AT Aol 25
1A 5 Paska ot =] aAellA = & RESA =2l gk
WA 9 EAd0] 7 1A S elwt s E o] Stk 1974 Al
Zta AR 31elA Hlmell €-3¥ HCL AV RI7F A& 7247
gz i’;ﬁ}% Lok Al i A FeAS AT R
HojFET B4, v Bl -0 =i é‘? 12] A7 74 TDMA
[13]i= dry nitrogen/dry air purge, nozzle & flange <+ #4315 A
asteh A, A 9 R ) 758 AelEA F2 S84 HAa
2 mm, valve )| & (stem=> stainless steel, seats/sealsi= PTFE) 7] 2]
) AFeko] I Qs v, AlE 9 Qb 2 A|AEE] o) =3 E
2] level high Al As 7155 Xk 2016%1 & Joad cell 225
Abell[4]9] W55 RE e oA, S Al 7] oA W Gk
A Adu] o] 8] 24 12} foam/paraffin oil, 2%} water curtain A3 ]
(HC1 A3S T7H71= AAI7F obd 4 Ag] o<l Ay &
Tt

B9 A% A HOL AP A9 SERS T + 382 Bk,

H14 6 Al SCBA + 132 (gas tight) ¥ 558 AIQH&CH17). &
% s 7123432 HCl 7] 2bekoll @A) slo] she] 712
A Abgo] Besity wat ralerRAtel ) AX0AL 7)Fel
2 uheA oA BA S8 AR S A8 Dt ook @9
Aol WA ) dn) A5 o)t A 2ol g Elo] 9l

o], TiCly (7970 22)8} SiCL(57704) 5 A4 & w54 &4 13671
Zeof gisliA= BE Y 2, vl dry purge, 24 8184 5
T Au) 7]Fo] FASItE KORA X2 132 & Rk
2 kalof| O3t /)M HES T eshe, Alun| &
265210 gt =4 vl O wid o] B E vkS ARk

5.4 E

B Ao M= TiCI(E714 1.3 kPa)9) SiCL(E719Y 26.7 kPa)S
Ao 2 ALOHA, KORA, PHASTE ©]-§-5Fo] HCl g4+ 13k
A& vw AT

AR, 5715k0] oF 200 = SiCl= TiCLel Blst] &Y +=
Z7194] ERPG-2 7]5= KORA®IIA] 5.0~7.141, PHAST®I|A] 2.4~3.84]
52 gk S YERY, T718te] At BLE s
N4 AAFRE ALY TR 719 BlE-(eF 20u)2} Ak F&F

Table 7. Simulation reproduction results for the 1974 Chicago SiCl release incident

Item ALOHA (raw SiCly) PHAST HCI (Evap. Rate) PHAST HCI (Max Avg.) Actual incident record
ERPG-3 (m) 252 93.9 127.8 -
ERPG-2 (m) 818 288.7 405.3 -
ERPG-1 (m) 2,300 813.0 1,160.1 -
Cloud size (2.5 h) - - - 400 m x 1,600 m
Casualties - - - 1 death, 160 injured, 16,000 evacuated
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W) B (2.4~7.190) 7HE] AR A BA7E ER1E

A, KORAS A SA] A3 A PR 75(5~22 mm)el]
A] PHAST tijH] 1.25~3.464 52 G FH & AH=Esto] 27}
S Helou, A S EA(TICL)S] tlF & FE(87~150
mm)oll A= 23] PHASTET} 33~37 % 52 o= 94 #afo]
=G}

A, L 22 mm ©)%d FEF oA ERPG-2 7]+ 4 9
S5 oF 23-91% HAAIF 2, SiCly(91.2%)} TiCl4(87.3%)
oA Akt =EY A%t 29E YERLE o] W o <] st
Pool W3] A|sto] T7|97} F-aAstAl a7 9)s Els Fr.

A, 4 AT 27 el BT A8 7], A
WA W<t 5 E E8 71t obd oS ks AlAISIAT
PHAST®IA] TiCl$} SiCly &2 DIPPR £/ ¥4 2] 7|Hke =
23 skl R WS 23S G4 BALE F3chs WRE
N, 312308k 378 2eM e = AlEEold, vl o =4
S TCS, PCl;, E22FF 5o 7 gt o7t F sl

o o
o

INE=YAk=

A : Pool % (Pool area) [ft?]
MW A% (Molecular weight)
QR : 5% (Evaporation rate) [Ib/min]
T : A% (Absolute temperature) [K]
U : %% (Wind speed) [m/s]
VP 3571} (Vapor pressure) [mmHg]

Acknowledgment

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government (MSIT)
(RS2026-25494430)

Contflict of Interest

The authors declare that they have no conflict of interest.

Reference

1. National Institute of Chemical Safety (NICS), Final Report on
the Impact Assessment of the Silicon Tetrachloride Release Acci-
dent at OCI Co., Ltd, Gunsan (2015).

2. National Institute of Chemical Safety (NICS), Key Info Guide
for Accident Preparedness Substances (2022).

3. Health and Safety Executive (HSE), Gas Release at the Bulk
Terminals Complex, Chicago — Case Study, https://www.hse.gov.uk/
comah/sragtech/casechicago74.htm.

4. ARIA (Analysis, Research and Information on Accident), France,
https://www.aria.developpement-durable.gouv.fr/?lang=en.

Korean Chemical Engineering Research 64(3) (2026) 105172

5. Kapias, T. and Griffiths, R. F., “Accidental Releases of Titanium
Tetrachloride (TiCly) in the Context of Major Hazards — Spill
Behavior Using REACTPOOL? J. Hazard. Mater., A119, 41-52
(2005).

6. Kapias, T., Griffiths, R. F. and Stefanidis, C., “REACTPOOL: A
Code Implementing a New Multi-Compound Pool Model that
Accounts for Chemical Reactions and Changing Composition
for Spills of Water Reactive Chemicals, J. Hazard. Mater., A81,
1-18(2001).

7. Kapias, T., Griffiths, R. F. and Stefanidis, C., “Spill Behaviour
Using REACTPOOL - Part II. Results for Accidental Releases
of Silicon Tetrachloride (SiCly), J. Hazard. Mater., A81, 209-
222(2001).

8. Roy, P. K., Bhatt, A. and Rajagopal, C., “Quantitative Risk
Assessment for Accidental Release of Titanium Tetrachloride in a
Titanium Sponge Production Plant] J. Hazard. Mater., A102,
167-186(2003).

9. Fernie, D., Ramskill, N. and Atkinson, G., Water Reactive Mate-
rials — Incorporation into Safety and Environmental Risk Assess-
ments, IChemE(2004).

10. Zhang, J., Chem, G, Reniers, G. and Zhang, Q., “Numerical
Investigation on Three-Dimensional Dispersion and Hazard
Characteristics of Silicon Tetrachloride Leakage in the Atmo-
sphere’’ J. Hazard. Mater., 288, 1-16(2015).

11. Jeon, B. H. and Kim, H. S., “A Study on the Derivation Method
of Damage Range to Determine Reaction in Trichlorosilane Leak
Accident) J. Korean Soc. Hazard Mitig., 21(1), 291-300(2021).

12. Jeon, B. H., Kim, H.S., Park, J. H. and Lee, S. M., “A Study on
Improvement Plan for Selecting Boundary Area to Respond to
Chemical Accidents and Terrorism}’ J. Korea Acad.-Ind. Coop.
Soc., 21(8), 60-66(2020).

13. Titanium Dioxide Manufacturers Association (TDMA), Safety
Advice for Storage and Handling of Anhydrous TiCly, 9th ed.
(2017).

14. International Association of Oil & Gas Producers (IOGP), Pro-
cess Release Frequencies, Report 434-01 (2019).

15. KOSHA Guide P-107-2020: Technical Guidelines for Selection
of Worst-Case and Alternative Accident Scenarios, Korea Occu-
pational Safety and Health Agency (2020).

16. U.S. Environmental Protection Agency (EPA), Risk Management
Program Guidance for Offsite Consequence Analysis (2009).

17. The Chlorine Institute, PPE for Chlor-Alkali Chemicals, 6th ed.
(2015).

Authors

Donghyun Kim: Graduate Student, Department of Chemical and Bio-
molecular Engineering, Chonnam National University, Yeosu, Jeonnam
59626, Korea; E-mail: dhkim83@lgchem.com

Hun-Soo Byun: Professor, Department of Chemical and Biomolecular
Engineering, Chonnam National University, Yeosu, Jeonnam 59626, Korea;
E-mail: hsbyun@jnu.ac.kr



