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Table 1. Required COy/air ratios(v/v) and minimum carbon dioxide

concentrations to prevent®

o Theoretical Minimum
COy/air > | Minimum CO» | Design CO,
Vapor Fuels Concentration ] ]
(v/v) Concentration | Concentration
(%)
(%) (%)
Carbon
) i 1.59 8.1 60 72
Disulfide
Hydrogen 1.54 8.2 62 75
Ethylene 0.68 12.5 41 49
Ethyl Ether 0.51 13.9 38 46
Ethanol 0.48 14.2 36 43
Propane 0.41 14.9 30 36
Acetone 0.41 149 27 34
Hexane 0.40 15.0 29 35
Benzene 0.40 15.0 31 37
Methane 0,33 15.7 25 34
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Fire

v

Fire Detector Activates

A Actuate Manual Control

Initiate Control Panel Sequence

1 |

Start Time Delay(20 Seconds Minimum)

A 4
-

Activate Pre-Discharge Alarm — Signal Sent to Fire Station

v

CO; Discharges after
Time Delay

Exhaust Area after Extinguishment

Source: Ishiyama, 1998

Fig. 1. Typical fire scenario for a CO- system in a tower parking

or floor machinery parking facility®.
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P-hdiagram for Carbon Dioxide Refigerant [R744]
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Fig. 3. CO, P-H diagram, (NIST Chemistry web book).
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3-3. 1D Transient 3|4 23}
3-3-1. 1D Transient A Z A
1D(One dimensional) Transient sl Z A3 7}4 A}stS Table 29 #t}.

aAto]l EA|s2 2 Multiphase property packageE Z-g3foF 3t} 18}

HEst= A8 TR W F o|4tgElLo] W3 Multiphase a4lo] 7153
AL g7 "ol 7S 600 kPaz 7FA 3 AEl2 =718 AHSHA

Abg9 Solver: 1D Transient interpretation solver$! ‘Flownex'o]™,

d

o] F¥ whEEA L ‘Darcy-Weisbach' 2 & 48319 th JpolZ o] S HAF

NN
o1

2 ND(Nominal diameter), 3¢ %W A7 = 2739 49(
Roughness (mm))E& A&3 3, WEZ5(Discharge coefficient)= 1.0,
Property  package™  Mixed package®=A] Two  phase package
(Homogeneous) + Gaseous package MEIS 71433

S7] 4HS 64 MPa, §7] %% 25 C, CO, &2 45 kg, &7] A4

675 LE A &3t

,2’7,



Table 2. 1D Transient analytical conditions

Classification Data Remarks
Bottle pressure 64
(MPa) ) - Apply estimate
- 1nitial charge capacity : Unknown
Bottle temperature - Temperature at the time of acci—
25.0 .
(C) dent : Unknown
- Amount of leakage by container
over time : Unknown
COy amount (kg) 45.0
Bottle volume (L) 67.5 - Bottle imprint criteria
- Application of nominal diameter
Pipe diameter ND — Thickness not measurable
- External painted condition
Roughness (um) 45 - Carbon steel criteria
Solver Flownex | - 1D Transient interpretation solver
Discharge coefficient 1.0 =
. Darcy i .
Primary loss ) - Application of typical method
weisbach
Forward k-loss 1.0 -
Reverse k-loss 0.5 -
Temper-
Boundary ature, - Apply assumption
Pressure
Mixed n
Property package Two phase package(Homogeneous)
package | Gaseous package

,28,
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Fig. 8. Pressure change analysis
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Fig. 10. Pressure change analysis results at point C.
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ojsbstet o] & H ks BAEH7] 93, AARA A (Control volume)
A5(w) x 45(d) x 18(h), (ecm?), FHFEE 72 et AAH(Cartesian grid), CFLV
= 5, CFLCE 05, =132 FLACS v10.7 Ventilation and Dispersion
(Solver, pre-post)S A &3N3, T A E (Steady state)Z 7FH3FA
.

R+ 208.15K, B 2%+ 223.10K, HES BX] gol FTEH A7
+ 0.0 m/solH, ¢=2 1,000 hPa, %= & (Release rate)= 43.32 kg/s$ o™,

WEAS HxE AEeier AR 48232 Table 33 2t
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Table 3. Computational fluid dynamics application conditions

Classification

Contents

Remarks

Control volume (cm')

45(w) x 45(d) x 18(h)

Specified lines with

Grid Cartesian grid o
equal distribution
CFLV 5 -
CFLC 0.5 -
FLACS v10.7 Ventilation and dispersion
Application (Solver, Pre—post)

Flowvis 5.8.0 (Post processing)

Release rate

Continuous release

Ambient temperature 298.15 K
Material temperature 22315 K
Wind direction None

Wind speed 0.0 m/s @ 10 m above
Ambient pressure 1,000 hPa
Ground roughness 0.0002 m
Pasquill stability None Heavy gas behavior

Boundaries

Wind / Nozzle

Release rate

43.32 kg/s

Duration : 45 s

Physical properties

CO; 1n listspecies

,38,
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Fig. 14. Oxygen concentration variation over time at MP5.
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Fig. 15. Oxygen concentration variation over time at MP6.
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Fig. 16. Oxygen concentration variation over time at MP7.
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Run: 010100
Var: 0X_3D (volume)
Time: 10999.82 ms (11)

0.0000

Fig. 17. Changes in oxygen concentration after 11 seconds.
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Run: 010100
Var: 0X_3D (volume)
Time: 29999.95 ms (30)

0.0000

Fig. 18. Changes in oxygen concentration after 30 seconds.
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Run: 010100
Var: 0X_3D (volume)
Time: 46000.26 ms (46)

0.0800

0.0000

Fig. 19. Changes in oxygen concentration after 46 seconds.
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Run: 010100
Var: 0X_3D (volume)
Time: 121000.20 ms (121)

0.0000

Fig. 20. Changes in oxygen concentration after 121 seconds.
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Run: 010100 \ =
Var: 0X_3D (volume) , O . 0.0000
Time: 302000.00 ms (302)| ¥

Fig. 21. Changes in oxygen concentration after 302 seconds.
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Run: 010100
Var: FMOLE 3D (volume)
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Fig. 22. Changes in CO, concentration after 1 second.
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Run: 010100
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Fig. 23. Changes in CO, concentration after 10 seconds.
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Fig. 24. Changes in CO, concentration after 30 seconds.
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Fig. 25. Changes in CO, concentration after 45 seconds.
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Fig. 26. Changes in CO, concentration after 121 seconds.
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Fig. 27. Changes in CO, concentration after 302 seconds.
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Fig. 28. Wall breakage after 1 second.
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Run: 010100
Var: UVW_3D (volume)
Time: 10000.24 ms (10)

Fig. 29. Wall breakage after 10 seconds.
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Fig. 30. Wall breakage after 31 seconds.
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Photo 1. Locking pin installed on solenoid valve.
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Photo 3. O-ring installed away from the O-ring groove

shapes of flange side screws.
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Photo 4. Normal side (Round type).
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Photo 5. Pressurized side (Oval type).
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Table 4. Results of thread length calculation of standard screw

gourmet flanges according to KS

@D @ ©) @
‘ PN110  nominal
At the time of ASME  flange | .
) Flange class acc- ; diameter of
the accident CO» g PN nominal pr-
] ording to ASME screw gourd
maximum pres-— o _ | essure corresp-
i specification avai- i flange (DN) 125
sure at selection onding to class
o lable for 3.6 MPa reference screw
valve position 600
length
3.6 MPa Class 600 PN110 48 mm
CO, diffusion
‘ ) KS B 1426 KS B 1426
simulation ASME B16.5
Annex part I Annex table 16
results
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Table 5. Regional business sites

) Gyeong | Gyeong | Metro | Jeon Jeon | Chung | Chung
Categorized )
] nam buk | politan | nam buk nam buk
by industry . . . . . .
region | region | area | region | region | region | region

Total
business 62 26 113 20 11 22 28
(282 places)

CO, storage
room 120 34 242 60 17 38 69
(630 rooms)
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Table 6. Distribution of CO, storage

industries

o Service Transporta-
Electricity, ] )
Industry Manufac— industry, | tion, Ware-
T ) Gas, Steam
classificati— turing Other ser— | houses and etc.
) and Water i
on industry | vice Telecomm-
services : o
industry unications.
COs storage
room 441 22 34 12 121

(630 rooms)

,78,




4-2-2. 23 %A AFE AR

A W Vleer A otbateha 43pdM] AdtefA] A A A

o

63072 % 6087123 AA AR} gelo] HYA o] 227) 2= A A A
ol shelE) A ok,

MAAES} By astoba] AFAD Hul, 1980 7h] 237047 A
Haom 1990 el 2937 A= o]4bstErA AstAu| 7 12782 5 A SHA
Z7haTh ol AAadl 28AN F s Bo] S5 ojstEa AstA

v AR = o]ibEtE A ALV HE58] S7F sklem, 2000 o] % = A

o
%,
N

Hl

o
fo
>,

2
s
b,

Hye

~

=

o

jﬂ

L

@

1%

15

12

o

0
I,

i)

RS AA e A o]F BHUR sfat o] 4ksHE 2 (C0y), WE(CH), obat
314 4 (N,0), 23182 (PFC), 424312 8184 (HFC), 2314 3(SFy) 5 6717

2 AGHAAL, E7E T oUFES oAt e Tt AAste] oiksE s

,79,



Frequency

0

A

i

o

1] /
150 \W\\
/ 13
100 /
50
)
0
~'89 '90~"99 ‘00~"09 10~"19
Year

Fig. 32. Storage installation status.

_80_




Tor

&+

o

A4 8719 et wEe T4 5

.

B

ul
=

o o
1=

bol Wu 1A7h et

)

ol g e}

A3 919

A3

bz Abgol

Z 5

s
a-

Ho

2 ol

Al 2,01178

al

s

ol AL E 63071401 o]F 470

W3 o] 17) Ao A

T, BT

= AA

A 7427} 5687 42 (89%) = -2

T
—

S AR TSt

A2 1AV HdE

77 Fig. 33 A]

,81,



Table 7. Number of protection zones per COs storage room

Number Number Number
of prot- | CO, storage | of prot— | CO, storage || of prot— | CO, storage
ection room ection room ection room
zone zone zone
1 244 11 3 21 1
2 114 12 1 22 0
3 120 13 3 23 0
4 49 14 3 24 1
5 31 15 2 %) 0
6 9 16 1 26 0
7 15 17 4 27 0
3 6 18 0 28 5
9 4 19 1 29 0
10 3 20 1 30 0

,82,
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Table 8. Self-inspection cycle

) Gyeong | Gyeong | Metro— | Jeon Jeon | Chung | Chung
Categorized ]
] nam buk politan | nam buk nam buk
by industry ) ) ) ) ) )
region | region area region | region | region | region
Less than 4
a year
1 year 112 30 228 5 13 36 40
2 years 6 b 2 4
More than 3
2 4 5 8 4 25
years
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Table 9. Amounts of CO; fire extinguishing agent

(ton)

) Gyeong | Gyeong | Metro— | Jeon Jeon | Chung | Chung
Categorized )
] nam buk | politan | nam buk nam buk
by industry . . . . . .
region | region | area | region | region | region | region

Total
amount of
fire
) ) 482 173 757 38 37 247 376
extinguish
agent

(2,160 ton)
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Table 10. Businesses with a lot of fire extinguishing agents

Amount Amount
Company Company
(ton) (ton)
SHI1 Icheon 253 SO 59
SH? Cheongju 200 1) 21
S1 Hwaseong 120 DS 47
S2 Onyang 44 LA 38
SS1 Chenonan 91 LS 23
SS2 Eonyang 53 P 15
SS3 Ulsan Aluminium 92 H Keumsan 20
KSEP Co., Ltd.
72 D Steel 20
Samcheonpo
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Table 11. Storage location and ventilation system

Storage location

Ventilation system

Under Unidentif-
Ground Forced | Natural | None }
ground 1ed
St 468 162 283 178 166 3
orage
BN (7a%) | (26%) | (45%) | (28%) | (27%) |  (0%)
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Table 12. Safety management of facilities

Workers expo-
sed directly to

the release of

Permission for

high—pressure

gas concentration

Protection area

) ) ) gas safety meter
fire extinguish-
. management
g agents
No
| perm- Not Not
Unex—- | Expo— | Permi— | = . Install- | . Install- | .
] 1ssion ) install—- ! install-
posed sure sSs1on . ation ation
requi— ed ed
red
526 100 114 515 276 351 o262 o6
(83%) | (16%) || (18%) | (82%) | (44%) (56%) (89%) (9%)
626 629 627 618
(Unidentified:4) || (Unidentified:1) | (Unidentified:3) | (Unidentified:12)
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Table 13. Working status of workers in the protected area

Worker’'s working status Education and training

Exist None Sum Do None Unidentified | Sum

1,724 287 2,011 1,755 214 42 2,011
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Table 14. Alert method for workers in protected area

Alerting method in case of carbon

dioxide exposure

Warning sign

Broad- ) Unide- - Unide-
Alarm ] Voice B Sum | Exist | None o Sum
casting ntified ntified
1,906 62 3 40 2,011 1,692 | 302 17 2,011
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Table 15. Selection valve installation status

Catego—

e Gexg | Geag | Metro- | Jeon Jeon | Chung | Chung
rize
bv ind nam buk politan | nam buk nam buk | Sum

ind-

Y region | region | region | region | region | region | region
ustry

Screw

90 28 17 54 9 e 57 430

(threaded)
Welded ) 4 38 1 3 6 2 109
etc. 25 2 37 5 5 7 10 91
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A Study on the Cause Analysis and Countermeasures to

Asphyxiation Accidents Due to the Leakage from

Carbon Dioxide Fire Extinguishing Equipment

Ho-Jung Kang

Dept. of Interdisciplinary Program of Fire Protection and Disaster
Prevention Engineering, Graduate School, Pukyong National University

Abstract

1) In this study, the quantity of carbon dioxide leaked from the detached
selector valve and the pressure changes during the leakage process were
analyzed using the ID transient analysis on the system line of carbon di—
oxide fire extinguishing equipment, and through the simulation of carbon
dioxide diffusion using the computational fluid dynamics, the diffusion pa-
th, the oxygen—carbon dioxide concentration at the operator’s position and
the effect caused by the pressure generated at the time of leakage were
analyzed. Based on these, the carbon dioxide leakage process were analy-

zed, and the results are as follows.
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(1) Due to the pressure of carbon dioxide released into the gas collection
pipe room, the upper part of the outer wall of the gas collection pipe
room made of gypsum board was damaged, and thus, CO, was
leaked into the adjacent passage. Subsequently, the oxygen concen-—
tration at the operator’s position was reduced to minimum 5.3%, re—

sulting in the asphyxiation accident due to the lack of oxygen.

(2) The cause of the carbon dioxide leakage from the carbon dioxide fire
extinguishing equipment is as follows. The locking pin, a counter—
measure to prevent CO, leakage, was partially installed due to the re-
placement work of the old automatic fire detection system, but upon
receiving a false signal, the starter solenoid valve of the electrical room

on the other floor was activated, which led to the release of CO..

(3) The cause of the detachment of the selector valve is as follows. As
the dimensions of the female and male threads did not match, the
approximately two threads were not fastened. During this process,
the O-ring was detached, which weakened the strength of the joint
further, and thus, the bolted part could not withstand the pressure of

CO,, resulting in the detachment of the selector valve.
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(4) The ID Transient analysis, upon the assumption that the maximum
pressure was 3.6 MPa and the atmospheric pressure 600 kPa at the
position of the detached selector valve at the time of the accident,
showed that the amount of carbon dioxide leaked from the exit port
of the valve and that released from 2 open valves were similar, with

a mean error of 1596.

(5) In order to analyze the diffusion process of leaked carbon dioxide,
FLACS v10.7 program was used, and the analysis of the oxygen con-
centration showed that it was 10% or less at the position of the oper—
ator at 25 seconds from the leakage of carbon dioxide and reduced to
the minimum of 5.3% at 50 seconds when the leakage was completed,

which was the concentration low enough to suffocate the operator.

2) As the asphyxiation accidents due to carbon dioxide has been continu-
ing such as the accident at O OElectronics in 2018 where the fire ex-
tinguishing agent, carbon dioxide, was leaked due to the damage of the
selector valve of the fire extinguishing equipment, resulting in 3 casualties,
the industrial distribution of carbon dioxide fire extinguishing equipment

scattered across business sites, and the status of storage installation, in-
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spection and management were investigated, and the safety measures for

carbon dioxide extinguishing equipment suggested as follows.

(1) The number of business sites that have the carbon dioxide fire ex—
tinguishing equipment i1s 282, and the industrial distribution for 630
storages and 2,011 protected areas i1s as follows.

In terms of the region, it was divided into 7 such as the Gyeongnam
region, Gyeongbuk region, Seoul metropolitan region, Jeonnam region,
Jeonbuk region, Chungnam region and Chungbuk region, and the
Seoul metropolitan region has the most storages with 242, followed by
the Gyeongnam region and the Chungcheong regions.

In terms of the industrial sector, the manufacturing sector has the
most storages with 441, followed by the service and other service
sectors.

Therefore, in terms of the region, intensive management needs to be
centered on the Seoul metropolitan and the Gyeongnam regions while the

manufacturing sector should be intensively managed in terms of industry.

(2) The number of installation of fire extinguishing agent storage facili—

ties increased 12.7 times from 23 locations before the 1980s to 293

locations in the 1990s. Since the 2000s, the use of carbon dioxide,
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3)

which accounts for most of the greenhouse gas reduction targets, has
been slightly declining due to restrictions in the use of carbon diox-—
1de following the international treaties on global warming. In addition,
domestic fire regulations should be improved in line with global
standards, where environmental concerns and regulations are being
strengthened, and at the same time, new fire extinguishing equipment

systems and fire extinguishing agents need to be developed.

A number of accidents involving casualties occur in the carbon dioxide
fire extinguishing equipment, which is gas—based fire extinguishing
equipment. The toxicity of carbon dioxide itself is low, but it can re-
duce the oxygen concentration depending on the released carbon dioxide
concentration, which leads to a high risk of an asphyxiation accident.
Thus, the total number of protected areas responding to the leakage of
carbon dioxide from the carbon dioxide fire extinguishing equipment is
2,011, and the average number of protected areas covered by one stor—
age 1s 3. The number of the storages that cover 1 — 5 protected areas
is 558 (89%), accounting for the most of storages, and the maximum
number of protected areas covered by a single storage is 28.

Therefore, a review to strengthen legal regulations is needed, which

enforce the location where carbon dioxide fire extinguishing equip-

- 119 -



ment 1s installed to be limited to the area where there are no people

around, and the protected areas to be installed separately.

(4) In accordance with the ‘High Pressure Gas Safety Control Act’, car-
bon dioxide storage containers are managed by setting an inspection
period so that those who store high-pressure gas and incombustible
gas undergo regular inspections every two years. Accordingly, carbon
dioxide fire extinguishing equipment storages are also undergoing
regular inspections. Business sites outsourcing the inspection account
for 568 (90%) of the total while 53 manufacturing sites (8%) and 2
non—-manufacturing sites are conducting self-inspection.

Most of the carbon dioxide fire extinguishing equipment storages
(582 locations, 92%) have been inspected in the past two years, and
thus the inspection cycle is good. However, the possibility of casu-
alties due to the fire extinguishing agent i1s high, and as the in-
spection of facilities and containers that considers safety matters re—
lated to human casualties 1s insufficient with the design of fire ex-
tinguishing agents mainly focused on suppression of fires in the pro-
tected area or protected object even in the fire control, the regu-
lations on the safety management of facilities and the maintenance of

installed facilities should be devised.
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(5) The location of most of fire extinguishing equipment storages is
above the ground with 468 sites (74%). The safety device to mini-
mize the human casualties includes ventilation equipment, and the
number of the facilities with ventilation equipment is 461 (73%).
Among them, 283 facilities have forced ventilation, which is less than
half of the total, and due to the nature of the facilities, the ven-
tilation equipment is installed at the upper position, which limits the
release of carbon dioxide. Natural ventilation was found in 178 facili—
ties, which turned out to be one of the ventilation methods not pro-—
viding effective ventilation in the enclosed protected area, rather in-—
creasing the risk of accidents, and not having detailed regulations.
The number of storage facilities without ventilation is 166 (27%).
Specific standards for ventilation methods should be strictly set, and
detailed regulations for installation of forced ventilation as well as

natural ventilation be prepared.

(6) The investigation of the status of safety management found 100
(16%6) storage sites where workers are directly exposed to the carbon
dioxide extinguishing agent at its release, 515 sites (82%) that have

not obtained approval for high-pressure gas safety control, 351 sites
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(56%6) without a gas concentration meter and 56 sites (9%) without a
firewall, indicating that safety control was partially substandard.

When a worker enters a place where there i1s a carbon dioxide fire
extinguishing system or a protected area where gas is released, a
gas concentration meter capable of measuring the carbon dioxide or
oxygen concentration should be provided, and a respirator that can
be used in case of emergency should be ready in a nearby place.
When working, in order to prevent the asphyxiation due to carbon
dioxide before, during and after work, the carbon dioxide or oxygen
concentration should be measured within the protected area and its
surroundings, and only then, after ventilation if necessary, a worker

should enter the protected area.

(7) In the selector valve installed in the fire extinguishing equipment
storage, the screw (screw thread) type is the most common with 430
sites (68%) just as in the business site where the accident has
occurred. Besides, the welding type is used in 109 sites (17%) and
others in 91 sites (14%).

The National Fire Safety Code (NFSC) 106 on carbon dioxide fire
extinguishing equipment stipulates that a selector valve should be in-

stalled at every protected area or protected object, and each selector
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valve be marked with the protected area or protected object covered
by it. However, as it lacks details such as the fastening method of
the selector valve, the regulations such as the installation of safe de-
vices and the method of fastening the selector valve should be es-
tablished in order to reduce the human casualties caused by the

leakage from the carbon dioxide fire extinguishing equipment.

(8) Carbon dioxide fire extinguishing facilities are installed and main—
tained on the basis of the National Fire Safety Code 106. However,
by focusing on the facilities needed to extinguish fire based on the
protected area or object, it relatively lacks the regulations on the life
safety. Therefore, in order to prevent human casualties, the following
countermeasures are needed.

First, before commencement of work, by reviewing the work site
drawings and conducting on-site inspection with the person in charge
of operating fire safety facilities, the types of fire extinguishing
equipment, their arrangement plan, types and forms of fire detectors,
the risk of operating the carbon dioxide fire extinguishing equipment,
operation of alarm devices, location of emergency exits, and safety
measures should be checked.

Second, when working in a place where a carbon dioxide fire ex-
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tinguishing system 1is installed, the automatic and manual changeover
switch must be switched to the ‘manual’ side (with interlocking with
the solenoid valve of the control panel stopped) to prevent malfunc-
tion, and a locking device is used to prevent unwanted operation In
advance. Furthermore, all people in the building are notified of the
date, time, location and details of work through in-house broad-
casting and bulletin boards, and a supervisor or watcher is deployed
at the site to provide safety and health training regarding the harm-
ful effects and danger of carbon dioxide.

Third, how to evacuate before carbon dioxide is released within 30
seconds after the alarm system and the detector of carbon dioxide
fire extinguishing equipment are activated should be learned in ad-
vance along with the evacuation route and assembly points. In addi-
tion, before entering the place where carbon dioxide 1s released, it
should be ventilated completely, and if it is necessary to enter the
place under the effect of carbon dioxide for the rescue of lives, a

respirator must be worn.
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