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Abstract : LPG(Liquefied Petroleum Gas) vehicles in metropolitan area are being applied to improve air quality and
have been proven effective for the reduction of air pollutant. In addition, LPG demand is growing rapidly as an environ-
mentally friendly energy source and its gas station is also increasing every year. Consequently, this study tries to find
out the influence of flame caused by the VCE(Vapor Cloud Explosion) in filling station on the adjacent combustibles
and people by simulating relevant quantity of TNT. In addition, the damage estimation was conducted by using API
regulations. If the scale of the radiation heat is known by calculating the distance of flame influence from the ex-
plosion site, the damage from the site can be easily estimated. And the accident damage was estimated by applying
the influence on the adjacent structures and people into the PROBIT model. According to the probit analyze, the spot
which is 30m away from the flame has 100% of the damage probability by the first-degree burn, 99.2% of the damage
probability by the second-degree burn and 93.4% of the death probability by the fire.
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1. Introduction emission regulations and fuel efficiency standards since
2,000”.

In case of Germany, there were only 30,000 LPG
vehicles and 600 LPG stations in 2004 but they were
expanded more than 70,000 automobiles and 1,000
stations in 2006”.

LPG bus station in Europe appears 1o be a success,
the demand is increasing. To solve the air pollution
in urban areas, especially, LPG is projected as a rela-
tively cost-effective alternative”.

LPG(Liquefied Petroleum Gas) vehicles in metro-
politan area are being applied to improve air quality
and have been proven effective for the reduction of
air pollutant”,

Especially, USA, EU(European Union), Japan, China
etc. have greatly enhanced the car's carbon dioxide
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Table 1. The state of LPG Consumption  (units : 1,000ton)

Section | 2004 | 2005 | 2006 | 2007 | 2008 | . Rate of
increase(%)

Business | 2,065 | 2,184 | 2,081 | 1,911 | 1,679 054

Citygs | 75 | 96 | 60 | 62 | 178 2.8

Industrial | 481 509 504 637 650 42

Fuel 1,226 | 1,236 | 1,445 | 1,516 | 2,045 13.6

These fuel sources for vehicle's operating have been
recently turned from gasoline to the gas a little bit.
As shown in Table 1, the LPG quantity for transpor-
tation has gradually increased an average 3.9% each
year5’6).

Changes to the gas fuel are the problems of the
‘survival’ beyond the ‘quality of life’ improvements
and revive a new paradigm of ‘sustainable develop-
ment’ which pursues economic development in harmony
with environmental conservation®.

When we use gas as fuel, it is effective in imp-
roving the environment by significantly reducing air
pollutant emissions and it has a good efficiency in
terms of economic aspects because of a high-octane
number.

However, gas accidents occur with various causes
and types. Also, the potential dangerous factors always
exist in industry and in the home, and the same types
of accidents occur repeatedly”.

Especially, the representative examples of the acci-
dent in gas station occurred in IKSAN gas station
(VCE) and BUCHEON gas station(BLEVE) and it
resulted in many casualties and loss of enormous pro-
8-10)

perty
With this as a momentum, the installation of sto-

rage tanks type regulations are buried underground

Table 2. The state of LPG filling system(Locating type)
(units : ea)
The storage tank(Locating type)

Section Above Underground
- - Total
ground | Bugial | Containment
Total 173 1,703 110 1,986
Vessel 29 38 3 70
Vessel and Vehicle 70 420 70 560
Other " 41 26 1 68
54
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or ground type to prevent accidents pursuant to Arti-
cle 1[facility and technic standards of liquefied petro-
leum gas business] of Liquefied Petroleum Gas Safety
Management and Business Law Enforcement Regula-
tions Article 10'".

LPG storage tank status installed in charging faci-
lities applied by the current regulatory laws is shown
in Table 2 and all of the 65% are installed in filling
station”.

According to research results of In-Won Kim
(2001)'?, such as LPG gas leak in charging facilities
occurred once in 80 years and The most important
factors causing the accident were structural defect and
external accident.

The storage tank installed above the ground pursu-
ant to the current regulations could cause VCE and
BLEVE”'® by a gas leak and buried underground
type tank is extremely vulnerable to corrosion connot-
ing dangerousness and economical efficiency.

Therefore, this study is to provide the damage dis-
tance of gas explosion against the accidents happened
by improper handling in the facilities.

2. Theory and Computation Method

The gas explosion is seriously influenced by the
explosion pressure, and the variables are fuel, kinds
of oxidizer, the concentration and size of vapor cloud,
the ignition spot, the strength of igpition source, the
size, place, and type of vent, the surrounding obsta-

cles, the method to make the smallest damage and
17-20)

SO On

fuel

AY
igniter

Fig. 1. 3 elements of fire,
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Table 3. Classification of country fire

Grade of fire Korea/Japan America Germany
A General combustibles of |  Such Such as left
(General fire) |wood, paper, textile etc.| as left sl
B Oil {combustibility liquid] Such
(Oil fire) inclusion) as left Such as left
¢ Electric Such ( - ion.
(Blectric fire) ! as left °°‘;’igf§)‘ g
D
(Metal fire) Metal Such as left
b . Gdb . §u6h Electric
{Gas fire) (compression, liquid) as left

Also, the gas explosion accident tums into a fire,
and the damage by this flame is very serious® .

Like Fig. 1, a fire cannot occur although one of
three elements is excluded as a triangle cannot be
made without one side.

Classification of fire is very important for extin-
guishment. The level of fire is set based on the kind
and nature of flammable materials of the elements
that makes fire. Korea divides the level of fire into
A, B, C, D and E like America and Japan. However
it is classified roughly intc A, B and C by the fre-
quency of fire generation, and it is generally used.
Table 3 is the classification of fire of Korea, America,
Japan and German based on the flammable materials
which make combustion at fire,

Korea usuvally follows the regulations of America.
Proper extinguishing method should be chosen accor-
ding to the above classification of fire. If it is not
followed, more dangerous accident can be happened.

The damage of radiant heat by the fire is serious,

and the formula of the radiant heat is as follows™=>",

2.1. Calculating the amount of leakage
Domestic LPG pipe lines in the filling station con-
sist of S0A in the size of liquid line and 25A in the
size of gas lines. So, in order to figure out the acci-
dent damage up to the maximum, it was calculated by
a scenario that seems to be leaked from the liquid line.
Incompressible fluid charges most of the leak in
the liquid line and if energy changes in piping and
pressure drop effects were ignored, the leakage rate
can be expressed as follow by the energy balance

22
equation 620
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Q= CpyAy| ———tn m
Pr
O Velocity of leakage by mass(kg/s)
C  : Friction Coefficient
- Sharp orifice 0.6, Round orifice 0.99
o Liquid Density(kg/m’)
A4 : Leakage area(mz)
g : Gravity acceleration(9.81m/sec’)
Py : Pressure of storage tank(Pa)
Pun : Atmospheric pressure(Pa)
2.2. Cdiculating the size of fireball
Dot = 5.8 % Mepar”* @

Direpanr : The largest diameter of fireball(m)
Mirepay © Early leaking amount of flammable liquid(kg)

2.3. Calculating the contfinuance time of a
flame

13
trrebal = 0.45 X Mprepart

&)

tresay = Continuance time of a flame(second)

2.4. Calculating the height of the center of
fireball

Hirebat1 = 0.75 X Direpan 4
Hirevar + The height of the center of fireball(m)

2.5. Calculating atmospheric transmissivity

7= 2.02(P,,, * Xs)*” (5)

Py, = RH % Pyger ©)

Prater = 0.0060298 P, D
x exp{5407( 2731.15 - —;;)}

7, : Permeation degree(Dimensionless)

: The distance from the surface of fireball to
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the damaged point(m)

D,
— fireball
Xe= \/(Hfirebal52 + Lﬁ'reball2) T ®

Py 1 Steam pressure of water(Pa)

Iz : Temperature of atmosphere(K)

RH  : Relative humidity(%)

P, : Pressure of atmosphere(Pa)

: The horizontal distance from the center of
fireball to the damaged point(mn)

Lrepan

2.6. Calcuiating radiation energy of surface

_ BX My X He
2
3.14% ‘Dfireba,ll X tfireball

(&)

E  : Radiation energy of surface(kl/m’ - s)

R : Radiation ratio of combustion heat (Dimen-
sionless) 0.4(The case that a container or a
pipe breaks at over the set pressure of pre-
ssure radiation equipment)

H. : Genuine combustion calory(kJ/kg)

2.7. Calculating view factor

D irel
Lfireba.ll X ( ﬂ2 o )2
Fy,= B (10
(Lf?ireba,ll + f‘[fzireball) ?
2.8. Cailcuiating radiation
Oprebatt = Ta * Ex Fy 1y

Ovebanr © Radiation at a certain point(kW/m?)

2.9. Probit analyze

The human injury degree by the heat radiation is
calculated with the exposure time to the flame, the
size of the radiant heat and the probit analyze model

formula®®*?,

1 Y=5 2
P= exp(— u?)du

-~

56

Y=Fk+klnV

(1) In the case of first-degree bum

P =—39.83+3.0186 [Ln(tQ%)] (12)

(2) In the case of second degree burn

P. =—43.14+3.0186 [Ln(tQ%)] (13)

(3) In case of death caused fire

P.=—36.3842.56 [Ln(th)] (14)

P, = Probability value(Probit value)
t = The time of exposure[sec]
QO = Intensity of radiant heat[W/m’]

3. Estimate of damage and Results

20tons and 30tons of storage tanks correspond to
the 80% of domestic LPG filling stations. In this
paper, the leakage from the liquid line of facility is
targeted to maximize the scale of accident damage.

The result calculated by equation (1) is about 1,995
kg, assuming that the crisis response time is 1'30"
including blocking time of emergency shut-off valve.
This value is 10% of the storage capacity 20tons, there-
fore, leakage amount is selected into 2,000kg.

According to API521 and World bank, the criterion
of the effect of radiant heat is as Table 4, 5.

To predict the damage to humans, the numerical
value which comes out from the probit analyze formula
is applied to the formula (1), (2), (3), and (4) like

Table 4. Time of feeling an ache(API521)

Intensity of radiant heat
> 3 Time that begin to sting(sec)

(Btw/ft'hr) (kW/m®)
500 1.6 . 60
740 23 40
920 29 30
1500 4.7 : 16
2200 69 9
3000 9.5 6
3700 117 4
6300 19.9 2
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Table 5. The effect of radiant heat(Word bank)

Table 8, Calculated value of radiant heat

Intensity of radiant heat
> 3 Effect
(Br/ft'hr) | (kW/m")
11900 375 Equipment and facilities are damaged.
7900 25 If it is exposed for a long time, a wood is
caught fire by the minimum energy.
4000 125 The minimum energy which is enough for
ignition of a wood or a plastic tube.
3060 9.5 Feel a severe pain 8 seconds later and got
burnt of the second degree 20 seconds
later.
1300 4 If it is not protected in 20 seconds, an
ache is felt and the skin is swollen.
500 16 If it is exposed for a long time, discom-
fort is felt.

Table 6, Related value of fireball
Mkg) D(m) i(s) H(m)
2000 73.075 5.67 54.81

Table 7, Related value of CaHat+Catio
CyHgtCyHyo keabkg kl/kg
10%+90% 12341.88 51656.94

Table 6. Also, Table 7 is combustion energy of LPG.
According to Liquefied Petroleum Gas Safety Con-

trol and Business Law, the separated distance between

storage capacity of 20tons and 30tons is 30m.

For the calculation of the radiant heat of Table 8,
the numerical value which comes out from the formula
(2), (3) and (4) is applied to the formula (8), and
then we can get the distance from the surface of the
fuel intake to the damage spot.

At first, the temperature, air pressure and humidity
of the time when the fire occurs are applied to the
formula (7), and the result is applied to formula (6),
and the final value is applied to the formula (8) and
(5). Then, we can get the Permeation degree.

To get the surface radiant energy, the values of the
formuia (2), (3), (4) and of the Table 7 are applied to
the formula (9).

And the value of visual factor is calculated by apply-
ing the formula (2), (3) and (4) to the formula (10).

Also, the human injury degree by the heat radia-
tion can get by applying the Permeation degree, the
radiant energy and the visual factor which come out
from the above to the formula (11) like Table 8.

The relationship between the probability value and
the percentage of the human injury degree by the heat
radiation is like Fig. 2*”, and the calculated values

BHRQRNEE| ], H25H H3E, 20101

E
W' - s

85 | 18.93 |2357.95{35.369 | 1.1247 | 434.678
11.5 ) 19.47 |2357.95|35.369 | 1.1218 | 434.678
12 | 19.57 |2357.95|35.369 | 1.1213 | 434.678
13.5 | 19.91 12357.95|35.369 | 1.1196 | 434.678
15 | 20.29 12357.95|35.369 | 1.1177 | 434.678

Lim) | X(m} | Puater P, Ta

Puctr

17 | 20.85 2357.95 | 35.369 434.678
21 | 22.16 |2357.9535.369 434.678
24 | 2329 12357951 35.369 434.678

24.56

2357.95

35.369

434.678

50 | 37.65 |2357.95 (35369 | 1.0572 | 434.678 | 0.1635 | 75.12
75 | 56.36 12357.95(35.369 | 1.0195 | 434,678 | 0.1249 | 55.35

100 | 77.49 123579535369 | 0.9907 | 434.678 | 0.0900 | 38.77
150 | 123.16 | 2357.95 | 35.369 | 0.9502 | 434.678 | 0.0492 | 20.31
200 | 170.84 12357.95  35.369 | 0.9227 | 434.678 | 0.0299 | 12.01
*temperature: 20.0, humidity: 15%, atmosphere: 760.0

percentage(%)
100

40 |

/
/

,/

0.0 20 40 6.0 8.0 10.0
probitvalue

Fig. 2. Relationship with probability value and percentage,

0

by using the formula (12), (13) and (14) to apply to
that are like Table 9.

If the values of Table 9 are applied to Fig. 2, we
can get the damage type by the radiant heat.

This study researched the damage using the probit
model and the value which we got from the probit
model was 30m like Table 9. So we judged that the
burn by the explosion of gas would be serious.

The probit model in about 30m of radius distance
between the storage tank which is used to charge gases
in the filling station and the field workers was calcu-
lated with the interpolation, and then we applied the
result to Fig. 2, so the damage probability by the
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Table 9, Probit value by distance of LPG 2,000kg

Z(m) Possibility with a | Pessibility with Possibility with
first degree burn |second degree bumn| bumnt to death

8.5 722270864 3.91270% 3.524238
115 831252745 5.002527 4.448487
12 8.45994533 5.149945 4.573508
135 8.85421191 5.544212 4.907876
15 9.19132472 5.881325 5193773
17 9.56650109 6.256501 5511951
21 10.1223947 6.812395 5.98339
24 10.4100235 7.100024 6.227321
27 10.6123449 7.302345 6.398905
50 10.593636 7.283636 6.383039
75 9.36442114 6.054421 5.340572
100 7.93147196 4621472 4,125323
150 532930443 2.019304 1.918489
200 3.2147802 -0.09522 0.125213

d;se‘gg:g((g;) Vapor Cloud Explosion

$0.0

80.0 +firebalf +time -cheight

T0.0

60.0

500

40.0

30.0

20.0

100 |

00 &

1000 1500 2000 2500 3000
quantity(kg)

Fig. 3. Value for firebali,

first-degree burn was 100%, the second-degree burn
was 99.2% and the death probability by the fire was
93.4%.

We got the size of the fuel intake and the lasting
hour of the flame caused by the vapor cloud explosion
in filling station by using the formula (2), (3) and
(4), and the result is like Fig, 3. According to Fig. 3,
every value goes up when the volume is increased.

Fig. 4 is about the amount of the heat radiation by
the temperature and the humidity in the field of sum-
mer, and what we can see there is little effect by the
pressure of the atmosphere by Fig. 5, but the radiant
heat goes up when the temperature and the humidity
decrease.
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distance{m)

Fig. 4. State with temperature and humidity.

Q(kW/m'
700

600 -
50.0
400 -
30.0
200

100 -

—20.0°C,760mnHg, 60%
~30.0°C,760mnHg, 60%
—30.0°C,760mmHg, 40%
—25.0°C,750mmHg, 60%
—30.0°C,770mnHg, 60%

—25.0°C,760mnHg, 60%
“=30.0°C,760mnHg, 30%
~T30.0°C,760mmHg, 50%
—~30.0°C,750meHg, 60%

e 20.0°C,7607TH, €0%
e 25,0 °C,7600MHg, 60%

30.0°C,7609MHg, 60%
s 30,0 °C,7608IHE, 30%
e 30.0C, 760MBHg, 40%
s 30,0, 760MHg, 50%
w—25.0C,750MHg, 60%
—0.0'C,750MHg, §0%
we—30.0°C,770MH, 60%

0.0

85115 12 135 15 17 21 24 27 30 50 75 100 150 200
distance(m)

Fig. 5. Radiant heat by distance.

Table 10. Possibility of damage effect about distance of LP

gas 2,000kg
Z(m) I;ossibility with a | Possibility with Possibility with
irst degree bumn {second degree burn| bumt to death

8.5 98.60% 13.80% 7.10%
115 100% 50.00% 28.90%

12 100% 55.90% 33.40%
13.5 100% 70.80% 46.40%

15 100% 81.00% 57.10%

17 100% 89.50% 69.60%

21 100% 96.50% 81.10%

24 100% 98.20% 88.90%

27 100% 98.90%

50 100% 98.80% 91.60%

75 100% 85.30% 63.40%
100 99.80% 35.40% 19.10%
150 62.90% 0.80% 0.70%
200 3.70% 0% 0%
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Finally, Table 10 displays the human injury possi-
bility by the heat radiation, it can get by applying the
Table 9 to the Fig. 2.

4, Conciusions and discussion

This study calculated the accident occurrence proba-
bility for the damage by the radiant heat by using the
probit analyze.

The following conclusion is come out through this
study.

1) 78kW/m’, the calculated value on the damage
to the human body by the radiant heat is shown as
30m from the heat of fire, and even though the last-
ing hour of the flame is so short, we judge that it
may be dangerous.

2) According to the probit analyze, the spot which
is 30m away from the flame has 100% of the da-
mage probability by the first-degree burn, 99.2% of
the damage probability by the second-degree burn and
93.4% of the death probability by the fire.

Therefore, we think the minimum distance length
should be maintained to reduce the damage by the
heat of fire through the result of this study. Also, we
want to continue our research and find out the damage
range of safety accident by the flame based on the
gas concentration and by the splinters of the explosion
through the experiments.
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