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Abstract—The physical properties of dimethylether (DME) are similar to conventional fuels such as LPG and diesel,
so DME has been recently considered one of the most promising candidates for a substitute for them. Equipment failures
in gas stations lead to accidents that pose significant threats to people and property. Therefore, prior to commercial-
ization, safety standards for DME need to be developed based on risk analysis. In this study, we focused on safety dis-
tance in DME filling stations. A hypothetical DME filling station was modeled based on a DME-LPG mixed filling
station designed by KOGAS, and safety distances were suggested from a semi-quantitative risk estimation approach
using individual risk calculations. Modified individual risk calculations were performed with consequence analysis
and failure mode under varying accident scenarios. Compared with existing individual risk analysis, the modified-indi-
vidual risk approach is supplemented with a weighting factor to graduate each accident scenario by historical analysis.
Subsequently, the outcome shows the individual risk that suggests a safety distance. To compare with conventional
fuel, we also performed a comparative study on the filling station fuels LPG and DME. According to the quantitative
risk estimation results, we propose a separation distance based on accident scenarios for each facility. In conclusion,
safe distances for DME facilities are lower than those that dispense LPG. Therefore, a DME filling unit can be placed at
conventional gas stations without increasing the safety distance. The results will also be useful in determining the stand-
ard for safety management of renewable and sustainable energy.
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INTRODUCTION

1. Research Background

Hazardous gas is one of the most common causes of accidents
at filling stations. The types of accidents are mainly explosions, fires,
and leaks. In Korea, 2-3 accidents occur annually at filling stations.
According to historical accident data, the Bucheon and Iksan gas
explosions caused a large number of casualties and property dam-
age. To reduce the impact of such accidents, it is very important to
ensure proper safety distance, and ongoing safety management is
needed.

Gas stations today mainly use propane (household gas) or butane
(vehicle gas). Propane usage is most common, and accounts for more
than 70 percent. Recently, the international price of propane has
been rising continuously, so it is urgent to find alternative filling
station fuels. Price competiveness and environmental issues are al-
ways important in selecting alternatives to propane.

Dimethyl Ether (DME) is considered one of the most promising
candidates for a substitute for LPG and Diesel fuel. Its physical prop-
erties are similar to those of liquefied petroleum gas (LPG), so it
can exploit existing land-based and ocean-based LPG infrastructures
with minor modifications. Compared with other fuels, combustion
of DME produces much less pollutants such as hydrocarbons and
carbon monoxide. Moreover DME’s combustion efficiency is higher
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than that of other hydrocarbon fuel.

Because filling stations are located at the periphery of urban dis-
tricts, they involve various hazard factors, resulting from either sim-
ple accidents or full-scale accidents. In this study, based on filling
station accident histories from 1987 to 2003, we generated possi-
ble accident scenarios and analyzed the extent of damage. On the
basis of this given information, we tried to determine the proper
safety distance of a DME filling station.

The working notions about safety distance in industrial fields are
tied up to the level of ignorance concerning the behavior of some
technologies. As a consequence, a certain level of protection was
established. As of now, there are effectively two methods of esti-
mating safety distance. The first way is estimating harmful distance
based on theoretical calculations, and the second way is determin-
ing safety distance by empirical approach. The latter approach is
more common because the first way often takes considerable time,
cost, and human resources.

In Korea, at present, since the Bucheon and Iksan gas explosions,
charging equipment and storage tanks legally must keep a safety
distance (17 m-10 ton basis) to boundary offices. In the surround-
ings of filling stations, the distance from the protection building must
be greater than that from the office boundary. Table 1 shows the
criteria of building protection in South Korea according to law.

In this study, we generated proper accident scenarios based on
past-accident historic data, and based the frequency of accidents on
K-RDB (Korea-Reliability-Database) and FTA (fault tree analysis).
Simultaneously, as a probit analysis, we calculated the fatalities in
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Table 1. The criteria of protection building in South Korea

Protection

building Division

1. School, kindergarten, academy, hospital, play-
ground, library, market, hotel, etc.

2. Accommodation building which area is more
than 1000 square meter

First-class 3. Movie theater, church, or building that accom-

modates more than 300 people.

4. Social welfare organization[facility Jaccommo-
dating more than 20 people

5. Listed building, cultural asset

1. House

2. Residence building with an area of more than
100 square meters and less than 1,000 square
meters

Second-class

the DME filling station. After considering weather conditions and
location factors, we calculated the modified-individual risk to hypo-
thetical members of selected population groups with weighting fac-
tors from historical data. The aim of calculating the individual risk is
to provide a safety distance to distinct dangerous areas in and around
filling station.

2. Theoretical Background

2-1. Safety Distance

The term “safety distances,” even though broadly used in both
the technical field and in the juridical field, has different shades of
meaning in each of these fields. Moreover, as for the term “Risk,”
safety distance is perceived in different ways depending on the con-
text (culture, person, etc.) in which it is used [1].

In South Korea, safety distance is defined in such a way as to
reduce casualties and property damage from accidents. Safety dis-
tance is generally divided into two parts. The first part is the mini-
mum separation distance for a gas facility, which is similar to an
office boundary distance, and the second part is the distance from
the protection building to the gas facility. In a gas filling station, safety
distance mainly depends on the type of protection building and the
gas capacity.

Table 2 shows the minimum separation distance for LPG stor-
age in various countries. South Korea defines a protection building
according to law (see Table 1), and the distance from a filling station
to a protection building is maintained atis misiiidd 1-2 times as large
as the office boundary distance [2].

2-2. Individual Risk

The large quantity of frequency and consequence information
must be integrated into a presentation that is relatively easy to un-
derstand and use. Risk presentation provides a simple quantitative
risk description useful for decision making. The individual risk is the
risk to a person in the vicinity of a hazard. This includes the nature
of the injury to the individual, the likelihood of the injury occur-
ring, and the time period over which the injury might occur [3]. In
this study, we applied the individual risk method to give a semi-
quantitative risk index.

The completed individual risk provides a useful, graphical por-
trayal of the risks presented by the system under study. The risks
associated with the various events plotted may be ranked and actions
prioritized accordingly [4].

Uniquely, this study used a slightly different version of CPQRA
individual risk. We applied the Health and Safety Executives indi-
vidual risk, which is a modified internal factor. Table 3 shows the
comparison of CPQRA & HSE individual risk.

2-3. DME Properties

Dimethyl ether (DME), the simplest ether, is considered to be a
substitute fuel that could potentially replace petroleum-based fuels.
The structure of DME chemical compound leads to very low emis-
sions of particulate matter, NO,, and CO during combustion. For
these reasons, as well as being sulfur-free, DME meets even the
most stringent emission regulations. Furthermore, the physical prop-
erties of DME are similar to those of liquefied petroleum gas (LPG),
which could enable exploitation of existing land-based and ocean-
based LPG infrastructures with minor modifications. Table 4 shows
a comparison of the properties of DME& LPG

We estimated properties of DME using the Aspen HYSY'S prop-
erty package (PR-Twu). The PR-Twu property package is based on
Peng-Robinson and incorporates the Twu Eos Alpha function. The
initial conditions of DME and LPG were obtained from KOGAS

Table 3. The comparison of CPQRA & HSE individual risk
Health and safety exec-

. L . Source . CPQRA
Table 2. The minimum separation distance for LPG storage (unit: utive
m) .
Korca Japan USA. Ttaly ;;i;ulatlon Frequency x probability  Frequency x probability
Capacity of  LPG  LPG 1. Accident frequency
storage (ton)  filling  filling S'E[(;;alége Stt(;ige ;l;fmk 2. Population existence 1. Accident frequenc
station  station oy . probability ' - Tredueticy
Calculation 3 Weath diti 2. Population number
10 17 17 15 25 15 items 4' G carer E.On ) 1f10£1 3. Weather condition
20 21 20.8 15 25 15 - Jeographiicatactor 4 Geographical factor
30 2% 2% 15 30 15 5. Existing population
40 27 269 15 30 15 working time
50 30 294 23 30 15 Population  Fraction of time & pos- Pobulation number
100 30 30 30 30 25 factor sible presence P
200 30 30 38 40 25 Tolerance 10210~ 10
400 30 30 122 40 25 limits i

Korean J. Chem. Eng.(Vol. 28, No. 6)



1324 Y.-H. Kim et al.

Table 4. The properties comparison of DME & LPG

Property DME LPG
Formula CH30CH3 C3HS
Storage pressure (atm) 15.837 15.837
Liquid density @ 30 °C, kg/m’ 598 486.2
Vapor density @ 30 °C, 1 atm (kg/m®) 1.915 1.833
Lower heating value, MJ/kg 28.8 46.35
Cetane number >55 -
Autoignition temperature, °C 235 470
Boiling point (C) -25.1 -42.0
Heat of combustion (kJ/kg) 26500 44000
Explosion limit (%) 3.4-17 2.1-94
process data.

2-4. Hazard Model
2-4-1. LFL Analysis

The distance of lower flammability limit (LFL) can be obtained
by a jet momentum model proposed by Ricou and Spalding, Long
and Cude (Loss Prevention in the Process Industries, 1996) [5]. The
shape of a jet is supposed to be conical. Gas leakage rate from the
leakage point can be expressed as in Eq. (1):

my= gdgpouo (1)

Where the subscript 0 indicates the leak point, u is the linear vel-
ocity of gas at the leak point. Mass velocity at the axial distance x
from the origin of the jet is expressed as the following Eq. (2).

m, = f(zxtanﬂ)zpouo @

Where fis the half-angle of the jet and u, is the mean velocity
of gas at x. By momentum balance in the jet, we can obtain Eq. (3)
by integrating Eq. (1) and (2).

12
mx u() X px

e _(_ 3
m, U, ldo po) )

Generally, k, is 2tan £, which is approximately 0.32 [S]. Concen-
tration of gas is in an inverse proportion to volumetric flow, so Eq.
(4) is expressed as the following equation.

crmeia) ) @

If a Gaussian concentration profile is assumed vertically, the above
equation may be rewritten as Eq. (5).

-1 1/2 2
So_1 (X)) (& _(&f
l6) G oo -] ®
Experimentally, the values of k, and k; were found to be 6 and 5.
The density of x is equated to air density (1.22 kg/m’). The dis-

tance of the gas jet from the hole to the lower flammability limit
(LFL) was calculated as Eq. (6).

-1 1/2
! :6‘1"(@) (,’f) _0d302 ©)

Co
If an ignition does not exist around the filling station, the length
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of the lower flammability limit can be found by referring to the guide
for safety distance. Even though the LFL distance cannot be ex-
pressed as an individual risk factor, it reflects the separated dis-
tance between each facility [5].

2-4-2. Fire

There various types of fire accident that can happen at a filling
station. Historically, based on past-accident data, most fires arise
from leaked gas ignition. In this study, we first calculated the gas
release rate from each facility and, based on the quantity of leaked
gas, estimated the radiation effect from the flame center to the loca-
tion of interest. Generally, DME is stored in the compressed liquid
state. When gas leaks from each facility, we assume that the gas
flow of the leak is a flashing flow.

In the absence of significant frictional losses (as is generally the
case in the nonequilibrium and equilibrium regimes), flashing flows
are generally always chocked and can be approximated by Eq. (7)
[6].

AHA [ g
== B 7
Q Ve YNTC, @

Where Q is the mass flow rate, AH,, is the latent heat of vapor-
ization. v, is the change in specific volume going from the liquid
to the vapor state, T is the absolute temperature, C is the liquid’s
specific heat, and N is a nonequilibrium parameter given by Eq.
@®.

AHj

= 0L 8
2APpK*V, TC, ®

AP is the total available pressure drop, p, is the liquid density, K
is the discharge coefficient, and L is the duct length, we assume
that the leak hole is similar to a sharp edged orifice with K~0.61.

The above equation simply reflects that the degree of nonequi-
librium is taken to vary directly with the residence time. For L/D=
0 the residence time is zero, resulting essentially in no flashing, and
the equation reduces to the well known orifice Eq. (9) for incom-
pressible liquid flow.

Q=0.61AJ2APp, ©)

Historically, leak size subdivides into three types (12.5 mm, 25
mm, and 50 mm). So, leak quantity also varies with leak size and
equipment operating pressure. In the filling station, most equipment
operates at an average of 16 kgf/em?’. The leak quantity from each
leak size is shown in Table 5.

The radiation effect from fire depends on the leaked gas quan-
tity. Based on gas quantity, the heat flux at a given distance from
the fire source, which is defined by the receiver per unit area, can
be calculated as suggested in Eq. (10) [7]. The calculated radiation
is applied to probit analysis for estimating fatality.

1= nrthZI—IC (10)
47x

where [ is the radiation heat flux at the location of interest, 7 is

Table 5. The gas leak quantity varying leak size
S(12.5mm) M (25mm) L (50 mm)
Leak quantity (kg/s) 2.61 10.42 41.69

Leak size
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the ratio of total heat radiated to total heat released from fire, z, is
atmospheric transmissivity, Q, is effective gas release rate from the
hole, H, is the heat of combustion, and r is the radial distance from
flame centre to the location of interest. The radiation fraction (7)
cannot be estimated theoretically and is normally estimated from
the data measured with a radiometer. For methane, laboratory exper-
imental data suggests it to be 0.2 [8]. Atmospheric transmissivity is
a measure of how much radiant heat is absorbed and reflected by
the atmosphere between the fire and the location of interest. It is
dependent upon the amount of water vapor in Eq. (11) [9].

7,=2.02(P,Hr) *” (11)
The Republic of Korea lies on the east coast of the Eurasian Conti-
nent, adjacent to the West Pacific. The annual mean temperature is
about 12.1 °C and the humidity is about 65%. By using the vapor
pressure of water corresponding to the average temperature and the
average humidity as 3,086 N/m’, the transmissivity can be expressed
with radial distance from the flame source to the location of interest
using Eq. (12) [7].

7=1.0189r" (12)

2-4-3. Explosion

The extent of damage from an explosion was calculated by the
TNT equivalency method. However, compared to actual gas explo-
sion accidents, results of theoretical calculations tend to be greatly
exaggerated. In the method used in Japan for calculating the impact
of a vapor cloud explosion, it is assumed that approximately 16%
of TNT equivalency contributes to an explosion blast. Generally,
2-10% of flammable gases combustion energy contributes to the
blast [9,10]. In this study, we assumed that 2% of the combustion
energy contributes to the blast. For filling stations, we assume that
the gas quantity in the explosion is equal to the quantity of leaked
gas from equipment, because approximately 3 min is enough time
from recognizing an accident to an emergency procedure response.
Leaked DME is converted to TNT equivalency. The equivalent mass
of TNT is estimated using Eq. (13) [10].

(13)

H, is heat of combustion. Experiments with explosives have dem-
onstrated that overpressure can be estimated using an equivalent
mass of TNT, denoted W,,, and the distance from the ground-zero
point of the explosion, denoted r. The empirically-derived scaling
law is used in Eq. (14).

. r
TV
W(TND

Z,

(14)

Where z, is scaled parameter and the peak side-on overpressure is
represented by the empirical Eq. (15).

Z, 2
. 1616[14—(4'5)}

Po_ 15
pa 1 ( z, )2 1 ( 252)2 1 ( z, )2 ( )
o048/ o 032/ | T\T 35
P, is the ambient pressure, and overpressure is used for probit analysis
in estimating consequences.

2-4-4. Fatality Calculation
-". Probit method
Death probability

Response versus dose curves can be drawn for a wide variety of
exposures, including exposure to heat, pressure, radiation, impact,
etc. Typically, probit analysis is widely used to estimate the response-
dose curve. In probit analysis, the probability of death from an acci-
dent (explosion, fire) can be calculated by the following Eq. (16)
[10].

_ L v
P—A/Z_J:% exp(— 2)du (16)
The equation provides a relationship between probability P and
the probit variable Y, which characterizes the dose-response rela-
tionship resulting from accidents, and such recipient probabilities
as death or injuries as Eq. (17).

Y=a+blnV 17

Where a and b are empirical constants for a number of different
types of exposure. The causative factor represents the dose V. V is
a dose of the load for a given exposure time.

Fatalities by heat effect and explosion impact can be expressed
using the following Eq. (18), (19), (20)

Heat Effect

4/3
Y:—14‘9+2.56ln(%>—>heat effect (18)

Where t, is the exposure time and I, is the radiational heat flux
at a specified location of interest.

The duration of exposure depends on so many circumstances that
it would not be possible to establish any specific rule to evaluate
the degree of harm. Rausch recommends a value of 30 s as expo-
sure time for people [11].

Explosion
Y=-46.1+4.82In(J)— Deaths from impact (19)
Y==77.1+2.56In(P)— Deaths from lung hemorrhage (20)

where J is the impulse and P is the peak overpressure at a specified
location of interest. Impulse is defined as the integral of a force with
respect to time. The duration of impulse depends on time to reach
peak pressure, so we refer to the vapor explosion data of the test
apparatus. The maximum pressure was reached in approximately
0.1 seconds. Overpressure (P) was calculated by the TNT equiva-
lent method [10].

PROPOSED ANALYSIS TECHNIQUE

1. Modified-individual Risk

To assess a simple and semi-quantitative risk, one not only exam-
ines a problem from accident results but also considers frequency.
In this study, we introduced a modified individual risk estimation
method. The difference between individual risk and modified indi-
vidual risk is applying a weighting factor by heuristic data. Individ-
ual risk is valuable in figuring the risk contours according to risk
range. Subsequently, we analyzed the safety distance according to
allowable risk range.

Korean J. Chem. Eng.(Vol. 28, No. 6)
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Fig. 1. Fault tree analysis.

The modified individual risk calculation may be divided into two
parts. First, the individual risk to hypothetical people who are present
at each of the locations of interest for all of the time (i.e., 24 hours
a day, every day of the year) is estimated. Second, the individual
risk which combines accident frequency, weather probability, fatal-
ity, and direction probability present a frequency of fatality at a loca-
tion of interest. The second term, ‘Frequency of Fatality’ is used
here for convenience. For a given location of interest, the Fre-
quency of Fatality is given by Eq. (21)

FoF,= z feu/ *Prat,ij * Pweather,ij * Pdirection,ij (1)
J

Where FoF, is the frequency of fatality at location i, f,,, is the fre-
quency of event outcome j, and Fig. 1 shows the fault tree analysis
used to calculate the f,,. p,, ., is the probability of fatality at location i
produced by event outcome j, p,.cae.; 15 the probability of the weather
conditions required to produce the event outcome at j, and Piecion. i ;
is the probability of event outcome j being directed at location i above
f,,; is calculated by fault tree analysis (FTA). As shown in Fig. 1,
and the reliability data is referenced from K-RDB (Korea Reliabil-
ity Data Base). In this section, we assume that weather is indepen-
dent of events and that the probability of event outcome is Omni-
directional. FoF; is converted into an individual risk term using Eq.
(22).

IR, ;=6 Pie, .1 FOF; (22)

Where IR, is the individual risk to a hypothetical member of
population group k at location i, &, is the overall fraction of time
that the hypothetical member of population group k spends in the
area of interest, and p,,.;, is the probability that the hypothetical
member of population group k is at location i. Gas filling stations
generally operate for 24 hours, so we assume that 4, and p,,. ; , are 1.

Combining above-mentioned Egs. (21) and (22), simply gives
Eq. (23). To grade each accident scenario, we apply the weighting
factor, which is equal to accident occurrence probability by histori-
cal data. We assume that one accident must occur in a filling station,
so the summation of weighting factor (¢r) is 1. The weighting factors
dimension is the probability of accident scenarios, which is esti-
mated based on past accident data. Accidents are comprised of two
types: fire and explosion. Specifically, fires are caused by leak acci-

June, 2011

dents, and the impact of fire is commensurate with the quantity of
leaked gas. We also consider the leak probability to vary with leak
size.

: ) I 0A plvc ik Lt/‘j p[m_ ij “Pueatier, i, j.pd:mclion, ij (23 )

The total individual risk in the area of interest is equal to the sum
of the individual risks from Eq. (24), where n is the total number
of incident outcome cases considered in the analysis. IR, , is the
individual risk of fatality at location i from incident outcome case j
to a hypothetical member of the population k.

IRI,/mul.l« = ZIRu,k (24)
J=1

2. Safety Distance Analysis
2-1. Estimation Procedure

Specific studies on DME safety distance do not currently exist,
because filling stations currently supply LPG and DME is not used
in daily life. Recently, the government has pushed to use DME in
LPG filling stations, so we estimated DME safety distance based on
the previous research on LPG safety distance. According to previ-
ous studies, safety distance correlates with lower flammability limit
(LFL) and jet flame length [5]. In this study, we analyzed the hypo-
thetical DME filling station following a simple procedure. As shown
in Fig. 2.

1) Select facility

Select the facility for estimating safety distance in the filling station.

2) Hazard identification

Identify the facility that is vulnerable to accidents (fire and explo-
sion).

3) Frequency, Consequence analysis

(D Frequency analysis

Determine the types of accident that cause casualties and property
damage and construct the fault tree, taking into account the interac-
tion between critical factors and the initiating event.

(@ Consequence analysis

Design and evaluate the resulting accidental events and calculate
fatalities based on accident effects using the probit method.

4) Historical approach

Analyze past accidents at filling stations and select a suitable haz-

Select facility

¥

Hazard identification

Historical appreach
(weighting factor,

hazard model)

Frequency Consequence
analysis analysis

Comparing with Modified-individual
ring wi Ll risk LFL
safety code calculation
+
Safety distance

Fig. 2. Safety distance estimation algorithm.
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Table 6. The ratio of accident type

The accident type Explosion Fire Leak Rupture Total

The cases of 11 14 17 2 25
accidents
CA ratio (%) 44 56 none  none 100

Table 7. The ratio of the leak accident varying leak size

. S M L
Leak size (125mm) 25Smm) (S0mm) @
The cases of accidents 20 11 4 35
Ratio (%) 57.1 314 11.4 100

ard model based on past accident data.

5) LFL Analysis

Calculate the distance of lower flammability limit from the mo-
mentums-jet model.

6) Modified individual risk calculation

Calculate the modified-individual risk for

7) Safety code (HSE individual risk)

Compare calculated modified individual risk to the tolerance limit
of individual risk varying with distance.

8) Safety distance

Estimate the safety distance satisfied with tolerance limit of indi-
vidual risk.

2-2. Historical Data

To estimate DME filling station safety distance, accident data
for LPG filling stations from 1987 to 2003 were analyzed [5,2], in-
cluding impact analysis of accidents, which is possible for fires and
explosions. The proportion of each accident type is shown in Table 6.
In this table, because leak and rupture was not propagated to the
dangerous accident. These two types of accidents are not consid-
ered to analyze the accident consequence.

When analyzing the effects of fire, leaked gas quantity must be
considered. Generally, leaked gas quantity varies with the size of
the equipment leaking. We classified the leak size referring to histori-
cal leak size data in LPG filling stations from 1987 to 1998 [5]. The
ratio of leak size is shown in Table 7. In parentheses, the leak size
ratio is also multiplied in the individual risk calculation. The basis
of giving weighting factor ¢ is relative, because of various filling
station accident data in South Korea.

CASE STUDY

1. DME Filling Station

We considered a hypothetical DME filling station based on actual
DME-LPG mixed fuel storage process data. A DME filling station
consists mainly of four parts: storage vessel, compressor, dispenser,
and pump. Fig. 3 shows the schematic diagram of DME filling station.

D Storage vessel

(a) Structure

The capacity of the cylindrical storage tank is usually fixed by
law. A buttress is installed to fix the storage tank in place. The main
components are safety-valve, measuring instrument, valve, sprin-
kling equipment, etc.

Leading DME
section storage
tank

> Pump

Fig. 3. Schematic diagram of DME filling station.

The material of the storage tank and buttress is thermostable. A
sprinkler system or cooling system is installed 5 m away from the
storage tank and buttress, although not in small storage tanks.

(b) Distance

Each storage tank is kept a quarter of the distance of the com-
bined maximum diameter of two storage tanks (if a quarter of the
distance of the combined maximum diameter of two storage tanks
is lower than 1 m, a distance of more than 1 m should be main-
tained). Gas storage tanks with installed sprinkler systems are an
exception.

(2 Compressor

To transport the gas from vehicles to the storage tank, a com-
pressor pressurizes the gas in the storage tank or withdraws the gas
from vehicles to the storage tank. The filling station mainly uses
7.5HP motors.

Gas compressors are used frequently to transfer gas to the tank
or dispenser. After loading liquefied gas, it also withdraws the remain-
ing gas from the tank lorry by controlling.

(3 Dispenser

According to rule, hose length is less than 5 m. To prevent acci-
dents, the dispenser must have antistatic equipment installed, and
safeguards are needed to protect the gas injector and dispenser. The
dispenser is mainly composed of a flow meter, thermostat, valve,
etc.

@ Pump

A pump is used to compress the gas from the tank to the dis-
penser or other vessel charger. It is installed vertically in the tank.
Standard pump capacity is 7.5HP (5.5 kW).A liquid pump is installed
at the auxiliary tank near the storage tank.

In this study, we analyzed the normal operation conditions of DME
filling stations based on actual DME-LPG mixed fuel storage pro-
cess data, as shown in Table 8. The operation pressure is calculated
by a process engineering standard. Generally, the designed pres-
sure is equal to 1.1 times the maximum pressure. The majority of
the pipeline is laid in a basement or protected by a dike, so a pipeline
was not considered in this study for estimating safety distance. Four
vulnerable filling station facilities were selected for estimating safety

Table 8. The process information of DME filling station

Temperature

Equipment  Capacity 0) Pressure

Storage 8.13m’ 30 18 kg/cm’g<design>
vessel (4.9 ton)

Dispenser 55 L/min 30 18 kg/cm’g<design>

Compressor 360 L/min 30 18 kg/cm’g<design>

Pump 200 L/min 30 10.5 kg/cm’*g<discharge>

Korean J. Chem. Eng.(Vol. 28, No. 6)



1328 Y.-H. Kim et al.

distance. To compare DME with LPG, we assumed that DME and
LPG have equivalent operation conditions.
2. Safety Distance Analysis

1) LFL analysis

While comparing DME safety distance to that of other materi-
als, at the same time we also analyzed LPG safety distance. The
calculated distance forming a lower flammability limit (LFL) var-
ies with the phase of the leaked material. Table 9 shows the LFL
distance with varying leak size and phase. In the case of a gas-phase
leak, the LFL distance is about 6 m (LPG 11 m). To prevent leak-
based accidents for some equipment, the distance from equipment
is more than 6 m (LPG 11 m).

2) Modified-individual risk

The modified individual risk varies with the distance from equip-
ment. Fig. 4 shows the modified individual risk with risk limit to
figure out safety distance for each facility. We identified the modi-

fied individual risk of each facility varying with distance.

The graphical result shows that each facility needs a different
safety distance. Even though the DME’s individual risk is some-
what distinct from LPG we determined that DME needs almost
the same distance as LPG does.

Table 10. Safety distance of DME & LPG with IR tolerance (work-

er)
) Distance (m) IR
Equipment
DME LPG DME LPG

Tank 14 17 0.00099 0.00099
Dispenser 13 16 0.00098 0.00093
Pump 7 8 0.00077 0.00085
Compressor 25 30 0.00085 0.00088

Table 11. Safety distance of DME & LPG with IR tolerance (pub-

Table 9. LFL distance of DME & LPG lic)
Material LPG DME ) Distance (m) IR
Equipment
Phase .. . DME LPG DME LPG
. Liquid Vapor Liquid Vapor
Size Tank 28 33 7.70E-05 9.08E-05
S 0.13 2.7 0.05 1.47 Dispenser 27 33 8.33E-05 7.66E-05
M 0.26 5.4 0.1 2.94 Pump 12 13 5.54E-05 8.84E-05
L 0.51 10.81 0.2 5.87 Compressor 30 37 9.87E-05 7.59E-05
Storage tank Dispenser
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Fig. 4. The modified-individual risk of gas filling station.
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Modified individual risk safety criteria subdivide two parts. The
tolerance limits of individual risks are 10~*/year for workers and 107/
year for the public. The safety distance is expressed in integer form
that does not exceed the tolerance limit; see Tables 10 and 11 [4].

CONCLUSION

We have suggested a logical basis for safety distance for DME
filling stations based on past-accident data through integrated risk
analysis. Also, we have suggested a semi-quantitative risk estima-
tion approach by a modified individual risk calculation. The modi-
fied-individual risk calculation was performed with consequence
analysis and failure mode under varying accident scenarios.

Most of the modified individual risk calculations for DME are
satisfied by standard LFL safety distances. We also obtained dis-
tinct safety distances for each type of equipment. As a result, DME
filling stations can exploit existing LPG infrastructures with minor
modifications. Also, using a modified individual risk calculation,
we determined that the most vulnerable facility is the compressor
section. These results give appropriate parameters for disaster pre-
vention in filling stations. To supplement the safety distance results,
rich reliability data on equipment is needed, as well a hazard and
operability study (HAZOP) based fault tree analysis (FTA). Subse-
quently, the filling station layout may be constructed applying the
modified individual risk contour. Analysis of corrosion effects, toxic
effects, and domino effects is also needed.

This study contributes a safety distance analysis of DME filling
station using modified-individual risk. A filling unit for DME can be
placed at conventional gas stations without increasing safety distance.
The result of separation distance also will be useful to determine
facility layout and safety management of a filling station. And the
suggested methodology will be useful in establishing the following
standard of renewable and sustainable energy: separation distance,
priority decision for installation of safety device, building permit,
legislation.

ACKNOWLEDGEMENTS

This work was funded by the Brain Korea 21 Program and sup-
ported by the Institute of Chemical Process and Automation and
Systems Research Institute in Seoul National University.

NOMENCLATURE

FoF, : frequency of fatality at location i

f,; :frequency of event outcome j

DPu.; : probability of fatality at location i produced by event out-
come j

Prucatier.i,; - Probability of the weather conditions required to produce
the event outcome at j

f,; :frequency calculated by the fault tree analysis (FTA) and
the reliability data is referring to K-RDB (Korea Reliabil-
ity Data Base).

IR, :the individual risk to a hypothetical member of population
group k at location i

6. :overall fraction of time that the hypothetical member of pop-
ulation group k spends in the area of interest

Proc. .+ - Probability that the hypothetical member of population group
k is at location i

o;  :weighting factor

IR, ; , : individual risk of fatality at location i from incident outcome
case j to hypothetical member of population k

m, :mass velocity of gas at the leak point

U, :linear velocity of gas at the leak point

D, :leak diameter

P, - gas density at leak point

m, :mass velocity of gas at the axial distance x from the origin

of the jet

£ :half-angle of the jet

u, :mean velocity of gas at x

p. - gasdensity at the axial distance x from the origin of the jet

k, :2tanp

k,, k; : experimental constants

C, :concentration of gas at the leak point

c,  :concentration of gas at the axial distance x from the origin
of the jet

C,n - concentration of to the lower flammability limit (LFL)

/ : distance of the gas jet from the hole to the lower flamma-
bility limit (LFL)

Q  :mass flow rate

AH,, : latent heat of vaporization

: change in specific volume going from the liquid to the vapor
state

: absolute temperature

: liquid specific heat

: nonequilibrium parameter

: total available pressure drop

: liquid density

: discharge coefficient

: duct length

: radiation effect from fire

: ratio of total heat radiated to total heat released from fire

: atmospheric transmissivity

: effective gas release rate from the hole

: heat of combustion

: radial distance from flame centre to the location of interest

: vapor pressure of water

: humidity

: equivalent mass of TNT

: scaled parameter

: ambient pressure

: peak side-on overpressure

: probability

: probit variable

: empirical constants for a number of different types of exposure

: dose of the load for a given exposure time

: exposure time

: radiational heat flux at a specified location of interest

: peak overpressure at a specified location of interest

: impulse
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