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Abstract—Both benzene and methanol are important raw materials in petrochemical industries worldwide. However,
with increased demand in the past few years, the fire and explosion hazards from both benzene and methanol under
abnormal conditions have increased rapidly with the demand. This study investigated the flammability characteristics
of a binary solution for the mixture of benzene and methanol at various vapor-mixing ratios (100/0, 75/25, 50/50, 25/75,
0/100 vol%) under 150 °C, 760 and 1,520 mmHg by using a 20 Liter Spherical Explosion Vessel. Such work leads to
specific safety-related property parameters, including upper explosion limit (UEL), lower explosion limit (LEL), min-
imum oxygen concentration (MOC), maximum explosion pressure (P,,.), maximum rate of explosion pressure rise
(dP/dt),,,., and gas or vapor explosion constant (K,). Along with the results which show that the UEL, P,,., and K, all
increased with the pressure and oxygen concentration, a triangular flammability diagram was also established. This
all serves to elucidate the potential hazards when vapors of different flammable chemicals are mixed.
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Diagram
INTRODUCTION

The history of the chemical process industries is replete with major
accidents [Khan et al., 1998], and many studies place an emphasis
on fire and explosion hazard evaluation and analysis [Zabetakis,
1965; O’Shaughnessey, 1995; Chad and Daniels, 1998; Jo and Kim,
2001; Park and Kim, 2001; Kim et al., 2003; Shu and Wen, 2002].
The petrochemical industry frequently uses flammable mixtures
such as benzene and methanol. Inevitably, these substances may
result in fires and explosions under various upset scenarios, and their
hazards may also be exacerbated by the demand for chemicals in
processes. Fig. 1 shows the growth of demand for benzene and
methanol in recent years in Taiwan, indicating potential hazards if not
operated suitably [Petrochemical Industry of Taiwan, ROC, 2005].

This study aimed at determining safety properties of benzene and
methanol mixtures, in which the upper explosion limit (UEL), lower
explosion limit (LEL), minimum oxygen concentration (MOC),
maximum explosion pressure (P,,,), maximum rate of explosion
pressure rise (dP/dt),,., and gas or vapor explosion constant (K,)
have particular significance in terms of throughputs and potential
hazards in the petrochemical industry. There are several methods
for manufacturing benzene, including (1) the method of reforming
petroleum and (2) the method of cracked gasoline [Fruscella, 1996].
In 1952, Dow Chemical Co. launched the most commonly used
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Fig. 1. The demand for benzene and methanol in Taiwan since 1997
[Petrochemical Industry of Taiwan, ROC, 2005].

extraction method of Udex; later the UOP Co. developed and re-
ceived a patent for extracting benzene. In the process industries, its
major application is to produce styrene, and later acrylonitrile-butadi-
ene-styrene (ABS) copolymer.

After World War I, natural gas was the essential material for pro-
ducing methanol extensively. Natural gas was reformed and CO,
added to adjust the ratio of CO and H, to 1 : 2. Pressure is the key
parameter for synthesizing methanol, as displayed in Table 1. After
the purification process, methanol can be acquired up to almost 99
wt%. After oxidation, formaldehyde can be obtained, which is the
main purpose in terms of application. Methanol and isobutylene
can synthesize (methyl tertiary butyl ether, MTBE) as a petroleum
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Table 1. Classifications of pressure in methanol manufacturing
process [Chen, 2004]

Pressure  Temperature Catalysts
(atm) (°C)
High pressure 300-600 320-380 Cr,Zn
Middle pressure  105-300 225-270 Cu, Zn, Cr, Al
Low pressure 40-60 200-300 Cr,Zn

additive [English et al., 1996]. Through further work, methanol can
also be converted to acetic acid.

Research on the related properties of benzene and methanol has
been performed for years [Lee et al., 1984; Park and Thm, 1985;
Lee and Lee, 1995; Hong et al., 2003], and there have been many
investigations on flammability quality related to single chemicals, but
so far very little attention has been given to binary mixing chemi-
cals, i.e., mixing two kinds of different flammable solvents or chem-
icals in manufacturing processes. The flammable liquid solutions
presented in a real situation usually include not less than two com-
ponents; when they are evaporated to form a flammable gas, their
harmful impact might be greater than one solvent alone. Prevention
and elimination is one of the main concerns for various chemical
processes [Chae et al., 1994]; therefore, there is a great need to study
the flammability of flammable binary mixing chemicals and liquid
solutions, e.g., mixtures of benzene and methanol in this work. The
purpose of this study was to: (1) investigate the specific safety-related
property parameters of benzene, methanol and their mixtures, in-
cluding LEL, UEL, P, (dP/dY),,., K., and MOC, at initial tem-
peratures of 150 °C and between 760, 1,520 mmHg by using a 20
Liter Spherical Explosion Vessel, (2) identify the hazards of vari-
ous vapor mixing ratios of benzene and methanol in 100/0, 75/25,
50/50, 25/75 and 0/100 vol%, respectively, (3) realize the fire and
explosion hazards of binary mixtures when mixing vapors of different
flammable chemicals and (4) provide specific information for related
industries and prevent them from further unexpected accidents.

EXPERIMENTAL APPARATUS AND METHOD

In this work, specific experimental data for above-mentioned safe-
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Fig. 2. A schematic diagram of the 20-L-Apparatus and its con-
trol system [Shu and Wen, 2002].
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ty-related property parameters were obtained by using the 20-L-
Apparatus which was purchased from Adolf Kiihner AG The main
structure of this apparatus can be roughly separated into four parts,
as illustrated in Fig. 2: spherical explosion vessel, heating and cir-
culation device, pressure setting system, and transmission computer
interface [Shu and Wen, 2002]. The test chamber is a stainless steel
hollow sphere equipped with a personal computer interface; the top
of the cover contains holes for the lead wires to the ignition system.
The opening provides for ignition by a condenser discharging with
an auxiliary spark gap, which is controlled by the KSEP 320 unit
of the 20-L-Apparatus. The KSEP 332 unit uses piezoelectric pres-
sure sensors to measure the pressure in operation. A comprehen-
sive software package KSEP 6.0 is available, which ensures safe
operation of the test equipment and an optimum evaluation of the
explosion test results [Kithner, 2005]. We could investigate the fire
and explosion safety-related property parameters by means of this
equipment and set various required situations before operation.

In the past, the international standards have described the 1 m’
vessel as the standard test apparatus, but its disadvantage is its huge
size [Zabetakis, 1965]. Recently, a more resourceful, convenient and
less expensive 20-L-Apparatus has gained more use as the stan-
dard equipment. The explosion behavior of combustible materials
(combustible dusts, flammable gases, or solvent vapors) must be in
accordance with internationally recognized test procedures as well.

The purpose of the flammability testing for this study was to de-
fine the flammability concentration limits for various benzene and
methanol mixing vapors (100/0, 75/25, 50/50, 25/75, 0/100 vol%) at
initial temperature of 150 °C and two initial pressures of 760, 1,520
mmHg as the test vessel could not sustain at pressure exceeding
2,280 mmHg. The basic properties of benzene and methanol are
shown in Table 2; the boiling point of benzene and methanol is 80
and 64.7 °C, respectively [Kirk-Othmer, Encyclopedia of Chemical
Technology, 1996]. Because the combustion of liquid fuels takes
place in the gas phase [Rah, 1984], we deliberately set the initial
temperature as 150 °C in order to exceed their normal boiling point
forming the total flammable vapor, so as to test in good mixing state
in gas phase.

The test method and procedures for the fire and explosion prop-
erty in this study are described as follows:

1. LEL and UEL for Gas and Solvent Vapors
The explosion limit for flammable gas or solvent vapor is from

Table 2. Basic properties of benzene and methanol [Kirk-Othmer,
Encyclopedia of Chemical Technology, 1996]

Product name Benzene Methanol
Formula CH CH,OH

UN No. 1114 1230

CAS No. 00071-43-2 00067-56-1
Molecular weight 78.06 g/mole 32.04 g/mole
Boiling point (760 mmHg) 80 °C 64.7°C

Vapor pressure 75 mmHg (20°C) 160 mmHg (30 °C)
Specific gravity (H,O=1)  0.877 0.79
Flammability limits 1.3-7.1 vol% 6.0-36.5 vol%
TLV-TWA 5 ppm 200 ppm
TLV-STEL 10 ppm 250 ppm
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the LEL to the UEL. LEL means that a mixture will not burn when
the composition is lower than the value, and UEL indicates that it
is also not combustible when it is above this value. So, only when
the composition is within the range is a mixture flammable [Crowl
and Louvar, 2002].

By definition [ASTM (E681-85), 1991], the LEL/UEL of a gas/
vapor is the lowest/highest concentration at which a gas/vapor ex-
plosion is not detected in three successive tests in experimental opera-
tion [Shu and Wen, 2002]. In this study, the benzene and methanol
were evaporated from liquid to vapor phase by a thermo oil bath
controlled at 150 °C.

We could use the Le Chatelier equation [Le Chatelier, 1891] to
predict the explosion mixing limits:

1
_— 1
i - Yi O

,;LEL,- ,-;UEL,-

L ELm[.\' i

n

and UEL,,,=

where

LEL/UEL, is the lower/upper explosion limit for component i in
vol% of component i in fuel and air.

y; is the mole fraction of component i on a combustible basis, and

n is the number of combustible species.

However, Le Chatelier’s equation is an empirically derived equa-
tion which is not universally applicable [Crowl and Louvar, 2002].
2. Maximum Explosion Overpressure (P,,), Maximum Rate
of Explosion Pressure Rise (dP/dt),,., and Gas or Vapor Defla-
gration index (K,)

The peak values that accompany the explosion of a combustible
vapor are the P, and (dP/dt),,.. Experimentally, the peak values
can be obtained from tests over a wide range of concentrations ignited
by electric spark [Crowl and Louvar , 2002].

The P,,,. and (dP/dt),,.., are the mean values of the maximum val-
ues of all three series. Subsequently, the K, is calculated from (dP/
dt),... by means of the Cubic law [NFPA 68, 2002]:

V"3x(dP/dt),, =K, #))

where K, and V are the maximum gas explosion constant specific
to the gas and the volume of test apparatus (i.e., 0.02 m’), respec-
tively.

As there are many gas products and industrial practices, it is ap-
propriate to assign this maximum constant to one of several explo-
sion classes (St), as indicated in Table 3 [Kithner, 2005], and to use
these, after certain manipulations, as a basis for sizing explosive
relief according to NFPA 68 [NFPA 68, 2002].

3. Minimum Oxygen Concentration (MOC)

Oxygen is the key ingredient, and an MOC is required to propa-
gate a flame. When oxygen concentration is less than the MOC,
the reaction cannot generate sufficient energy to heat the entire gas

Table 3. K, and explosion classes (St) [Kiihner, 2005]

K, (mbarsec™)

Explosion classes (St)

<1 St-0
1-200 St-1
201-300 St-2
>300 St-3

mixtures (including the inerts) to the extent required for the self-
propagation of the flame [Crowl and Louvar, 2002]. MOC is an
especially useful parameter, because explosions and fires are pre-
ventable by reducing the oxygen concentration regardless of the
concentration of the fuel. This concept is the basis for the common
procedure called inerting [ASTM (E681-85), 1991; Crowl and Lou-
var, 2002].

Below the MOC, an ignition of a specific mixture cannot occur
in three successive tests. In general, nitrogen is used as an inert gas;
therefore, the following test conditions are based on nitrogen only.

After the first test series in normal air (0,=21 vol%), the second
series will be run in N, at about 17 vol% O, over a wide range of
gas concentrations, for determining the P, and K, explosion indi-
ces. The tests, in turn, have to be continued by systematic reduc-
tion, say 3 to 4 vol% each time, of the oxygen concentration in nitro-
gen until gas explosions are no longer possible [Shu and Wen, 2002].

RESULTS AND DISCUSSION

The experimental data indicate that the UEL and LEL changed
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Fig. 3. Maximum explosion pressure vs. benzene/methanol (100/0
vol%) at 150 °C/760 mmHg.
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vol%) at 150 °C/760 mmHg.

Korean J. Chem. Eng.(Vol. 22, No. 6)



806 Y.-M. Chang et al.

:3,5— —&— 21 vol.% Oxygen
g - .J'\ —&— 17 vol % Oxygen
5 30 (p/ . 14 vol % Oxygen
5 | e —w— 11 vol % Oxygen
§ 25 / \ 10 vol.% Oxygen
£ nol
S 204 / “
2 ] |
B 15+ %
wo Y
E 1.0 ‘ \
E . ‘ |
5 0.5 ‘\\ [
= | —n_

- ilY- fXa) ~— o _.‘ " —n —I—I-I—\%\_‘_\_.-

0 5 10 15 20 25

Concentration (Vol.%)
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with different concentrations calculated by the Ideal Gas law. How-
ever, different vapor mixing ratios (75/25, 50/50 and 25/75 vol%)
of benzene/methanol also affect the results of explosion parameters.
Here, we especially discuss varying concentrations and different
vapor mixing ratios as follows:
1. Different Concentrations

Figs. 3 to 12 demonstrate the concentrations forming an expanded
bell-type curve with P,,,. by enhancing oxygen concentration under
150°C and 760 mmHg/1,520 mmHg, respectively. Obviously, the
results indicate the relationship between concentrations and explo-
sion parameters under the specific operation conditions.
2. Different Vapor Mixing Ratios

Figs. 3 to 12 illustrate the experimental results of the P,,,. from
the flammability limit tests versus various ratios of benzene and
methanol concentrations for the mixtures of benzene/methanol/O,/
N,, with initial pressure of 760 and 1,520 mmHg at 150 °C. In normal
air (0,=21 vol%), the flammability limit of benzene is from 1.10
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Fig. 11. Maximum explosion pressure vs. benzene/methanol (25/
75 vol%) at 150 °C/1,520 mmHg.
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Fig. 12. Maximum explosion pressure vs. benzene/methanol (0/
100 vol%) at 150 °C/1,520 mmHg.

t0 6.10 vol% and the flammability limit of methanol is from 5.50
to 40.60 vol%, and then other flammability limits changed with
the different mixing ratios, respectively. Here, the LELs of three
mixing concentrations, 75/25, 50/50, and 25/75 of benzene/metha-
nol, are 1.18, 1.40 and 2.90, respectively. The UELs of three mixing
concentrations of benzene/methanol of 75/25, 50/50 and 25/75, are
8.29, 25 and 33.55 vol%, respectively. With more methanol dosed,
its UEL and LEL also increased, whereas the limits did not exceed
any flammability limit of methanol and benzene at the same con-
ditions, as illustrated in Figs. 13 and 14. We compared the LEL and
UEL values by experiments and Le Chatelier’s equation under 150
°C, 760 mmHg and different oxygen concentrations in Table 4. Based
upon the results, we compared the LEL and UEL values by experi-

100 vol.%
1004 m ©
< e
= 04 75 vol.% yd
3 - o
© 604 50 vol.%
o e
£ 1 ) 4
£ 35.1 vol.%
s 404 yd 30.65 vol.%
=3 E 7 236vol% '77
© / . . <
> @ B 25vol.%
20 - / )
141 vol. %
5vol.%
4 0 vol.%
0 G . . . . . . T —
0 20 40 60 80 100

Concentration (Vol.%)

—#&— Benzene concentration
@ Methanol concentration
Flammability range under 150 degrees centigrade, 760 mmHg

Fig. 13. The variation of flammability range with five different va-
por mixing ratios under 150 °C, 760 mmHg and 21 vol%

oxygen.
100 vol.%
1004 m )
/
< 804 75 vol.% e
> u e
: ]
— //
T 60 50 vol.%
2
£ 1 P 43.2vol.%
= e
€ 404 33.88 vol.%
]
2 ] y 23.6 vol.%
> Pl m_25vol.%
20 S
6.6vol% 7.6 vol.%
i .| /o
N 0vol.%
0 - v T v T . T . I r " )
0 20 40 60 80 100

Concentration (Vol.%)

—&— Benzene concentration
@ Methanol concentration
Flammability range under 150 degrees centigrade, 1,520 mmHg

Fig. 14. The variation of flammability range with five different va-
por mixing ratios under 150 °C, 1,520 mmHg and 21 vol%
oxygen.

Korean J. Chem. Eng.(Vol. 22, No. 6)



808 Y.-M. Chang et al.

Table 4. A comparison of LEL by experiment and Le Chatelier’s equation under 150 °C, 760 mmHg

Different vapor mixing ratios LEL by experiment LEL by evaluation UEL by experiment UEL by evaluation
(vol%) (vol%) (vol%) (vol%) (vol%)
0,=21 vol%
75 Benzene/25 Methanol 1.18 1.40 8.29 7.70
50 Benzene/50 Methanol 1.40 1.80 25.00 10.60
25 Benzene/75 Methanol 2.90 2.80 33.55 16.80
0,=17 vol%
75 Benzene/25 Methanol 1.32 1.40 5.92 5.80
50 Benzene/50 Methanol 1.80 1.90 12.30 7.90
25 Benzene/75 Methanol 3.30 2.90 22.47 12.50
0,=14 vol%
75 Benzene/25 Methanol 1.58 1.40 4.74 4.30
50 Benzene/50 Methanol 2.10 1.80 5.30 5.70
25 Benzene/75 Methanol 2.76 2.80 9.87 8.70
0,=11 vol%
75 Benzene/25 Methanol 1.84 1.60 3.16 2.10
50 Benzene/50 Methanol 2.50 2.10 3.40 2.90
25 Benzene/75 Methanol 3.00 3.10 4.60 4.40

Table 5. Fire and explosion characteristics of different ratios of benzene and methanol at 150 °C and 760 mmHg to 100/0, 75/25, 50/50,

25/75 and 0/100 vol%, respectively

0, (vol%) LEL (vol%) UEL (vol%) P, (bar) (dP/dt),,. (barsec™) K, (mbarsec™) Explosion class (St)
100 Benzene/0 Methanol
10 - - - - - St-0
11 1.30 1.70 0.80 2.00 0.54 St-0
14 1.10 3.40 2.10 27.00 0.54 St-0
17 1.15 4.60 2.90 149.00 40.97 St-1
21 1.10 6.10 3.30 291.00 80.03 St-1
75 Benzene/25 Methanol
9 - - - - - St-0
10 2.37 2.89 0.10 2.00 0.54 St-0
11 1.84 3.16 1.00 10.00 2.75 St-1
14 1.58 4.74 2.40 50.00 13.52 St-1
17 1.32 5.92 2.80 131.00 25.37 St-1
21 1.18 8.29 3.20 258.00 69.66 St-1
50 Benzene/50 Methanol
10 - - - - - St-0
11 2.50 3.40 2.00 0.20 0.06 St-0
14 2.10 5.30 2.10 2.40 0.66 St-0
17 1.80 12.30 2.90 143.00 39.33 St-1
21 1.40 25.00 3.30 298.00 81.95 St-1

ments and Le Chatelier’s equation under 150 °C, 760 mmHg and
different oxygen concentrations, as displayed in Table 4. Le Chate-
lier’s equation could only apply to the calculated LELSs, whereas
the predicted UEL equation needs to be modified in the future.

At a methanol concentration over 50 vol% in mixtures, a blue
flame (cool flame) occurred after UEL. Here, the P,,,. could not be
detected, but only weak combustion. In a confined space, to avoid

November, 2005

fire or explosion hazards, controlling the concentrations beyond the
flammability limit may be a feasible approach. It is also necessary
to make a suitable evaluation and take into account the trade-off
between economy and safety during operation.
3. Effects on Initial Pressures

In the case of benzene : methanol (75 vol% : 25 vol%), the explo-
sion parameters by raising initial pressure from 760 to 1,520 mmHg
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Table S. Continued
0, (vol%) LEL (vol%) UEL (vol%) P, (bar) (dP/dt),,. (barsec™) K, (mbarsec™) Explosion class (St)

25 Benzene/75 Methanol
10 - - - - - St-0
11 3.00 4.60 2.00 1.20 0.33 St-0
14 2.76 9.87 2.20 36.00 9.90 St-1
17 3.30 22.47 2.80 135.00 37.13 St-1
21 291 33.55 3.20 278.00 76.45 St-1

0 Benzene/100 Methanol
9 - - - - - St-0
10 5.90 8.50 0.90 2.00 0.54 St-0
11 5.80 9.50 1.30 2.00 0.54 St-0
14 5.50 18.00 2.30 49.00 13.23 St-1
17 5.60 29.00 2.80 131.00 35.37 St-1
21 5.50 40.60 3.20 279.00 75.33 St-1

-: Not Detectable.

Table 6. Fire and explosion characteristics of different ratios of benzene and methanol at 150 °C and 1,520 mmHg to 100/0, 75/25, 50/50,
25/75 and 0/100 vol%, respectively

0, (vol%) LEL (vol%) UEL (vol%) P, (bar) (dP/dt),,, (barsec™) K, (mbarsec™) Explosion class (St)
100 Benzene/0 Methanol vol%

9 - - - - - St-0
10 1.70 2.00 0.21 2.00 0.54 St-0
11 1.40 2.90 1.70 6.00 1.62 St-0
14 1.40 4.40 5.20 704.00 190.08 St-1
17 1.10 5.60 5.60 791.00 213.57 St-2
21 1.00 7.60 8.60 988.00 266.76 St-2

75 Benzene/25 Methanol
10 - - - - - St-0
11 1.40 2.50 2.20 285.00 76.95 St-1
14 1.30 5.10 8.00 1,316.00 355.32 St-3
17 1.20 7.00 8.20 1,499.00 392.04 St-3
21 1.40 9.00 8.90 1,523.00 411.21 St-3
50 Benzene/50 Methanol

9 - - - - - St-0
10 2.24 3.95 0.40 6.00 1.62 St-1
11 2.50 5.07 2.00 9.00 2.43 St-1
14 1.97 10.53 8.00 1.07 290.75 St-2
17 1.50 15.90 8.00 1.50 404.73 St-3
21 1.40 25.00 8.80 1.53 413.30 St-3

25 Benzene/75 Methanol
10 - - - - - St-0
11 3.82 822 0.20 2.00 0.54 St-0
14 3.49 27.96 4.40 59.00 15.93 St-1
21 3.03 36.91 8.60 1,134.00 306.18 St-3
0 Benzene/100 Methanol

9 - - - - - St-0
10 5.60 10.50 3.60 677.00 182.79 St-1
11 5.60 12.50 8.00 1,209.00 326.43 St-3
17 5.40 32.50 11.20 4,460.00 1,204.20 St-3
21 5.30 48.50 17.90 5,802.00 1,566.54 St-3

-: Not Detectable.
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under 150 °C and 21 vol% oxygen concentration are as follows:

P, from 3.2 bar %2> 8.9 bar
(dP/dt),,,. from 258 barsec™ 22> 1,523 barsec™!
K, from 69.66 mbarsec™' > 411.21 mbarsec™

rise to

Explosion class from St-1 "> St-3

The results indicated that the UEL, P, K, (dP/dt),,,., and explo-
sion class all increased with the pressure. According to the experi-
mentally derived data above, the obvious variations are observed
between initial pressures of 760 and 1,520 mmHg, as disclosed in
Tables 5 and 6. In addition, Figs. 15 and 16 also reveal the differ-

—®&—P__ vs.oxygen concentration under 760 mmHg
~—® P__ vs.oxygen concentration under 1,520 mmHg
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Fig. 15. The variation of P, at 150 °C between 760 mmHg and
1,520 mmHg with various oxygen concentrations.

—&— Flammable range vs. oxygen concentration under 760 mmHg
@ Flammable range vs. oxygen concentration under 1,520 mmHg

Flammable range (Vol.%)
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Fig. 16. The variation of flammable range at 150 °C between 760
mmHg and 1,520 mmHg with various oxygen concentra-
tions.
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Fig. 17. UEL vs. oxygen concentration with benzene and methanol
at 150 °C, 760 mmHg and five different mixing ratios.

—#— Benzene:Methanol ( 0:100 vol.%)
50 @ Benzene:Methanol ( 25: 75 vol.%)
Benzene:Methanol ( 50: 50 vol.%)
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—w— Benzene:Methanol ( 75: 25 vol.%)
Benzene:Methanol (100: 0 vol.%)
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Fig. 18. UEL vs. oxygen concentration with benzene and methanol
at 150 °C, 1,520 mmHg and five different mixing ratios.

ence in the initial pressures by comparing the P,,,, and flammable
range (LEL-UEL) with different oxygen concentrations (10 to 21
vol%). This demonstrates again that the safety-related property param-
eters increased with the pressure in the case of benzene : methanol
(75 vol% : 25 vol%). However, no significant variations were found.
4. Effects on Oxygen Concentrations

UEL increased with increasing oxygen concentration at the same
initial pressure, and so did the UEL with the amount of methanol.
Figs. 17 and 18 show the effect of oxygen concentration on UEL
under two kinds of initial pressure. The flammability limits decreased
as the oxygen concentration was reduced. When oxygen concen-
tration is below the MOC, an explosion is no longer possible [Shu
and Wen, 2002].
5. Flammability Diagram

In practice, the use of triangular coordinates often makes exami-
nation of a three-component system easier because all three con-
stants are presented on the graph at one time [O’Shaughnessey and
Power, 1995; Chad and Daniels, 1998]. The flammability diagram
of a benzene/methanol/O, /N, mixture represents the three compo-
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F —#— Benzene : Methanol (100 : 0)
~—C— Benzene : Methanol (75 : 50)
100 ¥ Benzene : Methanol (50 : 50)
¥ Benzene : Methanol (25: 75)
10 : Methanol (0 : 100)

F: Benzene/Methanol 0
O,: Oxygen

N2: Nitrogen

o) 0 10 20 30 40 50 60 70 80 90 100 N
Nitrogen (vol.%)

Fig. 19. Overall triangular flammability diagram illustrating the
change in flammability zone with different ratios of ben-
zene and methanol at 150 °C and 760 mmHg.

F —®&— Benzene : Methanol (100 : 0)
0 —O— Benzene : Methanol (75 : 50)
F: Benzene/Methanol 100 ¥ Benzene : Methanol (30 : 50)
Benzene : Methanol (25 : 75)

O,: Oxygen %
g Y& 10 ~—#— Benzene : Methanol (0 : 100)

Na: Nitrogen

0 0 10 20 30 40 50 -1} 70 80 30 100 N
Nitrogen (vol.%)

Fig. 20. Overall triangular flammability diagram illustrating the
change in flammability zone with different ratios of ben-
zene and methanol at 150 °C and 1,520 mmHg.

nents as X, O, N, under 150 °C, 760 mmHg/1,520 mmHg, as delin-
eated in Figs. 19 and 20, respectively. It also clearly points out the
MOC of every mixing concentration. The flammability diagram is
mainly used to mention and provide specific information for related
industries, and keep mixtures from falling into the dangerous flam-
mable zones to prevent accidents [Shu and Wen, 2002].

CONCLUSIONS

UEL and LEL of benzene and methanol of 75/25, 50/50, 25/75
increase with increasing methanol. The flammability limits of ben-
zene and methanol in 75/25, 50/50, 25/75 vol% are between 100
vol% benzene and 100 vol% methanol. With adding benzene or
methanol, the properties close to either one of the majority. How-
ever, providing a safety margin is recommended. MOC is an im-

portant safety property in that explosions will never occur below
the MOC. The results showed that MOC would not be changed with
different mixing ratios of binary solutions. In the benzene and meth-
anol mixing procedure, we can calculate the benzene and methanol
vapor concentration ratios in different operating conditions. Con-
sequently, the vapor condenses into liquid and causes a liquid-vapor
co-existing phase, which may demonstrate a higher degree of haz-
ard and unexpected conditions under higher pressure.

RECOMMENDATIONS

Temperature and pressure are important factors, so these two pa-
rameters should be varied for future study, along with an increase
of oxygen concentration. Further recommendations include main-
taining the initial temperature below or between the boiling point
of benzene and methanol to study its explosion phenomenon, and
improving the apparatus to confirm the composition before or after
ignition by utilizing GC/MS. From testing results, the hazards of
operating conditions could be readily identified and the safety pro-
cedure determined in such a case.
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NOMENCLATURE
K, :gas or vapor explosion constant [mbarsec”']

LEL : lower explosion limit [vol%]|
MOC : minimum oxygen concentration [vol%]

P,. :maximum explosion pressure [bar]
P : initial pressure [mmHg; atm]
St :explosion class, dimensionless

T  :initial temperature [°C]

UEL : upper explosion limit [vol%]|

V  :the volume of test apparatus [m’; L]

(dP/dt),,,. : maximum rate of explosion pressure rise [barsec™]

Subscript
max : maximum value of experimental property

REFERENCES

ASTM E 681-85, Standard Test Method for Concentration Limits of
Flammability of Chemicals, American Society for Testing and Mate-
rials, Philadelphia, PA, USA (1991).

Chad, V.M. and Daniels, A. C., “Application of the Flammability Dia-
gram for Evaluation of Fire and Explosion Hazard of Flammable Va-
pors,’ Pro. Saf’ Prog., 17, 176 (1998).

Chae, H., Yoon, Y. H. and Yoon, E. S., “Safety Analysis Using an Expert
System in Chemical Processes;” Korean J. Chem. Eng., 11, 153 (1994).

Chem. Systems, Inc., Menlo Park, California, USA (1995).

Chen, . K., Fire and Explosion Hazard Analysis on Flammable Binary

Korean J. Chem. Eng.(Vol. 22, No. 6)



812 Y.-M. Chang et al.

Solution-An Example on Benzene/Methanol Mixtures, MS Thesis,
NYUST, Taiwan, ROC, p. 12 (2004).
Crowl, D. A. and Louvar, J. F., Chemical Process Safety: Fundamen-

tals with Applications, 2nd ed., New Jersey, USA, pp. 225-289 (2002).

English, A., Rovner, J., Brown, J. and Davies, S., Methanol in Encyclo-
pedia of Chemical Technology, 4th ed., Kirk-Othmer (Ed.), New
York, USA, 16, p. 537 (1996).

Fruscella, W., Benzene in Encyclopedia of Chemical Technology, 4th
ed., Kirk-Othmer (Ed.), New York, USA, 4, p. 73 (1996).

Hong, S.S., Lee, G H. and Lee, G D., “Catalytic Combustion of Ben-
zene over Supported Metal Oxides Catalysts.” Korean J. Chem. Eng.,
20, 440 (2003).

Jo, Y. D. and Kim, J. Y., “Explosion Hazard Analysis in Partially Con-
fined Area)’ Korean J. Chem. Eng., 18,292 (2001).

Khan, F. 1., Rani, J. D. and Abbasi, S. A., “Accident Simulation as a Tool
for Assessing and Controlling Environmental Risks in Chemical Pro-
cess Industries: A Case Study,” Korean J. Chem. Eng., 15, 124 (1998).

Kim, K. H., Shin, D. and Yoon, E. S., “Risk Analysis Using Automati-
cally Synthesized Robust Accident Scenarios and Consequence As-
sessment for Chemical Processes: Process Partition and Consequence
Analysis Approach]’ Korean J. Chem. Eng., 20,992 (2003).

Kihner, B., Operating Instructions 20-L-Apparatus 6.0, Switzerland
(2005).

Le Chatelier, H., “Estimation of Firedamp by Flammability Limits]’
Ann. Mines, 8(19), 388 (1891).

Lee, K. S., Hong, C. S. and Lee, C. S., “Kinetic Modelling and Reactor
Simulation for Methanol Synthesis from Hydrogen and Carbon Mon-

November, 2005

oxide on a Copper-Base Catalyst” Korean J. Chem. Eng., 1,1 (1984).

Lee, K. H. and Lee, J. S., “Effects of Catalyst Composition on Methanol
Synthesis from CO,/H,,’” Korean J. Chem. Eng., 12,460 (1995).

NFPA 68, Guide for Venting of Deflagrations, National Fire Protection
Association, Quincy, MA, USA (2002).

O’Shaughnessey, D. and Power, B., “Simulating Flammability under
Process Conditions]” Pro. Saf’ Prog., 14,22 (1995).

Park, H. S. and Thm, S. K., “Alkylation of Benzene with 1-Dodecene by
Macroreticular Resin Catalysts,’ Korean J. Chem. Eng., 2, 69 (1985).

Park, K. S. and Kim, J. Y., “Classification and Trend Analysis of Fuel
Gas Accidents in Korea between 1996 and 1999, Korean J. Chem.
Eng., 18,285 (2001).

“Petrochemical Industry of Taiwan, ROC;’ Petrochemical Industry As-
sociation of Taiwan, Taipei, Taiwan, ROC (2005).

Rah, S. C., “Combustion of Liquid Fuels and Pollutant Formation: A
Review Part 1. Liquid Fuel Combustion Process,’ Korean J. Chem.
Eng., 1,89 (1984).

Shu, C. M. and Wen, P. J., “Investigation of the Flammability Zone of
0-Xylene under Various Pressures and Oxygen Concentrations at
150 °C} J. of Loss Prev. Pro. Ind., 15(4), 253 (2002).

Siwek, R., “Determination of Technical Safety Indices and Factors Influ-
encing Hazard Evaluation of Dusts.’ J. of Loss. Prev. Pro. Ind., 9(1),
21 (1996).

Zabetakis, M. G, “Fire and Explosion Hazards at Temperature and Pres-
sure Extremes,” AIChE-Inst. Chem. Eng. Symp. Sec. 2, Chem. Eng.
Extreme Cond., Proc. Symp., p. 99 (1965).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


