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Abstract : The lower and upper flash points of the flammable binary system, butylacetate+2-propanol were mea-
sured by air blowing tester. The shape of the concentration-temperature region of flash depended on the compo-
nents of the mixture in solution. The experimental data were compared with the values calculated by the reduced
model under an ideal solution assumption and the flash point-prediction models based on Van Laar equation. Good
qualitative agreement was obtained with these models. The prediction results of these models can thus be applied
to incorporate inherently safer design for chemical process, such as the determination of the safe storage conditions

for flammable solutions.
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Nomenclatures
A, B, C : Antonine coefficients
f : fugacity {kPa]
AH, : heat of combustion in kJ/mol
LFL : lower flammable limit
UFL :upper flammable limit
N :number of data
P : ambient pressure [kPa]
P : saturated vapor pressure [kPa]
T : temperature [K]

T : calculated flash point temperature [K]
Texp : experimentally derived flash point
temperature[K]

t : temperature [°C]
X : liquid phase composition
y : vapor phase composition
Greek Letters
() : fugacity coefficient of species i in
solution
Y : activity coefficient

*Corresponding author: hadm @semyung.ac.kr

Subscripts
i : species i

1. Introduction

The flash points is one of the most important physical
properties used to determine the potential for fire and
explosion hazards of industrial materials. The flash
points are used by virtually all the environmental,
health, and safety organizations in both government and
industry to classify flammable liquids for safety and
transportation regulations.

An accurate knowledge of the flash point is important
in developing appropriate preventive and control measures
in industrial fire protection [1]. The stringent regulations
related to material safety have also made accurate mea-
surements of flash points essential.

The experimental flash point data are readily available
in the several literatures. The most published flash point
data were for pure components. However, the flash
points of the binary solution that have flammable com-
ponents, have seen a little study and the data that did
exist were inconsistent. Therefore, the purpose of this
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study was to measure and predict the lower and upper
flash points for the system to aid in evaluating the
safety of flammable liquid mixtures.

Ha et al. [2] performed that experimental flash points
for binary system were compared with the calculated
values by using Raoult's law and Van Laar equation.

The lower and upper flash points for the system,
butylacetate+2-propanol, were measured by air-blowing
tester, and compared with the values calculated by using
the reduced model under an ideal solution assumption
and the flash point prediction model based on the Van
Laar equation [3].

2. Flash Point

Flammable substances are those gases, liquids and
solids that will ignite and continue to burn in air if
exposed to a source of ignition.

Many flammable and combustible liquids are volatile
in nature; that is, they evaporate quickly and are con-
tinually giving off vapors. The rate of evaporation var-
ies greatly from one liquid to another and increases
with temperature. It is their vapors combined with air,
not the liquid or solids themselves, that ignite and burn.
In many instances, an increase in temperature creates a
more hazardous condition because of the increase in the
rate at which vapors are evolved.

The flash point is defined by the National Fire Pro-
tection Association [4] as the lowest temperature at
which a flammable liquid gives off sufficient vapor to
form an ignitable mixture with air near its surface or

Fig. 1. Schematic diagram of experimental apparatus.
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within a vessel. The open cup (O.C.) flash points are
generally somewhat higher than the closed cup (C.C.)
flash points for same materials. Special precautions
should be taken when the product has a low flash point.
Materials having a low flash point are a greater fire
hazard than materials having a high flash point.

3. Experimental Section

3-1. Chemicals

Butylacetate and 2-propanol were purchased from
Sunjong Chemical Co., Korea with a minimum purity
of 99%. All these chemicals were used directly without
any purification.

3.2. Experimental Apparatus and Procedure

The basic system configuration of air blowinig tester
is given in Fig. 1. The apparatus consist of the constant
temperature bath, combustion chamber and refrigerator
etc..

The procedure for measuring the flash point is as fol-
lows.

After maintaining 50% ethylene glycol aqueous solu-
tion bath at the prescribed temperature, the combustion
chamber containing a sample liquid is sunk with a
weight. The chamber is left for 1 hour to reach the sat-
urated vapor concentration due to the natural evapora-
tion of the liquid sample and than an electric discharge
is induced between two platinum electrodes by means

Table 2. Comparison of experimental and calculated lower
flash points by the reduced model and Van Laar equation for
butylacetate(x; )+2-propanol(x;) system

The Lower Flash Point (°C)

Mole fraction

X X5 Exp. Reduced Van Laar
0.0 0.1 0.2 03 04
0.5 0.6 0.7 0.8 0.9
1.0 1.0 0.9 0.8 0.7
0.6 0.5 04 0.3 0.2
0.1 0.0 14.0 15.0 14.0
16.0 19.0 19.0 20.0 20.0
20.0 22.0 26.0 11.91 12.74
13.63 14.57 15.57 16.66 17.83
19.11 20.51 22.06 23.80 1191
12.21 12.46 12.91 13.47 14.17
15.07 16.25 17.87 20.20 23.80
AAD - 1.61 3.16
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Table 3. Comparison of experimental and calculated upper
flash points by the reduced model and Van Laar equation for
butylacetate(x;)+2-propanol(x,) system

Mole fraction The Upper Flash Point (°C)
X1 Xz Exp. Reduced Van Laar
0.0 0.1 0.2 0.3 04
05 0.6 0.7 0.8 0.9
1.0 1.0 0.9 0.8 0.7
0.6 0.5 04 03 0.2
0.1 0.0 36.0 38.0 38.0
39.0 38.0 40.0 420 46.0
470 52.0 57.0 37.96 39.08
40.28 41.59 43.00 44.56 46.27
48.20 50.37 52.89 55.86 37.96
38.40 38.97 39.65 40.47 41.48
42.75 44.43 46.77 50.21 55.86
AAD 2.67 1.22

of a neon transformer of 15000 V.

A flash is judged by the eye or an output of thermo-
couples depending on whether flame propagation can
reach the end point of the thermocouples. The flash
point is determined from the bath temperature at which
the flash occurred.

4. Results And Discussion

4.1. Experimental Results

The results obtained in this study for the system,
butylacetate(1)+2-propanol(2), are presented in Table 2
and Table 3 and Fig. 2. Concentrations of component i
are given in mole fraction, x;.

As shown in Fig. 2, the lower and upper flash points
of the systems plotted as a function of butylacetate con-
centration. The shape of the concentration-temperature
region of flash depended on the components of the
mixture in solution. As the concentration of butylacetate
increased, the lower and upper flash points also
increased.

4.2. Calculation of the Lower and Upper Flash Points
4.2.1. Mathematical formulation for the flash point
prediction model
The flash point for a pure flammable liquid i can be
written as the flash temperature T for which

P:at _ 1 Pfﬂl

=1, =1 (1)
LFL; UFL,
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Fig. 2. Comparison of the experimental data and the calculated
values for butylacetate(x;)+2-propanol(x,) system.

Table 1. Antoine constants, flammability limits and heats of
combustion for butylacetate+2-propanol System

Propertiese
Components

Butylacetate 7.02845 1368.50 204.00 138 7.6 35904
8.87829 2010.33 252.636 2.5 12 2051.1

B C LFL UFL AH4

2-Propanol

Le Chatelier [5] has presented an analogous equation
for binary and multicomponent mixtures containing N
flammable compounds.

Pi Pl P2
= + = 1 2
LFL, ~ LFL, LFL, )
Pi - Pl P2 (3)

= -+ = 1
UFL, UFL, UFL,

In this equation P; is the actual partial pressure of
component i in a vapour-air mixture which is in equi-
librium with the liquid mixture. LFL; and UFL; are the
partial pressure in a gas-air mixture with a composition
corresponding to the lower flammability limit and the
upper flammability of pure component i.

The lower flammability limit, LFL; and the upper
flammability limit, UFL; are the function of the temper-
ature and of the heat of combustion. The heat of com-
bustion is the net the heat of combustion since the
reactants and the combustion products all are in the
gaseous state.
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Over moderate ranges of temperature there are only
small changes in LFL; and UFL;. Zabetakis [6] accounted
for the temperature effect for various types of substances
by means of the expression which may be written as :

LFL(H=LFL{25)-0.182(t+-25)/AH,; G))]
UFL{(t)=UFL{25)+0.182(+-25)/AH,; 5)

where AH, is the heat of combustion in kJ/mol and
listed in Table 1. LFL;(t) and LFL;(25) are the lower
flammability limits at t°C and 25°C repectively. UFLi(t)
and UFL(25) are the upper flammability limits at t°C
and 25°C repectively.

For every component i in the mixture, the condition
for equilibrium between a liquid phase and a vapor
phase at the same T and P is given by :

yi@:P=x;Yf; i=12-,N) (6)

At low pressure, the vapor phase can be approximated
as an ideal gas, then the vapor phase solutions fugacity
coefficient for component i is reduced to :

=1 0
and the fugacity of pure liquid i, at the temperature
and pressure of the system can be simplified as :

fi=P" ®)

where P{* is the vapor pressure of pure i ate the sys-
tem temperature.

Therefore, the vapor-liquid equilibrium relation is
reduced as :

fi = xy. P

where x; is the mole of component i, ¥; is the activity
coefficient of component i, and P; is the vapour pres-
sure of component i at temperature T.

Substitution Eq. (9) into Eq. (2) and Eq. (3) :

i=12 N )

sat

XY P Py Py

] = ——2 = + 10
LFL, - LFL, @ LFL, (19
xi’Yinat X1'Y1Pim szzP;at

1= = + 11
UFL, UFL, UFL, {an

The saturated vapor pressure variation with tempera-
ture for a pure substance i can be estimated by the
Antonine equation :

T+ C;

where Al, Bi and Ci are the Antonine coefficients and were

logP;" = A, (12)

adapted from the literature [3] and are listed in Table 1.

The activity coefficient(y;) which were presented in
Eq. (10) and (11), can be estimated by the use of the
following Van Laar equation.

Apx, )2
I = _—_ 1
o Au(Alle +Apx, 13
Apx, )2
I = _— 1
gl An(Alle +Apx, (14)

The binary parameters of the Van Laar equation were
abstracted from the literature [7].

The flash point-prediction model developed for the
flammable binary solution included the modified equa-
tion of Le Chatelier, the Antonine equation and the Van
Laar equation.

The solution of Eq. (2) provides iteratively the
desired lower flash point temperature. The values of
LFL; are calculated from Eq. (4) while P; values are
obtained form Eq. (9) and (12) with the activity coeffi-
cients predicted by means of Van Laar equation.

While the solution of Eq. (3) provides iteratively the
desired upper flash point temperature. The values of
UFL; are calculated from Eq. (5) while P; values are
obtained form Eq. (9) and (12) with the activity coeffi-
cients predicted by means of Van Laar equation.

4.2.2. Reduced model under an ideal solution assumption

For the ideal solution, the activity coefficients of the
liquid phase are equal to unity, and the flash point-pre-
diction model may be reduced to a simpler form. Under
this condition, the vapor-liquid equilibrium equation,
Eq. (9), was able to be reduced to Raults law for this
study, this being described as :

P,' = .x,‘Pfat (1 = 17 2, T N) (15)

Therefore, the modified equation of Le Chatelier, Eq.
(2) and (3), was reduced to Eq. (16) and (17), respec-
tively :

sat sat sat
1 = iniPi — X1P\ x?_PZ (16)
LFL, LFL, LFL,
xlpfat X Psat X Pmt
=3l = Bit B 17
UFL, ~ UFL, ' UFL, )

this being the equation used by White et al. [8] to
estimate the flash point of the systems, JP-4/JP-8 and
JP-5/JP-8. The Antonine equation, Eq. (12), was still
deemed by us to useful to estimate P;".

The reduced model developed for the flammable
binary solution included the modified equation of Le

Chatelier, the Antonine equation and the Raoult’s law.
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The solution of Eq. (16) provides iteratively the
desired lower flash point temperature. The values of
LFL; are calculated from Eq. (4) while P; values are
obtained form Eq. (15) and (12) with the activity coef-
ficients predicted by means of Raoult’s law.

While the solution of Eq. (17) provides iteratively the
desired upper flash point temperature. The values of
UFL; are calculated from Eq. (5) while P; values are
obtained form Eq. (15) and (12) with the activity coef-
ficients predicted by means of Raoult’s law.

4.2.3. Comparison of the calculated values with the
experimental data

In this study, the flash point prediction models pro-
posed in section 4.2.1 and 4.2.2 was used to predict the
lower and upper flash points of the binary system, buty-
lacetate+2-propanol. The prediction results obtained
were presented in Table 2 and Table 3.

And included in Table 2 and Table 3 is the average
absolute deviation(A.A.D.) defined as [9]

N Xp al
AAD. = z[m—;ﬁf’—

i=1
where the A.A.D. is a measure of agreement between
the experimental data and the calculated values.

Fig. 2 compares the lower and upper flash point vari-
ation between the model predictive curves and the
experimentally-derived data for the binary solution,
butylacetate+2-propanol.

As seen from Fig. 2, the curve predicted by the flash
point prediction models proposed in section 4.2.1 and
4.2.2 appears to be consistent with the experimentally-
derived data. And as can be seen from A.A.D. in Table
2 and Table 3, good qualitative agreement was obtained
with the reduced model and the flash point prediction
model based on the Van Laar Equation.

The calculated lower flash points based on the
reduced model were found to be better than those based
on Van Laar equation, while the calculated upper flash
points based on Van Laar equation were found to be
better than those based on the reduced model.

] (18)

5. Conclusions

The lower and upper flash points of the flammable

binary system, butylacetate+2-propanol were measured
by air-blowing tester.

The experimental data were compared with the values
calculated by the reduced model and the flash point
prediction models based on the Van Laar equation. The
agreement between experimental data and calculated
values is generally very good as can be seen from Fig.
2 and from A.A.D. in Table 2-3.

The prediction results of these models can thus be
applied to incorporate inherently safer design for chem-
ical process, such as the determination of the safe stor-
age conditions for flammable(or combustible) solutions.
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