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Abstract : Lower flash points for the binary systems, carbon tetrachloride+o-xylene and water+n-butanol were
measured by Pensky-Martens closed cup tester. The Raoult's law and optimization method using van Laar equation
were used to predict the lower flash points and were compared with experimental data. The calculated values based
on the optimization method were found to be better than those based on the Raoult's law.
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1. Introduction

The flash points are used to classify combustible lig-
uids according to their relative flammability[1]. The
regulations for the safe handling, transportation, and
storage of such substances are dependent on this classi-
fication, and the flash points are therefore of great
importance in the chemical industry.

The flash points of the closed cup tester were mea-
sured rather than the flash points of the open cup tester.
Owing to distillation of the mixture during heating, the
open cup tester of multicomponent systems cannot be
readily made. Further, the flash points of the closed cup
tester are most widely used to characterize flammable
substance hazards in practice[2].

Experimental flash point data for most single compo-
nent flammable liquids are readily available in the liter-
ature. However, the flash points of mixtures that have
non-flammable components, such as carbon tetrachloride
and water, have seen little study and the data that did
exist was inconsistent. The non-flammable components
add to flammable liquids to inhibit the flash. The flash
points of the mixtures will be vary depending on the
composition.

Ha et al.[3,4] performed that experimental flash
points for flammable liquid mixtures were compared
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with the calculated values by using Raoult's law and
van Laar equation.

The purpose of this study was to measure and predict
the lower flash points for these systems to aid in eval-
uating the safety of flammable and non-flammable lig-
uid mixtures. The lower flash points for the systems,
carbon tetrachloride+o-xylene and water+n-butanol,
were measured by Pensky-Martens closed cup tester,
and compared with the Raoult's law and optimization
method using van Laar equation[5].

2. Mathematical Formulation for the
Lower Flash Point Prediction

2.1 The Prediction of the lower flash points based on
the Raoult's law

The following equation applies to vapor-liquid equi-
librium[6].

P; = Plo, = Plyax, (1)

where P; is the partial vapor pressure of component
i(mmHg), P% is the vapor pressure of component
i(mmHg), a; is the activity of component i, y; is the
activity coefficient of component i and x; is the mole
fraction of component i in the liquid phase.

Assuming vapor-liquid equilibrium in the Pensky-
Martens closed cup tester, the Clausius-Clapeyron equa-
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tion can be applied to binary systems[7].

dInP; _ AH,
dT ~ RT
where T is the flash point in absolute temperature(K),
H; is the enthalpy of vaporization of component i(k]/
mol), and R is the gas constant, 8.314(J/mol/K).

The enthalpy of vaporization is a function of temper-
ature and was estimated by use of the Watson equa-
tion[5] in this study.

Integrating Equation (2), and substituting Equation (1)
results in the following :

()

P, = In(Plox) + S (- 7) G)

where PJy is the saturated vapor pressure of compo-
nent i, while T and T, are the flash points of the liquid
mixture and pure flammable component, respectively.

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

B;

t+ C; )

InP?’O = A,'_

The Antonine coefficients, A;, B; and C;, for these
species were adapted from the literature[5] and are
listed in Table 1.

Below we assume that a flash occurs at the lower
limit of flammability in the fuel-air system without the
additive,

P, = Pg,o = constant (5)

where the subscript 2 indicates the flammable compo-
nent.
Substituting Equation (5) into Equation (3),

1_1, (R/AH,) - In(Y, - x;) (6)

ron

where the superscript L indicates the lower flash
point, T%; is the lower flash point temperature of the
flammable component, and H, is the average of the

Table 1. The Antoine coefficients of the components

Coefficients A B C
Components
Carbon tetrachloride 6.84083 1177910 220.576
0-Xylene 7.00154 1476.393 213.872

Water 8.07131 1730.630 233.426
n-Butanol 7.838 1558.19  227.438

enthalpy of vaporization near TY,.

Under an ideal solution assumption, the activity coef-
ficients of the liquid phase are equal to unity. Therefore
Equation. (6) was reduced to Raoult's law[8], this being
decribed as :

L o L (R/AHY) - In(xy) )

T -

The temperature, which satisfies Equation. (7), is
determined to be the lower flash point of the binary
mixtures[8]. The calculated results are presented in
Table 3 and Table 4.

2.2 The optimization of the binary interaction param-
eters

The van Laar equation is used to correlate the exper-
imentally derived data for three binary solutions, these
equations being described as :

van Laar equation :

A x 2
Iny. = A (_212_
i . Apxy + Ay xy
Apx 2
Inys = Ay 225 ) ®)
ik . Apx+ Ayx,

The objective function was used to minimize the dif-
ference between the experimental and calculated flash
points, this being described as :

F= $ABS(TY® - T;") ©
j=1

where, N is the number of experimental data, ABS is
absolute value, 7" is the experimental lower flash
point of component j, and T/ is the calculated lower
flash point of component j. T, which satisfies Equa-
tion. (6), is determined to be the lower flash point of
the binary mixtures

The values of the binary interaction parameters that
minimized this objective function(F) were sought, using
the van Laar equation. Using the SIMPLEX][9] method,
the binary interaction parameters(A;;, A,;) of the van
Laar equation were calculated. The binary interaction
parameters calculated in this way are shown in Table 2.

Table 2. The optimized binary parameters of the van Laar
equation for each binary system

Parameters van Laar
Systems Ap Ay
Carbon tetrachloride(1)+o-Xylene(2)  14.3123 0.4246
Water(1)+n-Butanol(2) 0.0327 1.8312
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3. Experimental

3.1 Chemicals

n-Butanol was purchased from Junsei, Japan with a
minimum purity of 99%. Carbon tetrachloride was pur-
chased from Kanto, Japan with a minimum purity of
99.5% and o-xylene from Lancaster, USA with a mini-
mum purity 99%. Water was supplied by J.T. Baker,
USA. All these chemicals were used directly without
any purification.

Two mixtures were selected for the samples : carbon
tetrachloride+o-xylene and water+n-butanol systems.

3.2 Apparatus and Procedure
The basic system configuration of Pensky-Martens

D Test Cup @ Stirrer
@ Flexible Shaft @ Air Bath
® Top Plate ® Thermocouple

Flame Regulator
@ Test Cup Handle
@ Gas Pipe

Electric Regulato

(@ Flame Exposure Device
©® Shutter Operating Knob
@ Gas Safety Valve

@ Electric Switch

@ Electric Motor

Fig. 1. Schematic diagram of experimental apparatus.

closed cup tester[10] is given in Fig. 1. This apparatus
consists of a test cup, cover and stove.

The volume of the test cup is 100ml and was made
of brass. The flange is equipped with devices for locat-
ing the position of the test cup in the stove. The cover
consists of cover proper, shutter, flame-exposure device,
pilot flame and stirring device. Heat is supplied to the
cup by means of the stove. The stove consists of an air
bath and a top plate.

The pure components are added by mass and the test
cup is filled with the mixture (65ml). The mixture is
heated at a rate of 5 to 6 K/min with continual stirring
(90 to 120 rpm). A small flame is directed into the test
cup at regular intervals with simultaneous interruption
of stirring. The flash point is the lowest temperature at
which application of the test flame causes the vapor
above the mixture to ignite.

4. Results

4.1 Experimental Results

The results obtained in this work for the systems, car-
bon tetrachloride(1)+o-xylene(2) and  water(1)+n-
butanol(2), are presented in Table 3 and Table 4,
respectively. Concentrations of component i are given in
mole fraction, x; As shown in Fig. 2 and Fig. 3, the
lower flash points of the systems plotted as a function
of mole fraction.

Table 3. The experimental and the calculated flash points for
carbon tetrachloride(x,)+0-xylene(x,) system

Mole fractions Flash points (°C)
Optimization

Xy Xs Exp. Raoult's law P method
0.261 0.739 29.0 28.30 28.31
0.204 0.796 27.0 26.98 26.98
0.094 0.906 25.0 24.70 24.71
0.000 1.000 23.0 - -

A.AD. 0.34 0.33

Table 4. The experimental and the calculated flash points for
water(x1)+n-butanol(x2) system

Mole fractions Flash points (°C)
Optimization
X, Xa Exp. Raoult's law pme thod
0.515 0.485 36.0 4442 35.99
0.312 0.688 31.0 37.79 31.00
0.000 1.000 31.0 - -
A.AD. 7.61 0.05




Measurement and Prediction of the Flash Points for Flammable Liquid Mixtures with Non-flammable Component 15

70

65 - ,
ARaoult's law

60 1 O:Optimization method
~ 55 O :Experimental data
g 45 A
=}

740

= A

5 35 a
E 300 a

2

B o2

20

10 T T T T T T T T T !
0 0t 02 03 04 05 06 07 08 08 1

The mole fraction of water ( x;)

Fig. 3. Comparison of lower flash points of experimental and
predicted for water(x;)+n-butanol(x,) system.
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Fig. 2. Comparison of lower flash points of experimental and
predicted for carbon tetrachloride(x,)+0-xylene(x,) system.

4.2 The comparison of the experimental and calcu-
lated lower flash points "

Included in the tables is the average absolute devia-
tion(A.A.D.) defined as [11,12] :

aap. =3 (T (10)

where the A.A.D. is a measurement of agreement
between the experimental and calculated values.
The calculated values using the optimization method

and the Raoult's law for the systems are presented in
table 3~4. The calculated values based on the optimiza-
tion method were found to be better than those based
on the Raoult's law for the systems, carbon tetrachlo-
ride+o-xylene and water+n-butanol.

5. Conclusion

The flash points for two binary systems containing
non-flammable component, were measured by Pensky-
Martens closed cup tester. The experimental data were
compared with the values calculated by the Raoult's law
and optimization method. The calculated values based
on the optimization method were found to be better
than those based on the Raoult's law.

The prediction method in this study 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
containing non-flammable component.
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