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Abstract : The flash point of liquid solution is one of the most important flammability properties that used in haz-
ard and risk assessments. Minimum flash point behaviour (MFPB) is showed when the flash point of a liquid mix-
ture is below the flash points of the individual components. In this paper, the lower flash points for the flammable
binary system, n-decane+n-octanol, were measured by Pensky-Martens closed cup tester. This binary mixture exhib-
ited MFPB. The measured flash points were compared with the values calculated by the Raoult's law and the opti-
mization method using van Laar and UNIQUAC equations. The optimization method were found to be better than
those based on the Raoult's law, and successfully estimated MFPB. The opimization method based on the van Laar
equation described the experimentally-derived data more effectively than was the case when the prediction model

was based upon the UNIQUAC.
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1. Introduction

The flash point is a primary property used to determine
the fire and explosion hazards of a liquid solution [1]. The
flash point is the lowest temperature at which there is suf-
ficient vapour to form an ignitable mixture with air [2].

The flash point of most mixtures vary depending on the
composition. Some of mixtures exhibit minimum flash
point behaviour, which leads to the minimum on the flash
point vs composition curve. This behaviour can lead to a
very hazardous situation [3].

The flash points are measured by heating the liquid in a
container and then introducing a small flame just above
the liquid surface. Two general experimental apparatus are
the closed cup tester and open cup tester. In the closed
cup tester the liquid is enclosed, while in the open cup
tester the liquid is exposed to open air. The flash points
measured with the closed cup tester are usually lower than
the open cup tester because the vapour are prevented form
escaping [1].

There are different methods for calculation the flash
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points of binary mixture. Affens and McLaren [4] devel-
oped a predictive model for the flash points of binary
hydrocarbon mixtures using Raoult's law. However, the
Affens and McLaren's model is not able to effectively pre-
dict the measured the flash point for a non-ideal solution.

Liaw et al. [5] developed a mathmatical mode] for the
flash points of highly non-ideal solutions using activity
coefficient models, such as Wilson, NRTL and UNIQUAC
models. Surely, the Liaw's model needs the binary inter-
action parameters of activity coefficient model to calculate
the flash points. Without the binary interaction parameters,
the Liaw's model cannot be able to predict the flash points
for the binary solutions.

Kim and Lee [6] established a general empirical model
to estimate the flash point of binary liquid mixtures using
the partial least squares (PLS) method, which is one of
the multivariate statistical analysis methods.

Ha et al. [7,8] predicted the lower flash points of the
flammable binary solutions by using the prediction mod-
els based on activity coefficient model.

The purpose of this study was to measure and predict
the flash points for the binary mixture exhibiting MFPB
to aid in evaluating the safety of flammable liquid mix-
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tures. The flash points for the binary solution, n-decane+n-
octanol were measured by Pensky-Martens closed cup
tester and compared with the Raoult's law and optimization
method based on van Laar and UNIQUAC equations [9].

2. Experimental Details

n-Decane and n-octanol were purchased from Lancaster,
England with a minimum purity of 99%. All these chem-
icals were used directly without any purification.

The basic system configuration of Pensky-Martens closed
cup tester [10] consists of a test cup, cover and stove.

The volume of the test cup is 100 ml and was made of
brass. The flange is equipped with devices for locating
the position of the test cup in the stove. The cover con-
sists 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 (65 ml). 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 appli-
cation of the test flame causes the vapor above the mix-
ture to ignite.

3. Mathematical formulation for the
lower flash point prediction

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

The Le Chatelier's rule [11] for the flammable vapor-air
mixture of multicomponent is as follows :

Ao (1)
Z IFL,

where y; is the composition of a flammable substance i in
the vapor phase, and LFL; is the LFL of the pure compo-
nent i. From the definition of the flash point, the LFL; is
expressed relative to its saturated vapor pressure at flash
point, P{%., as :

sat

LFL, = =& )

where P is the ambient pressure. The composition of
flammable substance i in the vapor phase, y, can be
derived from the vapor-liquid equilibrium (VLE).

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 :

v DP = xf;

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

i=12, -, N)(3)

@ =1 “

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

fiz P ®)

where P;* is the vapor pressure of pure i at the system
temperature. Therefore, the vapor-liquid equilibrium rela-
tion is reduced as :

viP = xy.P 6)
or

_ xXYiP 7

Yi = —_P (7

Substitution Eq. (2) and Eq. (7) into Eq. (1) results in :

Noxy Pt lelpf‘”_l_szzPim
Z sat - sat Psat

i=1 iLfp 1.fp 2,fp

=1 (8)

The saturated vapor pressure variation with temperature
for a pure substance i can be estimated by the Antoine
equation [9] :

B;

sat — - 9
logPi® = A= ©)

where A;, B; and C; are the Antoine coefficients and T is
the temperature in degree Celsius (°C). The Antoine coef-
ficients for n-decane and n-octanol, were adapted from
the literature [12] and are listed in Table 1.

The vapor pressure of pure substance i at its flash point

;4 , as presented in Eq. (8), can be estimated by substi-
tuting 7; ;,, the flash point of component 1, into the Anto-
ine equation.

Under an ideal solution assumption, the activity coeffi-
cients of the liquid phase are equal to unity. Therefore Eq.
(8) was reduced to Raoult's law [13], this being described
as :

Table 1. The Antoine coefficients of the components

Coefficients B C
Components
n-Decane 7.44 1843.12 230.22
n-Octanol 7.0845 1457.76 151.58
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Table 2. The optimized binary parameters of the van Laar and
UNIQUAC equations for each binary system

Parameters ~ van Laar UNIQUAC
Systems A12 A21 A12 AlZ
D 14n-
n-Decane(In- ) ca0) 266568 1995.7221 —592.5629
Octanol(2)

Table 3. The experimental and the calculated flash points for
n-decane(x; }+n-octanol(x;) system

Mole fractions Flash points (°C)
X % Exp. Raoult's van Laar UNI-
law QUAC
1.000 0.000 440 - - -

0.764 0.236 39.0 48.38 39.00 39.61
0.696 0.304 40.0 49.88 40.12 40.01
0.597 0.403 42.0 52.29 42.25 41.75
0.503 0.497 46.0 54.90 44.80 44.45
0.395 0.605 49.0 58.40 48.49 48.68
0.307 0.693 530 6175 52.30 530t
0.196 0.804 58.0 66.81 58.69 59.84
0.103 0.897 64.0 71.99 66.27 67.28
0.000 1.000 79.0 - - -

AAD. - 9.18 0.72 0.98

ixipl;ut _ xlpimt xngal
i=1 p f%) P ffz;p P 5.(721
The temperature, which satisfies Eq. (10), is determined
to be the lower flash point of the binary mixtures [13].

The calculated results are presented in Table 3.

=1 (10)

3.2 The optimization of the binary interaction param-
eters

The above mentioned method based on Raoult's law is
only adequate for almost ideal solution. In this study, the
van Laar and UNIQUAC equations is used to estimate the
activity coefficients of nonideal binary solutions. Because
the equations are useful methods for evaluating the activ-
ity coefficients.

The van Laar and UNIQUAC equations are used to cor-
relate the experimentally derived data for flammable
binary system, n-decane+n-octanol, these equations being
described as :

van Laar equation :

Ax 2
In¥v = A (__Al_)
= A g ALx

A 2
Ing = AZI[A—LX‘—) an

12X+ Aux

UNIQUAC equation :

" 2 0; @ »
+ iq,-ln——— +1,- x—ij;lej (12)

Iny, = In Xi 3

_qviln('z O'j’cji} + q'i-q,iz __,_Z.:E_’L__
f=1

jmt o m
3 0ty
k=1
where,
T = off oW
RT

i = 5(r=g)~(r;= 1.z = 10

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

F = Y ABS(T - Ty 13)
i=t1
where, N is the number of experimental data, ABS is
absolute value, T,°® is the experimental lowver flash point
of component j, and T7* is the calculated lower flash point
of component j. 77#, which satisfies Eq. (8), is determined
to be the lower flash point of the binary mixtures.

The values of the binary interaction parameters that min-
imized this objective function (F) were sought, using both
the van Laar and the UNIQUAC equations.

Using the STIMPLEX [14] method, the binary interaction
parameters of the van Laar and UNIQUAC equations,
van Laar : A12, A21

UNIQUAC : Uj; (=g12—811)s Uzt (=821—82)

were calculated.

4. Results

4.1 Experimental Results

The results obtained in this work for the system, n-
decane(1)+n-octanol(2) [15], are presented in Table 3.
Concentrations of component i are given in mole fraction,
x;. As shown in Figure 2, the lower flash points of the sys-
tems plotted as a function of mole fraction. This binary
mixture exhibited MFPB (minimum flash point behavior),
which leads to the minimum on the flash point vs compo-
sition curve.

4.2 The comparison of the experimental and calcu-
lated lower flash points
The binary interaction parameters calculated in this study
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Fig. 1. The comparison of the lower flash point prediction curves
with the experimental data for n-decane(x)+n-octanol(x;) system.

are shown in Table 2, and the predicted flash pointss were
presented in Table 3 and Figure 2. Included in Table 3 is
the A.AD. (average absolute deviation) defined [16] as
follows :

N exp _ Teall
AAD. = ZlLN—T"

i=1

(14)

where the A.AD. is a measure of agreement between the
experimental values and the calculated values, the 7,27 is
the experimental lower flash point of component i, and
T¢! is the estimated lower flash point of component i.

As can be seen from Figure 1, the experimental results
are generally in bad agreement with the predicted values
based on the Raoul's law and in good agreement with the
predicted values based on the optimization method using
the van Laar and UNIQUAC equations. And the optimi-
zation method successfully estimated MFPB.

Table 3 also depict the results of comparing the pre-
dicted values provided by the optimized binary interaction
parameters in the van Laar equation and UNIQUAC
equation for estimating the corresponding activity coeffi-
cients. The van Laar equation is a little more accurate
than the UNIQUAC equation, as can be seen from the
A.AD. in Table 3.

5. Conclusion

The flash points for flammable binary system, n-decane
+n-octanol, were measured by Pensky-Martens closed cup
tester. This binary mixture exhibited MFPB (minimum
flash point behavior), which leads to the minimum on the
flash point vs composition curve. The experimental data
were compared with the values calculated by the Raoult's
law and optimization methods. The calculated values
based on the optimization methods were found to be bet-
ter than those based on the Raoult's law. The van Laar
equation is a little more accurate than the UNIQUAC
equation, as can be seen from the A.AD.

The prediction method in this study can thus be applied
to incorporate inherently safer design for chemical pro-
cess, such as the determination of the safe storage condi-
tions for flammable (or combustible) solutions.
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