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INTRODUCTION

Flashpoint is one of the most important physical
properties that can determine the potential
for fire and explosion of flammable liquids.
This parameter is the lower temperature that
the vapor of substance can flame. In other
words, at this temperature, the vapor of the
liquid is at the lowest flammable limit (LFL)
[1]. Laboratories and industries commonly use
flammable substances, so knowing physical
properties of these substances is important to
avoid any hazards. Moreover, liquids that have a
flash point 93 °C or less, are categorized to the
hazard class flammable liquids [2]. Moreover,
the knowledge of flashpoint helps firefighters to
extinguish fires; in addition, if fire occurs by high
flashpoint liquids, fire can be extinguished by
water, whereas low flashpoint needs to use dry

chemicals or foams [3]. Generally, there are two

Accepted: September/27/2019

methods to calculate the flashpoint that each
method is done based on their special standards.
The standard methods can be selected based
on the type of material and apparatus available.
These methods and standards are:

Tag closed- cup method (ASTM D56): for materials
with viscosity < 5.5 mm?/s, and flashpoint <93°C,
Penesky — Martens closed- cup method (ASTM
D93): for materials with flashpoint between 40
and 360 °C such as distilled fuels, lubricating
oils, fuel oils, mixtures of petroleum liquids with
solids and biodiesel fuels,

Cleveland open- cup method (ASTM D92): for
liquids with high viscosity and flashpoint between
79 and 400 °C such as petroleum products except
fuel oils [3].

There is a barrier in closed-cup tester. Therefore,
so the volatile particles cannot escape from the

container and the equilibrium between vapor



and the air in the enclosed space are established,
but in the open cup tester, the low-boiling
components lose to the atmosphere before
flaming, and thereby they result in a few degree
lower flashpoint [3]. Because each method gives
a different result, for mentioning each flashpoint,
it is necessary to list the testing method [4]. In
chemical processes, knowledge of flashpoint of
mixtures is important. While flashpoints of pure
chemical substances are reported, limited data
are available for mixtures. Since the experimental
measurement of flashpoint is expensive and
need adequate time, the predictive methods
are required to estimate flashpoints of mixtures
[1]. Several predictive models are presented in
literature to estimate flashpoints of flammable
mixtures. Wickey et al [4] reported a method to
calculate flashpoint of miscible and ideal solutions
of petroleum mixtures. Macgovern [4] presented
a method to estimate flashpoints of mixtures
of oxygenated and hydrocarbon solvents and
petroleum distillates. Crowl et al [2] suggested a
method using Raoult’s law to estimate flashpoint
of a liquid solution with only one flammable
component. Affens and Mclaren [5] suggested a
method to calculate flashpoints of mixtures with
the help of lower flammability limit temperature
(FLF) rule. They assumed that the solutions are
ideal. White et al [6] presented a simple method
by ignoring the temperature dependence of LFL.
Moreover, the derived equation was used by
them to estimate the flashpoints of two aviation-
fuel mixtures: JP4-JP8 and JP5/JP8. Models of
Affens and White et al [7] are able to estimate
flashpoint of ideal solution, but they could not
estimate non-ideal ones. Liaw et al [7,8,9,10,11]
reported a series of models in which they used

activity coefficient in the model of White et al.
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Activity coefficient is a dimensionless parameter
that measures the deviation from ideality in a
mixture. The basic assumption in these models
is that the liquid phase is in equilibrium with
the vapor. Such models are accurate to estimate
flashpoints of ideal and non-ideal mixtures.

Generally, theoretical models like Affens and
White or Liaw are based on Le Chatelier rule in
1981 for flammability limit. Chatelier presented a
general experimental law to study flammability of
mine gas. In these models, the main parameters
of each pure substance or mixture, like enthalpy,
activity coefficient etc. should be known, and
sometimes calculating these parameters is
difficult. Moreover, all of the chemical substances
do not have low flammability limit (LFL) [11]. The
empirical methods have also been developed for
estimating flashpoints of mixtures. Catoire and
Naudet [12] developed an empirical equation to
predict flashpoints of binary mixtures using 600
flashpoints of experimental results for binary
mixtures. This model is based on the normal
boiling point, the vaporization enthalpy, and the
number of carbon atoms. Investigations show
that these empirical models generally yield the
satisfactory results. In 2006, Catoire et al [13,14]
extended their equation to mixtures. Yong Pan et
al [15] developed a method to estimate flashpoint
using two linear (MRL) and non-linear (MNR)
equations based on vapor-liquid equilibrium
concept, normal boiling point, standard enthalpy
of vaporization, average number of carbon
atoms, and the stoichiometric concentration
of vapor phase. One of the applications of Liaw
model is to calculate the parameters of the
activity coefficient models. Haghtalab et al [16]
calculated parameters of activity coefficients for

binary mixtures using Liaw method and
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then used the parameters to estimate flashpoints
of ternary mixtures.

In this article, some binary and ternary
flammability liquids are selected. As there is
no information about some binary activity
coefficients for a particular system, first these
parameters are calculated from experimental
flashpoints by Liaw method then flash points
of cited mixtures are estimated in different
concentrations.

Finally, experimental and

estimated data are compared with each other.

MODELING

The Le Chatelier’s law for binary mixtures is given
as follows:

([ Y £ E A (1)

LFL, LFL, LFL,

where y is the composition of a flammable

llIM

substance in the vapor phase, and LFL is the
low flammability limit for the pure component i.
From the definition of flashpoint, LFL is fraction
of saturated vapor pressure at flashpoint to
ambient pressure:]

sat

LFL, =% (2)
In above equation, P“f"pt and P are saturated
and ambient pressures respectively. y i can be
derived from vapor-liquid equilibrium (VLE), as
seen in Equation 3:

y,O.P=xyf, (3)
where @, P, x, v, and f are the fugacity coefficient
of component i, the pressure, the mole fraction
of flammability substance in liquid phase, the
activity coefficient, and the fugacity of pure
liquid respectively.

At low pressure, the vapor phase can be
approximated as an ideal gas, so that the fugacity

coefficient can be assumed equal to unity:

0, =1 (4)
The fugacity of pure liquid i at temperature and
pressure of the system can be simplified as:

fi = Pimt (5)
The vapor-liquid equilibrium relation is reduced

as follows:

yipzxiyif)imt (6)
or ,

y, =S o)

By placing equations 7 and 2 in equation 1,

Equation 8 which is obtained is as follows:

1:in1)i;w7i :xlpl;a,ylﬂszPéa,yz (8)
P P, P

ifp Lfp 2./p

Antoine’s equation can be used to estimate
vapor pressure:

In P :A+TE+ClnT +DT* (9)
A, B, and C are the constants of equation 9,
which are reported in literature [17]. For an ideal
solution, activity coefficient of a liquid phase for
any component is equal to unity, and equation 7

is reduced to Raoult’s law:
_x,P”

Y, P (10)

Thus, the equation for ideal solution is expressed

as:

PO SEIT N 1T S 3 (11)
B Bn P

White used this equation to estimate flashpoint
of aviation-fuel mixtures, JP4-JP8 and JP5/JP8
[6]. For alcohol aqueous solutions, water is a
non-flammable component, so it does not have a
flashpoint. If water is assumed to be component
1, and alcohol is assumed to be component 2,

the model is reduced as follows:

lzle.Pl.m' _ xzpzmt (12)
sat sat
Pi,fp P. 2./p

In continuous, the AAD% or absolute average
deviation percent is calculated by the following

expression:



(Tiexp _Tical ) /T &P

i

AAD =

2. 100 (13)
where n, Tiex”,n and Ticalc are the number
experimental data, experimental flash point,
and predicted flash point respectively. Since the
system is non-ideal, one must use an appropriate
activity coefficient model. Moreover, the activity
coefficient can be estimated using different
models like Margules, van Laar, Wilson, NRTL,
UNIQUAC, or UNIFAC. The coefficients measure

the deviation from ideality in a mixture [8].

RESULTS AND DISCUSSION

The flashpoints of pure substances are available
in the literature [10,18]. The experimental flash
points of binary and ternary mixtures Water+
Methanol, Water+ Ethanol, Octane+ Heptane,
Octane+ Dodecane, Nonane+ Decane, Nonane+
Dodecane, Acetic Acid+ Pentan-1-ol, Acetic Acid+
n-Hexanol, Pentan-1-ol+ Cyclohexanon, Acetic
Acid+ Cyclohexanon, n-Hexanol+ Cyclohexanon,
Octane+ Decane+ Dodecane, Nonane+ Decane+
Dodecane, Aceticacid+n-Hexanol+ Cyclohexanon
are extracted from literature [10,18,19,20]. To
estimate flashpoint of non-ideal mixtures, it is
importanttoknow activity coefficient parameters.
First, by experimental data and liaw method,
interaction parameters of activity coefficient
(Wilson, NRTL and Margules) are calculated.
Then by means of calculated binary coefficient
parameters and Liaw method, flashpoints of
binary and ternary mixtures are estimated. In
addition, activity models are compared with
each other and with experimental data. To
better understand, the AAD% that measure an
agreement between the experimental data and
the calculated values are listed in the tables 1,
2 and 3. Maximum error in alcohol solutions

and alcohol and ketone are about ideal model,
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so these solutions are non-ideal. In Octane+
Heptane, Octane+ Dodecane, Nonane+ Decane,
Nonane+ Dodecane systems, the predictions
of the flashpoint model using different activity
coefficients and ideal model overlap each other,
so these solutions act as almost ideal solutions.
As could be seen from Tables 1 and 2, all
three models show good results but NRTL and
Margules indicate lower deviation, 2.64% and
2.71% respectively. For studied ternary mixtures,
Wilson activity model is selected. It is clear from
table 3 that both ideal and non-ideal models are
in satisfactory agreements with experimental

ones.
Table 1: Results of AAD% for some studied systems.

Solution Wilson | NRTL
Water+ Methanol M.V 'ARI
Water+ Ethanol Y).4 as.9
Octane+ Heptane OANA )0
Octane+ Dodecane VY.0 1.60
Nonane+ Decane 540. 0.60
Nonane+ Dodecane 0.41 .38
Acetic Acid+ Pentan-1-ol .54Y 1.52
Acetic Acid+ n-Hexanol 490 1.19
pentan-1-ol+ Cyclohexanone 1.08 .720
acetic acid+ Cyclohexanone 1.79 760.
n-Hexanol+ Cyclohexanone 2.68 19.1
Total AAD% 09.0 64.2

Table 2: Results of AAD% for some studied systems.

Solution Margules Ideal

Water+ Methanol 53Y. 731V,

Water+ Ethanol 52A. .-036
Octane+ Heptane 39%. vYy.Q
Octane+ Dodecane 95.. Y.y
Nonane+ Decane 0.69 AL
nonane+ dodecane Yo.- Yo.)
acetic acid+ pentan-1-ol 50Y. .Yv3
acetic acid+ n-hexanol 92.. 21Y.
pentan-1-ol+ cyclohexanon 90-. 1.52
acetic acid+ Cyclohexanon 0.81 1.38
n-Hexanol+ Cyclohexanon Y ALY
Total AAD% AR 8.03
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Table 3: Results of AAD% for some studied systems.

Solution Wilson Ideal
Octane+ Decane+ Dodecane 074. 3.61
Nonane+ Decane+ Dodecane 54.1 1.03

Acetic acid+ n-Hexanol+
Cyclohexanone

Total 21.4 1.57

1.17 av.¥

Conclusions

The interaction binary parameters of activity
coefficient models (NRTL, Wilson and Margules)
are calculated by experimental data of binary
solutions and Liaw method. Then by means of
calculated parameters, flashpoint of binary and
ternary solutions are estimated. The predicted
data are compared with experimental data and
satisfactory agreements are observed in three
different activity coefficient models. The alcohol
solutions and alcohol+ ketone are almost non-
ideal while Octane+Heptane, Octane+ Dodecane,
Nonane+Decane, Nonane+ Dodecane, Octane+
Decane+Dodecane,Nonane+Decane+Dodecane,
Acetic acid+ n-Hexanol+ Cyclohexanone are
almost ideal, because these binary components
are chemically similar.

p

FLF: Flammability limit temperature

VLE: Vapor-liquid equilibrium
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