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The objective of the present article was to develop and validate a method for the determination of the
upper flammability limits (UFLs) in air, at atmospheric pressure and reference temperature, of flammable
compounds containing carbon, hydrogen and oxygen in their molecules, called C—H—O compounds for
simplicity.

The developed method applies basic combustion theory and chemical equilibrium. The upper flammabil-
ity limits are determined by correlating a parameter named 6, which is the ratio of the adiabatic flame tem-
perature at the stoichiometric composition to the adiabatic flame temperature at the UFL composition.

A total set of 208 C—H—O compounds was considered, it was divided into a correlation set of 136 com-
pounds and a prediction set of 72 compounds. The method’s accuracy was tested in terms of the average
of the absolute values of the relative errors (AARE) and in terms of the squared correlation coefficient
(R2). Also, the 95% confidence interval was determined. For the correlation, prediction and total sets the
AAREs were 9.66%, 7.63% and 8.95%, respectively. The R? was 0.9382 for the correlation set, 0.9188 for
the prediction set, and 0.9346 for the total set.
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1. Introduction

A gaseous mixture of a flammable compound with air (or other
oxidant) is either flammable or non-flammable. For given pressure
and temperature conditions the flammability limits are the con-
centration limits above or below which the flame propagation is
not possible.

The lower flammability limit (LFL) of a flammable compound is
its minimum volumetric concentration, in a gaseous mixture with
air at determined temperature and pressure conditions, for which a
flame is able to propagate. If the flammable compound concentra-
tion is decreased, the flame is unable to propagate.

* Corresponding author.
E-mail address: andresmendiburu@yahoo.es (A.Z. Mendiburu).
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The upper flammability limit (UFL) of a flammable compound is
its maximum volumetric concentration, in a gaseous mixture with
air at determined temperature and pressure conditions, for which a
flame is able to propagate. If the flammable compound concentra-
tion is increased, the flame is unable to propagate.

In a previous work the experimental determination of the
flammability limits have been addressed; they were determined
experimentally by applying standardized test methods [1]. In
another work, the flammability limits of ethanol were determined
at different initial temperatures and pressures [2]. Earlier works by
Zabetakis [3] and by Coward and Jones [4] describe a different
apparatus used before the standardized tests were established.
Experimental determination of the flammability limits of several
compounds is being carried out since the first half of the 20th
century.
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Nomenclature

Abbreviations

FL flammability limit

LFL lower flammability limit

UFL upper flammability limit

ARE absolute value of the relative error

AARE average of the absolute values of the relative errors

Symbols

Cp average heat capacity at constant pressure, kJ/mol-K

g° specific Gibbs free energy at the standard-state pres-
sure, kj/mol

AGY standard-state Gibbs function change, kj/mol

fl}"i formation enthalpy at standard conditions in molar
base, k]/mol

h; specific absolute enthalpy in molar base, kj/mol

har enthalpy of 4.76 mol of air, k]

Hc heat liberated at the stoichiometric combustion process,
K]

Hyp heat liberated in the combustion process at the UFL, k]

Ksc equilibrium constant for the water - gas homogeneous
reaction

Kee equilibrium constant for the water - gas heterogeneous
reaction

M; molecular weight, g/mol

n; number of moles, mol

p pressure, kPa or atm

R universal ideal gas constant, k]/mol-K

R? squared correlation coefficient

s specific entropy, kJ/mol-K

T temperature, K or °C

Tur adiabatic flame temperature at the UFL composition, K

T, reference temperature, K

Tstq adiabatic flame temperature at the stoichiometric com-
position, K

v, number of moles of oxygen at the stoichiometric com-
position, mol

VUit number of moles of oxygen at the UFL composition, mol

Xc number of moles of carbon in the molecule of the flam-
mable compound, mol

Xy number of moles of hydrogen in the molecule of the
flammable compound, mol

X0 number of moles of oxygen in the molecule of the flam-
mable compound, mol

0 ratio Tseq/Tysi

Subscripts

calc calculated value of a variable or parameter for a data set

exp experimental value of a variable or parameter for a data
set

min minimum value of a variable or parameter for a data set

max maximum value of a variable or parameter for a data set

mean mean value of a variable or parameter for a data set

The UFL is more sensitive to the flammability criterion than the
LFL. It is also sensible to the direction of flame propagation [4]. This
sensibility is an additional difficulty for the development of accu-
rate methods for the determination of the UFLs of flammable
compounds.

The flammability criteria are given by standardized procedures
like that described by the American Standard ASTM E681, applied
by Coronado et al. [2]: a mixture is considered flammable if the
flame propagates upwards and outwards from the ignition point,
located at the center of a spherical reaction vessel, forming an
arc of at least 90° on the vessel’s wall.

In other experimental configuration, described by Coward and
Jones [4], the flame propagation is observed inside a cylindrical
tube. The ignition source is located at one end of the cylindrical
tube, and the flammability criterion establishes that a mixture is
flammable if the flame propagates a certain distance towards the
opposite end of the tube. This criterion can be applied for upward,
downward or horizontal flame propagation. The flammability lim-
its will present different values depending on the direction of flame
propagation.

Another flammability criterion is given by the European Norm
BS-EN 1839, adopted by Cui et al. [5]: a mixture is flammable if
the pressure inside the reaction vessel presents an increase of 5%
relative to its initial value.

A comparison of the flammability limits of some compounds
determined by applying different standardized procedures has
been provided by Schréder and Molnarne [6].

Several researchers have devoted their efforts to develop meth-
ods to calculate the flammability limits in air using known proper-
ties of the flammable compound and relying on existing data. The
objective of the present work is to develop such a method to deter-
mine the UFL of C—H—O0 compounds, i.e. compounds which have
carbon, hydrogen and oxygen in their molecular structure, by using

basic combustion theory, chemical equilibrium and known
properties of the flammable compounds.

2. Brief review of methods for the determination of the UFL

There are some published methods for the determination of the
UFL of flammable compounds in air at reference temperature and
atmospheric pressure. In this section these methods are briefly
described. They will be compared with the method developed in
the present work in the Results and discussions section.

High and Danner [7] developed one of the earliest group contri-
bution methods for the calculation of the UFL. A number of 24
molecular groups were considered and the 95% confidence inter-
vals were obtained. The set of experimental values comprised
117 compounds.

Seaton [8| presented a second order group contribution
method, where the input parameters are 38 molecular groups. A
total of 139 flammable compounds were considered for develop-
ment and validation. The result was a correlation which relies on
the knowledge of the molecular structure of the flammable com-
pound in order to be applied.

LazzGs [9] developed a neural network to determine the
flammability limits. The input parameters are 42 molecular
groups; 328 flammable compounds were considered for training
and 90 for validation. The result was a neural network which is
trained to predict the flammability limits in air of organic
compounds.

Kondo et al. [10] developed a method to determine a parameter
named F-number from which the flammability limits can be esti-
mated. The result was a correlation which uses molecular structure
information and 17 empirical coefficients. A total set of 238 flam-
mable compounds was considered.
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Albahri [11] presented a structural molecular group contribu-
tion method which resulted in a correlation that uses 20 structural
groups for the calculation of the UFL. The number of flammable
compounds considered was 477.

Gharagheizi [12] used quantitative molecular properties in
order to obtain a correlation which determines the UFL. The corre-
lation uses 5 quantitative molecular properties that are deter-
mined by a separate procedure on Dragon Software. The total set
consisted on 865 flammable compounds.

Pan et al. [13] obtained a correlation for the prediction of the
UFL. The correlation uses 4 quantitative molecular properties.
The total set had 588 compounds, from which 114 compounds
were used in the test set. In order to determine the quantitative
molecular properties, the Dragon Software must be used.

Mendiburu et al. [14] developed a semi-empirical method
based on adiabatic flame temperature and chemical equilibrium.
The method determines the UFL of C—H compounds in air at atmo-
spheric pressure and reference temperature. The total set had 115
flammable compounds, from which 53 compounds were consid-
ered in the prediction set.

Frutiger et al. [15] presented a group contribution method and
the uncertainty analysis for the determination of flammability-
related properties, including the UFL. For the determination of
the UFL, a set of 351 compounds was considered. The group
contribution parameters must be identified for each flammable
compound by applying Simplified Molecular Input Line Entry
Specification (SMILES).

3. Development of the proposed method

As observed in Section 2, most of the published articles deal
with the problem of determining the UFL by directly applying an
approximation method to this quantity. The combustion process
taking place at the UFL is generally not analyzed. This constitutes
the first motivation of the present work: to include basic combus-
tion theory in the method for the determination of the UFL. If basic
combustion theory is applied the UFL is not directly determined, it
is instead calculated by using an approximate value of the adia-
batic flame temperature at this limit.

The same concept has been applied by Mendiburu et al. [16] for
the determination of the LFL of C—H—O compounds. In the case of
the LFL, it was assumed that complete combustion is achieved.
Therefore, the method developed for the LFL is simpler than the
method developed for the UFL, mainly because combustion is
incomplete at the UFL.

Since basic combustion theory is used in the development of the
present method it is better to analyze compounds of similar char-
acteristics, for example, compounds containing C, H and O atoms in
their molecules. This observation is related to the values of the adi-
abatic flame temperatures and to the global combustion reactions
assumed to represent the process at the UFL. It will be shown later
that this approach allows the determination of the UFL by using
simple and widely known properties of the flammable compounds.

The method developed in the present work is based on the fol-
lowing idea: by knowing an approximate value of the adiabatic
flame temperature at the UFL (Tyg) it is possible to determine
the number of moles of oxygen per mole of the flammable com-
pound (2Y%).

Adopting a simple air molecule where for one mole of oxygen
there are 3.76 mol of nitrogen, the number of moles of air at
the UFL will be 4.762YL. Therefore, the UFL can be calculated

by Eq. (1).
100%

UL =1 +4.760U1 @

In this sense, the method is similar to those based on the calcu-
lated adiabatic flame temperature that were developed for the
determination of the LFL [17,18]. Also among these works, those
by Rowley et al. [19] and Mendiburu et al. [20,16] can be
considered.

In the method developed in the present work, the value of Tyg
is determined by a parameter called 0yg. That parameter is defined
as the ratio of the adiabatic flame temperature at the stoichiomet-
ric composition (Tyq) to the value of Tyg. This concept is the same
adopted for the case of the LFL in previous work by Mendiburu
et al. [16].

Tstq
bur Turt @)

The motivation for the use of 0y came from the observation of
its values for several compounds. It was noticed that 0y did not
present high variation from one compound to another, which is
not the case for UFL or Tyg.

Evidence of the above observation is shown in Table 1, where
the total set consists of 208 C—H—O compounds, the correlation
set consists of 136 C—H—O compounds and the prediction set con-
sists of 72 C—H—0 compounds. In Table 1 the minimum (Oyg min),
maximum (Oyrmax), Mean (Oyrmean) and the standard deviation
(g4) are shown for the 0yr of the considered compounds. Also in
Table 1 the minimum (UFLy,), maximum (UFLp.), mean
(UFLmean) and standard deviation (oyr) are shown for the UFLs of
the considered compounds. It can be observed that the standard
deviation o, represents between 7.3 and 7.9% of the mean value
OurL.mean- ON the other hand, the standard deviation oyg represents
between 33.3 and 50.2% of the mean value UFL,.q,. Therefore, the
information of Table 1 confirms the observation regarding the
small variation of 6yg from one compound to another.

The correlation procedure was performed for 0y and not for
either the UFL or the Tyg. Furthermore, it will be shown that 0y
can be correlated by a combination of five simple parameters:
the number of moles of carbon (xc), hydrogen (x4) and oxygen

(xo0), the molecular weight (M) and the formation enthalpy (H})_F)

of the flammable compound.

The determination of the adiabatic flame temperature at the
stoichiometric composition is widely known and can be found in
classic combustion literature [21,22].

The values of the flammability limits depend on the initial tem-
perature and pressure conditions of the mixture. In the present
work, the UFL is determined at the reference temperature of
25 °C and at atmospheric pressure. Experimental observation has
shown that for a constant initial pressure, the UFL presents higher
values for higher initial temperatures. This behavior can be
observed in Fig. 1, where experimental data by Kondo et al. [23]
are depicted. The LFL presents lower values when the initial tem-
perature is higher and the initial pressure is held constant. This
behavior can also be observed in Fig. 1. However, the dependence

Table 1

Comparison of the standard deviation of 0yr and of the UFL.
Parameter Correlation set Prediction set Total set
OUFLmin 1.87 1.94 1.87
OUFL mean 2.41 235 2.39
OUFL max 2.67 2.57 2.67
ay 0.18 (7.3%) 0.19 (7.9%) 0.18 (7.7%)
UFLpin 2.30 5.10 2.30
UFLmean 9.01 8.97 9.00
UFLmax 36.50 19.00 36.50
oL 4.53 (50.2%) 2.99 (33.3%) 4.06 (45.1%)
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Fig. 1. Temperature dependence of the flammability limits of methane at atmospheric pressure: (a) lower flammability limit and (b) upper flammability limit. Experimental

data by Kondo et al. [23].

of the flammability limits on the mixture’s initial temperature will
be addressed in future work.

3.1. Adiabatic flame temperature at the UFL

The adiabatic flame temperatures at the UFL of a correlation set
must be determined in order to obtain a correlation for 0yg . There-
fore, in this sub-section the UFL is considered a known value.

At the UFL composition the mixture is fuel rich and incomplete
combustion is expected. Species of incomplete combustion such as
CO, C and H; appear on the products. A one-step global reaction
representing the combustion process would be:

CuHy, Ox, + 0UF(0; + 3,76N,)
— Nco, CO;y +ncoCO + nH20H20 + Ny, H, + ny, N, +ncC (3)

where n; represents the number of moles of the ith compound in
the products. The objective is to obtain a one-step global reaction
as simple as possible; the reaction presented in Eq. (3) can be sim-
plified. Considering the UFLs of methane and ethylene given as 15%
and 36% [3], respectively, and assuming that all the carbon reacts to
form CO, the required number of moles of oxygen would be 0.50 for
methane and 1.00 for ethylene. On the other hand, at the UFL, the
available number of moles of oxygen is 1.19 and 0.38 mol, respec-
tively. Therefore, it is reasonable to assume that methane would
react to form CO,, CO, H;0, H, and N, without significant concen-
tration of C in the products; and, it is also reasonable to assume that
ethylene would react to form CO, C, H,0, H, and N, without signif-
icant concentration of CO,. The aforementioned considerations
imply that two one-step global reactions can be adopted:

Global reaction without condensate

CuHy, Ox, + 0UF(0; + 3,76Ny)
— Nco, CO, + ngeCO + Tleono + Ny, H, + 3,76 UUFLNZ (4)

ar

Global reaction with condensate

Cx Hy, Oy, + 2505 + 3,76Ny)

ar

— NcoCO + ncC + nHonZO + Ny, H, + 3, 761/51]FLN2 (5)

r

The assumption of these two reactions with less product spe-
cies, instead of one with more product species, will simplify the
process for the determination of the number of moles of oxygen
in the next sub-section.

In order to determine the adiabatic flame temperature the fol-
lowing considerations are adopted:

(i) The combustion process is incomplete and can be repre-
sented by at least one of the one-step global reactions given
in Eqs. (4) and (5).
(ii) The nitrogen does not react.
(iii) The combustion process takes place at constant pressure.
(iv) There is no work crossing the system’s boundaries.
(v) The process is adiabatic.
(vi) The initial temperature of the reactants is known.
(vii) The gases are considered ideal gases.
(viii) The combustion products are in chemical equilibrium.

Some of the above assumptions are of key importance and shall
be further explained in what follows:

Coward and Jones [4] stated that the flammability limits should
be determined at constant pressure and such configuration has
been applied by Mishra and Rahman [24] in their experiments. A
constant pressure combustion process has been assumed in other
works related to the determination of flammability limits
[17,16,18,25] and this consideration is consistent with the experi-
mental determination. As a first argument, the American Norm
ASTM E681 [26] is considered. In this configuration, a borosilicate
flask is used as the combustion chamber and, in order to facilitate
venting, a rubber cover rests on top of the flask’s neck. Therefore,
the experimental determination of flammability limits with ASTM
E681 is not a constant volume process because the rubber cover
comes out with the pressure increase. As a second argument, the
European Norm BS-EN 1839 adopted by Cui et al. [5] is considered.
In this configuration, a closed vessel is used and a mixture is con-
sidered flammable if the pressure rise after the ignition is higher
than 5%. This means that, according to BS-EN 1839, the flammabil-
ity limits would be found in mixtures which present a pressure rise
of just about 5%. Thus, the consideration of a constant pressure
combustion process is justified. Furthermore, the experimental
flammability limits are not restricted to confined flammable mix-
tures; on the contrary, they are intended to represent unconfined
flammable mixtures where a flame could propagate at constant
pressure.

It is known that the flammability limits are influenced by the
quenching effect of the test vessel walls. The size of the vessel must
be sufficient to minimize the walls quenching effect on the
flammability limits. This has been stated by Coward and Jones
[4] and also in the American Norm ASTM E681 [26]. In a recent
work by Liaw and Chen [25] the initial temperature effect on the
flammability limits was studied by applying adiabatic and a non-
adiabatic models. It was shown that the adiabatic model per-
formed better than the non-adiabatic one. Therefore, the assump-
tion of an adiabatic combustion process is also justified.
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For most compounds at the UFL composition, only one of the
reactions shown in Eqgs. (4) and (5) will produce realistic values
once chemical equilibrium is assumed. However, there are few
cases where both reactions could produce realistic values. Under
such circumstances, the reaction which produces the higher adia-
batic flame temperature is preferred because it would represent
a combustion process where more fuel has reacted to form com-
bustion products.

3.1.1. Adiabatic flame temperature at the UFL for the reaction without
condensate

Applying the mass conservation law to the reaction without
condensate, the following equations are obtained:

Xc = Nco + Nco, (6)
XH

5 = Ny,o0 + Ny, (7)
Xo = Nco + 2nc02 + Nu,0 — 27/‘[1]:1 (8)

Since the value of the UFL is known, the number of moles of
oxygen (v¥™) is determined from Eq. (1). The energy conservation
equation for the combustion process is then given by Eq. (9).

he + vf{flham = Nco, hco, + Neolco + Nuyohi,o + N, b,
+3, 767/gthN2 (9)

where h; is the specific absolute enthalpy in molar base (kJ/mol) of
the ith species. It is important to notice that h, = ho, + 3.76hy, was
adopted in order to simplify the formulation.

The chemical equilibrium consideration can be implemented by
using Gibbs free energy minimization or the equilibrium constant
for a chosen reaction. Using the equilibrium constant approach an
analytical solution for YL will be obtained later. The water-gas
homogeneous reaction was chosen to obtain the equilibrium equa-
tion:

Water-gas homogeneous reaction

H,0 + CO < CO, + H, (10)
The equilibrium equation is given in Eq. (11).

Nco, M, = KscNi,onco (11)

where K, is the equilibrium constant. Using Egs. (6)-(8) to express
the number of moles of CO,, H,O and H, as functions of the number
of moles of CO, replacing those expressions into Eq. (11), and
rearranging:

a(nco)2 —+ bnco +C= 0 (12)

where the coefficients are:

a=1-K (13)

b:ZanjfL—xc(ZaJr])qLaxo—% (14)
X

c:xc(2xc +7H—xo—27/fjr”) (15)

There are two possible solutions for Eq. (12), but only one of
them will be a positive real number. The solution scheme consists
on assuming a temperature value, determining the number of
moles of each species in the products, checking the assumed tem-
perature value with Eq. (9), and correcting the assumed tempera-
ture until convergence is achieved. This simple procedure was
implemented in MATLAB software, where the temperature was
obtained by using the “fsolve” solver. The Newton-Raphson
method can be easily implemented in any other software and used
to determine the adiabatic flame temperature. The implementation
of the Newton-Raphson method is described in several textbooks
on numerical methods [27-31].

3.1.2. Adiabatic flame temperature at the UFL for the reaction with
condensate

The value of Ty for the reaction with condensate is obtained
with an analogous procedure to that explained above for the case
without condensate. The mass conservation equations for the reac-
tion with condensate are:

Xc = Nco + N¢ (16)
X

TH: Ny,o + Ny, (17)
Xo = Nco + Nu,o — 200 (18)

The energy conservation equation applied to the reaction with
condensate is given in Eq. (19).

he + vé’flhur,k = Ncohco + nche + Nu,ohu,o + Ny by,
+3, 7GUgthN2 (19)

The water-gas heterogeneous reaction was chosen to apply the
equilibrium consideration:

Water — gas heterogeneous reaction

C+H,0 < CO +H, (20)

The equilibrium equation is given in Eq. (21).
NcoMy, = Keclrip,o(Po/P) (21)

where K. is the equilibrium constant, p, is the standard atmo-
spheric pressure, and p is the pressure of the combustion process.
In the present study, both pressures are equal to 1 atm. It is conve-
nient to write an equation for the total number of moles of the gas-
eous species (nr):

nr = neo +’%+3,76ygfl (22)

Using Egs. (16)-(18) to express the number of moles of C, H,0
and H; as functions of the number of moles of CO, replacing those
in Eq. (21), and rearranging, a quadratic equation for ngy is
obtained, identical to Eq. (12). The coefficients of that equation
are shown below:

a=1+Ke(po/p) (23)

b:%a—xoa+3,76v}1’?(a—l)—Zavgr” (24)
X

¢ = (1-0) [xuvhf* +3,76x0 0" + %0 + 7,52 (vh")| (25)

The solution scheme is identical to that described for the case
without condensate.

For some compounds, both reactions produce a possible solu-
tion for the adiabatic flame temperature at the UFL. In such cases
the higher temperature was chosen.

3.2. Number of moles of oxygen

Once a correlation for 0y is established, the value of Ty will be
known. Therefore, a procedure to determine the number of moles
of oxygen at the UFL needs to be developed. Again there will be
two processes: one for the reaction without condensate and
another for the reaction with condensate. For some compounds,
the same value of Tyr produces two close values of the UFL, one
for the reaction without condensate and the other for the reaction
with condensate. In such cases, the higher value of the UFL was
chosen. This criterion is in accordance with safety considerations.
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3.2.1. Number of moles of oxygen at the UFL for the reaction without
condensate

In Section 3.1.1 the number of moles of CO,, H,O and H, were
expressed as functions of nco. Replacing those expressions into
Eq. (9) and rearranging, the following expression is obtained:

neo =moYt +n (26)
where the coefficients are:

Nark + 2hy, — 2hy,0 — 3, 76hy,
m=— 27

heco — hco2 + tho - th @7
n— hp — Xchcoz + (2XC — Xo)h]—[zo + (Xo — XTH — 2XC)hH2

hco = heo, + huyo — hu,

(28)

By using Eq. (26) the number of moles of CO,, H,O and H, are
now expressed as functions of #U™. Replacing the obtained expres-

sions into Eq. (11) and rearranging:

a, (V™M) + b, 09" ¢, = 0 (29)

ar

where the coefficients are given by:

a, = am? + 2am (30)
by:Zamn+amxo+2an—(2a+l)mxc—mx7H—2xc (31)
¢y = an? — (2a + 1)nxc + (an — xc)xo — (n — Xc)%-'r 2x% (32)

The quadratic equation given in Eq. (29) has an analytical solution
for the number of moles of oxygen at the UFL (#Y), and, by apply-
ing Eq. (1), the UFL is obtained. It is now evident that the reason for
choosing simpler one-step global reactions was to obtain an analyt-
ical solution for Y.

The solution scheme implies the determination of all the coeffi-
cients which are functions of the flammable compound and Tyg. A
simpler routine which determines the coefficients was written in
MATLAB software, where the analytical solution of the quadratic
equation was also considered.

3.2.2. Number of moles of oxygen at the UFL for the reaction with
condensate
In Section 3.1.2, the numbers of moles of C, H,O and H, were
expressed as functions of nco. Replacing those expressions into
Eq. (19) and rearranging, the same expression shown in Eq. (26)
is obtained. However, the coefficients are different:
harg + 2hn, — 2hy,0 — 3, 76hy,

m= 33
heo — iy, — ho — hc 33)

n— hg — xche — Xotho + (Xo - %H)hl-lz (34)
hco — hu, — hu,o — hc

By using Eq. (26), the numbers of moles of C, H,O and H, are

now expressed as functions of »Y. Replacing the obtained expres-

sions into Eq. (21) and rearranging, the expression shown in

Eq. (29) is obtained again. The coefficients for that expression are

presented below:
a, =am? —2am+3,76(a — 1)m — 7,52(a - 1) (35)
b, = 2amn + am(%fx(,) —2an+ (a—1)(3,76[n — xo] — xi1) (36)

X X
cy:an2+an(7ﬂfxo> f(afl)?on (37)
The solution scheme is analogous to that described for the reac-
tion without condensate.
The use of the reaction shown in Eq. (3) requires the application
of the Newton - Raphson method to obtain a solution for 2UYr.

However, by using the reactions shown in Egs. (4) and (5), the
solution for »J is analytical.

4. Thermodynamic properties and experimental data

The thermodynamic properties of the species involved in the
combustion process, were determined by using the NASA-Glenn
coefficients given by McBride et al. [32]. The specific absolute
enthalpies and the specific entropies (s) are used to determine
the Gibbs free energies at the standard-state pressure in molar
base (g°). All these properties are functions of temperature:

CCO TR S S R S (38)
RT 2t Bl syt det Gty

s(T T? _ T? L
R):—alT—azT 1+a3lnT+a4T+a57+a6?+a7Z+bz (39)
g°(T) _h(T) _s(T)

RT _RT R (40)

where R is the universal ideal gas constant, the coefficients a; and b;
are the NASA-Glenn coefficients given for each compound by
McBride et al. [32]. The equilibrium constants for the considered
reactions are determined by using the standard-state Gibbs func-

tion change (AG?) as shown in Eqgs. (41) and (42).

Water - gas homogeneous reaction

AGg.z 87co, — &%co — 81,0
Ky = exp (— RT | = exp | — RT (41)
Water - gas heterogeneous reaction

AG?‘.I g?,co - g(Y)',HZO
K = exp (— RT | = exp “—RrT (42)

The experimental data of the upper flammability limits were
obtained from several sources. The main sources are listed below
by order of number of compounds:

- Supplementary Material by Gharagheizi [12] — UFLs of 66 com-
pounds. This data belong to the Design Institute for Physical
Properties (DIPPR).

- Lide [33] - UFLs of 56 compounds.

- CAMEO Chemicals [34] - UFLs of 17 compounds.

- Chemical Book [35] - UFLs of 15 compounds.

- PubChem [36] - UFLs of 13 compounds.

- The experimental data of 41 compounds were obtained from
specific Material Safety Data Sheets; these sources are properly
indicated in the Supplementary Material and in the reference
section.

The total set contains 208 flammable compounds. This set was
divided into a correlation set and a prediction set of 136 and 72
flammable compounds, respectively.

An earlier compilation of experimental data was presented by
Zabetakis [3] in 1965. Most of these data have been included in
the aforementioned references and also in works by Glassman
and Yetter [21] and by Carson and Mumford [37]. Also, Lazzis [9]
and Pan et al. [13] present experimental data on the Supplementary
Material of their respective works. These sources [3,9,13,21,33] are
provided as an alternative to the interested reader.

The enthalpies of formation of the flammable compounds were
obtained from NIST Chemistry Webbook [38], and from Vatani
et al. [39].

5. The correlation for Oy

The combustion process represented by the reaction without
condensate will be used to explain the meaning of Oyg. Average
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heat capacities at constant pressure (C,;) are considered in the
energy conservation equation given in Eq. (9). Also, the reference
temperature is represented by T,. Applying those considerations
and rearranging:
HUFL + (Ep.F +4~76ngLEp‘ar)(T1 - Tr)
Nco, Cp.co, +NcoCp.co +Mi,0Cp H,0 + M, Cpp, +3,76 V5 Cp N,
(43)

It is important to notice that the number of moles of air is equal
to 4.76 Y. An analogous procedure can be applied to the combus-
tion process at the stoichiometric composition, obtaining the fol-
lowing expression:
He + (Cpr +4.7605,.Cpar) (T1 — Ty)
XcCpco, + 3 Cpmy0 +3.7603,Cp,

Ty —Tr=

Tog—Tr = (44)
where Hyg is the heat liberated in the combustion process at the
UFL and, analogously, Hc is the heat liberated at the stoichiometric
combustion process:

Hum = WY = nco, Mo, — ol co — Miyohfyo (45)
— — XH —

Hc = h)(‘)F — xCh)(‘),COZ — 7}1})}[20 (46)

Recognizing that the initial temperature of the reactants is

equal to the reference temperature (T; = T,), dividing Eq. (44) by

Eq. (43), expressing nco, as a function of xc and nco; nu,o as a func-
tion of x4 and ny,; and, rearranging:

Tstq -T, _ 1+ (ncof‘p_1 + Ny, Ep‘z +3,7GUgjfLEp_NZ)/(XCZ'p_c02 -‘r%”(t'pﬂzo) ( Hc )
Tyn —T; 1+3.765,Cpn, / (XcCp.co, +3Cp0) Hyp
(47)

where, €p1 = Cpco — Cpco, and Cpo = Cpu, — Cph,0. The denominator
of the first term on the right hand side depends only on the flam-
mable compound, while the numerator depends on the flammabil-
ity limit and also on the flammable compound. The second term on
the right hand side is the ratio of the heat liberated by the combus-
tion process at the stoichiometric composition to that liberated at
the UFL composition.

Therefore, the parameter 0yr is an indirect measure of the
flammability limit of a given flammable compound. In obtaining
a correlation for 0yr the expression given in Eq. (2) will be used.
This means that T, is dropped from the left hand side of Eq. (47).
By inspection of Eq. (47), it is concluded that 6yg can be repre-
sented as a function of five parameters:

OupL = % :f<xC7XH,X07 h?,F,MF> (48)
The correlation for 0 was obtained from the correlation set (136
flammable compounds) by applying the multiple linear regression
tool of the MATLAB Software. Different variables were proposed by
combining the basic parameters: xc, Xy, Xo, E})_’F and M. The vari-
ables were added one by one; each time a variable was added
the UFLs of the correlation set were calculated and the accuracy
of the method was tested. If the method’s accuracy did not increase
(or if it decreased) the variable was discarded. As a result of this
procedure the following variables remained in the correlation:

Lo
X = @bl (49)
M
flo
_ f.F
X2 = X_cXHXo b, (50)
M
X3 = XXiXo bs (51)
Xy = YKoy, (52)
Xy

The constants b; are equal to unity and they have the purpose of
making the variables x; dimensionless. For example b; = 1 kg/kJ.
The correlation for 0yg is shown below:

5.3705 1.4071 , 1.6690 ,
1070 T 107 T e
~ 11561 X0 7.]337){2 B 9.2997)‘3 B 6.5872x
0 " 100 ? 100?10 7
1'4739x2 B 7.8006)(3 N 1.9024X 3 1‘6“7x1/2
0 7 12 772 10
Once Oyr is determined, the procedure described in Section 3.2
is applied in order to obtain the value of the UFL for a particular

compound. An example of calculation is provided in the Supple-
mentary Material.

Our = 2.7659 —

(53)

6. Method’s accuracy and 95% confidence intervals

The procedures applied to determine the method’s accuracy and
the 95% confidence intervals were taken from the work by
Montgomery [40]. Similar procedures were applied by Frutiger
et al. [41,15].

The accuracy was tested in terms of the absolute value of the
relative error (ARE), the average of the absolute values of the rela-
tive errors (AARE) and the squared correlation coefficient (R?):

|UFLcgic — UFLexp|

ARE = UFLoy 100% (54)
1 N

AARE = N;ARE,- (55)
> . SSE

R=1-+ (56)

where SSE is the sum of squares of the errors and SST is the total
sum of squares, as given in Egs. (57) and (58):

N
SEE = > " (UFLeaie; — UFLexp,)? (57)

i=1

N , (= 1UFLEXPJ>2
SST = "(UFLexp)” — ——

i=1

(58)

The confidence intervals are constructed by using the t-
distribution in terms of the confidence level («), the degrees of
freedom (N —P) and a scalar obtained by matrix operations as
described by Montgomery [40]|. The confidence intervals are
obtained by applying Eq. (59) to each compound.

UFLmax(ou min) — UFLcalc + tac/Z,N—P \/(72(1 + XO(X/X)JX’O) (59)

The UFL.,. are determined by using the method described in
Section 3.2, the second term of the right hand side of Eq. (59) is
the method’s uncertainty and it has the same units as the UFL,
i.e., %. The values UFLyax and UFL,, are the limits of the confidence
interval and they are obtained by summing, or subtracting, the
uncertainty to the UFL,.. The method’s variance (G2) is deter-
mined by Eq. (60).

., SSE
C=N"p (60)

In the present article basic combustion theory has been used to
relate the UFL to the adiabatic flame temperature at that limit, des-
ignated as Tyg. This means that if the exact value of Tyg is known,
the developed method determines the exact value of the UFL. Thus,
any uncertainty is related to the approximation procedure applied
to determine Tyg. Furthermore, the value of Ty is approximated
by using the stoichiometric flame temperature, designated as Ty,
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and an empirical parameter called 6. Since the value of Ty, is deter-
mined by basic combustion theory, it is concluded that the uncer-
tainties must be related to the correlation used to calculate the
parameter 6. Once this conclusion has been achieved, the uncer-
tainty can be determined.

In Eq. (59), X is a 136 x 12 matrix; the number of rows corre-
spond to the number of compounds in the correlation set and
the number of columns correspond to the number of coefficients
used to determine 0 in Eq. (53). The first column of X is filled with
ones; the transpose of this matrix is represented by X'. The matrix

(X’X)’1 is a 12 x 12 matrix which does not change for different
flammable compounds since it is related to the correlation proce-
dure; this matrix is provided in the supplementary material.

The row vector X, is determined for each flammable compound;
itis given by Eq. (61), where the elements are determined by using
Egs. (49)-(52). The column vector Xj is the transpose of X.

X0={1 X XX % B XK x B8 x x}l/z] (61)

The parameters required to determine the confidence intervals
are summarized in Table 2. The 95% confidence interval will be
obtained for each compound in the correlation and prediction sets.

7. Results and discussions

The validation of the method was performed by determining
the values of the AARE and R®. Afterwards, the 95% confidence
intervals were calculated for each compound on the correlation
and prediction sets. The method presents an AARE of 9.66% for
the correlation set, 7.63% for the prediction set and 8.95% for the
total set of flammable compounds. The value of R? is 0.9382 for
the correlation set, 0.9188 for the prediction set, and 0.9346 for
the total set of flammable compounds.

The results obtained with the developed method are depicted in
Fig. 2. It shows good accuracy when applied to the determination
of the UFLs of C—H—O compounds. The solid line represents the
experimental data and the circles and triangles represent the cal-
culated data from the correlation and prediction sets, respectively.

The 95% confidence intervals are shown in Fig. 3. The flammable
compounds were ordered according to the values of their UFLs,
from the lowest to the highest, and assigned an Index Number.
Only for seven compounds the experimental values of the UFLs
have fallen outside of the 95% confidence interval. In the work by
High and Danner [7], the results obtained for 12 compounds are
shown; the experimental UFLs of 3 compounds did not fall within
the 95% confidence interval. High and Danner [7] used a set of 181
flammable compounds. It was not stated how many of these com-
pounds had their experimental UFLs fall outside of the 95% confi-
dence interval.

Frutiger et al. [15] also determined the UFLs of several kind of
compounds and determined the 95% confidence interval. In the
supplementary material provided by Frutiger et al. [15] it was
found that, in the case of the UFL, the minimum and maximum

Table 2
Parameters necessary to determine the 95% confidence interval for the UFL of C—H—0
compounds.

Parameter Symbol Value
Number of data N 136
Coefficients P 12
Degrees of freedom N-P 124
Variance G2 1.3825
Confidence level o 0.05 (5%)
t-distribution t0.025.124 1.960
(ery‘ Given in the supplementary material

40

351 UFL: C-H-O compounds
30 |
25 -
20 A

157 Correlation Set

RA2 =0.9382
Prediction Set
R*2=0.9188
Total Set

RA2 =0.9346

10 4

Upper Flammability Limit (%)

0 T T T T T T T
0 5 10 15 20 25 30 35 40

Upper Flammability Limit - experimental (%)

O  UFL - calculated - Correlation Set
A UFL - calculated - Prediction Set
—— UFL - experimental

Fig. 2. Accuracy of the method for the determination of the UFLs of C—H—O
compounds.

50
— UFL - Exp.
40 —— UFL - Calc.
—— UFL - Min.
—— UFL - Max.
30

Upper Flammability Limit (%)

0 50 100 150 200
Index Number of Flammable Compound

Fig. 3. Results obtained for the 95% confidence interval of the UFLs of C—H—O
compounds.

uncertainties were 1.07% and 7.25%, respectively. In the present
work the minimum and maximum uncertainties were 2.32% and
4.10%, respectively. It is important to notice that uncertainties have
the same units as the UFL, i.e. %.

In the case of flammability limits, high uncertainties can pro-
duce unrealistic results because the minimum value of the 95%
confidence interval can be a negative number. This problem was
observed in the results obtained by Frutiger et al. [15] for 28 com-
pounds in the case of the UFL and for 38 compounds in the case of
the LFL. The reason for this kind of problem might be related to the
heterogeneous set of compounds which were correlated in the
aforementioned work. On the other hand, in the present work only
C—H—0 compounds were considered. The case of Diphenyl ether
(C12H100) can be taken as an example: in the present work, the cal-
culated, minimum and maximum UFL were 5.67%, 2.95% and
8.39%, respectively; on the other hand, in the work by Frutiger
et al. [15] the calculated, minimum and maximum UFL were
6.00%, —1.25% and 13.25%. A negative value appeared on the 95%
confidence interval due to the high uncertainty.



220 A.Z. Mendiburu et al./Fuel 188 (2017) 212-222

In Table 3 the method is compared with other available meth-
ods. The methods by Albahri [11], Frutiger et al. [15], Gharagheizi
[12], High and Danner [7], Kondo et al. [10], Lazzas [9], Pan et al.
[13] and Seaton [8] require the identification of molecular groups,
or quantitative molecular properties, and, in some cases use the
software developed by the respective authors. In the case of the
present work, the developed method only needs the number of
moles of C, H and O (Xc,Xu,Xo0), the molecular weight (M), and,

the formation enthalpy (E})_F>. The molecular weight can also be

determined by knowledge of xc, x4y and xo. Therefore, the devel-
oped method can be easily implemented and also it is straightfor-
ward for the reader with basic combustion knowledge.

In Table 4, it is observed that the 64.90% of the compounds pre-
sented AREs lower than 10%, 26.44% of the compounds presented
AREs between 10% and 20%, and, 8.66% of the compounds pre-
sented AREs above 20%.

Another important characteristic of the UFLs is that sometimes
there are different experimental data available in the literature. In
order to exemplify this point, three compounds are consigned in
Table 5. As stated in the introduction, the flammability criterion
plays an important role on the value obtained in the experiments
for the determination of the flammability limits, and it is especially
important in the case of the UFL. Considering this complication, the
developed method has good accuracy when applied to the deter-
mination of the UFLs of C—H—O compounds. The higher R®
obtained in different methods for the determination of the LFLs
also support the later statement. There is no easy rule to choose
among these values; in the present work, the data provided by Lide
[33] were accepted. In work by Lide [33], compounds with the for-
mula CsH;,0 present UFLs between 9.0 and 10.0%. Hence, for the
UFL of Methyl tert-butyl ether, the value of 8.5% was adopted. In
the same reference, compounds with the formula C4HgO, present
UFLs between 8.8% and 25.0%. Thus, for the UFL of gamma-
Butyrolactone, the value of 12.6% was accepted. In any practical
application, a safety factor must be included.

The existence of different experimental values of the UFL of a
compound should be considered from the point of view of the
actual phenomena. As state by Coward and Jones [4], the UFLs
determined with upward flame propagation are generally higher
than those determined with downward flame propagation. An
interesting case is that of ethylene: the UFL is 34.0% for upward
flame propagation and 15.5% for downward flame propagation
[4]. This difference is related to buoyancy effects and probably to
cool flames phenomena.

On the other hand, the LFL of ethylene is 3.2% for upward
flame propagation and 3.3% for downward flame propagation
[4]. The experimental data available to this day is a compilation
of flammability limits obtained by different researchers who
applied different experimental configurations and also different
flammability criteria. Therefore, it is not a coincidence that the

Table 4
Distribution of AREs obtained with the developed method.

ARE intervals C—H—0 compounds
Number of compounds Percentage of total
ARE > 20% 18 8.66%
10% < ARE < 20% 55 26.44%
ARE < 10% 135 64.90%

methods developed for the LFLs perform better than those devel-
oped for the UFLs, since LFLs are less sensible to the experimen-
tal configuration or to the flammability criteria. Further
discussion on this matter can be found in works by Lovachev
et al. [42] and by Britton [43].

The experimental determination of the flammability limits does
not contemplate the measurement of the product gas composition.
The determination of that composition would help in the develop-
ment of new methods which apply the available combustion the-
ory. Thus, future experiments on flammability limits could be
performed in order to obtain product gas compositions.

The method developed by Albahri [11] for the determination of
the UFL presented a correlation coefficient of 0.96. In the same arti-
cle, a method for the determination of the LFL was also presented,
and its correlation coefficient was 0.93. In most published works
the accuracy for the determination of the LFL is higher than the
accuracy for the determination of the UFL. The higher accuracy of
the methods for the determination of the LFLs is related to the
homogeneity of the available experimental data.

The method by Lazzts [9] presented an R? of 0.9776 for the total
set of flammable compounds. This method requires the identifica-
tion of 42 structural molecular groups and the use of the artificial
neural network developed by the author. On the other hand, the
method developed in the present work needs information of five
parameters, and more important, it is supported by basic combus-
tion theory and chemical equilibrium.

The methods by Seaton 8], Kondo et al. [10], Pan et al. [13] and
Frutiger et al. [15] presented R? values of 0.8862, 0.4197, 0.7540
and 0.91, respectively. The developed method presents better
accuracy than the aforementioned methods, although, only slightly
better in the case of the work by Frutiger et al. [15]. The developed
method showed a lower value of the AARE than most of the meth-
ods cited in Table 3, for the total set of compounds.

The method developed in the present work can be implemented
in any software which allows basic operations. The analytical solu-
tion obtained for Y makes the method simple since it is not nec-
essary to apply any numerical methods in order to use it. The
Newton-Raphson method was used to obtain the values of Tyg
of the correlation set; however, that was only necessary during
the method’s development and it is not necessary for its
application.

Table 3
Comparison of method’s accuracy with other published methods.
Reference Correlation set Prediction set Total set Applicability
R? N AARE (%) R? N AARE (%) R? N AARE (%)
Albahri [11] - 464 - - 13 - 0.9600 477 11.80 Hydrocarbons, ethers, ketones,
Frutiger et al. [15] - - - - - - 0.9100 351 15.90 aldehydes, alcohols, others
Gharagheizi [12] 0.9188 693 9.55 0.9263 172 9.58 0.9209 865 9.56
High and Danner [7] - - - - - - - 181 26.40
Kondo [10] - - - - - - 0.4197 238 19.14
Lazzas [9] 0.9780 328 7.00 0.9771 90 7.50 0.9776 418 7.10
Pan et al. [13] 0.7582 465 19.42 0.7320 114 18.43 0.7540 579 19.23
Seaton [8] - - - - - - 0.8862 141 9.68
Mendiburu et al. [14] 0.9158 62 7.93 0.9045 53 6.49 0.9248 115 7.27 C-H
Present work 0.9382 136 9.66 0.9188 72 7.63 0.9346 208 8.95 C—H-0
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Table 5
Some compounds for which different experimental values of the UFL are reported.

Compounds Formula CAS# UFLexp (%) UFLcqic (%) UFLpyin (%) UFLmax (%)
Gamma-butyrolactone C4HgO, 96-48-0 6.9 [34] 13.34 10.95 15.72
12.6 [44]
Propionic anhydride CgH1003 123-62-6 9.5 [33] 8.48 6.11 10.85
11.9 [34]
Methyl tert-butyl ether CsHq20 1634-04-4 8.50 [45] 8.50 6.17 10.83
15.1 [46]

The results obtained by the developed method, for 89 com-
pounds of the correlation set and 53 compounds of the prediction
set, are presented in Tables S.1 and S.2 of the supplementary mate-
rial. The following parameters are consigned in those tables:

molecular weight (M), formation enthalpy (E}"i>, adiabatic flame

temperature at the stoichiometric composition (Tsq), adiabatic
flame temperature at the UFL composition (Tyr), experimental
and calculated values of the UFL, (UFLexp) and (UFLgqc), absolute
values of the relative errors (ARE), average of the absolute values
of the relative errors (AARE), Minimum value of the UFL for the
95% confidence interval (UFLpy,) and maximum value of the UFL
for the 95% confidence interval (UFLpax).

8. Conclusion

A method for the determination of the upper flammability lim-
its of C—H—0 compounds was developed and validated with
experimental data. The method was developed by applying basic
combustion theory and chemical equilibrium. Furthermore, the
solution for the upper flammability limit is analytical, making
the method simple and easy to implement.

The developed method showed good accuracy when compared
with other published methods and when applied to the determina-
tion of the upper flammability limits of C—H—O compounds. It pre-
sented an AARE of 8.95% and a R? of 0.9346 for the total set of 208
compounds.

A procedure to determine the 95% confidence interval for the
UFLs was established and, among the 208 compounds, only 7 of
them presented experimental values of the UFL which fall slightly
outside of the 95% confidence interval.

The method showed to be simpler than other published ones
because it requires fewer properties than most published methods.
Another important characteristic is that the developed method can
be extended for any family of compounds as long as a correlation
for the parameter 0yr, can be established.
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