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Abstract

The lower flammability limit (LFL) of a fuel is the minimum composition in air over which a flame can propagate. Calculated adiabatic
flame temperatures (CAFT) are a powerful tool to estimate the LFL of gas mixtures. Different CAFT values are used for the estimation of LF
SuperChem®' is used by industry to perform flammability calculations under different initial conditions which depends on the selection of &
threshold temperature. In this work, the CAFT at the LFL is suggested for mixtures of fuel-air and fuel-air—diluents. These CAFT can be us
as the threshold values in SuperChé&hto calculate the LFL. This paper discusses an approach to evaluate the LFL in the presence of diluent
such as Nand CQ by an algebraic method and by the application of SuperCHémsing CAFT as the basis of the calculations. The CAFT for
different paraffinic and unsaturated hydrocarbons are presented as well as an average value per family of chemicals.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The purpose of this study is to: (1) investigate the applica-
bility of a simple algebraic method in the prediction of LFL of

The knowledge of material safety properties s critical for safegaseous mixtures, (2) define a specific temperature threshold for

handling during unit operations, especially when dealing withthe evaluation of the LFL, and (3) compare the results obtained

flammable or combustible materials. There is no single paramewith experimental values and calculated with the SuperChems

ter that defines flammability, but one that is relevant to gaseousoftware[4].

mixtures is the flammability limit, which defines the range of

fuel concentrations for flame propagation to occur. The lower, . .

flammable limit (LFL) is the minimum composition limit above 2+ Background: calculated adiabatic flame temperature

which a flame can propagate. The flammability limits depend‘md LFL

on numerous factors including, but not limited to, direction of .-+ adiabatic flame temperature (CAFT) is the tem-

 diluent d oxidant trati ﬁgrature that is obtained, when there are no combustion heat
0 Tlhuenf, arr:moﬁlt ?r:j 20?;?: :? |nonsf.ﬂ mmability limits i losses. The flammaubility limit is associated with a certain crit-
€ expenimenta’ dete ation of Tammabifity S 1S cal energy generation rate or with a certain level of reaction

very dependent on the _apparatus _and methodqlogy used. Ev?é}nperature. The CAFT indicates the temperature ceiling of the
though flammability limits are available in the literature for a

¢ f hemicalé 2 i th ) procesd5]. The critical reaction temperature at the LFL com-
vast group of pure ¢ emicals, 2], SOMEUMES e EXpenmen- , ,qion can be assumed to be equivalent to the CAFT at the
tal conditions are not representative of the actual conditions

. . .. "known LFL composition .
the process under study. At the same time, reliable predictive P Fad LFL

thods that ider diff t conditi h ot In general, the CAFT of many organic substances at their
metnods that consider diterent conaitions SUCh as MIXIUre ComMy ¢, o6 gimilar. Some researchers agree that this temperature is

positions, presence of diluents, and different initial temperatureg{round 1550 K6] or 1200 K[7], while others believe that this
are needed. A compilation of available prediction methods cay ’

; . emperature is in the range of 1000—150{BK
be found in the literaturgs]. Due to the similarity of critical reaction temperatures among

organic substances, several researchers have selected a specific
* Corresponding author. value for the prediction of the LFL or the flammability zone. For
E-mail address: mannan@tamu.ed (M.S. Mannan). example, Mashuga and Croyd] found that a temperature of
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1200 K is a good criterion for the prediction of the flammability = Once a characteristic adiabatic flame temperature is known,
zones for methane and ethylene. On the other hand, Shebekoitetan be used to predict the LFL. Expanding Eg).yields:

al. [6] selected the value of 1600 K in obtaining formulas for . i ad m_ .4 ad ad

LFL calculations. Hg + vaoHa = nHco, + 5 Hpyo — BHo, + vaoHly (4)

An assumption made when estimating LFL ywth CAFT is where Hr, Ha, Hcoy, Hi,o® and Ho, are the absolute mole
Fhat the process occurs at constant pressure. Th|§ process occy r?halpies of fuel, air, carbon dioxide, steam, and oxygen, and
n ';Eelopen, S0 tt: € pressu_rrehls é'oA\nFs_lt_ant and tr;e'lnglal a(;'d f'r@qs the stoichiometric coefficient of oxygen in the reaction of
enthalpies are the same. 1he - approach 1S based on Smplete combustion. The superscripts ‘i’ and ‘ad’ refer to the
premise that the flammability limits are mostly thermal in behav-

; . i . initial and adiabatic temperatures, respectively.
ior and are n.o.t highly dependen.t on Kinegzs) Th'.s IS true at If EQ. (1) is substituted in Eq4), we can solve for the LFL:
LFL compositions but at UFL, kinetics becomes important.

100
LFL = 5
3. Prediction methodologies 1+ grAHs + gcn + gum + gol ®)
here th I ' [ low:
3.1, Algebraic method where the values qf;5 are described below
1
Mathematically, the lower flammability limit can be repre- &t = H39 — HI
sented as: gc = gr(HL — Hé%z + HSS) ©6)
LFL = 100 (l) 8gH = 0.5gf(H||_|2 — Hﬁgo + OSHSS)
14 vao

go = —0.5g(H! — Hp)

whereuvgg is the number of moles of air per mole of fuel in the _ _

mixture at the LFL. In this limit, abundant oxygen is available _ This methodology was previously presented by Shebeko etal.
for the combustion to be assumed complete. A general overalf!, where an overall adiabatic temperature of 1600 K was used

combustion reaction for a lean limit mixture of a typical fuel for the estimation of the LFL. In this study, this methodology will

C,H,,O; in air is: be tested using the adiabatic flame temperature of each chemical
and by selecting an average value for each family of chemicals.
LFL(C,H,,0O;) 4+ (100— LFL)(0.21O, + 0.79Np) Examining limit behavior, a flame can be extinguished by the

addition of diluents, which have primarily a thermal effect. An

addition of inert diluent gases to the fuel mixture changes the
where: thermodynamic and transport properties of the fuel—air mixture.
The fuel and the diluent will share the energy released by the

— a1COp + a2H20(y) + 0302 + aaNo (2)

a1 =LFL xn chemical reaction. Then, for mixtures originally at the LFL con-
ap = LFL x m centrations, richer mixtures would be required to increase the
2 m reaction rates.
az3=21—LFL (0.21+ n+—— ) The final temperature of the reaction zone when a diluted
4 2 fuel is used can be assumed to be at the same level as the final

o4 =79—LFL x0.79 temperature of the reaction zone of the pure fuel in air at the

The flammability limit is associated with a certain critical S2M€ S€t of conditionEl1]. Generally, knowing theaq,rL

energy generation rate or with a certain critical reaction temper(—:an pe,”“'t the_ evaluation of the value O,f the lean limit of the
el-diluent mixture, LFl,, by incorporating the enthalpy of

ature. This critical temperature can be assumed to be equivalefrlf{ ) ;
to the adiabatic flame temperatufg r.* at the LFL com- the diluent in Eq(3). _ o .
position and is the maximum temperature achieved due to the The L_FL'” for the mixture of diluted fuel in air can be esti-
combustion reaction when the fuel composition is equal to thgnated with:

LFL. If the LFL of the fuel in air is known, the final product 1 »r
temperature can be evaluated from the energy balance: LFL, ~ LFLg
d [ d i
ZHreaci(Ti, P) = ZHprod,i(Tada P) 3 (H?) — HID) — (Hg — Hg) x (1= yF) . (7)
i i LFLE x (nHEY, + % Hnpo — BHES — HE
whereHreac; and Hprod;? are the enthalpies of thgh compo- —(H¥ — HY))
nent of the reactants and products, respectively, at the initial
temperaturd; and final temperatur& = Tag. This equation was first presented by Wierzba dii&l]. How-

ever, no further discussion on the determination of the reactants

1 It should be noted that thE,g presented in most combustion books is for
reactions at stoichiometric conditions. 3 This enthalpy is for water vapor. Lower CAFT values are obtained when
2 All combustion products are assumed to be in the gas phase. liquid water is formed.
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Fig. 1. Computed theoretical flame temperature for the system methane—air Blg. 2. Flammability envelope of methane at differentthreshold theoretical flame
1bar and 298 K using SuperChems Expert Version 5.62. temperatures with nitrogen as diluent.
Table 1

The impact of the threshold temperature on the flamma-

LFL of methane at different threshold theoretical flame temperatures . . L .
bility envelope is presented irig. 2 for a mixture of

Threshold theoretical flame temperature (K) LFL (%) methane—air—nitrogen.

1000 2.88

1200 3.75 4. Results

1400 4.61

1482 5.04 4.1. Calculated adiabatic flame temperature
1500 5.13

1600 5.68

The adiabatic flame temperature at the known experimen-
The LFL values were obtained using SuperChBfsExpert version 5.62 at  tal LFL was calculated using a computer code for equilibrium
standard conditions. products of hydrocarbon—air combustion. Eleven species were
considered in the products of combustion: H, O, N, 8H, CO,

and products enthalpies was given. In this work these enthalpig$o, 0,, H,0, CO,, and N». Carbor® was not included as one of
will be obtained by selecting an average constant heat capacitihe products because it does have much effect on the LFL. The
which can be represented as: experimental data on the LFL was taken from r¢#s13). The

ad 0 -~ results for the paraffinic and unsaturated hydrocarbon families
H™ = Hi(Trer) + cp(Tad = Trer) ® e presented i%ables 2and3 Y

The average constant heat capacity will be obtained at an These temperatures will be used to estimate the LFL
average temperature df{y+ Tref)/2, Where the reference tem- by the algebraic and SuperChefé methodologies. If an

perature Tef, is equivalent to 298.15K. averagelaq LrL is taken per family group of chemicals, a value
™A of 1590.29K will be obtained for the paraffinic group and
3.2. SuperChems ™" method 1610.50K for the unsaturated group. These average values

are considered to be in agreement with the adiabatic flame

This methodology estimates the mixture flammability limits temperature of 1600 K selected by Shebeko d6afor organic
based on chemical equilibrium. After a mixture and a Sce”ari‘?:ompounds.

are defined, a direct minimization of the Gibbs free energy is
performed to obtain a graph of flame temperature versus fue

o . 4.2. Algebraic
composition. An example of the flame temperature for a mixture

of methane and air at 1 bar andZ5is presented iftig. 1 The LFL of each member of each family of chemicals was
After this graph is obtained, a threshold theoretical flameagtimated by means of E5). An average heat capacity was

temperature is used to determine the flammability limits. Atcajculated for each compound by using their corresponding cal-

the reported literature flammability limits (LFL of 5%), the cyjated adiabatic flame temperature. All heat capacity values are

methane—air system has a threshold theoretical flame tempejresented in units of kJ/(kg mol K) ifables 4-6

ature of 1500 K. The results obtained were within 0.35 and 3.35% of &rror

After a threshold theoretical flame temperature has beefy the paraffinic and unsaturated hydrocarbons, respectively.
selected, a flammability envelope can be constructed. The effect

of the threshold theoretical flame temperature on the LFL of

methane is presented Tiable 1 5 This work is focused only on LFL and§was not included in the combus-
tion products. For UFL calculations, kinetics becomes more important gnd C
should be included as well as other products.

4 SuperChems is a trademark of A.D. Little/ioMosaic. 8 error (%)= 'EXper'mE':(‘;‘é;’iﬁ:‘;ﬁg?\',%‘foed"a'”*’>< 100
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Table 2 Table 3

Calculated adiabatic flame temperature for the paraffinic hydrocarbon€alculated adiabatic flame temperature for the unsaturated hydrocarbons
(CuH2,+2) at the LFL (C,H2,, C,H2,-2) at the LFL

Fuel Formula MW LFL Tad,LrL (K) Fuel Formula MW LFL Tad,LrL (K)
Methane CH 16.04 5.00 1482 Ethylene GHg4 28.05 2.70 1369

Ethane GHeg 30.07 3.00 1534 Propylene GHs 42.08 2.40 1621

Propane GHg 44.09 2.10 1530 Butene-1 GHs 56.10 1.70 1572

n-Butane GH1o 58.12 1.80 1640 cis-Butene-2 GHg 56.10 1.80 1685
n-Pentane 6H1o 72.15 1.40 1591 Isobutylene GHg 56.10 1.80 1681

n-Hexane GH14 86.17 1.20 1608 3-Methyl-butene-1 6H1o 70.13 1.50 1632
n-Heptane GH1g 100.2 1.05 1622 Propadiene eH,4 40.06 2.60 1687

n-Octane GH1sg 114.23 0.95 1652 1,3-Butadiene @Heg 54.09 2.00 1670
n-Undecane @ Hog 156.3 0.68 1620 1-Pentene 6H10 70.13 1.50 1635
n-Dodecane ©Hoe 170.33 0.60 1578 2-Methyl-2-butene 6H1o 70.13 1.40 1553
n-Tridecane @3H2g 184.36 0.55 1568

n-Tetradecane GH3o 198.38 0.50 1542

Z_Zzzgi,iiﬁle g::zj ;;Zjﬁ 8:32 igg The effect of the addition of inerts in the LFL value was
2-Methylpropane GH1o 58.12 1.80 1636 examined for methane and ethylene. The inerts considered were
2-Methylbutane GH12 7215 140 1589 nitrogen and carbon dioxide. The calculated adiabatic temper-
Neopentane EH1o 72.15 1.40 1584

ature and Eq(7) were used in these calculations, with results

2-Met.hylpentane 6H1a 86.18 1.20 1606 presented iTable 7

2,2-Dimethylbutane 6H1a 86.18 1.20 1603 h | h . btained with
2,3-Dimethylbutane 6H14 8618 120 1605 As seen on the results, the LFL estimates obtained with an
2,3-Dimethylpentane b, TH 10020 110 1672 average constaip, value are as good as the estimates obtained
2,2,4-Trimethylpentane #E1s 11423 110 1816 using theTaq L FL Of each compound. Therefore, the methodol-
3,3-Diethylpentane §H2o 12826 070 1452 ogy can be simplified by using an average constgntalues
2,2,3,3-Tetramethylpentane gy 128.26 0.80 1587

per group of chemicals for the determination of the enthalpies.
The results are in very good agreement with the experimental
results presented in refl2]. However, it should be noted that
The LFL prediction calculations were repeated by selecting athe LFL values are dependant on the experimental conditions.
averagerp value per family of chemicals and are presented inLower flammability limits determined in closed vessels with
Table 6 upward propagation tend to be lowej.

The results obtained were within 0.38 and 2.26% of error for Carbon dioxide will produce smaller flammability envelopes
the paraffinic and unsaturated hydrocarbons, respectively.  than those for nitrogen due to its larger heat capacity. The

Table 4

Predicted LFL for the paraffinic hydrocarbon family

Fuel Tave (K) Cp,air Cp,cOy Cp,0; Cp,H0(v) LFL Predicted LFL
Methane 889.84 32.25 52.64 32.29 39.85 5.00 5.05
Ethane 916.12 3241 53.03 34.44 40.18 3.00 3.02
Propane 913.88 32.40 53.00 34.43 40.16 2.10 211
n-Butane 969.05 32.72 53.77 34.71 40.86 1.80 1.79
n-Pentane 944.81 32.58 53.44 34.59 40.55 1.40 1.40
n-Hexane 953.18 32.63 53.56 34.63 40.65 1.20 1.20
n-Heptane 960.28 32.67 53.65 34.67 40.74 1.05 1.05
n-Octane 974.94 32.75 53.86 34.74 40.93 0.95 0.94
n-Undecane 959.25 32.66 53.64 34.66 40.73 0.68 0.68
n-Dodecane 937.93 32.54 53.34 34.55 40.46 0.60 0.60
n-Tridecane 933.11 32.51 53.27 34.53 40.40 0.55 0.55
n-Tetradecane 920.32 32.43 53.09 34.46 40.23 0.50 0.50
n-Pentadecane 912.42 32.39 52.97 34.41 40.13 0.46 0.46
n-Hexadecane 910.49 32.38 52.95 34.41 40.11 0.43 0.43
2-Methylpropane 967.16 32.71 53.75 34.7 40.83 1.80 1.79
2-Methylbutane 943.58 32.57 53.42 34.58 40.53 1.40 1.40
Neopentane 941.03 32.56 53.39 34.57 40.5 1.40 1.40
2-Methylpentane 952.04 32.62 53.54 34.63 40.64 1.20 1.20
2,2-Dimethylbutane 950.52 32.61 53.52 34.62 40.62 1.20 1.20
2,3-Dimethylbutane 951.70 32.62 53.54 34.63 40.64 1.20 1.20
2,3-Dimethylpentane 985.22 32.81 53.99 34.79 41.07 1.10 1.09
2,2,4-Trimethylpentane 1057.22 33.19 54.89 35.12 41.98 1.10 1.08
3,3-Diethylpentane 875.02 32.16 52.4 34.2 39.66 0.70 0.71

2,2,3,3-Tetramethylpentane 942.55 32.57 53.41 34.58 40.52 0.80 0.80
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Table 5
Predicted LFL for the unsaturated hydrocarbon family
Fuel Tave (K) Cp,air Cp,coy Cp,0y Cp,H0(v) LFL Predicted LFL
Ethylene 833.66 31.90 51.74 33.95 39.14 2.70 2.69
Propylene 959.49 32.66 53.64 34.66 40.73 2.40 2.40
Butene-1 934.90 32.52 53.30 34.54 40.42 1.70 1.75
cis-Butene-2 991.77 32.85 54.08 34.82 41.15 1.80 1.95
Isobutylene 989.41 32.83 54.04 34.81 41.11 1.80 1.94
3-Methyl-butene-1 890.58 32.26 52.65 34.30 39.86 1.50 1.30
Propadiene 992.56 32.85 54.09 34.83 41.16 2.60 2.60
1,3-Butadiene 983.98 32.85 54.09 34.83 41.16 2.00 2.00
1-Pentene 966.61 32.71 53.75 34.70 40.83 1.50 1.50
2-Methyl-2-butene 925.36 32.46 53.16 34.49 40.30 1.40 1.40
Table 6 Table 8
Average heat capacity values per family of chemicals Lower flammable limit of methane
Family Cp,air Cp,COy Cp,0 cp,H0(V) Cp.N, Vessel LFL Reference
Paraffinic 32.57 53.42 34.50 40.54 32.36 10.2 cm diameter tube with 96 cm length 5.00 [1]
Unsaturated 32.59 53.45 34.59 40.59 32.38 20L spherical bomb 4.85 [7]
larger the heat capacity of the diluent, the lower the adiabatic 7
flame temperature, and the higher the amount of fuel needede 6_/
for propagation. 3

In this methodology, the amount of inert added is associated £ 5 e

e

with a dilution of the fuel. Then, the increase in the LFL is due
to the amount of fuel that was substituted with an inert. For
example, the LFL of pure methane is 5%. If this fuel is diluted
with 20% of an inert compound, the LFL of the mixture will

have to be higher to reach the minimum composition for flame

Methane Volume Percent
w

propagation% ).

4.3. SuperChems

—-1000 K -+ 1200 K -=- 1400 K
0 T

1500 K - 1600 K

0 10 20 30 40 50 60 70
Carbon Dioxide Volume Percent, %

A flammability diagram can be constructed after a theO'F_ig. 3. Flammability envelope of methane at different threshold theoretical flame
retical threshold temperature has been selected. The adiabaiéperatures with carbon dioxide as diluent.
flame temperature of methane at its LFL composition is equal to
1482K. If athreshold temperature of 1500 K is selected the LFLparison of experimental LFL values for methane is presented in
is 5.13% (sedable ). This value can be accepted dependingTable 8
on the direction of the flame and the size of the vessel. A com- At a temperature of 1400 K, the LFL is 4.61%, which covers

Table 7
Lower flammable limit for methane-air—diluent and ethylene—air—diluent
Fuel Diluent LFLn LFL, with Exp. values
averagep [12]
CHgy CoHy N2 CO,
80 20 6.25 6.25 6.20
50 50 10.00 10.00 9.90
20 80 24.96 24.97 24.90
80 20 6.30 6.30 6.30
50 50 10.33 10.33 10.40
20 80 28.63 28.71 -
80 20 3.37 3.37 -
50 50 5.40 5.40 -
20 80 13.49 13.49 -
80 20 3.39 3.39 3.8
50 50 5.49 5.50 6.0
20 80 14.47 14.52 16.5

arecent experimental LFL value for methddk After the theo-
retical threshold temperature has been determined, the influence
of the addition of inerts such as nitrogen and carbon dioxide can
be studied through the construction of a flammability diagram
as shown irFigs. 2 and 3

Experimental LFL values for ethylene are listedlable 9

The ethylene—-air flame temperature as a function of mixture
composition is presented Fig. 4.

The calculated adiabatic flame temperature of ethylene is
1369 K, atwhich the LFL of ethylene is 2.97%. According to ref.

Table 9
Lower flammability limit of ethylene

Vessel LFL Reference

10.2 cm diameter tube with 96 cm length
20 L spherical bomb

2.75 1]
2.62 [7]
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Fig. 7. Computed theoretical flame temperature for the fuel mixture 50/50

Ethylene Volume Percent, % CHg4/C,H4—air at 1 bar and 298 K using SuperChéMi$ Expert Version 5.62.
Fig. 4. Computed theoretical flame temperature for the system ethylene—air at .
1bar and 298 K using SuperCheté Expert Version 5.62. of the threshold temperature. From the temperatures studied,
T=1400K is the temperature that best agrees with the graphical
5 results presented in refl].
2 45 ] The LFL prediction of a mixture of 50/50 methane/ethylene
§ 4 3 was explored. The theoretical threshold temperature was calcu-
S 353 lated by:
L g P
£ v _'—.—ﬂ_'—'—_"'/ Tadmix = inTadi = 0.5Tad methanet 0.5Tad ethylene 9
A S, - ,.
2 153 The adiabatic temperature for this mixture is 1426 K, at which
%’\ 13 the computed LFL composition is 3.68% as it is showRi 7.
o 053 RS AR e A R B The experimental LFL for this mixture is 3.65% as reported by
0 Mashugd7].
0 10 20 30 40 50 60 70

Nitrogen Volume Percent, % .
9 ? 5. Conclusions

Fig.5. Flammability envelope of ethylene at differentthreshold theoretical flame
temperatures with nitrogen as diluent. The CAFT is a powerful parameter in LFL estimation meth-

ods. The algebraic methodology is used to determine the set of

[1] the LFL of ethylene ranges from 2.75 to 3.4% depending orfieat capacity values needed to obtain enthalpy and LFL values.

the dimensions of the experimental vessel. At 1300 K, the LFLAIso, this methodology proved to be effective for the estima-

is 2.76%. tion of LFL of pure compounds as well as for fuel-diluentZair
The threshold temperature selected does not affect the esfRixtures.

mation of the LFL of ethylene. The results obtained with each The SuperChent&!* software is powerful for the study of

temperature overlap with each other, are showrigs. 5and 6  flammability properties. In this methodology also, the CAFT

However the amount of diluent needed to render the mix<an be used as the theoretical threshold temperature needed to

ture outside the flammability range is affected by the selectiostimate the LFL and to construct the flammability diagrams.
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