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Abstract

The method of estimation of maximal parameters of combustion of gaseous mixtures in closed space is pre-
sented. Estimation of chemical composition of combustion products is based on simplified rules of decomposition
of reactive medium. Exemplary calculations of temperature, pressure, heat of combustion of hydrocarbon/air mix-
tures are presented. The accuracy of presented method was validated by comparison with calculations performed
by thermodynamic numerical code that include wide list of chemical substances present in combustion products.
The obtained results confirm applicability of the proposed method to predict closed space combustion parameters
of gaseous mixtures. Semi-empirical methods of estimation of flammability limits are briefly referred.
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1 Introduction

In any use of combustible material in liquid or gaseous phase the threat arises of uncontrolled formation and combustion
of fuel-air mixtures. Hydrocarbon fuels constitute a wide class of substances that may form combustible gas or vapor
mixtures with air. The global consumption of natural gas has doubled from 1980 to 2010 and is still growing, exceeds
of 3500 billion of cubic meters per year [9].

The widespread employment of gaseous fuels raises demand of straight and effective methods that would enable
satisfactory prediction of combustion and explosion parameters with account of current concentration of gas or vapor
in fuel/air cloud.

Two main geometrical configurations can be discerned that influence on mechanisms of combustion of fuel/air
mixtures, combustion in open atmosphere and transformation in closed or partly constrained spaces. Combustion
of free air gaseous mixtures proceeds at moderate velocities. Experimentally observed flame velocity of combustion
of fuel/air clouds of typical hydrocarbons (methane, propane, etc.) rarely exceeds of 10m/s. The flame velocities
measured in unconfined conditions were of 5,8m/s for methane and 6,1m/s for propane at distances of about of 10
meters from the ignition point [1]. The observed free air flame velocities are higher than laminar burning velocity
estimated in laboratory conditions. Laminar burning velocity is quoted as equal of 45¢cm /s for methane while 39m /s for
propane [17]. Acceleration of free air spherical flame occurs due to instabilities that are caused by random fluctuations
of the flow induced by expansion of combustion products [1].

The arising turbulence speeds up the combustion. The role of turbulence increases by combustion in spaces of
irregular geometry, with protrusive elements, coarse walls etc. In long channels equipped with obstacles, wires or/and
other elements inducing instabilities combustion front may to outscore sound velocity and formation of detonation wave
may occur. The extensive review and analysis of unsteady dynamics of flame in ducts was performed by Ciccareli and
Dorofieev [7]. Run-up distances to detonation onset together with the role of instabilities and flame stretch phenomena
are assessed. Presented results can be of purpose by analysis of possible detonation hazard in long corridors, lift shafts
etc.

By combustion in closed rooms, compartments the pressure waves which move with sound velocity cannot take
off and dispel combustion energy as it proceeds by combustion in open air. Elemental pressure wavelets reflect from
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surrounding walls and accumulate to increase pressure and temperature in the reacting vessel. Then, after relatively
slow start, combustion speeds up and maximal combustion parameters are attained [1].

Two characteristic parameters are usually discerned to characterize the pressure course during combustion of
gaseous mixtures in closed spaces. They are maximal rate of pressure rise (dp/dt);mq. and maximum vessel pressure
Pmaz- The value of maximal rate of pressure rise is related to volume of combustion space by the relation [1, 22].

— @ 1/3
Ko= (%) v o

where K, is a constant characterizing the combustible mixture and V is the vessel volume.

Values of deflagration index K for several gases are quoted in [22]. Maximal combustion pressure that is attained
by combustion in closed space is an important factor that characterizes damage potential of the process.

In view of distinctive vivacity, the combustion process in closed space in most cases turns out into explosion.
Then, uncontrolled closed space combustion is usually considered as the explosive-type threat which mitigation may
be acquired by introduction of well-timed venting [6].

In the paper a method of prediction of maximal combustion parameters attained by combustion of gaseous mixtures
in closed spaces is presented. The obtained quantities correspond to explosion parameters. The method is illustrated
by exemplary evaluations carried out for gaseous hydrocarbons mixtures with air. Molar compositions, combustion
heats, temperatures, pressures at various concentrations of fuel are estimated. Chemical composition of combustion
products is estimated upon simplified rules.

The presented approach may be applied also for calculation of explosion parameters of air suspensions that may
be formed by release of liquid hydrocarbons [4]. Estimation of pressure and temperature loads is a crucial task by
assuring of safe exploitation of buildings and housings [2, 3].

2 Simplified methods of estimation of chemical composition of combus-
tion products

Employment of simplified methods for estimation of combustion products composition dates to Mallard and Le
Chatelier [19]. Upon anticipated composition of combustion products, they used average heat capacities for evaluation
of combustion temperature. Thereby the thesis of full carbon gasification by combustion of gaseous mixtures was
formulated.

Simplified rules of prediction of chemical composition of explosion products are often used as the first-choice method
in estimation of detonation parameters of condensed explosive charges [16, 20]. The important difficulty results from
non-ideal behavior of gases and condensed phase substances at high temperatures and pressures. Then, upon assumed
chemical composition of products the explosion energy is calculated only. Other parameters as detonation velocity
and pressure are calculated from semi-empirical formulae. One of well-known is the method of Kamlet and Jacobs
designed for CHNO explosives [14]. In further approaches energetic materials of more complex elemental composition
are considered [15].

The main purpose of the present work was to deliver a relatively simple approach that will enable estimation
of complete parameters of closed volume combustion. In comparison to calculation of condensed explosives both
temperature and pressure are estimated. The method is indented to be a straight calculation procedure that may be
implemented into calculating devices being in everyday use.

2.1 Mixtures with positive oxygen balance

Estimation of chemical composition of combustion products of mixtures with positive oxygen balance is based on the
principle of formation of substances in maximal oxidation degree. The overall reaction of CHNO mixture is written
as

b d
CoHyOcNg = aCO4 + §H20 + §N2 + 10202 (2)
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where

Yoz = 0.5 (c — 2a — ;’) 3)

The assumed decomposition path (2) coincides with the Berthelot maximal heat liberation rule. Berthelot approach
may be applied also for explosives of negative oxygen balance [14].

2.2 Mixtures with moderately negative oxygen balance

By estimation of chemical composition of combustion products of mixtures of moderate negative balance, the principle
of full oxidation of carbon is assumed. The decomposition path is then to be

CoHyO.Ng = (c —a— g) CO2 + <2a —c+ 12)) CO+ gHzO + gNg (4)

The limiting condition is COy formation that may occur when ¢ — a — b/2 > 0. Therefore, the formula (4) may
be applied if

c2a+g (5)

2.3 Mixtures with significantly negative oxygen balance

In mixtures with ¢ < a +b/2 some portion of unreacted fuel is to remain in combustion products. In contrary to rules
adopted for estimation of explosion and detonation products of condensed explosive charges [16, 20] in the presented
method no formation of elemental carbon (graphite) Cy) is considered

b
OaHbOcNdﬁaCOgﬁ-(C—a)HzO—F <CL+2 —C) HQ—FgNQ (6)

Graphite formation that takes place by explosion of condensed explosives is caused by restrained volume accessible
for explosion products. The conditions of minimization of number of moles in gaseous phase lead to creation of
elemental carbon C|y)(soot).

3 Estimation of combustion parameters

3.1 Estimation of combustion energy

The energy Q, liberated in combustion is estimated from Hess’s Law

Qv = ycoz - Qdpa + yco - Qco + ym20 - Qtfro — Q. w0, (7)

where y; are molar numbers and Q' t(j‘i m,0.n, are the heats of formation of combustion products and initial
reactive material, respectively. The standard heat of formation is the energy of a substance referred to its elements
in their standard states (Ar, Ne, Oz, N2, Hy, C(y), Al(y), S(s) etc.). Then, heats of formation of the elements in their
standard states are equal zero.

However, in most thermodynamic tables [5, 10] rather enthalpies of formation (A;H) are quoted instead of heats
of formation. In Tables 1 and 2 enthalpies of formation (A;H) as well as evaluated heats of formation of main
combustion products and typical gaseous hydrocarbons are quoted.

Heats of formation differs from enthalpies of formation in work performed by volume alteration that occurs by
formation of the considered chemical substance from elements in standard state at constant pressure

AfH = —(Q™ + AW) (®)

-3-



Inzynieria Bezpieczenistwa Obiektow Antropogenicznych 4 (2021) 1-11

Table 1. Enthalpy of formation and heats of formation of main combustion products [5]

Compound | ArH(298.15K) | Q' (298.15K)
kJ/mol kJ/mol
CO2 -241.814 393.510
CO -110.530 111.780
H20 -393.510 240.580

Table 2. Enthalpy of formation and heats of formation of gaseous hydrocarbons [23]

Compound A;H(298.15K) | Q'™ (298.15K)
kJ/mol kJ/mol
CHy4 methane -74.60 72.12
CoHg ethane -84.00 79.04
CsHg propane -104.70 97.24
C4Ho butane -125.60 115.73
CsHia(g) pentane -146.50 134.10
CoHya(g) hexane -167.20 152.32
CrHyg(y) heptane -187.80 170.44
CsHig(y) octane -208.50 188.66
CoHy ethylene 52.40 -54.88
CsHg propylene 20.00 -25.36
C4Hg butene 6.99 -0.450
Cs3Hg cyclopropane 52.00 -56.86
CeHg(g) benzene 82.90 -87.86
CaH4O(y) | ethylene oxide -51.00 47.20
where
AW = —p”- AV = —p" - (V = 3 Vi) ©)

[=h
1

V' — molar volume of the formed substance, V;md — volumes of contributing elements in standard state, p is
the pressure at which the formation process occurs. It should be noted that in many practical applications replacing
of heat of formation by enthalpy formation is acceptable i.e., Q" = — AyH [16], for the reason of simplicity.

3.2 Pressure and temperature evaluation

Evaluation of pressure succeeds after estimation of combustion temperature. For a given value of combustion temper-
ature T'

p-V=>y-RT

3

(10)
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where y; are the molar numbers of products in gaseous chase, V' — vessel volume and the gas constant R = 8,31447
J/molK.

Combustion temperature 7' is determined by matching the integral of heat capacities to be equal to combustion
heat Q,

T
Qv/; E:yi%lnav~dT (11)

9

where C; are the constant volume molar heat capacities and TUA is the initial temperature of the mixture. The
integral may be replaced by introduction of average heat capacities Cl;.

CZ,::J%;C%EZU-(KF (12)

The temperature dependence of mean molar heat capacities of the main combustion products is presented in Table

Table 3. Average molar heat capacities at constant volume, evaluated after [10]

Compound | Cvcoz | Cuco | Cumzo | Comz | Cunz | Coo2
J/mol | J/mol | J/mol | J/mol | J/mol | J/mol

1000 39.280 | 22.585 | 28.820 | 21.149 | 22.265 | 24.037
1200 41.010 | 23.206 | 30.070 | 21.398 | 22.853 | 24.692
1400 42.426 | 23.758 | 31.289 | 21.709 | 23.392 | 25.235
1600 43.600 | 24.239 | 32.457 | 22.058 | 23.873 | 25.698
1800 44.587 | 24.658 | 33.567 | 22.426 | 24.297 | 26.105
2000 45.427 | 25.023 | 34.616 | 22.798 | 24.671 | 26.472
2200 46.150 | 25.320 | 35.605 | 23.167 | 25.000 | 26.812
2400 46.779 | 25.625 | 36.533 | 23.526 | 25.294 | 27.131
2600 47.332 | 25.876 | 37.404 | 23.873 | 25.554 | 27.434
2800 47.822 | 26.100 | 38.219 | 24.207 | 25.789 | 27.723
3000 48.260 | 26.302 | 38.982 | 24.527 | 26.000 | 28.000
3200 48.654 | 26.484 | 39.697 | 24.834 | 26.191 | 28.267
3400 49.012 | 26.650 | 40.367 | 25.129 | 26.366 | 28.523
3600 49.339 | 26.803 | 40.995 | 25.413 | 26.526 | 28.769
3800 49.640 | 26.943 | 41.584 | 25.686 | 26.673 | 29.006
4000 49.919 | 27.073 | 42.139 | 25.951 | 26.809 | 29.234

Upon the average values of heat capacities, the combustion temperature may is calculated in iterative mode

T=%+—J&—f (13)

Zi Yi - dm

At temperatures attained by combustion of gaseous mixtures the heat capacities undergo of moderate alteration.
By need of more precise evaluations average heat capacities quoted in Table 3 are to be interpolated.
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4 Results and validation of calculation method

The presented method of estimation of combustion parameters of fuel/air mixtures is illustrated by exemplary calcu-
lations carried out for two kinds of fuel/air mixtures. As a homogenous fuel the propane is considered. The results
are compared with calculations performed by MWEQ thermodynamic code that assess presences of large number of
chemical substances in combustion products [21].

4.1 Evaluation of propane/air mixtures

Obtained in calculations combustion pressure and temperature for various concentrations of propane are presented in
Fig. 1. Stoichiometric concentration of propane (stech., 4,02%) as well as low (LFL, 2,2%) and upper (UFL, 9,5%)
flammability limits for propane/air mixtures are marked.

2, MPa propane - air p, = 0,1 MPa T K
3500
7N
1,0 - /I
: L 3000
0,8 -
L 2500
L]
0,6 - |
| - 2000
|
04 1 | : L 1500
I ; |
02 | ! |
; I | L 1000
| T |
| l ———= approx |
: |
0,0 A ! : . L —L 500
0 2 4 6 8 10 12

propane content [%]

Figure 1. Pressure and temperature of propane/air combustion in closed space estimated by simplified approach
(approx) and calculated by thermodynamic code (ev)

Detailed comparison of heat of combustion, temperature, pressure, and chemical composition obtained by use of
simplified method presented in the paper with results of calculations performed by numerical program MWEQ [21]
is set up in Table 4. Comparison was carried out for propane/air mixtures at propane content of 2,5%, 4% and 7%
what correspond to lean, nearly stoichiometric, and fuel-rich mixtures.

The considerable differences between simplified method and results obtained in exact thermodynamic calculations
occur near the stoichiometric point (4,021% for propane).The differences are occurring due to excessive simplification
of chemical composition of combustion products that is assumed by the simplified method. In simplified method
formation of substances in maximal oxidation degree are assumed, i.e. of COg, H,O and Nj.

But the real equilibrium chemical composition is to meet thermodynamic principles of minimization of energy
together with maximization of entropy [12]. Fulfilling thermodynamic requirements leads to appear in combustion
products of non-fully oxidized substances (OH, NO, etc.) as well as radicals (H, O, N). The numerical package MWEQ
[21] estimates the equilibrium state upon realization of the principle of minimization of thermodynamic potential of
the reacting mixture.

As enthalpy of formation of non-fully oxidized products is positive their origination causes decrease in heat of
combustion in comparison to values obtained by simplified method. The dependence of combustion heat upon con-
centration of propane is presented in Fig. 2.

Despite of differences in thermodynamic parameters (heat of combustion, temperature, and pressure) the resultant
mole number obtained by simplified method and evaluated numerically are nearly same (Table 4, Fig.2). The total

—6—
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Table 4. Comparison of combustion parameters and chemical composition of combustion products for various concen-
trations of propane

Parameter cr =2.5% ¢y =4.0% cy ="1%
Qv, MJ/kg 1.750 1.721 2.778 2.446 2.002 2.047
p, MPa 0.726 0.743 1.054 0.9635 0.886 0.925
T, K 2042 2086 2920 2627 2085 2175
Specics This paper | MWEQ | This paper | MWEQ | This paper | MWEQ
mol kg mol/kg mol/kg mol/kg mol/kg mol /kg
) 0.0044 0.0296
05 2.712 2.6044 0.038 0.3405 - -
H 0.0003 0.0351 0.0220
H, 0.0024 0.1794 3.354 4.5314
OH 0.0494 0.2358 0.0031
H,O 3.421 3.3938 5.431 5.1164 6.006 4.8154
HO, 0.0002 0.0002
Ny 26.368 26.2703 25.761 25.6577 24.575 24.5743
NO 0.1958 0.2067 0.0003
NO, 0.0005 0.0001
NH; 0.0002
CO 0.0091 0.7627 7.020 5.8327
COq 2.566 2.5569 4.074 3.3108 1.1870
po, kg /m? 1.220 1.230 1.249
> yj,mol/kg 35.67 35.087 35.304 35.875 40.954 40.967

mole numbers obtained in numerical evaluation (solid line in Fig. 2) practically coincide with quantities obtained by
simplified method (crosshairs, Fig. 2). The volume of gaseous products increases with raising fuel content. The initial
mole number at To =288,15K, pg = 1 bar is of ng = 41,7395mol /m3.

4.2 Evaluation of multi-component fuel/air mixtures

As the exemplary multi-component fuel, the composition containing of 55% of methane, 35% of ethylene and of 10%
of benzene was considered.The mixture is based on methane, leading component of natural gas. As admixtures the
exemplary olefin and aromatic hydrocarbon are added. Resulting parameters of the considered fuel are placed in
Table 5.

Table 5. Initial data for 1 mol of the test-mixture CH,/CoH,/CeHg 55/35/10

Chemical composition | AyH(298.15K) | Q™ (298.15K) n;t“h I
C H kJ/mol kJ/mol % g/mol
1.85 4.2 -14.40 11.67 6.74 | 26.4535

Combustion heat, temperature, and pressure of combustion products of air mixtures of CH4/C2H4/C6H6 55,/35/10
are presented in Fig. 3
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Figure 2. Heat of combustion (Q,) and total mole number of gaseous products (> yi) of propane/air combustion in
closed space estimated by simplified approach (approx) and calculated by thermodynamic code (ev)
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Figure 3. Pressure, temperature, and heat of closed space combustion

CH,/CoHy/CeHg 55/35/10 with air
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of multi-component fuel mixtures

The obtained results confirm applicability of simplified method for estimation of combustion parameters in wide
range of fuel concentrations. The results calculated for stoichiometric fuel concentrations are overestimated.

5 Assessing of flammability limits

The evaluated combustion parameters should cover the whole range of fuel concentration at which the considered

mixture is able to undergo of combustion and explosion.

In the case of homogeneous fuels experimental data of low (LFL) and upper (UFL) flammability limits are mostly
accessible. Flammability limits of several hydrocarbons are quoted in Table 6.
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Table 6. Flammability limits of hydrocarbons in gaseous phase [8]

Compound LFL | UFL

CHy methane 5.30 | 15.00

CoHg ethane 3.00 | 12.50
CsHsg propane 2.20 | 9.50
C4Hqg butane 1.90 | 8.50

CsHya(g) pentane 1.50 | 7.80
CeHya(g) hexane 1.20 | 7.50
C7H16(g) heptane 1.20 6.70

CsHig(g) octane 1.00 | 6.70
CoHy ethylene 3.10 | 32.00
C3Hg propylene 2.40 | 10.30
C4Hg butene 1.60 | 9.30
CsHg cyclopropane | 2.40 | 10.40

CeHg(y) benzene 1.40 | 7.10

Flammability of multi-component mixtures for which flammability limits of components are known may be evalu-
ated upon the Le Chatelier’s rule [18]

1
T T2 Tn
7L, T 7L, T T EL

@
1.

where FL - flammability limit, low or upper; x; — mole fraction of component

In the case of considered mixture the employment of Le Chatelier’s rule gives LFL¢ ya/c2m4/c6m655/35/10 = 3,43%,
UFLcra/c2m4/c6H655/35/10 = 16,21%.

When experimental data are not accessible, simplified methods of evaluation of flammability limits are to be used.
One of simple and broadly used is the critical oxygen concentration method proposed by Jones [13]. Assuming general
combustion reaction

C,HyO, + 7 - Oy = aCOq + gHgO (15)

flammability limits may be predicted as proportional to stoichiometric coefficient Cy;

LFL=055-Cy (16)
UFL =35-Cy (17)
where
C 1 100% (18)
st — T ‘ 0
L+ 551
while
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b 1
_ 2_ - 19
r=a-+ 1 20 (19)
The calculations give reasonable agreement with experiments for low explosive limits but as a rule surpass the data
for UFL [22]. For considered mixture we obtain LFLc g4 coma/cemes5/35/10 = 3,72%, UFLcra/cama/cemess/ss/i0 =
23,63%.

The wide and exhaustive analysis of both experimental methods and theoretical formulae for estimation of lamma-
bility limits is given by Grabarczyk et. al. [11]. The performed investigations indicate difficulties in proper prediction
of upper flammability concentrations. The oxygen deficiency increases complexity of chemical reactions occurring by
decomposition and combustion of fuel-rich media.

On the other hand, Grabarczyk et. al. [11] indicates that low flammability limits build a measurable key tool in
evaluation of explosion viability and critical safety parameters.

6 Conclusions

In the paper a simplified method of estimation of maximal parameters of combustion of gaseous mixtures in closed
space is presented. The introductory step of the method is estimation of simplified chemical composition of combustion
products. The decomposition rules for mixtures of positive, negative, and highly negative oxygen balance are given.

The method enables of estimation of maximal combustion heat, temperature, and pressure of combustion and
explosion of gaseous mixtures in closed spaces. Exemplary calculations are carried up for gaseous hydrocarbon/air
mixtures. Obtained results are compared with extended numerical calculations preformed by program that include
large number of components present in combustion products. Well agreement is attained at wide concentration of
fuel. Full lammability region is covered.

The method is intended to serve as quantitative tool by assessing of combustion and explosion hazard imposed by
combustible gaseous mixtures.
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