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Abstract: Combustible gases often lead to fire and explosion accidents due to their unsafe characteris-
tics. Furthermore, their explosion limits are influenced by various factors. In the industrial production
process, the operating unit is often in a high-temperature environment, and the multi-component
gas explosion limits under this condition are difficult to determine. Therefore, it is urgent to have a
universal theoretical prediction model to rapidly predict the multi-component gas explosion limits at
high temperatures. This paper proposes a theoretical prediction model for the lower explosion limit
of multi-combustible gases containing inert gases at different temperatures based on the heat balance
equation and radiation heat loss, which can be used to solve the lower explosion limit of the “multiple
combustible gases + multiple inert gases” mixture at different temperatures. It solves the explosion
limits of methane, ethylene, propane, and propylene mixed with nitrogen with relative errors of
2.66%, 5.98%, 6.82%, and 5.88%, respectively, compared with experimental data. It also obtained
theoretically predicted gas explosion limits for methane, ethylene, propane, and propylene mixed
with carbon dioxide, with relative errors of 3.24%, 5.13%, 6.19%, and 5.58%, respectively. Although
the reference experimental data made the model validation somewhat limited, validation with data
for multiple single gases and temperatures still gave the model considerable reliability.

Keywords: explosion limits; multi-component gases; high temperature; inert gas; theoretical model

1. Introduction

Currently, the proportion of fires and explosions caused by combustible gases in the
total number of accidents is as high as 46%, 42%, and 60% in the petrochemical, plastics,
and natural gas industries, respectively. The explosion limits of combustible gases are
influenced by temperature, pressure, inert gas, experimental equipment, and operating
environment [1-7]. In actual production operations, multi-component gas mixtures are often
under high-temperature and high-pressure conditions. In contrast, there is little systematic
research on the explosion limits of multi-component gas mixtures in this environment.
Therefore, the explosion limits of multi-component gas mixtures under such extraordinary
conditions of high temperature have become a top priority for research by experts and
scholars. With the development of industrial production technology, multi-component
gas mixtures are often encountered at high temperatures, but only a small amount of
experimental data has been published due to poor experimental equipment conditions,
high workloads, and high costs. Markus et al. [8] studied the effect of temperature on the
explosion limits of multi-component gas mixtures by selecting CH3OH/CHy/air mixtures
and measuring their explosion limits at 323 K and 373 K. Chen et al. [9] conducted an
experimental study of the explosion limits of dimethyl ether, CHy, and their mixtures with
different mixing ratios at 25-80 °C and 0.1-0.3 MPa. The results showed that the variation

Fire 2022, 5, 143. https:/ /doi.org/10.3390/ fire5050143

https://www.mdpi.com/journal/fire


https://doi.org/10.3390/fire5050143
https://doi.org/10.3390/fire5050143
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fire
https://www.mdpi.com
https://doi.org/10.3390/fire5050143
https://www.mdpi.com/journal/fire
https://www.mdpi.com/article/10.3390/fire5050143?type=check_update&version=2

Fire 2022, 5, 143

20f13

in the multiple mixture’s explosion limits with temperature and pressure was the same as
that of a single combustible gas. The U.S. Bureau of Mines [10] cited the inadequacy of
existing devices and designed a transparent container with a diameter of 5 cm and a length
of 125-150 cm, using electric spark ignition. Kondo et al. [11] conducted an experimental
study of the effect of temperature gradient changes on the explosive limits of combustible
gases. The results showed that the lower explosive limit gradually decreased with the
hydrocarbon fuel temperature, while the upper explosion limit gradually increased. Chao
Huang et al. [12] determined the explosion limit of C5—Cyg alkanes under high-temperature
conditions (25-170 °C) using a cylindrical stainless steel explosion vessel with a volume of
20 L. A linear relationship between the explosion limit and temperature was obtained, and it
was concluded that the fuel would thermally crack at higher temperatures to produce other
components, so it was impractical to obtain the explosion limit of long-chain polycarbonate
hydrocarbons under high-temperature conditions by experimental methods.

In addition, it was also shown that the proportion and type of inert components of
combustible gases significantly affected the gas mixture’s explosion limit. Besnard [13]
measured the explosion limits of mixtures of CHy, CoHg, C3Hg, and n-C4Hjy with inert
gases at normal temperature and pressure and mainly studied the effects of various inert
components such as Ny, CO,, He, and Ar on the explosion limits of the mixtures. The
results showed that the inert components significantly differed in their suppression ability
depending on their types. Li [14] used experimental methods to study the effect of mixing
N, and CO; in various proportions on the lower explosion limit of the gas mixture at normal
temperature and pressure and discovered that when the proportion of inert components
exceeded a certain value, the lower explosion limit was significantly increased, reducing the
explosion risk significantly. Hu et al. [15-17] measured the explosion limit of CH4/CO; /O,
gases at normal temperature and pressure using a cylindrical experimental setup and
studied the effect of CO, concentration on the gas mixture’s explosion limit. It was shown
that the lower explosion limit of the gas mixture increased approximately linearly from
2.5% to 4.3% as the CO, concentration increased from 5% to 70%. The lower the explosion
limit’s heat of combustion was reduced by CO;, participation, and the higher the CO,
concentration, the faster the heat of combustion decreased. Rowley [18] analyzed the effect
of temperature on the lower explosion limit by improving the Burgess—-Wheeler method
and obtained an average error of 3.3%, and [19,20] predicted the upper and lower explosion
limits for a variety of hydrocarbon and combustible substances based on this method with
an average relative error of 2.3%. None of these methods of estimating the explosion limits
of multi-component gas mixtures containing inert gases took heat loss into account during
combustion. In this paper, we used basic thermodynamic data to derive a prediction model
for the explosion limits of multi-component gases containing inert gases that considers heat
loss and verified the model’s accuracy with corresponding experimental data.

In summary, the current research results are far from meeting the needs of industrial
processes. However, it is tough and tedious to determine the explosion limits of multi-
component gases at high temperatures through experiments, so a general theoretical
prediction model is needed. When the temperature is too high, the combustible gas can be
thermally decomposed into other gases, so it is very difficult to measure the explosion limit
of multi-component gases at high temperature or high pressure. We have few experimental
data at present, and the data that can be referred to are mostly from experiments on a
single combustible gas and inert gas. Therefore, this paper proposes a theoretical prediction
model of the explosion limits of multi-component gases (multiple combustible gases mixed
with inert gases) under different temperatures, aiming to rapidly predict the explosion
limits of multi-component gases at high temperature. Due to the lack of reference data, the
model’s reliability can only be verified on a one-by-one experimental data basis using a
single combustible gas mixed with an inert gas, but the obtained results all have minor
relative errors. The predictive model’s characteristic of predicting multiple component
gases and multiple temperatures allows the model to reliably predict lower explosion limits
for multiple temperatures and gases.
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2. Materials and Methods
2.1. Prediction Model of Lower Explosion Limit of Two Combustible Gases Mixed with Inert Gas at
Different Temperatures

The addition of inert gases to combustible gases is often used in production processes
to reduce the risk of fire and explosion, and commonly used inert gases are nitrogen (N»),
carbon dioxide (CO5), or water vapor (H,O). Previous studies of flammability limit estimation
methods for inert gas mixtures have ignored the heat loss during combustion [21-23]. This
paper uses basic thermodynamic data to derive a prediction model for the lower explosion
limits of inert gas mixtures of combustible gases considering heat radiation loss.

When the combustible gas concentration is constantly decreasing due to consumption,
the excess air will directly cause the flame not to continue spreading [24]. In addition, once
the combustible gas concentration is below its own lower explosive limit, it will not ignite.
Therefore, this paper calculates the lower explosion limits of multi-component gases by
establishing a fuel-lean (oxygen-rich) reaction, since there is enough oxygen to completely
convert the fuel (CxHyO,Nw, CaHpOcNy) into carbon dioxide (CO;) and vapor (H20)
when in the critical state of the lower explosion limit. This study considers fuel compounds
consisting of C, H, O, and N.

Thus, the chemical reaction of two combustible gases (CxHyO,Nw, CaH,OcNy) mixed
with inert gas in the air and reaching equilibrium leads to the following equations:

(CXHyOZNw+uCaHbOCNd +YD) “+Uair (Oz+3.773N2) — uCOZC02+uH20H20 + unN2+vD 4+ upgO, 1
o Yair _ T+u+y _ lduty  _ (1+u+y)(1-1) @
ar 0] 4'773(fuel/air)stoich 4773(L/1—-1L) 4.773L

uco,= X+ ua 3)

+ ub
an0 = 7 @
M, = w +ud 5)

2

up=021(1-L) +u,L 6)
uy=0.79(1-L) + M, L (7)

Taking as a basis the state of the combustion mixture that continues to increase by

1 mol at the critical state of the lower explosive limit, Table 1 lists the concentrations of the

components before and after combustion. Table 1 lists the content of each component of

the mixture before and after combustion. The standard heat of reaction at 298 K is shown
in the following equation:

AH3gg = L(Ahg +uAhg)) (8)

where L is the lower explosive limit of the fuel; Ahg is the standard heat of combustion of
1 mol of fuel at 298 K.

Table 1. Composition of mixtures before and after combustion.

Compound Mole Fraction before Combustion Mole Fraction after Combustion
CxHyO Ny o 0
CaHpOcNg LT 0
Inert gas % %
Nitrogen 0.79(1—-1L) 0.79(1 -L) +MrL
Oxygen 021(1—-1L) 0.21(1 = L) — v, L
Carbon dioxide 0 Uco, L

Water 0 uy,oL
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Taking as a basis the state of the combustion mixture that continues to increase by
1 mol in the critical state of the lower explosive limit, the molar fraction of each component
before and after combustion according to Table 1 to find the change in the heat of reactants
and products is shown in the following equations:

L L uL yL _ _
Yreactants NiCp,i = oy %Pa T TTury P T Thury cp,p+0.21(1 L)Cp,02 +0.79(1 L>Cp,N2

_ 1
= L[ty + Tty e + Ty e — (021650, +079p,, )| +021ep,, +0.79¢,, ©)
=L(Ry—Pp) + Py

Zproducts NiCpi = [0-79(1 - L) + (%ud)l-‘] Cp,N, + [0'21(1 - L) - uairL]Cp,Oz +uCOzL ' Cp,CO, +uH20L " Cp,H,0 + %CP,D

=L [Wgud cp,N, ~0.21U4irCp,0, +1C0, Cp,cO, HUH,00p, H,0 + Ty p D~ (0~79CPN2+0'21CP,02)] +0.79¢p N, +0.21¢p 0, 10)

=L(Qu—PL)+PL

and
u Y
Rp=—— _ D — 11
L 1+u+ycp’f1+l+u+ycp’f2+1+u+yCP’D ()
Pr= 0.21Cp,02 +0'79Cp,N2 (12)
d
M, = w+u (13)
2
v
Q= MLCp,N2_0'21uaiGC,02 +ucoch,(;02 +quOCp,HZO + mcpp (14)

When the pressure is maintained at atmospheric pressure, the total heat exchange
is linked to the heat loss from the combusted gas to the unburned gas through thermal
convection and thermal radiation. According to the Stefan—Boltzmann law, at high temper-
atures, heat radiation is more dominant than heat convection [25]. The radiant heat loss Q;
is considered in this study. Thus, the energy balance equation is shown as follows:

AH ~ Q, (15)

Based on the energy balance equation, a model considering heat radiation losses and
constant flame temperature was developed to predict the lower explosion limit for fuel-air-
dilution mixtures at constant pressure. The heat is considered positive when transferred
from the environment to the system. The initial temperature of the mixture is T;, and the
final temperature after combustion is T. Then, the above equation can be re-expressed as:

298 T
AHS + Y / nicpdT+ Y / nicpidT = Q (16)

reactants ¥ i products *

Radiant heat loss per mole of combustible mixtures is:
Q, = —oceASG(T4 - T?) At 17)

where o is the Stefan-Boltzmann constant of 5.67 x 1078 W/(m2-K*), e is the radiance with
a value between 0 and 1, determined by the surface properties of the object, A is the heat
exchange surface area per mole of mixtures, and At is the flame propagation duration; a is
the surface radiant heat transfer coefficient.

All objects emit electromagnetic radiation by the Stefan—Boltzmann law, which states
that the flux density ® of the radiation emitted by a black body is proportional to the fourth
power of its absolute temperature T.

® =oT* (18)

Substituting Equations (8)—(10) and (18) into Equation (16) obtains the following;:

298 TL
L(AhQ +uAh?) + /T [L(Ry—Pyp)+P]dT+ /2 o IL(QU—PL)+PLJdT = oceAsa(TL‘*—T;*)At (19)
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o oeAso (T =T} ) At+ [ PrdT o)
(ARS +uAh) + [£ P RdT+ [k QudT— [{ PLdT

where T is the initial temperature; Ty, is the flame temperature of LFL.

2.2. Prediction Model of the Lower Explosion Limit of Multiple Combustible Gases Mixed with
Inert Gases at Different Temperatures
Through the deduction process of the theoretical prediction model of the lower explo-
sion limit of two or more combustible gases, the theoretical prediction model of the lower
explosion limit of multiple combustible gases mixed with inert gases at a high temperature
can be derived as follows:
AHSgs = L (A +u1 A0S, +WwARE, + ..+ wiahg, ) (21)

1 2 Cit1

where L is the lower explosion limit of fuel, and Ahg is the standard heat of combustion for
1 mole of fuel at 298 K.

In the critical state of the lower explosion limit, the heat change of reactants and
products can be calculated according to the mole fraction of each component before and
after combustion:

w L u;L

- L
reac%mts NiCp,i = T+u +up+...Fui+y+va+. 4y CP,fl + TH+ug+up+.Fu+y i +yo+..F+vi Py +oot T+up+w+o+uty Hya+Hyi Py

viL YL iL
+ 1 +u2+..,+u;l+y1+y2+...+yiCPVD1 + 1+u1+u2+m+u,2+y1+}/2+m+yi o R B +u2+...+31/i+y1+y2+.“+yiCP,D1+0'21(1 - L)Cp,oz
+0.79(1-L)ep, )
! + - ot =
T+u tuptotu+y v+ 4y Pa T Thutwptetu+y vt +ys P T Thu e Uity Ryt P
=L|y Y1 Con. + Yo I Yi c +0.21cp,, +0.79¢p,
T+up+wto Aty v+t PP T THu Fu . Au+y Hya+ oty P2 THug+upt...tui+yy +vat...+v; PDi 2 2
=LRp n—PL)+Pp
(0] _ o o (o) o
AHSgg 1 = L (A0 +u1 AR, +u8h2 + ..+ wARE, ) (23)
o — Yair _ 1+u+vy _ 14+u+y  (1+4u+y)(1-L) (24)
ar © 4.773(fuel/air)y;q, 4773(L/1—-1L) 4.773L
uco,= X +ua (25)
y +ub
UH,0 = < (26)
uy=0.79(1 -L) + M; L (27)
w +ud
M, = (28)
2
up=021(1-L) —u,L (29)
The total number of each atom in the reaction equation is as follows:
C=x+wa+uwe+...; H=y+ub+uf+...
O=z+4+uwc+ug+...; N=w+uyd+uh+...
— 1 uq u;
Rim = Tarmr rurvitvar v h T Tormr dw v vneh Tt rara s Fu vy v Pha (30)
Y1 Y2 Yi
T T mFm v v v PO T TR Fm o Furv Fva v P2 T T T oy vt v P Dy
and
PL= 0.21cp,0,+0.79cp N, (31)
w+ud+... N
Mj=—F— =— (32)

2 2
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uco,= X +ua+uwe+...=C (33)
_ytubtwft+... H
u = — 34
Q; = Ne, . —0.21u,000 0. +C - € + He + Y1 C
L = 2 ¢p)N, V-2 1UairCp,0, p.CO, T 2 pH,O T T+ +.. Fu+v1+v2+...+7v; PPy (35)
Y2 i
T o Fu . Fw v Py Py T T T Ay va oy P
L
prochts NiCpi = [0'79(1 -L)+ (%)L] pN, + [0-21(1 — L) -ty L]ep,0, uco, L - ep,co, Hum,ol - ¢p H,0 + 1+ul+u2+...+ZiI+VI+Y2+---+'ViLP’DI
+ Tl Cppy -t uk c
Tty ity cpPe T Trmsm Fut oy P (36)
N
-1 [TCP,szo'ZluaifCP,Oz+C “Cp,co, + CP H,0 +y1+u1+uz+ +uy+yl+yg+ %D T T rm +uy+yl+v2+ v p.D, +0.79¢p N, +0.21cp 0
+o ot e v e~ (079N, +0.21¢p.0, ) o o
Simplification gives the following:
e = A wtut . Auityi Fyva + o 4yi) (1 - L) (37)
ar 4.773L
N (14w +up+ou+y  +ya+otvi) (1-L H Y
Y nicpi=L {2CP:N20 21 ( T )CP'OZ+C Cp,cO, T 7,0 t 1+u1+uz+...+ur1m+w+m+viCP’Dl}
) , Y2 vi
production T rraTmrwv v e T T T T Fuy e oy P D (0.79¢p N, +0.21¢p,0,)
+0.79¢p N, +0.21cp 0, (38)
—L CP N2+0 044(1 ! +u$+ ~tutyi vt Yl)Cp,Oz +C- CP CO, + ﬂCP/H o+ 1+u1+u2+4,.+121/-1%—v1 Tyt tvi PP
LI EETE R mpEvALe ) b M R N TR N RTIR R S R ALY b Y (0.79¢p N, +0.21cp.0,)
+0.79¢p,N,+0.21cp 0, —0.044(14+w+uw +... +ui+vy;+va + ... -H/i)cp,o2
Y micpi=L(Qm—PL+SL)+PL—SL (39)
production
S\ . H Y1
Qum = 3 pN, +C Cp,CO, T 2 H,0 T TraTwm rodu v s v P Dy
, (40)
+ Y2 D, +...+ = ¢
THu Fup - Fu+yi+vat—+vi PP2 T T Tru+wp+. Fuitvi v+ +vi PD;
SL=0.044(1+uw+uw +...+uityi+y2 +... +vi)op0, 41)
Radiant heat loss per mole of combustible mixtures is as follows:
Q,= —aeAss (T‘*—T;*) At (42)
AHSos = L (AR, +u1 MBS +us AR, + ... +wAS, ) (43)
298 T
(0]
AHSsm + Y / nicpidT+ Y / nicpdT = Q, (44)
reactants * Ti products 298
Substituting Equations (21)—(42) into Equation (43) yields the following;:
298 T
(0]
Mg+ ¥ [ nicpdT+ ¥ [ niepdT=Q, (45)
reactants ¥ Ti products 298
o 298 "
Lin (AR +uy ARS, +up AR + ... + wARS )+ /T Lon(Rp m—Py )+ P ]dT + /2 o [Ln(Qum—PL+81)+PL—5 ]dT )
i

= —xeAso(T *~THAt

In the case of initial temperature, T; is a specific temperature (e.g., ambient temper-
ature Ty), and Ty, is the flame temperature of the LFL. Then, Equation (46) estimates the
variation in the lower explosion limit of the multi-component gases with the initial tempera-
ture. Therefore, the prediction model for the lower explosion limit of multi-component gases
(multiple combustible gases mixed with inert gases) at high temperatures is as follows:
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. oeAso(TE =T} ) At+ [{L PLdT— [ S dT W)
m =
(MBS, +urAhg +usBhS, + .. +uidhS ) + [ REmdT+ [k (Qum+S)dT— fi PrdT

3. Results
3.1. Model Verification

According to Kondo [26-28], methane, ethylene, propane, and propylene explosion
limits with nitrogen or carbon dioxide inert gases were tested in a 12 L spherical glass
flask sealed in an air bath with a temperature of 35 °C. From the different databases of the
Poling and DIPPR [29,30], it is clear that when considering each different heat loss, the
proportion of radiative heat loss is highest at a value of xeAsoAt of 3 x 1072 J-K~*.mol !,
so this value was chosen to obtain the critical flame temperature and the standard heat
of generation of the compound. Therefore, this model uses these parameters to calculate
the explosion limits of methane, ethylene, propane, and propylene mixed with nitrogen or
carbon dioxide. The calculated results are compared with the Kondo experimental results.
These results are shown in Table 2.

Table 2. Theoretical predicted values and experimental values of lower explosion limits.

Gas Mixtur Inert Gas Poling  DIPPR Model Kondo Relative Kondo
ure Ratio X/% T/K T/K Prediction Ly, Experiment Ly, Errot/%  Experiment Uy,
0 490 490 0 15.8
0.15 498 4.94 0.8 14.9
0.25 5.01 4.94 1.4 14.3
Methane + Nitrogen 0.30 1264 1264 5.08 5.00 1.6 13.94
0.50 5.16 498 3.6 12.19
0.625 5.25 5.02 4.6 10.6
0.75 5.31 498 6.6 8.7
0 2.74 2.74 0 31.5
0.25 2.80 2.74 2.2 25.0
Ethylene + Nitrogen 0.50 1209 1209 2.89 2.73 59 18.4
0.75 3.01 2.74 9.8 10.5
0.80 3.08 2.75 12 7.0
0 2.03 2.03 0 10.0
0.25 2.10 2.03 3.3 9.1
. 0.50 2.18 2.03 7.4 8.2
Propane + Nitrogen 0.725 1287 1287 222 2.05 83 7.53
0.75 2.25 2.03 10.8 6.4
0.85 2.30 2.07 11.1 4.96
0 2.16 2.16 0 11.0
0.25 222 2.16 2.8 9.8
. 0.50 2.29 2.16 6 8.8
Propylene + Nitrogen 0.625 1234 1294 232 217 6.9 7.9
0.75 2.38 2.17 9.6 6.7
0.85 243 2.21 9.95 52
0 49 490 0 15.8
0.20 5.13 5.05 1.6 14.06
Methzl‘?e decarbon 0.40 1264 1264 5.38 5.15 43 122
toxide 0.60 5.62 5.35 48 10.08

0.70 5.86 5.65 55 8.7
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Table 2. Cont.

Gas Mixture Inert Gas Poling  DIPPR Model Kondo Relative Kondo
Ratio X/% TL/K TL/K Prediction L, Experiment Ly, Error/%  Experiment Up
0 2.74 2.74 0 31.5
0.20 2.79 2.74 1.8 241
Ethylene + Carbon 0.40 2.87 2.77 3.6 18.5
dioxide 0.60 1209 1209 3.04 283 74 1275
0.75 3.15 292 7.9 8.8
0.85 3.23 3.08 10.1 6.03
0 2.03 2.03 0 10
0.20 2.11 2.02 4.5 9.2
P Carb 0.25 2.14 2.02 59 8.9
o e 0.40 1287 1287 2.19 2.03 7.9 8.3
roxide 0.60 2.25 2.07 8.7 7.15
0.75 2.28 2.14 6.5 5.8
0.85 2.35 2.24 9.8 4.53
0 2.16 2.16 0 11
0.20 2.26 2.18 3.7 9.7
Propylene + Carbon 0.40 2.30 2.17 6.0 8.8
dioxide 0.60 1294 1294 241 222 86 735
0.75 247 2.30 7.4 6.13
0.85 2.64 2.45 7.8 4.75
3.2. Analysis
The standard flammability diagram [31] is used to describe the flammability state
of the mixture in terms of the diluent/fuel combination and demonstrate the diluent’s
influence in the gas mixture on the explosion limits. In this paper, standard flammability
diagrams were used to analyze the eight gas mixtures “methane + nitrogen”, “ethylene
+ nitrogen”, “propane + nitrogen”, “propylene + nitrogen”, “methane + carbon dioxide”,
“ethylene + carbon dioxide”, “propane + carbon dioxide”, and “propylene + carbon dioxide”
in different dilution ratios of the explosion limit range.
The results of the explosion limit calculations for different combustible gases mixed
with nitrogen are shown in the explosion limit range in Figure 1 The average relative errors
were 2.66% for “methane + nitrogen”, 5.98% for “ethylene + nitrogen”, 6.82% for “propane +
nitrogen”, and 5.88% for “propylene + nitrogen “, which were all within the acceptable range.
20 T T 40 T T T T
—s— Model predi. L, —=— Model predi. L,
—e—Kondo exp. L, | ] —e— Kondo exp. L,
—a— Kondo exp. U 30 L —a— Kondo exp. U, |
15 \ P-m 4

=3 3
g 20 .
210 2
3 £
= i}
10 g
5 S § 3 2
1 | 0 " 1 n 1 L 1 L "
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Ditrogen X/% Ditrogen X/%
(a) (b)

Figure 1. Cont.
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15

Propane(vol/%)

(]
T

f

T

a v 16 ' '
—=— Model predi. L,
—e— Kondo exp. L,

—4— Kondo exp. U,

—=— Model predi. L,
—e— Kondo exp. L,
—a— Kondo exp. U,

~

Propylene(vol/%)

:

20

0.0 0.

2 ' 0.4
Ditrogen X/%

0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Ditrogen X/%

(c) (d)

Figure 1. Standard flammability diagrams of methane, ethylene, propane and propylene mixed with
nitrogen. Calculation of the explosion limit of (a) “methane + nitrogen”; (b) “ethylene + nitrogen”;
(c) “propane + nitrogen”; (d) “propylene + nitrogen”.

The results of the explosion limit calculations for different combustible gases mixed
with carbon dioxide are shown in the explosion limit range in Figure 2, The average relative
errors were 3.24% for “methane +carbon dioxide”, 5.13% for “ethylene + carbon dioxide”,
6.19% for “propylene + carbon dioxide”, and 5.58% for “propylene + carbon dioxide”,
which were all within the acceptable range.

The results in Figures 1 and 2 show that this theoretical model predicted values of the
lower explosion limit that coincided with the Kondo experimental values. This theoretical
model accurately predicts the explosion limits of multiple gas mixtures containing inert
gases with small errors.

T , 40 : T
—=— Model predi. L,
—e— Kondo exp. L,
—a— Kondo exp. U,

—=— Model predi. L,
—e— Kondo exp. L,
- 30 > 4— Kondo exp. Uy, | |

T

Methane(vol/%)
>

20 |- —

Ethylene(vol/%)

0.0 0.2 0.4 0.6 0.8 1.0

Carbon dioxide X/%

(a)

Figure 2. Cont.

0.0

0.2 0.4 0.6 0.8
Carbon dioxide X/%

(b)

1.0
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o
T

3

|

Propylene(vol/%)
[ee]

0.0

4L 4
»——74 o —§F—0
" 1 n 1 1 " " 0 L L L 1 n 1 "
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Carbon dioxide X/% Carbon dioxide X/%
(0) (d)

Figure 2. Standard flammability diagrams of methane, ethylene, propane and propylene mixed with
carbon dioxide. Calculation of the explosion limit of (a) “methane + carbon dioxide”; (b) “ethylene +
carbon dioxide”; (¢) “propane + carbon dioxide”; (d) “propylene + carbon dioxide”.

The relative error results are shown in Figure 3. When the proportion of inert gas
was lower than 70%, the relative error between the theoretical model predicted value of
the lower explosion limit and the experimental value of Kondo was less than 8%, and
the accuracy of the model was verified. When the proportion of inert gas was 70-85%,
the relative error was 12%. On the one hand, this was due to the high content of inert
components in the gas mixture, which will produce a certain inerting effect on the gas
mixture to reduce its flammability, thus resulting in a slight increase in the lower ex-
plosion limit. On the other hand, only ethylene and propane had relatively high errors,
because the chemical properties of these two combustible gases are very different from
those of ordinary combustible compounds. Among them, ethylene tends to explode and
decompose, and the flammability of propane is a little weaker compared with that of
ordinary combustible compounds. The dilution effects of nitrogen and carbon dioxide
on methane, ethylene, propane, and propylene are different, and their different effects
on the lower explosion limit are due to the different heat capacity values between air
and the two inert gases. However, their general trends were consistent with the exper-
imental data. Among them, the theoretical model predicted the dilution effect of CO,
better than that of nitrogen with less error, mainly because the specific heat of CO, is
higher than Nj, and CO; is directly involved in chemical reactions and thermal radiation.
Among the four different combustible gases, the relative errors between the theoretically
predicted and experimental values of the explosion limits after methane mixing were the
smallest, at only 2.66% and 3.24%, respectively; propane had the most significant errors,
reaching 6.82% and 6.19%, respectively.
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Figure 3. Relative error for lower explosion limit between theoretical predicted value and experimen-
tal value.

4. Discussion

Using basic thermodynamic data under constant pressure and different temperature
conditions, a model was derived for predicting the explosion limit of a multi-component
gas mixture with inert gas considering thermal radiation loss. The explosion lower limit
formula for two kinds of combustible gas and inert gas in air was deduced first. Then,
the lower explosion limit prediction model for multiple combustible gases mixed with
inert gases was derived based on the same principle, and finally, the model’s accuracy was
verified through comparison with Kondo’s experimental data.

5. Conclusions

The research conclusions can be summarized as follows.

1. The relative errors are all less than 8% when the proportion of inert gas is less than
70%, and the model’s accuracy was fully verified. Due to the higher specific heat of
CO; compared to Ny, and the fact that CO, directly participates in chemical reactions
and thermal radiation, the theoretical model predicted that the CO, dilution effect was
better than that of Ny, and the error was somewhat smaller.

2. Comparing the predicted explosion limits of four different combustible gases mixed
with nitrogen with the experimental values, it was found that the relative error for the
methane mixture was the smallest, at only 2.66% and 3.24%, respectively; the relative
error for the propane mixture was the largest, reaching 6.82% and 6.19%, respectively.

3. The theoretical model’s predictions for the lower explosion limits for methane, ethy-
lene, propane, and propylene mixtures with nitrogen or carbon dioxide fell within
the acceptable range of relative error compared to the experimental values of Kondo,
thoroughly verifying the validity of the theoretical model.
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Nomenclature

L Lower explosive limit of the fuel

D Inert gas

AHc  Heat of combustion kJ/mol
AH Enthalpy change J

AHg; Heat of combustion of the reactants J

Ahg  Standard heat of combustion for 1 mole of fuel at298 K |

Cpji The specific heat capacity of the reactants J.g K1
Qr Heat loss J

a Surface radiant heat transfer coefficient W/ (m2K)
e Radiance

Ag Heat exchange surface area per mole of mixture m?2/mol
o Stefan-Boltzmann constant W/(m?2-K*)
At Flame propagation duration S

P Radiation flux density

T; Initial temperature K

TL Flame temperature of LFL K

n Chemical reaction order
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